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Abstract

Silica-supported tungsten-oxo catalyst (WQO3/SiO,) is an important heterogeneous metathesis
catalyst, which is used in one of the largest industrial processes nowadays for the production
of propene via olefin metathesis. However, understanding in the nature of active sites and
their formation mechanisms in WQO3/SiO; is very limited, despite years of research. In this
PhD thesis, we address these questions by tailoring and investigating well-defined molecular
and supported model systems prepared by Surface Organometallic Chemistry (SOMC). We
prepared a silica-supported molecularly-defined W(VI)-oxo material as a model for
WOQO3/SiO,. In addition, we show that upon low-temperature activation with organosilicon
reducing agents, reduced W(IV) species are generated. These W(IV) centers serve as highly
active precatalysts for metathesis. Investigations with molecular W(IV)-oxo complex
provided further information on the structure of the active precatalyst and its initiation
mechanism. Further studies with well-defined silica-supported W(IV)-oxo system reveal the
role of oxide support, especially the surface Brgnsted acidic sites, in the initiation and the
dependence of initiation mechanisms on the types of olefins used. Comparison of the
WO3/SiO, system with the molecularly-defined W(VI)-oxo species prepared by SOMC,
allows us to bridge the gap between the well-defined model systems and the ill-defined
heterogeneous catalyst. This study shows the effects of preparation methods, conditions and
organosilicon reductants on the metathesis activity of the W(V1)-oxo species, which is closely
related to their reducibility.
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Zusammenfassung

Der Wolfram-Oxo Katalysator auf Siliziumdioxid Trageroberflaichen (WO3/SiO,) ist ein
wichtiger heterogener Katalysator fir die Olefinmetathese Reaktion und wird heutzutage in
einem der grossten industriellen Prozesse fir die Produktion von Propen verwendet. Das
Verstandnis der Struktur der aktiven Zentren sowie deren Entstehungsmechanismus ist jedoch
trotz jahrelanger Forschung sehr limitiert. Diese Dissertation befasst sich mit dieser
Problematik durch die Erzeugung und Untersuchung von wohldefinierten molekularen und
auf Siliziumdioxid-Trégeroberflachen aufgebrachten Modellsystemen, hergestellt durch
metallorganische Oberflachenchemie (SOMC). Auf molekularer Ebene wohldefinierte, auf
Siliziumdioxid aufgebrachte, W(VI)-Oxo Materialien wurden als Modell fir WO3/SiO,
hergestellt. Diese W(VI) Spezies wurden mittels Organosilizium Reduktionsmitteln bei tiefer
Temperatur aktiviert. Die entstandenen W(IV) Zentren sind sehr reaktive Katalysator-
Vorstufen fir die Metathese Reaktion. Untersuchungen an molekularen W(IV)-oxo
Komplexen lieferten weitere Informationen Uber die Struktur der Vorstufe sowie deren
Initilerungsmechanismus. Weitere Untersuchungen mit wohldefinierten W(IV)-oxo Systemen
untersttzt auf Siliziumoxid offenbarten die Rolle der Oxid-Trageroberflache. Dabei wurde
die Funktion von Brgnsted S&uren auf der Oberflache fir die Initiierung und die Abhangigkeit
des Initiierungsmechanismus von verschiedenen Typen von Olefinen untersucht. Der
Vergleich zwischen WO3/SiO, Systemen und auf molekularer Ebene wohldefinierten
Siliziumdioxid-unterstiitzten W(VI)-oxo Gruppen hergestellt durch SOMC erlaubte, einen
Zusammenhang zwischen wohldefinierten Modellsystemen und schlecht-definierten
heterogenen Katalysatoren herzustellen. Diese Studie zeigt den Effekt der Organosilizium
Reduktionsmitteln sowie der Herstellungsmethode des Katalysators auf die Aktivitat fur die
Metathese Reaktion von den W(VI)-oxo Gruppen, die im Zusammenhang mit deren

Reduzierbarkeit steht.
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Chapter 1.  Introduction

1.1 General Introduction

Olefin metathesis is a reaction that has been widely used over the past decades in
different industries, ranging from petrochemical to pharmaceutical applications. Nowadays,
due to the increasing demand of propylene, its production via cross-metathesis of ethylene
and 2-butene has become one of the largest scale industrial processes. This process is
catalyzed by a heterogeneous catalyst: tungsten oxide supported on silica (WO3/SiOy).

Supported metal oxide metathesis catalysts prepared by conventional impregnation
methods generally have a very small amount of active sites, and therefore, any structural
investigation by spectroscopic technique is very challenging. In fact, despite years of research,
the structures of active species, reaction intermediates and their formation mechanisms remain
elusive and they are still the key questions in this field.

In order to develop a better understanding of the heterogeneous catalysts, one of the
approaches is to synthesize well-defined supported catalysts via Surface Organometallic
Chemistry (SOMC). This approach provides structural control at a molecular-level by grafting
well-defined molecular complexes on partially dehydroxylated oxide supports. Grafting
mainly proceeds through the reaction with the surface hydroxyl groups and generates
supported catalysts with close to 100 % active sites, hence they are often coined “single-site
catalysts”. The presence of a dominant surface species facilitates spectroscopic studies, thus
leading to a better understanding of the supported systems.

This PhD thesis is devoted in understanding tungsten-oxo based olefin metathesis
catalysts, in particular, the initiation process involved in transforming the tungsten-oxo
species into active catalysts. This includes conducting detailed investigations on molecular
models, well-defined supported catalysts and related supported model systems prepared by
SOMC, as well as the classical WO3/SiO, catalyst.

1.2 Olefin Metathesis

Olefin metathesis is a reaction that allows the exchange of alkylidene fragments
between different olefins. It was discovered in 1955 by industrial chemists at DuPont when
they polymerized norbornene to form polynorbornene using TiCl, and lithium aluminum
tetrabutyl.! In 1964, R. L. Banks and G. C. Bailey of Phillips Petroleum reported the first

disproportionation of linear olefin catalyzed by heterogeneous molybdenum and tungsten
| 1



based catalysts dispersed on oxide supports.? In the same year, G. Natta reported the ring
opening polymerization of cyclopentene catalyzed by WClg or MoCls with Al(CyHs)s.* It was
only in 1967, that the homogeneous version of disproportionation of linear olefin was
reported by N. Calderon at Goodyear, demonstrating the production of 3-hexenes and 2-
butenes from 2-pentenes catalyzed by WCI¢/EtOH/EtAICL.* Since then, the term
“metathesis” was introduced and the disproportionation of olefin and ring opening
polymerization were considered to be the same type of reaction. Nowadays, olefin metathesis
catalysts are mainly based on group VI-VII (molybdenum, tungsten, rhenium and ruthenium)
transition-metal complexes and the corresponding supported group VI-VII metal oxide.>®

In 1971, the reaction mechanism of olefin metathesis (Scheme 1.1) was proposed by
Chauvin,” who shared the 2005 Nobel Prize of Chemistry with R. G. Grubbs and R. R.
Schrock.®*® The Chauvin mechanism involves metal alkylidene as the key moiety, which can
undergo [2+2] cycloaddition with an olefin to form a metallacyclobutane; subsequent

cycloreversion yields the metathesis products.

—_ —_
R® R? R’ R® R*
R' R!
jm g
RS R? R3 R*

Scheme 1.1. Chauvin mechanism for olefin metathesis.

Chauvin mechanism is now widely accepted. In fact, different experimental and
computational studies have further supported that mechanism and revealed more details
regarding the active species and the reaction mechanism. It is now generally accepted that a
catalytically active metal alkylidene complex should be a 14 valence electron tetra-
coordinated species, which is consistent with the ubiquitous high valent d® Schrock type
alkylidenes (Figure 1.1.A).*! In the case of d° Grubbs type carbene (Figure 1.1.B), such as
RuCl,L,(=CHR), the dissociation of one of the L type ligands is required to generate the

12-15

metathesis active species. Meanwhile, a metathesis active metallacyclobutane

intermediate is shown to have a trigonal bipyramidal geometry (TBP), while square pyramidal
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(SP) geometry of metallacyclobutane is shown to be an off-cycle species in d° systems
(Scheme 1.2) and is a high energy (and never observed) intermediate in the Ru-based
catalysts.'®*® Computational studies have also shown that additional steps, for instance, olefin
coordination could require a relatively high energy barrier for d° catalysts that is mostly
associated with the distortion to trigonal pyramidal geometry. Thus, this step could play an

important role in controlling the rate of metathesis.'*??

A. Schrock type B. Grubbs type
E L
R Cl
I o
X\\\--M—/ (Rquh
/ c’ |
Y PCys
M =W, Mo L = PCys, NHC

E = imido or oxo
X, Y = anionic ligand

Figure 1.1.A. General structures of Schrock type and 1.1.B. Grubbs type olefin metathesis catalysts.

coordination [2+2] cycloaddition cycloreversion decoordination
R
X R
if. A R A — =
- + S —MZ — — M=+
X 4 N | N vy ~
Y Y / v X X
TBP
turnstile
isomerization
E R B-hydride E
M = Re; E = alkylidyne s transfer || by-products,
- CE = imi XML X Moy s catalyst
M = Mo, W; E = imido or oxo 7 7 —— S
L Y Y deactivation
X, Y = anionic ligand (e.g. OR, NR,, CH,R)
X is a stronger o-donor than Y SP X

R
Scheme 1.2. Elementary steps and decomposition pathways involved in olefin metathesis catalyzed by

d° alkylidene complexes of Mo, W and Re.

Olefin metathesis reaction can be sub-divided into several major classes (Scheme 1.3)
including Self-/ Cross-Metathesis (CM) for acyclic olefins, Ring Opening Metathesis (ROM)
for transforming cyclic olefins into acyclic products, Ring Closing Metathesis (RCM) which
is the reverse of ROM,? Ring Opening Metathesis Polymerization (ROMP) for forming
acyclic polymers from cyclic olefins and Acyclic Diene Metathesis (ADMET) for

polymerization of dienes.?*



Scheme 1.3. Major classes in olefin metathesis reactions.

1.3 Heterogeneous Metathesis Catalysts

Heterogeneous metathesis catalysts are mainly based on tungsten, molybdenum or
rhenium oxides supported on high surface area (ca. 100 — 500 m?/g) oxide supports, such as
silica (SiO) and alumina (Al,O3) as well as silica-alumina (SiO,—Al,03). Typically, these
catalysts are prepared by impregnation followed by calcination at high temperatures. They are
known to have a small amount of active sites (< 5%). In addition, the nature and the formation
mechanism of the active sites are still under debate. The supported W(VI), Mo(V1) or Re(VII)
oxides, which can be present as monomeric metal-oxo species, oligomers, clusters or
crystalline nanoparticles, are believed to be the precursors for active site formation. While the
supports are inactive for metathesis, their acidity has been shown to affect the metathesis
activity and product selectivity by promoting side reactions, for instance, isomerization and
coke formation.?
1.3.1 W-based Heterogeneous Catalysts

Silica-supported tungsten oxide (WO3/SiO,) is the most commonly used industrial
olefin metathesis catalyst. It is used in the Olefin Conversion Technology (OCT) process,
which produces propylene from ethenolysis of 2-butene.® The W-based catalyst has higher
resistance towards oxygenate poisons in the feeds; it displays longer lifetime compared to the
Mo- or Re-based catalysts and is easily regenerated to remove coke.?” However, it typically
operates at temperatures above 400 °C.

A number of studies had been carried out to investigate the surface structure of
WO3/SiO, via various in situ spectroscopic methods including Raman, IR and UV-Vis
spectroscopy as well as Diffuse Reflectance Spectroscopy (DRS), and X-ray Absorption

28-29

Spectroscopy (XAS). Under fully oxidizing and anhydrous conditions, di-oxo
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(=Si0);W(=0), and mono-oxo (=Si0);W(=0) sites are observed, in addition to the WO;
nanoparticles/clusters (Figure 1.2). The relative amounts of these species depend on the W
loading. For 2 — 6 wt % of WOy, di-oxo (=Si0),W(=0), species is reported to be the
dominant species, which is also proposed to be the source of active sites. From 8 wt % of
WO, or above, crystalline WOz nanoparticles are also present but they are shown to be

inactive for metathesis.°

O
N7 o O
"I/O /O O_W\ SI‘O
7 i Jsio / o | ~
) S o”\ ¢ e
4 oo < O Siiiq > /Woy\
oIS \ /o Sic_ 07\ 9
740 1o o\ Si0
{ o :
Isolated di-oxo Isolated mono-oxo WOQOj3; nanoparticle or cluster

Figure 1.2. Various surface species present on WO,/SiO..

In contrast, supported WO3/Al,O3 has received less attention in the literature since its
activity is lower than that of MoO3/Al,03 or ReO,/Al,Os3. It has been shown that the
SiO,—Al,O3 mixed oxide support with a suitable composition could enhance the metathesis
activity, while the product selectivity is also influenced by the SiO,/Al,O; ratio. For instance,
the ethylene and hexene selectivities from 1-butene metathesis decrease with an increasing
SiO, to Al,Oj3 ratio. 332
1.3.2 Mo-based Heterogeneous Catalysts

MoO3/Al,O3, which has an operation temperature of 100 — 200 °C, is used in the Shell
Higher Olefin Process (SHOP). This process converts ethylene into linear higher a-olefins by
using a combination of oligomerization, isomerization and metathesis catalysts.®

The molecular structure of surface MoO3 species on Al,O3 has been established by
different spectroscopic studies®*®, such as Raman, UV-Vis, DRS, XAS, and DFT
computations.*”*° Although the findings are similar to the supported W oxide species, it has
been shown that only isolated di-oxo (—0O).Mo(=0), species is present at low surface
coverage (<1 Mo atoms/nm?). Oligomeric mono-oxo (—0)sMo(=0) and crystalline MoOs;
nanoparticles only appear at 1 — 4.5 and above 4.6 Mo atoms/nm?, respectively. In addition,
recent in-situ studies suggested that the oligomeric mono-oxo (—0)4Mo(=0) sites, which are
anchored at the more acidic py3-Alyp sites, are more ready to be transformed into active sites

compared to the isolated (—O),Mo(=0), at the more basic p-Aly.*°



Similar structures of the surface species are also identified in MoO3/SiO,, however
this catalyst is an order of magnitude less active than MoOs/Al;03.%° Noteworthy,
MoO3/SiO,—Al,O3 has a higher catalytic activity compared to MoO3/Al,O3 or MoO3/SiO,,
and it is proposed that the optimal level of Bragnsted acidity of the support contributes to the
high activity.**

1.3.3 Re-based Heterogeneous Catalysts

Re,0O7/Al,O3 and related systems are the only supported oxide catalysts that can
perform olefin metathesis at room temperature. Furthermore, Re,O;/Al,O3 is compatible with
functional olefin in the presence of promoters such as Me,Sn.* However, the expensive cost
and volatility of Re oxide have limited its applications in industry. The low melting point (297
°C) of crystalline Re,O; ensure homogeneously dispersed Re sites after calcination at high
temperature. The structures of surface Re sites on Al,O3; are found to be isolated tetra-
coordinated (O=),ReO, with two terminal oxo ligands by a combination of detailed
experimental and computational studies.*** There are two distinct (O=),ReO, species,
anchored either on basic p;-Alyy site or acidic pp-Aly and ps-Aly, sites. At low Re coverage,
the anchoring on basic p;-Aly site is preferable leading to the formation of distorted
(0O=),Re0, species, which are inactive in metathesis. In fact, metathesis activity is only
observed with Re coverage above 0.74 Re/nm? when anchoring of (O=);ReQ; takes place on
acidic alumina sites. In contrast, Re,0,/SiO; is inactive for metathesis®® and
Re,0,/Si0,~Al,05 is more active than Re,07/Al,O; at low loading (< 0.5 Re/nm?) with a

decrease in activity as the loading increases.*’

1.4 Initiation Mechanisms of Supported Metal Oxide Catalysts

All supported metal oxide catalysts are in fact precatalysts and need to undergo an
initiation step to generate the corresponding metal alkylidenes, which are the active states of
the olefin metathesis catalysts. However, due to the small quantity of active sites (< 5%),
understanding the initiation mechanism has been a great challenge. Many studies have been
focused on investigating different pre-treatment conditions and their effects on the duration of
induction period and metathesis activity. In addition, by analyzing the initiation products
formed during the induction period, different initiation mechanisms have been proposed over

the years. The most commonly proposed initiation mechanisms include i) allylic C—H

48-51 52-53

activation, ii) vinylic C—H activation, iii) H-assisted mechanism®* and iv) pseudo-

55-57

Wittig mechanism (Scheme 1.4). Among these mechanisms, only pseudo-Wittig
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mechanism does not involve a reduced metal center as the starting precursor, while all the

other mechanisms involve a change in the formal oxidation state of metal center.

i) allylic C-H activation

n+ CH3 lI‘(n-¢-2)-¢- (n+2)p H H (n+2)+
M B — M —_— > M —_— M=
"y :

ii) vinylic C-H activation

iii) H-assisted mechanism

Hi e % 7

|—> o” "o ﬁ

H H
H ‘\\H ‘\\H
He M”jo H™
> M(\n+2)+ H\ Min+2)+
e om0 @ 0
H
H

Hlw
I_> \LO MTO J
+ 7

iv) pseudo-Wittig mechanism
O =0

(0]
Z o+ |U|n+ N I:l\l/lm - > o+
=M

n+

Scheme 1.4. Proposed initiation mechanisms for heterogeneous olefin metathesis catalysts.

1.4.1 Initiation of W-based Catalysts

During the induction period of propene metathesis catalyzed by WO3/SiO,, it has been
reported that trace amounts of acetone and acetaldehyde are formed. While pre-treatments
under H; or N3 can reduce the amount of acetone formed, the amount of acetaldehyde remains
the same suggesting two separate processes are involved. Moreover, the detection of non-
stoichiometric WO, suggested a reduction of the surface W sites.*® More recent studies by
Lwin et. al. also reported the formation of oxygenate products, including acetaldehyde,
formaldehyde, water and carbon dioxide, but no acetone was observed during the induction
period.®® In addition, they showed that highly active sites can only be generated by using
propylene or 2-butene but not ethylene.® Howell et. al. reported the formation of acetone

during the induction period, while acetone is not present when the catalyst is pre-treated with
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He.® The presence of oxygenate products could be related to the reduction of metal centers or
pseudo-Wittig mechanism, in the case of acetaldehyde and formaldehyde formed from
propylene, depending on the identities of the oxygenate products. However, due to their
variations in different studies, no consensus has been reached so far.
1.4.2 Initiation of Mo-based Catalysts

While MoO4/SiO; is known to be less active compared to MoO3/Al,03,%° most of the
studies regarding initiation have been conducted on MoOs3/SiO,. Early studies had shown that
MoO3/SiO, can be reduced by photoreduction in the presence of H, or CO, which
subsequently lead to the formation of CO,. Moreover, by poisoning test with N,O, Mo with
+4 oxidation state was proposed to be the species that leads to active site formation.®* Further
studies on the photoreduced species revealed the formation of propylene via self-metathesis of
ethylene, and in combination with the Kinetic isotopic effect observed, vinylic C—H activation
mechanism was proposed.®? Studies on the MoOs/SBA-15 in the presence of propylene by IR
spectroscopy suggested the formation of isopropoxyl group, which induces the formation of
Mo +4 site and acetone (Scheme 1.5). These reduced Mo +4 centers were proposed to
undergo vinylic C—H activation mechanism, based on the earlier reports, resulting in the
formation of Mo alkylidene.®® Kinetic study of the Mo(IV)/Al,O3 by isotope labeling of
propylene also pointed to the vinylic C—H activation mechanism.>® All the reported studies on
supported Mo catalysts seem to suggest the generation of Mo +4 species followed by vinylic

C—H activation mechanism to form the Mo alkylidenes.

[

o)
OH o) 0 - CHR
[ + AN [ y . )J\ .

Mo Mo —— = MoV +

Scheme 1.5. Proposed initiation mechanism for MoOs/SBA-15 via Mo(IV) species.

1.4.3 Initiation of Re-based Catalysts

Re,0;/Al,03 is known to be inactive for ethylene self-metathesis at room
temperature.®® *® % While early study had suggested allylic C—H activation mechanism by
pulsing experiment of propylene and analysis of the first formed alkene,* later it has been
shown that allylic C—H bond is not needed to initiate the metathesis activity as this catalyst
can promote the cross-metathesis of cis-stilbene and ethylene.®® In the same study, both

vinylic C—H activation and H-assisted mechanisms were also ruled out by the absence of 3-
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methyl-2-pentene in the self-metathesis of cis-2-butenes leaving pseudo-Wittig mechanism to

be the most probably mechanism.

1.5 Homogeneous Metathesis Catalysts

Nowadays, some of the most widely used homogeneous metathesis catalysts are based
on high valent Mo and W alkylidene complexes, which are also known as the Schrock-type
catalysts.

In fact, the early development of these catalysts was inspired by the group 5 Tantalum
chemistry. In 1974, Schrock discovered the first high valent alkylidene
(tBuCHy)3Ta(=CHtBuU), which demonstrated the importance of using sterically hindered
neopentyl ligands for stabilizing the tetra-coordinated highly electron deficient metal center.
In addition, it showed that alkylidene moieties were accessible via a-H abstraction.®® Later,

the alkoxide complex Ta(=CHtBu)(OtBu),CI(PMes) was shown to catalyze metathesis.®

o) Cl o) Cl
i [ &Cl il wPEts I
tBuO/,,W‘nOtBu + EtP—Ta— Cl— W= . tBuO/,T WOtBu

\ \ a
tBuO OtBu Cl/IIDEtS Bu Et3P(CI;| Bu tBuO OtBu

Eq. 1.1. Reaction of WO(OtBu), with TaClz(PEt;),(=CHtBu).

The first metathesis active group 6 alkylidene WO(PEt;3),Cl,(=CHtBu) was
synthesized by reacting WO(OtBu), with TaCls(PEts),(=CHtBu) (Eq. 1.1).%%%” However, this
catalyst displays only a very slow metathesis activity in the absence of AICI;. Attempts to
replace the Cl— ligands by the more bulky alkoxide ligands e.g. tBuO— led to the formation of
WO(OtBu),(=CHtBu)(PEt3). However, this complex decomposes in solution or in the solid-
state at room temperature suggesting the oxo ligand is not bulky enough to prevent
bimolecular decomposition.®® Thereafter, the main research focus switched to the
isoelectronic bulky imido ligands, instead of the oxo ligands. Imido ligands (NAr) containing
a 2,6-disubsituted aryl group, such as 2,6-diisopropylaryl imido ligand, have shown to be a

great success in synthesizing various tetra-coordinated W- and Mo-based alkylidenes.™ %7

Meanwhile, the synthesis of metathesis active Re(V11) alkylidene was also reported.” "
1.5.1 Oxo Ligand-based W and Mo Alkylidenes

Alkylidene complexes bearing an oxo ligand are fundamentally interesting since they
are the closest model structures for the active sites in heterogeneous catalysts. However, due
to the highly reactive nature of the oxo alkylidene complexes and the long and indirect

synthetic route involved, they received much less attention in the literature compared to their
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imido counterparts until more recently. In 2011, the syntheses of the tetra-coordinated
W(O)(CH-t-Bu)(OHIPT)(Me,Pyr) (Pyr = 2,5-dimethylpyrrolide; OHIPT = 0O-2,6-(2,4,6-i-
PrsCsH2),CeHs) and  W(O)(CH-t-Bu)(OHMT)(MeyPyr)(PMe,Ph)  (OHMT = 0-2,6-
dimesitylphenoxide) were reported (Figure 1.3.A).”* The latter is shown to be a highly z-

Ar
?.\\L tBu ?\pMe3
o-;w=/ Y—/M_(')_
Ar / N X E)
P /

Ar = 2,4 6-triisopropylphenyl; L = n/a X =Y = OC(CHj3)(CF3), or Cl
or Ar = mesityl; L = PMe,Ph or X = 0-2,6-(2,4,6-triisopropylphenyl),CgHgz; Y = CI

selective catalyst.

Figure 1.3.A. First well-defined tetra-coordinated W oxo alkylidene complexes; 1.3.B. First
metathesis active Mo oxo alkylidene complexes.

Afterwards, a new synthetic route for synthesizing W(O)(CHR)CI,(PMe,Ph), (R = tBu
or CMe,Ph) was reported, which facilitates the syntheses of various W oxo alkylidene
complexes.” Furthermore, the presence of oxo ligand allows investigation of the effect of
Lewis acids e.g. B(CsFs); in metathesis reaction to be conducted at a molecular-level.”®
Thereafter, the cationic W oxo alkylidenes stabilized by N-Heterocyclic Carbene (NHC)
ligands were synthesized and they were shown to be highly active in metathesis.”” The most
recent development has led to the synthesis of the first well-defined Mo oxo alkylidenes
(Figure 1.3.B) that are highly active in metathesis. It is worth noting that a key step in their

syntheses involves the reaction between water and alkylidyne as illustrated in Eq. 1.2.7%7

o/
H,0 o
(FsC)MeCO,,, || \OCMe(CF3);  PPhMe, i ZOCMe(CF3),
Mo_ - — © » (F3C),MeCO—Mo=
(F5C),MeCO” | YO ether M 7
o . e,PhP? |
- \) -78 °C to RT /O
overnight

Eqg. 1.2. Reaction of Mo(CAr)[OCMe(CF3),]z3(DME) (Ar = 0-(OMe)CgH,) with water in the presence
of PPhMe,.

1.5.2 Formation of Alkylidenes from Reduced Metal Complexes
Common decomposition pathways of high valent alkylidenes include bimolecular
coupling of the alkylidene moieties forming dimeric species (Scheme 1.6.A) and

rearrangement of the metallacyclobutanes yielding reduced metal centers (Scheme 1.6.B).'"
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808 For example, Mo(1V) olefin complexes were identified as the decomposition products of
Mo(V1) alkylidenes.®®” Meanwhile, [ReCp(NO)(PPhs)(=CH,)]PFs complex was proposed to
undergo bimolecular coupling followed by rearrangement to yield an ethylene © complex.®
All these decomposition pathways involve the loss of the alkylidene moieties. Therefore, if
one can regenerate the alkylidene moieties from these reduced metal complexes (the
decomposition products), this would be a way to regenerate the metathesis active catalysts.
Such alkylidene formation pathways might also be closely related to how active species are
generated in the corresponding heterogeneous metal oxide catalysts (for more details, please

refer to section 1.4).

A) Bimolecular decomposition

iPr ; “iPr iPr/Q\iPr iPr ; ~iPr iPr ; ~iPr
N

OCeF
2 MozcH, —— = U0y OB \r/‘\l{/* tBu—» \T{/*W';g?-lziBu
tBuo Mo=CM2 o, Mo 2 fBuCH,", tBuCH' " W —
- HaC=CH 7 ™ 2 - tBUCH=CHB 2 I
1BUG 2 2 uo” N OBy CeFsO Y Y cgFs0 N
Pr iPr iPr iPr

B) Rearrangement of metallacyclobutane or alkylidene

I‘\‘lAru lﬁlAr

THF,, - .
e‘ywv THF /Wﬂ‘ b=+ Arg = 2,6-dichlorophenyl
o)

QJ& § O = 3,3-di-t-Bu-5,5',6,6tetramethyl-1,1-biphenyl-
2.2 diolate
ratio = 1 0.125 0.25

iPr/(;\iPr iF’r/@\iPr iPr/Q\iPr
> siMe, |

N )
’\\\l CMe,Ph 2 equiv | SiMes /\SiMeg,

1]
wMo= Mo Mo
Me(CF3),CO" Me(CF3),CO" oS - Me(CF3),CO /
- = - Me3Si SiMe:
Me(CF3),CO CHo=CHCMePh o (CFa),C BINNAIME e (CF )00
SiMej3

SiMe;

Scheme 1.6.A. Examples of dimers formation via bimolecular coupling of alkylidenes. 1.6.B.

Examples of reduced W and Mo species formed via rearrangement of metathesis active species.

There are several reports on generating alkylidenes by using alkylidene transfer reagents, such

88-90 and diazomethane-based reagents®, on Ta(l11) and W(IV), but

as alkylidene phosphorane
the resulting complexes only show little to no activity in metathesis. Besides, these reagents
might further react with the metal alkylidene formed leading to undesirable products.®
Alternatively, strained 3,3-diphenylcyclopropene has been used to generate vinylalkylidenes
from reduced metal centers.®*¢ Additionally, other pathways may operate. For instance, the
rearrangement of olefins, which are coordinated to the M(IIl) (M = Ta or Nb) centers, into

alkylidene moieties has been shown to be catalyzed by the presence of external proton source
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or proton from the ligand (Scheme 1.7).%%® Another potential route involves the formation of
metallacyclopentane, which then undergo ring contraction to form metallacyclobutane (Eq
1.3), as proposed in the Ta and Re systems.***® This mechanism is also proposed for the
unusual homologation of a vinyl tin species to an allyl tin species catalyzed by Mo(1V)

ethylene complex.*™

[NsNJTa—|| NoNTa—"
AN o~
+ NoNITE( NaNTa
PhPH, PH,Ph PHPh PhPH,

[N3N] = [(Me3SiNCH,CH,)3N]
tBu‘ JBu
_Si

R 07
(tBu3SiO)3M—||/ (tBU3SiO)2MJ\

R

R
(tBu3SiO)3M=/_

M = Nb or Ta; R = H, Me, Et, Ph, p-OMeCgH,4, p-CF3CgH4

Scheme 1.7. Rearrangement of olefin complexes into alkylidenes for Ta(l1) and Nb(l1I).

ring contraction
+ /
u—| o] —— $

metallacyclopentane

Eqg. 1.3. Formation of metallacyclopentane followed by ring contraction.

Meanwhile, the formation of metathesis active Re alkylidene was observed from Re(V)
diolate via Collision Induced Dissociation (CID) and metallaoxetane was proposed to be the
intermediate, which could undergo cycloreversion to give the Re alkylidene and aldehydes
(Scheme 1.8).°" 19219 Thijs study also provided a molecular evidence for the formation of
alkylidenes by pseudo-Wittig mechanism, which has been proposed in the initiation of
Re,07/Al,0s3.

o T o o I o
I N _ CH
(L)nRe"‘OJ CID (L)nRe/ . LR <CHz . 2
VO (IDJ ~o o)
J n=2
o I
I} —0
LnReT + |

Scheme 1.8. Formation of Re alkylidene from Re(V) diolate via Collision Induced Dissociation.
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Although the formation mechanism of a metal alkylidene from an olefin and a reduced
metal center is still under debate, there are several examples showing that low valent W% or
Re'® complexes could catalyze ROMP of strained olefins and that reduced M(IV) (M = Mo
or W) complexes could slowly catalyze metathesis reaction. Notably, it has been reported that
dimeric complexes containing unsupported M=M double bond such as [Mo(NAr)(CH,-t-
Bu)(OCsFs)]2 (Ar = 2,6-i-Pr,CsHs) and {W(NAr')[OCMex(CF3)]z}. (Ar' = 2,6-MeyCeHs)
(Scheme 1.9.A) can slowly catalyze metathesis.'® However, the amounts of alkylidenes
formed in these systems were estimated to be less than 2 — 3 % and no spectroscopic evidence
for the formation of alkylidene species has been reported. Similarly, various monomeric
Mo(IV) olefin complexes (Scheme 1.9.B) have been reported to catalyze metathesis slowly
including metathesis of acyclic olefins but the active alkylidene species have not been

observed.®’

NAr  OtBuFs, NAr
tBuFSOln--W=W40tBuF3 X"'I\/Illo\//
{BUF 30 NAr ol
Ar = 2,6-Me,CgHs Ar' = 2,6-i-Pr-CgHj

X or Y = alkoxide, phenoxide,
siloxide or 2,5-dimethylpyrrolide

Scheme 1.9.A. Dimeric {W(NAr')[OCMe,(CF3)].}, (Ar' = 2,6-Me,CgsHs) with unsupported W=W

bond. 1.9.B. Monomeric Mo(IV) olefin complexes.

1.6 Well-defined Heterogeneous Metathesis Catalysts Prepared by Surface

Organometallic Chemistry

Surface Organometallic Chemistry (SOMC) has emerged as a powerful approach to
synthesize well-defined supported surface species, which helps to strengthen the connection
between homogeneous and heterogeneous catalysts.” 2% Typically, high surface area oxides,
such as silica (SiO,) and alumina (Al,O3), are used as the supports. These supports provide
the surface hydroxyl groups (HO-) as anchoring groups; they serve as the anionic surface O—
ligands at the supported metal center (Scheme 1.10). In SOMC, the density of the OH groups
on the supports is controlled by the dehydroxylation temperature. For instance, silica partially
dehydroxylated at 700 °C under high vacuum results in the formation of isolated =SiOH
groups (ca. 0.8 =SiOH nm™) that can be exploited to generate isolated organometallic

complexes on the surface.*'***



Dehydroxylation Grafting

L Kt
M

PN

H. _H 2R
OH O (6) A, vacuum OH MLnXX (0] AN
—— /o\ —— /O\
- H,0 —XH

oxide support dehydroxylated grafted metal complex
oxide support

Scheme 1.10. Formation of grafted metal complex by surface organometallic chemistry approach.

Grafting of molecular olefin metathesis catalysts does not only provide models for the
active sites in heterogeneous metathesis catalysts, but it also shuts down the typical
bimolecular decomposition pathways observed in homogeneous systems.'*? Hence, the
catalytic performances of these supported catalysts are generally improved with respect to
their molecular counterparts. The first fully-characterized grafted metathesis active alkylidene
is (=Si0)Re(=CHtBu)(=CtBu)(CH,tBu).*® The characteristic alkylidene moiety was observed
spectroscopically by *H and *C solid-state NMR. Since then, a series of well-defined
supported metathesis active alkylidenes were prepared via grafting.*****’ In 2008, Blanc et. al.
reported the first observation of metathesis reaction intermediates including methylidene and
metallacyclobutanes (both TBP and SP) by solid-state NMR, upon contacting
[(=Si0)W(=NAr)(=CHtBu)(2,5-Me;NC4H,)] with *C-dilabeled ethylene.*?® The well-defined
nature of the supported alkylidenes also allows systematic studies of the ligand influence on
the metathesis activity and helps to establish a structure-activity relationship of supported
catalysts.!” 17 12° Besides, the recent development of oxo alkylidenes in homogeneous
catalysts also brought forward the syntheses of supported oxo alkylidenes leading to a more
realistic model for the active site in classical heterogeneous catalyst (Scheme 1.11).130132
Moreover, the supported W oxo alkylidenes were shown to be highly active in metathesis at
room temperature. The large difference in the metathesis activity of these supported models
versus the heterogeneous catalysts is believed to come from the different amounts of active

sites and the difficulties in initiating the classical heterogeneous metal oxides catalysts.

(e}
o, ;R Q  tBu 0
/\W""o (tBuo)asiO\;V\/=/ (BuO)ssioY =
o~ Q7 pmespr o 0
o fo 54 o i 0§’
Co £o £
Proposed active site in i X
WO4/SIO, Models for the active site

Scheme 1.11. Proposed structure of the active site in WO3/SiO, and the structural mimics generated

by SOMC approach.
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On the other hand, various supported metal alkyl complexes were also prepared by
SOMC approach; they were shown to be metathesis active and presumably involved the
generation of alkylidene moieties via a-H abstraction.’** While most of the catalysts were
supported on SiO,, there are few examples of grafting CHzReO3 on Al,O3, which have been

used as the model for Re,07/Al,05.14014

1.7 Strategy and Outline

WO3/SiO; is used for the production of propylene in the OCT process, which is one of
the largest industrial processes. Despite the discovery of this catalyst more than 50 years ago,
understanding of the nature of active sites and their formation mechanisms is still very
limited. Therefore, this thesis is devoted to understand the initiation process involved in silica-
supported W-oxo based olefin metathesis catalysts. This includes the identification of active
species and detailed investigation in the initiation mechanism involved in transforming W-oxo
(W=0) species into W alkylidenes (W=CHR).

The biggest challenges in studying heterogeneous catalysts are the small amounts of
active sites and the presence of a variety of surface species. In order to tackle these problems,
SOMC approach is used for generating well-defined surface species, which serve as a model
system for WO3/SiO,. The uses of complementary spectroscopic techniques (e.g. solid-state
NMR, IR and X-ray Absorption Spectroscopy) as well as molecular mimics allow molecular-
level understanding of the surface species to be established. In particular, we focus on
tailoring molecular precursors as structural mimics for the proposed surface species in
WO3/SiO,. The reactivities of the tailored molecular precursors are investigated by
experimental approaches assisted by DFT computations. Furthermore, the supported
analogues of these molecular precursors are prepared via SOMC to yield the well-defined
supported model systems, in which the activities and reactivities are further investigated. This
strategy allows us to achieve a fundamental understanding of different surface species that are
present in the WO3/SiO, catalytic system and their initiation mechanisms, and hence,
allowing rational improvement in the supported metathesis catalysts.

Chapter 2 focuses on preparing a well-defined silica-supported W-oxo catalyst and
investigates its activation with organosilicon reducing agents. This study helps to understand
the molecular structures of the surface W-oxo species and how they are being activated. The
efficient activation with organosilicon reductants also allows us to characterize the activated

species, and thus, answer the long-standing question regarding the nature of the active sites.
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The results obtained also hint us to potential initiation mechanism, which is further
investigated in the following chapters.

Based on these findings, well-defined molecular W(IV)-oxo complex is tailored as a
model compound for investigating its reactivity and initiation in olefin metathesis, which is
discussed in Chapter 3 to provide a molecular-level understanding on the reduced W(IV)
species. The combination of both experimental and DFT computational studies in this chapter
provides unprecedented details into the initiation mechanism.

In Chapter 4, we relate the molecular model system back to the supported W(IV)-oxo
species by using SOMC. By investigating the reactivity of the supported species and
comparing it to the molecular system, the role of the silica support is revealed.

With all the knowledge and understanding obtained through these different studies, the
effects of preparation methods and organosilicon reductants on the metathesis activity of
supported W(V1)-oxo species are investigated and rationalized in Chapter 5.

This thesis is end with a general conclusion and perspective in Chapter 6.
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Chapter 2.  Preparation of Well-defined Silica-supported
Tungsten-oxo Species and Metathesis Activity upon
Activation by Organosilicon Reducing Agent

Reproduced in part with permission from: Mougel, V.; Chan, K.-W.; Siddiqi, G.; Kawakita,
K.; Nagae, H.; Tsurugi, H.; Mashima, K.; Safonova, O.; Copéret, C., Low Temperature
Activation of Supported Metathesis Catalysts by Organosilicon Reducing Agents. ACS Cent.
Sci. 2016, 2, 569-576. Copyright 2016 American Chemical Society.

2.1 Introduction

Silica-supported tungsten oxide WO3/SiO, is one of the most commonly used
heterogeneous olefin metathesis catalysts in petrochemical industry.>? Its active sites have
been proposed to be isolated W-oxo alkylidene species, in their highest oxidation state,
formed under the harsh operating conditions of ca. 400 °C (Figure 2.1.A).2* Major research
efforts have been conducted in the past 40 years to generate the corresponding well-defined
molecular and surface mimics (Figure 2.1.B).>*® Such catalysts display very high activity at

10 in contrast to industrial catalysts,

room temperature (> 100 turnover number (TON)/ min)
showing that the low activity of the industrial WO3/SiO, catalysts is presumably due to the
difficulty to generate the active oxo alkylidene from the oxo surface species rather than an

intrinsic low activity of W-oxo alkylidene moieties.
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Figure 2.1.A. In WO,/SiO, metathesis catalyst catalysts, the putative active sites (isolated metal oxo
alkylidene moieties in +6 oxidation state) are formed at high temperature in presence of olefin. 2.1.B.

Well-defined isostructural molecular and silica-supported mimics of the putative active site.
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Most activation strategies for industrial catalysts involve high temperature treatments
under gas atmospheres (alkenes, inert gases, air, Hy) or the use of alkylating agents such as
R4Sn."™ However, the performance of these activated industrial catalysts is still far from that
of the well-defined molecular and surface mimics. The activation processes are proposed to

involve either redox or non-redox mechanisms,*

which are still largely debated and hinder
the rational development of activation strategies for these industrial catalysts.

One of the biggest challenges in developing a molecular-level understanding in the
activation processes is the complexity of a mixture of surface species in classical WO3/SiO,.
Therefore, in this chapter, we develop a synthetic method by combining the Surface
Organometallic Chemistry (SOMC) and Thermolytic Molecular Precursor (TMP) approach™®
for synthesizing molecularly-defined isolated tungsten(V1) oxo surface sites on silica. Such an
approach consists of grafting a molecular complex containing (tBuO);SiO— ligands followed
by a thermolysis step that removes all organic moieties leaving isolated W(VI) oxo sites. We
then further investigate the activation of these supported W(VI) oxo sites by using

organosilicon reducing agents.

2.2 Result and Discussion
2.2.1 Synthesis and Characterization of Well-Defined Silica Supported Tungsten-oxo

Species

We grafted [W(0)(OSi(OtBu)s)(DME)]*"*® on silica partially dehydroxylated at 700
°C (SiO,-700), followed by a thermal treatment under high vacuum (10 mbar) to afford the
material 1 (Figure 2.2.A). A tungsten loading of 3.15 wt% was determined by elemental
analysis, corresponding to a site density of ca. 0.5 W/nm? and indicating a partial reaction of
the molecular complex with the surface silanols, which was corroborated by IR spectroscopy
(Figure 2.2.B).

Further characterization of the material 1 by X-ray Absorption Spectroscopy (XAS)
indicates material 1 presents a W L;;-edge XANES white line energy of 10210.93 eV, very
similar to the white line energy value of the molecular precursors [W(O)(OSi(OtBu)s3),] and
[WO,(OSi(OtBu)3).(DME)] (10210.97 and 10210.87 eV respectively), confirming that the
tungsten centers are present in the +6 oxidation state. The W Lj-edge EXAFS spectra of
material 1 is shown in Figure 2.2.C. Fitting this spectrum with scattering paths from the
nearest oxygen neighbors shows that the presence of a single surface species like the dioxo
[(=Si0),WO,] or the monooxo [(=Si0)4WO] is not possible. The best fit shows the number of

O atoms at 1.70 A and 1.89 A are 1.5 and 2.9, respectively (Table A.2.5), in agreement with a
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ca. 1:1 mixture of [(=SiO);WO,] and [(=SiO),WQ] species, as shown in Figure 2.2.A. In
addition, the absence of intense peaks at high R values indicates the isolated nature of the
tungsten centers in our material (W-W scattering path being typically observed at ca. 3.7 A

for bulk crystalline WO3; reference, Figure A.2.18).
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Figure 2.2.A. Synthetic route for 1. 2.2.B. The IR spectra of SiO,.7q (top), the material after grafting
of [W(0),(0Si(OtBu);),(DME)] (middle) and after thermal decomposition to generate 1 (bottom).
2.2.C. The fit of the EXAFS spectrum in k space and R space of 1 in W L, edge.

The absence of crystalline WOj3 in our sample was further confirmed by powder X-ray
diffraction of the material (Figure A.2.16). UV-Vis Diffuse reflectance spectra (UV-DRS) of
the material 1 (Figure A.2.14) reveals only one strong transition centered at 230 nm
associated to an electronic edge energy (Eg) of 4.2 eV. This single LMCT band is typical for
distorted mono-tungstate species*® and together with the EXAFS data confirm the presence of
isolated tungsten centers.

2.2.2 Activation at Low Temperature with Organosilicon Reducing Agents

These well-defined isolated tungsten oxo sites are however only active above 400 °C

in propene metathesis, with very modest TOF and TON (initial TOF at 500 °C = 0.05 min™,
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TON = 60 after 24 h), (Figure A.2.26) further illustrating that low activity is probably due to
the difficulty in generating the putative alkylidene active sites from isolated metal oxo
species.

To overcome the low activity and need of elevated temperatures, we explored the use
of organic reducing agents for low temperature activation. Reduction of supported metal
complexes is complicated by the fact that most of the typically used reducing agents in
molecular inorganic/organometallic chemistry (e.g. alkali metals, organometallic reagents)
generate salts or metallic co-products upon reduction. These byproducts stay adsorbed on the
surface, which hinders the understanding of the activity of the surface sites and the efficient
recycling/reactivation of the catalyst. In that context, reduction of surface complexes with
(metal/salt-free) organosilicon reagents, recently demonstrated to be very efficient for the

2023 appear as promising alternatives to classical reducing

reduction of molecular complexes,
agents. We thus examined the activation of 1 using 2,3,5,6-tetramethyl-1,4-bis(trimethylsilyl)-

1,4-diaza-2,5-cyclohexadiene (Red4) (Figure 2.3.A).%
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Figure 2.3.A. The reaction of 1 with x equiv. of the organosilicon reducing agent Red4 results in the
partial reduction of the material. Ratio of the W(IV), W(V) and W(V1) species are indicated for x = 2.
2.3.B. Bulk W L,;-edge XANES spectra before and after reduction of 1 with 2 equiv. of Red4. 2.3.C.
Changes in the amount of Red4 consumed (blue diamonds) and XANES white line position (red dots)

after reduction of 1 with x equiv. of Red4.

The addition of 1 equiv. of Red4 to a suspension of 1 in benzene at 70 °C afforded a
dark purple solid (Figure 2.3.A). Based on proton NMR spectra of the filtrate, Red4 reacted

quantitatively; 0.5 equiv. of 2,3,5,6-tetramethylpyrazine and 0.03 equiv. of HMDSO were
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released in solution, and reduction of the material was confirmed by a shift of the XANES
white line to lower energy (Figure 2.3.B). The activity of this material in alkene metathesis
was investigated using cis-4-nonene as a prototypical substrate. In contrast to 1, inactive in
similar conditions, the catalysts activated with Red4 converted 1000 equiv. of cis-4-nonene to
thermodynamic conversion at 70 °C in 6 h.

Analysis of the reduced materials by IR spectroscopy revealed that upon addition of
Red4 new C—H stretches were formed and remaining isolated silanols were consumed, likely
indicating a passivation of the surface upon exposure to the organosilicon reducing agent
(Figure A.2.4). As the passivation of surface silanols by Red4—observed even on neat SiO,.
700 (See Appendix for details)}—could prevent full use of the reductant for the reduction of the
W centers, we investigated the optimal amount of reductant required for quantitative
reduction of the tungsten sites. Reductions in similar conditions as described above with x =
0.5, 1, 2, and 3 equiv. of Red4 per W sites were evaluated by NMR spectroscopy of the
filtrate and XANES spectroscopy of the materials, thereafter coined 1-(Red)x (Figure 2.3.C).

Proton NMR spectra of the filtrate after addition of Red4 revealed that Red4 is
quantitatively consumed until one equivalent, and increasing amount of unreacted Red4 are
observed with 2 and more equivalents. The activated materials were analyzed by XANES,
monitoring the variation of the tungsten white line energy. The latter gradually decreases with
addition of reductant from 10210.93 eV for 1 to 10209.14 eV for 1-(Red),, (see Appendix for
details) this value remaining similar for materials activated with 2 equiv. or more of Red4.
This, combined with the presence of unreacted reductant when more than 2 equiv. are used,
indicates that the use of a larger amount of the reductant is not necessary to fully reduce the
material. For this reason, we choose to characterize and focus our further studies on 1 reduced
with 2 equiv. of Red4, 1-(Red),.

2.2.3 Characterization of Activated Catalysts 1-(Red),

Clear information of the oxidation state of the sample is difficult, as very few similar
low valent W references are available. We could however observe that the W Ly, white line
energy of the most reduced sample (10209.1 eV for 1-(Red), (Figure 2.3.B) is lower in
energy than W(VI) and W(V) reference materials (10211.0 eV for [W(O)(OSi(OtBu)3)4],
10210.9 eV for [W(0)2(OSi(OtBu)s)2(DME)] and 10209.5 eV for W(OEt)s/SiOx>
respectively), indicating that the main oxidation state of the material is likely to be lower than
+5. In particular, the XANES spectra of 1 and 1-(Red), are very close to the spectra of
Na,WOQO, and WO, reference materials respectively, consistent with their proposed oxidation
state (Figure A.2.21).
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To confirm the oxidation state assignment in 1-(Red),, chemical titration of the
reduced material using an excess [(CpzFe)(PFs)] in dg-THF was carried out. Quantification of
released byproducts by proton NMR of the filtrate revealed the release of 1.66 equiv. of
ferrocene, 0.1 equiv. of 2,3,5,6-tetramethylpyrazine and 0.8 equiv. of TMS moieties (see
Appendix for details). This indicates that the main oxidation state of W is close to +4, but
with the presence of some species in higher oxidation states (+5 or +6). In fact, EPR studies
of 1-(Red), revealed the presence of W(V) centers, (Figure 2.4) which were determined to

represent ca. 0.15 equiv. of the W sites according to spin counting (see Appendix for details).

)
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Figure 2.4. EPR spectra of 1-(Red),

Hence, W(IV) species probably account for 75% of the surface species, together with 15% of
W(V) species and 10% of non-reduced W(VI) species, in agreement with the XANES shift
described above. As both the dioxo [(=SiO),WO,] and monooxo [(=SiO),WQ] surface sites
are present in a 1:1 ratio in 1, this indicates that both species can be reduced by Red4. UV-
DRS of 1-(Red), presents strong absorbance in all the 200-800 nm region, similar to what is
observed for H, treated tungsten oxides,®® the shifts above 400 nm being typical for d-d
transition of W(V) species, but may also arise from other reduced W species.® EXAFS studies
of 1-(Red), show that the numbers of oxygen atoms at ca. 1.70 A decreased together with an
increase in the numbers of oxygen neighbors at ca. 1.90 A with respect to 1, that is in
agreement with an average of less W=0 double bonds and more W—O single bonds. From the
quantitative analysis, the number of W=0 bond before and after reaction drop from 1.5 to 0.8
while the numbers of W—O bonds increases from 2.9 to 3.1 (see Figure A.2.19, Table A.2.5
and A.2.7). This is consistent with the reduction of the tungsten sites and the TMS

functionalization of the oxo moieties upon reaction with the organosilicon reducing agent.
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This information is consistent with the C, H, N and W elemental analysis of 1-(Red),
indicating the presence of ca. 0.5 equiv. of 2,3,5,6-tetramethylpyrazine and ca. 2.9 equiv. of
TMS moieties per surface tungsten center (13 C, 1 N and 33 H atoms per W center), the latter
accounting also for the presence of at least 1.4 (=SiOTMS) moieties per W center resulting
from silica passivation.?” This is consistent with amount of 2,3,5,6-tetramethylpyrazine and
HMDSO recovered in the filtrate after the reduction procedure.

At this stage however, it is not possible to propose a defined structure after reduction,
as the reduced material is likely composed of several surface species with tungsten in +1V
(75%), +V (15%) and +V1 (10%) oxidation state.

2.2.4 Catalytic Activity of Activated Materials

In order to evaluate the potential of the most reduced catalyst 1-(Red), in alkene
metathesis of liquid olefins in batch conditions, we evaluated its activity with cis-4-nonene.
The reduced catalyst showed good activity in the metathesis of cis-4-nonene, converting 1000
equiv. of cis-4-nonene to thermodynamic conversion at 70 °C in less than 12 h. However, as
shown in Figure 2.5 (dark blue diamonds), an induction period of 3 h took place before
metathesis started. Interestingly, we noticed that this induction period was affected by the
amount of Red4 used, as shorter induction periods were observed for 1-(Red); and 1-(Red)os

(Figure 2.5, light blue squares and purple dots).
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Figure 2.5. Conversion vs time, cis-4-nonene homometathesis, 0.1 mol% W, 70 °C for 1-(Red), (blue
diamonds), 1-(Red); (blue squares), 1-(Red),s (purple dots) and in situ addition of 0.2 mol% Red4 to

1 (green triangles). Dashed lines have been added as a guide to the eyes.

We reasoned that this induction period might be due to the reversible poisoning of some

active sites by 2,3,5,6-tetramethylpyrazine released upon activation of the catalysts with the
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reducing agent. To test this hypothesis, we looked into directly activating the material under
catalytic conditions. When 2 equiv. of Red4 were added to the materials in presence of 1000
equiv. of cis-4-nonene, full conversion was observed in less than 3 h, without observing an
induction period (Figure 2.5, green triangles).”® This activity is comparable with some well-
defined silica-supported tungsten alkylidene catalysts.?

This high activity prompted us to investigate the catalytic activity with a broader range
of substrates, including ethyl oleate, a prototypical functionalized substrate from biomass
(Table 2.1). The catalyst was proven efficient with 1-nonene, albeit with lower TOF, reaching
equilibrium conversion in 24 h at 1 mol% loading. With ethyl oleate equilibrium conversion is
also observed at 1 mol% loading in 24 h. Ring opening metathesis was realized with a TON
of 100 with cyclooctene. The molecular dioxo and monoxo analogues of the surface species
([W(0)2(0OSi(OtBu)3).(DME)] and [W(O)(OSi(OtBu)3)4]) were found to be inactive under the
same conditions reaction. The good activity displayed by 1 in the presence of 2 equiv. of
Red4 at low temperatures, including for functionalized substrates, is unprecedented for
supported tungsten oxide catalysts.

Table 2.1. Metathesis of various substrates by 1 in presence of 2 equiv. of Red4 at 70 °C.

Substrate Mol %  TOFpa (Min™)? Time to final conversion®
cis-4-nonene 0.1 8 (10 min) 3 h (500)
1-nonene 1 3 (360 min) 24 h (84)
Ethyl Oleate 1 4 (3 min) 24 h (48)
Cyclooctene 1 10 (5 min) 20 min (100)

 Maximum TOF value measured during the test, at the time indicated in parentheses. ® TON are given
in parentheses

Meanwhile, we also investigated the possibility of catalyst recycling and reactivation.
After initial activation of 1 with 2 equiv. of Red4 in presence of 1000 equiv. of cis-4-nonene
and thermodynamic conversion is observed, the catalyst can be recovered by filtration. A new
portion of 1000 equiv. can be converted to thermodynamic conversion with this recycled
catalyst, however at the expense of much slower TOF, equilibrium conversion being reached
in about 24 h (vs. 3 h for the initial cycle, Figure A.2.27). This significant aging of the catalyst
is likely due to the deactivation of active sites with the feed impurities, the most common
|.30—32

impurities in the olefin feed are adventitious traces of water, dioxygen and alcoho
Interestingly, it can be noticeably reduced by addition of 1 equiv. of Red4 to the second
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portion of cis-4-nonene added, equilibrium conversion being then reached in about 10 h
(Figure A.2.28). This highlights the potential of the reductant to reactivate the deactivated
sites (see Appendix for details). We thus investigated the reactivation of poisoned catalyst
with dioxygen, water and ethanol. Metathesis of cis-4-nonene was initiated using 1 at 0.1
mol% loading in presence of 2 equiv. of Red4; after 1.5 h, and ensuring that the catalytic
reaction took place, H,O, dry air or ethanol (1 equiv., excess and 1 equiv. respectively) were
added to the reaction mixtures (see Appendix for details). After 1.5 h, the deactivated
catalysts were separated from the solution phase to remove the contaminant, and exposed to a
new portion of 1000 equiv. of cis-4-nonene. No catalytic activity was observed with these
poisoned catalysts, confirming their complete deactivation. These poisoned catalysts were
then reactivated with 2 equiv. of Red4 and display full conversions in all the three cases
(observed after 100 h for O, poisoned catalyst and 48 h for H,O and ethanol). This
unprecedented reactivation of poisoned catalysts paves the way towards continuous
regeneration of the catalyst in flow conditions.

2.2.5 Investigation of Reaction Intermediates and Initiation Mechanism

In order to investigate the changes occurring at the metal sites in catalytic conditions,
we investigated the changes in the XANES of 1-(Red), before and after catalytic tests with
cis-4-nonene in the conditions described above (1000 equiv. of cis-4-nonene in toluene at 70
°C for 24 h). The XANES white line energy of the catalyst 1-(Red), before and after exposure
to the olefin increased from 10209.1 eV to 10209.4 eV, this increase in the white line energy
being consistent with the partial reoxidation of the material upon exposure to alkenes.

Moreover, EPR studies of 1-(Red), before and after exposure to cis-4-nonene in
catalytic conditions show that the signal attributed to W(V) sites is barely affected in terms of
shape and intensity (Figure A.2.23), indicating that these are likely spectator species in the
catalytic reaction. The presence of these remaining W(V) sites after exposure to olefins could
be a reason why the value of the tungsten white-line energy after exposure is still lower than
that of the parent W(V1) precursor 1 (10209.4 eV for 1-(Red), after exposure to 1000 equiv.
of cis-4-nonene vs. 10210.9 eV for 1).

Based on both XANES and EPR studies, the results suggest the formation of W(VI)
alkylidenes (metathesis active species) likely resulted from the W(IV) sites. To further probe
this hypothesis, 1-(Red), was exposed to 60 equiv. of ethylene at 100 °C for 12 h. GC-MS
characterization of the gas phase after reaction revealed the release of ca. 0.5 equiv. of
propene and 0.04 equiv. of but-2-enes. **C Cross Polarisation Magic Angle Spinning (CP
MAS) and HETCOR NMR spectrum of a sample prepared analogously with **C dilabeled
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ethylene revealed the appearance of peaks at 74, 38, 34 and 21 ppm correlating to *H signals
at 3.2, 3.5, 2.0 and 2.6 ppm respectively (Figures A.2.11 — A.2.13). The set of signals at 38

and 21 ppm are reminiscent from SP metallacyclobutane units,?* 3

while the signals at 74
ppm and 34 ppm can be tentatively assigned to a metallacyclopentane moiety. To confirm this
hypothesis, a suspension of this sample in CH,Br, was contacted with Br,; GC-MS analysis
of the product solution revealed the presence of 1,4-dibromobutane, in agreement with the
presence of the proposed metallacyclopentane complex (see Appendix for details). One way
to explain the formation of metallacyclopentane, metallacyclobutane and propene is that
metallacyclopentane is formed from W(IV) olefin adducts, similar to the reported Ta, Mo, W

40 examples (for molecular complexes). Then, a subsequent ring contraction generates the

metallacyclobutane and finally the carbene species (Eq 2.1).**

ring contraction
+ 2 /
W+4 W@ P W+6 - > W= + /\

metallacyclopentane

Eq. 2.1. Possible mechanism for the observation of metallacyclopentane and propene.

2.3 Conclusion

Using a molecularly-defined tungsten oxo model of the surface species existing in
WO3/SiO; catalysts, we have identified a simple activation process via the reduction of the
surface sites with organosilicon reductants at low temperatures. This process allows the
generation of highly active catalysts, notably through the in-situ reduction of the catalyst in
presence of the substrate. By showing evidence for the generation of metathesis active sites
from W(IV) centers, this approach builds bridges between molecular and classical
heterogeneous metal oxide metathesis catalysts. This activation process paves the way
towards simple improvement of existing alkene metathesis processes by allowing lower

temperature operation and improved selectivity.
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2.4 Experimental Details
2.4.1 General procedures

All experiments were carried out under dry and oxygen free argon atmosphere using
standard Schlenk, high vacuum lines (10 mbar) or glove-box techniques for organometallic
synthesis. Pentane, toluene and diethyl ether were purified using double MBraun SPS alumina
column, and were degassed using three freeze-pump-thaw cycles before being used. DME and
THF were distilled from Na/Benzophenone. Silica (Aerosil Degussa, 200 m>.g™) was
compacted with distilled water, calcined at 500 °C under air for 4 h and treated under vacuum
(10° mbar) at 500 °C for 6 h and then at 700 °C for 10 h (support referred to as SiO,.700) and
contained 0.26 mmol of OH per g as measured by titration with PhCH,MgCI. All infrared
(IR) spectra were recorded using a Bruker a-T spectrometer placed in an Ar glovebox,
equipped with OPUS software. A typical experiment consisted in the measurement of
transmission in 32 scans in the region from 4000 to 400 cm™. The *H and **C solid state NMR
spectra were obtained on Bruker Avance Il 400 MHz Bruker spectrometers equipped with a
4 mm probe. Cross polarization magic angle spinning (CPMAS) and spin echo type
experiments were used to measure **C and *H, respectively. The radio frequency (RF) field of
proton was always set to 100 kHz while the 1H decoupling was set to 80 kHz. The solution
spectra were recorded in CgDg at room temperature. The electronic structures of the catalysts
were obtained with a Varian Cary UV-vis spectrophotometer employing a Praying Mantis
integration sphere. The UV-vis spectra were processed with Microsoft Excel software,
consisting of calculation of the Kubelka-Monk function, F(Re), which was extracted from the
UV-vis DRS absorbance. The edge energy (Eg) for allowed transitions was determined by
finding the intercept of the straight line in the low-energy rise of a plot of [F(Reo)hv]:™
Continuous Wave (CW) EPR spectra were measured at X band (9.5-GHz microwave
frequency) on a Bruker EMX spectrometer at 110 K. Powder XRD experiments were
performed on a STOE Padi Diffractometer in Debye-Scherrer Mode (20) with a Dectris
Mythen 1K area detector using Cu Kol radiation. The sample was prepared and measured in a
sealed quartz capillary. X-ray absorption spectroscopy (XAS) at the W L,;;-edge was
measured at the SuperXAS beamline at the Swiss Light Source (SLS; Paul Scherrer Institute,
Villigen, Switzerland). Calibration of the beamline energy was performed using Pt reference
foil (Pt L;;;-edge position at 11564 eV). XAS spectra in transmission mode were measured at
room temperature using ionization chambers filled with He-N, gas mixtures. To avoid contact
with air, all samples were sealed in a Ar glovebox. Each pellet of samples (with optimized

thickness for transmission detection) was placed in two aluminized plastic bags using an
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impulse sealer inside a glovebox; one sealing layer was removed just before the
measurements. Multiple extended X-ray absorption fine structure (EXAFS) scans (10207—
11207 eV) were averaged using new spots for each scan, with a scan time of ca. 30 min.
EXAFS data were analyzed using the Ifeffit program package. The EXAFS data were fitted in
R-space (1-2.2 A) after a Fourier transform (k = 1.5-14.2 A™ ) using a k-weight of 3.

Compounds WO,Cl,(DME),® WOClI;(bipy),** 2,3,5,6-tetramethyl-1,4-
bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (Red4),?* were synthesized according to
literature procedures.

2.4.2 Synthesis of the molecular precursors
Synthesis of [W(O)(OSi(OtBu)3)4]

[W(O)(0Si(OtBu)s3)s] was synthesized following the procedure described by Tilley.'’
XRD suitable crystals were obtained upon cooling at -40 °C a saturated toluene solution of
the complex.

Synthesis of [W(O),(OSi(OtBu)3).(DME)]

[W(O),(0Si(OtBu)s)2(DME)] was synthesized using a modification of the procedure
described by Tilley.!” A solution of LiOSi(OtBu); (2.87 g, 10.6 mmol, 2 equiv.) in cold
toluene (15 mL, -40 °C) was added dropwise to a suspension of WO,Cl,(DME) (2.00 g, 5.3
mmol, 1 equiv.) in toluene (20 mL, -78 °C) containing 200 pL of DME under vigorous
stirring. After 1 hour stirring at -78 °C and 2 h at room temperature, the solution was filtered
through a short Celite® pad to afford a colorless solution. Crystallization of the product from
this solution at -40 °C afforded 3.2 g (3.8 mmol, 72 %) of the title product as large colorless
needle shaped crystals suitable for XRD (collected in two crops).

'H-NMR (300 MHz, C6D8) 6 1.38 (s, 54H, (OtBu)3), 3.15 (s, 6H, DME), 3.33 (s, 4H, DME).
IR (KBr, cm-1): 703(m), 830(m), 858(m), 902(m), 948(m), 962(m), 1028(m), 1066(s),
1191(m), 1243(m), 1366(m), 1390(m), 1473(w), 2975(m).

2.4.3. Synthesis of the supported materials

Synthesis of [(=SiO) W(0),(0Si(OtBu)s)]

A solution of 1.00 g of WO,[OSi(OtBu)3].(DME) (1.25 mmol, 1.05 equiv.) in benzene
(6 mL) was added to a suspension of SiOz.700) (4.61 g, 1.19 mmol, 1 equiv.) in benzene (3
mL) at room temperature. The suspension was slowly stirred at room temperature for 12 h.
The white solid was collected by filtration, and was washed by five suspension/filtration
cycles in benzene (5 x 2 mL). The resulting solid was dried thoroughly under high vacuum
(10” mbar) at room temperature for 3 h to afford 4.55 g of the title compound. All the filtrate
solutions were collected and analyzed by *H NMR spectroscopy in C¢Dg using ferrocene as
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internal standard, indicating that 1.7 mmol of (tBuO)3;SiOH and 0.47 mmol of DME were
released upon grafting (0.70 (tBuO)3SiOH/Wyg,+ and 0.40 DME/Wq,s). Additional 0.65 mmol
of DME were quantified in the volatiles collected upon high vacuum drying, indicating that >
95% of DME was not retained on the silica surface.
Elemental Analysis: W 3.12%, H 0.64%, C 2.97% corresponding to 14.5 C/W (12 expected),
38 H/W 39 expected).
IR and solid state NMR spectra of the material are given in Figure A.2.3, A.2.7 — A.2.8,
respectively.
Thermal decomposition of [(=SiO)WO,(OSi(OtBu)3)]: preparation of 1
[(ESi0)WO,(0Si(OtBu)3)] (3.0 g) was loaded into a reactor and placed under high
vacuum (10™ mbar) and heated to 200 °C (1 °C/min) and held at this temperature for 3 h then
heated at 400 °C (1 °C/min) and held at this temperature for 6 h. The reactor was cooled to
ambient temperature under vacuum, and 1 was stored in an Ar filled glovebox. The volatiles
evolved during this process were quantified by *H NMR in C¢Ds using ferrocene as an
internal standard, indicating the release of 2.5 equiv. of isobutylene, 0.6 equiv. of water and
0.8 equiv. of tBuOH per surface W complex.
Elemental analysis: W 3.15 %.
IR spectrum, UV-DRS and powder XRD pattern of the material are given in Figure A.2.3;
A.2.14 and A.2.16, respectively.
Reductions of 1
A solution of 5.4 mg of Red4 (19.4 umol, 2 equiv.) in benzene (0.5 mL) was added to
a suspension of 1 (50 mg, 9.7 pumol) in benzene (0.5 mL) at room temperature. The
suspension was slowly stirred at 70 °C for 12 h, resulting in color change of the material from
colorless to dark violet. The solid was collected by filtration, and was washed by four
suspension/filtration cycles in benzene (4 x 1 mL). The resulting dark violet solid was dried
thoroughly under high vacuum (10 mbar) at room temperature for 3 h to afford 45 mg of the
title compound. All the filtrate solutions were collected and analyzed by ‘H NMR
spectroscopy in CgDg using ferrocene as internal standard, indicating consumption of 13.1
pmol of Red4 and that 9.7 umol of 2,3,5,6-tetramethylpyrazine and 1.2 pmol of HMDSO
were released upon reacting (0.18 equiv. 2,3,5,6-tetramethylpyrazine /Wgys).
Elemental Analysis: W 2.93 %, C 2.57 %, H 0.54%, N 0.24 % corresponding to 13 C/W, 33
H/W and 1 N/W.
IR, UV-DRS and solid state NMR spectra of the material are given in Figure A.2.4; A.2.15,
and Figure A.2.9 — A.2.10, respectively.
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2.4.4. Catalytic test
General procedure for metathesis of liquid olefin substrate in batch

At t=0 a ca. 1.0 M solution of olefin in toluene containing heptane as internal standard
(ca. 0.1 M) was added to the catalyst introduced in a conical base vial containing a wing
shaped magnetic stirring bar. The reaction mixture was stirred at 600 rpm and kept at 70 °C
using an aluminum heating block. 5 pL aliquots of the solution were sampled, diluted with
pure toluene (100 pL) and quenched by the addition of 1 pL of wet ethyl acetate. The
resulting solution was analyzed by GC/FID (Agilent Technologies 7890 A) equipped with an

HP-5 (Agilent Technologies) column. Conversion is shown by eq (1).
Hlproduets], (1)

Product conversion, =
E?ubst‘rﬂ ts][ﬂ_[

2.4.5. Exposure of 1-(Red), to ethylene

Gas phase:

100 °C : !
1-(Red), + = T» = + N+ N+ :\/ + =\ + trace amount of 5-C compounds;
(excess) Bt ‘

1-(Red), (62.1 mg) was loaded in a 26 mL glass reactor and contacted with ethylene
(9.4 equiv. per W metal center). After 12 h at 100 °C, the gas phase was analyzed by GC-FID
and GC-MS showing the presence of unreacted ethylene, propylene (0.5 equiv.) and a mixture
of four-carbon containing hydrocarbons (1-butene, cis-2-butene, trans-2-butene and iso-
butene; in total 0.03 equiv.). Good reproducibility in the amount of olefin released was

confirmed while reproducing twice this experiment on different samples of 1-(Red)s.
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Chapter 3.  Olefin Metathesis Initiated by Molecular

Tungsten(1V)-oxo Complex

Reproduced with permission from: Chan, K. W.; Lam, E.; D’Anna, V.; Allouche, F.; Michel,
C.; Safonova, O. V.; Sautet, P.; Copéret, C., C—H Activation and Proton Transfer Initiate
Alkene Metathesis Activity of the Tungsten(1VV)-Oxo Complex. J. Am. Chem. Soc. 2018, 140,
11395-11401. Copyright 2018 American Chemical Society.

3.1 Introduction

We have shown that low-temperature activation of well-defined silica-supported
tungsten-oxo species with organosilicon reductants generates highly active species, which can
catalyze olefin metathesis at 70 °C (as discussed in Chapter 2). We hypothesize that W(IV)
species bearing an oxo ligand, which is formed upon reduction, is the highly active species
and can be transformed into alkylidene species in the presence of alkenes.*? Previous works
in _homogeneous catalysis have shown that Mo(IV)(NAr)(X)(Y)(alkene) and dimeric
{W(NA1)[OCMe,(CF3)]2}> complexes (Scheme 3.1), which can be formed from the
alkylidenes during metathesis, can also reinitiate metathesis, albeit with a very low
efficiency.®* In fact, the numbers of active species generated under these conditions have
been reported to be very small (< 3 %). Thus, understanding how alkylidenes can be
regenerated in situ from M(IV) molecular species would be valuable as it could help to design

methods for reactivation and ways to improve overall catalyst performance.’

Heterogeneous Catalyst Homogeneous Catalyst
! )
M(VI) . Active catalyst This work
R '
O\\ //O O\\ /) I\E\ R Il R
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1 Y E=NRorO R'O
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T A .t..___....___|  @nionicligand | T ______|
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Activa_tion und?r.' a) NAF R Activation
reducing condition ' R'O/ 'l\/‘l‘ {
o
9 RO” |
L R
M
O/ "/O ' b) ?
. } NAr OfBuF, PY> i OR
H | BuF,0 W=W=OBUFs Py’ | by
M = Mo or W 3 tBuF3;0 NAr

Prqposed highly ' Ar'=26-i-Pr-CgH; R'=Siloxy; L =n/a
active precursor i Ar=26-MeyCeHz  or R' = Alkoxy; L = Et,0

Scheme 3.1. Transformation of M(1V) pre-catalysts to active M(VI) alkene metathesis catalysts.
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In view of the reported metathesis activities of reduced group 6 metal centers in homogeneous
systems and the high activities of the putative W(IV)—oxo sites in supported systems, we
reason that molecular W(IV) complexes bearing oxo and alkoxide ligands would be an ideal
system to probe the initiation step and a source of potentially efficient catalyst precursors.
There are only a few W(IV)—oxo complexes known: (i) WOCIy(PX3); (PX3 =
P(OMe);, PMe,Ph, PMePh,),’" which can react with strained cyclopropenes to form
metathesis active vinylalkylidenes, and (ii) WO(OR),(alkene) (OR = 2,6-dimesitylphenoxide
or 2,6-diadamantyl-4-methylphenoxide), which can be formed upon decomposition of the
corresponding alkylidenes, but which has not been reported to engage in olefin metathesis.? In
this chapter, we synthesize monomeric d*> W(IV)—oxo complexes bearing electron-
withdrawing alkoxide and stabilizing pyridine ligands; they show high activities in metathesis
upon activation with B(CgFs);. We show by using a combined experimental and
computational approach that the activation mechanism for initiating alkene metathesis and
formation of alkylidene involves two key steps: i) the C—H bond activation of an allylic C—H
group that must be present in the alkene reactant, and ii) a proton transfer process facilitated

by pyridine and B(CgFs)s.

3.2 Result and Discussion
3.2.1 Synthesis of WO(OR)2(py)s

W(VI)—oxo complexes WOCI,(OR),L (1a: R = CMe(CF3), = tBuFs and L = pyridine
= py, 1b: R = Si(OtBu); and L = Et,0) were synthesized by salt metathesis of WOCI, and 2
equiv of LIOR in diethyl ether (Scheme 3.2). The pure products were obtained as colorless
crystals in ca. 70% yield upon recrystallization in pentane at —40 °C. The alkoxide groups are
trans to each other according to NMR spectroscopies and single crystal X-ray diffraction
studies (see Appendix).

The subsequent reduction of these compounds with KCg at —90 °C in the presence of
pyridine yields their W(IV) analogues WO(OR).pys (2a and 2b), which can be obtained as
dark blue crystals after recrystallization in pentane at —40 °C. Attempts of using the same
synthetic route to synthesize WO(OC(CF3)3),pys (2¢) resulted in a mixture of products.
However, pure 2c could be obtained as pure dark purple solid from protonolysis of 2b with
perfluoro-tert-butanol (Scheme 3.2), similar to the reaction of pyrrole complexes with various
alcohols.® We have so far not been able to prepare the corresponding OtBu or OC(CHs3)»(CFs)
complex by the approaches described above. The three six-coordinated octahedral

WO(OR),pys complexes described above are diamagnetic and share the same geometry with
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one of the OR groups on the equatorial plane and the other one at the axial position trans to
the oxo ligand (see Appendix, Figure A.3.2 — A.3.4). Attempts to use other weakly
coordinating ligands instead of pyridine, such as THF or dimethoxyethane, did not yield any
desirable product.

py in Et,O + 2 KCg

I E,0 0 E,0 I
CI | _ClI or Et. RO Il _CI in Et <J_OR
“WC + LIOR 42> W py—2> py/w\
crr > equi RT,2h CI”| ' OR -go°CtoR.T.,2h  PY | Py
equiv -2 LiCl L -2KCl OR
1a; R = -C(CF3),CHs = tBUFg ; L = Et,0 2a ;R = tBuFg
1b ; R = -Si(OtBu); ; L = pyridine = py 2b ; R = -Si(OtBu); :
CeD (\)\
2a + HOBUF, — 08 ,  PYy,OBuR,
excess R.T., 30 mins Py | py
- HOtBUFg OtBuF,
{BUFg = C(CFa)3 2c

Scheme 3.2. Synthetic routes for complexes la-1b, 2a-2c and X-ray crystal structure of 2b.
(Thermal ellipsoids plot at 50% probability; hydrogen atoms omitted.)

3.2.2 Catalytic Activity and Reactivity of WO(OR).(py)s

Reaction of the complex 2a with cis-4-nonene (300 equiv/[W]) shows no activity in
metathesis at 70 °C, even after 24 h. This can be ascribed to the absence of an empty
coordination site due to the relative strong binding of pyridine in these complexes.’® On the
other hand, in the presence of a Lewis acid, such as ZnCl,(dioxane) or B(CgFs)3, metathesis
activity is observed, presumably due to the removal of pyridine. While equilibrium
conversion is not reached with ZnCl,(dioxane) (3 equiv/[W]) after 24 h (Figure A.3.7), 3
equiv of B(CgFs)3 leads to equilibrium conversion (51%) of cis-4-nonene (300 equiv/[W])
within 12 h at 70 °C. The catalytic activities of complexes 2a-2c in the presence of B(CgFs)3
are shown in Table 3.1.

Similar activities are observed for the hexafluoro-tert-butoxide (2a) and siloxide
complexes (2b), but the perfluoro-tert-butoxide complex (2c) shows a significantly higher
activity (time to equilibrium < 30 min). These activities are comparable to those reported for
the corresponding pre-formed molecular W-oxo alkylidene complexes.**"*®> With the terminal
alkene 1-nonene, the initial activity is similar to that of internal cis-4-nonene, but a
significantly higher catalyst loading (1 mol% catalyst) is required to reach 83 % conversion.

Increasing the amount of B(CsFs)s (4 equiv/[W]) further increases the catalytic activity of
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complex 2a and reduces the time to reach equilibrium conversion from 12 h to 3 h, while this

approach has little to no effect on 2c.

Table 3.1. Catalytic activities of complexes 2a-2c¢.?

Catalyst Loading B(CsFs5);  Substrate TOF Equil.
precursor /mol % /mol % Jmin! Time®
2a 0.3 1 4-nonene” 2 12h
0.3 1.3 4-nonene’ 4 3h
2b 0.3 1 4-nonene” 2 12h
2¢ 0.3 1 4-nonene” 15 05h
0.3 1.3 4-nonene” 11 0.5h
1 3 1-nonene 7 839,24 M

31.0 M toluene solution, batch reactor, 70 °C; °cis-4-nonene; ‘TOF is expressed as initial TOF after 3
min of reaction; “Time to reach equilibrium conversion unless otherwise noted by giving the final
conversion after 24 h.

Encouraged by the promising catalytic results, we further studied the activation
mechanism involved in transforming these W(IV)—oxo species into W(VI)—oxo alkylidenes.
Several activation mechanisms have been proposed for the formation of active M(VI) (M =
Mo or W) alkylidenes from M(IV) pre-catalysts (Scheme 3.3).% *°

via metallacyclopentane

> -
wrf =T W) ) = W=

vinyl CH group activation
H
w—

allyl hydride mechanism
CH3 ':l H ) H
M—“/ Mj _— MQ< — M=
H

H “H
| .
M\/ B — MZ)\H

via dimeric M=M

+ [

M-M ——— 2 M=

M=M

Scheme 3.3. Proposed oxidative initiation mechanisms.

The first possibility involves the formation of a metallacyclopentane, which can subsequently

undergo ring contraction via pS-H transfer followed by an insertion to yield a
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metallacyclobutane that can participate in metathesis.”® Alternatively, the second and third
pathways require a vinyl and an allylic C—H activation, respectively. The fourth pathway
involves a dimeric species, which has been proposed to undergo [2+2] cycloaddition with
reactive olefins (norbonene or diallylether).® Since one of the mechanisms should be specific
to alkene containing the allylic CH group, we first set to investigate the reactivity of complex
2a towards alkenes with or without allylic CH groups.

Reaction of 2a in C¢Dg with ethylene leads to an immediate color change from dark
blue to yellow at room temperature. By in-situ *H-NMR, free pyridine and new proton signals
at 6 3.04 and 2.84 ppm are observed. In the *C-NMR spectrum, a characteristic singlet peak
IS observed at ¢ 65.3 ppm (Jwc = 22.9 Hz) indicating the formation of ethylene = complex,
3a-C,H, (Scheme 3.4).* *° 3a-C,H, can be isolated by recrystallization in toluene at —40 °C
and its structure is confirmed by single crystal X-ray diffraction studies. The C1=C2 bond
distance of the coordinated ethylene molecule is 1.41 A, indicating a significant back donation
from the metal center to the n* orbital of ethylene.”® In the presence of 3 equiv of B(C¢Fs)s,
the reaction of 2a and “*C-dilabeled ethylene yields the py-B(CsFs); adduct, 3a-C,H, along

with a small amount of the metallacyclopentane 4a (Scheme 3.4) at room temperature.

o) o) o)
py~ Il .OtBuFg CeDs py-~.ll .OtBuFg I

WO + Z + 3B(CeFs)3 —— < —_— W
py”| Py _ RT. X Py 50 °C t?é‘lfgo(‘)/ N~

OfBuFe  (ca. 6 equiv) -py-B(CeFs);  OBUFs  -2py-B(CeFs)s  °

2a 3a-C,H, 4a

(Yield: ca. 36%) !

Scheme 3.4. Reaction of 2a with ethylene in the presence of B(C¢Fs)s and X-ray crystal structure of
3a-C,H,. (Thermal ellipsoids plot at 50% probability; hydrogen atoms omitted.)

Heating the reaction mixture to 50 °C leads to complete conversion of 3a-C,H,, removal of
most of the coordinated pyridine from W centers to give py-B(CsFs); (ca. 3 equiv/[W]) and
increases the amount of 4a. The complex 4a gives rise to two broad peaks at ca. ¢ 3.0 ppm
and 2.8 ppm in the 'H-NMR spectrum. These signals correlate with the carbon resonances at &
74.8 (a-C) and 36.4 ppm (B-C), respectively, in the *C-NMR spectrum according to *H-*C
HSQC experiment (Figure A.3.10 — A.3.12). These resonances are similar to those reported
for other metallacyclopentane complexes of Mo and W.* & %2 No peak associated with the
metallacyclobutane or alkylidene is observed in *H and **C NMR, even upon further heating

at 70 °C. While a small amount of 1-butene is observed, likely resulting from the
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decomposition of 4a after prolonged heating (Figure A.3.10), this process seems to be
relatively slow. The rearrangement of metallacyclopentane to 1-butene has also been reported
in several high valent metallacyclopentane complexes.* ** 2% % The complex 4a slowly
decomposes under high vacuum (10 mbar) or in the absence of ethylene making its isolation
unsuccessful so far. The absence of metallacyclobutane may also suggest that 4a does not
undergo ring contraction readily (Scheme 3.3; first pathway).

Reaction of 2a with propylene leads to the formation of the propylene = complex 3a-
C3He at room temperature. Its structure is confirmed by X-ray diffraction (Scheme 3.5). The
major isomer of 3a-C3Hg shows carbon resonances at ¢ 24.4 (—CHjs), 66.0 (=CH;) and 72.4
(=CH-) ppm. In the presence of 3 equiv of B(CgFs)3, the py-B(CsFs); adduct and 3a-C3Hg are
formed together with ethylene and 2-butene as shown by in-situ *H-NMR studies (Figure
A.3.13). This result indicates that self-metathesis of propylene (ca. 6 equiv/[W]) occurs

readily and reaches equilibrium in less than 15 min at room temperature.

CeD
2a + . + 3B(CgFs); —2» _~
R.T.

(ca. 6 equiv)

Scheme 3.5. Reaction of 2a with propylene in the presence of B(CgFs); and X-ray crystal structure of

3a-C3Hg. (Thermal ellipsoids plot at 50% probability; hydrogen atoms omitted.)

Notably, the reaction of 2a with styrene in the presence of 3 equiv of B(CgFs)3 does
not lead to the formation of self-metathesis products, even upon heating at 70 °C for 13 h, as
shown by in-situ *H-NMR and GC-MS. In contrast, reaction of 2a, B(CeFs); and p-
methylstyrene results in the formation of 2-butene and stilbene under the same conditions.
The complex 2a also reacts with allylbenzene in the presence of B(CgFs); to form ethylene
and 1,4-diphenyl-2-butene PhCH,(CH=CH)CH,Ph, in less than 45 min at room temperature
(Scheme 3.6).

All these results suggest that the presence of an allylic C—H group is probably crucial
for the conversion of the W(IV)—oxo pre-catalyst into the active species. In order to gain more

insights into the initiation mechanism, we decided to conduct a detailed investigation of the
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reaction between 2a and trans-f-methylstyrene, in particular by monitoring the organic

products formed during the activation period.

2a

+ 3 B(CsFs)s

(6 equiv)
*PhTS

styrene

+ pp X

No reaction
(70°C)

[~-methylstyrene [

N
P + Ph/\’rph ’

+pp

self-metathesis products

allylbenzene t

=+ ph/\\/\/ Ph ’

Scheme 3.6. Reactions of 2a with styrene, s-methylstyrene and allylbenzene in the presence of
B(C¢Fs)3

When monitoring the self-metathesis reaction of trans-f-methylstyrene (6 equiv/[W])

catalyzed by 2a in the presence of B(C¢Fs)s (3 equiv/[W]), a small amount of styrene (0.05

equiv/[W]) is observed as a primary product according to GC-MS and no further formation is

observed after ca. 30 min. In contrast, the formation of self-metathesis products is observed

after a short induction period (Figure 3.1). These results support that styrene is an initiation

product formed during the formation of the active alkylidene species.

self-metathesis products
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Figure 3.1. Formation of styrene (dark blue circle), trans-stilbene (red diamond) and conversion

(orange cross) vs time plot at 70 °C.



In addition, a small amount of propylene is observed in the gas phase by GC-FID implying
the formation of a W-methylidene and its subsequent reaction with trans-4-methylstyrene or
2-butene. The observation of styrene as an initiation product points to the allyl hydride
mechanism as the initiation step for alkylidene formation (Scheme 3.3). No other heavier
organic product is observed suggesting that other initiation mechanisms are unlikely (Scheme
A.3.1). The observation of only a substoichiometric amount of styrene (0.05 equiv/[W])
suggests that only small amounts of active species are formed upon activation.

3.2.3 Reactions of WO(OtBuUFg),(py)s with trans-g-(methyl-ds)styrene and Allylbenzene

In order to understand better how styrene is formed during the reaction and whether or
not C—H activation is indeed an important elementary step in the initiation process, the
reactivity of trans-f-(methyl-ds)styrene with 2a was also investigated. According to in-situ
’H-NMR studies (Figure 3.2), A-deuteriostyrene is observed upon reaction of trans-4-(methyl-
ds)styrene and 2a in the presence of 3 equiv of B(C¢Fs)s. This observation further supports the
proposed allyl hydride initiation mechanism (Eg. 3.1). The initial rates of formation of
initiation products with trans-f-(methyl-ds)styrene and trans-g-methylstyrene show a ky/kp of
3.6 (Figure 3.2; see Appendix for details), a primary kinetic isotopic effect (KIE), which
suggests the involvement of the allylic hydrogen atom in the rate-determining step.?* Notably,
the amount of styrene formed (0.01 equiv/[W]) upon using trans-S-(methyl-ds)styrene is
much lower than upon using trans-g-methylstyrene. The smaller amount of detected
deuterated initiation product could be due to the slower rate of initiation for the deuterated
alkene while decomposition could occur at similar rates for both deuterated and non-
deuterated alkene during initiation. Such decomposition is likely one of the reasons for having
intrinsically small amounts of active species. Even though the number of active species
formed by using trans-p-(methyl-ds)styrene is lower, the conversion of self-metathesis is
slightly higher than that of trans-g-methylstyrene (Figure A.3.19). This may be due to the
advantageous isotope effect that can reduce deactivation via s-H elimination of the metathesis
active metallacyclobutane intermediates.*® 2’

Similarly, the reaction of 2a with allylbenzene (6 equiv/[W]) in the presence of
B(CeFs)s (3 equiv/[W]) also yields styrene which further supports the same allyl hydride
intermediate. Meanwhile, isomerization of allylbenzene into the thermodynamically more
stable trans-S-methylstyrene is also observed during this reaction. The observed double bond
isomerization is known to possibly involve a z-allyl metal hydride intermediate.?® Monitoring

the reaction by in-situ *H-NMR indicates that the isomerization process occurs prior to
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metathesis (Figure A.3.22). This result suggests that the formation of a metallacyclobutane

from an allyl hydride is slower than the isomerization process.

D5C D SV D

3 7 D D
, D N
| w w W=
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h Ph/\""
W= WO(OtBUFG)z

Eq. 3.1. Proposed allyl hydride initiation mechanism
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Figure 3.2. Left: °H-NMR spectrum at =CH region (for full spectrum, see Figure A.3.17).
Right: Concentration of styrene (normalized by the no. of mole of [W]) vs time plot with trans--

methylstyrene (red diamond) and trans-$-(methyl-ds)styrene (dark blue circle) as substrates.

3.2.4 DFT Computational Studies of the Initiation Mechanisms

To further probe the allylic C—H activation mechanism, DFT calculations were
performed using 2a and trans-B-methylstyrene in light of the kinetic findings mentioned
above. The calculations show that formation of the pyridine free = complex (IM-1) is
thermodynamically favorable in the presence of B(CsFs)s (Figure A.3.23). The free energy
barrier required for activating the allylic C-H bond (TS-1) to form W(VI) n*-allyl hydride
intermediate (IM-2) from the = complex (IM-1) is 22.7 kcal/mol (Figure 3.3). IM-2 further
converts into its isomer IM-3 (AG = -8.4 kcal/mol). However, transferring the hydrogen atom
to the S-carbon on the allyl group to form a metallacyclobutane requires a very high free
energy barrier (TS-3A: AG* = 36.0 kcal/mol with an overall barrier of AG* = 47.1 kcal/mol),
making this direct process unlikely. Since H-transfer is the most energy demanding step, we
also consider additional factors that might play a role in facilitating this process. However,
coordination of B(CgFs)3 to the oxo ligand or B(CgFs)s assisted H-transfer are both high in
energies (Figure A.3.24). In particular, the free energy required for abstracting the H by
B(CsFs); is AG* = 30.2 kcal/mol with an overall barrier of AG* = 41.3 kcal/mol (TS-3D;

| 50



Figure A.3.24), suggesting that the H atom may not have a strong hydridic character and the
subsequent formation of cationic W center is unfavorable.
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Figure 3.3. Computed Gibbs free energies and enthalpies in parentheses at 298.15 K (in kcal mol™)
for initiation pathways via allyl hydride intermediates (Red: non-assisted; Green: assisted) involved in
the reaction between 2a and trans-f-methylstyrene (B3LYP-D3/SDD-TZVP-SMD(Benzene)).

Alternatively, pyridine can abstract the H from W to form an anionic z-allyl
intermediate along with a pyridinium (PyH"), which can then transfer the proton to the f-
carbon of the allyl group and thus generate a metallacyclobutane. While the energy required
for abstracting H by pyridine to form a pyridinium (PyH™) intermediate is shown to be quite
high (AG* = 26.4 kcal/mol) (TS-3E; Figure A.3.25), the energy barrier is significantly
lowered (TS-3B: AG* = 11.2 kcal/mol) upon coordination of B(CgFs); onto the oxo ligand
(Figure 3.3). This is likely facilitated by the decrease in electron density at the W center, and
hence increasing the acidity of the “hydride” ligand. Furthermore, coordination of B(CgFs)3
can also stabilize the anionic W center formed after H abstraction (IM-4B lies 18.0 kcal/mol
above the reference state 1M-1). While protonation of the p-carbon by PyH" (TS-4B) is the
highest in energy for this pathway (overall energy barrier of AG* = 30.7 kcal/mol), it lies
significantly lower (AAG* = -16.4 kcal/mol) than TS-3A that corresponds to the non-assisted
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formation of metallacyclobutane. Note that the entropy and resulting free energy of activation
for TS-4B is likely overestimated since it involves the dissociation and reaction of py-
B(CsFs)s in solution (for detailed discussion see Appendix),?® making this proton transfer step
accessible. In fact, this step is similar to the recently reported reverse elementary step
involved in the decomposition pathway of ruthenium metallacyclobutane induced by base.*
Such proton transfer reactions (protonation or deprotonation) on the f-carbon are consistent
with its formally positively charged nature as recently evidenced by detailed solid-state NMR
analysis of trigonal bipyramidal metallacyclobutane intermediates.’® In addition, the
calculated KIE on this rate-determining proton transfer step (TS-4B) ((kn/kp)orr = 3.7)
matches well with the experimentally observed KIE ((kn/kp) = 3.6). The thus-formed
metallacyclobutane (IM-6B) can then undergo cycloreversion to give alkylidenes. The overall
initiation process is endergonic by 10.8 and 13.6 kcal/mol with respect to the = complex IM-1
(Figure A.3.28) which explains the observation of only a small amount of initiation product
and the difficulty to detect the propagating — alkylidenes and metallacyclobutanes — species
by NMR. The small amounts of alkylidenes formed will participate in the catalytic conversion
of f-methylstyrene into stilbene and 2-butene.

All the data above point to an initiation mechanism involving an allylic C-H
activation by the W(IV) pre-catalyst. The thus-formed allyl hydride intermediate generates the
required metallacyclobutane for metathesis by a proton transfer which is assisted by both
pyridine and B(CsFs)3. From this metallacyclobutane, cycloreversion yields a putative W(VI)
alkylidene, which is active in metathesis, along with the olefinic initiation product. Both the
observed primary KIE and the calculated highest energy transition state indicate that proton
transfer is the rate-determining step in the activation process yielding metallacyclobutanes and
alkylidenes (Scheme 3.7).

Allylic C-H
& P~ Q Activation ~ Q
W — w;r —_—

Pre-catalyst Ph

py-B(CsFs)3

B(CeFs)3
Alkene .
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(e} (e} O l

Metathesis 1l _ H il H = Ph N
W—< — W _— W\J AN
H Ph X H  py-B(CeFs)3 | P

Active Ph Assisted Proton
alkylidene Transfer (R.D.S)

Scheme 3.7. Proposed initiation mechanism (W = W containing organometallic fragment).
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3.3 Conclusion

We have synthesized well-defined monomeric d* W(IV)-oxo bisalkoxide complexes
that can initiate alkene metathesis and show comparable catalytic activities to W(VI)-oxo
alkylidene complexes. Detailed studies of the initiation step including deuterium-labeling
have shown that allylic C—H activation is involved during the activation of these W(IV) pre-
catalysts. DFT computational studies reveal that both pyridine and B(C¢Fs)3 are important for
the formation of the metallacyclobutane, the initiation product and the metathesis activity.
Our studies suggest that formation of the metallacyclobutane is the rate-determining initiation
step, which involves a pyridine-assisted proton transfer to the p-carbon position of the allyl
ligand and is consistent with the observed KIE. Based on the quantities of initiation products
detected, the amounts of active intermediates (metallacyclobutane or alkylidene) formed are
small, making direct spectroscopic observation of such intermediates a challenge. The small
amounts of active intermediates are likely due to: i) the thermodynamically unfavorable
initiation process and ii) competing decomposition of reactive intermediates during the
initiation process. Nevertheless, the present work demonstrates the importance of assisted
proton transfer pathways in generating alkylidene species and shows how a Lewis acid and
Lewis base cooperate to generate the active species.> One may thus wonder if a similar
pathway could also take place in the classical heterogeneous catalysts, where basic surface O

atoms in combination with Lewis acids and strained surface sites could play a similar role.
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3.4 Experimental Details
3.4.1 General procedures

Unless otherwise noted, all experiments were carried out under dry and oxygen free
argon atmosphere using either standard Schlenk or glove-box techniques. n-Pentane and
toluene were purified using double MBRAUN SPS alumina column, and were degassed by 3
freeze-pump-thaw cycles before use. Pyridine was distilled from CaH,. Diethyl ether, CgHg
and CgDs were distilled from Na/benzophenone. LiOtBuFs (OtBuFs = OC(CH3)(CF3)2) and
LiOSi(OtBu)s** were prepared by treating the corresponding alcohols with n-BuLi in diethyl
ether. LiOtBuFs was sublimed in vacuo before use. KCg*, trans-j-(methyl-ds)styrene and
trans-B-methylstyrene® were synthesized according to literature procedures. Tungsten(V1)
oxychloride was purchased from Aldrich and sublimed prior to use. Perfluoro-tert-butyl
alcohol was purchased from Apollo Scientific Ltd. Tris(pentafluorophenyl)borane was
purchased from TCI and sublimed before use. Styrene and Allylbenzene was purchased from
ABCR and distilled from CaH,. All the alkene were treated with Selexsorb for 5 hours and
passed through a pad of activated neutral Al,O3 before use. Solution NMR was recorded on
Bruker 200, 300, 400 and 500 MHz at 298K.
3.4.2 Syntheses of 1la-1b, 2a-2c, 3a-C,H4, 3a-C3Hs
trans-WOCI,(OtBuFs),(Et,0) 1la

A solution of LiOtBuFg (366 mg, 1.94 mmol, 2 equiv) in diethyl ether (5 mL) was
added to a stirred suspension of WOCI, (333 mg, 0.973 mmol, 1 equiv) in diethyl ether (5
mL) at room temperature. The reaction mixture was stirred at room temperature for 2 h. The
color changed from orange to light yellow and white precipitate was formed. The volatiles
were removed in vacuo, the product was extracted with pentane (5 mL x 3), and the combined
extract was filtered to give a clear light yellow solution. Crystallization at —40 °C resulted in
the formation of white crystals. Followed by the removal of supernatant, the crystals were
dried in vacuo. Yield 463 mg (67.3 %). *H NMR (C¢Ds, 200 MHz): & 3.86 (g, 4H, OCH,CHs,
J=7.0 Hz), 1.78 (s, 6H, OCCH3(CFs),), 0.86 (t, 6H, OCH,CHs, J = 7.0 Hz). **F NMR (CgDs,
188 MHz): 6 -75.4 (s, 12F, OCCHs(CF3),). *C{*H} NMR (C¢Ds, 50 MHz): 6 123.2 (q, Jcr =
287 Hz, CF3), 86.9 (m, OCCH3(CF3),), 64.9 (OCH,CH3), 14.5 (OCCHj3(CF3)), 12.1
(OCH,CHj3). Anal. Found (Calcd, C12H16CIoF1,0,W): C 20.45 % (20.39 %), H 2.24 % (2.28
%).
trans-WOCI,(OSi(OtBu)s).(py) 1b

A solution of LiOSi(OtBu); (223 mg, 0.82 mmol, 2 equiv) in diethyl ether (5 mL) was
added to a stirred suspension of WOCI, (141 mg, 0.41 mmol, 1 equiv) in diethyl ether (5 mL)
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and pyridine (36 mg, 0.46 mmol, 1.1 equiv) at room temperature. The reaction mixture was
stirred at room temperature for 2 h. The color changed from orange to colorless and white
precipitate was formed. The volatiles were removed in vacuo, the product was extracted with
toluene (5 mL x 3), and the combined extract was filtered to give a clear solution.
Crystallization at —40 °C resulted in the formation of white crystals. Followed by the removal
of supernatant, the crystals were dried in vacuo. Yield 122 mg (33.9 %). *H NMR (C¢Ds, 200
MHz): 6 9.44 (br s, 2H, 0-CH in NCsHs), 6.95 (m, 1H, p-CH in NCsHs), 6.81 (m, 2H, m-CH
in NCsHs), 1.44 (s, 54H, OC(CHs)s). ®*C{*H} NMR (Cg¢Ds, 125 MHz): § 151.8 (0-CH in
NCsHs), 137.8 (p-CH in NCsHs), 123.4 (m-CH in NCsHs), 73.9 (OC(CHs)s), 31.7
(OC(CHj3)3). Anal. Found (Calcd, C29Hs9CI;NOgSi,W): C 39.92 % (39.73 %), H 6.77 % (6.78
%), N 1.62 % (1.60 %).
mer-WO(OtBuFs),py; 2a

A solution of 1a (295 mg, 0.42 mmol, 1 equiv) in diethyl ether (7 mL) was slowly
added to a stirred suspension of KCg (130 mg, 0.96 mmol, 2.3 equiv) in diethyl ether (3 mL)
and pyridine (100 mg, 1.26 mmol, 3 equiv) at —100 °C. The reaction mixture was stirred and
slowly warmed up to room temperature over 2 h. The reaction mixture became dark blue and
the volatiles were removed in vacuo. The residue was extracted with toluene (5 mL x 5), and
the combined extract was filtered to give a dark blue solution. The volatiles were removed in
vacuo to give dark blue solid (X-ray quality crystals can be obtained by recrystallizing in
toluene at —40 °C). Yield 243 mg (72.4 %). *H NMR (CgDs, 300 MHz): 6 8.52 (m, 4 H, 0-CH
in NCsHs), 8.32 (m, 2 H, 0-CH in NCsHs), 6.58 (m, 6H, m-CH in NCsHs), 5.99 (m, 2H, p-CH
in NCsHs), 5.52 (m, 1H, p-CH in NCsHs), 1.56 (s, 3H, OCCH3(CF3)2), 1.43 (s, 3H,
OCCH3(CFs3),). ®F NMR (C¢Dg, 282 MHz): 6 -76.1 (s, 6F, OCCHs(CFs),), -76.5 (s, 6F,
OCCHj3(CF3),). *C{"H} NMR (CgDs, 100 MHz): 6 148.5 (0-CH in NCsHs), 146.8 (0-CH in
NCsHs), 137.9 (p-CH in NCsHs), 137.3 (p-CH in NCsHs), 126.4 (g, Jcr = 290 Hz, CFs3,
partially overlap with solvent peak), 125.2 (q, Jcr = 292 Hz, CF3, partially overlap with
pyridine peak), 122.4 (m-CH in NCsHs), 121.2 (m-CH in NCsHs), 84.4 (m, OCCHj3(CF3),),
80.7 (m, OCCHj3(CFs3)y), 18.1 (OCCH3(CF3),), 17.1 (OCCHj3(CF3),). Anal. Found (Calcd,
Ca3H21F12N303W): C 34.54 % (34.56 %), H 2.72 % (2.65 %), N 5.27 % (5.26 %).
mer-WO(OSi(OtBu)3).pys 2b

The compound 2b was prepared as described for 2a. A solution of 1b (95 mg, 0.11
mmol, 1 equiv) in diethyl ether was slowly added to a stirred suspension of KCg (34 mg, 0.25
mmol, 2.3 equiv) in diethyl ether (3 mL) and pyridine (26 mg, 0.33 mmol, 3 equiv) at —100
°C. A dark blue solid was obtained. Yield 55 mg (52.3%). *H NMR (C¢Dg, 300 MHz): & 8.74

| 55



(d, 2H, 0-CH in NCsHs, J = 5.7 Hz), 8.54 (br s, 4H, 0-CH in NCsHs), 6.81 (m, 4H, m-CH in
NCsHs), 6.72 (m, 2H, m-CH in NCsHs), 5.91 (br s, 3H, overlapping of p-CH in NCsHs), 1.48
(s, 27H, OSi(OC(CHa)3)3), 1.39 (s, 27H, OSi(OC(CHs)3)3). *C{*H} NMR (C¢Dg, 100 MHz):
0 149.9 (0-CH in NCsHs), 148.2 (0-CH in NCsHs), 136.3 (p-CH in NCsHs), 135.6 (p-CH in
NCsHs), 121.0 (p-CH in NCsHs), 120.8 (p-CH in NCsHs), 72.1 (OSi(OC(CHg)3)3), 71.1
(OSi(OC(CHs3)3)3), 32.2 (OSi(OC(CHs)3)3), 32.1 (OSi(OC(CHs3)3)3). Anal. Found (Calcd,
C39HgsoN309SirW): C 48.31 % (48.59 %), H 7.17 % (7.21 %), N 4.38 % (4.36 %).
mer-WO(OtBuUF).pys; 2¢C

To a solution of 2a (66 mg, 83 pumol, 1 equiv) in benzene (1 mL), perfluoro-tert-
butanol (0.23 mL, 1.65 mmol, 20 equiv) was added at room temperature. The reaction mixture
changed from dark blue to dark purple immediately and was stirred at room temperature for 1
h. The volatiles were removed under high vacuum (10 mbar), and the residue was washed
with cold pentane (1 mL x 3). Dark purple crystals were obtained by recrystallizing in toluene
at —40 °C. Yield 10 mg (13.3 %). *H NMR (C¢Dg, 500 MHz): & 8.47 (d, 4H, 0-CH in NCsHs,
J = 5.4 Hz), 8.02 (d, 2H, 0-CH in NCsHs, J = 5.6 Hz), 6.65 (t, 4H, m-CH in NCsHs, J = 6.7
Hz), 6.52 (t, 2H, m-CH in NCsHs, J = 6.8 Hz), 6.15 (t, 2H, p-CH in NCsHs, J = 7.5 Hz), 5.59
(t, 1H, p-CH in NCsHs, J = 7.4 Hz). *°F NMR (C¢Ds, 282 MHz): 6 -71.8 (s, 9F, OC(CF3)s), -
72.4 (s, 9F, OC(CF3)3). *C{*H} NMR (CgDs, 125 MHz): & 149.8 (0-CH in NCsHs), 149.6 (o-
CH in NCsHs), 138.8 (p-CH in NCsHs), 138.6 (p-CH in NCsHs), 123.8 (q, Jcr = 294 Hz, CFs3,
partially overlap with solvent peak), 122.4 (g, Jcg = 293 Hz, CFs3, partially overlap with
solvent peak), 84.8 (m, OC(CFj3)s, tertiary carbons from the two OtBuFy groups are
overlapping). Anal. Found (Calcd, Cy3H15F18N303W): C 30.36 % (30.45 %), H 1.55 % (1.67
%), N 4.42 % (4.63 %).

WO(OtBuUFs),py2(CoH4) 3a-CoHy.

To a solution of 2a (42 mg, 52 umol, 1 equiv) in benzene (1 mL), ethylene (15 equiv)
was added at room temperature. The reaction mixture immediately changed from dark blue to
yellow. After stirring at room temperature for 1 h, the volatiles were removed under high
vacuum (10”° mbar) to afford a yellow solid. Recrystallization at —40 °C in toluene resulted in
yellow crystals. Followed by the removal of supernatant, the crystals were dried in vacuo.
Yield 27 mg (68.9 %). *"H NMR (C¢Ds, 300 MHz): 6 9.06 (4H, d, 0-CH in NCsHs, J = 5.3
Hz), 6.85 (2H, t, p-CH in NCsHs, J = 7.6 Hz), 6.62 (4H, t, m-CH in NCsHs, J = 7.1 Hz), 3.04
(2H, m, —CH=CH- overlapping), 2.85 (2H, m, —CH=CH- overlapping), 1.14 (s, 3H,
OCCHs(CFs),), 1.09 (s, 3H, OCCH3(CFs),). *F NMR (CgDs, 282 MHz): & -76.6 (s, 6F,
OCCHs(CF3),), -77.8 (s, 6F, OCCH3(CF3),). B*C{*H} NMR (C¢Ds, 75 MHz): § 151.8 (0-CH
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in NCsHs), 138.4 (p-CH in NCsHs), 4 carbons from CF; are partially overlapping with the
solvent peaks, 124.2 (m-CH in NCsHs), 80.8 (m, OCCHj3(CF3)), 79.8 (m, OCCH3(CFs3),),
65.3 (CH,=CH,, Jwc = 22.9 Hz), 17.8 (OCCHj3(CF3),), 16.4 (OCCH3(CFs3),). Anal. Found
(Calcd, CaoHz0F12N203W): C 32.15 % (32.11 %), H 2.74 % (2.69 %), N 3.87 % (3.74 %).
WO(OtBUFs)2py2(C3Hsg) 3a-C3Hs

To a solution of 2a (38 mg, 48 umol, 1 equiv) in benzene (I mL), propylene (33
equiv) was added at room temperature. The reaction mixture changed from dark blue to
yellow-brown immediately. After stirring for 1 h at room temperature, the volatiles were
removed under high vacuum (10 mbar) to afford greenish yellow solid (X-ray quality
crystals can be obtained by recrystallizing in toluene at —40 °C). Yield 20 mg (55.6 %). Major
isomer; *H NMR (CsDs, 300 MHz): 6 9.06 (m, 2H, 0-CH in NCsHs), 8.95 (m, 2H, 0-CH in
NCsHs), 6.87 (m, 2H, p-CH in NCsHs), 6.64 (m, 4H, m-CH in NCsHs), 3.14 (m, 2H,
overlapping of =CH— and =CH,), 2.73 (d, 3H, =CH—CHjs, J = 5.5 Hz), 2.55 (m, 1H, =CH,),
1.15 (s, 3H, OCCH3(CF3),), 1.11 (s, 3H, OCCH3(CFs),). **F NMR (CgDs, 282 MHz): 6 -76.3
(9, 3F, OCCH3(CF3)2, Jer = 9.3 Hz), -76.5 (q, 3F, OCCH3(CF3)2, Jee = 9.3 Hz), -77.7 (q, 3F,
OCCH3(CFs),, Jer = 10.3 Hz), -78.3 (q, 3F, OCCH3(CFs),, Jer = 10.3 Hz). ®*C{*"H} NMR
(CsDs, 75 MHz): 6 152.1 (0-CH in NCsHs), 151.2 (0-CH in NCsHs), 138.4 (p-CH in NCsHs),
138.4 (p-CH in NCsHs), 4 carbons from CF3 are partially overlapping with the solvent peaks,
124.1 (m-CH in NCsHs), 124.1 (m-CH in NCsHs), 80.3 (m, overlapping of the 2 tertiary
carbons from OCCH3(CF3),), 72.4 (=CH—CHj;), 66.0 (=CH;), 24.4 (=CH-CHgs), 17.9
(OCCH3(CF3)y), 16.6 (OCCHj3(CFs3),). Decomposition was observed in the solid state at —40
°C likely due to the loss of propylene, thus no elemental analysis could be performed.
3.4.3 Catalytic tests

Catalytic tests were performed inside a glove box. The calculated amount of olefin
was added to the catalyst that was introduced and weighed in a conical base vial containing a
wingshaped magnetic stirring bar. Then, the calculated amount of B(CgFs)s (or
ZnCl,(dioxane)) was added to the mixture of alkene and catalyst. At t = 0, the reaction
mixture was started to stir at 600 rpm and kept at 70 °C using an aluminum heating block. 10
ML aliquots of the solution were sampled, diluted with pure toluene (100 uL), and quenched
by the addition of 1 puL of wet ethyl acetate after exposing to air. The resulting solution was
analyzed by GC/FID (Agilent Technologies 7890 A) equipped with an HP-5 (Agilent
Technologies) column. Conversion was determined from metathesis product formation

(without taking cis/trans isomerization of nonene into account). In that case, equilibrium
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conversion for cis-4-nonene is ca. 51% and 1-nonene is ca. 100%, assuming the ethylene
generated could escape from the liquid phase efficiently at 70 °C.

3.4.4. Reaction with olefins

Reactions with ethylene and propylene

Representative procedures for reactions of 2a and ethylene or propylene in the presence
of B(CsFs)s3. 2a (9-12 mg, 1 equiv) and B(CsFs)3 (3 equiv) were loaded in a J-Young NMR
tube and sealed. The NMR tube was attached onto high vacuum line, evacuated and contacted
with olefin (ca. 6 equiv). The olefin was condensed with liquid nitrogen into the NMR tube
and frozen (by liquid nitrogen). Then, C¢Dgs (ca. 0.5 mL) was vacuum transferred and
condensed into the NMR tube. The frozen mixture was slowly warmed up.

Reactions with liquid alkenes: styrene, trans-f-methylstyrene and allylbenzene
Representative procedures for reactions of 2a and olefin (liquid substrate) in the
presence of B(CgFs)s (monitored by NMR). 2a (9-12 mg, 1 equiv) and B(C¢Fs)s (3 equiv)
were loaded in a J-Young NMR tube. To the J-Young tube, a solution of olefin (6-7 equiv) in
CsDs (0.5 mL) was added. The reaction was monitored by *H NMR and the reaction mixture
was analyzed by GC-MS at the end of the reaction.

3.4.5. Kinetic studies on the reaction of 2a and trans-g-methylstyrene in the presence of
B(CsFs)3

Similar procedures as catalytic test described above (S13) were used for these
reaction. The complex 2a (10.1 mg, 12.6 umol, 1 equiv) was loaded in conical base vial
containing a wingshaped magnetic stirring bar. A mixture of trans-g-methylstyrene (9.8 uL,
75.8 umol, 6 equiv) and B(CgFs)3 (19.4 mg, 37.8 umol, 3 equiv) in toluene (421 pL) with
decalin (as internal standard) was added to 2a and the reaction was monitored via GC/FID
(Agilent Technologies 7890 A) equipped with an HP-5ms (Agilent Technologies) column.
Determination of kinetic isotope effect.

The kinetic studies of reaction of 2a and trans-f-methylstyrene in the presence of
B(CsFs)3 were carried out as described above. Two separate parallel experiments using trans-
[-(methyl-ds)styrene or trans-g-methylstyrene were performed under the same reaction
conditions and these experiments were repeated three times. The initial rates were determined
by plotting the concentration of styrene (normalized by the number of mole of 2a) vs time for
the first 20 minutes. kn/kp = slope of the plot for trans-f-methylstyrene/ slope of the plot for
trans-g-(methyl-ds)styrene. See Figure A.3.18 for more details.
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3.4.6. Computational details

All DFT calculations were performed with the Gaussian 09 (d1) software package.*
Ground state and transition state geometries were optimized using the B3LYP*** functional
augmented with the D3 version of Grimme’s empirical dispersion correction.®® Solvent effects
of benzene were taken into account using SMD solvation model.*® The SDD* basis set was
used for tungsten and the TZVP*"*? basis set for the other atoms. The frequency calculations
were performed at the same level of theory. The Gibbs free energy and enthalpy were
calculated at 298.15 K using the harmonic approximation for vibrational contributions. A
standard-state correction (RT-In(24.46) = 1.89 kcal/mol) was added to the calculated Gibbs

free energy of each molecule to account for the change from 1 atm to 1 M.
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Chapter 4.  Well-defined Silica-supported Tungsten(IV)-
oxo Complex: Olefin Metathesis Activity, Initiation and
Role of Brgnsted Acid Sites

Adapted with permission from Chan, K. W.; Mance, D.; Safonova, O. V.; Copéret, C., Well-
defined Silica-supported Well-Defined Silica-Supported Tungsten(IV)-Oxo Complex: Olefin
Metathesis Activity, Initiation, and Role of Brgnsted Acid Sites. J. Am. Chem. Soc. 2019, in
press. Copyright 2019 American Chemical Society.

4.1 Introduction

As shown previously in Chapter 3, molecular W(IV)-oxo complexes can initiate
metathesis reaction with allylic C—H activation and proton transfers being the key initiation
steps. Despite the comparable catalytic performances to well-defined alkylidene complexes,
this initiation process only leads to the formation of a small amount of active species in
solution (few percent of the total W species). The low initiation efficiency can be ascribed to
the endergonic nature of this initiation process, as shown by DFT calculations, combined with
the fast decomposition of the low coordinated W(IV) and W(V1) species generated in solution
upon activation with tris(pentafluorophenyl)borane B(C¢Fs)s. We thus reasoned that
generating the corresponding well-defined silica-supported W(IV)-oxo complex could
improve the catalytic performance by switching off some possible deactivation pathways in
solution, such as bimolecular decomposition.™ >” Furthermore, this will allow us to relate the
reactivity of the W(IV)-oxo molecular species to its supported analogue and provide a
supported model system containing selectively W(IV)-oxo species that can be used to
understand the activity of low valent species generated upon reduction in silica-supported
W(VI)-oxo materials (Chapter 2).

In this chapter, we synthesize and investigate the reactivity of well-defined silica-
supported W(IV)-oxo species (=SiO)WO(OtBuFs)(py)s (OtBuFs = OC(CH3)(CF3)2; py =

811 \We demonstrate that

pyridine) prepared via Surface Organometallic Chemistry (SOMC).
the supported W(IV) precatalyst is active in olefin metathesis upon activation with B(CgFs)3
or thermal treatment that removes the coordinated pyridine ligands. The activated surface
species displays one order of magnitude higher catalytic activity than its molecular analogue,

and, in contrast to the latter, it also catalyzes the self-metathesis of olefins without any allylic
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C—H group, such as styrenec. We demonstrate that metathesis activity of styrene is linked to

the presence of surface OH groups that opens additional initiation pathways.

4.2 Result and Discussion
4.2.1 Synthesis and Characterization of (=SiO)WO(OtBuF)(py)s

Grafting of WO(OtBuFe)2(py)s (F6) on silica partially dehydroxylated at 700 °C
(SiO2.700) In benzene for 24 h afforded a dark blue material F6@SiO,.790 (Scheme 4.1).
Analysis of the combined supernatant and washings of the material by *H NMR spectroscopy
revealed the consumption of F6 and the release of HOtBuFg (0.72 equiv. per grafted W
center) suggesting that grafting occurred via protonolysis. Furthermore, no free pyridine was

observed in the washings.

py
py-~,! /,O

o OH 0 ’\D;OtBuFG

I S &
py/W\OrBqu . o 48'\0 CeHg o~ ;SI °
py” | Py P \ R.T. 24 h /0 \

OtBuFg l - 0.72 HOtBUFg l

F6 Si05.700 F6@Si02.709

Scheme 4.1. Preparation of well-defined silica-supported W(IV)-oxo species.

Comparison of the IR spectra of F6@SiO,.790 and SiO,.70 reveal the consumption of
isolated silanol o(O—H) at 3747 cm™ upon grafting (Figure A.4.1), while a broad red shifted
band appear at 3700 cm™ indicating the interactions between remaining surface silanols and
the grafted species. Additional o(C—H) bands of the alkoxide and pyridine ligands are
observed in the region of 3200-2800 cm™ and 1630-1360 cm™. The v19p and vg, ring-breathing
vibrations modes of pyridine ligands also appear in the region of 1630-1440 cm™ indicating
the presence of pyridine on the surface. Elemental analysis of F6@SiO,.7go reveals 3.82 wt%
of W (i.e. 0.6 Wnm™) and the composition of 19 C, 17 H, 4 N and 6 F per W center. These
data are consistent with the formation of (=SiO)WO(OtBuFs)(py)s as shown in Scheme 4.1.
Further analysis of F6@SiO,.7z00 by X-ray Absorption Near Edge Structure (XANES)
spectroscopy at both W L, and Ly, edge (Figure A.4.2-A.4.3) show that F6@SiO,.7o0 Share
the same edge energy and spectroscopic features as F6 indicating the retention of the
oxidation state and geometry upon grafting. The lack of pre-edge feature in the W L, edge
XANES spectrum further supports that the grafted species remain in an octahedral geometry.

Extended X-ray Absorption Fine Structure (EXAFS) fitting analysis of the first coordination
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sphere of F6@SIO,.7q0 is also consistent with the structure (ESiO)WO(OtBuFg)(py)s (Table
4.1). *H Magic Angle Spinning (MAS) NMR spectrum of F6@SiO,.7g displays two signals
at 0 1.95 and 1.69 ppm (Figure A.4.6) indicating the presence of —CH3(CF3), groups in two
different environments. Additional proton resonances at ¢ 8.88 and 7.71 ppm indicate the
presence of pyridine. Similarly, *°F MAS NMR spectrum shows a broad signal at ca. ¢ -81
ppm corresponding to the —CF3 groups (Figure A.4.7). These chemical shifts are similar to
the reported F6 molecular analogue.*?

Table 4.1. EXAFS fit parameters for the W L,;-edge spectrum of F6@SiO,.7q0.

neighbor N2 o (A%)° R (A
o) 1* 0.002 (2) 1.73(1)
o) 2% 0.003 (2) 2.00 (3)
N 3* 0.005 (3) 2.16 (4)

aNumber of specified neighbors. "Debye-Waller factor. “Distance between W metal center to the

specified neighbors. *Fixed parameters in the fit.

4.2.2 Catalytic Activity

We then examined the catalytic activity of F6@SiO,.7qo towards self-metathesis of cis-
4-nonene at 70 °C. In the absence of activator, this material displays no metathesis activity,
similarly to what is found with the F6 molecular compound.*?> However, upon the addition of
B(CsFs)3 for removing the coordinated pyridine, F6@SiO,.7oo catalyzes self-metathesis of cis-
4-nonene (1000 equiv per W) at 70 °C to reach equilibrium conversion (51 %) within 3 h
(Figure A.4.13). Alternatively, thermal treatment of F6@SiO2.700 at 400 °C under high
vacuum also removes the pyridines and results in a metathesis active material F6@SiO;.700-
thermal Without the need of any activator. Under the same reaction conditions with cis-4-
nonene, while a short induction period of ca. 30 min is observed in the case of F6@SiO;.7go-
thermal, the equilibrium conversion is reached within 2 h (Figure A.4.13). It is noteworthy that
F6@SiO,700 displays a significantly higher catalytic activity compared to its F6
homogeneous analogue (Table 4.2). This difference in activity points to the advantage of site
isolation in the supported F6@SiO,.7q0 that likely prevents bimolecular deactivation of low-
coordinated reaction intermediates, thus improving catalyst stability.*?

We then investigated the metathesis activity towards other substrates including 1-
nonene, trans-p-methylstyrene and styrene. The results are summarized in Table 4.2. In the

presence of B(CgFs)s, self-metathesis of 1-nonene catalyzed by F6@SiO,.700 reaches 86%
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conversion at 6 h (Figure A.4.14). The rate of self-metathesis of trans-g-methylstyrene
catalyzed by F6@SiO,.7o is an order of magnitude higher compared to F6 (Table 4.2; Figure
A.4.15). Noteworthy, F6@SiO,.7go also catalyzes the self-metathesis of styrene while F6 does
not under similar reaction conditions (Figure A.4.16). These results indicate that
immobilization of the precatalyst on silica enables efficient metathesis and allows initiation of
substrate without allylic C—H group. The presence of surface OH groups, which are not
present in the molecular system, may open new initiation reaction pathways for substrates that

do not contain allylic C—H bond (vide infra).** *>*°

Table 4.2. Catalytic activities of supported and molecular species in olefin metathesis®

catalysts mol %° substrate rate (M.min™.gw™)' conv. at 6 h?

F6@SiO,.700 0.1 Cis-4-nonene 190¢ Equil.; 3h

F6@SiOs.700-thermar” | 0.1 Cis-4-nonene 390" Equil.; 2 h
F6 0.3 Cis-4-nonene 3.2¢ 47%
F6@Si0--700 1 1-nonene 41° 86%
F6@SiO,.700 2 B-methylstyrene 3.8° 59%
F6@SiO,.700 2 Styrene 0.91° 40%
F6 2 S-methylstyrene 0.09°" 12%

2Batch reactor, 70 °C, in the presence of B(CFs); (3 equiv per W).° Without B(C4Fs),. © Loading of
the catalysts based on W mol%. %1.0 M toluene solution. 0.2 M toluene solution. ' Rate of metathesis
normalized per gram of W at conversion < 20%. ? Conversion at 6 h unless otherwise noted by giving
the time reaching equilibrium conversion. " Following an induction period (ca. 30 min), the metathesis

starts and reaches a maximum rate after 60 min.

4.2.3 Effect of Surface OH Density

In order to investigate the possible involvement of surface OH groups in facilitating
initiation, the molecular complex F6 was thus grafted on silica having increasing initial
surface OH densities, that can be achieved through decreasing the dehydroxylation
temperature of the supports (SiO,.x, X = dehydroxylation temperatures in °C), namely SiO2.s00
(0.46 mmolon/ g) and SiOz.200 (0.84 mmolon/ g) yielding F6E@SiO2500 and F6@SiO;.200,
respectively. The catalytic activity of these materials was then compared to F6@SiO,.79p With
an initial OH density of 0.31 mmolon/ g on SiO2.700. In all materials, the weight loadings of W
were kept the same, i.e. with a density of ca. 0.6 Wnm™, vyielding materials with different

densities of remaining silanols. IR spectra of the grafted materials (Figure 4.1) indicate that no
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isolated silanol (3747 cm™) remains, while broad OH bands — associated with OH groups
interacting with the grafted species — appear at 3690-3700 cm™ whose intensity increases with
the amounts of the initial OH groups: F6@SiO;.200 > F6@SiO2-500 > F6@SiO2.700.

FE@SiO5.000

F6@Si0,.509

Absorbance

F6@Si0;.709

3770 3270 2770 2270 1770 1270
Wavenumber (cm™)

Figure 4.1. IR spectra of F6@SiO,.5 (red; top), F6@SiO,.50 (blue; middle) and F6@SiO,.7q0 (black;
bottom).

The catalytic activities of F6@SiO;.700, F6@SiO2.500 and F6@SiO.500 in the self-
metathesis of trans-g-methylstyrene and styrene in the presence of B(CsFs); were then
investigated. The rates of self-metathesis of trans-g-methylstyrene are similar for all three
materials, while the rate of self-metathesis of styrene parallels the increase OH density of the
materials (Figure 4.2). The rate of styrene metathesis in F6@SiO,.o00 IS approximately 2.5
times higher than that in F6@SiO,.700. The increases in activities with increasing OH
densities and the lack of styrene metathesis activity in F6 molecular system suggest that OH
groups could be involved in the initiation step with styrene as the olefinic substrate having no
allylic C—H bond (vide infra).

(5]

u B-methylstyrene = Styrene

N w £y
L

Rate of metathesis (M.min'.gy,")

0 —

F6 Molecular F6@Si02-700 F6@Si02-500 F6@Si02-200

Figure 4.2. Rates of metathesis (M.min™.g) normalized per gram of W (at conversion < 20%) of F6,

F6@Si0;.700, FE@SiO,.500 and F6@SiO,-59p for trans-g-methylstyrene (blue) and styrene (red).
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4.2.4 Investigation of Reaction Intermediates Formed Upon Reaction of F6@SiO;.500
with Styrene

To investigate the reaction intermediates formed on the surface, F6@SiO;.o00 Was
exposed to **C-dilabeled styrene-a,s-*3C; in the presence of B(C¢Fs)s in toluene at 70 °C for 1
h. The supernatant was then removed, and the solid was washed with toluene followed by
drying under high vacuum. **C solid-state NMR spectrum of the resulting solid reveals a
major signal at ca. 6 65 ppm (Figure A.4.18), which indicates the presence of ethylene =
complex formed from the ethylene released via styrene metathesis. This assignment is further
confirmed by the 3C-*3C single-quantum double-quantum SQ-DQ experiment (Figure 4.3), in
which a strong self-correlating signal at 6 130 ppm in the DQ dimension and ¢ 65 ppm in the
SQ dimension was observed. Noticeably, such self-correlating signal appears to be very
broad, indicating a distribution of surface W ethylene 7= complexes likely associated with
slightly different environments. In addition, two intense signals at 6 65 and 85 ppm that
correlate with each other (Figure 4.3) are assigned to the - and a -carbons of the styrene =
complex, respectively. The signals at 0 75 ppm (a-C) and 36 ppm (5-C) that are also
correlated in the SQ-DQ experiment can be attributed to the «- and - carbons of the
unsubstituted metallacyclopentane, respectively. The observation of both olefin 7 complexes
and metallacyclopentane as the major species is in line with the reported F6 molecular

system.*?

120 100 80 60
DQ Dimension (ppm)

140

SQ Dimension (ppm)

Figure 4.3. *C-*C SQ-DQ MAS NMR experiment acquired on a 600 MHz spectrometer at 12kHz

MAS of F6@SIiO,.,q after contacting with styrene-a,ﬁ-”Cz under reaction conditions. Asterisk (in

red) indicates spinning sideband.
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However, the absence of evidence for alkylidenes or metallacyclobutanes is
noteworthy; it implies that the amount of active species formed is likely small, possibly
pointing out the low efficiency of the initiation process due to the competing and favorable
formation of olefin = complexes and metallacyclopentane.*? Finally, two additional signals at
0 61 and 19 ppm are assigned to the presence of ethoxy group (EtO—) on the surface, "
which arises from the protonation of ethylene by surface OH groups. Such species are not
observed on silica (see Appendix for details) suggesting the presence of highly Brensted
acidic OH groups in F6@SiO,.,00 Under reaction conditions.

We also attempted to quantify the amount of active alkylidenes formed by cross-
metathesis reactions between styrene and cis-5-decene. However, the presence of off cycle
species (e.g. olefin 7 complex and metallacyclopentane) that can serve as an olefin reservoir
for subsequent cross-metathesis reactions have prevented us to obtain a reliable quantification
of the active alkylidene (see Appendix for details).

4.2.5 Brgnsted Acid Site in F6@SiO,.o00 Probed by °N-pyridine

The observation of surface EtO— group (Figure 4.3) upon contacting F6@SiO;.00
with styrene-a,8-*C, under reaction conditions suggests the presence of strong Bransted
acidic site, which is further evidenced by using °N-labeled pyridine (**N-py), a probe
molecule. °N-labeled F6@SiOz.200 (°N-F6@SiO;.000) Was synthesized and its >N Cross-
polarization (CP) MAS NMR spectrum shows similar *°N resonance signals compared to the
>N-labeled molecular precursor (*°N-F6) (Figure A.4.19) along with a small peak at 6 293
ppm indicating a small amount of **N-py, likely released upon grafting, that is H-bonded with
the OH groups on the surface.’*® Upon activating the *N-F6@SiO5.o00 With 3 equiv of
B(CsFs)s at 70 °C followed by the subsequent addition of extra *°N-py, a shift in the major
>N signals to lower chemical shifts, compared to *>N-F6@SiO,.o0, Was observed. This result
indicates that part of the changes in the coordination environment of the W centers after the
removal of *>N-py ligands by B(CgFs)s are irreversible and that the surface remaining *°N-py-
B(CsFs)s adducts that are formed likely contribute to the signal observed.”* Notably, a small
peak at 0 207 ppm also appeared, which is attributed to pyridinium (**N-pyH") (Figure
A.4.19).%%° The presence of *®N-pyH* is further supported by the peak observed at 1533 cm™
in the IR spectrum corresponding to a combination of vibration modes involving **N*—H
(Figure A.4.20).2*** The formation of ®N-pyH" by protonating the *N-py indicates the
presence of strong Bransted acid site upon addition of B(CgFs)s to "> N-F6@SiO,-,00. Notably,
such Brgnsted acid site is absent on SiO,. 0 despite the presence of pyridine and B(CgFs)3
(Figure A.4.20), indicating the low-coordinated W center is likely responsible for the
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formation of the strong Brensted acid site by interacting with the OH groups in close
proximity.
4.2.6 Proposed Initiation Mechanism for the Formation of Alkylidenes

Based on the above observations: i) the increase activity in styrene metathesis parallels
the increase in surface OH density (Figure 4.2), and ii) strong Brgnsted acid sites in the
supported system are present due to the presence of W centers as shown by the N-py
experiments, we propose that, for olefins having no allylic C—H group, e.g. styrene, surface
OH groups can assist the initiation by protonating the olefins as shown in Scheme 4.2.1% 1>
Protonation of the W-coordinated olefin by surface OH groups can directly lead to the
formation of tungsten—carbon bond, a tungsten alkyl species. Alternatively, protonation of the
free olefin can yield transient carbocations that can either generate surface alkoxy groups that
are observed experimentally (Figure 4.3) or further react with the W(IV) centers forming the
tungsten alkyl species. The tungsten alkyl species can then convert into an alkylidene via
deprotonation by the silanolate ligand. The proposed carbocation intermediates could also
lead to an indirect initiation pathway involving dimerization of styrene followed by the allylic
C—H activation.®?® However, the corresponding dimer does not initiate metathesis as shown
in the molecular F6 system (see Appendix for details), hence precluding the possibility of the
latter initiation pathway. The feasibility of the proposed initiation mechanism in Scheme 4.2
is also supported by DFT calculations, which suggest that the initiation pathway, especially
the formation of tungsten alkyl from W(IV) species is thermodynamically very favorable. The
calculations also show that subsequent deprotonation of the alkyl ligand would be
thermoneutral in specific environments, i.e. with a slightly elongated W—O silanolate bond,
which is only possible for a small amount of surface strained sites. This likely contributes to
the formation of only a small amount of active sites associated with low initiation efficiency
(see Appendix for details). In order to obtain more insight into the initiation mechanism, we
also tried to track the initiation product formed in the process. However, unlike the reported
homogeneous F6 system,'? monitoring the metathesis of either f-methylstyrene or styrene by
GC-MS does not reveal the formation of a specific initiation product, which may be due to
strong adsorption on the surface accompanied by further reactions. Although there is no direct
initiation product being observed in F6@SiO,.« during the generation of alkylidene species,
we propose that olefins with allylic C—H groups likely follow the allylic C—H activation
mechanism and subsequent proton transfers to generate the metallacyclobutane intermediates,

as reported in the molecular F6 system.'? Since increasing OH density does not lead to an
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increase in the metathesis activity with the trans-g-methylstyrene (Figure 4.2), this suggests

the presence of competing initiation mechanisms that depend on the olefinic substrates.

Unsubstituted
metallacyclopentanes
(observed)

n—olefin complex
(observed)

R R=H
H //ZWIV
O O CHRH
R_~> / by | ; H o
. X | O O
H, N\R ; ﬂ77J77777]7777 1 /777t77777]7777
wV wiv ' '
o 0" o ——> 1 | CHH — RYCHZH
e } R>LWVI ! H v
Bronsted acidic site ' o” "o ' 0 o
N\ R\®/CH2H ! /777;77779777 : /777\77777%77
%0 WWO i W alkyl species Active alkylidenes
CH,H
wv Surface alkoxy species
R0 O (observed)
R=H

Scheme 4.2. Proposed initiation mechanism for olefin without allylic C—H group.

4.3 Conclusion

We have shown that well-defined W(IV) oxo species (=SiO)WO(OtBuFg)(py)s
(F6@SIiO2.700) prepared via SOMC is active in olefin metathesis upon activation by B(CsFs)3
or thermal treatment. F6@SiO,.700 shows an order of magnitude higher catalytic activity
compared to the F6 molecular analogue, confirming the advantage of site isolation when
reactive intermediates are formed. Furthermore, F6@SiO,.7qo also initiates the self-metathesis
of styrene, which is in sharp contrast to the reported F6, suggesting that alternative initiation
mechanisms are involved in supported species. The fact that increasing surface OH density of
the supports further increases the initial rates of styrene metathesis suggests a surface proton
assisted initiation mechanism for the olefin without allylic C—H group. This is also consistent
with the generation of strong Brgnsted acidic surface sites in the activated catalysts. For
substrates with allylic C—H groups e.g. f-methylstyrene, initiation via allylic C—H activation
is still likely involved, as evidenced by the lack of dependence of metathesis activity with OH
density. This study suggests that the initiation mechanisms for generating W-based olefin
metathesis catalysts from W(IV) oxo species depend on the olefin substrates. Furthermore,
these findings reveal the participation of the surface functionalities of the oxide support,
namely the surface Brgnsted acid sites. It is noteworthy that initiation of metathesis catalysts
(whether involving allylic C—H activation or not) involves a key proton transfer step. This

also indicates that oxide supports in heterogeneous olefin metathesis catalysts might not
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always be inert, even for a support like silica. Surface Brensted acid sites, formed by the
presence of W, can be responsible for metathesis activity by opening alternative initiation
processes. This study helps to further understand the effects of Brgnsted acidity in

heterogeneous metathesis catalysts.



4.4 Experimental Details
4.4.1 General Procedures

Unless otherwise noted, all experiments were carried out under dry and oxygen free
argon atmosphere using either standard Schlenk or glove-box techniques. Toluene was
purified using double MBRAUN SPS alumina column, and was degassed by 3 freeze-pump-
thaw cycles before use. CgHg and CgDs were distilled from Na/benzophenone.
WO(OtBUFs)-(py)s (F6) (py = pyridine) was synthesized according to literature procedures.*?
Tris(pentafluorophenyl)borane was purchased from TCI and sublimed before use. styrene-a,
B-C, was purchased from Aldrich and dried and distilled over CaH, followed by the
purification procedure as styrene (details in S13) before used. Solution NMR was recorded in
CesDg on Bruker 200, 300, 400 and 500 MHz at 298K.

Silica (Aerosil Degussa, 200 m®.g™) was compacted with distilled water, calcined at
500 °C (5 °C/min) under air for 10 h and treated under vacuum (10 mbar) at 500 (1 °C/min)
°C for 10 h and then at 700 °C (1 °C/min) for 20 h (support referred to as SiO2.700). SiO2-500
was prepared similarly by treatment under vacuum (10 mbar) at 500 °C (1 °C/min) for 30 h
after calcination under air. SiO,.,00 Was prepared by calcination of the silica under air at 500
°C (5 °C/min) for 10 h, followed by evacuation and cool down to room temperature under
vacuum (10™ mbar). Then, the silica was heated up to 200 °C (5 °C/min), contacted with pure
degassed water for 45 min at 200 °C and further dehydroxylated at 200 °C for 30 h under
vacuum (10 mbar). The amounts of OH per g were measured by titration with PhCH,MgCI.

All infrared (IR) spectra were recorded using a Bruker a-T spectrometer placed in an
Ar glovebox, equipped with OPUS software. A typical experiment consisted in the
measurement of transmission in 32 scans in the region from 4000 to 400 cm™. Solid-state
NMR spectra were obtained on a Bruker Avance 111 400, 600 or 700 MHz spectrometer, using
a 3.2 or 1.3 mm probe; the spectra were externally referenced by setting the downfield *C
signal of adamantane to 38.52 ppm. Samples were loaded in a 3.2 or 1.3 mm zirconia rotor
inside the glovebox. Cross polarization magic angle spinning (CP-MAS) type experiments
were employed in order to acquire *C and *°N spectra at 12 or 16 kHz MAS on the 400 and
600 MHz spectrometer. *H decoupling was performed using the SPINAL64 sequence at
100kHz.*" For the CP-MAS measurements, the CP condition was optimized experimentally to
match the Hartmann-Hahn condition using an 80 to 100 % Ramp. The *C-"*C DQ-SQ
spectrum was recorded by applying the SPC5 homonuclear recoupling sequence during the
excitation and reconversion periods.?® The *H and *°F were acquired by making using of the
Hahn-echo sequence at 50kHz MAS at the 700 MHz spectrometer. XAS measurements were
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carried out at the W L, and L, edge at the SuperXAS beamline at SLS (PSI, Villigen,
Switzerland). The storage ring was operated at 2.4 GeV in top-up mode with a ring current of
around 400 mA. The incident photon beam provided by a 2.9 T super bend magnet source
was selected by a Si (111) quick-EXAFS monochromator and the rejection of higher
harmonics and focusing were achieved by a rhodium-coated collimating mirror at 2.8 mrad
and a rhodium-coated torroidal mirror at 2.8 mrad. The beam size on the sample was 100 x
100 um. During measurements the monochromators was rotating with 10 Hz frequency in 2
deg angular range and X-ray absorption spectra were collected in transmission mode using
ionization chambers specially developed for quick data collection with 1 MHz frequency.”
The spectra were collected for 2 min and averaged. Calibration of the beamline energy was
performed using W reference foil (W L, and L,;-edge position at 12100 and 10207 eV,
respectively). To avoid contact with air, all samples were sealed in a glovebox. For ex situ
samples, pressed pellets (with optimized thickness for transmission detection) were placed in
two aluminized plastic bags (Polyaniline (15 um), polyethylene (15 pm), Al (12 pm),
polyethylene (75 pum) from Gruber-Folien GmbH & Co. KG, Straubing, Germany) using an
impulse sealer inside a glovebox; one sealing layer was removed immediately before the
measurements. Data were analyzed by standard procedures® using Ifeffit program package®"
%250% values were obtained by fitting W foil for W L, edge. Elemental analyses were
performed by the “Mikroanalytisches Labor Pascher” in Remagen, Germany.
4.4.2 Syntheses and characterizations of Supported Species (F6@SiO;.x)

Synthesis of F6@SiO,.700. A solution of 127 mg of WO(OtBuFg)2(py)s (0.16 mmol,
0.84 equiv) in benzene (5 mL) was added to a suspension of SiO;.700 (610 mg, 0.19 mmol, 1
equiv) in benzene (1 mL) at room temperature. The suspension was slowly stirred at room
temperature for 24 h. The supernatant was removed by decantation and the dark blue solid
was washed by five suspension/decantation cycles in benzene (5 x 2 mL). The resulting solid
was dried thoroughly under high vacuum (10®° mbar) at room temperature for 3 h to afford
600 mg of the title compound. All the supernatants were collected and analyzed by ‘*H NMR
spectroscopy in CgDg using ferrocene as internal standard, indicating that 0.11 mmol of
HOtBuFs (i.e. 0.72 equiv per grafted W) was released upon grafting.
Elemental Analysis: W 3.82%, F 2.43% (6.1 F/W), N 1.02% (3.5 N/W), H 0.35% (16.7 H/W),
C 4.61% (18.5 C/W). Expected for (=SiO)WO(OtBuFs)(py)s: 6 F/W, 3 N/W, 18 H/W, 19
C/W.
IR, XANES and solid state NMR spectra of the material are given in Figure A.4.1-A.4.3 and
Figure A.4.6-A.4.7, respectively.
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EXAFS fitting analysis is given in Figure A.4.4 and Table A.4.1.

Syntheses of F6@SiO,« (x = 500 or 200). Both materials were synthesized by using
the same procedure as F6@SiOz-700 by replacing SiO;.7g9 With either SiO.500 Or SiO5.500. The
weight of WO(OtBuUFs).(py)s used per gram of SiO,, were maintained the same in all
materials to achieve the same W loading.

F6@SiO,.500. 0.88 equiv of HOtBuF per grafted W was released upon grafting.
Elemental Analysis: W 3.70%, F 2.40% (6.3 F/W), N 1.03% (3.6 N/W), H 0.39% (19.2 H/W),
C 4.44% (18.4 C/IW).

IR spectra of the material are given in Figure A.4.8.

F6@SiO;.200. 1.18 equiv of HOtBuFg per grafted W was released upon grafting.
Elemental Analysis: W 3.67%, F 1.65% (4.4 F/W), N 1.01% (3.6 N/W), H 0.38% (19.0 H/W),
C 4.41% (18.4 C/IW).

IR and solid state NMR spectra of the material are given in Figure A.4.9 and Figure A.4.10-
A.4.11, respectively.

Synthesis of F6@SiO2.700-thermal. F6@SiO2.700 (150 mg) was loaded into a reactor and
placed under high vacuum (10®° mbar) and heated to 200 °C (1 °C/min) and held at this
temperature for 3 h then heated at 400 °C (1 °C/min) and held at this temperature for 6 h. The
reactor was cooled to ambient temperature under static vacuum, and F6@ SiO-700-thermal Was
stored in an Ar filled glovebox.

Elemental Analysis: W 4.15%.
IR spectra of the material are given in Figure A.4.12.
4.4.3 Catalytic activity measurements

Starting materials. Cis-4-nonene (> 97%) and 1-nonene (> 99.5%) were purchased
from TCI Chemicals. Styrene (99.5%) was purchased from ABCR. trans-f#-methylstyrene
were synthesized according to literature procedures.*®* HPLC grade toluene, heptane and
decalin were distilled from Na/benzophenone, degassed by 3 freeze-pump-thaw cycles, and
stored in a glove-box over Selexsorb. Al,O3 was dried at 250 °C in high vacuum overnight.
Molecular sieves were activated at 300 °C in high vacuum overnight. BASF Selexsorb® CD
1/8’* was calcined at 550 °C in air for 12 h and heated in high vacuum at 500 °C for 2 h.

Preparation of olefin stock solutions. Cis-4-nonene was stirred overnight with Na at
room temperature, distilled in vacuo, degassed by 3 freeze-pump-thaw cycles, and stored in
the glovebox over 3 A MS. Before the preparation of stock solution, neat cis-4-nonene was
treated with Selexsorb (~20-30% w/w) for 5 hours. After removal of Selexsorb, the solution

was passed through a pad of activated neutral Al,O3 (~3 mL per 10 mL of cis-4-nonene)
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inside a glove-box. The as-prepared cis-4-nonene was used for the preparation of stock
solution (~1.0 M) in toluene, using n-heptane (~0.1 M) as an internal standard. The solution
was stored in a glove-box in an ampoule with a Teflon stopcock.

1-nonene solutions (~1.0 M) were prepared according to the same procedure.
trans-g-methylstyrene and styrene were dried and distilled over CaH; (styrene was freshly
distilled before use). The neat olefins were further treated according to the procedures above
and the trans-f-methylstyrene and styrene solutions (~0.2 M) in toluene were prepared with
decalin as the internal standard.

Catalytic tests. Catalytic tests were performed inside a glove box. The calculated
amount of olefin stock solution was added to the catalyst that was introduced and weighed in
a conical base vial containing a wing-shaped magnetic stirring bar. Then, the calculated
amount of B(CgFs)3; was added to the mixture of alkene and catalyst (if needed). Att = 0, the
reaction mixture was started to stir at 600 rpm and kept at 70 °C using an aluminum heating
block. 5 uL aliquots of the solution were sampled, diluted with pure toluene (100 uL), and
quenched by the addition of 1 pL of wet ethyl acetate after exposing to air. The resulting
solution was analyzed by GC/FID (Agilent Technologies 7890 A) equipped with an HP-5
(Agilent Technologies) column. Conversion of cis-4-nonene was determined from metathesis
products formation, as follows:

Y[ metathesis products],

Conversion of cis —4 — nonene =
[substrate];,itia

Conversions of 1-nonene, trans-f-methylstyrene or styrene were determined by substrate
consumption. In all cases, cis/trans isomerizations of nonene and f-methylstyrene were not
taken into account. Equilibrium conversion for cis-4-nonene is ca. 51% and 1-nonene, trans-
S-methylstyrene or styrene is ca. 100%, assuming the gas phase products (ethylene or 2-
butene) generated could escape from the liquid phase efficiently at 70 °C.
Rates (Mmin™gw™) of metathesis were determined by:

Ac/At

Initial rate of metathesis =

Ac = product concentration (M) corresponding to At

At = the time ranges where conversions are below 20 %. i.e. from 3 to 10 min for nonene;
from 10 to 30 min for f-methylstyrene and styrene. (If induction period is present, 4t is taken
after the induction period at a maximum rate).

m = mass of W (gram) in the catalysts



4.4.4 Reactions of F6@SiO,-,00 With styrene-a, g-*C,

F6@SiO2-200 (44 mg, 8.8 umol) and B(CsFs); (13.5 mg, 26 umol, 3 equiv) was loaded
in a 10 mL Schlenk followed by the addition of styrene-a, -*C, (10 uL, 88 umol, 10 equiv)
in toluene. The reaction mixture was heated at 70 °C for 1 h. The supernatant was then
removed and the solid residue was rinsed by toluene (2 mL x 5) at 70 °C. Subsequently, the
resulting solid was dried under high vacuum (10™° mbar).

'H and 3C solid state NMR spectra of the material are given in Figure A.4.17-A.4.18.
4.4.5 Reaction of ®N-F6@Si0,.x00 With *N-py/B(CgFs)s

N-F6 and N-F6@SiO,.,00 Was synthesized with the same procedures as F6 and
F6@SiO;,.o00, respectively, using **N-labeled pyridine in the synthesis in place of pyridine.
BN-F6@Si02.200 (48.6 mg, 1 equiv) and B(CgFs)3 (14.9 mg, 29 pmol, 3 equiv) were loaded in
a 10 mL Schlenk followed by the addition of toluene (3 mL). The reaction mixture was heated
at 70 °C for 15 min followed by the addition of extra *°N-labeled pyridine (10 pL, 124 pumol).
The reaction mixture was further heated at 70 °C for 45 min. The supernatant was removed
and the residue was washed by toluene (2 mL x 5) at 70 °C. The resulting solid was dried
under high vacuum (10 mbar) at room temperature for 5 h.
>N CP-MAS NMR and IR spectra of the resulting solid are shown in Figure A.4.19 and
Figure A.4.20, respectively.
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Chapter 5. Effects of Preparation Methods and
Organosilicon Reductants on the Olefin Metathesis

Activity of Silica-supported W(V1)-oxo Species

5.1 Introduction

W(IV) species has been shown to be an active precatalyst for olefin metathesis. Its
activity and proposed initiation mechanism have been shown to differ significantly between
the homogeneous (as discussed in Chapter 3) and supported systems due to the presence of
surface OH groups (as discussed in Chapter 4). These new findings together with a better
understanding in the initiation mechanism lead us to further investigate the silica-supported
W(VI)-oxo species generated by Surface Organometallic Chemistry (SOMC) approach and
extend our studies to classical heterogeneous WO3/SiO, catalyst prepared by incipient
wetness impregnation (IWI).

One limitation in the synthesis of the molecularly-defined silica-supported W(V1)-oxo
species, by grafting well-defined WO,(OSi(OtBu)3),(DME) onto SiO,.700 followed by a
thermal treatment, is the formation of a 1:1 mixture of surface (=SiO),W(=0), and
(=Si0)4W(=0) species (as discussed in Chapter 2).* In addition, the use of organosilicon
reductant 2,3,5,6-tetramethyl-1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (Red4) as
the activator leads to the formation of undesirable by-product that can poison the catalyst,
despite the promising low-temperature (70 °C) olefin metathesis activity observed.

In this chapter, we investigate how different factors including i) the choice of
molecular precursors for grafting, ii) the synthetic methods (SOMC vs. IWI) and iii) the
organosilicon reductants affect the structures, reactivities and the amounts of active sites in

different supported W(VI)-oxo materials.

5.2 Result and Discussion
5.2.1 Effects of Precursors and Preparation Methods on the Structure of Supported W-

0X0 Species

Tungsten mono-oxo complex WO(OSi(OtBu)s)4, Which was reported to be a precursor
for generating well-dispersed tungsten oxo sites on SBA-15% was grafted on partially
dehydroxylated silica SiO,.700 followed by thermal treatment under high vacuum to afford

material 1-WO. W L, edge X-ray absorption near edge structure (XANES) spectroscopy
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shows that 1-WO and 1-WO2, synthesized from WO,(OSi(OtBu)s3),(DME) molecular
precursor using the same approach, share identical white line energies and similar
spectroscopic features. In addition, extended X-ray absorption fine structure (EXAFS) fitting
analysis suggests that 1-WO also contains ca. 1:1 mixture of [(=SiO);WO,] and
[(=Si0);WOQ], as previously found for 1-WO2 (Scheme 5.1). In both cases, no W-W
scattering path (typically at ca. 3.7 A for bulk WO5) is found, confirming the formation of
isolated W(VI1) oxo species independently of the molecular precursor. The formation of both
mono- and di-oxo surface species, starting from either the mono- or di-oxo molecular
precursors, clearly indicates that the surface species re-structures under thermal treatment
condition with the presence of H,O produced during the thermolysis of the (tBuO);SiO
ligands.

O
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Scheme 5.1. Characterization of surface species in 1-WO and 1-WO2 by W L, edge X-ray
Absorption Spectroscopy.

In addition, WO3/SiO, (2) was prepared through incipient wetness impregnation of
ammonium tungstate solution on SiO, with similar W loading (3.26 wt%) as in 1-WO and 1-
WO?2. Powder XRD (Figure A.5.4) shows the absence of crystalline tungsten oxide on the
surface of 2. W L, edge XANES of 2 is very similar to that of 1-WO or 1-WO?2 while the
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white line energy of 2 is 0.1 eV higher in energy. EXAFS fitting analysis suggests the absence
of W—W scattering path in 2 as well (Figure A.5.3), consistent with the presence of isolated
W centers in 2 as previously reported.® The isolated nature of W sites is further supported by
UV-vis diffuse reflectance spectra (UV-DRS) of 2, which reveals an electronic edge energy
(Eg) of 4.0 eV (Figure A.5.6) consistent with distorted isolated tungstate species.* Based on
the no. of W=0 and W-O neighbors obtained from EXAFS fitting (Table A.5.2), 2 also
consists of ca. 1:1 mixture of [(=Si0);WO;] and [(=Si0),;WQ], similar to the material
prepared via SOMC approach.
5.2.2 Effects of Reductants on the Catalytic Activities of W-oxo Species Prepared by
Different Approaches

Self-metathesis of cis-4-nonene catalyzed by in-situ activated 1-WO and 2 was
investigated (Scheme 5.2). Two equivalents of organosilicon reagents per [W] were added to
the catalysts in the presence of cis-4-nonene (1.0 M toluene solution; 1000 equiv per [W])
solution at 70 °C. In the case of the in-situ activated 1-WO by 2,3,5,6-tetramethyl-1,4-
bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (Red4), equilibrium conversion of cis-4-
nonene (51 %) was reached within ca. 6.5 h, which is longer than what was found for 1-WQO2
(3 h). When 2 is used as a catalyst precursor, a much longer time (24 h) is required for
reaching equilibrium conversion under the same reaction conditions. These results indicate
that 2 is notably less “active” than the materials prepared by SOMC when comparing the time
required to reach equilibrium, despite their similarly in XAS signature and EXAFS fitting
analysis. Since 2,3,5,6-tetramethylpyrazine, released upon activation with Red4, can
reversibly or irreversibly poison some of the active sites by coordinating to the unsaturated
metal centers, we investigated the use of an alternative activator, i.e. 1-methyl-3,6-
bis(trimethylsilyl)-1,4-cyclohexadiene (Red1) (Scheme 5.3), that only releases toluene-based
by-products.

1-WO?2 in-situ activated with Redl1 leads to 47 % conversion of the cis-4-nonene
within 1 h (vs. 27 % in the case of Red4), while the overall activity (time to equilibrium) is
similar for 1-WO with both reductants (Scheme 5.2; Table 5.1). Notably, short induction
periods were observed during the activation by Redl for both 1-WO2 and 1-WO. Although
in-situ activation of 2 with Red1 reduces the time to equilibrium conversion for cis-4-nonene
metathesis from 24 to 6 h, a long induction period (ca. 3 h) was observed. Such induction
periods were not observed when Red4 was used as the activator for the reaction described
above. This may be related to the fact that Red4 is a stronger reductant than Red1.>®
However, despite the observed induction period for Redl, the in-situ activated materials
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allow a faster conversion to equilibrium at 0.1 mol% catalyst loading compared to Red4. It is
consistent with the poisoning of active sites in the presence of 2,3,5,6-tetramethylpyrazine, a
side product from Red4. The particularly long induction period observed for 2 indicates that 2
is significantly less reducible than 1-WO or 1-WO2.

self-metathesis of cis-4-nonene

[W] (0.1 mol%)
Red1 or Red4 (0.2 mol %) ) _
ANTNNN S SN TR TN
70 °C, toluene
Activation by Red4 Activation by Red1
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Scheme 5.2. Catalytic activities of 1-WO, 1-WO2 and 2 in self-metathesis of cis-4-nonene via in-situ

activation.
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Scheme 5.3. Preparation of activated catalysts with Red1 and Red4.

In order to better understand the difference between the activated species generated
upon using Red1 versus Red4, we investigated the (ex-situ) activated systems 1-WO2-Red1
and 1-WO2-Red4 (Scheme 5.3) that were prepared by treating 1-WO2 at 70 °C for 12 h in
benzene with 2 equiv of Redl1 and Red4, respectively.

With these pre-reduced species, the self-metathesis of cis-4-nonene (1000 equiv per
[W]) reaches equilibrium conversion within 3 h at 70 °C with 1-WO2-Red1 (Figure A.5.7),
while 12 h is required for 1-WO2-Red4 under the same reaction conditions (Table 5.1). In
addition, no induction period is observed with 1-WO2-Red1 in contrast to what is observed
with 1-WO2-Red4. This result further supports that the 2,3,5,6-tetramethylpyrazine, formed

as a by-product from Red4 in 1-WO2-Red4, competes with the coordination of cis-4-nonene
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leading to the induction period. Increasing the amount of cis-4-nonene to 5000 equiv per W
leads to equilibrium conversion in 28 h with 1-WO2-Red1 (Figure A.5.8) while no activity is
observed for 1-WO2-Red4.

Table 5.1. Catalytic activities of the in-situ activated catalysts and (ex-situ) activated 1-WO2 by both
Red1 and Red4’

Materials Substrate TOFs.:;,”  Time to equil. “/h

/min

in-situ activation with Red4

1-WO 4-nonene’ 3.0 6.5

1-WO2 4-nonene™” 4.6 3

2 4-nonene’ 1.4 24

in-situ activation with Redl

1-WO 4-nonene’ 1.0 4 %lh; 6

1-WO02 4-nonene” 3.1 47 %™ 3

2 4-nonene” 0/ 1 %lh; 6

ex-situ activation of 1-W02

1-WO2-Red4 4-nonene™” o 12
1-nonene®” 2.0 59 0240
Styrene ® 0 2%

1-WO2-Red1 4-nonene’ 16.5 3
1-nonene’ 4.0 88 %>
Styrene 0.3 40%"™

1.0 M toluene solution (0.2 M toluene solution for styrene), batch reactor, 70 °C; "TOF is expressed
as initial TOF in min™ after 5 min of reaction; “Time for reaching equilibrium conversion unless
otherwise noted by giving the conversion after 1 or 24 h; “cis-4-nonene 1000 equiv per [W]; 100

equiv per [W]; ‘Induction period was present; %50 equiv per [W]; "values reported in ref 1.

The metathesis conversion of terminal alkene, 1-nonene and styrene, by 1-WO2-Red1
is also higher than that found with 1-WO2-Red4 (Table 5.1, Figure A.5.9-A.5.10). A similar
behavior is also observed for propylene metathesis under flow condition at 70 °C, in which 1-
WO2-Red1 leads to a much higher conversion compared to 1-WO2-Red4 (Figure A.5.11).
The significant difference in metathesis observed in these activated systems supports the
poisoning effect of 2,3,5,6-tetramethylpyrazine. In fact, adding 0.5 equiv of 2,3,5,6-
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tetramethylpyrazine per W centers to 1-WO2-Red1, which mimic the composition in 1-
WO2-Red4, induces a short induction period prior to metathesis conversion of cis-4-nonene
(Figure A.5.12).

5.2.3 Origins of the Difference in Activities between Various Systems

Apart from the effects of reductants, materials prepared by IWI (2) and SOMC (1-WO
or 1-WQO2) also demonstrated significant difference in their metathesis activities. To
investigate the origins of their difference, we decided to i) study and compare the activated 2
and 1-WO2 by W L, edge XANES, ii) investigate the effects of thermal treatments and iii)
quantify the amount of metathesis active alkylidenes formed in different materials.

As shown in Figure 5.1, the white line energies in W L;; edge XANES of all the
activated materials are lower than their corresponding as-synthesized materials 1-WO2 or 2
indicating the reduction of W centers upon activation. Both 2 and its activated materials (by
Red4 and Redl, namely 2-Red4 and 2-Red1, respectively) show higher white line energies
than the corresponding 1-WO2 and its activated version indicating that the materials prepared
by IWI are less reduced under the same conditions. This is consistent with the long induction
period observed for 2 during its in-situ activation by Redl implying its lower reducibility
(Scheme 5.2). This result also suggests that in 2-Red4 and 2-Red1, the overall oxidation state
of W centers are higher and the amounts of reduced species are less than that in 1-WO2-Red4
and 1-WO2-Red1, respectively. It is worth noting that comparison of the white line energies
between materials activated by Red1 and Red4 does not provide a direct correlation to the
amount of reduced species in these materials since the coordination of 2,3,5,6-
tetramethylpyrazine to the W centers in the Red4 activated materials would also affect the

white line energies.”®

10212.7

10212.5 A

10212.3 A

10212.1 A

White line energy (eV)

10211.9 A

10211.7

1-W02 2
As-synthesized ® Pre-activated by Red4 = Pre-activated by Red1

Figure 5.1. White line energies of the different materials in W L,,, edge.
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We wonder whether the difference in reducibility between 2 and 1-WO2 could only
be due to the difference in thermal treatment steps between the two preparation methods. The
preparation of 2 involves calcination under synthetic air at 500 °C, while 1-WQO2 involves
thermolysis under high vacuum at 400 °C. Therefore, we prepared 1-WO2-SA500 by grafting
WO,(0Si(OtBu)3)2(DME) on SiO,.7g0 followed by calcination under synthetic air at 500 °C
and investigated its activity towards self-metathesis of cis-4-nonene via in-situ activation with
Red1 and Red4. In-situ activation of 1-WO2-SA500 by Red1 has an induction period of ca. 3
h, which is much longer than 1-WO2 and similar to that of 2 (Figure 5.2), indicating that
calcination under synthetic air results in less reducible catalysts. Besides, 1-WO2-SA500 in-
situ activated by Red4 also shows a lower activity with a longer time to reach equilibrium
conversion compared to that of 1-WO2 suggesting that calcination under synthetic air leads to
less active catalyst (or catalyst that is harder to be activated), thus explaining the significantly
lower activity observed for 2 vs. 1-WO2 or 1-WO.

Activation by Red4 Activation by Red1
60% 60%
3 -2 A -
S : g
c 40% A c 40% o
i} S
2 ‘ o :
S 20% 2 20% 1
S o
o : o
0% T T T OD/U = T T T
500 1000 1500 0 500 1000 1500
Time (min) Time (min)

@ 1-W02 ~4-2 ——1-W02-SA500 |

Figure 5.2. Catalytic activities of 1-WO2, 2 and 1-WO2-SA500 in self-metathesis of cis-4-nonene via
in-situ activation by Red4 (left) and Red1 (right).

While the types of reductants and the preparation methods clearly affect the overall
catalytic behavior, i.e. the presence or absence of induction period and the time to reach
equilibrium conversion, it is not clear how these parameters influence the amounts of
metathesis active alkylidenes formed in these different materials. We thus evaluated the
amounts of alkylidenes generated in the activated materials by cross-metathesis using two
different methods (Scheme 5.4 and the results are summarized in Table 5.2). Method A
consists of contacting the material with cis-2-butene at 70 °C for 12 h in a 1% step, followed
by the removal of gaseous products and reaction of the solid in a 2™ step with **C-dilabeled

ethene at 70 °C for 12 h. Method B consists of contacting the material with **C-dilabeled
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ethene at 70 °C for 12 h in a 1% step, followed by the removal of gaseous products and

reaction of the solid in a 2" step with cis-2-butene at 70 °C for 12 h. These stepwise cross-

metathesis reactions were monitored by GC/MS with the gas phase collected after the 1% and

2" steps. Under these conditions, the amounts of **C-mono-labeled propene formed via cross-

metathesis allow evaluating the amount of alkylidenes, while the other products can provide

information related to the initiation and deactivation pathways, as well as possible resting

states species.

Method A 75! step

Pre-activated
materials

L =

Method B

*
*

279 step

el | —S— =]
* N

=] e [/

Scheme 5.4. Two different titration methods used for quantifying the amounts of alkylidenes formed
by the activated materials (Method A and Method B).

Table 5.2. Amounts of various gaseous products observed in the titration of different activated

materials.?
Activated Olefin formed in 1% | Olefin formed in 2" |™°C  isotope labeling
materials step: Amount step: Amount distribution of propene®
Method A
1-WO2-Redl | C3:4.3 C3:0.3 “"C3:0.033
C5:14 ”‘_°”°C3: 0.084
9C3:0.18
Method B
1-WO2-Red1 | C3:0.95 C3:0.67 “"C3:0.63
C5:0.26 men°C3: 0.029
1-WO2-Red4 | C3:0.24 C3:0.36 “"C3:0.33
C5:0.16 mon°C3: 0.023
2-Red1 C3:0.24 C3:0.87 “"C3:0.85
C5:0.12 mon°C3: 0.019
2-Red4 C3:0.047 C3:0.33 “"C3:0.31
C5:0.17 men°C3: 0.017

®Quantification is performed by GC-FID; Cx refers to olefin with x number of carbons; all the values

are reported in equivalent per W center. "Analyzed by GC-MS; “"C3, ™™C3 and “C3 refers to un-, *C-

mono- and **C-di-labeled propene, respectively.

| 87



Titrations of 1-WO2-Red1 were performed with Methods A and B. With Method A,
analysis of the gas phase after the 1% step indicates the formation of 4.3 equiv of propene (per
W) along with a small amount of C5 olefins (Table 5.2). The latter is likely formed via
secondary reactions such as cross-metathesis of 2-butenes and 1-butenes. The formation of
propene from cis-2-butene is consistent with the initiation involving an allylic C—H activation
mechanism (Scheme 5.5.A), as proposed in the molecular (Chapter 3) or supported W(IV)
systems (Chapter 4).

A) Allylic C-H activation mechansim with cis-2-butene C) Vinylic C-H activation

et Decomposition to reduced W species -r--==-------==-~ i H
wi—| v/ w22 =
[W]J - N

¥ . 7 !
[W]’( [\A‘/]*)z [W]i% - wi= =/ +

AN D) OH assisted

M 2 propylene per active site H“W rZ
IR i
[W]J+ = H H
HJ.H H
Possible Initiation Mechanism with ethylene (B-D) Ho Weo \\\ H + I
W — H__ W, —> H. N
B) Ring contraction of metallacyclopentane /777‘77777]7777 H C‘)( ? ? ? - CH, ? ?
HJ.H
A SN \L
wi_ w ] [vv]é wi= o "o
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Scheme 5.5.A. Allylic C—H activation mechanism with cis-2-butene. 5.5.B. Ring contraction of
metallacyclopentane. 5.5.C. Vinylic C—H activation mechanism. 5.5.D. OH assisted initiation

mechanism.

However, the large amount of observed propene, exceeding 2 equiv per W, indicates that
other (catalytic) processes took place. For instance, alkylidene or metallacyclobutane

13 \which can in turn be a source of

complexes can transform back into olefin complexes,
alkylidene and metallacyclobutane intermediates again as shown in Scheme 5.5.A. Such
process would lead to a catalytic production of propene and infer that the measured quantity
of propene formed correspond to a “cumulated” number of alkylidene species rather than a
defined number of alkylidene per total W! In the 2" titration step (cross-metathesis with **C-
di-labeled ethene), 0.3 equiv of propene was observed (per W) that consists of 0.033 equiv of
un-labeled, 0.084 equiv of **C-mono-labeled and 0.18 equiv of **C-di-labeled propene, while
other olefins are formed in negligible amount (< 1 % of the gas phase products). The **C-
mono-labeled propene likely results from the cross-metathesis between *3C-di-labeled ethene
and W=CHMe, while the un-labeled and ‘*C-di-labeled propene likely result from the
decomposition of unsubstituted unlabeled and **C-di-labeled metallacyclobutane, respectively

(Scheme 5.6). The former likely arises from the presence of residual metallacyclobutane
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formed in the 1% step because of its high stability, while the latter formed from the reaction of
un-labeled surface methylidene with **C-di-labeled ethylene. These metallacyclobutane
species can be converted into propene and a reduced W(IV) species directly via a well-known
B-H elimination pathway.™*'* These results suggest that the amount of metathesis active
intermediates formed can be as much as 0.3 equiv per W based on the proposed reaction
pathways; the lowest amount based on counting solely **C-mono-labeled propene being 0.084
equiv per W.

2" step

[ w=]
+ o=
+
15t step « . 0.084 equiv per [W]
1-WO2-Red1 f» + W]
X [[w=] — WQ] S
;_.//._\_- /: T * /*\*
4.3 equiv per [W] 1‘ 0.018 equiv per [W]
S-H elimination pathway of metallacyclobutane
- Propene formation W<> } Wl o+ 2
during initiation 0.033 equiv per [W]
- 0.084 equiv of mono- Stable under | Formed from terminal olefin
labeled propene vacuum e.g. propylene

Scheme 5.6. Titration results of 1-W0O2-Red1 by Method A and the putative intermediates involved.

As shown in Table 5.2, titration of alkylidene species in 1-WO2-Red1 with Method B
(reaction with *C-dilabeled ethene first) leads to the formation of 0.95 equiv propene per W
center in the 1% step. The formation of propene from ethene can be a result of initiation
involving the following mechanisms: the ring contraction of unsubstituted
metallacyclopentane (Scheme 5.5.B), the vinylic C—H activation of ethylene (Scheme 5.5.C)
or the OH assisted mechanism (Scheme 5.5.D). However, DFT studies on molecular
analogues have shown that ring contraction of metallacyclopentane to metallacyclobutane and
vinylic C—H activation have very high energy barriers (see Appendix for details), while OH-
assisted mechanism is favored based on a recent experimental study on the supported W(IV)
catalyst (see Chapter 4 for more details). Therefore, it is likely that propene is formed from
cross-metathesis of ethylene and W=CHMe, which is generated via OH assisted mechanism
from ethylene (Scheme 5.5.D). Apart from the initiation step, propene can also be produced
once the methylidene W=CH, is formed. Reaction of W=CH, with ethene yields
unsubstituted metallacyclobutane, which can directly convert into propene and reduced W(IV)
as discussed above and Scheme 5.6. Initiation and decomposition of metallacyclobutanes
could take place consecutively leading to the catalytic production of propene. After the 2"
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step (cross-metathesis of surface species with 2-butene), propene is formed along with a small
amount of C5 olefins (Table 5.2). The propene is mostly un-labeled (95 %) with only 0.029
equiv of **C-mono-labeled propene per W! The large amount of un-labeled propene is likely a
result of the initiation of W centers with cis-2-butene via allylic C—H activation mechanism,
as discussed above (Scheme 5.5.A). This result implies that additional alkylidenes are
generated upon contacting with 2-butene because some of the W sites were not activated by
ethene in the 1% step (Scheme 5.7). The **C-mono-labeled propene likely results from the
cross-metathesis between cis-2-butene and the *C-labeled W=CH, generated via the 1% step,
indicating the formation of 0.029 equiv of propagating alkylidenes upon contact with *C-
dilabeled ethene. However, we cannot exclude that *C-mono-labeled propene also arise from
the cross-metathesis of cis-2-butene and **C-di-labeled ethylene, released from the stable

metallacyclopentane formed at the 1% step.’

15t step (Remains from

incomplete initiation) *
* L
> —

e *
1-WO2-Red4 — 1-WO2-Red4 + [w:] —_ W<>}

LR N 2" step | + /7 \
0.95 equiv per [W]

- Propene formation N W]+ /*\*

Further initiation

during initiation J

- Initiation further occur [ W= ] 0.029 equiv per [W] No "3C-tri-labeled-

in the 2" step * propene is observed
7N

- 0.029 equiv of mono- 0.63 ) W
labeled propene .63 equiv per [W]

Scheme 5.7. Titration results of 1-WO2-Red1 by Method B and the putative intermediates involved

In short, the quantities of alkylidenes in 1-WO2-Red1 obtained by Method A range
between 8.4 % and 30 % of the W centers, illustrating the complexity of initiation on reduced
W(IV) species. Method B gives a significantly smaller amount of alkylidene sites (2.9 %); it
shows in particular that initiation via an allylic C—H activation (probed by Method A) is more
efficient than via the OH assisted mechanism (probed by Method B) that take places for
substrate without allylic CH group. Lastly, while the quantity of alkylidenes is related to the
number of active sites, these two values are likely not identical since the active sites are
constantly generated (W(IV) to W(VI) alkylidene) and decomposed (W(VI) alkylidene to
W(1V)) as suggested by the data above.

Titrations of the other activated materials by using Method B show similar

observations as in 1-WO2-Red1. Formation of propene was observed in the 1% step and most
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of the propene detected in the 2™ step upon contacting cis-2-butene was non-labeled (Table
5.2) indicating the formation of additional active species via the allylic C—H activation of 2-
butene as discussed above. The amounts of alkylidenes obtained by counting **C-mono-
labeled propene correspond to ca. 2 — 3 % of W centers under these conditions. Comparing
the amounts of *C-mono-labeled propene (Table 5.2) in different activated materials using
the same titration method indicates that the amounts of alkylidenes vary as follows 1-WO2-
Redl > 1-WO2-Red4 > 2-Redl > 2-Red4. This trend is consistent with the catalytic

behavior observed in the in-situ activation experiments.

5.3 Conclusion

In summary, we have shown that the use of WO(OSi(OtBu)3z), molecular precursor for
generating silica-supported W-oxo species via grafting and thermal treatment under high
vacuum leads to the same surface species generated by using WO,(OSi(OtBu)3),(DME)
indicating surface species re-structures under thermal treatment condition that leads to the
formation of water. In addition, isolated surface W-oxo species with similar structures can be
obtained by IWI according to EXAFS. All of these materials can be activated by tailored
organosilicon reductants Red1 at 70 °C and they demonstrate a better catalytic performance
compared to those activated by Red4. Notably, the catalyst prepared by IWI shows a longer
induction period with a lower activity compared to those prepared by SOMC approach, which
is attributed to its lower reducibility as indicated by the white line energies in the W L, edge
XANES. Calcination under synthetic air results in W(VI)-oxo species with lower reducibility
compared to thermal treatment under high vacuum. Quantification of the active alkylidenes
generated in different materials further supports that the amounts of active catalysts in the
material prepared by impregnation is smaller than that by SOMC, which is in line with their
reducibility. However, it is clear that various competitive reaction pathways including
initiation and decomposition occurred simultaneously during the titration experiments, which
lead to a strong dependence of the titration results on the experimental conditions, such as the
olefins used and their order of addition. Therefore, it should be noted that comparison of the
titration results is only possible when they are obtained under exactly the same titration
condition, and more importantly, with isotopic labeling, which is the only way to track and
differentiate the formation pathways of different olefin products. This study demonstrates the
effects of preparation methods, conditions and organosilicon reductants on the catalytic

performance of silica-supported W(VI1)-oxo species. In addition, the reaction pathways
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involved and the complexity in cross-metathesis titration methods for quantifying the amounts

of active alkylidenes in supported metal-oxo systems have been investigated in detail.
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5.4 Experimental Details
5.4.1 General procedures
All experiments were carried out under dry and oxygen free argon atmosphere using
either standard Schlenk or glove-box techniques for organometallic synthesis. For the
syntheses, reactions were carried out using high vacuum lines (10®° mbar) and glove-box
techniques. Pentane, toluene and diethyl ether were purified using double MBraun SPS
alumina column, and were degassed using three freeze-pump-thaw cycles before being used.
DME and THF were distilled from Na/Benzophenone. Silica (Aerosil Degussa, 200 m®.g™)
was compacted with distilled water, calcined at 500 °C (5 °C/min) under air for 10 h and
treated under vacuum (10™ mbar) at 500 (1 °C/min) °C for 10 h and then at 700 °C (1 °C/min)
for 20 h. The amounts of OH per g were measured by titration with PhCH,MgCI. All infrared
(IR) spectra were recorded using a Bruker a-T spectrometer placed in an Ar glovebox,
equipped with OPUS software. A typical experiment consisted in the measurement of
transmission in 32 scans in the region from 4000 to 400 cm-'. The solution spectra were
recorded in CgDg at room temperature. The electronic structures of the catalysts were obtained
with a Varian Cary UV-vis spectrophotometer employing a Praying Mantis integration
sphere. The UV-vis spectra were processed with Microsoft Excel software, consisting of
calculation of the Kubelka-Monk function, F(Roo), which was extracted from the UV-vis DRS
absorbance. The edge energy (Eg) for allowed transitions was determined by finding the
intercept of the straight line in the low-energy rise of a plot of [F(Roo)hv]>.* Powder XRD
experiments were performed on a STOE Padi Diffractometer in Debye-Scherrer Mode (20)
with a Dectris Mythen 1K area detector using Cu Kal radiation. The sample was prepared
and measured in a sealed quartz capillary. XAS measurements were carried out at the W L,
edge at the SuperXAS beamline at SLS (PSI, Villigen, Switzerland). The storage ring was
operated at 2.4 GeV in top-up mode with a ring current of around 400 mA. The incident
photon beam provided by a 2.9 T super bend magnet source was selected by a Si (111) quick-
EXAFS monochromator and the rejection of higher harmonics and focusing were achieved by
a rhodium-coated collimating mirror at 2.8 mrad and a rhodium-coated torroidal mirror at 2.8
mrad. The beam size on the sample was 100 x 100 um. During measurements the
monochromators was rotating with 10 Hz frequency in 2 deg angular range and X-ray
absorption spectra were collected in transmission mode using ionization chambers specially
developed for quick data collection with 1 MHz frequency.™ The spectra were collected for 2
min and averaged. Calibration of the beamline energy was performed using W reference foil
(W Ly-edge position at 10207 eV, respectively). To avoid contact with air, all samples were
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sealed in a glovebox. For ex situ samples, pressed pellets (with optimized thickness for
transmission detection) were placed in two aluminized plastic bags (Polyaniline (15 pm),
polyethylene (15 pum), Al (12 um), polyethylene (75 um) from Gruber-Folien GmbH & Co.
KG, Straubing, Germany) using an impulse sealer inside a glovebox; one sealing layer was
removed immediately before the measurements. Data were analyzed by standard procedures™
using Ifeffit program package’™®. S0? values were obtained by fitting W foil for W Ly, edge.
Elemental analyses were performed by the “Mikroanalytisches Labor Pascher” in Remagen,
Germany.

[W(O)(OSi(OtBu)3)s],? 1-WO2,' 1-WO2-Red4,! WO4/Si0, (2)2 1-methyl-3,6-
¥ and  2,3,5,6-tetramethyl-1,4-
bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (Red4) > were synthesized according to

bis(trimethylsilyl)-1,4-cyclohexadiene (Red1)

literature procedures.
5.4.2 Synthesis of 1-WO

A solution of 0.17 g of W(O)(OSi(OtBu)3)4 (0.14 mmol, 1 equiv.) in benzene (3 mL)
was added to a suspension of SiOz.700 (0.52 g, 0.14 mmol, 1 equiv.) in benzene (1 mL) at
room temperature. The suspension was slowly stirred at room temperature for 6 h. The white
solid was collected by filtration, and was washed by five suspension/filtration cycles in
benzene (5 x 2 mL). The resulting solid was dried thoroughly under high vacuum (10 mbar)
at room temperature for 3 h and loaded into a reactor, which then placed under high vacuum
(10” mbar) and heated to 200 °C (1 °C/min) and held at this temperature for 3 h followed by
increasing to 400 °C (1 °C/min) and held at this temperature for 6 h. The reactor was cooled
to ambient temperature under vacuum, and 1-WO was stored in an Ar filled glovebox.
Elemental analysis: W 2.16 %.
IR spectrum and EXAFS fitting analysis of the material are given in Figure A.5.1, A.5.2 and
Table A.5.1., respectively.
5.4.3 Synthesis of 1-WO2-Red1

1-WO2-Red1 was synthesized according to the reported procedures® by using 2 equiv
(per W center) of Red1.
Elemental analysis: W 2.93 %, C 0.69 %, H 0.36 % corresponding to 3.6 C/W and 22.6 H/W.
IR spectrum of the material is given in Figure A.5.1.
5.4.4 Synthesis of 1-WO2-SA500

500 mg of 1-WO2 was loaded into a flow reactor, which then heated to 500 °C (1

°C/min) for 340 min under flow of synthetic air on the high vacuum line. Then, the reactor
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was cooled to ambient temperature under vacuum, and 1-WO2-SA500 was stored in an Ar
filled glovebox.
5.4.5 Catalytic activity measurements

Starting materials. Cis-4-nonene (> 97%) and 1-nonene (> 99.5%) were purchased
from TCI Chemicals. Styrene (99.5%) was purchased from ABCR. HPLC grade toluene,
heptane and decalin were distilled from Na/benzophenone, degassed by 3 freeze-pump-thaw
cycles, and stored in a glove-box over Selexsorb. Al,O3 was dried at 250 °C in high vacuum
overnight. Molecular sieves were activated at 300 °C in high vacuum overnight. BASF
Selexsorb® CD 1/8”’ was calcined at 550 °C in air for 12 h and heated in high vacuum at 500
°C for 2 h.

Preparation of olefin stock solutions. Cis-4-nonene was stirred at room temperature
with Na overnight, distilled in vacuo, degassed by 3 freeze-pump-thaw cycles, and stored in
the glovebox over 3 A MS. Before the preparation of stock solution, neat cis-4-nonene was
treated with Selexsorb (~20-30% w/w) for 5 hours, followed by the removal of Selexsorb and
then passed through a pad of activated neutral Al,O; (~3 mL per 10 mL of cis-4-nonene)
inside a glove-box. The as-prepared cis-4-nonene was used for the preparation of stock
solution (~1.0 M) in toluene, using n-heptane (~0.1 M) as an internal standard. The solution
was stored in a glove-box in an ampoule with a Teflon stopcock.
1-nonene solutions (~1.0 M) were prepared according to the same procedure.

Styrene were dried and distilled over CaH, (styrene was freshly distilled before use). The neat
olefins were further treated according to the procedures above and styrene solutions (~0.2 M)
in toluene were prepared with decalin as the internal standard.

Catalytic tests. Catalytic tests were performed inside a glove box. The calculated
amount of olefin stock solution was added to the catalyst that was introduced and weighed in
a conical base vial containing a wingshaped magnetic stirring bar. Then, the calculated
amount of organosilicon reductant was added to the mixture of alkene and catalyst (if
needed). At t = 0, the reaction mixture was started to stir at 600 rpm and kept at 70 °C using
an aluminum heating block. 5 pL aliquots of the solution were sampled, diluted with pure
toluene (100 pL), and quenched by the addition of 1 pL of wet ethyl acetate after exposing to
air. The resulting solution was analyzed by GC/FID (Agilent Technologies 7890 A) equipped
with an HP-5 (Agilent Technologies) column. Conversion of cis-4-nonene was determined
from metathesis products formation, as follows:

Y[ metathesis products],

Conversion of cis — 4 — nonene =
[substrate];yitia
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Conversions of 1-nonene and styrene were determined by substrate consumption. In all cases,
cis/trans isomerizations of nonene was not taken into account. Equilibrium conversion for cis-
4-nonene is ca. 51% and 1-nonene or styrene is ca. 100%, assuming the gas phase products
(ethylene) generated could escape from the liquid phase efficiently at 70 °C.

Propene metathesis at 70 °C. 20 mg of the selected catalyst (1-WO2-Red1 or 1-
WO2-Red4) was loaded into a quartz capillary flow cell in the glove box. The quartz flow
reactor was then connected to a MFC setup, and the connections were flushed with
N2:propene 2.6:1 mixture (in mLmin™) for 30 min. The flow rate of the N2:propene 2.6:1
mixture was then set to 16 mL.min™, 1 bar (66.9 mol propene/mol W/min™) and the
temperature was set to 70 °C. The opening of the valve connecting the reactor to the gas line
corresponds to the beginning of the catalytic test. The reaction was monitored by on-line
micro GC. TONs (calculated by assuming all the W sites are active) are presented in Figure
A5.11.

5.4.6 Titration experiments with ethene and 2-butene

Representative procedures for titration. Method A. The activated material (ca. 50 mg)
was loaded in a 26 mL glass reactor and contacted with butene (10 equiv. per W metal
center). After 12 h at 70 °C, the gas phase was analyzed by GC-FID. The material was then
evacuated under high vacuum (10™ mbar) for 3 h followed by contacting with **C-dilabeled
ethene (1 equiv. per W metal center). The reaction mixture was heated at 70 °C for 12 h and
the gas phase was analyzed by GC-FID and GC-MS. Method B was carried out with similar

procedures, but inverted order of contacting butene and *C-dilabeled ethene.
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Chapter 6.  Conclusion and Perspective

The goal of this PhD is to understand the nature of active sites and their initiation
mechanisms in silica-supported W(VI)-oxo (WO3/SiO;) olefin metathesis catalysts. This is
achieved by detailed investigations in well-defined molecular and supported model systems,
prepared by SOMC.

We show that molecularly-defined silica-supported W(VI)-oxo species can be
generated by a combination of SOMC and TMP approach in Chapter 2. By activating these
W(VI)-oxo species with organosilicon reducing agents at low temperature (70 °C), a highly
active catalyst that can catalyze metathesis at 70 °C can be generated. This study demonstrates
that organosilicon reductants are highly efficient activators, compared to the classical
activation methods that require temperatures above 400 °C. The combination of molecularly-
defined W(V1)-oxo sites and their activation with organosilicon reductants provided a system
with large amounts of “activated” species that enable identification of their structures using
various spectroscopic techniques. In particular, this study indicates that reduction of W(V1)-
oxo to W(IV) species is a key step in generating highly active olefin metathesis catalyst and
establishes the importance and potential of W(IV)-oxo species as precatalysts for olefin
metathesis.

This led us to further study the initiation mechanism in Chapter 3 by developing well-
defined W(IV)-oxo molecular complexes as precursors for generating the metathesis active
W(VI) alkylidene species. We established the syntheses of well-defined W(IV)-o0xo0
bisalkoxide complexes that are stabilized by pyridine ligands. These complexes were shown
to be highly active olefin metathesis precatalysts upon the removal of pyridine ligands by
B(CeFs)s and subsequent generation of presumably W(VI)-oxo alkylidenes. Such systems
display activities similar to the well-defined W(V1)-oxo alkylidenes, despite the small amount
of active sites generated. By combining detailed experimental and DFT computational studies
to examine the initiation mechanism, we reveal that C—H activation of the allylic C—H group
and that proton transfers assisted by pyridine in this specific case are the key steps for
initiating the W(IV) precatalysts.

The initiation mechanism of supported W(IV)-oxo species was then examined in
Chapter 4. We first show that well-defined silica-supported W(IV)-oxo species can be
generated by SOMC. By investigating the metathesis activity of the supported W(IV)-oxo
species towards olefins with and without allylic C—H group, namely S-methylstyrene and
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styrene, respectively, we demonstrate the role of surface OH groups in tuning the metathesis
activity of styrene, as evidenced by the strong correlation between surface OH density and
activity. The presence of Bransted acidic surface sites in the catalyst was probed by °N-
labeled pyridine. All the data suggests that the OH assisted mechanism is involved in
initiating the metathesis of olefins without allylic C—H group (e.g. styrene), while allylic C—H
activation mechanism is likely involved in initiating the olefins with allylic C—H group (e.g.
S-methylstyrene). This study indicates that initiation mechanisms depend on the olefinic
substrates, but always involve proton transfers. It also shows that the participation of oxide
support in the initiation mechanism revealing the role of Bransted acidic surface sites.

In Chapter 5, we show that the organosilicon reducing agents can be used as low
temperature activators in different silica-supported W(VI)-oxo systems that are prepared via
different synthetic approaches including the classical incipient wetness impregnation (IWI).
By investigating the effects of using different organosilicon reducing agents as activators, we
show that 1-methyl-3,6-bis(trimethylsilyl)-1,4-cyclohexadiene (Redl) results in improved
metathesis activity compared to 1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (Red4).
We also demonstrate that the metathesis activity is affected by the thermal treatment
conditions used for synthesizing the W(VI)-oxo surface species. Calcination under synthetic
air generates less reducible W centers than the corresponding thermal treatment under
vacuum; the former displays lower activity than the latter. The metathesis activities observed
in different systems are also consistent with their amounts of active alkylidenes quantified by
titrations via cross-metathesis even though the results of titration experiments should be
interpreted with care, due to the very complex and interconnected initiation and deactivation
pathways, as well as the presence of many olefin reservoirs.

Following these studies, two major directions are worth further pursuing. Firstly,
finding methods to generate well-defined W(IV) species that is free of coordinating ligand
and thereby no additional activator will be need. Reducing the complexity of the system will
clearly facilitate the understanding of initiation step. One possibility is to use a Lewis acidic
support, which can help to remove coordinating ligand from the W center during grafting.
Alternatively, the development of novel low-coordinated W(IV) precursor complex, likely
with very bulky —OR ligands, will be needed to avoid the needs of extra stabilizing ligands.
Secondly, there is still a need to develop a robust titration method that will enable accurate
quantifications of the amounts of active sites and will be generally applicable for different
systems. The major challenges in active site titrations via cross-metathesis in these reduced
W(IV) precatalyst systems are the presence of side reactions and olefin-containing surface
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intermediates, which have been discussed in Chapter 5, complicating the quantification and
interpretation of the titration results. Therefore, alternative titration method other than the
commonly used cross-metathesis is needed. One possibility is to perform the titration by
controlled poisoning of the active sites. For instance, addition of strongly coordinating ligands
in various quantities to poison the active sites, and hence the quantity of the poison required
for eliminating the catalytic activity should reflect the amounts of active sites in the materials.

Based on the fundamental understanding achieved in this PhD study, we also reveal

that the key parameters in affecting the metathesis activities of supported W-oxo catalysts are

as follows:
(1) The reducibility of the W(VI)-oxo species in generating W(IV)-oxo site,
which is the precatalyst for olefin metathesis.
(i) The efficiency of transforming the W(IV)-oxo precatalysts to the active

alkylidenes during the initiation, in which proton transfers play an
important role independent of the olefins used.

In view of these findings, novel strategy in tuning the reducibility of surface W(VI)-
oxo species could be explored in order to favor the formation of W(IV)-oxo sites. More
research efforts will be needed to discover novel ways that are simple and efficient in
reducing the W(VI)-oxo species into W(IV)-oxo. In addition, optimizing the efficiency in
initiating the W(I1V)-oxo sites will be important. In this regard, facilitating the proton transfers
on surfaces by tuning the electronic properties of the proton shuttles will be one possibility.
Another option will be directly adding alkylidene- or proton- transfer reagents to the W(IV)-
oxo materials. The findings in this PhD study may also be applicable in the other
heterogeneous metal oxide (e.g. Mo- and Re-) based olefin metathesis catalysts providing a

new direction for further investigations.
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Appendix to Chapter 2

Passivation of SiOy.70 with Red4

A solution of 3.7 mg of Red4 (13 umol, 1 equiv.) in benzene (0.5 mL) was added to a
suspension of SiO,.700 (50 mg, 19 pmol) in benzene (0.5 mL) at room temperature. The
suspension was slowly stirred at 70 °C for 12 h. The solid was collected by filtration, and was
washed by four suspension/filtration cycles in benzene (4 x 1 mL). The resulting solid was
dried thoroughly under high vacuum (10 mbar) at room temperature for 3 h. All the filtrate
solutions were collected and analyzed by *H NMR spectroscopy in C¢Dg using ferrocene as
internal standard, indicating consumption of 0.8 equiv. of Red4 and that 0.5 equiv. 2,3,5,6-
tetramethylpyrazine was released upon reacting (together with other unidentified products).
IR spectrum of the material is given in Figure A.2.5.

Reaction of 1 with HMDSO

Hexamethyldisiloxane (7.6 pL, 35 umol, 4 equiv) was added to a suspension of 1 (55 mg, 9
pmol) in 1 mL C¢Ds. The suspension was slowly stirred at 70 °C for 12 h. The solid was
collected by filtration, and washed by three suspension/filtration cycles in CgDg (3 X 0.5 mL).
The resulting solid was dried thoroughly under high vacuum (10 mbar) at room temperature
for 2 h. All the filtrate solutions were collected and analyzed by *H NMR spectroscopy in
CeDs using ferrocene as internal standard, indicating consumption of 41% (14 pmol) of
HMDSO. The intensity of isolated SiOH in the IR decreased by 22% and a broad peak is

observed ca. 3600 cm™. IR spectrum of the material is given in Figure A.2.6.

CCDC 1479019 and 1479020 contains the supplementary crystallographic data
Figure A.2.1. Thermal ellipsoid plot at the 50% probability of [WO,(OSi(OtBu)3).(DME)].
Hydrogen atoms have been omitted and only one of the three independent molecules in the

asymmetric unit have been represented for clarity.
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Table A.2.1. Selected bonds for [WO,(0Si(OtBu)3),(DME)] (distances are given in A)
Structural parameters [WO,(OSi(OtBu)3)(DME)]

W1- 01 1.719(5)
W1 - 02 1.716(5)
W1 - 03 1.924(4)
W1 - 04 1.928(4)
W1 - 05 2.332(4)
W1 - 06 2.344(4)

Table A.2.2. Crystallographic data for [WO,(OSi(OtBu)3),(DME)]

Formula C110H264048SisW,
Crystal size (mm) 0.7%x0.2x0.2
cryst syst Tetragonal
space group 141

volume (A%) 16779.5(4)
a(A) 23.6586(3)

b (A) 23.6586(3)
c(A) 29.9778(5)

a (deg) 90

/3 (deg) 90

y (deg) 90

z 4

formula weight (g/mol) 3423.44
density (g cm™) 1.355

F(000) 7075.3

temp (K) 150.0(3)
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total no. reflections 30830
unique reflections [R(int)] 23689 [0.1046]
Final R indices [1 > 20(1)] R; =0.0641, wR, = 0.1208
Largest diff. peak and hole
3 2.62/-3.91
(e.A”)

GOF 1.050

Figure A.2.2. Thermal ellipsoid plot at the 50% probability of [WO(OSi(OtBu)s)4].

Hydrogen atoms have been omitted for clarity.

Table A.2.3. Selected bonds for [WO(OSi(OtBu)s)4] (distances are given in A)
Structural parameters [WO(OSi(OtBu)3)4]

W1_01 1.682(4)
W1- 02 1.897(4)
W1- 03 1.857(5)
W1 - 04 1.905(4)
W1 - 05 1.856(4)

Table A.2.4. Crystallographic data for [WO(OSi(OtBu)3)4]

Formula CagH108017SisW
Crystal size (mm) 0.4x0.33x0.21
cryst syst Monoclinic
space group C2/c

volume (A% 16779.5(4)

a(A) 26.1638(10)

b (A) 13.7832(5)
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¢ (A) 36.0594(14)

a (deg) 90

S (deg) 91.306(4)
y (deg) 90

z 8
formula weight (g/mol) 1253.55
density (g cm™) 1.281
F(000) 5296.0
temp (K) 150.0(3)
total no. reflections 88239

unique reflections [R(int)] 13807[R(int) = 0.1303]
Final R indices [1 > 24(1)] R; =0.0766, wR, =0.1187
Largest diff. peak and hole

(e.A®)

GOF 1.273

3.10/-2.92
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Figure A.2.3. FTIR transmission spectra of 1 (red line) compared with the parent
[(=SiO)WO,(0OSi(OtBu)s)] complex (pink line) and SiOy-7g0 (blue line).
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Figure A.2.4. FTIR of the materials 1-(Red)os, (blue line), 1-(Red)s, (light green line), 1-
(Red),, (red line), and 1-(Red)s, (dark green line).
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Figure A.2.5. FTIR of the SiO2.79o before (red line) and after (blue line) passivation with one

equiv. of Red4 (procedure described above).
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Figure A.2.6. FTIR of 1 before (red line) and after (blue line) reaction with 4 equiv. HMDSO

(procedure described above).
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Figure A.2.7. 'H NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of
[=SiO)WO,(0Si(OtBu)s)].

'H Chemical Shift (ppm)

Figure A.2.8. *C CP-MAS NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of
[(=SIO)WO,(0Si(OtBu)3)] (d1 =2 s, contact time =2 ms).
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Figure A.2.9. *H NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of 1-(Red)..
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Figure A.2.10. *C CP-MAS NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of
1-(Red), (d1 =2s, contact time =2 ms).
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Figure A.2.11. *H NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of 1-(Red),
after exposure to **C dilabeled ethylene (see details in part “N)”).
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Figure A.2.12. **C CP-MAS NMR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of
1-(Red); after exposure to **C dilabeled ethylene (d1 = 2 s, contact time = 2 ms).
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Figure A.2.13. HETCOR spectrum (400 MHz, spinning rate 10 kHz, 4 mm rotor) of 1-(Red)
of 1-(Red), after exposure to *3C dilabeled ethylene.
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Figure A.2.14. UV-vis DRS spectra and Eg values of 1
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Figure A.2.15. UV-vis DRS spectrum of 1-(Red),

Figure A.2.16. Powder XRD pattern of 1.
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XAS characterisation of 1

Figure A.2.17. Fit of 1 in k-space (top plot) and R-space (bottom plot).
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Table A.2.5. Scattering paths for 1.

Scatterer N o° (A% Delr Reff (A) R (A)

O(W=0) 152+/-0.09 0.00153° -0.013 +/-0.002 1.71730 1.704 +/- 0.002
O(W=0) 29+/01 0.00355"  -0.034 +/-0.002 1.92630 1.892 +/- 0.002

“Values fixed in the fit. S02 = 0.94: AE,= 7.598
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XAS characterisation of WO3

Figure A.2.18. W L,;;-edge EXAFS k-space (top plot) and R-space (bottom plot) of WOs3.
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XANES whiteline energy

Table A.2.6. XANES whiteline energy of reference samples and 1, before and after reduction

with various amounts Red4.

sample Whiteline energy R_eference
(eV) (synthesis)
1 10210,93 This work
1-(Red)os 10209,61 This work
1-(Red), 10209,15 This work
1-(Red), 10209,13 This work
1-(Red); 10209,13 This work
[WO(OSi(OtBu)s)4] 10210.97 17
[WO,(0Si(OtBu)3)2(DME)] 10210.87 This work
[(ESi0)WO,(OSi(OtBu)3)] 10210.90 This work
W(OEt)s/SiO; 10209.53 25
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EXAFS of the reduced species

Figure A.2.19. Fit of 1-(Red); in k-space (top plot) and R-space (bottom plot).
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Table A.2.7. Scattering paths for 1-(Red)s.

Scatterer N o° (A  Delr Reff (A)

R (A)

O(W=0) 08+-02 000153 -0.021+/-0.009 1.71730
O(W—0) 3.1+-02 000355 -0.029+/-0.008 1.92630

1.696 +/- 0.009
1.898 +/- 0.008

“Values fixed in the fit. S02 = 0.94; AE, = 4.708 eV
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XANES spectra
Figure A.2.20. W L3 XANES spectra of 1 (blue line), [WO(OSi(OtBu)s3),] (red line) and
[WO,(OSi(OtBu)3)(DME)] (green line) reference materials
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Figure A.2.21. W L3 XANES spectra of 1 (blue line), 1-(Red), (red line), Na,WQ, (green

line), and WO, (purple line) reference materials
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EPR of 1-(Red),
All measurements were conducted at X band (9.5-GHz electron paramagnetic resonance
(EPR) frequency) at 110 K. Attenuation was varied between 14-20 dB such that no saturation

was observed.

Spin counting

12.1 mg of the material 1-(Red), was introduced in a Suprasil Quartz EPR tube fitted with a J.
Young valve under argon. This amount was chosen to ensure that the total sample eight is
about 1 cm. The amount of W(V) in the material was determined by double integration of the
continuous wave EPR spectrum between 3451 and 4282 Gauss and referencing to a
calibration curve of obtained using the W(V) standard WOCI3(bpy) (concentration range used
for the calibration curve between 0.72 and 4.32 mM, in acetonitrile/ 2-methyltetrahydrofuran
= 4:1). Additional correction of the difference in the incident microwave power was taken
into account. Using this method, 0.33 umol of W(V) centers were determined to be present in
the sample, indicating the presence of ca 15% of W(V) sites among all W centers in 1-(Red);
(determined by elemental analysis).

This value was found constant among 2 measurements with different samples of 1-(Red)s,.

Figure A.2.22. EPR spectra of 1-(Red);
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EPR of 1-(Red), before and after exposure to 10 equiv. of cis-4-nonene

12.1 mg of 1-(Red), was loaded into a Suprasil quartz EPR tube fitted with a J. Young valve.
EPR spectrum was initially measured, followed by the addition of 22 pL of a 0.97 M solution
of cis-4-nonene in toluene. The reaction mixture was heated at 70 °C for 6 h. The volatiles
were removed under vacuum after reaction and EPR spectrum was measured again in same
conditions (See Figure A.2.23).

Figure A.2.23. EPR spectra of 1-(Red), before and after exposure to 10 equiv. of cis-4-
nonene (Procedure described above) Note: Similar small sharp peak with g value 2.01 was
reported to be O, radical in theWO3/Al,O3 system)

— Before exposure

— After exposure

3000 V 3500 4000 4500 5000

Magnetic Field (G)

Table A.2.8. g-values of the material before and after exposure to 10 equiv. of cis-4-nonene.

gl 92 93
Before exposure 2.014 1.777 1.674
After exposure 2.012 1.777 1.681
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OH content of 1 and 1-(Red);

In an Ar filled glovebox, 30 mg of the supported catalyst were weighed into a Schlenk tube. A
stock solution containing both ferrocene (internal standard, 0.075 mmol, 14 mg) and benzyl
magnesium bromide (190 ul, 0.19 mmol, 1 M solution in Et,0) in 3 ml of ds-benzene was
prepared. 1 mL of this stock solution (0.063 mmol PhCH,MgBr) was added dropwise into the
Schlenk tube containing the catalyst. The reaction mixture was stirred at 200 rpm for 2 h at
room temperature. After transferring the supernatant to a J. Young NMR tube, the amount of
toluene formed was evaluated by *H NMR (d1=30 s). The results are shown in Table A.2.9.

Table A.2.9. OH content of 1 and 1-(Red),.

Catalyst Amount of OH sites (mmol/g) No. of OH site per W (OH/W)
1 0.4 2.33
1-(Red); 0.15 0.94

Reaction with ferrocenium hexafluorophosphate

A solution of ferrocenium hexafluorophosphate (2.3 mg, 0.0063 mmol, 2.5 equiv) in dg-THF
(0.5 mL) was added at room temperature to 13 mg of 1-(Red), and the reaction mixture was
stirred at 70 °C for 12 h. The filtrate was then separated and analyzed by *H NMR using DME
(20 ul, 0.080 mmol) as internal standard for quantification. Results of the titration are given in
Table A.2.10.

Table A.2.10. Amount of different products observed by *H-NMR after reaction of 1-(Red),
with FcPFe.

Products observed Amount (equiv/ W)
Ferrocene 1.66
Tetramethylpyrazine 0.1

TMS moieties 0.8
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Molecular precursors

Catalytic activity of toluene solution of molecular precursors in presence of 2 equiv. of Red4
was investigated. For all these precursors, no activity was observed in the absence of
reductant. Conversion, TON and TOF at 70 °C are given in Table A.2.11.

Table A.2.11. Catalytic activity of the molecular precursors (cis-4-nonene, 1 mol% W, 2
mol% Red4, 70 °C).

Catalyst (0.1 mol % W) TOFsmin (MIN™?)  TOFmax (Min™)®  Conversion at 24 h

WO(OSi(OtBu)3)4 <0.1 <0.1 <1%
WOz(OSi(OtBU)g)z(DME) <0.1 <0.1 <1%

& Maximum TOF determined during the test.

Heterogeneous catalysts

Catalytic activity of heterogeneous precursors in presence of 2 equiv. of Red4 was
investigated. For all these precursors, no activity was observed in absence of reductant.
Conversion, TON and TOF at 70 °C are given in Table A.2.12.

Table A.2.12. Catalytic activity of the heterogeneous catalysts (cis-4-nonene, 1 mol% W, 2
mol% Red4, 70 °C).

. 1. Time to

Catalyst (0.1 mol % W) TOF3min (MIN™)  TOFmax (Min™) _
conversion

[(=SiO)W(O)(OSi(OtBu)s);]  <0.1 <0.1 < 1 % after 24h
[(=Si0)W(0),(0Si(OtBu)s)]  <0.1 <0.1 < 1 % after 24h
1 3 8 (10 min) 3h
WO4/SiO, 1 2 (320 min) 24 h
MoO4/SiO; 0.5 0.6 (60 min) 24h

& Maximum TOF determined during the test.
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Table A.2.13. Catalytic activity of the heterogeneous catalysts (cis-4-nonene, 1 mol% W, 70
°C).

TOF3min (Min® TOFmax (Min~ Time to final
Catalyst (0.1 mol % W)

Y ? conversion
1-(Red)os 5 8 (10 min) 3h
1-(Red), 2 3(10min)  6h
1-(Red); <1 2 (540 min) 12 h

& Maximum TOF determined during the test. Values in bracket the time for which maximum

TOF was observed.

Metathesis of 1-nonene by 1 in presence of 2 equiv. of Red4.

At t=0 a 0.79 M solution of 1-nonene in toluene containing heptane as internal standard (0.08
M) and 2 equiv. of Red4 (with respect to W centers) was added to the catalyst introduced in a
conical base vial containing a wing shaped magnetic stirring bar. The reaction mixture was
stirred at 600 rpm and kept at 70 °C using an aluminum heating block. 5 pL aliquots of the
solution were sampled (by opening the vial), diluted with pure toluene (100 pL) and quenched
by the addition of 1 pL of wet ethyl acetate. The resulting solution was analyzed by GC/FID
(Agilent Technologies 7890 A) equipped with an HP-5 (Agilent Technologies) column.

Figure A.2.24. Conversion vs time, 1-nonene homometathesis, 1 mol% W, 2 mol% Red4, 70
°C.
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Metathesis of ethyl oleate by 1 in presence of 2 equiv. of Red4.

At t=0, a 0.53 M solution of ethyl oleate in toluene containing octadecane as internal standard
(0.10 M) and 2 equiv. of Red4 (with respect to W centers) was added to the catalyst
introduced in a conical base vial containing a wing shaped magnetic stirring bar. The reaction
mixture was stirred at 600 rpm and kept at 70 °C using an aluminum heating block. 5 pL
aliquots of the solution were sampled (by opening the vial), diluted with pure toluene (100
ML) and quenched by the addition of 1 puL of wet ethyl acetate. The resulting solution was
analyzed by GC/FID (Agilent Technologies 7890 A) equipped with an HP-88 (Agilent
Technologies) column. Conversion is shown by eq.1. Equilibrium conversion is reached at ca.
50%.

Figure A.2.25. Conversion vs time, ethyl oleate homometathesis, 1 mol% W, 2 mol% Red4,
70 °C.
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Propene metathesis with 1 at 500 °C

Catalyst 1 (10 mg, 1.9 umol) was loaded in a 400 mL reactor flask at 25 °C. The reactor was
evacuated under high vacuum (10° mbar), and warmed to 500 °C (10 °C/min). Propene (305
mbar, 1.9 mmol, 1000 equiv.) was added. 250 pL aliguots were analysed by GC over time to

follow the conversion and the product selectivities.

Figure A.2.26. Conversion vs time, propene metathesis, 0.1 mol% W, 500 °C for 1
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Recycling

Experimental procedure for recycling test: second addition of pure cis-4-nonene

At t=0 a 0.97 M solution of cis-4-nonene (1000 equiv.) in toluene containing heptane as
internal standard (0.11 M) and 2 equiv. of Red4 (with respect to W centers) was added to the
catalyst introduced in a conical base vial containing a wing shaped magnetic stirring bar. The
reaction mixture was stirred at 600 rpm and kept at 70 °C using an aluminum heating block. 5
pL aliquots of the solution were sampled, diluted with pure toluene (100 pL) and quenched
by the addition of 1 pL of wet ethyl acetate. The resulting solution was analyzed by GC/FID
(Agilent Technologies 7890 A) equipped with an HP-5 (Agilent Technologies) column. After
reaching equilibrium conversion, the liquid phase of the reaction mixture was removed, and a
fresh aliquot of cis-4-nonene (1000 equiv.) was added to the catalyst, following catalytic

activity as described before.

Figure A.2.27. Conversion vs time, cis-4-nonene homometathesis, 70 °C, 1000 equiv. of cis-
4-nonene, 2 equiv. of Red4 (Blue diamonds) and after removal of solution and addition of a
fresh aliquot of 1000 equiv. of cis-4-nonene in absence of Red4 (red squares, see procedure

above for details).
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Experimental procedure for recycling test: recycling in presence of Red4

At t=0 a 0.97 M solution of cis-4-nonene (1000 equiv.) in toluene containing heptane as
internal standard (0.11 M) and 2 equiv. of Red4 (with respect to W centers) was added to the
catalyst introduced in a conical base vial containing a wing shaped magnetic stirring bar. The
reaction mixture was stirred at 600 rpm and kept at 70 °C using an aluminum heating block. 5
ML aliquots of the solution were sampled, diluted with pure toluene (100 pL) and quenched
by the addition of 1 pL of wet ethyl acetate. The resulting solution was analyzed by GC/FID
(Agilent Technologies 7890 A) equipped with an HP-5 (Agilent Technologies) column. After
reaching equilibrium conversion, the liquid phase of the reaction mixture was removed, and a
fresh aliquot of cis-4-nonene (1000 equiv.) and Red4 (1 equiv.) was added to the catalyst for
the 2" and 3" test, following catalytic activity as before.

Figure A.2.28. Conversion vs time, cis-4-nonene homometathesis, 70 °C, 1000 equiv. of cis-
4-nonene, 2 equiv. of Red4 (Blue diamonds) and after removal of solution and addition of a
fresh aliquot of 1000 equiv. of cis-4-nonene and 1 equiv. of Red4 (red squares. Conversion
for the same process repeated a second time is given in green triangles (see procedure above
for details). The 2" test has similar induction period than [1-(Red),].
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Poisoning and reactivation

General procedure: A 0.97 M solution of cis-4-nonene (1000 equiv.) in toluene containing
heptane as internal standard (0.11 M) was added to the catalysts introduced in a conical base
vial containing a wing shaped magnetic stirring bar. The reaction mixture was stirred at 600
rpm and kept at 70 °C using an aluminum heating block for 1.5 h. Catalytic activity of the
material was ensured by following activity by GC (5 pL aliquots, procedure described above).
The catalyst was then contacted with H,O (1 equiv., in toluene), O, (excess) or EtOH (1
equiv., in toluene) and stirred for 1.5 h. No further conversion was observed with respect to
the conversion measured at the introduction of the H,O, O, or EtOH respectively. The
solution was then removed by filtration and a new batch of cis-4-nonene solution (1000
equiv.) was added. No catalytic activity at 24 h was observed in all cases confirming the
complete deactivation of the catalyst after poisoning. At t=0, 2 equivalents of Red4 (with
respect to W centers) were added to the reaction mixture. Conversion vs. time after H,O, O,
and EtOH poisoning and addition of 2 equiv. of Red4 are shown in Figure A.2.29, Figure
A.2.30 and Figure A.2.31, respectively.

Figure A.2.29. Conversion vs time, cis-4-nonene (1000 equiv.) homometathesis at 70 °C after
reactivation by additional 2 equiv. of Red4 after H,O poisoning
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Figure A.2.30. Conversion vs time, cis-4-nonene (1000 equiv) homometathesis at 70 °C after

reactivation by additional 2 equiv. of Red4 after O, poisoning
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Figure A.2.31. Conversion vs time, cis-4-nonene (1000 equiv) homometathesis at 70 °C after
reactivation by additional 2 equiv. of Red4 after EtOH poisoning
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Table A.2.14. Analysis of the gas phase after exposing reduced 1-(Red), to ethylene (12 h,
100 °C).

ethylene added (equiv.)  propene released (equiv.) C4 products released (equiv.)

9.4 0.50 0.03

Br, exposure

1-(Red), was first exposed to ethylene with the procedure described in experimental details
2.4.5. The sample was then evacuated under high vacuum (10 mbar) for 1 h followed by the
addition of a bromine solution (4 equiv., 0.19 M) in dibromomethane at -78 °C. The reaction
mixture was stirred at room temperature for 2 h and quenched with a concentrated sodium
thiosulphate solution. The organic layer was extracted by ethyl acetate (1 mL x 3) and dried
over anhydrous magnesium sulfate. The organic layer was then analyzed by GC-MS showing

the presence of 1,4-dibromobutane.

Figure A.2.32. GC-MS chromatogram of the reaction mixture after Br, exposure (procedure

described above).
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Figure A.2.33. Experimental MS spectrum of 1,4-dibromobutane (peak from 6.9 to 7 min
retention time).
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Figure A.2.34. Reference MS spectrum of 1,4-dibromobutane from NIST database
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Appendix to Chapter 3

Single Crystals XRD Structures
Figure A.3.1. Thermal ellipsoid plot at 50% probability of WOCI,(OSi(OtBu)s).(py) 1b.

Hydrogen atoms have been omitted.

Table A.3.1. Crystal data and structure refinement for 1b.

Identification code 1b

Empirical formula C29Hs50CIboNOgSirW
Formula weight 876.70

Temperature/K 111.92(15)

Crystal system monoclinic

Space group P21

alA 9.45008(18)

b/A 14.9417(4)

c/A 14.5852(3)

o/° 90

pB/e 99.0652(19)

v/° 90

Volume/A® 2033.72(8)

Z 2

peaicglem? 1.432

w/mm™ 3.074

F(000) 896.0

Crystal size/mm?® 0.5285 x 0.3008 x 0.2052
Radiation MoKa (A =10.71073)

20 range for data collection/® | 5.656 to 52.744

Index ranges -11<h<11,-18<k<18,-17<1<18
Reflections collected 17559

Independent reflections 8276 [Rint = 0.0316, Rsigma = 0.0474]
Data/restraints/parameters 8276/7/350
Goodness-of-fit on F 1.045

Final R indexes [[>=2c (1)] R; =0.0534, wR; = 0.1201
Final R indexes [all data] R1 =0.0569, wR, =0.1226
Largest diff. peak/hole / e A™ | 2.90/-1.96

Flack parameter 0.070(6)
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Figure A.3.2. Thermal ellipsoid plot at 50% probability of WO(OtBuFg),pys 2a. Hydrogen
atoms have been omitted.

Table A.3.2. Crystal data and structure refinement for 2a.

Identification code 2a

Empirical formula Ca3H51F1oN3O3W

Formula weight 799.28

Temperature/K 100(4)

Crystal system monoclinic

Space group P2/c

alA 14.62240(10)

b/A 15.53380(10)

c/A 24.4917(3)

o/° 90

pB/e 92.1230(10)

v/° 90

Volume/A® 5559.26(9)

Z 8

peaicglem’ 1.910

w/mm™ 4.267

F(000) 3088.0

Crystal size/mm?® 0.2269 x 0.1714 x 0.0587
Radiation MoKa (A =10.71073)

20 range for data collection/° | 5.94 to 56.564

Index ranges -19<h<18,-20<k<20,-30<1<32
Reflections collected 48961

Independent reflections 13786 [Rint = 0.0492, Rsigma = 0.0531]
Data/restraints/parameters 13786/0/761
Goodness-of-fit on F 1.004

Final R indexes [[>=2c (1)] R; =0.0335, wR;, = 0.0677
Final R indexes [all data] R1 =0.0458, wR, = 0.0725
Largest diff. peak/hole / e A | 1.67/-1.57
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Figure A.3.3. Thermal ellipsoid plot at 50% probability of WO(OSi(OtBu);).pys 2b.
Hydrogen atoms have been omitted.

Table A.3.3. Crystal data and structure refinement for 2b.

Identification code 2b

Empirical formula C39HgoN30SirW

Formula weight 964.00

Temperature/K 100(2)

Crystal system orthorhombic

Space group Pccn

alA 19.9297(10)

b/A 28.0370(14)

c/A 16.5710(9)

o/° 90

pB/e 90

v/° 90

Volume/A® 9259.4(8)

Z 8

peaicglem’ 1.383

w/mm™ 2.597

F(000) 3984.0

Crystal size/mm?® 0.18 x 0.13 x 0.12
Radiation MoKa (A =10.71073)

20 range for data collection/° | 4.814 to 50.23

Index ranges -22<h<23,-33<k<33,-19<1<19
Reflections collected 72144

Independent reflections 8153 [Rint = 0.1287, Rsigma = 0.0735]
Data/restraints/parameters 8153/0/505
Goodness-of-fit on F 1.058

Final R indexes [[>=2c (1)] R; = 0.0380, wR; = 0.0668
Final R indexes [all data] R1 =0.0945, wR, = 0.0831
Largest diff. peak/hole / e A® | 1.89/-1.12
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Figure A.3.4. Thermal ellipsoid plot at 50% probability of WO(OtBuFg).pys; 2c. Hydrogen
atoms have been omitted.

Table A.3.4. Crystal data and structure refinement for 2c.

Identification code 2¢C

Empirical formula Co3H15F18N30sW

Formula weight 907.23

Temperature/K 100(2)

Crystal system triclinic

Space group P-1

alA 9.8228(6)

b/A 9.9086(6)

c/A 14.9056(8)

o/° 89.146(2)

/e 75.888(2)

v/° 78.116(2)

Volume/A® 1375.87(14)

Z 2

peaicglcm’ 2.190

wmm™ 4.355

F(000) 868.0

Crystal size/mm?® 0.29 x 0.21 x 0.12
Radiation MoKa (A =0.71073)

20 range for data collection/® | 4.974 to 56.614

Index ranges -13<h<13,-13<k<13,-19<1<19
Reflections collected 71189

Independent reflections 6834 [Rint = 0.0597, Rsigma = 0.0289]
Data/restraints/parameters 6834/18/591
Goodness-of-fit on F? 1.068

Final R indexes [I>=20 ()] R1 =0.0205, wR, = 0.0385
Final R indexes [all data] R; = 0.0263, wR; = 0.0400
Largest diff. peak/hole / e A™ | 0.76/-0.83
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Figure A.3.5. Thermal ellipsoid plot at 50% probability of WO(OtBuFs).py.(C,H,) 3a-C,Ha.
Hydrogen atoms have been omitted.

Table A.3.5. Crystal data and structure refinement for 3a-C,Ha.

Identification code 3a-CyH.

Empirical formula CooH2gF12N20sW

Formula weight 748.23

Temperature/K 100(2)

Crystal system monoclinic

Space group P2:/n

alA 9.9222(6)

b/A 15.4195(10)

c/A 15.5790(10)

o/° 90

/e 93.7910(10)

v/° 90

Volume/A® 2378.3(3)

z 4

peaicglem’ 2.090

w/mm™ 4.978

F(000) 1440.0

Crystal size/mm?® 0.55 x 0.34 x 0.24
Radiation MoKa (A =10.71073)

20 range for data collection/° | 3.72 to 56.68

Index ranges -13<h<13,-20<k<20,-20<1<20
Reflections collected 33303

Independent reflections 5945 [Rint = 0.0487, Rsigma = 0.0342]
Data/restraints/parameters 5945/0/423
Goodness-of-fit on F 1.029

Final R indexes [[>=20c (1)] R; =0.0217, wR; = 0.0440
Final R indexes [all data] R1 =0.0286, wR, = 0.0462
Largest diff. peak/hole / e A™ | 0.85/-0.46
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Figure A.3.6. Thermal ellipsoid plot at 50% probability of WO(OtBuFs).py.(C3Hs) 3a-C3Hs.

Hydrogen atoms have been omitted.

Table A.3.6. Crystal data and structure refinement for 3a-C3Hs.

Identification code 3a-C3Hg

Empirical formula Co1H2oF1oN,0O3W
Formula weight 762.25
Temperature/K 100(10)

Crystal system monoclinic

Space group P2:/n

alA 9.16344(15)

b/A 15.7018(3)

c/A 17.4999(3)

a/° 90

/e 95.5026(16)

v/° 90

Volume/A® 2506.32(7)

Z 4

peaicglcm’ 2.020

w/mm™ 4.726

F(000) 1472.0

Crystal size/mm?® 0.4036 x 0.3301 x 0.1644
Radiation MoKa (A =0.71073)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

5.692 to 56.558
-12<h<12,-20<k<20,-23<1<23
49281

6215 [Rint = 0.0620, Rsigma = 0.0382]
6215/36/354

1.050

R1 = 0.0300, wR;, = 0.0554

R1 = 0.0409, wR;, = 0.0589

0.88/-0.78

| 137



Catalytic Activity Measurements

Starting materials. Cis-4-nonene (> 97%) and 1-nonene (> 99.5%) were purchased from TCI
Chemicals. HPLC grade toluene and heptane were distilled from Na/benzophenone, degassed
by 3 freeze-pump-thaw cycles, and stored in a glove-box over Selexsorb. Al,O3 was dried at
250 °C in high vacuum overnight. Molecular sieves were activated at 300 °C in high vacuum
overnight. BASF Selexsorb® CD 1/8”” was calcined at 550 °C in air for 12 h and heated in
high vacuum at 500 °C for 2 h.

Preparation of olefin stock solutions. Cis-4-nonene was stirred at room temperature with Na
overnight, distilled in vacuo, degassed by 3 freeze-pump-thaw cycles, and stored in the
glovebox over 3 A MS. Before the preparation of stock solution, neat cis-4-nonene was
passed through a pad of activated neutral Al,O3 (~3 mL per 10 mL of cis-4-nonene) inside a
glove-box and then treated with Selexsorb (~20-30% w/w) for 5 hours. Selexsorb was filtered
off and the as-prepared cis-4-nonene was used for the preparation of stock solution (~1.0 M)
in toluene, using n-heptane (~0.1 M) as an internal standard. The solution was stored in a
glove-box in an ampoule with a Teflon stopcock. 1-nonene solutions (~1.0 M) were prepared

according to the same procedure.
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Figure A.3.7. Self-metathesis of cis-4-nonene (300 equiv) catalyzed by 2a in the presence of
ZnCl,(dioxane) (1 mol%) at 70 °C.
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Figure A.3.8. Self-metathesis of cis-4-nonene (300 equiv) catalyzed by 2a-2c in the presence
of B(C5F5)3 at 70 °C.

90% -
80% - *
70% |, *

60% -
50% ¥
40% -
30% I
20%
10% -
0%

Conversion of 1-nonene (%)

0 500 1000 1500
Time (min)

Figure A.3.9. Self-metathesis of 1-nonene (100 equiv) catalyzed by 2c in the presence of
B(CsFs)3 (3 mol%) at 70 °C.
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Procedure for observation of 4a. 2a (10 mg, 12.5 umol, 1 equiv) and B(C¢Fs)3 (19 mg, 37.5
umol, 3 equiv) were loaded in a J-Young NMR tube and sealed. The NMR tube was attached
onto high vacuum line, evacuated and contacted with **C-dilabled ethylene (ca. 6 equiv). The
olefin was condensed with liquid nitrogen into the NMR tube and frozen (by liquid nitrogen).
Then, C¢Ds (ca. 0.5 mL) was vacuum transferred and condensed into the NMR tube. The
frozen mixture was slowly warmed up to room temperature. The light brown reaction mixture
was heated at 50 °C for 16 h (further heating at 70 °C or 50 °C for 36 h lead to the formation

of 1-butene). The reaction was monitored by in-situ *H and **C NMR spectroscopy

BC{'H} NMR (C,D,, 125 MHz)
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Figure A.3.10. In situ **C{*H} NMR spectrum of the reaction of 2a, B(CgFs)s and **C,H,
after heating at 50 °C for 36 h.
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"H NMR (CgD,, 500 MHz)
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Figure A.3.11. In situ *H NMR spectrum of the reaction of 2a, B(CgFs)s and *C,H, after
heating at 50 °C for 36 h.
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Figure A.3.12. In situ *H-"*C HSQC NMR spectrum of the reaction of 2a, B(CeFs); and
3C,H, after heating at 50 °C for 36 h.
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Reaction with propylene

"H NMR (C,Dg, 300 MHz)
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Figure A.3.13. In situ 'H NMR spectrum of the reaction of 2a, B(C¢Fs); and C3Hg at room

temperature for 15 min.
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Reaction with styrene

H NMR (C,D,, 300 MHz)
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Figure A.3.14. In situ *H NMR spectra of the reaction of 2a, B(CsFs)3 and styrene at room
temperature for 15 min (blue; bottom) and after heating at 70 °C for 13 h (red; top) (no self-
metathesis product was observed).
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Reaction with trans-#-methylstyrene
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Figure A.3.15. In situ '"H NMR spectra of the reaction of 2a, B(C¢Fs); and trans-s-
methylstyrene (blue; bottom) or trans-f-(methyl-ds)styrene (red; middle) at 70 °C for 3.5 h;

'H NMR spectrum of pure styrene as reference (green; top).
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Figure A.3.16. GC-MS éhromatogfam u(top)i, experimental MS spectrurr(lr (middle) and
reference MS spectrum (bottom) of the reaction mixture of 2a, B(CsFs); and trans-f-

methylstyrene after heating at 70 °C for 3.5 h.
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via metallacyclopentane
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Scheme A.3.1. Possible initiation products (which were not observed experimentally by GC-

MS) that would be formed from others initiation mechanisms.
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Figure A.3.17. In situ 2H NMR spectrum of the reaction of 2a, B(CsFs)s and trans-g-(methyl-

ds)styrene at 70 °C for 3.5 h; C¢Ds was used as internal standard.
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Determination of kinetic isotope effect
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Figure A.3.18. Plots of the concentration of styrene vs time in three separate experiments

with trans-#-methylstyrene (red diamond) and trans-f5-(methyl-ds)styrene (dark blue circle) as

substrates.
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Figure A.3.19. Self-metathesis conversion of trans-fs-methylstyrene (red circle) and trans-g-

(methyl-d3)styrene (blue diamond).
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Reaction with allylbenzene

GC-MS (enlarged region from 4 to 7.75 min)

(x10.000}

fic
7.5 l‘ - [
5.0

MS for peak at 4.4 min

1 00210000} -
o] EXp.
P
0504
025
76 | ‘ 10 129
| 1 i g0, | 108 2 120 e 1%
[
S0 0o g 8do ) %0 1§n—n 105.0 1100 1150 12‘& 1.0
1 0olx10000 .

A
| Ref. |
2509
a28]

= 105
b b b : : e T e = o
B o 7 EE) a0 Lo 1050 1050 1h0 ko [T 1250
MS for peak at 6.3 min
1000y
- Exp. e
s0]
e B ‘
7 52 102 -
o | il o 35 | | 107 113 | | 139 ‘a7
o 50 ) 520 %00 20 1000 1050 1100 120 1200 12 1300 250 1400
1000
| Ref. O
50
91
e 7 5 ‘ 3
[ | 55 | 01, | 113 !
50 Zr) 2.0 850 50 X 10b0 1050 b0 1150 "~ zbo 125 13bo 10

[

Figure A.3.20. Identification of styrene and S-methylstyrene in the reaction mixture of 2a,
B(CsFs); and allylbenzene at R.T by GC-MS chromatogram (top), experimental (Exp.) MS

and reference (Ref.) MS spectrum for the peaks at 4.4 min and 6.3 min.
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Figure A.3.21. In situ *H NMR spectra of the reaction of 2a, B(CsFs)s and allylbenzene at
R.T. for 15 min (blue; bottom), 45 min (red; middle) and 360 min (green; top).
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Figure A.3.22. Formation of metathesis products (blue; left axis) and trans-S-methylstyrene

(isomerization products) (red; right axis) of the reaction of 2a, B(CsFs); and allylbenzene at

R.T. monitored by *H-NMR.
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Figure A.3.23. Computed Gibbs free energies and Enthalpies in parentheses (in kcal mol™)

for the formation of IM-1 from W_3py (complex 2a).
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Figure A.3.24. Computed Gibbs free energies and Enthalpies in parentheses (in kcal mol™)

for H-transfer pathways involving coordination of B(CgFs); to oxo ligand (TS-3C) or

abstraction of H by B(CgFs); (TS-3D).
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Figure A.3.25. Computed Gibbs free energies and Enthalpies in parentheses (in kcal mol™)

for pyridine assisted H-transfer pathways without involving B(CsFs)s.
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Effect of entropic contribution on Gibbs free energy

While AH and AG are similar for most of the intermediates and transition states, they are
significantly different for transition states TS-3B and TS-4B as well as the ground state IM-
4B (Figure A.3.26). This difference is due to the bimolecular nature of the reaction of py-
B(CsFs); with the W complex leading to a significant entropic contribution. However,
entropic contributions obtained by DFT for bimolecular reaction in solution is known to be
typically overestimated. Applying a scaling factor of 0.5 to the entropy (S) term is often used
to avoid such overestimation.**® The corresponding free energies AGsgws are shown in
Figure A.3.26 showing that these steps are accessible. However, since it is difficult to
determine what is the appropriate scaling factor for a better evaluation of the entropic
contribution, we prefer to discuss this effect in a qualitative manner, instead of applying an
abitrary correction factor. Reducing the entropic contribution will not lead to a change in the

preferred reaction pathway, but only further reduces its overall activation free energy.
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Figure A.3.26. Computed Gibbs free energies (black), Enthalpies (blue; in parentheses) and
Gibbs free energies with 50 % correction on entropy (red) (in kcal mol™) as an example for

illustrating the effect of entropy correction.
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Calculated KIE. ku/kp is calculated from AG*, (TS-4B) and AG*p (TS-4B-d3) using the
Eyring equation (simplified in Figure A.3.27, where T = 343 K; R = gas constant).
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Figure A.3.27. Computed Gibbs free energies and Enthalpies in parentheses (in kcal mol™)

for TS-4B and TS-4B-d3. Equation (bottom) for calculating the KIE based on computated
Gibbs free energies.
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Figure A.3.28. Computed Gibbs free energies and Enthalpies in parentheses (in kcal mol™)

for the formation of alkylidenes from metallacyclobutane (IM-6B) (energies are referenced to
IM-1).
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Table A.3.7. Computed Enthalpies and Gibbs free energies (in Hartrees or kcal/mol) for all

the optimized structures and initiation pathways (IM-1 as reference, except for TS-4B-d3).

label Enthalpies (H) Gibbs Free AH AG AG

(a.u.) Energies (G) corrected

(a.u.) tolM
a.u. kcal/mol | a.u. kcal/mol | kcal/mol

C,H, -78.568904 -78.595057
Styrene -309.630878 -309.670186
trans-$- -348.937248 -348.979988
methylstyren
e
B(C¢Fs)3 -2208.974463 -2209.066837
py-B(CeFs)3 -2457.305236 -2457.404391
pyridine -248.286255 -248.318868
W_3py -2545.002509 -2545.121281 0.060587 38.0 | 0.020558 12.9 14.8
W_2py -2645.650748 -2645.773721 0.018823 11.8 | 0.010552 6.6 6.6
W_1py -2397.314932 -2397.426494 0.023866 15.0 | 0.020225 12.7 12.7
IM-1 -2149.008025 -2149.109165 0 0 0 0 0
TS-1 -2148.971936 -2149.072933 0.036089 22.6 | 0.036232 22.7 22.7
IM-2 -2148.977853 -2149.07811 0.030172 19.0 | 0.031055 19.5 19.5
TS-2 -2148.970277 -2149.07013 0.037748 23.7 | 0.039035 24.5 24.5
IM-3 -2148.987568 -2149.091497 0.020457 12.8 | 0.017668 11.1 111
TS-3A -2148.933823 -2149.034062 0.074202 46.6 | 0.075103 47.1 47.1
IM-4A -2148.986553 -2149.086974 0.021472 13.5 | 0.022191 13.9 13.9
TS-3B -4606.297828 -4606.474991 0.015433 9.7 | 0.038565 24.2 22.3
IM-4B -4606.303871 -4606.481776 0.00939 59| 0.03178 20.0 18.0
TS-4B -4606.282008 -4606.461668 0.031253 19.6 | 0.051888 32.6 30.7
IM-5B -4357.996412 -4358.158799 0.030594 19.2 | 0.035889 22.5 22.5
IM-6B -2148.981011 -2149.082887 0.027014 17.0 | 0.026278 16.5 16.5
TS-3C -4357.947376 -4358.112985 0.07963 50.0 | 0.081703 51.3 51.3
IM-4C -4357.992739 -4358.157674 0.034267 21.5| 0.037014 23.2 23.2
TS-3D -4357.963316 -4358.128927 0.06369 40.0 | 0.065761 41.3 41.3
IM-4D -4357.963825 -4358.134624 0.063181 39.6 | 0.060064 37.7 37.7
TS-3E -2397.271814 -2397.386983 0.066984 42.0 | 0.059736 375 375
IM-4E -2397.294698 -2397.409298 0.0441 27.7 | 0.037421 23.5 23.5
TS-4E -2397.254117 -2397.37242 0.084681 53.1 | 0.074299 46.6 46.6
TS-5-1 -2148.966314 -2149.067544 0.041711 26.2 | 0.041621 26.1 26.1
TS-5-11 -2148.979081 -2149.079226 0.028944 18.2 | 0.029939 18.8 18.8
IM-7-1 -2148.971391 -2149.075584 0.036634 23.0 | 0.033581 21.1 21.1
IM-7-I1 -2148.981517 -2149.084541 0.026508 16.6 | 0.024624 15.5 15.5
IM-8-1 -1839.333766 -1839.420324 0.043381 27.2 | 0.018655 11.7 13.6
IM-8-I1 -2070.401232 -2070.499918 0.037889 23.8 | 0.01419 8.9 10.8
IM-9 -1917.930776 -1918.0226 0.015275 9.6 | 0.011436 7.2 7.2
IM-1-d3 -2149.017348 -2149.119319
TS-4B-d3 -4606.290072 -4606.470352 0.032512 20.4 | 0.053358 335 31.6
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Appendix to Chapter 4
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Figure A.4.1. IR spectra of SiO.700 (upper) and F6@SiO;.790 (bottom)
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Figure A.4.2. W L, edge XANES spectra of F6 molecular complex (light blue dotted line)
and F6@SiO,.700 (blue solid line)
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Figure A.4.3. W L, edge XANES spectra of F6 molecular complex (light blue dotted line)
and F6@SiO,.700 (blue solid line)
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Figure A.4.4. EXAFS data (Black) and fits (Blue) in k-space (Upper; top and right axes) and
R-space (Lower; bottom and left axes) of F6@SiOz-700 in W Ly, edge.

No. of neighbor | R (A) o° (A%
) 1= 173 (D) 0.002 (2)
0o o 2.00 (3) 0.003 (2)
N 3 2.16 (4) 0.005 (3)

Table A.4.1. EXAFS fit parameters for F6@SiO-.700. S0°= 0.92; AE, (eV)= 9 (6); k range 3-
14 A R range 1-2.5 A; k weight 3. *Fixed parameters in the fit.
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Figure A.4.5. EXAFS data (Black) and fits (Blue) in k-space (Upper; top and right axes) and

R-space (Lower; bottom and left axes) of F6 in W L, edge.

No. of neighbor | R (A) o° (A%
0 1> 173 () 0.0012 (8)
0 2% 2.02(3) 0.0012 (8)
N 3 2.16 (4) 0.002 (2)

Table A.4.2. EXAFS fit parameters for F6. S0°= 0.92; AE, (eV)= 3 (6); k range 3-13 A %, R
range 1-2.5 A; k weight 3. *Fixed parameters in the fit.
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Figure A.4.6. 'H-NMR (700 MHz, spinning rate 50kHz, 1.3 mm rotor) spectrum of
FE6@SiO,.700.

0 T ' " '_50 ‘ I I I-160 I | | I-150I
SF Chemical Shift (ppm)

Figure A.4.7. *F-NMR (700 MHz, spinning rate 50kHz, 1.3 mm rotor) spectra of F6@SiO,.
700 (blue) and the background signal (red).
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Figure A.4.8. IR spectra of SiO2.500 (upper) and FE@SiO,-500 (bottom).
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Figure A.4.9. IR spectra of SiO,-p00 (upper) and F6E@SiO,-2q0 (bottom).
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Figure A.4.10. 'H-NMR (400 MHz, spinning rate 16kHz, 3.2 mm rotor) spectrum of
FE6@SiO;-200.
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Figure A.4.11. F-NMR (700 MHz, spinning rate 50kHz, 1.3 mm rotor) spectra of
F6@SiO2-200 (blue) and the background signal (red).
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Figure A.4.12. IR spectrum of F6@SiO2-700-thermal-
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Figure A.4.13. Self-metathesis of cis-4-nonene catalyzed by F6@SiO2-700 (0.1 mol%; in the
presence of 0.3 mol% B(CsFs)3), F6@SiO2-700-thermar (0.1 mol%; without B(CsFs)3) and F6
(0.3 mol%; in the presence of 0.9 mol% B(CgFs)3) at 70 °C.
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Figure A.4.14. Self-metathesis of 1-nonene catalyzed by F6@SiO;.700 (1 mol%; in the
presence of 3 mol% B(CsFs)s3) at 70 °C.
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Figure A.4.15. Self-metathesis of trans-f-methylstyrene catalyzed by F6@SiO,.x (x = 700,
500 or 200) and F6 (2 mol% in the presence of 6 mol% B(CgFs)3) at 70 °C.
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Figure A.4.16. Self-metathesis of styrene catalyzed by F6@SiO,. (x = 700, 500 or 200) and
F6 (2 mol% in the presence of 6 mol% B(CgFs)3) at 70 °C.

Reaction of SiOy.50 with **C-dilabeled ethylene

Si0O2.00 (58.5 mg) and B(CsFs)3 (17.9 mg, 35 umol) was loaded in a 10 mL Schlenk followed
by the addition of **C-dilabeled ethylene (110 umol) and then toluene (3 mL) by vacuum
transfer. The reaction mixture was heated at 70 °C for 1 h following by drying under high
vacuum (10 mbar). The residue was washed by toluene (2 mL x 5) and the resulting solid
was dried under high vacuum (10” mbar).

3C ssNMR measurement of the resulting solid does not show any signal indicating the

absence of EtO- group.
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Figure A.4.17. 'H-NMR (600 MHz, spinning rate 12kHz, 3.2 mm rotor) spectrum of
F6@SiO,.o0 after reacting with styrene-a, -*C, in the presence of B(CFs)s.
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Figure A.4.18. *C CP-MAS NMR (600 MHz, spinning rate 12kHz, 3.2 mm rotor) spectrum
of F6@SIi0O,-q after reacting with styrene-a, ﬁ-”Cz in the presence of B(CgFs)s.
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Titration of surface intermediates formed upon exposure to styrene

Representative procedures for the titration of F6@SiO,« (x = 700, 500 or 200). F6@SiO,.x
(ca. 40 mg, 1 equiv) and B(CsFs)3 (3 equiv) was loaded in a 10 mL Schlenk followed by the
addition of styrene (10 equiv) in toluene. The reaction mixture was heated at 70 °C for y min
(y = 5 or 60). The supernatant was then removed and the solid residue was rinsed by toluene
(2 mL x 5) at 70 °C. Subsequently, the resulting solid was dried under high vacuum (107
mbar) for 2 h. The dried solid was then contact with cis-5-dencene (3 equiv) in CgDg at 70 °C
for 6 h (ca. 0.5 mL). The supernatant was then removed and the solid residue was rinsed by
CsDs. All the filtrate solutions were collected and analyzed by *H NMR spectroscopy using
ferrocene as internal standard. 'H-NMR reveals the formation of 1-hexene and 1-
hexenylbenzene (further confirmed by GC-MS), as cross-metathesis products between styrene
and cis-5-decene. The quantities of cross-metathesis products in different system are

summarized in Table A.4.3.

Total amounts of cross-metathesis products (equiv per W)
System | F6@SiO5-700 F6@SiO;-500 F6@SiO2-200
Time (min)
60 0.25 0.25 0.20
5 0.42 N/A 0.42

Table A.4.3. Amounts of cross-metathesis products detected in F6@SiO,.« (x = 700, 500 or
200) after contacting with styrene for 60 or 5 min at 70 °C.

As shown in table A.4.3, in all F6@SiO,.4, the quantities of cross-metathesis products are ca.
0.2 equiv per W (after 60 min). Assuming the same distribution of surface intermediates in all
F6@SIiO,.4, this would suggest a similar amount of surface intermediates present in all
catalysts after 60 min of reaction with styrene. Reducing the reaction time with styrene to 5
min for F6@SiO,.700 and F6@SiO,-p00 result in higher amounts of cross-metathesis products
(ca. 0.4 equiv per W) in both materials. The observed decreasing amount of cross-metathesis
products with increasing reaction times suggests that deactivation takes place. Notably, the
amounts of intermediates and decomposition are similar between different systems.

It is worth noting that the quantities of cross-metathesis products are likely contributed by all
the surface species formed upon contacting with styrene including the putative alkylidene
species and the others (dominant) species that are observed by ssNMR (Scheme A.4.1).

Although those dominant species are not metathesis active catalysts, they might release
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olefins or converted into metathesis active sites during the STEP 2 of titration (with cis-5-
decene), and thus, contribute to the quantities of cross-metathesis products. Therefore,
titration by cross-metathesis may not be a reliable way to evaluate the number of active sites
(solely the alkylidene species) as the olefins-containing intermediates can contaminate the

subsequent cross-metathesis experiment.

Putative alkylidene species formed in
the presence of styrene

. .
STEP 1. ——* ——— Dominant surface species observed by NMR

+3 B(CeFs)3 Ph Ph
W + pp \TIW: + |lw=/ W<j + W—// + W—///
STEP 2.
Ph i _Aw, _~_~ + A" _
LAV VR VAV

1-hexenylbenzene 1-hexene
Scheme A.4.1. Titration of surface intermediates formed upon exposure to styrene by cis-5-

decene

Reaction of SiO,.7g0 With styrene
SiO2.700 (41.5 mg) in a 10 mL Schlenk followed by the addition of styrene (0.2 M solution in
toluene, 2 mL, 0.4 mmol) in toluene. The reaction mixture was heated at 70 °C for 24 h.
Analysis of the supernatant by GC-MS indicates 70% conversion of styrene and formation of
styrene dimers after 24 h (Eq. S1).

SiO2.700
2 P Y — )\/\ (Eg. S1)
70 °C Ph A ph

Tol.

Reaction of F6 molecular complex with styrene in the presence of styrene dimers and
B(CsFs)s

500 pL of the supernatant (from the reaction of SiO,.7gp With styrene) was added to a mixture
of F6 molecular complex (9.8 mg, 12 umol, 1 equiv) and B(CsFs); (18.8 mg, 36 umol, 3
equiv). The reaction mixture was heated at 70 °C for 24 h. No consumption of styrene dimers

or self-metathesis products from styrene was observed.

Reaction SiOy.o0 With B(CgFs)s in the presence of excess *°N-labeled pyridine
SiOz200 (52.7 mg) and B(CgFs)s (18.0 mg, 35 umol) were loaded in a 10 mL Schlenk
followed by the addition of toluene (3 mL) with **N-labeled pyridine (20 pL, 247 pmol). The

reaction mixture was heated at 70 °C for 1 h. The supernatant was removed and the residue
| 166



was washed by toluene (2 mL x 5) at 70 °C. The resulting solid was dried under high vacuum
(10° mbar) at room temperature for 5 h.
>N CP-MAS NMR spectrum of the resulting solid does not show any signal and its IR

spectrum is shown in Figure A.4.20.

“N-F6@SiO, ,,,
after activation with B(CF,),

293 ppm 207 ppm

o~ NN — NN

5N-F6@SiO

|
|
|
|
2-200 |
|
|
|
|
|

1 (0]
Py \{-OBYF6 ianiabeted pyricine
FR J)tB?Iy;
500 400 30 20 100 0
SN Chemical Shift (ppm)
Figure A.4.19. >N CP-MAS NMR (400 MHz, spinning rate 16kHz, 3.2 mm rotor) spectra of
>N- F6 (blue; bottom spectrum), *N-F6@SiO,-200 (red; middle spectrum) and *>N-F6@SiO,.

200 after activation with B(CsFs)s in the presence of excess °N-labeled pyridine (green; top

5N-F6 molecular complex

A A o
' 4 \adien e ot

spectrum).

| 167



15N_pyH+
1533 cm™?

3N-py/B(CF5)3/Si02.200
(x 5)

Absorbance

5N-py/B(C¢F)3/'°N-F6@Si02.200

1670 1620 1570 1520 1470 1420 1370
Wavenumber (cm-)

Figure A.4.20. IR spectra of >N-F6@SiO2200 (black; bottom spectrum) and SiO2-200 (blue;
upper spectrum) after reaction with B(CgFs)3 in the presence of excess *°N-labeled pyridine.
The peak indicated at 1533 cm™ is attributed to pyridinium (*°*N-pyH™).
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Figure A.4.21. 2D *H-"N HMBC solution NMR spectrum of **N-labeled pyridine-B(C¢Fs)s
(15N-py-B(C6F5)3) adduct in CgDe.
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DFT Computational Studies

Computational details. All DFT calculations were performed with the Gaussian 09 (d1)
software package." Ground state and transition state geometries were optimized using the
B3LYP?? functional augmented with the D3 version of Grimme’s empirical dispersion
correction. “Solvent effects of benzene were taken into account using SMD solvation model.
>The SDD® basis set was used for tungsten and the TZVP'® basis set for the other atoms. The
frequency calculations were performed at the same level of theory. The Gibbs free energy and
enthalpy were calculated at 298.15 K using the harmonic approximation for vibrational

contributions.

o) ?H
I )
W + ~Si~ + =
(AG) F3Si0” “OtBuFg FF’ F
AH
in kcal/mol (0.0)
0.0
(-0.9) W-1
-12.6
W-5 o~
o 0
I (@]
W + F’Sli\F \ tBuFgO._ I J w-0 bonnd length
F3Si0” ~OtBuFg / | . so/w\ =2.02A
F \ (-249) 39l OSIF3
\ -39.6 -17.4
: X (-18.5) (_43. )
o) 2 N -47.0 —_
1] /\\ W-2 ‘\\ — /,40\'[_4
F3Si0” ~OfBuFg (-34.4) W-3' -7
* - BUFEO. T
OH \\\ -62.3 ’—’,—’ tBu 6 ;\}{/J
Sli —_— F3SI07 Y
FopF w-3 OH
O .
BUFO_ / F-Si-f

F3Si0” ~OSiF; F

W-0 bond length
=1.93A

Figure A.4.22. Computed Enthalpies and Gibbs free energies in parentheses (in kcal mol™).

DFT calculations on the thermodynamics of various proposed intermediates indicates that the
protonation of ethylene by =SiOH to form surface —OEt ethoxy group (W-5) is energetically
favorable. The formation of W ethylene = complex (W-2) from W(IV) species W-1 is also
thermodynamically favorable (AH = -39.6 kcal/mol). Subsequent proton transfer from the
=SiOH group to the coordinated ethylene (W-2) leads to the formation W-alkyl species (W-3)
(AH = -22.7 kcal/mol), which can then undergo a-H abstraction forming the W alkylidene
species (W-4) (AH = 19.3 kcal/mol).
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It is worth noting that by slightly elongating the W-O bond length of W-3 from 1.93 to 2.02

A (W-3°), the enthalpy increases to a value that is very close to W-4. This result suggests that

the transformation of W-3 to W-4 maybe thermodynamically more favorable or become

thermoneutral on the surface, where strained site with slightly distorted bond length can exist.
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Appendix to Chapter 5

04:
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Figure A.5.1. FTIR of the materials 1-WO2-Red4 (top), 1-WO2-Red1 (middle) and before
reduction (bottom).
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Figure A.5.2. EXAFS data (Black) and fits (Blue) in k-space (Upper; top and right axes) and

R-space (Lower; bottom and left axes) of 1-WO in W L, edge.

No. of neighbor | R (A) o° (A%
W=0 1.66 (8) 1.702 (3) 0.00153*
W—0 29() 1.889 (4) 0.00355*

Table A.5.1. EXAFS fit parameters for 1-WO. S0°= 0.94; AE, (eV)= 7.6 (8); k range 1.5-
14.2 A Rrange 1-2.2 A; k weight 3. *Fixed parameters in the fit.
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Figure A.5.3. EXAFS data (Black) and fits (Blue) in k-space (Upper; top and right axes) and

R-space (Lower; bottom and left axes) of 2 in W L,;, edge.

No. of neighbor | R (A) o° (A%
W=0 12 (D) 171 () 0.00153*
W—0 23(2) 188 (1) 0.00355*

Table A.5.2. EXAFS fit parameters for 2. S0°= 1.2; AE, (eV)= 7 (2); k range 3-13 A %, R
range 1-2.5 A; k weight 3. *Fixed parameters in the fit.
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Figure A.5.4. Powder XRD of 2
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Figure A.5.5. UV-vis DRS spectra of 2
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Figure A.5.6. Eg value of 2
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Figure A.5.7. Conversion vs time, cis-4-nonene (1000 equiv) homometathesis at 70 °C by 1-
WO2-Red1 (dark blue solid line) and 1-WO2-Red4 (red dotted line).
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Figure A.5.8. Conversion vs time, cis-4-nonene (5000 equiv) homometathesis at 70 °C by 1-

WO2-Red1.
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Figure A.5.9. Conversion vs time, styrene (50 equiv) homometathesis at 70 °C by 1-WO2-

Red1 (red solid line) and 1-WQO2-Red4 (blue dotted line).
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Figure A.5.10. Conversion vs time, 1-nonene (100 equiv) homometathesis at 70 °C by 1-
WO2-Red1 (black diamond) and 1-WO2-Red4 (red square).
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Figure A.5.11. Propene metathesis under flow condition at 70 °C by 1-WO2-Red1 (blue
diamond) and 1-WO2-Red4 (red square). TON calculated by assuming all the W sites are

active.
60% -
‘

50% - * a ¢
L
S 40% -
B
2
3 30% - 0 1-WO2-Red1-pyrazine
@ +1-WO2-Red1
£ = 1-WO2-Red4
& 20% - ¢
[0]
=

’
0,
10% A g
oo
00/0 . T T T T T T 1
0 100 200 300 400 500 600 700
Time (min)

Figure A.5.12. Conversion vs time, cis-4-nonene (1000 equiv) homometathesis at 70 °C by 1-
WO2-Red1-pyrzaine (0.5 equiv of 2,3,5,6-tetramethylpyrazine per W was added to 1-WO2-
Red1l; square), 1-WO2-Red1 (blue diamond) and 1-WO2-Red4 (green triangle).
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Figure A.5.13. W L,;; edge XANES of 1-WO2 (blue), 1-WO2-Red1 (red) and 1-WO2-Red4
(green).
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Figure A.5.14. W L, edge XANES of 2 (red), 2-Red1 (blue) and 2-Red4 (green).
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Sample White line energy in W L,;, edge
(eV)

1-WO2-Red4 10212.02
1-WO2-Red1 10212.323
2-Red4 10212.159
2-Red1 10212.549
2 10212.65
1-wQO2 10212.535

Table A.5.3. White line energy in W L,;; edge XANES of different materials.

Computational details. All DFT calculations were performed with the Gaussian 09 (d1)

software package.’ Ground state and transition state geometries were optimized using the

B3LYP?? functional augmented with the D3 version of Grimme’s empirical dispersion

correction.” Solvent effects of benzene were taken into account using SMD solvation model.”

The SDD® basis set was used for tungsten and the TZVP'® basis set for the other atoms. The

frequency calculations were performed at the same level of theory. The Gibbs free energy and

enthalpy were calculated at 298.15 K using the harmonic approximation for vibrational

contributions.
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Figure A.5.15. Computed Gibbs free energies and enthalpies in parentheses at 298.15 K (in

kcal mol™) for initiation pathways via ring contraction of metallacyclopentane intermediate;
R =-C(CH3)(CFs)2.
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Figure A.5.16. Computed Gibbs free energies and enthalpies in parentheses at 298.15 K (in
kcal mol™) for initiation pathways via vinylic C—H activation; R = —C(CH3)(CFs),.
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