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Chapter 1 

1.1 Green Chemistry 

The world is confronted with enormous challenges in the next few decades 
associated with the growing world population, such as climate change, pollution and 
scarcity of resources. Scientists have the responsibility to contribute to the 
development of a sustainable society, enabling efficient use of still available natural 
resources and finding alternatives to sustain our growing global demand for energy 
and materials.1  This is the general concept of green chemistry, which is devoted to 
preserve the quality of life we are used to in the modern western society (including 
economic growth!), while at the same time focusing on decreasing the ecological 
footprint associated with the current (non-sustainable) industrial production methods.2 
Key to sustainability (on the basis of green chemistry principles) is to enable a 
transition from currently applied chemical transformations into more efficient and 
cleaner processes. Advancing synthetic methods by reducing and/or eliminating the 
use of hazardous compounds, which also minimizes waste generation, and developing 
(better) catalysts for known processes should enable atom-economical and low-cost 
production methods.3 Further research is devoted to increase the efficiency of 
alternative and renewable energy sources (e.g. solar and wind energy) and to store the 
electric energy into chemical fuels. The use of biomass-based feedstocks for the 
synthesis of organic chemicals, polymers and other materials should allow us to find 
alternatives for our rapidly depleting petrochemical hydrocarbon feedstocks. Biomass 
offers a range of interesting chemical building blocks, which can be converted into 
valuable products. This, however, does require the development of new (catalytic) 
chemical transformations (e.g. dehydration, deoxygenation) and hence more research 
in this field is needed.4 

1.2 Bio-renewables 

Research focused on substitution of fossil feedstocks for chemical synthesis by 
bio-derived carbon sources evolves rapidly, and gradually biomass derived platform 
chemicals find application in the synthesis of several industrially relevant products. 
Lipids, starch, cellulose, hemicelluloses and lignin are the main bio-derived feedstocks 
used in the production of chemicals and materials.5 Three main paths are followed to 
convert biorenewables into useful products: biochemical, thermochemical and catalytic 
routes.6 A variety of building blocks obtained from bio-based molecules (so-called 
platform molecules) are applied in fine chemical synthesis in the pharmaceutical and 
fragrance industries. The use of biomass feedstocks can be cost-effective and 
potentially has a lower ecological footprint than traditional synthesis based on fossil-
based resources. Therefore, sustainable, ‘green’ chemical products produced in fewer 
steps, generating less waste and with reduced energy consumption should be further 
developed.7 
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1.3 Terpenes 

Monoterpenes are found in various plants and are components of essential oils. 
They are an important source of bio-based unsaturated hydrocarbons, widely used in 
the fine chemical industry.8 The pleasant odor of these compounds and their synthetic 
derivatives makes them valuable building blocks for the food and fragrance industries.9 
Limonene, α- and β-pinene, 3-carene and camphene are the most common terpenes, 
which can be further converted into valuable products through hydrogenation, 
oxidation, isomerization/rearrangement, hydration, hydroformylation, condensation, 
cyclization, ring contraction, etc. For instance, the pyrolysis of β-pinene generates the 
acyclic monoterpene myrcene, which is a source of a broad range of compounds such 
as terpenols, pheromones, rubbers and natural products.10 Hydrohalogenation and 
hydroamination are the two main processes used, which leads to terpenols like 
geraniol, nerol, menthol, linalool, etc. (Scheme 1). The direct hydration of mycrene can 
also afford alcohols, but this process is not very selective. The chlorination of 
mycrene, followed by esterification affords acetates. Subsequent hydrolysis of these 
acetates yields the expected alcohols. Hydroamination of myrcene is an alternative 
approach to generate similar terpenols, which can be further used in various reactions. 
Their amination, alkylation, cyclization, etc. affords key building blocks to biologically 
active compounds.11 

 

Scheme 1. A general synthetic pathway leading from terpenes (α-pinene as an example) to 
terpenols. 

1.4 Terpenols 

Monoterpenols are used to prepare a variety of valuable building blocks for 
natural and biologically active compounds.11 Cyclization, amination, alkylation are 
some of the processes applied to access the desired products. Generally, pre-activation 
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of the hydroxyl-group (which is typically a poor leaving group) is required to convert 
terpenols into value-added products. For instance, in (ferrocenylphoshine-type)Pd(II) 
or (dppe)Pd(0)-catalyzed allylic aminations of terpenols into various building blocks 
for natural and biologically active compounds using primary and secondary amines it 
proved necessary to convert the hydroxyl group of the terpenol into a better leaving 
group such as an acetate or carbonate moiety (Scheme 2, path a and b, respectively).12 
Notably, the studies for the direct amination of terpenols without converting the 
hydroxyl into a better leaving group has limited scope and requires further 
development (Scheme 2, path c and d).13 

 

Scheme 2. Amination of activated terpenols, (path a: catalysis by the ferrocenyl tetraphosphine 
tert-butyl based Pd(II) complex, path b: catalyzed by the (dppe)Pd(0) complex). Amination of 
geraniol (path c: catalyzed by the Xanthphos based Pt complex13a, path d: catalyzed by the 1,2,3,4,5-
pentamethylcyclopenta-1,3-diene (Cp*H) based FeBr3 complex13b). 

Palladium (II) catalyzed intramolecular cyclization and Ru(II)-phosphine 
sulfonate  catalyzed reductive amination are the few other examples in which terpenols 
are directly used in catalysis without pre-activation, enabling the preparation of γ-
lactone derivatives (which are widely used in fragrance and pharmaceutical 
industries14) and several biologically active compounds,15 respectively. The synthesis of 
complex molecules from terpenols can be advantageous for drug related studies as the 
long hydrocarbon chain already present in the starting compound can increase binding 
of the compound to various receptors. For example, compound SQ109 developed as a 
medicine against tuberculosis which is a promising drug-candidate in current trials, can 
be prepared from geraniol in several steps (Scheme 3, path a).16 Notably, the 
hydrophobic nature of the hydrocarbon moiety of terpene derivatives makes them 
attractive guests for photolabeling experiments to identify the active-site of the 
enzymes and to study the interactions between proteins and their cognate receptors.17 
For instance, functionalization of the geraniol/farnecol with the photoactive diazirine 
moiety and coupling with prenylated dodecapeptide affords multifunctional peptide 
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molecules are in use to detect the active site residues in targeted enzymes (Scheme 3, 
path b). 

 

Scheme 3. Path a, synthesis of anti-tuberculosis drug SQ109, path b, synthesis of photoactive 
peptides used in photolabeling studies of proteins 

Several terpenols such as menthol, retinol, cholesterol and botulin were used as 
initiators in ring-opening polymerization of ethylene oxide promoted by phosphazene 
base t-BuP4 (Scheme 4a).18 The quantitative efficiency of the initiation step affords a 
highly efficient process to obtain terpene-based polymers. Terpenols are also reported 
in synthesis bio-based polymers in which the amino and carboxylic acid thiol 
functionalized terpenol dihydromyrcenol is coupled with dextran to afford amphiphilic 
biopolymers (Scheme 4b).19 

                                     

Scheme 4. a) Selective examples of terpene-poly(ethylene oxide)s synthesized from respective 
terpenols. b) Synthesis of amphilic biopolymers from terpenol derivatives. 

1.5 Allylic Alcohols 

Transition metal catalyzed allylic substitution reactions are well established 
methods to form new carbon-carbon and carbon-heteroatom bonds in organic 
synthesis.20 Several catalytic systems have been developed for the use of various 
different reactants and nucleophiles. These catalytic reactions allow the development 
of more efficient and atom economical processes. Whereas many catalysts are available 
that can selectively convert activated allyl substrates, the direct use of allylic alcohol 
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substrates is less established. First approaches were focused on the use of additives, 
such as Lewis acids BEt3, SnCl2 or Ti(O-i-Pr)4 to convert the hydroxyl-group into a 
better leaving group, instead of a chemical conversion to an acetate, carboxylate, or 
phosphate.21 Catalytic systems that can covert such systems under additive free 
conditions are scarce.22 Generally, direct activation approaches avoid a pre-activation 
step preventing the formation of stoichiometric amounts of waste (salt), generating 
water as the only side product. After the first example by Ozawa22a, several others22 
reported efficient methods for the direct activation of allylic alcohols using various 
catalysts, showcasing a broad scope of allylic alcohols and nucleophiles (Scheme 5). 
The progress of the last decade has been summarized in several recent reviews23, 
therefore in the following section only the most recent examples of direct activation of 
allylic alcohols in amination and alkylation reactions are discussed. 

 

Scheme 5. Direct activation of allylic alcohols generating water as the only side product  

1.5.1 Selective transformation of Allylic Alcohols 

Allyl-amines are important building blocks in the synthesis of natural products 
and biologically active compounds, and are broadly used in the fine chemical 
industry.24 The development of efficient and clean processes for the direct use of 
allylic alcohols in this type of reactions is still challenging due to the fact that the 
hydroxy moiety is a poor leaving group. Recently, Beller and co-workers reported 
highly efficient and selective Pd-based catalytic systems for allylic amination reactions 
using a broad range of amine nucleophiles. The use of nitrogen donor based ligand 
1,10-phenanthroline in combination with Pd(OAc)2 as the catalyst led to the 
formation of the desired products in high yields and selectivities under additive free 
conditions.22b This catalytic system is efficient for a wide range of aliphatic and 
aromatic allylic alcohols, and can be used to produce both linear and branched 
isomers. Substitution with aromatic and alkyl-amines afforded only linear regio-
isomeric products, suggesting that the reactions take place via π-allylpalladium 
intermediates. The use of this system allowed the synthesis of the biologically active 
antifungal drug naftifine and calcium channel blocker flunarizine in one step from 
cinnamyl alcohol (Scheme 6).13a  

The same research group reported an extended scope of similar allylic 
substitution reactions with electron deficient N-heterocyclic amine derivatives, being 
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another example of a catalytic system working under additive free conditions. The 
reaction is catalyzed by a 1,2-bis(diphenylphosphinomethyl)benzene-based Pd 
catalyst.22c Similar to the previous study, the linear products were obtained selectively 
from both linear and branched allylic alcohols. The highlight of this contribution was 
the easy access to biologically important compounds applicable in antitumor, antiviral, 
antifungal, anticancer and AIDS treatments by the substitution of cinnamyl alcohol 
with thymidine and uridine analogs (Scheme 7). 

 

Scheme 6. a) Direct substitution of allylic alcohols with aliphatic and aromatic amines. b) One 
step synthesis of biologically active naftifine and flunarizine directly from cinnamyl alcohol. 

Other recent example reported by Mashima and co-workers demonstrated 
highly efficient and monoallylated selective allylic alkylation reactions catalyzed by a 
dual platinum-Xanthphos and pyrrolidine system in the presence of acetic acid.25 The 
substrate scope was explored for broad range of aryl and alkyl allylic alcohol coupling 
reactions with various methylene compounds. Mechanistic studies revealed that the 
catalysis proceeds through an enamine intermediate and pyrrolidine is promoting the 
monoallylation selectivity. 

 

Scheme 7. a) Allylic substitution reactions with electron-deficient N-heterocyclic amine 
derivatives. b) Thymidine (A) and uridine (B) analogs synthesized directly from cinnamyl alcohol. 

Most of the above studies have been devoted to broadening the substrate 
scope. Only limited mechanistic studies of direct substitution reactions of allylic 
alcohols have been reported. A detailed mechanistic study based on DFT calculations 
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was reported by le Floch and co-workers.26 They demonstrated that the dissociation of 
the hydroxyl group is rate limiting, and is favored by the use of strong π-accepting 
ligands. Activation of the allylic alcohol is promoted by hydrogen-bonding interactions 
between the hydroxyl moiety and the allyl ammonium product. 

More recently, Zhang and co-workers investigated a series of allylic alkylation 
reactions of allyl-alcohols with simple ketones and aldehydes and investigated the 
mechanism of this reaction.27a The catalysis was performed with [(dppf)Pd(allyl)] in the 
presence of pyrrolidine as a co-catalyst and methanol as the solvent. The reaction 
scope included cyclic and aromatic ketones and allylic alcohols substituted with 
electron donating-withdrawing groups. DFT calculations suggested that, hydrogen 
bond interactions with methanol enhance the leaving group ability of the hydroxy-
group of the allyl-alcohol, which results in a lower activation energy for the rate-
limiting C-O bond cleavage step. This is in agreement with previous reports showing 
that the use of water as a solvent promotes C-O bond cleavage by H-bonding to the 
hydroxyl group of the allyl-alcohols.22e The same working principle was also reported 
for the activation of allylic ethers in Pd-catalyzed alkylation reactions.27b 

 

 

Scheme 8. Proposed catalytic cycle based on the mechanistic work of Pd-catalyzed amination of 
allylic alcohols.28 

Samec and co-workers reported a mechanistic study for the direct amination of 
allyl alcohols catalyzed by a palladium triphenylphosphite complex.28 Three 
mechanistic pathways were proposed previously for the activation of the poor leaving 
group and the subsequent C-O bond cleavage step. These were (1) the Pd-hydride 
complexes might be involved in the C-O bond cleavage step,22a (2) additional H-bond 
assistance to the hydroxyl group weakens the C-O bond,22e and (3) the amine 
nucleophile acts as the hydrogen donor after in situ formation of the ammonium 
salts.26 In accordance with these proposed mechanistic steps this study showed that 
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the reaction takes place via a π-allylpalladium complex and the C-O bond cleavage is 
indeed the rate determining step. Based on the measured kinetic isotopic effect and 
ESI-MS studies, the authors concluded that the reaction with the palladium 
triphenylphosphite complex involves a Pd-H species as a key intermediate. This was 
also the first report showing experimental evidence of this species generated by the 
insertion of Pd into the O-H bond of the substrate. Following the coordination of the 
second allyl-alcohol, C-O bond cleavage eliminates water from the ‘hydride’ and the 
hydroxyl-group of the substrate to afford the π-allyl-palladium species, undergoing 
subsequent nucleophilic attack by the amine nucleophile to produce the allyl-amine 
product. 

1.6 Outline of the Thesis 

As we described in this chapter, the direct use of allylic alcohols in substitution 
reactions without pre-activation of the hydroxyl-group into a better leaving group or 
the use of additional stoichiometric in situ activators remains challenging due to the 
poor leaving group ability of the hydroxyl-group. Hence, it is important to develop 
new methods to activate (bio-mass derived) allyl-alcohols, which allow ‘green’ 
chemical processes for a broad substrate range. This may have a considerable impact 
on the methodology for fine chemical transformations in the pharmaceutical and 
fragrance industries. With the work described in this thesis, we aim to develop a novel 
waste-free catalytic system for the direct substitution reactions of allylic alcohols in 
alkylation and amination reactions yielding water as the only ‘waste product’. For this 
purpose a phosphoramidite based palladium catalyst, 1, operating in a supramolecular 
fashion by an additional 1,3-diethylurea moiety as the cocatalyst was developed 
(Scheme 9). In the light of biomass utilization, we have explored the compatibility of 
this system with terpenols to get easy access to a variety of biologically active and fine 
chemical industry related products. To get a better understanding of the system and to 
facilitate future developments, mechanistic studies were performed (detailed kinetic 
analysis and DFT calculations). 

 

Scheme 9. Phosphoramidite ligand, L, and its respective palladium-allyl complex, 1. 
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In Chapter 2, we introduce the Pd catalyst 1, which is developed for direct 
activation of allylic alcohols. The phosphoramidite based palladium complex works in 
the presence of a catalytic amount of 1,3-diethylurea as a co-catalyst. The latter proved 
crucial to increase the activity and to ensure reproducibility. The reaction scope is 
demonstrated for the aliphatic/aromatic allylic alcohols and terpenols in alkylation and 
amination reactions. As the nucleophiles, we used several indole derivatives and 
primary/secondary amines, affording linear allyl products selectively. A reaction 
mechanism is proposed on the basis of kinetic studies. 

In Chapter 3, we report our investigations for the role of urea by exploring urea-
functionalized ligands in the Pd-catalyzed allylic substitution reactions. Electronically 
different phosphine-based ligands were prepared for this purpose and examined in the 
presence and absence of additional urea. To get more insight in the catalytic results, 
the catalyst mixtures were probed with ESI-MS, NMR and CD spectroscopy.  We 
found that palladium complexes based on urea functionalized ligands do not work as 
well as the systems in which the urea was added as an additive, probably because the 
proper orientation of the urea activated complex could not be formed in these 
systems. 

In Chapter 4, we studied the mechanism of the direct activation of allyl-alcohols 
in amination reactions computationally. The DFT calculated mechanism is discussed 
in perspective of the previously proposed mechanism based on the kinetic 
experiments. The theoretical and experimental studies are both in line with the 
oxidative addition being the rate limiting step. The effect of a catalytic amount of non-
covalently added urea in the catalytic reactions was also explored computationally. The 
formation of a hydrogen bond array between the ligand, the substrate and the urea 
additive appeared to be of importance to lower the energy barrier of the rate 
determining step. 

In Chapter 5, we report C-C coupling reactions between two unactivated 
coupling partners, based on previous findings. Catalyst 1 proved effective in producing 
unprecedented 1,4-diene products by coupling simple alkenes and allylic alcohols in 
modest to good yields with excellent linear selectivity. A mechanism is proposed on 
the basis of kinetic studies. 
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