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Abbreviations

Ac acetyl 
API atmospheric pressure ionisation 
APCI atmospheric pressure chemical ionisation 
Ar aryl 
dba dibenzylideneacetone 
DIEA diisopropylethylamine 
DMAc dimethylacetamide 
DMAP dimethylaminopyridine 
DMF dimethylformamide 
DMPHEN 2,9-dimethyl-1,10-phenantroline 
Dppp 1,3-bis(diphenylphosphino)propane 
equiv  equivalent (-s) 
ESI electrospray ionization 
Et ethyl 
GABA -aminobutyric acid 
GC gas chromatography 
L ligand 
Me methyl 
MS mass spectroscopy 
NMR nuclear magnetic resonance 
NOESY Nuclear Overhauser Effect Spectroscopy 
PEG polyethylene glycol 
Ph phenyl 
PMP pentamethylaminopiperidine 
PTSA p-toluene sulfonic acid 
TBAA tetrabuthylammonium acetate 
TBAB tetrabuthylammonium bromide 
TBAC tetrabuthylammonium chloride 
TBAI tetrabuthylammonium iodide 
TBAS tetrabuthylammonium hydrogen sulfate 
t-Bu tert-butyl
Temp Temperature 
Tf trifluoromethansulfonate 
THF tetrahydrofuran 
Tol tolyl 
triflate trifluoromethan sulfonate 



X halide or pseudohalide 
YC palladacycle of four-electron type 
YCY palladacycle of six-electron type 
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1.  Introduction 

1.1  Fine chemicals and their synthesis in industry 
and laboratory 

In the technologically advanced modern society, complex organic com-
pounds, usually referred to as fine chemicals, are of the utmost importance. 
Drugs, food additives, pesticides, cosmetics and dye stuffs for paints are just 
a few areas where extensively optimized and functionalized structures are 
required.1 Accordingly, their production from cheap, readily available pre-
cursors through high yielding, environmentally benign procedures is essen-
tial.2

In the development of new products based on novel chemical structures, 
the priorities of the synthetic pathways used are often rather different. Due to 
the high overheads and labor costs associated with laboratory-scale synthe-
sis, virtues such as easy implementation and robustness requiring minimal 
downstream purification procedures are often highly desirable.3-5  Hardly in 
any other synthetic endeavor is the need for swift and straightforward high-
speed processing so crucial as in the arena of drug discovery. Through the 
advent of highly sensitive methods (assays) for the assessment of variables 
relevant to the field, extremely minute amounts of pure compound can often 
be used.6,7 The decisive factor for the output of the chemistry team therefore 
often boils down to the number of synthesized compounds, rather than the 
productivity of each reaction. 

1.2 Transition metal catalysis in total synthesis 
When an organic molecule coordinates to a transition metal via a functional 
group, extraordinary changes in reactivity often occur.8 In many cases, a 
species may shift from nucleophilic to electrophilic, from inert to reactive, 
from hard to soft or vice versa. These effects of transition metals form the 
basis of homogeneous metal catalysis, enabling a large number of unique 
organic transformations. A merit of transition metal catalysis is the very high 
specificity often associated with the reactions under consideration. An acti-
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vated transition metal species may bypass what in other contexts may be 
capable electrophiles, nucleophiles, metal complexators and -complex ac-
ceptors unaffected before engaging in an efficient reaction with a seemingly 
chemically slumbering functionality. Also, the possibility of fine-tuning the 
properties of an intermediate transition metal complex by ‘dressing it’ with 
suitable ligands provides a unique possibility to control its reactivity that 
barely finds an analogy in conventional non-transition-metal mediated chem-
istry. Today, homogeneous catalysis is therefore often employed in the most 
intricate steps in total synthesis pathways.9

In the arsenal of reactions necessary for the total synthesis of complex or-
ganic molecules, reactions forming carbon-carbon bonds are often among 
the most demanding. The capability to cautiously connect carbonic moieties 
through carbon-metal bonds, and after the assembly of a suitable reaction 
partner to the metal, fuse the two together, leaves in many times few non-
organotransition metal catalyzed alternatives competitive. The mission of 
finding suitable routes to carbon-carbon bond formation is perhaps most 
cumbersome when it comes to finding ways to create connections between 
aromatic building blocks. Traditional organic transformations such as 
Friedel-Crafts acylation10,11 or alkylation12 and other electrophilic aromatic 
substitution reactions13 usually require harsh conditions that are sparsely 
tolerated by the large and often brittle molecules put at stake. The regiocon-
trol is often poor and problematic additional substitutions may take place. A 
rich base-catalyzed chemistry is clearly available for the purpose, but its 
implementation places firm restrictions on the reactants.14 Among or-
ganotransition metal-catalyzed reactions, functionalization of aromatic moie-
ties is among the most well developed areas. 

1.3 Organopalladium chemistry 
Among the transition metals, palladium has received a unique appreciation 
due to the large amount of reactions connecting especially aromatic building 
blocks in different contexts, through well-recognized and highly individual-
ized reactions, often named after their inventors (Scheme 2).15-20 The reason 
for this success can only partly be clarified in general terms.21

Palladium has a preference for oxidation states 0 and +2, and easily shifts 
between these two oxidation states as seen in the mechanisms of the reac-
tions it catalyzes. Although oxidation states +1,22,23 +3,24-26 and +427-29 have 
been encountered, these are neither produced with ease nor stable once 
formed. The low susceptibility to one-electron reactions, and also radical 
processes, are believed to be one reason for the often clean reactions. 
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The carbon-palladium bonds often met in species present in catalytic cy-
cles encompassing palladium intermediates have intermediate stability. A 
good trade-off between non-specific decomposition and a high rate of turn-
over is therefore accomplished. Since palladium is fairly electronegative,30

the Pd-C bond is almost non-polar, and does not easily engage in reactions 
with electrophiles such as carbonyl compounds, nitriles and nitro com-
pounds. 

Palladium is also a very soft metal due to its size and orbital structure and 
has a distinguished high affinity for -compounds such as alkynes, alkenes 
and arenes. Reactions with these types of compounds are therefore appreci-
ated palladium catalyzed pathways. 

1.4 Microwave enhanced organic synthesis 
The utilization of microwaves for heating has successively spread from the 
domestic kitchen into modern synthetic laboratories.31-37 The first reports of 
microwave heating in reactions appeared in 198638,39 after which its applica-
tion has steadily increased. In the 1990s, the development of dedicated mi-
crowave equipment made microwave heating technology state of the art in 
organic synthesis laboratories. Besides the microwave magnetron, modern 
commercially available microwave reactors typically include built in devices 
for temperature and pressure measurements, together with the possibility to 
program and control the process parameters. Also, septa-sealed, thick-walled 
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microwave-transparent reaction vessels have been developed to withstand 
the high temperatures and pressures typically associated with microwave 
heating. These consumables are often provided by the manufacturer of the 
instruments.

From a practical preparative perspective, the utilization of microwave en-
ergy is often favorable compared to classical heating sources such as oil-
baths or metal blocks, for a number of reasons. In classical heating, the con-
tainer rather than its content is heated, leading to a sloping temperature gra-
dient from the outside to the inside of the container walls and into the reac-
tion mixture. The lack of unfavorable events occurring at the interface be-
tween the container and the reaction mixture (known as wall effects), has 
been suggested as one of the reasons for the often better results achieved by 
using microwave heating, which leaves the container walls relatively cool.40

Local hot spots, occurring in microwave-heated reaction mixtures, have 
been suggested as one of the reasons for the different outcomes observed 
between microwave-heated and classically heated reactions.41-43 For the sake 
of emphasis, the fact that solid metals have a strong microwave absorption 
capacity implies that when metallic heterogeneous catalysts or reagents are 
added to a reaction mixture, the metal is much more effectively heated than 
when conventional heating is used.44-46 Precipitation of metals and superheat-
ing is the main reason for the local damages sometimes encountered in the 
reaction vial during microwave irradiation of organometallic reactions (Fig-
ure 1). 

About it has been speculated that a special non-thermal microwave effect 
not connected to the heating per se is responsible.33 Today there is, however,  
a general belief that such an effect does not exist.32,47 Specific microwave 
activation of chemical bonds is contradicted by the solid fact that the impact 

Figure 1. Metal-lined local damage in a reaction vial as a result of the super-
heating caused by the metal precipitate. 
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of microwave quanta releases an energy burst of no more than 1.6 kJ·mol-1,
about one hundred times lower than the binding energy of a weak covalent 
bond.33 Instead, the occurrence of an apparent “magic” microwave effects is 
often explained by difficulties in producing corresponding classically heated 
reactions, which might be the consequence of unreliable temperature meas-
urements. 

1.5 Mechanistic investigations of organotransition 
reactions using electrospray ionization mass 
spectrometry

Due to recent discoveries in mass spectrometry, a new sense has been 
brought to the area of mechanistic investigations of metal-catalyzed organic 
transformations. Mass spectrometry (MS) requires the presence of gaseous 
analytes and was thus previously restricted to the analysis of volatile com-
pounds. Through the invention of atmospheric pressure ionization (API), the 
introduction and analysis of highly unstable biomolecules, and for the well 
being of this investigation, also fragile organometallic species, has been 
made possible.48 API comprises several different methods for the abstraction 
of solvent from an analyte to be investigated by MS. 

Atmospheric pressure chemical ionization (APCI)49-52 is preferably used 
for the vaporization of samples that are not charged. The sample liquid is 
removed by thermal heating in an APCI assembly maintained at 150-550 °C, 
and the residual components are ionized chemically by exposure to dis-
charges from a corona discharge needle in a nitrogen flow. If the analyte to 
be investigated is already ionized, the very mild electrospray ionization 
(ESI) technique is preferably used.53-57 At the ESI interface, the sample is 
passed through a capillary at high potential (Figure 2). The Coulomb forces 
in the sample lead to the abstraction of droplets which, on their way towards 
the opposite pole, continue to disintegrate due to their charge, until the ana-
lyte is left desolvated. The vaporized sample then passes through a capillary 
and a set of electrostatic lenses into the quadrupole detector. 

API interfaces cause soft ionization and desolvation leading to a minor 
amount of fragmentation. The species can therefore be assumed to exist in 
the investigated solution in the form they were detected. The lack of infor-
mation provided by fragmentation can be compensated for by intentionally 
causing fragmentation by isolation of the desired ions and the introduction of 
a collision gas in a second quadrupole segment of the instrument, followed 
by detection of the ions formed in a third quadrupole segment; a method 
commonly denoted MS-MS. 



14

During recent years, the use of API-MS has found great use in the investi-
gation of organotransition metal-catalyzed reactions.48 One advantage of this 
method is the facile recognition of detected ions as metal-containing species, 
based on the MS-spectra of the characteristic isotopic distribution pattern of 
the corresponding metals. 

Liquid
sample

Needle

Drying
gas

Capillary Electrostatic
lenses

Figure 2.   Schematic presentation of the ESI-interface. 
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2. The Heck Reaction 

2.1 The reaction and its synthetic utility 
In the early 1970s, it was demonstrated that, in the presence of trace amounts 
of palladium salts, aryl iodides and benzyl halides, couple with a suitable 
olefin to form styrenes and allylic arenes, respectively.58,59 During the years, 
this reaction named the Heck reaction has been developed into one of the 
most versatile C-C bond-forming protocols on the laboratory scale, and has 
recently become crucial also in industrial processes.60-64

In modern times, the Heck reaction is usually performed in polar solvents 
using palladium concentrations of 0.1-10 mol-%. Typically, palladium-
coordinating ligands are added in order to prevent the precipitation of palla-
dium in the form of inactive Pd0 clusters, commonly denoted as palladium 
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black. The range of possible groups being transferred from palladium has 
been extended from aryl and benzyl groups to vinyl and heterocyclic moie-
ties.

In modern implementations, the displaced formal anion is either iodide, 
bromide, chloride or any other substituent showing a similar reactivity pat-
tern, such as triflate (trifluoromethane sulfonate), tosylate (p-toluene sul-
fonate) and diazonium salt. The non-halide groups susceptible to substitution 
are usually termed pseudohalides. In order to scavenge the acid released 
during the reaction, either a tert-alkylamine or an inorganic base is added. 

The outcome of the intermolecular Heck reaction is highly dependent on 
the olefin employed, its electron density, being especially important as dem-
onstrated in Scheme 3. Electron-rich olefins such as vinyl ethers and N-vinyl 
amides typically form mixtures of terminally ( ) and internally ( ) substi-
tuted products. Using aryl triflates in combination with a stabilizing ligand 
possessing two chelating centers (usually termed a bidentate ligand), the 
exclusive internal arylation of electron-rich olefins has been demon-
strated.65,66 Also, the exclusive terminal arylation of some alkyl vinyl ethers 
has been described in the litterature.67,68 The crucial factor for the reaction in 
this case was found to be the choice of polyethylene glycol (PEG) as a sol-
vent.

The intermolecular arylation of electronically neutral olefins has, how-
ever, not been performed without the generation of all possible isomers, 
including isomers formed through the one-step migration of the double bond. 
Starting with electron-poor olefins, typically , -unsaturated carbonyls or 
acrylonitrile, the arylation is always found at the external position when us-
ing acyclic olefins, providing the trans-product (acrylates)60 or a cis/trans
mixture (acrylonitrile).69,70

2.2 The Heck reaction mechanism  
A brief and generalized mechanism illustrating the Heck reaction is shown in 
Scheme 4. Palladium, commonly supplied as a PdII salt is initially reduced in
situ and enter the catalytic cycle as Pd0. It then undergoes oxidative addition 
to the aryl halide (or pseudohalide) forming a square planar, oxidative addi-
tion complex. The anion formerly connected to the arylating agent is now 
either retained at the palladium coordination site rendering a neutral PdII

complex, or leaves the complex and is replaced by a neutral ligand, yielding 
a cationic complex. 

The olefins compete with other neutral ligands for the coordination sites 
at the metal center by formation of -bonds with the palladium. The -
complexes formed successively undergo insertion of the aryl substituent into 
the olefin, forming an unstable -complex. These complexes rapidly un-
dergo either direct syn-elimination by abstraction of a -hydrogen, or, more 



17

commonly, after a preceding internal rotation yielding the trans-product.  
The hydridopalladium complex remaining after the elimination process is 
believed to undergo rapid deprotonation by the base, thus reverting the metal 
to active Pd0.

Oxidative addition 
Using sterically non-congested olefins, the oxidative addition typically con-
stitutes the rate-determining step in the catalytic cycle. The process is, how-
ever, highly dependent on which halide (or pseudohalide) is being displaced. 
The order of propensity to oxidative addition can briefly be expressed as I > 
OTf  (triflate) ~ Br >> Cl.62,71
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18

Since palladium undergoes the oxidative addition to the arylating agent, 
the reaction rate is highly dependent on the electron density positioned on 
the palladium. The coordinating ligands undoubtedly contribute much to the 
electron density and are therefore of high importance for the reaction rate.72

-Complex formation and insertion 
In a classical Heck reaction with aryl halides (or pseudohalides), the oxida-
tive addition complex and -complex have a formal charge of +II, counter-
balanced by the aryl anion and its formerly associated halide or pseudohalide 
anion. Certain conditions have been found to render the oxidative addition 
complex with the counter-ion displaced by a neutral ligand invoking consid-
erable changes in reactivity and selectivity. The pathway is usually referred 
to as the cationic pathway in contrast to the neutral pathway occurring with 
the displaced anion (or an anion gained from the solution) connected to pal-
ladium yielding a neutral complex.73

The most dramatic influence on the reaction outcome, when a reaction 
takes place according to the cationic pathway, in contrast to the neutral 
pathway, is observed with electron-rich olefins such as vinyl ethers or N-
vinyl amides.65,66 Because of the more pronounced positive charge on the 
palladium, it will almost exclusively become attached to the nucleophilic 
terminal position of the vinyl bond, inserting the transferred substituent at 
the internal position, resulting in almost exclusively -arylation. Since tri-
flates have a negligible affinity for palladium,74 the use of aryl triflates 
strongly favors the formation of cationic conditions. 

The cationic route is observed when bidentate ligands are used, owing to 
their double connection capability; as well as when highly polar solvents are 
employed due to their ability to stabilize the cation through solvatisation. For 
preparative purposes, -arylation of electron rich olefins is usually accom-
plished without competing -arylation through conditions often referred to 
as the Cabri conditions i. e. the use of aryl triflates with bidentate phosphine 
ligands in the absence of competent anionic palladium ligands. Aryl halides 
can also be utilized for the purpose, either by the addition of halide seques-
tering agents such as silver or thallium salts75,76, or in extremely polar aque-
ous or ionic77,78  media. In both cases the use of bidentate ligands is still es-
sential to maintain high selectivity. 

-elimination and double bond migration 
The product is finally released by -elimination occurring through a four-
center interaction, in which palladium leaves as the acidic palladium hydride 
which, at a later stage, is deprotonated, regenerating Pd0 (Scheme 5). The 
assistance of the provided base in this process has however been suspected.79
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When the palladium-bearing carbon is aligned with neighboring hydrogen 
atoms on both sides, elimination may occur at any position, regardless of 
where the initial double bond was positioned.80 Double-bond migration is 
thus commonly encountered as the result of a Heck reaction. Starting from a 
cyclic olefin, Heck coupling reaction is always accompanied by double-bond 
migration due to the absence of syn-hydrogens susceptible to elimination at 
the arylated carbon (Scheme 6). In many Heck coupling reactions, re-
addition of palladium hydride to the double-bond result in additional double 
bond migration, leading to mixtures of positional isomers. The re-addition is 
however often effectively suppressed by the addition of silver salts81,82 or by 
using P,N-ligands.83

2.3 Traditional sources of Pd0

The palladium catalyst enters into the catalytic cycle in the form of ligated 
Pd0 complex derived either from a Pd0 catalyst, or more commonly, from an 
in situ-reduced PdII precatalyst. The use of inorganic PdII salts, such as palla-
dium acetate or palladium chloride, have a long heritage in Heck chemistry, 
and are still among the most common palladium sources. The addition of 
reagents to reduce PdII is seldom practiced. Instead the solvent,84 olefin,85

amine bases86 or phosphine ligands,87,88 have been demonstrated to act as the 
reducing agent for PdII, preceding the catalytic cycle. Pd0 catalysts such as 
Pd(PPh3)4 and Pd2(dba)3 are commercially available but suffer from sensitive 
to heat, moisture and oxygen.  
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Scheme 5.  Mechanism for the -elimination step in the Heck reaction.
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Scheme 6.  Heck arylation of cycloheptene under 2 different conditions. 
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2.4 Palladacycles 
Palladium compounds containing at least one metal-carbon bond in-
tramolecularly stabilized by at least one donor atom, called cyclopalladated 
compounds or palladacycles, have gained increasing importance during the 
past decade as convenient precatalysts for Heck coupling reactions, as well 
as in other palladium catalyzed reactions.89-91 Palladacycles are often en-
countered as intermediate species in many reactions catalyzed by palla-
dium.92 In this thesis, the focus is, however, on isolated and well-
characterized palladacycles stable enough for prolonged storage in air. 

Several different types of palladacycles have been described in the litera-
ture.89 Some representative examples are depicted in Scheme 7. Palladacy-
cles can be divided into two general types: four- or six-electron donors. The 
four-electron donor type (exemplified by 1, 2, 9 and 10) typically exist as 
halogenide or acetate-bridged dimers that usually occur without a lateral 
plan of symmetry through the bridging anions, the transoid type, but also 
rarely with the cisoid type (without a lateral plane of symmetry). Palladacy-
cles of the six-electron donor type, usually termed pincers (exemplified by 3-
8), can be divided into symmetrical and unsymmetrical, depending on 
whether the two donating functions are chemically equivalent.  
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Schematically, palladacycles of the four or six electron donor type are 
commonly described as of YC or YCY type, respectively. In case a particu-
lar heteroatom is incorporated as the donator ligand, Y is replaced by a nota-
tion of which heteroatom, for example CS for a four electron complex con-
taining a sulphur atom aligned with the central atom. 

The metallated carbon is usually part of an aromatic system, and more 
seldom aliphatic, vinylic or benzylic in nature. The most common donor 
functionalities are amines, imines, amides, amidines, pyridines, oxazolines, 
phosphines, sulphides and sulphoxides. Most palladacycles consist of one 
(four-electron donors) or two (six-electron donors) five- or six- membered 
rings composed of a carbon skeleton associated with both the palladium and 
the donor functionality. However, smaller ring systems have been found (as 
exemplified by 9 and 10).

2.5 Microencapsulated palladium 
Another attempt to produce recyclable palladium precatalysts has been 
through microencapsulation of a palladium salt or in situ formed colloidal 
palladium.93-97 Microencapsulation has previously found applications in drug 
delivery systems,98 cell entrapment,99 and for the controlled release of pesti-
cides.100 The matrix is produced by dispersing the monomers together with 
the material to be encapsulated in an aqueous phase containing a mixture of 
emulsifiers and protective colloidal stabilizers. The dispersed monomers 
undergo in situ interfacial polymerization to form the microcapsule walls. 
Microencapsulated palladium is currently available from commercial suppli-
ers.101

2.6 Catalytic cycles involving PdII to PdIV

The introduction of palladacycles in Heck chemistry has given reason to a 
discussion regarding their mechanism of action. Reactions catalyzed by pal-
ladacycles have amazed their implementers by showing sometimes extreme 
efficiency.102,103 Also, a substantial recovery of the palladacycle supplied for 
a reaction has been possible after the reaction.104 The commonly seen traces 
of Pd0 clusters visible to the eye as a blackish tint to the reaction mixture, or 
in the microscope as oval stains,105,106 have also been found to be absent in 
some cases.107 These, together with other observations103,108 have engendered 
the belief that an alternative reaction mechanism is in operation, where the 
palladacycle undergoes a second oxidative addition already at oxidation state 
+II yielding PdIV species for insertion. Such a mechanism would explain the 
intact palladacycle and the absence of Pd0 clusters left after the reaction.109
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The observation that the palladacycles are highly stable when exposed to 
aryl halides, even at higher temperature in an otherwise inert environment is 
highly inconsistent with the presence of a PdII-PdIV catalytic cycle. In the 
most commonly accepted suggestion of the mechanism of a PdII-PdIV cata-
lytic cycle proposed by Shaw (Scheme 8), this was explained by the initia-
tion of the catalytic cycle by the insertion of the olefin rendering an alkyl 
palladium species.110 Alkylated palladium compounds have previously been 
found to be inclined to undergo oxidative addition, in contrast to compounds 
free of Pd-C bonds. At the present in Heck chemistry, there is, however, a 
general belief that palladacycles decompose with the release of Pd0, which in 
turn is responsible for the catalytic properties exhibited by the palladacy-
cle.111-113

2.7 Intramolecular Heck reactions. 
An important application of the Heck reaction is the intramolecular reaction 
occurring between an aromatic halide in the proximity to an olefinic position 
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leading to a cyclization reaction.114-117 One appreciated advantage of the 
intramolecular Heck reaction is the commonly experienced exclusive forma-
tion of one geometrical isomer, the product resulting from exo-cyclization 
(Scheme 9, entries 1-2)118,119. This rule is valid even in the cases when strong 
electronic effects favor endo-arylation such as in the arylation of , -
unsaturated carbonyls (Scheme 9, entry 3).120 Only during the formation of 
larger ring systems, the direction rules experienced in intermolecular Heck 
reaction are valid.121,122 Exceptions to this rule exist but are rare.123-125 The 
reaction has also been successfully tailored to accomplish chiral quarternary 
carbon centers of high enantioselectivity.126

2.8 Chelation-control 
A number of olefins equipped with proximal palladium-chelating groups 
have been synthesized and subjected to Heck coupling. From the outcome of 
such reactions, it has been established that the chelating groups affect the 
regio- and stereochemical outcome of the reaction by connecting to the pal-
ladium at the insertion step. This is effectuated by restricting the conforma-
tion of the olefin in relation to the aryl substituent to be transferred.127 Reac-
tions of this type are commonly referred to as chelation-controlled or 
pseudo-internal Heck arylations. Acceleration of the reaction rate is also 
recognized as being a consequence of the increased olefin affinity for palla-
dium. 
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Scheme 9.  Illustrative examples of intramolecular Heck reactions.
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The first and most well described system for chelation-controlled Heck 
arylation was reported in 1990 by Hallberg et al.128-130 By subjecting (2-
ethenyloxy)ethyl dimethylamine (11) to Heck coupling conditions, highly 
selective terminal Heck arylation was achieved. The outcome was attributed 
to the formation of 6-membered rings presenting the olefin for the aryl resi-
due to be transferred. The outcome was, however, found to be sensitive to 
experimental conditions affecting the ligation of the complexes. Under Cabri 
conditions, -arylation has been found to dominate over -arylation, because 
of the bidentate ligand’s ability to expel the chelating group from palla-
dium.131

Yet another example of chelation-controlled Heck arylation, in this case 
giving rise to altered stereochemical outcome, was demonstrated by Carret-
ero et al.132 The expected formation of the less sterically demanding R-
isomer was observed by the Heck arylation of 13. However, the opposite 
stereoisomer was produced by the introduction of a chelating o-
dimethylamino group (14) at the proximal aryl moiety. According to the 
diastereomeric distribution, the effect is clearly visualized from the two tran-
sition states. Although sterically more congested, transition state a (Scheme 
11) is clearly preferred over transition state b.

A highly versatile implementation of the concept of chelation-acceleration 
has been reported by Yoshida et al. In a general procedure for the stereo- 
selective synthesis of tetraarylated ethenes.133 Starting from 2-
ethenylthiopyrimidin (15), used as a vinyl synthon, two consecutive Heck 
arylation reactions resulted in the terminally double-arylated derivative 
formed with high diastereoselectivity. Internal arylation was accomplished 
by -lithiation and palladium/copper-catalyzed cross coupling with a third 
aryl iodide, and finally, the chelating moiety was replaced by a fourth aryl 
substituent supplied as a Grignard reagent by palladium-catalyzed cross cou-
pling.
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Scheme 10.  Chelation-controlled Heck reaction of 11.
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N

N

S N

N

S

Ar'

Ar

Ar'''

Ar'

ArAr''

N

N

SH

1. [Pd], ArI
2. [Pd], Ar'I 3. DDQ

1. t-BuLi
2. Ar''I, [Pd], CuI

N

N

S

Ar'

ArAr''

Ar'''MgBr
[Pd]

15

Scheme 12.  The selective tetraarylation of the vinylic synthon 15.
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3.  Aims of the present study 

Nearly four decades after its discovery, the Heck reaction is still surprising 
the world by the never-ending flow of new applications and unexpected re-
sults published. The diverse array of species participating in the reaction, and 
its sensitivity to changes with degree of solvation, temperature and other 
factors provides an ideal opportunity for tuning the reaction to achieve a 
desirable outcome. However, demanding mechanistic constraints follow 
hand in hand with its broad scope. With every new accomplishment, the 
mechanistic background needs to be carefully investigated. Many of the 
most fundamental mechanistic questions are still under debate.63 Only by a 
detailed understanding of the processes behind the Heck reaction, its com-
plexity can render possibilities rather than problems. 

With new times come new demands. The need for high throughput meth-
odology in pharmaceutical research has directed the focus to a new dimen-
sion, namely reaction time. The introduction of dedicated equipment for 
microwave heating during the 1990s has provided a great boost to palla-
dium-catalyzed coupling chemistry. Also, the requirement for environmen-
tally benign processes demands the re-evaluation of older technology. Al-
though low-toxic, palladium is still a heavy metal and its release to the envi-
ronment must be minimized.  

The objectives of this thesis were: 

• to develop a fast, , -selective method for the di-arylation of (2-
etheyloxy)ethyl N,N-dimethyl amine (11),

• to investigate the possible occurrence of a PdII-PdIV catalytic cycle in 
Heck arylation of vinyl ethers using palladacycles as catalyst by spe-
cific reactivity and ESI-MS-MS detection of reaction intermediates. 

• to investigate the accessibility of 3-aryl-1,2-cyclohexandiones from 
2,3-epoxycyclohexanone by tandem isomerization/Heck arylation and 
to verify the proposed reaction mechanism, and 

• to investigate the accessibility of Heck spiro-cyclization reactions us-
ing capto-dative and electron-rich olefins. 
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4.  Chelation-Controlled Double Terminal 
, -diarylation (Paper I) 

4.1 Background and purpose 
Hardly any other privileged structure is so commonly found in the present 
flora of therapeutic agents as the , -diarylalkyl-dimethylamine scaffold.134

During the years, this theme has been expanded by, among a manifold of 
manipulations, replacement of the aryl moieties with heterocycles, by con-
nection of the aryl ortho-positions, and by the introduction of hetero-atoms 
and unsaturations in the diarylmethine-nitrogen linker. In most cases, 2-4 
atom carbon linker connects the aromatic systems with the amine. This type 
of structures has found utility in drugs affecting especially monoaminergic 
receptors and transport proteins for their native transmittors. The drugs have 
found use for diverse indications such as: depression, psychosis, Parkinson’s 
disease, allergy and incontinence.135 Some prominent members of this class 
of drugs are shown in Scheme 13. 

The compounds resulting from the double-terminal Heck arylation of 11,
or monoarylation of 12a (Scheme 14) are highly likely to exhibit interesting 
pharmacological effects as a consequence of their structural similarity with 
the above mentioned drugs. As a matter of fact, the scaffold has already 
found utility in the production of a set of GABA transport inhibitors.136 Be-
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Scheme 13. Some common approved drugs derived from the , -diarylalkyl-
dimethylamine scaffold 
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sides the intrinsic value of the compounds for medicinal applications, several 
useful synthetic intermediates can also be prepared through well-
demonstrated conversions.129,137

In order to provide an example of how a meaningful library could be pre-
pared with the advent of chelation-control under microwave-enhanced con-
ditions, a smaller diverse array of five symmetrical (16) and six unsymmetri-
cal (17) compounds was prepared.  

4.2 Development of reaction conditions 
The relative steric congestion imposed by the aryl substituents gives reason 
to suspect that harsh conditions would be needed to execute the second ary-
lation. This motivated the choice of a highly thermostable palladium precata-
lyst for the reaction. Since stabilizing phosphine ligands are liable to un-
dergo aryl scrambling at elevated temperatures,138 the omission of ligands 
prone to be transferred was also required. Attention was therefore turned to 
Herrman’s palladacycle (19), a commercially available PC-palladacycle 
commonly employed for the Heck reaction as well as for other palladium-
catalyzed coupling reactions.139 Compound 19 can be synthesized from tri-o-
tolylphosphine (18a) and Pd(OAc)2 by gentle heating in toluene (Scheme 
15).140 In the solid state it is made up of a transoid acetate-bridged dimer. 

The omission of stabilizing phosphines was compensated for by the addi-
tion of complexing chloride ions supplied as LiCl. Also, NaOAc was added 
to the reaction since the complexation of acetate to Pd0 has been described 
and found to increase the oxidative addition, presumingly by increasing the 
nucleophilicity.88 Also, 10% water was added to the reaction media since 
water additives have been found to considerably shorten the induction time 
of palladacycles in kinetic experiments,.141 presumably because of its ability 
to promote the release of Pd0. The impact of these additives was evaluated 
by omitting them one at a time (Table 1). All of the additives were clearly 
favorable. Only by the omission of water, the reaction was not brought to 
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Scheme 14. Left: Double terminal arylation of 11 resulting in symmetrically 
arylated compounds (16). Right: Monoarylation of 12 to give 
unsymmetrically arylated compounds (17).
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completion, but left a considerable amount of 12a. The omission of water 
resulted in incomplete reaction leaving a lot of 12a.

In order to investigate the effect of temperature on the outcome, attempts 
were made to perform all reactions at 160, 180 and 200 °C (Table 2). Full 
conversion of starting olefin 11 or 12a, and for the symmetrical compounds, 
the monoarylated intermediates 12, were achieved in all reactions. A set of 
five different aryl bromides of varying electron density also including o-tolyl 
bromide as a slightly sterically hindered representative was reacted in a pro-
tocol starting with 0.65 mmol of 11 using 3-5 equiv ArBr 20, 2 equiv LiCl, 
1.35 equiv NaOAc dissolved in 2.2 mL 10% aq. DMF. 

The same conditions were used for the arylation of 12a yielding com-
pounds with disparate terminal aryl moieties. Six different aryl bromides of 
varying electron density and steric bulk were coupled to 12a. The sensitive 
to steric hindrance was ultimately tested by the introduction of a 2-(1,3-
xylyl) moiety. 

.

P
Pd(OAc)2

P
Pd

o-Tolo-Tol

O O

O O

P
Pd

o-Tol o-Tol

50 °C, 30 min
Toluene

18a 19

Scheme 15.  Synthesis of Herrman’s palladacycle  

Table 1. The Heck arylation of 11 (0.65 mmol) using 3 equiv PhBr, 0.01 equiv 
19, 2.2 equiv K2CO3 and, if stated in the entry, 2 equiv LiCl, and/or 1.35 
equiv NaOAc. The reaction was magnetically stirred and microwave 
heating at 180 °C for 10 minutes.

Isolated
Entry LiCl NaOAc Solvent , /16 yield (%) 

1. Yes Yes 10% aq. DMF 10/90 67
2. No Yes 10% aq. DMF 10/90 53
3. Yes No 10% aq. DMF 7/93 41
4. Yes Yes DMF 10/90 32



30

Br

O

ArBr

O

N

H3CO OCH3

Br
O

N

Br

O

N

Br

Cl

O

N

Cl Cl

Br

CHO
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OHC CHO

Entry
Temp
(°C)

Heating
time Product

Isolated 
yield (%)

1

, /16

160     10 min                                               8/92           38
180     10 min                                               6/94           52
200     10 min                                               7/93           45

2 160     55 min                                               5/95           80
180     55 min                                               5/95           69

3
160     20 min                                              10/90         65
180     10 min                                              10/90         67
180     10 min                                              10/90         63

4 160     55 min                                              12/88         59
180     30 min                                              12/88         55
200     10 min                                              14/86         46

5 160     6 h                                                    23/77          9
180     55 min                                              29/71         36

20b

20c

20a

20d

20e

16b

16a

16c

16d

16e

Table 2. Diarylationa of 11 yielding symmetrically arylated products (16).

a Reaction conditions: A thick-walled process vial was added the following: 0.005 equiv 19, 2.0 equiv LiCl , 

1.35 equiv NaOAc, 2.2 equiv K2CO3, 5 equiv 20, 11 (0.65 mmol), DMF (2.0 mL), water (0.2 mL). The vial 

was capped and its content was stirred and microwave heated at temperature and time according to entry. 
b >95% purity by GC-MS. c Only 3 equiv 20. d Classical heating used.

b

c
d



31

ArBr

O

N

N

Entry
Temp
(°C)

Heating
time Product

Isolated 
yield (%)

1

, /20

2         160     2 h                                        5/95    44/56   32
2         180     55 min                                  5/95    29/71    41
2         200     30 min                                  7/93    29/71    39

Olefin

20f

N

Br

Equiv
ArBr E/Z

O

N

2 5         200     2 h                                       14/86 73/27 2520g

Br

O

N

3
5         160     20 min                                 4/96    29/71   75
5         180     10 min                                 6/94    30/70   65
5         200     10 min                                 6/94    30/70   64

20c

Br

O

N

4

2         180    20 min                                  3/97   31/69   62
2         200    10 min                                  3/97   29/71   6220h

Br

Br

2         160     55 min                                  3/97   65/35   60
2         180     15 min                                 6/94   73/27   7320a

O

N

CN20i

Br
CN

5
5         160     6 h                                        2/98   23/77    41
5         180     2 h                                        3/97   22/78    47
5         200     55 min                                  2/98  22/78    42

17a

17b

17c

17d

17e

Table 3. Diarylationa of 12a yielding unsymmetrically arylated products (20).

c d
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S

20j

O

N
Br

S

Br

Entry
Temp
(°C)

Heating
time ProductOlefin

Equiv
ArBr

7 5         180    120 min                                 7/93    26/74    49
5         200    55 min                                   9/91    28/72    43

8
2         160    20 min                                  6/94             64
2         180    10 min                                  6/94            6820a

17f

16a

Table 3. Cont.
Isolated 
yield (%), /20 E/Z

a Reaction conditions: A thick-walled process vial was added the following: 0.005 equiv 19 , 2.0 equiv LiCl , 

1.35 equiv NaOAc, 2.2 equiv K2CO3, 20 (according to entry), 12a (0.65 mmol), DMF (2.0 mL), water (0.2 mL). 

The vial was capped and its content was stirred and microwave heated at a temperature and time according

to entry. b >95% purity by GC-MS. c Determined by crude 1H NMR. d Determined by 1H NMR.

b
c d
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4.3 Results 
The isolated yields were in general good, with neutral aryl bromides per-
forming best, followed by electron-rich and electron-poor systems. Single 
ortho substitution clearly did not hamper the reaction, although double ortho
alkylation significantly reduced isolated yields. 

The rate of -arylation seems to be profoundly dependent on the charge 
resting on the aryl substituent. In accordance with previous results, electron-
rich aryl bromides yielded a higher /  ratio in monoarylation proto-
cols.129,131 This ratio is, however, surprisingly independent of the tempera-
ture, with only a slight increase at elevated temperatures. The general rule 
that rotation of the first introduced aryl substituent takes place prior to -
elimination was found to be valid also in this case. 

Neutral aryl bromides are preferentially inserted at lower temperatures, 
with some exceptions, although both electron-rich and electron-poor aryl 
bromides benefit from higher temperatures. A temperature of 200 °C was 
required only for the introduction of the highly sterically hindered 2,6-xylyl 
group resulting in (17b).

Because of the high thermal stability of the catalyst, the effective amount 
of catalytic Pd0 released is believed to be very small. It is therefore worth 
noticing that neither the p-chlorophenyl (16d) nor 3-thiophene (16f) seemed 
to have caused significant poisoning of the catalyst, as might be suspected. 
Also, the active catalyst seems to have withstood the potential chelating ef-
fects of the nitrile group without hampering the reaction by overligation.142-

144

The low yield of the reaction when coupling p-bromobenzaldehyde (20e)
is consistent with both earlier Heck arylations of the chelation-controlled 
scaffold. However, the arylation starting from 20e is not representative of 
this class of mesomerically electron-poor aromatics since the coupling reac-
tion suffered from considerable reductive amination. It has been suggested 
that this was caused by the well-known decomposition of DMF into di-
methylamine and carbon monoxide at elevated temperatures.145 It is assumed 
that the reducing capacity needed for the reaction was provided by hydrogen 
formed from the in situ reaction between carbon monoxide released and 
water. This hypothesis was verified using a model system in which benzal-
dehyde was heated with 0.005 equiv Herrman’s palladacycle in 10% aq. 
DMF at 200 °C for 30 minutes resulting in the formation of N,N-
dimethylbenzylamine (Scheme 16). By replacing the water additive for deu-
terium oxide, a shift in the MS-spectrum of the reductively aminated com-
pound was seen, which was interpreted as being caused by the monodeuter-
ated N,N-dimethylbenzylamine. The reaction was investigated as a possible 
convenient way of accomplishing reductive amination using the readily 
available DMF as the amine source and reducing agent, with some success. 
The reaction was, however, not sufficiently productive and general. 
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4.4 Conclusion 
With the advent of chelation control, a small array of compounds, interesting 
from the medicinal chemistry perspective, have been prepared in good 
yields, and with reasonable stereo-selectivity. The reactions have, in most 
cases, been produced at high temperatures using short (mostly not more than 
10-20 minutes) reaction times. 

CHO N

0.5% Herrmanns 
palladacycle

K2CO3
10% aq. DMF
200 °C, 30 min 28%

Scheme 16. Model system for the investigation of reductive amination occur-
ring in DMF using Herrman’s palladacycle as precatalyst.
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5.  Mechanistic investigation of Non-
classical Palladium precatalysts in the 
Heck Reaction (Paper II)

5.1 Introduction 
From the end of the 20th century, a number of publications have addressed 
the question of whether a PdII-PdIV catalytic cycle might be operative in reac-
tions catalyzed by cyclopalladated Heck precatalysts.110,146 Most of these 
investigations arrive at the conclusion that a PdII-PdIV catalytic cycle does 
not seem to be operating, but rather the traditional Pd0-PdII cycle initiated by 
the thermo/chemolysis of the precatalyst into aggregated Pd0.113 However, it 
is still sporadically claimed that a PdII-PdIV catalytic cycle is responsible for 
the catalytic activity exercised by palladacycles.107

Theories claiming the PdII-PdIV catalytic cycle to be responsible for PC-
palladacycle catalyzed reactions assume that the intact palladacycle, al-
though possibly with the displacement of weakly coordinating ligands, un-
dergoes oxidative addition with the arylating agent and later inserts at aryl 
moiety into the supplied olefin (Scheme 17, path A).110 In contrast, many 
others believe the palladacycle releases trace amounts of Pd0 that serve as the 
active catalytic species (Scheme 17, path B).111,113

5.2 Previous investigations 
Initially, the properties encountered when employing a palladacyclic catalyst 
were used as arguments for which ever of the two pathways that was hy-
pothesized to be present. In most cases, a reaction catalyzed by a palladacy-
cle has a slow onset (i.e. it has an induction phase), followed by a period of 
rapid conversion, which later decreases to leave the starting material fully or 
partially converted.141 The conversion vs. time curve therefore shows a sig-
moid (S-shaped) progression. Such a progression seems inconsistent with the 
belief that the intact palladacycle is operative.  
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During the years, experiments dedicated to shedding light on this question 
have been performed. Evidence based on the selective poisoning of metallic 
palladium has been employed. Widegren and Finke deduced that if a reac-
tion is poisoned by << 1 equivalent of a known metal ligand, in relation to 
the amount of palladacycle supplied, this is suggestive of a heterogeneous 
catalyst.146 The ligands utilized for the test were CS2, thiophene and PPh3.
Crabtree and Whiteside found that the addition of metallic mercury to a reac-
tion mixture after the onset of the reaction immediately stopped a reaction 
catalyzed by a heterogeneous metallic catalyst by amalgamation at the mer-
cury surface.146 In contrast, homogenous catalysts will persist in their cata-
lytic activity.147 To our knowledge, all such reported investigations per-
formed on palladacycles have led to complete cessation of the catalytic 
power, indicative of the presence of catalytic homogeneous palladium.105,148-

151

5.3 Reported investigations 
Through a suitable choice of additives, it has been possible to direct the 
Heck arylation of 11, using 1-Naphthyl triflate (22a) and Pd(OAc)2 as a pre-
catalyst, either exclusively (>99%) into the -position (under cationic biden-
tate ligand conditions) or -position (without additives; Scheme 18). This 
controllability should be inconsistent with the presence of an active PdII-PdIV

route. Firstly, it is unlikely that both cationic and chelation controlled condi-
tions would be perfectly functional when a completely different mechanism 
is active. Secondly, a mechanistic route incorporating PdIV-containing -
complexes with a non-square planar metal geometry seems difficult, since 
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Scheme 17. Hypothesized Heck reaction mechanisms using palladacycles as 
catalysts. Path A: dissolved and dissociated palladacycle under-
goes oxidative addition of an arylating agent which is transferred 
to an olefin; path B: the palladacycle undergoes chemo/thermo-
lysis to release Pd0 species that effectuate the coupling according 
to traditional Pd0-PdII routes.  
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most suggested complexes making up the cycle are too heavily ligated. The 
two reactions were therefore found to be useful as tools to investigate the 
possible presence of a PdII-PdIV cycle by evaluating the product distributions. 
Together with 11, the more commonly encountered n-butyl vinyl ether (21)
was also used as an electron-rich olefin.  

For further clarification of the mechanism, ESI-MS-MS investigations of 
the reactions performed under cationic conditions were found to be an attrac-
tive way of clarifying active species responsible for the outcome. Since natu-
rally occurring palladium is made up of 6 isotopes with atomic numbers 
from 102 to 110 Dalton, each of different abundance (Figure 3), a character-
istic pattern is observed that seldom leaves any doubt as to whether a mono 
palladium species is responsible for the detected m/z. This benefit has al-
ready been taken advantage of for the elucidation of the Heck reaction start-
ing from arene diazonium salts152, the oxidative-Heck reaction153 and the 
Suzuki reaction.154

O

N

OTf

O

N

O

N

O

Pd(OAc)2
dppp, Et3N
10% aq. DMF

+

2.5 equiv

Pd(OAc)2
Et3N
10% aq. DMF

22a

11

23a

12c

24a

H2O

Scheme 18. The Heck reaction of 1-naphthyl triflate (22a) and 11 using 2.5% 
Pd(OAc)2 as precatalyst with (top pathway) or without 7.5% dppp 
(bottom pathway) in 10% aqueous DMF by microwave heating at 
150 °C for one hour. The -product 23a undergoes direct hydroly-
sis under aqueous, high-temperature conditions. 
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5.4 Preparative results 
The reactions were performed under four different conditions.  

1.  With no salt or phosphine added in order to facilitate efficient che-
lation  control. 

2.  Using Cabri conditions applying 3 equiv/Pd of the bidentate ligand 
 dppp (1,3-bis(diphenylphosphino)pentane (18b).

3.  Using the classical combination of 1 equiv LiCl and 3 equiv/Pd 
 PPh3 (18c).

4.  Using phosphine-free conditions with 4 equiv LiCl and no ligand. 
5.  Using 3 equiv/Pd of DMPHEN155 (2,6-dimethyl-1,10- phenantro-

 line). 

A set of catalysts was selected for investigation: Pd(OAc)2, Pd2(dba)3, 10% 
palladium on charcoal, the commercially available catalysts Pd EnCat 30 and 
EnCatPd(0) made by microencapsulation of Pd(OAc)2 and in situ prepared 
Pd0 clusters93, respectively, and four palladacycles bought from commercial 
suppliers or synthesized according to the literature one of which NC 
(25)156,157, one PC (Herrman’s palladacycle, 19)140,158, one NCN (26)156,157

and one PCP (27)159 (Table 4). The more traditional catalysts were investi-
gated for comparison. 

The choice of 22a as arylating agent for the reaction was based on its neu-
tral character, non-volatile characteristics and easy handling of its corre-
sponding Heck products. Also, the compound has been thoroughly invest-

Figure 3. Isotopic distribution of palladium.
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Table 4. Preparative results achieved in the Heck arylation of 11 and 21
using 22a. Reaction mixture: 22a (0.4 mmol), 11 or 21 (1.0 
mmol), Et3N (0.5 mmol), catalyst (0.01 mmol Pd); if stated in the 
table, either of: dppp (0.03 mmol), LiCl (1 mmol) and PPh3 (0.03 
mmol), LiCl (4 mmol) or DMPHEN (0.03 mmol). Reaction was 
performed in 10% aqueous DMF by microwave heating at 150 °C 
for one hour. a Purity >95% by GC-MS. b Ratio of each product as 
percentage of total isolated yield. NP = not performed. NF = not 
functional. c Microwave heated at 120 °C for 1 h. 
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tigated previously regarding this kind of reaction with the chosen vinyl 
ethers .65,75,131,155 Because of the widely different propensities for activation 
among the investigated catalysts, rather forcing conditions were applied us-
ing 10% aqueous DMF as the reaction medium and microwave heating at 
150 °C for one hour.160 Since -arylated vinyl ethers are sensitive to hy-
drolysis, the persistence and isolation of intact 23a postreaction was believed 
to be unlikely under the harsh conditions applied in this investigation. The 
water additive was therefore also justified because of its propensity to fully 
hydrolyze 23a at high temperatures (Scheme 18).  

The results obtained from the experiments with the investigated catalysts 
are listed in Table 4. As can be seen, isolated yields range from negligible to 
preparatively useful. Results are only given when all products could be iso-
lated with a purity within the specified standard (>95% on GC-MS, >95% 1H
NMR). It is noteworthy that the yields achieved from the arylation of 11
were higher than from arylation of 21.

Clearly, the arylated product is exclusively formed under salt/ligand 
free conditions (1) starting from 11, and further, only -arylation was ex-
perienced using cationic conditions (2) no matter what palladium precatalyst 
that was employed. The reactions are also highly productive, with some ex-
ceptions.

Under neutral conditions (3) employing a 3:1 ratio of PPh3/Pd, the per-
centage of -arylation was largely independent of the catalyst employed 
when using 21, with a mean of 52% ( 2 = 12%, 6 entries: 39, 44, 48, 52, 69, 
73) but highly independent of catalyst choice using 11, 13% ( 2 = 1.7 %, 5 
entries: 3, 7, 11, 15, 23). 

The enforced neutral conditions achieved by the addition of 4 equiv LiCl 
(4) were not very productive when applied to the arylation of 21; but fully 
functional using 11 as the supplied olefin, yielding an unexpectedly high 
degree of -arylation. This finding conflicts with three reactions producing 
rates of -arylation of 8%, 9% and 9% (Pd2(dba)3, Pd(OAc)2, 25), and two 
outliers yielding 20% (19) and 27% (palladium on charcoal). 

5.5 Results of ESI-MS investigations 
The reactions performed under cationic conditions described in the previous 
section, were also investigated using ESI-MS analysis. Since amines in the 
protonated form are inclined to overload the MS detector leading to severe 
reduction in sensitivity, Et3N was replaced by K2CO3 as the base. The initial 
experiments were performed using Pd(OAc)2 to allow comparison with the 
investigated catalysts. After a reaction time of 20 min, complexes displaying 
the typical palladium isotopic m/z pattern from monocharged complexes 
were detected (Figure 4).  
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Figure 4. Top: ESI-MS spectra recorded for Table 6, entry 1. Middle: Peak 
shape for complex of type III, Table 6, entry 1. Theoretical com-
position according to dotted line. Bottom: MSMS spectra of com-
plex of type III, Table 6, entry 1. 
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In order to increase the amount of short-lived oxidative addition com-
plexes, the more electron-poor triflate p-cyanophenyl triflate (22b) was also 
investigated as a substitute for 22a. Due to the increased reactivity, the reac-
tion temperature was re-evaluated. Reaction temperatures of 70 or 100 °C 
were found to be more suitable, resulting in a complete reaction within 40 
and 20 minutes, respectively. At this low reaction temperature, the hydroly-
sis of 22b into p-cyanophenol was competing with the Heck arylation. The 
synthetic utility of this reaction was therefore confirmed using a reaction 
temperature of 150 °C for 15 minutes, providing full conversion of 22b with 
only traces of p-cyanophenol (Table 5). 

In a series of reactions, Pd(OAc)2, 19 and Pd EnCat 30 were employed as 
palladium sources. Also, the precursors for the synthesis of Herrman’s pal-
ladacycle, tri-o-tolylphosphine (18a) and Pd(OAc)2 were tested. ESI-MS 
investigations of the four catalytic systems yielded the same set of isotopic 
m/z ratios interpreted as detected oxidative addition complexes (Scheme 19, 
Table 6), although the use of 19 and its precursors resulted in an extra peak 
assembly of significantly higher m/z signals than was interpreted as interme-
diates from the decomposition of the palladacycle. 

The structures indicated by the detected peaks identified in the high e/z 
area of the spectrum exhibited the characteristic isotopic pattern of palla-
dium (Figure 2, top). The spectrum correlated well with the theoretical peak 
pattern (Figure 2, middle). The peak collections were analyzed using the 
MS-MS feature connected to the instrument, allowing collision-induced 
fragmentation of the 106Pd containing complex and observation of daughter 
ions. The MS-MS spectra exhibited an interpretable fragmentation (Figure 2, 
down) resulting from the abstraction of a dppp ligand (for complex type I) or 
one of its mono-oxidized equivalents (for complex type II).  

Entry
Isolated
yield (%)

1.               21                 Pd(OAc)2             84%
2.               21                 19                         66%
3.               11                 Pd(OAc)2             91%
4.               11                 19                         62%

CatalystOlefin

Table 5. Reaction mixture: catalyst (0.001 mmol), dppp (0.003 mmol), p-
cyanophenyl triflate (0.4 mmol), vinyl ether according to entry 
(1.0 mmol), 10% aq. DMF (2 mL). Reactions were microwave 
heated at 150 °C for 15 minutes and after cooling treated with 1 
mL 12 M aq. HCl. The compounds were isolated as p-
cyanoacetophenone (24b).
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As a second method of verification, the reactants forming the ions of the 
detected species were replaced one at a time in order to assure that the ex-
pected shift in the mass spectrum was observed. Compounds 22a and 22b
were replaced by 6-cyanonaphthyl-2-triflate (22c) and 3,4-dicyanophenyl 
triflate (22d); and dppp with (2S,4S)-(-)-2,4-bis(diphenylphosphino)pentane 
(18d).161 All substitutions resulted in the detection of the expected peaks. 

A mechanism for the activation of Herrman’s palladacycle has recently 
been proposed by Jutand. In this proposal the palladium is released as Pd0 in 
a reductive elimination, forming a benzylic acetate, (Scheme 20). The dis-
covered cationic complex I indicates the precatalyst is dissociated and in 
equilibrium with whichever ligands may be found under the conditions em-
ployed. Thus, the results are compatible with the mechanism suggested by 
Jutand, but also seem to allow other possible Pd0 releasing pathways.162
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Scheme 19.  Cations detected by ESI-MS. 

Table 6. ESI-MS investigations performed. The eventual detection of the com-
plexes in question is indicated in the three columns to the right. 

Sample 
Temp. time

Entry Catalyst Triflate Ligand (°C) (min) I II III
1 Pd(OAc)2 22a 18b 120 10 Yes Yes No
2 Pd(OAc)2 22b 18b   70 20 Yes Yes No
3 19 22b 18b 120   5 No Yes Yes 
4 Pd(OAc)2 + 22b 18b 120 10 No Yes Yes 

(o-Tol)3P
5 PdEnCat 30 22b 18b   70 20 No Yes No
6 Pd(OAc)2 22c 18b   70 20 No Yes No
7 Pd(OAc)2 22c 18b 100 10 No Yes No
8 Pd(OAc)2 22d 18b   70 20 No Yes No
9 Pd(OAc)2 22b 18d 120   5 No Yes No
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5.6 Conclusion 
The perfect regiocontrol that could be gained using all the investigated pre-
catalysts, either traditional, of microencapsulated type, or palladacycles, 
suggest clearly that a similar reaction mechanism is active in all cases. This 
is further manifested by ESI-MS investigations where all the investigated 
precatalysts give rise to catalytic systems with similar oxidative addition 
complexes operating. The proposed PdII-PdIV catalytic cycle therefore does 
not seem to be operative under the investigated conditions. 

P
Pd

O O

P

OAc

2

1/2
+  Pd0

o-Tol o-Tol o-Tol o-Tol

Scheme 20. Mechanism for the activation of Herrman’s palladacycle according 
to Jutand. 
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6. Tandem Isomerization/Heck Arylation 
of 2,3-Epoxycyclohexanone under 
Microwave Conditions (Paper III)

6.1 1,2-cyclohexandione as a bioisostere and synth-
etic precursor 

Compounds containing carboxylic acid functions are doubtlessly common 
elements in all living species. All organisms are naturally equipped with 
enzymes, transporters and other proteins that interfere with carboxylate 
moieties. In the process of drug discovery, it is often desirable to find ana-
logs of carboxylic-acids of similar protein-binding properties. In many such 
cases, the carboxylic acid moiety is however not a suitable functionality in 
itself because of the poor pharmacokinetic properties associated with it.163 It 
therefore makes sense to design isosteric replacements for carboxylic acids 
and develop ways of introducing them in bioactive core templates. 

The 1,2-cyclohexandione moiety has been suggested as a replacement for 
the carboxylic acid function.164,165 In common with most other cyclic 1,2-
diketones, the structure is highly populated in the mono-enol form, and ex-
hibits acidic properties and has the dimensions and electronic properties 
similar to a weak carboxylic acid.166-168 In addition, the deprotonated 1,2-
cyclohexanone moiety also exerts much stronger coordinating effect on soft 
metals than use to be the case for oxygen anions.169 Thus, it also appears to 
be useful as a metal chelating group. In addition, 1,2-cyclohexandiones are 
versatile building blocks for the construction of heterocyclic compounds. 
Several heterocyclic systems can result from the double nucleophilic addi-
tion to the carbonyls, followed by the elimination of water (Scheme 21).170-

172
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6.2 Synthesis of 3-aryl-1,2-cyclohexandiones 
The 3-arylation of 1,2-cycohexandione (28) starting from aryl bromides (20)
has previously been reported.167 There is, however, reason to believe that the 
reaction suffered from overligation of the palladium catalyst because of the 
strong intrinsic metal chelating effect of 28. In order to improve the protocol, 
ways to achieve a slow release of 28 in situ was investigated here. Several 
convenient routes to 28 have been reported starting from 2,3-epoxycyclo-
hexanone (29) which undergoes the mentioned isomerization when subjected  
to either a phosphine,173-175 Brönstedt acid176 or base;173 a palladium(II)salt173

or a ruthenium(II)complex;177 although treatment with Pd0 complexes 
yielded the 1,3-diketone.178,179 2,3-epoxyketones are further easily produced 
from the corresponding readily available , -unsaturated compound by oxi-
dation with peroxide.180 It therefore appears to us that the palladium and base 
content of a functional Heck reaction cocktail might act as a competent 
isomerization system in addition to the Heck arylating feature (Scheme 22). 
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Scheme 22. In situ epoxide opening and Heck arylation of 29.
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Scheme 21.  Synthesis of heterocyclic compounds from 1,2-diketones. 
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6.3 Classical protocol 
The hypothesis was initially tested using the conditions developed for the 
Heck arylation of 28, using 5% Pd(OAc)2 as a precatalyst and was stabilized 
with 12% PPh3 (18c). DIEA was used as the base and the reaction was per-
formed in water/DMF (3/17) by classical heating at 100 °C for 17 h. The 
reactions starting from 28 (reported previously167) and 29, were approxi-
mately equally productive (Table 7). Also, the scope of reactant preference 
was found to be the same: neutral aryl bromides gave moderate yields, elec-
tron-rich och electron-poor were less productive, and also slightly sterically 
hindered aryl bromides produced poorly. 

GC-MS investigations revealed that 29 was present in high concentration 
throughout most of the reaction starting from 20a, although 28 was only 
detected at trace amounts early in the reaction. Bearing in mind the fact that 
the tandem isomerization/arylation is a two-step reaction, the attempt can be 
described as successful. It was therefore concluded that the in situ formation 
of 28 was a beneficial method worthy of further development. An alternative 
explanation of the good results starting from 29 might be the fact that 28 
seems to be chemically more sensitive to oxidation and base catalyzed con-
densation reactions.181 By in situ formation of 28, the average time of expo-
sure to high temperatures was kept low. 

6.4 Development of a microwave promoted protocol 
A microwave-assisted protocol was also developed for the conversion of 29
into its corresponding 3-arylated products (30) with the aims of increasing 
throughput, raising the yield and making the reaction accessible to sluggish 
aryl bromides. The reaction was originally tested using bromobenzene (20a)
as arylating agent. Subjecting the reaction cocktail used to traditional heating 
at the high temperatures associated with microwave heating resulted in a 
dirty low-yielding reaction mixture. Screening for various solvents and bases 
revealed that among several solvents and solvent mixtures, aqueous ethers 
(aqueous THF, dioxane and diglyme were investigated) to be clearly advan-
tageous with regard to product formation and purity. Weak bases were 
clearly preferred in favor of stronger ones, with no clear preference for 
amines or inorganic bases. Although functional, the reaction yielded large 
amounts of 3-phenylcyclohexenone (31) and traces of 3-
phenylcyclohexanone (Table 8, entry 1). In the most severe cases, 31 was 
formed at amounts higher than for the desired product 30. The composition 
of the reaction mixture was followed over time for some reactions by per-
forming GC-MS measurements, and  the  compounds  were  quantified  us-
ing an internal standard (2-methylnaphthalene).  The 30a/31 ratio decreased 
during the reaction, but remained constant when the reaction was further
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0
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100
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4
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Table 7. Isomerization/arylation of 29.
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Table 7. Cont.

a Classical conditions: 29 (1.0 mmol), 0.05 equiv Pd(OAc)2, 0.12 equiv PPh3, 20 (4 equiv), DIEA (4 equiv), 

0.75 mL water, 4.25 mL DMF. Microwave conditions: 29 (1.0 mmol), 0.0005 equiv Pd(OAc)2,1.5-10 equiv 

20, 4 equiv NaOAc, 3 mL 50% aq. PEG. b >95% purity by GC-MS. Inside brackets, isolated yield starting 

from 28 according to reference 167. c 75% aq. PEG used as solvent.d Water:PEG:t-BuOH 2:1:1 used as 

solvent

d

a
b

heated after completion. The process of reduction thus seems to be a compet-
ing reaction route in relation to the desired product-forming pathway, rather 
than a separate process reducing already released 30a. A similar reduction 
event has been described in the Heck arylation of 2-cyclohexenone.182 When 
acetate was added to the reaction mixture, the deoxygenation did not take 
place according to this report. Also in this project, changing base to acetate 
prevented the reduction and also produced higher yields and over all cleaner 
reaction mixtures (Table 8, entry 2). In addition, when using NaOAc as the                        
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base, the amount of catalyst required for the reaction was significantly re-
duced (Table 8, entry 3). It seems most likely that the reduction process is 
the result of the lack of a -elimination step, presumably occurring through 
palladium migration to form the palladium enolate (Scheme 23). The de-
mand for a large amount of palladium might be explained by the fact that a 
catalytic cycle ending in the production of 31 starts with Pd0 and ends with 
protolysis and the release of PdII. Thus, the source of Pd0 is continuously 
depleted and has to be replenished by the reduction of PdII, maybe mediated 
by the solvent or the phosphine ligand.  Therefore, a high palladium load 
will benefit the reaction by providing more PdII available for reduction. 

Table 8.  Optimization of the isomerization/Heck arylation protocol starting from 
29 under microwave conditions. 

Temp., Isolated
Pd(OAc)2 time yield (%)

Entry (mol %) Base Solvent (°C, min) 30a
1 5a DIEA Dioxane 180, 10  29b

2 5a NaOAc Dioxane 180, 10 66
3 0.5a NaOAc Dioxane 180, 10 61
4 0.05 NaOAc PEG 150, 20 17
5 0.05 NaOAc 15% aq. PEG 150, 20 67
6 0.05 NaOAc 25% aq. PEG 150, 20 66
7 0.05 NaOAc 50% aq. PEG 150, 20 72
8 0.05 NaOAc 75% aq. PEG 150, 20 46
9 0.05 NaOAc 90% aq. PEG 150, 20 22

10 0.05 NaOAc Water 150, 20   8 
11 0.02 NaOAc 50% aq. PEG 150, 20  23c

12 0.10 NaOAc 50% aq. PEG 150, 20 67
13 0.20 NaOAc 50% aq. PEG 150, 20 70
14 0.50 NaOAc 50% aq. PEG 150, 20 80
15 0.05 DIEA 50% aq. PEG 150, 20 < 3c

16 0.05 NaOAc 50% aq. PEG 150, 20 25
DIEA 

17 0.05 NaOAc 50% aq. PEG 150, 20 33d

18 0.05 NaOAc 50% aq. PEG 150, 20   52e,c

Conditions: A thick-walled vial was filled with: 29 (1 mmol), Pd(OAc)2 (amount according to entry), if 
stated 18c (amount according to entry), 4 equiv base, 4 equiv 20a. The vial was capped and microwave 
heated according to entry. a 18c (18c/Pd 3/1) added. b 32% 31 isolated. c Not full conversion reached. d

18c (18c/Pd 3/1) added. e Oil-bath heating employed. 
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Palladium – Phosphorous Aryl Scrambling 
The use of other aryl bromides than 20a in the reaction revealed a major aryl 
scrambling between the supplied 18c and the oxidative addition complex, 
resulting in the expected product being contaminated with the corresponding 
3-phenyl compound (30a). The first signs of aryl migration was detected 
above 150 °C, and at 180 °C, the palladium-phosphorous aryl transfer was so 
facile that the transfer almost were brought to equilibrium, as indicated by 
the product ratio (Scheme 24). 

In order to find a competent alternative stabilizer to replace PPh3, the use 
of polyethylene glycol (PEG) was evaluated as a combined solvent and in-
hibitor of palladium black formation. PEG has been found to participate in 
the reduction of PdII, forming catalytically active palladium nanoparticles, 
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Scheme 23.  Suggested reductive pathway leading to 3-phenylcyclohexenone 
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Scheme 24. Heck arylation of 29 with p-tolyl bromide using 18c as coordinating 
ligand.
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and to stabilize the particles formed avoiding precipitation.183-186 It also ex-
erts phase-transfer catalytic properties187 and is also merited by its relative 
environmental benignity.188 Rewardingly, PEG was found to be a useful 
solvent and no additional ligands were necessary to add to the reaction. Si-
multaneous optimization of the water and palladium concentrations revealed 
that the palladium concentration could be reduced to no more than 0.05% 
using a 50% aqueous PEG solution as solvent (Table 8, entries 4-14). It was 
again verified that NaOAc was inferior over DIEA or a combination of 
NaOAc and DIEA (Table 8, entries 15, 16 respectively). The reaction was 
also found to be retarded by the addition of stabilizing 18c, and an oil-bath 
heated reaction was clearly inferior of its microwave heated counterpart (Ta-
ble 8, entries 17, 18 respectively). The new reaction media was however not 
productive for reactions at 100 °C using classical heating. 

Another merit of PEG is its propensity to adhere to silica. The tedious 
downstream workup procedure could be avoided by simply pouring the 
cooled reaction mixture onto a silica plug, rinsing out the residues of 20 and 
its corresponding dehalogenated product with isohexane at reduced pressure, 
followed by elution of 30 with 20% ether/isohexane. PEG was found in the 
eluate by rinsing with halogenated or protic solvents. The method demanded 
the absence of phosphine ligands that if present were, as previously de-
scribed in literature, difficult to remove using chromatography.189

Diphenylation
Yet another competing reaction plagued the project. The aqueous PEG pro-
tocol described above produced high yields of product in most cases, al-
though a small amount of 3,6-diaryl-1,2-cyclohexandione was formed during 
synthesis starting with the neutral m- and p-alkyl phenyl, phenyl and elec-
tron-rich p-anisyl bromides. Although the amount formed was low, the sepa-
ration of this byproduct from the desired 30 was difficult, which limited the 
practical utility of this protocol. A strong correlation was found between 
high water content and high diaryl formation by varying the water concentra-
tion which seems consistent with the fact that the enol form is generally 
highly populated in polar solvents.166,168 By limiting the excess of aryl bro-
mide provided, the formation of the diphenyl compound could be brought 
down to trace amounts without compromising with the yields of product 30.
Furthermore, by reducing the reaction temperature from 180 to 150 °C, no 
formation of diarylated compound was seen, although the reaction time had 
to be doubled to 20 minutes. 

Since the palladium-catalyzed -arylation of ketones seems to require 
bases strong enough to significantly deprotonate the supplied ketone, this 
finding seemed interesting.190,191 However, attempts to design a protocol for 
the synthesis of 3,6-diphenyl-1,2-cyclohexandione did not furnish more than 
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12% isolated yield. Also, attempts to employ these conditions for the -
arylation of other ketones gave equally low yields.  

Final protocol 
Finally, a standard protocol employing no more than 0.05% Pd(OAc)2,  1.5-
10 equiv ArBr and 4 equiv NaOAc in 50% aq. PEG, and subjection to mi-
crowave heating for 20 minutes at 150 °C, was defined. Only when using the 
more poorly reacting electron-rich or sterically hindered aryl bromides (20j,
20b and 20c, 20s, respectively; Table 7, entries 1, 2, 12, 13) the use of 180 
°C was found beneficial or even necessary. 

When starting from electron-rich olefins, the microwave promoted proto-
col was clearly inferior to it’s classical analog. For the strongest electron-
rich compounds (20b, 20j) it was actually not even possible to render the 
corresponding product 30c, 30d under classical conditions. For neutral aryl 
bromides, a slight increase in yield was clearly experienced. Among the 
electron-rich bromides, the fluorinated aryl bromides 20o and 20p, yielded 
no product at all under the classical conditions (Table 7, entries 8, 9). Only 
when starting from 20r (Table 7, entry 11), the isolated yield was better un-
der classical conditions. The reactivity of the -carbonyl protons under the 
high temperature was suspected to explain this deviation from the indication 
that microwave conditions were more highly productive. Using the mesom-
erically electron-poor and hydrophobic 20q, the yield was very low which 
might be explained by the low solubility of the starting aryl bromide. In or-
der to increase the solubility, a less polar solvent had to be employed (Table 
7, entry 10). By the addition of t-butyl alcohol, almost the double yield was 
achieved. The very poor yields were achieved when working with the 
slightly bulky 20q and 20r under classical conditions, was almost brought to 
the same level as when using neutral aryl bromides when subjected to mi-
crowave conditions. Even more hindered bromides such as 2-m-xylyl bro-
mide was still not possible to use. 



54

6.5 Investigation of epoxide isomerization
In order to elucidate which component of the reaction mixture is responsible 
for the hypothesized isomerization of 29 to 28, the individual components 
used in both classical and microwave conditions were heated together with 
29 in respective reaction medium at the temperature and time used for those 
conditions (Scheme 25). Also, the effect on 29 by PdCl2 was investigated to 
render information about the influence of PdII in an acetate free environment; 
and Pd(PPh3)4 in order to reveal the effect of Pd0 that could be formed in the 
course of the reaction. 

Under classical conditions, neither PPh3 nor DIEA separately or in com-
bination, was able to yield more than traces of 28. Pd(OAc)2 however 
quickly converted 29 into 28 and phenol. When Pd(OAc)2 was exchanged 
for Pd(PPh3)4, a clean and full conversion of 29 to 1,3-cyclohexandione, was 
realized.

Isomerization experiments using microwave heating conditions was per-
formed at 150 °C for 20 minutes in 50% aqueous PEG. NaOAc alone isom-
erized 29 into 28, although Pd(OAc)2 only gave minor isomerization. With 
PdCl2, the formation of 28 was almost absent suggesting that acetate ions, 
rather than palladium were responsible for the isomerization by Pd(OAc)2.
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Scheme 25. Overview over mechanistic experiments conducted to investigate 
the isomerization process of 29 under classical (left) respectively 
microwave conditions (right)
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 Since acetate was found amazingly effective as an isomerization catalyst, 
despite its low base strength, a nucleophilic mechanism was suspected rather 
than the function as a base. The 2-position of 29 has previously been recog-
nized as a position susceptible to nucleophilic attack.192 Replacing sodium 
acetate with the much stronger base DIEA resulted only in a minor isomeri-
zation. Even under microwave conditions, Pd(PPh3)4 isomerized 29 into 1,3-
cyclohexandione. 

6.6 Mechanistic investigations using acetate analogs. 
Attempts to search for reaction intermediates in the microwave-promoted 
protocol were found discouraging, since only traces of 28 could be found in 
the mixture of a discontinued reaction. However, an attempt to prolong the 
half-life of the intermediates formed by the introduction of the sterically 
hindered pivaloate ion, as a replacement for the acetate ion was found pros-
perous. By heating 29 with sodium pivaloate in reaction medium at 80 °C, 
the expected epoxide-opened pivaloate analog (32) of E-geometry was start-
ing to form and once a considerable amount had built up, the corresponding 
Z-isomer was also produced (Scheme 26). Only at elevated temperature (~ 
100 °C), was the expected elimination product (33) formed. The ester hy-
drolysis to give 28 was found to require considerably higher temperature (~ 
150 °C) to take place. 

To further prove the reaction as a tandem epoxide isomerization/Heck-
arylation, the utility of the supposed intermediates as well as the produced 
pivaloate esters in the Heck reaction was tested. The reaction was performed 
according to the general procedure, although with 29 replaced by a substitute 
according to Table 9. 

O

O

t-BuCOO-
O

OCO-t-Bu

OH

O

OH

OCO-t-Bu

O

OH

OCO-t-Bu

O
OCO-t-Bu

E-32

Z-32 33

29

Scheme 26. The hypothesized mechanism behind the isomerization of 29 to 
give 33 experienced by heating in reaction media.
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Starting from 28 or its 2-acetoxy ester (2-acetoxy-2-cyclohexenone, 35)
yielded a functional reaction although less productive than starting from 29
(Table 9, entry 1, 2). No non-ester hydrolyzed arylated compound could be 
detected in the reaction mixture. Sodium pivaloate was also functional as a 
replacement for sodium acetate (Table 9, entry 3, 4) although the resulting 
product was sparsely found. By the addition of a tenfold quantity (0.5%) of 
Pd(OAc)2, the reaction improved significantly. The attempted arylations 
starting from pivaloate intermediates (Table 9, entry 5-10) yielded more 
moderate amounts of arylated products. The pivaloate ester functionality was 
not hydrolyzed fully post-arylation, but yielded the phenylated pivaloate 
ester (34) along with 30a.

6.7 Extended version of the protocol 
The mechanistic endeavor utilizing pivaloate as a nucleophile for the open-
ing of 29 raised the question of whether other nucleophiles than pivaloate 
might be usable in the epoxide opening-elimination-arylation sequence, but 
leaving the nucleophilic moiety attached to C-3. The idea was briefly inves-

Olefinic Equiv Isolated yield (%) 
Entry substrate of 20a Base 30a 34

1. 28 1.5 NaOAc 54  -
2. 35 1.5 NaOAc 23  -
3. 29 4.0      NaOCO-t-Bu 13   0 
4. 29 4.0 NaOCO-t-Bu 38 traces
5. E-32 1.5 NaOAc 24   0 
6. E-32 4.0 NaOAc 45 25
7. E-32 4.0 NaOCO-t-Bu 45 13
8. 33 1.5 NaOAc 11
9. 34 4.0 NaOAc 45 22

10. 35 1.5 NaOCO-t-Bu   8   0 

Table 9. Heck reactions performed using the general procedure, although 
with 29 eventually replaced for an analog.

   

O

O

Pd(OAc)2, PhBr
1.5 equiv morpholine

O
N

Ph

O O
OH

Ph
29

+

50% aq. PEG
160 °C, 20 min 30a

11%
36

27%

Scheme 27. Nucleophilic opening of 29 with morpholine followed by water 
elimination and C3-arylation. 
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tigated using morpholine as a nucleophile resulting in the desired product 
(36), although with residues of 30a (Scheme 27). The release of morpholine 
from 35 yielding 30a upon heating was found to occur and could not be pre-
vented during the course of the reaction by avoiding the water additive. No 
further experiments using dried solvents were however investigated. 

6.8 Conclusion 
A protocol for the tandem epoxide opening and 3-arylation of 2,3-
epoxycyclohexanone using the Heck reaction has been developed. Based on 
experiments performed on a sluggishly reacting model system, the mecha-
nism has been established. The protocol fulfills a series of virtues like short 
reaction time, convenient workup and environmental benignity using not 
more than 0.05% palladium, no phosphine ligands and aqueous PEG as sol-
vent.
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7. Heck Spiro-Cyclization of a Series of 
Capto-dative and Electron-rich Olefinic 
Precursors (Paper IV) 

7.1 Introduction 
A large number intramolecular Heck reactions have been reported since the 
concept was first introduced by Mori in 1977.193 A brief overview of the 
literature however shows that almost all intramolecular Heck reactions re-
ported start with electron-poor or neutral olefins,115 and only a few with elec-
tron-rich olefins.194-196 Considering the important role of Heck cyclizations 
as a route to quaternary all-carbon centers, implementation using electron-
rich olefins seems surprisingly little explored. 

7.2 Purpose of the investigation 
The purpose of this investigation was to examine the route to spirocyclic 
compounds starting from four different precursors (37-40, Scheme 28) of 
varying electron density. In order to broaden the synthetic utility of the cy-
clizations investigated, efforts were made to control double-bond migration. 

     

O
R1R2

X

[Pd]

R1R2O37  R1, R2= (=O)
38  R1= OH, R2= H
39  R1= OAc, R2= H
40  R1, R2= H

Scheme 28. General synthetic pathway investigated. 



59

7.3 Preparation of precursors 
A lack of methods for the operationally convenient preparation of precursors 
will make any synthetic method, no matter how brilliant, of little value. The 
development of an efficient route to cyclization precursors was therefore 
necessary. Precursor 37 was prepared by the acid-catalyzed condensation of 
the corresponding o-halobenzyl alcohol (41) and 1,2-cyclohexandione (28).
The equilibrium developed was driven towards the formation of condensa-
tion product 37 by the continuous azeotropic removal of water that after 
condensation was rinsed through a soxlet adaptor with K2CO3 and returned 
to the reaction mixture. Compound 38 was prepared by the well recognized 
reduction using NaBH4, and further on, 39 was obtained through acetylation 
of 38 using DMAP/Ac2O.

Linear vinyl ethers are conveniently prepared in the laboratory scale by 
transvinylation from the corresponding alcohol, and a cheap volatile vinyl 
ether by the catalysis of palladium197 or mercury salts198, or in industry from 

OH
O

HO

X

PTSA O

X

O
NaBH4

O

X

OH
Ac2O
Et3N

O

X

OAc

+

O

XO
O

X

OH+

220 °C, 5 min
DMAc

OH

X
+

37a  X=Br  83%
37b  X=I    77%

41

42
43

41

38a  X=Br  92%
38b  X=I    87%

40a  X=Br  85%
40b X=I 77%

39  X=I    89%

28

Scheme 29.  Synthesis of precursors for Heck cyclization. 
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the corresponding alcohol, and alkyne.199-201 Cyclic enol ethers are, however, 
more difficult to prepare. The most commonly reported methods for their 
preparation are through the acid-catalyzed reaction between a corresponding 
alkyl ketal or vinyl ether of a volatile alcohol, and the alcohol to be incorpo-
rated.202 The reaction equilibrium is driven to the right by the continuous 
removal of alcohol by azeotropic distillation. A similar approach was im-
plemented for the synthesis of cyclic vinyl ether precursors for this project. 

Initial attempts to produce the cyclization substrate 40 from 41 and 1-
methoxy cyclohexene (42) failed due to the formation of several byproducts, 
which drained the reaction mixture from 41 and offered an impossible 
workup endeavor. By identifying the reaction parameters leading to their 
formation, a high-yielding procedure was finally established. 

Pre-stirring the reactants at low temperature was found to be essential in 
order to decrease the amount of intermediates participating in condensation 
reactions with the -position of cyclohexane present in the reaction mixture. 
After stirring at low temperature (~ 1h; allowing the reaction mixture to form 
an ice-slurry), most of the provided 41 was incorporated into the mixed ketal 
1-(o-halobenzyl)-1-methoxy-cyclohexane (43). Furthermore, it was impor-
tant to keep the reaction mixture diluted, to allow the azeotrope to distill off 
without overheating resulting in the formation of methyl-o-halobenzyl ether 
and di-o-halobenzyl ether. Too low an excess of 42 provided at the begin-
ning of the reaction, or resulting from too vigorous distillation removing 42
from the mixture, resulted in the formation of large quantities of 1,1-di-o-
halobenzyloxi-cyclohexane (44), a compound which once formed, was diffi-
cult to remove by the addition of more 42. The final product, 40, was diffi-
cult to isolate from the ketals, 43 and 44, which were present at different 
amounts. The thermal instability of ketals was instead utilized to remove 
these residues by heating at 220 °C for 5 minutes in DMAc. 

7.4 Heck cyclization 
Because of the relative novelty of Heck cyclizations starting from electron-
rich olefins, various catalytic systems, solvents, bases, additives and reaction 
temperatures were evaluated. Initial experiments converting capto-dative 
olefin 37a into product 45 (Scheme 30) revealed that the use of amine bases 
was clearly superior over inorganic bases which, when implemented, led to 
degradation of the starting material into several by-products. Most deleteri-
ous was the use of strong inorganic bases (K2CO3, K3PO4), leading to the 
formation of large amounts of by-products of which a prominent one was o-
bromotoluene. The sterically hindered base pentamethylpiperidine (PMP) 
was chosen as the standard base in the reaction since this was found to be 
more productive than the traditional amine bases triethylamine and N-
methylmorpholine (Table 10, entries 1, 2, 7).68,126 The use of quaternary 
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ammonium halides was also found to be highly favorable, if not warranted, 
for the reaction (Table 10, entries 3-8).203 Since the non-halide salts TBAA 
(tetrabutylammonium acetate) and TBAS (tetrabutylammonium hydrogen 
sulfate) were found to be less productive, the effect of the additives may 
partly be attributed to the ability to supply halide ions. The choice between 
the quaternary ammonium halides was less important.  

Among the solvent systems tested, 37 and 38 were spiro-cyclized in tolu-
ene, which seems to be due to the low precursor stability in polar solvents, 
and not necessarily because these provided an inferior environment for the 
Heck reaction to occur. The addition of 5% v/v water to the reaction utilizing 
iodide 37b accelerated the reaction, but had no other effects on the outcome. 
In the recommended protocol for the cyclization of 37a and 37b, 1% 
Pd(OAc)2, 4 equiv PMP and 4 equiv TBAB, toluene (37a) or water/toluene 

O
O

O
OAc

O
O

O
O

OH
O

OH
O O

45                           46                             47                            48a

48b     49   50
Scheme 30.  The encountered spirocyclic compounds.

Table 10. Isolated yield employing different tetrabutylammonium salts as 
additives in the Heck cyclization.  

Isolated
Entry Additive Base yield (%) 

1 TBAB Et3N 74
2 TBAB NMM 77
3 No additive PMP 13
4 TBAA PMP   9 
5 TBAS PMP 22
6 TBAC PMP 82
7 TBAB PMP 82
8 TBAI PMP 78

Procedure: A thick-walled process vial was added 37a (0.5 mmol), 0.01 equiv Pd(OAc)2, 2 equiv tetrabu-
tylammonium salt according to entry, 4 equiv amine base, 3 mL toluene. The reaction mixture was mag-
netically stirred and microwave heated at 180 °C for 10 minutes. 
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1:19 (37b) were used, employing either 10 minutes of microwave heating, or 
classical heating overnight (Table 11). Attempts to hinder double-bond mi-
gration by the addition of silver salts were only partially successful using 
Ag3PO4 in dioxane. 

Starting from alcohols 38, the conditions developed for the cyclizations of 
37 were also verified to be suitable for 38. The double-bond migration was, 
however, less efficient leaving a considerable amount of the cyclized com-
pound in the non-double-bond isomerized form. It was hypothesized that 
switching to a less polar solvent system would facilitate double-bond migra-

Table 11   Spiro-cyclization. 
Temp. Heat Isoletedb

Entry R1, R2 X Solvents Conditionsa (°C) time yield (%) 

45 46
1 = O Br 37a Toluene Microwave 180 10 min 82
2 Br 37a Toluene Classical 120 18 h 71
3 I 37b Toluene/water 19:1 Microwave 140 10 min 91
4 I 37b Toluene/water 19:1 Classical 100 18 h 82
5 I 37b Dioxane/water 19:1 Classical 70 24 h 15  26c

47   48d

6 OH, H Br 38a Toluene Microwave 180 10 min 51 7
7 I 38b Toluene/water 19:1 Microwave 140 10 min 59 15
8 I 38b Toluene/water 19:1 Classical 100 18 h 58 12
9 I 38b Toluene/hexane/ Microwave 140 10 min 44

water 34:4:2 
10 I 38b Toluene/hexane/ Microwave 140 10 min 20

water 19:19:2 

49
11 OAc, H I 39 DMF Microwave 140 10 min 54

50
12 H, H Br 40a DMF Microwave 180 10 min 63
13 I 40b Toluene/water 19:1 Microwave 180 10 min 54
14 I 40b DMF/water 19:1 Microwave 180 10 min 77
15 I 40b DMF/water 1:1 Microwave 180 10 min 39

a Procedure: To a thick-walled process vial were added any of the precursors 37-40 (0.5 mmol), 0.01 equiv 
Pd(OAc)2, 2 equiv TBAT, 4 equiv PMP, and 3 mL toluene. The reaction mixture was magnetically stirred 
and microwave heated or classically heated according to entry. b >95% purity by GC-MS and 1H NMR. c 0.2 
equiv Ag3PO4 was added to the reaction mixture and TBAB was replaced by an equimolar amount of TBAS. 
d Combined isolated yield of 48a and 48b.
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tion by opposing less palladium displacing forces to the PdH- -complex 
remaining after insertion. This effect was also observed when using a tolu-
ene-hexane solvent mixture as reaction medium, but was unfortunately 
found to give too low yield. 

The allylic acetate 39, was surprisingly found to undergo cyclization in a 
similar fashion to 37 and 38, yielding a mixture of four compounds demon-
strating similar mass spectrometric properties. A brief re-evaluation of the 
protocol showed that the reaction was far more productive when performed 
in DMF than in toluene. Heating of the precursor 39 in DMF at 180 °C for 
10 minutes revealed no signs of decomposition, in contrast to the case for 36
and 37. The major product isolated at a 54% yield was characterized as di-
astereomer resulting from cyclization and immediate abstraction of palla-
dium hydride without double-bond migration. NOESY investigations on the 
isolated product, 49, indicated that the less sterically hindered cis-isomer had 
been isolated. The well known facile oxidative addition of allylic acetates to 
Pd0 was surprisingly not found to occur in this case.204-206 Also, the cycliza-
tion of enol ether 40 was best performed in DMF, in which it was found to 
be stable during 10 minutes of heating at 180 °C in DMF. The reaction was, 
however, in similarity to the other precursors, found to require harsher reac-
tion conditions, a higher catalyst loading, or the implementation of the 
highly polar water/DMF 1:1 mixture as reaction medium. 

7.5 Conclusion 
A series of ortho-halobenzyl ethers has successfully been transformed by 

exo-cyclization into spiro-compounds in moderate to good yields. Cycliza-
tion was performed using high-speed microwave heating involving no more 
than 10 minutes of heating, as well as under classical heating conditions 
running over night.  
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8. Concluding Remarks 

In summary, the conclusions of this thesis are: 

• A fast microwave enhanced protocol for the , -selective arylation of 
(2-etheynloxy)ethyl N,N-dimethyl amine has been developed A series 
of novel of , -diarylated (2-ethenyloxy)ethyl N,N-dimethyl amines 
have been synthesized and described. 

• Evidence for the absence of a PdII-PdIV catalytic cycle in the Heck ary-
lation of vinyl ethers using e.g. Herrman’s palladacycle and micro-
wave conditions has been established based on reaction outcome and 
by ESI-MS-MS identified reaction intermediates. 

• Conditions for the tandem isomerization/Heck arylation of 2,3-
epoxycyclohexanone have been identified. 

• Based on reactions under non-functional Heck conditions (in the ab-
sence of ArBr), the occurrence of an isomerization process of 2,3-
epoxycyclohexanone to 1,2-cyclohexandione separate from the Heck 
arylation was established. 

• The introduction of a sluggish modell system by replacing the nucleo-
philic catalyst acetate for pivaloate made it possible to study the reac-
tion mechanism for the tandem isomerization/Heck arylation of 2,3-
epoxycyclohexanone by following the successive formation of differ-
ent olefinic products. 

• A series of capto-dative and electron rich olefins has successfully been 
cyclized using the intramolecular Heck reaction. 5-Exo-cyclizations 
were found in all investigated reactions 



65

9. Acknowledgements 

This work would not have been possible without the help and support of 
several people. In front of all, I wish to express my sincere gratitude to: 

Dr. Mats Larhed, for introducing me to the subject of palladium chemistry 
and for giving me first class advice and support in my work during our spo-
radic meetings, and through spontaneous interceptions when I collected my 
post outside his room. He has also been more than willing to help me and 
others with all sorts of career questions. After all – you have to get rid of us! 

Prof. Anders Hallberg, for accepting me as a PhD student among many in-
terested candidates, and for providing all of us with excellent working facili-
ties and a pleasant working climate at the department. 

Dr. Peter Nilsson, for sharing his obsession for organopalladium chemistry 
with me, and for helping me to identify the important questions and to find 
the right answers to them. 

My co-authors Neeraj Garg and Per Sjöberg for good cooperation. 

Maria Petersson and Rikard Nikkola, my diploma students and summer 
workers. For their devoted work in trying to turn my troublesome side-
reactions into prosperous protocols. 

Anja, Gopal, Helen, Luke, Peter, Prasad and Riina, for important scientific 
and linguistic criticism of this work. 

Gunilla, for always helping everyone at the department by providing neces-
sary information and aid.  

Sorin, for continuously keeping the computer network in shape and provid-
ing qualified service instantly.  

My family and private friends, who have always supported me both morally 
and technically with everything from computer hardware to cough-medicine 
prescriptions.

This work was financed by the Swedish Foundation for Strategic Research. 



66

10. References 

(1)  Eubanks, L. P.; Middlecamp, C.; Pienta, N.; Heltzel, C.; Weaver, 
G. Chemistry in context: Applying Chemistry To the Society.; 5 ed.; 
American Chemical Society, ISBN 0-07-282835-8, 2005.

(2)  Silla, H. Chemical Process Engineering; Marcel Dekker Inc., 
ISBN 0824742745, 2003.

 (3)  Pirrung, M. C. Chem. Rev. 1997, 97, 473-488. 
 (4)  Pollard, M. Org. Process. Res. Dev. 2001, 5, 273-282. 
 (5)  Van Loo, M. E.; Lengowski, P. E. Org. Process. Res. Dev. 2002, 6,

  833-840. 
 (6)  Srinivas, N. R. Biomed. Chromatogr. 2006, 20, 383-414. 
 (7)  Delamarche, E.; Juncker, D.; Schmid, H. Adv. Mater.    
   (Weinheim, Germany) 2005, 17, 2911-2933. 
 (8)  Hegedus, L. S. Transition Metals in the Synthesis of Complex  
   Organic Molecules; 2th ed.; Univesity Science Books: Sausalito, 
   ISBN 1-891389-04-1, 1999.

(9) Nicolaou, K. C.; Sorensen, E. J.; Editors Classics in Total
   Synthesis, VCH, ISBN 3-527 29231-4, 1996.
 (10) Sartori, G.; Maggi, R. Chem. Rev. 2006, 106, 1077-1104. 
 (11) Mahato, S. B. J. Indian Chem. Soc. 2000, 77, 175-191. 
 (12) Meima, G. R.; Lee, G. S.; Garces, J. M. Fine Chemicals through 
   Heterogeneous Catalysis 2001, 151-160. 
 (13) Taylor, R. Electrophilic Aromatic Substitution; John Wiley &  
   Sons, ISBN 0471924822, 1990.
 (14) Stowell, J. Carbanions in Organic Synthesis; John Wiley & Sons 
   Inc, ISBN 047102953X, 1979.
 (15) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed.
   2005, 44, 4442-4489. 
 (16) Nakamura, I.; Yamamoto, Y. Chem. Rev. 2004, 104, 2127-2198. 
 (17) Dembitsky, V. M.; Abu Ali, H.; Srebnik, M. Stud. Inorg.Chem.
   2005, 22, 119-297. 
 (18) Stanforth, S. P. Tetrahedron 1998, 54, 263-303. 

(19) Mori, M. In Handbook of Organopalladium Chemistry for Organic 
Synthesis; Negishi, E.-i., Ed.; Wiley-Interscience: New York, 
ISBN 0-471-31506-0 2002; Vol. 2, pp 2663-2683. 

(20) De Vries, J. G.; De Vries, A. H. M.; Tucker, C. E.; Miller, J. A. In-
novations in Pharmaceutical Technology 2001, 01, 125-126, 128, 
130.



67

(21) Negishi, E.-i.;. In Handbook of Organopalladium Chemistry for 
  Organic Synthesis; Negishi, E.-i., Ed.; Wiley-Interscience: New 
  York, ISBN 0-471-31506-0, 2002; Vol. 1, pp 17-35. 

 (22) Jona, F.; Marcus, P. M. Phys. Rev. B 2002, 65, 155403/155401- 
   155403/155404. 
 (23) Kulik, A. V.; Temkin, O. N.; Bruk, L. G.; Zavodnik, V. E.; Belsky, 
   V. K.; Minin, V. V. Russ. Chem. Bull. 2005, 54, 1391- 1397. 
 (24) Tressaud, A.; Khairoun, S.; Dance, J. M.; Hagenmuller, P. Z.  
   Anorg. Allg. Chem. 1984, 517, 43-58. 
 (25) Cotton, F. A.; Gu, J.; Murillo, C. A.; Timmons, D. J. J. Am. Chem. 
   Soc. 1998, 120, 13280-13281. 
 (26) Mincheva, N.; Ballester, L.; Antonov, L.; Mitewa, M. Synth. React. 
   Inorg. Met.-Org. Chem. 2000, 30, 1643-1651. 
 (27) Canty, A. J. Acc. Chem. Res. 1992, 25, 83-90. 
 (28) Campora, J.; Palma, P.; del Rio, D.; Lopez, J. A.; Alvarez, E.;  
   Connelly, N. G. Organometallics 2005, 24, 3624-3628. 
 (29) Dick, A. R.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2005,
   127, 12790-12791. 
 (30) Li, K.; Xue, D. J. Phys. Chem. A 2006, 110, 11332-11337. 
 (31) Kappe, C. O. Angew Chem Int Ed 2004, 43, 6250-6284. 
 (32) Lidström, P.; Tierney, J.; Wathey, B.; Westman, J. Tetrahedron
   2001, 57, 9225-9283. 

(33) Loupy, A. Microwaves in Organic Synthesis; Wiley-VCH:  
  Weinheim, ISBN 3-527-30514-9, 2002.

 (34) Larhed, M.; Hallberg, A. Drug Discov. Today 2001, 6, 406-416. 
 (35) Lew, A.; Krutzik, P. O.; Hart, M. E.; Chamberlin, A. R. J. Comb. 
   Chem. 2002, 4, 95-105. 
 (36) Larhed, M.; Moberg, C.; Hallberg, A. Acc. Chem. Res. 2002, 35,
   717-727. 
 (37) Leadbeater, N. E. Tetrahedron 2006, 62, 4633. 
 (38) Gedye, R.; Smith, F.; Westaway, K.; Ali, H.; Baldisera, L.; La 
   berge, L.; Rousell, J. Tetrahedron Lett. 1986, 27, 279-282. 

(39) Giguere, R. J.; Bray, T. L.; Duncan, S. M.; Majetich, G.  
Tetrahedron Lett. 1986, 27, 4945-4948. 

 (40) Strauss, C. R.; Trainor, R. W. Aust. J. Chem. 1995, 48, 1665-1692. 
 (41) Watanabe, M.; Suzuki, M.; Ohkawa, S. J. Microwave Power 1978,
   13, 173-181. 
 (42) Washisu, S.; Fukai, I. J. Microwave Power 1980, 15, 59-61. 
 (43) Chu, S. Z.; Chen, H. K. J. Microwave Power 1988, 23, 139-143. 

(44) Whittaker, A. G.; Mingos, D. M. P. J. Chem. Soc.-DT. 2000, 9,
  1521-1526. 

 (45) Gold, H.; Larhed, M.; Nilsson, P. Synlett 2005, 1596-1600. 
 (46) Gabriel, C.; Gabriel, S.; Grant, E. H.; Halstead, B. S. J.; Mingos, 
   D. M. P. Chem. Soc. Rev. 1998, 27, 213-224. 
 (47) Kappe, C. O. Curr. Opin. Chem. Biol. 2002, 6, 314-320. 
 (48) Santos, L. S.; Knaack, L.; Metzger, J. O. Int. J. Mass Spectrometry
   2005, 246, 84-104. 



68

 (49) Horning, E. C.; Carroll, D. I.; Dzidic, I.; Haegele, K. D.; Horning, 
   M. G.; Stillwell, R. N. J. Chromatogr. Sci. 1974, 12, 725-729. 
 (50) Andrien, B. A.; Boyle, J. G. Spectroscopy 1995, 10, 42-44. 
 (51) Takahashi, T. Gendai Kagaku Zokan 1997, 31, 66-69. 
 (52) Lee, H. J. Liq. Chromatogr. 2005, 28, 1161-1202. 
 (53) Whitehouse, C. M.; Dreyer, R. N.; Yamashita, M.; Fenn, J. B.  
   Anal. Chem. 1985, 57, 675-679. 
 (54) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. 
   M. Science 1989, 246, 64-71. 
 (55) Mann, M.; Fenn, J. B. Mass Spectrom. 1992, 1, 1-35. 
 (56) Adlhart, C.; Chen, P. Helv. Chim. Acta 2000, 83, 2192-2196. 
 (57) Plattner, D. A. Int. J. Mass Spectrom. 2001, 207, 125-144. 
 (58) Heck, R. F.; Nolley, J. P., Jr. J. Org. Chem. 1972, 37, 2320-2322. 
 (59) Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44,
   581. 
 (60) Larhed, M.; Hallberg, A. In Handbook of Organopalladium  
   Chemistry for Organic Synthesis; Negishi, E.-i., Ed.; Wiley-  
   Interscience: New York,, 2002; Vol. 1, pp 1133-1178. 
 (61) Beletskaya, I. P.; Cheprakov, A. V. Chem. Rev. 2000, 100, 3009-
   3066. 
 (62) Whitcombe, N. J.; Hii, K. K.; Gibson, S. E. Tetrahedron 2001, 57,
   7449-7476. 

(63) De Meijere, A.; Meyer, F. E. Angew. Chem., Int. Ed. 1994, 33,
2379-2411. 

 (64) de Meijere, A.; Meyer, F. E. Angew. Chem. 1994, 106, 2473-2506  
 (65) Cabri, W.; Candiani, I.; Bedeschi, A.; Santi, R. J. Org. Chem.
   1990, 55, 3654-3655. 
 (66) Cabri, W.; Candiani, I.; Bedeschi, A.; Santi, R. Tetrahedron Lett.
   1991, 32, 1753-1756. 
 (67) Chandrasekhar, S.; Narsihmulu, C.; Sultana, S. S.; Reddy, N. R. 
   Org. Lett. 2002, 4, 4399-4401. 
 (68) Datta, G. K.; Von Schenck, H.; Hallberg, A.; Larhed, M. J. Org. 
   Chem. 2006, 71, 3896-3903. 
 (69) Dell'Anna, M. M.; Mastrorilli, P.; Muscio, F.; Nobile, C. F.;   
   Suranna, G. P. Eur. J. Inorg. Chem. 2002, 1094-1099. 
 (70) Hamza, K.; Abu-Reziq, R.; Avnir, D.; Blum, J. Org. Lett. 2004, 6,
   925-927. 
 (71) Jutand, A.; Mosleh, A. Organometallics 1995, 14, 1810-1817. 
 (72) Qadir, M.; Mochel, T.; Hii, K. K. Tetrahedron 2000, 56, 7975- 
   7979. 
 (73) Jeffery, T. In Advances in Metal-Organic Chemistry; Liebeskind, 
   L. S., Ed.; Jai Press: Greenwich, 1996; Vol. 5, pp 153-260. 

(74) Brown, J. M.; Hii, K. K. Angew. Chem., Int. Ed. 1996, 35, 657-
659.

 (75) Cabri, W.; Candiani, I.; Bedeschi, A.; Penco, S.; Santi, R. J. Org. 
   Chem. 1992, 57, 1481-1486. 



69

 (76) Grigg, R.; Loganathan, V.; Santhakumar, V.; Sridharan, V.; Teas
   dale, A. Tetrahedron Lett. 1991, 32, 687-690. 
 (77) Vallin, K. S. A.; Larhed, M.; Hallberg, A. J. Org. Chem. 2001, 66,
   4340-4343. 
 (78) Mo, J.; Xiao, J. Angew. Chem., Int. Ed. 2006, 45, 4152-4157. 
 (79) Deeth, R. J.; Smith, A.; Hii, K. K.; Brown, J. M. Tetrahedron Lett.
   1998, 39, 3229-3232. 
 (80) Bartoli, F.; Nuzzo, M.; Urbanelli, L.; Bellintani, F.; Prezzi, C.;  
   Cortese, R.; Monaci, P. Nat Biotechnol 1998, 16, 1068-1073. 
 (81) Larock, R. C.; Gong, W. H. J. Org. Chem. 1989, 54, 2047-2050. 
 (82) Larock, R. C.; Gong, W. H.; Baker, B. E. Tetrahedron Lett. 1989,
   30, 2603-2606. 
 (83) Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336-345. 
 (84) Carlström, A. S.; Frejd, T. Acta Chem. Scand. 1992, 46, 163-171. 
 (85) Trost, B. M.; Murphy, D. J. Organometallics 1985, 4, 1143-1145. 
 (86) McCrindle, R.; Ferguson, G.; Arsenault, G. J.; McAlees, A. J. J.
   Chem. Soc., Chem. Commun. 1983, 571-572. 
 (87) Amatore, C.; Jutand, A.; M'Barki, M. A. Organometallics 1992,
   11, 3009-3013. 
 (88) Amatore, C.; Carre, E.; Jutand, A.; M'Barki, M. A. Organometal
   lics 1995, 14, 1818-1826. 
 (89) Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2005, 105,
   2527-2571. 
 (90) Bedford, R. B. Chem. Commun. 2003, 1787-1796. 
 (91) Dupont, J.; Pfeffer, M.; Spencer, J. Eur. J. Inorg. Chem. 2001,
   1917-1927. 
 (92) Dyker, G. Chemische Berichte/Recueil 1997, 130, 1567-1578. 
 (93) Ramarao, C.; Ley, S. V.; Smith, S. C.; Shirley, I. M.; DeAlmeida, 
   N. Chem. Commun. 2002, 1132-1133. 
 (94) Ding, J. H.; Gin, D. L. Chem. Mater. 2000, 12, 22-24. 
 (95) Biffis, A. J. Mol. Catal. A 2001, 165, 303-307. 
 (96) Okamoto, K.; Akiyama, R.; Kobayashi, S. Org. Lett. 2004, 6,
   1987-1990. 
 (97) Price, K. E.; McQuade, D. T. Chem. Commun. 2005, 1714-1716. 
 (98) Wang, W.; Liu, X.; Xie, Y.; Zhang, H. a.; Yu, W.; Xiong, Y.; Xie, 
   W.; Ma, X. J. Mater. Chem. 2006, 16, 3252-3267. 

(99) Uludag, H.; De Vos, P.; Tresco, P. A. Adv. Drug Deliv. Rev. 2000,
42, 29-64. 

 (100) Tsuji, K. Journal of Microencapsulation 2001, 18, 137-147. 
 (101) Several products are sold under the name Pd EnCat by Aldrich. 
 (102) Ohff, M.; Ohff, A.; van der Boom, M. E.; Milstein, D. J. Am.
   Chem. Soc. 1997, 119, 11687-11688. 
 (103) Morales-Morales, D.; Grause, C.; Kasaoka, K.; Redon, R.; Cramer, 
   R. E.; Jensen, C. M. Inorg. Chim. Acta 2000, 300-302, 958-963. 
 (104) Herrmann, W. A.; Bohm, V. P. W.; Reisinger, C.-P. J. Organomet. 
   Chem. 1999, 576, 23-41. 
 (105) Eberhard, M. R. Org. Lett. 2004, 6, 2125-2128. 



70

 (106) Reetz, M. T.; Westermann, E. Angew. Chem., Int. Ed. 2000, 39,
   165-168. 

(107) Ogo, S.; Takebe, Y.; Uehara, K.; Yamazaki, T.; Nakai, H.;
   Watanabe, Y.; Fukuzumi, S. Organometallics 2006, 25, 331-338. 
 (108) Miyazaki, F.; Yamaguchi, K.; Shibasaki, M. Tetrahedron Lett.
   1999, 40, 7379-7383. 
 (109) Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. Advanced
   Synthesis & Catalysis 2006, 348, 609-679. 
 (110) Shaw, B. L. New J. Chem. 1998, 22, 77-79. 
 (111) Beletskaya, I. P.; Cheprakov, A. V. J. Organomet. Chem. 2004,
   689, 4055-4082. 
 (112) Thathagar, M. B.; ten Elshof, J. E.; Rothenberg, G. Angew. Chem., 
   Int. Ed. 2006, 45, 2886-2890. 
 (113) Bohm, V. P. W.; Herrmann, W. A. Chem.- Eur. J. 2001, 7, 4191-
   4197. 
 (114) Trost, B. M.; Jiang, C. Synthesis 2006, 369-396. 
 (115) Zeni, G.; Larock, R. Chem. Rev. 2006, ASAP. 

(116) Link, J. T.; Overman, L. E. Metal-Catalyzed Cross-Coupling 
   Reactions 1998, 231-269. 
 (117) Zhou, J. Hecheng Huaxue 1996, 4, 115-121, 160. 
 (118) Larock, R. C.; Stinn, D. E. Tetrahedron Lett. 1988, 29, 4687-4690. 
 (119) Catellani, M.; Chiusoli, G. P.; Marzolini, G.; Rossi, E. J.    
   Organomet. Chem. 1996, 525, 65-69. 
 (120) Larock, R. C.; Babu, S. Tetrahedron Lett. 1987, 28, 5291-5294. 
 (121) Ziegler, F. E.; Chakraborty, U. R.; Weisenfeld, R. B. Tetrahedron
   1981, 37, 4035-4040. 
 (122) Ma, S.; Negishi, E.-i. J. Am. Chem. Soc. 1995, 117, 6345-6357. 
 (123) Lemaire-Audoire, S.; Savignac, M.; Dupuis, C.; Genet, J.-P.   
   Tetrahedron Lett. 1996, 37, 2003-2006. 
 (124) Owczarczyk, Z.; Lamaty, F.; Vawter, E. J.; Negishi, E. J. Am.
   Chem. Soc. 1992, 114, 10091-10092. 
 (125) Iimura, S.; Overman, L. E.; Paulini, R.; Zakarian, A. J. Am. Chem. 
   Soc. 2006, 128, 13095-13101. 
 (126) Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2963. 
 (127) Oestreich, M. Eur. J. Org. Chem. 2005, 783-792. 
 (128) Andersson, C. M.; Larsson, J.; Hallberg, A. J. Org. Chem. 1990,
   55, 5757-5761. 
 (129) Nilsson, P.; Larhed, M.; Hallberg, A. J. Am. Chem. Soc. 2001, 123,
   8217-8225. 
 (130) Nilsson, P.; Larhed, M.; Hallberg, A. J. Am. Chem. Soc. 2003, 125,
   3430-3431. 
 (131) Larhed, M.; Andersson, C. M.; Hallberg, A. Tetrahedron 1994, 50,
   285-304. 
 (132) Buezo, N. D.; Alonso, I.; Carretero, J. C. J. Am. Chem. Soc. 1998,
   120, 7129-7130. 
 (133) Itami, K.; Mineno, M.; Muraoka, N.; Yoshida, J. J. Am. Chem. Soc.
   2004, 126, 11778-11779. 



71

 (134) Patchett, A. A.; Nargund, R. P. Annu. Rep. Med. Chem. 2000, 35,
   289-298. 
 (135) Dollery, C. Therapeutic Drugs; 2 ed.; Churchill Livingstone, 1999; 
   Vol. 1-2. 
 (136) Andersen, K. E.; Sorensen, J. L.; Huusfeldt, P. O.; Knutsen, L. J. 
   S.; Lau, J.; Lundt, B. F.; Petersen, H.; Suzdak, P. D.; Swedberg, M. 
   D. B. J. Med. Chem. 1999, 42, 4281-4291. 
 (137) Effenberger, F. Angew. Chem., Int. Ed. Engl. 1969, 8, 295-312. 
 (138) Andersson, C. M.; Hallberg, A.; Daves, G. D., Jr. J. Org. Chem.
   1987, 52, 3529-3536. 
 (139) Hogenauer, K. Synlett 2001, 878. 
 (140) Herrmann, W. A.; Brossmer, C.; Oefele, K.; Reisinger, C.-P.;  
   Priermeier, T.; Beller, M.; Fischer, H. Angew. Chem., Int. Ed. Engl.
   1995, 34, 1844-1847. 
 (141) Rosner, T.; Le Bars, J.; Pfaltz, A.; Blackmond, D. G. J. Am. Chem. 
   Soc. 2001, 123, 1848-1855. 
 (142) Herrmann, W. A. Applied Homogeneous Catalysis with    
   Organometallic Compounds 1996, 2, 712-732. 
 (143) Fauvarque, J. F.; Pfluger, F.; Troupel, M. J. Organomet. Chem.
   1981, 208, 419-427. 
 (144) Negishi, E.; Takahashi, T.; Akiyoshi, K. J. Chem. Soc., Chem.
   Commun. 1986, 1338-1339. 
 (145) Wan, Y. Q.; Alterman, M.; Larhed, M.; Hallberg, A. J. Org. Chem.
   2002, 67, 6232-6235. 
 (146) Consorti, C. S.; Zanini, M. L.; Leal, S.; Ebeling, G.; Dupont, J.  
   Org. Lett. 2003, 5, 983-986. 
 (147) Foley, P.; DiCosimo, R.; Whitesides, G. M. J. Am. Chem. Soc.
   1980, 102, 6713-6725. 
 (148) Yu, K.; Sommer, W.; Richardson, J. M.; Weck, M.; Jones, C. W. 
   Adv. Synth. Catal. 2005, 347, 161-171. 
 (149) Sommer, W. J.; Yu, K.; Sears, J. S.; Ji, Y.; Zheng, X.; Davis, R. J.; 
   Sherrill, C. D.; Jones, C. W.; Weck, M. Organometallics 2005, 24,
   4351-4361. 
 (150) Olsson, D.; Nilsson, P.; El Masnaouy, M.; Wendt, O. F. Dalton
   Trans. 2005, 1924-1929. 
 (151) Nilsson, P.; Wendt, O. F. J. Organomet. Chem. 2005, 690, 4197-
   4202. 
 (152) Sabino, A. A.; Machado, A. H. L.; Correia, C. R. D.; Eberlin, M. 
   N. Angew. Chem., Int. Ed. 2004, 43, 2514-2518. 
 (153) Enquist, P. A.; Nilsson, P.; Sjöberg, P.; Larhed, M. J. Org. Chem.
   2006, J. Org. Chem.; 2006; 71(23); 8779-8786 
 (154) Aliprantis, A. O.; Canary, J. W. J. Am. Chem. Soc. 1994, 116,
   6985-6986. 
 (155) Cabri, W.; Candiani, I.; Bedeschi, A.; Santi, R. J. Org. Chem.
   1993, 58, 7421-7426. 
 (156) Kjellgren, J.; Sunden, H.; Szabo, K. J. J. Am. Chem. Soc. 2005,
   127, 1787-1796. 



72

 (157) Alsters, P. L.; Baesjou, P. J.; Janssen, M. D.; Kooijman, H.;   
   Sicherer-Roetman, A.; Spek, A. L.; Van Koten, G.      
   Organometallics 1992, 11, 4124-4135. 
 (158) Purchased from Aldrich. 
 (159) Bedford, R. B.; Draper, S. M.; Noelle Scully, P.; Welch, S. L. New
   J. Chem. 2000, 24, 745-747. 
 (160) Bedford, R. B.; Blake, M. E.; Butts, C. P.; Holder, D. Chem.   
   Commun. 2003, 466-467. 
 (161) Liu, S.; Berry, N.; Thomson, N.; Pettman, A.; Hyder, Z.; Mo, J.; 
   Xiao, J. J. Org. Chem. 2006, 71, 7467-7470. 
 (162) d'Orlye, F.; Jutand, A. Tetrahedron 2005, 61, 9670-9678. 
 (163) Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96, 3147-3176. 
 (164) Alterman, M.; Andersson, H. O.; Garg, N.; Ahlsen, G.; Loevgren, 
   S.; Classon, B.; Danielson, U. H.; Kvarnstroem, I.; Vrang, L.;  
   Unge, T.; Samuelsson, B.; Hallberg, A. J. Med. Chem. 1999, 42,
   3835-3844. 
 (165) Markgren, P.-O.; Schaal, W.; Haemaelaeinen, M.; Karlen, A.;  
   Hallberg, A.; Samuelsson, B.; Danielson, U. H. J. Med. Chem.
   2002, 45, 5430-5439. 
 (166) von Schwarzenbach, G.; Wittwer, C. In Helv. Chim. Acta,   
   1947, pp 663-669. 
 (167) Garg, N.; Larhed, M.; Hallberg, A. J. Org. Chem. 1998, 63, 4158-
   4162. 
 (168) Gero, A. J. Org. Chem. 1954, 19, 1960-1970. 
 (169) Hall, B. J.; Brodbelt, J. S. J. Am. Soc. Mass Spectrom. 1999, 10,
   402-413. 
 (170) Zhao, Z.; Leister, W. H.; Strauss, K. A.; Wisnoski, D. D.; Lindsley, 
   C. W. Tetrahedron Lett. 2003, 44, 1123-1127. 
 (171) Wolkenberg, S. E.; Wisnoski, D. D.; Leister, W. H.; Wang, Y.;  
   Zhao, Z.; Lindsley, C. W. Org. Lett. 2004, 6, 1453-1456. 
 (172) Zhao, Z.; Wisnoski, D. D.; Wolkenberg, S. E.; Leister, W. H.;  
   Wang, Y.; Lindsley, C. W. Tetrahedron Lett. 2004, 45, 4873-4876. 
 (173) Kulasegaram, S.; Kulawiec, R. J. J. Org. Chem. 1994, 59, 7195- 
   7196. 
 (174) Bissing, D. E.; Speziale, A. J. J. Am. Chem. Soc. 1965, 87, 2683-
   2690. 
 (175) Bissing, D. E.; Speziale, A. J. J. Am. Chem. Soc. 1965, 87, 1405-
   1406. 
 (176) House, H. O.; Reif, D. J. J. Am. Chem. Soc. 1955, 77, 6525-6532. 
 (177) Chang, C.-L.; Kumar, M. P.; Liu, R.-S. J. Org. Chem. 2004, 69,
   2793-2796. 
 (178) Suzuki, M.; Watanabe, A.; Noyori, R. J. Am. Chem. Soc. 1980,
   102, 2095-2096. 

(179) Suzuki, M.; Watanabe, A.; Noyori, R. Recueil des Travaux  
  Chimiques des Pays-Bas 1988, 107, 230-236. 

 (180) Patra, A.; Bandyopadhyay, M.; Ghorai, S. K.; Mal, D. Org. Prep. 
   Proced. Int. 2003, 35, 515-525. 



73

 (181) 28 is recommended for storage in freezer by the commercial  
   supplier (ACROS) in contrast to 29 that is recommended for  
   storage at ambient temperature. Also, 28 were found to turn  
   yellowish after some days storage in air in solid state, or after 24 h 
   storage in solution (TCM). 1H NMR investigations revealed severe 
   decomposition especially after storage in solution. 
 (182) Amorese, A.; Arcadi, A.; Bernocchi, E.; Cacchi, S.; Cerrini, S.;  
   Fedeli, W.; Ortar, G. Tetrahedron 1989, 45, 813-828. 
 (183) Luo, C.; Zhang, Y.; Wang, Y. J. Mol. Catal. A 2005, 229, 7-12. 
 (184) Corma, A.; Garcia, H.; Leyva, A. J. Catal. 2006, 240, 87-99. 
 (185) Meier, M. A. R.; Filali, M.; Gohy, J.-F.; Schubert, U. S. J. Mater. 
   Chem. 2006, 16, 3001-3006. 

(186) Ribiere, P.; Declerck, V.; Nedellec, Y.; Yadav-Bhatnagar, N.;  
   Martinez, J.; Lamaty, F. Tetrahedron 2006, 62, 10456-10466. 

(187) Sauvagnat, B.; Lamaty, F.; Lazaro, R.; Martinez, J. Comptes
   Rendus de l'Academie des Sciences, Serie IIc: Chimie 1998, 1,
   777-780. 
 (188) Andrade, C. K. Z.; Alves, L. M. Curr. Org. Chem. 2005, 9, 195- 
   218. 
 (189) Lipshutz, B. H.; Frieman, B.; Birkedal, H. Org. Lett. 2004, 6,
   2305-2308. 
 (190) Fox, J. M.; Huang, X. H.; Chieffi, A.; Buchwald, S. L. J. Am.
   Chem. Soc. 2000, 122, 1360-1370. 
 (191) Culkin, D. A.; Hartwig, J. F. Acc. Chem. Res. 2003, 36, 234-245. 
 (192) Tobias, M. A.; Strong, J. G.; Napier, R. P. J. Org. Chem. 1970, 35,
   1709-1711. 
 (193) Mori, M.; Chiba, K.; Ban, Y. Tetrahedron Lett. 1977, 1037-1040. 
 (194) Ripa, L.; Hallberg, A. J. Org. Chem. 1996, 61, 7147-7155. 
 (195) Ripa, L.; Hallberg, A. J. Org. Chem. 1997, 62, 595-602. 
 (196) Lindstroem, S.; Ripa, L.; Hallberg, A. Org. Lett. 2000, 2, 2291- 
   2293. 
 (197) Bosch, M.; Schlaf, M. J. Org. Chem. 2003, 68, 5225-5227. 
 (198) Watanabe, W. H.; Conlon, L. E.; (Rohm & Haas Co.). Us, 1956. 

(199) Othmer, D.; Kirk, R. Encyclopedia of Chemical Technology;
  4th ed.; 047152669X, John Wiley & Sons, 1991; Vol. 1. 

 (200) Jeffery, T. J. Chem. Soc., Chem. Commun. 1984, 1287-1289. 
 (201) Jeffery, T. Tetrahedron 1996, 52, 10113-10130. 
 (202) MacKenzie, C. A.; Stocker, J. H. J. Org. Chem. 1955, 20, 1695- 
   1701. 
 (203) Jeffery, T. Advances in Metal-Organic Chemistry 1996, 5, 153- 
   260. 

(204) Hegedus, L. In Transition Metals in the Synthesis of Complex Or-
ganic Molecules; University Science Books, ISBN 1-891389-04-1, 
2004, pp 250-275. 

 (205) Lautens, M.; Tayama, E.; Herse, C. J. Am. Chem. Soc. 2005, 127,
   72-73. 



74

 (206) Mariampillai, B.; Herse, C.; Lautens, M. Org. Lett. 2005, 7, 4745-
   4747. 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 45

Editor: The Dean of the Faculty of Pharmacy

A doctoral dissertation from the Faculty of Pharmacy, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Pharmacy. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Pharmacy”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-7368

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of Papers
	Contents
	Abbreviations
	1. Introduction
	1.1 Fine chemicals and their synthesis in industry and laboratory
	1.2 Transition metal catalysis in total synthesis
	1.3 Organopalladium chemistry
	1.4 Microwave enhanced organic synthesis
	1.5 Mechanistic investigations of organotransition reactions using electrospray ionization mass spectrometry

	2. The Heck Reaction
	2.1 The reaction and its synthetic utility
	2.2 The Heck reaction mechanism
	2.3 Traditional sources of Pd0
	2.4 Palladacycles
	2.5 Microencapsulated palladium
	2.6 Catalytic cycles involving PdII to PdIV
	2.7 Intramolecular Heck reactions.
	2.8 Chelation-control

	3. Aims of the present study
	4. Chelation-Controlled Double Terminal
	4.1 Background and purpose
	4.2 Development of reaction conditions
	4.3 Results
	4.4 Conclusion

	5. Mechanistic investigation of Non-classical Palladium precatalysts in the Heck Reaction (Paper II)
	5.1 Introduction
	5.2 Previous investigations
	5.3 Reported investigations
	5.4 Preparative results
	5.5 Results of ESI-MS investigations
	5.6 Conclusion

	6. Tandem Isomerization/Heck Arylation of 2,3-Epoxycyclohexanone under Microwave Conditions (Paper III)
	6.1 1,2-cyclohexandione as a bioisostere and synthetic precursor
	6.2 Synthesis of 3-aryl-1,2-cyclohexandiones
	6.3 Classical protocol
	6.4 Development of a microwave promoted protocol
	6.5 Investigation of epoxide isomerization
	6.6 Mechanistic investigations using acetate analogs.
	6.7 Extended version of the protocol
	6.8 Conclusion

	7. Heck Spiro-Cyclization of a Series of Capto-dative and Electron-rich Olefinic Precursors (Paper IV)
	7.1 Introduction
	7.2 Purpose of the investigation
	7.3 Preparation of precursors
	7.4 Heck cyclization
	7.5 Conclusion

	8. Concluding Remarks
	9. Acknowledgements
	10. References

