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Abbreviations

ADP
ATP
t-Bu
DBU
Equiv

Adenosine 5´-diphosphate
Adenosine 5´-triphosphate
tert-butyl
1,8-diazabicyclo[5.4.0]undec-7-ene
Equivalent

GC-MS

Gas chromatograph mass spectrometer

GS
HPLC
HTS
IC50
Ki
MCR
MDR
MSO
M. tuberculosis
MtGS
Phg
PPT
SAR
TB
THF
WHO
XDR

Glutamine synthetase
High-performance liquid chromatography
High throughput screening
Inhibition concentration giving 50% inhibition
Inhibiton constant, Ki = [E][I]/[EI]
Multi-component reaction
Multi-drug resistant
Methionine sulfoximine
Mycobacterium tuberculosis
Mycobacterium tuberculosis glutamine synthetase
Phenylglycine
Phosphinothricin
Structure–activity relationship
Tuberculosis
Tetrahydrofuran
World health organization
Extensively drug resistant

1. Introduction

Drug design
At the end of the nineteenth century, herbs and potions were abandoned in
favor of synthetic drugs developed by the pharmaceutical industry. The
principle stages in drug discovery and development are depicted in Figure 1.
The process is iterative and in many ways parallel.1
First, a suitable target must be identified and validated. Validation
continues through the whole process. When a target has been chosen, a
compound that binds to the target i.e. a hit must be identified and selected.
This can be done using different approaches depending on the resources
available. Optimization of the hit will hopefully generate a lead structure,
which can be developed into a candidate drug, suitable for clinical trials,
leading to a drug that can be launched on the market.2

Figure 1. The principal stages of drug discovery and development.

In an ongoing interdisciplinary research project at Uppsala University called
RAPID (Rational Approaches to Pathogen Inhibitor Discovery), I have taken
part in the design and synthesis of new drugs aimed at the enzyme
Mycobacterium tuberculosis glutamine synthetase (MtGS). My attention has
been mainly focused on the hit identification and optimization phase. Hit
identification was approached in different ways. The literature concerning
the target in question and similar targets was searched to identify already
known inhibitors and a few of these were either acquired or synthesized and
evaluated for inhibitory activity. In addition a high-throughput screening
(HTS)3 was carried out, as well as virtual screening4. Close analogs of the
hits were purchased or synthesized to establish a preliminary structure–
activity relationship (SAR). The hit series was further developed based on
the results of the initial SAR. In the present work, a structure based design
and an experimental design were used to optimize the hits.
11

•

•

Structure-based design
New compounds are designed by optimizing interactions between
the target and the ligand based on the 3D structure of the ligand–
target complex.
Experimental design, statistical molecular design
Compounds are selected to span the relevant chemical space as
effectively as possible.5

Tuberculosis
General
Tuberculosis is still one of the major infectious diseases in the world, and
has been for thousands of years. The disease is caused by the pathogenic
microorganism Mycobacterium tuberculosis (M. tuberculosis), which was
discovered by Robert Koch in 1882.6 At that time it was estimated that 1/7 of
the world’s population died of TB.6 It has been estimated that a third of the
world’s population today, is infected with TB and that in 2007 about 1.7
million people died of the disease.7
Pulmonary TB is the most common form of TB and it is spread through
the air by an individual with active disease via infectious aerosol droplets
resulting from sneezing, coughing or talking. When M. tuberculosis reaches
the pulmonary alveoli it is phagocytosed by the host’s macrophages, where it
can replicate and spread or lay dormant. The microorganism can be inactive
for many years, and it is estimated that active disease develops in about 10%
of all those infected during their lifetime.8 The rate is higher among those
with weakened immune systems, such as HIV patients.7 Fifty percent of
untreated patients with active disease die.8
With the development of antibiotics, starting with Fleming’s discovery of
penicillin, hope for a cure was awakened. The breakthrough in TB treatment
was the discovery of streptomycin in 1944 by Waksman.9 This had an
enormous effect, not only by making it possible to cure patients, but also
making sanatoriums obsolete. However, resistance to antibiotics became a
problem, and new drugs had to be developed. During the 1950s and 60s new
drugs emerged, and these are still in use, as is streptomycin. The treatment
recommended by the WHO, to prevent resistance, consists of a cocktail of
four drugs, namely isoniazid, ethambutol, pyrazinamide and rifampicin
(Figure 2). These drugs are administered for a minimum of 2 months and
treatment is then continued with rifampicin and isoniazid for at least another
4 months.10 If a strain is resistant to any of the drugs in the recommended
treatment there are a 2nd line of drugs which can be used, amongst them are
any of the fluoroquinolones or the injectable drugs capreomycin, kanamycin
and amikacin.11
12

Compliance is a problem, which is not difficult to understand considering
the length of treatment and the adverse effects of the drugs, such as liver
damage, skin reactions, gastrointestinal problems and neurological
disorders.12 However, lengthy, disagreeable treatment is not the only reason
for poor compliance; underfunding and underdeveloped healthcare are also
part of the problem.7,13

Figure 2. Drugs used in today’s standard treatment of tuberculosis.

The incidence of TB is highest in sub-Saharan Africa and South-East Asia,
and co-infections between TB and HIV are common. About 10% of all new
TB cases in 2000 were found to be attributed to HIV infection.14 During
recent decades, there has been an increase in drug-resistant strains, and
strains resistant to isoniazid and rifampicin are defined as multi-drug
resistant (MDR). If a MDR strain also is resistant to any of the 2nd line drugs
mentioned above, it is defined as extensively drug resistant (XDR).11 One
reason for this is, as mentioned above, poor compliance and another is that
only one drug is given instead of the whole cocktail. The highest prevalence
of MDR TB is found in the former Soviet republics, such as Azerbaijan and
the Republic of Moldova.15 The number of people dying from TB and the
increase in MDR and XDR strains illustrate the need for new medicines. In
fact, most of the drugs currently used to treat TB were introduced onto the
market at least 40 years ago.12

Glutamine synthetase
Structure and mechanism of action
Glutamine synthetase (GS; EC 6.3.1.2, also known as γ-glutamyl:ammonia
ligase) catalyzes the adenosine 5´-triphosphate (ATP) dependent
13

condensation between glutamate and ammonia, to give glutamine.16 There
are three types of GS, each with a different structure. These enzymes are
present in all organisms; eukaryotes express GS type II while prokaryotes
mainly express GS types I and III.17 All GS enzymes have an amino-acidbinding site as well as a nucleotide-binding site.16 They also have three metal
ions in the active site between the two pockets, which are necessary for
stability and catalytic activity.18 The amino-acid-binding site is fairly well
preserved amongst species, but the nucleotide-binding site differs between
mammalian and bacterial enzymes.19 The focus of the work presented in this
thesis was on the GS enzyme of M. tuberculosis.
MtGS is a dodecamer with 12 active sites. First, the ATP molecule enters
the nucleotide-binding site. Then glutamate enters from the opposite
direction into the amino-acid-binding site. The γ-carboxylate of glutamate
will then coordinate to either magnesium or manganese ions, and the γphosphate of the ATP is transferred to the glutamate. The ammonium ion
(NH4+) enters the active site and is deprotonated by an asparagine followed
by an attack on the γ-carbonyl. This will release the phosphate (PO43-), and
glutamine is formed. The mechanism was well described in 2000 in a review
by Eisenberg.16

Scheme 1. The mechanism of glutamine formation catalyzed by GS.

GS a potential drug target
In the early 1990s it was suggested that GS was involved in the synthesis of
a cell wall component, poly-L-glutamate/glutamine, only found in
pathogenic mycobacteria.20,21 About a decade later Sasseti et al. published
the results of a transposon mutagenesis study, which showed that the glnA1
gene in the H37Rv M. tuberculosis strain, encoding for GS, was needed for
optimal growth of the bacterium.22 In the same year, Tullius et al. showed
that the glnA1 gene is essential for the growth of M. tuberculosis in both the
THP-1 cancer cell line and in guinea pigs. They also showed that
inactivation of the gene resulted in glutamine auxotroph.23 In M. tuberculosis
the genome encodes for three more homologs of GS, namely glnA2, glnA3
and glnA4. None of these has been found to be essential for in vitro or in
vivo growth of the bacterium.24,25 Another reason for targeting GS, is that it
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is an extracellular enzyme, which means that it could be inhibited without
the need to penetrate the thick cell wall of M. tuberculosis.21,26
A number of amino acid analogs have been found to inhibit GS from
different species.16 Two of these, methionine sulfoximine (MSO, Ki = 1.1
μM) and phosphinothricin (PPT, Ki = 0.6 μM),27 are of particular interest
since they show low micromolar inhibition of M. tuberculosis and have been
well studied.28,29 Their structures are illustrated in Figure 3. MSO and PPT
have also been used as the starting point for the design of new drugs
targeting GS.4,30
O
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Figure 3. Two well-known inhibitors of GS: MSO and PPT.

MSO and PPT compete with glutamate for the amino-acid-binding pocket in
GS, where they are phosphorylated in the presence of ATP. This leads to the
essentially irreversible, non-covalent inhibition of GS. The phosphorylated
versions of MSO and PPT act as transition state mimics for the tetrahedral
adduct formed by the phosphorylation of glutamate in the biosynthesis of
glutamine16, as illustrated in Figure 4.
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Figure 4. Phosphorylated MSO and adenosine 5´-diphosphate (ADP) with the three
Mg2+ ions.
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Palladium
Palladium (Pd) is a late-transition-state metal that catalyzes a number of
organic reactions with considerable functional group tolerance.31 Palladium
can catalyze reactions via either Pd(0) or Pd(II). Some examples of Pd(0)catalyzed reactions are the Buchwald-Hartwig,32 Heck,33,34 Heck
carbonylation,35 Stille,36,37 Suzuki38 and Tsuji-Trost39 reactions, while
examples of Pd(II)-catalyzed reactions are the Wacker process40 and the
oxidative Heck reaction41. Pd(0)-catalyzed transformations are somewhat
more common than Pd(II)-catalyzed reactions and these will be discussed in
this thesis. Pd(0)-catalyzed reactions often uses Pd(II) salts as catalyst
precursors since they are more stable and hence easier to work with. Many
Pd(0)-transformations are also favored by addition of ligands. There are
numerous ligands and the most common are phosphine or nitrogen based.
Some Pd sources and ligands used in this work are illustrated in Figure 5.

Figure 5. Pd-sources and ligands used in this work. a) Herrmann’s palladacycle
(trans-di-(-acetato)-bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II) b) palladium
bis(tri-tert-butylphosphine)palladium(0) c) Xphos (2-dicyclohexylphosphino-2',6'triisopropylbiphenyl) d) tri(tert-butylphosphonium)tetrafluoroborate e) palladium(II)
acetate.

Palladium’s role in carbonylative transformations
The catalytic cycle for Pd(0)-catalyzed carbonylation with organic halides or
halide surrogates (R-X) is described in a few basic steps, see Scheme 2.
16

Scheme 2. General catalytic cycle for a carbonylation.

I Reduction of palladium(II) to palladium(0)
The first step is often the reduction of Pd(II) in situ to the active Pd(0)
species. This is usually carried out by the phosphine ligand,42 but other
reducing agents have been reported, such as the base43, solvent44 or carbon
monoxide.45
II Oxidative addition
There are different ways to view oxidative addition between a Csp2 and a
aryl/alkenyl halide or halide surrogate. One being that a molecule adds to a
palladium(0) complex and this results in that one bond is broken and two
bonds are formed. Another way of describing the oxidative addition is that
palladium(0) is inserted into the R–X bond. The result after the oxidative
addition is a square planar 16 electron trans complex. The term oxidative
addition is derived from the change in palladiums oxidation state from 0 to
+2. There are different opinions about how the mechanism of the oxidative
addition proceeds.
Amatore and Jutand postulates that with the Pd(OAc)2/PPh3 combination,
a fast insertion of Ph-I forms a penta coordinated transition state that slowly
rearranges to the active complex whilst releasing iodide.46 Based on DFT
calculations Gooßen et al. describes an intermediate that is 2 coordinated to
the phenyl,47,48 as illustrated in Figure 6. The 2-intermediate can be
compared to the insertion of Pd into H2, in which the metal first coordinates
in an agostic fashion and then a cis insertion takes place.49
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Figure 6. Mechanisms for the oxidative addition of PhI to [Pd(0)(PPh3)2OAc]- as
suggested by a) Amatore et al.46 and b) Gooßen et al.47,48.

Oxidative addition is often considered to be the crucial first step in the
catalytic cycle and to be dependent on the R–X bond strength.50 The order of
reactivity amongst halides and halide surrogates, which apart from hydrogen,
are the predominant starting materials in Pd(0)-catalysis, is usually iodide,
bromide, and then chloride, with triflates somewhere in between, and
phosphates about the same as chlorides.49,51,52 This order provides a good
general guideline in palladium(0)-catalyzed transformations.
III Insertion of carbon monoxide
First the CO is coordinated to the Pd, after which migratory insertion of a cis
bound R-group takes place and yields an acylpalladium species.49 This
process is often very fast,51 but it can also be the rate-determining step.53
IV Nucleophilic attack
The acylpalladium complex formed in the insertion step can undergo direct
cleavage by nucleophiles, such as amines, alcohols, water or organometallic
reagents and produce carboxylic acid derivates. Whereas less nucleophilic
organometallic reagents can via transmetallation followed by a reductive
elimination yield aldehydes and ketones.54
V Reductive elimination
Reductive elimination can be viewed as the reverse of oxidative addition.
The elimination does not have to be between the same groups that were
oxidatively added. The groups that are brought together must be in the cisposition on the metal or rearrange accordingly before the reductive
elimination. The Pd(0) is regenerated and the cycle can be repeated.49
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Mechanism for the Pd(0)-catalyzed -arylation
Ketones,55 nitriles,56 as well as amino acids57 have been used in Pd(0)catalyzed α-arylation. The catalytic cycle for Pd(0)-catalyzed α-arylation of
an organic halide is identical to the carbonylative catalytic cycle in the first
two steps. Step III from Scheme 2. is not applicable and the nucleophilic
attack results in formation of an aryl palladium enolate followed by a
reductive elimination.

Scheme 3. General catalytic cycle for an α-arylation where M depends on the base
used in the reaction.

Culkin and Hartwig showed that the rates for reductive elimination were
almost the same from arylpalladium ketone, ester and amide enolate
complexes.58 Thus the rate determining step would be the formation of the
enolate and to increase reaction rates a more stable enolate would be
preferred. These reactions are therefore carried out with a strong base that
can stabilize the enolate. Li or Na hexamethyldisilazide (HDMS) has proven
to be very useful in the -arylation by stabilizing the enolate, as illustrated in
Scheme 3. However, by introducing an imine protecting group, a weaker
base (K3PO4) could be utilized, due to either a lower pKa or coordination of
the substrate nitrogen, which may assist in the formation of the enolate.57
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Aminocarbonylation
Background
Carbon monoxide is used in some very important industrial processes; one
being the Monsanto reaction,59 which produces acetic acid, and another the
Fischer-Tropsch process60 producing methanol. In the field of
organic/medicinal chemistry carbon monoxide is associated with transitionmetal reactions. Pd(0)-catalyzed carbonylation started with the pioneering
work of Richard Heck and coworkers in the early 1970s. They published a
series of papers on Pd(0)-catalyzed carbonylation of aryl and alkenyl halides
with a number of nucleophiles, such as aniline, butylamine and butanol.35,61
This remains a valuable transformation, and numerous methods of
introducing aldehydes, ketones and carboxylic acid, and derivates thereof,
have been developed over the years.54,62,63
The development of gas-free carbonylation
Although Pd-catalyzed introduction of CO is very useful in organic
synthesis, there are some disadvantages of employing gaseous CO. Carbon
monoxide is a colorless, odorless, flammable and highly toxic gas, which
must be stored in pressurized containers. The problem of handling the toxic
gas could be avoided if CO were to be liberated in situ from a liquid or solid
source. There are several ways of doing this, and they are usually divided
into four main categories.64
•

•

•

•
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Decarbonylation from formic acid derivates – Formic acid and its
derivatives, such as formamide, decompose at high temperatures in
the presence of strong base or by metal catalysis releasing carbon
monoxide.
Decarbonylation from metal carbonyls – Metal carbonyls contain
CO as a ligand. When the CO ligand is replaced by other ligands or
released by thermal decomposition, CO is released into the reaction
medium
Aldehydes as CO source – Many different types of aldehydes have
been utilized, often using rhodium as a catalyst in a Pauson-Khand
type reaction. Hydroformulation of paraformamide has also been
reported, as well as lactam formation.
Chloroform as a CO source – Chloroform is via dichlorocarbene
transformed into CO, using alkali under aqueous conditions in the
presence of a transition state metal. This reaction has been utilized to
produce carboxylic acids.

Leaving groups in aminocarbonylation
In organic chemistry, the outcome of a reaction is substrate-dependent and,
as discussed above, the order of reactivity depends somewhat on the leaving
group. Most protocols have therefore been developed for the more reactive
aryl/alkenyl iodides, bromides and triflates. The less expensive aryl/alkenyl
chlorides have not been investigated to the same extent. Alkenyl chloride
was used as a substrate in the first aminocarbonylation studies by Heck in
the early 1970s35,61 and Nichols in the mid 1980s65. The aryl chlorides were
not studied until Millstein et al. published a protocol in 1989 with a few
examples of aminocarbonylation of aryl chlorides.66 During the next decade,
examples of the use of electron-deficient aryl and heteroaryl chlorides, as
well as a few examples of chlorobenzene in Pd(0)-catalyzed
aminocarbonylation reactions, appeared in the literature.62,67
A reduced reaction temperature can sometimes be used with the alkenyl
leaving groups compared to their aryl counterparts.68 The low reactivity of
aryl chlorides is often attributed their reluctance to undergo oxidative
addition.67,69 However, since they are versatile and cheap compared to other
halides or halide surrogates there has been a great demand for the
development of catalytic systems that can utilize aryl chlorides as substrates.
Palladium(0) is considered to be the nucleophilic counterpart in an
oxidative addition and hence higher electron density would improve the
ability of the palladium to attack the aryl-chloride bond. This can be
achieved by adding electron-rich phosphine ligands to the reaction. In 1998,
Fu and Littke published a paper describing a general method for Suzuki
cross-coupling of aryl chlorides, employing (t-Bu)3P as the ligand.70 This
ligand has since proved very suitable for the activation of aryl chlorides,71,72
but the drawback, as with many other alkyl phosphine ligands, is that it is
very sensitive to air and moisture, and is therefore not suitable for use in all
laboratories. In 2001, Fu and coworkers suggested possible solutions to this
problem. The first one was Pd[(t-Bu)3P]2, a rather stable Pd(0) species due to
an agostic interaction between a hydrogen on the t-Bu group and the Pd.73
The second solution involved the transformation of the sensitive phosphine
ligand into a phosphonium salt, namely [(t-Bu)3PH]BF4, which is not
affected, to the same degree, by air or moisture.74 Today, many electron-rich
phosphine ligands are commercially available as air- and moisture-stable
phosphonium salts.75
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Microwave chemistry with water as a solvent
Background
Microwave heating have been utilized in organic synthesis since the mid
1980s.76,77 These first studies were performed using domestic household
ovens, and it was difficult to control and measure the reaction parameters. In
the mid 1990s dedicated and safe microwave reactors became commercially
available, in which the reaction temperature, pressure and time could be
easily controlled. Today, microwaves are used as the mode of heating in a
wide variety of reactions.78-80
The advantages of microwave-promoted chemistry are short reaction
times, high level of safety, rapid heating, energy efficiency and controllable
reaction parameters.81-83 There are, however, some disadvantages; large-scale
synthesis is still problematic,84 and accurate temperature measurements can
be a problem.85

Microwave heating and suitable solvents
All liquids and solids that are non-crystalline and contain a dipole or an ion
can absorb microwaves at 2450 MHz and convert them into heat.86 This
ability is described by the so-called loss tangent (tan = ´´/ ´), where the
dielectric loss ( ´´) is a measure of the efficiency of the conversion of
electromagnetic radiation into heat, and the dielectric constant ( ´) describes
the ability of the molecule to be polarized by the electric field.87
A solvent is said to be highly absorbing if tan is greater than 0.5 (e.g.
ethanol), medium in the range 0.1 to 0.5 (e.g. dimethylformamide) and low
below 0.1 (e.g. toluene).78 A microwave-transparent solvent, i.e. one in
which no heat is generated by microwave irradiation can be used in organic
chemistry as the amount of heat generated depends on the whole reaction
mixture and its ability to absorb irradiation. However, the solvent usually
constitutes a large proportion of the total reaction volume, and the higher the
value of tan , the more rapidly the desired temperature will be reached.
The use of water as solvent in metal-catalyzed microwave organic
chemistry has increased dramatically during the past ten years.86 Apart from
being non-flammable, cheap and environmentally benign, water changes
character at higher temperatures (>100 ºC) and at 200 ºC becomes more like
an organic solvent, i.e. a pseudo-organic solvent, (see Figure 7).82,88,89 Water
cannot be heated to more than 150 ºC, then tan becomes too low and polar
additives are necessary to further increase the temperature.86
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Figure 7. Behavior of the dielectric constant of water and other solvents as a
function of temperature.

Since water becomes pseudo-organic at higher temperatures the solubility of
organic compounds increases. Upon cooling the reaction mixture, the
product may precipitate, thus facilitating purification.
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2. Aims of the present study

The specific objectives of this study are presented below.
•

To design and synthesize novel inhibitors of the M. tuberculosis enzyme
glutamine synthetase via:
o a structure based design, starting from the MtGS-MSO crystal
structure.
o a hit identified by high-throughput screening and subsequent
development of inhibitors aiming at GS.

•

To develop a microwave-promoted α-arylation protocol utilizing water
as the solvent.

•

To develop a general protocol for the aminocarbonylation of aryl
chlorides utilizing microwaves and Mo(CO)6 as a solid carbon monoxide
source.

•

To investigate alkenyl phosphates, chlorides, bromides and triflates in
aminocarbonylation utilizing microwaves and Mo(CO)6 as a solid
carbon monoxide source.
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3. Palladium-catalyzed α-arylation in water

Background
As discussed in the introduction, MSOand PPT are two well-studied and
potent inhibitors of glutamine synthetase. They are polar, flexible and nonselective, and are close substrate analogs. The amino-acid binding site is also
small and highly polar, and contains three magnesium or manganese ions.
All these aspects must be taken into account when designing novel
inhibitors. To decrease the flexibility, the alkyl chain of MSO was replaced
by a phenyl ring. The resulting phenylglycine (Phg) is more rigid, but still
quite polar and small. To investigate the position in which the sulfoximine
group from MSO should be placed on the phenyl ring, and to establish
whether the Phg analog would fit in the active site. Docking of the Phg
compounds, was performed based on the crystal structure of MtGS.90 A
comparison was then made to the position of phosphorylated MSO in the
active site and a meta-sulfoximine substituted Phg was selected, see Figure
8.

Figure 8. Overlay of the crystal structure of phosphorylated MSO (green carbons)
and the predicted docking pose of the 3-sulfoximine Phg (magenta carbons).
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Chemistry
In 2001, Hartwig et al. demonstrated the one-step palladium-catalyzed αarylation of a protected glycine, which would be suitable for producing the
target aryl MSO analog and a series of derivatives (see Scheme 4).57
The imine protecting group also facilitates the reaction by changing the
acidity of the α-carbon proton, allowing a weaker base to be used.91 The
reaction probably proceeds via oxidative addition followed by formation of
palladium enolate and then the amino acid is liberated by a reductive
elimination.

Scheme 4. Pd(0)-catalyzed arylation of a protected glycine.

N-(diphenylmethylene) glycinate (1) 0.5 mmol in combination with 1bromo-3-methoxybenzene (2a) (1.1 equiv), K3PO4 (3 equiv), Pd(dba)2
(0.011 equiv), [(t-Bu)3PH]BF4 (0.022 equiv) and toluene (2 mL) were
chosen as initial conditions for the development of the aryl-MSO series. The
model reaction was investigated using both conventional and controlled
microwave heating. Product formation was observed after 24 h in a heating
block at 100 ºC. However, full conversion of the starting material was not
achieved. When the reaction was performed with microwave irradiation
similar results were seen after heating for 1 h at 150 ºC. Optimization of the
protocol began by utilizing the [(t-Bu)3PH]BF4 ligand in combination with
different Pd sources and a preformed 14-π-electron Pd/ligand complex,
namely Pd[(t-Bu)3P]2. This complex is quite stable in air and if handled
correctly it can be used with ease in an ordinary laboratory environment.
By forming the active Pd/ligand complex in situ from [(t-Bu)3PH]BF4 and
Herrmann’s palladacycle, both the reaction temperature and the time could
be reduced. However the preformed Pd/ligand complex Pd[(t-Bu)3P]2
performed better and it was decided to use this in further arylation reactions.
Water was used as solvent, instead of the microwave-transparent toluene.78
The reactions were run in parallel using conventional and microwave
heating. The reaction time was shorter when utilizing microwave heating and
could be decreased to 30 min.
The protocol using microwave irradiation for 30 min at 130 ºC and Pd[(tBu)3P]2 as catalyst was selected, and product 3a was isolated at a yield of
71%. Utilizing conventional heating resulted in a mere 5% isolated yield
after 30 min, most likely due to a lower in situ reaction temperature. Full
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consumption of the starting aryl bromide was achieved after 3 h
conventional heating, and the product could then be isolated at a yield of
56%.
An investigation into the scope and limitations of the method was
conducted. The glycine was treated with aryl bromides (2a-2k). All
bromides furnished moderate to good yields of the corresponding protected
or deprotected imine after 20-30 min of irradiation (Table 1). Both electrondeficient and electron-rich bromides, as well as sterically hindered bromides,
were tolerated. However, 2f produced a somewhat lower yield (entry 6,
Table 1) and in this case a high level of benzoic acid was detected by highperformance liquid chromatography (HPLC).
A protocol involving Pd(0)-catalyzed α-arylation, using water as the
solvent, was developed with good results. However, caution must be
exercised regarding the stability of the functional groups in the basic
aqueous environment.
Table 1. Pd-catalyzed α-arylation of various aryl bromides.
Entry

Bromide

Compound

1

3-OMe

2a

2

2-Me

3

3-SMe

4
5
6

3-COOMe

7

3-NO2

8

3-Cl

9

4-OMe

Isolated yield
(%)

2b

3a, 4a
4b

71, 78
78

2c

3c, 4c

72, 74

3-SOMe

2d

3d

69

3-PO(OEt)2

2e

4e

54

2f

3f

36

2g

3g

57

2h

3h

60

2i

4i

58

10

4-Me

2j

3j

59

11

4-CF3

2k

3k, 4k

52, 48

Conditions for the preparation of 3: aryl bromide (0.5 mmol), 1 (0.55 mmol), Pd[P(tBu)3]2 (2.2 mol %), K3PO4 (1.5 mmol) and water (2.0 mL) was irradiated with
microwaves for 20 or 30 min in a sealed vessel irradiation at 130 °C. Compound 4
was prepared as 3 followed by the addition of 1 M HCl (3.0 mL). Purity > 95%
according to 1H NMR or HPLC.

Biological evaluation
The aim was to synthesize Phg analogs and evaluate them with regard to
activity against GS. First, the MSO analog with the sulfoximine group in the
meta position was synthesized together with a number of close analogs to
investigate the different oxidation states of sulfur. Compound 3c was a
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useful precursor when synthesizing the MSO analog and its derivates
(Scheme 5).

Scheme 5. Synthetic route for target MSO analogs 7-10.

Treating 3c with aqueous H2O2 yielded 5 and 3d. The level of oxidation was
controlled by employing phenol or not.92 Compound 3d was converted into 6
via rhodium-catalyzed imination.93 Deprotection of compounds 3c, 3d, 5 and
6 with LiOH and HCl afforded the corresponding unprotected amino acids at
low to moderate yields (20–38%).
Table 2. Yields and biological evaluation of effect of Phg analogs on MtGS.

3d

Starting
compound
3c

I

77

% Remaining MtGS
activity at 1.1 mM
–

5

3c

II

58

–

6

3d

III

34

–

7

5

IV

20

115

8

3c

IV

22

103

3d

IV

Compound

Method

Isolated yield (%)

38
6
IV
10
26
Reagents and conditions: (I) H2O2 (aq, 30%), rt, phenol, 10 min, (II) H2O2
min, (III) Rh(OAc)4, CF3CONH2, MgO, PhI(OAc)2, CH2Cl2, rt, (IV)
1
LiOH/H2O/MeOH/THF. Purity > 95% according to H NMR or HPLC.
9

114
108
(aq, 30%), rt, 10
1 M HCl then

The biological evaluation of the MSO analogs 7, 8, 9 or 10 on the MtGS
enzyme, showed no inhibition. Although docking suggested that there was
sufficient room for the analogs they did not seem to inhibit to the enzyme.
This could be due to sterically unfavorable interactions with the enzyme that
were not revealed by docking, or that the rigid Phg analogs cannot adopt a
bioactive conformation.
A fast microwave-promoted methodology for -arylation of a protected
glycine was thus developed, and some of the compounds were evaluated
regarding their activity against the M. tuberculosis enzyme glutamine
synthetase.
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4. Imidazopyridines

Background
As part of the RAPID program, AstraZeneca performed high-throughput
screening aimed at GS, and a novel class of MtGS inhibitors was identified,
namely 3-amino-imidazo[1,2-a]pyridines, illustrated in Figure 9. Two
different approaches were applied to investigate this class of inhibitors and
explore their structure. The first involved changing the pyridine ring and R2
phenyl ring substituents (Paper II), while in the second, a design matrix was
constructed exploring the amine and phenyl ring substituents simultaneously
(Paper III).

Figure 9. a) The basic structure of the 3-amino-imidazo[1,2-a]pyridines. b)
Numbering of 3-amino-2-phenyl-imidazo[1,2-a]pyridines.

This class of compounds can be readily produced via a multi-component
reaction (MCR) in a one-step Ugi type reaction utilizing 20 minutes
microwave irradiation.94,95 The reaction between a 2-aminopyridine, an
isocyanide and an aldehyde is depicted in Scheme 6.

Scheme 6. A three-component Ugi type reaction producing 3-amino-imidazo[1,2a]pyridines.
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A first SAR investigation around the imidazopyridine
inhibitors
In the study described in Paper II attention was initially directed towards
evaluating the pyridine ring substituent (R1 in Figure 9a). First, a library was
constructed utilizing the cyclopentylisocyanide and the 3-hydroxy-4methoxybenzaldehyde from one of the HTS hits. Nineteen compounds (11a–
11s, Table 3) were synthesized and evaluated with regard to their biological
effect. Iodide and bromide in the 6-position of the pyridine ring gave the
most potent compounds (11f, g) in this series. The results also showed that
compounds with large hydrophobic substituents in the 6-position did not
inhibit the enzyme and compounds with too small substituents in this postion
such as hydrogen (11a) and fluoride (11d) also failed to show any inhibition.
Interestingly, compound 11c with a methoxy in the 6-position resulted in a
weak inhibition, but trifluoromethyl (11h) or methyl (11b), in the 6-position,
did not give any inhibition. A bromine in the 8-position rendered an
inhibition (11j) as well as bromine in the 6-position in combination with
methyl in the 8-position (11l), but not with a bromine in 8-position (11k). A
number of inhibitors showed better IC50 (11c, 11e–g, 11j and 11l) than
MSO, but PPT was still the most potent inhibitor (Table 3).

Table 3. Biological evaluation of 3-amino-imidazo[1,2-a]pyridines to investigate the
effects of substituents on the pyridine ring.
Compound

R1

IC50 (μM)a

11a
11b
11c
11d
11e
11f
11g
11h
11i
11j
11k
11l
11m
11n
11o

H
6-Me
6-OMe
6-F
6-Cl
6-Br
6-I
6-CF3
5-Br
8-Br
6-Br, 8-Br
6-Br, 8-Me
6-Ph
6-(3-pyridine)
6-(4-pyridine)

>50
>50
31.3 ± 0.7
>50
11.2 ± 1.5
8.8 ± 0.4
4.8 ± 0.5
>50
>50
21.3 ± 1.6
>50
15.2 ± 0.8
>50
>50
>50
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Table 3. Continued
11p

6-Bn

>50

11q

6-OPh

>50

11r

6-CHCHPh

>50

11s

6-CH2CH2Ph

>50

MSO
51 ± 6
PPT
1.9 ± 0.4
a
Inhibition of MtGS is reported as the concentration of compound resulting in 50 percent
inhibition of the product formation (IC50). Substrate concentrations in the assay were 1 mM
ATP, 30 mM L-glutamate and 30 mM ammonium chloride.

It was decided to proceed with compound 11f and alter the aldehyde
building block (Table 4). This resulted in the identification of two inhibitors
that were equipotent with 11f as well as a two that were more potent than
11f. Interestingly, there was a low tolerance to modifications in this series of
compounds. A hydrogen bond donor was clearly needed in the 3′ (12e)
position for enzyme inhibition, and placing the hydroxyl in the 2′ (12d) or 4′
(12f) positions resulted in loss of activity. Switching the positions of
methoxy and hydroxyl (12b) compared to 11f rendered no inhibition. A
considerable improvement was seen upon the introduction of the carboxylic
acid in the 3′ position, which resulted in a nanomolar inhibitor 12n. Which is
the most potent inhibitor of MtGS to date.

Table 4. An investigation into the R2 position.
Compound

R2

IC50 (μM)a

12a
12b
12c

H

>50
>50

3´-OMe, 4´-OHC6H3
C6H5

>50

12d

2´-OHC6H4

>50

12e

3´-OHC6H4

3.3 ± 0.6

12f

4´-OHC6H4

>50

12g

3´-OMeC6H4

>50

12h

2´, 3´-diOMeC6H3

>50

12i

2´-Cl, 3´-OHC6H3

>50

12j

3´-OH,4´-NO2C6H3

>50

12k

3´-NO2C6H4

>50

12l

3´-NH2C6H4

10.1 ± 1.1
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Table 4. Continued
12m

3´-(CH2OH)C6H4

13.2 ± 1.5

12n

3´-COOHC6H4
3-pyridine

0.38 ± 0.02

12o

>50

12p
>50
4-pyridine
Inhibition of MtGS is reported as the concentration of compound resulting in 50 percent
inhibition of the product formation (IC50). Substrate concentrations in the assay were 1 mM
ATP, 30 mM L-glutamate, and 30 mM ammonium chloride.

a

Further exploration of the imidazopyridine inhibitors
The experimental design was set up to explore how size and polarity in 4
different positions (ortho, meta and para on the phenyl ring together with R)
influenced activity. Each position was varied independently, by altering the
isocyanide and aldehyde building blocks. This approach biases the library
towards a lead structure, but at the same time covers the experimental
domain.96
A small library consisting of 16 compounds was synthesized and the
compounds (13a–13p) were evaluated regarding their biological activity
against MtGS at 25 μM. Most of the compounds were inactive and some of
the compounds interfered with the assay, making the determination of IC50
impossible. The tolerance to different substitution patterns seems to be rather
low, as indicated in Paper II. However, one compound (13g, Table 5)
showed an IC50 of 3.0 ± 0.1 μM, which was encouraging.

Table 5. A small screening library of 3-amino-imidazo[1,2-a]pyridines
Compound
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R

R2

IC50 (μM)a

13a

>25

13b

>25

13c

>25

13d

>25

Table 5. Continued
13e

>25

13f

>25

13g

3.0 ± 0.1

13h

>25

13i

>25

13j

>25

13k

>25

13l

>25

13m

>25

13n

>25

13o

>25

>25
13p
Inhibition of MtGS is reported as the concentration of compound resulting in 50 percent
inhibition of the product formation (IC50). Substrate concentrations in the assay were 1 mM
ATP, 30 mM L-glutamate and 30 mM ammonium chloride.

a

The decision was taken to proceed and explore the SAR around compound
13g, and this was done in a stepwise fashion. First, the isocyanide building
block was varied and the local chemical space around the n-butyl was
investigated (14a–e, Table 6). Compounds 14d and 14e with the n-propyl
and the n-pentyl side-chains, respectively, showed similar inhibition as
compared to 13g, but compounds with bulkier and less flexible groups did
not inhibit the enzyme (Table 6). Interestingly, compound 14c containing the
ethyleneglycol from the active compound, 13g, and the cyclopentyl ring
from, for example, the potent compound 12n showed no inhibition at all.
This indicates a different binding mode and a different SAR for the n-butyl
analogues compared to the cyclopentyl analogues.
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Table 6. Further exploration and biological evaluation of the R and R2 positions.
Compound

a

R

R2

IC50 (μM)a

14a

>25

14b

>25

14c

>25

14d

3.9 ± 0.3

14e

4.9 ± 0.5

14f

1.9 ± 0.3

14g

0.6 ± 0.1

14h

1.4 ± 0.2

14i

8.3 ± 1.5

14j

1.6 ± 0.3

14k

22 ± 1

14l

>25

14m

6.3 ± 0.1

14n

5.8 ± 0.2

14o

>25

14q

2.2 ± 0.3

14r

1.5 ± 0.1

Inhibition of MtGS is reported as the concentration of compound resulting in 50 percent
inhibition of the product formation (IC50). Substrate concentrations in the assay were 1 mM
ATP, 30 mM L-glutamate and 30 mM ammonium chloride.
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A comparison was made between three of the most potent inhibitors
described in Paper II, namely compounds 11f, 12e and 12n and their
counterparts containing n-butyl instead, 14f–h (Table 6), and in most cases
the n-butyl was more potent. Further investigations were therefore conducted
using the n-butyl side-chain.
An additional eight compounds (14i–q) were synthesized with different
R2 ring substituents that explored the local chemical space and possible
charge interactions between the ligand and the protein. Interestingly, both
the acid functionality in compounds 14g and 14j and the tertiary amine in
14n were tolerated, which indicates that these groups are not part of specific
charge-charge interactions. Furthermore, the ethyleneglycol side-chain could
be moved to the meta position without any decline in activity. This is in
contrast to the results presented in Paper II which suggests that compounds
with the cyclopentyl side-chain were very sensitive to the substitution
pattern on the phenyl ring. This is another indication that the compounds
with n-butyl and cyclopentyl side-chains have different SARs.
MtGS was successfully co-crystallized with compound 14j in the
presence of phosphorylated MSO. The ligand does not extend as far as the
phosphate binding region, and the imidazopyridine of 14j only partly
overlays with the adenine moiety of the nucleotide (Figure 10). The n-butyl
side-chain occupies a narrow hydrophobic pocket comprised of Phe232,
Tyr129 and Trp282. This pocket is occupied by a dichlorophenyl substituent
of a MtGS purine analogue inhibitor.3
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Figure 10. Crystal structure of MtGS co-complexed with 14j (grey carbons)
overlaid with ADP (orange carbons). The surface corresponds to the van der Waals
surfaces of Trp282, Lys361, Phe232 and Tyr129, which make up the narrow
hydrophobic cleft that harbors the n-butyl substituent.

The amino hydrogen of the n-butylaminogroup is involved in a hydrogen
bonding to the backbone carbonyl of Lys361, which can also be detected in
the binding of ADP as illustrated in Figure 11.90
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Figure 11. Schematic of the hydrogen-bonding network between GS and 14j, and
between GS and ADP. Note that only the H-bond to Lys361 is retained in both
structures (blue).

Molecular docking was performed using the X-ray structure in an effort to
further investigate and understand the differences in SARs between the nbutyl and the cyclopentyl side-chains. Docking was performed on all active
compounds, as well as three of the most potent described in Paper II, and all
compounds containing the ethyleneglycol side-chain except 14b. The
inhibitors containing the linear side-chains all fit well into the hydrophobic
pocket. The cyclopentyl side-chain has problems fitting into the same pocket
without losing the key interaction to Lys361. In addition, if 11f, 12e and 12n
bind in a similar fashion there is no specific hydrogen bond to the metahydroxyl, which was demonstrated to be of great importance for activity (see
Paper II). All the results thus indicate that the n-butyl and cyclopentyl sidechains have two different SARs.
The results showed that 12b, namely, the 4-hydroxy-3methoxybenzaldehyde building block in combination with cyclopentyl, was
inactive. However, according to modeling it should be active with the nbutyl side-chain. The compound 14r was therefore synthesized and
evaluated and was found to have an IC50 of 1.5 μM, which further supports
the theory of two discrete SARs.
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5. Aminocarbonylation of aryl chlorides

Background
After the literature studies, it was decided that employing the [(tBu)3PH]BF4 ligand in combination with Herrmann’s palladacycle as Pd
source and Mo(CO)6 as a solid carbon monoxide source, could be a good
starting point for the development of a general protocol for
aminocarbonylation of aryl chlorides using microwaves.
Initially, 4-trifluoromethylphenyl chloride (15d) in combination with
benzylamine (16a) was chosen as a model reaction, using tetrahydrofuran
(THF) as solvent, [(t-Bu)3PH]BF4 and Herrmann’s palladacycle as a
catalytic system and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a base
due to its dual role in in situ carbonylation reactions employing Mo(CO)6.
DBU acts, in addition to functioning as a base, by accelerating the CO
release.97

Scheme 7. Aminocarbonylation of different aryl halides.

Method development and results
The reaction rendered product immediately, and further optimization was
carried out by varying the reaction time and temperature. Although electronpoor chlorides gave full conversion at 150 ºC after 15 min, the electron-rich
ones did not. Increasing the temperature to 170 ºC for 15 min did not
decrease the yield of the model reaction and afforded full conversion of the
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electron-rich chlorides. Palladium black was formed when the temperature
was raised to 190 ºC. An isolated yield of 89% was achieved for 17d using
the standard conditions of 170 ºC and 15 min.
The scope and limitations of the protocol were investigated employing
both sterically and electronically diverse aryl chlorides in combination with
a variety of amines (Table 7).
Table 7. Aminocarbonylation of aryl chlorides.
No.

Time
(min)

Isolated
yield (%)

16a

17a

15

86

15b

16a

17b

15

81

3

15c

16a

17c

25

62

4

15d

16a

17d

15

89

5

15a

16b

17e

15

70

6

15c

16b

17f

25

51

7

15d

16b

17g

15

91

8

15e

16b

17h

15

78

9

15a

16c

17i

25

66

10

15d

16c

17j

15

53

Entry

Chloride

1

15a

2

Amine

Product
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Table 7. Continued
11

15a

16d

17k

15

69

12

15b

16d

17l

25

51

13

15c

16d

17m

15

74

14

15d

16d

17n

15

76

15

15a

16e

17o

25

64

16

15b

16e

17q

25

65

17

15c

16e

17r

25

54

18

15d

16e

17s

15

64

A microwave vial was charged with 0.8 mmol aryl chloride, amine (3 equiv),
Mo(CO)6 (1 equiv), Herrmann’s palladacycle (0.025 equiv), [(t-Bu)3PH]BF4 (0.05
equiv), THF (2 mL) and DBU (3 equiv). The vial was sealed under air and irradiated
at 170 ºC by microwaves.

The general method tolerates both electronically rich and poor aryl chlorides
as substrates. The very sterically hindered aryl chloride 2,6-dimethylphenyl
chloride did not cause any problems and afforded very good isolated yields
(entries 2, 12 and 16, Table 7) in most cases. However, 2,6-dimethylphenyl
chloride in combination with the non-hindered n-butylamine gave a mixture
of the desired product and the symmetric urea (N,N´-dibutylurea). The
methyl-4-chlorobenzoate was tolerated, although the yields were slightly
lower than with other electron-poor chlorides. This may be due to hydrolysis
of the ester (entries 3, 6, 13 and 17, Table 7).
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Full conversion of the reactions with tert-butylamine was not
accomplished. However the transformation with tert-butylamine furnished
66% and 53% isolated yields (entries 9 and 10, Table 7). The less
nucleophilic aniline afforded between 54% and 65% isolated yields (entries
15–18, Table 7).
To expand the scope of the method an alkoxycarbonylation was
performed using butanol as a combined solvent and nucleophile. This
reaction required a prolonged reaction time of 60 min at 170 ºC. The isolated
yield was 63%.

Scheme 8. Alkoxycarbonylation of an aryl chloride.

Further investigations involved a chemoselective two-step protocol to
furnish controlled double-carbonylation of 1-chloro-4-iodobenzene (20).
First, a phosphine-free carbonylation protocol was applied to react the iodo
functionality with benzylamine.97 There was no trace of carbonylation on the
chloro functionality, and following organic/aqueous workup, a second amide
was introduced. The monoamide, 21 and n-butylamine were reacted using
the newly developed protocol. The product 22 was isolated at a yield of 58%
after two steps.

Scheme 9. A chemoselective two-step carbonylation.
I) 1-chloro-4-iodobenzene, 20 (0.8 mmol, equiv), Pd(OAc)2 (0.01 equiv), benzylamine, 16a (3
equiv) MoCO6 (1 equiv), DBU (3 equiv), THF (1 mL). The vial was sealed under air and
irradiated at 100 ºC for 15 min with microwaves. II) N-benzyl-4-chlorophenylamide, 21, nbutylamine, 16b (3 equiv), MoCO6 (1 equiv), Herrmann’s palladacycle (0.025 equiv, [(tBu)3PH]BF4 (0.05 equiv), THF (2 mL) and DBU (3 equiv). The vial was sealed under air and
irradiated at 170 ºC for 15 min with microwaves.

The microwave-promoted amine carbonylative transformation with aryl
chlorides was successful using both electron-poor and electron-rich chlorides
as well as sterically hindered aryl moieties. It was also possible to utilize this
catalytic system in alkoxycarbonylation and to control the chemoselectivity
in a double carbonylation reaction.
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6. Aminocarbonylation of alkenyl substrates

In light of the successful development of a protocol for aminocarbonylation
using aryl chlorides (Paper IV) attention was turned towards alkenyl
phosphates, halides and triflates. Most classes of alkenyl substrates have
been utilized in carbonylative transformations at least once. However,
alkenyl phosphate has only been used in alkoxycarbonylations.98

Scheme 10. Pd(0)-catalyzed aminocarbonylation of alkenyl substrates.

Alkenyl phosphates
Alkenyl phosphates have in recent years become more popular as
alternatives to halides and triflates. They are more stable than triflates and
can be made from the same starting materials (ketones or aldehydes) with
cheaper reagents.52,99,100
Using a modified version of the protocol developed for the
aminocarbonylation of aryl chlorides (Paper IV), a sealed vial charged with
0.5 mmol of 23a, benzylamine, 16a (3 equiv), Mo(CO)6 (0.5 equiv),
Herrmann’s palladacycle (0.025 equiv), [(t-Bu)3PH]BF4 (0.05 equiv), DBU
(3 equiv) and THF (2 mL) was irradiated for 20 min at 170 ºC using
microwaves. This modified carbonylation protocol proved efficient, with full
conversion of the starting phosphate and an isolated yield of 78% of
compound 24a. No improvements were seen upon altering the reaction time
or temperature. A number of different phosphates and amines were reacted
using the protocol (Table 8).
When employing n-hexylamine (16f) instead of benzylamine (16a) with
the phosphate 23a the isolated yield was only 47%, despite full conversion
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of the starting material. Increasing the reaction scale from 0.5 mmol to 1
mmol only improved the yield slightly to 50% (entry 2, Table 8). Reacting
the tert-butyl alkenyl phosphate with a range of various amines afforded
yields more in line with n-hexylamine (16f) than benzylamine (16a). The
adamantly alkenyl phosphate (23b) and two tert-butylcyclohexenyl
compounds (23c, d) afforded isolated yields in the range of 20% to 62%
(Table 8). Otherwise, no definite trends could be detected concerning the
primary amines except that anilines afforded somewhat lower yields (entries
3, 8 and 12, Table 8). Secondary amines in combination with alkenyl
phosphates afforded low yields, exemplified here by pyrrolidine, despite the
fact that pyrrolidine gave good yields with the alkenyl triflates (entry 4,
Table 9).
Full conversion of the naphthyl phosphate (23e) (entries 14 and 15, Table
8) required an increase in temperature to 190 ºC and the isolated yields were
low. This was partly due to a competitive side reaction, namely the
formation of the corresponding enamine.32,101,102 Decreasing the amount of
amine and increasing the amount of Mo(CO)6 were tried to obtain a more
efficient carbonylation process. Altering the amount of amine made no
difference, but increasing Mo(CO)6 to two equivalents reduced the amount
of enamine by-product to a significantly lower level as deduced by GC-MS.
However, the isolated yield was only 10% (entry 15, Table 8).
A comparison was made between the more reactive, but unstable diphenylphosphate and the more stable diethylphosphate.52 Hexylamine was
reacted with phosphates 23c and 23d giving isolated yields of the product,
24k, of 62% and 66%, respectively (entries 11 and 13, Table 8). No
problems concerning decomposition of the phosphates were detected during
the course of the project.
Table 8. Aminocarbonylation of alkenyl phosphates, chlorides and bromides.
Entry

Alkenyl-X

No. Amine

Product

No.

Temp Isolated
(ºC) yield (%)
170
78

1

23a

16a

24a

2

23a

16f

24b

170
170

47
50a

3

23a

16e

24c

170

40

4

23a

16h

24d

170

47

5

23a

16i

24e

170

35

6

23b

16a

24f

170

62

43

Table 8. Continued
7

23b

16f

24g

170

51

8

23b

16e

24h

170

27b

9

23b

16g

24i

170

20

10

23c

16a

24j

170

42

11

23c

16f

24k

170

62

12

23c

16e

24l

170

43

13

23d

16f

24k

170

66

14

23e

16a

24m

190

38

15

23e

16f

24n

190

33
10c

16

23f

16a

24o

170

61d
47

17

23f

16f

24p

170

61d

18

23g

16a

24q

140

64

19

23g

16f

24r

140

72

20

23h

16a

24s

140

73

Conditions: 0.5 mmol alkenyl halide or phosphate, amine (3 equiv), Mo(CO)6 (0.5 equiv),
Herrmann’s palladacycle (0.025 equiv), HP(t-Bu)3BF4 (0.05 equiv), DBU (3 equiv), THF (2
mL), 20 min at 60 ºC, microwave irradiation. 95% purity according to NMR. a1 mmol scale.
b
90% purity according to NMR. c2 equiv Mo(CO)6 d2 mmol scale.
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Alkenyl halides
As a suitable test reaction, 1-chloro-1-cyclopentene (23f) in combination
with benzylamine (16a) was chosen. Full conversion of the alkenyl chloride
was achieved, using the same conditions as for the alkenyl phosphates.
However, the isolated yield of product 24o did not exceed 50% and no byproducts that could explain this were identified. Changes in the reaction time
and temperature did not improve the yield. In order to achieve a higher yield,
the acyl transfer reagent DMAP (4-dimethylaminopyridine) was added.103
This did not result in any improvement in the transformation. The biaryl
phosphine ligand Xphos,104 which has been used in previously published
aminocarbonylation protocol103 was also investigated. Unfortunately, there
was no formation of the desired product in this case.
During optimization, it was noticed that the product (24o) stuck to the
glass wall of the test-tubes when performing column chromatography. The
yield did not increase even when purification was carried out thoroughly.
Therefore the scale was increased to 2 mmol, and it was then possible to
isolate 24o at a yield of 61%, compared to the previous 47% achieved at 0.5
mmol scale (entry 16, Table 8). All the remaining aminocarbonylation
reactions with alkenyl chlorides were performed on a 2 mmol scale and
compound 24p was isolated at a yield of 61% (entry 17, Table 8). Most other
combinations of alkenyl chlorides and amines investigated only afforded
yields of 20% and below (results not tabulated).
The focus was then shifted towards alkenyl bromides. The model reaction
in this case was between β-bromostyrene (23g) and benzylamine (16a). The
developed protocol was applied, but at a lower temperature (140 ºC). The
test reaction gave full conversion of compound 23g, and the product 24q,
was isolated at a yield of 64% without detection of phenylacetylene.105 Other
reactions were performed to investigate whether the protocol was applicable
to any other bromides. Good yields were afforded with the styrene, 23g, and
also with the bromomethylenecyclohexane, 23h (entries 18–20, Table 8).

Alkenyl triflates
Aminocarbonylation with alkenyl triflates using gaseous CO has been
reported previously.106 However, no protocols using a solid carbon monoxide
source have been reported. To expand the scope of the in situ carbonylation
concept and to further increase the usefulness of the method a number of
triflates were investigated.
As a test system the reaction 6-methoxy-3,4-dihydronaphthalene-1-yl
triflate (23i) and benzylamine (16a) was studied. The protocol developed for
alkenyl phosphates and halides was used. The reaction temperature was
decreased to 100 ºC, hence the need for the thermostable Herrmann’s
45

palladacycle107 as Pd(0) precursor was not necessary and the cheaper
Pd(OAc)2 could be used instead. To further improve the reaction outcome
the biaryl ligand Xphos was employed instead of [(t-Bu)3PH]BF4, and the
temperature could be lowered to 60 ºC. At this temperature the reaction
afforded a 69% isolated yield with the Xphos ligand and 73% without the
phosphine ligand. The model reaction also proceeded at room temperature
overnight, giving 24t at an isolated yield of 67% (entry 1, Table 9).
During the optimization, benzyl formamide was identified as a by-product
in many of the reactions. The formation of formamide is believed to proceed
via a palladium(II)-catalyzed pathway.108,109 To avoid the formation of
catalytically active Pd(II), the vials were sealed under a nitrogen atmosphere,
whereupon the amount of formamide observed was substantially lowered.
The formamide was not detected during the development of the alkenyl
phosphate
and
halide
protocols,
possibly
due
to
the
degradation/decarboxylation of the formamide at high temperatures.110,111
To investigate the scope and limitations of the protocol, other amines
were tested under the new reaction conditions. The protocol without the
phosphine ligand as well as the room temperature protocol were partially
successful, but full conversion were generally not achieved. Hence,
additional reactions were carried out at 60 ºC using Xphos as the phosphine
ligand under a nitrogen atmosphere.
The triflate 23i afforded good yields not depending on the nucleophile
used. Even when using aniline, 16e, as the nucleophile, 24v could be isolated
at a yield of 78% (entry 3, Table 9), compared to when 16e was employed in
combination with the alkenyl phosphates and halides and afforded low yields
between 27 to 43% (entries 3, 8 and 12, Table 8). However, the reaction with
sluggish 16e demanded a higher reaction temperature, as did pyrrolidine
16g, to achieve full conversion (entries 3 and 4, Table 9). The different
cyclohexenyl triflate derivates (23j and 23k) only afforded moderate yields
(entries 5 to 8, Table 9) and their purification were more tedious.
Table 9. Aminocarbonylation of alkenyl triflates.
No.

Amine

1

23i

16a

2

23i

16f

Temp Isolated
(ºC)
yield
rt
69a
24t
67
60
73b
60
62
24u 60

3

23i

16e

24v

80

78

4

23i

16g

24w

80

73

Entry
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Alkenyl-X

Product

No.

Table 9. Continued
5

23j

16a

24j

60

54

6

23j

16f

24k

60

51

7

23j

16e

24l

60

55

8

23k

16a

24x

60

45

Conditions: 0.5 mmol alkenyl triflate, amine (3 equiv), Mo(CO)6 (0.5 equiv), Pd(OAc)2
(0.025 equiv), Xphos (0.075 equiv), DBU (3 equiv), THF (2 mL), N2 atmosphere, 20 min at
60 ºC, microwave irradiation. 95% purity according to NMR. aOvernight, no microwave
irradiation. bWithout Xphos.

Two different catalytic systems were developed for aminocarbonylation with
different alkenyl compounds. The yields ranged from poor to good and the
transformation appeared to be quite substrate dependent. Therefore, to
accomplish the best yields each individual reaction will probably need
separate optimization and fine-tuning.
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7. Conclusions

This thesis describes the design and synthesis of novel, active inhibitors of
the enzyme Mycobacterium tuberculosis glutamine synthetase, as well as the
development of new palladium(0)-catalyzed -arylation and carbonylation
reactions.
Inhibitors
•

A series of novel inhibitors directed towards the amino acid
binding-site of GS was synthesized and biologically evaluated.
Unfortunately, none of them showed any substantial enzyme
inhibition.

•

Different positions on a 3-amino-imidazo[1,2-a]pyridine scaffold
were investigated using an experimental design as well as more
traditional approaches, resulting in
a) that several potent inhibitors aimed at GS were identified;
the most potent having an IC50 of 0.38 μM.

b) a crystal structure with one of the inhibitors was cocrystallized with MtGS.
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c) two discrete SARs, which were rationalized. One for the
cyclopentyl side chain and one for the n-butyl side chain.
Palladium catalysis
•

An aqueous microwave-promoted protocol for palladium(0)catalyzed α-arylation furnishing good yields was developed using
a preformed Pd-ligand complex.

•

The first general protocol for aminocarbonylation of aryl
chlorides including both electron-poor and electron-rich chlorides
was developed.

•

A study of different alkenyl compounds in Mo(CO)6 microwaveassisted aminocarbonylation reactions was carried out, giving the
following results.
a) Aminocarbonylation of alkenyl phosphates was
performed for the first time.
b) Alkenyl chlorides can be used as substrates, but the in
situ protocol must be further fine-tuned for some of the
starting materials.
c) Alkenyl bromides and triflates can be used in this
transformation and their corresponding amides could be
isolated in moderate to good yields and depending on the
substrate the reaction temperature ranged from room
temperature to 140 ºC.
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