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anything,
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Abstract 

The main focus of this thesis concerns the development of Pd(Ⅱ)-catalysed 

synthetic methodologies for the preparation of biologically active compounds. 

In the first part (paper Ⅰ-Ⅲ), unactivated C–H bonds of a cyclobutane de-

rivative are selectively functionalised using a directing group starting from the 

feedstock compound verbenone (paper Ⅰ). In the following part the develop-

ment of an efficient transamidation protocol for the directing group removal 

is reported (paper Ⅱ). Both procedures were then used in conjunction, for the 

synthesis of diverse C-3 arylated benzofuran-2-carboxylamides, in only 3 

steps starting from benzofuran-2-carboxylic acid (paper Ⅲ). 

The second part (paper Ⅳ-Ⅴ) aimed to evaluate the catalytic efficiency of 

the heterogeneous catalyst Pd(Ⅱ)-AmP-MCF in the intramolecular hydroami-

nation of propargylic carbamates. The catalyst was able to promote the for-

mation of various 1,3-oxazolidin-2-ones in high yields, at room temperature 

with low palladium loadings (paper Ⅳ). This investigation is followed by a 

mechanistic study of the Pd(Ⅱ)-AmP-MCF catalyst’s deactivation process 

during a lactone formation, using X-ray absorption spectroscopy (paper Ⅴ). 

  



Populärvetenskaplig sammanfattning 

Avhandlingen fokuserar på utveckling av nya katalytiska metoder för 

kemisk transformation med hjälp av metallen palladium (Pd). Denna metall 

har använts på två olika sätt, homogent och heterogent, antingen i samma eller 

i en annan fas som reaktanten. 

En katalysator är ett ämne som kan underlätta och påskynda en kemisk 

reaktion utan att konsumeras själv. Katalys öppnar alternativa reaktionsvägar 

och möjliggör också mildare reaktionsförhållanden som lägre temperatur och 

tryck. Eftersom katalysatorn inte konsumeras under reaktionen är en liten 

mängd tillräcklig för att påskynda en reaktion. 

I den första delen av avhandlingen (publikation Ⅰ-Ⅲ) applicerades 

homogent palladium i kombination med en dirigerande gruppen -en hjälpande 

hand- för att reagera med endast en väteatom i startmaterialet. Denna reaktion 

är en så kallad C–H-funktionalisering, där det första steget är aktiveringen, i 

vilken palladium sätts in i bindningen mellan en kolatom (C) och en väteatom 

(H). Följande steg är funktionalisering, där en annan molekyl kopplas till 

kolatomen och ersätter väteatomen. 

Nästa studie handlade om hur man tar bort 8-aminokinolindirigerande 

gruppen milt, eftersom denna grupp sällan är en önskad del av slutprodukten. 

Vi kunde uppnå detta genom en utbytesreaktion; den dirigerande gruppen 

aktiverades och ersattes sedan med en annan amin (en molekyl innehållande 

en kväveatom (N)). Denna studie följdes av ett projekt som använde båda 

metoderna för att erhålla en serie bensofuranderivat, först C–H-

funktionalisering följt av avlägsnandet av den dirigerande gruppen. 

I den andra delen av avhandlingen (publikation Ⅳ-Ⅴ) användes heterogen 

palladium. Palladium immobiliserades på amin-funktionaliserad porös 

kiseldioxid, även kallad Pd(Ⅱ)-AmP-MCF. Denna immobolasering 

möjliggjorde återvinning och återanvändning av ädelmetallkatalysatorn. 

Katalysatorn användes i en cykloisomerisering-reaktion; detta är en reaktion 

där en molekyl reagerar med sig själv och bildar en cyklisk struktur. Detta 

projekt följdes av en undersökning av katalytisk deaktiveringen av 

Pd(Ⅱ)-AmP-MCF med användning av röntgenabsorptionsspektroskopi. En 

elementspecifik analysmetod som ger insikt över hur palladium förändras 

under reaktionens gång. 



Popular scientific abstract 

This dissertation is focused on the development of new catalytic methods 

for chemical transformations with the help of the metal palladium (Pd). This 

metal has been used in two different ways, homogeneously and heterogene-

ously, being either in the same or in a different phase as the reactant. 

A catalyst is a substance that can facilitate and accelerate a chemical reac-

tion without being consumed itself. Catalysis opens up alternative reaction 

pathways and also enables milder reaction conditions such as lower tempera-

ture and pressure. Since the catalyst is not consumed during the reaction, a 

small amount will generally be sufficient to accelerate a large-scale reaction. 

In the first part of the thesis (paper Ⅰ-Ⅲ), homogeneous palladium was ap-

plied in combination with a directing group (8-aminoquinoline) -a helping 

hand to so to say- in order to react with only one hydrogen atom of the starting 

material. This reaction is a so-called C–H functionalisation, where the first 

step is the activation, in which the palladium gets inserted into the bond be-

tween a carbon atom (C) and a hydrogen atom (H). Followed by the function-

alisation, where another molecule gets connected to the carbon atom replacing 

the hydrogen atom. 

The next study was on how to remove the directing group mildly, as it is 

seldom a desired part of the final product. We were able to achieve this by the 

use of an exchange reaction; the directing group was activated and then re-

placed with another amine (a molecule containing a nitrogen atom (N)). This 

study was followed by a project which applied both methods to obtain a series 

of benzofuran derivatives, first C–H functionalisation followed by directing 

group removal. 

In the second part of the thesis (paper Ⅳ-Ⅴ), heterogeneous palladium was 

used. Where the palladium was immobilised on amine-functionalised porous 

silica, so-called Pd(Ⅱ)-AmP-MCF. This immobilisation allowed for the recov-

ery and reuse of the precious metal catalyst. The catalyst got applied in a cy-

cloisomerisation reaction; this is a reaction in which a molecule reacts with 

itself, forming a cyclic structure. This project was followed by an investigation 

of the catalytic deactivation of Pd(Ⅱ)-AmP-MCF using X-ray absorption spec-

troscopy. An element specific analysis method to gain insight on how the pal-

ladium changes during the reaction.  



Populärwissenschaftliche Zusammenfassung 

Diese Dissertation befasst sich mit der Entwicklung neuer katalytischer 

Methoden zur chemische Umwandlungen mit Hilfe des Metalls Palladiums 

(Pd). Dieses Metall wurde dafür auf zwei verschiedene weisen eingesetzt, 

homogen und heterogen. Dabei liegt es entweder in derselben oder in einer 

anderen Phase vor als der Reaktant. 

Ein Katalysator ist dabei eine Substanz, die eine chemische Reaktion 

erleichtern und beschleunigen kann, ohne dabei selbst verbraucht zu werden. 

Dadurch eröffnet die Katalyse alternative Reaktionswege welche unter 

milderen Reaktionsbedingungen wie niedrigerer Temperatur und Druck 

stattfinden. Da der Katalysator nicht verbraucht wird, reichen im Allgemeinen 

kleine Mengen aus, um eine große Menge umzusetzen. 

Im ersten Teil der Arbeit (Publikationen Ⅰ-Ⅲ) wurde homogenes Palladium 

zusammen mit einer dirigierenden Gruppe (8-Aminochinolin) -einer helfende 

Hand- angewendet, um nur mit einem Wasserstoffatom des Ausgangs-

materials zu reagieren. Diese Reaktion ist eine sogenannte C–H Funktionali-

sierung, der erste Schritt ist die Aktivierung der Bindung zwischen einem 

Kohlenstoffatom (C) und einem Wasserstoffatom (H) durch die Einführung 

des Palladiums. Dem folgt die Funktionalisierung, ein anderes Molekül wird 

mit dem Kohlenstoffatom verbunden und das Wasserstoffatom ersetzt. 

Die nächste Studie befasste sich mit der milden Entfernung der 

dirigierenden Gruppe, da sie selten ein gewünschter Teil des Produkts ist. Dies 

wurde in Form eines Austauschs erreicht. Die dirigierende Gruppe wurde 

aktiviert und durch ein anderes Amin (ein Molekül mit einem Stickstoffatom 

(N)) ersetzt. Dieser Studie folgte ein Projekt, bei dem beide Methoden 

angewendet wurden, um eine Reihe von Benzofuranderivaten zu erhalten. 

Im zweiten Teil (Publikationen Ⅳ-Ⅴ) wurde heterogenes Palladium 

verwendet, dazu wurde es auf aminfunktionalisiertem porösem Silica 

immobilisiert (Pd(Ⅱ)-AmP-MCF). Diese Immobilisierung ermöglichte es den 

Katalysator zurückzugewinnen und wiederzuverwenden, und wurde in einer 

Cycloisomerisierungsreaktion angewendet. Eine Reaktion, bei der ein 

Molekül mit sich selbst reagiert und eine zyklische Struktur bildet. Diesem 

Projekt folgte eine Untersuchung der katalytischen Deaktivierung von Pd(Ⅱ)-

AmP-MCF mittels Röntgenabsorptionsspektroskopie. Eine 

Elementspezifische Analysemethode, um einen Einblick zu erhalten, wie sich 

das Palladium während der Reaktion verändert. 
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8-AQ 8-Amino quinoline 

Boc2O di-tert-Butyl dicarbonate 

BQ 1,4-Benzoquinone 
tBuOH tert-Butanol 

mCPBA meta-Chloroperbenzoic acid 

CPME Cyclopentyl methyl ether 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCE 1,2-Dichloroethane 

DG Directing group 

DIPEA Diisopropyl ethyl amine 

DMAP N,N-dimethylpyridine-4-amine 

DMS Dimethyl sulfide 

EXAFS Extended X-ray absorption fine structure 

FT Fourier transform 

H2NPip Piperonylamine 

HATU Hexafluorophosphate azabenzotriazole tetramethyl uronium 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

MCF Mesocellular foam 

MeCN Acetonitrile 

Pd(dba)2 Bis(dibenzylideneacetone)palladium(0) 

Pd(TFA)2 Palladium(II) trifluoroacetate 

PhCH3 Toluene 

PivOH Pivalalic acid 

rt Room temperature 

TBHP tert-Butyl hydroperoxid 

XANES X-ray absorption near edge structure 

XAS X-ray absorption spectroscopy 

TEOS Tetraethoxysilane 

 
1 Coghill, A. M.; Garson, L. R.; Dodd, J. S. The ACS style guide: Effective communication 

of scientific information, 3rd ed. / Anne M. Coghill, Lorrin R. Garson, editors; American 

Chemical Society; Oxford; New York: Oxford University Press: Washington, 2006. 
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1. Introduction 

Everything that we can see, hear, feel, smell and taste is build from matter. 

To be more precise, everything is composed by chemicals, and if we want to 

be more accurate, everything is made up of elements that can be arranged in a 

nearly infinite number of ways. Even though people in our society associate 

with chemical matter that is produced in a laboratory, we can argue that human 

beings are made from a subset of chemicals. In fact, our society and its devel-

opment highly depend on chemicals. The latter play a vital role in keeping the 

people fed, clothed and healthy, to name just a few. With chemicals being so 

central in our daily lives, it is important to make sure that they do as little harm 

as possible. Understanding the structure and the action of chemical com-

pounds is crucial to avoid unintended side-effects. 

Here, Thalidomide represents an important lesson of a chemical’s ability to 

do both good and bad. Thalidomide was a drug taken by pregnant women to 

treat nausea, but which also unfortunately caused several thousand infants to 

be born with a malformation of the limbs.[1] Another example is Ethambutol, 

which is mainly used to treat tuberculosis but also can cause problems with 

vision.[2] Last but not least, Warfarin, which can be used as an anticoagulant, 

but has also found application as a rodenticide.[3]  

 

Figure 1. The (S) enantiomer of Thalidomide is responsible for the infant’s malformed 

limbs, while the (R) form showed the desired effect. The (S,S) enantiomer of Etham-

butol is used to treat tuberculosis, and the (R,R) enantiomer causes visual impairment 

up to blindness. Both enantiomers of Warfarin are active as an anticoagulant, though 

the (S) enantiomer is 2 – 5 times more potent as the (R) enantiomer.[4]  
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These chemicals are all good examples of Paracelsus quote that “All things 

are poison, and nothing is without poison, the dosage alone makes it so a thing 

is not a poison.”[5] 

All the drugs, shown in Figure 1, also have one characteristic in common, 

they are chiral. Chiral, coming from the Greek word χείρ for hand, means that 

there are two different forms of one thing, like the left and the right hand, one 

is the mirror-image of the other. These two forms are not superimposable and 

are thus referred to as enantiomers. Besides, having different properties in a 

biological environment, as exemplified by the intended effects and their side-

effects (Figure 1), enantiomers rotate polarised light differently, either clock-

wise or counter-clockwise and therefore referred to as optically active. It is 

not always that one of the enantiomers of a pharmaceutical shows detrimental 

effects. For example, in the case of Warfarin, the (R)-enantiomer is merely 

less active but still acts as an anticoagulant. Therefore, the drug can be admin-

istered in a racemic form, a one-to-one mixture of both enantiomers. If a mol-

ecule contains two centres of chirality, there can exist four different configu-

rations. Two will be enantiomers to one another, like the (S,S) form of Etham-

butol and the (R,R) form, differing in all centres of chirality. If they only differ 

in one chiral centre, these molecules are called diastereomers. Two diastere-

omers may be identical, like the (R,S) form is superposable with the hypothet-

ical (S,R) form, this results in the molecule to be a meso compound, as illus-

trated in Figure 2. A meso compound is not optically active, whereas the indi-

vidual enantiomers in a racemate are optically active. 

 

Figure 2. The juxtaposition of an enantiomer, diastereomer and meso configuration 

shown on Ethambutol. 

1.1  Green Chemistry 
Besides the necessity in making sure that the compounds synthesised are 

safe, we have the responsibility towards future generations, that the prepara-

tion of these compounds is safe as well. Therefore, a progressive movement 

has developed within the chemical community for how to design sustainable 
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and environmentally friendly synthetic methodologies for achieving chemical 

transformations. Here, “The twelve principles of green chemistry” described 

by Anastas and Warner has been the guiding beacon for these efforts.[6]  

 
 

Catalysis is mainly thematised in this thesis, though other principles are 

also touched. 

1.2  Catalysis 
Though the term catalysis was coined by the Swedish scientist J. J. Berze-

lius in 1835, the modern definition of it comes from the German scientist W. 

Ostwald in 1894. He defined catalysis as a process in which a substance, called 

the catalyst, lowers the activation energy of a given reaction and thus increases 

the reaction rate. The catalyst is not consumed during the reaction and does 

not change the overall standard Gibbs free energy, as depicted in Figure 3.[7] 

This definition was preceded by discoveries of other natural scientists, in 

which a compound was needed for a particular reaction to occur, but is not 

part of the product formed. For example, the ignition of hydrogen gas on finely 

dispersed platinum led to the construction of Döbereiners lamp in 1823.[8] 

 



4 

 

Figure 3. Potential energy diagram of a hypothetical catalysed and uncatalysed re-

action. 

1.2.1 Homogenous–heterogeneous catalysis 

Catalysis is generally divided into two categories, homogeneous and heter-

ogeneous. In homogeneous catalysis, the catalyst is in the same phase as the 

reactant, whereas in heterogeneous catalysis, the catalyst is at the interface of 

two different phases.[2] As heterogeneous catalysts are easier to separate from 

the reaction mixture, they are usually preferred for industrial applications. For 

example, the ammonia synthesis by the Haber–Bosch process[9] and Ziegler-

Natta[10,11] polymerisation are today carried out using heterogeneous catalysts. 

A heterogeneous catalyst has the apparent advantage of more straightforward 

catalyst separation and usually higher catalytic durability.[12] However, heter-

ogeneous catalysts are generally less active and less selective compared to 

their homogeneous counterparts.[13,14] 

1.2.2 Transition metal catalysis 

In 1921, Charles Bury used the term transition and referred to a series of 

elements in which the number of valence electrons is different from 8, either 

18 or 32. Nowadays, these elements are called d-block elements or transition 

metals. The International Union of Pure and Applied Chemistry (IUPAC) de-

fines a transition metal as “An element whose atom has an incomplete d sub-

shell, or which can give rise to cations with an incomplete d sub-shell.”[15] This 

excludes elements from group 12 of the periodic table and covers only the 

elements from group 4 to 11, as well as scandium (Sc) and yttrium (Y). 
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The unique properties of transition metals can be illustrated by the most 

stable oxidation states of palladium. In its ground state, Pd0 (d10) can be con-

sidered electron-rich and nucleophilic, whereas the oxidised form, PdⅡ (d8), is 

electron-poor and thereby can be considered electrophilic. This flexibility al-

lows palladium to participate in different ways in a catalytic transfor-

mation.[16,17] Palladium itself is member of the so-called Platinum Family 

(containing Ru, Rh, Os, Ir, Pd and Pt) which are most often found in the same 

deposits and show similar physical and chemical properties. Although the 

abundance of these elements is low, and suitable deposits are scarce, these 

elements are perhaps the most versatile of the transition metals. They are used, 

for example, in C–H activations, isomerisations, oxidations, reductions and 

cross-coupling reactions.[16,18,19] Their versatility allows chemists to design 

catalytic protocols which permit transition metals to react with organic mole-

cules in complex ways, illustrated in Figure 4.[20] 

 

 

Figure 4. Elemental reactions in palladium catalysis. 

More recently, it has been indicated that PdⅡ can be further oxidised to PdⅣ 

(d6). Though the isolation and characterisation of a PdⅣ compound proved to 

be challenging, its existence is now widely applied in mechanistic discus-

sions.[21] The benefit of a PdⅡ/Ⅳ cycle is that the formation of Pd0 is avoided, 

and thereby the concomitant formation of catalytically inactive Pd0 clusters 

the so-called palladium black, which are prone to precipitate from the reaction 

mixture. 
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1.2.3 Directed C–H bond functionalisation  

Functionalisation of an organic molecule or build-up of its complexity can 

be achieved through two major ways. Either by employing existing functional 

groups, for example, amines, alcohols, carboxylic acids, double and triple 

bonds and many more, using their unique reactivities, or alternatively, by di-

rectly functionalising a C–H bond. In the past, the latter method was often 

very unselective, due to the ubiquity of C–H bonds, and requirement for harsh 

reaction conditions. The challenge of efficiently activating the C–H bond 

stems from its high stability, or more precisely its relatively high bond energy, 

which is around 100 kcal/mol.[22]. In order to circumvent this unselectivity, the 

use of directing groups (DG) has arisen as a popular synthetic strategy over 

the last 20-30 years.[23,24] These substrate-bound DG’s, usually mono- or bi-

dentate, chelate the metal catalyst, and direct it towards a specific C–H bond. 

Of the many available bi-dentate DG’s, the report by the Daugulis group in 

2005 on the use of 8-aminoquinoline (8-AQ)[25] in functionalisation of non-

activated C–H bonds, has sparked tremendous interest and use by other re-

search groups. Consequently the scope of this particular DG has broadened 

fast.[26] For example, the use of this specific directing group, allowed access 

to a variety of biologically active compounds.[27] Figure 5 describes the order 

in which the DG-assisted C(sp2)–H and C(sp3)–H arylation is proposed to pro-

ceed.  

 

Figure 5. Proposed mechanism for the 8-AQ directed palladium catalysed C(sp2)-H 

and C(sp3)-H functionalisation.[25b-d] 

It starts with the ligation of Pd(Ⅱ) (A→B), followed by the insertion of 

Pd(Ⅱ) into the desired C–H bond via the CMD-like mechanism (C). Upon 
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oxidative addition of the aryl iodide, a Pd(Ⅳ) species (D) is formed which 

undergoes a reductive elimination affording intermediate E, followed by the 

release of the product.[25b-d] 

Nevertheless, one of the major drawbacks in using a directing group is, that 

it requires two additional synthetic steps, and these steps usually do not add 

any value to the desired product. Those two steps involve the DG’s installation 

before, and its removal after, the C–H functionalisation reaction. Of these two 

steps, the cleavage of directing group is generally the one that presents the 

most challenges in terms of efficiency. In the case of the 8-AQ DG, numerous 

methods have been developed for its removal (Figure 6). It can for example 

be removed by hydrolysis to generate the corresponding carboxylic acid, ei-

ther under strongly acidic[25b,28a-b] or basic[26c] conditions. However, these ap-

proaches are generally harsh and require substrates which can withstand such 

conditions. The 8-AQ auxiliary can also be removed by reduction to give the 

corresponding aldehyde product[31a,52c,e,32a,b,29] or through esterification using 

transition-metal catalysis.[30] Another and more mild way to remove the 8-AQ 

auxiliary is to first perturb the amide resonance, by N-methylation[31a,32c,33] or 

by tert-butoxycarbonylation (Boc-activation),[27c-d,28b,34] and then carry out the 

hydrolysis under less harsh conditions. 

 

Figure 6. Approaches for the removal of the 8-AQ DG. 

In a recent publication describing a copper catalysed protocol for the syn-

thesis of benzofuran and isoquinolinone derivatives, the 8-AQ DG was em-

ployed as a transient DG, in which it got cleaved in the process of the reac-

tion.[35] This elegant study represents the first use of 8-AQ as a transient group, 

and showcases the most ideal way to utilise this auxiliary, which most likely 

will inspire further research in this area. 

1.2.4 Metal nanoparticles 

Metal nanoparticles, though first referred to as “ultrafine particle mix-

tures”, were used already during the 18th-century for the manufacturing of col-

oured glass and ceramic products. Today, nanoparticles are defined as parti-

cles having a size between 1 and 100 nm.[36] The first systematic studies on 

nanoparticles were conducted in the mid-19th century by M. Faraday, and the 
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1925 Nobel Prize in Chemistry was awarded to R. Zsigmondy “for his demon-

stration of the heterogeneous nature of colloid solutions and for the methods 

he used, which have since become fundamental in modern colloid chemis-

try”[37] (the size of colloidal particles ranges from 1 – 1000 nm).[38] 

Employing transition metal nanoparticles in catalysis comes with certain 

benefits. They are easier to recycle compared to homogeneous catalysts, and 

they often exhibit higher selectivity and activity compared to bulk metal, due 

to the larger surface area and more accessible active sites. One notable draw-

back is that these coordinatively unsaturated atoms can cause problems in term 

of agglomeration. Therefore, it is vital to control the growth of the nanoparti-

cles and ensure their stability. This can for example be achieved by using or-

ganic ligands or heterogeneous supports. Of the latter, many have been suc-

cessfully applied, for example metal-organic frameworks (MOFs), as well as 

organic and inorganic polymers. 

1.2.5 Meso cellular foam (MCF) 

The heterogeneous support, usually a solid and continuous porous network, 

can be subdivided into microporous (pore size < 2 nm), mesoporous (pore size 

2 – 50 nm) or macroporous (pore size > 50 nm) materials.[39] An example of 

microporous materials are zeolites that are commonly used for acid-base and 

redox catalysis, although their small pores are associated with problems in 

terms of mass transfer and substrates compatibility. Macroporous materials do 

not have this issue, but on the other hand, the large pore size translates into a 

very small surface area, which significantly limits their applications as sup-

ports for catalytic species. 

Mesoporous materials possess the benefits of both worlds: high surface 

area and good mass transfer. One class of mesoporous materials are siliceous 

mesocellular foams (MCF), which are composed of spheres in various sizes 

that are interconnected by windows, giving rise to a three-dimensional struc-

ture. These materials have proven to be an excellent support for chemical[40] 

and biological[41] catalysts. 

1.2.6 Characterisation of heterogeneous catalysts 

When it comes to studying catalytic reactions, there are a few aspects that 

one would like to get some insight. Such as, what is the form of the catalyst 

before, after and if possible, during the reaction. However, answering these 

questions for heterogeneous materials, is much more complicated than for ho-

mogeneous catalysts and requires more elaborate techniques (Table 1). Each 

of these techniques has its strengths and limitations and therefore are used 

together, in order to gain a comprehensive understanding of the catalyst.  
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Table 1. Techniques used to study heterogeneous materials. 

Technique Information gained 

Electron microscopy Nanoparticle size & morphology 

Electron-dispersive spectroscopy Elemental analysis 

X-ray/Electron diffraction Crystalline structure 

X-ray photoelectron spectroscopy Oxidation state 

X-ray absorption spectroscopy Oxidation state & local structure 

Fourier-transform IR spectroscopy Chemical bonds 

Gas-sorption Porosity & surface area 

 

One powerful method for the elucidation of an element’s oxidation state 

and chemical environment is X-ray absorption spectroscopy (XAS). It is an 

element-specific technique that can be used in situ to directly probe catalyti-

cally active species in real time to see how they change over the course of a 

reaction The term X-ray addresses the wavelength range of 0.01 to 10 nm of 

the electromagnetic spectrum, which is far shorter than the wavelength of the 

visible range (400 to 800 nm) and, following Planck’s equation, much higher 

in energy. These high energies allow for the X-ray to excite core electrons (K-

, L- or M-edge), and depending on the oxidation state of the metal atom, the 

energy needed will differ, which gives valuable insight on the active species 

in a catalytic reaction.  

 

1.3  Objectives of this thesis 
The main objective of this thesis has been to develop efficient Pd(Ⅱ)-cata-

lysed protocols for the synthesis of organic compounds, which can be relevant 

for biological studies. Therefore, we had envisioned a protocol using directed 

C--H functionalisation and mild DG removal to obtain a divers scope of sub-

strates. 

Another aim of this thesis was to translate a previously reported homoge-

neously catalysed transformation of propargylic carbamates into a protocol 

using the heterogeneous catalyst Pd(Ⅱ)-AmP-MCF. Furthermore, we wanted 

to elucidate the deactivation process of this catalyst in the cycloisomerisation 

of alkynoic acids using in situ XAS. 
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2. 8-Aminoquinoline directed C–H activa-

tion of cyclobutane (Paper Ⅰ) 

2.1 Introduction 
In light of the coming shortage of fossil-based feedstock, there has emerged 

a major interest in synthetic methods that allow access to valuable compounds 

from renewable starting materials.[42] Here terpenes are a class of natural prod-

ucts that has been used extensively in organic synthesis over the past dec-

ades.[43] They have found application as starting materials in the synthesis of 

valuable products, such as fragrances,[44a,c,45] pharmaceuticals,[44a,c,46] poly-

mers[47] and different kinds of reagents and catalysts.[48] 

Turpentine is a mixture of different terpenes that are obtained as a by-prod-

uct from the paper industry in roughly 350,000 tonnes per year.[49] It consists 

to 40-85% of -pinene, depending on the wood source.[44b] As a result, -pi-

nene constitutes an inexpensive and readily available starting material for or-

ganic synthesis. Furthermore, the bicyclic chiral structure has attracted con-

siderable interest over the past decades.[44b] In our group, we got particularly 

interested in the cyclobutane building block cis-pinononic acid (1), which can 

be readily prepared from -pinene via allylic oxidation to (‒)-verbenone,[50] 

followed by oxidation of the ,-unsaturated ketone (Scheme 1).   

 

Scheme 1. Reagents and conditions: (1) RuCl3 trihydrate (2 mol %), NaIO4 

(9.0 equiv.), tBuOH, H2O, 32 °C, 2 h, 92% yield. (2) m-CPBA (2.5 equiv.), DCM, 

50 °C, 4 days, 93% yield. (3) 8-AQ (1.5 equiv.), HATU (1.2 equiv.), N,N-diisopro-

pylethylamine (1.9 equiv.), DCM, rt., 24 h, 71% yield. 

Cyclobutane derivatives have attracted considerable research interest over 

the years as a result of the broad range of biological activities they exhibit, 
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which include antitumour, antifungal, antimicrobial and antibacterial ef-

fects.[51] For example, the groups of Baran and Reismann have used the 8-AQ 

directed C–H functionalisation approach in the total synthesis of complex nat-

ural products containing cyclobutane.[52] 

Inspired by this prior art, we envisioned that 8-AQ directed C–H function-

alisation chemistry could be applied to compound (3) to give access to com-

plex cyclobutane derivatives, with three contiguous stereocentres.  

We started the synthesis of the 8-AQ amide (1R,3S)-3 by a ring-opening of 

(‒)-verbenone using RuCl3/NaIO4, as reported by Passaro,[53] to give (1S,3R)-

(‒)-cis-pinononic acid, (1S,3R)-1, after 2 h at 32 °C in 92% yield. The formed 

methyl ketone group was then converted into an acetate, through a Bayer-Vil-

liger reaction, using mCPBA at 50 °C for 4 days to give compound (1S,3R)-2 

in 93% yield. The 8-AQ DG was installed using the coupling reagent HATU 

and after 24 h, at room temperature, the 8-AQ amide (1R,3S)-3 was obtained 

in 71% yield. Over all three steps, the synthesis of (1R,3S)-3 was achieved in 

a good yield of 60%. 

2.2 Optimisation of the reaction conditions 
The optimisation of the C(sp3)–H arylation with 8-AQ amide (1R,3S)-3 and 

4-iodoanisole commenced with a solvent screening (Table 1). 1,2-dichloro-

ethane (DCE), a commonly used solvent for C–H functionalisation,[54] gave 

product 4a in 55% yield (entry 1). Unfortunately, the use of DCE is restricted 

within the European Union,[55] which led us to investigate alternative solvents. 

The solvent screening continued with PhCH3 and tert-amyl alcohol, though 

these alterations resulted only in modest yields of 4a, 16% and 28%, respec-

tively (entries 2-3). Gratifyingly, the more process-friendly solvent cyclopen-

tyl methyl ether (CPME) gave rise to a respectable yield of 44% (entry 4), 

which we deemed satisfactory to optimise further in the additive screening. 

The addition of stoichiometric amounts of NaOAc resulted in an improved 

yield of 63%, whereas the use of Cs2CO3 decreased the yield to 5% (entries 5 

and 6). On the other hand the use of, catalytic amounts of pivalic acid yielded 

only 26% of product 4a (entry 7). Fortunately, upon addition of 20 mol % 

dibenzyl phosphate, a dramatic increase of the yield to 92% was observed (en-

try 8). Alteration of dibenzyl phosphate to 10 mol % or 30 mol %, resulted in 

a lower yield of 78% and 88%, respectively (entries 9 and 10). No reaction 

occurred in the absence AgOAc (entry 11). 
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Table 2. Optimisation of the Pd(Ⅱ)-catalysed arylation of (1R,3S)-3. 

 
Entry Additive (equiv.) Solvent (0.5 M) Yielda (%) 

1 none DCE 55 

2 none PhCH3 16 

3 none t-amyl OH 28 

4 none CPME 44 

5 NaOAc (1) CPME 63 

6 Cs2CO3 (1) CPME 5 

7 PivOH (0.2) CPME 26 

8 (BnO)2PO2H (0.2) CPME 92 

9 (BnO)2PO2H (0.1) CPME 78 

10 (BnO)2PO2H (0.3) CPME 88 

11b (BnO)2PO2H (0.3) CPME 0 

General reaction condition: aminoquinoline amide (1R,3S)-3 (1 equiv.), 4-iodoanisol 

(3 equiv.), Pd(OAc)2 (5 mol %), AgOAc (2 equiv.) and additive (0.1-1 equiv.) were 

dissolved in given solvent and the atmosphere was exchanged to argon. a) Yield de-

termined against 1,3,5-trimethoxy benzene as internal standard. b) in the absence of 

Pd(OAc)2. 

2.3 Substrate scope 
With the optimised reaction condition in hand, the scope of the C–H aryla-

tion was investigated by screening different aryl and heteroaryl iodides (Fig-

ure 7). Overall, the coupling reaction was efficient towards both electron-de-

ficient and electron-rich iodides.  

Most efficient was the reaction with aryl iodides having an electron-donat-

ing substituent in the para-position, as highlighted by p-OMe (4a) and p-Me 

(4b) with 92 and 91% yield, respectively. Iodobenzene, 2-iodonaphthalene 

and meta-substituted aryl iodides, on the other hand, required 16 h to reach 

satisfying results, giving product 4c-f in 85-95% yield. Also, para-chloro and 

para-bromo aryl iodides could be used to give the corresponding products 4g 

and 4h in 85% after 7 h. It is worth emphasising that an extension of the reac-

tion times did not lead to increased yields. Using 1,4-diiodobenzene yielded 

the product 4i in 70% after 7 h. On the other hand, 1-fluoro-2-iodobenzene 

only gave rise to 42% after 16 h (4j). Functional groups like ester and keto 

groups were also well tolerated and allowed for the isolation of products 4k-l 

in good (71%) and  very good (84%) yields after 16 h. The product 4m, bear-

ing a nitro group, was isolated in excellent yield (93%) after 16 h. Heteroaryl 
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iodides could be also used by this protocol giving cyclobutane derivatives con-

taining thiophene, chromone and chloropyridine (4n-p) after 16 h in 72%, 

62% and 78% yield, respectively.  

In addition, to its broad scope, this C–H arylation protocol exhibited excep-

tional stereospecificity. All products, except one, were formed as a single ste-

reoisomer. Only in the reaction with 2-iodothiophene, another stereoisomer 

was formed. This product (4n’) was isolated in 20% yield, and 1H-NMR anal-

ysis showed that the difference between the two products related to the con-

figuration of the thiophene substituent-carrying stereocentre.  

 

Figure 7. Scope of the Pd(Ⅱ)-catalysed arylation of (1R,3S)-3. Reaction condition: 

8-AQ amide substrate (1 equiv.), Pd(OAc)2 (5 mol %), AgOAc (2 equiv.), (BnO)2PO2H 

(0.2 equiv.) and aryl iodide (3 equiv.) dissolved in CPME (0.5 M) at 110 °C. All yields 

are isolated yields after column chromatography. 

It should also be stated, that we of course attempted to utilise the 8-AQ 

amide of (1S,3R)-(‒)-cis-pinononic acid, ((1S,3R)-1) directly for C–H activa-

tion. Unfortunately this product gave rise to a complex mixture of products, 

which required us to use the Bayer-Villiger step to convert the keto group into 

an acetyl moiety (Figure 8). 
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Figure 8. C–H arylation attempt for the utilisation of the 8-AQ amide of (1S,3R)-1. 

The next step was to demonstrate the synthetic utility by removing the 

8-AQ auxiliary. We performed this removal by an ozonolysis-based proce-

dure, which was previously reported by the Maulide group.[56] When we ap-

plied this protocol to compound 4h, the primary amide 6 was obtained in 65% 

yield (Figure 9). 

 

 

Figure 9. Ozonolysis of the 8-AQ auxiliary from compound 4h, followed by 

aminolysis. 

2.4 Conclusion 
A synthetic procedure has been presented for the preparation of cyclobu-

tane derivatives with three adjacent centres of chirality. A wide variety of 

functionalised iodoarenes could be employed through a directed, Pd-cata-

lysed, C(sp3)–H arylation and resulted in a mostly very good to excellent prod-

uct formation with remarkable stereospecificity. The starting material for this 

C–H arylation was obtained from the terpene compound (–)-verbenone in only 

three steps and in an overall yield of 60%. 
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3. Transamidation of 8-Aminoquinoline Am-

ides (Paper Ⅱ) 

3.1 Introduction 
There exist many different directing groups for mediating C–H functional-

isation chemistry.[24] In addition to being able to efficiently promote the C–H 

functionalisation reaction, a good directing group should also be easy to re-

move after the reaction. Although the herein used 8-AQ DG is introduced into 

the substrate by a notoriously stable amide bond, there are, fortunately a con-

siderable number of protocols reported to remove it, as has been discussed 

earlier in this thesis. 

However, there was no prior study that had evaluated the potential of 8-AQ 

amides to undergo transamidation. We identified this as a considerable short-

coming in the available synthetic toolbox of this vital compound class. After 

surveying the literature on transamidation chemistry,[57] we were inspired by 

a metal-free protocol developed by the group of Szostak,[58] and became inter-

ested if it was also possible to transamidate 8-AQ amides in a similar fashion. 

3.2 Optimisation of the reaction conditions 
Our first step was to study if this methodology was in fact feasible for 8-AQ 

amides. For this reason, we chose a model reaction, which involved the simple 

Boc-activated substrate 8a and piperonylamine as the nucleophile. In accord-

ance with the N-acyl-Boc-carbamates studied by the Szostak group,[58] the 

model substrate 8a was found to be readily converted to amide product 9a 

even at ambient temperature without any added catalyst. 

In a brief solvent and temperature screening, we found that 1.5 equiv. of 

piperonylamine in PhCH3 (0.5 M) at 60 °C were the optimal conditions, and 

the product 9a could be isolated in 98% yield after 7 h. Figure 10 indicates a 

similar result by using DMF, compared to PhCH3. However, PhCH3 was cho-

sen over DMF, due to an easier work-up and to circumvent potential side-

reaction caused by dimethylamine impurities. Recently the Szostak group 

published a thorough investigation of the additive-free transamidation using 

acetonitrile at room temperature. In their case the reaction performed in 

PhCH3 was found to be less efficient.[59] 
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Figure 10. Solvent and temperature screening of the aminolysis reaction of carbamate 

8a and piperonylamine. Conditions: Boc-protected substrate 8a (0.10 mmol, 1 equiv.) 

and piperonylamine (0.12 mmol, 1.2 equiv.) in indicated solvent (0.5 M). Yields de-

termined by 1H-NMR against 1,3,5-trimethoxybenzene as internal standard. 

3.3 Substrate scope 
After having established that this transamidation approach worked in our case 

as well, we next set out to prepare a series of 8-AQ amide substrates from the 

recent C–H functionalisation literature.[25a,60] These transformations followed 

the preparation of the N-acyl-Boc carbamates, which were isolated in good to 

excellent yields. 

The N-acyl-Boc carbamates were then treated with piperonylamine using 

the conditions mentioned above (Scheme 2). Attempts to extend the transam-

idation methodology to carbamates based on ortho-substituted 8-AQ ben-

zamides, such as 8b and 8c, worked poorly, as the aminolysis step resulted in 

very low yields of the desired products 9b and 9c. Instead, the major product 

formed from these reactions were the N-Boc-deprotected compounds 7b and 

7c, resulting from the transfer of the Boc group to piperonylamine. The extent 

of this Boc-deprotection process during each reaction of the 8-AQ amide 

scope is summarised in Table 3. These results suggest that an increased steric 

bulk around the Boc- amide moiety is disadvantageous to the aminolysis re-

action.  
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Gratifyingly, the protocol proved to be much more effective when other 

classes of 8-AQ amides were used. For example, aliphatic 8-AQ amides could 

efficiently be transamidated. Carbamates 8d−f, which are accessible via syn-

thetic routes involving directed β-arylation of linear aliphatic 8-AQ amides, 

were converted to the corresponding amides 9d−f in 81-91% yield. Carbamate 

8g is a representative example of more elaborate linear 8-AQ amides with 

substituents in the α-position. Following aminolysis, the product 9g was iso-

lated in 71% yield. 8-AQ amides 7h and 7i, obtained through directed alkene 

hydroamination of a homoallylic 8-AQ amide, were converted into products 

9h and 9i in 73% and 88% yield, respectively. It is worth mentioning that in 

the transformation of 7i to 9i the presence of an ester group tolerated is, under 

these reaction conditions. In contrast, chemoselective cleavage of the 8-AQ 

auxiliary from 7i through the use of conventional hydrolysis methods would 

be challenging. The same homoallylic 8-AQ amide could also be used to ac-

cess amide 7j through Pd-catalysed β,γ-vicinal dicarbofunctionalisation, 

which was transformed into product 9j in 78% yield after 24 h. 
It is noteworthy that all reactions, starting from the less hindered aliphatic 

carbamates 8d−j, were found to form small amounts of the N-Boc-deprotected 

side-products 7d−j. This observation supports the hypothesis that a significant 

steric bulk around the N-Boc amide moiety favours the side-product for-

mation. 

Furthermore, it was found that the furan-based 8-AQ amides 7k−m, pre-

pared via directed C-3 arylation, could also be converted into the correspond-

ing amide products 9k−m in high yields (87%-91%). The aminolysis of car-

bamate 8m again demonstrates the compatibility of this protocol toward ester-

containing substrates. For the C-3 alkylated thiophene carbamates 8n and 8o, 

the reaction was found to be slower. It required 2 equiv. of piperonylamine 

and extended reaction times of 24 h to furnish the products 9n and 9o in a 

yield of 64% and 65%, respectively. For these two substrates, the Boc depro-

tection was found to occur to a greater extent, as 7n and 7o were obtained in 

approximately 15% yield, each. The cyclopropane-type substrate 8p was also 

suitable for this transformation, shown by the product 9p in 76% yield when 

performed with 2 equiv. of piperonylamine in DMF for 24 h. 
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Scheme 2. Transamidation of 8-AQ amides with piperonylamine. Typical conditions 

(unless otherwise noted): N-Boc-protection: Substrate 7a−p (1 equiv.), Boc2O 

(2 equiv.), and DMAP (0.1 equiv.) in MeCN (0.1 M), 60 °C, 1−2 h. Aminolysis: Car-

bamate 8a−p (1 equiv.), piperonylamine (1.5 equiv.), PhCH3 (0.5 M), 60 °C. All yields 

refer to isolated yields following column chromatography (from 8a−p to 9a−p) unless 

otherwise stated. a) Not isolated; instead, the yield was estimated by 1H-NMR from 

the ratio of 7b, 8b, and 9b. b) Isolated by precipitation from the reaction mixture. c) 

Reaction was performed in DMF (0.5 M). d) Piperonylamine (2 equiv.). 

Table 3. Selectivity of aminolysis vs N-Boc-deprotection for reactions of Scheme 2, 

determined by 1H-NMR of the crude reaction mixtures. 

Compounds  9a:7a 9b:7b 9c:7c 9d:7d 9e:7e 9f:7f 

Ratio >10:1 1:8 1:>10 9:1 7:1 >10:1 

       Compounds  9g:7g 9h:7h 9i:7i 9j:7j 9k:7k 9l:7l 

Ratio 6:1 >10:1 >10:1 10:1 >10:1 >10:1 

       Compounds  9m:7m 9n:7n 9o:7o 9p:7p   

Ratio >10:1 4:1 4:1 9:1   
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Having surveyed the scope in terms of 8-AQ amide substrates, we next 

investigated the aminolysis efficiency with different amine nucleophiles, us-

ing 8e and 8k as the model substrates. The other benzylamine derivatives re-

acted slower with the furan carbamate 8k than piperonylamine; however, by 

extending the reaction times, products 10a and 10b were obtained in high 

yields of 81% and 84%, respectively. Product 10c, carrying a free phenol moi-

ety, was obtained in 76% yield when the reaction was carried out in DMF for 

9 h. N-Heterocyclic amines were found to be suitable nucleophiles for the re-

action with substrate 8k as well, and the corresponding amide 10d was ob-

tained in 82%, and product 10e in 81% yield. Successful aminolysis was also 

achieved with propargylamine. However, due to the high volatility of propar-

gylamine, 3 equiv. of it were required to ensure a satisfactory 86% yield of 

amide 10f after 24 h. For less volatile, linear primary aliphatic amines, 

1.5 equiv. proved to be sufficient in the reactions with carbamate 8e, giving 

products 10g in 72% and 10h 73% yield. Sterically more demanding amines 

were found to produce substantial amounts of the N-Boc-deprotected side-

product, which reduced the yields of the desired amide products. The extent 

of this Boc-deprotection process during each reaction of the amines used is 

summarised in Table 4. The reactions of carbamate 8e with cyclohexylamine 

and (R)-1-phenylethylamine gave rise to only 64% and 52% yield of products 

10i and 10j, respectively. Even though these reactions were allowed to reach 

full conversion, using increased amine equivalents and prolonged reaction 

times, the yield could not be improved. A similar result was observed for 

N-methyl benzylamine, where product 10k was obtained in a poor yield of 

32% after 30 h. The N-Boc-deprotected side-product 7e is almost entirely ac-

counted for the remaining mass balance. Pyrrolidine, on the other hand, was 

found to react more efficiently, and full conversion was reached after 8 h. 

However, for this reaction, the selectivity was also low, and product 10l was 

only isolated in 54% yield. A 2 M solution of dimethylamine in THF could 

also be used for the aminolysis of carbamate 8e. However, consistent with the 

other sterically hindered amine nucleophiles, the outcome of the reaction was 

disappointing, as only a yield of 34% of product 10m was obtained after 7 h. 
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Scheme 3. Transamidation substrate scope for two selected 8-AQ amides. Reaction 

conditions unless otherwise noted: 8-AQ amide substrate (1 equiv.), amine 

(1.5-10 equiv.) (value in parentheses), PhCH3 (0.5 M), 60 °C. All yields refer to iso-

lated yields following column chromatography. a) Reaction was performed in DMF 

(0.5 M). b) Reaction was performed with 0.4 mmol of 8e in dimethylamine solution 

(2 M in THF, 2 mL). c) Reaction was performed in PhCH3 (1.0 M) at 80 °C. 

Table 4. Selectivity of aminolysis vs N-Boc-deprotection for reactions of Scheme 3, 

determined by 1H-NMR of the crude reaction mixtures. 

Compounds  10a:7k 10b:7k 10c:7k 10d:7k 10e:7k 10f:7k 

Ratio 8:1 >10:1 7:1 8:1 6:1 >10:1 

       Compounds  10g:7e 10h:7e 10i:7e 10j:7e 10k:7e 10l:7e 

Ratio 4:1 4:1 2:1 1:1 1:2 1:1 

       Compounds  10m:7e 10n:7e     

Ratio 1:2 >10:1     
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Interestingly, the transamidation protocol also worked with an aniline-type 

nucleophile, which was beyond the scope of the earlier metal-free method re-

ported by the Szostak group.[58] However, additional alterations of the condi-

tions were required, as the reaction was slow under the standard conditions. 

When the aminolysis was performed at 80 °C for 48 h with 5 equiv. of 

p-anisidine, product 10n could be isolated in 52% yield. Furthermore, this re-

action appeared to be highly selective toward the formation of 10n, as mostly 

unreacted starting material was accounted for the remaining material, and only 

trace amounts of the side-product 7e was observed in the crude 1H-NMR anal-

ysis. However, it is important to emphasise that previous transamidation pro-

tocols based on Pd-,[61a] Ni-,[61b-d] Cu-,[61e] and Zn-catalysis[61f] constitute more 

efficient and more general options for the transamidation with aniline nucleo-

philes.  

It is also important to highlight that for all entries shown in Scheme 2 and 

Scheme 3, the N-acyl-Boc carbamates had been purified by column chroma-

tography prior to the aminolysis. However, as demonstrated by the overall 

transamidation of 7d in Scheme 4, it is possible to perform both steps in one 

pot. With this one-pot procedure, amide 9d was obtained in 53% yield after a 

single column chromatography purification, however, the aminolysis step was 

cleaner when the transamidation was performed with pre-purified carbamate 

8d. The overall yield of the corresponding two-step sequence was 65%, which 

is a bit higher compared to the one-pot protocol. 

 

 

Scheme 4. One-pot two-step transamidation of 7d. 

3.4 Conclusion 
A synthetic procedure has been presented for the additive-free cleavage of 

the 8-AQ DG. It offers an alternative and mild route to access more elaborate 

amides, without the formation of the intermediate carboxylic acid and involve-

ment of further coupling regents. Furthermore, the protocol can be modified 

into a one-pot procedure for compounds containing potentially hydrolysis sen-

sitive functionalities.  

 

 



22 

4. 8-Aminoquinoline directed C–H arylation 

and transamidation of benzofuran (Paper 

Ⅲ) 

4.1 Introduction 
Benzofurans are compounds that can be isolated from various natural 

sources, such as plants and marine life, as well as bacteria and fungi.[62a] 

(--)-Morphine for example is found in extracts from papaver somniferum 

(opium poppy) and is listed in the WHO Model List of Essential Medicines,[63] 

beside other benzofuran derivatives of the opiate family, like codeine. Another 

example is Coumestrol, a compound with estrogenic properties,[64] which is 

found in soybeans and their products, as well in in trifolium pratense (red clo-

ver).[65]. 

 

Figure 11. Examples of natural products containing a benzofuran motif. 

Several benzofuran derivatives exhibiting useful biological properties, 

such as antibacterial, antifungal, antiviral activity and are used in the treatment 

of cancer, psychotic disorders and many more ailments.[62b] 

A wide range of synthetic methodologies have been utilised to assemble 

the benzofuran scaffold. This includes various cyclisation strategies[66] and 

C--H functionalisation strategies[67] (Figure 12, Ⅰ and Ⅱ). Of the latter however, 

very few allow for a selective functionalisation in the C-3 position, due to the 

higher reactivity of the C-2 position.[68] For example, the group of Pan et al. 

reported, in 2013 on a Pd(Ⅱ)-catalysed C-3 acylation of a 2-(benzofuran-2-

yl)pyridine derivative, where the pyridine motif was used as directing group 

(Figure 12 Ⅲ).[67a] 
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Figure 12. Different synthetic strategies to access functionalised benzofurans. 

Given our groups interest in 8-AQ directed C–H functionalisation chemis-

try, we were interested if this methodology could be used to access C-3 ary-

lated benzofuran derivatives. Such derivatives would offer many possibilities 

for further structural diversification following the previously described trans-

amidation. 

4.2 Optimisation of the reaction conditions 
For the optimisation of our C–H arylation, we started from conditions re-

ported by Padmavathi et al. that were used on a related furan substrate.[69] As 

our model, we chose the C–H arylation of N-(quinoline-8-yl)benzofuran-2-

carboxamide 11a using 4-iodoanisole as the arylating agent (Table 5). 

Performing the C–H arylation with Pd(OAc)2 (0.5 mol %), AgOAc 

(1.5 equiv.) in PhCH3 (0.5 M) at 110 °C for 7 h, afforded the product 12a in a 

promising yield of 46% (entry 1). Extending the reaction time to 16 h, im-

proved the yield of product 12a to 65% (entry 2). A diminished yield of 30% 

was observed when the reaction temperature was increased to 120 °C (entry 

3). 

The screening of additives, on the other hand, led to a noticeable improve-

ment of the model reaction. The addition of 0.2 equiv. of pivalic acid (PivOH) 

increased the yield to 61% (entry 4). However, when the amount of PivOH 

was increased to 0.5 equivalent the yield dropped to 48% and when further 

increased it to 1.0 equivalent the yield dropped to 17% (entries 5−6). The use 

of an equimolar amount of sodium acetate (NaOAc) improved the yield to 

78% (entry 8), whereas the use of 0.5 and 2.0 equiv. of NaOAc led to dimin-

ished yields of 62% and 70%, respectively (entries 1 and 9). A synergistic 

effect from adding both sodium acetate and pivalic acid was, unfortunately, 

not observed (entry 10). 
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Table 5. Optimisation of the Pd(Ⅱ)-catalysed arylation of 11a. 

 
Entry Additive (equiv.) Solvent Time (h) Yielda (%) 

1 - PhCH3 7 46 

2 - PhCH3 16 65 

3b - PhCH3 7 30 

4 PivOH (0.2) PhCH3 7 61 

5 PivOH (0.5) PhCH3 7 48 

6 PivOH (1) PhCH3 7 17 

7 NaOAc (0.5) PhCH3 7 62 

8 NaOAc (1) PhCH3 7 78 

9 NaOAc (2) PhCH3 7 70 

10 PivOH+NaOAc (0.2+1) PhCH3 7 56 

11c NaOAc (1) PhCH3 7 50 

12d NaOAc (1) PhCH3 7 66 

13e NaOAc (1) PhCH3 7 61 

14f NaOAc (1) PhCH3 7 49 

15g NaOAc (1) PhCH3 7 5 

16 NaOAc (1) MeCN 7 18 

17 NaOAc (1) DCE 7 69 

18 NaOAc (1) 2-Me-THF 7 81 

19 NaOAc (1) t-amyl OH 7 91 

20 NaOAc (1) CPME 7 93 

21 NaOAc (1) CPME 15 >95 

22h NaOAc (1) CPME 15 40 

23i NaOAc (1) CPME 15 80 

24i,j NaOAc (1) CPME 15 73 

a) Yield determined by 1H-NMR against 1,3,5-trimethoxy benzene as internal stand-

ard; b) temp = 120 °C; c) 5 mol % PdCl2; d) 5 mol % Pd(TFA)2; e) 5 mol % Pd(dba)2; 

f) 0.75 equiv. Ag2CO3; g) no Ag(Ⅰ) salt used h) temp = 100 °C; i) 2 equiv. Ar-I; j) 

1.0 M in CPME. 

 

In the screening of different Pd(Ⅱ) sources, such as PdCl2, Pd(TFA)2 and 

Pd(dba)2, and furthermore, comparing the use of Ag2CO3 as Ag(Ⅰ) source to 

AgOAc, it was found that the initially selected Pd(OAc)2 and AgOAc per-

formed best (entries 11−14 compared to entry 8). Without any silver additive, 

the reaction stopped after only one turnover (entry 15). 

Changing the solvent from PhCH3 to MeCN resulted in a drastically re-

duced yield of 18% (entry 16). When DCE was used the yield dropped to 69% 
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(entry 16). The environmentally friendly solvents 2-methyl tetrahydrofuran 

(2-Me-THF), tert-amyl alcohol (t-amyl OH), and CPME all proved to be bet-

ter alternatives to PhCH3 with yields of 81%, 91% and 93%, respectively (en-

tries 18−20). Extending the reaction time from 7 to 15 h, on the one hand, 

resulted in a full conversion (entry 21). A reduction of the reaction tempera-

ture to 100 °C, on the other hand, resulted in a drastic reduction of the yield to 

40% (entry 22). With a reduction of the aryl iodide equivalents to 2.0, a re-

duced yield of 80% was observed (entry 23), which did not improve with an 

increase in the concentration to 1 M (entry 24). 

This reaction optimisation yielded the following standard conditions: 

Pd(OAc)2 (0.5 mol %), AgOAc (1.5 equiv.), NaOAc (1 equiv.), aryl iodide 

(3 equiv.) in CPME (0.5 M) for 15 h at 110 °C. 

4.3 Substrate scope 
The substrate scope study commenced by first applying the optimised con-

ditions to the arylation of compound 11a with different aryl iodides (Scheme 

5). Electron-rich aryl iodides like 4-methoxy, 3,5-dimethyl and 4-methyl, 

reached full conversion within 7-14 h, and the corresponding products 12a−c 

were isolated in very good yields between 76% and 88%. The C–H function-

alisation using phenyl iodide also yielded the product 12d in very good yield 

(84%). Product 12e, obtained from the reaction using naphthyl iodide, could 

only be isolated in 48%, even after a prolonged reaction time of 24 h. Halo-

genated aryl iodides, such as 3-fluoro, 4-chloro, 4-bromobenzene gave yields 

between 56% and 78%, of the products 12f−h. In the case of 1,4-diiodoben-

zene, no dimer formation was observed, and product 12i was isolated in 67% 

yield. Other functionalised aryl iodides, like 4’-acetophenone and methyl-4-

iodobenzoate were well tolerated and gave products 12j and 12k in 74% and 

72% yield, respectively. Only the 1-iodo-4-nitrobenzene gave rise to a com-

plex reaction mixture out of only 31% of the desired product 12l could be 

isolated. Heterocyclic compounds like 2-iodothiophene and ethyl 6-iodo-4-

oxo-4H-chromene-2-carboxylate were also well tolerated and the products 

12m and 12n were isolated in excellent yields of 86% and 94%, respectively. 

Although the latter reaction required 10 mol % of Pd(OAc)2 to reach full con-

version within 24 h. Other heterocyclic aryl iodides, like chloro-pyridine, led 

only to a low yield of the C–H heteroarylated product (12o, 38% yield). 

In order to evaluate how a substitution on the benzofuran scaffold affected 

the reaction, the C–H arylation with 4-iodo anisole was performed on 8-AQ 

amides, synthesised from 5-chloro, 5-methoxy and 7-methoxy benzofuran-2-

carboxylic acid (11b−d). The benzofuran derivatives, functionalised in the 5 

position, required 10 mol % Pd(OAc)2 and 24 h to form the products 12p and 

12q in very good yields of 83% and 80%, respectively. The 7-methoxy func-

tionalised benzofuran derivative yielded, under the same conditions, product 

12r in only 60%. 
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Scheme 5. Scope of the Pd(Ⅱ)-catalysed arylation of 11a−d. a) Reaction condition: 

8-AQ amide substrate (1 equiv.), Pd(OAc)2 (5 mol %), AgOAc (1.5 equiv.), NaOAc 

(1 equiv.) and aryl iodide (3 equiv.) dissolved in CPME (0.5 M). b) 10 mol % 

Pd(OAc)2. All yields are isolated yields after column chromatography. 

In a control experiment, using N-(phenyl)benzofuran-2-carboxamide 13, 

no product formation was observed even after a prolonged reaction time 

(Scheme 6). This indicates that the quinoline directing group is essential for 

the reaction to occur. 
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Scheme 6. Control experiment with a substrate derived from an amide formation with 

aniline instead of 8-AQ. 

With the substrate scope in hand, attempts were made to remove the DG 

using the transamidation protocol previously developed within our group. In 

an initial experiment, where 12a-Boc and benzylamine were dissolved in 

PhCH3 and heated to 60 °C for 6 h, we were able to isolate 15a in 75% yield 

(Scheme 7). 

 

Scheme 7. Transamidation of C-3 arylated quinolinyl amide with the isolation of the 

Boc activated product. 

We next investigated the possibility for a simplification of the protocol by 

circumventing the isolation of the 12a-Boc. Utilising the crude reaction mix-

ture from the first step and removing the solvent under reduced pressure, com-

pound 12a was transformed into 15a in an excellent yield of 92%, over both 

steps. Compared to the 52% yield over the two consecutive steps, we were 

delighted by this result and proceeded with the transamidation scope in the 

one-pot two-step manner (Scheme 8). 

Other benzylamine derivatives, such as 4-hydroxybenzylamine and 

2-picolylamine, gave rise to the products 15b and 15c in high yields of 83% 

and 90%, respectively. Amide 15d was obtained in 72% yield after 4 h, using 

piperonylamine. The pyrrolidine was found to react surprisingly fast, and after 

only 30 min reaction time, we were able to isolate 15e it in 86% yield. To our 

delight, the transamidation with morpholine and piperidine as nucleophiles 

also proceeded well and formed the corresponding amides 15f and 15g in ex-

cellent yields of 97% and 94%. Using tryptamine as the nucleophile afforded 

15h in a moderate yield of 56%. 

To further evaluate the transamidation protocol, we used different C–H 

functionalised benzofuran derivatives under the same reaction conditions with 

benzylamine as the nucleophile. Gratifyingly, the substrate 12k, bearing a me-

thyl ester, was well tolerated and provided 15i in 88% yield after 6 h, demon-

strating the compatibility of this protocol toward ester-containing substrates 
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once more. Also, the thiophene-containing product 12m was successfully con-

verted into the amide 15j and isolated in 60% yield. 

 

Scheme 8. Scope of the two-step one-pot transamidation of selected C–H functional-

ised benzofuran derivatives with a variety of amines. Step 1: Boc2O (5 equiv.), DMAP 

(15 mol %), MeCN, 60 °C, 5 h. Step 2: Amine (1.5 equiv.), PhCH3, 60 °C, for the times 

given. Yield refers to the isolated yield over both steps. 

Given the case that the corresponding carboxylic acid is desired instead, it 

is of course possible to remove the 8-AQ DG under basic conditions. As 

shown by the basic hydrolysis of compound 12a using NaOH in EtOH, the 

free acid was obtained in 77% yield (Scheme 9) 
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Scheme 9. Hydrolytic removal of the 8-AQ DG under basic condition. 

4.4 Conclusion 
We have demonstrated a modular protocol for the preparation of a diverse 

scope of C-3 arylated benzofuran-2-carboxamides. We gained access to these 

structurally diverse molecules through an efficient sequence involving a 8-AQ 

directed C(sp2)–H arylation and a highly efficient two-step one-pot transami-

dation. Overall, the synthesis of elaborate benzofuran-2-carboxamides was 

achieved over only three synthetic steps, starting from a simple benzofuran-2-

carboxylic acid precursor. 
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5. Cycloisomerisation of propargylic carba-

mates by heterogeneous Pd(Ⅱ) (Paper Ⅳ) 

5.1 Introduction 
Oxazolidinones have been found to exhibit a wide range of biological ac-

tivities, which have brought them into the focus of therapeutic research.[70] 

Furthermore, chiral oxazolidinones are frequently encountered as auxiliaries 

in different asymmetric transformations.[71] Significant efforts have been ded-

icated to their synthesis due to the many uses of this compound class. The 

most common methods to prepare 1,3-oxazolidine-2-ones have relied primar-

ily on three different synthetic strategies, which are depicted in Figure 13: 

firstly, by the reaction of amino alcohols with phosgene or chloroformate,[72] 

secondly, through carboxylative cyclisations of propargyl amines utilising 

CO2,[73] and finally by catalytic cyclisation of propargyl carbamates.[74]  

 

Figure 13. Different ways to access 1,3-oxazolidine-2-ones. 

In our view, an ideal method for accessing oxazolidinones would make use 

of an immobilised catalyst, like many of the CO2-based cyclisation methods. 

However, for practical purposes, it would be desirable to avoid the use of pres-

surised CO2 as a reagent. In this regard, a cycloisomerisation approach would 

be the most simple, as it would only require standard experimental equipment 

and circumvent the need of toxic reagents like triphosgene.[75] Unfortunately, 

the number of heterogeneous cycloisomerisation protocols for propargyl car-

bamates are scarce, and most of the currently available methods rely on high 
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loadings of homogeneous catalysts[74a,b,d,f,g] or strong bases.[74c] However, re-

cently Saavedra et al. reported on a heterogeneous Pd(Ⅱ)-catalysed protocol 

for the cycloisomerisation of propargylic carbamates to 1,3-oxazolidin-2-

ones.[76] Here, water was used as the solvent, which is an attractive solvent 

from a green chemistry perspective, however, it is not ideal for this transfor-

mation since certain cyclic carbamates are susceptible to hydrolysis. 

Our group has extensive experience in heterogeneous catalysis, using Pd 

nanoparticles immobilised on amino-functionalised siliceous mesocellular 

foam (Pd(0)-AmP-MCF). For instance, we have used this catalyst for the rac-

emisation of amines,[40b] oxidations,[77] reductions,[78] Suzuki cross-cou-

plings[79] and various cooperative reaction protocols.[80] Interestingly, its 

Pd(Ⅱ)-precursor, can be used as a catalyst as well, for example, for the cycloi-

somerisation of alkynoic acids,[81] oxidative carbocyclisation-borylation of 

enallenols[82] and in the syntheses of γ-lactones and γ-lactams.[83] 

Following up on this work, we were intrigued if the Pd(Ⅱ)-AmP-MCF 

could also be used for the cycloisomerisation of propargyl carbamates into 

1,3-oxazolidin-2-ones. 

5.2 Optimisation of the reaction conditions 
As the model reaction for the screening of reaction conditions, the cycloi-

somerisation of prop-2-yn-1-yl tosylcarbamate (17a) into 4-methylene-3-to-

syloxazolodin-2-one (18a) was chosen. The variations of the reaction condi-

tions are summarised in Table 6. 

Different bases were screened as the first parameter with 0.5 mol % Pd(Ⅱ)-

AmP-MCF in MeCN at room temperature. Moderate product formation was 

observed when using the organic bases DBU and NEt3, which resulted in 39% 

and 46% yield, respectively, of oxazolidinone 18a (entries 1 and 2). However, 

we could observe that the heterogeneous material turned black during these 

reactions, indicating a reduction of the Pd(Ⅱ) to Pd(0). Using n-Bu4NOAc as 

base improved the yield to 62% (entry 3), without visual reduction of Pd(Ⅱ). 

However, the best results were achieved when using inorganic bases, such as 

K2CO3, Cs2CO3 and NaOAc, which gave rise to a yield of 73%, 69% and 90%, 

respectively (entries 4−6). Interestingly, the reaction also worked well when 

0.25 mol % Pd(Ⅱ)-AmP-MCF was used, giving a 62% yield after 20 min and 

full conversion after 30 min (entry 7).  

The cycloisomerisation product 18a was only obtained in trace amounts 

after 30 min when CPME and PhCH3 were used (entries 8 and 9). The reaction 

worked fairly well in DCE and THF, and product 18a was obtained in 35% 

and 49% yield (entries 10 and 11). When increasing the polarity further by the 

use of EtOAc, oxazolidinone 18a was formed in 77% yield (entry 12). How-

ever, when the reaction was carried out in acetone, it was possible to match 

the performance of the reaction in MeCN, allowing for >95% yield after 20 

min (entry 13). It is worth mentioning that a further reduction of the catalyst 

loading to 0.125 mol % and dilution of the reaction concentration to 0.2 M 
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resulted in full conversion within 3 h (entry 14). Since acetone exhibits a better 

safety and green chemistry profile than MeCN,[84] it was chosen for further 

studies. 

Table 6. Optimisation of the cycloisomerisation of 17a. 

 
Entry Catalyst 

(mol %) 

Base 

(equiv.) 

Solvent Yield 

(%)a 

1 0.5 DBU (0.1) MeCN 39 

2 0.5 NEt3 (0.1) MeCN 46 

3 0.5 n-Bu4NOAc (0.1) MeCN 62 

4 0.5 K2CO3 (0.1) MeCN 73 

5 0.5 Cs2CO3 (0.25) MeCN 69 

6 0.5 NaOAc (0.1) MeCN 90 

7 0.25 NaOAc (0.1) MeCN 62 

8 0.25 NaOAc (0.1) CPME <5 

9 0.25 NaOAc (0.1) PhCH3 <5 

10 0.25 NaOAc (0.1) DCE 35 

11 0.25 NaOAc (0.1) THF 49 

12 0.25 NaOAc (0.1) EtOAc 77 

13 0.25 NaOAc (0.1) Acetone >95 

14b 0.125 NaOAc (0.1) Acetone 16 

15 - NaOAc (0.1) Acetone 0 

16 0.25 - Acetone 0 
a) Conversion determined by 1H-NMR with 1,3,5-trimethoxybenzene as the internal 

standard. b) concentration 0.2 M. 

 

In the absence of base or Pd(Ⅱ)-AmP-MCF no product formation was ob-

served (entries 15 and 16). 

By comparing the performance of Pd(Ⅱ)-AmP-MCF to that of other heter-

ogeneous Pd catalysts it was found that it exhibited superior performance (Ta-

ble 7). When using either Pd(0)-AmP-MCF or commercial Pd/C as catalysts 

for our model reaction, significantly lower yields of product 18a were ob-

tained, even after prolonged reaction times. In a previous study, we had used 

1,4-benzoquinone (BQ) as an additive to re-oxidise the formed Pd(0) species 

back to Pd(Ⅱ).[81] However, the addition of BQ to the Pd(0)-AmP-MCF did 

not led to any improvements of this reaction. On the contrary, it seemed to 

inhibit the reaction in this case. 
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Table 7. Survey of different Pd catalyst for the cycloisomerisation of 17a. 

Entry Catalyst type Product (%)a 

1 Pd (0)-AmP-MCF 86 

2b Pd (0)-AmP-MCF 15 

3c Pd (0)-AmP-MCF 46 

4 Pd/C 20 

5b Pd/C <5 

6c Pd/C 0 
Reaction conditions: 0.2 mmol substrate 17a, 0.25 mol % Pd, 0.1 equiv. NaOAc in 

acetone (0.2 M) at rt for 2 h. a) NMR-yield determined using 1,3,5-trimethoxybenzene 

as the internal standard. b) Addition of 0.25 equiv. BQ. C) Pre-treatment of the cata-

lyst with 0.25 equiv. BQ for 30 min, followed by centrifugation and washing with 

acetone 3 times. 

5.3 Substrate scope 
With the optimised reaction conditions in hand, we next focused on the 

substrate scope investigation (Scheme 10). The work-up procedure was found 

to be conceivably simple. After completion of the reaction, the catalyst was 

removed by filtration and washed with acetone. The combined liquid fractions 

were then concentrated under reduced pressure, and in many cases, the prod-

ucts were obtained in high purity without the need for further purifications. 

For example, it was possible to isolate product 18a in an excellent yield of 

99% after only 20 min. 

Gratifyingly, the protocol also worked efficiently for carbamates derived 

from sec-alcohols, such as 18b−d, which gave the corresponding oxazoli-

dinones in 83−91% yield after 0.5−6 h. Quaternary substrates could also be 

converted to oxazolidinones in high yields with short reactions times. Unfor-

tunately, the product 18e was unstable, and the yield was therefore determined 

by 1H-NMR, against an internal standard. The spirocyclic product 18f, on the 

other hand, was more stable and could be isolated in 88% yield. 

Substrates with an internal alkyne moiety required elevated temperatures 

and extended reaction times to ensure high yields. Moreover, these reactions 

showed high selectivity for the expected Z isomer. For substrate 17g with a 

terminal methyl substituent, an excellent yield of 95% and a Z:E ratio of 88:12 

was obtained for product 18g within 7 h at 40 °C. For substrate 17h, with a 

terminal phenyl substituent, the reaction was found to favour the formation of 

the Z conformer of product 18h almost exclusively with a ratio of >95%:5, 

although a reaction time of 20 h was required to reach an excellent yield of 

94%. The p-CN-phenyl substituted oxazolidinone 18i was found to be unsta-

ble, and the yield was determined by 1H-NMR to 80% and the Z:E ratio to 

95:5, after 24h. For substrate 17j with a p-EtO2C-phenyl substituent, a very 

good yield of 88% and exclusive formation of the Z isomer were observed for 

product 18j after 18 h. The reaction to form the p-Br-phenyl substituted prod-

uct 18k was found to proceed more slowly, and a reaction time of 48 h was 
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required to obtain satisfactory yields (80%, >95%:5%). Similarly, excellent Z 

selectivity was observed for the p-NO2-phenyl-substituted product 18l, which 

was obtained in an excellent yield of 91% after 24 h. 

 

Scheme 10. Scope for the synthesis of tosyloxazolidinones and related compounds. 

Reaction conditions unless otherwise noted: tosylcarbamate (1 equiv.), Pd(Ⅱ)-AmP-

MCF (0.25 mol % Pd(Ⅱ)), NaOAc (0.1 equiv.) in acetone (0.4 M). All yields are iso-

lated yields if not otherwise stated; a) yield determined by 1H-NMR with 1,3,5-tri-

methoxybenzene as internal standard, due to instability of product; b) 0.5 mol % cat-

alyst; c) 0.1 equiv. n-Bu4NOAc. 

The cycloisomerisation protocol could also be extended to propargylic ben-

zyl carbamates as shown by the reaction of 17m to 18m. in this case, n-
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Bu4NOAc had to be used as a base in order to obtain oxazolidinone 18m in 

85% yield after 22 h. Unfortunately, propargylic phenylcarbamate 17n was 

found to be beyond the scope of our protocol, most likely due to a lower acid-

ity of the N–H proton in this substrate. Propargylic tosylureas proved to be 

suitable substrates, as exemplified by the cycloisomerisation of 17o to the cy-

clic urea 18o in 75% yield after 48 h. 

The most important feature of heterogeneous catalysis is simple separation 

and recyclability of the catalyst. To assess the recyclability of our Pd(Ⅱ)-AmP-

MCF catalyst, it was subjected to three reaction cycles using substrate 17a. In 

these reactions product formation was followed over time (Figure 14). From 

this recycling study, we could observe a gradual decrease of the catalyst’s ac-

tivity. Compared to the first reaction, which reached completion after 20 min, 

the subsequent two cycles required longer reaction times. To elucidate the 

cause of this deactivation process and to get further insight into the mechanism 

of our Pd(Ⅱ)-AmP-MCF catalyst, aliquots were withdrawn from each cycle, 

and the extent of Pd leaching was determined by inductively coupled plasma 

optical emission spectroscopy (ICP-OES). These measurements revealed a 

considerable Pd leaching of 22.5 ppm (15.9% of total Pd) in the first cycle, 

which was decreased to 4.8 ppm (3.5% of total Pd) in the second cycle and 

2.0 ppm (1.4% of total Pd) in the third cycle. 

 

Figure 14. Recycling study of the cycloisomerisation of 17a. Reaction conditions: car-

bamate 17a (0.2 mmol), Pd(Ⅱ)-AmP-MCF (0.25 mol % Pd), NaOAc (0.1 equiv.), ac-

etone (0.4 M) at rt, Yields were determined by 1H-NMR with 1,3,5-trimethoxybenzene 

as internal standard. 

This result suggests that the Pd(Ⅱ)-AmP-MCF can, to a certain degree, op-

erate through a release-and-catch mechanism.[85] Herein, the Pd(Ⅱ)-AmP-

MCF functions as a reservoir of homogeneous and catalytically active Pd(Ⅱ) 

species. However, it is unlikely that all observed catalytic activity can be as-

cribed to homogeneous Pd species. This was confirmed by a hot filtration test, 

in which we observed that the homogeneous species contributed only margin-
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ally to the observed reaction. The participation of the heterogeneous compo-

nent was further supported by a second recycling study. In which the cycloi-

somerisation of 17a was performed over five cycles, using 0.5 mol % Pd(Ⅱ)-

AmP-MCF over 30 min. Interestingly, the fifth cycle yielded 18a in 90% yield 

and, no homogeneous Pd(Ⅱ) could be detected by ICP-OES (<1 ppm). With 

this increased catalyst loading it was possible to achieve >90% yield of 18a 

over all five cycles within 30 min. 

5.4 Conclusion 
An efficient and operationally simple protocol for the cycloisomerisation 

of propargylic carbamates based on the Pd(Ⅱ)-AmP-MCF catalyst was devel-

oped. The catalyst showed a high activity, even with very low catalyst loading 

under mild reaction conditions. Additionally, this protocol exhibited an excel-

lent functional group tolerance, which was showcased by the successful syn-

thesis of a wide range of 1,3-oxazolidin-2-one derivatives in high yields. 

Moreover, the Pd(Ⅱ)-AmP-MCF catalyst was found to be recyclable, although 

with a gradual decrease in performance when 0.25 mol % of the catalyst was 

used. Interestingly, the use of 0.5 mol % catalyst led to a more robust perfor-

mance, which enabled recycling up to five times with >90% yield in all cycles 

after 30 min. 
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6. In situ XAS investigation Pd(Ⅱ)-AmP-

MCF during the cycloisomerisation of 

acetylenic acids (Paper Ⅴ) 

6.1 Introduction 
When designing a new catalytic protocol or improving an existing one, a 

clear understanding of the underlying mechanism is essential in order to effi-

ciently optimise the catalyst design. Thus, mechanistic studies have become 

an increasingly more common element in methodology development. Among 

the available methods, X-ray absorption spectroscopy (XAS) has gained par-

ticular popularity in recent years.[86]  

We became interested in the synthesis of the γ-alkylidene lactone motif, as 

it is a structural element that is present in many biologically active compounds 

and can be easily obtained through cycloisomerisation of acetylenic ac-

ids.[74l,81,87] Many protocols have been developed for this transformation based 

on different transition metals such as Ru,[88] Rh,[89] Au,[74l] and Pd.[81,90] How-

ever, many of these protocols require either long reaction times or high cata-

lyst loadings or both. Furthermore, most of these protocols use a homogeneous 

catalyst, which is generally difficult to separate and recycle, although a few 

examples of heterogeneous catalysts do exist.[74l,81,91] 

Pd(Ⅱ)-AmP-MCF proved to be an efficient catalyst for this transformation, 

as demonstrated in a recent report by our group.[81] However, it suffers from a 

considerable deactivation over repeated uses, and in the recycling study, using 

pent-4-ynoic acid (19) as the substrate, deactivation could be identified al-

ready within the first cycle despite negligible leaching. Interestingly, the ac-

tivity of the catalyst could be restored upon treatment with BQ, and we pro-

posed that the deactivation was caused by the formation of catalytically inac-

tive Pd(0) species.[81] 

 

Scheme 11. Cycloisomerisation of pent-4-ynoic acid 19. 

Following up on this work, we were interested in investigating this deacti-

vation process in more detail using XAS. 
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6.2 Results and discussion 
The MCF was synthesised and functionalised following the protocol previ-

ously reported by our group (Figure 15).[92] The synthesis of the MCF support 

was started by polymerising tetraethoxysilane (TEOS) in an emulsion of Plu-

ronics P-123 and mesitylene in aqueous HCl. The formed heterogeneous ma-

terial was then etched with NH4F and calcinated, to give pristine MCF. The 

pristine MCF was then grafted with aminopropyl groups using 3-aminopropyl 

trimethoxysilane. The amino functionalised MCF (AmP-MCF) was finally 

treated with water-soluble Li2PdCl4, to chelate Pd(Ⅱ) and obtain the final 

Pd(Ⅱ)-AmP-MCF catalyst. 

 

Figure 15. Synthesis and functionalisation of MCF. 

The local structure of the Pd centres in the Pd(Ⅱ)-AmP-MCF was reported 

previously in a study using the extended X-ray absorption fine structure (EX-

AFS) region of the XAS spectrum.[66b] In that study, each Pd(Ⅱ) centre was 

found to be coordinated to two aminopropyl groups and two chloride ligands 

originating from the used Pd precursor.  

 

Scheme 12. Pd(Ⅱ)-AmP-MCF catalysed cycloisomerisation of acetylenic acids 21 and 

23 to the corresponding lactones. 
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In the present study, Pd(Ⅱ)-AmP-MCF was used to convert hex-5-ynoic acid 

(21) and 5-phenylpent-4-ynoic acid (23) to their corresponding lactones, in 

the presence of triethylamine (Scheme 12). 

The recovered catalyst after one reaction with 21 (hereafter labelled “recov-

ered C21”) or 23 (hereafter labelled “recovered C23”) was first measured by 

ex-situ XAS to determine the nature of the Pd species. Figure 16 compares the 

X-ray absorption near edge structure (XANES) region of the unused Pd(Ⅱ)-

AmP-MCF and the recovered C21 and C23 with Pd foil as a Pd(0) reference. 

Interestingly, all XANES spectra in Figure 16 show distinct appearances from 

one another. In the region after the absorption edge, only a minor difference 

of the recovered catalyst C21 compared to the unused catalyst was observed. 

On the other hand, the difference between the recovered C23 and the unused 

catalyst was more significant and resembled that of the Pd foil. The positions 

of the absorption edges of the recovered catalysts are located between the un-

used catalyst and the Pd foil which are known to have oxidation states of +Ⅱ 

and 0, respectively. These observations suggest that at least a partial reduction 

had occurred in the recovered catalysts, and this reduction was found to be 

more dominant in the reaction with 23 than with 21. This finding showed that 

the choice of substrate can exert a considerable influences on the Pd species. 

 

Figure 16. Ex situ Pd K-edge XANES spectra of unused Pd(Ⅱ)-AmP-MCF, recovered 

C21 and C23 and Pd foil reference. 

Figure 17 shows the Fourier transformed EXAFS data, and the refinement 

parameters of the first coordination shell are summarised in Table 8 (vide in-

fra). There are clear differences between the two recovered catalysts. In the 

unused catalyst, the two peaks corresponding to Pd–N and Pd–Cl bonds are 

recovered C21 

recovered C23 
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the dominating signals. For recovered catalyst C21, only one peak at the po-

sition matching Pd–N/O is present. About two N/O–ligands on average were 

found to bind to each Pd atom with a mean distance of 2.03 Å. The bond dis-

tance is found to be similar to those of the unused catalyst, hence, indicating 

that the aminopropyl ligand is most likely retained in the recovered C21. 

Meanwhile, the average number of Pd–Cl decreases to 0.8 in the recovered 

C21 and its signal appears as a subtle shoulder at approximately 1.8 Å (with-

out phase correction) in Figure 17b. The peak at approximately 2.4 Å (without 

phase correction) in Figure 17b is fitted by Pd–Pd single scattering and the 

average number of this bond is 0.5. Overall, the Pd centres in the recovered 

C21 appear to be primarily coordinated to amino ligands, with a small fraction 

being involved in metallic Pd aggregates. However, a significant amount of 

chloride ligands were detached from the Pd centres compared to the unused 

catalyst. 

On the other hand, in the recovered C23 only one main peak is observed, 

and it is refined to a distance of 2.74 Å which can be ascribed to metallic Pd 

aggregates.[93] In contrast, the contribution from Pd–N/O was found to be very 

minor for the recovered C23. This minor signal could come from a small 

amount of remaining Pd(Ⅱ) complexes or from the oxidised surface of the Pd 

aggregates. Overall, these observations agree well with the preliminary anal-

ysis of the XANES spectra. 

 
Figure 17. Fourier transformed k3-weighted EXAFS spectra of the (a) unused 

Pd(Ⅱ)-AmP-MCF, (b) recovered C21 and (c) recovered C23. The spectra are not 

phase-corrected. The k ranges used to perform Fourier transform are 2–13, 2–10 and 

2–12 Å–1, respectively. 

Transmission electron microscopy (TEM) showed that Pd nanoparticles 

were formed in both recovered C21 and C23, as shown in Figure 18a and 19b, 

in agreement with the XAS data. The overall size of the Pd nanoparticles in 

recovered C21 was found to be much smaller than those in recovered catalyst 

C23. The difference in Pd particle size can also be correlated to the Pd–Pd 

bond lengths determined by the EXAFS data (Table 8, vide infra). The mean 

Pd–Pd bond distance decreases with decreasing particle size as there is a larger 

proportion of surface atoms which have lower coordination numbers than the 

interior ones.[94,95] It was also indicated from the EXAFS data in Figure 18b 

that Pd aggregates were the minor Pd species in the recovered C21, meaning 
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that the Pd species exist in other forms than the nanoparticles visible in TEM 

images. 

 

Figure 18. TEM images of the recovered C21 (a) and C23 (b) showing Pd nanoparti-

cles. 

To investigate the changes that the Pd centres are undergoing during the 

reactions, in-situ XAS measurements were performed with unused Pd(Ⅱ)-

AmP-MCF, performing the reaction with 21 and 23 individually. After ex-

cluding any influence by the solvent, the catalytic reactions were initiated, and 

the XAS spectra were collected every 6 min. Figure 19 shows representative 

in-situ XANES spectra for the catalytic reactions with 21 and 23. Immediate 

changes in the first in-situ XANES spectra (6 min) occurred for the reactions 

of both substrates. However, in the case of the reaction with 21 the in-situ 

XANES spectra remained unchanged after this initial change, and matched 

the ex-situ spectrum of the recovered C21 very well (Figure 19a). This means 

that the Pd species during the measurement of the reaction 21 → 22 should be 

comparable to that of the recovered catalyst C21. On the other hand, in the 

reaction with 23, a continuous change of the Pd species was observed (Fig-

ure 19b). The features are very similar to that of the ex-situ spectrum of the 

recovered C23. 

It is intriguing that the reaction involving 21 only produces a small fraction 

of metallic Pd aggregates at 6 min and then ceases, while the formation of 

metallic Pd aggregates occurs continuously and almost to completion in the 

reaction with 23.  

As the change in the XANES spectra already stopped after 6 min in the 

case of 21, our focus shifted towards studying the catalytic reaction with 23. 

After confirming that an extensive reduction had occurred, we were interested 

in determining the identity of the reducing agent. Therefore, a control experi-

ment was conducted where the unused catalyst and 23 was suspended in 

PhCH3 without NEt3, to see if any reduction occurred. The XANES spectra 

did not show significant features of metallic Pd after the edge, but a slight 
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edge shift could be observed towards the lower energy. The spectra are in good 

agreement with the in-situ spectra in Figure 19a indicating a similar composi-

tion of Pd states. Another experiment was performed where NEt3 was slowly 

introduced to the reactor. Here, the XANES spectra gradually transformed into 

the spectrum of metallic Pd during the continuous introduction, which clearly 

shows that the NEt3 acts as a reducing agent. 

 

Figure 19. Representative in situ Pd K-edge XANES spectra of Pd(Ⅱ)-AmP-MCF cat-

alysed cycloisomerisation of (a) 21 and (b) 23. 

The recovered catalyst C23 was found to be inactive after the first reaction 

cycle but could be reactivated through the addition of BQ. This observation 

made us interested in following the BQ-promoted reactivation process by 

XAS. Figure 20 shows the XANES and FT-EXAFS spectra of the recycled 

catalyst from reaction with 23, before and after the addition of BQ to the Pd 

aggregates. The XANES spectra after the addition of BQ exhibit features of 

metallic Pd aggregates. However, the amplitude of the XANES spectra in-

stantly decreased after BQ was added, which suggests that BQ triggers a 

change of the Pd coordination environment. The FT-EXAFS spectra before 

and after the addition of BQ are compared in Figure 20b and c. The shoulder 

peak at approximately 1.9 Å (no phase correction) became more pronounced 

after BQ was added. The EXAFS refinement reveals that only Pd–Pd and Pd–

N/O interactions are present in the first coordination shell of Pd before adding 

BQ (see Table 8). This observation indicates that the shoulder around 1.9 Å 

belongs solely to the satellite peak of Pd–Pd single scattering as it is marked 

in Figure 20b; however, any Pd–Cl interaction would be expected to appear at 

the same distance (see Figure 17a). The peak at approximately 1.9 Å is more 

pronounced in Figure 20c than in Figure 20b, suggesting an additional scat-

tering signal other than the satellite peak of Pd–Pd single scattering. A single 

scattering signal corresponding to Pd–Cl was unveiled by performing EXAFS 

refinement, and its average number was determined at ca. 0.6, see Table 8. 

This observation provides experimental evidence for the reactivation of the 

recovered catalyst C23. The purpose of introducing BQ is to oxidise Pd(0) to 

Pd(Ⅱ), and a reasonable scenario is that the surface atoms of the Pd aggregates 

become partially oxidised and bound to chloride ligands again, and in this way 

catalytic activity is restored. 
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Figure 20. Representative in situ Pd K-edge (a) XANES of recovered catalyst C23, (b) 

Fourier transformed k3-weighted EXAFS spectra of recovered catalyst C23 before 

addition of BQ and (c) after the addition of BQ. The spectra in Figure 20b-c are not 

phase corrected and are Fourier transformed on the same k range, 2–10.5 Å–1. 

With a more in-depth understanding of the catalyst deactivation and reacti-

vation mechanisms, obtained from these XAS experiments, a strategy to pre-

vent the deactivation was designed that aimed to suppress the Pd aggregate 

formation. Therefore, BQ was added prior to the reaction, and NEt3 was added 

at a later stage. The catalyst under these conditions was measured by in-situ 

XAS, and the representative spectra are shown in Figure 21. The edge shifted 

slightly towards lower energy, and a minor change occurred in the spectrum 

after the edge when 23 was added. Upon the addition of BQ, the edge position 

of the XANES spectrum remained the same, while the region after the edge 

further evolved slightly and then ceased (Figure 21a). The measurement was 

then continued while NEt3 was added, and the XANES spectra from these 

timepoints are shown in Figure 21b. The XANES spectra exhibited no 

changes even when NEt3 was added, and no signs of the further formation of 

metallic Pd aggregates were detected. The EXAFS spectrum of the catalyst 

after the addition of BQ was analysed, and its Fourier transform is displayed 

in Figure 21c with the primary refinement parameters summarised in Table 8. 

It should be emphasised that this minor formation of Pd aggregates is likely 

caused by 23 and not NEt3. Most importantly, this confirms the reactivation 

strategy by introducing BQ at the beginning of the reaction, which can effec-

tively prevent any reduction of Pd from occurring.  
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Figure 21. (a) Representative in situ Pd K-edge XANES spectra of Pd(Ⅱ)-AmP-MCF 

after addition of substrate 23 and BQ and (b) Continued measurements of the XANES 

spectra from Figure 21a after the addition of NEt3. (c) Fourier transformed k3-

weighted EXAFS spectrum of Pd(Ⅱ)-AmP-MCF after the addition of BQ. The spec-

trum in Figure 21c is not phase corrected and is Fourier transformed on the k range 

of 2–10 Å–1. 

Table 8. Number of distances, N, mean distances, d (Å), and Debye-Waller coeffi-

cients, σ2 (Å2), Many-body amplitude reduction factor, 𝑺𝟎
𝟐, in the EXAFS studies of 

the catalyst in different conditions. The standard deviations in parentheses were ob-

tained from k3-weighted least square refinement of the EXAFS function χ(k) and do 

not include systematic errors of the measurement. Underscored parameters were op-

timised from several trials and were fixed in the individual refinements. 

Samples Signal N d (Å)  σ2 (Å2) 𝑺𝟎
𝟐 

Pd(Ⅱ)-AmP-MCF 
Pd–N 2.0 2.023(2) 0.0035(3) 0.93(2) 

Pd–Cl 2.0 2.294(2) 0.0058(2)  

Recovered C21 
Pd–N/O 2.0 2.034(4) 0.0032(7) 0.93(5) 

Pd–Cl 0.8 2.337(5) 0.0035(9)  

Pd–Pd 0.5 2.72(1) 0.011(2)  

Recovered C23 Pd–N/O 0.5 2.07(3) 0.004(3) 0.92(4) 

Pd–Pd 8.0 2.741(2) 0.0062(2)  

Catalyst before addi-

tion of BQ (23) 

Pd–N/O 1.0 2.05(1) 0.003(2) 0.92(8) 

Pd–Pd 7.0 2.734(3) 0.0042(6)  

Catalyst after addition 

of BQ (reactivation, 

23) 

Pd–N/O 0.6 2.05(4) 0.002(6) 0.9(1) 

Pd–Cl 0.6 2.35(3) 0.004(4)  

Pd–Pd 7.0 2.726(5) 0.0064(8)  

Catalyst after addition 

of BQ (prevention of 

deactivation, 23) 

Pd–N/O 1.5 2.011(8) 0.002(2) 0.84(7) 

Pd–Cl 1.5 2.303(6) 0.003(1)  

Pd–Pd 1.5 2.731(6) 0.0075(7)  

 

23 

23 
23 

23 

23 
23 
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To further confirm the success of the reactivation strategy, recycling studies 

on the cycloisomerisation of 21 and 23 were carried out (Table 9). When the 

Pd(Ⅱ)-Amp-MCF was used in the cyclisation of 21, there was no significant 

loss of activity observed until the fourth recycle (entries 1-5). This is con-

sistent with the XAS result, which showed that only a minor reduction occurs 

for the recovered C21. However, in the cyclisation of 23, a significant loss in 

activity was observed, with essentially full deactivation after the first recycle 

(entries 6-7). 

Table 9. Recycling of the catalyst in the reactions of substrates 21 and 23. 

 

Entry Substrate Cycle NMR Yield (%) 

1 21 1 78 

2 21 2 74 

3 21 3 75 

4 21 4 26 

5 21 5 32 

6 23 1 42 

7 23 2 <5 

Reaction conditions: 0.4 mmol 21 or 23, 0.08 mmol of triethylamine, 0.012 mmol 

of Pd(Ⅱ)-AmP-MCF and 1 mL of PhCH3. NMR yield was determined by using 1,3,5-

trimethoxybenzene as internal standard.  

To compare the activities of the recovered C21 and C23 after one reaction 

cycle with their respective substrates, they were applied in the cyclisation of 

pent-4-ynoic acid 25 without the presence of BQ and using the standard con-

ditions reported in our previous study.[81] Here, C23 showed considerably 

lower activity than C21 ( 

Table 10, entries 1 and 2). In order to reactivate the catalysts, they were 

treated with 1 mol % of BQ and the resulting reactivated catalysts showed 

significantly enhanced activity (entries 3 and 4). Experiments were also per-

formed where 1 mol % of BQ was present from the beginning of the reaction 

(entries 5 and 6), and these results show that the activity of both catalysts was 

excellently retained with no sign of deactivation. 
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Table 10. Cycloisomerisation of 25 using recovered C21 and C23. 

 

Entry Catalyst NMR Yield (%) 

1 C21 90 

2 C23 77 

3a C21 99 

4a C23 95 

5b C21 99 

6b C23 99 

Reaction conditions: 25 (0.4 mmol), NEt3 (0.08 mmol), recovered catalyst 

(0.3 mol %) in PhCH3 (1 mL). NMR yield was determined by using 1,3,5-trimethox-

ybenzene as internal standard. (a) 1 mol % of BQ used to reactivate the catalyst before 

the reaction. (b) 1 mol % of BQ added in the beginning of the reaction. 

The difference in behaviour between the two catalysts concerning substrates 

21 and 23 can be explained by the different coordination strength of the two 

alkyne moieties (terminal versus internal). The phenyl-substituted alkyne in 

substrate 23 is congested, and therefore the coordination by palladium is less 

favoured. However, as the product is a five-membered ring, the product will 

quickly form after the palladium has coordinated to the alkyne moiety. On the 

other hand, the terminal alkyne moiety of substrate 21 is more accessible and 

thus forms a stronger complex with palladium, which protects the catalyst 

from reduction by NEt3. 

6.3 Conclusion 
In summary, we have presented an example of how XAS can be used to 

support a mechanistic investigation and catalytic strategy. The results from the 

in situ XAS study have given a clear picture of the deactivation process and 

have led to a reactivation strategy and improved recycling compared to our 

earlier work. This could be achieved by the addition of 1 mol % BQ at the 

beginning of the reaction, which suppresses the deactivation and enables high 

catalytic activity. These XAS studies have also provided experimental support 

for our hypothesis that the deactivation mechanism of the Pd(Ⅱ)-AmP-MCF 

catalyst was due to the formation of catalytically inactive Pd(0)-aggregates.  



47 

7. Closing remarks 

This thesis has covered some aspects of palladium catalysis, involving the 

development of C–H functionalisation protocols under homogeneous condi-

tions, as well as application of the heterogeneous system Pd(Ⅱ)-AmP-MCF. 

The thesis has also dealt with the DG removal and a mechanistic investigation 

of the deactivation process of Pd(Ⅱ)-AmP-MCF. 

The first project described the synthesis of cyclobutane derivatives with 

three contiguous stereocentres, using a palladium-catalysed and 8-AQ di-

rected C(sp2) –H arylation of a cyclobutane derivative, obtained from the feed-

stock compound verbenone. In the second project we have presented a mild 

8-AQ DG removal by transamidation on various C–H functionalised com-

pounds. 

The third project described the selective 8-AQ directed C(sp3)–H arylation 

of benzofuran derivatives at the C-3 position. This protocol was extended by 

a two-step one-pot transamidation and in this way complex benzofuran-2-car-

boxylamides were obtained in only three steps overall. 

In the fourth project we have translated the previously reported homogene-

ously Pd(Ⅱ)-catalysed intramolecular hydroamination of propargylic carba-

mates into a heterogeneous protocol. The used Pd(Ⅱ)-AmP-MCF proved to be 

a very efficient and recyclable catalyst for the synthesis of oxazolidinones. 

In the fifth and last project we used XAS to elucidate the deactivation of the 

Pd(Ⅱ)-AmP-MCF catalyst during an intramolecular lactonisation. The ob-

tained insight was used to develop a protocol in which the deactivation could 

be prevented. 
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