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ABSTRACT

Concerns over the depleting fossil resources and increasing CO, emissions
are driving a strong interest in utilizing bio-renewable resources in the production of
valuable synthesis materials. This research focuses on the synthesis of polyfunctional
compounds, polyesters, and thermoset polymers from vegetable oils and its
derivatives via olefin metathesis reactions using ruthenium-carbene catalysts. The
research can be divided into three parts as follows.

In the first part, cross-metathesis (CM) of unsaturated fatty acid methyl
esters [methyl oleate (MO), methyl petroselinate (MP), and methyl erucate (ME),
obtained from vegetable oils] with eugenol (obtained from clove oil) proceeded under
green and mild conditions (in 2-propanol or ethanol at 50 °C) in the presence of a
ruthenium-carbene catalyst (called a second-generation Grubbs catalyst, G2). These
metathesis reactions archived high conversion (>90% of MO, MP) and selectivity (>98%)
even with low catalyst loading (0.1 mol % Ru). It believes that the CM reactions of UG
with unsaturated fatty acid methyl esters open the route for the synthesis of a variety

of polyfunctional compounds from renewable feedstocks.
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The second part is the development of bio-based polymers derived from
vegetable oils via olefin metathesis polymerization. In this part, the renewable
polyesters were synthesized by acyclic diene metathesis (ADMET) polymerization of
a,w-dienes, 4-allyl-2-methoxyphenyl 10-undecenoate (M1), prepared from bio-
renewable eugenol and castor oil (undecenoate). The second-generation Grubbs
catalyst (G2) afforded polymers with unimodal molecular weight distributions (M,, =
12700, M,/M,, = 1.85). The polymerization of M1 in the presence of a triarm cross-
linker, 5-formylbenzene-1,2,3-triyl tristundec-10-enoate), also afforded polymers with
certain uniform network structures. It thus believes that the present method approach
is promising and should be applicable for the synthesis of polyesters from monomers
prepared from bio-renewable resources.

In the third part, bio-based thermoset polymers from norbornene-
functionalized various plant oils (olive oil, rapeseed oil, and soybean oil) were prepared
via ring-opening metathesis polymerization (ROMP) in the presence of G2 catalyst. Two
norbornene-based crosslinking agents included petroleum-based norbornene and bio-
based norbornene (norbornene-functionalized isosorbide, NB-IS) were used as
crosslinkers. The catalyst loading determined to be most effective in this study was 0.5
%wt. The glass transition temperature (T,) and storage modulus (E’) of the resulting
bio-based thermoset films increased dramatically upon increasing catalyst loading due
to the enhanced the crosslink density. The number of norbornene rings per triglyceride
in the norbornene-functionalized plant oils significantly influenced on the crosslink
density. Moreover, the addition of crosslinkers increased considerably the T, and E’
values of all bio-based thermoset films. The results revealed that the bio-based
norbornene crosslinker (NB-IS) is comparative to replace the petroleum-based
norbornene in target to improve the thermo-mechanical properties of the bio-based
thermoset films. These plant oil-based thermosets are potential promising

environmentally friendly thermoset polymers.
Keywords: Renewable resources, Vegetable oils, Cross-metathesis (CM), Acyclic diene

metathesis (ADMET), Ring-opening metathesis polymerization (ROMP), Polyfunctional

compounds, Polyesters, Thermoset polymers, Ru-carbene catalysts.
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MP Methyl petroselinate

MU Methyl 10-undecanoate

NB bicyclo[2.2.1]heptene-2

NBCA 5-norbornene-2-carboxylic acid

NB-IS Norbornene-lsosorbide

NB-OO Norbornene-Olive oil

NB-RO Norbornene-Rapeseed oil

NB-SO Norbornene-Soybean oil

NCA Norbornenyl-functionalized castor oil alcohol
NBE Norbornene

NBE Norbornene
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LIST OF ABBREVIATIONS (continued)

Symbols/Abbreviations Terms

NCO Norbornenyl-functionalized castor oil
NMR Nuclear magnetic resonance
NPO Norbornene palm olein

00 Olive oil

R Universal gas constant

RCM Ring-closing metathesis

RO Rapeseed oil

ROMP Ring-opening metathesis polymerization
SEM Scanning electron microscopy
SO Soybean oil

T Absolute temperature

Te Glass transition temperature
Tm Melting temperature

TEA Triethylamine

TGA Thermogravimetric Analysis
THBD 3,4,5-trihydroxybenzaldehyde
TLC Thin layer chromatography
TMS Tetramethylsilane

ubC 10-undecenoyl chloride

ubO 10-undecen-1-ol

Ve Crosslink density

A Tangent
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CHAPTER 1
INTRODUCTION

1.1 Motivation of the research

The depletion of fossil resources and the impact of global warming are
driving strong demand for an alternative to fossil feedstocks from renewable resources.
However, the oleochemical industry is still strongly dependent on the utilization of
petroleum-derived monomers. Vegetable oils (composed of predominantly of
triglyceride with three fatty acid-based ester chains) are one of the most important
and frequently used renewable resources to produce fine-chemicals and polymeric
materials. Long-chain vegetable oils such as soybean oil, rapeseed oil (containing
mainly unsaturated C18 chain) and palm oil (containing both C16 and unsaturated C18
chain) are especially highly utilized in the production of oleochemicals. Short and
medium-chain vegetable oils such as coconut and palm oils consist mainly of lauric
(C12) and myristic (C14) acid chains are important sources for the synthesis of
cosmetics, detergents, soaps, and emulsifiers. Castor oil (containing 85-95% ricinoleic
acid) is considered an important source of the oleochemicals industry. Besides,
unsaturated fatty acid esters (vegetable oil derivatives) are usually obtained from the
transesterification of vegetable oils with alcohol. They are also considered promising
potential sources for producing chemical compounds and polymeric materials. More
than 90% of all oleochemical reactions of unsaturated fatty acid esters are modified
at the carboxy function for the conversion into fatty alcohols and fatty amines.
Moreover, due to the inherent carbon-carbon double bond functionality, they offer
the possibility of being transformed via several very efficient catalytic processes, such
as hydrogenation, epoxidation, ozonolysis, and dimerization. Recently, the
development of catalysts in olefin metathesis allows the chemist to directly
polymerize or introduce a variety of functional groups to these renewable resources
in an efficient manner. The utilization of bio-renewable materials such as vegetable
oils and derivatives in the olefin metathesis has been considered as the promising

subject in terms of both green chemistry and oleochemistry in recent years. For
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example, cross-metathesis (CM) of unsaturated fatty acid esters with functionalized
olefins to produce a,w-bifunctional linear molecules, valuable monomers for synthesis
of polyesters and polyamides, have been investigated. A couple of reports have
recently appeared on the transformation by olefin metathesis of eugenol, another
interesting  renewable resource. Eugenol, (UG, d4-allyl-2-methoxyphenol) is
representative of the kind of unsaturated compounds obtained from clove oil. Owing
to its polyfunctional groups [hydroxyl (-OH), methoxy (-OCH3) and allyl groups], UG
can be used as starting material for synthesis of new compounds exemplified in
designing polymer networks via thiol-ene coupling or bismaleimide networks. UG can
also be transformed via olefin metathesis due to its inherent terminal olefin group.
Recently, study on UG mainly focused on Ru-catalyzed olefin metathesis reactions
such as direct self-metathesis and cross-metathesis with electron-deficient olefins.
Thus, it is possible to prepare different types of functionalized phenol derivatives to
develop new routes for synthesis of different multifunctional products from UG.
Besides, olefin metathesis has been used to produce vegetable oil-based polymers,
primarily by acyclic diene metathesis polymerization (ADMET) and ring-opening
metathesis polymerization (ROMP). The ADMET and ROMP are considered as efficient
methods for bio-based polymers synthesis because these polymerizations can be
performed under environmentally benign conditions. Therefore, olefin metathesis with
vegetable oil and their derivatives can contribute to a sustainable development of our
future, since this approach has great potential for the substitution of currently used
petrochemicals and a variety of value-added chemical intermediates, especially for
the polymer industry.

In this research, utilization of ruthenium catalysts to transform renewable
resources such as vegetable oil and their derivatives into valuable products (fine
chemicals, polyfunctional compounds, bio-based polyesters and thermoset polymers)
via cross-metathesis, ADMET polymerization and ROMP, respectively, were
investigated. The research involves three main parts: The first part is to study CM of
renewable unsaturated fatty acid methyl esters (obtained from vegetable oil) with
eugenol (obtained from clove oil). These CM reactions were performed under mild

conditions (in ethanol or 2-propanol at 50 °C) using low catalyst loading (0.1 %mol
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Ru). The CM of unsaturated fatty acid esters with UG should thus afford several new
and bio-sourced multifunctional phenol derivatives having the potential for the
synthesis of polyesters.

The second part is to synthesis of bio-based polymers from vegetable oil
derivatives. The renewable polyesters were synthesized via ADMET polymerization of
a,w-dienes, 4-allyl-2-methoxyphenyl 10-undecenoate (M1), prepared from derived bio-
renewable eugenol and castor oil. Polyester with high molecular weight and unimodal
molecular weight distribution have been obtained under optimized conditions. The
crosslinked polyesters were also prepared by ADMET polymerization of monomer M1
in the presence of crosslinker. The third part focuses on the preparation and
characterization of renewable thermoset films by ring opening metathesis
polymerization (ROMP) of norbornene-functionalized plant oils (olive oil, rapeseed oil,
and soybean oil). The thermoset polymers in the presence of bio-based norbornene
as a crosslinker (obtained from norbornene-functionalized isosorbide) and petroleum-

based norbornene crosslinker were also investigated.

1.2 Dissertation organization

The dissertation is divided into six chapters, in which Chapters 3, 4 and 5
are each manuscript that has either been published in or prepared for submission to
scholarly journals. The detailed of the dissertation organization is shown below.

Chapter 1 gives the motivations of the research and organization of the
dissertation as well as the objectives of the research

Chapter 2 provides general introduction that outlines the backeround
olefin metathesis. It also includes a briefly introduction to the mechanism of CM,
ADMET polymerization, and ROMP followed by a detailed olefin metathesis in
vegetable oils and their derivatives. Finally, a brief discussion about structure of
eugenol and isosorbide is also introduced.

Chapter 3 involves the cross-metathesis of eugenol (UG) with a series of
unsaturated fatty acid methyl esters having an internal double bond, such as MO,
methyl petroselinate (MP), and methyl erucate (ME), and that having a terminal double

bond (methyl 10-undecanoate, MU), in the presence of Ru-carbene catalysts. The
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effect of reaction conditions (such as time, temperature, substrate concentration, and
ratio of UG/substrate) toward both activity and selectivity were investigated and
discussed in detail.

Chapter 4 involves synthesis of new polyester by ADMET polymerization
of a, w-dienes prepared from bio-renewable eugenol and castor oil (undecenoate).
The ruthenium-carbene (called second generation Grubbs) catalyst afforded high
molecular weight polymers with unimodal molecular weight distributions (M,, = 12 700,
M,/M, = 1.85). The polymerization in the presence of a triarm cross-linker, 5-
formylbenzene-1,2,3-triyl tris(undec-10-enoate), also afforded polymers with certain
uniform network structures.

Chapter 5 includes the synthesis and characterization of bio-based
thermoset polymer films by ROMP of norbornene-functionalized plant oils (olive oll,
rapeseed oil, and soybean oil) in the presence of Ru catalyst. Norbornene-
functionalized isosorbide was synthesized and used as a renewable crosslinker to
increase the glass transition temperature and storage modulus for the resulting
thermoset films. A petroleum-based norbornene was also used as a crosslinker for a
comparison. The overall thermal-mechanical properties of the resulting thermoset
films were investicated in detail by dynamic mechanical analysis and
thermogravimetric analysis

Chapter 6 provides general conclusions and suggestions of future works.

1.3 Research Objectives

The research target of the first topic is to study the efficient conversion of
unsaturated fatty acid methyl esters (FAME) by CM with eugenol (UG) in order to
produce bio-sourced polyfunctional compounds. A series of unsaturated FAME having
an internal double bond, such as methyl oleate (MO), methyl petroselinate (MP), and
methyl erucate (ME), and that having a terminal double bond (methyl 10-undecanoate,
MU) were utilized as substrates to CM with UG in the presence of Ru-carbene catalysts.
The effect of solvents (green solvent and chlorinated solvents), reaction time (5-30

min), reaction temperature (25-80 °C), substrate concentration (1.0-20 M), and
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UG/substrate ratio (1.0-20 molar ratio) on catalyst activity and selectivity have been
studied.

The research target for the second topic on the synthesis of renewable
polymers is to develop bio-based polyester from castor oil derivative and eugenol.
This attempt consists of two stages: (1) synthesis of bio-based a,w-dienes monomer,
4-allyl-2-methoxyphenyl  10-undecenoate (M1), from castor oil derivative
(undecenoate) and eugenol, (2) synthesis of new polyester by ADMET polymerization
of monomer M1 in the presence of Ru-catalysts. The ADMET polymerization conditions
such as catalyst loading (0.5-3.0 mol%), type of catalyst (G1, G2 and G3) and reaction
time (3-18 h) were investigated and discussed in detail. The ADMET polymerization of
M1 in the presence of triarm crosslinker, 5-formylbenzene-1,2,3-triyl tris(undec-10-
enoate) was also studied. Two aliphatic polyesters with linear aliphatic a,w-dienes
were also prepared for comparison. The thermal properties of the resultant polymers
were characterized by differential scanning calorimetry (DSC).

The research target for the third topic on bio-renewable thermosets is to
develop bio-based thermoset films from different plant oils. This effort is divided into
three steps (1) Synthesis of norbornene-functionalized various plant oils (olive oil,
rapeseed oil, and soybean oil) and norbornene-functionalized isosorbide (NB-IS) used
as bio-based crosslinker, (2) preparation of bio-renewable thermoset films by ring-
opening metathesis polymerization (ROMP) using Grubbs second-generation catalyst,
and (3) characterization of the bio-renewable thermoset films. The bio-based
thermoset films were prepared by ROMP of norbornene-functionalized plant oils. The
ROMP conditions such as catalyst loading (0.0625-0.5 %wt) and cured temperature (80
and 120 °C) were investigated. The influence of different crosslinkers (petroleum-based
norbornene and norbornene-isosorbide) and crosslinkers contents (5-15 %wt) were
also studied in detail. The characterization of the bio-based thermoset films focused
on the thermal-mechanical properties, especially storage modulus (E’) and glass
transition temperature (Ty), which should clarify the possibility to the potential
applications of the thermoset films. The thermal properties of the bio-based thermoset

films were also investigated.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Olefin metathesis

Olefin metathesis reaction was first discovered in the mid-1950s,! and the
term “olefin metathesis” is used to describe an exchange reaction between two
olefins, in which there is an exchange of carbon atoms amid a pair of double bonds.
The mechanism reaction highly depends on the nature of carbon-carbon double
bonds in the reactants. The olefin metathesis is classified to four different reactions
consisting of (1) Cross-metathesis (CM, an exchange between substituted double bonds
creating an unsaturated organic molecule and ethylene), (2) Acyclic diene metathesis
polymerization (ADMET, where a diene with terminal double bonds is polymerized by
CM), (3) Ring-closing metathesis (RCM, in which a diene is closed to form a cyclic olefin
and ethylene) and (4) Ring-opening metathesis polymerization (ROMP, where a
cycloolefin is opened to create a linear polyunsaturated), as shown in Scheme 2.1.
The mechanistic variability of the olefin metathesis makes it become an efficient tool
for carbon-carbon double bonds transformation to produce valuable organic

compounds and polymeric materials.?

n\/\x/\/
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Scheme 2.1 Olefin metathesis reactions.?
2.1.1 Development of well-defined olefin metathesis catalyst

The reaction of olefin metathesis is believed to occur through a

metallacyclobutane intermediate formed between a metal alkylidene and an olefin
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as shown in Scheme 2.2.° These systems consist of transition metal salts combined
with main group organometallic reagents or deposited on solid supports such as
WClg/BugsSn, WOCL,/ELAICL,, MoO4/SiO,, and Re,O./ALOs. These catalysts have been
widely applied in olefin metathesis in the early years due to their low cost and facile

synthesis.*

R4 /
= s T — |
= . § \

Ry

Scheme 2.2 Mechanism of olefin metathesis.’

However, the utilization of these catalysts was limited because they
required harsh conditions and strong Lewis acids, which make them incompatible with
most functional groups. Moreover, the reactions were hard to initiate and control
because very small amount of the active species formed in the mixture of catalyst.*
Later on, Schrock et al.®> have developed highly reactive molybdenum and tungsten
alkylidenes with a general formula (ArN)(R’O),M=CHR (where Ar =2,6-Pr',-C¢Hs, R =CMe,-
Ph, and R’ =C(CH5)(CF5),). The outstanding of these catalysts is its high activity. Thus,
they are able to react with both terminal and internal olefins and undergo ROMP with
low-strain  monomers, as well as undergo ring-closing metathesis with sterically
demanding and electron-poor substrates. However, the utilization of these catalysts
was limited because they are very sensitive to moisture and air because of the high
oxophilicity of the metal centers.

In the mid-1990s, Grubbs and co-workers developed well-defined
ruthenium alkylidenes via reaction of RuCl,(PPhs); with phenyldiazomethane and
tricyclohexylphosphine, named as the first-generation  Grubbs catalyst
(PCy5),CLRU=CHPh (G1).° This catalyst is not only compatible with most functional
groups but also stable to air and moisture, especially active towards olefin metathesis
reactions. The mono-substitution of PCys by N-heterocyclic carbene (NHC) ligand in the
G1 catalyst structure formed the second-generation Grubbs catalyst (G2). This catalyst
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is not only having higher activity but also more tolerant with most functional groups
as well as better thermal stability than the G1 catalyst. Due to the outstanding
properties, ruthenium-alkylidenes have been expanded application in olefin
metathesis.” The mono-substitution of PCy; by NHC remarkably improved the reaction
rate and the activity of the catalyst. The rate of initiation, however, was still slower
than the rate of propagation, producing polydisperse products. In the latest generation
of the catalyst, the remaining PCy; in the G2 catalyst was substituted with two 3-
bromopyridine ligands, resulted in third-generation Grubbs catalyst (G3) (Figure 2.1).2
This substitution increased the initiation rate to be commensurate with the rate of
propagation, producing polymers with controlled molecular weights and narrow
molecular weight distribution. The advances in metathesis catalysts have possibly
allowed synthesizing a range of polymers with functionality and molecular weight

control that previously were not possible via organometallic catalysts.

PC Ar—N_ _N-A Ar—N_ _N-A
Y3 r— —Ar r— —Ar
& To = T

RU=CHPh RU=CHPh N—=RU=CHPh
cal ciciit =/ ey

PCy3 PCy3 Br /N

G1 G2 G3 |

Br

Cy = cyclohexyl, Ar = 2,4,6-Me3CgH>»
Figure 2.1 Generation of Grubbs Ruthenium carbene catalysts.?

The catalyst activity can be hampered by the functional groups in
the substrate employed or solvent (comprising oxygen and water) according to various
ways. Therefore, a suitable way to enhance the compatibility of functional group in
olefin metathesis reactions is the development of a catalyst which reacts preferentially
with olefins in the presence of heteroatomic functionalities. Ruthenium-alkylidenes
react preferentially with olefinic double bonds compared to most other catalysts. This
feature makes the Ru-catalysts highly stable towards alcohols, amides, aldehydes, and
carboxylic acids as shown in Table 2.1. The development of the well-defined
ruthenium-carbenes catalysts (such as G1, G2, and G3) has turned olefin metathesis

becoming an efficient method for carbon-carbon transformation applied for the
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production of various organic compounds and polymeric materials over the past
decade. Extensive mechanistic investigations of this catalyst system have been
continuing to study to understand how they work and how they can be improved.

Table 2.1 Functional group tolerance of olefin metathesis catalyst.”

Increasing functional group tolerance —

Titanium Tungsten Molybdenum Ruthenium
Acids Acids Acids Olefins L
2
Alcohols, water Alcohols, water Alcohols, water Acids %
Aldehydes Aldehydes Aldehydes Alcohols, water 'g"
@
Ketones Ketones Olefins Aldehydes g
Esters, amides Olefins Ketones Ketones =
Olefins Esters, amides Esters, amides Esters, amides

2.1.2 General mechanism of olefin metathesis using Ruthenium-

carbene catalyst
Initial mechanistic studies of catalyst G1 and its analogs established
that olefin metathesis reactions in these systems are inhibited by the addition of free
phosphine. The mechanism of olefin metathesis is shown in Scheme 2.3. As shown in
Scheme 2.3, the first step is olefin coordination to the transition metal center,
assumedly cis to the alkylidene. In route (A), the dissociation of phosphine and rotation
of alkylidene happen to form the 16-electron intermediate (1), where the olefin
remains cis to the alkylidene. Then this intermediate undergoes metallocyclobutane
formation cis to the bound phosphine, followed by the scission to release the
metathesis products. In contrast, in route (B) involves the dissociation of phosphine
and redistribution of the olefin trans to the remaining phosphine. Then this
intermediate (2) undergo metallocyclobutane formation trans to the phosphine.
Although route (B) was not initially preferred because of the considering of the

reversible, it is currently being reevaluated in more detail. In addition, the mechanism
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in which both phosphines remain bound to the transition metal center seems to make

an insignificant contribution to the overall activity.
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’ e - CH,=CHR
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| > \R + . — PCyj;
N N R Cl \R
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Scheme 2.3 Mechanism of olefin metathesis using (PCys),Cl,LRu=CHPh.*

2.2 Ring-opening metathesis polymerization (ROMP)

ROMP is a type of olefin metathesis chain-growth polymerization, in which
a mixture of cyclic olefin is transformed into a linear unsaturated polymer as illustrated
in Scheme 2.4.7'° The main characteristic to distinguish ROMP with other olefin addition
polymerizations (for example, ethylene — polyethylene) is that in ROMP any
unsaturation associated with the monomer is conserved when it is converted to

polymer.

[Cat.]
B s
W

Scheme 2.4 ROMP reaction of cyclopentene.”'

The mechanism of ruthenium-catalyzed ROMP relies on the Chauvin’s
mechanism as shown in Scheme 2.5.'' The first step involves the dissociation of 14-
electron complex from the metathesis initiator, followed by undergoing [2+2]
cycloaddition to generate a metallacyclobutane intermediate. This intermediate then
undergoes [2+2] cycloreversion to release a ring-opened product. Because of the
reduction of the ring-strain of the initial monomer, this sequence is greatly

thermodynamically favored. This intermediate bears the catalytically active Ru-
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alkylidene and undergoes further reactions until the monomer is completely
converted. Subsequent quenching of the polymerization by adding excess ethyl vinyl
ether yield a polymer and an alkoxycarbene complex.'?

R Ln

R
Lnl‘?ug F\(u
\ +
R, [2+2]
LnRu=~/ -~ .
G2 coordination cycloaddition
FG
FG Fo

Metallacyclobutane

R intermediate
\;% n
retro [2+2]
FG cycloaddition
N\
Ru

L
A 0N [b -~
Ln
. FG s A .
\’{’ '«g 7‘ ]nRULn R/:l'g FG
FG FG

Scheme 2.5 Mechanism of G2-catalyzed ROMP relied on Chauvin’s mechanism.*!

n R

Like most olefin metathesis reactions, ROMP reactions are reversible. Thus,
ROMP is equilibrium-controlled reactions, and the equilibrium position (monomer vs.
polymer) can be predicted by considering the thermodynamics of the polymerization.
Therefore, the ROMP reaction is force driven by the relief of the ring-strain in cyclic
olefins. The cyclic olefins having high ring-strain (> 5 kcal/mol) such as cyclooctene,
cyclobutene, norbornene and their derivatives are more favorable for the ROMP
reactions. Low ring-strain cyclic olefins as cyclohexene cannot undergo ROMP due to
having a very little enthalpic driving force.’? In addition, the concentration and
temperature factors also heavily influence the outcome of the ROMP reactions.'? The
most favorable conditions for a successful ROMP are high monomer concentration and
low temperature.

The polymerization of cyclic olefins with strained ring by ruthenium-
alkylidenes of general formula L,M = CRR' (L = ligand, R, R' = H, alkyl, aryl) generates

polymers by ring-opening of unsaturated double bonds in each repetitive unit. This
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polymerization reaction is named as “ring-opening metathesis polymerization, ROMP”
because its mechanism relies on repetitive metathesis steps. Olefins with cyclic or
bicyclic strained ring structures such as 2-norbornene or norbornadiene are required

for the performance of ROMP (Scheme 2.6)."

(a)

t A B
N R M=C
/ S R . n
R R
R R
(b) A B
i
. / M=C .
_ e —
M
R
R R

Scheme 2.6 ROMP of (a) 2,3-disubstituted norbornadiene and (b) 2-substituted 5-

norbornene.!?

2.3 Acyclic diene metathesis (ADMET) polymerization

Acyclic diene metathesis (ADMET) polymerization is a step-growth
polymerization forced driven by the release of ethylene."® ADMET polymerization is
typically conducted on terminal dienes (a,w-dienes) in order to form the precise linear
unsaturated polymers.

The mechanism of ADMET polymerization is illustrated in Scheme 2.7."
Initially, olefin coordinates to the transition metal center followed by undergoing [2+2]
cycloaddition to generate a metallacyclobutane intermediate (1). This intermediate
rapidly undergoes the cleavage to form a metathesis active alkylidene complex (2).
Then reacts with the double bond of another monomer to produce the
metallacyclobutane ring (3), which subsequently results in the formation of a polymer.
The cycle proceeds with the coordination of another diene or growing polymer,
followed by cleavage of product, and release of ethylene. Because all the species
involved in this catalytic cycle are in equilibrium, thus, ethylene formed in the ADMET

polymerization is usually removed from the reaction mixture in order to shift the
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reaction toward the polymer side. Ethylene is often removed either by applying a

vacuum or using a constant flow of inert gases like argon or nitrogen.

R'
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Scheme 2.7 Generally mechanism of ADMET polymerization.15

Like any other step-growth polymerization, ADMET polymerization is
preferably conducted in bulk in order to avoid the formation of cyclic oligomers. During
the polymerization, however, the molecular weight of the polymer and the viscosity
increased leading to hampering stirring and making removal of ethylene difficult.
Therefore, depending on the property of monomers, the utilization of solvents is
probably necessary to obtain high conversion. The non-volatile solvents such as
toluene or o-xylene are favorably in these cases. The earliest reports on ADMET
revealed that the ADMET polymerization of non-functionalized a,w-diene can be
conducted under mild reaction conditions as the main advantage of this method.
Recently, the development of olefin metathesis catalysts which are robust and
versatile allows the ADMET polymerization of a wide range of functionalized a,w-
dienes at a low temperature. It is necessary for the success of ADMET polymerization
in order to hamper side reactions. This can be resolved by selecting an appropriate
catalyst and optimal reaction conditions. However, ADMET polymerization does not

always generate well-defined polymeric architectures due to the competing of the
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isomerization with olefin metathesis.'®!" Therefore, double bond isomerization side-
reactions have been subjected to extensive research. During ADMET polymerization,
the double bonds can migrate along the polymer backbone or monomer. As a result,
the repeat unit structure of the resulting polymer can become irregular with respect
to carbon chain length and double bond position.

The discovery and application of the Schrock and Grubbs catalysts in
ADMET polymerization have opened the way for the synthesis of different polymers
with well-defined functionalities and architectures.'®* Consequently, through ADMET
polymerization a variety of novel polymers with designed architectures can be
synthesized that would be not accessible by other methods. Several telechelic
polymers have been synthesized, both directly and via the ADMET depolymerization
of unsaturated polymers.?! Some of these were applied for synthesizing segmented
and ABA-type block copolymers. Moreover, ADMET polymerization allows the
synthesis of perfectly linear unsaturated polymer and various alkyl branched as well
as functionalized polymers with precisely placed pendant groups into the hydrocarbon
backbone.? Graft copolymers with "perfect comb" structures are also synthesized via

ADMET polymerization.

2.4 Vegetable oils

2.4.1 Structure of vegetable oils

Vegetable oils are considered one of the most plentiful bio-
renewable resources extracted from various plants. Vegetable oils are usually named
according to their biological sources such as olive oil, soybean oil, and palm oil.
Vegetable oils are composed of triglyceride molecules with three fatty acid-based ester
chains formed.?® Fatty acids account for 95% of the total weight of triglycerides and
their content is featuring for each vegetable oil. The structures of the most common
fatty acids are shown in Figure 2.2. Most fatty acids are long straight-chain aliphatic
compounds with an even number of carbons. The carbon-carbon double bonds in
most of the unsaturated fatty acids possess a cis-configuration. The unsaturated fatty

acids are considered as promising renewable resources for monomers and polymers
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synthesis because the carbon-carbon double bond allows for further chemical
modification. Besides carbon-carbon double bonds, some fatty acid chains like
ricinoleic and vernolic also possess extra functional groups such as hydroxyl group (-
OH) and epoxy group (C-O-C). The physical properties of vegetable oils strongly depend
on the character and the distribution of the fatty acids, and they are usually in liquid
state at room temperature. Generally, vegetable oils contain longer fatty acid chains
with a lower number of carbon-carbon double bonds, and a trans-configuration and
conjugation of the carbon-carbon double bonds have higher melting point

temperatures.
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Figure 2.2 General structure of triglyceride and the most common fatty acids obtained

HO

from various vegetable oils.

Different types of vegetable oils contain different fatty acids
components which highly depend on the plant sources and the growing conditions.?
The fatty acid components of the most common vegetable oils are shown in Table

2.2.%?% The chemical and physical properties of vegetable oils are also strongly
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affected by the degree of unsaturation, which is usually estimated by measuring the
iodine value (IV). The IV value is the amount of iodine (mg) reacting with the carbon-
carbon double bonds in 100 ¢ of vegetable oil. Table 2.2 shows the IV values of some
common vegetable oil.>* The higher IV value reveals more carbon-carbon double
bonds per vegetable oil triglyceride. Consequently, vegetable oils are classified into
three types including drying oils (IV > 130), semi-drying oils (100 < IV < 130), and non-
drying oils (IV < 100).

Table 2.2 Fatty acid components and iodine value (IV) of the most common vegetable

oils. 2%
Fatty acid (%)
St o Double lodine value®
bond? (mg/100 ¢)  Palmitic  Stearic Oleic  Linoleic  Linolenic

Palm 1.7 44-58 42.8 4.2 40.5 10.1 -
Olive 2.8 75-94 13.7 2.5 7l 1 10.0 0.6
Groundnut 3.4 80-106 114 2.4 48.3 31.9 -
Rapeseed 3.8 94-120 4.0 2.0 56.0 26.0 10.0
Sesame 3.9 103-116 9.0 6.0 41.0 43.0 1.0
Cottonseed 3.9 90-119 21.6 2.6 18.6 54.4 0.7
Corn 4.5 102-130 10.9 2.0 25.4 59.6 1.2
Soybean 4.6 117-143 11.0 4.0 234 53.3 7.8
Sunflower 4.7 110-143 5.2 2.7 37.2 53.8 1.0
Linseed 6.6 168-204 5.5 3.5 19.1 15.3 56.6

®The average number of carbon-carbon double bonds per triglyceride
®The amount of iodine (mg) reacts with the carbon-carbon double bonds in 100 g of

vegetable oil

2.4.2. Metathesis of vegetable oils and its derivatives
Over the past decade, olefin metathesis was considered as an
important and powerful tool for carbon-carbon transformation applied for monomers

synthesis and polymer chemistry. Olefin metathesis provide a useful, environmentally
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friendly and highly selective way to various chemical compounds and polymeric
materials by directly or through only few reaction steps. For example, self-and cross-
metathesis have been widely applied for producing of various organic compounds and
monomers as well as multifunctional products. Besides, olefin metathesis has been
employed to synthesis of bio-based polymers, primarily through acyclic diene
metathesis polymerization (ADMET) and ring-opening metathesis polymerization
(ROMP). The ADMET and ROMP are attractive methods for synthesis of bio-based
polymers because these methods can be conducted under mild and environmentally
benign conditions. One of the potential applications of olefin metathesis is the

utilization of bio-renewable resources such as vegetable oil and their derivatives.?’*

Self-metathesis (SM)

SM of unsaturated fatty acid methyl esters (FAME), vegetable oil
derivatives, has been widely used for producing of various monomers and organic
compounds. For example, SM of methyl oleate (MO, methyl cis-9-octadecenoate), to
produce diesters (C18) and the alkene (C18), has been reported by Elevance et al.
Also, Zelin et al. have reported the efficient production of 9-octadecene and 9-
octadecene-1,18-dicate (9-OD) via SM of MO (Scheme 2.8).> The reactions were
conducted in liquid-phase in the presence of silica-supported Hoveyda-Grubbs
catalysts (HG2/SiO,) (0.43-6.0 wt.% HG2). Self-metathesis of other unsaturated FAME
[such as methyl palmitoleate (methyl cis-9-hexadecenoate), methyl erucate (methyl
cis-13-docosenoate) and methyl petroselenate (methyl cis-6-octadecenoate)] with high

conversion and selectivity obtained has also been described.**
o}

N N e e S
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MeOMWOMe

(0]

Scheme 2.8 Self-metathesis of methyl oleate.”
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Another example is SM of w-unsaturated FAME (methyl 10-
undecenoate) afforded a long-chain unsaturated dicarboxylic acid ester as available
monomer for synthesis of polyesters and polyamides. The SM of methyl 10-
undecenoate (obtained by pyrolysis of methyl ricinoleate from castor oil) was
completely proceeded by removal of co-product ethene during the reaction (Scheme

2.9).%
(6]

Meo)l\/\/\/\/\/

'CHchzl Ru Cat.
(0]

W OMe
MeO /\/\/\/\/\’(

o}
Scheme 2.9 Self-metathesis of methyl 10-undecanoate.”

SM of unsaturated FAME, such as methyl linoleate and methyl
linolenate afforded several reaction products. Three main obtained products were
including dicarboxylic esters, monocarboxylic esters and polyenes. The distribution of
the product at equilibrium corresponds to a random scrambling of carboxy-alkylidene
and alkylidene moieties resulting in a 1:2:1 molar ratio of the three main obtained
products. In addition, the «cyclic hydrocarbons like cyclopolyenes and 1,4-
cyclohexadiene were also obtained due to the secondary intramolecular metathesis

reactions, as illustrated for methyl linolenate in Scheme 2.10.

OMe

Methyl linolenate

WCIG/MeSn‘i 70°C

“
OMe

O
Scheme 2.10 Self-metathesis of methyl linolenate.®
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Cross-metathesis (CM)

CM of unsaturated FAME with a short-chain olefin generates more
desirable ester homologs and greatly expands the flexibility of the metathesis reaction
in the oleo-chemistry field. Unsaturated FAME, predominantly obtained from
vegetable oils, have a chain length ranged from C16 to C22 atoms. These long-chain
unsaturated FAME can be shortened by CM with short-chain alkenes to produce less
abundant medium-chain FAME, such as highly-demanded detergent ranged in C12-C14
acid esters. For instance, CM of methyl oleate (MO) with 3-hexene afforded methyl 9-
dodecenoate and 3-dodecene (Scheme 2.11).>° Using a large excess of 3-hexene can
shift the reaction toward the product formation as well as suppress the formation of

self-metathesis of the ester.
(@]

Meo)l\/\/\/\/w NN

Methyl oleate 3-hexene

(0]
Meo)J\/\/\/\,d‘\/\ + NN

Scheme 2.11 Cross-metathesis of methyl oleate with 3-hexene.”

CM reaction is also a very useful tool for producing bi-functional
compounds, that could not be accessible obtain by other methods, or only after
multiple reactions steps. For instance, Dixneuf et al. have reported CM of fatty acid-
derived unsaturated esters, acids, and aldehydes with acrylonitrile and fumaronitrile
using HG2 catalyst.”* The obtained a,w-bifunctional compounds can be easily
converted into valuable monomers such as amino esters, amino acids, and amino
alcohols, via simple reduction method. Another example from the same group
demonstrated the synthesis of saturated C20 and C12 diols from castor oil derived 10-
undecenal through either SM or CM with methyl acrylate, acrylic acid, acrolein and

acrylonitrile, followed by hydrogenation in tandem catalytic reactions (Scheme 2.12).%®
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Scheme 2.12 Synthesis of saturated a,w-diols and w-functional aldehydes from 10-

undecenal *®

Recently, Rybak and Meier have reported CM of fatty acid methyl

esters derived from vegetable oils [Methyl oleate (1), methyl 10-undecenoate (2),

methyl erucate (3) and methyl petroselinate (4)] with methyl acrylate.”” These CM

reactions performed with both high conversion (>97%) and selectivity of CM product

(92%) in the presence of G2 and HG2 catalysts. A series of unsaturated a,w-diesters

with chain lengths of C8, C11, C12, and C15 (CM products 5-8) and C12, C18, C20 and

C26 (SM products 9-12) were obtained as shown in Scheme 2.13. The obtained

products are valuable monomers for the production of polyesters or polyamides.
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Scheme 2.13 Different monomers obtained from self-metathesis/cross-metathesis of
fatty acid derivatives with methyl acrylate.?’

Moreover, Abel et al. described CM of MO with allyl cyanide and
homoallyl cyanide for the synthesis of methyl 12-aminododecanoate and 13-
aminotridecanoate, as valuable precursors for producing nylon 12 and 13.°" The
optimized CM was performed at 110 °C for 4 h using HG2 (2.0 mol%) in chlorobenzene
at 5.0 equiv. of allyl cyanide. The MO conversion was 87% with 55% vyield of desired
products.

Also, Behr and Toepell have reported CM of methyl oleate and

methyl 10-undecenoate with allyl acetate and cis-1,4-diacetoxy-2-butene using
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different Ru-catalysts.”® The optimized CM were conducted at 80 °C in toluene for 2 h
using 1.0 mol% catalyst with 3 equivalents of monomer to achieve high conversion
and yield. The obtained products are interesting intermediates for polymers synthesis.
Recently, Bonin et al. reported CM of FAME with acrolein in the presence of G2
catalyst.”” The obtained bifunctional formyl-esters are useful compounds for further
transform into polymer precursors. Highly efficient conversion with low catalyst loading
(TONs= 1000) was obtained when thermally pre-treated FAME.

Very recently, Awang et al. have reported CM of MO with a series of
internal olefins (cis-4-octene (CO), cis-stilbene (CS), cis-1,4-diacetoxy-2-butene) and
terminal olefins containing different substituents (allyltrimethylsilane, allyl glycidyl
ether, vanillylidenacetone) using Ru catalysts.*® The results demonstrated that the MO
conversion and selectivity of CM products were significantly influenced by the molar
ratio and characteristic of the substituent in the internal and terminal olefins as well
as the reaction time. High MO conversion and selectivity of CM products were obtained
under high molar ratio.

Additionally, long-chain  linear di-unsaturated esters were
synthesized by CM of an unsaturated FAME with a cyclic olefin. For example, 1-
triacontanol was obtained by CM of MO with cyclododecene (Scheme 2.14), then the

obtained unsaturated ester was hydrogenated.”

o]

MeOJJ\/VWW aE

WCIG/Me4Sn 80 °C

(0]
/\/\/\/w/\/\/\/\/\/vz//\/\/\/\)]\o,we

Scheme 2.14 Cross-metathesis of methyl oleate with cyclododecene.®
Ring opening metathesis polymerization (ROMP)

Ring-opening metathesis polymerization (ROMP), featuring the
characteristics of a living polymerization, is a useful method for the preparation of

precision polymers.*! However, ROMP is not the most suitable method for synthesis of
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polymers when fatty acid was used as feedstock due to the low ring strain of the
ensuing unsaturated cyclic monomers. In order to utilize vegetable oil in ROMP, it is
necessary to modify fatty acid chains by coupling with cyclic olefins building blocks.*
Norbornene and its functionalized derivatives are usually used in ROMP due to
commercial availability, low cost, and easy to undergo ROMP. Vegetable oils and their
derivative have been extensively employed for preparing polymers via ROMP.

For instance, Larock et al.* have first studied ROMP of fatty acid
derivatives. Castor oil was functionalized with 5-norbornene-2,3-dicarboxylic anhydride
then co-polymerizing with cyclooctene via ROMP to produce thermoset polyesters.
The T, values of thermosets was in the range -14 to 1 °C. An increasing the amount of
modified castor oil in the feed ratio led to increase in the extracted (unreacted or
oligomeric) components in the thermoset. Dynamic mechanical analysis (DMA) and
TGA of the extracted samples indicated that the free fatty acid chains and soluble
portions incorporated into the polymer networks plays as plasticizers and make
increasing in thermal stability. TGA results showed that all the thermosets were
thermally stable below 200 °C.

Also, Larock et al.** have reported the fabrication of plant oil-based
thermosets by ROMP of Dilulin (cyclopentadiene functionalized linseed oil)* and
dicyclopentadiene, which was used as a matrix for composites with glass fiber. The
resins and the corresponding composites showed increasing in the T, tensile strength,
storage modulus (E’), and toughness when increasing dicyclopentadiene content.

A several norbornene-functionalized fatty acids with different chain
lengths (C6-C18), were prepared and polymerized by ROMP using G3.% The obtained
polymers had molecular weights up to 126 kDa with PDI in the range from 1.05 to 1.26
depending on the polymerization conditions. The thermal properties of the polymers
were highly affected by the length of the fatty acid chain. As a result, the T, value
decreased from 102 to 32 C as increasing chain length from C6 to C18. In addition, only
the polymers having chains length from C14 to C18 were able to crystallize, and the
T value decreased from 30 °C to 6 °C corresponding to the increased chain length.

TGA analyses revealed that the polymers were thermal stable below 325 °C.
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Recently, Xia et al.*’ have reported the synthesis of castor oil-based
thermosets with various crosslink densities via ROMP. Two monomers were prepared
including norbornenyl-functionalized castor oil (NCO), and norbornenyl-functionalized
castor oil alcohol (NCA). The monomers were polymerized via ROMP in the present of
G2 (0.125 wt%) catalyst and resulted in bio-renewable plastic with different physical
states from the rubbery to the rigid with crosslink densities in the range from 318 to
6028 mol/m’.

Very recently, Fernandes et al.*®

have reported a monomer
norbornene palm olein (NPO). Palm oil was functionalized with 5-norbornene-2-
carboxilic acid and submitted to ROMP with G2 catalyst. The ROMP was not undergone
without co-monomer norbornene (NBE). In contrast, ROMP of NPO and co-monomer
free NBE at 30 °C with different NPO/NBE ratios resulted in products with different
physical states from viscous liquid to soft solids and brittle solids. The soft solids were
insoluble in water, acetic acid, and typical organic solvents, but swollen in slightly
polar organic solvents like chloroform at 30 °C. The resulting plant oil-based polymer
showed thermal stability up to 300 °C.

Very recently, Ganewatta et al. synthesized high molecular weight
renewable homopolymers and block copolymers derived from natural rosin (Scheme
2.15).* Monomers with high renewable content (70 %wt) were prepared by a simple
esterification reaction between  dehydroabietic  alcohol and  5-exo-
norbornenecarboxylic acid. The monomers were submitted to ROMP in the presence
of G3 and HG2 catalysts to obtain polymers with molecular weight up to 500 kg/mol.
The T, values were varied from 110 to 55 °C via hydrogenation or by controlling the
spacer between the polymer backbone and the bulky dehydroabietic acid moiety.
These homopolymers exhibit excellent thermal stabilities, and thermoplastic
properties. In addition, the dehydroabietic-based homopolymer was chain extended
by copolymerizing with soybean oil-derived norbornene monomer to obtain triblock

copolymers via living ROMP.
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Scheme 2.15 Triblock copolymers by ROMP with sequential monomer addition.*

2.5 Eugenol

Eugenol (UG, 4-allyl-2-methoxyphenol shown in Figure 2.3) is an interesting
renewable compound. UG (featuring a renewable phenolic compound) is typically
extracted from clove oil. For instance, UG comprises approximately 70-90% of clove
oil from Eugenia caryophyllata and occurs widely as a main component of essential
oils.”® UG has been widely used not only in the production of cosmetics, perfumes,
soaps, and even food, but also in the medical and pharmaceutical fields as antibiotic
and antihypertensive agents.”® In addition, UG can also be considered as a lignin
derivative and be potentially extracted from lignocellulosic biomass.”! Owing to its
functional groups [hydroxyl (-OH), methoxy (-OCHs) and allyl groups], UG can be easily
converted to many types of chemicals. Thus, UG is considered interest as starting
material for the synthesis of new compounds exemplified in designing polymer

52,53

networks via thiol-ene coupling®®>® or bismaleimide networks.”*>> Recently, study on

UG mainly focused on Ru-catalyzed olefin metathesis reactions such as self-

58,59

%57 and cross-metathesis with either electron-deficient olefins”®*® or

metathesis
unsaturated fatty acid methyl esters® due to presence of the terminal olefin group.
Therefore, it is possible to prepare different types of functionalized phenol derivatives
to develop new routes for synthesis of different multifunctional products from UG.®"%?

Additionally, UG structure, which contains an aromatic ring, has the potential
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alternative to petroleum-based phenolic monomers, which are widely used nowadays
in the field of polyesters. For instance, a wide variety of polyesters based on UG and
a,w-diols have been prepared by polycondensation and thiol-ene click reactions.®***
The above-mentioned characteristics reveal that UG is a promising renewable

feedstock for the synthesis and development of new polymeric materials.

extraction

Clove oil

Figure 2.3 The chemical structure of eugenol (UG).

2.6 Isosorbide

Isosorbide (IS) is another interesting renewable resource with high
availability. IS is derived from s¢lucose, which is typically obtained by the
depolymerization of biomass-based such as starch and cellulose.®*® IS can be
produced in large scale from starch through three main chemical reactions (Scheme
2.16).°¢ Firstly, starch is hydrolyzed to glucose and then hydrogenated to sorbitol.
Finally, sorbitol is dehydrated to isosorbide. IS is a V-shaped diol with a unique bicyclic
ring structure consisting of two cis-fused tetrahydrofuran rings and two secondary (-OH)
groups in the 2- and 5- positions,®” which imparts a degree of rigidity to polymers. Its
inherent unique molecular structure, high thermal stability, biodegradability and
nontoxicity makes it a promising monomer and monomer precursor for potential
replacing petroleum-based derived polymers. The outstanding features of IS have
motivated numerous studies on the synthesis of isosorbide-based polymers with high

mechanical and thermal properties including polyesters, polyurethanes, and
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poly(meth)acrylates.®®®® Moreover, the rigid, bicyclic structure of isosorbide tends to
impart a high glass transition temperature (T, and modulus in the resulting materials.
Therefore, isosorbide was considered as a green alternative to bisphenol A for the
production of bio-based thermoset polymers. In addition, because the distinctive
properties of IS such as attractive price, molecular rigidity, biodegradability,
renewability, and non-toxicity, a numerous research has focused on exploring new
isosorbide-based derivatives (monomers) to prepare high-performance materials for a

wide range of applications.

CHOH  CH,0H CH,OH OH OH
OH OH
H,0 0 Ha -2H,0 o
— " HO — - HO/MOH —_—>
0 0 HO
OH o]
OH o OH o o] i HO 4. S o
OH
Starch Glucose Sorbitol Isosorbide

Scheme 2.16 Reaction scheme of the conversion of starch to isosorbide.®
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CHAPTER 3
EFFICIENT CONVERSION OF RENEWABLE UNSATURATED FATTY ACID
METHYL ESTERS BY CROSS METATHESIS WITH EUGENOL

3.1 Introduction

Olefin metathesis has been known as an efficient method for synthesis of
various intermediates and fine chemicals,"*® both cross metathesis (CM) and ring
closing metathesis (RCM) have been employed especially for the purpose.'™" One of
the recent promising applications in the olefin metathesis is the utilization of
renewable bio-source materials to complement or replace petroleum-based specialty
chemicals.'?*¢ In particular, CM of unsaturated fatty acid esters (shown in Scheme 3.1),
which are obtained from plant oils or algae-derived feedstocks,">!"* has been
considered as the promising subject in terms of both green chemistry and
oleochemistry.'#1%?1# Methyl oleate (MO) is the predominant component of fatty acid
methyl esters of the triglycerides in many vegetable oils such as olive, canola oil or

Jatropha oil,'"*°

and is usually obtained from the transesterification of vegetable oils
with alcohol. Therefore, considerable attention has been paid for utilization of MO as
the starting materials for the production of intermediates and polymer precursors via

CM.2 For instance, CM of MO with functionalized olefins, such as allyl chloride,*

33,34 35,36

methyl acrylate, acrylonitrile, allyl acetate,’” allyl glycidyl ether, and
allyltrimethylsilane (ATMS),*! has been studied to obtain renewable a,w-bifunctional
compounds.

Eugenol (UG), featuring a phenolic allyl benzene (shown in Scheme 3.1), is
also an interesting bio-based compound. UG is typically obtained from clove oil and
has been widely used not only in foods, perfumes, antioxidants but also in the medical
and pharmaceutical fields, due to its unique properties in reducing blood sugar,
triglyceride, and cholesterol.* UG can also be considered as a lignin derivative and be
extracted potentially from lignocellulosic biomass. Moreover, UG can be easily
converted to many types of chemicals owing to its bifunctional nature. The aliphatic

chain and methoxy group (-OCHs) affect the physical properties of polymers derived
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from UG,"* whereas the hydroxyl (-OH) group and the terminal olefin provides further

chemical modification exemplified in designing polymer networks via thiol-ene

46,47 48,49

coupling or bismaleimide networks, particularly for performing metathesis

reaction.”® Therefore, reports concerning self-metathesis (SM)***! and CM of UG with

135255 and electron deficient terminal olefins (such as

symmetrical internal olefins
methyl acrylate, methyl methacrylate, acrylonitrile, and with acrylamides)**? have
been known in the presence of ruthenium catalysts.

The CM of unsaturated fatty acid methyl esters with UG should thus afford
multifunctional products having hydrophobic (long alkyl chain length) and hydrophilic
(phenolic group) properties/or olefinic double bonds. These suggest that UG is the

promising candidate as substrate for the CM reaction with fatty acid methyl esters;

however, comprehensive studies of CM (shown in Scheme 3.1) still have not been

conducted.
Eugenol (UG)
Methyl oleate (MO) Methyl petroselinate (MP)
M
Methyl erucate (ME) Methyl undecenoate (MU)

Scheme 3.1 Typical unsaturated fatty acid methyl esters from plant oils or algae-

derived feedstocks, and eugenol obtained from biomass.

In this chapter, we wish to introduce our explored results for CM of UG
with a series of unsaturated fatty acid methyl esters having an internal double bond,
such as MO, methyl petroselinate (MP), and methyl erucate (ME), and that having a
terminal double bond (methyl 10-undecanoate, MU), in the presence of ruthenium-
carbene catalysts (Scheme 3.2). We herein present that these CM reactions proceed
efficiently in ethanol, isopropanol and dimethyl carbonate (DMC) (environmentally
benign solvent) under sustainable conditions, although these reactions are often

conducted either in chlorinated solvents (dichloromethane (DCM) and 1,2-
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dichloroethane)’® or aromatic solvents (toluene, benzene and chlorobenzene).***! The
influence of reaction conditions such as time (5-30 min), temperature (25-80 °C),
substrate concentration (1.0-20 M), and ratio of UG/substrate (1.0-20 molar ratio)

toward both activity and selectivity has been investigated in detail.

3.2 Materials and Methods

3.2.1 Materials

All experiments were carried out under a nitrogen atmosphere unless
otherwise specified. All chemicals used were of reagent grade and were purified by the
standard purification procedures. Anhydrous grade dichloromethane (DCM, >99.5 %)
and n-hexane (Kanto Chemical Co., Inc.) were transferred into a bottle containing
molecular sieves (mixture of 3A 1/16, 4A 1/8 and 13X 1/16) in the drybox. Ethanol
dehydrated (>99.5%), 2-propanol dehydrated (>99.7%) were supplied by Kanto
Chemical Co., Inc. Methyl oleate (MO, >60%), methyl 10-undecanoate (MU, >96.0%),
methyl erucate (ME, methyl cis-13-docosenoate, >90.0%), methyl petroselinate (MP,
methyl cis-6-octadecenoate, >98.0%), eugenol (UG, >99.0%) and dimethyl carbonate
dehydrated (DMC, >98.0%) were obtained from Tokyo Chemical Industry, Co., Ltd. and
were used as received without purification. Thin layer chromatography (PLC Silica gel
60 Fys4, 0.5 mm) was purchased from Merck KGaA. RuCl(PCys),(CHPh) [called first-
generation Grubbs catalyst (G1); Cy = cyclohexyll, RuCl,(PCys)(H,IMes)XCHPh) [called
second-generation Grubbs catalyst (G2), IMesH, = 1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene], RuCl,(IMesH,)(CH-2-OPr-C4H,) [called second-
generation Hoveyda-Grubbs catalyst (HG2)] and RuCl,(PCys)(IMesH(CHPh)(3-BrCsHgN),
[called third-generation Grubbs catalyst (G3)] were used in the dry-box as received
(Aldrich Chemical Co.). Methyl heptadecanoate (C17, GC standard, >99.0%), used as

the internal standard (IS) for GC analyses, was also purchased from Aldrich.
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Scheme 3.2 Cross Metathesis (CM) of eugenol (UG) with methyl oleate (MO) or other

unsaturated fatty acid methyl esters.
3.2.2 Measurements and Characterization

Analytical GC characterization of mixtures was performed on GC-

2025, Shimadzu equipped with a DB-1 column (30 m x 0. 25 mm x 0.25 ym), using a
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flame ionization detection. Nitrogen gas was used as a carrier gas at a flow rate of 2.0
mL/min. The oven temperature program profile was: initial temperature 50 °C, hold
for 10 min, ramp at 15 °C/min to 200 °C, hold for 55 min (hold for 100 min for analyzing
products of MU with UG).

The quantitative analyses were performed by comparing the peak
area of the products with known amount of methyl heptadecanoate as an internal
standard. Calibration coefficient was determined by analyzing the mixtures of
substrates (MO, MP, ME and MU) and the internal standard with different mass ratios.
The amount of substrates (MO, MP, ME and MU) was calculated by normalizing using
the internal standard method with the calibration coefficient. The conversion of
substrates (MO, MP, ME and MU) was obtained from the comparison of peak areas
before and after the reactions. The effective carbon number (ECN) concept for GC-FID
analyses was used to calculate the yields of products.>®

GC-MS analysis was carried out on Shimadzu GC-17A gas
chromatography directly coupled to the mass spectrometer system (MS) of Shimadzu
GCMS QP5050, equipped with a DB-1 column (30 m x 0.25 mm x 0.25 um, with
polyethylene glycol stationary phase). Helium gas was used as a carrier gas at a flow
rate of 2.0 mL/min. The oven temperature program profile was: initial temperature 50
°C, hold for 10 min; ramp at 15 °C/min to 200 °C, hold for 55 min (hold for 100 min
for analyzing products of MU with UG).

Thin layer chromatography (TLC) was carried out on glass-backed
silica plates PLC Silica gel 60 F,s54, 0.5 mm (dimension 20 cm x 20 cm). The reaction
products were identified by visualizing the plates under UV light (wavelength 254 nm).
Silica gel column chromatography was carried out using dry silica (size 20-60 um).

'H and ">C NMR spectra were obtained by dissolving the samples in
CDCl; and recording the spectra using Bruker AV500 NMR spectrometer (500 MHz for
'H and 125 MHz for °C). All spectra were obtained in the solvent indicated at 25 °C
unless otherwise noted. Chemical shifts (6) were reported as parts per million (ppm)
with tetramethylsilane (TMS) as the internal standard (§ 0.00 ppm, 'H, C). The

coupling constants are given in Hz.
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For characterization by the NMR spectra, the metathesis products of
MO with UG were purified by column chromatography on silica gel (ethyl
acetate/hexane mixtures) followed by thin layer chromatography (TLC, ethyl

acetate/n-hexane = 2:8 v/v mixtures).

3.2.3 The effective carbon number (ECN) of materials
The ECN concept for GC-FID analyses was used to calculate the
yields of products.”>”® Methyl heptadecanoate (C17) was used as the internal standard.
Contributions to the effective carbon number are summarized in Table 3.1. ECN of
starting materials and products for both self and cross-metathesis reactions are shown

in Figure A3.1-3.4 in Appendix A.

Table 3.1 ECN contributions of atoms or groups.

Type Atom ECN contribution
Aliphatic C 1.0
Olefinic @ 0.95
Ester C @ 1.0
Ester group - -1.49
- 52
HO
OCH,

3.2.4 General procedure for the cross-metathesis reaction of fatty acid

methyl esters (MO, MP, ME and MU) with eugenol (UG)
A typical procedure (Table 3.2, run 8) is as follows. The second-
generation Grubbs catalyst RuCl,(PCy3)H,IMes)(CHPh) (0.0017 ¢, 0.1 mol%, 0.0020
mmol) was weighed in 10 mL vial under nitrogen atmosphere. Fatty acid methyl esters
(MO, 0.593 g, 2.00 mmol) or (ME, 0.706 g, 2.00 mmol) or (MP, 0.593 g, 2.00 mmol) or
(MU, 0.397 ¢, 2.00 mmol) and eugenol (UG, 3.284 g, 20.0 mmol, 10 equiv.) were

dissolved in solvent, and then quickly transferred to the catalyst vial. The mixture was
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stirred at 50 °C for 10 min, then the resulting mixture was passed through a packed
column of Celite to remove the catalyst. Methyl heptadecanoate (IS, 10 mg) as an
internal standard for GC analyses was added into the obtained filtrate. Afterward, the
mixture was analyzed using the gas chromatograph with FID detector (GC-FID) and the
gas chromatograph mass spectrometer (GC/MS). GC-FID and GC/MS spectra are shown
in Figure A3.5-3.16 (Appendix A).

For NMR characterization, after solvent evaporated the metathesis
products of MO with UG were purified by column chromatography on silica gel (ethyl
acetate/hexane mixtures) followed by thin layer chromatography (TLC, ethyl

acetate/n-hexane = 2:8 v/v mixtures).

3.3 Results and Discussion

3.3.1 Cross-metathesis of Methyl Oleate (MO) with Eugenol (UG) using
Ruthenium catalysts
Methyl oleate (MO) has been chosen as a model substrate in this
cross-metathesis (CM) with eugenol (UG) using Ru-carbene catalysts (shown in Scheme
3.2,G1, G2, G3, and HG2). Greener solvents such as dimethyl carbonate (DMC), ethanol
and 2-propanol were used for purpose of environmentally benign conditions, although
dichloromethane (DCM) or toluene was often used with these Ru catalysts. As shown
in the Scheme 3.2, four types of CM products (expressed as CM1, CM2, CM3, and CM4),
as well as self-metathesis (SM) products can be considered in the reaction. The CM of
MO with UG produced fine chemicals and polyfunctional compounds. The highly
expected compounds from CM of MO and UG are CM3 and CM4 which are able use
as monomers for preparing polyesters. Note that the distribution of CM product in the
CM reaction of MO with UG is 1:1 for (CM1+CM3)/(CM2+CM4) based on the theory of
CM reaction. However, since the CM products can react (cross-metathesis) together,
thus, utilizing a hish UG/MO ratio is necessary in order to achieve high selectivity of CM
products. The mechanism of CM reaction between MO and UG is shown in Scheme
3.3. The GC-FID chromatography of the CM reaction of MO with UG is shown in Figure
3.1.
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Figure 3.1 GC-FID chromatogram for the cross-metathesis reaction of methyl oleate

(MO) with eugenol (UG).
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3.3.1.1 Effect of solvent and MO concentration in cross-metathesis
of MO with UG

The CM reaction of MO with UG were first carried out at 50 °C
for 10 min using G2 catalyst at 0.1 mol % to study influence of solvent and MO
concentration. The selected results are shown in Table 3.2. It was found that the high
conversions of MO have been attained under mild conditions (50 °C) even for a short
reaction period (10 min), when the reaction was conducted in the presence of G2
(Table 3.2, runs 1-4). Importantly, the MO conversion carried out in DCM was relatively
close to those carried out in DMC and 2-propanol. Moreover, the selectivity of CM and
SM products (defined as select.(2)) in DMC, ethanol and, 2-propanol is almost identical
to that in DCM; the selectivity of CM and SM products reached almost 98%. The
catalytic activities evaluated as turnover number (TON) values on the basis of
metathesis products are higher than those in the CM reactions of MO with cis-4-octene
(CO), cis-1,4-diacetoxy-2-butene (DAB), and allyltrimethylsilane (ATMS) reported
previously (conducted under similar conditions);* the selectivity of CM products
(defined as select.(2)) is close to those in the CM reactions with ATMS, CO, and DAB.*
It also turned out that the CM reaction of MO with UG proceeded without solvent
(Table 3.2, run 5), although the conversion of MO was rather low. This is due to high
viscosity of the reactant mixture (MO and UG) that would be probably affect to the
dispersion of catalyst. These facts thus clearly indicate that the CM can be performed
in environmentally friendly solvents (such as DMC, 2-propanol and ethanol) without
decreasing the catalyst efficiency.

On basis of the above results, DMC, 2-propanol, and ethanol
were chosen for optimization of the reaction conditions (at 50 °C, the same catalyst
loading, reaction time in Table 3.2). Note that the MO conversion carried in ethanol
was improved significantly upon increasing MO concentration from 1.0 to 4.0 M (runs
3 vs 7) and then no significant changes in both the MO conversion and selectivity of
CM products (defined as select.(1)) were observed upon increasing the MO
concentration (runs 7-10). In contrast, both MO conversion and the selectivity in DMC

(run 6) decreased upon increasing the MO concentration. This could be explained due
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to the different in polarity of the solvents which probably significant impact on the

initiation rates of the catalysts.

Table 3.2 Effect of solvent and MO concentration in CM of MO with UG by G2.°

MO MO Metathesis product (%)° Select.  Select.
run Solvent UG_ , conc. conv. CM1 CM2 CM3 CM4 SM1 SM1  SM2  SM2 (1) (2) TON"
feau) (M) (%) trans cs Trans  Cis (%) (%)2

CH,CL,
1 10 1.0 70 21 30 17 19 1 0 0 0 63 98 440

(DCM)
2 DMC 10 1.0 82 23 34 17 21 1 0 1 0 59 98 480
3 ethanol 10 1.0 60 14 23 15 18 1 0 0 0 61 98 370
4 2-propanol 10 1.0 94 34 a6 16 19 1 0 1 0 63 98 590
5 none' 10 - 41 12 16 11 12 1 0 0 0 63 98 260
6 DMC 10 4.0 42 8 13 9 10 1 0 0 0 a8 97 200
7 ethanol 10 4.0 90 27 41 17 21 1 0 1 0 61 98 550
8 ethanol 10 10.0 91 Shil a8 17 21 1 0 1 0 65 98 590
9 ethanol 10 20.0 91 35 a5 17 20 1 0 1 0 65 98 590
10 2-propanol 10 4.0 95 43 S 17 19 1 0 1 0 73 98 690
11 2-propanol 10 10.0 84 %5 43 19 22 1 0 1 0 71 98 600
12 2-propanol 10 20.0 85 34 a4 19 22 1 0 1 0 71 98 600

*Conditions: 2.00 mmol of MO, catalyst (G2) 0.002 mmol (0.1 mol %), temperature 50 °C, reaction
time 10 min. "Based on MO. “Initial MO conc. in solvent. “Conversion of MO estimated by gas
chromatography (GC) using an internal standard (IS). “GC yield estimated according to the effect of
carbon number (ECN) rule. fSelectivity of CM1-4 and SM1,2 based on the conversion of MO.
$Selectivity of CM products (%) = (CM1 + CM2 + CM3 + CM4)/(CM1 + CM2 + CM3 + CM4 + SM1 +
SM2). CM1: dec-1-ene, CM2: methyl dec-9-enoate, CM3: 2-methoxy-4-(undec-2-en-1-ylphenol,
CM4: methyl 11-(4-hydroxy-3-methoxyphenyl)undec-9-noate, SM1: octadec-9-ene, SM2: dimethyl
octadec-9-enedioate. "Turnover number (TON) = molar amount of metathesis product from MO
(on the basis of MO conv. and select.(1))/Ru (mol). 'Conducted without solvent (MO and UG).
Detailed analysis data are shown in the Appendix A.

Moreover, the polarity of solvents could also influence the
ability to dissolve the reactants (MO and UG). Note that the reactants are non-polar
substrates, thus, the mixture of the reactants with solvents play significant role in

dispersion of catalyst. For instance, ethanol has higher polarity than 2-propanol,

therefore, at low MO concentration at 1.0 M the 2-propanol solvent has better dissolve
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with reactant mixture than ethanol resulted in higher MO conversion. The results
revealed that the CM reaction conducted in ethanol under hish MO concentration (10
or 20 M), which was similar to that in 2-propanol with 4.0 M in terms of both MO
conversion and selectivity (runs 8, 9 vs 10), seems to be thus appropriate for the further

study.

3.3.1.2 Effect of UG/MO molar ratio, reaction time and
temperature in cross-metathesis of MO with UG

Based on the above results, the CM reaction of MO with UG
were further proceed at 10 M MO concentration in ethanol to study effect of UG/MO
molar ratio (1.0-10 molar ration), reaction time (5-30 min) and temperature (25-80 °C).
The obtained results are shown in Table 3.3.

As shown in Table 3.3, the MO conversion in the CM slightly
increased over time course (runs 8, 13, 14), and the conversion reached 96 % after 30
min (from 91 % after 10 min). However, a longer reaction time led to an increase in
the percentage of the SM product of UG (SM4, from 4 to 12 %) as well as the degree
of isomerization (UG to isoeugenol) in the reaction mixture (observed on the GC
chromatogram, Figure C5.7 and Table A3.1, Appendix A), as reported previously."!
Hence, extension of the reaction time (after 10 min) is not beneficial under these
conditions.

Moreover, it turned out that the UG/MO molar ratio (10 equiv.
of UG to MO) plays an important role in obtaining the CM products with high selectivity
(defined as select.(2), runs 8, 15-17), whereas high MO conversion could be attained
even with 1 equiv. of UG (run 15). The high UG/MO ratio is crucial due to low reactivity
of UG, and this would be mostly considered in ordinary CM (with terminal olefins) of
this type.**"*! Consistently, formation of the SM products was considerably reduced
at a high UG/MO molar ratio, thereby confirming that the SM of MO was inhibited upon
increasing the UG concentration. Further UG addition led to a decrease in the MO
conversion (20 equiv., run 17), probably due to the increased degree of isomerization

of UG observed on the GC chromatogram (Figure A3.8, Appendix A).
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Table 3.3 Effect of UG/MO molar ratio, reaction time and temperature in CM of MO
with UG by G2.2°

MO Metathesis products (%)° Select.  Select.
Uuc  Temp. Time
run - - (i) conv. o o s o SM1 SM1  SM2  SM2 (1) (2) TON"
(%) trans Cis  Trans cis %) (96)°
13 10 50 5 72 31 36 17 18 1 0 1 0 72 98 520
8 10 50 10 91 31 48 17 21 1 0 1 0 65 98 590
14 10 50 30 96 44 60 15 17 1 0 1 0 72 98 690
15 1.0 50 10 92 34 29 13 21 a4 1 8 3 61 86 560
16 5.0 50 10 95 33 44 14 19 1 0 2 0 60 97 570
17 20 50 10 81 28 39 13 10 1 0 0 0 56 99 450
18 10 25 10 48 15 20 10 9 1 0 0 0 56 98 270
19 10 80 10 91 35 a7 14 11 1 0 1 0 61 98 560

®Effect of UG/MO molar ratio, reaction time, and temperature. °Conditions: 2.00 mmol of MO,
solvent ethanol, MO concentration 10.0 M, catalyst (G2) 0.002 mmol (0.1 mol %). “Based on MO.
Conversion of MO estimated by GC using an internal standard. GC yield estimated according to
the effect of carbon number (ECN) rule. fSelectivity of CM1-4 and SM1,2 based on the conversion
of MO. *Selectivity of CM products (%) = (CM1 + CM2 + CM3 + CM4)/(CM1 + CM2 + CM3 + CM4 +
SM1 + SM2). CM1: dec-1-ene, CM2: methyl dec-9-enoate, CM3: 2-methoxy-4-(undec-2-en-1-
yUphenol, CM4: methyl 11-(4-hydroxy-3-methoxyphenyllundec-9-noate, SM1: octadec-9-ene, SM2:
dimethyl octadec-9-enedioate. "TON = molar amount of metathesis product from MO (on the basis

of MO conv. and select.(1))/Ru (mol). Detailed analysis data are shown in the Appendix A.

It also turned out that the reaction temperature affected both
reaction rate and selectivity in this catalysis. The MO conversion at 50 °C reached 90
% with exclusive CM selectivity (>98 %, defined as select.(2), run 8), but the MO
conversion was low at room temperature (25 °C, run 18). No significant improvements
in both MO conversion and CM selectivity were, however, observed at 80 °C, and the
degree of isomerization of UG increased instead (ca. 5 times compared to that at 50
°C, on the basis of the GC chromatogram, Figure A3.9 and Table A3.2, Appendix A).
Isomerization of terminal olefin (to internal olefin) is often observed in olefin

metathesis in the presence of ruthenium catalysts,* """

probably due to catalyst
decomposition. These results revealed that the CM at 50 °C seems to be thus the

appropriate condition in this catalysis.
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3.3.1.3 Effect of catalyst loading and different types of Ru-carbene

catalysts in cross-metathesis of MO with UG
In order to study effect of various Ru-carbene catalysts (shown
in Scheme 3.2), the CM of MO with UG was performed under the optimized conditions

(conducted as run 8, in ethanol at 50 °C). The results are summarized in Table 3.4.

Table 3.4 Effect of catalyst loading and different types of Ru-carbene catalysts in CM
of MO with UG.2°

MO Metathesis products (%)° Select.  Select.
Cat. UG
M ol ow) (eqgf 7 CMI CM2 CM3 CM& SMI  SML  SM2  SM2 W @ )
(%)° , , %) (%) TON
trans cis trans cis
20 G2(0.05) 10 58 20 26 12 12 1 0 0 0 62 98 720
8 G2(0.1) 10 91 31 48 17 21 1 0 1 0 65 98 590
21 G1(0.1) 10 8 1 1 1 1 0 0 0 0 28 84 22
22 G3(0.1) 10 16 3 a4 2 2 0 0 0 0 31 93 50
23 HG2(0.1) 10 32 12 14 5 2 1 0 1 0 53 96 170

°Effect of catalyst loading and different types of Ru-carbene catalysts. °Conditions: 2.00 mmol of
MO, MO concentration 10.0 M, temperature 50 °C, reaction time 10 min. “Based on MO. “Conversion
of MO estimated by GC using an internal standard. “GC yield estimated according to the effect of
carbon number (ECN) rule. fSelec‘civity of CM1-4 and SM1,2 based on the conversion of MO.
$Selectivity of CM products (%) = (CM1 + CM2 + CM3 + CM4)/(CM1 + CM2 + CM3 + CM4 + SM1 +
SM2). CM1: dec-1-ene, CM2: methyl dec-9-enoate, CM3: 2-methoxy-4-(undec-2-en-1-yl)phenol,
CM4: methyl 11-(4-hydroxy-3-methoxyphenyllundec-9-noate, SM1: octadec-9-ene, SM2: dimethyl
octadec-9-enedioate. "TON = molar amount of metathesis product from MO (on the basis of MO

conv. and select.(1))/Ru (mol). Detailed analysis data are shown in the Appendix A.

It turned out that the catalyst G2 (called a second-generation
Grubbs catalyst) showed exceptionally better catalyst performance and higher MO
conversion in the CM than G1 and G3 (runs 21, 22). The reason for the observed low
activity by G1 would be due to the catalyst decomposition, because G1 is known to
react with ethanol to form Ru-hydride species Ru(H(C)(CO)PCys) (see Scheme 3.4),%
which is active in olefin isomerization catalysts. Indeed, the reaction with G1 led to

the isomerization of UG predominantly (10%, Figure A3.10, Appendix A). The higher
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activity of G2 catalyst than G1 is due to the mono-substitution of PCy; with N-
heterocyclic carbenes (NHC). The presence of the NHC group help to protect the
ruthenium active species from functional group resulted in higher activity and better
thermal stability as well as stable to moisture and air. Moreover, the conversion of MO
and selectivity of CM products (defined as select.(1)) by HG2 was lower than those by
G2 (Table 3.4, runs 8, 23). This would be probably due to further reactions (second
metathesis etc.) with the products. For instance, the cross-metathesis of the products
(CM1 vs. CM4) and (CM2 vs. CM3) could convert back to the starting materials (MO and
UG) as illustration in Scheme 3.5. An apparent increase in the activity (TONs on the
basis of Ru) was not observed when the CM by G2 was conducted at low catalyst
loading (from 0.1 to 0.05 mol%, runs 8, 20). Moreover, an apparent decrease in the

selectivity was not observed under these conditions.

TCY3 PCys
cl + CH3CH,0H Cl
A\ 3CH>
RU==CHPh > Rlu\LH
- PhCHj y
Cl oC |
PCys PCy;

MM;V\
+ CM4 OH | MeO -
Meo G — 0 Methyl oleate (MO)
© Second metathesis |

OH
) HG2 or G3 /\/©:0Me
WM/Z\)LOM } : Eugenol (UG)
e ;

HO O oMz Starting materials
MeO ™

Scheme 3.5 The second metathesis reactions of the CM products.

In summary, CM of MO with UG has been performed with both high MO
conversion and high selectivity of CM products using the G2 catalyst in ethanol (green
solvent). Effects of the UG/MO molar ratio, reaction temperature (50 °C), initial MO
concentration and others (catalyst, time etc.) play a role in obtaining the desired

product in an efficient manner.
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3.3.2 Structure Characterization of CM products of MO with UG
The CM reaction of MO with UG afforded four types of CM products
involving dec-1-ene (CM1, m/z 140), methyl dec-9-enoate (CM2, m/z 184), 2-methoxy-
4-(undec-2-en-1-yUphenol  (CM3, m/z 276) and methyl 11-(4-hydroxy-3-
methoxyphenylundec-9-noate (CM4, m/z 320). After completed reaction, the mixture
was purified by column chromatography on silica gel followed by thin layer
chromatography (TLC, ethyl acetate/n-hexane = 2:8 v/v mixtures). The structure of CM
products was identified by 'H NMR (Figure 3.2-3.6) and ">C NMR spectroscopy (Figure
A3.17-3.21, Appendix A).>%*® The NMR spectroscopy of CM products indicated that
the CM products were successfully obtained from CM reaction of MO with UG. It thus
believes that it is possible to generate renewable monomers with bifunctional from
CM of MO with UG.
Dec-1-ene (CM1)
'H NMR (500 MHz, CDCls, ppm): & 0.88 (s, 3H, CH;) 1.26-1.31 (s, 10H,
CH,), 1.36 (s, 2H, CH,), 2.02-2.06 (s, 2H, CH,), 4.94-5.01 (m, 2H, CH,=CH), 5.77-5.85 (m,
1H, CH,=CH). (*: trace amount of impurity).

e
f e --------- c a f
p Fa xp
b
cocl, a 1

L
T:U GI.O 5‘.0 4‘.0 3‘.0 2I.O 1‘.0 O:U
Chemical shift (ppm)

Figure 3.2 'H NMR spectra (in CDCls at 25 °C) of Dec-1-ene (CM1) with its peak

assignments.
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Methyl dec-9-enoate (CM2): 'H NMR (500 MHz, CDCL,): & 1.28 (s, 8H, CH,),
1.61 (s, 2H, CH,), 2.04 (d, 2H, CH,), 2.30 (t, 2H, CH,), 3.65 (s, 3H, CH;), 4.90-4.99 (m, 2H,
CH=CH,), 5.8 (m, 1H, CH=CH,). *: a trace amount impurity

¢ g
o d
3 *
f 4
coel, AR J €
Q—IK_,LM L
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (ppm)
Figure 3.3 'H NMR spectra (in CDCl; at 25 °C) of Methyl dec-9-enoate (CM2) with its

peak assignments.
2-methoxy-4-(undec-2-en-1-yl)phenol (CM3): 'H NMR (500 MHz, CDCl,):

& 0.88 (s, 3H, CH,), 1.29 (s, 10H, CH,), 1.31 (s, 2H, CH,), 2.10 (s, 2H, CH,), 3.21 (s, 2H,
CH.,), 3.83 (s, 3H, CHy), 5.41 (m, 3H, CH,=CH), 6.62-6.72 (m, 2Har, CH), 6.84 (m, 1Har, CH).

f

: |

L1

7‘.0 6I.0 5:0 4I.0 3|.0 2I.0
Chemical shift (ppm)
Figure 3.4 'H NMR spectra (in CDCl; at 25 °C) of 2-methoxy-4-(undec-2-en-1-yl)phenol

1.0 0.0

(CM3) with its assignments.

Ref. code: 25625909320219AGK



50

Methyl 11-(4-hydroxy-3-methoxyphenylundec-9-noate) (CM4): 'H
NMR (500 MHz, CDCls, ppm): O 1.29 (s, 8H, CH,), 1.62 (2H, CH.,), 2.03 (2H, CH,), 2.31 (2H,
CH,), 3.24 (2H, CH,), 3.66 (3H, CH3), 3.86 (3H, CH;), 5.5 (1H, CH), 6.66-6.67 (2Har, CH),
6.82 (1Har, CH). *: peak of solvent acetone

b, c

4 de I

Sl | I W [ I P 5

7.0 6.0 5.0 40 3.0 2.0 1.0 0.0
Chemical shift (ppm)

Figure 3.5 'H NMR spectra (in CDCl; at 25 °C) of Methyl 11-(4-hydroxy-3-

methoxyphenylundec-9-noate) (CM4) with its assignments.
4,4'-(but-2-ene-1,4-diyl)bis(2-methoxyphenol) (SM4): 'H NMR (500 MHz,

CDCls, ppm): & 3.30 (d, 2H, CH,), 3.83-3.85 (m, 6H, CH3), 5.55 (m, 1H, CH), 5.64-5.71 (m,

1H, CH), 6.69-6.73 (m, 3Har, CH), 6.83-6.85 (m, 3H, CH). *: peaks of solvent ethyl acetate

remaining during separation processing

b,c g

a.
,'.ll de ¥l )
cocl, *
= | ) L)
T.I[I 6:0 5‘.0 4:0 3:0 2r,0 1.Il] UI.U
Chemical shift (ppm)
Figure 3.6 'H-NMR spectra (in CDCl; at 25 °C) of 4,4'-(but-2-ene-1,4-diyl)bis(2-

methoxyphenol) (SM4) with its assignments.
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3.3.3 Cross-metathesis of various methyl esters [methyl petroselinate

(MP), methyl erucate (ME), and methyl 10-undecanoate (MU)] with UG
On the basis of the above results from the CM of MO with UG, CM of
the other unsaturated fatty acid methyl esters such as methyl petroselinate (MP),
methyl erucate (ME), and methyl 10-undecanoate (MU) with UG was conducted in
ethanol in the presence of G2 (Scheme 3.6, conditions: Ru 0.1 mol % at 50 °C for 10
min, UG/substrate = 10 (molar ratio)). The selected results are summarized in Table
3.4. As shown in Scheme 3.6 (as well as explained in Scheme 3.2), the CM of internal
olefins (MP and ME) affords 4 types of CM products (expressed as CM1, CM2, CM3, and
CM4), in addition to SM products. CM of MU with UG should afford one CM product

(expressed as CM1).

mw

OH |
%@om

UG

i Self-metathesis of UG OH

MUW

Self-metathesis (SM) products

Ru=CHPh

a” |

EtOH
PCy;

G2 Cat.

A-N__N-Ar \_’MeO:Q/\/
Yo i
HO

SmM4

OMe

from MP

SMm1

Cross-metathesis (CM) products

from MP

OH
HO. % OMe

MeO

CcM1

cm4
NN

) OMe

o
CcMm3

MeO

from MU

s Q% e N . Eyle
= i from ME c
rom M1
sm1
> OH
from ME OMe & OMe
SMm2 HO
OMe O cm4 Z OMe
o
oM
sSMm3 " o - S e CcM3
MeO o
from MU HO.
o rom SN e} oM o
© ~ OMe N

OMe OH
MeO.
\’(\/W“/\/C[OME

0 cm1

Scheme 3.6 CM of various methyl esters [methyl petroselinate (MP), methyl erucate

(ME), and methyl 10-undecanoate (MU)] with UG.

It should be noted that the CM of MP with UG proceeded with both

high activity (920 turnovers after 10 min, high MP conversion) and the exclusive
selectivity (>98 %, defined as select.(2), run 24). In contrast, the CM of ME with UG only
reached 55 % under the same conditions (run 25, 390 turnovers). However, high ME

conversion (95%), maintaining the exclusive selectivity of CM product (>99 %, defined
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as select.(2)), could be achieved upon increasing G2 loading (0.2 mol%, run 26),
although the percentage of one CM product (defined CM3), however, decreased upon
increasing the catalyst loading probably due to second metathesis. These results
clearly indicate that these CM reactions (of MO, MP and ME) with UG can be achieved
in ethanol in an efficient manner in the presence of G2. The results also revealed that
the catalyst performance was affected by the substrate employed, in the order of MP>
MO> ME. It thus seems likely that olefinic double bonds relatively close to the methyl
ester showed better performance in the CM reaction with UG. This can be explained
because of the effect of steric hinderance of the methyl ester groups in the formation
of the ruthenacyclobutane intermediate during the cross-metathesis of UG with the
unsaturated fatty acid methyl esters.

In contrast, unfortunately, attempted CM of MU (terminal olefins)
with UG, conducted under the same conditions as those in the CM of MO (UG/MU =
10, molar ratio), afforded negligible MU conversion (Table 3.5, run 27). Further attempts
conducted under different MU/UG molar ratios with high G2 loading improved the MU
conversion (up to 83 %, run 29), but the yields of the desired CM products were very
low (Table 3.5, runs 28, 29), probably due to the subsequent isomerization of MU in
situ leading to another metathesis reactions (Scheme 3.7). In fact, the formation of the
isomerized product of MU (methyl undec-9-encate) and methyl 11-(4-hydroxy-3-
methoxyphenyl)undec-9-enoateand (CM1’), which should be formed by the
subsequent CM with UG, in addition to dimethyl octadec-9-enedioate (SM1’°) as the
SM product was observed on the GC chromatogram and Figure A3.15-3.16 (Appendix
A).

o o OH
W-" G2 J\/\/\/\"" N
MeO N 0 W + = OMe
Isomerization methyl undec-9-enoate
Methyl 10-undecanoate (MU) yru ~ l uG
o sm1’ cm1t OH
MeoMWOMe + MeO S OMe
. . 0 %

dimethyl octadec-9-enedioate methyl 11-(4-hydroxy-3-

methoxyphenyl)undec-9-enoate

Scheme 3.7 Proposed isomerization and CM of MU isomerization with UG.
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Table 3.5 CM of unsaturated fatty acid methyl esters (MP, ME and MU) with UG by
G2°

Metathesis products (%)

Select  Select.

UG Cat. Conv.

run  Substrate (D 2 TON
(eq)’ mol (%) (%) SM1  SM1  SM2  SM2
CM1  CM2 CM3  CM4 (%)° 9%Y
trans Cis Trans Cis
920
24 MP 10 0.1 93 80 74 18 24 2 0 0 2 >99 98
390
25 ME 10 0.1 55 30 29 19 0 0 0 0 0 71 99
26 ME 10 0.2 95 78 70 8 0 1 0 0 0 83 99 390
27 MU 10 0.1 0 0 NA NA NA 0 0 NA  N/A 0 0 0
28 MU 5.0 0.5 47 4 NA  NA  NA 2 0 NA  N/A 7 67 7
29 MU 1.0 1.0 83 18 NA NA  NA 10 0 NA  N/A 17 65 14

®Conditions: 2.00 mmol of substrates (MP, ME, MU), solvent ethanol, substrate concentration 10.0
M, catalyst (G2), temperature 50 °C, time 10 min. "Based on substrates. “Conversion of substrates
estimated by GC using an internal standard. EC yield estimated according to the effect of carbon
number (ECN) rule. “Selectivity of CM1-4 and SM1,2 based on the conversion of substrates.
'Selectivity of CM products (%) = (CM1 + CM2 + CM3 + CM4)/(CM1 + CM2 + CM3 + CM4 + SM1 +
SM2). CM1: tridec-1-ene (from MP), dec-l1-ene (from ME), methyl 12-(4-hydroxy-3-
methoxyphenyl)ddodec-10-encate (from MU), CM2: methyl hept-6-enoate (from MP), methyl
tetradec-13-enoate (from ME), CM3: 2-methoxy-d-(tetradec-2-en-1-yphenol (from MP), 2-methoxy-
4-(undec-2-en-1-ylphenol (from ME), CM4: methyl 8-(4-hydroxy-3-methoxyphenyl)oct-6-enoate
(from MP), methyl 15-(4-hydroxy-3-methoxyphenyl)pentadec-13-enoate (from ME), SM1: tetracos-
12-ene (from MP), octadec-9-ene (from ME), dimethyl icos-10-enedioate (from MU), SM2: dimethyl
dodec-6-enedioate (from MP), dimethyl hexacos-13-enedioate (from ME). N/A: not applicable. TON
= molar amount of metathesis product from MO (on the basis of MO conv. and select.(1))/Ru (mol).

Detailed analysis data are shown in the Appendix A.

3.4 Conclusions

We have shown that CM reactions of various renewable unsaturated fatty
acid methyl esters (MO, MP, and ME) with UG successfully conducted by Ru-carbene

catalyst (G2, shown in Scheme 3.2) under environmentally benign conditions (in
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isopropanol and ethanol at 50 °C). The reaction conditions could be optimized to
reach high substrate conversion with high CM selectivity, particularly for CM of MO with
UG. It turned out that both the MO conversion and selectivity of CM products were
highly affected by initial MO concentration, UG/MO molar ratio, and reaction
temperature. The catalyst performance was also affected by the substrate employed
(in the order of MP> MO> ME); it seems that olefinic double bond relatively close to
the methyl ester showed better performance in the CM reaction with UG. It was also
revealed that the subsequent isomerization of either UG or fatty acid methyl esters in

situ significantly affect the CM and the SM products yields.
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CHAPTER 4
SYNTHESIS OF NEW POLYESTERS BY ACYCLIC DIENE METATHESIS
POLYMERIZATION OF BIO-BASED a,w-DIENES PREPARED FROM EUGENOL
AND CASTOR OIL (UNDECENOATE)

4.1 Introduction

Polyesters are widely used in our daily life and attract considerable
attention due to their tunable mechanical properties and potential biodegradability.’”
> Most polyesters are currently prepared from compounds derived from petroleum-
based resources (especially from fossil resources). Synthesis of polyesters from bio-
derived monomers is thus of great interest for research and development on high
performance and sustainable materials.® In this context, various raw materials from

renewable resources such as plant oils,”® lignin,” polysaccharides,® sugars,'*'?

and
terpenes™ have been investigated. Among them, plant oils exemplified castor oil,'*
which generally convert to fatty acids or fatty acid methyl esters by chemical
modifications, are useful feedstock for synthesis of polymers.”> Acyclic diene
metathesis (ADMET) polymerization is very useful for the synthesis of a wide variety of
linear polymers and polymer architectures that are not available using the other
polymerization methods.'®!" Recently, numerous studies have concentrated on the
ADMET polymerization of fatty acids and its derivatives to obtain polyesters.'® Castor
oil derivative, w-undecenoate, containing both olefinic double bond and carboxylate
at the termini is an ideal substance for synthesis of high purity a,w-dienes as valuable
monomers for preparing polyesters via ADMET polymerization. For instance, ADMET
polymerizations of castor oil-based a,w-dienes (undecenyl-undecenoate) using second
generation Grubbs-type ruthenium catalysts resulted in high molecular weight
unsaturated polyesters have been investicated by Meier et al.’® The ADMET
polymerization of a,w-dienes prepared from castor-oil derivative with hydroxyl-bearing

unsaturated compounds, diols and diamine have also been studied.'®#*%
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Eugenol (UG, 4-allyl-2-methoxyphenol) is an interesting renewable
resource obtained from clove oil. UG has been widely used not only in the
production of cosmetics, perfumes, soaps, and even food, but also in the
medical and pharmaceutical fields as antibiotic and antihypertensive agents.?
Owing to its functional groups [hydroxyl (-OH), methoxy (-OCH3) and allyl groups],
UG can be used as starting material for synthesis of new compounds exemplified

23,24

in designing polymer networks via thiol-ene coupling or bismaleimide

networks.??® Recently, study on UG mainly focused on Ru-catalysed olefin

27,28

metathesis reactions such as self-metathesis and cross-metathesis with either

230 or unsaturated fatty acid methyl esters® due to

electron-deficient olefins
presence of the terminal olefin group. Therefore, it is possible to prepare
different types of functionalized phenol derivatives to develop new routes for
the synthesis of different multifunctional products from UG.?*** Additionally, UG
structure, which contains an aromatic ring, has the potential alternative to
petroleum-based phenolic monomers, which are widely used nowadays in the
field of polyesters. For instance, a wide variety of polyesters based on UG and
o,w-diols have been prepared by polycondensation and thiol-ene click
reactions.>*** However, there are no reports had been published till date about
using UG as a precursor for the synthesis of novel a,w-dienes monomers
incorporating with aliphatic chain (undecenoate) to produce polyesters via
ADMET polymerization, although there is one report for ADMET polymerization
of dieugenol derived from UG affording amorphous polymer with high molecular
weight.*®

In this chapter, we wish to present a simple preparation of a,w-diene
monomer M1, derived from bio-renewable UG and castor oil, for synthesis of
polyesters P1 by ADMET polymerization. The ADMET polymerization conditions in term
of catalyst loading, type of catalyst and reaction time, have been investigated in detail.
The ADMET polymerization of M1 in the presence of triarm cross-linker, 5-
formylbenzene-1,2,3-triyl tris(lundec-10-enoate) was also studied. Two aliphatic

polyesters with linear aliphatic a,w-dienes were also prepared for comparison.
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4.2 Materials and Methods

4.2.1 Materials

All experiments were carried out under nitrogen atmosphere or using
standard Schlenk techniques unless otherwise specified. Anhydrous grade
dichloromethane and toluene (>99.5 %, Kanto Chemical Co., Inc.) were transferred into
a bottle containing molecular sieves (mixture of 3A 1/16, 4A 1/8 and 13X 1/16) in the
drybox. RuCl,(PCy3),(CHPh) (called first-generation Grubbs catalyst (G1); Cy =
cyclohexyl), RuCl,(PCy3)(H,IMes)CHPh) [called second-generation Grubbs catalyst (G2);
IMesH, = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene] and RuCl(IMesH,)(CH-2-
O'Pr-C¢Hy) [called second-generation Hoveyda-Grubbs catalyst (HG2)] were purchased
from Aldrich Chemical Co., and were used as received. Chemicals of reagent grades
such as Eugenol (UG, >99.0 %, Tokyo Chemical Industry, Co., Ltd.), 10-undecenoyl
chloride (UDC, >99 %), 10-undecen-1-ol (UDO, >98 %), 5-hexene-1-ol (Hex), 3,4,5-
trinydroxybenzaldehyde (>98 %) and triethylamine (NEts, >99 %) were obtained from
Tokyo Chemical Industry, Co., Ltd., and were used as received. Ethyl vinyl ether (>98%)

and Celite® were purchased from Wako Pure Chemical Industries, Ltd.

4.2.2 Measurements and Characterizations

All 'H and >C NMR spectra were recorded using a Bruker AV500
spectrometer (500 MHz for 'H, 125 MHz for *C). All chemical shifts were reported in
parts per million (ppm) with referenced to SiMeg; (TMS) at 0.00 ppm. Obvious
multiplicities and routine coupling constants are usually not listed, and all spectra
were obtained in the solvent indicated at 25 °C unless otherwise noted. Molecular
weights and the molecular weight distributions of the resultant polymers were
measured by gel-permeation chromatography (GPC). GPC measurements were
performed at 40 °C on a Shimadzu SCL-10A using a RID-10A detector (Shimadzu Co.,
Ltd.) in THF (containing 0.03 wt % of 2,6-dli-tert-butyl-p-cresol, flow rate 1.0 mL/min).
HPLC grade THF (Wako Pure Chemical Ind., Inc.) was used as the eluent with a flow
rate of 1.0 mL/min and was degassed prior to use. GPC columns (ShimPAC GPC-806,
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804 and 802, 30 cm x 8.0 mm diameter, spherical porous gel made of
styrene/divinylbenzene copolymer, ranging from < 10% to 2x10” MW) were calibrated
versus polystyrene standard samples. Differential scanning calorimetric (DSC) data for
polymer were measured using a Hitachi DSC 7020 analyzer. Nitrogen was used as purge
gas and all samples (approx. of 5-7 mg) were placed in standard aluminium pans.
Polymer samples were first heated from 25 to 250 °C then cooled to -100 °C. The
glass transition (7) and melting (T,) temperature were determined upon second
heating cycle. All runs were performed at a rate of 10 °C/min. Atmospheric pressure
chemical ionization (APCI) mass spectrometry was performed on Bruker MicrOTOF II-

SDT1.

4.2.3 Synthesis of 4-allyl-2-methoxyphenyl undec-10-enoate
monomer (M1)
10-undecenoyl chloride (UDC, 3.04 ¢, 15 mmol) was added dropwise
into a toluene solution (15.0 mL) containing eugenol (2.46 ¢, 15 mmol) and
triethylamine (2.51 mL, 18 mmol) over 30 min at 0 °C. The mixture was then warmed
to room temperature and was stirred for 4 h (Scheme 4.1). After the reaction was
reached to completion, by confirmation of consumption of 10-undecenoyl chloride by
TLC, the reaction mixture was then neutralized with 2N HCl, and was washed with 5%
NaHCO; (15 mL x 3 times), deionized water (15 mL x 4 times), was then with brine (15
mL x 2 times). The solution was dried over anhydrous MgSO,, and was then filtered
through a Celite pad, and the filtrate was evaporated under reduced pressure. The
crude product was purified by column chromatography using hexane/ethyl acetate
(9/1) as an eluent to yield M1 as colorless oil (3.87 ¢, 78% yield). The overall synthesis
procedure of monomer M1 is shown in Figure 4.1.

o) MeO

0 OH Toluene
\/\/\/\/\)j\ ¥ /\/@ N \/\/\/\/\)j\o T
Cl = OMe NEts
0-25°C M1

10-undecenoyl chloride Eugenol

Scheme 4.1 Reaction scheme of synthesizing monomer M1.
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Figure 4.1 Synthesis procedure of 4-allyl-2-methoxyphenyl undec-10-enoate

monomer (M1).

4.2.4 Synthesis of 5-hexen-1-yl 10-undecenoate monomer (M2)

10-undecenoy! chloride (UDC, 3.04 ¢, 15 mmol) was added dropwise
into a toluene solution (20.0 mL) containing 5-hexen-1-ol (5-Hex, 1.50 g, 15 mmol) and
triethylamine (2.51 mL, 18 mmol) over 30 min at 0 °C. The mixture was then warmed
to room temperature and was stirred for 2.5 h (Scheme 4.2). After the reaction was
reached to completion, by confirmation of consumption of 10-undecenoyl chloride by
TLC, the reaction mixture was then neutralized with 2N HCl, and was washed with 5%
NaHCO; (15 mL x 3 times), deionized water (15 mL x 4 times), was then with brine (15
mL x 2 times). The solution was dried over anhydrous MgSO,, and was then filtered
through a Celite pad, and the filtrate was evaporated under reduced pressure. The
crude product was purified by column chromatography using hexane/ethyl acetate
(9/1) as an eluent to yield M2 as a colorless oil (3.24 g, 81% yield). The overall synthesis

procedure of monomer M2 is shown in Figure 4.2.

o

o Toluene \/\/\/\/\)}\ P
A SN NSO NN NN
\/\/\/\/\)J\Cl Z NEt; (¢]
10-undecenoyl chloride 10-undecen-1-ol 0-25°C M2

Scheme 4.2 Reaction scheme of synthesizing monomer M2.
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Figure 4.2 Synthesis procedure of 5-hexen-1-yl 10-undecenoate monomer (M2).

4.2.5 Synthesis of 10-undecen-1-yl 10-undecenoate monomer (M3)

10-undecenoyl chloride (3.04 g, 15 mmol) was added dropwise into
a toluene solution (20.0 mL) containing 10-undecen-1-ol (UDO, 2.55 g, 15 mmol) and
triethylamine (2.51 mL, 18 mmol) over 30 min at 0 °C. The mixture was then warmed
to room temperature and was stirred for 2.5 h (Scheme 4.3). After the reaction was
reached to completion, by confirmation of consumption of 10-undecenoyl chloride by
TLC, the reaction mixture was then neutralized with 2N HCl, and was washed with 5%
NaHCO; (15 mL x 3 times), deionized water (15 mL x 4 times), was then with brine (15
mL x 2 times). The solution was dried over anhydrous MgSQO,, and was then filtered
through a Celite pad, and the filtrate was evaporated under reduced pressure. The
crude product was purified by column chromatography using hexane/ethyl acetate
(9/1) as an eluent to yield M3 as a colorless oil (4.26 g, 85% yield). The overall synthesis

procedure of monomer M3 is shown in Figure 4.3.

o] Toluene Q
A S N \/\/\/\/\)j\ A
\/\/\/\/\)j\m + Z OH NEt, o S
10-undecenoyl chloride 5-hexen-1-ol 0-25°C M3

Scheme 4.3 Reaction scheme of synthesizing monomer M3.
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Figure 4.3 Synthesis procedure of 10-undecen-1-yl 10-undecenoate monomer (M3).

4.2.6 Synthesis of 5-formylbenzene-1,2,3-triyl tris(undec-10-enoate)

crosslinker (CL)

10-undecenoyl chloride (UDC, 1.98 g, 9.8 mmol) was added dropwise
into a THF solution (15.0 mL) containing 3,4,5-trihydroxybenzaldehyde (THBD, 508 mg,
3.3 mmol) and triethylamine (2.1 mL, 14.6 mmol) over 20 min at -30 °C. The mixture
was then warmed to room temperature and was stirred for 14 h (Scheme 4.4). After
the reaction was completed, the reaction mixture was passed through a Celite pad
(two times), and the filtrate was evaporated under reduced pressure to yield CL as a

yellow oil (2.0 g, 94% yield). The overall synthesis procedure of monomer CL is shown

in Figure 4.4.
o OH OR o

" THF )J\/\/\/\/\/

X cl OHC OH ——— > OHC o &

. NEt, \ J

10-undecenoyl chloride OH .30 - 25 °C OR \R(
3,4,5 trihydroxybenzaldehyde  gyernight (14 h)
CL

Scheme 4.4 Reaction scheme of synthesizing crosslinker (CL).
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__________________

(Passed through
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Stirred at -30 °C

Figure 4.4 Synthesis procedure of 5-formylbenzene-1,2,3-triyl tristundec-10-enoate)

crosslinker (CL).

4.2.7 General procedure for synthesis of polymers by acyclic diene

metathesis (ADMET) polymerization using ruthenium catalysts

A typical procedure for synthesis of polymer (P1) by ADMET
polymerization (Table 4.1, run 8, page 83) is as follows. The monomer (M1, 330 mg,
1.0 mmol) was loaded into a 25 mL sealed Schlenk-type tube. The second-generation
Grubbs catalyst G2, RuCl,(PCy;)(H,IMes)(CHPh)) (0.0127 g, 1.5 mol%) was dissolved in
0.4 mL of dichloromethane and transferred into a sealed Schlenk-type tube. The
reaction mixture was magnetically stirred in an oil bath set at 50 °C under nitrogen
atmosphere for 30 min. The mixture was then placed into a liquid nitrogen bath to
remove ethylene gas from the reaction medium by opening the valve connected to
the vacuum line for a short period time (approx. 1 min), and then closed the valve
and placed into the oil bath to continue the reaction. The procedure removing
ethylene was repeated with a certain period (30 min for the first time then every 1.0
h). The polymerization mixture was then cooled to room temperature and was
quenched with excess ethyl vinyl ether while stirring for 1.0 h. The resultant solution
was then dissolved in chloroform (2.0 mL) for dilution, and the solution was added
dropwise into the cold methanol (50 mL). The solution was stirred for 1.0 h, and the
precipitates were then collected by filtration and dried in vacuo to yield P1 as rubbery
solids (0.299 ¢, 91% vyield). A similar polymerization protocol was used for

polymerization of M2 (266 mg, 1.0 mmol) and M3 (336 mg, 1.0 mmol) to yield polymers
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P2 and P3, respectively. The "H NMR and °C NMR spectra of obtained polymers with

detailed peak assignments are shown in the Appendix B.**
4.3 Results and Discussion

4.3.1 Structure characterization of monomers and crosslinker

In this research, 10-undecenoyl chloride (a derivative
commercially available from undecenoic acid that can be obtained as a major
component from castor oil)'* has been chosen to prepare a,w-diene monomer
with eugenol (UG, obtained from clove oil). 5-Hexen-1-ol and 10-undecen-1-ol*
instead of UG were also chosen for comparison. These monomers (expressed as
M1-M3 in Scheme 4.5) were prepared in toluene in the presence of triethylamine
according to the reported procedure.’” The resultant compounds were purified
by column chromatography and were identified by 'H NMR and ">C NMR spectra

and APCl mass spectrometry (shown in the Appendix B).*®

o) HO
M & :©\/\
Cl MeO =

10-undecenoyl chloride Eugenol

toluene

Scheme 4.5 Reaction scheme of synthesizing monomers (M1-M3).
'H NMR spectrum (in CDCl; at 25 °C) of the monomer, 4-allyl-2-
methoxyphenyl 10-undecenoate (M1, Figure 4.5), shows characteristic

resonances at 4.92-5.02 and 5.92-6.0 ppm, and 5.08-5.13 and 5.78-5.86 ppm
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ascribed to olefinic protons in terminal position. >C NMR spectrum of the
monomer M1 shows characteristic resonances at 114.3 and 116.2 ppm, 139.3
and 137.2 ppm corresponded to the olefinic carbons in terminal position as
shown in Figure 4.6. The formation of M1 was further identified by ACPI mass
spectroscopy, which revealed a molecular ion [M+H]* peak at 331.0 (Figure B4.1,
Appendix B).*® All results demonstrate that the target monomer (M1) was
successfully synthesized.

Similarly, reaction of 3,4,5-trihydroxybenzaldehyde with 10-
undecenoyl chloride in THF in the presence of excess triethylamine afforded the
corresponding ester, 5-formylbenzene-1,2,3-triyl tristundec-10-enocate) (CL),
employed as the cross-linker in this study. CL was also identified by '*H NMR and
*C NMR spectra and APCl mass spectrometry. Figure 4.7 shows ‘H NMR spectrum
(in CDCl3 at 25 °C) for 5-formylbenzene-1,2,3-triyl tristcundec-10-enoate) (CL).
Characteristic resonances at 5.01 and 5.8 ppm ascribed to olefinic protons in
terminal position belong to 10-undecenoyl chloride. Resonances at 9.92 and
7.64 ppm were attributed to aldehyde and aromatic protons, respectively,
belong to the 3,4,5 trihydroxybenzaldehyde. All other peaks are match well with
the protons of the CL. C NMR spectrum of the CL is shown in Figure 4.8.
Resonances ascribed to the carbons in terminal position belong to 10-
undecenoyl chloride are also observed at 114.3 and 139.2 ppm, while the
resonance ascribed to carbon of aldehyde in 3,4,5 trihydroxybenzaldehyde was
observed at 189.4 ppm. The formation of CL was further confirmed by ACPI mass
spectroscopy, which revealed a molecular ion [M+H]" peak at 652.4 (Figure B4.2,
Appendix B).*® All the results thus clearly indicate the successful synthesis of
triarm crosslinker (CL).

'H NMR (CDCLls): & 1.33 (s, 10H, 5CH,) 1.75-1.79 (quint, J=7.5 Hz, 2H,
CH,), 2.03-2.07 (quart, J=7.5 Hz, 2H, CH,CH=CH,), 2.55-2.58 (t, J=7.5 Hz, 2H, -CH,COO-),
3.37-3.38 (d, J=6.8 Hz, 2H, Ar-CH,), 3.81 (s, 3H, OCH,), 4.92-5.02 (m, 2H, Ar-CH,CH=CH,),
5.08-5.13 (2H, -CH=CH,), 5.78-5.86 (m, J=6.68, 6.68 and 6.77 Hz, 1H, -CH=CH,), 5.92-6.0
(m, J=6.75, 6.75 and 6.79 Hz, 1H, Ar-CH,CH=CH,), 6.75-6.79 (m, 1HAr, CH), 6.93-6.94
ppm (m, 2HAr, 2CH).
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a, h . ’
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Chemical shift (ppm)
Figure 4.5 'H NMR spectra (in CDCl; at 25 °C) of 4-allyl-2-methoxyphenyl 10-

undecenoate (M1) with its peak assignments.

PC NMR (CDCLy): & 25.1 (s, CHy), 29.0 (s, CHy), 29.1 (s, CHy), 29.3 (s,
CH,), 29.4 (s, CH,), 33.9 (s, CH,COO-), 34.1 (s, CH,), 40.2 (s, Ar-CH,), 55.9 (s, OCHs), 112.8
(s, CH), 114.3 (s, CH=CH,), 116.2 (s, Ar-CH,CH=CH,), 120.7 (s, CH), 122.6 (s, CH), 137.2 (s,
Ar-CH,CH=CH,), 138.2 (s, C), 138.9 (s, (), 139.3 (s, CH=CH,), 151.0 (s, C), 172.1 ppm (s, -
COO-). APCI-MS: calculated for CyH3,05 [M + H]T 331.2; found 331.2.

P
4
h CDCl, m el q
g i.k |
J
c,df
a
.
I\
T T T T T T T T T T T T T T T T T T T
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Chemical shift (ppm)
Figure 4.6 ">)C NMR spectra (in CDCl; at 25 °C) of 4-allyl-2-methoxyphenyl 10-

undecenoate (M1) with its peak assignments.
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'H NMR (500 MHz, CDCls, ppm): & 1.32-1.40 (s, 30H, 15CH,) 1.70-1.76
(quint, J=7.5 Hz, 6H, 3CH,), 2.02-2.06 (quart, J=7.0 Hz, 6H, 3CH,CH=CH,), 2.53-2.56 (t,
J=7.5 Hz, 6H, 3CH,CO0-), 4.92-5.01 (m, J=10.2 and 17.1 Hz, 6H, 3CH=CH,), 5.77-5.85 (m,
J=16.7, 16.8 and 17.0 Hz, 3H, 3CH=CH,), 7.64 (s, 2HAr, 2CH), 9.92 ppm (s, 1H, -COH).

OR o
2/ )l\,/q\'/'\j"\?f\\//’d
OHC - il e o
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b o R
h
b e
f 2
g ]'.'
a d | ) i
coCl, 'i |l 1h
4 A ) (O LN
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0

Chemical shift (ppm)

Figure 4.7 'H NMR spectra (in CDCl; at 25 °C) of 5-formylbenzene-1,2,3-triyl
tristundec-10-enoate) (CL) with its peak assignments.

C NMR (125 MHz, CDCls, ppm): & 24.9 (s, CH,), 29.0 (s, CH,), 29.1 (s,
CH,), 29.2 (s, CH,), 29.3 (s, CH,), 29.4 (s, CH,), 33.8 (s, CH,), 114.3 (s, CH=CH,), 121.7 (s,
CH), 134.0 (s, €), 139.2 (s, CH=CH,), 139.9 (s, ), 144.5 (s, €), 170.5 (s, -COO-), 189.5 ppm
(s, -COH). APCI-MS: calculated for CgqoHgoO7 [M + HI' 652.43; found 652.4.

cDcl,

180 160 140 120 100 80 60 40 20 0
Chemical shift (ppm)

Figure 4.8 C NMR spectra (in CDCl; at 25 °C) of 5-formylbenzene-1,2,3-triyl

tristundec-10-enoate) (CL) with its peak assignments.
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The reaction of 10-undecenoyl chloride with 5-Hexen-1-ol and
10-undecen-1-ol instead of UG were also chosen for comparison. The 'H NMR
spectrum of monomer M2 in Figure 4.9 shows the characteristic resonances of
olefinic protons around 5.0 ppm (external olefin) and 5.7 ppm (internal olefin).
The purity of M2 was also verified by *C NMR spectrum. Characteristic resonance
ascribed to the terminal carbons (-CH=CH,) are also observed around 114 and
139 ppm as shown in Figure 4.10. Similarly, the 'H NMR spectrum of M3 shows
the characteristic resonances of olefinic protons around 4.9 and 5.7 ppm;
corresponding resonances ascribed to the carbons are also observed at 114 and
139 ppm as shown in Figure 4.11 and 4.12. The ACPI mass spectroscopy of M2
and M3 show the molecular ion [M+H]" peak at 266.2 and 336.3, respectively
(Figure B4.3-4.4, Appendix B).*® These results indicate that the monomers M2

and M3 were successfully synthesized.

'H NMR (500 MHz, CDCls, ppm): & 1.28-1.36 (s, 10H, 5CH,), 1.44 (m, 2H,
CH,), 1.61-1.64 (m, 4H, 2CH,), 2.02-2.08 (m, J=15.2 and 16.9 Hz, 4H, 2CH,CH=CH,), 2.26-
2.29 (t, J=7.4 Hz, 2H, -CH,COO-), 4.06 (t, J=6.5 Hz, 2H, -COOCH,-), 4.91-5.02 (m, J=8.8
and 14.0 Hz, 4H, 2CH,=CH-), 5.77-5.80 ppm (m, J=1.4 and 11.6 Hz, 2H, 2CH,=CH-).

T T T T T T T
6.0 5.6 52 4.3 d

EDei;

-
et
—

7.0 6.0 5.0 4.0 3.0 2.0 1.0
Chemical shift (ppm)

Figure 4.9 'H NMR spectra (in CDCl; at 25 °C) of 5-hexen-1-yl 10-undecenoate

(M2) with its peak assignments.
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C NMR (125 MHz, CDCls, ppm): & 25.1 (s, CH,), 25.3 (s, CH,), 28.2 (s,
CH,), 29.0 (s, CH,), 29.2 (s, CH,), 29.3 (s, CH,), 29.4 (s, CH,), 33.4 (s, CH,), 33.9 (s, CH,),

34.5 (s, CH,), 64.2 (s, -COOCH,-), 114.3 (s, CH=CH,), 139.3 (s, CH=CH,), 174.1 ppm (s, -
COO0-).

APCI-MS: calculated for C;7Hs0, [M + H]™ 267.2; found 267.2.

cpcl,

—

T T T T T T T
180 160 140

100 80 60 40 20
Chemical shift (ppm)

T I

120

Figure 4.10 *C NMR spectra (in CDCl; at 25 °C) of 5-hexen-1-yl 10-undecenoate
monomer (M2) with its peak assignments.

'H NMR (500 MHz, CDCl; ppm): & 1.27-1.36 (s, 22H, 11CH,), 1.60 (s,
4H, 2CH,), 2.02-2.03 (d, J=6.4 Hz, 4H, 2CH,CH=CH,), 2.26-2.29 (t, J=7.4 Hz, 2H, -CH,COO-

), 4.03-4.05 (t, J=6.6 Hz, 2H, -COOCH,-), 4.90-4.99 (m, J=9.3 and 17.1 Hz, 4H, 2CH,=CH-
), 5.76-5.81 ppm (d, J=6.8 Hz, 2H, 2CH,=CH-).
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Sion Bl o S o N o0
Chemical shift (ppm)
Figure 4.11 'H NMR spectra (in CDCl; at 25 °C) of 10-undecen-1-yl 10-

undecenoate (M3) with its peak assignments.
BC NMR (125 MHz, CDCls, ppm): & 26.0 (s, CH,), 28.8 (s, CH,), 29.0 (s,

CHy), 29.1 (s, CHy), 29.2 (s, CHy), 29.3 (s, CH,), 29.4 (s, CHy), 29.5 (s, CHy), 29.6 (s, CHy),
33.9 (s, CH,), 34.5 (s, CH,), 64.5 (s, -COOCH,-), 114.2 (s, CH=CH,), 139.2 (s, CH=CH,), 174.0
ppm (s, -CO0-)."" APCI-MS: calculated for C,,HaeO, [M + HI* 337.3; found 337.3.
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Figure 4.12 C NMR spectra (in CDCl; at 25 °C) of 10-undecen-1-yl 10-
undecenoate (M3) with its peak assignments.
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4.3.2 ADMET polymerization of monomer M1

Acyclic diene metathesis (ADMET) polymerizations of M1 were
conducted in CH,Cl, using a sealed Schlenk tube equipped with a high-vacuum valve
in the presence of ruthenium catalyst (Scheme 4.6). The reactions were conducted in
an oil bath heated at 50 °C under nitrogen atmosphere initially for a certain period (30
min), and the mixture was then placed in vacuo to remove ethylene formed in this
condensation polymerization (experimental details are described in the Experimental
Section),”®* as conducted in synthesis of all-trans poly(9,9-n-alkyl fluorene-2,7-
vinylene)s by the ADMET polymerization.*"* The ruthenium catalysts were chosen to
achieve polymerization as they tend to display more functional group tolerance than
Mo-based metathesis catalysts. Dichloromethane (CH,Cl,), previously reported as a
preferred solvent to achieve high polymerization degrees in ADMET,** was used as
solvent for ADMET polymerizations. The ADMET polymerization were carried out at
mild temperature (50 °C) in order to increase the lifetime of the active catalyst as well
as decreases the amount of double bond migration and isomerization by G2.* The

results for ADMET polymerization of M1 are summarized in Table 4.1.

o MeO

WO@_/\

Ru cat.J CH,ClI,

-CH2=CH2
o MeO
Qé/\/\/\/\)ko—& :>—/ }Q
n
P1
Ru cat. / \
PCys Ar—N N—Ar Ar—N N—Ar
l Cl Cl L
RU—CHPh RU—CHPh Ru—CH
CI/T a” T o]
PCys PCys o
G1 G2

Cy = cyclohexyl, Ar = 2,4,6-Me3CgH, HG2

Scheme 4.6 Acyclic Diene Metathesis (ADMET) polymerization of M1 in the presence

of Ru-carbene catalysts.
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As shown in Table 4.1 that the ADMET polymerization of M1
using called second-generation Grubbs catalyst (G2) afforded polymers with
unimodal molecular weight distributions (M,, = 7100, 8100; M,/M,, = 1.74, 2.05,
respectively, runs 1,2). Efficient removal of ethylene formed in this condensation
polymerization seems beneficial for obtainment of high molecular weight
polymers, because the M, value seemed decreasing with increasing the initial
reaction time under nitrogen [M,,, M,,/M,, = 7100, 1.87 (1.0 h under N, instead of
30 min); M., M,/M,, = 6900, 1.96 (4.0 h under N,)] or the M, value increased
when ethylene was removed repeatedly after the initial reaction under nitrogen
atmosphere [M,,/M,, = 8100, 2.05, run 2]. These results clearly demonstrated that
the removal of by-product (ethylene), which is released during the metathesis
reaction, from the reaction mixture at the first stage to shift the reaction
equilibrium are very important factors for obtaining the high molecular weight
polymers.

To further increase the molecular weight of the obtained
polyesters, screening of polymerization parameters (catalyst loading, type of
catalysts and reaction time) were investigated to identify the best conditions.
The Grubbs second-generation catalyst (G2), with loading varying from 0.2 to 3.0
mol%, was employed to study effect of catalyst loading on the molecular weight
of polyester. It was also revealed that the M, value was also affected by the
amount of ruthenium catalyst loaded (G2, runs 3-5, 8, 12, 13, Figure 4.9a), and
the polymerization in the presence of low Ru loading (0.2 mol%) afforded low
molecular weight olicomer with broad molecular weight distributions (PDI)
(M,=3200, M,/M,= 3.63, run 3, Figure 4.13a). Moreover, the M, value in the
resultant polymer increased by increasing the Ru loading [M,, = 7500 (0.5 mol9%,
run 4) vs M, = 12700 (1.5 mol%, run 8)], and the GPC traces became unimodal
upon increasing the Ru loading as clearly demonstrated in Figure 4.13a. It thus
turned out that the optimized conditions concerning the amount of Ru are 1.5
or 2.0 mol% (based on M1, runs 8 and 12) for obtainment of hish molecular

weight polymers with unimodal molecular weight distributions.
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Table 4.1 ADMET polymerization of 4-allyl-2-methoxyphenyl 10-undecenoate
(M1) by Ru catalysts.®

Ru cat. Time M.C yield”

Run Mo/ My
(mol %)° /h / ¢/mol / %
1 G2 (1.0) 12 7100 1.74 86
2° G2 (1.0) 12 8100 2.05 88
3 G2 (0.2) 12 3200 3.63 55
4 G2 (0.5) 12 7500 2.09 79
5 G2 (1.0) 12 8100 2.05 88
6 G2 (1.5) 3 9400 1.97 87
7 G2 (1.5) 6 10300 1.95 87
8 G2 (1.5) 12 12700 1.85 91
9 G2 (1.5) 18 12400 1.64 87
10 G1 (1.5) 12 5500 1.87 81
11 HG2 (1.5) 12 4500 1.63 79
12 G2 (2.0) 12 12500 1.84 91
13 G2 (3.0) 12 7900 1.93 81

dConditions: Ru catalyst (shown in Scheme 4.6), monomer M1 (330 mg, 1.0
mmol), CH,Cl, 0.4 mL (initial monomer concentration 2.50 M), 50 °C. The sealed
reaction tube was placed in vacuo after 30 min. °Mol % based on monomer M1.
‘GPC data in THF vs polystyrene standards. “Isolated yield by precipitation as the
methanol insoluble fraction. “The tube was placed in vacuo twice at the first
time (30 min).

The M, value was also affected by the reaction time (runs 6-9),
and no significant increase in the M,, value was observed after 12 h (runs 8, 9). It
also turned out, under the above optimized conditions (run 8), that the other
ruthenium catalysts (expressed as G1, and HG2 in Scheme 4.6) afforded

polymers with rather low molecular weights (runs 10, 11, respectively, Figure
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4.13b). This would be probably because of low reactivity of G1 toward olefins
in this ADMET polymerization.*”*" It also seems likely that rather low catalyst
efficiency by HG2 compared to G2 might be considered for the explanation
under these conditions. Therefore, G2 seems to be the most suitable in terms
of synthesis of high molecular weight polymers with unimodal molecular weight

distributions.

a) —02% G2 b) —1.5% G1
0.5% G2 —1.5% G2
—1.0% G2 —1.5% HG2
—1.5% G2
—2 0% G2

18 20 22 24 26 28 16 20 24 28
Elution Time/ min Elution Time/ min
Figure 4.13 GPC traces of polymers (P1) in ADMET polymerization of M1 under
(a) effect of different G2 loading, and (b) effect of Ru catalysts. Detailed data are

shown in Table 4.1.

In addition to GPC, NMR spectrometry were also performed not only
to confirm the polymers structures but also to reveal potential undesired side
reactions such as ring-closing metathesis (RCM) or olefin isomerization. Figure 4.14
shows 'H NMR spectrum (in CDCl; at 25 °C) for d-allyl-2-methoxyphenyl 10-
undecenoate (M1, Figure 4.14a) and the resultant polymer (P1, Figure 4.14b) prepared
by ADMET polymerization (sample run 8). Resonances ascribed to protons of terminal
olefins (at 4.92-5.02 and 5.92-6.0 ppm, and 5.08-5.13 and 5.78-5.86 ppm) disappeared
and resonances ascribed to protons assigned to internal olefins (at 5.35-5.67 and 6.15-
6.45 ppm, placed as dashed circle in Figure 4.14b) were observed, whereas the other
resonances were remained. It was also observed that the formation of cyclic oligomers
is unlikely to occur during the ADMET polymerization of M1, as monomers with chain
lengths exceed ten atoms are disfavored to undergo this type of side reactions.'® The
results thus clearly indicate formation of polymers by the ADMET polymerization.?%%4

" As also suggested by the NMR spectra (broad and several resonances ascribed to
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olefinic protons), the resultant polymers do not have regular structures in almost
certainly but are probably a mixture of head-to-head, head-to-tail, and tail-to-tail
arrangement of the repeat unit containing cis and trans double bonds. This can also
be suggested by >C NMR spectrum in P1 (resonances ascribed to internal olefinic
carbons at 128-141 ppm as shown in Figure 4.15). The fact might also explain additional

resonances in the aliphatic region (marked with *) compared to M1 in Figure 4.14b.

P1 (sample run 8). "H NMR (CDCly): & 1.33, 1.75-1.79, 2.03-2.07, 2.55-
2.58, 3.37-3.38, 3.81, 5.39-5.67, 6.15-6.44, 6.75-6.79, 6.93-6.94. >C NMR (CDCL): & 25.1,
26.8, 29.0, 29.1, 29.3, 29.4, 32.6, 33.9, 34.1, 39.1, 55.9, 112.8, 120.7, 122.6, 128.6, 132.5,
138.2, 138.9, 151.0, 172.1.
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Figure 4.14 'H NMR spectra (in CDCl; at 25 °C) for (a) 4-allyl-2-methoxyphenyl 10-
undecenoate (M1), and (b) the resultant polymer (P1) prepared by the ADMET

polymerization (run 8).
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Chemical shift (ppm)
Figure 4.15 °C NMR spectra (in CDCl; at 25 °C) for (a) 4-allyl-2-methoxyphenyl 10-

undecenoate (M1), and (b) the resultant polymer (P1) prepared by the ADMET

polymerization (run 8).

4.3.3 ADMET polymerization of monomers M2 and M3

The ADMET polymerization of monomers M2 and M3' were
also conducted in the presence of Ru-carbene catalyst (G2, Scheme 4.7). under
the same conditions with M1. The ADMET polymerization of M2 yielded polymer
P2 as white solid, whereas the polymerization of M3 produce polymer P3 as
rubbery. The results for ADMET polymerization of M2 and M3 are summarized
in Table 4.2. It was revealed that the polymerizations of M2 afforded polymers
with unimodal molecular weight distributions (ex. M,, = 8300 M,,/M,, = 1.52, run
14) under optimized conditions. As observed in the ADMET polymerization of
M1, in the polymerization of M2, the M,, value was affected by the amount of
ruthenium catalyst charged, and the M, value in the resultant polymer (P2)
increased by increasing the Ru loading [M,, = 8300 (2.0 mol%, run 14) vs M, =
7300 (0.5 mol%, run 16)]. In contrast, in the polymerization of M3, the
optimized conditions seem 0.5 mol% (run 19) for obtainment of high molecular
weight polymer (P3) with unimodal molecular weight distribution. It thus turned

out that the utilization of different a,w-Dienes monomers (M1-M3) in ADMET
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polymerization could archive a variety of polyesters with different structure and

molecular weight as well as morphology.

Table 4.2 ADMET polymerization of M2 and M3 by G2 catalyst.?

G2 M€ yield?

Run Monomer M /M.S

/ mol%”° / g/mol / %
14 M2 2.0 8300 1.52 71
15 M2 1.0 7700 1.49 71
16 M2 0.5 7300 1.44 72
17 M3 2.0 6200 1.50 78
18 M3 1.0 6900 1.53 78
19 M3 0.5 8500 1.64 84
20 M3 0.2 7200 1855 83

“Conditions: Monomer M2 (266 mg, 1.0 mmol) or M3 (336 mg, 1.0 mmol), CH,Cl, 0.4
mL (initial monomer concentration 2.5 M), 50 °C, 12 h. The sealed reaction tube was
placed in vacuo after 30 min. ®"Mol % based on monomer. “GPC data in THF vs
polystyrene standards. “lsolated yield by precipitation as the methanol insoluble

fraction.

G2 | .-CH,=CH,
O
wow
P2 n
(0]
WOW\W
P3 n

Scheme 4.7 Acyclic Diene Metathesis (ADMET) polymerization of M2 and M3 in

Ru cat. ‘ CH,Cl,

the presence of Ru-carbene catalyst (G2).
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Both 'H and *C NMR spectra clearly support formation of polymers
by the ADMET polymerization. The resonances ascribed to protons of terminal olefins
at 5.0 and 5.8 ppm disappeared and resonances assigned to protons internal olefins
around 5.4 ppm as shown in Figure 4.16 and 4.17; corresponding resonances ascribed
to the carbons are also observed around 130 ppm (Figure B4.5 and B4.6, Appendix B).
The results thus clearly indicate formation of polymers P2 and P3 by the ADMET
polymerization.

P2 (sample run 14). 'H NMR (CDCL,): & 1.27-1.28, 1.38-1.41, 1.60-1.63,
1.95-2.04, 2.26-2.29, 4.06, 5.33-5.42. >C NMR (CDCL): § 25.2, 25.9, 28.3, 29.2, 29.3, 29.4,
29.5,32.3,32.7,32.8, 34.5, 64.3, 130.4, 174.1.

P3 (sample run 19). "H NMR (CDCl,): & 1.29, 1.61, 1.96, 2.28, 4.05, 5.38.
BC NMR (CDCly): & 25.2, 26.0, 28.3, 29.3, 29.4, 29.5, 29.6, 29.7, 29.8, 29.9, 32.7, 34.5,
64.5, 130.5, 174.1.

a) m2
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|
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Figure 4.16 'H NMR spectra (in CDCl; at 25 °C) for (a) 5-hexen-1-yl 10-undecenoate
(M2), and (b) the resultant polymer (P2) prepared by the ADMET polymerization (run
14).
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CDCl;

b) P3
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Figure 4.17 'H NMR spectra (in CDCl; at 25 °C) for (a) 10-undecen-1-yl 10-undecenoate
(M3), and (b) the resultant polymer (P3) prepared by the ADMET polymerization (run
19).

4.3.4 Effect of crosslinker on ADMET polymerization of M1
In order to demonstrate a possibility of synthesis of cross-linked
polymers (often employed to improve mechanical properties etc.), ADMET
polymerizations of 4-allyl-2-methoxyphenyl 10-undecenocate (M1) were
conducted in the presence of cross-linker, CL (2.5-5.0 mol%) with reaction time
in the range 12-24h, prepared by reaction of 3,4,5-trihydroxybenzaldehyde with

10-undecenoyl chloride in this study (Scheme 4.8). The results are summarized

in Table 4.3.
0 MeQ OR ¢
M )w\/
O@—/\ + OHC@O 7/
%—J
M1
R
cL OR
Ru cat.
G2 CHy=CH;

Soluble network polymers (PL1)

Scheme 4.8 Acyclic Diene Metathesis (ADMET) polymerization of 4-allyl-2-
methoxyphenyl 10-undecenoate (M1) in the presence of 5-formylbenzene-1,2,3-

triyl tristundec-10-enoate) (CL).
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It was revealed that M, value in the resultant polymer (P1)
slightly increased in the presence of CL [M, = 12700 (run 8) vs 13300 (run 21),
reaction 12 h, CL 2.5 mol%], and further stirring afforded polymer with low PDI
M,/M.) value (run 22, reaction 18 h). Increasing the amount of CL (from 2.5 to
5.0 mol%) afforded the polymers with rather broad molecular weight
distributions even after 18 h (runs 23, 24), and no significant increase in the M,
values were observed (runs 21-24). However, as shown in Figure 4.18, GPC traces
in the resultant polymers, it seems that the molecular weight distributions
became unimodal after 18 h; the PDI value became low upon increasing the Ru
loading (run 25). It turned out that increase of Ru loading (run 25), addition of CL
after the initial ADMET polymerization did not affect the increase of M,, value in

the resultant polymers.

Table 4.3 ADMET polymerization of M1 using G2 in the presence of cross-linker (CL).?

Run CL Time ME yield”
M,/ M,

/ mol%" /h / g/mol / %
8 il 12700 1.85 91
21 2.5 12 13300 2.58 88
22 2.5 18 13600 2.28 89
23 5.0 12 11500 3.95 88
24 5.0 18 13500 3.48 88
25¢ 5.0 18 13800 2.80 90
26 5.0 18 10200 2.05 81
27 5.0 24 11800 2.59 86

®Conditions: Monomer M1 (330 mg, 1.0 mmol), Ru catalyst (G2) 1.5 mol%, cross-linker (CL),
CH,CL, 0.4 mL (initial monomer concentration 2.50 M), 50 °C. The sealed reaction tube was
placed in vacuo after 30 min. Mol % based on monomer M1. “GPC data in THF vs
polystyrene standards. disolated yield by precipitation as the methanol insoluble fraction.

®Ru 2.0 mol%. "Cross-linker (CL, 5.0 mol%) was added after 30 min.
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—2.5CL-12h
—2.5CL-18h
—5.0CL-12h
5.0CL-18h

14 18 22 26
Elution Time/ min

Figure 4.18 GPC traces of polymers (PL1) in ADMET polymerization of M1 with CL under
effect of CL loading and polymerization time.

PL1 (sample run 24). 'H NMR (CDCly): & 1.32, 1.75, 1.97-2.03, 2.56,
3.31-3.35, 3.80, 5.36-5.68, 6.18-6.44, 6.77, 6.92, 7.64, 9.92. *C NMR (CDCl,): & 25.2, 26.8,
29.0,29.1,29.3, 29.4, 32.6, 33.9, 34.1, 39.1, 55.9, 112.8, 120.7, 122.6, 128.6, 132.5, 138.2,
138.9, 144.5, 151.2, 170.5, 172.2, 189.5.

a) CL

b) P1

c) PL1

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 1.0
Chemical shift (ppm)

Figure 4.19 'H NMR spectra (in CDCl; at 25 °C) for (a) cross-linker (CL), (b) the resultant

polymer (P1) prepared by ADMET polymerization of M1 (run 8), and (c) resultant
polymer (PL1) prepared by the ADMET polymerization of M1 in the presence of CL (5.0
mol%, sample run 24).

Figure 4.19 shows 'H NMR spectra (in CDCl; at 25 °C) of P1 (sample
run 8) and PL1 (sample run 24). As observed in P1 (Figure 4.15b), protons assigned to

terminal olefins in M1 and CL were disappeared, and resonances ascribed to protons
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in the internal olefins were observed (placed as dashed circle in Figures 4.15b and c).
Moreover, resonances ascribed to CL (in particular protons corresponding to aldehyde
and aromatic proton marked as * in Figure 4.19a and c) were clearly observed. The
results clearly demonstrate that it is possible to obtain high molecular weight aromatic-
aliphatic polyesters from ADMET polymerization of a,w-diene monomers derived from
renewable eugenol and castor oil derivative. Therefore, the polymers discussed within
this contribution are not only renewable but also do not interfere with food or feed

supply as clove oil and castor oil are non-edible plant oils.

4.3.5 Thermal properties of the polymers

The glass transition temperature (T,) and other thermal
behaviors of the resultant polyesters were studied by DSC at a 10 °C/min heating
and cooling rate. The second heating DSC curves of the resultant polyesters are
shown in Figure 4.20. As observed from DSC thermogram curves (sample run 8)
as shown in Figure 4.20a, the resultant polymer (P1) possesses glass transition
temperature (Ty) at -9.6 °C and no melting. While DSC thermograms in the
resultant polymer (PL1) show a glass transition temperature (T,) at -10.5 °C,

which is relatively close to that in P1 (T, = -9.6 °C).

o 5 -4
._35 S 3
2 3 -12
S Y
® s 16
QO V
T
I'10 T T T T T T -20 T T T T T T T T T
-100 -50 0 50 100 150 -100 -50 0 50 100 150
Temperature (°C) Temperature (°C)

Figure 4.20 DSC thermograms for (a) polymers P1 (sample run 8), PL1 (sample
run 24), and (b) polymers P2 (sample run 14), P3 (sample run 19), second heating
cycle at a heating/cooling rate of 10 °C/min.

These results thus probably suggest that PL1 possesses a certain

network structure consisting of P1 and CL (with low degree of cross-linking) with
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uniform composition. The resultant polymer sample (PL1) was hardly soluble in
CDCls (30 mg/2.0 mL) at room temperature but became completely soluble
overnight (stirred for 24 h), whereas the sample is easily soluble in THF for GPC
measurement.

In contrast, DSC thermograms in the resultant polymers (P2, P3)
show a melting temperature (7,,) at 14.3 °C (P2, sample run 14), 51.5 °C (P3,
sample run 19), respectively, as observed in long-chain aliphatic polyesters
(Figure 4.16b).'#1%>! |n general, the melting temperature (T, value) in the
polyester increases with increasing hydrocarbon chain length,’? and the T,, value
in the polyester consisting of two types of methylene units also affected the
distribution.”’This can be justified by considering that the ester groups present
along the chain act as defects influencing the crystallization of the polymers. As
the distance between two ester groups lengthens, the number of defects
decreases, more perfect crystals can be formed, resulting in an increasing melting
temperature. Therefore, increase in the T,, value from P2 to P3 would be due
to increase of methylene chain length. However, observed T,, values might be
rather low probably due to that microstructure in the resultant polymers are a
mixture of head-to-tail, head-to-head and tail-to-tail repeat units. In contrast,
placing phenyl group into the polymer main chain in P1 afforded the amorphous
materials. The different in thermal properties of these resultant polymers is likely
due to the different in the morphology structure of the polymers. The polymer
P2 and P3 (aliphatic polyesters) are more symmetric structure as compared to
structure of P1 which contains an aromatic group in the repeating unit. The
existence of methoxy group (-OCHs) adjacent to benzyl ring in M1 impede the
structural symmetry resulting in the structural defection. In addition, the random
configuration of polymer P1 was also unfavorable for regular crystal chains

packing according to their steric hindrance.
4.4 Conclusions

In this study, we have shown that synthesis of new polyesters by ADMET

polymerization of o,w-dienes, 4d-allyl-2-methoxyphenyl 10-undecenoate (M1),
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prepared from bio-renewable eugenol (obtained from clove oil) and 10-undecenoic
acid derivative (obtained from castor oil). Ruthenium-carbene (called second-
generation Grubbs) catalyst afforded polymers with unimodal molecular weight
distributions (M,, = 12700, M,,/M,, = 1.85). The polymerization of M1 in the presence of
triarm cross-linker, 5-formylbenzene-1,2,3-triyl tristundec-10-enoate), also afforded
certain network polymers, suggested by NMR spectra and DSC thermogram. Since 9-
decenoate obtained from the other vegetable oil (e.g. methyl oleate) by ethenolysis,
should be used in place of 10-undecenoate, also since, as described in the
introductory, further chemical modification can be possible from functional group
(methoxy group) in the resultant polymers (P1, PL1), we thus believe that the present
approach is promising and should be applicable for synthesis of polyesters from

monomers prepared from bio-renewable resources.
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CHAPTER 5
SYNTHESIS OF RENEWABLE THERMOSET FILMS BY RING-OPENING
METATHESIS POLYMERIZATION (ROMP) OF NORBORNENE-
FUNCTIONALIZED PLANT OILS

5.1 Introduction

Concerns of depleting fossil resources and growing on environmental
problems are driving strong demand for replacing unsustainable petroleum-based
materials. Therefore, the utilization of renewable resources for producing polymeric
materials appears to be increasingly important in both the economic and
environmental viewpoints.'> A wide range of bio-renewable polymers have been

developed utilizing renewable resources such as plant oils,*’ polysaccharides,? lignin,’

10,11 12,13

sugars, %' cellulose, ™ and rosin.’**® Among that, plant oils are considered as the
most promising starting material for the synthesis of polymers due to their inherent
biodegradability and low toxicity. Recently, the utilization of plant oils as renewable
feedstocks for producing bio-based thermosetting has attracted much attention in both
academics and industrials.'”#

Thermoset polymers are important matrices in fiber-reinforced composites
due to their attractive qualities such as outstanding in thermal and chemical
resistances as well as good physical and mechanical properties. Utilizing plant oils for
producing bio-based thermosets is employed by several techniques such as co-

21,22

polymerization to obtain epoxy thermosets? > or polyurethanes,”?* free radical

2526 and cationic polymerization.””?® Besides, olefin metathesis

homo-polymerization,
have also been employed as an efficient method for developing strong and tough
thermosets derived from plant oils, primarily through ADMET*?** and ROMP.*%?! For
instance, three kinds of plant oil-based ROMP thermoset polymers were explored by
copolymerizing of norbornene-functionalized castor oil (BCO) with cyclooctene (CO)*,
Dilulin (@ commercially available norbornene-functionalized linseed oil) with

dicyclopentadiene (DCPD)* and Dilulin with bicyclic norbornene-based crosslinkers

(Bicyclo[2.2.1]hepta-2,5-diene)*® using second-generation Grubbs catalyst. However,
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phase separations were observed in these thermosets due to the difference in
reactivity between the plant oil-based monomers and the petroleum-based
comonomers, resulting in decreasing mechanical properties. The phase separation has
also been observed in system of vegetable oil-based thermosets from castor oil** and

palm oil*’

with petroleum based-norbornene as comonomer. To address the phase
separation, it is necessary to reduce vegetable oil triglycerides into fatty alcohols then
functionalized with norbornene groups such as 5-norbornene-2,3-dicarboxylate
anhydride or 5-norbornene-2-carbonyl chloride.**** These norbornene-functionalized
bio-renewable monomers were easily undereco ROMP without the need of
comonomers, leading to enhance storage modulus and T, of the resultant
thermosets.*®

In other hand, plant oil- based thermosets usually show low T, and
thermal properties due to highly flexible chains of triglyceride, thus low room
temperature mechanical strength. In order to enhance the T, of the plant oil-based
thermoset polymers, plant oil monomers are primarily copolymerized with a
petroleum-based norbornene monomer or crosslinker such as dicyclopentadiene
(DCPD), 5-ethylidene-2-norbornene (ENB) and norbornene (NB, bicyclo[2.2.1]heptene-
2) as aforementioned. The utilization of petroleum-based norbornene as comonomers
or crosslinkers can easily undergo ROMP to form thermosets with good thermo-
mechanical properties in the presence of Ru catalysts. However, the rigid structure,
relatively slow in-situ polymerization rate, large amount of required catalyst, and
nonrenewable characteristic restrict petroleum-based norbornene application in
thermoset polymer materials. Thus, considering of using bio-based materials in
industrial applications and attempts to move toward sustainability, it is necessary to
explore new norbornene-containing monomers, especially those derived from bio-
based resources with high reactivity and low melting point as co-monomer or
crosslinkers to substitute for the nonrenewable-based norbornene such as (DCPD, NB,
CO) in preparing plant oil-based thermosets via ROMP.

Isosorbide (IS) is an interesting renewable resource with high availability. IS
is derived from glucose and typically obtained from the depolymerization of cellulose

and starch.>"*® IS is a V-shaped diol with a unique bicyclic ring structure consisting of
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two cis-fused tetrahydrofuran rings and two secondary hydroxyl groups in the 2- and

5- positions,”

which imparts a degree of rigidity to polymers. Its inherent unique
molecular structure, high thermal stability, biodegradability and nontoxicity makes it a
promising monomer and monomer precursor for potential replacing petroleum-based
derived polymers. “*! Take advantage of isosorbide as a platform and incorporated
high reactive norbornene functional group into isosorbide backbone to synthesize one
novel bio-based norbornene-functionalized isosorbide use as crosslinker in ROMP of
norbornene-functionalized plant oils.

In this chapter, several thermoset polymer films were synthesized via
ROMP of norbornene-functionalized various plant oils including olive oil, rapeseed oil
and soybean oil. The structure of plant oil-based monomers and bio-based crosslinker
was determined by NMR spectroscopy and Fourier transform infrared spectroscopy
(FTIR). The ROMP reactions were carried out at 40 °C and ambient pressure using G2
catalyst. The ROMP conditions such as catalyst loading (0.0625-0.5 %wt) and cured
temperature (80 and 120 °C) were studied. Thermo-mechanical properties, in term of
storage modulus (E’), glass transition temperature (Ty), and crosslink density were
characterized by dynamic mechanical analysis (DMA). Thermal properties measured by
thermogravimetric analysis (TGA) was also discussed. The thermo-mechanical
properties of the resultant thermoset films depending on the norbornene-
functionalized isosorbide (as bio-based crosslinker) content and plant oil sources were
discussed. For comparison, thermoset polymer films from norbornene-functionalized
plant oils with petroleum-based norbornene, a crosslinker 1,4-bis[dimethyl[2-(5-

norbornen-2-ylethylsilyllbenzene, were also prepared and discussed.

5.2 Materials and Methods

5.2.1 Materials
Dichloromethane dehydrated (>99.5 %) obtained from Carlo ERBA
was transferred into a bottle containing molecular sieves (mixture of 3A 1/16, 4A 1/8
and 13X 1/16) in the drybox. The second-generation Grubbs catalyst,
RUCl,(PCy3)(H,IMes)CHPh) [G2, IMesH, = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-
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ylidene] and 4-bis[dimethyl[2-(5-norbornen-2-ylethyl]silyllbenzene as crosslinker (CL1)
were purchased from Sigma-Aldrich. 5-norbornene-2-carboxylic acid, a mixture of
endo- and exo (NBCA, >98.0%), isosorbide (IS, >98%), N,N Dimethylformamide (DMF,
>99.5%), oxalyl chloride (>98%), d4-dimethylaminopyridine (DMAP >90%) and
triethylamine (EtzN, >99%) were obtained from Tokyo Chemical Industry, Co., Ltd.
Hydrogen peroxide (30%) was supplied by QR&C. Formic acid (90%) was purchased
from Ajax Finechem. Ethyl acetate (99.9%) was obtained from Thermo Fisher Scientific.

Plant oils were purchased in a local supermarket: Olive oil (Cotoliva,
Extra Virgin, 100 ¢ (p = 0.89 ¢/mL) contains 15 ¢ saturated, 75 ¢ monounsaturated, and
10 ¢ polyunsaturated fatty acids), rapeseed oil (Mackintosh, Cold pressed, 100 ¢ (p =
0.89 ¢/mL) contains 6.96 ¢ saturated, 54.9 ¢ monounsaturated, and 29.34 ¢
polyunsaturated fatty acids), and soybean oil (UPC Morakot, 100 mL (p = 0.90 ¢/mL)
contains 16.7 ¢ saturated, 23.3 ¢ monounsaturated, and 60 ¢ polyunsaturated fatty
acids). The fatty acid composition in the starting plant oils is shown in Table 5.1 (see

Figure C5.1-5.2, Appendix C).

Table 5.1. Fatty acid compositions in the starting plant oils determined based on GC-

FID analysis.
Fatty acid (%)
Plant oil Palmitic Stearic Oleic Linoleic Linolenic
C16:0 C18:0 C18:1 C18:2 C18:3
Olive 10.6 0 73.6 15.1 0.7
Rapeseed 2.9 0 56.4 29.1 11.6
Soybean 6.7 3.0 25.6 58.2 6.5

5.2.2 Synthesis of epoxidized plant oils [olive oil (O0), rapeseed oil
(RO) and soybean oil (SO)]
Plant oils (OO, RO or SO) and formic acid (HCOOH 90%) were

introduced into a three-necked round bottom flask equipped with an additional funnel
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and a condenser at room temperature (27+0.5 °C). The mixture was stirred and purged
nitrogen gas for 20 min. Hydrogen peroxide (H,O,) was added dropwise (1.5 mL/min)
while stirring at room temperature (H,0,/HCOOH/double bond average number =
20/2/1 molar ratio). The temperature was gradually increased to 60 °C, and the mixture
was stirred for 4 h to produce a white color biphasic solution. After the reaction
completed, the mixture was transferred to a separatory funnel and was then extracted
with ethyl acetate (30 ml). The organic layer containing the epoxidized plant oils (EPO)
was washed with 10% (w/w) NaHCO5 (30 mL x 4 times) and then with brine (30 mL x
3 times). The obtained product was dried over anhydrous Na,SO4 and was filtered, and
the filtrate was evaporated under reduced pressure to yield epoxidized plant oils (EPO)
as viscous oils (see Figure C5.3, Appendix C).* The procedure for synthesizing
epoxidized plant oils is shown in Figure 5.1, and the in situ epoxidation of triglyceride

with hydrogen peroxide and formic acid is displayed in Scheme 5.1.
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Figure 5.1 Epoxidation of triglycerides from plant oils (representative olive oil).
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Scheme 5.1 In situ epoxidation of triglyceride with hydrogen peroxide and formic acid.

5.2.3 Synthesis of norbornene-functionalized plant oils

A typical procedure for synthesis of norbornene-functionalized olive
oil (NB-OO) is as follows. Epoxidized olive oil (EQO, 15 g) and TEA (90 uL) were
introduced into a three-necked round bottom flask equipped with an additional funnel
and a condenser. The mixture was stirred and purged nitrogen gas for 30 min. After
that, NBCA (4.4 ¢) was slowly added into the mixture and was stirred at 160 °C for 24
h. The NBCA stoichiometry was 1:1 in relation to the oxirane rings present in the EOO.
After the reaction completed, the mixture was quenched with 5% (w/w) Na,COs;
solution (350 mL) to convert unreacted NBCA into the corresponding carboxylate salt.
The mixture was stirred for 12 h at room temperature (27+0.5 °C). After that, the
mixture was transferred to a separatory funnel and then was extracted with ethyl
acetate (100 mL), dried over anhydrous Na,SO, and was filtered. The filtrate was
evaporated under reduced pressure to yield NB-OO as viscous brown oil (see Figure
(5.3, Appendix C). The average number of norbornene rings present in the NB-OO was
determined by the integrated intensity of the signals in the "H NMR spectrum. A similar
protocol was used for synthesis of norbornene-functionalized rapeseed oil (NB-RO) and

soybean oil (NB-SO). The procedure for the synthesis of norbornene-functionalized

Ref. code: 25625909320219AGK



101

plant oil is shown in Figure 5.2, and the illustration of epoxidized ring opening with

norbornene carboxylic acid is displayed in Scheme 5.2.
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Figure 5.2 Illustration of norbornene-functionalized plant oils (representative olive oil).
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Epoxidized plant oils (EPO) ; 1

Norbornene-olive oil (NB-OO)

Scheme 5.2 Synthesis scheme of norbornene-functionalized plant oil (representative

olive oil) via epoxidized ring opening with norbornene carboxylic acid.

5.2.4 Synthesis of norbornene-functionalized isosorbide (NB-IS)

Oxalyl chloride (1.4 mL, 16 mmol) was added dropwise into an
anhydrous dichloromethane solution (25 mL) containing 5-norbornene-2-carboxylic
acid (NBCA) (1.33 mL, 10.85 mmol, a mixture of endo and exo) and NN
dimethylformamide (DMF, 171 uL) over 15 min at 0 °C (cooled in ice baht). The mixture
was then warm to room temperature and was stirred for 6 h under N, atmosphere.

After the reaction was completed, the excess oxalyl chloride and solvent were
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removed under reduced pressure. 5-Norbornene-2-carbonyl chloride was re-dissolved
in anhydrous DCM (3.0 mL) and was added dropwise into an anhydrous DCM solution
(50 mL) containing isosorbide (IS, 0.79 g, 5.4 mmol), DMAP (0.1 mL, 0.82 mmol) and
trimethylamine (2.49 mL, 18 mmol) over 15 min at 0 °C (cooled in ice baht). The
mixture was then warm to room temperature and stirred overnight (12 h). After the
reaction was completed, the reaction mixture was passed through a Celite pad, and
the filtrate was extracted with saturated NH4Cl solution. The organic layer was
subsequently separated and dried over anhydrous Na,SO,; and was then filtered
through a filter paper. The filtrate was evaporated under reduced pressure to yield NB-
IS as a black viscous oil (1.90 g, 91% vyield) see Figure C5.4, Appendix C. The procedure
for the synthesis of NB-IS is shown in Figure 5.3, and a schematic illustration of the
formation of norbornene-isosorbide (NB-IS) through the coupling of 5-norbornene-2-
carbonyl chloride to hydroxyl (-OH) groups on isosorbide (IS) is displayed in Scheme
5.3.

(cocl,
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T e ¥ = o 3
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CH,CI, (0°C) w 3 I~n, dry CHZCI? y

Stirred atr.t Concentrated under

(6h under N,) reduced pressure Dropwise
added

Added NH,CI Celite
e . (saturated)
i iSeparated by | 1 / Isosorbide ke ? o
{ funnel | A DMAP )
| l " i ' TEA, CH,Cl, ﬂ
(¢] H

Evaporated —

Stirred atr.t
overnight (12h)

Figure 5.3 The overall procedure for the synthesis of norbornene-functionalized

isosorbide (NB-IS).
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Scheme 5.3 A schematic illustration of the formation of norbornene-isosorbide (NB-IS)
through the coupling of 5-norbornene-2-carbonyl chloride to hydroxyl (-OH) groups on
isosorbide (IS).

5.2.5 Preparation of bio-based thermoset films via ROMP

A typical procedure for the preparation of bio-based thermoset films
by ROMP is as follows. The second-generation Grubbs catalyst G2,
RUuCl,(PCy3)(H,IMes)CHPh)) (0.0625- 0.5 %wt based on the entire monomer and
crosslinker) dissolved in 0.4 mL CH,Cl, was added to the mixture of monomer (NB-OO,
NB-RO or NB-SO, 2.0 ¢) and crosslinker (5- 15 %wt) in CH,Cl, (1.0 mL of per 1000 mg of
total monomer and crosslinker) which had been cooled to 0 °C in advanced in an ice
bath. The mixture was vigorously stirred in a 20 mL glass vial for 30 s to obtain a
homogeneous solution. The solution was casted into a mold, and was then placed in
an oven, and cured for 1 h at 40 °C and then post-cure at 120 °C for 12 h. The resulting
thermoset films are rubbery and slightly transparent with retaining the monomers’
original. The overall of the procedure for the preparation of bio-based thermoset film

via ROMP is shown in Figure 5.4.
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Figure 5.4 Schematic of the overall procedure for the synthesis of bio-based thermoset

films via ROMP.

5.2.6 Characterizations of monomers and thermoset films

All *H and >C NMR spectra were recorded on Bruker Avance IIl HD
600 MHz NMR spectrometer. All chemical shifts were reported in parts per million
(ppm) with referenced to tetramethylsilane (TMS) at 0.00 ppm. Obvious multiplicities
and routine coupling constants are usually not listed, and all spectra were obtained in
the solvent indicated at 25 °C unless otherwise noted. Fourier transform infrared
spectroscopy (FTIR) were recorded on Perkin Elmer Spectrum 100 FT-IR spectrometer
with attenuated total reflectance (ATR) techniques at the range of wavenumber
between 4000 and 600 cm® and the resolution of 4 cm™ with 32 scans.
Thermogravimetric analysis (TGA) were performed on a Mettler-Toledo TGA/DSC3+
thermogravimetric analyzer. An approximately 10 mg specimen was heated under N,
atmosphere from 30 to 700 °C at a heating rate 20 °C/min with nitrogen flow 30
mL/min. Dynamic mechanical analysis (DMA) were recorded on a Mettler Toledo DMA1
analyzer using three points bending mode at 1.0 Hz. Samples were cut into rectangular
shapes with a dimension of 10 mm x 5 mm x 1 mm (length x width x thickness). Each
sample was cooled to -70 °C and held isothermally at that temperature for 3 min. The

samples were then heated at 3 °C/min to 150 °C.
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Soxhlet extraction of thermoset films were carried out by Soxhlet
extractor using methylene chloride as a solvent. A rectangular sample with a dimension
of 10 mm x 10 mm x 1 mm (length x width x thickness) (approx. weight of 140-150 mg)
was extracted with 200 mL of methylene chloride (CH,Cl,) at 60 °C for 24 h. After
extraction, the insoluble portion was dried in oven at 60 °C for 12 h and weighed. The
resulting solution was concentrated under reduced pressure and dried in vacuo. The
solution portion of all thermoset films were calculated according to the following
equation, Eq. (1).

Soluble portion (%) = [1 - (m1/mg)] x 100 (1)

where, mq is the initial weight and m is the dry weight after extraction.

5.3 Results and Discussion

5.3.1 Structure characterization of norbornene-functionalized plant

oil monomers

In this study, three different norbornene-functionalized plant oil
monomers were designed and synthesized though simple reactions including
epoxidation of olefin groups and ring-opening of epoxide groups (shown in Scheme
5.4). The olefin groups in the triglycerides from plant oil (representative triglyceride
from olive oil) were converted into oxirane rings by in situ performic acid method,
resulting in epoxidized olive oil (EQO), as indicated by the 'H NMR spectra (Figure 5.4).
The resonances ascribed to protons of olefin (a), inter-olefin (b), and a-olefin (d) (at
5.3, 2.8, and 2.0 ppm, respectively) vanished and resonances assigned to protons of
oxirane and a-oxirane rings (at 2.90-3.10 ppm range and 1.50 ppm) were observed. The
absence of the resonance at 5.3 ppm indicates that double bonds conversion has
been completed. The results clearly indicate the formation of epoxidized olive oil
(EOQ). Similar 'H NMR spectroscopy results were also obtained for the epoxidized
rapeseed oil (ERO) and epoxidized soybean oil (ESO), as shown in Figure C5.5-5.6
(Appendix C). From the integrated intensity of the resonances in the 'H NMR spectra,
an average number of oxirane rings per EOO, ERO and ESO unit were calculated to be

1.3, 1.8 and 1.7 oxirane rings, respectively (see Figure C5.7, Appendix C).

Ref. code: 25625909320219AGK



106

o

Q \Hﬂj\o

\H)j\ o
0 HCOOH o o © N Skawatks
o O\n/H\=/H\ —_— \H/L\/L\H)J\ o O
== o H20; ‘ 70
4 7 O Epoxidized plant oil

Plant oil (representative olive oil)

(@)

O
? % Norbornene-olive oil (NB-OO)

Scheme 5.4 Synthesis scheme of norbornene-functionalized plant oils (representative
norbornene-olive oil, NB-OO).

The presence of the norbornene wunit in the norbornene-
functionalized olive oil (NB-OO) monomer, from the reaction between NBCA and the
oxirane rings in the EQO, was verified by the 'H NMR spectrum (Figure 5.5c). The
resonances attributed to oxirane ring protons at 2.9-3.1 ppm decreased, and the
resonances at 5.9-6.3 ppm corresponded to the norbornene protons appeared. The
resonances ascribed to the proton in the carbon attached to the norbornene (NB) (at
4.8 ppm) and to the proton in the carbon attached to the hydroxyl group (at 3.6 ppm)
from the opening of the oxirane ring were observed. The remaining of resonances
attributed to the protons in the glycerol unit (a and B), indicates the triglyceride
structure remains after reactions. The successful synthesis of the monomers was also
confirmed by >C NMR spectroscopy (Figure C5.8, Appendix C). The results thus clearly
indicated that the norbornene molecules were successfully grafted onto the olive oil
triglycerides. The similar 'H and °C NMR spectroscopy results were also observed for
norbornene-functionalized rapeseed oil (NB-RO) and soybean oil (NB-SO) as shown in
Figure C5.9-5.10 (Appendix C). From the integrated intensity of the resonances in the
'H NMR spectra, an average number of norbornene molecule per NB-OO, NB-RO and
NB-SO unit were calculated to be 1.0, 1.3 and 1.5 norbornene rings, respectively

(Appendix C).
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Figure 5.5 'H NMR spectra (in CDCl; at 25 °C) of olive oil (00), epoxidized olive oil
(EOO) and norbornene-functionalized olive oil (NB-OO).

The successfully norbornene-functionalized olive oil was further
verified by FTIR spectra shown in Figure 5.6. The disappearance of the peak at 3005
cm™ in EOO indicated the complete conversion of olefinic group while the appearance
of the peak at 845 cm™ in EOO indicated the formation of oxirane ring. In addition, the
transmittance increases at 3500 cm™ and decrease at 845 cm™ in NB-OO indicated the
formation of hydroxyl (-OH) groups and the reduction of epoxy groups, respectively.
Moreover, the appearance of peaks at 3060 cm™ in NB-OO related to the olefinic bonds
vibration in the norbornene groups was also observed. These results thus clearly
demonstrated that the norbornene-functionalized olive oil monomer was successfully
synthesized. Similar FT-IR spectra results were also attained for the norbornene-
functionalized rapeseed oil (NB-RO) and soybean oil (NB-SO), as shown in Figure C5.11-
5.12 (Appendix Q).
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Figure 5.6 FT-IR spectra of olive oil (O0), epoxidized olive oil (EOO) and norbornene-
functionalized olive oil (NB-OO).

5.3.2 Structure characterization of norbornene-functionalized
isosorbide (NB-IS)

A novel renewable bio-based norbornene crosslinker (NB-IS) was
designed and synthesized through the coupling of 5-norbornene-2-carbonyl chloride
to hydroxyl (-OH) groups on isosorbide (IS). The 5-norbornene-2-carbonyl chloride
(NBCC) was obtained by reacting of norbornene carboxylic acid with oxalyl chloride
and DMF in dichloromethane at room temperature (Scheme 5.3). IS, readily obtained
from starch,” was chosen for the synthesis of bio-based norbornene crosslinker (NB-
IS) due to its robust bicycling structure,® which has a potentially enhancing the glass
transition temperature (T,) to the resulting polymers. Moreover, functionalizing
isosorbide via incorporation of NBCC allows to potential degradation back to
isosorbide, resulting in an environmentally friendly product. For comparison, a
petroleum-based norbornene, 4-bis[dimethyl[2-(5-norbornen-2-ylethyl]silyllbenzene

was selected as a crosslinker (CL1), because it not only owned the crucial functional

Ref. code: 25625909320219AGK



109

group, high reactive norbornenyl group but also contained rigid aromatic structure,
which could also enhance the T, of the resulting polymers. The chemical compositions
and structures of the crosslinker NB-IS were identified by FT-IR and 'H NMR
spectroscopy. To verify the successful synthesis of the crosslinker (NB-IS), FT-IR was
first employed to characterize the crosslinker. The FT-IR spectra of IS and NB-IS were
illustrated in Figure 5.7. The spectrum of IS exhibited the characteristic peaks of -OH
stretching vibration (3364 cm™), -CH,- stretching vibration (2867 and 2937 cm™) and C-
O or C-H stretching vibration (1050, 1071 and 1117 cm ™). Compared with that of IS, the
spectrum of NB-IS demonstrated news peaks at 1730 cm™and 3060 cm™, which were
corresponded to C=0 and C=C stretching vibration of norbornene group. The complete
disappearance of the -OH group accompanied by the formation of C=0 and C=C bonds
on NB-IS proved that the norbornene groups have been successfully coupled with

hydroxyl (-OH) groups on the IS.
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Figure 5.7 FT-IR spectra of isosorbide and norbornene-functionalized isosorbide (NB-

1S)

To further determine the structure of the NB-IS crosslinker, 'H NMR
of NB-IS was conducted as shown in Figure 5.8. The characteristic resonances at 5.88-
6.26 ppm ascribed to the vinyl protons on the norbornene groups, while the

resonances range (3.44-5.2 ppm) assigned to the eight protons of two fused rings of

Ref. code: 25625909320219AGK



110

isosorbide moieties. All other resonances match well with the protons of the NB-IS
crosslinker as shown in Figure 5.8b. The molar ratio of NB/IS estimated by integrating
intensity of the resonances in the 'H NMR spectra was 2.2:1 (see Figure 5.13 and
calculated in Appendix C). This value is relatively close to the structure of the NB-IS
2:1. The results thus clearly demonstrate that the target bio-based crosslinker (NB-IS)

was successfully synthesized.
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Figure 5.8 (a) Synthesis scheme of norbornene-isosorbide (NB-IS) through the coupling
of 5-norbornene-2-carbonyl chloride to hydroxyl groups on isosorbide, (b) 'H NMR
spectrum (in CDCl; at 25 °C) of crosslinker (NB-IS).

5.3.3 Fourier Transform Infrared (FT-IR) spectroscopy of norbornene-

plant oil thermosets and norbornene-plant oil with crosslinkers thermosets
FTIR spectra of the starting monomers and the thermoset films
(representative thermoset films of NB-OO) were characterized to demonstrate the
successfully happened of ROMP. Bio-based thermoset film at 0.5 %wt catalyst G2 were
exemplarily selected for discussing (Figure 5.9a). The peak at 3060 cm™ in NB-OO
disappeared indicates the transformation of olefinic of norbornene ring. The
appearance of peak at 968 cm™ in the NB-OO film ascribed to the ring-opened of

norbornene unit of the NB-OO.* This peak (not observed in the NB-OO monomer),
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could be corresponded to a trans double bond in the metathesized backbone of the

bio-based thermoset.
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Figure 5.9 FT-IR spectra of a) NB-OO monomer, NB-OO film and NB-OO with CL films

b) bio-based thermoset films of different plant oils at 0.5 %wt G2 catalyst.
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FTIR spectra of the bio-based thermoset films from different plant
oils show marginal differences in the fingerprint region (Figure 5.9b). The intensity of
the peaks at 3475 cm™ and 968 cm™ corresponding to the hydroxyl (-OH) groups and
H-C=C-H deformation vibration increases from olive oil to rapeseed oil to soybean oil.
This is likely due to the increase in the number of norbornene rings per triglyceride in
the monomer structure, which increases in the same order. The ATR-FTIR results of

the bio-based thermoset films proved the ROMP reaction efficiency.

5.3.4 ROMP of the norbornene-functionalized plant oils

The bio-based thermoset films were prepared by ROMP curing of
norbornene-functionalized with various plant oils (olive oil, rapeseed oil and soybean
oil) in the presence of second-generation Grubbs catalyst (G2) (see Scheme 5.5 for a
representative NB-OO). The ROMP of the norbornene-functionalized plant oils was
conducted in dichloromethane at 40 °C and ambient pressure in an oven for 1 h. Thus,
homogenous films with comparable thicknesses around 1.0 +0.1 mm were formed and
cured at different temperatures under ambient pressure. Catalyst loading varying from
0.0625 to 0.5 %wt were firstly investigated to determine the optimum catalyst loading
for the ROMP of the norbornene-functionalized plant oils. The obtained bio-based
thermoset films are flexible and slightly transparent with sand-like color (see Figure.
C5.14, Appendix C). To investigate the influence of catalyst loading on the ROMP
reaction efficiency, all thermoset films were subjected to Soxhlet extraction to remove
the soluble materials present in the bio-based thermoset films. Table 5.2 shows the
Soxhlet extraction of the resultant bio-based thermoset films with varying amounts of
catalyst loading. It turned out that the percent soluble material, olisomeric NB-OO or
unreacted triglyceride oil components, decreases from 60 to 9 %wt soluble material
upon increasing catalyst loading from 0.0625 to 0.5 %wt (runs 1-5). This is due to the
increasing of ROMP reactivity resulted in more crosslinked insoluble polymer network
is formed. Similar results were also observed for NB-RO and NB-SO thermoset films in
which the soluble portion decreases from 53 %wt to 4 %wt, and from 28 %wt to 3
%wt, respective for NB-RO and NB-SO thermoset films when increasing catalyst loading

from 0.0625 to 0.5 %wt (see Table C5.1, Appendix C).
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Scheme 5.5 ROMP of norbornene-functionalized plant oils (representative NB-OO).

Table 5.2 Extraction data of the bio-based thermoset films at various catalyst loading

and different plant oils.

Cat. (G2) Cured temp. Soluble Insoluble
Entry  Polymer

(%wt) F@ (%wt) (%wt)
1 NB-OO 0.0625 120 60 40
2 NB-OO 0.125 120 34 66
3 NB-OO 0.125 80 ar 53
4 NB-OO 0.25 120 19 81
5 NB-OO 0.5 120 9 91
6 NB-RO 0.5 120 4 96
7 NB-SO 0.5 120 3 97

* soluble materials: unreacted triglyceride oil or olicomers of the norbornene-

plant oil component.

As also shown in Table 5.2, at 0.5 %wt G2, about 9 %wt of NB-OO
film was soluble while both NB-RO and NB-SO afforded only 4 %wt and 3 %wt of
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soluble materials, respectively (runs 5-7). The NB-OO film displays higher percent of
soluble portion compared to that of the NB-RO and NB-SO films. This is likely because
the NB-OO bears only one norbornene ring per triglyceride lead to restrict the
happening of ROMP steps due to a large steric hindrance. Moreover, the NB-OO
structure has two long-chain fatty acids without containing norbornene groups which
hinder the coordination between the olefinic C=C and the catalyst. This result thus
reveals that the extra norbornene rings (a larger norbornene ring density) play an
important role in increasing the crosslink densities of the resulting films. In order to
investigate the influence of curing temperature, the curing was performed at 80 °C and
120 °C for 12 h in an oven for the thermoset films with 0.125 %wt G2 catalyst. It was
observed that the thermoset film cured at 80 °C shows a significantly higher percent
soluble portion (13 %wt) compared to the film cured at 120 °C. The lower percentage
of the soluble portion in the thermoset film at higher curing temperature indicates a
higher crosslinking density due to the higher activity of the catalyst.

Figure 5.10 shows the 'H NMR spectra of the soluble portions of the
representative NB-OO thermoset films at various catalyst loading. It was found that
resonances at 1.25, 1.95 and 5.35 ppm corresponding to portions of the unreacted
triglyceride oil or oligomers of the NB-OO component. The resonance at 2.3 ppm is
possibly attributed to the residual catalyst (G2). The soluble portion in the NB-OO films
at 0.0625 %wt and 0.125 %wt of catalyst loading show more unreacted triglyceride
and oligomeric NB-OO component as evidenced by the presence of the resonances at
4.1, 4.3 ppm, and 6.2 ppm which correspond to protons assigned to the glycerol moiety
in triglyceride, and norbornene rings in the NB-OO films. As increasing catalyst loading,
the intensity of the resonances ascribed to the protons of norbornene ring significantly
reduced in the soluble portions. This revealed that almost all the norbornene rings
underwent ROMP. Since 0.5 %wt G2 shows the lowest presence of unreacted
norbornene rings in the soluble portion, this amount of catalyst loading seems to be

thus the optimum value for the obtainment of high insoluble thermoset films.
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Figure 5.10 'H NMR spectra (in CDCl; at 25 °C) of the soluble materials of the NB-OO

thermoset films at various catalyst loading.

5.3.5 Dynamic mechanical analysis (DMA) of bio-based thermosets

films norbornene-functionalized with different plant oils

The thermo-mechanical properties, in terms of storage modulus (E’)
and glass transition temperature (T,) as well as the crosslink densities of the bio-based
thermoset films were studied by DMA. Figure 5.11 shows the representative storage
modulus (E’) and tan 6 curves as a function of temperature for the NB-OO thermoset
films at various catalyst loading. It turned out that all NB-OO thermoset films show the
rubbery state at room temperature. The storage modulus (E’) decreased slightly when
the temperature increased from -70 to -35 °C. Then a substantial decrease in the E’
value is observed for all NB-OO thermoset films in a range of temperature between -
20 °C and 0 °C. This corresponds to the primary relaxation (Ta) peak related to energy
dissipation, where a maximum is observed in the tan & curve. At high temperatures
after the a-relaxation, a plateau was observed in the storage modulus curves, which is

evidence for the existence of the crosslinked network in the thermoset films.
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Figure 5.11 DMA thermograms for storage modulus and tan & curves as a function of
temperature for NB-OO thermoset films at various catalyst loading (1 Hz, 3 °C/min).

The crosslink density (v,) values were calculated at temperature 40
°C above the T, in the rubbery plateau of the storage modulus curve, using the rubbery
42,43

theory of elasticity according to the equation below, Eq. (2)

EI
Ve = 3ar @)

where, v, is the crosslink density, E” (Pa) is the storage modulus at T, + 40 °C in the
rubbery plateau, R is the universal gas constant 8.31 J.mol’.K"' and T is the absolute
temperature (K) at T, + 40 °C. The calculated crosslink density for the thermoset films
is summarized in Table 5.3. It was revealed that the crosslink density values of the NB-
0O films increased by increasing catalyst loading [v, = 38 mol/m’ (0.0625 %wt, run 1)
Vs. U, = 657 mol/m?, run 4). This indicates that increasing catalyst loading has led to
more efficient ROMP of NB-OO. The T, value of the thermoset films was determined
by the temperature at the maximum peak height of the tan & curve. Table 5.3 (runs
1-4) shows the T, values of the NB-OO thermoset films. It was found that the T, values
of the NB-OO films considerably increased from -23 to -8 °C when the catalyst loading
increased from 0.0625 %wt to 0.5 %wt due to the increased degree of crosslinking and

the crosslink density that restrict the mobility of the polymer.
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Table 5.3 (runs 1-4) also shows the storage modulus (E’) values at
room temperature for the NB-OO thermoset films. It was revealed that, the E’ values
of the NB-OO films sustainably increased upon increasing catalyst loading [E’ = 0.26
MPa (0.0625 %wt, runs 1 vs. B = 5.0 MPa (0.5 %wt, run 4)]. This is because when
molecular motions became more restricted due to the increased crosslink density
upon increasing catalyst loading (runs 1-4), the amount of energy that can be dissipated
throughout the polymer sample significantly decreased. Thus, the E’ value at room
temperature was dramatically enhanced when increasing catalyst loading. Meanwhile,
the tan 6 peak shifts to a higher temperature and the value decreased upon increasing
catalyst loading. The tan & values of all the NB-OO thermoset films ranged from 0.73
to 1.59.

Table 5.3 DMA analysis of the bio-based thermoset films at various catalyst loadings

and different plant oils.

Cat. (G2) E’ at 25°C T Ve tan &
Run Polymer - (MPay (o (mol/m°)"

1 NB-OO 0.0625 0.26 -23 38 1.59
2 NB-OO 0.125 1.26 -19 172 1.14
3 NB-OO 0.25 By1Hl; -13 414 0.84
a4 NB-OO 0.5 5.00 -8 657 0.73
5 NB-RO 0.5 27.9 21 880 0.62
6 NB-SO 0.5 40.0 24 895 0.68

% Storage modulus at 25 °C
® Glass transition temperature determined by DMA

¢ Crosslink density was calculated at temperature 40 °C above the T,

The tendency of the E” at room temperature, T, and crosslink density
for variation of catalyst loading is comparable for all norbornene-functionalized plant
oils (for detailed value, see Table C5.2-5.3 and Figure C5.15-5.16, Appendix Q).
However, the absolute values different depending on the nature of the plant oil. The
trend can be observed where the E” and T, values increased from NB-OO to NB-RO to

NB-SO thermoset films (Table 5.2, runs 1, 5, 6 and Figure 5.12). For instance, at 0.5 %wt
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G2, the E’ at room temperature increased from 5 to 28 to 40 MPa, and the T, from -8
to 21 to 24 °C for NB-OO, NB-RO, and NB-SO thermoset films, respectively as shown in
Figure 5.12. Likewise, the crosslink density values also increased from 657 to 880 to
895 mol.m™ for NB-OO, NB-RO and NB-SO thermoset films, respectively (Table 5.3, runs
1, 5, 6). In the same order, the amount of polyunsaturated fatty acid intimately related
to the average number of norbornene rings per triglyceride of plant oil increases from
1.0 to 1.3 to 1.5 for NB-OO, NB-RO, and NB-SO, respectively. These results revealed
that the extra reactive norbornene rings exist in the monomer structure are effectively
incorporated into the thermoset film networks, resulting in higher crosslinked
thermoset films. Tan 6 values of thermoset films were also presented in Table 5.3. It
turned out that all three NB-OO, NB-RO and NB-SO thermoset films (at 0.5%wt G2)
have tan 6 values greater 0.3 over a temperature range of approximately 60 °C, making

these films have a great potential in damping applications.**
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Figure 5.12 DMA thermograms for storage modulus and tan & curves as a function of

temperature for thermoset films of different plant oils with 0.5%wt G2 (1 Hz, 3 °C/min).

5.3.6 Dynamic mechanical analysis (DMA) of norbornene-
functionalized plant oils with different crosslinkers

To enhance the crosslinking of the thermoset films resulted in

improving T, values, the ROMP of norbornene-functionalized plant oils was conducted

in the presence of crosslinkers. Two different crosslinkers include petroleum-based
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norbornene (expressed as CL1) and bio-based norbornene prepared from norbornene-
functionalized isosorbide (NB-IS, expressed as CL2) were applied. DMA analysis for the
thermoset films with crosslinkers is shown in Table 5.4 and Figure 5.13. Figure 5.13
shows the storage modulus (E’) and tan & as a function of temperature for plant oil-
based thermoset films with different loadings of crosslinkers. Note that no significant
changes in both storage modulus (E’) and crosslink density of all plant oil-based
thermoset films were observed when adding 5 %wt CL1. However, the E’ values were
an increase of 1.4, 10 and 7.0 times that of neat NB-OO, NB-RO and NB-SO thermoset
films, respectively when increasing the amount of CL1 (from 5 to 10 %wt). Similarly,
the crosslink densities were also increased by 1.3, 1.3 and 1.9 times that of the neat
NB-OO, NB-RO, and NB-SO films, respectively. This revealed that addition of CL1 in the
thermoset films results in a more crosslinked polymer network that improves the
thermosets’ rubbery modulus. Corresponding to the shift of E” increase, T, values of
plant oil-based films at 10 %wt CL1 loading significantly increased from -8, 21 and 24
°C to -2, 34 and 40 °C for NB-OO-CL1, NB-RO-CL1, and NB-SO-CL1, respectively. Further
raising the CL1 loading (over 10 %wt CL1) led to brittle material films, which broke
during preparation (see Figure 5.13 Appendix C). This would probably be due to the
existence of an aromatic ring in the structure of CL1 making the thermoset films
become more rigid at a high amount of CL1 loading.

In contrast, both storage modulus (E’) and crosslink density as well
as T,y values of all plant oil-based thermoset films were dramatically improved in the
presence of CL2 even at 5% wt CL2 loading. For instance, the E’ at room temperature
of NB-OO-CL2, NB-RO-CL2 and NB-SO-CL2 films at 5 %wt CL2 loading is 9.1, 116 and
149 MPa, respectively, an increase of 1.8, 4.2, and 3.7 times that of the neat NB-OO,
NB-RO and NB-SO films, respectively. The T, values of the plant oil-based thermoset
films also increased significantly from -8, 21 and 24 °C to 2, 32 and 35 °C for NB-OO-
CL2, NB-RO-CL2, and NB-SO-CL2 films, respectively. This is due to the increasing of
crosslink density. Increasing the amount of CL2 (from 5 to 10 %wt) in the NB-OO film
improved the E’ and crosslink density values up to 12.9 MPa and 1167 mol/m?,
respectively. Further raising the amount of CL2 loading in the NB-OO film led to brittle
material films, which broke during preparation (see Figure C5.17 Appendix Q). In
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contrast, no specimens for DMA could be prepared at 10 %wt CL2 for the NB-RO and
NB-SO films because the sample are too brittle and broke during preparation (see
Figure C5.13, Appendix C).

Table 5.4 DMA analysis of the bio-based thermoset films for different plant oils with

various crosslinkers.

run® Polymer EPat25°C T, U, tan &  Soluble  Insoluble
(MPa  (ecr  (molm’) (%wt) (%wt)
1 NB-OO 5.00 -8 657 0.73 9 91
2 NB-OO-5CL1 4.98 -8 658 0.72 10 90
3 NB-OO-10CL1 7.03 -2 878 0.67 9 91
4 NB-OO-5CL2 9.1 2 1055 0.63 6 94
5 NB-OO-10CL2 12.9 7 1167 0.55 6 94
6 NB-RO 27.9 21 880 0.62 4 96
7 NB-RO-5CL1 44.4 26 884 0.66 3 97
8 NB-RO-10CL1 294 34 1112 0.58 3 97
9 NB-RO-5CL2 116 32 1010 0.50 4 96
10 NB-SO 40.0 24 895 0.68 3 97
11 NB-SO-5CL1 41.4 25 1000 0.66 4 96
12 NB-SO-10CL1 278 40 1720 0.59 3 97
13 NB-SO-5CL2 149 35 1408 0.59 4 96

®reactions were conducted at 0.5 %wt G2
® Storage modulus at 25 °C
¢ Glass transition temperature determined by DMA
9 Crosslink densities were calculated at temperature 40 °C above the T

In comparing the T, of the plant oil-based thermoset film adding CL1
compared to that one adding CL2, it was found that the T, values of thermoset films
with CL2 were much higher than that of CL1. For example, at 5 %wt crosslinker loading,
Tg increase from -8 to 2 °C for NB-OO-CL1 and NB-OO-CL2, respectively. This is due to
the relatively short and more rigid of isosorbide in the CL2 lead to the difficulty in
chain motions. This result clearly revealed that the bio-based norbornene crosslinker
(NB-IS) could replace petroleum-based norbornene as a crosslinker in the polymer

network via ROMP.
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Figure 5.13 DMA thermograms for storage modulus and tan & curves for (a) NB-OO, (b)

NB-RO, and (c) NB-SO thermoset films with different crosslinkers at 0.5%wt G2 (1 Hz, 3

°C/min).
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5.3.7 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was carried out for measuring
thermal stability and degradation behaviors of the thermoset films under N,
atmosphere. Figure 5.14 shows the representative TGA and DTG curves of NB-OO
thermoset films, and the results are summarized in Table 5.5. The degradation
temperature for 5% weight loss (Ts) and the maximum degradation temperature (T4,
was regarded as the indicators to appraise the thermal stabilities of the thermoset
films. TGA curves of the NB-OO thermoset films displays two decomposition stages
(Figure 5.14a). The first stage of thermal degradation (250-350 °C) is attributed to
evaporation and decomposition of the soluble components (unreacted monomer and
oil fragments) in the thermoset films.*> The weight loss (%) in the first stage of these
thermoset films decreased upon increasing catalyst loading. This is probably due to
more effective crosslinking in the thermoset films. Corresponding to this peak in DTG
curves (Figure 5.14b) the intensity decreases with increasing catalyst loading indicating
less soluble components and oligomers in the thermoset films. This result is consistent
with the Soxhlet extraction data. The second stage from 350 to 500 °C is the fastest
degradation stage. It represents the main chain degradation of the polymer backbone

in the thermoset films such as the cleavage of C=C double bonds and ester groups.
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Figure 5.14 (a) TGA and (b) DTG curves of the representative NB-OO thermoset films

at various catalysts loading.
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As shown in Table 5.5, the Ts values of the NB-OO films increased
when increasing catalyst loading [Ts = 314 °C, (run 1, 0.0625 %wt G2) vs. Ts = 362 °C
(run 4, 0.5 %wt G2)]. This is due to the high crosslinked insoluble of the NB-OO films
upon increasing catalyst loading. However, all NB-OO thermoset films have
approximately the same T, Values, around 490 °C. The similar profiles were also
observed for thermoset films of NB-RO and NB-SO at various catalyst loadings as shown
in Figure C5.18-5.19 (Appendix C).

TGA degradation curve of bio-based thermoset films from different
plant oils (olive, rapeseed and soybean oil) with the same catalyst loading (0.5 %wt)
presented the same profiles with two main degradation stages as shown in Figure 5.15.
The main difference is the degradation process at 5% weight loss. The Ts value of NB-
OO0 film (T5 = 362 °C) was much higher than that of NB-RO and NB-SO films (Ts = 341
°C and 344 °C). This can be explained by the fact that the NB-RO and NB-SO structures
have more oxirane (C-O-C) and hydroxyl (-OH) groups on structure than that of NB-OO.
The higher number of these groups on the main network of the thermoset films would
be probably subjected to the debonding and oxidization at early elevated
temperature. However, the T, values of three thermoset films from different plant
oils are approximately the same which are around 490 °C. It is worth noting that all
thermoset films from different plant oils showed good thermal stability since they all

have Ts temperature higher than 340 °C.
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Figure 5.15 (a) TGA and (b) DTG curves of bio-based thermoset polymer films from

different plant oils (olive oil, rapeseed oil and soybean oil).
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Table 5.5 TGA data for the bio-based thermoset films.

Polymer T Tso® Trnax.
(°O) (°O) (°O)
| NB-OO, 5 | 362 | 419 | 490 |
NB-OO 55 355 418 489
NB-OOy 15 335 418 ag7
NB-O04 5625 314 414 486
NB-OO-5CL1 359 419 484
NB-OO-10CL1 363 424 524
NB-OO-5CL2 350 418 482
NB-OO-10CL2 346 419 482
NB-RO 341 416 486
NB-RO-5CL1 341 419 486
NB-RO-10CL1 347 423 484
NB-RO-5CL2 325 413 480
NB-SO 344 418 484
NB-SO-5CL1 330 418 505
NB-SO-10CL1 347 424 507
NB-SO-5CL2 314 415 486

®Temperature at 5% weight loss
® Temperature at 50% weight loss

¢ Maximum thermal degradation temperature

Ref. code: 25625909320219AGK



125

100 (a)
a 80 - ~NB-00
= ~NB-00-5CL1
= 60 - +NB-00-10CL1
e ~NB-00-5CL2
g 40 - -NB-00-10CL2
20 - 370
0 " ; 2282222 i 2o bsraas
50 200 350 500 650
Temperature (°C)
100 (b)
80 -
& -NB-RO
= 60 { o -NB-RO-5CL1
5 \ +NB-RO-10CL1
LH]
SN . \ ~NB-RO-5CL2
20 { 948 4 i
320 340 360
. . | Hsemmressare
50 200 350 500 650
Temperature (°C)
T T T (c)
80 -
_ -=-NB-SO
£ o0 | 2 ~NB-S0-5CL1
= ey | -+NB-S0-10CL1
< :
2 NB-SO-5CL2
2 40 4 95.0 -
949 |
20 1 o458
300 320 340 360
0 - - - '
50 200 350 500 650

with different crosslinkers.

Temperature (°C)
Figure 5.16 TGA curves of thermoset polymer films (a) NB-OO (b) NB-RO and (c) NB-SO

Ref. code: 25625909320219AGK



126

Figure 5.16 shows TGA degradation curves of thermoset films with
different crosslinkers. It turned out that the addition of 5 %wt CL1 decrease the
thermoset films initial thermal stability compared to the neat thermoset. However,
addition of 10 %wt CL1 led to slightly improve the initial thermal stability of the
thermoset films as illustrated in the inserted graph. For example, with 10 %wt CL1
resulting in a 1, 6 and 3 °C increased compared to the neat NB-OO, NB-RO, and NB-SO,
respectively. The reason can be due to the formation of pronounced heterogeneity in
the polymer network at low CL1 content 5 %wt. In contrast, at higher crosslinker
content 10 %wt CL1 the aromatic rings in CL1 structure help to improve the thermal
stability of thermoset films. The addition of CL2 (NB-IS) led to a reduction in initial
thermal stability, for instance, with 5% CL2 resulting in a 12, 16 and 20 °C decrease
compared to the neat NB-OO, NB-RO and NB-SO, respectively. In general, incorporation
NB-IS into norbornene plant oil macromolecular chain would decrease the high
temperature performances of obtained thermoset films due to the less thermal
stability of NB-IS.*! However, the addition of CL2 did not significant alter the T, values

of all thermoset films from different plant oils as shown in Table 5.5 and Figure 5.16.

5.4 Conclusions

Bio-based thermoset films were successfully prepared by ring-opening
metathesis polymerization (ROMP) of norbornene-functionalized different plant oils
(olive oil, rapeseed oil, and soybean oil) in the presence of G2 catalyst. An increasing
catalyst loading led to increase considerably the storage modulus (E’) and glass
transition temperature (T,) as well as decrease extracted components (unreacted or
oligomeric polymers) in the resultant thermoset films due to the enhanced the
crosslink density. The catalyst loading determined to be most effective was 0.5 %wt.
Comparing different plant oil, the amount of polyunsaturated fatty acids in the plant
oil structure related to the number of norbornene rings per triglyceride influences the
material properties significantly. The higher number of norbornene rings in the starting
material afforded a more efficient ROMP and thus improved crosslink density, result in

higher E” and T, values. In general, the thermoset films showed thermal stability up to
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340 °C. Addition of renewable norbornene-isosorbide crosslinker (NB-IS) led to increase
significantly the T, and E’ values of all bio-based plant oil films, however, the initial
thermal stability Ts was slightly reduced. It thus believes that the renewable
norbornene crosslinker (NB-IS) is comparative to alternative petroleum-based
norbornene in target to improve the thermo-mechanical properties of thermoset

polymers.
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CHAPTER 6
GENERAL CONCLUSIONS

6.1 General conclusions

In this research, a variety of example of the utilization of renewable
resources exemplified vegetable oil derivatives for the synthesis of organic building
blocks and polymers have been described. The olefin metathesis has been shown as
a suitable chemical transformation for monomers synthesis via cross-metathesis (CM)
and for the polymerization of renewable monomers via ADMET and ROMP in the
presence of ruthenium-based catalysts. The detailed results are described as follows:

The first topic reported on cross-metathesis (CM) of various renewable
unsaturated fatty acid methyl esters (MO, MP, and ME) in the vegetable oils with
eugenol (UG). These CM reactions were successfully conducted by ruthenium-carbene
catalyst (G2) under environmentally benign conditions (in isopropanol and ethanol at
50 °C). The reaction conditions could be optimized to reach high substrate conversion
with high CM selectivity, particularly for CM of MO with UG. It turned out that both the
MO conversion and selectivity of CM products were highly affected by initial MO
concentration, UG/MO molar ratio, and reaction temperature. The catalyst
performance was also affected by the substrate employed (in the order of MP> MO>
ME); it seems that olefinic double bond relatively close to the methyl showed better
performance in the CM reaction with UG. It was also revealed that the subsequent
isomerization of either UG or fatty acid methyl esters in situ significantly affect the CM
and the SM products yields. The obtained CM products exemplified CM2 and CM4 can
be used as precursors for the synthesis of polyesters.

The second topic described a simple way to synthesis of new polyesters
by ADMET polymerization of a,w-dienes, 4-allyl-2-methoxyphenyl 10-undecenoate
(M1), prepared from bio-renewable eugenol (obtained from clove oil) and 10-
undecenoic acid derivative (obtained from castor oil). Ruthenium-carbene (called
second generation Grubbs) catalyst afforded polymers with unimodal molecular weight

distributions (M, = 12700, M,,/M,, = 1.85). The polymerization of M1 in the presence of
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triarm cross-linker, 5-formylbenzene-1,2,3-triyl tristundec-10-enoate), also afforded
certain network polymers, suggested by NMR spectra and DSC thermogram. Since 9-
decenoate obtained from the other vegetable oil (e.g. methyl oleate) by ethenolysis,
should be used in place of 10-undecenoate, also since, as described in the
introductory, further chemical modification can be possible from functional group
(methoxy group) in the resultant polymers (P1, PL1), it thus believes that the present
approach is promising and should be applicable for synthesis of polyesters from
monomers prepared from bio-renewable resources.

The third topic focused on the synthesis of bio-based thermoset films via
ring-opening metathesis polymerization (ROMP) of norbornene-functionalized different
plant oils (olive oil, rapeseed oil, and soybean oil) in the presence of a ruthenium-
carbene (called second-generation Grubbs) catalyst. An increasing catalyst loading led
to increase considerably the storage modulus (E’) and glass transition temperature (T)
as well as decrease extracted (unreacted or oligomeric) components in the resultant
thermoset films due to the enhanced the crosslink density. The catalyst concentration
determined to be most effective in this study was 0.5 %wt. Comparing different plant
oil, the amount of polyunsaturated fatty acids in the plant oil structure related to the
number of norbornene rings per ftriglyceride influences the material properties
significantly. The higher number of norbornene rings in the starting material afforded a
more efficient ROMP and thus improved crosslink density, result in higher E” and T,
values. Addition of renewable norbornene-isosorbide crosslinker led to increase
significantly the glass transition temperature and storage modulus properties of all bio-
based plant oil films. It thus believes that the renewable norbornene crosslinker (NB-
IS) is comparative to alternative petroleum-based norbornene in target to improve the
thermo-mechanical properties of thermoset polymers. These plant oil-based
thermosets represent another promising route to environmentally friendly thermoset
polymers.

The results summarized above demonstrate the attempt dedicated to the
development of environmentally friendly methodologies for the synthesis of organic
compounds, precursor monomers, and polymers from bio-renewable resources. All

procedures display some interesting advantages over the conventional synthetic ways
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within the minimization of waste production and the concomitant benefit of using
starting materials from bio-renewable resources. Therefore, through this research, we
have contributed to the production of monomers and polymers by sustainable

reactions with vegetable oil derivatives.

6.2 Recommendations

We considered that the works in this research can be further investigated
to both improve current sustainable approaches and develop final products in some
aspects as follows.

In the first topic, the CM reactions of unsaturated fatty acid methyl esters
with eugenol afforded high conversion and CM selectivity by using excess of UG. It
should be further study of recovery and reusability of eugenol in the CM reaction. On
the order hand, the CM products (e.g. CM2 and CM4) can be further used as starting
material for preparing various monomer precursors potential to produce polyesters.

In the second topic, the utilization of 9-decenoate obtained from the other
vegetable oil (e.g. methyl oleate) by ethenolysis can be further study to replace 10-
undecenoate for synthesis of a,w-dienes. The further chemical modification can be
possible from functional group (methoxy group) in the resultant polymers.

In the third topic, the various norbornene functionalized plant oils and

isosorbide can be further study as a binder for application in batteries synthesis.
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APPENDIX A
EFFICIENT CONVERSION OF RENEWABLE UNSATURATED FATTY ACID
METHYL ESTERS BY CROSS METATHESIS WITH EUGENOL
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(i) The effective carbon number (ECN) of materials
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Figure A3.1 ECN of the starting material and products for the cross-metathesis of

methyl oleate (MO) with eugenol (UG).
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Figure A3.2 ECN of the starting material and products for the cross-metathesis of

methyl petroselinate (MP) with eugenol (UG).
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Figure A3.3 ECN of the starting material and products for the cross-metathesis of

methyl erucate (ME) with eugenol (UG).
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Figure A3.4 ECN of the starting material and products for the cross-metathesis of

methyl 10-undecanoate (MU) with eugenol (UG).
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(i) GC-FID and GC-MS chromatogram for cross-metathesis reaction of methyl
esters (MO, MP, ME and MU) with eugenol (UG)
2.1 Cross-metathesis of methyl oleate (MO) with eugenol (UG) using
ruthenium catalysts
Cross-metathesis reaction of MO with UG afforded four types of CM
products involving dec-1-ene (CM1, m/z 140), methyl dec-9-enoate (CM2, m/z 184), 2-
methoxy-4-(undec-2-en-1-ylphenol (CM3, m/z 276) and methyl 11-(4-hydroxy-3-
methoxyphenylundec-9-noate (CM4, m/z 320), which were observed at retention time
of 12.6 (CM1), 17.5 (cis-CM2), 17.6 (trans-CM2), 32.1 (cis-CM3), 31.9 (trans-CM3) and 55.5
(cis-CM4), 55.2 (trans-CM4) min, respectively (Figure A3.5). In addition, self-metathesis
products consisting of 9-octadecene (SM1, m/z 252), dimethyl octadec-9-enedioate
(SM2, m/z 340) appeared at 22.5 (cis-SM1), 22.6 (trans-SM1) and 47.3 (cis-SM2), 48.0
(trans-SM2) min, respectively. The self-metathesis of eugenol (SM4, m/z 300) was
observed at 63.3 min, while MO, SM3, m/z 296 which is the starting material methyl
oleate appeared at 29.3 (cis), 29.5 (trans) min on GC chromatogram. The peak appeared
at retention time of 18.96 min was assigned to isomerization of UG (isoeugenol, m/z
164) (Figure A3.5). GC-MS chromatogram and the mass fragmentation of patterns of

each peak are shown in Figure A3.6.
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Figure A3.5 GC-FID chromatogram for the CM reaction of MO with UG.
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Figure A3.7 Overlay GC-FID for CM of MO with UG at various reaction times by G2 (MO

= 2.0 mmol, T= 50 °C, UG/MO= 10 eq., solvent ethanol, MO concentration of 10 M).

Table A3.1 Cross-metathesis of MO with UG by G2 - yield of self-metathesis product

(SM4) and isoeugenol/eugenol ratio (isoUG/UG).

Metathesis products (%)

run Time MO conv. CM1 CM2 (CM3 (M4 SM1 SM2 SM3 SM4 isoUG/UG
(min) (9%)° ratio” x10?
13 5 72 31 36 17 18 1 1 23 4 0.6
8 10 91 31 48 17 21 1 1 7 9 1.3
14 30 96 44 60 15 17 1 1 3 12 1.4

®Conditions: 2.00 mmol of methyl oleate, solvent ethanol, MO concentration 10.0 M, UG/MO =

10/1, catalyst (G2) 0.002 mmol, temperature 50 °C. °Conversion of MO estimated by GC using

internal standard. “GC yield estimated according to the effect of carbon number (ECN) rule.

d: .
isoeugenol/eugenol ratio.
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Cross-metathesis of MO with UG: Study of UG/MO molar ratios

nvgxmn!mm}
1. 504207 5

UG Time B4, 288 Inten. =11, 172
5] UG/MO=1
omt [emz | o, SM3IMO
0. 75 \ \ I CM3 CM4 SM4
J i SM2 | |
el I l ! i ul __ LA T
L."nl-ﬂ e 000‘ { : : : : E ‘ Time 66,929 Inten. lzlt,;::
s UG/MO=5 | !
1. 004 1 ]
- L .imw - /-
|5ll-v IOO_OW)I : ‘ : ; Tima Intan. o
UG/MO=10 |
- !
I & 1i\.“..l.ﬁ..h L ‘l 5 : A i
L) i0n.000) ‘ ‘ I Hc ' I : Tine Tnten. o
- /" weo U\/ UGIMO=20 | |
He isoeugenol i :
i : i
0. 003 “ I st '_ 1 A

Flgure A3.8 Overlay GC-FID for M of MO W|th UG at dn‘ferent UG/MO molar ratios (I\/\O
= 2.0 mmol, T= 50 °C, time 10 min, solvent ethanol, MO concentration of 10.0 M).
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Cross-metathesis of MO with UG: Study of reaction temperature
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Figure A3.9 Overlay GC-FID for CM of MO with UG at various reaction temperature by
G2 (MO = 2.0 mmol, time = 10 min, UG/MO= 10 eq., solvent ethanol, MO concentration
of 10.0 M).

Table A3.2 Content of UG isomerization (isoeugenol) in CM of MO with UG: Effect of

reaction temperature.’

Temp MO conv. Metathesis products (%) isoUG/UG
run
b . d 2
(°O (%) CM1 CM2 CM3 CM4 SM1 SM2 SM3 Smg ratio” x10
18 25 a8 15 20 10 9 1 0 a1 2 0.9
8 50 91 31 48 17 21 1 1 7 9 13
19 80 91 35 47 14 11 1 1 8 1 75

“Conditions: 2.00 mmol of methyl oleate, solvent ethanol, MO concentration 10.0 M,
UG/MO = 10/1, catalyst (G2) 0.002 mmol, time 20 min. ®Conversion of MO estimated
by GC using internal standard. “GC yield estimated according to the effect of carbon

number (ECN) rule. “isoeugenol/eugenol ratio.
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Cross-metathesis of MO with UG: Study of different types of ruthenium catalysts
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Figure A3.10 Overlay GC-FID for CM of MO with UG at different types of catalysts (MO
= 2.0 mmol, T= 50 °C, UG/MO= 10 eq,, solvent ethanol, MO concentration of 10.0 M).

2.2 Cross metathesis of Methyl petroselinate (MP) with Eugenol (UG)

Cross-metathesis reaction of MP with UG afforded four CM products
involving tridec-1-ene (CM1, m/z 182), methyl hept-6-encate (CM2, m/z 142), 2-
methoxy-4-(tetradec-2-en-1-yl)phenol (CM3, m/z 319) and methyl 8-(4-hydroxy-3-
methoxyphenyl)oct-6-enoate (CM4, m/z 278), which were observed at retention time
of 17.5 (CM1), 12.7 (CM2), 53.6 (CM3) and 32.0 (trans-CM4), 32.2 (cis-CM4) min,
respectively. The self-metathesis products consisting of tetracos-12-ene (SM1, m/z 337)
and dimethyl dodec-6-enedioate (SM2, m/z 256) appeared at 44.9 (cis-SM1), 45.8
(trans-SM1) and 22.7 (SM2) min, respectively, while (MP, SM3, m/z 296) which is the
starting material MP appeared at 29.1 (cis) and 29.3 (trans) min on GC chromatogram
(Figure A3.11). GC-MS chromatogram and the mass fragmentation of patterns of each

peak are shown in Figure A3.12.
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Figure A3.11 GC-FID chromatogram for the cross-metathesis reaction of MP with UG.
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Figure A3.12 (a) GC-MS chromatogram for the CM reaction of MP with UG and (b) MS
fragmentation patterns of the CM products.

2.3 Cross-metathesis of Methyl erucate (ME) with Eugenol (UG)

Cross-metathesis reaction of ME with UG created four types of CM
products including dec-1-ene (CM1, m/z 140), methyl tetradec-13-enoate (CM2, m/z
240), 2-methoxy-4-(undec-2-en-1-yphenol (CM3, m/z 276) and methyl 15-(4-hydroxy-
3-methoxyphenyl)pentadec-13-enoate (CM4, m/z 376), which were observed at
retention time of 12.5 (CM1), 21.6 (trans-CM2), 21.7 (cis-CM2), 31.7 (trans-CM3), 31.9
(cis-CM3) min, respectively. The SM product consisting of octadec-9-ene (SM1, m/z 252)
appeared at 22.5 (cis-SM1) and 22.6 (trans-SM1) min, while (ME, SM3, m/z 353) which
is the starting material methyl erucate appeared at 57.4 (cis) and 58.5 (trans) min on
GC chromatogram (Figure A3.13). GC-MS chromatogram and the mass fragmentation of

patterns of each peak are shown in Figure A3.14.
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Figure A3.13 GC-FID chromatogram for the CM reaction of ME with UG.
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Figure A3.14 (a) GC-MS chromatogram for the CM reaction of ME with UG and (b) MS

fragmentation patterns of the cross-metathesis products.
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2.4 Cross-metathesis of methyl 10-undecanoate (MU) with eugenol
(UG)

Cross-metathesis reaction of MU with UG afforded Methyl 12-(4-
hydroxy-3-methoxyphenyl)Jdodec-10-enoate (CM1, m/z 334) product, which was
observed at 69.1 (CM1) min. The SM products consisting of dimethyl icos-10-enedioate
(SM1, m/z 369) and 4,4'-(but-2-ene-1,4-diyl)bis(2-methoxyphenol) (SM2, m/z 300)
appeared at 75.5 (SM1) and 61.8 (SM2) min, respectively on GC chromatogram (Figure
A3.15). GC-MS chromatogram and the mass fragmentation of patterns of each peak are

shown in Figure A3.16.
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Figure A3.15 GC-FID chromatogram for the CM reaction of MU with UG.
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Figure A3.16 (a) GC-MS chromatogram for the CM reaction of MU with UG and MS

fragmentation patterns of the cross-metathesis products.

(i) *C NMR spectroscopy of cross-metathesis products of MO with UG
Dec-1-ene (CM1): °C NMR (125 MHz, CDCls, ppm): & 14.1 (s, CHs), 22.7 (s,

CH,), 28.9 (s, CH,), 29.1 (s, CH,), 29.3 (s, CH,), 29.4 (s, CH,), 31.9 (s, CH,), 33.8 (s, CH.,),
114.0 (s, CH,), 139.2 (s, CH).
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Figure A3.17 C-NMR spectra (in CDCls at 25 °C) of dec-1-ene (CM1).
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Methyl dec-9-enoate (CM2): °C NMR (125 MHz, CDCls, ppm): & 24.9 (s,
CH,), 29.0 (s, CHy), 29.4 (s, CHy), 29.6 (s, CH,), 29.7 (s, CH,), 33.7 (s, CH,), 3.1 (s, CH,),
51.3 (s, CHs), 114.1 (s, CH,), 139.0 (s, CH), 174.2 (s, Q).
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Figure A3.18 °C NMR spectra (in CDCl; at 25 °C) of methyl dec-9-enoate (CM2).

2-methoxy-4-(undec-2-en-1-yl)phenol (CM3): 1>°C NMR (125 MHz, CDCls,
ppm): & 14.1 (s, CH,), 22.7 (s, CH,), 29.3 (s, CH,), 29.7 (s, 2CH,), 29.9 (s, CH,), 31.9 (s, CH,),
33.7 (s, CH,), 39.4 (s, CH,), 56.1 (s, CH3), 111.3 (s, CH), 115.5 (s, CH), 122.7 (s, CH), 126.1
(s, CH), 132.1 (s, CH), 133.5 (s, €), 145.7 (s, C), 147.4 (S, ).
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Figure A3.19 °C NMR spectra of 2-methoxy-4-(undec-2-en-1-y)phenol (CM3)
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Methyl 11-(4-hydroxy-3-methoxyphenyl)undec-9-noate) (CM4): '*C
NMR (125 MHz, CDCls, ppm): 6 24.9 (s, CH,), 29.0 (s, CH,), 29.3 (s, CH,), 29.5 (s, CH,),
32.3 (s, CH,), 33.0 (s, CH,), 34.0 (s, CH,), 38.6 (s, CH,), 51.4 (s, CHs), 55.7 (s, CH), 111.0
(s, CH), 114.1 (s, CH), 120.9 (s, CH), 129.1 (s, CH), 131.7 (s, CH), 132.9 (s, (), 143.6 (s, O),
146.3 (s, ), 174.3 (C).

CDCl,
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Figure A3.20 >C NMR spectra (in CDCl; at 25 °C) of methyl 11-(4-hydroxy-3-
methoxyphenyl)undec-9-noate (CM4).

4,4'-(but-2-ene-1,4-diyl)bis(2-methoxyphenol) (SM4): 1*C NMR (125
MHz, CDCls, ppm): & 38.5 (s, CH,), 55.7 (s, CHs3), 111.0 (s, CH), 114.1 (s, CH), 120.9 (s,
CH), 130.5 (s, CH), 132.6 (s, ), 143.7 (s, 0), 146.3 (s, O).
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Figure A3.21 °C NMR spectra (in CDCl; at 25 °C) of 4,4'-(but-2-ene-1,4-diyl)bis(2-
methoxyphenol) (SM4).
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APPENDIX B
SYNTHESIS OF NEW POLYESTERS BY ACYCLIC DIENE METATHESIS
POLYMERIZATION OF BIO-BASED a,w-DIENES PREPARED FROM EUGENOL
AND CASTOR OIL (UNDECENOATE)
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(i) Atmospheric pressure chemical ionization (APCl) mass spectra of monomers

and crosslinker
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Figure B4.1 APCl mass spectrum of 4-allyl-2-methoxyphenyl 10-undecenoate (M1).
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Figure B4.2 APCI mass spectrum of 5-formylbenzene-1,2,3-triyl tris(undec-10-enoate)

(CL).
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Figure B4.3 APCl mass spectrum of 5-hexen-1-yl 10-undecenoate (M2)
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Figure B4.4 APCI mass spectrum of 10-undecen-1-yl 10-undecenoate (M3).
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(ii) >)C NMR spectroscopy of polymers

Polymer P2 (sample run 14): °C NMR (125 MHz, CDCls, ppm): 8 25.2 (CH,),
25.9 (CHy), 28.3 (CHy), 29.2 (CHy), 29.3 (CHy), 29.4 (CHy), 29.5 (CHy), 32.3 (CHy), 32.7 (CHy),
32.8 (CHy), 34.5 (CH,), 64.3 (-COOCH,-), 130.4 (-CH=CH-), 174.1 ppm (-COO-).

a
/\/\/\
) . . N

200 150 100 50 oPpm

Figure B4.5 >C NMR spectrum (in CDCls in 25 °C) for (a) monomer (M2) and (b) polymer
(P2).

Polymer P3 (sample run 19). *C NMR (125 MHz, CDCls, ppm): & 25.2 (CH,),
26.1 (CHy,), 28.8 (CHy), 29.3 (CHy,), 29.4 (CH,), 29.5 (CHy), 29.6 (CHy), 29.7 (CHy), 29.8 (CH,),
29.9 (CH,), 32.7 (CH,), 34.5 (CH,), 64.5 (-COOCH,-), 130.5 (-CH=CH-), 174.1 ppm (-COO-).

a) \/\%\)\o/\/\ﬁg\/

b) 0

200 1 w0 50 0 ppm
Figure B4.6 °C NMR spectrum (in CDCls in 25 °C) for (a) monomer (M3) and (b) polymer
(P3).
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APPENDIX C
SYNTHESIS OF RENEWABLE THERMOSET FILMS BY RING-OPENING
METATHESIS POLYMERIZATION (ROMP) OF NORBORNENE-
FUNCTIONALIZED PLANT OILS
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Figure C5.1 GC-MS chromatogram of derivatized soybean oil.
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Figure C5.2 MS fragmentation patterns of derivatized soybean oil.
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Figure C5.3 Photo of plant oils (olive oil, rapeseed oil, soybean oil) and their

epoxidized plant oil and norbornene-plant oil.

Figure C5.4 Photo of norbornene functionalized isosorbide (NB-IS).
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Figure C5.5 'H NMR spectra (in CDCl; at 25 °C) of rapeseed oil (RO), epoxidized

rapeseed oil (ERO) and norbornene-functionalized rapeseed oil (NB-RO).
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Figure C5.6 'H NMR spectra (in CDCl; at 25 °C) of soybean oil (SO), epoxidized soybean

oil (ESO) and norbornene-functionalized soybean oil (NB-SO).
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Figure C5.7 'H NMR spectrum (in CDCl; at 25 °C) of epoxidized olive oil (EQO).

Integrated from 'H NMR of EQO:
The average number of oxirane rings per triglyceride was calculated by total peaks area
of oxirane (I + j) divided to peak area of triglyceride (a)
Total peaks area of oxirane was calculated by Sum of peaks area (i + j) to be 2.9375
Total peaks area of triglyceride was calculated by Sum of peak area (a) to be 2.2403
The average number of oxirane rings per triglyceride is 2.9375/2.2403= 1.31
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Figure C5.8 °C NMR spectra (in CDCl; at 25 °C) of (a) olive oil (00) and (b) norbornene-

functionalized olive oil (NB-OQ).
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Figure C5.9 !

°C NMR spectra (in CDCl; at 25 °C) of (a) rapeseed oil (RO) and (b)

norbornene-functionalized rapeseed oil (NB-RO).
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Figure C5.10 C NMR spectra (in CDCl; at 25 °C) of (a) soybean oil (SO) and (b)

norbornene-functionalized soybean oil (NB-SO).
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Figure C5.11 FT-IR spectra of soybean oil (RO), epoxidized soybean oil (ERO),

norbornene-functionalized soybean oil (NB-RO) and thermoset polymer film NB-RO.
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Figure C5.12 FT-IR spectra of soybean oil (SO), epoxidized soybean oil (ESO),

norbornene-functionalized soybean oil (NB-SO) and thermoset polymer film NB-SO.
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Figure C5.13 'H NMR spectrum (in CDCl; at 25 °C) of crosslinker (NB-IS).

Integrated from 'H NMR of NB-IS:
Total peaks area of IS was calculated by Sum of peaks area(@a+b+c+d+e+f+9)
to be 7.342
Total peaks area of NB was calculated by Sum of peaks area (1 + 2 + 4 +5 + 6+6’) to
be 3.2342
Area ratio of IS/NB = 7.3487/3.2342= 2.27

Figure C5.14 Photo of NB-OO thermoset films with various catalyst loading from 0.0625
to 0.5 %wt G2.
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Table C5.1 Extraction data of bio-based thermoset films (NB-RO and NB-SO) for various

catalyst loadings.

Polymer Cat. (G2) Cured temp. Soluble Insoluble
(%wt) (°Q) (%owt) (%owt)
0.5 4 96
0.25 13 87
NB-RO 120
0.125 29 71
0.0625 53 a7
0.5 3 97
0.25 14 86
NB-SO 120
0.125 24 76
0.0625 28 72

L] Tan ®

© vz 2 -~ 0.5%wtG2 I 1.2
< = ~ 0.25%wt G2
ERT ~ 0.125%wt G2
.§ - 0.8 'g
£ 10" AL
]
g AAAAAAAAAAA I 0.4
‘% 100 |

10- : . : : sivsesseeed () ()
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Figure C5.15 DMA thermograms for storage modulus and tan & curves as function of

catalyst concentration for NB-RO thermoset films (1 Hz, 3 °C/min).
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Table C5.2 DMA analysis of the bio-based NB-RO thermoset films at various catalyst

loadings.
Cat. (G2) E’ at 25 °C Tq U,
Polymer e tan 6
(%wt) (MPa)? (oC)° (mol/m°)
0.5 27.9 21 880 0.62
NB-RO 0.25 4.69 11 415 0.90
0.125 1.93 3 217 1.28

% Storage modulus at 25 °C
® Glass transition temperature determined by DMA at the maximum of the tan & curves

© Crosslink densities were calculated at temperature 40 °C above the T,

Tan & 1.2

AP | ~ 0.5%wt G2
1+
% ~+ 0.25%wt G2
= 102/ ~ 0.125%wt G2
2 -~ 0.0625%wt G2 [ 0-8 o
O c
(@]
E 101 7 ﬁ
[«}]
o L 0.4
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Figure C5.16 DMA thermograms for storage modulus and tan & curves as function of

temperature for NB-SO thermoset films (1 Hz, 3 °C/min).
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Table C5.3 DMA analysis of the bio-based NB-SO thermoset films at various catalyst

loadings.
Cat. (G2) E’ at 25 °C T, Ve

Polymer . U3 tan &

(%wt) (MPa)’ (°0) (mol/m?)
0.5 40.0 24 895 0.68
0.25 7.27 13 594 0.88

NB-SO

0.125 2.72 5 326 1.06
0.0625 2.70 4 287 1.13

% Storage modulus at 25 °C

® Glass transition temperature determined by DMA at the maximum of the tan & curves

© Crosslink densities were calculated at temperature 40 °C above the T,

NB-OO-15CLA1

NB-SO-15CL1

Figure C5.17 Photo bio-based thermoset films from plant oil-norbornene with different

crosslinkers (CL1 and CL2) broken during the preparation.
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Figure C5.18 (a) TGA and (b) DTG curves of NB-RO polymer film thermoset at various

catalysts loading.
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Figure C5.19 (a) TGA and (b) DTG curves of NB-SO polymer film thermoset at various

catalysts loadins.
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