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Abstract 
Bicyclic dihydrothiazolo fused 2-pyridones have been studied as a new class 
of antibacterial agents, termed pilicides, that target the formation of adhesive 
bacterial surface organelles (pili) in pathogenic bacteria. Synthetic methods 
to further functionalize the bicyclic 2-pyridone scaffold have been developed 
in order to increase water-solubility and thereby facilitate biological evalua-
tions. This was accomplished by introducing aminomethylenes at the open 
position C-6. Tertiary amines were introduced via a microwave–assisted 
Mannich reaction and a synthetic route based on a formyl intermediate gave 
access to primary, secondary and tertiary amines, but also to other interesting 
functionalities. Biological evaluation confirmed that several of the function-
alized compounds inhibited pili formation in uropathogenic E. coli., as dem-
onstrated by assays of hemagglutination, biofilm formation and adherence to 
bladder cells. Co-crystallizing one of the pilicides with the target protein 
gave information about the binding site and based on this a mechanism of 
action was proposed, which was supported experimentally by surface plas-
mon resonance and single point mutations in the protein. 

Furthermore, the previously developed acylketene imine reaction used to 
prepare bicyclic thiazolo fused 2-pyridone pilicides has been developed to 
allow preparation of other ring-fused 2-pyridone systems. 
Benzo[a]quinolizine-4-ones and indolo[2,3-a]quinolizine-4-ones could be 
prepared in a fast and simple manner starting from dihydroisoquinolines and 
a β-carboline. Finally, this method could also be applied for the preparation 
of heteroatom analogs of the previously studied sulfur containing pilicides. 
Biological evaluations established that the sulfur atom can be replaced by 
oxygen and still maintain the ability to prevent pili assembly.   
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Preface 

This thesis deals with the synthesis and functionalization of compounds that 
all have in common that they contain a 2-pyridone moiety. In the first part 
(Papers I-III) organic synthesis has been applied to further functionalize 
bicyclic dihydrothiazolo fused 2-pyridones to develop and study a new class 
of antibacterial agents termed pilicides. The second part (Papers IV and V) 
consists of method development to synthesize ring-fused 2-pyridones via a 
previously developed acylketene imine condensation. This reaction has now 
been applied for the preparation of ring-fused 2-pyridone systems with dif-
ferent structural frameworks than the parent dihydrothiazolo fused com-
pound shown in the middle. 
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A schematic overview of representative compounds synthesized in this thesis. 
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Abbreviations 

Ac acetyl 
aq. aqueous 
Bn benzyl 
Boc tert-butoxycarbonyl 
Cbz benzyloxycarbonyl 
CDI N,N’-carbonyldiimidazole 
dba dibenzylideneacetone 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCC N,N’-dicyclohexylcarbodiimide 
DCE 1,2-dichloroethane 
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
DEA diethylamine 
DIPEA diisopropylethylamine 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
EARSS european antimicrobial resistance surveillance system 
E. coli Escherichia coli 
EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide  

hydrochloride 
ee enantiomeric excess 
eq. equivalent(s) 
Et ethyl 
Fmoc 9-fluorenylmethoxycarbonyl 
HA hemagglutination 
HOAt 1-hydroxy-7-azabenzotriazole 
HPLC high performance liquid chromatography 
IBC intracellular bacterial community 
IR infrared 
LC liquid chromatography 
Me methyl 
MS mass spectrometry 
MW microwave 
NMP N-methyl-2-pyrrolidone 
NMR nuclear magnetic resonance 
Pap pyelonephritis associated pili 



 

Ph phenyl 
rt room temperature 
sat. saturated 
SPR surface plasmon resonance 
t-Bu tert-butyl 
TEA triethylamine 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin layer chromatography 
UPEC uropathogenic Escherichia coli 
UTI urinary tract infection 
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1. Introduction 

The therapeutic properties of sulphonamides and penicillins were discovered 
in the 1930s and 1940s (Fig. 1.1), initiating an intense period of antibacterial 
research. In the coming decades several novel antibacterial agents were dis-
covered and applied. Consequently the mortality rate associated with bacte-
rial infections markedly declined. However, research in this field has stag-
nated dramatically in recent decades and the development of new antibacte-
rial agents has mainly been based on small changes of already existing 
drugs. The pharmaceutical industry has also reduced the resources invested 
in antibacterial research and turned their attention towards other more profit-
able disease areas. Consequently, only two new classes of antibiotics has 
been discovered during the last 40 years.1 At the same time over consump-
tion and misuse of currently available antibacterial drugs, especially in hos-
pitals, has led to rapid increases in resistant bacteria.2,3 These developments 
have resulted in microbial infections being amongst the most serious health 
threats facing modern society, and an urgent need for new drugs with novel 
targets.4-6 Drug development lies beyond the scope and resources of the aca-
demic world. However, academic research has very important roles to play 
in provide a greater understanding of the underlying mechanisms involved in 
bacterial virulence, and thus facilitating the development of new, more effi-
cient ways of overcoming and preventing bacterial infections.   
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Figure 1.1 Structures of some antibacterial drugs. The year each class was intro-
duced and cellular targets are also presented.7  
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1.1 Targeting virulence 
Several processes are involved in the establishment and maintenance of dis-
ease-causing bacterial populations, including adhesion, colonization and 
toxin production.8 These processes referred to as virulence systems are not 
necessarily essential for the survival of the bacteria, but they enable them to 
infect the host and cause disease. The word virulence originates from the 
Latin virulentus, meaning full of poison and refers to a microorganism’s 
ability to cause disease.  

As a result of the growing problems associated with resistant pathogens a 
novel approach to preventing bacterial infections is to target virulence using 
small-molecule inhibitors.1,9-11 In contrast to traditional antibacterial agents 
that target key bacterial cell events (Fig. 1.1), and thus either kill or inhibit 
growth of the bacteria, virulence inhibitors deprive the bacteria of their abil-
ity to infect. Thus, in contrast to bactericidal and bacteriostatic compounds, 
no selection pressure should theoretically favor bacteria that are resistant to 
them. Hypothetically, therefore, resistance should develop much more 
slowly. Several examples of small molecules targeting virulence factors of 
different pathogens have been reported.12-15 However, no virulence inhibitor 
has reached the market to date and the full potential of this strategy in prac-
tice has yet to be evaluated. 

In the work underlying this thesis we have studied the possibilities of us-
ing small organic molecules called pilicides to disrupt the formation of adhe-
sive protein fibers, pili, which are critical for infection.16,17 Uropathogenic E. 
coli (UPEC) was used as the model pathogen, but the highly conserved 
mechanism of this virulence system implies that (if successful) this strategy 
can be applicable to a range of pathogenic bacteria. 

1.2 Pili: virulence factors in uropathogenic E. coli 
UPEC is the main cause of urinary tract infection (UTI), which is a very 
common type of bacterial infection. Approximately 50% of women will 
experience UTI during their lifetime and recurrent infections are very com-
mon.18 It can spread as a result of delayed treatment and may cause more 
severe infection in the kidneys.19 UPEC infections are generally treated with 
common antibiotics like amoxicillin and trimetoprim.20 However, during the 
last decade resistance has increased. In Europe, for instance, 54 and 20% of 
tested E. coli strains were found to be resistant to aminopenicillins and 
fluorquinolones, respectively, in 2006 (data from EARSS).21  

Development of a UTI is a multi-step process that starts with bacteria 
recognizing and attaching to host tissue. This first contact is mediated by 
hair-like surface proteins called pili or fimbriae expressed on the bacterial 
surface. Different strains of UPEC display various types of pili, but two of 
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the most important types are Type 1 and P pili, which mediate infections of 
bladder cells and kidneys, respectively.22-24 Each pilus rod is composed of a 
number of repeating protein subunits (called Pap in P pili and Fim in type 1 
pili).25-27 At the tip of the pilus fiber a carbohydrate-recognizing subunit 
called an adhesin is situated.22,28 This subunit binds to specific carbohydrate 
receptors on the host tissue and thereby initiates infection.29-32 Pili have also 
been shown to play important roles in bacteria’s ability to evade host de-
fenses and persist in the host.23,33-35  
Pili are assembled via a complex secretion system called the chaper-
one/usher pathway.36-38 Briefly, this process relies on transport proteins 
called chaperones to fold and transport pili subunits across the periplasm to 
an outer membrane assembly site called the usher. The usher then disbands 
the chaperone/subunit complex and incorporates the subunit into the growing 
pilus rod (as illustrated for P pili assembly in Fig. 1.2). This secretion system 
occurs in various pathogenic microorganisms (including Haemophilus influ-
enzae, Yersinia pestis, Klebsiella pneumoniae and E. coli) and it is highly 
conserved amongst them.38,39  

 
Figure 1.2 Model of pili assembly via the chaperone-usher pathway (illustrated for 
P pilus assembly). Translocated subunits are folded (1) and stabilized (2) by the 
chaperone PapD. The chaperone-subunit complex targets the pore-like assembly site 
called the usher (3) situated in the outer membrane. The subunits are incorporated 
into the growing pilus rod (4) and the chaperone PapD is liberated via donor strand 
exchange (5) and recycled (6). In the absence of chaperones the subunits are unsta-
ble and are proteolytically degraded (7)  
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In more detail, the process starts with the C-terminal carboxylate of a pilus 
subunit anchoring to the chaperone residues Arg8 and Lys112 (Fig 1.3).40 
These two residues are positioned in the cleft of the boomerang-shaped 
chaperone (PapD) and are largely invariant throughout the chaperone fam-
ily.39,41 The subunit then aligns along the G1 β-strand of the chaperone in a 
process referred to as donor strand complementation.42,43 The stable chaper-
one-subunit complex then targets the usher (PapC) situated in the outer 
membrane. The N-terminal of the usher recognizes the incoming chaperone-
subunit complex.44-47 This interaction also mediates the correct order in 
which the subunits are incorporated in the pilus rod, since the usher can dis-
criminate between the incoming complexes based on affinity. The chaper-
one-adhesin (PapD-PapG) complex has the highest affinity for the N-
terminal of the usher and the pilus rod is thus assembled from top to bot-
tom.48-50 Once the usher-chaperone-subunit complex is formed the chaperone 
is replaced by an incoming subunit, which binds to the acceptor subunit in a 
process referred to as donor strand exchange.51-53 

 
Figure 1.3 X-ray structure of the periplasmic chaperone PapD. The two invariant 
residues Arg8 and Lys112 responsible for the initial anchoring of incoming subunits 
are located in the cleft of the boomerang-shaped protein.  

1.2.1 Design of pilicides    
Several of the proteins involved in the chaperone-usher pathway constitute 
targets for potential pilicides. However, based on known molecular details of 
the initial anchoring of the subunits to the invariant residues Arg8 and 
Lys112 positioned in the cleft of the chaperone, this site was considered a 
particularly attractive target for the development of pilicides, especially 
since other studies had shown C-terminal deficient subunits to be unable to 
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bind to the chaperone.54 It had also been shown that synthetic C-terminal 
peptides based on the subunits PapG and PapH inhibited binding of the 
subunit PapG to the chaperone.55 The use of peptides as potential drugs has 
several drawbacks, but they can serve as good starting points for the design 
and development of new compounds, so called peptidomimetics. 

Thus, the Almqvist group used structure based design to suggest the bi-
cyclic acyl β-lactam I as a mimetic of the C-terminal PapG peptide (Fig. 
1.4).56,57 This scaffold was supposed to overlap the carboxylic acid and the 
lactam functionality with the backbone atoms of the two C-terminal amino 
acids Phe313-Pro314 to mimic the anchoring to Arg8 and Lys112. In addi-
tion, the R group was supposed to imitate important hydrophobic interac-
tions of the side chains. Docking studies also suggested that the stereo-
chemical trans configuration (in the β-lactam ring) was very important and 
classical penicillin derivatives (cis) (see penicillin G Fig. 1.1) were predicted 
to have a much lower affinity for the chaperone.58 It was also believed that 
the different stereochemistry compared to original penicillin’s would make 
these substances more susceptible to enzymatic degradation.  
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Figure 1.4 Three rigid bicyclic scaffolds mimicking the C-terminal of the subunit 
PapG. All three have the potential ability to form important hydrophobic interactions 
with the sidechains Phe313 and Leu311 via suitable substituents in the R-positions 

A synthetic pathway towards the desired acyl β-lactams I was based on a 
method developed by Yamamoto et al., who prepared monocyclic trans β-
lactams by reacting Schiff bases with acylketenes generated from acyl-
Meldrum’s acid derivatives V under acidic conditions (Scheme 1.1).59 How-
ever, when this reaction was performed with 2-H-Δ2-thiazolines IV it re-
sulted in exclusive formation of the 1,3-oxazines VI instead of the desired 
[2+2] adduct (Scheme 1.1).60 The 1,3-oxazines VI proved to be unstable at 
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room temperature and the ester hydrolysis was not as straightforward as 
expected, resulting in decomposition of the ring system. Several different 
conditions failed prior to successful use of a method utilizing CsOH (aq.) in 
MeOH.56 Evaluation of the hydrolyzed 1,3-oxazines II (Fig. 1.4) in a he-
magglutination (HA) assay showed that they were not capable of preventing 
the formation of P-pili at a concentration of 3.5 mM.58 

Interestingly though, it was discovered that by exchanging the hydrogen 
at C-2 in the thiazoline towards a sp3 hybridized carbon, the reaction with the 
acylketenes did instead result in the formation of bicyclic 2-pyridones VII 
(Scheme 1.1).61 
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The 2-pyridones were much more stable than the corresponding 1,3-oxazines 
VI and the hydrolysis to the carboxylic acid was easily performed with 0.1 
M LiOH (aq.) at rt. The rigid 2-pyridone carboxylic acid scaffold III was 
considered highly interesting as a potential subunit mimetic (Fig. 1.4), in 
which the carboxylic acid and the amide is still present to represent the 
backbone atoms important for anchoring to Arg8 and Lys112, while the R1 
and R2 substituents can be chosen to mimic the important hydrophobic inter-
actions of the side chains. 

1.2.2 Synthesis and evaluation of 2-pyridones 
One previously published report describe the synthesis of a monocyclic 2-
pyridone by reacting a β-imino ketone with a carboxyketene, in a reaction 
closely related to the transformation discovered in the Almqvist research 
group.62 However, only one example was performed and the apparent syn-
thetic potential of this transformation was not examined. So, to further inves-
tigate the scope of the reaction but also to target compounds that could inter-
fere with pilus assembly, Emtenäs et al. set out to study this reaction further.  

Initially a small series of 2-pyridones were prepared by reacting thia-
zolines IV with acyl-Meldrum’s acid derivatives V, which were synthesized 
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from commercially available carboxylic acids and nitriles (A, Scheme 1.2). 
The R1 and R2 substituents could be varied to yield alkyl as well as aryl sub-
stituted 2-pyridones VII.61  
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Scheme 1.2 Overview of the three synthetic methods developed to prepare bicyclic 
2-pyridones. The first method, (A), has been further developed and performed using 
both solid-phase supported (B) and microwave-accelerated synthesis (C). 

A solid-phase supported method was also developed (B, Scheme 1.2).63 19F-
NMR was first used to optimize the reaction conditions, which were then 
used to synthesize a small library of 20 di-substituted 2-pyridone lithium 
carboxylates III. A microwave-accelerated alternative allowing the bicyclic 
2-pyridones VII to be prepared in minutes rather than days was also devel-
oped (C, Scheme 1.2).64 

Evaluation of this first generation of 2-pyridones revealed that several of 
the compounds displayed in vitro affinity for the chaperones PapD and 
FimC.65 Affinity measurements were performed using both Surface Plasmon 
Resonance (SPR) and relaxation edited 1H-NMR spectroscopy. Some of 
these compounds were also confirmed to prevent the formation of pili in 
UPEC in a whole-cell hemagglutination-assay (HA-assay).58 Unfortunately, 
several of the tested compounds had very poor water solubility, which re-
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sulted in precipitation in the HA-assay. Thus, complicating the interpretation 
of the results and possibly resulting in false positives and false negatives. 
However, compounds 1 and 2 (Fig. 1.5) having the same R2-substituent were 
confirmed as the most potent pilicides with milimolar activity, whereas com-
pound 3 having a phenyl in R1 (same as 1) but missing the 1-naphthyl-group 
displayed no activity (Fig. 1.5). 
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Figure 1.5 Evaluation of the first generation of pilicides indicated that compounds 1 
and 2 were the most promising leads. Compound 3 containing a phenyl substituent 
but without the naphthyl group exhibited no activity. 

The activity of 2-pyridones as pilicides was thus confirmed, but their binding 
site and mechanism of action had not yet been resolved. Efforts to determine 
the binding site using 15N-labeled chaperones and NMR-spectroscopy gave 
no clear answers: both the cleft region and an area close to the F1-G1 loop of 
the chaperone (Fig. 1.3) were affected by the presence of pilicide.66 How-
ever, the anticipated importance of the carboxylic acid functionality, de-
signed to bind to Arg8 and Lys112 in the cleft, was confirmed by synthesiz-
ing and testing a set of C-terminal analogs of the lead compound 2.67 Other 
functionalities, such as: -CO2Me, -CHO, -CH2OH, -CH2OMe and -CH3 dis-
played much lower affinity for the chaperone and had no effect on pili for-
mation in E. coli according to evaluation in a HA-assay. 
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2. Functionalization of the 2-pyridone scaffold 

Evaluation of the first generation of pilicides identified 2-pyridones 1 and 2 
as the most promising lead compounds (Fig. 1.5). However, these com-
pounds were not very potent; millimolar concentrations were required for 
complete inhibition of pilus assembly. In addition, the large hydrophobic 
substituents present in the active compounds resulted in poor water solubil-
ity, which complicated the biological evaluation since several of the com-
pounds precipitated in the agar or broth when culturing bacteria. Therefore, 
we decided to study the possibility of introducing hydrophilic substituents to 
enhance their solubility and, perhaps, potency. 

One straightforward way to accomplish this would be by exchanging R1 
and R2 for more hydrophilic substituents via the starting carboxylic acid and 
nitrile (Scheme 1.2). However, at this point we wanted to keep these sub-
stituents intact to maintain affinity for the chaperone and instead introduce 
additional substituents via functionalization of 2-pyridones 1 and 2. The 
bicyclic 2-pyridone scaffold VII provides several opportunities for further 
functionalization (Fig. 2.1). However, the open position at C-6 in the 2-
pyridone ring has been shown to react readily with various electrophiles,68-70 
and this position was considered the most straightforward and attractive al-
ternative for further derivatization of the scaffold. 
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Figure 2.1 Synthetic possibilities to introduce hydrophilic functionalities into the 
bicyclic 2-pyridone scaffold VII. 
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2.1 Synthesis of aminomethylated 2-pyridones 
Introduction of aminomethyl substituents at the open position C-6 of the 2-
pyridone ring was expected to increase the water solubility of pilicides 1 and 
2. At the same time computer-based modeling indicated that an aminomethyl 
group could be incorporated at C-6 without disturbing the anchoring of the 
carboxylic acid to the active site residues Arg8 and Lys112.71 On this basis 
synthetic pathways to both primary and tertiary aminomethylated 2-
pyridones were developed (Paper I). Both synthetic routes utilized micro-
wave heating in the key steps, which proved superior to traditional heating. 
The use of microwaves in organic synthesis has increased rapidly over the 
last ten years, as this technique can result in dramatically reduced reaction 
times, but also in more controlled and reproducible heating.72,73 All micro-
wave-heated reactions in this thesis have been performed under sealed-vessel 
conditions using a monomode reactor specially built for chemical synthesis. 
The procedures were applied not only to the methylesters of the lead com-
pounds 1 and 2, but also to the methylester-protected 2-pyridone 3, which 
was included as a chemical and biological reference substance (Fig. 1.5). 

2.1.1 Synthesis of primary amines 
A synthetic pathway to primary aminomethylated 2-pyridones was based on 
the reduction of a cyano-substituted 2-pyridone. This route was considered 
attractive since the nitrile is a versatile intermediate that can be converted to 
other interesting functionalities, e.g. amide, carboxylic acid, tetrazole, and of 
course the desired primary amine. 

The desired nitriles were synthesized via a cyanodehalogenation reaction 
from the brominated precursors 5a-c, which were prepared, in excellent 
yields using bromine in acetic acid (Scheme 2.1). Efforts to perform the 
cyanodehalogenation was first attempted using Pd2(dba)3 and Zn(CN)2 as 
cyanide source.74 Unfortunately, however, the brominated 2-pyridone 5a was 
not consumed under these conditions and consequently attention turned to-
wards the Rosenmund von Braun cyanation.75,76 This transformation is typi-
cally performed by reacting the halogenated starting material with CuCN at 
elevated temperatures in a high-boiling point solvent. Indeed, the cyanated 
2-pyridone 6a was obtained using CuCN in refluxing DMF, but unfortu-
nately this resulted in low yields and irreproducible results. 

Recently, several cyanodehalogenation protocols involving microwave ir-
radiation have shown that this heating source can improve this transforma-
tion considerably.77-80 Thus, compound 5a and CuCN were irradiated in 
DMF at 200 °C. This resulted in the formation not only of the desired nitrile 
6a, but also several by-products prior to full consumption of starting mate-
rial. However, by switching to N-methylpyrrolidone (NMP) as solvent and 
increasing the temperature to 220 °C the conversion rate was improved and 
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the formation of by-products was avoided. Nevertheless, the isolated yields 
still did not match the LC-MS and TLC data, which was assumed to be due 
to the work-up procedure (FeCl3 and 5% HCl). Therefore, an alternative 
work-up procedure was developed; NMP was first lyophilized from water 
and the resulting residue was thoroughly extracted with CH2Cl2 and then 
purified by silica gel chromatography. This procedure rendered the cyano-
subtituted 2-pyridones 6a-c in good yields (82-88%), but unfortunately also 
resulted in a considerable drop in ee (Scheme 2.1). 
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6a: 82%
6b: 88%, ee 36%
6c: 86%

4a: R1=Ph, R2=CH2-1-naphthyl

4b: R1=cyclopropyl, R2=CH2-1-naphthyl

4c: R1=Ph, R2=Me

7a: R1=Ph, R2=CH2-1-naphthyl (72%)

7b: R1=cyclopropyl, R2=CH2-1-naphthyl (73%, ee 8%)

7c: R1=Ph, R2=Me (67%)  
 

Scheme 2.1 (i) Br2, AcOH, rt; (ii) CuCN, NMP, MW 220 °C, 20 min; (iii) 
BH3•Me2S, THF, MW 100 °C, 1 min. 

The reduction to primary amines 7a-c was not as straightforward as expected 
and several different reducing reagents left the cyano functionality intact. 
Eventually we found that the reduction could be accomplished by using 
BH3•Me2S. However, the reaction was very sluggish and several hours in 
refluxing THF were required to obtain minute amounts of product. In an 
effort to improve this microwave heating was once again applied. Irradiating 
for only 1 min at 100 °C resulted in complete conversion of the previously 
unreactive cyano functionality, and primary amines 7a-c were isolated in 
good yields (Scheme 2.1). Unfortunately, however, the ee continued to de-
crease and was as low as 8% for compound 7b. 
. 

 2.1.2 Microwave-assisted Mannich reaction 
To complement the primary aminomethylated 2-pyridones further substi-
tuted amines were also desired. One very common method for incorporating 
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tertiary amines is the Mannich reaction.81,82 This reaction is typically per-
formed by mixing a secondary amine with formaldehyde, which then forms 
a reactive methyleneiminium salt in situ. This electrophilic intermediate can 
then react with nucleophiles, often in the form of enolizable aldehydes or 
ketones, yielding so-called Mannich bases. Electron-rich aromatics can also 
function as nucleophiles in the Mannich reaction, and examples of 2-
pyridones being used in this way have been published.83,84 

Initially compound 4a was mixed with morpholine and aqueous formal-
dehyde in refluxing ethanol, but unfortunately no product could be detected 
under these conditions. Switching to paraformaldehyde and 1,2-
dichloroethane resulted in the formation of the desired product, but several 
by-products were also formed and the aminomethylated 2-pyridone 8a (Ta-
ble 2.1) could not be isolated. In an effort to avoid, or minimize these prob-
lems, microwave heating was once again applied. Initially, this did not give 
any substantial improvements and the problem with by-products remained. 
However, by using the commercially available Eschenmoser’s salt (I- 
Me2N+=CH2), the tertiary aminomethylated 2-pyridone 8f could be prepared 
in good yield. This is a well-proven modification of the Mannich reaction 
that often reduces reaction times and improves yields due to higher concen-
tration of the reactive intermediate iminium salt.82 Encouraged by this suc-
cess both the morpholine- and the dimethylene- iminum salts were prepared. 
A fast, simple procedure based on cleavage of aminals with acetyl chloride 
was used to prepare the dry chloro methyleneiminium salts.85 The aminals 
were synthesized by condensing the amines with formaldehyde under aque-
ous conditions.86 
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Table 2.1 Synthesis of aminomethylated 2-pyridones via a microwave-heated Man-
nich reaction. 

N

S

O CO2Me

R1

R2

N

S

O CO2Me

R1

R2

R3

4a-c

CH2=R3
+Cl-, DCE

MW 140 °C

8a-f  
 
 

entry R1 R2 R3 time (s) prod-
uct 

yielda 
(%) 

1 phenyl CH2-1-naphthyl morpholine 400x2b 8a 64 

2 phenyl CH2-1-naphthyl NMe2 400x2b 8b 48 

3 cyclopropyl CH2-1-naphthyl morpholine 400x2b 8cc 66 

4 cyclopropyl CH2-1-naphthyl NMe2 400x2b 8d 55 

5 phenyl methyl morpholine 400 8e 93 

6 phenyl methyl NMe2 400 8f 92 
a Isolated yield. bAn additional amount of 1.1 eq. iminium salt was added. c The ee was 75% 
(compared to 79% for the starting material 4b) as determined by chiral HPLC. 
 
The methyleneiminum salts proved effective as 2-pyridone 4c could be con-
verted to 8e and 8f in excellent yields (entries 5 and 6, Table 2.1). However, 
when the protocol was applied to 2-pyridones 4a and 4b the yields dropped 
and the reaction did also need longer reaction times and one additional 
equivalent of reagent to consume all starting material (Table 2.1, entries 1-
4). The moderate yields of 8a-d were still satisfactory considering the steri-
cally demanding substitution patterns of these compounds. The reaction time 
in this Mannich protocol was considerably shorter than the times for previ-
ously reported methods applied to 2-pyridone systems.83,84 Furthermore, in 
contrast to the cyanation and borane reduction previously described (section 
2.1.1), this transformation did not affect the ee to any great extent (entry 3, 
Table 2.1). 
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2.1.3 Biological evaluation of aminomethylated 2-pyridones 
The aminomethylated 2-pyridones 7a-c and 8a-f were hydrolyzed to the 
corresponding lithium carboxylates 9a-i and evaluated for their ability to 
prevent pilus assembly (Paper II) (Table 2.2).  

Initially the compounds were screened in an HA-assay (Table 2.2).71 This 
whole cell assay is based on piliated bacteria’s ability to bind erythrocytes 
and form large complexes via specific receptor-host interactions,32 a phe-
nomenon, called hemagglutination that can be visually observed and used to 
evaluate the activity of pilicides. In order to compare the different pilicides 
and to get a more precise determination of the degree of piliation the bacte-
rial suspension is serially diluted on a 96-well plate. An untreated control 
containing heavily piliated bacteria is always included; this sample will ag-
glutinate for several dilutions (wells) until the concentration of bacteria is 
too low and the erythrocytes sediments at the bottom of the well. In contrast, 
bacteria with very low abundance of pili will agglutinate only at a very high 
bacterial concentration. The read-out of the assay is presented as the HA-
titer, which is the highest dilution that still gives observable hemagglutina-
tion. Effective pilicides will thus have a low HA-titer and the untreated con-
trol a much higher.   

Several of the aminomethylated compounds had maintained the ability to 
prevent both type 1(data not shown) and P pili assembly at a concentration 
of 3.5 mM (entries 6-9, Table 4.2). In addition, the tertiary aminomethylated 
2-pyridones exhibited the intended increase in water-solubility compared to 
the parent compounds 1 and 2. This facilitated the biological evaluation from 
a practical perspective, and increased the reliability of the results since pre-
cipitation in the bacterial media could be avoided. Rewardingly, 9e and 9f 
displayed potencies comparable to those of the parent structures 1 and 2. 
Compounds 9d and 9g also had clear effects on pilus assembly. The sub-
stances with a methyl group in R2 had, as expected, no obvious effect. Pri-
mary amines 9a and 9b were tested at a lower concentration due to precipita-
tion but was shown to be considerably less active than the parent lead com-
pounds 1 and 2. Based on this initial screen, pilicides 9d-f were selected for 
further biological evaluation and studies at Prof. Scott Hultgren’s laborato-
ries in Washington University, St. Louis, USA (Paper II). Compound 9i, 
which lacks the naphthyl group and exhibited no activity as a pilicide, was 
also included as a negative control 
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Table 2.2 Screening of the aminomethylated lithium carboxylates 9a-i and the par-
ent compounds 1 and 2 in a HA-assay (performed at a concentration of 3.5 mM of 
compound). Effective pilicides have a low HA-titer. 

N

S

O

R1

R2

R3

CO2Me

N

S

O

R1

R2

R3

CO2Li

0.1 M LiOH (aq.)
MeOH:THF

7a-c, 8a-f 9a-i  
 

entry R1 R2 R3 compound HA-
titera 

1 phenyl CH2-1-naphthyl H 1 0 

2 cyclopropyl CH2-1-naphthyl H 2 0 

3 phenyl CH2-1-naphthyl CH2-NH2 9a -b 

4 cyclopropyl CH2-1-naphthyl CH2-NH2 9b -b 

5 phenyl methyl CH2-NH2 9c -c 

6 phenyl CH2-1-naphthyl CH2-morpholine 9d 2-4 

7 phenyl CH2-1-naphthyl CH2-NMe2 9e 0 

8 cyclopropyl CH2-1-naphthyl CH2-morpholine 9f 1 

9 cyclopropyl CH2-1-naphthyl CH2-NMe2 9g 2-4 

10 phenyl methyl CH2-morpholine 9h 4-8 

11 phenyl methyl CH2-NMe2 9i 4-8 

12 none    4-8 

13 none d    0 
a HA-titers obtained from duplicate runs using P pili producing HB101/pPAP5. b Evaluated at 
a concentration of 1.8 mM: HA-titers for 9a and 9b were 32, compared to HA-titers of 8 for 2 
and 64 for an untreated piliated control. c Not evaluated. d Non-pili producing strain 
HB101/pBR322 included as a reference. 
 
Pilicides 9d-f exhibited similar activities in complimentary evaluation in a 
HA-assay using two clinical strains of UPEC (NU14 and UTI89 (not 
shown)) (A, Fig. 2.2). In addition, the ability of the bacteria to adhere to 
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bladder cells was considerably reduced following treatment by compounds 
9d-f than that of untreated bacteria, and negative controls treated with 9i (A, 
Fig. 2.2), clearly demonstrating that pilicides have the desired effect to pre-
vent adherence to host tissue. Pilus counts performed using electron micros-
copy confirmed a reduced abundance of pili (B, Fig. 2.2). Bacteria treated 
with 9f displayed a large difference in the ratio between abundant and bald 
bacteria compared to the untreated control and bacteria treated with the 
negative control 9i.  

Type 1 pili have been shown to be vital for the formation of biofilm-like 
intracellular bacterial communities (IBC’s),33,34,87 which play a crucial role in 
evading host defenses and allow the bacteria to persist in their hosts, causing 
recurrent infections.33 Pilicides 9d-f reduced biofilm formation by up to 90% 
compared to an untreated control (A, Fig. 2.2). Compound 9f was also 
shown to behave in a dose-dependent manner when evaluated at different 
concentrations, and 50% inhibition occurred between 0.18 and 0.36 mM (C, 
Fig. 2.2). 
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Figure 2.2 (A) Pilicides reduced HA-titers, adherence and biofilm formation, shown 
for the clinical isolate NU14. The negative control 9i had no significant effect. Ad-
herence and biofilm formation are shown as percent present relative to each assay 
when no compound is present. (B) Pilus counts of bacteria treated either with 9f or 
9i quantitated by electron microscopy. An untreated control was also included. Pili 
frequencies of the bacteria were classified as abundant, moderate, low or bald and 
proportions of the total number in each category are presented. Representative im-
ages from each group are also shown. (C) Compound 9f inhibits biofilm formation 
in a dose-dependant-manner. Where designated, ∗ indicates a significant (p<0.05) 
difference relative the included controls.     
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2.2 Complementary synthetic pathway 
Encouraged by the successful evaluation of the aminomethylated 2-
pyridones 9d-f we were interested in investigating possibilities to further 
fine-tune this position by synthesizing a small series of aminomethylated 2-
pyridones, including secondary amines (Paper III). The previously devel-
oped Mannich reaction was not suitable for this purpose, and the route via 
the nitrile gave the final product with poor enantiomeric purity. Therefore, a 
complementary synthetic pathway to aminomethylated 2-pyridones was 
required. It was envisioned that this could be achieved by synthesizing a 
formylated 2-pyridone, which could then be converted to primary, secondary 
as well as tertiary amines via reductive amination. This pathway was also 
considered attractive since the formyl group is a versatile functionality that 
can be transformed into a range of other functionalities by simple, straight-
forward chemical transformations. 

2.2.1 Functionalization based on a Vilsmeier formylation 
The desired formyl functionality was introduced using a Vilsmeier reac-

tion.88 Initially, classical Vilsmeier conditions using POCl3 and DMF gave 
the formylated 2-pyridone, but unfortunately in low yield and the conversion 
was very slow. After 15 h at room temperature a lot of unconsumed starting 
material still remained. In the previously discussed Mannich reaction (sec-
tion 2.1.2) the use of preformed methylene iminium salts significantly im-
proved the reaction. This strategy was also applied here, and commercially 
available Cl-Me2N+=CHCl (Arnold’s reagent) was reacted with 2-pyridone 
4b in acetonitrile (MeCN). The conversion was still slow and several equiva-
lents of the reagent were needed to consume all of the starting material. 
However, performing the reaction in refluxing MeCN, gave a faster conver-
sion and the formylated 2-pyridone 10 was isolated in excellent yield (93%) 
(Scheme 2.2). 

As expected, this formyl functionality was easily converted to secondary 
and tertiary amines by reductive amination (Scheme 2.2). Initially, alcohol 
12 was formed as a by-product. This could be avoided by allowing the amine 
and aldehyde to react for 30 min in the presence of 3Å molecular sieves be-
fore adding the reducing agent. These conditions were then used to synthe-
size a small series of secondary and tertiary aminomethylated 2-pyridones in 
good to excellent yields (Scheme 2.2). The tertiary amine 8c could be pre-
pared in 79% yield over two steps compared to 66% with the previously 
developed Mannich reaction, and the ee was unaffected under these condi-
tions.  
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Scheme 2.2 (i) Cl-Me2N+=CHCl, MeCN, reflux; (ii) amine, 3 Å molecular sieves, 
CH2Cl2:MeOH 7:3, NaBH(OAc)3; (iii) NH2OH.HCl, pyridine, EtOH, reflux; (iv) Zn 
powder, AcOH, rt; (v) 2M BH3•Me2S, THF, rt; (vi) NaClO2, NaH2PO4, H2O, 
DMSO, rt. 

Unfortunately, the primary amine 7b could not be prepared via reductive 
amination of 10 using different sources of ammonia, which instead resulted 
in dimerization. Therefore an alternative route based on reduction of an 
oxime was performed. The oxime 11 was prepared from the aldehyde using 
NH2OH•HCl and could then be reduced to the primary amine 7b using Zn 
powder. In contrast to the previously developed pathway via cyanodehalo-
genation, this route gave the primary amine in good enantiomeric purity 
(86% ee). 

Aldehyde 10 could be reduced to alcohol 12 using BH3•SMe2 in THF. 
Oxidation to carboxylic acid 13 was not as straightforward but could be ac-
complished by a sodium chlorite oxidation.89 It has also been found that car-
boxylic acid 13 can be further transformed into secondary amides in another 
project being undertaken by colleagues in Prof. Fredrik Almqvist’s group.90  
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2.2.2 Biological evaluation 
The functionalized 2-pyridones 8c, 8g-l and 10-13 were hydrolyzed to the 
corresponding lithium carboxylates 9f and 14a-j and evaluated for their abil-
ity to prevent pilus assembly (Table 2.3). The compounds were first screened 
in the HA-assay at a concentration of 3.6 mM. Several of the compounds 
were found to be active pilicides, with HA-titers as low as, or lower than, 
those of the previously tested morpholine substituted 2-pyridone 9f. Disap-
pointingly, however, some of the secondary amines were too hydrophobic 
and precipitated in the bacterial broth. Efforts to avoid this by reducing the 
concentration were unfruitful since precipitation persisted. Nevertheless, 
these compounds seem to have an effect on pilus biogenesis, but the data 
regarding them have to be considered as very uncertain. The three most po-
tent pilicides 9f, 14d and 14i (that didn’t precipitate) were further tested at 
lower concentrations and still maintained their ability to prevent pilus forma-
tion. These three were also evaluated in the biofilm assay, and alcohol 14i 
was confirmed as the most potent, giving 50% inhibition of biofilm forma-
tion at 90 µM (data not shown). 
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Table 2.3 Evaluation of tri-substituted 2-pyridones in the HA-assay.  

N

S

O CO2Me
R

0.1M LiOH (aq.)

THF N

S

O CO2Li
R

 8c, 8g-l, 10-13 9f, 14a-j  
 

entry R compound HA-titera 
3.6 mM 

HA-titera 
1.8 mM 

HA-titera 
0.7 mM 

1 CH2-morpholine 9fb 16 16 16 

2 CH2NHBn 14a 16c - 16c 

3 CH2NHhexyl 14b 32c - 32c 

4 CH2NH(CH2)3NMe2 14c -d - -d 

5 CH2-piperidine 14d 8e 16 32 

6 CH2NHMe 14e - d - - d 

7 CH2NHcyclohexyl 14f 32c - 32c 

8 CHO 14g 128 - - 

9 CH=NOH 14h 128 - - 

10 CH2OH 14i 8e 16 16 

11 CO2Li 14j 128 - - 

12 none  128e 128 128 
a HA-titers obtained using the clinical isolate UTI89. b Previously evaluated (see Table 2.2). c 

Compound precipitated in bacterial broth. d Inhibition of bacterial growth. e Duplicate runs.  

2.3 Summary 
Synthetic protocols to functionalize highly substituted bicyclic 2-pyridones 
have been developed. Tertiary aminomethylated 2-pyrdones were synthe-
sized via a modified Mannich reaction employing preformed iminium salts. 
Primary aminomethylated 2-pyridones could be prepared via a synthetic 
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route based on introducing a cyano functionality, which could then be re-
duced to the corresponding primary amines. The majority of the transforma-
tions were performed using microwave heating, which proved superior to 
conventional heating and shortened the reaction times considerably. A com-
plementary synthetic pathway via a formylated intermediate gave access to 
secondary as well as primary aminomethylated 2-pyridones. This method 
improved both the yield and optical purity compared to the microwave-
heated protocols. The formyl functionality was introduced via a Vilsmeier 
reaction and could also be converted to other interesting functionalities such 
as an alcohol and a carboxylic acid using well-established chemical trans-
formations.  

Biological evaluation confirmed that several of the aminomethylated 2-
pyridones had improved water-solubility compared to the parent di-
substituted structures, which facilitated further biological studies. Several of 
the compounds exhibited the desired effect and were capable of reducing the 
bacteria’s ability to adhere to bladder cells by reducing the abundance of 
their pili.  
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3. Mode of action 

It has now been shown that some of the synthesized bicyclic 2-pyridone 
pilicides were capable of preventing the formation of both P and type 1 pili 
in E. coli bacteria, and as a consequence reduced the bacteria’s ability to 
adhere to host cells. Nevertheless, their mode of action was still unclear. The 
compounds had been designed to bind to the interdomain cleft of periplasmic 
chaperones (section 1.2.1) and thus inhibit binding and transportation of pili 
subunits via the chaperone-usher pathway. A synthetic study had confirmed 
the importance of the carboxylate functionality designed to mimic the C-
terminal of the subunits, which supported the proposed binding site.67 On the 
other hand, efforts to further confirm the binding site using a 15N-labeled 
chaperone gave no clear answers as chemical shift changes were observed 
not only in the cleft, but also in the F1-G1 loop region and on the face of the 
N-terminal domain opposite to the pilus subunit binding site (see Fig. 1.3).66 
Furthermore, binding studies performed with relaxation-edited 1H-NMR 
showed that pilicides 1, 2 and 9f still had affinity for a PapD mutant, in 
which the cleft residues Arg8 and Lys112 had been replaced by alanines.71 
The same compounds also displayed retained affinities for a chaperone-
subunit complex (PapD-PapK).71 These unclear results suggested that the 
binding site of pilicides was not in fact the cleft region and prompted further 
studies to elucidate their binding site and mode of action (Paper II). These 
studies were performed in collaboration with crystallographers (G. 
Waksman’s research group at UCL/Birkbeck, UK) and molecular biologists 
(S. Hultgren’s research group, St Louis, USA). 
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Figure 3.1 Compounds 1,2 and 9f have been shown to prevent pilus assembly, 9i on 
the other hand does not, and has been used as a negative control.     
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3.1 Elucidating the pilicide binding site and mode of 
action 
In order to identify the binding site, efforts to co-crystallize the chaperone 
PapD with a pilicide were undertaken. Initial attempts with compounds 1 
and 2 were unsuccessful, but further attempts with the more water-soluble 
aminomethylated compound 9f gave a co-crystal with the chaperone PapD 
resolved at 2.6 Å (Fig. 3.2). 

 
Figure 3.2 Co-crystal of the chaperone PapD and pilicide 9f, showing that the com-
pound binds to an area near the F1-G1 loop.    

 
This crystal structure revealed that the pilicide was not situated in the cleft, 
but instead in a region at the back of the F1-G1 loop, where the 2-pyridone 
carboxylate forms electrostatic and hydrogen bonds to Arg96 and the Pro95-
Arg96 backbone amide of PapD (Fig 3.3). In addition, the 2-pyridone car-
bonyl acts as hydrogen bond acceptor to the guanidinium group of Arg58, 
and the cyclopropyl and naphthyl interact with a hydrophobic patch formed 
by Leu32, Val56 and Ileu93 (Fig. 3.3). 
Although the binding site of compound 9f was not the targeted site involved 
in the folding and transportation of subunits, the compound still has the de-
sired affect on pilus assembly. The area of interaction revealed in the crystal 
structure overlaps with a region of the chaperone that interacts with the N-
terminal domain of the outer membrane assembly site called the usher (sec-
tion 1.2).45 Thus, the pilicides could exert their effects by affecting a late 
stage in the chaperone-usher pathway, preventing chaperone-subunit com-
plexes from binding to the usher. In an attempt to confirm this hypothesis, 
SPR was used to monitor the association between the chaperone-subunit 
complex (FimC-FimH) and the usher (FimD). These experiments, performed 
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in collaboration with G. Waksman’s research group, showed that pilicide 9f 
inhibited the interaction between the chaperone-subunit and the N-terminal 
of the usher (see Paper II for details). In agreement with previous data it was 
also shown that the negative control 9i had no effect. 

This mode of action of pilicide 9f was further confirmed by point muta-
tions. A mutant chaperone (PapD), containing alanine instead of the Arg58 
residue involved in interactions with pilicide 9f was constructed. This mutant 
was shown to be stable and capable of stabilizing and folding the pili subunit 
PapK. Nevertheless, pilus assembly was clearly reduced by this mutation, as 
measured by HA-titers (see Paper II for details), providing additional con-
firmation that this region of the chaperone is essential for functional pilus 
assembly in E. coli. 

 
Figure 3.3 Binding mode of 2-pyridone 9f. The carboxylate forms electrostatic and 
hydrogen bonds to Arg96 and the backbone amide of Pro95-Arg96. The amidine 
group of Arg58 hydrogen bonds to the 2-pyridone carbonyl, while the cyclopropyl 
and naphthyl interact with the hydrophobic sidechains of Leu32, Val56 and Ileu93.       

3.2 Summary 
By co-crystallizing the periplasmic chaperone PapD with the aminomethy-
lated 2-pyridone 9f. It could be shown that the binding site was not in the 
interdomain cleft, where the pilicides were initially designed to bind. Instead 
compound 9f was situated in an area at the back of the F1-G1 loop. This 
binding site overlaps with an area that interacts with the N-terminal domain 
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of the usher during pilus assembly. Further biochemical studies using SPR 
also revealed that compound 9f acts as a pilicide not by preventing chaper-
ones from binding pili subunits but instead by preventing chaperone-subunits 
complexes associating with the usher. Genetic studies also confirmed that 
this area of the chaperone that interacts with pilicide is essential in the for-
mation of pili. 
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4. Synthesis of ring-fused 2-pyridones via an 
acylketene imine condensation 

Chapters 1-3 discuss the application of bicyclic 2-pyridones as potential 
antibacterial agents called pilicides. In this chapter we further investigate the 
scope and limitations of the previously discussed acylketene imine conden-
sation (section 1.2.2) used to prepare bicyclic 2-pyridones 1-3. 

2-pyridones are the dominant tautomeric forms of 2-hydroxypyridines. 
This 6π-electron aromatic ring system, sometimes referred to as 2-
pyridinone or α-pyridone, can be found in many biologically active com-
pounds and natural products (Fig. 4.1).  
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Figure 4.1 Examples of biologically active 2-pyridones. Cytisine is a naturally oc-
curring lupin alkaloid that has agonist activity at neuronal nicotinic acetylcholine 
receptors.91 Ro-65-8815/001 is reportedly an inhibitor of Aβ-peptide aggregation 
that is involved in Alzheimer’s disease92 and the 2-pyridone acid A86719.1 is an 
antibacterial agent that inhibits bacterial DNA gyrase.93 

Due to the importance of 2-pyridone-containing compounds numerous 
methods to synthesize these heterocyclic systems have been reported.94-96 As 
early as 1892 Decker investigated the ferricyanide-mediated oxidation of 
pyridinium salts to 2-pyridones.97 This method is not frequently used today, 
instead 2-pyridones are often prepared by hydrolyzing suitably α-substituted 
pyridines (A, Scheme 4.1).98,99 Another strategy is to use acyclic starting 
materials and one of the most common approaches relies on variations of the 
Guareschi-Thorpe condensation, in which methylene active amides (e.g. 
cyanoacetamides) are condensed with 1,3-dicarbonyls to yield functionalized 
2-pyridones (B, Scheme 4.1).100,101 This method can, however, result in poor 
regioselectivity, unless the two carbonyls exhibit a sufficient difference in 
reactivity; this can be overcome by using Michael acceptors such as 3-
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alkoxy or 3-aminoenones instead of 1,3-dicarbonyls (C, Scheme 4.1).102 The 
2-pyridone core can also be constructed by different cycloaddition reactions, 
and one method that has proven particularly useful for the synthesis of bi-
cyclic ring-fused 2-pyridones is the elegant isomünchnone-based 1,3-dipolar 
cycloaddition developed by Padwa et al. (D, Scheme 4.1).103 
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Scheme 4.1 Examples of methods to prepare 2-pyridones. For an extensive review 
of the synthesis of 2-pyridones see references 94-96.  

Despite the large number of available methods to prepare 2-pyridones there 
is still continuing interest in finding new methods due to the number of bio-
logically active molecules containing this structural framework. The method 
previously developed by my colleagues, in Fredrik Almqvist’s research 
group (section 1.2.2), has proven to be an efficient synthetic route to prepare 
fused bicyclic 2-pyridones. However, prior to the studies reported here it had 
only been used to synthesize 2-pyridones fused with a thiazolo ring, and the 
apparent synthetic potential of the reaction had not been further evaluated. 
Therefore, as discussed below, in these studies the scope and limitations of 
the acylketene imine condensation were further explored, both by using imi-
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nes other than thiazolines but also by using other acylketene sources than 
acyl-Meldrum’s acid derivatives.  

4.1 Synthesis of multi ring-fused 2-pyridones 
Polycyclic 2-pyridones, fused over the nitrogen is a structural motif that can 
be found in numerous natural products and alkaloids. The antitumour agent 
camptothecin is perhaps one of the best known examples. It has aroused 
great interest from synthetic chemists due to its complex structure and strong 
antitumour activity, and synthetic analogues have been developed for use as 
chemotherapy agents.104 Other structurally related examples include the in-
dole alkaloids nauclefine and sempervilam (Fig. 4.2).105-107 
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Figure 4.2 Examples of polycylic ring-fused natural products containing a 2-
pyridone moiety and the structurally related alkaloid berberine containing the 
benzo[a]quinolizine ring system. 

The benzo[a]quinolizine framework is a structural element that can be found 
in several alkaloids, e.g. berberine (Fig. 4.2),108 emitine,109 and several syn-
thetic methods to prepare this structural framework have been devel-
oped.110,111 However, we envisioned that if the acylketene imine condensa-
tion previously developed in our laboratories could be performed with other 
imines other than thiazolines, it would provide a very attractive synthetic 
pathway towards benzo[a]quinolizine-4-one derivatives (Fig. 4.3). In addi-
tion, the imine components that would be required for the construction of the 
benzo[a]quinolizine-4-one and the corresponding indolo[2,3-a]quinolizine-4-
one derivatives are not only available from commercial sources but are also 
easily prepared via the Bischler-Napieralski reaction (Fig. 4.3),112 thus pro-
viding good starting points to further explore and widen the scope of the 
acylketene imine condensation. 
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Figure 4.3 The acylketene imine condensation previously used to prepare thiazolo 
fused 2-pyridones could be a short and direct pathway towards benzo[a]quinolizine-
4-one and indolo[2,3-a]quinolizine-4-one derivatives starting from readily available 
3,4-dihydroisoquinolines and β-carbolines. 

4.1.1 Synthesis of benzo[a]quinolizine-4-ones 
Initially, the commercially available 3,4-dihydroisoquinolines 15a and 15b 
were reacted with acyl-Meldrum’s acid derivative 16a by using the previ-
ously developed conditions: ½ saturated HCl(g) containing DCE solution at 
64 °C. This gave the desired 2-pyridones 17a and 17b in moderate yields 
(entries 1 and 2, Table 4.1). By applying microwave irradiation this could be 
improved, as 17a and 17c were isolated in moderate to excellent yields after 
irradiating for 120-360 s at 140 °C (entries 3-6, Table 4.1). However, to fur-
ther develop the method it was desirable to exchange HCl(g) for a more 
practically convenient acid. Therefore, dihydroisoquinoline 15a was reacted 
with acyl-Meldrum’s acid derivative 16b in refluxing toluene containing 
1.5% (v/v) of trifluoroacetic acid (TFA). To our great delight this worked 
excellently and the yield could even be increased by 31% as 2-pyridone 17c 
was isolated in 86% yield (entry 7, Table 4.1). Importantly, this was also a 
much more practical procedure, allowing better control of the amount of 
acid. Exchanging toluene for DCE and applying microwave heating also 
made it possible to shorten the reaction time dramatically, since the cyclo-
hexyl-substituted 2-pyridone 17d could be prepared in 69% yield after irra-
diating for 120 s at 160 °C (entry 9, Table 4.1). 
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Table 4.1 Synthesis of benzo[a]quinolizine-4-ones 17a-d. 

N

Me

R

R

OO

OO

HO R1

N

O

R

R

R1

17a-d

A: 64 °C, DCE 1/2 sat. with HCl (g). B: MW 140 °C, DCE 1/8 sat. with HCl (g). 

C: toluene, 1.5% (v/v) TFA, reflux. D: MW 160 °C, DCE, 1.5% (v/v) TFA.

A-D

16a: R1=Ph

16b: R1=Me

16c: R1=cyclohexyl

15a: R=OMe
15b: R=H

 
 

entry R1 R method eq. 
16 

time product yield 
(%) 

1 Ph OMe A 3 14 h 17a 65 

2a Ph H A 3b 19 h 17b 64 

3 Ph OMe B 3 120 s 17a 91 

4 Ph OMe B 3.5 240 s 17a 98 

5 Me OMe B 3.5 240 s 17c 54 

6 Me OMe B 3.5c 360 s 17c 55 

7 Me OMe C 3 4 h 17c 86 

8 C6H11 OMe C 3 2 h 17d 49 

9 C6H11 OMe D 3 120 s 17d 69 

a 15b was used as the commercially available hydrochloride salt. b 16a was added 
portionwise, 2+1 eq. over 14 h. c  16b was added portionwise, 3+0.5 eq. over 240 
s.   

 

4.1.2 Investigating the role of the acid. 
At this point a small set of benzo[a]quinolizine-4-ones had been synthesized 
by reacting dihydroisoquinolines with acyl-Meldrum’s acid derivatives. In 
addition, it had been shown that trifluoroacetic acid could be used as the acid 
component, which resulted in a more practical procedure. However, the role 
of the acid in this reaction was not clear. Kinetic studies recently reported by 
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Xu et al. have shown that the acyl-Meldrum’s acid derivatives react via an 
acylketene intermediate and not via a protonated specie,113 which had been 
suggested in a tentative mechanism by Emtenäs et al. (Fig. 4.4).61  
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Figure 4.4 Tentative mechanism for the formation of 2-pyridones via the acylketene 
imine condensation proposed by Emtenäs et al.61 

We were therefore interested in investigating the role of the acid further. 
Hence, dihydroisoquinoline 15a was reacted with acyl-Meldrum’s acid de-
rivative 16a under acidic (TFA), neutral (no additive) and basic conditions 
(TEA), using conventional heating (oil bath) as well as microwave irradia-
tion (Table 4.2). These experiments clearly showed that the presence of acid 
was beneficial for the formation of the 2-pyridone 17a, whereas neutral con-
ditions yielded more complex product mixtures, in which not only the 2-
pyridone 17a but also the 1,3-oxazine-4-one 18 could be observed by NMR-
analysis of the crude mixture. The 1,3-oxazine-4-one formed via a [4+2] 
cycloaddition is a well-known product of the reaction between acylketenes 
and imines,59,60,114-116 and under basic conditions this product dominated the 
crude mixture and could be isolated in 87% yield. 
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Table 4.2 Reaction of dihydroisoquinoline 15a under different conditions.   

N

Me

OMe

OMe

OO

OO

HO Ph

N

O

OMe

OMe

Ph

17a16a 15a

N

O

O

OMe

OMe

Ph
Me

18

  

entry conditions method ratioa 
17a:18 

1 TFA toluene (reflux) 100:0 

2 TFA DCE (MW 140 °C, 120 s) 100:0 

3 neutral toluene (reflux) 3:14 

4 neutral DCE (MW 140 °C, 120 s) 5:8 

5 TEA toluene (reflux) 1:19b 

6 TEA DCE (MW 140 °C, 120 s) 3:7 

 
a Ratios determined by 1H-NMR analysis of crude mixtures. b 
Compound 18 was isolated in 87% yield.   

 
These experiments suggest that the [4+2] adduct 18 is unstable under acidic 
conditions, which therefore instead results in formation of the acid-stable 
dehydrated 2-pyridone product. This hypothesis was further confirmed when 
the isolated 1,3-oxazine-4-one 18 was subjected to the acidic conditions used 
to prepare the 2-pyridones (MW 160 °C, 120 s, 1.5% (v/v) TFA), since this 
resulted in formation of 2-pyridone 17a and the starting dihydroisoquinoline 
15a, also indicating that the 1,3-oxazine-4-one is a possible intermediate in 
the formation of the 2-pyridone (Fig. 4.5). 
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Figure 4.5 Reacting dihydroisoquinoline 15a with an acylketene can yield 2-
pyridone 17a as well as 1,3-oxazine 18 depending on the conditions (see Table 4.2). 
Heating 1,3-oxazine 18 under acidic conditions resulted in the formation of the start-
ing dihydroisoquinoline 15a and the 2-pyridone 17a in a 3:2 ratio. 

4.1.3 Synthesis of indolo[2,3-a]quinolizine-4-ones 
To further widen the scope of the exploration of the reaction, the possibility 
of using the indolo-containing β-carboline as an imine component in the 
acylketene imine condensation was investigated. If successful, this would 
also give access to indolo[2,3-a]quinolizine-4-one derivatives with the same 
structural framework as the natural products nauclefine and sempervilam 
(Fig. 4.2). β-carboline 19 was first prepared from acetylated tryptamine in a 
microwave-assisted Bischler-Napieralski reaction,117 and then reacted with 
acyl-Meldrum’s acid derivatives 16b-d under the previously developed con-
ditions. This gave the indolo[2,3-a]quinolizine-4-ones 20a-c in good to mod-
erate yields (Scheme 4.2).  
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20a: R1=Me 79%

20b: R1=cyclohexyl 77%

20c: R1=tetrahydrofuran-3-yl 53%
16b-d   

 

Scheme 4.2 Synthesis of indolo[2,3-a]quinolizine-4-ones 20a-c. 

Up to this point, the acylketene imine reaction had been performed with 
acyl-Meldrum’s acid derivatives 16 as the acylketene source. There are, 
however, several other synthetically useful procedures that can be used to 
generate these reactive species.118-120 Thermolysis of 1,3-dioxin-4-ones is a 
commonly used method that in contrast to thermolysis of acyl-Meldrum’s 
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acid derivatives can be used to generate di-subtituted acylketenes, which in 
our case would give access to 2-pyridones with a different substitution pat-
tern (Scheme 4.3). 1,3-dioxin-4-ones are readily available from β-ketoacids 
and compound 21 was prepared from methyl 2-ethylacetoacetate according 
to a published procedure.121 This acylketene source was then reacted with 
3,4-dihydroisoquinoline 15a and β-carboline 19 to give the 2,3-substituted 
benzo[a]quinolizine-4-one 22 and indolo[2,3-a]quinolizine-4-one 23 in 69% 
and 46% yields, respectively. Furthermore, by increasing the amount of 1,3-
dioxine-4-one 21 from 1.5 to 3 equivalents and adding it portion-wise (2+1) 
over 18 min the yield of indolo[2,3-a]quinolizine-4-one 23 could be in-
creased to 76% (Scheme 4.3). 
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Scheme 4.3 

4.1.4 Formal synthesis of sempervilam 
The scope of the acylketene imine reaction had now been further broadened 
to enable preparation of both benzo[a]quinolizine-4-ones and indolo[2,3-
a]quinolizine-4-ones. In addition, using 1,3-dioxin-4-one as the acylketene 
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source made it possible to introduce substituents at both the 3 and 4 positions 
of the 2-pyridone ring. Having accomplished this, we were interested in con-
tinuing to evaluate this method by applying it to the synthesis of a suitable 
multi ring-fused 2-pyridone reported in the literature.  

In 2006 Takayama and co-workers reported the isolation of the indole al-
kaloid sempervilam from roots of Gelsemium sempervirens, also known as 
yellow jasmine or the evening-trumpet flower.107 They also described a syn-
thetic route starting from β-carboline 19, which was converted to dihy-
drosempervilam in 23% yield over three steps (Scheme 4.4). Aromatization 
of the C-ring then gave the target compound. Having established that β-
carboline 19 worked well in the acylketene imine condensation we believed 
that our method could provide a more efficient and direct approach towards 
this pentacyclic 2-pyridone. The key to achieving this was to be able to pre-
pare a suitable precursor to the desired cyclic acylketene.  
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Scheme 4.4 Takayamas synthesis of sempervilam. 

Fortunately, 1,3-dioxin-4-one 24 had previously been synthesized by Sato et 
al. and could be prepared according to their procedure.121 1,3-dioxin-4-one 
24 was then reacted with β-carboline 19 at 160 °C for 5 minutes (Scheme 
4.5). This gave the desired dihydrosempervilam 25 in 56% yield. However, 
by increasing the reaction time to 23 minutes and adding the acylketene 
source portion-wise (2+1) the yield could be raised to 77% (Scheme 4.5), 
thus clearly demonstrating the efficiency of this method to prepare multi 
ring-fused 2-pyridone-containing heterocyclic systems.  
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Scheme 4.5 Synthesis of dihydrosempervilam 25.  

 
Efforts were then made to improve the final aromatization of the C-ring, 
which in Takayama’s synthesis was performed in 28% yield. Unfortunately, 
common dehydrogenation procedures using Pd/C at elevated temperatures in 
different solvents e.g. benzene, xylene, AcOH, and water with fumaric acid 
present were unsuccessful and left the molecule intact. Other reagents such 
as MnO2, DDQ, S8 and nitrobenzene were also tested, but without success 
and finally 25 was converted to sempervilam according to Takayama’s pro-
cedure.107 

4.2 Synthesis of heteroatom analogs 
We had now established that imines other than thiazolines could be used in 
the acylketene imine condensation, since both benzo[a]quinolizine-4-ones 
and indolo[2,3-a]quinolizine-4-ones had been efficiently prepared from 3,4-
dihydroisoquinolines and a β-carboline. To further study the scope and limi-
tations of the procedure, and at the same time generate compounds that could 
interfere with pilus assembly, we were interested in examining the possibil-
ity to use imidazolines and oxazolines. Thus, resulting in heteroatom analogs 
of the previously studied thiazolo fused 2-pyridones (Fig. 4.6).  
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Figure 4.6 Exchanging thiazolines for imidazolines or oxazolines should result in 
heteroatom analogs of the previously studied thiazolo fused 2-pyridones.   

Up to this point modifications of the parent pilicides 1 and 2 had mainly 
involved alterations in the 2-pyridone ring (Fig. 4.7). However, previous 
studies in our laboratories had shown that the carboxylic acid functionality in 
the five-membered ring is vital for the ability to prevent pilus assembly.67 
Recent research concerning the use of carboxylic acid isosteres have also 
shown that a tetrazole or an acyl sulfonamide at this position results in im-
proved activity.71 In the same study pilicides 1 and 2 were desulfurized with 
Raney Nickel to yield the monocyclic 2-pyridones 26 and 27 (Fig. 4.7). This 
resulted in a considerable loss in activity, indicating the importance of the 
fused thiazolo ring. In the experiments discussed below we studied this part 
of the molecule further. By reacting imidazolines and oxazolines with an 
acylketene, nitrogen and oxygen analogs of the bioactive pilicides 1 and 2 
were prepared. These compounds were then evaluated for their ability to 
prevent pilus assembly. 
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Figure 4.7 Compounds 1 and 2 have been shown to prevent pilus assembly, whereas 
the desulfurized analogs 26 and 27 displayed a considerable loss in activity. 
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4.2.1 Synthesis of dihydroimidazolo fused 2-pyridones 
In contrast to the preparation of dihydrothiazolo fused 2-pyridones starting 
from thiazolines, the preparation of nitrogen analogs requires suitable pro-
tection of the N-1 nitrogen in the imidazoline. In addition, unlike the previ-
ously used methylester-substituted thiazolines the corresponding imida-
zolines are not based on a natural amino acid and the preparation of these 
compounds was thus expected to be more costly and less straightforward. 
We therefore decided to first test the conditions and protective group strat-
egy on a cheaper and more readily available starting material. Consequently, 
the commercially available tolazoline hydrochloride was first converted to 
the N-Cbz- and N-Boc-protected derivatives 28a and 28b using standard 
protection procedures (Scheme 4.6). These two protecting groups were cho-
sen to complement each other. The acid labile Boc group might be unstable 
under the acidic conditions used in the acylketene imine condensation, but 
since only very small amounts of acid are needed there was still a possibility 
that the 2-pyridone formation might precede deprotection, possibly enabling 
use of a one-pot procedure in which the Boc group could be removed by 
merely adding more acid after the 2-pyridone formation is complete. The 
Cbz group was chosen as a back-up alternative as this protective group was 
expected to withstand the acidic conditions but would then have to be re-
moved in a subsequent step.  

The Cbz- and Boc-protected derivatives 28a and 28b were thus reacted 
with acyl-Meldrum’s acid derivative 16b in DCE with TFA present (Scheme 
4.6). Rewardingly, the Boc group was unaffected by these conditions (0.5 
eq. of TFA, 0.75%) and could be removed by simply adding more TFA (in-
creased to 40%) and stirring at room temperature for 30 minutes, which then 
gave 2-pyridone 29 in excellent 92% yield (Scheme 4.6). Compound 29 was 
also obtained in good yield from the Cbz-protected imidazoline 28b after 
removal of the Cbz group by hydrogenation at atmospheric pressure.   
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Tolazoline hydrochloride 28a: R=Boc 97%
28b: R=Cbz 74%
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Scheme 4.6 (i) For preparation of 28a: Boc2O, TEA, CH2Cl2, rt. For preparation of 
28b: Cbz-Cl, TEA, CH2Cl2, rt. (ii) Starting from 28a: 16b, TFA 0.75%, DCE, MW 
120 °C, 5 min, then more TFA, rt, 30 min. Starting from 28b: (a) 16b, TFA 1.5%, 
DCE, MW 120 °C, 5 min. (b) Pd/C, H2 (atm), MeOH, rt, 1 h. 
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Based upon these results we decided to use Boc-protected imidazolines, thus 
methyl ester-substituted imidazolines were required. A synthetic pathway 
starting from the commercially available diaminopropionic acid methyl ester 
30 was used to prepare imidazoline 32 (Scheme 4.7). The key step to obtain-
ing this compound was the intramolecular cyclization of Boc-protected dia-
minopropionic derivative 31, which was performed using triphenyl-
phosphine oxide and triflic anhydride according to a procedure developed by 
Kelly and co-workers.122 Unfortunately, these conditions resulted in some 
deprotection of the Boc group and compound 32 was only isolated in 37% 
yield. Furthermore, attempts to react 32 with acyl-Meldrum’s acid derivative 
36 gave very poor yield of the desired 2-pyridone. For this reason we de-
cided to instead use the more acid stable Cbz protective group. Thus, starting 
from commercially available N-α-Fmoc-N’-β-Cbz-L-diaminopropionic acid 
33 diaminopropionic acid methyl ester 34 was prepared in 91% yield. This 
compound could then be converted to the desired imidazolines 35a-c in good 
to excellent yields using the same synthetic route that was previously de-
scribed for preparation of compound 32 (Scheme 4.7).  
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Scheme 4.7 Reagents and conditions: (i) BnCOCl, TEA, CH2Cl2, rt. (ii) Tf2O, 
Ph3PO, CH2Cl2, 0 °C. (iii) (a) CDI, CH2Cl2, rt, then MeOH. (b) DEA, MeCN, 0 °C. 
(iv) For 35a: BnCOCl, TEA, CH2Cl2, rt. For 35b: DCC, HOAt, cyclopropylacetic 
acid, CH2Cl2, rt. For 35c: Ac2O, TEA, CH2Cl2, 0 °C. (v) For 35a: Tf2O, Ph3PO, 
CH2Cl2, 0 °C. For 35b and 35c: Tf2O, polymer supported Ph3PO, CH2Cl2, 0 °C.  
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Imidazoline 35a was then reacted with acyl-Meldrum’s acid derivative 36 
using the previously applied conditions (TFA and MW irradiation at 120 °C 
for 5 min.). This gave the desired 2-pyridone 37a in 53% yield, but also the 
isomeric 4-pyridone 38, which was formed in a 1:5 (38:37a) ratio according 
to crude 1H-NMR spectroscopy and could also be isolated in 13% yield  
(entry 1, Table 4.3). Formation of this by-product can be explained by the 
fact that the side-reaction proceeds via the enamine tautomer of imidazoline 
35a. This has also been seen in other cases where imines or enamines have 
been reacted with acylketenes.115,123 However, by lowering the temperature 
to 64 °C and using a ½ saturated HCl (g) solution of DCE the formation of 
this by-product could be avoided.  

Table 4.3 Synthesis of dihydroimidazolo[2,3-a]pyridine-5-ones.   

N

Cbz
N

R
1

CO2Me

O O

O O

OH

A or B

N

H
N

O
CO2Me

R
1

N NH

O

R
1

MeO2C

35a-c36 37a-c 38    
 

entry R1 method product yield 37 (%) yield 38 (%) 

1 Ph Aa 37a 53 (63% ee)c 13% 

2 Ph Bb 37a 70 (61% ee)c -e 

3 cyclopropyl Aa 37b 42d -e 

4 cyclopropyl Bb 37b 38d -e 

5 H Aa 37c 61d -e 

6 H Bb 37c 17d -e 

 
a A: (i) MW, 120 °C, 5 min, TFA, DCE. (ii) Pd/C, H2 (atm), MeOH. b B: (i) 64 °C, 14 
h, DCE ½ sat. HCl(g). (ii) Pd/C, H2 (atm), MeOH. c ee determined by chiral HPLC. d ee 
not determined. e not formed. 

 
These two sets of conditions were then used to prepare the cyclopropyl sub-
stituted 2-pyridone 37b, and hydrogen-substituted 37c, which were included 
as chemical reference to evaluate the method. For both 37b and 37c the yield 
dropped quite markedly using both methods and in these cases the isomeric 
4-pyridone was not formed (entries 3-6, Table 4.3). The enantiomeric purity 
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was determined for compound 37a using chiral HPLC and drops of 15% and 
17% respectively, from the starting imidazoline 35a were observed for the 
two methods (Table 4.3). 

4.2.2 One-pot synthesis of dihydrooxazolo fused 2-pyridones 
The previously developed method to prepare dihydrothiazolo fused 2-
pyridones have proven to be simple and robust. It has also been possible to 
develop a synthetic platform were the compounds can be prepared using 
either, microwave irradiation or solid phase supported chemistry and both 
methods give the desired 2-pyridones in good yields (section 1.2.2). How-
ever, when this reaction has been performed using oxazolines instead of 
thiazolines it has been more complicated, resulting in very poor yields or 
(more commonly) no formation of the desired 2-pyridone. However, as de-
scribed above, we had improved the method by using trifluoroacetic acid 
instead of HCl (g), which in the case of benzo[a]quinolizine-4-ones gave 
much smoother conversion with less by-products and better control of the 
amount of acid. With this improvement in mind, we turned our attention 
back to the synthesis of dihydrooxazolo fused 2-pyridones. Experiments 
using these oxygen analogues would add important structural-activity infor-
mation for the pilicide project, and an efficient synthesis procedure for these 
heterocycles would also be of general importance. 

Previously, oxazolines had been prepared by reacting iminoethers with L-
serine methyl ester hydrochloride according to the same method used for 
preparing thiazolines from cysteine.61,64 However, this method worked 
poorly and gave the desired oxazolines in low yields (< 40%). Hence another 
synthetic route based on a molybdenum oxide catalyzed cyclization of acy-
lated serine derivatives was tested.124 Thus, acylated serine derivative 39a 
was converted to the oxazoline using 0.1 mol % of (NH4)2MoO4 and reflux-
ing in toluene with removal of water using a Soxhlet extractor containing 
activated 3 Å molecular sieves (Table 4.4). After 6 hours at reflux the reac-
tion was complete (monitored by 1H-NMR spectroscopy). Considering the 
previously disappointing results obtained when converting oxazolines to 2-
pyridones we decided against isolating the oxazoline and instead tested a 
one-pot procedure. Consequently, the solution was cooled at room tempera-
ture for 5 min before 36 and TFA were added. To our great delight refluxing 
for 2 more hours resulted in the formation of 2-pyridone 40a, which was 
isolated in 78% yield (entry 1, Table 4.4). This one pot procedure was a con-
siderable improvement compared to the previously described procedure, and 
was used to prepare 40b and 40c from serine derivatives 39b and 39c (en-
tries 2 and 3, Table 4.4). In these cases, the yield dropped, but previously we 
had not been able to isolate any product at all and using this procedure we 
obtained sufficient material for biological evaluation. This method could 
also be used to prepare the sulfur containing compounds 40d and 40e from 
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the acylated cysteine derivatives 39d and 39e, respectively (entries 4 and 5, 
Table 4.4), thus, providing a shorter synthetic pathway compared to the ear-
lier method, which started from nitriles (section 1.2.2). Unfortunately, com-
pounds 40a-e displayed low optical rotations, indicating that the stereocenter 
at C-3 had racemized under these conditions. This was further confirmed by 
chiral HPLC, which showed that the ee was as low as 2% for compound 40a 
(entry 1, Table 4.4). In an effort to resolve this problem, the amount of TFA 
was decreased, which raised the ee to 91% but at the same time the yield 
dropped to 28% (entry 7, Table 4.4).  
 

Table 4.4 One-pot synthesis of dihydrooxazolo[2,3-a]pyridine-5-ones 40a-c and 
dihydrothiazolo[2,3-a]pyridine-5-ones 40d-e. 

N

X

O CO2Me

R1

HX

HN CO2Me

O
R1

(NH4)2MoO4, toluene
3 Å mol. sieves, soxhlet

then TFA and

O

O

O

O

OH

39a-e 40a-e

36   
 

entry  R1 X eq. 
TFA 

time 
(h) 

prod-
uct 

yield 
(%) 

ee 
(%) 

1 39a Ph O 5 8 40a 78 2a 

2 39b cyclopropyl O 5 9 40b 32 -b 

3 39c H O 5 7 40c 16 -b 

4 39d Ph S 5 9 40d 76 -b 

5 39e H S 5 10 40e 62 -b 

6 39a Ph O 1 5 40a 62 16a 

7 39a Ph O 0.1 5 40a 28 91a 
a ee determined by chiral HPLC. b ee not determined. 
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4.2.3 Biological evaluation 
In order to test the compounds as pilicides, methyl esters 37a-c and 40a-c 
had to be transformed to the corresponding litium carboxylates or carboxylic 
acids. Dihydroimidazolo fused 2-pyridones 37a-c were hydrolyzed accord-
ing to the previously applied method using 0.1 M (aq) LiOH in THF. This 
gave lithium carboxylates 41a-c in excellent yields (Scheme 4.8). However, 
when this saponification procedure was applied on oxygen analogs 40a-c, it 
resulted in very slow conversion and several unidentified by-products were 
formed prior to completion of the reaction and no pure product could be 
isolated. Fortunately, using lithium bromide, triethylamine and water in ace-
tonitrile according to a recently published method developed by Mattson et 
al.,125 methylesters 40a-c could be converted to carboxylic acids 42a-c in 
moderate to good yields after purification by silica gel chromatography 
(Scheme 4.8). 
 

N

H
N

O CO2Me

R1

0.1 M LiOH (aq.)
THF

N

H
N

O CO2Li

R1

41a: R1 = Ph 93%

41b: R1 = cyclopropyl 97%

41c: R1 = H 85%

N

O

O CO2Me

R1

N

O

O CO2H

R1

42a: R1 = Ph 57%

42b: R1 = cyclopropyl 73%

42c: R1 = H 83%

LiBr, TEA,MeCN
cont. 2 v/v  % H2O

40a-c

37a-c

 
 
Scheme 4.8 Hydrolysis of dihydroimidazolo[2,3-a]pyridine-5-ones 37a-c and dihy-
drooxazolo[2,3-a]pyridine-5-ones 40a-c. 

With the nitrogen and oxygen analogs in hand we proceeded with biological 
evaluation. Initially, the new derivatives 41a-c, 42a-c and the parent sulfur 
containing 2-pyridones 1 and 2 were screened in a biofilm assay (A, Fig. 
4.8). Nitrogen analogs 41a and 41c had some effect on the formation of 
biofilms at 400 µM, but were considerably less active than the corresponding 
oxygen analogs 42a and 42c. These two compounds inhibited biofilm forma-
tion by over 90% at 400 µM. This was in the range of the best sulfur-
containing compound 1 and these three substances were further evaluated at 
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lower concentrations, which confirmed that they inhibited biofilm formation 
in a dose-dependant manner (B, Fig. 4.8). 

 
Figure 4.8 (A) Heteroatom analogs 41a-c, 42a-c and the parent sulfide containing 
compounds 1 and 2 were screened in a biofilm assay. E. coli UTI89 was grown in 
the presence of pilicide (400 µM) and the ability to form biofilms was quantified. 
Inhibition of biofilm formation is shown as percent present relative to each assay 
when no compound is present. Error bars represents standard deviations of the mean 
where shown. (B) The three most active compounds in the initial screen were tested 
at lower concentrations. (C) To confirm that the inhibition of biofilm formation was 
due to low pili abundance, E. coli UTI89 was grown in the presence of compound (1 
mM) and HA-titers were determined. 
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The biofilm assay is suitable as an initial screening tool since it can be per-
formed in 96-well plates with small quantities of test compound. Neverthe-
less, the formation of biofilms can be affected by factors other than the pres-
ence of pili. So the biofilm assay will reveal potential pilicides, but to con-
firm that the inhibition of biofilm formation is correlated to low pili abun-
dance a HA-assay should also be performed. Thus, 42a, 42c and 1 were 
tested in a HA-assay (C, Fig. 4.8). The results confirmed that all three com-
pounds affected pili formation, but in this assay oxygen analog 42c was 
much less potent than the phenyl-substituted compound 42a, which had the 
same HA-titer as the corresponding sulfur containing compound 1. This was 
further confirmed by western immunoblot analysis (Fig. 4.9), which dis-
played a remarkable decrease of FimA (most common subunit in Type 1 
pili) for bacteria treated with 1 and 42a compared to the untreated control 
(named DMSO in Fig. 4.9). Further supporting the conclusion that the sulfur 
atom can be replaced by oxygen and still maintain the ability to prevent pili 
assembly. 
 

N
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42a 42c1
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Ph

N

O
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2
H

 
 

Figure 4.9 Western immunoblots of bacteria treated with compounds 1, 42a and 
42c. A substantial decrease in the FimA band can be seen for bacteria treated with 1 
and 42a compared to the untreated control (DMSO).  

4.3 Summary 
Bicyclic dihydrothiazolo fused 2-pyridones have previously been synthe-
sized by reacting acylketenes generated from acyl-Meldrum’s acid deriva-
tives with thiazolines. This synthetic methodology has been further devel-
oped and applied in the synthesis of other 2-pyridone-containing heterocyc-
lic compounds. Benzo[a]quinolizine-4-ones could be synthesized by reacting 
3,4-dihydroisoquinolines with acylketenes, and tetracyclic indolo[2,3-
a]quinolizine-4-ones could be prepared starting from a β-carboline. In addi-
tion, using 1,3-dioxin-4-ones instead of acyl-Meldrum’s acid derivatives as 
acylketene sources made it possible to introduce substituents at the 3 posi-
tion of the 2-pyridone ring. This development proved crucial when the 
method was applied to a formal synthesis of the ring-fused pentacyclic in-
dole alkaloid sempervilam. Furthermore, using imidazolines and oxazolines 
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as imine components made it possible to prepare heteroatom analogs of the 
previously studied dihydrothiazolo fused 2-pyridones. The synthesis of these 
analogs was not as straightforward as the preparation of the parent sulfur-
containing compounds. Nevertheless, dihydroimidazolo fused 2-pyridones 
could be prepared from Cbz-protected imidazolines, and the corresponding 
dihydrooxazolo fused 2-pyridones were prepared in a one-pot procedure 
starting from acylated serine derivatives. From the biological evaluation of 
the heteroatom analogs it could be concluded that the sulfur atom can be 
replaced with an oxygen atom and still maintain the ability to prevent pili 
assembly, whereas introducing a secondary amine results in diminished ac-
tivity. 
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5. Concluding remarks 

This thesis describes the synthesis and functionalization of organic com-
pounds that have in common that they all contain a 2-pyridone moiety. Bi-
cyclic dihydrothiazolo fused 2-pyridones called pilicides have previously 
been designed to block the assembly of adhesive protein organelles in uropa-
thogenic E. coli. Synthetic methods to further functionalize the di-substituted 
2-pyridones at the open position C-6 have now been developed. Tertiary 
amines could be introduced via a microwave-assisted Mannich reaction and 
a complimentary synthetic route based on a Vilsmeier formylation gave ac-
cess to primary as well as secondary amines, but also to other interesting 
functionalities. The introduction of hydrophilic amines resulted in com-
pounds with increased water-solubility, thus facilitating biological evalua-
tions. Several of the new 2-pyridone pilicides were shown to block pilus 
assembly as determined by hemagglutination, biofilm formation and coloni-
zation of bladder cells. Furthermore, co-crystallizing one of the aminomethy-
lated 2-pyridones with the target protein PapD, revealed that the compound 
was not binding in the interdomain cleft of the chaperone, where the pil-
icides were initially designed to bind but instead was situated in an area 
close to the F1-G1 loop. Based on this, a mode of action was proposed 
whereby the pilicides act by inhibiting binding of chaperone-subunit com-
plexes to the usher. This suggested mode of action could also be experimen-
tally supported by SPR studies and point mutations in the target protein 
PapD. 

Additionally, a previously discovered reaction that enabled the prepara-
tion of bicyclic dihydrothiazolo fused 2-pyridones has now been further de-
veloped and used for synthesizing other ring-fused 2-pyridone systems. 
Benzo[a]quinolizine-4-one and indolo[2,3-a]quinolizine-4-one derivatives 
could be prepared in a fast and simple manner starting from dihydroisoqui-
nolines and a β-carboline. It was also possible to use 1,3-dioxin-4-ones in-
stead of acyl-Meldrum’s acid derivatives as acylketene source, and this al-
lowed preparation of ring-fused 2-pyridones with a different substitution 
pattern. The use of other acylketene sources has only been touched upon in 
this thesis, but this strategy can hopefully be further developed in the future 
to give access to more functionalized and complicated 2-pyridones systems. 
The use of imidazolines and oxazolines as imine components gave access to 
heteroatom analogs of the previously studied dihydrothiazolo fused 2-
pyridones. The heteroatom analogs were evaluated for their ability to inhibit 
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pili assembly in E. coli, and from these data it could be established that the 
sulfur atom can be exchanged towards and oxygen and still maintain the 
ability to prevent pili formation. 

Finally it can be concluded that the use of 2-pyridones as pilicides repre-
sents a proof of concept for developing antibacterial drugs that target viru-
lence in pathogenic bacteria. Furthermore, it is also a prime example of how 
small organic molecules can be used as tools to study and regulate compli-
cated biological systems. From a more chemical point of view it can be con-
cluded that a broad synthetic platform that allows preparation of diversely 
substituted 2-pyridones has been developed. Hopefully, this can lead, not 
only to the development of new and more potent pilicides, but also provide 
an efficient synthetic alternative for the preparation of other interesting 2-
pyridone containing compounds.   
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