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Abstract 

Formation of carbon–carbon bonds constitutes the basis of synthetic organic chemistry. 
The growing demand of safer and environmentally friendlier processes, combined with 
continuing need for more efficient and selective reactions, has given challenges to 
industrial and fundamental academic research. The objective of this thesis was to develop 
novel ways to perform important carbon–carbon bond-forming reactions on solid support. 
Of special focus were palladium- and copper-catalysed reactions of unsaturated amines. 
 
Polymer-bound propargylamine and allylamine were arylated successfully by the 
palladium-catalysed Sonogashira and Heck reaction, respectively. Additionally, allenes 
were produced in the Crabbé homologation of polymer-bound propargylamine, where 
copper acetylide is acting as an intermediate. All of these reactions would give rise to 
biologically interesting molecules: 1,3-arylaminopropanes after hydrogenation of the 
Sonogashira and Heck products and nitrogen-containing allenes by the Crabbé reaction. 
By varying the aryl iodide in solution, a series of arylated propargylamines and 
allylamines were synthesised and isolated as their acetamides. From the polymer-bound 
propargylamine, various allene amides were obtained after N-acylation followed by the 
Crabbé reaction. It was also briefly explored if the arylation of propargylamine on solid-
phase could be possible without expensive palladium via the Castro-Stephens reaction, 
using a polymer-bound copper acetylide and the aryl iodide in solution. However, 
attempts to perform the first Castro–Stephens reaction on solid-phase failed. 
 
Free amines are problematic in the Sonogashira and Heck reactions, due to coordination 
with the palladium catalyst and nucleophilicity toward the allene in the Crabbé reaction. 
These incompatibilities were solved by using the resin linkers simultaneously as 
protecting groups for the amines: as carbamates in the Sonogashira and Heck reaction, and 
as N-acyltriazenes in the Crabbé reaction. For the Heck reaction, finding the right reaction 
conditions turned out to be particularly difficult, the additional challenges being the 
narrow temperature window and the need to avoid polyarylation. Nevertheless, a 
regioselective β-arylation could be performed giving similar yields as in the Sonogashira 
studies. In summary, alternative methods to perform important carbon–carbon bond-
forming reactions on solid support were developed. 
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Abbreviations 

Ac acetyl 
Bu butyl 
c-hex cyclohexyl 
DABCO 1,4-diazabicyclo[2.2.2]octane 
dba dibenzylideneacetone 
DIPEA N,N-diisopropylethylamine 
DMAP  4-dimethylaminopyridine 
DMF N,N-dimethylformamide 
DMSO dimethyl sulfoxide 
dppf 1,1´-bis(diphenylphosphino)ferrocene 
Et ethyl 
FTIR Fourier transform infrared spectroscopy 
GC–MS gas chromatography–mass spectrometry 
i-Pent isopentyl 
Me methyl 
NMO N-methylmorpholine-N-oxide 
NMP N-methyl-2-pyrrolidone 
NMR nuclear magnetic resonance 
NOE nuclear Overhouser effect 
o-Tol o-tolyl 
Ph phenyl 
ppb parts per billion 
ppm parts per million 
rt room temperature 
S RAM Standard Rink Amide resin 
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin-layer chromatography 
Ts 4-toluenesulfonyl 
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1 Introduction 

1.1 The need for alternative carbon–carbon bond-forming 
methods 

Carbon–carbon bond-forming reactions constitute the basis for the construction of 
complex organic molecules and are the most important connections in organic synthesis. 
Despite the existing knowledge and methodology, development of a new synthesis route is 
always a time-consuming process. Therefore, the more comprehensive the selection of 
methods is, the more effective are the tools available to face the synthetic challenges. On 
the other hand, during the past few decades the impetus for safer and environmentally 
friendlier processes has grown. The research, development and actions made in the 
chemical industry represent the most immediate answers to these demands, but the 
fundamental research of synthetic organic chemistry has nonetheless its own important 
contribution to the entity of ‘green chemistry’.  
 
The possibility to utilise solid-phase synthetic methods was the starting point for this 
research. These methods have their own advantages and offer their own partial answers to 
the gradually increasing standards of green chemistry. It is possible to bind highly 
reactive, explosive, malodorous or toxic chemicals covalently on an insoluble polymer, 
prior to subjecting them to further chemical modification. However, even if the reaction 
would be convertible to solid-phase, the total gain is not always straightforward as the 
possible lower yields, more complex procedures or increased comsumption of solvents, 
upon isolation and purification, may surpass the desired advantages. 
 
The objective of this study was not the targeted synthesis of specific molecules, but 
instead to develop new environmentally friendlier and safer methods to be available for 
analogous reactions. From the extremely broad area of carbon–carbon bond-forming 
reactions, the efforts were focused on the Sonogashira, Castro-Stephens, Heck and Crabbé 
reactions (Figure 1) on solid support. These four reactions are all well-known methods in 
constructing basic units and substructures in synthetic products. However, the number of 
published solid-phase versions of the Sonogashira and Heck reactions is relatively limited. 
Moreover, before these studies there were no examples in the literature about the Crabbé 
and Castro-Stephens reaction on solid support. 
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Figure 1 The carbon–carbon bond-forming reactions studied in this thesis. 
 
 
One important objective in the solid-phase studies was the comparison of the effectiveness 
of the Sonogashira and the Heck reaction on polymer-bound propargylamine and 
allylamine, respectively. Reaction with aryl iodides allows for construction of the 
biologically and pharmacologically important 1,3-arylaminopropane moiety. The 
one-carbon atom homologation of polymer-bound propargylamine, using the Crabbé 
reaction, was chosen for synthesis of allene amine derivatives, which are highly versatile 
synthetic intermediates. In all of these solid-phase reactions, the synthetic linker to the 
polymer offers the advantageous possibility to simultaneously protect the amino 
functionalities. Nucleophilic amines strongly complex to the palladium catalysts, in the 
Sonogashira and Heck reactions, but can also react with allenes under the Crabbé reaction 
conditions. On the other hand, the Castro-Stephens reaction would enable the same 
transformation as in the Sonogashira coupling, but without expensive palladium, and 
therefore, also in presence of amines. 

1.2 Solid-phase synthesis 

Since the preliminary studies in the 1960´s by Merrifield in the field of peptide synthesis,1 
the research and applications of solid-phase synthesis have expanded into all fields of 
synthetic organic chemistry. This includes the synthesis of low molecular weight fine 
chemicals, such as pharmaceuticals.2, 3 The basic idea of solid-phase synthesis is to bind 
one of the reactants covalently on an insoluble solid support, most commonly on 
divinylbenzene-crosslinked polystyrene resin, while keeping all other reactants in solution. 
In a multistep synthesis the polymer-bound product is not cleaved until the final synthetic 
operation is performed. After each reaction step the resin is simply washed to remove 
soluble byproducts and excess reagents.  
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Numerous organic reactions have been converted to solid-phase and very sophisticated 
automated parallel methods have been developed for the efficient production of vast 
compound libraries, in the field of combinatorial chemistry. There are hundreds of 
specifically functionalised resins commercially available, with various loadings of the 
functionality, particle size, swelling properties etc. Although hydrophobic polystyrene 
resins are the most common support, there are also polystyrenes derivatised with 
hydrophilic chains of variable size available (the most well-known are the TentaGel, 
HypoGel and ArgoGel resins, named by their manufacturer), making them compatible 
with water. There are functionalised inorganic materials, such as glass or silica, available 
as well. However, their use and significance are limited compared to the polystyrene-
based resins. 

1.2.1 General benefits and drawbacks of solid-phase methods 

Compared to conventional syntheses in solution, solid-phase syntheses possess several 
advantages – but not straightforward – most of which are summarised briefly as follows: 
 

• Work-up of the reactions is easy. The solid resins are separated from the reagents 
and soluble byproducts by filtering and washing. 

 
• The crude products are obtained often with high purity. 
 
• Only final purification is necessary in multi-step syntheses. 
 
• The reaction conditions are simple. Typically the resins are shaken or stirred with 

the solvents and reagents. 
 
• There are highly developed automated techniques available. 
 
• There are possibilities and methods for combinatorial synthesis of large product 

libraries. 
 
• Safety can be improved by immobilising toxic, volatile, flammable, explosive or 

malodorous compounds on resins. 
 
• Polymer-bound reagents are nonvolatile and odourless. 
 
• Labile or reactive precursors can be stabilised by immobilising them on resins. 
 
• Cleaning the reactors and other equipment to quality standards is not as laborious 

as with solution-phase batch reactions. 
 
• High-boiling solvents are easily removed by filtering and washing. 
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• Low-boiling reagents can be immobilised and treated at high temperatures under 
atmospheric pressure. 

 
• Resins can serve also as protecting groups for sensitive functionalities. 
 
• Intermolecular reactions between polymer-bound reagents are normally avoided if 

the loading of the resin is low enough 
 
• Reactions are often highly regioselective. 
 
 
However, there are also many drawbacks, many of which are very case-specific and 
unpredictable: 
 
• Reactions are much slower compared to unsupported solution-phase batch 

reactions, due to the bulkiness and limited mobility of the polymer. 
 
• Not all reactions are applicable on solid-phase, e.g. due to steric or stereoelectronic 

factors. The origin of the failure is often difficult to find. 
 
• The attachment to and cleavage from the polymer normally results in two extra 

steps. 
 
• The cleavage step can be difficult despite an otherwise successful modification. 
 
• In order to enable the reaction the polymer must be swollen. Unfortunately, many 

common organic solvents are not capable for this. (See Table 1). 
 
• Yields in solid-phase synthesis can be variable. 
 
• In a multi-step synthesis, determination of the yield of an individual synthesis 

reaction is tricky. 
 
• Reactions at high temperatures are limited due to degradation or decomposition of 

the resins. 
 
• High consumption of solvents in the washing steps may surpass the ‘green’ 

benefits. 
 
• Vigorous stirring of the reaction mixtures can easily lead to mechanical 

degradation of the polymer beads. 
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• Dry polymers are often difficult to handle, especially in bulk, as they are dusty, 
adherent and flowing powders. 

 
• Monitoring reaction progress is inconvenient (e.g. by FTIR, solid-state NMR or by 

analysis of the cleavage mixture). 

1.2.2 Solvents and swelling properties of resins 

An unhindered contact between the reagents on solid support and in solution is necessary 
for a successful reaction. The divinylbenzene-crosslinked polystyrene resins are insoluble, 
but in certain solvents they swell strongly. They can form a thick polymer gel, where the 
polymer-bound reagent can under favourable conditions act as in a solvent-like 
environment. This behaviour is highly dependent on the solvent, but also on the resin type, 
particle size, linkers, functional groups and on the attached reagents themselves. In an 
appropriate solvent, with excellent swelling properties, the volume of the resin can be 
several times larger than in an unsuitable solvent (polymer-shrinking). Representative 
examples of the swelling properties of hydrophobic Wang resin and hydrophilic TentaGel 
Standard Rink Amide resin (S RAM), in common solvents, have been collected in 
Table 1.4 
 
Polar aprotic solvents, such as DMF or NMP, generally swell polystyrene resins 
effectively. Other common solvents in solid-phase synthesis are THF, 1,4-dioxane, 
dichloromethane, chloroform, pyridine and toluene. On the other hand, water, aliphatic 
alcohols and hydrocarbons as well diethyl ether are incompatible with hydrophobic resins 
due to their strong non-solvating properties. The swelling properties of hydrophilic 
polystyrene resins are somewhat different and strongly dependent on the resin type and the 
attached functionalities. Although it is not possible to use polymer shrinking solvents in 
reactions, they are very beneficial in washing sequences with swelling solvents. Their use 
allows for the polymer network to be closed and reopened from various sites, thus aiding 
the removal of impurities. 
 
A particular, but very simple, so called low-solvent volume method has been developed in 
order to maximise the reaction rate and, on the other hand, minimise consumption of the 
reaction solvent.5 The principle is to use just the minimum amount of solvent needed for 
complete swelling of the resin. Because the reaction takes place solely on the surface of 
the swollen polymer, excess solvent phase causes unnecessary dilution of the soluble 
reactants. This method is applicable in most solid-phase reactions, unless evaporation of 
the solvent is too fast, and it should be applied whenever possible to enhance the reaction 
rate and economy. 
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Table 1 The swelling properties of Wang resin and TentaGel Standard Rink Amide resin in 
common solvents4, a 
 

Solvent Wang resin, 

low loading 

(ml / g resin) 

TentaGel 

S RAM 

(ml / g resin) 

N-methyl-2-pyrrolidone 6.4 4.4 

Pyridine 6.0 4.6 

Tetrahydrofuran 6.0 4.0 

N,N-Dimethylacetamide 5.8 4.0 

Chloroform 5.6 5.6 

1,4-Dioxane 5.6 4.2 

Dichloromethane 5.4 5.6 

N,N,-dimethylformamide 5.2 4.4 

1,2-Dichlorobenzene 4.8 5.2 

Ethylene glycol 4.8 2.0 

1,2-Dimethoxyethane 4.8 2.0 

Butanone 4.4 2.0 

Benzene 4.4 4.4 

1,2-Dichloroethane 4.4 5.4 

Dimethyl sulfoxide 4.2 3.8 

Ethyl acetate 4.2 2.0 

Toluene 4.0 3.6 

Acetone 3.6 2.8 

Xylene 3.0 2.0 

Tetrahydrofuran-Water 1:1 2.8 5.2 

Acetic acid 2.8 5.2 

Diethyl ether 2.8 2.0 

Carbon tetrachloride 2.4 2.8 

Acetonitrile-Water 1:1 2.0 4.0 

N,N-dimethylformamide-water 1:1 2.0 4.0 

2-Propanol 2.0 2.0 

Acetonitrile 2.0 4.0 

Ethanol 2.0 1.8 

Trifluoroacetic acid 2.0 6.4 

Heptane 1.6 1.6 

Methanol 1.6 3.6 

Water 1.6 3.6 

 
aReprinted from Tetrahedron Letters, Vol 39, Santini, R.; Griffith, M. C.; Qi, M., A Measure of Solvent Effects on Swelling of Resins 
for Solid Phase Organic Synthesis, 8951–8954, Copyright (1998), with permission from Elsevier. 



 
 
 
 

15

1.3 Aryl- and heteroarylaminopropane derivatives 

1.3.1 Use and significance 

Aromatic rings with a three-carbon atom substituent are widespread in nature. For 
example, they form the structural backbone of lignin sub-units6 and lignans.7 Additionally, 
1,3-aryl- and 1,3-heteroarylaminopropane (and also the homologous ethane and butane) 
moieties are found in numerous natural and synthetic, biologically important and 
pharmacologically active molecules. These are often associated, for example, with central 
nervous system stimulating,8 antimalarial,9 positive inotropic10 and antifungal11 properties. 
 
Well known examples of arylaminopropane derivatives are selegiline, which is applied 
together with L-dopa in the treatment of Parkinson´s disease,12 and enalapril, which is used 
in the treatment of hypertension.13 Novel antidepressants based on serotonine reuptake 
inhibition, such as fluoxetine and duloxetine, are also modified arylaminopropanes 
(Figure 2).14 
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Figure 2 Examples of arylaminopropane derivatives as pharmaceuticals12–14 
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The general importance and versatility of the 1,3-arylaminopropane unit was one starting 
point of this study. The objective was to develop new solid-phase synthetic methods for 
low molecular weight model compounds containing this substructure. The efforts were 
focused on palladium- and copper-catalysed coupling reactions, among which special 
focus was on the Sonogashira and Heck reactions. The expected products in these 
Sonogashira and Heck studies would be 1,3-arylamino-1-propynes 
(3-arylpropargylamines) and (E)-1,3-arylamino-1-propenes (cinnamylamines), 
respectively. These kinds of products can be converted to the corresponding propanes by 
reduction but the unsaturated derivatives may also be interesting. Some propargylamines, 
or their metabolites, selectively inhibit physiologically crucial enzymes, such as aldehyde 
dehydrogenase15 and monoamine oxidase B.16 On the other hand, modified 
cinnamylamines have been studied as inhibitors of bovine plasma semicarbazide-sensitive 
amine oxidase.17 Generally they are also important synthetic intermediates, for example, 
as precursors in 4-endo-trig cyclisations to form azetidines.18 

1.3.2 Access to 1,3-arylaminopropanes by solid-phase methods 

Due to the relative simplicity of the 1,3-arylaminopropane moiety, the number of methods 
available for its construction on solid-phase, are voluminous. On the other hand, neither 
the solid-phase synthesis of the aromatic ring with a three-carbon atom unit, nor the solid-
phase synthesis of 1,3-arylaminopropanes themselves, has been studied systematically. As 
an interesting example, the solid-phase synthesis as presented by Dyatkin and Rivero can 
be mentioned, where a set of tertiary 3-arylpropargylamines were prepared using a 
combination of the Sonogashira and Mannich reactions (Scheme 1).19 This method offers 
the freedom to vary the secondary amine as a substrate. However, the aromatic precursor 
is limited to iodobenzoic acids. 
 

R1CHO, CuI

1,4-dioxane, 90 °C, 36 h

2. TFA-H2O 9:1
rt, 30 min

H2N

O
R3

H
N

O
R3

H
R1

N

N
R2

NHN R21.

H
N

O
R3

I

H
N

O
R3

SiMe3
trimethylsilyl-
acetylene
Pd(PPh3)4, CuI

THF-Et3N 1:1
rt, 40 h

TBAF

THF, rt, 5 h

5 6

7 8  
 
Scheme 1 Solid-phase synthesis of tertiary 3-arylpropargylamines using a combination of the 
Sonogashira and Mannich reactions19 
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The research was focused on arylation of polymer-bound propargylamine and allylamine 
by the Sonogashira and Heck reactions, respectively (Scheme 2). The number of 
publications concerning these reactions on solid-phase is relatively limited. On the other 
hand, the palladium-catalysed coupling reactions, as modern and efficient chemistry, have 
been widely studied and hence, the methodology available is comprehensive. Furthermore, 
the palladium couplings have a wide functional group tolerance and, for the reactant in 
solution, a vast number of substituted aryl iodides are commercially available. Amines are 
generally incompatible with palladium catalysts (see section 1.6), but the point of 
attachment on the polymer can be simultaneously used as a protecting group for the 
amine. 
 

 
 
 
Scheme 2 Solid-phase methods for the syntheses of 1,3-arylaminopropanes using the 
Sonogashira and Heck reactions prior to reduction 

1.4 The Sonogashira coupling 

The Sonogashira coupling was introduced by Kenkichi Sonogashira in 1975.20 Since then 
it has developed into one of the most important and reliable carbon–carbon bond-forming 
methods.21 The coupling reaction gives an internal acetylene from a terminal acetylene, 
combined with an aryl (and heteroaryl or vinyl) iodide or bromide (sometimes tosylate, 
mesylate and other pseudohalides), with a base, with a palladium(0) catalyst and with a 
copper(I) co-catalyst (eq. 1). It is often considered a palladium-catalysed version of the 
reaction between a copper acetylide and aryl halide, the Castro–Stephens reaction,22 and 
has largely displaced the latter due to much milder reaction conditions and better yields. 
The aryl halide can often be substituted in any position with very diverse groups, although 
electron donating groups at ortho or para positions can sometimes be problematic. 
Additionally, functionalities that coordinate strongly to the palladium atom, such as free 
amines, often retard the reaction regardless if they are attached to the acetylene or aryl 
halide. Otherwise, the Sonogashira coupling has a very wide functional group tolerance. 
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HR ArR
ArX, Pd(0), CuX

base              (1) 
 
 
Many modifications of the Sonogashira coupling have been developed. Common catalysts 
are complexes of zero-valent palladium, such as Pd(PPh3)4 or Pd2(dba)3. Alternatively, 
Pd(II) precatalysts, mostly Pd(PPh3)2Cl2, that are easily reduced to the catalytically active 
zero-valent form in the reaction medium, can be used. Copper(I) iodide is the most 
common co-catalyst and the use of a wide variety of organic and inorganic bases is 
possible. Soluble organic bases are often beneficial, because they efficiently neutralise the 
acid HX formed in the reaction. Among the most common solvents used are THF, DMF, 
dichloromethane and 1,4-dioxane. Excellent results have been obtained when pyrrolidine 
or piperidine has been used simultaneously as a base and solvent.23 The reaction is very 
often completed within a few hours at room temperature. 
 
Like for all palladium-catalysed coupling reactions, it is not possible to present an 
unequivocal mechanism for the Sonogashira coupling. In Scheme 3 the mechanism shown 
with a palladium cycle and a copper cycle is a very common version.20, 24, 25 Formation of 
the aryl palladium halide ArPdXL2, where the assisting ligand L is very often PPh3, and of 
the copper acetylide intermediate is undoubtly necessary for the progress of the coupling. 
Moreover, it is considered that the palladium and copper cycles join simultaneously to 
give the transmetallation product. 
 
Some of the proposed mechanistic steps are very controversial. For instance, amines or 
carbonates, typical bases used in Sonogashira reactions, are not basic enough for 
quantitative deprotonation of acetylenes. It has been postulated that coordination of Cu(I), 
as a Lewis acid, to the acetylene triple bond could increase the acidity of the terminal 
proton, thus leading to the copper acetylide with the help of the base.24 On the other hand, 
there are a lot of procedures without added copper(I) cocatalyst with successful coupling. 
However, the observation that some commercially available palladium(II) salts actually 
contain traces of copper as a contaminant has doubted the existence of copper-free 
Sonogashira reactions.26 
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Scheme 3 The proposed mechanism for the Sonogashira coupling20, 24, 25 
 

1.4.1 Sonogashira couplings on solid-phase 

There are various approaches presented in the literature where the high performance of the 
Sonogashira reaction has been combined with the advantages of solid-phase methods 
(page 11).19, 27–53 It is possible to immobilise the acetylene as well as the aryl halide 
(mainly iodide), or even the palladium catalyst complex or amine base on solid support. 
Performing the Sonogashira coupling on solid-phase is in some respect particularly 
beneficial. For example, formation of the diyne byproduct is avoided if the acetylene 
component is covalently bound on polymer. Additionally, the typically mild reaction 
conditions and excellent yields allow for particularly convenient preparation of large 
combinatorial libraries by automation. 
 
Some reports in the literature are exemplary. Nelson et al. generated a resin-bound 
terminal acetylene by deprotecting the trimethylsilyl group with n-Bu4NF and subjected it 
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to Sonogashira conditions, with (trimethylsilyl)acetylene-funtionalized aryl iodides. After 
repeating the reaction cycles, oligomeric arylacetylenes were obtained as final products.27 
Huang and Tour applied a related sequence-specific methodology in solid-phase synthesis 
of linear, oligomeric arylacetylenes by subsequently introducing aryl diiodides and 
monoprotected phenylenebis[acetylenes].35 Bolton et al. used the Sonogashira coupling in 
the arylation of a Wang resin-bound olefinic acetylene, prior to its Pauson–Khand 
cyclisation (Scheme 4).28 
 
 

 
 
Scheme 4 The Sonogashira coupling followed by the Pauson–Khand cyclisation on solid-phase28 
 
 
Tulla-Puche and Barany applied an interesting strategy where both reactants were attached 
on different resins, with Wang and allyl linkages. Treatment with Pd(0) cleaves the allyl-
linked component, which subsequently undergoes a resin-to-resin transfer Sonogashira 
reaction (eq. 2).52 
 

                (2) 
 

1.4.2 The Castro–Stephens reaction 

 
Before the development of the Sonogashira coupling the same transformation had been 
accomplished by the reaction of a copper acetylide with aryl halides, referred to as the 
Castro–Stephens reaction (eq. 3). This reaction was introduced in 1963 by C. E. Castro 
and R. D. Stephens. In its typical form a preformed copper acetylide reacts with an aryl 
iodide in refluxing pyridine.22, 54 
 

             (3) 
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In a variation of this method a catalytic amount of copper(I) iodide is used, with 
triphenylphosphine as an additive and K2CO3 as a base, in DMF or DMSO at 120 °C.55 
This catalytic version has not formally been referred to as the Castro–Stephens reaction, 
although analogous involvement of the copper acetylide in the key reaction step is very 
plausible. 
 
Although it is possible to use acetylenes and aryl halides with a diverse substitution and 
the yields can be good to excellent, the importance of this reaction is low today. The 
Sonogashira coupling gives the same products under much milder conditions, with even 
better yields and wider functional group tolerance. Despite this fact new interest in the 
Castro–Stephens reaction, with mechanistic considerations, has appeared recently. 
 
Zuidema and Bolm studied the coupling of aryl acetylenes with aryl iodides using the 
preformed catalyst from copper(II) chloride and N,N’-dimethylethylenediamine. The 
ligand-accelerated catalysis, enhanced by the excess of the diamine, significantly 
increased the reaction rate and yield.56 Wang et al. managed to couple phenylacetylene 
with an isolated, highly reactive organocopper(III) complex, prepared from an iodo-
substituted azacalix[1]arene[3]pyridine derivative and copper(I) trifluoromethane-
sulfonate. Because the same product was obtained by the Castro–Stephens reaction of the 
free precursors, an arylcopper(III) intermediate was suggested for the reaction.57 
 
However, there are no literature examples of the Castro–Stephens reactions on solid-
phase. Development of one would give an alternative method to synthesise aryl 
acetylenes, without the use of expensive palladium catalysts. This would be especially 
beneficial for large-scale preparation. Moreover, considering the objective of this study 
was to synthesise arylaminopropane derivatives, on solid support, a palladium-free 
medium would be very attractive in order to avoid the problem of reaction retarding 
palladium-nitrogen coordination. 

1.5 The Heck reaction 

The Heck reaction has been extensively studied, developed and utilised in the arylation 
and vinylation of olefins (eq. 4), since Richard Heck and Tsutomu Mizoroki 
independently introduced it in the early 1970´s.58, 59 Like the Sonogashira coupling, the 
Heck reaction is an efficient method for formation carbon–carbon bonds with wide 
functional group tolerance.60–62 However, despite the vast number of various procedures 
there are no general reaction conditions available. Instead, the success of the reaction is 
often substrate-dependent. Finding satisfactory reaction conditions can be challenging. 
 
 

              (4) 
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Very often the same palladium catalysts, aryl (or vinyl) halides, bases and solvents that are 
used in the Sonogashira reaction are commonly used in the Heck reaction. Moreover, 
palladium(II) acetate combined with ligands, such as triphenylphosphine or particularly 
tri-o-tolylphosphine, is a very common Pd(0)-forming precatalyst. In addition to 
stabilising the zero-valent palladium catalyst, presence of the phosphine ligand can aid 
in situ reduction to Pd(0).63 A preformed complex from Pd(OAc)2 and P(o-Tol)3, known 
as Herrmann´s palladacycle catalyst (Figure 3), is an extremely efficient catalyst, with 
turnover numbers of millions and stability up to 250  °C.64, 65 Aryl and vinyl bromides, 
tosylates, mesylates and sometimes even chlorides, can be used as substrates. The reaction 
temperature is usually relatively high. A typical range is 80–130 °C, which is a notable 
difference between the Sonogashira and Heck reactions. 
 
 

 
 
Figure 3. Herrmann´s palladacycle catalyst64, 65 
 
 
At first glance the Heck reaction could be hypothesised to be an olefin analogous version 
of the Sonogashira coupling. However, it is mechanistically somewhat different, not only 
due to the absense of copper. The catalytic cycle presented in Scheme 558, 66 contains 
some simplifications. Formation of the arylpalladium(II) halide species, ArPdXL2, where 
L is an assisting ligand like P(o-Tol)3, proceeds through oxidative addition, as in the 
Sonogashira coupling. After this the cycle continues by the migratory insertion of 
ArPdXL2 to the olefin, followed by release of the coupling product through β-hydride 
elimination of HPdXL2. The latter is neutralised by the base and the zero-valent palladium 
species is fed back into the cycle. 
 
Torsional strain relieving rotation leading to the eclipsed conformation with least possible 
steric hindrance, prior to β-hydride elimination, proceeding in a syn manner renders the 
reaction stereoselective, favouring the E-olefin (Figure 4). This is very often found as the 
exclusive product. On the other hand, formation of substantial amounts of the Z-isomer 
has been observed when there is additional steric hindrance in the reaction entity.67 
Comparing the Newman projections in Figure 4 it is understandable that formation of 
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Z-isomer requires somehow forcing conditions to lead to the more strained eclipsed 
conformation prior to the β-hydride elimination proceeding similarly syn manner. 
 
Although Pd(0)/Pd(II) cycle presented above is the most commonly accepted form, it is 
often considered that instead of one uniform mechanism, depending on the reagents and 
conditions, various reaction pathways may operate. In the reactions with cyclic Pd(II) 
complexes, the existence of a Pd(II)/Pd(IV) cycle has been suggested.64, 68 
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Scheme 5 The proposed mechanism of the Heck reaction58, 66 
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Figure 4 The eclipsed conformations prior to the β-hydride elimination leading to E or Z olefin 
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1.5.1 Regio- and stereoselectivity – use of additives 

To improve the yield, rate, selectivity and the stability of the catalyst, several 
combinations of catalysts with various ligands and additives have been explored. The 
mechanistic requirement for each substance in the success of the reaction is not always 
easy to interpret. Finding satisfactory conditions often requires time-consuming 
optimisation and screening. 
 
Quaternary ammonium salts, typical in phase-transfer catalysis reactions, are important 
additives. In Heck reactions, their real function is not to act as a phase-transfer catalyst, 
because all the stages of the coupling occur in the organic phase. Instead, the quaternary 
ammonium cation improves the solubility of the salt, the active species of which is rather 
the halide or acetate counterion. Moreover, the positive charge of the nitrogen atom in the 
quaternary ammonium ion is very sterically shielded rendering the acetate ion in 
n-Bu4NOAc more ‘naked’, thus increasing its basicity.69 
 
Carlström and Frejd noticed a clear increase in yields when n-Bu4NCl, n-Bu4NBr, or even 
lithium chloride was used as an additive.70 Calo et al. used n-Bu4NBr as an ionic liquid 
solvent with palladium nanoparticles, in the presence of n-Bu4NOAc. They explained the 
excellent E-stereoselectivity through intramolecular neutralisation of the palladium 
hydride intermediate, still ligated to the olefin, by the acetate ion.71 Detailed discussions 
on the role of acetate and halide ions in the Heck reactions have been provided by 
Knowles and Whiting72 and by Amatore and Jutand.73 
 
In olefins with three carbon units the regiochemistry causes additional concern. It is 
possible to obtain β- as well as γ-arylated products, depending on the direction of 
migratory insertion of the arylpalladium halide into the C=C bond. In addition, two allylic 
isomers are possible from the γ-arylation, due to the potential for two different eliminating 
hydrogens in the β-hydride elimination step (Scheme 6).II 
 
Calo et al. controlled the β-hydride elimination, in the arylation of allyl alcohols, with the 
help of the base and the quaternary ammonium salt that was used as an ionic liquid 
solvent. With n-Bu4NBr and NaHCO3 mainly carbonyl compounds were obtained, after 
tautomerisation of the enol products. The simultaneous use of n-Bu4NOAc, as a solvent 
and base, preferred formation of arylated allyl alcohols (Scheme 7). The latter 
phenomenon was explained by formation of a cationic Pd complex (Figure 5), with the 
acetate ion as counterion and chelation of palladium with the hydroxyl group. This favours 
the necessary syn relationship for the benzylic hydrogen atom with palladium, prior to the 
β-hydride elimination. With n-Bu4NBr and NaHCO3 the Pd–H readdition-elimination 
mechanism can operate, leading to the thermodynamically more stable carbonyl 
compounds. On the other hand, steric factors affect the position of the arylation, favoring 
the terminal carbons of olefins.69 
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Scheme 6 Regiochemistry in the Heck reaction of three carbon unitsII, a 
 
aReprinted from Tetrahedron, Vol 69, Leikoski, T., Wrigstedt, P., Helminen, J., Matikainen, J., Sipilä, J., and Yli-Kauhaluoma, J., The 
Heck Reaction of Polymer-Supported Allylamine with Aryl Iodides, 839–843, Copyright (2013), with permission from Elsevier. 

 
 
 

 
 
Scheme 7 Control of the β-hydride elimination in the arylation of allyl alcohols69 
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Figure 5 The cationic Pd complex with an acetate ion prior to the β-hydride elimination69 
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Pan et al. performed selective γ-arylations of allylic esters with aryl iodides using 
Pd(OAc)2 together with silver(I) carbonate as a halide scavenger and base. Arylated allylic 
esters were obtained without rearrangement of the double bond. This was explained by 
chelation of the palladium atom with the carbonyl oxygen atom (Figure 6). This leads to 
impeded rotation across the C1–C2 bond but the favourable syn position between the 
benzylic hydrogen and Pd atom.67 
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Figure 6 Chelation of palladium with the carbonyl oxygen prior to the β-hydride elimination67 
 
 
Recently, Jiang et al. prepared arylated allylamine derivatives, which are structurally very 
similar to the target structures in this study.74 This was through the Heck reaction, with 
aryl bromides but without phosphine ligands. The reactions exhibited excellent stereo- and 
regioselectivity, leading to exclusive formation of γ-arylated (E)-allylamine products. This 
transformation was achieved with Pd(OAc)2 as a catalyst, K2CO3 as a base and the 
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical (TEMPO), or hydroquinone, as an additive. 
Use of N,N-(t-BOC)2-allylamine, a diprotected primary amine with a carbamate moiety, 
was crucial for success of this reaction. Chelation between the carbamate carbonyl group 
and the palladium atom (Figure 7) was again expected to control the regiochemistry of the 
double bond but also formation of the E isomer, due to the ideal position of the γ-carbon 
for migration of the aryl group. Moreover, the double protection was believed to prevent 
β-arylation due to steric hindrance. 
 

 
 
Figure 7 Chelation of palladium with the carbamate carbonyl group74 
 
 
In a recent study by Deng et al. arylation of allylamine was controlled by the choice of the 
solvent, protecting group, ligand and additive.75 The combination of Pd(OAc)2, 
1,3-bis(diphenylphosphino)propane and triethylamine, in ethylene glycol at 145 °C, 
favored β-arylation of N-t-BOC-allylamine with aryl bromides. In contrast, with 
Pd(OAc)2, n-Bu4NBr, TEMPO and K2CO3, in water at 90 °C, N-(t-BOC)2-allylamine gave 
almost exclusively the E isomer of the γ-arylated product. 
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There are also other examples in the literature where allylamine derivatives have been 
arylated selectively at the β-position. Olofsson et al. performed the Heck reaction of 
N,N-dimethylallylamine and aryl triflates, using both thermal and microwave conditions.76 
Use of the bidentate ligand, 1,1´-bis(diphenylphosphino)ferrocene (dppf) was essential for 
the success of the reaction. Formation of a cationic, five-membered N-complexed 
Pd cyclic intermediate (Figure 8) as a result of palladium–nitrogen controlled migratory 
insertion, was believed to generate the observed regioselectivity. Pd(OAc)2 was used as a 
catalyst with K2CO3 in DMF, under thermal reactions and with Et3N in acetonitrile, under 
microwave conditions. 
 

Pd
L

L

Ar
NMe2  

 
Figure 8 The cationic intermediate Pd complex with a five-membered ring76 
 
 
Subsequently, a modified version of the above-mentioned procedure, where N-t-BOC- or 
N-phthalimido-protected allylamines were used as substrates, was introduced. The 
regiochemical outcome was again attributed to the five-membered ring intermediate, this 
time with an anionic nitrogen. The Pd–N coordination was assumed to facilitate the 
deprotonation of the nitrogen atom.77 
 
Wu et al. achieved a regioselective β-arylation of N,N-dibenzylallylamine, with a variety 
of aryl triflates.78 This procedure resembled the conditions of Olofsson et al. with 
Pd(OAc)2 and dppf,76 using DABCO as the ligand and DMSO as the solvent. Baxter et al. 
also utilised a modified version of Olofsson´s method in the Heck reaction of N-t-BOC-
allylamine, with a series of o-chlorotriflates, followed by cyclisation and isomerisation in 
a route to 3-methylindoles.79 

1.5.2 Heck reactions on solid-phase 

Similar to research on Sonogashira couplings, compared to the vast number of studies 
conducted on conventional solution-phase reactions, the number of published studies on 
Heck reactions on solid-phase is relatively limited. There are examples in the literature 
where either the aryl halide or olefin component has been covalently bound on the 
polymeric support.33, 37, 80–88 In addition, intramolecular Heck reactions have been 
performed on solid-phase.89–95 Even the palladium catalyst complexes have been bound 
covalently to polystyrene, while keeping all the other reactants in solution.96, 97 A few very 
unique studies have been reported. As an example, Frei and Blackwell attached the 
olefinic component covalently to cellulose, with the help of a Rink amide linker, to 
produce stilbenes.98 These were cleaved from cellulose with trifluoroacetic acid vapour. 
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Likewise, Kopylovich et al. absorbed reaction components onto silica gel and performed 
microwave-assisted Heck reactions, in the absence of solvent.99 

1.6 Free and protected amines as reactants 

The wide functional group tolerance is one of the most significant advantages of 
palladium-catalysed coupling reactions. However, due to strong coordination of the 
nitrogen lone-pair to palladium, free amines are incompatible with palladium catalysis, as 
a rule. A general strategy to overcome this problem is protection of amines, as neutral or 
much less basic and coordinating derivatives. The most common compounds are 
carbamates, phthalimides and trifluoroacetamides. When applied to allylamine derivatives, 
the focus of interest for this study, these functional groups also render the olefin less 
electron-rich and hence more reactive. With primary amines, Heck reactions have been 
performed quite successfully using double-carbamate protection. As an example, Jiang et 
al. utilised N,N-(t-BOC)2-allylamine, as an efficient substrate in a regioselective and 
stereoselective reaction with various aryl bromides.74 
 
Some exeptions to this general rule of amine incompatibility exist. In many of these 
instances, sterically hindered and mainly tertiary amines have been used. For example, 
Nakamura et al. performed straightforward Sonogashira couplings with heteroaryl 
bromides and N,N-diisopropylpropargylamine.100 In addition, Lemhadri et al. obtained 
their best results using Sonogashira couplings with bulky, tertiary propargylamines.101 
However, there are also a few examples in the literature where secondary 
propargylamines,17, 102 primary propargylamines,17, 40, 103 and even unsubstituted 
propargylamine,17, 104 have been used as substrates. In the study of Soberats et al. primary 
free, and also t-BOC-protected propargylamines were subjected to “on water” conditions 
with aryl iodides. The success of the reaction was explained mainly by increase in the 
effective local concentration of water-insoluble substrates and catalysts, within the organic 
droplets surrounded by water.103 
 
In Heck reactions, the use of free amines as substrates is also generally unfavourable. For 
example, attempts to arylate free allylamine have failed yielding only unidentified 
mixtures.77, 105–107 Very typically, free amines have been employed in the intramolecular 
reactions of N-allyl-o-haloaniline derivatives for the syntheses of indoles.108, 109 
Conjugation of the lone pair on the nitrogen with the aromatic π-electron system clearly 
enhances the reactivity of anilines. The successful reactions of some free tertiary 
amines76, 78, 110 might be explained by steric hindrance on the nitrogen atom. On the other 
hand, in all the three examples cited, tertiary phosphines were used as ligands, which 
might have had a positive effect as well. Moreover, Jiang and Li obtained even better 
results when they used n-Bu4NBr as an additive.110 Carlström and Frejd discussed the 
ability of the halide ions to break the Pd–N coordination and to give a more reactive 
Pd complex.70 
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Recently, Kore and Shanmugasundaram managed to couple free allylamine with 
5-iodouridine-5´-triphosphates in water at room temperature, using K2PdCl4 as the 
catalyst. Allylamine reacted at the γ-position giving almost exclusively the E isomers of 
the 5-aminoallyl nucleotides of interest.111 
 
It should be remembered that free amines are problematic mainly in the proximity of the 
reaction centers. This is evident as amines, such as diethylamine or triethylamine, are 
frequently used as bases, or even as solvents, in many types of palladium couplings. 
Therefore, the observed phenomenon with amines may not be considered as catalyst 
poisoning, e.g. as commonly observed with sulphur, because the effect of the amine on the 
catalyst is not permanent, thus not incapacitating it. 

1.7 The allene amines and amides 

Allenes are dienes with cumulated double bonds that possess partially comparable 
properties those of alkenes or dienes. However, their reactivity is considerably higher. In 
addition, by specific position of substituents allenes give rise to axial chirality. 
Consequently, allenes have been found to be extremely versatile synthetic intermediates in 
numerous applications.112, 113 Descriptive examples are the gold-catalysed intramolecular 
hydroamination reactions114 and the photoinduced [2 + 2] cycloadditions with olefins.115 
Recently, Boutier et al. reported a palladium-catalysed asymmetric synthesis of N-allenyl 
amides from N-allenyl acetates, in a route to enantioenriched pyrrolidones by gold-
catalysed intramolecular hydroalkylation.116 In general, nitrogen-containing allenes, such 
as amines, amides, amino esters, phthalimides, sulfonamides or hydrazines, are useful 
precursors in organic synthesis.114, 117–123 Certain allene amines, including the simple 
N-(buta-2,3-dien-1-yl)amine 16, have been associated with monoamine oxidase B 
inhibition.124 
 

 
 
The objective in this study was to synthesise stable derivatives of N-(buta-2,3-dien-
1-yl)amine 16 from polymer-bound propargylamine by the Crabbé reaction, where copper 
acetylide is involved as an intermediate as in the Sonogashira coupling. This is to be 
achieved through concurrent immobilisation of reactive allenes and to use the point of 
attachment as a protecting group for the nucleophilic nitrogen atom. Free amines are 
problematic for allenes. For instance, primary amines easily attack as nucleophiles at the 
central carbon atom of allenes, to give enamines.125 Consequently, the linker for the 
nitrogen atom has to be chosen carefully. This should also especially allow for rapid 
cleavage of the product as a stable derivative and under as mild conditions as possible. 
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Solid-phase synthesis of allenes has not previously been reported in the literature. There 
are a few examples for the syntheses of N-(buta-2,3-dien-1-yl)amines and their derivatives 
in solution.114, 120, 121, 124, 126 Interestingly, a solution-phase synthesis of some N-(buta-2,3-
dien-1-yl)amides, where propargylamides were subjected to the Crabbé reaction, was 
presented recently.127 

1.7.1 The Crabbé reaction 

Among the several alternatives available for construction of the allenic backbone,128 the 
Crabbé reaction, introduced by Piere Crabbé in 1979,129 has turned into one of the most 
important methods for the synthesis of terminal allenes. In principle, it is a one-carbon 
atom homologation of terminal alkynes. In a typical procedure the alkyne is heated several 
hours with paraformaldehyde, copper(I) iodide (or bromide), a secondary amine and very 
often in 1,4-dioxane at 100 °C (eq. 5). Since the reaction involves a Mannich base derived 
from an alkyne, formaldehyde, and amine as an intermediate, which turns into the allene 
via the copper-mediated 1,5-hydride transfer, the use of a secondary amine is necessary. 
Moreover, there must be a hydrogen atom available for the hydride transfer at the 
α-position of the amine (Scheme 8).130 
 

            (5) 
 
 
 
 
 

 
 
Scheme 8 Formation of an allene from Mannich base via the 1,5-hydride transfer130 
 
 
Anhydrous conditions are also essential. For comparison, in a study by Bieber and 
da Silva, a series of terminal alkynes was subjected to otherwise very similar Mannich 
conditions in aqueous dimethyl sulfoxide at 30 °C. This gave tertiary propargylamines as 
products instead of allenes.131 
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Recently, modifications of the Crabbé reaction that produce internal allenes from terminal 
alkynes and aliphatic or aromatic aldehydes have been reported. Kuang and Ma treated an 
alkyne and aldehyde with morpholine and ZnI2, in toluene at 130 °C,132 whereas Kitagaki 
et al. exposed the precursors to microwave conditions, at 200 °C with CuI and 
dicyclohexylamine in toluene.130 Hence, the Crabbé reaction is not limited to the synthesis 
of terminal allenes any longer. However, the methodology of the internal version still 
requires further development, lacking generality and satisfactory yields. 
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2 Aims of the study 

The objective of this thesis was to develop new synthetic methods to create carbon–carbon 
bonds using palladium- and copper-catalysed reactions on solid-phase. More specifically: 
 
 

• To investigate the Sonogashira and Heck reaction on polymer-bound 
propargylamine and allylamine, respectively, in the synthesis of 
1,3-arylaminopropane derivatives and to compare the feasibilities of these methods 

 
• To develop a solid-phase synthesis of stable allene amine derivatives from 

polymer-bound propargylamine, using the Crabbé reaction 
 

• To find suitable functionalised polystyrene resins to immobilise volatile, 
unsaturated amines to enable their reactions also above their boiling points 

 
• To explore the linkers of the solid supports as protecting groups for amines in the 

above-mentioned reactions 
 

• To investigate possibilities to utilise the Castro-Stephens reaction instead of the 
Sonogashira reaction on polymer-bound propargylamine, thus avoiding the 
necessity of palladium, and therefore, also protection of amines 
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3 Results and discussion 

3.1 The Sonogashira coupling of polymer-supported 
propargylamine 

The first objective in the Sonogashira studies was to find a reliable and reproducible 
method to attach propargylamine on polymeric support. For example, propargylamine was 
coupled successfully to trityl chloride resin using the corresponding method, developed 
for 2-chlorotrityl chloride resin.133 However, typical Sonogashira conditions, with 
Pd(PPh3)4 or Pd(PPh3)2Cl2 as catalyst and CuI as co-catalyst42, 134 for this polymer-bound 
acetylene did not give even a trace of the desired arylacetylene.I Keeping in mind the 
general incompatibility of free amines as reactants with palladium catalysts (Section 1.6), 
the reason for this failure is obvious. 
 
Despite the appearance a few examples of the successful solution-phase Sonogashira 
couplings of tertiary, secondary and even unsubstituted primary propargylamine 
(Section 1.6, and references therein), it is possible that the coupling is too slow on the 
solid-phase to compete with the strong Pd–N coordination. 
 
At this stage it was clear that propargylamine needs simultaneous protection at the 
attachment stage. In the Sonogashira couplings amines have typically been protected as 
carbamates or amides. As an example, Khan and Greenstaff used N-trifluoroacetyl- and 
N-(t-BOC)-propargylamine in solution, with polymer-bound 5-iodouridines.36 On the 
other hand, Berteina et al. studied the coupling of propargylamine with aryl iodides in 
solution and observed formation of the desired arylacetylene in an excellent yield. 
However, this was only when the propargylamine was t-BOC-protected.33 
 
After having compared these reports with the preliminary results, propargylamine was 
attached on Wang resin with a carbamate linker.I This polymer-supported amine can be 
prepared by the known135 two-step procedure using Wang-resin, 4-nitrophenyl 
chloroformate and pyridine in dichloromethane. This was followed by reaction of the 
isolated 4-nitrophenyl carbonate resin with propargylamine in DMF (Scheme 9). This 
light-yellow carbamate-linked Wang resin is air-stable at room temperature. The progress 
of the attachment can be monitored by FTIR, where the terminal alkyne gives the 
characteristic signals at 3290 cm-1 and 2100 cm-1 and the carbamate a strong carbonyl 
peak at 1710 cm-1.I 
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Scheme 9 Coupling of propargylamine on Wang resin, the Sonogashira coupling, cleavage and 
acetylationI, a 
 
aReprinted with permission from John Wiley and Sons. Leikoski, T., Kallonen, S., and Yli-Kauhaluoma, J. The Sonogashira Coupling 
of Polymer-Supported Propargylamine with Aryl Iodides Helv. Chim. Acta 2010, 93, 39–47, © 2010 Verlag Helvetica Chimica Acta 
AG, Zürich. 

 
 
Formation of the Sonogashira products was observed using this carbamate-Wang resin and 
aryl iodides when a literature procedure for polymer-bound aryl iodide with 
phenylacetylene in solution was applied.I In this procedure, Pd(PPh3)2Cl2 and CuI 
constitute the catalyst system and dry 1,4-dioxane–Et3N 2:1 (v:v) the solvent.37 A three- to 
five-fold excess of aryl iodides over polymer-bound propargylamine was used and the 
reactions proceeded at room temperature within 20–73 hours. 
 
The above successful Sonogashira-conditions were also tested for propargylamine bound 
on Merrifield resin with the triazene linker that was used in the solid-phase synthesis of 
nitrogen-containing allenes (see section 3.4.1).III Interestingly, not a trace of the coupling 
products was observed after the cleavage with 5% TFA in CH2Cl2. It is, therefore, evident 
that the NH group of the triazene moiety similarly retards the palladium-catalysis as free 
amines. 
 
To enable the coupling reaction use of the amine base as the co-solvent was crucial. The 
initial experiments using the same carbamate-Wang resin with iodobenzene and 
Pd(PPh3)2Cl2 in THF or with Pd(PPh3)4 in DMF, wherein only ca. 1.5 equiv. of Et3N with 
respect to the polymer-bound propargylamine were used, did not give even a trace of the 
desired Sonogashira product.I 
 
The coupling products were cleaved from the resin using TFA–CH2Cl2 1:1 (v:v) at room 
temperature over two hours. As the amine products were obtained as TFA salts, they were 
liberated with N,N-diisopropylethylamine and subsequently acetylated with acetic 
anhydride, and a catalytic amount of DMAP. The products were acetylated due to the 
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sluggish separation of free amines using SiO2 column chromatography. After purification 
by flash chromatography, the coupling products were obtained in 15–60% yields 
(Table 2).I 
 
 
Table 2 Yields of isolated N-(3-arylpropargyl)acetamides obtained with various aryl iodidesI, a 

Entry Aryl group Yield (%) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Ph 

4-NO2-C6H4 

4-CN-C6H4 

2-Cl-C6H4 

3-Br-C6H4 

3-CHO-C6H4 

4-F-C6H4 

pyridin-3-yl 

3-Cl-C6H4 

4-Cl-C6H4 

3-MeO-C6H4 

41 

52 

60 

55 

55 

44 

15 

47 

51 

36 

24 

 
a Reprinted with permission from John Wiley and Sons. Leikoski, T., Kallonen, S., and Yli-Kauhaluoma, J. The Sonogashira Coupling 
of Polymer-Supported Propargylamine with Aryl Iodides Helv. Chim. Acta 2010, 93, 39–47, © 2010 Verlag Helvetica Chimica Acta 
AG, Zürich. 

 
 
In general, the best results were obtained with aryl iodides containing electron-
withdrawing substituents. The highest yield (60%) was with 4-iodobenzonitrile. When 
1-chloro-2-iodobenzene and 1-bromo-3-iodobenzene were used as aryl iodides they both 
gave a 55% yield of the coupling product. The latter reactant showed total selectivity of 
iodine over bromine as a leaving group. Considering the results, the position of the 
substituent in the aromatic ring does not play an important role in the success of the 
coupling. With the high electronegativity of the fluorine atom, a higher yield than 15% 
was expected using 1-fluoro-4-iodobenzene. Of course, it is possible that the high 
electron-withdrawal induces unexpected side reactions.I 
 
The reaction of 4-iodoanisole did not give the desired coupling product at all, either at 
room temperature overnight or even after 92 h at 70 °C. However, 3-iodoanisole, where 
the electron density is donated only by the inductive effect through σ-bonds, gave 
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a 24% yield. According to this observation, the coupling reaction is retarded much more 
strongly when electron density is donated by conjugation.I 
 
In addition, the coupling reaction of 3-iodobenzaldehyde proceeded successfully. After 
cleavage from the polymer, the product was released from its TFA salt and acetylated 
immediately at -100 °C. This exceptional acetylation procedure was applied to avoid the 
polymerization of the aminoaldehyde at room temperature. The corresponding acetylated 
derivative could be routinely purified by silica-gel column chromatography. Generally, all 
the acetylenic acetamides that were prepared were sufficiently stable when stored under 
dry conditions at room temperature.I 
 
After publishing these results, some interesting variations of the Sonogashira reaction of 
propargylamines have appeared in the literature. Kore et al. coupled propargylamine 
without protection, in the Sonogashira reaction of 5-iodouridine-5´-triphosphates. 
However, they suggested that the pre-requisite for a successful reaction is the presence of 
a hydrophobic counterion, e.g. triethylammonium cation.136 Lin et al. presented a very 
peculiar one-pot synthesis, where the Mannich-type formation of the propargylamine 
derivative, from calcium carbide, secondary amine and aromatic aldehyde, was followed 
by the Sonogashira coupling with iodobenzene.137 

3.1.1 Preliminary experiments with the Castro–Stephens reaction 

It would be highly desirable if the arylation of polymer-supported propargylamine and 
polymer-supported alkynes, in general, were possible without the use of a palladium 
catalyst. Therefore, the Castro–Stephens reaction was attempted with the same 
propargylamine carbamate-Wang resin, as was successful in the Sonogashira studies (See 
Chapter 5, Experimental). The reaction was tested with either a stoichiometric amount of 
the preformed copper acetylide22, 54 or a catalytic amount formed in situ.55 
 
To create the polymer-supported copper acetylide, propargylamine carbamate-Wang resin 
was treated with CuI in aqueous ammonia and THF at room temperature, for two hours 
(Scheme 10). After washing and drying, the resin was subjected to the Castro–Stephens 
conditions using 4-iodonitrobenzene in refluxing dry pyridine, under argon for 24 hours. 
However, after cleavage with TFA–CH2Cl2 and acetylation with DIPEA and Ac2O, 
formation of the arylated product 23 was not observed according to GC–MS and TLC. 
 

 
 
Scheme 10 The Castro–Stephens reaction with preformed copper acetylide on solid-phase 
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In the catalytic version, the mixture of propargylamine carbamate-Wang resin, 
4-iodonitrobenzene, CuI, PPh3 and Cs2CO3 was heated in dry DMSO, at 120 °C under 
argon for 21 hours (eq. 6). After the same cleavage and acetylation procedure, not a trace 
of the desired product could be found. 
 

         (6) 
 
 
Although too wide generalisations about these preliminary experiments should be avoided, 
there are some factors that can lie behind the failure of both these test reactions. The 
acetylenic moieties, on the propargylamine carbamate-Wang resin, may simply be too far 
away from each other to adopt the four-centered transition state with neutral ligands L if 
the ligand L is the acetylene itself as proposed in the literature (Figure 9).22, 55 Use of very 
long flexible linkers for propargylamine, e.g. alkyl or poly(ethylene glycol) chains of 10 
atoms or even more could enable the possibly necessary vicinity of terminal acetylenes. 
 

I

Ar

C

Cu

C

R

L

L

 
 
Figure 9 The proposed four-centered transition state for the Castro–Stephens reaction22, 55 
 
 
On the other hand, in a recent study, Gonda et al. presented that the copper-catalysed 
couplings of acetylenes with aryl halides actually need palladium to occur and that even 
ppb-levels can be enough.138 If this result is carefully expanded further the Castro–
Stephens reaction could actually be catalysed by palladium contamination. Therefore, it 
would essentially be the Sonogashira reaction at elevated temperature. Hence, it might be 
possible that in the experiments mentioned above, the trace levels of palladium were 
simply not high enough to catalyse the slow solid-phase reactions. 
 
In general, insufficient knowledge about the mechanism of the Castro–Stephens reaction 
restricts its development and general utility. Furthermore, it would be highly beneficial if 
the necessity of trace levels of palladium in the reaction medium could be confirmed or 
excluded unquestionably. 
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3.2 The Heck reaction of polymer-supported allylamine 

Encouraged from the results for the Sonogashira coupling of resin-bound propargylamine, 
allylamine was similarly attached to Wang resin, using the same carbamate linker, which 
would serve again as a protecting group for the primary amine, thus avoiding reaction 
inhibiting Pd–N coordination. Loading of allylamine to Wang resin was performed 
routinely, and the success of the attachment can be verified conveniently by the strong 
carbamate carbonyl peak at 1722 cm-1 in FTIR.II 
 
However, optimisation of the Heck reaction itself was a much more demanding task than 
originally anticipated. More variation in reaction conditions, for the test reaction system 
with Wang resin-bound allylamine and iodobenzene, was applied. Only trace levels, or 
none at all, of the desired cinnamylamine product were obtained.II Pd(OAc)2, Pd2(dba)3 
and Herrmann’s palladacycle64, 65 were applied as catalysts with triethylamine, sodium 
acetate, caesium acetate, potassium carbonate, sodium hydrogen carbonate, caesium 
carbonate, pyrrolidine and 1,1,3,3-tetramethylguanidine, as bases. Experiments in the 
presence and absence of tri(o-tolyl)phosphine, additives, e.g., potassium chloride and 
caesium chloride and ionic mediators, such as n-Bu4NCl, n-Bu4NBr and n-Bu4NOAc, 
were performed. The solvents N,N-dimethylformamide (DMF), N,N-dimethylacetamide, 
N-methylpyrrolidone and even oxygen-free water as co-solvent were studied. The 
temperature range of the reactions was 50–130 °C.II 
 
Finally, a regioselective γ-arylation was achieved when the solution-phase method of 
Battistuzzi et al.,139 with Pd(OAc)2 (5 mol %), potassium carbonate, n-Bu4NOAc and 
potassium chloride in DMF, was applied. The reaction with iodobenzene at 85 °C for 
22 hours gave a 44% yield of N-cinnamylacetamide, E isomer, after cleavage with 50% 
TFA–CH2Cl2. This was followed by liberation of the amine product from its TFA salt with 
triethylamine, acetylation with acetic anhydride, triethylamine and DMAP (Scheme 11) 
and followed by purification by flash chromatography.II This procedure was originally 
developed to control the selectivity of the β-hydride elimination (see Scheme 6, page 25) 
in the synthesis of cinnamaldehydes from acrolein diethyl acetal and aryl halides, a related 
electron-rich system with the aromatic ring and three carbon unit.139 
 
Almost as good a result was achieved when Pd(OAc)2 was replaced with Herrmann’s 
palladacycle catalyst (Figure 3, page 22), using the same Heck procedure. After the test 
reaction of iodobenzene with 1 mol % of the catalyst, a 40% yield of 
N-cinnamylacetamide was obtained.II Keeping in mind the high performance of this 
catalyst, even at ppm levels,64, 65 its use in solid-phase Heck reactions might be worth 
more detailed studies. 
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Scheme 11 The Heck reaction of Wang resin-bound allylamine, cleavage and acetylationII, a 
 
aReprinted from Tetrahedron, Vol 69, Leikoski, T., Wrigstedt, P., Helminen, J., Matikainen, J., Sipilä, J., and Yli-Kauhaluoma, J., The 
Heck Reaction of Polymer-Supported Allylamine with Aryl Iodides, 839–843, Copyright (2013), with permission from Elsevier. 

 
 
The yields of these experiments, using the procedure mentioned above with Pd(OAc)2, 
varied between 23–61% (Table 3). Only products arising from a regioselective γ-arylation 
were observed.II Jiang et al. explained this kind of regioselectivity and also the excellent 
E-stereoselectivity, by chelation between the carbamate carbonyl group and the palladium 
atom.74 However, in the reactions with 2-chloroiodobenzene, 1-iodonaphthalene and 
3-iodoanisole, an inseparable mixture of E and Z isomers with an approximate ratio of 4:1, 
according to 1H NMR spectroscopy, was obtained.II The unusually high yield of the 
Z isomer, with respect to the E isomer, commonly obtained in the Heck reaction has been 
associated with the additional steric hindrance.67 (See pages 22–23 and Figure 4). In fact, 
reactions on solid-phase themselves can be considered to be sterically more demanding. 
 
The time and temperature window of the Heck reaction system studied is narrow. When 
the duration of the reaction at 85 °C was increased from 22 to 74 hours the yield decreased 
from 44 to 29%. The yield dropped below 5% when the three-day reaction was performed 
at 100 °C. The stoichiometry is also essential. A mixture of diarylated isomers dominated 
if iodobenzene was applied in excess. Therefore, only one molar equivalent of the aryl 
iodide, with respect to polymer-bound allylamine, was introduced throughout the whole 
series of reactions.II 
 
No clear relationship between the yields (Table 3) and the structures of the aryl iodides 
can be stated. According to these results, the position of the substituent in the aromatic 
ring is not important either. On the other hand, with 4´-iodoacetophenone and 
4-iodobenzonitrile, significantly higher yields would have been expected. Interestingly, 
2-iodothiophene and 4-iodonitrobenzene did not give even a trace of the Heck products.II 
These unexpected features may be due to the slow reaction rates on solid-phase. The 
arylpalladium iodide species is undoubtedly easily formed from each of these substrates, 
by oxidative addition of Pd(0). However, these highly reactive intermediates may be 
consumed by fast and unwanted side reactions in solution, without reaching the polymer-
bound allylamine. 
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Table 3 Yields of isolated N-cinnamylacetamides obtained with various aryl iodidesII, a 

Entry Aryl group Yield (%) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ph 

4-Cl-C6H4 

3-Cl-C6H4 

2-Cl-C6H4 

4-CH3CO-C6H4 

Naphthalen-1-yl 

4-CN-C6H4 

3-MeO-C6H4 

4-NO2-C6H4 

Thiophen-2-yl 

44 

54 

49 

61b 

35 

39b 

25 

23b 

n.r. 

n.r. 

 
aReprinted from Tetrahedron, Vol 69, Leikoski, T., Wrigstedt, P., Helminen, J., Matikainen, J., Sipilä, J., and Yli-Kauhaluoma, J., The 
Heck Reaction of Polymer-Supported Allylamine with Aryl Iodides, 839–843, Copyright (2013), with permission from Elsevier. 
 
bAs an inseparable mixture of E and Z isomers with an approximate ratio of 4:1, as determined by 1H NMR spectroscopy 

 
 
These reaction conditions possess characteristics which enhance their usability in solid-
phase synthesis. DMF, as a polar aprotic solvent, swells the resin efficiently and 
simultaneously assists in the separation of various ionic species, thus increasing their 
solubilities. Suitable concentrations of halide (KCl) and acetate (n-Bu4NOAc) ligands in 
the reaction medium are likely to increase the stability, reactivity and selectivity of the 
catalyst.69, 72, 73 Moreover, it is possible that Pd(OAc)2 and KCl in the reaction medium 
form potassium tetrachloropalladate, K2PdCl4, which has been used succesfully in the 
Heck reaction of free allylamine.111 Nevertheless, the stabilisation effect of the additive 
ligands is very evident as black metallic palladium precipitates, typical for Heck reactions 
with Pd(OAc)2, were not observed at all in most of the trials.II 
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3.3 The Heck or Sonogashira reaction for construction of the 
arylpropane unit? 

If the final objective is to synthesise 1,3-arylaminopropanes by solid-phase methods both 
the Sonogashira and the Heck reaction can be used for the attachment of the aromatic ring 
with a three-carbon atom unit, as the double and triple bond are both easily reducible. 
There are no significant differences in the results of these reactions on solid-phase. The 
yields are similar and the carbamate linker can be utilised in both cases. Additionally, in 
both reactions the position of the substituent in the aromatic ring does not generally affect 
the yield.I, II 
 
However, there are some factors that generally support the choice of the Sonogashira 
coupling. First, in most instances the Sonogashira reaction can be performed at room 
temperature, whereas the Heck reaction requires heating and according to the results, its 
feasible temperature window can be very narrow. Secondly, finding satisfactory Heck 
reaction conditions may require tedious optimisation and screening, due to the variable 
reaction conditions available. In addition, electron-rich allylamine derivatives are not 
particularly reactive precursors and as a three-carbon unit they may give rise to several 
possible regioisomers. Moreover, it is not advisable to use excess aryl halides to push the 
reaction forward. As observed, polyarylation may become the dominating process. 
Furthermore, it is very likely that some aryl halides, such as 4-iodonitrobenzene and 
2-iodothiophene, form too reactive intermediates for slow solid-phase Heck reactions.II It 
should also be pointed out that a single crystalline product is typically more easily 
produced in the Sonogashira reaction, whereas the possible mixture of stereo- or 
regioisomers may hamper isolation and purification of the Heck product. 
 
In some circumstances, such as in large-scale preparations, use of the Heck reaction 
should be considered. In exothermic Sonogashira reactions the hazards associated with 
copper acetylides would require special precautions.140 Additionally, in some special 
occasions, where a stereospecific reduction of a E isomer of a substituted allylamine 
derivative is required, the Heck reaction should be chosen for the arylation step. 
 
As these studies have been performed with simple model substrates, unnecessary 
generalisations should be avoided. In the syntheses of specifically substituted and more 
complex 1,3-arylaminopropanes, it cannot be stated in advance which one of these two 
reactions, or if neither of them, is feasible. Nevertheless, according to these preliminary 
results both the Sonogashira and the Heck reactions are potential arylation methods. 
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3.4 Solid-phase synthesis of allene amides 

3.4.1 The triazene linker in solid-phase synthesis 

In the solid-phase route to nitrogen-containing allenes, the linker should tolerate the 
reaction conditions and stabilise the allene product, by acting as the protecting group for 
the amino funtionality. Additionally, the product should be easily cleavable under as mild 
conditions as possible and as some stable derivative of allene amine. 
 
To fit these requirements, a triazene linkage was studied for immobilisation of 
propargylamine. This extremely acid-labile linker is prepared from Merrifield resin-bound 
3-aminophenol, by diazotisation and addition of a primary amine to the polymer-bound 
diazonium salt. The triazene moiety, that is stable under neutral or basic conditions, can be 
acylated with acyl chlorides and is cleavable as an amide, with dilute (5%) TFA in 
CH2Cl2, at room temperature within a few minutes.141 These immobilised triazenes are 
remarkably stable at room temperature under dry conditions and they are safe to handle 
when compared with triazenes in solution, which are potent carcinogens.142 

 
Propargylamine was immobilised on Merrifield resin (Scheme 12) according to the known 
literature procedure for primary amines,141 with minor modifications. In the attachment of 
3-aminophenol to the Merrifield resin, 5 mol % of caesium iodide was added to increase 
the rate of the substitution reaction. For the formation of the diazonium salt, from 
polymer-bound 3-aminophenol, isopentyl nitrite was used instead of t-butyl nitrite. The 
intermediate polymer-bound diazonium salt is relatively stable in air and safe to handle. 
The air-stable propargyltriazene resin is formed by addition of propargylamine to the 
polymer-bound diazonium salt, in dry tetrahydrofuran (THF) at room temperature.III 
 
To broaden the product applicability and to ensure the stability of the allenes, the NH 
group of the triazene linker was acylated with various acyl chlorides,141 prior to the 
Crabbé reaction and cleavage (Scheme 12).III Actually, in the acylation sequence the 
properties of the triazene and N-acyltriazene moieties resemble those of amines and 
amides, respectively. Otherwise the literature occurrence of the N-acyltriazene 
functionality is very scarce, even in solution-phase chemistry.143, 144 
 
At the acylation stage, the order of introduction of the reagents into the reaction medium is 
particularly important. Triethylamine must be added before the acyl chloride to maintain a 
basic solution phase throughout the reaction. Acyl chlorides alone cleave the extremely 
acid-labile triazene,145 liberating propargylamine as an amide into the solution. In fact, it 
was observed that the triazene linker was cleaved using far more dilute TFA 
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concentrations, than 5% in CH2Cl2, so acidic contamination must be excluded in all 
operations.III 
 
 

 
 
Scheme 12 Loading of propargylamine to polystyrene through a triazene linker, N-acylation, the 
Crabbé reaction and subsequent cleavageIII, a 
 
aReprinted with permission from NRC Research Press, Leikoski, T., Wrigstedt, P., Matikainen, J., Sipilä, J., and Yli-Kauhaluoma, J. 
Solid-Phase Synthesis of N-(buta-2,3-dien-1-yl)amides by the Crabbé Reaction Canadian Journal of Chemistry 2013, 91 (1), 38–42. 

 
 

3.4.2 The Crabbé homologation of polymer-supported propargylamine 

For the allene formation, an updated modification146 of the original procedure by Crabbé 
et al.129 was used. In this method the alkyne is heated with paraformaldehyde, 
dicyclohexylamine and CuI in 1,4-dioxane at 100 °C (Scheme 12). In the studies with 
seven polymer-bound N-acyltriazenes, the yield of allene from propargyltriazene resin 
varied between 10% and 63%, depending strongly on the R group in the N-acyl substituent 
(Table 4). Shortly after submitted these results for publication,III an interesting and related 
solution-phase study, where N-(buta-2,3-dienyl)amides were prepared from 
N-propargylamides using a method comparable to the updated Crabbé procedure,146 was 
published.147 
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Table 4 Yields of isolated N-(buta-2,3-dien-1-yl)amides obtained with various acyl chlorides.III, a 
 

Entry R in RCOCl Yield (%) 

1 

2 

3 

4 

5 

6 

7 

CH3 

CMe3 

PhCH2 

4-NO2-C6H4 

(E)-Ph-CH=CH 

CH2=CH 

CH3(CH2)6 

63 

53 

10 

13 

20 

18 

11 

 
aReprinted with permission from NRC Research Press, Leikoski, T., Wrigstedt, P., Matikainen, J., Sipilä, J., and Yli-Kauhaluoma, J. 
Solid-Phase Synthesis of N-(buta-2,3-dien-1-yl)amides by the Crabbé Reaction Canadian Journal of Chemistry 2013, 91 (1), 38–42. 

 
 
It is very likely that the allene formation is controlled by steric factors, as the best yields 
were obtained using simple small-sized acyl N-substituents, i.e. acetyl and pivaloyl 
groups. On the other hand, a significantly higher yield than 11% for the electronically very 
similar N-octanoyl-substituted product should have been expected. However, it can be 
speculated that, although the pivaloyl group is sterically crowded, its reach may be too 
short to reach the vicinity of the terminal acetylene unit, to interfere with the reaction. On 
the other hand, the reactivity of the acryloyl group apparently suppresses the yield, despite 
its small size.III 
 
The low to moderate yields can be considered satisfactory, only due to the very 
preliminary nature of these studies. On the other hand, it must be remembered that the 
yields of the Crabbé reaction in general are far from quantitative. Yet, some new ideas 
have arisen after publication of these results. If steric factors play an important role in the 
formation or in the further reaction of the Mannich base one option would be to use a less 
bulky secondary amine, such as di-n-butylamine or piperidine, instead of 
dicyclohexylamine. Furthermore, NOE experiments with soluble derivatives of the 
acetylenes or Mannich bases may give useful information about the possible steric 
hindrance of the reactants. 



 
 
 
 

45

In the solid-phase study by Youngman and Dax, propargylamine was bound on 
2-chlorotrityl resin and treated with a secondary amine, copper(I)chloride and 
paraformaldehyde, in 1,4-dioxane at 70–75 °C for three hours.133 Despite these anhydrous 
conditions, which are very similar in the Crabbé reaction with the exception of the lower 
temperature, this reaction produces Mannich bases, but not allenes. It is therefore worth 
studying whether the Crabbé reaction on solid-phase is actually so slow that it requires 
even a higher temperature than 100 °C, or a very long reaction time to furnish allenes from 
Mannich bases. An increase in the amount of CuI would also be worth testing. 
 
In general, the solid-phase method studiedIII opens new possibilities in the syntheses of 
biologically interesting nitrogen-containing allenes. All reagents required in this reaction 
sequence are inexpensive and isolable allene amide products are obtained, by the cleavage 
reaction under very mild conditions. However, owing to the versatility of allenes, as 
synthetic intermediates, the possibility of immobilising potentially labile cumulated 
carbon–carbon double bonds, on solid support for further reactions, is even more 
interesting. 
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4 Conclusions 

In this study, new and encouraging results for methods to perform carbon–carbon bond-
forming reactions on solid support have been obtained. In the Sonogashira and Heck 
reactions of polymer-bound propargylamine and allylamine, respectively, the general 
benefits of solid-phase synthesis were combined with the efficiency of palladium catalysis. 
These amines were attached on Wang resin via an acid-labile carbamate linker, which 
serves simultaneously as a protecting group for the palladium-incompatible amines. Both 
of these reactions give arylated propargylamines and allylamines, which are isolated and 
purified as acetamides, giving similar yields. The Heck reaction of polymer-supported 
allylamine proceeds with a regioselective γ-arylation. Formation of the E isomer is 
dominant. Unfortunately the Castro–Stephens experiments, with the copper acetylide 
generated from polymer-bound propargylamine, were unsuccessful. More detailed 
knowledge about the mechanism of this reaction would be of great value. Moreover, the 
possible role of trace palladium contamination should be clarified. 
 
If the objective is to ultimately reduce the Sonogashira or Heck products to biologically 
interesting 1,3-arylaminopropane derivatives both of these reactions are applicable. 
However, optimisation of the Heck reaction can be rather tedious and according to the 
results of this study, the Sonogashira reaction would be preferable when possible, in part 
due to milder reaction conditions. However, with more complex molecules the situation 
can be very case specific. 
 
Due to the electrophilic nature of the allene product, from the Crabbé homologation of 
solid-supported propargylamine, protection of the amino group was similarly necessary as 
in the Sonogashira coupling. This time propargylamine was attached to Merrifield resin 
via an N-acyltriazene linker, which is cleavable under very mild acidic conditions. The 
Crabbé reaction of polymer-bound propargylamine with paraformaldehyde, copper(I) 
iodide and dicyclohexylamine gives allene amides after cleavage. Some derivatives of 
these are biologically interesting molecules and important synthetic intermediates. There 
are no reports of the solid-phase synthesis of allenes in the literature prior to this study. 
The results are very preliminary with at most moderate yields. Therefore, the reaction 
conditions still require optimisation. 
 
There are several advantages in solid-phase synthesis but for individual instances it should 
always be assessed if there is some extra benefit, compared to the synthesis in solution. 
For example, it is possible that the reagents used in excess, or the high consumption of 
solvents, increase the total costs and render the process actually less environmentally 
friendly. Moreover, some substrates turned out to be too reactive for the slow polymeric 
reactions. 
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The results of this thesis gave additional information about the reactivity of various 
substrates on alternative media. The first examples of the formation of allenes on solid-
phase were presented. Moreover, a better understanding, in addition to the relatively few 
existing reports, concerning palladium-catalysed reactions of solid-supported 
propargylamine and allylamine was obtained. In general and despite the observed 
limitations, these results offer a wider variety of alternatives to perform synthetically 
important carbon–carbon bond-forming reactions. 
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5 Experimental 

A description of the Castro–Stephens experiments on solid-phase is included in this thesis 
but not in the original publications I–III. 

5.1 General 

Propargylamine carbamate-Wang resin was prepared, as described in the original 
publication II. Known literature methods with minor modifications were applied, for the 
procedures described in sections 5.222, 54 and 5.3.55 The reagents were obtained from 
Acros, Aldrich and Riedel-de Haën. The commercially available anhydrous solvents were 
used in all reactions. Merck aluminium sheets, coated with silica gel 60 F254, were used 
for thin-layer chromatography and were visualised using UV light at 254 nm. GC–MS 
analyses were performed with a Hewlett-Packard-HP-5890A gas chromatograph, 
equipped with an HP-5970 mass-selective detector. 

5.2 The Castro–Stephens reaction with a stoichiometric amount 
of preformed copper acetylide on solid-phase 

5.2.1 Copper acetylide from polymer-bound propargylamine 

Copper(I) iodide (936 mg, 4.91 mmol) was dissolved in 12% aqueous ammonia (4.0 ml). 
The blue solution was added dropwise to the propargylamine carbamate-Wang resin 
(1.0 g, 0.93 mmol/g, 0.93 mmol) in 20 ml of THF. The resulting dark green mixture was 
stirred at room temperature for two hours, filtered and washed (4×10 ml) with each of 
25% aq. NH3–ethanol 1:1 (v:v), THF, 25% aq. NH3–ethanol 1:1 (v:v) and CH2Cl2. The 
resin was subsequently subjected to the procedure 5.2.2. 

5.2.2 Reaction of the polymer-bound copper-acetylide with 
4-iodonitrobenzene, cleavage and acetylation 

The resin obtained from procedure 5.2.1 (approx. 1.0 g, 0.93 mmol/g, 0.93 mmol) was 
dried azeotropically with 2-propanol and benzene. The resin and 4-iodonitrobenzene 
(497 mg, 2.00 mmol) were stirred in dry pyridine, under argon at 120 °C for 24 hours. The 
resin was filtered and washed (2×10 ml) with each of DMF, methanol, THF, diethyl ether 
and CH2Cl2. For the cleavage step, the resin was stirred with 5.0 ml of TFA–CH2Cl2 1:1 
(v:v), at room temperature for one hour. The resin was filtered and washed (10 ml) with 
each of CH2Cl2, methanol and CH2Cl2. The filtrate was azeotroped with toluene (10 ml). 
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For the acetylation step, the residue was stirred with DIPEA (1.0 ml), acetic anhydride 
(1.0 ml) and a catalytic amount of DMAP, at room temperature for 90 minutes. The 
solvents were azeotroped with ethanol (2×25 ml). TLC (acetone–EtOAc 1:2) and GC–MS 
did not show any trace of the previously prepared coupling product, 
N-[3-(4-nitrophenyl)prop-2-yn-1-yl]acetamide.I 

5.3 The Castro–Stephens reaction, with a catalytic amount of 
copper acetylide formed in situ, on solid-phase 

5.3.1 Reaction of polymer-bound propargylamine with 4-iodonitrobenzene 
and a catalytic amount of copper(I) iodide, cleavage and acetylation 

Propargylamine carbamate-Wang resin (0.86 g, 0.93 mmol/g; 0.80 mmol), 
4-iodonitrobenzene (651 mg, 2.61 mmol), copper(I) iodide (17.5 mg; 0.0919 mmol), 
triphenylphosphine (47.4 mg, 0.181 mmol) and caesium carbonate (495 mg, 1.52 mmol) 
were stirred in dry DMSO (10 ml), under argon at 120 °C for 21 hours. The resin was 
filtered and washed (2×10 ml) with each of DMF, methanol, THF, diethyl ether and 
CH2Cl2. For the cleavage step, the resin was stirred with 5.0 ml of TFA–CH2Cl2 1:1 (v:v), 
at room temperature for one hour. The resin was filtered and washed (10 ml) with each of 
CH2Cl2, methanol and CH2Cl2. The filtrate was azeotroped with toluene (10 ml). For the 
acetylation step, the residue was stirred with DIPEA (1.0 ml), acetic anhydride (1.0 ml) 
and a catalytic amount of DMAP, at room temperature for 90 minutes. The solvents were 
azeotroped with ethanol (25 ml). TLC (acetone–EtOAc 1:2) and GC–MS did not show 
any trace of the previously prepared coupling product, N-[3-(4-nitrophenyl)prop-2-yn-
1-yl]acetamide.I 
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