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Abstract

Abstract

Urinary tract infection by uropathogenic Escherichia coli is one of the most frequent
infectious diseases requiring an antibiotic treatment. Since the recurrent exposure to
antibiotics leads to the emergence of antibacterial resistance, alternative prevention and

treatment strategies are urgently needed.

The interaction of the bacterial lectin FimH with mannosylated glycoproteins on the surface
of the bladder mucosa is the initial step triggering the infection. Biaryl
a-D-mannopyranosides were identified as potent FimH antagonists preventing this first

contact.

The present thesis describes the development of two biaryl mannosides, that are, the biphenyl
mannoside bearing a para-carboxylate on the terminal ring of the aglycone and the
S-nitroindolinyl phenyl mannoside, towards drug-likeness. For this purpose, various
approaches, such as the introduction of ester or phosphate prodrugs, the replacement of
essential substituents with bioisosteres, the optimization of the substitution pattern, or the
introduction of aromatic heterocycles, were explored. Several assays addressing the
characterization of the physicochemical and in vifro pharmacokinetic properties, i.e. pKa,
lipophilicity, aqueous solubility, membrane permeability, plasma protein binding, chemical
and metabolic stability, were implemented for the identification of the most successful
strategies providing high oral bioavailability, metabolic stability, and sustained renal

clearance as major route of drug elimination.

As a result of our thorough studies, two approaches proved most advantageous for the
development of orally available FimH antagonists: first, the prodrug approach, i.e. the
introduction of an alkyl promoiety masking the carboxylic acid substituent of the biphenyl
mannoside or the creation of phosphate monoester prodrugs conferring high aqueous
solubility, and second, the replacement of the carboxylic acid with bioisosteres providing

optimal physicochemical properties for oral absorption and renal excretion.
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Introduction

1 Introduction

1.1 Urinary tract infection

Urinary tract infection (UTI) is one of the most frequent bacterial infections worldwide,
which affects millions of people — particularly women — every year and accounts for high
medical costs.' As many as 60% of women experience at least one UTI episode during their
lifetime, and approximately 30-40% of patients suffer from at least one recurrence.” Acute,
uncomplicated lower urinary tract infection, commonly referred to as cystitis or bladder
infection, requires an antibiotic treatment to tackle the symptoms, which are dysuria, frequent
and urgent urination, bacteriuria, and pyuria, and to prevent more devastating or even life
threatening complications like pyelonephritis and urosepsis.” The first-line treatment for
uncomplicated UTI is a three-day antibiotic treatment with a combination of trimethoprim-
sulfamethoxazole or with fluoroquinolone (e.g. ciprofloxacin).® However, the repeated use of
antibacterial chemotherapeutics can lead to the emergence of antimicrobial resistance and, as
a consequence, to treatment
failure.” Increasing resistance
faces a limited number of
marketed antiinfectives, which
manifests the need for novel, f Bladder
non-antibiotic  strategies  to

prevent and treat UTI.

1.1.1 Pathogens and the

infection cycle

About &80-85% of manifest

. Figure 1.1. Infection cycle of uropathogenic E. coli (UPEC) in
episodes of UTI are caused by

the lower urinary tract (adopted from Ref. 9). Initial bacterial

uropathogenic Escherichia coli adhesion (1) to the urothelial cells is mediated by type 1 pili
(UPEC). About 5-15% are binding to mannosylated glycoproteins on the cell surface. UPEC
caused by Staphylococcus consequently invade into the cells (2) where they start replicating

. and forming intracellular biofilms (3), which protect them from
saprophyticus, whereas

tebsicll d host defense mechanisms and antibiotic treatment. UPECs are

Klebsiella neumoniae  an
p released as filamentous structures upon exfoliation of bladder

Proteus mirabilis occur in small epithelial cells (4) and spread in the surrounding tissue where they

numbers.° can infect further urothelial cells (5).
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UPEC undergo a well-defined infection cycle within the host (Figure 1.1).”” Bacterial
adherence to the epithelial cells in the lower urinary tract is the first step of the pathogenesis
(1). This interaction is mediated by bacterial type 1 pili, which target the mannosylated
glycoprotein uroplakin Ia on the surface of the urinary bladder mucosa.'® This initial step of
adhesion prevents UPEC from being removed from the bladder by micturition and, at the
same time, initiates the invasion into the bladder epithelial cells (2). Once within the host
cells, UPEC start replicating and forming intracellular biofilms (3), which protect them from
host defense mechanisms and antibiotic treatment. In response to the infection, the epithelial
cells start exfoliating (4), whereupon the bacteria leave the cells as filamentous structures and

spread in the environment (5), where they can infect surrounding urothelial cells.

1.1.2 Type I pilus — structure and assembly

The type 1 pilus, mediating the initial contact of the bacterium to the host cell, is composed
of a helical rod formed by 500 to 3000 copies of the main structural subunit FimA and of a
linear tip fibrillum formed by

FimG and FimF and by the )
FimH ‘§-\
mannose specific adhesin FimH.!! )L e
FimG g | fibrillum

The pilus rod is assembled i

m

through a chaperone-usher

Pilus rod
> {500-3000 FimA
subunits)

pathway (Figure 1.2). Each

subunit has an incomplete

immunoglobulin-like fold, with a | oM
missing C-terminal beta strand. Fenisi
During the assembly in the Q‘ kS
. . Lo FimC complex
bacterial periplasm, the subunit is
IM

bound to the chaperone protein |
Cytoplasm

FimC, which donates the missing ' ' » .
Figure 1.2. Schematic representation of type 1 pili and their

beta strand and stabilizes the assembly through the chaperone-usher pathway (adopted from

subunit. Upon the delivery to Ref. 12). The chaperone protein FimC in the periplasm binds
FimD — the usher — it is released pilus subunits, accelerates the folding, and delivers the subunits

from FimC and linked to the next to the transmembrane assembly platform FimD — the usher — for

. . . their incorporation into the pilus. The bacterial lectin FimH is
subunit, which itself donates the P P
located on the tip of the pilus.

missing beta strand.'?
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1.1.3 The bacterial lectin FimH

The adhesin FimH located at the tip of the type 1 pilus consists of two immunoglobulin-like
domains: the N-terminal lectin domain (residues 1 — 156) and — connected by a short linker —
the C-terminal pilin domain (residues 160 — 279)." The lectin domain encloses the
carbohydrate recognition domain (CRD) binding to the oligomannosides present on the cell
surface, whereas the pilin domain anchors the adhesin into the pilus and regulates the switch
between the low- and high-affinity states of the lectin domain." The CRD, as characterized
from the crystal structure of FimH with a-D-mannose (PDB code 1KLF),"” consists of a
deep, negatively charged pocket which accommodates the mannose by means of an extended
hydrogen bond network. The entrance to the binding site is composed of three hydrophobic
amino acids (Tyr 48, Tyr 137, and Ile 52) and is therefore referred to as the “tyrosine gate”.
When FimH was crystallized with r-butyl a-D-mannopyranoside (PDB code 1UWF), the
butyl moiety provided van der Waals interactions with the tyrosine gate.'® This observations
sparked the development of a-D-mannopyranosides with hydrophobic aglycones as FimH

antagonists.

1.2 FimH antagonists

The inhibition of the initial bacterial adherence by FimH antagonists is a promising approach
to tackle the resistance problem of the current antibiotic treatment strategies.'’ Besides being
efficacious, these anti-adhesive compounds should however fulfill a set of requirements: they
must be orally available, inexpensive, and safe and should not induce antimicrobial resistance

mechanisms.

In the late 1970s, Sharon and coworkers identified methyl o-D-mannopyranoside (1) as an
inhibitor of the bacterial adherence to the epithelial cells."® However, only weak interactions
in the milli- to micromolar range were observed. For the further improvement, two different
approaches were explored. First, multivalent mannosides showing nanomolar affinities to the

carbohydrate recognition domain (CRD) were identified'®?!

and second, the affinity of
monovalent a.-D-mannopyranosides was optimized by modifications of the aglycone portion.
Bouckaert and coworkers investigated different alkyl o-D-mannopyranosides as potential
FimH antagonists and identified a length of seven carbon atoms, such as present in n-heptyl
a-D-mannopyranoside (2), to be optimal for target affinity.'® Otherwise, aromatic glycosides

were described, such as p-nitrophenyl a-D-mannopyranoside (3) showing a 30 times higher

inhibitory effect than methyl o-D-mannopyranoside.”*** Extension of the aromatic agylcone
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led to squaric acid monoamide derivatives (— 4),”> * biphenyl mannosides modified with a
carboxylic acid substituent (— 5a-f),”’ " and indolinyl phenyl mannosides (— 6).*' These
structures show a high affinity in the nanomolar range because of additional hydrophobic
interactions of the aglycone with the aromatic residues of the tyrosine gate. However, the
binding modes can differ. The aglycones of the alkyl mannosides, for example, reside
between Tyr48 and Tyr137 of the tyrosine gate.'® By contrast, the bulky aromatic aglycones
adopt a different conformation, in which the interaction occurs only with Tyr48, as suggested
by the X-ray crystal structure of FimH co-cristallized with the biphenyl mannoside 5a.*’
Electron withdrawing substituents on the terminal ring of the biaryl aglycone, e.g. the

£27-2%:3% 61 the nitro group in antagonist

carboxylic acid present in the biphenyl derivatives Sa-
6°', furthermore enforce the m-m stacking interactions with the electron rich Tyr48. A
representative set of the most important monovalent FimH antagonists are summarized in

Figure 1.3.

OH OH
OH OH OH OH
"o el AR o 2
Cl
o)
N O °© © 0
q018] 2l16] 3022 4[25]
NO N
H

OH OH

OH H
HO -0 5al?7;: R' = H, R = COOMe, R® = H Ho 0
HO R! 5bl30L: R' = Me, R = CONHMe, R® = H HO

5cl27. 28: R1 = H, R2 = H, R® = COOMe

o)
o o
5d1%8: R' = H, R? = H, R® = COONa 631 NO
O R? 5gl28l: R' = CI, R? = H, R? = COOMe . 2
R3

5fi28l: R" = CI, R2 = H, R® = COONa

Figure 1.3. Alkyl and aryl a-D-mannopyranosides identified as potent FimH antagonists.

1.3 Drug delivery to the urinary bladder: pharmacokinetic aspects

For reasons of convenience, oral dosing is basically the preferential route of drug application
for the treatment of UTI. Oral bioavailability, metabolic stability, and renal excretion are

therefore key issues for delivering orally dosed FimH antagonists to the urinary bladder.

1.3.1 Oral bioavailability

Oral bioavailability, defined by the U.S. Food and Drug Administration as ‘the rate and
extent to which the active ingredient or active moiety is absorbed from a drug product and

becomes available at the site of action’,”” relies first on the rapid and quantitative dissolution
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of the applied dose in the intestine, second on the transfer across the membranes lining the
intestine by means of passive diffusion or carrier-mediated transport, and third on the
stability against metabolic modifications during the absorption in the enterocytes and during

the first pass through the liver.”> **

This subchapter sets the focus on aqueous solubility and
membrane permeability, which are the key determinants of absorption in the small intestine.*

Metabolic stability will be exposed in the subsequent section.

Aqueous solubility. Since only drug molecules dissolved in the aqueous intestinal fluids are
available for absorption, rapid and quantitative dissolution of the orally administered dose is
the first requirement for achieving oral bioavailability. Aqueous solubility, i.e. the maximum
amount of drug which can remain in solution under equilibrium conditions, primarily
depends on the cristallinity of the solute, its interaction with the aqueous solvent, and the
conditions predominant in the medium, e.g. pH, temperature, and the presence of solubilizing
components.’® Melting point (MP) and lipophilicity as quantified by the octanol-water
partition coefficient (log P) are key physicochemical determinants of solubility, the former as
descriptor of the lattice energy lost in the dissolution process, the latter accounting for the
interaction of the solute with water.”” Combining MP (in degree centigrade) and log P, the
general solubility equation (GSE, Equation 1) estimates the molar solubility (S) of
nonelectrolytic solid drug in aqueous medium.

log $27 = 0.5-0.01(MP - 25) - log P (1)

Membrane permeability. Passive diffusion and carrier-mediated transport both contribute to
the intestinal absorption, with passive diffusion as the primary mechanism.*® Diffusion by
either the paracellular route or the transcellular pathway is a concentration gradient driven
mass transport, which is not saturable. The route between the cells is basically reserved for

small, hydrophilic molecules.”

The ease to permeate the intestinal mucosa on the
transcellular route (i.e. the membrane permeability) relies on the physicochemical properties
of the whole molecule. In their seminal publication, Lipinski et al. introduced key
physicochemical predictors of permeability, that are, molecular weight, number of hydrogen
bond donor groups, number of hydrogen bond acceptor groups, and lipophilicity as quantified
by the octanol-water partition coefficient (clog P).** Moreover, Veber et al. revealed a
positive influence of increasing molecular rigidity, as measured by the rotatable bond count,

and a negative impact of increasing polar surface area (PSA) on permeability.*
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In contrast to passive diffusion, carrier-mediated transcellular permeation is substrate specific
and saturable. There exist two types of carrier-mediated permeation: facilitated diffusion and
active transport. Facilitated diffusion means the spontaneous transfer of polar molecules or
ions through transmembrane carrier proteins along a concentration gradient. Active transport
means the carrier-mediated transfer of substrate across the membrane against the
concentration gradient under consumption of energy provided by adenosine-5’-triphosphate
(ATP). Intestinal epithelial cells express in their apical membrane several transporters of the
solute carrier (SLC) superfamily supporting drug uptake, as well as ATP-dependent efflux

pumps interfering with drug absorption.”*!

2100

1000

1004—

104 5

1 i #

1 T ,
0.1+ I =3 o S
0.1low 0.1avg 0.1high 1.0low 1.0avg 1.0high 10low 10avg 10 high

Ka Ka Ka Ka Ka Ka Ka Ka Ka

Projected Dose in mg/Kg

Solubility in ug/mlL

Figure 1.4. Minimum acceptable solubility in pg/mL (adapted from Ref. 44). The columns represent the
minimum solubility for low, medium and high permeability (k,) compounds at a projected clinical dose of 0.1,
1.0, and 10 mg/kg body weight. The left three columns are for a 0.1 mg/kg dose, the middle three columns are
for a 1.0 mg/kg dose, and the right three columns are for a 10 mg/kg dose. Within each group, the left column
represents low permeability, the middle column represents medium permeability, and the right column
represents high permeability. For the absorption of a 1.0 mg/kg dose of a drug with medium permeability,

minimum solubility of 52 pg/ml is needed.

Intestinal absorption. The absorptive flux per time per area (J) is proportional to the product
of the permeability of the mucosa to the drug and the concentration gradient between the
intestinal lumen and the portal blood (Equation 2):

J=P,xAC )
where P. is the effective permeability, and AC is the concentration gradient across the
mucosa.’* * The maximum drug concentration in the intestinal lumen, in turn, is delimited
by its aqueous solubility. The concept of maximum absorbable dose (MAD)* integrates the
different aspects of drug absorption and is defined as follows (Equation 3):

MAD = S x k, x SIWV x SITT 3)
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where S is the aqueous solubility, 4, is the intestinal absorption rate constant as determined
from intestinal perfusion experiments, SIWV is the small intestinal water volume (around
250 mL), and SITTis the small intestinal transit time (around 270 min).* By rearranging
Equation 3, Lipinski defined the minimum solubility required for quantitative intestinal
absorption of low, medium, and high permeability compounds at projected doses of 0.1, 1.0,

or 10 mg/kg body weight (Figure 1.4).**

1.3.2 Metabolic stability

Drug metabolism includes various enzyme-mediated biotransformation reactions which lead
towards more hydrophilic and water-soluble molecules than the parent compound.® Intestinal
and hepatic first pass metabolism impairs the compound availability in the bloodstream and
promotes, in case of the FimH antagonists, undesired, non-renal clearance which prevents the
antagonist from reaching the therapeutic target in the urinary bladder.*® Drug metabolism is
mediated by phase I (hydrolysis, oxidation, or reduction) or phase II (conjugation) reactions.
The cytochrome P450 (CYP450) enzyme superfamiliy, which catalyzes mono-oxygenase
reactions, plays a dominating role in phase I biotransformation. Smith et al. defined three key
determinants for CYP450 mediated metabolism,*” which are:

1. The topography of the active site.

2. The degree of steric hindrance of the access of the iron-oxygen complex to the possible

sites of metabolism.
3. The possible ease of electron or hydrogen abstraction from the various carbons or

heteroatoms of the substrate.

1.3.3 Renal excretion

Renal excretion, i.e. the transfer of drug from the bloodstream into the urine, equals the sum
of different mechanisms including glomerular filtration, tubular secretion and tubular
reabsorption.*® The rate of glomerular filtration (GFR) corresponds to about 10% of the renal
blood flow at the glomerulus of the nephron (about 125 mL/min in a 70-kg young male), and
the primary criterion determining whether a molecule enters the ultrafiltrate is its molecular
size.*” Consequently, drug molecules bound to plasma proteins are predominantly rejected by
the glomerular sieve, whereas the fraction of unbound drug enters the ultrafiltrate. Clearance

by glomerular filtration therefore equals the product of GFR and plasma free fraction (f).>°

Secretion from the plasma into the proximal tubular lumen is primarily carrier mediated and,

as a consequence, substrate specific and saturable. Organic cation transporters (OCT) and

17



Introduction

organic anion transporters (OAT) localized on the basolateral membrane of the proximal
tubule cells constitute the majority of the key carrier involved in secretion.”’ By contrast,
tubular reabsorption from the primary urine into plasma primarily depends on passive
permeation. The extensive tubular water reuptake from the ultrafiltrate creates a
concentration gradient, which drives the diffusion through the membranes.”' The octanol-
water distribution coefficient at pH 7.4 (log D74) was identified as key predictor for passive

47, 52

tubular reuptake and for plasma protein binding,”® which in turn determines the GFR - £,

factor of the glomerular filtration.

1.4 Carbohydrate derivatives: absorption and disposition

In recent years, only few carbohydrate derived drugs have reached the market despite the
importance of carbohydrate-protein interactions not only for the establishment of UTI but for
a vast array of biological processes.”® The pharmacokinetic properties inherent in
carbohydrates and carbohydrate mimetics scarcely fit the requirements for oral bioavailability
described above. Because of their high polarity, they are barely capable to cross the intestinal
membranes by the passive transcellular pathway. Moreover, once systemically available, the
polar carobohydrate derivatives suffer from rapid renal excretion, unless binding to blood
plasma components is possible. As a consequence, carbohydrate derivatives require a
parenteral application (e.g. low-molecular weight heparins and fondaparinux™ used as
coagulants) or they exert their therapeutic effects in the small intestine and do therefore not
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need to be absorbed into circulation upon oral dosing (e.g. voglibose®®, miglitol’’, acarbose™®

used as a-glycosidase inhibitors).

14.1 Strategies for achieving ‘drug-likeness’

For achieving ‘drug-likeness’,” the pharmacokinetic profile of the carbohydrate derivatives

needs to be adjusted towards enhanced lipophilicity, which conduces to both membrane

0 However, these modifications should not

permeability and plasma protein binding.’
constrain aqueous solubility, which is basically favored by high polarity, or increase the
propensity to metabolic biotransformations. Strategies for optimizing the pharmacokinetic
profile are modifications of the substitution pattern,” the bioisosteric replacement of crucial

groups,” or the prodrug approach.®
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Bioisosteres. Exploring bioisosteres, i.e. structurally

distinct moieties that are similarly recognized by the drug HGC/\/\NF/N/{ ¢
target, is an appealing strategy for altering the O -
physicochemical properties of a lead compound (e.g. ':!?N\\N
lipophilicity or pK.).** Classical bioisosteres include O

Losartan
structurally simple mono-, di-, trivalent atoms or groups as

. . . .. Figure 1.5. Bioiososteres. During
well as ring equivalents, whereas nonclassical bioisosteres . .
development of the angiotensin

extend the concept to elements that comprise a different receptor Il-antagonist Losartan,
number of atoms and exhibit different steric and electronic oral bioavailability was achieved
properties compared to the functionality being emulated. by  replacing  the  terminal

Meanwell comprehensively reviewed classical and carboxylic acid group with an

nonclassical Dbioisosteres recently used in the drug isosteric tetrazole ring.
design.”® The angiotensin receptor II-antagonist Losartan

(Figure 1.5) is a marketed drug where a bioisosteric replacement was successfully applied to
optimize the pharmacokinetic properties.”> The replacement of a terminal carboxylic acid
group with an isosteric tetrazole ring conferred the required oral activity and duration of

action.

Prodrugs. Bioreversible derivatives that are enzymatically reconverted to the active parent
compound have become an established tool for improving the intestinal absorption potential

by increasing membrane permeability or aqueous solubility.*®

Poor membrane permeability can be overcome by masking polar moieties of the molecule.
The most common prodrug approach is therefore the esterification of an acid group with an
alkyl alcohol that, upon absorption from the intestine, is cleaved by hepatic or plasma-borne
esterases. Beaumont ef al. comprehensively reviewed the prerequisites for a successful ester
prodrug approach.”” One example of a marketed ester prodrug is oseltamivir phosphate used
as neuraminidase inhibitor in the prevention of influenza virus infections (Figure 1.6a).
Starting from a carbohydrate lead, the structure was optimized by eliminating polar groups
and metabolic “soft spots” and by finally designing an ester prodrug to reach oral
bioavailability.”” Upon absorption, the ester is hydrolyzed to the active carboxylate
RO64-0802 with an absolute bioavailability of 80%.°® The active principle can be detected in
the plasma within 30 minutes after application of the prodrug and reaches maximal

concentrations after 3-4 hours.®

19



Introduction

Aqueous solubility of a candidate molecule can be enhanced by adding a phosphate
promoiety, which is rapidly cleaved by the endogenous alkaline phosphatase enzyme in the
intestinal lumen upon dissolution, but before absorption.’”’ Although there are many marketed
phosphate prodrugs for parenteral administration, only few of them have been developed

exclusively for oral administration.”!

Fosamprenavir calcium (Figure 6b), an orally
administered prodrug, is a phosphate ester of the HIV protease inhibitor Amprenavir. The
prodrug shows better water solubility and as a consequence higher oral bioavailability than

the pharmacologically active parent compound.”

a) b)
\_2 2
(o]
AcHN 0N
HaN Tt
H,PO,
Oseltamivir phosphate Fosamprenavir calcium

Figure 1.6. Prodrugs. (a) For improving the permeability through the intestinal membranes, the polar carboxylic
acid moiety of Oseltamivir was masked by an ethyl ester.®’ (b) The aqueous solubility of Amprenavir, an HIV-

protease inhibitor, was improved by a phosphate ester approach (Fosamprenavir calcium).”

1.5 ADME profiling

A thorough pharmaceutical profiling during the lead identification and optimization process
supports the identification of the most promising strategies for achieving ‘drug-likeness’ and
enables the research team to specifically address unfavorable pharmacokinetic properties of
the lead structure.”” Current profiling methods in silico and in vitro cover specific
pharmacokinetic aspects of absorption, distribution, metabolism, or excretion and are
therefore referred to as ADME studies, or they set the focus on the physicochemical
properties which are the underlying descriptors for these processes. The following section
summarizes the most common parameters and the corresponding in vitro assays. An excellent
overview of the concepts can also be gained from Kerns e al.,* furthermore presenting

information on in silico and in vivo approaches.

1.5.1 Phyiscochemical parameters

Lipophilicity. The tendency of a compound to partition into a nonpolar matrix versus an
aqueous matrix has been correlated to various drug properties, including permeability,

absorption, distribution, plasma protein binding, metabolism, elimination, and toxicity.*’
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Traditionally, the partitioning is determined between octanol and aqueous buffer and
quantified as partition coefficient (log P) or distribution coefficient (log D). The partition
coefficient describes the partitioning at a pH where all of the compound molecules are in the
neutral form, whereas log D is determined for ionizable compounds at a specified pH. In
general, ions have a lower affinity for the nonpolar phase than the unionized portion. Unlike
the partition coefficient, log D therefore depends on the pH of the aqueous buffer, on the pK,
of the compound, and on whether the compound is an acid or a base.” For predicting a
compound’s lipophilicity, various in silico tools have been developed.”” The CLOGP
methods predict the log P of a substance by first breaking it up into substructures with
experimentally determined log P and then calculating the sum of the individual contributions.
Otherwise, the MLOGP method introduced by Moriguchi estimates the lipophilicity based on
13 parameters determined for each compound individually.”® The gold standard for the
experimental determination of log D is the shake-flask approach,”” where an aqueous
compound solution and n-octanol are brought together and vigorously shaken. Upon
separation, the concentrations of analyte are determined in both phases and the ratio of the
concentrations is calculated to obtain the coefficient. Further methods commonly used for
log D determination include reversed-phase HPLC,” capillary electrophoresis,” and pH-

. 80
metric approaches.

Aqueous solubility. The maximum concentration that a compound reaches in a solvent at
equilibrium with solid compound is a key property, because low solubility compromises the
outcome of activity or property assays in vitro as well as the oral bioavailability in vivo (vide
supra).®! Tt is important to distinguish between ‘kinetic’ and ‘thermodynamic’ solubility. For
determining the kinetic solubility, the compound is entirely dissolved in an organic solvent
(e.g. DMSO) and then titrated to the aqueous buffer until precipitation can be observed. The
equilibrium between dissolved and solid compound is usually not reached, because the
precipitates can be in a metastable crystalline form. Typically, the kinetic solubility is
determined in early drug discovery as a high throughput assay by use of one of the following
methods: the direct UV method,** where the concentration of solute upon filtration is
determined against a single point standard, or the nephelometric and the turbidimetric

3983 which directly measure the precipitation of the added compound from the

methods,
solution once it exceeds the solubility. For determining the thermodynamic solubility,”* solid
compound is directly added to aqueous buffer and stirred until it reaches an equilibrium

between dissolved and solid state. Upon filtration, the concentration of solute in the
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supernatant is determined by LC-MS. The thermodynamic solubility is usually assessed for
crystalline material at later stages of drug discovery and development and is most relevant for

formulation and clinical development.

pK,. The negative logarithm of the acid dissociation constant (K,) indicates a compound’s
ionizability, i.e. it defines the fractions of ionized and neutral species of an acid or a base in
aqueous solution at a given pH. In general, ionized molecules are more polar than neutral
molecules. Therefore, the pK, of a drug affects various properties, such as the aqueous
solubility at a given pH, the permeability through biological membranes, the plasma protein
binding, or the excretion via the bile or the kidney.* Different in silico tools have been
developed for pK, prediction. Commercially available software were comprehensively
reviewed by Balogh er al* and Liao and Nicklaus.*® Methods for the experimental pK,
determination include spectral gradient analysis (SGA),*” NMR spectroscopy,® capillary

electrophoresis,® or potentiometric titration.”

1.5.2 Absorption

Along with the concentration gradient through the intesintal mucosa primarily determined by
the applied dose or the compound’s solubility, permeability is a key factor of the absorptive
flux. Several assays exist for assessing the ability to permeate the membrane at an early stage
of drug discovery and development. Currently, two approaches are commonly applied: First,
artificial membrane permeation methods which model passive diffusion mechanisms; second,
cell layer methods that consider passive diffusion, active uptake, efflux, and paracellular

permeation.

Parallel artificial membrane permeability assay (PAMPA): Introduced by Kansy et al.,
PAMPA is a cost-effective high throughput assay for passive diffusion assessment.”’ In brief,
test compound dissolved in buffer is placed in a 96-well plate - the ‘donor plate’. The filter
membranes of a 96-well filter plate - the ‘acceptor plate’ - are infused with a phospholipid-
solvent mixture, which soaks into the holes of the filter and forms the artificial membrane.
Donor and acceptor plate are assembled and blank buffer is placed in the wells of the filter
plate, on top of the artificial barrier. This ‘sandwich’ is maintained at a constant temperature
and humidity for a predefined period (1 to 18 h), such that diffusion can occur. The effective
permeability is calculated from the compound flux, the concentration gradient between the
donor and acceptor compartments and the filter area. Since the first application, the assay

parameters have been varied with the aim to better mimic the physiological conditions and to
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speed up the procedure.”” For example, the lipid composition has been modified to adapt in
vivo brush-border membrane conditions, additives have been given to the acceptor well
solution to maintain sink conditions, or stirring plates have been placed in the donor
compartments in order to compress the thickness of the aqueous boundary layer located next

to the artificial membrane.

Cell layer methods. Cell based approaches are more time-consuming than PAMPA but
consider passive diffusion as well as carrier-mediated transport and therefore provide
enhanced information on permeability mechanisms. The human colorectal adenocarcinoma
(Caco-2) cell line is the best-known cell line for the assay.” Furthermore, the Madin Darby
Canine Kidney (MDCK) cell line has been used primarily for passive diffusion studies.”
Caco-2 cells are cultivated on filter-support inlets of multiwell plates, where they grow to
confluence, develop the microvilli morphology on the apical surface and express transporter
proteins as well as metabolizing enzymes.” The compound flux can be studied in the apical
to basolateral direction or vice versa for modeling membrane diffusion or active transport

processes (see section 1.5.5 below).

1.5.3 Distribution

Drug distribution, as quantified by the volume of distribution, is related to the extent of drug
binding in tissues vs. the extent of binding in plasma (the central compartment). Binding in
plasma can easily be determined in vitro by measuring the plasma protein binding (PPB),
whereas tissue binding has not been accessible in vitro so far. Besides PPB, experimental
log D and pK, have been identified as key predictors for modeling the volume of distribution
of neutral and basic small molecules.”® Furthermore, membrane barriers, e.g. the blood brain
barrier (BBB), determine the compound distribution into specific tissues. Approaches for
predicting BBB permeation include artificial membrane permeability methods (PAMPA-

BBB),”” cell-based methods,” or in vivo brain uptake studies, amongst others.

Plasma protein binding. The fraction bound to plasma proteins is not only a key descriptor
for drug distribution but also strongly influences the drug clearance because only unbound
drug is accessible to the enzymatic bioconversion or to the filtration in the renal glomeruli.”
Different methods have been established to determine the fraction of drug bound to plasma
proteins in vitro. The equilibrium dialysis method represents the ‘gold standard’.'® In brief,
two chambers — one filled with plasma with the added test compound, the other filled with

blank buffer — are separated by a dialysis membrane which is permeable for free drug
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molecules but impermeable for plasma proteins. The system is incubated for a predefined
period until the concentrations of free drug on each side of the membrane are in equilibrium.
To determine the fraction unbound in plasma (f;), the concentration of drug in the buffer
chamber at equilibrium is divided by the total drug concentration in the plasma chamber. For
increasing the experimental throughput, the equilibrium dialysis method has been

101, 102

miniaturized to a 96-well format. Further approaches for the PPB determination include

ultrafiltration, ultracentrifugation, HPLC, microdialysis, or surface plasmon resonance,

1 1 104
amongst others.'* %% 10

1.5.4 Metabolism

Metabolic bioconversion is mediated by a vast array of enzymes, which are associated to
different body tissues and involve various co-factors into the enzymatic reaction.*’” The most
prominent enzymes in phase I reactions are monooxygenases of the cytochrome P450 family,
which are associated to the endoplasmic reticulum (ER) of different tissues (e.g. hepatocytes
or enterocytes). Phase II reactions are mediated by, amongst others, UDP-
glucuronosyltransferases to form glucuronide metabolites, sulfotransferases to form sulfate

metabolites, or glutathione-S-transferases to form glutathione conjugates.

Different computational tools have been developed to predict the cytochrome P450 mediated
drug metabolism, i.e. the most likely metabolic labile sites of a drug candidate, CYP substrate
specificities, the rate and extent of the metabolic turnover, as well as inhibitors and inducers
of individual isozymes. Tools and commercial software available for the prediction of

metabolism were comprehensively reviewed by Crivori and Poggesi.'”

Metabolic stability studies. High stability towards phase I modifications and phase II
conjugations 1is usually aspired to provide sufficiently high drug levels for the
pharmacological effect.” In the case of prodrugs, high susceptibility to the enzyme-mediated
bioactivation is however desirable.”> Metabolic stability studies are conducted in vitro with
liver and intestinal microsomes, S9 fraction, hepatocytes, liver slices, or plasma.'*® '"’
Microsomes are prepared by differential centrifugation of a liver or intestine tissue
homogenate and contain the metabolizing enzymes that are bound to the endoplasmic
reticulum, e.g. the cytochrome P450 oxidizing enzymes, enzymes of the carboxylesterase
superfamily, or phase II conjugating enzymes such as the UDP-glucuronosyltransferases.*’
The assessment of CYP-mediated monooxygenation requires the addition of NADPH,'™ the

109

glucuronidation requires uridine diphosphate glucuronic acid (UDPGA), ™ whereas the
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"% Microsomes are most commonly

carboxylesterase-activity does not rely on a co-factor.
used for metabolic stability screenings during early drug discovery. For this purpose, test
compound is dissolved in a buffered aqueous solution containing microsomes and the
respective co-factor. Aliquots are removed from the mixture at specific time points for
determination of remaining parent compound. The metabolic stability is usually reported as

metabolic half-life (t;,) or as intrinsic clearance (CL’int).lo8

At a later stage of discovery and development, when phase I and II stability are of interest,
either S9 fraction, hepatocytes, or liver slices are used. The S9 fraction, i.e. the supernatant
obtained from differential centrifugation of liver homogenate at 9000g, contains both the
cellular cytosol and the endoplasmatic reticulum with the associated metabolizing enzymes.*’
Hepatocytes — either in suspension or used as ‘sandwich culture hepatocytes’ — are prepared
from fresh livers and are useful when the interplay of metabolism and cellular uptake is of
interest. They contain a complete ensemble of metabolizing enzymes of all isotypes,
co-factors, cellular components, and membrane permeation mechanisms. The most complex
systems are ‘precision-cut’ liver slices, i.e. sections of the whole liver tissue. They represent
all of the natural liver metabolizing systems, including transporters, enzymes, and co-factors,
and are particularly useful for in-depth studies of selected compounds.

"1 Metabolic liability studies

Plasma also contains enzymes that convert drugs, e.g. esterases.
with plasma therefore play an important rule in the development of ester prodrugs. For
assessing plasma stability, test compound dissolved in aqueous buffer is mixed with plasma
and incubated at 37°C. Aliquots are removed at specific time points. The parent compound
remaining after incubation is quantified by LC-MS for the calculation of the metabolic half-

life (t1,,).""

1.5.5 Excretion

Renal and hepatobiliary excretion are the two main routes of drug excretion in the human
body. Polar drugs or metabolites are predominantly renally excreted, whereas apolar
compounds, which are not susceptible to bioconversion, prefer the hepatobiliary route. The
rate of renal excretion depends on the glomerular filtration primarily restricted by the PPB as
well as on the passive or transporter-mediated tubular reabsorption and secretion.™
Hepatobiliary excretion relies on the compound uptake from the sinusoid into the hepatocytes
and the subsequent excretion into the bile, either by passive diffusion or active carrier-

mediated transpor‘[.47
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Transporter studies. Given the importance of carrier-mediated mechanisms for absorption,
distribution, and excretion, various methods to assess transport have been developed.
Currently applied methods include membrane based assay systems (i.e. ATPase assay,
membrane vesicle transport assay) and cell-based assays which involve either polarized cell
lines without recombinant transporters (e.g. Caco-2, MDCK), transfected cell lines, or

primary cells.'"

The ATPase assay is used to evaluate the interactions of substrates with ABC transporters.
Substrate-dependent ATPase activity in cell membrane preparations or purified membrane
proteins is detected by a colorimetric analysis of the inorganic phosphate release during the
transport process.'”” Inverted plasma membrane vesicles are primarily used to study the
efflux activity by ABC transporters. Inverted membrane vesicles are prepared from cells
expressing the transport proteins of interest (e.g. baculovirus-infected insect cells). When
they are added to a compound solution, substrate accumulates within the vesicles and can be

detected upon washing and lysis.'"*

The cell-based assay systems are performed using either a cell suspension or a confluent cell
monolayer cultured on a permeable membrane support matrix. When cells in suspension are
exposed to the test compound, transporter substrate accumulates within the cells and can be
quantified upon washing and lysis.''> Transporter studies involving a cell monolayer are done
by applying a test compound to either the apical or basolateral side of the confluent cell layer
and measuring the resulting transmembrane flux.''® Active uptake or efflux can be identified
by the appearance of bi-directional differences in the apparent permeability.''® Primary
hepatocytes are furthermore cultured in a sandwich configuration between two layers of
gelled collagen, where they reestablish a structurally and functionally normal bile canalicular
network and express sinusoidal and canclicular transporter proteins. Sandwich-cultured
hepatocytes are used to study hepatic uptake, metabolism, and biliary excretion in one

assay.'’
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1.6 Aims of the thesis

The present thesis is embedded in the
development process of a highly active

and orally available FimH antagonist.

The goal of the thesis was the
physicochemical and in vitro
pharmacokinetic ~ characterization  of

biaryl oa-D-mannopyranosides within a
development cycle (Figure 1.7) which
explores several optimization strategies,
such as prodrug and bioisostere
approaches. In vitro assays predictive for

drug absorption, distribution, metabolism,
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Figure 1.7. Pharmacodynamic and pharmacokinetic
optimization of biaryl a-D-mannopyranoside FimH

antagonists.

and excretion were implemented with the aim to comprehensively characterize the candidate

molecules and to guide their development towards ‘drug-likeness’.
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2 Results and discussion

2.1 Outline

Optimiziation of the biphenyl mannoside. In line with most carbohydrate-derived
compounds, the biphenyl a-D-mannopyranoside FimH antagonist Sd is highly hydrophilic,
which hampers intestinal absorption and promotes rapid clearance of the systemically
available fraction via the kidneys (for details refer to Paper I in the following section). Renal
excretion as the major route of elimination is basically aspired. However, too fast clearance
leads to high peak levels in the urine and a rapid decrease beyond antiadhesive
concentrations, implying the need for a frequent dosing to maintain the therapeutic effect in
the bladder. The optimization of the lead structure Sd towards higher oral bioavailability and
sustained excretion relies on diverse modifications summarized in Figure 2.1 and described in

the following chapters:
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Figure 2.1. Modifications to the biphenyl a-D-mannopyranoside lead structure 5d by 1) introduction of a
methyl ester prodrug masking the polar carboxyl acid subistutent on the terminal ring of the biphenyl
aglycone, 2) optimization of the alkyl promoiety of the ester prodrug, 3)introduction of aromatic
heterocycles as terminal ring of the biaryl aglycone, 4) optimization of the substitution patterns of ring A and
B, 5)introduction of bioisosteres replacing the carboxylic acid moiety, and 6) introduction of acyl

promoieties on the mannose portion.



2.1 — Outline

1) Introduction of a methyl ester prodrug which masks the polar carboxylic acid
substituent on the terminal ring (B) of the biphenyl aglycone (Paper I).

2)  Optimization of the alkyl promoiety of the ester prodrug (Chapter 2).

3) Introduction of aromatic heterocycles as terminal ring (B) of the biaryl aglycone
(Manuscript 3).

4a) Optimization of the ortho-substituent on ring A of the biphenyl aglycone (Paper 4).

4b) Optimization of the substitution pattern on the terminal ring (B) of the biphenyl
aglycone following the Topliss approach (Manuscript 5).

5)  Replacement of the carboxylic acid moiety by bioisosteres (Paper 6).

6) Introduction of acyl promoieties on the mannose portion (Chapter 7).

Optimization of the indolinyl phenyl mannoside. In contrast to the biphenyl derivatives, the
indolinyl phenyl o-D-mannopyranoside FimH antagonist 6 shows elevated lipophilicity,
promoting the permeation through the membranes lining the small intestine. However low
aqueous solubility impairs the initial dissolution step in the intestinal fluids and therefore the
intestinal absorption (for details refer to Paper §). The optimization of the indolinyl phenyl
mannoside 6 towards higher aqueous solubility follows a phosphate ester prodrug strategy

depicted in Figure 2.2 and described in detail in Manuscript 9.

Figure 2.2. Modifications to the indolinyl phenyl a-D-mannopyranoside lead structure 6 by introduction of a

phosphate promoiety.

Characterization of diverse aryl mannosides. The physicochemical profiles of diverse FimH
antagonists with aglycones of increased flexibility, including triazolyl-methyl and -ethyl a-D-
mannopyranosides, N-linked mannosyl triazoles, and triazolyl-methyl-C-mannosides, are

described in Paper 10.
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2.2 Paper 1: FimH antagonists for the oral treatment of urinary tract
infections: from design and synthesis to in vitro and in vivo

evaluation

This publication describes the identification of biphenyl a-D-mannopyranosides as potent
FimH-antagonists and the experimental determination of the basic physicochemical and
pharmacokinetic properties. Furthermore an ester prodrug approach is introduced as an

appealing strategy for achieving oral bioavailability.

Contribution to the project:
Simon Kleeb established and performed the metabolic stability assays and interpreted the
resulting data. Furthermore, he contributed to the writing of the experimental section about

the determination of the pharmacokinetic properties.

This paper was published in the Journal of Medicinal Chemistry:
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Institute of Molecular Pharmacy, Pharmacenter, University of Basel, Klingelbergstrasse 50, CH-4056 Basel, Switzerland.

" These authors contributed equally to the project

Received August 4, 2010

Urinary tract infection (UTI) by uropathogenic Escherichia coli (UPEC) is one of the most common
infections, particularly affecting women. The interaction of FimH, a lectin located at the tip of bacterial
pili, with high mannose structures is critical for the ability of UPEC to colonize and invade the bladder
epithelium. We describe the synthesis and the in vitro/in vivo evaluation of a-p-mannosides with the
ability to block the bacteria/host cell interaction. According to the pharmacokinetic properties, a
prodrug approach for their evaluation in the UTI mouse model was explored. As a result, an orally
available, low molecular weight FimH antagonist was identified with the potential to reduce the colony
forming units (CFU) in the urine by 2 orders of magnitude and in the bladder by 4 orders of magnitude.
With FimH antagonist 16b, the great potential for the effective treatment of urinary tract infections with
a new class of orally available antiinfectives could be demonstrated.

Introduction

Urinary tract infection (UTI?) is one of the most common
infections, affecting millions of people each year. Particularly
affected are women, who have a 40—50% risk to experience at
least one symptomatic UTI episode at some time during their
life. In addition, more than half of them experience a relapse of
the infection within 6 months.'

Although UTIs rarely cause severe diseases such as pyelo-
nephritis or urosepsis, they are associated with high incidence
rate and consume considerable healthcare resources.” Uro-
pathogenic Escherichia coli (UPEC) are the primary cause of
UTIs, accounting for 70—95% of the reported cases. Sympto-
matic UTIs require antimicrobial treatment, often resulting in
the emergence of resistant microbial flora. As a consequence,
treatment of consecutive infections becomes increasingly
difficult because the number of antibiotics is limited and the
resistance of E. coli is increasing, especially in patients with
diabetes, urinary tract anomaly, paraplegy, and those with
permanent urinary catheter. Therefore, a new approach for
the prevention and treatment of UTI with inexpensive, orally

*To whom correspondence should be addressed. Phone: +41 61 267
1551. Fax: +41 61 267 1552. E-mail: beat.ernst@unibas.ch.

“ Abbreviations: AUC, area under the curve; Caco-2 cells, Caucasian
colon adenocarcinoma cells; CFU, colony forming units; CRD, carbo-
hydrate recognition domain; DC-SIGN, dendritic cell-specific intercel-
lular adhesion molecule-3-grabbing nonintegrin; CES, carboxylesterase;
ICsp, half maximal inhibitory concentration; iv, intravenous; D, dis-
tribution coefficient; GPE, guinea pig erythrocytes; LC-MS, liquid
chromatography—mass spectrometry; MBP, mannose-binding protein;
PAMPA, parallel artificial membrane permeation assay; Pyp, apparent
permeability; P, effective permeation; po, peroral; PPB, plasma protein
binding; PSA, polar surface area; S, solubility; SAR, structure—activity
relationship; sGF, simulated gastric fluid; sIF, simulated intestinal fluid;
TEER, transepithelial resistance; UPEC, uropathogenic E. coli; UTI,
urinary tract infection.
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applicable therapeutics with a low potential for resistance
would have a great impact on patient care, public health care,
and medical expenses.

UPEC strains express a number of well-studied virulence
factors used for a successful colonization of their host.> > One
important virulence factor is located on type 1 pili, allowing
UPEC to adhere and invade host cells within the urinary tract.
Itenables UPEC to attach to oligomannosides, which are part
of the glycoprotein uroplakin Ia on the urinary bladder
mucosa. This initial step prevents the rapid clearance of E.
coli from the urinary tract by the bulk flow of urine and at the
same time enables the invasion of the host cells.*

Type 1 pili are the most prevalent fimbriae encoded by
UPEC, consisting of the four subunits FimA, FimF, FimG,
and FimH, the latter located at the tip of the pili.” As a part
of the FimH subunit, a carbohydrate-recognizing domain
(CRD) is responsible for bacterial interactions with the host
cells within the urinary tract.® The crystal structure of the
FimH-CRD was solved® and its complexes with n-butyl
a-p-mannopyranoside’ and Mana(1—3)[Mana(1—6)]Man'®
recently became available.

Previous studies showed that vaccination with FimH ad-
hesin inhibits colonization and subsequent E. coli infection of
the urothelium in humans.'"!? In addition, adherence and
invasion of host cells by E. coli can also be prevented by a-p-
mannopyranosides, which are potent antagonists of interac-
tions mediated by type 1 pili.'"* Whereas a-p-mannopyrano-
sides efficiently prevent adhesion of E. coli to human
urothelium, they are not exhibiting a selection pressure to
induce antimicrobial resistance. Furthermore, environmental
contamination is less problematic compared to antibiotics.'*

More than two decades ago, Sharon and co-workers have
investigated various mannosides and oligomannosides as

Published on Web 11/24/2010 pubs.acs.org/jmc
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Figure 1. Known alkyl (1) and aryl (2—4) a-p-mannosides exhibiting nanomolar affinities.

Scheme 1. Phenyl a-p-Mannosides 7a—7d with Spacers of Different Lengths between the Carbohydrate Moiety and the Phenyl
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“(i) Ph(CH,),O0H, Hg(CN),, HgBra, DCM, 2 h to 7 d, rt, 57—99%; (ii) NaOMe, MeOH, 6—16 h, rt, 48—91%.

potential antagonists for type 1 fimbriae-mediated bacterial
adhesion.'®> However, for these mannosides, only weak inter-
actions in the milli- to micromolar range were observed. In
contrast, numerous reports on glycoconjugate dendrimers
with nanomolar affinities have been published.”’ However,
on the basis of their large molecular weight and high polarity,
they are predicted to exhibit only poor intestinal absorption
and are therefore not amenable for oral dosing. Recently,
some isolated reports on high affinity monovalent FimH
antagonists were published!” and, in one case, a systematic
structure—activity relationship (SAR) profile was established.'”
In summary,®>"571 long chain alkyl and aryl mannosides
(selected examples are presented in Figure 1) displayed the
highest affinity, likely due to hydrophobic interactions with
two tyrosines and one isoleucine forming the entrance to the
binding site, the so-called “tyrosine gate”.'® Because binding
affinities were obtained from diverse assay formats,”!’* a
direct comparison of the affinities is difficult. On the basis
of various crystal structures of methyl-® and n-butyl
a-p-mannoside'® as well as oligomannose-3° bound to FimH,
Han et al. recently presented a rationale for the design of
arylmannosides with increased affinities.'™

To date, a few reports on the in vivo potential of methyl
a-p-mannoside'*?'~? and n-heptyl o-p-mannoside (1)'° are
available. In all cases, the FimH antagonists were directly
instilled into the bladder concomitantly with uropathogenic
E. coli (UPEC). In this communication, we present for the first
time nanomolar FimH antagonists exhibiting appropriate
pharmacokinetic properties for iv and oral treatment of
urinary tract infections.

Results and Discussion

Identification of Lead Mannoside. In most of the reported
FimH antagonists, aromatic aglycones have been applied.'”
However, only limited information on the optimal spacer
length between the mannose moiety and the aromatic sub-
stituent is available. Generally, the aromatic moiety is directly
fused to the anomeric oxygen.' " Extended spacers containing
one' ™Y or two'”® methylene moieties were also reported,
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however, the corresponding antagonists are not really com-
parable to each other because different assay formats were
used for their evaluation. For the identification of the
optimal spacer length, we therefore synthesized mannosides
7a—d (Scheme 1). In a competitive binding assay,?® manno-
side 7a showed a slightly higher affinity (Table 1, entry 2)
compared with 7b—7d (see Table 1, entries 3—5), confirming
recent data for 7a and 7b.!7¢

From the crystal structure of n-butyl a-p-mannoside
bound to FimH,'® it becomes obvious that the hydrophobic
rim formed by Tyr48, Tyr137, and Ile52 is not reached by an
anomeric phenyl group. An extension by a second aromatic
ring, i.e. a biphenyl a-p-mannoside, however, should be
compatible for m—m staking. Indeed, some recently pub-
lished representatives of this compound class show excellent
affinities.'”

To achieve an optimal fit with the hydrophobic binding
site of FimH, the conformation of the biphenyl aglycone in i
was modified by different substitution patterns on ring A
(Figure 2). Because electron poor aromatic rings substan-
tially improve the binding affinities of FimH antagonists (a
10-fold improvement is reported for 2B vs 2A'7), chloro
substituents on ring A were used for the spatial exploration
of the binding site. With substituents in ortho-position, only
aminor change of the dihedral angle ®, is observed (—3.3° to —
0.7°). However, by an increased rotational barrier, the con-
formational flexibility is limited. The dihedral angle @,
between the conjugated aromatic rings results from an inter-
play between m-conjugation and steric effects.***> By mi-
grating the substituent to the meta-position, the torsion angle
@, is substantially influenced. Whereas unsubstituted biphe-
nyls show a global twisted minimum at a torsion angle @, of
approximately 39°,%° substituents in the meta-position favor
an increase of @, to 60°. Details of the conformational
analyses are summarized in the Supporting Information.

Design Strategy for Intestinal Absorption and Renal Elim-
ination. Besides high affinity, drug-like pharmacokinetic
properties are a prerequisite for a successful in vivo applica-
tion. In the present case, orally available FimH antagonists
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Figure 2. Conformational changes of the biphenyl aglycone by chloro substitutions in ortho- and meta-position of ring A.
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Figure 3. FimH antagonists with the pharmacodynamic and pharmacokinetic properties required for a therapeutic application. (1) For the
prediction of oral availability, the PAMPA>® and the Caco-2 cell assay®! are applied. (2) The hydrolysis of ester ii to carboxylate iii is evaluated
by mouse liver microsomes. (3) Renal excretion is estimated based on a positive correlation with polar descriptors (polar surface area, H-bond
donors, H-bond acceptors, rotatable bonds).* (4) The potential of FimH antagonists is assessed with a target-based assay* and a function-
based cellular assay.>* For the evaluation of the therapeutic effect, a urinary tract infection mouse model (UTI mouse model in C3H/HeN mice)

is applied.

that, once in circulation, are metabolically stable and under-
go fast renal elimination, are required. This pharmacokinetic
profile results from various serial and/or simultaneous pro-
cesses that include dissolution, intestinal absorption, plasma
protein binding, metabolic clearance, body distribution as
well as renal and other clearance mechanisms. Because intestinal
absorption and renal elimination are related to opposed
properties, i.e. lipophilicity for intestinal absorption and
hydrophilicity for renal elimination, a prodrug approach?’
was envisaged (Figure 3). Ester ii is expected to undergo
intestinal absorption®® and, later on, efficient hydrolysis to
carboxylate iii by esterases® present in enterocytes lining the
small intestine and in the liver.

For renal clearance, the net result of glomerular filtration,
active tubular secretion, and reabsorption, carboxylate iii
should exhibit low lipophilicity (log D;4) and favorable
polar descriptor values (polar surface area (PSA), H-bond
capacity and rotatable bonds).*® By contrast, lipophilic
compounds are efficiently reabsorbed (as the passive reab-
sorption process occurs throughout the length of the ne-
phron, whereas the secretion predominantly occurs at the
proximal tubule). The estimated negative log D4 for an-
tagonists of type iii is expected to fulfill these specifications
for an efficient renal elimination and a low reabsoption. Finally,
once arrived at the site of action in the bladder, the antago-
nist binds to the carbohydrate recognition domain (CRD)
located on the bacterial pili, thus interfering with the adhesion
of E. coli to oligosaccharide structures on urothelial cells.>*
To identify antagonists with the pharmacokinetic properties
required for oral absorption and fast renal elimination, it was
planned to determine PK parameters such as log D74, pK,,
solubility, plasma protein binding, metabolic stability, and
oral availability using the parallel artificial membrane per-
meation assay (PAMPA)* and the Caco-2 cell assay.”’

Synthesis of FimH Antagonists. The aglycone in the o-1-
position of D-mannose plays a ternary role, i.c. it mediates the
lipophilic contact with the hydrophobic tyrosine gate, con-
tains the elements required for intestinal absorption and, after
metabolic cleavage of the prodrug, for a fast renal elimination.
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The syntheses of the para-substituted biphenyls 16a—e and
17a—c.e are outlined in Scheme 2. Lewis acid promoted
glycosylation of the halogenated phenols 13a—e with tri-
chloroacetimidate 12*° yielded the phenyl o-p-mannosides
14a—e. In a palladium-catalyzed Suzuki coupling with
4-methoxycarbonylphenylboronic acid, the biphenyls 15a—e
were obtained. For the deprotection of the mannose moiety,
Zemplén conditions were applied (— 16a—e). Finally, the
methyl esters were saponified, yielding the sodium salts
17a—c.e.

In a similar approach, two meta-substituted biphenyls in
their ester form (— 21a,b) and as free acids (— 22a,b) were
obtained (see Scheme 3).

Binding Affinities and Activities. For the biological in vitro
evaluation of the FimH antagonists, two assay formats have
been developed. For an initial characterization, a cell-free
competitive binding assay> and, later on, a cell-based ag-
gregation assay,” were applied. Whereas in the cell-free
competitive binding assay only the CRD of the pili was used,
the complete pili are present in the cell-based assay format.
Furthermore, both formats are competitive assays, i.e. the
analyzed antagonists compete with mannosides for the
binding site. In the cell-free competitive binding assay, the
competitors are polymer-bound trimannosides, whereas in
the aggregation assay, the antagonist competes with more
potent oligo- and polysaccharide chains present on the sur-
face of erythrocytes.>® Therefore, lower ICs, values are
expected for the cell-free competitive binding assay. In
addition, switching from the cell-free target-based assay to
the function-based assay generally leads to a reduction of
potency by several orders of magnitude. The interaction is
further complicated by the existence of a high- and a low-
affinity state of the CRD of FimH. Aprikian et al. experi-
mentally demonstrated that in full-length fimbriae the pilin
domain stabilizes the CRD domain in the low-affinity state,
whereas the CRD domain alone adopts the high-affinity
state.”” It was recently shown that the pilin domain allos-
terically causes a twist in the fS-sandwich fold of the CRD
domain, resulting in a loosening of the binding pocket.*® On
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the basis of these findings, we expect a loss of affinity of our
antagonists toward full-length fimbriae, when compared to
the CRD domain alone.

Cell-Free Competitive Binding Assay. The cell-free inhibi-
tion assay is based on the interaction of a biotinylated
polyacrylamide glycopolymer with the FimH-CRD as pre-
viously reported.>® A recombinant protein consisting of the
carbohydrate recognition domain of FimH linked with a
thrombin cleavage site to a 6His-tag (FimH-CRD-Th-6His)
was expressed in E. coli strain HM125 and purified by
affinity chromatography. The ICs, values of the test com-
pounds were determined in microtiter plates coated with
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FimH-CRD-Th-6His. Complexation of the biotinylated
glycopolymer with streptavidin coupled to horseradish per-
oxidase allowed the quantification of the binding properties
of FimH antagonists (Figure 4a). To ensure comparability
with different antagonists, the reference compound n-heptyl
a-p-mannopyranoside (1)** was tested in parallel in each
individual microtiter plate. The affinities are reported relative to
n-heptyl a-pD-mannopyranoside (1) as rICsy in Table 1.

The most active representatives from the ester group are
16a (Table 1, entry 6) and 16b (entry 8) with affinities in the
low nanomolar range, which is an approximately 10-fold
improvement compared to reference compound 1. The
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Table 1. Pharmacodynamic and Pharmacokinetic Parameters of FimH Antagonists™”

OH ICso rICsy | ICso PAMPA Caco-2 | log D74 | pKa | log$ PPB
Ho o binding Aggrego- log Pe Pupp [ug/mL)/ [%)
Ho- assay metry assay | [logl0®cm/s) | [10° pH
R [nM] [1M] %Mm cn/s]
1 |
O 73£7.9 1.0 77.14:8.7 | -4.89/21 nd 1.65 - >3000 81
1
2 |
0.
\© 150£11.5 | 1.9 nd nd/nd nd nd - >3000 nd
7a
30
o. 364£16.8 | 4.6 nd nd/nd nd nd - nd nd
7
s ]
\/\© 208112 |26 | nd ndind nd nd - | nd
7c
S
o 253+13.4 | 32 nd nd/nd nd nd - nd nd
7d
6 |
0.
O 104512 | 014 | 4247 -4.7/<20% 423 2.14 - 33.8/6.51 93
16a'7 ! COOMe
7 |
0.
O 17.1£22 | 0.15 | 4548 np nd <15 | 3.88 | >3000/6.61 |73
17a l COONa
8 | cl
0.
O 4812 0.06 | 927 -4.6/41.00 2.05 232 - 119/6.53 | 94
16b ‘COOMe|
9 I cl
0.
O 6.742.1 0.09 | 1023 np/3.5 nd 077 | 398 | >3000/6.50 | 89
17 'COONa
0l a
22,0484 | 030 | 41" -4.72/67.6 nd 242 - 11.5/6.50 95
16¢c ‘ 'COOMe
e
O I 276839 | 038 |17V np nd <133 | 3.95 | >3000/6.50 | 83
17¢ ‘COONa
12 ¢
0.
O 16.0£08 | 022 | 14V -429/543 332 231 - 4.6/6.53 98
" C
16d "COOMe
13 (I) Cl
O O 153£04 | 0.07 | nd -4.40/702 5.81 3.10 - 227/6.53 | 94
a 'COOMe
16e
14 |
o Cl
O O 239422 | 019 | nd nd/nd nd nd nd | nd nd
=]
'COONa
17e
15 |21ﬂ17d COOMe
° 20.0+43 | 027 | 33" -5.01/60.7 4.88 2.02 - 37.6/6.52 92
16 | 22 O COONa
o O 387452 | 0.53 | 45" np/9.7 nd <15 | 3.60 | >3000/6.50 | 81
17 21b COOMe
L2 QO
o O 11.8:0.1 | 016 | 31V -4.69/51.7 1.63 1.70 - 243/6.54 | 96
cl
18 22b COONa
L2 D
o O 292407 | 040 | nd np/nr 0.55 <15 | 341 | >3000/6.5 | 87
cl

“Single determination; P,effective permeation; P,pp, apparent permeability; np, no permeation; nr, no retention; nd, not determined. " The I1Cs0s
were determined with the cell-free competitive binding assay.?* The rICs, of each substance was calculated by dividing the ICs, of the compound of
interest by the ICs of the reference compound 1 (entry 1). This leads to rICs, values below 1.00 for derivatives binding better than 1 and rICs, values
above 1.00 for compounds with a lower affinity than 1. The aggregation of E. coli and GPE were determined in the aggregometry assay.>> Passive
permeation through an artificial membrane and retention therein was determined by PAMPA (parallel artificial membrane permeation assay).*® The
permeation through cell monolayers was assessed by a Caco-2 assay.>! Distribution coefficients (log D values) were measured by a miniaturized shake
flask procedure.* pK, values were determined by NMR spectroscopy.*® Plasma protein binding (PPB) was assessed by a miniaturized equilibrium
dialysis protocol.*® Thermodynamic solubility (S) was measured by an equilibrium shake flask approach.*’

42



Results and discussion

8632 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24
a) 2.0
s 1
16 A 17a
o 17b
o 1.2
3
[=]
O (s
0.4+
OC Ll LA Ls L T L] T 1
5 4 3 -2 41 0 1 2 3
log c (UM)

Klein et al.

100
80 '
o
=]
< 5
(<]
ES
40
20
0+ T T T
1 0 1 2

log ¢ (UM)

Figure 4. Affinities were determined in two different competitive assay formats. (a) a cell-free competitive binding assay?> and (b) a cell-based
aggregometry assay.’> For antagonists 17a, 17b, and the reference compound 1, ICs, values in the nM and uM range, respectively, were
obtained. The 1000-fold difference between the two assay formats is due to the different competitors used as well as the different affinity states
present in FimH, i.e. the high-affinity state present in the CRD used in the cell-free competitive binding assay and the low-affinity state present

in the pili of E. coli used in the aggregometry assay.
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Figure 5. Competitive binding assay using FimH-CRD-Th-6His, DC-SIGN-CRD-IgG-Fc,* and MBP to evaluate the selectivity of
compounds 1, 17a, and 17b. Inhibitory capacities of the compounds were tested at a concentration of 1 mM. As positive control, D-mannose

at a concentration of 50 mM was used.

corresponding carboxylic acids 17a (entry 7) and 17b (entry 9)
exhibited a small reduction in affinity but are still 5-fold
more active than reference compound 1. All the remaining
antagonists listed in Table 1 are slightly less active. For the in
vivo examination, antagonists 17a and 17b were therefore
foreseen for iv application and the prodrug 16b for oral
application.

Target selectivity is a further important issue. Mammalian
mannose receptors are part of various biological processes, e.g.
in cell—cell adhesion (DC-SIGN, dendritic cell-specific in-
tercellular adhesion molecule-3-grabbing nonintegrin),* in
the regulation of serum glycoprotein homeostasis (mannose
receptor)*” or in the innate and adaptive immune system by
recognizing molecular patterns on pathogens (e.g., mannose-
binding protein, mannose receptor, DC-SIGN).*4142 Non-
specific interactions to the various mannose receptors by
FimH inhibitors would have a profound impact on these
processes. We therefore determined the affinity of reference
compound 1 and the two antagonists 17a and 17b for two
additional mannose binding proteins, DC-SIGN,** and
MBP (mannose-binding protein)** (Figure 5). In both cases,
affinities above 1 mM, i.e. a decrease of more than 5 orders of
magnitude, was detected.

Aggregometry Assay. The potential of the biphenyl man-
nosides to disaggregate E. coli from guinea pig erythrocytes
(GPE) was determined by a function-based aggregometry
assay.’® Antagonists were measured in triplicates, and the
corresponding ICsy values were calculated by plotting the

43

area under the curve (AUC) of disaggregation against the
concentration of the antagonists. n-Heptyl a-p-mannopy-
ranoside (1) was used again as reference compound and
exhibits an ICsy of 77.14 + 8.7 uM. Antagonists 17a and
17b showed ICs, values of 45 + 8 uM and 10 £ 2.3 uM,
respectively (Figure 4b). In general, the activities obtained
from the aggregometry assay are approximately 1000-fold
lower than the affinities determined in the target-based
competitive assay (discussion see above).

In Vitro Pharmacokinetic Characterization of FimH An-
tagonists. For an application in the UTI mouse model, iv or
po available FimH antagonists are required that, once
absorbed to circulation, are metabolically stable and under-
go fast renal elimination. Sufficient bioavailability requires a
combination of high solubility and permeability to maximize
absorption and low hepatic clearance to minimize first pass
extraction. Furthermore, for efficient renal elimination,
active and/or passive membrane permeability and low re-
absortion in the renal tubuli is required. From the series of
FimH antagonists with nanomolar in vitro activities (see
Table 1), representatives with appropriate pharmacokinetic
properties were selected for in vivo experiments based on the
parameters shown below.

Oral Absorption and Renal Excretion. For the evaluation
of oral absorption and renal excretion of the esters 16 and 21
as well as the acids 17 and 22 physicochemical parameters
such as pK, values, lipophilicity (distribution coefficients,
log D74), solubility, and permeability were determined
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Figure 6. Incubation of (a) 16a and (b) 16b with pooled mouse liver microsomes (0.25 mg of protein/mL), in absence (A) and in presence (M) of
the specific carboxylesterase inhibitor bis(4-nitrophenyl) phosphate (BNPP).

(Table 1). Not surprisingly, the acids 17 and 22 showed log
D74 values in the range of —1 to —2 and pK, values of
approximately 4. While these parameters are beneficial for
renal excretion,*” oral absorption by passive diffusion seems
unlikely. Indeed, when the permeation through an artificial
membrane (PAMPA??) was studied, neither significant per-
meation (log P., P.: effective permeation) nor membrane
retention could be detected. Whereas for a successful oral
absorption log P, should be above —5.7 and/or the mem-
brane retention above 80%.*® the corresponding values for
the carboxylic acids 17 and 22 are far from being in this range
(see Table 1, e.g. entries 7 and 9). However, log D54 values
and PAMPA results were markedly improved for the esters
16 and 21 (Table 1, e.g. entries 6 and 8), suggesting that these
FimH antagonists are orally absorbed. This assumption was
fully confirmed in a cell-based permeation assay with Caco-2
cells.®! For renal excretion, Varma et al.’! correlated low
lipophilicity and the presence of a charged state at physiolog-
ical pH positively with enhanced elimination. On the basis of
log D74 and pK, summarized in Table 1, the carboxylates 17
and 22 fulfill these requirements. Overall, these results sup-
port the prodrug approach: (i) oral application of the esters
16 and 21 and (ii) renal elimination of the corresponding
acids 17 and 22.

Solubility. A major problem of the antagonists 16 and 21 is
their insufficient solubility, ranging from 4.6 to 37.6 ug/mL.
Even though the solubility issue can be addressed by appro-
priate formulations, further structural modifications to im-
prove solubility are necessary. Opposite to the esters, the
corresponding carboxylates 17 and 22 showed excellent
solubility (> 3 mg/mL). This enables their iv application in
physiological solutions (PBS) in the UTI model without
further needs to develop suitable formulations (see below).

Stability in Simulated Gastrointestinal Fluids. To exclude
degradation in the gastrointestinal tract prior to absorption,
the stability of 1, 16b, and 17b in simulated gastric fluid
(sGF) and simulated intestinal fluid (sIF) was determined.
All three antagonists proved to be sufficiently stable with
more than 80% of the initial concentrations found after two
hours.

Metabolic Stability. Because the prodrug approach is only
applicable when the esters 16a and 16b are rapidly metabo-
lically cleaved into the corresponding acids, their propensity
to enzymatic hydrolysis by carboxylesterase (CES) was
studied. Mammalian CESs are localized in the endoplas-
matic reticulum of the liver and most other organs.?® Because
of the excellent affinity of the corresponding acids 17a and
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17b to FimH, we concentrated our metabolic studies on the
ester prodrugs 16a and 16b, which were incubated with
pooled male mouse liver microsomes to study the hydrolysis
and the release of the metabolites. Preliminary experiments
involving low substrate concentrations (2 uM) and a con-
centration of the microsomal protein of 0.25 mg/mL showed
a fast degradation of the ester prodrugs (Figure 6). Addition
of the specific CES inhibitor bis(4-nitrophenyl) phosphate
(BNPP) prevented ester degradation, suggesting that the
metabolic transformation can be attributed to CESs.*

On the basis of these in vitro results, we also expect fast
hydrolysis of the esters in vivo at the first liver passage.
Current studies are focusing on the kinetic parameters of the
enzymatic ester cleavage.

To reach the minimal therapeutic concentration in the
bladder (approximately 1 ug/mL, as estimated from a cell-
based infection assay®®), the FimH antagonists 17a and 17b
should be efficiently renally eliminated and not further
metabolically processed. Therefore, the metabolic fate of
the free carboxylic acids 17a and 17b was examined. A
common method to predict a compound’s propensity to
phase I metabolism is its incubation with liver microsomes
in presence of NADPH.>' Under these conditions, in vitro
incubations of the free carboxylic acids 17a and 17b with
pooled male mouse liver microsomes (0.5 mg microsomal
protein/mL) did not show significant compound depletion
over a period of 30 min, suggesting a high stability against
cytochrome P450 mediated metabolism in vivo. However,
phase II metabolic pathways such as glucuronidation remain
to be studied in details.

Plasma Protein Binding (PPB). Compared to the corre-
sponding esters 16 and 21, the antagonists 17 and 22 exhibit
5—20% lower plasma protein binding, typically in the
range of 73—89%. This rather low PPB beneficially
influences renal excretion because, in line with the free drug
hypothesis,>* molecules bound to plasma proteins evade
metabolism and excretion. However, for a concluding state-
ment, the kinetics of PPB, i.e. association and dissociation
rate constants, have to be determined because PPB alone is
not necessarily predictive for distribution, metabolism, and
clearance.>*>*

In Vivo Pharmacokinetics and Treatment Studies. The two
mannose derivatives methyl o-pD-mannoside and n-heptyl a-
p-mannoside (1) were previously tested in the UTI mouse
model.'%*"2? In all three studies, the FimH antagonists were
first preincubated with the bacterial suspension, followed by
transurethral inoculation. To efficiently reduce infection,
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Figure 7. Determination of antagonist concentration in urine and plasma after a single iv application of 50 mg/kg. The data (table and graphs)
show time-dependent urine and plasma concentrations of 1, 17a, and 17b.

large amounts of methyl o-p-mannoside had to be applied
(up to 1 M).*! For n-heptyl a-D-mannoside (1), an approximately
one log;( unit reduction of bacterial counts in the bladder
was reached with lower, but still millimolar, concentration.'°
In the previously presented studies, the FimH antagonists
were exclusively instilled into the bladder, which is obviously
not suitable for a therapeutic application. The aim of our
project was therefore the identification of FimH antagonists
suitable for iv or preferably po applications. Before infec-
tion studies in a mouse disease model could be performed,
the in vivo pharmacokinetic parameters (Cp,ay, AUC) had to
be determined to ensure the antagonists availability in the
target organ (bladder).

Pharmacokinetics of a Single iv Application in C3H/HeN
Mice. Plasma and urine concentrations of the FimH antago-
nists 1, 17a, and 17b after iv application were determined.
With a single dose of 50 mg/kg, the control compound 1
exhibited availability in the bladder over a period of 6 h after
administration (n = 4), whereas at similar doses, 17a and 17b
showed lower urine concentrations over a reduced time
period (max 2 h) (n = 6). In Figure 7, the pharmacokinetic
parameters are summarized. Overall, for all three com-
pounds, higher availability of the antagonists in the urine
was observed compared to the plasma. Because plasma
protein binding is of comparable scale for the three com-
pounds (see Table 1 and Figure 7), it similarly influences
urine concentrations.

Pharmacokinetics of a Single po Application in C3H/HeN
Mice. Aiming for an orally available FimH antagonist, the
prodrug 16b and its metabolite 17b were tested. Because of
the in vitro pharmacokinetic properties of 17b (Table 1, entry 9),
its low oral bioavailability after the administration of a single
po dose (50 mg/kg) was not surprising. For the determina-
tion of the availability of a similar dose of 16b at the target
organ (bladder), plasma and urine concentrations were
determined over a period of 24 h (n = 6) (Figure 8). Because
16b was designed as a prodrug expected to be rapidly
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Figure 8. Determination of antagonist concentration in urine and
plasma after a single po application of 50 mg/kg of antagonists 16b
and 17b. The data (table and graph) show their time-dependent
urine and plasma concentrations. When 17b was orally applied, its
plasma concentration was below the detection level, and only a
small portion was present in the urine. However, after the applica-
tion of the prodrug 16b, metabolite 17b was predominantly detected
due to fast metabolic hydrolysis of 16b. However, minor amounts of
16b are still traceable in plasma as well as urine; nd, not detectable.

hydrolyzed, plasma and urine samples were analyzed not
only for 16b but also for its metabolite 17b. 16b was present
only in minor concentrations in both plasma and urine.
However, although the AUC of metabolite 17b in urine is
reduced by 90% compared to the iv application, its minimal
therapeutic concentration can be maintained over a period of
2to3h.
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Figure 9. Treatment efficacy of the reference compound (1) and three FimH antagonists (17a, 17b, 16b) at a dosage of 50 mg/kg in the UTI
mouse model after 3 h of infection, compared to a 6 h infection study (n = 6). 1, 17a, and 17b were applied iv into the tail vein, whereas 16b was
applied orally. As baseline (reference), the mean counts of the 3 h infection were subtracted from the results of the tested antagonists and the 6 h
control group. P values were calculated by comparing the treatment groups with the 3 h control group. (*) P < 0.05, (**) P < 0.01, (***) P <

0.001, (—) not significant (determined by Mann—Whitney test).

UTI Mouse Model: Treatment Study. Before treatment studies
were started, the optimal infection profile was established. A 3 h
infection exhibited the highest infection level in the C3H/HeN
mouse strain. At longer infection times, e.g. 6 h, the control group
showed indeed higher bacterial counts in the urine, however, the
bladder and kidney counts already decreased due to self-clear-
ance of the infection in the UTI mouse model.> For the in vivo
UTI treatment studies (Figure 9), antagonists 1, 17a, 17b, and
16b were applied followed by infection with UPEC (UTI89). For
each antagonist, a group of six animals was used. The animals
were sacrificed 3 h after inoculation and urine and homogenized
organs (bladder, kidneys) were examined for bacterial counts.
The mean value in the untreated reference group (n = 6) showed
1.8 x 10° CFU/mL in the urine, 1.4 x 10® CFU in the bladder
and 9.7 x 10° CFU in the kidneys. The bar diagram in Figure 9
summarizes the bacterial counts after iv (1, 17a, and17b) and po
(16b) treatment. The baseline represents the values obtained for
the control group after 3 h and was used as reference for CFU
reductions. 1 showed the lowest inhibition of growth in the urine
with 1.5 log;o CFU reduction and an approximately 4 logo
reduction of bacterial counts in the bladder. After iv application
of 17a, a substantial decrease in the bacterial count was obtained
(>2 log;p CFU reduction in the urine and 4.5 log;o reduction
in the bladder). A slightly lower reduction was observed
when 17b was applied iv (a decrease of 2 log;o CFU in the urine
and 4 log)o for bladder counts). Interestingly, almost the
same reduction of the bacterial count was detected with orally
applied 16b.

In general, urine samples showed higher bacterial counts
compared to the bladder. This could be due to the difficulties
during urine sampling. We observed that infected C3H/HeN
mice void considerably less urine (5—50 uL) compared to
healthy mice (50—100 «L). As a consequence, the lower urine
volume leads to a higher concentration of bacteria in the
collected urine and therefore to higher bacterial counts
compared to the bladder.

In all treated animals, bacterial counts were only margin-
ally reduced in the kidneys. This lower response to the
treatment with FimH antagonists is probably due to differ-
ent bacterial adhesion mechanisms in bladder and kidney.
Whereas in the bladder adhesion is mediated by type I pili
(via the CRD of FimH), P pili-dependent interactions are
crucial for the adhesion in the kidneys.®
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Summary and Conclusions

With the objective to develop an oral treatment of urinary
tract infections, we have synthesized a series of potent small
molecular weight FimH antagonists. Starting from the known
antagonist phenyl a-p-mannopyranoside (7a), two equally potent
classes of biphenyl a-p-mannopyranoside, those with an ester
function (16 and 21) and those with a carboxylate (17 and 22)
on the terminal aromatic ring, were synthesized. According to
their pharmacokinetic properties, the acids 17 and 22 were not
expected to be orally absorbed, a prediction that was also
confirmed by an in vivo PK study. Therefore, a prodrug
approach was envisaged. On the basis of permeation assays
(PAMPA and Caco-2), the esters 16 and 22 were expected to
exhibit oral availability. Moreover, metabolic studies with
mouse liver microsomes proposed fast in vivo hydrolysis of
orally applied 16b to the corresponding carboxylate 17b. In vivo
PK studies in mice finally confirmed the in vitro prediction of
a fast renal elimination of 17b to the target organ, the bladder.
When orally applied 16b was tested in the UTT mouse model, it
reduced the colony forming units (CFU) in the urine by 2 orders
of magnitude and in the bladder by 4 orders of magnitude. Asa
result, a low molecular weight FimH antagonist suitable for the
oral treatment of urinary tract infections was identified.

However, a number of parameters remain to be improved.
Because the solubilities of the esters 16 and 22 are in the low pg/mL
range, an iv application was impossible and the suspension in
DMSO/1% Tween 80 used for oral dosing is not optimal. In
addition, due to fast renal elimination, the minimal therapeutic
concentration of 17b in the bladder could only be maintained
for 2—3 h. Because high plasma protein binding was observed,
an unfavorable kinetic of dissociation of the active principle
from plasma proteins followed by fast renal elimination might be
the reason for these findings. An improvement of the correspond-
ing pharmacokinetic parameters should positively influence
the duration of action. Furthermore, a detailed analysis of
the metabolic pathway of 16b and its metabolite 17b will
elucidate their overall metabolic fate. Finally, a detailed PK/PD
profile in the mouse model will elucidate the full potential of FimH
antagonists for the therapy of urinary tract infections (UTI).

Experimental Section

General Methods. NMR spectra were recorded on a Bruker
Avance DM X-500 (500 MHz) spectrometer. Assignment of "H
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and '*C NMR spectra was achieved using 2D methods (COSY,
HSQC, TOCSY). Chemical shifts are expressed in ppm using
residual CHCl;, CHD,OD, and HDO as references. Optical
rotations were measured using Perkin-Elmer polarimeter 341.
Electron spray ionization mass spectra (ESI-MS) were obtained
on a Waters micromass ZQ. HRMS analysis were carried out
using a Bruker Daltonics micrOTOF spectrometer equipped
with a TOF hexapole detector. Microanalyses were performed
at the Department of Chemistry, University of Basel, Switzerland.
Microwave-assisted reactions were carried out with a CEM Dis-
cover and Explorer. Reactions were monitored by TLC using
glass plates coated with silica gel 60 Fs4 (Merck) and visualized
by using UV light and/or by heating to 140 °C for 5 min with a
molybdate solution (a 0.02 M solution of ammonium cerium
sulfate dihydrate and ammonium molybdate tetrahydrate in
aqueous 10% H,SO,). Column chromatography was performed
on a CombiFlash Companion (Teledyne-ISCO, Inc.) using
RediSep normal phase disposable flash columns (silica gel). Re-
versed phase chromatography was performed on LiChro-
prepRP-18 (Merck, 40—63 um). Commercially available
reagents were purchased from Fluka, Aldrich, Merck, AKSci, ASDI,
or Alfa Aesar. Methanol (MeOH) was dried by refluxing with
sodium methoxide and distilled immediately before use. Toluene
was dried by filtration over Al,O5 (Fluka, type 5016 A basic).
Dioxane was dried by distillation from sodium/benzophenone.

4-Bromophenyl 2,3,4,6-Tetra-O-acetyl-o-p-mannopyranoside
(14a). To a stirred solution of 12 (1.17 g, 3.00 mmol) and
4-bromophenol (13a, 623 mg, 3.60 mmol) in toluene (12 mL),
TMSOTTf (65 uL, 0.36 mmol) was added dropwise under
argon. The mixture was stirred at rt for 5 h and then diluted
with toluene (15 mL) and washed with satd agNaHCOs;. The
organic layer was separated, and the aqueous layer was
extracted three times with toluene. The combined organic
layers were dried over Na,SO4 and concentrated in vacuo.
The residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 19:1 to 1.5:1) to yield 14a (1.17 g,
74%) as a white solid.

"H NMR (500 MHz, CDCl5): 6 2.06 (s, 9H, 3 COCH3), 2.19
(s, 3H, COCH3), 4.06 (m, 2H, H-5, H-6a), 4.27 (dd, J=5.6, 12.4
Hz, 1H, H-6b), 5.36 (t, J = 10.2 Hz, 1H, H-4), 543 (dd, J =
1.8,3.5Hz, 1H, H-2),5.48 (d,/=1.7Hz, |H, H-1), 5.53 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 6.98, 7.41 (AA’, BB’ of AA'BB/, J =
9.0 Hz, 4H, C¢H,). *C NMR (125 MHz, CDCl5): § 20.71,20.73,
20.74, 20.9 (4 COCH3), 62.1 (C-6), 65.9 (C-4), 68.8 (C-3), 69.2
(C-2), 69.3 (C-5), 95.9 (C-1), 115.6, 118.3, 132.6, 154.7 (6C,
CgHy), 170.0 (4C, 4 CO).

4-Bromo-2-chlorophenyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyran-
oside (14b). According to the procedure described for 14a,
compound 12 (2.38 g, 4.84 mmol) and 4-bromo-2-chloro-
phenol (13b, 1.20 g, 5.80 mmol) were treated with TMSOTTf
(107 mg, 0.484 mmol) to yield 14b (1.54 g, 59%) as a white solid.

[a]p +60.6 (¢ 0.40, CHCl;). '"H NMR (500 MHz, CDCl,):
02.02,2.04,2.18 (3s, 12H, 4 COCHs»), 4.05 (dd, J=2.3,12.2 Hz,
1H, H-6a),4.10 (ddd, /=2.7,5.3,9.6 Hz, |H, H-5),4.24 (dd, J=
5.4,12.2 Hz, 1H, H-6b), 5.35 (t, J=10.1 Hz, 1H, H-4), 5.48 (m,
2H, H-1, H-2), 5.56 (dd, /=3.2, 10.1 Hz, 1H, H-3), 7.03 (d, /=
8.8 Hz, 1H, C¢H3), 7.30 (dd, /=2.4, 8.8 Hz, 1H, C¢H3), 7.53 (d,
J=12.4Hz, 1H, C¢Hs). >*C NMR (125 MHz, CDCl;): 6 20.9,
21.1 (4C, 4 COCH;), 62.3 (C-6), 65.9 (C-4), 68.9 (C-3), 69.4
(C-2), 70.1 (C-5), 96.9 (C-1), 115.9, 118.4, 125.7, 130.8, 133.3,
150.6 (C¢H3), 169.9, 170.0, 170.1, 170.7 (4 CO). ESI-MS calcd for
C5oH5,BrCINaO;, [M + Na]* 559.0; found 559.0; Anal. Calcd
for Cy0H2,BrClO,o: C 44.67, H 4.12.Found: C 45.08, H 4.14.

Methyl 4'-(2,3,4,6-Tetra-O-acetyl-a-p-mannopyranosyloxy)-
biphenyl-4-carboxylate (15a). A Schlenk tube was charged with
14a (503 mg, 1.00 mmol), 4-methoxycarbonylphenylboronic
acid (224 mg, 1.24 mmol), S-Phos (20.5 mg, 0.05 mmol), cesium
carbonate (1.17 g, 3.6 mmol), Pd,(dba); (10.4 mg, 0.01 mmol),
and a stirring bar. The tube was closed with a rubber septum and
was evacuated and flushed with argon. This procedure was
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repeated once, and then freshly degassed dioxane (5 mL) was
added under a stream of argon. The reaction tube was quickly
sealed and the contents were stirred at 80 °C overnight. The
reaction mixture was cooled to rt, diluted with EtOAc (10 mL),
washed with satd aq NaHCOj3 (5 mL) and brine (5 mL), and
dried over Na,SQ,. The solvents were removed in vacuo, and the
residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 3:1 to 3:2) to give 15a (474 mg, 85%)
as a white solid.

[l +80.8 (¢ 1.00, CHCly). '"H NMR (500 MHz, CDCl5):
0 2.02,2.03, 2.04, 2.19 (4s, 12H, COCH3), 3.91 (s, 3H, OCHs3),
4.08 (m, 2H, H-6a, H-5), 4.27 (dd, /= 5.2, 12.2 Hz, 1H, H-6b),
5.37(t,J=10.1 Hz, 1H, H-4), 5.45 (dd, J=1.8, 3.4 Hz, 1H, H-2),
5.56 (m, 2H, H-1, H-3), 7.16 (AA’ of AA'BB/, J=8.7 Hz, 2H,
C¢H,), 7.57 (m, 4H, C¢Hy), 8.07 (BB’ of AA'BB’, J=8.4 Hz, 2H,
C¢Hy). PCNMR (125 MHz, CDCl5): 6 20.74, 20.75,20.77,21.0
(4 COCH3;), 52.2(OCH3;), 62.1 (C-6), 65.9 (C-4), 68.9 (C-3), 69.3,
69.4(C-2,C-5),95.8 (C-1), 116.9, 126.7, 128.5, 128.7, 130.2, 134.8,
144.8,155.7(12C,2 C¢Hy), 167.0, 169.8, 170.0, 170.1, 170.6 (5 CO).
ESI-MS calcd for C,sH30NaO;» [M + Na]" 581.2; found 581.0.

Methyl 4'-(2,3,4,6-Tetra-O-acetyl-a-p-mannopyranosyloxy)-
3’-chlorobiphenyl-4-carboxylate (15b). A microwave tube was
charged with bromide 14b (720 mg, 1.34 mmol), 4-methoxy-
carbonylphenylboronic acid (289 mg, 1.61 mmol), cesium
carbonate (1.31 g, 4.02 mmol), and Pd(PPh3); (77.4 mg,
0.067 mmol). The tube was sealed with a Teflon septum,
evacuated through a needle, and flushed with argon. Degassed
dioxane (1.5 mL) was added and the closed tube was degassed
in an ultrasonic bath for 15 min, flushed again with argon for
20 min, and exposed to microwave irradiation at 120 °C for
500 min. The solvent was evaporated in vacuo. The residue was
dissolved in DCM (10 mL), washed with brine (2 x 10 mL),
dried over Na,SOy, and concentrated in vacuo. The residue
was purified by flash chromatography on silica (petroleum
ether/EtOAc, 5:1 to 0.5:1) to yield 15b (333 mg, 42%) as a
white foam.

[o]p 466.3 (¢ 1.06, CHCl;). '"H NMR (500 MHz, CDCl5): &
2.03,2.06,2.20 (3s, 12H, COCH3), 3.92 (s, 3H, OCH3), 4.08 (dd,
J=2.4,12.3Hz, 1H, H-6a), 4.17 (m, 1H, H-5),4.28 (dd, J=5.4,
12.3 Hz, 1H, H-6b), 5.39 (t, J=10.6 Hz, 1H, H-4), 5.54 (dd, /=
1.9,3.4Hz, 1H, H-2),5.59 (d, /=1.8 Hz, 1H, H-1), 5.62 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 7.24 (s, 1H, C¢H3), 7.44 (dd, J = 2.2,
8.5 Hz, 1H, C¢Hs), 7.57 (AA’ of AA'BB’, J=8.5 Hz, 2H, C¢Hy),
7.65(d, J=2.2 Hz, 1H, C4H3), 8.08 (BB’ of AA'BB’, /J=8.5 Hz,
2H, C¢H,). >*CNMR (125 MHz, CDCl5): 6 20.9, 21.0, 21.1 (4C,
4 COCHy), 52.5 (OCH3;), 62.3 (C-6), 66.0 (C-4), 69.0 (C-3), 69.5
(C-2), 70.0 (C-5), 96.8 (C-1), 117.4, 126.7, 126.9, 129.5, 130.5,
136.4, 143.6, 151.3 (12C, C¢H;, C¢Hy), 167.0, 169.9, 170.0,
170.2, 170.7 (5 CO). ESI-MS caled for CpgH»oCINaOj»> [M +
Na]" 615.1; found 615.2. Anal. Calcd for CogH,oClO5: C 56.71,
H 4.93. Found: C 56.79, H 4.92.

Meth(}'l 4'-(a-p-Mannopyranosyloxy)-biphenyl-4-carboxylate
(16a)."7® To a solution of 15a (170 mg, 0.304 mmol) in MeOH
(3 mL) was added freshly prepared 1 M NaOMe in MeOH
(100 uL) under argon. The mixture was stirred at rt until the
reaction was complete (monitored by TLC), then neutralized
with Amberlyst-15 (H") ion-exchange resin, filtered, and con-
centrated in vacuo. The residue was purified by reversed-phase
chromatography (RP-18, H,O/MeOH, 1:0—1:1) to give 16a
(90 mg, 76%) as white solid.

[a]p +82.8 (¢ 0.2, MeOH). '"H NMR (500 MHz, CD;0D): ¢
3.62 (m, 1H, H-5), 3.72 (m, 3H, H-4, H-6a, H-6b), 3.92 (m, 4H,
H-3, OCH3), 4.03 (s, 1H, H-2), 5.55 (s, 1H, H-1), 7.24 (AA’ of
AA'BB/, J = 8.0 Hz, 2H, C¢H,), 7.64 (AA' of AA'BB', J = 7.5
Hz, 2H, C¢Hy), 7.71 (BB’ of AA'BB’, J = 8.0 Hz, 2H, C¢Hy,),
8.07 (BB’ of AA'BB’, J = 7.5 Hz, 2H, C4Hy). '*C NMR (125
MHz, CD;0D): ¢ 52.6 (OCH3), 62.7 (C-6), 68.3 (C-4), 72.0 (C-2),
72.4 (C-3), 75.5 (C-5), 100.1 (C-1), 118.2, 127.7, 131.1, 135.1,
146.6, 158.2,160.3 (12C, 2 C¢Hy), 166.1 (CO). HR-MS caled for
CyoH35NaOg [M + Na]* 413.1212; found 413.1218.
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Methyl 3'-Chloro-4'-(0-p-mannopyranosyloxy)-biphenyl-4-car-
boxylate (16b). According to the procedure described for 16a,
compound 16b was prepared from 15b (764 mg, 1.29 mmol).
Yield: 69 mg, 12%.

[alp +97.4 (¢ 1.01, MeOH). "H NMR (500 MHz, CD;0D): 6
3.64 (m, 1H, H-5), 3.72 (m, 1H, H-6a), 3.78 (m, 2H, H-4, H-6b),
3.91 (s, 3H, OCH;), 4.00 (dd, J=3.4,9.5 Hz, 1H, H-3),4.11 (dd,
J=1.8,3.1 Hz, 1H, H-2), 5.60 (d, /= 1.1 Hz, 1H, H-1), 7.46 (d,
J=8.6 Hz, 1H, C¢H3), 7.58 (dd, /=2.2, 8.6 Hz, 1H, C¢H3), 7.69
(AA’ of AA'BB', J=8.4Hz, 2H, C¢Hy), 7.72 (d, J=2.2 Hz, 1H,
C¢Hs3), 8.08 (BB’ of AA'BB’, J=8.4 Hz, 2H, C¢H,). *C NMR
(125 MHz, CD;0D): 6 52.7 (OCH3), 62.8 (C-6), 68.3 (C-4),71.9
(C-2), 72.5 (C-3), 76.2 (C-5), 100.8 (C-1), 118.7, 125.58, 127.8,
127.9, 129.9, 130.3, 131.3, 136.4, 145.3, 153.5 (12C, C¢H;,
C¢Hy), 168.4 (CO). HR-MS calcd for CyyH,CINaOg [M +
Na]* 447.0823; found 447.082.

Sodium 4'-(o-p-Mannopyranosyloxy)-biphenyl-4-carboxylate
(17a). To a solution of 15a (228 mg, 0.408 mmol) in MeOH (6.0 mL)
was added 1 M NaOMe in MeOH (60 L) at rt. The reaction
mixture was stirred at rt for 4 h, and then NaOH (82 mg) in water
(6 mL) was added and stirring was continued at rt overnight.
The reaction mixture was concentrated in vacuo, and the residue
was purified by reversed-phase chromatography (RP-18, H,O/
MeOH, 1:0—1:1) to afford 17a (96 mg, 63%) as a white solid.

[alp 4103 (¢ 0.10, MeOH). '"H NMR (500 MHz, CD;0D): 6
3.60 (m, 1H, H-5), 3.72 (m, 3H, H-6a, H-6b, H-4), 3.89 (dd, /=
3.4,9.5Hz, 1H, H-3),4.00 (dd, /=1.8, 3.3 Hz, 1H, H-2), 5.51 (s,
1H, H-1),7.19, 7.60 (AA’, BB’ of AA'BB’, J=8.7 Hz, 4H, C4H.,),
8.01(d, J=8.2 Hz, 2H, C¢Hy,), 8.46 (s, 2H, C¢Hy). >*C NMR (125
MHz, CD;0D): 6 63.2 (C-6), 68.9 (C-4), 72.6 (C-2), 73.0 (C-3),
76.1(C-5), 100.7 (C-1), 118.7,128.0, 129.9, 131.8 (12C, 2 C4Hy).
HR-MS caled for CoH>NaOg [M + H]™ 399.1056; found
399.1052.

Sodium 3'-Chloro-4'-(a-p-mannopyranosyloxy)-biphenyl-4-car-
boxylate (17b). To a solution of 15b (380 mg, 0.641 mmol) in
MeOH (10 mL) was added 1 M NaOMe in MeOH (300 uL).
After stirring at rt for 24 h, 0.5 M aq NaOH (18 mL) was
added and stirring continued for another 24 h. The solution
was concentrated in vacuo and the residue was purified by
reversed-phase chromatography (RP-18, H,O/MeOH, 1:0—
1:1) to yield 17b (222 mg, 80%) as a white solid.

[alp +61.6 (¢ 1.00, H,0). "H NMR (500 MHz, D,0): 6 3.66
(m, 1H, H-5), 3.73 (m, 2H, H-6a, H-6b), 3.79 (t, /=9.8 Hz, I1H,
H-4),4.07 (dd, /J=3.4,9.8 Hz, 1H, H-3),4.14 (d, J=1.4 Hz, 1H,
H-2), 5.47 (bs, 1H, H-1), 7.04 (d, J=8.6 Hz, 1H, C¢H3), 7.24 (d,
J=28.6 Hz, 1H, C¢Hs), 7.37 (AA’ of AA'BB’, J = 8.1 Hz, 2H,
C¢Hy), 7.41 (bs, 1H, C¢H3), 7.86 (BB’ of AA’BB’, J=8.1 Hz, 2H,
C¢H,). >C NMR (125 MHz, D,0): 6 60.6 (C-6), 66.5 (C-4), 69.0
(C-2), 70.5 (C-3), 73.9 (C-5), 98.6 (C-1), 117.5, 123.9, 126.2,
126.4, 128.4, 129.6, 135.2, 135.3, 141.0, 150.4 (12C, CeHs,
C¢Hy), 175.0 (CO). HR-MS caled for C9HsCINaOg [M +
H]" 433.0666; found 433.0670.

Competitive Binding Assay. A recombinant protein consisting
of the CRD of FimH linked with a thrombin cleavage site to a
6His-tag (FimH-CRD-Th-6His) was expressed in E. coli strain
HM 25 and purified by affinity chromatography.?? To deter-
mine the affinity of the various FimH antagonists, a competitive
binding assay described previously?® was applied. Microtiter
plates (F96 MaxiSorp, Nunc) were coated with 100 uL/well of a
10 ug/mL solution of FimH-CRD-Th-6His in 20 mM HEPES,
150 mM NacCl, and 1 mM CaCl,, pH 7.4 (assay buffer) over-
night at 4 °C. The coating solution was discarded and the wells
were blocked with 150 uL/well of 3% BSA in assay buffer for 2 h
at 4 °C. After three washing steps with assay buffer (150 uL/
well), a 4-fold serial dilution of the test compound (50 uL/well)
in assay buffer containing 5% DMSO and streptavidin-perox-
idase coupled Man-a(1-3)-[Man-a(1-6)]-Man-S(1-4)-GlcNAc-
B(1-4)-GlcNAcp polyacrylamide (TM-PAA) polymer (50 uL/well
of a 0.5 ug/mL solution) were added. On each individual micro-
titer plate, n-heptyl a-p-mannopyranoside (1) was tested in parallel.
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The plates were incubated for 3 h at 25 °C and 350 rpm and then
carefully washed four times with 150 uL/well assay buffer. After
the addition of 100 uL/well of 2,2’-azino-di-(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS)-substrate, the colorimetric reac-
tion was allowed to develop for 4 min and then stopped by the
addition of 2% aqueous oxalic acid before the optical density
(OD) was measured at 415 nm on a microplate-reader (Spectramax
190, Molecular Devices, California, USA). The ICs, values of
the compounds tested in duplicates were calculated with prism
software (GraphPad Software, Inc., La Jolla, California, USA).
The ICs, defines the molar concentration of the test compound
that reduces the maximal specific binding of TM-PAA polymer
to FimH-CRD by 50%. The relative ICsqo (rICsg) is the ratio
of the ICs, of the test compound to the ICsq of n-heptyl a-p-
mannopyranoside (1).

Selectivity for FimH vs Mannose-Binding Protein and DC-
SIGN. Recombinant FimH-CRD-Th-6His (10 ug/mL), DC-
SIGN-CRD-Fc-IgG* (2.5 ug/mL), and mannose-binding
protein®? (MBP, 10 ug/mL, R&D Systems, Minneapolis, MN)
were each diluted in assay buffer (20 mM HEPES, pH 7.4, 150
mM NaCl, and 10 mM CaCl,) and were coated on microtiter
plates (F96 MaxiSorp, Nunc) with 100 4L /well overnight at 4 °C.
The further steps were performed as described above.

Aggregometry Assay. The aggregometry assay was carried out
as previously described.*® In short, the percentage of aggregation
of E. coli UTI89 with guinea pig erythrocytes (GPE) was
quantitatively determined by measuring the optical density at
740 nm and 37 °C under stirring at 1000 rpm using an APACT
4004 aggregometer (Endotell AG, Allschwil, Switzerland). Bac-
teria were cultivated as described below (see in vivo models).
GPE were separated from guinea pig blood (Charles River
Laboratories, Sulzfeld, Germany) using Histopaque (density
of 1.077 g/mL at 24 °C, Sigma-Aldrich, Buchs, Switzerland).
Prior to the measurements, the cell densities of E. coli and GPE
were adjusted to an ODgq, of 4, corresponding to 1.9 x 10°
CFU/mL and 2.2 x 10° cells/mL, respectively. For the calibra-
tion of the instrument, the aggregation of protein-poor plasma
(PPP) using PBS alone was set as 100% and the aggregation of
protein-rich plasma (PRP) using GPE as 0%. After calibration,
measurements were performed with 250 4L of GPE and 50 L. of
bacterial suspension and the aggregation monitored over 600 s.
After the aggregation phase of 600 s, 25 uL of antagonist in PBS
was added to each cuvette and disaggregation was monitored for
1400 s. UTI89 AfimA-H was used as negative control.

Determination of the Pharmacokinetic Parameters. Materi-
als. Dimethyl sulfoxide (DMSO), 1-octanol, pepsin, pancreatin,
reduced nicotinamide adenine dinucleotide phosphate (NADPH),
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose,
and bis(4-nitrophenyl) phosphate (BNPP) were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis MO, USA). PAMPA
System Solution, GIT-0 Lipid Solution, and Acceptor Sink
Buffer were ordered from plon (plon, Woburn MA, USA).
L-Glutamine-200 mM (100x) solution, MEM nonessential ami-
no acid (MEM-NEAA) solution, fetal bovine serum (FBS), and
DMEM without sodium pyruvate and phenol red were bought
from Invitrogen (Invitrogen, Carlsbad CA, USA). Human
plasma was bought from Biopredic (Biopredic, Rennes, France)
and acetonitrile (MeCN) from Acros (Acros Organics, Geel,
Belgium). Pooled male mouse liver microsomes were purchased
from BD Bioscience (BD Bioscience, Woburn, MA, USA).
Magnesium chloride was bought from Fluka (Fluka Chemie
GmbH, Buchs, Switzerland). Tris(hydroxymethyl)-aminomethane
(TRIS) was obtained from AppliChem (AppliChem, Darm-
stadt, Germany). The Caco-2 cells were kindly provided by Prof
G. Imanidis, FHNW, Muttenz, and originated from the Amer-
ican Type Culture Collection (Rockville, MD, USA).

log D74 Determination. The in silico prediction tool
ALOGPS 2.1° was used to estimate the log P values of the
compounds. Depending on these values, the compounds were
classified into three categories: hydrophilic compounds (log P
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Table 2

compound type log P ratios (1-octanol:buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0—1 70:110, 110:70
lipophilic >1 3:180, 4:180

below zero), moderately lipophilic compounds (log P between
zero and one) and lipophilic compounds (log P above one). For
each category, two different ratios (volume of I-octanol to
volume of buffer) were defined as experimental parameters
(Table 2):

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and
I-octanol were mixed and shaken vigorously for 5 min to
saturate the phases. The mixture was left until separation of
the two phases occurred, and the buffer was retrieved. Stock
solutions of the test compounds were diluted with buffer to a
concentration of 1 M. For each compound, six determinations,
i.e., three determinations per l-octanol:buffer ratio, were per-
formed in different wells of a 96-well plate. The respective
volumes of buffer containing analyte (1 M) were pipetted to
the wells and covered by saturated 1-octanol according to the
chosen volume ratio. The plate was sealed with aluminum foil,
shaken (1350 rpm, 25 °C, 2 h) on a Heidoph Titramax 1000 plate-
shaker (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany) and centrifuged (2000 rpm, 25 °C, 5 min, 5804 R
Eppendorf centrifuge, Hamburg, Germany). The aqueous
phase was transferred to a 96-well plate for analysis by liquid
chromatography—mass spectrometry (LC-MS).

log D74 was calculated from the 1-octanol:buffer ratio (0:b),
the initial concentration of the analyte in buffer (1 #M), and the
concentration of the analyte in buffer (¢g) with equilibration:

1 uM —cp 1
log D74 = log( o X pe b)

The average of the three log D7 4 values per 1-octanol:buffer
ratio was calculated. If the two mean values obtained for a
compound did not differ by more than 0.1 unit, the results were
accepted.

Parallel Artificial Membrane Permeation Assay (PAMPA).
log P. was determined in a 96-well format with the PAMPA™
permeation assay. For each compound, measurements were
performed at three pH values (5.0, 6.2, 7.4) in quadruplicates.
For this purpose, 12 wells of a deep well plate, i.e., four wells per
pH value, were filled with 650 uL of System Solution. Samples
(150 uL) were withdrawn from each well to determine the blank
spectra by UV-spectroscopy (SpectraMax 190, Molecular De-
vices, Silicon Valley CAa, USA). Then, analyte dissolved in
DMSO was added to the remaining System Solution to yield
50 uM solutions. To exclude precipitation, the optical density
was measured at 650 nm, with 0.01 being the threshold value.
Solutions exceeding this threshold were filtrated. Afterward,
samples (150 uL) were withdrawn to determine the reference
spectra. A further 200 uL were transferred to each well of the
donor plate of the PAMPA sandwich (plon, Woburn MA,
USA, P/N 110 163). The filter membranes at the bottom of
the acceptor plate were impregnated with 5 uL of GIT-0 Lipid
Solution and 200 uL of Acceptor Sink Buffer were filled into
each acceptor well. The sandwich was assembled, placed in the
GutBox, and left undisturbed for 16 h. Then, it was disas-
sembled and samples (150 4L) were transferred from each donor
and acceptor well to UV-plates. Quantification was performed
by both UV-spectroscopy and LC-MS. log P. values were
calculated with the aid of the PAMPA Explorer Software
(plon, version 3.5).

Colorectal Adenocarcinoma Cells (Caco-2 Cells) Permeation
Assay. The cells were cultivated in tissue culture flasks (BD
Biosciences, Franklin Lakes NJ, USA) with DMEM high
glucose medium, containing 1% L-glutamine solution, 1%
MEM-NEAA solution, and 10% FBS. The cells were kept at
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37°Cin humidified air containing 8% CO,, and the medium was
changed every second to third day. When approximately 90%
confluence was reached, the cells were split in a 1:10 ratio and
distributed to new tissue culture flasks. At passage numbers
between 60 and 65, they were seeded at a density of 5.33 x 10°
cells per well to Transwell 6-well plates (Corning Inc., Corning
NY, USA) with 2.5 mL of culture medium in the basolateral
compartment and 1.5 mL (days 1—10) or 1.8 mL (from day 10
on) in the basolateral compartment. The medium was renewed
on alternate days. Experiments were performed between days 19
and 21 postseeding. DMEM without sodium pyruvate and
phenol red was used as transport medium for experiments.
Previous to the experiment, the integrity of the Caco-2 mono-
layers was evaluated by measuring the transepithelial resistance
(TEER) in transport medium (37 °C) with an Endohm tissue
resistance instrument (World Precision Instruments Inc., Sarasota,
FL, USA). Only wells with TEER values higher than 300 Qem?
were used. Experiments were performed in triplicates. Transport
medium (10 L) from the apical compartments of three wells
were replaced by the same volume of compound stock solutions
(10 mM). The Transwell plate was then shaken (250 rpm) in the
incubator. Samples (100 4L) were withdrawn after 5, 15, 30, 60,
and 120 min from the basolateral compartment and concentra-
tions were analyzed by HPLC. Apparent permeability coeffi-
cients (P,pp,) were calculated according to the following
equation
do 1

Puy = —=
W =4 A xa

where dQ/d is the permeability rate, 4 the surface area of the
monolayer, and ¢, the initial concentration in the donor
compartment.®! After the experiment, TEER values were as-
sessed again for every well and results from wells with values
below 300 Qcm? were discarded.

pK, Values. The pK, values were determined as described
elsewhere.*® Briefly, the pH of a sample solution was gradually
changed and the chemical shift of protons adjacent to ionizable
centers was monitored by 'H nuclear magnetic resonance
(NMR) spectroscopy. The shift was plotted against the pH of
the respective sample, and the pK, was read out from the
inflection point of the resulting sigmoidal curve.

Plasma Protein Binding (PPB). The dialysis membranes
(HTDialysis LCC, Gales Ferry, CT, USA; MWCO 12—14K)
were prepared according to company instructions. The hu-
man plasma was centrifuged (5800 rpm, 25 °C, 10 min), the
pH of the centrifugate (without floating plasma lipids) was
adjusted to 7.5, and analyte was added to yield 10 uM
solutions. Equal volumes (150 L) of phosphate buffer (0.1 M,
pH 7.5) and analyte-containing plasma were transferred to
the separated compartments of the assembled 96-well high
throughput dialysis block (HTDialysis LCC, Gales Ferry,
CT, USA). Measurements were performed in triplicates. The
plate was covered with a sealing film and incubated (5 h, 37 °C).
Buffer and plasma compartment were processed separately.
From the buffer compartments, 90 uL were withdrawn and
10 uL of blank plasma were added. From the plasma
compartments, 10 L were withdrawn and 90 uL of blank
buffer were added. After protein precipitation with 300 uL
ice-cooled MeCN, the solutions were mixed, centrifuged
(3600 rpm, 4 °C, 11 min), and 50 uL of the supernatant were
retrieved. Analyte concentrations were determined by LC-
MS. The fraction bound (f) was calculated as follows:

fo=1-2

‘p
where ¢, is the concentration in the buffer and ¢, the
concentration in the plasma compartment. Values were ac-
cepted if the recovery of analyte was between 80 and 120%.

Thermodynamic Solubility. Microanalysis tubes (Labo-Tech
J. Stofer LTS AG, Muttenz, Switzerland) were charged with
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1 mg of solid substance and 250 uL of phosphate buffer (50 mM,
pH 6.5). The samples were briefly shaken by hand and then
sonicated for 15 min and vigorously shaken (600 rpm, 25 °C, 2 h)
on a Eppendorf Thermomixer Comfort. Afterward, the samples
were left undisturbed for 24 h. After measuring the pH, the
saturated solutions were filtered through a filtration plate
(MultiScreen HTS, Millipore, Billerica MA, USA) by centrifu-
gation (1500 rpm, 25 °C, 3 min). Prior to concentration deter-
mination by LC-MS, the filtrates were diluted (1:1, 1:10 and
1:100 or, if the results were outside of the calibration range,
1:1000 and 1:10000). The calibration was based on six values
ranging from 0.1 to 10 ug/mL.

Stability in Simulated Gastrointestinal Fluids. Simulated gas-
tric fluid (sGF) and simulated intestinal fluid (sIF) were pre-
pared according to the United States Pharmacopeia (USP 28).
sGF contained sodium chloride (200 mg), pepsin (320 mg), and
37% aq HCI (0.7 mL) in bidistilled water (100 mL). sIF
consisted of monopotassium phosphate (680 mg), 0.2 M NaOH
(7.7 mL), and pancreatin (1 g) in bidistilled water (100 mL). sIF
was adjusted to pH 6 by adding 0.2 M NaOH. sGF and sIF were
preheated (37 °C), and the compounds were added to yield
10 uM solutions. Incubations were performed on a Eppendorf
Thermomixer Comfort (500 rpm, 37 °C). Before starting the
experiment (¢ = 0 min) and after an incubation time of 15, 30,
60, and 120 min, samples (20 uL) were withdrawn, precipitated
with ice-cooled MeCN, and centrifuged (3600 rpm, 4 °C, 10 min).
The concentrations of analyte in the supernatant were analyzed
by LC-MS. Stability was expressed as percentage remaining
compound relative to the initial concentration.

In Vitro Metabolism: Ester Hydrolysis. Incubations were
performed in a 96-well format on a Eppendorf Thermomixer
Comfort. Each compound was incubated with a reaction mix-
ture (270 uL) consisting of pooled male mouse liver microsomes
in the presence of TRIS buffer (0.1 M, pH 7.4) and MgCl, (2 mM).
After preheating (37 °C, 500 rpm, 10 min), the incubation was
initiated by adding 30 4L of compound solution (20 uM) in
TRIS buffer. The final concentration of the compounds was
2 uM, and the microsomal concentration was 0.25 mg/mL. At
the beginning of the experiment (+ = 0 min) and after an
incubation time of 1, 3, 6, and 15 min, samples (50 uL) were
transferred to 150 uL of ice-cooled MeCN, centrifuged (3600
rpm, 4 °C, 10 min), and 80 uL of supernatant were transferred to
a 96-well plate for LC-MS analysis. Metabolic degradation was
assessed as percentage remaining compound versus incubation
time. Control experiments were performed in parallel by pre-
incubating the microsomes with the specific carboxylesterase
inhibitor BNPP (1 mM) for 5 min before addition of the
antagonists.

In Vitro Metabolism: Cytochrome P450-Mediated Metabo-
lism. Incubations consisted of pooled male mouse liver micro-
somes (0.5 mg microsomal protein/mL), compounds (2 uM),
MgCl, (2mM), and NADPH (1 mM) in a total volume of 300 uL
TRIS buffer (0.1 M, pH 7.4) and were performed in a 96-well
plate on a Thermomixer Comfort. Compounds and microsomes
were preincubated (37 °C, 700 rpm, 10 min) before NADPH was
added. Samples (50 uL) at = 0 min and after an incubation
time of 5, 10, 20, and 30 min were quenched with 150 4L of ice-
cooled acetonitrile, centrifuged (3600 rpm, 4 °C, 10 min), and
80 uL of each supernatant were transferred to a 96-well plate for
LC-MS analysis. Control experiments without NADPH were
performed in parallel.

LC-MS Measurements. Analyses were performed using a
1100/1200 series HPLC system coupled to a 6410 triple quad-
rupole mass detector (Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with electrospray ionization. The system
was controlled with the Agilent MassHunter Workstation Data
Acquisition software (version B.01.04). The column used was an
Atlantis T3 C18 column (2.1 mm x 50 mm) with a 3 um particle
size (Waters Corp., Milford, MA, USA). The mobile phase
consisted of two eluents: solvent A (H,O, containing 0.1%
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formic acid, v/v) and solvent B (acetonitrile, containing 0.1%
formic acid, v/v), both delivered at 0.6 mL/min. The gradient
was ramped from 95% A/5% B to 5% A/95% B over 1 min, and
then held at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of
4 min. MS parameters such as fragmentor voltage, collision
energy, polarity were optimized individually for each drug, and
the molecular ion was followed for each compound in the
multiple reaction monitoring mode. The concentrations of the
analytes were quantified by the Agilent Mass Hunter Quantita-
tive Analysis software (version B.01.04).

In Vivo Pharmacokinetic and Disease Model. Bacteria. The
clinical E. coli isolate UTI89® (UTI89wt) were kindly provided
by the group of Prof. Urs Jenal, Biocenter, University of Basel.
Microorganisms were stored at —70 °C and before experiment
incubated for 24 h under static conditions at 37 °C in 10 mL of
Luria—Bertani broth (Becton, Dickinson and Company, Le
Pont de Claix, France) using 50 mL tubes. Prior to each
experiment, the microorganisms were washed twice and resus-
pended in phosphate buffered saline (PBS, Hospital Pharmacy
at the University Hospital Basel, Switzerland). Bacterial con-
centrations were determined by plating serial 1:10 dilutions on
blood agar, followed by colony counting with 20—200 colonies
after overnight incubation at 37 °C.

Animals. Female C3H/HeN mice weighting between 19 and
25 g were obtained from Charles River (Sulzfeld, Germany) and
were housed four to a cage. Mice were kept under specific-
pathogen-free conditions in the Animal House of the Depart-
ment of Biomedicine, University Hospital Basel, and animal
experimentation guidelines according to the regulations of Swiss
veterinary law were followed. After seven days of acclimatiza-
tion, 9- to 10-week old mice were used for the PK and infection
studies. During the studies, animals were allowed free access to chow
and water. Three days before infection studies and during infection,
5% D-(+)-glucose (AppliChem, Baden-Dattwil, Switzerland)
was added to the drinking water to increase the number of
bacterial counts in the urine and kidneys.>’

Pharmacokinetic Studies. Single-dose pharmacokinetic stud-
ies were performed by iv and po application of the FimH
antagonists at a concentration of 50 mg/kg followed by urine
and plasma sampling. For iv application, the antagonists (1,
17a, 17b) were diluted in 100 «L of PBS and injected into the tail
vein. For po application, antagonist 1 was diluted in 200 uL of
PBS and antagonists 17b and 16b were first dissolved in DM SO
(20x) and then slowly diluted to the final concentration (1x) in
1% Tween-80/PBS to obtain a suspension. Antagonists were
applied iv by injection into the tail vein and po using a gavage
followed by blood and urine sampling (10 xL) after 6 min, 30
min, 1 h,2h,4h, 6h, 8h,and 24 h. Before analysis, proteins in
blood and urine samples were precipitated using methanol
(Acros Organics, Basel, Switzerland) and centrifuged for 11
min at 13000 rpm. The supernatant was transferred into a 96-
well plate (0.5 mL, polypropylene, Agilent Technologies, Basel,
Switzerland) and analyzed by LC-MS as described above.

UTI Mouse Model. Mice were infected as previously described.>’
In brief, before infection, all remaining urine was depleted form the
bladder by gentle pressure on the abdomen. Mice were anesthe-
tized with 2.5 vol% isoflurane/oxygen mixture (Attane, Minrad
Inc., Buffalo, NY, USA) and placed on their back. Anesthetized
mice were inoculated transurethrally with the bacterial suspension
by use of a 2 cm polyethylene catheter (Intramedic polyethylene
tubing, inner diameter 0.28 mm, outer diameter 0.61 mm, Beckton
Dickinson, Allschwil, Switzerland), which was placed on a syringe
(Hamilton Gastight Syringe 50 uL, removable 30G needle, BGB
Analytik AG, Boeckten, Switzerland). The catheter was gently
inserted through the urethra until it reached the top of the bladder,
followed by slow injection of 50 uL of bacterial suspension at a
concentration of approximately 10° to 10'® CFU/mL.

Antagonist Treatment Studies. FimH antagonists were applied iv
in 100 uL of PBS into the tail vein or po as a suspension by the help
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of a gavage, 10 min (17a, 17b, 16b) or 1 h before infection (1). Three
h after the onset of infection, urine was collected by gentle pressure
on the abdomen and then the mouse was sacrificed with CO,.
Organs were removed aseptically and homogenized in 1 mL of PBS
by using a tissue lyser (Retsch, Haan, Germany). Serial dilutions of
urine, bladder, and kidneys were plated on Levine Eosin Methy-
lene Blue Agar plates (Beckton Dickinson, Le Pont de Claix,
France). CFU counts were determined after overnight incubation
at 37 °C and expressed as CFU/mL for the urine and CFU/bladder
and CFU/2 kidneys for the organs.
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2.3 Chapter 2: FimH antagonists: ester prodrugs with improved oral

bioavailability

The following chapter extends the ester prodrug strategy for optimizing the oral absorption
potential of the biphenyl o-D-mannopyranosides. A broad set of simple and functionalized
alkyl promoieties are introduced and their effects on the oral absorption potential are exposed
in detail. Particular attention is paid to the characterization of the bioconversion of the
prodrugs to the parent compound by different microsome-associated and plasma-borne

hydrolases.

Contribution to the project:

Simon Kleeb performed all experiments regarding the physicochemical and in vitro
pharmacokinetic characterization of the diverse ester prodrugs. In particular, he implemented
various assays for exploring the enzyme-mediated transformation of the prodrugs to the
pharmacologically active parent compound. Overall, he was responsible for the writing of the

entire chapter with the exception of the synthesis section.

Wojciech Schonemann synthesized all the tested compounds and was responsible for the

writing of the synthesis section.

Abbreviations: BChE, butyrylcholinesterase; BNPP, bis(4-nitrophenyl) phosphate; Caco-2
cells, colorectal adenocarcinoma cells; CES, carboxylesterase; CRD, carbohydrate-
recognition domain; D, octanol-water distribution coefficient; ER, endoplasmic reticulum;
hCE1, human carboxylesterase isotype 1; hCE2, human carboxylesterase isotype 2; HLM,
human liver microsomes; P, octanol-water partition coefficient; Pyp,, apparent permeability;
P., effective permeability; PAMPA, parallel artificial membrane permeability assay; RLM,

rat liver microsomes, UPEC, uropathogenic Escherichia coli; UTI, urinary tract infection.
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Introduction

Urinary tract infection (UTI), which is characterized by dysuria, frequent and urgent
urination, bacteriuria, or pyuria, is one of the most common bacterial infections. Around 60%
of women have at least one UTI in their lifetime and most episodes are caused by
uropathogenic Escherichia coli (UPEC).!"! UTI requires an antibiotic treatment to tackle the
symptoms and to prevent potentially devastating complications like pyelonephritis and
urosepsis.”) However, recurrent infections with subsequent antibiotic exposure can result in
antimicrobial resistance. This often leads to treatment failure and reduces the range of
therapeutic options."”! Therefore, efficient non-antibiotic treatment strategies are urgently

needed.

The pathogenesis of UTI relies on bacterial lectins which recognize carbohydrate ligands
located on the endothelial cells of the urinary tract."*! P-piliated UPEC cause pyelonephritis
by binding to galabiose-containing ligands on the kidney epithelium, while mannose-binding
type 1 pili promote cystitis by targeting uroplakin Ia on the mucosal surface of the urinary
bladder.™ The bacterial adhesion prevents rapid clearance of UPEC from the urinary tract by
the bulk flow of urine and enables the colonization of the host cells.!! The bacterial lectin
FimH expressed at the tip of type I pili encloses a carbohydrate recognition domain (CRD)
which targets the mannosylated glycoproteins on the cell surface, and a pilin domain

regulating the switch between the low and high affinity states of the CRD.!"*

The inhibition of the bacteria-cell interaction by FimH antagonists is a promising approach
tackling the resistance problem of the current antibiotic treatment strategies. More than two
decades ago, Sharon and coworkers investigated various mannosides as antagonists for type 1
fimbriae-mediated specific bacterial adhesion.”'" Since then, two different approaches have
been explored for the further improvement of the antiadhesive effects. First, multivalent

1214 \were investigated and second, monovalent high-affinity antagonists!'>*"

mannosides!
were designed based on the structural information obtained from crystal structures of FimH
co-crystallized with alkyl and aryl o-D-mannopyranosides.!'> > Only recently, the first in
vivo studies performed in a mouse model were published, describing antibacterial effects in
the bladder upon oral administration of biphenyl o-D-mannopyranosides.!'® 2* In either of the
reported cases, high dose (> 50 mg/kg body weight) was however necessary to maintain the
minimal therapeutic concentration in the urine due to unfavorable physicochemical properties

of the antagonists for an oral treatment.!'**!!
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In order to reach the urinary bladder, an orally applied FimH antagonist needs to be absorbed
from the intestinal lumen into the bloodstream and subsequently excreted via the kidneys.
Permeability through the intestinal mucosa usually improves with an increase in
lipophilicity.*”**! By contrast, renal excretion is favored in the case of hydrophilic
molecules, the polar character of which limits the reabsorption from the primary urine in the
renal tubules and reduces the propensity to non-renal elimination pathways.”” **! This
chapter presents an ester prodrug concept (Figure 1) combining lipophilicity, conferred by an
alkyl promoiety, and hydrophilicity, provided by the free carboxylate upon enzyme-mediated
[31,32]

hydrolysis of the ester in hepatocytes or in plasma.

OH OH

OH OH
HO Q HO O
HO cl 1. Intestinal absorption HO cl 3. Renal excretion Therapeutic
- [ — .

0 i 0
2. Hydrolysis in hepatocytes effect
or in plasma 1
‘ COO - Alkyl ‘ COOH

Figure 1. Ester prodrug concept enabling oral bioavailability and renal excretion for the biphenyl

a-D-mannopyranoside FimH antagonist 1.

Results and Discussion

In a recent publication, we described the biphenyl o-D-mannopyranoside 1 exhibiting
nanomolar affinity towards the isolated FimH-CRD and treatment efficacy in a mouse

1."8 Moreover, we showed that esterification of the polar carboxylate with a

disease mode
methyl promoiety (—2) is a promising approach for achieving oral bioavailability.
Nevertheless, the levels of the parent compound in plasma detected upon oral administration
of the prodrug were moderate when compared to the concentrations reached by intravenous
application. Therefore, we expanded the ester prodrug strategy in order to optimize the oral
absorption potential. In a first step, we synthesized a set of simple alkyl esters (— 3a-e, Table
1) and characterized their intestinal absorption potential. Based on these findings we then
optimized the prodrug by (a) introducing alkyl promoieties functionalized with oxygenated or

nitrogenated substituents (— 3f-i, k-n) and by (b) replacing the ortho-chloro substituent of

the biphenyl aglycone with a trifluoromethyl group (— 4, 51).
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Table 1. Ester prodrugs for optimizing oral bioavailability of the biphenyl a-D-mannopyranosides 1 and 4.

OH

OH
HO -0
HO R?

cpd | R' | R? cpd | R' | R? ecpd | R' | R?
1™ ¢l | H 3f | Cl | CH,CH,0CHj 42 | CF; | H
2081 ¢l | CH;, 3g | Cl | CH,CH,OCH,CH; 51 CF; | CH,CH,N(CH;),
3a | Cl | CH,CH; 3h | Cl | CH,CH,0CH(CHj3),
3b |Cl | CH,CH,CH; |3i |Cl | CH,CH,OCH,CH,0CH,CHj
3¢ | Cl | (CH,);CH; 3k | Cl | CH,CH,0H
3d | Cl | CH(CHj), 31 | Cl | CH,CH,N(CH3),
3e | Cl | C(CH;)s 3m | Cl | CH,CH, —N:>

3n | Cl | CH,CH, N o

/

Synthesis

The synthesis of alkyl and oxygen-containing heteroalkyl esters is depicted in Scheme 1. The
glycosylation between commercially available 8 and phenol 9 was performed in presence of
Lewis acid affording a-D-mannoside 10. The boronate ester intermediates 7a-d, f, g were
obtained by treating 6 with thionyl chloride and excess of corresponding alcohol. The
alcohols applied in the case of 7h-j were coupled with carboxylic acid by Steglich

331 All boronate ester intermediates were purified by MPLC on silica gel and

esterification.
characterized except 7f, 7g and 7i, from which only major impurities were removed before
using them in the next step. The compound 7e was purchased from Frontier Scientific, Inc.
chemical company. The compound 10 underwent palladium-mediated Suzuki coupling
reaction®* together with 7a-j yielding biphenyls 11a-j. In order to avoid transesterification,
deacetylation was done in a mixture of chloroform and corresponding alcohol together with

its alkoxide. In the case of more complex alcohols, bulky fert-butanol with potassium tert-

butoxide was applied.
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h) E 124 R*= Ac COOR!
3a-i, k, R?=H

Scheme 1. a) R'-OH, SOCl,, 60 °C, 2-6 h, 42-65% (7a-¢); b) R'-OH, DIC, DMAP, CH,CL,, 0 °C —> rt, 1-4 h,
43-69% (7h, j); ¢) iPrOH, SOCL,, EN, CHCls, 60 °C, 5 h, 32% (7d); d) BF5-Et,0, CH,Cl,, 4A MS, 40 °C, 76
h, 62%; ¢) Ta-e, 7h or 7j, PdCly(dppf)-CH,Cl,, KsPO,, DMF, 80 °C, 2-6 h, 55-81% (11a-e, h, j); f) i. 6, R'-OH,
SOCL, 60 °C, 4-6 h; ii. PdCly(dppf)-CH,Cl,, KsPO,, DMF, 80 °C, 4-5.5 h, 47-52% (11f, g); g) i. 6, R'-OH,
DIC, DMAP, CH,Cl,, 0 °C —> rt, 3.5 h; ii. PdCL(dppf)-CH,CL,, KsPO,, DMF, 80 °C, 5 h, 44% (11i); h) R'-
ONa/R'-OH or +-BuOK/t-BuOH, CHCL,, rt, 2-25 h, 25-69%.

The synthesis of nitrogen-containing ester analogs was performed in a different manner to

avoid possible deactivation of the catalyst?®”

during Suzuki coupling reaction. Esterification
was performed directly on compound 1 or 4 (Scheme 2). The crude products 31-n and 51 were

purified by means of preparative HPLC resulting in moderate yields.

OAc OH OH R: 1 SN
OAc [Ref8 21] a) |
AcO -0 —— HO - > HO

AcO
OAc m \/\Nﬁ
8 3ln (R2=
2 —
Fs) 51 (R CF3 I N
COOH COOR! N

Scheme 2. a) R'-OH, COMU, DIPEA, DMF, rt, 4-31 h, 14-53%.
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Physicochemical and in vitro pharmacokinetic characterization

For estimating the oral absorption potential of the various ester prodrugs as well as their
propensity to enzyme-mediated bioactivation, we conducted aqueous solubility, lipophilicity,
permeability, and metabolic stability studies (for experimental data refer to Table 2).
Aqueous solubility was of interest because the orally applied dose needs to be dissolved in
the intestinal fluids prior to absorption.”® Lipophilicity was quantified by means of the
octanol-water distribution coefficient at pH 7.4 (log D7.4).’” The parallel artificial membrane
permeability assay (PAMPA) was performed to estimate the prodrugs’ ability to diffuse

[38

through the intestinal membranes,*® while bi-directional permeation studies across a

colorectal adenocarcinoma (Caco-2) cell monolayer were implemented to reveal active influx
and efflux processes.*”) Furthermore, the prodrugs were incubated with rat and human liver
microsomes (RLM, HLM) for estimating their susceptibility to hydrolases localized in the

endoplasmic reticulum of hepatocytes,*”) while incubations with human plasma were
[41]

performed to investigate the involvement of plasma-borne enzymes in ester hydrolysis.
Table 2. Pharmacokinetic parameters of different ester prodrugs of the FimH antagonists 1 and 4. PAMPA,
parallel artificial membrane permeability assay; P., effective permeability; P,,, apparent permeability; RLM,
rat liver microsomes; HLM, human liver microsomes; n.d., not determined. The Caco-2 assay was performed at
an initial compound concentration (cy) of 62.5 uM. Microsomal stability was determined with pooled male rat
liver microsomes (0.125 mg/mL) and pooled human liver microsomes (0.125 mg/mL) at pH 7.4 and 37 °C.

Plasma stability was determined with human plasma (50%) at pH 7.4 and 37 °C.

cpd | PAMPA Caco-2 log D74 Solubility RLM HLM Plasma
log P, P [10°° c/s] [ug/mL]}/pH | ti tip tin
[cm/s]/pH a—b b—a [min] [min] [min]
1" | no permeation 0.2+0.0 0.4+0.0 <-1.5 >3000/6.61 - - -
2018 -4.6 5.320.6 18+1 232 11.9/6.53 3.1 36 >120
3a -4.5+0.1/7.4 n.d. n.d. n.d. 3.9+0.1/7.4 n.d. n.d. n.d.
3b -4.5+0.1/7.4 n.d. n.d. n.d. 22+0.5/7.4 n.d. n.d. n.d.
3¢ -4.6 /7.4 n.d. n.d. n.d. 0.8+0.2/7.4 n.d. n.d. n.d.
3d -4.4+0.1/7.4 n.d. n.d. n.d. 14x1/7.4 n.d. n.d. n.d.
3e -44+0.1/7.4 n.d. n.d. n.d. 3.8+0.6/7.4 n.d. n.d. n.d.
3k -6.6+0.1/7.4 0.6+0.1 9.6+0.6 1.8+0.1 >160 /7.4 >120 >120 >120
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3| -49:00/74 | 45:04 | 18=1 | 23200 | 12124 /74 | 41 | 47 57
3g | 49:02/74 | 1=l 1951 | 27200 | 137s14/74 | 59 | 101 | 66
3ho| -45:0.1/74 | 83207 | 36s4 | 3101 | 90:6/74 | 19 | 16 57
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Oral absorption. As previously reported, low aqueous solubility (<20 pg/mL) is a primary
drawback constraining oral absorption of the methyl ester 2.I"* ** Moreover, carrier-mediated
efflux at the apical enterocyte membrane — revealed by the bi-directional Caco-2 permeation
assay — probably interferes with the intestinal uptake of the prodrug, in spite of promising
membrane permeability suggested by PAMPA (log P, = -4.6).1*>*! Therefore, we expanded

the alkyl promoiety with the aim to increase solubility and permeability.

In the first step, esters with simple alkyl promoieties (3a-e) were introduced, trending
towards slightly higher effective permeability (log P.), as determined by PAMPA.
Nevertheless, replacing the methyl promoiety with an ethyl, propyl, butyl, isopropyl, or tert-
butyl group further reduced the aqueous solubility of the prodrug and, as a consequence, its

intestinal absorption potential.l*®!

In order to counteract decreasing aqueous solubility, we introduced in the next step ethyl
promoieties functionalized with oxygenated or nitrogenated substituents.*) These esters
(3f-i, k-n) were indeed more soluble than the initial methyl ester 2 and the prodrugs 3a-e.
Moreover, the 2-ethoxyethyl ester 3g and the 2-isopropoxyethyl ester 3h displayed a higher
log D7 4 than the methyl ester, suggesting an increase in membrane permeability. On the other
hand, the tertiary amines present in the compounds 31 and 3n induced a decrease in log D74
but a strong increase in aqueous solubility. The moderate lipophilicity of the

2-(dimethylamino)ethyl ester 31 could in turn be slightly raised by replacing the ortho-chloro
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substituent on the first aromatic ring of the biphenyl aglycone with a trifluoromethyl moiety
(— 51). Effective permeability deduced from PAMPA (log P.) correlated with log D74, such
that the most lipophilic ester 3h showed optimal log P, for membrane permeation (-4.5).1* In
the case of the esters 31-n and 51 bearing an amine functional group, we observed, moreover,
a strong dependence of log P, on the pH of the compound solution in the donor compartment

of the PAMPA.

A bi-directional Caco-2 permeability screening at low initial compound concentrations in the
donor chamber (¢) = 62.5 uM) classified all heteroalkyl esters as apparent substrates of efflux

transporters./**!

Passive diffusion driven by the concentration gradient across the cell
monolayer and active efflux given for intrinsic carrier substrates are considered as key
determinants of the apparent net flux.!*”) Accordingly, the moderately permeable aminoalkyl
esters, such as compound 3l, diffused slowly but were strongly recognized by the efflux
carriers, resulting in a high efflux ratio (b—a/a—b). Since 3l is well soluble in aqueous
medium, the initial concentration (cy) in the donor chambers could, however, be expanded to
825 uM, which increased the gradient and apparently saturated the transporter activity

(Figure 2). As a result, apparent permeability (Papp, ab) In the range for successful oral

absorption was achieved.

In contrast to the 2-aminoethyl esters, the highly permeable esters 3f-h diffused more rapidly,
which led to a lower efflux ratio and promising Papp op under the screening conditions
(co=62.5 uM). However, for the ester 3h exhibiting the least favorable efflux ratio among
those esters, the attempt to saturate the transporters was not successful due to insufficient

aqueous solubility (90 pg/mL).
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Figure 2. Apparent permeability (P,,p) of ester 31 through a Caco-2 cell monolayer. The assay was performed at
different initial compound concentrations in the donor compartment (c,), ranging from 100 uM to 825 uM. P,

(a—Db), permeability in the absorptive direction; P,,, (b—a), permeability in the secretory direction.
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Enzyme-mediated bioactivation. Besides solubility and permeability, propensity to enzyme-
mediated bioactivation was a key feature of our ester prodrug concept.*’! Hydrolysis of the
ester bond can be mediated by plasma-borne enzymes or by isozymes of the carboxlyesterase
(CES) superfamily associated to the endoplasmic reticulum of various tissues.”*""*’ The
isozyme hCE]l, highly expressed in hepatocytes but scarcely observed in enterocytes, and the
isozyme hCE2, present in both hepatocytes and enterocytes, have been identified as major
human CES.[*” Since the prodrug approach might only be successful if hydrolysis takes place
in the bloodstream or in the liver and not in the intestine during absorption, high chemical
stability of the ester bond and substrate specificity for plasma-borne hydrolases or hCE1 was

aspired.

Incubations of the esters 3f-i, k-n, and 51 in buffer without active enzyme (pH 7.4, 37 °C)
showed a negligible degradation within one hour, suggesting high chemical stability of the
ester bond. With regard to the enzyme-mediated bioactivation, we identified different
esterases to be involved in the conversion of the oxygen-containing esters 3f-i, k and the

amine-bearing esters 31-n and 51 to the active parent compounds.

When we incubated the oxyethyl esters 3f-h, k (initial concentration, cp =2 uM in TRIS-HCI
0.1 M, pH 7.4) with RLM (0.125 mg/mL, total incubation time = 60 min), we observed the
previously described relationship between the lipophilicity of the ester and its propensity to
hydrolysis by microsome-associated hydrolases.* * The 2-hydroxyethyl ester 3k, i.e. the
least lipophilic compound among the oxyethyl esters, remained stable during the entire
incubation (t;, > 120 min). By contrast, the 2-methoxyethyl 3f, 2-ethoxyethyl 3g, and
2-isopropoxyethyl 3h esters were all susceptible to degradation by microsome-associated
enzymes, with the most lipophilic 3h showing the shortest metabolic half-life. Nonetheless,
the observed high rates of biotransformation by murine hydrolases did not correlate with the
turnover by human enzymes. In fact, the incubations with HLM under similar assay
conditions revealed important species differences in the observed half-lives (see Table 2),
which need to be considered when predicting the rates of bioconversion in human from in

vivo animal experiments.”*"!
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Figure 3. Human liver microsome mediated hydrolysis of ester prodrug 2, 3f, 3g, and 3h in presence of
Loperamide hydrochloride, a specific inhibitor of the human carboxylesterase isotype 2 (hCE2). The bars
represent the accumulation of the parent compound 1 in the incubation with inhibitor (1 uM, 10 uM, 100 pM)

relative to the accumulation in the control experiment without Loperamide (blank).

When bis(4-nitrophenyl) phosphate (BNPP, 1 mM) — an inhibitor of all CES isozymes — was
added to the microsomal incubations of the esters 3f-h, a strong decrease in the rates of
hydrolysis was observed. These results suggest that enzymes of the CES superfamily are the
4] Otherwise, treating the HLM with

Loperamide (1 — 100 uM) — a specific inhibitor of the human CES isotype 2 (hCE2) — did not

main contributors to the bioactivation of these prodrugs.

affect the rates of hydrolysis (Figure 3), which attributes the observed enzymatic turnover

primarily to the hCEI isozyme."

In contrast to the 2-oxyethyl esters, all 2-aminoethyl prodrugs 3l-n and 51 showed low
susceptibility to hydrolysis by microsome-associated esterases. Indeed, the cationic tertiary
amine present in these esters is supposed to establish strong interactions with negatively
charged residues in the active site gorge of the CES and, as a consequence, to inhibit the
hydrolytic activity.*”) By contrast, the 2-(dimethylamino)ethyl esters 31, 51, and the
2-(piperidin-1-yl)ethyl ester 3m were rapidly cleaved by plasma-borne enzymes. Since the
2-aminoethyl carboxylate present in these prodrugs is structurally related to choline esters,
we postulated that they were recognized by the butyrylcholinesterase (BChE) present in
human plasma."*>*) The metabolic turnover could indeed be inhibited by the specific
cholinesterase inhibitor Neostigmine bromide (Figure 4), which confirms the strong
contribution of BChE to the observed hydrolysis.”” Against our expectations, the
2-morpholinoethyl promoiety in 3n, known from marketed ester prodrugs (e.g.

55
)0

Micophenolate mofetil was scarcely cleaved by microsomal or plasma-associated

enzymes.
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Figure 4. Hydrolysis of the 2-(dimethylamino)ethyl ester 31 and the 2-(piperidin-1-yl)ethyl ester 3m by plasma-
associated esterases in presence of the specific butyrylcholinesterase inhibitor Neostigmine bromide
(0.01 - 10 upM). The activity was calculated by dividing the metabolic t;, observed in presence of inhibitor by

the metabolic t;,, of the control experiment without inhibitor.

In summary, the prodrug approach proved successful to mask the polar character of the
carboxylic acid and hence to increase permeability of the biphenyl o-D-mannopyranoside 1.
As opposed to merely aliphatic motifs present in 3a-e, the oxyalkyl promoieties in 3f-h
enhanced both permeability and solubility. Nonetheless, aqueous solubility was still
insufficient to reach concentrations necessary for efflux transporter saturation. Moreover, we
suspect that, despite hydrolysis by hepatic CES, further metabolic modifications within the
hepatocytes (e.g. glucuronidation of the free acid) or hepatobiliary excretion may take place
and constrain the systemic availability of the active principle.’"! Otherwise, the 2-aminoethyl
derivatives showed high aqueous solubility, compensating for moderate permeability and
providing a promising overall absorption potential. Furthermore, the well soluble esters 31
and 5l displayed high propensity to hydrolysis by plasma-borne enzymes, which suggests
rapid and quantitative conversion of the prodrug to the polar active principle within the

bloodstream and thus low compound loss during the first pass through the liver.*"

With regard to the rate of enzyme-mediated bioactivation, rapid conversion, such as observed
for the prodrugs 3h, 31 or 51, is not necessarily advantageous since it favors rapid compound
clearance from circulation, i.e. high initial concentrations in the bladder but only short-acting
therapeutic effects. We therefore hypothesize that the slightly prolonged metabolic t;/; of the
prodrug 3g would allow to maintain the minimal therapeutic concentration in the urine for a

longer period of time, thus reducing the dosing frequency.
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Summary and Conclusion

The physicochemical profile of most biaryl a-D-mannosides described as potent and selective
FimH antagonists is unfavorable for an oral therapy. In a former publication, we introduced
an ester prodrug approach rendering the biphenyl mannoside 1 orally available. The goal of
the present study was to optimize the properties of the promoiety in order to enhance the
intestinal uptake and the delivery of the pharmacologically active parent compound to the

therapeutic target in the urinary bladder.

Introducing alkyl promoieties (i.e. ethyl, propyl, isopropyl, butyl, isopropyl, or fert-butyl)
was little successful due to markedly reduced aqueous solubility of the final molecules. By
contrast, alkyl promoieties functionalized with oxygenated or nitrogenated substituents
proved advantageous for masking the polar carboxylic acid substituent of the biphenyl
aglycone and for raising the aqueous solubility of the prodrug. With regard to the enzymatic
bioactivation, we identified different esterases responsible for the hydrolysis of the
alkoxyethyl esters and the aminoethyl derivatives. The first mentioned class of esters was
recognized by the ER-associated CES expressed in hepatocytes. The latter group of prodrugs
was rapidly cleaved by the plasma-borne BChE, which implies immediate availability of the
active principle in the bloodstream and lower non-renal clearance by phase II metabolic

reactions or hepatobiliary excretion.

With respect to all ADME parameters determined in vitro, the prodrugs 3g and 51 showed the
most promising profiles. The 2-(dimethylamino)ethyl ester derivative Sl displayed high
solubility, moderate permeability, and rapid hydrolysis mediated by the cholinesterase, which
can lower the risk of non-renal clearance but also shorten the dosing interval of the treatment.
On the other hand, the 2-ethoxyethyl ester derivative 3g exhibited moderate solubility, high
permeability, and slightly prolonged t;,, which may be beneficial in terms of dose regimen
but also may increase the propensity to hepatic clearance. In order to prove the advantages
and drawbacks of the optimized structures, in vivo pharmacokinetic studies in mice should be

conducted as a next step.
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Experimental Section

Synthesis

General methods. NMR spectra were recorded on a Bruker Avance DMX-500 (500 MHz)
spectrometer. Assignment of 'H and “C NMR spectra was achieved using 2D methods (COSY,
HSQC, HMBC). Chemical shifts are expressed in ppm using residual CHCl;, CHD,OD or HDO as
references. Optical rotations were measured using Perkin-Elmer Polarimeter 341. Electron spray
ionization mass spectra (ESI-MS) were obtained on a Waters micromass ZQ Mass Spectrometer. The
LC-HRMS analysis were carried out using a Agilent 1100 LC equipped with a photodiode array
detector and a Micromass QTOF I equipped with a 4 GHz digital-time converter. Reactions were
monitored by TLC using glass plates coated with silica gel 60 F,s, (Merck) and visualized by using
UV light and/or by charring with a molybdate solution (a 0.02 M solution of ammonium cerium
sulfate dihydrate and ammonium molybdate tetrahydrate in aqueous 10% H,SO,). MPLC separations
were carried out on a CombiFlash Companion or R¢ from Teledyne Isco equipped with RediSep
normal-phase. LC-MS separations were carried out on a Waters system equipped with sample
manager 2767, pump 2525, PDA 2996, column SunFire™ Prep Cys oBD™ (5 um, 19 x 150 mm),
and Micromass ZQ. All compounds used for biological assays are at least of 95% purity based on
HPLC analytical results. Commercially available reagents were purchased from Aldrich, Alfa Aesar,
Acros Organics or Frontier Scientific. Solvents were purchased from Sigma-Aldrich or Acros and
were dried prior to use where indicated. Methanol (MeOH), ethanol (EtOH), n-propanol (PrOH),
isopropanol (i-PrOH), n-butanol (BuOH) and fert-butanol (--BuOH) were dried by storing with
activated molecular sieves 3A or 4A for at least one day. Dichloromethane (DCM) was dried by
filtration over AlL,O; (Fluka, type 5016 A basic) and stored over activated molecular sieves 4A .

Molecular sieves 3A and 4A were activated in vacuo at 200 °C for 30 min immediately before use.

General procedure A for Suzuki coupling reaction. A round-bottom flask was charged with 10,
boronate 6 or 7 and K;PO,, then evacuated and flushed with argon. Anhydrous DMF (0.5-4 mL) was
added and the mixture was degassed in an ultrasonic bath for 10 min followed by the addition of
PdCl,(dppf)-CH,Cl,. The reaction was stirred at 80 °C under argon until completion (2-6 h). After
cooling to rt, the mixture was diluted with EtOAc (30-50 mL) and washed with satd aq NaHCO; (2 x
20 mL) and H,O (2 x 20 mL). The organic layer was dried over Na,SO,4, concentrated in vacuo and

purified by MPLC on silica gel to afford 11a-j.

General procedure B for deacetylation. To a solution of protected mannoside 11 in a mixture of dry
alcohol and chloroform, freshly prepared sodium alkoxide or potassium tert-butoxide was added. The
mixture was stirred at rt under argon until completion (2-25 h). Then, the mixture was neutralized
with Amberlyst-15 (H") ion-exchange resin, filtered and concentrated in vacuo. The crude product

was purified by MPLC on silica gel to afford 3a-i, k.

65



2.3 — Chapter 2

General procedure C for esterification of compounds 1 and 4. To a solution of 1 or 4, the
corresponding alcohol and DIPEA in DMF, was added COMU. The mixture was stirred at rt under
argon until completion (4-31 h) and then concentrated in vacuo. The residue was dissolved in MeOH
(1 mL) or MeCN (1 mL), passed through a nylon membrane syringe filter (pore size 0.45 um) and
purified by LC-MS (H,0/MeCN + 0.2% HCO,H) to afford 31-n and 5l as solids after lyophilization
from H,O.

4-Ethoxycarbonylphenylboronic acid pinacol ester (7a). A round-bottom flask was charged with 6
(60 mg, 0.235 mmol), evacuated and flushed with argon. Then, dry EtOH (0.6 mL) and SOCI, (41
uL, 0.282 mmol, 2.4 eq) were added. The mixture was stirred at 60 °C for 2 h. The reaction mixture
was concentrated in vacuo and purified by MPLC on silica gel (petroleum ether/EtOAc, 9:1) to afford

7a (43 mg, 66%) as a colorless oil. Analytical data are in accordance with literature data.’>

4-Propoxycarbonylphenylboronic acid pinacol ester (7b). Prepared according to the procedure for
7a from 6 (39 mg, 0.152 mmol) with SOCI, (12 uL, 0.152 mmol, 1.0 eq) in dry PrOH (0.3 mL). After
stirring for 6 h, the reaction mixture was diluted with EtOAc (40 mL) and washed with satd aq
NaHCOs; (20 mL). The organic layer was dried over Na,SQO,, concentrated in vacuo and purified by
MPLC on silica gel (petroleum ether/EtOAc, 9:1) to afford 7b (23 mg, 52%) as a colorless oil. 'H
NMR (500 MHz, CDCly): 6 = 7.95 (d, J = 8.2 Hz, 2H, Ar-H), 7.79 (d, J = 8.2 Hz, 2H, Ar-H), 4.21 (t,
J=6.7 Hz, 2H, OCH,), 1.76-1.69 (m, 2H, CH,), 1.28 (s, 12H, 2 C(CH3),), 0.96 (t, J = 7.4 Hz, 3H,
CH;); "C NMR (125 MHz, CDCl;): 6 = 166.92 (CO), 134.84, 132.91, 128.76 (6C, Ar-C), 84.36 (2C,
2 C(CHs;),), 66.82 (OCHy), 25.08 (4C, 2 C(CHs),), 22.31 (CHy), 10.72 (CHs); elemental analysis:
Calcd (%) for C1¢Hp3BO,: C 66.23, H 7.99, found: C 66.15, H 8.01.

4-Butoxycarbonylphenylboronic acid pinacol ester (7c). Prepared according to the procedure for
7a from 6 (47 mg, 0.188 mmol) with SOCI, (17 uL, 0.232 mmol, 1.2 eq) in dry BuOH (0.4 mL).
After stirring for 6 h, the mixture was concentrated in vacuo and purified by MPLC on silica gel
(petroleum ether/EtOAc, 9:1) to afford 7¢ (37 mg, 65%) as a colorless oil. 'H NMR (500 MHz,
CDCly): 6 = 7.94 (d, J = 8.2 Hz, 2H, Ar-H), 7.79 (d, J = 8.1 Hz, 2H, Ar-H), 4.25 (t, J = 6.7 Hz, 2H,
OCH,), 1.71-1.66 (m, 2H, CH,), 1.44-1.37 (m, 2H, CH,), 1.28 (s, 12H, 2 C(CHj),), 0.91 (t, /= 7.4
Hz, 3H, CH;); >C NMR (125 MHz, CDCl;): § = 166.93 (CO), 134.84, 132.91, 128.75 (6C, Ar-C),
84.36 (2C, 2 C(CHs;),), 65.13 (OCH,), 30.97 (CH,), 25.08 (4C, 2 C(CHs;),), 19.47 (CH,), 13.97 (CHj;);
ESI-MS: m/z: Calcd for C;7H,5BNaO, [M+Na]+: 327.17, found: 326.98.

4-Isopropoxycarbonylphenylboronic acid pinacol ester (7d). To a solution of 6 (39 mg, 0.152
mmol) in CHCI; (1 mL) was added SOCI, (28 uL, 0.380 mmol, 2.5 eq). The reaction mixture was
stirred at 60 °C under argon. Dry i-PrOH (1 mL) and Et;N (23 uL, 0.167 mmol, 1.1 eq) were added
after 2 h. When the reaction was complete (2.5 h), the mixture was concentrated in vacuo and the

residue purified by MPLC on silica gel (petroleum ether/EtOAc, 9:1) to afford 7d (14 mg, 32%) as a
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colorless oil. '"H NMR (500 MHz, CDCl;): 0 = 7.94 (d, J = 8.2 Hz, 2H, Ar-H), 7.78 (d, J = 8.1 Hz,
2H, Ar-H), 5.18 (hept, J = 6.3 Hz, 1H, OCH), 1.71-1.66 (m, 2H, CH,), 1.44-1.37 (m, 2H, CH,), 1.31-
1.29 (m, 18H, 2 C(CHs),, CH(CH3),); *C NMR (125 MHz, CDCls): § = 166.37 (CO), 134.79, 133.33,
128.74 (6C, Ar-C), 84.36 (2C, 2 C(CH;),), 68.67 (OCH), 25.10 (4C, 2 C(CHs;),), 22.16 (2C,
CH(CHs),); ESI-MS: m/z: Calcd for CsH,3BNaO, [M+Na]": 313.16, found: 312.99.

4-(2-Isopropoxyethoxycarbonyl)phenylboronic acid pinacol ester (7h). To a solution of 6 (100
mg, 0.391 mmol) in dry DCM (2 mL) under argon were added 2-isopropoxyethanol (91 uL, 0.782
mmol, 2.0 eq) and a catalytic amount of DMAP (4 mg, 0.033 mmol, 0.08 eq). Then, DIC (91 uL,
0.587 mmol, 1.5 eq) was added at 0 °C, the reaction was allowed to reach rt and stirred for 1 h. The
reaction mixture was diluted with EtOAc (40 mL) and washed with 0.1 N HCI (10 mL), satd aq
NaHCO; (20 mL) and H,O (20 mL). The organic layer was dried over Na,SO,, concentrated in vacuo
and purified by MPLC on silica gel (DCM/MeOH, 99:1) to afford 7h (70 mg, 53%) as a colorless oil.
'H NMR (500 MHz, CDCl;): 6 = 8.03 (d, J = 8.3 Hz, 2H, Ar-H), 7.86 (d, J = 8.1 Hz, 2H, Ar-H), 4.46-
4.43 (m, 2H, COCHs;), 3.77-3.75 (m, 2H, CH,0), 3.66 (hept, J = 6.1 Hz, 1H, OCH), 1.35 (s, 12H, 2
C(CHs),), 1.18 (d, J = 6.1 Hz, 6H, CH(CH;),); C NMR (125 MHz, CDCl;): § = 166.78 (CO),
134.76, 132.52, 128.82 (6C, Ar-C), 84.30 (2C, 2 C(CHs),), 72.20 (OCH), 66.09 (CH,0), 64.71
(COCH,), 25.02 (4C, 2 C(CH;)y), 22.19 (2C, CH(CHj;),); elemental analysis: Calcd (%) for
CisH,7BOs: C 64.69, H 8.14, found: C 65.05, H 8.21.

4-(2-Acetoxyethoxycarbonyl)phenylboronic acid pinacol ester (7j). Prepared according to the
procedure for 7h from 6 (100 mg, 0.403 mmol) and 2-hydroxyethyl acetate®” (0.150 mL) with DIC
(94 uL, 0.605 mmol, 1.5 eq) and DMAP (4 mg, 0.033 mmol, 0.08 eq) in dry DCM (2 mL) to afford 7j
(71 mg, 53%) as a colorless oil. "H NMR (500 MHz, CD;0D): ¢ = 8.00 (d, J = 8.2 Hz, 2H, Ar-H),
7.84 (d, J = 8.2 Hz, 2H, Ar-H), 4.53-4.51 (m, 2H, CH,), 4.43-4.41 (m, 2H, CH,), 2.06 (s, 3H,
COCHj3), 1.36 (s, 12H, 2 C(CH;),); C NMR (125 MHz, CD;OD): § = 172.63, 167.70 (2 CO),
135.69, 129.64 (6C, Ar-C), 85.53 (2C, 2 C(CHs;),), 64.17, 63.44 (2 OCH,), 25.20 (4C, 2 C(CH,),),
20.66 (COCH;); ESI-MS: m/z: Calcd for C7H,3BNaOg [M+Na]": 357.15, found: 357.04.

Ethyl 4’-(2,3,4,6-tetra-0-acetyl-o.-D-mannopyranosyloxy)-3’-chlorobiphenyl-4-carboxylate
(11a). Prepared according to general procedure A from 10 (83 mg, 0.142 mmol) and 7a (43 mg, 0.156
mmol, 1.1 eq) with K;PO, (93 mg, 0.411 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (3.4 mg, 4.2 umol,
0.03 eq) in anhydrous DMF (0.5 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 7:3).
Yield: 62 mg (62%) as colorless oil. [(x]if +66.4 (¢ 1.00, CHCl;); 'H NMR (500 MHz, CDCl;): 6 =
8.02 (d, J = 8.4 Hz, 2H, Ar-H), 7.59 (d, J = 2.2 Hz, 1H, Ar-H), 7.51 (d, J = 8.4 Hz, 2H, Ar-H), 7.39
(dd, J=12.2, 8.6 Hz, 1H, Ar-H), 7.18 (d, J = 8.6 Hz, 1H, Ar-H), 5.58-5.54 (m, 2H, H-1, H-3), 5.48
(dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.33 (t, J = 10.1 Hz, 1H, H-4), 4.32 (q, J = 7.1 Hz, 2H, OCH,), 4.22
(dd, J=5.3,12.3 Hz, 1H, H-6a), 4.12 (ddd, J=2.1, 5.2, 10.1 Hz, 1H, H-5), 4.03 (dd, J= 2.2, 12.4 Hz,
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1H, H-6b), 2.14, 2.00, 1.97, 1.96 (4 s, 12H, 4 COCH3), 1.34 (t, J = 7.1 Hz, 3H, CH3); >C NMR (125
MHz, CDCly): 6 = 170.61, 170.10, 169.92, 169.91, 166.45 (5 CO), 151.27, 143.48, 136.33, 130.36,
129.79, 129.44, 126.83, 126.64, 125.03, 117.39 (12C, Ar-C), 96.79 (C-1), 69.99 (C-5), 69.47 (C-2),
68.92 (C-3), 65.96 (C-4), 62.25 (C-6), 61.22 (OCH,), 21.02, 20.86, 20.84, 20.82 (4 COCHs;), 14.51
(CHj;); elemental analysis: Calcd (%) for C,9H;3,Cl1O,,: C 57.38, H 5.15, found: C 57.62, H 5.32.

Propyl 4°-(2,3,4,6-tetra-0O-acetyl-o.-D-mannopyranosyloxy)-3’-chlorobiphenyl-4-carboxylate
(11b). Prepared according to general procedure A from 10 (35 mg, 0.060 mmol) and 7b (19 mg, 0.065
mmol, 1.1 eq) with K;PO, (39 mg, 0.179 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (2.3 mg, 2.8 umol,
0.05 eq) in DMF (0.5 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 1:0-0:1). Yield:
26 mg (70%) as colorless oil. [a]? +68.2 (¢ 0.87, CHCl3); "H NMR (500 MHz, CDCl;): 6 = 8.03 (d, J
= 8.4 Hz, 2H, Ar-H), 7.60 (d, J = 2.2 Hz, 1H, Ar-H), 7.52 (d, J = 8.4 Hz, 2H, Ar-H), 7.39 (dd, J=2.2,
8.6 Hz, 1H, Ar-H), 7.19 (d, J = 8.5 Hz, 1H, Ar-H), 5.57 (dd, J = 3.5, 10.1 Hz, 1H, H-3), 5.54 (d, J =
1.5 Hz, 1H, H-1), 5.49 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 5.34 (t, J = 10.1 Hz, 1H, H-4), 4.25-4.21 (m,
3H, H-6a, OCH,), 4.12 (ddd, J = 2.1, 5.2, 10.1 Hz, 1H, H-5), 4.03 (dd, J = 2.2, 12.3 Hz, 1H, H-6b),
2.15,2.01, 1.98,1.97 (4 s, 12H, 4 COCH3), 1.78-1.71 (m, 2H, CH,), 0.98 (t, J = 7.4 Hz, 3H, CH3); °C
NMR (125 MHz, CDCL): 6 = 170.66, 170.16, 169.97, 169.96, 166.57 (5 CO), 151.32, 143.54,
136.40, 130.41, 129.86, 129.49, 126.90, 126.68, 125.09, 117.43 (12C, Ar-C), 96.84 (C-1), 70.03 (C-
5), 69.52 (C-2), 68.96 (C-3), 66.85 (OCH,), 66.01 (C-4), 62.29 (C-6), 22.33 (CH,), 21.07, 20.90,
20.88, 20.86 (4 COCH3), 10.72 (CHs); ESI-MS: m/z: Caled for C3H3;CINO,;, [M+NH,]": 638.20,
found: 638.07.

Butyl 4’-(2,3,4,6-tetra-0-acetyl-o.-D-mannopyranosyloxy)-3’-chlorobiphenyl-4-carboxylate
(11c¢). Prepared according to general procedure A from 10 (52 mg, 0.090 mmol) and 7¢ (30 mg, 0.099
mmol, 1.1 eq) with K;PO,4 (59 mg, 0.270 mmol, 3.0 eq) and PdCly(dppf)-CH,Cl, (3.9 mg, 4.5 umol,
0.05 eq) in DMF (0.5 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 7:3). Yield: 33
mg (58%) as pink oil. [a]i;) +105.1 (¢ 1.10, CHCl;); "TH NMR (500 MHz, CDCl3): 0 = 8.03 (d, J = 8.4
Hz, 2H, Ar-H), 7.61 (d, J = 2.2 Hz, 1H, Ar-H), 7.54 (d, J = 8.4 Hz, 2H, Ar-H), 7.41 (dd, J=2.2, 8.6
Hz, 1H, Ar-H), 7.19 (d, J = 8.6 Hz, 1H, Ar-H), 5.57 (dd, J = 3.5, 10.1 Hz, 1H, H-3), 5.54 (d, /= 1.6
Hz, 1H, H-1), 5.49 (dd, J= 1.9, 3.4 Hz, 1H, H-2), 5.34 (t, /= 10.1 Hz, 1H, H-4), 4.28 (t, /= 6.6 Hz,
2H, OCH,), 4.22 (dd, J = 5.3, 12.3 Hz, 1H, H-6a), 4.12 (ddd, J = 2.2, 5.2, 10.1 Hz, 1H, H-5), 4.04
(dd, J=2.2,12.3 Hz, 1H, H-6b), 2.15, 2.01, 1.98, 1.97 (4 s, 12H, 4 COCHj;), 1.73-1.67 (m, 2H, CH,),
1.46-1.39 (m, 2H, CH,), 0.92 (t, J = 7.4 Hz, 3H, CH;); °C NMR (125 MHz, CDCl;): § = 170.67,
170.17, 169.98, 169.97, 166.58 (5 CO), 151.33, 143.54, 136.41, 130.42, 129.87, 129.50, 126.90,
126.68, 125.09, 117.44 (12C, Ar-C), 96.85 (C-1), 70.04 (C-5), 69.53 (C-2), 68.96 (C-3), 66.02 (C-4),
65.16 (OCH,), 62.30 (C-6), 31.00 (CH,), 21.07, 20.91, 20.88, 20.87 (4 COCHs;), 19.49 (CH;), 13.98
(CH;); HRMS: m/z: Caled for C3;H3sCINaO,, [M+Na]": 657.1715, found: 657.1711.
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Isopropyl 4’-(2,3,4,6-tetra-O-acetyl-o-D-mannopyranosyloxy)-3’-chlorobiphenyl-4-carboxylate
(11d). Prepared according to general procedure A from 10 (26 mg, 0.044 mmol) and 7d (14 mg, 0.048
mmol, 1.1 eq) with K;PO4 (29 mg, 0.132 mmol, 3.0 eq) and PdCl(dppf)-CH,CL, (1.5 mg, 1.8 umol,
0.04 eq) in DMF (0.5 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 7:3). Yield: 22
mg (81%) as colorless oil. [o&]gJ +57.5 (¢ 1.05, CHCls); '"H NMR (500 MHz, CDCl;): § = 8.02 (d, J =
8.5 Hz, 2H, Ar-H), 7.61 (d, J = 2.2 Hz, 1H, Ar-H), 7.53 (d, J = 8.5 Hz, 2H, Ar-H), 7.40 (dd, J = 2.2,
8.6 Hz, 1H, Ar-H), 7.19 (d, J = 8.3 Hz, 1H, Ar-H), 5.57 (dd, J = 3.5, 10.1 Hz, 1H, H-3), 5.54 (d, J =
1.6 Hz, 1H, H-1), 5.49 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 5.34 (t, /= 10.1 Hz, 1H, H-4), 5.20 (hept, J =
6.3 Hz, 1H, OCH), 4.22 (dd, J = 5.3, 12.3 Hz, 1H, H-6a), 4.12 (ddd, J = 2.2, 5.2, 10.1 Hz, 1H, H-5),
4.03 (dd, J=2.3, 12.2 Hz, 1H, H-6b), 2.15, 2.01, 1.98, 1.97 (4 s, 12H, 4 COCH,), 1.38 (d, /= 6.3 Hz,
6H, CH(CHs),); °C NMR (125 MHz, CDCly): ¢ = 170.67, 170.17, 169.98, 169.97, 166.00 (5 CO),
151.30, 143.44, 136.46, 130.39, 130.26, 129.49, 126.84, 126.68, 125.08, 117.43 (12C, Ar-C), 96.84
(C-1), 70.03 (C-5), 69.52 (C-2), 68.97 (C-3), 68.71 (OCH), 66.02 (C-4), 62.30 (C-6), 22.17 (2C,
CH(CHs),), 21.07, 20.91, 20.88, 20.87 (4 COCH3); HRMS: m/z: Calcd for C3,H33CINaO;, [M+Na]":
643.1558, found: 643.1554.

tert-Butyl 4°-(2,3,4,6-tetra-0O-acetyl-a.-D-mannopyranosyloxy)-3’-chlorobiphenyl-4-carboxylate
(11e). Prepared according to general procedure A from 10 (27 mg, 0.047 mmol) and 4-tert-
butyloxycarbonylphenyl boronic pinacol ester (7e, 16 mg, 0.052 mmol, 1.1 eq) with K3PO, (31 mg,
0.141 mmol, 3.0 eq) and PdCly(dppf)-CH,CL, (1.6 mg, 1.9 umol, 0.04 eq) in DMF (0.5 mL). Purified
by MPLC on silica gel (petroleum ether/EtOAc, 7:3). Yield: 22 mg (74%) as colorless oil. [a]? +64.9
(c 1.09, CHClL;); '"H NMR (500 MHz, CDCl3): 6 = 7.97 (d, J = 8.4 Hz, 2H, Ar-H), 7.59 (d, J= 2.2 Hz,
1H, Ar-H), 7.49 (d, J = 8.4 Hz, 2H, Ar-H), 7.38 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.18 (d, J = 8.8 Hz,
1H, Ar-H), 5.57 (dd, J = 3.5, 10.1 Hz, 1H, H-3), 5.55 (d, /= 1.5 Hz, 1H, H-1), 5.49 (dd, /=1.9, 3.4
Hz, 1H, H-2), 5.34 (t, /= 10.1 Hz, 1H, H-4), 4.22 (dd, J= 5.3, 12.3 Hz, 1H, H-6a), 4.12 (ddd, /= 2.1,
5.3, 10.1 Hz, 1H, H-5), 4.03 (dd, J = 2.2, 12.3 Hz, 1H, H-6b), 2.15, 2.01, 1.98, 1.97 (4 s, 12H, 4
COCHj3), 1.54 (s, 9H, C(CHs);); °C NMR (125 MHz, CDCL): ¢ = 170.68, 170.18, 169.99, 169.98,
165.68 (5 CO), 151.26, 143.16, 136.55, 131.39, 130.30, 129.48, 126.77, 126.67, 125.08, 117.45 (12C,
Ar-C), 96.86 (C-1), 81.40 (C(CHs;);), 70.04 (C-5), 69.54 (C-2), 68.98 (C-3), 66.04 (C-4), 62.31 (C-6),
28.43 (3C, C(CHs;)3), 21.09, 20.92, 20.90, 20.88 (4 COCHj;); ESI-MS: m/z: Calcd for C;;H;5CINaO;,
[M+Na]": 657.17, found: 657.13.

2-Methoxyethyl 4’-(2,3,4,6-tetra-0-acetyl-a.-D-mannopyranosyloxy)-3’-chloro-biphenyl-4-
carboxylate (11f). 4-(2-Methoxyethoxycarbonyl)phenylboronic acid pinacol ester (7f) was prepared
according to the procedure for 7a from 6 (25 mg, 0.104 mmol) with SOCl, (11 uL, 0.151 mmol, 1.5
eq) in 2-methoxyethanol (0.4 mL). The reaction mixture was concentrated in vacuo after 4 h. The

crude product was used directly for the coupling reaction according to general procedure A with 10
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(55 mg, 0.095 mmol), K;PO4 (61 mg, 0.285 mmol, 3.0 eq) and PdCl(dppf)-CH,CI, (3.1 mg, 3.8
umol, 0.04 eq) in DMF (1 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 3:2). Yield:
32 mg (52% over two steps) as colorless oil. [a]? +60.9 (¢ 1.26, CHCl;); '"H NMR (500 MHz,
CDCl;): 0 = 8.05 (d, J = 8.4 Hz, 2H, Ar-H), 7.60 (d, J = 2.2 Hz, 1H, Ar-H), 7.52 (d, J = 8.4 Hz, 2H,
Ar-H), 7.39 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.19 (d, J = 8.9 Hz, 1H, Ar-H), 5.56 (dd, J = 3.5, 10.1
Hz, 1H, H-3), 5.54 (d, J= 1.5 Hz, 1H, H-1), 5.49 (dd, /= 1.9, 3.4 Hz, 1H, H-2), 5.34 (t, /= 10.1 Hz,
1H, H-4), 4.43-4.42 (m, 2H, CH,), 4.22 (dd, /= 5.3, 12.3 Hz, 1H, H-6a), 4.12 (ddd, /=2.2, 5.2, 10.1
Hz, 1H, H-5), 4.03 (dd, J = 2.2, 12.3 Hz, 1H, H-6b), 3.68-3.67 (m, 2H, CH,), 3.37 (s, 3H, OCHs),
2.14,2.01,1.98,1.97 (4 s, 12H, 4 COCH3); *C NMR (125 MHz, CDCl;): 6 = 170.58, 170.07, 169.89,
169.88, 166.39 (5 CO), 151.26, 143.64, 136.25, 130.51, 129.41, 129.30, 126.81, 126.60, 125.00,
117.34 (12C, Ar-C), 96.74 (C-1), 70.69 (CH,), 69.95 (C-5), 69.42 (C-2), 68.87 (C-3), 65.92 (C-4),
64.24 (CH,), 62.20 (C-6), 59.19 (OCHs;), 20.98, 20.82, 20.79, 20.78 (4 COCHs;); ESI-MS: m/z: Calcd
for C3oH33CINaO,; [M+Na]™: 659.15, found: 659.12.

2-Ethoxyethyl 4°-(2,3,4,6-tetra-0O-acetyl-o.-D-mannopyranosyloxy)-3’-chloro-biphenyl-4-
carboxylate (11g). 4-(2-Ethoxyethoxycarbonyl)phenylboronic acid pinacol ester (7g) was prepared
according to the procedure for 7a from 6 (40 mg, 0.161 mmol) with SOCI, (35 uL, 0.484 mmol, 3.0
eq) in 2-ethoxyethanol (0.6 mL). After 6 h, the reaction mixture was diluted with DCM (40 mL) and
washed with HO (4 x 30 mL). The organic layer was dried over Na,SO, and concentrated in vacuo.
The crude product was used directly in the coupling reaction according to general procedure A with
10 (47 mg, 0.081 mmol), K5;PO, (53 mg, 0.242 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (3.3 mg, 4.1
umol, 0.05 eq) in DMF (2 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 1:0-0:1).
Yield: 25 mg (47% over two steps) as colorless oil. [a]? +54.5 (¢ 1.15, CHCl3); 'H NMR (500 MHz,
CDCl;): 0 =8.12 (d, J = 8.4 Hz, 2H, Ar-H), 7.67 (d, J = 2.2 Hz, 1H, Ar-H), 7.59 (d, J = 8.4 Hz, 2H,
Ar-H), 7.46 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.27-7.25 (m, 1H, Ar-H), 5.64 (dd, J = 3.5, 10.1 Hz, 1H,
H-3), 5.62 (d, /= 1.7 Hz, 1H, H-1), 5.56 (dd, J= 1.9, 3.4 Hz, 1H, H-2), 5.41 (t, /= 10.1 Hz, 1H, H-
4), 4.50-4.48 (m, 2H, CH,), 4.30 (dd, J = 5.3, 12.3 Hz, 1H, H-6a), 4.20 (ddd, J = 2.2, 5.2, 10.1 Hz,
1H, H-5), 4.11 (dd, J = 2.2, 12.2 Hz, 1H, H-6b), 3.80-3.78 (m, 2H, CH,), 3.60 (q, J = 7.0 Hz, 2H,
OCH,CHs), 2.22,2.08, 2.05, 2.04 (4 s, 12H, 4 COCHs), 1.24 (t,J = 7.0 Hz, 3H, CH;); *C NMR (125
MHz, CDCl;): 6 = 170.59, 170.09, 169.91, 169.89, 166.43 (5 CO), 151.28, 143.62, 136.29, 130.52,
129.43, 129.42, 126.83, 126.62, 125.02, 117.35 (12C, Ar-C), 96.77 (C-1), 69.96 (C-5), 69.45 (C-2),
68.89 (C-3), 68.56 (CH,), 66.85 (OCH,CH3;), 65.94 (C-4), 64.49 (CH,), 62.22 (C-6), 21.00, 20.84,
20.81, 20.80 (4 COCHj3), 15.30 (CH;); ESI-MS: m/z: Calcd for C3;H;3sCINaO;3 [M+Na]™: 673.17,
found: 673.19.

2-Isopropoxyethyl 4°-(2,3,4,6-tetra-0O-acetyl-o.-D-mannopyranosyloxy)-3’-chloro-biphenyl-4-
carboxylate (11h). Prepared according to general procedure A from 10 (105 mg, 0.180 mmol) and 7h
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(60 mg, 0.180 mmol, 1.0 eq) with K;PO, (118 mg, 0.540 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (7.3
mg, 9.0 umol, 0.05 eq) in DMF (2 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 1:0-
0:1). Yield: 67 mg (56%) as colorless oil. [(X]ig +55.6 (¢ 1.10, CHCls); "H NMR (500 MHz, CDCl;): ¢
=8.11 (d, /= 8.4 Hz, 2H, Ar-H), 7.67 (d, /= 2.2 Hz, 1H, Ar-H), 7.59 (d, J = 8.4 Hz, 2H, Ar-H), 7.46
(dd, J=2.2, 8.6 Hz, 1H, Ar-H), 7.26 (d, J = 8.4 Hz, 1H, Ar-H), 5.63 (dd, J = 3.5, 10.1 Hz, 1H, H-3),
5.61(d,J=1.3 Hz, 1H, H-1), 5.55 (dd, /= 1.8, 3.3 Hz, 1H, H-2), 5.40 (t, /= 10.1 Hz, 1H, H-4), 4.47-
4.45 (m, 2H, CH,), 4.29 (dd, J = 5.3, 12.3 Hz, 1H, H-6a), 4.20 (ddd, J = 2.1, 5.2, 10.0 Hz, 1H, H-5),
4.10 (dd, J = 2.1, 12.2 Hz, 1H, H-6b), 3.78-3.76 (m, 2H, CH,), 3.67 (hept, J = 6.1 Hz, 1H, OCH),
2.21,2.07,2.05,2.04 (4 s, 12H, 4 COCHs), 1.22 (d, J = 6.1 Hz, 6H, CH(CHs),); *C NMR (125 MHz,
CDCl;): 6 = 170.59, 170.09, 169.91, 169.89, 166.43 (5 CO), 151.28, 143.59, 136.30, 130.49 129.49,
129.44, 126.83, 126.61, 125.03, 117.36 (12C, Ar-C), 96.78 (C-1), 72.20 (OCH), 69.97 (C-5), 69.45
(C-2), 68.89 (C-3), 66.12 (CHyp), 65.95 (C-4), 64.76 (CH,), 62.22 (C-6), 22.21 (2C, CH(CHs;)y), 21.00,
20.84, 20.81, 20.80 (4 COCHj;); ESI-MS: m/z: Calcd for C3,H3;,CINaO;; [M+Na]™: 687.18, found:
687.23.

2-(2-Ethoxyethoxy)ethyl 4°’-(2,3,4,6-tetra-0O-acetyl-o-D-mannopyranosyloxy)-3’-chlorobiphenyl-
4-carboxylate (11i). 4-(2-(2-Ethoxyethoxy)ethoxycarbonyl)phenyl-boronic acid pinacol ester (7i)
was prepared according to the procedure for 7h from 6 (75 mg, 0.196 mmol) and 2-(2-
ethoxyethoxy)ethanol (40 uL, 0.196 mmol, 1.0 eq) with DIC (54 uL, 0.235 mmol, 1.2 eq) and DMAP
(2 mg, 0.016 mmol, 0.08 eq) in DCM (2 mL). The crude product was pre-purified by MPLC on silica
gel (DCM/MeOH, 99:1) and used directly in the coupling reaction according to general procedure A
with 10 (79 mg, 0.135 mmol), K;PO4 (89 mg, 0.405 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (5.5 mg,
6.8 umol, 0.05 eq) in DMF (2 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc, 3:2).
Yield: 60 mg (44% over two steps) as colorless oil. [a]? +58.6 (c 1.15, CHCl;); '"H NMR (500 MHz,
CDCl;): 0 = 8.06-8.04 (m, 2H, Ar-H), 7.60 (d, J = 2.2 Hz, 1H, Ar-H), 7.53-7.51 (m, 2H, Ar-H), 7.39
(dd, J=2.3, 8.6 Hz, 1H, Ar-H), 7.19 (m, 1H, Ar-H), 5.57 (dd, /= 3.5, 10.1 Hz, 1H, H-3), 5.54 (d, J =
1.7 Hz, 1H, H-1), 5.49 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 5.34 (t, /= 10.1 Hz, 1H, H-4), 4.45-4.43 (m,
2H, CH,), 4.22 (dd, /= 5.3, 12.3 Hz, 1H, H-6a), 4.12 (ddd, /= 2.2, 5.2, 10.1 Hz, 1H, H-5), 4.03 (dd, J
= 2.2, 12.3 Hz, 1H, H-6b), 3.80-3.78 (m, 2H, CH,), 3.65-3.63 (m, 2H, CH,), 3.56-3.54 (m, 2H, CH,),
3.47 (q, J= 7.0 Hz, 2H, OCH,CHs), 2.15, 2.01, 1.98, 1.97 (4 s, 12H, 4 COCH;), 1.14 (t, J = 7.0 Hz,
3H, CH;); "C NMR (125 MHz, CDCl;): 6 = 170.60, 170.10, 169.91, 169.90, 166.40 (5 CO), 151.28,
143.63, 136.28, 130.52, 129.44, 129.40, 126.83, 126.62, 125.02, 117.35 (12C, Ar-C), 96.77 (C-1),
70.92, 70.00 (2C, 2 CHp), 69.96 (C-5), 69.45 (C-2), 69.39 (CH,), 68.89 (C-3), 66.86 (OCH,CH,),
65.94 (C-4), 64.37 (CHp), 62.22 (C-6), 21.00, 20.84, 20.82, 20.80 (4 COCHs;), 15.29 (CH;); ESI-MS:
m/z: Caled for Cs33H39CINaO,4 [M+Na]": 717.19, found: 717.27.
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2-Acetoxyethyl 4°-(2,3,4,6-tetra-0O-acetyl-o.-D-mannopyranosyloxy)-3’-chloro-biphenyl-4-
carboxylate (11j). Prepared according to general procedure A from 10 (120 mg, 0.205 mmol) and 7j
(69 mg, 0.205 mmol, 1.0 eq) with K;PO, (135 mg, 0.618 mmol, 3.0 eq) and PdCl,(dppf)-CH,Cl, (8.4
mg, 10.3 umol, 0.05 eq) in DMF (2 mL). Purified by MPLC on silica gel (petroleum ether/EtOAc,
3:2). Yield: 79 mg (58%) as colorless oil. [a]? +43.9 (¢ 0.75, CHCl;); "H NMR (500 MHz, CDCl): §
=8.11 (d, J= 8.4 Hz, 2H, Ar-H), 7.67 (d, /= 2.2 Hz, 1H, Ar-H), 7.60 (d, J = 8.4 Hz, 2H, Ar-H), 7.46
(dd, J=2.3, 8.6 Hz, 1H, Ar-H), 7.27 (m, 1H, Ar-H), 5.64 (dd, /= 3.5, 10.1 Hz, 1H, H-3), 5.62 (d, J =
1.7 Hz, 1H, H-1), 5.56 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 5.41 (t, J = 10.1 Hz, 1H, H-4), 4.54-4.53 (m,
2H, CH,), 4.45-4.43 (m, 2H, CH,), 4.30 (dd, J= 5.3, 12.3 Hz, 1H, H-6a), 4.19 (ddd, /=2.2, 5.2, 10.1
Hz, 1H, H-5), 4.11 (dd, J= 2.2, 12.3 Hz, 1H, H-6b), 2.22, 2.11, 2.08, 2.05, 2.04 (5 s, 15H, 5 COCHj;);
BC NMR (125 MHz, CDCLy): d = 171.01, 170.61, 170.12, 169.93, 169.90, 166.19 (6 CO), 151.35,
143.86, 136.21, 130.53, 129.46, 129.05, 126.93, 126.64, 125.07, 117.37 (12C, Ar-C), 96.79 (C-1),
69.99 (C-5), 69.46 (C-2), 68.90 (C-3), 65.95 (C-4), 62.97, 62.33 (2C, 2 CH,), 62.23 (C-6), 21.02,
21.00, 20.85, 20.83, 20.82 (5 COCH;); HRMS: m/z: Caled for C;;H3;CINaO,4 [M+Na]™: 687.1457,
found: 687.1450.

Ethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3a). Prepared according to
general procedure B from 11a (18 mg, 0.030 mmol) with 1 M EtONa/EtOH (160 uL) in EtOH/CHCl,
(4 mL, 1:1). Purified by MPLC on silica gel (DCM/MeOH, 17:3). Yield: 9 mg (69%) as a white solid.
[a]? +105.0 (c 0.60, MeOH); 'H NMR (500 MHz, CD;OD): 6 = 8.07 (d, J = 8.5 Hz, 2H, Ar-H), 7.73
(d, J=2.3 Hz, 1H, Ar-H), 7.70 (d, J = 8.5 Hz, 2H, Ar-H), 7.59 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.49
(d, J=8.7 Hz, 1H, Ar-H), 5.61 (d, /= 1.6 Hz, 1H, H-1), 4.38 (q, /= 7.1 Hz, 2H, OCH,), 4.12 (dd, J =
1.8, 3.3 Hz, 1H, H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.80-3.71 (m, 3H, H-4, H-6a, H-6b), 3.65
(ddd, J=2.4,5.4,9.8 Hz, 1H, H-5), 1.40 (t, J= 7.1 Hz, 3H, CHs); °C NMR (125 MHz, CD;0D): § =
167.86 (CO), 153.35, 145.15, 136.26, 131.15, 130.50, 129.76, 127.79, 127.74, 125.38, 118.61 (12C,
Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.84 (C-2), 68.22 (C-4), 62.66 (C-6), 62.19 (OCH,),
14.61 (CH3); HRMS: m/z: Caled for C5H,3CINaOg [M+Na]": 461.0979, found: 461.0972.

Propyl 3’-chloro-4’-(o.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3b). Prepared according to
general procedure B from 11b (22 mg, 0.035 mmol) with 1 M PrONa/PrOH (150 uL) in PrOH/CHCl,
(2 mL, 1:1). Purified by MPLC on silica gel (DCM/MeOH, 17:3). Yield: 9 mg (56%) as a white solid.
[a]? +90.0 (¢ 0.90, MeOH); '"H NMR (500 MHz, CD;0D): § = 8.08 (d, J = 8.5 Hz, 2H, Ar-H), 7.74
(d, J=2.3 Hz, 1H, Ar-H), 7.72 (d, J = 8.5 Hz, 2H, Ar-H), 7.59 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.47
(d, /J=8.7 Hz, 1H, Ar-H), 5.61 (d, /= 1.5 Hz, 1H, H-1), 4.29 (t, /= 6.6 Hz, 2H, OCH,), 4.12 (dd, J =
1.8, 3.3 Hz, 1H, H-2), 4.02 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.81-3.71 (m, 3H, H-4, H-6a, H-6b), 3.65
(ddd, J=2.4,5.5,9.9 Hz, 1H, H-5), 1.85-1.78 (m, 2H, CH,), 1.06 (t, J = 7.4 Hz, 3H, CH;); °C NMR
(125 MHz, CD;0D): ¢ = 167.91 (CO), 153.35, 145.16, 136.28, 131.14, 130.47, 129.76, 127.80,
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127.76, 125.37, 118.61 (12C, Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.84 (C-2), 68.22 (C-4),
67.74 (OCH,), 62.66 (C-6), 23.18 (CH,), 10.80 (CH;); HRMS: m/z: Calcd for CyH,sCINaOg
[M+Na]": 475.1136, found: 475.1131.

Butyl 3’-chloro-4’-(c.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3c). Prepared according to
general procedure B from 11c (33 mg, 0.052 mmol) with 1 M BuONa/BuOH (200 ulL) in
BuOH/CHCI; (3 mL, 2:1). An additional portion of 1 M BuONa/BuOH (200 uL) was added after 2 h.
Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 9 mg (37%) as a white solid. [Ot]ig +78.5
(c 0.95, MeOH); 'H NMR (500 MHz, CD;0D): § = 8.07 (d, J = 8.5 Hz, 2H, Ar-H), 7.74 (d, J= 2.2
Hz, 1H, Ar-H), 7.71 (d, J = 8.5 Hz, 2H, Ar-H), 7.60 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.47 (d, J = 8.7
Hz, 1H, Ar-H), 5.61 (d, J = 1.3 Hz, 1H, H-1), 4.34 (t, /= 6.5 Hz, 2H, OCH,), 4.12 (dd, /= 1.8, 3.3
Hz, 1H, H-2), 4.00 (dd, J = 3.5, 9.5 Hz, 1H, H-3), 3.80-3.71 (m, 3H, H-4, H-6a, H-6b), 3.65 (ddd, J =
2.4,5.5,9.8 Hz, 1H, H-5), 1.81-1.75 (m, 2H, CH,), 1.55-1.48 (m, 2H, CH,), 1.01 (t, J= 7.4 Hz, 3H,
CHs); *C NMR (125 MHz, CD;OD): § = 167.91 (CO), 153.36, 145.17, 136.29, 131.15, 130.48,
129.77, 127.80, 127.76, 125.38, 118.61 (12C, Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.84
(C-2), 68.22 (C-4), 65.99 (OCH,), 62.66 (C-6), 31.94, 20.33 (2 CH,), 14.08 (CH;); HRMS: m/z: Calcd
for C3H,,CINaOg [M+Na]™: 489.1292, found: 489.1291.

Isopropyl  3’-chloro-4’-(a-D-mannopyranosyloxy)biphenyl-4-carboxylate  (3d).  Prepared
according to general procedure B from 11d (21 mg, 0.034 mmol) with 1 M i-PrONa/i-PrOH (200 uL)
in i-PrOH/CHCI; (1.5 mL, 2:1). An additional portion of 0.5 M i-PrONa/i-PrOH (500 uL) was added
after 6.5 h. Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 9.5 mg (62%) as a white solid.
[a]? +89.4 (¢ 0.90, MeOH); '"H NMR (500 MHz, CD;0D): J = 8.06 (d, J = 8.5 Hz, 2H, Ar-H), 7.73
(d, J=2.3 Hz, 1H, Ar-H), 7.70-7.69 (m, 2H, Ar-H), 7.61 (dd, J=2.3, 8.7 Hz, 1H, Ar-H), 747 (d, J =
8.7 Hz, 1H, Ar-H), 5.61 (d, J= 1.6 Hz, 1H, H-1), 5.23 (hept, J= 6.3 Hz, 1H, OCH), 4.12 (dd, J = 1.8,
3.3 Hz, 1H, H-2), 4.00 (dd, J= 3.4, 9.5 Hz, 1H, H-3), 3.81-3.71 (m, 3H, H-4, H-6a, H-6b), 3.64 (ddd,
J=2.4,5.4,9.8 Hz, 1H, H-5), 1.38 (d, J= 6.3 Hz, 6H, CH(CH),); *C NMR (125 MHz, CD;0D): § =
167.38 (CO), 153.34, 145.07, 136.31, 131.10, 130.85, 129.76, 127.78, 127.70, 125.37, 118.61 (12C,
Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.84 (C-2), 69.87 (OCH), 68.22 (C-4), 62.66 (C-6),
22.14 (2C, CH(CHjs),); HRMS: m/z: Calcd for Cp,H,sCINaOg [M+Na]': 475.1136, found: 475.1132.

tert-Butyl 3’-chloro-4’-(a-D-mannopyranosyloxy)biphenyl-4-carboxylate (3e). Prepared according
to general procedure B from 11e (17 mg, 0.027 mmol) with -BuOK (49 mg, 0.441 mmol, 16 eq) in ¢-
BuOH/CHCI; (2 mL, 3:1). Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 8 mg (63%) as
a colorless solid. [a]i;) +82.4 (¢ 0.40, MeOH); '"H NMR (500 MHz, CD;0D): 6 = 8.01 (d, J = 8.5 Hz,
2H, Ar-H), 7.73 (d, J = 2.2 Hz, 1H, Ar-H), 7.67 (d, J = 8.5 Hz, 2H, Ar-H), 7.59 (dd, J = 2.3, 8.6 Hz,
1H, Ar-H), 7.47 (d, J = 8.7 Hz, 1H, Ar-H), 5.61 (d, J = 1.3 Hz, 1H, H-1), 4.12 (dd, /= 1.8, 3.2 Hz,
1H, H-2), 4.00 (dd, /= 3.4, 9.5 Hz, 1H, H-3), 3.81-3.71 (m, 3H, H-4, H-6a, H-6b), 3.64 (ddd, J=2.4,
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5.4, 9.6 Hz, 1H, H-5), 1.61 (s, 9H, C(CHs)3); >C NMR (125 MHz, CD;OD): § = 167.13 (CO),
153.29, 144.78, 136.39, 131.99, 131.02, 129.74, 127.76, 127.60, 125.36, 118.61 (12C, Ar-C), 100.74
(C-1), 82.35 (C(CH;);), 76.01 (C-5), 72.40 (C-3), 71.84 (C-2), 68.22 (C-4), 62.66 (C-6), 28.43 (3C,
C(CHs)3); HRMS: m/z: Caled for C,3H,,CINaOg [M+Na]": 489.1292, found: 489.1286.

2-Methoxyethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3f). Prepared
according to general procedure B from 11f (16 mg, 0.025 mmol) with -BuOK (56 mg, 0.502 mmol,
20 eq) in ~-BuOH/CHCI; (6 mL, 5:1). An additional portion of +-BuOH (3 mL) was added after 17 h
and additional portions of +-BuOK were added after 17 h (40 eq) and 22 h (8 eq). Purified by MPLC
on silica gel (DCM/MeOH, 9:1). Yield: 3 mg (25%) as a white wax. [a]? +92.3 (¢ 0.30, MeOH); 'H
NMR (500 MHz, CD;0D): ¢ = 8.10 (d, J = 8.5 Hz, 2H, Ar-H), 7.75 (d, J = 2.3 Hz, 1H, Ar-H), 7.72
(d, J= 8.5 Hz, 2H, Ar-H), 7.61 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.48 (d, J = 8.7 Hz, 1H, Ar-H), 5.61
(d, J=1.6 Hz, 1H, H-1), 4.48-4.46 (m, 2H, CH,), 4.12 (dd, J = 1.8, 3.3 Hz, 1H, H-2), 4.00 (dd, J =
3.4, 9.5 Hz, 1H, H-3), 3.80-3.71 (m, 5H, CH,, H-4, H-6a, H-6b), 3.64 (ddd, J = 2.3, 5.4, 9.7 Hz, 1H,
H-5), 3.43 (s, 3H, OCH3); "C NMR (125 MHz, CD;0D): § = 167.75 (CO), 153.38, 145.30, 136.27,
131.29, 130.19, 129.78, 127.82, 127.77, 125.39, 118.62 (12C, Ar-C), 100.73 (C-1), 76.03 (C-5), 72.40
(C-3), 71.84 (C-2), 71.65 (CH,), 68.22 (C-4), 65.17 (CH,), 62.66 (C-6), 59.18 (OCH3); HRMS: m/z:
Caled for Cp,H,5CINaO, [M+Na]': 491.1085, found: 491.1080.

2-Ethoxyethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3g). Prepared
according to general procedure B from 11g (12.5 mg, 0.019 mmol) with ~BuOK (51 mg, 0.432 mmol,
23 eq) in +-BuOH/CHCI; (6 mL, 5:1). An additional portion of --BuOK (23 eq) was added after 19 h.
Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 6 mg (67%) as a colorless solid. [(x]ig
+70.1 (¢ 0.55, MeOH); 'H NMR (500 MHz, CD;0D): 6 = 8.11-8.09 (m, 2H, Ar-H), 7.74 (d, J = 2.3
Hz, 1H, Ar-H), 7.72-7.71 (m, 2H, Ar-H), 7.60 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.47 (d, J = 8.7 Hz,
1H, Ar-H), 5.61 (d, /= 1.6 Hz, 1H, H-1), 4.47-4.45 (m, 2H, CH,), 4.12 (dd, J= 1.8, 3.4 Hz, 1H, H-2),
4.00 (dd, J=3.4,9.5 Hz, 1H, H-3), 3.81-3.71 (m, SH, H-4, H-6a, H-6b, CH,), 3.65 (m, 1H, H-5), 3.61
(q, J = 7.0 Hz, 2H, OCH,CH;), 1.22 (t, J = 7.0 Hz, 3H, CHs); °*C NMR (125 MHz, CD;0D): 6 =
167.77 (CO), 153.37, 145.27, 136.27, 131.28, 130.22, 129.78, 127.82, 127.76, 125.38, 118.61 (12C,
Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.84 (C-2), 69.56 (CH,), 68.22 (C-4), 67.67
(OCH,CH3), 65.40 (CH,), 62.22 (C-6), 15.44 (CH;); ESI-MS: m/z: Caled for Cy3H,,CINaOy [M+Na]":
505.1241, found: 505.1234.

2-Isopropoxyethyl 3’-chloro-4’-(a-D-mannopyranosyloxy)biphenyl-4-carboxylate (3h). Prepared
according to general procedure B from 11h (48 mg, 0.072 mmol) with ~-BuOK (42 mg, 0.361 mmol,
5.0 eq) in ~-BuOH/CHCI; (5.5 mL, 10:1). Additional portions of ~-BuOK were added every 30 min
(5.0 eq, 5.0 eq and 1.0 eq). Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 24 mg (67%)

as a white solid. [a]? +74.6 (¢ 0.30, MeOH); 'H NMR (500 MHz, CD;0D): § = 8.09 (d, J = 8.5 Hz,
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2H, Ar-H), 7.74 (d, J = 2.2 Hz, 1H, Ar-H), 7.71 (d, J = 8.5 Hz, 2H, Ar-H), 7.60 (dd, J = 2.3, 8.6 Hz,
1H, Ar-H), 7.47 (d, J = 8.7 Hz, 1H, Ar-H), 5.61 (d, J = 1.4 Hz, 1H, H-1), 4.45-4.43 (m, 2H, CH,),
4.12 (dd, J = 1.8, 3.2 Hz, 1H, H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.81-3.69 (m, 6H, CH,, H-4,
H-6a, H-6b, OCH), 3.65 (ddd, J = 2.3, 5.4, 9.7 Hz, 1H, H-5), 1.08 (d, J = 6.1 Hz, 6H, CH(CHs),); "°C
NMR (125 MHz, CD;0D): 6 = 167.79 (CO), 153.37, 145.26, 136.26, 131.26, 130.62, 129.77, 127.81,
127.76, 125.38, 118.61 (12C, Ar-C), 100.73 (C-1), 76.02 (C-5), 73.45 (OCH), 72.40 (C-3), 71.83 (C-
2), 68.21 (C-4), 67.22 (CH,), 65.70 (CH,), 62.66 (C-6), 22.38 (2C, CH(CHj3),); HRMS: m/z: Calcd for
C14H,5CINaO, [M+Na]": 519.1398, found: 519.1395.

2-(2-Ethoxyethoxy)ethyl 3’-chloro-4’-(a-D-mannopyranosyloxy)biphenyl-4-carboxylate (3i).
Prepared according to general procedure B from 11i (14 mg, 0.020 mmol) with ~BuOK (4 mg, 0.034
mmol, 1.7 eq) in +-BuOH (2 mL). An additional portion of ~BuOK (1.7 eq) was added after 2.5 h.
Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 4.2 mg (40%) as a white wax. [a]if +76.4
(c 0.40, MeOH); '"H NMR (500 MHz, CD;0D): 6 = 8.11-8.09 (m, 2H, Ar-H), 7.74 (d, J= 2.3 Hz, 1H,
Ar-H), 7.72-7.70 (m, 2H, Ar-H), 7.60 (dd, J=2.3, 8.6 Hz, 1H, Ar-H), 7.48 (d, /= 8.7 Hz, 1H, Ar-H),
5.61 (d,J=1.7, 1H, H-1), 4.49-4.46 (m, 2H, CH,), 4.12 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 4.00 (dd, J =
3.4,9.5 Hz, 1H, H-3), 3.86-3.84 (m, 2H, CH,), 3.80-3.69 (m, 5H, H-6a, H-6b, H-4, OCH,), 3.65 (ddd,
J=24,54,9.8 Hz, 1H, H-5), 3.62-3.60 (m, 2H, CH,), 3.53 (q, /= 7.0 Hz, 2H, OCH,CH,), 1.17 (t, J
= 7.0 Hz, 3H, CH;); °C NMR (125 MHz, CD;0D): d = 167.76 (CO), 153.37, 145.27, 136.26, 131.30,
130.24, 129.77, 127.81, 127.75, 125.38, 118.61 (12C, Ar-C), 100.73 (C-1), 76.02 (C-5), 72.40 (C-3),
71.84 (C-2), 71.68, 70.92, 70.22 (3C, CH,), 68.22 (C-4), 67.62 (CH,), 65.35 (OCH,CHj;), 62.66 (C-
6), 15.41 (CH;); HRMS: m/z: Calcd for CysH3CINaO;o [M+Na]": 549.1503, found: 549.1498.

2-Hydroxyethyl 3’-chloro-4’-(c.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3k). Prepared
according to general procedure B from 11j (36 mg, 0.054 mmol) with ~BuOK (32 mg, 0.271 mmol,
5.0 eq) in --BuOH/CHCI; (5.5 mL, 10:1). Additional portions of --BuOK (10 eq) were added after 2 h
and 24 h. Purified by MPLC on silica gel (DCM/MeOH, 9:1). Yield: 8 mg (32%) as a white wax.
[a]? +79.5 (¢ 0.65, MeOH); '"H NMR (500 MHz, CD;0D): § = 8.13 (d, J = 8.5 Hz, 2H, Ar-H), 7.74
(d, J=2.3 Hz, 1H, Ar-H), 7.71 (d, J = 8.5 Hz, 2H, Ar-H), 7.60 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.47
(d, J=8.7 Hz, 1H, Ar-H), 5.61 (d, J = 1.6 Hz, 1H, H-1), 4.41-4.39 (m, 2H, CH,), 4.12 (dd, J = 1.8,
3.3 Hz, 1H, H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.89-3.87 (m, 2H, CH,), 3.80-3.71 (m, 3H, H-4,
H-6a, H-6b), 3.65 (ddd, J = 2.4, 5.4, 9.7 Hz, 1H, H-5); *C NMR (125 MHz, CD;0D): 6 = 167.93
(CO), 153.36, 145.23, 136.29, 131.35, 130.29, 129.77, 127.80, 127.72, 125.38, 118.62 (12C, Ar-C),
100.73 (C-1), 76.02 (C-5), 72.40 (C-3), 71.83 (C-2), 68.22 (C-4), 67.63 (CH,), 62.66 (C-6), 61.16
(CH,); HRMS: m/z: Caled for C,H,3CINaOo [M+Na]": 477.0928, found: 477.0921.

2-(Dimethylamino)ethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate  (31).

Prepared according to general procedure C from 1 (19 mg, 0.044 mmol) and 2-
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(dimethylamino)ethanol (13 uL, 0.132 mmol, 3.0 eq) with DIPEA (23 uL, 0.132 mmol, 3.0 eq) and
COMU (39 mg, 0.088 mmol, 2.0 eq) in DMF (2 mL). Purified by preparative LC-MS (RP-18,
H,O/MeCN, 19:1-3:7, + 0.2% HCOOH). Yield: 8.2 mg (39%) as a white solid. [a]? +62.7 (¢ 0.75,
MeOH); '"H NMR (500 MHz, CD;0D): ¢ = 8.15 (d, J = 8.4 Hz, 2H, Ar-H), 7.75-7.73 (m, 3H, Ar-H),
7.60 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.48 (d, J = 8.7 Hz, 1H, Ar-H), 5.61 (d, J = 1.5 Hz, 1H, H-1),
4.69-4.67 (m, 2H, CH,), 4.11 (dd, J= 1.8, 3.3 Hz, 1H, H-2), 4.00 (dd, /= 3.4, 9.5 Hz, 1H, H-3), 3.80-
3.71 (m, 3H, H-4, H-6a, H-6b), 3.64 (ddd, J = 2.4, 5.5, 9.7 Hz, 1H, H-5), 3.57-3.55 (m, 2H, CH,),
2.97 (s, 6H, N(CHs),); °C NMR (125 MHz, CD;0OD): § = 167.18 (CO), 153.46, 145.69, 136.03,
131.54, 129.77, 129.38, 127.83, 125.41, 118.61 (12C, Ar-C), 100.69 (C-1), 76.03 (C-5), 72.39 (C-3),
71.82 (C-2), 68.21 (C-4), 62.66 (C-6), 60.42, 57.65 (2 CH,), 44.16 (2C, N(CHjs),); HRMS: m/z: Calcd
for C3H,0CINOg [M+H]™: 482.1582, found: 482.1578.

2-Piperidinoethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3m). Prepared
according to general procedure C from 1 (46 mg, 0.112 mmol) and 1-(2-hydroxyethyl)piperidine (59
uL, 0.448 mmol, 4.0 eq) with DIPEA (58 uL, 0.336 mmol, 3.0 eq) and COMU (99 mg, 0.224 mmol,
2.0 eq) in DMF (4 mL). Purified by preparative LC-MS (RP-18, H,O/MeCN, 19:1-1:19, + 0.2%
HCOOH). Yield: 7.8 mg (13%) as a yellowish solid. [a]? +64.3 (¢ 0.25, MeOH); 'H NMR (500
MHz, CD;0D): ¢ = 8.12 (d, J = 8.4 Hz, 2H, Ar-H), 7.75-7.73 (m, 3H, Ar-H), 7.61 (dd, J = 2.2, 8.6
Hz, 1H, Ar-H), 7.48 (d, J= 8.7 Hz, 1H, Ar-H), 5.62 (d, /= 1.4 Hz, 1H, H-1), 4.62-4.60 (m, 2H, CH,),
4.12 (dd, J= 1.8, 3.2 Hz, 1H, H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.81-3.71 (m, 3H, H-4, H-6a,
H-6b), 3.64 (ddd, J = 2.4, 5.5, 9.6 Hz, 1H, H-5), 3.23 (m, 2H, CH,N), 3.02 (br s, 4H, 2 NCH,), 1.81-
1.76 (m, 4H, 2 CH,), 1.62-1.60 (m, 2H, (CH,),CH,); >C NMR (125 MHz, CD;0D): 6 = 167.23 (CO),
153.47, 145.69, 136.03, 131.49, 129.78, 129.44, 127.86, 127.83, 125.42, 118.62 (12C, Ar-C), 100.70
(C-1), 76.04 (C-5), 72.40 (C-3), 71.82 (C-2), 68.22 (C-4), 62.67 (C-6), 60.19 (CH,), 57.01 (CH,N),
54.93 (2 NCHp), 2431 (2C, 2 CH,), 22.65 ((CH,),CH,); HRMS: m/z: Calcd for C,sH;;CINOg
[M+H]": 522.1895, found: 522.1889.

2-Morpholinoethyl 3’-chloro-4’-(a.-D-mannopyranosyloxy)biphenyl-4-carboxylate (3n). Prepared
according to general procedure C from 1 (20 mg, 0.049 mmol) and 4-(2-hydroxyethyl)morpholine (18
uL, 0.147 mmol, 3.0 eq) with DIPEA (25 uL, 0.146 mmol, 3.0 eq) and COMU (42 mg, 0.095 mmol,
2.0 eq) in DMF (2 mL). Pre-purified by MPLC on silica gel (DCM/MeOH, 8:2) followed by
purification by preparative LC-MS (RP-18, H,O/MeCN, 19:1-1:19, + 0.2% HCOOH). Yield: 3.2 mg
(13%) as a yellowish solid. [a]i;) +72.5 (¢ 0.35, MeOH); '"H NMR (500 MHz, CD;0D): 6 = 8.12 (d, J
= 8.4 Hz, 2H, Ar-H), 7.75-7.72 (m, 3H, Ar-H), 7.61 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.48 (d, /= 8.7
Hz, 1H, Ar-H), 5.61 (d, J= 1.4 Hz, 1H, H-1), 4.59-4.57 (m, 2H, OCH,), 4.12 (dd, /= 1.8, 3.3 Hz, 1H,
H-2),4.00 (dd, J= 3.4, 9.5 Hz, 1H, H-3), 3.81-3.71 (m, 7H, 2 CH,0, H-4, H-6a, H-6b), 3.64 (ddd, J =
2.3, 5.4, 9.6 Hz, 1H, H-5), 3.13-3.11 (m, 2H, CH,N), 2.92 (m, 4H, 2 NCH,); °C NMR (125 MHz,
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CD;OD): 6 = 167.53 (CO), 153.43, 145.47, 136.17, 131.37, 129.93, 129.78, 127.81, 125.41, 118.62
(12C, Ar-C), 100.72 (C-1), 76.04 (C-5), 72.40 (C-3), 71.83 (C-2), 68.22 (C-4), 66.78 (2C, 2 CH,0),
62.67 (C-6), 61.95 (OCH,), 57.94 (CH,N), 54.55 (2C, 2 NCH,); HRMS: m/z: Caled for CasHs CINOy
[M+H]": 524.1687, found: 524.1684.

2-(Dimethylamino)ethyl 3’-trifluoromethyl-4’-(a.-D-mannopyranosyloxy)-biphenyl-4-
carboxylate (51). Prepared according to general procedure C from 4! (60 mg, 0.135 mmol) and 2-
(dimethylamino)ethanol (82 uL, 0.810 mmol, 6.0 eq) with DIPEA (69 uL, 0.405 mmol, 3.0 eq) and
COMU (119 mg, 0.270 mmol, 2.0 eq) in DMF (4 mL). Purified by preparative LC-MS (RP-18,
H,O/MeCN, 19:1-1:19, + 0.2% HCOOH). Yield: 37 mg (53%) as a white solid. [a]? +80.9 (¢ 1.00,
MeOH); 'H NMR (500 MHz, CD;0D): § = 8.17 (d, J = 8.4 Hz, 2H, Ar-H), 7.91-7.89 (m, 2H, Ar-H),
7.76 (d, J = 8.4 Hz, 2H, Ar-H), 7.61 (d, J = 8.4 Hz, 1H, Ar-H), 5.66 (d, J = 1.2 Hz, 1H, H-1), 4.66-
4.64 (m, 2H, OCH,), 4.06 (dd, J = 1.8, 3.3 Hz, 1H, H-2), 3.94 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.81-
3.71 (m, 3H, H-4, H-6a, H-6b), 3.58 (ddd, J = 2.3, 5.6, 9.6 Hz, 1H, H-5), 3.45-3.43 (m, 2H, CH,N),
2.87 (s, 6H, N(CHs),); °C NMR (125 MHz, CD;0D): § = 167.23 (CO), 155.61, 145.55, 134.59,
133.46, 131.58, 129.67, 127.89, 126.46, 126.41, 126.07, 123.90, 121.00, 120.76, 120.51, 117.83
(13C, Ar-C, CF;), 100.27 (C-1), 76.13 (C-5), 72.24 (C-3), 71.73 (C-2), 68.11 (C-4), 62.68 (C-6),
60.95 (OCH,), 57.79 (CH,N), 44.41 (2C, N(CHs),); HRMS: m/z: Caled for CpqHyoF;NOg [M+H]":
516.1845, found: 516.1840.

Physicochemical and in vitro pharmacokinetic studies

Materials: Dimethyl sulfoxide (DMSO), 1-propanol, 1-octanol, Dulbecco’s Modified Eagle’s
Medium (DMEM) high glucose, Penicillin-Streptomycin (solution stabilized, with 10’000 units
Penicillin and 10 mg Streptomycin/mL), L-glutamine solution (200 mM), magnesium chloride, bis(4-
nitrophenyl) phosphate (BNPP), Loperamide hydrochloride, and Neostigmine bromide were
purchased from Sigma-Aldrich (St. Louis, MI, USA). PRISMA HT universal buffer, GIT-0 Lipid
Solution, and Acceptor Sink Buffer were ordered from plon (Woburn, MA, USA). MEM non-
essential amino acids solution 10 mM (100X), fetal bovine serum (FBS), and DMEM without sodium
pyruvate and phenol red were bought from Invitrogen (Carlsbad, CA, USA). Acetonitrile (MeCN) and
methanol (MeOH) were ordered from Acros Organics (Geel, Belgium). Human plasma was purchased
from Biopredic (Rennes, France). Pooled male rat liver microsomes (Sprague Dawley), and pooled
human liver microsomes were ordered from BD Bioscience (Woburn, MA, USA). The Caco-2 cells
were kindly provided by Prof G. Imanidis, FHNW, Muttenz, Switzerland and originated from the
American Type Culture Collection (Rockville, MD, USA).

Aqueous solubility. Solubility was determined in a 96-well format using the pSOL Explorer
solubility analyzer (plon, version 3.4.0.5). For each compound, measurements were performed at two

pH values (3.0, 7.4) in triplicate. Six wells of a deep well plate, i.e. three wells per pH value, were
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filled with 300 uL of PRISMA HT universal buffer adjusted to pH 3.0 or 7.4 by adding the requested
amount of NaOH (0.5 M). Aliquots (3 pL) of a compound stock solution (40-100 mM in DMSO)
were added and thoroughly mixed. The final sample concentration was 0.4-1.0 mM, the residual
DMSO concentration was 1.0% (v/v) in the buffer solutions. After 15 h, the solutions were filtrated
(0.2 um 96-well filter plates) using a vacuum to collect manifold (Whatman Ltd., Maidstone, UK) to
remove any precipitates. Equal amounts of filtrate and 1-propanol were mixed and transferred to a 96-
well plate for UV/Vis detection (190 to 500 nm, SpectraMax 190, Molecular Devices, Silicon Valley,
CA, USA). The amount of material dissolved was calculated by comparison with UV/Vis spectra
obtained from reference samples, which were prepared by dissolving compound stock solution in a
1:1 mixture of buffer and 1-propanol (final concentrations 0.067-0.167 mM).

log D, determination. The in silico prediction tool ALOGPS™®

was used to estimate the log P
values of the compounds. Depending on these values, the compounds were classified into three
categories: hydrophilic compounds (log P below zero), moderately lipophilic compounds (log P
between zero and one) and lipophilic compounds (log P above one). For each category, two different

ratios (volume of 1-octanol to volume of buffer) were defined as experimental parameters (Table 3).

Table 3. Compound classification based on estimated log P values.

compound type log P ratios (1-octanol: buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0-1 70:110, 110:70

lipophilic >1 3:180, 4:180

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and 1-octanol were mixed and shaken vigorously
for 5 min to saturate the phases. The mixture was left until separation of the two phases occurred, and
the buffer was retrieved. Stock solutions of the test compounds were diluted with buffer to a
concentration of 1 uM. For each compound, six determinations, i.e. three determinations per 1-
octanol:buffer ratio, were performed in different wells of a 96-well plate. The respective volumes of
buffer containing analyte (1 uM) were pipetted to the wells and covered by saturated 1-octanol
according to the chosen volume ratio. The plate was sealed with aluminium foil, shaken (1350 rpm,
25 °C, 2 h) on a Heidoph Titramax 1000 plate-shaker (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) and centrifuged (2000 rpm, 25 °C, 5 min, 5804 R Eppendorf centrifuge,
Hamburg, Germany). The aqueous phase was transferred to a 96-well plate for analysis by liquid

chromatography-mass spectrometry (LC-MS, see below).

The log D7 4 coefficients were calculated from the 1-octanol:buffer ratio (0:b), the initial concentration

of the analyte in buffer (1 uM), and the concentration of the analyte in buffer (cz) with Equation 1:
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log 2, = log (NM_L)
Cp 0:b (1)
The average of the three log D;4 values per 1-octanol:buffer ratio was calculated. If the two means

obtained for a compound did not differ by more than 0.1 units, the results were accepted.

Parallel artificial membrane permeability assay (PAMPA). Effective permeability (log P.) was
determined in a 96-well format with the PAMPA.”® For each compound, measurements were
performed at two pH values (5.0, 7.4) in quadruplicate. Eight wells of a deep well plate, i.e. four wells
per pH-value, were filled with 650 pL of PRISMA HT universal buffer adjusted to pH 5.0 or 7.4 by
adding the requested amount of NaOH (0.5 M). Samples (150 uL) were withdrawn from each well to
determine the blank spectra by UV-spectroscopy (190 to 500 nm, SpectraMax 190). Then, analyte
dissolved in DMSO (10 mM) was added to the remaining buffer to yield 50 uM solutions. To exclude
precipitation, the optical density was measured at 650 nm, with 0.01 being the threshold value.
Solutions exceeding this threshold were filtrated. Afterwards, samples (150 uL) were withdrawn to
determine the reference spectra. Further 200 uL was transferred to each well of the donor plate of the
PAMPA sandwich (plon, P/N 110 163). The filter membranes at the bottom of the acceptor plate were
infused with 5 pL of GIT-0 Lipid Solution and 200 pL of Acceptor Sink Buffer was filled into each
acceptor well. The sandwich was assembled, placed in the GutBox'", and left undisturbed for 16 h.
Then, it was disassembled and samples (150 uL) were transferred from each donor and acceptor well
to UV-plates. Quantification was done by UV/Vis-spectroscopy. Effective permeability (log P.) was
calculated from the compound flux deduced from the UV/Vis spectra, the filter area, and the initial
sample concentration in the donor well with the aid of the PAMPA Explorer Software (plon, version

3.5).

Colorectal adenocarcinoma (Caco-2) cell permeation assay. Caco-2 cells were cultivated in tissue
culture flasks (BD Biosciences, Franklin Lakes, NJ, USA) with DMEM high glucose medium,
containing L-glutamine (2 mM), nonessential amino acids (0.1 mM), Penicillin (100 U/mL),
Streptomycin (100 pg/mL), and fetal bovine serum (10%). The cells were kept at 37 °C in humidified
air containing 5% CO,, and the medium was changed every second day. When approximately 90%
confluence was reached, the cells were split in a 1:10 ratio and distributed to new tissue culture flasks.
At passage numbers between 60 and 65, they were seeded at a density of 5.3 x 10° cells per well to
Transwell 6-well plates (Corning Inc., Corning, NY, USA) with 2.5 mL of culture medium in the
basolateral and 2 mL in the apical compartment. The medium was renewed on alternate days.
Permeation experiments were performed between days 19 and 21 post seeding. Previously to the
experiment, the integrity of the Caco-2 monolayers was evaluated by measuring the transepithelial
electrical resistance (TEER) with an Endohm tissue resistance instrument (World Precision
Instruments Inc., Sarasota, FL, USA). Only wells with TEER values higher than 250 Q cm® were

used. To inhibit carboxylesterase activity, the Caco-2 cell monolayers were pre-incubated with bis(4-
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nitrophenyl) phosphate (BNPP, 200 uM) dissolved in transport medium (DMEM without sodium

] Experiments were performed in the apical-to-basolateral

pyruvate and phenol red) for 40 min.
(absorptive) and basolateral-to-apical (secretory) directions in triplicate. Transport medium was
withdrawn from the donor compartments of three wells and replaced by the same volume of
compound stock solutions (in DMSO) to reach an initial sample concentration of 62.5 uM, 100 uM,
200 uM, 400 uM, or 825 uM. The Transwell plate was shaken (600 rpm, 37 °C) on a Heidolph
Titramax 1000 plate-shaker. Samples (40 pL) were withdrawn from the donor and acceptor

compartments 30 min after initiation of the experiment and the concentrations were determined by

LC-MS (see below). Apparent permeability (P,,,) was calculated according to Equation 2:

o 1

=—X

WP gy Axc Q)

where dQ/dt is the compound flux (mol s™), A the surface area of the monolayer (cm?), and ¢, the
initial concentration in the donor compartment (mol cm™).[** After the experiment, TEER values were

assessed again for each well and results from wells with values below 250 Q cm” were discarded.
In vitro metabolism: microsomal stability

Metabolic stability study. Incubations were performed in triplicate in a 96-well format on an
Eppendorf Thermomixer Comfort. The reaction mixture (270 uL) consisting of liver microsomes
(0.139 pg/mL), TRIS-HCI buffer (0.1 M, pH 7.4) and MgCl, (2 mM) was preheated (37 °C, 500 rpm,
10 min), and the incubation was initiated by adding 30 uL of compound solution (20 uM) in TRIS-
HCI buffer. The final concentration of the compound was 2 uM, and the microsomal concentration
was 0.125 mg/mL. At the beginning of the experiment (t = 0 min) and after an incubation time of 5,
10, 20, 40, and 60 min, samples (40 uL) were transferred to 120 uL of ice-cooled MeCN or MeOH
and centrifuged (3600 rpm, 4 °C, 10 min). Then, 80 pL of supernatant was transferred to a 96-well
plate for LC-MS analysis (see below). The metabolic half-life (t;,) was calculated from the slope of
the linear regression from the log percentage remaining compound versus incubation time
relationship. Control experiments were performed in parallel by preincubating the microsomes with
the specific carboxylesterase inhibitor BNPP (1 mM) for 5 min before addition of the compound

solution.*"

Inhibition study. Test compounds were dissolved in DMSO to 1 mM and then diluted with TRIS-
HCI buffer (0.1 M, pH 7.4) containing MgCl, (2 mM) to a concentration of 6 uM. Loperamide
hydrochloride was dissolved in DMSO to 20 mM, 2 mM, and 0.2 mM and then diluted with TRIS-
HCI buffer containing MgCl, to a concentration of 750 uM, 75 uM, and 7.5 pM. Human liver
microsomes were suspended in TRIS-HCI buffer containing MgCl, to a concentration of 30 pg/mL.
Compound solution (100 puL) and microsome suspension (200 pL) mixed with Loperamide solution

or blank buffer (50 pL) were preheated (37 °C, 500 rpm, 15 min) in separate wells of a 96-well plate.

80



Results and discussion

The incubation was initiated by transferring 200 puL of microsome suspension containing Loperamide
to the compound solution. The final compound concentration was 2 puM, the microsomal
concentration was 20 pg/ml, and the Loperamide concentration was 100 uM, 10 pM, 1 pM, and 0 uM
(blank). At the beginning of the experiment (t = 0 min) and after an incubation time of 10, 20, 30, 45,
and 60 min, samples (20 pL) were transferred to 60 uL of ice-cooled MeOH and analysed by LC-MS
(see below). The metabolic turnover was assessed as accumulation of product 1 versus incubation

time.
In vitro metabolism: plasma stability

Metabolic stability study. Incubations were performed in triplicates in a 96-well format according to

1.°¥ Human plasma was centrifuged (4 °C, 3000 rpm, 10 min) to

the procedure described by Di et a
remove particulates before use. Compounds were dissolved in DMSO to 80 uM and then diluted with
phosphate buffer (0.1 M, pH 7.4) to a concentration of 8 uM. Plasma (156 uL) was mixed with
phosphate buffer (84 pL) and preheated (37 °C, 500 rpm, 10 min). The incubation was initiated by
adding 80 pL of compound solution. The final compound concentration was 2 uM and the plasma
concentration was 50% in buffer pH 7.4. At the beginning of the experiment (t = 0 min) and after an
incubation time of 15, 30, 60, and 120 min, samples (50 pL) were transferred to 150 pL of ice-cooled
MeOH, frozen (-20 °C, 10 min) and centrifuged (3600 rpm, 4 °C, 10 min). The supernatant (80 pL)
was transferred to a 96-well plate for LC-MS analysis (see below). The metabolic half-life (t;,) was
calculated from the slope of the linear regression from the log percentage remaining compound versus

incubation time relationship. To monitor non-enzymatic compound degradation, incubations in

absence of human plasma were run in parallel.

Inhibition study. Human plasma and test compound were processed as described above. Neostigmine
bromide was dissolved in DMSO to 10 mM, 3 mM, 1 mM, 0.3 mM, 0.1 mM, 0.03 mM, and 0.01 mM
and then diluted with phosphate buffer (0.1 M, pH 7.4) to a concentration of 80 uM, 24 uM, 8 uM,
2.4 uM, 0.8 uM, 0.24 uM, and 0.08 uM. Human plasma (156 uL) mixed with phosphate buffer
(44 uL) was preheated (37 °C, 500 rpm, 10 min). Then, Neostigmine bromide solution or blank buffer
(40 uL) was added for preincubation (37 °C, 500 rpm, 5 min). The incubation was initiated by adding
80 uL of compound solution. The final compound concentration was 2 uM, the plasma concentration
was 50% in buffer pH 7.4, and the Neostigmine bromide concentration was 10 uM, 3 uM, 1 pM,
0.3 uM, 0.1 uM, 0.03 uM, 0.01 uM, and 0 uM (blank). At the beginning of the experiment (t = 0
min) and after an incubation time of 5, 10, 30, and 60 min, samples (50 uL) were transferred to
150 pL of ice-cooled MeOH, frozen (-20 °C, 10 min), and centrifuged (3600 rpm, 4 °C, 10 min). The
supernatant (80 uL) was transferred to a 96-well plate for LC-MS analysis (see below). Metabolic
activity was calculated from the slope of the linear regression from the log percentage remaining

compound versus incubation time relationship.
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LC-MS measurements. Analyses were performed using a 1100/1200 Series HPLC System coupled
to a 6410 Triple Quadrupole mass detector (Agilent Technologies, Inc., Santa Clara, CA, USA)
equipped with electrospray ionization. The system was controlled with the Agilent MassHunter
Workstation Data Acquisition software (version B.01.04). The column used was an Atlantis® T3 C18
column (2.1 x 50 m) with a 3-pm particle size (Waters Corp., Milford, MA, USA). The mobile phase
consisted of eluent A: H,O containing 0.1% formic acid (for 1, 3f-i, 3l-n, 4, and 5l), or 10 mM
ammonium acetate, pH 5.0 in 95:5 H,O:MeCN (for 2, 3a-e, 3k); and eluent B: MeCN containing
0.1% formic acid. The flow rate was maintained at 0.6 mL/min. The gradient was ramped from 95%
A/5% B to 5% A/95% B over 1 min, and then hold at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of 4 min. MS parameters such as
fragmentor voltage, collision energy, polarity were optimized individually for each drug, and the
molecular ion was followed for each compound in the multiple reaction monitoring mode. The
concentrations of the analytes were quantified by the Agilent Mass Hunter Quantitative Analysis

software (version B.01.04).
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24 Manuscript 3: FimH antagonists — solubility vs. oral availability

This manuscript addresses the low aqueous solubility of the methyl ester prodrugs by two
approaches: First, by disrupting the molecular planarity and symmetry with modified
subsitution pattern on the biphenyl moiety and, second, by increasing the polar surface area
with htereocyclic biaryl aglycones. Solubility and in vitro permeability studies were
performed to identify ester prodrugs with oral availability; and microsomal stability studies
were done to estimate the propensity to enzyme-mediated bioactivation. Surprisingly, those
esters containing a phenyl-/H-pyrrole aglycone show high microsomal stability and therefore

do not act as prodrugs but are renally excreted unchanged.

Contribution to the project:

Simon Kleeb was responsible for the characterization of the physicochemical and in vitro
pharmacokinetic properties of the diverse biaryl o-D-mannopyranosides. Moreover, he
contributed to the writing of the manuscript except for the sections about synthesis and the in

vivo pharmacokinetic study.

This manuscript is in preparation for ChemMedChem.
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Abstract

Urinary tract infections (UTI) caused by uropathogenic Escherichia coli are frequent
infectious diseases requiring antibiotic treatment. Since recurrent antibiotic exposure can
induce antimicrobial resistance, efficient non-antibiotic prevention and treatment strategies
are urgently needed. The first step of the pathogenesis of UTI is the bacterial adherence to the
urothelial host cell, mediated by the mannose-binding adhesin FimH, which is located at the
tip of bacterial pili. Biphenyl o-D-mannopyranosides with an electron-withdrawing
carboxylate on the terminal aromatic ring of the aglycone were identified as potent FimH
antagonists. In a preliminary study, oral availability of these charged FimH antagonists could
be established by an ester prodrug approach, although for the price of a dramatically reduced
solubility. In this article, the solubility problem of the ester prodrug is addressed by
disrupting the molecular planarity and symmetry of the biphenyl aglycone by means of the
substitution pattern and by introducing heteroatoms. With the parallel artificial membrane
permeability assay (PAMPA) and the Caco-2 assay ester prodrugs with oral availability were
identified. Surprisingly, those containing a phenyl-/H-pyrrole aglycone show high
microsomal stability and therefore do not act as prodrugs but are renally excreted unchanged.
Their potential for passive reabsorption leads to elevated urine concentration for up to 6 h.
The best candidate, the nanomolar FimH antagonist 41f therefore represents a promising

candidate for oral application in UTI treatment.

Introduction

Urinary tract infections (UTIs) — also known as acute cystitis or bladder infections — are
among the most prevalent infectious diseases worldwide. UTIs affect millions of people
every year and account for significant morbidity and high medical costs.""! Complicated UTIs
require antibiotic treatment. Since recurrent antibiotic exposure leads to the ubiquitous
problem of antimicrobial resistance, efficient non-antibiotic prevention and treatment
strategies are urgently needed.””’ More than 70% of UTIs are caused by uropathogenic
Escherichia coli (UPEC)."**] The first step of the infection cycle is the bacterial adherence to
the urothelial cell surface, which prevents UPEC from being cleared by micturition but also
triggers the invasion into the cells.” This initial contact is mediated by the bacterial adhesin
FimH which is located at the tip of type 1 pili® FimH consists of an N-terminal
carbohydrate recognition domain (CRD) and a C-terminal pilin domain. The CRD

specifically recognizes mannosylated uroplakin Ia glycoproteins located on the urinary

87



2.4 — Manuscript 3

bladder mucosa, whereas the pilin domain regulates the switch between the low- and high-
affinity states of the CRD.) Blocking the FimH-CRD with carbohydrates or mimetics
thereof prevents the bacterial adherence as well as the subsequent infection and therefore is

regarded as a potential opportunity for prevention and/or treatment of UTIs.!”]

Over the last three decades, various mannosides and oligomannosides have been tested as
potential antagonists for type 1 pili-mediated bacterial adhesion.™ The crystal structure of
FimH was first solved in 1999,”) and since then, numerous crystallographic studies have been
published, greatly facilitating the rational design of high-affinity ligands."” As deduced from
these studies, the FimH-CRD consists of a deep, negatively charged pocket which
accommodates the mannopyranose moiety by an extended hydrogen bond network. At the
entrance to this cavity, the amino acids Tyr48, Tyr137, and Ile52 form a hydrophobic rim, the
‘tyrosine gate’, perfectly suited to host aliphatic and aromatic aglycones.'™ As a
consequence of these hydrophobic contacts, n-heptyl a-D-mannopyranoside (1, Figure 1)
exhibits nanomolar affinity."® With aromatic aglycones, such as present in the antagonists
2-5, further improvements were achieved.!'"! The high affinity of a-D-mannopyranosides
with biphenyl (— 3 & 4) and indolinyl phenyl (— 5) aglycones could be rationalized by
optimal m-n stacking interactions between the biaryl aglycone and the tyrosine gate.!''®"
Depending on the aglycone, different binding modes have been observed. The alkyl aglycone
of n-butyl a-D-mannopyranoside interacts with both Tyr48 and Tyr137 of the tyrosine

[106] By contrast, the biphenyl aglycone present in antagonist 3 was shown to adopt an

‘out-docking mode’,!''!! that means, it interacts only with Tyr48, probably due to limited

gate.

flexibility of the biphenyl moiety. Moreover, ortho-substituents on ring A of the biphenyl
aglycone, such as the ortho-chloro substituent in compound 4b, proved beneficial to binding
because of high shape complementarity within the binding pocket and therefore better van

der Waals contacts.!'"/
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Figure 1. FimH antagonists: n-heptyl a-D-mannopyranoside (1) is used as reference compound; the squaric acid

! COOMe

derivative 2, the biphenyl derivatives 3-4, and the indolinylphenyl derivative 5 exhibit nanomolar affinities.

For numerous diseases as e.g. UTI, oral administration of therapeutics is the standard care,
because daily therapy is required. As described in our previous publication,"''® the carboxylic
acid moiety in biphenyl a-D-mannoside 4b — its electron-withdrawing potential is essential
for an enhanced n-m stacking interaction — impairs the membrane permeability and, as a
consequence, the potential for oral absorption. Otherwise, ester prodrug 4a was shown to
have markedly increased membrane permeability and to provide — upon absorption and
enzyme-mediated hydrolysis — antagonist 4b, which is perfectly suited for rapid renal
excretion. Nonetheless, low aqueous solubility (12 pg/mL) was identified as a major
drawback of prodrug 4a, limiting the absorptive flux of the prodrug through the intestinal
mucosa. According to the maximum absorbable dose (MAD) concept,!'” aqueous solubility
of at least 50 pg/mL is required to achieve quantitative absorption of a 1 mg/kg dose of

prodrug with medium permeability.

Results and Discussion

In the present study, the solubility issue of the ester prodrugs was addressed by two
approaches: First, by disrupting the molecular planarity and symmetry with modified
substitution pattern on the biphenyl moiety (Figure 2a) and second by increasing the polar
surface area (PSA) with heterocyclic biaryl aglycones (Figure 2b).l"*! For improving oral

availability, the carboxylic acid was replaced by the bioisosteric cyano group (Figure 2¢).["¥
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Figure 2. Modifications of the aglycone of FimH antagonists by (a) modifying the substitution pattern, (b)

introducing heteroaryl aglycones and (¢) replacing the carboxylate moiety with a bioisosteric cyano group.

To evaluate the impact of these modifications on PK/PD properties, binding affinity to the
FimH-CRD as well as the in vitro/in vivo pharmacokinetic properties predictive for oral

bioavailability and metabolic stability were studied.

Synthesis

Biphenyl mannosides. Compounds 6a,b, 7a,b and 8a,b (Figure 2a) were synthesized
according to a previously described procedure (for synthesis and compound characterization

see Supporting Information).!''®!

Synthesis of heteroaromatic building blocks (Scheme 1). Starting with the commercial
aminophenols 9a,b, the azidophenols 10a,b were obtained via a diazotransfer reaction using
freshly prepared triflyl azide in pyridine and copper (II) sulfate as catalyst.'”’ Because of
instability, 10a,b were used without purification in a subsequent copper (I)-catalyzed
Huisgen cycloaddition!'® with ethyl propiolate, yielding the triazolylphenols 11a,b with high
1,4-regioselectivity (Scheme 1A). By using an Ullmann-type copper-diamine-catalyzed N-
arylation,'” /H-pyrazole-4-carboxylate was coupled with 4-iodoanisole (12) in N-methyl-2-
pyrrolidone (NMP) to furnish 13a. Because of the low reactivity of the trifluoromethyl-
substituted pyrazole, the coupling reaction was carried out under solvent-free condition to

give 13b in quantitative yield. Demethylation of 13a,b with AlICl; gave the pyrazolylphenol
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derivatives 14a,b. Due to the instability of 14b under AlCIls/nBusNI conditions, a AlCls/thiol
combination was used to accelerate the reaction and to suppress byproduct formation
(Scheme 1B)."® The pyrimidinyl derivative 17 was prepared via a nBuLi-mediated
carboxylation with CO, followed by esterification (Scheme 1C).["") To synthesize the cyano-
substituted pyrroles 20a,b, benzotriazol-1-ylmethyl isocyanide (BetMIC, 18) was treated

with the electron-deficient alkenes 19a,b under basic heterocyclization conditions (Scheme

lD).[zo]
R R
HO HO HO
LN Dy
NH, N N~ N\\N

9a (R = H) 10a (R =H) Ma(R=H) ‘soogt
9b (R =Cl) 10b (R = Cl) 11b (R = Cl)
B MeO HO
MeO
c) d) N
— _N — N~
| N N R A\ R
COOEt
12 13a (R =H) COOEt 14a (R=H)
13b (R = CF3) 14b (R = CF3)
c )I\ COOH COOMe
NTN e) N)QN f) NN
~ N g
= = =
Br Br Br
15 16[19 17
CN
D /=/
—N*'=C R R CN
N 19a,b
©: \ (R = H or Me) A\
Y
N
N 9) N
18 20a (R=H)
20b (R = Me)

Scheme 1. a) TfN;, CuSO,, triethylamine, pyridine, 0 °C to rt, 2 h; b) ethyl propiolate, CuSO,5H,0, sodium
ascorbate, BuOH/H,0 (1:1), 1t, 30 min (yield for two steps: 77% for 11a, 48% for 11b); c) ethyl /H-pyrazole-
4-carboxylate  or Cul, trans-N,N’-dimethyl-1,2-
cyclohexanediamine, K,CO;, NMP as solvent for 13a and solvent free for 13b, 110 °C, 24 h (80% for 13a,
quant. for 13b); d) AICI;, cat. nBusNI, DCE (for 14a), or 1-dodecanethiol without catalyst (for 14b), 0 °C to rt
(60% for 14a, 26% for 14b); e) i. nBuLi, hexane, toluene, -78 °C, 1 h; ii. CO, (g), -78 °C to rt, 7 h; f) conc.
H,S0O, (0.8 eq), MeOH, reflux, overnight (37% for two steps); g) nitrile 19a,b, fBuOK, THF, 0 °C to reflux, 2 h
(60% for 20a, 54% for 20b).

ethyl  3-trifluoromethyl-/ H-pyrazole-4-carboxylate,
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Triazolylphenyl and pyrazolylphenyl mannosides (Schemes 2). Mannosylation of the phenols
11a,b and 14a,b (see Scheme 1A & B) with mannosyl fluoride 2129 and BF;-Et,O as
promoter, yielded exclusively the a-mannosides 22a,b and 25a,b. Deacetylation (— 23a-c

and 26a,b) followed by ester hydrolysis gave the test compounds 24a,b and 27a,b.

OR! OAc OR'

051 14a,b ogc 11a,b og
R'O : a, AcO : a R'O :
R'O - AcO — > R'O R3
a) a)
o] 21121 F o\©\
\©\ NN NN

A\ R3 NN
— —
COOR? COOR?
C
,—) 25a (R" = Ac, RZ=Et, R¥=H) Il 22a (R' = Ac, RZ=Et, R¥ = H)
©)_25p (R' = Ac, R? =Et, R® = CF3) 22b (R' = Ac, R? = Et, R®=Cl)
d)
d) |_>23a(R1=H R2=Me, R®=H)
1= 2 — 3= ’ i
26a (R'=H, R“=Et,R°=H) d) b) 23b(R1=H R2 = Me R3=C|) _1d)
L3 26b (R = H, R? = Et, R3 = CF3) > ' '
c) 12 2 3
27a (R'=H, R?=Na, R®= H) <J ——®23c(R'=H,R°=E,R*=C|)
27b (R' = H, R2 = Na, R® = CF;) -€— 24a (R'=H,R?=Na, R®=H)
(

24b (R'=H, R? = Na, R® = C|)-——
Scheme 2. a) BF5-Et,0, DCM, mol. sieves 4 A, 0 °C to rt, overnight (79% for 22a, 76% for 22b, 98% for 25a,
64% for 25b); b) NaOMe, MeOH, rt, 4 h (74% for 23a, 80% for 23b); ¢) NaOEt, EtOH, rt, overnight (74% for
23¢, 95% for 26a, 82% for 26b); d) 0.2 N aq. NaOH, MeOH, rt, overnight (30% for 24a, 90% for 24b, 70% for
27a, 79% for 27b).

Pyridinylphenyl, pyrazinylphenyl, and pyrimidinylphenyl mannosides (Scheme 3). Mannosyl
fluoride 21 was treated with 4-iodophenol or 4-bromo-2-trifluoromethylphenol in the
presence of BF3-Et,O. The resulting iodide 28" and bromide 34! were transformed into
the boronic acid pinacol esters 29!"" and 35 under Miyaura-borylation conditions. In a
palladium-catalyzed Miyaura-Suzuki coupling® of the heteroaryl halides 17 (see Scheme
1C) and 30a-c (commercially available) with boronic acid ester 29, heteroarylphenyl
mannosides 31a-d were obtained in good to excellent yields. Similarly, mannoside 36 was
prepared by coupling of ester 35 and pyridinylchoride 30a. Deacetylation under Zemplén
conditions (— 32a-d, 37) followed by saponification of the methyl ester yielded the sodium
salts 33a-d and 38.
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Scheme 3. a) 4-iodophenol or 4-bromo-2-trifluoromethylphenol, BF;-Et,O, DCM, mol. sieves 4 A, 0 °C to rt,
overnight (70% for 28, 80% for 34); b) bis(pinacolato)diborone, Pd(Cl,)dppt-CH,Cl,, KOAc, DMF, 85 °C,
overnight (80% for 29, 83% for 35); ¢) Pd(Cl,)dppf:CH,Cl,, K;PO,4, DMF, 85 °C, overnight (60% for 31a, 80%
for 31b, 68% for 31¢, 40% for 31d, 57% for 36); d) NaOMe, MeOH, rt, 4 h (36% for 32a, 24% for 32b, 36%
for 32¢, 89% for 32d, 60% for 37); ) 0.2 N aq. NaOH, MeOH, rt, overnight (32% for 33a, 48% for 33b, 44%
for 33¢, 60% for 33d, 90% for 38).

Pyrrolylphenyl mannosides (Schemes 4 & 5). In a copper catalyzed N-arylation, pyrroles
20a,b (see Scheme 1D) and 20c-f (commercial) were coupled with mannoside 39" (ortho-
Cl) to yield the pyrrolylphenyl mannosides 40a-f (Scheme 4)."® Under similar conditions,
mannosides 28 (without ortho-substituent) and 34 (ortho-CF3) were coupled with pyrrole 20f
to yield 46 and 47 (Scheme 5). Because of partial deacetylation of the sugar moiety during N-
arylation, the crude products were reacetylated to facilitate purification. Deacetylation of the
mannose moiety (— 41a-f, 48 and 49) followed by saponification of the alkyl esters gave the
test compounds 42-45, 50 and 51.

93



2.4 — Manuscript 3

OAc R R OR*

OAc l—\g\ R OR“
AcO -0 N
AcO cl _20at
| Sﬁ

390111 40a £ (RY=
a(R'=R®=H, RZ=CN) b)orc)
b (R = H, R2 = CN, R® = Me) 41af (R* = H)

¢ (R'= COOEt, RZ=R3=H)
d (R" = COOEt, R? = H, R® = Me)
e (R'=R®=H, R =COOMe)
f (R" = H, R2 = COOEt, R® = Me)

OH
OH

d)

HO
HO cl
f —_—
41c-f o
R1
i o

42 (R" = COONa, R2=R3 = H)
43 (R" = COONa, R2=H, R% = Me)
44 (R" = R®=H, R? =COONa)
45 (R" = H, R2= COONa, R® = Me)

R2

Scheme 4. a) i. Cul, ()-trans-1,2-diaminocyclohexane, K;PO,, 1,4-dioxane, 110 °C, overnight; ii. Ac,0,
DMAP, pyridine, rt, overnight (44% for 40a, 92% for 40b, 33% for 40c, 64% for 40d, 99% for 40e, 77% for
40f); b) NaOMe, MeOH, 1t, 4 h (65% for 41a, 38% for 41b, 83% for 41e); c) NaOEt, EtOH, rt, overnight (91%
for 41¢, 61% for 41d, 93% for 41f); d) NaOH, MeOH/H,0 (1:2), rt, 12-48 h (58% for 42, 40% for 43, 20% for
44, 57% for 45).

OAc Me COOEt OAc OH

OAc Z/ \S OAc OH
AcO 2 N AcO Q HO Q
AcO R! H AcO R HO R
20f b)

O i —)» 0 —_— fe) l
a
R2
chooa '\\‘chom3
28" (R"=H, R*=I) 46 (R = H) ©) 48 (R'=H,R3=EY)

. Me Me

341" (R1=CF3, R?=Br) 47 (R = CFy) 9| 49 (R'=CFs, R® = Et)
50 (R'=H, R® = Na)
51 (R' = CF3, R® = Na)

Scheme 5. a) i. Cul, (*)-trans-1,2-diaminocyclohexane, K;PO,, 1,4-dioxane, 110 °C, overnight; ii. Ac,0,
DMAP, pyridine, rt, overnight (94% for 46, 49% for 47); b) NaOEt, EtOH, rt, overnight (46% for 48, 85% for
49); ¢) NaOH, MeOH/H,0 (1:2), 1t, 48 h (99% for 50, 35% for 51).

In vitro binding affinities

The hydrolyzed prodrugs, i.e. the free carboxylates (6-8b, 24a-b, 27a-b, 33a-d, 38, 42-45, 50
and 51) as well as the bioisosteric cyanides (41a-b), were evaluated in a cell-free competitive

binding assay (Table 1).1%!
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Cell-free competitive binding assay.”> The cell-free competitive binding assay is based on
the competitive interaction of the compound of interest and the biotinylated polyacrylamide
glycopolymer TM-PAA (Manal-3(Mana1-6)Manf1-4GlcNAcf1-4GlcNAcB-PAA) with the
isolated CRD of FimH. Complexation of the biotinylated glycopolymer with streptavidin
coupled to horseradish peroxidase allows for quantification of the binding affinity of the
antagonists. For every compound the assay was performed twice with each concentration in
duplicate. To ensure comparability between various antagonists, the reference compound #-
heptyl a-D-mannopyranoside (1) was tested each time in parallel. The affinities are reported

relative to 1 as rICsgy in Table 1.

A comparison of the biphenyl mannoside antagonist 4b (entry 2) with the regioisomers 6b,
7b, and 8b (entries 3-5) indicates that changing the position of the carboxylic acid on the
terminal ring B of the biphenyl aglycone as well as modifying the substitution pattern on ring
A substantially reduced affinity. As previously reported, the ortho-chloro substituent present
in the antagonists 4b and 7b provides additional van der Waals contacts leading to binding

affinity in the low nanomolar range.!'"

Table 1. Pharmacodynamic parameters of FimH antagonists. The ICs, values were determined with a cell-free
competitive binding assay.”! The rICs, values were calculated by dividing the ICs of the compound of interest

by the ICs, of reference compound 1. This leads to rICsy values below 1.0 for derivatives with higher affinity

than reference 1 and rICsy above 1.0 for compounds with lower affinity than 1.

OH OH
OH OH
Entry | Cpd Ho rICs, | Entry | Cpd Ho rICs,
R [nM] R | [nM]
R R
1 10100 e 54.9 1 12 33c N 39 | 073
|N/j\COONa
| Cl
O.
2 | api 67 | 000 | 13 | 33d . 35 | 0.60
O COONa | N/)\COONa
COONa GFs
|
3| 6b!"'e ° O 29 0.40 14 38 -~ 20 | 039
c l/ COONa
| cl Cl
0.
4 7b O COONa 12 0.19 15 41a 29 0.50
) D)-on
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All heteroaryl mannosides (entries 6-22) showed ICs, values in the nanomolar range as well.
Nonetheless, they were weaker binders than the optimized biphenyl mannoside 4b, although
in silico studies obtained with flexible docking (Glide software package®") to the FimH-
CRD suggested a similar ‘out-docking mode’ (Figure 3).

In comparison with the triazolylphenyl mannosides 24a,b (entries 6 & 7) and the
pyrrolylphenyl mannosides 41a,b, 42-45, 50 and 51 (entries 15-22), the pyrazolylphenyl
analogues 27a,b (entries 8 & 9) showed markedly lower affinity, even though we expected a
similar conformation for all biaryl mannosides containing a five-membered aromatic
heterocycle. Furthermore, a high impact of the substitution pattern on the binding affinity was
observed for the various pyrrolylphenyl mannosides (entries 15-22). In agreement with
previous observations,!''#)! the ortho-chloro and the ortho-trifluoromethyl substituents on
ring A were beneficial to affinity (50 vs. 45 & 51, entries 20-22). The position of the
electron-withdrawing carboxylic acid moiety in the heteroaromatic ring furthermore affected

the binding affinity. In the 3-position (— 44, entry 19) it conferred three times higher affinity
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than in the 2-position (— 42, entry 17). In silico docking studies indeed suggest that the 2-
carboxylate forces the two rings of the aglycone in an orthogonal orientation and therefore
disrupts the m-mt stacking interactions between the heteroaromatic ring and Tyr48 of the
tyrosine gate (— 45, Figure 3B). Otherwise, the additional 4-methyl substituent present in 43
(entry 18) could presumably provide an additional hydrophobic contact (Figure 3A).

A B

Figure 3. In silico docking studies obtained with flexible docking (Glide software package[24]) to the FimH-
CRD (PDB ID: 3MCY); top-scored binding modes of A) 43 (Table 1, entry 18) and B) 45 (entry 20).

Physicochemical properties and in vitro pharmacokinetics

For assessing the potential for intestinal absorption, lipophilicity (log P), aqueous solubility,
and permeability through an artificial membrane (PAMPA, log P.) as well as a Caco-2 cell
monolayer (Payp) were determined (Table 2).12%%1 Fyrthermore, the esters were incubated
with rat liver microsomes (RLM) for estimating their susceptibility to carboxylesterase
(CES)-mediated hydrolysis.”” Mammalian CESs are localized in the endoplasmatic
reticulum of the liver and most other organs. Table 2 indicates the metabolic half lives (t;/,)

as determinants of the rate of bioconversion to the respective acid.

Table 2. Physicochemical and pharmacokinetic parameters of FimH antagonists.

OH

OH . PAMPA Caco-2 Microsomal
Ho o . Solubility P J .
Entry | Cpd log P log P, Py, [107 cm/s] stability
i [ug/mLY ] i o
R [cm/s] a—b b—a t2 [min]
| Cl
0.
1 4al''e! O 23 11.9 -4.6 53+06 | 17.5+13 2.1

COOMe
|
2 6al''d ° 1.7+0.1 14+0 4.7 6.1+12 | 21.1+1.2 22
Cl
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3 7a coome | 27401 | 41+3 | 46202 | 67404 | 207425 84
C‘) Cl
4 8a @ ~ coowe | 27+0.1 | 134+6 | -45+0.1 | 45+03 | 10.8+0.7 13
!
5 23a Q ) 0.6+00 | >180 | 9403 n.d. n.d. 38
= COOMe
| Cl
0.
6 23b @ ) 00£00 | >150 | -9.1=1.8 n.d. n.d. 32
= COOMe
I Cl
0.
7 23¢ 75\ 07+00 | >150 -10 nd. n.d. 42
= COOEt
|
8 26a QLZ 09+00 | >180 | -6.6=0.1 n.d. n.d. > 120
= COOEt
|
0.
9 26b OQ 2.1 0.0 >180 | -5.7+0.1 | 1301 | 124424 113
= COOEt
!
10 | 32a .~ 02+00 | >130 | -7.5+02 [0.22+0.05| 2.3+0.1 10
| Z COOMe
S
11 | 32b " 1.0£00 | 596 | -63%0.0 |0.64+0.06 83=0.4 11
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[a] Octanol-water partition coefficients (log P) were determined by a miniaturized shake flask procedure. The
values are indicated as mean = SD of sextuplicate determinations.'”! [b] Kinetic solubility was measured in a
96-well format in triplicate using the pSOL Explorer solubility analyzer.** [¢] Permeation through an artificial
membrane (log P., effective permeability) was determined by PAMPA (parallel artificial membrane
permeability assay) in quadruplicate.”” [d] Permeation through a Caco-2 cell monolayer (P, apparent
permeability) was assessed in the absorptive (a—b) and secretory (b—a) directions in triplicate.”® [e]
Microsomal stability was determined with pooled male rat liver microsomes (0.125 mg/mL) at pH 7.4 and

37 °C.*! n.d., not determined.

Biphenyl mannosides: Solubility, permeability, and metabolic stability. As observed in our

(el the biphenyl derivatives 4a and 6a (Table 2, entries 1 & 2) showed low

previous study,
aqueous solubility probably due to the symmetrical para-para substitution pattern. In order to
disrupt this symmetry, the carboxylic acid moiety in 4a was moved from the para- to the
meta-position (— 7a, Table 2, entry 3), leading however only to moderately improved
aqueous solubility. Moving the chloro substituent on ring A from the ortho- to the meta-
position (— 8a, Table 2, entry 4) increased the dihedral angle (60.3° for 8a vs. 39.6° for 7a,
Figure 4A; values calculated with MacroModel, version 9.9, resulting in the disruption of
the molecular planarity and markedly enhanced aqueous solubility. Given the elevated

solubility (134 pg/mL) and the high effective permeability (log P, -4.5), the prodrug 8a was

identified as the most promising biphenyl derivative for oral administration.
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Incubation with rat liver microsomes induced a fast degradation of prodrug 4a (t;, 2.1 min,
Table 2, entry 1). The esters of the biphenyl mannosides 6a (t;» 22 min, entry 2), 7a (t;, 84
min, entry 3), and 8a (t;», 13 min, entry 4) were less susceptible to the carboxylesterase
(CES)-mediated metabolic turnover. The differing rates of hydrolysis may result from
various reasons, i.e. the change in the molecular geometry and therefore in the accessibility of
the ester by the serine hydrolase CESP” or differing electron-density on the carbonyl carbon.
Since the first step of the catalytic mechanism relies on the nucleophilic attack by the
hydroxyl group of the serine moiety,”* increasing electron-deficiency of the carbonyl carbon
should lead to a higher propensity for hydrolysis. However, the calculated partial charges ()
on the carbonyl carbons (AMSOL, Version 7.1%% data not shown) do not correlate with the
propensities of the corresponding esters to hydrolysis. We therefore attributed the rate
differences of the CES-mediated hydrolysis primarily to the differing geometry of the

aglycones, which, in case of 4a, orients the ester bond within the active site in an optimal

position.
a) | cl CO,Me |
0 c|) 40.3° o
O 39.1° O
Q.. -
4a CO,Me 6a

by | | |
o (6] (0]
\©\1w° \©\19.3° \©\19.3°
48

23b CO,Me 26a CO,Et CO,Et

30.9° 36.2°

§Y ()
COyMe 32c N/ 32d N/)\COZMe

Figure 4. Dihedral angles between the aromatic rings of prominent biaryl a-D-mannopyranosides, A) biphenyl

aglycones and B) heteroaryl aglycones. The values were calculated with MacroModel (version 9.9).F1

Heteroaryl mannosides: Solubility, permeability, and metabolic stability. In general,
heterobiaryl mannosides (Table 2, entries 5-22) exhibited markedly higher aqueous solubility
than biphenyl a-D-mannoside 4a. When the nitrogen atom in ring B is moved from the ortho-
(— 32b, entry 11) to the meta-position (— 32a, entry 10), the increase in steric hindrance
(lone pair of N vs. C-H) leads to a larger internal dihedral angle (32.5° for 32b vs. 38.0° for

32a, Figure 4B), causing a disruption of the molecular planarity and hence to improved
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solubility. A similar effect was observed for the antagonists 32d (36.2°, entry 13) and 32c¢
(30.9°, entry 12). The five-membered heteroaryl mannosides in general excel in high
solubility, either because of the increased polarity [— triazoles 23a-c¢ (entries 5-7) and
pyrazoles 26a,b (entries 8 & 9)] or because of the disruption of molecular symmetry (—

pyrroles 41a-f, 48, 49, entries 15-22).

As expected, the increase in polarity and solubility (— 23a, log P -0.6, entry 5) induces
reduced permeability (log P, -9.4), i.e. poor oral absorption.”* To enhance lipophilicity two
strategies were followed: First, an ortho-chloro substituent was added to ring A of the biaryl
aglycone (— 23b, entry 6) and, second, the methyl ester was replaced by an ethyl ester (—
23c¢, entry 7). However, both strategies were insufficient to substantially improve the oral
absorption potential. For the pyrazolylphenyl derivative 26a (entry 8), although slightly more
lipophilic than the triazolylphenyl 23¢ (entry 7), only low effective permeability (log P, -6.6)
was observed. Introduction of a trifluoromethyl substituent on the pyrazole moiety (— 26b,
entry 9) further increased both lipophilicity and permeability but was still not sufficient for

successful intestinal uptake.

By contrast, the pyrrolylphenyl mannosides 41a-f, 48 and 49 (Table 2, entries 15-22) are
among the most lipophilic and permeable biaryl derivatives. Starting from antagonist 41e
(entry 19), both parameters could be successively enhanced by introducing a methyl
substituent in the 4-position of the pyrrole moiety (— 48, entry 21) and by modifying the
ortho-substituent on ring A of the biaryl aglycone (— 41f and 49, entries 20 & 22). For
antagonists 41f and 49, effective permeability resulting from PAMPA (log P. -4.8 and -5.0,
respectively) suggested a high oral absorption potential. Moreover, the absorptive flux (apical
— basal) through the Caco-2 cell monolayer was outstandingly high. Although the ratio
Poppp-a/ Papp.a-v Implied efflux-carrier activity, we expected high systemic availability of 41f
and 49 in vivo, notably because efflux transporters at human intestines are considered easily

). In the case

saturable when compounds are administered at elevated doses (e.g. > 100 mg
of the pyrrolylphenyl derivatives 41¢ and 41d (entries 17 & 18), introducing a 4-methyl
substituent increased permeability as well. In turn, it made 41d the least soluble compound
among all assessed heteroaryl mannosides. The bioisosteric replacement of the carboxylic
moiety by a cyano group (— 41a-b, entries 15 & 16) resulted in PAMPA data indicating low

permeability for both derivatives (log P. -8.8 and -6.3, respectively).
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All heteroaryl derivatives with ester functions (Table 2, entries 5-14 and 17-22) were found
to be less susceptible to CES-mediated bioconversion than the initial biphenyl mannoside 4a.
Nonetheless, the experimental half-lifes suggest a strong relationship between the molecular
structure of the heteroaryl moiety and the propensity to hydrolysis. All biphenyl and
heterobiphenyl derivatives exhibit considerable propensity to enzyme-mediated hydrolysis.
By contrast, the pyrrolylphenyl esters 41e.f, 48, and 49, which were originally designed as
prodrugs, surprisingly proved to be metabolically stable and not hydrolizable by the

carboxylesterases.

Binding affinity of selected esters

Since their lipophilicity (log P), solubility, membrane permeation (log P. and P,pp) fulfill the
requirements for an oral uptake, the binding affinities of these antagonists were determined in
the cell-free competitive assay (see above) as well as in a competitive fluorescence
polarization assay (Table 3). In both assays, n-heptyl mannoside (1) was used as a reference

compound.

' For the rapid evaluation of binding

Competitive Fluorescence Polarization Assay.[11
affinity, a previously developed competitive binding assay based on fluorescence polarization
(FP) was applied. A FimH variant consisting of the CRD linked to a His-tag by a thrombin
cleaving site (FimH-CRD-Th-Hisg, expressed and purified as previously described)™! was
used. The antagonist of interest displaces the fluorescent-labeled competitor 52!''™™ from the
binding site, thereby reducing fluorescence polarization.”® Due to the long residence time of
FimH antagonists (t;» > 3.5 ), a 24 h incubation time was applied before measurement of
fluorescence polarization. ICsy values were obtained by nonlinear least-squares regression
(standard four-parameter ICsy equation) and converted to Kp using a modified Cheng-Prusoff

B36] The Kp values observed for the test compounds 41e,f, 48 and 49 are summarized

equation.
in Table 3. In general, the pyrrolylphenyl mannosides (entries 2-5) showed higher affinity
than the reference compound 1. The improved affinity for the ortho-substituted biaryls (Cl,

41f and CF3;, 49) was confirmed.
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Table 3. Affinity of FimH antagonists to FimH-CRD-Th-Hiss.” The ICs, values were determined with a cell-
free competitive binding assay.”! The rICs, values were calculated by dividing the ICsy of the compound of

interest by the ICsy of reference compound 1. Dissociation constants (Kp) were determined in a competitive

[11k,36]

fluorescence polarization assay. n.d., not determined.

o o
" Binding Assay FP-Assay
Entry | Cpd HO 2
HO
R IC5o [nM] 11Csp Ko [nM]
1 1 cl)\/\/\/\ 549 10 23
| Cl
L
2 41e Q 18.5 0.33 43
COOMe
| Cl
L
3 41f N& 252 0.46 7.5
COOEt
|
@)
4 48 \QN& 24.9 0.45 24.6
COOEt
| CF3
L
5 49 & 36.9 0.72 6.0
COOEt
HO ‘ o O OH
(3
6 g [11K] ;¢ HN ° n.d. n.d. L7
°© O S)\NH
&
o

In vivo pharmacokinetic study. Antagonist 41f exhibiting the best in vitro PK/PD profile was
selected for an in vivo pharmacokinetic study. It was orally applied to three mice at a dose of

10 mg/kg. The concentration-time profiles are shown in Figure 5.
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Figure 5. Urine (dashed line) and plasma (continuous line) concentration over time after an application of 10
mg/kg of 41f. The detection limit for plasma samples was at 0.02 pg/ml, urine samples could be detected down

to 0 ug/ml.

Generally, plasma concentrations of 41f were low, barely exceeding the detection limit (0.02
pg/ml), with a peak between 40 min and 1.5 h after application and a C.x of only 0.04
pg/ml. Subsequently it dropped below the detection limit. In contrast, antagonist 41f rapidly
accumulates in the urine with a Cpax ranging from 10 to 16 pg/ml at 1 to 3 h post application.
After a stable concentration plateau, which is slightly shifted in time compared to plasma
peak levels, 41f was not detectable in urine 7 h post application. The total dose detected in

urine corresponds to approximately 30% of the oral dose.

The accumulation in the urine, resulting in a relatively constant plateau concentration over a
time-period of about 3 h, is related to several important interplaying mechanisms. Both,
PAMPA™" and transport through a Caco-2 cell layer predict permeability for 41f (log P, -4.8
cm/s, and Piappab 6.4 % 107 cm/s, Table 2).[38’3 9l However, absorption of 41f is slowed down
by the simultaneous efflux (Pappb-a 30 x 10 cm/s) by P-glycoprotein (P-gp),[*” exceeding the
uptake rate by a factor of approx. 5. Therefore, 41f accumulates in the intestinal fluids,
leading to P-gp saturation and, consequently, to a prolonged, but slow uptake. As this effect
can influence plasma and urine drug levels only for a limited time, further mechanisms come
into play. After absorption, antagonist 41f remains in circulation only for a short period of
time before it is filtered through the renal glomeruli in the kidneys. Its log P value (log P 2.8,
entry 20, Table 2) implies a high reabsorption potential from the filtrate in the proximal

tubuli, resulting in a delayed renal excretion.”®***!) In summary, the observed PK profile of
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41f results from a prolonged absorption due to P-gp mediated efflux combined with a delayed
elimination via the kidneys due to reabsorption. These PK properties are beneficial for
prevention or treatment of UTI, as high urine drug levels over an extended period of time

limit the dosing frequency to few or even only one application a day.

Conclusions

Starting from prodrug 4a, the present study aimed to optimize the pharmacokinetic properties
of the biaryl mannoside in order to achieve high oral absorption of the ester prodrug and
rapid enzyme-mediated release of the active principle. In this regard, our first approach, i.e.
disruption of the molecular planarity and symmetry of the biphenyl mannoside by modifying
the substitution pattern, proved successful. Compared to compound 4a, the ester prodrug 8a
showed a tenfold increased solubility whereas membrane permeability remained unchanged.
Moreover, hepatic esterases were shown to rapidly convert the ester to the polar parent
compound 8b. However, shifting the substituents on the aglycone markedly decreased the

affinity to the FimH-CRD, overriding the gain in the intestinal uptake potential.

In a second approach, the improvement of the physicochemical properties by heterocyclic
aglycones was studied. Thereby, triazole (23a-c), pyrazole (26a,b), and six-membered
heterocyclic moieties (32a-d and 37) proved highly beneficial to the aqueous solubility but in
turn reduced lipophilicity and membrane permeability, which leads, overall, to poor oral
absorption. By contrast, the pyrrolylphenyl mannosides — optimized by the introduction of a
chloro or trifluoromethyl substituent on ring A and a methyl group on the heterocycle (41f
and 49) — exhibited sufficient permeability and aqueous solubility. However, incubations
with rat liver microsomes, revealed low propensity to enzyme-mediated hydrolysis. Despite
their high intestinal uptake potential, these esters therefore scarcely act as prodrugs
facilitating the delivery of the active principles to the urinary bladder. Nonetheless, the
introduction of a pyrrole moiety appears as a promising strategy for optimizing the oral

absorption of biaryl mannoside analogues, which do not rely on an ester prodrug approach.

In summary, our study exemplifies the benefits of two approaches - rearrangement of the
substitution pattern and introduction of aromatic heterocycles - on aqueous solubility. The
high microsomal stability of the pyrrole derivatives indicates an action mode rather than a
prodrug approach. For the esters 41f and 49, an optimal balance of pharmacodynamic,
physicochemical and pharmacokinetic properties was obtained. According to the in vivo PK

studies (see Figure 5), 41f is a promising candidate to be tested in a UTI disease model.
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Experimental Section

Synthesis. The synthesis of compounds 7a,b, 8a,b 11a,b, 13a,b, 14a,b, 17, 20a,b, 22b, 23b,c, 24b,
25a,b, 26a,b, 27a,b, 31b-d, 32b-d, 33b-d, 40a-e, 41a-e, 42-44, 47, 49, and 51, including compound

characterization data, can be found in the Supporting Information.

General Methods. NMR spectra were recorded on a Bruker Avance DMX-500 (500.1 MHz)
spectrometer. Assignment of 'H and “C NMR spectra was achieved using 2D methods (COSY,
HSQC, HMBC). Chemical shifts are expressed in ppm using residual CHCl;, CHD,OD or HDO as
references. Optical rotations were measured using Perkin-Elmer Polarimeter 341. Electron spray
ionization mass spectra (ESI-MS) were obtained on a Waters micromass ZQ. The LC/HRMS analysis
were carried out using a Agilent 1100 LC equipped with a photodiode array detector and a Micromass
QTOF I equipped with a 4 GHz digital-time converter. Microwave-assisted reactions were carried out
with a CEM Discover and Explorer. Reactions were monitored by TLC using glass plates coated with
silica gel 60 Fps4 (Merck) and visualized by using UV light and/or by charring with a molybdate
solution (a 0.02 M solution of ammonium cerium sulfate dihydrate and ammonium molybdate
tetrahydrate in aqueous 10% H,SO4). MPLC separations were carried out on a CombiFlash
Companion or Rf from Teledyne Isco equipped with RediSep normal-phase or RP-18 reversed-phase
flash columns. LC-MS separations were done on a Waters system equipped with sample manager
2767, pump 2525, PDA 2525 and micromass ZQ. Size-exclusion chromatography was performed on
Bio-Gel® P-2 Gel (45-90 mm) from Bio-Rad (Reinach, Switzerland). All compounds used for
biological assays are at least of 98% purity based on HPLC analytical results. Commercially available
reagents were purchased from Fluka, Aldrich, Alfa Aesar or Iris Biotech (Germany). Solvents were
purchased from Sigma-Aldrich (Buchs, Switzerland) or Acros Organics (Geel, Belgium) and were
dried prior to use where indicated. Methanol (MeOH) and ethanol (EtOH) were dried by refluxing
with sodium methoxide or ethoxide and distilled immediately before use. Dichloromethane (DCM)
was dried by filtration over Al,Os (Fluka, type 5016 A basic). Molecular sieves 4A were activated in

vacuo at 500 °C for 1 h immediately before use.

General procedure A for the synthesis of mannosides 22a,b and 25a,b. To an ice-cold suspension
of 21! (1.1 equiv), phenol 11a,b or 14a,b (1.0 equiv) and molecular sieves 4 A (600 mg) in dry
DCM (5 mL), BF3-Et,0O (4.7 equiv) was added dropwise under argon. The mixture was stirred at 0 °C
for 3 h, and then at rt overnight. The reaction mixture was filtered over Celite and the filtrate was
diluted with DCM (50 mL), extracted with 0.5 N aq. NaOH (50 mL), water (50 mL) and brine (50
mL). The organic layer was dried over Na,SO, and concentrated in vacuo. The residue was purified

by MPLC on silica gel (petrol ether/EtOAc) to yield 22a,b or 25a,b.

General procedure B for the coupling of mannosylated phenyls with six-membered heterocyclic

halides. A Schlenk tube was charged with heterocyclic halide 30a-c or 17 (1.0 eq), boronate 29! or
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35 (1.1 eq), Pd(dppf)Cl,-CH,CI, (0.03 eq), K;PO4 (1.5 eq) and a stirring bar. The tube was closed with
a rubber septum and was evacuated and flushed with argon. This procedure was repeated once, then
anhydrous DMF (2 mL) was added under a stream of argon. The mixture was degassed in an
ultrasonic bath and flushed with argon for 5 min, and then stirred at 80-85 °C overnight. The reaction
mixture was cooled to rt, diluted with EtOAc (50 mL), and washed with water (50 mL) and brine (50
mL). The organic layer was dried over Na,SO, and concentrated in vacuo. The residue was purified

by MPLC on silica gel (petrol ether/EtOAc) to afford heteroarylphenyls 31a-d or 36.

General procedure C for the coupling of mannosylated phenyls with substituted pyrrolyl
halides. A Schlenk tube was charged with phenyl halide 28,/ 34" or 391" (1.0 eq), pyrrolyl
halide 20a-f (1.2 eq), Cul (0.05 eq), (£)-trans-1,2-diaminocyclohexane (0.11 eq), K;PO, (2.1 eq) and
a stirring bar. The tube was closed with a rubber septum and was evacuated and flushed with argon.
This procedure was repeated once, then anhydrous 1,4-dioxane (ca. 0.5 mL, 1 M to phenyl halide)
was added under a stream of argon. The mixture was degassed in an ultrasonic bath and flushed with
argon for 5 min, and then stirred at 110 °C for 24 h. The reaction mixture was cooled to rt, diluted
with EtOAc (50 mL), and filtered through Celite. The filtrate was concentrated in vacuo and co-
evaporated with toluene. The residue was acetylated with pyridine/acetic anhydride/DMAP,
concentrated and purified by MPLC on silica gel (petrol ether/EtOAc) to afford pyrrolylphenyls 40a-
f, 46 or 47.

General procedure D for deacetylation: To a solution of 22a,b, 25a,b, 31a-d, 36, 40a-f, 46 or 47
(1.0 eq) in dry MeOH (5 mL) for producing methyl ester or in dry EtOH (5 mL) for producing ethyl
ester, was added freshly prepared 1 M NaOMe/MeOH or NaOEt/EtOH (0.1 eq) under argon. The
mixture was stirred at rt until the reaction was complete (monitored by TLC), then neutralized with
Amberlyst-15 (H") ion-exchange resin, filtered and concentrated in vacuo. The residue was purified
by MPLC on silica gel (DCM/MeOH, 10:1 to 8:1 for methyl esters or DCM/EtOH, 3:1 for ethyl
esters) to afford 23a-c, 26a-b, 32a-d, 37, 41a-f, 48 or 49.

General procedure E for saponification: To a solution of 22a,b, 25a,b, 31a-d, 36, 40a-f, 46 or 47
(1.0 eq) in MeOH (5 mL) was added 1 M NaOMe/MeOH (0.1 eq) at rt. The reaction mixture was
stirred at rt for 4 h and concentrated. The residue was treated with 0.5 M aq. NaOH (1 mL) for 24 h at
rt. Then the pH was adjusted to 3-4 with Amberlyst-15 (H") and the mixture was filtered and
concentrated. The crude product was transformed into the sodium salt by passing through a small
column of Dowex 50X8 (Na' form) ion-exchange resin. After concentration the residue was purified
by MPLC (RP-18, H,O/MeOH, 1:0 to 2:1) followed by size-exclusion chromatography (P-2 gel, H,O)
to yield 24a,b, 27a,b, 33a-d, 38, 42-45, 50 or 51 as white solids after final lyophilization from water.

Ethyl 1-[4-(2,3.,4,6-tetra-O-acetyl-a.-D-mannopyranosyloxy)phenyl]-1H-1,2,3-triazole-4-
carboxylate (22a). Prepared according to general procedure A from 21 and 11a. Yield: 341 mg
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(79%) as colorless oil. R;0.30 (petrol ether/EtOAc, 1:1); [a]p® +76.7 (¢ 0.90, MeOH); '"H NMR (500
MHz, CDCl;): 6 =8.47 (s, 1H, triazole), 7.72-7.70 (m, 2H, Ar-H), 7.29-7.27 (m, 2H, Ar-H), 5.60 (d, J
= 1.7 Hz, 1H, H-1), 5.56 (dd, /= 3.0, 10.0 Hz, 1H, H-3), 5.48 (dd, J=1.9, 3.0 Hz, 1H, H-2), 5.40 (t, J
=10.0 Hz, 1H, H-4), 4.47 (dd, J = 7.2, 14.2 Hz, 2H, OCH,), 4.29 (dd, J = 5.4, 12.4 Hz, 1H, H-6a),
4.11-4.07 (m, 2H, H-5, H-6b), 2.22, 2.07, 2.06, 2.05 (4 s, 12H, 4 COCH,;), 1.44 (t, J = 7.2 Hz, 3H,
CHs); ”C NMR (126 MHz, CDCl;): 8 = 170.48, 170.01, 169.99, 169.69, 160.61 (5 CO), 156.17,
140.87, 131.60, 125.52, 122.46, 117.62 (8C, Ar-C), 95.89 (C-1), 69.54 (C-5), 69.14 (C-2), 68.66 (C-
3), 65.71 (C-4), 62.03 (C-6), 61.55 (OCH,), 20.88, 20.71, 20.70 (4C, 4 COCHs;), 14.34 (CH3); ESI-
MS: m/z: Caled for C,5H3N30;, [M+H]": 564.18, found: 564.20.

Methyl 1-[4-(a.-D-mannopyranosyloxy)phenyl]-1H-1,2,3-triazole-4-carboxylate (23a). Prepared
according to general procedure D from 22a. Yield: 28 mg (74%) as white solid. R 0.20
(DCM/MeOH, 8:1); [a]p”’ +99.8 (¢ 0.30, MeOH); '"H NMR (500 MHz, CD;0D): 8 = 8.94 (s, 1H, Ar-
H), 7.72-7.69 (m, 2H, Ar-H), 7.25-7.23 (m, 2H, Ar-H), 5.48 (d, J = 1.7 Hz, 1H, H-1), 3.94 (dd, J =
1.9, 3.4 Hz, 1H, H-2), 3.85 (s, 3H, OCHs), 3.81 (dd, J= 3.5, 9.5 Hz, 1H, H-3), 3.70-3.60 (m, 3H, H-4,
H-6), 3.48 (ddd, J = 2.4, 5.5, 9.7 Hz, 1H, H-5); °C NMR (126 MHz, CD;0D): 8 = 162.33 (CO),
158.64, 141.14, 132.38, 127.77, 123.47, 118.81 (8C, Ar-C), 100.26 (C-1), 75.77 (C-5), 72.34 (C-3),
71.82 (C-2), 68.27 (C-4), 62.68 (C-6), 52.66 (OCH;); HRMS: m/z: Calcd for CisH;oN3;NaOg [M+Na]:
404.1064, found: 404.1068.

Sodium 1-[4-(a-D-mannopyranosyloxy)phenyl]-1H-1,2,3-triazole-4-carboxylate (24a). Prepared
according to general procedure E from 22a. Yield: 5 mg (30%) as white solid. [a]p> +92.0 (¢ 0.20,
MeOH/H,0, 1:1); '"H NMR (500 MHz, D,0): 6 = 8.40 (s, 1H, Ar-H), 7.58-7.56 (m, 2H, Ar-H), 7.18-
7.16 (m, 2H, Ar-H), 5.55 (d, /= 1.4 Hz, 1H, H-1), 4.08 (dd, /= 1.9, 3.4 Hz, 1H, H-2), 3.95 (dd, J =
3.5, 9.5 Hz, 1H, H-3), 3.73-3.57 (m, 4H, H-4, H-5, H-6); °C NMR (126 MHz, D,0): 6 = 167.44
(CO), 156.00, 145.08, 131.02, 125.53, 122.73, 117.65 (8C, Ar-C), 97.98 (C-1), 73.41 (C-5), 70.26,
69.72, 66.51 (C-2, C-3, C-4), 60.60 (C-6); HRMS: m/z: Calcd for C;sH;7N;NaOg [M+H]": 390.0908,
found: 390.0905.

Methyl 5-[4-(2,3.,4,6-tetra-O-acetyl-o-D-mannopyranosyloxy)phenyl]-picolinate (31a). Prepared

il (120 mg, 0.21 mmol) and methyl 5-bromopicolinate

according to general procedure B from 29
(30a, 40 mg, 0.19 mmol). Yield: 62 mg (60%) as white solid. R;0.33 (petrol ether/EtOAc, 2:3); [a]p”
+47.3 (¢ 0.60, MeOH); 'H NMR (500 MHz, CDCl;): 6 = 8.93 (dd, J = 0.5, 2.2 Hz, 1H, Ar-H), 8.20
(dd, /= 0.6, 8.2 Hz, 1H, Ar-H), 7.99 (dd, J = 2.4, 8.2 Hz, 1H, Ar-H), 7.61-7.58 (m, 2H, Ar-H), 7.25-
7.23 (m, 2H, Ar-H), 5.60 (d, J = 1.8 Hz, 1H, H-1), 5.59 (dd, J = 3.6, 10.1 Hz, 1H, H-3), 5.48 (dd, J =
1.9, 3.5 Hz, 1H, H-2), 5.41 (t, /= 10.1 Hz, 1H, H-4), 4.30 (dd, J = 5.0, 12.4 Hz, 1H, H-6a), 4.11-4.08
(m, 2H, H-5, H-6b), 4.04 (s, 3H, OCHs), 2.23, 2.07, 2.06, 2.05 (4 s, 12H, 4 COCHj3); °C NMR (126
MHz, CDCl;): § = 170.49, 170.01, 169.99, 169.70, 165.61 (5 CO), 156.25, 147.93, 146.20, 138.97,
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134.70, 131.35, 128.69, 125.25, 117.22 (11C, Ar-C), 95.71 (C-1), 69.34 (C-2), 69.25 (C-5), 68.78 (C-
3), 65.79 (C-4), 62.02 (C-6), 52.94 (OCH;), 20.89, 20.71, 20.69, 20.68 (4 COCH,); ESI-MS: m/z:
Calcd for Cp;H30NO;, [M+H]": 560.18, found: 560.27.

Methyl 5-[4-(a-D-mannopyranosyloxy)phenyl]-picolinate (32a). Prepared according to general
procedure D from 31a. Yield: 15 mg (36%) as white solid. R;0.13 (DCM/MeOH, 8:1); [a]p™ +113.4
(c 0.20, MeOH); 'H NMR (500 MHz, DMSO-d,): 6 = 9.18 (d, J = 2.2 Hz, 1H, Ar-H), 8.37 (dd, J =
2.2,8.4 Hz, 1H, Ar-H), 8.20 (d, /= 8.9 Hz, 2H, Ar-H), 8.14 (d, /= 8.4 Hz, 1H, Ar-H), 7.29 (t,J=5.8
Hz, 2H, Ar-H), 5.55 (d, J= 1.6 Hz, 1H, H-1), 5.15 (d, /= 4.2 Hz, 1H), 4.93 (d, /= 5.7 Hz, 1H), 4.87
(d, J = 5.6 Hz, 1H), 4.54 (t, J = 6.0 Hz, 1H), 3.96 (s, 3H, OCHj3), 3.92 (s, 1H), 3.76 (m, 1H), 3.66
(ddd, J=1.9, 5.8, 11.6 Hz, 1H), 3.61-3.49 (m, 2H), 3.45 (m, 1H); >C NMR (126 MHz, DMSO-d,): 6
=165.20 (CO), 159.29, 158.04, 150.07, 137.81, 130.95, 128.57, 123.30, 119.25, 116.83 (11C, Ar-C),
98.55 (C-1), 75.10 (C-5), 70.59, 69.94, 66.59 (C-2, C-3, C-4), 60.94 (C-6), 52.32 (OCH3); HRMS:
m/z: Caled for CoH, NNaOg [M+Na]": 414.1159, found: 414.1162.

Sodium 5-[4-(a-D-mannopyranosyloxy)phenyl]-picolinate (33a). Prepared according to general
procedure E from 31a. Yield: 3 mg (32%) as white solid. [o]p> +99.3 (¢ 0.20, MeOH/H,O0, 1:1); 'H
NMR (500 MHz, D,0): 6 = 8.63 (s, 1H, Ar-H), 7.96 (d, J = 8.0 Hz, 1H, Ar-H), 7.82 (d, J = 6.6 Hz,
1H, Ar-H), 7.56-7.54 (m, 2H, Ar-H), 7.13-7.11 (m, 2H, Ar-H), 5.54 (d, /= 1.4 Hz, 1H, H-1), 4.07 (m,
1H, H-2), 3.96 (dd, J = 3.5, 9.2 Hz, H-3), 3.70-3.58 (m, 4H, H-4, H-5, H-6); °C NMR (126 MHz,
D,0): 6 = 155.75, 146.29, 135.43, 131.05, 128.42, 123.82, 117.39 (11C, Ar-C), 97.91 (C-1), 73.33
(C-5), 70.31, 69.80, 66.51 (C-2, C-3, C-4), 60.59 (C-6); HRMS: m/z: Caled for C;sH;9NNaOg
[M+Na]": 400.1003, found: 400.1003.

Methyl 5-14-(2,3,4,6-tetra-0O-acetyl-o.-D-mannopyranosyloxy)-3-trifluoromethyl-phenyl]-
picolinate (36). A Schlenk tube was charged with 34"%! (394 mg, 0.69 mmol), KOAc (203 mg, 2.07
mmol), bis(pinacolato)diborone (193 mg, 0.76 mmol) and Pd(dppf)Cl,-CH,Cl, (17 mg, 0.021 mmol).
The tube was closed, evacuated and flushed with argon. Then anhydrous DMF (4 mL) was added
under a stream of argon. The mixture was degassed in an ultrasonic bath and flushed with argon for 5
min, and then stirred at 85 °C overnight. The reaction mixture was cooled to rt and diluted with
DCM/H,0O (100 mL, 1:1). The organic layer was washed with H,O (50 mL) and brine (50 mL), dried
over Na,SO, and concentrated. The residue was passed through a short silica gel column (petrol
ether/EtOAc, 2:1) to afford crude 35 (352 mg), which was used directly in the next step. Compound
36 was prepared according to general procedure B from crude 35 (352 mg, 0.57 mmol) and methyl 5-
chloropyrazine-2-carboxylate (30a, 108 mg, 0.63 mmol). Yield: 205 mg (57%) as colorless oil. Ry
0.38 (petrol ether/EtOAc, 2:3); [a]p™’ +64.5 (¢ 1.00, EtOAc); '"H NMR (500 MHz, CDCl;): 6 = 8.92
(d, J=2.1 Hz, 1H, Ar-H), 8.23 (d, J= 8.1 Hz, 1H, Ar-H), 8.00 (dd, /= 2.3, 8.1 Hz, 1H, Ar-H), 7.87
(d, J=2.1 Hz, 1H, Ar-H), 7.77 (dd, J = 2.2, 8.6 Hz, 1H, Ar-H), 7.41 (d, J= 8.7 Hz, 1H, Ar-H), 5.72
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(d, J = 1.7 Hz, 1H, H-1), 5.56 (dd, J = 3.4, 10.1 Hz, 1H, H-3), 5.50 (dd, J = 1.9, 3.4 Hz, 1H, H-2),
5.43 (t, J=10.1 Hz, 1H, H-4), 4.30 (dd, J = 5.1, 12.5 Hz, 1H, H-6a), 4.16-4.02 (m, 6H, H-6b, H-5,
OCHa), 2.23, 2.06 (2s, 12H, 4 COCH3); *C NMR (126 MHz, CDCly): 6 = 170.40, 169.94, 169.73,
169.62, 165.41 (5 CO), 153.59, 147.93, 146.98, 137.80, 134.99, 132.06, 131.21, 126.32, 125.33,
116.15 (12C, Ar-C, CF3), 95.71 (C-1), 70.06 (C-5), 69.10 (C-2), 68.52 (C-3), 65.48 (C-4), 61.95 (C-
6), 53.03 (OCH3), 20.85, 20.68 (4C, 4 COCH;); ESI-MS: m/z: Calcd for CysHyF3;NO,, [M+H]':
628.16, found: 628.19.

Methyl 5-[4-(o-D-mannopyranosyloxy)-3-trifluoromethyl-phenyl]-picolinate (37). Prepared
according to general procedure D from 36. Yield: 15 mg (60%) as white solid. R,0.20 (DCM/MeOH,
8:1); [a]p”® +104.9 (¢ 0.40, MeOH); '"H NMR (500 MHz, CD;0D): 6= 8.95 (dd, J= 0.7, 2.1 Hz, 1H,
Ar-H), 8.25 (qd, J = 1.5, 8.2 Hz, 2H, Ar-H), 8.06-7.92 (m, 2H, Ar-H), 7.68 (m, 1H, Ar-H), 5.72 (d, J
= 1.6 Hz, 1H, H-1), 4.09 (dd, J= 1.8, 3.4 Hz, 1H, H-2), 4.02 (s, 3H, OCH,), 3.96 (dd, /= 3.4, 9.5 Hz,
1H, H-3), 3.86-3.69 (m, 3H, H-4, H-6), 3.60 (ddd, J = 2.3, 5.7, 9.7 Hz, 1H, H-5); °C NMR (126
MHz, CD;0D): 6 = 166.43 (CO), 156.19, 148.61, 147.34, 139.82, 136.84, 133.76, 131.17, 126.81,
126.58, 118.09 (12C, Ar-C, CF3), 100.31 (C-1), 76.24 (C-5), 72.25 (C-3), 71.71 (C-2), 68.11 (C-4),
62.70 (C-6), 53.28 (OCH;); HRMS: m/z: Caled for CyHyFsNNaOg [M+Na]™: 482.1033, found:
482.0135.

Sodium 5-[4-(a-D-mannopyranosyloxy)-3-trifluoromethyl-phenyl]-picolinate (38). Prepared
according to general procedure E from 36. Yield: 40 mg (90%) as white solid. [a]p”’ +71.4 (¢ 0.50,
MeOH/H,0, 1:1); 'H NMR (500 MHz, CD;0OD): § = 8.70 (s, 1H, Ar-H), 8.00 (s, 2H, Ar-H), 7.86-
7.77 (m, 2H, Ar-H), 7.53 (m, 1H, Ar-H), 5.58 (d, /= 1.3 Hz, 1H, H-1), 3.97 (dd, J= 1.8, 3.3 Hz, 1H,
H-2), 3.85 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.73-3.59 (m, 3H, H-4, H-6), 3.49 (m, 1H, H-5); °C NMR
(126 MHz, CD;OD): 6 = 172.52 (CO), 155.69, 155.16, 147.65, 137.21, 136.17, 133.48, 132.31,
132.21, 126.48, 125.22, 118.01, 101.40 (12C, Ar-C, CF;), 100.33 (C-1), 76.15 (C-5), 72.26 (C-3),
71.75 (C-2), 68.12 (C-4), 62.66 (C-6); HRMS: m/z: Caled for CjoH sF;NNa,Og [M+Na]": 490.0696,
found: 490.0713.

Ethyl 1-[4-(2,3,4,6-tetra-0-acetyl-o.-D-mannopyranosyloxy)-3-chlorophenyl]-4-methyl-1 H-
pyrrole-3-carboxylate (40f). Prepared according to general procedure C from 39 and methyl 4-
methyl-/H-pyrrole-3-carboxylate (20f). Yield: 240 mg (77%) as colorless oil. R, 0.34 (petrol
ether/EtOAc, 3:2); [a]p™® +64.5 (¢ 1.00, EtOAc); 'H NMR (500 MHz, CDCl;): 6 = 7.55 (d, J = 2.5
Hz, 1H, Ar-H), 7.46 (m, 1H, Ar-H), 7.28-7.20 (m, 2H, Ar-H), 6.76 (dd, J = 1.0, 2.4 Hz, 1H, Ar-H),
5.61 (dd, J= 3.4, 10.0 Hz, 1H, H-3), 5.57 (d, /= 1.7 Hz, 1H, H-1), 5.54 (dd, J = 1.9, 3.4 Hz, 1H, H-
2), 5.41 (t, J=10.1 Hz, 1H, H-4), 4.33-4.26 (m, 3H, H-6b, OCH,), 4.19 (ddd, J = 2.2, 5.3, 10.1 Hz,
1H, H-5), 4.12 (m, 1H, H-6a), 2.31 (d, J = 0.8 Hz, 3H, CH;), 2.21, 2.08, 2.05 (3 s, 12H, 4 COCHs;),
2.04 (s, 1H), 1.36 (t, J = 7.1 Hz, 3H, CH3); °C NMR (126 MHz, CDCl;): = 170.41, 169.93, 169.77,
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169.73, 164.95 (5 CO), 149.71, 135.88, 125.46, 124.71, 123.48, 122.80, 119.68, 118.99, 117.93,
117.13 (Ar-C), 96.98 (C-1), 69.92 (C-5), 69.26 (C-2), 68.71 (C-3), 65.79 (C-4), 62.13 (C-6), 59.58
(OCHa), 21.03, 20.85, 20.70, 20.68 (4 COCHs), 14.51 (CH,), 11.72 (CH,); ESI-MS: m/z: Calcd for
CosH3,CINNaO;, [M+Na]": 632.15, found: 632.15.

Ethyl 1-[3-chloro-4-(c.-D-mannopyranosyloxy)phenyl]-4-methyl-/ H-pyrrole-3-carboxylate
(41f). Prepared according to general procedure D from 40f. Yield: 55 mg (93%) as white solid. R,
0.29 (DCM/MeOH, 9:1); [a]p™ +89.1 (¢ 0.50, MeOH); 'H NMR (500 MHz, CD;0D): §=7.68 (d, J
= 2.5 Hz, 1H, Ar-H), 7.58 (d, J= 2.7 Hz, 1H, Ar-H), 7.47 (d, /= 8.9 Hz, 1H, Ar-H), 7.39 (dd, J=2.7,
8.9 Hz, 1H, Ar-H), 6.95 (d, /= 1.0 Hz, 1H, Ar-H), 5.58 (d, /= 1.4 Hz, 1H, H-1), 4.28 (q, J = 7.1 Hz,
2H, OCH,), 4.14 (dd, J= 1.8, 3.2 Hz, 1H, H-2), 4.01 (dd, J= 3.4, 9.5 Hz, 1H, H-3), 3.86-3.72 (m, 3H,
H-4, H-6), 3.67 (m, 1H, H-5), 2.29 (s, 3H, CHs), 1.37 (t, J = 7.1 Hz, 3H, CH3); >C NMR (126 MHz,
CD;0D): 6 = 166.98 (CO), 151.75, 136.28, 126.11, 125.75, 124.16, 123.19, 120.88, 120.51, 119.26,
117.60 (Ar-C), 101.01 (C-1), 76.04 (C-5), 72.36 (C-3), 71.78 (C-2), 68.19 (C-4), 62.66 (C-6), 60.74
(OCH,), 14.77 (CH3), 11.96 (CHs); HRMS: m/z: Caled for CyH,4CINNaOg [M+Na]": 464.1083,
found: 464.1086.

Sodium 1-[3-chloro-4-(a.-D-mannopyranosyloxy)phenyl]-4-methyl-/ H-pyrrole-3-carboxylate
(45). Prepared according to general procedure E from 40f. Yield: 30 mg (57%) as white solid. 'H
NMR (500 MHz, CD;0OD): 6 =7.69 (d, J = 2.5 Hz, 1H, Ar-H), 7.60 (d, J = 2.6 Hz, 1H, Ar-H), 7.48
(d, J=8.9 Hz, 1H, Ar-H), 7.42 (dd, J = 2.7, 8.9 Hz, 1H, Ar-H), 6.97 (d, J = 1.2 Hz, 1H, Ar-H), 5.57
(d, J=1.4 Hz, 1H, H-1),4.13 (dd, /= 1.8, 3.2 Hz, 1H, H-2), 4.00 (dd, J= 3.4, 9.5 Hz, 1H, H-3), 3.87-
3.70 (m, 3H, H-4, H-6), 3.66 (ddd, J = 2.2, 5.5, 9.6 Hz, 1H, H-5), 2.30 (s, 3H, CHs); °C NMR (126
MHz, CD;OD): § = 168.95 (CO), 151.77, 136.47, 126.41, 125.80, 124.42, 123.25, 120.95, 120.51,
119.34, 118.09 (Ar-C), 101.08 (C-1), 76.08 (C-5), 72.39 (C-3), 71.82 (C-2), 68.23 (C-4), 62.69 (C-6),
11.92 (CH3); HRMS: m/z: Caled for C,3H,0CINNaOg [M+H]": 436.0770, found: 436.0773.

Ethyl 1-[4-(2,3,4,6-tetra-0O-acetyl-a-D-mannopyranosyloxy)phenyl]-4-methyl-/ H-pyrrole-3-
carboxylate (46). Prepared according to general procedure C from 28 and methyl 4-methyl-/H-
pyrrole-3-carboxylate (20f). Yield: 293 mg (94%) as colorless oil. Ry 0.47 (petrol ether/EtOAc, 3:2);
[a]p™ +63.7 (c 2.20, EtOAc); '"H NMR (500 MHz, CDCls): 6 = 7.36 (d, J = 2.4 Hz, 1H, Ar-H), 7.20
(d, J= 8.8 Hz, 1H, Ar-H), 7.15 (dd, J = 2.5, 8.7 Hz, 1H, Ar-H), 6.91 (d, J = 1.6 Hz, 1H, Ar-H), 6.67
(d, J=0.9 Hz, 1H, Ar-H), 5.62 (dd, J = 3.5, 10.0 Hz, 1H, H-3), 5.57 (d, /= 1.6 Hz, 1H, H-1), 5.53
(dd, /=1.9, 3.4 Hz, 1H, H-2), 5.40 (t, /= 10.1 Hz, 1H, H-4), 4.31 (dd, J= 5.3, 12.3 Hz, 1H, H-6a),
4.20 (ddd, J = 2.2, 5.2, 10.1 Hz, 1H, H-5), 4.18-4.08 (m, 3H, OCH,, H-6b), 2.21, 2.11, 2.08, 2.07,
2.05 (5 s, 15H, 4 COCH;, CH3), 1.23 (t, J = 7.1 Hz, 3H, CH;); °C NMR (126 MHz, CDCl;): 6 =
170.52, 169.91, 169.75, 160.32 (5C, 5 CO), 150.69, 136.26, 128.55, 128.10, 125.80, 123.86, 123.18,
120.00, 119.90, 116.17 (Ar-C), 96.86 (C-1), 69.83 (C-5), 69.32 (C-2), 68.75 (C-3), 65.81 (C-4), 62.08
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(C-6), 59.90 (OCH,), 20.85, 20.71, 20.68, 14.27, 11.43 (6C, 4 COCHs;, 2 CH;); ESI-MS: m/z: Calcd
for CogH33NNaO, [M+Na]™: 598.19, found: 598.16.

Ethyl 1-[4-(c.-D-mannopyranosyloxy)phenyl]-4-methyl-7 H-pyrrole-3-carboxylate (48). Prepared
according to general procedure D from 46. Yield: 87 mg (46%) as white solid. R,0.30 (DCM/MeOH,
8:1); [o]p™ +109.7 (¢ 0.80, MeOH); 'H NMR (500 MHz, CD;0D): 6 = 7.67 (d, J = 2.5 Hz, 1H, Ar-
H), 7.46-7.41 (m, 2H, Ar-H), 7.27-7.22 (m, 2H, Ar-H), 6.95 (dd, /= 1.0, 2.4 Hz, 1H, Ar-H), 5.52 (d, J
= 1.6 Hz, 1H, H-1), 4.29 (q, /= 7.1 Hz, 2H, OCH,), 4.04 (dd, /= 1.8, 3.4 Hz, 1H, H-2),3.92 (dd, J =
3.4, 9.4 Hz, 1H, H-3), 3.84-3.70 (m, 3H, H-4, H-6), 3.62 (ddd, J=2.4, 5.4, 9.7 Hz, 1H, H-5), 2.30 (d,
J=0.9 Hz, 3H, CH3), 1.37 (t, J= 7.1 Hz, 3H, CH;); °C NMR (126 MHz, CD;0D): 6 = 167.22 (CO),
156.53, 135.97, 126.23, 123.86, 122.85, 120.73, 118.92, 117.13 (8C, Ar-C), 100.47 (C-1), 75.57 (C-
5), 72.41 (C-3), 71.95 (C-2), 68.35 (C-4), 62.72 (C-6), 60.68 (OCH,), 14.80, 11.98 (2 CH3); HRMS:
m/z: Caled for CooH,sNNaOg [M+Na]': 430.1472, found: 430.1474.

Sodium 1-[4-(a-D-mannopyranosyloxy)phenyl]-4-methyl-/ H-pyrrole-3-carboxylate (50).
Prepared according to general procedure E from 46. Yield: 93 mg (99%) as white solid. [a]p** +97.0
(c 0.70, MeOH/H,0, 1:2); '"H NMR (500 MHz, D,0): ="7.51 (d,J=2.4 Hz, 1H, Ar-H), 7.42 (d, J =
8.9 Hz, 2H, Ar-H), 7.22 (d, J= 8.9 Hz, 2H, Ar-H), 6.93 (s, 1H, Ar-H), 5.60 (s, 1H, H-1), 4.19 (m, 1H,
H-2), 4.07 (dd, J = 3.4, 8.9 Hz, 1H, H-3), 3.90-3.68 (m, 4H, H-4, H-5, H-6), 2.27 (s, 3H, CH;); °C
NMR (125 MHz, D,0): 6 = 174.29 (CO), 153.52, 135.00, 123.89, 121.84, 121.78, 121.56, 119.09,
118.07 (10C, Ar-C), 98.45 (C-1), 73.40 (C-5), 70.39 (C-3), 69.88 (C-2), 66.58 (C-4), 60.65 (C-6),
10.97 (CH;); HRMS: m/z: Caled for C,sH, NNaOg [M+Na]": 402.1159, found: 402.1159.

Cell-free competitive binding assay.

A recombinant protein consisting of the CRD of FimH linked with a thrombin cleavage site to a 6His-
tag (FimH-CRD-Th-6His) was expressed in E. coli strain HM125 and purified by affinity
chromatography.'”*! To determine the affinity of the various FimH antagonists, a competitive binding
assay as described previously was applied.””) Microtiter plates (F96 MaxiSorp, Nunc) were coated
with 100 uL/well of a 10 ug/mL solution of FimH-CRD-Th-6His in 20 mM HEPES, 150 mM NacCl,
and 1 mM CaCl,, pH 7.4 (assay buffer) overnight at 4 °C. The coating solution was discarded and the
wells were blocked with 150 uL/well of 3% BSA in assay buffer for 2 h at 4 °C. After three washing
steps with assay buffer (150 uL/well), a 4-fold serial dilution of the test compound (50 uL/well) in
assay buffer containing 5% DMSO and streptavidin-peroxidase coupled to Man-a(1-3)[Man-o(1-6)]-
Man-B(1-4)-GlcNAc-p(1-4)-GlcNAcp polyacrylamide (TM-PAA) polymer (50 uL/well of a 0.5
ug/mL solution) were added. On each individual microtiter plate, n-heptyl a-D-mannopyranoside (1)
was tested in parallel. The plates were incubated for 3 h at 25 °C and 350 rpm and then carefully
washed four times with 150 uL/well assay buffer. After the addition of 100 uL/well of 2,2’-azino-di-
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(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)-substrate, the colorimetric reaction was allowed to
develop for 4 min and then was stopped by the addition of 2% aq. oxalic acid before the optical
density (OD) was measured at 415 nm on a microplate-reader (Spectramax 190, Molecular Devices,
Silicon Valley, CA, USA). The ICs values of the compounds tested in duplicates were calculated with
prism software (GraphPad Software, Inc., La Jolla, CA, USA). The ICs, defines the molar
concentration of the test compound that reduces the maximal specific binding of TM-PAA polymer to
FimH-CRD by 50%. The relative 1Cs, (rICs) is the ratio of the ICs, of the test compound to the ICs,
of n-heptyl a-D-mannopyranoside (1).

K, determination with fluorescence polarization assay.

The fluorescently labeled ligand 52!

was used for the competitive fluorescence polarization assay.
A serial dilution of non-labeled FimH antagonist with final concentrations ranging from 0-10 pM was
titrated into 96-well NBS™ plates to a final volume of 200 uL containing a constant concentration of
protein (final concentration 25 nM) and FITC-labeled ligand 52 which was fixed at a higher
concentration in competitive binding assays to obtain higher fluorescence intensities (final
concentration 20 nM). Prior to measuring the fluorescence polarization, the plates were incubated on a
shaker for 24 h at rt until the reaction reached its equilibrium. The 1Csy value was determined with
Prism (GraphPad Software Inc., La Jolla, CA, USA) by applying a standard four-parameter ICs

function. The obtained ICso values were converted into their corresponding Kp values using the

following derivation of the Cheng-Prusoff equation (Equation 1):1*

/.
Ky=—"0 1
2 Ly A M
KD KD

where 5y and Lso are the concentrations of inhibitor and ligand at half-maximal inhibition,
respectively, and Py is the free concentration of protein in the absence of inhibitor. This variation of
the Cheng-Prusoff equation is applied to competition assays with tight-binding inhibitors. However,
the Kp for antagonists, which have a higher affinity towards FimH than the labeled ligand could not

be accurately determined with this equation.”®!

Physicochemical properties and in vitro pharmacokinetics

Materials. Dimethyl sulfoxide (DMSO), 1-propanol, 1-octanol, Dulbecco’s Modified Eagle’s
Medium (DMEM) high glucose, penicillin-streptomycin (solution stabilized, with 10’000 units
penicillin and 10 mg streptomycin/mL), L-glutamine solution (200 mM), magnesium chloride,
ammonium acetate, and bis(4-nitrophenyl) phosphate (BNPP) were purchased from Sigma-Aldrich
(Buchs, Switzerland). PRISMA HT universal buffer, GIT-0 Lipid Solution, and Acceptor Sink Buffer
were ordered from plon (Woburn, MA, USA). MEM non-essential amino acids solution 10 mM

(100X), fetal bovine serum (FBS), and DMEM without sodium pyruvate and phenol red were bought
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from Invitrogen (Carlsbad, CA, USA). Acetonitrile (MeCN) and methanol (MeOH) were ordered
from Acros Organics (Geel, Belgium). Pooled male rat liver microsomes (Sprague Dawley) were
ordered from BD Bioscience (Franklin Lakes, NJ, USA). The Caco-2 cells were kindly provided by
Prof G. Imanidis, FHNW, Muttenz, Switzerland and originated from the American Type Culture
Collection (Rockville, MD, USA).

] was used to estimate the octanol-water

log P determination. The in silico prediction tool ALOGPS!
partition coefficient (log P) of the compounds. Depending on these values, the compounds were
classified into three categories: hydrophilic compounds (log P < 0), moderately lipophilic compounds
(log P between 0 and 1) and lipophilic compounds (log P > 1). For each category, two different ratios

(volume of 1-octanol to volume of buffer) were defined as experimental parameters (Table 4).

Table 4. Parameters for the experimental determination of lipophilicty.

Compound type log P ratios (1-octanol: buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0-1 70:110, 110:70

lipophilic >1 3:180, 4:180

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and 1-octanol were mixed and shaken vigorously
for 5 min to saturate the phases. The mixture was left until separation of the two phases occurred, and
the buffer was retrieved. Stock solutions of the test compounds were diluted with buffer to a
concentration of 1 pM. For each compound, six determinations, i.e. three determinations per 1-
octanol:buffer ratio, were performed in different wells of a 96-well plate. The respective volumes of
buffer containing analyte (I uM) were pipetted to the wells and covered by saturated 1-octanol
according to the chosen volume ratio. The plate was sealed with aluminium foil, shaken (1350 rpm,
25 °C, 2 h) on a Heidolph Titramax 1000 plate-shaker (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) and centrifuged (2000 rpm, 25 °C, 5 min, 5804R Eppendorf centrifuge,
Hamburg, Germany). The aqueous phase was transferred to a 96-well plate for analysis by liquid
chromatography-mass spectrometry (LC-MS, see below). The partition coefficient (log P) was
calculated from the 1-octanol:buffer ratio (o:b), the initial concentration of the analyte in buffer (1

uM), and the concentration of the analyte in buffer (cp) according to Equation 2:

(1w - \
logp=log Mx#
L Cp 0:b

2

The average of the three log P values per 1-octanol:buffer ratio was calculated. If the two means

obtained for a compound did not differ by more than 0.1 units, the results were accepted.

Aqueous solubility. Solubility was determined in a 96-well format using the pSOL Explorer

solubility analyzer (plon, version 3.4.0.5). For each compound, measurements were performed in
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triplicate. Three wells of a deep well plate were filled with 300 uL. of PRISMA HT universal buffer,
adjusted to pH 7.4 by adding the requested amount of NaOH (0.5 M). Aliquots (3 uL) of a compound
stock solution (40-100 mM in DMSO) were added and thoroughly mixed. The final sample
concentration was 0.4-1.0 mM, the residual DMSO concentration was 1.0% (v/v). Fifteen hours after
initiation of the experiment, the solutions were filtrated (0.2 um 96-well filter plates) using a vacuum
to collect manifold (Whatman Ltd., Maidstone, UK) and to remove any precipitates. Equal amounts of
filtrate and 1-propanol were mixed and transferred to a 96-well plate for UV/Vis detection (190 to 500
nm, SpectraMax 190, Molecular Devices, Silicon Valley, CA, USA). The amount of material
dissolved was calculated by comparison with the spectra obtained from reference samples, which
were prepared by dissolving the compound stock solution in a 1:1 mixture of buffer and 1-propanol

(final concentrations 0.067-0.167 mM).

Parallel artificial membrane permeability assay (PAMPA). Effective permeability (log P.) was
determined in a 96-well format with PAMPA."*"! For each compound, measurements were performed
in quadruplicate. Four wells of a deep well plate were filled with 650 uL of PRISMA HT universal
buffer, adjusted to pH 7.4 by adding the requested amount of NaOH (0.5 M). Samples (150 uL) were
withdrawn from each well to determine the blank spectra by UV/Vis-spectroscopy (190 to 500 nm,
SpectraMax 190). The analyte dissolved in DMSO was added to the remaining buffer to yield 50 uM
solutions. To exclude precipitation, the optical density (OD) was measured at 650 nm, and solutions
exceeding OD 0.01 were filtrated. Afterwards, samples (150 pL) were withdrawn to determine the
reference spectra. Further 200 pL were transferred to each well of the donor plate of the PAMPA
sandwich (plon, P/N 110 163). The filter membranes at the bottom of the acceptor plate were infused
with 5 pL of GIT-0 Lipid Solution, and 200 pL of Acceptor Sink Buffer were filled into each
acceptor well. The sandwich was assembled, placed in the GutBox"", and left undisturbed for 16 h.
Then, it was disassembled and samples (150 pL) were withdrawn from each donor and acceptor well
for detection of the UV/Vis spectra. Effective permeability (log P.) was calculated from the
compound flux deduced from the spectra, the filter area, and the initial sample concentration in the

donor well with the aid of the PAMPA Explorer Software (plon, version 3.5).

Colorectal adenocarcinoma (Caco-2) cell permeation assay. Caco-2 cells were cultivated in tissue
culture flasks (BD Biosciences, Franklin Lakes, NJ, USA) with DMEM high glucose medium,
containing L-glutamine (2 mM), non-essential amino acids (0.1 mM), penicillin (100 U/mL),
streptomycin (100 pg/mL), and fetal bovine serum (10%). The cells were kept at 37 °C in humidified
air containing 5% CO,, and the medium was changed every second day. When approximately 90%
confluence was reached, the cells were split in a 1:10 ratio and distributed to new tissue culture flasks.
At passage numbers between 60 and 65, they were seeded at a density of 5.3 x 10 cells per well to
Transwell 6-well plates (Corning Inc., Corning, NY, USA) with 2.5 mL of culture medium in the

basolateral and 2 mL in the apical compartment. The medium was renewed on alternate days.
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Permeation experiments were performed between days 19 and 21 post seeding. Previously to the
experiment, the integrity of the Caco-2 monolayers was evaluated by measuring the transepithelial
electrical resistance (TEER) with an Endohm tissue resistance instrument (World Precision
Instruments Inc., Sarasota, FL., USA). Only wells with TEER values higher than 250 Q cm’® were
used. To inhibit carboxylesterase activity, the Caco-2 cell monolayers were pre-incubated with bis(4-
nitrophenyl) phosphate (BNPP, 200 uM) dissolved in transport medium (DMEM without sodium

] Experiments were performed in the apical-to-basolateral

pyruvate and phenol red) for 40 min.
(absorptive) and basolateral-to-apical (secretory) directions in triplicates. Transport medium was
withdrawn from the donor compartments and replaced by the same volume of compound stock
solution (10 mM in DMSO) to reach an initial sample concentration of 62.5 uM. The Transwell plate
was shaken (600 rpm, 37 °C) on a Heidolph Titramax 1000 plate-shaker. Samples (40 uL) were
withdrawn from the donor and acceptor compartments 30 min after initiation of the experiment and
the concentrations were determined by LC-MS (see below). Apparent permeability (P,y,) was

calculated according to Equation 3:

o 1

=—x
Pdr o Axe,

)

where dQ/dt is the compound flux (in mol s™), 4 is the surface area of the monolayer (in cm?), and ¢,
is the initial concentration in the donor compartment (in mol cm™).**! After the experiment, TEER

values were assessed again and results from wells with values below 250 Q cm” were discarded.

Microsomal stability assay. Incubations were performed in duplicate in a 96-well format on an
Eppendorf Thermomixer Comfort. The reaction mixture (270 uL) consisting of liver microsomes
(0.139 pg/mL), TRIS-HCI buffer (0.1 M, pH 7.4) and MgCl, (2 mM) was preheated (37 °C, 500 rpm,
10 min), and the incubation was initiated by adding 30 pL of compound solution (20 pM in TRIS-
HCI buffer). The final concentration of the compound was 2 uM, and the microsomal concentration
was 0.125 mg/mL. At the beginning of the experiment (t = 0 min) and after an incubation time of 5,
10, 20, 40, and 60 min, samples (40 pL) were transferred to 120 uL of ice-cooled MeOH and
centrifuged (3600 rpm, 4 °C, 10 min, 5804 R Eppendorf centrifuge). Then, 80 uL of supernatant was
transferred to a 96-well plate for analysis by LC-MS (see below). The metabolic half-life (t;,) was
calculated from the slope of the linear regression from the log percentage remaining compound versus
incubation time relationship. Control experiments were performed in parallel by preincubating the
microsomes with the specific carboxylesterase inhibitor BNPP (1 mM) for 5 min before addition of

the compound solution.*”!

LC-MS measurements. Analyses were performed using an 1100/1200 Series HPLC System coupled
to a 6410 Triple Quadrupole mass detector (Agilent Technologies, Inc., Santa Clara, CA, USA)
equipped with electrospray ionization. The system was controlled with the Agilent MassHunter

Workstation Data Acquisition software (version B.01.04). The column used was an Atlantis® T3 C18
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column (2.1 x 50 mm) with a 3 um particle size (Waters Corp., Milford, MA, USA). The mobile
phase consisted of eluent A: H,O containing 0.1% formic acid (for 23a-c, 26a, 32a-d, 37, 42a-f) or 10
mM ammonium acetate, pH 5.0 in 95:5, H;O:MeCN (for 4a, 6-8a, 26b); and eluent B: MeCN,
containing 0.1% formic acid. The flow rate was maintained at 0.6 mL/min. The gradient was ramped
from 95% A/5% B to 5% A/95% B over 1 min, and then hold at 5% A/95% B for 0.1 min. The
system was then brought back to 95% A/5% B, resulting in a total duration of 4 min. MS parameters
such as fragmentor voltage, collision energy, polarity were optimized individually for each drug, and
the molecular ion was followed for each compound in the multiple reaction monitoring mode. The
concentrations of the analytes were quantified by the Agilent Mass Hunter Quantitative Analysis

software (version B.01.04).

In vivo pharmacokinetic studies.

Eight-week-old female C3H/HeN mice from Harlan (Venray, The Netherlands) weighing between 19
and 25 g were used for the PK study. Three mice were put in one cage and kept under specific
pathogen-free conditions in the Animal House of the Department of Biomedicine, University Hospital
of Basel. All animal experimentation guidelines according to the regulations of the Swiss veterinary
law were followed. The animals had free access to chow and water ad libitum and were kept in a 12
h/12 h light/dark cycle. After one week of acclimatization, the mice were used for the
pharmacokinetic study. Compound 41f was diluted in 5% DMSO in 1% Tween 80 in PBS and applied
using an oral gavage at a dose of 10 mg/kg. Blood and urine samples (10 pL) were taken before the
experiment (0 min) and at 6, 13, 20, 40 min, 1, 1.5, 2, 3, 4, 6, 8, and 24 h after administration.
Samples were diluted in MeOH directly after sampling in a ratio of 1:5 to precipitate proteins. After
centrifugation (11 min, 13000 rpm) the supernatant was transferred to a 96-well plate and analyzed by
LC-MS as described before. The samples at 0 min were used to define the detection limit in plasma

and urine.
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Results and discussion

2.5 Paper 4: FimH antagonists: structure-activity and structure-

property relationships for biphenyl o-D-mannopyranosides

The following report explores diverse modifications of the biphenyl a-D-mannopyranoside,
notably the introduction of ortho-substituents on the inner ring (A) of the biphenyl aglycone,
the introduction of a methylene spacer between the anomeric oxygen and the biphenyl
moiety, as well as the extension of the para-substituent on the terminal ring (B). The benefits
of these approaches on the pharmacological activity and the physicochemical profile are

thoroughly exposed.

Contribution to the project:

Simon Kleeb performed or supervised all experiments regarding the physicochemical and in
vitro pharmacokinetic characterization and interpreted the resulting data. He furthermore
described the determination of the pharmacokinetic parameters in the experimental section of

the paper and revised the entire manuscript.

This paper was published in ChemMedChem:

Pang, L.*; Kleeb, S.*; Lemme, K.*; Rabbani, S.*; Scharenberg, M.; Zalewski, A.; Schadler, F.;
Schwardt, O.; Ernst, B. FimH antagonists: structure-activity and structure-property

relationships for biphenyl a-D-mannopyranosides. ChemMedChem 2012, 7, 1404-1422.

" These authors contributed equally to the project.
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FimH Antagonists: Structure-Activity and Structure-
Property Relationships for Biphenyl a-b-

Mannopyranosides
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Florentina Schadler, Oliver Schwardt, and Beat Ernst*!

Urinary tract infections (UTIs) are caused primarily by uropa-
thogenic Escherichia coli (UPEC), which encode filamentous sur-
face-adhesive organelles called type 1 pili. FimH is located at
the tips of these pili. The initial attachment of UPEC to host
cells is mediated by the interaction of the carbohydrate recog-
nition domain (CRD) of FimH with oligomannosides on urothe-
lial cells. Blocking these lectins with carbohydrates or ana-
logues thereof prevents bacterial adhesion to host cells and
therefore offers a potential therapeutic approach for preven-
tion and/or treatment of UTIs. Although numerous FimH an-
tagonists have been developed so far, few of them meet the
requirement for clinical application due to poor pharmacoki-
netics. Additionally, the binding mode of an antagonist to the

Introduction

Urinary tract infections (UTls), the most prevalent series of in-
fectious diseases worldwide, affect millions of people and ac-
count for significant morbidity as well as high medical costs.
The primary cause of UTls are strains of uropathogenic Escheri-
chia coli (UPEC), which make up 70-95% of reported cases."*?
UTls are treated with antibiotics; however, recurrent infections
by UPEC with subsequent antibiotic exposure can lead to the
emergence of antimicrobial resistance.”’

Adhesion to host cells is the initial step of microbial infec-
tion. To gain an initial foothold within the bladder, UPEC strains
encode filamentous surface-adhesive organelles called type 1
pili (fimbriae).”’” They mediate bacterial attachment to uropla-
kin la, a glycoprotein located on urothelial cells. This initial
step prevents the clearance of E. coli by the bulk flow of urine
and facilitates the invasion of host cells."™ A bacterial lectin
known as FimH is located at the tips of type 1 pili. The carbo-
hydrate recognition domain (CRD) of this lectin is responsible
for binding to the complementary carbohydrate epitope of the
host tissue. Blocking this lectin by a carbohydrate or a glycomi-
metic thereof offers a potential therapeutic approach for pre-
vention and/or treatment of UTIs.®

More than two decades ago, Sharon and co-workers ex-
plored various mannosides and oligomannosides as potential
antagonists for type 1 pili-mediated bacterial adhesion and ob-
served interactions in the micro- to millimolar range.” The first
crystal structure of FimH was solved in 1999, and since then,
numerous crystallographic studies have been reported, greatly
facilitating the design of high-affinity ligands.” In summary,
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CRD of FimH can switch from an in-docking mode to an out-
docking mode, depending on the structure of the antagonist.
In this communication, biphenyl a-b-mannosides were modi-
fied to improve their binding affinity, to explore their binding
mode, and to optimize their pharmacokinetic properties. The
inhibitory potential of the FimH antagonists was measured in
a cell-free competitive binding assay, a cell-based flow cytome-
try assay, and by isothermal titration calorimetry. Furthermore,
pharmacokinetic properties such as logD, solubility, and mem-
brane permeation were analyzed. As a result, a structure-activi-
ty and structure—property relationships were established for
a series of biphenyl a-b-mannosides.

the reported affinities can be rationalized on the basis of the
structure of FimH: First, the binding pocket accommodates the
mannose with the hydroxy groups forming an extended hy-
drogen bond network. Second, the entrance to the binding
site, referred to as the “tyrosine gate”, is formed by three hy-
drophobic amino acids (Tyr48, Tyr137, and lle52)®? and can
host aliphatic and aromatic aglycones.

As a consequence of hydrophobic contacts of the alkyl agly-
cone, n-heptyl a-b-mannopyranoside (1) exhibits nanomolar
affinity.*®’ With aromatic aglycones such as 2-5 (Figure 1), fur-
ther improvements in affinity were observed."” To explore the
binding mode and to improve affinity as well as ADME proper-
ties, a series of biphenyl FimH antagonists were synthesized.

Results and Discussion

An unexpected docking mode was discovered upon co-crystal-
lization of biphenyl mannoside 3 with the FimH CRD.'™
Whereas the alkyl aglycone of n-butyl a-p-mannopyranoside®®™

[a] L. Pang,* S. Kleeb,* Dr. K. Lemme,* Dr. S. Rabbani,” Dr. M. Scharenberg,
A. Zalewski, F. Schddler, Dr. O. Schwardt, Prof. Dr. B. Ernst
Institute of Molecular Pharmacy, Pharmacenter, University of Basel
Klingelbergstrasse 50, 4056 Basel (Switzerland)
E-mail: beat.ernst@unibas.ch

[*] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.201200125.
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FimH Antagonists
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4b: R" = H, R? = Nal'%!
5a: R' = Cl, R? = Mel'%¢!
5b: R = CI, R? = Nal'0¢l

3010q]

Figure 1. FimH antagonists: n-heptyl a-p-mannopyranoside (1) is used as
reference compound; the squaric acid derivative 2 and biphenyl derivatives
3-5 exhibit nanomolar affinities.

interacts with both Tyr48 and Tyr137 of the tyrosine gate (in-
docking mode),"®" the biphenyl aglycone adopts the out-dock-
ing mode; that is, it interacts only with Tyr48 (Figure 2 A), prob-
ably due to insufficient flexibility; st—m stacking of the outer ar-
omatic ring of the biphenyl aglycone (ring B) with Tyr48 is ef-
fected by induced fit: a substantial move of Tyr48. Moreover,
further stabilization of the protein-ligand complex by polar in-
teraction between the ester in the meta position of 3 and the
side chain of Arg98 was proposed.'®

cuemmeocHEM FULL PAPERS

In silico docking studies with biphenyl derivative 4a"* sug-
gested a similar out-docking mode (Figure 2B). A close inspec-
tion revealed empty space between the ortho position of the
aromatic ring adjacent to the anomeric center (ring A) and the
protein surface. Indeed, with an ortho-chloro substituent (—
5a, Figure 1), affinity was substantially improved. Further stud-
ies with FimH antagonists that exhibit enhanced flexibility
(e.g., compound 6; Figure 2C and Figure 3) indicated a switch
from the out-docking mode to the in-docking mode. However,
whether an optimal 7-mt stacking within the tyrosine gate can
be realized remains to be determined. Finally, docking studies
also indicated that elongation of the carboxylate-bearing para
substituent enables a polar interaction between the carboxyl-
ate and Arg98 (e.g., compound 7; Figure 2D and Figure 3).

Starting from antagonist 4, we explored three types of
modifications (Figure 3):

1) For optimizing the van der Waals contact between the
ortho position of ring A and the binding pocket, a series of
substituents — F, CH,, CF;, OCH;, cyclopropyl, and CN —
were introduced as depicted in Scheme 1.

2) To determine whether the out-docking mode reported for
31 results from insufficient flexibility, we increased the
aglycone flexibility by introducing a methylene spacer be-
tween the anomeric oxygen and ring A of the biphenyl
moiety (Scheme 2). This should decrease the conformation-
al constraints to allow an optimized spatial arrangement of
the aglycone in the tyrosine gate (—6, Figure 2C); at the

same time, water solubility
should be improved as

a result of the decreased
stacking tendency derived
from disruption of the sym-
metry of the aglycone."

3) To enable a polar interaction
between the carboxylate
substituent on ring B with
Arg98 of FimH, we extended
the para substituent of 4,
that is, we replaced it with
either a flexible methyl etha-
nolate or a rigid methyl cy-

Figure 2. A) Crystal structure of biphenyl 3 (PDB ID: 3MCY)""*¥ bound to the FimH CRD. B-D) In silico docking
studies obtained with flexible docking (Glide software package)"" to the same FimH CRD structure; top-scored

binding mode of B) 4a, C) 6, and D) 7.

ChemMedChem 2012, 7, 1404 - 1422
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clopropanecarboxylate

(Scheme 3).  Biphenyl a-b-
mannoside 24" shows
a three- to eightfold lower af-
finity for FimH than its coun-
terparts with a methoxycar-
bonyl substituent at the
meta (—3)"Y or para posi-
tions (—4)"9 of ringB
(Table 1). Han etal. assigned
the increased affinity of com-
pound 3 to a polar interac-
tion of the ester with Arg98
of FimH.""¥ Because for spa-
tial reasons the ester in the
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Optimization of the ortho substituent:
X =H,F, Cl, CHg, CF3, OCHj3, cyclopropyl, CN

B. Ernst et al.

(—19ab and 22) followed by
saponification of the methyl
esters gave compounds 6, 20,
and 23.

Elongation of the
carboxylate-bearing
para substituent

%

@ COOR %>
i

}f‘vCOOR COOR

OH

OH
Hﬂ&%
o)

r U

Elongation of the carboxylate-
bearing para substituent
(Scheme 3)

O COOH

Increased aglycone flexibility

\/‘\‘\c;R/‘\‘\COOR
OH
COOH

Figure 3. Modifications to the aglycone of FimH antagonists by 1) optimization of the ortho substituent, 2) an in-
crease in the flexibility of the aglycone, and 3) elongation of the carboxylate-bearing para substituent.

para-substituted derivative 4 cannot establish a similar in-
teraction with Arg98, the substantial improvement in affini-
ty may result from solvation effects.

Synthesis
Optimization of ortho substituents (Scheme 1)

Mannosylation of phenols 9a-f with mannosyl fluoride 8 and
BF;-OEt, as promoter yielded a-mannosides 10a-f stereospe-
cifically."? Whereas the phenols 9a-d and 9 f are commercially
available, the cyclopropyl derivative 9e was prepared via
tandem carbolithiation/1,3-elimination according to Ocasio
and Scanlan.™ In a palladium-catalyzed Miyaura-Suzuki cou-
pling™ of 10a-f with 4-methoxycarbonylphenylboronic acid
(11), biphenyls 12a-f were obtained in good to excellent
yields. Deacetylation using Zemplén conditions (—13a-f) fol-
lowed by saponification of the methyl esters gave the test
compounds 14a-e. Owing to the instability of the cyano
group under aqueous basic conditions, 14f was synthesized
by coupling 10f with 4-carboxyphenylboronic acid pinacol
ester (15) followed by transesterification under Zemplén condi-
tions to avoid the final saponification with aqueous sodium hy-
droxide.

Increase in aglycone flexibility (Scheme 2)

Benzyl alcohols 16 a-c were first mannosylated with donor 8"
to yield the benzyl mannosides 17 a-c. Subsequent cross-cou-
pling with 4-methoxycarbonylphenylboronic acid (11) afforded
acetates 18a,b and 21. Deacetylation of the mannose moiety

1406
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Peracetylated mannose 25 was
treated with 4-iodophenol in the
presence of BF;-Et,0. The result-
ing iodide 26 was transformed
into boronic acid pinacol ester
27, which was coupled with 4-
bromophenylacetic acid methyl
ester (28) and 4-bromophenylcy-
clopropylcarboxylic acid methyl
ester (32) under Miyaura—Suzuki
coupling conditions™ to yield
biphenyls 29 and 33. Deacetyla-
tion with sodium methoxide (—

OAc
OAc

O
" oA
Oéc
a—f
Ao

OR'
R|q/é‘3\ axX=F
R'O X b: X = CH;
o c:X=CFs
d: X=OCHj;
O e: X = cyclopropyl
O f:X=CN
COOR?
Ac, R? = Me

12a-f:R' =
’: 13a—f: R' = H, R? = Me
d) [, 14a-e:R'=H,R2=Na

14f
Scheme 1. Reagents and conditions: a) BF;-Et,0, CH,Cl,, 0°C, 3 h (10a-f, 73-
86%); b) Pd(Cl,)dppf-CH,Cl,, KsPO,, DMF, 80°C, overnight (12a-f, 55-91%);
c) NaOMe, MeOH, RT, 4 h (13a-e, 14f, 52-73%); d) 1. 0.2N NaOH,,;,, MeOH,
RT, overnight; 2. Dowex (Na"), size-exclusion chromatography (P-2 gel)
(14a-e, 15-74%).

COONa

30 and 34) followed by saponification of the methyl ester
yielded the sodium salts 31 and 35.

ChemMedChem 2012, 7, 1404 - 1422
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Scheme 2. Reagents and conditions: a) BF;-Et,0, CH,Cl,, 0°C, 3 h (17a-¢, 34—
48%); b) 4-methoxycarbonylphenylboronic acid (11), Pd(Cl,)dppf-CH,Cl,,
K;PO,, DMF, 80°C, overnight (18a,b and 21, 73-94%); c) NaOMe, MeOH, RT,
4h (19a,b and 22, 47-90%); d) 1. 0.2N NaOH,,, MeOH, RT, overnight;

2. Dowex (Na™), size-exclusion chromatography (P-2 gel) (6, 20 and 23, 10—
96 %).

OAc OAc OAc
OAc OAc OAc
o) a3, A 0 b . Ao 0
A%OCO cO AcO
OAc

O COOR?

a9 ,: 29:R"=Ac,, R = Me o ,: 33: R'=Ac, R?= Me
30:R"=H, R?=Me 34:R'=H, R?=Me
® [, 31:R"=H,R?=Na e, 35R'=H R2=Na

Scheme 3. Reagents and conditions: a) 4-iodophenol, BF;-Et,0, CH,Cl,, 40°C, overnight
(70%); b) bis(pinacolato)diborone, Pd(Cl,)dppf-CH,Cl,, KOAc, DMF, MW 120°C, 2 h (50%);
¢) Pd(Cl,)dppf-CH,Cl,, K;PO,, DMF, 80°C, overnight (34-56 %); d) NaOMe, MeOH, RT, 4 h
(33-95%); e) 1. 0.2N NaOH,,,, MeOH, RT, overnight; 2. Dowex (Na "), size-exclusion chro-

matography (P-2 gel) (31: 40%; 35: 23 %).
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Binding affinity and activity

The biphenyl a-b-mannosides with varying ortho substituents
(5a-b, 13a-f, 14a-f), increased aglycone flexibility (6, 19, 20,
22, 23), and elongated carboxylate-bearing para substituents
(30, 31, 34, 35) were evaluated in vitro by two competitive
assay formats (Table 1). All antagonists were tested in a cell-
free competitive binding assay."® Subsequently, the best candi-
dates were investigated in a cell-based flow cytometry assay."”

The cell-free competitive binding assay is based on the inter-
action of a biotinylated polyacrylamide glycopolymer as com-
petitor with the isolated CRD of FimH. In contrast, the cell-
based flow cytometry assay involves the infection of human
urinary bladder epithelial carcinoma cells with GFP-labeled
UPECs expressing the complete type 1 pili (see the Experimen-
tal Section below for details). The competitors in the former
assay are thus polymer-bound trimannosides, whereas in the
latter the antagonists compete with more potent high-man-
nose oligosaccharides present on uroplakin la, which is located
on the surface of human urinary bladder cells."®' The interac-
tion is further affected by the presence of high- and low-affini-
ty states of the CRD of FimH. Aprikian etal. experimentally
demonstrated that in full-length fimbriae, the pilin domain sta-
bilizes the CRD domain in the low-affinity state, whereas the
CRD domain alone adopts the high-affinity state.?” Further-
more, it was recently shown that shear stress can induce a con-
formational switch (twist in the B-sandwich fold of the CRD
domain), resulting in improved affinity.?" Therefore, differing
affinities were expected in the cell-based flow cytometry assay,
in which full-length fimbriae are present, relative to the cell-
free competitive binding assay.

Cell-free competitive binding assays"®

These assays were performed twice for every com-
pound with each concentration in duplicate. To
ensure comparability between various antagonists,
the reference compound n-heptyl a-p-mannopyrano-
side 1?2 was tested each time in parallel. The affini-

cjé ties are reported relative to 1 as rlCs, in Table 1. A

comparison of the affinities of compounds 4a and
4b with the ortho-substituted analogues 5a, 13a-f
and 5b, 14a-f clearly demonstrates that ortho sub-
stituents on ring A indeed improve binding. However,
the differences between the various substituted
FimH antagonists are small. For a better understand-
ing of these results, a more detailed analysis of the
thermodynamic profile by isothermal titration calo-
rimetry (ITC) was performed (see below). By increas-
ing the flexibility of the aglycone, we expected
a switch from the out-docking mode as present for
antagonists 3 and 4 (Figure 2A,B) to the in-docking
mode (represented by antagonist 6 in Figure 2C)."7
However, affinities for all six representatives with in-
creased spacer length between carbohydrate and
aglycone (Table 1: 6—, 19, 20, 22, and 23) were dra-
matically decreased. A similar tendency was observed

1407

www.chemmedchem.org



2.5 — Paper 4

M E D B. Ernst et al.

Table 1. Pharmacodynamic parameters of FimH antagonists. Table 1. (Continued)
OH OH
OH OH
C HO O o di HO o} -
ompd  "Ho Binding assay Flow cytometry Compd Hoéﬁ Binding assay Flow cytometry
R R
R ICso INMI? 1ICs™  1Cs0 [um]™ R ICs [NMI® ™ 1Cs, [um]™
| OCH
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Table 1. (Continued)

OH
OoH
Compd Hﬁoﬁ% Binding assay  Flow cytometry
R
R

ICso INMI? 1ICs™  1Cs0 [um]™
|
0.
30 O 63.2 1.09 n.d.
O COOMe
|
0.
31 O 70.5 1.21 n.d.
O COONa
|
O
34 O 495 0.85 n.d.
COOMe
AN
62.5 1.07 n.d.

|
©
35
COONa
VAN

[a] ICs, values were determined in a cell-free competitive binding assay."
[b] The rlCs, values were calculated by dividing the ICs, of the compound
of interest by that of reference compound 1; this leads to rlCs, values <1
for derivatives that bind better than reference 1, and rlCs, values >1 for
compounds with lower affinity than 1. [c] The anti-adhesion potential to
human epithelial bladder cells was determined in the flow cytometry
assay;""” n.d.=not determined.

for the biphenyls with an elongated carboxylate-bearing para
substituent (Table 1: 30, 31, 34, and 35). It was previously de-
scribed that the ester of 3 is placed within hydrogen bonding
distance to form a polar interaction with Arg98 and Glu50."*¥
However, an improvement of affinity provided by a similar
polar interaction between Arg98 and the antagonists 31 and
35 could not be achieved, probably due to the high desolva-
tion penalty of Arg98. Finally, it is important to note that the
free acids (sodium salt) of the antagonists in general showed
slightly lower affinities than their methyl ester counterparts,
with the only exceptions of 13b and 14b (Table 1). However,
because the esters are thought to act as prodrugs and to be
rapidly cleaved after oral application,’® the affinities of the
carboxylates are relevant with regard to the therapeutic poten-
tial of the present FimH antagonists.

Cell-based flow cytometry assay'"”

These assays were performed in duplicate/triplicate, and n-
heptyl a-p-mannopyranoside 1 was used as reference com-
pound with an IC, value of 3.9+ 1.6 pm. The most potent an-
tagonists 5b and 14c (Table 1) showed respective ICs, values
of 0.33£0.05 and 0.89+£0.10 pum. In general, the activities ob-
tained from the flow cytometry assay were ~50-fold lower
than the affinities determined in the target-based competitive
assay (see above).

ChemMedChem 2012, 7, 1404 - 1422
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Isothermal titration calorimetry

Because the biological in vitro evaluation only revealed small
differences between affinities, ITC experiments were carried
out to study the thermodynamic profile of the variously ortho-
substituted biphenyl compounds 5b and 14a-f in binding to
FimH. ITC directly measures the heat of interaction (change in
enthalpy, AH) at a constant temperature on titrating two com-
pounds of known concentration that form an equilibrium com-
plex.? It includes contributions from all equilibria that occur
as the interacting molecules go from the free to the bound
state, including those associated with solvent interactions and
macromolecular conformational changes. The noncovalent in-
teraction between a protein and a ligand can be quantified by
the change in free energy (AG), consisting of the change in en-
thalpy (AH) and change in entropy (AS) [Eq. (1)].2” The bind-
ing energy under standard conditions (AG®), in which all reac-
tants and products are at a concentration of 1M, can be calcu-
lated from the dissociation constant, Ky [Eq. (2)]. With ITC, K,
and AH can be measured directly, whereas AG and the entro-
py term TAS are calculated according to Equations (1) and (2).

M
)

A favorable enthalpy term AH is associated with hydrogen
bond formation, electrostatic, and dipole-dipole interactions at
the overcompensation of the desolvation penalty.” The entro-
py term AS reflects the overall change in the degrees of free-
dom of a system. It can be dissected into translational and
rigid body rotational entropy,”® solvation entropy,”” and en-
tropy costs related to conformational changes of protein and
ligand [Eq. (3)].”® Whereas the formation of a protein-ligand
complex is always associated with a decrease in translational
and rotational freedom and therefore with entropy costs, the
entropic contribution involving changes in solvation (AS,,,)
and changes in rotational and vibrational entropy due to the
loss of conformational flexibility (AS...) can differ both in sign
and magnitude.*”

AG = AH-TAS
AG = RTInK,

AS = ASyiy + ASyransjrot + AScont (3)

The FimH CRD was used for the ITC experiments. It was pre-
pared from FimH-CRD-Th-Hisg (see Competitive binding assay,
Experimental Section below) by incubation with thrombin, as
described earlier."®

The thermodynamic fingerprints of the various biphenyl de-
rivatives (Table 2, Figure 4) reveal a significant improvement in
the enthalpic term (AAH —4.3 to —11.2 kJmol™") for all substi-
tuted biphenyls (5b, 14a-f) in comparison with the unsubsti-
tuted derivative 4b. The largest enthalpy improvement was
observed for the trifluoromethyl group (14c; Table 2). Interest-
ingly, these largely improved enthalpic contributions are
mostly compensated by entropic penalties (—TAAS +3.2 to
+7.5 kJmol™), resulting in only marginally improved K, values.
In the best case, the trifluoromethyl derivative 14c¢, a fourfold
improvement in K was measured. Similar, but less pronounced
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cific ortho substituent and varies

Table 2. Binding thermodynamics of FimH antagonists determined by ITC.

OH

OH
HO Q
Ho R

between —2.39 kimol™' for CH,
and 19.31 kJmol™" for CN.®® Fi-
nally, depending on the surface

o[
COOH

area of the ortho substituent,
the entropy of solvation may
change. In summary, the various
effects are superimposed and of

Compd R Kolnm]  AGEWmol'l  AH [Kmol™]  —TAS"[Kimol™] N Vi, (AP opposing contributions to the
4b H 14.1 —44.8 —47.3 +25 1.00 7.2 free blndlng energy AG.

5b a 3.7 —48.1 —555 174 101 224

14a F 9.2 —459 —516 +5.7 100 133

14b Me 48 —475 —56.2 +87 101 267 . . L

14c CF, 32 _485 —585 +100 102 414 Physicochemical and in vitro
14d OMe 7.7 —463 —525 +6.2 102 348 pharmacokinetic characteriza-
14e cPr 69 —466 —46.7 +0.1 101 525 tion

14f N 7.4 _464 —550 +86 101 297

the Phase volCalc utility.>”

[a] Molar ratio of protein/ligand. [b] van der Waals volumes (V,qy) of the ortho substituent were calculated with

To estimate the oral bioavailabil-
ity and renal elimination of acids

effects were observed for most other ortho substituents. This
trend was broken only by the cyclopropyl derivative 14e (AAH
+0.7 kdmol™", =TAAS —2.4 kJmol™"'; Table 2).

The influence of the ortho substituent on binding can be at-
tributed to three factors. First, ortho substituents of appropri-
ate volume establish an improved shape complementarity
within the binding pocket, leading to a better van der Waals
(vdW) contact and therefore an improvement in the enthalpy
term AH. The improvement in enthalpy (AAH) correlates well
with increasing vdW volumes of spherical ortho substituents
(5b, 14a-c; Figure 5). For non-spherical substituents (OMe,
14d; cyclopropyl, 14e; and CN, 14f), the shape complemen-
tarity is not optimal, leading to only a decreased enthalpy con-
tribution. However, better vdW contacts also lead to decreased
conformational flexibility and therefore an entropic compensa-
tion by a less favorable AS value. A second parameter is the
desolvation enthalpy, which depends on the polarity of a spe-

14a 14d 5b 14f 14b 14c

14e

-12

Figure 4. Enthalpy-entropy compensation, a property often reported for car-
bohydrate-lectin interactions,®" for ortho-substituted biphenyl o-p-manno-
pyranosides; AAG, AAH, and TAAS values for 5b and 14a-f are plotted rel-
ative to the unsubstituted derivative 4b.
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4b, 5b, 6, 14a-f, 20, 23, 31, 35,
and the methyl esters 4a, 5a,

-14 4
14c
—12 (CFy) T S
14b -~ <

-10 - (Me) . -,
_ sb @
L -8+ c ¥ o

’
E , 14f
X -64 ’ (CN)
T 14a )/ 20
3 4. F) ¥ 14d
7 (OMe)
’
24 4b ¢
(G 14e
0= ‘ (cyclopropyl)
2 L] L] L]
0 20 40 60
vdW volume / A3

Figure 5. Correlation of AAH (relative to antagonist 4b) with the van der
Waals volumes® of ortho substituents.

13a-f, 19a-b, 22, 30 and 34, several physicochemical parame-
ters (lipophilicity, solubility) as well as permeability through an
artificial membrane and a cell monolayer were determined
(Table 3). The free acids of the antagonists assessed in this
study (4b, 5b, 6, 14a-f, 20, 23, 31, and 35) are generally hy-
drophilic and soluble at pH values >5. All acids showed
logD,, values below zero and are therefore thought to under-
go considerable renal clearance,®? a prerequisite for FimH an-
tagonists to reach their target in the urinary bladder. Permea-
tion studies through an artificial membrane (PAMPA®®) indicat-
ed for all acids except 14a effective permeation values (logP,)
below —6.7, suggesting low absorption in the small intestine
by passive permeation.®” However, the high absorption poten-
tial of the fluoro-substituted biphenyl 14a predicted by
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Table 3. Physicochemical and in vitro pharmacokinetic parameters of FimH antagonists.
Compd PAMPA log P, [log 10 °cms™']/pH® Caco-2 P, [10 °cms "1™ log D, ,“ Solubility [ug mL~")/pHY
a—b b—a (b—a)/(a—b)
1 —-4.9 7.0+£0.6 9.4+0.2 13 1.7 >3000/6.5
24 —5.0+0.1/5.0 10.0+£0.9 19.0+1.2 1.9 2.1+0.1 224+0/3.0
—4.9+0.1/6.2 224+1/5.0
—4.7+0.1/7.4 21+1/74
3 —4.9+0.0/5.0 22+0.2 17.6£0.4 8.0 2.0+0.0 >150/3.0
—4.9+0.0/6.2 >150/5.0
—4.9+0.0/7.4 >150/7.4
4a —4.7 1.5+£0.0 6.4+0.4 43 2.1 14+1/3.0
13+£1/5.0
12+1/7.4
4b n.p. n.d. n.d. nd. <-15 >3000/6.6
5a —4.6 53+0.6 175+£13 33 23 16+£2/3.0
15+0/5.0
17+2/7.4
5b n.p. 0.2+0.0 0.4+0.0 1.6 —0.8 >3000/6.5
13a —4.8+0.0/5.0 56+0.7 220+0.6 4.0 2.7+0.1 22+£1/3.0
—4.8+0.0/6.2 24+3/5.0
—4.8+0.0/7.4 17+6/7.4
14a —5.8+0.1/5.0 0.2+0.1 0.2+0.0 0.8 <-15 30£3/3.0
—6.3+0.1/6.2 >100/5.0
—74+0.1/74 >100/7.4
13b —4.5+0.1/5.0 62+13 22.7+12 3.6 24+0.2 7+0/3.0
—4.5+0.0/6.2 7+0/5.0
—46+0.1/7.4 7+0/74
14b —8.6+1.7/5.0 n.d. n.d. n.d. —0.6+0.1 34+£3/3.0
—8.8+1.4/6.2 >200/5.0
—87+15/74 >200/7.4
13c —4.4+0.0/5.0 9.2+0.1 16.9+15 1.8 28+0.1 17+1/3.0
—4.4+0.0/6.2 15+£1/5.0
—4.5+0.1/7.4 16+£1/7.4
14c —8.4+1.3/5.0 n.d. n.d. n.d. —0.8+0.1 15+1/3.0
—9.3+1.4/6.2 140+6/5.0
—8.6+1.6/74 >200/7.4
13d —5.4+0.0/5.0 42+07 164+1.2 39 1.8+0.1 24+0/3.0
—5.4+0.0/6.2 24+1/5.0
—5.4+0.0/7.4 26+1/7.4
14d —8.5+0.6/5.0 n.d. n.d. n.d. <-15 127+4/3.0
—9.1+£0.2/6.2 >200/5.0
—9.2+04/7.4 >200/7.4
13e —4.5+0.2/5.0 6.1+0.6 179+1.2 3.0 29+0.1 14+2/3.0
—4.4+0.0/6.2 13+0/5.0
—44+0.1/7.4 14+1/7.4
14e —93+1.3/5.0 nd. n.d. n.d. —0.8+0.1 31+2/3.0
—8.7+£1.5/6.2 >200/5.0
—87+15/74 >200/7.4
13f —6.5+0.0/5.0 0.9+0.7 18.1+£0.6 19.7 1.7+£0.0 22+2/3.0
—6.5+0.1/6.2 24+1/5.0
—6.3+0.1/7.4 23+1/74
14f —85+1.7/5.0 nd. n.d. n.d. <-15 35+11/3.0
—7.3+£0.3/6.2 >200/5.0
—7.8+1.5/74 >200/7.4
19a —4.9+0.0/5.0 44+0.1 188+£1.7 4.3 1.9+£0.1 103+8/3.0
—4.9+0.0/6.2 100+6/5.0
—49+0.1/7.4 95+5/7.4
6 —8.6+1.6/5.0 n.d. n.d. nd. <-15 >130/3.0
—9.3+1.4/6.2 >130/5.0
—8.7+1.5/74 >130/7.4
19b —5.3+0.1/5.0 n.d. n.d. nd. 24401 30+0/3.0
—5.6+0.1/6.2 29+1/5.0
—5.1+£0.2/7.4 31£1/7.4
20 —8.6+1.6/5.0 n.d. n.d. nd. —1.24+0.2 >130/3.0
—9.3+1.4/6.2 >130/5.0
—10/7.4 >130/7.4
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Table 3. (Continued)
Compd PAMPA log P, [log 10 °cms™']/pH® Caco-2 P, [10 °cms "1™ log D, ,“ Solubility [ug mL~")/pHY
a—b b—a (b—a)/(a—b)

22 —5.1+0.0/5.0 n.d. nd. n.d. 1.7£0.1 >130/3.0

—5.14+0.0/6.2 >130/5.0

—5.14+0.0/7.4 >130/7.4
23 —73+1.8/5.0 nd. n.d. n.d. <-15 >130/3.0

—8.1+£2.2/6.2 >130/5.0

—10/7.4 >130/7.4
30 —5.5+0.0/5.0 n.d. nd. n.d. 1.6£0.1 >130/3.0

—5.5+0.0/6.2 >130/5.0

—54+0.1/74 >130/7.4
31 —7.7+1.6/5.0 n.d. n.d. n.d. <-15 >130/3.0

—8.1+£1.3/6.2 >130/5.0

—10/7.4 >130/7.4
34 —53+0.1/5.0 n.d. n.d. n.d. 22+0.1 >130/3.0

—5.6+0.0/6.2 >130/5.0

—53+0.2/74 >130/7.4
35 —8.0+1.3/5.0 n.d. n.d. n.d. nd. 63+8/3.0

—8.6+1.6/6.2 >130/5.0

—10/7.4 >130/7.4
[a] P.=effective permeation: passive permeation through an artificial membrane was determined by parallel artificial membrane permeation assay
(PAMPA); values represent the mean = SD of quadruplicate measurements taken at three pH values (pH 5.0, 6.2, and 7.4).¥ [b] P.pp=apparent permeabili-
ty: permeation through cell monolayers was assessed by a Caco-2 assay in the absorptive (a—b) and secretory (b—a) directions in triplicate;*” n.p.=no
permeation, n.d.=not determined. [c] Distribution coefficients (log D) were measured by a miniaturized shake-flask procedure at pH 7.4. [d] Kinetic solubili-
ty was measured in a 96-well format using the pSOL Explorer solubility analyzer at three pH values (pH 3.0, 5.0, and 7.4) in triplicate.

PAMPA could not be confirmed by the colorectal adenocarci-
noma (Caco-2) cell permeation assay. In contrast, the methyl
esters (3, 4a, 5a, 13a-f, 19a-b, 22, 30, and 34) showed
logD,, values > 1.5, that is, they are more lipophilic and hence
more permeable than the corresponding acids, as shown by
the PAMPA and Caco-2 permeation assay. Despite this high ab-
sorption potential, the ratios between the apparent permeabil-
ity coefficients (P,,,) in the basolateral-to-apical (b—a, secreto-
ry) and apical-to-basolateral (a—b, absorptive) directions re-
vealed active efflux processes as an additional issue of all the
assessed compounds. Moreover, the methyl esters must be
readily hydrolyzed after absorption to become more polar and
to be renally eliminated. Rapid metabolic turnover by the
enzyme carboxylesterase was previously shown for the methyl
esters 4a and 5a.'

The different substituents at the ortho position of ring A (5a,
5b, 13a-f, 14a-f; Table 3) only have a minor influence on the
physicochemical properties. The addition of chloro, fluoro,
methyl, trifluoromethyl, or cyclopropyl substituents slightly in-
creases the lipophilicity of the respective acids and methyl
esters, whereas methoxy and cyano substituents render the
compounds more hydrophilic and less permeable. Moreover,
the substituents at the ortho position have negligible effects
on the low aqueous solubility, which is a major drawback of all
methyl esters.® In contrast, the modifications with increased
spacer length between carbohydrate and aglycone (6, 19a-b,
20, 22, and 23; Table 3) show higher aqueous solubility. Ex-
tending the spacer and linking it at the ortho or meta positions
of the biaryl moiety disrupts the symmetry of the molecular
structure, leading to increased solubility.">** However, an addi-
tional chloro substituent at the 4-position (19b, 20; Table 3) re-
stores the symmetrical character of the structure, which in turn
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lowers the solubility of the compound. Disrupted structural
symmetry might also hold true for the enhanced solubility of
the biphenyls with an elongated carboxylate-bearing para sub-
stituent (30, 31, 34, and 35; Table 3). The introduction of
a methylene or cyclopropylene group between the biphenyl
and the carboxylate moiety markedly improved the aqueous
solubility of the methyl esters, whereas the absorption poten-
tial was only slightly decreased.

Summary and Conclusions

In this study, we investigated the structure-affinity relationship
for ortho substituents on ring A of the biphenyl aglycone of
the FimH antagonists 13 and 14. The correlation between vdW
volumes of these substituents and the enthalpy term clearly in-
dicates the importance of shape complementary. This interpre-
tation is further supported by the fact that the electronic char-
acter of the substituent [Cl in 5a (Table 2), CF, in 14c versus
CH; in 14b] is less important. The correlation of enthalpic im-
provements (AAH) with vdW volumes offers a potent tool for
guiding further structural optimization.

The successful oral application using a prodrug approach
was recently demonstrated with the ester 5a."" A major
drawback of the biphenyl methyl esters is their insufficient sol-
ubility, which is mostly in the range of 15-35 ugmL™". As ex-
pected,”™ solubility could be substantially improved when the
symmetry of the aglycone was disrupted. Thus, the solubility
of 3 (>150 pgmL~'; Table 3), 19a (100 pgmL™"), and 22 (>
130 uigmL~") was improved by a factor of ~10. However, for
these more flexible derivatives, the expected optimized fit
leading to improved affinities in the in-docking mode could
not be observed. In fact, the affinities for the members of this
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family of compounds are drastically decreased, for example,
compounds 20 or 23 (Table 1).

Finally, the elongation of the ester-bearing para substituent
(Table 1; compounds 31 and 35) did not lead to the expected
additional polar interaction with Arg98. Instead, a five- to sev-
enfold decrease in affinity was observed. Clearly, the desolva-
tion penalty for the guanidinium group could not be matched
by the geometrically possible salt bridge with the carboxylate
of the antagonists 31 and 35.

In summary, our study confirms the earlier selection of the
FimH antagonists 5a for oral and 5b for intravenous applica-
tion. However, the methoxy derivative 13d (Table 1) shows
slightly improved pharmacokinetic properties and therefore
represents an additional candidate for future in vivo studies.

Experimental Section

General methods: NMR spectra were recorded on a Bruker Avance
DMX-500 (500.1 MHz) spectrometer. Assignment of 'H and *C NMR
spectra was achieved using 2D methods (COSY, HSQC, HMBCQ).
Chemical shifts are expressed in ppm using residual CHCl;,
CHD,OD, or HDO as references. Optical rotations were measured
with a PerkinElmer Polarimeter 341. Electrospray ionization mass
spectrometry (ESI-MS) data were obtained on a Waters Micromass
ZQ instrument. LC-HRMS analyses were carried out using an Agi-
lent 1100 LC equipped with a photodiode array detector and a Mi-
cromass QTOF | equipped with a 4 GHz digital time converter. Mi-
crowave-assisted reactions were carried out with a CEM Discover
and Explorer. Reactions were monitored by TLC using glass plates
coated with silica gel 60 F,5, (Merck) and visualized by UV light
and/or by charring with a molybdate solution (0.02m solution of
ammonium cerium sulfate dihydrate and ammonium molybdate
tetrahydrate in aqueous 10% H,SO,). MPLC separations were car-
ried out on a CombiFlash Companion or R; from Teledyne Isco
equipped with RediSep normal-phase or RP-18 reversed-phase
flash columns. LC-MS separations were carried out on a Waters
system equipped with sample manager 2767, pump 2525, PDA
2525, and Micromass ZQ. Size-exclusion chromatography was per-
formed on Bio-Gel P-2 Gel (45-90 mm) from Bio-Rad (Reinach,
Switzerland). All compounds used for biological assays are at least
of 98% purity based on analytical HPLC results. Commercially avail-
able reagents were purchased from Fluka, Aldrich, Alfa Aesar or Iris
Biotech (Germany). Solvents were purchased from Sigma-Aldrich
(Buchs, Switzerland) or Acros Organics (Geel, Belgium) and were
dried prior to use where indicated. MeOH was dried by reflux with
sodium methoxide and distilled immediately before use. CH,Cl,
was dried by filtration over Al,O; (Fluka, type 5016 A basic). Molec-
ular sieves (4 A) were activated in vacuo at 500°C for 1 h immedi-
ately before use.

General procedure A for the synthesis of mannosides 10a-f and
17a-c: To an ice-cold suspension of 8" (200 mg, 0.57 mmol,
1.1 equiv), phenol 9a-f or benzyl alcohol 16a-c (0.52 mmol,
1.0 equiv), and molecular sieves (4 A, 600 mg) in dry CH,Cl, (5 mL),
BF;Et,0 (0.3 mL, 2.44 mmol, 4.7 equiv) was added dropwise under
argon. The mixture was stirred at 0°C for 3 h, and then at RT over-
night. The reaction mixture was filtered over Celite, and the filtrate
was diluted with CH,Cl, (50 mL), extracted with 0.5N NaOH,
(50 mL), H,O (50 mL), and brine (50 mL). The organic layer was
dried over Na,SO, and concentrated in vacuo. The residue was pu-
rified by MPLC on silica gel (petroleum ether (PE)/EtOAc) to yield
10a-f or 17a-c.
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General procedure B for the synthesis of mannosylated biphen-
yls: A Schlenk tube was charged with aryl bromide (1.0 equiv), bor-
onic acid or boronate (1.1 equiv), Pd(dppf)Cl,-CH,Cl, (0.03 equiv),
K;PO, (1.5 equiv) and a stirring bar. The tube was closed with
a rubber septum and was evacuated and flushed with argon. This
procedure was repeated once, then anhydrous DMF (2 mL) was
added under a stream of argon. The mixture was degassed in an
ultrasonic bath and flushed with argon for 5 min, and then stirred
at 80°C overnight. The reaction mixture was cooled to RT, diluted
with EtOAc (50 mL), and washed with H,O (50 mL) and brine
(50 mL). The organic layer was dried over Na,SO, and concentrated
in vacuo. The residue was purified by MPLC on silica gel (PE/EtOAc)
to afford biphenyls 12a-f, 18a,b, 21, 29 or 33.

General procedure C for deacetylation: To a solution of 12a-f,
18a,b, 21, 29 or 33 (1.0 equiv) in dry MeOH (5 mL) was added
freshly prepared 1m NaOMe/MeOH (0.1 equiv) under argon. The
mixture was stirred at RT until the reaction was complete (moni-
tored by TLC), then neutralized with Amberlyst-15 (H™) ion-ex-
change resin, filtered and concentrated in vacuo. The residue was
purified by MPLC on silica gel (CH,Cl,/MeOH, 10:1-8:1) to afford
13a-f, 19a,b, 22, 30 or 34 as white solids.

General procedure D for saponification: To a solution of 12a-e,
18a,b, 21, 29 or 33 (1.0 equiv) in MeOH (5 mL) was added 1m
NaOMe/MeOH (0.1 equiv) at RT. The reaction mixture was stirred at
RT for 4 h and concentrated. The residue was treated with 0.5m
NaOH,,, (1 mL) for 24 h at RT. The solution was then adjusted to
pH 3-4 with Amberlyst-15 (H™), and the mixture was filtered and
concentrated. The crude product was transformed into the sodium
salt by passing through a small column of Dowex 50X8 (Na* form)
ion-exchange resin. After concentration, the residue was purified
by MPLC (RP-18, H,0/MeOH, 1:0-2:1) followed by size-exclusion
chromatography (P-2 gel, H,0) to give 14a-e, 6, 20, 23, 31 or 35
as white solids after final lyophilization from H,0.

4-Bromo-2-fluorophenyl  2,3,4,6-tetra-O-acetyl-a-pD-mannopyra-
noside (10a): Prepared according to general procedure A from
87 and 4-bromo-2-fluorophenol (9a). Yield: 220 mg (74%) as
white solid. R;=0.48 (PE/EtOAc, 2:1); [(l]éo +83.0 (c=0.70, EtOAc);
'HNMR (500 MHz, CDCl;): §=7.30 (dd, J=2.3, 10.1 Hz, 1H, Ar-H),
7.21 (dt, J=1.7, 8.8 Hz, 1H, Ar-H), 7.08 (t, /=8.6 Hz, TH, Ar-H), 5.54
(dd, J=3.5, 10.0Hz, 1H, H-3), 550 (dd, J=1.8, 3.4 Hz, 1H, H-2),
5.46 (d, J=1.5Hz, 1H, H-1), 5.36 (t, J=10.0 Hz, 1H, H-4), 4.26 (dd,
J=5.5, 12.2 Hz, 1H, H-6a), 4.17 (ddd, J=2.1, 5.5, 10.0 Hz, 1H, H-5),
4.10 (dd, J=2.2, 12.2 Hz, 1H, H-6b), 2.20, 2.07, 2.05, 2.04 ppm (4 s,
12H, 4 OAc); *C NMR (125 MHz, CDCl;): 6 =170.51, 169.95, 169.82,
169.76 (4 CO), 153.28 (d, J=251.4 Hz, Ar-C), 142.64 (d, J=11.1 Hz,
Ar-C), 127.58 (d, J=4.0 Hz, Ar-C), 120.4 (d, J=21.5 Hz, Ar-C), 120.28
(d, J=0.9 Hz, Ar-C), 115.73 (d, J=8.1 Hz, Ar-C), 97.49 (C-1), 69.76 (C-
5), 69.15 (C-2), 68.60 (C-3), 65.76 (C-4), 62.09 (C-6), 20.87, 20.71,
20.69, 20.67 ppm (4 COCH,); elemental analysis calcd (%) for
CooH,,BrFO,o: C 46.08, H 4.25, found: C 46.11, H 4.26.

4-Bromo-2-methylphenyl 2,3,4,6-tetra-O-acetyl-o-b-mannopyra-
noside (10b): Prepared according to general procedure A from
8"? and 4-bromo-2-methylphenol (9b). Yield: 254 mg (86%) as
white solid. Rr=0.60 (PE/EtOAc, 2:1); [a]?’ +61.8 (c=1.00, EtOAC);
'HNMR (500 MHz, CDCly): =731 (d, J=19Hz, 1H, Ar-H), 7.24
(dd, J=2.3, 8.7 Hz, 1H, Ar-H), 6.97 (d, J=8.8 Hz, TH, Ar-H), 5.53 (dd,
J=3.4, 10.0 Hz, 1H, H-3), 5.47 (d, J=1.7 Hz, 1H, H-1), 5.45 (dd, J=
2.0, 3.4 Hz, 1H, H-2), 5.37 (t, J=10.0 Hz, 1H, H-4), 4.28 (dd, J=5.6,
12.3 Hz, 1H, H-6a), 4.10-4.03 (m, 2H, H-5, H-6b), 2.27 (s, 3H, CH,),
2.20, 2.06, 2.05, 2.04 ppm (45, 12H, 4 OAc); *CNMR (125 MHz,
CDCly): 6=170.53, 170.04, 169.96, 169.73 (4 CO), 152.96, 133.78,
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129.88, 129.61, 115.81, 115.23 (Ar-C), 95.91 (C-1), 69.39 (C-5), 69.38
(C-2), 68.88 (C-3), 65.76 (C-4), 62.12 (C-6), 20.88, 20.70, 20.68 (4C, 4
COCH;), 16.07 ppm (CH;); elemental analysis calcd (%) for
C,yH,5BrO,o: C 48.76, H 4.87, found: C 48.84, H 4.91.

4-Bromo-2-trifluoromethyl-phenyl 2,3,4,6-tetra-O-acetyl-a-p-
mannopyranoside (10c): Prepared according to general procedure
A from 8"? and 4-bromo-2-trifluoromethylphenol (9c). Yield:
260 mg (80%) as white solid. R;=0.50 (PE/EtOAc, 2:1); [a]Z +64.6
(c=1.00, EtOAc); '"H NMR (500 MHz, CDCl,): 6=7.74 (d, J=2.3 Hz,
1H, Ar-H), 7.61 (dd, J=2.4, 89 Hz, 1H, Ar-H), 7.15 (d, /=89 Hz, 1H,
Ar-H), 5.60 (d, J=1.6 Hz, 1H, H-1), 551 (dd, J=3.5, 10.1 Hz, 1H, H-
3), 5.45 (dd, /=20, 3.3 Hz, 1H, H-2), 5.39 (t, J/=10.1 Hz, 1H, H-4),
4.27 (dd, J=5.3, 124 Hz, 1H, H-6a), 4.08-4.00 (m, 2H, H-5, H-6b),
2.21, 2.06, 2.05, 2.04 ppm (45, 12H, 4 OAc); *CNMR (125 MHz,
CDCly): 6=170.41, 169.91, 169.74, 169.62 (4 CO), 152.16 (d, J=
1.7 Hz, Ar-C), 136.07 (Ar-C), 130.35 (t, J=5.3 Hz, Ar-C), 122.30 (d, J=
2714 Hz, CF;), 121.72 (d, J=31.7 Hz, Ar-C), 117.08, 114.88 (Ar-C),
95.75 (C-1), 69.96 (C-5), 69.02 (C-2), 68.45 (C-3), 65.44 (C-4), 61.95
(C-6), 20.84, 20.70, 20.67, 20.63 ppm (4 COCH,); elemental analysis
calcd (%) for C,,H,,BrF;0,4: C 44.15, H 3.88, found: C 44.10, H 3.88.

4-Bromo-2-methoxyphenyl 2,3,4,6-tetra-O-acetyl-a-pD-mannopyr-
anoside (10d): Prepared according to general procedure A from
8"? and 4-bromo-2-methoxyphenol (9d). Yield: 234 mg (77 %) as
white solid. R;=0.32 (PE/acetone, 4:1); [a]d +70.3 (c=0.70,
EtOAc); "H NMR (500 MHz, CDCl,): 6=7.03-6.95 (m, 3H, Ar-H), 5.58
(dd, J=3.5, 10.0 Hz, 1H, H-3), 552 (dd, /=1.8, 3.4 Hz, 1H, H-2),
5.42 (d, J=1.8Hz, 1H, H-1), 534 (t, J=10.0 Hz, 1H, H-4), 4.28-4.24
(m, 2H, H-5, H-6a), 410 (m, 1H, H-6b), 3.84 (s, 3H, OCH,), 2.19,
2.07, 2.05, 2.04 ppm (4's, 12H, 4 OAc); *C NMR (125 MHz, CDCL,):
3=170.58, 169.98, 169.89, 169.80 (4 CO), 151.52, 143.91, 123.49,
120.37, 116.69, 115.94 (Ar-C), 97.52 (C-1), 69.45 (C-5), 69.36 (C-2),
68.80 (C-3), 66.06 (C-4), 62.27 (C-6), 56.04 (OCH,), 20.91, 20.73,
20.71, 20.69 ppm (4 COCH,); elemental analysis calcd (%) for
C,iH,5BrO;,: C 47.29, H 4.72, found: C 47.20, H 4.70.

4-Bromo-2-cyclopropylphenyl 2,3,4,6-tetra-O-acetyl-a-p-manno-
pyranoside (10e): Prepared according to general procedure A
from 8% and 4-bromo-2-cyclopropylphenol (9e). Yield: 235 mg
(76 %) as white solid. R;=0.30 (PE/EtOAc, 3:1); [a]Z +64.7 (c=0.40,
EtOAc); "H NMR (500 MHz, CDCl;): 6=7.20 (d, J=8.7 Hz, 1H, Ar-H),
7.00-6.69 (m, 2H, Ar-H), 5.58 (d, J=10.1 Hz, 1H, H-3), 5.50 (s, 2H,
H-1, H-2), 539 (t, J=10.1 Hz, 1H, H-4), 4.28 (dd, J=5.4, 12.2 Hz, 1H,
H-6a), 4.14-4.08 (m, 2H, H-5, H-6b), 2.21, 2.09, 2.04 (35, 12H, 4
OAc), 1.02 (d, J=8.1 Hz, 2H, CH,-cPr), 0.65 ppm (d, J=4.6 Hz, 2H,
CH,-cPr); CNMR (125 MHz, CDCly): 6=170.54, 170.03, 170.15,
169.75 (4 CO), 153.64, 135.64, 129.11, 128.94, 116.29, 115.79 (Ar-C),
96.15 (C-1), 69.46 (C-5), 69.39 (C-2), 68.93 (C-3), 65.78 (C-4), 62.16
(C-6), 21.07, 20.89, 20.70 (4C, 4COCH,), 9.73, 7.88, 7.82 ppm (cPr);
elemental analysis calcd (%) for C,H,,BrFO,,: C 50.84, H 5.01,
found: C 50.82, H 5.00.

4-Bromo-2-cyanophenyl  2,3,4,6-tetra-O-acetyl-a-p-mannopyra-
noside (10 f): Prepared according to general procedure A from 8!'?
and 4-bromo-2-cyanophenol (9f). Yield: 220 mg (73%) as white
solid. Rr=0.51 (PE/EtOAc, 2:3); [a]® +54.3 (c=0.60, EtOAC); IR
(KBr): #=2232 (s, C=N), 1749 cm™" (vs, C=0); '"H NMR (500 MHz,
CDCly): 6=7.73 (d, J=2.5Hz, 1H, Ar-H), 7.66 (dd, J=2.5, 9.0 Hz,
1H, Ar-H), 7.15 (d, J=9.0 Hz, 1H, Ar-H), 5.62 (d, J/=1.7 Hz, TH, H-1),
5.56 (dd, J=3.5, 10.0 Hz, 1H, H-3), 5.51 (dd, J=2.0, 3.4 Hz, 1H, H-
2), 541 (t, J=10.0 Hz, 1H, H-4), 4.28 (dd, J=4.9, 12.1 Hz, 1H, H-6a),
4.13-4.08 (m, 2H, H-5, H-6b), 2.21, 2.07, 2.05, 2.04 ppm (4s, 12H, 4
0Ac); *C NMR (125 MHz, CDCl,): 6 =169.37, 168.93, 168.71, 168.48
(4CO), 155.18, 136.28, 135.00, 116.12, 114.41, 112.97, 104.62 (Ar-C,
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CN), 95.68 (C-1), 69.26 (C-5), 68.02 (C-2), 67.35 (C-3), 64.38 (C-4),
60.85 (C-6), 19.81, 19.67, 19.64, 19.58 ppm (4 COCH,); elemental
analysis calcd (%) for C,,H,,BrNO,,: C 47.74, H 4.02, N 2.65, found:
C47.78, H 4.29, N 2.67.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-o-p-mannopyranosyloxy)-3'-flu-
orobiphenyl-4-carboxylate (12a): Prepared according to general
procedure B from 10a (100 mg, 0.192 mmol), 4-methoxycarbonyl-
phenylboronic acid (11, 38.0 mg, 0.211 mmol), Pd(dppf)Cl,-CH,Cl,
(4.7 mg, 5.8 umol) and K;PO, (61.1 mg, 0.288 mmol). Yield: 83 mg
(75%) as white solid. R=0.26 (PE/EtOAc, 2:1); [a]Z’ +93.0 (c=0.60,
EtOAc); 'HNMR (500 MHz, CDCl;): 6=8.03-8.02 (m, 2H, Ar-H),
7.53-7.52 (m, 2H, Ar-H), 7.33 (dd, J=2.1, 11.8 Hz, 1H, Ar-H), 7.27
(dd, J=1.5, 89 Hz, 1H, Ar-H), 7.20 (t, J=8.3 Hz, 1H, Ar-H), 5.53 (dd,
J=3.4, 10.0 Hz, 1H, H-3), 5.49-5.47 (m, 2H, H-1, H-2), 5.32 (t, /=
10.0 Hz, 1H, H-4), 4.22 (dd, J=5.4, 12.1 Hz, 1H, H-6a), 4.17 (m, 1H,
H-5), 4.05 (dd, J=1.8, 12.1 Hz, 1H, H-6b), 3.87 (s, 3H, OCH,), 2.15,
2.01, 1.98, 1.97 ppm (45, 12H, 40Ac); *C NMR (125 MHz, CDCl,):
0=170.54, 170.00, 169.86, 169.79, 166.82 (5 CO), 153.50 (d, J=
247.0 Hz, Ar-C), 143.56 (d, J=1.8 Hz, Ar-C), 143.22 (d, J=11.2 Hz,
Ar-C), 136.48 (d, J=6.7 Hz, Ar-C), 130.27, 129.29, 126.75 (5C, Ar-C),
123.16 (d, J=3.4 Hz, Ar-C), 119.32 (Ar-C), 115.64 (d, J=19.4 Hz, Ar-
Q), 97.42 (C-1), 69.71 (C-5), 69.26 (C-2), 68.70 (C-3), 65.83 (C-4),
62.10 (C-6), 52.24 (OMe), 20.91, 20.74, 20.72, 20.70 ppm (4 COCH,);
HRMS: m/z: calcd for C,gH,0FNaO,, [M+Na]™: 599.1535, found:
599.1536.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyloxy)-3'-
methylbiphenyl-4-carboxylate (12b): Prepared according to gen-
eral procedure B from 10b (100 mg, 0.193 mmol), 11 (38.2 mg,
0.212 mmol), Pd(dppf)Cl,-CH,Cl, (47 mg, 5.8 umol) and K;PO,
(61.5 mg, 0.290 mmol). Yield: 87 mg (79%) as white solid. R;=0.41
(PE/EtOAC, 1:0.9); [a]® 4 85.4 (c=0.80, EtOAC); 'H NMR (500 MHz,
CDCl,): =8.09-8.07 (m, 2H, Ar-H), 7.61 (m, 2H, Ar-H), 7.46 (d, J=
1.8 Hz, 1H, Ar-H), 740 (dd, /=23, 85Hz, 1H, Ar-H), 7.18 (d, J=
85Hz, 1H, Ar-H), 561-558 (m, 2H, H-1, H-3), 5.50 (dd, J=2.0,
3.5Hz, 1H, H-2), 541 (t, J=10.0Hz, 1H, H-4), 431 (dd, J=5.9,
12.8 Hz, 1H, H-6a), 4.14-4.09 (m, 2H, H-5, H-6b), 3.94 (s, 3H, OCH,),
237 (s, 3H, CH,), 222, 2.08, 2.05, 2.04 ppm (45, 12H, 4 OAc);
BCNMR (125 MHz, CDCly): 6=170.55, 170.06, 169.98, 169.75,
167.00 (5 CO), 154.05, 144.94, 134.54, 130.10, 130.02, 128.54,
128.05, 126.66, 125.76, 114.46 (12C, Ar-C), 95.84 (C-1), 69.48 (C-5),
69.37 (C-2), 68.98 (C-3), 65.81 (C-4), 62.13 (C-6), 52.12 (OCH,), 21.06,
20.91, 20.72, 20.70 (4 COCH,), 16.40 ppm (CH,); HRMS: m/z: calcd
for CyoH3,NaO,, [M+Na]*: 595.1786, found: 595.1786; elemental
analysis calcd (%) for C,H;,0,,: C 60.84, H 5.63, found: C 60.76, H
5.80.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyloxy)-3'-tri-
fluoromethylbiphenyl-4-carboxylate (12c): Prepared according to
general procedure B from 10¢ (100 mg, 0.175 mmol), 11 (34.6 mg,
0.193 mmol), Pd(dppf)Cl,,CH,Cl, (43 mg, 5.3 pumol) and K;PO,
(55.7 mg, 0.263 mmol). Yield: 100 mg (91 %) as white solid. R;=0.25
(PE/EtOAC, 2:1); [a]? +43.3 (c=1.00, EtOAC); 'H NMR (500 MHz,
CDCly): 0=8.13-8.11 (m, 2H, Ar-H), 7.87 (d, J=2.1 Hz, TH, Ar-H),
7.75 (dd, J=2.2, 8.7 Hz, 1H, Ar-H), 7.63-7.61 (m, 2H, Ar-H), 7.35 (d,
J=8.7Hz, 1H, Ar-H), 5.70 (d, J=1.7 Hz, 1H, H-1), 557 (dd, J=3.5,
10.1 Hz, 1H, H-3), 550 (dd, J=2.0, 3.4 Hz, 1H, H-2), 543 (t, J=
10.0 Hz, 1H, H-4), 430 (dd, J=5.6, 12.8 Hz, TH, H-6a), 4.11-4.08 (m,
2H, H-5, H-6b), 3.95 (s, 3H, OCH,), 2.24, 2.07, 2.06, 2.05 ppm (4,
12H, 4 OAc); *C NMR (125 MHz, CDCl;): 6 =170.45, 169.96, 169.78,
169.65, 166.76 (5 CO), 152.94, 143.37, 134.59, 130.34, 129.40,
126.79, 126.14, 115.79 (12C, Ar-C), 95.67 (C-1), 69.91 (C-5), 69.15 (C-
2), 68.56 (C-3), 65.50 (C-4), 61.97 (C-6), 52.25 (OCH,), 20.88, 20.71,
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20.66 ppm (4C, 4 COCH;); HRMS: m/z: calcd for CyoH,oF;NaO,, [M+
Na]*: 649.1503, found: 649.1503.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-a-pD-mannopyranosyloxy)-3'-me-
thoxybiphenyl-4-carboxylate (12d): Prepared according to gener-
al procedure B from 10d (100 mg, 0.188 mmol), 11 (37.1 mg,
0.206 mmol), Pd(dppf)Cl,-CH,Cl, (4.6 mg, 5.6 pumol) and K;PO,
(59.9 mg, 0.282 mmol). Yield: 91 mg (83%) as white solid. R;=0.25
(PE/EtOAC, 1:0.9); [aly +50.7 (c=1.40, EtOAc); 'H NMR (500 MHz,
CDCly): 6=8.10-8.08 (m, 2H, Ar-H), 7.62-7.60 (m, 2H, Ar-H), 7.19-
7.13 (m, 3H, Ar-H), 5.64 (dd, J=3.5, 10.0 Hz, 1H, H-3), 5.58 (dd, J=
1.8, 3.5Hz, 1H, H-2), 553 (d, J=1.7Hz, 1H, H-1), 538 (t, J=
10.0 Hz, 1H, H-4), 434-4.28 (m, 2H, H-5, H-6a), 4.12 (m, 1H, H-6b),
3.94 (25, 6H, 2 OCH,), 2.21, 2.08, 2.05, 2.04 ppm (45, 12H, 4 OAc);
CNMR (125 MHz, CDCly): 6=170.61, 170.02, 169.92, 169.83,
166.94 (5 CO), 151.01, 145.06, 144.92, 136.51, 130.13, 128.86,
126.87, 119.72, 119.32, 111.60 (12C, Ar-C), 97.50 (C-1), 69.48 (C-5),
69.43 (C-2), 68.91 (C-3), 66.12 (C-4), 62.29 (C-6), 56.01 (OCH,), 52.18
(CO,CH,), 20.95, 20.76, 20.74, 20.72 ppm (4 COCH,); HRMS: m/z:
caled for CyoH;,NaO,; [M+Na]*: 611.1735, found: 611.1736.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-0-D-mannopyranosyloxy)-3'-cy-
clopropylbiphenyl-4-carboxylate (12e): Prepared according to
general procedure B from 10e (100 mg, 0.184 mmol), 11 (36.4 mg,
0.202 mmol), Pd(dppf)Cl,-CH,Cl, (4.5mg, 5.5 umol) and K;PO,
(58.6 mg, 0.276 mmol). Yield: 60 mg (55%) as white solid. R;=0.48
(PE/EtOAC, 2:1); []® +53.0 (c=0.70, EtOAC); "HNMR (500 MHz,
CDCly): 6=8.08-8.07 (m, 2H, Ar-H), 7.59-7.57 (m, 2H, Ar-H), 7.37
(dd, J=2.4, 8.5 Hz, 1H, Ar-H), 7.19-7.17 (m, 2H, Ar-H), 5.64 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 5.61 (d, J=1.6 Hz, TH, H-1), 5.54 (dd, J=1.9,
3.4Hz, 1H, H-2), 542 (t, J=10.1 Hz, 1H, H-4), 431 (dd, J=5.3,
12.2 Hz, 1H, H-6a), 4.19-4.10 (m, 2H, H-5, H-6b), 3.94 (s, 3H, OCH,),
2.22 (s, 3H, OAc), 217 (m, TH, H-cPr), 2.08-2.05 (m, 9H, 3 OAc),
1.06-1.05 (m, 2H, CH,-cPr), 0.74-0.73 ppm (m, 2H, CH,-cPr);
BCNMR (125 MHz, CDCly): 6=170.55, 170.06, 170.02, 169.75,
166.98 (5 CO), 154.76, 145.12, 134.83, 133.56, 130.08, 128.58,
126.71, 125.33, 125.06, 114.84 (12C, Ar-C), 96.04 (C-1), 69.49 (C-5),
69.42 (C-2), 69.02 (C-3), 65.81 (C-4), 62.15 (C-6), 52.12 (OCH,), 20.91,
20.71 (4C, 4 COCH;), 9.78, 7.58 ppm (3C, cPr); elemental analysis
calcd (%) for CyoHs,04,: € 62.20, H 5.72, found: C 62.00, H 5.86.

Methyl 4'-(2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyloxy)-3'-cya-
nobiphenyl-4-carboxylate (12f): Prepared according to general
procedure B from 10f (100 mg, 0.189 mmol), 11 (37.5mg,
0.208 mmol), Pd(dppf)Cl,CH,Cl, (4.6 mg, 5.7 umol) and K;PO,
(60.2 mg, 0.284 mmol). Yield: 92 mg (84%) as white solid. R=0.18
(PE/EtOAC, 2:1); [a]? +61.4 (c=0.80, EtOAC); 'H NMR (500 MHz,
CDCly): 6=8.06-8.05 (m, 2H, Ar-H), 7.80 (d, J=2.3 Hz, 1H, Ar-H),
7.72 (dd, J=2.3, 8.8 Hz, 1H, Ar-H), 7.53-7.51 (m, 2H, Ar-H), 7.28 (d,
J=8.8Hz, 1H, Ar-H), 5.64 (d, J=1.7 Hz, 1H, H-1), 5.55 (dd, J=3.5,
10.0 Hz, 1H, H-3), 549 (dd, J=1.9, 3.4Hz, 1H, H-2), 537 (t, J=
10.0 Hz, 1H, H-4), 4.24 (dd, J=5.0, 12.4 Hz, 1H, H-6a), 4.12 (ddd,
J=22, 49, 10.0 Hz, TH, H-5), 4.05 (dd, J=2.2, 12.4 Hz, 1H, H-6b),
3.88 (s, 3H, OCH,), 2.16, 2.01, 1.99, 1.98 ppm (4s, 12H, 4 OAc);
BCNMR (125 MHz, CDCly): 6=170.45, 170.01, 169.78, 169.54,
166.65 (5 CO), 156.84, 142.44, 135.67, 132.36, 129.77, 126.76,
115.99, 115.18, 104.47 (13C, Ar-C, CN), 96.63 (C-1), 70.24 (C-5), 69.17
(C-2), 68.49 (C-3), 65.48 (C-4), 60.85 (C-6), 20.88, 20.73, 20.71,
20.64 ppm (4 COCH;); HRMS: m/z: calcd for C,oH,oNNaO,, [M+
Na] *: 606.1582, found: 606.1583.

Methyl 3'-fluoro-4'-(a-p-mannopyranosyloxy)biphenyl-4-carbox-
ylate (13a): Prepared according to general procedure C from 12a

(33 mg, 0.057 mmol). Yield: 15mg (65%). [a]? +114.3 (c=0.30,
MeOH); 'H NMR (500 MHz, CD,0D): 6=7.98-7.97 (m, 2H, Ar-H),
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7.63-7.61 (m, 2H, Ar-H), 7.42-7.36 (m, 3H, Ar-H), 545 (d, J=1.7 Hz,
1H, H-1), 3.99 (dd, /=1.9, 3.4 Hz, 1H, H-2), 3.82-3.84 (m, 4H, H-3,
OCH,), 3.71-3.56 ppm (m, 4H, H-4, H-5, H-6); *C NMR (125 MHz,
CD,0D): 6=168.34 (CO), 154.75 (d, J=243.8 Hz, Ar-C), 145.6 (2C,
Ar-C), 136.37 (d, J=6.9 Hz, Ar-C), 130.20, 129.20, 127.80, 124.33,
120.33 (7C, Ar-C), 116.00 (d, J=20.0 Hz, Ar-C), 101.40 (C-1), 75.97
(C-5), 72.31 (C-3), 71.82 (C-2), 68.18 (C-4), 62.65 (C-6), 52.65 ppm
(OCH;); HRMS: m/z: calcd for CyH, FNaOg [M+Na]*: 431.1113,
found: 431.1112.

Methyl 4'-(a-p-mannopyranosyloxy)-3’-methylbiphenyl-4-carbox-
ylate (13b): Prepared according to general procedure C from 12b
(31 mg, 0.054 mmol). Yield: 16 mg (73%). [a]® +110.5 (c=0.35,
MeOH); 'HNMR (500 MHz, CD,0D): 6=7.96-7.94 (m, 2H, Ar-H),
7.60-7.58 (m, 2H, Ar-H), 7.40-7.37 (m, 2H, Ar-H), 7.22 (d, J/=8.5 Hz,
1H, Ar-H), 547 (d, J=1.6 Hz, 1H, H-1), 3.97 (dd, J=1.9, 3.4 Hz, 1H,
H-2), 3.87 (dd, J=3.4, 9.5 Hz, 1H, H-3), 3.82 (s, 3H, OMe), 3.67-3.52
(m, 3H, H-4, H-6), 3.46 (m, 1H, H-5), 2.21 ppm (s, 3H, Me); 3C NMR
(125 MHz, CD,0D): 6 =168.56 (CO), 156.20, 146.86, 134.70, 131.07,
130.07, 130.54, 129.45, 128.92, 127.63, 126.85, 115.83 (12C, Ar-Q),
99.76 (C-1), 75.55 (C-5), 72.64 (C-3), 72.11 (C-2), 68.31 (C-4), 62.68
(C-6), 52.59 ppm (OCH,), 16.54 (CHs); HRMS: m/z: calcd for
C,;H,,NaO, [M+Na]*: 427.1363, found: 427.1370.

Methyl 3'-trifluoromethyl-4'-(a-p-mannopyranosyloxy)biphenyl-
4-carboxylate (13c): Prepared according to general procedure C
from 12¢ (30 mg, 0.048 mmol). Yield: 14 mg (64%). [a]?’ +113.1
(c=0.40, MeOH); 'H NMR (500 MHz, CD;0D): 6 =8.11-8.10 (m, 2H,
Ar-H), 7.92-7.90 (m, 2H, Ar-H), 7.75-7.73 (m, 2H, Ar-H), 7.63 (d, J=
84 Hz, 1H, Ar-H), 569 (d, J=15Hz, 1H, H-1), 409 (dd, /=138,
3.3 Hz, 1H, H-2), 3.98-3.94 (m, 4H, H-3, OMe), 3.79-3.73 (m, 3H, H-
4, H-6), 3.61 ppm (ddd, J=23, 57, 9.6Hz, 1H, H-5); *CNMR
(125 MHz, CD,0D): 6 =168.29 (CO), 155.54, 145.13, 134.74, 133.45,
131.36, 131.29, 130.32, 127.91, 127.85, 126.44, 117.80 (Ar-C), 100.27
(C-1), 76.13 (C-5), 72.24 (C-3), 71.74 (C-2), 68.09 (C-4), 62.67 ppm (C-
6), 52.69 (OMe); HRMS: m/z: calcd for C,H,;F;NaOg [M+Nal*:
481.1081, found: 481.1082.

Methyl 4'-(¢-p-mannopyranosyloxy)-3'-methoxybiphenyl-4-car-
boxylate (13d): Prepared according to general procedure C from
12d (32 mg, 0.055 mmol). Yield: 12mg (52%). [e]? +133.1 (c=
0.20, MeOH); 'H NMR (500 MHz, CD;0D): 6 =7.97-7.96 (m, 2H, Ar-
H), 7.63-7.61 (m, 2H, Ar-H), 7.21-7.11 (m, 3H, Ar-H), 5.37 (d, J=
1.7 Hz, 1H, H-1), 4.00 (dd, J=1.8, 3.4 Hz, TH, H-2), 3.86 (dd, J=3.5,
8.8 Hz, 1H, H-3), 3.82 (s, 6H, 2 CH,), 3.70-3.63 ppm (m, 4H, H-4, H-
5, H-6); *C NMR (125 MHz, CD;0D): 6 =168.50 (CO), 152.33, 147.40,
146.83, 136.56, 131.08, 129.76, 127.87, 120.86, 120.10, 112.54 (Ar-C),
101.51 (C-1), 75.66 (C-5), 72.40 (C-2), 72.00 (C-3), 68.34 (C-4), 62.70
(C-6), 56.61 (OMe), 52.63 ppm (OMe); HRMS: m/z: calcd for
C,;H,,NaO, [M+Na]*: 443.1313, found: 443.1315.

Methyl  3’-cyclopropyl-4'-(c.-p-mannopyranosyloxy)biphenyl-4-
carboxylate (13e): Prepared according to general procedure C
from 12e (21 mg, 0.035 mmol). Yield: 10 mg (67%). [a]? +101.6
(c=0.24, MeOH); "H NMR (500 MHz, CD,0D): 0 =8.07-8.05 (m, 2H,
Ar-H), 7.68-7.67 (m, 2H, Ar-H), 7.46 (dd, J=2.4, 8.5Hz, 1H, Ar-H),
733 (d, J/=85Hz 1H, Ar-H), 7.21 (d, J=2.4 Hz, 1H, Ar-H), 5.60 (d,
J=1.7 Hz, 1H, H-1), 413 (dd, J/=1.9, 3.3 Hz, 1H, H-2), 4.02 (dd, J=
3.4, 9.5 Hz, 1H, H-3), 3.93 (s, 3H, OMe), 3.81-3.74 (m, 3H, H-4, H-6),
3.69 (m, TH, H-5), 2.19 (m, TH, H-cPr), 1.01-0.99 (m, 2H, CH,-cPr),
0.76-0.74 ppm (m, 2H, CH,-cPr); *C NMR (125 MHz, CD,0D): 6=
168.54 (CO), 156.92, 146.98, 135.00, 134.59, 131.07, 127.34, 127.67,
126.39, 125.34, 116.29 (12C, Ar-C), 100.14 (C-1), 75.61 (C-5), 72.64
(C-3), 72.14 (C-2), 68.33 (C-4), 62.71 (C-6), 52.60 (OCH,), 10.93,
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8.06 ppm (3C, cPr); HRMS: m/z: calcd for C,H,NaOg [M+Na]*t:
453.1520, found: 453.1519.

Methyl 3’-cyano-4'-(a-p-mannopyranosyloxy)biphenyl-4-carbox-
ylate (13 f): Prepared according to general procedure C from 12 f
(37 mg, 0.063 mmol). Yield: 19 mg (73%). [«]? +101.1 (c=0.30,
MeOH); 'HNMR (500 MHz, CD,OD): 6 =8.00-7.99 (m, 2H, Ar-H),
7.90-7.85 (m, 2H, Ar-H), 7.65-7.63 (m, 2H, Ar-H), 7.50 (d, /=8.8 Hz,
1H, Ar-H), 5.63 (s, 1H, H-1), 403 (m, 1H, H-2), 3.91 (dd, J=2.8,
9.4 Hz, 1H, H-3), 3.83 (s, 3H, OMe), 3.69-3.60 (m, 3H, H-4, H-6),
3.50 ppm (m, TH, H-5); CNMR (125 MHz, CD,OD): & =168.22
(CO), 159.29, 144.38, 135.61, 134.50, 133.08, 131.31, 130.56, 127.87,
117.36, 116.75, 104.35 (13C, Ar-C, CN), 100.62 (C-1), 76.39 (C-5),
72.27 (C-2), 71.62 (C-3), 68.07 (C-4), 62.64 (C-6), 52.71 ppm (OMe);
HRMS: m/z: calcd for C,H,NNaOg [M+Na]*: 438.1159, found:
438.1162.

Sodium 3’-fluoro-4'-(a-p-mannopyranosyloxy)biphenyl-4-carbox-
ylate (14a): Prepared according to general procedure D from 12a
(50 mg, 0.087 mmol). Yield: 21 mg (58%). [a]? +112.7 (c=0.40,
MeOH); 'H NMR (500 MHz, D,0): § =7.78-7.77 (m, 2H, Ar-H), 7.46-
7.45 (m, 2H, Ar-H), 7.30-7.15 (m, 3H, Ar-H), 5.43 (s, 1H, H-1), 4.07
(s, TH, H-2), 3.93 (d, J=3.3 Hz, 1H, H-3), 3.68-3.62 ppm (m, 4H, H-
4, H-5, H-6); *CNMR (125 MHz, D,0): §=175.19 (CO), 153.02 (d,
J=242.6 Hz, Ar-C), 14252 (d, J=10.8Hz, Ar-C), 141.23 (Ar-Q),
135.53 (d, J=6.4 Hz, Ar-C), 135.07, 129.43, 126.25, 126.01, 122.96,
119.13 (Ar-C), 114.83 (d, J=19.4 Hz, Ar-C), 99.32 (C-1), 73.65 (C-5),
70.23 (C-3), 69.67 (C-2), 66.35 (C-4), 60.52 ppm (C-6); HRMS: m/z:
caled for CoH;sFNaOg [M+ Na] *: 417.0956, found: 417.0957.

Sodium  4'-(a-pD-mannopyranosyloxy)-3'-methylbiphenyl-4-car-
boxylate (14b): Prepared according to general procedure D from
12b (46 mg, 0.081 mmol). Yield: 5 mg (15%). [a]Z +85.7 (c=0.20,
MeOH); 'H NMR (500 MHz, D,0):  =7.78-7.76 (m, 2H, Ar-H), 7.53-
7.52 (m, 2H, Ar-H), 7.43-7.37 (m, 2H, Ar-H), 7.10 (d, J/=8.6 Hz, 1H,
Ar-H), 5.52 (d, J=1.6 Hz, TH, H-1), 4.07 (dd, J=1.9, 3.4 Hz, TH, H-2),
3.95 (dd, J=3.5, 9.6 Hz, 1H, H-3), 3.63-3.50 (m, 4H, H-4, H-5, H-6),
2.14 ppm (s, 3H, CH;); *C NMR (125 MHz, D,0): 6 =153.33, 142.57,
134.59, 133.97, 129.47, 128.42, 126.25, 125.43, 114.99 (12C, Ar-Q),
97.46 (C-1), 73.39 (C-5), 70.54 (C-3), 69.88 (C-2), 66.53 (C-4), 60.60
(C-6), 15.31 ppm (CH5); HRMS: m/z: calcd for CyH,,NaOg [M+ Na]*:
413.1207, found: 413.1209.

Sodium 3'-trifluoromethyl-4'-(a-p-mannopyranosyloxy)biphenyl-
4-carboxylate (14c): Prepared according to general procedure D
from 12c¢ (45 mg, 0.072 mmol). Yield: 25 mg (74%). [a]® +94.2
(c=0.30, MeOH); "H NMR (500 MHz, D,0): 6 =7.83-7.81(m, 3H, Ar-
H), 7.75 (d, J=8.7 Hz, 1H, Ar-H), 7.57-7.55 (m, 2H, Ar-H), 7.31 (d,
J=8.8Hz, 1H, Ar-H), 5.64 (s, 1H, H-1), 4.09 (d, J=1.5Hz, 1H, H-2),
394 (dd, J=3.4, 9.7 Hz, 1H, H-3), 3.67-3.60 (m, 3H, H-4, H-6),
3.54 ppm (m, TH, H-5); *C NMR (125 MHz, D,0): d=175.25 (CO),
152,40, 141.31, 135.09, 133.53, 131.93, 12946, 126.34, 125.59,
115.86 (12C, Ar-C), 97.20 (C-1), 73.68 (C-5), 70.19 (C-3), 69.58 (C-2),
66.36 (C-4), 60.55 ppm (C-6); HRMS: m/z: calcd for C,oH;oF;NaOg
[M+Na]*: 467.0924, found: 467.0923.

Sodium 4'-(a-D-mannopyranosyloxy)-3'-methoxybiphenyl-4-car-
boxylate (14d): Prepared according to general procedure D from
12d (47 mg, 0.080 mmol). Yield: 10 mg (29%). [a]® +115.1 (c=
0.30, MeOH); '"H NMR (500 MHz, D,0): 6=7.81-7.79 (m, 2H, Ar-H),
7.54-7.53 (m, 2H, Ar-H), 7.19-7.11 (m, 3H, Ar-H), 543 (d, J/=1.6 Hz,
1H, H-1), 410 (dd, J=1.8, 3.5 Hz, 1H, H-2), 3.96 (dd, J=3.5, 9.0 Hz,
1H, H-3), 3.78 (s, 3H, OCH,), 3.70-3.62 ppm (m, 4H, H-4, H-5, H-6);
3CNMR (125 MHz, D,0): 6=175.24 (CO), 149.53, 144.24, 142.42,
135.59, 134.75, 129.40, 126.41, 119.86, 118.03, 111.44 (12C, Ar-Q),
99.23 (C-1), 73.53 (C-5), 70.32 (C-3), 69.78 (C-2), 66.40 (C-4), 60.54
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(C-6), 55.81 ppm (OCH;); HRMS: m/z: calcd for C,H,,NaO, [M+
Na]™: 429.1156, found: 429.1154.

Sodium  3'-cyclopropyl-4'-(a.-D-mannopyranosyloxy)biphenyl-4-
carboxylate (14e): Prepared according to general procedure D
from 12e (28 mg, 0.047 mmol). Yield: 6 mg (26%). [al?’ +149.8
(c=0.20, MeOH); 'H NMR (500 MHz, D,0): 6 =7.79-7.77 (m, 2H, Ar-
H), 7.48-7.46 (m, 2H, Ar-H), 7.30 (d, J=7.8 Hz, 1H, Ar-H), 7.07-7.05
(m, 2H, Ar-H), 5.52 (s, 1H, H-1), 4.10 (m, 1H, H-2), 3.98 (dd, /=34,
9.5 Hz, 1H, H-3), 3.69-3.62 (m, 4H, H-4, H-5, H-6), 1.99 (m, TH, H-
cPr), 0.86-0.84 (m, 2H, CH,-cPr), 0.58-0.56 ppm (m, 2H, CH,-cPr);
BCNMR (125 MHz, D,0): 6=175.34 (CO), 153.82, 142.58, 134.57,
134.34, 133.74, 129.38, 126.26, 125.01, 124.01, 115.47 (12C, Ar-Q),
97.88 (C-1), 73.47 (C-5), 70.55 (C-3), 69.93 (C-2), 66.46 (C-4), 60.57
(C-6), 9.16, 7.26, 7.06 ppm (cPr); HRMS: m/z: calcd for C,,H,,ONaOg
[M+Na]*: 439.1363, found: 439.1363.

Sodium 3'-cyano-4'-(a-p-mannopyranosyloxy)biphenyl-4-carbox-
ylate (14f): A two-neck flask was charged with 10f (150 mg,
0.28 mmol), 4-carboxybenzene boronic acid pinacol ester (15)
(77 mg, 0.31 mmol), Pd(dppf)Cl, CH,Cl, (7 mg, 0.008 mmol), K;PO,
(89 mg, 0.42 mmol) and a stirring bar. The flask was evacuated and
flushed with argon, then anhydrous DMF (2 mL) was added under
a stream of argon. The mixture was degassed in an ultrasonic bath
and flushed with argon for 5 min, and then stirred at 80°C over-
night. The reaction mixture was cooled to RT, diluted with EtOAc
(50 mL), and washed with H,0 (50 mL) and brine (50 mL). The or-
ganic layer was dried over Na,SO, and concentrated in vacuo. The
residue was purified by MPLC on silica gel (CH,Cl,/MeOH, 10:1-8:1)
to afford the biphenyl intermediate (162 mg). The intermediate
was dissolved in dry MeOH (4 mL) and treated with freshly pre-
pared 1 M NaOMe/MeOH (28 uL) for 4 h at RT. The reaction mixture
was neutralized with Amberlyst-15 (H™), filtered and concentrated.
The crude product was transformed into the sodium salt by pass-
ing through a small column of Dowex 50X8 (Na* form) ion-ex-
change resin. After concentration the residue was purified by
MPLC (RP-18, H,0) followed by size-exclusion chromatography (P-2
gel, H,0) to give 14f (19 mg, 17%) as a white solid after final lyo-
philization from H,0. [a]¥ +753 (c=0.20, MeOH); 'HNMR
(500 MHz, D,0): 6=7.86-7.79 (m, 4H, Ar-H), 7.53-7.52 (m, 2H, Ar-
H), 7.31 (d, J=89Hz, 1H, Ar-H), 5.64 (d, J=1.9Hz, 1H, H-1), 411
(dd, J=1.9, 34Hz, 1H, H-2), 400 (dd, J=3.5, 9.7 Hz, 1H, H-3),
3.73-3.65 (m, 3H, H-4, H-6), 3.58 ppm (ddd, J=2.4, 5.5, 99 Hz, 1H,
H-5); “CNMR (125 MHz, D,0): 6=175.12 (CO), 156.82, 140.37,
134.39, 133.56, 131.83, 129.58, 126.25, 116.82, 115.78, 102.08 (13C,
Ar-C, CN), 98.09 (C-1), 73.97 (C-5), 70.29 (C-3), 69.54 (C-2), 66.36 (C-
4), 60.56 ppm (C-6); HRMS: m/z: calcd for C,;H,;NNaOg [M+Na]*:
424.1003, found: 424.1003.

3-Bromobenzyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside
(17 a): Prepared according to general procedure A from 8" and 3-
bromobenzyl alcohol (16a). Yield: 100 mg (34%) as colorless oil.
Ri=0.43 (PE/EtOAc, 2:1); [a]?® +42.0 (c=1.40, EtOAc); 'HNMR
(500 MHz, CDCl): 6 =7.48-7.46, 7.30-7.24 (m, 4H, Ar-H), 537 (dd,
1H, J=3.4, 10.1 Hz, H-3), 5.33-5.29 (m, 2H, H-2, H-4), 4.88 (d, 1H,
J=1.3Hz, H-1), 4.68, 4.54 (A, B of AB, J=12.1 Hz, 2H, CH,Ar), 4.29
(dd, 1H, J=5.2, 12.3 Hz, H-6a), 4.07 (dd, 1H, J=2.3, 12.3 Hz, H-6b),
3.99 (ddd, 1H, J=24, 5.2, 9.9 Hz, H-5), 2.15, 2.13, 2.05, 2.00 ppm
(4s, 12H, 4 OAc); PCNMR (125 MHz, CDCly): 6=170.59, 169.98,
169.87, 169.69 (4 CO), 138.49, 131.34, 131.09, 130.24, 126.66, 122.57
(Ar-C), 96.83 (C-1), 69.43, 69.02, 68.90, 68.78 (C-2, C-3, C-5, CH,Ar),
66.03 (C-4), 62.36 (C-6), 20.86, 20.76, 20.68 ppm (4C, COCH,); ESI-
MS: m/z: calcd for C,H,sBrNaO,, [M+ Na]*: 539.05, found: 539.14.
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5-Bromo-2-chlorobenzyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyra-
noside (17b): Prepared according to general procedure A from
8"? and 5-bromo-2-chlorobenzyl alcohol (16b). Yield: 152 mg
(48%) as a white solid. R=0.56 (PE/EtOAc, 2:1); [al +48.0 (c=
1.50, EtOAc); 'H NMR (500 MHz, CDCl;): 6=7.48 (t, J=1.8Hz, 1H,
Ar-H), 7.38 (s, 1H, Ar-H), 7.35 (d, J=1.8 Hz, 1H, Ar), 533 (m, 3H, H-
2, H-3, H-4), 4.88 (d, J=1.5 Hz, 1H, H-1), 4.65, 4.51 (A, B of AB, J=
12.3 Hz, 2H, CH,Ar), 430 (dd, J=5.3, 12.3 Hz, 1H, H-6a), 4.09 (dd,
J=2.4, 123 Hz, 1H, H-6b), 3.98 (ddd, /=24, 5.2, 9.7 Hz, 1H, H-5),
2.16, 2.13, 2.05, 2.01 ppm (45, 12H, 4 OAc); *CNMR (125 MHz,
CDCly): 6=170.58, 169.98, 169.89, 169.69 (4 CO), 139.77, 135.35,
129.25, 126.85, 122.91 (6C, Ar-C), 96.96 (C-1), 69.33, 68.93, 68.24
(4C, C-2, C-3, C-5, CH,Ar), 65.98 (C-4), 62.38 (C-6), 20.86, 20.77,
20.68 ppm (4C, 4COCH;); ESI-MS: m/z: calcd for C,,H,,BrCINaO;,
[M+Na]*: 573.01, found: 573.06.

2-Bromobenzyl 2,3,4,6-tetra-O-acetyl-a-p-mannopyranoside
(17 ¢): Prepared according to general procedure A from 8% and 2-
bromobenzyl alcohol (16c¢). Yield: 140 mg (47 %) as a white solid.
R=0.55 (petrol ether/EtOAc, 2:1); [a]¥ +44.6 (c=2.10, EtOAC);
"HNMR (500 MHz, CDCl,): §=7.57 (dd, J=1.0, 8.0 Hz, 1H, Ar-H),
7.47 (dd, J=1.4, 7.6 Hz, TH, Ar-H), 7.35 (td, J=1.1, 7.5 Hz, TH, Ar-
H), 7.20 (td, J=1.7, 79 Hz, TH, Ar-H), 5.41 (dd, J=3.5, 10.0 Hz, 1H,
H-3), 5.35 (dd, J=1.8, 3.5 Hz, 1H, H-2), 5.31 (t, J=9.9 Hz, 1H, H-4),
498 (d, J=1.6 Hz, 1H, H-1), 4.83, 461 (A, B of AB, J=12.7 Hz, 2H,
CH,Ar), 4.29 (dd, J=5.8, 12.6 Hz, 1H, H-6a), 4.10-4.06 (m, 2H, H-6b,
H-5), 2.17, 2.12, 2.04, 2.00ppm (4s, 12H, 4 OAc); “CNMR
(125 MHz, CDCly): 6=170.64, 170.02, 169.88, 169.72 (4 CO), 135.77,
132,69, 129.58, 129.49, 127.64, 122.96 (Ar-C), 97.33 (C-1), 69.48,
69.30, 69.10, 68.84 (C-2, C-3, C-5, CH,Ar), 66.05 (C-4), 62.35 (C-6),
20.88, 20.76, 20.69 ppm (4C, 4COCH,); ESI-MS: m/z: calcd for
C,;H,sBrNaO;, [M+Na]*: 539.05, found: 539.14.

Methyl  3'-[(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)me-
thyl]biphenyl-4-carboxylate (18a): Prepared according to general
procedure B from 17a (87.0mg, 0.167 mmol), 11 (33.1 mg,
0.184 mmol), Pd(dppf)Cl,-CH,Cl, (4.1 mg, 5.0 umol) and K;PO,
(53.2 mg, 0.251 mmol). Yield: 70 mg (73 %) as colorless oil. R;=0.30
(PE/EtOAC, 2:1); [al? +41.2 (c=1.00, EtOAc); 'HNMR (500 MHz,
CDCly): 6=8.13-8.11 (m, 2H, Ar-H), 7.68-7.67 (m, 2H, Ar-H), 7.60-
7.58 (m, 2H, Ar-H), 7.48 (t, J=4.7 Hz, 1H, Ar-H), 7.39 (d, J=7.7 Hz,
1H, Ar-H), 5.41 (dd, J=3.4, 10.0 Hz, 1H, H-3), 5.33-5.30 (m, 2H, H-2,
H-4), 4.94 (d, J=1.5Hz, 1H, H-1), 479, 4.64 (A, B of AB, J=12.0 Hz,
2H, CH,Ar), 430 (dd, J=5.0, 12.1 Hz, TH, H-6a), 4.09-4.03 (m, 2H,
H-6b, H-5), 3.94 (s, 3H, OMe), 2.15, 2.11, 2.04, 2.00 ppm (4 s, 12H, 4
OAc); *C NMR (125 MHz, CDCl,): 6 =170.64, 170.03, 169.91, 169.73,
166.94 (5 CO), 145.11, 14041, 136.97, 130.15, 129.27, 129.09,
127.94, 127.22, 127.11 (12C, Ar-C), 96.76 (C-1), 69.57, 69.09, 68.94,
66.12 (C-2, C-3, C-5, CH,Ar), 62.40 (C-4), 60.38 (C-6), 52.15 (OMe),
20.89, 20.77, 20.69 ppm (4C, 4COCH,); ESI-MS: m/z: calcd for
CyoH3,NaO;, [M+Nal*: 595.18, found: 595.21.

Methyl 3'-[(2,3,4,6-tetra-O-acetyl-a.-D-mannopyranosyloxy)meth-
yl1-4'-chlorobiphenyl-4-carboxylate (18b): Prepared according to
general procedure B from 17b (143 mg, 0.260 mmol), 11 (51.5 mg,
0.286 mmol), Pd(dppf)Cl,-CH,Cl, (6.4 mg, 7.8 umol) and K;PO,
(82.8 mg, 0.390 mmol). Yield: 133 mg (84%) as colorless oil. Ri=
030 (PE/EtOAc, 2:1); [ald +459 (c=1.20, EtOAc); 'HNMR
(500 MHz, CDCl,): 6 =8.13-8.11 (m, 2H, Ar-H), 7.65-7.64 (m, 2H, Ar-
H), 7.57 (t, J=1.8Hz, 1H, Ar-H), 7.47 (s, 1H, Ar-H), 7.37 (s, TH, Ar-
H), 540 (dd, J=3.4, 10.1 Hz, 1H, H-3), 533-5.29 (m, 2H, H-2, H-4),
493 (d, J=1.4Hz, 1H, H-1), 476, 461 (A, B of AB, J=12.1 Hz, 2H,
CH,Ar), 431 (dd, J=5.2, 123 Hz, 1H, H-6a), 4.11 (dd, J=23,
12.3 Hz, 1H, H-6b), 4.03 (ddd, /=24, 5.2, 9.9 Hz, 1H, H-5), 3.95 (s,
3H, OMe), 2.16, 2.12, 2.05, 2.00 ppm (4s, 12H, 40Ac); C NMR
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(125 MHz, CDCly): 6 =170.61, 170.02, 169.90, 169.72, 166.75 (5 CO),
143.68, 142.16, 138.79, 135.11, 130.26, 129.68, 127.14, 125.14 (12C,
Ar-C), 96.85 (C-1), 68.99, 68.89, 68.85, 66.07 (C-2, C-3, C-5, CH,Ar),
62.42 (C-4), 60.39 (C-6), 52.23 (OMe), 20.89, 20.78, 20.71, 20.69 ppm
(4COCH,); ESI-MS: m/z: calcd for CyoH;,CINaO,, [M+Na]™: 629.14,
found: 629.10.

Methyl  2'-[(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)me-
thyllbiphenyl-4-carboxylate (21): Prepared according to general
procedure B from 17c (115mg, 0.223 mmol), 11 (44.1 mg,
0.245 mmol), Pd(dppf)Cl,-CH,Cl, (5.5mg, 6.7 umol) and K;PO,
(71.0 mg, 0.335 mmol). Yield: 120 mg (94%) as colorless oil. Ri=
0.41 (PE/EtOAc, 2:1); [al® +383 (c=2.00, EtOAc); 'HNMR
(500 MHz, CDCl;): =8.11-8.10 (m, 2H, Ar-H), 7.51-7.48 (m, TH, Ar-
H), 7.45-7.41 (m, 4H, Ar-H), 7.29 (m, 1H, Ar-H), 5.27-5.21 (m, 2H,
H-3, H-4), 5.19 (dd, J=1.9, 3.3 Hz, 1H, H-2), 477 (d, J=1.4Hz 1H,
H-1), 4.67, 4.34 (A, B of AB, J=11.3 Hz, 2H, CH,Ar), 4.13 (dd, /=5.2,
12.5 Hz, 1H, H-6a), 3.94 (s, 3H, OMe), 3.90 (dd, /=22, 123 Hz, 1H,
H-6a), 3.52 (ddd, J=2.2, 5.1, 9.3 Hz, 1H, H-5), 2.13, 2.05, 2.04,
1.99 ppm (45, 12H, 4 OAc); *C NMR (125 MHz, CDCl,): 6 =170.52,
169.95, 169.82, 169.74, 166.77 (5 CO), 145.48, 141.44, 13346,
129.99, 129.91, 129.58, 129.22, 128.52, 128.21 (12C, Ar-C), 97.20 (C-
1), 69.47 (C-2), 68.98 (C-3), 68.48 (C-5), 68.13 (CH,Ar), 65.88 (C-4),
62.15 (C-6), 52.18 (OMe), 20.85, 20.66, 20.62 ppm (4C, 4COCH,);
ESI-MS: m/z: caled for C,H;,NaO;, [M+Na]™: 595.18, found:
595.21.

Methyl 3’-[(a-D-mannopyranosyloxy)methyl]biphenyl-4-carboxyl-
ate (19a): Prepared according to general procedure C from 18a
(24 mg, 0.042 mmol). Yield: 11 mg (65%). R=0.40 (CH,Cl,/MeOH,
8:1); [a]?’ +68.0 (c=0.34, MeOH); 'H NMR (500 MHz, CD;0D): 6 =
8.11-8.09 (m, 2H, Ar-H), 7.77-7.75 (m, 2H, Ar-H), 7.70 (s, TH, Ar-H),
7.63 (d, J=7.6 Hz, 1H, Ar-H), 7.49 (t, J=7.6 Hz, 1H, Ar-H), 7.45 (d,
J=7.6Hz, 1H, Ar-H), 4.90 (d, J=1.8 Hz, 1H, H-1), 4.86, 4.63 (A, B of
AB, J=12.0 Hz, 2H, CH,Ar), 3.94 (s, 3H, OMe), 3.89-3.87 (m, 2H, H-
2, H-3), 3.79-3.73 (m, 2H, H-4, H-6a), 3.68-3.64 ppm (m, 2H, H-5, H-
6b); *CNMR (125 MHz, CD,0D): 6 =168.42 (CO), 146.91, 141.31,
139.97, 131.13, 130.20, 129.07, 128.17, 127.91, 127.67 (12C, Ar-Q),
100.76 (C-1), 75.02 (C-5), 72.65 (C-3), 72.22 (C-2), 69.73 (CH,Ar),
68.65 (C-4), 62.98 (C-6), 52.66 ppm (OMe); HRMS: m/z: calcd for
CyH,NaOg [M+Na]™: 427.1363, found: 427.1361.

Methyl 4'-chloro-3'-[(a¢-D-mannopyranosyloxy)methyllbiphenyl-
4-carboxylate (19b): Prepared according to general procedure C
from 18b (40 mg, 0.066 mmol). Yield: 26 mg (90%). R;=0.19
(CH,Cl/MeOH, 8:1); [a]® +101.8 (c=050, MeOH); 'HNMR
(500 MHz, CD;0D): 6=8.06 (d, J=8.4Hz, 2H, Ar-H), 7.69 (d, J=
8.4 Hz, 2H, Ar-H), 7.57-7.56 (m, 2H, Ar-H), 7.41 (s, 1H, Ar-H), 4.87 (s,
1H, H-1), 4.80, 4.58 (A, B of AB, J=12.3 Hz, 2H, CH,Ar), 3.91 (s, 3H,
OMe), 3.87-3.83 (m, 2H, H-2, H-3), 3.74-3.57 ppm (m, 4H, H-4, H-5,
H-6); *CNMR (125 MHz, CD;0D): 6 =168.74 (CO), 145.78, 143.68,
142.71, 136.55, 131.75, 131.31, 129.02, 128.77, 127.95, 126.63 (12C,
Ar-C), 101.47 (C-1), 75.65 (C-5), 73.16 (C-3), 72.65 (C-2), 69.49
(CH,Ar), 69.13 (C-4), 63.49 (C-6), 53.26 ppm (OMe); HRMS: m/z:
calcd for C,;H,;CINaOg [M+ Na] *: 461.0974, found: 461.0975.

Methyl 2'-[(a-p-mannopyranosyloxy)methyllbiphenyl-4-carboxyl-
ate (22): Prepared according to general procedure C from 21
(48 mg, 0.084 mmol). Yield: 16 mg (47 %). R;=0.42 (CH,Cl,/MeOH,
8:1); [a]® +61.9 (c=0.90, MeOH); 'H NMR (500 MHz, CD;0D): § =
8.11-8.09 (m, 2H, Ar-H), 7.57 (m, 1H, Ar-H), 7.51-7.49 (m, 2H, Ar-H),
7.43-7.40 (m, 2H, Ar-H), 731 (m, 1H, Ar-H), 471 (A of AB, J=
11.4 Hz, 1H, CH,Ar), 4.70 (d, J=1.5Hz, 1H, H-1), 438 (B of AB, J=
11.4 Hz, 1H, CH,Ar), 3.75-3.60 (m, 5H, H-2, H-3, H-4, H-6), 3.95 (s,
3H, OMe), 3.40 ppm (ddd, J=3.0, 5.6, 6.8 Hz, 1H, H-5); *C NMR
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(125 MHz, CD;0D): d=168.42 (CO), 147.33, 142.66, 136.03, 130.83,
130.53, 130.47, 129.26, 129.15 (12C, Ar-C), 101.14 (C-1), 74.78 (C-5),
72.60 (C-3), 72.18 (C-2), 6837 (2C, C-4, CH,Ar), 62.71 ppm (C-6),
52.69 (OMe); HRMS: m/z: caled for CyH,,NaOgNa [M+Na]*:
427.1363, found: 427.1367.

Sodium 3'-[(a-D-mannopyranosyloxy)methyl]biphenyl-4-carbox-
ylate (6): Prepared according to general procedure D from 18a
(35 mg, 0.061 mmol). Yield: 24 mg (96%). [a]?® +64.5 (c=0.30,
MeOH/H,0 1:1); 'H NMR (500 MHz, D,0): 6 =7.80-7.78 (m, 2H, Ar-
H), 7.50-7.43 (m, 4H, Ar-H), 7.31-7.24 (m, 2H, Ar-H), 4.82 (s, 1H, H-
1), 4.58, 440 (A, B of AB, J=11.5Hz, 2H, CH,Ar), 3.82 (m, 1H, H-2),
3.75-3.50 ppm (m, 5H, H-3, H-4, H-5, H-6); >*C NMR (125 MHz, D,0):
d=175.14 (CO), 142.69, 140.05, 137.34, 135.01, 129.46, 129.28,
127.92, 126.87, 126.64 (12C, Ar-C), 99.40 (C-1), 72.84 (C-5), 70.51 (C-
3), 70.01 (C-2), 69.29 (CH,Ar), 66.61 (C-4), 60.71 ppm (C-6); HRMS:
m/z: caled for C,0H,,NaO, [M+Na]*: 413.1207, found: 413.1211.

Sodium 4'-chloro-3'-[(a-D-mannopyranosyloxy)methyl]biphenyl-
4-carboxylate (20): Prepared according to general procedure D
from 18b (54 mg, 0.089 mmol). Yield: 4 mg (10%). [a]?’ +44.7 (c=
0.30, MeOH); 'H NMR (500 MHz, D,0): 6=7.86 (d, J=7.8 Hz, 2H,
Ar-H), 7.58-7.56 (m, 3H, Ar-H), 7.46, 7.34 (2's, 2H, Ar-H), 4.90 (s, 1H,
H-1), 4.58, 4.50 (A, B of AB, J=12.3 Hz, 2H, CH,Ar), 3.91 (s, 1H, H-
2), 3.78-3.75 (m, 2H, H-3, H-4), 3.71-3.59 ppm (m, 3H, H-5, H-6);
3CNMR (125 MHz, D,0): 6=174.76 (CO), 141.82, 141.55, 139.40,
134.37, 129.56, 127.34, 126.74, 126.62, 125.15 (12C, Ar-C), 99.99 (C-
1), 72.96 (C-5), 70.55 (C-3), 70.04 (C-2), 68.72 (CH,Ar), 66.66 (C-4),
60.77 ppm (C-6); HRMS: m/z: calcd for C,oH,,CINaOg [M+Na]*:
447.0817, found: 447.0816.

Sodium 2'-[(a-D-mannopyranosyloxy)methyllbiphenyl-4-carbox-
ylate (23): Prepared according to general procedure D from 21
(78 mg, 0.137 mmol). Yield: 26 mg (46%). [a]® +53.2 (c=0.40,
MeOH); "H NMR (500 MHz, D,0): § =7.91-7.89 (m, 2H, Ar-H), 7.43-
7.34 (m, 5H, Ar-H), 7.26 (m, 1H, Ar-H), 4.68 (s, 1H, H-1), 4.57, 4.31
(A, B of AB, J/=10.8 Hz, 2H, CH.,Ar), 3.57 (m, 1H, H-2), 3.46-3.39 (m,
4H, H-3, H-4, H-6), 2.83 ppm (m, 1H, H-5); 3C NMR (125 MHz, D,0):
0=173.20 (CO), 144.48, 141.80, 133.47, 132.43, 130.69, 129.95,
129.27, 128.96, 128.32 (12C, Ar-C), 99.90 (C-1), 72.44 (C-5), 70.33 (C-
3), 69.82 (C-2), 68.14 (CH,Ar), 65.99 (C-4), 60.25 ppm (C-6); HRMS:
m/z: caled for C,0H,,NaOg [M+Nal*: 413.1207, found: 413.1208.

4-(4,4,5,5-Tetramethyl)-1,3,2-dioxaborolan-2-yl)phenyl  2,3,4,6-
tetra-O-acetyl-a-D-mannopyranoside (27): A microwave tube was
charged with 268”7 (240 mg, 0.55mmol), KOAc (161 mg,
1.65 mmol), bis(pinacolato)diborone (152 mg, 0.60 mmol) and Pd-
(dppf)Cl,:CH,Cl, (13 mg, 0.017 mmol). The tube was closed, evacu-
ated and flushed with argon. Then anhydrous DMF (1 mL) was
added under a stream of argon. The mixture was degassed in an
ultrasonic bath and flushed with argon for 5 min, and then heated
by microwave irradiation at 120°C for 2 h. The reaction mixture
was cooled to RT and diluted with CH,CI,/H,O (100 mL, 1:1). The
organic layer was washed with H,0O (50 mL) and brine (50 mL),
dried over Na,SO, and concentrated. The residue was purified by
MPLC (toluene/EtOAc, 4:1) to afford 27 (120 mg, 50%) as colorless
oil. [a]? +58.1 (c=0.60, EtOAC); 'H NMR (500 MHz, CDCl,): =7.76
(d, J=8.6 Hz, 2H, Ar-H), 7.08 (d, J=8.6 Hz, 2H, Ar-H), 5.58-5.55 (m,
2H, H-1, H-3), 5.45 (dd, /=1.9, 3.4 Hz, 1H, H-2), 5.37 (t, J=10.0 Hz,
1H, H-4), 4.28 (dd, J=5.0, 12.0 Hz, 1H. H-6a), 4.05-4.02 (m, 2H, H-
6b, H-5), 2.20, 2.05, 2.03 (3, 12H, 4 OAc), 1.33 ppm (s, 12H, 4
CH,); CNMR (125 MHz, CDCl,): 6=170.55, 169.91, 169.74 (4C, 4
CO), 157.98, 136.62, 136.58, 115.67 (5C, Ar-C), 95.44 (C-1), 83.77 (Ar-
C), 69.37 (C-2), 69.21 (C-5), 68.87 (C-3), 65.92 (C-4), 62.06 (C-6),
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24.86, 24.58 (4C, 4 CH,), 20.87, 20.69 ppm (4C, 4COCH.); ESI-MS:
m/z: caled for C,4H3sBNaO;,, [M+ Na]*: 573.21, found: 573.32.

Methyl 2-[4'-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)bi-
phenyl-4-yl]acetate (29): Prepared according to general procedure
B from methyl 2-(4-bromophenyl)acetate (28, 41.2mg,
0.180 mmol), 27 (109 mg, 0.198 mmol), Pd(dppf)Cl,-CH,Cl, (4.4 mg,
5.4 umol) and K;PO, (57.3 mg, 0.270 mmol). Yield: 35 mg (34%) as
yellow oil. R=0.25 (petrol ether/EtOAc 2:1); [a]? +75.09 (c=0.8,
EtOAc); 'HNMR (500 MHz, CDCl,): 6=7.52-7.49 (m, 4H, Ar-H),
7.35-7.33 (m, 2H, Ar-H), 7.17-7.14 (m, 2H, Ar-H), 5.60-5.56 (m, 2H,
H-1, H-3), 5.47 (dd, J=1.8, 3.5 Hz, 1H, H-2), 538 (t, J/=10.0 Hz, 1H,
H-4), 4.29 (dd, J=5.0, 11.9 Hz, 1H, H-6a), 4.15-4.08 (m, 2H, H-6b, H-
5), 3.71 (s, 3H, OMe), 3.66 (s, 2H, ArCH,), 2.21, 2.06, 2.05, 2.03 ppm
(4s, 12H, 4 OAc); *CNMR (125 MHz, CDCly): 6=171.99, 170.53,
169.99, 169.95, 169.76 (5 CO), 155.09, 139.26, 135.72, 132.83,
129.73, 128.21, 127.03, 116.82 (12C, Ar-C), 95.87 (C-1), 69.43 (C-2),
69.23 (C-5), 68.91 (C-3), 65.99 (C-4), 62.15 (C-6), 52.11 (OMe), 40.78
(ArCH,), 20.88, 20.71, 20.70, 20.67 ppm (4COCH.); ESI-MS: m/z:
caled for CyoH;,NaO,, [M+ Na]*: 595.18, found: 595.21.

Methyl 2-[4'-(2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyloxy)bi-
phenyl-4-yl]cyclopropanecarboxylate (33): Prepared according to
general procedure B from methyl 1-(4-bromophenyl)cyclopropane-
carboxylate (32, 42.6 mg, 0.167 mmol), 27 (101 mg, 0.184 mmol),
Pd(dppf)Cl,-CH,Cl, (4.1 mg, 5.0pmol) and K;PO, (53.2mg,
0.251 mmol). Yield: 60 mg (56%) as colorless oil. R;=0.31 (PE/
EtOAc, 2:1); [a]é0 +70.2 (c=1.00, EtOACc); "H NMR (500 MHz, CDCl):
0=7.54-7.48 (m, 4H, Ar-H), 7.40-7.39 (m, 2H, Ar-H), 7.17-7.14 (m,
2H, Ar-H), 5.59 (dd, J=3.55, 10.1 Hz, 1H, H-3), 5.56 (d, J=1.6 Hz,
1H, H-1), 5.46 (dd, J=1.9, 3.5 Hz, 1H, H-2), 538 (t, J=10.0 Hz, 1H,
H-4), 4.29 (dd, J=5.1, 12.0 Hz, 1H, H-6a), 4.15-4.09 (m, 2H, H-6b,
H-5), 3.65 (s, 3H, OMe), 2.21, 2.06, 2.05, 2.03 (4s, 12H, 4 OAc),
1.64-162 (m, 2H, cPr), 1.27-1.16 ppm (m, 2H, cPr); *CNMR
(125 MHz, CDCly): 6 =175.04, 170.53, 169.98, 169.95, 169.75 (5 CO),
155.10, 139.25, 138.43, 135.76, 130.94, 128.24, 126.61, 116.80 (12C,
Ar-C), 95.89 (C-1), 69.44 (C-5), 69.23 (C-2), 68.90 (C-3), 66.00 (C-4),
62.15 (C-6), 52.42 (OMe), 28.67 (cPr), 20.71, 20.68 (4C, 4COCH,),
16.75 ppm (cPr); ESI-MS: m/z: caled for C;H;,NaO,, [M+Na]":
621.19, found: 621.26.

Methyl 2-[4'-(a-D-mannopyranosyloxy)biphenyl-4-yllacetate (30):
Prepared according to general procedure C from 29 (30 mg,
0.052 mmol). Yield: 20 mg (95 %). R;=0.25 (CH,Cl,/MeOH, 8:1); [a]¥
+116.0 (c=0.50, MeOH); 'H NMR (500 MHz, CD,0D): § =7.57-7.53
(m, 4H, Ar-H), 7.34-7.33 (m, 2H, Ar-H), 7.22-7.20 (m, 2H, Ar-H),
5.54 (d, J=1.5Hz, 1H, H-1), 4.05 (dd, /=1.8, 3.3 Hz, 1H, H-2), 3.95
(dd, J=3.4, 9.5 Hz, 1H, H-3), 3.82-3.74 (m, 3H, H-4, H-6), 3.71 (s,
3H, OMe), 3.66 (s, 2H, ArCH,), 3.65 ppm (ddd, J=2.5, 5.2, 9.7 Hz,
1H, H-5); CNMR (125 MHz, CD;OD): 6=174.02 (CO), 157.50,
140.77, 136.22, 134.29, 130.81, 129.00, 127.77, 118.13 (12C, Ar-Q),
100.23 (C-1), 75.42 (C-5), 72.45 (C-3), 72.03 (C-2), 68.38 (C-4), 62.70
(C-6), 52.49 (OMe), 41.34 ppm (ArCH,); HRMS: m/z: calcd for
C,;H,,NaOg [M+Nal*: 427.1363, found: 427.1363.

Methyl 2-[4'-(a-D-mannopyranosyloxy)biphenyl-4-yl]cyclopropa-
necarboxylate (34): Prepared according to general procedure C
from 33 (38 mg, 0.063 mmol). Yield: 9 mg (33%). R=0.33 (CH,Cl,/
MeOH, 8:1); [a]? +108.0 (c=0.30, MeOH); 'HNMR (500 MHz,
CD,0D): 6=7.46-7.39 (m, 4H, Ar-H), 7.28-7.26 (m, 2H, Ar-H), 7.10-
7.07 (m, 2H, Ar-H), 542 (d, J=1.7 Hz, 1H, H-1), 3.93 (dd, J=1.9,
34 Hz, 1H, H-2), 3.82 (dd, /=34, 9.4 Hz, 1H, H-3), 3.69-3.61 (m,
3H, H-4, H-6), 3.53 (m, 4H, OMe, H-5), 1.49-1.47 (m, 2H, cPr), 1.14-
1.11 ppm (m, 2H, cPr); *CNMR (125 MHz, CD,0OD): ¢=157.50,
140.87, 139.51, 136.26, 132.03, 129.04, 127.43, 118.11 (12C, Ar-Q),
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100.20 (C-1), 75.43 (C-5), 72.42 (C-3), 72.02 (C-2), 68.34 (C-4), 62.68
(C-6), 52.81 (OMe), 17.20 ppm (2C, cPr); HRMS: m/z: calcd for
Cy3H,6NaOg [M+Nal*: 453.1520, found: 453.1523.

Sodium 2-[4'-(a-D-mannopyranosyloxy)biphenyl-4-ylJacetate
(31): Prepared according to general procedure D from 29 (59 mg,
0.103 mmol). Yield: 17 mg (40%). [a]Z’ +94.0 (c=0.20, MeOH/H,0
1:1); "TH NMR (500 MHz, D,0): 6=7.61 (d, /=8.6 Hz, 2H, Ar-H), 7.55
(d, J/=8.0Hz, 2H, Ar-H), 7.31 (d, J=8.0 Hz, 2H, Ar-H), 7.19 (d, J=
8.6 Hz, 2H, Ar-H), 5.60 (s, 1H, H-1), 413 (m, 1H, H-2), 4.00 (dd, J=
3.2, 8.5Hz, 1H, H-3), 3.75-3.67 (m, 4H, H-4, H-5, H-6), 3.51 ppm (s,
2H, ArCH,); CNMR (125 MHz, D,0): 6=154.94, 137.93, 136.29,
135.08, 129.76, 128.07, 126.72, 117.49 (12C, Ar-C), 98.20 (C-1), 73.37
(C-5), 70.40 (C-3), 69.89 (C-2), 66.58 (C-4), 60.65 (C-6), 43.89 ppm
(ArCH,); HRMS: m/z: calcd for CyH,,NaOg [M-+Na]™: 413.1207,
found: 413.1208.

Sodium 2-[4'-(a-D-mannopyranosyloxy)biphenyl-4-yllcyclopropa-
necarboxylate (35): Prepared according to general procedure D
from 33 (59 mg, 0.099 mmol). Yield: 10 mg (23%). [a]Z’ +95.0 (c=
0.20, dioxane/H,0 1:1); '"H NMR (500 MHz, D,0): 6 =7.62-7.60 (m,
2H, Ar-H), 7.54-7.53 (m, 2H, Ar-H), 7.38-7.19 (m, 4H, Ar-H), 5.60 (s,
1H, H-1), 413 (m, 1H, H-2), 400 (m, 1H, H-3), 3.75-3.67 (4H, H-4,
H-5, H-6), 1.33 (s, 2H, cPr), 1.01 ppm (s, 2H, cPr); CNMR
(125 MHz, D,0): 6 =128.67, 126.10, 124.37, 115.47 (12C, Ar-C), 96.18
(C-1), 71.35 (C-5), 68.38 (C-3), 67.87 (C-2), 64.56 (C-4), 58.62 (C-6),
12.66 ppm (2C, cPr); HRMS: m/z: calcd for C,,H,,NaOg [M+Na]*:
439.1363, found: 439.1363.

Competitive binding assay

A recombinant protein consisting of the CRD of FimH linked with
a thrombin cleavage site (Th) to a Hiss-tag (FimH-CRD-Th-His,) was
expressed in E. coli strain HM125 and purified by affinity chroma-
tography."® To determine the affinity of the various FimH antago-
nists, a competitive binding assay described previously"® was ap-
plied. Microtiter plates (F96 MaxiSorp, Nunc) were coated with
a 10ugmL™' solution of FimH-CRD-Th-His, in 20 mm HEPES,
150 mm NaCl, and 1 mm CaCl,, pH 7.4 (assay buffer), 100 uL per
well, overnight at 4°C. The coating solution was discarded, and the
wells were blocked with 3% BSA in assay buffer (150 uL per well)
for 2 h at 4°C. After three washing steps with assay buffer (150 uL
per well), a fourfold serial dilution of the test compound (50 pL per
well) in assay buffer containing 5% DMSO and streptavidin-perox-
idase coupled Man-a(1-3)[Man-0(1-6)]-Man-B(1-4)-GlcNAc-B(1-4)-
GIcNAcP polyacrylamide (TM-PAA) polymer (50 uL per well of
a 0.5 ugmL™" solution) were added. On each individual microtiter
plate, n-heptyl a-p-mannopyranoside (1) was tested in parallel. The
plates were incubated for 3 h at 25°C and 350 rpm and then care-
fully washed four times with 150 pL per well assay buffer. After the
addition of 100 uL per well of 2,2"-azino-di-(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS) substrate, the colorimetric reaction was al-
lowed to develop for 4 min and then was stopped by the addition
of 2% aqueous oxalic acid before the optical density (OD) was
measured at 415 nm on a microplate reader (Spectramax 190, Mo-
lecular Devices, CA, USA). The ICs, values of the compounds tested
in duplicate were calculated with Prism software (GraphPad Soft-
ware Inc., La Jolla, CA, USA). The ICs, defines the molar concentra-
tion of the test compound that decreases the maximal specific
binding of TM-PAA polymer to FimH-CRD by 50%. The relative 1Cy,
(rICsy) is the ratio of the ICs, of the test compound to the ICs, of n-
heptyl a-b-mannopyranoside (1).
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Cell-based flow cytometry assay

The assay was performed as described previously."” Briefly, 5637
cells (DSMZ, Braunschweig, Germany) were grown to confluence in
24-well plates. Before infection, a serial dilution of test compound
in 5% DMSO, PBS (Sigma-Aldrich) was prepared. GFP-labeled
UTI89 bacteria (200 uL) in RPMI 1640 medium (Invitrogen, Basel,
Switzerland) were pre-incubated with test compound (25 pL) for
10 min at RT. The bacteria—antagonist mixtures were then added
to the monolayers of 5637 cells. The multiplicity of infection (MOI)
was 1:50 (cell/bacteria). To homogenize the infection, plates were
centrifuged at RT for 3 min at 600 g. After an incubation time of
1.5h at 37°C, infected cells were washed four times with RPMI
1640 medium and suspended in ice-cold PBS for 5-20 min (treat-
ment with ice-cold PBS results in the detachment of the infected
cells). Cells were then kept in the dark until analysis. Samples were
measured with a CyAn ADP flow cytometer (Beckman-Coulter,
Brea, CA, USA) and analyzed by gating on the eukaryotic cells
based on forward (FSC) and side scatter (SSC), which excludes un-
bound labeled bacteria and debris from analysis. A total of 10*
cells were measured per sample. Data were acquired in a linear
mode for the SSC and logarithmic mode for FSC and the green flu-
orescent channel FL1-H (GFP). The mean fluorescence intensity
(MFI) of GFP was counted as a surrogate marker for the adherence
of bacteria. Quantification of adhesion was evaluated with the
FlowJo software 9.0.1 (Tree Star Inc., Ashland, OR, USA). IC, values
were determined by plotting the concentration of the antagonist
in a logarithmic mode versus the MFI and by fitting the curve with
Prism software (GraphPad, inhibition curve, variable slope), (n=2-
3, in duplicate/triplicate).

Isothermal titration calorimetry (ITC)

For the ITC experiments, the His tag in FimH-CRD-Th-His, was
cleaved." Briefly, the protein (1 mg) was incubated with 10U
thrombin (T-6884, Sigma-Aldrich) in 20 mm Tris:HCl, pH 8.4,
150 mm NaCl and 2.5 mm CaCl, (cleavage buffer) at 20°C for 16 h.
The mixture was then applied to a gel filtration column (Bio-Prep
SE100/17, Bio-Rad) attached to an FPLC system. The chromatogra-
phy was run with assay buffer and analyzed by SDS-PAGE. The frac-
tions containing FimH-CRD were pooled and concentrated by ul-
trafiltration (MWCO10, Sartorius AG, Tagelswangen, Switzerland).

The ITC experiments were performed using a VP-ITC instrument
from MicroCal Inc. (GE Healthcare, Northampton, MA, USA). The
measurements were performed at 25°C. Prior to measurements,
the protein was dialyzed in assay buffer (10 mm HEPES, 150 mm
NaCl, 1 mm CaCl,, pH 7.4 (HBS-Ca). Injections of 3-5 pL ligand solu-
tions (150 pm) were added at an interval of 10 min into the sample
cell solution containing FimH-CRD (8-22 um, sample cell volume
1.4523 mL) with stirring at 307 rpm. Protein concentration was de-
termined by HPLC-UV against a BSA standard.*® The quantity c=
Mt(0) Ky ', where Mt(0) is the initial macromolecule concentration,
is of importance in titration microcalorimetry. The ¢ values ranged
between 300 and 3200. Because the smallest reliable volumes
were injected, sigmoidal curves were obtained. Control experi-
ments injecting ligand solution into buffer without protein showed
that the heat of dilution was small and constant. Baseline correc-
tion and peak integration were accomplished using Origin 7 as de-
scribed by the manufacturer (OriginLab, Northampton, MA, USA).
The first injection was always excluded from data analysis because
it usually suffers from sample loss during the mounting of the sy-
ringe and the equilibration preceding the actual titration. A three-
parameter (N (stoichiometry), K (dissociation constant) and AH°
(change in enthalpy) nonlinear least-square data fitting was per-
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formed in a Microsoft Excel spreadsheet using the Solver add-in
(Frontline System)®**?" according to binding isotherms published
by Ziegler and Seelig.

[41]
Thermodynamics parameters were calculated from Equation (4).

AG = AH—TAS = RT InK, = —RT InK,, (4)
where AG, 4H, and AS are the changes in free energy, enthalpy,
and entropy of binding, respectively, T is the absolute temperature,
and R is the universal gas constant (8.314 Jmol 'K ™).

Determination of pharmacokinetic parameters

Materials: Dimethyl sulfoxide (DMSO), 1-octanol, Dulbecco’s modi-
fied Eagle’s medium (DMEM) high glucose, L-glutamine solution,
penicillin-streptomycin solution, Dulbecco’s phosphate-buffered
saline (DPBS), and trypsin-EDTA solution were purchased from
Sigma-Aldrich. MEM nonessential amino acid (MEM-NEAA) solu-
tion, fetal bovine serum (FBS), and DMEM without sodium pyruvate
and phenol red were bought from Invitrogen. PAMPA System Solu-
tion, GIT-0 Lipid Solution, and Acceptor Sink Buffer were ordered
from plon (Woburn, MA, USA). Acetonitrile (MeCN) was bought
from Acros Organics. The Caco-2 cells were kindly provided by
Prof. G. Imanidis, FHNW, Muttenz, Switzerland and originated from
the American Type Culture Collection (Rockville, MD, USA).

Parallel artificial membrane permeation assay (PAMPA)

Values of logP, were determined in a 96-well format with the
PAMPA®¥ permeation assay. For each compound, measurements
were performed at three pH values (5.0, 6.2, 7.4) in quadruplicate.
For this purpose, 12 wells of a deep-well plate, i.e., four wells per
pH value, were filled with 650 uL System Solution. Samples
(150 uL) were withdrawn from each well to determine the blank
spectra by UV spectroscopy (SpectraMax 190). Then, analyte dis-
solved in DMSO was added to the remaining System Solution to
yield 50 um solutions. To exclude precipitation, the optical density
was measured at 650 nm, with 0.01 being the threshold value. Sol-
utions exceeding this threshold were filtered. Afterward, samples
(150 pL) were withdrawn to determine the reference spectra. Fur-
ther 200 uL were transferred to each well of the donor plate of the
PAMPA sandwich P/N 110 163 (plon, Woburn MA, USA). The filter
membranes at the bottom of the acceptor plate were impregnated
with 5 pL of GIT-0 Lipid Solution, and 200 uL of Acceptor Sink
Buffer were filled into each acceptor well. The sandwich was as-
sembled, placed in the GutBox, and left undisturbed for 16 h. It
was then disassembled, and samples (150 uL) were transferred
from each donor and acceptor well to UV plates. Quantification
was performed by both UV spectroscopy and LC-MS; log P, values
were calculated with the aid of the PAMPA Explorer Software (plon,
version 3.5).

Colorectal adenocarcinoma (Caco-2) cell permeation assay

Caco-2 cells were cultivated in tissue culture flasks (BD Biosciences,
Franklin Lakes, NJ, USA) with DMEM high-glucose medium contain-
ing L-glutamine (2 mm), nonessential amino acids (0.1 mm), penicil-
lin (100 UmL™"), streptomycin (100 ugmL™"), and FBS (10%). The
cells were kept at 37°C in humidified air containing 5% CO,, and
the medium was changed every second day. When ~90% conflu-
ence was reached, the cells were split in a 1:10 ratio and distribut-
ed to new tissue culture flasks. At passage numbers between 60
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and 65, they were seeded at a density of 5.3x 10° cells per well to
Transwell 6-well plates (Corning Inc., Corning, NY, USA) with 2.5 mL
culture medium in the basolateral and 1.8 mL in the apical com-
partment. The medium was renewed on alternate days. Permeation
experiments were performed between days 19 and 21 post-seed-
ing. Prior to the experiment, the integrity of the Caco-2 monolay-
ers was evaluated by measuring the transepithelial electrical resist-
ance (TEER) with an Endohm tissue resistance instrument (World
Precision Instruments Inc., Sarasota, FL, USA). Only wells with TEER
values >300 Qcm? were used. Experiments were performed in the
apical-to-basolateral (absorptive) and basolateral-to-apical (secreto-
ry) directions in triplicate. Transport medium (DMEM without
sodium pyruvate and phenol red) was withdrawn from the donor
compartments of three wells and replaced by the same volume of
compound stock solutions to reach an initial sample concentration
of 62.5 um. The Transwell plate was then shaken (250 rpm) in the
incubator. Samples (40 uL) were withdrawn after 15, 30, and
60 min from the donor and acceptor compartments, and their con-
centrations were determined by LC-MS. Apparent permeability co-
efficients (P,,,) were calculated according to the equation

p _do 1
w =Gt X Ax G,

)

where dQ/dt is the permeability rate, A the surface area of the
monolayer, and ¢, the initial concentration in the donor compart-
ment.*? After the experiment, TEER values were assessed again for
each well and results from wells with values <300 Qcm? were dis-
carded.

log D, , determination

The insilico prediction tool ALOGPS™? was used to estimate the
logP values of the compounds. Depending on these values, the
compounds were classified into three categories: hydrophilic com-
pounds (logP < 0), moderately lipophilic compounds (0<logP<1)
and lipophilic compounds (logP > 1). For each category, two differ-
ent ratios (volume of 1-octanol to volume of buffer) were defined
as experimental parameters (Table 4).

Table 4. Compound classification based on estimated log P values.**!

Compound type logP Ratio (1-octanol)/(buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0-1 70:110, 110:70
lipophilic >1 3:180, 4:180

Equal amounts of phosphate buffer (0.1m, pH 7.4) and 1-octanol
were mixed and shaken vigorously for 5min to saturate the
phases. The mixture was left until separation of the two phases oc-
curred, and the buffer was retrieved. Stock solutions of the test
compounds were diluted with buffer to a concentration of 1 um.
For each compound, six determinations, i.e., three determinations
per 1-octanol/buffer ratio, were performed in different wells of
a 96-well plate. The respective volumes of buffer containing ana-
lyte (1 pm) were pipetted to the wells and covered by saturated 1-
octanol according to the chosen volume ratio. The plate was
sealed with aluminum foil, shaken (1350 rpm, 25°C, 2 h) on a Hei-
doph Titramax 1000 plate shaker (Heidolph Instruments GmbH &
Co. KG, Schwabach, Germany) and centrifuged (2000 rpm, 25°C,
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5min, 5804 R Eppendorf centrifuge, Hamburg, Germany). The
aqueous phase was transferred to a 96-well plate for analysis by
LC-MS.

logD,, was calculated from the 1-octanol/buffer ratio (o/b), the ini-
tial concentration of the analyte in buffer (1 um), and the concen-
tration of the analyte in the aqueous phase (cg) with equation:

(6)

IogDM:Iog(Mx ! >

Cp o:b

Solubility

Solubility was determined in a 96-well format using the pSOL Ex-
plorer solubility analyzer (plon, version 3.4.0.5). For each com-
pound, measurements were performed at three pH values (3.0, 5.0,
7.4) in triplicates. For this purpose, nine wells of a deep-well plate,
that is, three wells per pH value, were filled with 300 pL of an
aqueous universal buffer solution. Aliquots (3 uL) of a compound
stock solution (10-50 mm in DMSO) were added and thoroughly
mixed. The final sample concentration was 0.1-0.5 mm, the residual
DMSO concentration was 1.0% (v/v) in the buffer solutions. After
15 h, the solutions were filtered (0.2 um 96-well filter plates) using
a vacuum to collect manifold (Whatman Ltd., Maidstone, UK) to
remove any precipitates. Equal amounts of filtrate and n-propanol
were mixed and transferred to a 96-well plate for UV detection
(190-500 nm). The amount of material dissolved was calculated by
comparison with UV spectra obtained from reference samples,
which were prepared by dissolving compound stock solution in
a 1:1 mixture of buffer and n-propanol (final concentrations 0.017-
0.083 mm).

LC-MS measurements

Analyses were performed using an 1100/1200 Series HPLC System
coupled to a 6410 Triple Quadrupole mass detector (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) equipped with electrospray
ionization. The system was controlled with the Agilent MassHunter
Workstation Data Acquisition software (version B.01.04). The
column used was an Atlantis T3 C;g column (2.1x50 mm) with
a 3 um particle size (Waters Corp., Milford, MA, USA). The mobile
phase consisted of two eluents: solvent A (H,O, containing 0.1%
formic acid, v/v) and solvent B (MeCN, containing 0.1% formic acid,
v/v), both delivered at 0.6 mLmin~". The gradient was ramped
from 95% A/5% B to 5% A/95% B over 1 min, and then held at
5% A/95% B for 0.1 min. The system was then brought back to
95% A/5% B, resulting in a total duration of 4 min. MS parameters
such as fragmentor voltage, collision energy, and polarity were op-
timized individually for each analyte, and the molecular ion was
followed for each compound in the multiple reaction monitoring
mode. The concentrations of the analytes were quantified by the
Agilent Mass Hunter Quantitative Analysis software (version
B.01.04).

Abbreviations

Caco-2 cells, colorectal adenocarcinoma cells; CRD, carbohydrate
recognition domain; D, distribution coefficient octanol/H,0; GFP,
green fluorescent protein; HPLC, high-performance liquid chroma-
tography; 1Cs,, half-maximal inhibitory concentration; ITC, isother-
mal titration calorimetry; MFI, mean fluorescence intensity; PAMPA,

parallel artificial membrane permeability assay; P,,, apparent per-
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meability coefficient; P, effective permeation value; SAR, struc-
ture-activity relationship; SPR, structure—property relationship;
UPEC, uropathogenic E. coli; UTI, urinary tract infection.
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Results and discussion

2.6 Manuscript 5: Urinary tract infection — which FimH conformation

is therapeutically relevant?

This manuscript describes a Topliss-guided SAR study starting from the biphenyl o-D-
mannopyranoside lead structure. The affinity of the antagonists to a stable full-length FimH
variant as well as to the isolated FimH lectin domain, which mimics the high-affinity state,
was evaluated. Moreover, the determination of physicochemical parameters predictive for
oral bioaviliabtiliy and renal excretion (aqueous solubility, lipophilicity, membrane

permeability) completes this study.

Contribution to the project:
Simon Kleeb performed all experiments regarding the physicochemical characterization of

the diverse biphenyl a-D-mannopyranosides and discussed the resulting experimental data.

This manuscript is in preparation for ChemMedChem.
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Results and discussion

Abstract

Urinary tract infections (UTIs) caused by uropathogenic Escherichia coli (UPEC) are among
the most prevalent infectious diseases worldwide requiring antibiotic treatment. Since
recurrent antibiotic exposure can lead to resistance against antimicrobials, efficient new
prevention and treatment strategies are urgently needed. The attachment of UPEC to
urothelial host cells is mediated by the mannose-binding adhesin FimH located at the tip of
bacterial type 1 pili. FimH can exhibit two structural conformations: A low-affinity state and
a high-affinity state, which is induced only upon ligand binding and under shear stress. In
order to investigate the suitability of the different conformations of FimH as targets for the
development of antagonists we conducted a Topliss-guided SAR study starting from biphenyl
a-D-mannoside 2 to identify potent ligands for a stable full-length FimH variant as a model
for the native conformation. The affinity of the antagonists to the full-length FimH as well as
to the isolated FimH lectin domain, which mimics the high-affinity state, was evaluated. In
addition, the relevant pharmacokinetic parameters (solubility, permeability, renal excretion)
were determined. With the m- & p-cyano substituted biphenyls 4p & 4q and the m-nitro
derivative 4r three promising candidates for in vivo experiments with a UTI mouse model

could be identified.

Introduction

Urinary tract infection (UTI) is among the most prevalent infectious diseases worldwide and

1,2]

affects millions of people every year.'?! In the vast majority of the reported cases,

uropathogenic strains of Escherichia coli (UPEC) are the causal pathogen.”* To date, acute,
uncomplicated lower urinary tract infection (cystitis) is mainly treated with antibiotics for
symptom relief (i.e. reduction of dysuria, frequent and urgent urination, bacteriuria, pyuria)

and for prevention of more devastating or even life threatening complications like

6]

pyelonephritis and urosepsis.”® However, the repeated use of antibacterial chemo—

therapeutics leads to increasing antimicrobial resistance resulting in treatment failure.l””!

Therefore, new strategies for the prevention and treatment of UTI with orally applicable
therapeutics are urgently needed.!""
The key step in the establishment of the infection is the bacterial adhesion to urinary

[11,12

epithelial cells,!'"'? which prevents the clearance of UPEC by the bulk flow of urine and

enables the bacteria to colonize the epithelial cells. The adherence to the urothelial surface is

mediated by the mannose-specific lectin FimH located at the tip of bacterial type 1 pili.!*"*"
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Hence, the virulence factor FimH was identified as an attractive target for the development of
anti-adhesive drugs for the treatment of UTL"®*"”) Mannose-based FimH antagonists compete
with the cellular target of FimH, the mannosylated glycoprotein uroplakin Ia present on
urothelial cells.” As a result, the bacterial adhesion is prevented and hence the infection. A
substantial advantage of this anti-adhesion therapy of UTI over treatment with antibiotics is
the reduced risk of resistance formation, because no direct selection pressure is exerted on the

pathogen.!'*2!]

FimH is composed of two domains: the N-terminal lectin domain (FimH-L) and, connected
by a short linker, the C-terminal pilin domain (FimH-P).*?! The lectin domain encloses the
carbohydrate recognition domain (CRD) that binds to oligomannosides of the glycoprotein
uroplakin Ia on the epithelial cell surface,!"” while the pilin domain anchors the adhesin to
the pilus.”” FimH-P exhibits an incomplete immunoglobulin-like fold that is completed by
insertion of an N-terminal donor strand of FimG, the preceding subunit in pilus assembly.*!
Due to this two-domain architecture, FimH can exhibit two experimentally observed
structural states:*?! A "compressed" FimH-L conformation (low-affinity state) that was

[22

observed in the crystal structure of the entire fimbrial tip in absence of ligands,””” and an

"elongated" conformation (high-affinity state), which was found in several X-ray structures

(24291 a5 well as in the complex

of the isolated lectin domain FimH-L in its ligand-bound state
between FimH and the pilus assembly chaperone FimC.”” The switch between these
conformations is regulated by the pilin domain and can be triggered by applying mechanical
forces along the molecule that occur, for example, during excretion of urine. This behavior is

B1551 found for the FimH-ligand

characteristic for the "catch-bond" phenomenon
interaction.”? It is responsible for the remarkable ability of FimH to increase its apparent
affinity to target glycans and enables the bacteria to attach tightly to oligomannosides on
bladder epithelial cells, even under the harsh conditions of the urinary tract (i.e. flow of
urine). Whereas in the low-affinity state the ligand binding site of FimH-L is open, the high-
affinity conformation is characterized by a deep and narrow CRD, which is caused by
structural rearrangements in the swing (amino acids 27-33), linker (residues 154-160) and
insertion (residues 112-118) loops."**! As a result, the hydrophilic side chains of amino acids
lining the FimH binding pocket establish a perfect network of hydrogen bonds with the

hydroxy groups of o-D-mannopyranosides.*®!

Interestingly, the isolated FimH-L was found to exhibit an about two orders of magnitude

[22] [22,37]

higher binding affinity to methyl a-D-mannopyranoside”“ and BSA-labeled mannose
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than the full-length FimH in the fimbrial tip. In addition, mutagenesis experiments to disrupt

[38]

the inter-domain interface™ " and the observation that crystals of the fimbrial tip broke upon

carbohydrate addition further supported the opinion that binding of ligands is connected to

domain separation in FimH and that mechanical force shifts the ligand binding equilibrium
towards that of the isolated lectin domain.*
About three decades ago, Sharon et al. investigated various oligomannosides and aryl o-D-

[39,40]

mannosides as potential antagonists of the FimH-mediated bacterial adhesion and

reported on a protective effect of methyl o-D-mannoside in a UTI mouse model.*" Since

then, various monovalent a-D-mannosides bearing a wide range of aglycones including n-

1.[24] ] 11431 42] [25.44-47)

phenyl,'** umbelliferyl,!

[48

alky dioxocyclobutenylaminopheny bipheny

indol(in)ylphenyl,'**! triazolyl'™ and thiazolylamino®®! have been described as high-affinity
ligands for the FimH lectin domain. In part, these modifications were the result of rational
drug design based on X-ray crystal structures of FimH-L bound to o-D-mannosides.***"
Additionally, different multivalent presentations of the mannose have been reported”*>% and
a heptavalent presentation of -cyclodextrin-tethered n-heptyl a-D-mannoside (1) (Figure 1)
was shown to be highly effective when applied into the bladder of C3H/HeN mice together
with the UTI89 bacterial strain.®® Importantly, adverse side effects resulting from non-
selective binding of mannose-based FimH antagonists to human mannose receptors could be

ruled out.””!

OH OH
OH OH
HO 0 HO 0
HO HO cl
O™ 0 | AN
124 22R=H
3R= COzMe44 R
4p: R = CN58
OH OH
OH OH
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HO HO
HO CHs HO R
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Figure 1. Monovalent FimH antagonists: n-Heptyl a-D-mannopyranoside (1) and biphenyl mannoside 2 served

as reference compounds; the biphenyl derivatives 3-7 have been orally explored in in vivo disease models.
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The high affinities of a-D-mannopyranosides towards the FimH lectin domain in the high-
affinity conformation are resulting from optimal interactions with the main structural features
of the CRD:*"*#%%% First, the mannose binding pocket accommodates the mannose moiety
by means of a perfect hydrogen bond network and, second, the entrance to the binding site,
the so-called 'tyrosine gate', consisting of Tyr48, Tyr137 and Ile52, hosts hydrophobic
aglycones. Aromatic groups, such as present in the biphenyl derivatives 2-7 (Figure 1), can
undergo strong mt-wt-stacking interactions with the tyrosine gate, which are further favored by
the addition of electron withdrawing substituents on the terminal ring of the biaryl

moiety.>*4

In the last years, the high potential of the biphenyl a-D-mannosides 3 & 5-7 for an oral
treatment was proven in several in vivo PK studies in mice."****) However, due to the
insufficient pharmacokinetic properties of the antagonists, i.e. modest bioavailability and
short duration of the therapeutic effect in the bladder, high doses (> 50 mg/kg) at short
intervals were necessary to achieve anti-adhesive effects over an extended period of time.
Recently, we identified para-cyano derivative 4p, a bioisostere of 3, as FimH antagonist with
an optimal in vitro PK/PD profile.”®! Biphenyl 4p not only showed sub-nanomolar affinity to
the isolated FimH lectin domain, but also significantly improved pharmacokinetic parameters
(solubility, permeability, renal excretion). The para-cyano substituent mediated lipophilicity
as well as high plasma protein binding, which slowed down the rate of renal excretion. The
beneficial PK profile of 4p was confirmed by in vivo experiments in mice with steady renal
excretion over more than 8 h following oral application, which allows for a long-lasting anti-
adhesive effect. Furthermore, orally applied 4p proved to be effective in a UTI mouse model
in low dosage (10 mg/kg) leading to a reduction of the bacterial load in the bladder by more
than 1000-fold.

However, most previous in vitro ligand binding studies on FimH have been performed with
the isolated FimH lectin domain where the CRD is locked in the high-affinity state.””! But in
the majority of virulent UPEC strains, e.g. UTI89,1°) CFT073,"! and 196! this
conformation is induced in vivo only after ligand binding and the onset of shear stress.
Therefore it remains questionable if the isolated FimH-L is the relevant target for the
development of anti-adhesive drugs. Since the compressed (low-affinity) conformation of
FimH with its open binding site represents the state in UPEC under non-flow conditions, the

binding of ligands to this FimH conformation should be investigated as well.
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To address this issue, in a structure-affinity relationship (SAR) study we synthesized a series
of novel derivatives of biphenyl a-D-mannoside 2 (Figure 1) as FimH antagonists and
determined their binding affinity to a stable and soluble full-length FimH variant, which
mimics FimH in the assembled fimbrial tip. For comparison with previous results,***">*!
their affinity to the isolated FimH lectin domain was evaluated as well. In addition, the in

vitro pharmacokinetic properties of the antagonists, which are predictive for oral

bioavailability and renal excretion, were also quantified.

Results and Discussion

The aim of the present study was to identify high-affinity antagonists for the full-length
FimH by introducing various substituents on the terminal aromatic ring of biphenyl o-D-
mannoside 2, which represents the parent compound of the highly active derivatives 3/*"! and
4p.[5 8

compound (e.g. 2) in order to maximize its potency is a very common problem in drug

I However, finding the optimal substitution pattern on an aromatic ring in a lead

design. Since there are many possible substitutions and several different ring positions, the
number of potential compounds to be considered is very large. The Topliss operational

[63,64]

scheme, a manual and non-mathematical application of the Hansch method for treatment

of structure activity correlations,!®>¢!

presents a valuable tool in drug design to approach this
problem rationally by guiding towards the most active analogue of a lead compound with the
least synthetic investment. It allows for selecting a limited group of substituents that provide
good discrimination between s (hydrophobic effects), o (electronic effects) and Eg (steric

effects).

Synthesis of FimH Antagonists. The biphenyl mannosides were synthesized in analogy to
previously described routes (Scheme 1).**” Lewis acid promoted glycosylation of 2-chloro-
4-phenylphenol (9) with peracetyled D-mannose 8 (— 11) and subsequent deprotection under
Zemplén conditions afforded biphenyl a-D-mannoside 2. For the synthesis of the substituted
biphenyl derivatives 4a-r, phenol 10 was mannosylated with 8 to give iodide 12. In a
palladium-catalyzed Suzuki coupling of 12 with aryl boronates 13a-r, the biphenyls 14a-r

were obtained. Finally, deprotection of the mannose moiety yielded the test compounds 4a-r.
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Scheme 1. a) BF;-Et,0, 40 °C, 1 d (11: 77%, 12: 76%); b) NaOMe, MeOH, 5-12 h (34-95%); c¢)
Pd(dppf),-CH,Cl,, K;PO,4, DMF, 80 °C, 5-12 h (45-90%).

Binding Affinities. The binding affinity of the biphenyl mannosides 2 and 4a-r was
determined in a competitive fluorescence polarization assay (FP-assay) to a stable variant of
the full-length FimH (see below), as well as to the isolated FimH lectin domain in the form of
a previously described!®” protein construct consisting of the CRD with a C-terminal His-tag
with a thrombin cleavage site (FimH-CRD-Th-Hisg). In both cases, n-heptyl mannoside (1)

was used as a reference compound.

Construction of a soluble full-length FimH. Since isolated FimH with a non-complemented
pilin domain is only marginally stable and shows aggregation tendency under physiological

[%8) 4 recently described'®! soluble and stable full-length FimH variant was used in

conditions,
this study. For this, a FimH-FimC complex was produced by periplasmic co-expression and
subsequent extraction by chemical lysis of the bacterial outer membrane. The FimH-FimC
complex was purified using conventional purification methods and stable full-length FimH
was obtained by replacing FimC with a synthetic peptide corresponding to the sequence of
the natural FimG donor strand (FimG residues 1-14; termed DsG) that completes the Ig-like
fold of the FimH pilin domain. This FimH-DsG complex represents a minimal and yet

comprehensive analogue of the native FimH structure as first published by Le Trong et al.**
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Competitive Fluorescence Polarization Assay."® For the rapid determination of binding
affinity, a recently developed competitive binding assay based on fluorescence polarization
(FP) was used with both, the full-length FimH and the isolated FimH lectin domain. The
antagonist of interest displaces the fluorescent-labeled competitor 15°°%) from the binding site,
thereby reducing fluorescence polarization.”” Initially, the affinity of 15 to either FimH
protein was evaluated in a direct binding assay. Whereas for the isolated lectin domain a
dissociation constant (Kp) of 1.7 nM has been reported,”™ for the full-length FimH a Kp of
137 nM was determined (Table 1), which represents a decrease in affinity by almost two
orders of magnitude compared to FimH-L. After having established the Kp of 15 to both
FimH proteins, competitive FP experiments were performed with unlabeled FimH
antagonists as competitors. Before measuring FP, the test compounds were incubated for at
least 1 h with full-length FimH or for at least 24 h with the isolated lectin domain. These
incubation periods were empirically determined to be necessary for the reaction to reach
equilibrium. Resulting competition binding curves (Figure 2) were fitted to an equilibrium

competition binding model'"! to obtain the corresponding Kps.
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Figure 2. Inhibition curves of biphenyl mannoside 4r from the competitive FP assay with the full-length FimH
(blue) and the isolated lectin domain (black). The Kp values were determined by nonlinear least-squares fitting

to a competition binding equation'’" [Kp (full-length FimH) = 39.1 nM; Kp, (lectin domain) = 0.2 nM].

For the unsubstituted biphenyl mannoside 2 a Kp of 458 nM to the full-length FimH was
measured (Table 1), which is an eightfold improvement of affinity compared to the reference

compound z-heptyl mannoside (1). According to the Topliss scheme, the p-chloride 4a is the
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first derivative to be examined. It was found to have an about two-fold higher affinity to the
FimH-DsG complex than parent compound 2 (Kp 251 nM), which most probably can be
attributed to a +s-effect, a +o-effect or to a combination of both. The m,p-dichloro derivative
4b was synthesized next, because of the increase in both 7~ and o-values when summed up
for the two substituents. Since the affinity of 4b was lower than that of the precursor 4a,
compounds 4c-e were the next synthetic targets leading to the p-nitro derivative 4e, which
showed a significantly improved affinity compared to 4a (Kp 140 nM vs 251 nM). This
might be attributed to the lower lipophilicity (-m-effect) and higher electron-withdrawing

capacity (+o-effect) of the p-nitro substituent.

To cross check, the derivatives 4f-h were also synthesized. Interestingly, the p-methyl
biphenyl 4g was found to be nearly as active as the p-chloro compound 4a (Kp 297 nM vs
251 nM). Therefore, the middle branch of the Topliss operational scheme was investigated as
well. However, all of the derivatives 4i-n showed decreased affinities, which might be
ascribed to either an unfavorable steric effect of the ortho-substitution in 4k-m leading to a
conformational change of the biphenyl moiety, or to the exceedance of the optimal

lipophilicity and the low electron-withdrawing potential of the substituents.

If an improvement in affinity is achieved with a p-nitro group as in 4e, the Topliss scheme
suggests investigating substituents exhibiting a similar electron-withdrawing potential but a

3 Therefore, the p-acetyl (— 40)

lower s-effect in order to find the optimal o/z-balance.!
and p-cyano (— 4p) derivatives were examined next. Indeed, both compounds showed an
increased affinity to the full-length FimH with Kps < 100 nM. Finally, the beneficial nitro-
and cyano-substituents were moved to the 3-position since the meta-substituents show a
stronger -s-effect than their para-counterparts while maintaining a comparable +o-effect.
However, while 3-substitution with CN in 4q did not improve the activity compared to 4p, a
meta-nitro group (— 4r, Figure 2) led to a 3.5-fold gain in affinity compared to the para-
derivative 4e (Kp 39.1 nM vs 140 nM) making compound 4r the most active ligand to the
full-length FimH identified by this approach. Apparently, the m-nitro substitution in 4r

provides the optimal balance between lipophilicity and electron-withdrawing effect.
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Table 1. Pharmacodynamic and pharmacokinetic parameters of FimH antagonists.

Compound Full-length  FimH lectin  Solubility logD PAMPA
B é’“ﬁ\ FimH domain [ng/mL]’ logP. [cm/s]’
A Kp [nM]* Ky [nM]*
1 N 3600 16.7 > 3000 1.7 n.d.
HO. O 0. O OH
o]
1558 1§ HN ° 137 1.7 n.d n.d n.d
o O S)\NH . U, U, U,
E
(e}
| Cl
o]
2 458 3.8 55402 2601 n.d,
| Cl
[e]
4a “ 251 49 35403 33+0.1 n.d.
|
Z Cl
| Cl
° X
4b | o 692 5.8 23+0.2 n.d. n.d.
Cl
| Cl
[e]
4c “ 415 58 22+0 3.4+0.1 n.d.
l =
CFs
| Cl
° Cl
4d § 465 4.1 8.0+0.8 n.d. n.d.
|
Z Cl
‘ Cl
° X
4e l_ 140 0.6 117+7 2300 5.0+0.1
NO,
‘ Cl
° N
af | 344 22 3.8+0.4 2.7+0.1 n.d.
OCH,4
$ Cl
4g O O 297 3.6 7.4+02 3300 n.d.
CH,
e
4h L 377 7.5 1.0+£0.2 n.d. n.d.
Cl
| Cl
[e]
4 o 353 3.2 57407 3200 n.d.
|
=
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Q

|
[¢]
4j 380 22 71+06  3.0£00 n.d.
®
| Cl
o
w 434 3.1 28+ 1 30001 -44+0.1
| Cl
o
41 P 436 2.9 135 +24 2900  -46+02
9
| Cl
[¢]
4m 3 391 2.7 > 280 24200  46+0.1
®
| Cl
o
4n 575 5.1 36+ 1 330.1 nd.
‘ Cl
o
X
40 L 98.6 0.3 16+0 2.120.1 n.d.
COCH;Z
| Cl
[e]
ap™ 83.8 0.6 1925 21£00 52400
CL,
| Cl
[e]
4q o 85.9 0.4 27+5 21200  -5.140.0
| =
| Cl
o
4r Noz 39.1 0.2 2342 24501  -4940.1

[a] Affinities (dissociation constants, Kp) to the full-length FimH (FimH:DsG) and the isolated FimH lectin
domain (FimH-CRD-Th-Hiss) were determined in a competitive fluorescence polarization assay.”™ [b] Kinetic
solubility was measured in a 96-well format in triplicate using the pSOL Explorer solubility analyzer. [¢]
Octanol-water partition coefficients (logD;4) were determined by a miniaturized shake flask procedure. The

(73]

values are indicated as mean = SD of sextuplicate determinations.'” [d] Permeation through an artificial

membrane (logP., effective permeability) was determined by PAMPA (parallel artificial membrane

permeability assay) in quadruplicate.[’"

When tested with the isolated FimH CRD in the FP assay all the antagonists 2 and 4a-r
exhibited low nanomolar affinities. Compared to the full-length FimH this corresponds to an
increase in affinity of about two orders of magnitude. Obviously, for FimH in the high-

affinity state with its deep and narrow mannose binding pocket the influence of the

hydrophobic and electronic effects of different substituents is not as pronounced as in the
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case of the full-length FimH in the low-affinity conformation with an open ligand binding
site. However, the antagonists bearing substituents with high +o-effect like p- and m-nitro
(— 4e & 4r, Figure 2), p- and m-cyano (— 4p & 4q), and p-acetyl (— 40) showed even sub-
nanomolar affinities to the FimH lectin domain, which is in good agreement with previous
findings that a high electron-withdrawing potential of substituents on the biphenyl aglycone
is essential for an enhanced n-m stacking interaction with the tyrosine gate lining the entrance

to the mannose binding pocket.[***7*"

Physicochemical Properties. For assessing the potential of the antagonists for intestinal
absorption and renal clearance, lipophilicity (logD7.4),/"! aqueous solubility, and permeability
through an artificial membrane (PAMPA, logP.)!"*! were determined (Table 1). According to

the maximum absorbable dose (MAD) concept,!>""!

an aqueous solubility of at least 50
ug/mL is required to achieve quantitative absorption of a 1 mg/kg dose of compound with
medium permeability. However, whereas for n-heptyl a-mannopyranoside (1), excellent
aqueous solubility (> 3000 pg/mL) was determined, the unsubstituted parent compound 2 as
well as the disubstituted derivatives and antagonists bearing apolar substituents in the meta-
or para-position (compounds 4a-4d, 4f-j, 4n and 40) were found to be scarcely soluble. By
contrast, the polar cyano moiety (— 4p, 4q) and the para-nitro substituent present in 4e
enhanced solubility to 117-227 pg/mL, while a nitro group in the meta-position (— 4r) led to
a substantial drop in solubility below the critical limit of 50 pg/mL. Moving apolar
substituents to the ortho-position (— 4k-m) also markedly improved aqueous solubility,
which is in agreement with an increased distortion angle of the two phenyl moieties resulting

in the disruption of the molecular planarity.

All biphenyl derivatives showed moderate to high lipophilicity with logD; 4 values ranging
from 2.1 to 3.4, which is beneficial for oral absorption by passive diffusion. Indeed,
permeability data derived from PAMPA (logP. -4.4 to -5.2, P.: effective permeation)
suggested high permeation through the intestinal membranes for all tested antagonists. In

U771 Hence
2

addition, logD74 was described as a key parameter for tubular reabsorption.
lipophilic compounds are predominantly reabsorbed from the renal filtrate. Considering that
renal clearance is the major route of elimination, this will lead to a slow but steady excretion
into the bladder. In contrast, hydrophilic compounds are poorly reabsorbed and therefore
quickly renally eliminated, which results in high initial drug levels in the urine but limits the

time range where the minimal anti-adhesive concentration is maintained. As a consequence, a
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logD74 > 2 as determined for the biphenyl mannosides in this study is optimal for tubular

reabsorption from the glomerular filtrate and thus for slow renal clearance.

Summary and Conclusion

Recently, a panel of monovalent alkyl and aryl a-D-mannopyranosides has been reported as
potent FimH antagonists. However, in most previous in vitro ligand binding studies the
isolated FimH lectin domain, in which the CRD is locked in the high-affinity conformation,
was used as target. Yet, in virulent UPEC strains this state is induced only after ligand
binding and when shear stress is applied, while the low-affinity conformation of FimH
represents the native state under non-flow conditions.”) As a consequence, it remained
doubtful if the isolated FimH CRD is the relevant target for the development of FimH
antagonists. Therefore, the aim of the present study was to find potent ligands for a stable
full-length FimH variant (FimH-DsG), which mimics FimH in the assembled fimbrial tip. In
a Topliss-guided SAR study starting from biphenyl o-D-mannoside 2 we identified a series of
antagonists with electron-withdrawing substituents in the meta- or para-position of the
terminal aromatic ring (— 40-4r) that exhibited affinities to the full-length FimH below 100
nM. With the most potent compound, the meta-nitro derivative 4r, a more then tenfold
improvement of affinity was achieved compared to 2 (Kp 39.1 nM vs 458 nM). By contrast,
when tested with the isolated FimH lectin domain, all biphenyl mannosides were found to be
about two orders of magnitude more potent, with a very narrow affinity span in the low
nanomolar range. This indicates a less distinct influence of the substituent properties
(hydrophobicity and electronic effects) on FimH in the high-affinity conformation with a
deep and narrow mannose binding pocket compared to the full-length FimH in the low-

affinity state with its open binding site.

Besides the pharmacodynamics, the relevant pharmacokinetic parameters (solubility,
lipophilicity, permeability) for oral bioavailability and renal excretion, were also investigated.
However, only a few biphenyl derivatives (o-methyl, o-methoxy, m- & p-cyano, and p-nitro)
showed aqueous solubility above the critical limit of 50 pg/mL leading to sufficient
antagonist concentration in the intestinal fluids. Nevertheless, all of these compounds
exhibited substantial permeability, which, in combination with high aqueous solubility,
suggests high systemic availability after oral dosing. Furthermore, due to their favorable

lipophilicity, the biphenyls are susceptible to tubular reabsorption. Unless they are eliminated
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via concurring hepatic pathways, this results in sustained availability of the antagonist in the

urinary bladder.

In summary, the m-nitro substituted biphenyl a-D-mannoside 4r was identified as a candidate
for in vivo experiments in mice because of its high affinity to the full-length FimH. However,
the low aqueous solubility of 4r might be a drawback for an oral application. Therefore, the
cyano derivatives 4p°*) and 4q, although twofold less potent, should be considered as well
due to their more beneficial in vitro PK/PD profile. In future investigations, the biphenyls 4p-
4r will be tested in a UTI disease model with different UPEC strains like UTI89,%"
CFT073,° and J96!°%! to further evaluate the suitability of the different conformations of

FimH as targets for the development of drugs for an anti-adhesion therapy of UTI.
Experimental section

Synthesis

General Methods. NMR spectra were recorded on a Bruker Avance DMX-500 (500 MHz)
spectrometer. Assignment of 'H and C NMR spectra was achieved using 2D methods (COSY,
HSQC, HMBC, TOCSY). Chemical shifts are expressed in ppm in relation to the residual solvent
signals (CHCl; and CHD,OD) on the d-scale. Coupling constants J are given in Hertz (Hz).
Multiplicities were specified as follows: s (singlet), d (doublet), dd (doublet of a doublet), t (triplet), q
(quartet), m (multiplet). Commercially available reagents were purchased from Fluka, Aldrich, Acros,
and Abcr. Dichloromethane (DCM) was dried by filtration over Al,O; (Fluka, type 5016 A basic).
N,N-dimethylformamide (DMF) was dried by distillation from calcium hydride. Methanol (MeOH)
was dried by refluxing with sodium methoxide and distilled immediately before use. Molecular sieves
were activated under vacuum at 500 °C for 1 h immediately before use. Reactions were monitored by
TLC using glass plates coated with silica gel 60 Fps4 (Merck) and visualized by using UV light and/or
by charring with a molybdate solution (a 0.02 M solution of ammonium cerium sulfate dihydrate and
ammonium molybdate tetrahydrate in 10% aq. H,SO4). Column chromatography was performed on a
CombiFlash Companion (Teledyne-ISCO, Inc.) using RediSep normal phase disposable flash
columns (silica gel, 40-63 wm). Reversed phase chromatography was performed on LiChroprepRP-18
(Merck, 40-63 um). LC-MS separations were carried out using Sunfire Cig columns (19 x 150 mm,
5.0 um) on a Waters 2525 LC, equipped with Waters 2996 photodiode array and Waters micromass
ZQ MS for detection. Electron spray ionization mass spectra (ESI-MS) were obtained on a Waters
micromass ZQ. HR-MS analysis were carried out using a Agilent 1100 LC equipped with a
photodiode array detector and a Micromass QTOF I equipped with a 4 GHz digital-time converter.

Optical rotations were measured using Perkin-Elmer polarimeter 341.
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General procedure A for the synthesis of biphenyl compounds. A two-neck flask was charged
with 12 (100 mg, 1.0 eq), arylboronic acid or boronate 13a-r (1.1 eq), Pd(ClL,)dppf-:CH,Cl, (0.03 eq),
K;5PO, (2 eq), and a stirring bar under argon. Then anhydrous DMF (2 mL) was added. The mixture
was flushed with argon and degassed for 5 min, then heated to 80 °C and stirred for 5-12 h. The
reaction mixture was cooled to rt, diluted with EtOAc (50 mL), washed with H,O (50 mL) and brine
(50 mL), dried over Na,SO,4, concentrated and purified by chromatography on silica (petroleum
ether/EtOAc) to afford biphenyl compounds 14a-r.

General procedure B for deacetylation. To a solution of 11 or 14a-r (1.0 eq) in dry MeOH (2 mL)
was added freshly prepared methanolic NaOMe solution (1 M, 0.1 eq) under argon. The mixture was
stirred at rt until the reaction was complete (2-8 h, monitored by TLC), then neutralized with acetic
acid, filtered and concentrated in vacuo. The residue was purified by chromatography on silica
(DCM/MeOH, 10:1 to 8:1) to afford 2 and 4a-r as white solids. Further purification for biological

testing was performed using preparative LC-MS.

3-Chloro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (11). To a suspension of
activated MS 4A (150 mg), a-D-mannose pentaacetate (8, 156 mg, 0.40 mmol) and 2-chloro-4-
phenylphenol (9, 98 mg, 0.48 mmol) in dry DCM (1.5 mL) was added dropwise freshly distilled
BF;-Et,O (148 uL, 1.2 mmol) under argon. The mixture was stirred for 24 h at 40 °C. After cooling to
rt the mixture was diluted with DCM (50 mL), filtered through celite, and washed with satd. aq.
NaHCO; (50 mL), water (50 mL) and brine (50 mL). The organic phase was dried over Na,SO, and
concentrated under reduced pressure. The crude product was purified by chromatography on silica
(petroleum ether/EtOAc, 1:0 to 1:1) to yield 11 (166 mg, 77%). [a]p™ +72.0 (¢ 0.47, CHCl;); 'H
NMR (500 MHz, CDCl;): 6 =7.56 (d, J= 1.6 Hz, 1H, Ar-H), 7.45 (d, J = 7.4 Hz, 2H, Ar-H), 7.32 (m,
4H, Ar-H), 7.17 (m, 1H, Ar-H), 5.63-5.42 (m, 3H, H-1, H-2, H-3), 5.33 (t, J/ = 10.1 Hz, 1H, H-4),
422 (dd,J=12.2,5.3 Hz, 1H, H-6a), 4.14 (m, 1H, H-5), 4.04 (d, /= 12.2 Hz, 1H, H-6b), 2.14 (s, 3H,
COCHj3), 2.06-1.88 (m, 9H, 3 COCHj3); °C NMR (126 MHz, CDCls): § = 170.61, 170.08, 169.91,
169.90 (4 CO), 150.64, 139.28, 137.64, 129.25, 129.06, 127.78, 126.97, 126.40, 124.82, 117.43 (12C,
Ar-C), 96.86 (C-1), 69.90 (C-5), 69.50 (C-2), 68.93 (C-3), 66.01 (C-4), 62.26 (C-6), 21.01, 20.85,
20.82, 20.80 (4 COCH;); ESI-MS: m/z: Calcd for C,sH,7CINaO;,[M+Na]": 557.1, found: 557.2.

2-Chloro-4-iodo-phenyl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (12).*” According to the
procedure for 11, compound 8 (390 mg, 0.77 mmol) was reacted with 2-chloro-4-iodophenol (10, 235
mg, 0.9 mmol) and BF;-Et,0 (290 uL, 2.3 mmol) in DCM (3 mL) containing MS 4A (300 mg) for 20

h at 40 °C. Yield: 345 mg, 76%. Spectroscopic data were in accordance with reported values.*”

3,4'-Dichloro-biphenyl-4-yl  2,3,4,6-tetra-O-acetyl-o-D-mannopyranoside  (14a).  Prepared
according to general procedure A from 12 (30 mg, 0.052 mmol), 4-chloro-phenylboronic acid (13a,
9.0 mg, 0.57 mmol), Pd(dppf)Cl,-CH,Cl, (1.3 mg, 1.6 umol) and K;PO, (22 mg, 0.1 mmol). Yield: 16
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mg (54%) as a white solid. [a]p”" +97.8 (¢ 0.54, CHCl;); 'H NMR (500 MHz, CD;0D): § = 7.66-7.23
(m, 7H, Ar-H), 5.67 (s, 1H, H-1), 5.49-5.43 (m, 2H, H-2, H-3), 5.25 (t, /= 10.0 Hz, 1H, H-4), 4.13
(dd, J=12.1, 5.4 Hz, 1H, H-6a), 4.05 (ddd, /= 10.1, 5.4, 2.1 Hz, 1H, H-5), 3.98 (dd, J=12.2, 2.2 Hz,
1H, H-6b), 2.14-1.80 (m, 12H, 4 COCH3); *C NMR (126 MHz, CD;0D): 6 = 172.17, 171.51, 171.48
(4C, 4 CO), 151.81, 139.07, 137.34, 134.80, 130.12, 129.73, 129.31, 127.49, 125.65, 118.86 (12C,
Ar-C), 97.67 (C-1), 71.23 (C-5), 70.50, 70.24 (C-2, C-3), 66.97 (C-4), 63.29 (C-6), 20.58, 20.55 (4C,
4 COCHs); ESI-MS: m/z: Calcd for C,¢H26C1,NaOo[M+Na]": 591.1, found: 591.1.

3,3',.4'-Trichloro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14b). Prepared
according to general procedure A from 12 (79 mg, 0.135 mmol), 3,4-dichloro-phenylboronic acid
(13b, 228 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 wmol) and K;PO, (57 mg, 0.27 mmol).
Yield: 52 mg (64%) as a white solid. [o]p™” +66.5 (¢ 0.23, CHCl3); 'H NMR (500 MHz, CDCl;): d =
7.59 (dt, J=8.9, 4.4 Hz, 2H, Ar-H), 7.50 (d, /= 8.3 Hz, 1H, Ar-H), 7.41-7.31 (m, 2H, Ar-H), 7.24 (d,
J=28.6 Hz, 1H, Ar-H), (5.66-5.58 (m, 2H, H-2, H-3), 5.55 (d, /= 1.9 Hz, 1H, H-1), 5.41 (t, J = 10.1
Hz, 1H, H-4), 4.29 (dd, J = 12.3, 5.2 Hz, 1H, H-6a), 4.18 (ddd, J = 10.1, 5.1, 2.1 Hz, 1H, H-5), 4.10
(m, 1H, H-6b), 2.21 (s, 3H, COCH3), 2.15-1.97 (m, 9H, 3 COCHj3); °C NMR (126 MHz, CDCl;): 6 =
170.60, 170.11, 169.92, 169.89 (4 CO), 151.29, 139.26, 135.03, 133.24, 132.06, 131.01, 129.15,
128.81, 126.32, 126.18, 125.12, 117.41 (12C, Ar-C), 96.80 (C-1), 69.99 (C-5), 69.45 (C-3), 68.88 (C-
2), 65.93 (C-4), 62.22 (C-6), 21.01, 20.85, 20.83 (4C, 4 COCHs); ESI-MS: m/z: Calcd for
Ca6H,6C1sNaO ;o [M+Na]": 625.0, found: 625.0.

3-Chloro-4'-(trifluoromethyl)-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-a.-D-mannopyranoside (14c).
Prepared according to general procedure A from 12 (79 mg, 0.135 mmol), 4-trifluoromethyl-
phenylboronic acid (13¢, 28 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 umol) and K5PO4 (57
mg, 0.27 mmol). Yield: 46 mg (57%) as a white solid. [a]p> +63.8 (¢ 0.31 , CHCls); '"H NMR (500
MHz, CD;0D): ¢ = 7.84-7.77 (m, 3H, Ar-H), 7.74 (d, J = 8.3 Hz, 2H, Ar-H), 7.64 (dd, J = 8.6, 2.3
Hz, 1H, Ar-H), 7.43 (d, J = 8.6 Hz, 1H, Ar-H), 5.81 (s, 1H, H-1), 5.60-5.54 (m, 2H, H-2, H-3), 5.36
(t, J=10.0 Hz, 1H, H-4), 4.24 (dd, J = 12.2, 5.4 Hz, 1H, H-6a), 4.14 (ddd, J = 10.0, 5.4, 2.2 Hz, 1H,
H-5), 4.09 (dd, J = 12.2, 2.2 Hz, 1H, H-6b), 2.20, 2.07, 2.01, 1.95 (4 s, 12H, 4 COCH;); *C NMR
(126 MHz, CD;0D): 6 = 172.18, 171.52, 171.50, 171.48 (4 CO), 152.30, 144.19, 136.90, 130.12,
128.39, 127.89, 126.94, 126.91, 125.75, 118.82 (13C, Ar-C, CF3), 97.62 (C-1), 71.26 (C-5), 70.49,
70.21 (C-2, C-3), 66.95 (C-4), 63.28 (C-6), 20.59, 20.58, 20.55 (4C, 4 COCHj;); ESI-MS: m/z: Calcd
for C»7H,6CIF5NaO,o [M+Na]™: 625.1, found: 625.0.

2',3,4'-Trichloro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14d). Prepared
according to general procedure A from 12 (79 mg, 0.14 mmol), 2,4-dichloro-phenylboronic acid (13d,
28 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 umol) and K;PO,4 (57 mg, 0.27 mmol). Yield: 48
mg (59%) as a white solid. [a]p”™" +58.8 (¢ 0.56, CHCl;); '"H NMR (500 MHz, CD;0D): = 7.60-7.30
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(m, 6H, Ar-H), 5.79 (s, 1H, H-1), 5.61-5.53 (m, 2H, H-2, H-3), 5.35 (m, 1H, H-4), 4.24 (dt, J=11.9,
5.9 Hz, 1H, H-6a), 4.18-4.06 (m, 2H, H-5, H-6b), 2.19, 2.08, 2.01, 1.96 (4 s, 12H, 4 COCH3); *C
NMR (126 MHz, CD;0D): 6 = 172.18, 171.51, 171.48 (4C, 4 CO), 152.01, 138.68, 135.51, 135.36,
134.29, 133.49, 132.33, 130.72, 130.24, 128.66, 124.79, 118.03 (12C, Ar-C), 97.63 (C-1), 71.27 (C-
5), 70.49 (C-3), 70.23 (C-2), 66.96 (C-4), 63.30 (C-6), 20.60, 20.56 (4C, 4 COCHj;); ESI-MS: m/z:
Calcd for CysH,5C1sNaO o [M+Na]™: 625.0, found: 625.0.

3-Chloro-4'-nitro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-a.-D-mannopyranoside (14e). Prepared
according to general procedure A from 12 (41 mg, 0.07 mmol), 4-nitro-phenylboronic acid (13e, 13
mg, 0.08 mmol), Pd(dppf)Cl,-CH,Cl, (1.7 mg, 2 wmol) and K;PO, (30 mg, 0.14 mmol). Yield: 31 mg
(76%) as a light-yellow solid. [a]p™® +77.1 (¢ 0.58, CHCl3); 'H NMR (500 MHz, CD;OD): 6 = 8.34-
8.26 (m, 2H, Ar-H), 7.89-7.77 (m, 3H, Ar-H), 7.67 (dd, J = 8.6, 2.3 Hz, 1H, Ar-H), 7.43 (d, J = 8.7
Hz, 1H, Ar-H), 5.81 (s, 1H, H-1), 5.60-5.52 (m, 2H, H-2, H-3), 5.36 (m, 1H, H-4), 4.23 (dd, J = 12.1,
5.3 Hz, 1H, H-6a), 4.18-4.04 (m, 2H, H-5, H-6b), 2.20, 2.07, 2.02, 1.95 (4 s, 12H, 4COCH;); "°C
NMR (126 MHz, CD;OD): ¢ = 172.14, 171.49, 171.48, 171.45 (4 CO), 152.73, 148.64, 146.63,
135.95, 130.32, 128.73, 128.11, 125.84, 125.18, 118.76 (12C, Ar-C), 97.59 (C-1), 71.28 (C-5), 70.45,
70.17 (C-2, C-3), 66.91 (C-4), 63.26 (C-6), 20.59, 20.58, 20.56 (4C, 4 COCHj;); ESI-MS: m/z: Calcd
for CosH,6CINNaO;, [M+Na]": 602.1, found: 602.1.

3-Chloro-4'-methoxy-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14f). Prepared
according to general procedure A from 12 (59.6 mg, 0.1 mmol), 4-methoxyphenylboronic acid (13f,
17 mg, 0.112 mmol), Pd(dppf)Cl,-CH,Cl, (2.5 mg, 3 wmol) and K;POy (43 mg, 0.2 mmol). Yield: 52
mg (90 %) as a white solid. [at]p** +73.7 (¢ 0.53, CHCl3); '"H NMR (500 MHz, CD;0D): 0 = 7.64 (d, J
= 2.2 Hz, 1H, Ar-H), 7.56-7.46 (m, 3H, Ar-H), 7.33 (d, /= 8.6 Hz, 1H, Ar-H), 7.05-6.95 (m, 2H, Ar-
H), 5.73 (s, 1H, H-1), 5.56 (dd, J = 8.1, 3.4 Hz, 2H, H-2, H-3), 5.35 (t, /= 10.1 Hz, 1H, H-4), 4.23
(dd, J=12.1, 5.5 Hz, 1H, H-6a), 4.17 (ddd, /= 10.0, 5.6, 2.1 Hz, 1H, H-5), 4.09 (dd, J=12.1, 2.1 Hz,
1H, H-6b), 3.83 (s, 3H, OCHs), 2.19 (s, 3H, COCHj3), 2.09-1.92 (m, 9H, 3 COCHj3); *C NMR (126
MHz, CD;0OD): ¢ = 172.19, 171.52, 171.48 (4C, 4 CO), 161.04, 151.01, 138.58, 132.80, 129.26,
128.85, 127.01, 125.50, 118.93, 115.43 (12C, Ar-C), 97.76 (C-1), 71.18 (C-5), 70.52, 70.30 (C-2, C-
3), 67.01 (C-4), 63.32 (C-6), 55.77 (OCH3), 20.59, 20.58, 20.56 (4C, 4 COCHs;); ESI-MS: m/z: Calcd
for C»7H,0CIKO,, [M+K]": 603.1, found: 603.0.

3-Chloro-4'-methyl-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14g). Prepared
according to general procedure A from 12 (79 mg, 0.135 mmol), 4-methyl-phenylboronic acid (13g,
20 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 umol) and K5PO4 (57 mg, 0.27 mmol). Yield: 50
mg (67%) as a white solid. [o]p™ +71.9 (¢ 0.43, CHCl;); '"H NMR (500 MHz, CD;0OD): 6 = 7.67 (d, J
=2.2 Hz, 1H, Ar-H), 7.52 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.47 (t, J= 7.3 Hz, 2H, Ar-H), 7.35 (d, J =
8.6 Hz, 1H, Ar-H), 7.25 (d, J = 7.9 Hz, 2H, Ar-H), 5.75 (s, 1H, H-1), 5.59-5.52 (m, 2H, H-2, H-3),
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5.34 (t, J=10.0 Hz, 1H, H-4), 4.23 (dd, J = 12.1, 5.5 Hz, 1H, H-6a), 4.17 (m, 1H, H-5), 4.09 (dd, J =
12.1, 2.1 Hz, 1H, H-6b), 2.37 (s, 3H, PhCH3), 2.20 (s, 3H, COCHj3), 2.12-1.92 (m, 9H, 3 COCH,); *C
NMR (126 MHz, CDCl;): 6 = 170.64, 170.10, 169.94, 169.91 (4 CO), 150.42, 137.66, 137.63,
136.41, 129.78, 129.03, 126.81, 126.18, 124.80, 117.47 (12C, Ar-C), 96.90 (C-1), 69.89, 69.53, 68.95
(C-5, C-3, C-2), 66.04 (C-4), 62.29 (C-6), 21.23, 21.02, 20.86, 20.83, 20.82 (5 CH;); ESI-MS: m/z:
Caled for Cp7;H,oCINaO, o [M+Na]™: 571.1, found: 571.1.

3,4'-Dichloro-3'-(trifluoromethyl)-biphenyl-4-yl  2,3,4,6-tetra-O-acetyl-a.-D-mannopyranoside
(14h). Prepared according to general procedure A from 12 (80 mg, 0.137 mmol), 3-trifluoro-4-
chlorophenylboronic acid (13h, 34 mg, 0.151 mmol), Pd(dppf)Cl,c CH,Cl, (3.4 mg, 4 wmol) and
K5PO, (58 mg, 0.27 mmol). Yield: 70 mg (80%) as a white solid. [a]p*® +60.7 (¢ 0.27, CHCL); 'H
NMR (500 MHz, CD;0D): 6 =7.95 (d, J = 1.9 Hz, 1H, Ar-H), 7.84 (dd, J = 8.3, 2.0 Hz, 1H, Ar-H),
7.79 (d, J=2.3 Hz, 1H, Ar-H), 7.72-7.58 (m, 2H, Ar-H), 7.44 (m, 1H, Ar-H), 5.80 (s, 1H, H-1), 5.60-
5.51 (m, 2H, H-2, H-3), 5.36 (t, /= 10.0 Hz, 1H, H-4), 4.24 (dd, J = 12.2, 5.3 Hz, 1H, H-6a), 4.18-
4.05 (m, 2H, H-5, H-6b), 2.20, 2.08, 2.02, 1.96 (4s, 12H, 4 COCH3); *C NMR (126 MHz, CD;0D): ¢
= 172.17, 171.49, 171.47 (4C, 4 CO), 152.43, 139.86, 135.79, 133.40, 132.76, 130.00, 127.78,
126.84, 125.87, 118.88 (12C, Ar-C), 97.65 (C-1), 71.28 (C-5), 70.49, 70.21 (C-2, C-3), 66.94 (C-4),
63.28 (C-5), 20.59, 20.56 (4C, 4 COCH;); ESI-MS: m/z: Caled for CyHysCl,F3NaO,o [M+Na]":
659.1, found: 659.0.

3,3'-Dichloro-biphenyl-4-yl  2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside  (14i).  Prepared
according to general procedure A from 12 (81 mg, 0.138 mmol), 3-chloro-phenylboronic acid (13i, 24
mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.4 mg, 4 umol) and K;PO, (59 mg, 0.28 mmol). Yield: 57 mg
(75%) as a white solid. [a]p™’ +67.3 (¢ 0.27, CHCl;); "H NMR (500 MHz, CD;0D): 6 = 7.71 (t, J =
7.8 Hz, 1H, Ar-H), 7.66-7.31 (m, 6H, Ar-H), 5.78 (s, 1H, H-1), 5.61-5.51 (m, 2H, H-2, H-3), 5.35 (t, J
=10.1 Hz, 1H, H-4), 4.23 (dd, /= 12.2, 5.4 Hz, 1H, H-6a), 4.19-4.02 (m, 2H, H-5, H-6b), 2.19 (s, 3H,
COCHj3), 2.11-1.92 (m, 9H, 3 COCHj3); *C NMR (126 MHz, CD;0D): § = 172.18, 171.50, 171.48
(4C, 4 CO), 152.04, 142.44, 137.09, 135.96, 131.56, 129.89, 128.65, 127.75, 127.67, 126.23, 125.67,
118.82 (12C, Ar-C) 97.66 (C-1), 71.23, 70.49, 70.23 (C-2, C-3, C-5), 66.95 (C-4), 63.28 (C-6), 20.59,
20.58, 20.55 (4C, 4 COCHj;); ESI-MS: m/z: Calcd for CosH,sC1,NaO o [M+Na]": 591.1, found: 591.0.

3-Chloro-3'-methyl-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14j). Prepared
according to general procedure A from 12 (79 mg, 0.135 mmol), 3-methyl-phenylboronic acid (13j,
20 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 umol) and K;PO,4 (57 mg, 0.27 mmol). Yield: 51
mg (69%) as a white solid. [o]p™ +78.2 (¢ 0.36, CHCl;); '"H NMR (500 MHz, CD;0OD): 6 = 7.68 (d, J
= 2.1 Hz, 1H, Ar-H), 7.53 (dd, J = 8.6, 2.1 Hz, 1H, Ar-H), 7.34 (m, 4H, Ar-H), 7.17 (d, J = 7.4 Hz,
1H, Ar-H), 5.76 (s, 1H, H-1), 5.59-5.52 (m, 2H, H-2, H-3), 5.35 (t, /= 9.9 Hz, 1H, H-4), 4.24 (dd, J =
12.1, 5.5 Hz, 1H, H-6a), 4.17 (m, 1H, H-5), 4.09 (dd, J = 12.1, 2.1 Hz, 1H, H-6b), 2.40 (s, 3H,
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PhCH3), 2.19 (s, 3H, COCHj3), 2.09-1.94 (m, 9H, 3 COCHs); *C NMR (126 MHz, CD;0D): § =
172.20, 171.53, 171.49 (4C, 4 CO), 151.44, 140.37, 139.83, 138.93, 129.93, 129.75, 129.40, 128.41,
127.52, 125.47, 124.90, 118.82 (12 Ar-C), 97.71 (C-1), 71.19 (C-5), 70.51, 70.28 (C-2, C-3), 66.99
(C-4), 63.31 (C-6), 21.52 (PhCHj3), 20.60, 20.59, 20.56 (4C, 4 COCHs); ESI-MS: m/z: Calcd for
Cy7H,oCINaO, o [M+Na]™: 571.1, found: 571.1.

2',3-Dichloro-biphenyl-4-yl  2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside  (14k).  Prepared
according to general procedure A from 12 (81 mg, 0.138 mmol), 2-chloro-phenylboronic acid (13k,
24 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.4 mg, 4 umol) and K;PO4 (59 mg, 0.28 mmol). Yield: 52
mg (66%) as a white solid. [a]p™" +64.7 (¢ 0.42, CHCl;); '"H NMR (500 MHz, CD;0D): J = 7.48 (dd,
J=28.9, 1.7 Hz, 2H, Ar-H), 7.39-7.30 (m, 5H, Ar-H), 5.77 (s, 1H, H-1), 5.64-5.52 (m, 2H, H-2, H-3),
5.35 (m, 1H, H-4), 4.24 (dd, J = 12.1, 5.6 Hz, 1H, H-6a), 4.17 (ddd, J = 10.0, 5.6, 2.0 Hz, 1H, H-5),
4.08 (m, 1H, H-6b), 2.19, 2.07, 2.01, 1.96 (4 s, 12H, 4 COCH3); "C NMR (126 MHz, CD;0D): 6 =
172.16, 171.50, 171.45 (4C, 4 CO), 151.72, 139.84, 136.70, 133.35, 132.42, 132.34, 131.10, 130.31,
130.24, 128.37, 124.63, 117.98 (12 Ar-C), 97.64 (C-1), 71.22 (C-5), 70.47, 70.24 (C-2, C-3), 66.96
(C-4), 63.29 (C-6), 20.62, 20.61, 20.60, 20.57 (4 COCHj;); ESI-MS: m/z: Caled for CycHpsCINaOy,
[M+Na]": 591.1, found: 591.0.

3-Chloro-2'-methyl-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (141). Prepared
according to general procedure A from 12 (79 mg, 0.14 mmol), 2-methyl-phenylboronic acid (131, 20
mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 wmol) and K;PO, (57 mg, 0.27 mmol). Yield: 39 mg
(53%) as a white solid. [a]p> +62.9 (¢ 0.42, CHCl;); '"H NMR (500 MHz, CD;0D): ¢ = 7.37 (dd, J =
12.9, 5.2 Hz, 2H, Ar-H), 7.29-7.19 (m, 4H, Ar-H), 7.16 (d, J = 6.9 Hz, 1H, Ar-H), 5.76 (s, 1H, H-1),
5.59-5.54 (m, 2H, H-2, H-3), 5.35 (m, 1H, H-4), 4.28-4.03 (m, 3H, H-5, H-6), 2.25 (s, 3H, PhCH,),
2.19, 2.08, 2.02, 1.98 (4 s, 12H, 4 COCH;); *C NMR (126 MHz, CD;0D): § = 172.19, 171.54,
171.50 (4C, 4 CO), 151.24, 141.25, 139.60, 136.36, 132.01, 131.48, 130.60, 129.93, 128.82, 127.04,
124.80, 118.24 (12 Ar-C), 97.81 (C-1), 71.21 (C-5), 70.52, 70.31 (2C, C-2, C-3), 67.02 (C-4), 63.35
(C-6), 20.60, 20.56, 20.52 (5C, 5 CH;); ESI-MS: m/z: Calcd for C,;H,0CINaO;o [M+Na]": 571.1,
found: 571.1.

3-Chloro-2'-methoxy-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14m). Prepared
according to general procedure A from 12 (79 mg, 0.135 mmol), 2-methoxy-phenylboronic acid
(13m, 23 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 wmol) and K;PO, (57 mg, 0.27 mmol).
Yield: 34 mg (45%) as a white solid. [a]p*® +75.0 (¢ 0.52, CHCl;); 'H NMR (500 MHz, CD;0D): § =
7.58 (d, J = 2.1 Hz, 1H, Ar-H), 7.42 (dd, J = 8.6, 2.1 Hz, 1H, Ar-H), 7.38-7.25 (m, 3H, Ar-H), 7.08
(d, J=8.2 Hz, 1H, Ar-H), 7.02 (m, 1H, Ar-H), 5.76 (s, 1H, H-1), 5.58 (dd, J = 8.5, 3.2 Hz, 2H, H-2,
H-3), 5.37 (t, J=10.0 Hz, 1H, H-4), 4.26 (dd, J = 12.1, 5.6 Hz, 1H, H-6a), 4.19 (ddd, J = 10.0, 5.7,
2.0 Hz, 1H, H-5), 4.12 (dt, J= 8.5, 5.3 Hz, 1H, H-6b), 3.82 (s, 3H, OCHs), 2.21, 2.10, 2.04, 1.98 (4 s,
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12H, 4 COCH;); “C NMR (126 MHz, CD;OD): 6 = 172.23, 171.54, 171.49 (4C, 4 CO), 157.81,
150.91, 136.27, 132.31, 131.42, 130.27, 130.11, 129.80, 124.42, 122.00, 118.00, 112.60 (12 Ar-C),
97.63 (C-1), 71.16, 70.53, 70.30 (C-2, C-3, C-5), 67.02 (C-4), 63.31 (C-6), 55.99 (OCHj3;), 20.60,
20.59, 20.57 (4C, 4 COCHj;); ESI-MS: m/z: Calcd for Co;H,0CINaO;; [M+Na]": 587.1, found: 587.2.

3-Chloro-3'-(trifluoromethyl)-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-o.-D-mannopyranoside (14n).
Prepared according to general procedure A from 12 (80 mg, 0.137 mmol), 3-trifluoromethyl-
phenylboronic acid (13n, 29 mg, 0.15 mmol), Pd(dppf)Cl,:CH,CI, (3.4 mg, 4 umol) and K5PO4 (58
mg, 0.27 mmol). Yield: 69 mg (83%) as a white solid. [a]p’ +62 (¢ 0.49, CHCI;); '"H NMR (500
MHz, CD;0D): ¢ = 7.86 (m, 2H, Ar-H), 7.77 (d, J = 2.2 Hz, 1H, Ar-H), 7.71-7.59 (m, 3H, Ar-H),
7.43 (d, J = 8.6 Hz, 1H, Ar-H), 5.80 (s, 1H, H-1), 5.66-5.53 (m, 2H, H-2, H-3), 5.38 (t, /= 10.1 Hz,
1H, H-4), 431-4.06 (m, 3H, H-5, H-6), 2.28-1.93 (m, 12H, 4 COCH;); "C NMR (126 MHz,
CD;0D): 6 = 172.15, 171.49, 171.47, 171.46 (4 CO), 152.19, 141.43, 136.92, 132.36 (q, J = 32 Hz),
131.56, 130.93, 128.9 (q, J = 279 Hz), 126.69, 125.77, 125.29 (q, J = 3.8 Hz), 124.53, 12435 (q, J =
3.9 Hz), 118.88 (13C, 12 Ar-C, CF;), 97.66 (C-1), 71.24 (C-5), 70.47 (C-3), 70.22 (C-2), 66.94 (C-4),
63.27 (C-6), 20.59, 20.58, 20.56, 20.55 (4 COCH;); ESI-MS: m/z: Caled for C,7HpCIF;NaOy,
[M+Na]™: 641.1, found: 641.1.

4'-Acetyl-3-chloro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (140). Prepared
according to general procedure A from 12 (64.3 mg, 0.11 mmol), 4-acetylphenylboronic acid (130, 27
mg, 0.12 mmol), Pd(dppf)Cl,-CH,Cl, (2.7 mg, 3 umol) and K5PO, (47 mg, 0.22 mmol). Yield: 52 mg
(82%) as a white solid. [a]p™ +76.9 (¢ 0.62, CHCl;); '"H NMR (500 MHz, CD;0D): § = 8.04 (d, J =
8.4 Hz, 2H, Ar-H), 7.77 (d, J = 2.2 Hz, 1H, Ar-H), 7.71 (d, J = 8.4 Hz, 2H, Ar-H), 7.61 (dd, J = 8.6,
2.2 Hz, 1H, Ar-H), 7.38 (d, J = 8.7 Hz, 1H, Ar-H), 5.78 (s, 1H, H-1), 5.60-5.51 (m, 2H, H-2, H-3),
5.35 (t, J=10.0 Hz, 1H, H-4), 4.23 (dd, J = 12.2, 5.4 Hz, 1H, H-6a), 4.17-4.01 (m, 2H, H-5, H-6b),
2.62 (s, 3H, PACOCH}3), 2.20, 2.10, 2.04, 1.98 (4 s, 12H, 4 COCH;); >C NMR (126 MHz, CD;0D): ¢
= 199.93 (PhCOCH;), 172.14, 171.49, 171.46, 171.45 (4 CO), 152.26, 144.91, 137.30, 137.07,
130.24, 130.03, 127.92, 127.82, 125.70, 118.78 (12 C, Ar-C), 97.62 (C-1), 71.23 (C-5), 70.46, 70.21
(C-2, C-3), 66.93 (C-4), 63.27 (C-6), 26.73 (PhCOCHs;), 20.61, 20.59, 20.57 (4C, 4 COCHs;); ESI-
MS: m/z: Caled for CosH,0CINaO,; [M+Na]™: 599.1, found 599.1.

4'-(2,3,4,6-Tetra-O-acetyl-a.-D-mannopyranosyloxy)-3'-chloro-biphenyl-4-carbonitril ~ (14p).”"
Prepared according to general procedure A from 12 (79 mg, 0.135 mmol), 4-cyano-phenylboronic
acid (13p, 22 mg, 0.15 mmol), Pd(dppf)Cl,-CH,Cl, (3.3 mg, 4 umol) and K;PO, (57 mg, 0.27 mmol).
Yield: 57 mg (75%) as a white solid. [a]p*® +77.7 (¢ 0.5, CHCl;); "H NMR (500 MHz, CDCls): 0 =
7.72 (d, J = 8.3 Hz, 2H, Ar-H), 7.63 (m, 3H, Ar-H), 7.43 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.27 (d, J =
8.6 Hz, 1H, Ar-H), 5.64-5.59 (m, 2H, H-1, H-3), 5.54 (dd, J=3.2, 1.9 Hz, 1H, H-2), 5.41 (t,J=10.1
Hz, 1H, H-4), 4.28 (dd, J = 12.3, 5.2 Hz, 1H, H-6a), 4.17 (ddd, J = 10.0, 5.1, 2.1 Hz, 1H, H-5), 4.10
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(dd, J=12.3, 2.2 Hz, 1H, H-6b), 2.21 (s, 3H, COCH3), 2.12-2.00 (m, 9H, 3 COCHj3); *C NMR (126
MHz, CDCl3): 6 = 170.54, 170.08, 169.90, 169.84, (4 CO) 151.67, 143.61, 135.29, 132.87, 129.41,
127.53, 126.60, 125.20, 118.79, 117.36, 111.47 (13C, Ar-C, CN), 96.72 (C-1), 70.00 (C-5), 69.39 (C-
3), 68.82 (C-2), 65.86 (C-4), 62.16 (C-6), 20.98, 20.81, 20.79, 20.78 (4 COCH;); ESI-MS: m/z: Calcd
for C27H,CINNaO ;o [M+Na]": 582.1, found: 582.1.

4'-(2,3,4,6-Tetra-O-acetyl-o.-D-mannopyranosyloxy)-3'-chloro-biphenyl-3-carbonitril (14q).
Prepared according to general procedure A from 12 (80 mg, 0.137 mmol), 3-cyanophenylboronic acid
pinacol ester (13q, 35 mg, 0.151 mmol), Pd(dppf)Cl,:CH,Cl, (3.4 mg, 4 umol) and K;PO, (58 mg,
0.27 mmol). Yield: 57 mg (74%) as a white solid. [a]p™® +66.2 (¢ 0.6, CHCl;); "H NMR (500 MHz,
CDCly): 0 = 7.83-7.73 (m, 2H, Ar-H), 7.62 (dd, J = 10.4, 5.0 Hz, 2H, Ar-H), 7.55 (t, J = 7.8 Hz, 1H,
Ar-H), 7.41 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.33-7.23 (m, 2H, Ar-H), 5.61 (m, 2H, H-1, H-3), 5.54
(dd, J=3.3, 1.9 Hz, 1H, H-2), 5.39 (t, J = 10.1 Hz, 1H, H-4), 4.27 (dd, J = 12.3, 5.2 Hz, 1H, H-6a),
4.22-4.05 (m, 2H, H-5, H-6b), 2.21 (s, 3H, COCH3), 2.14-1.99 (m, 9H, 3 COCH;); >C NMR (126
MHz, CDCl;): 6 = 170.83, 170.23, 170.12, 170.04 (4 CO), 151.35, 140.43, 134.98, 131.29, 131.11,
130.39, 129.89, 129.18, 126.39, 125.07, 118.60, 117.37, 113.04 (13C, 12 Ar-C, CN), 96.60 (C-1),
69.83 (C-5), 69.29 (C-3), 68.85 (C-2), 65.80 (C-4), 62.14 (C-6), 24.54, 20.78, 20.64, 20.62 (4
COCHj;); ESI-MS: m/z: Caled for Co7H,6CINNaO ;o [M+Na]": 582.1, found: 582.1.

3-Chloro-3'-nitro-biphenyl-4-yl 2,3,4,6-tetra-O-acetyl-a.-D-mannopyranoside (14r). Prepared
according to general procedure A from 12 (80 mg, 0.137 mmol), 3-nitro-phenylboronic acid (13r, 25
mg, 0.151 mmol), Pd(dppf)Cl,-CH,Cl, (3.4 mg, 4 wumol) and K3PO, (58 mg, 0.27 mmol). Yield: 55
mg (69%) as a white solid. [a]p>* +70.6 (¢ 0.23, CHCl;); '"H NMR (500 MHz, CD;0D): = 8.44 (t, J
= 1.9 Hz, 1H, Ar-H), 8.23 (m, 1H, Ar-H), 8.02 (dd, J = 7.8, 0.6 Hz, 1H, Ar-H), 7.82 (d, J = 2.3 Hz,
1H, Ar-H), 7.77-7.61 (m, 2H, Ar-H), 7.44 (d, J = 8.7 Hz, 1H, Ar-H), 5.81 (s, 1H, H-1), 5.63-5.54 (m,
2H, H-2, H-3), 5.38 (t, /= 10.0 Hz, 1H, H-4), 4.26 (dd, J = 12.2, 5.3 Hz, 1H, H-6a), 4.16 (ddd, J =
10.1, 5.3, 2.2 Hz, 1H, H-5), 4.10 (m, 1H, H-6a), 2.22 (s, 3H, COCHj3;), 2.10-1.92 (m, 9H, 3 COCHj;);
BC NMR (126 MHz, CD;OD): d = 172.16, 171.49, 171.47, 171.46 (4 CO), 152.47, 150.23, 142.04,
136.00, 133.90, 131.33, 130.07, 127.85, 125.86, 123.29, 122.34, 118.88 (12 Ar-C), 97.66 (C-1), 71.26
(C-5), 70.45, 70.21 (C-2, C-3), 66.92 (C-4), 63.26 (C-6), 20.60, 20.59, 20.56 (4C, 4 COCH,); ESI-
MS: m/z: Caled for CosH,CINNaO;, [M+Na]": 602.1, found: 602.1.

3-Chloro-biphenyl-4-yl a.-D-mannopyranoside (2). Prepared according to general procedure B from
11 (101 mg, 0.19 mmol). Yield: 65 mg (93%) as a white solid. [o]p> +87.5 (¢ 0.067, MeOH/CHCl;,
1:1); '"H NMR (500 MHz, CD;0D): 6 = 7.63 (d, J=2.2 Hz, 1H, Ar-H), 7.59-7.48 (m, 3H, Ar-H), 7.42
(dd, J=12.3, 5.0 Hz, 3H, Ar-H), 7.32 (t, /= 7.4 Hz, 1H, Ar-H), 5.58 (d, J= 1.5 Hz, 1H, H-1), 4.12
(dd, J=3.3, 1.8 Hz, 1H, H-2), 4.01 (dd, /= 9.5, 3.4 Hz, 1H, H-3), 3.83-3.64 (m, 4H, H-4, H-5, H-6);
PC NMR (126 MHz, CD;0D): 6 = 152.67, 140.68, 137.91, 129.99, 129.49, 128.52, 127.72, 127.50,
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125.24, 118.73 (12C, Ar-C), 100.86 (C-1), 75.97 (C-5), 72.43 (C-3), 71.90 (C-2), 68.26 (C-4), 62.69
(C-6); HR-MS: m/z: Caled for C sH;oCINaOs [M+Na]": 389.0762, found 389.0764.

3,4'-Dichloro-biphenyl-4-yl a-D-mannopyranoside (4a). Prepared according to general procedure
B from 14a (45.6 mg, 0.08 mmol). Yield: 20 mg (62%) as a white solid. [a]p> +69.9 (¢ 0.42, MeOH);
'H NMR (500 MHz, CD;0D): 6 = 7.66 (d, J = 2.2 Hz, 1H, Ar-H), 7.59-7.54 (m, 2H, Ar-H), 7.51 (dd,
J=28.6,2.3 Hz, 1H, Ar-H), 7.46-7.40 (m, 3H, Ar-H), 5.58 (d, /= 1.6 Hz, 1H, H-1), 4.11 (dd, J = 3.3,
1.8 Hz, 1H, H-2), 3.99 (dd, J=9.5, 3.4 Hz, 1H, H-3), 3.81-3.69 (m, 3H, H-4, H-6), 3.65 (ddd, J = 9.8,
5.5, 2.4 Hz, 1H, H-5); °C NMR (126 MHz, CD;0D): § = 152.92, 139.33, 136.43, 134.57, 130.05,
129.44, 129.23, 127.44, 125.32, 118.70 (12C, Ar-C), 100.79 (C-1), 75.99 (C-5), 72.40 (C-3), 71.86
(C-2), 68.23 (C-4), 62.66 (C-6); HR-MS: m/z: Calcd for CigHsC1,NaOs [M+Na]": 423.0373, found
423.0378.

3,3',4'-Trichloro-biphenyl-4-yl o.-D-mannopyranoside (4b). Prepared according to general
procedure B from 14b (45.3 mg, 0.08 mmol). Yield: 26 mg (80%) as a white solid. [o]p™ +92.8 (¢
0.24, MeOH); 'H NMR (500 MHz, CD;0D): § = 7.70 (d, J = 2.1 Hz, 1H, Ar-H), 7.63 (d, J = 2.2 Hz,
1H, Ar-H), 7.56-7.41 (m, 4H, Ar-H), 5.60 (d, /= 1.6 Hz, 1H, H-1), 4.12 (dd, /= 3.3, 1.8 Hz, 1H, H-
2), 4.00 (dd, J=9.5, 3.4 Hz, 1H, H-3), 3.81-3.69 (m, 3H, H-4, H-6), 3.64 (ddd, J=9.7, 5.4, 2.4 Hz,
1H, H-5); C NMR (126 MHz, CD;0D): J = 153.28, 140.97, 134.91, 133.84, 132.38, 131.98, 129.50,
129.49, 127.51, 127.42, 125.38, 118.60 (12 Ar-C), 100.68 (C-1), 75.99 (C-5), 72.38 (C-3), 71.81 (C-
2), 68.19 (C-4), 62.63 (C-6); HR-MS: m/z: Caled for C;sH,;Cls;NaOs [M+Na]": 456.9983, found
456.9984.

3-Chloro-4'-(trifluoromethyl)-biphenyl-4-yl o-D-mannopyranoside (4c). Prepared according to
general procedure B from 14¢ (36.2 mg, 0.06 mmol). Yield: 25 mg (95%) as a white solid. [a]p™
+83.0 (c 0.24, MeOH); 'H NMR (500 MHz, CD;0D): § = 7.84-7.40 (m, 7H, Ar-H), 5.62 (d, J = 1.2
Hz, 1H, H-1), 4.13 (m, 1H, H-2), 4.01 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.84-3.71 (m, 3H, H-4, H-6),
3.65 (m, 1H, H-5); C NMR (126 MHz, CD;0D): ¢ = 153.33, 144.34, 135.92, 130.42 (q, J = 32 Hz),
128.3 (q, J = 246 Hz), 128.28, 126.90 (q, J = 3.7 Hz), 125.38, 124.69, 118.62 (13C, 12 Ar-C, CF;),
100.65 (C-1), 75.96 (C-5), 72.38 (C-3), 71.80 (C-2), 68.16 (C-4), 62.57 (C-6); HR-MS: m/z: Calcd for
CoH,sCIFsNaO4 [M+Na]": 457.0636, found 457.0641.

2',3,4'-Trichloro-biphenyl-4-yl o.-D-mannopyranoside (4d). Prepared according to general
procedure B from 14d (28.4 mg, 0.05 mmol). Yield: 15 mg (73%) as a white solid. [a]p™ +82.2 (c
0.22, MeOH); 'H NMR (500 MHz, CD;0D): 6 = 7.59-7.28 (m, 6H, Ar-H), 5.60 (d, J = 1.4 Hz, 1H,
H-1),4.12 (dd, /= 3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J=9.4, 3.4 Hz, 1H, H-3), 3.83-3.61 (m, 4H, H-4,
H-5, H-6); ’C NMR (126 MHz, CD;OD): ¢ = 153.12, 138.93, 135.19, 134.62, 134.33, 133.51,
132.03, 130.68, 130.18, 128.60, 124.47, 117.95, (12 Ar-C), 100.82 (C-1), 76.05 (C-5), 72.41 (C-3),
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71.86 (C-2), 68.25 (C-4), 62.69 (C-6); HR-MS: m/z: Calcd for C,sH;,ClsNaO¢ [M+Na]": 456.9983,
found 456.9989.

3-Chloro-4'-nitro-biphenyl-4-yl o-D-mannopyranoside (4e). Prepared according to general
procedure B from 14e (27.3 mg, 0.05 mmol). Yield: 16 mg (83%) as a white solid. [o]p™ +100.2 (¢
0.20, MeOH); 'H NMR (500 MHz, CD;0D): ¢ = 8.32 (d, J = 8.8 Hz, 2H, Ar-H), 8.00 (s, 1H, Ar-H),
7.86 (d, J = 8.8 Hz, 2H, Ar-H), 7.82 (d, J= 2.2 Hz, 1H, Ar-H), 7.67 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H),
7.52 (d, J=8.7 Hz, 1H, Ar-H), 5.66 (d, /= 1.3 Hz, 1H, H-1), 4.14 (dd, /= 3.2, 1.8 Hz, 1H, H-2), 4.02
(dd, J=9.5, 3.4 Hz, 1H, H-3), 3.85-3.71 (m, 3H, H-4, H-6), 3.65 (ddd, /= 9.6, 5.4, 2.3 Hz, 1H, H-5);
C NMR (126 MHz, CD;0D): 6 = 153.86, 148.53, 146.97, 135.06, 130.04, 128.64, 128.10, 125.53,
125.16, 118.60 (12C, Ar-C), 100.68 (C-1), 76.09 (C-5), 72.41 (C-3), 71.82 (C-2), 68.22 (C-4), 62.67
(C-6); HR-MS: m/z: Caled for C sH sCINNaOg [M+Na]™: 434.0613, found 434.0614.

3-Chloro-4'-methoxy-biphenyl-4-yl o-D-mannopyranoside (4f). Prepared according to general
procedure B from 14f (25 mg, 0.05 mmol). Yield: 13 mg (73%) as a white solid. [a]p>* +84.5 (¢ 0.16,
CHCly/MeOH, 1:1); '"H NMR (500 MHz, CD;0D): § = 7.58 (d, J = 2.2 Hz, 1H, Ar-H), 7.53-7.43 (m,
3H, Ar-H), 7.39 (d, /= 8.6 Hz, 1H, Ar-H), 6.98 (d, J = 8.8 Hz, 2H, Ar-H), 5.55 (d, /= 1.4 Hz, 1H, H-
1),4.11 (dd, J= 3.3, 1.8 Hz, 1H, H-2), 3.99 (m, 1H, H-3), 3.82 (s, 3H, OCH};), 3.81-3.62 (m, 4H, H-4,
H-5, H-6); °C NMR (126 MHz, CD;0D): ¢ = 160.88, 152.14, 137.70, 133.08, 129.00, 128.77,
126.97, 125.20, 118.81, 115.38 (12C, Ar-C), 100.92 (C-1), 75.91 (C-5), 72.41 (C-3), 71.90 (C-2),
68.26 (C-4), 62.68 (C-6), 55.76 (OCH;); HR-MS: m/z: Calcd for C;oH,;CINaO; [M+Na]": 419.0868,
found 419.0865.

3-Chloro-4'-methyl-biphenyl-4-yl o.-D-mannopyranoside (4g). Prepared according to general
procedure B from 14g (38 mg, 0.07 mmol). Yield: 14 mg (53%) as a white solid. [a]p™ +95.1 (¢ 0.22,
MeOH); '"H NMR (500 MHz, CD;0D): 6 = 7.60 (d, J = 2.2 Hz, 1H, Ar-H), 7.51-7.37 (m, 4H, Ar-H),
7.23 (d, J=8.0 Hz, 2H, Ar-H), 5.56 (d, /= 1.4 Hz, 1H, H-1), 4.11 (dd, /= 3.2, 1.8 Hz, 1H, H-2), 4.00
(dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.82-3.64 (m, 4H, H-4, H-5, H-6), 2.36 (s, 3H, CH3); °C NMR (126
MHz, CD;0D): 6 = 152.40, 138.43, 137.87, 137.74, 130.59, 129.23, 127.53, 127.21, 125.18, 118.73
(12C, Ar-C), 100.86 (C-1), 75.91 (C-5), 72.41 (C-3), 71.89 (C-2), 68.24 (C-4), 62.66 (C-6), 21.08
(CH;); HR-MS: m/z: Calcd for C,oH,CINaOg [M+Na]™: 403.0919, found 403.0924.

3,4'-Dichloro-3'-(trifluoromethyl)-biphenyl-4-yl o.-D-mannopyranoside (4h). Prepared according
to general procedure B from 14h (76 mg, 0.12 mmol). Yield: 18 mg (36%) as a white solid. [ot]p™
+83.0 (c 0.34, MeOH); 'H NMR (500 MHz, CD;0D): § = 7.95-7.44 (m, 6H, Ar-H), 5.61 (d, J = 1.4
Hz, 1H, H-1), 4.11 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J= 9.5, 3.4 Hz, 1H, H-3), 3.83-3.68 (m,
3H, H-4, H-6), 3.63 (ddd, J= 9.6, 5.4, 2.3 Hz, 1H, H-5 ); *C NMR (126 MHz, CD;0D): 6 = 153.48,
140.08, 134.83, 133.32, 132.64, 132.04, 129.79, 128.7 (q, J = 246 Hz), 126.71, 126.67, 125.51,
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123.27, 118.69 (12 Ar-C, CF3), 100.70 (C-1), 76.05 (C-5), 72.39 (C-3), 71.82 (C-2), 68.21 (C-4),
62.66 (C-6); HR-MS: m/z: Calcd for C,oH;,Cl,F;NaOs [M+Na]": 491.0246, found 491.0250.

3,3'-Dichloro-biphenyl-4-yl a.-D-mannopyranoside (4i). Prepared according to general procedure B
from 14i (34 mg, 0.06 mmol). Yield: 15 mg (62%) as a white solid. [a]p”° +96.1 (¢ 0.21, MeOH); 'H
NMR (500 MHz, CD;0D): 6 = 7.64 (d, J= 1.9 Hz, 1H, Ar-H), 7.57 (s, 1H, Ar-H), 7.55-7.29 (m, 5H,
Ar-H), 5.59 (s, 1H, H-1), 4.12 (s, 1H, H-2), 4.00 (dd, J =9.5, 3.3 Hz, 1H, H-3), 3.83-3.69 (m, 3H, H-
4, H-6), 3.64 (m, 1H, H-5); °C NMR (126 MHz, CD;OD): ¢ = 153.12, 142.67, 136.15, 135.88,
131.47, 129.57, 128.42, 127.66, 127.59, 126.13, 125.32, 118.64 (12 Ar-C), 100.74 (C-1), 75.98 (C-5),
72.39 (C-3), 71.84 (C-2), 68.21 (C-4), 62.65 (C-6); HR-MS: m/z: Caled for C3H;3Cl,NaO4 [M+Na]":
423.0373, found 423.0378.

3-Chloro-3'-methyl-biphenyl-4-yl a-D-mannopyranoside (4j). Prepared according to general
procedure B from 14j (40.6 mg, 0.07 mmol). Yield: 26 mg (92%) as a white solid. [a]p”® +98.5 (c
0.30, MeOH); 'H NMR (500 MHz, CD;0D): 6 = 7.61 (d, J = 2.2 Hz, 1H, Ar-H), 7.39 (m, 5H, Ar-H),
7.15(d,J=17.3 Hz, 1H, Ar-H), 5.56 (d, J= 1.5 Hz, 1H, H-1), 4.11 (dd, /= 3.3, 1.8 Hz, 1H, H-2), 3.99
(dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.84-3.62 (m, 4H, H-4, H-5, H-6), 2.39 (s, 3H, CH3); °C NMR (126
MHz, CD;0D): ¢ = 152.59, 140.64, 139.76, 138.07, 129.88, 129.48, 129.21, 128.37, 127.48, 125.18,
124.85, 118.71 (12 Ar-C) 100.87 (C-1), 75.95 (C-5), 72.43 (C-3), 71.91 (C-2), 68.27 (C-4), 62.68 (C-
6), 21.53 (CH3); HR-MS: m/z: Caled for CoH, CINaOg [M+Na]": 403.0919, found 403.0925.

2',3-Dichloro-biphenyl-4-yl o.-D-mannopyranoside (4k). Prepared according to general procedure
B from 14k (38.7 mg, 0.07 mmol). Yield: 20 mg (73%) as a white solid. [a]p™ +85.6 (¢ 0.3, MeOH);
'H NMR (500 MHz, CD;0D): 6 = 7.53-7.24 (m, 7H, Ar-H), 5.60 (d, J = 1.3 Hz, 1H, H-1), 4.13 (dd, J
=3.2, 1.8 Hz, 1H, H-2), 4.01 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.86-3.64 (m, 4H, H-4, H-5, H-6); °C
NMR (126 MHz, CD;0D): ¢ = 152.84, 140.11, 135.85, 133.40, 132.43, 132.05, 131.05, 130.18,
130.15, 128.30, 124.32, 117.89 (12 Ar-C), 100.83 (C-1), 75.98 (C-5), 72.39, 71.86, (C-3, C-2), 68.23
(C-4), 62.66 (C-6); HR-MS: m/z: Caled for CgH sC1,NaOg [M+Na]': 423.0373, found 423.0378.

3-Chloro-2'-methyl-biphenyl-4-yl a-D-mannopyranoside (41). Prepared according to general
procedure B from 141 (26 mg, 0.05 mmol). Yield: 17 mg (95%) as a white solid. [o]p™ +88.0 (c 0.22,
MeOH); 'H NMR (500 MHz, CD;0D): ¢ = 7.40-6.93 (m, 7H, Ar-H), 5.47 (d, J = 1.5 Hz, 1H, H-1),
4.02 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 3.90 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.74-3.55 (m, 4H, H-4, H-5,
H-6), 2.14 (s, 3H, CH;); °C NMR (126 MHz, CD;0D): § = 152.30, 141.49, 138.70, 136.37, 131.70,
131.42, 130.62, 129.84, 128.67, 126.97, 124.50, 118.20 (12 Ar-C), 100.97 (C-1), 75.97 (C-5), 72.42
(C-3), 71.91 (C-2), 68.28 (C-4), 62.70 (C-6), 20.52 (CH;3); HR-MS: m/z: Calcd for C;9H;CINaOg
[M+Na]": 403.0919, found 403.0922.

3-Chloro-2'-methoxy-biphenyl-4-yl o-D-mannopyranoside (4m). Prepared according to general
procedure B from 14m (26.6 mg, 0.05 mmol). Yield: 15 mg (80%) as a white solid. [a]p™® +81.2 (¢
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0.12, MeOH); 'H NMR (500 MHz, CD;0D): § = 7.51 (s, 1H, Ar-H), 7.41-6.93 (m, 6H, Ar-H), 5.56
(d,J= 1.4 Hz, 1H, H-1), 4.11 (dd, J = 3.3, 1.8 Hz, 1H, H2), 4.00 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.81
(s, 3H, OCH3), 3.79-3.66 (m, 4H, H-4, H-5, H-6); °C NMR (126 MHz, CD;0D): 6 = 157.83, 152.11,
135.39, 132.06, 131.40, 130.08, 130.05, 124.14, 121.98, 117.93, 112.62 (12C, Ar-C), 100.87 (C-1),
75.89 (C-5), 72.41 (C-3), 71.91 (C-2), 68.26 (C-4), 62.67 (C-6), 56.01 (OCHj;); HR-MS: m/z: Caled
for CjoHy CINaO; [M+Na]': 419.0868, found 419.0871.

3-Chloro-3'-(trifluoromethyl)-biphenyl-4-yl o.-D-mannopyranoside (4n). Prepared according to
general procedure B from 14n (60 mg, 0.1 mmol). Yield: 39 mg (91%) as a white solid. [a]p”’ +84.3
(c 0.42, MeOH); '"H NMR (500 MHz, CD;0OD): 6 = 7.87-7.78 (m, 2H, Ar-H), 7.70-7.44 (m, 5H, Ar-
H), 5.61 (d, J = 1.1 Hz, 1H, H-1), 4.13 (dd, J = 3.0, 1.7 Hz, 1H, H-2), 4.01 (dd, J = 9.5, 3.4 Hz, 1H,
H-3), 3.84-3.60 (m, 4H, H-4, H-5, H-6); °C NMR (126 MHz, CD;0D): ¢ = 153.25, 141.66, 135.98,
132.30 (q, J =246 Hz), 131.45, 130.85, 128.68 (q, J = 32 Hz), 126.71, 125.42, 125.05 (q, J = 3.8 Hz)
124.55, 124.23 (q, J = 3.8 Hz), 118.68 (12 Ar-C, CF3), 100.71 (C-1), 75.99 (C-5), 72.39 (C-3), 71.82
(C-2), 68.20 (C-4), 62.64 (C-6); HR-MS: m/z: Calcd for C;oH,3CIF3sNaOg [M+Na]": 457.0636, found
457.0640.

4'-Acetyl-3-chloro-biphenyl-4-yl a-D-mannopyranoside (40). Prepared according to general
procedure B from 140 (32 mg, 0.06 mmol). Yield: 21 mg (93%) as a white solid. [a]p™ +103.2 (c
0.27, MeOH); "H NMR (500 MHz, CD;0D): 6 = 8.06 (d, J = 8.4 Hz, 2H, Ar-H), 7.74 (dd, J = 8.6, 5.3
Hz, 3H, Ar-H), 7.61 (dd, J = 8.6, 2.2 Hz, 1H, Ar-H), 7.48 (d, J = 8.7 Hz, 1H, Ar-H), 5.61 (d, /= 1.3
Hz, 1H, H-1), 4.12 (dd, J = 3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.83-3.59 (m,
4H, H-4, H-5, H-6), 2.63 (s, 3H, COCH;); C NMR (126 MHz, CD;0D): d = 200.02 (CO), 153.40,
145.29, 137.16, 136.20, 130.22, 129.76, 127.86, 127.80, 125.39, 118.61 (12C, Ar-C), 100.72 (C-1),
76.03 (C-5), 72.40 (C-3), 71.83 (C-2), 68.22 (C-4), 62.66 (C-6), 26.71 (COCH;); HR-MS: m/z: Calcd
for C5H,;CINaO, [M+Na]": 431.0868, found 431.0869.

3'-Chloro-4'-(a.-D-mannopyranosyloxy)-biphenyl-4-carbonitril (4p).”"

Prepared according to
general procedure B from 14p (36 mg, 0.06 mmol). Yield: 12 mg (48%) as a white solid. [a]p™
+109.4 (¢ 0.23, MeOH); 'H NMR (500 MHz, CD;0D): ¢ = 7.80-7.72 (m, 5H, Ar-H), 7.59 (dd, J =
8.6, 2.2 Hz, 1H, Ar-H), 7.48 (d, J = 8.7 Hz, 1H, Ar-H), 5.62 (d, /= 1.4 Hz, 1H, H-1), 4.12 (dd, J =
3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J=9.5, 3.4 Hz, 1H, H-3), 3.83-3.68 (m, 3H, H-4, H-6), 3.63 (ddd, J =
9.6, 5.4, 2.3 Hz, 1H, H-5); °C NMR (126 MHz, CD;0D): 6 = 153.65, 145.15, 135.42, 133.86,
129.82, 128.53, 127.87, 125.47, 119.70, 118.59, 111.97 (13C, 12 Ar-C, CN), 100.66 (C-1), 76.05 (C-
5), 72.39 (C-3), 71.80 (C-2), 68.20 (C-4), 62.65 (C-6); IR (KBr): v = 3400 (O-H), 2227 (C=N), 1606,

1487 (Ar-C=C) cm™'; HR-MS: m/z: Caled for CioH;sCINNaOg [M+Na]": 414.0715, found 414.0721.

3'-Chloro-4'-(a.-D-mannopyranosyloxy)-biphenyl-3-carbonitril (4q). Prepared according to
general procedure B from 14q (84 mg, 0.15 mmol). Yield: 14 mg (34%) as a white solid. [a]p™ +96.3
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(c 0.23, MeOH); 'H NMR (500 MHz, CD;OD): 6 = 8.03-7.88 (m, 2H, Ar-H), 7.71 (m, 2H, Ar-H),
7.65-7.54 (m, 2H, Ar-H), 7.48 (d, J = 8.6 Hz, 1H, Ar-H), 5.61 (d, J= 1.4 Hz, 1H, H-1), 4.12 (dd, J =
3.3, 1.8 Hz, 1H, H-2), 4.00 (dd, J = 9.5, 3.4 Hz, 1H, H-3), 3.85-3.56 (m, 4H, H-4, H-5, H-6); "°C
NMR (126 MHz, CD;OD): § = 153.45, 142.02, 135.30, 132.39, 132.00, 131.28, 131.15, 129.71,
127.74, 125.49, 119.62, 118.68, 114.15 (12 Ar-C, CN), 100.72 (C-1), 76.04 (C-5), 72.40 (C-3), 71.83
(C-2), 68.21 (C-4), 62.66 (C-6); HR-MS: m/z: Caled for C;oH sCINNaOg [M+Na]': 414.0715, found
414.0715.

3-Chloro-3'-nitro-biphenyl-4-yl o-D-mannopyranoside (4r). Prepared according to general
procedure B from 14r (48 mg, 0.08 mmol). Yield: 32 mg (94%) as a white solid. [a]p™® +93.2 (c
0.52, MeOH); 'H NMR (500 MHz, CD;0D): d = 8.47-7.97 (m, 3H, Ar-H), 7.80-7.48 (m, 4H, Ar-H),
5.63 (s, 1H, H-1), 4.11 (m, 1H, H-2), 4.00 (dd, J=9.5, 3.4 Hz, 1H, H-3), 3.82-3.58 (m, 4H, H-4, H-5,
H-6); °C NMR (126 MHz, CD;0OD): ¢ = 153.56, 150.26, 142.38, 135.13, 133.86, 131.29, 129.78,
127.82, 125.53, 123.09, 122.28, 118.70 (12 Ar-C), 100.71 (C-1), 76.06 (C-5), 72.40 (C-3), 71.82 (C-
2), 68.21 (C-4), 62.66 (C-6); HR-MS: m/z: Calcd for C;sH;sCINNaOg [M+Na]™: 434.0613, found
434.0612.

Biological Evaluation

Expression and purification of the FimH lectin domain (FimH-L). A recombinant protein
consisting of the CRD of FimH linked to a 6His-tag via a thrombin cleavage site (FimH-CRD-Th-
Hise) was expressed in E. coli strain HM 125" and purified by affinity chromatography as previously

described.!*”

Expression and purification of full-length FimH (FimH-DsG). Full-length FimH was purified for
the most part as previously described.!”” Briefly, FimH and FimC were co-expressed in E. coli
HM125™" harboring pFimH-FimC. Cells were grown at 30 °C in LB medium containing ampicillin
(100 pg/mL) to an ODgq of 1.5, whereupon co-expression of FimH and FimC was induced by adding
isopropyl-p-D-thiogalactoside (IPTG) to a final concentration of 1 mM. Expression was continued for
12-16 h before cells were harvested by centrifugation and resuspended in 50 mM Tris (pH 7.5), 150
mM NaCl, 5 mM EDTA and 1 mg/mL polymyxin B sulfate (13 mL per liter of culture). After stirring
the suspension at 4 °C for 1.5 h, cells and cell debris were pelleted and the supernatant (periplasmic
extract) was dialyzed against 20 mM Tris (pH 8.0). All following purification steps were performed at
4 °C. The supernatant was loaded onto an Uno Q column (Bio-Rad, USA), which was equilibrated
with the same buffer. The flow-through, which contained the FimH-FimC complex, was dialyzed
against 10 mM MOPS (pH 7.0) and loaded onto a Mono S column (GE Healthcare, UK) equilibrated
with the same buffer. The complex was eluted with a linear gradient from 0 to 300 mM NaClL.
Fractions containing the FimH-FimC complex were pooled and dialyzed against a buffer containing

20 mM NaH,PO, (pH 7.4) and 50 mM NaCl. Concentrated to 40 uM, FimH-FimC was incubated for
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48 h at 37 °C with a 3-fold molar excess of a synthetic peptide (DsG) corresponding to the N-terminal
sequence of the FimG donor strand with an additional arginine at the C-term to improve peptide
solubility.™ After incubation, the excess of DsG displaced FimC from FimH, thereby forming a
stable full-length FimH construct. The mixture was dialyzed against 20 mM acetic acid (pH 4.5) and
loaded onto a Mono S column, which was equilibrated with the same buffer. Full-length FimH was
eluted with a linear gradient from 0 to 400 mM, separating it from isolated FimC, unreacted FimH-
FimC complex and excess DsG. Fractions containing full-length FimH were pooled, dialyzed against
20 mM acetic acid (pH 4.5), analyzed by SDS-PAGE and ESI-mass spectrometry (m/z: Calcd:
30635.3 Da, found: 30635.0 Da), and stored at -80 °C.

Competitive fluorescence polarization assay (FP assay). FP assays were essentially performed as
previously described.”®! The affinity (dissociation constant Kp) of 15 to either FimH protein was
determined in a direct binding assay. The Kp, of 15 to the isolated FimH lectin domain (FimH-L) has
been reported as 1.7 nM.®® In the case of the full-length FimH (FimH-DsG), the K, was determined
by mixing a serial dilution of FimH from 1 nM to 5 uM with a constant concentration of 15, which
was fixed at either 5, 10 or 20 nM. All solutions were diaylzed against or prepared in a buffer
containing 20 mM HEPES (pH 7.4), 150 mM NaCl and 50 pg/mL BSA. The mixture was incubated
at rt for at least 1 h in black, flat bottom, NBS-treated 96-well microtiter plates (Corning, USA) and in
a final volume of 100 pL per well. The K, was determined by monitoring the binding of 15 to full-
length FimH and measuring the associated increase in FP using a Synergy H1 Hybrid microplate
reader (BioTek, USA). FP was measured at 528 nm through polarizing filters that were oriented
parallel and perpendicular to the incident polarizing light at 485 nm. The resulting binding isotherm
was fitted to a single-site binding model, which accounts for ligand depletion® to determine the K.

381 was used for the

Kp determination of FimH antagonists. The fluorescently labeled ligand 15!
competitive fluorescence polarization assay. In these competition assays, a serial dilution of
competitor was titrated into fixed concentrations of FimH protein and 15. For the determination of
competitor Kps to FimH-L, equimolar concentrations of protein and 15 were used (50 nM). By
comparison, 10 nM 15 and 300 nM FimH were used in competition assays with FimH-DsG. FP was
measured as described above and incubation times were varied for either FimH protein. The mixture
with the labeled FimH antagonist and the unlabeled competing antagonist was incubated for at least
24 h with the isolated lectin domain, while with full-length FimH the incubation period could be
reduced to a minimum of 1 h. These time periods were determined empirically to be necessary for the
reaction to equilibrate and are inherently tied to diverging binding kinetics of these FimH proteins.

Data were fit to an equilibrium competition function'’" and analyzed with Prism (GraphPad Software,

USA).
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Physicochemical and in vitro Pharmacokinetic Studies

Materials. DMSO, 1-propanol and 1-octanol were purchased from Sigma-Aldrich. PAMPA System
Solution, GIT-0 Lipid Solution, and Acceptor Sink Buffer were ordered from plon (Woburn, MA,
USA). Acetonitrile (MeCN) was purchased from Acros Organics (Geel, Belgium).

logD- 4 determination. The in silico prediction tool ALOGPS™ was used to estimate the logP values
of the compounds. Depending on these values, the compounds were classified into three categories:
hydrophilic compounds (logP below zero), moderately lipophilic compounds (logP between zero and
one) and lipophilic compounds (logP above one). For each category, two different ratios (volume of

1-octanol to volume of buffer) were defined as experimental parameters (Table 2).

Table 2. Compound classification based on estimated logP values.

Compound type logP ratio (1-octanol / buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0-1 70:110, 110:70

lipophilic >1 3:180, 4:180

Equal amounts of phosphate buffer (0.1 M, pH 7.4) and 1-octanol were mixed and shaken vigorously
for 5 min to saturate the phases. The mixture was left until separation of the two phases occurred, and
the buffer was retrieved. Stock solutions of the test compounds were diluted with buffer to a
concentration of 1 uM. For each compound, six determinations, i.e. three determinations per 1-
octanol:buffer ratio, were performed in different wells of a 96-well plate. The respective volumes of
buffer containing analyte (1 pM) were pipetted to the wells and covered by saturated 1-octanol
according to the chosen volume ratio. The plate was sealed with aluminum foil, shaken (1350 rpm, 25
°C, 2 h) on a Heidolph Titramax 1000 plate-shaker (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany) and centrifuged (2000 rpm, 25 °C, 5 min, 5804 R Eppendorf centrifuge,
Hamburg, Germany). The aqueous phase was transferred to a 96-well plate for analysis by LC-MS.
The logD;, was calculated from the 1-octanol:buffer ratio (o/b), the initial concentration of the

analyte in buffer (1 uM), and the concentration of the analyte in buffer (cg) with equation (2):

uM —cpg " 1

Cp ozb) )

logD; 4 = log(

LC-MS measurements. Analyses were performed using an 1100/1200 Series HPLC System coupled
to a 6410 Triple Quadrupole mass detector (Agilent Technologies, Inc., Santa Clara, CA, USA)
equipped with electrospray ionization. The system was controlled with the Agilent MassHunter
Workstation Data Acquisition software (version B.01.04). The column used was an Atlantis® T3 C18
column (2.1 x 50 mm) with a 3 um particle size (Waters Corp., Milford, MA, USA). The mobile

phase consisted of two eluents: eluent A (H,O, containing 0.1% formic acid, v/v) and eluent B
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(acetonitrile, containing 0.1% formic acid, v/v), both delivered at 0.6 mL/min. The gradient was
ramped from 95% A/5% B to 5% A/95% B over 1 min, and then hold at 5% A/95% B for 0.1 min.
The system was then brought back to 95% A/5% B, resulting in a total duration of 4 min. MS
parameters such as fragmentor voltage, collision energy, polarity were optimized individually for each
analyte, and the molecular ion was followed for each compound in the multiple reaction monitoring
mode. The concentrations of the analytes were quantified by the Agilent Mass Hunter Quantitative

Analysis software (version B.01.04).

Solubility. Solubility was determined in a 96-well format using the uSOL Explorer solubility
analyzer (plon, version 3.4.0.5). Measurements were performed at pH 7.4 in triplicates. Three wells of
a deep well plate were filled with 300 pL of aqueous universal buffer solution. Aliquots (3 pL) of
compound stock solution (100 mM in DMSO) were added and thoroughly mixed. The final sample
concentration was 1 mM, the residual DMSO concentration was 1.0% (v/v) in the buffer solutions.
After 15 h, the solutions were filtrated (0.2 pm 96-well filter plates) using a vacuum to collect
manifold (Whatman Ltd., Maidstone, UK) to remove any precipitates. Equal amounts of filtrate and
I-propanol were mixed and transferred to a 96-well plate for UV detection (190 to 500 nm,
SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA). The amount of material dissolved was
calculated by comparison with UV spectra obtained from reference samples, which were prepared by
dissolving compound stock solution in a 1:1 mixture of buffer and 1-propanol (final concentrations

0.167 mM).

Parallel Artificial Membrane Permeation Assay (PAMPA). Values of logP. were determined in a
96-well format with the PAMPA™! permeation assay. Measurements were performed at pH 7.4 in
quadruplicates. Four wells of a deep well plate were filled with 650 pL System Solution. Samples
(150 pL) were withdrawn from each well to determine the blank spectra by UV-spectroscopy
(SpectraMax 190). Then, analyte dissolved in DMSO was added to the remaining System Solution to
yield 50 pM solutions. To exclude precipitation, the optical density was measured at 650 nm, with
0.01 being the threshold value. Solutions exceeding this threshold were filtrated. Afterwards, samples
(150 pL) were withdrawn to determine the reference spectra. Further 200 pL were transferred to each
well of the donor plate of the PAMPA sandwich (plon, P/N 110 163). The filter membranes at the
bottom of the acceptor plate were infused with 5 pL of GIT-0 Lipid Solution, and 200 pL of Acceptor
Sink Buffer were filled into each acceptor well. The sandwich was assembled, placed in the
GutBox™, and left undisturbed for 16 h. Then, it was disassembled and samples (150 pL) were
transferred from each donor and acceptor well to UV-plates. Quantification was performed by UV
spectroscopy. The logP.-values were calculated with the aid of the PAMPA Explorer Software (plon,

version 3.5).
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