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Me methyl
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MSNT 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-
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NMR nuclear magnetic resonance
Pap pyelonephritis associated pili
PCA principal component analysis
PDEA 2-(2-pyridinyldithio)ethylamine

hydrochloride
PEG polyethylene glycol
PEGA polyethylene glycol-poly acrylamide
Ph phenyl
PNB para-nitro benzyl
POEPOP polyoxyethylene-polyoxypropylene
POEPS polyoxyethylene-polystyrene
PS polystyrene
PTSA para-toluensulfonic acid
rt Room temperature
RU resonance units
SPR surface plasmon resonance
TEA triethylamine
TFA trifluoroacetic acid
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TLC thin layer chromatography
TMS trimethyl silyl
Trt trityl
UTI urinary tract infection
UPEC uropathogenic Escherichia coli
UV ultra violet

Unless otherwise stated, amino acids have the L-configuration. The amino
acid three-letter code refers to the structural element –NH-CHR-CO- where
R is the side chain.
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1 Introduction

After the second world war, people believed that the dangers posed by
life-threatening bacteria had been eliminated. However, since then, many
bacteria have developed resistance against traditional treatments (i.e.
antibiotics) and bacterial infections have once again become a threat to
human health.1,2 To combat this alarming development, further research into
antimicrobials could target the virulence of the bacteria. Virulence refers to
an organism’s ability to establish an infection and cause disease.3

Understanding the molecular mechanisms behind the different infection
processes, e.g. adherence, invasion and evasion of host defenses can
accelerate antimicrobial research by enabling rational drug design strategies
to be devised.4

This thesis describes the design and synthesis of a new class of
compounds termed “pilicides”, which inhibit pili assembly in strains of
Escherichia coli that are responsible for urinary tract infections (UTIs)5.
UTIs are some of the most common bacterial infections today, and nearly
50% of adult women are expected to experience at least one episode of UTI
during their lifetime.5,6 Approximately 80% of uncomplicated UTIs,
including pyelonephritis and cystitis, are caused by uropathogenic
Escherichia coli (UPEC)6,7 and, over the last decade, antimicrobial
resistance has been on the rise.7

 The pilicides described in this thesis are designed to target periplasmic
chaperones required for the assembly of pili. Without pili, which mediate the
attachment of the bacteria to host tissues, the bacteria will lose their
pathogenicity.7 Thus, the pilicides represent a novel class of antibacterial
agents.

Papers I and II describe the design, synthesis and biological evaluation of
bicyclic b-lactams. Paper I reports the formation of bicyclic b-lactam methyl
esters and selective reduction of the methyl esters to the aldehydes. Paper II
discusses synthesis of the bicyclic b-lactam carboxylic acids and biological
evaluations of the bicyclic b-lactam carboxylic acids and aldehydes.

Papers III-VI describe the design, synthesis and biological evaluation of
bicyclic 2-pyridinones. The 2-pyridinones were synthesized in solution using
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conventional heating (Paper III), in solution with microwave-assisted heating
(Paper VI) and on solid support (IV). Paper IV also describes the design and
biological evaluation of the 2-pyridinone pilicides. Finally, as discussed in
Paper V, fluorinated linkers in conjunction with fluorinated building blocks
and 19F NMR spectroscopy were used to quantify and optimize the reaction
steps in the solid-phase synthesis.

1.1 References

(1) Normark, B. H.; Normark, S. J. Intern. Med. 2002, 252, 91-106.
(2) Tang, C.; Holden, D. Br. Med. Bull. 1999, 55, 387-400.
(3) Salyers, A. A.; Whitt, D. D. In Bacterial Pathogenesis: A Molecular

Approach. Washington DC: American Society for Microbiology 1994, 30-
46.

(4) Lee, Y. M.; Almqvist, F.; Hultgren, S. J. Curr. Opin. Pharmacol. 2003, 3,
513-519.

(5) Foxman, B. Am. J. Med. 2002, 113, 5S-13S.
(6) Stamm, W. E. Am. J. Med. 2002, 113, 1S-4S.
(7) Mulvey, M. A. Cell. Microbiol. 2002, 4, 257-271.
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2 Biological Background

Many Gram-negative bacteria produce adhesive organelles termed Pili that
recognize specific cell surface glycolipid and glycoprotein receptors. This is
a crucial step in the process whereby they colonize certain tissues and cause
infections.1,2 Pili associated with urinary tract infections (type 1 pili) or the
more severe pyelonephritis (P pili) are composite structures consisting of a
thin flexible tip (fibrillum) joined to a thicker rod-like fiber. An adhesin is
bound to the tip of each fibrillum, which mediates recognition and
attachment to specific cell surfaces: type 1 pili bind mannose moieties and P
pili bind a-D-galactopyranosyl-(1-4)-b-D-galactopyranoside units of
membrane-associated glycoproteins.1

The P pilus consists of two main units – a thin (20 Å), flexible fibrillum
and a thicker pilus rod that anchors it to the bacterial cell wall (Figure 2.1).
Six different proteins contribute to this structure, organized in the following
way. At the tip of each pilus is an adhesin, PapG, which is connected, via a
PapF adaptor protein to a series of repeated PapE subunits, which form the
main part of the fibrillum. At the other end, the fibrillum is connected via an
adaptor protein, PapK, to the pilus rod (68 Å), which consists of repeating
PapA subunits. The pilus rod, in turn, is connected to the bacterial cell wall
via the adaptor protein PapH. All subunits are assembled by the periplasmic
chaperone PapD, which binds the subunits and transports them through the
periplasmic space, thereby preventing premature aggregation and proteolytic
degradation. PapD delivers the subunits at the outer cell membrane to the
usher protein PapC, which dissociates the chaperone-subunit complex, and
incorporates the subunits into the growing pilus.1

The chaperone-usher pathway is known to be utilized in the assembly of
at least 26 different kinds of adhesive organelles in Gram-negative bacteria,
including various types of pili, and the different chaperones have a highly
conserved structure.3
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Figure 2.1 (A) A model of pilus subunit transport through the periplasm and pilus
assembly. In the absence of the chaperone PapD, emerging subunits aggregate and
are subjected to proteolytic degradation. (B) Atomic force microscope picture of a
P-pili.

The crystal structure of PapD has been solved and refined to 2.0 Å
resolution.4 The structure of PapD consists of two globular domains oriented
in the shape of a boomerang with a cleft between the two domains. Each
domain has a b-barrel super secondary structure formed by two antiparallel
b-sheets with an overall topology similar to an immunoglobulin fold.
However, in contrast to the characteristic binding paradigm of other proteins
with immunoglobulin-type domains, PapD recognizes and binds subunits via
its highly conserved cleft.5 The co-crystal structure of a 19-mer peptide
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corresponding to the adhesin PapG bound to PapD was recently solved,
revealing that the PapG peptide is anchored in the chaperone cleft by
hydrogen bonds between the terminal carboxyl group of the peptide and both
Arg8 and Lys112.6 These two amino acids are positioned in the cleft and are
invariant throughout the entire chaperone superfamily.3 In addition, the
peptide backbone forms hydrogen bonds along the G1 b-strand, thus forming
an extended b-sheet between PapD and the peptide in a motif that has been
termed a b-zipper.6 The importance of the carboxyl terminal for recognition
and binding to PapG has been demonstrated in studies of a mutant form of
PapG lacking the 13 carboxyl terminal amino acids. This PapG-mutant was
not able to form the PapD-PapG complex in vivo.7

Moreover, the crystal structure of the whole PapD-PapK chaperone-
subunit complex, determined at 2.4 Å resolution, shows that the G1 b-strand
of PapD completes the immunoglobulin-like fold of the subunit.8

Figure 2.2 Model of the type 1 pilus. (A) The proposed interaction between two
consecutive FimA molecules in the type 1 pilus rod. The modeled NH2-terminal
extension (black) antiparallel to the strand F (grey). (B) A right-handed helix with
about three subunits per turn modeled with the NH2-terminal extension in an
antiparallel fashion.

A B
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This arrangement has been termed “donor strand complementation” and
produces an atypical immunoglobulin fold because the donating strand has a
parallel rather than anti-parallel orientation. However, the donor strand
exchange between subunits produces an anti-parallel immunoglobulin fold in
the mature pilus.9

A similar donor strand complementation mechanism was also observed
when the crystal structure of the type 1 pili chaperone-adhesin complex
(FimC-FimH) was solved.10 A model of the type 1 pilus shows that a right-
handed helix was formed when the NH2-terminal extension was antiparallel
to strand F, incontrast to the parallel insertion observed for the G1 strand of
the chaperone (Figure 2.2).10 Insertion in a parallel orientation would lead to
rosettelike structures.10

The structural similarity between the PapD-PapG and FimC-FimH
complexes supports the possibility of cross-reactivity and it has been shown
that PapD can function as a chaperone in the assembly of type 1 pili instead
of FimC.11

2.1 References

(1) Hultgren, S. J.; Abraham, S.; Caparon, M.; Falk, P.; Stgeme, J. W.;
Normark, S. Cell 1993, 73, 887-901.

(2) Jones, C. H.; Jacob-Dubuisson, F.; Dodson, K.; Kuehn, M.; Slonim, L.;
Striker, R.; Hultgren, S. J. Infect. Immun. 1992, 60, 4445-4451.

(3) Hung, D. L.; Knight, S. D.; Woods, R. M.; Pinkner, J. S.; Hultgren, S. J.
Embo J. 1996, 15, 3792-3805.

(4) Holmgren, A.; Branden, C. I. Nature 1989, 342, 248-251.
(5) Slonim, L. N.; Pinkner, J. S.; Branden, C. I.; Hultgren, S. J. Embo J. 1992,

11, 4747-4756.
(6) Kuehn, M. J.; Ogg, D. J.; Kihlberg, J.; Slonim, L. N.; Flemmer, K.;

Bergfors, T.; Hultgren, S. J. Science 1993, 262, 1234-1241.
(7) Hultgren, S. J.; Lindberg, F.; Magnusson, G.; Kihlberg, J.; Tennent, J. M.;

Normark, S. Proc. Natl. Acad. Sci. U S A 1989, 86, 4357-4361.
(8) Sauer, F. G.; Futterer, K.; Pinkner, J. S.; Dodson, K. W.; Hultgren, S. J.;

Waksman, G. Science 1999, 285, 1058-1061.
(9) Jones, E. Y. Curr. Opin. Struct. Biol 1993, 3, 846-852.
(10) Choudhury, D.; Thompson, A.; Stojanoff, V.; Langermann, S.; Pinkner, J.;

Hultgren, S. J.; Knight, S. D. Science 1999, 285, 1061-1066.
(11) Jones, C. H.; Pinkner, J. S.; Nicholes, A. V.; Slonim, L. N.; Abraham, S. N.;

Hultgren, S. J. Proc. Natl. Acad. Sci. U S A 1993, 90, 8397-8401.
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3 b-lactams

b-Lactams have been considered a highly interesting class of compounds
ever since the momentous discovery of penicillin by Sir Alexander Fleming
in the 1920s.1 Prior to the clinical introduction of penicillin in the 1940s,
bacteria were responsible for many of the world’s most lethal diseases, such
as pneumonia, plague, gas gangrene, wound sepsis and tuberculosis.

All penicillins (which are variants of 6-aminopenicillanic acid) contain
three components: a thiazolidine ring attached to a b-lactam ring and a side
chain. These compounds were first produced in a rather crude fermentation
process. However, in 1959, 6-aminopenicillanic acid was discovered,
synthesized in quantity, and served as a starting point for the chemical
synthesis of a wide range of derivatives.2

More recently, b-lactams have been used as reactive intermediates for
diverse purposes. For instance, the b-lactam synthon method has been used
in the syntheses of novel methanoisoserines, oxaisoserines and taxoids.3

Figure 3.1 The structure of Penicillin G, discovered by Fleming.
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3.1 Design of b-lactams as chaperone inhibitors

As discussed in Chapter 2, it has been shown, by both NMR
spectroscopy4 and X-ray crystallography5,6, that synthetic peptides from the
conserved C-terminal of the pilus proteins are bound by the PapD chaperone.
Furthermore, some of the peptides inhibited complex formation between
PapD and the adhesin PapG in an ELISA (Enzyme-Linked Immunosorbent
Assay) reported by Karlsson et al.4 It was also shown that PapD binds
polypeptides by anchoring the peptide carboxyl terminus to the sidechains of
Arg8 and Lys112 (Figure 3.1), two residues that are invariant in all
periplasmic chaperones and required for pilus assembly. These conclusions
have been corroborated by analyses of the crystal structures of the
complexes formed by the chaperones PapD and FimC with the pilus subunits
PapK and FimH, respectively.7,8

If formation of the PapD/subunit complexes could be prevented by
inhibiting the chaperone with an inhibitor (pilicide), and thus disarming the
bacteria, their ability to cause infections would be suppressed. However, use
of peptides as drugs has severe drawbacks since they undergo rapid
enzymatic degradation, have low bioavailability following oral
administration and are rapidly excreted.9 On the other hand, peptides can
serve as good starting points for the development of new drugs.

Thus, based on the crystal structures of PapD/peptide complexes, b-
lactams such as the penams 1 and 2 were designed as potential chaperone
inhibitors (Figure 3.2). The overall strategy was to create small organic
molecules with a rigid framework, which would locate the pharmacophores
in the right position in space. A bicyclic b-lactam bearing a free carboxylic
acid or an aldehyde could fulfill this goal. The b-lactams were chosen as
inhibitors on the basis of prior knowledge of uptake parameters of other
penam derivatives used to treat Gram-negative bacterial infections.

It should be noted that the b-lactams we designed have different
stereochemical features from the original penicillins, so they may not be
susceptible to enzymatic degradation by penicillin-resistant bacteria, to the
same extent.

In the crystal structures, the backbone atoms of the two C-terminal amino
acids of the peptides adopted a conformation that superimposed well with a
bicyclic b-lactam ring (Figure 3.2). In addition, this class of compounds



9

allowed hydrophobic substituents (indicated by R1) to interact with the
chaperone while maintaining the important anchorage to Arg8 and Lys112.

Further, the crystal structures show that the C-terminal carboxyl group is
within such a distance from Lys112, that replacing it with an aldehyde may
allow an imine to be formed with the amine sidechain of Lys112. Despite the
apparent reactivity of aldehydes, other aldehyde-containing compounds have
previously been successfully exploited as inhibitors and/or key-substances in
drug development programs.10,11

Since the b-lactam framework superimposed well with the C-terminal of
the PapG peptide we decided to explore, via molecular design, the possibility
that the b-lactams may bind to the chaperone PapD.

For this purpose, the b-lactams were docked manually in silico into the
active site of the chaperone PapD using the software package Sybyl. The
docking was performed in such a way that the carboxyl group and the amide
backbone overlapped with the corresponding moieties in the Phe-Pro part of
the complex between the peptide and PapD. Energy minimization modeling
of the b-lactam-PapD complexes in Macromodel12 indicated that the
anchoring of the b-lactam carboxylic acids to the key residues Arg8 and
Lys112 in PapD was maintained (Figure 3.1). The affinity of the b-lactams
for PapD was then calculated using Validate13 (Table 3.1).

Table 3.1 Calculated affinities for the b-lactams.

Compound R1 Sequence Calculated
affinitya

(-logKD)

Observed
affinity
(-logKD)

1a Ph - 5.1 -
1c CH2-1-naphthyl - 7.8 -

G-peptide - j-CMTMVLSFPb 6.2 6.0
E-peptide - j-CATLVASYSb 5.8 5.5

a Calculated for binding to PapD with the program VALIDATE.13

b j = 5-acetamido fluorescent label

N

S

CO2H
O

R1

O
H
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The Validate predictions showed that affinity was increased by the
presence of larger hydrophobic substituents, and was lower for the
corresponding methyl esters and for penam derivatives lacking the ketone
moiety. The stereochemical trans conformation of the bicyclic b-lactams
was also important, and classical penicillin derivatives (cis) were predicted
to have very low affinity for the chaperone PapD (-logKD ~3).

Figure 3.1 a) Co-crystal structure of a 19-mer peptide corresponding to the adhesin
PapG bound to PapD (left) b) Energy-minimized model of the complex between
PapD and the b-lactam 1c (right). The blue color represents hydrophilic sidechains
while hydrophobic sidechains are colored brown.

Figure 3.2 Crystal structure of the C-terminal amino acids (Phe-Pro) of PapG (in
grey) overlain beside the designed b-lactams 1 (in yellow).
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3.2 Stereoselective synthesis of bicyclic b-lactams

Sheehan and coworkers was the first group to synthesize a penam
derivative, by the action of certain acid chlorides on thiazolines in the
presence of triethyl amine.14 Today, a range of synthetic methods to do this
are available and the number of different penams published in CAS amounts
to almost 38 000 substances. Bose et al published a method based on a
ketene-imine cycloaddition15 to generate penam derivatives with a trans
conformation.16 By reacting D2-thiazolines with ketenes, generated in situ
from acid chlorides, the b-lactams were formed. For a review of stereo-
controlled ketene-imine cycloaddition reactions see Georg.17

Scheme 3.1 Synthesis of b-lactams from D2-thiazolines and acyl chlorides via a

ketene.

Unfortunately, low yields were obtained when R1 was a proton (11%).
However, Nagao et al. managed to increase the yield in the cycloaddition
step, via a selenium-D2-thiazoline, to 92%.18 However, although the yield in
the cycloaddition step was high, preparation of the selenium-D2-thiazoline
involved four steps, with an overall yield of <20%. In addition, a reductive
demethylselenation step was required to prepare the H-substituted b-lactam.
Furthermore, although the desired trans conformation was obtained in good
yields, acid chlorides are not suitable for the preparation of acyl ketenes,
which are required for the preparation of acyl-substituted penam derivatives
such as 1 and 2.

N

SR1

R2

NEt3+ R3CO2Cl N

S

O
R2

R1H
R3

3 4 5
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3.2.1 Meldrum’s acid derivatives

 The condensation of malonic acid with acetone in the presence of acetic
anhydride containing a small amount of sulfuric acid gives a white
crystalline solid product, which was named (after its discoverer) Meldrum’s
acid 6.19 Unfortunately, the structure he reported was proven to be quite
wrong by Davidsson and Bernard: it was in fact 2,2-dimethyl-1,3-dioxane-
4,6-dione 7 rather than the monobasic acid he described 6.20

Figure 3.4 The structure reported by Meldrum 6 and the correct structural formula

of Meldrum’s acid 7.

Meldrum’s acid has since proved to be a remarkable reagent, with
versatile reactivity,21 especially acyl Meldrum’s acid, which can be used as a
precursor to form acyl ketenes.22,23

Acyl Meldrum’s acid was first prepared by Yonemitsu et al. using acyl
chlorides and pyridine as a base to form 5-acyl Meldrum’s acid, exclusively
in the enol form.24 Other methods have also been used to prepare acyl
Meldrum’s acid, e.g. using other bases or performing the reaction under
acidic conditions. Acylations utilizing carboxylic acids together with
different coupling reagents such as DCC/DMAP and other activated
carboxylic acids have also been published.21

O

CO2H

O
O O

O O

6 7
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Scheme 3.2 Synthesis of acyl Meldrum’s acids. a The acyl chloride 4c was prepared

from the corresponding carboxylic acid using oxalyl chloride and cat. DMF in

CH2Cl2. 
b 9d was prepared from Meldrum’s acid and the corresponding carboxylic

acid of 4d with 1,1’-carbonyl diimidazole.

Yamamoto et al. found that acyl Meldrum’s acids form acyl ketenes when
treated with HCl (g) in benzene, which can be reacted with Schiff bases in
order to produce a b-lactam with the desirable trans conformation (Scheme
3.3).22,23 To ascertain whether our target bicyclic b-lactams could be
synthesized by this method, a set of different acyl Meldrum’s acids were
synthesized (Scheme 3.2).

Scheme 3.3 Formation of b-lactams with trans conformation from acyl Meldrum’s
acids and Schiff bases.
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3.2.2 Synthesis of b-lactams

As well as the acyl Meldrum’s acid, we needed to synthesize the 2-H-D2-
thiazoline methyl ester. For this, 2-H-D2-thiazoline 12 was first synthesized
from commercially available L-cysteine methyl ester hydrochloride in a
formylation-condensation reaction using a mixed anhydride prepared from
formic acid and acetic anhydride with Na2CO3 or pyridine as a base in the
formylation reaction (Scheme 3.4).25 Although this method gives good yields
(88%) and fairly high ee (70%) on a small scale (<1 g), it proved difficult to
scale up since a flash chromatography step was needed to remove unreacted
formylated amino acid and some 2-Me-D2-thiazoline formed in the reaction.

 However, Meyers and co-workers have shown that optically active 2-
oxazolines can be formed in good yields by reacting ortho esters with 2-
amino alcohols.26

 Using similar conditions, refluxing L-cysteine methyl ester with triethyl
orthoformate in 1,2-dichloroethane with cat. PTSA and using a Soxhlet
apparatus equipped with 4 Å molecular sieves, the optically active 2-H-D2-
thiazoline methyl ester could be prepared (Scheme 3.4). Filtration of the
salts, precipitated by toluene, followed by concentration of the filtrate gave
pure 2-H-D2-thiazoline 12 in quantitative yield. The enantiomeric ratio (er)
was established by 1H NMR (in the presence of Eu(hfc)3) to be 9:1
(corresponding to 80% ee): better than the ratio obtained in the previous
procedure.25

Scheme 3.4 Synthesis of the 2-H-D2-thiazoline methyl ester 12.

By treating the 2-H-D2-thiazoline methyl ester 12 with acyl Meldrum’s
acids 9a-g under anhydrous, acidic conditions we found that the bicyclic b-
lactam scaffold with the desired trans stereochemistry was formed in good to
excellent yields (Scheme 3.5).
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Scheme 3.5 Synthesis of b-lactam methyl esters 14.

The only exception was the result for the smallest b-lactam 14g, which
contains a methyl ketone. The low yield of this compound can be explained
by losses during evaporation of the solvent after chromatography.

3.2.3 Synthesis of the b-lactam carboxylic acids

The obvious method to prepare the corresponding carboxylic acids from
14a-g would be to utilize a mild saponification procedure. However,
attempts to hydrolyze 14a in this way (e.g. with K2CO3 in MeOH:H2O, 9:1,
rt) gave at best a 1:1 mixture of starting material and product. Moreover,
purification of the crude material by flash chromatography proved to be
difficult. Longer reaction times resulted in decomposition of the b-lactam
ring. In addition, attempts to hydrolyze 14a with (Bu3Sn)2O in benzene,27,28

or 14c with pig liver esterase29,30 were also unsuccessful.
Another more straightforward approach for synthesizing the desired b-

lactam carboxylic acids would be to synthesize them directly from the 2-H-
D2-thiazoline carboxylic acid. Walker synthesized the 2-H-D2-thiazoline
carboxylic acid as the hydrochloride salt in 39% overall yield in two steps
from cystine in a formylation reduction procedure.31

Following this procedure, the protonated D2-thiazoline carboxylic acid
was constructed, but this molecule proved to be almost insoluble in solvents
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suitable for b-lactam synthesis (benzene or 1,2-dichloroethane), and no b-
lactam was formed.
Since the saponification route to the carboxylic acids seemed inappropriate,
we considered acidic ester hydrolysis as an alternative route. Tsuji et al.
developed a method for the hydrolysis of benzyl esters of cephalosporin
analogs using AlCl3,

32 which seemed attractive. Thus, the cysteine benzyl
ester was prepared by refluxing a solution of cystine in BnOH with PTSA
using a Dean-Stark apparatus followed by a reduction of the dimer 15 with
Zn/HCl in dioxane (Scheme 3.6).33 The 2-H-D2-thiazoline 16 was prepared
using the formylation-condensation procedure (Scheme 3.4) giving the
benzyl ester 16 in 37% overall yield in three steps (Scheme 3.6). Allowing
16 to react with the Meldrum’s acid derivative 9c gave the b-lactam 17 in
58% yield (Scheme 3.6). Unfortunately, however, all attempts to use AlCl3,

32

TiCl4
32 or hydrogenation with Pd/C34 to cleave the Bn-ester were

unsuccessful.

Scheme 3.6 Synthesis of the benzyl ester 17.

Nagao et al. have reported another alternative for mild hydrolysis of b-
lactam carboxylic esters.35 They showed that the p-nitro benzyl group (PNB)
could be effectively cleaved off by using Zn in a phosphate buffer.
Therefore, we synthesized the cysteine-PNB ester, but this time another
strategy had to be chosen since the reaction conditions needed to reduce the
cystine were not compatible with the PNB group. Therefore, Boc-Cys(Trt)-
CO2H was converted to the corresponding Cs-salt with Cs2CO3, then PNB-

S
NH2•PTSA

CO2Bn

15 16

N

S
H

CO2Bn

9c
N

S

O
CO2Bn

O

R

17

R=CH2-1-naphthyl (58%)

(37 % from 15)

1) Zn/ HCl, dioxane
2) Ac2O/HCO2H, pyridine
3) C6H6, Dean-Stark

2

C6H6, HCl (g)
5 °C -> reflux

16



17

Br was added, resulting in the corresponding PNB ester 18 in quantitative
yield (Scheme 3.7). After simultaneous acidic removal of the N- and S-
protecting groups the corresponding cysteine-PNB ester was converted to the
2-H-D2-thiazoline-PNB ester 19 in 36% overall yield (from 18  in three
steps). Furthermore, reacting this thiazoline with the Meldrum’s acid
derivative 9c gave the b-lactam-PNB ester 20 in 63% yield. However, this
ester also proved to be impossible to hydrolyze using reagents such as Zn in
phosphate buffer, Zn in HCl (6 M),33 Na2S in THF:H2O

36 or via
hydrogenation with different catalysts (Pd/C or PtO2).

Scheme 3.7 Synthesis of the p-nitro-benzyl ester 20.

The common theme for all of the ester hydrolysis methods tried, was that
performing the reactions under mild conditions resulted in no fruitful
reaction, and attempts to force the reaction by increasing the temperature or
the amount of reagent caused decomposition of the b-lactam ring.

At this stage, in order to find a more productive route to the desired b-
lactam carboxylic acids, the need for a practical procedure to synthesize
different 2-H-D2-thiazoline esters became critical. In the literature a wide
range of mild methods for the hydrolysis of different carboxylic esters has
been published37 but a more straightforward process to form the different
esters had to be developed.
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Given the high yields obtained in carboxylic ester synthesis via alkylation
of the Cs-carboxylate, it was postulated that CsOH saponification of the 2-
H-D2-thiazoline methyl ester 12 should result in the corresponding Cs-
carboxylate, which could then be alkylated with a suitable electrophile.
Therefore, 12 was synthesized on a relatively large scale by the triethyl ortho
formate treatment shown in Scheme 3.4, and was then hydrolyzed in a very
rapid procedure, in which one equivalent of CsOH (aq. 0.1 M) was added to
a solution of 12  in MeOH. The resulting solution was immediately
concentrated under reduced pressure, generating the Cs-salt (±)21, which
was then sequentially alkylated to furnish the new esters (±)22a-d. Not
altogether unexpectedly, these new esters were racemic, but in the search for
a suitable method to hydrolyze the corresponding b-lactam esters this
method was still very useful and a series of different racemic 2-H-D2-
thiazoline esters (±)22a-d were made in moderate to excellent overall yields
of 57-98% (Scheme 3.8).

With these new 2-H-D2-thiazolines in hand the corresponding heptyl and
propargyl b-lactam esters (±)23a and (±)23b were synthesized in 70 and
91% yields, respectively. Other authors had already shown that heptyl esters
were easily hydrolyzed by enzymes under relatively mild conditions, e.g. in
acetone:phosphate buffer pH 7 at 37 °C,38-40 but treating the b-lactam heptyl
ester (±)23a with a variety of lipases gave no desired carboxylic acid.
Another mild alternative was to use the propargyl ester, which should
theoretically allow selective hydrolysis by treatment with Co2(CO)8 and TFA
in CH2Cl2.

41 Before starting this synthesis, a stability test was performed,
showing that only a small proportion of the b-lactam propargylic ester
(±)23b decomposed during overnight stirring at rt in a solution of 7% TFA
in CH2Cl2. Despite this, the propargylic ester (±)23b was not hydrolyzed
under these conditions. Furthermore, increasing the temperature or the
amount of Co2(CO)8 gave no improvement in yield, and most of the starting
material could be recovered.
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Scheme 3.8 Synthesis of different 2-H-D2-thiazoline and b-lactam esters.

Since the quick CsOH hydrolysis was so successful in the case of 2-H-D2-
thiazoline, we speculated that it could also be useful for the b-lactam methyl
esters, provided that the reaction time could be kept short. Although this
method had caused racemization in the 2-H-D2-thiazoline hydrolysis, we
hoped that the risk of epimerization of the a-carbon in the bicyclic b-
lactams, resulting in the diastereomers 24 (Figure 3.4) and 1, would be less
pronounced, for two reasons. First, the a-proton of the bicyclic b-lactams 14
should theoretically be less acidic than the a-proton of 2-H-D2-thiazoline 12.
Secondly, the other stereocentra present in 14  could control the
epimerization in favor of the desired diastereomers 1. Thus, 1 eq. of aqueous
CsOH (0.1 M) was added to a solution of the b-lactam methyl ester 14 in
MeOH and the resulting solution was immediately concentrated under
reduced pressure. The b-lactams were obtained as Cs-carboxylates after
being co-concentrated twice from dry EtOH and the residue was diluted in
dry EtOH again and protonated with Amberlite (IR-120 H+) resulting in the
carboxylic acids 1a-g (Scheme 3.9).
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Figure 3.4 Epimerization of the a-carbon would result in diastereomer 24.

To our delight, the 1H NMR spectrum of the crude product showed no
undesired diastereomers 24 and the b-lactam moiety was still intact. Again,
purification by flash chromatography proved to be difficult and caused
decomposition of the b-lactam framework. Fortunately, triturating the crude
product with acetone resulted in precipitation of the b-lactam carboxylic
acids. A series of optically active bicyclic b-lactam carboxylic acids were
synthesized with this method, all in excellent yields, >98%, except for the
pentyl derivative 1f, which was difficult to triturate, giving a moderate yield
of 60% (Scheme 3.9).

Scheme 3.9 Rapid saponification of the b-lactam methyl esters 14a-g resulting after

protonation by Amberlite (IR-120 H+) the corresponding carboxylic acids 1a-g.
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3.2.4 Synthesis of b-lactam aldehydes

In order to investigate whether the b-lactam could be covalently bound to
PapD by forming an imine to Lys112 an aldehyde was desired.

To avoid the need for tedious protection and deprotection steps in the
synthesis of the target aldehyde, we proposed to selectively reduce the
methyl ester directly to the aldehyde. This task was facilitated after proper
assignment of the NMR spectra using HMBC, which showed that the
carbonyl group in the ester functionality was less strongly shielded than the
ketone functionality. Normally, ketones are easier to reduce than methyl
esters, but because of the unusual shift of the carbonyl corresponding to the
ketone in the bicyclic b-lactam 14a (164 ppm instead of the usual ~200 ppm)
there was a possibility that the methyl ester, with a carbonyl shift at 169
ppm, could be selectively reduced. However, treatment of 14  with
nucleophilic reducing agents such as NaCNBH3, NaBH3 and LiBH3 was
ineffective, giving only unreacted starting material at low temperatures, but
causing decomposition of the b-lactam moiety at higher temperatures. In
contrast, selective reduction of the methyl ester could be achieved by using
DIBAL-H (Scheme 3.10). Unfortunately, the aldehydes 2 thus generated
were quite labile, and some ring-opening of the bicyclic b-lactams back to
the 2-H-D2-thiazoline, catalyzed by the electrophilic reducing agent, was
observed. This was most pronounced for the smaller b-lactams in the
aliphatic series, which could not be isolated as pure compounds. Fortunately,
the b-lactams with large substituents turned out to be stable after freeze-
drying from benzene and could  be stored in the freezer without
decomposition.
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Scheme 3.10 The methyl ester in 14 was selectively reduced to the corresponding

aldehydes 2 using DIBAL-H.

3.3 Supplementary design of the b-lactams

The b-lactam carboxylic acids 1a-g and aldehydes 2a-d were then tested
for their ability to bind to the chaperone PapD (discussed in Chapter 7) and it
was found that large substituents were required to ensure good binding.
Further structure-based design indicated that two substituents in the b-lactam
framework could be benificial.

Table 3.2 Calculated affinities for the b-lactams containing two substituents.

Entry R1 R2 Calculated affinitya

(-logKD)
1 Ph H 5.1
2 CH2-1-naphtyl H 7.8
3 CH2-1-naphtyl Bn 8.1
4 CH2-1-naphtyl Ph 9.8

a Calculated for binding to PapD with the program VALIDATE.13
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Indeed, according to the Validate predictions, the presence of two
substituents in the b-lactams increased their affinity for the chaperone (Table
3.2). Therefore, we wanted to investigate if it was possible to synthesize
bicyclic b-lactams with an additional substituent in the bridge by using our
acylketene imine cyclization method.
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4 Synthesis of 2-Pyridinones in Solution

4.1 Discovery of a novel synthesis

When designing the b-lactams we speculated that it might be possible to
obtain a more potent pilicide if an additional substituent could be introduced
at the bridge of the bicycyclic b-lactam. Although the steric hindrance in the
ketene-imine-forming step would be substantial with a large 2-R-D 2-
thiazoline, previous authors (for example, Bose et al. and Nagao et al., see
Chapter 3) have shown that this approach can be used in the synthesis of b-
lactams that do not contain an acyl substituent.1,2

2-R-D2-thiazoline can be prepared quite conveniently from cysteine esters
following cyclocondensation with nitriles or imino ethers.3-5 They can also
be made by a variety of cyclization methods involving thioamide precursors6

or cysteine N-amides7 and from cyclocondensations between thioamides and
a-bromoacrylic acids.8

We decided to follow the methodology described by Meyers et al. since
the imino ethers are easily formed from commercially available nitriles and
they can be stored in the freezer for years as their respective hydrochloride
salts.

Thus, a small library of D 2-thiazolines 27a-e with various substitution
patterns was prepared (Scheme 4.1). These compounds were then intented to
react with the acyl Meldrum’s acids 9 (that we had already prepared in
Chapter 3.2.2), to furnish bicyclic b-lactams with a substituent in the bridge.



26

Scheme 4.1 Synthesis of D2-thiazolines. Reaction conditions; a) HCl (g), EtOH, 0
°C, 4h; b) (R)-cysteine methyl ester hydrochloride, TEA, CH2Cl2, 0 °C -> RT, 17 h.

However, in an attempt to form the benzyl-substituted b-lactam 28, using
the original conditions for our previous b-lactam synthesis (Chapter 3), the
ring-fused 2-pyridinone 29a was formed exclusively (Figure 4.1).

Figure 4.1 Discovery that the 2-pyridinone 29a was formed in the reaction instead
of the expected b-lactam 28.
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A tentative mechanistic explanation for the formation of the 2-
pyridinones 29 is shown in Scheme 4.2.

Scheme 4.2 A tentative mechanism for the formation of the 2-pyridinones.

Instead of an attack at the activated imine A , which would give a b-
lactam, a [1,5] sigmatropic rearrangement results in the enamide B. This
two-step hypothesis is supported by considerations discussed in Georg et
al.,9 although it’s possible that the ketene and imine react in a one-step
concerted reaction to form B, as postulated by Nagou et al..2 Then, an
intramolecular attack at the b carbonyl group closes the six-membered ring
to give D. After consecutive removal of a proton and water, the final 2-
pyridinone 29 is formed.

A 2-R-D2-thiazoline lacking a methylene group adjacent to the imine
carbon would not be able to form a 2-pyridinone according to this
mechanism. Therefore, to investigate the plausibility of these hypothetical
considerations, the 2-phenyl and the 2-isopropyl substituted D2-thiazolines
were allowed to react with acyl Meldrum’s acid 9c. Neither a 2-pyridinone
nor a b-lactam was formed under these conditions and, instead, the reaction
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with the 2-isopropyl thiazoline 27e resulted in undefined products and the 2-
phenyl-D2-thiazoline 27d did not react at all. However, both the 2-methyl
and the 2-ethyl substituted D2-thiazoline proved to form the 2-pyridinone in
good yields (Table 4.1).

4.2 Applications and synthesis of 2-pyridinones

1H-Pyridin-2-ones, commonly called 2-pyridones or 2-pyridinones, are
nitrogen-containing heterocyclic structures that can be found in numerous
biologically and structurally interesting alkaloids.10-12

 These compounds have diverse medicinal properties, for instance they have
antibacterial13-15, antifungal16 and free radical scavenging activities17,18 and
can inhibit angiotensin converting enzyme (ACE)19-21. In addition, inhibitors
of Ab-peptide aggregation22,23, which play an important role in amyloid
formation in Alzheimer’s disease have been found which contain this motif.
Potent inhibitors (active in nM concentrations) of human leukocyte elastas
(HLE)24,25 and thrombin26,27 containing 2-pyridinones have also been
reported.

Furthermore, the 2-pyridinone ring system has proven to be a valuable
building block in the synthesis of natural products, e.g. camptothecin28-30,
and in the preparation of peptide mimetics31, as it can be transformed to
piperidine, pyridine, quinolizidine and indolizidine alkaloids.32,33

Due to the importance of substituted 2-pyridinones, many methods for
preparing them have been reported.28,34-38 Efforts to synthesize them started
more than 100 years ago when Decker reported the ferricyanide-mediated
oxidation of pyridinium salts to the corresponding 2-pyridinones under basic
conditions.39 This approach is very convenient, as long as the starting
pyridinium salts are available, and other oxidants such as H2O2, KMnO4, and
Ag(I) salts have also been successfully applied since then.40

Other approaches to synthesizing substituted 2-pyridinones involve
intramolecular Dieckmann-like condensations41, and many synthetic
methodologies incorporate the Michael addition as a key step in the
formation of the six-membered ring.42-45

2-Pyridinones have also been prepared by cycloaddition procedures and a
very attractive method based on an isomünchnone cyclization has been
developed in Padwa’s laboratory.46,47 Another elegant synthetic pathway for
preparing substituted 2-pyridinones utilizes cyclobutenediones and lithiated
imines.48,49 However, this method has the drawback of requiring strong bases
in the reaction, which limits its utility for preparing base-sensitive material.
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Figure 4.2 Examples of 2-pyridinones with different medicinal properties.
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Scheme 4.3 Synthesis of 2-pyridinones by different methods.
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4.3 Improvement of the new 2-pyridinone reaction

Due to the general interest in the 2-pyridinones and their potential use as
scaffolds in our pilicide program, we were encouraged to optimize the novel
2-pyridinone reaction, that we discovered.

A small library of bicyclic 2-pyridinones 29a-e was prepared using the
original conditions (benzene, 78 °C, 3 h). Although the yields were moderate
to good and all products were optically active, we still wanted to explore if
some racemization occurred in the reaction.

To establish whether or not racemization occurred in the formation of the
2-pyridinones, the enantiomeric excess of the D2-thiazolines was first
measured by chiral HPLC using a Chiralcel OD-H column.7 The
enantiomers were detected by UV spectroscopy and had identical spectra.
The 2-pyridinones were measured by chiral HPLC analysis, for which the (S,
S) Whelk-O1 column gave excellent separation. In this case, the enantiomers
were detected using both UV spectroscopic and mass spectrometric
instruments. Racemic 2-pyridinone (±)-29a was also prepared, to verify that
the peaks detected by the UV and MS systems corresponded to the
enantiomers. The enantiomeric excess of the key intermediates 27a-c ranged
from 75 to 100% and the resulting 2-pyridinones 29a-e had ee:s of 64-97%
(Table 4.1). Thus, one could conclude that some racemization occurred in
the formation of the 2-pyridinones (Scheme 4.4). In the worst case, for the 2-
pyridinone 29c, the ee had decreased as much as 19%. The temperature was
an obvious parameter that could affect the racemization and reducing the
temperature to 69 °C in the synthesis of 2-pyridinone 29a increased the ee
from 77 to 86% without any substantial decrease in isolated yields.

However, there are drawbacks with using benzene as a solvent in this
reaction. Most importantly, apart from being carcinogenic, it also freezes at
4 °C. Since HCl (g) was fed through the reaction mixture at just above this
temperature, precipitation and, thus, interruptions in the gas flow
occasionally occurred. Another problem is that the protonated D2-thiazolines
readily precipitate if the HCl (g) is passed through the solution too
vigorously or for a prolonged time. Even though the temperature is
subsequently raised during the synthesis, precipitated D2-thiazoline does not
dissolve properly, causing a reduction in the yield of the desired 2-
pyridinones. Fortunately, switching to 1,2-dichloroethane (DCE) as a solvent
for the reaction solved these problems. In contrast to dichloromethane, in
which only a small amount of 2-pyridinone was produced after refluxing
overnight, DCE has a suitable boiling point, allowing more energy to be
added to the reaction mixture. In addition, no problems were encountered
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with DCE when introducing the HCl (g) into the solution, i.e. neither back
flow of HCl (g) nor precipitation  of  D2-thiazoline occurred. The reaction
mixture could also be heated to the temperatures required to obtain the 2-
pyridinones. Moreover, when the synthesis was performed at 64 °C
overnight, only limited racemization (1.5%) was detected for 29a, 29b and
29e, while the other two 2-pyridinones, 29c and 29d, could be synthesized
without any racemization at all (Table 1). Furthermore, significant increases
in isolated yields were obtained under these conditions: especially the yield
for 29b, which increased from 29% when synthesized by the original
protocol, using benzene, to 86% under the new conditions. It should also be
noted that 29a could be prepared without any racemization if the synthesis
was conducted for just one hour at 64 °C. However, such a short reaction
time significantly affected the yield, which dropped to 32%.

Scheme 4.4 Possible racemization under acidic conditions via the enol ester.
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Table 4.1 Influence of reaction duration and temperature on the yield and
enantiomeric excess obtained in the synthesis of 2-pyridinones.

Reaction with benzene as solvent

Compound Temp (°C) Time (h) ee 2-pyridinone
(%)

yielda

(%)
D eeb

(%)
29a 78 3 77 69 15
29b 78 3 97 29 3
29c 78 3 73 69 19
29d 78 3 64 66 10
29e 78 3 84 36 16
29a 69 4 86 63 6

Reaction with 1,2-dichloroethane as solvent

Compound Temp (°C) Time (h) ee 2-pyridinone
(%)

yielda

(%)
D eeb

(%)
29a 64 14 89 85 3
29b 64 14 97 86 3
29c 64 14 92 66 0
29d 64 14 75 77 0
29e 64 14 97 63 3
29a 64 1 92 32 0

a Yields were determined after purification by flash column chromatography. b The

difference in enantiomeric excess between the D2-thiazolines and the 2-pyridinones.
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Although all 2-pyridinones showed limited racemization, their stereo-
conformation remained unconfirmed. To establish their absolute
configurations, a 4-Br-phenyl substituted 2-pyridinone 29f was synthesized
and crystallized.50 The crystal structure confirmed the expected 3R
configuration.50

Figure 4.3 Crystal structure of the 4-Br-phenyl substituted 2-pyridinone 29f.

4.4 2-pyridinones as potential pilicides

Figure 4.4 a) Crystal structure of the complex formed between the chaperone PapD
and the C-terminal of the pilus adhesin peptide PapG (left),51 b) Energy minimized
model of the complex formed by PapD and the 2-pyridinone 30a (right). The blue
color represents hydrophilic sidechains while hydrophobic sidechains are colored
brown.
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To investigate whether the 2-pyridinone carboxylic acids could bind to
the chaperone PapD and thus have potential use as pilicides, a structure-
based design approach, as for the b-lactams, was adopted (Chapter 3.1).

By doing so, the naphthyl group present in 30a filled the hydrophobic
pocket in PapD that was occupied by the Leu and Phe side-chains in the co-
crystal with the peptide. Moreover, the phenyl group in 30a appeared to fit
well into another hydrophobic pocket, which is not used in the peptide-PapD
co-crystal (Figure 4.4). Finally, as for the b-lactams, the affinity of 30a for
PapD was then calculated using Validate52 (data shown in Chapter 7). To
validate the model, three more 2-pyridinones 30b-d were designed and
subjected to the same procedure.

4.4.1 Synthesis of the 2-pyridinone carboxylic acids

The 2-pyridinone carboxylic acids 30a-d were obtained by saponification
of the 2-pyridinone methyl esters 29a-d with NaOH (aq. 0.1 M) followed by
protonation with AcOH.

Scheme 4.5 Saponification of the 2-pyridinone methyl esters 29. Reaction
conditions; a. 1) NaOH (aq. 0.1 M), MeOH, rt, 17 h. 2) AcOH

The pilicides 30a-d were then tested for their ability to bind to the
chaperones PapD and FimC using a Biacore 3000 instrument (Chapter 7).
Pilicide 30a showed strong binding to the chaperones, while the remaining
pilicides 30b-d displayed lower affinities. Moreover, the bindings of the
pilicides to PapD were in good agreement with their calculated affinities,

30a R1=Ph, R2=CH2-1-naphthyl (93 %)
30b R1=H, R2=CH2-1-naphthyl (83 %)
30c R1=Ph, R2=CH3 (91 %)
30d R1=CH3, R2=CH3 (92 %)
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suggesting that the design was soundly based. Moreover, 30a, which showed
the highest affinity, also proved to be able to dissociate preformed FimC-
FimH complexes, and even cause depiliation in a hemagglutination assay (as
further discussed in Chapter 7). These promising results, both considering
the mild novel synthesis of the 2-pyridinones and the preliminary biological
results, prompted us to develop a parallel solid phase method for
synthesizing ring-fused 2-pyridinones in the hope that even more interesting
2-pyridinones could be obtained.
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5 Solid-phase Synthesis of 2-Pyridinones

In this chapter the nomenclature recommended by the Journal of
Combinatorial Chemistry1 is used for building blocks and library members.

5.1 Introduction

Since the introduction of solid-phase synthesis by Merrifield in the
beginning of the 1960’s,2 highly efficient and automated methods for
synthesizing peptides,3,4 oligonucleotides5 and glycopeptides6,7 have been
developed. Moreover, the use of solid supports to synthesize small
molecules has increased substantially during the last 10 years, due to the
wide and growing application of parallel synthesis strategies in the
pharmaceutical industry.8-12

The advantages of solid-phase synthesis are that excess amounts of the
building blocks can be used to drive reactions to completion, and the excess
reagents and soluble by-products can be removed simply by filtration and
washing the solid support. However, solid-phase synthesis also has
drawbacks, e.g. optimization of the reaction conditions is time consuming
due to the limited scope for on-bead analysis. Moreover, functionalized
polymers are quite expensive and therefore large-scale synthesis on solid
support is costly.
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5.1.1 Beads and linkers

The solid support used in any organic synthesis should fulfill a number of
requirements, e.g. it should be chemically robust and compatible with the
reagents and conditions used in the synthesis. Moreover, it should be
insoluble, but swell in appropriate solvents while being both mechanically
and thermally stable. Today, a number of resins are available that can be
used in organic synthesis. The most frequently used type is polystyrene resin
(PS) with a core of polystyrene cross-linked with divinylbenzene (1-2%)
(Figure 5.1). This resin is very robust, inert in most reaction conditions used
in organic synthesis and has a high loading capacity. Its main disadvantages,
however, are that its hydrophobic character limits its swelling in polar
solvents, and polar reagents may be unable to enter its matrix.13 Another
class of resins are based on poly(ethylene glycol) (PEG), for example
POEPOP, POEPS and SPOCC.14-16 These resins swell substantially in a
broad range of solvents and they have also proved to have excellent NMR
properties.13,17,18 Unfortunately, they are not as chemically stable as the PS
resin and they are not inert under more forcing reaction conditions. A third
class of resins is based on polyamides, e.g. PEGA, which were developed to
overcome the drawbacks of the polystyrene resins in peptide synthesis.22,23

TentaGel and ArgoGel resins are co-polymers in which PEG chains are
grafted onto a polystyrene core (Figure 5.1), giving resins with mechanical
stability due to the PS, while the PEG grafts provide excellent swelling
properties in both polar and non-polar solvents. These resins have been
shown to maintain the good NMR spectral qualities of the PEG resins.13,17,19-

21

Besides the choice of resin, the choice of linker for anchoring the
compounds to be synthesized on the solid support is of great importance.
The linker can be viewed as a protecting group and should consequently
fulfill the same requirements as protecting groups used in solution-phase
synthesis, e.g. allowing orthogonallity, high-yielding loading and cleavage
reactions. Several useful reviews24-26 and books27,28 are recommended for
further discussion on applications, concepts and recent developments
concerning linkers.
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Figure 5.1 Structure of polystyrene and ArgoGel resins used in solid-phase
synthesis.

5.2 Synthesis of 2-pyridinones on solid supports

Despite the many different methods available for preparing 2-pyridinones
in solution (Chapter 4), no procedure for synthesizing 2-pyridinones using a
solid support appeared in the literature until 1999, when Groche et al.
described the preparation of 4,6-disubstituted 2-pyridinones from
immobilized diaryl-substituted enones and 1-(methoxycarbonylmethyl)
pyridinium bromide29 and Linn et al. synthesized 1,3,5-trisubstituted 2-
pyridinones using 2-pyridinone units that had been pre-prepared in solution
in three steps.30 Since then, Katritzky et al. have published a solid-phase
method for synthesizing 4,6-disubstituted and 3,4,6-trisubstituted 2-
pyridinones in a condensation reaction between resin-bound chalcones and
2-(benzotriazol-1-yl)acetamide.31
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Scheme 5.1 Solid-phase methods for preparing 2-pyridinones.
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5.2.1 Solid-phase synthesis of bicyclic 2-pyridinones

In order to find a more efficient way of producing libraries of 2-
pyridinones, we decided to investigate the possibility of transferring our
solution-phase synthesis to a solid support. Since all of the steps in our
method for preparing the 2-pyridinones in solution are neutral or acidic,
except the final saponification of the methyl ester (Chapter 4), we needed to
use a resin and linker compatible with these conditions. Our first approach
was to use a polystyrene resin equipped with an acid-stable linker that could
be removed with a basic saponification procedure. For this purpose, the
HMBA-AM linker 31, with a loading capacity of 1.16 mmol/g, was selected
(Scheme 5.2). N-Boc and S-trityl protected cysteine was attached to the
linker using MSNT (1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole) and 1-
methyl imidazole as a coupling reagent to suppress racemization.32 After
simultaneous removal of the protecting groups (using TFA, H2O, thioanisole
and ethanedithiol) the D2-thiazoline was constructed under, essentially, the
solution-phase conditions. Hence, an iminoether 26{10} was added together
with TEA to the swelled resin in DCM. The solid-phase-bound 2-pyridinone
33 was then constructed by adding the Meldrum’s acid derivative 9{5} to the
swelled resin in benzene presaturated with HCl (g). The final saponification
was performed with 1 M aqueous NaOH, using THF as a co-solvent.
Complete cleavage was obtained after 1 h or, at least, no more 2-pyridinone
was detected by HPLC after repeating the cleavage procedure, and the 2-
pyridinone 30c was isolated as the carboxylic acid in 49% overall yield
(based on the initial loading of the resin) after protonation with Amberlite
(IR-120 H+). Attempts to use a lower concentration of NaOH resulted in
incomplete cleavage. Although the crude yield and purity were quite high,
the cleavage conditions were relatively harsh with a potential risk of
racemization.
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Scheme 5.2 Initial solid-phase syntheses of the bicyclic 2-pyridinone 30c.

5.2.2 Optimization with 19F NMR spectroscopy

To improve the solid-phase synthesis we decided to use gel-phase 19F
NMR spectroscopy to monitor the outcome of each reaction step.33-35

This technique involves the use of a fluorinated linker in combination
with fluorine-containing building blocks, which facilitates NMR
spectroscopy since 19F has 100% natural abundance and a nuclear spin
quantum number of 1/2. Thus, both quantitative and qualitative information
can be obtained in a couple of minutes with a conventional NMR
spectrometer. This method has proven to be successful in various
conditions.33-37 So, in order to take full advantage of it we decided to change
the polymeric support to ArgoGel, since polystyrene-based solid supports
are known to give broad and poorly resolved NMR spectra (vide supra). In
addition ArgoGel also has better swelling properties, especially in polar
solvents, than polystyrene and, thus, fluorine linkers attached to ArgoGel can
be cleaved under milder conditions.36

Therefore, based on the method published by Mogemark et al., the linker
36 was synthesized from ArgoGel-NH2 resin (with a loading capacity of
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0.38 mmol/g) in 97% yield, (Scheme 5.3) as estimated by integration of the
resonances from the two fluorine atoms in 35.36

Scheme 5.3 Synthesis of the linker 36. Reaction conditions: (a) 34 (4 eq.), HOBt (6
eq.), DIC (3.9 eq.), DMF, 12 h, then 0.15 M NaOMe in MeOH/CH2Cl2, 2 h. (b)
HO(CH2)4OpFBz (15 eq.), DEAD (15 eq.), PPh3 (15 eq.), -5 °C 3 h, then 0 °C 24 h.
(c) 50 mM NaOMe, MeOH/CH2Cl2, 3 h.

The 2-pyridinone 40{9,4} , which has two sterically demanding
substituents (Scheme 5.4), was chosen as a target for the optimization, in
contradiction to the first synthesis (Scheme 5.2). This was based on the
grounds that conditions optimized for the preparation of 40{9,4} would also
allow the preparation of less sterically hindered 2-pyridinones in the
synthesis of the planned library. Moreover, the fluorine substituent in
40{9,4} would be introduced already with the iminoether 26{9}, permitting
also optimization of the resin bound D2-thiazoline intermediate 38.
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Scheme 5.4 Optimization of the solid-phase synthesis. Reaction conditions: a)
BocCys(Trt)OH (4 eq.), MSNT (4 eq.), methyl imidazole (2 eq.), CH2Cl2 (2 mL), 13
h, then repeated once for 3 h; b) TFA/H2O/thioanisol/ethanedithiol 104/6/6/3 (3
mL), 3.5 h; c) Imino ether 26{9} (3 eq.), TEA, CH2Cl2, 0 °C -> RT, 10 h, then
repeated once; d) Meldrum’s acid derivative 9{4}, (4 eq.), half HCl (g) saturated
CH2ClCH2Cl (3 mL), 4 °C -> 64 °C , 10 h, then repeated once for 3.5 h; e) LiOH
aq., 0.1 M/THF 3:1, 3 h. Yields are based on integrals from gel-phase 19F NMR
spectra recorded in CDCl3.
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Figure 5.2 19F NMR spectra of resin-bound D2-thiazoline 38 (a), 2-Pyridinone 39 (b)
and the linker after cleavage (c).

Hence, after performing the coupling and deprotection steps, as in the
initial polystyrene solid-phase synthesis (Scheme 5.2) the resin-bound
cysteine 37 was obtained. Then, by treating the unprotected amino acid with
an excess of imino ether 26{9} (3 eq.) in CH2Cl2:TEA (99.2:0.8) the D2-
thiazoline 38 was formed.

The 19F NMR spectrum of this reaction product displayed a new,
distinctive fluorine resonance at d –115.8 ppm (Figure 5.2). By comparing
the integral of the new peak with the integral of the peak at –134.4 ppm,
which corresponds to the signal for the fluorine atom in the linker, the yield
of 38 was estimated to be 75%. Repeating the coupling under identical
conditions raised the yield to 94% (Figure 5.2).

In solution, 1,2-dichloroethane was shown to be superior to benzene as a
solvent in the 2-pyridinone-forming step (Chapter 4). However, heating the
reaction mixture to 64 °C for 10 h and using a solution of 1,2-dichloroethane
presaturated with HCl (g) and 6 eq. of the acyl Meldrum’s acid 9{4} gave
poor results in the solid-phase synthesis.
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19F NMR spectra showed a split fluorine signal from the linker, and a
prolonged reaction time was needed in the following cleavage of the
product, indicating that the solid support was also affected under these
conditions (Figure 5.3). To overcome this problem, a solution of 1,2-
dichloroethane that was half-saturated with HCl (g) and 4 eq. of the
Meldrum’s acid derivative 9{4} was used instead. Under these conditions, a
distinct fluorine peak appeared at d -114.3 ppm, corresponding to the
fluorine atom in the 2-pyridinone 39, and the linker gave a uniform fluorine
signal at d -133.4 ppm. Repeating the coupling for 3.5 h at 64 °C furnished
2-pyridinone 39 in quantitative yield according to 19F NMR spectroscopy
(Figure 5.2). Complete cleavage was then performed with LiOH (aq. 0.1 M)
for 3 h, giving the 2-pyridinone 40{9,4}, as its lithium salt, in a total isolated
yield of 93% over five steps (based on the initial loading of the resin). This
corresponds well with the yield of 94% estimated from the 19F NMR spectra.

Figure 5.3 19F NMR spectra of resin-bound 2-pyridinone 39 showing splitting of the
linker signal, when using a saturated HCl (g) solution of 1,2-dichloroethane and 6
eq. of acyl Meldrum’s acid.
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5.3 Library design and parallel synthesis

In order to obtain more structure-activity information from a minimum
number of compounds, we designed a small library based on statistical
molecular design.38 Although the main goal was to discover potent pilicides,
we also wanted to investigate some of the scope and limitations of the new
solid-phase method. From the molecular design (discussed in Chapter 4) and
data from the preliminary biological evaluation (Chapter 7), we knew that
chaperone binding affinity was high if the 2-pyridinone had large
substituents in both the R1 and R2 positions. However, to develop a good
design, it is also important to include compounds that are expected to have
weak affinity towards the target in order to verify the validity of the model.

Thus, a set of iminoethers 26{1-12} and acyl Meldrum’s acids 9{1-7}
containing both large and small substituents were synthesized (Figure 5.4).
From the 84 possible 2-pyridinones that could be generated from this set of
building blocks, twenty compounds were selected to be synthesised with a
semiautomatic Quest 210 parallel synthesizer equipped with 20 reaction
vessels. The selection was based on a statistical molecular design, in which
28 descriptors were calculated for the 84 different 2-pyridinones, which were
then subjected to a principal component analysis (PCA). From the PCA-
score plot, twenty 2-pyridinones were selected to cover as much of the
chemical space as possible.

To make the method more attractive, in terms of both cost and efficiency,
commercially available ArgoGel-OH (loading capacity, 0.40 mmol/g) was
used directly instead of preparing and attaching the fluorinated linker prior to
library synthesis. Thus, using this linker, the selected bicyclic 2-pyridinones
were synthesized in parallel using 200 mg resin/compound, equivalent to a
maximum yield of 0.080 mmol pilicide using the optimized reaction
conditions determined earlier. Despite not having a fluorine linker this time,
19F NMR spectroscopy could still be used to monitor the progress of the
library by obtaining 19F NMR spectra for the substances that contained a
fluorine atom. The 19F NMR spectra of these resin-bound 2-pyridinones
showed single fluorine signals, indicating that the synthesis had been
successful. This proved to be representative for the whole library. After
cleavage and concentration, the resulting 2-pyridinones could be isolated
with total yields ranging from 75-99% (Table 5.1.). Moreover, the purity for
all the compounds was higher than 90%, without further purification, as
determined by HPLC.
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Figure 5.4 Building blocks used in the library design.
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Table 5.1 Library members and isolated yields.

Entry 40 R1 R2 Yield (%)a

1 {6, 2} 1-naphthyl CH2-2-naphthyl 78
2 {7, 1} n-pentyl CH2-1-naphthyl 75
3 {2, 1} 3,5-dimethyl-Ph CH2-1-naphthyl 90
4 {10, 1} Ph CH2-1-naphthyl 97
5 {5, 2} 4-Br-Ph CH2-2-naphthyl 93
6 {3, 2} 3,4-difluoro-Ph CH2-2-naphthyl 91
7 {9, 2} 4-F-Ph CH2-2-naphthyl 98
8 {11, 6} CH2-Ph Cyclohexyl 90
9 {11, 3} CH2-Ph 4-F-Ph 85
10 {8, 1} Cyclopropyl CH2-1-naphthyl 85
11 {9, 4} 4-F-Ph Ph 93
12 {5, 7} 4-Br-Ph n-pentyl 94
13 {8, 7} Cyclopropyl n-pentyl 97
14 {8, 3} Cyclopropyl 4-F-Ph 93
15 {3, 7} 3,4-difluoro-Ph n-pentyl 98
16 {1, 5} 3-Cl-Ph Me 89
17 {5, 5} 4-Br-Ph Me 87
18 {12, 3} H 4-F-Ph 80
19 {12, 4} H Ph 95
20 {4, 5} Me Me 99

a Yields of the crude products based on initial loading of the resin.

In the reaction sequence, several of the steps can potentially cause some
epimerization. First, it is known that repeated MSNT/methyl imidazole-
mediated coupling of protected cysteine to the solid support can lead to up to
40 % of the product being in the D-isomer configuration, if the amount of
methyl imidazole reaches two equivalents.32 Secondly, both in the formation
of the D2-thiazoline and in the synthesis of the 2-pyridinone in solution some
epimerization had been previously observed (Chapter 4). Since we knew that
the enantiomeric excess, ee, of the methyl esters of the 2-pyridinones could
be established by chiral phase HPLC ((S, S) Whelk-O1 column) (Chapter 4)

N
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we prepared the corresponding methyl esters of four of the 2-pyridinones
40{10, 1}, 40{8, 1}, 40{5, 5} and 40{4, 5} by treating them with TMS-
diazomethane.39 Fortunately, the methyl ester of 40{10, 1} (29a), 40{8, 1}
(29g) and 40{5, 5} (29h) had ee:s of 60%, which is acceptable, albeit not as
good as the values obtained via synthesis in solution. Less fortunately, the ee
for the methyl ester of 40{4, 5} (29d) was reduced to 40%.

Scheme 5.5 Methylation of the 2-pyridinones to establish ee values of the products
generated using the solid-phase method.

5.4 Conclusions

An effective new solid-phase method was developed and a small library
of 2-pyridinone lithium salts 40 was synthesized in excellent yields and high
purities. However, the ee values of some of the 2-pyridinones were lower
than desired. In order to resolve this problem while maintaining (or
accelerating) the rapidity of the method for synthesizing small libraries of 2-
pyridinones we decided to explore further possible modifications, utilizing
microwave-assisted techniques.
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6 Microwave-Assisted Chemistry

In parallel with the use of solid-phase organic synthesis, the use of
microwave-assisted organic synthesis (MAOS) has increased dramatically
since the late 1990s. Although this form of radiation has been used to heat
food for more than 50 years, it was not until 1986 that microwave heating
was reported to accelerate organic chemical transformations.1 The slow
uptake of the technology has been attributed to its initial lack of
controllability and reproducibility. This was because the pioneering MAOS
experiments were performed in domestic ovens equipped with multimode
reactors.2 In these instruments, the walls and loads within them reflect the
microwaves that enter the cavity and a mode stirrer ensures that the field
distribution is as homogeneous as possible. Today, the current trend is to use
sophisticated monomode instruments in which the microwave irradiation is
focused directly onto the reaction vessel.3

The great advantage with MAOS is that reaction times can be
dramatically reduced, from days or hours to minutes or seconds.4 Moreover
MAOS often gives higher yields and/or increased selectivities, the reaction
temperature can be raised, and solvents with lower boiling points can be
used under pressure.4 These advantages, together with the precise process
control that dedicated reactors allow has persuaded several large
pharmaceutical companies to switch, or at least, combine conventional
synthesis with MAOS.5-7

6.1 Microwave-assisted synthesis of 2-pyridinones

Chapters 4 and 5 discussed the synthesis of 2-pyridinones using
conventional heating in both solution and solid-phase approaches. Both of
these approaches have specific advantages and drawbacks. Although the
solid-phase method gives excellent yields and the isolated 2-pyridinones
have high purity, the method is quite expensive and resulted in some
racemization of the 2-pyridinones. The conventional-heating solution phase
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method, however, required fairly long reaction times both for the synthesis
of the key intermediate, the D2-thiazolines, and in the 2-pyridinone-forming
step. To overcome these drawbacks we decided to explore whether
microwave irradiation could be used for the synthesis of our 2-pyridinones.
The goal of this study was to investigate whether it was possible to find a
rapid method for the production of the 2-pyridinones, hopefully in a one-pot
procedure.

In the solid-phase method a half-saturated solution of HCl (g) 1,2-
dichloroethane (DCE) was used in the 2-pyridinone-forming step since a
saturated solution caused problems in the reaction (Chapter 5). In order to
enable the future synthesis of more acid-labile 2-pyridinones and D 2-
thiazolines we wanted to explore the possibility of using a lower
concentration of acid in the reaction. Therefore, a solution of D2-thiazoline
27d and acyl Meldrum’s acid 9a was heated with microwave irradiation
using a monomode instrument (Smith Synthesizer)3 for 300 s at 180 °C with
various concentrations of acid. The reaction was performed with 1.5 eq. of
acyl Meldrum’s acid 9a, and the yield in the reaction was estimated by
comparing the ratio between the formed 2-pyridinone 29a and the unreacted
D2-thiazoline 27d  using 1H NMR spectroscopy. We found that after
performing the reaction once, 30% of unreacted D2-thiazoline still remained,
so the reaction was repeated with another 1.5 eq. of acyl Meldrum’s acid 9a.
After performing the reaction twice, with a half-saturated solution of HCl (g)
in DCE the yield was quantitative.

Table 6.1 Influence of concentration of HCl (g) in the reaction performed at 180 °C
for 300x2 s.a

Conc. HCl (g) Yield (%)b Conc. HCl (g) Yield (%)b

1/2 Quant. 1/32 50
1/4 Quant. 1/200 33
1/8 Quant. 0 5
1/16 73

a The reaction was repeated twice, with 1.5 eq. of acyl Meldrum’s acid each time. b Yields
were determined by 1H NMR spectroscopy.

The results of this study prompted us to use a 1/8-saturated solution of
HCl (g) in DCE, and three 2-pyridinones 29a,c,g were synthesized under
these conditions. All 2-pyridinones 29a,c,g could be isolated in good yields
(77-99%). However, when using conventional heating in this reaction we
had noticed that temperatures higher than 64 °C caused some racemization
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(Chapter 4). Therefore, we wanted to investigate the enantiomeric excess
(ee) for this reaction under the microwave conditions as well. The ee in the
reaction was therefore determined by subjecting the products to HPLC
analysis using a (S, S) Whelk-O1 column (Chapter 4). We found that 29a
and 29c showed limited racemization, but the ee for 29g was reduced by
72%. We had seen earlier that the 2-H-D 2-thiazolines were sensitive to
racemization under basic conditions, so we wanted to determine whether
they also were racemized under acidic conditions, or if the 2-pyridinones
themselves were sensitive to racemization. Thus, 29g was first synthesized
according to the conventional heating protocol (Chapter 4) and was then
further heated using microwave irradiation at 180 °C for 600 s in a 1/8-
saturated HCl (g) solution. Unfortunately, the ee decreased by 62%. Since
the 2-pyridinones containing an aromatic substituent at the R1-position had
shown minor drops in ee, we also heated the 2-pyridinone 29f (the crystal
structure in Chapter 4), prepared by conventional heating,8 at 180 °C for 600
s in a 1/8-saturated HCl (g) solution. To our surprise, in this case the ee
declined by only 15%. To overcome the racemization problem, which was
especially pronounced for the 2-pyridinones with an alkyl substituent at the
R1-position, the reaction conditions were improved by decreasing the
temperature and the reaction time. It was found that repeating the reaction
twice at 140 °C for 120 s with the addition of 1.5 eq. of acyl Meldrum’s
acids each time gave the 2-pyridinones in excellent yields (93-98%).
Moreover, performing the reaction once with 3 eq. of acyl Meldrum’s acids
at 140 °C for 120 s furnished the 2-pyridinones in the same excellent yields
and, to our delight, with very limited racemization (1-6%).
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Table 6.2 Influence of different factors on yields and enantiomeric excess in the
synthesis of 2-pyridinones.

Reaction at 180 °C for 300x2 sa

Compound Yieldc

(%)
ee 2-pyridinone

(%)
ee D2-thiazoline

(%)
D eed

(%)
29a 94 50 79 29
29c 77 60 79 19
29g 99 24 96 72

Reaction at 140 °C for 120 sb

Compound Yieldc

(%)
ee 2-pyridinone

(%)
ee D2-thiazoline

(%)
D eed

(%)
29a 93 74 79 5
29c 94 78 79 1
29g 98 90 96 6

a The reaction was repeated twice with the addition of 1.5 eq. of acyl Meldrum’s acid each
time. b The reaction was performed once with 3 eq. of acyl Meldrum’s acid. c Yields were
determined after purification by centrifugal preparative TLC. d Difference in enantiomeric
excesses between the D2-thiazolines and the 2-pyridinones.

6.1.1 Development of a convenient 2-pyridinone synthesis

 In order to develop an attractive method for the production of 2-
pyridinone libraries, a rapid procedure for the synthesis of the D2-thiazoline
building blocks was also desired.

Ehrler et al. published a method for preparing the D2-thiazolines in a
sealed tube directly from a nitrile and (R)-2-methyl-cysteine ethyl ester
hydrochloride in EtOH.9 This method seemed promising, due to the
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similarity between a sealed tube and a sealed microwave reaction vessel.
However, several attempts with different nitriles, temperatures and solvents
gave no product at a relatively low temperature (130 °C), while no D2-
thiazoline was formed at higher temperature (180 °C) although the (R)-
cysteine methyl ester hydrochloride was consumed.

Meyer’s iminoether approach produces D2-thiazolines in good yields.10,11

However, we have found that triethyl amine can cause racemization in this
reaction if not added cautiously. Unfortunately, heating a suspension of (R)-
cysteine methyl ester hydrochloride (1.5 eq.) and iminoether 26c without
triethyl amine in 1,2-dichloroethane, using microwave irradiation (140 °C,
180 s) gave only a small amount of D2-thiazoline. Using iminoether in excess
somewhat improved the yield, but there was still a significant amount of
unreacted cystein left, according to LC-MS analyses. Fortunately, however,
heating a suspension of (R)-cysteine methyl ester hydrochloride and
iminoether 26c (2 eq.) with triethyl amine (2 eq.) in 1,2-dichloroethane,
using microwave irradiation (140 °C, 180 s) furnished D2-thiazoline 27c in
quantitative yields with limited racemization (89% ee). These results
encouraged us to investigate the possibility of combining these two protocols
to produce the 2-pyridinone in a one-pot procedure.

Thus, after synthesizing the D2-thiazoline 26c, a pre-saturated HCl (g)
solution of 1,2-dichloroethane and acyl Meldrum’s acid 9c were added
directly to the reaction mixture to give a 1/8-saturated HCl (g) solution of
1,2-dichloroethane, which was subjected to additional microwave
irradiation. Disappointingly, only a small amount of the 2-pyridinone 29a
was produced, and most of the D2-thiazoline remained unreacted. Therefore,
we speculated that the ammonium chloride formed in the D2-thiazoline
synthesis interfered with the following 2-pyridinone-forming step. In
accordance with this hypothesis, filtering the reaction mixture directly from
the D2-thiazoline synthesis through silica followed by concentration gave a
residue that could be used without further purification in the next step and
the 2-pyridinone 29a was formed in excellent yield (91%).

To confirm the efficiency of this route to 2-pyridinones, 29a-e,g were
synthesized. The 2-pyridinones 29a,c,d,g were isolated in excellent yields
(89-95%, over two steps) and although the yields of 29b and 29e were
somewhat lower (70 and 73%, respectively) they were still higher than the
corresponding yields obtained in the earlier conventional heating method (63
and 46%, respectively). Furthermore, the ee values were established for all
compounds using chiral HPLC, and they proved to be only slightly lower
(78-88% ee) compared to the values obtained with the conventional heating
method (75-97 % ee), and significantly higher than corresponding values for
the solid-phase method (40-60% ee).
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Table 6.3 Synthesis of 2-pyridinones using microwave irradiation.

Total yields and ee over two steps

Compound Yield (%)a ee 2-pyridinone (%)
29a 91 84
29b 70 82
29c 89 81
29d 95 88
29e 73 80
29g 96 78

a Yields were determined after purification by centrifugal preparative TLC.
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6.2 Summary

A new, efficient method for synthesizing optically active bicyclic 2-
pyridinones has been developed using microwave irradiation.
The synthesis is a two-step procedure, via D 2-thiazolines, which only
requires a 3 + 2 min reaction time compared to two days when using
conventional heating. The optimized conditions proved to be suitable for the
synthesis of a small library, giving excellent yields and limited racemization.

Figure 6.1 The 2-pyridinones could be synthesized in a convenient and rapid
procedure using microwave irradiation.
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7 Biological Evaluation

The pilicides synthesized in the studies this thesis is based upon were
evaluated in four different assays to screen their ability to interfere with the
assembly of pili in uropathogenic E. coli. The affinity of the pilicides for the
chaperones PapD and FimC was evaluated using a surface plasmon
resonance technique with a Biacore 3000 instrument. To confirm the binding
data, one selected 2-pyridinone and two b-lactams were subjected to a one-
dimensional relaxation edited NMR assay. In addition, a subset of four
pilicides was investigated for their ability to dissociate a pre-formed FimC-
FimH complex.

Finally, to determine if the compounds could disrupt pili assembly in
bacteria, uropathogenic E. coli was grown in the presence of pilicides. The
bacteria were then tested for their ability to agglutinate erythrocytes.

7.1 Screening for affinity using a Biacore 3000

Surface plasmon resonance (SPR) spectrometry is an optical technique
that can measure changes in refractive index very close to a sensor’s
surface.1 Such changes appear when an analyte in solution binds to an
immobilized ligand on the sensor surface. The interaction is monitored in
real time and the amount of bound ligand can be measured with high
precision. Moreover, this method has been used to determine the strength of
binding (between the analyte and the ligand) and the kinetics of protein-
protein interactions. With this method, it also might be possible to detect
whether multiple binding sites are present on the ligand. The SPR response
is given in resonance units (RU), which provide a measure of the affinity of
the analyte to a specific ligand.1,2

In order to ensure that the detection limit is low, which is important when
analyzing low molecular weight compounds, efficient immobilization of the
ligand to the sensor surface is essential. The sensor surface chip is coated
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with a thin layer of gold that is functionalized with a dextrane surface
containing free carboxylic acids. Covalent attachment of the ligand to this
surface can be achieved by activating the carboxylic groups with N-ethyl-N-
(dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) then coupling the ligand. Several procedures have been developed for
coupling amides, thiols or aldehydes.3 The ligand can also be immobilized
via biotinylation or metal chelation.3 In our case, the chaperones PapD and
FimC were immobilized using a standard surface thiol-coupling procedure
(Figure 7.1). 3

Figure 7.1 Surface thiol coupling.

Prior to the coupling, native carboxylic groups of PapD and FimC were
modified with 2-(2-pyridinyldithio)ethylamine hydrochloride (PDEA) in the
presence of EDC. The surface thiol coupling proved to give higher
immobilization than coupling via amide bonds.

To determine the specificity of the interaction between the pilicides and
the chaperones, three non-target control proteins (Protein A, streptavidin and
anti-myoglobin monoclonal antibody) were coupled to a sensor chip via the
surface thiol method.
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7.1.1 Screening of the b-lactams using SPR

The affinity of the b-lactam carboxylic acids and aldehydes (Chapter 3)
together with the C-terminal peptides of the adhesins from PapG and FimH
(Figure 7.2.) for the chaperone PapD was screened using a Biacore 3000
instrument. For this, the pilicides were injected at 30 mM concentration over
immobilized PapD (immobilization level; 10,180 RU) in random, triplicate
order and binding was observed in real time. In order to facilitate
comparison of the pilicides’ binding to the chaperone, the respons from the
Biacore 3000 instrument (determined as resonance units, RU) were corrected
for the differences in molecular weight between the ligands.

The results showed that the b-lactams substituted with fairly large acyl
substituents bound to the chaperone PapD (Table 7.1), and although the b-
lactams bound less strongly than the highest-affinity 2-pyridinone 30a
(Table 7.2), the b-lactam carboxylic acids 1a-d had higher affinity than the
native C-terminal peptides PapG and FimH. The PapG peptide has
previously been reported to inhibit PapD in an ELISA.4 Furthermore, 1e-f
showed almost the same affinity as the peptide PapG, but the b-lactam
bearing a small methyl substituent 1g showed very weak binding. The b-
lactam aldehydes 2a-d also proved to bind to the chaperone PapD.

Table 7.1 Affinities of the tested b-lactam carboxylic acids and aldehydes together
with the C-terminal peptides of the adhesins from PapG and FimH for the PapD
chaperone.

Pilicide Norm. Respons
for PapD (%)

Pilicide Norm. Respons
for PapD (%)

1a 35 2a 31
1b 29 2b 21
1c 35 2c 34
1d 46 2d 25
1e 18 PapG peptide 25
1f 22 FimH peptide 19
1g 2

NH2-Gly-Val-Thr-Phe-Val-Tyr-Gln-COOH
C-terminal of FimH

C-terminal of PapG

NH2-Thr-Met-Val-Val-Ser-Phe-Pro-COOH



66

7.1.2 Screening of the 2-pyridinones using SPR

The affinity of a first selection of 2-pyridinones prepared in solution
(Chapter 4) together with the C-terminal peptides of the adhesins from PapG
and FimH for the chaperones PapD and FimC (immobilization level; 4,400
RU) were screened using a Biacore 3000 instrument at 30 mM (Table 7.2).

Table 7.2 Affinities of the pilicides for the PapD and FimC chaperones.

Pilicide Norm. Respons
for PapD (%)

Norm. Respons for
FimC (%)

30a 100 100
30b 18 23
30c 12 16
30d 7 20

PapG peptide 25 10
FimH peptide 19 11

The 2-pyridinone 30b, which has a single large substituent, proved to
bind as well as the reference peptides (Table 7.2). However, the 2-
pyridinone 30a, which has two large substituents, showed the strongest
binding and was thus used as a reference compound for calculating the
normalized responses. These findings correlate well with the binding data
calculated by Validate (Table 7.4).

The specificity of the binding was investigated by injecting a selection of
2-pyridinones over non-target proteins such as Protein A, streptavidin, and
an anti-myoglobin monoclonal antibody. For 2-pyridinones showing high
affinity for PapD some minor binding to the non-target proteins was
observed. In addition, a selection of reference compounds that were not
expected to bind specifically to the chaperones were also injected over PapD
and non-target proteins e.g. amoxicillin, L-tryptophan, terbutalin and
carbamazepine (Figure 7.3). These control compounds did not show any
affinity for PapD.
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Figure 7.2 Reference compounds with no affinity for the chaperones PapD and
FimC.

Table 7.3 Affinities of the pilicides prepared as described in Chapter 5 for the PapD
chaperone.

Entry Pilicide
40

Norm. Respons

for PapD (%)

Entry Pilicide
40

Norm. Respons

for PapD (%)
1 {6, 2} 139 11 {9, 4} 23
2 {7, 1} 75 12 {5, 7} 72
3 {2, 1} 127 13 {8, 7} 12
4 {10, 1} 100 14 {8, 3} 11
5 {5, 2} 127 15 {3, 7} 35
6 {3, 2} 95 16 {1, 5} 14
7 {9, 2} 77 17 {5, 5} 6
8 {11, 6} 30 18 {12, 3} 9
9 {11, 3} 23 19 {12, 4} 5
10 {8, 1} 51 20 {4, 5} 5

The screening of the solid-phase library (Chapter 5) confirmed that large
substituents are necessary in both the R1 and R2 positions of the 2-pyridinone
to ensure strong binding to the chaperone (entries 1-7). Interestingly,
compound 40{5, 7} (entry 12), which has a flexible R2 substituent, also
showed reasonably high affinity.
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To summarize the results of the surface plasmon resonance study, one can
conclude that the affinity for the chaperone PapD is high when the
compounds have two large substituents. However, compounds substituted
with only one large substituent bind more strongly than the C-terminal
peptides PapG and FimH, or at least equally well.

Figure 7.3 The affinity for the chaperone PapD (screened at 30 mM) for a selection
of pilicides compared to the C-terminal peptides PapG and FimH.
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7.2 The FimC-FimH dissociation assay

To investigate if the pilicides could dissociate pre-formed FimC-FimH
complexes, each pilicide was incubated with purified complexes in 20 mM
MES buffer at pH 6.8 for 1 h at 37 °C. Then, the amounts of non-dissociated
FimC-FimH complex were determined using a fast-protein liquid
chromatography (FPLC) system, equipped with a UV-detector.

Table 7.4 Comparison between calculated affinity and the ability to dissociate the
FimC-FimH complex.

Pilicide Calculated
affintya (-logKD)

CH complex
dissociationb(%)

30a 10.0 86
30b 8.7 7
30c 8.3 5
30d 7.1 1

a Calculated for binding with the program VALIDATE. b Based on a pilicide:FimC-FimH
ratio of 150:1.

The results for the first pilicides screened with this assay were in good
agreement both with the Biacore data (for PapD) and the calculated
affinities. The strongest binder according to the first Biacore screening, the
2-pyridinone 30a (calculated affinity, -logKD = 10.0), dissociated 86% of the
FimC-FimH complexes. The screening confirmed that large substituents are
necessary at both the R1 and R2 positions of the 2-pyridinones for strong
dissociation ability.

7.3 1H NMR spectroscopic analysis of binding to PapD

1H NMR spectroscopy has been used to study the binding of low
molecular weight compounds to proteins and macromolecules.5 This
technique relies on the differences in transverse relaxation rates (T2)
between small and large molecules due to their differences in tumbling rates.
A ligand with high affinity for a protein, for which ligand-protein exchange
will be slow, will adopt the same NMR characteristics as the protein itself.
Thus, by setting a spin-lock time (relaxation filter) of appropriate length the
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signals from the protein and the ligands with high affinity will be
suppressed.

To confirm the binding of the pilicides 30a, 1 d and 2c  to PapD,
relaxation-edited 1H NMR spectra were recorded with a spin-lock time of
200 ms. The intensity of the resonances originating from the pilicides were
reduced by 80 ± 10%, whereas the signals for 1-naphthylacetic acid (used as
a negative control) were unaffected. This clearly shows that both the 2-
pyridinone 30a  and the b-lactams 1 d  and 2c  bind to PapD, while 1-
naphthylacetic acid has no affinity for the chaperone.

Figure 7.4 1H NMR spectra of a 1:1 mixture of pilicide 30a and 1-naphthylacetic
acid in the absence (top) and presence of 1 eq. of PapD (bottom). Resonances
originating from 30a are marked with an asterisk in the upper spectrum.
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7.4 Hemagglutination

Encouraged by the data obtained in the earlier studies, we wanted to
investigate whether the compounds can affect living bacteria. Therefore, E.
coli HB101/pPAP5 and the clinical isolate NU146 were grown in the
presence of the potential pilicides. Reduced pili formation was then verified
using a hemagglutination assay7,8 based on the ability of E. coli bacteria with
pili to adhere to erythrocytes, causing the erythrocytes to agglutinate.

Importantly, the growth of the bacteria was not affected by either the
presence of the pilicide 30a (0-1.5 mg/mL), nor by a DMSO concentration
of 5%.9

In order to compare the reduction of pili formation induced by the
pilicide, the bacteria were serially diluted in a 96-well plate and the bacterial
concentration at which hemagglutination occurred was compared to an
untreated control. To investigate the concentration of pilicide needed for
complete depilation of the bacteria, HB101/pPAP5 (E. coli) bacteria were
grown in the presence of a concentration series of the 2-pyridinone 30a
ranging from 0 to 1.5 mg/mL (0-3.5 mM). The results clearly showed that
the bacterial hemagglutination ability was strongly, negatively correlated
with the concentration of 2-pyridinone 30a. The bacteria grown with 0.1
mg/mL of 2-pyridinone 30a had reduced hemagglutination ability with 50%,
and the bacteria showed no hemagglutination when grown with 1.5 mg/mL
(3.5 mM) of the compound 30a. Thus, the 2-pyridinones 30b-d (Chapter 4)
and the 2-pyridinones 40 (prepared as described in Chapter 5) were tested at
3.5 mM for their ability to reduce hemagglutination both for the E. coli
HB101/pPAP5 (producing only P-pili) and the clinical isolate NU14.
Interestingly, three more 2-pyridinones showed biological activity (Figure
7.7). To compare the activity of the pilicides, the titer difference was
calculated between the control and the pilicides at the point where
hemagglutination started. More efficient pilicides therefore have higher
values (Table 7.4).

The b-lactams 1a-g and 2a-d were also tested for their ability to reduce
pili formation. The b-lactam carboxylic acids did not show any effect at 3.5
mM but, interestingly, the b -lactam aldehydes 2a-d proved to be
antibacterial at this concentration. To investigate the concentration needed
for the aldehydes to be antibacterial, E. coli HB101/pPAP5 was grown with
a concentration series of the aldehydes 2a and 2c varying between 44 mM-
3.5 mM. The results showed that a concentration higher than 440 mM of the
aldehydes was required for antibacterial effect.
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Table 7.4 Hemagglutination data for the clinical isolate NU14 and for
HB101/pPAP5, showing the titer difference between the control and the
pilicides at the point where hemagglutination started.

Pilicide HB101/pPAP5 NU14
Controla 0 0

40{10, 1} 16 8
40{7, 1} 4 4
40{8, 1} 16 16
40{5, 7} 8 8

a Grown without any pilicide present.
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In addition, the bacteria (HB101/pPAP5) grown in the presence of
pilicide 30a (3.5 mM), were studied using an atomic force microscope
(Figure 7.5) in order to confirm visually the presence/absence of pili. To our
delight, the bacteria treated with pilicide showed no expression of P pili.

Figure 7.5 HB101/pPAP5 E. coli grown in the presence of 30a (1.5 mg/mL),
showing no expression of P pili (right) as compared to an untreated control (left).
(Pictures taken by Jana Jass)

7.5 Summary of the biological evaluations

Table 7.5 Summary of biological activity measurements of the different pilicide
classes.

Pilicide Biacorea NMRb FPLCc HAd Bacterial growthd

2-Pyridinones + + + + +
b-lactam

carboxylic acids + + NT - +
b-lactam
aldehydes + + NT NTe -

a Screened at 30 mM for PapD/FimC. b With a 1:1 ratio of pilicide:PapD.c With a
pilicide:FimC-FimH ratio of 150:1. d Screened at 3.5 mM. e Could not be tested at 3.5 mM
since the compounds were antibacterial. NT = Not tested

The biological evaluation of the different classes of pilicides synthesized
in this project revealed that both the 2-pyridinones and the b-lactams
substituted with large substituents bound well to the chaperone. Their
affinities were evaluated using both a surface plasmon resonance technique

30a

N

S

O CO2H
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(Biacore 3000) and relaxation edited NMR assays. Moreover, the 2-
pyridinone 30a was able to dissociate pre-formed FimC-FimH complexes as
determined by FPLC. More importantly, four of the 2-pyridinones inhibited
pili formation in E. coli bacteria as determined in hemagglutination assays,
and confirmed by studying the bacteria under an atomic force microscope.
Furthermore, the b-lactam carboxylic acids did not show any effect in the
hemagglutination assay. However, the b-lactam aldehydes could not be
tested in the hemagglutination assay (at 3.5 mM) because they showed to be
antibacterial at this concentration.

Since some of the 2-pyridinones knocked out pilus assembly in E. coli
bacteria, this class of pilicide will be useful not only as potential novel
antibacterial agents but also as chemical tools to study global systems
biology in pathogenic bacteria e.g in integration with metabonomics.
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Concluding Remarks and Future Perspectives

This thesis describes the design, synthesis and biological evaluation of
two classes of compounds (“pilicides”) that interfere with pilus assembly in
uropathogenic E. coli. First, a new stereoselective and regiospecific
synthesis of acyl substituted bicyclic b-lactam carboxylic esters, together
with a new synthesis of the key intermediate, the 2-H-D2-thiazoline methyl
ester, were developed. From the methyl esters of these b-lactams, a fast
saponification route to furnish the corresponding b-lactam carboxylic acids,
and also a selective reduction to the aldehydes, were established.

In the efforts to increase the affinity of the b-lactams towards the
chaperone PapD, a novel route to synthesize bicyclic 2-pyridinones, which
was further developed to limit some of the racemization that occurred in the
synthesis. This mild method of producing highly substituted optically active
bicyclic 2-pyridinones in only four steps can also be performed in relatively
large scale. Moreover, to efficiently prepare libraries of 2-pyridinones, a
parallel solid-phase method furnished the 2-pyridinones as lithium salts (in
five steps) in excellent yields and with high purity was established. Finally,
an effective and convenient microwave assisted synthesis of the 2-
pyridinones was developed. This procedure reduced the reaction time
required to synthesize the 2-pyridinones from two days to five minutes.

The two classes of pilicides were biologically evaluated in two different
assays, revealing that both the bicyclic b-lactams and the bicyclic 2-
pyridinones bound to the chaperone PapD.

Furthermore, four of the 2-pyridinones inhibited pili formation in E. coli
bacteria as determined in a hemagglutination assay.

This is the first time that small molecules (<500 g/mol) have proven to
knockout the pilus in E. coli by interfering with protein-protein interactions
in the macromolecular event of pilus assembly.

The combination of the robust synthesis of the 2-pyridinones and their
exciting biological effect will force novel chemistry to be developed and
more potent and less hydrophobic 2-pyridinones will be produced. These
findings and conclusions encourage us to believe that the bicyclic 2-
pyridinones have a promising future not only as potential novel antibacterial
agents but also as chemical knockouts of pilus biogenesis and thus being
tools to further study the holistic picture of molecular biology in pathogenic
bacteria.
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