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1.1. Introduction 
Even though reports hardly agree on the exact date, the decline of the easily exploitable 
supply of non-renewable resources, such as oil and gas, is a foregone conclusion.1,2 
Moving to a bio-based economy thus becomes a necessity for a more sustainable future. 
Several renewables have been identified as potential replacements. However, finding 
them is not the challenge. In most of the cases, these renewables materials cannot be 
used as such and their efficient and economic conversion into biofuels, chemicals and 
pharmaceuticals remains a major bottleneck. 

Meeting these future energy, bulk and fine chemicals demands gives rise to new 
challenging research areas were chemistry and particularly catalysis has an important 
role to play. The need for new catalytic processes that convert renewable resources into 
value-added chemicals requires new tools that are new catalytic methodologies. 

This chapter will give an overview of the different types of biomass that can be used as 
renewable resources with a focus on cashew nut shell oil. In addition, a number of 
homogeneous catalytic transformations are described that can be applied to renewables 
with a particular attention to metathesis and double bond isomerization reactions. 

1.2. Towards value added chemicals: an introduction to 
catalytic conversion of biomass 

In 2004 and 2007, the US Department of Energy published two lists of top value added 
chemicals that are readily formed from biomass.3,4 They are called platform chemicals 
and possess a high transformation potential into multiple useful chemicals. An example 
of the array of products that can be derived from one of these platform chemicals, 
levulinic acid, is presented in Scheme 1. 

At this stage, chemistry and more particularly catalysis has an important role to play for 
both the conversion of renewables into these value-added chemicals and the 
transformation of these molecules into useful products. Main chemistry fields involved 
are heterogeneous and homogeneous catalysis as well as bio-catalysis particularly in the 
context of fermentation processes.5–7 

Many catalytic processes for the conversion of sugars into HMF, GVL, levulinic acid, 
etc followed by the transformation of these chemicals into transportation fuels, 
polymers, etc have been reported.8–10 

Fermentation processes have been widely exploited industrially for the production of 
bioethanol from sugar cane in Brazil and from cornstarch in the US. Copersucar and 
UNICA are two of the main actors in research and production of bioethanol in Brazil. 
Many other companies are building new plants not only for biofuel but also for the 
production of succinic acid,11 farnesene12 and new products derived thereof such as 
biobased polymers.13 



An introduction to cashew nut shell oil as bio-renewable resource and some homogeneous 
catalytic reactions 

 

 3 
	  

O

O

OH

levulinic acid

N O

R1

R1 = Ar, Cy, CH2Ph

O O O O

CO2R

O

CO2Me
OO

OH

alkenes, alkanes,
transportation fuel

O
CO2H
CO2H

O

OH

O

HO
O

OH

O

O

OHH2N

CO2R

O

O

OH

O

OH

OH
N

O

O
OH

 

Scheme 1: Products from the conversion of levulinic acid 

One of the success stories of the conversion of renewables into value-added materials 
comes from the company Avantium and involves their Furanix technologies. In their 
process, carbohydrate-containing feedstocks are converted to 2,5-furandicarboxylic acid 
(FDCA) and/or its di-alkyl ester,14,15 which serves as monomer to replace terephtalic 
acid to produce polyethylene-furanoate (PEF), a bio-based polymer (Scheme 2).16 This 
polymer can be easily recycled17 which demonstrates the sustainability of the entire 
chain and led to contracts between Avantium and multinational companies such as 
Coca-Cola and Danone to use the polymers for packaging purposes. 

 

Scheme 2: Avantium process for PEF production 



Chapter	  1	  

	  

4  
	  

These are only a few examples of industrially valuable processes involving biomass 
conversion. Many others are under development and may be implemented in the plant 
in the near future thus making another step towards a bio-based economy. 

1.3. Biomass: from lignocellulose to cashew nut shell oil 

1.3.1. Introduction  
Many types of renewable resources have been used for energy generation and among 
others are: wind, solar, geothermal and tidal energy. Biomass is also one of them and is 
of great interest particularly when it is not in competition with food. Waste from 
agriculture or gardening for example is an important source of biomass. Wood from 
trees is probably the most abundant source of biomass. Biomass can be classified in 
different categories. 

1.3.2. Different types of biomass18 
Lignocellulose is the most important source of biomass. Its origins are wood, 
agricultural plant waste or municipal solid waste. It originates from the plant cell wall 
and is constituted of three different components: i) lignin, which is a polymeric material 
composed of aromatic alcohol units linked by ether groups, ii) cellulose, which is a 
crystalline glucose polymer in the form of microfibers and iii) amorphous hemicellulose, 
which is a mixture of sugar based polymers (Scheme 3). A lot of research has been 
performed on processes to break up the lignocellulose structure and to isolate the 
individual fractions (biomass pre-treatment). Examples are the isolation of cellulose in 
the form of paper pulp (Kraft process). More recently, research on pre-treatment 
processes, has been focusing on the use of enzymes (cellulases) to convert cellulose into 
fermentable sugars. This is important for the production of lignocellulosic bio-ethanol. 
In many cases, the processes have lignin as side product, which is usually burned for 
energy. 

Various plants store energy in the form of starch. It is mainly composed of two glucose 
polymers: amylose (unbranched helix structure) and amylopectin (branched polymer). 
Starch is a convenient source of sugars as it is easily hydrolyzed, in contrast with 
cellulose.  

The third type of sugar biomass is sucrose, a dimer of glucose and fructose, mainly 
produced from sugar cane and sugar beet.  

Proteins can be considered as another renewable material. On a molecular level, 
proteins are polyamides from amino acids. They can be used for adhesives, coatings or 
binders and also for the production of bulk chemicals with nitrogen functionnalities.21 
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Scheme 3: Molecular representation of A) lignin structure19, B) cellulose and C) 
hemicellulose20. 

The fifth type of biomass is a by-product from the Kraft process and is known as 
turpentine. This waste is rich in terpenes with pinenes as the most abundant 
components. Terpenes are the constituents of plant essential oils. On a molecular level, 
terpenes are hydrocarbons build from isoprene units, but they may also contain oxygen-
based functionalities such as alcohols, aldehydes or acids (top, Scheme 4). Only the 
pinenes are isolated from nature in sufficient quantities to be used as platform chemical. 
Most other terpenes that play a role in our daily lives (vitamins, flavours and fragrances) 
are made synthetically. 
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Scheme 4: Top: Examples of terpene structures. Bottom: Examples of fatty acids and 
glycerol from triglyceride. 

Fats and oils are biomass based feedstock that are widely used on commercial scale as 
raw material for the chemical industry (bottom, Scheme 4).22 They are mainly obtained 
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from seeds, nuts or plants (linseed, sun flower, soybean, rapeseed, coconut, olive, palm, 
castor oil…) but may also come from animal sources like fish or tallow. Chemically, fats 
and oils are triglycerides of a wide range of fatty acids. The fatty acids are long, linear 
carbon chains with or without unsaturation. 

1.3.3. Cashew nut shell liquid 
A relatively unknown and underutilized natural oil is cashew nut shell liquid (CNSL). It 
is obtained from the shell of the cashew nut and is as such a waste stream from the food 
industry. The CNSL content is about 18-27% of the total nut weight, the kernel 
accounts for 20-25 % and the remainder is the shell.23 

Cashew nuts are produced for the largest part in Asia with Vietnam as the biggest 
world producer (bottom, Figure 1), followed by Africa, and Brazil as the main 
representative of the American continent.24 The first two continents produce 94 % of 
the total world production (bottom, Figure 1). The world cashew nut production has 
been multiplied by a factor of five over the past twenty-five years and this has 
stimulated the search for high value outlets for CNSL. In addition to that, CNSL is 
toxic and as such the food versus-fuel does not play a role. 

 

 

Figure 1: Top: World production of Cashew nuts with shell (1993-2013). Bottom: Cashew 
nut with shell production (tons) of the 5 biggest producers24 
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1.3.3.1. Production and composition of CNSL 
Starting from the sixties, Tyman has done extensive work on the isolation and structure 
determination of the CNSL components. Their structures are nowadays completely 
elucidated.23  

It was demonstrated that CNSL contains three main phenolic molecules namely 
anacardic acid, cardanol and cardol (Scheme 5). Each of these compounds is meta-
substituted with a 15 carbon linear chain, which confers the oily properties. The side 
chain may be fully saturated or may have one, two or three unsaturations. In the 
natural CNSL the unsaturations are most of the time in the cis form and at the specific 
C8, C11 and C14, the terminal position (C1 being the closest carbon atom to the 
phenol moiety in the alkyl chain). Other phenols may be found as well, such as 2-
methylcardol or tocopherols.25,26 

CNSL is generally obtained either by solvent extraction27–29 or by pyrolysis of the 
shell.30 These two methods give different oil compositions. The first procedure gives and 
oil rich in anacardic acid and is called “natural CNSL”, the second is mainly composed 
of cardanol, due to decarboxylation of anacardic acid, and is known as “technical 
CNSL”. Other methods include screw pressing31 and supercritical CO2 extraction.32,33  

The CNSL composition with regard to the ratio between the phenols and the level of 
unsaturation varies depending on the harvesting area. Many separation 
(chromatography,34,35 vacuum distillation,36 extraction37–39,…) and analysis techniques 
(HPLC,25 GC,40,41 Mass,42 NMR) have been applied and compared for the separation 
of the different components and research in this area is still ongoing.26,43  

OH

OH

O OH

HO

OH OH

HO

Anacardic Acid Cardol

C15H30-nC15H30-n

C15H30-n C15H30-n

OH

Cardanol

C15H30-n

decarboxylation
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technical CNSL n = 0, 2, 4, 6
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C15H30-n

OH

solvent
extraction
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Scheme 5: Extraction methods for the constituents of cashew nut shell liquid 

1.3.3.2. Uses 
With the increasing interest in renewable products, CNSL has regained much attention 
and components of CNSL have already found applications in various fields. CNSL is 
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used either as such or after chemical modifications. Back in 1986, an extensive review 
was already written by Sampathkumaran et al. who presented CNSL uses in coatings, 
adhesives, resins, rubbers, oil additives, etc.44 More recently, research groups in 
Brazil45,46 and Italy reviewed some of the latest uses of CNSL. The majority of these 
applications are dealing with cardanol. Below, a non-exhaustive overview of some 
recent examples of CNSL based applications, is given. 

1.3.3.2.1. Polymers, resins, coatings, surfactants and additives 
One of the first applications of CSNL is in polymers. Recent reviews on monomer and 
polymer synthesis based on cardanol highlight their good chemical and thermal-
oxidative stability as well as improved mechanical properties compared to some 
classical polymers.47–49 The alkyl side-chains confer a plasticizing effect while the 
hydrophobic properties give good resistance to water and improve air-drying qualities 
of resins and solubility. For example, cardanol has been used in the synthesis of 
polyazomethine with improved solubility in common organic solvents.50 Some cardanol 
based cross-linked polymers can be prepared by solvent-free grinding polymerization.51 

 Cardolite Ltd. (USA) provides cardanol based materials for commercial use like NC-
514, a diglycidyl ether (Scheme 6), used as a reactive component for epoxy resins,52 
epoxy curing agents53,54 or as raw material for friction particles that are used in the 

automotive brake industry. New materials are being developed 
based on cardanol vinyl-ester resins.55–57 In the field of coatings 
Mannari et al. recently reported the production of water resistant 
materials based on CNSL.58 

An extensive review on the applications of modified cardanol as 
monomer for polymers has been published recently by Caillol et 
al.. Surfactants, doping agents, plasticizers59 and antioxidants60 
are among the numerous applications described in this paper.49 
It is interesting to note that most applications use cardanol with 
the saturated alkyl side chain. 

1.3.3.2.2. Biofuels61–63 
In the last fifteen years, the use of CNSL as a biofuel has been considered, particularly 
in India where the increasing demand for diesel pushes researchers to find alternatives. 
Although CNSL cannot be used pure, a blend using up to 20% of the oil with 
conventional diesel works well and has properties comparable to normal diesel. 
Beneficial effects on the emissions of hydrocarbons, CO and NOx gas were noted with 
ethanol as oxygenate additive. 

However, many parameters still need to be studied such as the long-term stability of the 
blend, the performance and the effect on engines before large-scale operation will be 
techno-economically feasible. 

O

6 6

O

Scheme 6: NC-514 
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1.3.3.2.3. CNSL and derived products as biologically active compounds 
CSNL components have been tested for their biological activity.64–66 As early as the 
40’s, chlorinated cardanol as been used as pesticide.67 

The CNSL component that was studied most for its biological activity is anacardic acid 
as it is structurally similar to salicylic acid, which is a non-steroidal anti-inflammatory 
drug. Anacardic acid has antioxidant properties and is also known to be an inhibitor for 
enzymes such as lipoxygenases.68 Anacardic acid also has antibacterial69 and larvicidal 
properties70 with a demonstrated effect on mosquito larvae. Research groups in Brazil 
and Germany have also investigated the use of anacardic acid as a cancer 
chemopreventive agent.42,71 The synthesis of macrolactones (1) and isobenzofuranones 
(2) derived from this acid has led to the development of antitumor analogues (Scheme 
7).72,73 
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Scheme 7: Biologically active compounds from CNSL 

 In 2013, Mdachi composed an extensive list of natural products with known biological 
activity that can potentially be synthesized from either anacardic acid, cardanol or 
cardol. Structures related to isocoumarins (3) and antraquinones (4) are presented.74 
Thus anacardic acid is not only a precursor but also an inspiration for synthesis and 
discovery of new drugs (5).75 

Finally, Cole-Hamilton and co-workers have converted cardanol into a hormone type 
compound. The molecules produced showed only a very weak oestrogenic response.76 
Useful kairomones77–79 with applications as tsetse fly attractants (6) have been 
synthesized from cardanol. This demonstrates the potential of CNSL, either as such or 
chemically modified, as starting material for biological application. 

1.3.3.2.4. Other products 
New hybrid materials have been developed by Vasapollo and co-workers. They 
published the synthesis of new types of porphyrins making use of the unsaturations 
present in the alkyl side chain using metathesis as the main synthetic methodology.46,80–

82 They also substituted fullerene with cardanol to obtain fulleropyrrolidine (7) with 
improved solubility (Scheme 8).46,81,83 The synthesis of oxime reagents (8) from cardanol 
has led to the synthesis of a new complexing agent used for waste effluent metal 
recovery (Scheme 8).84–86 Cashew nut shell liquid has been introduced as templating 
agent for the preparation of copper-based heterogeneous catalysts.87 Attanasi and 
Filippone prepared an easy-to-handle brominating agent (9) from cardanol with 
improved solubility in non-polar solvent due to the alkyl side chain (Scheme 8).88 
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Various researchers studied the self-assembly of cardanol and derivatives into 
nanotubes, gels and fibers. Azo derivatives of cardanol and anacardic acid have been 
used as dyes.89–91 Mahesh et al. brought azo-cardanol derivatives (10) in the field of soft 
nanomaterials and used them as photoresponsive materials to form nanospheres 
(Scheme 8).92 

N
O

O

C15H31

OH

C15H31

HON

N
H

N
H

O

O

O

O

C15H31 C15H31
NN N N

O

OH

O

HO

O

C15H31

Br Br

Br Br

7

8 9

10  

Scheme 8: Miscellaneous compounds from CSNL 

1.3.3.2.5. Conclusions 
The many existing applications of CNSL are mostly based on cardanol with the 
saturated side chain. Modifications at the phenolic moiety are usually needed before 
this oil can be used. As such, in contrast, the research on CNSL rarely takes advantage 
of the unsaturation in the C15 chain for further chemical modification. A clear issue is 
the fact that CNSL is a mixture of a monoene, a diene and a triene, each of which will 
react in a different way. Although CNSL and its components are mainly used for bulk 
scale polymers, applications for fine chemicals start to emerge and often require several 
steps. Both the development of new catalytic chemistry as well as optimization of 
existing ones is expected to lead to a range of added value chemicals from this non-
expensive starting material with good application potential. 

1.4. Overall goal of the project  
As discussed previously, the potential of converting CNSL to value-added fine 
chemicals is far from being fully explored. In the framework of the CatchBio program‡, 
a project was set up with the aim to produce 3-hydroxy-styrene and pentadecene in a 
three steps sequence starting from cardanol (Scheme 9). The long-chain alkene may 
find use in the surfactant industry while the phenolic products could be valuable 
building blocks for the synthesis of fine chemicals such as resveratrol or pyrethroid 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
‡	   The	   CATCHBIO	   program	   is	   a	   Dutch	   mixed	   public/private	   funded	   research	   program	   (2008-‐
2016)	  that	  aims	  at	  the	  catalytic	  conversion	  of	  renewable	  resources	  into	  fuels	  and	  bulk	  and	  fine	  
chemicals.	  
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insecticides. A more elaborate application would be the synthesis of (-)-salicylihalamide 
A. The overall sequence is presented in the following scheme. 
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Scheme 9: CNSL to fine chemicals  

For the foreseen conversions, reduction of the polyene, isomerization and metathesis 
are the key catalytic transformations. As such, the latter two are discussed in more detail 
in the following paragraphs. The literature on the selective reduction of polyenes to 
monoenes will be discussed in the introduction of Chapter 2. 

1.5. Isomerization and metathesis as catalytic conversion 
tools for renewables transformation 

1.5.1. Metathesis of renewables 
The first reports on metathesis can be found back in the early 60’s. Nowadays, the 
metathesis reaction (Scheme 10) has been extensively studied and was rewarded with 
the Nobel Prize in 2005. 
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Scheme 10: Simplified scheme for the metathesis reaction 

The catalysts initially used to perform this reaction were ill-defined and generated in situ 
from metal halides and alkylating agents. For example, MoCl5/Et3Al and 
WCl6/EtAlCl2/EtOH were found to be very active in the ring-opening polymerization 
of cycloalkenes. Although high turnovers were obtained with these catalysts in the 
metathesis of unsubstituted alkenes, they are completely inhibited by the presence of 
(polar) functional groups. In addition to that, thorough purification of the substrate is 
needed because of their high sensitivity towards impurities.  

The first proposal for the mechanism of the metathesis was provided by Hérisson and 
Chauvin in the early 70’s (scheme 11). It involves a carbene exchange reaction via a 
[2+2] cycloaddition that leads to the formation of a metallacyclobutane intermediate.  

M
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R1
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R2 R3
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Scheme 11: Metathesis mechanism 

The involvement of a metal carbene directed efforts towards the synthesis of new well-
defined active catalysts. One of the first active and fully characterized metathesis 
catalysts was synthesized by Schrock and co-workers (Scheme 12, 11). Further 
developments by Schrock led to highly active molybdenum based catalysts, which are 
now commercially available (Scheme 12, 12 and 13). Later, Grubbs developed a 
second class of well-defined catalysts based on ruthenium. The first synthesized and 
fully characterized ruthenium alkylidene complexes are depicted in Scheme 12 (14 and 
15). They were followed by what is known today as the 1st generation Grubbs catalyst 
(16). The introduction of carbenes to replace one of the phosphine ligand led to the 2nd 
generation Grubbs catalysts (17), which are in many cases more active than the 
previous ones. Since then, many new catalysts have been developed by among others 
Basset (18), Hoveyda (19), Umicore (20 and 21), Piers (22) and Grela (23). They 
focused in particular on modifications of the N-heterocyclic carbene and the alkylidene 
ligand in order to improve the activity and the robustness of the complexes.  
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Scheme 12: Metathesis catalyst 

The reaction is nowadays well-documented and several books are available.93,94 
Research in this area is still continuing and numerous new books and papers are being 
published every year.95 The latest challenges in the metathesis area are related to 
selectivity issues like cis/trans selectivity. Moreover, with the development of more 
robust and active metathesis catalysts, research has turned towards the use of 
challenging biomass related substrates.22,96–98 In this respect, fats and oils are highly 
suitable substrates due to the unsaturations present in the long alkyl chain (Scheme 
13).99 Ethenolysis may be used to transform mono-unsaturated fatty compounds into a 
mixture of an alkene and an ω-alkenoic acid or ester.100 Schrekker et al. applied a 
sequence of reactions starting with the ethenolysis of different plant oils. The shorter 
triglycerides are converted to give a mixture of unsaturated ester and α-olefins. Full 
hydrogenation of the mixture led to the production of a new biogasoline rich in 
decane.101 The self-metathesis of mono-unsaturated fatty compounds has been 
extensively studied for the production of a mixture of a long internal olefin, octadecene 
being the most common, and an unsaturated diester. Apesteguía et al. used a silica 
supported Grubbs catalyst for this reaction.102 Meier et al. have shown that a better yield 
of the diester product is obtained when tri-unsaturated fatty esters are subjected to the 
metathesis reaction. This is rationalized by the formation of small olefins (hex-3-ene, 
1,4-cyclohexadiene) that can be removed by distillation during the process and thus 
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shift the equilibrium towards full conversion.103 In addition to ethylene, other reagents 
may be used for cross-metathesis reactions. The chain length of the alkene can be tuned 
depending on the alkene partner used (e.g. butenolysis104). Shorter diesters are obtained 
from the reaction of oleate with methyl acrylate.105 Various unsaturated substrates 
(alcohol, nitrile, amine, etc) can be used as cross-metathesis partner and provide an 
almost infinite spectrum of products from plant oils. With the perspective to control 
chain length, an isomerizing olefin (cross-)metathesis strategy was developed by 
Goossen et al. to access defined distributions of unsaturated compounds from fatty 
substrates.106 
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Scheme 13: Different metathesis reactions of linoleate esters 

Both olefins and diesters produced from plant oils and derivatives are of great interest 
for the polymer and surfactant industries. For example, a diester monomer can be 
hydrogenated to the related dialcohol or converted to the corresponding diamine. 
Reaction of the diamine or the diol with the diester allows the synthesis of 100% bio-
based polyesters and polyamides.107,108 Other products for the fragrance industry may 
be derived from sunflower oil by using metathesis methodology, as demonstrated by 
Mol. 109  

Diene monomers synthesized from renewables resources have been used in ADMET 
polymerization to produce new materials.110,111 For example, a phosphorous-containing 
vegetable oil-based diene was converted to a material with good flame retardant 
properties.112 This strategy has even been applied to a triene, which led to branched 
polymers.113  

Although most of the metathesis work in the biomass field has been performed on plant 
oils, other bio-renewable resources have also been used. Examples are terpenes, 
molecules generally having multiple double bonds. Wojtkielewicz and co-workers 
studied the ethenolysis of β-carotene as a way to synthesize analogues of vitamin A.114 
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Ethenolysis was also applied to natural rubber and squalene and led to the synthesis of 
multiple isoprenic molecules.115 Caryophyllene and humulene have been used as 
starting materials for ring-opening metathesis polymerization.116 Another terpene, d-
limonene, played the double role of solvent and chain transfer agent for the synthesis of 
alkene macromonomers.117  

The group of Cole-Hamilton and Vasapollo used metathesis methodology as tool for 
the conversion of CNSL components to fine chemicals (Scheme 14 and Chapter 
3).77,78,81 

 

Scheme 14: Synthesis of novel cardanol based porphyrins via cross metathesis. Reprinted 
from 82, Copyright 2008, with permission from Elsevier 

1.5.2. Double bond isomerization 
The first observations of double bond isomerization were reported back in the 
beginning of the 19th century. In 1953, Dunning wrote a review covering olefin 
isomerization in its broadest sense (double bond shift, cis/trans and skeletal 
isomerization).118 A list of catalysts was presented including inorganic acids, aluminas, 
silicas and metal oxides. Even though the real nature of the catalyst was not fully 
understood, Dunning already mentioned that metal compounds in the presence of 
hydrogen were efficient catalysts for double bond isomerization and mechanisms were 
already discussed. In the following fifteen years, the number of publications on this 
topic dramatically increased. Between 1969 and 1970, Reimlinger and Hubert 
published an extensive review in two parts. It focuses only on the migration of olefinic 
double bonds and a wide range of catalysts like acid, base, homogeneous and 
heterogeneous catalysts are covered.119,120 During this period, particular attention was 
paid to transition metal catalyzed double bond isomerization and the different 
mechanisms of this reaction.121,122  

In many processes, isomerization is considered an unwanted side reaction causing 
selectivity issues, particularly in the hydrogenation of fatty acid derivatives,123–126 
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metathesis127–132 and polymerization reactions. However, the potential of this reaction 
for example to access remote internal double bonds for further transformations or to 
achieve selective transformations of isomeric mixtures was recognized early on. With 
the mechanism nowadays well understood researchers developed more efficient and 
well-defined catalysts133 and focused on the development of selective 
transformations.134–136  

1.5.2.1. Mechanism 
As early as in the 40’s, investigations on the isomerization mechanism were carried 
using nickel catalyst in the presence of hydrogen. First described as a dissociative 
mechanism by Farkas,137 it was then demonstrated by Twigg that an associative 
pathway is most likely.138 This was even before the π-allyl mechanism and the hydride 
mechanism were mentioned in a review written by Bond, Orchin and Cramer in 1966 
on homogeneous catalysis by transition metal complexes.121,122,139 Both mechanisms are 
depicted in Scheme 15. 

1.5.2.1.1. The hydride/alkyl mechanism or 1,2-hydrogen shift 
In this mechanism, a metal-hydride bond and a vacant coordination site are necessary 
for the isomerization to proceed. In the first step, the alkene binds to the metal center, 
followed by insertion of the double bond into the M-H bond (Scheme 15a). This can 
happen in either a Markovnikov or an anti-Markovnikov manner. The ratio between 
the two, in the absence of electronic effects, is determined by the steric bulk around the 
metal center. This step leads respectively to M-alkyl A or B. The next step is a β-
hydride elimination, which releases the unsaturated moiety. In the case of metal-alkyl 
B, the terminal olefin is generated back; this is considered as non-productive catalysis. 
From the metal-alkyl A, either the terminal olefin or the cis- or trans-2-alkene may be 
generated which in the next step will dissociate from the metal center. Although the 
cis/trans ratio is initially dependent on the nature of the catalyst, the final output of the 
reaction is driven by thermodynamics and the trans isomer is usually obtained in large 
excess. 

1.5.2.1.2. The allyl mechanism or 1,3-hydrogen shift 
In this second mechanism, the metal center should contain two vacant sites without a 
M-H bond (Scheme 15b). These species are generally not stable and are assumed to be 
generated in situ by release of one or two labile ligands. After coordination of the alkene, 
oxidative addition of the aliphatic C-H bond in the allylic position produces a metal η3-
allyl hydride species. The last step is a reductive elimination where the hydride is 
transferred either to its original position to give the same alkene (non-productive cycle) 
or to the γ position to produce the internal alkene. 

Other mechanisms have been proposed for the alkene isomerization reaction. An 
example is a radical mechanism encountered in particular with cobalt complexes.140–143 
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Scheme 15: Alkene isomerization: a) alkyl/hydride mechanism; b) allyl mechanism 

1.5.2.2. Homogeneous metal catalysts 
Examples of homogeneous catalysts that can perform the isomerization reaction are 
known with close to every metal of the periodic table. However the most commonly 
found are the transition metals palladium, ruthenium and rhodium.  
In the early days of catalysis, isomerization was observed as a side reaction in different 
processes, particularly when the catalytically active species were generated in situ from 
precursors. For example, isomerization encountered in hydroformylation reactions 
comes from the formation of a Rh-H bond by reaction of the metal precursor with 
hydrogen gas. 144 In the methoxycarbonylation reaction, the palladium hydride 
responsible for the double bond shift is formed by the addition of the acid co-catalyst.144 
Finally, degradation of metathesis catalysts either due to thermal reactions or the 
presence of contaminants is believed to induce the isomerization reactions. 127,130,131 H2, 
acids and alcohols145 are not the only co-catalysts that can generate metal hydrides. 
Others includes LiAlH4,146,147 BH3.THF,148 sodium naphthalene136 and Grignard 
reagents.149,150 
Metal carbonyls Mx(CO)y are another class of catalyst precursors used in isomerization 
reactions. Iron carbonyl is by far the most studied catalyst135,151–158 but other transitions 
metals such as Ru,159–162 Cr,163 W,163,164 Mo,163 have also been used for this 
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transformation. Isomerization with these precursors is usually photochemically or 
thermally initiated by the loss of a carbonyl ligand and generally proceeds through the 
allyl mechanism. 
Although the in situ preparation of isomerization catalysts is better controlled nowadays, 
the use of well-defined catalysts is often preferred, particularly for elucidation of the 
reaction mechanism. Much research has been published in this area and the reader is 
referred to a recent review by Mazet et al.. 133  
Well-known and generally the first to be tested for this transformation are ruthenium 
hydride species of the RuHCl(CO)(PPh3)3 type.165–167 Mazet highlighted that even 
though a hydride mechanism is expected with the hydride precursors, this is not always 
the case and the isomerization may proceed via an allyl mechanism.168 Isomerization is 
still drawing attention of many researchers and new types of highly active catalysts, 
based on the family of pincer complexes and bifunctional complexes (with a ligand 
playing the role of an internal base, see chapter 3) have been prepared.134,168–172 

1.5.2.3. Isomerization of biomass related compounds 
The isomerization of biomass based substrates mainly deals with naturally occurring 
oils. As in many cases, isomerization has first been observed as side reaction in the 
hydrogenation of fats.126 

In fatty acid derivatives with multiple carbon-carbon double bonds, isomerization leads 
to the formation of the conjugated dienes. Historically, conjugated fatty acid derivatives 
have been used as additives in paints, varnishes and inks due to their good drying 
properties and the toughness they impart. The high reactivity of the conjugated double 
bond towards polymerization has increased the interest of the bio-plastic industry.173 In 
1987 it was shown that conjugated linoleic acid (CLA) has several beneficial effects on 
health such as anti-carcinogenic and anti-inflammatory properties.174 It is also known to 
reduce body fat mass in animals and is supposed to have the same effect on the human 
body.175 Conjugation has been effected by heterogeneous, homogeneous and bio-
catalysis.176 Homogeneous transition metal catalysis have been widely used for this 
transformation with very good results.169,177 

Even though it was already studied in the 60’s, the isomerization of monounsaturated 
fatty compounds is of moderate interest as it leads to mixtures of positional isomers.178 
Double bond isomerization towards conjugation with the ester/acid moiety has been 
performed with inorganic acids,179 iodine or Fe(CO)5157 as catalysts.  

However, even though isomerization alone is rarely desirable, its combination with a 
second and even a third reaction is increasing the potential of this transformation. The 
possibility to access remote internal double bonds and to bring them into a specific 
position for selective transformations has led to the development of an important array 
of tandem reaction also using biomass feedstocks.96  
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Hydroformylation and further reduction to the alcohol, methoxycarbonylation, 
hydroboration and trialkylsilylation180 have been selectively performed on the double 
bond, which was moved to the terminal position via an isomerization reaction (Scheme 
16, A-D and H). (Aza)-Michael additions and lactonisation become possible when the 
unsaturation is brought into conjugation with the acid/ester function (Scheme 16, E-
G). 
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Scheme 16: Products synthesized from oleic acid or ester by tandem reactions involving 
isomerization 

Goossen et al. recently reported an isomerizing metathesis to access well-defined 
mixtures of mono- and di-unsaturated ester and olefins. Cross-metathesis with a precise 
choice of substrates allows tuning of the output of the reaction and the latter may be 
predicted using a simulation program (Figure 2).  
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Figure 2: Calculated distributions for the metatheses of dodecene and a 1:1 
octadecene/hexene mixture (left). Comparison of the chain-length distribution of the olefin 
fraction from oleic acid isomerizing self-metathesis and cross-metathesis with (E)-3-
hexenedioic acid (right). Adapted with permission from 106. Copyright 2012 American 
Chemical Society. 

1.6. Conclusions 
The catalytic conversion of biomass into valued added chemicals is highly important to 
enable the move towards a more sustainable bio-based economy. Even though several 
processes are already running at an industrial scale, biomass still remains a challenging 
substrate for catalytic transformations. Often selectivity and rate need to be improved to 
allow the industrial use of these reactions. The potential of many renewable feedstocks 
from waste streams is not fully exploited and further efforts are needed in this direction. 
As we will see in the following chapter, there is ample room for the development of new 
catalytic, efficient and selective reactions for biomass based substrates for products with 
interesting applications. 
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1.7. Thesis overview 
This thesis deals with the development of new catalytic transformations for the 
conversion of CNSL towards value added fine chemicals. Next to this main topic, the 
development of catalytic methodologies for the conversion of carbon-carbon double 
bond containing substrates is reported. 

In Chapter 2, a catalytic transfer hydrogenation reaction has been developed to 
convert selectively polyene mixtures of cardanol and anacardic acid into the 
corresponding monounsaturated compound. This methodology has also been applied 
to linoleic acid and alcohol derived substrates. 

In Chapter 3, we used the isomerization reaction to obtain a single conjugated 
product from positional isomeric mixtures of cardanol and anacardic acid. Besides, we 
studied, on these substrates, tandem processes such as isomerization/metathesis or 
isomerization/lactonization in order to produce valuable hydroxystyrene type 
molecules. 

In Chapter 4, the isomerization/metathesis tandem concept has been applied for the 
production of oligo-/polymers from linear alkenes. The catalyst selectivity for the 
metathesis of terminal versus internal alkenes is also discussed. 

In Chapter 5, we examined the ability of a ruthenium based pincer complex to 
isomerize carbon-carbon double bond containing substrate. 

In Chapter 6, the oxa-Michael addition reaction to unsaturated nitriles catalyzed by a 
ruthenium PNN pincer complex has been developed. NMR experiments and DFT 
calculations are described for the study of the reaction mechanism.  
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Chapter 2  

Selective Conversion of Polyenes to Monoenes by 
RuCl3-Catalysed Transfer Hydrogenation 

The Case of Cashew Nut Shell Liquid 

Perdriau, S.; Harder, S.; Heeres, H. J.; de Vries, J. G. ChemSusChem 2012, 
5, 2427–2434. 

 
 

 

Cardanol, a constituent of cashew nutshell liquid (CNSL), was subjected to transfer 
hydrogenation catalyzed by RuCl3 using isopropanol as a reductant. The side chain of 
cardanol, which is a mixture of a triene, a diene, and a monoene, was selectively reduced to the 
monoene. Surprisingly, it is the C8-C9 double bond that is retained with high selectivity. A 
similar transfer hydrogenation of linoleic acid derivatives succeeded only if the substrate 
contained an aromatic ring, such as a benzyl ester. TEM and a negative mercury test showed 
that nanoparticles are not involved in the catalysis. By using ESI-MS, ruthenium complexes 
were identified that contained one, two, or even three molecules of substrate, most likely as allyl 
complexes. The interaction between ruthenium and the aromatic ring determines selectivity in the 
hydrogenation reaction. 
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2.1. Introduction/Project goal 
The dwindling supplies of fossil feedstocks forces us to search for alternative and 
preferably renewable resources as raw materials for fuels and chemicals. Oleochemicals 
are seen as one of the raw materials of the future, not only for the production of 
biodiesel, but also to convert them into bulk and fine chemicals.1 For example, 
ethenolysis of mono-unsaturated fatty esters leads to alkenes, useful for the polymer 
industry, and alkenyl esters whereas homometathesis leads to the formation of diesters.2 
Isomerising methoxycarbonylation of these same substrates also produces diesters, 
which can be further reduced to the diols. Combination of these two products gives 
polyesters entirely obtained from biomass.3–5 

Among the available oleochemicals, cashew nut shell liquid (CNSL) has been 
underutilised as a raw material. This oil is directly obtained from the shell of the cashew 
nut. It is a mixture of mainly three phenolic compounds namely cardol, cardanol and 
anacardic acid (Scheme 1 and Figure 1). Each of these phenols is meta-substituted by a 
fifteen carbon linear chain that has one, two or three double bonds that are separated 
by one methylene group. A few percent of the compound with a fully saturated side 
chain is also present. This natural resin has been widely studied and its composition as 
well as the structure of the individual molecules have been completely clarified thanks 
to the extensive work of Tyman since the early seventies.6,7 Upon heating CNSL, the 
anacardic acid undergoes decarboxylation and the mixture thus obtained is known as 
technical CNSL; it consists of cardanol and cardol in a roughly 3:1 ratio. Cardanol may 
be obtained pure from this mixture by vacuum distillation.  

 

Figure 1: HPLC trace for crude CNSL: 1a-d = Cardanol; 2 = Anacardic Acid; 3 = Cardol  

Several applications of CNSL are known (Scheme 1). Most of these are as monomer or 
as additive in coatings, in break lining material, laminate resin and cement. Several 
chemical transformations of cardanol are known. Reaction with aniline and two 
equivalents of formaldehyde leads to the formation of the benzoxazine, which can be 
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used as precursor for polymers with good flame retarding properties.8 Phosphate esters 
of cardanol have been studied for their antioxidant properties.9 Conversion of the fully 
saturated cardanol into a 4-thiaflavane resulted in amphiphilic behaviour; this 
compound was proposed as a new bio-based antioxidant.10 The development of new 
hybrid materials from the combination of cardanol and natural fibres as well as the 
conversion of cardanol into fine chemicals has been reviewed by Mele and Vasapollo, 
with a particular emphasis on metathesis reactions.11,12 

 

Scheme 1: From natural CNSL to Cardanol: a) 145°C, 1-2 h; b) 198°C, 1.3 mbar.  

Thus far, all commercial applications use CNSL as such. No applications are known for 
the pure constituents. Unfortunately, renewable resources are often present as mixtures 
in nature, as in the case of cardanol. As such, problematic purification steps to obtain 
higher added value products are often required. Often, the standard procedures such as 
distillation, chromatography, crystallization and extraction are not suitable, due to the 
fact that the components of the mixture show very similar physical properties. We 
believe that in such a case catalysis may be a better tool towards the desired goal. 

It might be very useful, for example, to selectively reduce a mixture of polyunsaturated 
oleochemicals to a single unsaturated compound. Extensive work has already been 
performed using supported metals as catalysts and molecular hydrogen as reducing 
agent. Most of this work has been driven by the desire to develop a biodiesel, which is 
less prone to oxidation, yet retains a low enough melting point. Fine tuning of the 
catalyst loading, the pressure, the temperature and other parameters is usually needed 
to get acceptable selectivity towards the monoene13–16. McArdle et al. managed to 
hydrogenate a doubly unsaturated fatty methyl ester into the monounsaturated 
analogue using a Pd/Al2O3 catalyst resulting in less than 10% of the fully saturated 
compounds upon full conversion.17 Bouriazos et al. studied the biphasic Rh/TPPTS 
system (TPPTS = P(C6H4SO3Na)3 for the hydrogenation of methyl linolenate and 
obtained methyl oleate with 79% selectivity, the other products being the starting 
material, the methyl linoleate and the methyl stearate.18,19 Other “homogeneous” 
catalysts include Ni(acac)2/AlEt3 and Na2PdCl4; these are most likely in the form of 
nanoparticles.20–24 Here also >90% selectivity to the monoene could be reached. Using 
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pre-formed palladium nanoparticles in an ionic liquid, Suarez et al. could reduce a high 
dienoic content fatty methyl esters (FAME) mixture into monoenic FAME’s with high 
selectivity. However, at full conversion, the saturated percentage almost tripled.25 One 
of the best known systems so far is the homogeneous [(naphthalene)Cr(CO)3] catalyst 
which can reduce 1,4 and 1,3 fatty ester dienes into mononenes with complete 
selectivity towards the latter at full conversion.26,27 

Transfer hydrogenation reactions have also been used with heterogeneous transition 
metal catalysts and formic acid salts as hydrogen donors to hydrogenate a 
polyunsaturated FAME mixture. The selectivity for the monoene products was as high 
as 89% and the saturated FAME’s increased from 3 to 6%.28 

Based on our interest to obtain single compounds from CNSL, we investigated several 
homogeneous, heterogeneous and nanoparticle catalysts with the aim to achieve a 
highly selective hydrogenation of cardanol to the monoene (Scheme 2). To the best of 
our knowledge, the selective hydrogenation of cardanol has not been reported. 

 

Scheme 2: Selective reduction of cardanol 1 mixture to monounsaturated cardanol 1c 

2.2. Results and discussion 

2.2.1. Starting material preparation 
Different methods previously described in the literature have been attempted to prepare 
substrates from natural CNSL.7 HPLC was used to analyse the different products 
extracted as well as their polyene mixture composition (Figure 1). Cardanol was 
prepared from natural CNSL following the decarboxylation/distillation procedure 
described in Scheme 1. Anacardic acid was extracted from CNSL by forming it’s 
calcium salt which was filtered, acidified to liberate the acid and extracted again 
(Scheme 3a). Another successful method applied was silica gel column chromatography 
(Figure 2A and 3B). Anacardic is generally obtained pure in quasi-quantitative yield 
leaving a mixture of cardanol and cardol (scheme 3b). 
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A)   

B)  

C)  

D)  

Figure 2: HPLC traces of purification steps; A) Column chromatography first elution, B) 
Chromatography second elution, C) After decarboxylation, D) After vacuum distillation 
(1a-d = Cardanol; 2 = Anacardic Acid; 3 = Cardol) 
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The decarboxylation/distillation of CNSL allows obtaining relatively pure cardanol 
though at the expense of the yield (Scheme 1, Figure 2C and 3D). Moreover, the 
“Residol” containing the cardol is contaminated with many degradation products from 
CSNL (polymers) due to the harsh distillation conditions, and is often unusable for 
further transformation. Though good yield and purity are reached for anacardic acid 
using either column chromatography or extraction techniques, these methods generally 
need high amounts of solvents. The decarboxylation/distillation and the formation of 
the carboxylate were used to respectively prepare the cardanol and the anacardic acid. 

 

Scheme 3: A) Anacardic acid purification by calcium salt formation; b) Anacardic acid 
purification by column chromatography 

2.2.2. Catalyst screening 
In order to find a selective method for the reduction of the cardanol mixture to the 
monoene a screening of homogeneous and heterogeneous transition metal catalysts was 
performed guided by the prior art described above (Table 1). Both hydrogenations and 
transfer hydrogenations were examined. The course of the reaction was followed by 
HPLC, which allowed full separation of compounds 1a-d. Two reactions were 
performed using freshly prepared ruthenium nanoparticles at 35°C and 70°C (Table 1, 
entries 2 and 3).29 Although this is an effective catalyst, selectivity of this hydrogenation 
was poor and saturated cardanol was formed right from the start (Figure 3). 

The same trend was observed using the water-soluble rhodium/TPPTS complex in a 
two-phase process. After 5 hours of reaction 20% of saturated cardanol is already 
present in the reaction mixture, which still contains unreacted triene and diene. 
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Figure 3: Hydrogenation of cardanol using ruthenium nanoparticles at 70°C 

In view of these results, we wondered whether hydrogenation with molecular hydrogen 
was the most suitable method. Rather than turning to extensive tuning of the reaction 
conditions as previously seen for example in the work of Bouriazos et al.,18 we decided 
to examine catalytic transfer hydrogenation. 

Three different transition metals supported on carbon were tested using either 
ammonium formate or a 1/1 mixture of formic acid/triethylamine as hydrogen source. 
Ru/C did not show any activity with these reductants or with iPrOH as hydrogen 
donor (Table 1, entries 5-7). On the contrary, Pd/C was highly active in this transfer 
hydrogenation with the reaction proceeding rapidly at room temperature (Table 1, 
entries 8-10). The selectivity for the monoene reached a maximum of 85% after 1h45 
and dropped dramatically with a longer reaction time (50% after 2h and 100% 
saturated cardanol after 3 h, Figure 4). Some activity was observed using Pt/C (Table 1, 
entries 11-12). Moreover, significant formation of 1d was not observed. However, the 
rate of the reaction is too low, particularly in view of the high cost of this catalyst.
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Figure 4: Transfer hydrogenation of cardanol: 10%-Pd/C, formic acid/Et3N (1eq/ 1eq), 
MeOH, 3 h, 21°C 

RuCl3 was then tested since unwanted hydrogenation activity had been reported during 
its use as isomerisation catalyst of polyunsaturated fatty acids and esters.30,31 Its use in 
conjunction with either HCO2NH4 or HCOOH/Et3N in refluxing methanol did not 
lead to any conversion (Table 1, entries 13-14). However, changing the solvent to 
iPrOH resulted in reaction and almost 80% of cardanol monoene was obtained when 
using formic acid/ triethylamine as hydrogen donor (Table 1, entry 15). Interestingly, 
removing the latter reductant from the process led to even better results leading to a 
mixture containing 89% of 1c (Table 1, entry 16). Thus, iPrOH is the actual reductant. 

In view of these promising results, we decided to investigate this catalytic system in 
more detail. 

2.2.1. Conditions screening 
The transfer hydrogenations with RuCl3 in iPrOH were run at three different 
temperatures with a 4.5 mol% catalyst loading (Table 2, entries 2-4). We observed that 
refluxing conditions were needed. A reaction performed at 50°C did not give any 
conversion. At 80°C, just below the iPrOH boiling point, polyunsaturated cardanol 
slowly starts to be converted. When the catalyst loading is reduced to 2.5 mol%, 
transfer hydrogenation is still observed even though longer reaction times are needed to 
reach a high yield of the cardanol monoene (Table 2, entry 5). Nevertheless, 64% of 1c 
is already present in the mixture after 5 h (Figure 5). 
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Figure 5: Top = starting cardanol polyene mixture; Bottom = Transfer hydrogenation 
reaction mixture after 5 h 

Finally, a test reaction over a longer period of time using a RuCl3/cardanol ratio of 1:2 
was performed to test the extent of the selectivity of this transfer hydrogenation. 
Surprisingly it was found that even after all triene and diene have been reduced full 
selectivity to the monoene is retained (entry 6). Even under these conditions, saturated 
product (1d) was not formed. This suggests the selectivity is intrinsic to the catalytic 
system rather than being caused by stronger binding of the triene and the diene to the 
catalyst, as is the case with most selective hydrogenations. The quantitative and 
selective transfer hydrogenation of the cardanol polyene mixture was obtained in 18 h 
at refluxing temperature using a 5 mol% catalyst loading (entry 7). An E/Z ratio of 
40/60 was found for the isolated cardanol monoene. 
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Table 2: Screening of conditions for the RuCl3-catalyzed transfer hydrogenation of 
cardanol 

Entry 
RuCl3 
[mol%] 

Temperature 
[°C] 

Reaction 
time [h] 

Relative composition 
[%] 
1 2 3 4 

1a ~ ~ ~ 38 17 42 3 
2 4.5 Reflux 4.5 1 6 89 4 
3 4.5 50 4.5 38 17 42 3 
4 4.5 80 4.5 29 19 48 4 
5b 2.5 Reflux 21 1 8 88 3 
6 50 Reflux 24 0 0 97 3 
7 5 Reflux 18 0 0 97 3 
a relative composition of the starting cardanol polyene mixture. b 20 g scale reaction. 
 
This transfer hydrogenation method was then tested on pure extracted anacardic acid 
and on a mixture of components like the technical CNSL, the product obtained after 
decarboxylation, and residol, the remaining residue after cardanol distillation. 
Anacardic acid was readily and selectively reduced to its monounsaturated form with 5 
mol% of catalyst in iPrOH. Technical CNSL, which is the mixture of cardanol and 
cardol was also converted to the monounsaturated compound mixture even though a 
prolonged reaction time was needed with conjugated product remaining after 30h of 
reaction. Finally, residol, the undetermined mixture of undistilled cardanol, cardol, 
polymers and impurities from cardanol distillation process, was subjected to our transfer 
hydrogenation conditions using 10 mol% RuCl3 but significant conversion was not 
observed.  

2.2.2. Catalyst precursors 
Several ruthenium (II) and (III) precursors were tested for their activity as well as the 
ruthenium (0) cluster Ru3(CO)12 (Table 3). All reactions were run with 0.5 g of cardanol 
and 2.5 mol% of the catalyst in refluxing iPrOH for 18 h. Surprisingly, only ruthenium 
halides turned out to be competent catalysts for the selective transfer hydrogenation. 
None of the other ruthenium (III) species induced conversion. Full conversion of 
polyunsaturated cardanol was obtained with Ru3(CO)12. However, its catalytic activity 
does not deal with transfer hydrogenation but with conjugation of the double bonds 
present in the triene and diene forms of cardanol. This result was confirmed with 1H 
NMR by the disappearance of the peaks corresponding to the methylenes between two 
double bonds and the appearance of new peaks in the alkene area of the spectrum. 
Ru(Me-allyl)2(COD) led to full conversion of the cardanol with conjugation of the diene 
and triene as output though some reduction was suggested by NMR. With 
RuCl2(PPh3)3 and [RuCl2(cymene)]2/AgBF4, reactions were not complete after 18 h and 
only conjugation of polyunsaturated cardanol was observed by NMR. 
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Table 3: Catalyst precursor screening for transfer hydrogenation of cardanola 

Entry Transition metal 
catalyst 

Conv. 
[%] 

Selectivity 
[%] 

Relative 
composition 
1a 1b 1c 1 

1 - - - 38 17 42 3 
2 RuCl3 100 100 0 0 97 3 
3 Ru(acac)3 0 - 38 17 42 3 
4 K2RuCl5·xH2O 0 - 38 17 42 3 
5 RuBr3·xH2O >99 100 0 4 94 2 
6 Ru(NH3)6Cl3 0 - 38 17 42 3 
7 Ru(NO)(NO3)3 0 - 38 17 42 3 
8 Ru3CO12b >99 0 - - - - 
9 RuCl2(PPH3)3b 45 0 - - - - 
10 [RuCl2(cymene)]2/AgBF4b 30 0 - - - - 
11 Ru(Me-allyl)2(COD) c >99 - - - - - 
a general conditions: 0.5 g of 1a-d, cat. 2.5 mol%/[C=C], iPrOH 5 mL, reflux, 18 h. b only conjugation of 
polyunsaturated cardanol observed. c mainly conjugation of polyene with little  reduction observed by 
NMR ). 

2.2.3. Ozonolysis-GC/FID analysis 
As cardanol contains up to three independent double bonds that can be hydrogenated it 
is not a priori clear where the remaining double bond is positioned. In addition, 
ruthenium-catalysed isomerisation could occur during the process, which complicates 
matters further. Thus, we were interested to examine the position(s) of the remaining 
double bond in the reduced product. Ozonolysis will split the molecule at the double 
bond and examination of the fragments after reduction gives information about the 
double bond position. Thus, ozonolysis of 1c in CH2Cl2 followed by a reductive work-
up with sodium borohydride led to formation of a number of aliphatic alcohols (Scheme 
4), which were analysed by GC/FID (Table 4).  

 

Scheme 4: cardanol ozonolysis: 1) O3, DCM; 2) NaBH4 

We were surprised to observe retention of the most internal double bond to the extent 
of 64% (Table 4, Entry 2). We expected the terminal double bond of the triene to be 
hydrogenated first as it is the most reactive. However, little difference in reactivity was 
expected between the two remaining internal alkenes. One possible explanation could 
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be that the phenol function is coordinating to ruthenium thus influencing the selectivity 
of the hydrogenation. 

Table 4: Alcohol composition by GC-FID analyses after ozonolysis/NaBH4reduction of 
cardanol and derivatives before and after transfer hydrogenationa 

Entry Substrates 
Relative linear primary alcohol composition [%] 
C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 

1 1a-d 18 2 1 79 - - - - - - - 
2b 1c 5 12 11 64 6 2 1 - - - - 
3b 4c 3 6 8 62 18 2 1 - - - - 
4b 5c 4 7 8 73 7 1 1 - - - - 
a methanol and propanediol are not included in calculation of the relative alcohol composition. b No 
propanediol detected. 

2.2.4. Ru-phenol interaction 
Considering the surprising selectivity for the C8-C9 double bond position, we decided 
to investigate a possible interaction between the hydroxyl function of the cardanol and 
the ruthenium. Three derivatives of cardanol were synthesized (Scheme 5). The 
methoxy derivative (4a-d) was made with the aim to block it from acting as an anionic 
ligand to ruthenium. Bulkier tert-butoxy (5a-d) and TBDPS (6a-d) derivatives were 
designed to stop not only this type of bonding but also to exclude Ru-O coordination. 

 

Scheme 5: Cardanol derivatives: tert-butoxy (5), methoxy (6), TBDPS (7) 

A standard transfer hydrogenation reaction was performed with all derivatives and the 
products were analysed by NMR and ozonolysis. The results are summarised in Table 
5. No conclusion could be derived from the experiment with tert-butoxy cardanol 5a-d 
since the latter was not stable under the reaction conditions (entry 1). The addition of 
base to avoid the unwanted deprotection led to conjugated products only (entries 2-3). 
As similar results were obtained with the unfunctionalised cardanol mixture in the 
presence of base, it seems that the addition of base is killing the catalyst activity for 
transfer hydrogenation. This result is surprising if we consider that most known 
homogeneous transfer hydrogenation processes are accelerated by or even depend on 
the presence of bases such as potassium tert-butoxide. The transfer hydrogenation of 4a-
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d and 6a-d led to selective formation of the monounsaturated product in both cases 
(entries 4-5). Thus the phenol function is not important for the activity and the 
selectivity of the catalyst. Ozonolysis of the products showed that also in this case the 
double bond at C8-C9 is largely retained. This seems to exclude oxygen coordination to 
ruthenium as the origin of the selectivity. However, it is still possible that ruthenium 
binds to the π-system of the aromatic ring. 

Table 5: Selective transfer hydrogenation of cardanol derivatives 5-7 

Entry 
Cardanol 
derivative 

RuCl3 
[mol%] Time [h] Base Result 

1 5a-d 5 18.5 - 
deprotection of 
cardanol 

2 5a-d 5 22 
K2CO3 
a 

conjugated products 

3 1a-d 5 22 
K2CO3 
a 

conjugated products 

4 4a-d 6 18 - monoene 
5 6a-d 5 21 - monoene 
a 4eq/RuCl3 
 
2.2.5. Scope of the reaction 
An obvious extension of the substrate scope of the reaction would be the use of 
polyunsaturated fatty acid derivatives such as esters or alcohols. A first series of 
reactions was carried out using linoleic acid, its methyl ester and linoleyl alcohol. 
Unfortunately, these first attempts were not successful, leading generally to conjugation 
of the double bonds and esterification or transesterification with iPrOH in the case of 
the fatty acids and esters. Also with these substrates, addition of a base, such as 
potassium carbonate or triethylamine, led to formation of the conjugated diene only, 
even though esterification was stopped. These results and a comparison of these 
substrates with cardanol made us again wonder about the role of the aryl ring. 

Thus, three benzyl derivatives of linoleic acid (Scheme 6, 7-9) and two derivatives of 
linoleyl alcohol (Scheme 6, 10-11) were synthesized with the purpose to test the 
influence of the arene on the product selectivity. These five compounds were subjected 
to our standard transfer hydrogenation protocol. The p-methoxy benzyl fatty ester 
(Scheme 6, 7) turned out not to be stable under the reaction conditions (Table 6, Entry 
1). Partial removal of the p-methoxy benzyl function was observed leading to the 
formation of linoleic acid and linoleic isopropyl ester as by-products. Moreover, diene 
conjugation was observed similar as with linoleic acid and its methyl ester. Again, 
addition of base only served to stop all transfer hydrogenation activity, although there 
was a difference between the use of triethylamine and potassium carbonate (Table 6, 
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entries 2-3). The first base led to full conversion of the starting material into conjugated 
products, whereas no conversion was obtained using potassium carbonate. 

 

Scheme 6: Linoleic acid and linoleyl alcohol derivatives 

With the other four substrates (Scheme 6, 8-11) selective hydrogenation of the diene 
into a mixture of monoene species was successfully performed (Table 6, entries 4-7). 
These experiments confirm that the presence of an aromatic ring in the substrate is a 
prerequisite for this transfer hydrogenation reaction. In all cases, close to full conversion 
was obtained with good selectivity for monoene. The second product observed was the 
conjugated diene, which suggests a mechanism where the first step is the conjugation of 
the double bond and the second is the transfer hydrogenation to produce the monoene.  

Table 6: Selective transfer hydrogenation of linoleic acid and linoleyl alcohol 
derivativesa 

Entry Substrate Base Conversion 
[%] 

Monoene 
[%] Observations 

1 7 ~ 64 ~ 
deprotection of p-
methoxybenzyl linoleate  
and conjugation products 

2 7 Et3N 100 ~ conjugation product only 
3 7 K2CO3 0 ~ starting material 
4 8 ~ 100 95 - 

5 9 ~ 97 85 conjugated products 
observed in 1H NMR 

6 10 ~ < 99 83 conjugated products 
observed in 1H NMR 

7 11 ~ < 99 77 conjugated products 
observed in 1H NMR 

a RuCl3 = 5 mol%, iPrOH, reflux, 18 h. 
 

The selectivity for a specific position was also tested by performing ozonolysis on the 
products of the reactions with 8 and 11. The GC/FID analysis of the ozonolysis 
products did not show any selectivity for a specific double bond. The full range of linear 
alcohols was obtained from butanol to tridecanol indicating that isomerization is also 
taking place during the process. However, the most prevalent alcohol corresponds to 
the starting position of the double bond or to the one position isomerization of this 
double bond. 
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2.2.6. Homogeneous, nanoparticles or heterogeneous? 
In order to get more insight into the character of the catalytic species and the 
mechanism for the reaction, a number of additional experiments with a range of Ru 
based catalysts was carried out.  

Sasson et al. recently demonstrated that the true catalysts in transfer hydrogenation 
reaction from alcohols to ketones are ruthenium (0) nanoparticles that are formed 
through reduction of RuCl2(PPh3)3 or RuCl3 by the alcohols.32 Our first expectation was 
indeed that ruthenium nanoparticles or even ruthenium black would be formed in these 
reductions. However, this is at odds with the finding that pre-formed ruthenium 
nanoparticles are not selective in this reaction. Also highly surprising is the fact these 
reactions do not turn black, not even at the end of the reaction. Instead we observe a 
homogeneous bright orange solution in which no particles were visible by the naked 
eye. Moreover, running a reaction without cardanol present led to a dark blue solution 
with precipitation of black particles. This difference clearly indicates the key role of the 
substrate in the formation of the catalytic species. To further exclude the possibility of 
the involvement of ruthenium nanoparticles or ruthenium black, we performed the 
reaction in the presence of a large excess of mercury (Hg/Ru = 535) under vigorous 
stirring for 16 h. As HPLC analysis showed a cardanol mixture composed of 89% of 
monoene, this mercury test is clearly negative. Furthermore, submitting samples of the 
reaction mixture to TEM after the reaction did not bring any evidence of well-dispersed 
nor aggregated nanoparticles. 

Finally, a reaction performed with Ru/C did not show any activity for the transfer 
hydrogenation, which also confirms the presence of a homogeneous active species.33  

In an attempt to isolate and characterise the catalyst species we evaporated all volatile 
material. Unfortunately this led to a rapid decomposition of the transition metal 
complex(es) present and a dark oil remained suggesting formation of ruthenium black. 
In view of these difficulties to isolate the active species from the reaction mixture, we 
considered ESI-MS analysis. A sample was taken after 18 h of reaction and directly 
injected in the spectrometer. Relevant masses present on the chromatogram were 
associated to respective chemical formulas after comparison of both the exact mass and 
the isotopic pattern with the simulated ones. Mono ruthenium complexes bearing one, 
two or three cardanol molecules as ligands were detected leading us to propose 
structures for the possible catalytic species. We propose that the observed species in the 
ESI-MS correspond to cationic ruthenium allyl complexes where the cardanol plays the 
role of the ligand to stabilize these species (Figure 6). It is of course possible that these 
complexes are neutral chloride complexes in reality. The observed selectivity is 
probably related to the ring size as shown in the mono-cardanol complex.  
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a)  

b) c)                                         

 

 

 

 

 

       d)   e)  

 

 

Figure 6: Proposed structure for in situ formed catalysts (d and e) based on mass 
spectrometry analysis (a to c) 
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2.3. Conclusions 
We here describe a highly selective method for transfer hydrogenation of 
polyunsaturated cardanol into the monoene. An in situ homogeneous catalyst is formed 
by reduction of ruthenium (III) halides with iPrOH. We demonstrate that the arene 
moiety is crucial for activity and selectivity, whereas the hydroxy function does not 
seem to be essential. This finding is confirmed by the successful selective transfer 
hydrogenation of benzyl ester and phenyl ether derivatives of fatty acids and alcohols. 
We propose the involvement of a homogeneous ruthenium catalyst in which the 
starting material acts as a ligand rather than a heterogeneous catalyst.  

2.4. Experimental section 

2.4.1. General considerations 
Unless otherwise stated, reactions were run under nitrogen atmosphere using standard 
techniques for manipulating air-sensitive compound. CNSL origin is Indonesia. The oil 
is a mixture of 57 % anacardic acid, 25 % cardol and 18% cardanol (NMR). iPrOH 
and MeOH were dried on CaH2 and distilled prior to use. Distilled water was 
previously deoxygenated using an ultrasound bath and performing vacuum-nitrogen 
cycles. 1H, 19F, and 13C NMR spectra were recorded with a Varian AMX400 (400 and 
100.59 MHz, respectively). All chemical shift (δ) are reported in ppm and coupling 
constants (Ј) in Hz; All chemical shifts are relative to solvents peaks [chloroform: 7.26 
(1H), 77.00 (13C)], respectively. All measurements were carried out at room temperature 
unless otherwise stated. Mass spectra were recorded with an LTQ Orbitrap XL (ESI+). 
Reversed phase-HPLC analyses were performed on a Shimadzu LC-10AD VP HPLC 
using a SUPELCOSIL™ LC-18 Column and a SPD-M10 AVP detector. The mobile 
phase system used was acetonitrile-water-acetic acid (80:20:1). GC-FID was performed 
on an HP 5890 series II. Unless otherwise stated, commercial reagents were used 
without purification. 

2.4.2. Starting material preparation and analysis  

2.4.2.1. Cardanol polyene mixture (1a-d) 

 
Cardanol 1 was obtained as a polyunsaturated and saturated mixture from natural 
CNSL following to literature procedure.7,34 A first decarboxylation of the natural CNSL 
was performed heating the oil at 145°C during 1 h. The resulting mixture was directly 
distilled under vacuum. Cardanol, 40% yield, was obtained at 198°C under 1.3 mbar 
with less than 5% cardol impurities (1H NMR). Percentage of each poly-, mono-, and 
unsaturated cardanol was determined by HPLC with a UV detector at 280 nm. Since 
the double bonds of unsaturated cardanol are non-conjugated, the UV absorbance is 
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mainly due to the phenolic function. Therefore, each cardanol species possesses 
identical UV absorbance, allowing us to determine the ratio of each compound.7,34 The 
composition of distilled cardanol was found to be 38/17/43/2; 
triene/diene/monoene/saturated. Each peak was identified by LC/MS. Results were 
in accordance with literature.6  

1H NMR (400 MHz, CDCl3) δ = 7.14 (t, J = 7.7, 1H), 6.75 (d, J = 7.6, 1H), 6.65 (s, 
1H), 6.64 (m, 2H), 5.82 (tdd, 0.3H), 5.48 – 5.29 (m, 2.8H), 5.05 (m, 0.3H), 4.99 (m, 
0.3H), 4.61 (s, 1H), 2.87 – 2.75 (m, 1.75H), 2.55 (t, J = 7.8, 2H), 2.09 – 1.95 (m, 3H), 
1.59 (m, 2.3H), 1.42 – 1.22 (m, 13H), 0.91 (t, J = 7.3), 0.89 (t, J = 6.9). 
13C NMR (101 MHz, CDCl3) δ = 155.5, 145.1, 145.1, 137.0, 130.6, 130.3, 130.2, 
130.1, 130.0, 129.6, 129.5, 128.4, 128.2, 127.8, 127.0, 121.2, 115.5, 114.9, 112.7, 79.5, 
36.0, 32.0, 31.7, 31.4, 30.0, 29.9, 29.9, 29.8, 29.6, 29.6, 29.5, 29.5, 29.4, 29.2, 27.4, 
27.4, 25.8, 25.8, 23.0, 22.9, 14.3, 14.0. 
 

2.4.2.2. cis-Cardanol mononene reference (1c) 

 
Reference material of the monounsaturated cardanol was obtained by preparative 
HPLC from the cardanol polyene mixture. 

1H NMR (400 MHz, CDCl3) δ = 7.14 (t, J = 7.7, 1H), 6.75 (d, J = 7.6, 1H), 6.70 – 6.58 
(m, 2H), 5.36-5.33 (m, 2H), 4.61 (s, 1H), 2.55 (t, J = 7.5, 2H), 2.09 – 1.92 (m, 4H), 1.67 
– 1.51 (m, 2H), 1.41 – 1.20 (m, 16H), 0.88 (t, J = 6.9, 3H). 
13C NMR (101 MHz, CDCl3) δ = 155.4, 144.9, 129.9, 129.8, 129.3, 121.0, 115.2, 
112.4, 105.0, 35.8, 31.8, 31.2, 29.7, 29.4, 29.3, 29.2, 29.0, 27.2, 27.2, 22.6, 14.1. 
HRMS (ESI-, m/z): calcd for C21H33O [M-H]-: 301.2526, found 301.2527 

2.4.2.3. Anacardic acid polyene mixture (2a-d) 
To a solution of 51 g of CNSL in 5%-aqeous methanol was added portion wise 31.5 g 
of Ca(OH)2. The brown suspension was stirred 2h30 at 55°C then 16h at ambient 
temperature. The brown solid was then filtered and washed with 200 mL of MeOH. 
The off-white cake was dried in a vacuum oven at 55°C, 100 mbar for 3h to give 59.9g 
of calcium anacardate. The solid was suspended in 200 mL of iced distilled water and 
50 mL of 30%-HCl was added. The suspension was stirred 1h30 at ambient 
temperature and then extracted with AcOEt. The combined organic layers were dried 
on sodium sulfate, filtered and evaporated under vacuum to give 29.1 g of 
polyunsaturated anacardic acid as brown viscous oil. Yield 95%. 
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1H NMR (400 MHz, Chloroform-d) δ = 11.03 (s, 1H), 7.36 (t, J = 7.9, 1H), 6.87 (dd, J 
= 8.4, 1.2, 1H), 6.77 (dd, J = 7.5, 1.2, 1H), 5.81 (ddt, J = 16.5, 10.1, 6.2, 0.35H), 5.56 – 
5.24 (m, 3H), 5.04 (dq, J = 17.2, 1.9, 0.7H), 4.98 (dq, J = 10.2, 1.7, 0H), 2.97 (t, J = 
7.7, 2H), 2.89 – 2.70 (m, 3H), 2.03 (dq, J = 15.0, 8.0, 7.1, 4H), 1.60 (p, J = 7.4, 2H), 
1.47 – 1.17 (m, 17H), (0.90 t, J = 7.2 and 0.87 t, J = 7.2, 2H). 
13C NMR (75 MHz, CDCl3) δ = 178.1, 176.4, 163.9, 148.1, 137.2, 135.7, 130.8, 130.5, 
130.3, 130.2, 129.7, 128.6, 128.4, 128.0, 127.2, 123.1, 116.2, 115.1, 111.0, 61.0, 36.9, 
32.4, 32.2, 31.9, 30.2, 30.0, 29.8, 29.7, 29.4, 27.6, 26.0, 23.1, 21.5, 21.2, 14.6, 14.5, 
14.2. 

2.4.2.4. CNSL components separation by column chromatography 
A column of silica gel was prepared by mixing 250g of silica in 400 mL hexane 
containing 15 mL of Et3N. A mixture of 40 g of CNSL and 15 mL of Et3N in 40 mL of 
hexane was loaded onto the column. The column was flushed with 2 L of 0.5%-Et3N 
AcOEt/hexane;1/3 mixture. The column effluent was evaporated to give 15.2 g of a 
Cardol/Cardanol mixture. The column was flushed a second time with 1 L of 1%-
acetic acid AcOEt/hexane;1/3 mixture. The solvents were evaporated to give 23.4 g of 
pure anacardic acid. Yield 97%. 

 

2.4.3. Synthesis of derivatives of cardanol, fatty acids and fatty alcohols  
 

O-Methyl cardanol derivative. (4a-d) 

  
A 25 mL round bottom flask was charged with the cardanol polyene mixture (3.3 
mmol), KOH (6.6mmol), MeI (3.5 mmol), polyethylene glycol 400 (3.1 mmol) and 5 
mL of dichloromethane. The reaction mixture was stirred at 21°C. Completion of the 
reaction was checked by TLC. After 2.5 h, full conversion of cardanol was observed. 
Water was added and the two layers were separated. The organic layer was extracted 
two times with dichloromethane. The organic layers were dried over sodium sulphate, 
filtered and evaporated to give 1.6 g of brown crude oil. Purification was performed by 
silica gel column chromatography using gradient elution for hexane to ethyl 
acetate/hexane-1/10. 1 g of the product was obtained as light yellow oil. Yield: 85%.  

1H NMR (400 MHz, CDCl3) δ = 7.12 (t, J = 7.4 1H), 6.71 (d, J = 7.7, 1H), 6.66 (m, 2H), 5.82 – 
5.68 (m, 0.24H), 5.43 – 5.20 (m, 2.9H), 5.02 – 4.88 (m, 0.49H), 3.73 (s, 3H), 2.80-2.65 (m, 
1.6H), 2.51 (t, J = 7.8, 2H), 1.96 (td, J = 12.3, 6.3, 3.6H), 1.59 – 1.48 (m, 2H), 1.37 – 1.13 (m, 
14H), 0.83 (m, 2.1H).  
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13C NMR (101 MHz, CDCl3) δ = 159.8, 144.8, 144.7, 137.0, 130.6, 130.3, 130.1, 130.1, 130.0, 
129.5, 129.3, 128.3, 128.2, 127.8, 127.0, 121.0, 114.9, 114.4, 111.0, 106.7, 55.4, 55.3, 36.2, 
32.0, 31.7, 31.6, 30.0, 29.9, 29.9, 29.8, 29.6, 29.5, 29.4, 29.2, 27.4, 27.4, 25.9, 25.8, 23.0, 22.9, 
14.3, 14.0. 
HRMS (ESI+, m/z): calcd for C22H33O [M+H]+: 313.2526, found 313.2526; calcd for 
C22H35O [M+H]+: 315.2682, found 315.2680; calcd for C22H37O [M+H]+: 317.2839, found 
317.2836. 
 
Tert-butoxy cardanol derivative (5a-d) 

 
A three neck round bottom flask, filled with the cardanol polyene mixture (3.3 mmol) 
and 30 mL of dichloromethane was cooled down to -78°C. Isobutene was then bubbled 
into the mixture for 30 min. CF3SO3H (0.34 mmol) was added to the mixture, which 
was stirred for 3.5 h at -78°C. Triethylamine (0.7 mmol) was added and the yellow 
mixture was slowly warmed up to room temperature. Volatiles were evaporated under 
vacuum to give a yellow oil as crude product. Purification was performed by silica gel 
column chromatography using gradient elution for hexane to ethyl acetate/hexane-
1/9. 1 g of the product was obtained as light yellow oil. Yield: 85%. 

1H NMR (400 MHz, CDCl3) δ = 7.15 (t, J = 8.1 1H), 6.89 (d, J = 7.6, 1H), 6.84 – 6.78 
(m, 2H), 5.82 (ddt, J = 16.4, 10.1, 6.1, 0.29H), 5.48 – 5.29 (m, 3H), 5.09 – 4.96 (m, 
0.6H), 2.86 – 2.75 (m, 1.9H), 2.56 (t, J = 7.4 2H), 2.08 – 1.95 (m, 3.5H), 1.64-1.54 (m, 
2.4H), 1.43 – 1.21 (m, 24H), 0.95-0.85 (m, 2H). 

TBDPS cardanol derivative (6a-d) 

 
In a solution of the cardanol polyene mixture (3.3 mmol) and imidazole (4.4 mmol) in 5 
mL of dichloromethane at 0°C was added TBDPS chloride (4.2 mmol). The reaction 
mixture was allowed to warm up to room temperature and was then stirred for 2 h. The 
suspension obtained was filtered and the filtrate was evaporated. The crude product 
was purified by silica gel column chromatography using gradient elution for hexane to 
ethyl acetate. 1.6 g of the product was obtained as light yellow oil. Yield: 92%. 
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1H NMR (400 MHz, CDCl3) δ = 7.71 (dd, J = 7.8, 1.2, 4H), 7.45 – 7.31 (m, 6H), 6.97 (t, J = 
8.0, 1H), 6.67 (d, J = 7.5, 1H), 6.57 (m, 3H), 5.82 (ddt, J = 16.4, 10.0, 6.1, 0.3H), 5.49 – 5.28 (m, 
2.8H), 5.09 – 4.94 (m, 0.6H), 2.8 (s, 1.8H), 2.40 (t,J = 7.5, 2H), 2.08 – 1.97 (m, 4H), 1.46 – 1.14 
(m, 16H), 1.10 (s, 9H), 0.91 (t, J = 7.4), 0.88 (t, J = 5.2, 1H). 
13C NMR (101 MHz, CDCl3) δ = 155.7, 144.4, 135.7, 135.0, 133.4, 130.1, 130.1, 130.0, 129.0, 
127.9, 121.4, 120.1, 117.1, 35.9, 32.0, 31.3, 30.0, 29.6, 29.4, 29.3, 29.2, 27.5, 27.4, 26.8, 22.9, 
19.7, 14.3. 
HRMS (ESI+, m/z): calcd for C37H51OSi [M+H]+: 539.3704, found 539.3699; calcd for 
C37H53OSi [M+H]+: 541.3860, found 541.3850; calcd for C37H55OSi [M+H]+: 543.4017, 
found 543.3914. 
 
p-methoxybenzyl linoleate (7) 

 

To a solution of linoleic acid (1.6mmol) and p-methoxybenzylalcohol (1.8 mmol) in 5 
mL of dichloromethane at 0°C was added N,N'-dicyclohexylcarbodiimide (1.6 mmol) 
and 4-dimethylaminopyridine (0.05 mmol). The reaction mixture was allowed to warm 
up to room temperature and was then stirred for 2 days. 75 mL of ethyl acetate was 
added and the precipitate was filtered off. The filtrate was evaporated to give a yellow 
crude oil. Purification was performed by silica gel column chromatography using 
gradient elution for hexane to hexane/5%-ethyl acetate. 0.64 g of the pure product was 
obtained as colorless oil. Isolated yield: 99%. 

1H NMR (400 MHz, CDCl3) δ = 7.27 (d, J = 8.6, 2H), 6.87 (d, J = 8.6, 2H), 5.42 – 5.25 (m, 
4H), 5.03 (s, 2H), 3.79 (s, 3H), 2.75 (t, J = 6.3, 2H), 2.30 (t, J = 7.5, 2H), 2.08 – 1.97 (m, 4H), 
1.65 – 1.55 (m, 2H), 1.39 – 1.21 (m, 14H), 0.87 (t, J = 6.8, 3H). 
13C NMR (101 MHz, CDCl3) δ = 173.9, 159.8, 130.4, 130.2, 130.2, 128.5, 128.2, 128.1, 117.7, 
114.1, 66.0, 55.4, 34.5, 31.7, 29.8, 29.5, 29.3, 29.3, 27.4, 27.4, 25.8, 25.1, 22.8, 14.3. 
HRMS (ESI+, m/z): calcd for C26H41O3 [M+H]+: 401.3050, found 401.3050. 
 
(9Z,12Z)-benzyl octadeca-9,12-dienoate (8) 

 

In a solution of linoleic acid (6.4 mmol) and benzylalcohol (7.7 mmol) in 10 mL of 
dichloromethane at 0°C was added N,N'-dicyclohexylcarbodiimide (6.6mmol) and 4-
dimethylaminopyridine (0.3 mmol). The reaction mixture was allowed to warm up to 
room temperature and was then stirred for 3 days. 90 mL of ethyl acetate was added 
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and the resulting white precipitate was filtered off. The filtrate was evaporated to give 3 
g of yellow oil with white crystals. The crude product was dissolved in 5 mL of hexane 
and passed through a silica column with 100 mL hexane. 1.8 g of the pure product was 
obtained as colorless oil. Isolated yield: 74%.  

1H NMR (400 MHz, CDCl3) δ = 7.41 – 7.28 (m, 5H), 5.44 – 5.27 (m, 4H), 5.11 (s, 2H), 2.77 (t, 
J = 6.4, 2H), 2.35 (t, J = 7.6, 2H), 2.10 – 1.99 (m, 4H), 1.63 (m, 2H), 1.40 – 1.22 (m, 14H), 0.89 
(t, J = 6.8, 3H). 
13C NMR (101 MHz, CDCl3) δ = 173.6, 136.1, 130.2, 130.0, 128.5, 128.1, 128.1, 128.0, 127.9, 
107.5, 66.0, 34.3, 31.5, 29.6, 29.3, 29.1, 29.1, 27.2, 27.2, 25.6, 24.9, 22.6, 14.1. 
HRMS (ESI+, m/z): calcd for C25H39O2 [M+H]+: 371.2945, found 371.2945. 
 
(9Z,12Z)-(pentafluorophenyl)methyl octadeca-9,12-dienoate (9) 

 

A mixture of linoleic acid (0.9 mmol), pentafluorobenzylbromide (1.5 mmol) and 
potassium carbonate (1.5 mmol) in 22 mL of acetone/ethanol;11/1 was refluxed 2.5 h. 
After cooling down to room temperature, 20 mL of water was added to the reaction 
mixture and the layers were separated. The aqueous layer was extracted with 20 mL of 
ethyl acetate then 20 mL of hexane. The organic layers were mixed together, washed 
with 20 mL of water, dried over sodium sulfate, filtered and evaporated to give 555 mg 
of crude product. Purification was performed by silica gel column chromatography 
using gradient elution for heptane to heptane/ethyl acetate;9/1. 0.41 g of the pure 
product was obtained as light yellow oil. Isolated yield: 99%. 

1H NMR (400 MHz, CDCl3) δ = 5.41 – 5.25 (m, 4H), 2.75 (t, J = 6.1, 2H), 2.30 (t, J = 
7.5, 2H), 2.01 (m, 4H), 1.66 – 1.54 (m, 2H), 1.39 – 1.19 (m, 14H), 0.87 (t, J = 6.4, 3H).` 
13C NMR (101 MHz, CDCl3) δ = 173.0, 130.2, 130.0, 128.0, 127.9, 53.1, 33.9, 31.5, 
29.5, 29.3, 29.1, 29.0, 29.0, 27.2, 27.1, 25.6, 24.8, 22.5, 14.0. 
19F NMR (376 MHz, CDCl3) δ = -142.0 (dd, J = 21.9, 8.3, 2H), -152.8 (t, J = 20.7, 1H), 
-161.7 (td, J = 21.1, 7.7, 2H). 
HRMS (ESI+, m/z): calcd for C25H34F5O2 [M+H]+: 461.2473, found 461.2471. 
 

1-methyl-3-((9Z,12Z)-octadeca-9,12-dien-1-yloxy)benzene (10) 
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To a solution of linoleyl alcohol (0.15 mmol) in 3 mL of THF, were added m-cresol 
(0.19 mmol), triphenylphosphine (0.19 mmol) and di-tert-butyl azodicarboxylate (0.22 
mmol). The mixture was heated to 70°C during 19 h and then concentrated in vacuo. 
The residue was purified by silica gel column chromatography using gradient elution 
for heptane/ethyl acetate;9/1 to 6/1. 48 mg of the pure product was obtained as light 
yellow oil. Isolated yield: 89%. 

1H NMR (400 MHz, CDCl3) δ = 7.15 (t, J = 7.7, 1H), 6.75 (d, J = 7.5, 1H), 6.70 (m, 2H), 5.43 – 
5.28 (m, 4H), 3.93 (t, J = 6.6, 2H), 2.78 (t, J = 6.5, 2H), 2.32 (s, 3H), 2.05 (q, J = 6.8, 2H), 1.82 – 
1.71 (m, 2H), 1.44 (m, 2H), 1.40 – 1.23 (m, 14H), 0.89 (t, J = 6.8, 3H). 
13C NMR (101 MHz, CDCl3) δ = 159.3, 139.6, 130.4, 130.3, 129.3, 128.2, 128.1, 121.5, 115.6, 
111.5, 68.0, 31.7, 29.9, 29.7, 29.6, 29.6, 29.5, 29.5, 27.4, 27.4, 26.3, 25.9, 22.8, 21.7, 14.3. 
 
(9Z,12Z)-octadeca-9,12-dien-1-yl benzoate (11) 

 

To a mixture of linoleyl alcohol (3.2 mmol), triethylamine (7.2mmol) in 5 mL of 
dichloromethane at 0°C was added benzoyl chloride (6 mmol) in 10 min. The mixture 
was stirred 1.5 h and then warmed up to room temperature. The organic layer was 
washed with ice-cold water then 5%-HCl aqueous solution and saturated solution of 
NaHCO3. 1.35 g of crude product as yellow oil with white crystals was obtained after 
drying of the organic layer over sodium sulfate, filtration and evaporation in vacuum.   

Hot water was poured in the flask and the mixture was extracted with hexane. Organic 
layer was dried over sodium sulfate, filtered and evaporated to give 1.13 g as light 
yellow oil. Isolated yield: 95%. 

1H NMR (400 MHz, CDCl3) δ = 8.04 (dd, J = 8.1, 0.8, 2H), 7.54 (q, J = 7.5, 1H), 7.44 
(t, J = 7.6, 2H), 5.45 – 5.25 (m, 4H), 4.31 (t, J = 6.7, 2H), 2.77 (t, J = 6.4, 2H), 2.05 (q, J 
= 6.7, 4H), 1.81 – 1.70 (m, 2H), 1.44 (m, 2H), 1.34 (m, 14H), 0.88 (t, J = 6.8, 3H). 
13C NMR (101 MHz, CDCl3) δ = 166.9, 133.0, 130.8, 130.4, 130.3, 129.7, 128.5, 
128.2, 128.1, 65.3, 31.7, 29.9, 29.6, 29.6, 29.5, 29.4, 28.9, 27.4, 26.3, 25.8, 22.8, 14.3. 
HRMS (ESI+, m/z): calcd for C25H39O2 [M+H]+: 371.2945, found 371.2943. 

2.4.4. Ozonolysis 
In a three necked round bottom flask, a determined amount of transfer hydrogenation 
product (150-500 mg) was dissolved in a mixture DCM/ethanol (3/1 vol.). Ozonolysis 
was then performed at - 70°C by bubbling ozone into the solution till a persistent blue 
colour was obtained. Completion of the reaction was checked by TLC. The solution 
was flushed with N2 until disappearance of the blue color. Reductive work-up is carried 
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out at -70°C, adding sodium borohydride by portion (10 eq). The reaction mixture was 
allowed to warm up slowly to room temperature and stirred overnight. 10 mL of 5% 
aqueous HCl solution was added to the flask and resulting mixture was stirred for 30 
min. Organic layer was separated from the aqueous layer and the latter was extracted 
once with 10 mL of DCM. Organic layers were put together and a sample, diluted in 
the internal standard solution, was directly analysed by GC/FID. 

2.4.5. Hydrogenation of cardanol by PVP-protected ruthenium 
nanoparticles 

 

2.4.5.1. PVP-protected Ruthenium nanoparticles synthesis 
The synthesis of Ru nanoparticles was performed following a known procedure.29 A 
solution of 0.291 g of PVP (2.6 mmol) and 54.2 mg of RuCl3 (0.26 mmol) in 35 mL of 
iPrOH was refluxed 6.5 h. A deep purple solution (7.4 mmol/L) was obtained which 
was stored under nitrogen. Ru nanoparticle formation was proven by TEM (Figure 7a 
and b). 

       
  

Figure 7: TEM of synthesized Ru-PVP nanoparticles 

2.4.5.2. Hydrogenation with PVP-protected Ruthenium nanoparticles 
An autoclave was loaded with 2.2 g of cardanol (14 mmol of C=C), starting polyene 
mixture 37/17/42/4; triene/diene/monoene/saturated, 3.6 mL of Ruthenium colloid 
(0.027 mmol ruthenium) and 54 mL of n-butanol. The reactor was flushed 6 times with 
H2 before setting the pressure at 20 bar. The reaction was performed either at 35°C or 
70° under mechanical stirring during 5 h. Sampling was done every 15 minutes. 
Samples were analyzed by HPLC to determine the ratio of the polyenes.  

triene/diene/monoene/saturated ratio: for 35°C: 19/26/46/9; for 70°C: -/3/61/36 

10	  nm	  50	  nm	  

a	   b	  
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2.4.6. Hydrogenation of cardanol by Rh/TPPTS complex 
Catalyst preparation and hydrogenation reaction was performed following a known 
procedure.18 The catalytic solution was prepared dissolving 2.8 mg of RhCl3.nH2O 
(40% Rh, 0.011 mmol) and 17.2 mg of 3,3′,3′′-phosphinidynetris(benzenesulfonic acid) 
trisodium salt (TPPTS, 0.03 mmol) in 15 mL of water. 

In a 100 mL autoclave, 1.83 g of cardanol (11 mmol of C=C), 3mL of n-hexane and 
the catalytic solution were loaded under nitrogen. The reactor was flushed 4 times with 
H2 before setting the pressure to 20 bar. The reaction was performed at 70° under 
mechanical stirring during 5 h. Sampling was done every 15 minutes. Samples were 
analyzed by HPLC to determine polyenes ratio: triene/diene/monoene/saturated 
ratio; 14/21/45/20. 

2.4.7. General procedure for heterogeneous transfer hydrogenation of 
cardanol 

 
All experiments were carried out in Schlenk’s flasks (25 mL) under a nitrogen 
atmosphere. In a typical experiment, a flask, which was equipped with a cooler, was 
charged with 0.5 g of cardanol (3.1 mmol of C=C), catalyst, hydrogen transfer agent (3 
mol eq), solvent and a magnetic stir bar. The reaction was performed under nitrogen 
atmosphere during the determined time and temperature. The samples were analyzed 
by HPLC after the reaction.  

2.4.8. General procedure for catalyst screening 
 
All experiments were carried out in Schlenk’s flasks (25 mL) under a nitrogen 
atmosphere. In a typical experiment, a flask, which was equipped with a cooler, was 
charged with cardanol (3.1 mmol of C=C), catalyst (0.08 mmol), iPrOH (5 mL) and a 
magnetic stir bar. The reaction mixture was refluxed 18h. After the reaction, solvent 
was evaporated under reduce pressure. Dichloromethane was added to the residue and 
the mixture was filtered on silica. Filtrate was evaporated to give the corresponding 
cardanol that was analyzed by 1H and 13C NMR and HPLC to determine the poly-, 
mono-, and unsaturated cardanol ratio. 

2.4.9. General transfer hydrogenation method  
General procedure for the homogeneous transfer hydrogenation of cardanol: All 
experiments were carried out in Schlenk flasks (25 mL) under a nitrogen atmosphere. In 
a typical experiment, a flask equipped with a condenser was charged with substrate (1.7 
mmol), RuCl3 (0.08 mmol), iPrOH (5 mL), and a magnetic stirrer bar. The reaction 
mixture was refluxed for 18 h and the solvent was evaporated under reduced pressure. 
Dichloromethane was added to the residue and the mixture was filtered through silica. 
The filtrate was evaporated to give the corresponding cardanol, which was analyzed by 
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1H and 13C NMR spectroscopy and HPLC (for cardanol) to determine the ratio of poly-
, mono-, and unsaturated cardanol.  

2.4.10. Transfer hydrogenation products 
Cardanol monoene (1c) 

 
1H NMR (400 MHz, CDCl3) δ = 7.12 (t, J = 7.7, 1H), 6.73 (d, J = 7.5, 1H), 6.66-6.58 
(m,1, 2H), 5.42-5.26 (m, 2H), 4.55 (s, 1H), 2.53 (t, J = 7.7, 2H), 2.06-1.90 (m, 4H), 1.64-
1.52 (m, 2H), 1.38-1.18 (m, 16H), 0.86 (t, J = 6.9, 3H). 
13C NMR (101 MHz, CDCl3) δ = 155.6, 145.1, 130.6, 130.5, 130.5, 130.2, 130.0, 
129.6, 121.2, 115.5, 112.7, 36.0, 32.8, 32.1, 32.0, 32.0, 31.5, 30.0, 29.9, 29.8, 29.8, 
29.8, 29.7, 29.6, 29.6, 29.5, 29.4, 29.4, 29.3, 29.2, 29.1, 27.5, 27.4, 22.9, 14.3. 
 
Anacardic acid monounsaturated (2c) 

 
1H NMR (400 MHz, CDCl3) δ = 11.00 (s, 1H), 7.36 (t, J = 7.9, 1H), 6.87 (dd, J = 8.4, 
1.2, 1H), 6.78 (dd, J = 7.5, 1.2, 1H), 5.54 – 5.13 (m, 2H), 3.15 – 2.83 (m, 2H), 2.07 – 
1.90 (m, 4H), 1.60 (p, J = 8.6, 7.8, 2H), 1.44 – 1.19 (m, 17H), 0.88 (t, J = 6.9, 3H). 
13C NMR (101 MHz, cdcl3) δ 176.0, 163.6, 147.8, 135.4, 130.0, 129.8, 122.8, 115.9, 
110.3, 36.5, 32.6, 32.0, 31.8, 29.7, 29.6, 29.4, 29.2, 29.0, 27.2, 27.2, 22.6, 14.1. 
 
O-Methyl cardanol monoene isomeric mixture (4c) 

 
1H NMR (400 MHz, CDCl3) δ = 7.19 (t, J = 8.1,1 H), 6.78 (d, J = 7.6, 1H), 6.75 – 6.70 
(m, 2H), 5.45-5.30 (m, 2H), 3.80 (s, 3H), 2.58 (t, J = 7.6, 2H), 2.08-1.9 (m, 4H), 1.67 – 
1.54 (m, 2H), 1.40-1.20 (m, 16H), 0.89 (t, J = 7.0, 3H). 
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13C NMR (101 MHz, CDCl3) δ = 159.8, 130.2, 130.0, 129.3, 121.1, 114.4, 111.0, 77.5, 
77.2, 76.9, 55.3, 36.2, 32.8, 32.8, 32.0, 31.6, 30.0, 29.6, 29.5, 29.4, 29.2, 27.5, 27.4, 
22.9, 14.3. 
 
TBDPS cardanol monoene isomeric mixture (6c) 

 
1H NMR (400 MHz, CDCl3) δ = 7.72 (dd, J = 7.9, 1.3, 4H), 7.45-7.31 (m, 6H), 6.97 (t, 
J = 8.1, 1H), 6.67 (d, J = 7.5, 1H), 6.60-6.53 (m, 2H), 5.46 – 5.28 (m, 2H), 2.40 (t, J = 
7.7, 1H), 2.07 – 1.90 (m, 4H), 1.46 – 1.14 (m, 19H), 1.10 (s, 9H), 0.88 (t, J = 6.5, 3H).  
13C NMR (101 MHz, CDCl3) δ = 155.7, 144.4, 135.8, 133.4, 130.0, 129.0, 127.9, 
127.8, 121.4, 120.1, 117.1, 35.9, 32.8, 31.4, 29.9, 29.4, 27.4, 26.8, 22.9, 19.7, 14.3. 
 
(9Z,12Z)-benzyl octadecenate 

 

1H NMR (400 MHz, CDCl3) δ = 7.41 – 7.28 (m, 5H), 5.44 – 5.27 (m, 4H), 5.11 (s, 2H), 
2.77 (t, J = 6.4, 2H), 2.35 (t, J = 7.6, 2H), 2.10 – 1.99 (m, 4H), 1.63 (m, 2H), 1.40 – 1.22 
(m, 14H), 0.89 (t, J = 6.8, 3H). 

(9Z,12Z)-(perfluorophenyl)methyl octadecenate  

 

1H NMR (400 MHz, CDCl3) δ = 5.41 – 5.25 (m, 4H), 2.75 (t, J = 6.1, 2H), 2.30 (t, J = 
7.5, 2H), 2.01 (m, 4H), 1.66 – 1.54 (m, 2H), 1.39 – 1.19 (m, 14H), 0.87 (t, J = 6.4, 3H). 

1-methyl-3-((9Z,12Z)-octadecene-1-yloxy)benzene  
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1H NMR (400 MHz, CDCl3) δ = 7.15 (t, J = 7.7, 1H), 6.75 (d, J = 7.5, 1H), 6.70 (m, 
2H), 5.43 – 5.28 (m, 4H), 3.93 (t, J = 6.6, 2H), 2.78 (t, J = 6.5, 2H), 2.32 (s, 3H), 2.05 (q, 
J = 6.8, 2H), 1.82 – 1.71 (m, 2H), 1.44 (m, 2H), 1.40 – 1.23 (m, 14H), 0.89 (t, J = 6.8, 
3H). 

 
(9Z,12Z)-octadecene-1-yl benzoate  

 

1H NMR (400 MHz, CDCl3) δ = 8.04 (dd, J = 8.1, 0.8, 2H), 7.54 (q, J = 7.5, 1H), 7.44 
(t, J = 7.6, 2H), 5.45 – 5.25 (m, 4H), 4.31 (t, J = 6.7, 2H), 2.77 (t, J = 6.4, 2H), 2.05 (q, J 
= 6.7, 4H), 1.81 – 1.70 (m, 2H), 1.44 (m, 2H), 1.34 (m, 14H), 0.88 (t, J = 6.8, 3H). 

2.4.11. Mercury test 
A Schlenk’s flask (25 mL), which was equipped with a cooler was charged under a 
nitrogen atmosphere with cardanol (3.1 mmol of C=C), RuCl3 (0.08 mmol), mercury 
(43 mmol), iPrOH (10 mL) and a magnetic stir bar. The reaction mixture was heated at 
reflux 16 h under strong stirring. The resulting mixture was analyzed by HPLC after 
decantation. Composition of cardanol was found to be 0/5/89/5; 
triene/diene/monoene/saturated. 
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Chapter 3  

A study on isomerization-based catalytic reactions 
towards value added chemicals from CNSL 

 
 

In this chapter, we study the possibility to isomerize mixtures of positional cardanol and 
anacardic acid isomers to a single conjugated product. We have shown with a combination of 
experiments and DFT calculations that stabilization of the double bond by conjugation with the 
phenolic moiety is not enough to obtain quantitatively the conjugated product. Attempts to 
synthesize this product by means of a tandem isomerization/lactonization of anacardic acid 
followed by opening of the lactone were unsuccessful. The lactonization remained the bottleneck 
of this reaction. Combination of isomerization and metathesis in a tandem reaction for the 
selective production of 3-vinyphenol and alkenes from cardanol turned out to be very challenging. 
Although both reactions work independently with this substrate, their combination did not lead 
to the expected products.  
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3.1. Introduction/Project goal 
As described in Chapter 1 of this thesis, earlier transformations of cardanol or related 
products mainly involved the phenolic moiety. These modified cardanol products have 
been used for the production of bio-based polymers and additives1 as well as for 
substituted porphyrins and fullerenes.2,3 

In the present study, we focus on catalytic transformations of the alkyl chain. After the 
selective conversion of the mixture of polyunsaturated compounds to an isomeric 
mixture of monoenes (see Chapter 2), we aimed at catalytic transformations of the C=C 
bond towards the production of bulk or fine chemicals with 3-hydroxystyrenes as a first 
goal (Scheme 1). The first step of this process would involve a catalytic isomerization to 
bring the double bond in conjugation with the aromatic moiety. In the second, cross 
metathesis with ethylene was forseen to give 3-hydroxystyrenes and pentadecene. 

 

Scheme 1: Catalytic transformation of mono-unsaturated CNSL substrates towards 
hydroxystyrenes 

Isomerization is a widely used reaction to transform natural products to useful products 
and has the advantage of being 100% atom efficient. One of the most studied reactions 
is the isomerization of allyl phenol or allyl alkoxybenzene to their propenyl analogue.4–

10 This transformation is frequently used in the fragrance industry with its demand for 
isoeugenol, anethole and for pharmaceuticals, for example isosafrole, a precursor for 
psychostimulants, a compound also used as recreational drug (Scheme 2). Unsaturated 
fatty acids, esters or alcohols are a class of biomass feedstock prone to isomerization. 
Development of this reaction for bio-resources is mainly driven by the desire to produce 
conjugated polyenes (mainly dienes) from non-conjugated dienes, often with a 
methylene group between the two carbon-carbon double bonds. The main advantages 
of conjugated vegetable oils are a higher reactivity, improved drying properties and 
positive effects in food products. As such, this class of vegetable oils is used in a wide 
range of industrial applications like drying agents, additives in polymers, varnishes, 
paints, resins and food.11 State-of-the art processes for the production of conjugated oils 
involve soluble basic catalysts.12,13 Grotjahn et al. and Cole-Hamilton et al. have recently 
reported method using homogeneous catalysts for the isomerization of polyunsaturated 
fatty acid/esters and of monounsaturated cardanol and anacardic acid (Scheme 2).14–16 
Finally, terpenes have also been modified using a double bond shifting strategy.17 
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Numerous catalysts have been developed for isomerization reactions for a wide range of 
substrates. Among them, homogeneous transition metal catalysts based on Ru, Rh, Pd, 
Pt, Cr, Fe, Ag and Co are the most common.18,19 Heterogeneous catalysts also play an 
important role and are often preferred for industrial applications as well as (in)organic 
bases and acids at elevated temperature.11,20–22 Enzymatic, thermal and radical 
processes have also been reported.23 A complete review on the catalytic production of 
conjugated fatty acids and natural oils has been published by Sels et al..11 

 

Scheme 2: Examples of the use of isomerization for fragrance molecules, synthesis of 
conjugated fatty esters and cashew nut shell oil derivatives  

For linear alkenes, isomerization always leads to an equilibrium mixture, the result of 
the small energy differences between the different regio-isomers.24–26 Thus, regio-
selective isomerization remains a challenge. To circumvent this issue, tandem reactions 
have been developed in which one of the isomers is reacting much faster than the 
others, leading to regio- and/or chemo-selective reactions.27 For fatty acids substrates, 
these reactions generally take place when the carbon-carbon double bond is brought in 
a terminal position like in hydroformylation28 and methoxycarbonylation29 or in 
conjugation with the acid function as in Michael additions or cyclizations.30 

Metathesis, for example, has been applied31–36 on natural substrates, but only recently 
Goossen and co-workers reported the isomerizing (cross-)metathesis on fatty esters to 
access defined distributions of olefins.37 The same group has applied silver triflate for 
the tandem isomerization/lactonization of fatty acid with moderate yields.30  
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First reported in the early 1960’s,38 palladium catalyzed alkoxycarbonylations are 
nowadays used industrially, for instance by Lucite under the name of the Alpha process 
for the conversion of ethene to methyl propionate, a precursor to methyl methacrylate. 
39–41 The ability of the catalyst to isomerize double bonds has been exploited in tandem 
reactions on internal alkenes giving extremely high selectivity for the terminal esters.42 
Unsaturated fatty esters are thus very obvious substrates for an 
isomerization/alkoxycarbonylation tandem reaction and this has led to the synthesis of 
new biomass based di-ester monomers for polymers.29,43 

Other examples are known such as hydroformylation,28 trialkylsilylation,44 
hydroboration,45 etc.46 

Dos Santos et al. have already reported the synthesis of the fully conjugated anacardic 
acid in 4 steps with an overall yield of 87% (Scheme 3).47  

 

Scheme 3: Reagents and conditions: (a) Me2SO4, CH2Cl2, NaOH, Aliquat 336®, rt; (b) H2, 
Pd/C, 4 atm, rt; (c) NBS, benzoyl peroxide, CCl4, reflux, under nitrogen atmosphere; (d) 
DBU, PhH, reflux. 

The goal of the research described in this chapter is to perform the isomerization of 
CNSL derived products towards the conjugated isomer. In a second part, we report 
investigations to apply tandem reactions to these substrates where one of the 
transformations is an isomerization reaction. 

3.2. Cardanol isomerization 
We have studied the isomerization of CNSL components and more particularly that of 
the monounsaturated cardanol 1 in more detail (Scheme 4). We performed both an 
experimental and computational study to gain insights in the amounts of the various 
isomers in the thermodynamic equilibrium mixture, with an emphasis on the 
conjugated cardanol isomer 2. Some precedents are known in the literature, for 
instance the composition of equilibrium mixtures for certain fatty esters.24,45,48,49 
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Scheme 4: Catalytic isomerization of cardanol: 1 = product from cardanol transfer 
hydrogenation (see chapter 2), an isomeric mixture with 65 % of the C=C bonds in C8-C9 
position. 

A high percentage of conjugated cardanol 2 is aimed for. The latter is the starting 
material for the synthesis of 3-hydroxy styrene and 1-tetradecene that can be used as 
starting material for both bulk and fine chemicals (Scheme 1). We rationalized that the 
higher stability of a double bond conjugated to an aromatic ring compared to the other 
positions along the C15 chain should lead to high amount of 2 in the thermodynamic 
equilibrium mixture.  

3.2.1. Catalyst screening 
In the first stage of this investigation, an extensive catalysts screening was carried out for 
isomerization of compound 1. To quantify the amount of individual isomers after 
reaction, the reaction mixture was treated with ozone followed by reductive work-up 
(top, Scheme 5). GC/FID was used to determine quantitatively the distribution of the 
linear alcohols in the mixture (bottom, Scheme 5). The alcohols are representative for 
the position of the double bond in the linear carbon chain. For instance, the presence of 
tetradecanol would indicate the presence of the conjugated cardanol 2 in the reaction 
mixture.  

For the starting material, 1, the double bond distribution has to be determined for each 
batch, as the transfer hydrogenation process used to obtain 1 is accompanied by a 
variable extent of isomerization (see chapter 2).  
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Scheme 5: Cardanol ozonolysis reaction (top) and GC trace for alcohol calibration from n-
butanol to n-tetradecanol (S=solvent; A=pentadecane; B=ethylene glycol; C=propylene 
glycol) (bottom) 

We started our investigation using 5 mol% of two supported Ru catalysts (TiO2 and 
Al2O3) in neat starting material (Table 1, entries 2 and 3). These catalysts have been 
applied in perfumery chemistry for the isomerization of methylchavicole to anethole4 
and for the conjugation of fatty acids and oils.11,21,22 However, with both catalysts, only 
1 to 2 % of conjugated cardanol was detected which is not believed to be the 
thermodynamic equilibrium mixture. One reason might be the short reaction time. 
However, the reaction is performed at 210°C and prolonged reaction times led to 
polymerization as a destructive side reaction. We note that the slightly better efficiency 
of Ru on titania led to a better distribution of the isomeric alkenes along the chain 
compared to Ru on alumina (Table 1, entries 2 and 3).  

A water-soluble homogeneous ruthenium based catalyst which was developed for the 
isomerization of estragole to anethole was tested on 1 (Table 2, entry 3).6 However, no 
2 was detected and a quick look at the double bond distribution suggests that 
isomerization did not took place (Table 1, entry 4). This might be due to the biphasic 
nature of this system and the poor water solubility of 1 which prevents access to the 
C=C double bond located on the C15 alkyl chain by the catalyst. The use of silver 
triflate as catalyst did not result in any isomerization at all (Table 2, entry 4).30  
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Table 1: Relative composition of alcohols from the ozonolysis of an isomerized cardanol 
mixture 

Entry Catalyst 
Relative alcohol composition [%] 

C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 

1a -  5.3 12 10.5  63.6  6.3  1.5  0.7   n.d. n.d.  n.d.  n.d.  

2 Ru/TiO2  7  11.4 14.7  26.3  13.4  10.8  7.2  4.4  2.1   0.6 2.2  

3 Ru/Alumina 5.7 11.7 15.8 38.1 12.7 7.6 3.6 1.6 1.5 0.5 1.2 

4 
[RuCl

2
(η3:η3-

C10H16)(P(OMe3))] 
 4.2 11.5 11.5  62.5   7.1 1.8  0.9  0.5  n.d.  n.d.  n.d.  

a analysis starting substrate, cardanol monoene, before reaction 

RhCl3.H2O is known for its isomerization activity50,51 and [Rh(COD)2]+BF4-/Biphephos 
has been used for the isomerizing hydroformylation of olefins resulting in high 
selectivity for linear aldehydes.28,52 These two catalytic systems have also been studied 
for the tandem isomerization/conjugate addition of carbon and amine nucleophiles to 
methyl oleate.49 Although in the latter studies equilibrium distributions were reached 
within one hour at 80°C, under the same conditions, 1 isomerized slowly and only 2-3 
% of 2 was detected after an overnight reaction. We surmise that inhibition of the 
catalyst by interaction with the phenolic function of 1 is to blame for this (Table 2, 
entries 5 and 6).  

RuCl3 and Ru3(CO)12 dissolved in alcohols such as iPrOH, n-butanol or ethanol are 
able to isomerize methyl linoleate into a conjugated system.11,53–55 Isomerization of 
alkenes was also observed with Ru3(CO)12 for the alkoxycarbonylation of alkenes.56 In 
the research described in Chapter 2, we did not observe extensive isomerization activity 
when using RuCl3 dissolved in iPrOH (Table 1, entry 1). Instead, when the Ru(0) 
precursor was used at identical conditions, 11% of conjugated cardanol could be 
obtained (Table 2, entry 7). It is likely that the hydride mechanism is taking place and 
the Ru-H species is formed in situ from the reaction of the metal precursor with the 
alcohol. With the idea that a ligand might stabilize the active species and thus improve 
isomerization activity, we decided to use Xantphos (4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene). This bidentate biphosphine is known to promote olefin 
isomerization during the hydroformylation of alkenes.57,58 Although the CO/H2 in these 
reactions leads to the formation of ruthenium hydride species, we chose not to use 
hydrogen, as in our case the alcohol is the hydride source. Results for the double bond 
distribution after an isomerization with Ru3(CO)12/Xantphos;1/2 are summarized in 
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Figure 1. To our surprise, this catalytic system showed low isomerization activity in 
refluxing iPrOH and the conjugated cardanol was even detected. EtOH did not lead to 
improved results and less than 1 % of 2 was present. Finally, when performing the 
reaction in non-protic toluene, 8 % of 2 was observed, which is similar distribution 
when performing the reaction in the absence of a ligand. It is to note here that the 
ligand to metal ratio used is relatively high. This may be the reason for the low 
isomerization activity by prohibiting the formation of active hydrides species. Although 
this observation is valid for the reactions in alcohols, it is not true for the reaction in 
toluene. Here, it is assumed that the isomerization proceeds via an allyl mechanism, as 
no hydride source is present. 

 

Figure 1: Alcohol distribution from isomerization by Ru3(CO)12 

The best results were obtained using Pd(OAc)2/dtbpmb (dtbpmb = bis(di-tert-
butylphosphinomethyl)benzene), the catalyst for Lucite’s Alpha process 
(methoxycarbonylation of ethene, en route to methyl metacrylate).40 This catalyst has 
also been used for alkene isomerizations26 and for the tandem 
isomerization/methoxycarbonylation of internal alkenes to terminal esters.29,41,42 Cole-
Hamilton and co-workers already tested it on two components of CNSL, namely 
cardanol (containing 87% of monoene) and anacardic acid. 40% of conjugated 
cardanol was obtained after isolation by column chromatography.16 We repeated this 
reaction on pure cardanol monoene in a Schlenk flask with ethanol instead of methanol 
and obtained an isomeric mixture with 25 % of 2 (Table 2, entry 8).  

Finally, the two last catalysts tested were the ruthenium based “alkene zipper” 
developed by Grotjahn and co-workers (See Scheme 2 for its structure)14,59,60 and 
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Pd2Br2(PtBu3)2 which is also known for its good isomerization ability and lately 
introduced in the tandem isomerizing metathesis reaction on fatty esters by Goossen 
and co-workers.37 Moderate percentages of 2 were reached, respectively 17 % and 19 
% with these systems (Table 2, entries 9 and 10). 

According to these experimental results, the relative amount of 2 in the thermodynamic 
equilibrium mixture seems in the range of 20-25 %. Although this may be surprising, 
considering the anticipated higher stability of the conjugated isomer, the chain length 
seems to have a greater influence than previously expected. This has already been 
observed with linear unsaturated esters. At equilibrium, 65-70 % of methyl 2-
pentenoate is present24,45 which dramatically drops to 3.5-4 % for the α,β-conjugated 
C18 methyl linoleate.45,49  

Table 2: Catalyst screening for the isomerization of cardanol monoene to conjugated 
cardanol 2 

Entry Catalyst 
Cat. 
Loading 
(mol%) 

Temp. 
(°C) 

Time 
(h) Solvent 

Conjugated 
cardanol 
(%) 

1 Ru on TiO2 5 210 2.5 - 2.2 
2 Ru on Alumina 5 210 2.5 - 1.2 

3 
[RuCl

2
(η3:η3-

C10H16)(P(OMe3))]a  
1 70 2 EtOH/H2O n.d. 

4f AgOTfb 10 130 16 C6H5Cl n.d. 
5f RhCl3.H2O 2 reflux 16 EtOH 2 

6f [Rh(COD)2]+BF4-

/Biphephosc 0.75/1.5 90 16 Toluene 3 

7 Ru3(CO)12 5 reflux 16.5 iPrOH 11 

8f Pd(OAc)2 
/dtbpmbd 2/8 reflux 14 Ethanol 25 

9f “Alkene zipper”e  2 reflux 17 Acetone 17 

10f Pd2Br2(PtBu3)2 0.2 70 17 - 19 
a cat. prepared in situ. b Reaction performed on methoxy cardanol.  
c biphephos = 6,6′-[(3,3′-Di-tert-butyl-5,5′-dimethoxy-1,1′-biphenyl-2,2′- 
diyl)bis(oxy)]bis(dibenzo[d,f][1,3,2]dioxaphosphepin). d MeSO3H (2 mol%). dtbpmb = bis(di-tert- 
butylphosphinomethyl)benzene. e Alkene zipper = acetonitrile(cyclopentadienyl)[2-(di-i-propylphosphino)-
4-(t-butyl)-1-methyl-1H-imidazole]ruthenium(II) hexafluorophosphate. f conjugated cardanol % determined 
by NMR. 

3.2.2. Theoretical vs Experimental studies 

3.2.2.1. Synthesis of conjugated methoxy-protected cardanol and 
isomerization 

To get more insight into the thermodynamic equilibrium mixture of monounsaturated 
cardanol, we decided to synthesize the conjugated methoxy analogue. We assume that 
difference in stability between 2 and its methoxy analogue 4 is minimal. Performing an 
isomerization reaction with 4 as the substrate should provide a very good indication on 
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the composition of the equilibrium mixture and give information to which extent the 
double bond is deconjugated.  

 

Scheme 6: Synthesis of conjugated methoxy protected cardanol monoene  

4 is easily accessible from bromotetradecane and 3-methoxybenzaldehyde (Scheme 6). 
In the first step, triphenylphosphonium tetradecyl bromide (3) was synthesized by 
reacting the haloalkane with PPh3. The resulting salt was then used in a Wittig reaction 
with the appropriate aldehyde to give 66% of 4 after purification as a 40: 60;cis/trans 
mixture. 

The isomerization of 4 was performed in a Young tube in benzene-d6 at 65°C using di-
m-bromobis(tri-t-butylphosphino)dipalladium (Pd2Br2(PtBu3)2) as catalyst (Scheme 7). 
The reaction was followed by NMR and the 4/4-iso ratio was determined by 
integration of the signals from the alkene protons. Results are shown in Figure 2.  

 

Scheme 7: Isomerization of conjugated methoxy protected cardanol using Pd2Br2(PtBu3)2 as 
catalyst 

After the first 4h of reaction using 0.4 mol% of palladium precursor, only cis to trans 
isomerization was observed leading to the formation of pure trans-4. In order to increase 
the reaction rate, an additional 10 mol% of catalyst was added and the reaction was 
heated overnight. Analysis by NMR showed de-conjugation of 4 leading to a 4/4-iso; 
50/50 mixture. The product isolated from the catalyst was submitted again overnight to 
a fresh 10 mol% batch of catalyst under the same conditions. The 4/4-iso; 50/50 
mixture further reacted to a 40/60 ratio, which did not change further even after a few 
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days of reaction. We thus assume from this experiment that we have reached the 
thermodynamic equilibrium mixture of positional isomers of 4. These results are also in 
agreement with the ones obtained by Cole-Hamilton and co-workers (40% of 
conjugated cardanol after isomerization). 

 

Figure 2: Isomerization of 4: A) starting material (4); B) 0.4 mol% cat., 4h at 65°C ; C) 10 
mol% cat., overnight at 65°C; D) 10 mol% cat.(2nd batch), overnight at 65°C. 

 

3.2.2.2. Computational studies on the thermodynamic equilibrium 
mixture of cardanol positional isomers 

As the experimental results for the isomerization of 4 were rather surprising, we decided 
to perform a DFT study of the thermodynamic equilibrium mixture of the cardanol 
monounsaturated isomers. 

We initiated this study by an optimization of all positional isomers of the cardanol 
molecule in their E and Z form using the 6-31G(d) basis set. As expected, the E form of 
the conjugated cardanol (Econj) was obtained as the most stable structure. The 
difference in Gibbs free energy between Econj and all the other isomers are reported 
Table 3. The isomer with the double bond in the terminal position of the chain (Term) 
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was observed as the least stable and all Z isomer are less stable than their corresponding 
E isomers. The distribution of the cardanol isomers was calculated using the Boltzmann 
distribution, which gave 95% and 85% of Econj at respectively 298K and 373K. This 
was not in agreement with our experimental data on methoxy-protected cardanol (see 
preceding paragraph) or with the ones of Cole-Hamilton and co-workers, which gave 
about 40% of conjugated cardanol after isomerization.16,61 

Wondering what may cause this difference, we envisioned that for each position of the 
double bond, other conformers might be more stable. Structural differences can occur 
for example with different orientations of the chain around the double bond or of the 
aromatic group.  

To verify this hypothesis, molecular dynamics was performed for all positional isomers 
of the cardanol molecule in their E and Z form (see experimental details paragraph 
3.6.11). From all generated structures, the two lowest conformers in energy were picked 
up for every isomer and optimized at the 6-31G++(d) level of theory. Results are shown 
Table 3.  

First, we observed that Econj and Term are respectively the lowest and highest in 
energy as well as E isomers being more stable than Z. In addition to that the difference 
in free energy between the conjugated E isomer and the others has been decreased by 
about 1-2 Kcal/mol for the E isomers and ~0.5 Kcal/mol for the Z isomers. 

This translates into a cardanol isomer distribution with 81% and 66% of Econj at 
respectively 298K and 373K. These results suggest there are indeed more stable 
conformers than the ones previously obtained. An example of structural difference is 
shown in figure 3 for the E8-9 isomer where the structure obtained by molecular 
dynamics has a free energy which is 2 Kcal/mol lower than the one obtained after the 
previous optimization. 

 

Figure 3: Left side: Optimized structure of E8-9 cardanol isomer using 6-31G(d) (ΔG = 4.1 
Kcal/mol); Right side: Structure of E8-9 cardanol isomer obtained from molecular 
dynamics and optimized using 6-31G++(d) (ΔG = 1.9 Kcal/mol).  
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Table 3: Relative Gibbs free energies and cardanol isomers distribution 

 

Another interesting feature observed in these results is the difference in free energy 
between the two isomers that are supposedly nearly identical. For example, E4-5 and 

Cardanol 
 Isomers 

6-31g(d) 6-31g++(d) Hypothetic  
(6-31g++(d)) 

ΔGa 

Distribution 
(%)b ΔGa 

Distribution 
(%)b ΔGa 

Distribution 
(%)b 

298 K 373 K 298 K 373 K 298 K 373 K 
Econj 0.0 95 85 0.0 81 66 0.0 63 46 
E2-3 3.3 0 1 2.2 2 3 1.8 3 4 
E3-4 2.6 1 3 2.6 1 2 1.8 3 4 
E4-5 3.8 0 1 1.8 4 6 1.8 3 4 
E5-6 3.1 1 1 2.5 1 2 1.8 3 4 
E6-7 3.8 0 1 3.3 0 1 1.8 3 4 
E7-8 3.2 0 1 2.4 2 3 1.8 3 4 
E8-9 4.1 0 0 1.9 3 5 1.8 3 4 
E9-10 3.3 0 1 2.4 1 3 1.8 3 4 
E10-11 3.7 0 1 3.3 0 1 1.8 3 4 
E11-12 3.2 0 1 3.0 1 1 1.8 3 4 
E12-13 3.9 0 0 3.1 0 1 1.8 3 4 
E13-14 3.5 0 1 2.6 1 2 1.8 3 4 
Term 6.8 0 0 6.3 0 0 6.3 0 0 
Z1-2 3.9 0 0 3.8 0 0 3.3 0 1 
Z2-3 4.8 0 0 4.4 0 0 3.3 0 1 
Z3-4 4.1 0 0 4.0 0 0 3.3 0 1 
Z4-5 4.5 0 0 3.9 0 0 3.3 0 1 
Z5-6 4.5 0 0 3.6 0 1 3.3 0 1 
Z6-7 4.3 0 0 3.8 0 0 3.3 0 1 
Z7-8 4.6 0 0 4.1 0 0 3.3 0 1 
Z8-9 4.3 0 0 3.5 0 1 3.3 0 1 
Z9-10 4.3 0 0 3.6 0 1 3.3 0 1 
Z10-11 4.3 0 0 3.8 0 0 3.3 0 1 
Z11-12 4.5 0 0 3.6 0 1 3.3 0 1 
Z12-13 4.0 0 0 3.8 0 0 3.3 0 1 
Z13-14 3.3 0 1 3.3 0 1 3.3 0 1 
a ΔG = relative thermal free energy (kcal/mol). b Distribution (%) = exp (-ΔG*RT)/[Σ( exp (-ΔG/RT)]*100 
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E6-7 have a ΔG of respectively 1.8 and 3.3 Kcal/mol, which is not expected, as the 
lowest conformers should be structurally identical. This difference may be explained by 
the fact that molecular dynamics is “missing” some structures. Moreover only the two 
lowest of thousand generated structures were optimized which may not be the actual 
lowest conformers in energy.  

Even though the calculated percentage of Econj in the thermodynamic equilibrium 
mixture shows an evolution towards the experimental results, the numbers are still not 
in full agreement. A hypothetic calculated distribution using the lowest ΔG obtained for 
respectively each E and the Z isomer, gives 63% and 46% (298K and 373K 
respectively) which are once again improved numbers but without full correspondence 
with experimental data. Moreover one must be careful while discussing these results as 
only small changes in free energy are observed which are within the margin of error.  

Table 4: Effect of the basis set selection on the ΔG between Econj and E7-8 cardanol 
isomers 

 

 
Finally, the influence of the basis set was studied looking at free energy difference 
between Econj and E7-8 obtained from optimized structure using three different basis 
set, 6-31g(d), 6-31g++(d) and 6-311g++(d,p). The results table 4 shows that using a 
more descriptive basis set is lowering the free energy difference between these two 
isomers. In fact, the addition of diffuse functions to the 6-31g(d) basis set is decreasing 
this difference by 0.4 Kcal/mol as well as going from 6-31g++(d) to 6-311g++(d,p).  

We have seen with this study that we can approach, by theoretical calculations, the 
experimental values obtained for the thermodynamic equilibrium mixture of cardanol 
isomers, though we cannot completely match them. The expected trends are correct: E 
isomers are more stable than the corresponding Z, Econj and Term are respectively the 
most and the least stable cardanol. We also saw with molecular dynamics that the most 
stable structure may not be of the “linear” type. The choice of the basis set does have 
an influence on the results even though it should be noted that energy differences are 
often within the margin error. 
Finally, all calculations were performed in the gas phase and solvation effects have not 
been studied which may also have affected these results. 

3.2.3. Conclusions 
According to our study on the isomerization of cardanol and previous work on methyl 
linoleate, stabilization by conjugation is not enough to drive the equilibrium towards a 
high percentage of the conjugated isomer.  

Basis set  ΔG[(E7-8)-(Econj)] 
6-31g(d) 3.2 
6-31g++(d) 2.8 
6-311g++(d,p) 2.4 
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As such, it is difficult to use these mixtures for further selective chemistry, e.g. to 
hydroxystyrenes (Scheme 1). One way, to solve this issue is to include the isomerization 
reaction in a tandem reaction. The second reaction should ideally be regioselective 
and/or chemoselective thus ultimately leading to a single product. 

3.3. Anacardic acid isomerization/lactonization 
Like monounsaturated cardanol 1, the isomerization of monounsaturated anacardic 
acid 5 also leads to a mixture of positional isomers.15 In this part, we describe an 
investigation to access selectively and quantitatively conjugated anacardic acid 6 via a 
tandem isomerization/lactonization reaction (Scheme 8).  

The goal is to combine the isomerization of 5 with a subsequent selective cyclization 
step with the isomer with the double bond in the conjugated position (6, Scheme 8). 
This should lead to the synthesis of compound 8a or 8b. In the next step, a base 
catalyzed ring-opening of this lactone is expected to lead to 6.62,63 

 

Scheme 8: Isomerization of anacardic acid, lactonization and conjugated anacardic acid 
synthesis 

In addition to that, this type of lactone may be of interest for the synthesis of natural 
products or analogues. For examples, chromanones exist in nature such as xylindein, a 
natural colorant produced by Chlorociboria aeruginascen (Scheme 9).64,65 Other compounds 
like Mellein (Scheme 9) and analogues are of interest for their antibacterial and 
antiproliferative activities.66–68  
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Scheme 9: Example of chromanones in nature 

Cole-Hamilton and co-workers, already performed the isomerization/lactonization 
reaction on anacardic acid (Scheme 8).15 Pd2(dba)3/dtbpmb/MeSO3H was used as the 
catalyst and the unsaturated lactone 7 was obtained as one of the products in 15 % 
yield. However, this product was only observed when the polyene mixture was used. It 
was suggested that 7 stems from the diene and maybe also from the triene form of 
anacardic acid. Indeed, no lactonization product was detected when starting from the 
pure monoene. 

 

Scheme 10: Cole-Hamilton’s isomerization/lactonization  of anacardic acid 

Other precedents for the isomerization/lactonization process exist in the literature. 
Goossen and co-workers applied this concept to oleic and palmitoleic acid to produce 
stearolactone with silver triflate as catalyst.30,69 Kanjilal et al. used a Lewis acidic ionic 
liquid, choline chloride/ZnCl2, to perform a similar isomerization/lactonization of fatty 
acids.70 Another example on identical substrates comes from Cermak and co-workers 
who used inorganic acids in excess to perform the reaction.71 Cyclisation of ortho-alkenyl 
benzoic acid has also been used for the synthesis of Mellein and Phyllodulcin type 
molecules. These methods require excess of strong acids like concentrated H2SO472 or 
CF3CO2H.73 Photochemical methods have been used for such cyclisations but this often 
leads to the formation of mixtures of products as result of radical rearrangement.74 Mali 
and co-workers performed such cyclisation at room temperature in CH2Cl2 using AlCl3 
to synthesize dehydroisocoumarine related molecules.75 The report does not mention if 
AlCl3 is used catalytically, stoichiometrically or in excess.  

We thus decided to investigate this tandem reaction on anacardic acid monoene and 
screen a few possible catalytic systems. The results are presented in Table 5. 

We first decided to perform the isomerization of anacardic acid monoene 5 using the 
method reported by Cole-Hamilton and co-workers. In our case Pd(OAc)2 was used 
instead of Pd2(dba)3 which is consider as a minor modification since both precursors will 
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form the active palladium hydride species in-situ. MeOH or iPrOH were used as the 
solvent instead of the 1/5;MeOH/toluene mixture used by Cole-Hamilton. Only 
isomerization was observed and 18-20% of the conjugated anacardic acid was formed 
(Table 5, entries 1 and 2). However, no lactonization product was obtained. The type of 
alcohol did not seem to influence the outcome of the reaction except that traces of 
esterification product were detected with isopropanol. The use of the stronger 
CF3SO3H also resulted in the formation of some of the conjugated product 6.  

Table 5: Isomerization/lactonization of anacardic acida 

Entry Catalyst Additives Solvent 
Conjugated 
Anacardic 
acid (%)b 

Lactonization 
product 

1  Pd(OAc)2/ 
dtbpmb/MeSO3H - MeOH 20 - 

2  Pd(OAc)2/ 
dtbpmb/MeSO3H - iPrOH 18 

 - 

3  Pd(OAc)2/ 
dtbpmb/CF3SO3H - iPrOH 19 - 

4  Pd(OAc)2/ 
dtbpmb/MeSO3H 

AgOTf  
(20 mol%) iPrOH 19 - 

5  AgOTf - C6H5Cl - - 

6  Pd(OAc)2/ 
dtbpmb/MeSO3H 

Al(OTf)3  
(5 mol%) 

iPrOH 13 - 

7  Pd(OAc)2/ 
dtbpmb/MeSO3H 

Sc(OTf)3  
(20 mol%) iPrOH 15 - 

8c  Pd(OAc)2/ 
dtbpmb/MeSO3H 

ZnCl2  
(20 mol%) 

iPrOH 18 - 

9  Choline 
chloride/2.ZnCl2d - - - - 

10e  AlCl3 - CH2Cl2 - - 
11 “alkene zipper” - (CD3)2CO 8 - 
a General reaction conditions: cat. loading. 2 mol%, dtbpmb 8 mol%, MeSO3H 5 mol% (20 mol%, entry 1 
and 2), overnight, reflux. b Calculated from NMR analysis. c Reaction was run for 48h. d choline chloride = 
2-hydroxy-N,N,N-trimethylethan-1-aluminium chloride. e Reaction performed on anacardic acid mixture 
isolated from entry 2, 18 % conjugated, cat. load. 40 mol%. 

AgOTf, previously used by Goossen et al., was examined, both as catalyst as well as an 
additive for the palladium catalyst (Table 5, entry 4 and 5). When using AgOTf  alone, 
conjugated anacardic acid could not be observed by NMR, although some 
isomerization may have taken place. In combination  with the Pd catalyst, 19% of the 
conjugated product 6 was formed. The use of Lewis acids other than AgOTf in 
combination with the Pd catalyst did not lead to improved results (Table 5, entries 6-8). 
The choline chloride/2.ZnCl2 described by Kanjilal et al. for fatty acids was not 
efficient for our substrate. As isomerization isn’t the problem here, we decided to test 
the lactonization on the isolated product of entry 2 (18 % of 6) using the conditions 
described by Mali and co-workers (Table 5, entry 10) . In our case, no lactone was 
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formed after refluxing overnight in DCM. Finally, submitting 5 to the “alkene zipper” 
led to 8 % of conjugated anacardic acid (Table 5, entry 11). 

Thus we can conclude that the tandem approach to obtain the lactone was not 
successful even using the previously reported methods. In our case, lactonization of 5 
remains the bottleneck. Isomerization of anacardic acid proved possible with the Pd 
catalyst leading to 13-20 % of 6. Cole-Hamilton and co-workers suggested that the 
thermodynamic equilibrium mixture for 5 contains around 67% conjugated anacardic 
acid. Our attempts gave a maximum of 20%, see Table 5 for details. So far, we do not 
have a clear explanation for the relatively low yield. A possible explanation is the 
relatively short reaction time for our experiments (overnight) compared to the 4 days 
reaction time by Cole-Hamilton. But it is to note that their observation is based on an 
isolated fraction after column chromatography of a mixture of isomers corresponding 
only to a 40 % yield for the isomerization reaction of 5. This number seems a little high 
and the truth may lie between this and the recurrent 20 % we got in our case.  

More work is needed on the lactonization reaction. Inspiration can be taken from 
literature reports dealing with carboxylate addition to alkenes. Other metal triflates 
than the ones tested have been reported for this reaction. He et al. have used 
Au(PPh3)OTf, preformed or prepared in situ, for the addition of phenyl acetic acid to 
unactivated alkenes.76,77 (Cp*RuCl2)2/6.AgOTf78 and FeCl3/3.TfOH79 also catalyzed 
addition of benzoic acid to norbornene. Finally, Nicewicz and co-workers reported the 
use of the Fukuzumi acridinium photo-oxidant catalyst for the addition of carboxylic 
acid to alkenes, for example anethole.80 

3.4. Synthesis of 3-hydroxy-styrene by 
ethenolysis/metathesis tandem reaction of cardanol 

Our second attempt to use a tandem reaction approach involves the synthesis of 3-
hydroxystyrene (and alkenes) from cardanol. Here, metathesis and isomerization are 
combined in a one-pot tandem reaction. The preliminary results for two closely related 
approaches are presented below. 

3.4.1. Ethenolysis-isomerization 
We have previously demonstrated that not more than 40 % of the conjugated cardanol 
could be obtained from isomerization approach. Here, an ethenolysis/isomerization 
concept will be discussed. The idea is that isomerization will shift the double bond to 
internal positions and that cross-metathesis of these products with ethene will produce 
shorter terminal alkenes. At the end of the reaction we expect to find 9, propene and 
butadiene as the only products (Scheme 11). 
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Scheme 11: Proposed synthesis of 3-hydroxystyrene and short alkenes from cardanol 
polyene by tandem ethenolysis/isomerization reaction 

An overview of the results is given in Table 6. Cardanol polyene was the preferred 
starting substrate to facilitate the process since the first turnover of ethenolysis will 
already lead to smaller alkene fragments. After reaction, the internal/terminal C=C 
ratio (i/t) from NMR analysis was used to gain insights in the reaction. For the starting 
the substrate, the i/t ratio was 4.5/1.  

A first comparison of entries 1 and 2 (Table 6) suggests that Grubbs 2nd G. catalyst is 
more efficient for ethenolysis, as indicated by the smaller i/t obtained than for the 
Hoveyda-Grubbs 2nd G. catalyst. Increasing the ethylene pressure to 12 bars and the 
temperature to 70°C led to a higher ethenolysis activity with HG 2nd G. with the i/t 
ratio going from 5/1 to 2.4/1.  

Interestingly, the addition of the “alkene zipper” as isomerization catalyst gave higher 
percentages of internal double bonds. An i/t ratio of 9.3/1 was obtained at 12 bar and 
70°C. In contrast, only internal C=C bonds were obtained at 3.6 bar and 40°C (Table 
6, entries 3 and 5). The possibility that ethylene inhibits the isomerization catalyst can 
thus be ruled out based on these results. The same observation was done when using  
Pd2Br2(PtBu3)2 as the isomerization catalyst (entry 6, Table 6). 

In the bnext phase, mononene conjugated cardanol 2 (~30 % in a mixture of isomers) 
was used as a substrate for the tandem reaction (Table 6, entry 7). After an overnight 
reaction, incomplete conversion was observed. Moreover, only traces of hydroxystyrene 
(~ 3 %) have been detected by NMR as well as the accompanying ethenolysis product, 
pentadecene (GC/MS). The reaction has however been performed at room 
temperature using atmospheric pressure of ethylene, suggesting that further 
improvement by optimization of process conditions is possible. 
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Table 6: Overview of catalytic isomerization/metathesis reactions using cardanola 

Entry Starting 
material Catalyst Solvent Temp. 

(°C) 
Pressure 
(bar) 

Double 
bond 
int./term. 
(i/t) 
 

Products 

- Cardanol 
polyene - - - - 4.5/1 - 

1 cardanol 
polyene HG 2nd G. Acetone 40 3.6 5/1 - 

2 cardanol 
polyene Grubbs 2nd G. Acetone 40 3.6 3,6/1 10 (41 % 

isolated yield)d 

3 cardanol 
polyene 

HG 2nd G. 
alkene zipper Acetone 40 3.6 Internal only - 

4 cardanol 
polyene HG 2nd G. Acetone 70 12 2.4/1 - 

5 cardanol 
polyene 

HG 2 nd G. 
alkene zipper Acetone 70 12 9,3/1 10 (50 % 

isolated yield)d 

6c cardanol 
monoene 

HG 2 nd G. 
Pd2Br2(PtBu3)2 

Toluene 70 atm. Internal only - 

7 
isomerized 
cardanol 
monoeneb 

H-G 2nd G. CH2Cl2 rt atm. 5.9/1 
9 (3% NMR) 
pentadecene 
(GC/MS) 

a General conditions: metathesis cat. 0.5 mol%, alkene zipper 2 mol%, solvent 5 mL, cardanol 0.5 g, 
overnight; reactions were quenched by ethyl vinyl ether addition except entries 1-3 quenched by air 
exposure. b contain 30% of conjugated cardanol. c metathesis cat. 0.2 mol%, Pd2Br2(PtBu3)2 0.5 mol%. d 
Other fractions were composed of mixture of compounds including 10 and tetradecene. 

A few general observation can be extracted from these experiments: (i) disappearance of 
allylic CH2 signals is an indication for substrate conversion; (ii) neither hydroxystyrene 
nor conjugated product was detected as product except from ethenolysis of previously 
conjugated cardanol (Table 6, entry 7); (iii) under the screened reaction conditions, self-
metathesis of cardanol is preferred to cross-metathesis with ethylene; (iv) 10 (Scheme 
12) was isolated in 41-50 % in two cases and tetradecene was always detected by 
GC/MS. Isomerization seems less of a problem here. Investigation should focus on 
ethenolysis efficiency, which is a key point for breaking long alkene chains to propene 
and 3-hydroxystyrene. As seen above, higher ethylene pressure might be beneficial 
without too much influencing the isomerization process. Since the concentration of 
ethylene is also a determinant factor, solubility of ethylene in the solvent of choice 
should also be taken into account.81  

Good conditions for a similar anacardic acid ethenolysis have been recently reported by 
Goossen and Cole-Hamilton.61 They made use of Hoveyda-Grubbs 1st G., under 10 bar 
of ethylene pressure at room temperature, overnight to obtain 92 % yield of the 
ethenolysis product. In their report on isomerizing olefin cross-metathesis of the 
ethenolyzed cardanol 12, a mixture of 9 and the 3-propenylphenol analogue is 
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obtained due to the release of propene in the medium underlining the importance to 
work with high ethylene excess (A, Scheme 12). However, theirs is a stepwise 
procedure. Indeed their study is done on 12, prepared from ethenolysis of cardanol or 
anacardic acid, an easier substrate than the most challenging anacardic acid itself due 
to the smaller carbon lateral chain. They indicated that direct isomerizing/ethenolysis 
of anacardic acid led to quick loss of catalyst activity and no yield has been reported.  

 

Scheme 12: A) Isomerizing ethenolysis reaction by Goosen and Cole-Hamilton; B) Possible 
inhibition pathway for Hoveyda type metathesis catalysts  

Another issue to keep in mind is the stability of the targeted product 9. Styrene like 
molecules are known to easily polymerize and are usually stored with a stabilizing 
agent.82  

Finally, 9 and other ethenolysis products may be good inhibitors of Hoveyda type 
catalysts. The 3-isopropoxystyrene ligand can be replaced by these products leading to 
more stable species (B, Scheme 12) thus inhibiting the catalytic activity. 

3.4.2. Stepwise vacuum metathesis/isomerization/ethenolysis reaction  
A stepwise self-metathesis/isomerization reaction under vacuum was investigated to 
remove low boiling olefins and in this way shift the equilibrium reactions towards the 
desired product 10 (Scheme 13).  
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Scheme 13: stepwise vacuum metathesis/isomerization/ethenolysis reaction for cardanol 
polyene 

When reacting the cardanol polyene with HG 2nd G. in association with the alkene 
zipper catalyst under reduced pressure, a clean reaction is obtained. 50 % of 10 could 
be isolated with the remaining fractions being a mixture of 10, tetradecene and 
saturated cardanol (Table 7, entry 1). Unfortunately, no conjugated form of 10 was 
detected. 8 % of the conjugated product was detected upon stepwise addition of the 
catalysts and raising the temperature from room temperature to 70°C. A change in 
isomerization catalyst to Pd2Br2(PtBu3)2 only gave a slight increase in conjugated 10 
(Table 7, entry 3). 

Table 7: Overview of isomerization/metathesis experiments under reduced pressurea 

Entry 
Starting 
material 
(g) 

Catalyst 
(mol%) 

Temp. 
(°C) 

Time 
(h) 

Conjugated  
double bond (%)b Observations 

1 
cardanol 
polyene 
(0.5) 

HG 2nd G. 
(0.5) 
alkene zipper 
(2) 

rt 3 n.d. 

 
10 (50 % isolated 
yield)c 
tetradecene (GC/MS) 
 

2b 
cardanol 
polyene 
(0.5) 

HG 2nd G. 
(0.5) 
alkene zipper 
(2) 

rt 
to 70 48 

A- n.d. 
B- n.d. 
C- 8 % 

- 

3 
cardanol 
polyene 
(1) 

HG 2nd G. 
(0.2) 
Pd2Br2(PtBu3)2 
(0.5) 

80 24 10 % - 

a General conditions: vacuum. b Determined by NMR c Sequence: A) HG Cat., rt, 1h, vaccum; B) Isom. 
Cat. in DCM (1.5mL), rt, overnight; C) 70°C, overnight, vacuum. d Other fractions were composed of 
mixture of 10, tetradecene and saturated cardanol. 

 



A study on isomerization-based catalytic reactions towards value added chemicals from 
CNSL 

 

 81 
 

3.5. Conclusions and perspectives 
During this study, we have shown that the isomerization of monounsaturated cardanol 
and anacardic by state of the art catalysts is a facile reaction. Among the screened 
catalysts, Pd(OAc)2 /dtbpmb, the ruthenium based “alkene zipper” and Pd2Br2(PtBu3)2 

seem the most promising. However, the isomerization always led to mixture of 
positional isomers. Apparently, the energy difference between the double bond 
conjugated to the phenolic moiety and the double bond in another position along the 
C15 chain is not enough to allow high yields of compounds 2, 4 and 6.  

Because of this issue, we studied the potential of the combination of isomerization with 
a second reaction in a tandem approach to give a single product. In the 
isomerization/lactonization of monounsaturated anacardic acid, the lactonization 
remains the bottleneck. Methods already reported in the literature, using Brønsted or 
Lewis acids, were applied but proved inefficient to obtain the desired cyclized product. 
However, there is room for improvement and a number of catalytic lactonization 
remain to be tested. Another possibility is to perform an intramolecular palladium 
catalyzed reaction to form an unsaturated lactone.83 

Finally, isomerization was combined with metathesis with the aim to produce 3-
hydroxystyrene. Our preliminary results showed that although both reactions proceed 
independently, a working tandem reaction is far from trivial. Thorough screening of 
catalyst and reaction conditions, particularly for the ethenolysis process, is required. 
Although Goossen and Cole-Hamilton achieved the isomerizing ethenolysis of 
anacardic acid and cardanol, the reaction is far from being optimal and has not been 
applied directly on these substrates but on derived products.61 

I would like to particularly thank Marco Wonink for his valuable contributions to the experimental 
work of this chapter. 

3.6. Experimental section 

3.6.1. General considerations. 
All manipulations were carried out under nitrogen atmosphere using standard 
glovebox, Schlenk, and vacuum-line techniques. Toluene (Aldrich, anhydrous, 99.8%) 
was passed over columns of Al2O3 (Fluka), BASF R3-11-supported Cu oxygen 
scavenger, and molecular sieves (Aldrich, 4 Å). Methanol, ethanol, DCM and 
isopropanol were dried on CaH2, and distilled prior to use. Acetone was dried with type 
4A Linde molecular sieves. Monounsatured anacardic acid, mono- and polyunsaturated 
cardanol were obtained using the procedures described in Chapter 2. Unless stated 
otherwise, commercially available catalysts and starting material were used. Double 
distilled H2O was used for the catalytic reactions and was degassed, performing 
vacuum/nitrogen cycles, prior to use and stored under nitrogen. C6H5Cl was dried on 
CaCl2, distilled and stored under nitrogen. NMR spectra were recorded on Varian 
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Gemini 200, Varian 400, Agilent 400 or Varian Inova 500 spectrometers. The 1H and 
13C NMR spectra were referenced internally using the residual solvent resonances and 
reported in ppm relative to TMS (δ 0 ppm); J is reported in Hz. Gas chromatography 
measurements were performed on HP 5890 series II equipped with Restesk 
Stabilwax®-DA, 30 meter, 0.32 mm ID, 1 µm df. 

3.6.2. Catalyst screening typical procedure. 
Monounsaturated cardanol (0.5 g, 1.66 mmol), catalyst and solvent (if necessary) were 
loaded in a Schlenk flask equipped with a stir bar and a cooler. After stirring the 
reaction mixture under N2 atmosphere during the indicated time and temperature, 
volatiles were evaporated under vacuum. The residue was filtered over a plug of silica 
to remove the bulk of the catalyst using DCM as eluent. After evaporation of solvent, 
the oily residue was subjected to the ozonolysis procedure (see above) and products 
were analyzed by GC-FID. 

3.6.3. Alcohols calibration. 
An internal standard solution was prepared by accurately weighing pentadecane to 
obtain a 1000 ppm concentration in dichloromethane. A stock solution of the linear 
alcohols from C4 to C14, ethylene glycol and propanediol in the standard solution was 
prepared weighing accurately each compound to a ca. 4000ppm. The stock solution 
was diluted to 2000, 1000, 300 and 150 ppm concentration using the internal standard 
solution. This operation was repeated twice. Every solution was analysed by GC-FID. 
Calibration curves and response factors Kf were obtained plotting 
Area[alcohol]/Area[pentadecane] as a function of Concentration[alcohol]/ 
Concentration[pentadecane]. 

3.6.4. General procedure for GC/MS analysis of ozonolysis products: 
In a three necked round bottom flask, a determined amount of sample (150-500 mg) 
was dissolved in a mixture DCM/Ethanol;3/1. Ozonolysis was then performed at - 
70°C bubbling ozone into the solution till a persistent blue colour was obtained. 
Completion of the reaction was checked by TLC. The solution was flushed with N2 
until disappearance of the blue colour. Reductive work-up was carried out at -70°C, 
adding sodium borohydride by portion (10eq). The reaction mixture was allowed to 
warm up slowly to room temperature and stirred overnight. 10 mL of 5% aqueous HCl 
solution was added to the flask and the resulting mixture was stirred for 30 min. The 
organic layer was separated from the aqueous layer and the latter was extracted once 
with 10 mL of DCM. The organic layers were put together and a sample, diluted in the 
internal standard solution, was directly analysed by GC/FID. 
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3.6.5. Synthesis of triphenylphosphonium tetradecyl bromide. (3) 

 

Following a literature procedure84, a mixture of bromotetradecane (2 g, 7.2 mmol) and 
PPh3 (1.2 eq., 2.27 g, 8.7 mmol) in 10 mL of toluene was refluxed for 5 days. The 
mixture was filtered and the white solid was washed with Et2O two times and dried 
under vacuum to give 2.7 g of product. Yield 70 %.  
31P NMR (162 MHz, CDCl3) δ 24.25 (s, 1H). 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.71 (m, 
9H), 7.65 (td, J = 7.5, 3.4, 6H), 3.68 (dt, J = 12.3, 7.5, 2H), 1.56 (broad doublet, J = 3.6, 4H), 
1.27 – 1.07 (m, 20H), 0.81 (t, J = 6.9, 3H). 13C NMR (101 MHz, CDCl3) δ 135.0 (d, J = 3.0), 
133.6 (d, J = 9.9), 130.5 (d, J = 12.5), 118.3 (d, J = 85.8), 31.9, 30.4 (d, J = 15.5), 29.6, 29.6, 
29.6, 29.5, 29.5, 29.3, 29.2, 29.1, 22.8 (d, J = 49.9), 22.6, 22.6, 14.1. HRMS (ESI) calcd. for 
C32H44BrP [M+H+] 459.3175, found 459.3173 
 

3.6.6. Synthesis of 1-methoxy-3-(pentadec-1-en-1-yl)benzene (4) 

 

Following literature procedure85, a mixture of 3 (1.9 g, 3.5 mmol), 3-
methoxybenzaldehyde (392 mg, 2.9 mmol) and K2CO3 (0.8 mg, 5.8 mmol) in 16,5 mL 
of DMSO/H2O;10/1 was refluxed for 20h.The mixture was poured into water and 
extracted with EtOAc. The organic layers were combined, dried over MgSO4 and 
filtered. Solvent was evaporated under vacuum. The residue was purified by column 
chromatography using hexane to hexane/EtOAc;20/1 as eluent to give 582 mg of 
product as a colorless oil (cis/trans;60/40). Yield: 66%. 

1H NMR (400 MHz, CDCl3) δ 7.24 (t, J = 7.8, cis), 7.20 (t, J = 7.8, trans), 6.94 (d, J = 7.7, trans), 
6.87 (d, J = 7.1, cis/trans), 6.82 (bs, cis), 6.76 (ddd, J = 10.6, 8.3, 2.4, cis/trans), 6.38 (d, J = 10.4, 
cis), 6.34 (d, J = 15.5, trans), 6.22 (dt, J = 15.8, 6.8, trans), 5.66 (dt, J = 11.7, 7.3, cis), 3.80 (s, 3H. 
cis/trans), 2.33 (qd, J = 7.4, 1.7, cis), 2.19 (q, J = 7.2, trans), 1.45 (sextet, J = 7.1, cis/trans), 1.36 – 
1.21 (m, 20H), 0.88 (t, J = 6.8, 3H). 13C NMR (101 MHz, CDCl3) δ 159.8 (trans), 159.3 (cis), 
139.4 (trans), 139.20 (cis), 133.6 (cis), 131.6 (trans), 129.5 (trans), 129.4 (trans), 129.0 (cis), 128.5 (cis), 
121.3 (cis), 118.6 (trans), 114.3 (cis), 112.3 (trans), 111.9 (cis), 111.2 (trans), 55.1 (trans), 55.1 (cis), 
33.0 (trans), 31.9, 30.0, 29.7, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 29.4, 29.3, 28.7 (cis), 22.7, 14.1. 
HRMS (ESI) calcd. for C22H37O [M+H+] 317.2839, found 317.2841 

3.6.7. 1-methoxy-3-(pentadec-1-en-1-yl)benzene isomerization 
In a Young NMR tube, 4 (200 mg, 0,66 mmol) and 0.4 mol% of Pd2Br2(PtBu3)2 (1 mg, 
1.3 μmol) were dissolved in benzene-d6 (0,3 mL). Reaction was warmed up to 65°C for 
4h. After analysis by NMR, an additional 10 mol% of Pd2Br2(PtBu3)2 ( 12.8 mg, 6.6 
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mmol) was added and the mixture was warmed up overnight at 65°C. The reaction 
mixture was filtered over a plug of silica and flushed with hexane to remove the bulk of 
the catalyst. Volatiles were evaporated to give a mixture of positional isomers of 4. This 
substrate was resubmitted a second time to isomerization using a new batch of 
Pd2Br2(PtBu3)2 (10 mol%, 12.8 mg, 6.6 mmol) under the same conditions. The product 
was analyzed by NMR after overnight and showed a mixture of 4 (40%) and 4-iso 
(60%). 

3.6.8. Isomerization/ typical procedure. 
Monounsaturated anacardic acid (250 mg, 0.72 mmol), catalysts and solvent (if 
indicated) were loaded in a Schlenk flask equipped with a stirring bar. After refluxing 
the reaction mixture overnight, volatiles were removed and the oily residue was 
analyzed by NMR. 

3.6.9. General cardanol (isomerization)/metathesis reaction. 
Polyunsaturated cardanol (0.5 g, 1,66 mmol), catalyst(s) and solvent were loaded in a 10 
mL stainless steel reactor equipped with a stir bar and pressure sensor. The reactor was 
flushed three times using vacuum/ethylene cycle and then filled with the desired 
ethylene pressure. The reactor was heated-up by an oil bath at the desired temperature. 
Reaction mixture was stirred for the indicated time and temperature then quenched by 
exposure to air and/or by addition of excess of ethyl vinyl ether. After evaporation 
under vacuum of the volatiles, the residue was analyzed by NMR. 

  

Table 6, entry 2: Purification of the crude was performed by column 
chromatography with gradient elution from hexane to AcOEt to give 140 mg of 10 as 
an off-white solid. Yield: 41 %  

1H NMR (400 MHz, CDCl3) δ 7.12 (t, J = 7.6, 2H), 6.75 (d, J = 7.5, 2H), 6.64 (d, J = 7.9, 4H), 
5.46 – 5.26 (m, 2H, cis/trans), 5.06 (s, 2H), 2.53 (t, J = 7.6, 4H), 2.05-1.90 (m, 4H, cis/trans), 1,58 
(quintet, J = 7.4, 4H), 1.41 – 1.18 (m, 16H). 13C NMR (101 MHz, CDCl3) δ 155.3, 144.9, 130.4 
(trans), 129.9 (cis), 129.4, 121.0, 115.3, 112.5, 35.8, 32.6 (trans), 31.2, 29.7, 29.6, 29.4, 29.3, 29.3, 
29.2, 29.0, 27.2 (cis). HRMS (ESI) calcd. for C28H40O2 [M+H+] 409.3101, found 
409.3096. 

Rmq: Reactions at atmospheric pressure were performed in a normal Schlenk flask 
equipped with an ethylene balloon.  
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3.6.10. Typical cardanol isomerization/metathesis reaction under 
vacuum. 

Polyunsaturated cardanol (0.5 g, 1,66 mmol) and catalyst(s) were loaded in a Schlenk 
flask equipped with a stir bar. The reaction mixture was stirred at indicated time and 
temperature then quenched by exposure to air. The residue was analyzed by NMR. 
Purification of the crude material was performed by column chromatography with 
gradient elution from hexane/AcOEt;9/1 to AcOEt to give 174 mg of 10 as an off-
white solid. Yield: 50 % (see above for characterization). 

3.6.11. Computational details 
Molecular dynamics was performed with Tinker 86, MM3 force field 87 at 298K for 
1000 picoseconds (ps). Every 1 ps a snapshot was taken which was optimized with 
AM188(Mopac789). The two lowest energy conformers were selected for optimization 
and characterized as minima with B3LYP at the 6-31G(d), 6-31G++(d) or 6-
311++(d,p) level of theory in the gas phase. The resulting structures were confirmed to 
be minima by frequency calculations (number of imaginary frequencies = 0 (minima). 
Thermal free energies are reported in the table 8 below. 
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Table 8: Thermal free energies of optimized structures of cardanol isomers 

cardanol Isomers 

6-31g(d) 6-31g++(d) 
Thermal 
Free  
Energy 
(Hartree) 

Thermal Free  
Energy 
(Kcal/mol) 

Thermal Free  
Energy (Hartree) 

Thermal Free  
Energy (Kcal/mol) 

Econj -895,500561 -561934,6615 -895,533407 -561955,2727 
E2-3 -895,495307 -561931,3646 -895,529827 -561953,0262 
E3-4 -895,496439 -561932,0749 -895,529333 -561952,7162 
E4-5 -895,494558 -561930,8946 -895,530486 -561953,4397 
E5-6 -895,495694 -561931,6074 -895,529346 -561952,7244 
E6-7 -895,494476 -561930,8431 -895,528223 -561952,0197 
E7-8 -895,495459 -561931,4600 -895,529642 -561952,9101 
E8-9 -895,494066 -561930,5859 -895,530390 -561953,3795 
E9-10 -895,495317 -561931,3709 -895,529572 -561952,8662 
E10-11 -895,494738 -561931,0075 -895,528081 -561951,9306 
E11-12 -895,495454 -561931,4568 -895,528600 -561952,2563 
E12-13 -895,494385 -561930,7860 -895,528493 -561952,1891 
E13-14 -895,495004 -561931,1745 -895,529279 -561952,6823 
Term -895,489776 -561927,8938 -895,523317 -561948,9411 
Z1-2 -895,494318 -561930,7440 -895,527415 -561951,5127 
Z2-3 -895,492862 -561929,8303 -895,526365 -561950,8538 
Z3-4 -895,494093 -561930,6028 -895,526954 -561951,2234 
Z4-5 -895,493394 -561930,1642 -895,527145 -561951,3432 
Z5-6 -895,493425 -561930,1836 -895,527666 -561951,6702 
Z6-7 -895,493639 -561930,3179 -895,527395 -561951,5001 
Z7-8 -895,493168 -561930,0224 -895,526794 -561951,123 
Z8-9 -895,493693 -561930,3518 -895,527840 -561951,7794 
Z9-10 -895,493749 -561930,3869 -895,527647 -561951,6582 
Z10-11 -895,493712 -561930,3637 -895,527420 -561951,5158 
Z11-12 -895,493427 -561930,1849 -895,527662 -561951,6677 
Z12-13 -895,494170 -561930,6511 -895,527280 -561951,4279 
Z13-14 -895,495297 -561931,3583 -895,528217 -561952,0159 
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Chapter 4  

Study on isomerization-metathesis tandem 
reaction for oligo/polymerization of alkenes 
 

In this chapter, the possibility to use an isomerization/metathesis tandem approach is 
investigated for the synthesis of long chain alkenes from small ones. At first, a screening of 
catalysts is performed in order to identify terminal olefin selective metathesis catalysts. Secondly, 
isomerization/metathesis tandem reactions are conducted with 1-octene using different 
combination of catalysts.  



Chapter 4 

	  

92  

	  

4.1. Introduction  
Olefin isomerization is a well-established reaction, see Chapter 1 of this thesis for more 
details. Two mechanisms are commonly accepted: the hydride mechanism and the allyl 
mechanism.1 Since decades, alkene isomerization reactions have been used in 
association with a second type of reaction. This has the advantage that an internal 
double bond can be isomerized to a terminal position followed by selective 
functionalization of this terminal double bond. In addition it is also possible to do the 
same with a mixture of double bond isomers. The selective functionalization reaction 
may be an hydroformylation,2,3 alkoxycarbonylation,4 hydroaminomethylation,5,6 
hydrocyanation,7 hydroboration,8 aldolization9 and many more.10  

Among them, the tandem reaction involving isomerization/metathesis is an interesting 
option. Isomerization is often observed as an unwanted side reaction in ring-closure 
metathesis11 or ADMET polymerization.12–14 Decomposition of Grubbs type catalysts 
into ruthenium hydride species has been observed and these compounds have been 
proposed as culprits for the isomerization.15–19 Some research groups have turned this 
side reaction to their advantage to access different organic scaffolds like unsaturated 
heterocycles.20–24 Schrock and co-workers recently showed that isomerization also 
occurs with a molybdenum based metathesis catalyst.25 Here again a metal hydride has 
been proposed as an active isomerization catalyst. 

A combination of two different catalysts, one for the isomerization and one for the 
metathesis, is also possible. The combination has been studied using linear simple 
alkenes and bio-based substrates like fatty acid derivatives and cashew nut shell oil 
components. It can be either sequential26–29 or concurrent.30–35 The alkene distribution 
is usually determined by the thermodynamics of the products, but the combination with 
a regioselective reaction leads to a single product..30  

In this chapter, we described an investigation to use the isomerization/metathesis 
concept to produce long alkenes from small olefins using two separate catalysts, one for 
the isomerization catalyst and one for the metathesis reaction. This reaction is of 
particular industrial interest when using relatively cheap butenes from cracking 
processes as the feed. When successful, these are converted to higher value longer 
alkenes. 

In 1975, Porri et al. already observed the formation of heptene starting from 1-pentene 
using an Iridium based catalyst developed for metathesis.36 However, attempts to obtain 
longer alkenes via a tandem isomerization/metathesis reaction are rare and to our 
knowledge only two examples are present in the literature. One is based on the use of 
two heterogeneous catalysts present in a reactive distillation column.37 With 1- and 2-
butene as starting substrates, olefins as long as C18 were obtained. However, this 
process requires temperature between 150 and 230°C. In addition, this is not a one pot 
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process but a sequential three-stage process. Dupont and co-workers have published the 
second example based on an ionic liquid biphasic system and the combination of a 
classical Grubbs II type catalyst with RuHClCO(PPh3)3.33 Starting with trans-3-hexene 
as substrate, only 0.04 % of C17 as longest alkene is obtained with an alkene 
distribution with a maximum at 6 carbon atoms, i.e. at the starting hexene. 

The two main issues preventing the formation of higher molecular weight compounds 
are the non-selective isomerization leading to thermodynamic mixtures of positional 
isomers and the non-selective metathesis catalysts regarding internal vs terminal olefins. 
In this system, isomerization will distribute the double bond all along the linear chain. 
This results in a very low percentage of the less stable terminal double bond in the 
isomeric mixture. Since, the metathesis of internal and terminal alkenes is unselective, 
only redistribution of the fragments is observed. However, using a metathesis catalyst 
fully selective for terminal alkenes should allow the formation of longer alkene 
molecules (Scheme 1).  

 

Scheme 1: Expected products from the selective isomerization/metathesis of butene 

An example of a predicted carbon distribution, starting with butene as the substrate, is 
given in Figure 1 (red) and is compared to the distribution obtained for a classical (or 
non-selective) isomerizing metathesis reaction (blue). In case of butene, a selective 
isomerization/metathesis reaction should give alkenes with only even carbon numbers. 
Obviously, the shape and position of the maximum of the distribution will be highly 
dependent on the reaction time. In the case of a classical reaction, a thermodynamical 
mixture of olefins will be obtained,30 whereas for a selective isomerization/metathesis 
reaction, the maximum should move to higher carbon numbers in time. 
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Figure 1: Theoretical distribution for the classical and selective isomerization/metathesis 
tandem reaction of butene 

Proof of concept for the selective tandem process has been provided by Schrock and 
Grotjahn who combined their respective knowledge in metathesis and isomerization to 
perform the “ISOMET” tandem reaction depicted in Scheme 2. Starting with trans-3-
hexene, cis-5-decene was obtained with selectivity up to 64 %. However, a few issues 
remain in this system. Firstly, the selectivity is obtained from the difference in reactivity 
between the metathesis catalyst and a cis or a trans isomer. The selectivity is not based 
on the internal or terminal position of the double bonds.38 Indeed 2 has been developed 
for cis-selective metathesis and is not reactive towards trans-alkenes. The second issue is 
related to the “alkene zipper” catalyst 1 as it is known to be a trans to trans selective 
isomerization catalyst and thus does not react with cis-alkenes. Although these results 
are encouraging, it only shows the proof of concept for one step (hexene to decene) and 
alkenes with higher carbon numbers were not observed. Thus their formation remain a 
challenge.  

 

Scheme 2: ISOMET reaction of trans-3-hexene 
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4.1.1. Requirements for the isomerization catalyst 
The isomerization should fulfill certain requirements. As the alkene chains will grow, 
the distance between the terminal position and the newly formed internal double bond 
will keep increasing. We thus need a catalyst with very high turnover frequency to bring 
the double bond in the terminal position as fast as possible. Again, thermodynamics are 
against us and the percentage of terminal olefins in the equilibrium mixture will 
decrease when alkenes grow larger. In addition, the catalyst should be compatible with 
the metathesis catalyst.  

Many well-defined homogeneous catalysts are known to be active for double bond 
isomerization.39 We decided to focus on catalysts 1 and 3 (Scheme 3).  

 

Scheme 3: Isomerization catalysts 

Both have already been used successfully in combination with metathesis catalysts and 
fulfill most of the requirements described above. 

4.1.2. Terminal olefin selective metathesis catalyst  
The metathesis reaction is known since the 30’s and has been extensively studied for 
more than 50 years.40 A large choice of catalysts is nowadays available and many 
possess high activity, stability and good functional groups tolerance. The last five years, 
most research has been focused on stereoselectivity and new highly cis-selective 
metathesis catalysts were developed in the laboratories of Grubbs, Schrock and 
Hoveyda with some already commercially available. 

However, little is known about the chemoselectivity between internal and terminal 
alkenes. However, it is proven that the metathesis reaction proceeds faster with terminal 
double bonds than internal ones.41 The main bottleneck to reach our goal, is to identify 
catalysts that show extremely high selectivity for metathesis reaction with terminal 
double bonds.  

To the best of our knowledge, no catalysts systems have been reported that fulfill this 
requirement. However, stereoselectivity has already been observed, see Scheme 4 for 
details.38,42,43  
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Scheme 4: Example of chemoselectivity during Z-selective metathesis 

Here, we present an exploratory catalyst to identify suitable catalyst combinations for 
the tandem metathesis/isomerization reaction of small alkenes to higher oligomers or 
polymers. In the first phase, a group of metathesis catalyst was screened for their 
terminal/internal alkene selectivity along with a study on solvent effects. In addition, a 
number of some isomerization/metathesis tandem reactions were performed using 1-
octene as the substrate with different catalyst combinations. 

4.2. Catalyst screening studies on metathesis reactions aiming 
at high terminal olefin selectivity  

4.2.1. Catalysts screening  
15 catalysts (Scheme 6) were selected to perform metathesis reactions with a mixture of 
trans-4-octene and 1-decene (1 to 1 mol. ratio) and the products were identified and 
quantified using GC. A catalyst that is fully selective for terminal alkenes would lead 
exclusively to the formation of 9-octadecene while formation of 4-tridecene would be 
indicative for a non-selective catalyst (Scheme 5). The results of this study are presented 
in Table 1. 

 

Scheme 5: Metathesis selectivity test reaction 
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Table 1: catalyst screening for terminal vs internal alkene metathesis selectivitya 

Entry Catalyst Conversion (%) Product Composition (%) 
t-4-octene 1-decene tridecene octadecene other alkenes 

1b 5 9 86 1 99 traces 
2b,c 5 7 44 15 79 6 
3 6 12 50 24 76 0 
4 7 48 79 61 29 10 
6 8 61 95 43 23 34 
7 9 <1 <1 traces traces 0 
8 10 30 39 78 22 0 
9 11 <1 4 25 75 0 
10 12 8 38 22 78 0 
11 13 22 26 84 16 0 
12 14 <1 2 26 74 0 
13 15 50 78 64 32 5 
14 16 0 4 0 100 0 
15d 16 0 34 0 100 0 
16 17 2 13 15 85 0 
17d 17 10 35 30 70 0 
18d 18 2 3 71 29 0 
a General conditions: cat. load. 0.5 mol%, susbstrates mixture 1.3 mmol, 18h, ambient temperature.  
b Reaction time: 47h. c Reaction performed in THF. d Reaction performed at 50°C. 

A first look at the results shows that tridecene is formed for all catalysts, indicating that 
none of the catalyst is 100% selective towards terminal olefins. The only exception is 
catalyst 16, which will be discussed in more details below. 

Although the reaction needed two days for reasonable conversions (all others reactions 
were performed for 18h), very good selectivity was obtained with catalyst 5 and the 
product composition was made of 99% octadecene. The two days reaction time is 
probably the result of the poor solubility of the catalyst under these neat conditions. 
When the same reaction was performed in THF, octadecene is still obtained as the 
major product but both selectivity and conversion dropped. In addition, the formation 
of other alkenes was observed. These observations suggest that 5 may be not stable 
under these conditions and its decomposition leads to isomerization as previously 
described. One must be careful when concluding about the terminal vs internal alkene 
selectivity of 5. As described in the introduction, the observed selectivity is mainly based 
on cis/trans reactivity. 5 has low reactivity with trans alkenes thus leading, in our case, to 
a preferred reaction with the terminal alkene.42,44 A competing experiment using, for 
example, cis-4-octene together with 1-decene must be performed in order to definitely 
answer the question of the terminal vs internal selectivity. 

16 was the only selective catalyst either at room temperature or at 50°C. This is 
surprising since this catalyst is known to perform metathesis with both internal and 
terminal alkenes. However, when the reaction was performed with a new batch of this 
catalyst (See Table 2 for a reaction in neat conditions), 20 % of tridecene was obtained 
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which indicates reproducibility issue. A possible explanation is the decomposition of the 
catalyst during storage in the solid state, a known feature of Schrock’s catalysts. A bright 
orange color is indicative for a fresh catalyst, whereas in our case both batches of 
catalysts were dark orange/brown, indicative for substantial decomposition.47 The 
extent of decomposition is likely different for both batches used in our investigation, 
explaining the differences in selectivity for the duplicate experiment. 

Interestingly, all the non-selective Ru based catalysts are 2nd generation type catalysts 
with a coordinated NHC ligand while the selective ones bear alkyl phosphine ligands. 
Grubbs and co-workers have demonstrated for 1st generation catalysts that the reaction 
rate constants decreases by a factor 100 when using internal olefins instead of terminal 
ones.41 However, such kinetic studies have not been reported for 2nd generation Grubbs 
complexes. It is known that the 2nd generation catalysts are more active than the 1st 
generation phosphine based catalysts. Although the carbene ligand was initially 
believed to facilitate the dissociation of the phosphine in the trans position, Grubbs and 
co-workers demonstrated later, that this is not true.48 They have shown, for example, 
that dissociation of the phosphine in 7 is much slower than in 6. Studies on the 
k[phosphine rebinding]/k[olefin binding] ratio after dissociation of the phosphine 
revealed 4 order of magnitude differences in favor of olefin binding for NHC catalysts.49 
Some more insights based on electronic properties have been published lately by 
Kennepohl and co-workers.50 

Although, few explanations have been provided to explain that the NHC bearing 
metathesis catalysts are more active than their phosphine parents, it is difficult, from 
these, to draw any conclusions regarding the selectivity. We believe that the ligand has a 
negative effect on the selectivity by lowering the difference in reaction rate between 
terminal and internal olefins.  

Finally, other alkenes were detected in a few cases (entries 2,3, 17 and 18). These can 
only be formed by an isomerization reaction. Competing isomerization reactions have 
already been observed for a number of Hoveyda-Grubbs metathesis catalysts. It is 
commonly accepted that decomposition of catalysts generates metal hydride species, 
which are responsible for the isomerization reaction.13,15,16,51–54 However, the exact 
decomposition pathway remains unclear and the results obtained in experiments with 
suspected culprits did not fully correlate with the observed isomerization activity.18 
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Scheme 6: Metathesis catalysts used for the selectivity screening study 

4.2.2. Solvent effects 
Solvent influence on selectivity was checked with both 6 and 16 (Table 2). Conversion 
and selectivity were not significantly changed when using these catalysts in solvent with 
a different polarity. Although this is clear from the experiment with 6, the extremely 
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low conversion obtained with 16 makes it difficult to draw strong conclusion (vide supra 
for explanation). 

Table 2: Solvent influence on metathesis selectivity 

Metathesis  
Catalyst Solvent Conversion (%) Product compositiona 

(%) 
t-4-octene 1-decene tridecene octadecene 

6 

Cyclooctane 11 41 27 73 
Toluene 19 55 35 65 
Dichloroethane 17 49 35 65 
di-n-butyl ether 14 46 30 70 
neat 20 64 32 68 

16 

Cyclooctane 1 4 36 64 
Toluene <1 2 25 75 
Dichloroethane 1 6 24 76 
di-n-butyl ether 0 1 0 100 
neat 2 8 20 80 

a no other alkene were detected. 

4.3. Isomerization/metathesis tandem reaction 
In the next phase of this investigation, the tandem isomerization/metathesis reaction 
was investigated with a number of catalyst combinations. We decided to focus on two 
specific isomerization catalysts, which are known for their high activity even at low 
temperature. This is particularly true for the alkene zipper.34,51,52 Gooßen and co-
workers already applied the palladium dimer in this type of tandem reaction.30  

1-Octene was chosen as the substrate for the tandem reactions and the analysis of the 
alkene distribution was performed by gas chromatography. The results are presented in 
Table 3. 

When using the Grubbs 1st generation catalyst 6 together with 1, high activity for self-
metathesis was observed with close to full conversion of 1-octene when using neat 
conditions. However, very limited isomerization activity was observed even when DCM 
was used as the solvent to solve possible solubility issues. In a first step, both catalysts 
need to dissociate one ligand, respectively PCy3 from 6 and CH3CN from 1, to become 
an active species. We assume that the lack of isomerization activity is caused by the 
phosphine ligand stemming from 6 which is replacing CH3CN in 1 and is more tightly 
bond to the metal center.30 This hypothesis was verified using the similar Hoveyda-
Grubbs 1st generation 19 where an isopropoxy-styrene moiety is replacing the second 
labile phosphine ligand of 6. An alkene distribution ranging from C8 to C21 was 
observed when using 19 in combination with 1, which is a good indication for 
concomitant isomerization and metathesis reactions (Table 3, entry 3). However, 
tetradecene remains the major product (39%) indicating either low isomerization or low 
metathesis activity for internal alkenes or the combination of the two. 
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When performing the reaction at 70°C, the distribution of the alkenes is different. In 
this case, C18 is the longest alkene and the distribution is broader with for, example, 
21% C13 and C14. It is clear that temperature has a large influence on the alkene 
distribution probably due to increased activity for (internal) alkene metathesis as well as 
for isomerization.  

A higher isomerization turnover can be considered as beneficial. When the alkene 
chains get longer, moving the double bond from an internal to a terminal position will 
be increasingly difficult because of the decreasing percentage of terminal double bonds 
in the thermodynamic equilibrium mixture. On the other hand, higher temperatures 
will cause a decrease in the internal/terminal alkene metathesis selectivity. As such, fine 
tuning of the reaction conditions in the case of a non-fully selective metathesis catalyst 
will be required. The use of solvents, either polar or apolar, with the 1/19 couple seems 
to decrease the rate of the isomerization reaction (Table 3, entries 5-7). We do not have 
a rational explanation for this behavior. It is rather surprising, since isomerization of 1-
octene by 1 was tested with good results in these solvents.  

The use of the Pd based catalyst 3 for isomerization in association with 19 led to a 
product with a broad alkene distribution up to C25-26 (Table 3, entries 8-9 and Figure 
2/3). The effect of the temperature on the chain distribution is shown in Figure 3 were 
the maximum increases from C11 to C13 for reactions at respectively room 
temperature and 70°C. This suggests that the temperature is another important 
parameter to tune the mean chain length.30  

 

Figure 3: Chain length distribution for isomerizing metathesis of 1-octene with 3/19 
catalytic system 
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The Schrock type catalysts 16 and 17 gave mainly the self-metathesis products under 
neat conditions (Table 3, entries 10-11). The use of toluene as a solvent with the 
catalytic system 3/16 seems to improve the isomerization activity as a higher 
percentage of intermediate chain length products (C9 to C13) was observed (Table 3, 
entry 12). Moreover, in this mixture, C14 remains as low as 14 % whereas 1-octene 
accounts for 21 %. Finally, we examined the combination of 1 and 16. To our delight, 
a rather broad chain length distribution was observed with products ranging from C7 to 
C29, even when performing the reaction at room temperature. Comparison of these 
results with those obtained with 3/16 and 3/17 reveals a negative interaction of the 
palladium dimer with the Schrock type catalysts. The chain length distribution has a 
maximum at about C11. This is indicative for a higher isomerization rate than for 
metathesis. In fact, C11 is likely formed by cross-metathesis of 4-octene with 1-octene.  

4.4. Conclusions and perspectives 
The tandem isomerization/metathesis reaction for the formation of high molecular 
weight alkenes from small olefins has been investigated. Although this reaction could 
have industrial importance when applied to the underutilised butene fractions from a 
cracker, we have used 1-octene for convenience. 

We have demonstrated that a fully selective metathesis catalyst for terminal vs internal 
double bond is essential to obtain growing alkenes with extended chain lengths. Indeed, 
in the case of a non-selective catalyst, the tandem reaction leads to a specific 
distribution of alkenes, which is determined by the thermodynamic equilibrium. 

None of the metathesis catalysts tested turned out to be fully selective and the discovery 
of such catalysts has yet to occur. Although 5 showed a unique preference for terminal 
alkenes, this is mainly on the basis of its non-reactivity with trans alkenes.42 Similar 
behavior was observed with cis-selective Schrock’s type catalyts.38 Design of these 
catalysts was based on the steric influence of the ligands, increasing bulkiness around 
the metal center and it is likely that they can be adapted for our purpose. The 
preference for terminal alkenes observed with the 1st generation Grubbs type (with a 
phosphine trans to the dissociating ligand) suggests that electronics also play an 
important role and need to be considered for the rational design of selective catalysts. 
Hoveyda and co-workers, when designing cis-selective catalysts, have already proposed 
this.53  

Compatibility of the isomerization and metathesis catalysts is also an issue. Our 
preliminary results highlight the discovery of other efficient combinations of catalysts, 
1/16 and 3/19, for the isomerization/metathesis tandem reaction in addition to know 
systems.29,30,33,36 The shapes of the alkene distribution obtained are clearly indicative for 
a cooperative process.30 Moreover, we have shown that parameters like temperature 
and catalyst loading have a strong influence on the chain length distribution.  
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To achieve oligomerization or even polymerization via a tandem isomerizing 
metathesis, much improvement is required. The focus should be on designing new 
catalysts for selective terminal alkene metathesis.  

4.5. Experimental section 

4.5.1. General considerations 
All manipulations were carried out under nitrogen atmosphere using standard 
glovebox, Schlenk, and vacuum-line techniques. Toluene (Aldrich, anhydrous, 99.8%) 
was passed over columns of Al2O3 (Fluka), BASF R3-11-supported Cu oxygen 
scavenger, and molecular sieves (Aldrich, 4 Å). THF (Aldrich, anhydrous, 99.8%) was 
dried by percolation over columns of Al2O3 (Fluka). Dichloromethane and 
dichloroethane were dried CaH2 and distilled prior to use. Acetone was dried on 
CaSO4 CaH2 and distilled prior to use. Di-n-butyl ether, cyclooctane, pentadecane, 1-
octene and 1-decene were dried on Na and distilled prior to use. trans-4-octene was 
dried on activated molecular sieve. Isomerization catalyst 16 and 17 (Strem chemicals) 
and metathesis catalysts 1, 2, 3, 6 and 15 were obtained commercially and used as such 
for screening. Samples for the other metathesis catalysts were graciously supplied by 
DSM. Gas chromatography measurements were performed on HP6890 series equipped 
with HP-1 or HP-5 (Agilent) columns. 

4.5.2. Preparation of 1-decene/trans-4-octene/pentadecane mixture 
A mixture of 1-decene/trans-4-octene/pentadecane (ca. 1/1/0.25) was prepared 
weighing and mixing in a vial 3.409g (24.3 mmol) of 1-decene, 2.808 g (25.0 mmol) and 
1.276g (6.0 mmol).  

4.5.3. General procedure for catalyst screening 
All experiments were carried inside a glove box, in a 4 mL vial closed with a septum. 
The septa were pierced with a needle to release ethylene produced during the reaction. 
In the vial loaded with the catalyst (0.5 mol %) was added 0.5mL (1.3 mmol) of a 
mixture 1/1/0.25 of 1-decene/trans-4-octene/pentadecane. The reaction mixtures were 
stirred at the indicated temperature for 18h. Composition was determined by gas 
chromatography. 

4.5.4. General procedure for solvent influence study 
All experiments were carried inside a glove-box, in a 24 mL vial closed with a septum. 
The septa were pierced with a needle to release ethylene produced during the reaction. 
In the vial loaded with the catalyst (0.5 mol%) was added 5 mL of solvent and 0.25mL 
(0.64 mmol) of a mixture 1/1/0.25 of 1-decene/trans-4-octene/pentadecane. The 
reaction mixtures were stirred at ambient temperature for 18h. Composition was 
determined by gas chromatography. 
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4.5.5. General procedure for isomerization/metathesis tandem reaction 
All experiments were carried inside a glove-box, in vials of desired sizes which were 
closed with a septum. The septa were pierced with a needle to release ethylene 
produced during the reaction. In the vial was loaded the metathesis catalyst (0.2-1 
mol%), the isomerization catalyst (0.2-0.5 mol%), the solvent (0.5 mL, if indicated) and 
1-octene (0.63 mL, 4 mmol). The reaction mixture was stirred at the indicated 
temperature and time. Composition was determined by gas chromatography. 
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Chapter 5  

Alkene isomerization catalysed by a ruthenium 
PNN pincer complex 

Perdriau, S.; Chang, M.-C.; Otten, E.; Heeres, H. J.; de Vries, J. G. Chem. 
Eur. J. 2014, 20, 15434–15442. 

 

 

 

The Ru(PNN)(CO)H pincer complex based on a dearomatised PNN ligand (PNN: 2-(di-tert-
butyl-phosphino-methyl)-6-(diethylaminomethyl)pyridine]) was examined for its ability to 
isomerise alkenes. The isomerization reaction proceeded under mild conditions in the presence of 
alcohols. VT-NMR experiments that were performed to investigate the role of the alcohol in the 
mechanism lend credence to the hypothesis that the first step involves a rearomatised Ru-alkoxide 
complex that is formed by the activation of an O-H bond. In this complex the hemilabile 
diethylamino side arm can dissociate allowing alkene binding cis to the hydride, enabling 
insertion of the alkene into the metal hydride bond, whereas in the parent complex only trans 
binding is possible. During this study, a new uncommon Ru(0) coordination complex was also 
characterised. The substrate scope of the alkene isomerization reaction was examined. 
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5.1. Introduction/Project goal 
Although isomerization is often observed as an unwanted side reaction,1–3 it is also put 
to good use, in particular in tandem reactions, such as isomerising hydroformylation, 
carbonylation or hydrocyanation. Examples include the Evonik/Oxeno isomerising 
hydroformylation of a mixture of butenes to n-pentanal4, and the Dupont process for 
the production of adiponitrile via isomerising hydrocyanation of 3-pentenenitrile.5 High 
yields and selectivities have been obtained for catalysis involving alkene isomerization in 
tandem with hydroformylation/reduction to alcohols,6 methoxycarbonylation,7 
metathesis,8 conjugate addition,9 hydroboration10, cyclization11 and trialkylsilylation12. 
Other examples are the isomerization of allyl benzenes such as estragol or safrole, 
which are of great interest for the fragrance industry13,14. A wide range of isomerization 
catalysts have been developed based on various metals such as Pd,15–17 Ru,18–22 Ti,23–25 
V,26 Fe,27–29 Rh,30–32 Mo33, Ni,34–36 etc. but also metal-free systems such as frustrated 
Lewis-pairs.37 One of the most active catalysts is the ruthenium-based “alkene zipper” 
developed by Grotjahn and co-workers 38,39. Recently, researchers have focused on the 
selectivity of the alkene isomerization. Beller and Grotjahn have developed catalysts 
which allow a selective one position shift of the double bond with high selectivity for E 
isomers,27,40 whereas other groups focused on the synthesis of the less 
thermodynamically favoured Z isomers.41  

Two different mechanisms are generally believed to be operative for alkene 
isomerization. The alkyl mechanism starts with an organometallic hydride species. 
Coordination of the alkene to the metal centre followed by insertion into the M-H bond 
gives two possible metal alkyl intermediates. β-H elimination will then generate either 
the starting alkene or the positional isomer. The π-allyl mechanism initiates with 
coordination of the double-bond to a low-valent metal centre. A π-allyl metal-hydride 
complex is generated by oxidative addition of the C-H bond in the allylic position. A 
reductive elimination can take place in two positions and will provide either the olefin 
isomer or the starting olefin.42  

 

Scheme 1: XH bond activation by the PNN ruthenium catalyst 1 

 
Among the catalysts developed for this reaction, only a few belong to the family of the 
pincer complexes43–47 and to our surprise, the reactivity of PNN ruthenium complexes 
with alkenes has not been explored. In particular the pyridine-based PNN ruthenium 



Alkene isomerization catalysed by a ruthenium PNN pincer complex 

 

 111 

 

pincer complexes are of great interest, due to the unique participation of the ligand in 
the reaction (non-innocent ligand).48 This involves dearomatisation/aromatisation of 
the pyridine ring of the ligand without a change in the metal oxidation state. This 
mechanism permits the facile activation of a variety of X-H bonds via heterolytic 
cleavage (Scheme 1). With this unique feature, a wide range of catalytic reactions have 
been performed such as dehydrogenative coupling of alcohols into esters or of amines 
and alcohols into amides, ester hydrogenation, etc.49–52 
Two particular features of the PNN Ru complex 1 prompted us to explore its use as an 
olefin isomerization catalyst: 

-‐ The presence in 1 of a Ru-hydride moiety which is known to be responsible for 
the isomerization activity of catalysts such as RuH(Cl)(PPh3)353  

-‐ The potential of the hemilabile -NEt2 side-arm to be involved in a bifunctional 
mechanism similar to what is observed with Grotjahn “alkene zipper” catalyst38 

The results of this study are presented in this chapter. 

5.2. Results and discussion 

5.2.1. Preliminary results 
Initial alkene isomerization studies using complex 1 were performed with 1-octene in 
benzene-d6 using 2 mol% of catalyst. The reaction was monitored by 1H NMR 
spectroscopy and the 1-octene conversion was estimated by integration of the olefinic 
signals.  

Table 1: Preliminary isomerization reactions 

Entry Substrate 
Catalyst  
Loading 
(mol%) 

Solvent Temp. 
(°C) 

Time 
(h) Conversion (%) 

1 1-octene 2 C6D6 rt 16 3 

2 1-octene 2 C6D6 65 4 17 
8 22 

3 1-octene 10 C6D6 rt 2 traces of isomers 
60 42 

4 1-octene 10 THF-d8 rt 3 traces of isomers 
21 11 

5 1-octene 10 THF-d8 40 4 15 
21 27 

6 1-octene 10 THF-d8 
+ 1eq iPrOHa rt 

2 48 
19 93 
96 >99 

7 estragolb 10 THF-d8 rt 3 15 
21 52 

8 estragolb 10 THF-d8 
+ 1eq iPrOHa rt 2 61 

19 86 

a iPrOH/substrate, 1/1 molar ratio, b Estragol : C10H12O. 
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Figure 1: Isomeric composition of 1-octene isomerization (Table 1, entry 6) 

Low activity was observed at room temperature (3% conversion after 16 h, Table 1, 
entry 1). Higher reaction temperatures (65°C) improved the conversion somewhat to 
22% after 8 h (entry 2). A higher catalyst loading did not seem to improve the 
conversion of 1-octene and only 42% conversion was reached after 2.5 days. Also the 
use of a more polar solvent (THF-d8) did not bring significant improvement either at 
room temperature or higher temperatures (entries 4-5). Similar results were obtained 
with estragol (see Scheme 9 for structure) as substrate even though a slightly better 
conversion (52%) was observed after an overnight reaction at room temperature (entry 
7). The addition of isopropanol to the reaction mixture was tested in order to open, for 
the alkene, a coordination site cis to the hydride (B, Scheme 2). Assuming the alkyl 
mechanism is taking place, this additive should ease the insertion of the alkene in the 
Ru-H bond and thus improve the reaction rate. 
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Scheme 2: Proposition for the coordination of an alkene to 1 with or without isopropanol 

Indeed, substantial improvements were achieved by the addition of an equivalent of 
isopropanol to the reaction mixture. An overnight reaction in THF-d8 in the presence of 
isopropanol (molar ratio olefin : iPrOH = 1:1) led to almost full conversion of both 1-
octene and estragol even at room temperature (Table 1, entries 6 and 8). A GC/MS-
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FID analysis of the mixture from the reaction with 1-octene after 4.5 days in THF-d8 
indicates a good selectivity for 2-octene (77%), present as a cis/trans mixture (Figure 1). 
Other octene isomers were observed as well in smaller quantities (11% total for 3- and 
4-octene). Octane (11%) was present in the mixture as the only side-product. Since this 
type of catalyst is known to dehydrogenate alcohols, we suggest that transfer 
hydrogenation from isopropanol is taking place as side reaction during the process to 
yield the saturated product.54 We were intrigued by the dramatic influence of 
isopropanol on the isomerization rate, and decided to study the interaction of 1 with 
isopropanol in more detail.  

5.2.2. The role of isopropanol: a VT-NMR study 

To get insight in the influence of isopropanol on the isomerization activity, we studied 
the reactivity of 1 towards isopropanol by using variable temperature NMR (VT-NMR) 
techniques. A first series of NMR spectra of 1 were recorded in toluene-d8 solution in 
the absence of isopropanol between 25°C and -50°C. In this temperature range, no 
significant change of the characteristic NMR resonances of 1 were observed. When one 
equivalent of isopropanol was added to this solution and an 1H-NMR spectrum was 
recorded at room temperature, a mixture of the starting material 1 (Ru-H, d = -26.7 
ppm) and free isopropanol was observed together with a small amount of the known 
dihydride 2 (Scheme 3, d = -4.4 ppm) which stems from isopropanol dehydrogenation 49 
(confirmed by the presence of acetone). By cooling down the reaction mixture, a new 
hydride is appearing (Ru-H, d = -15.9 ppm) which becomes the major complex below -
50°C (3, Scheme 3, Figure 2A). At -70°C, the lowest temperature that could be 
reached, the mixture contains ca. 80% of 3 based on integration of the hydride region 
of the 1H NMR spectrum. NOESY NMR measurements at -70°C (Figure 2B) show 
cross peaks diagnostic for exchange between free isopropanol and the new ruthenium 
complex 3, indicating that this species contains an isopropoxide group (CH, d 4.70 
ppm; diastereotopic Me, d 1.95/1.75 ppm) which has also been confirmed by COSY 
NMR measurements at -70°C (Figure 2C). Thus, the NMR data indicate the new 
species 3 to be the complex (PNN)Ru(H)(OiPr)(CO), in which the ligand is 
rearomatised (d = 6.78, 6.50 and 6.32 ppm for the pyridine ring) by proton transfer 
from isopropanol (Scheme 3).  

Compound 1 and related Ru complexes have been shown to react with X-H bonds (X 
= H, OH, NHR)49,52 via metal-ligand cooperation. Reaction of 1 with isopropanol to 
form 3, in which the NEt2 group is presumably hemilabile, has been suggested by 
Milstein and co-workers to be a possible pathway in the (catalytic) reactivity of 1.49 DFT 
studies by Wang and co-workers showed that an alkoxide related to 3 is only 2.3 
kcal/mol uphill from 1/ alcohol. This change in free Gibbs energy corresponds to an 
unfavourable entropic contribution. Indeed, the calculated enthalpy for this reaction is 



Chapter 5 

	  

114  

 

<0 (-11.2kcal/mol). This is not surprising as the system becomes more ordered going 
from 1/iPrOH to 3.55 Compound 3 should be favoured at low temperature according 
to these calculations, in agreement with the experimental observations. Our data show 
that formation of 3 is reversible and warming the NMR tube at room temperature 
results in the regeneration of the starting 1/2 mixture. The limited temperature range 
in which 3 can be studied prevents a detailed characterization of the fluxional 
behaviour of the NEt2 arm. However, as indicated by 1H-NMR at -30°C (Figure 2A), 1 
and 3 are present in a 1 to 1 ratio. A more detailed analysis of the NOESY NMR at -
30°C shows cross peaks diagnostic for exchange between the two diastereotopic 
N(CH2CH3)2 signals of 1 (d = 0.65 and 0.80 ppm), while a single broad signal is 
observed in the case of 3 (d = 0.96 ppm). This suggests that indeed this arm is less 
strongly bound (hemilabile) in 3 and species like 3’ may be formed (Scheme 3). 

 

Scheme 3: Reactivity of the PNN ruthenium complex 1 with isopropanol 

Equilibria similar to that between 1/isopropanol and 3 have been demonstrated for N-
H activation of amines by PNP ruthenium complexes.56 When ammonia or alkylamine 
are reacted with the PNN ruthenium catalyst, the NMR spectroscopy analysis showed 
either both unreacted starting products or species formed by simple coordination of the 
amine to the vacant site. However, in the reaction of this catalyst with more acidic 
amines such as 4-nitroaniline, breaking of the N-H bond with rearomatization of the 
pyridine ring led to species similar to 3 highlighting the importance of the electronic 
properties of the substrate. We thus decided to react compound 1 with one equivalent 
of the more acidic o-allyl phenol for two reasons. We were first aiming at the formation 
of a stable Ru alkoxide similar to 3. 
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Figure 2: Reaction of PNN complex 1 with iPrOH: A) VT-NMR spectrum of the hydride 
region; B) NOESY spectrum at -70°C, ♦: iPrOH, ▲: Ru-OiPr; C) COSY spectrum at -70°C 
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Figure 3: A) [1 + iPrOH (1eq)]: formation of isopropoxide species 3; B) [1 + ethylene (4 
bars) + iPrOH (1eq)]: HSQC-NMR after one day at -20°C, coordinated ethylene NMR 
signals; C) [1 + ethylene (1 bar) + iPrOH (1eq)]: NOESY-NMR at 0°C; exchange cross peaks 
(red positive peaks inside squares) between free and coordinated ethylene  
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Secondly, we wanted to observe a possible coordination of the alkene to the open 
vacant site due to the -NEt2 arm hemilability like in 3’. The stoichiometric reaction led 
to instant formation of a new species (6, Scheme 4) in which a hydride resonance at d = 
-15.7 ppm, similar to the isopropoxide complex 3 (Scheme 3). This product possesses 
an aromatic pyridine ring as well as diastereotopic P(tBu)2 and N(CH2CH3)2 groups, 
indicative of a C1 symmetric compound. It also shows a single peak in the 31P{1H} 
NMR spectrum (d = 114 ppm). In contrast to 1/iPrOH, no indication of dynamic 
equilibria was observed in this case. 

 

Scheme 4: Reactivity of the PNN ruthenium complex 1 with o-allylphenol 

X-ray characterization of 6 indicated the presence of a phenoxide ligand trans to the 
hydride (Figure 4). Activation of the phenol by rearomatization of the ligand backbone 
is consistent with C-C bond length observed for the pyridine ring (1.386, 1,386, 1.375 
and 1.389 Å). Coordination of the -NEt2 group rather than the olefin was observed in 
both solution and solid state. A comparison with the known hydroxide complex50 shows 
only two main differences: a shorter Ru1-O2 bond length (2.200 Å for 6; 2.261 Å for 
the Ru-OH complex) and an elongated Ru1-N2 (2.256 Å for 6; 2.241 Å for the Ru-OH 
complex) in the case of the phenoxide. 

 

Figure 4: X-ray structure of complex 6. 
Hydrogen atoms, -NEt2 and -PtBu2 
groups have been omitted for clarity. 
Selected bond distances (Å): Ru1-P3, 
2.261; Ru1-N1, 2.108; Ru1-N2, 2.256; 
Ru1-H300, 1.523; Ru1-O2, 2.200; Ru1-
C28, 1.821; C28-O1, 1.168. 
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A second NMR experiment with the PNN ruthenium complex 1 was performed in the 
presence of ethylene in an attempt to characterize alkene coordination complexes such 
as 5 (Scheme 7). For this purpose, equimolar amounts of isopropanol and 1 were mixed 
in toluene-d8 in together with 4 bar of ethylene. However, NMR spectroscopy showed 
no evidence for the formation of the expected Ru(II) complex with a coordinated olefin 
group. Instead, leaving the reaction mixture overnight at -20°C led to the quantitative 
formation of a new Ru species 7 (Scheme 5). The 31P{1H} NMR spectrum shows a 
single peak at d = 75.8 ppm. The ligand backbone was confirmed to be aromatic with 
equivalent alkyl groups for both the -N(CH2CH3)2 and -P(tBu)2 side arms, which 
suggests that 7 possesses Cs symmetry. Surprisingly, no hydride resonance could be 
located, and the 1H NMR spectrum shows new signals (d = 3.10, 2.87 and 1.50 ppm). 
Their attribution to coordinated ethylene was possible by performing NOESY NMR 
measurement at 0°C with 1 bar ethylene pressure. The spectrum shows exchange cross 
peaks (Figure 3C) between free (d = 5.25 ppm) and coordinated ethylene (d = 3.10, 
2.87 and 1.50 ppm). Integration of these new signals corresponds to 2 ethylene 
molecules per pincer ligand. These resonances are shifted upfield from free ethylene 
and appear in a 1:2:1 ratio. A HSQC NMR experiment indicated the signal at d = 2.87 
ppm to correlate with two different carbon atoms (d = 41 and 44 ppm), proving that all 
hydrogens of the coordinated ethylene are inequivalent (Figure 3B).57–59 Based on this, 
we formulate 7 as the 18e organometallic compound (PNN)Ru(CO)(C2H4)2, in which 
the ruthenium metal centre is in the zero oxidation state, two ethylene molecules are 
coordinated trans to each other, and the diethylamino arm is off the metal centre. 

 

Scheme 5: Proposed CH2=CH2 adduct complex of 1 

Although not very common, ruthenium(0) PNP pincer complexes have already been 
synthesized60 and were suggested as intermediate in a water splitting reaction with the 
catalyst used in the present study.50 

The stability of complex 7 was tested by warming the NMR tube to 25°C under 4 bar 
of ethylene. This resulted in the slow regeneration of 1 (ca. 40%). When ethylene 
pressure was removed from the tube, a 7 was not observed anymore by 1H NMR. 
Finally, using only 1 bar of ethylene, a mixture of 7 with starting complex 1 was 
observed even at low temperature.  
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Scheme 6: a) PNN-Ru(II) bispyridine rearrangement to Ru(0) complex; b) Proposed 
mechanism for the formation of 7 

When the reaction of the PNN ruthenium complex 1 with ethylene was performed in 
the absence of isopropanol, the catalyst mainly remained unchanged with only traces of 
7. Although the formation pathway of 7 with or without isopropanol remains unclear, a 
similar rearrangement of a de-aromatized pincer Ru(II) complex to a re-aromatized 
Ru(0)-complex has recently been observed with bispyridine PNN complexes (a, Scheme 
6).61 Isopropanol may facilitate the rapid generation of a Ru(0) species by playing the 
role of a hydride transfer agent. This species is then stabilized by reaction with ethylene 
to form 7. (b, Scheme 6).  

 
Scheme 7: Proposed mechanism for octene isomerization catalysed by 1 in the presence of 
isopropanol 
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Even though these experiments do not constitute full proof for the isomerization 
mechanism, the possible coordination of alkene to 1 has been demonstrated as well as 
the hemilabile character of the diethylamino arm.  

Based on literature precedents and the NMR studies reported here, we thus propose a 
mechanism for 1-octene isomerization with compound 1 as shown in Scheme 7. It 
involves the initial activation of 1 with isopropanol allowing the formation of a vacant 
coordination site cis to the hydride. After coordination of the alkene, the isomerization 
is proposed to proceed via the formation of a ruthenium-alkyl complex. 

5.2.3. Time dependent product distribution for the isomerization of 1-
octene 

The composition of the 1-octene isomerization reaction mixture was followed over time 
to gain insight in the relative rates of the reactions. The reaction was performed in 
isopropanol at room temperature with a catalyst loading of 0.5 mol% (Scheme 8). 
Samples taken at different time intervals were analysed by GC/MS-FID after 
calibration of the different octene isomers and using cyclooctane as external standard. 
The results are presented in Figure 5. 

 

Scheme 8: Isomerization of 1-octene catalysed by 1 in the presence of isopropanol 

We observe that 98% of 1-octene is already converted after 5 h. At this point in time 2-
octene is the main product of the reaction reaching almost 88%. 3-Octene is slowly 
emerging, whereas only traces of 4-octene are detected. Samples taken after one, two 
and 21 days of reaction show that the composition is slowly approaching the calculated 
equilibrium composition (Table 2). 

A comparison between the calculated30 and the experimental isomeric octene 
distribution reveals that after 21 days the thermodynamic equilibrium is indeed 
approached, although not fully reached (Table 2). This might be due to catalyst 
deactivation but possibly also to kinetic effects due to the large reactivity differences 
between the terminal and internal alkenes.	  
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Figure 5: Isomerization of 1-octene catalysed by 1 followed over time. 

The isomerization reaction from a terminal alkene to a 2-alkene is in general much 
faster than the isomerization of an internal alkene and the results obtained are in 
accordance with this trend. It is also not very surprising that the internal alkenes are 
mostly present in their trans form, this being the thermodynamically more stable isomer. 
Finally, formation of octane was also observed under these conditions. However, the 
formation of this side product stayed below 10%, even after two days. 

Table 2: Calculated versus experimental product distributiona 

Octene isomers ΔrH° 
(kJ/mol) 

ΔΔrH° 
(kJ/mol) Calc. (%) 

Experimental (%) 
(excluding octane) 
45h 21 days 

1-octene -125 10 0.5 0.8 (0.8) 0.6 (0.6) 

trans-2-octene -115.5 0.5 24.6 38.1 
(40.6) 28.0 (31.8) 

cis-2-octene -119.4 4.4 5.1 9.4 (10.1) 7.1 (8.0) 

trans-3-octene -115.8 0.8 21.8 25.0 
(26.7) 25.8 (29.3) 

cis-3-octene -117.8 2.8 9.7 4.5 (4.8) 4.5 (5.1) 

trans-4-octene -115 0 30.1 13.4 
(14.3) 18.5 (21.0) 

cis-4-octene -118.2 3.2 8.3 2.6 (2.8) 3.6 (4.0) 
octane - - - 6.3 11.9 
a ΔrH° = hydrogenation enthalpies (kJ/mol); ΔΔrH° = relative formation enthalpies (kJ/mol); Calc. 
(%)= exp (-ΔΔrH°/RT)/[Σ( exp (-ΔΔrH°/RT)]*100 
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5.2.4. Effect of catalyst loading 

S
Scheme 9: Estragol isomerization 

A study of the influence of the catalyst loading on the selectivity of the reaction was 
performed using estragol. The latter was chosen instead of 1-octene as it simplifies the 
analyses considerably since only two isomerization products are formed (cis- and trans-
anethole, along with the saturated side product (10, 1-methoxy-4-propylbenzene, 
Scheme 9). Comparing the results after 17 h, we find that although the amount of 
product increases at higher catalyst loading, the same is true for the formation of the 
saturated side-product 10. Thus, a maximum yield of anethole is reached with 5 mol% 
catalyst loading. 

 

Figure 6: Estragol isomerization as a function of catalyst loading after 17 h 

5.2.5. Study of the influence of alcohols on the reactivity 

Although the addition of isopropanol clearly increases the rate of the reaction, it also 
leads to the formation of saturated product via transfer hydrogenation (Figure 7). The 
influence of other alcohols (ethanol, t-amylalcohol) was tested for 1-octene 
isomerization. With ethanol, the reaction performs well with a 1-octene conversion of 
83% (Figure 7) after 15h, which is about 15% lower than in isopropanol. Ethanol is also 
capable of transfer hydrogenation and octane is observed in amounts up to 6%. The 
isomeric composition of the reaction mixtures in EtOH and iPrOH are comparable 
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after an overnight reaction, though a lower amount of 4-octene is obtained with 
ethanol. This suggests that not only the 1-octene to 2-octene isomerization but also the 
subsequent conversion of 2-octene to 3- and 4-octene in ethanol are slower than in 
isopropanol. 

 

 

Figure 7: Alcohol screening for octene isomerization 

It is obvious that the undesired transfer hydrogenation reaction to alkanes is directly 
linked to the presence of a hydrogen atom on the carbon in the α-position of the 
alcohol. Thus, the use of a tertiary alcohol should solve this issue. With this in mind, a 
reaction was performed using tert-amyl alcohol as solvent. A reaction at room 
temperature for a 16 h reaction time resulted in very low conversion (23%) with 
essentially only 2-octene as product. At higher temperatures (70°C), 84% conversion 
was obtained. In addition, no octane was detected which confirms our hypothesis. 
Furthermore, the selectivity for 2-octene was high which indicates that internal C=C 
bonds are not prone to isomerization in the presence of a tertiary alcohol. The higher 
temperature needed with tert-amyl alcohol may be caused by steric factors which 
influence alkene coordination, particularly when the double bond is internal. This is 
supported by the very small amount of 3 and 4-octene isomers found, even at 70°C. 

5.2.6. Substrate scope and limitations 
The scope of the isomerization reaction was determined by testing a number of 
substrates (Table 3). All reactions were performed in isopropanol as this resulted in the 
highest rates (vide supra) for 16 h. Product compositions were determined by GC and 
isolated yields are reported. Reactions with vinyl cyclohexane (Table 3, entries 1a-d) 
showed that the isomerization of a terminal double bond to an internal tri-substituted 
double bond is possible with 1 even at room temperature with reasonable conversion. 
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C-C double bond isomerization into the ring was not observed. Saturated side product 
accounted for 16% in the product composition. Although increasing the temperature is 
beneficial for the conversion, it also decreases the selectivity. Performing the reaction in 
vinylcyclohexane with 1.2 mol of isopropanol per mol of catalyst led to a lower 
conversion with an increased amount of saturated ethyl cyclohexane. This suggests that 
the transfer hydrogenation side reaction leads to full consumption of isopropanol. The 
isomerization reaction in its absence thus stops or slows down dramatically as shown by 
the poor conversion. 

4-Methyl-1-pentene was converted selectively into 4-methyl-2-pentene (entry 2). 
Neither other isomers, nor the saturated product were detected.  

No isomerization of citronellene (entry 3a-b) occurred at room temperature. Although 
reactivity was observed at 50°C, large amounts of saturated product were also formed. 
This issue could be solved by using tert-amyl alcohol. Full isomerization of the terminal 
double bond was observed whereas the internal double bond was not reactive under the 
conditions employed. The small percentage of saturated compound found can be 
explained by secondary alcohol impurities present in the tert-amyl alcohol.  

Surprisingly high temperatures were required to convert 1,7-octadiene (entries 4a-b). 
The main products were 1,6 and 2,6-octadiene with very little octene and no saturated 
product (octane) detected. Isomerization of 1,5-cyclooctadiene (COD) (entries 5a-b), 
proceeded sluggishly, yielding mainly 1,4-COD at room temperature, whereas 
cyclooctene was the major product when the reaction was performed at 70°C. Allyl 
benzene as well as alkyloxy substituted estragol and safrole (entries 6-8b) were easily 
isomerised at room temperature with good selectivity. The thermodynamically most 
stable trans isomer was always obtained as the main product. 

Whereas diethylallylamine was not reactive at room temperature in isopropanol, or neat 
at 70 °C, full conversion was observed at 70°C in the presence of a few equivalents of 
isopropanol (entry 9). This again illustrates the important role of isopropanol. 

The isomerization of unsaturated linear alcohols using 1 was also tested. Interestingly, 
the reaction of 5-hexen-1-ol resulted in a highly selective isomerization to 4-hexene-1-ol 
(94%) (entry 10). Knowing that the catalyst can also activate the alcohol function in 
these substrates, both coordination of the -OH group and the double bond may take 
place. A similar coordination complex was already observed by Bäckvall’s group.62 The 
stability of this possible intermediate may be influenced by the chain length, thus 
restricting the extent of the isomerization. The fact that isomerization of 9-decen-1-ol 
leads to a mixture of isomers seems to prove this hypothesis (entry 11).  
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Table 3: Substrate scope 
Entry Substrate Conditions Solvent Product Composition (%)a Conv. 

(%) 
Isolated 
yieldb (%) 

1a 

 

rt iPrOH 

 

84 (16) 61 - 

1b 50°C iPrOH 70 (30) 87 68 

1c 
70°C, 6h, 
1.2 eq 
iPrOH/cat. 

neat 77 (23) 22 - 

2 
 

rt iPrOD-d8 
  

>99 100a 91 

3a 

 

rt iPrOH 

 

- 0 - 
3b 50°C iPrOH 45 (55) 49 94 

3c 70°C t-AmOH 95 (5) 100 - 
4a 

 

rt iPrOH isomers 7 - 
4b 70°C iPrOH Isomers/octene;94/6e 77 63 

5a 

 

rt iPrOH 
 

29 
 

71 

17 - 

5b 70°C iPrOH 33 2 (65)c 79 71 

6 
 

rt iPrOH 
  

98 (E/Z:90/10) 
(2) 80 70 

7a 

 

rt iPrOH 

 

92 (E/Z:87/13) 
(8) 77 85 

7b 70°C t-AmOH 100 (E/Z:98/2) 100 91 

8a 

 

rt iPrOH 

 

100 (E/Z:98/2) 57 76 

8b 70°C t-AmOH 99 (1) 100 87 
9a 

 

rt iPrOH 

 

- 0 - 

9b 70°C, 2.5 eq 
iPrOH/cat. neat >99d 100 91 

9c 70°C neat - 0 - 

10 
 

rt iPrOH  
 

94 
6 97 83 

11 
 

rt iPrOH 
 

100 79 

12a 

 

rt iPrOH 

  

100 88 34 

12b 70°C t-AmOH - 0 - 

13a 

 

rt iPrOH 

 

100 >99 89 

13b 70°C t-AmOH - 0 - 
14a 

 

rt iPrOH 

 

- 0 - 

14b 130°C toluene-d8 100 100 75 

15a 

 

rt iPrOH  - 0 - 
15b 50°C iPrOH  - 0 - 

a Number in parentheses indicates the saturated product from hydrogenation; composition determined by NMR, b 
isolated material consists of a mixture of the isomers, saturated product and starting material, c sat. = cyclooctene, d 
traces of saturated product are observed in GC-MS/FID, e Determined by GC. 

 



Chapter 5 

	  

126  

 

When unsaturated ketones were subjected to the isomerization reaction, full conversion 
of the starting material was obtained (entries 12-13). However, the product was not the 
expected C-C double bond isomer but rather the unsaturated alcohol, resulting from 
transfer hydrogenation of the ketone function. Moreover, and to our surprise, no 
isomerization of the double bond was detected. When tert-amyl alcohol was used in an 
attempt to avoid transfer hydrogenation, no conversion at all was obtained with full 
recovery of the starting material. The chain length between the alcohol function and 
the double bond is the same as in the product of the 5-hexen-1-ol isomerization. This 
observation strengthens the hypothesis of the formation of the stable intermediate 
where both the alcohol and alkene may be coordinated to the metal centre. 

Finally, room temperature isomerizations of allyl phenols (entries 14a-15b) were 
attempted and shown to be unsuccessful. As in the case of o-allyl phenol (vide supra), a 
stable alkoxide complex may be formed. However, isomerization activity was observed 
when performing a stoichiometric reaction of the catalyst with these phenolic substrates. 
50% conversion into the conjugated isomer was observed after one day and close to full 
conversion after 2 days. After the addition of a second equivalent of phenol, the 
isomerization process proceeds and is complete after 3.5 days at room temperature. 
Thus, although isomerization is possible in the presence of phenols, the reaction rates 
are very low. This was further supported by the isomerization of o-allyl phenol (17 eq.) 
at 130°C in toluene. After 16h, full conversion to 2-(prop-1-en-1-yl)phenol was 
observed. 

5.3. Conclusions 
The Ru(PNN)(CO)H catalyst developed by Milstein was examined for its ability to 
isomerise alkenes. Isomerization was found to be slow but could be accelerated by 
alcohols, in particular isopropanol as an additive. Transfer hydrogenation also occurs to 
some extent upon the use of this alcohol. This side reaction could be suppressed by the 
use of tertiary alcohols such as tert-amylalcohol, however, at the expense of catalyst 
activity. A model reaction of 1 with ethylene led to the formation of a new bis ethylene 
Ru(0) adduct 7 showing the possibility of alkene coordination to 1 and the hemilabile 
character of the NEt2 side arm. VT NMR experiments lend credence to the hypothesis 
that reaction with isopropanol leads to formation of a Ru(PNN)(CO)(OR)H complex by 
metal/ligand cooperation. In this complex the diethylamino side arm can dissociate 
allowing binding of the alkene in the cis position relative to the hydride followed by 
insertion of the alkene. In the parent complex, the alkene can only bind trans to the 
hydride, which explains why the isomerization reaction is slow in the absence of 
alcohols. A range of substrates was examined allowing determination of the scope and 
limitations of the synthetic methodology. Whereas a single shift of a terminal to a linear 
2-alkene proceeds smoothly at room temperature, isomerization of a terminal alkene to 
a tri-substituted internal alkene requires a higher temperature leading to lower 
selectivity. Isomerization of internal alkenes is much slower and tri-substituted internal 
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alkenes do not react at all. Functional groups like alcohols, ethers, phenyl groups or di-
alkyl amines do not influence the isomerization whereas with phenols stable complex 
formation reduces the catalyst activity. 

5.4. Experimental section 

5.4.1. General considerations 
All manipulations were carried out under nitrogen atmosphere using standard 
glovebox, Schlenk, and vacuum-line techniques. All solvents were degassed prior to use 
and stored under nitrogen. Isopropanol, ethanol and tert-amyl alcohol were dried on 
CaH2, distilled and stored under nitrogen. C6D6 and toluene-d8 were vacuum 
transferred from Na/K alloy and stored under nitrogen. THF-d8 was vacuum 
transferred from Na and stored under nitrogen. NMR spectra were recorded on Varian 
Gemini 200, Varian AMX400 or Varian Inova 500 spectrometers. The 1H and 13C 
NMR spectra were referenced internally using the residual solvent resonances and 
reported in ppm relative to TMS (0 ppm). Gas chromatography measurements were 
performed on HP6890 series equipped with Rxi-5Sil column for GC/MS and HP5890 
series II equipped with Rtx-1701 column for GC-MS/FID. Carbonylhydrido[6-(di-t-
butylphosphinomethylene)-2-(N,N-diethylaminomethyl)]-1,6-dihydropyridine 
ruthenium(II) was bought from Strem Chemicals. Pentadecane was vacuum distilled 
from sodium and stored under nitrogen. Alkenes that were used to test the substrate 
scope were obtained from commercial suppliers. These were deoxygenated and 
subsequently dried by passing through a plug of neutral alumina before use.  

5.4.2. Calibration curves  
An internal standard solution was prepared by weighing accurately cyclooctane to get a 
2000 ppm concentration in dichloromethane. A stock solution of 1-octene, trans-2-
octene, trans-3-octene, trans-4-octene, cis-4-octene and n-octane in the internal standard 
solution was prepared weighing accurately each compound to get 5000 ppm 
concentration. The stock solution was diluted with the internal standard solution to 
obtain standard solutions of concentrations 1000, 500, 250 and 100 ppm for each 
compound. This operation was repeated twice. Calibration curves and response factors 
for each compound were determined injecting each standard solution in GC-FID. 

5.4.3. Preliminary results 
In a typical experiment, in a Young’s NMR tube, 1 was dissolved in 0.35 mL of 
deuterated solvent. The substrate was then added to this solution and allowed to react 
during the desired time and at the desired temperature. The conversion was 
determined by NMR. 
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5.4.4. Influence of reaction time on the composition of the mixture of 
octenes 

To a solution of 1 (0.5 mol%, 0.022 mmol) in isopropanol (15mL) in a 20 mL vial, was 
added 1-octene (0.69 mL, 4.42 mmol). The vial was sealed with a screw cap and the 
reaction mixture was stirred at ambient temperature. Octene conversion and isomeric 
octene composition was determined taking, at desired time intervals, 50 µL samples of 
the reaction mixture. These samples were diluted with 1.5 ml of the internal standard 
solution and subsequently analysed by GC-MS/FID. 

5.4.5. Catalyst loading experiments 
In a a 4 ml vial containing 0.5 mL of a solution of 1, at determined concentration, in 
isopropanol was added estragol (0.034 mL, 0.2 mmol). The reaction mixture was stirred 
for 17h at ambient temperature. The product composition was determined by GC-
MS/FID using pentadecane as internal standard. 

5.4.6. Alcohol screening  
In a 4 mL vial containing a solution of 1 (2.5 mol%, 0.011 mmol) in the desired alcohol 
(0.5mL) was added 1-octene (0.07 mL, 0.44 mmol). The vial was sealed with a screw 
cap and allowed to react for 15h at ambient temperature. The composition of the 
reaction mixture was determined by taking 50 µL samples, which were diluted with 1.5 
ml of the internal standard solution and analysed by GC-MS/FID.  

5.4.7. Substrate scope  
In a typical isomerization experiment, in a vial loaded with a solution of 1 (0.044 mmol) 
in isopropanol (2 mL) was added cyclooctane or pentadecane (20 µL) as internal 
standard and then the substrate (1.8 mmol). The vial was sealed with a screw cap and 
septum and the reaction mixture was stirred at room temperature for 16h. The reaction 
was quenched by exposure to air. The conversion was determined using GC-MS/FID. 
For isolated yields reactions were repeated without internal standard. The product was 
isolated after careful evaporation of isopropanol and passing the residue through a short 
silica column with gradient elution from pentane to AcOEt/pentane;1/5. Isolated 
yields correspond to mixture of starting material, isomers and saturated product. 
Products composition was determined by NMR and is given as isomers/saturated 
product ratio. 

5.4.8. Products from isomerization  
Ethylidenecyclohexane  

 
Starting material: 198mg. Isolated yield: 68%. Product composition: 70/30 

Selected characteristic peaks: 
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1H NMR (400 MHz, CDCl3) δ = 5.06 (q, J=6.7, 1H), 2.06 (t, J=5.5, 2H), 1.99 (t, 
J=5.0, 2H), 1.49 (d, J=7.2, 3H). 
13C NMR (101 MHz, CDCl3) δ = 140.1, 115.0, 37.1, 33.0, 28.6, 28.2, 27.6, 27.9. 

(E)-2,6-dimethylocta-2,6-diene 

   
Starting material: 250mg. Isolated yield: 94%. Product composition: 45/55 

1H NMR (400 MHz, CDCl3) δ = 5.19 (q, J=6.7, 1H), 5.08 (t, J=6.5, 1H), 2.00 (m, 4H), 
1.66 (s, 3H), 1.58 (s, 6H), 1.55 (d, J=6.5, 3H). 

(E)-4-methylpent-2-ene  

 
Starting material: 40mg. Isolated yield: 91% (distilled from the reaction mixture). 
Product composition: >99% 4-methylpent-2-ene 

13C NMR (101 MHz, iPrOD-d8) δ = 140.5 and 123.3 (C=C), 33.1 (CH(CH3)2), 24.4 
(CH(CH3)2), 19.4 (CH3C=C-). 

Products from 1,7-octadiene isomerization 
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Starting material: 198mg. Isolated yield: 63%. Product composition: isomeric 
dienes/octene = 94/6 (determined by GC). 
A: Characteristic peaks for terminal double bonds. 
B: Characteristic peaks for internal double bonds. Signal at 1.63 and 1.59 ppm suggest 
the presence of 2-alkenes. 
13C NMR (101 MHz, CDCl3) δ = 139.2, 139.1, 131.4, 131.2, 130.6, 130.4, 125.2, 
125.1, 124.2, 124.2, 114.6, 114.5, 114.5, 33.9, 33.6, 33.5, 32.9, 32.7, 32.2, 29.0, 28.61, 
27.2, 26.5, 18.1, 13.0. 

Products from 1,5-cyclooctadiene isomerization  

Starting material: 195mg. Isolated yield: 71%. Product composition: isomeric 1,4-
COD/1,3-COD/cyclooctene = 3/33/65. 
Selected characteristic peaks: 
1,5-COD 
1H NMR (400 MHz, CDCl3) δ = 5.57 (s), 2.35 (s). 
13C NMR (101 MHz, CDCl3) δ = 128.9, 28.3.  
1,4-COD 
1H NMR (400 MHz, CDCl3) δ = 5.70 (dt, J=10.8, 5.4), 5.39 (dd, J=19.0, 8.6), 2.79 (t, 
J=5.4), 2.35 (s, 5H), 2.27 (quartet). 
13C NMR (101 MHz, CDCl3) δ = 130.7, 128.6, 29.6, 26.9, 25.0. 
1,3-COD 
1H NMR (400 MHz, CDCl3) δ = 5.79 (d, J=10.4), 5.61 (m, 2H), 2.17 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ = 131.4, 126.2, 28.3, 23.4. 
Cycloctene 
1H NMR (400 MHz, CDCl3) δ = 5.61 (m, 2H), 2.12 (s, 1H),  
13C NMR (101 MHz, CDCl3) δ = 131.44, 29.4, 26.4, 25.7. 

Products from allylbenzene isomerization 

(E)-prop-1-en-1-ylbenzene  

 
Starting material: 198mg. Isolated yield: 70%. Product composition: 98/2. 
1H NMR (400 MHz, CDCl3) δ = 7.30 (t, J=6.7, 2H), 7.27 (t, J=7.6, 2H), 7.17 (q, 
J=6.9, 1H), 6.38 (dd, J=15.9, 1.3, 1H), 6.22 (dq, J=15.7, 6.5, 1H E isomer), 5.78 
(ddd, J=14.3, 11.6, 7.2, 0H Z isomer), 1.86 (dd, J=6.5, 1.5, 3H E isomer and Z 
isomer overlapping). 
13C NMR (101 MHz, CDCl3) δ = 137.9, 131.0, 128.4, 126.7, 125.8, 125.7, 18.5. 
 
propylbenzene 
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Selected signals: 
1H NMR (400 MHz, CDCl3) δ = 2.57 (m, 2H), 1.63 (m, 2H), 0.92 (t, J=7.3, 3H).  

Products from estragol isomerization (Reaction in iPrOH) 

Starting material: 267mg. Isolated yield: 85%. Product composition: 92/8. 
Anethole 

  
1H NMR (400 MHz, CDCl3) δ = 7.17 (d, J=8.5, 1H), 6.74 (d, J=8.7, 1H), 6.25 (d, 
J=15.5, 1H), 6.00 (dq, J=15.7, 6.6, 0.9H E isomer), 5.61 (dq, J=11.5, 7.2, 0.1H Z 
isomer), 3.70 (s, 2H), 1.80 (d, J=7.2, 0.3H Z isomer), 1.77 (d, J=6.6, 2.7H E 
isomer). 
13C NMR (101 MHz, CDCl3) δ = 158.8, 130.5, 127.1, 123.7, 114.1, 114.0, 55.5, 29.9, 
18.6. 
 
1-methoxy-4-propylbenzene 

  
1H NMR (400 MHz, CDCl3) δ = 2.44 (t, J=7.7, 2H), 1.52 (multiplet, 2H), 0.84 (t, 
J=7.4, 2H) aromatic and methoxy signals overlapped with starting material. 

Products from estragol isomerization (Reaction in iPrOH) 

Starting material: 133mg. Isolated yield: 91%. Product composition: 100% anethole 
 

 
1H NMR (400 MHz, CDCl3) δ = 7.27 (d, J=8.6, 2H), 6.84 (d, J=8.7, 2H), 6.35 (d, 
J=15.7, 1H), 6.10 (dq, J=15.7, 6.6, 1H), 3.80 (s, 3H), 1.87 (dd, J=6.6, 1.6, 3H). 
13C NMR (101 MHz, CDCl3) δ = 158.6, 130.8, 130.3, 126.8, 123.4, 113.9, 55.2, 18.4. 

5-(prop-1-en-1-yl)benzo[d][1,3]dioxole 
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Starting material: 292mg. Isolated yield: 76%. Product composition: 100% isosafrole 
1H NMR (400 MHz, CDCl3) δ = 6.75 (s, 1H), 6.60 (s, 2H), 6.17 (dd, J=15.7, 1.5, 1H), 
5.92 (dq, J=15.6, 6.6, 1H), 5.78 (s, 2H), 1.71 (dd, J=6.6, 1.6, 3H). 
13C NMR (101 MHz, CDCl3) δ = 147.7, 146.3, 132.3, 130.40, 123.7, 119.9, 108.0, 
105.7, 100.7, 18.2. 

N,N-diethylprop-1-en-1-amine 

 
Starting material: 1g. Isolated yield: 91% (distilled). Product composition: >99% N,N-
diethylprop-1-en-1-amine. 
1H NMR (400 MHz, C6D6) E isomer δ = 5.83 (ddd, J=13.7, 2.6, 1.3, 1H), 4.21 (dq, 
J=12.8, 6.4, 1H)], 2.74 (q, J=7.1, 4H), 1.77 (dd, J=6.4, 1.3, 3H), 0.89 (t, J=7.1, 6H). Z 
isomer δ = 5.50 (ddd, J=8.7, 3.2, 1.6, 1H, 4.59 (p, J=7.0, 1H), 2.67 (q, J=7.1, 0H), 
1.77 (dd, J=6.4, 1.3, 4H), 1.73 (dd, J=7.0, 1.6, 0H), 0.89 (t, J=7.1, 7H). 
13C NMR (101 MHz, C6D6) δ = 138.6, 91.7, 48.6(Z), 45.1, 16.4, 14.2(Z), 13.0. 

cis/trans-4-hexen-1-ol 

  
Starting material: 90mg. Isolated yield: 83% (distilled). Product composition: 4-hexen-
1-ol/other isomers = 94/6. 
1H NMR (400 MHz, CDCl3) δ = 5.43 (m, 2H), 3.65 (pseudo dd, J=12.0, 5.9, 2H), (2.13 
(dd, J=14.5, 7.2)Z isomer, 2.06 (dd, J=13.3, 6.8) E isomer, 2H), 1.63 (m, 3H). 
13C NMR (101 MHz, CDCl3) E isomer δ = 130.9, 125.6, 62.7, 32.6, 29.1, 18.1.; Z 
isomer δ = 130.0, 124.7, 62.8, 32.6, 23.4, 12.9.  

5-hexene-2-ol  

 
Starting material: 88mg. Isolated yield: 34%. Product composition: 100% 5-hexene-2-
ol. 
1H NMR (201 MHz, CDCl3) δ = 5.77 (ddt, J=16.8, 10.1, 6.6, 1H), 4.94 (m, 2H), 3.76 
(m, 1H), 2.09 (m, 2H), 1.48 (m, 2H), 1.13 (d, J=6.2, 3H). 
13C NMR (50 MHz, CDCl3) δ = 138.7, 115.0, 67.9, 38.5, 30.4, 23.7. 
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decen-1-ol isomeric mixture  

 
Starting material: 141mg. Isolated yield: 79%. Product composition: mixture of 
isomers. 
1H NMR (400 MHz, CDCl3) δ = 5.40 (m, 2H), 3.63 (t, J=6.6, 2H), 1.99 (m, 2H), [1.63 
(d, J=3.2) 8-decene-1-ol], 1.56 (m, 1H), 1.34 (m, 5H), [0.95 (t, J=7.4), 0.95 (t, J=7.5), 
0.87 (t, J=7.4) internal isomers: cis/trans-7-decen-1-ol; cis/trans-6-decen-1-
ol]. 
13C NMR (101 MHz, CDCl3) δ = 132.0, 131.5, 130.4, 130.2, 129.1, 124.6, 63.0, 34.7, 
32.8, 32.7, 32.6, 32.5, 32.4, 32.2, 31.8, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 28.9, 26.8, 
25.7, 25.6, 25.2, 22.7, 17.9, 14.0, 13.6, 13.4. 

2-allylcyclohexanol  

 
Starting material: 124mg. Isolated yield: 89%. Product composition: 100% 2-
allylcyclohexanol. 
1H NMR (400 MHz, CDCl3) δ = 5.81 (ddt, J=17.2, 10.1, 7.2, 1H), 5.02 (dd, J=18.9, 
13.6, 2H), 3.88 (bs, 1H), 2.16 (dt, J=14.1, 7.1, 1H), 2.02 (dt, J=14.1, 7.1, 1H), 1.79-1.19 
(m, 9H). 
13C NMR (101 MHz, CDCl3) δ = 137.5, 115.7, 69.1, 41.2, 36.7, 33.0, 26.4, 25.1, 20.4. 

2-(prop-1-en-1-yl)phenol 

 
Starting material: 119mg. Isolated yield: 75%. Product composition: 100% 2-(prop-1-
en-1-yl)phenol. 
1H NMR (400 MHz, CDCl3) δ = 6.47 (d, J=7.7, 1H), 6.27 (m, 1H), 6.06 (p, J=5.6, 
1H), 5.96 (d, J=8.2, 1H), 5.75 (d, J=15.9, 1H), 5.38 (dq, J=15.9, 6.6, 1H), 4.15 (s, 1H), 
1.09 (d, J=6.6, 3H). 

5.4.9. Reaction of 1 with allylphenol: Synthesis of 7 
In a typical experiment, in a Young’s NMR tube, a 1/1 mixture of 1 (31 mg) and o-allyl 
phenol (0.006 mL) was dissolved in toluene-d8 and allowed to react at room 
temperature. NMR measurements after 5 min showed complete conversion of 1 into 7. 
The product was precipitated by addition of pentane. The supernatant liquid was 
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removed. The residue was washed three times with hexane and dried under vacuum to 
give 16.2 mg (Yield: 42%) of 7 as a light brown solid. Suitable crystals for X-ray analysis 
were grown by slow evaporation of a solution of 7 in toluene. 

 
1H NMR (400 MHz, toluene) δ = 7.46 (d, J=7.9, 1H, H(12)), 7.39 (td, J=7.3, 1.8, 1H, 
H(11)), 7.21 (dd, J=7.1, 1.6, 1H, H(9)), 6.90 (t, J=7.7, 1H, H(3)), 6.61 (td, J=7.1, 1.3, 
1H, H(10)), 6.56 (d, J=7.7, 1H, H(2)), 6.45 (d, J=7.7, 1H, H(4)), 6.08 (ddt, J=18.5, 8.9, 
6.4, 1H, H(15)), 4.97 (m, 3H, H(16) and –CH2NEt2)2), 3.43 (dd, J=15.3, 6.6, 1H, 
H(14)), 3.20 (dq, J=14.3, 7.1, 1H, H(14) and -N(CH2CH3)2), 3.10 (dd, J=14.4, 2.6, 1H, 
–CH2NEt2)2), 2.97 (m, 2H, -N(CH2CH3)2 and –CH2PtBu2), 2.76 (dd, J=16.6, 8.3, 1H, –
CH2PtBu2), 2.50 (td, J=13.9, 7.1, 1H, -N(CH2CH3)2), 2.34 (m, 1H, -N(CH2CH3)2), 1.18 
(d, J=13.0, 9H, -PtBu2), 1.05 (d, J=13.3, 9H, -PtBu2), 1.03 (t, J=6.9, 3H, -
N(CH2CH3)2), 0.67 (t, J=7.2, 3H, -N(CH2CH3)2), -15.69 (d, J=27.1, 1H, Ru-H). 
13C NMR (126 MHz, toluene) δ = 210.3 (d, J=15.9, C=O), 168.6 (s, C8), 161.9 (d, 
J=4.0, C1), 161.8 (d, J=2.1, C5), 142.1 (s, C15), 137.0 (s, C3), 129.8 (s, C9), 128.6 (s, 
C13), 128.1 (s, C11), 120.1 (d, J=9.1, C2), 119.5 (s, C12), 119.0 (s, C4), 113.5 (s, C16), 
111.5 (s, C10), 65.1 (s, C6), 54.3 (s, -N(CH2CH3)2), 51.1 (s, -N(CH2CH3)2), 37.8 (d, 
J=20.2, C7), 37.2 (d, J=12.0, -P(C(CH3)3)2), 36.0 (s, C14), 35.2 (d, J=24.1, -
P(C(CH3)3)2), 30.6 (d, J=3.0, -P(C(CH3)3)2), 29.7 (d, J=4.5, -P(C(CH3)3)2), 11.5 (s, -
N(CH2CH3)2), 8.6 (s, -N(CH2CH3)2). 
31P NMR (162 MHz, toluene) δ = 114.06. 

5.4.10. Typical VT-NMR experiment 
In an oven-dried Young’s NMR tube, a solution of 1 (0.022 mmol) was dissolved in 
toluene-d8 and 1eq of isopropanol was added. The desired temperature for NMR 
measurements was reached stepwise. The tube was left for 10-15 min. for the 
establishment of the equilibrium before NMR’s were recorded. 
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5.4.11. Synthesis and characterisation of 7 

 

In an oven-dried Young’s NMR tube, a solution of 1 (0.022 mmol) was dissolved in 
toluene-d8 and 1eq of isopropanol was added. The reaction mixture was degassed using 
three freeze-pump-thaw cycles. The right amount of ethylene to reach 4 bars ethylene 
into the NMR Young’s tube was collected in a calibrated gas bulb. The tube was 
plunged into liquid nitrogen and the ethylene was further condensed into it. The tube 
was then carefully sealed and slowly warmed up to room temperature. The reaction 
mixture was kept for 1 day at -20°C, which resulted in complete conversion into 6. All 
NMR characterizations have been performed at -20°C. 

1H NMR (500 MHz, Toluene-d8) δ = 7.36 (d, J=7.7, 1H, H(4)), 6.74 (t, J=7.7, 1H, 
H(3)), 6.33 (d, J=7.4, 1H, H(2)), 3.45 (s, 2H, H(5)), 3.22 (d, J=7.0, 2H, H(6)), 3.11 (m, 
2H, CH2=CH2), 2.89 (m, 4H, CH2=CH2), 2.24 (q, J=7.1, 4H, -N(CH2CH3)2), 1.49 (m, 
2H, CH2=CH2), 1.17 (d, J=12.1, 18H, -PtBu2), 0.82 (t, J=7.1, 6H, -N(CH2CH3)2).  
13C NMR (500 MHz, toluene) δ = 19.8 (-N(CH2CH3)2) , 37.6 (-P(CCH3)3), 40.9 
(CH2=CH2), 43.9 (CH2=CH2), 44.4 C(6), 45.1 (-P(CCH3)3), 54.8 (-N(CH2CH3)2), 
65.5 C(5), 127.8 C(4), 128.8 C(2), 143.8 C(3), 170.3 C(1), 173.0 C(7), 213.6 (C=O).  
31P NMR (202 MHz, Toluene-d8) δ = 75.85. 

5.4.12. X-ray crystallography  
A suitable crystal of 6 was mounted on a cryo-loop in a drybox and transferred, using 
inert-atmosphere handling techniques, into the cold nitrogen stream of a Bruker D8 
Venture diffractometer. The final unit cell was obtained from the xyz centroids of 9737 
reflections after integration. Intensity data were corrected for Lorentz and polarisation 
effects, scale variation, for decay and absorption: a multiscan absorption correction was 
applied, based on the intensities of symmetry-related reflections measured at different 
angular settings (SADABS).63 The structure was solved by direct methods using the 
program SHELXS.64 The position of the Ru-H hydrogen atom was found in the 
difference map and allowed to refine freely, all other hydrogen atoms were generated 
by geometrical considerations and constrained to idealised geometries and allowed to 
ride on their carrier atoms with an isotropic displacement parameter related to the 
equivalent displacement parameter of their carrier atoms. Structure refinement was 
performed with the program package SHELXL.64 Crystal data and details on data 
collection and refinement are presented in Table 4.  
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Table 4: Crystallographic data for 3 

 Chem. formula C32.50H49N2O2PRu 
Mr 631.78 

cryst syst triclinic 
color, habit yellow/green, platelet 
size (mm) 0.17 x 0.05 x 0.02 

space group P -1 
a (Å) 13.5741(9) 
b (Å) 15.0286(9) 
c (Å) 16.1017(8) 
α (°) 92.800(2) 
β (°) 104.400(2) 
γ (°) 96.467(2) 

V (Å3) 3151.2(3) 
Z 4 

ρcalc, g.cm-3 1.332 

µ(Cu Kα), mm-1 0.579 
F(000) 1332 

temp (K) 100(2) 

θ range (°) 2.69–27.17 

data collected (h,k,l) -17:17, -19:19, -20:20 
min, max transm 0.7087, 0.7455 

rflns collected 83018 
indpndt reflns 14001 

observed reflns Fo ≥ 2.0 σ (Fo) 10871 

R(F) (%) 3.31 
wR(F2) (%) 6.70 

GooF 1.010 
weighting a,b 0.0218, 3.0261 

params refined 719 
min, max resid dens -0.619, 0.882  
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Chapter 6  

Reactivity of a PNN Ruthenium Pincer Complex 
with Unsaturated Nitriles: From Intermolecular 
Oxa-Michael Additions to Oligomerization 
reactions 

Part of this chapter has been published: 

 
A Metal–Ligand Cooperative Pathway for Intermolecular Oxa-Michael 
Additions to Unsaturated Nitriles 
Perdriau, S.; Zijlstra, D.S.; Heeres, H.J.; de Vries, J.G.; Otten, E. Angew. 
Chemie Int. Ed. 2015, 54, 4236-4240. 
 

 

 

The reactivity of the PNN pincer ruthenium catalyst (1) with a de-aromatized pyridine 
backbone with unsaturated nitriles is studied in this chapter. It was found that 1 is an excellent 
catalyst for oxa-Michael additions to unsaturated nitriles at room temperature. These reactions 
proceed via an unprecedented catalytic pathway. The isolation of a catalytically competent Ru-
dieneamido complex from the reaction between 1 and pentenenitrile in combination with DFT 
calculations supports a mechanism in which activation of the nitrile via metal-ligand 
cooperativity is a key step. These features allow the reaction to proceed at ambient temperature 
in the absence of external base. A preliminary study on the ability of 1 to oligomerise 
unsaturated nitriles is also reported.  
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6.1. Introduction/Project goal 
The chemistry of metal complexes bearing 'non-innocent' ligands is receiving increasing 
attention because of its potential to expand the scope of reactivity beyond that which is 
possible with classical ligands.1–7 One particularly successful class of non-innocent 
ligands is based on a pincer scaffold with a central pyridine ring.8–13 The tridentate 
pincer motif provides robust complexes in which the central pyridine is instrumental in 
the non-innocent character as a result of its facile dearomatization via deprotonation of 
an adjacent CH2 group. The high reactivity of such dearomatized complexes towards a 
variety of E-H bonds (E = H, OR, NR2, RCOO, etc) is driven in part by 
rearomatization of the pyridine ring and, importantly, does not involve changes in the 
formal oxidation state of the metal center. Milstein and co-workers have developed an 
impressive array of catalytic reactions using dearomatized PNN and PNP pincer 
complexes as catalysts, by making use of the metal-ligand cooperative ('bifunctional') 
reactivity that these compounds display.8 The example of CO2 hydrogenation with this 
type of catalysts has recently been shown to involve metal-ligand cooperativity.14–20 
Moreover, the C=O bond in carbonyl compounds19,21 and CO216,22,23 has been shown 
to be activated in a similar fashion, leading to C-C and metal-O bond formation and 
concomitant re-aromatization of the pincer backbone, and this was recently extended 
to nitrile C≡N bonds.24,25  

 

Scheme 1: XH bond activation by the PNN ruthenium catalyst 1 

In the course of our studies on olefin isomerization, we found the PNN pincer 
ruthenium complex 1 (Scheme 1) to be an active isomerization catalyst in the presence 
of isopropanol as an additive (see chapter 5).26 These previous studies indicated that the 
known non-innocent character of the dearomatized ligand in 1 is involved in this 
chemistry. As part of our ongoing research into new types of reactivity that make use of 
metal-ligand cooperative behavior, we have found an unusual oxa-Michael addition 
reaction that is catalyzed by 1. Here we report that unsaturated nitriles react rapidly 
and cleanly with simple alcohols to give the corresponding Michael addition products 
via catalysis that involves metal-ligand cooperative reactivity. 

While Michael additions with carbon nucleophiles are a well-established class of C-C 
bond forming reactions, analogous reactivity of oxygen nucleophiles (oxa-Michael 
addition) is less straightforward. This is due to the comparatively low nucleophilicity of 



A Metal-Ligand Cooperative Pathway for Intermolecular Oxa-Michael Additions to 
Unsaturated Nitriles 

 

 143 
 

alcohols and the reversibility of the oxa-Michael addition.27–29 Mechanistically, known 
pathways for oxa-Michael addition involve the generation of reactive alkoxide 
nucleophiles through addition of a strong base,30–37 activation of the Michael acceptor 
by Lewis/Brønsted acids38–40 or (for α,β-unsaturated carbonyl compounds) 
organocatalysis via iminium intermediates (see Introduction chapter of the thesis for 
more details).41,42  

Most examples reported to date concern intramolecular reactions or tandem reactions 
that shift the equilibrium to the addition product.28,29 In addition to that, the use of 
strong bases, to catalyse this reaction, precludes the use of substrates with base sensitive 
functional groups. Conjugate acceptors that have been used are mostly aldehydes, 
esters, ketones and nitroalkenes. Unsaturated nitriles, however, have received 
considerably less attention because of their low reactivity towards conventional 
nucleophiles. 43 Whereas the addition of carbon nucleophiles to unsaturated nitriles has 
been studied extensively,43 this is not true for hetero-Michael addition reactions and 
particularly oxa-Michael reactions. This is rather surprising in view of their potential in 
the preparation of for example γ-amino alcohols or ethers. Most studies have been 
performed with bases such as NaOH,34,44 KOH,45, DBU,35 Triton B,46 PR333,47,48 and a 
heterogeneous Mg–Al LDH system.37 Several copper catalysts have also been used in 
the oxa-Michael reaction with unsaturated nitriles.49–51 In these reactions copper-
alkoxides are proposed to be the active species. A ruthenium catalyst based on a 
'bifunctional' acetamido ligand was used by He and coworkers (Scheme 2).52 Finally, 
Zargarian and co-workers developed nickel based PNN pincer complexes which were 
found to be efficient catalysts for the cyanoalkylation53 of alcohols.54–57 Despite these 
advances, addition of heteroatom nucleophiles to acrylonitriles remains challenging, in 
particular for β-substituted derivatives.47  

 

Scheme 2: Examples of catalysts that have been used for the oxa-michael addition reaction 
on unsaturated nitriles 

In this chapter, we report a combined experimental/computational study on the oxa-
Michael reaction catalyzed by the PNN ruthenium catalyst 1. The reaction is shown to 
proceed by 'bifunctional' activation of the nitrile C≡N bond, which allows for alkoxide 
formation and conjugate addition to occur in a concerted fashion. These mechanistic 
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features lead to exceptionally fast and selective oxa-Michael addition to unsaturated 
nitriles under mild, additive-free conditions. 

6.2. Results and discussion 

6.2.1. Preliminary results 
In the course of our earlier study on alkene isomerization catalyzed by 1, we found that 
this complex reacts in an unexpected manner with the unsaturated nitrile 3-
pentenenitrile (3-PN) rather than simply isomerizing the substrate to the expected 2-
pentenenitrile (2-PN) product. Reaction of 3-pentenenitrile (3-PN) with a catalytic 
amount of 1 (2.5 mol% catalyst, overnight at RT in iPrOH) gave full conversion to a 
1:1 mixture of compounds 2a and 3a (Eq.1, Scheme 3). Compound 2a is the result of 
α,β-dimerisation of 3-PN,58,59 whereas 3a is the oxa-Michael addition product of iPrOH 
to 2-pentenenitrile (2-PN). Lowering the catalyst loading to 0.5 mol%, the reaction of 3-
PN with 1, under otherwise identical conditions, gave 87% conversion with an 
improved selectivity for the Michael addition product (2a/3a ratio = 1/3). Using 2-PN 
as the substrate under identical conditions afforded 3a cleanly without concomitant 
formation of dimer 2a (Eq.2, Scheme 3). While known catalysts for the oxa-Michael 
addition typically require elevated temperatures and the presence of a strong base, our 
system based on catalyst 1 operates under mild conditions in the absence of additives.  

To verify catalysis by 1, we ran control experiments in which both 2- and 3-PN were 
reacted in iPrOH with KOtBu as a base (0.5 and 2.5 mol%, respectively), but this gave 
poor conversion (36 and 56%) to a ~1:1 mixture of 3a and the other pentenenitrile 
isomer (Eq.3 and 4, Scheme 3). These results clearly establish that our system does not 
operate through a simple base-catalyzed reaction and that 1 is involved in the observed 
reactivity. Additional control experiments with various catalysts were performed (see 
experimental section for details). Supported Ru on TiO2 or Al2O3 and Ru nanoparticles 
were completely inactive under the same conditions, which eliminates the possibility 
that heterogeneous decomposition products formed from 1 were the active species. 
Two homogeneous ruthenium complexes that feature 'bifunctional' character 
developed in the groups of Grotjahn60 and Park61 (A and B, Scheme 3) were also tested, 
but provided no conversion of 2-pentenenitrile. Activation of the nitrile through the Ru 
center acting as a Lewis acid was also discounted as the use of FeCl3 and BF3.Et2O gave 
no conversion. Finally, the acridine based ruthenium pincer complex developed by 
Milstein and co-workers62 (C, Scheme 3) was applied for this reaction both with and 
without KOtBu as activator and once again, no reaction was observed. Thus, 1 is 
distinctive in its ability to catalyse conjugate addition of iPrOH to the β-substituted 
unsaturated nitrile isomers 2- and 3-PN at ambient temperature. In this context it 
should be noted that whereas 1 is known to catalyse the dehydrogenative coupling of 
alcohols to esters at elevated temperature (>115 °C),8,63 our room-temperature protocol 
completely suppresses this potential side reaction. 
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Scheme 3: Catalytic isopropanol addition to 2-pentenitrile and 3-pentenenitrile with 1 and 
KOtBu 

6.2.2. Optimization of reaction Conditions 
To gain insight into the factors that influence the efficiency of this catalytic system, the 
addition reactions of ethanol and isopropanol to both 3- and 2-PN were studied in 
more detail using 0.5 mol% catalyst and 0.5 M nitrile solution in iPrOH or EtOH at 
room temperature. Monitoring the progress of the reaction and the product 
composition as a function of time was carried out by GC analysis of the reaction 
mixture.  

It is apparent from Figure 1 that there is a large difference in reaction rate between 2- 
and 3-PN. In the case of iPrOH addition to 3-PN, isomerization to 2-PN is concurrent 
with formation of product 3a, while a significant amount of pentenenitrile dimer 2a is 
also obtained. The reaction effectively ceases at 82% conversion after 5 h. Stirring the 
reaction mixture for a total of 17 h provided only a marginal increase in conversion to 
87%. The addition of more catalyst (0.5 mol%) to this mixture restored some of the 
catalytic activity, but again rapid decomposition is observed (Figure 1, C1).  

Conversely, the oxa-Michael addition of isopropanol to 2-PN is more selective 
(dimerization is not observed), and the desired product is obtained in >90% yield 
(Figure 1, A2). The remainder is 3-pentenenitrile and a minor amount of unreacted 
starting material. Based on these observations, we conclude that the dimerization 
product obtained with 3-pentenenitrile deactivates the catalyst 1. In fact, running a 
reaction between 2-PN and 1 in the presence of 2a considerably slows down the 
conversion of the reaction (Figure 1, A2 and C2 for comparison). Note that the 
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formation of a pentenenitrile dimer is easily prevented by slow addition of substrate, 
thereby maintaining an on average low concentration of 3-pentenenitrile. 

 

  

Figure 1: Product formation over time for the addition of isopropanol (A) and ethanol (B) to 
3-pentenenitrile (1) and 2-pentenenitrile (2); C1: additional catalyst 1 added to a catalytic 
run of 3-pentenenitrile + isopropanol; C2: catalytic reaction between 2-pentenenitrile and 
isopropanol in the presence of added 2a (conditions: 2-PN (2.2 mmol) + 2a (0.33 mmol) + 1 
(0.011 mmol) in 4.4 mL isopropanol) 
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EtOH is also a suitable nucleophile but, contrary to expectation, the reaction is slower 
than with iPrOH for both isomers (Figure 1, B1 and B2). 2-PN is converted sluggishly 
(yet cleanly), in ca. 75% yield to 3-ethoxypentanenitrile (3b) after 4.5 h based on GC. 
Under identical conditions, 3-pentenenitrile shows only 15% conversion after 4 h.  

The lower reactivity of 3-pentenenitrile compared to 2-pentenenitrile with both iPrOH 
and EtOH is to be expected: only the α,β-unsaturated isomer is a suitable Michael 
acceptor, and it is therefore reasonable to assume that 3-pentenenitrile must first 
undergo isomerization.  

 

 

 

Figure 2: Solvent effect on iPrOH addition to 2-PN       

In order to improve the oxa-Michael additions of ethanol, we investigated the influence 
of co-solvents (Table 1 and Figure 2). Whereas addition of ethanol to 2-pentenenitrile is 
relatively slow in pure ethanol (30% conversion after 1 h), a 1:1 mixture of 
ethanol/isopropanol gives a marked increase in conversion (62% after 1 h), with the 
ethanol addition product 3b as the main product (3b:3a ratio of 24:1). Similarly, 
reactions involving both protic and non-protic polar (tert-amyl alcohol and THF) as well 
as apolar co-solvents (toluene) lead to much faster oxa-Michael addition: in all cases 
conversions of ≥ 94% are reached after 1 h.  

Solvent (S) 
GC Conversion 
(%)a 
1 h 17 h 

ethanol 30 92 
isopropanolb 62 98 
tert-amyl 
alcohol 94 >99 

THF 97 >99 
toluene 94 >99 
a traces of 3-pentenenitrile were also 
observed. b4% (1 h) and 6% (17 h) of 
isopropanol addition product was also 
obtained. 
 

Table 1: Solvent effect on ethanol 
addition to 2-pentenenitrile 
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Scheme 4: Alcohol activation by 1 

While the origin of this effect is at present not fully understood, it could be related to the 
(reversible) formation of catalytically inactive Ru-alkoxide21,26 and/or Ru-dihydride63 
species (Scheme 4), the concentration of which is dependent on the alcohol used (Figure 
3). A decreased EtOH content in the reaction mixture (by adding a co-solvent) may 
thus lead to an increase of catalytically competent Ru species and an enhanced reaction 
rate.64 Indeed, 1H NMR clearly shows that the effect of addition of one equivalent of 
alcohol to a solution of 1 differs between isopropanol and ethanol, with 89% and 12%, 
respectively, of 1 remaining (in both cases the remainder being ruthenium alkoxide and 
dihydride species; Figure 3). 

 

6.2.3. Study of the reaction mechanism 

6.2.3.1. Stoichiometric Experiments and Characterization of 
Intermediate 4 

Having established oxa-Michael addition catalysis by 1, we focused on the elucidation 
of the reaction mechanism. We first studied the stoichiometric reaction of 1 with 2- and 
3-PN (scheme 5). After dissolving the reagents in a Young NMR tube in benzene-d6, the 
reaction mixture was analyzed by 1H and 31P NMR spectroscopy.  

 

 
Scheme 5: Stoichiometric reactions between 3-pentenenitrile (3-PN) or 2- pentenenitrile (2-
PN) and 1 
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Figure 3: Comparison between the reaction of 1 with an equimolar amount of EtOH 
(upper) or iPrOH (lower); hydride region of 1H NMR spectra 
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Figure 4: 1H (top) and 31P (bottom) NMR spectra of reaction mixtures A = 3-PN + 1 (blue) 
and B = 2-PN + 1 (red) in comparison to isolated 1PN (green). Spectra are taken 15-30 min 
after mixing (*: remaining 2-PN). 
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Full conversion of the starting materials and quantitative formation of a single new 
species 1PN, which was identical irrespective of the starting material (2-PN or 3-PN), 
was observed within minutes at room temperature, as evidenced by the shift of the 
31P{1H} NMR resonance from δ 94.7 ppm in 1 to a singlet at δ 120.7 ppm for 4 
(Figure 4) The 1H NMR spectrum of 4 shows one new resonance for the hydride (δ -
12.0 ppm, JPH = 28.4 Hz) in the chemical shift range that is indicative of a complex 
with a ligand trans to the Ru-H.16,63 The resonances due to the pyridine ring are shifted 
downfield and their position is consistent with rearomatization of the ligand. The 
appearance of three new signals in the olefinic region (δ 6.70, 5.52 and 5.18 ppm) 
together with a NH resonance at δ 3.96 ppm is due to the pentenenitrile-derived 
dieneamido fragment [NH-C=CH-CH=CHCH3]. It is likely that C≡N bond addition 
of 3- and 2-PN initially forms the intermediates A and B, respectively, which 
subsequently tautomerize to the thermodynamic product 1PN (Scheme 5, vide infra for a 
detailed computational study). Related Re-PNP pincer complexes were recently 
described by Milstein and co-workers for nitriles without a pendant C=C moiety.24  

Compound 1PN was obtained as crystalline material from a concentrated solution in 
toluene at -30°C, and an X-ray diffraction study gave unequivocal confirmation of the 
identity of compound 1PN as a ruthenium dieneamido species (Figure 5). The structure 
determination shows the Ru center in an octahedral environment with the tridentate 
pincer ligand and the CO molecule located in the same plane. The axial positions are 
occupied by the hydride and the nitrogen atom that is derived from the nitrile. The 
length of the newly formed C-C bond between the carbon of the ligand arm and that of 
the nitrile (1.529(8) Å) is in the range expected for a C-C single bond. The bonds 

 

Figure 5: Molecular structure of complex 4, showing 50% probability ellipsoids. The PtBu2 
and NEt2 groups are drawn as wire-frame; hydrogen atoms (except the Ru-H and N-H) and 
toluene solvate molecule are omitted for clarity. 
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between the pyridine ring and the carbon atom of the adjacent CH2 groups are 
identical (1.509(7) and 1.506(7) Å), and also the bond lengths within the pyridine ring 
are consistent with a rearomatizatized ligand framework. Within the fragment derived 
from pentenenitrile, the long N(3)-C(21) bond of 1.345(8) Å and short C(21)-C(22) and 
C(23)-C(24) bonds indicate the presence of a dieneamido group, in agreement with the 
NMR data.  

Nitrile addition to give metal-N and C-C bond formation via metal-ligand cooperation 
has been observed before in related bis-carbene Ru-CNC25 and dearomatized Re-PNP 
pincer compounds.24 For the Re-PNP complexes it was found that rhenium-ketimido 
products are formed, which tautomerize to the corresponding enamido compounds 
when the nitrile substrate contains an α-methylene group. The rapid generation of an 
identical product (1PN) from 1 and 2- or 3-PN suggests that either isomerization of the 
substrates by 1 is facile, or that the initial nitrile addition products have low barriers 
towards tautomerization. 

A noteworthy feature of 1PN is addition of the nitrile via C-C bond formation at the side 
of the pincer NEt2 group, whereas in the starting material 1 the reactive moiety is at the 
P sidearm of the PNN ligand. Sanford and co-workers observed that CO2 activation by 
1 gives C-C bond formation at the P arm as the kinetic product, which converts to a 
thermodynamically more stable compound in which a C-C bond is formed at the N 
arm.16,20  

Relevant to the catalytic oxa-Michael addition chemistry with 1 are the following 
observations. While 1 reacts with isopropanol at low temperature to give a Ru-alkoxide 
with rearomatization of the ligand backbone, this reaction is thermodynamically not 
favourable at room temperature.26 It is thus likely that the catalytic activity of 1 in oxa-
Michael addition is initiated by activation of the nitrile.  

 
Scheme 6: Stoichiometric reaction between 1 and 3a 

Finally, a stoichiometric reaction between 1 and the oxa-Michael addition product 3a 
in benzene-d6 shows rapid disappearance of 3a with release of isopropanol within 
minutes at room temperature (scheme 6). The organometallic product from this 
reaction is again compound 1PN. This suggests that 1PN is the resting state of the catalyst 
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and proves the reversibility of the oxa-Michael reaction in the presence of 1 (Figure 6). 
The observation that isolated 1PN is also catalytically active lends credence to this 
hypothesis (see experimental section). 

 

Figure 6: 1H NMR spectra for the reaction between 1 and 3a, showing liberation of iPrOH. 
Reaction mixture at T = 0 min (blue), 10 min (green) and overnight (red). 

6.2.3.2. Computational studies 

6.2.3.2.1. Nitrile Activation 
DFT calculations aimed at a more thorough understanding of the reaction mechanism 
were carried out at the TPSSTPSS/BSI level of theory in the gas phase, BSI 
designating the basis set combination of LanL2DZ for Ru and 6-31G(d,p) for all non-
metal atoms.65,66 Because the site of ligand reactivity that leads to formation of 1PN 
(NEt2 pincer arm) is different than that in the starting material 1 (PtBu2 pincer arm), 
calculations were performed starting from both 1 and its tautomer 1-Taut (Figure 7). 
The difference in Gibbs free energy between 1 and 1-Taut is found to be 6.6 kcal/mol, 
in good agreement with results obtained by Zhang.20 A likely initial step in the reaction 
of 1 with 3-pentenenitrile is the formation of a nitrile adduct, which is subsequently 
transformed via C≡N addition to give a rearomatized pincer ligand. Geometry 
optimization of adducts 1-Add/1-Add' and the nitrile addition products A/A' 
converged on structures that are all energetically unfavorable with respect to the 
starting materials, but of those species A (which is formed starting from 1-Taut and has 
added the nitrile at the N side of the pincer) has the lowest energy. The pathway that  

(CH3)2CHOH	  

(CH3)2CHOH	  

	  min	  

(CH3)2CHOH	  

	  min	  

(CH3)2CHOH	  

	  

(CH3)2CHOH	  
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Scheme 7: Activation of 2- and 3-PN and formation of 1PN 

 

 

Figure 7: Comparison of energy profiles for the reactions between the two isomers of 1PN 
and isopropanol (starting from nitrile addition to pincer N arm (B-E, see main text) or 
pincer P arm (B'-D'). All energies are in kcal/mol relative to 1PN/iPrOH/3-pentenenitrile 
(3-pentenenitrile is not shown for clarity). The values are Gibbs free energies; enthalpies 
are indicated within brackets. 
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leads from 1 to A' is least favorable both kinetically (TS1-Add'/A', 18.6 kcal/mol) and 
thermodynamically (A', 13.0 kcal/mol), while that from 1-Taut to A has a lower 
barrier (TS1-Add/A, 13.2 kcal/mol) and leads to a more stable product (A, 1 
kcal/mol). DFT modeling of the subsequent conversion of A to the experimentally 
observed complex 1PN is exergonic (8.0 kcal/mol), and the entire sequence from 1 + 3-
PN to 1PN is energetically favorable (ΔGr = - 7.0 kcal/mol). Conversely, the whole 
transformation from 1 + 3-PN to 1PN’ is unfavourable (ΔGr = 4.2 kcal/mol). The 
observed trend in reaction thermodynamics is in line with data obtained for CO2 
addition to 1, although in that case addition to the phosphorus arm is kinetically 
favored.16,20 

Experimentally, compound 1PN is obtained regardless of the pentenenitrile isomer that 
is used as a starting material, and the reaction with 2-PN was also probed 
computationally. A qualitatively similar picture is obtained (Scheme 7, Figure 7), but in 
this case all stationary points are lower in energy because the C=C double bond is in 
conjugation with the nitrile (ca. 3 kcal/mol). Nevertheless, also for reaction of 1 with 2-
PN, 1PN is the thermodynamic product with ΔGr = - 4.2 kcal/mol. A series of 1,3-H 
transfer reactions connects A and B via compound 1PN, thus leading to isomerization of 
the pentenenitrile. An intramolecular pathway, or a simple Ru-H mediated 
reaction,26,67–69 could account for the partial pentenenitrile isomerization that is 
observed before full conversion to the oxa-Michael addition product occurs. 

6.2.3.2.2. Oxa-Michael Addition 
Finally, the pathway for isopropanol addition to pentenenitrile was examined (Scheme 
8, Figure 8). Starting from 1PN, tautomerization to the Ru-ketimido species B generates 
the α,β-unsaturated motif required for conjugate addition. Optimization of a possible 
complex between B and iso-propanol converged on intermediate C, which is calculated 
to be 6.4 kcal/mol uphill relative to 1PN /isopropanol. A hydrogen bonding interaction 
between the isopropanol OH group and the N atom from the ketimido moiety is 
observed, which is quite strong with a binding enthalpy of -4.4 kcal/mol.  

Subsequent formation of the oxa-Michael addition product occurs via transition state 
TSC/D, with a barrier of 23.4 kcal/mol. Two salient features of this key step are 
worthy of mention: (i) the bond-forming reaction occurs through a concerted 
mechanism via a highly ordered 6-membered transition state, and (ii) the Brønsted 
basicity of the ketimido N atom increases the nucleophilicity of isopropanol which leads 
to facile C-O bond formation. The Ru-enamido intermediate D that is generated is 
virtually isoenergetic with C. Tautomerization of the enamide D to ketimide E is 
required before a retro-addition reaction forms the final organic product. While release 
of the oxa-Michael product 3a with formation of 1 (either directly or via 1-Taut) is 
slightly uphill, capture of new pentenenitrile substrate to regenerate 1PN leads to a cycle 
for which the overall thermodynamics are favourable (ΔGr = - 4.4 kcal/mol; ΔHr = -  
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Scheme 8: Proposed pathway for isopropanol addition to 3-PN 

 

Figure 8: Comparison of energy profiles for the reactions between the two isomers of 1PN 
and isopropanol (starting from nitrile addition to pincer N arm (B-E, see main text) or 
pincer P arm (B'-D'). All energies are in kcal/mol relative to 1PN/iPrOH/3-PN (3-PN is not 
shown for clarity). The values are Gibbs free energies; enthalpies are indicated within 
brackets. 
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17.1 kcal/mol). The little energy difference of 0.3 kcal/mol between C and D and the 
relatively low barrier for their interconversion indicates the reversibility of this addition 
reaction. Indeed, in the absence of additional substrate, the reaction between 1 and 3a 
is shown to lead to formation of 1PN with liberation of isopropanol (vide supra). These 
calculations are in full agreement with the experimental observations, and indicate 1PN 
to be the resting state of the catalyst. A DFT study of a catalytic route via 1PN’ (Figure 8 
and Scheme 9) shows a less favourable pathway both kinetically (TSC'/D', 37.2 
kcal/mol) and thermodynamically.	  

 

Scheme 9: Unfavoured pathway for isopropanol addition to 3-PN 

6.2.4. Scope of hetero-Michael addition reactions catalyzed by 1  
Anticipating that this novel metal-ligand cooperative pathway for oxa-Michael addition 
via activation of the nitrile could be synthetically versatile, we performed a screening of 
the substrate scope by testing other linear, (non)conjugated unsaturated nitriles, using a 
1:1 mixture of alcohol/THF as the solvent. The products obtained are shown in 
Scheme 10. Conversion (GC) and isolated yields are reported in Table 2. In all cases, 
control experiments in the absence of 1 gave poor conversions and low yields of 
addition products (see experimental section for more details).  

 As described above, reactions of 3- and 2-PN with isopropanol lead to the same 
product, 3-isopropoxypentanenitrile (3a). Under optimized conditions (0.5 mol%, 0.5 
M substrate, RT) good to excellent conversions are obtained with both substrates at 
room temperature (93 and 98% respectively). Addition of other primary aliphatic 
alcohols ROH to 2-PN afforded 3-alkoxypentanenitriles 3 in good isolated yields (Et 
(3b), 92%; Bn (3c), 77%). The butenenitrile isomers crotonitrile and allyl cyanide both 
react with iPrOH to form the expected product 4 in >90% isolated yield (Table 2, 
entries 5 and 6) underlining once again the efficiency of this reaction for both 
conjugated and allylic substrates. For the more reactive substrate acrylonitrile, a 1.6 g 
scale reaction led to the iPrOH addition product 5 in 95% isolated yield using a catalyst 
loading as low as 0.07 mol% (Table 2, entry 7). 

Although primary and secondary alcohols are excellent nucleophiles for this reaction, 
the tertiary alcohols t-amyl alcohol and adamantanol were unreactive towards α,β-
unsaturated nitriles at room temperature (Table 2, entries 8 and 9). Upon heating the 
reaction mixture with t-amyl alcohol, consumption of the nitrile was observed to give 
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oligomers (as determined by MALDI-TOF), but alcohol addition products were not 
obtained.70 The reaction between the more sterically hindered 3-methyl crotonitrile and 
ethanol stalled at 26 % conversion after 3 days at 60 °C (Table 2, entry 10). The poor 
reactivity of these encumbered systems likely relates to unfavourable reaction energetics 
(ΔGr ≥ 0 based on DFT calculations). 

 

Scheme 10: Products of hetero-Michael additions to α,β-unsaturated nitriles catalyzed by 
1, with isolated yields. [a] Isolated yield when starting from 3-alkenenitrile. [b] with 0.07 
mol% catalyst. [c] 5 days at 40 °C. [d] 3 days at 60 °C. 

Attempted oxa-Michael addition of phenol and p-nitrophenol to 2-PN was not 
successful (Table 2, entries 11 and 12). In both cases the catalyst is deactivated and no 
conversion of 2-PN is observed. Similarly, the sterically hindered 2,6-dimethylphenol 
failed to give the desired oxa-Michael addition product, but in this case isomerization 
and dimerization of the substrate was still observed (Table 2, entry 13). A likely 
explanation for the lack of oxa-Michael addition with the unhindered phenols is their 
acidity, which results in formation of catalytically inactive aryloxide species upon 
reaction with 1.12,26 The more hindered 2,6-dimethylphenol does not lead to full 
catalyst deactivation, but oxa-Michael addition is apparently also not favourable.  

To verify the importance of the nitrile in these Michael reactions, methyl crotonate was 
used as the electrophile, but oxa-Michael addition was not observed (Table 2, entry 14). 
The corresponding aldehyde, crotonaldehyde, was highly reactive but in an unselective 
manner. The desired Michael addition product was only a minor component of the 
complex mixture of products, which was not investigated further. While carbonyl 
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compounds (formate esters, ketones, aldehydes) have been reported to add to the 
dearomatized pincer complex 1,16,19,21 the Ru-O moiety in the resulting compounds is 
presumably not sufficiently basic to initiate attack of the nucleophile. 

To further extend the scope of Michael addition reactions catalyzed by 1, sulfur and 
nitrogen nucleophiles were tested. Although thiols are in general more reactive than 
alcohols, one could imagine the softer Lewis basic S atom to competitively bind to the 
Ru center and prevent further chemistry. Nevertheless, the addition of 1-octanethiol to 
crotonitrile is complete within 1 h at room temperature and product 8 is obtained in 
very good yield (99% isolated yield). 

The addition of amines is less efficient as shown for ethyl- and benzyl amine. 
Conversion to the aza-Michael addition products is slow (9a: 54% after 5 days at 40 
°C; 9b: 39% after 3 days at 60 °C), and the products were obtained in 40 and 32% 
isolated yield, respectively. To investigate possible substrate inhibition in the aza-
Michael addition,12 crotonitrile was reacted with a 1:1 mixture of EtOH and EtNH2. 
The catalyst is active and highly chemoselective for addition of alcohol over amine,71 
with 94% conversion obtained after 1h and <2% of amine addition product 9a 
detected (Figure 9). This conclusively shows that no substrate inhibition takes place. 

 
Figure 9: Comparison between the reaction of 1 with an equimolar amount of EtOH or 
iPrOH 

Using our novel base-free protocol we were able to obtain the acetyl-substituted oxa-
Michael addition product 10. Attempted KOtBu-catalyzed synthesis of 10 resulted in 
rapid loss of the acetyl group by transesterification. These data provide further evidence 
for the distinctive properties of 1 in Michael addition catalysis. 
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Table 2: Michael addition reaction - nucleophile and substrate scope 

Entry Substrate Nucleophile Solvent 
Temp. 
(°C) 

GC 
Conv. 
(%) 

Isolated 
yield (%) 

1 3-PN iPrOH iPrOH rt 93 61b 

2 2-PN iPrOH 
iPrOH/THF 
(1/1) 

rt 98 89 

3 2-PN EtOH 
EtOH/THF 
(1/1) 

rt >99 92 

4 2-PN benzyl alcohol THF rt >99 77 

5 crotonitrile iPrOH 
iPrOH/THF 
(1/1) 

rt 99 97 

6 allyl cyanide iPrOH 
iPrOH/THF 
(1/1) 

rt 95 90 

7 acrylonitrilec iPrOH iPrOH rt - 95 
8 2-PN t-amylOH t-amylOH 70 75 oligomersd 
9 crotonitrile AdOHe THF rt 0 - 

10 3-methyl-
crotonitrile EtOH 

EtOH/THF 
(1/1) 

rt 26 - 

11 2-PN PhOHf THF rt 0 - 

12 2-PN 4-NO2-
C6H4OHf THF rt 0 - 

13 2-PN 2,6-Me-
C6H3OHf THF rt 68 3-PN + 2a 

14 methyl 
crotonate EtOH 

EtOH/toluene 
(1/1) 

60 0 - 

15 crotonitrile 1-octanethiolg THF rt >99 >99 
16 2-PN Ethylamine THF rt 54 11 
17 crotonitrile Benzylamine THF rt 39 32 

18 6-hydroxy 
hexanenitrile 

- THF rt >99 86 

19 7-hydroxy 
heptanenitrile 

- THF rt >99 90 

20 10-cyanodec-9-
en-1-yl acetate 

iPrOH 
iPrOH/THF 
(2.5/2) 

rt >99h 60i 

21j cinnamonitrile iPrOH Toluene-d8 rt - tracesk 
a Reaction conditions: cat. loading 0.5 mol%, substrate 0.5 M, ambient temperature, overnight. b Isolated 
as a mixture 15/85;2a/3a.c 0.07 mol% catalyst loading, 1.6 g scale reaction. d determined by MALDI-
TOF. e 1.2 eq. of adamantanol. f 10 eq. of the respective phenol. g 1.4 eq. of 1-octanethiol, full conversion 
after 1h. h Checked by TLC. i the isolated material is contaminated with some starting material and 
dimerization product. j cat. loading: 5 mol%, 3.5H, 2 eq. of iPrOH . k determined by 1H NMR. 
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A final substrate, cinnamonitrile, was tested in the oxa-Michael addition with iPrOH as 
nucleophile in toluene-d8. Surprisingly, only traces of the expected product were 
observed after an overnight reaction. An explanation lies in the formation of new stable 
species formed by the reaction of 1 with cinnamonitrile. Indeed, NMR analysis of a 
stoichiometric experiment between 1 and 1 eq. of cinnamonitrile at room temperature 
in benzene-d6 shows clean formation of a new compound, 13b (Scheme 11). The 
signals of the pyridine backbone are in good agreement with a dearomatized species 
(6.54, 6.38 and 5.71 ppm) and the hydride shift (-12.95 ppm) corresponds to ruthenium 
complex with a ligand trans to the Ru-H bond.63 Moreover a characteristic signal for the 
N-H is found at 9.68 ppm. One hypothesis is that the formation of 13b is going 
through the complex 13a (not observed by NMR) for which the ketimido moiety is 
basic enough to deprotonate the -CH2 on P side and to generate the dearomatized 
species. If this enamido species is too stable, tautomerization to the ketimido analogue 
13a may be blocked and thus oxa-Michael addition via the previously described 
mechanism cannot occur. 

 

 

Scheme 11: Formation of species 13 by stoichiometric reaction of 1 with cinnamonitrile 

	  

6.2.5. Water as nucleophile in the oxa-Michael addition to unsaturated 
nitriles catalysed by 1 

The addition of water to unsaturated nitriles may be of interest since it provides a fast 
route to β-hydroxy acids and γ-amino alcohols. 3-Hydroxybutanoic acid is for example 
a monomer for the synthesis of biodegradable polymers. As far as we know, there are 
no reported methods in the literature for the direct addition of water to unsaturated 
nitriles. A main issue is the reversibility of the water addition, particularly when 
performing the reaction at high temperatures. With the idea to take advantage of our 
room temperature procedure we attempted oxa-Michael addition of water to 2-PN and 
crotonitrile (Scheme 12). The results are summarized in Table 3. 
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Scheme 12: Water addition reaction to 2-PN and crotonitrile 

A first series of experiments were conducted with 2-PN as substrate and 20 eq. of H2O 
(Table 3, entries 1-3). 19% conversion was obtained after an overnight reaction when t-
amylOH was used as solvent. This could be increased to 53% when the reaction was 
performed at 70°C and 13% of 11a could be isolated; the rest being compound 2a. 
Milstein and co-workers showed that the equilibrium between 1 and water at ambient 
temperature lies on the side of 12 with a hydroxy ligand on the ruthenium which is trans 
to the hydride (Scheme 13).72 However, heating 12 to 65°C regenerates 1 and water. 
While a room temperature experiment may mainly lead to the formation of the inactive 
complex 12, heating up the reaction to 70°C should provide more active catalyst 1 for 
the oxa-michael reaction and thus help the conversion of the unsaturated nitrile.  

 

Scheme 13: Reversibe water activation by 1 

Interestingly, the selectivity for 11a over 2a formation slightly improved at this higher 
temperature. It is to note that the reaction mixture was biphasic, which can affect the 
conversion as well as the selectivity. We know that 2-PN very easily dimer-/oligomerises 
particularly at concentrations of pentenenitrile >3M even in a large excess of the 
second nucleophile (for example iPrOH, Scheme 14). Thus, two parameters may affect 
the selectivity in these biphasic systems. Dimerization to 2a may be favoured by both 
the concentration of pentenenitrile (1.1 M) and the low concentration of water in the 
organic phase. Changing the solvent to dioxane led again to a biphasic system and 
formation of both products. For the second series of experiments, we choose to convert 
crotonitrile, a substrate that is less prone to isomerization. Preliminary tests to obtain a 
solvent/water miscible mixture led to the selection of three media: THF/H2O, 
tBuOH/H2O in a 3/1 ratio and t-AmOH/H2O;3/0.1. We observed that the choice of 
the organic solvent has an influence on the selectivity of the reaction. At ambient 
temperature, whereas in THF we only found the dimer 2b, the addition product 11b 
was observed by using protic solvents such as tBuOH and t-AmOH (11b/2b ratio of  
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Table 3: Oxa-Michael of water to unsaturated nitrilea  

Entry Substrate Solvent 
Temp. 
(°C) 

Conv. 
(GC, %) 

Addition 
product/ 
dimer (GC) 

Comments 

1b 2-PN t-amylOH rt 19 47/53 biphasic 
2b 2-PN t-amylOH 70 53 56/44c biphasic 

3b 2-PN dioxane 70 - 
both products 
observed in 
GC 

biphasic 

4 crotonitrile 
THF/H2O 
(3/1) 

rt 27 0/100 monophasic 

5 crotonitrile 
THF/H2O 
(3/1) 

70 - 54/46 monophasic 

6 crotonitrile 
tBuOH/H2O 
3/1 

rt 14 42/58 monophasic 

7 crotonitrile 
tBuOH/H2O 
(3/1) 

70 
 

84/16  monophasic 

8 crotonitrile 
t-AmOH/ 
H2O (3/0.1) 

rt - 30/70 monophasic 

9 crotonitrile 
t-AmOH/ 
H2O (3/0.1) 

70 - 62/38 monophasic 

a Cat. Loading: 0.5 mol%, overnight b H2O 20 eq.. c 13% of 11a was isolated. 

 
42/58 and 30/70 respectively). The selectivity towards 11b improved dramatically for 
all solvents by increasing the temperature to 70°C. Once again, best selectivity was 
obtained in tBuOH/water mixture with a ratio 11b/2b = 84/16.  
The difference in selectivity between tBuOH/water and t-AmOH/water may be 
explained by the amount of miscible water in each organic solvent (1mL for tBuOH 
against 0.1 mL for t-AmOH). Moreover, the results indicate that, a higher temperature 
facilitates the water addition reaction. 

6.2.6. Oligomerization and (co-)polymerization of acrylo- and 
pentenenitrile 

6.2.6.1. Preliminary results 
During the course of our study on the oxa-Michael addition reaction to unsaturated 
nitriles, a competing reaction leading to the formation of a dimer and oligomers of 
pentenenitrile was observed.  

In fact, preliminary results showed that selectivity for the different reactions is 
dependent on the 3-PN concentration (Scheme 14). Whereas a 1:1 mixture of 2a and 
3a was obtained when performing the reaction at 0.9M of 3-PN in iPrOH, increasing 
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the substrate concentration to 3 M leads to 2a as the major product. Finally, adding 1 
to neat 3-PN leads within minutes to the formation of a gel. In analogy with the 
previously isolated dimeric structure 2a, a possible structure for the oligomeric chain 
was proposed (Scheme 14).  

 

 

Scheme 14: Influence of 3-PN concentration on the selectivity of the reaction with 1 

Selective dimerization of unsaturated nitriles has already been described in the 
literature using either strong inorganic bases73 or phosphines59. The reaction is 
relatively facile with acrylonitrile but is more challenging with more hindered β-
substituted starting materials like crotonitrile or pentenenitrile and high-pressure may 
have to be used to obtain the desired products in decent yields.47 These unsaturated 
dimers maybe of interest as fine chemical building blocks or monomers as they can be 
easily transformed to substituted diamines or unsaturated substituted dicarboxylic acids, 
which may find application as functionalised monomers. Polymers based on a single 
monomer, such as pure polyacrylonitrile are generally not used as their high 
crystallinity causes processability issues. Thus, a pentenenitrile polymer, which contains 
ethyl side-chains, may help to circumvent this problem. Moreover, further modification 
of the nitrile moiety can lead to useful polyamino74 (CO2 capture) or polycarboxylic 
acid polymers. 

The observation of dimer and oligomer formation with hindered β-substituted 
unsaturated nitriles catalysed by 1 prompted us to attempt the polymerization of 



A Metal-Ligand Cooperative Pathway for Intermolecular Oxa-Michael Additions to 
Unsaturated Nitriles 

 

 165 
 

acrylonitrile and pentenenitrile. Full conversion of the substrate was observed by direct 
NMR analysis of the reaction mixture. The reaction products were analysed by GPC. 
The results are shown in Table 4. 

Table 4: Pentenenitrile and acrylonitrile oligo-/polymerization attempts using 1a 

Entry Substrate (mL) Cat.Load. 
(mol%) 

Temp. 
(°C) 

GPC 
Mn Mw PDI 

1 3-PN (1) 0.2 rt 431 509  1.2 

2 3-PN (0.5) 0.4 50 337 412  1.2 

3b 3-PN (0.1) 2 rt 702 704  1.0 

4 2-PN (0.6) 0.3 rt 279 310  1.1 

5 acrylonitrile (0.95) 0.05 rt-50 265 295  1.1 
a Conditions: neat, overnight b 0.1 mL THF after 1H.  

We first observed that conversion of the monomer was complete after an overnight 
reaction (except for Table 4, entry 5 which will be discussed later). The use of 0.2 mol% 
of 1 at ambient temperature led to oligomers of about 6-7 units on average according to 
GPC analysis. When performing the reaction at 50°C, the conversion of the substrate 
was almost complete after 1h (NMR) and shorter chains of 5 pentenenitrile units (Table 
4, entry 3) were obtained. The best results in terms of chain length were obtained by 
using 2 mol% of 1 (Table 4, entry 4). Analysis of the reaction mixture after stirring 
overnight at ambient temperature led to oligomeric chains containing 8 monomeric 
units. Surprisingly, changing the substrate from 3-PN to 2-PN, led to even shorter 
chains of about 3 to 4 pentenenitrile units. Finally, an attempt to perform 
polymerization of acrylonitrile led to the instant formation of an insoluble white/light 
yellow precipitate and very poor conversion of the monomer at ambient temperature. 
Increasing, the temperature to 50°C did not improve the reaction and GPC analysis 
showed the formation of oligo-acrylonitrile chains of 5 to 6 monomeric units. The 
isolated solid only corresponded to 6% conversion of the substrate. An explanation 
might be the insolubility of the growing chain, which precipitates with the catalyst. To 
tackle this issue, we decided to screen a few solvents for the acrylonitrile polymerization 
(Table 5). Unfortunately, regardless of the solvent used, very poor conversion to 
polyacrylonitrile was obtained (9-10%) although the formation of an insoluble solid was 
observed every time. Only acrylonitrile gave a homogeneous reaction mixture, but this 
also did not improve the conversion of acrylonitrile. A possible explanation for the low 
conversion may be the inhibition of the catalyst by dimers or oligomers of acrylonitrile 
as previously observed for the Michael addition of iPrOH.  
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Table 5: Solvent screening for acrylonitrile polymerizationa 

Entry Solvent (mL) Residue (mg) Poly-acrylonitrile (%) 

1 acetonitrile (0,2) 30 10 

2 toluene (0,1) 66 13 

3 valeronitrile (2) 48 9 

4 isopropyl nitrile (2) 63 12 

a Conditions: 5 mg catalyst (0,12 mol%), 3days, rt 
 

6.2.6.2. Proposed oligomerization mechanism  
The polydispersity index (PDI) values, between 1 and 1.2, obtained for the 
polymerization of 2- or 3-PN and acrylonitrile, suggest the occurrence of aliving 
polymerization. Taking inspiration from the oxa-Michael addition mechanism 
described previously, we assume the initiation step starts with 1PN and 2-PN. The major 
difference leading to the polymerization is the nucleophilic character of 1PN whereas 2-
PN is here the acceptor. The roles are thus opposite to what has been suggested for the 
oxa-Michael mechanism. The Michael donor character of enamido species of the type 
of 1PN has already been shown by Milstein et al. and used in Michael addition reactions 
to acrylate type acceptors.24 In our work, unsaturated nitriles are both the Michael 
donor and acceptor.  

 

Scheme 155: Mechanism for the initiation and the propagation step for the polymerization 
of pentenenitrile 
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A mechanistic proposal is given in Scheme 15. Addition of the enamido species 1PN to 
2-PN goes through a highly ordered 6-membered transition state to complex F. The 
latter tautomerizes to give G, subsequently releases the dimeric molecule 2a and 
regenerates 1PN by activation of a new molecule of unsaturated nitrile (here 3-PN). It is 
to note that F could in principle release the addition product with a non-conjugated 
C=C double bond. However, we decided not to include it into the mechanism since it 
has never been observed as product by NMR. Moreover, propagation of the chain is 
only possible with a conjugated C=C to the nitrile moiety. The propagation of the 
chain is then a repetition of the addition of 1PN to the conjugated unsaturated motif to 
give Fn that releases the n+1 polypentenenitrile chain after tautomerization to Gn. 

A second possible mechanism similar to the one described for iPrOH Michael addition 
cannot be fully ruled out here. The basic imido moiety of species B may be able to 
deprotonate the acidic CH2 of a 3-PN molecule leading to a similar transition state as 
for iPrOH (Scheme 16 and see Scheme 8 for iPrOH). Attack of the carbon nucleophile 
to the double bond of unsaturated nitrile leads to the dimer 2a’ which needs to be 
isomerized to form 2a. For this isomerization to occur, 2a’ would probably need to be 
released first from the catalyst. However, in our experiments 2a’ was never detected. In 
addition to that, propagation would not be possible following this pathway.  

Even though one of these initiation mechanisms for the initiation cannot be clearly 
discarded on the basis our experiments, the one described in Scheme 15 seems more 
likely. It is also not excluded that the initiation step is concurrently following these two 
pathways.  

 

Scheme 16: Alternative mechanism for the initiation step and the formation of the dimer 
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6.2.6.3. Pentenenitrile/acrylonitrile co-polymerization 
Even though polyacrylonitrile is a well-known polymer, its use as pure single monomer-
based polymer is limited due its poor processability.75 The insertion of a few 
pentenenitrile units into polyacrylonitrile is expected to decrease the polymer melting 
point due to the presence of ethyl side chains and as such enhance processability. We 
thus decided to perform copolymerization experiments with 3-PN and acrylonitrile. 
The reactions were performed either in neat unsaturated nitriles or in a solvent with a 
3:2 ratio 3-PN:acrylonitrile (Table 6). The resulting products were analysed by GPC 
and MALDI-TOF. 

Although the PDI values obtained in these 4 experiments are slightly higher than those 
obtained in the polymerization of the single monomers, they remain close to 1. No 
significant effect was observed when the reactions were performed in neat conditions or 
with solvents. Every experiment was analyzed by MALDI-TOF to confirm the 
copolymerization of acrylonitrile and 3-PN. An example of a representative spectrum is 
shown in Figure 10, which corresponds to entry 4 (Table 6). Characteristic masses of 
241 and 612 can be observed which correspond to the chains with one 3-PN unit with 3 
and 10 acrylonitrile monomers respectively. Higher MW peaks are also detected that 
correspond to the addition of 3-PN units and/or acrylonitrile. This shows the possibility 
to obtain oligomeric chains that include both monomers. Moreover, the mass of 375 
and 693 are indicative for a chain where two PN units are present.  

Table 6: Attempted 3-PN/acrylonitrile copolymerization with 1 

Entry 
3-PN/ 
acrylonitrile 
(mol/mol) 

Solvent 
Cat.  
Load. 
(mol%) 

GPC 

Mn Mw PDI 

1 1.7/1 neat 0.12 410 597 1.5 
2 1.7/1 toluene 0.12 360 455 1.3 
3 1.7/1 THF 0.12 449 630 1.4 
4 1.5/1 neat 0.07 382 461 1.2 
 

In conclusion, based on MALDI-TOF analyses we have clearly demonstrated that 
acrylonitrile and pentenenitrile can be co-polymerized using 1 as catalyst. Further 
studies are now necessary to reach longer chain length and/or better incorporation of 
PN units. 
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Figure 10: Maldi-TOF product analysis: Acrylonitrile/3-PN copolymerization (entry 4) 
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6.3. Conclusions 
The PNN pincer ruthenium complex 1 serves as an efficient catalyst for the oxa-
Michael addition of primary and secondary alcohols to unsaturated nitriles. The 
dearomatized pincer backbone in 1 is of central importance to the reactivity observed, 
by transferring Brønsted basic character to the nitrile N atom upon addition of the 
C≡N bond via metal-ligand cooperativity. A ruthenium dieneamido complex (1PN) that 
results from addition of pentenentrile to 1 has been isolated and structurally 
characterized, and this species is shown to be the catalyst resting state. DFT studies 
indicate that oxa-Michael reactivity is initiated by conversion of 1PN to a tautomeric 
ketimido species, the basic Ru-N moiety of which activates the alcohol for 
intramolecular nucleophilic attack on the α,β-unsaturated fragment. A variety of 
unsaturated nitriles was converted to the corresponding 3-alkoxynitriles, either directly 
(in case of an α,β-unsaturated substrate), or via a tandem isomerization/oxa-Michael 
addition sequence. The potential for other hetero-Michael additions has been 
demonstrated using thiol and amine nucleophiles.  

Considering the synthetic utility of hetero-Michael addition reactions in organic 
chemistry, we believe that our approach via metal-ligand cooperative substrate 
activation holds considerable promise. The new pathway for oxa-Michael addition to 
unsaturated nitriles presented here allows these reactions to be run under mild reaction 
conditions in the absence of additives and using low catalyst loadings, thereby 
significantly facilitating access to useful 3-alkoxynitrile products.  For instance, the 
subsequent hydrogenative cleavage of the benzyl ether (3c) could provide facile access 
to γ-amino alcohols.76 Moreover, the development of a chiral ligand environment may 
lead to enantiomerically enriched products. 

A second interesting finding is that, in the absence of additional nucleophile, 1PN can 
also act as a nucleophile which may react with an a,b-unsaturated nitrile and lead to 
dimerization and oligomerization reactions. This reaction may be of interest for co-
polymerization of acrylonitrile and pentenenitrile and lead to polymers with improved 
physical properties which are better processable than the parent polyacrylonitrile. 

I would like to particularly thank Douwe Zijlstra for his valuable contributions to the experimental work 
of this chapter. 
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6.4. Experimental section 

6.4.1. General considerations 
All manipulations were carried out under nitrogen atmosphere using standard 
glovebox, Schlenk, and vacuum-line techniques. Toluene, hexane and pentane 
(Aldrich, anhydrous, 99.8%) were passed over columns of Al2O3 (Fluka), BASF R3-11-
supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å). THF (Aldrich, 
anhydrous, 99.8%) was dried by percolation over columns of Al2O3 (Fluka). Ethanol, 
tert-amyl alcohol, isopropanol and acrylonitrile were dried over CaH2 and distilled 
prior to use. The compounds 2- and 3-pentenenitrile, crotonitrile and allyl cyanide 
were obtained commercially, and degassed and passed over columns of Al2O3 prior to 
use. Acrylonitrile was dried on CaH2 and distilled prior to use. Commercially available 
catalysts were used as such for screening. Ru nanoparticles were prepared according to 
a literature procedure and analyzed by TEM (see Chapter 2).77 All solvents and 
reagents were degassed prior to use and stored under nitrogen. C6D6 and toluene-d8 
(Aldrich) were vacuum transferred from Na/K alloy and stored under nitrogen. 
Compound 1 was obtained from Strem Chemicals or synthesized according to a 
literature procedure63 from its chloride precursor (Strem Chemicals). NMR spectra 
were recorded on Varian Gemini 200, Varian 400, Agilent 400 or Varian Inova 500 
spectrometers. The 1H and 13C NMR spectra were referenced internally using the 
residual solvent resonances and reported in ppm relative to TMS (δ 0 ppm); J is 
reported in Hz. Elemental analyses were performed at the Kolbe Microanalytical 
Laboratory (Mülheim an der Ruhr, Germany). Gas chromatography measurements 
were performed on HP6890 series equipped with Rxi-5Sil column for GC/MS and 
HP5890 series II equipped with Rtx-1701 column for GC-MS/FID. 

6.4.2. Influence of co-solvents on oxa-Michael additions catalyzed by 1 
In a typical experiment, a Schlenk flask was first loaded with 2-pentenenitrile (179 mg, 
2.2 mmol, 217 µL), solvent/ethanol (1:1) (4.4 mL) and pentadecane (64 mg, 0.3 mmol, 
83 µL) as internal standard. 0.5 mol% of catalyst (5 mg, 0.011 mmol) was then added 
and the reaction mixture was stirred at RT for 17 hours. Conversion was followed by 
sampling the reaction mixture at regular intervals. Samples were quenched by exposure 
to air and further analyzed by GC. 

6.4.3. Comparison of the reactivity of 1 towards EtOH and iPrOH 
In a J. Young NMR tube, a 1/1 mixture of 1 (10 mg) and the desired alcohol was 
dissolved in a deuterated solvent (0.4 mL). The reaction mixture was immediately 
analyzed by NMR spectroscopy. Integration of the Ru-H signals indicates that for 
iPrOH, 89% of 1 is present in the equilibrium mixture, while in the case of EtOH this 
is 12%.  

6.4.4. Oxa-Michael addition using 1PN as a catalyst 
A Schlenk flask was first loaded with 1PN (5 mg, 0.0094 mmol). Then a mixture of 2-
pentenenitrile (187µL, 1.9 mmol), isopropylalcohol (4 mL) and pentadecane (83 µL, 
internal standard) was added via syringe to the catalyst. The reaction was stirred at 
ambient temperature. The conversion was followed by sampling the reaction mixture at 
regular intervals. Samples were quenched by exposure to air and further analyzed by 
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GC. After overnight reaction, 80% conversion was obtained with 3a as the major 
product (86 %) along with 2a (4 %) and 3-pentenenitrile (10 %) (determined by GC). 

6.4.5. Screening of other potential catalyst systems 
In a typical experiment, a vial was loaded with 0.5 mol% catalyst, 2.5 mL of 
THF/ethanol (1:1), 2-pentenenitrile (2.2 mmol) and pentadecane as internal standard. 
The reaction mixture was first stirred overnight at rt then an additional 2h at 60°C. 
The reaction mixture was analyzed by GC/MS. 

6.4.6. Attempted base-catalyzed hetero-Michael addition as control 
experiments 

Control experiments were conducted under the same conditions as described for the 
respective catalytic reactions by 1 (see below). 
 
Table 7: Attempted addition of hetero-nucleophiles to β-substituted unsaturated nitriles 

Substrate Nucleophile Catalyst Conversion 
(%) Results 

2-PN iPrOH KOtBu 36 57/43 ratio of 3a/3-PN 
3-PN iPrOH KOtBua 56 1/1 ratio of 3a/2-PN 
crotonitrile 1-octanethiol - 5 8 
crotonitrile 1-octanethiol KOtBu 4 8 + traces of 2a 
crotonitrile ethylamine - <2% Traces of 9a 
crotonitrile ethylamine KOtBu 24% 4/1 ratio of 2a/9a 
crotonitrile benzylamine - 0 - 
crotonitrile benzylamine KOtBu 0 - 
10-
cyanodec-
9-en-1-yl 
acetate 

iPrOH KOtBu >99% 11-hydroxyundecenenitrile 
+ 10 (trace) 

a 2.5mol% 

6.4.7. Ethanol/ethylamine competition experiment 
A Schlenk flask was first loaded with 1 (5 mg, 0.011 mmol) and an ethylamine solution 
in THF (2.0M, 4.4 mL, 8.8 mmol). The reaction mixture was stirred for 10 minutes at 
ambient temperature, after which a mixture of crotonitrile (148 mg, 2.2 mmol, 180 µL), 
ethanol (8 mmol, 467 µL) and pentadecane (83 µL) was added. Conversion was 
followed by sampling the reaction mixture at regular intervals. Samples were analyzed 
by GC. 

6.4.8. General procedure for polymerization and co- polymerization of 
unsaturated nitriles 

Reactions were performed under inert atmosphere. In a 4 mL vial equipped with 
magnetic stir bar was loaded the unsaturated substrate, the solvent if indicated and the 
catalyst. The vial was closed with a screw cap and the reaction mixture was stirred at 
the desired time and temperature. The reaction mixture was analyzed by NMR, GPC 
and MALDI-TOF. MALDI spectra were obtained on a MALDI/TOFTOF 4800 by 
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AB Sciex; the analysis was done in positive mode using the matrix alpha-cyano-
hydroxycinnamic acid. 

6.4.9. Synthesis of substrates 
Synthesis of 6-hydroxy-2-hexenenitrile  

 
According to a literature procedure78, a round bottom flask equipped with a reflux 
condenser was filled with acrylonitrile (123 mg, 2.33 mmol, 152 µL), 4-penten-1-ol (100 
mg, 1.16 mmol, 120 µL) and DCM (50 ml). To this solution the 2nd generation 
Hoveyda-Grubbs catalyst (36.3 mg, 0.058 mmol) was added. The mixture was refluxed 
for 2 hours after which the mixture was allowed to cool down to room temperature. 
Ethyl vinyl ether (0.3 mL) was added and the mixture was stirred for 1 hour under air 
exposure. After removal of the volatiles under reduced pressure, the remaining product 
was passed through a plug of silica with EtOAc/hexane;1/1 as eluent. Evaporation of 
the solvent yielded 69 mg (0.63 mmol, 54%) of product as a colorless oil. E/Z = 30/70. 
1H NMR (400 MHz, CDCl3) δ 6.75 (dt, J = 16.3, 7.0, E isomer) and 6.54 (dt, J = 10.9, 
7.7, Z isomer, 1H, CNCH=CH-), 5.37 (dt, J = 16.2, 1.7 E isomer) and 5.33 (dt, J = 
10.9, 1.3, Z isomer, 1H, CNCH=CH-), 3.69 (t, J=6.4, Z isomer) and 3.67 (t, J=6.2, E 
isomer, 2H, HOCH2-), 2.53 (ddt, J = 7.7, 7.6, 1.4, Z isomer) and 2.35 (ddt, J = 7.0, 
6.9, 1.7, E isomer, 2H, CNCH=CHCH2), 1.80 – 1.67 (m, 2H, HOCH2CH2), 1.52 
and 1.57 (bs, 1H, OH).  
13C NMR (101 MHz, CDCl3) δ 155.3 (E) and 154.5 (Z) (CNCH=CH-), 117.4 (E) and 
115.9 (Z) (-CN), 100.2 (E) and 99.9 (Z) (CNCH=CH), 61.7 (Z) and 61.5 (E) (HOCH2-), 
31.0 (Z) and 30.4 (E) (HOCH2CH2), 29.7 (E) and 28.4 (Z) (CNCH=CHCH2).  
HRMS (ESI) calcd. for C6H10ON [M+H+] 112.0757, found 112.0755 

Synthesis of 7-hydroxy-2-heptenenitrile 

 
The same procedure as described for 6-hydroxy-2-hexenenitrile was followed. Synthesis 
was performed with 5-hexen-1-ol (116 mg, 1.16 mmol, 140 µL) to yield 94 mg (0.75 
mmol, 65%) as colorless oil. E/Z; 30/70 
1H NMR (400 MHz, CDCl3) δ 6.72 (dt, J = 16.4, 6.9, E isomer) and 6.49 (dt, J = 
10.9, 7.7, 1H, Z isomer, NCCH=CH-), 5.34 (dt, J = 16.6, 1.5, E isomer) and 5.33 
(dt, J = 10.9, 1.2, 1H, Z isomer, NCCH=CH-), 3.67 (t, J = 5.9, Z isomer) and 3.66 
(t, J = 6.0, 2H, E isomer HOCH2-), 2.46 (ddt J = 7.6, 7.2, 1.0, Z isomer) and 2.27 
(ddt, J = 7.3, 6.9, 1.5, 2H, E isomer, NCCH=CHCH2), 1.67 – 1.51 (m, 4H, 
HOCH2CH2 and HOCH2CH2CH2), 1.4 (s, 1H, OH). 
13C NMR (101 MHz, CDCl3) δ 155.6 (E) and 154.7 (Z) (NCCH=CH), 116.0 (Z) (CN), 
100.0 (E) and 99.9 (Z) (NCCH=CH), 62.3 (Z) and 62.2 (E) (OHCH2), 33.0 (E) 
(NCCH=CHCH2), 31.9 (Z) and 31.8 (E) (HOCH2CH2), 31.5 (Z) (NCCH=CHCH2), 
24.5 (Z) and 23.9 (E) (HOCH2CH2CH2). 
HRMS (ESI) calcd. for C7H11NO [M+H+] 126.0913, found 126.0912 
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Synthesis of 11-hydroxy-2-undecenenitrile 

 
The same procedure as described for 6-hydroxy-2-hexenenitrile was followed. Synthesis 
was performed with 9-decen-1-ol (181 mg, 1.16 mmol, 207 µL) to yield 133 mg (0.88 
mmol, 76%) as a colorless oil. E/Z; 35/65 
1H NMR (400 MHz, CDCl3) δ 6.72 (dt, J = 16.3, 6.9, E isomer) and 6.48 (dt, J = 
10.9, 7.7, 1H, Z isomer, NCCH=CH-), 5.32 (dt, J = 16.4, 1.5, E isomer) and 5.31 
(dt, J = 10.9, 1.2, 1H, Z isomer, NCCH=CH-), 3.64 (t, J = 6.6, 2H, HOCH2CH2), 
2.47 (dt, J= 7.4, 7.2, Z isomer), and 2.21 (dt, J = 7.4, 7.1, 2H, E isomer, 
NCCH=CHCH2), 1.56 (m, 2H, HOCH2CH2), 1.51 – 1.40 (m, 3H,), 1.39 - 1.27 (m, 
7H). 
13C NMR (101 MHz, CDCl3) δ 156.2 (E) and 156.1 (Z) (NCCH=CH), 117.6 (E) and 
116.1 (Z) (CN), 99.6 (E) and 99.5 (Z) (NCCH=CH), 62.9 (Z) and 62.9 (E) (OHCH), 
33.3 (E) (NCCH=CHCH2), 32.7 (HOCH2CH2), 31.8 (Z) (NCCH=CHCH2), 29.2 (E) 
and 29.1 (Z) (HOCH2CH2CH2), 28.9 (Z) and 28.8 (E) (HOCH2CH2CH2CH2), 28.1 
(HOCH2CH2CH2CH2CH2), 27.6 (NCCH=CHCH2CH2), 25.7 (E) and 25.6 (Z) 
(HOCH2CH2CH2CH2CH2CH2). 
HRMS (ESI) calcd. for C11H20NO [M+H+] 182.1539, found 182.1539 
 
Synthesis of 10-cyanodec-9-en-1-yl acetate 

 
In a round bottom flask were mixed 55.2 mg of 11-hydroxy-2-undecenenitrile 
(0.3mmol), 0.2 mg of DMAP (1.5 µmol), 31 µL of acetic anhydride (0.33 mmol) in 1.2 
mL of heptane/THF (5:1). The reaction mixture was stirred overnight at ambient 
temperature after which the volatiles were removed under vacuum. The residue was 
filtered through a plug of silica with hexane/EtOAc;4/1 as eluent. 64.4 mg of product 
was obtained as a colorless oil (E:Z = 1:3). Yield: 95% 
1H NMR (400 MHz, CDCl3) δ = 6.72 (dt, J=16.5, 6.9, 0.25H, E isomer, -
CH=CHCN), 6.48 (dt, J=11.1, 7.7, 0.75H, Z isomer, -CH=CHCN), 5.31 (m, 1H, E 
and Z, -CH=CHCN), 4.05 (t, J=6.7, 2H, -CH2O(C=O)CH3), 2.42 (q, J=7.5, 1.5H, Z 
isomer, -CH2CH=CHCN), 2.21 (q, J=7.2, 0.5H, E isomer, -CH2CH=CHCN), 2.04 (s, 
3H, -CH2O(C=O)CH3), 1.61 (m, 2H, -CH2CH2O(C=O)CH3), 1.46 (m, 2H,  
-CH2CH2CH=CHCN), 1.32 (s, 8H, -(CH2)4CH2O(C=O)CH3). 
 13C NMR (101 MHz, CDCl3) δ = 171.2 (-CH2O(C=O)CH3), (156.0 (E) and 155.1 (Z) 
(-CH=CHCN)), (117.5 (E) and 116.0 (Z) (-CH=CHCN)), (99.7 (E) and 99.5 (Z)  
(-CH=CHCN)), (64.5 and 64.5 (-CH2O(C=O)CH3)), (33.3 (E) and 31.8 (Z)  
(-CH2CH=CHCN), (29.1, 29.1, 29.0, 28.9 and 28.8, (-(CH2)4CH2O(C=O)CH3)), 28.5 
(-CH2CH2O(C=O)CH3), 28.1 (Z) and 27.6 (E) (-CH2CH2CH=CHCN), 25.8  
(-(CH2)4CH2O(C=O)CH3), 21.0 (-CH2O(C=O)CH3). 
HRMS (ESI) calcd. for C8H16ON [M+H+] 224.1645, found 224.1645. 
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6.4.10. Synthesis and characterization of hetero-Michael addition 
products 

Synthesis of 3-isopropoxypentanenitrile (3a) from 2-pentenenitrile  

 
A Schlenk flask was charged with 537 mg of 2-pentenenitrile (6.6 mmol), a 1/1 mixture 
of isopropanol/THF (13.2 mL) and pentadecane (83 µL) as the internal standard. 
Catalyst 1 (15 mg, 0.033 mmol) was added and the reaction was stirred at room 
temperature for 17 hours. After quenching by exposure to air, all volatile components 
were condensed under high vacuum to a clean flask to separate from catalyst residue 
and pentadecane. The solvent was then evaporated by rotary evaporation (40 °C, ca. 
200 mbar) to yield 89% (825 mg, 5.85 mmol) of 3a as colourless oil. 
1H NMR (200 MHz, CDCl3): 3.68 (sept, 1H, J = 6.1, CH3CHCH3), 3.53 (quint,, 1H, J 
= 6.0, CH2CHCH2), 2.44 (d, 2H, J = 5.7, CHCH2CN), 1.59 (m, 2H, CH3CH2CH), 
1.17 (d, 3H, J = 6.2, (CH3)2CH), 1.13 (d, 3H, J = 6.1, (CH3)2CH), 0.92 (t, 3H, J = 
7.3, CH3CH2).  
13C NMR (75 MHz, CDCl3): 118.1 (CN), 74.0 (CH2CHCH2), 71.0 (CH3CHCH3), 28.0 
(CH3CH2CH), 23.6 (CHCH2CN), 23.0 and 22.5 ((CH3)2CH), 9.7 (CH3CH2).  
HRMS (ESI) calcd. for C8H16ON [M+H+] 142.1226, found 142.1225.  
 
Synthesis of 3-isopropoxypentanenitrile (3a) from 3-pentenenitrile  

A Schlenk flask was first loaded with substrate (2.2 mmol), isopropylalcohol (4.4 mL) 
and pentadecane (83 µL) as the internal standard. 1 (5 mg, 0.011 mmol) was then 
added and the reaction was stirred at rt for 17 hours. The reaction mixture was 
quenched by exposure to air. After evaporation of the volatiles under vacuum, the 
residue was purified by column chromatography with gradient elution from pentane to 
pentane/ethyl acetate;9/1. Solvent of the collected fractions was removed under 
reduced pressure to yield 194 mg of colorless oil as mixture of 3a/2a in a 85:15 ratio 
(determined by 1H NMR). 

Synthesis of 3-ethoxypentanenitrile (3b) 

 
The same procedure as described for 3a was followed. Synthesis was performed with 2-
pentenenitrile (537 mg, 6.6 mmol) as substrate and a 1/1 ethanol/THF mixture (13.2 
mL) to yield 92% (773 mg) of 3b as a light yellow oil.  
1H NMR (200 MHz, CDCl3) δ 3.45-3.65 (m, 3H, CH2CHCH2 and OCH2CH3), 2.48 
(d, J = 5.7, 2H, CHCH2CN), 1.64 (m, 2H, CH3CH2CH), 1.20 (t, J = 7.0, 3H, 
OCH2CH3), 0.94 (t, J = 7.4, 3H, CH3CH2CH).  
13C NMR (101 MHz, CDCl3) δ 105.1 (CN), 76.1 (CH2CHCH2), 65.1 (OCH2CH3), 
26.7 (CH3CH2CH), 22.4 (CHCH2CN), 15.0 (OCH2CH3), 9.0 (CH3CH2CH).  
HRMS (ESI) calcd. for C7H14ON [M+H+] 128.1070, found 128.1068 
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Synthesis of 3-(benzyloxy)pentanenitrile (3c) 

 
The same procedure as described for 3a was followed with 2-pentenenitrile (179 mg, 
2.2 mmol) as substrate and a 1/1 benzylalcohol/THF mixture (4.4 mL). Full 
conversion was reached after 2h at rt. After evaporation of the volatiles under vacuum, 
the residue was purified by column chromatography with gradient elution from pentane 
to pentane/ethyl acetate 9/1. The solvent of the collected fractions was removed to 
yield 77% (320 mg) of 3c as colorless oil. 
1H NMR (400 MHz, CDCl3) δ 7.36-7.28 (m, 5H, Ph), 4.61 (d, J = 11.5, 1H, PhCH2O), 
4.56 (d, J = 11.5, 2H, PhCH2O), 3.62 (p, J = 5.7, 1H, CHCH2CN), 2.55 (d, J = 5.7, 
2H, CHCH2CN), 1.62-1.80 (m, 2H, CH3CH2CH), 0.97 (t, J = 7.4, 3H, CH3CH2CH).  
13C NMR (75 MHz, CDCl3) δ 137.6 (Ph; C quaternary), 128.5 (Ph), 127.9 (p-Ph), 127.8 
(Ph), 117.6 (CN), 75.7 (CHCH2CN), 71.8 (BzCH2O), 26.9 (CHCH2CN), 22.5 
(CH3CH2CN), 9.3 (CH3CH2CH).  
HRMS (ESI) calcd. for C12H16ON [M+H+] 190.1226, found 190.1230. 
 
Synthesis of 3-isopropoxybutanenitrile (4) from crotonitrile or allyl cyanide 

 
The same procedure as described for 3a was followed with allyl cyanide or crotonitrile 
(6.6 mmol) as substrate to give 3-isopropoxybutanenitrile (4) as a colorless oil. 
From crotonitrile: 829 mg (6.41 mmol, 97% isolated yield). From allyl cyanide: 
763 mg (5.9 mmol, 90% isolated yield). 1H NMR (400 MHz, CDCl3): 3.74 (sext, 1H, J 
= 6.1, CH3CHCH2), 3.65 (sept, 1H, J = 6.1, CH3CHCH3), 2.46 (dd, 1H, J = 16.5, 
6.19, CHCH2CN), 2.41 (dd, 1H, J = 16.6, 5.9, CHCH2CN) 1.21 (d, 3H, J = 6.7, 
CH3CHCH2), 1.16 (d, 3H, J = 6.3, (CH3)2CH), 1.14 (d, 3H, J = 6.5, (CH3)2CH).  
13C NMR (75 MHz, CDCl3): 117.8 (CN), 70.1 (CH3CHCH3), 68.4 (CH3CHCH2), 25.4 
(CHCH2CN), 22.6 and 22.4 ((CH3)2CH), 20.5 (CH3CHCH2).  
HRMS (ESI) calcd. for C7H14ON [M+H+] 128.1070, found 128.1068. 
 

Synthesis of 3-isopropoxypropanenitrile (5) 

 
A Schlenk flask was first loaded with 1 (10 mg, 0.022 mmol) dissolved in isopropanol (1 
mL). A solution of acrylonitrile (2 mL, 30 mmol) in isopropanol (20mL) was added 
dropwise for 1h and the reaction was stirred at rt for 17 hours. The reaction mixture 
was quenched by exposure to air. Volatiles were separated from catalyst residue by 
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vacuum transfer and isopropanol was then evaporated under vacuum to yield 95% 
(3.2g) of 5 as a colorless liquid.  
1H NMR (400 MHz, CDCl3) δ 3.62 (septet, J = 6.2, 1H, -CH(CH3)2), 3.61 (t, J = 6.5, 
2H, -CH2OCH(CH3)2), 2.55 (t, J = 6.5, 2H, -CH2CN), 1.15 (d, J = 6.1, 6H,  
-CH(CH3)2).  
13C NMR (101 MHz, CDCl3) δ 118.0 (CN), 72.4 (-CH(CH3)2), 62.7  
(-CH2OCH(CH3)2), 21.9 (-CH(CH3)2), 19.3 (-CH2CN).  
HRMS (ESI) calcd. for C6H12ON [M+H+] 114.0913, found 114.0912. 
 

Synthesis of 2-(tetrahydrofuran-2-yl)acetonitrile (6a) 

 
A Schlenk flask was charged with 6-hydroxy-2-hexenenitrile (50 mg, 0.45 mmol) and 
THF (2 mL). After this 1 (1.8 mg, 0.0045 mmol) was added. The reaction was stirred at 
ambient temperature for 17 h. After quenching the reaction mixture by exposure to air, 
volatiles were removed under reduced pressure and the remaining product was purified 
by silica gel column chromatography (hexane/ethyl acetate 1:1) to yield 43 mg (0.39 
mmol, 86%) as a colorless oil.  
1H NMR (400 MHz, CDCl3) δ 4.13 (ddd, J = 12.5, 6.9, 5.6, 1H, OCHCH2CN), 3.96 
(ddd, J = 7.8, 6.9, 6.3, 1H,-OCH2-), 3.79 (ddd, J=7.8, 6.9, 6.3, 1H,-OCH2-), 2.60 (dd, 
J = 16.5, 5.6, 1H,CH2CN), 2.54 (dd, J = 16.5, 5.2, 1H,CH2CN), 2.15 (m, 1H, 
OCHCH2), 2.08 – 1.88 (m, 2H, OCH2CH2), 1.73 (m, 1H, OCHCH2). 
13C NMR (101 MHz, CDCl3) δ 117.4 (CN), 74.0 (OCHCH2CN), 68.8 (OCH2CH2), 
30.9 (OCHCH2), 25.7 (OCH2CH2), 24.1(CH2CN). 
HRMS (ESI) calcd. for C6H10ON [M+H+] 112.0757, found 112.0755. 

Synthesis of 2-(tetrahydro-2H-pyran-2-yl)acetonitrile (6b) 

 
The same procedure as described for 2-(tetrahydrofuran-2-yl)acetonitrile was followed. 
Synthesis was performed with 7-hydroxy-2-heptenenitrile (50 mg, 0.4 mmol) and 1 (1.6 
mg, 0.004 mmol) to yield 45 mg (0.36 mmol, 90%) as a colorless oil. 
1H NMR (400 MHz, CDCl3) δ 4.05 – 3.97 (m, 1H, OCH2), 3.57 (dtd, J = 11.1, 6.0, 
2.2, 1H, OCHCH2CN), 3.46 (td, J = 11.6, 2.8, 1H, OCH2), 2.50 (d, J = 5.8, 2H, 
CH2CN), 1.94 – 1.85 (m, 1H, OCH2CH2), 1.77 – 1.70 (m, 1H, OCHCH2), 1.64 – 1.46 
(m, 3H, OCH2CH2 and OCH2CH2CH2), 1.40 (m, 1H, OCHCH2). 
13C NMR (101 MHz, CDCl3) δ 117.4 (CN), 72.9 (OCHCH2CN), 68.7 (OCH2CH2), 
31.0 (OCHCH2), 25.2 (OCHCH2CH2), 25.1 (CH2CN), 22.9 (OCH2CH2). 
HRMS (ESI) calcd. for C7H12ON [M+H+] 126.0913, found 126.0912. 

Synthesis of 3-ethoxy-3-methylbutanenitrile (7) 

 



Chapter 6 

 

178  
 

The same procedure as described for 3a was followed with 3-methylcrotonitrile (179 
mg, 2.2mmol)) as substrate and a 1/1 ethanol/THF mixture (4.4 mL). After 2 weeks 
the conversion was 22% (GC). An additional 1 mol% of 1 was added to the reaction 
mixture which was then heated to 60 ˚C. After 3 days the conversion had increased to 
26% (GC). The volatiles were evaporated under vacuum. NMR analysis of the residue 
showed the presence of impurities, but attempts to purify the product were not 
successful. HRMS (ESI) calcd. for C7H14ON [M+H+] 128.1070, found 128.1071. 

 
Figure 11: GC trace of reaction mixture of 3-methylcrotonitrile + ethanol 

Synthesis of 3-(octylthio)butanenitrile (8) 

  
A Schlenk flask was loaded with crotonitrile (6.6 mmol), catalyst 1 (15 mg, 0.033 mmol) 
and THF (5 mL). 1-octanethiol (1.4 eq., 1.6 mL) was then added dropwise via a syringe 
and the reaction was stirred at ambient temperature. Full conversion of the substrate 
was observed by GC after 1 h. After quenching by exposure to air, the volatiles were 
evaporated under vacuum to give a dark brown residue which was purified by column 
chromatography with gradient elution from hexane to AcOEt/Hexane;1/9. Pure 8 was 
obtained as colorless oil (Yield: 99%, 1.39 g).  
1H NMR (400 MHz, CDCl3) δ 3.02 (pd, J=6.9, 5.3, 1H, -SCH(CH2CN)(CH3)), 2.65 
(dd, J = 16.8, 5.3, 1H, -SCH(CH2CN)(CH3)), 2.54 (t, J = 7.4, 2H, -S-CH2-CH2-CH2-
C4H8-CH3), 2.50 (dd, J = 16.8, 7.7, 1H, -SCH(CH2CN)(CH3)), 1.55 (p, J = 7.2, 2H,  
-S-CH2-CH2-CH2-C4H8-CH3), 1.39 (d, J = 6.9, 3H, -SCH(CH2CN)(CH3)), 1.38 – 1.30 
(m, 2H, , -S-CH2-CH2-CH2-C4H8-CH3), 1.29 – 1.18 (m, 8H, -S-CH2-CH2-CH2-C4H8-
CH3), 0.85 (t, J = 6.9, 3H, -S-CH2-CH2-CH2-C4H8-CH3).  
13C NMR (101 MHz, CDCl3) δ 117.8 (-SCH(CH2CN)(CH3)), 36.3  
(-SCH(CH2CN)(CH3)), 31.9 (-CH2-CH2-CH3), 31.3 (-S-CH2-C7H15), 29.7 (-S-CH2-CH2-

C6H13), 29.3 (-S-CH2-CH2-CH2-C2H4-CH2-CH2-CH3), 29.1 (-S-CH2-CH2-CH2-

C5H11), 26.2 (-SCH(CH2CN)(CH3)), 22.8 (-CH2-CH2-CH3), 21.0 (-SCH(CH2CN)(CH3), 
14.3 (-CH2-CH2-CH3).  
HRMS (ESI) calcd. for C12H23NS [M+H+] 214.1624, found 214.1624. 
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Synthesis of 3-(ethylamino)butanenitrile (9a) 

 
A Schlenk flask was filled with crotonitrile (148 mg, 2.2 mmol), pentadecane (32 mg, 
0.15 mmol) and ethylamine solution in THF (2.0M) (4.4 mL, 8.8 mmol). Then 1 (10 
mg, 0.022 mmol) was added. The reaction was stirred for 5 days at 40 ˚C. After 5 days 
the conversion was 54% (determined by NMR). The reaction was quenched by 
exposure to air, after which the volatiles were removed by rotary evaporation. The 
product was extracted into diethyl ether. The product was precipitated from the Et2O 
solution as the hydrochloride salt by addition of HCl (2M solution in Et2O, 1.2 mL, 2.4 
mmol). The salt was washed with Et2O and pentane to yield 110 mg (40% yield) of 9a 
as its HCl salt. 
1H NMR (400 MHz, D2O) δ 3.60 (sext, J = 6.5, 1H, CHCH2CN), 3.06 (m, 2H, 
CH3CH2NH2), 2.94 (dd, 1H, J = 17.5, 5.1, CHCH2CN), 2.86 (dd, 1H, J = 17.5, 6.2, 
CHCH2CN), 1.36 (d, J = 6.7, 3H, CH3CH), 1.18 (t, J = 7.3, 3H, CH3CH2NH2). 
13C NMR (101 MHz, D2O) δ 116.7 (CN), 49.8 (CHCH2CN), 40.9 (CH3CH2NH2), 21.4 
(CHCH2CN), 15.6 (CH3CH2NH2), 10.5 (CH3CH2CH).  
HRMS (ESI) calcd. for C6H15N2 [M+H+] 113.10732, found 113.10723. 
 
Synthesis of 3-(benzylamino)butanenitrile (9b) 

  
A Schlenk flask was first loaded with crotonitrile (444 mg, 6.6 mmol), THF (5 ml) and 
benzylamine (1.42 g, 13.2 mmol, 1.44 mL). (15 mg, 0.033 mmol) of 1 was then added 
and the reaction was stirred at 60 ˚C for 3 days. After 3 days the conversion was 39% 
(determined by NMR). The reaction mixture was quenched by exposure to air. THF 
was removed under reduced pressure. The catalyst was precipitated by addition of 
diethyl ether and filtered off. The benzylamine was selectively converted into the 
hydrochloride salt by addition of the exact amount of HCl (2.0M in diethyl ether) 
corresponding to the remaining benzylamine. The product was extracted into diethyl 
ether and subsequently pentane (2x). The volatiles were removed under reduced 
pressure. The product was then converted into the hydrochloric salt by addition of HCl 
(2.0M in diethyl ether). The solid was collected by filtration and washed with diethyl 
ether and pentane. The obtained solid was dried to yield 168 mg (32% yield) of 9b as 
its HCl salt. 
1H NMR (400 MHz, D2O) δ 7.35 (bs, 5H, Ph), 4.20 (d, J = 13.0, 1H, -CH2Ph), 4.15 (d, 
J = 13.0, 1H, -CH2Ph), 3.64 (sext, J = 6.7, 1H, CH), 2.96 (dd, J = 17.5, 5.0, 1H, 
CH2CN), 2.89 (dd, J = 17.5, 6.5, 1H, CH2CN), 1.40 (d, J = 6.7, 3H CH3).  
13C NMR (101 MHz, D2O) δ 130.4 (Ph; C quaternary), 129.73 (Ph), 129.6 (Ph), 129.3 
(Ph), 116.7 (CN), 50.0 (CHCH2CN), 49.0 (PhCH2NH), 21.4 (CHCH2CN), 15.7 
(CH3CHCH2CN).  
HRMS (ESI) calcd. for C11H15N2 [M+H+] 175.12298, found 175.12340. 
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Synthesis of 10-cyano-9-isopropoxydecyl acetate (10) 

 
A Schlenk flask was loaded with 50.5 mg of 10-cyanodec-9-en-1-yl acetate (0.22 mmol) 
and a 2.5/2 mixture of isopropanol/THF (4.5 mL). A first batch of 1 (0.9 mg, 1,9 
µmol) was then added the reaction was stirred at ambient temperature for 5 hours. 
Incomplete reaction was observed by TLC and a new batch of 1 was added 0.8 mg, 1,9 
µmol). The reaction mixture was stirred overnight at ambient temperature. After 
quenching by exposure to air, all volatiles were removed under vacuum. The residue 
was filtered through silica column chromatography with hexane/EtOAc;5/1 as eluent 
to yield 52.5 mg of a colorless oil. The yield of 10 is ca. 60% (the isolated material is 
contaminated with some starting material and dimerization product). 

1H NMR (400 MHz, CDCl3) δ = 4.05 (t, J=6.8, 2H, -CH2O(C=O)CH3), 3.69 (sept, 
J=6.1, 1H, (CH3)2CH-), 3.59 (dq, J=7.0, 5.6, 1H, -CH2CH(iPrO)CH2CN), 2.48 (dd, J 
= 16.6, 5.7, 1H, -CH(iPrO)CH2CN), 2.44 (dd, J = 16.6, 5.7, 1H, -CH(iPrO)CH2CN), 
2.04 (s, 3H, -O(C=O)CH3), 1.67 – 1.51 (m, 4H, -CH2CH2O(C=O)CH3 and  
-H2CH2CH(iPrO)CH2CN), 1.30 (bs, 8H, -(CH2)4CH2CH2O(C=O)CH3), 1.19 (d, 
J=6.1, 3H, (CH3)2CH-), 1.15 (d, J=6.1, 3H, (CH3)2CH-). 
13C NMR (101 MHz, CDCl3) δ 171.2 (-CH2O(C=O)CH3), 117.9  
(-CH2CH(iPrO)CH2CN), 72.7 (CH2CHCH2CN), 70.8 (CH3CHCH3), 64.6  
(-CH2O(C=O)CH3), 35.4 (-CH2CH(iPrO)CH2CN), 29.4 and 29.3  
(-(CH2)4CH2CH2O(C=O)CH3), 29.1 (-CH(iPrO)CH2CN), 28.5  
(-CH2CH2O(C=O)CH3), 25.8 and 25.2 (-(CH2)4CH2CH2O(C=O)CH3), 23.7 and 22.8 
((CH3)2CH-), 22.3, 21.0 (-O(C=O)CH3). 
HRMS (ESI) calcd. for C8H16ON [M+H+] 284.2220, found 284.2222. 

6.4.11. 1CN NMR experiment and characterization 
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In a J. Young NMR tube, a 1/1 mixture of 1 and cinnamonitrile was dissolved in 
benzene-d6. After shaking for 15 min at rt, the reaction mixture was analyzed by NMR 
spectroscopy. 
1H NMR (500 MHz, C6D6) δ = 9.68 (s, 1H, -NH), 7.12 – 7.01 (m, 5H, Ph), 6.81 (d, 
J=16.2, 1H, PhCH=CH-), 6.54 (ddd, J=8.3, 6.3, 1.8, 1H, Py-H4), 6.38 (d, J=8.9, 1H, 
Py-H5), 5.93 (d, J=16.2, 1H, PhCH=CH-), 5.71 (dd, J=6.4, 1.1, 1H, Py-H3), 4.54 (s, 
1H, -CHN(CH2CH3)2), 3.77 (d, J=2.8, 1H, -CHPtBu2), 2.92 (dq, J=14.4, 7.2, 1H,  
-N(CH2CH3)2), 2.63 (m, 2H, -N(CH2CH3)2), 2.31 (dq, J=13.3, 7.1, 1H, -N(CH2CH3)2), 
1.65 (d, J=13.0, 9H, -PtBu2), 1.37 (d, J=12.5, 9H, -PtBu2), 0.83 (t, J=7.0, 3H,  
-N(CH2CH3)2), 0.75 (t, J=7.1, 3H, -N(CH2CH3)2), -12.95 (d, J=32.2, 1H, Ru-H). 
13C NMR (126 MHz, C6D6) δ 176.2 (-(CH=CH)(CH)C=NH), 168.9 (d, J = 15.6, Py-
C2), 151.4 (Py-C6), 139.5 (PhCH=CH-), 137.5 (Ph quaternary), 133.2 (Py-C4), 132.5 
(Ph), 131.4 (Ph), 130.6 (Ph), 126.8 (PhCH=CH-), 114.9 (d, J = 16.4, Py-C3), 101.2 (Py-
C5), 75.5 (-CHN(CH2CH3)2), 69.1 (d, J = 54.3, -CHPtBu2), 51.1 (s, -N(CH2CH3)2), 48.5 
(s, -N(CH2CH3)2), 40.5 (d, J = 15.8, -PC(CH3)3), 38.7 (d, J = 33.9, -PC(CH3)3), 33.4 (d, 
J = 3.3, -PC(CH3)3), 32.7 (d, J = 5.3, -PC(CH3)3), 12.9 and 12.2 (-N(CH2CH3)2). 
31P NMR (162 MHz, C6D6) δ 105.68. 

6.4.12. Synthesis of compound 1PN.  
1 (37.6 mg, 0.08 mmol) and 2-pentenenitrile (8.28 µL, 0.08mmol) were mixed in 1 mL 
of toluene at ambient temperature. The reaction mixture instantly turned dark red and 
was kept at -30°C to induce crystallization. Red crystals were isolated by removal of 
supernatant and dried under vacuum (15 mg, Yield: 29%). 
1H NMR (400 MHz, C6D6) δ 6.76 (t, J = 7.8 Hz, 1H, Py-H4), 6.73 – 6.62 (m, 2H, 
unresolved overlapping signals for Py-H5 and CH3-CH=CH-CH=C-NH), 6.35 (d, J = 
7.4, 1H, Py-H3), 5.52 (dq, J = 13.4, 6.6, 1H, CH3-CH=CH-CH=C-NH), 5.18 (d, J = 
10.7 Hz, 1H, CH3-CH=CH-CH=C-NH), 3.96 (bs, 2H, overlapping of  
-CHN(CH2CH3)2 and CH3-CH=CH-CH=C-NH), 3.46-3.28 (m, 2H, -N(CH2CH3)2), 
2.78 (ddd, J = 26.2, 16.1, 8.3, 2H, -CH2PtBu2), 2.34 (m, 1H, -N(CH2CH3)2),  
2.20-2.06 (m, 1H, -N(CH2CH3)2), 1.97 (d, J = 6.6, 3H, CH3-CH=CH-CH=C-NH), 
1.21 (d, J = 13.0, 9H, -PtBu2), 0.87 (d, J = 12.9, 15H, -PtBu2 and unresolved 
overlapping -N(CH2CH3)2), -12.03 (d, J = 28.4, 1H, Ru-H). 13C{1H} NMR (101 MHz, 
C6D6) δ 209.2 (d, J = 7.0, CO) 161.1 (s, Py-C6), 159.6 (d, J = 4.2, Py-C2), 151.2 (s, 
CH3-CH=CH-CH=C-NH), 136.7 (s, Py-C4), 130.8 (s, CH3-CH=CH-CH=C-NH), 
119.2 (s, Py-C5), 118.5 (d, J = 8.5, Py-C3), 110.4 (s, CH3-CH=CH-CH=C-NH), 89.7 
(s, CH3-CH=CH-CH=C-NH), 81.5 (d, J = 1.5, -CHN(CH2CH3)2), 49.6 (s,  
-N(CH2CH3)2), 47.1 (s, -N(CH2CH3)2), 37.6 (d, J = 10.7, -CH2PtBu2), 37.5 (d, J = 20.5, 
-PC(CH3)3), 34.9 (d, J = 23.4, -PC(CH3)3), 31.1-30.5 (m, -PC(CH3)3), 29.3 (virtual t, J 
= 4.7, -PC(CH3)3), 19.6 (s, CH3-CH=CH-CH=C-NH), 11.7 (s, -N(CH2CH3)2), 9.6 (s, -
N(CH2CH3)2). 
31P{1H} NMR (162 MHz, C6D6) δ 120.70 (s). 
IR (KBR pellets) 1885 cm-1 ν(CO and Ru-H).  
Elemental Analysis for C25H42N3OPRu(C7H8): Calculated: C, 61.51; H, 8.07; N, 6.73; 
Found: C, 61.24; H, 8.11; N, 6.69 
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6.4.13. NMR scale synthesis of 1PN from 2- and 3-pentenenitrile and 3a 
 
The following NMR experiments lead to the same mixture of isomers.  
Experiments A and B: In a J. Young NMR tube, a 1/1 mixture of 1 and 2-
pentenenitrile (exp. A) or 3-pentenenitrile (exp. B) was dissolved in benzene-d6. After 
shaking for 15-30 min at rt, the reaction mixture was analyzed by NMR spectroscopy.  
Experiment C: : In a Young’s NMR tube, a 1/1 mixture of 1 and oxa-Michael addition 
product 3a was dissolved in benzene-d6. The reaction mixture was directly analyzed by 
NMR spectroscopy then after shaking 10 min at rt and finally after keeping it overnight 
at rt. 

6.4.14. X-ray crystallography  
A suitable crystal of 1PN was mounted on a cryo-loop in a drybox and transferred, using 
inert-atmosphere handling techniques, into the cold nitrogen stream of a Bruker D8 
Venture diffractometer. The final unit cell was obtained from the xyz centroids of 9737 
reflections after integration. Intensity data were corrected for Lorentz and polarisation 
effects, scale variation, for decay and absorption: a multiscan absorption correction was 
applied, based on the intensities of symmetry-related reflections measured at different 
angular settings (SADABS).79 The structure was solved by direct methods using the 
program SHELXS.80 The position of the Ru-H hydrogen atom was found in the 
difference map and allowed to refine freely, all other hydrogen atoms were generated 
by geometrical considerations and constrained to idealised geometries and allowed to 
ride on their carrier atoms with an isotropic displacement parameter related to the 
equivalent displacement parameter of their carrier atoms. Structure refinement was 
performed with the program package SHELXL.80 Crystal data and details on data 
collection and refinement are presented in Table 7. Refinement was frustrated by a 
disorder problem. From the solution it was clear that the ethyl tail of the fragment 
derived from pentenenitrile was disordered: the electron density of the atoms appeared 
to be spread out. Attempts to describe this disorder by a two-site occupancy model 
failed.  
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Table 8: Crystallographic data for 1PN 

6.4.15.  Computational studies 
Calculations were performed with the Gaussian09 program using density functional 
theory (DFT). Optimizations were performed without (symmetry) constraints. All the 
structures involved in this study were optimized and characterized as minima or 
transition states at the TPSSTPSS/BSI level in the gas phase, BSI designating the basis 
set combination of LanL2DZ for Ru and 6-31G(d,p) for all nonmetal atoms.65,66 The 
resulting structures were confirmed to be minima or transition states on by frequency 
calculations (number of imaginary frequencies = 0 (minima) or 1 (transition state)). 
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Summary 
	  

Today, it is generally accepted that the supply of non-renewable resources such as oil 
and gas is finite. This knowledge forces us to try to replace these fossil fuels by 
renewable resources. In order to succeed in this quest, numerous research fields are 
facing the many challenges of finding and converting suitable renewable resources. 
Chemistry and in particular catalysis has been a very active field in this respect and 
many good approaches have now been published and are slowly reaching the stage of 
production. 

The main goal of the research described in this thesis was the catalytic transformation 
of CNSL (Cashew Nut Shell Liquid), a renewable waste stream from cashew nut 
production, into value added fine chemicals. These investigations led to the discovery of 
new catalytic methodologies and pathways for the conversion of carbon-carbon double 
bonds, which are described in the second part of the thesis. 

 

Chapter 1 starts with an overview of the different types of biomass and the efforts 
made to convert biomass into value added chemicals. A more detailed description of 
the constituents of CNSL and of its previously reported use is given. Next, two common 
catalytic tools for the conversion of renewable resources, isomerization (of alkenes) and 
metathesis, are described. A general description is first given and mechanistic aspects 
are discussed, followed by examples of applications of these reactions on substrates 
stemming from biomass.  

 

In Chapter 2, the selective reduction of the 15 carbon atoms long side chain which is 
present in all CNSL constituents as a mixture of a triene, a diene, and a monoene, to 
the corresponding monounsaturated compound is reported. This extremely selective 
transformation is a catalytic transfer hydrogenation using RuCl3 as catalyst and 
isopropanol as the reductant. This methodology has also been applied to 
polyunsaturated derivatives of C18 fatty acids and works only if these substrates contain 
an aromatic ring (as benzyl ester of the acid or as benzyl ether or as benzoate ester of 
the alcohol). We obtained evidence that that the catalyst is homogeneous and results 
from the in-situ formation of an allyl complex between a ruthenium atom and a 
molecule of the substrate. Complexes containing two and three molecules of substrate 
were also found (ESI-MS). Attempts to isolate these complexes led to formation of 
ruthenium black. 
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In Chapter 3, the isomerization of mixtures of positional cardanol and anacardic acid 
monoene isomers to a single conjugated product was studied with a combination of 
experiments and DFT calculations. It was demonstrated that stabilization of the double 
bond by conjugation with the phenolic moiety is not enough to obtain the conjugated 
product quantitatively. Although the DFT calculations show that this product is favored 
by over 99%, in practice no more than 40% was obtained. Attempts to synthesize this 
product by means of a tandem isomerization/lactonization of anacardic acid followed 
by opening of the lactone were unsuccessful. The lactonization remained the bottleneck 
of this reaction. Combination of isomerization and metathesis in a tandem reaction for 
the selective production of 3-hydroxy-styrene and alkenes from cardanol turned out to 
be very challenging. Although both reactions worked independently with this substrate, 
their combination did not lead to the expected products. 

 

The isomerization/metathesis tandem approach was then applied for the production of 
oligo-/polymers from small linear alkenes and is described in Chapter 4. In order to 
obtain polymers of sufficient length, it is important that only the terminal alkenes 
undergo metathesis. A number of complexes was tested on their selectivity for terminal 
olefins in the metathesis reaction and up to 99% selectivity was found under specific 
conditions. Next, isomerization/metathesis tandem reactions were performed with 1-
octene using different combinations of catalysts. A maximum chain length of 29 carbon 
atoms was obtained. 

 

In Chapter 5, the ability of the Ru(PNN)(CO)H pincer complex based on a 
dearomatised PNN ligand (PNN: 2-(di-tert-butyl-phosphino-methyl)-6-
(diethylaminomethyl)pyridine) to catalyze alkene isomerization was examined. The 
isomerisation reaction proceeded under mild conditions in the presence of alcohols. 
VT-NMR experiments that were performed to investigate the role of the alcohol in the 
mechanism lend credence to the hypothesis that the first step involves a rearomatized 
Ru-alkoxide complex that is formed by the activation of an O-H bond. In this complex 
the hemilabile diethylamino side arm can dissociate allowing alkene binding cis to the 
hydride, enabling insertion of the alkene into the metal hydride bond, whereas in the 
parent complex only non-productive trans binding is possible. The substrate scope of the 
alkene isomerization reaction was examined. 

 

During the previous study, it was serendipitously found that Ru(PNN)(CO)H is an 
excellent catalyst for oxa-Michael additions to unsaturated nitriles at room temperature. 
This reaction was investigated in more details in Chapter 6 and an unprecedented 
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catalytic pathway was demonstrated. A mechanism in which activation of the substrate 
occurs via metal-ligand cooperativity was supported by the isolation of a catalytically 
competent Ru-dieneamido complex from the stoichiometric reaction between the 
Ru(PNN)(CO)H complex and 2- or 3-pentenenitrile. In addition, DFT calculations 
were performed that support such a mechanism. The reaction proceeds at ambient 
temperature in the absence of an external base. At the end of this chapter, a 
preliminary study on the ability of this catalyst to oligomerise unsaturated nitriles was 
also reported. 
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Samenvatting 
	  

De eindigheid van de niet hernieuwbare olie en gasvoorraden staat niet langer ter 
discussie. Met deze wetenschap in het achterhoofd zijn we genoodzaakt hernieuwbare 
alternatieven te vinden voor deze fossiele brandstoffen. Om te slagen in deze zoektocht 
wordt vanuit vele disciplines hard gewerkt om het grote aantal uitdagingen te 
overwinnen die opdoemen bij het vinden en omzetten van hernieuwbare grondstoffen. 
Veel nieuwe activiteiten zijn ontwikkeld vanuit de chemie, met name door gebruik van 
katalyse. Een groot aantal nieuwe methoden is gepubliceerd en een aantal daarvan 
heeft inmiddels het stadium van productie bereikt. 

Het doel van het onderzoek dat in dit proefschrift is beschreven was de katalytische 
omzetting  van cashew olie, beter bekend als CNSL (Cashew nut shell liquid), een 
hernieuwbaar afvalproduct dat gewonnen wordt uit de schalen van de cashewnoot, in 
fijnchemicaliën. Dit onderzoek heeft tevens geleid tot de ontdekking van nieuwe 
katalytische reacties en reactiemechanismen voor de omzetting van alkenen. Dit 
onderzoek staat beschreven in de tweede helft van dit proefschrift. 

 

Hoofdstuk 1 geeft een overzicht van de verschillende soorten biomassa en de bekende 
methoden om biomassa om te zetten in hoogwaardige chemische producten. The 
samenstelling van cashewolie alswel het al bekende gebruik in bestaande producten 
wordt uitvoerig beschreven. De rest van het hoofdstuk is gewijd aan de beschrijving van 
twee reacties die veel gebruikt zijn bij de omzetting van hernieuwbare grondstoffen, nl. 
Isomerisatie (van alkenen) en metathese. Na een algemene introductie over deze 
onderwerpen wordt ingegaan op het mechanisme. Vervolgens worden relevante 
voorbeelden gegeven van het gebruik van deze twee reacties op uit biomassa afkomstige 
verbindingen. 

 

Hoofdstuk 2 beschrijft de selectieve reductie van de 15 koolstofatomen lange zijketen 
die in alle cashewolie bestanddelen aanwezig is als een mengsel van een trieen, een 
dieen en een monoeen , tot de overeenkomstige mono-onverzadigde verbinding. Deze 
extreem selectieve omzetting wordt uitgevoerd via een transfer hydrogenering waarbij 
RuCl3 katalysator, en isopropanol de reductant is. Deze methode is ook gebruikt voor 
de selectieve reductie van meervoudig onverzadigde C-18 vetzuurderivaten. Echter de 
methode werkt alleen als er een aromaatring aanwezig is (als benzyl ester van het 
vetzuur of als benzyl ether of als benzoaat ester van de alcohol). Het kon bewezen 
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worden dat de katalysator homogeen is en bestaat uit een allyl complex tussen het 
ruthenium atoom en het substraat. Massaspectrometrie laat ook de aanwezigheid zien 
van complexen die twee en drie moleculen substraat bevatten. Pogingen deze 
complexen te isoleren leidden tot vorming van ruthenium zwart. 

 

Hoofdstuk 3 In dit hoofdstuk wordt de isomerisatie van het mengsel van positionele 
monoeen isomeren van zowel cardanol als anacardic acid tot één enkel geconjugeerd 
isomeer bestudeerd, zowel experimenteel als met behulp van DFT berekeningen. 
Experimenteel bleek dat de stabilisatie verkregen door conjugatie met de phenolgroep 
niet voldoende is om het gewenste product quantitatief te verkrijgen. Alhoewel de 
berekeningen aangeven dat het gewenste product in meer dan 99% gevormd zou 
moeten worden kwamen we in de praktijk niet verder dan 40%. Pogingen om het 
product te vormen via een combinatie van isomerisatie en lactonisatie gevolgd door 
eliminatie van dit lacton tot het geconjugeerde alkeen bleven zonder succes. De 
lactonisatie bleek moeizaam of niet te verlopen. Een poging om het gewenste 3-
hydroxy-styreen te verkrijgen tezamen met korte alkenen middels een combinatie van 
isomerisatie en metathese bleek een grote uitdaging te zijn. Alhoewel beide reacties 
afzonderlijk goed functioneerden, leverde de combinatie niet de gewenste producten 
op. 

 

Hoofdstuk 4 beschrijft het gebruik van de combinatie van metathese en isomerisatie 
om uit kleinere lineaire alkenen oligomeren en polymeren te maken. Om polymeren 
van voldoende lengte te verkrijgen is het belangrijk dat alleen de terminale alkenen 
metathese ondergaan. Een aantal complexen werd getest op hun selectiviteit voor 
terminale alkenen in de metathese. Complex met een selectiviteit van 99 % werd 
gevonden. Desalniettemin werd de tandem isomerisatie/metathese reactie uitgevoerd 
op 1-octeeen onder gebruikmaking van verschillende katalysatorcombinaties. Alkenen 
met een maximale ketenlengte van 29 koolstofatomen werden gevormd. 

 

In Hoofdstuk 5 wordt de isomerisatie van alkenen met het complex Ru(PNN)(CO)H 
dat gebaseerd is op een gedearomatiseerd PNN ligand (PNN = 2-(di-tert-
butylphosphinomethyl)-6-(diethylaminomethyl)pyridine) onderzocht. Het blijkt dat de 
isiomerisatiereactie plaatsvindt onder milde condities mits er een alcohol aanwezig is. 
Om de rol van het alcohol te onderzoeken werden NMR experimenten uitgevoerd bij 
verschillende temperaturen. Deze experimenten konden het aannemelijk maken dat de 
eerste stap van het mechanisme de additie van het alcohol is onder vorming van een 
gerearomatiseerd rutheniumalkoxide complex. In dit complex kan de hemi-labiele 
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diethylamino zijarm van het ligand wegdraaien waardoor het alkeen in de cis-positie 
t.o.v. het hydride kan binden, in tegenstelling tot het parent-complex waarin alleen niet-
productieve trans-binding mogelijk is. Een reeks van substraten werd onderzocht in deze 
alkeen isomerisatiereactie. 

 

Hoofdstuk 6 In het voorgaande onderzoek was bij toeval gevonden dat 
Ru(PNN)(CO)H een uitstekende katalysator is voor de oxa-Michaelreactie op 
onverzadigde nitrillen bij kamertemperatuur. De reactie werd in meer detail 
onderzocht en een totaal nieuw reactiemechanisme kon worden aangetoond. De 
isolatie van een katalytische competent ruthenium-dieenamide complex uit de 
stoichiometrische reactie tussen het Ru(PNN)(CO)H complex en het penteennitril 
ondersteunt een mechanisme waarbij de activering van het substraat plaatsvindt als 
gevolg van cooperativiteit tussen ligand en metaal. Tevens werden DFT berekeningen 
uitgevoerd die dit mechanisme ondersteunen. The reactie vindt plaats bij 
kamertemperatuur in afwezigheid van een externe base. Aan het einde van dit 
hoofdstuk wordt tevens beschreven dat deze katalysator ook in staat is onverzadigde 
nitrillen te oligomeriseren. 
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