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1. Glossary of terms and abbreviations
ADMET

acyclic diene metathesis polymerization

CAAC

cyclic alkyl amino carbene

CM

cross metathesis

CPD

1,3-cyclopentadiene

Cy

cyclohexyl group

Cyp

cyclopentyl group

EB

ethylbenzene

HMSBO

hydrogenated metathesized soybean oil

LiHMDS

lithium bis(trimethylsilyl)amide

Mes

mesityl group

NHC

N-heterocyclic carbene

OM

olefin metathesis

PD

polydispersity

Py

pyridine

RCM

ring closing metathesis

ROCM

ring-opening cross metathesis

ROMP

ring-opening metathesis polymerization

TIC

total ion chromatogram
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2. Aims and objectives
The aim of this work is the valorization of low value conjugated feedstock via olefin
metathesis reaction. Naturally occurring, non-edible conjugated fatty acids and their
derivatives are excellent candidates for such feedstock. Nature is also abundant in nonconjugated polyenes, which could be readily converted to a mixture of conjugated isomers
by catalytic isomerization and utilized in metathesis reaction. These renewable materials can
be considered as a potential sustainable feedstock for polyurethane and polyester monomer
synthesis. Conjugated petrochemical side-products were also investigated as potential raw
materials.
The key objective is the utilization of conjugated systems as resource of building
blocks for the synthesis of high-value chemicals (Figure 1).

Figure 1.

Utilization of low value conjugated feedstock as building block

In this work, Grubbs metathesis catalyst systems were employed to convert the =CHCH= unit of the conjugated starting materials into high-value chemicals having potential
industrial applications.
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3. Introduction
3.1.

Introduction of olefin metathesis (OM)

3.1.1. General overview
Transition metal catalyzed olefin metathesis (OM) is one of the most relevant
organometallic reactions having considerable industrial interests. Industrial scale OM
technologies including heterogeneous[1–3] (Phillips Triolefin process or the Shell Higher
Olefin Process) and homogeneous[4] metathesis reactions have already been implemented
producing commercial chemicals on a vast scale.
The early metathesis catalyst systems[5] used ill-defined homogeneous Fischercarbenes or heterogeneous metal halides or oxides deposited on silica or alumina. These,
mostly higher oxidation state tungsten[6–9] and molybdenum[10–13] compounds usually
required toxic tin or highly flammable alkyl-aluminum compounds as promoters or cocatalysts (Scheme 1).

Scheme 1.

Early tungsten and molybdenum metathesis examples

When the first well-defined homogeneous metathesis catalysts[14–18] (Scheme 2, 811) have been discovered, a new frontier opened up in the chemistry of alkenes. In 2005
Robert H. Grubbs, Richard R. Schrock and Yves Chauvin were awarded for their effort with
Nobel prize, for the ground-breaking work in the field of OM. While Chauvin proposed the
mechanism of alkene metathesis,[19] the Grubbs and the Shrock groups showed exceptional
results with different transition metal homogeneous catalysts. The former group applied
mostly ruthenium alkylidenes,[20] while the latter one used tungsten and molybdenum imido
alkylidene compounds predominantly.[21]
6

Scheme 2.

Early well-defined Ti (8), W (9), Mo (10) and Ru (11) metathesis catalysts

While the tungsten and molybdenum catalysts show exceptional activity towards to
sterically hindered or electron deficient alkenes, they suffer from poor functional group
tolerance and high moisture and oxygen sensitivity.[22,23] Therefore, their industrial and
large-scale applications are often limited. Recent efforts have led to the formulation of
molybdenum catalysts with paraffin-wax,[24] which increased their stability and ease of
handling outside of a glovebox. This formulation could potentially expand their industrial
utilization.[25]
On the other hand, ruthenium catalysts have relatively high functional group
tolerance and low sensitivity to water and oxygen impurities[22,23] making them suitable for
a wide range of industrial scale applications.[4]
In this work, predominantly ruthenium-based metathesis systems have been used and
discussed below.

3.1.2. Mechanism of Ru alkylidene catalyzed OM
Formally, OM reaction can be described as the splitting of the C=C double bond,
which is followed by reorganization and the formation of new alkene species (Scheme 3).
OM is a reversible reaction, which usually leads to a mixture of the starting materials and
products through a catalytic cycle.

Scheme 3.

Formal reaction scheme of OM

The actual mechanism involves a series of cycloaddition and cycloreversion steps,
through the formation of metallacyclobutane intermediates (Scheme 4).
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Scheme 4.

Mechanism of Ru alkylidene catalyzed OM

The first step of the catalytic cycle involves the formation of the 14-electron
containing catalytically active species (13) from the relatively stable precatalyst salt (12).
This initiation step is key for the activity of the catalyst as it will affect the formation of 13,
although the rate of the initiation does not always correlate with the metathesis efficiency of
the ruthenium alkylidene.[26] The next step involves the coordination of an alkene (14) to 13,
forming a ruthenacyclobutane intermediate (15). The presence of the ruthenium
metallacyclobutane intermediate was proven by low-temperature NMR measurements[27,28]
and exhibited similar high-field shift of the β-H like the earlier discovered titanium[15] and
tungsten[29–31] complexes. Following the cycloreversion step, the newly formed ruthenium
alkylidene (17) carry on the catalytic cycle, specified as propagation.
Since the catalytic cycle involves reactive 14 electron species and relatively unstable
metallacyclobutane intermediates, it is not surprising that many decomposition pathways
could lead to catalytically inactive species. While ruthenium alkylidenes are usually air
stable solids, in solution they have a measurable half-life time, which comes from either
unimolecular[32–35] or bimolecular[32,36–38] thermal decomposition (Scheme 5).
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Scheme 5.

Decomposition pathways of ruthenium alkylidenes (Cy = cyclohexyl)

The catalyst stability is strongly affected by the coordinating carbene. For example,
ethylene could form ruthenium-methylidene complex (21), which shows decreased stability
relative to other alkylidene or benzylidene substituents on ruthenium. This might be
explained by the β-elimination of the metallacyclobutane (28), formed in the reaction of a
methylidene complex (21) and ethylene (27, Scheme 5).[27,39,40] The above-mentioned
decomposition pathways could also lead to the formation of ruthenium hydrides in the
reaction mixture, potentially decreasing selectivity (both regio and stereo) through olefin
isomerization and C=C double bond migration.[41,42]
In solution, the presence of oxygen could also lead to catalyst deactivation,[41,42] and
has to be addressed. Purging the reaction mixture with inert gas before the addition of
catalyst and the use of antioxidant (3,5-di-tert-butyl-4-hydroxytoluene [BHT]) is often
necessary, especially when low catalyst loadings are applied.[43–46]
Since OM is a reversible chemical reaction one of the most convenient ways to shift
the equilibria to the desired product formation is the generation of volatile reaction byproduct such as ethylene by using terminal olefins. General methods for the improvement of
product yield and selectivity are discussed in Chapter 3.1.4.
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3.1.3. Ru alkylidene catalyst systems
Following the discovery of the first well-defined ruthenium alkylidene metathesis
catalyst[17] (11), extensive research led to a wide range of catalytically active compounds
with increased activity, selectivity and stability. It has also been demonstrated that the
activity of 11 could be significantly increased by changing PPh3 to PCy3
(tricyclohexylphosphine) ligands.[37,47,48] Changing the alkylidene group to benzylidene
further improved the initiation rate and the reactivity of the catalyst while the air and
moisture insensitivity remained reasonable. This led to the first commercially available
ruthenium alkylidene, the Grubbs first-generation catalyst (G-1).[49] One-pot synthesis of G1 is carried out by the reaction of tris(triphenylphosphine)ruthenium(II) dichloride (30) with
phenyldiazomethane (31) followed by ligand exchange with PCy3 (Scheme 6). The synthesis
was scaled up to multi-kilogram quantities per week by Mike Giardello at Materia Inc.[20]

Scheme 6.

Synthesis of the first-generation Grubbs catalyst (G-1)

Comprehensive study has indicated the importance of the alkylidene moiety on the
ruthenium center.[36] The decomposition pathways of G-1 were also investigated in detail as
described in Chapter 3.1.2. Open mold polymerization of dicyclopentadiene (33) was one of
the first key industrial application of G-1. The good functional group tolerance enabled the
polymerization reactions to be carried out in the presence of a wide range of additives
(Scheme 7).[50] The polydispersity (PD) of polynorbornene (37), catalyzed by G-1 is 1.04[49]
compared to the PD of 1.25 achieved by the first well-defined PPh3 ligated ruthenium
alkylidene catalyst (11).[17]

Scheme 7.

Polymerization of dicyclopentadiene (33) and norbornene (36) by G-1
10

Replacing one PCy3 phosphine ligand of G-1 by NHC (N-heterocyclic carbene) gave
catalyst G-2 (Scheme 8) exhibiting exceptional activity and stability.[51]

Scheme 8.

Synthesis of the second-generation Grubbs catalyst (G-2)

While the initiation of G-2 is slower than G-1, its increased stability and faster
propagation resulted in better metathesis efficiency.[38] The stability of both the benzylidene
(G-2) and methylidene complex of the NHC ligated Grubbs catalyst are more stable[34] than
their first-generation counterpart[32] (21 and G-1) which was proven by measuring their halflife in C6D6 at 55 °C. While G-2 excels in CM even as low as 0.02 mol % catalyst loading,[46]
however its ROMP reactivity is only second to G-1 producing polymers with broader PD.[52]
The metathesis activity and efficiency can be further increased by the replacement of
one PCy3 phosphine ligand and the alkylidene part of the molecule using 39 (Scheme 9).
These catalysts are called Hoveyda-Grubbs type catalysts (HG-1[53] and HG-2[54,55]) and are
generally more active than their original counterparts (G-1 and G-2). For example, HG-2 is
exceptionally active in RCM to produce macrocycles.[53,54]

Scheme 9.

Synthesis of the second-generation Hoveyda-Grubbs catalyst (HG-2)

The third-generation Grubbs catalyst (G-3) forms when G-2 is reacted with 3-bromopyridine (E1, Scheme 10).[56] This compound has an exceptionally fast initiation rate,
approximately 4000 times faster than G-2.[56,57] G-3 is highly active in metathesis reactions
carried out with acrylonitrile[56] and produce polynorbornene with excellent polydispersity
(as low as 1.06) via ROMP reaction.[52]
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Scheme 10.

Synthesis of the third-generation Grubbs catalyst (G-3)

In case of the Piers type metathesis catalyst (44, Scheme 11)[58] there is virtually no
initiation and it reacts at low temperatures (< –30°C) but decomposes above –10 °C. It can
only be handled under strict inert atmosphere since it is a reactive 14-electron compound. 44
was key for the demonstration of an existing ruthenacyclobutane intermediate in the
ruthenium catalyzed metathesis reaction.[27,28]

Scheme 11.

Synthesis of the 14 electron Piers metathesis catalyst (44)

By changing the NHC ligand to CAAC (cyclic alkyl amino carbene) a new type of
catalyst family formed (Scheme 12),[59–62] showing exceptional activity especially in the
ethenolysis of fatty acids (TON > 180.000).[61]

Scheme 12.

Synthesis of mono-CAAC metathesis catalyst (46)
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Recently, double CAAC ligated ruthenium indenylidene complexes including 50
have been reported (Scheme 13) rendering remarkable ethenolysis activity up to 315.000
TON.[63] Additional advantage of the reported catalysts is that the preparation of the metalindenylidene double bond does not require explosive diazo compounds as the benzylidene
derivatives described earlier.[64,65]

Scheme 13.

Synthesis of indenylidene (48) and double-CAAC ligated catalyst (50)

3.1.4. Classes of metathesis reactions
3.1.4.1. Cross metathesis (CM)
Cross metathesis (CM) is an equilibrium reaction of linear olefins producing a
mixture of internal alkenes (Scheme 14).[66]

Scheme 14.

General scheme of cross metathesis (CM)

The equilibrium can be shifted to the formation of the target internal olefins
exclusively using terminal olefin substrates. Removal of the formed ethylene gas as the
reaction side product by static vacuum can readily shift the equilibrium toward the desired
internal CM products. Product distribution can also be affected by the application of an
excess of CM agent. A typical example, the synthesis of (+)-Sorangicin A (53), is shown in
Scheme 15.[67]

Scheme 15.

Effect of stoichiometry on the product distribution in CM
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A specific case of CM – when ethylene is used as cross-coupling agent – is called
ethenolysis, having far the highest industrial relevance. Ethenolysis of renewable resources,
such as natural oils results in a wide range of fine chemicals (see Chapter 3.2.1.)[4]

3.1.4.2. Ring-opening cross metathesis (ROCM)
The metathesis reaction of cyclic olefins with linear alkenes results in the ring
opening of the cyclic compound and the formation of a linear diolefin. This reaction is called
ring-opening cross metathesis (ROCM, Scheme 16).[68,69]

Scheme 16.

General scheme of ring-opening cross metathesis (ROCM)

The general reactivity of cyclic olefins shows good correlation with the ring strain in
ROCM reaction. Depending on the ring strain of the starting cycloolefin, the reaction can
result in different product distribution. Cyclic alkenes with high ring strain (e.g.
cyclobutenes) react almost as there is no equilibrium, forming the ring-opened species, while
medium strained rings equilibrate with cyclic and ring-opened products. On the other hand,
stable rings like cyclohexene, react sluggishly or not react at all in ROCM.

3.1.4.3. Ring-closing metathesis (RCM)
The reverse reaction of ROCM is actually the intramolecular self-metathesis of
linear diolefins leading to cyclic monoolefins and low molecular weight linear olefins. This
reverse reaction is called ring closing metathesis (RCM, Scheme 17).[70]

Scheme 17.

General scheme of ring closing metathesis (RCM)

RCM usually carried out using ,-dienes, to produce ethylene a volatile side
product to shift the equilibrium to the desired cyclic product. RCM reaction is highly favored
when the molecule can form stable six-membered cyclic alkenes.

14

3.1.4.4. Ring-opening metathesis polymerization (ROMP)
Reacting strained cyclic alkenes in the presence of ruthenium alkylidenes could
results in polyolefins with low PD. This reaction is called ring-opening metathesis
polymerization (ROMP, Scheme 18).[71]

Scheme 18.

General scheme of ring-opening metathesis polymerization (ROMP)

The reaction is equilibrated towards polymerization with high strained cyclic olefins
such as dicyclopentadiene (33) or norbornene (36) as seen in Chapter 3.1.3. In the case of
low strain cyclic alkenes, the equilibrium between the polymer and the cyclic alkene can be
observed and highly temperature-dependent as shown in the case of cyclopentene (54) in
Scheme 19.[72]

Scheme 19.

Equilibrium ring-opening metathesis polymerization of cyclopentene (54)

3.1.4.5. Acyclic diene metathesis polymerization (ADMET)
The reaction of ,-dienes at concentrated conditions not only yield RCM product
but polyolefin formation could also be observed. This reaction is called acyclic diene
metathesis polymerization (ADMET, Scheme 20).[73]

Scheme 20.

General scheme of acyclic diene metathesis(ADMET) polymerization
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3.1.5. Metathesis of conjugated compounds
The OM of isolated C=C double bond-containing olefins are well-known and widely
used in many industrial applications. However, the metathesis reactions of conjugated
polyenes are less investigated. It has been reported that the metathesis of conjugated systems
requires relative high catalyst loadings and harsh reaction conditions. It is also known that
the metathesis efficiency of conjugated polyenes is often significantly lower than their
isolated counterparts.[74] Nevertheless, numerous examples can be found in the literature for
the conversion of conjugated compounds with different types of metathesis reactions.
CM examples of conjugated polyolefins

[75]

(Scheme 21) cover a wide range of

materials, including small petrochemical based butadiene derivatives (56),[76–78] unsaturated
short chain esters and their nitrile derivatives (60),[76,79–81] intermediates for the
pharmaceutical industry,[82–91] such as the anti-tuberculosis agent erogorgiaene (65)[92] and
naturally occurring polyenes[93,94] like vitamin A ester (66)[95].

Scheme 21.

CM examples of conjugated compounds

RCM reactions of conjugated polyenes were also investigated for the synthesis of
biologically active macrocycles.[96–100] These reactions usually required relatively high, 1015 mol % catalyst loadings (Scheme 22).
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Scheme 22.

Conjugated macrolide formation via RCM

ROCM was applied for the synthesis of brown algae pheromone (74).[101] 1,3Butadiene (72) was used as CM reagent to open the highly strained cyclobutene ring
(Scheme 23).

Scheme 23.

Synthesis of brown algae pheromone 74 via ROCM

The ROMP of cyclooctatetraene (75) was catalyzed by tungsten[102,103] and
ruthenium[104,105] based homogeneous metathesis catalysts giving polyacetylenes (76,
Scheme 24).

Scheme 24.

ROMP of cyclooctatetraene (75)

Not only small cyclic polyolefins like 75, but thiophene containing macrocycles
could also be polymerized to produce organic photovoltaic devices.[106,107] Thiophene
containing conjugated polymers (78) were also synthesized via ADMET of the
corresponding 2,5-dipropenyl-3-alkylthiophenes (77, Scheme 25).[108–112]

Scheme 25.

ADMET of 2,5-dipropenyl-3-alkylthiophenes (77)
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Since the already mentioned first well-defined ruthenium metathesis catalyst (11),
many conjugated Ru alkylidene complexes were synthesized (Scheme 26) and tested.
Among them, 11 and the G-1 based butadiene derivative (79) showed the lowest activity
towards acyclic olefins and only catalyzed the ROMP of norbornene.[17,36]

Scheme 26.

Phosphine ligated, conjugated Ru alkylidenes as metathesis catalysts

The limited reactivity may be explained by the intramolecular coordination of the
conjugated vinyl alkylidene moiety of the molecule (Scheme 27) resulting in a less
catalytically active η3-species (84, 85) lowering the overall metathesis activity.[74]
Nevertheless, increasing the steric bulk of the alkyl vinylidene moiety in order from 79 to
80 and 81 will result in better metathesis activity.[74]

Scheme 27.

Possible formation of intramolecular complexes (84, 85) from 82

Second- and third-generation analogues (88[113] and 89[114] respectively) of 80 were
also synthesized rendering increased metathesis activity.

Scheme 28.

Preparation of conjugated second- and third-generation (88, 89) catalysts
(Cyp = cyclopentyl)
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Although some reactions and possible catalyst species of conjugated compounds
have already been investigated there are still many questions remained. OM is widely used
in the synthesis of high-value chemicals from renewable feedstocks. Since nature is abundant
in conjugated compounds, the mechanistic understanding and development of efficient OM
based industrially relevant chemical processes for these renewable materials are emerging.

3.2.

Importance of renewable feedstock based OM

3.2.1. Commonly used natural oils for OM
Among the renewable resources, vegetable oils are considered one of the most
important and investigated group of renewable materials. The conversion of their fatty acid
content to biodiesel[115,116] is among the lead projects to a sustainable fuel source.
As most of the vegetable oils are highly unsaturated, they are ideal feedstocks for
olefin metathesis reactions. The major seed oils including palm, canola, sunflower and
soybean are produced more than 100 million metric tons annually. Their fatty acid
composition[4] is key factor for alkene metathesis and shown in Table 1.
Table 1.
Fatty acid
Palmitate
Stearate
Oleate
Linoleate
Linolenate

Fatty acid composition of notable seed oils
Palm (%) Canola (%) Sunflower (%) Soybean (%)
35
4
6
11
0
2
4
5
55
60
21
24
10
24
69
53
0
10
0
7

As seen in Table 1, palm oil has the lowest linoleate and linolenate ester content.
Additionally, palm has the highest oil yield per hectare, approximately 5-9 times higher than
those of canola, sunflower or soybean.[117]
This led to the development of a metathesis based palm oil biorefinery plant, located
in Indonesia.[4] The refinery converts the natural triglycerides (90) found in the oil to olefins
(91), ω-unsaturated esters (94), saturated mono and diesters (Scheme 29). The initial step is
the CM of 90 with ethylene (27), forming terminal olefins, mainly 1-decene (91) and shorter
chain triglycerides (92). 92 is then reacted with methanol to produce glycerol (93) and 94,
which can be further derivatized to additional value-added compounds. These renewablebased products are utilized as polymer building blocks,[118] lubricants, surfactants and their
intermediates[118,119] and antimicrobials[120].
19

Scheme 29.

Natural oil processing via ethenolysis

Besides palm oil, castor oil is also processed on an industrial scale for the
manufacturing of high-grade Nylon 11 and Nylon 12 which have excellent mechanical
properties.[121,122] The one-pot synthesis of monomer (98) involves the cross metathesis of
95 with acrylonitrile (96), followed by the hydrogenation of the C=C double bond and the
nitrile group using the remaining ruthenium as catalyst (Scheme 30). These high scale
synthetic procedures are excellent examples demonstrating how the fossil-based feedstocks
can be replaced by renewable ones.

Scheme 30.

Conversion of 95 to polyamide monomer (98)

Hydrogenated metathesized soybean oil (HMSBO) is also commercially available
and frequently used in cosmetics and as wax.[123]
Alongside vegetable oils, terpenes are also accessible, renewable raw materials
which are abundant in double bonds. Levander oil, distilled from the flower spikes of certain
species of lavender, contains 30-60% linalool (99).[124] The solvent-free RCM of 99 forms
100, which is subsequently converted to jet fuel component (101, Scheme 31).
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Scheme 31.

Synthesis of high-density fuel component (101) from linalool (99)

3.2.2. Naturally occurring conjugated and non-conjugated polyenes
As seen in Chapter 3.2.1, from a metathesis point of view the most important
renewable raw materials are the monounsaturated fatty acid esters. While some terpenes also
find utilization, there are additional compounds of interest in this field, especially polyenes.
α-Linoleic acid (102) is the main fatty acid component of numerous seed oils
including safflower, poppyseed, melon and grape. These oils contain approximately 70% of
102 as glycerol (93) esters.[125] The known utilization of 102 is the production of its
conjugated mixture (103, Scheme 32), which is recognized as a dietary supplement.[126] Both
biochemical and organometallic synthetic methods are available for the isomerization of
102.[127]

Scheme 32.

α-Linoleic acid (102) and its conjugated derivatives (103) after
isomerization

While the above-mentioned crops yield edible vegetable oils that can be used as
cooking oils in food preparation, some polyunsaturated non-edible seed oils are also
available in vast amount.
Linseed oil can contain up to 50% α-linolenic acid (104, Scheme 33) as
triglycerides.[128] Since linseed oil is a drying oil, it has a wide application as paint binder
and in the furniture manufacturing. However, its application is limited due to the high
sensitivity to oxidation.[126]
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Scheme 33.

α-Linolenic acid (104) and α-eleostearic acid (105)

A typical example for the non-edible vegetable oil is the α-eleostearic acid (105)
produced from the nugget of the tung tree. The tung oil contains about 80% of 105 (Scheme
33).[129] 105 is a conjugated triene, which is even more sensitive to oxidation than 104[126]
and could react in an electrocyclic reaction, forming cyclohexadiene derivative at elevated
temperatures.[130] Although 104 and 105 are highly unsaturated polyenes, their utilization via
metathesis is not yet fully explored.

3.3.

Petrochemical based abundant polyenes

Ethylene production via steam-cracking is currently one of the key steps in the
processing of crude oil.[131] The product distribution is heavily dependent on the feed and
the technology applied. In case of lighter feed, the dominant fractions are ethylene and
propylene while in case of heavier paraffin content feed the product distribution slightly
shifts towards C4 and higher, including aromatic hydrocarbons. Among these compounds,
1,3-butadiene[132] (72) and aromatics are considered as a value-added side-products, while
cyclopentadiene (CPD) and other cyclic olefins are often hydrogenated and re-cracked. The
proportion of these side-products are significant, for example producing 100 kg ethylene
could lead to 4 kg of CPD. Some of the non-aromatic cyclic polyolefins are often containing
strained rings and prone to reactions like Diels-Alder cycloaddition, which is well known
for CPD (Scheme 34).[132]

Scheme 34.

3.4.

Dimerization of CPD

Importance of 1,6-hexanediol and related compounds

α,Ω-Diols, such as 1,6-hexanediol (106, Scheme 35) are recognized as high-value
chemicals.[133] 106 has a wide application including polyesters, polyurethane monomers,
adhesives, coatings, and polymeric plasticizers.[134] The synthesis of currently fossil-based
platform chemicals using renewable feedstock has great importance. In 2017, Rennovia
started a pilot plant operation for the production of 106 based on sugars (Scheme 35).[135]
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However, the synthesis of this important plastic building block from unsaturated fatty acids
such as α-linolenic (104) or α-eleostearic (105) acid has not been reported yet.

Scheme 35.

3.5.

Biobased synthesis of 106

Ru hydrides as isomerization catalysts

Ruthenium hydrides are well-known isomerization catalyst for olefins.[136,137] The
mechanism of isomerization involves the addition of the Ru-H to the C=C double bond,
forming a relatively unstable metal-alkyl compound (110), which is susceptible to βhydrogen elimination, that provides Ru-H and an olefin (Scheme 36).

Scheme 36.

Addition-elimination mechanism of ruthenium hydride catalyzed
isomerization

If 110 has two different vicinal hydrogens, the reaction can produce two different
alkenes (109, 111). Repeating this step, the catalyst can also promote double bond migration
in the molecule. This migration can lead to a thermodynamically more stable product
(Scheme 37).

Scheme 37.

Double bond migration providing the thermodynamically favored internal
alkene (115)
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Isomerization through ruthenium hydrides will also affect the stereochemistry of a
double bond, usually preferring the thermodynamically favored E isomer.[138]
RuHCl(CO)(PPh3)3 (116) is widely applied in organic synthesis involving
unsaturated esters[139] and small cyclic polyenes.[140] 1,4-Cyclohexadiene (118) prepared
from plant oils through metathesis can be considered a renewable raw material, which can
be readily converted to 1,3-cyclohexadiene (119) by 116 and then subsequently polymerized
(Scheme 38).[140]

Scheme 38.

Polymer production from renewable plant oils via metathesis, isomerization
and polymerization sequence

116 is also a feasible catalyst for the preparation of the already mentioned conjugated
linoleic acid (103) derivatives from the corresponding triglycerides and esters.[141,142]
Tandem isomerization-metathesis reaction (Scheme 39) was also carried out utilizing
116 in toluene-ionic liquid biphasic system.[143] This catalytic process can convert 3-hexene
(1) to lower and higher internal alkene homologues.

Scheme 39.

Isomerisation/metathesis sequence
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4. Results and discussion
In this chapter, the metathesis reactions of some model, linear and cyclic conjugated
olefins are investigated. The feasibility of the synthesis of polyester and polyurethane
monomer intermediates via olefin metathesis reactions using either renewable or petroleumbased feedstock will be demonstrated.

4.1.

Model reactions with diphenyl-polyenes

Preliminary self- and cross-metathesis reactions of conjugated olefins were carried
out on model compounds containing at least three internal conjugated double bonds. The
investigation of terminal alkenes was not in the scope, as their metathesis reaction could lead
to the formation of highly unstable, and less active ruthenium methylidene species inhibiting
the overall catalyst performance. Based on its commercial availability and reasonable
solubility in toluene, 1,6-diphenyl-1,3,5-hexatriene (124) has been chosen as an ideal model
substrate.

4.1.1. Self-metathesis of diphenyl-polyenes
The self-metathesis of 1,6-diphenyl-1,3,5-hexatriene (120) has been carried out in
toluene solution using HG-2 catalyst at room temperature (Scheme 40).

Scheme 40.

Homologue formation in the self-metathesis of 124

As the reaction started, the color of the solution mixture changed gradually from
green to orange, while solid precipitate formation was observed. The precipitation may be
explained by the formation of high molecular weight homologues (n > 3) having limited
solubility in toluene. Similar precipitation can be observed when polyacetylene is being
synthesized. In fact, by the polyacetylene chain growing, the solubility of the oligomers are
steadily dropping leading to solid precipitation during the reaction.
Since the obtained heterogeneous reaction mixtures could not be investigated
quantitatively in one step, the components were hydrogenated to obtain a saturated α,ωphenyl substituted hydrocarbon-containing homogeneous solution. Assuming that the
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reaction mixture components exhibit comparative response factors, GC-MS analyses were
carried out and the approximate conversions and yields were estimated from the peak areas
of the total ion chromatogram (TIC, Figure 2). The TIC indicated a relatively high
conversion of the starting material 124 (92%) and the formation of 126(1-6) compounds in
reasonable yields (126(1): 20%; 126(2): 21%; 126(5): 25%; 126(6): 15% (Figure 2, Table 5
in Chapter 5.2.1)). Homologues 126(4), 126(7) and 126(8) could also be detected in traces.

Figure 2.

Total ion chromatogram of the hydrogenated self-metathesis reaction
mixture of 124 using HG-2 catalyst

4.1.2. Cross metathesis of diphenyl-polyenes
The CM of 124 with 6 equivalents 1-hexene (127, Scheme 41) proceeded with high
(>90 %) conversion, based on GC-MS measurements. The main components in the
hydrogenated reaction mixture were hexyl- and octylbenzene derivatives (129(1) and 129(2)
respectively) indicating that the equilibrium could be shifted towards the CM products.
However, due to some side self-metathesis reactions of the components the formation of
considerable amounts of homologues were also observed.

Scheme 41.

Homologue formation in the CM of 124 and 127

26

4.2.

Metathesis of renewable methyl eleostearate (131)

Following the preliminary studies, the metathesis of methyl eleostearate (131) as a
potential renewable material was investigated. 131 was synthesized from commercially
available tung oil (130). Base-catalyzed transesterification with methanol proceeded
smoothly, producing a mixture of fatty acid esters consisting of 81% of 131 after
chromatography (Scheme 42). The remaining components were linoleic, palmitic and oleic
acid methyl ester, respectively.

Scheme 42.

Transesterification of tung oil (130)

4.2.1. Self-metathesis of 131
The GC-MS investigation of the self-metathesis product of 131 followed by one-pot
hydrogenation indicated the formation of the expected derivatives (135, 136 and 137) as
main reaction products. However, the formation of considerable amount of hydrocarbon and
methyl ester homologues could also be observed (Scheme 43).

Scheme 43.

Self-metathesis of 131 and subsequent hydrogenation
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4.2.2. Cross metathesis (CM) of 131 with cis-stilbene (138) and 1hexene (127)
The CM of 127 has been examined using cis-stilbene (138) and 1-hexene (127) as
model cross-coupling agents (Scheme 44). Following the preliminary studies, it could be
concluded that both 138 and 127 are excellent CM agents rendering high reactivity.
The reaction has been carried out at 100 °C in toluene. Subsequent hydrogenation of
the reaction mixture on Pd/C led to the formation of methyl 10-phenyldecanoate (140, 95%),
1,4-diphenylbutane (122(2), 35%) and hexylbenzene (125(1), 95%), respectively as major
products, based on quantitative 13C NMR measurements.
The CM of 131 leads to the formation of three different types of molecules
(139, 121(2) and 124(1)) in reasonable yields as indicated on Scheme 44.

Scheme 44.

CM of 131 with 138 and subsequent hydrogenation

The relatively moderate yield of product 121(2) could be explained by a side reaction
resulting in the formation of polyacetylene species, diphenyl polyenes, which due to their
low solubility may immediately precipitate from the reaction mixture upon formation.
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The CM of 131 with twelve equivalents of 1-hexene (127) was carried out at 100 °C
in toluene (Scheme 45) in the presence of 5 mol % HG-2 catalyst. As expected, the reaction
led to the formation of the target cross metathesis products (139, 121(2) and 124(1)) based
on GC-MS.

Scheme 45.

CM of 131 with 127 and subsequent hydrogenation

Following these preliminary model reactions, we turned our attention to the synthesis
of 1,6-hexanediol precursor, polyurethane intermediates.
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4.2.3. Cross metathesis of 131 with (Z)-but-2-ene-1,4-diyl diacetate
(149)
As G2, G3 and HG-2 catalysts show metathesis activity in the presence of OHfunctionalized olefins[144] tentatively it was supposed that the CM of conjugated molecules
using (Z)-but-2-ene-1,4-diol (147) cross-coupling agent might result in the formation of
unsaturated intermediate 148 (Scheme 46), which upon hydrogenation will give the highvalue chemical, 1,6-hexanediol (106).

Scheme 46.

Conversion of conjugated carbon-carbon double bonds to 106

However, it was found that the metathesis of methyl eleostearate (131) in the
presence of CM agent 147 diol led to the self-metathesis products of 131 as major reaction
mixture components only. There was no 148 formation observed.
(Z)-but-2-ene-1,4-diyl diacetate (149) is an excellent CM agent for the conversion of
not only non-conjugated olefins but also conjugated compounds based on our preliminary
results. 149 (Scheme 47) was synthesized via acylation of (Z)-but-2-ene-1,4-diol (147) and
stored under argon in order to avoid any epoxide formation, that could hinder the metathesis
reaction.

Scheme 47.

Synthesis of CM partner 149

The CM of 131 and 149 has been investigated (Scheme 48) using catalysts G-2, HG2, and G-3 either at elevated temperature (Condition A: 100 °C, 2h) or at room temperature
for prolonged reaction times (Condition B: RT, 24 h). Nine-fold excess (i.e., 3-fold excess
per double bond of 131) of 149 were applied in neat 131. Yields were determined by GCMS using ethylbenzene (EB) internal standard (Table 2).
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Table 2.

The yield of 154, 155, 157 and 156 referenced to 131 using different Grubbs
catalyst systems
Condition A (Yields %)
Catalyst 154
84
G-2
99
HG-2
99
G-3

155 (156)
36 (13)
21 (11)
53 (12)

Condition B (Yields %)

157
98
88
94

154
81
99
87

155 (156)
37 (10)
49 (17)
22 (13)

157
81
99
97

Condition A: 100 °C, 2h. Condition B: RT, 24 h.

Scheme 48.

Cross metathesis of 131 with 149 and subsequent hydrogenation
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At room temperature, HG-2 catalyst demonstrated the highest metathesis activity,
providing 49% of the anticipated 1,6-hexanediol (106) intermediate, hexane-1,6-diyl
diacetate (155) after hydrogenation. At 100 °C, the G-3 catalyzed reaction showed the
highest yield of 155 (53%), while the performance of HG-2 dropped substantially (21% of
155). Reactions conducted at 100 °C were accompanied by homologue formation of 150,
which can be attributed to the decomposition of the catalyst, followed by isomerization side
reactions.
Lower catalyst loading (1 mol % HG-2, 0.33 mol % per double bond of 131)
decreased the conversion of 131 slightly (80%), while the yield of 154 and 157 lowered
significantly (36% and 23%) and 155 was not detected at all.
As 131 contains three times more double bond than methyl oleate, the optimal, 1.66
mol % catalyst loading per double bound is well aligned with the literature data reported for
the CM of methyl oleate and 149. This suggest that the optimal ruthenium alkylidene
metathesis catalyst loading is around 1−2 mol % at a similar reaction condition.[145]

4.2.4. Cross metathesis of tung oil with 149
Following the metathesis of 131, its naturally occurring glycerol ester (130) was also
investigated as potential renewable starting material for the synthesis 155. The CM of 130
(Scheme 49) was carried out neat, utilizing HG-2 catalyst (15 mol %, 1.66 mol % per 131
double bond). CM agent 149 was applied in 3-fold excess per double bond of the lipid (130).
Crude tung oil showed only trace amounts of the expected metathesis product, while
a simple treatment to remove volatiles (8 hours in vacuo at 40 °C) produced 155 and 157 as
major products in 26% and 99% yield respectively after subsequent hydrogenation on Pd/C.
Minor amount of 156 (14%) was also detected.
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Scheme 49.

The CM of tung oil (130) with 149 and subsequent hydrogenation
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4.3.
One-pot isomerization and metathesis of methyl
linolenate (162)
After establishing the metathesis of conjugated fatty acid esters to produce 155 value
added intermediate, the feasibility of extending this procedure to non-conjugated renewable
feedstock was investigated. Methyl linolenate (162) is a promising candidate for such
transformation since its isolated double bonds can be readily isomerized, resulting in a
mixture of conjugated fatty acid esters (163).
The starting material (162) was synthesized by acid-catalyzed esterification of αlinolenic acid (104, Scheme 50).

Scheme 50.

Acid-catalyzed esterification of 104

Isomerization of 162 has been carried out at 90 °C in toluene, applying 0.5 mol % of
RuHCl(CO)(PPh3)3 (116) catalyst (Scheme 51).

Scheme 51.

Isomerization of 154

In situ 1H NMR investigation (Figure 3) of the reaction mixture indicated a
straightforward conversion of 162 to the expected conjugated fatty acid ester mixture (163).
The spectra consisted of different constitutional and geometric isomers (spectra 1-7) having
similar pattern to that of 131 (spectra 8). The downfield shift of the =CH− signal from 5.5
to 6.5 ppm and the disappearance of the allylic =CH−CH2-CH= signal at 2.85 ppm was a
clear indication of the formation of the conjugated system.[142] Based on 1H NMR, the
conversion of 162 was 90% after 2 hours (Figure 4).
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Figure 3.

Stacked in situ 1H NMR spectra of the isomerization reaction mixture

(spectra 1−7) of 154 and 1H NMR of 131 (spectra 8) in toluene-d8

Figure 4.

Conversion of 162 (disappearance of =CH−CH2-CH= proton signal at 2.85
ppm) versus reaction time.
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The isomerization metathesis (ISOMET) reaction (Scheme 52) was carried out,
applying increased loading of 116 (2 mol % instead of 0.5 mol %), to ensure the complete
conversion of the starting material 162 before the following metathesis step

Scheme 52.

One-pot isomerization and metathesis of 162, producing 155 polyurethane
monomer intermediate

Figure 5.

Total ion chromatogram of the reaction mixture of the one-pot isomerization

metathesis and hydrogenation of 162. (*Hydrogenated derivative of CM agent (149) is
also visible as a major peak at 12.7 min.)
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The CM with 149 resulted in similar yield of 155 and its homologue 156 as that of
the metathesis of 131. Compounds 166 and 167 consist of a distribution of the corresponding
CM products. The homologues of 157 contain C4−C13 acylated alcohols, meanwhile the
homologues of 154 involve C7−C14 species. The n = 4 (C7−Ac) corresponds to 157 and m
= 7 (C11−Ac) to 154, respectively. Starting materials 162 and 163 could not be detected
after the second metathesis step, indicating complete conversion of the starting material.
Compound 155 as the major reaction product is indicated on the GC-MS chromatogram
(Figure 5).

4.4.

Metathesis of petroleum-based small, cyclic polyenes

As described earlier in Chapter 3.3, small cyclic, non-aromatic polyenes are often
recognized as low-value materials. However, their ring-opening cross metathesis (ROCM)
reaction enable their conversion to value-added chemicals including 1,6-hexanediol
polyurethane and adipic acid precursors (155). Conjugated cyclic polyenes were reacted with
149 to investigate the formation of 151 (and 155 after hydrogenation). All ROCM reactions
were carried out using HG-2 and G-3 catalysts, either at RT or 100 °C reaction temperature.
Each case, four-fold excess of CM reagent (149) were applied per double bond of the
corresponding polyene. Using this, relatively high excess of CM agent resulted in only trace
amounts of the possible ring-opened polyene intermediate (169) as the ROCM reaction was
immediately followed by a consecutive CM step leading to the formation of derivatives of
170 and 151 (Scheme 53) in reasonable yield. However, some homologue formation
including 152 was also observed.

Scheme 53.

General scheme of the ROCM/CM reaction of cyclic polyenes

The CM of 1,3-cyclohexadiene (119) with 149 is a straightforward reaction leading
to the desired linear cross metathesis products (151 and 171, Scheme 54) in reasonable
yields.
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Scheme 54.

CM of 1,3-cyclohexadiene (119) with 149

Similarly, the CM reaction of two conjugated double bonds containing 1,3cyclooctadiene (172) with 149 resulted in higher yield at ambient (RT) than elevated
temperature (100 °C) (Scheme 55). However, instead of the expected diester (analogue of
170), cyclohexene (173) as RCM product formation was observed. This can be explained
by the low strain energy of 173 and so its high thermodynamic stability (Scheme 53).

Scheme 55.

CM of 1,3-cyclooctadiene (172) with 149

CM of 174 with 149 resulted in the formation of the expected 151 diene (Scheme
56). This was the only example, where benzene (175) was formed as the secondary
metathesis product, in a similar ROCM/RCM fashion, as described above. The formation
of 175 was also observed in the ROMP of 174.[104]

Scheme 56.

CM of 1,3,5,7-cyclooctatetraene (174) with 149

1,3,5-Cycloheptatriene (176) reacted only at elevated temperature, providing the
expected metathesis products (Scheme 57).
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Scheme 57.

CM of 1,3,5- cycloheptatriene (176) with 149

In conclusion, CM of cyclic polyolefines proceeded with good conversion and
reasonable selectivity giving 151 as target molecule. The featured reactions clearly indicated
that the application of the CM reagent in excess promotes the secondary metathesis products
formation in a consecutive ROCM/CM tandem reaction.
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4.5.

Metathesis of cyclopentadiene (CPD)

The metathesis of cyclopentadiene (CPD) was surprisingly not investigated yet,
supposedly because of its tendency to dimerize at room temperature resulting
dicyclopentadiene (33) which is readily converted to its polymer via ROMP[50] under
metathesis condition.
CPD was freshly prepared by thermal cracking of dicyclopentadiene (33) at elevated
temperature (Scheme 58).

Scheme 58.

Preparation of CPDfrom dicyclopentadiene (33)

Since CPD is prone to dimerize between RT and 180 °C, it was freshly prepared and
stored at -195 °C before reactions. The rate of dimerization is greatly diminished in diluted
solution and/or low temperature. Based on 1H NMR measurements, dimerization of CPD
was negligible (< 2%) in a 5 V% toluene solution even after 5 hours of reaction time at
ambient reaction condition (RT), thus all the test reactions were carried in diluted toluene
solution.

4.5.1. ROCM of CPD with cis-stilbene (138)
As a model reaction, ROCM of CPD has been investigated with cis-stilbene (138)
at room temperature. Metathesis of CPD with eight-fold excess of 138 (four-fold excess per
double bond) in the presence of HG-2 catalyst has been carried out in toluene-d8 solution
(Scheme 59). The reaction was monitored by in-situ 1H NMR spectroscopy (Figure 6).

Scheme 59.

ROCM/CM of CPD with 138
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Figure 6.

Stacked in-situ 1H NMR spectra of the metathesis reaction between CPD
and 138 as cross-coupling agent. *Ethylbenzene, internal standard

The reaction proceeded with almost complete conversion of the starting material
CPD and the desired products, 1,4-diphenylbuta-1,3-diene (121(2)) and 1,5-diphenylpenta1,4-diene (179) formed in high yields (77% and 80%), respectively. GC-MS of the
metathesis reaction mixture showed approximately 80% E,E, 20% E,Z and negligible
amount of Z,Z isomers.

Figure 7.

CPD conversion and secondary metathesis reaction products ( 121(2) and
179) formation versus reaction time (in situ 1H NMR measurements)
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Some aliquot of the reaction mixture was hydrogenated off and investigated by GCMS indicating some homologue formation of 178 and 179 (C6 and C8-C14) with decreasing
intensity. Tentatively it is supposed that these homologues may have formed in the crossand self-metathesis reactions of polyene intermediates. Theoretically, the oligomerization of
CPD could also lead to even higher molecular weight species, which were not observed in
the TIC of the hydrogenated mixture.
Using stoichiometric amount of CM agent (138) (1 equiv. 138 per CPD, 1 equiv.
138 per two double bonds) indicated the formation of minor amount of the primary
metathesis product (hepta-1,3,6-triene-1,7-diyl)dibenzene, 178), instead secondary
metathesis products 121(2), 179 and their homologues (C6 and C8-C14) were found in
reasonable yield (121(2): 10% and 179: 9%, based on TIC). Brown precipitate formation
was also observed indicating the formation of CPD oligomers.
Longer reaction time led to the formation of significant amount of 1,4cyclohexadiene (118, 42%). Theoretically, 118 may form via either the cross- or selfmetathesis of the bis-allylic position containing intermediates, including CPD (Scheme 60).

Scheme 60.

Influence of the reaction time and the excess of CM agent (134) in the
metathesis of CPD

This product distribution indicates that the rate of the primary metathesis step should
be relatively slower than that of the secondary. It also illustrates that the formation of 118 is
even slower than the formation of primary and secondary metathesis products. Nevertheless,
the secondary metathesis products (121(2) and 179) are more favorable than the primary
product (178). Theoretical calculations* indicated that the secondary metathesis products
(121(2), 179, 118) are thermodynamically more preferred over those of the primary product
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(178). This observation supports the experimentally observed reaction mixture compositions
(Figure 8).
*Throughout this work, all theoretical calculations were carried out by Tibor Nagy (MTA-TTK AKI).

Figure 8.

Calculated free energy diagram of the reaction steps. Electronic energies

were calculated in toluene implicit solvent (SMD model) at DLPNO-CCSD(T)/cc-pVTZ
theory level using M06-2X/cc-pVTZ DFT geometries, and thermal vibrational
contributions were determined from scaled DFT frequencies with hindered rotor
corrections.

4.5.2. ROCM of CPD with 149
Following the model experiments with 138, our attention turned to the reaction
between CPD and 149 as coupling agent which could lead to the formation of high-value
chemicals including hexa-2,4-diene-1,6-diyl diacetate (151) – a precursor for 1,6-hexanediol
(106).
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Scheme 61.

ROCM/CM of CPD with 149

Since the Diels-Alder dimerization of CPD is negligible at room temperature in a
diluted solution, the reactions were carried out at 25 °C and 5 V% CPD in toluene solution
(0.543 M) using commercially available Grubbs catalyst (0.05 and 1 mol %) systems
(Scheme 61, Table 3). Reaction conditions and product distributions are summarized in
Table 3.
Table 3.

Conversion of CPD and yields of 151 and 177 at room temperature using

commercially available Grubbs catalyst systems. (Toluene solution, 5 V% CPD (0.543 M),
3 h, the yields were determined by 1H NMR)
Cat.

149

CPD

151

177

TON

[mol %]

equiv.

conv. (%)

(%)

(%)

(of 151)

G-3

1

1

77

6

20

6

2

G-3

1

2

88

8

21

8

3

G-3

1

4

97

24

31

24

4

G-3

1

6

>98

48

58

48

5

G-3

1

8

>98

67

68

67

6 HG-2

1

8

>98

68

61

68

7

G-2

1

8

84

59

52

59

8

G-2

0.05

8

74

47

44

940

9

G-3

0.05

8

90

59

57

1180

0.05

8

91

56

57

1120

Entry

Cat.

1

10 HG-2

Using eight-fold excess of 149 (four-fold excess per double bond) led to the total
conversion of the starting material CPD, giving the expected 151 (67%) and 177 (68%)
products, respectively (Table 3, Entry 5). When the exceptionally active G-3 (1 mol %)
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catalyst was used, the reaction was completed within 3 hours of reaction time. Using the
HG-2 catalyst having comparable activity under the same reaction conditions, similar yields
were observed (151: 68% and 177: 61%). The more stable but less active G-2 led to slightly
lower conversion (84%) and product yields (151: 59% and 177: 52%). Aliquots of the
reaction mixture were hydrogenated and the product analyzed by GC-MS indicating the
presence of minor amount of homologues of 151 and 177 (Figure 30, Table 19).
Decreasing the catalyst load to 0.05 mol % resulted in high CPD conversions (up to
91%) and comparable yields for 151 (47-59%) and 177 (44-57%). Reasonable turnover
numbers (940-1180) were observed for 151 (Table 3, Figure 9). Based on the hydrogenated
mixture, similar product distribution was observed as before, with minor amounts of higher
molecular weight homologues of 151 and 177. Lowering the catalyst loading to 0.01 mol %
led to low CPD conversion and only traces of the desired 151 and 177 compounds.

Figure 9.

The yield of 151 and 177 in the CM of CPD and 149 at 0.05 mol % catalyst
loading

Using stoichiometric amount of 149 (1 equiv. 149 per CPD, 1 equiv. 149 per two
double bonds) resulted in the formation the primary metathesis product (180) as minor
components, meanwhile secondary metathesis products 151 and 177 (6% and 20%) were
found in reasonable amount after three-hour reaction time (Table 3, Entry 1). The high
conversion of the starting material CPD (77%) could be explained by the side ROMP
reaction of CPD resulting in brown solid precipitation in the reaction mixture. Prolonged
reaction time (24h) led to the formation of significant amount of 118 (40%) and the complete
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conversion of CPD. These observations are in good correlation with reactivity found in the
reaction of CPD and 134 (Scheme 62).

Scheme 62.

Influence of the reaction time and the excess of CM agent (149)

Gradual increase of the excess of CM agent resulted in higher and higher yields of
secondary metathesis products (151 and 177, Figure 10) (up to 68%, Table 3) after three
hours of reaction time. Meanwhile, only traces of 118 were detected by 1H NMR. This
explains that the formation of 118 is certainly significantly slower than the formation of 151
and 177.

Figure 10.

Effect of excess CM agent in the reaction of CPD and 149
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Theoretical calculations suggested that the expected cross metathesis products are
slightly thermodynamically favored (Figure 11) comparing to the starting materials (CPD
and 149).
*Throughout this work, all theoretical calculations were carried out by Tibor Nagy (MTA-TTK AKI).

Figure 11.

Calculated free energy diagram of the reaction steps. Electronic energies

were calculated in toluene implicit solvent (SMD model) at DLPNO-CCSD(T)/cc-pVTZ
theory level using M06-2X/cc-pVTZ DFT geometries, and thermal vibrational
contributions were determined from scaled DFT frequencies with hindered rotor
corrections.

4.5.3. ROCM of CPD with ethylene (27)
ROCM of CPD with ethylene (27) was carried out in a pressurized Fischer-Porter
tube (Figure 12), applying 10 bar of ethylene pressure at 25 °C (Scheme 63). At these
conditions, the diluted toluene solution of CPD (0.543 M) had approximately 2.6 mole
equivalent (1.55 M) ethylene dissolved in it.[146,147] This slight excess of 27 led to some
unreacted CPD in the reaction mixture, while the expected primary (1,3,6-heptatriene, 181)
and secondary metathesis (1,3-butadiene 72 and 1,4-pentadiene 182) products were
observed. (Table 4) Based on preliminary results, the G-2 catalyst was chosen, based on its
relatively high stability.
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Scheme 63.

Figure 12.

Ethenolysis of CPD

Pressurized Fischer-Porter tube
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Table 4.

Ethenolysis of CPD. (G-2 (1-5 mol %), room temperature, p = 10 bar of

ethylene (1.55 M), in toluene as solvent, CPD 5 V%, 0.543 M) (L: liquid, G: gas phase).
(CPD conversion is determined by 1H NMR. The yields of the reaction products were
estimated based on GC integral areas using FID and/or MS detectors)
t (h)

G-2

CPD

72 (L)

72 (G)

182 (L)

181 (L)

118 (L)

(mol %)

conv. (%)

(%)

(%)

(%)

(%)

(%)

3

1

466.0

12

1

58

12.8

2.5

25.2

23.2

1.8

20

1

60

12.4

2.3

24.0

20.4

1.1

120

5

73

15.6

8.0

35.2

16.1

6.1

111.5 2.61.0 20.05.9 13.06.9 1.20.47

Unlike the ROCM with 138 and 149 CM agents, the CPD conversion of the
ethenolysis was moderate (50-73%). Increasing the reaction time (up to 12 hours) slightly
improved the CPD conversion. Extending the reaction time over 12 hours there was no
further CPD conversion observed. In the reaction mixture, a comparable amount of 118 was
observed, which forms via either the cross- or self-metathesis of the bis-allylic position
containing intermediates, including CPD. While 118 has a relatively low ring strain, thus
low reactivity in ROCM, it could be isomerized to 1,3-cyclohexadiene (119).
Theoretical calculations* revealed that in case of the ethenolysis products, neither
the primary (181) nor the secondary metathesis products (182, 72) are thermodynamically
favored (Figure 13), which can explain the conversions and yields observed.
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Figure 13.

Calculated free energy diagram of the reaction steps. Electronic energies

were calculated in toluene implicit solvent (SMD model) as the average of the results of
G3, G4, CBS-APNO composite theories, and thermal vibrational contributions were
determined using M06-2X/cc-pVTZ geometry and scaled frequencies with hindered rotor
corrections.
Applying higher (5 mol%) catalyst and prolonged reaction times (120 h), CPD
conversion and the yield of 72 and 182 were increased. Even at these extreme conditions,
quantitative formation of the thermodynamically more stable 118 was never detected.

*Throughout this work, all theoretical calculations were carried out by Tibor Nagy (MTA-TTK AKI).

50

5. Experimental section
5.1.

General information

All reactions were conducted under nitrogen atmosphere using Schlenk-technique or
under argon atmosphere in an MBraun (Labmaster PRO) glovebox.
Ruthenium catalyst G-2 and HG-2 (Materia), 1,6-diphenyl 1,3,5-hexatriene (120),
cis-stilbene (138), 1-hexene (127), tung oil (126), palladium on carbon, RuHCl(CO)(PPh3)3
(116) catalyst, cis-2-butene-1,4-diol (141), α-linolenic acid (70 %, 104), dicyclopentadiene
(33), ethylbenzene (EB), CDCl3, toluene-d8 and other solvents (Aldrich) were used as
received. CPD was freshly cracked from 33 at 210°C under nitrogen atmosphere. G-3 was
synthesized according to literature procedure.[56]
C{1H} and 1H, 13C-1H HSQC and HMBC 2D spectra were obtained at 25°C using

13

a Varian Unity INOVA spectrometer operating at an equivalent 1H frequency of 400 MHz
with a 5 mm inverse detection tunable dual-broadband {1H-19F}/{31P-15N} probe equipped
with Z-gradient. Quantitative 13C NMR studies were carried out by Attila Domján.
The overall yield has been determined for each reaction product using GC and 1H
NMR techniques, utilizing EB as internal standard. Routine 1H NMR spectra were obtained
on a Varian Unity INOVA spectrometer operating at an equivalent 1H frequency of 500
MHz. GC-MS analyses were carried out using a Shimadzu GCMS-QP2010 instrument
equipped with a Rxi-5Sil MS column coupled with a quadrupole mass filter with pre-rods.
Gaseous components were collected from the Fischer-Porter Bottle to a Multi-Layer
Foil Gas Sampling Bag (Restek). The gaseous reaction products were analyzed on-line by a
Shimadzu GC-2010 gas chromatograph (GC) equipped with a 50-m HP-PLOT-Fused Silica
column (Al2O3, KCl), flame ionization detector (FID). The GC column was calibrated for
1,3-butadiene (72).
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5.2.

Metathesis of diphenyl-polyenes

5.2.1. Self-metathesis of 1,6-diphenyl 1,3,5-hexatriene (124)
A Schlenk tube was charged with 124 (0.063 g, 0.271 mmol) and toluene (2.0 mL).
A solution of HG-2 (0.0112 g, 0.0178 mmol, 0.05 eq) in toluene (1.0 mL) was added. The
mixture was stirred for 24 hours at room temperature, followed by the addition of Pd/C
(0.008 g) and ethanol (2 mL). A balloon filled with hydrogen was connected to the Schlenk
tube and the mixture was stirred overnight at room temperature. The resulted brownish
suspension was filtered, the filtrate was analyzed by GC-MS.
Table 5.

Composition of hydrogenated reaction mixture (126[1-7]) of self-metathesis
of 1,6-diphenyl 1,3,5-hexatriene (124)
TR (min) Area% Name
17.073 20.46 1,2-Diphenylethane (n=1)
19.367 22.60 1,4-Diphenylbutane (n=2)
21.394
7.66 1,6-Diphenylhexane (n=3)
23.200
7.22 1,8-Diphenyloctane (n=4)
24.839 25.31 1,10-Diphenyldecane (n=5)
26.345 14.56 1,12-Diphenyldodecane (n=6)
27.738
2.19 1,14-Diphenyltetradecane (n=7)

5.2.2. Cross metathesis of 1,6-diphenyl 1,3,5-hexatriene (124) and 1hexene (127)
A Schlenk tube was charged with 124 (0.0927 g, 0.40 mmol), 1-hexene (127, 0.300
mL, 2,40 mmol), toluene (2.0 mL), and fitted with a condenser. A solution of HG-2 (0.0106
g, 0.0169 mmol, 0.05 equiv.) in toluene (1.0 mL) was added. The mixture was heated (100
°C) for 2 hours, cooled down to room temperature, Pd/C (0.010 g) and ethanol (2 mL) was
added. Then a balloon filled with hydrogen was connected to the Schlenk tube. The mixture
was stirred overnight at room temperature. Then the suspension was filtered and the obtained
solution was analyzed by GC-MS.
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Table 6.

Composition of the hydrogenated reaction mixture of cross metathesis of
1,6-diphenyl 1,3,5-hexatriene (124) and 1-hexene (127)
TR (min) Area% Name
9.309
9.41 Decane
11.149
1.98 Undecane
12.097
3.12 Pentylbenzene
12.694
2.91 Dodecane
13.593 30.60 Hexylbenzene
14.939
2.89 Heptylbenzene
15.311
1.29 Hexadecane
16.176 10.22 Octylbenzene
16.883 14.79 1,2-Diphenylethane
18.426
4.28 Decylbenzene
19.325
7.73 1,4-Diphenylbutane
20.435
1.79 Dodecylbenzene
21.354
3.85 1,6-Diphenylhexane

5.3.

Metathesis of methyl eleostearate (131)

5.3.1. Preparation of methyl eleostearate (131) from tung oil
Sodium (0.22 g) was dissolved in methanol (13 mL) keeping the temperature at 0 °C.
Tung oil (53 mL) was added and the mixture was heated to 55 °C for 90 minutes, then cooled
down to room temperature. Methanol (100 mL) and hexane (300 mL) were added. The two
phases were separated and the apolar layer was evaporated. The crude product was purified
by Flash chromatography (eluent hexane, 20% EtOAc, gradient). The yellowish product (48
g) was analyzed by GC-MS and consist of 81% 131, 9% linoleic acid methyl ester, 6%
palmitic acid methyl ester, 4% oleic acid methyl ester.

5.3.2. Self-metathesis of methyl eleostearate (131)
A Schlenk tube was charged with 131 (0.0793 g, 0.271 mmol) and toluene (1.0 mL).
A solution of HG2 (0.0085 g, 0.0136 mmol, 0.05 eq) in toluene (1.0 mL) was added. The
mixture was stirred for 2 hours at 100°C, and then Pd/C (0.008 g) in ethanol (2 mL) was
added. A balloon filled with hydrogen was connected to the Schlenk tube. The mixture was
stirred overnight at room temperature. Then the brownish suspension was filtered, the filtrate
was analyzed by GC-MS.
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Table 7.

Composition of the hydrogenated reaction mixture of self-metathesis of 131
TR
Area% Name
(min)
7.075
0.74 Nonane
9.351
7.95 Decane (135)
11.209
2.01 Undecane
12.784
1.36 Dodecane
14.177
0.84 Tridecane
15.376
2.77 Tetradecane
17.614
0.99 Hexadecane
17.876
2.55 Methyl tridecannoate
18.866 26.87 Methyl tetradecanoate (136)
19.842
5.90 Methyl pentadecanoate
20.756
9.79 Methyl palmitate
21.645
1.85 Methyl heptadecanoate
22.467
8.47 Methyl stearate
24.032
1.68 Methyl eicosanoate
24.241
2.12 Dimethyl heptadecanedioate
24.954 18.29 Dimethyl octadecanedioate (137)
25.667
2.03 Dimethyl nonadecanedioate
26.340
3.78 Dimethyl eicosanedioate

5.3.3. CM of 131 and cis-stilbene (138)
A Schlenk tube was charged with 127 (0.0989 g, 0.338 mmol), cis-stilbene (138,
0.362 mL, 2.03 mmol, 6 equiv.) and toluene (1.0 mL), and fitted with a condenser. A solution
of HG-2 (0.0106 g, 0.0169 mmol, 0.05 equiv.) in toluene (1.0 mL) was added. The mixture
was heated (100°C) for 2 hours, cooled down to room temperature and Pd/C (0.010 g) in
ethanol (2 mL) was added. Then a balloon filled with hydrogen was connected to the Schlenk
tube. The mixture was stirred overnight at room temperature. Then the black suspension was
filtered, the filtrate was concentrated in vacuo, giving 380 mg of the crude product. The
mixture was analyzed by GC-MS, 1H NMR and quantitative 13C NMR.
The crude product contains methyl 10-phenyldecanoate (140), 1,2-diphenylethane,
hexylbenzene (125(1)), 1,4-diphenylbutane (122(2)) in 1 : 3 : 1 : 0.6 molar ratio according
to 1H NMR measurements as determined by quantitative 13C NMR[148] measurements.
The yields of methyl 10-phenyldecanoate (140) and alkylbenzene homologues are
higher than 95% and the yield of 1,4-diphenylbutane (122(2)) is ~35%. (Crude starting
material contains 81% of 131).
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Table 8.

Composition of the hydrogenated reaction mixture of CM of 131 and cisstilbene (138)
TR (min) Area% Name
13.586
8.74 Hexylbenzene (125(1))
14.947
1.25 Heptylbenzene
16.178
1.75 Octylbenzene
16.922 43.47 1,2-Diphenylethane
18.430
2.02 Decylbenzene
18.827
1.91 Methyl tetradecanoate
19.337 13.27 1,4-Diphenylbutane (122(2))
20.711
1.42 Methyl hexadecanoate
21.355
3.85 1,6-Diphenyhexane
21.598 17.54 Methyl 10-phenyldecanoate (140)
23.165
1.04 1,8-Diphenyloctane
23.301
3.19 Methyl 12-phenyldodecanoate
24.870
0.56 Methyl 14-phenyltetradecanoate

Figure 14.

1

H NMR spectra of the crude product of the hydrogenated CM reaction

mixture of 131 and 138 using HG-2 catalyst (*hydrogenated derivatives) in CDCl3
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Figure 15.

Assignments of 1H NMR signals of the hydrogenated crude product of CM
reaction mixture of 131 and 138 using HG-2 catalyst in CDCl3.

Figure 16.

13

C NMR spectrum of the crude product (CDCl3) of hydrogenated CM
reaction of 131 and 138 using HG2 catalyst
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Figure 17.

Quantitative 13C NMR spectrum of the crude product (CDCl3) of

hydrogenated CM reaction of 131 and 138 using HG-2 catalyst.

Figure 18.

HSQC spectrum of the crude product (CDCl3) of hydrogenated CM reaction
of 131 and 138 using HG-2 catalyst.
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Figure 19.

HMBC spectrum of the crude product (CDCl3) of hydrogenated CM
reaction of 131 and 138 using HG-2 catalyst

5.3.4. CM of 131 and (Z)-but-2-ene-1,4-diyl diacetate (149)
A Schlenk tube was charged with 131 (0.101 g, 0.344 mmol), 149 (0.658 mL, 4.12
mmol, 12 equiv.) and ethylbenzene (EB, 0.042 mL, 0.344 mmol) as internal standard in a
glovebox. A solution of the catalyst (0.017 mmol, 5 mol% of 131) in toluene (0.15 mL) was
added. The Schlenk tube was either removed from the glovebox and fitted to a condenser
and the mixture was heated at 100°C for 2 hours with stirring (Condition A) or simply stirred
in the glovebox at room temperature for 24 hours (Condition B). Portion of the mixture was
hydrogenated on atmospheric pressure using 10% Pd/C in ethanol overnight at room
temperature. The black suspension was filtered and the filtrate was analyzed by GC-MS.
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Table 9.

Composition of the hydrogenated reaction mixture of the CM of 131 and
149 using HG-2
TR
Area% Name
(min)
5.77 11.62 Ethylbenzene (EB) a
11.24 23.66 Heptyl acetate (157)
15.38 18.72 Hexane-1,6-diyl diacetate (155)
17.68
4.36 Octane-1,8-diyl diacetate
19.75 39.44 Methyl 11-acetoxyundecanoate (154)
21.61
1.93 Methyl 13-acetoxy-tridecanoate
22.37
0.27 Methyl stearate

a

Internal standard

5.3.5. Cross metathesis of tung oil (130) and 149
A Schlenk tube was charged with pre-treated tung oil (130, 0.0962 mL, 0.10 mmol),
149 (0.296 mL, 3.86 mmol, three-fold excess per double bond of lipid) and EB (0.038 mL,
0.31 mmol) as internal standard and fitted to a condenser. A solution of the catalyst (HG-2,
0.097 g, 0.015 mmol, 5 mol% of eleostearic acid) in toluene (2.0 mL) was added. The
mixture was heated at 100°C for 2 hours, cooled down to room temperature. A portion of
the mixture was hydrogenated at atmospheric pressure using 10% Pd/C in ethanol for
overnight at room temperature. The black suspension was filtered. The mixture was analyzed
by GC-MS.
Table 10.

Composition of the hydrogenated reaction mixture of the metathesis of tung
oil (130) and 149
TR (min) Area%
5.75
19.49
9.50
8.13
11.22
31.54
14.12
4.49
15.33
1.74
15.38
16.84
16.47
7.45
17.57
0.78
17.65
6.08
18.59
1.14
19.66
2.29

a

Name
Ethylbenzene (EB) a
Hexyl acetate
Heptyl acetate (157)
Nonyl acetate
Decyl acetate
Hexane-1,6-diyl diacetate (155)
Undecyl acetate
Dodecyl acetate
Octane-1,8-diyl diacetate
Tridecyl acetate
Decane-1,10-diyl diacetate

Internal standard
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5.4.
Isomerization and metathesis of methyl linolenate
(162)
5.4.1. Esterification of linolenic acid (104)
Linolenic acid (104, 5 ml, 16.5 mmol) was dissolved in methanol (100 mL) followed
by the dropwise addition of sulfuric acid (2 mL). The mixture was stirred for 2 hours at
reflux temperature. NaHCO3 was added in small portions. The neutralized reaction mixture
was extracted with dichloromethane (4x50 mL), washed with water (1x40 mL) and dried
over Na2SO4. The solvent was evaporated and the crude product (5 g) was purified via flash
chromatography (eluent: hexane  dichloromethane gradient). Pure 162 was obtained as
colorless oil (3.5 g, 73%).

5.4.2. Isomerization reaction of methyl linolenate (162)
A screw cap NMR tube was charged with 162 (0.300 g, 1.03 mmol). Toluene-d8 (0.75
mL) and catalyst 116 (0.0045 g, 0.0049 mmol, 0.5 mol% of 162) were added. The brownish
mixture was heated at 90°C for 24 hours, collecting NMR spectra at t[min]= 0, 30, 60, 120,
160, 240, 1440 (Figure 20: 1440 min). A clear yellow solution formed. Based on 1H NMR
the conversion of 162 was higher than 95%.

Figure 20.

1

H NMR spectra of the reaction mixture after 24 hours of isomerization of
162 in the presence of 116 in toluene-d8

5.4.3. Isomerization and CM of methyl linolenate (162) with 149
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A Schlenk tube was charged with 162 (0.253 g, 0.866 mmol) and fitted to a
condenser. Toluene (0.5 mL) and catalyst 116 (0.016 g, 0.017 mmol, 2 mol% of 162) were
added. The brownish mixture was heated at 100°C for 4 hours, cooled down to room
temperature. (Z)-But-2-ene-1,4-diyl diacetate (149, 2.54 mL, 15.9 mmol, 18 equiv.), EB
(0.106 mL, 0.342 mmol) as internal standard and Grubbs 2nd generation catalyst (G-2, 0.030
g, 0.035 mmol, 2 mol% of ester) were added. The brownish mixture was stirred overnight at
room temperature. A portion of the mixture was hydrogenated at atmospheric pressure using
10% Pd/C in ethanol for overnight at room temperature. Then, the black suspension was
filtered. The mixture was analyzed by GC-MS.
Table 11.

Composition of the hydrogenated reaction mixture of the metathesis of
isomerized 162 and 149
TR (min) Area% Name
5.75 19.49 Ethylbenzene (EB) a
7.21
3.13 Pentyl acetate (n = 2)
9.50
5.72 Hexyl acetate (n = 3)
11.22
4.26 Heptyl acetate (7, n = 4)
14.12
2.93 Nonyl acetate (n = 6)
15.33
2.44 Decyl acetate (n = 7)
15.38 14.42 Hexane-1,6-diyl diacetate (155)
15.49
0.94 Methyl 7-acetoxyheptanoate (m = 3)
16.47
2.14 Undecyl acetate (n = 8)
16.71
2.28 Methyl 8-acetoxyoctanoate (m = 4)
17.57
1.52 Dodecyl acetate (n = 9)
17.65
3.79 Octane-1,8-diyl diacetate
17.78
3.37 Methyl 9-acetoxynonanoate (m = 5)
18.59
0.91 Tridecyl acetate (n = 10)
18.80
5.19 Methyl 10-acetoxydecanoate (m = 6)
19.61
0.81 Decane-1,10-diyl diacetate
19.76
6.54 Methyl 11-acetoxyundecanoate (m = 7)
20.68
6.43 Methyl 12-acetoxydodecanoate (m = 8)
21.56
4.89 Methyl 13-acetoxytridecanoate (m = 9)
22.39
4.63 Methyl 14-acetoxytetradecanoate (m = 10)

a

Internal standard

5.5.

Metathesis of small, cyclic polyenes

Reactions were carried out in the same fashion both at RT and 100 °C. Representative
example of the metathesis of small cyclic polyolefines will be detailed with the ROCM of
1,3-cyclohexadiene (119).
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5.5.1. ROCM of 1,3-cyclohexadiene (119) with 149
A screw-capped NMR tube was charged with 149 (1.1 mL, 6.7 mmol), toluene-d8
(0.3 mL), EB (50 µL, 0.38 mmol) and 119 (53 µL, 0.56 mmol) under argon. After the initial
1

H NMR measurement of the starting materials, the solution of the catalyst (3.5 mg HG-2,

0.0057 mmol) in toluene-d8 (0.1 mL) was added to the mixture. After 5 hours of reaction
time, 1H NMR spectrum was taken of the reaction mixture indicating 71% conversion of 119
and the formation of 151 (36%) and 171 (56%) (Figure 21). Part of the reaction mixture (0.1
mL) was hydrogenated over Pd/C in EtOH and analyzed by GC-MS.

Figure 21.

1

H NMR spectrum of a typical metathesis reaction mixture of 119 and 8
equivalents of 149 in toluene-d8

Figure 22.

Total ion chromatogram of the reaction mixture of cross metathesis of 119
and 12 equivalents of 149
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Table 12.

Composition of the reaction mixture of the cross metathesis of 119 and 12
equivalents of 149
TR (min) Area% Name
5.63 24.04 Ethylbenzene (EB) a
16.02 25.95 Hexa-2,4-diene-1,6-diyl diacetate (151)
17.42 43.98 Octa-2,6-diene-1,8-diyl diacetate (171)
18.95
2.67 Deca-2,6-diene-1,10-diyl diacetate
20.07
3.35 Other homologues of 151 and 171

a

Internal standard

Figure 23.

Total ion chromatogram of the hydrogenated reaction mixture of cross
metathesis of 119 and 12 equivalents of 149

Table 13.

Composition of the hydrogenated reaction mixture of the cross metathesis of
119 and 149
TR (min) Area% Name
5.63 19.18 Ethylbenzene(EB) a
15.28 28.01 Hexane-1,6-diyl diacetate (n=6, 155)
17.53 45.53 Octane-1,8-diyl diacetate (n=8)
19.53
5.25 Decane-1,10-diyl diacetate (n=10)
21.36
2.03 Dodecane-1,12-diyl diacetate (n=12)

a

Internal standard
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5.6.

Metathesis of CPD

5.6.1. In-situ 1H NMR investigation of the Diels-Alder reaction of
CPD
A Schlenk tube was charged with toluene-d8 (0.2 mL), EB (45 µL, 0.34 mmol), cisstilbene (138) (0.77 mL, 4.32 mmol, 8 equiv. of CPD) and CPD (45 µL, 0.54 mmol). The
colorless solution was transferred into a screw-capped NMR tube under nitrogen and 1H
NMR spectra were recorded over six hours (t[min]= 15, 30, 45, 90, 180, 240, 300) at room
temperature. Based on the 1H NMR spectra of the mixture, no reactions were observed in
six hours such as dimerization of CPD.

Figure 24.

1

H NMR spectrum of the mixture of 138 and CPD in toluene-d8 after 6
hours using EB as internal standard

5.6.2. Representative example of the ROCM of CPD with cis-stilbene
(138)
A Schlenk tube was charged with G-3 (4.8 mg, 1 mol %), toluene-d8 (0.2 mL), EB
(45 µL, 0.34 mmol), 138 (0.77 mL, 4.32 mmol) and CPD (45 µL, 0.54 mmol). The brown
solution was transferred into a screw-capped NMR tube under nitrogen and 1H NMR spectra
were collected over six hours (t[min]= 14, 26, 40, 49,69, 102, 129, 192, 257, 308) at room
64

temperature. 1H NMR (Figure 25) of the products 121(2) and 173 were in agreement with
literature data.[149] After 24 hours, part of the reaction mixture (0.1 mL) was hydrogenated
over Pd/C in EtOH and the reaction mixture was analyzed by GC-MS measurements.

5.6.2.1. Reaction of CPD with 8 equiv. of 138

Figure 25.

In situ 1H NMR spectrum of the reaction mixture of CPD and 8 equivalent
of cis-stilbene (138) after 6 hours in toluene-d8

Table 14.

Composition of the reaction mixture of the cross metathesis of CPD and 8
equivalents of 138 using G-3
TR (min) Area% Name
5.77
8.14 Ethylbenzene(EB) a
18.82
5.91 cis-Stilbene (138)
19.02 60.55 trans-Stilbene
20.69
0.35 Isomer of 121(2)
21.18
0.46 Isomer of 179
21.61
0.21 Isomer of 179
21.86 14.97 Isomer of 121(2)
21.92
7.30 Isomer of 179
24.36
1.79 Homologues of 121(2)and 179

a

Internal standard
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Figure 26.

Total ion chromatogram of the hydrogenated reaction mixture of CPD and 8
equivalents of 138

Table 15.

Composition of the hydrogenated reaction mixture of the cross metathesis of
CPD and 8 equivalents of 138 using G-3
TR (min) Area% Name
5.77
4.87 Ethylbenzene(EB) a
16.86 64.46 1,2-Diphenylethane (n=2)b
19.26 17.59 1,4-Diphenylbutane (n=4)
20.28
9.68 1,5-Diphenylpentane (n=5)
21.30
0.47 1,6-Diphenylhexane (n=6)
22.20
0.80 1,7-Diphenylheptane (n=7)
23.09
1.73 1,8-Diphenyloctane (n=8)
23.99
0.03 1,9-Diphenylnonane (n=9)
24.76
0.14 1,10-Diphenyldecane (n=10)
25.52
0.24 1,11-Diphenylundecane (n=11)
a

Internal standard, b Hydrogenated 138
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5.6.2.2. Reaction of CPD with 1 equiv. of 138

Figure 27.

In situ stacked 1H NMR spectrum of the reaction mixture of the metathesis

of CPD and 1 equivalent of cis-stilbene (138) in toluene-d8, formation of 118
Table 16.

Composition of the reaction mixture of the cross metathesis of CPD and 1
equivalent of 138 using G-3
TR (min) Area% Name
1.58
2.07 CPD
2.47
9.27 1,4-Cyclohexadiene (118)
5.67 28.53 Ethylbenzene(EB) a
16.72
4.32 cis-Stilbene (138)
18.74 19.86 trans-Stilbene
20.59
1.87 Isomer of 121(2)
21.09
1.02 Isomer of 179
21.70 16.25 Isomer of 121(2)
21.78
8.95 Isomer of 179
24.32
7.86 Homologues of 121(2)and 179
a

Internal standard
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Table 17.

Composition of the hydrogenated reaction mixture of the cross metathesis of
CPD and 1 equivalent of 138 using 1-G3
TR (min) Area% Name
5.63 10.08 Ethylbenzene(EB) a
16.70 30.79 1,2-Diphenylethane (n=2)b
19.14 19.74 1,4-Diphenylbutane (n=4)
20.18
9.00 1,5-Diphenylpentane (n=5)
21.18
5.96 1,6-Diphenylhexane (n=6)
22.10
2.84 1,7-Diphenylheptane (n=7)
22.99
4.04 1,8-Diphenyloctane (n=8)
23.84
0.96 1,9-Diphenylnonane (n=9)
24.62
7.20 1,10-Diphenyldecane (n=10)
26.11
7.25 1,11-Diphenyldodecane (n=12)
27.50
2.13 1,11-Diphenytetradecane (n=14)
a

Internal standard, b Hydrogenated 138

5.6.3. Representative example of the ROCM of CPD with 149
A screw-cap NMR tube under argon was charged with 149 (0.72 mL, 4.5 mmol),
toluene-d8 (0.15 mL), EB (50 µL, 0.38 mmol) and CPD (50 µL, 0.59 mmol). After the initial
1

H NMR measurement of the starting materials, the solution of the appropriate catalyst (5

mg G-2, 0.0059 mmol, 1 mol %) in toluene-d8 (0.1 mL) was added into the mixture. After
3h in situ 1H NMR spectrum was taken. An aliquot of the reaction mixture (0.1 mL) was
hydrogenated over Pd/C in EtOH and the reaction mixture was analyzed by GC-MS
measurements.
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Figure 28.

1

H NMR spectrum of a typical metathesis reaction mixture of CPD and 8
equivalents of 149 in toluene-d8

Figure 29.

Table 18.

Total ion chromatogram of a reaction mixture of the metathesis of CPD and
8 equivalents of 149
Composition of the reaction mixture of the metathesis of CPD and 8
equivalents of 149
TR (min) Area% Name
1.57
0.30 CPD
5.63 24.51 Ethylbenzene(EB) a
16.02 28.69 Hexa-2,4-diene-1,6-diyl diacetate (151)
16.49 37.77 Hepta-2,5-diene-1,7-diyl diacetate (177)
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18.95
a

Figure 30.

8.72 Homologues of 151 and 177

Internal standard

Total ion chromatogram of the hydrogenated reaction mixture of the
metathesis of CPD and 8 equivalents of 149

Table 19.

Composition of the typical hydrogenated reaction mixture of the ROCM of
CPD and 8 equivalents of 149
TR (min) Area% Name
5.63 22.85 Ethylbenzene(EB) a
15.27 25.58 Hexane-1,6-diyl diacetate (n=6, 155)
16.43 37.76 Heptane-1,7-diyl diacetate (n=7)
17.55
5.09 Octane-1,8-diyl diacetate (n=8)
18.57
4.18 Nonane-1,9-diyl diacetate (n=9)
19.57
3.09 Decane-1,10-diyl diacetate (n=10)
20.56
0.95 Undecane-1,11-diyl diacetate (n=11)
21.45
0.50 Dodecane-1,12-diyl diacetate (n=12)
a

Internal standard

5.6.4. Representative example of the ethenolysis of CPD
A Schlenk tube was charged with toluene (1.6 mL), EB (200 µL, 1.52 mmol) under
argon. CPD (200 µL, 2.3 mmol) was added under nitrogen. The mixture was transferred to
a Fischer-Porter bottle and the solution (toluene, 2.0 mL) of the catalyst (20 mg G-2, 0.024
mmol) was added. The bottle was flushed four times with ethylene before the final ethylene
pressure was applied. After a period of time, the gaseous products were collected in an
airtight gas sampler bag and analyzed by GC (FID). The mixture was quenched with ethyl
vinyl ether and the liquid phase was analyzed by GC-MS. Another part of the liquid phase
was diluted with CDCl3 and analyzed by 1H NMR (Figure 31).
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Figure 31.

1

H NMR spectrum of a typical ethenolysis reaction mixture in CDCl3. A

representative example for the determination of CPD conversion. (t0 CPD (CH2, 2.78
ppm)/EB (CH2, 2.52 ppm) integral ratio is 1.53)
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Figure 32.

Total ion chromatogram of the liquid phase of the reaction mixture of the
ethenolysis of CPD

Table 20.

Composition of the liquid reaction mixture of the cross metathesis of CPD
and ethylene
TR (min) Area% Name
1.38
2.25 1,3-Butadiene (72)
1.46
4.43 1,4-Pentadiene (182)
1.57 25.46 CPD
2.02
0.26 1,3,5-Hexatriene
2.48
0.21 1,4-Cyclohexadiene (118)
2.57
3.79 1,3,6-Heptatriene (181)
5.56 63.61 Ethylbenzene(EB) a
a

Internal standard
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6. Summary
Throughout my work, the metathesis of different low value conjugated compounds
was evaluated. Utilizing Grubbs metathesis catalysts systems, both bio-based and petroleumbased conjugated starting materials were converted to value-added polyurethane and
polyester intermediates.
First, the metathesis of conjugated systems was investigated on model compounds,
such as 1,6-diphenyl-1,3,5-hexatriene (124).[P1] Self- and cross-metathesis (CM) reactions
revealed the formation of low solubility polymeric side-products, even at excess of the CM
agent.
Following the initial model reactions, the metathesis of renewable methyl
eleostearate (131) and tung oil (130) was carried out with different ruthenium alkylidene
catalysts (G-2, HG-2 and G3).[P2] Applying 149 diester as CM agent formed the expected
monomer intermediate 155 after hydrogenation, up to 53 % yield (Scheme 64).

Scheme 64.

Metathesis of methyl eleostearate (131)

The renewable non-conjugated polyene, methyl linolenate (162) was also utilized in
metathesis after its isomerization to a mixture of conjugated fatty acid derivatives (163).[P2]
This procedure involved subsequent isomerization, metathesis and hydrogenation in onepot, to yield the value added 155 (Scheme 64).
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Scheme 65.

Isomerization and metathesis of methyl linolenate (162)

Petrochemical-based small cyclic polyenes (119, 172, 174 and 176) were also reacted
with 149 in a subsequent ROCM/CM fashion (Scheme 65), forming the anticipated 151,
among other diesters (170).

Scheme 66.

CM of small, conjugated polyenes with 149

Following the metathesis of different small cyclic polyenes, the CM of
cyclopentadiene (CPD) was investigated in detail.[P3] The CM of cyclopentadiene (CPD)
was carried out, utilizing 149 diester as CM agent (Scheme 66). Catalyst loadings as low as
0.05 mol % showed good conversion (> 90%) and produced the expected polyurethane and
polyester intermediates (151, 177) in good yield.

Scheme 67.

Metathesis of CPD with 149
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Finally, the ethenolysis of CPD was carried out, producing butadiene (72) and 1,4pentadiene (182) in moderate yield.[P3]
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7. Theses
1.

Applying Grubbs metathesis catalyst, a model reaction with (Z)-stilbene was

carried out to utilize the conjugated unit of the bio-based methyl eleostearate to form
alkene homologues with increased chain length.[P1]
2.

Utilizing different Grubbs metathesis catalysts, renewable starting material

methyl eleostearate was converted to monomer intermediate hexane-1,6-diyl
diacetate in moderate yield.[P2]
3.

Methyl linolenate was utilized to synthesize hexane-1,6-diyl diacetate in one-

pot: methyl linolenate was isomerized to a mixture of conjugated esters utilizing
RuHCl(CO)(PPh3)3 catalyst, which was metathesized applying Grubbs metathesis
catalyst, followed by subsequent catalytic hydrogenation (Pd/C).[P2]
4.

Cross metathesis of cyclopentadiene was carried out, utilizing (Z)-but-2-ene-

1,4-diyl diacetate as cross metathesis agent to form hexane-1,6-diyl diacetate and
heptane-1,7-diyl diacetate in good yield after subsequent hydrogenation (Pd/C).[P3]
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