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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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Chapter 2 

 
2.1 Introduction 

Palladium-catalyzed allylic substitution reactions are efficient and widely used 
synthetic methods in organic synthesis for C-C and C-X (X: O, N, S) bond 
formation.1 Until recently, activated allylic reagents that are substituted with 
carboxylates,2 halides,3 or phosphates4 have been mainly used as activated allyl alcohol 
reagents (Scheme 1a); however, these reagents require an additional synthetic step 
compared to the use of allylic alcohols and the conversion results in the formation of 
stoichiometric amounts of waste (salts). In this context, direct conversion of allyl 
alcohols is an important challenge. In addition, numerous renewable compounds are 
available that could be converted into interesting intermediates for the fine-chemical 
and pharmaceutical industry by direct substitution of the allylic alcohol. A commonly 
used approach is preactivation of allylic alcohols with a stoichiometric or catalytic 
amount of a Lewis-acid activator such as As2O3,5 B2O3,6 BEt3,7 BPh3,8 SnCl2,9 or Ti(O-i-
Pr)410 (Scheme 1b), but this method is still associated with substantial waste formation in 
most cases.   

 

Scheme 1. General nucleophilic substitution reactions at allylic reagents (a) and the direct 
activation of allylic alcohols with the aid of additives (b). 

The development of a waste free direct catalytic transformation of allyl alcohol 
was initially reported by Ozawa et. al. They developed (π-allyl)palladium complexes 
bearing sp2-hybridized phosphorus ligands capable of direct conversion of allylic 
alcohols without any activators, producing water as the only by-product.11 Afterwards, 
several Pd catalysts were reported for various related applications. For instance 
Tamaru and co-workers focused on allylic alkylation reactions with indole derivatives 
while Beller and co-workers broadened the scope for primary aliphatic amines and 
electron deficient heterocycles.12 Notably, the catalytic systems have different methods 
to activate allylic alcohols. Sarkar reported that Pd complexes with bisphosphine 
ligands are effective due to the high π-acidity of the phosphorous ligands,13a whereas 
Oshima proposed that H-bonding between water and allylic alcohols is key in 
decreasing the activation energy barrier of these processes.13b The latter report caught 
our attention as such supramolecular interactions have recently become a more general 
tool to control transition metal catalyzed reactions. Supramolecular interactions are 
powerful tools to generate catalysts in situ by self-assembly of functionalized ligand 
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building blocks,14 preventing intricate ligand synthesis, and utilize H-bond interactions 
for proper orientation of the substrate via the functional groups to tune the activity 
and selectivity of the catalyst.15 The latter strategy was recently also applied in 
metalloradical carbene transfer reactions using supramolecular H-bond donor 
appended porphyrin complexes.16 When functional ligand building blocks are used for 
the self-assembly of bidentate ligands, these functional groups can also interact with 
functional groups of the substrate. Breit and coworkers, employed bidentate ligands 
based on self-assembly strategies using phosphine ligands with complementary H-
bonding motifs, and they found that these functional groups activate allyl alcohols by 
hydrogen bonding.17 We reported the simple ligand building blocks that formed 
heterobidentate ligand complexes through a single hydrogen bond and determined 
that additional functional groups in the ligand give rise to H-bonding with the 
substrate, an interaction that appeared crucial in the enantioselective hydrogenation of 
Roche ester precursors.18 Inspired by these results we decided to study these simple 
ligand building blocks in the activation of allyl alcohols.  

Herein we report a novel catalyst that operates through cooperative action of 
the metal and H-bonding interactions between the ligand and the substrate (Scheme 
2). We also explored the effect of adding urea moieties as additives to further steer the 
activity and selectivity of the catalyst. Thus far palladium catalyzed allylic alkylation 
reactions with monodentate phosphoramidites have been limited to activated allylic 
halides or acetates as substrates, where they display  high enantio- and 
regioselectivity.19 This is the first report wherein phosphoramidite based palladium 
complexes are used in the direct conversion of allyl alcohols. We here disclose that a 
combination of phosphoramidite homocomplexes and urea building blocks provides 
an efficient and selective catalyst system for direct activation of allylic alcohols towards 
linear alkylated and aminated products by enabling complementary H-bonding 
between the catalyst, the substrate and the urea moiety. 

 
 
 
 
 
 
 
 
 
 
Scheme 2. Activation of allylic alcohols with H-bond donor ligand and 1,3-diethylurea. 

2.2 Results and Discussion 

To study the concept of allyl alcohol activation with hydrogen bonds the 
alkylation of cinnamyl alcohol with indole was studied as a model reaction. Simple 
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phosphoramidite and phosphine ligands were explored as ligands to form the 
palladium based catalyst by in situ mixing with [(η3-allyl)Pd(cod)]BF4 (Scheme 3). The 
ligands varied in electronic properties (π-accepting and electron donating abilities), 3 
has a hydrogen bond donor and in ligand 4 both hydrogen bond accepting and 
donating groups are present. Reactions were carried out in the absence and presence of 
3 mol% phenyl urea as a potential additional H-bond donor for activation of the 
alcohol. 

 

Scheme 3. Phosphoramidite and phosphine type of ligands used for catalyst optimization 

First, we examined the commercially available monophos, 1, and 
triphenylphosphine, 2, ligands for catalytic activity. The stronger π-accepting 
monophos enabled higher conversions than PPh3 (Table 1, entries 1 and 3). The 
addition of phenyl urea hardly affected the product yields when using homo-
complexes of ligand 1 and 2 (entries 2 and 4). Additionally, we observed formation of 
bis-cinnamylether as a side product up to 3 % when monophos 1 was applied as the 
ligand. The analogous ligand with an H-bond donor functionality, isophos ligand 3, 
did not show any activity, regardless of the presence of urea (entries 5 and 6). 
Interestingly, the amino acid substituted phosphoramidite 4 that has both H-bond 
donor and acceptor groups, resulted in the formation of the desired product in 62 % 
yield without formation of any side products (entry 7). Remarkably, in the presence of 
phenyl urea as additive the complex based on this ligand (4) led to full conversion and 
90 % yield of the single linear alkylated product (entry 8).  

Table 1. Catalyst optimization for allylic alkylation reactions[a] 

 

 

 

 

Entry Ligand Yield (%)[b] 
1 1 65(3)[d] 

2 1/Phenyl urea[c] 53(3)[d] 

3[d] 2 21 
4[d] 2/Phenyl urea[c] 30 
5 3 trace 
6 3/Phenyl urea[c] trace 
7 4 62 
8 4/Phenyl urea[c] 90 
[a] Reaction conditions: 5a (0.128 mmol), 6a (0.128 mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 6 mol% ligand, 
toluene (0.1ml), 80 °C, 20 h. [b] Yields are determined via 1H-NMR where mesitylene used as an external 
standard. [c] 3 mol% phenyl urea. [d] Bis-cinnamylether formed as a side product. 
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Table 2. Allylic alkylation reactions of indole derivatives with various allylic alcohols.[a] 

 
 

Entry Nucleophile Substrate Product Yield[b] 

[%] 

1 

5a
N
H  6a Ph OH     7aa           

N
H

Ph

 42 

 
2 5b 

N
 6a Ph OH     7ba        

N

Ph

 
 

69 

 
 
3 

 

5c 
N
H  6a Ph OH     7ca       

N
H

Ph

 
 

77 
 
 
 
4 5d

N
H

O

 6a Ph OH     7da      
N
H

PhO

 

 
 

78 
 
 
 
5 

 

5e 
N
H  6a Ph OH     7ea        N

Ph

 
 

n.r. 
 
 
 
6 

 

5a 
N
H  

    

6b PhPh

OH

    7ab        
N
H

PhPh

 
 

97 
 
 
 
7 5a

N
H  

       
6c OH     7ac         

N
H  

 
22 

 
 
 
8 5a 

N
H  6d OH     7 ad–7 ae 

N
H

N
H  

 
26 

(9:3:1)[c] 

9 5a
N
H  6 e 

OH

    7 ad–7 ae 
N
H

N
H  

 
 

19 
(9:3:1)[c] 

 
 
 
10 5a 

N
H  

 

6 f
OH

    7af          
N
H  

 
 

21 
[a] Reaction conditions: 5a (0.5 mmol), 6a (0.75 mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 3 mol% 1,3-
diethylurea, 6 mol% ligand 4, toluene (2.5 mL), 80 °C, 20 h. [b] Isolated yields. [c] The ratio of the linear 
product to the branched and bis-allylated ones. 
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Notably, the use of phenyl urea as additive only resulted in increased 

conversions if ligand 4 with the functional groups is used. This suggests that the 
functional groups of the ligand form a more complex hydrogen bond pattern with the 
urea and the substrate, which leads to the activation of the allylic alcohol (Scheme 2). 

After having established a working protocol based on simple building blocks, 
we carried out C-C bond formation reactions for a series of indole derivatives with 
various allylic alcohols (Table 2). For this series of reactions 1,3-diethylurea was used 
as additive instead of phenyl urea as it has a better solubility in toluene. We have 
explored several urea derivatives with variable substituents, and it was found that 1,3-
diethylurea gave rise to the highest activity (see experimental section, Figure 4). With 
these optimized reaction conditions, the catalyst system (ligand 4 + 1,3-diethylurea) 
was able to convert a wide variety of substrates in high yields and with high selectivity 
for the linear alkylated products. Primary and secondary aromatic allylic alcohols 6a 
and 6b afforded C3-selective allylated indoles up to 97 % yield (entries 1 and 6). The 
reaction has a high tolerance to functional groups at the indole derivatives. N-Methyl, 
5b, C2-methyl, 5c, and C5-methoxy, 5d, substituted indole derivatives selectively 
produced linear alkylated products in good to high yields (entries 2-4). Notably, C3-
methyl substituted indole, 5e, did not form any allylation product (entry 5), indicating 
that the reaction is selective for C3-allylation products. The substrate scope was 
further extended for various aliphatic allylic alcohols that showed moderate isolated 
yields. Most likely, the low boiling point of these substrates and products lead to losses 
during work-up or during the reaction. Primary unsubstituted allyl alcohol, 6c, and 
cyclic secondary aliphatic alcohol, 6f, afforded single linear products (entries 7 and 10), 
whereas, methyl substituted linear and branched allylic alcohols, 6d and 6e, provided 
the same allylated products with trace amounts of di-substituted indole as 9:3:1, linear 
to branched and di-allylated product ratio (entries 8 and 9). 

Henceforth, we studied the direct activation of allylic alcohols with primary and 
secondary amines. The urea assisted Pd catalyst (using ligand 4 + 1,3-diethylurea) 
afforded high yields and selectivity for linear monosubstituted products with aromatic 
and aliphatic allyl alcohols (Table 3). Importantly, electron deficient nucleophiles also 
afforded the desired products in high yields with traces of bis-allylated amines (entries 
1-3). Electron rich secondary amines, which are highly nucleophilic, formed the linear 
aminated products with excellent yields (entries 4, 5). Primary alkyl amines gave mono-
allylated product in moderate yield (entry 6) whereas morpholine, 8g, produced the 
desired product in excellent yield (entry 7). The expected products with aliphatic 
allyllic alcohols obtained with moderate yields. The methyl substituted allylic alcohols, 
6d and 6e, formed the mixture of linear and branched products together with di-
allylated (entries 8, 9). Di-methyl substituted primary and secondary allylic alcohols, 6g 
and 6h, generated only the linear product. No branched or bisallylated products were 
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NH NH

detected in these reactions (entries 10, 11). Also, secondary cyclic aliphatic alcohol 
afforded the mono-substituted product with excellent yields (entry 12). 

Table 3.  Allylic amination reactions of primary and secondary amines with various allylic 
alcohols.[a] 

 
 

Entry Nucleophile Substrate Product Yield [b] 
[%] 

 
 
1 8a       

NH2  6a Ph OH     8aa         
NH

Ph

 

 
78 

(7)[c] 

 
2 8b  

NH2

O2N  6a Ph OH     8ba      

NH

O2N

Ph

 

 
74 

(8)[c] 

 
3 

      

8c
NH2O2N

 6a Ph OH     8ca   
NHO2N

Ph

 
 

76 

 
4 

 

8d     
NH

 6a Ph OH     8da         
N

Ph

 
 

95 

 
5 

 

8e    
NH

 6a Ph OH     8ea         
N

Ph

 
 

87 

 
6 

 

8f     
NH2

 6a Ph OH     8fa           
HN

Ph

 
 

55 

 
7 

 

8g   
O NH

 6a Ph OH     8ga        
O N

Ph

 
 

85 

 
8 8a   

NH2  
 
6d OH  

 
 

   8ad, 8ae 

 
55  

(9:1:1)[d] 

9 8a    
NH2  6e   

OH

 

 
    
   8ad, 8ae 

64  
(9:1:1)[d] 

 
10 8a   

NH2  6g OH     8ag        
NH

 
 

61 

 
11 8a   

NH2  6h  

OH

    8ag        
NH

 
 

54 

 
12 8a   

NH2  

 

6 f  
OH

    8af       

H
N

 
 

84 
[a] Reaction conditions: 5a (0.5 mmol), 6a (0.75 mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 3 mol% 1,3-
diethylurea, 6 mol% ligand 4, toluene (2.5 mL), 80 °C, 20 h. [b] Isolated yields. [c] The ratio of the linear 
product to the branched and bis-allylated ones. 

NH NH
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The application of this novel catalyst system was further studied in the direct 

activation of terpenols (Table 4). These are long chained hydrocarbons with OH 
substituents that are essential oils found in nature. Terpenols are important building 
blocks for the preparation of the terpenes and intermediates for natural product 
synthesis. Functionalization of these valuable alcohols with amine derivatives leads to 
intermediates relevant for the synthesis of biologically active compounds. Excellent 
yields were obtained when these alcohols were reacted using the combined Pd/Ligand 
4/1,3-diethylurea catalytic system. Linear and branched isomeric alcohols, geraniol and 
linalool, 6k and 6l, showed full conversions with primary aromatic and secondary 
aliphatic amines, with high selectivity for the monoallylated linear products (entries 1-2 
and 5-6). Additionally, longer chain alcohols, farnesol and neralidol, 6m and 6n, 
showed similar activity and regioselectivity (entries 3-4 and 7-8). Interestingly, the line- 

Table 4. Allylic Amination reactions of primary and secondary amines with various allylic 
alcohols.[a]     
 
 
 

Entry Nucleophile Substrate Product (E/Z)[b] 
Yield[c] 

[%] 

1 8a 
NH2  

 

6k  OH     8ak (1:1.6)    

H
N

 74 

 
2 8a 

NH2  

 

6l  
OH

    8ak (1:1.6)    

H
N

 57 

3 8a 
NH2  6m  OH   

               

H
N

 
   8am (1:1.6:1.7:2.5) 90 

4 8a 
NH2  6n  

OH

 
               

H
N

      
    8am(1:1.4:1.6:2.4)  96 

5 8g 
O NH

 6k  OH     8gk (1:1.9)     
N

O

 81 

6 8g 
O NH

 6l  
OH

    8gk (1:1.8)     
N

O

     93 

7 8g 
O NH

 6m  OH  
                 

N
O

 
   8gm (1: 3.3.2.5) 57 

8 8g 
O NH

 6n  
OH

 
                 

N
O

 
   8gm (1: 6.7: 5.0) 57 

[a] Reaction conditions: 8a (0.5 mmol), 6a (0.75 mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 3 mol %1,3-
diethylurea, 6 mol% ligand 4, toluene (2.5 ml), 80 °C, 20 h. [b] The E/Z isomeric ratio of the products 
were determined with GC. [c] Isolated yields. 
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ar and branched isomeric alcohols result in formation of the same linear products. 
This result suggests that these reactions go through the same intermediate for the 
corresponding allylic alcohols. Indeed, analysis of the reaction mixtures with ESI-MS 
show the formation of the same π-allylic intermediate during the conversion of either 
the linear or branched alcohols (see experimental section). 

Next, we studied the mechanism of the urea assisted nucleophilic substitution 
of allylic alcohols. For the kinetic studies we chose the N-Methylaniline, 8d, as a 
nucleophile in combination with cinnamyl alcohol, 6a, as the catalyst system produces 
a single product with full conversion and 95 % isolated yield (Table 3, entry 4)-
(Scheme 4). We studied the effect of the concentration of the alcohol substrate, the 
nucleophile, the Pd catalyst and urea additive by monitoring the reaction in time and 
analyzing the data with reaction progress kinetics.20 

 

Scheme 4. The model allylic amination reaction of the kinetic studies. 

The reaction progress was monitored by GC and initial rates were calculated 
from the slope of the curve taken at the beginning of the reaction. These data were 
utilized to determine the order of the each reactant (Figure 1). We observed a first 
order kinetics in alcohol and zero order kinetics in nucleophile concentration on 
reaction rate (Figure 1a). These results are consistent with literature data where it was  

  

 

 
 
 
Figure 1. Kinetic analysis of amination 
reaction (Scheme 3); a) Rate versus substrate 
concentration of cinnamyl alcohol, 6a, (■) and 
N-Methylaniline, 8d, (●). b) Rate versus Pd 
catalyst concentration. c) Rate versus 1,3-
diethylurea concentration. 
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suggested that the oxidative addition is the rate determining step for the allylic 
substitution of allyl alcohol substrates.21 As expected, the kinetic data reveal a first 
order kinetics in Pd catalyst. At high Pd concentrations we observed deviations from 
first order kinetics, which may indicate catalyst decomposition under these conditions 
(Figure 1b). Importantly, from the kinetic data it is clear that the presence of the urea 
additive increases the activity of the catalyst and the effect is stronger at higher 
concentration urea (Figure 1c). Above urea concentrations of 24 mM the reaction rate 
does not further increase. Notably, the reactions in the absence of urea gave less 
reproducible yields, indicating that the urea additive is also important to obtain 
reproducible results. 

Recently, Blackmond developed progress kinetic analysis as a new methodology 
to analyze kinetic data.20 In such approach the kinetic data are used to generate rate vs 
substrate concentration plots, from which one can directly see the order of the 
reaction. Interestingly, reactions that have different starting concentrations of the 
substrate should overlay in the event that there is no catalyst deactivation or product 
inhibition, important issues that are visualized in plots from two experiments. For 
reactions that have two different substrates such as in the current study, experiments 
are designed in which the excess of one of the two substrates remains the same, also 
allowing to make overlay plots to judge product inhibition/catalyst deactivation 
events. The parameter called the ‘excess’ is defined as initial concentration difference 
of two reactants that remains constant from beginning to the end. Accordingly, two 
reactions with same excess values with different absolute initial concentrations of the 
substrates were performed. From the plot of these two reactions (reaction rate versus 
substrate concentration) it is clear that these do not overlay, having a slower reaction 
rate for that with the highest concentration (Figure 2A). This indicates that we have  

 
 

 

Figure 2. Same excess experiments A) Comparison of run a: [6a]=0.24 M, [8d]=0.36 M and run b: 
[6a]=0.18 M, [8d]=0.30 M, by reaction rate versus concentration of allylic alcohol, 6a. B) 
Comparison of run a with product added reaction run c: [6a]=0.18 M,  [8d]=0.30 M, [8ad]=0.06 M.  
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catalyst decomposition or product inhibition. According to the Blackmond protocol, 
an additional experiment was performed with the same excess and in the presence of 
product. The concentrations were chosen as such that the amount of substrate is 
identical that in experiment b, and the amount of product plus substrate is identical to 
that in experiment a. As is clear from the Figure 2B, the plots of reaction a and c are 
now nicely overlaying, indicating that the reaction suffers from product inhibition. 

The perfect overlap observed in Figure 2B also shines light on the effect of 
water as additive under these conditions. In principle water, which is released during 
the reaction, could play a role in the activation of allylic alcohols, as has been observed 
for other systems.[13b] However, in our system water is not playing a major role, as 
otherwise the experimental kinetic curves of experiment b and c would not have over-
layed. Full overlap of these kinetic curves suggests that the water that is formed during 
the reaction is neither participating significantly in product inhibition nor in allyl 
alcohol activation.  

 
Scheme 5. Proposed mechanism for amination reactions of allylic alcohols. 

Based on the kinetic data we propose the mechanism for direct activation of 
allylic alcohols for the amination reactions as depicted in Scheme 5. In situ formed 
cationic phosphoramidite palladium precursor 9 reacts with the nucleophile to 
generate species 12. Alkene exchange leads to the formation of the Pd intermediate 10. 
Subsequently, oxidative addition leads to the allyl intermediate 11, which can undergo 
nucleophilic attack to form the product. Product inhibition is explained by the 
equilibrium between 12 and 10. Zero order kinetics in nucleophile and first order 
kinetics in allylic alcohol, Pd and 1,3-diethylurea indicate that the oxidative addition is 
the rate determining step. This oxidative addition reaction is facilitated by the urea 
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additive. Preliminary DFT calculations suggest that both in 10 and 10' a hydrogen 
bond is formed between the substrate and the ligand, whereas in 10' also hydrogen 
bonds are formed between the urea N-H and the alcohol (Figure 3). Further 
calculations should demonstrate the effect of these hydrogen bonds on the transition 
states that lead to 11.   

2.3 Conclusions 

We report a new, efficient, 
regioselective Pd catalyst system for direct 
activation of allylic alcohols that can be 
applied in alkylation and amination reactions. 
The catalyst has a broad substrate scope and 
is tolerant towards different functional 
groups. The phosphoramidite ligand with 
phenyl alanine moiety has functional groups 
that form supramolecular interactions with 
the substrate. In addition, the 1,3-diethylurea 
building also forms hydrogen bonds with the 
allylic alcohol, which leads to activation of 
the allylic alcohols. Detailed kinetic studies 
for amination reactions show that this 

reaction is first order in allyl alcohol, urea, and palladium, supporting that oxidative 
addition is the rate determining step and this step facilitated by urea. This simple 
catalyst system opens up new synthetic routes to functionalize allylic alcohols with a 
minimum of waste formation, including those based on biorenewable terpenols. 

2.4 Experimental Section 

2.4.1. General  

All reactions were carried out under an argon atmosphere using standard Schlenk techniques. 
Toluene was distilled from sodium under nitrogen. NMR spectra were measured on a Bruker 
AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P respectively). High resolution 
mass spectra were recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; with 
EI+ method. ESI-MS measurements were recorded on a Shimadzu LCMS-2010A liquid 
chromatography mass spectrometer by direct injection of the sample to the ESI probe.  GC-MS 
measurements were recorded on HP-Agiliant with a Restek RTX column (5 amine-Crossbond 
5% diphenyl, 95% dimethylpolysiloxane, 30 m column, 0.25 mm diameter, 0.25 µm film 
thickness). For the kinetic experiments Interscience Focus Chiral GC with varian capillary 
column (CP-Chirasil-Dex CB 25 m column, 0.32 mm diameter, 0.25 µm film thickness) was used. 

2.4.2. Materials 

All reagents were purchased from commercial suppliers and used without further purification, 
with the exception of N-methylaniline that has been purified with kugelroh. Ligand 318, (S)-(+)-

 
 

Figure 3. DFT calculated intermediates of 
10 and 10', displaying hydrogen bonds that 
are crucial according to kinetic analysis of 
reaction mechanism (Scheme 5). 
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(3,5-Dioxa-4-phosphacyclohepta[2,1-a;3,4-a']di-naphthalen-4-yl) iso- propylamine, ligand 418, 
(2S)-Methyl-2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo [d,f] [1,3,2]dioxa-phosphepin-6-ylamino) 
benzylethanoate, and Pd precursor, [(η3-allyl)Pd (cod)]BF4

22, were synthesized according to the 
literature. 

2.4.3. Ligand optimization for Allylic Alkylation reactions of alcohols 

General procedure for the optimization reactions (Table 1): Indole, 5a, (0.128 mmol) and cinnamyl 
alcohol, 6a, (0.128 mmol) added to the mixture of [(η3-allyl)Pd(cod)]BF4 (0.00384 mmol) and 
ligand 1 (0.00768 mmol) in toluene (0.1 ml). The reaction mixture heated up to 80 °C and stirred 
for 20 h. Phenyl urea (0.00384 mmol) was added for the reactions that has been noted (Table 1-
entry 2, 4, 6 and 8). Reactions were stopped by cooling down to room temperature. Mesitylene 
(0.0574 mmol) was used as an external standard and it was added to the crude reaction mixture 
after evaporation of the reaction solvent. NMR spectra of each reaction were recorded in CDCl3 
and the product yields calculated from the relative integration between standard and the product. 
Results are reported in Table 1. 

2.4.4. Allylic Alkylation and Amination Reactions 

General procedure for catalytic reactions: Allylic alcohol, 6a, (0.5 mmol) and nucleophile, 8a, (0.75 
mmol) added to the mixture of [(η3-allyl)Pd(cod)]BF4, (3 mol%), 1,3-diethylurea (3 mol%) and 
ligand 4, (6 mol%) in toluene (2.5 ml). Reactions were completed in 20 h at 80 °C. Isolated 
reaction products identified with GC-MS and their NMR spectra agreed with literature. 
*Instead of phenyl urea 1,3-diethylurea was used in these reactions to improve solubility and 
reactions were performed for 0.2 M alcohol in toluene instead of 1.28 M. Control experiments 
show no difference in the product yields for concentration variation and replacement of phenyl 
urea with the 1,3-diethylurea. 

2.4.5. Control Experiments for Urea Derivatives 

Further comparison with other urea derivatives also showed the best activity with 1,3-
diethylurea. Urea, 1,3-bistrimethylsilylurea, thiourea and (4-Fluorophenyl)thiourea examined for 
this purpose. The model amination reaction of kinetic analysis was used for this study (Scheme 
4). Reactions with 6 mol% urea derivatives followed in time and displayed the highest reaction 
rate for 1,3-diethylurea (Figure 4).  

 

Figure 4. The reaction progress in the presence of 6 mol% urea derivatives; a (1,3-diethylurea), b 
(urea), c (1,3-bistrimethylsilylurea), d (thiourea),  e (4-Fluorophenyl)thiourea).  

2.4.6. Kinetic Experiments 

Reaction procedures for kinetic experiments: Commercially available cinnamyl alcohol was pre-dried by 
co-evaporation of toluene. N-Methylaniline purified with Kugelroh apparatus. All reactants and 
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reagents were stored under Ar and weighed in glovebox. Stock solutions were prepared for the 
Pd-catalyst (3 mol% [(η3-allyl)Pd(cod)]BF4), and cinnamyl alcohol in dry toluene in the glovebox. 
Stock solutions of cinnamyl alcohol, 6a, were prepared in the presence of internal standard, 1,3,5-
Methoxybenzene, according to the amounts that are given in Tables (5, 6, 7, 8, 9). N-
methylaniline, 8d, and the mixture of 6a and standard, from stock solutions, were added to the 
reaction schlenks in the glovebox. Pd-catalyst (3 mol% [(η3-allyl)Pd(cod)]BF4, 3 mol % 1,3-
diethylurea and 6 mol% ligand 4) was added to these mixture and recorded as an initial time. All 
kinetic experiments were done at room temperature. Reactions were followed in time with GC 
and conversions were calculated according to the internal standard-reactant/product ratio that 
was calibrated in GC formerly. 

Table 5. Reaction conditions for determination of cinnamyl alcohol dependency: Run (1-5). 

Run [6a] (M) [8d] (M) IS (M) Pd catalyst (M) Rate (M h-1) 
1 0.36 0.36 0.12 0.0072 0.3076 
2 0.32 0.36 0.12 0.0072 0.2767 
3 0.24 0.36 0.12 0.0072 0.2021 
4 0.16 0.36 0.12 0.0072 0.1799 
5 0.10 0.36 0.12 0.0072 0.0908 

The model amination reaction of kinetic studies is displayed in Scheme 4. We varied the 
concentration of cinnamyl alcohol (Table 5), N-methylaniline (Table 6), Pd catalyst (Table 7) and 
1,3-diethylurea (Table 8) to determine the reaction rate dependency of each one. Only one 
variable was changed each run while the concentration of the other reactants and reagents were 
kept constant. The reaction conditions are reported in the tables (Table 5, 6, 7 and 8) and 
reaction rate dependency of the each reactant concluded from the rate vs substrate graphs (Figure 
1).  
General procedure for reaction progress following techniques: Reactions were followed with GC in time 
until the reaction complete. The data collected for every 5 minutes for the first hour as the 
reaction rate is high in the beginning. For the rest of the reaction we decrease the sampling 
frequency gradually. We followed the concentration changes of each reactant/product and 
calculated concentrations according to internal standard. These data were smoothed, to minimize 
the noise inherent in the integral measurements with the computational program Origin 8.0 
applying the ExpDec3 equation; ‘’y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t3) + y0’’. 
We have used the fitted data, which shows high compatibility with the original data, to determine 
the reaction rate dependency of each compound (Figure 5).  

The initial data points of the fitted data of run 
1, data points between 0.3-0.5 M conversions, is 
chosen to calculate the reaction rate. Due to 
substantially fast reaction rate of first 5 
minutes, the reaction starts immediately after 
the addition of the catalyst, the data up to 0.3 M 
conversion were not used to prevent 
inaccuracy. Same procedure is applied in all 
kinetic experiments. 

 
 

Figure 5. N-Methylaniline concentration versus  
time for run 1, comparison of raw and fitted data. 
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Table 6. Reaction conditions for determination of N-Methylaniline dependency: Run (6-9) 

Run [6a] (M) [8d] (M) IS (M) Pd catalyst (M) Rate (M h-1) 
6 0.24 0.40 0.12 0.0072 0.2187 
7[a] 0.24 0.36 0.12 0.0072 0.2021 
8 0.24 0.30 0.12 0.0072 0.219 
9 0.24 0.28 0.12 0.0072 0.21 
[a]: Same experimental conditions with run 3. Data points were used from run 3, Table 5. 

 
Table 7. Reaction conditions for determination of Pd catalyst dependency: Run (10-13) 

Run [6a] (M) [8d] (M) IS (M) Pd catalyst (M) Rate (M h-1) 
10 0.24 0.36 0.12 0.0036 0.1088 
11[a] 0.24 0.36 0.12 0.0072 0.2021 
12 0.24 0.36 0.12 0.0108 0.3271 
13 0.24 0.36 0.12 0.0144 0.3545 
[a]: Same experimental conditions as run 3. Data points were used from run 3, Table 5. 

 
Table 8. Reaction conditions for determination of Urea dependency: Run (14-19) 

Run [6a] (M) [8d] (M) IS (M) Pd catalyst (M) Urea (M) Rate (M h-1) 
14 0.24 0.36 0.12 0.0072 0 0,1637 
15[a] 0.24 0.36 0.12 0.0072 0.0072 0.2021 
16 0.24 0.36 0.12 0.0072 0.0144 0.3732 
17 0.24 0.36 0.12 0.0072 0.024 0.5537 
18 0.24 0.36 0.12 0.0072 0,048 0.5842 
19 0.24 0.36 0.12 0.0072 0.072 0.6037 
[a]: Same experimental conditions as run 3. Data points were used from run 3, Table 5. 

2.4.5.1 Same Excess Experiments20 

Same excess experiments were studied to investigate whether product inhibition or catalyst 
deactivation takes place during the catalysis. Excess is defined as the initial concentration 
difference between two reactants, [8d]-[6a]=[excess], and assigned to 0.12 M for each run (Table 
9). Two reactions with same excess values but different initial reactant concentrations, run a and 
run b, were compared in Figure 2a. The reaction rate difference between two run suggested that 
there is either product inhibition or catalyst deactivation. Thereupon, an additional experiment 
was performed in the presence of 0.06 M product that was added in the beginning to the reaction 
(run c). By this way, identical reaction conditions of run a was simulated. (On the time when run a 
has 0.06 M product, there was 0.18 M cinnamyl alcohol and 0.30 M N-Methylaniline remained). 
Comparison of this two run (run a and c) in reaction rate versus cinnamyl alcohol concentration 
graph illustrated an absolute overlapping of two curve that is a strong indication for product 
inhibition (Figure 2b). 

Table 9. Reaction conditions of same excess experiments: Run (a-c) 

Run [6a] (M) [8d] (M) IS (M) Pd catalyst (M) Product [8ad] (M) Excess (M) 
a 0.24 0.36 0.12 0.0072 - 0.12 
b 0.18 0.30 0.12 0.0072 - 0.12 
c 0.18 0.30 0.12 0.0072 0.06 0.12 
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2.4.6. Identification of the π-allyl intermediates for the isomeric alcohols 

ESI-MS measurements were done to gain insight information for the reaction mechanism 
with LC-MS by direct injection. The isomeric alcohols geraniol and linalool were chosen for this 
study. We run these two experiments with standard catalytic reaction conditions and took 
samples after 3 h (Scheme 6). The reaction samples were prepared in acetonitrile for the LC-MS 
measurements. As predicted, we observed the same mass for both, linear and branched, alcohols 
at m/z 1374 designated as π-allyl intermediate with alcohol moiety (Figure 6 and 7). Besides that, 
we also observed the starting Pd-allyl precursor with ligand 4 coordinated to the Pd (2:1 
equivalent) at m/z 1277. The fragment at m/z 808 is corresponding to the 1:1 ligand 4:Pd 
coordinated complex. 

 

Scheme 6. Reaction 1 and 2 for π-allyl intermediate identification with LC-MS.  

 

Figure 6. ESI-MS spectrum of π-allyl intermediates of Pd catalyst with geraniol (reaction 1). 
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Figure 7. ESI-MS spectrum of π-allyl intermediates of Pd catalyst with linalool (reaction 2). 

2.4.7 Characterization data  

2.4.7.1 Products of Allylic Alkylation reactions (Table 2) 

3-cinnamyl-1H -indole (7aa)23: Purified by column chromatography with (1:3, Hexane: 
Dichloromethane) eluent system, 42 % yield. 1H NMR (CDCl3, 400 MHz): δ 7.82 (bs, 1H), 7.56 
(d, J = 7.9 Hz, 1H), 7.31-7.07 (m, 7H), 7.08-6.99 (m, 1H), 6.97-6.87 (m, 1H), 6.46 (d, J = 15.9 Hz, 
1H), 6.38 (dt, J = 15.7, 6.1 Hz, 1H), 3.60 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ  
137.6, 136.3, 130.3, 129.2, 129.0, 127.4, 126.9, 126.0, 122.0, 121.7, 119.3, 119.0, 114.5, 111.0, 28.9. 
HR MS (FAB): calcd. for C17H15N [M+H]+: 233.1204, found: 233.1253. 

3-cinnamyl-1-methyl-1H -indole (7ba)23: Purified by column chromatography with (10:1, 
Pentane: Dichloromethane) eluent system, 69 % yield. 1H NMR (CDCl3, 400 MHz): δ  7.75 (d, J 
= 7.9 Hz, 1H), 7.47 (d, J = 7.9 Hz, 2H), 7.42-7.27 (m, 5H), 7.22 (t, J = 7.4 Hz, 1H), 6.97 (s, 1H), 
6.65 (d, J = 15.9 Hz, 1H), 6.57 (dt, J = 15.7, 6.2 Hz, 1H), 3.82 (s, 3H), 3.78 (d, J = 6.1 Hz, 2H). 
13C NMR (101 MHz, CDCl3): δ 137.7, 137.1, 130.2, 129.4, 128.5, 127.8, 126.9, 126.6, 126.1, 
121.6, 119.2, 118.7, 113.0, 109.2, 32.6, 28.9. HR MS (FAB): calcd. for C18H17N [M+H]+: 
247.1361, found: 247.1403. 

3-cinnamyl-2-methyl-1H -indole (7ca)23: Purified by column chromatography with (1:30, Ethyl 
acetate: Hexane) eluent system, 77 % yield. 1H NMR (CDCl3, 400 MHz): δ 7.81-7.56 (m, 2H), 
7.55-7.11 (m, 8H), 6.57 (d, J = 15.9 Hz, 1H), 6.50 (dt, J = 15.7, 5.7 Hz, 1H), 3.74 (d, J = 5.6 Hz, 
2H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 137.8, 135.2, 131.5, 129.6, 129.6, 128.7, 128.5, 
126.8, 126.1, 121.0, 119.2, 118.3, 110.3, 109.2, 27.8, 11.6. HR MS (FAB): calcd. for C18H17N 
[M+H]+: 247.1361, found: 247.1397. 
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3-cinnamyl-5-methoxy-1H -indole (7da)23: Purified by column chromatography with (1:4, 
Pentane: Dichloromethane) eluent system, 78 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.91 (brs, 
1H), 7.54-7.38 (m, 4H), 7.38-7.21 (m, 3H), 7.06-6.99 (m, 2H), 6.67 (d, J = 15.9 Hz, 1H), 6.59 (dt, 
J = 15.8, 6.2 Hz, 1H), 3.97 (s, 3H), 3.78 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 
153.9, 137.7, 131.6, 130.4, 129.3, 128.5, 127.8, 127.0, 126.1, 122.8, 114.1, 112.1, 112.0, 101.0, 55.9, 
29.0. HR MS (FAB): calcd. for C18H17NO [M+H]+: 263.1310, found: 263.1360. 

(E)-3-(1,3-diphenylallyl)-1H -indole (7ab)24: Purified by column chromatography with (1:3, 
Hexane: Dichloromethane) eluent system, 97 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.96 (brs, 
1H), 7.50 (d, J = 7.9 Hz, 1H), 7.47-7.20 (m, 12H), 7.10 (t, J = 7.5 Hz, 1H), 6.93 (d, J = 1.7 Hz, 
1H), 6.80 (dd, J = 15.8, 7.4 Hz, 1H), 6.51 (d, J = 15.8 Hz, 1H), 5.19 (d, J = 7.4 Hz, 1H). 13C 
NMR (101 MHz, CDCl3): δ  13C NMR (101 MHz, CDCl3) δ 143.3, 137.4, 136.6, 132.5, 130.5, 
128.4, 128.4, 127.1, 126.7, 126.3, 126.3, 122.6, 122.0, 119.8, 119.4, 118.6, 111.0, 46.1. HR MS 
(FAB): calcd. for C23H19N [M+H]+: 309.1517, found: 309.1575. 

3-allyl-1H -indole (7ac)7d: Purified by column chromatography with (1:3, Ethyl acetate: Hexane) 
eluent system, 22 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.96 (s, 1H), 7.65 (d, J = 7.9 Hz, 1H), 
7.39 (d, J = 8.0 Hz, 1H), 7.24 (t, J = 7.5 Hz, 1H), 3.57 (d, J = 6.4 Hz, 1H), 7.05-6.99 (m, 1H), 6.12 
(ddt, J = 16.6, 10.0, 6.5 Hz, 1H), 5.27-5.07 (m, 2H), 3.57 (d, J = 6.4 Hz, 2H). 13C NMR (101 
MHz, CDCl3): δ 137.2, 136.3, 127.3, 121.9, 121.5, 119.1, 119.0, 115.1, 114.4, 111.0, 29.7. HR MS 
(FAB): calcd. for C11H11N [M+H]+: 157.0891, found: 157.0978. 

Mixture of (E)-3-(but-2-en-1-yl)-1H -indole (a), 3-(but-3-en-2-yl)-1H -indole (b) and 1,3-
di((E)-but-2-en-1-yl)-1H -indole (c) (7ad and 7ae)7d: Purified by column chromatography with 
(1:3, Ethyl acetate: Hexane) eluent system. For both linear and branched allylic alcohol, 6d and 
6e, mixture of linear, branched and di-substituted products were obtained with the same ratio as 
(a:b:c)-(9:3:1), 26 and 19 % yield, respectively.  1H NMR (CDCl3, 400 MHz): δ  7.91 (s, 1H), 7.68 
(dd, J = 16.3, 7.9 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.24 (t, J = 7.5 Hz, 1H), 7.20-7.12 (m, 2H), 
7.00 (d, J = 1.9 Hz, 2H), 6.13 (ddd, J = 17.0, 10.2, 6.7 Hz, 0.25H, 1HB), 5.83-5.57 (m, 1.40H, 
2HA) 5.19 (dt, J = 17.2, 1.5 Hz, 0.25H, 1HB), 5.09 (dt, J = 10.2, 1.4 Hz, 0.25H, 1HB), 3.89-3.74 
(m, 0.25H, 1HB), 3.58 (d, J = 6.9 Hz, 0.20H, 4HC), 3.56-3.43 (m, 1.40H, 2HA), 1.86-1.77 (m, 
0.20H, 6HC), 1.80-1.68 (m, 2.1H, 3HA), 1.53 (d, J = 7.0 Hz, 0.75H, 3HB). 13C NMR (101 MHz, 
CDCl3): δ  143.2, 136.5, 136.3, 129.7, 128.9, 127.4, 126.7, 125.6, 124.3, 121.8, 121.3, 121.1, 120.3, 
120.2, 119.5, 119.1, 119.1, 118.9, 115.4, 112.7, 111.0, 111.0, 34.8, 29.4, 28.5, 22.9, 20.1, 17.8, 12.8. 
HR MS (FAB): calcd. for C12H13N [M+H]+: 171.1048, found: 171.1091. 

3-(cyclohex-2-en-1-yl)-1H -indole (7af)24: Purified by column chromatography with (1:10, Ethyl 
acetate: Pentane) eluent system, 21 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.95 (brs, 1H), 7.69 
(d, J = 7.9 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 
6.99 (brs, 1H), 5.94-5.86 (m, 2H), 3.76 (t, J = 5.6 Hz, 1H), 2.17-2.06 (m, 3H), 1.90-1.61 (m, 3H).  
13C NMR (101 MHz, CDCl3): δ 136.5, 130.2, 127.5, 126.5, 121.8, 121.3, 120.8, 119.1, 119.0, 
111.0, 32.5, 30.0, 25.1, 20.7. HR MS (FAB): calcd. for C14H15N [M+H]+: 197.1204, found: 
197.1261. 

2.4.7.2 Products of Allylic Amination reactions (Table 3) 

N-cinnamylaniline (8aa)21: Purified by column chromatography with (1:3, Hexane: 
Dichloromethane) eluent system, yielding 78 % product 8aa and 7 % bis-allylated product. 1H 
NMR (CDCl3, 400 MHz): δ 7.48 (d, J = 7.3 Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.37-7.25 (m, 3H), 
6.88-6.82 (m, 1H), 6.77 (d, J = 8.5 Hz, 2H), 6.72 (d, J = 15.9 Hz, 1H), 6.42 (dt, J = 15.9, 5.8 Hz, 
1H), 4.01 (d, J = 5.8 Hz, 2H), 3.86 (brs, 1H). 13C NMR (101 MHz, CDCl3): δ 148.0, 136.8, 131.4, 
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129.2, 128.6, 127.5, 127.0, 126.3, 117.6, 113.0, 46.2. HR MS (FAB): calcd. for C15H15N [M+H]+: 
209.1204, found: 209.1254. 

N,N-dicinnamylaniline (8aa`)21: 7 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.45-7.16 (m, 
12H), 6.86 (d, J = 8.2 Hz, 2H), 6.76 (t, J = 7.2 Hz, 1H), 6.58 (d, J = 15.9 Hz, 2H), 6.32 (dt, J = 
15.9, 5.2 Hz, 2H), 4.18 (d, J = 5.1 Hz, 4H). 13C NMR (101 MHz, CDCl3): δ 148.7, 136.8, 131.1, 
129.2, 128.5, 127.3, 126.2, 125.8, 116.5, 112.5, 52.1. HR MS (FAB): calcd. for C24H23N [M+H]+: 
325.1830, found: 325.1889. 

N-cinnamyl-3-nitroaniline (8ba)12c :Purified by column chromatography with (1:4, Ethyl 
acetate: Hexane) eluent system, yielding 74 % product 8ba and 8 % bis-allylated product. 1H 
NMR (CDCl3, 400 MHz): δ 7.60-7.52 (m, 1H), 7.47 (t, J = 2.2 Hz, 1H), 7.43-7.25 (m, 6H), 6.94 
(dd, J = 8.1, 2.3 Hz, 1H), 6.67 (d, J = 15.9 Hz, 1H), 6.31 (dt, J = 15.9, 5.7 Hz, 1H), 4.30 (brs, 1H), 
4.01 (d, J = 5.7 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 149.3, 148.6, 136.4, 132.1, 129.7, 128.6, 
127.7, 126.3, 125.4, 118.8, 112.0, 106.5, 45.7. HR MS (FAB): calcd. for C15H14N2O2 [M+H]+: 
254.1055, found: 254.1138. 

N,N-dicinnamyl-3-nitroaniline (8ba`)12c: 8 % yield. 1H NMR (CDCl3, 400 MHz): δ 7.71-7.62 
(m, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.44-7.22 (m, 11H), 7.07 (d, J = 8.4 Hz, 1H), 6.58 (d, J = 15.9 
Hz, 2H), 6.34-6.17 (m, 2H), 4.24 (d, J = 5.2 Hz, 4H). 13C NMR (101 MHz, CDCl3): δ 149.4, 
149.1, 136.3, 131.8, 129.7, 128.5, 127.7, 126.3, 124.1, 117.9, 111.0, 106.4, 52.3, 29.4. HR MS 
(FAB): calcd. for C24H22N2O2 [M+H]+: 370.1681, found: 370.1768. 

N-cinnamyl-4-nitroaniline (8ca)12c: Purified by column chromatography with (1:3, Ethyl 
acetate: Hexane) eluent system, 76 % yield. 1H NMR (CDCl3, 400 MHz): δ 8.18-8.05 (m, 2H), 
7.43-7.31 (m, 4H), 7.32-7.24 (m, 1H), 6.71-6.55 (m, 3H), 6.28 (dt, J = 15.9, 5.7 Hz, 1H), 4.83 (brs, 
1H), 4.17-3.93 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 153.0, 138.1, 136.1, 132.5, 128.6, 127.9, 
126.3, 126.3, 124.6, 111.2, 45.3. HR MS (FAB): calcd. for C15H14N2O2 [M+H]+: 254.1055, 
found: 254.1134. 

N-cinnamyl-N-methylaniline (8da)21: Purified by column chromatography with (1:3, Hexane: 
Dichloromethane) eluent system, 95 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.66-7.30 (m, 7H), 
7.04-6.86 (m, 3H), 6.68 (d, J = 15.9 Hz, 1H), 6.41 (dt, J = 15.9, 5.5 Hz, 1H), 4.22 (dd, J = 5.4, 1.3 
Hz, 3H), 3.13 (s, 2H). 13C NMR (101 MHz, CDCl3): δ 149.6, 136.9, 131.3, 129.3, 128.6, 127.5, 
126.4, 125.8, 116.6, 112.7, 54.9, 38.0. HR MS (FAB): calcd. for C16H17N [M+H]+: 223.1361, 
found: 223.1409. 

N-cinnamyl-N-ethylaniline (8ea)25: Purified by column chromatography with (1:3, Hexane: 
Dichloromethane) eluent system, 87 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.55-7.30 (m, 7H), 
6.95-6.79 (m, 3H), 6.66 (d, J = 15.9 Hz, 1H), 6.39 (dt, J = 15.9, 5.2 Hz, 1H), 4.19 (dd, J = 5.2, 1.5 
Hz, 2H), 3.57 (q, J = 7.0 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 148.3, 
137.0, 130.8, 129.3, 128.5, 127.4, 126.5, 126.3, 116.0, 112.2, 52.2, 44.7, 12.3. HR MS (FAB): 
calcd. for C17H19N [M+H]+: 237.1517, found: 237.1567. 

N-benzyl-3-phenylprop-2-en-1-amine (8fa)21: Purified by column chromatography with (100% 
Ethyl acetate) eluent system, 55 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.48-7.17 (m, 10H), 
6.58 (d, J = 15.9 Hz, 1H), 6.36 (dt, J = 15.9, 6.3 Hz, 1H), 3.89 (s, 2H), 3.57-3.38 (m, 2H), 2.41 
(brs, 1H). 13C NMR (101 MHz, CDCl3): δ 139.6, 136.9, 131.7, 128.5, 128.4, 128.2, 127.8, 127.3, 
127.0, 126.2, 53.0, 50.9. HR MS (FAB): calcd. for C16H17N [M+H]+: 223.1361, found: 223.1416. 

4-cinnamylmorpholine (8ga)21: Purified by column chromatography with (1:1, Pentane: 
Acetone) eluent system, 85 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.39 (d, J = 7.8 Hz, 2H), 
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7.31 (q, J = 6.9, 6.5 Hz, 2H), 7.24 (t, J = 7.2 Hz, 1H), 6.54 (d, J = 15.9 Hz, 1H), 6.27 (dt, J = 15.6, 
6.8 Hz, 1H), 3.82-3.61 (m, 4H), 3.16 (d, J = 6.8 Hz, 2H), 2.51 (brs, 4H). 13C NMR (101 MHz, 
CDCl3): δ 136.7, 133.3, 128.5, 127.5, 126.2, 125.9, 66.9, 61.4, 53.6. HR MS (FAB): calcd. for 
C13H17NO [M+H]+: 203.1310, found: 203.1355. 

Mixture of (E)-N-(but-2-en-1-yl)aniline (a), N-(but-3-en-2-yl)aniline (b) and N,N-di((E)-
but-2-en-1-yl)aniline (c)(8ad and 8ae)21 : Purified by column chromatography with (1:3-
Hexane: Dichloromethane) eluent system. For both linear and branched allylic alcohol, 6d and 
6e, mixture of linear, branched and di-substituted products were obtained with the same ratio as 
(a: b: c )-(9: 1: 1), in 55 % and 64 % yield, respectively. 1H NMR (CDCl3, 400 MHz): δ 7.31-7.14 
(m, 2H), 6.82-6.72 (m, 1H), 6.72-6.61 (m, 2H), 5.90 (ddd, J = 17.2, 10.3, 5.6 Hz, 0.10H, 1HB), 
5.84-5.57 (m, 1.80H, 2HA), 5.33-5.23 (m, 0.10H, 1HB), 5.15 (dd, J = 10.3, 1.2 Hz, 0.10H, 1HB), 
4.11-3.99 (m, 0.10H, 1HB), 3.89-3.79 (m, 0.40H, 4HC), 3.77-3.65 (m, 2.30H, 2HA), 1.83-1.70 (m, 
2.81H, 3HA/C), 1.37 (d, J = 6.7 Hz, 0.25H, 3HB). 13C NMR (101 MHz, CDCl3): δ 148.2, 141.2, 
129.1, 129.1, 128.0, 127.8, 127.6, 127.1, 117.3, 112.9, 55.6, 51.0, 45.9, 40.8, 29.5, 21.6, 17.7, 13.1. 
HR MS (FAB): calcd. for C10H13N [M+H]+: 147.1048, found: 147.1085. 

N-(3-methylbut-2-en-1-yl)aniline (8ag)21: Purified by column chromatography with (1:1, 
Hexane: Dichloromethane) eluent system. Both linear, 6g, and branched, 6h, allylic alcohols 
produced the single linear product, 8ag, in 61 % and 54 % yield, respectively. 1H NMR (CDCl3, 
400 MHz): δ 7.30-7.16 (m, 2H), 6.78 (t, J = 7.3 Hz, 1H), 6.68 (d, J = 8.2 Hz, 2H), 5.46-5.35 (m, 
1H), 3.75 (d, J = 6.7 Hz, 2H), 3.57 (brs, 1H), 1.81 (d, J = 15.6 Hz, 6H). 13C NMR (101 MHz, 
CDCl3): δ 148.4, 135.5, 129.1, 121.6, 117.2, 112.8, 41.9, 25.6, 17.9. HR MS (FAB): calcd. for 
C11H15N [M+H]+: 161.1204, found: 161.1246. 

N-(cyclohex-2-en-1-yl)aniline (8af)21: Purified by column chromatography with (1:1, Hexane: 
Dichloromethane) eluent system, 84 % yield.  1H NMR (CDCl3, 400 MHz): δ 7.34-7.13 (m, 2H), 
6.82-6.72 (m, 1H), 6.69 (d, J = 8.4 Hz, 2H), 5.96-5.88 (m, 1H), 5.86-5.79 (m, 1H), 4.07 (brs, 1H), 
3.70 (s, 1H), 2.23-2.03 (m, 2H), 2.05-1.92 (m, 1H), 1.85-1.64 (m, 3H). 13C NMR (101 MHz, 
CDCl3): δ 147.1, 130.1, 129.3, 128.5, 117.1, 113.2, 47.8, 28.8, 25.1, 19.6. HR MS (FAB): calcd. 
for C12H15N [M+H]+: 173.1204, found: 173.1242. 

2.4.7.3 Products of Allylic Amination reactions with Terpenols (Table 4) 

Mixture of (E) and (Z)-N-(3,7-dimethylocta-2,6-dien-1-yl)aniline (8ak)21: Purified by 
column chromatography with (1:20, ethylacetate:hexane) eluent system. Both linear, 6k, and 
branched, 6l, allylic alcohols produced the single linear product 8ak with (1:1.6) E/Z ratio in 74 
% and 57 % yield, respectively. 1H NMR (CDCl3, 400 MHz): δ 7.24-7.20 (m, 2H), 6.75 (tq, J = 
7.1, 0.9 Hz, 1H), 6.67-6.64 (m, 2H), 5.42-5.36 (m, 1H), 5.19-5.12 (m, 1H), 3.75-3.71 (m, 2H), 3.61 
(bs, 1H), 2.17-2.07 (m, 4H), 1.80-1.73 (m, 6H), 1.65(bs, 3H). 13C NMR (101 MHz, CDCl3): δ 
148.5, 148.4, 139.3, 139.0, 123.9, 123.9, 122.4, 121.6, 117.3, 112.9, 42.0, 41.7, 39.6, 32.2, 29.5, 
26.5, 26.5, 25.8, 25.7, 23.4, 17.8, 17.7, 16.4. HR MS (FAB): calcd. for C16H23N [M+H]+: 
230.1909, found: 230.1904. 

Mixture of (E) and (Z)-N-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)aniline(8am)26: 
Purified by column chromatography with (1:15, ethylacetate:hexane) eluent system. Both linear, 
6m, and branched, 6n, allylic alcohols produced the single linear product 8am with (1:1.6:1.7:2.5) 
and (1:1.4:1.6:2.4) E/Z ratio in 90 % and 96 % yield, respectively. 1H NMR (CDCl3, 400 MHz): 
δ 7.23-7.19(m, 2H), 6.75-6.71 (m, 1H), 6.66-6.63 (m,2H), 5.40-5.36 (m, 1H), 5.16-5.13 (m ,2H), 
3.74-3.71 (m, 2H), 3.60 (bs, 1H), 2.16-2.01 (m, 8H), 1.78-1.64 (m, 12H). 13C NMR (101 MHz, 
CDCl3): δ 148.3, 139.0, 135.2, 131.2, 129.1, 124.5, 124.2, 123.7, 122.1, 121.4, 117.2, 112.8, 41.9, 
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39.6, 31.9, 26.6, 25.6, 23.3, 17.6, 16.3. HR MS (FAB): calcd. for C21H31N [M+H]+: 298.2535, 
found: 298.2538. 

Mixture of (E) and (Z)-4-(3,7-dimethylocta-2,6-dien-1-yl)morpholine (8gk)27: Purified by 
column chromatography with (3:1, acetone:pentane) eluent system. Both linear, 6k, and 
branched, 6l, allylic alcohols produced the single linear product 8ak with (1:1.9) and (1:1.8) E/Z 
ratio in 81 % and 93 % yield, respectively. 1H NMR (CDCl3, 400 MHz): δ 5.28-5.24 (m, 1H), 
5.11-5.07 (m, 1H), 3.75-3.72 (m, 4H), 2.98 (d,J = 7 Hz, 2H), 2.46 (bs, 4H), 2.14-2.03 (m, 4H), 
1.70-1.66 (m, 6H), 1.62-1.61 (m, 3H). 13C NMR (101 MHz, CDCl3): δ 139.3, 131.6, 124.1, 120.3, 
67.0, 56.4, 53.7, 53.6, 39.8, 32.2, 26.4, 25.7, 17.7, 16.4. HR MS (FAB): calcd. for C14H25NO 
[M+H]+: 224.2014, found: 224.2012. 

Mixture of (E) and (Z)-4-(3,7,11-trimethyldodeca-2,6,10-trien-1-yl)morpholine (8gm): 
Purified by column chromatography with (1:1 acetone:pentane) eluent system. Both linear, 6m, 
and branched, 6n, allylic alcohols produced the single linear product 8gm in 57% yield with 
(1:1.3.3:2.5) and (1:6.7:5.0) E/Z ratio, respectively. 1H NMR (CDCl3, 400 MHz): δ 5.29-5.25 (m, 
1H), 5.13-5.08 (m, 2H), 3.74 (t, J=4.5 Hz, 4H), 3.00 (d, J=6.8 Hz, 2H), 2.48 (bs, 4H), 2.15-1.97 
(m, 8H), 1.76-1.61 (m, 12H). 13C NMR (101 MHz, CDCl3): δ 167.7, 135.3, 132.3, 130.8, 128.7, 
124.1, 68.0, 66.1, 55.8, 52.7, 39.6, 31.9, 30.2, 25.6, 23.3, 17.6, 15.9, 13.9, 10.9. HR MS (FAB): 
calcd. for  C19H33NO [M+H]+: 292.2640, found: 292.2635. 
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3.1 Introduction 

Palladium catalyzed allylic substitution reactions are well-known transformations 
widely applied in organic synthesis.1 Recent developments focus on replacing the typical 
activated allylic reagents (typically substituted with carboxylates2, halides3 or phosphates4) 
by unactivated allylic alcohols in order to prevent stoichiometric amounts of waste 
formation. In early attempts, additional stoichiometric amounts of Lewis acid activators5, 
such as BEt3, SnCl2 or Ti(O-i-Pr)4, were required to pre-activate the allylic alcohols, but 
this approach again leads to stochiometric waste formation. Recently, the waste-free 
catalytic activation of unactivated allylic alcohols in Pd coupling reactions was explored 
by us6 and others7. The hydrogen-bond assisted palladium catalyst, 1a, that we developed 
afforded linear alkylated and aminated products selectively (Figure 1a). The monodentate 
phosphoramidite ligand, 1, based palladium complex operated best when activated by 
1,3-diethylurea. The yields in the absence of 1,3-diethylurea were lower and the reactions 
displayed poor reproducibility. Mechanistic studies showed that the oxidative addition of 
the allylic alcohol was the rate determining step (based on zero order kinetics in 
[nucleophile], first order kinetics in[urea] and [alcohol]). Along with this, DFT 
calculations demonstrated a H-bonding array between the catalyst, the substrate and the 
urea moiety, suggesting that urea assists in the oxidative addition step (Figure 1b).   

       

Figure1. a) The phosphoramidite ligand, 1, and the corresponding Pd complex, 1a. b) Schematic 
representation and DFT calculated structures of the proposed intermediates.6 

As the reactions only required one equivalent urea additives with respect to Pd 
complex, we wondered if the use of ligands with a covalently attached urea moiety would 
improve the catalytic activity. Such urea functionalized ligands might prevent the need of 
additional urea as the activation process could operate in an intramolecular manner, thus 
avoiding unfavorable entropy effects. To study this concept, selected urea functionalized 
ligands with different electronic properties, such as phosphine, phosphoramidite and 
phosphite, were explored in allylic substitution reactions and characterization studies 
were performed. 
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3.2 Results and Discussions 

The supramolecular approach, which we developed previously for the activation 
of allylic alcohols, was based on catalysts 1a and 1,3-diethylurea as a H-bonding co-
catalyst. To design a similar system with urea functionalized ligands operating in an 
intramolecular manner, we first investigated the ureaphosphineligands, 2 and 3, which 
were developed previously in our group (Scheme 1).8 Catalysis with the electronically 
similar but urea-free triphenylphosphine, 4, was also studied as a control experiment. The 
alkylation of cinnamyl alcohol with indole was the model reaction that we explored to 
examine this new concept (Table 1). The catalytic reactions were performed under the 
previously optimized conditions, in toluene at 80 °C, and all Pd complexes were prepared 
in situ by mixing the ligand with [(η3-allyl)Pd(cod)]BF4. 

 

 
 
Scheme 1. Schematic representation of 
ligands 2, 3 and 4. 
 

 
 

 
 
 
As reported earlier,6 catalysis with ligand 1 afforded the alkylation product in 62 % 

yield in the absence of 1,3-diethylurea, whereas the yield increased to 86 % yield in the 
presence of this co-catalyst (entries 1 and 2, Table 1). The catalysts based on ligands 2 
and 3 afforded the same product in only 12 % and 17 % yield, respectively (entries 3 and 
4). When urea-free ligand 4 was used, the product was obtained in 21 % yield, while the 
presence of urea increased the yield to 39 % (entries 5 and 6). Other studies9 have shown 
a clear relation between the electronic properties of the ligands and catalytic activity in 
allylic substitution reactions, showing that strong π-acceptor ligands show a higher 
activity in allylic substitution reactions. In agreement with this, a higher yield was 

Table 1. Urea functionalized ligands in Pd-catalyzed 
allylic alkylation reactions[a] 

Ph OH
N
H

N
H

Ph

 

Entry Ligand 
Yield 
(%)[b] 

1 1 62 

2 1 + 1,3-diethylurea[c] 86 

3 2 12 

4 3 17 

5 4 21 

6 4 + 1,3-diethylurea[c] 39 
[a] Reaction conditions: Cinnamyl alcohol (0.128 mmol), 
indole (0.128 mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 6 
mol% ligand, toluene (0.1ml), 80°C, 20 h. [b] Yields are 
determined via 1H-NMR where mesitylene used as an 
external standard. [c] 3 mol% 1,3-diethylurea was added.  
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observed with the stronger π-accepting phosphoramidite ligand 1 compared to 
(aryl)phosphines 2, 3 and 4. Most importantly, the comparison of ureaphosphine ligands 
with simple triphenylphosphine demonstrated that the urea as a part of the ligand did not 
lead to higher activity while having the urea moiety freely in solution did enhance the 
results.  
 Next, we explored the urea functionalized phosphoramidite and phosphite based 
ligands 5 and 6, which design was based on the original ligand 1 but are equipped with a 
covalently attached urea moiety. The same bi-phenyl backbone containing bulky t-Bu 
groups was employed. It should be noted that this type of bi-phenyl backbones, tropos, 
are dynamic around the axis that the motion can be regulated by the chiral substituents.10 

As the L-phenylalanine moiety of the ligand 1 possibly leads to a chiral induction onto 
the tropos backbone, we intended to examine this feature also in the new generation urea 
functionalized ligands. Therefore we prepared the achiral and chiral ligands 
ureaphosphoramidite, 5, and ureaphosphite, 6, which were synthesized by the coupling 
of substituted bi-phenyl phosphochlorides with functionalized phenylurea amine and 
alcohol, respectively (Scheme 2).  

 

Scheme 2. Ureaphosphoramidite ligand 5 
and ureaphosphite 6. 

 
 
The palladium complexes of these ligands were prepared in situ and subsequently 

applied in the allylic amination reaction in the presence and absence of 1,3-diethylurea. 
Amination of cinnamyl alcohol with N-methylaniline was chosen as the model reaction 
for analysis (Table 2). The complex based on ligand 1 resulted in 72 % product 
formation, which improved to 85 % in the presence of 3 mol % 1,3-diethylurea (entries 1 

Table 2. Tropos based urea functionalized ligands in 
Pd-catalyzed allylic amination reactions[a] 

OH
H
N

N+

 
Entry Ligand Yield (%)[b] 

1 1 72 

2 1 + 1,3-diethylurea[c] 85 

3[d] 5 16 

4[d] 5 +1,3-diethylurea[c] 34 

5 6 19 

6 6 +1,3-diethylurea[c] 26 
[a]Reaction conditions: Cinnamyl alcohol (0.5 mmol), 
N-methylaniline (0.75 mmol), 3 mol% [(η3-
allyl)Pd(cod)]BF4, 6 mol% ligand , toluene (2.5 ml), r.t. [b] 
GC results, 4h, (see experimental for the reaction 
progress profile in time, Figure 6). [c] 3 mol% 1,3-
diethylurea was added. [d] Reactions were performed at 
80 °C. 
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and 2, Table 2). The Pd complex of ligand 5 was active only after the reaction was heated 
to 80 °C. The product was obtained in 16 % and in 34 % yield in the absence and 
presence of additional 1,3-diethylurea, respectively (entries 3 and 4). Compared to the 
catalytic system based on ligand 1 that of ligand 5 displayed a much lower reaction rate. 
The complex of ureaphosphite ligand 6 also afforded the product in poor yield, but 
already at room temperature. Addition of 1,3-diethylurea did not lead to appreciably 
higher yields in this case (entries 5 and 6). In short, the urea functionalized ligand 
complexes showed lower activity compared to ligand 1 and the addition of external 1,3-
diethylurea still improved the yields (see experimental section, Figure 6). This suggested 
that the covalently attached urea functional group has no or little effect on the catalysis. 

To establish the characteristic properties of the complex 1a and the respective Pd 
complexes of ligand 5 and 6, we have analyzed the ligands and complexes by 31P-NMR 
spectroscopy at variable temperatures. The free ligand 1 and complex 1a reveal singlet 
signals with chemical shifts of 146 ppm and 134 ppm, respectively (Figure 2). The sharp 
singlet of ligand 1 broadened upon cooling down and splits into two signals at 193 K. 
These two broad signals of ligand 1 at low temperatures represent the interchangeable 
tropos-based diastereomers L1RS and L1SS, which are in fast dynamic exchange at room 
temperature, originated by the prevalent stereochemical configuration on the tropos 
backbone (Figure 3). This we could detect by CD experiments, which showed R 
configuration is prevalent for both ligand 1 and complex 1a (see experimental section for 
details, Figure 7). 

       

Figure 2. VT-31P-NMR spectra of (a) Ligand 1 and (b) complex 1a (293-183 K). 

The signal observed in the 31P-NMR spectrum of complex  1a did not change in 
the temperature range 293-183 K, thus indicating that the bi-phenyl backbone has an 
absolute R chirality (assignment of the R configuration is based on CD measurements, 
see experimental, Figure 7) when ligand 1 is coordinated to palladium (Figure 2b). The 
sharp singlet (δ=134 ppm) was attributed to the homocomplex L1RSPdL1RS, as the 
exchange between diastereoisomers L1RS and L1SS is slow on the NMR time scale at this 
temperature. 

140141142143144145146147148149
f1 (ppm)

293 K

273 K

253 K

233 K

213 K

193 K

183 K

131.0132.5134.0135.5137.0138.5
f1 (ppm)

183 K

193 K

213 K

233 K

253 K

273 K

293 K

a) b) 

39 
 



Chapter 3 

O

O

O

O
P N

H
CO2Me

L1
RS

O

O

O

O
P N

H
CO2Me

L1
SS

Figure 3. The dynamic equilibrium between two diastereoisomers L1
RS and L1

SS that is slow on the 
NMR time scale at 183 K. In the description of L1

ab, ‘a’ represents the configuration of the 
atropisomeric biphenyl moiety and ‘b’ is the stereogenic center of the amino-ester moiety, (S). The 
major isomer L1

RS was determined according to CD measurements (see experimental section, Figure 
7). 

As ligand 5 is racemic, but does contain a tropos-type biphenyl moiety, existence of 
two enantiomeric configurations, L5R and L5S, which are exchangeable in solution, were 
expected. As these are enantiomers, they should give the same signal in the NMR. Indeed 
a sharp phosphorus signal of this ligand (δ= 146 ppm, singlet) was observed at room 
temperature, which broadened at low temperature change (298K to 183K).This 
broadening may reflect coalescence of these enantiomers (Figure 4a). The Pd-allyl 
complex of ligand 5, complex 5a, gave rise to one broad signal at room temperature in 
the 31P-NMR spectra, which splits into four doublets and one singlet after cooling (293 
K-193 K) (Figure 4b). The correlations between these signals were determined by two 
dimensional 31P-COSY analysis at 213 K.  

Figure 4. VT-31P-NMR spectra of (a) Ligand 5 and (b) complex 5a. Upon complexation the broad 
singlet of the ligand splits into two doublet of doublets (δ=133 ppm, 129 ppm, J=94 Hz assigned 
with (♠) and δ=132 ppm, 127 ppm, J=94 with (♦)) and the singlet (δ=132 ppm, ●) overlapping with 
one of the doublet (293-183K). 

The two doublet of doublets (δ=133 ppm, 129 ppm, J=94 Hz and δ=132 ppm, 
127 ppm, J=94 Hz) and one singlet (δ=132 ppm) are suggesting that the complex 5a 
exists in three different forms (conformers and/or interchangeable tropos-based 
diastereomers, see experimental section, Figure 8). Heating this sample to 353 K led to 
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coalescence of these signals into one broad singlet, which indicates that the 
conformers/diastereomers are in exchange in solution (see experimental section, Figure 
9). Additionally, as the racemic ligand 5 has no element of chirality, we did not observe 
any Cotton effects on CD measurements considering the tropos nature of ligand 5. Mass 
analysis of 5a revealed that all species in solution have the same mass (see experimental 
section for CD analysis, Figure 10). 

VT-31P-NMR studies showed that the phosphorous signal of the ligand 6 (δ=138 
ppm) broadens upon lowering the temperature, and below the coalescence temperature 
of ~233 K the signal splits into two new signals (Figure 5a). As in case of ligand 1, these 
peaks were assigned as two possible diastereoisomers of the ligand 6, L6RS and L6SS, that 
are in equilibrium. In line with this, we observed a single peak in the mass spectrum. In 
contrast to 1, CD spectroscopy showed no Cotton effects, indicating that there is no 
chirality transfer from the S stereogenic center of ligand 6 to the bi-phenyl moiety (see 
experimental section, Figure 15). The 31P-NMR spectrum Pd complex, 6a (based on 
ligand 6) gave rise to multiple signals at room temperature, which we further investigated 
with 2D-31P-COSY spectroscopy (see experimental section, Figure 11). Two sets of 
signals, the singlet (δ = 126 ppm) and two doublets, which are coupling with each other 
(δ = 132 ppm, 105 ppm, J=118 Hz), were determined as a mixture of two different 
complexes. Importantly, we first observed the formation of a singlet at 126 ppm and 
then the slow generation of doublets (see experimental section, Figure 12). As this 
appeared to be an irreversible conversion, this indicates the formation of a different 
complex by decomposition of complex 6a. Analysis of the freshly prepared complex, 
which has single complex represented by the singlet, and an old sample, which mainly 
contained the complex showing the above described doublet of doublets confirms that 
new complexes are formed. The fresh sample has the molecular mass corresponding to 
complex 6a while the aged sample showed a peak with a much higher mass, which did 
not correlate with any expected complex. Importantly, the old sample, which is either the 

        

Figure 5. VT-31P-NMR spectra of (a) Ligand 6 and (b) complex 6a consisted of mixture of 
complexes that the one gave rising to singlet (δ = 126 ppm) and the other one to doublet of 
doublets, which are signed by * (δ = 132 ppm, 105 ppm, J=118 Hz) (293-183K). 

132.0134.5137.0139.5142.0
f1 (ppm)

293K

273K

253K

233K

213K

193K

183K

108116124132
f1 (ppm)

183 K

193 K

213 K

233 K

253 K

273 K

293 K

a) b) 

* * 

41 
 



    Chapter 3 

 
decomposed or derived complex, did not show any activity in allylic amination catalysis 
(see experimental section, Table 3). 

Reflecting on the catalytic experiments of the complexes 1a, 5a and 6a in the light 
of the above characterization studies, the high activity of 1a could well be explained by 
the fact that this species exists as only one single (active) species in solution, as is clear 
from NMR spectroscopy and mass analysis. The poor activity of complex 5a (even at 
high temperatures) might well be caused by the fact that this species exists as a mixture 
of compounds (conformers/interchangeable tropos-based diastereomers) in dynamic 
exchange. These different isomers may not all have the same catalytic activity and some 
of them may actually be ‘dormant states’. In case of complex 6a, the thermal 
decomposition of the Pd-allyl homo-complex into an unknown inactive complex is 
hampering the catalytic activity. As a result of these observations, the effect of the 
covalently attached urea functionalities on the catalytic performance of the complexes 
remained rather inconclusive as other variables (i.e. formation of a mixture of complexes 
and catalyst decomposition) prevented us from making a fair comparison. 

3.3 Conclusions 

We investigated a catalytic system containing a covalently attached urea moiety to 
investigate the effect of intramolecular H-bonding in the direct activation of allyl 
alcohols. This system was inspired by our previously reported catalyst 1a using external 
1,3-diethylurea to activate allyl alcohols in allylic substitution reactions. We expected that 
intermolecular H-bonding to a covalently attached urea moiety of the catalyst’s ligand 
might be beneficial for entropic reasons. To investigate this, urea functionalized ligands 
with different electronic properties were prepared and studied in the model coupling 
reaction of cinnamyl alcohol with N-methylaniline. Unexpectedly, the application of 
ureaphosphine ligands 2 and 3 showed much lower activities than the simple phosphine 
4 combined with external urea. In addition to this, the presence of 1,3-diethylurea in 
catalysis with ureaphosphoramidite 5 and ureaphosphite 6 led to higher yields in Pd 
catalyzed allylic substitution reactions. Characterization of complex 5a revealed the 
presence of a mixture of complexes in solution, which are in dynamic equilibrium 
(conformers/interchangeable tropos-based diastereomers). Complex 6a proved thermally 
instable and decomposed into an unknown, catalytically inactive species over time. The 
thermal instability of 6a and the presence of different species (some of which may be 
‘dormant’) in case of 5a may well explain the poor activity of these systems as compared 
to 1a. The combination of complex 1a (which exists as only one single species in 
solution) and 1,3-diethylurea acting as a non-covalently attached supramolecular allyl-
alcohol activator remains thus far the most efficient catalyst system for allyl 
alkylation/amination of unactivated allyl alcohols with palladium. Having the urea moiety 
freely in solution rather than as a functional group covalently attached to the catalyst 
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seems to give rise to higher activities, possibly due to a smaller influence of unfavorable 
steric interactions. However, this conclusion is somewhat hampered by other effects 
decreasing the activity of 5a and 6a. 

3.4 Experimental Section 

3.4.1 General 

All reactions were carried out under an argon atmosphere using standard Schlenk techniques. All 
solvents were dried using solvent purification system (SPS). NMR spectra were measured on a 
Varian Inova spectrometer (500 MHz, 125.7 MHz and 202.3) and Bruker AMX 400 (400.1MHz, 
100.6MHz and 162.0) for 1H, 13C and 31P respectively. High resolution ESI (electrospray 
ionization) mass spectra were recorded on a JEOL Accu TOF LC-plus mass spectrometer (JMS-
T100LP)with EI+ method. For the reaction progress analysis an Interscience Focus Chiral GC 
equipped with a Varian capillary column (CP-Chirasil-Dex CB 25 m column, 0.32 mm diameter, 
0.25 μm film thickness) was used. 

3.4.2  Ligand Synthesis 

All reagents were purchased from commercial suppliers and were used without further 
purification. Ligand 1, 2 and 3 were synthesized according to a published procedure.8 

Synthesis of urea-amine [1-(2-aminoethyl)-3-phenylurea]:A solution of 5 mmol phenylisocyanate 
in 10 ml toluene/hexane (1/1) was added dropwise to a vigorously stirred solution of 10 mmol 
ethylenediamine in 20 ml toluene/hexane (1/1) at 0 °C. The mixture was then allowed to warm 
up to room temperature and was stirred for 1 hour. The formed precipitate was filtered off and 
washed twice with hexane. Remaining solvents were evaporated to obtain the product.  

Synthesis of urea-alcohol [1-(1-hydroxypropan-2-yl)-3-phenylurea]: A solution of 5 mmol phenyl-
isocyanate in 10 ml CH2Cl2 was added dropwise to a vigorously stirred solution of 5 mmol 
aminoalcohol in 20 ml CH2Cl2 at 0 °C. The mixture was then allowed to warm up to room 
temperature and was stirred for 1 hour. The formed precipitate was filtered off and washed 
twice with hexane. Remaining solvents were evaporated to obtain the product.  

Synthesis of the phosphorochloridite [4,8-di-tert-butyl-6-chloro-2,10-dimethoxydibenzo[d,f]-
[1,3,2] dioxaphosphepine]: A solution of distilled NEt3 (9,2 mmol) in THF (11 mL) was added 
to distilled PCl3 (4,9 mmol) under inert conditions. The prepared diol13 (4,5 mmol) was pre-dried 
with toluene by co-evaporation, dissolved in THF (4,5 mL) and was slowly added to a NEt3-
PCl3 mixture at -78 °C. The reaction mixture was stirred for 30 min at -78 °C and then allowed 
to warm up to room temperature. The excess of PCl3 was removed in vacuo by co-evaporation 
with toluene. The product was used directly in the synthesis of ureaphosphoramidite, 5, and 
ureaphosphite, 6. 

Ligand 5 [1-(2-((4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-
yl)amino)ethyl) -3-phenylurea]: A solution of 1 mmol phosphorochloridite dissolved in 10 ml 
THF was added to a vigorously stirred solution of 1 mmol urea-amine and excess of Et3N in 20 
ml THF kept at 0 °C. The reaction mixture was subsequently warmed up to room temperature 
and left stirring for 12 h. Next, the excess amine and reaction solvent co-evaporated with 
toluene. Dissolving again in small amount of toluene and adding hexane drop wise precipitate 
the product, which can be obtained after decantation of the liquid as white powder. 1H NMR 
(CDCl2, 400 MHz): δ 7.29-7.20 (m, 5H), 7.00 (d, J = 3.1 Hz, 2H), 6.70 (d, J = 3.0 Hz, 2H), 6.24 
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(s, 1H), 4.83 (t, J = 5.9 Hz, 1H), 3.82 (s, 6H), 3.44 (dt, J = 29.4, 6.6 Hz, 1H), 3.19 (q, J = 5.9 Hz, 
2H), 2.89 (t, J= 6.2 Hz, 2H), 1.49 (s, 18H). 13C NMR(101 MHz, CD2Cl2) δ 155.44, 144.47, 
142.30, 138.86, 133.69, 128.98, 128.96, 128.88, 128.15, 125.22, 123.16, 119.99, 114.88, 114.17, 
112.98, 112.49, 100.00, 55.54, 53.88, 40.77, 35.23, 30.74, 30.72, 30.42, 29.27, 21.14, 10.11. 31P 
NMR (162 MHz, CDCl2): δ 146 (s). HR MS (ESI): calcd. forC31H40N3O5P [M+H]+:565.28313, 
found: 565.27931. 

Ligand 6 [(S)-1-(1-((4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-
6-yl)oxy)propan-2-yl)-3-phenylurea]: A solution of 2.6 mmol phosphorochloridite dissolved 
in 13 ml THF was added to a vigorously stirred solution of 2.6 mmol urea-alcohol and excess of 
Et3N in 52 ml THF kept at 0 °C. The reaction mixture was subsequently warmed up to room 
temperature and left stirring for 12 h. Next, the excess amine and reaction solvent co-evaporated 
with toluene. Dissolving again in small amount of toluene and adding hexane drop wise 
precipitates the product, which can be obtained after decantation of the liquid part as white 
powder. 1H NMR (CD2Cl2, 400 MHz): δ 7.23-7.11 (m, 5H), 6.89 (t, J = 3.0 Hz, 2H), 6.61 (dd, J 
= 3.0, 1.6 Hz, 2H), 6.31 (s, 1H-N-H), 4.73 (d, J = 8.1 Hz, 1H,NH), 3.89 (dtq, J = 10.4, 6.7, 3.6 
Hz, 1H, CH), 3.76 (dd, J = 6.1, 3.6 Hz, 2H, CH2), 3.71 (d, J = 1.3 Hz, 6H, OMe), 1.35 (d, J = 
4.0 Hz, 18H, t-Bu), 1.07 (d, J = 6.8 Hz, 3H, Me). 13C NMR (101 MHz, CD2Cl2): δ 155.66, 
154.27, 142.19, 142.01, 141.73, 138.79, 133.34, 133.24, 128.83, 128.02, 125.09, 122.95, 119.86, 
114.22, 114.19, 112.64, 67.43, 67.40, 55.44, 55.42, 46.15, 46.11, 35.12, 30.50, 30.47, 30.38, 30.35, 
29.95, 17.46. 31P NMR (162 MHz, CD2Cl2): δ 138.0 (s). HR MS (ESI): calcd. for C32H41N2O6P 
[M+H]+:580.27022, found: 580.2695. 

3.4.3  Catalysis 

General procedure for alkylation and amination 
reactions: Allylic alcohol, 6a, (0.5 mmol) and the 
nucleophile, 8a, (0.75 mmol) were added to a 
mixture of 3 mol% [(η3-allyl)Pd(cod)]BF4, 3 
mol% 1,3-diethylurea and 6 mol% of the 
respective ligand in toluene (2.5 ml). The 
reactions were performed at room temperature 
unless stated otherwise. The yields of the 
products were determined by NMR and GC 
analysis using an internal standard. 

3.4.4  Characterization Studies  

The mixture of 0.07 mmol [(η3-
allyl)Pd(cod)]BF4 and 0.014 mmol ligand 5 in 
0.7 ml CD2Cl2 were stirred for 5 minutes at 
room temperature and then transferred into an NMR tube for subsequent analysis. 

3.4.4.1 Complex 1a 

1H NMR (CD2Cl2, 400 MHz): δ 7.31-7.23 (m, 6H), 7.14-7.02 (m, 4H), 6.96-6.88 (m, 2H), 6.84-
9.78 (m, 6H), 6.59-6.29 (m, 1H), 4.56-4.36 (m, 2H), 4.06-3.96 (m, 6H), 3.93-3.80 (m, 6H), 3.50-
3.37 (m, 5H),3.31-3.15 (m, 1H), 2.97-2.90 (m, 3H), 1.50-1.21 (m, 36H). 13C NMR (101 MHz, 
CD2Cl2): δ 159.93, 156.59, 156.20, 155.86, 155.08, 142.12, 142.11, 140.35, 134.07, 133.66, 
133.41, 132.51, 129.44, 128.83, 128.45, 128.08, 128.02, 127.14, 125.27, 125.09, 121.73, 120.80, 
118.52, 114.95, 114.38, 113.86, 113.70, 113.56, 113.44, 113.14, 112.60, 78.21, 72.82, 55.51, 55.48, 

 

 
 
Figure 6. Reaction profile in time with the 
complexes 1a, 5a and 6a in the absence and 
presence of 1,3-diethylurea. 
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51.55, 44.65, 35.40, 35.35, 35.28, 31.80, 31.64, 31.30, 31.22, 31.13, 31.01, 30.77, 29.95, 27.86, 
21.02, 19.35, 17.96. 31P NMR (162 MHz, CD2Cl2): δ 134.0 (s). HR MS (ESI): calcd. for 
C65H85N6O10P2Pd [M+H]+: 1277.4613, found: 1277.4110.  

3.4.4.1.1 CD Measurements 

Chiral induction to the tropos backbones could 
lead to the formation of interchangeable 
tropos-based diastereomers. The dynamic 
motion of the tropos is not necessarily locked in 
a stable configuration, and has the possibility to 
exchange. This can lead to formation of 
mixtures of compounds, each of which may 
have a different catalytic activity (some of 
which may be ‘dormant’). Cotton effects 
measured can unveil the prevalent chiral 
configuration of the tropos-backbone, 
especially in combination with variable 
temperature (VT) NMR experiments.10 

Ligand 1 and its respective Pd complex 1a gave rise to two clear signals at ~300 and 260 nm 
showing that the remote stereogenic center of the amino-ester moiety (Figure 1) induces 
chirality at the substituted bi-phenyl moiety (Figure 7).11 The positive signals indicate the 
formation of an (R) configured biphenyl backbone configuration, based on literature.12 

3.4.4.2   Complex 5a 

1H NMR (CD2Cl2, 400 MHz): δ 7.53-6.90 (m,18H), 6.84-6.69 (m, 3H), 3.96-3.65 (m, 12H), 3.28 
(s, 4H), 2.70 (s, 4H), 1.96-1.59 (m, 3H),1.66-1.06 (m, 36H). 13C NMR (101 MHz, CD2Cl2): δ 
128.94, 128.74, 128.56, 128.13, 125.21, 118.97, 115.02, 111.91, 99.98, 76.57, 55.63, 53.90, 53.63, 
53.42, 53.36, 52.88, 35.43, 31.31, 31.17, 31.09, 31.01, 30.41, 29.24, 28.00, 27.98, 21.12. 31P NMR 
(162 MHz, CD2Cl2): δ 132.0 (bs). HR MS (ESI): calcd. For C65H85N6O10P2Pd 
[M+H]+:1277.4837, found: 1277.4587. 
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Figure 8. 31P-COSY-NMR spectra of complex 5a 
consisted of three different complexes, giving rise 
to twodoublet of doublets (δ=133 ppm , 129 ppm, 
J=94 Hz) and (δ=132 ppm, 127 ppm, J=94) and a 
singlet (δ=132 ppm) overlapping with one of the 
doublet (213 K). 

 

 
 
Figure 9. VT-31P-NMR spectra of complex 5a 
(213 K-353K) 
 

126.5127.5128.5129.5130.5131.5132.5133.5134.5135.5
f1 (ppm)

313 K

293 K

273 K

253 K

233 K

213 K

333 K

353 K

 
Figure 7. The CD spectrum of ligand 1 and 
the respective Pd complex 1a. 
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3.4.4.2.1 CD Measurements 

Ligand 5 has no element of chirality and 
therefore the tropos backbone should always be 
in a racemic form. As a result both ligand 5 and 
complex 5a do not give rise to any signal in the 
CD spectra (Figure 10). 

 

 

 

 

 

3.4.4.3   Complex 6a 

 

Figure 11. 31P-COSY-NMR spectra of Complex 6a consisted of two mixture of complexes as the 
singlet (δ = 126 ppm) and doublet of doublets (δ = 132 ppm, 105 ppm, J=118 Hz) at 293 K. 

The freshly prepared complex 6a was analyzed by NMR in broad time interval (30 min, 8 
hours, 3 days, 5 months) (Figure 12). We initially observed the formation of a single singlet at 
126 ppm which converted into a doublet of doublets over time. After 3 days at RT the species 
showing a singlet at 126 ppm no longer existed and was fully converted into (an) unidentified 
species. 

 

Figure 10. The CD spectrum of ligand 5 and 
respective Pd complex 5a  
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Figure 12. 31P-NMR spectra of complex 6a collected over a broad time interval. The singlet at δ = 
126 ppm disappears and a doublet of doublets appears (δ = 132 ppm, 105 ppm, J=118 Hz) at 293 K. 

 

 

Figure 13. Mass spectra of the freshly prepared complex 6a: 
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Figure 14. Mass spectra of the months old sample-complex 6a: 

3.4.4.3.1 Control Experiments 

We have performed the allylic amination reaction with the months old sample in the presence 
and absence of urea and compared the catalytic results with the freshly prepared sample. The 
results are shown in Table 3. 

Table 3. Control experiments of complex 6a in Pd-catalyzed allylicamination 
reactions.[a]  

OH
H
N

N+
 

Run Catalyst Yield (%)[b] Time 
1 Complex 6a 19 4h 
2 Complex 6a +1,3-diethylurea[c] 26 4h 
3 Complex 6a (OLD) 5 4 days[d] 

4 Complex 6a (OLD) +1,3-
diethylurea[c] 

6 4 days[d] 

[a]Reaction conditions: Cinnamyl alcohol (0.5 mmol), N-methylaniline (0.75 
mmol), 3 mol% [(η3-allyl)Pd(cod)]BF4, 6 mol% ligand , toluene (2.5 ml), r.t. [b] 
GC results. [c] 3 mol% 1,3-diethylurea was added. [d] After 5 hours only trace 
amount of product formed. 

3.4.4.3.2 CD Measurements 

Ligand 6 does have a stereogenic quaternary carbon center, which directs the configuration at 
the tropos bi-phenyl backbone. The lack of a Cotton effect indicated that the free ligand (6) does 
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not have a pre-organized chiral configuration of the tropos backbone. Two cotton effects were 
observed for complex 6a, at 300 and 260 nm in the negative region (Figure 4). The coordination 
of ligand 6 to the Pd metal assisted to induce a prevalent chirality on the tropos backbone, as 
small negative peaks were observed corresponding to a prevalent (S) configuration of the bi-
phenyl moiety in complex 6a.12 

 

Figure 15. The CD spectrum of ligand 6 and respective Pd complex 6a. 
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Chapter 4 

4.1 Introduction 

The direct activation of allylic alcohols, without pre-activation of the alcohol 
moiety, in palladium catalyzed allylic substitution reactions for application in C-C and 
C-X bond formation, is of growing interest.1 Traditionally, allylic alcohols are pre-
activated by transforming the alcohol moiety into a better leaving group, such as a 
halide, tosylate, carboxylate or phosphate, or activated by stoichiometric Lewis acid 
adducts such as BEt3 and Ti(O-i-Pr)4.2 However, all these approaches lead to 
formation of substantial (in most cases stoichiometric) amounts of (salt) waste, which 
can be avoided by the direct catalytic activation of the allylic alcohol.3 Ozawa and co-
workers reported the first examples in which allylic alcohols were directly used as 
coupling partners in Pd-catalyzed allylic substitution reactions by the π-allyl palladium 
complexes of substituted diphosphinidenecyclobutene ligands (DPCB-Y).3a 

Mechanistic studies demonstrated that C-O bond dissociation is the rate determining 
step in these reactions4, which was later also confirmed by le Floch and co-workers on 
the basis of DFT calculations.5 The theoretical study further showed that nucleophilic 
attack on the π-allyl complex first generates a cationic allyl amine, which assists in 
dissociation of the hydroxyl group in the oxidative addition step. Another prominent 
example was reported by Oshima and co-workers, showing that a EtOAc/H2O 
biphasic system allows the in situ activation of allylic alcohols with tppts based Pd(0) 
catalyst by hydration of the alcohol moiety.6 Several water molecules assist in 
delocalization of the developing negative charge in the transition state, and thus lower 
the activation energy according to the reported DFT calculations. Similarly, the use of 
methanol as a solvent in allylic alkylation reactions of simple ketones with allylic 
alcohols was reported to be crucial for the C-O bond cleavage step, which was 
catalyzed by the [(dppf)Pd(allyl)] in the presence of pyrrolidine as co-catalyst.7 
Solvation of the hydroxyl/hydroxy moiety in the charge-developing transition state 
was again proposed to lower the activation energy. 
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Scheme 1. The structure of phosphoramidite ligand (L) and schematic representation of Pd-allyl 
complex, 1. 

We recently disclosed a new phosphoramidite-based Pd(π-allyl)catalyst (1) for 
allylic substitution reactions, using unactivated allylic alcohols to selectively produce 
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linear alkylated and aminated products (Scheme 1).8 The addition of catalytic amount 
of 1,3-diethylurea (3 mol%) increased the catalytic activity and improved the 
reproducibility of these reactions. Detailed kinetic studies revealed zero order kinetics 
in the [nucleophile] and first order kinetics inthe [allylic alcohol] and [1,3-diethylurea]. 
On this basis, we proposed the mechanism depicted in Scheme 2. In line with 
observations reported by others, the allylic alcohol C-O bond oxidative addition step 
is likelythe rate-determining step. Preliminary DFT calculations suggested that 
hydrogen-bonding interactions between the hydroxyl group of the alcohol and 
boththe carboxyl group of the ligand and the1,3-diethylurea moiety assist in the C-O 
bond activation step (Figure 3, Chapter 2). 

 

Scheme 2. Proposed mechanism for amination/alkylation reactions of allylic alcohols. 

We also explored phosphoramidite ligands equipped with an urea functionality 
in related allylic substitution reactions as they might be capable of formation of 
intramolecular H-bonding to the substrate. However, the functionalization of ligand 
with the urea moiety did not seem to improve the catalytic activity while addition of 
1,3-diethylurea as the additive proved beneficial. This could be related to 
conformational constrains by the linking the urea to the ligand, while externally added 
1,3-diethylurea has more flexible to hydrogen bond in the proper fashion. Mechanistic 
details of the direct activation of allylic alcohols by this system, and in particular the 
role of the 1,3-diethylurea in this process, are required to facilitate further 
development of this type of catalyst systems. Therefore we decided to explore the 
mechanism of the Pd-catalyzed direct amination of allylic alcohols with DFT, 
including the potential activating effect of the 1,3-diethylurea when H-bonding to the 
alcohol moiety. 
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4.2 Results and Discussion 

The mechanism we explored computationally is based on our experimental 
kinetic studies (Scheme 2). In the experimental system, the catalyst precursor 1 was 
generated in situ by mixing [(η3-allyl)Pd(cod)]BF4 with ligand L, nucleophilic attack is 
expected to generate intermediate 2, and replacement of the aminated product by the 
allyl alcohol results in formation of intermediate 3. Experimentally, we observed 
product inhibition; the reaction becomes slower with increasing amounts of the 
aminated product. Most likely higher product concentrations shift the equilibrium 
between intermediate 3 and 2 in favor of 2. The rate limiting step derived from the 
kinetic studies is the C-O bond oxidative addition in intermediate 3, judging from the 
first order rate dependency on [allyl alcohol] and [1,3-diethylurea] and zero order 
behavior in the [nucleophile]. We took this information as a starting point to build our 
computational model. For the theoretical calculations, we employed allyl alcohol and 
N-methylaniline as the substrate and nucleophile, respectively. To avoid 
comprehensive conformational searches, the ligand L was simplified by removing the 
bulky substituents of the backbone and replacing the chiral benzyl group by a methyl 
group (S chirality maintained, see L’, Scheme 3a). Notably, the preferred R chirality on 
bi-phenyl backbones of the phosphoramidite ligand L in the palladium homocomplex 
19 complies with the DFT calculations using the simplified ligand L’ in I. In the 
Figures and Schemes ligand L’ is drawn in a simplified manner showing only the 
relevant parts of the ligand for the clarity (Scheme 3b). We performed all calculations 
in Turbomole with the BP86 functional, the large def2-TZVP basis set and we 
employed Grimme’s version 3 (DFT-D3, disp3) dispersion corrections. 

 

Scheme 3. a) The ligand L and the simplified ligand L’. b) Schematic representation of the L’ 
based Pd-allyl complex I. 

We started by optimizing the geometries of several isomers of the π-allyl 
complex I having different conformation of ligand L’ around the metal center. In 
subsequent studies we took the structure with the lowest energy as the reference point 
(EI=0 kcal mol-1). This geometry of the Pd(L’) moiety is used for the calculation of 
succeeding reaction intermediates. 

First, we investigated the nucleophilic attack of the amine to the allyl moiety of 
complex I. In principle, the nucleophilic attack could follow either an inner-sphere 
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mechanism (first coordination of the nucleophile to the metal, followed by a reductive 
elimination step) or outer-sphere attack. This strongly depends on the basicity of 
amines.10 Hard nucleophiles (pKa > 20) are expected to attack the Pd metal and hence 
likely follow an inner-sphere mechanism while soft nucleophiles (pKa < 20), such as 
N-methylaniline (pKa~10), are believed to attacked the allyl-moiety directly and likely 
follow an outer-sphere mechanism. Thus, in this computational study we focused on 
the outer-sphere mechanism. 
        

 

 

 

  

Scheme 4. Calculated structure and schematic representation of complex I, formation of 
complex IIb by nucleophilic attack and IIa by rotational isomerization (ΔEIIa-IIb= -3.5 kcal mol-1). 

Outer-sphere nucleophilic attack at the allyl moiety produces the cationic Pd-
allylamine complex IIb initially. Following this, rapid isomerization of IIb is expected 
to form the thermodynamically more stable rotamer IIa by C-C bond rotation 
(Scheme 4). The relative energies of the product IIa (8.2 kcal mol-1) is lower than 
product IIb (11.7 kcal mol-1) that H-bonding between the N-H moiety of the allyl-
amine and the carboxylic group of the ligand L’ in complex IIa explains its relative 
stability (Scheme 5). Notably, the direct formation of IIa by the nucleophilic attack at 
I is not favorable as the steric hindrance around the palladium-allyl moiety does not 
allow the nucleophilic approach in any other direction.  

 

 

 

 

 

Scheme 5. Calculated pathway for nucleophilic attackof the amine at complex I, which forms the 
complex IIb converted by rotational isomerization to IIa (See Scheme 4 for the calculated 
structures and schematic representation of IIa  and IIb). 
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In the precursor I the overall positive charge is delocalized over the Pd(II) 
atom, the P-donors of the ligands L’ and the allyl moiety, while in IIa and IIb the 
charge is largely concentrated on the quaternary ammonium moieties. In the absence 
of stabilization by discrete solvent (or more likely substrate alcohol) molecules, the 
molecules are artificially stabilized in the applied gas phase DFT calculations. 
However, when we apply cosmo dielectric solvent corrections, the results were 
unrealistic, mainly for the H-bonded intermediates (the dielectric corrections seem to 
interfere too much with the H-bond interactions).11 Thus, in this study, we have 
explored the mechanistic pathway only on the basis of pure gas phase DFT 
calculations. The overestimated entropies in the gas phase as compared to solution 
data were corrected by the suggested 6 kcal mol-1 correction term for each step 
involving a change in the number of species (see computational section for details). 

 

Scheme 6. Substitution of the coordinated allyl-ammonium product by the allyl alcohol substrate 
leading to species IVa and IVb. 

The second step considered in the DFT computed mechanism is the 
displacement of the protonated allyl-amine coordinated to Pd(0) by the allyl-alcohol 
substrate (Scheme 6). Since gas phase DFT calculations become unreliable when 
associated charge changes of the computed molecules are involved (e.g. from cationic 
to neutral), we treated this step by keeping the cationic ammonium product H-bonded 
to the coordinated allyl-alcohol. Furthermore, in previous studies similar treatments 
(again to avoid charge-associated problems in gas phase calculations) were found to 
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actually have a barrier-lowering effect on the subsequent oxidative addition step due to 
H-bond assisted C-O bond breaking.5 The coordination of the allyl alcohol substrate 
to Pd(0) can occur in two manners, leading to two possible configurations IVa and 
IVb based on the position of the hydroxyl group with respect to the carboxyl group of 
ligand L’. In IVa the hydroxygroup of the allyl-alcohol is H-bonded to the carbonyl 
group of L’, whereas in IVb it is not. In both cases the protonated allylamine is H-
bonded to the oxygen atom of the hydroxyl group of the Pd coordinated allyl-alcohol 
substrate (Scheme 6). The computed relative free energies of IVa and IVb (relative to 
precursor I) are -0.3 and 6.1 kcal mol-1, respectively, show that species IVa is the most 
stable intermediate. In another respect, the IVa might also form via the rotational 
isomerization of IVb as being the more stable isomer. 

 

Scheme 7. The energy profile of the allyl alcohol coordinated Pd complexes in the presence and 
absence of urea molecule, IIIa-IIIa’ and IIIb-IIIb’. 

To elucidate the possible role of the 1,3-diethylurea moiety, we also optimized 
the geometries IIIa and IIIb, which are analogues of IVa and IVb, lacking the H-
bonded allyl-ammonium moiety. The energies and geometries of IIIa and IIIb were 
compared to their analogs IIIa’ and IIIb’, each containing a 1,3-diethylurea moiety 
double H-bonded to the hydroxyl of the coordinated allyl-alcohol (Scheme 7). 
Complex IIIa is more stable than IIIb (relative energies 0 and 3.5 kcal mol-1, 
respectively), in line with the fact that IIIb lacks the internal hydrogen bonding 
between the hydroxyl moiety of the allyl-alcohol and the carboxyl group of L’. The 
hydrogen bonded 1,3-diethylurea moiety further stabilizes IIIa’ substantially (ΔG0 = -
15.9 kcal mol-1) whereas species IIIb’ shows lower stabilization (ΔG0 = -7.4 kcal mol-
1). Hence, the H-bonding pattern in IIIa’ based on internal H-bond donation from 
the hydroxyl-group to ligand L’ and hydrogen bond acceptation from the 1,3-
diethylurea H-bond donor is clearly cooperative, a feature that is commonly observed 
and is a consequence of polarization. It is very likely that this also plays an important 
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role in the oxidative addition process under the experimental conditions. 
Unfortunately, it was not possible to compute the effect of 1,3-diethyl urea H-bonding 
on the barrier of the rate determining oxidative addition process. This is due to the 
above mentioned requirement to keep the overall charge neutral to prevent unrealistic 
effects in the gas phase calculations. To mimic the effect of a hydrogen bond we used 
the associated allyl-ammonium salt product, which can deliver a proton after the 
transition state to keep the overall charge of the system 1+.  

The last step of the computed catalytic cycle involves oxidative addition of the 
C-O bond of the allyl alcohol substrate in intermediates IVa and IVb. Since this 
process involves breaking the C-O bond, liberating a hydroxide (OH-) moiety as poor 
leaving group, this process is expected to be facilitated by hydrogen bonding. In good 
agreement, the TSIVa-I barrier (9.5 kcal mol-1) for oxidative addition of the C-O 
bond is lower than TSIVb-I (15.3 kcal mol-1) reflecting the effects of cooperative H-
bonding (Scheme 8). The process leads to elimination of water, because the H-bonded 
ammonium salt transfers its proton to the hydroxide leaving group in a concerted 
manner. Hence, unfavorable uncompensated charge compensations in the gas phase 
calculations play a smaller role in the transition states TSIVa-I and TSIVb-I than in 
the precursors IVa and IVb. Besides, the relative barriers on going from IVa and IVb 
to TSIVa-I and TSIVb-I are likely somewhat underestimated, while the absolute 
barriers of TSIVa-I and TSIVb-I versus I suffer less from uncompensated charge 
effects.  

Scheme 8. Calculated catalytic pathway of the complete cycle. 

The transition state barrier for nucleophilic attack of the amine at the allyl 
moiety (TSI-IIb = 18.5) is much higher than the transition state for the oxidative 

58 
 



The Direct Activation of Allylic Alcohols in Pd-catalyzed Amination Reactions: a DFT Study 

 
addition step (TSIVa-I = 9.5 kcal mol-1), thus indicating that the former should be the 
rate determining step. However, the kinetic experiments clearly indicate that the 
oxidative addition is rate determining. Concerning the rate determining step, the 
experimental data and the computational model are clearly not in agreement. This may 
well be associated with the use of a simplified model with a truncated ligand 
framework and/or the absence of a discrete solvent model. Furthermore, due to the 
abovementioned charge concentration effects in this reaction, the gas phase DFT 
numbers are probably not highly accurate in comparison to solution data. 
Nonetheless, apart from the wrongly predicted rate determining step, we believe that 
these DFT calculations nonetheless provided useful information about the overall 
mechanism.   

As reported, we have discovered by kinetic analysis that product inhibition 
takes place during the catalysis. The coordination of the allylamine to Pd is computed 
to be more favorable than coordination of the allyl alcohol. We have examined this by 
calculating the product coordinated Pd complexes with two possible configurations 
and determined the relative energies with respect to allyl alcohol coordinated Pd 
complexes, IIIa and IIIb (Scheme 9). The formation of these complexes is expected 
to take place along the formation of isomers IVa and IVb (the hydrogen bonded 
analogues) from IIa and IIb, which represent the product coordinated complexes. 
Deprotonation of the product in complex IIa/IIb affords complexes Va and Vb. 
Notably, both isomers Va and Vb have the same relative free energy, indicating the 
poor secondary interaction between the product and the complex, besides the alkene 
coordination energy. The relative energies of IIIa and IIIb with respect to V were 
found 4.9 and 8.4 kcal mol-1 respectively. Notably, the allyl amine adducts Va and Vb  

 

 

 

 

 

 

 

 

 

Scheme 9. Schematic representation of the product inhibition equilibria and calculated structures 
of Va and Vb. The values between parentheses are the relative energies (kcal mol-1).The 
orientation of the allylamineat Pd does not lead to a significant energy difference (complex Va 
and Vb have the same relative free energy). 
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are more stable than the allyl alcohol adducts, in agreement with the experimental 
observations showing product inhibition. This is likely due to sigma bond inductive 
effects of nitrogen versus oxygen. The lower energy of IIIa compared to IIIb is due 
to the hydrogen bond with the carbonyl of the ligand. The same trend is observed for 
intermediate IVa being lower in energy than the IVb, and the larger difference in these 
complexes is again a result of cooperative hydrogen bonding. 

4.2.1 Summary of the DFT computed pathway 

 

Scheme 10. a) Proposed catalytic cycle in agreement with the experimental studies. b) DFT 
calculated catalytic cycle using the allyl ammonium product as a model for urea H-bonding 
(intermediate IVa as a model for IIIa’). 
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The most interesting finding of the DFT study is the cooperative hydrogen 
bond between the hydroxyl and carbonyl groups (substrate-ligand) and urea (or the 
ammonium salt we used as a reference. We found experimentally that 
phosphoramidite ligands that do not have the ester functionality did not show the urea 
co-catalyzed activation of allyl alcohols, which is in line with the DFT calculations. 
The interaction between the coordinated allyl alcohol and ligand L’ proved to be 
significant in the whole catalytic cycle, overall lowering the relative free energy of the 
Pd-intermediates (Scheme 8). The function of 1,3-diethylurea is determined to further 
lower the barrier for C-O oxidative addition (Scheme 10a). In addition, the 
calculations show a preference for the coordination of the product leading to product 
inhibition, however, a cooperative urea binding to IIIa will shift the equilibrium in 
favor of the substrate complex (Schemes 7 and 9). The computed catalytic cycle 
complies with the experimental data if we assume that the energy of IVa relative to I 
is slightly overestimated (due to poorly compensated charge concentration). Oxidative 
addition of the C-O bond of the coordinated allyl alcohol in intermediate IVa via the 
rate limiting transition state TSIVa-I is assisted by H-bonding. This was computed 
using the ammonium product as the model (to reduce undesired effects of charge 
changes), but in practice this does explain the rate enhancing effect of the urea 
(Scheme 10b). 

4.2.2 Bond lengths analysis 

We analyzed the bond length changes throughout the calculated catalytic 
pathway in order to obtain more information about the effect of H-bond interactions 
on the formation of the isomeric intermediates a and b (see Table 1). First we 
examined the nucleophilic attack of the N-methylaniline to complex I, which involves 
intermediates IIb and its respective transition state structure TSI-IIb (Figure 1). The 
Pd-P1 and Pd-P2 bond lengths show only small changes on going from the precursor 
I to the transition state TSI-IIb and subsequently formed the IIb which has virtually 
same bond distances as I (Table 1). The attack of the amine leads to elongation of the 
Pd-C3 bond (I Pd-C3=2.225 Å, TSI-IIb Pd-C3=2.853 Å) while the Pd-C1 and Pd-C2 
bonds shorten, as expected. On the other hand, generated by the rotational 
isomerization, the coordinated ligands of IIa require a rearrangement of the ligands 
around palladium to allow the H-bond interactions between the proton of the amine 
(H1) and the carboxyl moiety of the ligand (O1). Thus, the bond lengths of Pd-P1 and 
Pd-P2 show clear changes (compare Pd-P1=2.261 Å, Pd-P2=2.260 Å in IIb with Pd-
P1=2.274 Å, Pd-P2=2.245 Å in IIa) (Table 1). Besides, the newly formed C3-N1 
bond is also affected by the H-bond interactions. The shorter C3-N1 bond of the 
lower energy isomer IIa must be the result of H1-O1 interaction as it directs the 
positioning of the amine (IIa C3-N1=1.521 Å, IIb C3-N1=1.639 Å) (Table 1). 
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Figure 1. Calculated structures of I, IIa, IIb and transition state structure TSI-IIb. In all 
structures the related atoms are labeled such that C1 refers to the allyl carbon trans to P2, C2 
is the central allyl carbon and C3 is the terminal allyl carbon trans to P1. 

Next, we analyzed the bond length changes occurring in the oxidative addition 
step, which involves the simultaneous carbon-hydroxyl bond dissociation (C3-O2), 
hydroxyl-hydrogen bond formation (H1-O2, water), the release of the product and 
formation of the complex I (Table 2). The intermediate IVa was found lowest in 
energy (-0.3 kcal mol-1), which also needed lower activation energy than IVb to 
generate the products (TSIVa-I = 9.5 and TSIVa-I = 15.3 kcal mol-1). Judging from 
the comparative Pd-C3 distances of TSIVa-I and TSIVb-I (3.223 and 2.816 Å, 
respectively) relative to I (2.225 Å), the TSIVa-I represents an early transition state 
(Table 2).Moreover, we determined that the additional H-bond interactionin TSIVa-I, 
between the proton acceptor carbonyl (O1) and proton donor hydroxyl group (H2), 

Table 1. Bond lengths (Å) of the calculated structures of 
intermediates involved in nucleophilic attack. 

I IIa IIb TSI-IIb 
d Pd-P1 2.261 2.274 2.261 2.256 
d Pd-P2 2.262 2.245 2.260 2.266 
d Pd-C1 2.233 2.176 2.143 2.147 
d Pd-C2 2.205 2.149 2.162 2.176 
d Pd-C3 2.225 3.167 2.990 2.853 
d C3-N1 1.521 1.639 1.841 
d N1-H1 1.054 1.028 1.025 
d H1-O1 1.8 

I IIb 

IIa TSI-IIb 
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facilitates the C3-O2, N1-H1 bond dissociation and H1-O2 bond formation processes 
of the transition state by altering the partial charges of the participating atoms (Figure 
2). The C3-O2 and N1-H1 bonds are longer in TSIVa-I (1.950 and 1.760 Å) 
compared to TSIVb-I (1.844 and 1.360Å) and the H1-O2 bond distance in TSIVa-I 
(1.018 Å) is shorter than in TSIVb-I (1.171 Å), which might be the effect of 
complementary H-bonding in TSIVa-I. 

Figure 2. Calculated structures of IVa, IVb, TSIVa-I and TSIVb-I. 

Table 2. Bond lengths (Å) of the calculated structures of 
intermediates involved in oxidative addition step. 

I IVa IVb TSIVa-I TSIVb-I 
d Pd-P1 2.261 2.272 2.259 2.244 2.26 
d Pd-P2 2.262 2.235 2.247 2.284 2.271 
d Pd-C1 2.233 2.218 2.167 2.128 2.143 
d Pd-C2 2.205 2.261 2.158 2.334 2.199 
d Pd-C3 2.225 3.182 3.048 3.223 2.816 
d C3-O2 1.454 1.501 1.950 1.844 
d N1-H1 1.064 1.081 1.760 1.360 
d H1-O2 1.793 1.575 1.018 1.171 
d H2-O2 0.988 0.975 0.997 0.976 
d H2-O1 1.845 1.720 

IVa IVb 

TSIVa -I TSIVb-I 
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4.3 Conclusions 

We studied the mechanistic pathway of the amination reactions of allylic 
alcohols in DFT calculations for catalyst 1, which operates in the presence of catalytic 
amount of 1,3-diethylurea as a co-catalyst. In disagreement with previous experimental 
kinetic studies, the DFT calculation predict the nucleaophilc attack of the amine to be 
rate determining, while experimentally the oxidative addition step was found to be the 
rate-determining step. This is likely a combined effect of the use of a limited model 
(truncated ligand, no discrete solvent model and gas phase calculations on a reaction in 
which charge concentration effects play an important role). Nonetheless, the DFT 
calculation provided usefull information about the overall mechanism. Notably, the 
operation mode of the urea additive in the overall mechanism of the catalytic reaction 
becomes clearer. The urea moiety hydrogen bonds to the hydroxyl of the allyl alcohol, 
which in turn hydrogen bonds to the carbonyl of the ligand. The hydrogen bonding is 
cooperative, most likely because of polarization effects. The hydrogen bonds are 
present throughout the cycle, including the transition state for oxidative addition 
(TSIVa-I). Clearly, in this transition state the hydrogen bond leads to a lower energy 
compared to the non-hydrogen bonded analogue IVb. The oxidative addition process 
from IVa was computed to be exergonic, affording the aminated product, water and 
regenerating the allyl form of the catalyst (I). The effect of the H-bonding pattern is 
reflected by insignificant different bond length changes for the pathways with and 
without H-bonding, both in the nucleophilic attack of the amine on the allyl moiety 
and on the C-O oxidative addition step. In all cases, the hydrogen bond interaction 
leads to lower energy isomers. Concisely, H-bonding between the carboxyl group of 
the ligand L’ and the protons of the coordinated allyl amine or alcohol, IIa or IVa 
leads to lower energy isomers with lower barriers throughout the catalytic cycle. 

4.4 Experimental Section 

Computational Details. Geometry optimizations were carried out with the Turbomole 
program package12 coupled to the PQS Baker optimizer13 via the BOpt package,14 at the ri-
DFT level using the BP8615 functional and the resolution-of-identity (ri) method.16 We 
optimized the geometries of all stationary points at the def2-TZVP basis set level,17 
employing Grimme’s dispersion corrections (DFT-D3, disp3 version).18 The identity of the 
transition states was confirmed by following the imaginary frequency in both directions 
(IRC). All minima (no imaginary frequencies) and transition states (one imaginary frequency) 
were characterized by calculating the Hessian matrix. ZPE and gas-phase thermal corrections 
(entropy and enthalpy, 298 K, 1 bar) from these analyses were calculated. The relative free 
energies obtained from these calculations are reported in the Schemes and Figures of this 
chapter. 

By calculation of the partition function of the molecules in the gas phase, the entropy 
of dissociation or coordination for reactions in solution is overestimated (overestimated 
translational entropy terms in the gas phase compared to solutions). For reactions in 
‘solution’ we therefore corrected the Gibbs free energies for all steps involving a change in 
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the number of species. Several methods have been proposed for corrections of gas phase to 
solution phase data. The minimal correction term is a correction for the condensed phase 
(CP) reference volume (1 L mol-1) compared to the gas phase (GP) reference volume (24.5 L 
mol-1). This leads to an entropy correction term (SCP = SGP + Rln{1/24.5} for all species, 
affecting relative free energies (298 K) of all associative steps of -2.5 kcal mol-1.19 Larger 
correction terms of -6.0 kcal mol-1 have been suggested based on solid arguments.20 While it 
remains a bit debatablewhich entropy correction term is best to translate gas phase DFT data 
into free energies relevant for reactions in solution, in this chapter we adapted the suggested 
correction term of -6.0 kcal mol-1. 
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5.1 Introduction 

Palladium catalyzed cross-coupling reactions are commonly applied in the 
synthesis of natural products and complex biologically active compounds.1 These 
catalytic processes are powerful methods to generate various synthetic building blocks 
in an efficient and selective manner, and as such, find wide application in the fine 
chemical and pharmaceutical industries.2 Among the latest developments are cross-
coupling reactions involving non-activated (and preferably abundant) substrates, 
leading to low-waste processes with high atom economy.3 To this end, allylic alcohols, 
which are abundant structural motifs in renewables, are attractive substrates for direct 
use in allylic alkylation reactions, producing only water as a side product.4 However, 
the C-O bonds of allyl alcohols are rather difficult to activate, and consequently, 
activators are typically used in (super)stoichiometric amounts for the in situ activation 
of the substrates. The use of activators obviously leads to waste production, dodging 
any potential benefits of the direct use of allyl alcohols.5 Recently, our research group6 
and those of others7 reported catalyst systems that allow the direct activation of allylic 
alcohols in alkylation and amination reactions without the need for stoichiometric 
activators. Coupling of several aliphatic and aromatic allylic alcohols with a variety of 
different nucleophiles has been reported. However, thus far, cross-coupling of allylic 
alcohols with olefins is limited to the use of at least one (pre- or in situ) 
stoichiometrically activated reagent.8 For instance, nickel-catalyzed coupling of 
ethylene and allylic ethers produces the corresponding 1,4-dienes only in the presence 
of triethylsilyltrifluoromethanesulfonate (Et3SiOTf) and triethylamine.9 An iridium-
catalyzed coupling protocol was reported that used potassium trifluoroborate 
substituted alkenes that were coupled to secondary allylic alcohols, nBu4NHSO4 being 
used as an activator.10 Herein, we report the first example of a Pd-catalyzed 
dehydrative alkene-allyl cross-coupling reaction between non-activated allylic alcohols 
and vinyl arenes, in the absence of any stoichiometric activators (Scheme 1). The 
catalyst is a simple Pd catalyst, 1, based on an accessible and scalable ligand, making 
this a versatile and clean cross-coupling reaction. 

 

Scheme 1. Direct dehydrative cross-coupling of allylic alcohols with vinyl arenes using a simple, 
accessible catalyst. 

5.2 Results and Discussion 

Catalyst 1 (Figure 1) was developed previously in our group for C-C and C-N 
bond forming reactions using allylic alcohols, affording linear alkylated and aminated 
products in high yields and selectivity.6 Notably, the activity of 1 was higher in the 
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presence of 1,3-diethylurea (3 mol%), the high activity being attributed to the 
hydrogen bond assisted activation of the allylic alcohol to form the π-allyl palladium 
complex. This was the starting point of the current study. 

Pd
LL

O

O
O

O
P N

H
CO2Me

1

L:

BF4
-

 

Figure 1. Schematic representation of the catalyst 1 and the phosphoramidite ligand, L, used in 
this study. 

Initial experiments were focused on the cross-coupling of cinnamyl alcohol (2) 
with styrene (3a), with solvent, ligand and temperature being varied (Table 1). Under 
the standard reaction conditions, previously optimized for allylic alkylation reactions 
(toluene, 80 °C, 3 mol % 1,3-diethylurea), we were delighted to find the coupled 
product being formed in 31% yield (entry 1, Table 1). The solvent has a large influence 
on the yield of the reaction: by using N,N-dimethylformamide (DMF), 1,2-
dichloroethane, CH3CN, toluene, and heptane, a low yield was obtained; the highest 
yield (73% after 60 h) was obtained when 1,4-dioxane was used (Table 1, entries 1-6). 
Further improvement of the reaction yield (100% after 14 h) was achieved by raising 
the reaction temperature to 120 °C (Table 1, entries 7-9). For the alkylation reaction 
we previously found an increase in reaction rate with increasing concentration of urea 
additives. Interestingly, increasing the amount of 1,3-diethylurea for the dehydrative 
cross-coupling reaction lowered the yield significantly (from 71% (no urea) to 33% (10 
mol% urea) after 3 h; Table 1 entries 10-14). This negative effect suggests that the 
activation of the allyl alcohol may be different for this reaction compared to the 
previous reactions reported.6 Urea most likely competes for coordination with the 
alkene substrate, thus perhaps leading to the inhibition of the catalyst activity. 

Next we explored some common phosphoramidite and phosphine ligands that 
were used in combination with the same Pd precursor, [(η3-allyl)Pd(cod)]BF4 

(cod=1,5-cyclooctadiene). The reaction with the monophos based complex produced 
the expected product only in trace amounts, both at 100 and 120 °C (Table 1, entries 
15-16). The complex based on bidentate ligand xanthphos did not show any formation 
of the product (Table 1, entry 17). Some product formation was observed by using 
triphenylphosphine (13%) or tri(tert-butyl)phosphite (46%), but the yields obtained 
after 18 h were much lower compared to the use of ligand L (see Figure 1 for the 
structure of L; 100% after only 5 h; see Table 1, entries 14, 18, and 19). 
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Next we briefly explored if Pd nanoparticles, possibly formed under catalytic 

conditions, may be the active species. For this purpose, a variety of commercially 
available Pd nanoparticles were used, as well as a series of Pd(0) and Pd(II) precursors 
known to produce Pd-nanoparticles under typical reaction conditions (Table 2). 
Catalysis with the commercial BASF and Lindlar’s nanoparticles did not show any 
formation of the 1,4-diene product (Table 2, entries 1 and 2). The use of Pd(OAc)2 

failed to generate the desired product even in the presence of a nanoparticle stabilizer, 
nBu4NCl, and at elevated temperatures (Table 2, entries 3-5). Also the use of a Pd(0) 

Table 1. Palladium catalyzed cross-coupling of cinnamyl alcohol (2) and styrene (3a): 
optimization of the reaction conditions and catalyst.[a] 

 
Entry Solvent Temp [°C] Time [h] Ligand Yield[b] [%] 
1 toluene 80 60 L + 1,3-diethylurea 31 
2 heptane 80 60 L + 1,3-diethylurea 10 
3 1,4-dioxane 80 60 L + 1,3-diethylurea 73 
4 DMF 80 60 L + 1,3-diethylurea 0 
5 ClCH2CH2Cl 80 60 L + 1,3-diethylurea 0 
6 MeCN 80 60 L + 1,3-diethylurea 0 
7 1,4-dioxane 90 14 L + 1,3-diethylurea 41 
8 1,4-dioxane 100 14 L + 1,3-diethylurea 36 
9 1,4-dioxane 120 14 L + 1,3-diethylurea 100 
10 1,4-dioxane 120 3 L  71 
11 1,4-dioxane 120 3 L + 1,3-diethylurea[c] 56 
12 1,4-dioxane 120 3 L + 1,3-diethylurea[d] 47 
13 1,4-dioxane 120 3 L + 1,3-diethylurea[e] 33 
14[f] 1,4-dioxane 120 5 L  100 
15 1,4-dioxane 100 14 monophos trace 
16 1,4-dioxane 120 14 monophos trace 
17 1,4-dioxane 100 14 xanthphos 0 
18 1,4-dioxane  120 18 PPh3 13 
19 1,4-dioxane 120 18 P(Ot-Bu)3 46 
[a] Reaction conditions: Cinnamyl alcohol (0.1 mmol), styrene (0.3 mmol), 3 mol% 
[(η3-allyl)Pd(cod)]BF4, 3 mol% 1,3-diethylurea  (entries 1-9), 6 mol% ligand, 0.2 M. [b] 
Yields are determined with 1H-NMR by relative to the substrate and reaction 
intermediates. [c] 3 mol%. [d] 6 mol%. [e] 10 mol%. [f] 0.12 mmol styrene added. 

complex as a precursor, [Pd(dba)2] and [Pd2(dba)3] (dba=dibenzylideneacetone),  did 
not lead to formation of the diene product (Table 2, entries 6, 7). Only the use of [(η3-
allyl)Pd(cod)]BF4 as a catalyst resulted in the formation of the product in 44% yield, 
thus suggesting that the allyl-fragment at the Pd center plays a crucial role. To further 
rule out the role of nanoparticles, we performed selective poisoning experiments, 
which are commonly applied to discriminate homogeneous and heterogeneous catalyst 
species.11 The addition of polyvinylpyridine (PVP; after 3 hours), which is a selective 
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poison for homogeneous catalysts,12 directly terminated the reaction. These 
experiments together strongly indicate that Pd particles do not play a role in the 
current reaction (see the experimental section for details). On the basis of the 
combined results we concluded that the cross-coupling reaction proceeds via well-
defined homogeneous palladium complexes, a conclusion that is also in line with the 
kinetics (vide infra).  

Once catalyst 1 was identified as an effective catalyst and the reaction 
conditions were optimized, we explored the substrate scope for the dehydrative cross-
coupling reaction (Table 3). The coupling of cinnamyl alcohol with styrene, which was 
used as the model reaction, gave full conversion and afforded the product 4a in 90% 
yield upon isolation (Table 3, entry 1). Substituted styrene derivatives, either with 
electron-donating or electron-withdrawing groups, were also efficiently coupled to 
cinnamyl alcohol, generating the corresponding 1,4-dienes as the only products with 
full conversions. The yields upon isolation were only moderate for these products 
owing to losses during purification.13 The use of electron rich p-methoxy and p-
methylstyrene afforded the products 4b and 4c in 58% and 65% yields upon isolation 
(Table 3, entries 2 and 3); m-methylstyrene resulted in product 4d being isolated in 
70% yield (Table 3, entry 4). The electron deficient substrates, p-fluoro and p-
chlorostyrene, led to the corresponding products being isolated in 55% (4e) and 66% 
(4f), respectively (Table 3, entries 5 and 6). 

 

 
 
 
 
 

Table 2. Palladium catalyzed cross-coupling of cinnamyl alcohol (2) and styrene (3a): control 
experiments using various Pd complexes and nanoparticles.[a] 

Entry Temp [°C] Time [h] Catalyst Yield [%][b] 
1 120 18 Pd-np-BASF-0.5%Pd 0 
2 120 18 Lindlers cat. 5% Pd 0 
3           80 26 Pd(OAc)2 0 
4 120 18 Pd(OAc)2 0 
5 120 18 Pd(OAC)2/(nBu)4NCl 0 
6 120 14 Pd(dba)2 0 
7 120 14 Pd2(dba)3 0 
8 120 14 [(η3-allyl)Pd(cod)]BF4 44 

[a] Reaction conditions: Cinnamyl alcohol (0.1 mmol), styrene (0.3 mmol), 3 mol% Pd 
precursor or nanoparticle as catalyst, dioxane, 0.2 M. [b] Yields are determined with 1H-NMR 
by relative to the substrate and reaction intermediates. 
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The cross-coupling reaction was further extended to aliphatic allylic alcohols, 
which are generally more challenging to activate than cinnamyl alcohol. Also, for these 
substrates, the reaction with styrene derivatives resulted in the formation of the 
corresponding 1,4-diene products, significantly broadening the scope of this reaction 
(Table 4). The catalytic reaction of 2-hexen-ol (5a) and p-methoxystyrene (3b) 
afforded product 6a in 47% yield upon isolation as a single product (Table 4, entry 1). 
Application of methyl substituted allylic alcohols (either at the 1- or the 3-position) 
generated two regioisomers. These two products can be explained by an isomerization 
of the π-allyl intermediate involving β-hydrogen elimination (vide infra). The coupling 
reaction of styrene with prenol, 5b, produced products 7a and 7b in a 10:23 isomeric 
ratio and 30% yield upon isolation (Table 4, entry 2). Importantly, the coupling of p-
methoxystyrene, 3b, with 5b resulted in a reaction yield and product distribution that 
was similar to that found with the coupling with styrene (8a and 8b; Table 4, entry 3). 
The coupling of 3b with 5c, which is an isomer of 5b, led to the same products (8a 
and 8b) but in a different product ratio (10:10 compared to 10:21; Table 4, entries 3 
and 4). In line with this, the coupling of 3b with the regioisomeric alcohols, geraniol, 
5d, and linalool, 5e, resulted in products 9a and 9b in different ratios (10:8 and 10:2; 
Table 4, entries 5 and 6) and in moderate yields upon isolation. This clearly indicates 
that the regioselectivity of the reaction depends on the isomeric form of the starting 
alcohol. 

 

Table 3.  Cross coupling of cinnamyl alcohol with styrene derivatives.[a] 

R

OH

R

+

2 3 4  
Entry Alkene Product Yield [%][b] 

1 3a  4a   90 

2 3b O  4b  O  58 

3 3c  4c   65 

4 3d  4d   70 

5 3e F  4e   F  55 

6 3f Cl  4f   Cl  66 
[a] Reaction conditions: Cinnamyl alcohol (0.1 mmol), styrene derivative (0.12 mmol), 3 mol% 
catalyst 1, dioxane, 0.2 M, 120 °C, 14 h. [b] Isolated yields. 
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To get insight in the reaction mechanism for these dehydrative cross coupling 
reactions, we performed kinetic studies (with cinnamyl alcohol and styrene as model 
substrates) by monitoring the reaction progress in time with 1H-NMR spectroscopy. 
These experiments show a zero order reaction rate dependence on the cinnamyl 
alcohol concentration and a positive order dependence in [styrene] (see experimental 
section for details). Moreover, we observed bis(cinnamyl)ether (2a) as a reaction 
intermediate, which was consumed during the course of the reaction. In a separate 
experiment, 2a was directly used as substrate for the cross-coupling reaction with 
styrene. The reaction rate in this experiment was identical to that of the coupling 
reaction with cinnamyl alcohol, suggesting that under catalytic conditions there is a 
fast equilibrium between cinnamyl alcohol and the bis(cinnamyl)ether. 

Table 4.  Cross coupling of aliphatic allyl alcohols with styrene derivatives.[a] 

X

OH

X

+

R R R

+

X5 3 a b  

Entry Alcohol Alkene Product 
Yield 
(%)[b] 

1 
OH

5a 
O  

3b     6a O  47 

 
2 

OH  
5b 

 
3a     7a       7b     

30  
(10:23) 

 
 
3 

OH

5b 
O  

3b     8a O   8b O  
32  

(10:21) 

4 
  

OH

 
5c 

O  
3b     8a O   8b O  

38  
(10:10) 

 
5 

OH

5d 
O  

3b 

    9a O   

    9b O  
40  

(10:8) 

 
6 

OH

 
5e 

O  
3b 

    9a O  

    9b O  
42  

(10:2) 
[a] Reaction conditions: Cinnamyl alcohol (0.1 mmol), styrene derivative (0.12 mmol), 3 mol% 
catalyst 1, dioxane, 0.2 M, 120 °C, 14 h. [b] Isolated yields. 
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Scheme 2. Proposed mechanism for the cross-coupling reactions of cinnamyl alcohol with vinyl 
arenes. For clarity, we have not indicated the charge of the Pd center (cationic throughout the 
cycle), nor included the counterion (BF4

-). 

Based on these kinetic data, we propose the mechanism for the dehydrative cross-
coupling reactions shown in Scheme 2. Starting from the π-allyl complex 1b, 
coordination and the subsequent insertion of styrene gives intermediate 1c and 1d, 
respectively. Subsequent β-hydride elimination and decoordination gives product 4a 
and reactive Pd hydride intermediate 1f. After coordination of the substrate to this 
species, the π-allyl complex resting state 1b can form. From π-allyl complex 1b, the 
allyl ether 2a can be formed after nucleophilic attack of the cinnamyl alcohol. This 
reaction is likely slow compared to the product-forming pathway (as formation of the 
ether is minor compared to product formation, and the ether in turn serves also as 
substrate), and as such it does not appear in the rate equation. Most likely, according 
to kinetic experiments (zero order in [allylic alcohol] and a positive order in [styrene]), 
the rate-determining step involves either coordination of styrene to the catalyst, 1b, or 
the subsequent migration to the allyl fragment. Notably, the oxidation state of the Pd 
center remains the same (+II) throughout the entire catalytic cycle.  

 

Scheme 3. Proposed allylic alcohol activation steps involving a Pd hydride species. For clarity we 
have not indicated the charge of the Pd center (cationic throughout the cycle), nor included the 
counterion (BF4-). 
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Activation of the allyl alcohol by hydride species [(L)2PdH] to form allyl 

intermediate 1b, which is the key step of the proposed catalytic cycle, likely proceeds 
via the steps shown in Scheme 3. Coordination and insertion of the C=C bond of the 
substrate leads to a β-hydroxy-alkyl intermediate. Subsequent β-hydroxy elimination14 
and intramolecular deprotonation of the acidic allylic C-H bond15 by the hydroxo 
ligand then leads to formation of 1b with elimination of water.       

Other allyl alcohols most likely react in a similar manner as the cinnamyl alcohol. 
The formation of two isomers when methyl substituted allyl alcohols are used is easily 
explained by an isomerization process of the allyl moiety from allyl intermediate 10 to 
allyl intermediate 11, involving β-hydride elimination at the methyl substituent (see 
Scheme 4). This process is likely preceded by formation of a σ-allyl intermediate. Both 
the linear and branched products derive from insertion of the vinyl arene into the Pd-
C bond of the allyl moiety at the least hindered position. The linear product arises 
directly from 10, while the branched product arises from isomerized allyl intermediate 
11. β-Hydride elimination following the vinyl arene insertion step generates the 
observed products and regenerates the Pd hydride intermediate.  

 

Scheme 4. Proposed isomerization mechanism of the linear and branched products. For clarity 
we have not indicated the charge of the palladium (cationic throughout the cycle) and the 
counterion (BF4

-). 
As noted, the linear to branched ratios depend on the isomeric form of the 

starting alcohol. The branched aliphatic alcohols, 5c and 5e, afforded respective linear 
products, 8a and 9a, in higher relative ratios than with the linear alcohols, 5b and 5d, 
and vice versa (Table 4, entries 3-6). This observation is less easy to explain 
mechanistically, but may be related to the formation of diastereomers/regioisomers of 
intermediate 10 (see Figure 8 in experimental section) in different ratios, depending on 
the allyl alcohol substrate. Such isomers are expected to have dissimilar insertion and 
isomerization rates (Scheme 4), thus leading to different product ratios. 
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5.3 Conclusions 

In conclusion, we present here the first examples of palladium catalyzed direct 
dehydrative cross-coupling reactions with allylic alcohols and styrene derivatives. Pd 
catalyst 1 is active in the absence of additional activators, and is based on a simple 
scalable phosphoramidite ligand. Based on kinetic studies we propose a mechanism in 
which the allyl alcohol is activated by a Pd hydride complex, explaining why additional 
activators are not needed. The catalyst shows activity towards both aromatic and 
aliphatic allylic alcohols that can be coupled with various substituted styrene 
derivatives. With high activities and a wide substrate scope, this is an interesting, 
broadly applicable, new protocol for the formation of 1,4-dienes. 

5.4 Experimental Section 

5.4.1 General 

All reactions were carried out under an argon atmosphere using flame dried sealed tubes with 
Teflon stopper. Dioxane was distilled from sodium under nitrogen. NMR spectra were 
measured on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P 
respectively). High resolution mass spectra were recorded on a JEOL JMS SX/SX102A four 
sector mass spectrometer; with EI+ method.  

5.4.2 Materials 

All reagents were purchased from commercial suppliers with the exception of ligand, L, (S)-
methyl 2-(4,8-di-tert-butyl-2,10-dimethoxydibenzo[d,f][1,3,2]dioxaphosphepin-6-ylamino)-3-
phenylpropanoate, catalyst 16 and Pd precursor, [(η3-allyl)Pd(cod)]BF416, which were 
synthesized following previously reported procedures. Styrene, m-methylstyrene, p-
methylstyrene, p-methoxystyrene, p-chlorostyrene and p-fluorostyrene were filtered through 
basic alumina before usage.  

5.4.3 Optimization of the reaction conditions 

Reactions conditions were optimized for solvent, temperature and ligand as reported in Table 
1. General procedure: Cinnamyl alcohol, 2, (0.1 mmol) and styrene, 3a, (0.3 mmol) were added 
to a mixture of [(η3-allyl)Pd(cod)]BF4 (0.003 mmol), 1,3-diethylurea (0.003 mmol) (only in 
entry 1-9, Table 1) and ligand (0.006 mmol). The reaction Schlenk flask was flushed with 
argon before the addition of the dioxane (0.5 ml) and placed into an 120 °C pre-heated oil 
bath (corresponding reaction times are reported in Table 1 for each entry.) Reactions were 
stopped by cooling-down to room temperature. Reaction yields were determined by 
integration of the 1H-NMR signals. after evaporating the reaction solvents and dissolving the 
crude reaction mixture in CDCl3. The yields reported are based on the ratio between the 
product, the limiting substrate (cinnamyl alcohol) and the reaction intermediates.  

5.4.4 Selective Poisoning Experiments 

Selective poisoning experiments were performed by using PVP as the poison. We examined 
two reactions (run 1 and run 2) under identical conditions and monitored the reaction 
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progresses in time. The PVP was added, after 3 hours, only to the reaction vessel of run 1, 
which ceased the reaction immediately. As we kept the reactions running, we observed 
formation of the product in 96% yield in run 2 after 6 hours, but no further activity in run 1 
even after 20 hours (Figure 2).  

Procedure for selective poisoning 
experiments (run 1 and run 2): Cinnamyl 
alcohol, 2, (0.2 mmol) and styrene, 3a, 
(0.24 mmol) were added to catalyst 1 
(0.006 mmol) and 1,3 diethylurea (0.003 
mmol). The reaction mixtures were 
flushed with argon before addition of the 
dioxane solvent (1 ml). Then, the 
reaction Schlenk vessels were placed in a 
pre-heated oil bath at 120 °C. After 3 
hours PVP (300 eq of pyridine units to 
Pd) was added to the reaction vessel of 
run 1. Reaction samples (0.1 ml) were 
taken from each reaction vessel at regular 
time intervals (both run 1 and 2). Yields 
were determined by integration of the 
1H-NMR signals.  

5.4.5 Kinetic Studies 

5.4.5.1 Effect of substrate concentrations on the reaction rates 

The reaction rate dependency on the concentrations of cinnamyl alcohol 2 and styrene 3a 
were determined by kinetic studies. The concentrations of these substrates were varied and 
the reaction progress was monitored for each run (Table 5). The results are reported in the 
following graphs (Figure 3 and 4), which demonstrate a zero order rate dependency for the 
cinnamyl alcohol and a positive order in styrene. From the slope of the each run, the order of 
styrene was estimated to be 0.8 (Figure 4).  
Reaction procedures for the kinetic experiments: The respective amounts of cinnamyl alcohol 2 and 
styrene 3a (as reported in Table 5) were added to a Schlenk flask containing catalyst 1 (0.0084 
mmol). After the addition of dioxane (1.4 ml) the flask was placed in a preheated oil bath 
(120 °C). Reaction samples were taken with regular time intervals and the product yields were 
determined by integration of the 1H-NMR signals. 

Table 5. Reaction conditions used in the 
kinetic studies varying the concentrations 
of cinnamyl alcohol 2 and styrene 3a. 
Run [2] M [3a] M 
1 0.2 0.24 
2 0.2 0.48 
3 0.3 0.48 
4 0.4 0.48 

Figure 2. Reaction progress of run 1 and run 2 in 
time.  
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Figure 3. Effect of the cinnamyl alcohol 
concentration on the reaction rate, comparison 
of run 2, run 3 and run 4. 
 

Figure 4. Effect of the styrene concentration 
on the reaction rate. The approximate value of 
the slopes were calculated for the each run; run 
1 (y = 83x + 9,9) and run 2 (y = 135x + 21,0). 

5.4.5.2 Effect of the catalyst concentrations on the reaction rates 

To determine the dependency of the reaction rate 
on the catalyst concentration, we have performed 
the reactions with varying amounts of catalyst. 
The concentration of the catalyst was set in range 
between 0.1 mol% and 6 mol% (Table 6). 
Reactions were run in parallel and samples were 
taken after 3 hours. The product yields, which are 
reported in Table 6, demonstrated the reaction 
has a positive order in the catalyst concentration. 

Reaction procedure: Cinnamyl alcohol 2 (0.08 mmol) 
and styrene 3a (0.096 mmol) were added to a Schlenk flask containing catalyst 1 (the 
corresponding amounts are reported in Table 6 for each entry). Reaction mixtures were 
flushed with argon before addition of the dioxane solvent (0.4 ml), after which the flask was 
placed in a preheated oil bath (120°C). To determine the effect of the catalyst concentrations 
on the reaction rates, the reactions were stopped after 3 hours. The yields were determined by 
integration of the 1H-NMR signals.   

5.4.5.3 Reaction intermediates 

During the kinetic experiments we have observed the formation of two reaction 
intermediates, bis-cinnamylether 2a and cinnamaldehyde. The reaction profile of the model 
reaction is represented in Figure 5. 
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Table 6. Reaction conditions used in 
the kinetic studies varying the 
concentrations of catalyst 1. 
Run [1] M Yield [%] 
1        0.0002 0 
2        0.001 8 
3        0.003  29 
4        0.006  71 
5        0.012   100 
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Figure 5. Reaction profile of the model 
reaction (cinnamyl alcohol and styrene cross 
coupling). 

Figure 6. Reaction profiles of reactions 
comparing the use of bis(cinnamyl)ether and 
cinnamyl alcohol as a substrate. 

To understand the role of bis-cinnamylether 2a, we used 2a as substrate and followed the 
reaction progress in time. The profile of this reaction showed an exact overlap with the 
model reaction i.e. cinnamyl alcohol used a substrate (Figure 6). Even though the ratio of 
cinnamyl alcohol and bis(cinnamyl)ether were different during the course of each reaction, 
the reaction profiles were same (Figure 7). This suggests an equilibrium between cinnamyl 
alcohol and bis-cinnamylether which does not have any effect on reaction rate. On the other 
hand, using cinnamaldehyde as a substrate did not show any activity. The crude amount of 
cinnamaldehyde that was observed in model reaction is the product of a minor 
dehydrogentation reaction of cinnamyl alcohol by the Pd catalyst.  

5.4.6 Possible explanation for the formation of different product ratios when 
starting from different isomeric forms of the allyl alcohol substrates 
 
The linear to branched ratios depend on the isomeric form of the starting alcohol. This 
observation is not so easy to explain mechanistically, but may be related to formation of 
diastereomers/regioisomers of intermediate 10 (see Figure 8) in different ratios, depending 
on the allyl alcohol substrate. Such isomer are expected to have dissimilar insertion and 
isomerization rates, and this would lead to formation of the products in different ratios. The 
two chiral ligands L cause different steric hindrance in the four quadrants of [(L)2Pd]2+, 
interacting differently with the substituents of linear and the branched allyl alcohols during 
formation of the square planar allyl intermediates (Figure 8). Hydrogen bonding between the 
allyl-alcohol and the ester moieties of ligand L may also have an effect on the isomeric ratio 
of intermediates formed. 
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Figure 7. Reactions progress profiles in the use of cinnamyl alcohol (A) and bis(cinnamyl)ether 
(B) as the starting substrates. 
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Figure 8. Quadrant view of [(L2)Pd]2+, allyl intermediates 10a-10d and their isomerized forms 
11a-11d. The two chiral ligands L cause steric hindrance in mainly two of the quadrants above 
and below the coordination plane (1 and 1’). 

5.4.7 Characterization Data 

5.4.7.1 Products of cross coupling reaction with cinnamyl alcohol and styrene 
derivatives (Table 3) 

(1E,4E)-1,5-diphenylpenta-1,4-diene (4a): The reaction mixture was purified using SiO2 
column chromatography (Ethyl acetate: Hexane, 1:200) to obtain the product. Yield: 90%. 1H 
NMR (CDCl3, 400 MHz): δ 7.45-7.22 (m, 10H), 6.51 (d, J = 15.9 Hz, 2H), 6.33 (dt, J = 15.8, 6.6 
Hz, 2H), 3.17 (t, J = 6.6 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 137.45, 130.92, 128.42, 128.10, 
126.99, 125.97, 36.11. HR MS (FAB): calcd. for C17H16 [M+H]+: 220.1246, found: 220.1241. 

1-methoxy-4-((1E,4E)-5-phenylpenta-1,4-dien-1-yl)benzene (4b): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:100) to obtain the product. 
Yield: 58%. 1H NMR (CDCl3, 400 MHz): δ 7.37-7.04 (m, 7H), 6.86-6.69 (m, 2H), 6.35 (dd, J = 
19.4, 15.9 Hz, 2H), 6.20 (dt, J = 15.8, 6.6 Hz, 1H), 6.06 (dt, J = 15.8, 6.7 Hz, 1H), 3.71 (s, 3H), 
3.01 (tt, J = 6.6, 1.3 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 158.77, 137.54, 130.75, 130.32, 
128.43, 128.41, 127.08, 126.95, 125.97, 125.89, 113.86, 55.18, 36.10. HR MS (FAB): calcd. for 
C18H18O [M+H]+: 250.1357, found: 250.1398. 

1-methyl-4-((1E,4E)-5-phenylpenta-1,4-dien-1-yl)benzene (4c): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:500) to obtain the product. 
Yield: 65% 1H NMR (CDCl3, 400 MHz): δ  7.41-6.92 (m, 9H), 6.37 (dd, J = 15.8, 10.2 Hz, 2H), 
6.19 (ddt, J = 22.5, 15.8, 6.6 Hz, 2H), 3.04 (t, J = 6.6 Hz, 2H), 2.26 (s, 1H). 13C NMR (101 MHz, 
CDCl3): δ 137.50, 136.70, 134.68, 130.79, 130.77, 129.09, 128.39, 128.29, 127.02, 126.93, 125.95, 
125.85, 36.08, 21.04.  HR MS (FAB): calcd. for C18H18 [M+H]+: 234.1403, found: 234.1398. 

1-methyl-3-((1E,4E)-5-phenylpenta-1,4-dien-1-yl)benzene (4d): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:5) to obtain the product. 
Yield: 70%. 1H NMR (CDCl3, 400 MHz): δ 7.41-7.00(m, 9H), 6.52-6.44 (m, 2H), 6.36-6.22 (m, 
2H), 3.15 (t, J = 6.5 Hz, 2H), 2.37 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 137.93, 137.46, 
137.38, 130.98, 130.85, 128.42, 128.31, 128.18, 127.87, 127.78, 126.96, 126.70, 125.96, 123.11, 
115.37, 115.16, 36.10, 21.31. HR MS (FAB): calcd. for C18H18 [M+H]+: 234.1403, found: 
234.1401. 

1-fluoro-4-((1E,4E)-5-phenylpenta-1,4-dien-1-yl)benzene (4e): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:100) to obtain the product. 
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Yield: 55%.  1H NMR (CDCl3, 400 MHz): δ 7.48-7.35 (m, 5H), 7.29-7.24 (m, 2H), 7.09-7.03 (m, 
2H), 6.54-6.46 (m, 2H), 6.29 (ddt, J = 39.5, 15.8, 6.6 Hz, 2H), 3.16 (t, J = 6.6 Hz, 2H). 13C NMR 
(101 MHz, CDCl3): δ 163.05, 161.09, 137.53, 133.75, 131.15, 129.87, 128.57, 128.08, 127.57, 
127.50, 127.18, 126.11, 123.26, 115.50, 115.33, 36.17, 21.45. 19F-NMR (282 MHz, CDCl3): δ 
115.32 (br s) HR MS (FAB): calcd. for C17H15F [M+H]+:238.1157, found: 238.1151. 

1-chloro-4-((1E,4E)-5-phenylpenta-1,4-dien-1-yl)benzene (4f): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:5) to obtain the product. 
Yield: 66%.  1H NMR (CDCl3, 400 MHz): δ 7.49-7.18 (m, 9H), 6.47 (dd, J = 18.9, 16.0 Hz, 2H), 
6.30 (dtd, J = 15.8, 6.6, 2.6 Hz, 2H), 3.15 (t, J = 6.6 Hz, 2H).  13C NMR (101 MHz, CDCl3): δ 
137.33, 135.93, 132.53, 131.12, 129.70, 128.87, 128.54, 128.43, 127.71, 127.16, 127.06, 125.96, 
36.05. HR MS (FAB): calcd. for C17H15Cl [M+H]+: 254.0862, found: 254.0856. 

5.4.7.2 Products of cross coupling reaction with aliphatic allylic alcohols and styrene 
derivatives (Table 4) 

1-methoxy-4-((1E,4E)-octa-1,4-dien-1-yl)(6a): The reaction mixture could not be properly 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:100), because the polarities 
of the product and the 4-methoxystyrene are too similar. Compulsorily, the product and the 4-
methoxystyrene were collected as a mixture. The product yield was calculated according to the 
ratio of the integrals of the 1H NMR signals of the product and the remaining styrene. Yield: 
47%. 1H NMR (CDCl3, 400 MHz): δ 6.89 (dd, J = 10.7, 8.8 Hz, 4H), 6.38 (d, J = 15.8 Hz, 1H), 
6.12 (dt, J = 15.8, 6.6 Hz, 1H), 5.62-5.46 (m, 2H), 3.85 (s, 3H), 2.93 (dt, J = 6.4, 3.2 Hz, 2H), 2.06 
(qd, J = 6.7, 6.3, 4.1 Hz, 2H), 1.45 (h, J = 7.3 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H).13C NMR (101 
MHz, CDCl3) δ 158.60, 131.49, 130.53, 129.43, 127.28, 127.09, 126.99, 113.79, 55.17, 35.87, 
34.64, 22.54, 13.63. HR MS (FAB): calcd. for C15H20O [M+H]+: 216.1514, found: 216.1516. 

(E and Z)-(5-methylhexa-1,4-dien-1-yl)benzene (7a, 7b): The reaction mixture was purified 
using SiO2 column chromatography (Ethyl acetate: Hexane, 1:10) to obtain the mixture of 
regioisomeric products, (7a and 7b), with 1:2,3 ratio. Yield: 30%.  1H NMR (CDCl3, 400 MHz): 
δ 7.50-7.12 (m, 5H), 6.41 (dd, J = 15.8, 6.3 Hz, 1H), 6.23 (dtd, J = 15.9, 6.8, 4.4 Hz, 1H), 5.38-
5.31 (m, 0.70H, H2

’), 5.29-5.22 (m, 0.30H, H2), 2.93 (t, J = 7.1 Hz, 0.60H, H1), 2.90 (d, J = 7.0 Hz, 
1.40H, H1

’), 1.78-1.64 (m, 6H). 13C NMR (101 MHz, CDCl3): δ 137.75, 134.43, 130.88, 129.55, 
129.53, 129.08, 128.48, 128.46, 126.91, 126.81, 126.03, 125.97, 121.58, 119.67, 43.19, 31.64, 25.78, 
17.76, 15.91, 13.51. HR MS (FAB): calcd. for C13H16 [M+H]+: 172.1257, found: 172.1273. 

(E)-1-methoxy-4-(5-methylhexa-1,4-dien-1-yl)benzene (8a, 8b): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:500) to obtain the mixture 
of regioisomeric products, (8a and 8b), with 1:2,1 ratio. Yield: 32%.  1H NMR (CDCl3, 400 
MHz): δ 7.34-7.25 (m, 2H), 6.86 (dd, J = 8.8, 3.3 Hz, 2H), 6.35 (dd, J = 15.8, 4.5 Hz, 1H), 6.08 
(dtd, J = 16.3, 6.8, 2.8 Hz, 1H), 5.38-5.28 (m, 0.64H2

’), 5.25 (ddt, J = 7.2, 4.3, 1.4 Hz, 0.30H2
’), 

3.83 (s, 3H), 2.96-2.78 (m, 2H-H1 and H1
’), 1.77-1.63 (m, 6H). 13C NMR (101 MHz, CDCl3): δ 

158.58, 134.56, 132.68, 130.60, 130.49, 130.11, 128.79, 127.22, 126.98, 126.91, 126.76, 121.76, 
119.32, 113.78, 113.75, 55.18, 43.06, 31.48, 25.65, 17.62, 15.77, 13.36. HR MS (FAB): calcd. for 
C14H18O [M+H]+:202.1352, found: 202.1362. 

(E)-1-methoxy-4-(5-methylhexa-1,4-dien-1-yl)benzene (8a, 8b): The reaction mixture was 
purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:500) to obtain the mixture 
of regioisomeric products, (8a and 8b), with 1:1 ratio. Yield: 38%. 1H NMR (CDCl3, 400 MHz): 
δ 7.38-7.24 (m, 2H), 6.91-6.81 (m, 2H), 6.35 (dd, J = 15.8, 4.5 Hz, 1H), 6.08 (dtd, J = 15.9, 6.8, 
2.8 Hz, 1H), 5.38-5.29 (m, 0.5H2’), 5.25 (t, J = 7.2 Hz, 0.5H2), 3.83 (d, J = 1.1 Hz, 3H), 2.96-2.79 
(m, 2H- H1 and H1

’), 1.80-1.60 (m, 6H). 13C NMR (101 MHz, CDCl3): δ 158.6, 158.5, 134.6, 
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132.7, 130.6, 130.5, 130.1, 128.8, 127.2, 127.0, 126.9, 126.8, 121.8, 119.3, 113.8, 113.8, 55.2, 55.2, 
43.1, 31.5, 25.7, 17.6, 15.8, 13.4. HR MS (FAB): calcd. for C14H18O [M+H]+: 202.1352, found: 
202.1415. 

1-((1E,4E)-5,9-dimethyldeca-1,4,8-trien-1-yl)-4-methoxybenzene (9a, 9b): The reaction 
mixture was purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:100) to obtain 
the mixture of regioisomeric products, (9a and 9b), with 1:0,8 ratio. Yield: 40%. 1H NMR 
(CDCl3, 400 MHz): δ 7.34-7.27 (m, 2H), 6.89-6.82 (m, 2H), 6.35 (d, J = 15.8 Hz, 1H), 6.07 (dtd, J 
= 15.7, 6.8, 4.0 Hz, 1H), 5.32 (q, J = 6.7 Hz, 0.44H1

’), 5.25 (t, J = 7.6 Hz, 0.56H1), 5.19-5.10 (m, 
1H), 3.82 (s, 3H), 2.98-2.83 (m, 2H), 2.15-1.94 (m, 4H), 1.80-1.52 (m, 9H).13C NMR (101 MHz, 
CDCl3): δ 158.51, 138.66, 136.34, 131.47, 130.54, 130.11, 128.77, 127.43, 127.25, 126.90, 124.19, 
122.46, 121.54, 119.95, 113.77, 55.16, 40.64, 31.84, 31.31, 29.95, 26.58, 25.59, 23.33, 17.50, 15.95, 
13.20. HR MS (FAB): calcd. for C19H26O [M+H]+: 270.1978, found: 270.1931. 

1-((1E,4E)-5,9-dimethyldeca-1,4,8-trien-1-yl)-4-methoxybenzene (9a, 9b): The reaction 
mixture was purified using SiO2 column chromatography (Ethyl acetate: Hexane, 1:100) to obtain 
the mixture of regioisomeric products, (9a and 9b), with 1:0.2 ratio. Yield: 42%.  1H NMR 
(CDCl3, 400 MHz): δ 7.26-7.11 (m, 2H), 6.76 (d, J = 8.6 Hz, 2H), 6.25 (d, J = 15.8 Hz, 1H), 6.04-
5.90 (m, 1H), 5.23 (q, J = 6.7 Hz, 0.15H1

’), 5.15 (t, J = 7.2 Hz, 0.85H1), 5.10-5.01 (m, 1H), 3.72 (s, 
3H), 2.81 (t, J = 6.4 Hz, 2H), 2.11-1.92 (m, 4H), 1.71-1.45 (m, 9H). 13C NMR (101 MHz, CDCl3) 
δ 158.50, 136.34, 131.57, 131.34, 130.63, 130.61, 130.12, 128.86, 128.76, 127.42, 127.25, 126.97, 
126.90, 124.16, 124.10, 122.46, 121.53, 119.96, 113.75, 113.49, 55.16, 39.62, 31.85, 31.33, 26.58, 
26.49, 25.63, 23.36, 17.61, 17.57, 15.97. HR MS (FAB): calcd. for C19H26O [M+H]+: 270.1983, 
found: 270.1970. 
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Summary 

Environmental pollution is a raising problem on a global scale that will have 
serious consequences for the next generations, unless we act today to prevent this. 
Burning of fossil fuels to supply our energy demands and satisfying the material needs 
to sustain the growing world population are the main causes for the climate change, 
pollution and general depletion of natural reserves. As such, the excessive use of 
fossil-based carbon feedstocks should be reduced. This can be realized by large scale 
transformation to alternative energy sources, but also by replacing the oil-based 
feedstock by renewable feedstock for the preparation of chemicals and materials. 
Additionally, the diminishing petroleum reserves will be a major problem in the future 
and therefore we need to find alternatives to sustain our demand for energy, materials 
and economic growth. In the meantime, we should use our reserves as efficient and as 
carefully as possible. This implies that production processes should be waste free, if 
possible, and materials should be recycled as much as possible, thereby preventing 
further pollution. As scientists, it is our responsibility to facilitate the transition to a 
fully sustainable society that is in harmony with the environment. To arrive at such 
ideal society, scientists need to develop new catalytic tools that enable sustainable, 
green and clean industrial processes with a high efficiency, thus leading to less waste 
generation. In the perspective of developing sustainable chemical production lines, the 
conversion of biobased feedstocks to platform chemicals is of crucial importance and 
as such of growing interest. This requires the development of new (catalytic) chemical 
processes (e.g. dehydration, deoxygenation) to afford the desired products. The work 
described in this thesis has been carried out in the context of these views, as new 
catalytic methodology has been developed to cleanly convert allyl alcohols, a 
frequently encountered structural motif in biobased feedstock, and particularly in the 
class of terpenes. 

Chapter 1 gives a general overview of the use of terpene-based feedstocks in 
fine chemical synthesis. Usually, these precursors need to be activated for further 
functionalization, a process that inherently leads to waste formation. A few reports 
describe strategies for the direct use of allyl-alcohols (simple derivatives of terpene-
type hydrocarbons), demonstrating that these bio-based compounds in principle can 
be efficiently and selectively converted into a variety of valuable chemical building 
blocks. The content of this thesis covers the development of a novel catalytic system 
for the direct activation of allyl-alcohols in substitution reactions and importantly, 
describes a mechanistic understanding of these novel reactions. 

In Chapter 2, we introduce a novel phosphoramidite ligand, 1, and its Pd based 
catalyst, 1a, that shows high efficiency in the direct allylic substitution reactions of 
allylic alcohols. The catalyst shows high selectivity for the linear isomeric products and 
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the catalyst can handle a broad substrate scope (Scheme 1). The catalyst system uses 
1,3-diethylurea as a co-catalyst, which forms a bifurcated double hydrogen-bond to the 
palladium-bound allyl-alcohol substrate, which in turn forms a hydrogen bond to the 
ligands that are coordinated to Pd. This H-bond array facilitates the C-O oxidative 
addition process, which is the most difficult (rate-limiting) step of the catalytic cycle. 
We explored the scope of aromatic, aliphatic and terpene allylic alcohols in alkylation 
and amination reactions. Indole derivatives and various primary and secondary amines 
were used as the nucleophile, respectively. We have also investigated the reaction 
mechanism based on kinetic studies (reaction progress analysis). These studies show 
that the reaction is first order in the [allyl alcohol] and [1,3-diethylurea], and zero order 
in [nucleophile], confirming that the C-O oxidative addition step of the allyl-alcohol is 
the rate determining step. 

 

Scheme 1. Schematic representation of the phosphoramidite based ligand 1 and its 
corresponding Pd-allyl complex, 1a. General description of nucleophilic allylic substitution 
reactions of allylic alcohols. 

In Chapter 3, we report on the study that investigated the role of urea by 
exploring urea-functionalized ligands in the Pd-catalyzed allylic substitution (Scheme 
2). The effect of the covalently attached urea moiety of these ligands on the activation 
of allyl-alcohols through intramolecular H-bonding with the hydroxyl-group of the 
coordinated allyl-alcohol was explored. The catalysis was again performed in the 
presence and absence of additional 1,3-diethylurea and the results were compared with 
the catalytic system without a covalent bond between the ligand and a urea-moiety 
(1a+1,3-diethylurea). We expected that the covalent attachment of a urea moiety 
would facilitate the reaction better, for entropic reasons. However, as the general 
pattern, the covalent attachment of an urea-moiety did not have any beneficial effect 
and actually decreases the catalytic efficiency. Notably, addition of external urea still 
improved the catalytic activity of the urea-functionalized ligand based complexes. 
Catalyst 1a (which does not contain a covalently attached urea moiety) with the aid of 
1.3-diethylurea as a co-catalyst afforded the products in the highest yields in the 
presence of urea. Characterization of the urea-functionalized ligand complexes 
demonstrated the presence of a mixture of complexes in solution (some of which 
might be ‘dormant’), which could explain the poor activity of the urea-functionalized 
systems. Complex 1 exists as a single species, which correlates with its higher activity. 
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Some of the less active complexes were also shown to decompose in time, explaining 
the lower conversions obtained.  

 

Scheme 2. Schematic representation of the urea-functionalized phosphoramidite and phosphite 
based ligands. 

In Chapter 4, we describe our computational approach to unravel the 
mechanism of the allyl-alcohol based allylic amination reaction with catalyst 1a, which 
operates in the presence of catalytic amount of 1,3-diethylurea as a co-catalyst. The 
mechanism was explored with DFT methods. In agreement with the kinetic studies 
reported in Chapter 2, the oxidative addition step was found to be the rate-
determining step. Importantly, the role of the urea-moiety on the mechanism became 
clearer, as the computations showed a cooperative hydrogen bonding array between 
the urea moiety and the hydroxyl group of the allyl alcohol, which strengthens the 
hydrogen bond between the O-H moiety of the coordinated allyl-alcohol and the 
carbonyl-moiety of the ligand. This pattern facilitates the (rate-limiting) C-O oxidative 
addition step and leads to lower energy isomers throughout the catalytic cycle. 

In Chapter 5, we report the use of catalyst 1 in direct dehydrative cross-
coupling reactions with allylic alcohols and styrene derivatives (Scheme 3). The catalyst 
operates under additive free conditions and shows a high selectivity towards the 
formation of 1,4-dienes by the coupling of aromatic and aliphatic allylic alcohols with 
various substituted styrene derivatives. Based on kinetic studies we propose a 
mechanism in which the allyl-alcohol is activated by a palladium hydride, explaining 
why additional activators are not needed for this reaction. 

 

Scheme 3. Direct dehydrative cross-coupling of allylic alcohols with vinyl arenes.  

This thesis contributes to the development of clean chemical transformations 
of allyl-alcohols to a variety of valuable allyl-based compounds under additive free 
conditions and without stoichiometric pre-activation of the allyl-alcohol. In general, 
the design of novel catalysts that allow easy access to valuable (bio-based) products 
requires a deep understanding of the mechanism. This work also opens the door to 
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smart-design catalytic systems for new chemical transformations of allyl-alcohols. We 
anticipate that the new reactions described in this thesis, including the mechanistic 
knowledge will contribute to further development of these sustainable systems and 
design future transformation of biobased feedstocks. 
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Samenvatting 

Alhoewel er de afgelopen jaren al geweldig veel gedaan is om de effecten van het 
menselijk handelen op het milieu te minimaliseren, moet er nog heel veel gebeuren om er 
voor te zorgen dat er ook in de toekomst een goed leefklimaat is op deze aarde. De 
grootste oorzaken van klimaatverandering, vervuiling en het uitputten van de voorraden 
zijn: 1) Het verbranden van fossiele brandstoffen om aan de toenemende vraag in energie 
te kunnen blijven voldoen en 2) de hogere vraag naar grondstoffen door de groeiende 
wereldpopulatie. Om deze processen tegen te gaan moet het overmatige gebruik van 
fossiele koolstof-houdende grondstoffen worden gereduceerd. Mogelijke opties hiervoor 
zijn het op grote schaal gebruiken van energie die op een alternatieve, onschadelijke, 
manier is geproduceerd en het vervangen van fossiele olie door hernieuwbare 
grondstoffen voor de productie van chemicaliën en materialen. Het is een feit dat de 
komende jaren de aardolie voorraad sowieso al steeds meer uitgeput raakt, zeker de 
eenvoudig verkrijgbare olie. Door deze uitputting moeten we überhaupt opzoek naar 
alternatieven om aan de vraag voor energie, materialen en economische groei te kunnen 
blijven voldoen. Dit betekent dat we nu, totdat er een oplossing gevonden is, zo efficiënt 
en zuinig mogelijk om moeten gaan met onze reserves. De industrie zou dus zo min 
mogelijk afval moeten produceren en zoveel mogelijk grondstoffen moeten recyclen om 
verdere vervuiling tegen gaan. Als wetenschappers kunnen we ook een bijdrage leveren 
aan dit probleem: door de overgang naar een compleet duurzame wereld die in harmonie 
met het milieu leeft zo simpel mogelijk te maken. Om deze ideale samenleving te 
bereiken moeten wetenschappers nieuwe katalytische methoden ontwikkelen die leiden 
tot duurzame, groene, schone en hoog efficiënte industriële processen om zo 
afvalproductie te verminderen. Een mogelijke aanpak is het modificeren van bio-
gebaseerde grondstoffen, die dan kunnen worden gebruikt als bouwstoffen voor de 
chemische industrie. Deze strategie lijkt een belangrijke stap te zijn om vervuiling tegen 
te gaan en wordt daarom met groeiende interesse onderzocht. Dit betekent dat nieuwe 
chemische processen moeten worden ontwikkeld (bijvoorbeeld: dehydratie en 
deoxygenering) om de gewenste producten te produceren. Het werk beschreven in dit 
proefschrift, draagt bij aan deze visie omdat er een nieuwe katalytische methode is 
ontwikkeld die allyllalcoholen op een schone manier kan omzetten. Deze groep alcoholen 
is een veel voorkomend motief in bio-gebaseerde grondstoffen, met name in terpenen, 
en daarom een belangrijke stap naar een schonere wereld. 

 Hoofdstuk 1 geeft een overzicht van de toepassing van terpeen-gebaseerde 
grondstoffen in de fijn-chemische industrie. Normaal gesproken is het nodig om deze 
stoffen te activeren voordat ze gefunctionaliseerd kunnen worden, inherent aan de 
productie van afval. Er wordt een aantal artikelen besproken die strategieën beschrijven 
voor de directe omzetting van allyllalcoholen (eenvoudige derivaten van terpeen-achtige 
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koolwaterstoffen). Deze artikelen demonstreren dat het daadwerkelijk mogelijk is om de 
bio-gebaseerde grondstoffen op een efficiënte en selectieve manier om te zetten in 
verscheidene waardevolle chemische bouwstenen. In de rest van dit proefschrift wordt 
de ontwikkeling van een nieuw katalytisch systeem beschreven, waarbij allyl-alcoholen 
direct worden geactiveerd. Het mechanisme van deze nieuwe reacties is tevens 
onderzocht. 

In Hoofdstuk 2 introduceren we een nieuw fosforamidiet ligand, 1, en de Pd 
gebaseerde katalysator, 1a, die een hoge efficiëntie laat zien in de directe allylische 
substitutie van allylische alcoholen. De katalysator heeft een hoge selectiviteit voor het 
lineaire isomeer product en kan daarnaast een groot bereik van substraten omzetten 
(Schema 1). Het katalytische systeem maakt gebruik van 1,3-diethylureum als co-
katalysator. 1,3-diethylureum vormt een dubbele waterstofbrug met het aan palladium 
gebonden allylische alcohol, en het substraat maakt op zijn beurt weer een waterstofbrug 
met het aan het palladium gecoördineerde ligand. De gevormde waterstofbruggen zorgen 
ervoor dat de oxidatieve additie van de C-O binding plaats kan vinden, de moeilijkste 
(snelheidsbepalende) stap in de katalytische cyclus. In dit hoofdstuk hebben we drie 
klassen van allyl-alcoholen onderzocht voor alkylering en aminering reacties: aromaten, 
alifaten en terpenen. Deze werden omgezet door indool derivaten en verschillende 
primaire en secondaire amines als de nucleofielen te gebruiken. Tevens hebben we 
kinetische studies (reactie voortgang analyse) uitgevoerd om het reactiemechanisme te 
onderzoeken. Het onderzoek wees uit dat de reactie een eerste orde reactiekinetiek 
vertoont in [allylalcohol] en [1,3-dietyhylureum], terwijl de reactiesnelheid niet afhankelijk 
is van de concentratie van het nucleofiel. De gevonden ordes bevestigen dat de 
oxidatieve additie van de C-O binding van de allyl-alcohol de snelheidsbepalende stap is. 

Schema 1. Schematische weergave van het op fosforamidiet gebaseerde ligand 1 en het 
bijbehorende Pd-allyl complex, 1a. Algemeen overzicht van de nucleofile allylische substitutie van 
allylische alcoholen. 

In Hoofdstuk 3, bestuderen we de functie van het ureum (in de door palladium 
gekatalyseerde allylische substitutie reactie) door verschillende met ureum 
gefunctionaliseerde liganden toe te passen (Schema 2). In dit deelonderzoek werd 
voornamelijk het effect van de waterstofbrug tussen het covalent gebonden ureum en de 
hydroxyl groep van het allylische substraat onderzocht. De katalytische experimenten 
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werden wederom ook uitgevoerd in de aanwezigheid van extra 1,3-diethylureum en 
vergeleken met de katalytische systemen die geen covalent binding bevatten tussen het 
ligand en het ureum gedeelte. We hadden verwacht dat het covalent gebonden ureum een 
betere activiteit zou vertonen door de mogelijkheid van intramoleculaire activatie. Echter 
vonden we dat deze klasse van liganden juist een verminderde katalytische efficiëntie 
vertoonde. De toevoeging van 1,3-diethylureum gaf nog steeds verhoogde activiteit als 
het complex met de ureum gefunctionaliseerde liganden werd gebruikt. De hoogste 
opbrengsten werden verkregen door het toepassen van katalysator 1a (die geen covalent 
gebonden ureum motief bevat) in combinatie met 1,3-diethylureum. De karakterisering 
van de met ureum gefunctionaliseerde “covalente” ligandcomplexen in oplossing 
vertoonde een mengsel van verschillende complexen, waarvan sommigen wellicht niet 
actief zijn. Dit complexe mengsel zou een verklaring kunnen zijn voor de verminderde 
activiteit van het complex met de ureum gefunctionaliseerde liganden. Complex 1a 
bestaat in oplossing maar uit een enkel complex, wat overeen zou kunnen komen met de 
hogere waargenomen activiteit. Daarnaast is er aangetoond dat de minder actieve 
complexen in tijd ontleden, wat een tweede verklaring geeft voor de lagere conversies. 

Schema 2: Schematische weergave van de met ureum gefunctionaliseerde fosforamidiet (links) en 
fosfiet (rechts) gebaseerde liganden. 

In Hoofdstuk 4 beschrijven we een theoretische studie die we hebben uitgevoerd 
om het mechanisme van de allylische aminering reactie van allyllalcoholen met katalysator 
1a uit te zoeken. Er is tevens gekeken naar de invloed van 1,3-diethylureum op de reactie.  
Hiervoor werden DFT methoden gebruikt. Overeenkomstig met de in Hoofdstuk 2 
beschreven kinetische studies, werd ook hier de oxidatieve additie gevonden als de 
snelheidsbepalende stap. De rol van de ureumgroep werd door deze berekening nog 
duidelijker, omdat de berekeningen een coöperatieve waterstofbrug tussen de 
ureumgroep en de hydroxylgroep van de allylische alcohol liet zien. Deze coöperatieve 
binding versterkt de waterstofbrug tussen de OH groep van het gecoördineerde allylische 
alcohol en de carbonylgroep van het ligand. De binding maakt dat de 
(snelheidsbeperkende) C-O oxidatieve additie plaats kan vinden. Belangrijk is dat de 
waterstofbruggen leiden tot complexen met een lage energie gedurende de gehele 
katalytische cyclus. 
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In Hoofdstuk 5 beschrijven we de toepassing van katalysator 1 in de directe 
dehydratieve koppelingsreacties van allylalcoholen en styreen derivaten (Schema 3). De 
katalysator opereert in afwezigheid van additieven en vertoont een hoge selectiviteit voor 
de vorming van 1,4-diënen. De koppeling vindt plaats tussen aromatische- en alifatische 
allylalcoholen en diverse gesubstitueerde styreenderivaten. Aan de hand van kinetische 
studies stellen we een mechanisme voor waarbij het allylische alcohol wordt geactiveerd 
door een palladium hydride. Dit verklaart waarom aanvullende activatoren niet 
noodzakelijk zijn in deze reactie. 

Schema 3: Schematische weergave van de directe dehydratieve koppelingsreactie van allylalcoholen 
en styreen.  

Dit proefschrift levert een bijdrage aan de ontwikkeling van schone chemische 
transformaties van allyllalcoholen naar een verscheidenheid aan waardevolle allyl-
gebaseerde verbindingen in afwezigheid van additieven en zonder dat stoichiometrische 
pre-activering van de alcoholen nodig is. Om dit mogelijk te maken was het noodzakelijk 
om ook het mechanisme goed te begrijpen, zodat de nieuwe inzichten gebruikt konden 
worden om nieuwe katalysatoren te ontwikkelen die toegang geven tot waardevolle (bio-
gebaseerde) producten uit allylalcoholen. Dit werk opent verder de deur naar het slim 
ontwerpen van katalytische systemen voor nieuwe chemische transformaties van 
allylalcoholen. We verwachten daarom dat de nieuwe reacties die in dit proefschrift 
beschreven staan, aangevuld met de beschreven mechanistische inzichten, zullen 
bijdragen aan de verdere ontwikkeling van duurzame systemen en het ontwerpen van 
nieuwe transformaties in het veld van bio-gebaseerde grondstoffen. 
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