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Vii LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations of compounds are repeated in the list of compounds (page xxvii).

o — Vacant site, available for coordination of a ligand or substrate.

a - First position in relation to a specific group or atom.

B - Second position in relation to a specific group or atom.

v - Third position in relation to a specific group or atom.

& - Chemical shift, given in ppm (parts per million - NMR).

N - Hapticity, refers to the number of donor atoms coordinated to a metal center
M - Bridging, refers to a same donor atom coordinated to two or more metal centers.
A, G° - General standard Gibbs-free energy.

AG? - Free energy of activation.

w - Last position in relation to a specific group or atom.

AA-H - Acrylic acid.

AA-Me - Methyl acrylate.

ADMET - Acyclic diene metathesis polymerization.

ATR - Attenuated total reflectance (Infrared).

CM - Cross-metathesis.

13C{*H} NMR - Hydrogen decoupled, carbon'® nuclear magnetic resonance.

d - Doublet (NMR).

dd - Double doublet (NMR).

dt - Double triplet (NMR).

e - Electron.
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E - Refers to the arrangement of the two groups of higher priority in a C=C bond

displaced in opposite sides to each other.

ESI - Electrospray ionization.

FAME - Fatty acid methyl ester.

FID - Flame ionization detector.

GC - Gas chromatography.

Gl - First-generation Grubbs metathesis (pre)-catalyst.

Gll - Second-generation Grubbs metathesis (pre)-catalyst.

H»IMes - 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene.
HGI - First-generation Hoveyda-Grubbs metathesis (pre)-catalyst.
HGII - Second-generation Hoveyda-Grubbs metathesis (pre)-catalyst.
'H NMR - Hydrogen® nuclear magnetic resonance.

!H-BC HMBC - 'H-'3C heteronuclear multiple bond correlation.
H-13C HMQC - H-13C heteronuclear multiple quantum coherence.
!H-BC HSQC - 'H-3C heteronuclear single quantum coherence.
IMes - 1,3-Bis(2,4,6-trimethylphe nyl)imidazol-2-ylidene.

Indl - Dichloro(3-phenyl-1H-inden-1-ylidene) bis(tricyclohexylphosphine)ruthe nium(ll).

Indll - [1,3-Bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene] dichloro(3-phenyl-1H-inden-
1-ylidene)(tricyclohe xylphosphine)ruthenium(ll).

IUPAC - International Union of Pure and Applied Chemistry (International federation

that standardizes nomenclature in chemistry and other fields of science).

J - Coupling constant, given in Hz (NMR).

L - General representation of a neutral ligand that donates 2 electrons to a metal center.
Litre.

m - multiplet (NMR).

MA-H - Maleic acid.
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MA-Me - Dimethyl maleate.

MA-'Pent - Diisopentyl maleate.

MO - Methyl oleate.

MPI - 1-Methylene-3-phenyl-1H-indene.

MS - Mass spectrometry.

NHC - N-Heterocyclic carbene.

31p{*H} NMR - Hydrogen decoupled, phosphorus®! Nuclear Magnetic Resonance;
'PrOstyr - 2-isopropoxystyrene.

PTFE - Polytetrafluorethylene.

g - Quartet (NMR).

gd - Quadruple doublet (NMR).

RCM - Ring-closing metathesis.

Rt - Retention factor.

RO/CM - Ring-opening/cross-metathesis.

ROMP - Ring-opening metathesis polymerization.
S - Singlet (NMR).

sept - Septet (NMR).

SM - Self-metathesis.

t - Triplet (NMR).

TON - Turnover number. Measurement of the productivity of a catalyst. Defined as the
average number of catalytic cycles per catalytic specie. Dimensionless.

Um42 - [1,3-Bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene]-[2-[[(2-methylphenyl)
imino]methyl]-phe nolyl]-[3-phenyl-1H-inde n-1-ylide ne](chloro) ruthe nium(ll).

Z - refers to the arrangement of the two groups of higher priority in a C=C bond

displaced at the same side.
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LiST oF COMPOUNDS

List of selected compounds mentioned throughout the thesis.

Abbreviation /

Name Structure
Symbol
OH
1 1,1-Diphenylpropargyl alcohol
phenylpropargy %Dﬁh
AA-H i
- Acrylic acid
iyl \)ﬁOH
o)
AA-Me Methyl acrylate \)J\o P
. . . Ph
First-generation Grubbs metathesis Cl, |]/
Gl PCy;—Ru—PCy;
(pre)-catalyst -
. . Ph
Second-generation Grubbs metathesis Cl, [
G“ H2|Mes—'Ru—PCy3
(pre)-catalyst Cl
First-generation Hoveyda-Grubbs
HGI 9 y ClL, i ,
metathesis (pre)-catalyst CysP—Ru—O'Pr
N
Cl
Second-generation Hoveyda-Grubbs
HGII _ Cl, 1 .
metathesis (pre)-catalyst HleeS—RU\—O’Pr
Cl
1,3-Bis(2,4,6-trimethylphenyl)-4 ,5- I\
H»IMes ( ylp y) /&NYNb\

dihydroimidazol-2-ylidene
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[1,3-Bis(2,4,6-trimethylphenyl)-2-

Ph
imidazolidinylidene] dichloro(3-phenyl- DO
Indli 1H-inden-1- cl,,
ylidene)(tricyclohe xylphosphine)ruthe ni HZIMeS_Ru\_ PCys
Cl
um(ll)
H\
MA-H Maleic acid o 0 Q o
— \H
MA-Me Dimethyl maleate o ° 2 d
) o o
MA-'Pent ii
en Diisopentyl maleate )\/\o MO“/&
O
~o SN
MO Methyl oleate 7 <
7
o) @)
P1 11-Methoxy-11-oxoundec-2-enoic acid \OWJ\OH
7
o)
P2 2-Undecenoic acid HO)W
7
. O'Pr
'PrOstyr 2-Isopropoxystyrene @i/
. . Ph
[1,3-Bis(2,4,6-trimethylp he nyl)-2- O
imidazolidinylidene]-[2-[[(2- D
cl, Jo-tolyl
Um42 methylphenyl) imino]methyl]-phenolyl]- H2|Mes—'Ru\—N

[3-phenyl-1H-inden-1-
ylidene](chloro)ruthe nium(ll)
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I X ABSTRACT

The versatility of the olefin metathesis reaction was explored in the work
described herein, pursuing two different strategies for new alternatives in the ruthenium-
catalyzed reaction. In the first part is described the use of maleic acid (MA-H) as an
alternative to the use of acrylate esters in the cross-metathesis (CM) to produce a,(3-
unsaturated carboxylic compounds. Therefore, the reaction of methyl oleate (MO) with
MA-H was investigated, optimizing a series of parameters such as the MO purification
method, MO:MA-H ratio, temperature, time, and concentration. All reactions were
monitored over the course of 70 minutes. Commercially available ruthenium metathesis
(pre)-catalysts were employed. The second-generation Grubbs (GIl) and Hoveyda-
Grubbs (HGII) metathesis (pre)-catalysts displayed the best results. The CM of MO with
MA-H using 0.05 mol% of GIlI or HGII resulted in conversions of 92 and 88 % and
selectivity towards the CM products of 89 and 78%, respectively. Further studies
employing acrylic acid (AA-H) and methyl acrylate (AA-Me) with the phosphine-
containing (pre)-catalyst Gll showed that the formation of a ruthenium-methylidene
propagating specie has a detrimental effect on the outcome of the reaction. Such specie
is completely avoided when MA-H is used as CM-partner. Moreover, bulkier alkoxy-
substituents also jeopardize both conversion and yield of the reaction. Additionally, the
use of unsaturated vegetable oils was investigated as an alternative to the direct use of
MO in the reaction with MA-H. The use of vegetable oils as substrates was found to

have no detrimental effect on the reaction.

The reaction of GIl with MA-H was investigated by NMR spectroscopy (*H and
31pfIH}) in THF-dg at 20 °C, which proceeded slowly over the course of 7 hours with
observed first order kinetics. Disappearance of GII with concomitant formation of a new
alkylidenic complex was observed. *C{*H} NMR and 2D techniques (*H-'*C HSQC and
'H-13C HMBC) confirmed the formation of a ruthenium-enoic carbene complex. A
ruthenium-enoic carbene intermediate is the propagating specie of the CM reaction of
MO with MA-H and also of other olefin metathesis reactions involving acrylates. This

was the first time such specie could be observed and characterized spectroscopically.

The second part of this work investigated alternative synthetic routes to the
second-generation Hoveyda-Grubbs (pre)-catalyst (HGII) that avoid the use of sacrificial

phosphines and diazo compounds as the alkylidene source. Three different ruthenium
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precursors were applied in the reaction with 1,1-diphenylpropargyl alcohol (source of
the alkylidene ligand). The precursor trans-RuCly(py)s was found to be inert towards the

reaction with the propargylic alcohol. Reaction of the dimeric precursor [RuClx(p-
cymene)l» with the N-heterocyclic carbenes IMes (1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene) and H:lMes  (1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene) afforded the corresponding monomeric complexes RuCly(p-
cymene)lMes (Ru-35a) and RuClx(p-cymene)HqzIMes (Ru-35b), which decompose in
solution with loss of the p-cymene ligand. Both compounds Ru-35a,b reacted with 1,1-
diphenylpropargyl alcohol but decomposition occurred during the reaction, which
circumvented the isolation of the corresponding products. The precursor cis-
RuCl»(DMSO), reacted with 1,1-diphenylpropargyl alcohol but formed a complex
mixture of products, which did not allow the isolation of the desired compound.

Independent of the ruthenium precursor, none of the routes investigated resulted in the
development of a new synthetic strategy for the synthesis of HGII.



X RESUMO

A versatilidade da reacdo de metatese de olefinas foi explorada no presente
trabalho de duas formas diferentes. Em ambas as formas buscou-se novas alternativas
para a metatese de olefinas catalisada por complexos de ruténio. Na primeira parte
do trabalho, acido maleico (MA-H — do inglés Maleic acid) € descrito como uma
alternativa ao uso de ésteres de acrilato na metatese cruzada (CM — do inglés cross-
metathesis) para preparar compostos carboxilicos a,p-insaturados. Portanto, a reacao
entre oleato de metila (MO — do inglés methyl oleate) com MA-H foi investigada,
otimizando diversos parametros de reacado como o método de purificacdo do MO, razdo
MO:MA-H, temperatura, tempo, concentracdo e tipo de (pre)-catalisador. Todas as
reacdes foram monitoradas por um periodo de 70 minutos. Quatro (pré)-catalisadores
de ruténio comercialmente disponiveis foram utilizados. Os (pré)-catalisadores de
Grubbs (Gll) e Hoveyda-Grubbs (HGII) de segunda geragcao apresentaram os melhores
resultados. Reacbes de CM entre MO e MA-H usando 0.05 mol% de GIl ou HGII
resultaram em conversdes de 92 e 88 % e seletividade para os produtos de metatese
cruzada de 89 e 78 %, respectivamente. Estudos adicionais utilizando acido acrilico
(AA-H — do inglés acrylic acid) e acrilato de metila (AA-Me — do inglés methyl acrylate)
foram efetuados e mostraram que para o complexo Gll, o qual dissocia um ligante
fosfina (PCys) em sua etapa de iniciacdo, a formacéo de espécies propagantes do tipo
ruténio-metilideno acarretam em um efeito detrimental para a reacao (a formacao de
espécies propagantes ruténio-metilideno é totalmente evitada utiizando MA-H como
substrato). Além disso, para 0s respectivos ésteres, grupos alcéxidos volumosos
prejudicam ambos o0s rendimento e conversdao da reacdo. Posteriormente, 6leos
vegetais insaturados foram investigados como alternativa ao uso de MO na reacdo com
MA-H. Nas reacdes utilizando 6leos vegetais observou-se que o0 uso de tais substratos

ndo acarretam efeitos detrimentais para a reacao.

A reacdo entre Gll com MA-H foi investigada por espectroscopia de ressonancia
magnética nuclear (RMN de 'H e de *P{*H}) em THF-ds & 20 °C. A reacdo ocorreu
lentamente por um periodo de 7 horas com cinética observada de primeira ordem. O

consumo de GIl com a formacdo concomitante de um novo complexo alquilidénico foi

observado. Os espectros de RMN ¥C{*H}, H-*C HSQC e H-'*C HMBC claramente

mostraram a formacdo de um complexo ruténio-carbeno enoico. A espécie ruténio-
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carbeno enoico é a espécie propagante da reacdo de CM entre MO e MA-H e também
de outras reacdes de metatese de olefinas envolvendo acrilatos. Esta foi a primeira vez
que tal espécie foi observada via reacdo de metdtese e caracterizada

espectroscopicamente

Na segunda parte do trabalho, rotas sintéticas alternativas para a sintese do
(pré)-catalisador de Hoveyda-Grubbs de segunda geracdo (HGII) que ndo envolve o
uso de fosfinas de sacrificio e diazo compostos foi investigada. Trés precursores de
ruténio foram estudados na reacdo com alcool 1,1-difenilpropargiico como fonte do
alquilideno. O precursor trans-RuClx(py)s mostrou-se inerte frente a reacdo com o
alcool propargilico. A reacdo do precursor dimérico de ruténio [RuCly(p-cimeno)], com
os carbenos N-heterociclos IMes (1,3-bis(2,4,6-trimetilfenil)imidazol-2-ilideno) e HzlMes
(1,3-bis(2,4,6-trimetilfenil)-4,5-dihidroimidazol-2-ilideno) resultou na formagdo dos
complexos monomeéricos RuCly(p-cimeno)IMes (Ru-35a) e RuCly(p-cimeno)H:IMes
(Ru-35b), respectivamente, os quais decompdéem-se em solugdo com perda do ligante
p-cimeno. Os compostos Ru-35a,b reagem com élcool 1,1-difenilpropargilico, porém,
observou-se que os produtos se decompuseram durante a reacdo, impossibilitando a
isolagdo dos produtos. O precursor cis-RuCl,(DMSO), reagiu com alcool 1,1-
difenilpropargilico resultando em uma mistura complexa de produtos, a qual ndo foi
possivel isolar e analisar adequadamente. Nenhuma das rotas usando os trés
precursores de ruténio investigados resultou no desenvolvimento de uma nova
estratégia sintética para a sintese de HGII.
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1 INTRODUCTION

The fast growing population and its consequent increasing consumption of raw
materials for chemicals, energy and materials demands the search for alternative
sources and the better usage of the existing ones. Nowadays, this is a constant concern
that likely tends to persist in the future.! In the context of better use of the existing raw
materials, catalysis plays a key role. The use of a catalyst allows novel transformations
and to obtain a target compound in shorter periods, resulting in overall energy economy.
Besides, selectivity towards a sole product (chemo-, regio-, stereoselectivity) can be

achieved.?

Catalysis is the increase in the reaction rate promoted by the use of a specific
substance, defined as the catalyst. The catalyst does not change the reaction general
standard Gibbs-free energy (A/G°). This increase in the reaction rate occurs due to a

decrease in the free energy of activation (AG¥) (Figure 1).2

Uncatalysed

== Catalysed

Free Energy

Reaction Coordinate

Figure 1 Effect of the addition of a catalyst to a hypothetical (R — P) reaction. In the
catalysed reaction (dashed line) the largest free energy of activation (AGt) is much

smaller than the free energy of activation for the uncatalysed reaction (continuous line).

Olefins are probably the most important building blocks in industry for the
manufacturing of commodities, specialties and fine chemicals, as these can be
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converted by several catalytic transformations (hydroformylation, oligo- and
polymerization, olefin metathesis, epoxidation, hydrogenation, among others), resulting
in a large variety of compounds with applications in basically everything the modern
society demands. Amongst these transformations, the olefin metathesis is a very
versatile reaction from both academic and industrial point of view. Olefin metathesis has
revolutionized the way chemists create carbon-carbon bonds.*® The reaction is formally
an alkylidene scrambling promoted by a metal-alkylidene (metal = W, Mo, Re, Ru) and
proceeds through a metallacyclobutane intermediate as proposed by Hérisson and
Chauwvin in 1971 (Scheme 1a).” The main steps involved in the olefin metathesis
mechanism are (i) olefin coordination to an unsaturated metal-alkylidene (1-B); (ii) [2 +
2] cycloaddition to form a metallacyclobutane intermediate (1-C); (iii) cycloreversion of
the metallacyclobutane to form either a new olefin and metal-alkylidene (productive
metathesis) or regenerate the original species (non-productive metathesis) (1-B’); and

(iv) dissociation of the (newly) formed olefin from the metal-alkylidene (Scheme 1b).

a)
|MFP+Q_/D=QAEQ=%+ IMF/D

’ | e
/ " \{Z
o '“!”FP

Scheme 1 Olefin metathesis of a generic olefin promoted by a metal-alkylidene catalyst

(@) and the generally accepted mechanism of the reaction (for simplification, a non-
productive cycle is depicted) (b).



Driven by the proposal of the metal-alkylidene mechanism, molecular well-
defined catalysts were developed shortly after by Richard Schrock's (Mo- and W-
based)® ° and Robert Grubbs™ (Ru-based)'® groups, resulting in the synthesis of a large
variety of complexes active in olefin metathesis (some commercially available). Several
of these complexes (most of them Ru-based) are very robust towards functional groups
containing oxygen and (in a few cases) some nitrogen-containing functional groups,*!
allowing their use in the transformation of naturally occurring substrates such as

unsaturated fatty acids (and the corresponding esters), 1214

16,17

essential oils (e.g. eugenol,
isoeugenol), '° terpenes (e.g. limonene, pinenes), among others.

The use of vegetable oil derivatives as substrates for olefin metathesis has
gained attention for several years, especially after the development of the robust
ruthenium (pre)-catalysts. The metathesis reactions mostly studied using vegetable oils
derivatives include ethenolysis, self-metathesis and cross-metathesis (CM) of methyl
oleate with o-functionalized terminal olefins. Recently, Elevance Renewable Sciences®
announced the beginning of operation of an industrial plant based on the self-
metathesis of fatty acid derivatives to produce olefins, specialty chemicals and

oleochemicals.!®

Although a large variety of ruthenium metathesis (pre)-catalysts has been
reported so far, few are the ones that exhibit remarkable activity and robustness to
varying reaction conditions. Amongst these complexes, two are noteworthy: the second-
generation Grubbs metathesis (pre)-catalyst (Gll) and the analogous second-generation

Hoveyda-Grubbs metathesis (pre)-catalyst (HGII) (Figure 2).

Ph ,[ ] § —
clL, [ cL, i T N N
HoIMes—Ru—PCyz H,IMes—Ru—O'Pr: 7
N » :

cl cl
Gll HGII | HalMes

Figure 2 Second-generation Grubbs (GIl) and Hoveyda-Grubbs (HGIl) metathesis

(pre)-catalysts.

For benchmark substrates (e.g. diethyl diallyimalonate) both GIl and HGII show a

similar catalytic performance, nevertheless, exceptions have been reported for both

"All catalysts/pre-catalysts mentioned in this thesis will be referred to as (pre)-catalysts.



complexes.’® A noteworthy exception is the CM of acrylates. HGII is found to be a much
more effective (pre)-catalyst in a number of reactions involving the cross-metathesis
with acrylate esters. For instance, Meier reported that the CM of methyl oleate (MO)
with methyl acrylate is more efficient with HGII, resulting only in the formation of the
target cross-metathesis products (methyl 2-undecenoate and dimethyl 2-undecenoate),
while Gll is less selective and the self-metathesis (SM) products of MO (9-octadecene
and dimethyl 9-octadecenoate) were also observed.’® The a,w-diester, dimethyl 2-
undecenedioate, and the monoester, methyl 2-undecenoate, are useful substrates in
the chemical industry as monomers for the synthesis of polycondensation polymers
(e.g. polyesters) and as starting material for detergents, respectively.

A main limitation in the use of acrylate esters in CM is the need to use large
excesses to achieve high selectivity and drive the reactions to completion. Moreover,
ethenolysis can occur as side reaction if the ethylene co-product is not efficiently
removed.° Besides the formation of fumarates, the direct consequence of the excess of
acrylate is that it may influence in the decomposition of the catalyst, promoting the
formation of methylidene and enoic carbene intermediates (see Appendix | for generic
representations of these alkylidenes).

One major limitation in the use of HGII is its cost, which is high due to the low
atom-economy of its synthesis. Because of the linear approach used in the synthesis,
HGIl is more expensive than the analogous phosphine-containing Gll. Although the cost
difference of the two complexes has considerably decreased in recent years, the
synthesis of HGII still relies on the use of phosphine-containing precursors.

Based on the aforementioned, this work aims to find two possible solutions to
overcome the limitations in the acrylate cross-metathesis. Firstly, the use of maleic acid
- MA-H - (instead of acrylates) could allow the use of phosphine-containing complexes
such as GIlI (Scheme 2a). Secondly, the synthesis of HGIlI using a phosphine-free
strategy would allow its preparation in a more atom-economically manner, resulting in a
decrease of its final cost (Scheme 2b). Moreover, the use of toxic and unstable
alkylidene sources will be avoided by exploring the reactivity of 1,1-diphenylpropargyl
alcohol (1) with ruthenium(ll) precursors.



a) Cross-Metathesis of MO with Maleic Acid

o) o)
o O ~0 ™ kOH
7
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0
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MO MA-H HO W
P2 7
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; Cl, cl, cl, / !
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b) Proposed phosphine-free route to the 2"9 generation Hoveyda-Grubbs catalyst (HGII)
Ph

=——C(OH)(Ph), OO
1 1) "HplMes" c.i T
[RuCly,] precursor > lRuCIzl —» HyIMes—Ru—O'Pr
2) O'Pr \CI
_ HGII

iPrOstyr
Scheme 2 Schematic representation of the general objectives of this work. Cross-
metathesis of vegetable oil derivatives with MA-H (a) and the development of a

phosphine-free strategy for the synthesis of HGII.






2 STATEOFTHE ART

2.1 OLEFIN METATHESIS

The dance of olefins (as described by les Chauvin) is one of the splendid
examples of serendipity in Chemistry. Discovered during attempts to find new catalytic
systems for olefin polymerization in the years that succeed the Second World War, the
olefin scrambling reaction gained rapid interest in academia and industry. In 1967
Calderon coined the term Olefin Metathesis (from the Greek put in different order,
change of position) and a few years later (1971) Hérisson and Chauvin proposed the
elegant, non-pairwise, metallacyclobutane mechanism for the reaction (Scheme 3). The
proposal of the olefin metathesis mechanism by Chauvin paved the way for the
development of well-defined catalytic systems, following the postulated metal-alkylidene
complex as active specie. Since then, a diverse plethora of complexes have been
synthesized, characterized and evaluated catalytically; the mechanisms for the most
successful complexes have been investigated in detail along with very informative
reports on decomposition/deactivation pathways; intermediate species, such as the key
metallacyclobutane, have been spectroscopycally observed; the well-defined complexes
have been used for the preparation of substances with varied complexity and
applications; and the industry has embraced the reaction for the production of
commodities and fine chemicals.

. (M]
M=C]+ O—0 ~ Z» [M=0 + [ o= + (M=
M = Ti, Mo, W, Ru, Re, Os or Ir

Scheme 3 Simplistic representation of the olefin metathesis mechanism.

One of the most striking and unique characteristic of the olefin metathesis
reaction is its ability to be employed in a different set of transformations. The simple
variation in the reaction conditions may result in the formation of a polymer or a low
strain cycle (via acyclic diene metathesis polymerization — ADMET, or ring-closing

metathesis — RCM, of dienes, respectively) for instance (Scheme 4).



TRANSFORMATION ’ DRIVING FORCE(S)
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- Loss of angle strain.
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3
ADMET - Removal of co-product (e.g.
— - RCM
7k T ﬂ (D)= etoyiene)

- Formation of low-strain cycles

(products are not very reactive to

MeO,C 7 RCM MeO,C . olefin metathesis).
MeO,C MeO,C Z - Diluted conditions for RCM;
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- Removal of co-product (e.g.

Q-+~ CM W +
o (0} ethylene);
N CM X - Formation of products that are not
©/\ * \)J\OMe ©/\)‘\OMG very reactive to olefin metathesis.
6 7 8

Scheme 4 Different types of transformations in olefin metathesis (with selected

examples) and the driving force(s) for each transformation (ROMP = Ring-opening
metathesis polymerization; ADMET = Acyclic diene metathesis; RCM = Ring-closing
metathesis; CM = Cross-metathesis).

Several metals catalyze the olefin metathesis reaction. In homogeneous
catalysis, the most successful complexes are based on tungsten (W), molybdenum (Mo
and ruthenium (Ru) (Figure 3). Amongst the diversified plethora of homogenous olefin
metathesis (pre)-catalysts, the ruthenium-based complexes have received more
attention due to their good activity and higher robustness to varying reaction conditions
(Figure 4), allowing the transformation of molecules within a diverse range of

complexity.>11:21:22
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Figure 3 Selected examples of olefin metathesis (pre)-catalysts. Inside the boxes, the

(pre)-catalysts employed in this thesis.



Ruthenium-based olefin metathesis (pre)-catalysts are largely tolerant to
functional groups (Figure 4). Except for nucleophilic functional groups, such as amines
which can deactivate / decompose the active species, Ru-based complexes can be
used in combination with a wide variety of functional groups, in the presence of water,

and even in the presence of oxygen (only with very reactive substrates).?

<

m@
FsC y e
3 0—M=

o!

Tie| ! e, T
[ ' HylMes—Ru—O'Pr
Ry M=W (W-1) !

Tebbe's reagenti FsC Mo (Mo-1) . HGII
Titanium : Tungsten Molybdenum : Ruthenium
Acids , Acids Acids . Olefins
Alcohols, water | Alcohols, water  Alcohols, water | Acids 2 0
Aldehydes Aldehydes Aldehydes Alcohols, water E @
Ketones + Ketones Olefins + Aldehydes Se
Esters, Amides . Olefins Ketones . Ketones h g
Olefins ' Esters, Amides Esters, Amides ' Esters, Amides

Figure 4 General trends in the functional group tolerance of titanium-, tungsten-,

molybdenum- and ruthenium-based alkylidenes.

2.1.1 Olefin cross-metathesis

Compared to ROMP and RCM transformations, the olefin cross-metathesis (CM)
is relatively less explored in this field. Nevertheless, in recent years CM has gained
much more attention. CM affords convenient routes to functionalized olefins from simple
alkene precursors. For instance, the installation of structural elements within complex
natural products and the synthesis of reagents for further synthetic transformations can
be accomplished by CM. If a strong enthalpic driving force or entropic advantages of
intramolecular reactions immensely favour ROMP and RCM reactions, respectively, in
CM such influences are absent, resulting generally in low product selectivity.
Nevertheless, a few considerations on the reactivity of the olefins employed in the CM
reaction can be taken into account to foresee the outcome of the reaction (Figure 5).
Thus olefins are categorized in four types, based on the easiness of the
homodimerization reaction (self-metathesis — SM) and the reactivity of the homodimers
towards cross-metathesis.?
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Type | - Rapid homodimerization, homodimers consumable

Type Il - Slow homodimerization, homodimers sparingly consumable
Type Il - No homodimerization

Type IV - Olefins inert to CM, but do not deactivate catalyst (Spectator)

Reaction between two olefins of Type | = Statistical CM

olefin reactivity

7]
% Reaction between two olefins of same type (non-Type |) = Non-selective CM
& Reaction between olefins of two different types = Selective CM

Figure 5 Olefin categorization and rules for selectivity in cross-metathesis.

Therefore, to obtain selectivity in olefin CM, two olefins of different reactivity
(different types) should be employed to achieve high yields, with the less reactive
generally substrate used in excess. Examples of CM reactions are provided in Sections
2.4 and 2.6.

2.2 SYNTHESES OF COMPLEXES

A number of different strategies have been developed to prepare ruthenium
alkylidene complexes active in olefin metathesis. The focus of the majority of such
strategies consists in the preparation of analogues of the first-generation Grubbs
metathesis (pre)-catalyst (GI) (Scheme 5). Further conversion of such complexes into
second-generation Grubbs metathesis (pre)-catalyst analogues is then carried out
treating the corresponding 1% generation complex with an N-heterocyclic carbene
(NHC) ligand, via displacement of one phosphine ligand. Amongst the several synthetic
routes developed so far for the synthesis of ruthenium alkylidene complexes, two are
worth mentioning due to their versatility and broad applicability (routes b and f in
Scheme 5).
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& ring-opening Q& alkylidene transfer
& alkyne reagents Q\ chloroalkanes

@ Ru precursor of difficult preparation & Alkylidene precursor of difficult preparation
Toxic compounds are employed

Scheme 5 Different synthetic routes to prepare ruthenium alkylidene complexes

structurally similar to the first-generation Grubbs metathesis (pre)-catalyst (Gl).?®

2.2.1 Benzylidene-type (pre)-catalysts

The use of diazo reagents to install an alkylidene ligand into a ruthenium centre
is the most common strategy in the metathesis field. This strategy, developed by the
Grubbs group, employs the use of chemicals of easy preparation and results in the

synthesis of the first-generation Grubbs metathesis (pre)-catalyst (Gl) in good to
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excellent yields (Scheme 6).2° The only drawback is the use of highly unstable and
toxic phenyldiazomethane (PhCHN; - 11).

The use of 11 to install an alkylidene to a ruthenium centre is still the dominant
route, despite its toxicity and instability, and stoichiometric limitations caused by the low
synthetic purity, facile decomposition, and consumption of free PPhs and PCys.?® This
route is, nevertheless, straightforward and reproducible. The easy preparation of the
ruthenium precursor RuClx(PPhs3)s.4 (Ru-5) (commercially available) is another positive

point.

Briefly, RuCl»(PPhs)s.4 (Ru-5) reacts with 11 liberating N> as co-product and
generating the benzylidene complex RuClz(=CHPh)(PPh3),. PCy; exchange (in situ)
then affords the target Gl complex. If the reaction with 11 and the PCys exchange are
monitored by 3!P NMR spectroscopy, the purification becomes much easier and yields
are considerably improved. From GI, several other benzylidene-type complexes can be
derived. Reacting Gl with an N-heterocyclic carbene (NHC) (in its free or masked forms,
or generated in situ) results in the displacement of one PCy; by the more c-donating
NHC ligand. One of the most common NHC ligands employed in the metathesis field is
HoIMes  (1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene). The reaction of
H.IMes with GI results in the formation of the second-generation Grubbs metathesis
(pre)-catalyst (Gll). Cross-metathesis of Gll with 2-isopropoxystyrene (‘PrOstyr) results
in the second-generation Hoveyda-Grubbs metathesis (pre)-catalyst (HGII - Scheme 6).

Amongst the most used ruthenium-based olefin metathesis catalysts developed
so far, Hoveyda-type catalysts, specifically HGII, play an important role in the olefin
metathesis field. Besides exhibiting higher turnover numbers (TON) than the analogous
phosphine-containing catalysts in several transformations, HGII is used as precursor for
the synthesis of complexes that display a regio- or enantiocontrol in olefin metathesis

reactions (Scheme 7 — bottom part).?” 3
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Scheme 6 General synthetic route used for the preparation of ruthenium-benzylidene

complexes active in olefin metathesis.

Despite its importance in olefin metathesis, the synthesis of HGII lacks efficiency
in terms of number of steps and the use of toxic, expensive and air/moisture sensitive
chemicals. The most commonly applied synthetic route for the synthesis of HGII starts
from RuCl,(PPhs)s.4 via reaction with phenyldiazomethane (PhCHN, - 11), followed by
PPhs exchange with PCys; in a one-pot fashion, resulting in Gl. Subsequent steps
involve metathesis with 2-isopropoxystyrene (resulting in HGI) followed by PCys
exchange with HoIMes (Scheme 6).3* As a consequence of this synthetic strategy, the
synthesis of HGII involves the use, and therefore the disposal, of two different
phosphines and the use of toxic and unstable 11. In general, the synthesis of each new
ruthenium metathesis (pre)-catalyst starts from the previous generation (or from the
same generation if a different type is the target - e.g. HGI from GI) by ligand exchange.
This means that in each step sacrificial ligands are used to install the alkylidene, NHC,
phosphine, among others. Overall, this multiple step approach has a detrimental
influence on the atom economy of the synthesis and on the cost of these metathesis

(pre)-catalysts.>®
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Increased Activity and/or Stability
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Scheme 7 Selected examples of variations of the HGIlI complex resulting in improved

activity/stability (top) or enantio- and regioselectivity (bottom).

2.2.2 Indenylidene-type (pre)-catalysts

1,1-Diphenylpropargyl alcohol provides an interesting alternative to install an
alkylidene (see Appendix | for a summary of different classes of alkylidenes) in a Ru**
centre.® This commercially available, stable, and non-toxic compound reacts with
ruthenium(ll) complexes, leading to the formation of an allenylidene, which, depending
upon the conditions and the ligands around the metal centre, rearranges to form an
indenylidene. Despite ruthenium-allenylidene complexes exhibit poor catalytic activity in
olefin metathesis; the indenylidene isomers exhibit comparable activity as the

analogous ruthenium-benzylidene (pre)-catalysts.®

15



Complexes containing an indenylidene ligand are synthesized similarly to the
analogues Grubbs’ (pre)-catalysts, except for the part of the installation of the alkylidene
ligand (Scheme 8). The conversion of the ‘first-generation’ ruthenium-indenylidene

37 as well as the conversion of the

complex Indl into Gl is reported in the literature,
‘second-generation’ ruthenium-indenylidene complex Indll into HGII,*® despite the low
yield obtained (40 %) in the latter approach. The use of Indll or Indlll to prepare

Hoveyda-Grubbs type complexes is well explored in the literature.3% 4’

Cl, HolMes ClL, py ClL,

CysP—Ru-PCy, HolIMes— Ru\ PCy; ——— HsylMes— Ru\ Py
N,
ndl”. Indil ' Indin©'
1)==CPh,OH (1) iPR3
2) PCys (10)

Ph
RUCly( PPh3)3 O
e | s Ll

Br Hlees Ru PR3

PI3'h3 C) H,IMes el
RuCl3.xH,0 Ru-11

Scheme 8 General synthetic route employing 1,1-diphenylpropargyl alcohol as
alkylidene source in the synthesis of ruthenium-indenylidene complexes active in olefin

metathesis.

Ideally, the best approach to synthesize HGIlI would involve i) the use of a
relatively inexpensive commercially available, or an easy-to-prepare, ruthenium
precursor; ii) the use of non-toxic, inexpensive and relatively stable compounds, iii) an

atom-economical process; and iv) few and high-yield steps.

One possibility for such approach would be the synthesis of ‘third-generation’
indenylidene complexes (Indlll’) (Scheme 9) via a straightforward procedure. Indlil
could then be converted into HGII via metathesis with 2-isopropoxystyrene, ‘second-
generation’ indenylidene complexes (compound Ru-11 in Scheme 9), or complexes
containing other types of ligands (compound Ru-12 in Scheme 9; R = any neutral

ligand able to coordinate to ruthenium).
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Scheme 9 Two-step synthesis and possible transformations of ‘third-generation’

indenylidene complexes (IndlIl’).

The formation of an indenylidene from 1,1-diphenylpropargyl alcohol is outlined
in Scheme 10. Upon n?-coordination of the C=C of the alkyne to a coordinatively

unsaturated ruthenium precursor (2.2.2-A), two alternative pathways are initially
possible: oxidative addition followed by a 1,3-hydrogen shift (via formation of 2.2.2-C) or
a 1,2-hydrogen shift. Both pathways result in the formation of a ruthenium-
hydroxyvinylidene complex (2.2.2-D), and the preference for one or the other pathway
relies on the electrophilicity of the metal centre. After spontaneous dehydration, a
ruthenium-allenylidene complex is formed (2.2.2-E). The allenylidene moiety constitutes
a linear o-donor-tr-acceptor double bond chain with Cy, and C, carbons being
electrophilic centers, while Cg carbon is nucleophilic. Protonation of the Cg of the
allenylidene moiety results in the formation of an alkenylcarbyne complex (2.2.2-F)
which, upon nucleophilic attack of one phenyl ring orto-carbon on the C,, rearranges
into an indenylidene complex (2.2.2-G).*® Formation of the indenylidene moiety is not
always straightforward and is very sensitive to the reaction conditions. For example, in
the synthesis of the indenylidene Ru-14 (Scheme 10), even when applying the same
procedure, sometimes the target compound is obtained, but more often a p»-chloro-
bridged bimetallic ruthenium allenylidene complex is observed. The presence of

catalytic amounts of HCI favours the formation of the indenylidene moiety.**°
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Scheme 10 Main steps involved in the formation of ruthenium-indenylidene complexes

from 1,1-diphenylpropargyl alcohol.

2.3 OLEFIN METATHESIS MECHANISMS

Olefin metathesis is already a well-established reaction in academia and a
growing strategy in the commodity and fine chemicals industries.*?**! This is the result
of years of research on the synthesis of a diversity of (pre)-catalysts, the understanding
of the reaction mechanisms, stability of the (pre)-catalysts and their
decomposition/deactivation pathways, allied with the understanding of substrate

reactivity.?%°%"°

The mechanisms of olefin metathesis have been studied in detail for a number of
different complexes over the past decades. Important intermediates have been detected
by spectroscopic techniques such as the key, propagating specie, ruthenacyclobutane

proposed initially by Hérisson and Chauvin in 1971 and detected by low temperature
18



NMR by the Piers Group in 2005.°° Especially for the ruthenium-based complexes,
several studies delve on the initiation, propagation and deactivation/decomposition/
regeneration mechanisms (Scheme 11). For the sake of clarity, each of these steps will
be discussed in separate in the subsections below, for the most common ruthenium

complexes and using a model terminal olefin as substrate.

R R'
Al
L—Ru—PCy;
S
cl cl, ||
L—Ru—] Propagation ]
el I
CL, i Regeneration/
L—Ru—OPr Decomposition/
\CI Deactivation

Scheme 11 Steps involved in the olefin metathesis reaction catalyzed by ruthenium

complexes.

2.3.1 Initiation mechanism

A number of excellent papers delve into the issue of (pre)-catalyst initiation in
olefin metathesis. This is the result of the very different activity exhibited by quite similar
complexes. Although this activity difference cannot always be attributed solely to the
initiation step, valuable insights are generally obtained.

Early reports dealing with the initiation mechanism appeared soon after the
synthesis of the first active ruthenium-based metathesis (pre)-catalysts. Complexes of
the Grubbs (e.g., Gl and Gll) and the indenylidene (e.g., Indll) types share a common
initiation mechanism (Scheme 12a). The substitution of one phosphine ligand by one
olefinic substrate occurs via a dissociative fashion to generate a 14e’, four coordinate,
intermediate (2.3.1-A). The 14e" intermediate can thus coordinate to an olefinic
substrate (2.3.1-B) or reuptake the dissociated phosphine regenerating the 16e” (pre)-
catalyst. The rate of the phosphine dissociation/re-coordination is crucial for the (pre)-
catalyst activity. For instance, Gl initiates approximately 70 times faster than Gll, but is
much less active than the later. This is the result of faster re-coordination of the
dissociated PCys to regenerate Gl compared to the same process to regenerate Gll. In

other words, the 14e” intermediate specie generated upon PCy; dissociation in Gl
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prefers to coordinate to an olefin rather than to the phosphine. It is therefore said that
GIl has a higher olefin commitment than GIL>" Nolan's group reported that for

indenylidene analogues of Gl/GIl the PCys also dissociates via a dissociative fashion.>®

a)
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I Cl Cl '
c 2.3.1-A 2.3.1-B Gl PCys PhH Ph
Gll 'HyIMes Ph H Ph
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q E ' Indll} HyIMes _i
- R R nd : 2
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Cl/, | CI/, H
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Nl Nl

Ru-methylidene 2.3.1-H

Scheme 12 Initiation mechanism for the ruthenium-based metathesis catalysts of the a)
Grubbs and b) Hoveyda-Grubbs types.

After olefin coordination to the metallic centre in the appropriate orientation,
formation of the ruthenacyclobutane (2.3.1-C) followed by cycloreversion (2.3.1-D) with
dissociation of the newly formed olefin, results in the exclusion of the phenyl (for GI and
Gll complexes) or phenylindenyl (for Indll complex) from the complex. The new 14e’
alkylidene (Ru-methylidene) formed is the propagating specie of the reaction.
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Whether the initiation mechanism for phosphine-containing complexes is quite
straightforward, the same does not hold true for the Hoveyda-Grubbs type (pre)-
catalysts. Either dissociative (D) or interchange with associative mode of activation (l,)
mechanisms can occur depending on the substrate and the substituents in the
iIsopropoxystyrene ligand (Scheme 12b). For HGII, electron-rich and sterically less
demanding olefins (e.g, 1l-hexene or butylvinyl ether, respectively) prefer the I,
activation mode, while for bulkier or less electron-rich olefins (e.g., diethyldiallyl
malonate or styrene, respectively), the dissociative pathway is more important.®®"® After
the initiation step, formation of the ruthenacyclobuthane intermediate, cicloreversion and
dissociation of the newly formed olefin generates the active, 14e’, propagating specie

(Ru-methylidene).

2.3.2 Propagation

Once the active propagating specie is generated (Ru-methylidene shown in
Scheme 13), productive cycles are able to occur. Steps involved during propagation are
essentially the same as those of initiation, except for the phosphine/isopropoxystyrene
dissociation step. Coordination of the olefinic substrate to the 14e” complex Ru-
methylidene results in the formation of the 16e” intermediate 2.3.2-A, which leads to
the formation of the ruthenacyclobutane 2.3.2-B. Cycloreversion of 2.3.2-B results in
the, ethylene coordinated, intermediate complex 2.3.2-C. Ethylene dissociation results
in the 14e” intermediate 2.3.2-D. Coordination of another olefinic substrate leads to the
subsequent formation of the intermediates 2.3.2-E and 2.3.2-F. Cycloreversion of
ruthenacyclobutane 2.3.2-F and dissociation of the formed olefin regenerates the
propagating Ru-methylidene specie. All steps in the catalytic cycle are reversible,

accounting for the equilibrium nature of the olefin metathesis reaction.
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Scheme 13 Propagation mechanism of the ruthenium-based olefin metathesis

catalysts.

2.3.3 Deactivation and decomposition

Undoubtedly, the knowledge of a reaction mechanism in as many details as
possible allows the exploration of the full potential of the reaction by designing new
catalysts or by the use of the reaction in innovative transformations. Nevertheless, the
decomposition/deactivation pathways that a catalyst may encounter during the catalytic
cycle provide valuable information to both extend the catalyst lifetime and to design
more robust catalysts. The exploration of such pathways is sometimes an overlooked
field in homogeneous catalysis. Fortunately, for olefin metathesis there is a
considerable wvolume of literature that deals with this issue. (Pre)-catalyst
decomposition/deactivation due to the presence of nucleophilic bases (e.g., alkoxides,
amines, phosphines) or thermally induced are reported in the literature. Two of these
pathways will be discussed in further detail due to the direct connection with the topic
discussed in this thesis. The first pathway is the PCys-mediated decomposition of Ru-
methylidene species, and the second pathway is the Michael addition of PCys to

acrylates, followed by attack on the ruthenacyclobutane intermediate.
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A Ru-methylidene specie is propagating specie in any olefin metathesis
transformation involving terminal olefins. In fact, the majority of the reactions explored in
olefin metathesis involve at least one terminal C-C double bond. As a consequence,
understanding the stability/reactivity of such propagating specie is of paramount

importance.

The decomposition of the methylidene complex Glim has been reported by the
Grubbs group to produce a dinuclear ruthenium complex with a bridging carbide
between the two ruthenium centers and a hydride ligand in one of the ruthenium
(Scheme 14). Moreover, a n°-binding of one of the ruthenium centers to one of the
mesityl rings in the N-heterocyclic carbene is observed along with complete loss of
phosphine ligands. This decomposition proceeds with first-order kinetics. The authors
proposed that the decomposition of Glim occurs mainly by the attack of the dissociated
PCys; from GIlim on the methylidene carbon of the 14e” propagating specie 2.3.3-A
(Scheme 14). After a number of steps, 2.3.3-A losses the methylidene fragment via the
formation of the phosphorus ylide 13, and is converted into the 12e” specie 2.3.3-D,
which thus binds to one of the mesityl rings of the N-heterocyclic carbene of 2.3.3-A,
forming a chloride-bridged dinuclear ruthenium complex 2.3.3-E. Abstraction of HCI
from 2.3.3-E by the ylide 13 then generates the terminal alkylidyne 2.3.3-F and the
phosphonium salt 12. Oxidative addition of the terminal alkylidyne with migration of two
chlorides results in the isolated complex Ru-15. None of the organometallic

intermediates were observed by NMR spectroscopy.®’

A particularly attractive transformation in olefin metathesis is the CM with

acrylates, which has grown in importance in the recent years as a useful strategy in the
preparation of a number of valuable products of commercial interest (see sections 2.4

and 2.6).”"% These include commodity products from vegetable oils (monomers,
surfactants) and ingredients for cosmetic uses and compounds with biological
applications.'® For such transformations involving acrylates and other electron deficient
olefins, the use of more expensive phosphine-free (pre)-catalysts (e.g., HGIl) generally
afford better results.”***8"%° The mechanistic rationale behind such behavior was
provided recently by the Fogg group, which demonstrated that the performance of Gll in

acrylate CM is undermined by Michael addition pathways enabled by free PCy3.%
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Scheme 14 Decomposition of Glim into a dinuclear complex. Inside the dashed box,

the proposed decomposition mechanism.

In a HGIl-catalyzed control reaction with anethole and methyl acrylate (7), the
authors observed that addition of 1 equivalent of PCy; added after 2 minutes of reaction
completely knocked down the reaction. Comparatively, when the same procedure was
employed in the self-metathesis (SM) of styrene, the addition of PCy; merely decrease
the rate of the reaction, without affecting the final yield. These experiments clearly
pinpointed the acrylate ester functionality as key to the deactivating effect of PCy; in
acrylate metathesis catalyzed by phosphine-containing (pre)-catalysts.®®

Upon monitoring the reaction of HGIl and PCys in excess 7 (Scheme 15) by
NMR spectroscopy, the loss of the alkylidene signal of HGII (*H NMR) and the parallel

appearance of two singlet peaks in the 3P NMR spectrum were observed. Compounds
14 and 15 were identified as the two major products, and were proposed to be

generated by initial attack of PCys on the acrylate, forming the corresponding zwitterion
adduct 16, which can participate in multiple subsequent pathways. The zwitterion 16

24



then attacks another molecule of acrylate forming the zwiterionic adduct 17. Proton
abstraction by 17 liberates the salt 15. Because no reaction was observed in the
absence of HGII, the authors speculated that the ruthenium species present in the
reaction media supply the required proton and counter-anion. The ruthenacyclobutane
intermediate was suggested as the likely target of attack, based on similar chemistry

involving amines, reported by the same group.®°
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Scheme 15 Michael addition chemistry that results in the decomposition of HGII in the

presence of added PCys.

2.3.4 Regeneration

In 1999, Amir Hoveyda reported the fortuitous isolation of a chelating
etherbenzylidene complex derived from GIl. The new complex was formed when Gl was
employed as (pre)-catalyst in the ring-opening/cross-metathesis (RO/CM) of 2-
isopropoxystyrene with 3-phenoxy-cis-cyclooctene (Scheme 16a). Isolation and
spectroscopic and crystallographic characterization of the new complex revealed the
structure of HGI (Scheme 16b). (Pre)-Catalyst HGI proved to be quite remarkable.
Besides exhibiting comparable activity to Gl, HGI was more stable than Gl and could
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also be recycled in high yield by silica gel chromatography at least three additional
cycles. Based on the good activity and high recyclability of HGI, the authors proposed
that the released 2-isopropoxystyrene in the initiation step (Section 2.3.1) captures

back the propagating species regenerating the (pre)-catalyst (Scheme 17).%
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Y Gl (5 mol%)
o » < 2% reaction after 16 h
CH,Cl,, 22 °C
PrOstyr 18
b)
Ph A ((;
cL, \o( CL, | _
PCy;—Ru—PCy; + — Cy;P—Ru—OPr
A Y
iPrOstyr

Scheme 16 Fortuitous discovery of chelating etherbenzylidene ruthenium metathesis

(pre)-catalyst HGI. a) RO/CM of 'PrOstyr with 3-phenoxy-cis-cyclooctene; b) synthesis
of HGI.

c, Y
L—Ru—O'Pr
o
o
u Prostyr REGENERATION
l l "boomerang mechanism"
{’/B H + 'PrOstyr
< oo
\\\;& H
methylidene

Scheme 17 The release-return (boomerang) mechanism for chelating ether-

benzylidene ruthenium complexes.

26



This process of regeneration of the (pre)-catalyst was nicknamed of release-
return mechanism (or boomerang mechanism) and was the reason for controversies in
the metathesis community for several years.'®20°497.% Strong evidence supporting the
boomerang mechanism was recently provided using **C-labeled 2-isopropoxystyrene
(PrOstyr* - Figure 6). When 1 equivalent of 'PrOstyr* was added to the CM reaction of
anethole with methyl acrylate catalysed by HGII (1 mol%), a 57:43 ratio of HGI:HGII*
was obtained at 92 % conversion (ca. 1 h) (Figure 6a). Formation of HGII* in this
system can only be explained by the uptake of 'PrOstyr* by the propagating species,
thus providing strong evidence for the boomerang mechanism. In a control experiment
without any substrate, uptake of 'PrOstyr* by HGII is very slow, reaching equilibrium
after 50 h (Figure 6b).?°

|
1 mol% HGII b)
Back M
f COzMe 1 mol% Prostyr* /”' CO:Mel ) ackground C :
. | . .
r 50 C DCE 20 : HGIl + 'PrOstyr HGII* + 'PrOstyr |
I |
|
100 | 100 .
I |
I |
| HGII |
2 I o '
o P

92% conv. r  ° |
HGI:HGII*= 57:43 I I
I |
19 | !
0 ooli—— | |
| |
|

Cl, i _ C|/ i r@ 13 ’©
O'Pr

HyIMes —Ru—O'Pr  H,lMes —Ru— O'Pr oPr

Hell HGII* ‘PrOstyr PrOstyr*

Figure 6 Experiment used to demonstrate the validity of the boomerang mechanism. a)
CM of anethole with methyl acrylate catalysed by HGII in the presence of 'PrOstyr*. b)
Time scale equilibration of 'PrOstyr* in the absence of substrate. Ar = 4-

methoxybenzene.
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2.4 a,B-UNSATURATED CARBONYL COMPOUNDS

The preparation of a,B-unsaturated carbonyl compounds through olefin
metathesis represents a valuable, yet challenging, transformation. a,3-Unsaturated
carbonyl compounds are versatile compounds with potentially interesting applications
as final products or as intermediates in the synthesis of more complex structures
(Figure 7). Nevertheless, the preparation of such compounds via olefin metathesis
involves the use of electron deficient, low reactive, unsaturated precursors, such as
acrylic acid derivatives. As a general consequence, considerably high catalyst loadings
and a large excess of the unsaturated carbonyl compound are required in order to

achieve good conversion and selectivity.1®’":78:80-82

The CM with acrylates may involve the formation of two presumably very reactive
and unstable species: the required formation of a Ru-methylidene and the not-required,
yet plausible, Ru-enoic carbene intermediate. Formation of a Ru-methylidene is
required, as the release of ethylene is necessary to drive the reaction to completion.
Nevertheless, the formation of a Ru-enoic carbene is not a crucial requirement in this
specific transformation, the only evidence for its formation being the observance of

variable amounts of fumarate/maleate esters as by-products.

2.4.1 Enoic-carbene complexes relevant to olefin metathesis

Although the reactivity and stability of some Ru-methylidene complexes has been

reported in the course of the last years,®"%°

reports on the chemistry of Ru-enoic
carbenes in the vast field of olefin metathesis are surprisingly scarce. The few examples
include the synthesis of complexes of the type RuCl,(=CHCOR)(PCy); via the
innovative double oxidative addition of 2,2-dichloroacetate esters with the ruthenium(0)

precursor Ru(COD), (Scheme 18).1%°
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Figure 7 Selected examples of compounds prepared using olefin cross-metathesis with

acrylates. Inside the boxes, the CM step.
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(L.mol".min")
o -OMe 0.6
-O-p-tolyl 0.5
cl,cHcor  Cl, [ R .0-fBu 04
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Y3

I R 17C| -O-cyclohexyl 0.2
u- u- -O-1-adamantyl 0.2
“NH, 0

*atr.t. in CSDG'

Scheme 18 Synthesis of ruthenium enoic carbene complexes by double oxidative

addition reported by Grubbs and the decomposition constants (Kgec) in CgDg at room

temperature.
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The complexes were found to be very unstable in solution, decomposing via a
bimolecular mechanism within a few hours at room temperature in benzene.
Remarkable and unexplored is the stability of the NH»-substituted enoic carbene
complex. Because of the instability of the majority of the compounds, none of them was
fully characterized or had its structure elucidated.'® Consistent with the bimolecular
decomposition kinetic data is the formation of dinuclear decomposition products from
the 14e” species generated upon dissociation of a PCys ligand (Scheme 19).

0 O
HJ\R Rate
Cl, i R -PCy, Cl, i determining step  dinuclear
2 Cy;P—Ru—PCy, 2 Cy3P_RU\_ O products
\Cl Cl
Ru-17 2.4 .1-A

Scheme 19 Speculative initial step in the decomposition of the Ru-enoic carbene

complexes reported by Grubbs.

The initial dissociation of one PCyjs ligand is consistent with the general initiation
mechanism for Grubbs-type olefin metathesis (pre)-catalysts (e.g., Gl and GlI)®" and the
rate of its dissociation should be faster for bulkier substituents (as observed for
analogous Gl-type complexes). Because the rate of a dinuclear decomposition
mechanism is expected to decrease as the bulkiness around the metal centre is
increased, it would explain the decomposition constants reported. The higher stability of
the NHy-substituted complex can be interpreted as the result of a, speculative, lower

PCys rate dissociation (similar to Ru-methylidene complexes).

The high reactivity of the Ru-enoic carbene complexes was proven from the
reaction with cyclohexene (a generally unreactive substrate for olefin metathesis). Later,
the scope of this chemistry was expanded to include the reaction of cyclohexene and
other unstrained cycloalkanes with Ru-enoic carbenes generated in situ from the

reaction of Gll with acrylates.'%%1%2

The striking increased reactivity of Ru-enoic carbene complexes as compared to
the analogous benzylidene complexes were investigated computationally by the Fomine
research group (Figure 8).1% Apart from the lower PCys dissociation energy for the Ru-

enoic carbene complex as compared to Gll (Ru-18 versus Gll), the formation of the key

ruthenacyclobutane intermediate is less exergonic, starting from the Ru-enoic carbene
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complex, in 4.2 kcal.mol. Moreover, stabilization of the 14e” intermediate complex Ru-
18-A was observed to occur via O-chelation of the ester oxygen for the Ru-enoic

carbene complex (Ru-18-B).

GII-B
Gll -PCy;_ aGll-A +CeHio  glc
Ru-18 Ru-18-A Ru-18-C
Ru-18-B

GII-G l
Ru-18-G
GlI-F GII-E GlI-D
Ru-18-H Ru-18F ¥  Ru-18-E Ru-18-D
Ru-18-I
GII-F
Gl R=Ph Gi-D
Ru-18 R=CO,Me cl, ! |
L = H,IMes o eR
L
CeH1o <;> GlI-D
Ru-18-D

cl,,.
Ru=CHR
c” |
L
GlI-B
cl, |\
_Ru--CHR L Me O
“Ru=CHR Cl ||_ Ru-18-1
GII-F
Cl/,’ i Ru-18-D Ru-18-F
N ..Ru-184
L e
Gll-A - .(04) Ru-18-G
Ru-18-A
Ru-18-H
PCY3
cl,
Ru=CHR
c” |
Gll
Ru-18

Figure 8 Free Gibbs reaction energy profiles of the RCM of cyclohexene by complexes
Gll (top) and Ru-18 (bottom, bold lines). The free Gibbs reaction energies for each step

are given in parentheses (kcal.mol%).

" Even though throughout the text similar complexes where drawn as square pyramids (distorted square
pyramid geometries are observed in the single crystal structures of most of the five-coordinated,
ruthenium-based alkylidene complexes), the structures in this figure were drawn differently, as reported in
the paper, since these where the optimized calculated structures.
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Hillmayer reported the use of MA-H as chain transfer agent to prepare telechelic
polyolefins from cyclooctene (COE). With the objective to gain some insights in the
stereochemical preference of the Ru-alkylidene species during each metathesis cycle,
the CM of MA-H with cis-4-octene in THF-dg was also investigated (Figure 9).2%4 A
conversion higher than 90% and an E-selectivity were observed. It was suggested that
the presence of a sterically unencumbered Ru-alkylidene (GII-B - Figure 9b) is crucial
for efficient metathesis with MA-H. It is important to consider that MA-H is an electron

),?* and therefore should be less reactive than cis-4-

deficient olefin (a type II-lll olefin
octene (type | olefin). The presence of small amounts of trans-cinnamic acid indicates
that the formation of GII-B is not a strict requisite for the reaction to occur. The authors,
nevertheless, also observed that self-metathesis of MA-H under identical conditions
converted only 2.5 mol% of the double bonds to the E configuration (maleic to fumaric
acid isomerization) (Figure 9c). This result is more likely due to the instability of the
generated enoic carbene (GIlI-A) than the lack of reactivity of MA-H with the more
encumbered Ru-benzylidene in GIl. The fate of the ruthenium-alkylidene(s) in the
reaction was not pursued. Interestingly is the fact that no excess of one of the reactants
was necessary to achieve high conversion (despite the rather high catalyst loading -
3.12 mol% per double bond), opposed to the required excess when acrylic acid or

acrylates are used as metathesis partner.?°

AN \
N ’ i ’
_ ! ©/W '

31 Gll (3.12 mol%) ) : OH

+ > H\ )J\/\/\ : ", "
H i THF-dj o~ NF : 33 "traces 34
\o@o 40°C,15h 32 : Q
> 99% trans 0 H

0 Q Conv.: 90% 'H N0 NN
H | - '
MA-H O FARH B
b c (0]
) [R”i ° [Ru ) Gll (3.12 mol%) o H
> MA-H H X0
THF-dg
GII-A GIl-B 40°C,1.5h © FaH
Conv.: 2.5%

Figure 9 a) CM of cis-4-octene with MA-H promoted by GlI; b) the two possible

alkylidene intermediates generated in the reaction. ¢) SM of MA-H.

32



2.4.2 Other Metal-enoic carbene complexes

A metal-enoic carbene is also an important intermediate in transformations
beyond olefin metathesis with acrylates. Cyclopropanation of olefins and metal-
catalysed olefination of carbonyl compounds are commonly studied using ethyl
diazoacetate as the carbene transfer reagent. Examples of transition metal complexes
employed in such transformations are based on rhodium, ruthenium and copper. Within
the context of cyclopropanation and olefination reactions, a larger number of papers
appears in the literature, including successful examples of isolation and spectroscopic /

crystallographic characterization of enoic carbene complexes (Figure 10).10°-108

=S SiMesQ  (p-CICeHa),
Cy PN tBu\P/<N\C o
N Ru . u

v \Q( Bu” N p-OMe(CeHy)
\ CO,Et N

N Cl SiMe3

Cy

Ru-21 Cu-1

Figure 10 Examples of some isolated enoic carbene complexes.

A common characteristic of these complexes is their preparation via
decomposition of diazo compounds via elimination of nitrogen gas (Scheme 20). This
strategy is commonly employed in the activation of olefin metathesis, olefin
cyclopropanation and/or carbonyl olefination pre-catalysts. For the latter reactions, the

diazo compound is also one of the reactants.
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Scheme 20 Decomposition of diazocompounds in the preparation of enoic carbene
complexes and the use of in situ generated complexes for ROMP (a); olefin

cyclopropanation (b) and carbonyl olefination (c).

2.5 INDUSTRIAL OLEFIN METATHESIS

The potential of the olefin metathesis reaction expands the horizons dreamt by
academia. Since its early days, the industry has recognized the olefin metathesis as a
profitable transformation and has enormously contributed to the maturity of this field.
Selected examples of industrial applications of the olefin metathesis reaction are
summarized in Table 1. The olefin metathesis presence in industry is diversified,
ranging from the use of ill-defined catalytic systems in the SHOP process to the use of
well-defined catalysts in the synthesis of complex structures by pharmacedutical

companies.

One of the earliest successful applications of olefin metathesis in industry is the
SHOP process for the production of blends of olefins, which are used in the preparation
of surfactants. Briefly, ethylene is oligomerized by a nickel pre-catalyst resulting in a
mixture of linear C4-Cy4 terminal olefins in an Anderson-Shulz-Flowry distribution.
Distillation separates the Cg-C1g fraction and the remaining fractions (< Cg and > Cig)
are isomerized to internal olefins. The isomerized olefins are then passed through a
alumina-supported molybdenum catalyst (metathesis step), resulting in the formation of
a new blend of internal olefins of different sizes. The C1p-C14 fraction is separated by

distillation and the remaining fractions re-enter in the isomerization / metathesis steps.
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Table 1 Selected examples of industrially relevant applications of olefin metathesis.

Company Segment Metathesis product
SHELL Oil and Gas SHOP - Shell higher olefin process
Elevance renewable _ . _ '
_ Specialty chemicals Bio-derived compounds
Sciences, Inc
Johnson & Johnson Pharmaceutical HCV drug Simeprevir (Olysio ™)

_ Catalysts and _
Materia Inc. Ruthenium-based Catalysts
advanced polymers

Umicore Materials technology Ruthenium-based Catalysts

Another more recent process is employed by Elevance Renewable Sciences
using bio-derived oils as the core feedstock. In the process, bio-derived oils are

dimerized via self-metathesis and the products are converted into cleaning / personal
care ingredients (Scheme 21).

Co-Reactants

Bio-Oil + Olefins
METATHESIS
: ; Derivatization/ Specialty
Separation Chemicals

Transesterification ;Distillationg

+ Alcohol _
HydronS|§/ Oleochemicals
Hydrogenation

Scheme 21 Biorefinery process developed by Elevance Renewable Sciences® using

olefin metathesis as key step in the valorization of bio-oils.

The potential of olefin metathesis in the synthesis of active pharmaceutical
ingredients has for long been acknowledged. The most relevant olefin metathesis
transformation in this field is the olefin RCM reaction to prepare cyclic molecules of
variable ring sizes. Johnson & Johnson launched the Hepatitis C virus (HCV) protease
inhibitor Simeprevir (Figure 11) on market in December 2013. The RCM step involves

the slow addition of both diene and pre-catalyst (Indll) under “infinite dilution”
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conditions, to limit intermolecular reaction of the diene (formation of oligomers) and to

retard catalyst deactivation.*

Another relevant industrial application of olefin metathesis is the
commercialization of (pre)-catalysts. In this area, two companies are worth mentioning:
Materia® and Umicore. Materia® is the provider of a series of ruthenium-based
metathesis (pre)-catalysts (including several of those developed by Robert Grubbs),
while the Umicore portfolio of Ru-metathesis (pre)-catalysts is mostly restricted to

indenylidene type complexes. %9110

S s Indll (0.3 mol%) O, Boc N—CO,Et

, H

: N N / :‘

O‘( \D o W Toluene O‘(N\D
20 | 0.05 mol.L"! Z D -

OAN/\/\) 110 °C Oé'\ ‘I \

I 2h

. 39 ] 82 % 40
Simeprevir

Johnson & Johnson; Olysio”

M

Figure 11 Structure of the Hepatitis C Virus (HCV) drug Simeprevir developed by
Medivir and Johnson & Johnson and sold under the name of Olysio™. Inside the box,

the conditions used in the metathesis step.

2.6 RENEWABLE OLEFIN METATHESIS

Olefin metathesis has also been explored in the recent quest for sustainable
transformations in Chemistry. Although the use of renewable substrates does not
necessarily characterize sustainability, the use of such substrates has to some extent

being associated with sustainable processes.!!!

Whichever the point is, the use of
substrates from renewable sources brings new challenges to the field of olefin

metathesis, especially regarding purification issues.

The number of naturally occurring olefins is considerably small. Even so, good
examples of metathesis transformations involving renewable olefins can be found in the
recent literature. The Mecking group has reported the ROMP of the cyclic
sesquiterpenes caryophyllene (41) and humulene (42), components of glove and hop
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oils (Scheme 22). Polymers with M, in the range of 2-3 x 10* g.mol'* with My,/M, of ca. 2
were obtained. The unsaturated polymers were then hydrogenated to produce
polyethylene-like polymers. Interestingly, the authors observed that for both monomers,
only one of the C-C double bonds reacts in the metathesis step. For caryophyllene, the
exocyclic double bond remains intact during the reaction, while for humulene, only one

of the trisubstituted double bonds reacts.*®

ROMP H,
- H H n — H H n
H H
41 42 43

caryophyllene

—

H
N ROMP o “ 2
n n

44 45 46
humulene

Scheme 22 ROMP of the sesquiterpenes caryophyllene and humulene.

The Meier group has reported the CM with acrylates and the ROMP of lactonic
sophorolipid, the major fermentation product derived from the yeast Candida
bombicola.}*?*13 CM of lactonic sophorolipid (47) with acrylates was found to occur with
nearly quantitative yields but only when high catalyst loadings (5 mol% of Indll) were
employed. Further alcoholysis of the CM product results in a carbohydrate based
surfactant (49 - Scheme 23). ROMP of lactonic sophorolipid resulted in polymers with
M, of ca. 1-2 x 10° g.mol™* and My /M, of 1.7.
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Scheme 23 Metathesis transformations of lactonic sophorolipid.

taconic acid (51) is currently produced in an industrial scale of about 80,000 tons
per year by fermentation of carbohydrate biomass using strains of filamentous fungus
Aspergillus (e.g., Aspergillus terreus and Aspergillus itaconicus). The Meier group also
explored the use of itaconic acid in olefin metathesis. Esterification of the acid and
subsequent Diels-Alder reaction resulted in the synthesis of the corresponding 2,2-
disubstituted norbenene in a diastereomeric mixture (endo — 75 %; exo — 25 %). The
ROMP of norbornenes is generally straightforward, due to the ring-strain release
occurred in the process. The ROMP of the itaconic acid derived norbonene 52 resulted
in high molecular weight polymers (8.7 x 10* g.mol™!) with good control in the molecular
weight distribution (My /M, = 1.26) (Scheme 24).11

0
1) MeOH ROMP
HONOH — ﬁhu/c%'\"e — m
0

2
) @ CO,Me MeO,C “~CO,Me
51

52 53
itaconic acid

Scheme 24 ROMP of an itaconic acid derived norbornene.

Plant oils have been explored in a diversity of olefin metathesis transformations.
CM with either acrylates or ethylene (ethenolysis) are the two most explored

transformations. An interesting strategy involving plant oils and olefin metathesis was
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reported by Mathers (Scheme 25).1'° Metathesis of polyunsaturated oils rich in linoleic
(C18:2) and linolenic (C18:3) fatty acids and distillation produce the cyclic diene 1,4-
cyclohexadiene (54), which was isomerized to the conjugated diene with an appropriate
isomerization catalyst (RuCIH(CO)(PPhs);) and polymerized with Ni(acac),/MAO.

Alternatively, the last two steps were also performed in a tandem fashion.

) Metathesis Isomerization
catalyst catalyst Ni(acac), / MAO
d|st|llat|on - ]
55 56
soybean oil | Isomerization catalyst !
corn oil Ni(acac), / MAO
canola oil

Scheme 25 Synthesis of the monomer 1,3-hexadiene from plant oils.

Another interesting transformation with potential for applications in industry is the
CM of vegetable oil components (e.g., methyl oleate) with functionalized terminal olefins
(e.g., acrylates, acrylonitrile, acrolein). Such transformations afford useful components
with applications in polymer and surfactant synthesis (Scheme 26). CM of methyl oleate
or methyl 9-decenoate with acrylonitrile, followed by hydrogenation and hydrolysis result
in the formation of a linear a,w-aminoacid useful for the preparation of Nylon 11.8899.93 |
the same reactions are performed with methyl acrylate as metathesis partner, a a,w-
dicarboxylic acid and a monocarboxylic acid are obtained, which can be used as
monomer for the preparation of polyesters or as surfactant ingredient, respectively.®*
The CM of oleyl alcohol® and N-acetylated oleylamine*® with acrylates has also been

explored. CM of methyl oleate with acrolein was recently reported in the literature.®”

CM of essential oils derivatives with acrylates represents an interesting
transformation for the preparation of valuable products with applications in the
perfumery and cosmetics industries. Estragole, eugenol and safrole are
phenylpropenoids found as the major constituents of essential oils. The isomerized
version of estragole, anethole, is produced on a scale of 750,000 tons/year from star
anise, anise and fennel as well as from turpentine oils from wood processing. Eugenol
is the major component of clove oil. Estragole is the primary constituent of essential oil

of basil oil, tarragon, pine oil, turpentine, fennel and anise. Safrole can be extracted
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from the

root-bark or fruit of sassafras plants or from ‘pimenta-longa’ (Piper

hispidinervium). CM of anethole, isoeugenol and isosafrole with acrylate esters

produces cinnamates and ferulates (Scheme 27),

substances with antioxidant

properties. For instance, the compound octyl methoxycinnamate (R; = Me; R, = H, R3 =

isooctyl) is an important sunscreen agent.*
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Scheme 26 Cross metathesis of fatty acid derivatives with acrylates, acrolein and

acrylonitrile.

Isomerization

(commercial
process)
R4, R, = Me, H estragole
R4, R, =H, OMe eugenol
R4"R, = -CH,O-  safrole

anethole
isoeugenol

isosafrol

cinnamates
ferulates

cinnamates

OR,

Scheme 27 CM of essential oils with acrylate esters.
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2.7 GENERAL CONSIDERATIONS ON CARBENES AND ALKYLIDENES"

Neutral species containing divalent carbons (and therefore only six valence
electrons) are defined as carbenes (or alkylidenes), which may react either as an
electrophile or as a nucleophile depending on whether the two unshared electrons on
the carbon are unpaired (a triplet carbene) or paired (a singlet carbene). Metal-
alkylidene complexes can be classified in a similar way based on their reactivity toward
electrophiles and nucleophiles. Complexes containing a M=C bond that are nucleophilic

at the carbon are called Schrock-type complexes while complexes containing an M=C
bond that are electrophilic at the carbon are called Fischer-type complexes (Figure

12).147

Alkylidenes are usually prepared by the loss of small and stable molecules (e.g.,
N2) from alkylidene precursors. Alkylidenes can therefore be prepared by the thermal or
photolytic decomposition of diazocompounds (normally tosylhydrazone derivatives),
elimination mediated by bases or decomposition of diazocarbonyl compounds catalyzed
by metals. Metal-alkylidene complexes are useful catalysts in olefin metathesis, olefin

cyclopropanation and carbonyl olefination reactions.

An extreme case of Fischer-alkylidenes is the NHC (N-heterocyclic carbene —
Wanzlick-Lappert-Arduengo carbenes) carbenes. These ligands are an extreme case of
the traditional Fischer-type complexes because the 1r-donation from the two nitrogen
lone pairs into the carbon p orbital is so extensive that several free NHCs are stable

without metal coordination.*'’

Typically, NHCs coordinate to metals predominantly by strong o-donation
through the carbon lone pair, and they generally behave as unreactive ancillary 2e"
donor ligands similar to phosphines. In general, NHCs behave as better donors than the
best phosphine donor ligands with the exception of the sterically demanding N,N’-
adamantyl carbene.'® NHCs have been extensively used in recent years as ancillary

ligands in organometallic chemistry.11%:12°

" In the GOLD BOOK of IUPAC there is no distinction between the terms carbene and alkylidene. For
clarity, in this thesis only the N-heterocyclic carbenes (NHC) will be referred to as “Carbenes”, all other
species will be referred to as “Alkylidenes”. In the literature, some distinction is generally (but not always)
made: complexes of the Fischer-type are referred to as “Carbenes” while complexes of the Schrock type
are referred to as “Alkylidenes”.

41



Wanzlick-Lappert-

Schrock Fischer Arduengo
OC\ co
F3C N _ v
Example i A kph oC }N:\ Mes’NvN‘Mes
3 O-Mo= -~ ~OMe .
F.C ) OoC CO
3 0 H,IMes
F:C  Mo-1 w-3
Ground
state of free triplet singlet singlet
carbene
Typical metal higher oxidation state lower oxidation state variable
centers earlier transition metals later transition metals
nucleophilic electrophiic variable

Character of
metal-bound
carbene carbon

lllustration
of bonding
interactions

Figure 12 General properties of Schrock and Fischer alkylidenes and NHC carbenes.
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3 RESULTS AND DISCUSSION

3.1 CROSS-METATHESIS WITH MALEIC ACID

3.1.1 System optimization

The purification of the substrates (especially those from natural sources) is

sometimes an overlooked parameter that is rarely investigated during the optimization
of catalytic reactions. Therefore, the purification of the methyl oleate (MO) was the first
parameter to be investigated in this study of the cross-metathesis (CM) of MO with
maleic acid (MA-H) (Scheme 28). Based on the literature, four purification methods
were investigated. All methods have in common the use of Magnesol/Celite as purifying
agents. The use of Magnesol/Celite has been reported to dramatically improve the
propenolysis of soybean oil FAME (Fatty acid methyl ester).!?’'% The initial
experiments were performed at 50 °C using a 1:1 molar ratio of MO:MA-H in THF. GlI

was used as (pre)-catalyst because it was shown to exhibit good activity in the

synthesis of carboxy-telechelic polymers via the ROMP of cyclooctene with MA-H as

chain-transfer agent.!®*

OH i
0] NOH
~0 X, | O cMm 7 P2
7 ( 0O +
MO 7 Q Q

:/

P1

Scheme 28 CM of methyl oleate (MO) with maleic acid (MA-H).

Purification of MO over Magnesol (2.5 wt %) and Celite (1.5 wt %) at 40 °C for 12
h (purification method A) prior to use afforded almost a quantitative yield and an
excellent selectivity towards the CM products in the reaction with MA-H, when applying
either 0.4 or 0.2 mol% of GIl (Table 2 — entries 1-2, respectively). Decreasing the

catalyst loading to 0.1 and 0.05 mol% resulted in steadily reducing conversions of 73
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and 4 %, respectively (Table 2 — entries 3-4). In both experiments, the reaction
occurred only in the initial 10 min (Figure 13), suggesting catalyst decomposition by

remaining impurities.

Purification method B involves treating MO with Magnesol (2.5 wt%) and Celite
(1.5 wt%) at 80 °C for 1 h. With this procedure, a MO conversion of 81 % and yield of
CM products of 66 % were obtained with a catalyst loading of 0.1 mol% (Table 2 — entry

5), being a slight improvement in comparison to the purification method A.

With the observed positive temperature effect on the treatment of MO, the next
step was to determine if pre-drying the Magnesol and Celite could result in further

improvement. Nevertheless, when MO was treated with the dried Magnesol (2.5 wt%)

and Celite (1.5 wt%) and subjected to the cross-metathesis reaction, a decrease in both
conversion (70 %) and yield of CM products (55 %) was observed (Table 2 — entry 6).

Titanium alkoxides have been used as additives or as co-catalysts in some
metathesis transformations of oxygen- and nitrogen-containing substrates.'?%12°
Recently, the treatment of natural oils with Ti(O'Pr)4 has been disclosed for use as olefin
metathesis substrates.* Although the role of Ti(O'Pr)4 in the treatment of MO is merely
speculative, it may trap nitrogen-containing impurities via coordination. Aiming the
further improvement in the MO conversion, the treatment of MO with titanium(lV)
isopropoxide was explored. The treatment of MO with Ti(O'Pr)4 (2 mol%), Magnesol (2.5
wt%) and Celite (1.5 wt%) resulted in a conversion of 81 % and yield of CM of 69 % with
0.1 mol% of GIl as (pre)-catalyst (Table 2 — entry 7). Altogether, purification method D
is better than the methods A and C, and slightly better than method B, showing a slight

improvement in the selectivity.
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Table 2 Influence of the MO purification method on the Gll-catalyzed CM of MO with
MA-H.

Gll Purification Conversion Yield (%)

Entry Hod ;
(Mol%) metho (%) CM  SM
1 0.4 A 98 96 1
2 0.2 A 97 94 2
3 0.1 A 73 48 20
4 0.05 A 4 <2 2
5 0.1 B 81 66 14
6 0.1 C 70 55 18
7 0.1 D 81 69 10

Purification Magnesol Celite Ti(OiPr)4 T

method (25wt%)  (1.5Wt%) (2.0mol%) (°C)
A® yes yes no 40P
B? yes yes no 80°
cd yes yes no 80°
D? yes yes yes 80°

Conditions: MO:MA-H molar ratio = 1:1 (MO = 1.77 mmol); THF = 7.0 mL; reactions
performed at T = 50 °C. Isomerization products complete the mass balance. * Magnesol

and Celite were used as received;  heated for 12 h; ¢ heated for 1 h; ¢ Magnesol and
Celite dried at 160 °C for 48 h prior to use.
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Figure 13 Time-dependent plots of the effect of the MO purification procedure on the
product distribution in the CM of MO with MA-H catalyzed by GIlI (data are summarized

in Table 2). The lines were added with the only purpose to aid visualization.
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Interestingly, regardless the purification method employed and the catalyst
loading, all the reactions occurred within the first 25 minutes (Figure 13), which
indicates that despite MA-H being electronically deficient; its reactivity is comparable to
that of MO. Moreover, high selectivity towards the CM products was only obtained with
high conversion. This finding is not surprising when the reactivity of the SM and CM
products are taken into consideration. The SM products, E/Z dimethyl 9-
octadecenedioate (P3) and E/Z 9-octadecene (P4), are type | olefins (i.e.,

homodimerize quickly and are promptly consumed)?*

and have similar reactivity as MO.
As a consequence, the SM is an equilibrium reaction. On the other hand, the CM
products, 11-methoxy-11-oxoundec-(2E/Z)-2-enoic acid (P1) and (2E/Z)-2-undecenoic
acid (P2), are type IV olefins (i.e., are not reactive towards olefin metathesis) and, as a

consequence, CM with MA-H is an irreversible reaction (Scheme 29).
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The purification method D (Ti(O'Pr)4 - 2 mol%, Magnesol - 2.5 wt%, and Celite -
1.5 wit%) was used to further optimize the reaction conditions. In the next step, the
influence of the MO:MA-H ratio on both the conversion and selectivity was investigated.
Increasing the MO:MA-H molar ratio from 1:1 to 1:5 resulted in an initial increase in both
conversion and yield of CM products, which remained more or less steadily for the
ratios studied (Table 3 — entries 7-11). Only a minor decrease in the conversion was
observed when a ratio of 1:5 (MO:MA-H) was used (Table 3 — entry 11). Additionally,
the effect on the selectivity (yield of CM vs yield of SM) was only evident at the higher
ratio of MO:MA-H. The decrease in both conversion and selectivity by increasing the
amount of MA-H could be attributed to the decomposition of enoic-carbene species, as
the increase in the concentration of MA-H would favour the formation of such
intermediates. The MO:MA-H ratio of 1:2 was chosen for further optimization and a
decrease in the catalyst loading to 0.05 mol% resulted in a conversion of 83 % and a 63
% vyield of the CM products (Table 3 — entry 12). Further decrease in the catalyst
loading was not pursued as in this scenario it would not be possible to obtain high
selectivity'! and therefore the reaction would be better described as the inhibition of the

MO SM by the cross-metathesis partner.*?

Table 3 Effect of the MO:MA-H molar ratio on the Gll-catalyzed CM of MO with MA-H.

Conversion Yield (%)

Entry MO: MA-H

(%) CM SM
7 1.1 81 69 10
8 1.2 96 89 4
9 1.3 96 90 2
10 14 95 88 3
11 1.5 90 80 7
12* 1.2 83 63 17

Conditions: THF = 7 mL; GIl = 0.1 mol% (vs MO; MO = 1.77 mmol); T = 50 °C;
purification method D. Isomerization products complete the mass balance. * Gll = 0.05
mol% (vs MO).
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The decrease in the solvent amount in a reaction is an advantageous parameter
for more sustainable processes. Moreover, the amount of the solvent (i.e., the
concentration of the reactants) does sometimes influence the outcome of metathesis
reactions (specifically in ring-closing metathesis reactions). Although the studied
reaction cannot be performed under neat conditions due to solubility restrictions
inherited by the use of MA-H, the amount of solvent was changed in order to observe its
influence on the reaction. As summarized in Figure 14, the concentration of the
reactants had just a minor effect on the conversion of MO. The increase of the
concentration up to 1.2 mol.L™* (1.5 mL of THF) resulted in an increase of 10 % in the
conversion and an increase in the yield of the CM products from 63 to 84 %. The
increase to higher concentrations was not feasible due to the limited solubility of MA-H
in THF. At the optimum concentration, high MO conversion with good selectivity towards
the CM products (84 % yield of CM products) was achieved (Figure 14).

OH i
0
Gl NOH
~o X, | O (0.05 mol%) 7 P2
7 ( O THF, 50 °C, +
MO 7 70 min 0 0
OH w -
7
MAH HO , 0
P1
100 -
83 82
63
/! _
R 50 - 7 7
., W
N7 /17
/! /]
7
0 p e o =y
0.25 0.35 0.6 1.2

Concentration MO (mol.L-)

. Conversion MO (%) Yield CM (%) @ Yield SM (%)

Figure 14 Effect of the substrates concentration on the cross-metathesis of MO with
MA-H using (pre)-catalyst Gll. Conditions: MO:MA-H molar ratio = 1:2 (MO = 1.77
mmol); GIl = 0.05 mol%; T = 50 °C; purification method D. Isomerization products

complete the mass balance.
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Surprisingly, the temperature has just a minor influence on the conversion of the
explored reaction using Gll as (pre)-catalyst. Only a small variation (4 %) was observed

in the temperature range of 40 °C to reflux (b.p. THF = 65 °C) (Figure 15). Under
refluxing conditions, however, an indication of a detrimental effect on the yield of the CM

products was observed, consistent with the thermal decomposition of the catalytic

species.
OH o
O
Gl \M/\M“\OH
~o0 X, | O (0.05 mol%) 7 p2
7 ( O THF, 70 min +
MO 7 Temperature Q 9
MAH HO , 0
P1
100 , %4 93 92 90

%

40 °C 50 °C 60 °C reflux

Temperature

[l conversion MO (%)  FiA Yield cM (%) =] Yield SM (%)

Figure 15 Effect of the temperature on the CM of MO with MA-H. Conditions: MO:MA-H
molar ratio = 1:2 (MO = 1.77 mmol, [MO] = 1.2 moI.L'l); GIl = 0.05 mol%; THF = 1.5 mL;

purification method D. Isomerization products complete the mass balance.

After establishing the optimal purification method, catalyst loading, MO:MA-H
molar ratio, concentration of substrates and temperature, the performance of some
(pre)-catalyst was then investigated. Three additional ruthenium-based metathesis
(pre)-catalysts were selected. The selection of the complexes was based on the nature
(phosphine containing versus phosphine-free complexes) and the type (PCys, chelating
2-isopropoxybenzylidene and chelating phenoxy-imine) of the departing ligand in the
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dissociation step and the type of alkylidene (benzylidene, indenylidene or 2-
isopropoxybenzylidene) (Figure 16).
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Figure 16 (Pre)-Catalysts employed in the CM of MO with maleic and acrylic acid

derivatives. Inside the dashed box, the propagating species formed during the

metathesis of terminal and/or a,p-unsaturated carboxylic acid derivatives.

The second-generation Hoveyda-Grubbs metathesis catalyst - HGIl - is
considered the (pre)-catalyst of choice in the cross-metathesis with electron deficient
substrates (e.g., acrylates). Interestingly, in comparison to Gll, HGII provided a similar
conversion under the same conditions, although the CM vyield was somewhat lower
(Figure 17). Regarding the temperature, both complexes operate better at 60 °C (Table

4), showing signs of catalyst decomposition at reflux.

The complex Indll, an indenylidene analogue of GII3¢:133134

to both GIlI and HGII, but as depicted in the time-dependent plots (Figure 17b,c), the

performed similarly

conversion of MO was slower in the case of both HGII and Indll. As seen in Figure
17b,c, the Gll-catalyzed reaction occurred within approximately 10 minutes as opposed
to the reactions catalyzed by HGIlI and Indll. For the latter systems, a plateau was

reached after approximately 35 minutes.
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Table 4 Effect of the catalyst on the CM of MO with MA-H.

Enty  Cat. Temp. Conv. Yield (%)
Cc) ) CM SM
132 Gll 40 94 85 6
142 Gll 50 93 84 6
15%° Gll 60 92 82 7
162 Gll reflux 90 77 12
17 HGII 50 82 57 21
17°  HaGIl 60 88 69 15
19 HGIl  reflux 82 60 20
20° Indll 60 90 73 13
21°  Uma42 60 56 14 41
22 Um42  reflux 60 17 42

Conditions: MO:MA-H molar ratio = 1:2 (MO = 1.77 mmol); Cat. = 0.05 mol%; THF =

1.5 mL; purification method D. Isomerization products complete the mass balance. ?

values plotted in Figure 15. ° Values plotted in Figure 17.

The fourth complex explored was the phosphine-free, indenylidene-type, Um42
complex. Um42 is a “latent’ catalyst due to the presence of the non-labile phenoxy-
imine chelating ligand. It has been reported that this complex is activated thermally or
chemically by the use of Brénsted acids or silanes.*®**® It was therefore envisaged that
such complex could perform well in our system, as MA-H could serve as both activating
agent and substrate. Nevertheless, the CM reaction catalyzed by Um42 under refluxing
conditions was less productive and resulted in only 60 % conversion with 17 % of CM

products (Figure 4a-c).
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Figure 17 Influence of the (pre)-catalyst on the CM of MO with MA-H a); and time-
dependent plots of: b) the conversion of MO and c) the yield of the CM products. Lines

were added in the time-dependant plots with the only purpose to aid visualization.
Conditions: MO:MA-H molar ratio = 1:2 (MO = 1.77 mmol); THF = 1.5 mL; purification

method D; T = 60 °C; 0.05 mol% of (pre)-catalyst. Isomerization products complete the

mass balance. * Reaction performed at reflux.

53



3.1.2 Maleic acid vs maleates

In an attempt to establish the effect of the structure of the CM partner on the
conversion and selectivity, a series of reactions of MO with two selected maleate esters
were performed. Reactions were performed with both GIl and HGII under the optimized
reaction conditions established (i.e., purification method D, 0.05 mol% of (pre)-catalyst,
1.2 mol.L! of MO and 60 °C) (Figure 18). The (pre)-catalysts Gll and HGII were chosen
for the continuity of this study due to a number of reasons: a) superior performance in
the optimization reactions; b) HGII is generally the best (pre)-catalyst when employing
electron-deficient olefins; c) GIl and HGIl are standard (pre)-catalysts in olefin
metathesis; and d) a direct influence of the presence of PCys in the reaction media is
possible to obtain with this combination, considering that the same propagating species

are formed with both (pre)-catalysts.

R 00 R o)
MA-H R=H AA-H R=H
MA-Me R=Me AA-Me R =Me

MA-Pent R = j-Pentyl

Figure 18 Cross-metathesis partner scope.

The use of dimethyl maleate (MA-Me) resulted in a decrease in the conversion to
about half the conversion obtained with MA-H for both GIl and HGII (Figure 19).13%-141
The effect on the yield of CM products (i.e., on the selectivity) of this substrate is even
more pronounced, resulting in less than 15 % of the CM products. This decrease in both
conversion and selectivity is likely due to the presence of the bulkier methyl group of
MA-Me. In previous literature reports of the CM reaction with acrylates no considerable
influence of the alkoxy substituent bulkiness was observed. Nevertheless, significantly
higher catalyst loadings (0.5 or 5 mol% of HGIl) were employed.’®*? A comparative
reaction was performed to check this assumption, using the bulkier di-isopentyimaleate
(MA-'Pent) as the CM partner. Conversions were similar as those obtained with MA-Me,

but only traces (> 6 %) of the target CM products were obtained.
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The carboxylate salt formed in the reaction of MA-H + PCy; could play a role in
catalyst decomposition. A control reaction was conducted to test this hypothesis: 20
equivalents (versus Gll) of disodium maleate were added to the reaction of MO with
MA-H and keeping the MO:(MA-H + disodium maleate) ratio equal to 1:2 (Gll = 0.05
mol%, 60 °C, 70 min., 1.5 mL of THF). An expressive decrease in both conversion and
selectivity was observed (MO conversion = 61 %; CM vyield = 24 % and SM yield = 36
%). Nevertheless, although the addition of 20 equivalents of the disodium maleate salt
represents a maximum 40-fold increase in the concentration of the carboxylate anion,
the results obtained under this condition are still superior to those obtained using GlI
and MA-Me, confirming the overall positive effect of MA-H. Altogether, the outcome of
these reactions was mainly governed by the steric bulkiness of the metathesis
substrate, regardless of the (pre)-catalyst used. This influence might be associated to
the coordination step and/or to the (de)stabilization of intermediate species.
Interestingly, the similar (pre)-catalysts performances indicate that the dissociated PCys;

from GIl had no major influence on the reaction.

The difference in reactivity of maleic acid/maleates can be attributed to steric
effects only. As indicated by the chemical shifts in Table 5, MA-Me and MA-'Pent are
slightly less electron poor than MA-H and therefore would be more reactive if the

influence of the steric effects was negligible.

Table 5 *3C NMR chemical shifts of the olefinic (5c=c) and carbonylic (5c=0) carbons of

MA-H, MA-Me and MA-'Pent.

C NMR chemical shift (ppm)

Compound

dc-c A* dc-o A*
MA-H 131.84 0 167.03 0
MA-Me 130.68 1.16 166.25 0.78
MA-'Pent 130.67 1.17 165.74 1.29

Conditions: 101 MHz; CD3(CO)CD3; 0.1 mol.L™"; 2000 scans. * versus MA-H.
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Figure 19 a) Influence of the CM partner on the conversion (blue bars) and yields of CM
(dashed green bars) and SM (dashed red bars) of the reaction with MO — MA-H vs MA-
Me and MA-'"Pent. b) Time-dependent plots using Gll and HGII, respectively. Lines
were added in the time-dependant plots with the only purpose to aid visualization.
MO:CM partner molar ratio= 1:2 (MO = 1.77 mmol); THF = 1.5 mL; catalyst: 0.05 mol%
(vs MO); T = 60 °C; purification method D. Isomerization products complete the mass
balance.
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3.1.3 Maleic acid versus acrylic acid

In order to investigate the effect of a terminal monosubstituted olefin versus a
disubstituted olefin on the catalytic activity, reactions with acrylic acid (AA-H) and
methyl acrylate (AA-Me) were also investigated. To allow an efficient removal of the co-
product ethylene, these reactions were performed under a continuous flow of argon. In
contrast to the use of MA-H and maleates, CM of MO with AA-H and AA-Me affords
highly distinct results when Gl and HGII are employed (Figure 20). In the case of GlI,
the conversion and CM vyield steadily decreased when changing the CM partner MA-H
for AA-H and AA-Me, respectively. The use of HGII instead of Gll resulted in a different
profile. Initially, a slightly higher selectivity was obtained for the CM products changing
from MA-H to AA-H, while maintaining a similar MO conversion. Next, a decrease in
both yield of CM products and MO conversion was observed when AA-Me was used as
cross-metathesis partner. Comparatively, the use of AA-Me as CM partner resulted in
lower conversion and selectivity for both catalysts, but HGII outperformed GIl. Although
the steric bulkiness of AA-H and AA-Me also played an important role on the catalytic
performance of both GIl and HGII, the catalytic performance was affected by another
feature. HGIlI was not negatively affected by the formation of propagating Ru-
methylidene species. The detrimental effect on the Gll-catalyzed reaction could be
ascribed to PCys-mediated decomposition/deactivation of propagating Ru-methylidene
species. This also signifies that the use of carboxylic acid substrates does not

successfully trap the free PCys to inhibit the Ru-methylidene decomposition pathway.

Altogether, the lower bulkiness of the carboxylic acid substrates accounts
predominantly for the higher catalytic productivity when compared to the corresponding
esters. For the phosphine-containing (pre)-catalyst Gll, the avoidance of the formation
of Ru-methylidene propagating species is crucial. So when applying MA-H as substrate,
the more expensive HGII can be substituted by GII. If terminal olefins should be applied

as substrate, HGII remains the (pre)-catalyst of choice.
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Figure 20 a) Influence of the CM partner on the conversion (blue bars) and yields of CM
(dashed green bars) and SM (dashed red bars) of the reaction with MO — MA-H vs AA-
H and AA-Me. b) Time-dependent plots using Gll and HGII, respectively. Lines were
added in the time-dependent plots with the only purpose to aid visualization. Conditions:
MO:MA-H molar ratio = 1.2 (MO = 1.77 mmol); MO:AA-H/AA-Me molar ratio = 1:4; THF
= 1.5 mL; catalyst: 0.05 mol% (vs MO); T = 60 °C; purification method D. Isomerization

products complete the mass balance.
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3.1.4 Vegetable oils as substrate

To increase the scope of the MA-H-based CM, the reaction was also explored
using various vegetable oils. Naturally occurring oils and fats (from vegetable and
animal origin) are renewable feedstocks of most importance in the chemical industry.*?
For the majority of vegetable oils, most of the side chains in the triglycerides are
saturated (C16:0 and C18:0), monounsaturated (C16:1 and C18:1) or polyunsaturated
(C18:2 and C18:3) fatty acids (Figure 21). The content of each of these fatty acid
chains depends on a number of factors, including the type of the oil (Table 6). The use
of vegetable oils offers direct advantages compared to the use of MO, such as atom
and time economy by avoiding one initial step of transesterification. This also broadens
the number of products obtained by enabling the use of vegetable oils with different

compositions, and may facilitate in the separation of the final product mixture.*3

Table 6 Composition of the vegetable oils used.

. %*
ol Ci18:1 C18:2 C18:3 Cl16:1 C18:0 C16:0 Others
Canola 62.5 21.5 8.7 0.2 24 4.7 7.1
Linseed 22.3 15.0 52.8 0.1 4.1 5.7 9.8
Sunflower 40.1 47.7 15 0.1 3.1 7.6 10.6
Grapeseed 20.5 68.2 0.3 0.1 3.7 7.2 10.9
Corn 34.2 51.3 0.8 0.1 0.9 12.7 13.6
Soybeam 23.2 55.9 6.4 0 3.0 115 145
Olive 78.3 6.2 0 0.7 3.0 11.7 14.8
Peanut 52.3 319 0 0.2 3.0 125 15.6
Rice 41.6 355 1.8 0.1 1.6 194 21
Cottonseed 15.3 59.0 0.1 04 2.0 23.2 25.2
Palm 554 12.7 0 0.2 3.0 28.7 31.7

* Calculated by GC.
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Figure 21 General structure of a triglyceride with the most common fatty acid side
chains and the global market consumption of vegetable oils in 2014/15 (100 % = 175.65

million metric tons).***

CM of several different vegetable oils with MA-H under the optimized reaction
conditions afforded the results shown in Figure 22. Gll was used with a catalyst loading
of 0.05 mol% (versus C-C double bond in the oil). Yields of the CM products were
roughly within the observed value for MO (82 %). A trend in the yield of the CM products
versus the composition of the oil was not observed, suggesting that none of the major
components influence the catalyst productivity. Yields of the CM products were
calculated by *H NMR (see Appendix IV for the formulae used) because the GC traces
became too complex for appropriate determination and quantification. The decrease in
the conversion for some of the oils (e.g., cottonseed and peanut oils) was more likely

due to the presence of residual contaminants not removed during the purification step.
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Figure 22 Effect of the vegetable oil composition on the yield of the CM products.
Conditions: Oil(C=C):MA-H molar ratio = 1:2; THF = 1.5 mL; GIl = 0.05 mol% (vs C=C);
T = 60 °C; purification method D; reaction time = 70 min. 2 Yield of CM calculated by *H
NMR. P Composition determined by GC. Yellow numbers shown in the blue bars are the
number of C=C bonds (calculated by *H NMR — see Appendix V) per triglyceride.

3.1.5 Monitoring the formation of a Ru-enoic carbene from the reaction of Gll with
MA-H

Inspired by the positive influence that MA-H displayed in the reactions

aforementioned, the reaction of MA-H with GIl was investigated in an attempt to detect
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the intermediate ruthenium-enoic specie. MA-H is the ideal substrate for checking the

formation of a Ru-enoic carbene complex in CM with GIl due to two main reasons: a) a

sole intermediate specie is to be formed and b) the co-product formed from the reaction
of MA-H with GII (trans-cinnamic acid) does not react back to regenerate the initial

complex (trans-cinnamic acid is a type IV olefin).

The reaction of GIl (1 equivalent) with MA-H (6 equivalents) in an NMR tube
proceeded smoothly at 20 °C. A sole alkylidenic hydrogen resonance (18.61 ppm) was
formed at a lower frequency to that from GIl (19.25 ppm) in the *H NMR spectrum
(Figure 23). Integration of both alkylidene resonances (versus 1,3,5-trimethoxybenzene
as internal standard) reveals > 90% conversion over the course of 7 hours, and the plot
of In %GIl versus time indicates that this reaction is of observed first order kinetic
(Figure 24). No signals develop in frequencies lower than O ppm (spectra acquired until
-50 ppm), a strong indication that no hydride species formed during the reaction.
Additionally, no other signals, besides those above mentioned, appear in the range of

13 — 30 ppm, which indicates that a sole alkylidene product was formed in the reaction.
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Figure 23 *H NMR spectra (300 MHz, THF-dg, 20 °C) of the reaction of Gl (10 mg,
0.0118 mmol) and MA-H (0.07 mmol).
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Interestingly, the new alkylidene signal that appears in the *H NMR spectra splits
into a doublet with a coupling constant of 1.3 Hz. This is likely due to the coupling with
the phosphorous atom in the PCy; ligand. Similar coupling constants have also been
observed for 3Jpy couplings in sterically unencumbered ruthenium-alkylidene
complexes (Figure 25).1% Alkylidenes with sterically unhindered substituents can adopt
a conformation with a P-Ru-C dihedral angle slightly different than that adopted by the
benzylidene in GIl (~ 90 © - differently from 3Juy coupling constants that obey the
relationship established in the Karplus diagram, a direct relationship is not observed for

33p1 couplings*®).

Further insights in the nature of the newly formed complex can be extracted from
the aromatic region of the *"H NMR spectra (Figure 26). Phenyl resonances from the
benzylidene moiety of GIl slowly decreased over the course of the reaction, while
several new sets of resonances had their intensities slowly increased at a similar rate.
The singlet at 6.71 ppm comes from the olefinic hydrogens of fumaric acid (confirmed
by spiking the reaction with an authentic sample) and is another strong indication that
the reaction of GIl with MA-H was taking place. The doublet at 6.46 ppm (3Jyn = 16.0
Hz) can be assigned to the olefinic alpha-hydrogen (to the carboxyl group) of trans-
cinnamic acid, the co-product of the reaction. The formation of trans-cinnamic acid
provides strong evidence that the resonance in 18.61 ppm is the result of a different
alkylidene and not from a rearranged and/or six coordinate complex analogue of GlI.
The assignment of the doublet at 6.46 ppm was confirmed by spiking the system with

an authentic sample of trans-cinnamic acid.
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Figure 24 a) Staggered 'H NMR spectra (300 MHz, THF-dg, 20 °C) of the alkylidene
region in the reaction of Gl with MA-H; b) time-dependant plot of the variation of the

alkylidenic signals inthe *H spectra; c) plot of the In of %Gll versus time.
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Figure 26 Staggered H NMR spectra (300 MHz, THF-dg, 20 °C) of the aromatic and

olefinic regions in the reaction of Gll and MA-H.
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The *P{*H} NMR spectra exhibit only the presence of three resonances over the
entire course of the reaction (Figure 27). Two new resonances with higher frequencies
than that from Gll (& = 31.49 ppm) develop during the reaction. The singlet at 35.81
ppm increased in a similar rate as the decrease of the phosphorous resonance from Gl|
(31.49 ppm). The singlet at 33.76 ppm experienced only small variations during the
reaction with < 3% intensity after 7 h.Y At the end of the reaction the conversion of Gl
was > 90%. A resembling profile was determined from the time-dependent plot obtained
from the integration of the phosphorous resonances. Based on the time-dependent plots
derived from the H and 3'P{*H} NMR spectra, it is safe to attribute the resonance at
18.61 ppm in the *H NMR spectrum to the same compound that origins the resonance
at 35.81 ppm in the 3*P{*H} NMR spectrum. The small singlet at 33.76 ppm likely arises
from the attack of the dissociated PCys on MA-H (Michael addition).

a) Ru-CHCO.H 57 Gll
f f }
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L I
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“’l The reaction proceeded faster at 25 °C, and a similar conversion obtained after 4 h. Newertheless, the
P resonance at 33.76 ppm was more intense (ca. 6 %) at 4 h of reaction.
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Figure 27 a) Staggered 3P{'H} NMR spectra (121.5 MHz, THF-dg, 20 °C) in the
reaction of GIll with MA-H; b) time-dependant plot of the variation of intensity of the

signals in the *'P{*H} spectra; and c) plot of the In of %Gll versus time.

A control reaction of MA-H with free PCy; was performed to obtain any insight in
the nature of the product corresponding to the small signal (< 3 %) at 33.76 ppm in the
31pflH} spectra. Addition of 2.5 equivalents of MA-H to a solution of PCys in THF-d8
resulted in the formation of a sole major product as observed by *P{*H} NMR
spectroscopy (Figure 28) (PCys = 10.5 ppm).

-33.92

95 8 75 65 55 45 35 25 15 5 0
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Figure 28 *'P{*H} NMR spectrum (101 MHz, THF-dg) of the reaction between MA-H
and PCys.
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Similarly, the *H NMR spectrum (Figure 29) shows that PCys reacted with MA-H,
as evidenced by the three sets of signals that appeared in the 2.5 — 4 ppm region of the
spectrum. Even though only the two analysis do not suffice for the proper identification
of the compound formed in the reaction of MA-H with PCys, it is suggested that the
compound might originate from the Michael addition of PCys; to MA-H, followed by
further attack of the resulting adduct in another molecule of MA-H (Scheme 30). Similar
chemistry was reported recently, but for methyl acrylate instead of MA-H.%3
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Figure 29 H NMR spectrum (300 MHz, THF-dg) of the reaction between MA-H and
PCys. The *H NMR spectrum of PCys is shown in the inset at the top.

68



Scheme 30 Proposed reaction that occurred between MA-H and PCys.

It is therefore very likely that the small resonance that developed in the 3P{*H}
NMR spectra is the result of the reaction between the dissociated PCy; from GIl and

MA-H. The small variation in the chemical shift (0.16 ppm) can be attributed to the

different chemical environment of the samples.

Recently, Hillmayer reported the use of MA-H as chain transfer agent in the
ROMP of cyclooctene to prepare telechelic polyolefins. In the same work, the authors
studied the reaction of MA-H (32 equiv) with GII (1 equiv) in THF-dg at 40 °C for 1.5 h,
observing only 2.5 % conversion of MA-H into fumaric acid (cis-trans isomerization)
together with the complete loss of alkylidenic signals in the spectrum.'®* Based on the
experiments performed in the present work, this can be attributed to the negative
influence that a higher temperature has on the reaction. In the present work, it was
observed that the small increase in the temperature to 25 °C resulted in faster
conversion of GIll (4 h) at the cost of the formation of increased amounts of the
decomposition product observed in the 3!P{*H} spectra. Since the presence of free PCys
IS apparently necessary to trap the propagating specie into a speculative, inactive 16e
complex, decomposition of the propagating 14e” Ru-enoic carbene specie takes place,

resulting in the loss of the alkylidenic signals and low conversion of MA-H.

Altogether, the data aforementioned provides fundamental information that hints
the formation of a ruthenium-enoic carbene complex (RUCHCO;H — Scheme 31). As
already known from the literature, Gll initiates by PCys; dissociation (rate limiting step —
section 2.3.1),>" consistent with the observed first order kinetic. The 14e” benzylidene
thus reacts with MA-H liberating one molecule of trans-cinnamic acid and one

ruthenium-enoic propagating specie, which can either react with another molecule of
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MA-H or be trapped as a metathesis inactive 16e” complex Ru-CHCO,H by the
dissociated PCys.

1H 19.25 ppm 1H 18.61 ppm |

' 31p  31.49 ppm 31p  35.81 ppm !

O
H Ph

CI/,‘\H/ MA-H Cl,, OH
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+
10 o PC
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Scheme 31 Schematic representation of the reaction between GIl and MA-H resulting
in the formation of the Ru-enoic carbene complex. Values correspond to the *H and 3P

resonances observed for the atoms selected in bold in the structures.

In an attempt to obtain more detailed information about the structure of the
complex formed, the reaction was repeated on a larger scale in a Schlenk flask.
Reaction of the brick red Gl (85 mg, 0.1 mmol) with MA-H (70.7 mg, 0.6 mmol) in THF
resulted in the formation of an ochre solution after 12 h at 14-17 °C. The formed
complex was then purified by removing the THF under reduced pressure, dissolving the
dark ochre residue in minimum amounts (3 x 3 mL) of cold toluene (ca. 0 °C) and
cannula-filtering of the suspension. After removal of the toluene, the yellow ochre solid
was crushed with pentane (4 x 5 mL) and the remaining solid dried for 36 h. A yellow
ochre solid was obtained in 91 % yield based on GlI. *H and 3P{*H} NMR spectra of the

material reveal the presence of ca. 1% of unreacted Gll and ca. 1.5 % of 57. The H
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NMR spectrum also shows remaining trans-cinnamic acid. Further attempts to
completely purify the compound proved to be unsuccessful (although the same
purification procedure was successfully used to purify a previous reaction that started
with 15 mg of Gll). The C{*H} spectrum of the compound (Figure 30) exhibits a
characteristic resonance of alkylidenes at 290.11 ppm (d, 2Jpc = 4.8 Hz), together with

a doublet centered at 217.77 ppm (d, 3Jpc = 69.0 Hz) characteristic of the C1 carbon of

the H,IMes carbene trans to the PCys ligand (Figure 31).1471%3
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Figure 30 C{*H} NMR spectrum (100 MHz, THF-dg) of the compound Ru-CHCO,H.

The 3C chemical shifts used for proving the formation of the Ru-CHCO,H
complex are similar to those reported for other ruthenium complexes. Nishiyama
reported the synthesis of hexacoordinated ruthenium(l) complexes containing a
tridentate NNN ligand and an enoic carbene ligand (Figure 31). 3C resonances at
305.7 and 183.2 ppm were observed for the alkylidenic (C4) and carbonyl (Cg) carbons,
respectively.'® Basi et al. reported the immobilization of second-generation Grubbs
metathesis (pre)-catalyst onto polyisobutylene. **C chemical shifts of 305.90 and 210.22
154

ppm were found for the Cg-benzylidene and NHC-C1 carbons, respectively.
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Additionally, the 2Jpc coupling constants observed in the *C{*H} spectrum offer a
strong indication that the H>IMes and PCys; ligands are trans to each other, and that the
=CHCO2H ligand is located cis to the phosphine ligand. These observations are not

surprising, given the steric bulkiness of both HzIMes and PCys ligands.
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Figure 31 Characteristic 3C resonances observed for the compound Ru-CHCO,H and

examples of other complexes with similar ligands.

The hydrogen resonance at 18.61 ppm correlates through one chemical bond
with the carbon resonance at 290.11 ppm (*H-2*C HSQC - Figure 32) and through two
chemical bonds with the carbon resonance at 169.42 ppm (*H-13C HMBC - Figure 33),
confirming the formation of a ruthenium-enoic carbene complex. Resonances arising
72



from the H.IMes ligand are found in both *H and *C{*H} spectra, confirming that such

ligand remained unaltered during the reaction.
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Figure 32 Expansion of the H-'3C HSQC spectrum showing the correlation of the

alkylidenic hydrogen signal at 18.61 ppm with the carbon resonance at 290.11 ppm.
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Figure 33 Expansion of the 'H-'*C HMBC spectrum showing the correlation of the

alkylidenic hydrogen signal at 18.61 ppm with the carbon resonance at 169.42 ppm.

Altogether, the NMR experiments support the formation of a new Ru-enoic
carbene complex, which structure in solution displays the ligands H.IMes and PCys
trans to each other. The 2D 'H-'3C techniques corroborate with the installation of the
=CHCO2H enoic carbene in the complex and this ligand is located cis to the phosphine.

Based on other similar complexes containing both bulky NHC and PCys; ligands, and
two chloride ligands (e.g., Gll, Ru-25 and Ru-26 - Figure 31), the complex Ru-CHCOzH
corresponds to the structure as drawn in Figure 31.
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3.2 DEVELOPMENT OF A PHOSPHINE-FREE STRATEGY FOR THE SYNTHESIS OF RU-

ALKYLIDENE COMPLEXES"

3.2.1 trans-Dichlorotetrakis(pyridine)ruthenium(ll) (trans-RuClx(py)a)

Among the possible ruthenium(ll) precursors, trans-RuCly(py)s seemed to be the
likely choice in the development of a synthetic strategy for the preparation of HGII that
does not involve the use of phosphines. Within the considered strategies, this approach
would be the most atom-economical possible (without considering the precursor
synthesis) and the product that would be obtained in the second step
(RUClx(Ind)(NHC)(py)2 — Indlll'; L = py - Scheme 32) is already known and well
characterized in the literature. However, trans-RuClx(py)s is not commercially available
and is obtained by ligand exchange from either RuCly(PPhs)s or RuCl;(DMSO)s.

_ P“*. Rs®
=—-C(OH)Ph, O CI Pro ol
1 NHC % rOstyr . [ ,
RuCly(L )« > RuCly(L)y1 NHC—IIQU\—L W NHC—RU\—OIPF
L Ci ’ C
Indlll HGII
PR, 4 (NHC = H,IMes)
___________________________________ -2L < Ph
E Ph
o ‘ E Ph OO
Lo DI
: o ™ : CI NHC—Ru-R
L E E ‘. N
| Prostyr . MPI | NHCZRu-PR Ci
N Ru-12
Cl
Ru-11

Scheme 32 Two-step synthesis and possible transformations of ‘third-generation’

indenylidene complexes (IndlIl’).

Attempts to install an indenylidene ligand in trans-RuCly(py)s are summarized in
Table 7. In all cases, no changes were observed in the *H NMR spectrum of the solid
obtained after drying the reaction mixture (Figure 34), even though in some cases a

colour change from light yellow to light brown was observed. trans-RuCly(py)s is

¥ Most of the work presented and discussed in this section was performed at the University of Ottawa, in
the laboratory of Professor Deryn E. Fogg, during the period of January-June, 2014.

75



insoluble in all solvent combinations tested (slightly soluble in chloroform). Even the use

of harsher conditions did not result in the formation of any compound observable by *H

NMR spectroscopy. Acetyl chloride (Table 7 - entry 4) was added as a source of HCI.

The liberated HCI would protonate any free pyridine dissociated from the 18e” precursor

and, as consequence, lower the rate of its re-coordination to the metal. Moreover,

Bronsted acids promote the rearrangement of ruthenium-allenylidenes into ruthenium-

indenylidenes.*®'® Also no reaction was observed under this condition. Altogether,

these results suggest that the pyridine ligands are not labile in this precursor, and

therefore the required 16e” complex does not form, even for short periods.

Table 7 Conditions tested to prepare a Ru-indenylidene complex from trans-RuClx(py)a.

Ph —>< > "Ru’

Ph O
N
Clu Py
P

trans-RuCly(py)s + A
2 4 é

h PY” by ~Cl
Ru-31 Ru-32
Entry Solvent Temp. (°C) Time Comments
1 CDCls 55 Overnight No changes in *H NMR
2 THF Reflux 2h No changes in *H NMR
3 MeOH/Toluene Reflux 18 h No changes in *H NMR
4 DCM/EIOH Reflux 17h 2 drops of acetyl chloride added;

no changes in *H NMR
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Figure 34 'H NMR spectra (CDCls;, 300 MHZ) of trans-RuCly(py)s (left) and after heating
overnight at 55 °C with 1,1-diphenylpropargyl alcohol (right) (the resonances at 2.88
and 7.33 ppm are from the alkyne).

3.2.2 Dichloro(p-cymene)ruthenium(ll) dimer ([RuClx(p-cymene)],)

Due to the lack of reactivity of trans-RuClx(py)s (attributed to lability reasons), the
use of the dimeric ruthenium(ll) precursor [RuCly(p-cymene)], was then investigated.
The use of [RuCly(p-cymene)], is reported in some papers related to olefin metathesis,
either in the synthesis of well-defined complexes or in the in situ formation of

156-1%8  For instance, Dixneuf's and Firstner's groups

catalytically active species.
reported that the formation of ruthenium-allenylidene complexes from RuClx(p-
cymene)(phosphine) occurs in very mild conditions and the conversion to the
corresponding indenylidenes can be catalysed by the addition of Brgnsted acids. This
isomerization proceeds via the formation of a carbyne intermediate and was monitored
by nuclear magnetic resonance spectroscopy.’®*® The compound RuCly(p-
cymene)(IMes) and its allenylidene derivative are also reported. Interestingly, the
successful synthesis of the HzIMes analogue, RuCly(p-cymene)(H:IMes), is yet not
reported and Ledoux reports that attempts in the preparation of such complex by
different approaches failed in all cases.’®™ Isomerization of [RuCl(p-
cymene)(diphenylallenylidene)(IMes)]" into the corresponding ruthenium-indenylidene is
reported to not proceed, likely because of electronic reasons, even though the complex
efficiently catalyses the ROMP (ring-opening metathesis polymerization) of strained
olefins. The likely mechanism involves the in situ rearrangement to indenylidene

complexes, which are considered the active species.'*®
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Reaction of the dark red [RuClx(p-cymene),*®! (Figure 35) with IMes in CgDs in
an NMR tube resulted in an instantaneous colour change to dark brown. The reaction is
depicted in Scheme 33. 'H NMR analysis after 10 minutes revealed the complete
conversion of the dimeric precursor to the corresponding monomeric product. The two
set of doublets from the aromatic p-cymene protons shifted to lower frequencies by 0.55
and 0.81 ppm (Figure 36a) because of the decrease in the Lewis acidity of the metallic

centre caused by the coordination of the strong o-donor NHC ligand.**°
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Figure 35 *H NMR spectrum (CDCls, 300 MHz) of the dimer [RuClo(p-cymene)]..

'/, [RuCly(p-cymene)l, _NHC |
Ru-34 c™

Scheme 33 Synthesis of half-sandwich RuClx(p-cymene)(NHC) complexes.

When the same procedure was performed using HzIMes instead of IMes, the

formation of the target compound, RuClx(p-cymene)(HzIMes), could also be observed.
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The presence of unidentified by-products was also detected. Nevertheless, compound
RuClx(p-cymene)(HzIMes) could be successfully synthesized with good conversion and
very small amounts of by-products by the slow addition of an HxIMes solution (in CgDsg)
to a vigorously stirred suspension of the Ru-dimer (also in CeDg - [RUClx(p-cymene)]; is

sparingly soluble in CgDg).

Both RuClx(p-cymene)(IMes) and RuCly(p-cymene)(H2IMes) were then prepared
in a larger scale by slow addition of a solution of the corresponding NHC ligand in dry
benzene into a suspension of [RuClx(p-cymene)], (in dry benzene), over a period of 15-
30 minutes. After that, the solvent was stripped off and the brown solid analysed by *H
NMR spectroscopy (Figure 36). Both RuClx(p-cymene)(IMes) and RuCly(p-
cymene)(HzIMes) slowly decompose in CgDg resulting in the loss of the p-cymene ligand
(Figure 37). It is possible that p-cymene is being replaced by the less congested CgDs.
The same behaviour was observed in CDCls, THF-dg or CD30D solutions, although with
a much slower rate. The decomposition seems to decrease as the polarity of the solvent
increases. At first, it was thought that the decomposition was due to the exposition of
the sample to light. A test was conducted maintaining the J Young tube wrapped in
aluminium foil and monitoring the decomposition of RuCl,(p-cymene)(HzIMes) in CgDsg
by 'H NMR spectroscopy. The loss of p-cymene was slower, though an appreciable
amount of free p-cymene was observed (Figure 38). The identity of free p-cymene was

confirmed by spiking the mixture with an authentic sample.
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Figure 36 'H NMR spectra (CDCls, 300 MHz) of RuCly(p-cymene)(IMes) (a) and
RuClx(p-cymene)(Hz2IMes) (b).
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Figure 37 Loss of p-cymene in the complex RuCl,(p-cymene)(HzIMes) in the presence

of light. Asterisks (*) indicate the signals from free p-cymene.
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Figure 38 Loss of p-cymene in the complex RuCly(p-cymene)(HzIMes) in the absence

of light. Asterisks (*) indicate the signals from free p-cymene.
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Both RuClx(p-cymene)(IMes) and RuCly(p-cymene)(Hz2IMes) react with  1,1-
diphenylpropargyl alcohol in CD30D (Scheme 34) as evidenced by the split of the two

sets of doublets from the aromatic p-cymene proton resonances into four signals
(highlighted regions of Figure 39). This split is expected due to the loss of the o plane
of symmetry in RuCly(p-cymene)(NHC). CD3OD was used as solvent because polar
protic solvents favour the dissociation of halides and the formation of cationic

ruthenium-(p-cymene) complexes.

NHC = [\
- . N_N
Z + .

O OH O Cl IMes

| |
Ru. + Ph ——> \‘Ru\

NHG' ) @ Z Pn NHC" ) Csc Ph NN
Cl N
Ru-35 1 Ru-36 Ph "
H,IMes

Scheme 34 Cationic RuCl(p-cymene)(diphenylallenylidene)(NHC) complexes.

In Figure 39 the reaction of 1,1-diphenylpropargyl alcohol is clearly confirmed by
the decrease in the methynic proton signal at ~ 3.25 ppm and the split of the two sets of
doublets corresponding to the aromatic p-cymene protons into four sets of doublets.
The reaction is complete after 9 hours at room temperature, as evidenced by the
complete disappearance of the characteristic resonances discussed above. Moreover,
the two equivalent CHs groups of the p-cymene also split into two doublets, suggesting
that the rotation of the CH(CHs), group is restricted under the conditions the spectra
were acquired (Figure 40).
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Figure 39 H NMR spectra of the reaction between RuCl,(p-cymene)(IMes) and 1,1-
diphenylpropargyl alcohol in CD30OD at room temperature (* = residual water present in

the solvent; # = residual solvent peak).
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Figure 40 Inset of the *H NMR spectra of the reaction between RuCly(p-cymene)(IMes)
and 1,1-diphenylpropargyl alcohol in CD3OD at room temperature showing the aliphatic

region. (# = solvent residual peak).

The CH(CH3)2 resonance (doublet at ~ 1,07 ppm in RuClx(p-cymene)(IMes)), is a
good probe to monitor the loss of p-cymene. The resonances due to the methyl protons
of the isopropyl group appear in higher frequencies in free p-cymene as compared to
the same resonances in the coordinated p-cymene. In Figure 40, it is possible to
observe that the loss of p-cymene occured concomitantly with the formation of the
allenylidene complex, at a lower rate though. This behaviour could have been very
useful in the current strategy, as it would facilitate the displacement of the allenylidene
(after rearrangement to the corresponding indenylidene) by 2-isopropoxystyrene. All
attempts to prepare HGIl from the one-pot reaction of RuCly(p-cymene)(IMes), 1,1-
diphenylpropargyl alcohol and 2-isopropoxystyrene in CD3OD did not result in the
formation of HGII (Scheme 35).
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Scheme 35 Attempted one pot synthesis of HGIl from RuClx(p-cymene)(NHC).

3.2.3 cis-Dichlorotetrakis(dimethylsulfoxide)ruthenium(ll) (cis-RuCly(DMSOQO),)

cis-RuCl,(DMS0O), can be easily prepared by refluxing RuClz.xH,O in DMSO,
followed by the partial removal of DMSO and precipitation with cold acetone.®?> The
light yellow solid, slightly soluble in chloroform, is formulated as fac-
RuCl(DMSO)3(DMSO)."' Three of the DMSO ligands are S-coordinated (in a fac mode)
while the fourth DMSO ligand is coordinated through the oxygen. The O-coordinated

ligand is more labile than the S-coordinated ones (Figure 41).163

Despite the quite complicate *H NMR spectrum, only the fac isomer has been
isolated and crystallographically characterized. The complex crystalizes in different
forms depending upon the crystallization conditions. No solvent of crystallization has
been observed, regardless the crystallization conditions. In solution a variable number
of peaks with variable intensities are observed in the *H NMR spectrum, including one
signal corresponding to free DMSO. These observations suggest that in solution one
DMSO reversible dissociates from the metal centre (O-coordinated DMSO) resulting in
a five coordinated structure, which can adopt a square pyramidal or trigonal
bypyramidal geometry. Therefore, it is likely that a mixture of the six coordinated and
one of the (or both) five coordinated species are the responsible for the variable number

of signals in the *H NMR spectrum.*®*

The compound cis-RuCl,(DMSOQO), reacts with monodentate ligands to form only
one product (without isomers). Reaction of cis-RuCl(DMSO), with CO results in three

equally intense peaks in the 'H NMR spectrum, which corresponds to two S-

' The underlined letter indicates the atom coordinated to the metal (S = sulfur; O = oxygen). The same
notation is used for other similar complexes. For clarity, the complex is referred as cis-RuCl,(DMSO),

throughout the text.
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coordinated DMSO and one O-coordinated DMSO ligands, yielding cis,trans,cis-
RuCl,(CO)(DMSQO)(DMSO), (spectroscopically and crystallographically charac-
terized).’®® Similarly, the allenylidene complex RuCl,(=C=C=C(Ph),)(DMSO),(PCys)
was prepared in a two-step synthesis from the precursor cis-RuCl,(DMSQO),. It is not
possible to infer the configuration around the metal of the complex formed with the

limited spectroscopic information provided by the authors.®®
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Figure 41 H NMR spectrum (CDCls, 300 MHz) of cis-RuCly(DMSO), showing the

signals of S-coordinated, O-coordinated and free DMSO.

The combination of the aforementioned properties and the selected examples
from literature was a stimulus to attempt the reaction of this precursor with 1,1-

diphenylpropargyl alcohol to synthesize our target complex (Scheme 36).
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Scheme 36 Attempted synthesis of an indenylidene complex from cis-RuCl,(DMSO),.

Monitoring a mixture of cis-RuCl,(DMSO), and 1,1-diphenylpropargyl alcohol in
CDCI; at 50 °C showed a decrease of the methynic proton resonance of the propargyl
alcohol at 2.88 ppm, and the increase of the free DMSO methyl resonance at 2.61 ppm
(Figure 42) was observed. This suggests that at least one DMSO ligand has been
replaced, even though, it was not possible to determine which specie(s) was (were)
formed. Moreover, the spectrum became considerably complex due to the possible
formation of several isomers. Although the isolation and characterization of the products
were not possible, these results show that the reaction of 1,1-diphenylpropargyl alcohol
with a ruthenium centre is facile, once a coordination site for reaction is provided. This
corroborates with the idea that the lack of reactivity of trans-RuClx(py)s is due to lability

reasons.

With the objective to obtain a sole product, harsher conditions were then
employed. Reaction of the ruthenium precursor cis-RuCl,(DMSO), with a 3-fold excess
of 1,1-diphenylpropargyl alcohol in boiling dichloromethane resulted in a complex
mixture of products as judged by the *H and **C spectra of the crude mixture (Figure 43
- only two insets of selected regions are shown for clarity).

Although in the *H NMR spectrum it is very difficult to obtain any insight about the
identity of the possible products formed, the *C NMR spectrum allows some
considerations. Ruthenium-alkylidene complexes (specifically those prepared from
propargylic alcohols - see Appendix Il) exhibit some characteristic signals in their *3C
NMR spectrum that can be used as characteristic resonances to help assigning the
corresponding structure (see Appendix II).
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Figure 42 'H NMR spectra (CDCls; 300 MHz) of the reaction between cis-

RuCl»(DMSO); and 1,1-diphenylpropargyl alcohol. Full spectra (a) and inset of the
region containing the signals from DMSO and propargyl alcohol methynic (2.88 ppm)
protons (b). IS (Internal standard) = 1,3,5-trimethoxybenzene.
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Except for ruthenium-alkynyl complexes (Ru-=-R), all other ruthenium
complexes prepared from 1,1-diphenylpropargyl alcohol exhibit a signal at ~ 300 ppm
(Co) in the BC NMR spectrum. Although this is a characteristic signal that can be used
to confirm the formation of ruthenium-alkylidene (or -carbyne) species, the nature of the
Cq carbon (quaternary carbon bonded to a metallic center) may preclude its
visualization in the spectrum due to the corresponding low intensity. Based on the
aforementioned, it was not possible to confirm or rule out the formation of none of the
possible complexes.

Evidences towards the formation of either allenylidene complexes (Cg at & ~190
ppm - see Appendix IlI) or alkenylcarbyne complexes (Cy at & ~ 190 ppm - see
Appendix Il) can be encountered based on the *C{*H} NMR spectrum of the crude
mixture (Figure 43). The singlets in the region ranging from ~4.5 to ~6.0 ppm in the H
NMR spectrum may also be due to an alkenylcarbyne (Hg vs Ru). The formation of an

allenylidene cannot be either confirmed or ruled out by the *H NMR spectroscopic data.

( R
1H NMR 13C[1H} NMR
llllllll T L e MW«WWWMW
6.0 5.5 5.0 4.5 alkenylcarbyne\ | 206 202 198 194 190 186
L Chemical Shift (ppm) Chemical Shift (ppm)

Figure 43 Insets of the 'H (300 MHz, CDCl; - left) and **C{*H} (75.5 MHz, CDCl; - right)
NMR spectra showing resonances that are likely from a mixture of alkenylcarbyne

complexes.

The formation of alkenylcarbyne complexes was observed by the Dixneuf group
during a study on the allenylidene-to-indenylidene rearrangement in ruthenium(p-
cymene)(allenylidene) complexes (Scheme 37).2* In their study it was observed that
allenyllidene-ruthenium complexes of the type [RUCI(=C=C=CR>)(n°-p-
cymene)(PR’3)JOTf (R = Ph, fluorene, Me; R’ = Cy, 'Pr, Ph), when treated with triflic acid
(HOTf) at -40 °C are completely transformed into the corresponding alkenylcarbyne

complexes. The alkenylcarbyne complexes then, upon heating to -20 °C, undergo an
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intramolecular rearrangement resulting in the corresponding indenylidene complexes
(Scheme 37).
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Scheme 37 Ruthenium allenylidene-to-indenylidene rearrangement via the formation of

an alkenylcarbyne intermediate.

The sole formation of the neutral Ru(lV) alkenylcarbyne RuCl3(=C-
CH=C(Ph),)(PPh3), has been observed upon refluxing the ruthenium(ll) precursor
RuCly(PPhg)s.a with 1,1-diphenylpropargyl alcohol and excess of HCI in DCM for 90
min.*® Interestingly, the isolated alkenylcarbyne does not react further when reflux ed in
DCM, but it rearranges to the corresponding Ru(ll) indenylidene complex
(RuClx(phenylindenylidene)(PPhs),) in refluxing THF. Therefore, the allenylidene-to-
indenylidene rearrangement is postulated to occur via an alkenylcarbyne
intermediate.**®

Attempts to promote the further conversion of the formed species into the target
indenylidene complex using harsher conditions (use of a higher boiling point solvent -
THF) did not result in the formation of indenylidene species (as judged by comparing
both *H and *C{!H} spectra of the crude mixtures in each reaction). However, when
catalytic amounts of HCI (20 mol% vs [Ru]) were used in boiling THF, one specie
seemed to be favoured (& = 5.36 ppm in the *H NMR spectrum inset) (Figure 44 vs

Figure 43).

Further evidences that help in the assignment of an alkenylcarbyne complex from
the data obtained are found in the 2D 'H-'*C HMQC and HMBC spectra. The ‘H-3C
HMQC spectrum shows a correlation of the resonance corresponding to the singlet at &
= 5.36 ppm in the H spectrum with a carbon resonance at & = 113.2 ppm (Figure 45a).
Correlation of the same singlet with a carbon resonance at & = 186.9 ppm is also
observed in the *H-13C HMBC spectrum (Figure 45b). These data support the proposed

assignment to an alkenylcarbyne complex (in the presence of other unidentified
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compounds, possibly allenylidenes). An attempted crystallization by layering a DCM

solution of the mixture with hexane was unsuccessful.
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Figure 44 Insets of the *H (left) and *C{*H} (right) NMR spectra of the crude mixture
obtained in the reaction of cis-RuCl,(DMSO), and 1,1-diphenylpropargyl alcohol in
boiling THF in the presence of 20 mol% (vs [Ru]) of HCI.
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Figure 45 Insets from the *H-*C HMQC (a) and *H-*C HMBC (b) spectra of the crude

mixture obtained in the reaction of cis-RuCl,(DMSO), and 1,1-diphenylpropargyl alcohol

with 20 mol% of HCI (vs [Ru]), showing the correlations of the singlet at & = 5.36 ppm

with the carbon resonances at 113.4 and 186.8 ppm, respectively.
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4 CONCLUSIONS

4.1 CROSS-METATHESIS WITH MALEIC ACID

Cross-metathesis (CM) of methyl oleate (MO) with maleic acid (MA-H) was
investigated using four commercially available ruthenium metathesis (pre)-catalysts.
The parameters method of MO purification, MO:MA-H ratio, MO concentration,
temperature, time, and type and concentration of (pre)-catalyst were investigated.
Purification method D, which consists in treating MO with Magnesol (2.5 wt%), Celite
(1.5 wi%) and Ti(O'Pr); (2 mol%) for 1 h at 80 °C before use, resulted in the best MO
conversions and yields of the CM products. Only a small excess of MA:H was required
to obtain the best results (MO:MA-H ratio of 1:2). Surprisingly, the temperature and the
MO concentration had only small influences on the outcome of the studied reaction.
Amongst the four (pre)-catalysts investigated, only the complex containing a phenoxy-
imina ligand (Um42) displayed a significantly inferior performance in the cross-
metathesis of MO with MA-H.

All reactions were complete within ~ 35 minutes. Self-metathesis of MO occurs in
the first minutes of the reaction and then the SM products react with MA-H to form the
respective CM products, 11-methoxy-11-oxoundec-2-enoic acid (P1) and 2-undecenoic
acid (P2). The CM products are also formed via the direct reaction of MO and MA-H, as

determined by the time dependant reaction profiles.

Selectivity towards the CM products was observed in the reactions with complete
conversion. Besides, remaining SM products were also observed in the cases with
incomplete conversions. Only traces (< 2%) of the products from the regioisomerization
of MO (or SM/CM products) were observed.

Second-generation Grubbs (Gll) and Hoveyda-Grubbs (HGII) metathesis (pre)-
catalysts were further employed in the CM of MO with maleate esters and acrylic acid
(AA-H)/methyl acrylate (AA-Me). It was observed that when using maleic
acid/maleates, both GIl and HGII displayed the same performance and the bulkiness of
the alkoxy-substituent of the CM-partner (H, Me or 'Pent) controled the MO conversion
and the yield of CM products. The increase in the alkoxy group bulkiness had a
detrimental effect on the outcome of the reaction. Conversely, the use of AA-H and AA-
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Me culminated in very different performances for Gll and HGII. HGII outperformed Gl in
the reactions were AA-H and AA-Me were used as CM-partners, being a consequence

of the formation of ruthenium-methylidene propagating species and their decomposition
mediated by the dissociated PCys (in the case of GlI).

Reactions were also performed using eleven different vegetable oils as
substrate, MA-H as CM-partner and GIl as (pre)-catalyst, using the conditions optimized
for MO. The use of vegetable oils as CM-partners resulted in similar performance as
compared to the use of MO. The majority of the oils resulted in yields of the CM
products higher than 73%. Only cottonseed (47%) and peanut (55%) oils exhibited poor
CM vyields. The oils tested have very different compositions, but no trend correlating the
composition with the yield of the CM products was observed, an indication that none of

the components of the oils affects the reaction explored.

Overall, in comparison to the “protected” ester equivalents, the direct use of the
carboxylic acid substrates MA-H and AA-H in the Ru-catalyzed cross-metathesis with
MO afforded superior conversions and CM yields. This turns these substrates attractive
for the direct synthesis of a,B-unsaturated carboxylic acids, which can be ascribed to
the lower steric bulkiness of the —CO,H group. In the case of a phosphine-containing
(pre)-catalyst like Gll, the avoidance of the formation of Ru-methylidene species is
crucial for obtaining good catalytic productivities. This was effectively suppressed by
using MA-H as internal olefin, which only leads to the formation of Ru-enoic carbene
species. Under this condition, Gll can be used as a cheaper alternative for HGII in the
reaction with MO and a variety of vegetable oils. When applying AA-H as substrate,
which leads to the formation of Ru-methylidene species, HGII remains the (pre)-catalyst
of choice. Altogether, these findings have the potential to serve as a rational guideline
for determining the reaction conditions in the preparation of a,B-unsaturated carboxylic

acid derivatives.

Reaction of GIl with MA-H was also investigated by means of *H and 3!P{‘H}
NMR spectroscopy in THF-dg. Gl slowly reacts with MA-H resulting in the formation of
a new specie containing a different alkylidenic fragment. The reaction proceeds with an
observed first order kinetics, consistent with the dissociation of the PCys ligand being
the rate-limiting step of the reaction. Analysis of the new specie by C{H}, H-1*C
HSQC and 'H-'*C HMBC indicated that the ruthenium-enoic carbene complex Ru-
CHCOzH was formed.
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4.2 DEVELOPMENT OF A PHOSPHINE-FREE STRATEGY FOR THE SYNTHESIS OF RU-

ALKYLIDENE COMPLEXES

Synthesis of the target ruthenium indenylidene complex RuCly(Ind)Lz (Ind = 3-
phenylindenylidene) via a phosphine-free strategy was investigated using trans-
RuClz(py)s, [RuClx(p-cymene)]l, and cis-RuCl(DMSO), precursors. The 18e” pyridine
precursor did not react with 1,1-diphenylpropargyl alcohol under the conditions studied,

likely because the low lability of pyridine in this complex.

Reaction of the dimeric [RuCly(p-cymene)], with IMes (1,3-bis(2,4,6-
trimethylphenyl)-imidazol-2-ylidene) and H:IMes (1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene) resulted in the formation of the monomeric compounds
RuClx(p-cymene)(IMes) and RuCly(p-cymene)(HzIMes), respectively. Both complexes
decompose in solution, in the presence and absence of light, via loss of the p-cymene
ligand. In CD30OD, the complexes slowly react at room temperature with 1,1-
diphenylpropargyl alcohol to afford complexes proposed as cationic allenylidenes of the
type [RUCI(=C=C=CPh,)(p-cymene)(NHC)]" based on their *H NMR spectra. The loss of
p-cymene occurs concomitantly with the formation of the allenylidene complexes. The
one pot reaction of RuCly(p-cymene)(NHC), 1,1-diphenylpropargyl alcohol and 2-
isopropoxystyrene did not result in the formation of the second-generation Hoveyda-
Grubbs metathesis catalyst (HGII).

The DMSO precursor cis-RuChL(DMSO), reacts with 1,1-diphenylpropargyl
alcohol resulting in the formation of several species. In the presence of 20 mol% HCI,
one of the species was predominant and evidences that support its identification as a
ruthenium alkenylcarbyne were encountered spectroscopically (*H, *C, H-'*C HMQC
and H-3C HMBC NMR spectroscopy). Ruthenium-alkenylcarbynes are intermediates
in the formation of ruthenium-indenylidene complexes. Despite some attempts, the

isolation and complete characterization of the alkenylcarbyne complex was not possible.
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5 EXPERIMENTAL

5.1 CROSS-METATHESIS WITH MALEIC ACID

General considerations

MA-H, AA-H (ultrapure), 1,3,5-trimethoxybenzene, GlIl, HGII, Indll and Um42 were
used as received. THF was distilled over Na/benzophenone and stored over activated
molecular sieves under an argon atmosphere. MA-Me and AA-Me were distilled prior to
use. MO (> 99% purity) was purchased from TRC Inc. Magnesol was purchased from
Magnesol® XL Oil Solutions. The vegetable oils were purchased from the local
commerce. Gas chromatogram traces were acquired on a DANI gas chromatograph
equipped with a DN-WAX (30 m, 0.32 mm I.D., 0.25 um film thickness) column and a
FID detector. 1,3,5-Trimethoxybenzene was used as internal standard. NMR spectra
were recorded on a Bruker (400 MHz) or a Varian Inova 300 (300 MHz) equipment at
ambient temperature. The chemical shifts are given in parts per million (ppm) and
referenced to the residual solvent signal (CDCl; = 7.26 (*H), 77.16 (*3C); CDs0D = 3.31
(*H), 49.00 (C)). Infrared spectra were recorded on a Bruker ALPHA FT-IR ATR
spectrometer. High-resolution mass spectrometry spectra were recorded on an

electrospray ionization (ESI) Micromass Q-Tof Micro™ equipment in the positive mode.

General procedure for the cross-metathesis of MO with MA-H

MO, Magnesol (2.5 wt% vs MO), Celite (1.5 wt% vs MO) and Ti(O'Pr); (0 or 2.0 mol%
vs MO) were transferred to a Schlenk tube and the system evacuated for 10 minutes

before backfiling with argon and stirring for 1 or 12 h at 80 or 50 °C, respectively. The
mixture was then passed through a PTFE membrane filter (0.45 um pore diameter). The

vegetable oils were purified using the same approach.

Freshly purified MO (0.523 g; 1.77 mmol; 1.0 equiv), MA-H (0.206 g; 1.77 mmol; 1.0
equiv) and 1,3,5-trimethoxybenzene (0.304 g; 1.80 mmol; internal standard for GC)

were transferred to a Schlenk tube, degassed by five consecutive freeze-pump-thaw

cycles and dissolved in an appropriate amount of dry THF. Then a freshly prepared
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solution of the (pre)-catalyst of known concentration (in dry THF) was added to the
substrates solution and the Schlenk tube was immersed in a pre-heated oil bath at the
reaction temperature. A “time zero” (to) aliquot (~ 250 pL) was taken before the addition
of the catalyst solution. Aliquots were taken after determined time intervals and added
to test tubes containing 3 drops of a 6.0 mmol.L™* KTp methanolic solution (KTp =

potassium trispyrazolylborate) to guarantee the quenching of the reaction.®’

Aliquots derivatization: To each test tube 1.0 mL of a 2.52 mol.L™ methanolic H,SO,
solution was added. The tubes were closed with rubber septa and stirred at 63 °C for 2
h. After cooling to 0 °C, hexane (4.0 mL) and deionized water (1.0 mL) were added; and
the mixture was centrifuged at 2000 rpm for 8 min. The upper layer was collected and
analyzed by GC-FID. Reactions were performed in duplicate and variations in the

results are within 1-4% of the average reported values.

Synthesis of MA-'Pent

o o MA-H (12.37 g; 106.6 mmol; 1.0 equiv), p-
)\Aowo/\)\ toluenesulfonic acid (1.07 g; 6.2 mmol; 0.06 equiv)
and isopentyl alcohol (28.19 g; 334.3 mmol; 3.1 equiv)
were refluxed in toluene (100 mL) in a Dean-Stark apparatus for 18 h. The mixture was
then cooled to room temperature, washed with deionized water (3 x 80 mL) and dried
over anhydrous magnesium sulfate. After solvent removal, distillation of the crude
mixture under reduced pressure afforded the target compound as a colourless liquid.
Yield: 61% (16.62 g; 64.8 mmol). *H NMR (400 MHz, CDCls) & 6.18 (s, 2H, -CH=CH-),
417 (t, J = 6.9 Hz, 4H, -CH,0-), 1.73-1.57 (m, 2H, -CH(CHs),), 1.52 (q, J = 6.9 Hz, 4H, -
CH»), 0.88 (d, J = 6.7 Hz, 12H, —CH(CH3),). **C NMR (101 MHz, CDCls) & 165.3
(C=0), 129.8 (-CH=CH-), 63.9 (-CH.0-), 37.1 (-CHy-), 24.9 (-CH(CHs)p), 22.4 (-
CH(CHs),). Integration revealed the presence of < 2% of the fumarate isomer (olefinic
singlet at 6.79 ppm). FT-IR (ATR, cm™) 1728, 1646, 1158. ESI(+)-MS: C14H504" -
calculated: 257.1751, obtained: 257.1753; C14H24NaO," (sodium adduct) - calculated:
279.1567, obtained: 279.1534.
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5.2 MONITORING THE FORMATION OF A RU-ENOIC CARBENE FROM THE REACTION OF GIl WITH
MA-H

General considerations

THF, toluene, diethyl ether and pentane were distilled with Na/Benzophenone under an
argon atmosphere and stored over activated molecular sieves under argon. NMR
solvents were degassed by 5 consecutive freeze-pump-thaw cycles and stored over
molecular sieves under an argon atmosphere. Gll was used as received. Maleic acid
was recrystallized from acetone. Dimethyl maleate was distilled prior to use. NMR
spectra were acquired on a Varian Inova equipment (*H — 300 MHz, *C — 75 MHz, 3'P
101.6 MHzZ). Spectra were referenced against the residual solvent peak of THF-dg for *H
(3.58 ppm) and the signal centered at 67.57 ppm for **C. HsPO4 85 wi% was used as
external standard for P NMR experiments (0.00 ppm). All spectra were acquired at 20
°C. All the manipulations were carried out using standard Schlenk tube techniques

under argon atmosphere.

General procedure for the NMR tube scale reactions

2 mL of a 35.4 mmol.L? solution of MA-H (0.071 mmol, 6 equiv) in acetone was dried
for 12 h and then dissolved in 0.15 mL of THF-y4s. Then GII (10 mg, 0.0118 mmol, 1
equiv) was loaded into an NMR tube and dissolved in 0.4 mL of THF-4g. The “time zero”
spectrum was acquired and the maleic acid added. Spectra were acquired at 15
minutes intervals (*H NMR = 64 scans; P NMR = 200 scans) during 7 hours (420

minutes).

Synthesis of RUCHCOzH

To a Schlenk tube loaded with GIlI (85.5 mg, 0.1 mmol, 1 equiv) was added a solution of
MA-H (70.9 mg, 0.61 mmol, 6.1 equiv) in 5 mL of THF and the Schlenk tube immersed
in a water bath cooled at 14-17 °C and stirred for 12 h. Then the solvent was removed
under reduced pressure for 8 hours and the resulting solid suspended in 3 mL of cold

toluene (0 °C). The mixture was filtered through a PTFE membrane (0.45 pm pore
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diameter) via cannula and the remaining solid extracted with additional amounts of cold
toluene (2 x 3 mL) and filtered. The combined toluene fractions were dried under
reduced pressure for 20 h. The ochre solid was then crushed with pentane (4 x 5 mL)
and the finely divided powder dried under reduced pressure for 30 h. A yellow ochre
solid was obtained in 91% vyield (75.4 mg, 0.092 mmol).

5.3 DEVELOPMENT OF A PHOSPHINE-FREE STRATEGY FOR THE SYNTHESIS OF RU-ALKYLIDENE

COMPLEXES

General considerations

All organic reagents and solvents were purchased from commercial suppliers
(Sigma-Aldrich, Alfa Aesar or Merck) and, unless otherwise stated, used without further
purification. RuCls.xH»O (41-43 % in Ru) was purchased from Alfa Aesar. Dried solvents
were either obtained from an MBraun solvent purification system or distilled according
to literature procedures and stored over molecular sieves under an inert atmosphere (N2
or Ar). Spectra were acquired on Varian (300 MHz for *H or 75 MHz for **C) or Bruker
(400 MHz for *H or 100 MHz for *C) equipments. Air and/or moisture sensitive
compounds were analysed using dry (molecular sieves) and oxygen-free (freeze-pump-
thaw cycles) deuterated solvents. For other compounds, the deuterated solvents were
used as received. Chemical shifts (d) are given in parts per million (ppm) and are
referenced against the residual signal of the deuterated solvent (relative to TMS; & =
0.00 ppm). For *H NMR: CHCIl3 = 7.27 ppm; C¢DsH = 7.16 ppm; CD,HOD = 3.31 ppm,
(CD3)SO(CD2H) = 2.50 ppm and HDO = 4.79 ppm. For **C NMR: CDClz = 77.16 ppm.*
Multiplicities are described as follows: s = singlet; d = doublet; t = triplet; dd = doublet of

doublet; sept = septet; m = multiplet.

Ru precursor syntheses

trans-RuClx(py)s was kindly donated by Dr. Bianca van Lierop from the Deryn E. Fogg
group (prepared from RuClx(PPhs)s).

[RuClx(p-cymene)].
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Reaction carried out under Nz atmosphere and work up

performed under atmospheric condition.'®® Ethanol (95%) was
CI\R u/ R refluxed for 1 h under N> atmosphere and cooled to room
=4 e Cl temperature prior to use. RuCl;.xH,O (2.04 g; 8.49 mmol) was
transferred to a 2-neck round-bottom flask equipped with a
condenser and the system was 5 times evacuated and backfilled
with N,. Ethanol (100 mL) and a-phellandrene (10 mL) were cannula-transferred, and
the mixture refluxed for 4 h. The initially dark brown solution turned brick red after
approximately 30 min. The solution was then cooled to room temperature and then to O
°C. A crystalline brick red solid precipitated that was collected by filtration, washed with
cold ethanol and dried under reduced pressure. The filtrate was concentrated to
approximately 25 mL and kept in the fridge for a few days, resulting in an additional
batch of the product, which was treated as described above. Combined yield: 90% (4.67
g; 7.63 mmol). *H NMR (300 MHz, CDCls) & 5.48 (d, J = 6.0 Hz, 2H, 2 x CH), 5.34 (d, J
= 6.0 Hz, 2H, 2 x CH), 2.93 (sept, J = 7.0 Hz, 1H, CH(CHj3)), 2.16 (s, 3H, CH3), 1.28 (d,
J=7.0 Hz, 6H, CH(CH3),).

Cis-RuCl(DMSO)4

| Reaction carried out under argon using untreated solvents and work up

o I o performed under atmospheric conditions. The Reaction was performed

_Ru using a slight modification of the procedure reported by Wilkinson.®?
o”S\\ "o RuCl3.xH,O (0.52 g; 2.14 mmol) was transferred to a two-neck round-
bottom flask and a condenser fitted to the flask. The system was 5 times evacuated and
backfilled with No. Then DMSO (12 mL) was added and the flask immersed in a silicon
oil bath pre-heated at 200 °C. The initially dark brown solution turned to bright yellow
within 5 minutes, passing by dark red and orange. After 6 min, the flask was removed
from the oil bath and the solvent reduced to approximately 4 mL, resulting in the
precipitation of a yellow solid. Acetone (2 x 12 mL) was added and the mixture cooled to
0 °C and then the acetone was removed with a pipette. The same procedure was
repeated with Et;O (2 x 10 mL). After removing the remaining solvent under reduced
pressure, the solid was dissolved in 5 mL of hot DMSO (150 °C) and the solvent was
allowed to slowly evaporate at this temperature (~ 2 h). After complete evaporation of
the solvent, the yellow crystalline solid was cooled to O °C and washed with acetone (2
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x 5 mL), EtO (2 x 5 mL) and dried under reduced pressure. Yield: 63% (0.65 g; 1.35
mmol). 'H NMR spectroscopic data are in good agreement with reported values.*® H
NMR (300 MHz, CDCI3) & 3.55 (s), 3.54 (s), 3.51 (s), 3.48 (s), 3.44 (s), 3.42 (s), 3.34
(s), 2.74 (s), 2.71 (s) (before crystallization). *H NMR (300 MHz, CDCls) & 3.52 (s), 3.49
(s), 3.43(s), 3.32(s), 2.73 (s), 2.61 (s) (after crystallization).

NHC syntheses
/_ \
N\”/N
IMes
NaH
THF
16 h, rt
0. 5 h, rt
IMes.HCI IMes.HBF,
(CH20),; HCI
THF/Dioxane
rt, 24 h
NH, glyoxal
_ NaBH;
HI\(/I3 %%H /@;N\/\ THF/MeOH /@;N
e e H
20 h it 35h, rt 2 HCI
[MesNCH], [MesNH(CH,)],.2HCI
CH(OEt),
1h, 140 °C
o B e
0. 5 h, rt
H,IMes.HBF, H,IMes.HCI
NaH
THF
16 h, rt
N\“/N
H,IMes
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N,N’-Dimesitylethane-1,2-diimine ([MesNCH],)

Reaction carried out under atmospheric conditions. This

N\ known compound was prepared using a slight modification

of the procedure described by Arduengo.l® 2.4.6-

Trimethylaniline (21.32 g; 158 mmol) was dissolved in MeOH (80 mL) and 10 drops of

formic acid were added. Then, under vigorous stirring, a glyoxal solution (9.40 g; 75

mmol; 40 wt% in H,O) was slowly added. A yellow solid started to precipitate within a

few minutes. The mixture was stirred for 20 h at rt, the yellow solid was filtered, washed

with MeOH (3 x 50 mL) and dried under reduced pressure. The *H NMR spectroscopy

data are consistent with the literature reported values.'®® Yield: 62% (13.66 g; 46.7

mmol). *H NMR (300 MHz, CDClg) & 8.12 (s, 2H, 2 x NCH), 6.93 (s, 4H, 4 X CH(ves)),
2.31 (s, 6H, 2 x p-CH3z(mes)), 2.18 (s, 12H, 4 X 0-CH3(mes))-

N,N’-Dimesitylethane-1,2-diamine dihydrochloride ((MesNH(CH)]..2HCI)

Reaction carried out under atmospheric conditions. The

H\/\N known compound was prepared using a slight modification

H of the literature procedure described by Nolan.'®®

2Hcl [MesNCH], (12.16 g; 41.6 mmol) was partially dissolved in

THF/MeOH (120 mL; 10/2) and then NaBH4 (6.08 g; 161 mmol) was added in 4 portions

in 30 min intervals. The mixture was stirred at rt for 3.5 h when the solution turned

white, which was then cooled to 0 °C and quenched with 0.1 mol.L™* HCI until pH ~ 1.0.

The white precipitate was collected, washed with deionized water and dried under

reduced pressure. The *H NMR spectroscopic data are in good agreement with those

reported in the literature.’®® Yield: 88% (13.55 g; 36.7 mmol). *H NMR (400 MHz,

DMSO-de) 6 6.88 (s, 4H, 4 x CH(mes)), 3.34 (d, J = 20.5 Hz, 4H, 2 x NHy), 3.32 (s, 4H, 2
X NCHy), 2.32 (s, 12H, 4 x 0-CH3z(mves)), 2.19 (s, 6H, 2 x p-CH3z(ves))-

1,3-Dimesitylimidazolinium chloride (H2IMes.HCI)

Reaction carried out under atmospheric conditions. The
known compound H»IMes.HCI| was prepared using a slight

modification of the literature procedure described by
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Arduengo.'®® To a round bottom flask containing [MesNH(CH>)]».2HCI (13.23 g; 35.8
mmol), triethylorthoformate (106.92 g; 721 mmol) and formic acid (10 drops) was
connected a microdestillation setup and the system heated at 140 °C for 50 min. Then
reduced pressure was applied to the system and the heating was continued for 10 min.
After cooling to °C, the white solid was filtered, washed with cold Et,O (4 x 50 mL) and
dried under reduced pressure. The *H NMR spectroscopic data are consistent with
those reported in the literature.'®® Yield: 98% (12.0 g; 35 mmol). *H NMR (400 MHz,
CDCl3) & 9.43 (s, 1H, NCHN), 6.92 (s, 4H, 4 x CH(mes)), 4.55 (s, 4H, 2 x NCHy), 2.36 (s,
12H, 4 x 0-CHj3ves)), 2.26 (s, 6H, 2 x p-CH3(ves))-

1,3-Dimesitylimidazolinium tetrafluoroborate (H2IMes.HBF,)

Reaction carried out under atmospheric conditions.

[\
NN HoIMes.HCI (9.63 g; 28.09 mmol) was dissolved in

BFy deionized water (550 mL) and the solution filtered to remove
small amounts of an insoluble material. 5 mL of HBF4 (48 wt% in water) was slowly
added under vigorous stirring. The white precipitate formed was stirred for an additional
20 min and then collected on a Bichner funnel, washed with hexanes (3 x 50 mL), Et,O
(1 x 50 mL) and then dried under reduced pressure to afford H,IMes.HBF4 as a white
fluffy solid. Yield: 90% (9.92 g; 25.17 mmol). *H NMR (300 MHz, dmso-ds) & 8.98 (s, 1H,
NCHN), 7.09 (s, 4H, 4 X CHves)), 4.44 (s, 4H, 2 x NCH>), 2.35 (s, 12H, 4 x 0-CHz(ves)),
2.29 (s, 6H, 2 x p-CHa(Mes))-

1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene (HzIMes)

— Reaction performed in a dry box under N, atmosphere using
N._N dry solvents. The synthesis of the known compound HzIMes

) was performed according to the procedure described by
Arduengo,'®® with a slight modification. To a suspension of H.IMes.HBF, (2.51 g; 6.34
mmol) in THF was added NaH (0.40 g; 16.63 mmol) and the mixture was stirred for 17
h. The flask was kept open in the first hour and then closed for the remaining time. After
the allotted time, the suspension was filtered through a small pad of Celite® and the
solvent stripped off. The pinkish solid was then dissolved in benzene (~ 7 mL), and

filtered through a sintered funnel. The solvent was stripped off and the solid washed
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with hexanes (3 x 5 mL). After removal of the solvent, the target compound was
obtained as a white solid. The filtrate was kept at -30 °C, resulting in an additional batch
of the product as a crystalline colourless material. Combined vyield: 47% (0.915 g; 2.98
mmol). The *H NMR spectroscopy data are in good agreement with the reported
values.'®® *H NMR (300 MHz, C¢D¢) & 6.84 (s, 4H, 4 X CHves)), 3.27 (S, 4H, 2 x NCH)),
2.30 (s, 12H, 4 x 0-CH3z(mes)), 2.17 (S, 6H, 2 X p-CHz(mes))-

1,3-Dimesitylimidazolium chloride (IMes.HCI)

Reaction carried out under atmospheric conditions. To a
suspension of [MesNCH], (4.64 g; 15.85 mmol) and
paraformaldehyde (0.62 g; 20.72 mmol) in THF (100 mL)

was added 4.3 mL of a 4.0 mol.L"* HCI solution in dioxane over a period of 10 min and

R
NN

cr

the mixture was stirred at rt for 24 h. The precipitate that was formed was collected in a
Buchner funnel and the solid washed with THF until the washings were colourless. The
remaining white solid was dried under reduced pressure. Yield: 36% (2.54 g; 7.45
mmol). *H NMR (300 MHz, CDCls) 8 10.79 (t, J = 1.5 Hz, 1H, HCHN), 7.66 (d, J = 1.5
Hz, 2H, 2 x NCH), 6.99 (s, 4H, 4 x CHmes)), 2.31 (s, 6H, 2 X p-CH3z(mes)), 2.14 (S, 12H, 4

X 0-CH3z(ves))-

1,3-Dimesitylimidazolium tetrafluoroborate (IMes.HBF,)

_ Reaction carried out under under atmospheric conditions.

N\J'/N IMes.HCI (2.0 g; 5.87 mmol) was dissolved in deionized

BF4 water (60 mL) and the HBF,4 solution (1.1 mL; 48 wt% in

water) was slowly added under vigorous stirring. The white precipitate formed was

collected on a Biichner funnel, washed with deionized water (40 mL), dissolved in DCM

(10 mL) and dried over anhydrous MgSO4. After stripping off the solvent, the target

compound was obtained as a white solid. Yield: 90% (2.07 g; 5.28 mmol). *H NMR (300

MHz, CDCls) & 8.85 (t, J = 1.6 Hz, 1H, NCHN), 7.56 (d, J = 1.6 Hz, 2H, 2 x NCH), 7.02
(s, 4H, 4 x CHqmes)), 2.34 (s, 6H, 2 x p-CHz(ves)), 2.10 (s, 12H, 4 x 0-CH3z(Mes))-

1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes)
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Reaction performed in a dry box under N, atmosphere using

N/—:\N dry solvents. The procedure was identical to that described

for the synthesis of HzlMes. IMes.HBF,4 (1.0 g; 2.55 mmol),

NaH (0.08 g; 3.1 mmol). Yield: 40% (0.31 g; 1.02 mmol). *H

NMR (300 MHz, C¢Dg) & 6.81 (s, 4H, 4 x CH(wves)), 6.50 (S, 2H, 2 x NCH), 2.16 (s, 18H, 2
X P-CHa(mes) + 4 X 0-CHa(ves))-

2-Isopropoxystyrene synthesis

1) n-BuLi
Br Et,0 H__O 1) PPh3CH3*Br _
©/o 0°C-rt.2h _ o n-BulLi o
\( 2) DMF \( THF \(
-75°C - rt 0°C-rt, 16h
3) NH,CI 2) H,0

2-Isopropoxybenzaldehyde

H.__O Experiment carried under a nitrogen atmosphere using dry solvents.
é/o Synthesis of the known compound 2-isopropoxybenzaldehyde was

\( performed according to procedure described by Marciniec,'° with slight
modification. A three-neck round-bottom flask containing Et;O (130 mL) was cooled to O
°C and nBuLi 25 molL? (11 mL, in hexanes) was added. Then 2-
isopropoxybromobenzene (5.86 g; 27.2 mmol) was added and the mixture kept stirring
for 30 min at 0 °C and then at room temperature for 1.5 h. A white solid precipitated.
The system was then cooled to -78 °C (dry ice/acetone bath) and anhydrous DMF (2.2
mL; 28.4 mmol, dissolved in 20 mL of dry Et,0O) was added drop-by-drop over a period
of 30 min. The system was then allowed to warm to room temperature before
guenching. From this point forward, manipulations were performed under atmospheric
conditions, using untreated solvents. Saturated NH,4Cl solution (60 mL) was added to
the reaction mixture resulting in the formation of two phases. The aqueous phase was
extracted with Et,O (3 x 60 mL), the organic phases combined, washed with brine (1 x
60 mL), dried over anhydrous MgSO, and the solvent stripped off. The yellow liquid
obtained was used without further purification. *H NMR (300 MHz, CDCl3) & 10.50 (s,
1H, CHO), 7.83 (dd, J = 7.8, 1.8 Hz, 1H, CH)), 7.61-7.46 (m, 1H, CHm)), 7.06-6.93
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(M, 2H, 2 X CHpy), 4.69 (sept, J = 6.1 Hz, 1H, CH(CHa),), 1.41 (d, J = 6.1 Hz, 6H,
CH(CHg)).

2-isopropoxystyrene

_ Experiment performed under a nitrogen atmosphere using dry solvents.
ES/O The synthesis of the known compound 2-isopropoxystyrene was
Y performed according to the procedure described by Marciniec,'”® with a
slight modification. Methyltriphenylphosphonium bromide (13.78 g; 38.57 mmol) was
transferred to a three-neck round-bottom flask and dried under reduced pressure for 20
h. The phosphonium salt was then suspended in THF (200 mL), cooled to 0 °C, and 2.5
mol.L? n-BuLi (15.4 mL; 38.5 mmol) added. The mixture was stirred for 1.5 h. 2-
Isopropoxybenzaldehyde was added and the mixture stirred at rt for 16 h. From this
point forward, manipulations were performed under atmospheric conditions, using
untreated solvents. Deionized water (80 mL) was added to quench the reaction and the
solvents were stripped off. The residue obtained was extracted with Et;O (4 x 80 mL)
and the combined organic phases were dried over anhydrous MgSO,. Solvent removal
afforded a yellow oil that was purified by column chromatography (SiO»; hexanes/Et,0O =
95/5, Rs = 0.79). A light yellow liquid was obtained. Yield: 74% (2.93 g; 18.05 mmol). *H
NMR (300 MHz, CDCl3) & 7.50 (dd, J = 7.6, 1.7 Hz, 1H, CH)), 7.25-7.17 (m, 1H,
CHpny), 7.08 (dd, J = 17.8, 11.2 Hz, 1H, CH=CHy), 6.98-6.85 (m, 2H, 2 x CH(m), 5.75
(dd, J = 17.8, 1.6 Hz, 1H, CH=CHy(ans)), 5.25 (dd, J = 11.2, 1.6 Hz, 1H, CH=CHa(is)),
4.56 (sept, J = 6.1 Hz, 1H, CH(CHz)), 1.37 (d, J = 6.1 Hz, 6H, CH(CH3),).

General procedure for the attempted reaction of trans-RuCly(py)s with 1,1-

diphenylpropargyl alcohol

Inside a dry box a suspension of trans-RuClx(py)s (~ 20 mg), 1,1-diphenylpropargyl
alcohol (~ 10 mg) and the solvent (typically 5 mL) were transferred to a 2-neck round-
bottom flask. Outside the dry box the flask was fitted to a condenser and the suspension
stirred under N, atmosphere for the appropriate time under reflux or 55 °C (solvent =
CDCls). After stripping off the solvent, the remaining solids were analyzed by *H NMR

spectroscopy. Only starting materials were observed in all cases.
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RuCly(p-cymene)lMes

Reaction performed inside a dry box under N, atmosphere using dry

solvents. To a vigorously stirred suspension of [RuClx(p-cymene)]»
R:u (0.25 g; 0.404 mmol) in benzene (20 mL) was added a solution of
Cla\g \ENJ IMes (0.26 g; 0.848 mmol) in benzene (10 mL) over a period of 15
ﬁ; min. Then the dropping funnel was rinsed with 5 mL of benzene and

the brown solution was stirred for an additional 5 min. After stripping

off the solvent, a brown solid was obtained, which was used without further purification.
'H NMR (300 MHz, CDCl3) & 6.96 (s, 4H, 4 x CH(mes)), 6.91 (S, 2H, 2 x NCH), 5.04 (d, J
= 6.1 Hz, 2H, 2 x CH(-cymene)), 4.64 (d, J = 6.1 Hz, 2H, 2 X CH(p-cymene)), 2.60-2.48 (m,
1H, CH(CHz3)2), 2.36 (s, 6H, 2 x p-CH3ames)), 2.25 (s, 12H, 4 x 0-CHaz(ves)), 1.80 (s, 3H,

Cﬂg(p_cymene)), 109 (d, J = 69 HZ, 6H, CH(CH&)Z)

RuCly(p-cymene)Hzlmes

Reaction performed inside a dry box under N, atmosphere using dry

solvents. To a vigorously stirred suspension of [RuCly(p-cymene)],
R:u (0.25 g; 0.40 mmol) in benzene (20 mL) was added a solution of

o \VNj H,IM - ' '
N 2IMes (0.26 g; 0.86 mmol) in benzene (30 mL) over a period of 30
ﬁ; min. Then the dropping funnel was rinsed with 10 mL of benzene
and the brown solution stirred for additional 5 min. After stripping off
the solvent, a brown solid was obtained, which was used without further purification. *H
NMR (300 MHz, CgDs¢) & 6.77 (s, 4H, 4 X CHwes)), 4.87 (d, J = 6.0 Hz, 2H, 2 x CH(p-
cymene)), 4.40 (d, J = 6.0 Hz, 2H, 2 X CH p-cymene)), 3.22 (S, 4H, 2 X NCHy), 2.48 (s, 13H, 4
X 0-CH3zmes) + CH(CHs3)2), 2.13 (s, 6H, 2 X p-CH3z(mes)), 1.72 (S, 3H, CH3z(p-cymene)), 1.06 (d,
J=6.9 Hz, 6H, CH(CH3),).

General procedure for the decomposition studies of RuCl,(p-cymene)(NHC)

Inside the dry box a J Young NMR tube was loaded with RuCl;(p-cymene(NHC) (~ 20
mg) and ~ 0.5 mL of the deuterated solvent, and *H NMR spectra were acquired at

predetermined time intervals.
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General procedure for the reaction of RuCly(p-cymene)(NHC) with 1,1-

diphenylpropargyl alcohol

Inside a dry box a J Young NMR tube was loaded with RuCl,(p-cymene)(NHC) (~27
mg), 1,1-diphenylpropargyl alcohol (~ 10 mg) and 0.5 mL of CD3;OD to form a dark
brown solution. *H NMR spectra were acquired at predetermined time intervals.
Formation of the allenylidene complex could be observed by comparing the H NMR
spectroscopic data with those reported in the literature for the complex
[RUCL(=C=C=CPh,)(p-cymene)(IMes)]OTf.}>®

NMR scale reaction of cis-RuCIlx(DMSO), with 1,1-diphenylpropargyl alcohol

Inside a dry box a J Young NMR tube was loaded with cis-RuCl,(DMSO), (14 mg; 0.029
mmol), 1,1-diphenylpropargyl alcohol (6.5 mg; 0.032 mmol) and 0.5 mL of CDCls. The
tube was shaken manually for 30 seconds and then *H NMR spectra were acquired at

predetermined time intervals.

General procedure for the reactions of cis-RuCl,(DMSO); with 1,1-

diphenylpropargyl alcohol

Reactions performed under argon using Schlenk techniques. cis-RuCl,(DMSO),4 (0.039
g; 0.008 mmol) and 1,1-diphenylpropargyl alcohol (0.052 g; 0.025 mmol) were
transferred to a Schlenk tube and 5 times evacuated/backfilled with argon. Dry THF (5
mL) was added and the suspension sonicated for 5 min before the addition of 80 uL of a
0.24 mol.L™* HCI solution in THF (prepared by the addition of 0.2 mL of conc. HCI to a
suspension of 2.0 g of CaCl, in 10 mL of dry THF). The Schlenk tube was connected to
a condenser and heated to reflux under an argon flow for 18 h. The solvent was
stripped off and the remaining sticky orange-brown solid was analyzed by H, *C, H-
13C HMQC and 'H-*C HMBC spectroscopy. The reactions performed without addition

of HCI were prepared similarly.
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APPENDICES

Appendix | Summary of different classes of alkylidenes

Alkylidenes

Ph
Ruﬂ

(0]
OR
Ru
H

R
Ru=C=<
R

methylidene benzylidene enoic carbene vinylidene
.C
oY
Ph —
CI/,/' CI/,}( T CI/ O R;u
HolMes—Ru—PCy; H,IMes—Ru—PCy; CysP—Ru—PCy;  CIV/ Sc_H
ci cl Ng PhP Y
Ph
Q
| T )
Ph i H ! Ph OH
Ri=c=c={ |! [ Ru= R i Ru BH
Phii \ R —
: R i Ph
i alkenylcarbyne
i : alkylidyne [ i i
allenylidene | f)r cgrb);ne) E indenylidene thydoxicarbena
Ph. _Ph | Ph 1 pn =
\H/ : H\ )\ ! 1
C | C~ Ph _ (Ru OH
Il E é b ('Pr)sP™ = N
a, . Cl, . al, ¢ K pn
HIMes—Ru—PCy, | 2IMeS—RUTPCYs | phyp—Ru—PPh,
Cl ! Cl Ci : Cl Ph

____________________

t= any other ligand around the metal coordination sphere.

[\

Cy = cyclohexyl H,IMes :&NVNQ\
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Appendix Il Characteristic chemical shifts (*3C, *H and 3P NMR) of selected 1,1-

diphenylpropargyl alcohol derived ruthenium complexes.

Cq Ce Cy He P _
Complex L, Lo Comments S
(ppm) x
on PPh;  PPh; 3010 1394 1454 638 28.7 )
5 PCy; PCys 2939 1391 139.8 7.39 326
CIB S H)Mes PPhy; 3009 139.1 1412 7.10 27.3 -
L, "Ru:Lz H.lMes PCys 2922 137.8 1380 7.84 27.0 134
cl H)Mes  py 3004 1393 1392 7.22 -
R||-1 —‘+
nweRUS 6 -
CI™y a P PCy; 3341 1431 1546 6.88 483 198
L g cymene
"ph
RH ik P PCys 282.0 187.6 166.2 59.2
WU
oy \C(i B cymene 150
" Cﬁ“//Ph o-
IMes 284.1 188.7 1605 -
Ph cymene
OH 51.5
HBA-Ph -
Ph 2087 2434 1504 438 O @t ; 1
oC O, Py ' ' T 0
/Ru-CI;Ru\p
EP« ~or v 40.9
Ph
N
B‘CI;/ Ph
0,98 & not provided 5.67 13.6 49
Phap—"Rlu—PPh3
Cl YCl
|I_1 “‘++ CB (HMQC) and
weRUS o p- Cy (HMBC)
cl ¢ SN PCy; 328.1 1305 1932 7.05 786 , 195
2 | p cymene correlate with
Hp
4 Cp=
PPr — 2087 1400 1453 7.09 66.5 17
Cp
(Ru a Cp= 174
: 953 1121  75.8
oc " szh
Ph
HO
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Appendix Il Continuation.

Ca Cp C, _
Complex L, L, Comments 5
(ppm) x
H
N
NN 94.8 112.1  74.9 = =\
ON"™ = \ﬂ Ph Ny
T 7,
Cl Ph
HO
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Appendix lll Selected Chromatograms
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Figure 47 Typical chromatograms obtained in the cross-metathesis of MO with MA-H
(after derivatization). From top to bottom: after 0, 5, 10, 20, 35, 50 and 70 min,
respectively. Methyl 2-undecenoate (8.18 min); 9-octadecene (8.40 min); internal
standard (1,3,5-trimethoxybenzene; 15.17 min); unknown compound (16.86 min);
methyl oleate (17.52 min); dimethyl 2-undecenedioate (17.86 min); dimethyl 9-
octadecenedioate (21.63 min).

Conditions: MO: 0.5236 g (1.7660 mmol); MA-H: 0.2086 g (1.7972 mmol); 1,3,5-
trimethoxybenzene: 0.3056 g (1.817 mmol); Gll: 3 mL of a 0.5889 mol.L"* THF solution
(0.00176 mmol); THF: 7 mL in total; reaction time: 70 min; temperature: 50 °C.

GC method: Column: DN-WAX (polyethyleneglycol, diameter: 0.32 mm; length: 30.0 m;
film thickness: 0.25 um); injector temperature: 230 °C; carrier gas: Nz (3.6 mL/min);

detector temperature: 230 °C; split flow: 180 mL/min; split rate: 1:50; oven temperature:
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Temp. Time Rate
(°C) (min) (°C/min)
1 120.0 1.00 1.0
2 130.0 1.00 20.0
3 210.0 9.00 0.00
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Appendix IV Formulae used to calculate

the yield of CM products in reactions with
vegetable oils
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MW: 15.03((Z,,,)/3Ap) + 14.03((2,.)/2Ap) + 26.02((i+] - Ap)/2Ap) +

173.1
Ap: h/4

Number of C=C: (i+j)/(2*Ap)

Figure 48 Typical *H NMR spectrum of a vegetable oil with the signal attributions and

the formulae used to calculate the molecular weight and number of C=C double bonds
per triglyceride. * Residual water.
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Figure 49 Inset of the olefinic region of a typical *H NMR spectrum of the CM of
vegetable oils with MA-H with the signal attributions and the formula used to calculate

the yield of cross-metathesis products.
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Appendix V Spectra
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Methyl (E)-undec-2-enoate
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Dimethyl (E)-undec-2-enedioate
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Full *H-1*C HSQC spectrum of Ru-CHCO,H
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Full *H-2*C HMBC spectrum of Ru-CHCO,H
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Introduction

Olefin metathesis is already a well-established reaction in
academia and a growing strategy in the commodity and fine
chemicals industries.’ This is the result of years of research
on the synthesis of a diversity of (pre-)catalysts, the under-
standing of the reaction mechanisms, the stability of the
(pre-)catalysts and their decomposition/deactivation pathways,
allied with the understanding of substrate reactivity.*®
Amongst the diversified plethora of homogenous olefin me-
tathesis (pre-)catalysts, the ruthenium-based complexes (e.g.
those depicted in Fig. 1) have received more attention due to
their good activity and higher robustness to varying reaction
conditions, allowing the transformation of molecules within a
diverse range of complexity.*” ™

A particularly attractive transformation in olefin metathe-
sis is the cross-metathesis (CM) with acrylates, which has
grown in importance in recent years as a useful strategy in
the preparation of a number of valuable products of commer-
cial interest.’® These include commodity products from vege-
table oils (monomers, surfactants), ingredients for cosmetic
uses and compounds with biological applications.'* For such
transformations involving acrylates and other electron defi-
cient olefins, the use of more expensive phosphine-free
(pre-)catalysts (e.g. HGII) generally affords better results.'”
This is the consequence of the decomposition of propagating
species due to different pathways (Fig. 1). Within this con-
text, the presence of nucleophilic bases (including PCy;) has
a detrimental influence on the propagating species generated

Laboratory of Technological Processes and Catalysis, Institute of Chemistry,
Universidade Federal do Rio Grande do Sul, Av. Bento Gongalves 9500, Porto
Alegre, RS, 91501-970, Brazil. E-mail: henri.schrekker@ufigs.br

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6ey01181k
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during metathesis.””**'* For instance, the Ru-methylidene

intermediate can be attacked by the dissociated PCy; from
the GII complex, resulting in its decomposition or deactiva-
tion (Scheme 1a).” Moreover, in the presence of acrylates,
PCy; can act as a Michael donor and the resulting adduct
participates in the decomposition of the (pre-)catalyst
(Scheme 1b).>*

Albeit the fate of any (pre-)catalyst is its decomposition/
deactivation, any aspect that results in longer catalyst lifetime
is of paramount importance.”® Therefore, changes in the ste-
ric/electronic properties of the (pre-)catalysts are commonly
pursued to achieve a better performance. Subtle substrate
modifications can also result in dramatic improvements in
the (pre-)catalyst performance. For instance, the use of
methyl crotonate instead of methyl acrylate (AA-Me) was
found to improve the performance of two ruthenium metath-
esis (pre-)catalysts in the cross-metathesis with methyl oleate

Hlees—RutPCy;i HZIMes—Ru—O’Pr Hlees—Ru—PCy3

Gll c HGII lndII

cl, || o, [ ©R

H,IMes—Ru—1[] H,IMes—Ru—1[]
e i

Ru-methylidene Ru-enoic carbene

H,IMes—Ru—N=—
(o

Um42

Fig. 1 Selected examples of ruthenium-based olefin metathesis
(pre-)catalysts and propagating species (inside the dashed box) formed
during the metathesis of terminal and/or o,B-unsaturated carboxylic
acid derivatives.

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 a) Decomposition of the key Ru-methylidene propagating
species formed during metathesis transformations with terminal

olefins and b) Michael addition of PCys to the substrate during cross-
metathesis with acrylate esters.

(MO). This improvement was attributed to the formation of
the more stable Ru-ethylidene intermediate, therefore
avoiding the formation of Ru-methylidene species.'®*

It is therefore obvious that any factor that somehow af-
fects the active intermediate species will have a major influ-
ence on the outcome of the metathesis reaction. Following
this reasoning, the formation of a ruthenium enoic carbene
as the sole propagating species (Fig. 1) for the synthesis of
o,B-unsaturated carboxylic acids via metathesis should have a
positive influence on the reaction.'” Therefore, reported in this
paper is the study about the influence on the (pre-)catalyst
productivity when maleic acid (MA-H) is used as a cross-
metathesis partner in the reaction with methyl oleate (MO), a
model olefin, and the posterior scope expansion to include
vegetable oils (Scheme 2).'

Experimental

MA-H, AA-H (ultrapure), 1,3,5-trimethoxybenzene, GII, HGII,
IndII and Um42 were used as received. THF was distilled over
Na/benzophenone and stored over activated molecular sieves
under an argon atmosphere. MA-Me and AA-Me were distilled
prior to use. MO (>99% purity) was purchased from TRC Inc.
Magnesol was purchased from Magnesol® XL Oil Solutions.
The vegetable oils were purchased from the local market. Gas
chromatogram traces were acquired using a DANI gas chro-

\
[ole) . (\ R, Cross-Metathesis .
O:<_>~O R
\ 1 (o]
R
e Z )

Scheme 2 Cross-metathesis with maleic acid/maleate esters.

2
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matograph equipped with a DN-WAX (30 m, 0.32 mm LD.,
0.25 um film thickness) column and a FID detector. 1,3,5-
Trimethoxybenzene was used as internal standard. NMR
spectra were recorded on a Bruker (400 MHz) or a Varian
Inova 300 (300 MHz) equipment at ambient temperature. The
chemical shifts are given in parts per million (ppm) and
referenced to the residual solvent signal (CDCl; = 7.26 (*H),
77.16 (**C); CD;0D = 3.31 (*H), 49.00 (*C)). Infrared spectra
were recorded on a Bruker ALPHA FT-IR ATR spectrometer.
High-resolution mass spectrometry spectra were recorded on
an electrospray ionization (ESI) Micromass Q-Tof Micro™
equipment in the positive mode.

General procedure for the cross-metathesis of MO with MA-H

MO, Magnesol (2.5 wt% vs. MO), Celite (1.5 wt% vs. MO) and
Ti(O'Pr), (0 or 2.0 mol% vs. MO) were transferred to a
Schlenk tube and the system was evacuated for 10 minutes
before backfilling with argon and stirring for 1 or 12 h at 80
or 50 °C, respectively. The mixture was then passed through
a PTFE membrane filter (0.45 pm pore diameter). The vegeta-
ble oils were purified using the same approach.

Freshly purified MO (0.523 g; 1.77 mmol; 1.0 equiv.), MA-H
(0.206 g; 1.77 mmol; 1.0 equiv.) and 1,3,5-trimethoxybenzene
(0.304 g; 1.80 mmol; internal standard for GC) were trans-
ferred to a Schlenk tube, degassed by five consecutive freeze-
pump-thaw cycles and dissolved in an appropriate amount of
dry THF. Then, a freshly prepared solution of the (pre-)catalyst
of known concentration (in dry THF) was added to the sub-
strate solution and the Schlenk tube was immersed in a
pre-heated oil bath at the reaction temperature. A “time zero”
(¢o) aliquot (~250 uL) was taken before the addition of the
catalyst solution. Aliquots were taken after determined time
intervals and added to test tubes containing 3 drops of a
6.0 mmol L™ KTp methanolic solution (KTp = potassium
trispyrazolylborate) to guarantee the quenching of the
reaction."®

Aliquot derivatization

To each test tube, 1.0 mL of a 2.52 mol L' methanolic H,SO,
solution was added. The tubes were closed with rubber septa
and stirred at 63 °C for 2 h. After cooling to 0 °C, hexane (4.0
mL) and deionized water (1.0 mL) were added, and the mix-
ture was centrifuged at 2000 rpm for 8 min. The upper layer
was collected and analyzed by GC-FID. Reactions were
performed in duplicate and variations in the results are
within 1-4% of the average reported values.

Synthesis of MA-'Pent

MA-H (12.37 g; 106.6 mmol; 1.0 equiv.), p-toluenesulfonic
acid (1.07 g; 6.2 mmol; 0.06 equiv.) and isopentyl alcohol
(28.19 g; 334.3 mmol; 3.1 equiv.) were refluxed in toluene
(100 mL) using a Dean-Stark apparatus for 18 h. The mixture
was then cooled to room temperature, washed with deion-
ized water (3 x 80 mL) and dried over anhydrous magnesium
sulfate. After solvent removal, distillation of the crude

Catal Sci. Technol., 2016, 6, 8138-8147 | 8139
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mixture under reduced pressure afforded the target com-
pound as a colourless liquid. Yield: 61% (16.62 g; 64.8
mmol). "H NMR (400 MHz, CDCl,) ¢ 6.18 (s, 2H, -CH—CH-),
417 (t, J = 6.9 Hz, 4H, -CH,0-), 1.73-1.57 (m, 2H,
-CH(CH,),), 1.52 (q, J = 6.9 Hz, 4H, -CH,-), 0.88 (d, J = 6.7
Hz, 12H, -CH(CH3),). *C NMR (101 MHz, CDCl;) ¢ 165.3
(C=0), 129.8 (-CH=—CH-), 63.9 (-CH,0-), 37.1 (-CH,-), 24.9
(-CH(CHg;),), 22.4 (-CH(CH3;),). Integration revealed the pres-
ence of <2% of the fumarate isomer (olefinic singlet at 6.79
ppm). IR (ATR, cm™') 1728, 1646, 1158. ESI(+)-MS: Cy4H,504"
- calculated: 257.1751, obtained: 257.1753; C14H,4,NaO," (so-
dium adduct) - calculated: 279.1567, obtained: 279.1534.

Results and discussion
Influence of the MO purification method

The purification of the substrates (especially those from natu-
ral sources) is sometimes an overlooked parameter that is
rarely investigated during the optimization of catalytic reac-
tions. Therefore, the purification of the MO was the first
parameter to be investigated in this study. Based on the
literature, four purification methods were investigated. All
methods have in common the use of Magnesol/Celite as puri-
fying agents.”® The initial experiments were performed at 50
°C using a 1:1 molar ratio of MO:MA-H in THF. GII was
used as a (pre-)catalyst because it was shown to exhibit good
activity in the synthesis of carboxy-telechelic polymers via the
ROMP of cyclooctene with MA-H as a chain-transfer agent.”!

Purification of MO over Magnesol (2.5 wt%) and Celite
(1.5 wt%) at 40 °C for 12 h (purification method A) prior to
use afforded almost a quantitative yield and an excellent se-
lectivity towards the CM products in the reaction with MA-H,
when applying either 0.4 or 0.2 mol% GII (Table 1, entries 1
and 2, respectively). Decreasing the catalyst loading to 0.1
and 0.05 mol% resulted in steadily reducing conversions of
73 and 4%, respectively (Table 1, entries 3 and 4). In both ex-
periments, the reaction occurred only in the initial 10 min
(see Fig. S1, ESIf), suggesting catalyst decomposition by
remaining impurities.

Purification method B involves treating MO with Magnesol
(2.5 wt%) and Celite (1.5 wt%) at 80 °C for 1 h. With this pro-
cedure, a MO conversion of 81% and a yield of CM products
of 66% were obtained with a catalyst loading of 0.1 mol%
(Table 1, entry 5), being a slight improvement in comparison
to purification method A.

With the observed positive temperature effect on the treat-
ment of MO, the next step was to determine if pre-drying the
Magnesol and Celite could result in further improvement.
Nevertheless, when MO was treated with dried Magnesol (2.5
wt%) and Celite (1.5 wt%) and subjected to the cross-
metathesis reaction, a decrease in both conversion (70%) and
yield of CM products (55%) was observed (Table 1, entry 6).

Titanium alkoxides have been used as additives or as co-
catalysts in some metathesis transformations of oxygen- and
nitrogen-containing substrates.”>>* Recently, the treatment
of natural oils with Ti(O'Pr), has been disclosed for use as

8140 | Catal Sci. Technol., 2016, 6, 8138-8147

View Article Online

Catalysis Science & Technology

Table 1 Influence of the MO purification method on the Gll-catalysed
CM of MO with MA-H

vield (%)

GII Purification Conv.
Entry (mol%) method (%) CM SM
1 0.4 A 98 96 1
2 0.2 A 97 94 2
3 0.1 A 73 48 20
4 0.05 A 4 <2 2
5 0.1 B 81 66 14
6 0.1 C 70 55 18
7 0.1 D 81 69 10
Purification Magnesol Celite Ti (O'Pr), T
method (2.5 mol%) (1.5 wt%) (2 mol%) (°C)
A? Yes Yes No a0°
B“ Yes Yes No 80°
c? Yes Yes No 80°
D“ Yes Yes Yes 80°

Conditions: MO: MA-H molar ratio = 1:1 (MO = 1.77 mmol); THF =
7.0 mL; reactions performed at 7 = 50 °C. Isomerization products
complete the mass balance. “ Magnesol and Celite were used as
received. ” Heated for 12 h. © Heated for 1 h. ¢ Magnesol and Celite
dried at 160 °C for 48 h prior to use.

olefin metathesis substrates.® Although the role of Ti(OPr),
in the treatment of MO is merely speculative, it may trap
nitrogen-containing impurities via coordination. Aiming for
further improvement in the MO conversion, the treatment of
MO with titanium(wv) isopropoxide was explored. The treat-
ment of MO with Ti(O'Pr), (2 mol%), Magnesol (2.5 wt%) and
Celite (1.5 wt%) resulted in a conversion of 81% and a yield
of CM of 69% with 0.1 mol% GII as a (pre-)catalyst (Table 1,
entry 7). Altogether, purification method D is better than
methods A and C and slightly better than method B, showing
a slight improvement in the selectivity.

Interestingly, regardless of the purification method
employed and the catalyst loading, all the reactions occurred
within the first 25 minutes (see Fig. S1, ESIT), which indi-
cates that despite MA-H being electronically deficient, its re-
activity is comparable to that of MO. Moreover, high selectiv-
ity towards the CM products was only obtained with high
conversion. This finding is not surprising when the reactivity
of the SM and CM products are taken into consideration. The
SM products, E/Z dimethyl 9-octadecenedioate (P3) and E/Z
9-octadecene (P4), are type I olefins (ie. homodimerize
quickly and are promptly consumed)*” and have similar reac-
tivity to that of MO. As a consequence, the SM is an equilib-
rium reaction. On the other hand, the CM products, 11-
methoxy-11-oxoundec-(2E/Z)-2-enoic acid (P1) and (2E/Z)-2-
undecenoic acid (P2), are type IV olefins (i.e. are not reactive
towards olefin metathesis), and as a consequence, CM with
MA-H is an irreversible reaction (Scheme 3).

Influence of the MO : MA-H ratio and MO concentration

Purification method D (Ti(O'Pr), (2 mol%), Magnesol (2.5
wt%) and Celite (1.5 wt%)) was used to further optimize the
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Scheme 3 CM of MO with MA-H.

reaction conditions. In the next step, the influence of the MO:
MA-H ratio on both the conversion and selectivity was investi-
gated. Increasing the MO : MA-H molar ratio from 1:1 to 1:5
resulted in an initial increase in both conversion and yield of
CM products, which remained more or less steady for the ratios
studied (Table 2, entries 7-11). Only a minor decrease in the con-
version was observed when a ratio of 1:5 (MO : MA-H) was used
(Table 2, entry 11). Additionally, the effect on the selectivity (yield
of CM vs. yield of SM) was only evident at the higher ratio of
MO :MA-H. The decrease in both conversion and selectivity by
increasing the amount of MA-H could be attributed to the de-
composition of enoic-carbene species, as the increase in the
concentration of MA-H would favour the formation of such in-
termediates. The MO : MA-H ratio of 1:2 was chosen for further

Table 2 Effect of the MO : MA-H molar ratio on the Gll-catalysed CM of
MO with MA-H

Yield (%)

MO: Conv. i
Entry MA-H (%) CM SM
7 1:1 81 69 10
8 1:2 96 89 4
9 1:3 96 90 2
10 1:4 95 88 3
11 1:5 90 80 7
12¢ 1:2 83 63 17

Conditions: THF = 7 mL; GII = 0.1 mol% (vs. MO; MO = 1.77 mmol);
T = 50 °C; purification method D. Isomerization products complete
the mass balance. “ GII = 0.05 mol% (vs. MO).
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optimization and a decrease in the catalyst loading to 0.05 mol%
resulted in a conversion of 83% and a 63% yield of the CM prod-
ucts (Table 2, entry 12). A further decrease in the catalyst loading
was not pursued as in this scenario it would not be possible to
obtain high selectivity'®® and therefore the reaction would be
better described as the inhibition of the MO SM by the cross-
metathesis partner.?®

The decrease in the solvent amount in a reaction is an ad-
vantageous parameter for more sustainable processes. More-
over, the amount of the solvent (i.e. the concentration of the
reactants) does sometimes influence the outcome of metathe-
sis reactions (specifically in ring-closing metathesis reac-
tions). Although the studied reaction cannot be performed
under neat conditions due to solubility restrictions inherited
by the use of MA-H, the amount of solvent was changed in or-
der to observe its influence on the reaction. As summarized
in Fig. 2, the concentration of the reactants had just a minor
effect on the conversion of MO. The increase in the concen-
tration up to 1.2 mol L™" (1.5 mL of THF) resulted in an in-
crease of 10% in the conversion and an increase in the yield
of the CM products from 63 to 84%. The increase to higher
concentrations was not feasible due to the limited solubility
of MA-H in THF. At the optimum concentration, high MO
conversion with good selectivity towards the CM products
(84% yield of CM products) was achieved (Fig. 2).

Influence of the temperature and the (pre-)catalyst

Surprisingly, the temperature has just a minor influence on
the conversion of the explored reaction using GII as a (pre-)
catalyst. Only a small variation (4%) was observed in the tem-
perature range of 40 °C to reflux (b.p. THF = 65 °C) (Fig. 3).

o)
o OH
Gll WkOH
o AN | O (0.05 mol%) 7 P2
—_—
7 ( O THF, 50 °C, +
MO 7 70 min o 9
OH W
~
i HO i i o)
P1
100 -

%

50

0.25 0.35 0.6 1.2
Concentration MO (mol.L™")

. Conversion MO (%) EZ Yield CM (%) E Yield SM (%)

Fig. 2 Effect of the substrate concentration on the cross-metathesis
of MO with MA-H using Gll as a (pre-)catalyst. Conditions: MO : MA-H
molar ratio = 1:2 (MO = 1.77 mmol); Gll = 0.05 mol%; T = 50 °C; puri-
fication method D. Isomerization products complete the mass balance.
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Under refluxing conditions, however, an indication of a detri-
mental effect on the yield of the CM products was observed, con-
sistent with the thermal decomposition of the catalytic species.
After establishing the optimal purification method, catalyst
loading, MO :MA-H molar ratio, concentration of substrates
and temperature, the performance of some (pre-)catalysts was
then investigated. Three additional ruthenium-based metathesis
(pre-)catalysts were selected. The selection of the complexes
was based on the nature (phosphine containing versus phosphine-
free complexes) and the type (PCys, chelating isopropoxy-
benzylidene and chelating phenoxy-imine) of the departing
ligand in the dissociation step and the type of alkylidene
(benzylidene, indenylidene or isopropoxybenzylidene) (Fig. 1).
The second-generation Hoveyda-Grubbs metathesis cata-
lyst - HGII - is considered the (pre-)catalyst of choice in the
cross-metathesis with electron deficient substrates (e.g. acry-
lates). Interestingly, in comparison to GII, HGII provided a
similar conversion under the same conditions, although the
CM yield was somewhat lower (Fig. 4). Regarding the temper-
ature, both complexes perform better at 60 °C (see Table S1,
ESIt), showing signs of catalyst decomposition at reflux.
The complex Indll, an indenylidene analogue of GII,>*™'
performed similarly to both GII and HGII, but as depicted in
the time-dependent plots (Fig. 4b and c), the conversion of
MO was slower in the case of both HGII and IndII. As seen in
Fig. 4b and c, the GII-catalyzed reaction occurred within ap-
proximately 10 minutes as opposed to the reactions catalysed
by HGII and IndIl. For the latter systems, a plateau was
reached after approximately 35 minutes.
The fourth complex explored was the phosphine-free,
indenylidene-type, Um42 complex. Um42 is a “latent” catalyst
due to the presence of the non-labile phenoxy-imine chelat-

o} OH W
o X, | O (0.05 mol%
7 < O THF, 70 min
MO 4 Temperature
OH
MA-H W

40 °C 50 °C 60 °C reflux

Temperature
¥/ Yield c™ (%) Yield SM (%)

Fig. 3 Effect of the temperature on the CM of MO with MA-H.
Conditions: MO : MA-H molar ratio = 1:2 (MO = 1.77 mmol, [MO] = 1.2
mol L™); GIl = 0.05 mol%; THF = 1.5 mL; purification method D.
Isomerization products complete the mass balance.

- Conversion MO (%)
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100 1

50 -

%
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(pre)-catalyst
4 Yield cm (%)

. Conversion MO (%) E Yield SM (%)

100 100

0 30 60
Time (min) Time (min)

9= ci -l HGI =& Indil =@= um42°

Fig. 4 Influence of the (pre-)catalyst on the CM of MO with MA-H (a)
and time-dependent plots of the conversion of MO (b) and the yield of
the CM products (c). Lines were added in the time-dependent plots
with the only purpose of aiding visualization. Conditions: MO : MA-H
molar ratio = 1:2 (MO = 177 mmol); THF = 1.5 mL; purification
method D; T = 60 °C; 0.05 mol% of (pre-)catalyst. Isomerization prod-
ucts complete the mass balance. ?Reaction performed at reflux.

ing ligand. It has been reported that this complex is to be ac-
tivated thermally or chemically by the use of Brgnsted acids
or silanes.>* It was therefore envisaged that such a com-
plex could perform well in our system, as MA-H could serve
as both an activating agent and a substrate. Nevertheless, the
CM reaction catalysed by Um42 under refluxing conditions
was less productive and resulted in only 60% conversion with
17% of CM products (Fig. 4a-c).

Maleic acid vs. maleates

In an attempt to establish the effect of the structure of the
CM partner on the conversion and selectivity, a series of reac-
tions of MO with two selected maleate esters were performed.
Reactions were performed with both GII and HGII under the
optimized reaction conditions established (i.e. purification
method D, 0.05 mol% of (pre-)catalyst, 1.2 mol L™ of MO
and 60 °C) (Fig. 5). The (pre-)catalysts GII and HGII were
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chosen for the continuity of this study due to a number of
reasons: a) superior performance in the optimization reac-
tions; b) HGII is generally the best (pre-)catalyst when
employing electron-deficient olefins; ¢) GII and HGII are stan-
dard (pre-)catalysts in olefin metathesis; and d) a direct influ-
ence of the presence of PCy; in the reaction media is possible
to obtain with this combination, considering that the same
propagating species are formed with both (pre-)catalysts.

The use of dimethyl maleate, MA-Me, resulted in a de-
crease in the conversion to about half the conversion
obtained with MA-H for both GII and HGII (Fig. 6).>° The ef-
fect on the yield of CM products (i.e. on the selectivity) of this
substrate is even more pronounced, resulting in less than
15% of the CM products. This decrease in both conversion
and selectivity is likely due to the presence of the bulkier
methyl group of MA-Me.”” A comparative reaction was
performed to check this assumption, using the bulkier di-iso-
pentylmaleate, MA-Pent, as the CM partner. Conversions
were similar to those obtained with MA-Me, but only traces
(>6%) of the target CM products were obtained.*® Altogether,
the outcome of these reactions was mainly governed by the
steric bulkiness of the metathesis substrate, regardless of the
(pre-)catalyst used. This influence might be associated with
the coordination step and/or with the (de)stabilization of
intermediate species. Interestingly, the similar (pre-)catalyst
performances indicate that the dissociated PCy; from GII had
no major influence on the reaction.

Maleic acid versus acrylic acid

In order to investigate the effect of a terminal olefin versus a
di-substituted olefin on the catalytic activity, reactions with
acrylic acid, AA-H, and methyl acrylate, AA-Me, were also in-
vestigated. To allow an efficient removal of the co-product
ethylene, these reactions were performed under a continuous
flow of argon.

In contrast to the use of MA-H and maleates, CM of MO
with AA-H and AA-Me affords highly distinct results when GII
and HGII are employed (Fig. 7). In the case of GII, the conver-
sion and CM yield steadily decreased when the cross-
metathesis partner MA-H was replaced with AA-H and AA-Me,
respectively. The use of HGII instead of GII resulted in a dif-
ferent profile. Initially, a slightly higher selectivity was
obtained for the CM products when MA-H was replaced with
AA-H, while maintaining a similar MO conversion. Next, a de-
crease in both yield of CM products and MO conversion was
observed when AA-Me was used as a cross-metathesis partner.
Comparatively, the use of AA-Me as a CM partner resulted in

MA-H R=H
MA-Me R =Me
MA-Pent R =/-Pentyl

Fig. 5 Cross-metathesis partner scope.
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Fig. 6 a) Influence of the CM partner on the conversion (blue bars)
and yields of CM (dashed green bars) and SM (dashed red bars) of the
reaction with MO - MA-H vs. MA-Me and MA-Pent. b) Time-
dependent plots using Gll and HGiIl, respectively. Lines were added in
the time-dependent plots with the only purpose of aiding visualization.
MO : CM partner molar ratio= 1:2 (MO = 1.77 mmol); THF = 1.5 mL;
catalyst: 0.05 mol% (vs. MO); T = 60 °C; purification method D. Isom-
erization products complete the mass balance.

lower conversion and selectivity for both (pre-)catalysts, but
HGII outperformed GII. Although the steric bulkiness of
AA-H and AA-Me also played an important role in the cata-
Iytic performance of both GII and HGII, the catalytic per-
formance was affected by another feature. HGII was not
negatively affected by the formation of propagating Ru-
methylidene species. The detrimental effect on the GII-
catalysed reaction could be ascribed to PCy;-mediated de-
composition/deactivation of propagating Ru-methylidene
species. This also signifies that the use of carboxylic acid sub-
strates does not successfully trap the free PCy; to inhibit the
Ru-methylidene decomposition pathway.
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Fig. 7 a) Influence of the CM partner on the conversion (blue bars) and
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reaction with MO - MA-H vs. AA-H and AA-Me. b) Time-dependent plots
using Gll and HGll, respectively. Lines were added in the time-dependent
plots with the only purpose of aiding visualization. Conditions: MO : MA-
H molar ratio = 1:2 (MO = 1.77 mmol); MO : AA-H/AA-Me molar ratio =
1:4; THF = 1.5 mL; catalyst: 0.05 mol% (vs. MO); T = 60 °C; purification
method D. Isomerization products complete the mass balance.

Altogether, the lower bulkiness of the carboxylic acid sub-
strates accounts predominantly for the higher catalytic pro-
ductivity when compared to the corresponding esters. For the
phosphine-containing (pre-)catalyst GII, the avoidance of the
formation of Ru-methylidene propagating species is crucial.
Thus, when MA-H is used as a substrate, the more expensive
HGII can be substituted by GII. If terminal olefins will be
used as a substrate, HGII remains the (pre-)catalyst of choice.

Use of vegetable oils

To increase the scope of the MA-H-based CM, the reaction
was also explored using various vegetable oils. Naturally oc-
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curring oils and fats (from vegetable and animal origin) are
renewable feedstocks of most importance in the chemical in-
dustry.*® For the majority of vegetable oils, most of the side
chains in the triglycerides are saturated (C16:0 and C18:0),
monounsaturated (C16:1 and C18:1) or polyunsaturated
(C18:2 and C18:3) fatty acids (Fig. 8). The content of each of
these fatty acid chains depends on a number of factors, in-
cluding the type of oil (Fig. 9). The use of vegetable oils offers
direct advantages compared to the use of MO, such as the
avoidance of the initial step of transesterification. This also
broadens the number of products obtained by enabling the
use of vegetable oils with different compositions and may fa-
cilitate in the separation of the final product mixture.*’

CM of several different vegetable oils with MA-H under
the optimized reaction conditions afforded the results shown
in Fig. 9. GII was used with a catalyst loading of 0.05 mol%
(versus C=C bond in the oil). Yields of the CM products were
roughly within the observed value for MO (82%). A trend in
the yield of the CM products versus the composition of the
oil was not observed, suggesting that none of the major com-
ponents influence the catalyst productivity. The decrease in
the conversion for some of the oils (e.g. cottonseed and pea-
nut oils) was more likely due to the presence of residual con-
taminants not removed during the purification step.

Conclusions

In comparison to the “protected” ester equivalents, the direct
use of the carboxylic acid substrates MA-H and AA-H in the
Ru-catalyzed cross-metathesis with MO afforded superior
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Fig. 8 General structure of a triglyceride with the most common fatty
acid side chains and the global market consumption of vegetable oils
in 2014-2015 (100% = 175.65 million metric tons).**
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Fig. 9 Effect of the vegetable oil composition on the yield of the CM
products. Conditions: oil (C=C): MA-H molar ratio = 1:2; THF = 1.5 mL;
Gll = 0.05 mol% (vs. C=C); T = 60 °C; purification method D; reaction
time = 70 min. ®Yield of CM calculated by *H NMR. "Composition
determined by GC. The yellow numbers shown in the blue bars are the
number of C=C bonds (calculated by *H NMR) per triglyceride.

conversions and CM yields. This makes these substrates at-
tractive for the direct synthesis of o,B-unsaturated carboxylic
acids, which can be ascribed to the lower steric bulkiness of
the -CO,H group. In the case of a phosphine-containing (pre-
)catalyst like GII, the avoidance of the formation of Ru-
methylidene species is crucial for obtaining good catalytic
productivities. This was effectively suppressed by using MA-H
as an internal olefin, which only leads to the formation of
Ru-enoic carbene species. Under these conditions, GII can be
used as a cheaper alternative for HGII in the reaction with
MO and a variety of vegetable oils. When applying AA-H as a
substrate, which leads to the formation of Ru-methylidene
species, HGII remains the (pre-)catalyst of choice. Altogether,
these findings have the potential to serve as a rational guide-
line for determining the reaction conditions in the prepara-
tion of a,B-unsaturated carboxylic acid derivatives.
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