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1 Introduction 

1.1 The global burden of tuberculosis and current 
treatment options 

It has been estimated that about one third of the world’s population is  
currently infected with Mycobacterium tuberculosis (Mtb).1 The most recent 
statistics from the World Health Organization (WHO) for 2009 report an 
incidence of 9.4 million. Most cases were found in the Western Pacific  
regions, Africa and South-East Asia (Figure 1). About 1.7 million people die 
annually of tuberculosis (TB),1 and it is also the leading cause of death 
among people with human immunodeficiency virus (HIV).2 Co-infection 
with HIV leads to increased susceptibility to TB, reactivation of latent TB 
and acceleration of active TB.3  

 

 
Figure 1. World map displaying the estimated new cases of TB in 2009 by country. 
Most cases are found in the Western Pacific regions, Africa and South-East Asia. 
Figure reproduced with the kind permission of WHO.1 
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Mtb, the causative agent of TB, was discovered by Robert Koch in 1882.4,5 
TB most often affects the lungs, and the symptoms of active TB in the lungs 
are coughing, chest pain, weakness, weight loss, fever and night sweats. It is 
transmitted through air via aerosol droplets from persons with active lung 
TB. In healthy individuals, the inhaled infectious bacteria are encapsulated 
in granuloma causing latent infection.6 TB infection can be reactivated in 
infected individuals triggered by a compromised immune system.  

The first drug for the treatment of tuberculosis was Streptomycin (SM), 
an antibiotic isolated from Streptomyces griseus.7,8 It was discovered in 1943 
by Selman A. Waksman, who was awarded the Nobel Prize in Medicine in 
1952 for his discovery. The second antituberculosis agent, para-amino-
salicylic acid (PAS), was discovered shortly thereafter by the Swedish  
chemist Jörgen Lehmann.9 Although not part of the first-line drug regimen 
used today (Figure 2) both SM and PAS are still treatment options (Figure 
3). The usefulness of SM is limited due to the relatively high resistance 
rate.10 It was discovered already in the first clinical trials that monotherapy 
led to the rapid development of resistance,11 and today the recommended 
therapy consists of a combination of four drugs (Figure 2): isoniazid (INH), 
rifampicin (RIF), pyrazinamide (PZA) and ethambutol (EMB) for two 
months, followed by an additional four months of treatment with INH and 
RIF.10  

 
Figure 2. First-line antituberculosis agents. 
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energetics or inhibit fatty acid synthesis.12 The Mycobacterium bovis bacille 
Calmette-Guérin vaccine also called BCG vaccine is the only vaccine avail-
able, but its efficacy is highly variable, being particularly poor in adults in 
the developing world.13All four first-line drugs have a number of adverse 
effects which include, but are not limited to, decreased visual acuity and 
disturbed colour vision, skin reactions, hepatitis or disturbance of the liver 
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function, peripheral neurotoxicity, and gastrointestinal problems such as 
diarrhoea, nausea, vomiting and abdominal pain. However, minor adverse 
effects should not lead to discontinued treatment with first-line drugs.10 The 
lengthy treatment and occurrence of adverse effects lead to poor patient 
compliance, increasing the risk of resistance development. Poor compliance 
constitutes failure not only by the patient, but also by the care provider 
whose job it is to ensure that the treatment is followed. Acquired drug resis-
tance is also influenced by a large bacterial population, the prescription of 
inappropriate drugs or dose, lack of drug supply and underdeveloped health 
care.1,10,14 

 
 
Figure 3. Examples of second-line antituberculosis agents. 
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TB strains that are not only resistant to INH and RIF, but also fluoroqui-
nolones and at least one of the second-line aminoglycosides are defined as 
extensively drug-resistant (XDR-TB).3 The outcome of XDR-TB is discour-
aging, with treatment success rates of only 30–50%.15 The outcome is even 
worse in HIV-positive patients, as documented in an outbreak in KwaZulu 
Natal, South Africa in 2005–2006, where the mortality rate was 98% (52 
patients) with a median survival time of 16 days after diagnosis.17 By July 
2010, at least one case of XDR-TB has been found in 58 different countries 
from all regions of the world,1 and the number of cases of MDR-TB and 
XDR-TB is increasing.1,15 

The current first-line drug regimen is around 50 years old, and the  
second-line drugs are less effective, more expensive, require even longer 
treatment time and have higher rates of adverse effects.10 Taking into  
account the lengthy treatment with poor patient compliance, the number of 
people infected and the increasing incidence of MDR-TB and XDR-TB with 
poor predicted outcome, there is an urgent need for new antituberculosis 
agents.12,14 

1.2 Enzyme targets and pathways 
1.2.1 Glutamine synthetase 
Glutamine synthetase (GS, EC: 6.3.1.2) catalyses the biosynthesis of gluta-
mine from glutamate and ammonia (Figure 4). GS is ubiquitous in bacteria 
and plays a central role in all organisms in nitrogen metabolism pathways 
such as nitrogen fixation and ammonia re-assimilation. The glutamine  
produced by GS is not only a building block for most proteins, but also a 
nitrogen source for the biosynthesis of numerous important compounds.18 
GS is also believed to be involved in the synthesis of poly-L-
glutamate/glutamine, a major cell wall component of pathogenic mycobacte-
ria.19,20 In mammals, GS is distributed in a variety of tissues, mostly the 
liver, kidneys and brain. In the central nervous system it is involved in the 
termination of glutamate neurotransmitter signalling, and it also plays an 
important role in detoxification of ammonia.21,22  

 
 
Figure 4. Biosynthesis of glutamine from glutamate by GS. 
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The enzymatic reaction from glutamate to glutamine occurs via a two-step 
mechanism, in which glutamate is first phosphorylated by adenosine  
5´-triphosphate (ATP) to form -glutamyl phosphate.23,24 In the second step, 
glutamine is formed by the attack of ammonia on the activated intermediate. 
When the reaction is completed, glutamine is released together with adeno-
sine 5´-diphosphate (ADP) and inorganic phosphate (Pi). The enzymatic 
reaction requires three Mg2+ ions and ATP as co-factor.25 

There are at least three distinct forms of GS that share low sequence  
identity and have different quaternary structures:26,27 GS I (dodecamer), GS 
II (decamer) and GS III (dodecamer). GS I is the predominant form in  
prokaryotes, among them Mtb, while GS II is present in eukaryotes and 
some bacteria. Homologues of the least characterized type, GS III, have been 
found in anaerobic bacteria, cyanobacteria and protozoa. GS III share a low 
global sequence identity with GS type I and II, but several conserved regions 
have been found around the active site.26,27 The first crystal structure of type 
III GS was recently published.27 A number of bacteria have been found to 
synthesize more than one type of GS, and the division among species and 
their type of GS is complex.26  

The quaternary structure of GS I has been determined to be two 
hexameric rings, stacked on top of each other.28,29 There are twelve active 
sites per enzymatic unit in GS type I, which are located at the interface be-
tween two monomers.30,31 The active site has been compared with a bifunnel, 
where ATP binds from one side and glutamate from the other.32 The en-
trance to the amino acid binding site is guarded by a flap that closes upon 
binding of the inhibitors.33 Besides the biosynthetic reaction, GS is also 
known to catalyse a transferase reaction forming -glutamyl hydroxamate 
and ammonia from glutamine and hydroxylamine in the presence of a nu-
cleotide, arsenate and metal ions.18,32 This reaction is often employed in the 
assay of glutamine synthetase activity.18 

 
Figure 5. Inhibitors of glutamine synthetase. 
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PPT inhibit Mtb GS.41 It is only the L-(S)-isomer of MSO that inhibits GS,42 
and MSO is phosphorylated in situ.43,44 MSO and PPT have been crystallized 
with Mtb GS25 and Salmonella typhimurium33 GS, respectively, confirming 
that they bind at the amino acid binding site as well as the stereo- 
chemical preference and in situ phosphorylation. Mostly amino acid  
analogues,37-39,44-63 but also bisphosphonic acids,64 have been investigated as 
possible inhibitors of GS in various species. Apart from MSO25 and PPT,33 
the active site of GS has also been shown to accommodate glycine, alanine, 
serine and citrate, as shown by X-ray crystallography.65,66 Today, PPT is sold 
as a non-selective herbicide.67 Thus, much of the effort regarding GS inhibi-
tors is related to herbicide research, since GS is a key enzyme for ammonia 
assimilation in plants.59-64  

During the course of the work described in this thesis, several classes of 
ATP-competitive compounds emerged from high-throughput screening 
(HTS) at AstraZeneca, Bangalore, one of the collaborators in the Rapid Ap-
proaches to Pathogen Inhibitor Discovery (RAPID) initiative.68 A commer-
cially available diketopurine analogue similar to one of the HTS hits  
displayed activity in the micromolar range (IC50 = 2.5 µM) and was success-
fully crystallized, showing that it binds in the ATP binding site (Protein data 
bank (PDB) entries 2WHI and 2WGS). This compound utilizes a new  
lipophilic pocket comprised of Tyr129, Phe232, Trp282 and Lys361.68 The 
work initiated by the HTS results will be discussed later in this thesis  
(Chapter  4, Imidazo[1,2- ]pyridines as glutamine synthetase inhibitors). 

The glnA1 gene of the Mtb genome encodes for GS I, but the Mtb genome 
contains three additional homologues, glnA2, glnA3 and glnA4.69 All four 
gene products exhibit GS activity and are inhibited by MSO, but only one 
gene, glnA1, is essential for in vitro growth.70,71 It has also been suggested 
that glnA1 is essential for Mtb virulence.72 GS has been classified as essen-
tial for optimal growth in a transposon mutagenesis study of the Mtb strain 
H37Rv.73 Furthermore, an antisense oligonucleotide has been found to  
reduce the growth of Mtb and the amount of poly-L-glutamate/glutamine in 
the cell wall.74 Additional support for GS as a potential drug target is the 
ability of MSO to inhibit the growth of Mtb in culture and in human mono-
nuclear phagocytes.41 L-(SR)-MSO has also demonstrated in vivo efficacy in 
a guinea pig model.75 The presence of GS at relatively large amounts in the 
extracellular medium and the ability of MSO to attenuate extracellular GS 
activity have been interpreted as advantages of GS as a drug target.19,41 

Selectivity against human enzymes is an important issue when consider-
ing the design of new inhibitors of Mtb GS. Human GS II shares less than 
20% amino acid sequence identity with bacterial GS I, but all the residues 
binding to phosphorylated L-methionine-(S)-sulphoximine (MSO-P) and the 
Mg2+ ions are conserved, as well as the positions of the three metal ions. The 
very similar amino acid binding site between species could be an obstacle 
from a selectivity perspective.76 In contrast, the residues in the ATP binding 
site differ considerably, as seen from the X-ray structures of human GS, 
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thereby offering better possibilities for the design of selective drugs.76 It is 
also important to obtain selectivity for the enzyme -glutamylcysteine  
synthetase ( GCS), which catalyses a similar reaction, i.e., the ATP-
dependent condensation of glutamate and cysteine to -glutamylcysteine.77 
GCS is also inhibited to some extent by MSO, and the glutathione level in 

kidney and liver has been reported to decrease upon administration of MSO 
to mice.45,77 The therapeutic potential of MSO is further limited by the  
observation that it induces convulsions.78 This has been attributed to the 
inhibition of GS.45 

1.2.2 Isoprenoid biosynthesis 
Isoprenoids are a large family of natural products synthesized in all known 
organisms (a few examples are given in Figure 6).79 They are important for 
survival and are involved in various biological functions, including electron 
transport, hormone-based signalling, regulation of transcription and post-
transcription processes, meiosis, apoptosis, glycoprotein biosynthesis and 
protein degradation.80 Isopentenyl pyrophosphate (IPP) and dimethylallyl 
pyrophosphate (DMAPP) are the C5 precursors for all isoprenoids (for the 
chemical structure see Figure 7).79  

 

 
 

 
Figure 6. Examples of isoprenoids.  
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In humans, IPP and DMAPP are biosynthesized by the mevalonate pathway, 
starting with three molecules of acetyl-coenzyme A proceeding via acetoace-
tyl-CoA to 3-hydroxy-3-methylglutaryl-CoA and then to mevalonate.81 Me-
valonate is phosphorylated twice. The last step involves decarboxylation and 
dehydration of the 5-pyrophosphomevalonate which gives IPP.81 DMAPP is 
produced by IPP isomerase from some of the synthesized IPP.80 In bacteria, 
IPP is biosynthesized by the non-mevalonate pathway.82,83 The non-
mevalonate pathway consists of seven enzymatic steps (Figure 7).80,84 All 
enzymes of the non-mevalonate pathway are attractive drug targets since the 
pathway does not exist in humans.84,85 

 
 
Figure 7. The non-mevalonate pathway.  
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It starts with the condensation of pyruvate and glyceraldehyde 3-phosphate 
to 1-deoxy-D-xylulose-5-phosphate (DOXP). In the second step, DOXP is 
converted to 2C-methyl-D-erythritol 4-phosphate (MEP) by 1-deoxy-D-
xylulose-5-phosphate reductoisomerase (DXR also commonly abbreviated 
IspC). MEP in turn reacts with cytidine 5'-triphosphate to produce  
4-diphosphocytidyl-2C-methyl-D-erythritol (CDP-ME), which is converted 
in the fourth step to 4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate 
(CDP-MEP) by a kinase. CDP-MEP is cyclized to 2C-methyl-D-erythritol 
2,4-cyclodiphosphate (MECP) and, finally, the last two steps convert MECP 
to IPP, which can be isomerized to DMAPP by isopentenyl diphosphate 
isomerase.  

1.2.3 1-Deoxy-D-xylulose-5-phosphate reductoisomerase 
DXR (EC: 1.1.1.267) is the second enzyme in the non-mevalonate 
pathway.86 It uses a divalent metal ion (Mn2+ or Mg2+) and NADPH as  
co-factor.87,88 The synthesis of MEP from DOXP by DXR proceeds via two 
consecutive steps, passing an aldehyde intermediate before the final  
enzymatic hydride reduction occur producing MEP.86,87 Two different 
mechanisms have been suggested for the first enzymatic step: an -ketol  
rearrangement and a retroaldol/aldol rearrangement.89,90 Recent evidence 
supports the retroaldol/aldol rearrangement mechanism.91 

 
Figure 8. Inhibitors of DXR. 
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However, fosmidomycin is inactive on the whole-cell level on Mtb due to 
lack of uptake.103,104 Furthermore, fosmidomycin suffers from poor pharma-
cokinetic properties.105,106  

Analogues of fosmidomycin have been explored in attempts to improve 
its pharmacokinetic properties and its in vitro and in vivo activity. Modifica-
tions have been made to the hydroxamic acid part,107-117 the phosphonate 
part112-114 and the carbon linker.114-120 Ester prodrugs to mask the phospho-
nate group have been evaluated,115,116,121-127 and fosmidomycin has been 
decorated with  substituents117-119,126-130 and substituents in the -position.121 
Arylphosphonates have also been identified as inhibitors of DXR.131,132 They 
can be considered to be related to the -aryl-substituted fosmidomycin  
analogues, but do not have the hydroxamic acid part. The X-ray structures of 
this class of inhibitors confirm that they bind with the phosphonate group in 
the phosphonate binding site, as does fosmidomycin.132 Fosmidomycin  
analogues comprising a non-reverse hydroxamic acid,108,114 an -fluorine110 
or a restricted cyclopropyl carbon chain120 have been shown to possess  
similar activity or improved activity compared with fosmidomycin or  
FR-900098. Taken together, the -aryl-substituted fosmidomycin analogues 
have been among the best compounds tested in enzymatic assays or on  
malaria parasites, especially the 3,4-dichlorophenyl-substituted com-
pound.128,129 Ester prodrugs have shown improved efficacy in vivo.124 A few 
inhibitors unrelated to fosmidomycin have also been reported133 and X-ray 
crystallographic studies show that arylbisphosphonate inhibitors bind at the 
same position as the hydroxamate of fosmidomycin.134 

1.3 The drug discovery process 
A drug discovery programme often starts with the identification of a medical 
need and an idea of how to address it by targeting a specific protein.135 A 
series of activities follows that are both iterative and parallel, with the goal 
of developing a new drug that can be launched on the market at the end of 
the process (Figure 9). The work presented in this thesis focuses on the  
second step of the early discovery process, i.e. hit identification and expan-
sion of the hits to establish structure–activity relationship (SAR) as part of 
the ongoing RAPID research initiative. 

 
Figure 9. The different stages of a drug discovery process. 
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The identification of a hit molecule is crucial for the progression of a  
project.135 A number of different hit identification strategies can be  
employed, which make use of different screening approaches, either in silico 
or experimental, using random diverse sets of molecules, focused libraries or 
natural product sources.135-137 The molecules can range from small fragments 
to drug-like molecules, and the screening methods can be affinity-based or 
dependent on a functional readout.137 Knowledge from related targets,  
literature and patent information can be used to select molecules for screen-
ing or suggest new compounds for synthesis, according to the various  
methodologies mentioned below. This information can be used with or with-
out the guidance of a protein X-ray structure.  

In the field of antibacterial research, HTS of corporate libraries has 
proven discouraging, partly due to screening conditions and target valida-
tion, but also due to the limited diversity of the chemical space screened.138 It 
has also been realised that the conversion of enzyme activity to activity in 
bacterial cells is a serious challenge, thus interest is shifting to phenotypic 
screening on the whole-cell level.139-141 The increasing number of X-ray 
structures of bacterial proteins present an opportunity for structure-based 
design, addressing the problem of chemical diversity in antibacterial  
research.142 The chemical profiling of the properties of compounds active 
against Mtb will help future projects to overcome the difficulty of converting 
hits that are active on an enzyme to leads with whole-cell activity.140,143 

Strategies for hit identification and hit expansion: 
 High-throughput screening  
 Virtual screening 
 Screening of natural products 
 Fragment-based screening 
 Exploration of known compounds from the literature 
 Modifications of known substrates, products or endogenous 

ligands 
 Structure-based design 
 Fragment linking 
 Fragmentation of large hits 
 Hit evolution 
 Bioisosteric replacement 
 Use of privileged structures 
 Peptides and peptidomimetics 
 Chemogenomics 
 Combinatorial chemistry 
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1.4 Molecular modelling 
1.4.1 Statistical molecular design 
The idea of statistical molecular design (SMD) is to generate a small set of 
compounds rich in information. First, the molecular structures have to be 
described by numbers and then a selection based on a statistical experimental 
design strategy is made.144-148 The selection can be made from all possible 
virtually assembled products or from the building block space. Building 
blocks can be chosen without loss of diversity compared to the total product 
space.149 Performing the design in the building block space also has advan-
tages such as more direct interpretation of the results, and facilitated  
synthesis and compound characterization.144 Changing more than one  
parameter at a time also allows interaction patterns to be investigated.  
Various designs have been explored, such as fractional and full factorial 
design,150 D-optimal design151 and focused hierarchical design of experi-
ments (FHDoE).152 

 

 
 
Figure 10. Example of FHDoE with three variable positions (A, B and C) that can 
be either linearly connected or connected to a common scaffold. FHDoE combines 
two design layers, the substitution pattern design and the substituent design. The 
substitution pattern indicates which positions are changed by YES (+) and NO ( ), 
and the substituent design how appropriate substituents should be chosen, for  
example, from principal component analysis (PCA).  
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FHDoE is a further development of the hierarchical design of experiment 
methodology presented for the design of phenyl substituents in ligands bind-
ing to the melanocortin 4 receptor.153 The design consists of two layers 
(Figure 10). First, the substitution pattern design determines which positions 
should be modified by indicating where a change (+) or no change (–) should 
be made. The second design, the substituent design, which is of the same 
size as the substitution pattern design, determines how the varied positions 
should be selected. Both design matrices are merged to give the final design 
matrix. The idea of FHDoE is to bias the library towards the known active 
compound by the ‘no’ substitution option, and by focusing the selection of 
substituents so as to be close to the known active substituent.152 

1.4.2 Virtual screening 
Virtual screening is the in silico evaluation of a large number of compounds 
for biological activity. Typically, a small number of candidates are selected 
and subjected to experimental tests.154 The success of virtual screening can 
be defined as the identification of new interesting ligands and, as long as this 
is fulfilled, false negatives are tolerated.155 The hit rate can vary greatly,155 
but hits have been identified for a number of different Mtb targets.156-158 
Compounds originating from virtual screening have also reached the market 
or late clinical trials.159 

In general, the work flow follows the steps depicted in Figure 11. First, 
the library in which to conduct the search must be compiled. Compounds can 
be collected from in-house databases or commercial libraries; even virtual 
libraries can be used. Filters are often applied to ensure drug-likeness160-162 
or lead-likeness,163 removal of reactive compounds164,165 and to ensure the 
appropriate quantitative structure–property relationship of the com-
pounds.166-168 The search query used in this work was docking of  
compounds to the three-dimensional protein X-ray structure. Search methods 
can vary from descriptor calculation and employment of QSAR equations, to 
shape matching, pharmacophore searches and similarity searches based on, 
for example, substructure or fingerprints.169  

 
 
Figure 11. Illustration of the work flow in virtual screening. Examples are given of 
filtering methods and actions that can be applied during different stages. 
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1.4.3 Docking and scoring 
In general, docking and scoring of ligands are used for three main purposes: 
(i) to predict the binding mode of a known active ligand, (ii) to predict the 
binding affinity in series of related ligands and (iii) to identify new ligands 
using virtual screening.170 Docking and scoring consist of two main exer-
cises: first, the conformational space of the ligand in the protein has to be 
sampled, and second, the free energy of binding must be estimated. The first 
docking algorithms regarded both the ligand and the protein as rigid bodies, 
and were only concerned with rotation and translation of the ligand.170  
Today, the conformational flexibility of the ligand is accounted for and ways 
of addressing protein flexibility are evolving.171 Preparation of the target 
protein is an important step before docking to facilitate good docking results. 

The docking programs utilized in this work were FlexX172,173 and Glide.174 
FlexX and Glide treat ligand flexibility in different ways. FlexX places an 
automatically selected base fragment in the active site, and then builds up the 
ligand incrementally with additional fragments. Multiple conformations of 
each fragment are considered and the placement is scored based on protein–
ligand interactions.172,173 Glide tries to approximate a complete systematic 
search by dividing the docking process into steps of increasing sophistica-
tion. After the first rough pre-screening, which considerably decreases the 
search space, poses are minimized by standard molecular mechanics in the 
field of the receptor. The remaining lowest-energy poses are refined by 
Monte Carlo sampling to investigate nearby torsional minima, and the final 
poses are ranked based on the ligand–receptor interaction energy, the bind-
ing affinity predicted by GlideScore and the internal strain energy.174 

Once the ligand poses from the docking algorithm have been sampled, the 
intricate task of predicting binding affinity starts. Here, a trade-off must be 
made between accuracy and speed. The usually more accurate, but computa-
tionally demanding, free-energy simulations are not as widely used as faster 
scoring functions. Faster scoring functions are: force field scoring, based on 
force field parameters; empirical scoring, tuned to reproduce binding affinity 
data; and knowledge-based scoring functions, which are designed to  
reproduce experimental structures.171 Due to the shortcomings of current 
scoring functions, the idea of consensus scoring has been introduced, which 
means that more than one scoring function is included when analysing the 
results of docking.175 Evaluation of the performance of different docking 
algorithms on different protein targets has demonstrated that no single  
algorithm is applicable to all targets, and that conformational sampling is 
much better than the scoring of individual conformations.176,177 

Considerable developments have been made in computational tools to as-
sist drug discovery during the past 10–20 years but, at the same time, effi-
cient and general synthetic methods are needed to realize new organic mole-
cules for drug discovery applications. 
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1.5 The oxidative Heck reaction 

Palladium-catalysed cross-coupling reactions have demonstrated a tremen-
dous ability to form C–C bonds, even with functionalized and sensitive  
substrates.178 The importance of this for medicinal chemistry is demonstrated 
by the fact that one in ten reactions is C–C bond formation; palladium-
mediated reactions being the most common.179 The traditional and most 
widely used palladium-catalysed cross-coupling reactions start with the  
oxidative addition of an aryl halide or pseudo-halide.178,180 In recent years, 
there has been an increasing interest in oxidative cross-coupling reactions 
starting with a transmetallation step or C–H activation to form the arylpalla-
dium species, with the need for an external reoxidant to regenerate the active 
palladium(II) catalyst.180,181 Examples of aryl sources for the transmetallation 
to palladium(II) are arylmetal or arylmetalloid compounds such as 
boron,182,183 mercury,184 tin,185 silicon,186 phosphorous187 and antimony.188  

One very useful palladium(II)-mediated cross-coupling reaction is the 
oxidative Heck reaction. The first catalytic oxidative Heck reaction was  
introduced in 1968 by one of the 2010 Nobel Prize winners in Chemistry, 
Richard F. Heck, and involved the reaction of arylmercuric chloride and 
methyl acrylate.184 Seven years later, the first oxidative Heck reactions  
employing boronic acids and stoichiometric amounts of Pd(OAc)2 were  
reported.182 Despite the fact that the starting material, in the form of boronic 
acids,189 is easily handled and has low toxicity, especially compared to the 
highly toxic arylmercury or arylstannane compounds, this reaction did not 
receive much attention until a catalytic protocol was developed.190  

Initially, Cu(OAc)2 was introduced as a reoxidant to regenerate Pd(II),191 
but soon thereafter it was discovered that molecular oxygen could be  
employed, avoiding the production of stoichiometric amounts of heavy metal 
salts.192 Later developments of the reaction have led to many achievements. 
The 2,9-dimethyl-1,10-phenanthroline (dmphen) ligand modulated oxidative 
Heck reaction has improved regioselectivity and catalytic stability, and the 
bidentate nitrogen ligand facilitates reoxidation.193,194 The discovery that the 
reaction works well in the absence of a base,183,195 in contrast to the  
palladium(0)-catalysed Heck-Mizoroki reaction,196 allowed reaction  
conditions to be made even milder. Recent developments involve oxygen- 
and base-free methods,197 new palladium ligands,198 asymmetric reactions199 
and the use of new substrates such as benzoic acid derivatives200 or aromatic 
sulphinic acids201 and C–H activation202 to generate arylpalladium species. 
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Scheme 1. Proposed catalytic cycle for the oxidative Heck reaction using a bidentate 
nitrogen ligand and an electron-rich olefin.203 

A proposal for the catalytic cycle of the oxidative Heck reaction has been 
based on a mechanistic investigation using electrospray ionization mass 
spectrometry to detect reaction intermediates (Scheme 1).203 It starts with the 
transmetallation (1) of an arylboronic acid to the palladium(II) catalyst (A), 
forming an arylpalladium(II) complex (B). The metal then coordinates to the 
olefin (2) generating a -complex (C ), which undergoes migratory insertion 
(3) to form a -complex (C ). After -elimination (4), a palladium hydride 
complex (D) is believed to be formed, which coordinates to the arylated 
olefin. The product dissociates (5) and the palladium(II) catalyst (A) is  
regenerated by the reoxidant (6) from the palladium hydride (E). 
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2 Aims of the present work 

The overall aim of this work was to apply computational methods to the hit 
identification and hit expansion phase of early drug discovery to find and 
develop novel inhibitors for two enzymes (GS and DXR) in Mtb. Identified 
potential inhibitors were then purchased or synthesized and evaluated re-
garding their biological activity. A synthetic protocol was also developed for 
the easy preparation of an important synthetic intermediate. 
 
The specific objectives were: 

 to identify inhibitors binding to the amino acid binding site of Mtb 
GS, 

 to investigate the imidazo[1,2-a]pyridine class of compounds as 
inhibitors of Mtb GS and to gain an understanding of the SAR, 

 to develop a feasible method for the preparation of cinnamalde-
hyde derivatives and 

 to investigate -arylated fosmidomycin analogues as Mtb DXR 
inhibitors. 

  





 29

3 Identification of new hits for the amino acid 
binding site of glutamine synthetase 

When this work was initiated, only two inhibitors of Mtb GS were known: 
MSO and PPT.41 The X-ray structure of Mtb GS in complex with MSO-P 
and ADP25 had also been reported. In the search for additional inhibitors of 
Mtb GS, three different hit identification strategies were applied in this work. 
(i) The scientific literature was surveyed for compounds reported to be  
inhibitors of GS in species other than Mtb. (ii) Virtual screening was  
conducted. (iii) A new MSO derivative was prepared guided by structure-
based design (Paper I and II). 

Since the residues in the amino acid binding site are highly conserved 
among different species it was anticipated that inhibitors of other species 
would also be active against Mtb GS. Although prokaryotic GSs are only 
distantly related to eukaryotic GSs, there are examples of compounds inhib-
iting both bacterial and mammalian GS (see, for example, Table 1, notes f, g, 
i and k, or the results by Logusch et al. on PPT analogues inhibiting E. coli 
or ovine brain GS39,48). Previously identified GS inhibitors that were either 
commercially available (MSO, PPT, 1 and 3–5) or could be synthesized (7), 
and a few of their analogues (2, 6 and 8–10) were selected for testing  
(Table 1). These inhibitors were chosen so that they had different functional 
groups in the -position to investigate the requirements of the functionality 
in this position. 

Compounds in Table 1 were either bought or synthesized and screened for 
inhibitory activity against Mtb GS at a single concentration of 1 mM, using 
the biosynthetic assay. The biosynthetic assay is based on the conversion of 
glutamate to glutamine, and inhibition is quantified by measuring the  
production of inorganic phosphate (Figure 4). Activity was determined as 
percent inhibition compared to uninhibited enzyme. The most active  
compounds were found to be MSO, PPT and 5 (Table 1), which were  
selected for IC50 determination (Table 2). The soybean and sheep brain GS 
inhibitor 7, known from the literature, displayed only weak activity. Substi-
tution with a methyl group to mimic the methyl substituent of MSO and PPT 
(8), or replacing the nitrogen by a carbon (9) resulted in inactive compounds. 
Compound 10, with one carbon shorter chain length than 9, also lacked  
activity. 
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Table 1. Compounds suggested from the literature survey and some analogues. 

Com-
pound 

     R 
Mtb GSa 
(%Inh) 

Literatureb 
Com-
pound 

     R 
Mtb GSa 
(%Inh) 

Literatureb 

MSO 
 

       L-(S) 

81 ± 3c   f 5 
 

       L-(R) 

58 ± 16c 

56 ± 10e   k 

PPT 
 

       DL 

76 ± 7c,d   g 6 
 

       L-(S) 

NIc   - 

1 
 

       L 

33 ± 13c   h 7 
 

       L 
26 ± 14c   l 

2 
 

       L 

NIe   - 8 
 

       L 

NIc   - 

3 
 

       L 

NIc   i 9  
       L 

NIc   - 

4  
       L-(SR) 

NIc,d   j 10  
       L 

NIc   - 

a Inhibition of Mtb GS in the presence of 1 mM compound is reported as percent inhibition 
in the biosynthetic assay compared with uninhibited enzyme. Reported values are  
averages from three independent experiments  the standard deviation. Substrate  
concentrations in the assay were 1 mM ATP, 10 mM L-glutamate and 30 mM ammonium  
chloride. NI indicates no inhibition. 

b MSO, PPT, 1, 3–5 and 7 are known inhibitors of GS, as indicated in the respective  
columns. Compounds 2, 6 and 8–10 are analogues of previously known inhibitors.  
Literature values for GS from other species were based on the transferase assay and are 
reported either as percent inhibition (where the compound concentration is given in  
parenthesis), or where available as Ki (note f–l). 

c Dissolved in H2O. 
d Tested as a racemic mixture or a mixture of two diastereomers. 
e Dissolved in dimethyl sulphoxide (DMSO). 
f  Ki = 2.0 µM, L-(SR)-enantiomer E. coli GS;39 Ki = 1.1 and 110.5 µM, L-(S)-enantiomer 

Mtb GS and sheep brain GS, respectively.41 

g  Ki = 1.1 µM, DL-enantiomer E. coli GS;39 Ki = 0.6 and 16.4 µM, corrected for the active  
L-enantiomer, Mtb GS and sheep brain GS, respectively.41 

h Percent inhibition 67% (25 mM), sheep brain GS.44 
i Kis = 54 µM, E. coli GS;49 Ki 0.88 mM, rat liver GS.56 

j Percent inhibition 11-14% (25 mM), sheep brain GS.44 

k Ki = 40 µM, S. typhimurium GS;32 Percent inhibition 21 and 22% (0.5 mM), soybean GS 
and sheep brain GS, respectively.50 

l Ki = 21 and 7 µM for soybean GS and sheep brain GS, respectively.50
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The previously reported trend of decreasing activity against GS, from the 
sulphoximine (MSO), to the sulphone (1), to the sulphoxide (4),44 was  
confirmed with Mtb GS. The sulphoxide (4) did not show any inhibition at 
1 mM. An unexpected observation was that the phosphonic acid (3) was 
inactive on Mtb GS at 1 mM despite previously reported activity on bacterial 
GS (Kis = 54 µM, E. coli). The activity of 3 on E. coli GS was confirmed 
with a slightly different experimental setting (for experimental details see 
Paper II), where compound 3 was fairly potent against E. coli GS (61% inhi-
bition at 1.1 mM), but did not inhibit Mtb GS at the concentration tested 
(1.1 mM). Despite the much conserved active site and the good fit of  
compound 3 in the active site, differing by only a hydroxyl substituent  
compared with a methyl substituent in PPT, there are differences in the  
catalytic properties reflected in the different inhibition pattern seen for this  
compound. The sulphonic acid (2) was also inactive at the concentration 
tested. 

The importance of correct stereochemistry in the -position was once 
again demonstrated42 since the L-(S) diastereomer of -hydroxylysine (6) 
was inactive at the concentration tested, whereas the previously reported  
L-(R) diastereomer (5) had an IC50 of 610 µM (Table 2). Docking studies of 
compound 5 in the amino acid binding site of Mtb GS suggest that the  
aminomethyl substituent approaches the proposed ammonium ion binding 
site (residues Asp54 , Ser57 , Tyr186 and Glu219)204 and that the interaction 
pattern of the common 2-aminoacetic acid part is retained as compared to the 
X-ray structures of PPT33 and MSO25 (Figure 13A). The -hydroxyl substitu-
ent in the (R)-isomer forms multiple hydrogen bonds, among them one to 
Arg368, as does the double-bound oxygen of the sulphoximine group in 
MSO that occupies the same position. These are interactions not displayed 
by the (S)-isomer of -hydroxylysine (6), which could explain the lack of  
activity (Figure 13A). 

 
 

Table 2. Determined IC50 on Mtb GS for the three most active compounds. 

 MSO PPT 

 

 
5 

IC50
a 51 ± 6 µM 1.9 ± 0.4 µM 610 ± 15 µM 

a Reported values are the average  the standard deviation from three or five independent 
experiments. Substrate concentrations in the assay were as in Table 1. 
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Figure 12. Virtual screening flow chart describing the reduction of 2.1 million 
commercially available compounds to 29 compounds selected for testing in the Mtb 
GS assay. 

Virtual screening (Figure 12) started with a database of 2.1 million commer-
cially available compounds, collected from eleven different suppliers. The 
database was reduced to 46,414 compounds by applying simple substructure 
searches, guided by the chemical structure of the substrate, the product or 
known inhibitors, i.e. known carboxylic acid bioisosters,205,206 primary  
amides or functional groups previously used in GS inhibitors.32 In addition to 
the substructure searches, an upper limit of 300 g/mol was applied to the 
molecular weight to limit the number of compounds and ensure that they 
would be relevant for the small amino acid binding site. After ligand  
preparation, the selected compounds were docked in the amino acid binding 
site (PDB entry 2BVC25) with FlexX.172,173 A rigid pharmacophore filter was 
applied to the top scoring pose of the docked compounds to select  
compounds that had docked with hydrogen bond acceptors (HBA) and/or a 
hydrogen bond donor (HBD) at the location of the 2-aminoacetic acid part of 
MSO (Figure 12). 3511 compounds remained for visual inspection and 29 
were selected for biological evaluation in the biosynthetic Mtb GS assay 
(some of them are given in Table 3 and are discussed below). 

The ortho-phosphonomethyl-substituted phenylalanine (17a, Scheme 2) 
identified in the virtual screening was no longer commercially available. 
With regard to the good overlap of the 2-aminoacetic acid part, the carbon 
chain and the phosphonate, compared with MSO-P (Figure 13F), and to the 
issue of whether the amino acid binding site could accommodate an aryl 

2.1 million compounds: Database filtering

46,414 compounds: Ligand preparation

99,251 compounds: FlexX docking
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ring, it was decided to synthesize this compound (Scheme 2). Starting from 
2-cyanobenzyl bromide (11) the desired compound (17a) was prepared  
in seven steps essentially according to a published method.207 Diethyl 
acetamidomalonate was alkylated under basic conditions with 2-cyanobenzyl 
bromide (11), followed by hydrogenation of the aromatic nitrile (12) to the 
amine (13). Next, the benzyl amine (13) was transformed to the  
corresponding benzyl alcohol (14). Instead of transformation to the benzyl 
chloride, as in the original synthetic scheme, the benzyl iodide (15) was  
prepared. It was prepared in two steps from the benzyl alcohol (14) by  
mesylation followed by reaction with sodium iodide.208 Compound 16 was 
synthesized from the benzyl iodide (15) by a Michaelis-Arbuzov reaction 
with triethyl phosphite. Subsequent treatment with 9 M HCl afforded  
compound 17a. The corresponding methyl ester (17b) was also obtained. 
The methyl ester was formed via transesterification with methanol (MeOH) 
in the first step of the synthesis. The corresponding acid (17a) and ester 
(17b) were separated by preparative high-performance liquid chromatogra-
phy after the final step. 

 
 

Scheme 2. Synthesis of ortho-substituted phenylalanine derivatives.  
i) AcNHCH(CO2Et)2, EtONa, EtOH, rt; ii) H2 (1 atm), 10% Pd/C, HCl, EtOH, 
CHCl3, 40°C; iii) NaNO2, H2O, , reflux; iv) NEt3, Mesyl chloride, THF, 0°C;  
v) NaI, acetone, rt; vi) P(OEt)3, , reflux; vii) 9 M HCl, , reflux.
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Table 3. Selected compounds identified in the virtual screening. 

Compound Structurea 
Mtb GS 
(%Inh)b 

Compound Structurea 
Mtb GS 
(%Inh)b 

17a 

 

NIc,d 20 

 

24 ± 3f 

17b 

 

NIc 21 

 

26 ± 13f 

18 

 

NIc 22  

 

48 ± 16c 

19 NIc,e 

3 
23 
24 
25  

n = 1, NIc 
n = 2, NIf,g 
n = 3, NIc 
n = 4, NIc 

a Compounds 3 and 23–25 were tested as L-amino acids, and 17a, 17b, 18 and 19 as  
racemic mixtures. 

b Inhibition of Mtb GS in the presence of 1 mM compound is reported as percent inhibition 
in the biosynthetic assay compared to uninhibited enzyme. Reported values are averages 
from three independent experiments  the standard deviation. Substrate concentrations in 
the assay were 1 mM ATP, 10 mM L-glutamate and 30 mM ammonium chloride. NI  
indicates no inhibition.  

c Dissolved in H2O  
d Concentration in assay 0.20 mM 
e Concentration in assay 0.93 mM  
f Dissolved in DMSO  
g Concentration in assay 0.75 mM   
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Figure 13. (A) The active L-(R)- -hydroxylysine (5, pink carbons) and the inactive 
L-(S)- -hydroxylysine (6, blue carbons) showing the hydrogen bond interactions of 
the L-(R) diastereomer. (B) The designed meta-sulphoximine-substituted phenylgly-
cine (29) showing its hydrogen bond interactions to the Mtb GS protein. Docking 
poses of the active compounds (C) 20, (D) 21, (E) 22 and (F) the inactive synthe-
sized 17a in the amino acid binding site of Mtb GS (pink carbons). The X-ray pose 
of MSO-P (turquoise carbons) is overlaid in all images.25  
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The aminomethyl-substituted phenylalanine (18) was obtained during the 
synthesis by hydrolysis and decarboxylation of the benzylamine (13). The 
synthesized compound identified in the virtual screening (17a) and the  
ortho-substituted phenylalanine derivatives obtained (17b and 18) were  
subjected to biological evaluation (Table 3). 

Virtual screening identified three compounds (20–22, Table 3) with  
activity in the millimolar range. FlexX docking results (Figure 13C–E)  
suggest that all three compounds interact with Gly272 or His276 and 
Arg329, with either a urea moiety or a carboxylic acid moiety, partly  
mimicking the interactions by MSO-P in this area of the binding site.  
Compound 20 overlays the sulphonamide group with the sulphoximine 
group of MSO-P, displaying similar interactions with the protein to the 
sulphoximine group of MSO-P, among them a hydrogen bond to Arg368. 
The sulphonamide group has previously also been used in an MSO analogue 
against E. coli GS.49 Both 21 and 22 reach higher up in the pocket, and show 
additional interactions in the phosphonate binding site, according to the 
docking calculations. Compound 21 places the amide carbonyl oxygen in the 
same position as the sulphoximine oxygen of MSO-P, where it forms a  
hydrogen bond with Arg368, as suggested from the docking pose. The  
sulphonic acid group of 22 is located in the phosphonate part of the amino 
acid binding site according to the docking pose, and it is responsible for the 
hydrogen bond to Arg368. Instead, 22 displays a cation-  interaction  
between Arg368 and the phenyl ring of the ligand in the position where the 
sulphoximine of MSO-P resides. Thus, it appears that the interaction with 
Arg368 is very important for activity, since it was found as a common  
interaction in the active Mtb GS compounds, but is lacking in some of the 
inactive compounds (see the discussion above regarding the diastereomers 5 
and 6 and the inactive compounds 17a and 24 below). 

The previously reported amino acid derivative substituted with a  
phosphonic acid (3)49,56 was one of the compounds that passed the pharma-
cophore filter after FlexX docking, together with three analogues with  
varying carbon chain length (23–25, Table 3). They were therefore selected 
for further studies, since glutamate analogues with an elongated carbon chain 
have been reported to be substrates of pea GS and sheep brain GS,209,210 and 
the successful conversion of substrates into inhibitors of GS has been  
reported.48,53,59,61 However, none of these compounds displayed any activity 
at the concentration tested. Despite the good fit of 24 in the active site where 
the phosphonate group overlaps the phosphonate group of MSO-P, accord-
ing to docking results, it was inactive. Compound 17a displayed similar  
interaction patterns as compound 24 in the binding site, according to docking 
(Figure 13F), with a good match of the 2-aminoacetic acid part and the 
phosphonate part compared with MSO-P. However, the synthesized  
compound 17a was also inactive. These results again indicate that the inter-
actions in the -position are crucial for activity. None of the other synthe-
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sized ortho-substituted phenylalanine derivatives (17b or 18) or the  
purchased para-substituted phenylalanine (19) was active (Table 3). 

In a follow-up study based on compound 22 from the virtual screening, 
fifteen N-arylated amino acid derivatives were synthesized (Table 4).  
Different functional groups, some with tetrahedral geometry or negative 
charge, were investigated in the R2-position with either hydrogen,  
(S)-hydroxymethyl or (R)-hydroxymethyl in the R1-position. Three of the 
compounds were identified as weak inhibitors. Many more displayed  
apparent activation of the enzyme, an effect previously reported for plant 
GS.211 

Table 4. Synthetic library based on compound 22 identified in the virtual screening. 

                                                                 

 
 

  
 

R2 Compound 
Mtb GS 
(%Inh)a 

 Compound 
Mtb GS 
(%Inh)a 

 Compound 
Mtb GS 
(%Inh)a 

 
26a NIb  27a AAc  28a NIc 

 
26b 30 ± 18  27b 13 ± 15  28b NI 

 

26c NI  27c AA  28c 33 ± 10 

 
26d AA  27d AA  28d AA 

 

26e 42 ± 5d  27e AA  28e AA 

a Inhibition of Mtb GS in the presence of 1 mM compound as percent inhibition in the 
biosynthetic assay compared to uninhibited enzyme. Reported values are averages from 
three independent experiments  the standard deviation. Compounds were dissolved in 
water unless otherwise stated. Substrate concentrations in the assay were 1 mM ATP, 
10 mM L-glutamate and 30 mM ammonium chloride. NI indicates no inhibition and AA 
indicates apparent activation. 

b Concentration in assay 0.90 mM 
c Concentration in assay 0.50 mM 
d Dissolved in DMSO  
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In a third attempt to identify inhibitors binding in the amino acid binding 
site, synthetic modifications of the MSO structure were suggested based on 
structure-based design. Rigidified MSO analogues were evaluated in which 
the amino acid alkyl chain was replaced by a phenyl (I) or a five-membered 
heterocyclic structure (II). Ortho-, meta- and para-sulphoximine-substituted 
phenylglycines were considered (I). The suggested compounds were  
evaluated by docking (Figure 14A).  

 

 
 
Figure 14. (A) Compounds comprising phenyl or 5-membered heteroaromatic rings 
as core structures were evaluated by docking in the amino acid binding site. (B) The 
synthetic target, meta-sulphoximine-substituted phenylglycine (29) was chosen 
based on both synthetic feasibility and its fit in the active site. 

The meta-substituted phenylglycine was chosen as the synthetic target (29), 
as both the sulphoximine and the carboxylic acid functional groups could be 
positioned in the active site similarly to the MSO-P structure (Figure 13B 
and Figure 14B). Despite the good fit in the active site the compound failed 
to display any activity against Mtb GS; neither did any of the meta-methyl 
thioether-, sulphoxide- or sulphone-substituted phenylglycine compounds 
obtained by deprotection of synthetic intermediates in the synthesis of 29. 
The lack of activity of compound 29 could be the result of the more rigid and 
slightly larger phenyl ring, preventing the mutual superpositioning of the 
amino, carboxylic and sulphoximine groups on MSO and/or leading to unfa-
vourable steric interactions. 
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4 Imidazo[1,2-a]pyridines as glutamine 
synthetase inhibitors 

During the course of this work, an additional hit identification approach, 
HTS, was applied to the Mtb GS enzyme. As a result of this, several novel 
classes of ATP-competitive Mtb GS inhibitors were identified.68 Two of the 
classes, the diketopurines (30) and the imidazo[1,2-a]pyridines (31), are 
shown in Figure 15. The imidazo[1,2-a]pyridine scaffold is present in  
marketed drugs such as zolpidem, used for short-term treatment of insom-
nia.212 Recent publications also describe the potential use of imidazo[1,2-a]-
pyridines in the treatment of colon cancer,213 as antimicrobial agents214 and 
as compounds with antituberculosis activity.215 They are also known kinase 
and ATP-site inhibitors.216,217 Further efforts were made to expand the hits in 
the imidazo[1,2-a]pyridine class to investigate their SAR as Mtb GS inhibi-
tors with the goal of developing a lead compound (Paper III and IV). 

 
Figure 15. Analogues of HTS hits from the diketopurine class (30)68 and the  
imidazo[1,2-a]pyridine class (31, Paper III) inhibiting Mtb GS. 

Imidazo[1,2-a]pyridines were prepared using an Ugi-type, three-component 
condensation reaction from 2-aminopyridine, an aldehyde and an isonitrile, 
according to Scheme 3, giving yields between 19 and 82%.218-220 The R3 
bromo substituent could then be further functionalized (Paper III). 

 
Scheme 3. Three-component Ugi-type reaction for the synthesis of  
imidazo[1,2-a]pyridines. 
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Initially, the pyridine ring substituent (R) was subjected to modifications 
(Table 5). The 6-bromo substituent was: i) either removed (32a), ii) replaced 
by other halogens (32b–32d), iii) replaced by electron-donating substituents 
(32e and 32f) or iv) replaced by electron-withdrawing substituents (32g and 
32h). The position of the substituents was altered or an additional substituent 
was introduced (32i–32l) and, finally, an additional aryl substituent with 
varying amounts of conformational flexibility was introduced (32m–32r). 
The results showed that the activity of the compounds in the halogen series 
increased in the order F < Cl < Br < I, other electron-withdrawing substitu-
ents led to inactive compounds (32g and 32h, IC50 > 50 µM).  

Table 5. Biological evaluation of 3-amino-imidazo[1,2-a]pyridines with substitu-
tions at the 5-, 6- and 8-positions of the pyridine ring. The IC50 of MSO and PPT are 
given for comparison. 

 

Compound R5 a R6 a R8 a IC50 (µM)b 

MSO - - - 51 ± 6 
PPT - - - 1.9 ± 0.4 

32a    >50 

32b  F  >50 

32c  Cl  11.2 ± 1.5 

31  Br  8.8 ± 0.4 

32d  I  4.8 ± 0.5 

32e  CH3  >50 

32f  OCH3  31.3 ± 0.7 

32g  CN  >50 

32h  CF3  >50 

32i Br   >50 
32j   Br 21.3 ± 1.6 

32k  Br Br >50 

32l  Br CH3 12.7 ± 0.7 

32m  Phenyl  >50 

32n  Pyridin-4-yl  >50 

32o  Benzyl  >50 

32p  Phenoxy  >50 

32q  (E)-Styryl  >50 

32r  Phenethyl  >50 
a Empty cells in the table indicate unsubstituted positions, i.e. hydrogen. 
b Values are means of three experiments  the standard deviation. The compounds were 

dissolved in DMSO and were screened for inhibition at a concentration of 50 µM.  
Substrate concentrations were 1 mM ATP, 30 mM L-glutamate and 25 mM MgCl2. 
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The methoxy-substituted compound (32f) exhibited a lower activity than the 
parent compound (31). Neither 32a nor 32e was active (IC50 > 50 µM).  
Moving the bromo substituent to the 5-position was not tolerated, rendering 
the inactive 32i. An 8-bromo substituent was only possible if the 6-position 
remained unsubstituted (32j and 32k). Retaining the 6-bromo substituent and 
introducing a methyl substituent in the 8-position gave 32l with a slightly 
lower activity than the parent compound 31. Introduction of an aryl  
substituent proved detrimental to activity (32m–32r). From Table 5 it can be  
concluded that there is limited space around the pyridine ring and that large 
halogens are beneficial for activity, but that the effect is not entirely related 
to the electron-withdrawing capacity of the substituent. 

Following the investigation of substituents on the pyridine ring, attention 
was turned to substituents on the 2-phenyl ring (Table 6). If the ring was 
removed or left unsubstituted (33a and 33b) the activity was lost. Early in 
the investigation, the meta-hydroxy and para-methoxy substituents of the 
original hit compound (31) were interchanged. This gave the inactive  
compound 33c (IC50 > 50 µM), leading to a hypothesis regarding the impor-
tance of having a hydrogen bond donor in the meta position. By removing 
the para-methoxy substituent (33e), an improvement in activity (IC50 = 
3.3 µM) was obtained compared to the hit compound (31, IC50 = 8.8 µM), 
suggesting that the para-methoxy substituent is not important for activity. 

The importance of the hydrogen bond donating capacity was further  
examined by moving the hydroxyl group to the ortho and para positions, the 
introduction of a one-carbon spacer and introducing other functionalities 
with varying donor and acceptor capacities. Finally, substituents that influ-
enced the electronic properties of the phenyl hydroxyl substituent were  
introduced (33d–33n). Taken together, compounds with a hydrogen bond 
donating group in the meta position were active, as hypothesized, with IC50 
values between 0.38 and 13.2 µM (33e, 33g, 33h and 33j), whereas  
compounds with only hydrogen bond acceptor capacity in the meta position 
were inactive (33c, 33i, 33k and 33l, IC50 > 50 µM). An electron-poor 
phenyl ring in combination with a hydroxyl substituent in the meta position 
gave the inactive compounds (33m and 33n). There are several possible 
explanations for this; one is the formation of an internal hydrogen bond that 
disrupts the donor ability. Another possible explanation is that the orienta-
tion of the phenyl ring in the binding site is disturbed. 

Further investigations of the imidazo[1,2-a]pyridine class, to allow more 
than functional group interconversions and positional alterations, prompted 
the application of SMD. The three-component condensation reaction used to 
synthesize the imidazo[1,2-a]pyridines is well suited for SMD, due to the 
robust chemistry and the lack of intermediate steps. Thus, diversification can 
be achieved by simply choosing and mixing the appropriate isonitrile and 
benzaldehyde starting materials.  
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Table 6. Biological evaluation of substitutions at the 2-position of the 3-amino-
imidazo[1,2-a]pyridine ring. 

 

Compound R IC50 (µM)a Compound R IC50 (µM)a 

33a H >50 33h 10.1 ± 1.1 

33b 
 

>50 33i >50 

33c >50 33j 0.38 ± 0.02 

33d >50 33k >50 

33e 3.3 ± 0.6 33l >50 

33f 
 

ndb 33m >50 

33g 13.2 ± 1.5 33n >50 

a Values are means of three experiments and the standard deviation. The compounds were 
dissolved in DMSO and were initially screened for inhibition at a concentration of 50 µM. 
Substrate concentrations in the assay were 1 mM ATP, 30 mM L-glutamate and 25 mM 
MgCl2. 

b The abbreviation nd indicates that IC50 could not be determined due to poor solubility. 
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Four positions, those of the ortho (Ro), meta (Rm) and para (Rp) substituent 
of the 2-phenyl ring and the 3-amino substituent (R1), were chosen to be 
varied (Figure 16) according to the FHDoE strategy.152 The FHDoE strategy 
has been used previously in peptide library design221,222 and its origin, the 
hierarchical experimental design approach, has been applied on phenyl  
substitutions.153 Isonitrile and mono-substituted ortho-, meta- and para-
substituted benzaldehyde building blocks were assembled from twelve  
different chemical suppliers. Their size, polarity and hydrophobicity were 
characterized by calculated descriptors (Table 7) using PCA223 to reduce the 
number of variables. 

 

 
 
Figure 16. Positions that were selected to be varied according to FHDoE. 

Two principal components were extracted for each building block set. The 
first principal component described mainly size and the second described 
mainly hydrophobicity. A small library of 16 compounds was designed using 
a 24 full-factorial substitution pattern design and a 28-4 fractional factorial 
substituent design. The N-cyclopentyl, 2-phenyl-substituted imidazo-[1,2-a]-
pyridine (33b, Table 6) was chosen as the centre point to make hydrogen the 
no substitution option, while retaining the cyclopentyl substituent in the R1-
position as in the original hit (31, Figure 15). Not all combinations of the 
appropriate benzaldehyde substitution pattern (++, +–, –+ and +–, ++, 00) 
were commercially available and in these cases (34b and 34j) a similar 
building block was selected instead. The selected compounds (34a–34n, 33b 
and 33i) were synthesized according to Scheme 3 and subjected to biological 
testing (Table 8). 

 

Table 7. Descriptors used to characterize building blocks.a 

Calculated octanol/water partition  
coefficient (ClogP) 

Hydrophobe Molecular weight 

Principal components from PCA of 22 
charged partial surface area descriptors 

Area Rotatable bonds 

Calculated molecular refractivity Volume Atom count 

No. of hydrogen bond acceptors Polar surface area Bond count 

No. of hydrogen bond donors Polar volume Ring count 
a As implemented in SYBYL v.7.3  
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Table 8. Biological evaluation of the designed 3-amino-imidazo[1,2-a]pyridine 
library. 

Compound R1 R2 IC50 (µM)a 

34a 
 

 

>25 

34b 
 

>25 

34c 
 

 

>25 

34d 
 

>25 

34e 
 

 

>25 

34f 
 

 

>25 

34g 
  

3.0 ± 0.1 

34h 
  

>25 

34i 
 

>25 

34j 
 

>25 

34k 
 

 

>25 
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Table 8. Continued 

34l 
 

 

>25 

34m 
 

 

>25 

33i 
 

 

>50 

34n 
  

>25 

33b 
  

>50 

a Values are means of three experiments  the standard deviation. The compounds 
were dissolved in DMSO and were initially screened for inhibition at a concentra-
tion of 25 µM. Substrate concentrations in the assay were 1 mM ATP, 30 mM  
L-glutamate and 30 mM ammonium chloride. 

Only one compound in the designed library displayed significant activity, 
(34g, IC50 = 3.0 µM). However, the activity of this compound was higher 
than that of the original hit (31, IC50 = 8.8 µM). Compound 34g also had a 
different 3-amino substituent (R1) and lacked the meta-hydrogen bond donor 
substituent, previously identified as a requirement for activity. 

Based on this finding, an investigation of the R1-position was undertaken, 
retaining the 2-hydroxyethoxy substituent in the para position as identified 
in 34g (Table 9). Isonitrile building blocks were selected around the  
n-butyl isonitrile from the PCA plot. Using this approach aromatic (35a), 
longer aliphatic (35b), smaller branched (35c) and cyclic aliphatic substitu-
ents (35d) were investigated. The n-propyl (35e) was also prepared and 
evaluated, although this building block was not commercially available and 
therefore not initially included in the PCA. Unexpectedly, only the linear R1 
substituents displayed any significant activity, despite the fact that the 
cyclopentyl substituent was incorporated in many potent inhibitors, vide 
supra.  
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Table 9. Biological evaluation of different R1 substituents in combination with the 
2-[para-2-hydroxyethoxy]-phenyl-substituted imidazo[1,2-a]pyridine. 

 

Compound R1 IC50 (µM)a 

35a 4-fluorophenyl >25 
35b n-pentyl 4.9 ± 0.5 
35c iso-propyl >25 
35d cyclopentyl >25 
35e n-propyl 3.9 ± 0.3 
a Values are means of three experiments  the standard deviation. The compounds were 

dissolved in DMSO and were initially screened for inhibition at a concentration of 25 µM. 
Substrate concentrations in the assay were 1 mM ATP, 30 mM L-glutamate and 30 mM 
ammonium chloride. 

 
 

Table 10. Biological evaluation of meta (Rm) and para (Rp) phenyl substitutions of 
the imidazo[1,2-a]pyridines in combination with the n-butyl chain in the  
R1-position. 

Compound Rm Rp IC50 (µM)a 

36a H OCH2CH2CH3 >25 
36b H N(CH3)CH2CH2OH 8.3 ± 1.5 
36c H OCH2CN >25 
36d H OCH2COOH 1.6 ± 0.3 
36e H N(CH2CH2OH)2 22 ± 1 
36f H OCH2CONH2 6.3 ± 0.1 
36g H OCH2CH2N(CH3)2 5.8 ± 0.2 
36h OCH2CH2OH H 2.2 ± 0.3 
36i OH H 1.4 ± 0.2 
36j COOH H 0.6 ± 0.1 
36k OH OCH3 1.9 ± 0.3 
36l OCH3 OH 1.5 ± 0.1 
a Values are means of three experiments  the standard deviation. The compounds were 

dissolved in DMSO and were initially screened for inhibition at a concentration of 25 µM. 
Substrate concentrations in the assay were 1 mM ATP, 30 mM L-glutamate and 30 mM 
ammonium chloride.  
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Building on the knowledge previously derived (Table 6, Table 8 and Table 
9) the n-butyl R1 substituent was retained and the substitution pattern and the 
substituents on the 2-phenyl ring in the imidazo[1,2-a]pyridine scaffold were 
varied (36a–36l, Table 10). In the follow-up study the 2-hydroxyethoxy  
substituent of the active compound (34g) from the design table was replaced 
by different substituents in the Rp-position or moved to the meta position of 
the 2-phenyl ring (36a–36h, Table 10). Again, substituents were selected 
around the active 2-hydroxyethoxy substituent from the PCA plot of para-
substituted benzaldehydes to investigate charged functionalities, hydrogen 
bonding capacity, branched chains and hydrophobic substituents (36a–36g). 
Hydrophobic substituents and large branched chains were inactive or  
exhibited only low activity (36a, 36c and 36e, IC50 > 22 µM). Both  
negatively (36d) and positively (36g) charged substituents were tolerated, 
indicating that there seems to be no specific charge interaction. Compounds 
with substituents having different polar groups were almost equipotent (36b, 
36f and 36g), with the exception of 36d with a terminal carboxylic acid, 
which had an IC50 of 1.6 µM, i.e. half that of the parent compound (34g). 
The 2-hydroxyethoxy substituent could be moved to the meta position with 
retained activity (36h). 

To explore the effect of having an n-butyl chain instead of the cyclopentyl 
chain in the R1-position, compounds 36i–36l (Table 10) were synthesized. 
These compounds have the same substitution pattern of the 2-phenyl ring as 
in previously identified imidazo[1,2-a]pyridines (31, Figure 15; 33c, 33e and 
33j, Table 6). The n-butyl chain gave improved activity in all but one case 
(36j, IC50 = 0.6 µM compared to 33j, IC50 = 0.38 µM). For four other 
matched pairs the n-butyl-substituted imidazo[1,2-a]pyridine was more ac-
tive than the cyclopentyl substituted counterpart: 

 
R1 = n-butyl R1 = cyclopentyl 
34g  3.0 µM – 35d >25 µM 
36i  1.4 µM – 33e  3.3 µM 
36k  1.9 µM – 31  8.8 µM 
36l 1.5 µM – 33c  >50 µM 

Crystallization efforts were successful and the X-ray structure was obtained 
with the active compound 36d in complex with Mtb GS, revealing that the 
imidazo[1,2-a]pyridines bind in the ATP binding site. The binding mode is 
different from the two previously known complex structures with ligands in 
the ATP binding site.25,68 The imidazo[1,2-a]pyridine scaffold only partly 
overlaps the diketopurine scaffold of 30 and the adenine moiety of ADP, and 
it does not extend to the ribose and phosphate binding region (Figure 17). 
However, the ring cores are positioned in the same plane providing a  

-cation interaction to Arg364 and -  stacking to Phe232, as do ADP and 
30 (Figure 18). 
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Figure 17. Overlay of imidazo[1,2-a]pyridine 36d (pink carbons) (A) on the diketo-
purine analogue 30 (PDB entry 2WHI,68 turquoise carbons) and (B) ADP (PDB 
entry 2BVC,25 turquoise carbons). The surface of the hydrophobic pocket, consisting 
of Tyr129, Phe232, Trp282 and Lys361, harbouring both the n-butyl chain of 36d 
and the 3,4-dichlorophenyl substituent of the diketopurine analogue 30, is shown in 
pink.  

 

Figure 18. Interactions of compound 36d in the ATP binding site of Mtb GS. 

 
 
Figure 19. Sterical hindrance from an ortho substituent would force the 2-phenyl 
substituent to rotate and an Rm substituent would not be presented to the Asn359 and 
Lys361 side chains. A docked pose of the cyclopentyl R1 substituent is displayed. 

B A 

N

N

NH
Br

O

Trp282

Tyr129

Asn359

HN
Lys361

O

H
N

His278

O

NH2
H
N

NH

Arg364

Phe232

O

O-



 49

The n-butyl chain resides in the hydrophobic pocket constituted by Tyr129, 
Phe232, Trp282 and Lys361, which is also occupied by the 3,4-dichloro-
phenyl substituent of 30 (Figure 17A). The Rp substituent points towards the 
opening of the pocket and the surrounding solvent. Compound 36d can form 
a hydrogen bond between the 3-amino group and the backbone carbonyl of 
Lys361. The hydrogen bond to the carbonyl of Lys361 is also one of the 
important interactions of ADP.25 Additional hydrogen bond interactions are 
possible between the Rp substituent and the Asn359 and Lys361 side chains.  

With the detailed knowledge from the X-ray structure of Mtb GS in  
complex with 36d, the SAR of these compounds can be discussed (Figure 
20). The lack of space for the aryl-substituted compounds 32m–32r is  
obvious (Table 5), but the more detailed picture also provides a possible 
explanation of the superior activity of the halogen substituents (32c, 31 and 
32d) compared to the other substituents, and the reason why the 6-position is 
better than the 5- or 8-positions. The distance between the 6-bromo  
substituent and the carbonyl oxygen of the His278–Gln279 amide bond is 
3.28 Å (Figure 18). This distance is close to the van der Waals radius of a 
bromine–oxygen pair (3.37 Å), indicating a halogen bond. When the halogen 
interacts with a carbonyl group in proteins the donated electrons most often 
come from the -system of the C=O bond rather than the lone pairs.224 The 
strength of a halogen bond (C–X B) increases with the size of the halogen 
atom, which corresponds to the trend observed in Table 5 (32b < 32c < 31 < 
32d), but it is also influenced by the electron density of the electron donor 
(B) and the electronegativity of the carbon substituents in the C–X partner.225 

 

 
 
Figure 20. Summary of SAR for the imidazo[1,2-a]pyridine class derived from the 
compounds synthesized. 
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The effects of different R1 substituents are more difficult to rationalize. The 
hydrophobic pocket in this region can accommodate large substituents, as 
exemplified by the 3,4-dichlorophenyl substituent in the X-ray structure of 
30 (Figure 17A).68 Furthermore, a cyclopentyl substituent was successfully 
used in a number of imidazo[1,2-a]pyridine-based inhibitors (Table 5 and 
Table 6), and a 2-tetrahydrofuranylmethyl R1 substituent has been found in 
the HTS hits.68 Docking of the compounds in Table 8–Table 10 also clearly 
shows that there are poses where most of the different R1 substituents can be  
accommodated in the hydrophobic pocket, although the compounds are  
inactive (IC50 > 25 µM). The bulky tert-butyl substituent (34k) however, 
does not fit since the pocket is too narrow and the side chains of the enzyme 
would have to be moved to accommodate such a substituent.  

Table 11. Free energy of hydration Gh° (kJ mol-1) of corresponding hydrocarbons 
of the R1 substituents and the activity of the corresponding imidazo[1,2-a]pyridine. 

 n-Propane n-Butane n-Pentane Cyclopentane Fluorobenzene 

Gh° 8.18226 8.7226 9.76226 5.02226 3.26227 

Compound 35e 34g 35b 35d 35a 

IC50 (µM) 3.9 3.0 4.9 >25 >25 

The observation that the n-butyl-substituted compound is more active than 
the cyclopentyl-substituted counterpart in four out of five matched pairs 
(34g/35d, 36i/33e, 36k/31 and 36l/33c, but not in 36j/33j, vide supra) could 
possibly be explained by the desolvation properties of the R1 substituent. The 
values of the free energy of hydration ( Gh°) of the hydrocarbons  
corresponding to the R1 substituents were gathered from the literature  
(Table 11).226,227 From these values it can be deduced that the gain from 
desolvation of cyclopentane and fluorobenzene is less than the gain from 
desolvation of the n-hydrocarbons. The desolvation of n-pentane is even 
more favourable than for n-butane. However, compound 35b has a slightly 
lower IC50 than the corresponding 34g (Table 11), showing that other factors 
such as entropy and protein–ligand interactions also influence binding  
affinity.  

In the 2-phenyl ring the substituents are pointing towards the solvent 
(Figure 17), which may explain the high tolerance of different Rp  
substituents in this position (Table 10). For example, more polar substituents 
are more active, regardless of whether they are positive, neutral or negative 
(34g, 36b, 36d, 36f and 36g), and the two compounds comprising the most 
lipophilic Rp substituents (36a and 36c) are inactive. Compound 36e substi-
tuted with a larger branched chain is also tolerated.  

The active compounds all have the possibility to form a hydrogen bond 
with Asn359 and/or the side chain of Lys361, according to docking calcula-
tions, which could be important for their activity. Assuming that interaction 
with Asn359 and the side chain of Lys361 is beneficial for activity, the  
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introduction of an Ro substituent, as in the inactive 33m, prevents the Rm 
substituent from forming hydrogen bond/s to Asn359 and/or Lys361 since 
the ortho substituent will clash into the R1 substituent (Figure 19) forcing the 
2-phenyl ring to turn the Rm substituent away from its possible interaction 
partners. However, the interpretation of precise polar interactions is difficult, 
due to the solvent-exposed region and the poor electron density of the X-ray 
structure around the R2 substituent. 
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5 Exploration of fosmidomycin analogues as 
Mycobacterium tuberculosis 1-deoxy-D-
xylulose-5-phosphate reductoisomerase 
inhibitors 

A number of compounds have been identified that inhibit DXR of P.  
falciparum, E. coli or Mtb107-115,117-120,128-133 and one of these, (fosmidomycin, 
Figure 8), has reached the stage of clinical trials.98-102 However, little is 
known about Mtb DXR inhibitors, compared to inhibitors of P. Falciparum 
and E. coli which are the two species where most of the research has been  
concentrated so far. Furthermore, the compound fosmidomycin lacks activity 
on the Mtb whole-cell level.103,104 One of the most rewarding alterations of 
the fosmidomycin structure has been the introduction of electron-poor  
aromatic substituents in the -position, but only a limited number of aryl 
substituents have been evaluated, mostly decorated phenyl groups and two 
thienyl substituents.117,128-130 

In the complex structures of DXR and fosmidomycin (PDB entries Mtb 
2JCZ95 and E. coli 1Q0L96), the Gly198–Met208 flap (numbering according 
to Mtb DXR unless otherwise stated) covers the binding site, leaving little 
room for structural variation of the inhibitor, although -aryl substituents 
have been well tolerated.128,129 The first complex structures of DXR and an 

-aryl-substituted fosmidomycin analogue (PDB entries 3RAS131 and 
2Y1G130) reveal that the flap is disorganized, indicating that the -aryl  
substituent points out towards the surrounding solvent. Three interesting  
X-ray structures were released by the group of Song in 2011, in which  
E. coli DXR was in complex with different arylmethylphosphonic acids 
(PDB entries 3ANL, 3ANM, 3ANN).132 In these structures, the flexible loop 
is present with associated electron density, displaying -  stacking between 
the indole ring of Trp203 (Trp211 E. coli numbering) and the aryl substitu-
ent of the inhibitor. 

It was therefore decided to explore the potential of fosmidomycin  
analogues with various aromatic substituents in the -position. The synthesis 
of fosmidomycin analogues is a linear process of seven steps starting from a 
cinnamaldehyde.129 Since a very limited number of different cinnamalde-
hydes are commercially available, this starting material has to be synthesized 
to obtain the variety needed for the final compounds (Paper V).
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5.1 Synthesis of cinnamaldehyde derivatives by an 
oxidative Heck reaction 

Cinnamaldehydes are commonly synthesized in one or more steps by the 
Wittig reaction or crossed aldol condensation,228 but variants such as 
Horner–Wadsworth–Emmons229,230 or the Peterson reaction231 can also be 
employed. Other methods include oxidation of primary allylic alcohols or 
reduction of , -unsaturated carboxylic acid derivatives.228 Many of the 
above mentioned synthetic routes employ harsh reaction conditions, for  
example, the use of a strong base in the Wittig and Horner–Wadsworth–
Emmons reactions.228-230 In contrast, the oxidative Heck reaction employs 
very mild, base-free reaction conditions183,195 and positions sensitive to  
oxidation, such as benzylic hydroxyl groups or aryl thioethers, remain  
unaffected in reactions under air.183,197 

 

 
 

Scheme 4. Retrosynthetic analysis of cinnamaldehydes. 

Retrosynthetic analysis of cinnamaldehydes employing an oxidative Heck 
reaction suggest an arylboronic acid and acrolein as starting materials 
(Scheme 4). The use of acrolein has been problematic in Pd(0)-catalysed 
Heck–Mizoroki reactions, due to polymerization problems resulting from the 
elevated temperature and basic reaction conditions, leading to low 
yields.232,233 However, two examples have been reported where acrolein was 
successfully used as the olefin partner in an oxidative Heck reaction.183 Thus, 
an investigation of the scope and limitations of using acrolein in the oxida-
tive Heck reaction was initiated to provide interesting cinnamaldehydes for 
the synthesis of new fosmidomycin analogues. The general scheme for  
reacting different boronic acids (37) with acrolein (38a) or methyl vinyl 
ketone (38b) to furnish cinnamaldehyde derivatives is depicted in Scheme 5. 

 

 
 

Scheme 5. Oxidative Heck reaction with boronic acid (37a–37m) and acrolein (38a) 
or methyl vinyl ketone (38b) to furnish the , -unsaturated products (39a–39n). 
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Table 12. Optimization of reaction conditions with para-tolylboronic acid (37j) and 
acrolein (38a).a 

Entry Catalytic mixb Solvent Time Temp. GC/MS responsec 

1 40a/41a/air MeCN 24 h rt 81 
2 40a/41a/42 MeCN 0.5 h MW, 100°C 65 
3 40b/41a/42 MeCN 24 h rt 77 
4 40a/41b/42 MeCN 24 h rt <1 
5 40a/41a/42 MeCN 24 h rt 85 
6 40a/41a/42 DMF 24 h rt 80 
7 40a/41a/42 EtOH 24 h rt <1 
a All reactions were carried out with acrolein (1 mmol), para-tolylboronic acid (2 mmol), 

Pd(II) catalyst (0.02 mmol), ligand (0.024 mmol), reoxidant (p-bzq, 1 mmol or air) and 
solvent (2 mL) for the times and at the temperatures indicated. 

b Combination of Pd(II) catalyst, ligand and reoxidant consisting of either Pd(OAc)2 (40a) 
or Pd(OCOCF3)2 (40b), dmphen (41a) or dppp (41b) and p-bzq (42) or air as indicated.  

c Naphthalene was added to each reaction and the GC/MS response was expressed as:  

 

To identify suitable reaction conditions, initial screening was performed 
starting from the reaction conditions previously employed in the oxidative 
Heck reaction for 37j and acrolein (Table 12, entry 1).183 The palladium 
source was investigated, using palladium(II) acetate (40a) or palladium(II) 
trifluoroacetate (40b) together with either dmphen (41a) or  
1,3-bis(diphenylphosphino)propane (dppp, 41b) as ligands. Either para-
benzoquinone (p-bzq, 42) or air was used as reoxidant, and the reaction was 
run at room temperature (rt) for 24 h or with microwave heating (MW) at 
100°C for 30 min. N,N-Dimethylformamide (DMF), acetonitrile (MeCN) 
and ethanol (EtOH) were investigated as solvents. Reaction progress was 
analysed by gas chromatography/mass spectrometry (GC/MS). The GC/MS 
response was measured as the product peak area divided by the peak area of 
supplemented naphthalene as internal standard multiplied by the ratio of the 
concentration of naphthalene and acrolein. 

Air and p-bzq worked equally well as reoxidants (Table 12, entries 1 and 
5). p-Bzq was chosen since the reaction vessel could be capped, preventing 
possible loss of the volatile acrolein and solvent under the long reaction time 
employed. Furthermore, the use of p-bzq decreased phenol formation from 
the oxidation of boronic acid by hydrogen peroxide,234 which forms in the 
catalytic cycle under air.203 Phenol formation was observed, for example, 
with compound 39e. MW heating at 100°C indicated lower yield than the 
reaction at room temperature (Table 12, entries 2 and 5), in agreement with 
previous studies.183 The use of palladium(II) trifluoroacetate (40b) did not 
seem to provide a better yield (Table 12, entry 3), and the use of a phosphine 
ligand (41b) gave poor results as observed previously (Table 12, entry 4).193 
Solvent screening showed that EtOH is not well suited, giving only traces of 
product, but both acetonitrile and DMF worked well (Table 12, entries 5, 6 
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and 7). Acetonitrile was chosen due to its lower toxicity and lower boiling 
point.  

An investigation of the scope and limitations of different boronic acids 
was performed (Table 13) employing these reaction conditions (Table 12, 
entry 5). All products were terminally arylated and isolated with  
E-stereochemistry as expected.192,197 Both electron-rich and electron-poor 
boronic acids provided high yields, as observed, for example, for 37a, 37f 
and 37l (Table 13, entries 1, 6 and 12). Good chemoselectivity was demon-
strated, where the halogenated boronic acids 37d and 37k afforded the  
corresponding cinnamaldehydes (39d and 39k) in 77 and 78% yield, respec-
tively. No by-products were formed from competing Pd(0)-catalysed Heck  
reactions or dehalogenation (Table 13, entries 4 and 11). Due to the limited 
solubility of the larger arylboronic acids (37f, 37h and 37l), DMF was used 
as a solvent instead of acetonitrile (Table 13, entries 6, 8 and 12). The steri-
cally hindered boronic acid 37g furnished 39g in an excellent yield of 92% 
(Table 13, entry 7). Heteroaromatic cinnamaldehydes 39h and 39m were 
obtained in 52% and 92% yield, respectively (Table 13, entries 8 and 13).  

Table 13. Oxidative Heck reaction employing different arylboronic acids  
(37a–37m) and acrolein (38a) or methyl vinyl ketone (38b).a 

Entry Boronic acid Olefin Product 
Time 
(h) 

Yield 
(%)b 

1 
 

37a 
38a  

39a 

24 77 

2 
 

37b 

38a 
 

39b 

24 85 

3 

 
37c 

38a 

 
39c 

24 77 

4 
 

37d 

38a 
 

39d 

24 77 

5 
 

37e 

38a 
 

39e 

0.5 43c 

6 
 

37f 

38a 

39f 

48 74d 
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Table 13. Continued 

7 

 
37g 

38a 

 
39g 

24 92 

8 

 
37h 

38a 

 
39h 

48 52d 

9 

 
37i 

38a 

 
39i 

24 66 

10 
 

37j 

38a 
 

39j 

24 58 

11 
 

37k 

38a 
 

39k 

24 78 

12 

 
37l 

38a 

39l 

48 75d 

13  
37m 

38a  
39m 

24 92 

14 37b 
38b  

39n 

24 85 

a Reaction conditions: closed vessel charged with arylboronic acid (37, 2.0 mmol), olefin 
(38, 1.0 mmol), p-bzq (42, 1.0 mmol), Pd(OAc)2 (40a, 0.02 mmol), dmphen (41a, 
0.024 mmol) and acetonitrile (7.5 mL), stirred at room temperature for 24–48 h.  

b Isolated yield with purity  95% (GC/MS). Yields were normalized to 100% acrolein. 
c Reaction conditions: a sealed microwave vessel charged with boronic acid (37e, 

0.613 mmol), olefin (38a, 8.58 mmol), p-bzq (42, 0.333 mmol), Pd(OAc)2 (40a, 
0.0062 mmol), dmphen (41a, 0.0077 mmol) and acetonitrile (2 mL), irradiated with  
microwaves at 100°C for 30 min. 

d DMF used as solvent instead of acetonitrile. 
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The sulphur-containing 37m did not disturb the catalytic system. Methyl 
vinyl ketone (38b) also worked well as the olefin in the oxidative Heck  
reaction, under the reaction conditions employed, furnishing 39n in 85% 
yield (Table 13, entry 14), as has been previously demonstrated with a  
different ligand and other reaction conditions.198 The tert-butoxycarbonyl 
(Boc) protected para-anilineboronic acid (37i) furnished 39i in 66% yield 
with the Boc group unaffected (Table 13, entry 9). The heterocyclic boronic 
acid, 37e, mostly produced homocoupled product under the standard reaction 
conditions employed. Since this compound was required for further  
synthesis of -(2-benzofuranyl)-substituted fosmidomycin, the reaction  
conditions were altered to furnish 39e in a workable yield. Acrolein (38a) in 
a 14-fold excess over 2-benzofuranylboronic acid (37e) under microwave 
heating at 100°C for 30 min afforded 39e in 43% yield (Table 13, entry 5).  

5.2 Synthesis and biological evaluation of -arylated 
fosmidomycin analogues 

Reports of arylmethylphosphonates as DXR inhibitors131,132 suggest that the 
E. coli enzyme can accommodate aromatic bicyclic and biaryl rings that are 
larger than the -thienyl and decorated -phenyl substituents previously 
employed in various fosmidomycin analogues.128,129 In the X-ray structures 
of E. coli DXR and the arylmethylphosphonates, the Gly198–Met208 
(Cys206-Lys217, E. coli numbering) flap is present associated with electron 
density and displays a -  interaction between Trp203 (Trp211, E. coli  
numbering) and the aryl group of the inhibitor. The side chain of the Trp 
residue can flip 180° depending on the size of the -aryl group. The X-ray 
structures obtained of Mtb DXR in complex with 3,4-dichlorophenyl  
substituted fosmidomycin analogues suggested that the -aryl substituent 
points out towards the surrounding solvent.130,131  

Five of the prepared cinnamaldehydes (39a–39e) were further used as 
starting materials for the synthesis of -aryl-substituted fosmidomycin  
analogues, prepared essentially according to the synthetic procedure  
described by Haemers et al. (Scheme 6).129 Substituents for the -position 
were chosen to display a range in lipophilicity, as quantified by ClogP  
(46a–46k), and both biaryl and fused ring systems were considered, as well 
as non-aromatic phenyl ring substitutions. A 1,4 addition of triethyl 
phosphite to the cinnamaldehydes (39a–39e) in the presence of phenol, and 
subsequent acetal deprotection, afforded aldehydes 43a–43e. The aldehydes 
(43a–43e) were further reacted with O-benzylhydroxylamine hydrochloride 
to give the corresponding oximes.  
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Scheme 6. Synthesis of -aryl-substituted fosmidomycin analogues. i) P(OEt)3, 
phenol, 100°C; ii) 2M HCl, H2O, acetone, , reflux; iii) O-benzylhydroxylamine 
hydrochloride, pyridine, EtOH, rt; iv) NaBH3CN, MeOH, HCl, rt; v) NEt3, acetyl 
chloride, DCM, rt; vi) H2 (1 atm), 10% Pd/C, MeOH, rt or BCl3, DCM, –50°C;  
vii) TMSBr, DCM, rt. 

 
 

 

Scheme 7. Synthesis of 4-morpholinophenyl-substituted fosmidomycin analogue:  
i) morpholine, Pd(OAc)2, [HP(t-Bu)3]BF4, NaOt-Bu, toluene, MW, 100°C, 30 min;  
ii) NEt3, acetyl chloride, DCM, rt; iii) H2, (1 atm), 10% Pd/C, MeOH, rt; iv) TMSBr, 
DCM, rt. 
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Reduction of the oximes with sodium cyanoborohydride yielded the  
benzyloxyamines, which were acetylated to afford 44a–44e. Benzyl depro-
tection was achieved by classical reductive hydrogenation affording 45a–45c 
and 45e. The para-bromo-substituted 44d was reacted with boron trichloride 
to afford 45d without debromination.128 Final cleavage of the phosphonate 
esters with trimethylsilyl bromide (TMSBr) afforded 46a–46e in yields  
between 56 and 96%. A morpholine ring was introduced by Buchwald–
Hartwig amination of 44d with morpholine (Scheme 7).235 A fraction of the 
benzyl-protected retrohydroxamic acid was deacetylated under the basic 
reaction conditions employed, thus the mixture of benzyloxyamino and  
benzyloxyacetamido compounds was re-acetylated to afford 44f under the  
conditions previously employed (Scheme 6, ii). Subsequent deprotection 
steps yielded 46f. 

Further diversification of 44d was achieved by Suzuki coupling employ-
ing five different arylboronic acids (Scheme 8).236,237 The reactions generally 
had good to excellent yields, between 61 and 92%. Subsequent deprotection 
steps yielded biaryl-substituted fosmidomycin analogues 46g–46k. Benzyl 
deprotection of the thienyl-substituted 44k was performed with boron  
trichloride in dry dichloromethane (DCM), due to the poor reactivity in  
classical reductive hydrogenation.128 

 
 

 
 

Scheme 8. Synthesis of -biaryl-substituted fosmidomycin analogues: i) arylboronic 
acid, Pd(PPh3)2Cl2, Na2CO3, DME, EtOH, MW, 120°C, 30 min or arylboronic acid, 
Pd(OAc)2, [HP(t-Bu)3]BF4, K2CO3, DME, H2O, MW, 100°C, 15 min; ii) H2 (1 atm), 
10% Pd/C, MeOH, rt or BCl3, DCM, –50°C; iii) TMSBr, DCM, rt. 
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Table 14. Biological evaluation of -aryl-substituted fosmidomycin analogues. 

Compound R1  R2 IC50 (µM) a 

Fosmidomycinb H  H 0.08 ± 0.02b 

FR-900098c H  CH3 0.16 ± 0.03c 

46a 
 

CH3 1.5 ± 1.9 

46b 
 

CH3 5.8 ± 4.6 

46c 
 

CH3 4.1 ± 5.7 

46d 
 

CH3 4.7 ± 5.9 

46e 
 

CH3 9.6 ± 6.4 

46f 
 

CH3 27.3 ± 15 

46g 
 

CH3 3.3 ± 0.1 

46h 
 

CH3 0.8 ± 1.0 

46i 

 

 

CH3 2.4 ± 1.5 

46j 

 

CH3 21.5 ± 3.8 

46k 
 

 

CH3 5.7 ± 0.8 

47d 

 

CH3 0.7 ± 0.1d 

a Values are means of three experiments,  the standard deviation. Substrate concentrations 
in the assay were 0.2 mM NADPH, 0.2 mM DXP, 0.096 µM Mtb DXR and 1.5 mM 
MnCl2. 

b First discovered by Okuhara et al.93 IC50 measured on Mtb DXR reference95 
c First discovered by Okuhara et al.94 IC50 measured on Mtb DXR reference130 
d First discovered by Haemers et al.129 IC50 measured on Mtb DXR reference130
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The inhibitory capacity of 46a–46k was evaluated with a spectro-
photometric assay, in which the Mtb DXR-catalysed NADPH-dependent 
rearrangement and reduction of DOXP to form MEP was monitored at 
340 nm. All compounds were found to inhibit Mtb DXR, with IC50 values  
between 0.8 and 27.3 µM (Table 14). The most active compound (46h, 
IC50 = 0.8 µM) had only slightly lower activity than the best -aryl  
substituted compound reported in the literature (47,129 IC50 = 0.7 µM130). 
Compound 46a (IC50 = 1.5 µM), with electron-donating substituents on the 
phenyl ring, was the second best in this series, although the high standard 
deviation prevented complete distinction between many of the compounds in 
Table 14. Compound 46f, with a morpholinophenyl substituent, and 46j, 
with a (3,5-dimethyl-isoxazol-4-yl)-phenyl substituent exhibited the lowest 
measured IC50 values.  

 

  

 

 
Figure 21. Compound 46h (pink carbons) docked in the DXR protein (PDB entry 
2Y1G). (A) The X-ray pose of 47 (turquoise carbons) is overlaid in the picture. 
DXR protein is displayed as a grey surface showing that the -aryl groups are  
pointing out towards the surrounding solvent. (B) Side view of (A), with the  
Gly198–Met208 flap from the Mtb DXR–fosmidomycin structure (PDB entry 
2JCZ95) included in magenta. (C) The E. coli DXR–5-phenylpyridin-2-yl-
methylphosphonic acid (turquoise carbons, PDB entry 3ANM132) overlaid with the 
docked pose of 46h. The Cys206–Lys216 (E. coli numbering) flap from 3ANM is 
displayed in magenta and the side chain from Trp211 (E. coli numbering, Trp203 
Mtb numbering) is included, showing the -  stacking interaction with the biaryl 
group of the ligand.  

B A 

C 
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No correlation was observed between the value of ClogP of the -aryl  
substituents calculated with QuickProp and the corresponding IC50. The  
X-ray structure of 47130 in complex with Mtb DXR is displayed in Figure 
21A and 21B and the Gly198–Met208 flap from the Mtb DXR–
fosmidomycin structure95 is superimposed in Figure 21B. Given the flexibil-
ity of the protein and the different conformations seen for the backbone of 
fosmidomycin compared to its derivatives,130 predictions of the precise bind-
ing mode of the various compounds in Table 14 are difficult. However, for 
discussion purposes a docked pose of 46h is included in the figures. In the 
fosmidomycin–Mtb DXR complex structure the Gly198–Met208 flap 
clashes into the biaryl substituent of 46f, as can be seen in Figure 21B. In the 
complex structure of 47 and Mtb DXR there is no electron density associated 
with the Gly198–Met208 flap, and the aryl substituent points out into the 
surrounding solvent (Figure 21A). There is also sufficient room for the 
biaryl substituent (46f). The relative insensitivity of the inhibitory activity to 
the nature of the R1 substituent may, therefore, be explained by the limited 
number of interactions formed with the protein once the Gly198–Met208 
flap is displaced. With regard to the arylmethylphosphonate132 inhibitors of 
E. coli DXR lacking the hydroxamic acid part, it has been shown that the 
aryl substituents interact with the Trp side chain in the Gly198–Met208 flap. 
Thus, it is interesting to speculate whether the Mtb DXR enzyme could also 
display this -  stacking interaction between Trp203 and the arylmethyl-
phosphonates (Figure 21C). 
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6 Concluding remarks 

New inhibitors of Mtb GS have been identified utilizing different hit  
identification strategies such as virtual screening, a literature survey and  
structure-based design. By expanding two inhibitor classed based on a hit  
identified from HTS (imidazo[1,2-a]pyridines as Mtb GS inhibitors) or from 
a natural product source (fosmidomycin as an Mtb DXR inhibitor), new 
compounds inhibiting these Mtb enzymes have been designed and  
synthesized. 
 
 Compounds structurally unrelated to amino acids have been identified as 

Mtb GS inhibitors by means of virtual screening using a FlexX docking 
protocol and pharmacophore filtering to select compounds for biological 
testing. 
 

 Imidazo[1,2-a]pyridines binding to the ATP-binding site, have been 
explored as Mtb GS inhibitors, providing insight into the SAR of this 
class of compounds. Several compounds that displayed improved  
activity compared to the previously known inhibitors MSO and PPT 
were synthesized. The best compounds (33j and 36j) had IC50 values of 
0.38 µM and 0.6 µM, respectively. Compound 36d provided a complex 
structure with Mtb GS revealing the molecular interactions within the 
ATP-binding site. 

 
 

 
 The scope and limitations of the oxidative Heck reaction employing 

acrolein as the olefin with various boronic acids have been investigated. 
The yields of the cinnamaldehyde products were between 43 and 92%. 
The synthesized cinnamaldehydes were used as starting materials for 
further exploration of -aryl-substituted fosmidomycin analogues. 
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 Biological evaluation of the fosmidomycin analogues as DXR inhibitors 
showed that there is a considerable tolerance in the -position compared 
to previously investigated aryl-substituted compounds. IC50 values  
between 0.8 and 27.3 µM were obtained with a 4-(pyridin-3-yl)-phenyl 

-aryl substituent in the most active compound (46h). 
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