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1. Preamble

The aim of this thesis is the development of well-defined supported complexes onto silica for
an enhancement of catalytic properties compared to their molecular counterparts. We
selected potentially highly active molecular electrophilic complexes and thus grafted them
onto a silica surface to induce enhanced properties as increased activity or selectivity,
recycling of the catalyst or even new catalytic pathways.

To generate such efficient materials, a full understanding of the behavior of the species
during the immobilization is needed. This can be achieved thanks to combination of several
characterization techniques as infra-red, elemental analysis and solid state NMR. We used
the knowledge developed in the laboratory to the preparation of several well-defined
materials that have been applied to catalytic reactions in both polymerizations and fine
chemistry reactions.

The first chapter will present the state of the art in surface organometallic chemistry and
also describe the basics of solid state NMR with a focus on quadrupolar nuclei, which is
strongly connected to the research developed here.

The second chapter is devoted to the preparation of supported rare-earth metal catalysts,
their full characterization with a focus on solid state NMR and the investigation of their
catalytic properties towards C-C bond formation or polymerization reactions.

The third chapter was devoted to aluminum surface chemistry, with the application of
(supported) aluminum centers as cocatalysts for ethylene polymerization and
oligomerization, and also in carbonatation of epoxide, with a focus on 2’Al NMR as a
powerful characterization tool.

The last chapter present our attempts at the generation of new silica-based material
featuring an amine ligand grafted in the immediate vicinity of a silanol site, which can
behave as a bidentate, monoanionic chelate upon reaction with a metal center.

© 2017 Tous droits réservés. lilliad.univ-lille.fr
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2. Bibliographic study
2.1. Introduction

The development of organometallic chemistry and the accompanying progress in
homogeneous catalysts have led to systems able to perform an impressive library of
reactions for the synthesis and conversion of chemical species. However, when considering
industrial applications, heterogeneous catalysis is the dominating tool, accounting for the
vast majority of catalyzed industrial processes. This is the case, despite that, when
comparing activity per metal site, homogeneous catalysts are most often more active and
selective. Some of the reasons are technological in nature: heterogeneous catalysts are easy
to implement in solid-gas phase processes, and also, easier to separate from the reaction
mixture, which has an impact on product purification and/or contamination by catalyst’s
residues. On the other hand, heterogeneous catalysts suffer from several drawbacks. They
may require high temperature, have a too short lifetime or be not selective. In addition, the
determination of the active site(s) structure can most often be out of reach, due inter alia to
the fact that the fraction of active center may be very small within a given material. This
induces major difficulties such as no structure-relationship establishment, and empirical
developments mostly by trial-and-error processes, as rationalization of catalytic
performances of a given material is most often not possible. Ideally speaking, it would be
highly interesting to develop preparation methodology reconciling the strength of
homogenous catalysis (in short, control over active sites structure, with high activity and
selectivity) and of heterogeneous catalysis (easy separation and recyclability of catalysts,
thermal robustness).

2.2. Principle of surface organometallic chemistry (SOMC)

Considering these preparation issues, the chemist devoted to the development of catalytic
materials must consider the possibility offered by organometallic chemistry, in terms of
active site tuning. Based on the assumption that the concept of organometallic chemistry
(structure and reactivity) can be transferred to surface chemistry, Basset introduced the
concept of surface chemistry (SOMC): this allows, in principle, the design of tailor-made
supported catalysts, provided that both the structure and the reactivity of the incoming
organometallic complex and of the inorganic support are either mastered, or understood.
Obviously, this goes hand in hand with the application of analytical and spectroscopic
techniques, aiming at reaching a degree of understanding comparable to what is achieved in
molecular organometallic chemistry.

1 23" Thus, surface organometallic chemistry (SOMC)
AEN \
o i N focuses on the grafting of organometallic catalyst
1 onto a surface. This surface can be an inorganic oxide
O/M‘v . . . ope .
0 like alumina, ceria or silica, but metallic
077 So .
e (nano)particles, carbon nanotubes or polymers are
N\

also good candidates depending of the envisioned

Scheme 2.2.1 Surface organometallic
principe

9
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application. Due to their availability, wide range of types and thermal robustness, inorganic
oxides are mostly used. With this kind of surface, the generation of single site catalytic
centers can be achieved be controlling the type and the amount of anchoring groups on the
inorganic support. Structural and chemical characterization of the material allows to
investigate on the thus-generated surface-moieties. Powerful tools have been developed or
adapted to meet this goal. Infra-red, solid state NMR, EXAFS and elemental analysis are
usually combined to fully characterize these heterogeneous catalysts and assess their
structure.

2.3. Historical background of SOMC

The first reports on surface organometallic chemistry were issued by Yermakov in 19761,
when he reported on the hydrogenolysis of ethane using a supported mixture of
molybdenum and platinum supported onto silica, with molybdenum being introduced as the
homoleptic tetra allyl derivative. However, the tools required in the full understanding of the
underlying chemistry had still to be developed: use of probe molecules to highlight the
coordination on the surface?, in situ EXAFS, solid state NMR or IR3, and so forth.

/H IIIIIIIIIIIIIIIII /H
(') (') N (')/ \(I:)
Si, Si-, | ' -
o~ \' ’O\ o= \' ’O\ QVS\II"O O’S\I’IIO B
. Loy g7t I O Y.L 0O

v VY,V

Scheme 2.3.1 First example of SOMC developed by Yermakov

With these methodological developments established, surface organometallic chemistry
grew rapidly with various applications. The literature about SOMC is abundant and several
reviews have been published on the topic*>. We focus here on silica-grafted species, as this
oxide is rather easily tunable and has been used as a support for a very wide range of metals.

An early example can be found in the literature from the Basset group in 1988°. In this paper
the comparison is made between a molecular catalyst (u-OPh)Oss3(u-H)(CO)10 and its silica-
supported equivalent [(u-OSi=)Os3(u-H)(CO)10. Both were applied for ethylene
hydrogenation and authors reported a stabilizing effect of the silica grafting which allows to
achieve better conversion than the molecular catalyst.

A typical early example on the influence of the grafting mode of a surface-supported species
on the reactivity was demonstrated in 19947 , using carbon monoxide as a probe molecule
with bis(allyl)rhodium immobilized onto several oxides (silica, titania and alumina). Authors
showed that with low content hydroxyl group on the surface, an active catalyst for the
formation of 1,5-hexadiene (using the allyl from the catalyst) is obtained. In the presence of
high concentration of silanols (SiO2-200) two reactions occurred. One involving the formation
of propene from the allyl ligand and the second one being the insertion of CO into the metal-

10
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carbon bond. This behavior highlights the influence of the silanol surface content onto the
formation of various products.

2.4. SOMC applied with silica as a support
2.4.1. Characteristics of silica

Silica is widely used as an inorganic support for the immobilization of metals. Amongst the
various types of silica available in terms of texture (ordered, amorphous, porous etc.), flame
silica is the preferred support for SOMC. Flame silica (or fumed silica) is made from pyrolysis
at 3000 °C of silicon tetrachloride (SiCls) or from quartz sand. Mainly produced by Evonik
(under the name of Aerosil), OCI (Konasil) or by Cabot Corporation (Cab-0-Sil), it is made of
spherical particles of diameter a size comprised between 5 to 50 um, thus with a high
specific surface area. Two main surface groups can be found in fumed silica: siloxane (=Si-O-
Si=) and silanol (=Si-OH). Siloxane is the core structural unit of silica and is found both inside
the particle and on its surface, whereas the silanol are in their vast majority on the surface,
being the species of interest regarding the grafting properties of the silica. Three types of
silanols can be observed (Figure 2.4.1). The geminal silanol has two reactive oxygen atoms
linked on the same silicon center, and is theoretically highly reactive but less common than
the vicinal silanol. This last type of silanol bears a single hydroxyl group, and is close to a
neighboring silanol with which it establishes a hydrogen bond. These groups can exist as
clusters, depending on the surface density. If the silanol moieties are too far one from each
other, no interaction takes place, resulting in non-interacting or isolated silanol groups.

isolated silanol vicinal silanol geminal silanol surface siloxane

Figure 2.4.1 The silanols and siloxane from the silica

The several silanol types possess different reactivity towards the metal complexes (Scheme
2.4.1). Tuning the amount of it on the surface is the most appropriate way to obtain well
defined sites. To achieve this, the silica is heated in order to condensate the silanols into
siloxane bridges, thus releasing water and reducing the quantity of silanols available on the
surface®. The Figure 2.4.2 presents the decrease of OH on the surface depending on the
temperature8. From infrared spectroscopy (see below), it has been shown that heating the
silica at 700 °C for 15 h will result in the sole presence of non-interacting silanols on the
surface.

11
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Scheme 2.4.1 Influence of the silanol type toward the grafting of organometallics

SiOH .nm?2

0 T T T
400 600 800

dehydroxylation temp.

1000

Figure 2.4.2 Concentration of SiOH.nm2depending of the temperature

The influence of the thermal treatment is evidence by the infrared spectrum of thermally
treated silica, thanks to the specific elongations bands of the SiO-H function. The Figure 2.4.3
presents the differences between a silica heated at several dehydroxylation temperatures
and confirms the influence of this treatment on quantity and nature of surface silanol

groups.
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Thus, with conveniently dehydroxylated silica at hand, the immobilization of metal species
can be performed by reacting these two components, followed by washing of the resulting
material to remove the unreacted products along with potential by-products, and by drying
to obtain the material as illustrated in the Scheme 2.4.25

I 34 tmes

lig. My

Scheme 2.4.2 Grafting procedure of an organometallic onto a dehydroxylated silica
2.5. Rare-earth metal silica-supported single site catalyst

Rare-earth metals have generated significant interest thanks to their applications in
catalysis. Indeed, they present good activity for ring-opening polymerization of e&-
caprolactone?, lactone or even polymerization of methylmethacrylate®®.

In the specific case of rare-earth metals, the immobilization of alkyl species is not a practical
option, as these species are significantly sensitive to oxygen and moisture, which is a severe
drawback for the handling and synthesis of the resulting materials.

As described above, in order to generate well-defined moieties on the surface several
options are available. In a fist place, the direct reaction of one silanol with the rare-earth
complex involving at least one X ligand per hydroxyl group to react with, that will be released
during the reaction to form SiO[Ln] bonds!

é _ [Ln]X é _
~Si, -,
@)

Scheme 2.5.1 Direct reaction of lanthanide complex with silanol from the surface

Alternatively, two step reactions is also an option if the catalyst present some restrictions
regarding the reactivity of the silanol. A pre-grafting is made using reagents such as
aluminum alkyl species (AIRs, MAO etc.), magnesium alkyl derivatives (Grignard compounds),
etc.!? Then the lanthanide complex reacts easily with the new surface species, generating
alkylating species.

13
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Scheme 2.5.2. Two-step grafting of lanthanide complex onto silica

Several types of rare-earth supported catalysts were developed along the years. The main
groups are detailed below:

- Rare earth alkoxide

Metal alkoxide [M(ORy)y] are mainly used in the development of complex ceramic materials
(i.e., electroceramics, superconductors, and computer memories), and have also been
described as good catalysts for polymerization'* and fine chemistry reactions4.
Immobilization of neodymium alkoxide Nd(Otriox)s (triox= tris-tert-butylmethoxide) onto a
mesoporous material MCM-41, it is characterized by a large surface and a large pore volume
(heated at 250°C) to obtain well-defined site was made by Anwander in 1998, tested for
reduction of 4-tert-butylcyclohexanone to a primary alcohol with the Meerwein-Ponndorf-
Verley reduction!®. He showed the formation of bipodal species, based FTIR, elemental
analysis and nitrogen physisorption explained by the presence of vicinal silanols (Scheme

2.5.3))
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Scheme 2.5.3. Immobilization of Nd(OR)s; onto silica

A further pathway to formation of surface alkoxides was investigated, using in a first step a
neodymium silylamide as reactant for the MCM-41, which was then subjected to alcoholysis
to generate the alkoxide sites (allowing the generation of several Nd(OR)x depending of the
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alcohol used for the second step). This second route to generate the supported species
illustrates one of the inconvenient of using Ln(OR)s for SOMC. Indeed, the direct grafting of
this catalyst is always incomplete and induces the release of alcohol that will interact with
the surface.

Alkoxide yttrium complexes were immobilized onto several support (zirconia, silica and
alumina)!® and are active initiators for the ring-opening polymerization of 2,2-
dimethyltrimethylene carbonate. Another drawbacks is described in this paper, where rare-
earth metal aggregates are observed on the surface, preventing precise design of surface
sites (Scheme 2.5.4).
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Scheme 2.5.4. Grafting of Y(OR)3 and its aggregation onto silica support

Other examples can be found in the literature showing the activity of rare-earth metal
alkoxide catalysts compared to their heterogeneous equivalent!’” showing that the grafting of
the metal onto the silica can lead to new catalytic properties.

- Rare-earth (silyl)amides

In order to solve the difficulties encountered with the alkoxide precursors, silylamide rare
earth species have been successfully immobilized onto surfaces. The silylamide complexes
present several advantages like high reactivity towards protonolysis, better stability that the
alkyl precursors and the release of silylamine that can silylate the unoccupied silanols
(favorable atom economy and lipophilicity of the modified support). One of the first example
was presented by Anwander producing various species using N(SiMes); or N(iPr);!®
derivatives onto MCM-41. Contrary to alkyl oxides the consumption of surface silanol is fast
and complete and the only side-products of the surface reaction are a non-coordinating
amine and NHs, which can easily be removed under high vacuum at 80°C.® Mono- and
bipodal species are observed depending of the abundance of interacting and non-interacting
silanols on the surface. Indeed, our group and others showed how to control the ratio of
mono- and bipodal species by dehydroxylation temperature, which has an important
influence on the resulting catalytic performances?®2!. Once the efficiency of the generation
of well-defined sites has been shown, several examples have been developed. A non-
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exhaustive list was made in Modern Surface Organometallic Chemistry4 and highlight the
numerous examples for these materials.

The applications are numerous for supported rare-earth metal silylamides: for instance,
these are highly active for the polymerization of e-caprolactone,?> as well as in other
polymerization reactions!!, Moreover, examples showed good results in fine chemistry (90%
of benzaldehyde conversion with Y[N(SiMes):]s for Tischenko reaction, complete conversion
and high selectivity (82% for one product) in alkyne dimerization, etc.)??

C-C bond N — & —

formation R COoMe

n
§02Me
2H—=-R b\&)\};
(@]
NR: —
Ph)LO/\Ph o "
. ? NR,
Tishchenko )OL o-Sg_ Polymerization
o W g

Ph” “H A N
o
(0]
SiH,Ph n
R . o}
/— +PhSiH;
R %ow

n

Hydrosilylation
Scheme 2.5.5. Examples of catalytic reactions available for silica-grafted rare-earth metals

Unfortunately, these materials are highly sensitive to air and moisture which makes the
recycle of the material after one cycle difficult. However, researchers showed activity for 2
or 3 cycles, with rigorously controlled experimental conditions?®.

-Ln alkyl and hydride species

As mentioned above, less employed that the silylamide compounds, the alkyl and hydrido
rare-earth catalysts are known to be highly reactive but in the same time sensitive to
moisture. Regarding the alkyl ligand the cyclopentadienyl (Cp) derivatives proved to be
ligands of choice to solve this problem. Moreover the Cp*, CsMes, showed even more
stability than the Cp?3. First examples of immobilization of rare-earth metal alkyl complexes
were developed in industrial laboratories of Mazuren and of Showa Denko, when they
immobilized species such as [Cp2*Sm(u-H)2]?*, [Me2Si[CsH2(SiMes)2]2]LnCH(SiMes), (Ln = Y
and Sm) or Cp2*NdCH(SiMes),onto inorganic supports, as described in patents®. These
catalysts are highly active for olefin polymerization. Moreover, in 2004 a Cp>*SmMe(THF)
complex was immobilized onto a silica modified with alkylaluminum, and applied in
polymerization of methylmethacrylate with total conversion to polymethylmethacrylate
unfortunately with a poor control of the system (polydispersity = 1.45 instead of 1.03 with
the homogeneous version but higher My : 16.4 x 10° and 0.5 x 10° for the grafted catalyst
and the homogenous one respectively) 26. The polymerization of isoprene can be performed
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with Nd(AlMes)s and Et;AICI immobilized onto several types of silica support using 2
pathways to generate the materials (Scheme 2.5.6)%’.
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Scheme 2.5.6. Proposed surface species of hybrid materials after the immobilization of
Nd(AlMes) and Et,AICI on mesoporous silica.?’

Supported Ziegler-type neodymium surface species have been prepared by reacting
molecular components composed of [Nd(naph)s] and alkyl aluminium reagents such as
AlEtsCls , Al(iBu)s and/or Al(iBu),H with silica’®. These materials display interesting
properties in butadiene polymerization, though improved properties may be expected
provided that rigorous synthetic control would be applied to generate well-defined active
sites.

2.6. Silica-supported single-site aluminum species

In literature a wide range of examples can be found about the use of aluminum in SOMC,
mostly as alkyl derivatives. This owes much to the fact that aluminum alkyls (and
chloroalkyls) are commercially available and highly reactive towards protonolysis. Their
synthesis and early use was pioneered by the Ziegler group in Milheim, in the aftermath of
WW?2. Thus, Ziegler and coworkers reported on the Aufbau reaction, where aluminum alkyl
species perform oligomerization of ethylene under forceful conditions, affording longer
chain alkyls which can undergo further functionalization into valuable products?°.
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Scheme 2.6.1 Aufbau reaction for the oligomerization of ethylene

In the same line, aluminum species were used from the early 1950’s as co-catalysts for
(alkylating agent) for ethylene polymerization. The so-called heterogeneous Ziegler—Natta
catalysts are probably the most known example for such catalytic process?®. In 1953, Ziegler
showed that TiCls, prepared by reduction of TiCls with EtsAl, polymerizes ethylene and
propylene to high molecular weight polymers at low pressure3’. In this system, the
aluminum alkyl alkylates the transition metal to promote initial alkene insertion and
subsequent chain propagation.

Further developments were brought by Kaminsky in 19803%!, when he reported the
serendipitous discovery of methylaluminoxane (MAO), of general formula [AIMe(O)]n. This
cocatalyst is extremely efficient in activating molecular group 4 complexes, most particularly
metallocenes, which initiated an incredible quantity of academic and industrial research
efforts. The outcome was the development of catalysts able to achieve efficient industrial
production of tailor-made polyolefins (control of molecular weight, of tacticity, of
comonomer incorporation etc.). Nowadays, industrial processes rely on MAO supported on
silica (or various supports) as a solid activator for alkene polymerization in gas phase or
slurry processes®?2. However, the complex structure of (molecular or supported) MAO still
raises a challenge in the full understanding of this peculiar reactivity.

The industrial importance of silica-supported aluminum alkyls has induced several research
groups to investigate the corresponding surface chemistry.

For instance, Anwander3? described the grafting of trimethylaluminum onto MCM-41. He
studied the capacity of the silicate material to immobilize various amounts of the
organoaluminum. Several techniques (elemental analysis, FTIR nitrogen physisorption and
multinuclear solid-state NMR) were employed and revealed a SiCHs/AICHs3 ratio of
approximately 0.45 which indicates a highly distorted geometry and polarized charge
density, respectively, at the aluminum centers (Scheme 2.6.2).

/l| A A A= |
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. . |
AlMes 0-Si 0-Si_ 0-Si__Si .Si<~-Si-n-Si-O
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Scheme 2.6.2 Possible surface species of the immobilization of AIMe; on MCM-41
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Maciel also investigated the surface chemistry of AlIMes; thanks to combination of mass
balance analysis, infrared and NMR spectroscopy3*. He concluded that the aluminum on the
surface exists predominantly as a five-coordinate species and detailed the formation of all
the sites founded on the surface.

Concerning the challenge to design of a well-defined aluminum alkyl species, Taoufik and
collaborators reported in 2011 that AliBus(THF) reacts very selectively with the silica surface
(dehydroxylated at 700 °C), to afford a single type of species, [(=SiO),Al(iBu) (THF)] through
consecutive protonolysis and transfer of an alkyl group onto the surface®. This material was
used as a scaffold for the anchoring of various types of cocatalysts, prepared via a further
functionalization of the Al center by introduction of a phenolic moiety. This allowed access
to catalysts for olefin metathesis3®, olefin polymerization®’, or to alkyne semi-hydrogenation
using frustrated Lewis pairs38. The same groups also described the reaction of AliBus with
gamma-Al;03 and its subsequent hydrogenolysis. Whereas the reaction of the trisalkyl
species with the support resulted in a complex mixture, the hydrogenolysis afforded well-
defined aluminum hydride centers, as demonstrated by advanced solid state NMR3?, This
material is active in ethylene polymerization and hydrogenation.

In addition, the surface chemistry of triethyl aluminum was investigated by Coperet, using a
high specific area silica that has been dehydroxylated at 700 °C*°.
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Scheme 2.6.3 Grafting of AlEt3 onto SBA15s500

As was already described in the literature, a complex mixture of species was obtained, and
authors proposed that these consist of mostly by dinuclear, tetracoordinated aluminum
sites. These conclusions were reached by combination of experimental (mostly 2’Al NMR)
and theoretical investigations.

These studies were extended to uncomplexed AliBus by both Basset*' and Coperet*2. The
same conclusions about the uncontrolled reactivity towards the silica surface were reached,
with as a difference the fact that B-H elimination from the i-butyl group was a side-reaction
causing formation of aluminum hydrides as transient species, or as species with limited
stability Scheme 2.6.4.
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Scheme 2.6.4 Grafting of AliBus onto SBA15s500 and SBA15700

Another class of reaction catalyzed by aluminum is the Meerwein—Ponndorf-Verley (MPV)
reduction of ketones and aldehydes (Scheme 2.6.5).
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Scheme 2.6.5 Meerwein-Ponndorf-Verley reduction of ketones and aldehydes

Indeed, Al(OiPr); has been successfully grafted onto mesoporous silica*® (Scheme 2.6.6) and
has been applied for cyclohexanone derivatives reduction. However, the precise definition of
the grafted sites remains unreported.
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Scheme 2.6.6 Grafting of Al(OiPr); onto mesoporous silica

Thus, as a conclusion, the surface chemistry of aluminum is quite complex, and strongly
depends on the nature of the grafted species. Indeed, the propensity of aluminum to form
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bridges and thus polynuclear entities has to be taken into account. Also, it has been shown
that the high reactivity of alkyl species towards inorganic support induces side-reactions
such as insertion into the inorganic network and therefore, loss of a reactive moiety from
the aluminum center. To help in the understanding of these materials, in particular in the
case of aluminum which features an NMR active, spin 7/2 isotope (%’Al), solid state NMR
offers exciting possibilities for detailed understanding. This will be reviewed in the next
session.

2.7. Solid state NMR of spin % and quadrupolar nucleus as a probe for structural properties
2.7.1. Introduction to NMR principles

Nuclear Magnetic Resonance, or NMR spectroscopy is a non-destructive analytical technique
used in both academia and industry to determine the structure of a compound or a material,
to analyze its composition or also to probe its purity. NMR uses the ability of a magnetic field
to disturb the fundamental energy of nuclei that possess a nuclear spin (Scheme 2.7.1).
Indeed, many nuclei have a spin | (I20) and are electrically charged which means that when a
magnetic field is applied, the magnetic moment, L, associated to the nucleus can take 21+1
orientations. The magnetic moment of a spin | is proportional to the gyromagnetic ratio of a
nucleus, vy, an intrinsic property of a spin 10 nucleus. In the presence of a magnetic field Bo,
the magnetic moment precesses about the Bo field at a frequency w, = —yB,, called the
Larmor frequency. If the orientation of the magnetic moment is in the same direction than
the magnetic field (Bo) the energy level will be higher. It is lower if they are in opposite
direction. An NMR experiment consists in a pulse excitation at the Larmor frequency of a
given nucleus. An energy transfer is possible between different energy levels, generally a
single energy gap. When the spin returns to its fundamental level, under the effect of the
magnetic field Bo, the transverse relaxation that is measured into an FID (Free induction
Decay) can be influenced by the local interactions of the nucleus with its environment. This
frequency can be measured in many ways and further processed in order to obtain a NMR
spectrum (Scheme 2.7.2). The interactions of interest in solid-state NMR are the chemical
shift, the chemical shift anisotropy, the dipolar coupling and the quadrupolar interactions
(spin | > %).

For a spin
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.
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Scheme 2.7.1 Effect of magnetic field (Bo) on nuclei energy
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The most important interaction in NMR (liquid- and solid-state) is the one corresponding to
the interaction of the electronic structure with the magnetic field. The electronic structure
acts as a shielding around the nucleus, which is in turn dependent of the chemical
environment. For example, a general law is to consider that for a given nucleus, the more
electron-poor the nucleus is, the higher the frequency will be. Other interactions that can
influence the NMR signal will be discussed later. It is important to note that the frequency
recorded will be also directly influenced by the magnetic field applied on the sample (Bo). To
allow comparison between two spectra recorded at different fields, a non-magnetic field-
dependent unit is used: the chemical shift. Noted as & or CS, it is expressed in parts per

million (ppm) and is the result of the equation: § = V;—;/O x 10°, where v is the considered

frequency within the sample and vy is the reference frequency for the considered nucleus
(TMS for *H, 13C and phosphoric acid for 3!P for example).
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Scheme 2.7.2 Typical of NMR sequence
For each nucleus a frequency will be recorded and a signal will correspond to a species.

The electrons around the nucleus move within the magnetic field and creates a second one.
It opposes the applied field: atoms with higher induced fields (i.e., higher electron density)
are designated as “shielded”, relative to those with lower electron density, thus designated
as “deshielded”. The variation of the chemical shift can be explained from varying degree of
shielding or deshielding. For example, a proton near to an electronegative atom will be
deshielded and will resonate at a frequency higher than otherwise expected. The main
factors that can influence the chemical shift are the electronic density of a nucleus, the
electronegativity of the environment around the nucleus and the anisotropy of the induced
magnetic field (depending on the geometry of the molecule).

The relaxation frequency of a given nucleus A, will be affected by the state of a neighboring
nucleus X, covalently bound. This effect is known as spin-spin coupling (J) which can cause
splitting of the signal for each type of nucleus into several lines (Scheme 2.7.3). In liquid
NMR, tables of coupling constants can be found and help to identify the connectivites
around the observed nucleus. Its magnitude depends on the considered nuclei, varying
between 0 and 100 Hz. They are often ignored in solid-state NMR studies as their magnitude
is much lower than that of other interactions.
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Scheme 2.7.3 Coupling constant effect
2.7.2. Specificities of Solid state NMR

Liquid state NMR is a cornerstone in the synthetic chemistry analytical toolbox. Its
counterpart, solid-state NMR is also nowadays routinely used for a wide range of
applications.

Solid-state NMR, compared to liquid NMR, presents some pros and cons. For the synthetic
chemist, the main advantage is the study of insoluble materials that cannot be analyzed
otherwise. The other interest is to determine the structure of a compound in its solid form
and not in solution, where solvents and other physical perturbations can lead to distorted
information (especially when the sample is designed to be used in its solid state). In the solid
state, there are other interactions (that are averaged in liquid) that can prevent a direct
interpretation and lead to broad NMR lineshape. For spin % nuclei (*H, 3C, 3P, etc.), these
additional interactions are the dipolar coupling and the chemical shift anisotropy. In the case
of a powdered samples, the amplitude of the interaction will be dependent on the
orientation of each crystallite with respect to the magnetic field BO. This anisotropic
characteristic of the dipolar and CSA interactions generally leads to a broadening of the NMR
resonances in the solid-state. The dipolar interaction is the direct interaction between two
magnetic dipoles (two nuclei of spin I0) through space. If the dipolar interaction is averaged
out in the liquid state, thanks to fast Brownian movements, it is a dominant interaction in
solid-state NMR, with values that can exceed several kilohertz of magnitude. This is
illustrated in Figure 2.7.1, which shows a much broader resonance for the 3!P signal in the
solid-state than in the liquid-state.

In order to average out the dipolar interaction or at least to reduce its effect on the
spectrum, one may spin the sample at high speed about a rotational axis inclined at an angle
of 54.7°, the so-called Magic Angle Spinning or MAS)*. The MAS method is nowadays
routinely used in most solid-state NMR experiments and technical improvement in the last
decades allows for MAS speeds up to 100 kHz and beyond to be reached.

23

lilliad.univ-lille.fr



Thése de Tom Vancompernolle, Lille 1, 2017

"’“”'“X wwmwwwwmjk\wwwww
80 70 60 50 40 30 20 10 0

8("P)/ppm
Scheme 2.7.4 Magic  Figure 2.7.1 Comparison between MAS solid state (top spectrum)
angle spinning (MAS)  and liquid (bottom spectrum) 31P NMR of Sc[N(SiMes)2)3(OPPhs).

Moreover, for each crystallite orientation within the magnetic field, the chemical shift will
have a different value. This means that in a sample we see all the orientations taken by the
crystallite, which results in a broader signal. This phenomenon is characterized by a physical
parameter called chemical shift anisotropy (CSA). Once again, the high speed rotation at
MAS will reduce this interaction. If the rotation is not fast enough, spinning side bands will
be observed in addition to the main band. The study of CSA can give precious information
about the geometry of the molecule. In fact, if the asymmetry around the nucleus is high the
CSA will be increased and the side bands will be more intense. The intensity of the signal is
distributed within the ensemble of the central signal and the spinning side bands. A
consequence of this is that when increasing spinning speed, the spinning side bands are
stretched further apart which thus emphasizes the main signal. It is also important to remind
that the CSA interaction is directly proportional to the magnetic field Bo. As a consequence,
increasing the magnetic field Bo, will lead to an increase of the anisotropic part of the CSA
interaction. As the distance between the spinning side bands is the rotation frequency in Hz,
when increasing the magnetic field intensity, the spinning side band manifold will be more
intense as spacing in ppm is smaller. Thus, in the case of systems (or nuclei) featuring high
CSA such as °1V, it may be counterproductive to increase the magnetic field (i.e to switch to a
spectrometer with higher Bo).
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Figure 2.7.2.Influence of the spinning speed onto the observed spectrum
2.7.3. Solid-state NMR with % spin nuclei

Despite the broadening of signals, nuclei typically analyzed in liquid state NMR can be used
in solid-state NMR affording spectra with rather good spectral line-width. In fact, due to
physical properties the excitation of spins in solid state requires higher electric power which
in the same time allows to observe nuclei that are not commonly investigated in liquid as
they need high power (mostly 100 W amplifiers are used in liquid instead of 1000 W in solid).
However, if the principle remains the same, specific sequences have been designed to
resolve inherent problems encountered in solid state NMR.

2.7.3.1. Direct acquisition

This basic sequence® is composed by a simple 90° pulse then the relaxation is recorded. It
affords a 1D NMR spectrum without any enhancement of the signal or any improvements. If
needed, a better sequence will be use later on.

2.7.3.2.  Cross-Polarization (CP)-MAS

The CPMAS sequence, for Cross Polarization Magic Angle Spinning was proposed by Pines
and coworkers in 1973%, and the first 23C NMR spectra was presented by Schaefer in 197747,
The aim of the sequence is to transfer the polarization of a high receptive nucleus (almost
always 'H) to a less abundant and less responsive nucleus. It helps enhancing the
signal/noise ratio and leads to a faster recording of spectra. The main disadvantage of this
technique is that the intensity of the signal that will be observed is directly linked to the
close environment of the site. If a nucleus is surrounded by many protons, its intensity will
be enhanced much more than that with a few protons around. Thus, the CPMAS sequence
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cannot be used for quantitative measurements, even more when considering that the
polarization pulse may not totally transfer the whole magnetization because of relaxation
phenomena. Figure 2.7.3 illustrates this effect with an example of a silica material featuring
3 different environments. Using direct acquisition (MAS), the spectrum was acquired in 15 h
in order to get a decent signal/noise ratio. Using the CPMAS sequence, the spectrum is
obtained within 4h only. The information about the existence of 3 main sites is the same for
both spectra. However, the intensity of each peak is different and only the MAS spectrum,
obtained with a direct acquisition pulse sequence (a) can be used for quantitative
measurements.
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Figure 2.7.3. (a) 2°Si MAS spectrum and (b) 'H — 2°Si CPMAS NMR of a silica-type material.
2.7.3.3. DQ-SQ

The Double-Quanta Single-Quantum experiment, developed by Spiess’ group, leads to a two-
dimensional homonuclear correlation spectrum, which gives information about spatial
proximities by using the dipolar interaction®®. As illustrated in Figure 2.7.4, self-correlation
signals on the diagonal reveal proximities between sites of the same kind (A-A for example),
in opposition to off-diagonal signals which result from the spatial proximities between two
different chemical environments (A-B or B-C in Figure 2.7.4 or signal 1, 2 and 3 on the Figure
2.7.5). It is a very important experiment for the characterization of surface catalysts as it
uses the high NMR sensitivity of 'H to probe the proximity between the different sites, as
illustrated in Figure 2.7.5.
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Figure 2.7.5 'H-'H DQ-SQ MAS experiment of Li(THF)s[La{N(SiMes).}s(Cl)]

2.7.3.4. HETCOR

In solid-state NMR, the heteronuclear correlation experiment, denoted HETCOR, is a 2D
NMR experiment where two different types of nuclei are correlated through space (i.e. using
the dipolar interaction) by adding a CP transfer at the beginning of the pulse sequence. The

© 2017 Tous droits réservés.
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so-called CP-HETCOR pulse sequence leads to a 2D spectrum where the 'H spectrum in the
indirect dimension is correlated to the CPMAS 13C spectrum in the detection dimension
(Figure 2.7.6). In the present case, the cross-polarization is used not only to enhance the 3C
signal/noise ratio but also to probe the local proton environment of each 3C site. It is to
note that the dipolar recoupling time (contact time in the CP sequence) between *H and 3C
must be chosen in order to probe the very local environment of the 3C sites.

0 50
§ (“C)ppm

Figure 2.7.6. a) 3C MAS spectrum, b) 3C-*H CP-HETCOR MAS experiment
2.7.4. Solid-state NMR with quadrupolar nuclei

Nuclei featuring spin greater than %, namely quadrupolar nuclei, constitute the majority of
the periodic table. Most of the catalytically-relevant atoms fall in this category. The
recording of their NMR spectra is obviously of high interest. However, if for spin % nuclei,
the distribution of charges within the nucleus is homogenous, it is different for quadrupolar
nuclei. In the latter case, the non-homogeneous charge distribution is quantified by the
guadrupolar moment, Q, a parameter intrinsic to quadrupolar nuclei (Scheme 2.7.5). To
make it short, the interaction of the quadrupolar moment with the surrounding electric field
gradient, g (as a result of the electronic distribution around the nucleus), called the
guadrupolar interaction, leads to large distortions and broadenings of the NMR signal
(Figure 2.7.7).

+
=1/2 - 1>1/2 -

.

Scheme 2.7.5. Charge distribution of non quadrupolar (left) and quadrupolar nucleus (right).

Sometimes, the quadrupolar broadening is such that it prevents us from any interpretation.
In many cases though, it is possible to deduce NMR parameters that are further used to
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characterize the local environment of quadrupolar nucleus. In order to help in the
interpretation of NMR spectrum of quadrupolar nuclei, specific sequences have been
developed and will be presented later. In the following, we will limit the explanation to half-
integer quadrupolar nuclei, omitting the few integer quadrupolar nuclei of the periodic table
(°D, N, °Li) of limited interest in our study. Nowadays, thanks to the emergence of very high
magnetic field, new methods and technical developments (probes and electronics), NMR of
guadrupolar nuclei is routinely used for the investigation of many types of materials,
including in the field of catalysis.

T

200 0 pp
Figure 2.7.7 Example of ?’Al spectrum showing a typical quadrupolar lineshape

Reducing the quadrupolar broadening of the NMR spectrum is simply obtained (like for
dipolar and CSA interactions) by using the MAS technique. However, under MAS conditions,
even at a high spinning speed, the quadrupolar interaction is not completely averaged out.
The use of the MQMAS experiment (see below section 2.7.4.2) is required to obtain a high
resolution spectrum of a half-integer quadrupolar nucleus.

A total of two parameters (Cq, 7q) are required to characterize the strength of the
guadrupolar interaction for a given environment. They are the result of the coupling
between the quadrupolar moment eQ, and the electric field gradient, eq. Their effect on the
NMR spectrum is illustrated in the following sections. The CSA contribution to the
guadrupolar lineshape will also be explained at both interactions can be present
simultaneously for some nuclei of interest.

e The quadrupolar coupling constant, Cq

The quadrupolar coupling constant, Cq=e2gQ/h, h being the Planck constant, affects the
width of the signal. For a given nucleus, characterized by an intrinsic quadrupole moment Q,
the higher the electric field gradient, eq, the higher the Cq (Figure 2.7.8). Thus, in systems
featuring strained environment, or a mixed coordination sphere, high values of Cq are
expected. Notice in Figure 2.7.8, the effect of the Cq values on the quadrupolar lineshape.
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Figure 2.7.8 Simulated MAS spectra of 2’Al with variation of Cq and nq.

The quadrupolar asymmetry parameter

Noted 77q, the quadrupolar asymmetry parameter (comprised between 0 and 1) affects the
shape of the signal and is related to the geometry of the molecule. If the species possesses a

high geometry, the 7q value will be close to 0. On the opposite, if no plane or axis of

symmetry can be found in the molecule, the 7q value will be close to 1. Lineshape

modification depending of nqcan be observed within the simulated spectra of Figure 2.7.8.

Chemical shift anisotropy

As explained above, the effect of the CSA interaction may add up to the quadrupolar

interaction to modify the signal, especially if the MAS rate is not high enough to completely

average out the CSA interaction. Therefore, if the CSA is too large (with respect to the MAS

rate), it will drastically affect the signal lineshape (Figure 2.7.9), and in order to best fit to the

experimental spectrum two additional parameters need to be taken into account: Acsa, the

amplitude of the CSA (similar to Cq for quadrupolar nuclei) and the 7.a (equivalent of the

Na).
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Figure 2.7.9 Influence of CSA onto the 4°Sc MAS spectrum.

When the CSA is too large and that the MAS rotation is not sufficient to average out the
interaction, it may be interesting to acquire the spectrum under static conditions (no MAS
conditions). The sequence must be chosen adequately, as discussed in section 2.7.4, and the
magnetic field Bo must be high enough to reduce the quadrupolar broadening.

a) jU I‘\\rﬁ.; U"" . Lﬂwbb

|
400 200 0 =200 -400
8(Al)ppm

Figure 2.7.10 Comparison between rotation at a) 20 kHz, b) 16 kHz and c) under static
conditions for 4°Sc MAS NMR

As a side note, the field dependency of the signal line-shape for quadrupolar nuclei is huge:
the spectral line width is strongly dependent on the magnetic field intensity, the higher the
Bo, the narrower the line-shape will be (and thus, the better the signal-to-noise ratio). For
specific case such as spectra of nuclei featuring high CQ values, recording on high magnetic
field spectrometers is mandatory. Indeed, if we compare spectra recorded at 9.4 T and at
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18.8 T, the signal for the higher magnetic field will thinner than the one at 9.4 T (Figure
2.7.11).

b)

| I |
100 0 -100

SC'Al)/ppm
Figure 2.7.11 2’Al MAS NMR spectrum recorded at a) 9.4T and b) 18.8T.

In the case of broad NMR signals, a single pulse acquisition might be insufficient to get
proper phased spectrum. In the 1950'°, Erwin Hahn showed that an echo sequence,
composed of a 90° pulse and a 180° pulse, with adequate phase cycling, separated by a delay
T, can provide pure absorption spectra with no line distortion. In this experiment, the delay
is an integer multiple of the rotor period, and this is thus designated as “rotor-
synchronized”.

2.7.4.1. QCPMG

The QCPMG (Quadrupolar Carr-Purcell Meiboom-Gill), applied to quadrupolar nuclei, is an
extension of a pulse sequence® developed in 1954. It is composed by a series of 180° pulses
that refocus the magnetization. It is now used routinely to get NMR spectra that are strongly
broadened by the quadrupolar coupling (often in static consitions). As it is a series of echoes
with interleaved acquisition, the resulting FID leads after Fourier Transformation, to a
multitude of spikelets where the signal intensity is focused (Figure 2.7.122). The acquisition
time is strongly reduced while the total envelop of the quadrupolar lineshape is maintained.
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N

300 200 100 0 -100-200-300
Figure 2.7.12. QCPMG spectrum of a 3°Cl spectrum under static conditions>!

2.7.4.2. MQMAS

The MQ-MAS experiment presented by Frydman and Harwood was designed to provide high
resolution 2D NMR of a half-integer quadrupolar nucleus®?. The 2D spectrum provides an
isotropic spectrum in the indirect dimension and a MAS spectrum, broadened by a part of
the quadrupolar interaction (the second-order terms) in the acquisition dimension. This 2D
experiment is really useful to identify several species hidden a broad MAS spectrum by a
projection onto the indirect dimension. Each 1D slice, extracted from the 2D spectrum, can
be fitted independently to deduce the quadrupolar parameters and the chemical shift for
the different sites within the sample.

y N The chemical shift information can be found on the
diagonal line while the quadrupolar interaction shift is
the deviation between this diagonal and the observed

Isoiropic

i
f
Jsotropic #.-’ £ signal (Scheme 2.7.6). The extracted rows can be
rojicti =
N A o simulated to extract with precision the several
AT e .
/ &_ parameters (Figure 2.7.13).
- /
L4
i (ppm)

Scheme 2.7.6 MQMAS principle
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Figure 2.7.13. 27Al MQMAS (9.4 T) spectrum revealing three sites hidden in the broad

The 2D HMQC (Heteronuclear Multiple-Quantum Correlation) sequence is another (more
recent) heteronuclear correlation, such as the 2D HETCOR previously explained. The HMQC
pulse sequence was developed to avoid the drawbacks of the 2D CP-HETCOR applied to a
guadrupolar nucleus. It offers more robustness for quadrupolar nucleus than the CP-HETCOR
sequence and it allows observation of a nucleus (most of the time H) directly bonded to
another type of NMR-active quadrupolar nucleus (Figure 2.7.14). In this example,
correlations are observed with the proton around 0 ppm and the signal for the aluminum

showing the presence of protons close to the metal center.
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Figure 2.7.14. *H-?’ Al HMQC experiment
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2.8. Conclusion

In this chapter, we presented the background of our research, namely surface
organometallic chemistry. This domain relies on the use of molecular species that present
high activity for catalytic transformations (or that can be precatalysts) and graft them onto a
surface to generate a novel material that can feature benefits compared to molecular
counterparts (enhanced activity or selectivity, recyclability, etc.). Many types of supports can
be employed and we highlighted silica as an efficient and versatile oxide, which makes it a
most convenient support of choice. We have briefly described the state of the art for rare-
earth metals and aluminum applied to SOMC. These two classes of metals are good
candidates for immobilization, thanks to their high affinity towards oxygen, thus forming
strong bonds with the surface. However, in both cases, precise control over the surface
chemistry must be exerted, in order to generate well-defined grafted sites. This is a pre-
requisite for rationalization and for establishment of structure-activity relationships. To
meet this goal, solid state NMR is a key characterization tool. Most particularly, when
applied to the study of quadrupolar nuclei, it can afford precious structural information
down to the molecular level.

Thus, in the next chapters, we will describe some examples of SOMC strongly backed-up
with solid-state NMR, with a focus on quadrupolar nuclei. Thus, the first chapter will be
devoted to rare-earth metals surface chemistry: use of amido derivatives for alkyne
dimerization, specific input from “#Sc solid state NMR and development of a grafted
lanthanum benzyl for several types of reactions will be presented. In the second chapter will
be gathered our research efforts devoted to aluminum surface organometallic chemistry and
related problematics, such as grafted salen derivatives for carbonatation of epoxides,
molecular and supported alkyl cocatalysts for polymerization or oligomerization of ethylene,
and understanding of chloroamido aluminum species reactivity towards the silica surface.
Finally, in the third chapter, a novel approach to the design of chelating, LX type surface
ligands will be introduced
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3. Surface organometallic chemistry of rare-earths
3.1. Introduction

As briefly described above in the bibliographic, rare-earth metals species can be readily
grafted onto silica and thus offer efficient access to potentially highly catalytically-active
materials. We present in this chapter our contributions in the field, first with the
immobilization onto silica of a lanthanum trisbenzyl species, with detailed investigations on
the grafting process and with applications in various catalytic reactions. The second part will
focus on the application of rare-earth metals trisamides grafted onto dehydroxylated silica,
with applications in C-C bond formation and related mechanistic investigations. In the last
part, we looked in detail into the structure of molecular and supported scandium amide-
functionalized material using %*Sc solid state NMR, which provides information on the
coordination sphere of the metal centers (either as isolated molecules or grafted on silica).

These results have been published in:

“Silica-grafted lanthanum benzyl species: synthesis, characterization and catalytic
applications.” T. Vancompernolle, A. Valente, T. Chenal, P. Zinck, I. Del Rosal, L. Maron, S.
Harder, R. M. Gauvin, Organometallics, DOI: 10.1021/acs.organomet.7b00538

3.2. Silica-grafted lanthanum benzyl species: synthesis, characterization and catalytic
applications

3.2.1. Abstract

The grafting of a lanthanum tris-benzyl derivative onto dehydroxylated silica affords a
mixture of [(=SiO),La(CH2Ph)(THF),] and [(=SiO)La(CH2Ph),(THF)m] surface sites, in respective
proportions of 80 and 20%, as evidenced from mass balance analyses, IR and *H, 3C and 2°Si
1D and 2D solid state NMR spectroscopy. Significant transfer of alkyl groups from lanthanum
to the surface was demonstrated. The grafting mechanism was also probed by DFT
calculations, which confirm that benzyl group transfer from the lanthanum to the surface
(via Si-O-Si cleavage) occurs readily. This material proved to be active in alkyne dimerization,
and in ethylene, styrene and e-caprolactone homopolymerizations

3.2.2. Introduction

Rare-earth metals have attracted constant attention in catalysis thanks to their remarkable
properties, mostly owing to their high Lewis acidity.! Impressive early examples of
lanthanide alkyls’ reactivity include C-H activation chemistry or cocatalyst-free ethylene
polymerization.? However, this high reactivity (and thus, high sensitivity) of rare-earth alkyl
derivatives has hampered their widespread use, which was partly addressed as high yield
syntheses of LnRs; species (occasionally as Lewis base adducts) were proposed for such
starting materials.> Among the reported solvated tris-alkyl species, the benzyl derivatives
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have been described by the Harder and Hessen groups, who reported simple and efficient
access route to benzyllanthanide reagents.* These are available to a wide range of metals
and are thermally stable (contrary to neosilyl derivatives). Furthermore, contrary to the
bis(trimethylsilyl)methyl derivatives, these compounds retain a high reactivity towards protic
reagents.

On the other hand, heterogenization of molecular complexes onto inorganic supports is of
high interest in the view of their use in industrially-relevant processes (mostly related to
polymerization), or to generate site-isolated highly reactive organometallic species. One of
the most efficient methods to meet this goal is the use of surface organometallic chemistry,
which allows the precise synthesis of supported species.”> In this context, following the
pioneering work from Anwander,® we have developed well-defined silica-grafted amide and
borohydride rare-earth metals derivatives.” These display interesting properties, affording
for instance systems with enhanced selectivity in specific polymerization reactions.7¢

There are very few reported examples of immobilization of lanthanide alkyl derivatives onto
inorganic supports, namely grafting of [Lu{CH(SiMes)2}3] onto dehydroxylated silica,® or
formation of scandium methyl complexes by metalation of silica-supported scandium
amides.’ No catalytic application of these materials was described. In related approaches,
lanthanide alkyl aluminates have been immobilized onto mesostructured supports by
Anwander and applied in diene polymerization.©

In this contribution, we describe the study of the reaction of [La(CH2Ph)s(THF)s] (1) with silica
dehydroxylated at 700°C, along with theoretical investigations on the grafting pathway.
Additionally, we discuss the performances of this material in four types of catalytic reactions,
namely alkyne dimerization, polymerization of styrene, polymerization of ethylene and ring
opening polymerization of e-caprolactone.

3.2.3. Results and discussions

Starting from [La(CH2Ph)s(THF)3] (1), our initial goal was the design of well-defined
lanthanum alkyl surface sites bearing a single surface-to-metal bond (2a, Scheme 3.2.1),
which would leave two reactive alkyl moieties. This would offer the possibility for further
generation of cationic monosiloxy monoalkyl species using cationizing agents, a step toward
enhanced reactivity.!! To achieve this, we have selected highly dehydroxylated silica, namely
Aerosil 380 silica from Evonik, treated under vacuum at 700°C. This support features a
specific surface area of 350 m2g?!. As evidenced by infrared spectroscopy, this
dehydroxylated silica bears only non-interacting silanol groups on its surface (Figure 3.2.1a).
Grafting of inorganics and organometallics on such a support typically generates
monosiloxide surface species.5
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Scheme 3.2.1. Grafting of [La(CH2Ph)3(THF)s] (1) on SiO2-700.

Reaction of 1 with SiO2.700 in THF affords a deep orange material (2). Elemental analysis
indicates La and C loading of 5.48 and 9.58 w%, respectively. The La loading corresponds to
0.39 mmol.g! of material. The corresponding C/La atom ratio is 20.2. Infrared spectroscopy
reveals full consumption of the silanols, as shown by the lack of SiOH signal in the DRIFT
spectrum of 2, notably of the 3747 cm™ v(o.n) band (Figure 3.2.1b). We also observe new
signals at 3061-3027 and 2983-2885 cm, accounting respectively for v(sp? c-n) and V(sp> c-n). In
addition, bands at 1588 cm™ (characteristic for C=C aromatic-ring-stretching vibrations) and
1494 cm™ (3(C-H) vibration of the methylene groups) are also present.

b) x9 V
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L
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Figure 3.2.1. DRIFT of a) SiO2-700, b) [La(CH2Ph)3(THF)s] over SiO2-700 (2).

Solid state NMR was used to get further insight into the structure of 2. *H MAS NMR features
broad signals even at high magnetic field (18.8 T) (Figure 3.2.2a). Thus, signals at 7.1, 3.7 and
1.6 ppm are observed, accounting respectively for aromatic C-H groups, OCH; from
lanthanum-bound THF and both La-CH; and OCH,CH; protons.4 The overlap of the signals in
the 2.5-1 ppm region prevents precise assignment, however, the intensity of the considered
signal compared to that of OCH; is fully in line with the presence of overlapping La-CH, and
OCH2CH; signals.
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Figure 3.2.2. 'H (a) and *H-'H DQ-SQ (b) MAS NMR spectra of 2 (18.8 T, spinning speed 20
kHz).

Noteworthy, the width of the signals is reminiscent of that of the group 4 benzyl derivatives
(Ti, Zr) on the same support.l? In this case, this was assigned to occurrence of 7> and/or 73
coordination mode of the benzyl ligand.'?® To further probe the structure of the supported
species, we resorted to a two-dimensional 'H-'H DQ-SQ MAS NMR experiment. This
technique relies on dipolar interactions and gives information on spatial proximities'# (Figure
3.2.2b). Each signal in the 'H spectrum gives rise to an on-diagonal correlation, in line with
the presence of CH, moieties (from LaCH; and THF) or with neighboring protons with similar
chemical shift (aromatic C-H protons). Two off-diagonal signals are observed: The first one
(tagged as interaction A in Figure 3.2.2) associates aromatic CHs at 7.1 ppm and protons at
1.6 ppm, which would be best assigned to interaction within the benzylic fragments, namely
between methylenic and aromatic protons of LaCH.Ph. A second set of less intense cross-
peaks (tagged as interaction B in Figure 3.2.2) associates the OCH, OCH,CH, protons from
THF (at respectively 3.7 and 1.6 ppm). The 3C CP MAS NMR of 2 features 3 major sets of
signals at 128, 69 and 24 ppm, characteristic for aromatic, OCH, and OCH,CH; carbons
(Figure 3.2.3).
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Figure 3.2.3. 13C (a) and *H-13C HETCOR (b) CP MAS NMR spectra of 2 (}3C: 100.6 MHz, *H:
400 MHz, spinning speed 14 kHz)

A shoulder at 62 ppm on the 69 ppm peak is assigned to the LaCH, group.4. These
assignments were confirmed by a 2D H-13C CP HETCOR MAS NMR spectrum (Figure 3.2.3b).
Indeed, the aromatic moieties gives rise to a *H signal at 7.1 ppm and 3C signals at 128-120
ppm, while the THF OCH, feature *H and *3C resonances at 3.6 and 69 ppm, respectively.
Accordingly, the THF OCH2CH> groups give rise to a correlation associating signals at 1.5 (1H)
and 24 ppm (33C). A further long range correlation involves the OCH,CH, protons and the
OCH; carbons. However, no *H-13C correlation was observed for the LaCH, moiety under our
conditions. Benzyl ligands are known to be involved in dynamic processes and generally show
a rich coordination behavior that varies from 7' to 7° coordination43, This could prevent
efficient dipolar coupling to take place and thus hinder observation of heteronuclear
interactions.

I
0 -50 -100 -150
& (*SiY/ppm

Figure 3.2.4.2°Si CP MAS NMR spectrum of 2 (79.5 MHz, spinning speed 6 kHz)
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29Sj CP MAS NMR (Figure 3.2.4) features an intense signal characteristic for T3 groups
(=SiCH2Ph) at -66 ppm,'® along with the signal from the Q-type (SiO4) sites at -103 ppm. This
indicates that significant benzyl group transfer onto the silica support occurred, as observed
during the grafting of electrophilic metal complexes on (very) highly dehydroxylated silica
supports.t’

This prompted us to assess the stoichiometry of the grafting reaction and the precise
structure of the surface organometallic centers in 2, most noteworthy through mass balance
analysis. The lanthanum loading (5.48 w%, 0.39 mmol.g) is higher than what would be
expected from a grafting mode involving only protonolysis of 1 by silanols, which would
afford 0.27 mmol(La).g . Thus, other reaction pathways must be operative, such as grafting
by siloxane opening, forming =SiO-La and =SiCH;Ph sites. When comparing the expected and
observed lanthanum loading (0.27 and 0.39 mmol.g™, respectively), this shows that about
70% of grafting proceeds with protonolysis as the first step, and that about 30% results from
initial nucleophilic cleavage of (strained) Si-O-Si fragments.

We reacted 2 with excess (5 eq) n-butanol in CsDs, and we quantified by 'H NMR the
released organic compounds (THF and toluene), using ferrocene as an internal standard. The
toluene and THF detected after alcoholysis of 2 amount to 0.47 and 0.51 mmol.g?,
respectively (average of 4 different runs). Thus, the average number of benzyl ligand moiety
per lanthanum center is 1.2, which is significantly different from the ratio of 2.0 expected for
species 2a. On the same line, the average number of THF molecules per lanthanum center is
1.3 (if considering that excess butanol fully displaces THF from grafted centers). Thus, the
average formulation for the surface species is [(=SiO)1.sLa(CH2Ph)1.2(THF)1.30]. This means
that grafted species consist of 20% [(=SiO)La(CH2Ph)2(THF)s] (2a) and 80%
[(=SiO)2La(CH2Ph)(THF)m] (2b), signifying that alkyl transfer plays a significant role in the
surface chemistry of 1 on SiO2-700 (Scheme 3.2.1). If one considers that THF is fully released
upon alcohol addition, the residual C content (accounting for silica-transferred benzyl
groups) after removing the benzyl and THF contribution (13.6 C/La) is 6.6 C/La. This
corresponds to 0.9 equivalent of [=SiCH,Ph] per surface La center.*® This significant amount
of alkyl — Si transfer is in sharp contrast with the surface chemistry of [Lu{CH(SiMe3s);}s] on
silica,8 where grafting proceeds only via protonolysis of the Lu-C by silanols, most probably
due to the bulk of the alkyl moieties which could hinder attack of siloxane bridges.

To confirm and further refine the understanding of the formation of 2a and 2b, DFT
calculations have been carried out at the DFT-B3PW91 level of theory. Thus, the grafting
reaction of 1 onto a silica surface treated at 700°C has been studied using a
polyoligosilsesquioxane derivative-type surface model (called ¢ model), successfully used to
study both the grafting reaction of several d/f metal complexes '° and their catalytic
activity.?’ The Gibbs free-energy profile for the grafting reaction leading to 2a is given in
Figure 3.2.5.
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Figure 3.2.5 Calculated Gibbs free-energy profile (in kcal/mol) for the grafting reaction of 1
onto the ¢ model.

The reaction sequence starts by the loss of one THF molecule leading to a complex in which
the lanthanum center exhibits a distorted trigonal bipyramidal environment with two THF
molecules in axial positions and three benzyl ligands in the equatorial plane. From an energy
point of view, the formation of this complex is exergonic by -14.0 kcal.mol™* relative to the
starting point. The reaction continues by the grafting of this intermediate onto the silica
surface through a protonolysis of a La — C bond by a surface silanol, leading to two possible
mono-grafted =Si-O-La(THF)2(CH2Ph); isomers with benzyl and THF ligands in a cis (2a’) or
trans (2a) configuration with the concomitant formation of a free toluene molecule. The
formation of these two isomers it is, in both cases, computed to be exergonic, by -65.1
kcal.mol? for the cis isomer and by -68.6 kcal.mol! for the trans configuration, and
kinetically accessible (highest barrier of 8.7 kcal.mol™?). It is interesting to note that in both
isomers the two benzyl groups are n? coordinated to the metal center. Thus, these
complexes are stabilized by the formation of an interaction between the ipso-carbon atom
and the metal center, i. e., by a donation from the CH2 — Cjpso bond to an empty d-orbital of
lanthanum as indicated by the second-order perturbation natural bond order (NBO) analysis.
We can therefore conclude that, according to the slight stability difference between both
isomers and the small activation energies needed for formation, these two isomers can
coexist on the silica surface. DFT calculation also have been used to consolidate the above-
proposed spectroscopic assignment (Table 3.2.1, Table 3.2.2). Good agreement was
observed between calculated and experimental 3C NMR and *H NMR chemical shifts. The
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spectral signatures of both isomers are very close implying that they cannot be distinguished
by NMR which argues for the coexistence of the two complexes on the silica surface. It is
also noteworthy that, from 2a and 2a’, loss or addition of a THF molecule are both
endergonic processes (circa 11.0 kcal.mol?) that presumably would not occur.

CH2Ph CH»Ph OCH> OCH,CH>
Hortho  Hmeta Hpara

2 (exp.) 1.6 7.1 7.1 7.1 3.7 1.6

2a 2.0 6.5 7.1 6.4 3.9 1.8

2a' 1.8 6.7 7.3 6.4 3.9 1.8

2b 2.2 6.8 7.1 6.4 3.6 1.7

2b' 2.1 6.8 7.1 6.2 3.7 1.7

CH2Ph

(Transf) 2.7 7.6 7.3 7.2 - -

Table 3.2.1 Experimental and calculated * NMR data for silica-supported lanthanum benzyl
complexes
CH;,Ph CH2Ph OCH; OCH;CH;
Cipso Cortho Cheta Cpara

2 (exp.) 62 - 128 69 24
2a 55.9 144.1 118.4 127.6 113.5 70.2 28.8
2a' 56.3 146.3 117.8 128.7 112.9 70.2 28.8
2b 59.9 145.5 118.7 127.2 114.1 70.2 28.6
2b' 56.7 149.2 116.6 129.2 112.5 68.9 28.4
CH2Ph 24.9 134.7 126.2 1241 120.1 - -
(Transf)

Table 3.2.2 Experimental and calculated 3NMR data for silica-supported lanthanum benzyl
complexes

Next, we focused on the mechanism leading to the formation of a doubly grafted complex
(2b) through the transfer of a benzyl group to the silica surface. The Gibbs free-energy
profile for the alkyl transfer is given in Figure 3.2.6. The formation of 2b takes place through
a concerted mechanism in which the transfer of the benzyl group from lanthanum to a
neighboring silicon atom is concomitant to the activation of a Si—O bond and the formation
of a La—0 bond. Starting from 2a and 2a’, two different doubly grafted complexes can be
obtained, depending on the silicon center onto which the alkyl group is transferred (namely
if it is linked by a siloxane bridge or not to the silanol group on which the lanthanide complex
is grafted). In both cases, the reaction starts by an endergonic isomerization of 2a and 2a’, by
10.0 and 6.5 kcal.mol, respectively. This leads to an isomer exhibiting a trigonal-bipyramidal
geometry around the metal center, with the oxygen atom of the silanol group and one THF
ligand in axial positions and the two benzyl groups and the second THF ligand in the
equatorial plane. From this intermediate, the benzyl transfer to a silicon atom linked by a
siloxane bridge to the silanol group on which the lanthanide complex is grafted leads to the
formation of a doubly grafted complex on the same silanol group (2b’). The alkyl transfer
reaction proceeds with an accessible energy barrier of 28.7 kcal.mol! with respect to 2a and
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25.2 kcal.mol?! with respect to 2a’. From a thermodynamic point of view, the formation of
2b' is found to be an athermic process with respect to 2a and 2a', which is in agreement with
the coexistence of both mono and bi-grafted complexes onto the silica surface as
experimentally observed. In this case, the Si—O and La—C bond breaking is counterbalanced
by the formation of a strong La—O bond and Si—C bond. However, this complex is destabilized
by the ring constraint of the grafting mode which explains the athermicity of this reaction.
On the other hand, the transfer of a benzyl group to a silicon atom not linked by a siloxane
bridge to the siloxyde bearing the lanthanum center leads to the formation of a bi-grafted
complex on two vicinal silanol groups (2b). The alkyl transfer reaction take place via a high
energy process with activation barriers of 61.8 kcal.mol™ and 58.3 kcal.mol* for 2a and 2a’,
respectively. Thus, even though the formation of 2b and 2b’ is found to be exergonic by 7.6
kcal.mol* and 4.1 kcal.mol, respectively, these reactions would not occur on account of the
high activation energies needed. Thus, the benzyl transfer can only be carried out on silicon
atoms close to the initial grafting site.
ke mar THE
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Figure 3.2.6 Calculated Gibbs free-energy profile (in kcal/mol) for the alkyl transfer
mechanism leading to 2b and 2b’.

With this material at hand, we proceeded to probe its performances in catalytic reactions
that are typically catalyzed by rare-earth molecular species, i.e alkyne dimerization as well as
ethylene, styrene and e—caprolactone homo-polymerization.
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Alkyne dimerization catalyzed by rare-earth metal derivatives was first described by the
Teuben group,?! originally with bis-pentamethylcyclopentadienyl systems. The reaction
starts with the deprotonation of the acidic C-H from the alkyne substrate by the La-C bond
which is followed by alkyne insertion into the La-C=C bond and protonolysis by the C-H from
a further substrate molecule. Thus, this C-C bond formation transforms two terminal alkyne
substrate molecules into an enyne product (Scheme 3.2.2). It can afford either branched,
head-to-tail (3a) or linear, head-to-head (3b) dimers. Trimers (4) can also be produced. We
have previously reported that grafted amides can catalyze this reaction.7>?? Analogous, in
the presence of 2 (1% catalytic loading) after 4 hours at 100°C, 1-hexyne is converted into a
mixture of dimers with 40% conversion. The major species is the head-to-tail isomer 3a
(90%), while the tail-to-tail 3b species accounts for 8% (Scheme 3.2.2). Only traces (2%) of
trimer 4 were detected. Longer reaction times (up to 15 h) did not improve the conversion.

2 (1%)
R\\ \% \)

100° C 4h
R= n-butyl 3b

90% 8% 2%
Scheme 3.2.2.Dimerization of 1-hexyne catalyzed by 2.

The presence of La-C bonds within 2 also opens up the possibility to use it as an ethylene
polymerization catalyst, as, in contrast with group 4 catalysts, rare-earth species do not
necessarily require cationizing activators to achieve ethylene polymerization.?? Indeed,
under mild reaction conditions (90°C, 1.5 bar), 2 afforded linear polyethylene, though with
modest activity (activity of 1.9 kgee.moliat.bart.htafter 1h). This is within the same range as
that of silica-supported lanthanum silylamides activated by tris-isobutyl aluminum.???4 Use
of 1 eq. of [Ph3C*][(CesFs)aB] per La as cationizing agent slightly reduced the activity (1.0
kgee.moliat.bart.h after 1h). This can be related to the fact that, as we have shown above,
80% of the lanthanum centers bear a single alkyl group (2b): Alkyl abstraction would lead to
a catalytically inert system. Thus, only the 20% of bis-alkyl species (2a) could react and afford
a cationic alkyl entity able to polymerize ethylene.

Material 2 is also able to polymerize styrene in the absence of activator. Reacting 100
equivalent of monomer per lanthanum center at 80°C afforded high molecular weight
polystyrene (My 4.1 10° g/mol, with a substantial dispersity of 5.7) in an isolated yield of
42%. This moderate activity and the lack of mass control indicate poor initiation control of
the polymerization process. However, 13C NMR analysis revealed a syndiotacticity of 85%,
showing that grafting induced some degree of stereocontrol over the polymerization
process, as previously observed in the case of silica-supported calcium benzyl surface
species.”

Finally, e-caprolactone is efficiently polymerized by 2: conversion of 89% for 650 equivalents
of monomer per lanthanum center was readily achieved at room temperature within 2
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hours, affording a white solid upon precipitation in methanol. SEC analysis shows that
polymerization is rather controlled (M 1.8 10° g.mol%, D = 1.64).

3.2.4. Conclusion

We have described here the surface chemistry of a lanthanum tris-benzyl derivative onto
dehydroxylated silica. This highly reactive organometallic species reacts not only with
silanols, but also with (strained) siloxane moieties, affording as major surface site the doubly
grafted surface species, along with [SiCH2Ph] groups, as shown by a combination of mass
balance analysis and spectroscopic techniques. These conclusions are in agreement with DFT
calculations which in particular show that siloxane bridge opening occurs readily on a
neighboring siloxane site after a first protonolysis step. Furthermore, this material catalyzes
a range of reactions, however with modest activity. Further investigations aim to study the
influence of the nature of the metal center by grafting various [Ln(CH2Ph3)(THF),] complexes
on silica. As reactivity is known to depend on the nature of the rare-earth metal (ionic radius,
Lewis acidity),?42° this should give a relationship between catalytic performances and metal
choice.
3.2.5. Experimental section

General considerations. Experiments were carried out under an argon atmosphere in an M-
Braun glove-box or by using Schlenk techniques. Solvents and reactants were dried by using
conventional reagents and stored in the glove-box over 3A molecular sieves. Aerosil 380
silica (Degussa, specific area 380 m? g%, prior to heat treatment) was subjected to heating
under secondary vacuum (10°® mbar) for 15 h at 500 °C, followed by 4 h at 700 °C, and stored
in a glovebox. Liquid-state NMR spectroscopic analyses were run on a Bruker Avance 300
spectrometer. Solid-state MAS NMR spectra were recorded on Bruker Avance 400 and 800
spectrometers. Chemical shifts are given with respect to adamantane, glycine and TMS as
external references for H, 13C and 2°Si NMR spectroscopy, respectively. The two-dimensional
homonuclear experiment (DQ-MAS) was obtained at a spinning frequency of 20 kHz by using
excitation and reconversion pulse blocks of two rotor periods each (200 us). The 90° pulse
length was 2.25 ps, the recycle delay was 30 s, and 16 scans were collected for each slice
(128 in total). The *H-13C CP MAS NMR experiment (HETCOR) was obtained at a spinning
frequency of 14 kHz. The 90° pulse length was 4 ps, the recycle delay was 5 s, and 512 scans
were collected for the 32 slices. For the CP step, a ramped radio frequency (RF) field
centered at 45 kHz was applied on protons, and the contact time was set to 1 ms. The 2°Si CP
MAS spectrum was recorded at a spinning frequency of 6 kHz, with a recycling delay of 3 s.

Diffuse reflectance infrared spectra were collected with a Harrick cell on a Nicolet Avatar
spectrometer fitted with a MCT detector. Typically, 64 scans were accumulated for each
spectrum (resolution 4 cm™). Elemental analyses were conducted in at the Service d’Analyse
Elémentaire, LSEOQ, Université de Bourgogne (CHN) and in the Service Central d’Analyse du
CNRS (La).
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The weight - and number—average molar masses (My and M;) and dispersities (D = Mw/My)
of the polymers were determined by size exclusion chromatography (SEC) in THF at 40 °C (1
mL/min) with a triple detection system, equipped with an Alliance Waters e2695, a
multiangle light scattering detector (MALS, Wyatt Technology mini DAWN TREOS), and a
refractive index detector (Waters 2414). The SEC system was equipped with three Waters
Styragel (HT1, HT3 and HT4) columns. The refractometer was used to determine the molar
masses against polystyrene standards with the corrections Mn(SEC)= 0.56x M(obs) for
polycaprolactone.?’” Samples were prepared by dissolving the product (10 mg) in 4 mL of
THF. The solutions were then filtered with 0.45 um filters. For alkyne dimerization, reaction
mixtures were analysed using a Shimadzu GC2010 chromatograph fitted with a CP-Sil5CB
column (25mx 0.25mmx 0.2 um), argon as carrier gas, and both injector and detector
temperature at 250 °C. Heating program: starting at 50 °C then a ramp of 10 °C/min up to
250°C, hold for 10 min is applied (more details in supplementary information about
conversion and selectivity calculations).

Grafting of 1 onto SiO2.700. In a glovebox, a double-Schlenk vessel was loaded with 1 (655
mg, 1.04 mmol) dissolved in 20 mL of THF in one compartment and with SiO2-700 (1.5 g)
suspended in 20 mL of toluene in the other compartment. The orange complex solution was
added at room temperature to the support by filtering through the sintered glass separating
the two Schlenk tubes, and the reaction mixture was stirred for 15 h. The supernatant liquid
was then separated by filtration into the other compartment, from which the solvent was
gas-phase transferred by trap-to-trap distillation back into the compartment containing the
modified support in order to wash away the residual molecular precursor. This operation
was repeated thrice (resulting in colorless washing fractions). The resulting material (2) was
then dried under secondary vacuum (10® mbar) at room temperature for 14 h.

Alkyne dimerization. In the glove box, a glass reactor is filled with 2 (100 mg, 0.039 mmol
La), 3ml of toluene and 1-hexyne (325 mg, 3.9 mmol, 100 mol eq. per La). The reaction
mixture is heated at 100°C. After 4 hours, the reaction is quenched by exposure to air. The
supernatant is analysed by GC using n-decane as a standard (added after quenching). See
Figure 3.2.7 and Figure 3.2.8.
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Figure 3.2.8 'H NMR spectrum (300 MHz, C;Ds) of 7-methylenundexc-5-yne

Polymerization of ethylene. A solution of Al(iBu)s; scavenger (300 mg) in 18 mL of toluene
was introduced in a thermostated (90°C) glass reactor equipped with a powerful mechanical
stirrer. The reactor was pressurized and continuously fed with 1.5 bar ethylene. A
suspension of 2 (253 mg containing 5.48% La, 100 pmol) in 2 mL toluene was prepared in the
glove box and injected through a septum into the polymerisation reactor. The ethylene
consumption was then monitored with a mass flow meter. The polymerisation was stopped
after 2 h by hydrolysis with acidic methanol (100 mL with 1 mL concentrated HCI). The solid
material was recovered by filtration, washed with pure methanol, dried and weighed (580
mg). Integration of the mass flow meter signal indicated consumption of 350 mg of ethylene.
13C CP MAS NMR shows that the produced polymer is linear polyethylene (Figure 3.2.9).
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Figure 3.2.9 13C CP MAS NMR spectrum (100.6 MHz) of polyethylene produced by 2. *:
spinning side band. Inset shows the presence of Ph end-groups from benzyl initiating
moieties.

Polymerization of styrene. In the glove box, a glass reactor is filled with 2 (128 mg, 0.05
mmol La) and 0.575 ml of toluene Then freshly distilled styrene (0.52 g, 5.0 mmol, 100 eq.
per La) is added dropwise while the reaction mixture is vigorously stirred. The reaction
mixture is heated at 80°C. After 2h, the reaction is quenched with a methanol/water mixture
and polystyrene is precipitated from methanol and dried under vacuum, affording 0.22 g of
white polymer (42% yield). Tacticity was determined by analyzing *3C signal of the Cipso from
the phenyl ring (Figure 3.2.10).

SyndiotacticJ-ads

WJLM . ol

e : e —
150 140 130 120 110 100 90 80 70 60 50 40 ppm

Figure 3.2.10 13C NMR signal for the Cipso atom in polystyrene obtained by polymerization
using 2 as an initiator (100.6 MHz, C;D,Cls, 363 K). S: solvent signal. For assignments of the J-
ads see reference 1.
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Ring-opening polymerization of g-caprolactone. In the glove box, a glass reactor is filled
with 2 (50 mg, 0.020 mmol La) and 3 ml of toluene. Then, a freshly distilled B-caprolactone
solution in 2 mL toluene (1.48 g, 13.0 mmol, 650 eq. per La) is added dropwise while the
reaction mixture is vigorously stirred. Exothermicity is observed and formation of a gel
occurred within about an hour. After 2 hours, the reaction mixture was exposed to air, and
extracted with THF. The poly-B-caprolactone was precipitated from methanol and dried
under vacuum, affording 1.32 g of white polymer (89% isolated yield). *H and 3C NMR
features are consistent with reported data (Figure 3.2.11 and Figure 3.2.12).%8
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Figure 3.2.11 *H NMR spectrum (300 MHz, CDCls) of poly-e-(caprolactone) produced by 2
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Peak Results
Column: THF CALIBRATION 08.07.16 Peak 1 MARKER
Flow Marker: 32.480 mL Masses
Mark-Houwink-Sakurada a: 0.000 Calculated Mass (ug) 91.76 0.00
Mark-Houwink-Sakurada K: 0.000 mL/g Molar mass moments (g/mol)
Conventional Calibration Function Fit Standard Error: 0.0289612 Mn 1.963x10 5 (6.896%) n/a
Universal Calibration Function Fit Standard Error: 0 Mw 3'220)(10 5 (+6.896°/ )y nla
Calibration Technique: Conventional Mz 4‘446><10 5 :15 4202/ n/a
Conventional Calibration Function: M(avg) : 12x10 4 (+ 4'2 o, o) 2.914x10 1
log(Molar Mass) = 20.8165 - 1.75483 v + 0.0631043 v2 - 0.000842298 v* Polydispgrs“y 8.612x10 7 (20425% ) 2.914x10
Solvent: thf Mw/Mn 1.640 (£9.752%) n/a
Refractive Index: 1.402 Mz/Mn 2.264 (+16.892%) n/a

Figure 3.2.12. SEC trace of poly-g-caprolactone obtained with 2
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DFT calculations. All DFT calculations were performed with Gaussian 09.2° Geometries were
fully optimized in gas phase without symmetry constraints, employing the B3PWgy;
functional®® and the Stuttgart effective core potential for La and Si*' augmented with a
polarization function ({¢= 0,284 for Si and = 1.000 for La). For the other elements (H, C and
0), Pople's double-T basis set 6-31G(d,p)3? was used. Calculations of vibrational frequencies
were systematically done in order to characterize the nature of stationary points. Calculating
a theoretical chemical shift requires the knowledge of the chemical shielding of a reference,
since it is explicitly calculated as 6 = (oref — G), in ppm, where oref is the isotropic *H and 3C
chemical shielding of a molecule of tetramethylsilane (calculated at the same level as the
studied systems): orer(C) = 196.1148 ppm, oref(H) = 31.6435 ppm. Among the various theories
available to compute chemical shielding tensors, the gauge including atomic orbital (GIAO)
method has been adopted for the numerous advantages it presents.3®* The same
methodology was used in previous studies involving grafted systems, showing that
theoretical results are fairly accurate with respect to experimental values with an error
lower than 15% for 29Si,1% 10% for 3P 3* and 70 %14 and 5% for H 12 and 3C.22 The
electron density and partial charge distribution were examined in terms of localized
electron-pair bonding units using the NBO program3> available in Gaussian 09.
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3.3. Grafted rare-earth metal catalysts for C-C bond formation: Synthesis, characterization
and application

3.3.1. Introduction

The development of more efficient catalysts is one of the main challenge to solve both
environmental and economic issues. A way to achieve this is the generation of well-defined
heterogeneous catalysts. Indeed, grafting molecular catalysts on a material is a most
promising approach which allows access to a wealth of potential new catalytic systems.
Technically, the preparation of materials that combine both advantages of homogenous
catalyst (high selectivity and activity) and heterogeneous ones (recyclability and easy
separation from products) is of high interest. To achieve this, precise conditions are required
to form well-defined species that are bound to the surface in a controlled fashion, to
generate active sites that are as precisely understood as their molecular counterparts. In the
present work, we present the immobilization of rare-earth metal trisamide species on a
highly dehydroxylated silica and their use for C-C bond formation, namely in dimerization of
terminal alkynes.

Originally used for its lipophilicity and its simple signature in 'H NMR the bis-
trimethylsilylamido ligands (-N(SiMes)2) has been proved to be useful for organometallic
chemistry, especially due to the absence of beta-hydrogen atoms that might lead to
decomposition of transition element complexes. Preliminary studies were carried out by
Biirger and Wannagat® who described the synthesis of several 4t period transition metal
complexes bis- or tris-amides M(N(SiMes)z2)s (M= Cr, Mn, Cu and Ni). The development of a
tin complex by Lappert and Zuckerman initiated the widespread use of N(SiMes), in
coordination chemistry?. Regarding application in the rare-elements, the Ln(N(SiMes),)s
species were first reported by Bradley in 19733. In this paper, he presented the synthesis of
nearly all the lanthanide complexes (lanthanum from lutetium). These feature a
triscoordinated coordination mode, due to the bulk of the bissilylamide ligands, which even
more remarkable when considering the ability of the rare-earth metals to accommodate a
number of ligands larger than transition metals (Figure 3.3.1).

Figure 3.3.1 Structure of Tb(N(SiMes);)s from reference 3

These homoleptic compounds have been applied in several reactions as polymerization of e-
caprolactone®, butadiene® or methylmethacrylate®. Moreover, they are also active for
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dimerization of aldehydes into esters (Tishchenko reaction)’, hydrosilylation®
hydroamination® and alkyne dimerization!®. We have selected the last reaction for our
studies, as it affords different products, with a selectivity depending on catalysts and
reaction conditions. This is thus a well-suited tool to probe, for instance, the influence of
grafting of the molecular catalyst. These experimental investigations will be combined in the
near future with theoretical calculations on the mechanism by the team of L. Maron
(LPCNO).

3.3.2. Results and Discussion

Thanks to the reactivity of NR ligands towards protonolysis and to the lanthanides’ ability to
form strong bond with oxygen, these catalysts are perfect for immobilization onto inorganic
supports such like silica. Upon grafting, several surface species can be obtained with direct
reaction of Ln(NRz)s with partially dehydroxylated silica'®!! (Scheme 3.3.1).

. SiMe; MenSi—nr-SiMe;
Me3Si—N SiMe; 32N

N . /é\
H. oM oM H LnNR, ,@; SiMes Q/SlMes N
| \
\

o) o i 0" O o) O O~
/1 f . & -0 7] B ! - . -0
_sisi L -Sis Si SIS Toluene sl L _Si. i gi_Sing
wo8osSo P8 ] TIPSO\ 2 E e ao8iosSo 28 Q ¢7IR 30 R\
SiO, -HN(SiMe3), ’ Sio,

Scheme 3.3.1 Generation of =SiOLn(NRy)x using silica and LnNR3

Thus, depending on the presence of interacting and non-interacting silanols, both mono-
grafted (bearing two bis(trimethylsilylamido) ligands) and bis-grafted (bearing one
bis(trimethylsilylamido) ligand) species can be formed. As these reactions release
hexamethyldisilazane, a well-known silylating agent, the grafting occurs concomitantly to
silanol capping by trimethylsilyl groups and NHj3 release. After first studies from Anwander
on surface chemistry of lanthanide trisamide on several supports,'? it was shown in the UCSC
that monografted species could be selectively prepared using silica treated at 700 °C, which
comprises only non-interacting silanols!3, Further examples of grafting using amido species
have been reviewed by Liang and Anwander. **

The synthesis of Ln(NR2)3 was performed by following literature procedure.’ It involves
reaction of 3 equivalent of hexamethyldisilazane lithium salt (LiIHMDS) with 1 equivalent of
LnClz in THF (Ln=Sc, Y, La, Yb, Nd, Scheme 3.3.2). The products are purified by sublimation
under vacuum (10 mbar) at 100°C. In the case of diamagnetic species (Sc, Y, La), the single
peak (different from the pro-ligand) in *H NMR confirms the formation of the pure product
(Figure 3.3.2).

THF NR,
LnCl3 + LHMDS ———> ||
3éq 4days R,N 'NR,

Ln=La, Y, Yb, Nd,Sc

Scheme 3.3.2 Synthesis of Ln(NR2)3
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Figure 3.3.2 'H NMR spectrum of La(N(SiMes),)s La (CsDs, 300 MHz)

Immobilization of these species onto SiO2.700 was then performed following the reported
procedure!!. The sole presence of non-interacting silanols on the pristine support is checked
by IR (sharp signal at 3747 cm?, Figure 3.3.3). Reaction with a small excess of complex Ln
(1.3 eq.) with respect to silanols affords materials Ln-700 (Scheme 3.3.3) after 15 h in
pentane and several washing to remove the unreacted precursor. A further drying step is
carried out at 80 °C to remove traces of bound ammonia.

R,N

H\ \,NR2
o] /Ln
| SiMes
—Si. O \C 4
O o} o
A N
NR; SiO; 2550 OJ/S'\O\@_LO// e
Ln, SiO
RN NRy  _HN(SiMes), L 2
Ln-700= La-700, Y-700, Yb-700, Nd-
700, Sc-700

Scheme 3.3.3 Grafting Ln over highly dehydroxylated silica to generate Ln-700

The full consumption of silanols is compared to the starting material in infrared spectroscopy
(Figure 3.3.3). The disappearance of v(o.n) band at 3747 cm™1 and new signals at 3000-2950
and 2950-2900 cm™, accounting for v( sp°> c-v) reveal both catalyst and silylated silanols
formation. Elementals analysis are consigned in Table 3.3.1. The ratio N/Ln is in line with the
structure. The loading of metal per gram is in accordance with the previous results of our
team?®, and indicates a maximum loading. *H MAS solid state NMR presents one signal at 0.1
ppm with a shoulder at 0.4 corresponding to =SiOSiMes; moieties creates during the release
of hexamethyldisilazane while grafting (Figure 3.3.4). Interestingly, the synthesis with THF
coordinated Li(HMDS) instead of the Li(HMDS) alone gives the ate Ln corresponding catalyst
(Figure 3.3.6 top caption). It has been confirmed with a 'H-'H DQSQ experiment which relies
on dipolar interactions, and thus that gives information on spatial proximities (Figure 3.3.6).
Thus, both signals at 3.9 and 1.9 ppm can be attributed to THF species, a-CH; and 3-CH;
respectively and is confirmed by the correlation (Figure 3.3.6 -site B). Interaction with the
signal at -0.1 ppm (Figure 3.3.6 -site A) and with the signal at 3.9 ppm (a-CH;) probe spatial
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proximity between THF and NSiMejs ligand. In addition, the shoulder at 0.2 ppm showing no
correlation and can be attributed to =SiOSiMes species as observed with DRIFT experiment.

e) f

\,
d) /
)ﬂ\ J
I G
C) \ )
| J
L
b) } /
I\ N
I
a)
.

3500 3000 2500 2000
Wavelength (cm-1)

Figure 3.3.3 DRIFT spectra of a) SiO2-700, b) La-700, c) Y-700, d) Sc-700, e) Nd-700.

3 2 1 0 -1 -2 ppm

Figure 3.3.4 'H MAS NMR of La-700

Ln-700 %C %H %N %Ln C/N N/Ln
La-700 4.1 0.8 0.8 3.3 5.9 2.45
Y-700 2.6

Nd-700 4 0.9 0.5 9.4

Sc-700 3.4 0.8 0.7 1.04 5.7 2.1

Table 3.3.1 Elemental Analysis of Ln-700.

Interestingly, in the case of lanthanum and yttrium, carrying out the synthesis with THF-
coordinated Li(HMDS) instead of Li(HMDS) gives the known ate-species
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Li(THF)s[Ln{N(SiMe3)2}5(Cl)] (Ln= Y, La) (Scheme 3.3.4). H NMR confirms the structure
described in the literature.!’

THE Li(THF), )
LnCl; + LiHMDS(THF), ————— cl Ln=La, ¥
3 éq 4 days | R= SiMej
R,N-LN-NR,
NR,

Scheme 3.3.4 Synthesis of Ln-LiCl

The lanthanum derivative was grafted onto SiOz-700, affording material La-LiCl-700, which
was characterized by MAS NMR, infrared and elemental analysis.

M /

AN J

3500 3000 2500 2000
Wavenumber{cm-1)

Figure 3.3.5 DRIFT spectra of La-700 (bottom) and La-LiCI-700 (top)

The comparison of the DRIFT spectra of La-700 and La-LiCl-700 shows the presence of a new
signal at 2982 cm that can be attributed to CH> from THF (Figure 3.3.5). The same bands at
2951 and 2887 cm than with La-700 corresponding to the elongation of sp3 C-H bonds are
also observed. Some residual silanols are still present on the material.

The structure of La-LiCl-700 was studied with a *H-'H DQSQ NMR experiment which relies on
dipolar interactions, and thus that gives information on spatial proximities (Figure 3.3.6).
Thus, both signals at 3.9 and 1.9 ppm can be attributed to bound THF, a-CH; and B-CH;
respectively as confirmed by the off-diagonal correlation (Figure 3.3.6—correlation B).
Interaction between protons at -0.1 and at 3.9 ppm (Figure 3.3.6 — correlation A) stems from
spatial proximity between a-CH> from the THF ligand and NSiMes moieties. In addition, the
shoulder at 0.2 ppm showing no correlation can be attributed to =SiOSiMes species as

observed previously!?.
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Figure 3.3.6 'H MAS NMR (top) and *H-'H DQ-SQ MAS NMR spectrum of La-LiCI-700 (18.8 T,
spinning speed 20 kHz).

The molecular species (Ln) and the corresponding materials (Lh-700) were applied to the
formation of C-C bonds by dimerization of terminal alkynes. This reaction, described in the
same year by the Bercaw and Teuben group?®, allows to obtain ene-yne type molecules.
Results can be found in Table 3.3.3. The proposed mechanism of this reaction'? is detailed in
the Scheme 3.3.6 for the homoleptic molecular species as starting precatalyst. The first step
consists of the protonolysis of one equivalent of the terminal alkyne, forming an alkynyl
species. Then, after coordination of the alkyne, insertion into the C-C triple bound occur,
either in 1,2 or 1,1 fashion, affording two distinct alkenyl species (1a and 1b on Scheme
3.3.5). Then, protonolysis of the Ln-C(sp?) by the more acidic sp3 C-H releases the enyne,
either as head-to-tail (from 1a) or as head-to-head (from 1b) dimers. Influence of reaction
conditions on the outcome in terms of selectivity is a key issue of this study. Furthermore, it
also has been observed that once the dimer is formed, it can also enter a catalytic cycle, to
form trimers (pathway 2), which is also a factor to be taken in account.

R Ln or Ln-700 % R R
—_—
2 \\ Toluene \’/ * \/ *
100°C R
1a 1b

Scheme 3.3.5 Alkyne dimerization with homogeneous or heterogeneous catalysts
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. . . Selectivity
Entry Ln lonic radius Conversion 1a/1b/2
1 La 103 92 82/13/5
2 La(u-ClI)Li(THF)3(HMDS)s3 103 0 0
3 Y 90 65 99/1/0
4 Sc 75 91 99/1/0
5 Lazoo 103 70 68/2/30
6 Y700 90 78 93/1/6
7 Nd7o0 98 74 67/2/31
8 Yb700 78 76 96/1/3
9 Sc700 75 47 93/1/6

Conditions: 1% of catalyst, 3 mL of toluene, 4h at 100°C, quantification by GC

Table 3.3.2. Dimerization of 1-hexyne

R

RN, NR; H—==—R RN~
a > La
NR,  -HNRp NR,

2

R

I

R

Scheme 3.3.6 Proposed mechanism of dimerization of terminal alkyne

The results from catalysis are reported on Table 3.3.2. A first catalytic test with La gave good

results (Entry 1, 92% of conversion, in line with previous reports'®), which validates our

experimental conditions (Scheme 3.3.5). The analysis of the products reveals the presence of

dimers 1a and 1b, and of trimer species 2. The latter accounts for about 5% of the products.

Regarding the dimers, 1a is the major one (82%), indicating that some degree of

regioselectivity is reached with this system (see Scheme 3.3.7). The comparison of the 'H

NMR in Figure 3.3.7 (the dimer and the mix of trimer and dimer were obtained using the

© 2017 Tous droits réservés.
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experimental conditions of the entry 3 and 5 respectively from Table 3.3.2) reveals that
major trimer (the resolution is not enough to see if another one is formed) is of type 2,
though analysis is complexified by the low quantity of material. This is evidenced by the
presence of a singlet at 6.05 ppm (assigned to Hp in 2, Scheme 3.3.7) and not of a triplet in
the case of 3 (accounting for Hc, Scheme 3.3.7).

Hc
\/\/J\/\/ — ||Ha e |
N | | A
Hb
2

Hd Hd

1a 3

Scheme 3.3.7 Possible products formed by the addition of a terminal alkyne onto the head-

to-tail dimer
1
‘Ha\,Ha
~ A L\
~ \T/ ~
Hb Hb
He Ha
Hc\vj 1\ JﬁAMLI,I. e ALt J L 4
N
o~ l S
Hd Hd
He *
He‘ He *
s e pem

Figure 3.3.7 Comparison in * H NMR spectra of 1a dimer (bottom) and of mixture of 1a and
trimer 2 (top). *: solvent

Once the products were clearly identified, the influence of the nature of the metal was
probed (Table 3.3.2). Yttrium is less active than lanthanum and scandium (that display
comparable activity after 15 h. However, the selectivity towards 1a is almost complete in the
case of the smaller metals Sc and Y (Table 3.3.2, entries 1, 3 and 4). A link between the ionic
radius and the activity or selectivity may be proposed, but further studies would be
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necessary to confirm this point. Interestingly, the ate-complex (the LiCl adduct of La) was
shown to be inactive for this transformation.

Supported catalysts were also probed, for Sc, Y, La, Nd and Yb species. Conversion rates after
15 hours were correct overall, with only scandium affording poor results. The larger
lanthanum and neodymium derivatives proved to be less selective toward dimer formation,
resulting both in about 30 % of 2. However, the selectivity towards 1a formation remained
high, though less than what was observed with molecular catalysts.

In order to better understand these systems, we carried out a comparative study with both
homogenous and heterogeneous catalysts based on lanthanum and yttrium metal (Figure
3.3.8). In these cases, each result for a given reaction time corresponds to two separate
experiments, to ensure reproducibility and accuracy.

a} b}
100 — 100
80 __J___,.-f"# -—p 80 .
8 [ 2
E 60 b 3 60 —
o 2 %
s 40 s 40 2
=R / —Conv. .o
20 ."I = 50 =—Conv.
0 0
c) Time (hour) d) 'I'me [hour
100
80
@ I — 1
T 60
5 40 &
= =] 2
20 =——Conv. = — OV,
0
Tme {hour} T'me h ourj

Figure 3.3.8 Kinetic studies of dimerization of 1-hexyne with a) La, b) Y, c) Lazoo, d) Y700.
Conditions: 1% of Ln, 3 mL of toluene , quantified by GC.

All the catalysts afforded high conversion (80% minimum) with a strong selectivity towards
dimer 1a that can be explained by the steric hindrance that drive the system toward the 1,2
insertion. The comparison between molecular La and Y reveals a higher activity with
lanthanum, reaching the maximum of conversion (99%) after 8h (instead of 15h for the Y).
This takes place with lesser selectivity than Y, as both dimer 1b and trimer 2 are obtained.
Interestingly, in the case of La, the 1a/1b ratio evolves over time, showing initial lesser
selectivity toward 1a. This may be due to change in active species, which may correspond to
gradual substitution of two amido ligands by acetylides, instead of one, initially. The
materials La-700 and Y-700 behave differently from their molecular counterparts. The La
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derivative is slightly slower in its grafted version, whereas very fast intial reaction is observed
for the yttrium derivative (90% at 15h for La-700 and 82% at 15h for Y-700, see conversion
vs. time in Figure 3.3.8). Interestingly, the grafted catalysts display a different selectivity than
the corresponding molecular ones. Indeed, the supported lanthanum species is less selective
towards dimer vs. trimer formation, but very selective regarding the 1a vs. 1b dimer
selectivity, as only 1a is detected. It may be that grafting increases the electrophilicity of the
metal center on one hand, thus increasing the rate of trimerization, and one the other hand,
the bulk from the surface may be at the origin of the higher head-to-tail product selectivity.
Additionally, we observed that the grafted ate-species, La-LiCl-700, was inactive.

To go further, and assess the nature of the catalyst resting state, a deuterolysis was
performed on the La-700 system after 4h of catalysis under the same reaction conditions as
above. Thus, solvent and products were removed from the reactor in the glove box, and the
resultant material was washed 3 times with pentane. Deuterated methanol was added and
the released species were analyzed by GC and NMR. 99% of the species is the deuterated
alkyne (Scheme 3.3.8). We can confirm that the resting state of the catalytic cycle is the
alkynyl derivative, and thus not the enynyl one. The limiting step could thus be the insertion
of the La-C into the triple bond. As a comment, one should mention that upon coordination
on the lanthanum alkynyl species, the reaction can proceed along two directions (if one
excepts decoordination): 1) either insertion to for the enynyl by nucleophilic attack on the
triple bond, or 2) protonolysis of the La-C by the C-H from the coordinated alkyne. The last
option would then consist in unproductive scrambling of substrate around the metal.
Further studies would be necessary to assess this.

P
or | =
R,N R ,
L\a,NRz R2N‘L/ R
- SiMe a .
(o) \ / 3 ' / /SIM
VAR NN 9 2" £ el o=
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Scheme 3.3.8 Deuterolysis of La-700 after catalysis

We also aimed at determining the comparative rate of reaction between the substrate and
dimer 1a. As the trimer species is formed with longer reaction time, we designed an
experiment involving equimolar ratio of dimer and alkyne. Specific experiments were carried
out by mixing 1-heptyne with pure 1a dimer derived from 1-hexyne (named 1anex, prepared
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specifically from the molecular Y catalyst and rigorously purified prior to use), assuming that
1-heptyne feature quasi-identical reactivity compared to 1-hexyne. The goal was to probe
the relative rate of formation of 1) the dimer from 1-heptyne (1anep) 2) the trimer from 1-
heptyne (2nhep) and 3) the mixed trimer resulting from reaction of dimer 1anex and 1-heptyne
(designated as 2 hex-hept). We chose the La-700 catalyst for this peculiar study based on its
low selectivity towards dimer vs. trimer (tests with Y700 showed only products from 1-
hexyne). After 15h, staring from an equimolar reaction mixture, the conversion reaches 49
and 15 % for of 1-heptyne and lanex, respectively. The selectivity in products is 56%, 42% and
2% for 1anept,2hex-hept aNd 2anept respectively. As the conversion is higher with the 1-heptyne,
the insertion of an alkyne is thus faster than with the dimer (independently of its origin).

\/\/\”/\/\/
1ahep
La-700 (1%) 56%
N
N 15h,100°C
CO;;:\(\/\ Toluene

1ahex
conv:49% 1-heptyne
N
2hex-hept 2hept
42% 2%

Scheme 3.3.9 Cross-experiment between 1apex and 1-heptyne

The substrate scope of this transformation was extended to several alkynes (Table 3.3.3).
Moderate to high conversion rates were reached, with overall good selectivity, excepted for
specific case involving La and Nd derivatives (Table 3.3.3, entries 5, 11 and 13). We used 1,8-
nonadiyne, a dialkyne molecule, to check the possibility of the generation of cyclic species,
oligomer or polymers but only the typical dimer/trimer couple was observed in GC, with a
disappointing conversion.

Entry Alkyne Catalyst Time Conv. Selec. 1a/1b/2
1 1-hexyne La 4 92 82/13/5
2 1-hexyne La-700 4 70 68/2/30
3 1-hexyne Y 4 65 99/1/0
4 1-hexyne Y-700 4 78 93/1/6
5 1-hexyne Nd-700 4 74 67/2/31
6 1-hexyne Sc-700 4 47 93/1//6
7 1-heptyne La 4 89 82/15/3
8 1-heptyne La-700 4 59 80/1/19
9 1-heptyne Y 4 68 99/1/0
10 1-heptyne Y-700 4 49 97/1/2
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11 Cyclopropyl-acetylene La 4 97 76/11/13
12 Cyclopropyl-acetylene La-700 4 76 82/4/14
13 3-cyclohexyl-1-propyne La-700 4 78 64/4/32
14 3-cyclohexyl-1-propyne Y-700 4 40 93/3/4
15 1,8-nonadiyne Y-700 4 26 92/2/6

Table 3.3.3 Alkyne dimerization with Ln or Ln-700
3.3.1. Conclusion

We have described here the use of a series of well-defined silica-supported rare-earth metal
amides in terminal alkyne dimerization. The reactivity of the supported species was
compared to that of molecular counterparts. Slightly lower activity was most often observed
for the silica-grafted amides, with significant differences in chemio- and regioselectivity. In
terms of chemioselectivity, part of the differences arises from the higher electrophilicity of
the surface-bound species, which causes higher proportion of species resulting from
trimerization (namely, from enhanced reactivity towards the dimerization product compared
to that of molecular counterparts). We also showed that the resting state of the catalyst was
as an alkynyl product, and we concluded that the rate determining step was the insertion of
the Ln-C into the substrate’s triple bond. We also showed that the enyne formed as primary
product is less reactive than the alkyne substrate towards addition of a further substrate
molecule, showing that trimerization occurs at a slower rate than dimerization, when
present in similar concentration. The scope was also explored, demonstrating the
applicability of the grafted amides in the conversion of a range of alkynes. DFT calculations
performed by the Maron team from LPCNO (INSA Toulouse) are currently in progress to help
and rationalize these results. Most unfortunately, these studies were not completed at the
time of the writing of this manuscript. Once available, these will complement these
experimental studies and help in a better understanding of this catalytic reaction.

3.3.2. Experimental Section

All experiments were carried out under an argon atmosphere in a M-Braun glove box or by
using standard Schlenk techniques. Lanthanide chlorides were purchased from Strem
Chemicals. Solvents, reactants were dried under argon using conventional reagents,
degassed by freeze—pump—thaw cycles and stored in the glove box over 3A molecular sieves.
Alkynes were obtained from Aldrich. Aerosil 380 silica (Degussa, specific area 380 m? g7,
prior to heat treatment) was subjected to heating under secondary vacuum (10 mbar) for
15 h at 500 °C, followed by 4 h at 700 °C, and stored in a glovebox. Elemental analyses were
carried out at London Metropolitan University (CHN) and at LASIR (Ln). Diffuse reflectance
infrared spectra were collected with a Harrick cell on a Nicolet Avatar spectrometer fitted
with a MCT detector. Typically, 64 scans were accumulated for each spectrum (resolution 4
cm™?). Liquid-state NMR analyses were run on a Bruker Avance 300 spectrometer. Solid-state
MAS NMR spectra were recorded on Bruker Avance 400 and 800 spectrometers. Chemical
shifts are given with respect to adamantane as external reference. The 'H MAS NMR was
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recorded with a spinning speed at 20MHz. The 90° pulse length was 3 us, the recycle delay
was 10 s for 16 scans. The two-dimensional homonuclear experiment (DQ-MAS) was
obtained at a spinning frequency of 20 kHz by using excitation and reconversion pulse blocks
of two rotor periods each (200 us). The 90° pulse length was 3.25 ps, the recycle delay was 2
s, and 16 scans were collected for each slice (1024 in total). Gas chromatography analyses
were performed on a Shimadzu GC2010 gas chromatograph under argon flow with a CP-
Sil5CB column (25 m length, 0.25 mm diameter, 0.2 um film thickness). Both injector and
detector temperature are set at 250 °C. Heating program: starting at 50 °C then a ramp of 10
°C/min up to 250°C, hold for 10 min is applied (more details in supplementary information
about conversion and selectivity calculations).

Synthesis of trisamido derivatives: A solution of LnClz | is prepared with THF (1leq, 2.07
mmol) and stirred for 2 days. Then a LiIHMDS solution (3eq, 6.22 mmol) in THF (15mL) in
added under argon at 0°C. The mixture is stirred for 3 days more at room temperature. The
solvent is removed and the solid is heated at 100°C under vacuum for 3h. The solid extracted
with pentane and the washing fractions were filtered over celite. Volatiles were evacuated.
Sublimation under high vacuum (107 bar) afforded white crystals in 54 % yield. Analytical
data are identical to literature values.

Grafting of Ln onto SiO.700 to afford Ln-700: In a glovebox, a double-Schlenk vessel was
loaded with Ln (0.3 mmol) dissolved in 20 mL of pentane in one compartment and with SiO».
700 (1 g) suspended in 20 mL of pentane in the other compartment. The complex solution
was added at room temperature to the support by filtering through the sintered glass
separating the two Schlenk tubes, and the reaction mixture was stirred for 15 h. The
supernatant liquid was then separated by filtration into the other compartment, from which
the solvent was gas-phase transferred by trap-to-trap distillation back into the compartment
containing the modified support in order to wash away the residual molecular precursor.
This operation was repeated thrice (resulting in color-less washing fractions). The resulting
material Ln-700 was then dried under secondary vacuum (10°® mbar) at 80°C for 5h.

Alkyne dimerization: In the glove box, a glass reactor is filled with the catalyst (0.05 mmol),
3ml of toluene and 1-hexyne (5 mmol, 100 mol eq. per metal). The reaction mixture is
heated at 100°C. After 4 hours, the reaction is quenched by exposure to air. The supernatant
is analyzed by GC using n-decane as a standard (added after quenching).
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3.4. On the use of solid-state 4°Sc NMR for structural investigations on molecular and silica-
supported scandium amide catalysts.

This work was published in:

“On the use of solid-state *Sc NMR for structural investigations of molecular and silica-
supported scandium amide catalysts.”, T. Vancompernolle, X. Trivelli L. Delevoye, F.
Pourpoint, R. M. Gauvin, Dalton Transactions, 2017, 46, 13176 - 13179.

It was selected by the Editor for the thematic issue: "Frontiers in Spectroscopic Techniques
in Inorganic Chemistry"

3.4.1. Abstract

Tris- and tetra-coordinated scandium amides were grafted onto silica and probed as
catalysts for alkyne dimerization. *Sc NMR studies were carried out, providing information
on the metal coordination sphere. The increasing number of coordinated ligands was
correlated with decreased catalytic activity.

3.4.2. Introduction

The development of supported organometallic and inorganic catalysts is driven by the
advantages expected from heterogenization, such as the possibility to efficiently separate
reactants, products and catalytic material, to operate under flow conditions or to be able to
recycle the systems. The control of the synthesis of heterogenized catalysts is of key
importance when considering the importance of the nature of a metal coordination sphere
on the resulting catalytic performances. One of the most successful approaches, when
considering the grafting onto silica, is surface organometallic chemistry, where an
organometallic complex reacts directly with conveniently dehydroxylated silica support,
which allows for fine tuning of the anchoring mode of the surface organometallic species.! In
this context, we and other have developed (well-defined) rare-earth metal surface species,?3
which displayed interesting catalytic properties compared to their molecular counterparts,
such as increase in activity or in selectivity.2 The understanding of such materials (and thus,
their rational development) critically depends on thorough characterization. One of the most
efficient methods to assess molecular level structure of grafted sites is solid state NMR,
thanks to which not only identification of functional groups but also proximities can be
inferred. On the top of that, when relying the grafted metal center itself as a probe, one may
directly access information on the catalytic center configuration. This is particularly efficient
when considering quadrupolar nuclei, for which not only isotropic (chemical shift, dis0) but
also anisotropic parameters (quadrupolar coupling constant Cq, asymmetry parameterz) can
be extracted. This provides a further level of structural information. For instance, a rare-
earth metal such as scandium, commonly used in catalysis, 4 features a NMR active isotope,
45Sc (1= 7/2), with interesting NMR properties. Indeed, its isotropic chemical shift, which can
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found over a wide range, is highly sensitive to the metal coordination number, bond angles
and bond distances. Furthermore, its moderate quadrupolar moment allows for efficient
recording of spectroscopic data within very reasonable time.> Thus, in the context of grafted
rare-earth metals catalysts, we studied the possibility to use °Sc NMR to investigate on
coordination sphere of such grafted scandium catalysts.

We have previously reported that the grafting of [Ln(NR2)3] (Ln =Y, La, Nd, Sm, R= SiMe3)
onto silica dehydroxylated at 700 °C (Evonik Aerosil 380, SiO.700, specific area 350 m2.g™!)
which only features non interacting silanols) affords materials with [(=SiO)Ln(NR2).], with
most probably coordination of siloxane entities from the surface coordinating the metal
center.2 In order to access the Sc analogous species, we reacted the known trisamide
scandium derivative ® with SiO2-700 (Scheme 3.4.1).

% R
Sc o~
~
l‘\le Si0,.700 ? oL él
Sc Si.,, T+ 970
RoN NR ,o’ L o, A ?lw e
s 1-Si0,.790
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e SiOz.700 ? (O éi',
1 Si ™ + O’\ /O
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Scheme 3.4.1 Synthesis of molecular and silica-grafted scandium amides (R= SiMe3)
3.4.3. Results and discussion

Infrared spectroscopy confirms that the reaction with the support took place (Figure 3.4.1, a
and b): full consumption of surface silanols is evidenced by the lack of v(o-n) band from non-
interacting silanols at 3746 cm™ after the grafting, and new signals appear at 2959 and 2901
cml, accounting for vsp> c.n) from SiMes moieties.

70

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tom Vancompernolle, Lille 1, 2017

c)

b)

a)

Figure 3.4.1. DRIFT of a) SiO2-700, b) 1-Si02-700, and c) 2-Si02-700

Elemental analysis indicates a Sc loading of 1.04 w%, which corresponds to 0.23 mmol.g™.
This is slightly lower than the loading of larger rare-earth metal derivatives (Y, La, Sm, Nd),
which are of about 0.28 mmol.g™. As all silanols from SiO2-700 have reacted (from infrared
data), the difference in metalated SiOH groups comes from concomitant silylation by
hexamethyldisilazane, affording =SiOSiMes groups.2'3 Furthermore, when taking into
account the N loading of 0.69 w%, the N/Sc molar ratio is of 2.13, which is in line with
formation of [(=SiO)Sc(NR2),] species. Combined to *H and '3C NMR data (see Figure 3.4.2,
Figure 3.4.3, Figure 3.4.4), these results are fully in line with the previously reported surface
chemistry of trisamide rare-earth metal species.2

N A L I I
15 10 5 0 5 -10
8 ("HYppm

Figure 3.4.2. 'H MAS NMR spectra (400 MHz) of a) 1-SiO2-700, b) 2-Si02-700
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Figure 3.4.3. 3CCPMAS NMR Figure 3.4.4. 3CCPMAS NMR spectrum
spectrum of (100.6 MHz) of 1-SiO2-700 (100.6 MHz) of 2-Si02-700

In order to generate surface scandium derivatives with different coordination spheres, we
grafted the triphenylphosphine oxide adduct, [Sc(NR2)2(OPPhs)] (2), which was prepared
following the procedure of Aspinall et al. (Scheme 3.4.1).” Reaction with SiO2.700 Was
performed similarly than with the parent trisamide, affording 2-Si0O2.700. The DRIFT spectrum
of this material confirms the immobilization of 2 on the support (Figure 3.4.1): the very weak
residual non-interacting silanols band indicates their quasi-quantitative consumption, peaks
at 3083, 3066 cm-! and at 2959, 2901 cm™ account for v( sp®> c-n) and v( sp> cn) elongation
vibrations, respectively, while bands characteristic of aromatic C=C vibrations are observed
at 1594, 1485, 1440 cm™ as expected from the presence of the OPPhs ligand. The scandium
loading in 2-SiO2700 is significantly lower than that in 1-SiO2.700 (0.67 and 1.04 w%,
respectively), as expected from the higher steric hindrance within the metal coordination
sphere which inhibits reactivity with surface silanols.

The *H and '3C MAS NMR spectra are in agreement with expected structure, showing signals
characteristic for both aromatic C-H and SiMes groups. Accordingly, 3P CP MAS NMR
features a broad signal at a diso of 40 ppm, which is close to that of 2 (39.8 ppm) (see Figure
3.4.5).

a)
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Figure 3.4.5. 3P NMR spectrum (161.9 MHz) of a) 2 (CsDs, 300 K), b) 2-Si02-700 (CPMAS)

These molecular and supported scandium derivative were probed as catalyst for the
dimerization of terminal alkyne (Scheme 3.4.2, Conditions: Sc (0.05 mmol), 100 eq of 1-
hexyne, 3 ml toluene, 4h, 100°C

Table 3.4.1).2 1 proceeds rather efficiently, converting 91 equivalents of 1-hexyne selectively
into head-to-tail dimer 3a. Neither the head-to-head dimer 3b nor trimer 4 are formed in
significant quantity. The grafted analogue 1-SiO2.700 is less reactive, as under similar
conditions 47 equivalents of substrate are converted. Interestingly, the selectivity of the
reaction is different, as both dimer 3a and trimer 4 are obtained in respective selectivity of
94 and 6%. The higher selectivity towards trimer formation may be due to adsorption of the
dimer on the surface (rather than desorption into the supernatant) in the vicinity of the
surface active sites. On the other hand the OPPhs-adducts 2 and 2-SiO2-700 did not afford any
conversion of 1-hexyne.

[Sc] (1%)
100°C

2 R'\

Scheme 3.4.2 Scandium-catalyzed alkyne dimerization (R’ = n-hex)

Conv. Selec. Selec.
Entry Catalyst (%) 3a/3b 3a.3b/4
1 1 91 99 >99
2 2 - - -
3 1-SiO2-700 47 99 94/6
4 2-Si02-700 - - -

Conditions: Sc (0.05 mmol), 100 eq of 1-hexyne, 3 ml toluene, 4h, 100°C
Table 3.4.1 Scandium-catalysed 1-hexyne dimerization

These markedly distinct reactivity patterns between the molecular and supported amido
species, and with their respective phosphine oxide adducts, illustrate the importance of the
coordination sphere of the metal center when considering catalytic performances. This
prompted us to further investigate structural aspects by probing the metal center itself,
namely by resorting to **Sc NMR.

As %°Sc is a quadrupolar nucleus, the use of high magnetic field is highly beneficial, as
sensitivity is increased, while narrower lineshapes are obtained, thus facilitating detection
and interpretation.
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Figure 3.4.6.4°Sc NMR spectra of (a) 1, (b) 2, (c) 1-Si02-700 and (d) 2-Si02-700 recorded under
static condition at 18.8 T. Deconvolution of the spectra (a) and (b) are displayed in red

dashed lines.
61soa(ppm) Awso®(ppm) Ncsa Ca (MHz) na
1 396 £ 20 383120 0 66.2 £0.5 0.03+£0.02
2 350+10 187+ 10 0.05 19.0+£0.5 0.06 £0.02
1-SiO2-700 180+ 10 N/A N/A N/A N/A
2-Si02-700 90+10 N/A N/A N/A N/A

© 2017 Tous droits réservés.

Table 3.4.2 °Sc NMR parameters

Figure 3.4.6 displays the **Sc NMR spectra of molecular compounds 1 and 2 along with that
of their grafted analogues (1-SiO2-700 and 2-SiO2-700) recorded under static conditions at 18.8
T. 1 (Figure 3.4.6-a) features a single resonance with a broad lineshape and a large
guadrupolar coupling constant value of 66.2 MHz (Table 3.4.2) suggesting a highly distorted
environment. 2 (Figure 3.4.6-b) experiences a smaller, albeit relatively high, quadrupolar
interaction than 1 with Co= 19.0 MHz. The difference in Cq value between these two samples
is induced by changes in the local environment of the scandium center. Indeed, the
scandium nucleus features a trigonal pyramidal configuration in 16, and a more symmetrical
tetrahedral environment in 2.7As expected from their axial symmetry, an asymmetry
parameter of nq close to 0 is found for both samples. Interestingly, best fit simulations (red-
dashed lines in Figure 1) were obtained when adding a substantial contribution of chemical
shift anisotropy, as confirmed by recording the spectra at lower magnetic field (see Table
3.4.2 and Figure 3.3.7-10). The isotropic chemical shift of 1 and 2 is 396 and 350 ppm,
respectively (the latter being confirmed by solution NMR studies). This agrees with previous
studies demonstrating that 8iso of #°Sc nuclei increases for lower coordination number.5-°
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Figure 3.4.7.4°Sc NMR spectrum of 2 recorded using a Hahn echo experiment at 18.8 Tand a
spinning speed of 20 kHz. The simulations (red dashed line spectrum) lead to the NMR
parameters given in Table 3.4.2.
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Figure 3.4.8.4°Sc NMR spectrum of 2 recorded using a QCPMG experiment at 9.4T and a
spinning speed of 20 kHz. The simulation (red dashed line spectrum) was done with the NMR
parameters given in Table 3.3.1.
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Figure 3.4.9.°Sc NMR spectrum of 2 recorded using a QCPMG experiment at 9.4T under
static conditions. The simulation (red dashed line spectrum) was done with the NMR
parameters given in Table 3.3.1.

2000 1000 0 -1000 -2000  -3000

Figure 3.4.10.%°Sc NMR spectrum of 1 recorded using a QCPMG experiment at 9.4T under
static conditions (a). The simulation (red dashed line spectrum) was done with the NMR
parameters given in Table 3.3.1 (b).
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2000 1000 0 -1000  -2000  -3000
Figure 3.4.11.%°Sc NMR spectrum of 1 recorded using a QCPMG experiment at 9.4 (a) and at
18.8 T (b) under static conditions. The simulations (red dashed line spectra) use the NMR

parameters obtained by best-fit simulation of the spectrum at 18.8 T, considering no CSA
contribution.

The grafted samples 1-SiO2-700 (Scheme 3.4.1-c) and 2-SiO2-700 (Scheme 3.4.1-d) %°Sc NMR
spectra exhibit featureless broad resonance, with respective maxima values of 180 and 90
ppm (Table 3.4.2). Unfortunately, this precludes the precise determination of the
guadrupolar and anisotropy parameters. The dramatic change compared to the parent
molecular compounds, which display very typical quadrupolar lineshape, is attributed to
major changes in the metal coordination sphere upon grafting: 1) substitution of an amido
ligand by a siloxide group, 2) coordination of several Si-O-Si moieties onto the Sc center,
thereby increasing the number of oxygen within the Sc coordination sphere (labelled as n
and m in Scheme 1 and Figure 1), and 3) large distribution of bond lengths and angles within
local environment, stemming from the intrinsic heterogeneity of the non-crystalline silica
surface.

Interestingly, the FWHM (full-width of half maximum) of 1-SiO2-700 is roughly twice higher
than that of 2-Si02.700 probably due to a greater distortion and distribution. As shown above,
2-Si02.700 comprises a phosphine oxide ligand, which narrows *Sc NMR spectrum by
inducing increase in symmetry of the local environment.
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When considering the isotropic chemical shift decrease at higher coordination number (CN),
we can also comment on the observed tendency within our series of materials. As we can
range those as: diso (1, CN= 3) > diso (2, CN= 4) > Jiso (1-Si02-700, CN>4)> 3iso (2-Si02-700), We can
conclude that 2-Si02.700 features a higher degree of bonded oxygen atoms than 1-SiO2.700,
most probably from the phosphine oxide ligand coordination.

It is worth mentioning that the reactivity trends in alkyne dimerization are inversely
correlated with the scandium coordination number (as probed by the isotropic chemical
shift), namely that lower coordination number induces higher activity. Even if this is
expected (unsaturation at the metal center is beneficial for the binding of incoming
substrate and this for its conversion), this link between catalytic performances and
spectroscopic features demonstrates the interest of our approach. Furthermore, in these
examples, °Sc NMR data clearly illustrates the complex nature of the interaction of silica
surface with the grafted metal entities when investigating their molecular level structure,
which impacts on the catalytic potential of the considered material. Extension of these
studies to related materials and to other catalytic reactions, along with input from DFT
calculations of NMR parameters, will be targeted in our next endeavors.

3.4.4. Supporting information

General considerations

Experiments were carried out under an argon atmosphere in an M-Braun glovebox or by
using Schlenk techniques. Solvents and reactants were dried by using conventional reagents
and stored in the glovebox over 3A molecular sieves. Aerosil 380 silica (Degussa, specific
area 380 m? g%, prior to heat treatment) was subjected to heating under secondary vacuum
(10°® mbar) for 15 h at 500 °C, followed by 4 h at 700 °C, and stored in a glovebox for limited
time. Liquid-state NMR spectroscopic analyses were run at 7 T (300 MHz for 'H) using a
Bruker Avance-ll spectrometer. The 1D-%Sc solution NMR experiments were recorded at
97.3 MHz and 300 K on a Bruker AVANCE Il 400 spectrometer equipped with a 5 mm broad-
band probe using the following parameters: a 8.8 us pulse calibrated on a 0.18 M Sc(NO3)3
solution in D20, a 0.5 s recycling delay, a 6 ms acquisition time, a 60 kHz spectral width and
2048 scans. Solid-state MAS NMR spectra were recorded either (i) at 9.4 T (400 MHz for H,
161.9 MHz for 3'P) using a Bruker AVANCE-II console equipped with a 4 mm probe spinning
at 10 kHz or (ii) at 18.8 T (800 MHz) using a Bruker AVANCE-III console equipped with a 3.2
mm probe spinning at 20 kHz or used under static conditions. Chemical shifts for *H, 4°Sc, 3!P
are given with respect to adamantane, Sc(NOs)3.3H,0 and H3POs respectively as external
references. For the 3P CP MAS experiment, the spinning frequency was 10 kHz, the recycle
delay was 5 s, and 11264 scans were collected with a pulse lasting 5 ps. 1D 4°Sc static spectra
were recorded using a Hahn echo experiment with a QCPMG detection® (Quadrupolar Carr-
Purcell Meiboom-Gill) using a train of refocusing pulses of echoes. The Hahn echo
experiment used rf pulses lasting 0.80 us and 1.60 us for the 90° and the 180° pulses
respectively and a rf amplitude of 78 kHz and the delay between the two pulses is 5 ms. A
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total of 22 echoes was recorded in the CPMG experiment. A 4 ms hyperbolic secant! (HS)
inversion pulse was used initially in order to enhance the polarization of #°Sc central
transition. The optimal HS enhancement was obtained with an rf field of 12 kHz and an
offset frequency of 180 kHz. A SPINAL-64 (small phase Incremental alternation with 64-
steps'?) proton decoupling of 78 kHz was used during the acquisition. The recycle delay was
1 s, the number of scans was 1024 and the experiments lasted for 17 minutes for samples 1
and 2. The recycle delay was 0.5 s, the number of scans was 614400 and the experiments
lasted for 3 days and 12 hours for samples 1-Si0-700 and 2-Si03-700. 1D #*Sc MAS spectrum of
2 was recorded using Hahn echo experiment with rf pulses lasting 1.4 us and 2.80 ps for the
90° and the 180° pulses respectively and a rf amplitude of 45 kHz. The delay between the
two pulses is rotor synchronized to 0.5 ms (one rotor period). The recycle delay was 1 s, the
number of scans was 1024 and the experiment lasted for 17 minutes. The chemical shift

parameters are defined according to the Haeberlen notation!3: &5, = 1/3 (6xx + 6yy +

6z7) and Acsa= 877 — 650 Where 8;,, denotes the isotropic chemical shift; §yx, dyy, and
67z are the principal components of the Chemical Shift Anisotropy (CSA) tensor ordered as
|8yy — bisol < 16xx — Oisol < 1622 — 8isol; and  Acsq is the anisotropic chemical shift.
Simulation of the spectra were performed using TOPSPIN Bruker® software. Diffuse
reflectance infrared spectra were collected with a Harrick cell on a Nicolet Avatar
spectrometer fitted with a MCT detector. Typically, 64 scans were accumulated for each
spectrum (resolution of 4 cm™). Elemental analyses were conducted at London Metropolitan
University (CHN) and at LASIR, University of Lille (Ln). For alkyne dimerization, reaction
mixtures were analysed using a Shimadzu GC2010 chromatograph fitted with a CP-Sil 5CB
column (25mx 0.25mmx 0.2 um), argon as carrier gas, and both injector and detector
temperature at 250 °C. Heating program: starting at 50 °C then a ramp of 10 °C/min up to
250°C, hold for 10 min.

Synthesis of Sc[N(SiMes)2]s (1)*: In a Schlenk tube a solution of ScCls (120 mg, 0.8 mmol) in
THF (20 mL) was stirred for 2 days then LIHMDS (412 mg, 2.4 mmol) in solution in THF (10
mL) was slowly added. The mixture was stirred further for 3 days then the solvent is
removed under vacuum for 3h at 100°C. The solid extracted with pentane and the washing
fractions were filtered over celite. Volatiles were evacuated. Sublimation under high vacuum
(10°bar) afforded white crystals in 54 % yield (210 mg). Analytical data are identical to
literature values.

Synthesis of Sc[N(SiMes)2]3(OPPhs) (2)*°: In glovebox, a Schlenk tube was filled with 1 (75
mg, 0.143 mmol) and freshly sublimed triphenylphosphine (44 mg, 0.157 mmol), dissolved in
5 mL of toluene. After 3 h of stirring at room temperature, the solution was filtered over
Celite and washed 3 times with pentane. Crystallization from pentane afforded 2 as white
solid (109 mg, 95% vyield). 1H NMR (300 MHz, CeDe): & 7.7 (m, 6H, PPhs), 7.0 (m, 9H, PPhs),
0.52 (s, 54H, N(Si(CHs)3). 3'P{*H} NMR (121.5 MHz, CsD¢) & 39.8 (s, OPPhs). §(**Sc) 360 ppm
(CsDs, 300 K, FWHM: 4500 Hz).

General procedure for grafting (1) or (2) onto SiO2.700 to form (1-SiO2-700) or (2-SiO2-700)
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In a glovebox, a double-Schlenk vessel was loaded with the tri or tetra-coordinated scandium
precursor (0.3 mmol) dissolved in 20 ml of pentane in one compartment and with SiO2-700 (1
g) suspended in 20 mL of pentane in the other compartment. The colourless complex
solution was added at room temperature to the support by filtering through the sintered
glass separating the two Schlenk tubes, and the reaction mixture was stirred for 15 h. The
supernatant liquid was then separated by filtration into the other compartment, from which
the solvent was gas-phase transferred by trap-to-trap distillation back into the compartment
containing the modified support in order to wash away the residual molecular precursor.
This operation was repeated thrice. The resulting material (1-SiO2-700) or (2-Si02-700) Was then
dried under secondary vacuum (10 mbar) at 80°C for 5 h. Elemental analysis (w%): 1: Sc
1.04,C3.35,H0.77, N 0.69, 2: Sc: 0.67, C6.29, H 0.50, N 0.58.

Alkyne dimerization procedure

In the glove box, a glass reactor is filled with the catalyst (0.05 mmol), 3 ml of toluene and
terminal alkyne (5 mmol, 100 mol eq. per Sc). The reaction mixture is heated at 100 °C. After
the desired time, the reaction is quenched by exposure to air. The supernatant is analyzed
by GC using n-decane (10 mg) as a standard (added after quenching).

5.837/
8.434/

3000000 R X
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2000000 / Y

1 /1
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1000006 2 A
1 &6 R R _
1 4R \/
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Figure 3.4.12 GC trace from dimerization of 1-hexyne with 1
3.5. Conclusion

This chapter showed the synthesis of several rare-earth metal-based materials that have
been employed for reaction of polymerization of polar and non-polar monomers as well as in
fine chemistry reactions such as alkyne dimerization. In the case of the grafting of a
trisbenzyl derivative, we have demonstrated that the grafting reaction proceeds via distinct
pathways involving the La-C bond, namely protonolysis by silanol, or insertion into Si-O-Si
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groups on the surface, as confirmed by DFT calculations. The resulting material catalyzes
efficiently a range of reactions typical for rare-earth metals. Perspectives to this work are the
extension of this chemistry to the [Ln(CH2Ph)s3(THF),] family, which would demonstrate the
effect of the nature of the rare-earth metal (ionic radius, Lewis acidity) onto the catalysis
properties.

In a separate effort, we prepared well-defined silica-grafted rare-earth amide species and
used these in terminal alkyne dimerization, focusing not only on conversion rate but also on
selectivity, which was different from that of analogous molecular species. Most particularly,
the exacerbated electrophilicity of the grafted metal center induces increased formation of
trimer from subsequent reaction of the primary product. DFT studies are still in progress to
account for these phenomena. Furthermore, specific investigations on the scandium
derivatives were carried out using °Sc NMR. The modification within the metal coordination
sphere were shown to impact on the NMR parameters. This opens options for the use of this
spectroscopic tool for future studies on molecular and supported scandium species, though
in the case of grafted metal centers, distribution effects and low quantity of NMR active are
a severe problems, for which solutions must be sought to conveniently model those and
increase signal-to-noise ratio, respectively.
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4. Surface organometallic chemistry of aluminum
4.1. Introduction

This chapter focuses on the use of aluminum derivatives as (co)catalysts for several
applications. In a first instance, we performed the immobilization of mono- and binuclear
aluminum salen species onto silica for carbonation of epoxides into cyclic carbonates. This
part will describe the synthesis and characterization of the corresponding materials, with a
focus on 2’Al MAS NMR, along with their behavior as supported catalysts for the carbonation
of several epoxides. The next part describes the synthesis of a new aluminum amidochloro
derivative, [AI{(N(SiMes)2}2(CI)THF)], and its grafting onto silica, which results in a mixture of
species, as shown by advanced solid state NMR thanks to the use of specific sequences. The
third part derives from a collaboration with researchers from the C2P2 laboratory, that
concerns the influence of the dehydroxylation temperature of the silica onto the grafting of
methyl aluminum oxide (MAO) and on the outcome in polymerization of ethylene. A detailed
solid state NMR was performed in the UCCS, demonstrated for the first time some
theoretically-postulated structural patterns in MAO. Finally, we will present the
development of silica-supported alkyl and chloroalkyl silica-grafted aluminum cocatalysts,
which were used in the framework of a collaboration with the De Souza group (University of
Porto Alegre, Brazil) devoted to cobalt-mediated olefin oligomerization.

4.2. Immobilization of mono- and bimetallic aluminum salen derivatives on silica:
spectroscopic investigations and application in the synthesis of carbonates

4.2.1. Introduction

The valorization of CO; has become nowadays an important topic in the view of developing
greener chemical processes®. While already being widely used as a solvent in super critical
conditions?, carbon dioxide can be used as an alternative C1 synthon for introducing
carbonyl group in organic molecules®. One of the most successful reactions to date is the
synthesis of cyclic carbonates from epoxides, which proceeds with full atom economy.

In this contribution, we focus on mono- and binuclear complexes featuring a salen-type
ligand. Since its first synthesis by Pfeiffer in 1933 this ubiquitous ligand, complexed onto a
considerable number of metal complexes, has known extraordinarily wide range
applications. For instance, in asymmetric catalysis, the Jacobsen’s catalyst allows to reach
excellent enantiomeric excess for epoxidation of alkenes®. In the case of aluminum
derivatives, efficient catalytic opening of propylene oxide® or carbonatation of epoxide’ were
reported. North® showed that better activity for cyclic carbonate formation could be
achieved with binuclear aluminum catalyst, thanks to cooperative mechanism, which
illustrate how this type of system can be efficiently tuned.
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The preparation of salen aluminum complexes has been studied in detail in the literature®.
The selective synthesis of monometallic {Salen}[AIX] (X=Me, Cl or QiPr) or bimetallic
{Salen}[AIR2]2 (R=Me) species has been achieved, resulting from adjustment of experimental
conditions, as shown by Thomas and Carpentier'®, It is therefore possible to generate at will
either type of complex. Furthermore, in order to improve the catalytic performances of this
type of system, their immobilization onto an inorganic support can be performed, to
generate a catalytic material than can be recycled and might also features new properties.
Several examples already describe the grafting of salen-based species onto a surface to
obtain efficient catalytic materials!’. Following our efforts in the development of aluminum-
phenoxyimine derivatives’?> and on the immobilization of aluminum organometallic
derivatives'?, we decided to focus on the immobilization of aluminum salen derivatives onto
silica surface. As described in literature, use of flame silica with high specific surface area
(such as Aerosil from Evonik) allows high metal loading and appropriate thermal treatment
can lead to a good control of the nature of the surface species generated upon grafting.
Indeed, controlling the dehydroxylation of the surface of the silica is a key point to generate
well-defined species. This is an important point, as some examples'* demonstrate that bis-
or mono-silica-grafted species can influence the catalytic performances. In this view, we
have designed our experimental conditions in order to obtain only mono-grafted
organometallic entities. We present here grafting of aluminum alkyl salen derivatives on
dehydroxylated silica via surface organometallic chemistry, along with detailed solid state
NMR investigations and preliminary investigations on their potential as catalysts for the
carbonatation of epoxides.

4.2.2. Results and discussion

Synthesis and characterization of alkyl derivatives

The reaction between trimethylaluminum and salen ligand 1 featuring an enantio-pure
cyclohexanediamine backbone has been reported to lead to 2 different products: 2-Me or 3-
Me, depending on the experimental conditions (Scheme 4.2.1). The formation of bimetallic
species can be attributed to the fact that, thermodynamically, insertion of a new aluminum
is easier than the intramolecular reaction. Thomas and Carpentier!® showed that 3
parameters influence the chemioselectivity: reaction temperature, ligand/Al ratio and order
of addition of compounds. Indeed, to selectively obtain monometallic 2-Me, it is necessary
to heat the reaction mixture at 110 °C (binuclear 3-Me is also formed, with a 2-Me:3-Me
ratio of 9:1). In the view of preparing silica-grafted mono- and binuclear aluminum salen
frameworks, we chose to selectively prepare both 2-Me and 3-Me. To help in the
understanding of the (surface) chemistry involved in our studies, we resorted to 2’Al solid
state NMR, which proved to be a most valuable spectroscopic tool for these species.
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Scheme 4.2.1 Synthesis of 2-Me and 3-Me

Indeed, the quadrupolar ?’Al nucleus features a nuclear spin of 5/2, a good sensibility and its
chemical shift is strongly dependent on the metal coordination sphere. Furthermore, for
quadrupolar nuclei, not only isotropic (chemical shift, diso) but also anisotropic parameters
(quadrupolar coupling constant Cq, asymmetry parameters) can be extracted from
spectroscopic data, thus providing additional parameters that can help in providing further
structural information. Moreover, in complexes involving non-alkyl ligands (O, N, or halide)
the tetra-, penta- and hexa-coordinated aluminum nucleus present chemical shift at about
60, 30 and 0 ppm, respectively'®.
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Figure 4.2.1 27Al MAS NMR of a) 2-Me, 104 MHz, b) 2-Me, 208 MHz

The 2’Al MAS NMR spectrum of 2-Me has been recorded at 2 magnetic fields, namely 9.4
and 18.8 T (Figure 4.2.1-a and b, respectively). The signal lineshape is indicative of the
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presence of several species within the sample. In order to ease interpretation, we resorted
to a high resolution method such as MQ MAS?® experiment. This method provides 2D high
resolution NMR spectra for quadrupole nuclei where one dimension presents the isotropic
spectrum and the second one, the second order lineshapes. Thus, the MQ MAS spectrum of
2-Me comprises 3 resonances: two strongly quadrupolarly coupled signals at 62.0 and 62.3
ppm, and a third one at about 24 ppm (Figure 4.2.2).

A r-'ﬂl
J M
~ 7 Ny
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Figure 4.2.2 27Al MAS (104 MHz) (a) and 2’Al MQMAS (b) of 2-Me.

The corresponding parameters for the first 2 signals are given on Table 4.2.1. These
correspond to aluminum alkyl derivatives in pentahedral configuration, where the presence
of the alkyl moiety induces a downfield shift of the CS compared to AlOs configuration. The
occurrence of 2 signals can be explained by the fact that 2 sites are present in the
crystallographic cell'°. Furthermore, the close NMR parameters (site A: CS = 62.1 ppm and Cq
= 7.9 MHz, site B: CS = 62.3 ppm and CQ = 8.4 MHz) are in line with similar structure for both
sites. The nature of the species fiving rise to a signal at about 24 ppm is most probably a
dimer of the type [{Al(salen)}O], in line with the Al centers being in AIN,O3 configurations.

3 (ppm) Ca (MHz) n
62.1 7.9 0.7
2-M
€ 62.3 8.4 0.7
, 30.6 51 03
2-0siPh3 31.8 4.7 0.2
3-Me 158.2 20.4 1
2-5i02.700 26.3 4400 ;
3-Si02.7oo nd nd

Table 4.2.1 NMR experimental chemical shift and simulated values
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The synthesis of bimetallic 3-Me was performed according to literature procedure®. When
compared with monoalkyl, pentacoordinated 2-Me, the bisalkyl, tetracoordinated 3-Me is
expected to feature higher chemical shift and Cq values, due respectively to the nature of
their coordination sphere and higher electrical field gradient. Indeed, preliminary 2’Al MAS
NMR studies indicated that the signal was too broad to be recorded under spinning
conditions (namely, the resonances were larger that the spinning rate, causing signal
distortion which prevents interpretation). Thus, the ?’Al solid-state NMR spectrum was
carried under static conditions with a QCPMG?’ sequence to enhance the signal-to-noise
ratio (Figure 4.2.3). Indeed, the QCPMG technique can generate an order of magnitude
sensitivity enhancement when compared to echo experiments, thanks to the discretization
of the signal. The best fit is obtain using CSA contribution (3csa= -34 ppm, Nesa= 0.8). Both the
chemical shift (158 ppm) and quadrupolar coupling constant (20.4 MHz) are in line with the
proposed Al(N,O)R; structure. However, it is difficult to go in further assignment with the
present set of data.

500 400 300 200 100 O -100 -200 -300
S(*'Al, 208 MHz)/ppm
Figure 4.2.3 2Al (208 MHz) QCPMG of 3-Me

Studies on a model silanolate compound

The detailed spectroscopic study of supported organometallic catalysts is a challenging task,
due to several aspects: grafting induces low concentration of surface species, structural
distribution strongly affects the signal and presence of different sites may also interfere with
full understanding. This latter point can be addressed by controlling grafting chemistry.
Provided that a single type of surface species can be prepared, specific molecular models can
be independently synthetized. Thus, when targeting [{salen}Al(OSi=)], a suitable model
species is the triphenylsilanolate derivative, for which spectroscopic investigations can be
easily performed to be, in a later stage, compared to those of the grafted material. Thus, the
synthesis of 2-0SiPh; was carried out by mixing 1:1 ratio of Ph3SiOH and 2-Me®2. Further
characterization of known 2-0SiPhz was performed by 2’Al MAS NMR. It reveals the presence
of 2 sites (similarly to 2-Me), as confirmed with MQ MAS (Figure 4.2.4-a and Figure 4.2.5).
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The NMR parameters extracted from these spectra can be found in Table 4.2.1. The CS
(about 31 ppm) are in line with the AlOs coordination sphere, while the Cq values (4.7 and

5.1 MHz) are lower than that of 2-Me, as expected from the formal substitution of an alkyl
ligand by a silanolate. Interestingly, this compares very well with the data obtained in the

case of 2-SiOa2.700, validating this structural hypothesis for the nature of the surface grafted

aluminum centers (see below).
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Figure 4.2.4 27Al MAS NMR of a) 2-0SiPhs, 104 MHz, b) 2-Si02-700, 104 MHz.
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Figure 4.2.5 . 27Al MAS (104 MHz-left, 208 MHz-right) (a) and 2’Al MQMAS (b) of 2-0SiPhs.

Grafting of 2-Me and 3-Me onto silica dehydroxylated at 700 °C
88
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In order to immobilize the salen derivatives onto silica with high degree of control over the
resulting species structure, we selected as the inorganic carrier a flame silica, namely Evonik
Aerosil 380, which was treated at 700°C under vacuum (SiO2-700), thus affording a surface
bearing only non-interacting silanols (see the v(OH) band at 3747 cm™ on the IR spectrum on
Figure 4.2.6-a). This support is routinely used in surface organometallic chemistry, as it has
been shown to afford well-defined monografted species is several cases. It is therefore
ideally suited to afford our targeted grafted species.

A

c)

b)

) |

T T T T \
3500 3000 2500 2000 1500

Wavenumber (cm-1)
Figure 4.2.6 DRIFT of a) SiO2-700, b) 2-Si02-700, ¢) 3-Si02-700

The grafting of 2-Me on SiO;-700 was performed by reacting silica with the aluminum complex
in toluene (1.3 eq of Al per silanol), affording a yellow material, 2-Si02-700 (Scheme 4.2.2).
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Scheme 4.2.2 Synthesis of 2-0OSiPhs and 2-Si02-700

Comparison of DRIFT spectra of SiO2-700 and 2-Si02-700 evidences the consumption of silanol
from the surface, as shown by the lack of non-interacting SiOH’s signal on the DRIFT
spectrum of 2-Si02.700, Notably of the 3747 cm™ v(o.n) band (Figure 4.2.6-a, b). New, broad
signals corresponding to interacting silanols are observed at 3606 cm™. New signals at 3004
and 2962-2872 cm™, correspond to sp? and sp3 C-H elongations, respectively. In addition, a
band at 1617 cm™is in accordance with the stretching band of C=N from imine group. Also,
several bands are present between 1600 cm™ and 1540 cm™1, that are characteristic for C=C
aromatic-ring-stretching vibrations). The loading of aluminum in 2-Si02.700 is of 0.18 mmol.g™*
which corresponds to a two-third of the theoretical complete grafting onto the silica (0.27
mmol of OH per gram of SiO2700'°). The steric hindrance of the catalyst can be an

explanation of the non-fully occupation of SiOH group. The ratio N/Al is 2.5, close to the
expected value of 2.0.

The resolution of 'H MAS NMR is not enough to fully describe the catalyst however 2 zones
are observed (Figure 4.2.7-a). The one at 7.5 ppm corresponds to the ensemble of the
aromatic protons and the other one around 1 ppm is for the t-butyl and methyl groups.

'
b) f4A
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. ~—" | || \\““u-__ o
II| ||l"
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10 5 0 -5  ppm

Figure 4.2.7 'H MAS NMR (400 MHz) of a) 2-Si02-700, b) 3-Si02-700

The 2Al MAS NMR of 2-SiO2.700 (9.4 T) consists of a featureless signal with a maximum at
16.9 ppm (Figure 4.2.4-b). This may be due to the structural distribution of moieties on the
surface (in terms of bond length and angle variations due to the heterogeneity of the silica
surface) which quenches quadrupolar coupling, as observed in several related cases?®2%22,
From best fit simulations using Czjzeck model, chemical shift of about 26 ppm (with a
distribution of 45 ppm) and Cq of about 4.4 MHz can be inferred (Table 4.3.1), consistent
with the AlOs coordination sphere. Additionally, the 2’Al MAS NMR spectrum shows no
indication for coordination of an additional siloxane ligand from the surface, which would
have given rise to signals at about 0 ppm (as expected from hexacoordination with a AIN2O4
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environment). These NMR parameters are well in line with those of the model species 2-
0SiPhs (CS and Cq of about 31 ppm and 4.9 MHz, respectively).

Furthermore, the MQ MAS spectrum of 2-SiO.700 (Figure 4.2.8) comprises a single
resonance, with a chemical distribution of 12 ppm from 35 to 47 ppm, which compares well
with that extracted from best fit simulations. This is thus in line with the formation of a
single type of aluminum species on the surface.

a) J \\
b) %
" - 20
:-\-'f-:
- 40 é
- =
L 60 =°
80
5I0 0 -50
8(“Al)/ppm
Figure 4.2.8 a) Al MAS NMR and b) 2’Al MQMAS NMR spectra of 2-Si02-700 (18.8 T, spinning
speed 20 kHz)

Reaction of 3-Me with SiO-700 in similar conditions with a longer reaction time (15h) leads to
formation of 3-Si02.700 (Scheme 4.2.3) (1.3 eq of Al per silanol). The DRIFT spectrum shows
the consumption of silanol from the surface, as seen with 2-Si02.700, notably of the 3747 cm?
V(o-+) band (Figure 4.2.6 a, c). Residual signals from interaction SiOH groups are also
observed (at 3735 and 3606 cm™). Again, sp? and sp® C-H elongations signals are observed at
2962, 2914 and 2872 cm™. The main difference is the relative intensity (higher in 3-SiO2-700
than with 2-SiO2-700) which is easily explained regarding the structure of bimolecular catalyst
featuring twice more salen ligand than the monomolecular one The Al loading (0.34 mmol.g
1) corresponds to about 1.26 Al per silanol, while the N/AI ratio of 1.9 is in line with the
expected structure (theoretical value 2.0).

Again, information obtained from the 'H MAS NMR are scarce, as only 2 main signals are
observed (Figure 4.2.7-b) at about 7.5 ppm for the aromatic part of the catalyst and at about
1 ppm is for the alkyl groups. The same observation was made for the 3C CPMAS NMR
spectrum (Figure 4.2.9). It features two broad signals centered at 169 and 133 ppm that are
attributed to the carbon in alpha position of the imine and to the carbons from the aromatic
ring, respectively. Signals around 65 ppm are assigned to carbon from the cyclohexyl
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fragment, and the broad signal from 35 to 25 ppm can be assigned to the t-butyl groups. The

sharp signal at about 0 ppm may be due to Al-Me groups, or to methyl groups transferred on
the support.

H\ tBu
7 A0
NS / 0-So f\'\ll
~—AI_N _Al— O N\ t-Bu
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tBu tBu - CHy4 —Al-

Scheme 4.2.3 Synthesis of 3-Si02-700
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Figure 4.2.9 13C CPMAS NMR spectrum of 3-Me (9.4 T, ro= 10 kHz)

The ?’Al solid-state NMR recorded under static conditions with the QCPMG technique is
presented in Figure 4.2.10. A single, broad signal is observed, spanning from 400 to -100
ppm with a maximum around O ppm. However, assessment of NMR parameters from this

signal is out of reach at this stage, due to the signal distribution that prevents any
meaningful modeling to be performed.

1000 0 -1000
&(“Allppm)
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Figure 4.2.10 2’Al (208 MHz) QCPMG of 3-5i02-700 (208 MHz)

Catalytic application in carbonate synthesis

The molecular and supported Al-salen derivatives 2-Me, 3-Me, 2-Si02.700 and 3-Si02-700 were
probed for the carbonates synthesis with similar experimental conditions as described by
Kleij?® The catalyst amount is 0.1 mol% for mononuclear catalyst (2-Me and 2- Me-Si02.700)
and 0.05 mol% for binuclear species (3-Me and 3-Me-SiO2.700). In addition to the Lewis acidic
aluminum catalyst, tetrabutylammonium iodide (TBAI) was added as a nucleophilic co-
catalyst. Results are reported in Table 4.2.2

Entry Reactant Al-Cat Conv. by NMR(%)
1 (0] 2-Me 32
2 3-Me 17
3 2-Si02.700 33
4 3-Si02.700 13
5 2-Me 54
6 O 3-Me 92
7 2-Si02-700 >99
8 3-Si02.700 >99
9 Si02.700 59

[EEN
o

o@ 2-Me 13

Table 4.2.2 Catalytic results of carbonatation

Conditions: Al-cat = 0.1 mol%, Al>-cat = 0.05 mol%, TBAI = 2eq, pCO2=30 bar; T=120 °C;t=3 h

Comparable results between molecular and supported catalysts were reached with hexane
oxide as a substrate, with modest conversion. Mononuclear species afford higher yield than
binuclear ones, showing that in the present case, no significant beneficial bimetallic effect is
operative.

The styrene oxide is the most reactive substrate. It reaches 100% conversion with the
grafted catalyst. But the selectivity is not total and GC analysis shows 35% of
phenylacetaldehyde, a degradation product of epoxide. No general pattern can be described
for the activity of 2-Me compared to that of 3-Me (Table 4.2.2 entry 1, 2 and 5, 6) as it seems
that is highly substrate dependent. Same observation for the grafted complexes (Table 4.2.2
entry 3, 4 and 7, 8). Grafted catalysts are more active for the styrene oxide but as observed
with their molecular equivalent, their efficiency depend on the substrate. Blank tests cast
some shadow over these results, as silica or TBAI alone afford respectively 59 and 81 %
conversion. In the absence of cocatalyst, neither 2-Si02-700 nor 3-SiO2-700 are active. Recycling
the supported catalyst was not performed, as leaching into homogenous phase was
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evidenced by the coloration of the supernatant. Cleavage of the Al-O bond from the surface
could originate from reaction with TBAI, affording soluble [Al(salen)(l)] and [(=SiO)(NBua)]
species.

4.2.3. Conclusion.

In conclusion, mono- and binuclear aluminum salen alkyl complexes have been prepared and
grafted on dehydroxylated silica. Spectroscopic investigation, mainly 2’Al MAS and MQ MAS
NMR, combined with comparison to a molecular model of a mononuclear silica-supported
species, have contributed to the assessment of the surface species’ structure. In spite of
positive catalytic results in epoxide carbonatation, both blank test and leaching studies cast
doubt on the efficiency of the supported aluminum salen systems for this transformation.

4.2.4. Experimental

General Consideration: Unless specified, all manipulations were carried out under an argon
atmosphere in an MBraun glovebox or using Schlenk techniques. Pre-purified solvents on a
traditional solvent fountain are degassed through freeze-pump thaw cycles. Elemental
Analysis were performed at London Metropolitan University and at LASIR, University of Lille
(Al). DRIFT spectra were recorded with a Nicolet 6700 FTIR spectrometer by using airtight
cells. GC analysis are performed on a Shimadzu. Solid state 'H, 3C, Al and 2°Si MAS NMR
spectra were obtained with a Bruker Avance 400 spectrometer with a conventional 3.2mm
CP/MAS probe. The samples were loaded under argon in a zirconia rotor with airtight caps.
The Al MAS spectra at 18.8T were acquired at a spinning frequency of 20 kHz with a delay
time at 0.5 s and a % 1 pulse at 0.85 ps. The 2’Al MAS MQMAS spectra were collected using
the Z-filter sequence, which consists of two hard pulses of 3.5 and 1.25 us at an RF field of 70
kHz, for triple- guantum excitation and reconversion, respectively, followed by a soft pulse
of 6 us at an RF field of 10 kHz.

Synthesis of {Salen}H:: In a 50 ml round bottom flask, 1,2-cyclohexanediamine (100 mg,
3mmol) and 3,5-di-ter-butyl-2-hydroxybenzaldehyde (412 mg, 6mmol) are introduced in
solution with ethanol (10mL). After a night of refluxing at 80°C, all the solvent is removed
under vacuum to obtain a yellow powder. *H (400 MHz, CDCls) 8(ppm): 1.23 (s, t-Bu, 9H);
1.42 (s, t-Bu, 9H); 1.72 (m, CH, 2H); 1.85 (m, CH; 2H); 3.32(m, CH-N, 2H); 6.98 (d, Hawom 2H);
7.30 (d, Harom, 2H);8.3 (s, imine, 2H); 13.7 (s, Henow, 2H). DRIFT (NaCl, cm™): 3500 (large, V ot ibre);
2962 (v c+); 1630 (V c=n); 1592 (V c=c).

Synthesis of 2-Me'%: In a Schlenk tube, a solution of AlMes in toluene (0.14M, 2.5mL) is
slowly added on a solution of {Salen}H: in toluene (200mg in 10mL of toluene). During
addition, methane evolution is observed. The reaction mixture is heated at 110°C and stirred
overnight. The solvent is removed under vacuum to afford a yellow powder that is washed
several times with cold pentane. Yield: 85%. 'H (400 MHz, CDCl:) §(ppm): -1.1 (s, CHs-Al, 3H);
1.08 (s, CHz, 2H); 1.3 (s, tBu,9H); 1.31 (s, tBu,9H) 1.35 (s, CH,, 2H); 1.51 (s, tBu, 9H); 1.52 (s,
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tBu, 9H); 3.06 (m, CH-N, 2H); 3.55 (m, CH-N, 2H); 6.55(d, Haom 2H); 7.05 (d, Harom, 2H); 8.10 (d,
imine, 1H); 8.28 (d, imine, 1H). DRIFT (KBr, cm) 2957(v c+), 1620 (V c=n), 1620 (V c=c).

Synthesis of 3-Me!%: In a Schlenk tube, a solution of AlMes in toluene (0.14M, 2.5mL) is
slowly added to a solution of {Salen}H. in toluene (200mg in 10mL of toluene). During
addition methane evolution is observed. The reaction mixture is stirred overnight. The
solvent is removed under vacuum to afford a yellow powder that is washed several times
with cold pentane, yield: 82%'H (400MHz, CDCls) §(ppm): -0.82 (s, CHs-Al, 6H); -0.48 (s, CH:-
Al, 6H); 1.08 (s, tBu, 18H); 1.35 (s, tBu, 18H); 1.97 (m ,CH2 2H ), 3.57 (d, CH-N, 2H); 6.55(d,
Harom, 2H); 7.34 (d, Haom, 2H); 7.8 (s, imine, 2H). DRIFT (KBr, cm.1) 2954(v c+), 1592 (v ), 1543
(V c=c).

Synthesis of 2-SiO2.700: 1g of silica pre-heated at 700°C for 15h under high vacuum pump
(0.27mmol of OH.g?) is added in a double-Schlenk vessel and suspended in 10 mL of
pentane. A 10 mL solution of 2-Me in pentane (1.3 eq, 0.351mmol) is added under argon.
The reaction mixture is stirred for 90 minutes, the supernatant is removed and the yellow
solid powder is washed 3 times with pentane in order to remove unreacted 2-Me. The
powder is dried at 80°C under high vacuum for 5 hours.

Synthesis of 3-Si02.700: 1g of silica pre-heated at 700°C for 15h under high vacuum pump
(0.27mmol of OH.g?) is added in a double-Schlenk vessel and suspended in 10 mL of
pentane. A 10 mL solution of 3-Me in pentane (1.3 eq, 0.351mmol) is added under argon.
The reaction mixture is stirred for 15 hours, the supernatant is removed and the yellow solid
powder is washed 3 times with pentane in order to remove unreacted 3-Me. The powder is
dried at 80°C under high vacuum for 5 hours.

Carbonatation reaction: In the glovebox, a 40 mL stainless reactor with a magnetic stirrer is
filled with the epoxide substrate (0.05 mol), aluminum catalyst and co-catalyst (ratio % for
mononuclear system and % for binuclear). Example: styrene oxide (5g, 0.05 mol), 2-Me (25
mg, 5x102 mmol), TBAI (30.8 mg, 0.1 mmol) Then the reactor is charged with 30 bar of CO.
and heated at 120°C for 3h. The pressure is then released and the reaction mixture is
analyzed by H NMR and gas chromatography.
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4.3. Synthesis and grafting on silica of a bis-silylamido aluminum species
4.3.1. Abstract:

The new bisamido aluminum species [A{(N(SiMes)2}2(Cl)THF)] (1) was prepared and fully
characterized, including by ?’Al and 3°Cl solid state NMR, and by X-ray diffraction studies.
These have shown that 1 is monomeric in the solid state, with a distorted tetrahedral
geometry. 1 was grafted on silica dehydroxylated at 700°C, affording silica-supported Al
species. The resulting material (2) was characterized by IR, elemental analysis and solid state
NMR. The latter technique showed the occurrence of two main types of species, were the Al
center adopts a tetracoordinated coordination sphere, with as additional coordinated Lewis
base, either a THF ligand or a silica-surface siloxane moiety.

4.3.2. Introduction

Silylamides are a class of compounds which attracts attention for several decades. The use of
NR:2 (R= SiMes) as ligand has been already proved to be an interesting choice for catalytic
transformations®. Indeed, sodium, lithium and potassium salts are both easily synthesized
and commercially available. Their stability, lipophilicity and unique signature in *H and 3C
NMR make them convenient ligands for organometallic chemistry. First examples and
studies have been carried out by Biirger and Wannagat,?> who described several bis- or tris-
amido transition metal complexes (Cr, Mn, Cu, and Ni). More specifically, the -NSiMes as a
ligand has been proved to be a powerful asset for catalytic transformations. Indeed,
originally the bis-trimethylsilylamido ligands use for its lipophilicity and the absence of beta
hydrogen atoms that might lead to early decomposition of the catalyst. The development of
tin complex by Zuckerman starts the widespread use of N(SiMes)3. Regarding structural
issues, in 1961 Wanagat reported the crystal structure of the tris-amido aluminum derivative
AI[N(SiMes),]3* demonstrating the planarity of the ligand around the nitrogen atom. Since
these pioneering studies, the silylamido ligand has been widely used in coordination
chemistry, and with involvement of amido pre-catalysts in several reactions>®. Furthermore,
the amido moiety is well suited as reactive functionality for grafting onto silica, as
demonstrated by the work of Anwander’. Silylamides have thus been employed as starting
compounds for the preparation of hybrid materials via grafting onto dehydroxylated silica-
type supports.

Silylamide aluminum derivatives derived from AICl3 and various equivalents of MNR; (1 to 3)
have been used as BN-AIN ceramics precursors® This work included the synthesis of
AI[N(SiMe3);]s with low yield (40%) and non-practical experimental techniques. In order to
optimize these conditions, we performed several attempts to access the trisamide
compound. In the course of these efforts, our investigations lead to a new tetra-coordinated
aluminum complex with two amido functions, [A{(N(SiMes)2}2(THF)CI] (1). We present here
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the full synthesis and characterization of this compound, along with its grafting onto silica, as
a scaffold for further modification by protonolysis of the residual amido group.

4.3.3. Results and Discussion

In the course of attempts to prepare AI[N(SiMes):]38 from AICls with modification of the
reported procedure, we obtained complex 1 when using Li[N(SiMes)2(THF)x instead of
unsolvated lithium bis(trimethylsilyllamide. After filtration to separate LiCl salts and
crystallization in pentane at -20 °C, colorless crystals are obtained in high yield (over 80%).

/SiMe3
Me3Si_N
o toluene \ C
AICl; + 3 Li[N(SiMe3)o](THF)y —— > A|\
3 days, r.t / OQ
Me;Si—N
SiMe3
1

Scheme 4.3.1 Synthesis of 1

Even in the presence of excess lithium amide excess, no further substitution leading to
[A{N(SiMes3),}s] was observed.

Suitable samples for single crystal diffraction studies were obtained and the solid state
structure is presented in Figure 4.3.1. The aluminum center features a distorted tetrahedral
geometry, with two planar amido ligands as evidenced by the sum of angles around the N
atoms N(1),Al(1),N(2): 357.8 °. The chloride ligand is in terminal configuration. Similar
structure for the Y derivative [Y{(N(SiMes).}2(CI)THF)] was recently reported by the Hayes
group®. The 'H NMR spectrum of 1 features 3 signals accounting for SiMes (0.4 ppm) and THF
(2 multiplets at 4.0 and 1.1 ppm for a- and B-CH; protons, respectively). Integration of the
TMS and THF protons signals confirms the structure of 1, as a THF mono-adduct. The 3C
NMR spectrum is also in line with the proposed structure of 1, displaying 3 signals at 6.2 ppm
(SiMes), 24.8 (B-CH2 from THF) and 74.0 ppm (o-CH2 from THF). Elemental analysis (C, H, N)
is in line with these data.

‘.11:1\\ Al1 /ﬁ?{\
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Figure 4.3.1 Solid-state structure of 1 (H atoms omitted for the sake of clarity). Selected
bonds and angles: Al(1)-Cl(1) : 2.185 A, Al(1)-N(1) : 1.833 A, Al(1)-N(2) : 1.822 A, Al(1)-0(1) :
1.901 A, (Si(1)-N(1)-Si(2): 120.1°, Si(2)-N(1)-Al(1): 121.4°, Si(1)-N(1)-Al(1): 118.3°, Si(4)-N(2)-

Si(3): 117.9°, Si(4)-N(2)-Al(1): 124.1°, Si(3)-N(2)-Al(1): 115.8°,N(1)-Al(1)-Cl(1): 112.9°, N(1)-
Al(1)-N(2): 123.6°, N(2)-Al(1)-CI(1): 107.4°, O(1)-Al(1)-CI(1): 97.8°, N(2)-Al(1)-O(1): 110.6°.

Further characterization of this complex by 2’Al and 3°Cl solid state NMR was performed.
Figure 4.3.2 presents the QCPMG 2’Al NMR spectrum; from which NMR parameters were
extracted. The aluminum center features a very large quadrupolar coupling constant (vide
infra), which motivated the recording of its spectrum under static conditions, as the width of
the signal is significantly larger than the spacing of the spinning side bands (due to
insufficient spinning speed), and as significant chemical shift anisotropy (CSA) was also
observed. Thus, the isotropic chemical shift (diso) is of 90 ppm and the quadrupolar coupling
constant (Cq) is of 20.7 MHz. The chemical shift value is in the upper range for aluminum
centers in tetrahedral configuration!. Best fit simulation is obtained when considering
chemical shift anisotropy (8csa= -42 ppm). In addition, we were able to record the 3>Cl NMR
spectrum of 1. This nucleus was shown to be a convenient spectroscopic probe for studying
organometallic and coordination compounds!'?, Figure 4.3.3 presents the static 3*CI NMR
spectrum recorded using the WURTS-QCMPG sequence which enables efficient recording for
such ultra-wideline signals.!® The best fit simulation corresponds to a 8iso of 90 ppm and a Cq
value of 21.0 MHz. The similarity between the 2’Al and 3°CI NMR parameters is entirely
coincidental.

DFT calculations were performed as further evidence to strengthen our assessment of the
quadrupolar nuclei NMR values. The ?’Al and 3°Cl chemical shift values of 1 were used to
calibrate calculations (namely, the experimental value was selected as reference for 2’Al and
35Cl chemical shift calibrations, used for calculations on silica-supported species). DFT
calculations of anisotropic NMR parameters on 1 are fully in line with experimental results,
which validates this combined experimental/theoretical approach.

27A| 3SC|

Jiso Ca Na dcsa Jiso Ca o
1 90 20.7 -42 90 21.0
leaic 90 20.7 0.92 -64.7 90 21.7 0.14
2 95-40 - - - na na na
2calc-a 70 21.1 0.69 -103.7 - - -
2caic-b 81.0 16.5 0.88 -91.6 42.4 23.3 0.09
2calc-C 107.7 36.7 0.47 -103.1 61.7 26.1 0.33
2calc-d 83.9 25.9 0.92 -118.7 54.3 24.8 0.16

Table 4.3.1 Experimental and calculated 2’Al and 3°CI NMR parameters.
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Figure 4.3.2 27Al QCPMG NMR spectrum (208.5 MHz) of 1
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Figure 4.3.3 3°Cl WURTS-QCPMG NMR spectrum of 1 (78.4 MHz).

Hybrid material 2 was prepared by reacting complex 1 with Aerosil 380 silica (Evonik, specific
area of 380 m2.g1). In order to generate preferentially well-defined, mono-grafted species,
the support was treated at 700°C under high vacuum (10~ mbar). Through condensation of
silanols into siloxane with release of water, this treatment affords non-interacting silanols as
sole type of silanol species, as confirmed by IR (Figure 4.3.4-b). Indeed, the spectrum
comprises a sharp signal at 3747 cm for vision). After stirring for 15 h in pentane at room
temperature, washings to remove unreacted 1, and drying under vacuum, 2 was obtained as
a white material. The surface chemistry of 1 is expected to be very similar to that of
lanthanide amides as studied by us and others'#, namely cleavage of M-N bonds release of
hexamethyldisilazane (HMDS) and silylation of silanols.
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Scheme 4.3.2 Synthesis of 2

Infrared spectra of 1, SiO2.700 and 2 are compared in Figure 4.3.4. The disappearance of the
sharp signal at 3747 cm™ for material 2 is in line with a total consumption of non-interacting
silanols from SiO2-700, either by reaction with 1 or with HMDS released upon reaction of the
Al-N bond with SiO-H.* The signals between 3000 cm™ and 2795 cm™ can be attributed to
Visp° c-H) elongation from SiMes groups. The vibrations from the THF group can be observed
as weak bands at 2984 and 2087 cm™. No v(-u) is detected.

PR N,

)

(=)}

v

)

:

4000 3500 3000 2500 2000 150(C
Wavenumber (cm)
Figure 4.3.4 DRIFT of a) 1, b) SiO2-700 and c) 2.

The loading in aluminum corresponds to an amount of 0.26 mmol of Al.g™! which is in line
with results for Ln species® (Scheme 4.3.2). The N/Al ratio is 2.1 which is not in line with the
cleavage of an aluminum-nitrogen bond by silanolysis. However, NMR tube experiments
showed that upon mixing a silica slurry with 1, only hexamethyldisilazane was detected, no
ammonium nor HCl being observed, which is contradictory with the elemental analysis
results and in agreement with the expected Al-N vs Al-Cl cleavage. Accordingly, in the case of
HCl release during the grafting, formation of amine by reaction of amido with
hydrochlorhydric acid would result in N-H signals, which are not detected by infrared
spectroscopy. Current efforts are directed at reproducing the elemental analysis results,
which are the outcome of the distinct determinations: ICP for Al content and combustion
analysis for CHN.
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Insights into the molecular structure of 2 was obtained thanks to high field solid state NMR.
The 'H MAS NMR spectrum (Figure 4.3.6-a) of 2 shows an intense peak at 0.1 ppm with a
shoulder at 0.4 ppm, attributed to CH3 from SiMes; group of —N(SiMes); and —OSiMes,
respectively. Two weaker signals at 4.2 and 2.0 ppm correspond to a- and B-CH, from the
THF ligand. The significant shift of the oo CH; signal in 2 compound compared to that in 1 (4.2
vs 3.65 ppm respectively) indicates coordination on a more electrophilic metal center. The
13C MAS NMR (Figure 4.3.5) features 4 signals. The presence of the THF ligand is evidenced
by the signals at 72.3 and 24.5 ppm which account respectively for a— and f—methylenic
carbons. The signals at 2.1 and -1.2 ppm are assigned the methyl groups from the amido
ligand and silylated silanols, respectively.

I
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Figure 4.3.5. 13C CPMAS NMR of 2

In order to better understand the structure of 2 at the molecular level, a 2D H-'H DQSQ
NMR spectrum was recorded. This experiment relies on dipolar interactions between
neighboring protons and thus correlations on this spectrum are related to proximity. First of
all, as expected from the structure, each signal on the 1D spectrum gives rise to self-
correlation, as on-diagonal signals, as these originate from either methyl or methylene
groups. Furthermore, three correlations are observed, noted as A, B, C on Figure 4.3.6-b.
Correlation A, which associates signals at 4.2 and 2.0 ppm corresponds to the proximity
between o— and f—CH: protons from THF. Interaction B, involving the signal at 4.2 with the
signal at 0.1 ppm reveals proximity between a-CH, from THF and AINSiMes groups. The
same type of interaction is also observed for C (of weaker intensity), which correlates peaks
at 2.0 and 0.1 ppm (associating B CH2 from THF and AINSiMes protons). No interaction is
detected between OSiMes groups at 0.4 ppm and THF protons, showing that correlations are
restricted within the aluminum coordination sphere, as pictured on the structure on Figure
4.3.6's top caption.
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Figure 4.3.6 a) H and b) *H-'H DQ-SQ MAS NMR spectra of 2 (18.8 T, spinning speed 20 kHz).

The 2’Al MAS NMR spectrum of 2 at 18.8 T consists of a broad, complex signal spanning from
95 to 20 ppm, with maxima at about 90 and 65 ppm. If those chemical shift correspond to Al
centers in tetracoordinated configuration, it remains unclear from this spectrum alone if the
signal below 50 ppm stem from chemical shift distribution (and thus, from 5- and 6-
coordinated species) or from broadening due to second-order coupling quadrupolar coupling
(Figure 4.3.8). Nevertheless, recording the spectrum at lower field results in a signal of
comparable width, which rules out the origin of broadening as due to quadrupolar coupling.
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Figure 4.3.7. 7 AIMAS NMR of 2 ata) 18.8 Tand b) 9.4 T

Further investigations were thus performed using a high resolution technique such as
MQMAS?Y. This method provides 2D high resolution NMR spectra for quadrupolar nuclei,
where the indirect dimension presents the isotropic spectrum and the direct one, the second
order lineshapes. The MQMAS of 2 is presented on Figure 4.3.8. It comprises 2 different
sites. The first one, noted Site 2a, corresponds to aluminum centers with a chemical shift
distribution from 95 to 76 ppm (close to that of molecular precursor 1, CS= 95 ppm), with a
Cq of 8.6 MHz. This is evidenced on extracted row on Figure 4.3.8-c. The second one, noted
Site 2b, corresponds to aluminum centers with broader signal (see extracted row on Figure
4.3.8-d) starting from 85 to 55 ppm and a quadrupolar coupling constant of about 11.0 MHz.
Both signals indicate a chemical shift distribution of about 5-10 ppm, resulting from
structural distribution due to the heterogeneity of the silica surface. The signal from Site 2b
does not span on the entire CS range from the 2’Al MAS NMR. This may be due to the lack of
efficiency of the MQMAS experiment towards sites featuring large CQ values. Further studies
using the ST MAS sequence, that is more robust towards excitation of sites featuring large

Cq, are planned in future endeavors.
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Figure 4.3.8. a) 2’Al MAS NMR and b) 2’Al MQ MAS NMR spectra of 2, with representative
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In order to help to further assignment of the experimental data, DFT calculations were
performed on a series of potential surface species, built from non-interacting silanol model.
Figure 4.3.9 presents the DFT-optimized structures used to calculate the corresponding NMR

parameters listed in Table 4.3.1.
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Figure 4.3.9 DFT-optimized models for the surface species in 2.

Considering the data in Table 4.3.1, it appears that the chemical shift is rather dependent
from the nature of the coordination sphere. The AlO;NCI coordination sphere gives rise to
chemical shift higher than that of AIO2N2 (about 82 vs. 70 ppm), while the triscoordinate
species would feature a higher CS value of about 110 ppm. When considering the
guadrupolar coupling constants, they are all above 15 MHz, the lower stemming from the
2qic-b configuration, namely a monografted amido chloro THF-adduct (16.5 MHz). The bis
amido THF-adduct (2caic-a) and the amido-chloro siloxane (2caic-d) feature Cq values above 20
MHz (21.1 and 25.9 MHz, respectively). The triscoordinated species 2caic-C gives rise to a
value of 36.7 MHz, as expected from the large electrical field gradient resulting from the
trigonal planar configuration. Such values are not to be taken as such (as these Cq values
would result in non-observable signals), but should rather be used to estimate trends from
which conclusions could be drawn to better understand our experimental results on the
supported species.

Based on these elements, we propose that the major sites within material 2 both feature
similar coordination sphere, namely tetracoordinated [(=SiO)AI(CI){N(SiMe3).}(O.)] site,
where O is a L-type oxygen center from either SiOSi surface groups or from THF. Thus, for
site 2a, where the Cq value is the lowest (8.6 MHz), we propose the structure
[(=SiO)AI(CI){N(SiMe3)2}{(THF)]. On the same line, site 2b (with higher Cq value that site 2a,
about 11 MHz), the corresponding structure would be [(=SiO)AI(CI)}{N(SiMe3)2}(SiOSi)]
(Scheme 4.3.3).
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Scheme 4.3.3 Proposed structures for sites within material 2

Further attempts at gathering detailed structural information on 2 were performed thanks
to H-?Al D-HMQC NMR, which relies on dipolar interactions between protons and
aluminum centers, thus providing information on the heteronuclear proximities within the
sample (Figure 4.3.10). The only interaction observed concerns with protons at 0.1 ppm
(SiMes) and both types of aluminum (Sites 2a/2b). No clear correlation could be detected
between CH; protons from the THF ligand and either aluminum site.
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Figure 4.3.10 a) 2’Al MAS NMR, b) *H-2’Al D-HMQC NMR and c) 'H MAS NMR spectra of 2
(18.8 T, spinning speed 20 kHz)

4.3.1. Conclusions

A new heteroleptic bis-amidochloro aluminum species was prepared and structurally
characterized. Its grafting on dehydroxylated silica led to the formation of two main types of
species, both featuring tetracoordinated coordination sphere, and differing in the nature of
the oxygen-based donor ligand (THF or siloxane). These structural elements were
determined thanks to mostly Al MAS NMR, combined with DFT calculations. This study
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thus shows how high field solid state NMR can bring deep insight into the structure of
grafted species, especially when combined with DFT calculations.

4.3.2. Experimental Section

General Considerations: Manipulations were carried out under argon atmosphere in an M-
Braun glove-box or by using Schlenk techniques. THF and pentane were dried by using
conventional reagents and stored in the glove-box over 3A molecular sieves. Liquid-state
NMR spectroscopic analyses were run with a Bruker Avance 300 spectrometer. Solid-state
MAS NMR spectra were recorded on a Bruker Avance 400 spectrometer (! H: 400.12 MHz,
13C: 100.63 MHz, ?’Al: 104.26 MHz) and on a Bruker Avance 800 spectrometer (* H: 800.13
MHz, 2’Al: 208.49 MHz). For H experiments, the spinning frequency was 20 kHz, the recycle
delay was 10s and 16 scans were collected with a 90° pulse excitation of 3.5 ps. The two-
dimensional homonuclear experiment (DQ-MAS) was obtained at a spinning frequency of 20
kHz by using excitation and reconversion pulse blocks of two rotor periods each (200 ps).
The 90° pulse length was 2.25 ps, the recycle delay was 10 s, and 32 scans were collected for
each slice (256 in total). The *H-?’Al HMQC experiment were set up with a 2’Al spin echo
selective to the central transition, with pulse of 9 us (RF = 10 kHz). The recoupling time was
set at 500 ps (SR4 sequence for recoupling). The *H 1/2 pulse of 3.5 ps on either side of the
27Al Tt pulse (RF = 49 kHz). The number of scans for each t1 increment was set to 4090 with
53 slices and a delay of 1 s. The 2’Al MAS spectra at 18.8T were acquired at a spinning
frequency of 20 kHz. The MQMAS spectra were collected using the Z-filter sequence, which
consists of two hard pulses of 3.5 and 1.3 us at an RF field of 70 kHz, for triple- quantum
excitation and reconversion, respectively, followed by a soft pulse of 6 us at an RF field of 10
kHz). The t1 step was set to the MAS period. 4800 scans with a delay of 1s was recorded for
a total of 33 slices. The Chemical shifts were given in ppm with respect to TMS as external
reference for 'H NMR, and to Al(H20)e>* for Al NMR. Diffuse reflectance infrared spectra
were collected with a Harrick cell on a Nicolet Avatar spectrometer fitted with a MCT
detector. Elemental analyses were conducted at London Metropolitan University (CHN) and
at LASIR, University of Lille (Ln).

Synthesis of [AI{N(SiMes):}>(THF)-Cl] with pre-formation of Li[N(SiMe3).](THF) : A
commercial solution of Li[N(SiMes);] (1M in THF) was dried under vacuum to obtain an
orange anamorphous solid. Pentane was added and the solution cooled at -20 °C to form
yellow crystals. Those crystals were purified by sublimation (10° mbar, 60 °C). The purity
was checked by 'H NMR. *H NMR (300 MHz, C¢Dg): 6 3.65 (4H, m, OCH,), 1.26 (4H, m,
OCH3CH,), 0.4 (36H, s, SiMes). Li[N(SiMes)2](THF) (5 g, 31.5 mmol, 3 eq) was added to a
solution of freshly sublimed AICI; (1.4 g, 10.5 mmol) in toluene (30 mL). The clear light yellow
solution was stirred for 3 days at room temperature. Formation of LiCl was observed while
the solution became darker. Volatiles were removed by heating the mixture under vacuum
for 3 h at 100 °C!2. LiCl was removed by filtration with pentane then crystallization at -40 °C
afforded white crystals. *H NMR (300 MHz, CsDe): 6 4.0 (4H, t, OCH2), 1.1 (4H, t, OCH2CH,),
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0.4 (36H, s, SiMes). 13C NMR (75.5 MHz, CsD¢): 6 74.0 (0—CH> from THF), 24.8 (B—CH> from
THF), 6.2 (SiMe3s). Elemental analysis: C, 42.04; H, 9.58; N, 5.88. Theor: C, 42.21; H, 9.74; N,
6.15

Synthesis of material 2: A double-Schlenk vessel was loaded with a 10 mL pentane solution
of 1 (160 mg, 0.35 mmol) in one compartment and with silica dehydroxylated at 700°C (1 g)
with 10 mL of pentane in the other compartment (Scheme 2). After 15h of stirring, the
supernatant liquid was then separated by filtration into the other compartment, from which
the solvent was gas-phase transferred by trap-to-trap distillation back into the compartment
containing the modified support in order to wash away the residual molecular precursor.
This operation was repeated thrice and the resulting material 2 was then dried under
secondary vacuum (10°® mbar) at 80 °C for 5 h. *H MAS NMR: 6 4.28 (4H, t, OCH.), 2.05 (4H,
t, OCH,CH,), 0.33 ( -OSiMe3), 0.03 (36H, s, NSiMes). 33C MAS NMR 6 72.3 (o—CH; from THF),
24.5 (B—CH: from THF), 2.1 (-OSiMe3), 1.2 (-NSiMes). Elemental analysis shows: C, 3.64; H,
0.77; N, 0.77 Al 0.71.
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4.4. Investigations on the structure and silica surface reactivity of methylaluminoxane (MAO)

This work is the outcome of collaboration between the CASECO team in University of Lille 1
and the C2P2 laboratory in University of Lyon 1. This context of this study is the effect of the
temperature of the silica used for grafting the MAO cocatalyst onto the activity in ethylene
polymerization catalyzed by a zirconocene. My role in this project was the preparation and
characterization of some of the samples for solid-state NMR analysis. Indeed, only this
aspect will be presented in this section. The full paper is available online and be found with
the reference below:

Silica/MAOQ/(n-BuCp),ZrCl, catalyst: effect of support dehydroxylation temperature on the
grafting of MAO and ethylene polymerization. M. A. Bashir, T. Vancompernolle, R. M.
Gauvin, L. Delevoye, V. Monteil, M. Taoufik, T. F. L. McKenna, C. Boisson, Cat. Sci. Tech.,
2016, 6, 2962-2974.
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4.4.1. Abstract

The study in which this work takes place aimed to explore the link between the role of silica
dehydroxylation temperature and the catalytic performance of an (n-BuCp).ZrCl;
metallocene precursor supported on silica impregnated with methylaluminoxane (MAO) in
ethylene homopolymerization. Diffuse Reflectance Fourier Transform Infrared Spectroscopy
(FT-IR-DRIFT) and Solid State Nuclear Magnetic Resonance (SS NMR) were used to study the
generation of different Al species on the surface of silica impregnated with MAO after
calcination at temperatures of 200°, 450° and 600 °C. It was found that Si—CH3 bonds can be
formed when silica dihydroxylation temperature is 2450 °C, and that three different types of
aluminum species are generated on silica surface, the nature of which does not change
significantly with the silica dehydroxylation temperature. Concerning the whole study, as
described in the above-mentionned article, after grafting a metallocene precursor on the
MAO-treated surfaces, increase in the zirconium loading, and in the intrinsic and average
catalytic activities were observed with increasing silica dehydroxylation temperature.
However, the molecular and physical properties of the high density polyethylene produced
by using these catalysts were observed to be independent of the silica dehydroxylation
temperature. These results indicated that the number of active sites on the surface of the
catalyst increased with increasing dihydroxylation temperature, but the nature of the active
sites does not.

4.4.2. Introduction

Amorphous silica is one of the most widely investigated and commonly used catalyst
supports in the polyolefin industry. Metallocenes are anchored on pure, or
methylaluminoxane (MAO)-modified amorphous silica to prepare supported (or
heterogeneous) catalysts. Once supported, these catalysts can be employed in slurry or gas
phase processes to produce different grades of polyolefins®. The benefits of using supported
metallocenes (as opposed to homogenous catalysts) include the ease of their injection and
removal of the final product in solid form, and the reduction of the risk of polymer film
formation on the reactor walls which can in turn lead to poor heat removal from the reactor.
A well-designed supported catalyst should offer good morphology control, high productivity,
and ultimately, economic gains. One of the keys to obtaining these advantages is to ensure
fine control of the surface chemistry of the support, and the procedure used to produce the
MAO activated silica support (SMAO). Recent progress in deciphering MAO structure and its
impact on the mechanism of metallocene activation leads us to believe that the cationic
species [AlMe;]* plays an important role in the activation process®3. It is important to
investigate the impact of the grafting of MAO on silica on the performance of this activator.
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Scheme 4.4.1.Schematic representation of isolated (1), vicinal (II) and geminal (lll) silanol
groups on the surface of silica.

It is well-known that geminal, vicinal and isolated hydroxyl groups (OH), known collectively
as silanols, and water can be found on the surface of untreated silica particles (Scheme
4.4.1). Furthermore, it has also been well established in the open literature that the surface
concentration of these OH groups can be reduced by heating the silica, leaving only isolated
silanol and siloxane (Si—O-Si) bridges at temperatures above 500 °C*>¢78910 On the other
hand, it is difficult to know a priori what type and concentration of silanol groups are optimal
in terms of activating a given metallocene precursor. Depending on the size and shape of the
metallocene, one needs to minimize the steric hindrance to the incoming catalyst precursor
or co-catalyst molecule, to prevent bimolecular deactivation, and promote the generation of
the active metallocenium cation, all of which contribute in determining the activity and
performance of the catalyst. For example, (n-BuCp),ZrCl; is one of the metallocenes that has
found its application in industrial as well as academic research,1>13 yet few studies have
been carried out in order to understand the effect of silica dehydroxylation temperature on
its activity6'81%1* Since it has been shown1* different synthesis methods give different
activities of the silica supported metallocenes, the most probable reason for this lack of
clarity seems to be that different catalyst synthesis procedures were used in the previously
cited studies, as discussed briefly in the next paragraph. It is therefore difficult to draw a
clear conclusion on what, if any, relationship exists between the silica dehydroxylation
temperature and the catalytic activity. In other words, whether or not a decrease in the
concentration of OH groups on the silica surface helps to increase the activity of the
supported catalyst. dos Santos et al.,6 analyzed the effect of silica dehydroxylation
temperature on the metal loading on silica, catalytic activity in slurry ethylene
polymerizations, the molecular weight distribution and crystallinity of the obtained
polyethylenes. The catalysts were prepared by grafting (n-BuCp).ZrCl, on Grace 948 silica
dehydroxylated in the temperature range of 27 °C to 450 °C. MAO (10 wt% toluene solution)
was added separately to the reactor in order to obtain Al/Zr molar ratio in the range of 100-
5000, and the polymerizations were done at only 1 bar ethylene pressure. Using the same
zirconocene, van Grieken et al.,'? studied the effect of silica dehydroxylation temperature (in
the range of 200 to 600 °C) on the catalytic activity by grafting a pre-mixed solution of MAO
(30 wt% toluene solution) and (n-BuCp)2ZrCl, on the dehydroxylated silica in toluene slurry
at room temperature for 3 h. Another study dedicated to the effect of silica dehydroxylation
temperature on the catalytic activity of (n-BuCp),ZrCl; was reported by Atiqullah et al.,8 who
calcined the commercial ES-70 silica in the temperature range of 250 to 800 °C. The calcined
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silica were functionalized by n-BuSnCls; at 130 °C before impregnation with MAO and grafting
of the zirconocene at room temperature.

Given the diversity of the conditions used in these studies, it is difficult to identify a single
silanol concentration which provides maximum catalytic activity for the silica supported (n-
BuCp),ZrCl; in ethylene homopolymerization at conditions of industrial relevance, and to
understand the reason due to which silica dehydroxylation temperature affects the catalytic
activity. Furthermore, keeping in mind the fact that MAO has a significant effect on the
catalytic performance of supported (n-BuCp).ZrCl,, the effect of varying silanol
concentration on the nature of aluminium species generated after the interaction of MAO
with silica cannot be understood based on the above mentioned studies. Other works
related to the influence of silica dehydroxylation temperature on the catalytic activity of
supported metallocences in olefin polymerization focus catalysts different from (n-
BuCp),ZrCl, and therefore report different results'>,'®. One of the goals of the present study
is to investigate the influence of silica dehydroxylation temperature on the type(s) of
aluminum specie(s) generated on the silica surface after impregnating MAO on silica
dehydroxylated in the temperature range of 200 to 600 °C (i.e., by preparing SMAQO). In order
to achieve this, an optimized incipient wetness method has been selected to make SMAO
samples and the final supported catalysts, prepared by the colleagues from C2P2 laboratory
in University of Lyon 1. The catalysts were then evaluated by them in both slurry and gas
phase ethylene homopolymerizations at conditions of industrial relevance. The benefit of
using SMAO supported metallocene is twofold i.e., it allows one to study the interactions
between hydroxyl groups of silica and the MAO molecule, and the leaching of the catalyst
during polymerization is suppressed, thereby ensuring that the catalytic reaction takes place
mainly on the silica surface (rather than in solution). In addition, Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (FT-IR-DRIFT) analysis of the SMAO coupled with a solid
state NMR characterization of SMAO are reported. The results are used to provide unique
information on the nature of chemical species formed on the surface of silica after
impregnation of MAO which subsequently influences the catalytic activity of the resulting
supported metallocene catalyst.

4.4.3. Experimental section
4.4.3.1. Materials

Grace 948 silica with a surface area of 290 m? g%, average particle diameter of 58 um and a
pore volume of 1.7 mL g was used as the catalyst support. The MAO solution 30 wt% in
toluene used in this study was purchased from Albemarle with the following characteristics:
13.6 wt% Al, 5.24 wt% AlMes, gas/Al = 1.65.

4.4.3.2. Drying of MAO
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White powder of dried MAO was obtained by first evaporating toluene from 30 wt% MAO
commercial solution. Subsequently, the powder was dried under a dynamic vacuum of 1073
to 107> mbar for 4 h at 80 °C. The dried MAO was then stored in a glove box.

4.4.3.3. Catalyst synthesis

For silica dehydroxylation, 3 g of Grace 948 silica were taken in a Schlenk tube and heated
under dynamic vacuum of 1073 to 10~ mbar following the profiles shown in Figure 4.4.1.
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Figure 4.4.1.Temperature profiles used for silica dehydroxylation

The profiles for 450 °C and 600 °C are similar except the maximum temperatures. For 200 °C
profile, silica was heated at 130 °C for 1 h in order to remove all the adsorbed water whereas
for the other two profiles this was achieved by heating for 2 h at 200 °C. A time of 4 h was
given at maximum temperature under vacuum for all profiles. After dehydroxylation, silica
was kept in the glove box. The silica impregnated with MAO, named hereafter as SMAO, was
prepared as follows. 2 g of dehydroxylated silica were placed in a three neck round bottom
flask in the glove box under Argon. An amount of pure dry toluene equal to the pore volume
of silica i.e., 1.7 mL.g™* was mixed with 3.5 mL of 30 wt% MAO solution in a separate vial at
room temperature under argon and left for 30 min. This solution of MAO in toluene was
then added to the silica drop-wise, which wetted the silica completely. The resulting thick
slurry was heated at 80 °C for 4 h without any stirring under argon and the evaporating
toluene was refluxed via a condenser. At the end of this process, the mixture was washed
once with heptane, then dried under static vacuum at 80 °C. Dried SMAO, a free flowing
white powder, was stored in a glove box.

4.4.3.4. Silica, MAO and SMAO characterization

Al content was measured using Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES) at Mikroanalytisches Labor Pascher, Germany. Diffuse Reflectance Fourier
Transform Infrared Spectroscopy (FT-IR-DRIFT) was used to characterize the as-received
Grace 948 silica, the silica dehydroxylated at different temperatures, and MAO impregnated
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silica (SMAOQ) prepared by using silica dehyroxylated at different temperatures and the final
catalysts. A few milligrams of each sample were added to a DRIFT cell equipped with CaF;
windows inside a glove box. For dried MAO, the sample was mixed with dry KBr (10 wt%). IR
spectra were recorded on a Nicolet 6700 FT-IR spectrometer. Typically, 64 scans were
accumulated for each spectrum (resolution 4 cm™). Solid-state NMR spectra were acquired
on a Bruker Avance Il 800 spectrometer (*H: 800.13 MHz, ?’Al: 208.50 MHz). For H
experiments, the spinning frequency was 20 kHz, the recycle delay was 5 s and 128 scans
were collected using a 90° pulse excitation of 2.25 ps. The 2’Al MAS NMR spectra at 18.8T
were acquired at a spinning frequency of 20 kHz, using central transition — selective Hahn
echo sequence. The D-HMQC experiments were set up with a 2’Al spin echo selective to the
central transition, with pulses of 8 and 16 ps, with H 1t/2 pulse of 3.3 ps on either side of the
27Al 1t pulse. The number of scans for each tl1 increment was set to 1280. The dipolar
recoupling scheme (SR42;) was applied for 600 ps'’. Two-dimensional (2D) *H-'H double
guantum magic-angle spinning spectra were performed at 20 kHz spinning speed using the
R12,°> symmetry-based recoupling scheme!® applied for 133 ps at RF field strength of 65 kHz.
The recycling delay was set to 2 s and 16 transients were added for each of the 100 t1
increments. The Al MQMAS spectra were collected using the Z-filter sequence'®, which
consists of two hard pulses of 3.5 and 1.3 us at an RF field of 90 kHz, for triple quantum
excitation and reconversion, respectively, followed by a soft pulse of 6 us at an RF field of 15
kHz. The t1 step was set to the MAS period. Chemical shifts were given in ppm with respect
to TMS as external reference for *H NMR, and to Al(H20)¢** for Al NMR. The samples
analyzed by NMR were: dried MAO, SMAQO-200 °C, SMAO-450 °C and SMAO-600 °C. The
samples were prepared under strictly inert conditions in an argon-filled glovebox by packing
into ZrO; rotors closed with Kel-F caps.

4.4.4. Results and discussion

The manner in which supported catalysts (metallocene or other) are prepared can eventually
have an impact on the quantity and nature of the active species, and if so, this can influence
the rate of polymerization, as well as the molecular and physical properties of the final
polymer product. As we mentioned above, various routes for the preparation of silica-
supported metallocenes have been proposed in the literature, and each synthesis procedure
has specific advantages6:819142021 Sypporting MAO on dehydroxylated silica before grafting
the metallocene is one of the most common methods discussed in the open literature.
However, the role of the dehydroxylation temperature of silica on the grafting of MAO,
which in turn impacts the performance of the catalyst, has not been directly studied or
clearly explained. In the present work three SMAO/(n-BuCp).ZrCl, catalysts were prepared
using the Grace 948 silica treated at 200 °C, 450 °C or 600 °C. The dehydroxylation of silica
was followed by the impregnation of a toluene solution of 30 wt% MAO (Albemarle) for 4 h
at 80 °C. The chemical formula of the MAO can be determined from the analysis provided by
the supplier (see Experimental part). In agreement with the work of Imhoff et al.,?? the
formula of MAO can be represented as (Al(CH3)1.4200.79)n and free trimethylaluminium (TMA,
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representing 14.4% of Al). The final product of this step was a white free flowing powder
named as SMAO-200 °C, SMAO-450 °C or SMAO-600 °C depending upon the silica
dehydroxylation temperature used. The nature of the silanol groups on silica support, which
is controlled by the thermal treatment of the silica, impacts the structure of the supported
MAO and consequently its ability to react with a metallocene precursor.

DRIFT and SS-NMR analyses of SMAO were performed for characterizing the SMAO and
provided some information regarding the difference of reactivity between MAO and the
Grace 948 silica treated, respectively, at 200 °C, 450 °C or 600 °C.

DRIFT analysis of silica, dried MAO and SMAO

Silica surface hydroxyl (OH) groups are characterized as isolated silanol (Scheme 4.4.1, 1),
vicinal silanol (Scheme 4.4.1, 1), and geminal silanol (Scheme 4.4.1, 1ll). These silanol groups
act as fixation sites for the cocatalysts or metallocenes depending upon the method of
catalyst synthesis, and their concentrations decrease with an increase in silica
dehydroxylation temperature. DRIFT is an essential analytical tool for analyzing different
type of chemical species present on silica surface and it has been used extensively to
characterize different species present or generated on the silica surface before and after
dehydroxylation, impregnation with MAO and metallocene graftingd7- 2324,

A
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Figure 4.4.2.DRIFT spectra of silica-600°C (a), after reaction of MAO (SMAO-600°C) (b), after
activation of (n-BuCp)2ZrCl, (n-BuCp-600°C) (c)

The DRIFT spectra of 600 °C dehydroxylated Grace 948 silica, SMAO-600 °C and n-BuCp-600
°C are compared in Figure 4.4.2(see also Figure 4.4.3 and Figure 4.4.4. for silica treated at
200 °C and 450 °C, respectively). In addition to isolated silanol groups (peak at 3736 cm™), it
can be observed that vicinal OH groups (peak at 3661 cm™ and 3536 cm™) are also present
after heat treatment at 200 °C, 6 whereas only isolated silanol groups remain on the silica
after treatment at 450 °C and 600 °C. Broad bands at 1870 cm™ and 1632 cm™ are
overtones and result from combination of intense Si—O fundamental modes. These results
are in good agreement with available literature datad7- After impregnation of each silica
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with MAO, new peaks appear, especially in the range of 3100 to 2700 cm™ due to the
reaction of MAO with different silanol groups present on silica. Since, MAO is a mixture of
oligomeric MAO and TMA, 5° it has been suggested that, depending on the dehydroxylation
temperature, silanol (Si—OH) or siloxane (Si—O-Si) groups react with TMA, whereas MAO is
physically adsorbed on the surface569.
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Figure 4.4.3 DRIFT spectra of silica-200°C (a), after reaction of MAO (SMAO-200°C) (b), after
activation of (n-BuCp)2ZrCl, (n-BuCp-200°C) (c)
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Figure 4.4.4. DRIFT spectra of silica-200°C (a), after reaction of MAO (SMAQO-450°C) (b), after
activation of (n-BuCp)2ZrCl, (n-BuCp-450°C) (c)

The reaction of TMA with OH groups generate —Si—O—Al-(CHs) species, whereas, —Si—CHj3
moieties are produced by the reaction of AlI-CH3 species with siloxane groups (Si—-0-Si) 5%°.
For SMAO-200 °C and SMAOQO-450 °C, isolated silanols are totally consumed by reaction with
MAO in contrast to SMAO-600 °C, as indicated by a small band at 3745 cm™ in Figure 4.4.2
characteristic of isolated silanols. This peak totally disappeared after metallocene grafting.
Hydrogen bonded OH groups can be observed in all the SMAO samples in the range of 3680
to 3660 cm™t. Methyl groups of MAO can be observed in the region of 3000 to 2800 cm™
with v, and us of the terminal methyl groups in the range of 3050-2018 cm™ and 2950-2750
cm™t 45 In case of SMAO-450 °C and SMAO-600 °C, very similar peaks can be observed at
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2957, 2947, 2940 and 2900 cm™. These peaks can be attributed to the stretching vibrations
of methyl groups in Al-CHs species or Si—-CHs species. Distinction between the two species
(i.e., AI-CH3 or Si—CHs3) based on DRIFT spectra is difficult because the stretching vibrations
of methyl groups in both the species are very similar,52> however, both Bianchini et al. 4 and
Panchenko et al.5 attributed the peak at 2960 cm™ to the presence of Si—CHs species. The
DRIFT spectra of SMAO samples show the presence of this peak in SMAO-450 °C and SMAO-
600 °C at 2957 cm™, whereas, no such peak is present in the SMAO-200 °C sample. This is
due to the fact that reactive siloxane bonds (Si-O-Si) are formed only at higher
dehydroxylation temperatures. The DRIFT spectrum of SMAO-200 °C (i.e.,Figure 4.4.3)
showed peaks at 2949 and 2900 cm™ due to the stretching vibrations of methyl groups in
Al-CHj3 species.4'5 In addition, the DRIFT spectrum of dried MAO (

Figure 4.4.5) showed peaks at 2947, 2937 and 2895 cm™ for the stretching vibrations of
methyl groups in Al-CHs species. This analysis confirms the assignment of peaks observed in
the same region for SMAO. In summary DRIFT analyses of dehydroxylated silica, SMAO and
supported metallocene showed that the nature of surface species is influenced by the
reactivity of silanol and siloxane moieties, which depends on the thermal treatment of silica.
DRIFT spectra of the final supported catalysts (i.e., after grafting the metallocene on SMAO)
are also shown Figure 4.4.2, Figure 4.4.3, Figure 4.4.4. It is important to mention that
characteristic absorption peaks of the aromatic and alkyl groups present in the (n-
BuCp)2ZrCl; molecule appear in the same region as that of MAO molecule i.e., 3100-2800
cm™t (C-H stretching) and 1500-1300 cm™ (methyl and methylene deformation modes).6 It
is therefore difficult to differentiate between the DRIFT peaks coming from metallocene,
MAO and toluene molecules. However, the peak at 1602 cm™ can be attributed to —C=C-
stretching of the Cp ring, whereas, the one at 1494 cm™ can be attributed to bending
vibrations 8(CHs) of the butyl substituent of the Cp ligand?3?® and appears in the DRIFT
spectra of all the final supported catalysts only.
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Figure 4.4.5. DRIFT spectra dried MAO at 100°C
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The stretching vibrations at 3016 cm™ have been attributed to the Cp ring by Bianchini et
al.4 This peak was also observed in our spectra. However, it should be noted that residual
toluene shows the same vibration (see SMAO spectra in Figure 4.4.2, Figure 4.4.3, Figure
4.4.4).

4.4.4.1. Solid state NMR analysis of dried MAO and SMAO samples

Liquid-state NMR studies on MAO and aluminoxanes have been previously reported in the
literature.?”- 28 29 |n particular, given the possibility to determine the coordination number of
aluminum alkyl from their chemical shift, ?’Al should be the most adequate tool to
determine the structural features with MAO3% 3!, However, since ?’Al is a quadrupolar
nucleus (S = 5/2), the broad line width encountered in non-highly symmetrical environments
prevents any detailed analysis. On the other hand, solid state NMR provides access to
additional spectroscopic parameters other than chemical shift. Namely, it is possible to
determine quadrupolar coupling constants that are characteristic for given structural types.
One can also benefit from high resolution techniques such as MQMAS to disentangle
complex 1D spectra (vide infra). Indeed, a few studies on MAO and molecular models have
been performed, with mixed conclusions regarding the actual MAO structure3233 It is
therefore of interest to perform more detailed studies involving state of the art NMR
methodology focused on structural investigations on MAO and on its grafting on silica. In the
present study, we used high field NMR, combined with a high resolution method (MQMAS)
for quadrupolar nuclei, as well as homo- and heteronuclear correlations to determine the
main features of MAO and its silica-supported version along with the grafting reaction
pathways. It is necessary to account for the fact that we will be studying materials (dried
MAO and SMAOQ) that have been subjected to vacuum treatment. Thus in the case of dried
MADO, its composition differs from that of commercial MAO solutions since AlMes (either
free or bound) is present in solution but the vacuum treatment causes AlMes elimination
from the product (Figure 4.4.6).
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Figure 4.4.6. *H proton NMR spectrum of 30wt% MAO solution (a) dried MAO obtained by
heating the 30wt% MAO solution at 80°C under vacuum for 4h (b). Benzene was used as
solvent for both NMR spectra

'H MAS NMR spectra of dried MAO and supported MAO (SMAO-200 °C, SMAO-450 °C and
SMAO-600 °C) feature signals expected for Al-Me groups at a chemical shift (CS) of about
-0.7 ppm (Figure 4.4.7, a—d)
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. 5-Sinale-Quantum ('H) / bom
Figure 4.4.7. 'H MAS NMR spectra of a) dried MAO, b) SMAO-200 °C, c) SMAO-450 °C and d)
SMAO-600 °C; e) 1H-1H DQ MAS NMR spectrum of SMAO-600 °C (18.8 T, spinning speed 20
kHz)

A slight shift is observed in the position of the Al-Me signal upon grafting, from -0.4 ppm in
dried MAO to about -0.7 ppm in the supported MAOs. Furthermore, when comparing
spectra of SMAO-200 °C and SMAO-600 °C, one notices the increase of the 0.2 ppm signal
assigned to Si—-Me protons. This is in line with infrared studies described above. These
groups arise from reaction of Al-Me with strained siloxane bridges, the proportion of which
increases with silica dehydroxylation temperature (Scheme 4.4.2). Proximities between
protons within a solid can be determined using 'H-'H two-dimensional (2D) Double-
Quantum MAS NMR spectroscopy (DQ MAS), which relies on homonuclear dipolar
recoupling methods3*. The DQ MAS spectrum of SMAO-600 °C (Figure 4.4.7-e) shows that
the Si—Me groups are close to some of the Al-Me moieties, as expected from the postulated
reaction mechanism. This is highly reminiscent of the surface chemistry of AlMes, where
similar spectra are obtained (see Figure 4.4.8 for comparison)®>3®. This demonstrates that
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grafting of MAO occurs not only via Al-Me protonolysis, but also from Si—O-Si opening,
which results in spatially close Si—-Me and Al-Me groups (Scheme 4.4.2).

/[Al]MAO
O Me
/O\S,/O\ .0— Me-[Alwao _o_l | .o—
ol [N _ol 1.
/O \O/ o /O \O/ (@]

\ \

Scheme 4.4.2. Reaction of MAO with strained siloxanes

Si-Me —_, Al-Me

1 17T 7 1T "1 " T "1

——
6 4 2 0 -2 44 ppm
'H chemical shift

Figure 4.4.8. IH MAS NMR spectrum of AlMes grafted on Si02-600 (18.8 T, at spinning speed
20 kHz).

A further confirmation of proton signal assighment was brought by the *H-?’Al D-HMQC
spectrum.?” This technique probes the spatial proximity of heteronuclear pairs, within a
given range. Using a short recoupling delay thus provides selective information on close spin
pairs (below 4 to 5 A).

In the case of SMAO-600 °C, the observed correlation with the 2’Al dimension (Figure 4.4.9)
only concerns the —-0.7 ppm *H signal, which confirms its assignment to Al-CHs group.
Accordingly, no cross-peak is observed for the Si-Me site. The 2’Al Hahn echo MAS NMR
spectra of dried MAO and supported MAO (Figure 4.4.10, a—c) are composed of a broad
resonance as a consequence of a large second-order quadrupolar interaction, not averaged
under MAS conditions. In an initial stage, the spectra look similar, with a featureless signal
[20-110 ppm], most probably resulting from the overlapping of several Al sites. The
observed CS values are in line with those reported by Talsi,?” of about 110 ppm. In order to
get a more precise insight into the dried MAO structure, we resorted to the 2D high
resolution method MQ MAS.38 The spectrum of the molecular sample of dried MAO has a
good signal-to-noise ratio, but is rather complex, featuring peculiar line shapes due to large
guadrupolar coupling associated with significant chemical shift anisotropy. This combination

leads to a large number of highly distorted spinning side bands in the isotropic dimension
(61(7Al)).
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Figure 4.4.9. SMAO-600 °C: a) 2’Al Hahn-echo, b) *H-filtered 2’Al D-HMQC, c¢) *H and d) 2D
'H-27Al D-HMQC MAS NMR spectra (18.8 T, spinning speed 20 kHz)
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Figure 4.4.10. 2’ Al Hahn Echo MAS spectrum of a) MAO, b) SMAO-200°C and ¢) SMAO-600°C
and 2’Al MQ MAS spectrum of d) MAO and e) SMAO-600°C (18.8 T, spinning speed 20 kHz);

on spectrum d), the B species is evidenced by its rotation band at 215 ppm in the isotropic
dimension, while the chemical shift band expected at 146 ppm is not observed due to the
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large anisotropic interactions associated with inhomogeneous MQ excitation conditions.
Asterisks designate spinning side bands

This is reported in the literature for extreme cases such as 2>Nb MQ MAS NMR spectra of
specific inorganic materials3®4° Remarkably, in the present case, the distortion is such that it
can result in the quasi-negligible intensity of the isotropic signal, with maximized intensity in
the spinning side bands. The position of the isotropic signals was unambiguously determined
by recording the MQ MAS spectrum at 2 different spinning speed (Figure 4.4.11).

ppm
« 100
>
2-4
P10 =
o
o
3
200
T T T T
150 100 50 0 ppm

8,("Al) / ppm

Figure 4.4.11. 2’Al MQ MAS of MAO (18.8 T), at spinning speed 20 kHz (blue) and 18 kHz
(red); asterisks designate spinning side bands

oy
<
5 c

Figure 4.4.12. 27 Al MQ MAS spectrum of MAO (18.8 T), at spinning speed 20 kHz with
simulated CS resonances. A: CS=100 ppm, CQ=18 MHz; B: CS=119 ppm, CQ=18.6 MHz; C:
CS=69 ppm, CQ<5 MHz. Asterisks designate spinning side bands

Thus, three main sites emerge from the high resolution spectrum: a) the major site (site A,
Figure 4.4.10) features a chemical shift of 100 ppm, with a large quadrupolar coupling, of
about 18 MHz (calculated from the position and width of the isotropic signal in the 2D
spectrum);*! b) a second site of lesser intensity (site B, Figure 4.4.10) resonates at 119 ppm,
with also quadrupolar coupling above 18.5 MHz, similar to that of site A; c) a third site
appears as a minor component at 69 ppm, with a broadening dominated by chemical shift
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distribution, and no apparent quadrupolar broadening (site C, Figure 4.4.10). These
parameters have been used successfully to simulate the CS lines on the MQ MAS spectrum
(Figure 4.4.12).

The reader's attention is drawn to the fact that in the case of spectra featuring quadrupolar
lineshapes (as in the present cases), the isotropic chemical shift is not located in the center
of the central transition signal, but on its lower frequency end. Thus, sites A and B feature
rather similar chemical shift and quadrupolar coupling constant. The well-admitted main
structural type within MAO is tetracoordinated Al(Me)Os. Molecular species with similar
aluminum coordination spheres indeed give rise to CS in the 120-80 ppm range, which is in
agreement with both observed values for A and B.2842 The quadrupolar coupling constant is
in the same range to that of MAO-related molecular species (where Al(Me)Os display a CQ
value of 17.5 MHz* and of electronically comparable surface monohydride on tetra-
coordinated aluminum (AI(H)(O)s) which features a CQ value of about 15 MHz.*® However,
the rather well-separated lines for A and B in the MQ MAS and the lack of CS and CQ
distribution are indicative of two slightly but definitively distinct types of environments.
Interestingly, the theory group at Institut Francais du Pétrole Energies Nouvelles (IFPEN)
recently studied the structure of “pure” MAO cages, composed of [AlIOMe], units (with a 1:1
Al:Me ratio) arranged in either square or hexagonal faces, and computed the corresponding
'H and %Al NMR chemical shifts.** They correlated the local environment of aluminum
atoms in terms of nature of edge-sharing faces with 27Al chemical shift. Based on this, we
propose that site A (CS of about 100 ppm) is on the edge of 1 square and 2 hexagonal faces
(calculated range: 103—109 ppm) and that site B (CS of about 119 ppm) is on the edge of 2
square and 1 hexagonal faces (calculated range: 111-120 ppm).

This is depicted in Figure 4.4.13, which features as
an example a cage structure involving 8 Al atoms.
This is the first experimental evidence of the
topology and structure of MAO-cages that have
been postulated by DFT calculations. Regarding
site C, the low CS and CQ values plead for a purely
oxygenated coordination sphere, of the Al(O)a

type.**Most specifically, the low CQ (less than 5

® MHz) rules out the hypothesis of AIMeOs sites on
W the edge of 3 hexagonal faces (calculated CS of 90

‘ .. ppm). The low quantity of these sites may be an
y indication that they result from decomposition by

°- 9 hydrolysis or oxidation, although one cannot rule

out that they are “buried” aluminum centers from
Figure 4.4.13. Example of

[(AIMeO)8] MAO-cage and the two A
and B structures

larger structures within MAO. Unfortunately,
unambiguous determination of the proportions of
these sites (and thus assessment of the average
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size of the oligomers based on DFT-calculated models) is out of reach, due to
inhomogeneous site excitation for MQ MAS, to strong line shape overlapping of 1D spectra
and to the occurrence of spectral components with fairly similar features (CS and CQ).

Furthermore, due to intrinsic NMR limitations, we cannot rule out the presence of aluminum
centers featuring higher CQ, as was proposed in several MAO models,3%330or observed for
silica-supported aluminum alkyls.*® This means that bis- or tris-alkyl species such as
[Al(O)nMem] (n,m = 2 or 3) that have been postulated in the literature may have escaped
detection under our experimental conditions, and that we may not be observing all the
aluminum centers present in the dried MAO sample. In particular, we did not observe
oxygen-bound TMA in the above described spectra. This is a species postulated in the MAO
structure that would give rise to signals in the 185—-170 ppm range.3%% These elements can
help to determine a range of possible structures with various nuclearity for the dried MAO.
Indeed, in ref. 43, the most stable (AIOMe), structures have been determined by theoretical
calculations. It appears that for value “n” above 13, the number of hexagonal faces
increases, while the number of square faces is constant. Thus, from thereon, the quantity of
Al sitting on 3 hexagonal faces increases constantly with the nuclearity of the cages. Such Al
centers give rise to an NMR signal expected at 90 ppm, which is not observed in the present
case. On the other hand, below n = 12, the proportion of such sites is low (only 2 out of 10
and 2 out of 11 respectively for (AIOMe)10 and (AIOMe)11), below the detection limit of MQ
MAS. Along the same line, the “n” values less than 6 can be excluded based on high
proportion of square faces. Thus, we propose that the nuclearity of the (AIOMe), is most
probably between 6 and 12. This is much lower than reported values.*® This discrepancy may
be due to the thermal treatment of MAO upon its drying that affects the size of the cage. On
the other hand, one can also propose that as NMR is sensitive to local parameters, as it gives
evidence for low nuclearity, the larger MAO sizes determined in solution would be the result
of aggregates formation by clustering of smaller entities.

The MQ MAS NMR spectrum of SMAO-600 °C was recorded (Figure 4.4.10-e). It features
overall similar signals to that of dried MAO described above. This indicates that the
structures present in the dried MAO are found in this material, obtained from reaction of
MAO solution with silica followed by mild (80 °C) thermal treatment under vacuum. In spite
of the low signal-to-noise ratio due to the low Al concentration in the silica-supported
sample, it appears that the B sites are preferentially consumed upon grafting (see Figure
4.4.14 for the comparison of the isotropic projections of dried MAO and SMAO-600 °C).

126

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tom Vancompernolle, Lille 1, 2017

T T T
200 150 100

3,(Al) / ppm

Figure 4.4.14.27Al MQ MAS isotropic projections of dried MAO (top) and SMAO-600
(bottom) (18.8 T). Asterisks designate spinning side bands

However, further discussion is not possible at this stage. In conclusion, both DRIFT and SS-
NMR analysis of SMAO highlighted that the concentration and the nature of silanol and
siloxane groups impact the reaction of MAO with silica. The analysis of SMAO obtained from
silica thermally treated at elevated temperature (450—600 °C) showed the presence of Si-Me
groups formed by opening of strained siloxane moieties. Thus, for silica treated at 200 °C the
MAO reacts only with the silanol while for silica treated at higher temperature the MAO
reacts first with the silanol and subsequently the surface Al-Me function opens siloxane
moieties leading possibly to the formation of vicinal Si—-CH3 sites. We can reasonably assume
that the way the MAO reacts with silica impacts the structure of the activator, and thus the
number of activating sites leading to different Zr content after impregnation of the
metallocene precursor (see Table 4.3.1).

Silica T (°C) Al (wt%) Zr (Wt%) Al moles Zr moles Al/Zr
200 16.24 0.11 6.02 x 103 1.21x 107 499
450 13.45 0.29 4,99 x 103 3.18 x 10 157
600 11.40 0.26 4.23 x 103 2.85x107 148

Table 4.4.1. Elemental analysis of the supported catalysts prepared by using different silica
dehydroxylation temperature

Another important issue concerns the actual nature of the MAO compound that reacts with
the silica surface. Indeed, MAO solution consists of a mixture of polymeric MAO fraction
(Al(CH3)1.4200.79)n and free trimethylaluminium (TMA). It is well accepted that the TMA reacts
preferentially with silica due to its smaller size and its higher reactivity. However, we cannot
rule out direct reaction of polymeric MAO, especially with silica treated at low temperature
(200 °C) where a sub-stoichiometric amount of TMA (related to Si—OH concentration) was
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introduced. The nature of the aluminum species that reacts can obviously impact the
number of activating site on SMAQO. It appears that a thermal treatment of silica at elevated
temperature leading to a lower concentration of silanol group (isolated silanol) favored the
grafting of the metallocene (n-BuCp).ZrCl,. However, further discussion is not possible at this
stage. Another observation is the fact that the structure of SMAO is close to that of dried
MAO, namely consisting of cage structures.

4.4.5. Conclusion

The concentration and the nature of silanol (Si—OH) groups on the surface of silica support is
an important chemical property of silica, and significantly affects the catalytic activity of
supported (n-BuCp).ZrCl, metallocene complex in ethylene homopolymerizations. Increasing
the dihydroxylation temperature from 200 °C to 600 °C decreases the OH concentration of
silica and only isolated silanol groups remain on Grace 948 silica at 600 °C. After
impregnation of the silica with MAO the aluminum content of these silica (dehydroxylated at
different temperatures) decreased with increase in dehydroxylation temperature. DRIFT and
SS-NMR analyses showed that the grafting of MAO was impacted by the nature and the
concentration of silanol groups on the silica surface. MAO reacted on silica dehydroxylated
at high temperature (i.e., 2450 °C) with both silanol and siloxane groups which was
evidenced by the formation of Si—-Me. In addition, the presence of Al(Me)Os sites in different
configuration was evidenced for the first time by SS-NMR in the present work. As a
continuation of these structural investigations, the corresponding supported metallocene
catalysts were evaluated in ethylene polymerization. The intrinsic and average activity of (n-
BuCp)2ZrCl, supported on MAO impregnated silica (SMAO) increases with increasing silica
dehydroxylation temperature from 200 to 600 °C. Related to metal content in the supported
catalysts, it was concluded that whatever the thermal treatment of silica is, the same active
species are formed but more active sites are generated when silica is thermally treated at
high temperature.
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4.5. Oligomerization and polymerization of ethylene using supported aluminum alkylating
agents.

This work was performed during a 4-weeks stay in UFRGS (Porto Alegre) thanks to a
fellowship granted by the COMUE Lille-Nord de France

4.5.1. Introduction

In the petrochemical industry, one of the main goals is the synthesis of chemicals that are
building blocks for higher added-value products. In this field, the oligomerization of olefins is
the reaction of choice which involves the sequential addition of olefinic group to form higher
homologues. Depending of the need, the number of units in the molecule can be tuned
(Figure 4.5.1).

R [M] R R
A MH
n-1

Figure 4.5.1 Oligomerization and polymerization of building blocks

This reaction can imply two olefins (n=2, dimerization reaction), three olefins (n= 3,
trimerization reaction), and so on, up to polymerization n>> 20) which is the addition of high
number of units. The simplest olefin available is ethylene that can form products of high
interest like butene, hexene or even the polyethylene if the polymerization is occurring. A
key issue here is the selectivity, as in parallel to oligomerization, double bond isomerization
can occur, afford internal olefins (Figure 4.5.2).

isomerization R
~_R SR+ K\/

Figure 4.5.2 Isomerization of a-olefins

The formation of oligomers is achieved through catalytic processes relying on transition
metals as in the SHOP process developed by Shelll. This reaction allows the formation of C4
to Czo olefins. The Cs to Cg olefins are commonly used as co-monomers for production of low
density polyethylene. The Cg to Ciz fraction has applications as plasticizers. Products of Ci; to
Ci6 can be used as starting compounds for detergents synthesis and Cso to Cso are employed
as oil lubricants. In the literature, one can found an impressive number of reports on
oligomerization mediated by a wide range of catalysts. Among these, systems with high
selectivity toward a specific olefin can be found. Indeed, highly valuable a-olefins as 1-
butene, 1-hexene or 1-octene can be obtained selectively through the dimerization?
trimerization® and tetramerization,* respectively. Due to the increasing demand in o-
olefins®, the development of more efficient or novel systems is of high fundamental and
economical interest. To perform the oligomerization or the polymerization, the catalyst (that
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can be tuned to selectively form one olefin instead of another®) usually needs to be activated
by an alkylating agent as methylaluminoxane, AIRCl, or AIRs. In order to develop
molecularly-defined, supported catalysts able to perform gas phase reactions, we set forth
to study of the development of supported aluminum co-catalysts and their effect on a given
cobalt catalyst’s performance. This takes place in the continuity of our work on immobilized
aluminum alkyl species (see 4.4 Investigations on the structure and silica surface reactivity of
methylaluminoxane (MAO)). We will thus explore the influence of the nature of this
cocatalyst on the activity and selectivity in the ethylene oligomerization reaction.

4.5.2. Results and discussions

In the framework of a collaboration with the team of Michele De Souza (Universidade
Federale de Rio Grande do Sul, Porto Alegre, Brazil), we selected a cobalt catalyst for our
investigations. The de Souza team has successfully used this catalyst to form selectively C6
molecule using 1-propylene with high turnover number’ (Scheme 4.5.1).

| X
R
Co-F e F3G N—Co—N_  CFs
N ———— NN A o ¢
EASC cl
_ 60% 30% Co-F
30min F
47300 TOF F
90% of C6
10% of C9

Scheme 4.5.1 Oligomerization of ethylene with Co-F

First tests with several molecular alkylaluminum species were carried out to validate the
procedure (Scheme 4.5.2) before switching to the heterogeneous versions. The results are
listed in Table 4.5.1. The quantification was done by GC after that the reaction mixture was
cooled down in order to avoid partial evaporation of the products (the boiling point of 1-
buitene is -6.25 °C). Best results are obtained by the EASC (ethylaluminum sesquichloride,
AlyEt3Cl3) (Entries 1 and 2) with activity of 1165 mmol of butene produced per mmol of
cobalt catalyst per hour. The TMA is less active (Entries 3, 4, 5) but is more selective. Indeed,
in the same conditions (Entries 2 et 3) the system is 4 time less active when it is activated by
TMA but the selectivity in 1-butene compared to 2-butene is better (99 vs. 78 %,
respectively). Variation of the ratio [Al]/[M] confirm the optimal ratio as described in
literature®, as where a [Al]/[M] ratio of 600 affords better results than 60 in terms of activity
(Entries 3 and 4). Performing reaction at 0 °C induces an enhancement in activity in the case
of EASC-based system, whereas in the case of TMA, loss of activity is observed (Entries 1 and
5). Regarding this, several phenomena could be at hand. Indeed, the catalytic systems
generated in situ are on the one hand stabilized by lower temperature, but reactions should
be slower under these conditions. However, this may be compensated by the higher
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solubility of the olefin at lower temperature. Combination of these effects thus results in
these contrasted observations between TMA- and EASC-based systems.

Thus, the setup is validated, which enables the exploration of supported co-catalysts’

influence. These runs have also shown that the alkylation needs to be performed under

ethylene atmosphere, as otherwise no catalytic activity develops. This shows that the thus-

formed active species is unstable in the absence of olefinic substrate.

s
!

Ethylene

1

[ ]

Scheme 4.5.2 Experimental setup for oligomerization of ethylene
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A Co-F+toluene

R
L
\\ k

\\)\’\//

A A
tiry Cocat. (Bl ML LG () butenemmol  Afe.C mimol et
catt.h?) 1)/ g of PE
1 EASC 3 600 0 1 1164 95 -
2 EASC 3 600 20 1 403 78 -
3 TMA 3 600 20 1 164 99 -
4 TMA 3 60 20 1 39 99 -
5 TMA 3 60 0 1 16 99 -
6 EASCa00 3 600 0 1 0 0
7 EASCaa0 3 60 0 1 88 98
8 EASC200 3 6 0 1 19 90
9 EASC200 3 60 20 1 136 75
10 EASCao0 5 60 20 1 219 68
11 TMA200 3 60 20 1 - - 1267/3.8
12 TMA200 3 60 20 0,5 - - 1467/2.2
13 TMA200 3 60 0 0,5 - - 1334/2.0
14 TMA200 1,5 120 20 0,5 - - 1067/0.8

Table 4.5.1 Oligomerization of ethylene using Co-F with molecular and heterogeneous
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Figure 4.5.3 GC of oligomerization of ethylene with Co-F and EASC, 1h

Then, we proceeded to the experiment with the supported alkylaluminum alkyls. EASC and
TMA were grafted onto a partially dehydroxylated silica (heated at 200 °C during 15h under
vacuum), affording respectively EASC200 and TMA200. We decided to focus on the SiOz-200
instead of a high dehydroxylated silica (such as SiO.700 for instance) in order to produce
materials with a high loading of aluminum. The silanol density on this support is of 1.48

mmol.g1, and we used 10 molar equivalent of alkylaluminum to prepare the supported
version.

The DRIFT of the material reveals the total consumption of the non-interacting silanols
(disappearance of the band at 3747 cm), and a significant decrease in the intensity of
interacting silanols’ signal (Figure 4.5.4). However, some silanols in interactions are still
visible (broad band at 3650 cm™). The elongations bands at 2957, 2899, 2856, 2827 cm™ and
the one at 2956, 2916, 2874 cm™ respectively for the TMAp and the EASCao0 can be
attributed to the vibrations of sp3> C-H bonds confirming the grafting of aluminum alkyl
species. The *H MAS NMR spectrum of TMAzgo in Figure 4.5.5 features a shoulder at 2.9 ppm

for the Si-O-H of the interacting silanols. The broad signals at 0.0 ppm -0.6 ppm can be
attributed respectively to Si-CHs and Al-CHs.

133

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Tom Vancompernolle, Lille 1, 2017

A A
MJ\ e
a) /ﬂ

3500 3000 2500 2000
Wavenumber (cm-1)

Figure 4.5.4 DRIFT of a) SiO2-200, b) TMA200, ¢) EASC200
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Figure 4.5.5 'H MAS NMR spectrum of TMA200

Preliminary mixing test of the Co-F and the alkylating agent reveal interesting contrasted
reactivity of TMA compared to EASC. Indeed, the reaction mixture is green when the cobalt
complex is activated in solution with EASC or with the supported equivalent EASCaoo.
However, mixing the Co-F precatalyst with both TMA and TMA2go affords red and purple
solutions, respectively (Figure 4.5.6). Hypothesis of different modes of alkylation is proposed
involving of the participation of the non-innocent pyridine-dimine ligand®.

Figure 4.5.6 Mixing of Co-F with several alkylaluminum reagents
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The experiments with the supported alkylaluminum reagents are listed in Table 4.5.1. The
best ratio of [Al]/[M] is 60 while 600 was the best with the homogeneous version. This is
interesting, as this implies that such heterogeneized systems are less costly compared to
their molecular counterparts. Similar tendency was also observed when comparing olefin
polymerization systems involving molecular and supported MAO cocatalysts (see above
section 4.4). Thus, under optimal experimental conditions the maximum in activity is of 219
mmol of butene.mmol.cat’.h?, lower than the TON of 1164 reached using molecular EASC.
Interestingly, the use of TMAyq affords no butene (or light olefins) but polyethylene. The
activity of towards polyethylene formation is relatively good with a maximum of about 1500
kg of polyethylene per mol of Co-F per hour. The active species is quite stable, as activity is
similar between 30 minutes and 1 hour (1470 and 1270 kgpe/molco-r/h, respectively, entries
12 and 11). Performing reaction at 0 °C resulted in no improvement in activity (Entries 12
and 13). Higher aluminum/cobalt ratio is detrimental to activity (Entry 14). This selectivity
contrasts with the outcome from combination of the Co pre-catalyst and molecular TMA,
which affords Cs product, and no trace of polyethylene. This may be attributed to the
activation of the catalyst that will differ with a constrained silica-supported TMA.
Alternatively, it may also derive from a more efficient chain transfer from the metal to the
co-catalyst (chain-shuttling), which would be faster than chain termination reactions'®. The
GPC analysis (Table 4.5.2) of the thus-produced polyethylenes show overall the formation of
low molecular weight polyethylene with medium to high polydispersity, from 1.8 to 12.6.
The poor control of the system can be explained by changes in the nature of active species
depending on reaction conditions (decomposition over time or under higher temperature),
or to the lack of proper mass transfer within this slurry-type process due the experimental
setup (magnetic stirred instead of mechanical propeller, for instance). Investigations on the
way the TMA;o0 activates the Co-F should be carried out in order to be able to tune the
system and thus to obtain a better control. The *H NMR spectrum of the polymer produced
in run 11 shows peaks at 5.0 ppm for the CH; protons within the terminal double bond, and
at 5.89 ppm for the CH protons in this fragment. A signal at 2.1 ppm is assigned to the CH;in
allylic position and the intense peak at 1.4 ppm corresponds to the CH; within the
polyethylene chain (

Figure 4.5.7). Furthermore, the terminal methyl group protons resonate at 1.0 ppm. The 3C
NMR presented in Figure 4.5.8 features signals from terminal vinylidene fragments at 138.9
and 113.7 ppm for the sp? carbons, and at 33.4 ppm for the carbon in allylic position. Peaks
accounting for CH;-CH,-CH3 are also observed at 31.2, 22.3 and 13.6 ppm respectively for
the carbons from the polymer chain. Minor signals accounting for other unsaturated
fragments (*H: 5.5 ppm, 3C: 130.0, 120.2 ppm) are due to presence of minor isomerization
products. These analysis shows that the main termination of the polymer occurred via a 3-H
elimination reaction.
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T 1
7 6 5 4 3 2 1 0 - 200 150 100 50 0
8('H)/ppm 3("“C)/ppm
Figure 4.5.7 H of polyethylene obtained Figure 4.5.8 13C of polyethylene obtained
with TMA200, 400 MHz, 393K, CD,Cl4D> with TMA200, 107 MHz, 393K, CD,Cl4D>
A
n Co-F Ratio Temp. _. (g of polym.
Entry (umol) A/IM] °C) Time(h) mmol cat™.h) / g of Mn Mw | (Mw/Mn)
PE
11 3 60 20 1 1267/3.8 500 900 1.8
12 3 60 20 0,5 1467/2.2 5001900 3.8
13 3 60 0 0,5 1334/2.0 7008800 12.6
14 1,5 120 20 0,5 1067/0.8 5002100 4.2

Table 4.5.2 GPC results
4.5.3. Conclusion

We have compared activity in ethylene oligomerization of systems combining a cobalt pre-
catalyst supported with either molecular or supported alkyl aluminum activators. Under
homogeneous conditions, good activity is obtained in the case of ethylaluminum
sesquichloride(EASC), with high selectivity towards 1-butene. Trimethylaluminum (TMA)
generates a less active system, though with excellent selectivity. When using the supported
versions of these activators, the EASC-derived system experience demonstrates lesser
activity, with overall decrease in selectivity. In the case of supported TMA, good activity
towards polymerization of ethylene was achieved, in sharp contrast to the analogous
molecular system. The analysis of the low-molecular polyethylene produced by the
heterogeneous system reveals that mostly linear species are formed.

4.5.4. Experimental part

General Considerations: Manipulations were carried out under argon atmosphere in an M-
Braun glove-box or by using Schlenk techniques. Toluene was dried by using conventional
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reagents and stored in the glove-box over 3A molecular sieves. Diffuse reflectance infrared
spectra were collected with a Harrick cell on a Nicolet Avatar spectrometer fitted with a MCT
detector.

Synthesis of Co-F: In a Schlenk tube, CoCl>(THF)15 (0.169 g, 0.71 mmol) is dissolved with THF
(15 mL). Another Schlenk tube is filled with the 2,6-bis[1-(2-trifluormethyl-4-
fluorophenylimine)ethylpyridine (0.363 g, 0.75 mmol) and dried for 2 hours under vacuum.
Then 10 mL of THF are added and the solution is poured to the vessel containing the cobalt
precursor. After 24h, the green solid is filtered, washed 3 times with THF then dried under
vacuum to obtain a yield of 86%. Elemental analysis (w %): C 47.17, H 3.13, N 6.11.
theoretical C47.18, H3.37, N 6.11

Synthesis of supported of alkylaluminum (EASC00 or TMA:200): A double-Schlenk vessel was
loaded with a 20 mL toluene solution of alkylaluminum (1 g, 14.8 mmol) in one compartment
and with silica dehydroxylated at 200°C (1 g) with 10 mL of toluene in the other
compartment. After 15h of stirring, the supernatant liquid was then separated by filtration
into the other compartment, from which the solvent was gas-phase transferred by trap-to-
trap distillation back into the compartment containing the modified support in order to wash
away the residual molecular precursor. This operation was repeated thrice and the resulting
material was then dried under secondary vacuum (10® mbar) at room temperature for 5 h.

Procedure for oligomerization/polymerization: In a glove box, a stainless reactor is filled
with the alkyluminum (481 mg, 2 mmol) or the material (121 mg, 0.18 mmol) and 15 ml of
toluene. Filled with 2 bar of ethylene and stirred for 10 min. Then under an atmosphere of
ethylene, a solution of 15 ml of toluene and Co-F (2 mg, 0.003 mmol) is added through a
syringe and the system is filled with a continuous flow of 10 bar of ethylene. After the
reaction time, the reactor is cooled down at -40 °C to allow the analysis in GC. In the case of
the TMA2q0 the polymer formed is dissolved in THF then precipitated with MeOH.

4.6. Conclusion

In conclusion, several aluminum species have been successfully grafted onto silica. The first
example was with a salen ligand, in the view of developing heterogeneous systems for
carbonation of epoxides. Mono- and bi-nuclear species have been prepared and immobilized
on dehydroxylated silica. 2’Al MAS NMR allowed understanding of the surface species
structure. In spite of positive catalytic results in epoxide carbonatation, both blank tests and
leaching studies cast doubt on the efficiency of the supported aluminum salen systems for
this transformation. In a second part, a new coordination compound has been prepared and
grafted onto high dehydroxylated silica. Advanced solid- state NMR spectroscopy showed
the presence of a mixture of surface species, differing in the nature of the coordinated donor
ligand, namely either THF or a siloxane moiety. We also devoted part of our studies to silica-
supported aluminum alkyl derivatives, an important class of co-catalysts for several
processes. Thus, the structure of MAO in the solid state was investigated, most particularly
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with Al MAS NMR, revealing elements directly connected to its structure, which also
applied to silica-supported MAO, a cocatalyst currently used in major industrial processes.
Additionally, we also relied on silica-supported alkyl and chloroalkyl aluminum species as
heterogeneous cocatalysts for olefin oligomerization mediated by a cobalt complex. Marked
differences with the molecular activators was observed, resulting in a specific case in the
formation of polyethylene instead of short olefins. This was ascribed to a more efficient
shuttling of the growing chain, most probably induced by electronic changes resulting from
immobilization of the aluminum center onto silica.
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5. Development of new silica-supported LX-type ligands by surface
modification

5.1. Introduction

Direct immobilization of the metal center on the silica surface represents the most
convenient pathway to generate well defined species. However, this approach is most often
limited to early transition metals, electrophilic enough to establish a strong, covalent bond
with surface oxygen centers. In the case of low bonding energy, typically with late transition
metals, leaching may occur: when considering catalytic applications, this means that loss of
activity from supported species may be observed. During the reaction, the catalyst would be
released in the supernatant. Several examples have been described, where late transition
metal siloxide species have been used for catalysis, including as grafted species!. However,
we reasoned that, to circumvent the weak point due to the non-strong bonding of the metal
to the surface, one would benefit from the use of a neighboring strong donor ligand that
could form a bidentate ligand upon reaction with the silanol and complexation of the donor
moiety (Scheme 5.1.1.) Moreover, this may provide access to tuned grafted species, were
the nature of the chelating framework may impact not only the resilience towards leaching,
but also the catalytic performances of the resulting material.

Ln
~(THF), @Xm
@'— Xm o
|
JW/VO/’ N - = O,/Si\O Mono-linked species
S e TN
b\NJWV
(THF) <
O\S' Si ®L X ‘@»D)
/O/ I\O/ I\\O
(o) O N S"O Bi-linked species
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Scheme 5.1.1 Concept proposition of the generation of bi-anchored species

Thus, to tackle this problem, we propose to modify silica by introducing a donor function in
the vicinity of a silanol. The strategy consists of treating the silica surface at high
temperature (1000 °C), then reacting it with a functionalized carbon-based nucleophile
bearing a potential donor ligand functionality. This donor would be connected to the silica
surface by a strong Si-C bond (Scheme 5.1.2).

139

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Tom Vancompernolle, Lille 1, 2017

X LMo
S"O\S LX l CI) MX i 9
/O—/I\O, '\O\ /O’,S'\O/S\'\O\ n O—/SI\O,S\I\O
R e A e A T

Scheme 5.1.2 Preparation of bi-anchored species

The possibility to modify the surface of silica by organolithium or Grignard reagents was
demonstrated by Kim and coworkers? using SiO2-1000 as a support. Indeed, SiO2-1000 bears
mostly siloxane bridges on its surface, with a very low quantity of residual silanols. This
thermal treatment, which causes water evolution by condensing neighboring silanols,
generates siloxane groups Si-O-Si. These may be part of ring of varying size, most often 6- or
8-membered. However, the use of elevated annealing temperature allows for the formation
of highly strained, reactive 4-membered rings3. These groups have been shown to be
sensitive towards nucleophilic attack by organometallic reagents®. In addition, Scott and
coworkers described that the reaction of Mg(nBu), with silica dehydroxylated at 500 °C
affords a mixture of sites resulting from protonolysis by silanol and from opening of siloxane,
which shows that such strong nucleophiles may react with silica even with such rather mild
pre-treatment conditions®>.We will describe here our studies devoted to the design of such
systems, using carbon-based nucleophiles connected to a N-donor function, along with
examples of Pd and Ir complexation and preliminary catalytic results.

5.2. Preliminary studies: nucleophilic attack on highly dehydroxylated silica by n-Buli

In a first stage, we explored the reactivity of SiO2.1000 towards n-butyl lithium, in order to
confirm literature results and get familiar with the topic. Thus, Aerosil silica was heated at
700 °C for 5h then at 1000 °C during 15h under vacuum (Scheme 5.2.1). Heating the support
at such high temperatures removes most of the silanols from the surface, as confirmed by
DRIFT spectroscopy. The Figure 5.2.1 presents the comparison between silica
dehydroxylated at 700 °C and at 1000 °C. The vo.u elongation band for isolated silanol is
strongly decreased on SiOz-1000 indicating the high degree of dehydroxylation on the surface.
However, some silanols are still present. This has been proposed to be due to their presence
as “trapped” silanols inside the structure, which prevents further reaction. It may also be
due to the difficulty to find two neighboring silanols to condensate into a siloxane, as the
surface density is dramatically decreased®. From the literature, the silanol content on this
support is estimated to 0.2 OH.nm™26.

H 5h,700°C
o~ then o
éi 15h,1000°C e
' —_— '
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Scheme 5.2.1 Preparation of SiO2-1000
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Figure 5.2.1.DRIFT spectra of SiO2-1000(green line) and SiO2-700 (red line)

Once the SiO2.1000 support was obtained, we proceeded to the reaction with an
organolithium derivative (R-Li) in order to generate =SiR and =SiOLi sites.

We carried out the reaction of n-butyllithium with SiO2-1000 in diethyl ether, at -80 °C for the
addition then return to the room temperature for 15 hours (Scheme 5.2.2).

Li(OEtz),
si s n-BuLi Si fe'),'
0-Si__Si~g - o-Si. _Si~g
LS9 0N, excess 80 5,
/ \ / \
SiO2.1000 n-BuLiqo00

Scheme 5.2.2 Treating SiO2-1000 With n-Buli to form SiO2-1000-Bu

After several washings, the resulting material (SiO2-1000-Bu) was dried under vacuum and the
DRIFT spectrum was recorded for comparison with the pristine support (Figure 5.2.2).

(2)

(1)

|

3500 3000 2500 2000
Nombre d'onde (cm-1)

Figure 5.2.2. DRIFT spectra of SiO2-1000 (1) and SiO2-1000-Bu (2)

The first observation is the disappearance of the vo.n band at 3747 cm™* showing a complete
reaction of n-Buli with the silanols. The vc.h bands observed at 2960, 2930, 2877 and 2858
cm™* are in line with the presence of alkyl groups on the surface. The material was analyzed
by solid-state NMR. The 'H MAS NMR spectrum (Figure 5.2.3) features 2 signals: The first
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one at 0.83 ppm for the CH3 protons and the other at 1.36 ppm for CH; groups. Noteworthy,
SiCH; protons are expected around 0.6 ppm’.

. I )
10 5 0 5 =10 ppm

Figure 5.2.3. *H NMR spectrum of SiO2-1000-Bu (800 MHz, ro=20 kHz)

However, the resolution is not enough to more precisely characterize the material.
Noteworthy, no signal accounting for OCH; moiety (and thus, for the presence of ether) is
observed. The 2°Si CPMAS NMR spectrum features 4 signals. In agreement with the
literature®, the signals at -107 and -96 ppm correspond to Qs and Qs sites, respectively (Qa
site is a silicium linked by 4 oxygen from the structure of the material. Same observation for
a Qs where 4 oxygen are bonded by the same silicium but one of them is not a Si-OSi site).
The signal at -57 ppm (T3) indicates the generation of =SiR site7. The presence of a signal at -
16 ppm, assigned to a D; site (=SiR2) indicates that the reaction proceeded further than
mono-alkylation. These results are in line with the observations from the Kim group. They
showed that the n-Buli is too reactive for the support and can form =SiBu,2. This confirms
the validity of our experimental conditions and this material will be used as a reference for
the following experiments.

50 0 50 100 150 -200 ppm
Figure 5.2.4. 2°Si CPMAS NMR spectrum of SiO2-1000-Bu (9.4 T, ro= 6 kHz)

In order to restore the silanol function for further grafting and extract the lithium atoms, we
washed the SiO2-1000-Bu with aqueous hydrochloric acid (12.5 mL, 2.5 M) then washed
successively by water, methanol then diethyl ether that have been removed under vacuum
for 5h (Scheme 5.2.3). On the DRIFT spectrum, the intensity of C-H elongations is lower than
in Si02-1000-Bu, indicating that we destroyed some of our =SiR sites. A broad band centered
at 3500 cm™ indicates the presence of Si-OH in interaction (Figure 5.2.5) as expected for a
washing with an aqueous solution of HCI. Similar results were obtained using non-acidic
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water treatment. Treating the material with an aqueous solution is thus a too strong
treatment to keep the sites intact. Following these difficulties, and bearing in mind that
grafting of late transition metal species would proceed more efficiently by halide
displacement than by protonolysis, we decided to proceed with the host material in its
silanolate form.

. |
o-Si.__Si~g 2.5Min H,0O -Si,__Si-
S 2 /OO, o \O O\
\ Et,0 / \

v

\/\_ Q HCI \/\ OH
£

Si03.1000-Bu

Scheme 5.2.3 Expected reaction upon washing the SiO2-1000-Bu with HCI

3500 3000 2500 2000
Nembre d'onde (em-1)

Figure 5.2.5. DRIFT of SiO2.1000-Bu before (bottom) and after (top) HCI washing
5.3. Surface proligands

In order to have a functionalized silica for further efficient complexation of metal complexes,
the species grafted onto the silicon center (=SiR) must feature donor ability to enhance the
stability of the metal grafting onto the silica by establishing a chelate ring. We selected N-
based ligands that possess good stability and chelating ability: pyridine (Pyr), 2-
methylpyridine (picoline, Pic) and dimethylbenzylamine (DMBA). Reaction of the
organometallic derivatives of these compounds (obtained either by C-H deprotonation using
n-BuLi or by Br/Li or Br/Mg exchange) with SiO2-1000 Was foreseen to afford materials SiO,.
1000-Pyr, SiO2.1000-Pic, and Si02-1000-DMBA, respectively (Scheme 5.3.1).
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Scheme 5.3.1 Synthesis of SiO2-1000-Pyr, SiO2.1000-Pic, SiO2-1000-DMBA
5.3.1. Using o-pyridyl lithium as nucleophile: SiO2-1000-Pyr

The o-pyridyl lithium is generated in situ using the freshly distilled bromopyridine and n-
butyllithium. The exothermicity of the reaction is controlled by adding the alkyl lithium
reagent to bromopyridine, in solution with diethyl ether, dropwise at -80°C. After a few
drops, the colorless solution turns to bright red, confirming the generation of the anion. This
solution is then used as such on SiO2-1000, after the addition the mixture returns to room
temperature and is stirred for 15h.

| N n-BuLi | N
— - > —
N~ Br Et,0 N~ L

Scheme 5.3.2 Synthesis of the o-pyridyl lithium reagent

The DRIFT spectrum of SiO2-1000-Pyr (generated with n-BulLi and bromopyridine) is presented
in Figure 5.3.1.
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Figure 5.3.1. DRIFT spectra of SiO2-1000-Pyr generated with 1 eq of n-Buli (bottom) and with
0.8 eq (top)

The spectrum is comparable to that of SiO2.1000-Bu. Sp? C-H elongation band at 3050 cm™ is
indicative of presence of pyridine on the surface. A decrease in n-BulLi equivalent (1 to 0.8)
during the Pyr-Li anion procedure is beneficial to the grafting of pyridyl fragment, as shown
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by the increase in the relative proportion of sp? C-H fragments on the DRIFT spectrum.
However, n-Buli is still detected on the surface. It can be explained by the presence of
unreacted n-butyl lithium of reactant which opens the siloxane bridges. No quantification of
the amount and the availability of these bridges can be performed. The washing with water
(Figure 5.3.2) or ethanol (Figure 5.3.3) gave no positive results, resulting in complete
degradation or no reaction, respectively.

3500 3000 2500 2000
Nombre d'onde (cm-1)

Figure 5.3.2. DRIFT spectra of SiO2-1000-Pyr before (bottom) and after washing with H,O (top)

3500 3000 2500 2000
Nombre d'onde {em-1)

Figure 5.3.3. DRIFT spectra of SiO2-1000-Pyr before (bottom) and after washing with ethanol
(top)

The 'H MAS NMR spectrum of SiO2-1000-Pyr features signals at 1.33 and 0.74 ppm for CH; and
CH3 from n-BuSi fragments as observed above , along with peaks at 8.5 and 7.0 ppm due to

the 0-CH and m,p-CH of the pyridine ring, respectively.
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1} -10 ppm

Figure 5.3.4. 'H NMR spectrum of SiO2-1000-Pyr (18.8 T, ro=20 kHz)

The 2°Si CPMAS NMR spectrum features a signal at -105 ppm for the siloxane groups (Q4),

with a broad shoulder around -81 ppm, in line with the presence of =SiAr groups.® Only weak
peaks around -20 to -60 ppm are observed, showing that reaction is rather selective.

100 50 0 -50 -100 -150 200 ppm

Figure 5.3.5. 2°Si CPMAS NMR spectrum of SiO2-1000-Pyr (9.4 T, ro= 6 kHz)

Using lithium dimethylamine (LDA) instead of n-BuLi gave not better results, as evidenced in
the Figure 5.3.6 where no T3 are observed in 2°Si CPMAS NMR).
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Figure 5.3.6 2°Si CPMAS NMR spectrum of SiO2-1000-Pyr generated by LDA instead of n-Buli,
9.4 T, ro=6 kHz
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5.3.2. Using methyl(o-pyridyl) lithium as nucleophile: SiO2-1000-Pic

The 2-methylpyridine framework is an attractive target, as it is expected to lead to larger,
more flexible chelate rings, thus more prone to complex metal centers on the surface
(Scheme 5.3.3). The methyl(o-pyridyl) lithium is as previously generated in situ using the
freshly distilled picoline. The anion is generated in solution, which turns from colorless to
bright orange. The analogous Grignard reagent has also been prepared by transmetallation
using thus synthetized methyl(o-pyridyl) lithium and MgBr,.

Both organo-magnesium and -lithium pathways have been probed. The organo-magneisum
was obtained by adding the magnesium dibromide onto the lithiated picoline at -40°C for 30
min. Then the addition onto the silica was carried out with the same conditions described
earlier. Similar results were obtained with both reactants. The DRIFT spectrum features
bands at 3059, 3015, 2956, 2933 and 2867 for sp? and sp® C-H elongation. No elongation
band of silanol are detected at 3747 cm™, confirming the consumption of the hydroxyl
groups during the synthesis (Figure 5.3.7.).

~ 7\
—N
pz M
o, N o~
-Si___Si- _Si i—
/O g © 5 OAW exces /O O/SI\O/SEID O,SW
VA Y THF e
SiOs.1000 M= Li, MgBr

Scheme 5.3.3 Synthesis of SiO2-1000-Pic

\ /
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3500 3000 2500 2000
Nombre d'onde (cm-1)

Figure 5.3.7. DRIFT spectrum of SiO2.1000-Pic

The 'H MAS NMR spectrum comprises signals from 8.7 to 6.1 ppm accounting for aromatic
CH protons and several peaks in the aliphatic protons’ region at 1.62, 1.10 and 0 ppm for CH;
of the methylenic group on the picoline and butyl groups (Figure 5.3.8).
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Figure 5.3.8. 'H MAS NMR spectrum of SiO2.1000-Pic (9.4 T, ro= 10 kHz)

The 2°Si CPMAS NMR spectrum features a signal for Qa sites at -100 ppm and a further one at
-67ppm for T3 sites that can be attributed to the =SiCH2Pyr moieties® (Figure 5.3.9). The 13C
CPMAS NMR presents signals at 159, 148, 135, 122 and 102 ppm for the aromatic carbons
from the pyridine, while a signal at 24 ppm stands for the SiCH, moiety. The relatively broad
signal in the alkyl zone (from 40 to 0 ppm) confirms the presence of n-butyl chains within the
material (Figure 5.3.10). Noteworthy, the sharp peak at 10 ppm in characteristic of SiCH,CH;

(to be compared with the n-butyl-substituted polyoligosilsesquioxane, where this group
resonates at 11.6 ppm7).
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Figure 5.3.9. 2°Si CPMAS NMR spectrum of SiO2-1000-Pic (9.4 T, ro= 6 kHz)
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Figure 5.3.10 13C CP MAS NMR spectrum of SiO2-1000-Pic (9.4 T, ro= 10 kHz)
5.3.3. Using lithiated DMBA as nucleophile: SiO2.1000-DMBA

The N,N-dimethylbenzylamine has also been probed as potential tether. This type of ligand
has been extensively used in organometallic chemistry, mostly by the van Koten team?®.
Alkylation procedures are clearly described and can thus be efficiently implemented.

Functionalization of SiO2-1000 with metallated dimethylbenzylamine (DMBA) (prepared from
the dimethylbenzylamine and the n-Buli to obtain a stable white solid!?) was attempted
under similar reaction conditions than with the previous material (Scheme 5.3.4).

Me,N
M NMe,
O M
L3RR, e oo
LA THE ™™/ "
SiOs.1000 M= Li, MgBr

Scheme 5.3.4 Synthesis of SiO2-1000-DMBA

The comparison of DRIFT spectra from SiO2.1000 and SiOz-1000-DMBA reveals the
disappearance of the elongation band of silanol at 3747 cm™ confirming the consumption of
hydroxyl group. In addition, bands at 3051, 2938, 2858, 2829 and 2785 cm* for sp? and sp3
C-H elongation vibrations (Figure 5.3.11).
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3500 3000 2500 2000 1500
Wavenumber (cm’)
Figure 5.3.11. DRIFT spectra of SiO2-1000 (bottom) and SiO2-1000-DMBA (top)

The 'H MAS NMR spectrum, as observed with the other materials presents 2 signals from 8
to 5 ppm accounting for aromatic CH protons and several peaks in the aliphatic protons’

region centered at 0.2 ppm for CH; of the methylenic group on the picoline and -N(CHs);
(Figure 5.3.12).

&('H)/ppm
Figure 5.3.12. *H MAS NMR spectrum of SiO2-1000-DMBA (top)

The 2°Si CPMAS NMR shows 2 signals. A weak one at -77 ppm that can be attributed to a T3
group as expected and a larger one at -106 ppm for both Q3 and Qg sites. The shift of the

=SiR bond (R= CH,PhNMe;) confirms the strong influence of the nature of alkyl group onto
the chemical shift in 2°Si NMR13,
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Figure 5.3.13. 2°Si CPMAS NMR spectrum of SiO2.1000-DMBA

5.4. Pd and Ir surface complexes from SiO2.1000-Pic

From our above-described investigations, silica functionalized using o-metallated 2-
methylpyridine is the most appropriate support, as efficient functionalization could be

achieved. We thus selected it to proceed to the second step of the project, namely
complexation of late transition metals on this host material (Scheme 5.4.1).
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Scheme 5.4.1. Immobilization of a catalyst onto the SiO2-1000-Pic

The choice of the immobilized metal centers was performed according to their relevance to
catalytic processes. Furthermore, the molecular precursors were selected depending on the
presence of at least one labile donor atom or a potentially vacant site (to be substituted by
pyridyl moiety from SiO2-1000-Pic) and a X-type ligand site (to be substituted by silanolate
moiety from SiO2-1000-Pic). Thus, our first attempts were performed using [Pd(PhCN),Cl,] and
[Ir(COD)Cl]a.

5.4.1. Immobilization of [Pd(PhCN).Cl]

This complex is commonly used in classical organometallic catalytic reactions like C-C bond
coupling reaction or carboxylation!4. The metal center is complexed by labile benzonitrile
ligands that can be easily displaced during the grafting onto SiO2-1000. Furthermore, these

coordinated nitrile functions are convenient spectroscopic probes for IR monitoring of the
course of the reaction.
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After 15h, at room temperature, the reaction of Pd(PhCN),Cl; with SiO2-1000 in CH2Cl; affords
Si02-1000-Pic-Pd as a yellow material, which has been characterized by several techniques

(Scheme 5.4.2).

Ph
7\ 7
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—N Pd.
M paPheN),Cl o ©
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Scheme 5.4.2. Immobilization of Pd(PhCN),Cl, onto the SiO2-1000-Pic

The DRIFT spectrum (Figure 5.4.1) features the characteristic bands (already described
above) for silica-bound picoline showing that the material retains this framework (2959,
2926 and 2863 cm™). Silanols in interaction are present as indicated by the broad band
centered at 3500 cm™ Furthermore, bands at 2287 and 2253 cm™ are indicative of
complexed benzonitrile ligands. For comparison, the molecular precursor [Pd(PhCN).Cl;]

gives rise to 2 bands at 2286 and 2261 cm™™.

™ /J

- — o

3500 3000 2500 2000 1500 1000 500
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Figure 5.4.1. DRIFT spectra of a) SiO2-1000-Pic and b) SiO2.1000-Pic-Pd

The elemental analysis reveals a Pd loading at 0.65 mmol.g™l. The high loading confirms the
grafting of the palladium onto the surface. The 'H MAS NMR is presented in Figure 5.4.2.
Same peaks as observed with SiO2.1000-Pic are present confirming the stability of the material
after the grafting. The lack of resolution in both the aromatic and aliphatic zone prevents full
assignment. However, one can observe an increase in the intensity of the aromatic protons
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signal (at about 7 ppm), along with a new signal at 3 ppm, which may be due to a CH; from
coordinated picoline fragment.

I I T T I T T
1412 10 8 6 4 2 0 -2 4
3("H)Yppm
Figure 5.4.2. *H MAS NMR spectra of a) SiO2-1000-Pic and b) SiO2-1000-Pic-Pd (18.8 T, ro= 20
kHz)

Further investigations using a 2D 'H-'H DQSQ NMR experiment were carried out (Figure
5.4.3). Two correlations are observed: the site A indicates spatial proximity between protons

at 7.3 ppm (m-CH of pyridine group) and the one at 3.2 ppm (benzylic protons). The site B

features an interaction with the m-CH of pyridine group (7.3 ppm) with protons at 1.07 ppm,
which is proposed to account for Si-nBu sites.
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Figure 5.4.3.1H (a) and *H-'H DQ-SQ (b) MAS NMR spectra of SiO2-1000-Pic-Pd (18.8 T,

spinning speed 20 kHz)

The 2°Si CPMAS of SiO2-1000-Pic-Pd is compared to the starting material in Figure 5.4.4. Two
signals are observed at -66 ppm and -105 for =SiCH,Pyr and =SiOSi=, respectively. It confirms
that the picoline fragments within this material are retained after the grafting and the

previously formed bonds are still here.
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Figure 5.4.4.2°Si CPMAS NMR spectra of a) SiO2-1000-Pic, b) SiO2-1000-Pic-Pd (9.4 T, ro= 6 kHz)
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The 3C CPMAS NMR spectrum is presented in Figure 5.4.5. Peaks in the 165-128 ppm region
account for the aromatic carbons of picoline and phenyl group, along with that from the
nitrile group (observed at 112 (CCN), 116 (CN), 129, 132, 133 (CeHs) ppm in liquid state
NMR?). The signal at 25 ppm results from the CH; of the picoline.

150 100 50 0 ppm
8("“C)ppm
Figure 5.4.5.13C CPMAS NMR of a) SiO2-1000-Pic, b) SiO2-1000-Pic-Pd, 9.4 T, ro= 6 kHz, 9.4 T, ro=
10 kHz

As these characterization elements afford promising elements, future efforts will be targeted
at potential catalytic applications in catalysis such as carboxylation, or olefin oligomerization.
Scanning electronic microscope analysis still needs to be carried out to check if the palladium
did form nanoparticles, which could explain the high metal loading.

5.4.2. Immobilization of [Ir(COD)Cl]2

Despite its high cost, iridium is widely used in catalysis for several reactions such as
hydrosilylation'® or C-H activation?’. The recycling of such catalysts thanks to our approach
would be highly desirable. We thus selected the [Ir(COD)Cl];, a commercial complex, as
precursor for reaction with SiO2-1000-Pic.

The reaction of this complex with supported picoline in toluene affords SiOz-1000-Pic-Ir as a
yellow material after 15h of reaction (Scheme 5.4.3).
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Scheme 5.4.3. Immobilization of [Ir(COD)Cl]2 onto SiO2-1000-Pic
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The DRIFT spectra of the molecular precursor and its immobilized counterpart are shown in
the Figure 5.4.6. C-H elongations are observed at 3076, 3017 cm™ (sp? C-H) and 2960, 2934,
2887, 2875 and 2838 cm (sp? C-H) assigned to the CH and CH> from both cyclooctadiene
and picoline. C-C double bond-related vibrations are observed at 1478 and 1435 cm™. In
order to check if the iridium is present on the surface with available coordination sites, we
exposed our material to an atmosphere of CO (about 15 bar) to observe the coordination of
one or more CO groups onto the metallic center. The DRIFT spectrum of the resulting
material is shown in the Figure 5.4.6-c. Characteristic vco bands from metal-bound carbonyl
groups appeared at 2063, 2022 and 2001 cm™ confirming at least the presence of iridium in
the surface, with different CO coordination ability. The C=C related bands decrease in
intensity, in line with displacement of COD by CO. The elemental analysis reveals a loading of
0.24 mmol.g? of iridium. This loading is relatively lower that the material synthetized with
the palladium and can be explained by the bulkiness of the COD ligand, and/or by a cleaner
reaction.
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Figure 5.4.6.DRIFT spectra of a) [Ir(COD)Cl]3, b) SiO2-1000-Pic-Ir and c) SiO2-1000-Pic-Ir after
reaction with CO

The comparison of the 'H MAS NMR spectra of SiO2.1000-Pic and SiO2.1000-Pic-Ir reveals the
apparition of a shoulder at 3.9 ppm that can be attributed to the cyclooctadiene from the
iridium species (Figure 5.4.7).
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Figure 5.4.7. 'H MAS NMR spectra of a) SiO2-1000-Pic and b) SiO2-1000-Pic-Ir

As a comparison, these protons resonate at 4.2 ppm in [IrCODCI];8. The *H-*H DQSQ NMR
spectrum reveals spatial proximities (site A) between the protons at 7.26 and the one at
about 4 to 3 ppm, as observed previously with the SiOz-1000-Pic-Pd. The attribution remains
the same and corresponds to interaction between the aromatic protons from the pyridine
and the benzylic protons (Figure 5.4.8).
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Figure 5.4.8.1H (a) and H-'H DQ-SQ (b) MAS NMR spectra of SiO2-1000-Ir, 18.8 T, ro= 20 kHz)
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However, the quality of the spectrum is not enough to obtain clearcut information at this
stage. 2°Si CPMAS NMR confirmed the presence of =SiR species by the peak at -70.5 ppm,
and a signal accounting for siloxane groups can be seen at -100.1 ppm (Figure 5.4.9).
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Figure 5.4.9.2°Si CPMAS NMR spectra of a) SiO2-1000-Pic, b) SiO2-1000-Pic-Ir, 9.4 T, ro= 6 kHz

The 3C CPMAS NMR spectrum features new signals compared to the SiO3-1000-Pic-Ir, at
about 60 ppm assigned to the olefinic carbons from bound cyclooctadiene. As a comparison,
these carbons resonate at 62 ppm in the molecular precursor (Figure 5.4.10). Scanning

electronic microscope analysis still needs to be carried out to check if the iridium did form
nanoparticles.

a)
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Figure 5.4.10 a) 3C NMR spectrum of [IrCI(COD)]; in liquid state, b) 13C CP MAS NMR
spectrum of SiOz-1000-Pic, ¢) 3C CP MAS NMR spectrum of SiO2.1000-Pic-Ir, (9.4 T, ro= 6 kHz
and 10 kHz)

Having demonstrated the presence of iridium centers on the surface, preliminary activity
test in C-H bond borylation with B2Pin,'° was performed, which gave positive results
(Scheme 5.4.4 and Figure 5.4.11). A glass reactor was filled with SiO2-1000-Pic-Ir (50 mg, 0.012
mmol), CsDs (2 mL, 23 mmol), B2Pin; (127 mg, 0.5 mmol), which represents a loading of Ir of
2.5%. The reaction mixture was heated at 110 °C for 15 h. The supernatant was then
analyzed by H NMR, showing a 12 % (and thus, accounting for about 42 TON). As a
comparison, [Ir(COD)Cl]. affords a TON of 7000 in similar conditions, which shows that we
are clearly very far from having developed an efficient system?°. No recycling was attempted

at this stage.
D D
o 0O Si0,_1000-Pic-Ir o}
/B_B\ /B D
o o CeDs o}
D D

15h, 110 °C

12%

Scheme 5.4.4. Reaction of B,Pin, with CsDs catalyzed by SiO2-1000-Pic-Ir
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Figure 5.4.11.H NMR spectra of the reaction of B2Pin, with C¢Ds catalyzed by SiO2-1000-Pic-Ir
before (top) and after (bottom) catalysis

5.5. Conclusion

In this section of the manuscript, we have described our efforts to prepare silica-supported
bidentate ligands, where one N-based donor ligand would be introduced in the direct vicinity
of a siloxyde (or silanol) group. This would provide a bidentate framework, able to form a
stable N,O-chelate upon coordination of an organometallic framework. To reach this goal,
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we proposed to react N-functionalized carbon-based nucleophiles with silica treated at very
high temperature (1000 °C), which generates strained siloxane sites that would be highly
reactive towards these alkylating agents. In a first instance, we have probed the surface
chemistry of n-butyl lithium, as described in the literature. This proved to afford
functionalized materials, though with low selectivity towards monoalkylation. The approach
was extended to three other precursors for grafted N-ligands, namely ortho-lithiated
pyridine, a-lithiated picoline and ortho-lithiated N,N-dimethylbenzylamine. The thus-
obtained materials were analyzed by infrared and multinuclear MAS NMR, showing
incorporation of the desired function on the silica surface. Among these examples, lithiated
picoline afforded the most satisfactory results. This host material was then reacted with two
organometallic complexes, namely [Pd(PhCN).Cl;] and [Ir(COD)Cl].. The resulting hybrid
materials were characterized by combination of elemental analysis, infrared and MAS NMR
spectroscopies, showing that coordination occurred, though definitive evidence of formation
of the foreseen complexes is still out of reach. Further investigations, for instance using
EXAFS spectroscopy, would help in assessing the metal coordination sphere in these two
examples. Preliminary catalytic studies involving the supported iridium species were
performed, showing very low activity in C-H borylation. Future studies should focus on
refining the synthetic process of the supported proligands, on the structural characterization
of the above-described complexes, and on extension of this chemistry to other metal
derivatives, for instance with nickel species able to perform olefin oligomerisation, where N-
O chelate proved be efficient ligand frameworks.

5.6. Experimental section

General Considerations: Manipulations were carried out under argon atmosphere in an M-
Braun glove-box or by using Schlenk techniques. THF, Et,0 and pentane were dried by using
conventional reagents and stored in the glove-box over 3A molecular sieves. Liquid-state
NMR spectroscopic analyses were run with a Bruker Avance 300 spectrometer. Solid-state
MAS NMR spectra were recorded on a Bruker Avance 400 spectrometer (! H: 400.12 MHz,
13C: 100.63 MHz, 2’Al: 104.26 MHz) and on a Bruker Avance 800 spectrometer (! H: 800.13
MHz, 2’Al: 208.49 MHz). For 'H experiments, the spinning frequency was 20 kHz, the recycle
delay was 10s and 32 scans were collected with a 90° pulse excitation of 3.5 us. The two-
dimensional homonuclear experiment (DQ-MAS) was obtained at a spinning frequency of 20
kHz by using excitation and reconversion pulse blocks of two rotor periods each (200 us).
The 90° pulse length was 2.25 ps, the recycle delay was 10 s, and 16 scans were collected for
each slice (350 in total). The 3C CPMAS spectra at 9.4 T were acquired at a spinning
frequency of 10 kHz, a delay time of 5's, 12288 scans. The 2°Si CPMAS spectra at 9.4 T were
acquired at a spinning frequency of 6 kHz, a delay time of 3 s, 9000 scans. The excitation
pulse was set at 4.4 us. The Chemical shifts were given in ppm with respect to adamantane
as external reference for 'H NMR, glycine for 3C NMR, and TMS for 2°Si NMR. Diffuse
reflectance infrared spectra were collected with a Harrick cell on a Nicolet Avatar
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spectrometer fitted with a MCT detector. Elemental analyses were conducted at London
Metropolitan University (CHN) and at LASIR, University of Lille (Ir, Pd).

Synthesis of SiO2-1000: A quartz tube is filled with 1.5 g of Aerosil 380 silica and heated under
vacuum (10 mbar) at 700 °C for 15h then 5h at 1000 °C. The nearly full dehydroxylation of
the surface is checked by DRIFT analysis where only few isolated silanols are observed (3747
cm).

Synthesis of SiO,-Pyr: A double-Schlenk vessel was loaded with a 15 mL diethyl ether
solution of bromopyridine (316 mg, 2 mmol) in one compartment and with silica
dehydroxylated at 1000°C (1 g) with 10 mL of Et,0 in the other compartment. A commercial
solution of n-Buli (1M, 2 mL) is added to the solution of bromopyridine cooled at -80 °C and
immediately forms a bright red solution. After 4h hours of stirring at room temperature, the
solution is poured to the other compartment. After 15h of stirring, the supernatant liquid
was then separated by filtration into the other compartment, from which the solvent was
gas-phase transferred by trap-to-trap distillation back into the compartment containing the
modified support in order to wash away the residual molecular precursor. This operation
was repeated thrice and the resulting material SiO2-Pyr was then dried under secondary
vacuum (10°® mbar) at 80 °C for 5 h.

Synthesis of SiO-Pic: A double-Schlenk vessel was loaded with a 15 mL THF solution of 2-
methylpyridne (300 mg, 3.2 mmol) in one compartment and with silica dehydroxylated at
1000°C (1 g) with 10 mL of THF in the other compartment. A commercial solution of n-Buli
(1M, 3 mL) is added to the solution of 2-methylpyridine cooled at -40 °C and immediately
forms a bright orange solution. After 4h hours of stirring at room temperature, the solution
is poured to the other compartment. After 15h of stirring, the supernatant liquid was then
separated by filtration into the other compartment, from which the solvent was gas-phase
transferred by trap-to-trap distillation back into the compartment containing the modified
support in order to wash away the residual molecular precursor. This operation was
repeated thrice and the resulting material SiO2-Pic was then dried under secondary vacuum
(10°® mbar) at 80 °C for 5 h.

Synthesis of SiO,-DMBA: A double-Schlenk vessel was loaded with a 15 mL THF solution of
dimethylbenzylamine (330 mg, 2 mmol) in one compartment and with silica dehydroxylated
at 1000°C (1 g) with 10 mL of THF in the other compartment. The solution is poured to the
other compartment at -40 °C. After 15h of stirring, the supernatant liquid was then
separated by filtration into the other compartment, from which the solvent was gas-phase
transferred by trap-to-trap distillation back into the compartment containing the modified
support in order to wash away the residual molecular precursor. This operation was
repeated thrice and the resulting material SiO2-DMBA was then dried under secondary
vacuum (10°® mbar) at 80 °C for 5 h.
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Synthesis of SiO2-1000-Pic-Pd: A double-Schlenk vessel was loaded with a 10 mL CHCl;
solution of PdCIz(PhCN); (153 mg, 0.4 mmol) in one compartment and with SiO2-Pic (200 mg)
with 10 mL of CHCl; in the other compartment. The solution is poured to the other
compartment at room temperature. After 15h of stirring, the supernatant liquid was then
separated by filtration into the other compartment, from which the solvent was gas-phase
transferred by trap-to-trap distillation back into the compartment containing the modified
support in order to wash away the residual molecular precursor. This operation was
repeated thrice and the resulting light brown material SiO;-Pic-Pd was then dried under
secondary vacuum (10 mbar) at 80 °C for 5 h.

Synthesis of SiO2.1000-Pic-Ir: A double-Schlenk vessel was loaded with a 10 mL toluene
solution of [IrCODCI]2 (134 mg, 0.2 mmol) in one compartment and with SiO2-Pic (100 mg)
with 10 mL of CHCl; in the other compartment. The solution is poured to the other
compartment at room temperature. After 15h of stirring, the supernatant liquid was then
separated by filtration into the other compartment, from which the solvent was gas-phase
transferred by trap-to-trap distillation back into the compartment containing the modified
support in order to wash away the residual molecular precursor. This operation was
repeated thrice and the resulting yellow material SiO2-Pic-Pd was then dried under
secondary vacuum (10° mbar) at 80 °C for 5 h.

Borylation of C¢De : A glass reactor is filled with SiO2-1000-Pic-Ir (50 mg, 0.0012 mmol, 5% Ir),
CsDs (2 mL, 1 eq, 0.025 mmol), B2Pin, (127 mg, 2 eq, 0.5 mmol). Quantified in *H NMR
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6. Conclusion

Within the framework of this thesis, we have studied the surface organometallic chemistry
of rare-earth metals and of aluminum onto silica. Our goal was to perform precise synthesis
of grafted materials, aiming at the generation of well-defined species amenable to the
building of structure-activity relationships. Beyond mastering of the reaction conditions
(including suitable molecular precursors and conveniently prepared inorganic supports), this
relies on extensive use of spectroscopic techniques to fully understand the grafting
chemistry and the structure of the supported species. One of the most powerful techniques
in this context is solid state NMR. We have thus explored several silica-supported systems
with relevance to catalysis, relying when possible on advanced solid state NMR, and
occasionally on DFT calculations.

We have thus described the synthesis of several rare-earth metal-based materials that have
been employed for reaction of polymerization of polar and non-polar monomers as well as in
fine chemistry reactions such as alkyne dimerization. In the case of the grafting of a
trisbenzyl derivative, we have demonstrated that the grafting reaction proceeds via distinct
pathways involving the La-C bond, namely protonolysis by silanol, or insertion into Si-O-Si
groups on the surface, as confirmed by DFT calculations. The resulting material catalyzes
efficiently a range of reactions typical for rare-earth metals. Perspectives to this work are the
extension of this chemistry to the [Ln(CH2Ph)3(THF),] family, which would demonstrate the
effect of the nature of the rare-earth metal (ionic radius, Lewis acidity) onto the catalysis
properties. In a related effort, we prepared well-defined silica-grafted rare-earth amide
species and used these in terminal alkyne dimerization, focusing not only on conversion rate
but also on selectivity, which was different from that of analogous molecular species. Most
particularly, the exacerbated electrophilicity of the grafted metal center strongly influences
selectivity. Furthermore, specific investigations on the scandium derivatives were carried out
using 4°Sc NMR. The modification within the metal coordination sphere were shown to
impact on the NMR parameters. This opens options for the use of this spectroscopic tool for
future studies on molecular and supported scandium species, though in the case of grafted
metal centers, distribution effects and low quantity of NMR active are severe problems, for
which solutions must be sought to conveniently model those and increase signal-to-noise
ratio, respectively.

In a further stage, several aluminum species have been grafted onto silica for the
development of heterogeneous (co)catalysts and for the advances on understanding of
aluminum surface chemistry. The first example featured a salen ligand, in the view of
developing heterogeneous systems for carbonation of epoxides. Mono- and bi-nuclear
species have been prepared and immobilized on dehydroxylated silica. 2’Al MAS NMR
allowed understanding of the surface species structure. In spite of positive catalytic results in
epoxide carbonatation, both blank tests and leaching studies cast doubt on the efficiency of
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the supported aluminum salen systems for this transformation. In a second stage, a new
coordination compound has been prepared and grafted onto high dehydroxylated silica.
Advanced solid- state NMR spectroscopy showed the presence of a mixture of surface
species, differing in the nature of the coordinated donor ligand, namely either THF or a
siloxane moiety. Finally, we also devoted part of our studies to silica-supported aluminum
alkyl derivatives, an important class of co-catalysts for several processes. Thus, the structure
of MAO in the solid state was investigated, most particularly with 2?Al MAS NMR, revealing
elements directly connected to its structure, which also applied to silica-supported MAO, a
cocatalyst currently used in major industrial processes. Additionally, we also relied on silica-
supported alkyl and chloroalkyl aluminum species as heterogeneous cocatalysts for olefin
oligomerization mediated by a cobalt complex. Marked differences with the molecular
activators was observed, resulting in a specific case in the formation of polyethylene instead
of short olefins. This was ascribed to a more efficient shuttling of the growing chain, most
probably induced by electronic changes resulting from immobilization of the aluminum
center onto silica.

In the last section of the manuscript, we have described our efforts to prepare silica-
supported bidentate ligands, where one N-based donor ligand would be introduced in the
direct vicinity of a siloxyde (or silanol) group, providing in fine a bidentate framework, able
to form a stable N,O-chelate upon coordination of an organometallic framework. To reach
this goal, we proposed to react N-functionalized carbon-based nucleophiles with silica
treated at very high temperature (1000 °C), which generates strained siloxane sites that
would be highly reactive towards these alkylating agents. The approach was probed with
three precursors for grafted N-ligands, namely ortho-lithiated pyridine, o-lithiated picoline
and ortho-lithiated N,N-dimethylbenzylamine, which were grafted onto silica. Lithiated
picoline afforded the most satisfactory results. This host material was then reacted with two
organometallic complexes, namely [Pd(PhCN).Cl;] and [Ir(COD)Cl].. The resulting hybrid
materials were characterized by combination of elemental analysis, infrared and MAS NMR
spectroscopies, showing that coordination occurred, though definitive evidence of formation
of the foreseen complexes is still out of reach. Further investigations, for instance using
EXAFS spectroscopy, would help in assessing the metal coordination sphere in these two
examples. Preliminary catalytic studies involving the supported iridium species were
performed, showing very low activity in C-H borylation. Future studies should focus on
refining the synthetic process of the supported proligands, on the structural characterization
of the above-described complexes, and on extension of this chemistry to other metal
derivatives, for instance with nickel species able to perform olefin oligomerisation, where N-
O chelate proved be efficient ligand frameworks.

Thus, thanks to fundamental organometallic chemistry studies involving the control of the
site available on the silica and the tuning of experimental conditions (solvent, reactant,
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time), we generated highly efficient lanthanum benzyl material for polymerization and fine
chemistry and we made the full characterization of its behavior during the grafting thanks to
specific solid state nmr sequences. We also have developed a whole family of rare earth
material active for the dimerization of terminal alkynes with investigations about the
selectivity toward head-to-head dimer and head-to-tail dimer but also toward the trimer
formation. Based on these results we investigated the modification of the coordination
sphere of a scandium catalyst before and after the grafting using the “Sc NMR as main
characterization. We pursued the application of SOMC with aluminum based catalyst that
were applied for the carbonatation of epoxides with again a full study of the aluminum
center immobilized onto the silica. Thanks to a fruitful collaboration with our colleagues of
Lyonl, we participate to the structure elucidation and its effect on the catalysis of MAO
silica-grafted materials.

As we developed a solid background in alkylaluminum immobilized on the surface,
we developed a project with the Brazilian team of Michele de Souza whose the aluminum
based material is employed as a effective cocatalyst for oligomerization and polymerization
depending of the nature of the alkyl on the aluminum center.

During the final stage of the present thesis, some preliminary test were performed
with the modification of the silica by a pyridine derivative and then the grafting of metallic
center in order to generate two type of linkage which could allow to solve issues with non
oxophilic metals that tends to leach during catalytic transformations. An iridium and
palladium catalysts were successfully immobilized via this method and promising results
were obtained.
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Summary

The generation of heterogeneous catalysts featuring well-defined active centers is of high
importance, considering the expected benefits in terms of efficiency and of understanding.
We used the surface organometallic chemistry approach to address this issue, focusing on
the grafting of rare-earth metals and aluminum derivatives onto silica, and relying mostly on
advanced, high-field solid state NMR for detailed characterization at the molecular level,
with an emphasis on quadrupolar nuclei.

Thus, the grafting of lanthanum benzyl and rare-earth metal silylamide precursors onto silica
was studied, along with applications in several catalytic processes related to polymerization
and fine chemistry. The impact from the immobilization is mostly found in selectivity, as
supported species behave differently from the molecular counterparts. Furthermore, several
aluminum species (salen derivatives, along with alkyl and chloroalkyl complexes) were
immobilized onto silica, affording catalysts and cocatalysts for the carbonatation of epoxides
and for the polymerization and oligomerization of olefins. There again, strong influence of
the grafting was observed on the products resulting from catalysis, for instance shifting from
short chain olefins to polyethylene upon use of grafted cocatalysts for oligomerization.
Finally, a novel methodology for the introduction of chelating bidentate monoanionic
fragments onto silica was introduced and implemented for palladium and iridium species’
immobilization. Preliminary catalytic applications were encouraging.

Résumé

La préparation de catalyseurs hétérogenes comportant des sites actifs bien définis est de
premiere importance, du fait des bénéfices attendus en termes d’efficacité et de
compréhension. Dans cette optique, nous avons utilisé une approche de chimie
organométallique de surface pour le développement de catalyseurs supportés a base de
terres rares et d’aluminium, en nous fondant sur la RMN du solide avancée a haut champ
pour la caractérisation au niveau moléculaire, notamment appliquée aux noyaux
guadripolaires.

Ainsi, le greffage sur silice de dérivés benzyle de lanthane et amidures de terres rares a été
étudié, ainsi que leur application dans différentes réactions catalytiques en polymérisation
et chimie fine. L'impact de I'immobilisation est principalement visible sur la sélectivité de ces
transformations, les espéeces supportées se comportant différemment de leurs homologues
moléculaires. De plus, plusieurs composés a base d’aluminium (dérivés salen, alkyls et
chloro-alkyles) ont été immobilisés sur silice, générant ainsi des catalyseurs et cocatalyseurs
pour la carbonatation d’époxides et pour la polymérisation et I'oligomérisation des alcenes.
La encore, une forte influence du greffage a été observée, dans la nature des produits issus
de la catalyse, avec par exemple le passage d’oléfines a chaine courte a du polyéthyléne
suite a [l'utilisation de cocatalyseur greffé en oligomérisation. Enfin, une nouvelle
méthodologie pour I'introduction de fragments chélatants bidentates monoanioniques sur la
silice a été présentée et appliquée a l'immobilisation de complexes de palladium et
d’iridium. Les résultats catalytiques préliminaires sont encourageants.
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