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Summary

The development of total antibiotic resistance is becoming a looming threat for world
healthcare, thereby underlining the need for the development of novel antibiotics with unprece-
dented modes of action. A promising target in this respect is the bacterial B-sliding clamp
(DnaN), which has recently been identified and proven to be crucial for bacterial replication and
resistance development.

For this thesis, we established SAR around the structure of a highly promising virtual
screening hit H1, that demonstrated significant binding to DnaN and antibacterial activity. De-
rivatives of H1, synthesized in the course of SAR establishment efforts, demonstrated improved
inhibitory activity against Mycobacteria and Gram-positive bacteria, but failed to impact efflux-
competent Gram-negative pathogens. Using a combination of biophysical methods, we elucidat-
ed the details of H1's interaction with the p-clamp.

As a second approach, a fragment-based screening campaign led to the discovery of hits
that were synthetically optimized and grown to achieve improved DnaN binding and enhanced
antibacterial activity.

Overall, the results of the work summarized in the present thesis feature the identification
of two new classes of small-molecule inhibitors of M. tuberculosis B-sliding clamp. The most
promising representatives of both classes demonstrated appreciable target engagement in vitro
and concomitant antibacterial activity, which paves the way for their further optimization and

development.

Vi



Zusammenfassung

Die Entwicklung einer vollstdndigen Antibiotikaresistenz stellt eine bedrohliche Gefahr fur
die weltweite Gesundheitsversorgung dar und unterstreicht somit die Notwendigkeit der Ent-
wicklung neuartiger Antibiotika mit beispiellosen Wirkungsweisen. Ein vielversprechendes Ziel
in diesem Zusammenhang ist die bakterielle p-klammer (DnaN), die kirzlich identifiziert wurde
und sich als entscheidend fiir die bakterielle Replikation und die Entwicklung von Resistenz er-
wiesen hat.

In dieser Dissertation haben wir eine Struktur-Wirkungs-Beziehung (SAR) um das vielver-
sprechende virtuelle Screening-Hit H1 etabliert, das eine signifikante Bindung an DnaN und
antibakterielle Aktivitét zeigte. Abkobmmlinge von H1, die im Zuge der SAR-Bemihungen syn-
thetisiert wurden, zeigten eine verbesserte Hemmaktivitat gegen Mykobakterien und grampositi-
ve Bakterien, hatten jedoch keinen Einfluss auf Gram-negative Krankheitserreger mit Efflux-
Kompetenz. Mit einer Kombination von biophysikalischen Methoden haben wir die Details der
Wechselwirkung von H1 mit der p-Klammer aufgeklart.

Als zweiter Ansatz fuhrte eine fragmentbasierte Screening-Kampagne zur Entdeckung von
Treffern, die synthetisch optimiert und weiterentwickelt wurden, um eine verbesserte Bindung an
DnaN und eine verstarkte antibakterielle Aktivitat zu erreichen.

Insgesamt umfasst die Arbeit, die in dieser Dissertation zusammengefasst ist, die Identifi-
zierung von zwei neuen Klassen von kleinen Molekilinhibitoren der M. tuberculosis B-klammer.
Die vielversprechendsten Vertreter beider Klassen zeigten eine signifikante Bindung an das
Zielprotein in vitro und gleichzeitig antibakterielle Aktivitat, was den Weg flr weitere Optimie-
rung und Entwicklung ebnet.
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1 Introduction

The emergence of antibiotic resistant, highly virulent and pathogenic bacterial strains is
becoming a looming threat for global healthcare, potentially capable of bringing the era highly
efficacious antibiotics to its end. This is primarily associated with non-commensurate usage of
broad-spectrum antibiotics, which lead to the development and spreading of resistance genes
across communities making antibiotics less efficient.

Antibiotic resistance-associated changes of bacterial genome are linked to increasing of ac-
tive molecules’ efflux or their incapacitation, which can succeed either by modification of active
molecules by dedicated enzymes or by decreasing their target affinity by introducing mutations
in targets’ structures.

The systematic risk assessment taking into account growing multidrug resistance and viru-
lence has resulted in grouping most important pathogens into the “ESKAPE” set, which includes
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and various Enterobacter species.!*l These pathogens are re-
sponsible for most of hospital-acquired infections and are known to be able to “escape” the bio-
cidal action of antimicrobial agents.[!! So far certain strains of ESKAPE pathogens are known to
have developed resistance mechanisms against almost all classes of routinely used antibiotics
and last-resort ones alike.! World Health Organization has recently included ESKAPE patho-
gens along with multidrug resistant Mycobacterium tuberculosis into the priority list of bacteria
against which new antibiotics are urgently needed.!!

Nevertheless, potential antibiotic crisis can be further aggravated by steady waning of
global antibiotic development pipeline.®! Moreover, most of newly approved molecules are fur-
ther derivatives belonging to well-known antibiotics classes, which are intrinsically amenable to
being developed resistance against by modification of an already known mechanism. Only a
handful of molecules currently in development can be identified as truly innovative ones exploit-
ing novel antibacterial action mechanisms.™!

Therefore, the intensification of effort aimed at discovery of innovative antibiotics is abso-
lutely necessary to significantly impede the development of resistance in dangerous, highly viru-
lent bacterial species.

The present work features our contribution to discovery and early-stage development of
antimicrobial molecules that act by engaging a previously validated target called p-sliding clamp.
Although this target has yet not been exploited by clinically used antibiotics, it has a number of

advantages favoring the minimization of risks of resistance development.



1.1 Bacterial replication machinery

The process of DNA replication is crucial for all living organisms as it precedes cell divi-
sion and proliferation. Inhibition or impairment of this process in bacterial cells has been shown
to be essential for highly efficient classes of antibiotics such as the fluoroquinolones (topoiso-
merase inhibitors), which renders this approach attractive for antibiotic discovery.[!

The central function in the bacterial replisome is carried out by the Polymerase Il holoen-
zyme complex responsible for the synthesis of deoxyribonucleotide chains. The holoenzyme Il1

consists of three sets of subunits having structural and synthetic functions (Figure 1).

fork progression leading strand

lagging strand

Figure 1. Schematic representation of leading and lagging strand synthesis at a replication fork in Escherichia coli
(adapted from Robinson et al).[!

One DNA polymerase |11 enzymatic complex subunit set is engaged into the uninterrupted
elongation of the leading strand, while two other sets are responsible for the synthesis of ~2 kb
Okazaki fragments, which eventually become a lagging strand of nascent DNA.[]

1.1.1 Role of the g-sliding clamp in DNA replication and repair.

The E. coli DNA polymerase 111 is known to perform template DNA synthesis with the
speed of 350-500 nucleotides/sec only in a complex with the accessory protein called B-sliding
clamp, while in the absence of the sliding clamp, the DNA polymerase |1l incorporates deoxy
nucleotides at a rate of 10 nucleotides/sec with a processivity of 1020 base-pairs.®! The p-
sliding clamp protein is known to interact with different types of DNA-polymerases and
ligases.P!

This protein encircles and slides the along newly synthesized double-stranded DNA (Fig-
ure 2, A). B-clamp is engaged into DNA synthesis at the ds-ss DNA interface and is known to
act as a tether for DNA-polymerase 111, assuring its firm attachment to the template strand by

involving the polymerase in a tight protein-protein interaction.l’!



Figure 2. A) Streptococcus pyogenes DnaN surrounding ds-DNA (adapted from Argiriadi et al.)*l; B) The struc-
ture of ternary complex between two units of DNA-Pol-1V and E. coli DnaN(adapted from Bunting et al.)i*%]

The binding between DnaN and its partnering polymerases takes place at the C-terminus of
the polymerase by coordination of the relatively short characteristic peptide sequence (linear
motif) at the binding sites of the clamp protein (see Figure 2, B).

1.1.2 Structure of the bacterial s-sliding clamp.

The sliding clamp is a head-to-tail homodimeric donut-shaped protein that exists in two

principal states: closed and opened.
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Figure 3. The structure of M. tuberculosis sliding clamp (reproduced from Gui et al.)*2

The loading of the clamp onto DNA is associated with ATP-dependent opening-closure of
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B at the interface between the two protomers with the help of a subcomplex of DNA-polymerase
holoenzyme III subunits y called clamp loader protein complex.!*®!

Each protomer of DnaN includes a mainly hydrophobic binding interface, located between
domains two and three that bind characteristic linear motifs found in prokaryotic DNA polymer-
ases.*¥ The sequence of B-sliding clamp is highly conserved throughout bacterial species.

Owing to the importance of its function, proteins analogous to prokaryotic sliding clamp
are found in archaea, eukaryotes (proliferating cell nuclear antigen, PCNA)™! and certain virus-
es (e.g., gp45 in phage T4)18. However, in spite of topological similarity, PCNA and p-clamp
were found to be only remotely similar, while the similarity between clamps found in bacteria

and phages was not detected.[*"]



1.2 The binding site of bacterial pg-sliding clamp.
The polymerase peptide binding interface consists of a deep hydrophobic pocket (subsite I)
located between domains two and three of the B monomer and connected by a groove to a more

shallow subsite 11 located within the domain three (see Figure 3 and Figure 4).118]

Pol 1l
/' peptide

Figure 4 The surface presentation of the DNA-pol 111 linear peptide binding site of a B-sliding clamp(reproduced
from Aakre et al).[!9

The two subsites are separated by the side chain of the Met-362 residue, that, in the ab-
sence of ligands, blocks the passageway between the subsite | and 11.1*8] Upon “anchoring” of
hydrophobic portion of linear peptides to subsite I, the side chains of Met-362 and Ser-346 un-
dergo simultaneous rotation, thereby opening the way for the ligand to the other subsite in the

process called sequential binding (Figure 5a,b).[2%
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Figure 5. The structure of the a) N-acetylated terminal dipeptide L4Fs and b) pentapeptide AcoQ:1L2DsL4Fs bound to
E. coli B-clamp (PDB: 4K3L and 3Q4J, respectively; reproduced from Yin et al).?"!

However, in spite of high similarity of linear peptide binding interfaces in sliding clamps
of different bacterial species, it was demonstrated that model peptides (e.g., P1) binding to slid-
ing clamps of Gram-negative and Gram-positive bacteria have significantly different thermody-
namic signatures, which is associated with mutations or differential placements of single amino
acid residues adjacent to subsites | and Il and to decreased (mycobacterial ) to no binding (S.
aureus and B. subtilis clamp) of linear motif-mimicking peptides optimized for E. coli DnaN.[?%]
Additionally, the aforementioned Met-362 gating side-chain and adjacent Ser-346 were found to
be replaced by Leu and Pro, respectively in Gram-positive bacteria, while mycobacterial DnaN

represented a transition state with only Ser-346 replaced with Pro.[?!]



The painstaking analysis of thermodynamics and kinetics of model peptide binding to E.
coli and B. subtilis sliding clamps together with extensive structural studies of E. coli clamps
bearing various mutations revealed the strategic function of Ser-346 for subsite | binding dynam-
ics and confirmed that of the methionine residue for induction of binding to subsite 11.[22]

The discovery of highly active competitive binders of bacterial B-sliding clamp can result
in indirect inhibition of the DNA polymerases by making them less processive. This, in turn,
impairs the whole DNA replication process resulting in bacterial growth inhibition and eventual-
ly in a bactericidal effect. The sliding clamp is also indispensable for the action of error-prone
DNA polymerases involved in various DNA repair processes after induction of the SOS re-
sponse; therefore DnaN inhibitors could potentially contribute to the mitigation of SOS response
and delay the development of antibiotic resistance associated with various genetic mutations. 2l
Thus, the multiple essential functions of DnaN in bacterial cells combined with significant struc-

tural divergence from PCNA make it a highly attractive target for antibacterial drug discovery.

1.3 Known ligands of bacterial sliding clamp

Linear peptides. Peptides constitute the most extensively investigated class of known
DnaN binders since model peptides were actively employed as tool ligands for biochemical and
structural studies of the replication process. These studies revealed the minimal consensus linear
peptide sequence in DNA polymerases responsible for binding with DnaN to be Q1L2[S/D]sL4Fs,

where the third position can be occupied by either serine or aspartic acid (Figure 6).[24125]
Subsite | Subsite Il

M364

P242

Figure 6. Binding of the acetylated model peptide (gray) and DNA-pol 111 linear motif (pink) to E. coli DnaN (re-
produced from Yin et al.)?%

The affinity of various decapeptides derived from natural f-clamp-binding proteins was as-
sessed using SPR and an in vitro DNA replication assay in the work by Wijffels et al.l?! The
majority of oligopeptides included the aforementioned consensus sequence with slight modifica-
tions together with different flanking sequences. This allowed for the ranking of peptides, that
showed a wide range of affinity to DnaN (Kq by SPR from 0.38 to > 10 uM) and DNA replica-
tion inhibition (ICso from 0.6£0.2 to >500 pM).



Bacteriophage genomics enabled the discovery of three polypeptides of non-disclosed
structure, which showed the ability to bind E. coli DnaN.["]

The structure-based attempts to discover high-affinity peptide binders of the E. coli -
clamp were undertaken by Wolff et al.*®l Starting from a known polymerase-derived linear mo-
tif P1 (RQLVLGL, ICsp = 8 uM), reducing it to the more effective binder pentapeptide P5
(QLDLF, Kq12 uM), by acetylating the N-terminal glutamine residue P6 (ACQLDLF, K41 uM),
replacing phenylalanine with B-cyclohexyl-alanine and adding extra chlorine atoms P14 (Ac-
QChaDLJdiCIF; “Cha” — L-cyclohexyl alanine, “diCIF” — L-3,4-dichlorophenylalanine) the au-
thors managed to improve the Kq of the peptide-DnaN complex by two orders of magnitude
achieving the value of 77 nM. The optimized ligands were also investigated by isothermal titra-
tion calorimetry (ITC), which made it possible to estimate their thermodynamic binding profiles.
In the follow-up paper by the same authors, the SAR establishment around the structure of a ge-
neric clamp-binding peptide was used to generate a 3D-pharmacophore for a ligand-based que-
ry,28 which in the end gave rise to a small-molecule E. coli DnaN ligand, which will be dis-
cussed below.

Recently, dual-function peptides targeting E. coli DnaN and ribosome were designed, syn-
thesized and tested by Andre et al.[?°l The dual-function peptides combined sequences of previ-
ously described P71*8 (sliding clamp binding) and two different proline-reach antimicrobial pep-
tides (PrAMP’s) Onc112 and unglycosylated pyrrhocoricin (Py). Oncl112 and Py are also known

to interact with the peptide-exit channel of the bacterial ribosome.

Table 1. Summary of performance of oligopeptides from work by Andre et al.[?%

Kd (SPR), E. coli
Name Sequence
pM MIC, pM
Pz Ac-QXDLFE-OH 194458 >357
Oncl12-P7 | VDKPPYLPRPRPPRrIYNrNGPRQXDLFE-OH 200+0.1 0.15-0.29
Py-P7 VDKGSYLPRPTPPRPIYNRNGPRQXDLEFE-OH 120+20 1.2-2.4

The combined peptides demonstrated high activity against E. coli, which was not essential-
ly different to that of the peptides’ Oncl12 and Py alone. This observation was explained by
significant prevalence of ribosomes in bacterial cells compared to DnaN.

More recently, highly affine modified peptide binders were disclosed in the paper of Mon-
sarrat et al.F% As a result of extensive crystallography and structure-based optimization of previ-
ously discovered modified peptide 1.3.1, which already showed good affinity to E. coli sliding

clamp (Kq 194 nM), comprehensive SAR around the structure of 1.3.1 was established. These
6



efforts culminated in the discovery of 1.3.2 and 1.3.3, that possessed low-nanomolar DnaN bind-
ing affinity (Figure 7) and were potent inhibitors of DnaN-dependent in vitro replication (1Csg of
46 and 51 are 0.35 and 0.15 pM, respectively).

oMt o,
o)
o) O b
)LN N\_)J\N \)J\N OH
H § = H i H §
1.3.1
Kg 194 nM

Cl

Figure 7. Structures of optimized E. coli DnaN binding peptides reported by Monsarrat et al [l

Nevertheless, in spite of excellent target affinity compounds 1.3.2 and 1.3.3 showed mar-
ginal activity (128 pg/mL) even against an efflux-deficient E. coli strain.

Addressing the problem of limited permeability of the bacterial cell wall towards polypep-
tides, Nedal et al.BY synthesized peptides containing eukaryotic sliding clamp PCNA consensus
sequences APIM (these were originally developed as potential anticancer drugs) 2, comple-
mented by positively charged cell-penetrating polyarginine motifs (Table 2).

Table 2. Activity of polypeptides in the work (311

MIC (uM):
Name of the peptide Sequence K (uM)

E. coli E. coli
MST
(MST) | MRSE | 551" | MG1655

Ac-MD-RWLVK-WKKKRKI-

RWLVK RRRRRRRRRR 35 3 5 11
Ac-MD-RWLVK-GILQWRKI-
* _—
RWLVK RRRRRRRRRRR 3 3 4
RFSLK Ac-MD-RFSLK-WKKKRKI- - 3 4 7.5
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RRRRRRRRRRR
Ac-MD-RFSLK-GILQWRKI-
*
RFSLK RRRRRRRRRRR 19 3 4 6.5
Ac-MD-RALVK-WKKKRKI-
RALVK RRRRRRRRRRR 769 3 5 9
Ac-MD-RWLK-WKKKRKI-
RWLK RRRRRRRRRRR n/a 4 6 12
R11 RRRRRRRRRRR n/a 12 11 145
MRSE — Methicillin-resistant S. epidermidis, PCNA-binding motif is highlighted in bold, “--“ — “not determined”

n/a— “not applicable.

In spite of the differences between prokaryotic (DnaN) and eukaryotic (PCNA) sliding
clamps, the chimeric peptides including APIM sequences shown considerable affinity to the bac-
terial sliding clamp. The peptides were found to strongly inhibit bacterial DNA replication
(complete inhibition achieved at 6 uM for the RWLVK* sequence) and showed growth inhibition
of various E. coli strains and methicillin-resistant S. epidermidis in standard MIC tests (Table 2)
as well as in the murine skin wound infection model, where the most active peptides were shown
to have significantly reduced the bacterial load with no toxicity towards skin.!!

The synthesized peptides were proved to bind the subsites | and Il of the bacterial sliding
clamp using site-directed mutagenesis of amino acid residues lining the protein-protein interac-
tion interface of E. coli DnaN. These mutations were previously shown to be responsible for the
impairment of naturally occurring clamp-binding motifs.[*!

Additionally, the inhibition of DnaN interaction with bacterial polymerases by the synthe-
sized polypeptides was proven to considerably reduce the frequency of spontaneous mutations in
E. coli, which renders the described peptides potentially promising means for mitigating the risks
of antibiotic resistance development.

A recent follow-up paper Raeder et al.*¥l reported the discovery of significant synergy of
action of the previously discovered polypeptide RWLVK (sequence: Ac-MD-RWLVK-WKKKRKI-
R11/R10)Y and antibiotic gentamicin against various strains of S. epidermidis both in vitro and
in in vivo bone graft infection model. Moreover, the antibacterial peptide was shown to inhibit
the growth and eradicate the S. epidermidis biofilm, which makes it a potentially promising
agent for the combination treatment of prostethic joint infections.[34

A more recent follow-up work by Nepal et al.*! features more detailed investigation of the
antibacterial peptide RWLVK* (sequence: Ac-MD-RWLVK-GILQWRKI-R11, called betatide by
the authors). This peptide demonstrated its broad spectrum and reasonably high activity (MIC
values 8-16 ng/mL) against a wide panel of pathogenic bacteria (including multidrug resistant

ESKAPE pathogens and clinical isolates). Betatide also showed the ability to eradicate MRSE
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infection in an in vitro wound assay, with no significant impact on epithelialization even in rela-
tively high dosages.

Additionally, according to an intracellular infection experiments, the peptide of interest
was shown to enter the eukaryotic cells infected by S. aureus and exert bactericidal effect.

Finally, as a result of a resistance development assay, E. coli and S. aureus showed low-
ered capacity to develop resistance against betatide, which is in accordance with its ability to
considerably lower the frequency mutations supported the reported by Raeder et al.[3

Cyclic peptides. In comparison to their linear counterparts, cyclic peptides are known to
have increased proteolytic stability and are therefore more likely to exert antibacterial effects.

The split-intein circular ligation of peptides and proteins (SICLOPPS) technology™®! em-
ployed by Kjelstrup et al.B™ enabled the discovery of three cyclic octapeptide hits that demon-
strated modest antibacterial effect on S. aureus. It was, however, subsequently established that it
was the inhibition B-clamp’s subunits dimerization that was probably responsible for com-
pounds’ antibacterial action.

Table 3. Activity of discovered cyclic peptides in the work 371

Cyclic MIC values
. Sequence S. aureus
peptide
pg/ml pM
-5 CRVFLCGC 50 57
11-6 CRSQGLFK 50 54
-7 CRGHVWVD 20" 21"

* - tested against Staphylococcus epidermidis; binding subsequence in bold
The cyclic depsipeptide natural product griselimycin (GM) was discovered in the 1970’s
by isolation from Streptomyces.*®!

R/
(Nj\fo )\
J’/,' N o\ . . .
o/ ;\ R = H - Griselimycin (GM)
N 0 o /g (M.tb MIC 1 pg/mL)
o= gy 9 N N0

N.__O H O . ) R = Me - Methylgriselimycin (MGM)
\E o ., Y o (M.t MIC 0.6 pg/mL)
S N vy N
\\’/N T)t/ R = Cyclohexyl -
\ o / Cyclohexylgriselimycin (CGM)
B (M.tb MIC 0.06 pg/mL)
Figure 8. The structure of substituted griselimycins and their MICs against Mycobacterium tuberculosis.

The mechanism of action of GMs was studied in detail by Kling et al. and was found to be
DnaN binding and the inhibition of protein-protein interaction between the B-sliding clamp and
DNA-polymerases.[?®l The co-crystal structure of GM with M. tuberculosis DnaN revealed the

antibiotic molecule bound to the peptide-binding interface of the bacterial B-sliding clamp: the
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subsite | was occupied by the macrocyclic part, while the linear appendage of GM was accomo-
dated by subsite Il (Figure 9).

Figure 9. The co-crystal structure of griselimycin and Mycobacterium tuberculosis p-sliding clamp (PDB: 5AGU;
reproduced from Kling et al).[?3l

GM showed the highest affinity to sliding clamps of M. smegmatis and M. tuberculosis
(SPR K¢8.3x107! and 1.0x1071% M, respectively), while the affinity in the case of E. coli sliding
clamp turned out to be considerably lower (K4 6.5%x10~" M). These findings were consistent with
the strain-specific activity of GMs. The high activity of GMs against M. tuberculosis and the
unfavorable ADME profile inspired optimizations effort to yield methyl- and cyclohexyl-
griselimycins (MGM and CGM), which demonstrated greater metabolic stability and a more
favorable pharmacokinetic profile compared to their natural predecessor.®! The optimized de-
rivatives showed promising in vitro and in vivo activity, yet a high efficient dose (> 100 mg/kg)
in the acute model. Additionally, the cyclic peptide GMs proved highly active against resistant
M. tuberculosis strains and demonstrated low frequency of resistance (5x1071°), which was ac-
companied with extremely high fitness costs.[*!

Overall, linear peptides showed good sliding clamp affinity and in vitro DNA replication
inhibition, but mostly lacked antibacterial activity, which could be associated with low permea-
bility or intrinsic metabolic lability of peptides. Simultaneously, the cyclic peptide GM and its
derivatives of comparable potency demonstrated significantly better antibacterial activity, possi-
bly due to higher metabolic stability. Nevertheless, in view of the strain-limited activity of GM,
further optimization of the cyclic peptides’ permeability and target affinity remains to be under-
taken.

Small molecules. Protein-protein interactions are generally considered difficult to inhibit
with small molecules. Studies indicated so called “hot spot” regions within the interaction inter-
face to contribute the major part of the binding energy, and therefore, these seem to be the most
promising regions to be addressed by small-molecule inhibitors.B% In the bacterial p-sliding
clamp, subsite | was previously identified as such a “hot spot” initiating sequential linear motif

binding.?%! Simultaneously, the proximity of subsite I suggests that fragment-based approaches
10



are suited to identify DnaN inhibitors. Additionally, small molecules are more likely to penetrate
the bacterial cell wall as well as to have intrinsically higher metabolic stability. Therefore, find-
ing potent and efficient DnaN binders among them could potentially solve the problem of limited
strain susceptibility.

Various approaches had been employed to discover small-molecule binders of B-sliding
clamp. The first small-molecule DnaN binder RU7 was discovered as a result of high-throughput
screening (HTS) effort by Georgescu et al.[*"]

Br
o 3 B OH
r
Ho{_ s
N O/\
(0]

Figure 10. A) The structure of RU7 — the first discovered small-molecule DnaN binder. B) The co-crystal structure
of RU7 with E. coli B-sliding clamp (PDB: 3DIG) illustrating the conformational changes in the structure of DnaN
upon ligand binding (adapted from Georgescu et al.[*),

RU7 was discovered as a tool compound able to selectively inhibit the protein-protein in-
teraction between E. coli sliding clamp and different types of bacterial DNA-polymerases (I, 111
and 1V) thereby discriminating among them. According to the fluorescence polarization assay,
the apparent Kq of RU7 was 2.7 + 0.4 uM and the same compound showed the K; of 10 uM in
the relevant in vitro DNA replication inhibition assay.

The compound RU7 was demonstrated to selectively disrupt the interaction between the -
sliding clamp and DNA-Pol Ill. Its co-crystal structure with E. coli DnaN was solved and re-
vealed that RU7 binds to subsite | of the interface and formed hydrophobic and polar contacts
within the interface. The antibacterial activity of RU7 was, however, not reported.

The ligand-based virtual screening afforded the discovery of another small molecule,

which was demonstrated to bind DnaN.[28!

0}
O~
1.3.4

Figure 11. A) The structure of compound 1.3.4, small-molecule DnaN E. coli B.clamp binder reported by Wijffels et
al.1’®l B) The co-crystal structure compound 4 with E. coli p-sliding clamp (PDB: 3QSB).
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The solved co-crystal structure of compound 1.3.4 and E. coli sliding clamp showed that
the small molecule was bound in subsite 1, making mainly hydrophobic contacts with the protein
with the 4-fluorobiphenyl portion of the molecule (Figure 11, B).

The antibacterial activity of 1.3.4 was not reported in the respective work. However, the
compound 1.3.4 was named a promising starting point for structure-based binding optimization
and drug discovery.[?8l

First small-molecule DnaN inhibitors active against bacteria were discovered by Yin et
al.*Y The authors pursued an X-ray crystallography fragment screening campaign and solved
five crystal structures of E. coli B-sliding clamp with fragment-sized molecules bound in subsite
| (Figure 12, A).

The discovered fragments 1-4 had shown very weak DnaN binding (FP-assay) and no
DNA replication inhibition. In order to further develop the inhibitors, the authors considered the
co-crystal structure of the only active fragment 5. As a result of a similarity search in the ZINC
database, docking of selected structures into the subsite | of E. coli DnaN and structure-based

optimization a set of substituted tetrahydrocarbazoles were found to be optimal binders (Figure

12, B).
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Figure 12. A) Fragments found to bind the subsite I of E. coli DnaN by Yin et al.l; B) Structures and activities of
lead compounds 1.3.10-12 presented by Yin et al.[*!
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Figure 13. X-ray co-crystal structures of compounds 1.3.9(A), 1.3.10(B) and 1.3.11(C) with the E. coli DnaN (PDB
codes: 4N98, 4N99 and 4N9A respectively). Adapted from Yin et al.*
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The discovered sliding clamp ligands were proven to fully occupy the subsite I of E. coli
DnaN (Figure 13a-c.) and showed antibacterial activity (MICs up to 115 uM) that correlated
with the molecules’ target affinities.

The B-sliding clamp protein was also found to be an off-target for certain common non-
steroidal anti-inflammatory drugs (NSAIDs), which could be the cause of their slight antibacteri-
al activity.[*? Out of twenty NSAID molecules tested for binding to E. coli DnaN by Yin et al.
five were found active in the corresponding fluorescence polarization assay (see Figure 14).

Cl
NH, O
HOZC O O
Br : N
(R)-vedaprofen bromfenac h (S)-carprofen
E F H CO,H o H CO,H
flufenamic acid tolfenamic acid

Figure 14. Structures of NSAID binders of E. coli sliding clamp found in the work by Yin et al.[4?
Flufenamic and tolfenamic acids demonstrated only marginal binding to sliding clamp,

while vedaprofen, bromfenac and carprofen demonstrated mid-micromolar 1Cso values and
detectable in vitro DNA replication inhibition. These molecules also showed quite moderate an-
tibacterial activity: best MIC values against S. aureus and Bacillus subtilis achieved 156 uM for
vedaprofen, while carprofen turned out to be most efficient (yet objectively poorly active)
against Gram-negative bacteria with MICs of 2500 and 1250 uM for E. coli and Acinetobacter
baylyi, respectively.[*?]
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Figure 15. Co-crystal structures of NSAID binders occupying the subsite | of E. coli DnaN (adapted from Yin et
al.).r2

Furthermore, the co-crystal structures of vedaprofen, bromfenac and carprofen and E. coli
sliding clamp (PBD codes 4MJP, 4MJP and 4MJR respectively) revealed all molecules to occu-
py the subsite | within the clamp’s binding site (Figure 15a-c).?
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The follow-up work by the same authors*! capitalized on the previously described tetra-
hydrocarbazole scaffold“*! and was focused on extending inhibitors into the subsite 11 of the pep-
tide binding interface of the B-sliding clamp. As a result of structure-based growing and optimi-

zation, enlarged ligands made by the extension from carbazole nitrogen were discovered.

Br
Cl Cl
Q7 — — o oo
/ (RN —_— \)&\N 2
X HO,C /N N N
HO,C  H ™
1.3.11 1.3.13 - 1.3.14
LLEAT 0.38 LLEAT 0.40 LLEAT 0.45

Figure 16. Fragment growing to target DnaN subsite |1 performed in the follow-up work by Yin et al.l*?l

According to crystallographic studies, binding of grown inhibitors such as 1.3.14 to E. coli
DnaN caused the conformational changes and opening of a new area within the peptide binding
interface called subsite 111, which could be of interest for further inhibitor development (Figure
17). Simultaneously, the subsite Il, targeting of which had originally inspired the growing at-
tempts, stayed empty, which marked the failure of the growing strategy pursued by Yin et al.
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Figure 17. The position of 1.3.14 in the binding site of E. coli DnaN (PDB: 4PNW; adapted from Yin et
al.).l

Nevertheless, in spite of high affinity and effective binding of 1.3.14 and its derivatives to
DnaN and the analogues’ excellent performance in sliding clamp-dependent DNA replication
inhibition tests, the grown fragments showed no antimicrobial effect probably owing to the pres-
ence of two carboxyls that make the molecule negatively charged at physiological conditions.

Recently, another anti-inflammatory drug was reported to bind the B-clamp of Helicobac-
ter pylori. Diflunisal (Figure 18, A) was found by virtual screening and its co-crystal structure
with H. pylori DnaN confirmed the molecule’s occupation of subsite | (Figure 18, B) analogous

to compound 4 from work by Wijffels et al.[2®]
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diflunisal

Figure 18. A) Structure of diflunisal; B) Binding mode of diflunisal in the co-crystal structure with Helico-
bacter pylori sliding clamp (PDB: 5G48).44

Diflunisal was shown to be a good DnaN binder in SPR competition measurements as well
as active against H. pylori with a MIC value of 85 uM.

Finally, the application of protein-templated Ugi reaction in the context of kinetic target-
guided synthesis (KTGS) by Mancini et al. enabled the discovery and validation of small pep-
tide-like DnaN ligands,> which were proven to be binders of the subsite | of M.tuberculosis

protein (Figure 19).

N
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O 1.3.15 (R = Bn), K, 650 uM
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\\—NH

Figure 19. Peptide-like Mycobacterium tuberculosis B-clamp binders discovered by KTGS in the work by Mancini et
al.l#!

In spite of clear binding to DnaN the compounds had only shown marginal activities
against some gram-positive and negative bacterial strains (Micrococcus luteus and TolC-
defficient E. coli MICs 128 puM), which can be attributed to difficulties with compounds’
transport and proteolytic instability.

To sum up, significant efforts were undertaken to discover small-molecule DnaN inhibi-
tors, some of which showed modest activity against pathogenic bacteria. However, the problem
of overcoming the cellular barriers and efflux that are salient in Gram-negative strains still seems
to be unsolved as no small molecules showing high activity against wild-type E. coli and other
pathogens have been discovered hitherto. It is however noteworthy, that nearly all molecules
were screened and optimized relying on structural information from the E. coli B-clamp. Taking
into account considerable difference in thermodynamics of ligand binding of Gram-positive and

Gram-negative sliding clamps,?*! DnaN proteins of M. tuberculosis and other pathogenic Gram-
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positive bacteria remain virtually unaddressed with small molecules, which presents the oppor-
tunity to tackle the problem of extensively resistant pathogenic bacterial strains by targeting
DnaN for drug discovery.

1.4 A short primer on the principles of fragment-based lead discovery

Fragments are small molecules used to obtain starting points for ligand discovery and op-
timization into high-affinity binders of biologically relevant targets.*8! The major advantages of
fragments include: 1) their relatively small size, which allows for a reduction of their possible
diversity and therefore more effective scouting of analogues’ chemical space upon optimization;
2) the higher quality of protein—fragment hit interactions, which makes hit elaboration more
straightforward.!"]

Construction of fragment libraries

Due to the high concentration used in initial screening, fragments are preferably highly
soluble molecules. To meet aforementioned criteria a “rule of 3" was proposed for streamlining
the design of fragment libraries: number of H-bond donors <3, number of H-bond acceptors <3,
the number of rotatable bonds < 3, MW not greater than 300 Da and logP not greater than
3.19811%9 The overarching principles of design of fragments library are summarized in a compre-
hensive and detailed review by G. Keserii.®®! Diverse fragment libraries are commercially avail-
able: ranging from broad libraries covering a significant part of fragment space and ending up
with dedicated screening libraries designed specifically for kinases or protein-protein interac-
tions.

Methods of fragment screening.

Owing to their relatively small size, only rarely do fragments demonstrate tight binding to
the target of interest. Therefore, due to their higher intrinsic sensitivity, biophysical methods are
mostly used for early fragment screening and further affinity optimization.

Biophysical methods

Surface Plasmon Resonance (SPR)PY can be used for a diverse range of targets, includ-
ing GPCR’s.521 SPR is one of the most popular biophysical methods used in fragment cam-
paigns. The target (ligand) is immobilized covalently on a gold chip, and the fragment (analyte)
is flowing in the solution. The binding of analytes to the modified surface of the chip is detected
optically. Major advantages of this method include the very low amount of required protein, that
is immobilized and used for multiple runs, the high sensitivity and throughput of the
technique. >

Thermal shift assay (differential scanning fluorimetry or DSF) relies on the increase of
thermodynamic stability of the receptor—ligand complex upon binding, which can result in the
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proportional increase of the protein unfolding temperature.®® One major advantage of DSF is
that it does not require sophisticated machinery: equipment for PCR is sufficient for experi-
ments. One of the salient disadvantages — increased false-positives and high sensitivity of the
method to the type of protein used and conditions of the experiment. 5!

Microscale thermophoresis (MST) is based on the registration of change in the relative
thermophoretic motility of target protein once it forms a complex with a ligand.*® The assay is
performed in capillaries and requires fluorescent labeling of either protein (most frequent case)
or ligand or an intrinsically fluorescent binding partner. Due to the requirement of relatively low
protein quantity and possibility of automation,® this method can be adapted for high-throughput
experimentation. However, due to the high sensitivity of thermophoresis to aggregation in solu-
tion, which could be a common reaction of a protein of interest to high concentration of fragment
ligands, hits discovered using this relatively new method in screening require additional thor-
ough validation.

NMR-based methods can be divided into two categories: protein- and ligand-observed
methods.

Protein-observed methods. These methods are based on observing the change of NMR sig-
nals associated with protein of interest, which occur upon binding of a ligand. Most frequently
used experiments are H-®N (basis of the “SAR by NMR” approach featured in the seminal
work by Stephen Fesik)®® and °F experiments.®® These experiments, in spite of providing
structural insights into ligand-protein binding, require either isotopic (*°*N) labeling or incorpora-
tion of certain amino acid analogues (such as °F-triptophan) into the target structure, which
could be impractical in cases of large molecular mass or underrepresentation of suitable amino
acids in the structure of interest. Apart from that, the aforementioned techniques typically require
relatively large amounts of protein per experiment.l

Ligand-observed methods. Most widely used for fragment screening experiments include
STD-NMR and water-LOGSY6, which rely on the transfer of magnetization to ligands from
protein or water molecules, respectively. These experiments have made it into routine fragment-
based screening procedures and can also be used to reconstitute the binding mode of the ligand
of interest, which could be extremely helpful in the absence of structural information. 621 The
¢ chemical shift perturbation relies on the observation of small changes of chemical shift of
fluorine nuclei within ligands tested for binding.[®® The data derived from ligand-observed
methods are much simpler to interpret and these experiments typically do not require large quan-
tities of protein of interest.

Many other NMR-based ligand-observed methods can be used to guide fragment elabora-

tion in the absence of structural data, which is showcased in a recent review. [l
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The most-used MS-based fragment screening method is native mass spectrometry, which
is based on the observation of mass peaks corresponding to weakly bonded ligand—protein com-
plex, which is the case in fragment-based screening. Even though native MS remains an exotic
method, its utility was demonstrated for fragment screening on RNA®* and various protein tar-
gets.[5L6] A major advantage of this method is high throughput and phenomenally low amounts
of target required for screening.

In the Isothermal titration calorimetry (ITC) experiment, the heat of complex formation
between ligand and receptor is measured, which in the end allows for determination of enthalpic
and entropic contributions to the binding free energy.[®”1 This method can serve as an ultimate
validation of hits and leads; however, it requires certain minimal level of ligand binding affinity,
which is limited by method sensitivity.[*”] Additionally, the reliable thermodynamic profiling of
the ligand usually requires a fairly high amount of the protein of interest (up to several milli-
grams for one titration).[58]

X-ray crystallography screening provides structural information and hit validation in one
step. Previously obtained crystals of the target protein can be soaked with high concentration
fragment mixtures or, in case the ligand binding is connected to substantial rearrangement of the
protein, co-crystal structures of individual fragments are solved. Apart from the apparent pros,
the cons of the methodology include its relatively low throughput, which follows from the neces-
sity to obtain the crystals of the target which is not always possible for certain classes of pro-
teins. Nevertheless, X-ray crystallography is known to be capable of delivering extremely weak
binders when used as primary screening method,° which provides significantly more starting
points, that could be missed by other biophysical screening methods, for further elaboration.

Cryo-EM-based screening. Due to fast-paced advances of the emerging Cryo-EM method
in terms of usability and resolution, this method has all chances to succeed X-ray crystallography
as it does not require crystallization of the protein macromolecule, which can significantly re-
duces the time needed for structure solving.[’¥ Furthermore, due to the peculiarities of sample
preparation, the target structure can be obtained in multiple orientations and states, which is pre-
cluded in the “traditional” X-ray-based structural biology approach. Nevertheless, the main bot-
tle neck of the progress in the field is the development of computational approaches to pro-
cessing and interpreting data arrays collected during cryo-EM experiments.

Simultaneously, all biophysical methods are known to be prone to producing false-positive
and negative fragment hits, which calls for the cross-validation of fragment screening results by
an orthogonal method as recommended in widely accepted screening protocols.l’t Practically,

each biophysical method of fragment screening is known to lead to occasionally significantly
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different sets of hits. The overlap between the sets of hits originating from several mutually or-
thogonal methods embodies, as a rule, the most reliable validated hit set.
Biochemical methods of fragment screening capitalize on the function of the target of in-

terest. A robust biochemical assay can be especially helpful not only for functional validation of
hits coming from biophysical screening, but also due to its scalability and automatization, which
Is indispensable for screening of analogues during the optimization campaigns. Additional ad-
vantages include relatively low protein amount required and low frequency of artifacts. Never-
theless, a significant drawback of biochemical method lies in their relatively high activity detec-
tion thresholds, which can result in impossibility to detect or validate weak fragment binders.

The combination of biophysical and biochemical screening approaches can enable discov-
ery of allosteric modulators of enzymes and receptors.

Whole-cell fragment screening. This approach was used to discover and optimize potent

antibacterial compounds demonstrating activity against S. aureust’? and various strains of M.
tuberculosis.”® This methodology, in contrast to target-based methods, allows selecting for the
chemotypes already possessing whole-cell activity, which can abolish or significantly facilitate
optimization steps ensuring the penetration through the bacterial cell envelope right from the
start. However, owing to relatively weak target affinities fragments do not necessarily display
detectable whole-cell activity. The whole-cell screening approach therefore implies selecting for
highly active fragments possessing good bacterial cell wall penetration.

In silico fragment screening — computational methods.

Generally, owing to the small size and intrinsically low affinity of fragments, docking is
known to be not particularly efficient for finding reliable binding poses of fragments.[”* Never-
theless, given the high-quality target structural data, in silico methods can be instrumental in
finding hot spots for fragment binding and guiding fragment-to-lead optimization.[”>}[6]

Methods of fragment hit elaboration.

Fragment’s potency optimization. As fragment hits act as anchors for subsequent derivati-
zation, they can be optimized by modification of their structural elements in a manner similar to
that in conventional medicinal chemistry. The most straightforward way would rely on the struc-
tural data, while the “blind” optimization is also possible using parallel synthesis and NMR.[’"]

Fragment growing implies progressive addition of groups to the original fragment hit
structure and, as a consequence, extending it to establish new polar and hydrophobic interactions
within the target’s binding site. Structural information can be extremely useful for efficient and
successful fragment growing.6!

Fragment linking implies connection of hits’ molecules occupying different and non-

conjunctive portions of target’s binding site. This strategy thus capitalizes on the concept of su-
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peradditivity, which postulates the affinity of the linked inhibitor to be greater than the affinity
derived from simple addition of binding energy of fragments to be linked.!”8] Owing to relatively
low occurrence of simultaneous occupation of a binding site by multiple fragments, linking is
used quite rarely in comparison to other hit elaboration approaches. Recent comprehensive
summary of linking strategies with their successful application in drug discovery is provided in
recent reviews, 79463l

Fragment merging signifies making an improved binder by unifying the structures of
fragments, which bind to overlapping subsites within a binding site or interface of the target.
This strategy was suggested to produce more efficient leads since no restrictions imposed by
linker design were needed. !

Efficiency metrics. In order to assess the efficiency of ligand binding and hit elaboration
steps, several concepts based on normalization of binding by size were proposed. One of them is
ligand efficiency LE = —In (K;)/N, where Kq is the apparent dissociation constant, N — non-
hydrogen atom count.®! On the basis of ligand efficiency and presumption of ligand’s ionization
insignificance, the ligand lipophilicity efficiency index expressed as LLE = —log(Ky) —
clogP can be used as an alternative to LE as LLE normalizes binding affinity by either calcu-
lated logP or logD, which allows to keep track of the ligand’s lipophilicity during
development.8Y Finally, antibacterial ligand efficiency metrics, as a variation of LE, is based on
MIC values obtained in whole-cell screening and calculated as LEg =
—In (MIC[mg/ml])/N.[2 Generally, higher ligand efficiency implies greater potential for fur-
ther development: a typical cut-off value above which the lead is considered worth further de-
velopment is 0.3. Although the concept of ligand efficiency has been used as a rule of thumb in
multiple drug discovery programs,®! its meaning in terms of physical chemistry has been the
subject for debate. A critical review and in-depth analysis of aforementioned concepts has been
provided by Peter Kenny. [

1.5 Recent advances of Fragment-based approach to antibacterial drug dis-

covery

Several reviews summarizing successful applications of fragment-based approaches to the
discovery of antibacterials have been published: recently, reviews devoted to mycobacterial tar-
gets and targets relevant to combating P. aeruginosa were published by Togre et al.[®* and Arif
et al.,[®] respectively. Simultaneously, a general review featuring the fragment-based discovery
of new antibacterials and not concentrated on any particular type of bacteria was last published

in 2018.61 Therefore, here we are providing a short overview of published results from frag-
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ment-based drug discovery programs aimed at discovering antibacterial compounds and address-
ing various types of targets since the start of 2018.

- Protein-protein interactions in bacteria. Due to the intrinsic challenge of tackling PPIs
with fragments and challenges related to antibacterial drug discovery the number of reports that
describe fragment-based targeting PPIs in this context is low. Apart from previously discussed
fragment-based discovery of inhibitors of the PPI between the B-clamp and various DNA-
polymerases (which is also the subject of this work), only one more PPI was addressed using
fragment-based design so far. This is the interaction between bacterial RNA-primase DnaG and
the single-strand binding protein (SSB). The work by Oakley et al.®l disclosed a handful of
fragments, that were shown to bind DnaG by protein- and ligand observed NMR techniques. The
humble SAR by catalogue effort capitalizing on compound 1.5.1 allowed for the discovery of
slightly improved binders 1.5.2 and 1.5.3 (Figure 20), that provide starting points for further

_N N
P COrr 50 —
1.5.1 1.5.2 0 1.5.3 O
K, 3.2 mM K, 1.3 mM Ky 1.2 mM
LE = 0.28 LE = 0.20 LE = 0.22

Figure 20. Graphical summary of fragment optimization undertaken in the work by Oakley et al.[®"]

elaboration.

A recent review by Barnard et al. summarizes the progress in discovery of PPI inhibitors to
fight bacteria.[®!

- Bacterial protein synthesis machinery (RNA translation).

Although the antibiotic discovery had successfully addressed RNA translation machinery
(ca. 60% of approved antibiotics have different regions of the bacterial ribosome as their main
target),’® the record on fragment-based efforts to discover novel translation inhibitors is rela-
tively scarce.

The work by Akabayov et al.[* described the discovery of in vitro inhibitors of bacterial
protein synthesis targeting ribosomal peptidyl transferase center using fragment-based approach.
A fragment library was screened using NMR (T2-relaxation measurement), the most prominent
hit 1.5.4 were used for subsequent structure-based virtual screening using ZINC database, which

yielded thiazoles 1.5.5 and 1.5.6 showing low micromolar activity in vitro (Fig. 21).

O™ 8 OO 0O

S
Cl' 154 1.5.5 1.5.6
ICsp N/A ICs0 9.1 uM (biochem) ICsp 2.8 UM (biochem)
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Figure 21. Hit optimization efforts from the work by Akabayov et al.[*]

The in vitro activity of discovered inhibitors presumably did not translate into any activity in
cell-based assays as no antibacterial activity was reported.
Bacterial metabolic enzymes.

As a rule, the majority of metabolic enzymes are known to have well-defined, compact
binding sites, which makes fragment binding better detectable and increases the chances for suc-
cessful co-crystallization, which is crucial for fragment elaboration.

Fragment-based discovery of phosphopantetheine adenylyl transferase (PPAT) inhibitors
without® and with moderate antibacterial activity®?l was described in two consecutive papers
from Novartis. By employing fragment screening using DSF and highly sensitive biochemical
assay, a number of unique scaffolds capable of binding to the pantetheine site of E. coli PPAT
were discovered. The cross-validation using ligand-observed NMR combined with limited ex-
pansion of the cross-validated sublibrary yielded 125 hits, of which 39 furnished high-quality X-

ray structural data.[®*]
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E. coli PPAT IC5p =31 uM E. coli PPAT ICsy =37 nM E. coli PPAT ICsy =56 nM
LE = 0.30 LE =0.44 LE=0.44
E. coli AtolC MIC 16 pyg/mL E. coli AtolC MIC 4 pg/mL

Figure 22 Schematic representation of optimization of initial fragment 6.°1

Further structure-based optimization of 1.5.7 (Figure 22), which was chosen on the basis
of initial potency and binding efficiency, yielded compound 1.5.8 with a nanomolar activity on
target and modest cellular potency against an efflux-deficient E. coli strain. The scaffold-
hopping suggested by another crystallized fragment from screening gave 1.5.9, which while hav-
ing comparable target inhibition showed 4-fold increase in potency against the same E. coli
strain.

Subsequent extensive elaboration of triazolopyrimidine 1.5.8 aimed at conferring cellular
activity against wild-type E. coli led to the grown derivative 1.5.10, which demonstrated excel-
lent on-target activity together with weak yet measurable potency against wild-type E. coli (MIC
32 pg/mL =~ 64 pM, Figure 23).°21 Simultaneously, the 4-azabenzimidazolic lead 1.5.9 was op-
timized into a less compact yet more efficient compound 1.5.11, that showed comparable activity

to 1.5.10 against wild-type E. coli.
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Figure 23. Summary of elaboration of fragments 3 and 4 undertaken by Moreau et al.l®?

Interestingly, analogues based on 4-azabenzimidazole scaffold were demonstrated to be
more permeable through the inner membrane of E. coli using MS-based metabolomics assay and
various E. coli knockout strains.[®? Unfortunately, the possibilities for further optimization of
either lead structure were exhausted and therefore sufficient level of potency against E. coli
could not be obtained, which precluded further development of the aforementioned leads.

The fragment-based effort to target M. tuberculosis inosine monophosphate dehydrogenase
(IMPDH) was described in the paper by Trapero et al.®®] Authors employed a biochemical assay
and screened a 960-membered fragment library against a highly identical | target protein from M.
thermoresistibile, which yielded 18 hits (2% hit rate). The subsequent structure-based fragment
growing and linking of the sole hit 1.5.12 validated by crystallography gave a family of inhibi-
tors with enhanced potency, from which compound 1.5.13 shows marked 1300-fold biochemical

potency improvement.
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Mycobacterium thermoresistibile Mycobacterium thermoresistibile
IMPDH IC5 674 uM IMPDH IC5; 0.52 uM
LE =0.36 LE =0.29

Figure 24. Schematic representation of fragment elaboration conducted in work by Trapero et al.[*?]

Submicromolar on-target potency of elaborated fragments was, however, not translated into any

antimycobacterial activity.
A fragment-based effort to identify efficient inhibitors of M. abscessus tRNA (m'G37) me-

thyltransferase TrmD was undertaken by Coyne et al.[*#!
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Figure 25. Merging and optimization of fragment TrmD inhibitors from work by Coyne et al.[*

The internal library consisting of 960 fragments was screened using DSF as a primary
method yielding 53 hits, 27 of which were validated by X-ray crystallography (2.8% hit rate).
The two most efficient fragment binders 1.5.14 and 1.5.15 were elaborated by structure-guided
merging (1.5.16) and growing into a nanomolar inhibitor 1.5.17 (Figure 25), which exhibited
considerable antimycobacterial activity (MIC Mycobacterium abscessus 50 uM, M. tuberculosis
2.3-100 uM) at various growing conditions as well as against M. abscessus and M. leprae in a
human macrophage infection model. The observed data demonstrated the potential utility of the
optimized series against Mycobacteria and provided multiple starting points for further attempts
of anitubercular drug discovery and development.

Novel bacterial dihydrofolate reductase inhibitors were discovered using fragment-based
approach in the work by Ribeiro et al.l® The DSF screen of 1250 members of fragment library,
followed by the validation using STD-NMR vyielded 21 hits (1.7% hit rate), which were addi-
tionally profiled using ITC. Of the validated hits, compound 1.5.18 was found to be binding in
the M. tuberculosis DHFR pocket, distinguishing it from the human counterpart and by perform-
ing SAR by catalogue, low micromolar inhibitors (ICso up to 17 uM for 1.5.19) were identified
(Figure 26).
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Figure 26. Schematic elaboration of fragment hit 1.5.18 featured in work by Ribeiro et al. [
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For the elaborated fragments, no antibacterial activity had unfortunately been reported. Never-
theless, this work was the first fragment-based campaign approaching MtDHFR ever reported
and to identify novel highly efficient binding scaffolds with development potential.[®!

The work describing the discovery of inhibitors of P. aeruginosa zinc metalloenzyme
UDP-3-0O-acyl-B-acetylglucosamine deacetylase LpxC catalyzing the first step in the biosynthe-
sis of Lipid A, was published by Hubbard et al.® The library consisting of 1152 fragments was
screened using ligand-observed NMR, vyielding 252 primary hits, of which 28 were validated
using NMR-based competition experiments and FP-assay (2.4% hit rate). Supported by modeling
and X-ray crystallography, a glycine-based fragment 1.5.20 was elaborated into the lead 1.5.21
that showed low-nanomolar activity in a functional assay and retained high ligand efficiency. Its
outstanding in vitro performance did not, however, translate into antibacterial activity (Fig. 27,

a)
QOCF3 HoN, o
(0]
1.5.20 1.5.21

a).

H2 10y 55 uMm ICs0 22 M Ph
LE 0.36 LE 0.36
b) OPh _0
B HV/ C
NQ/N
1.5.22 HO)\( 1.5.23 MIC Escherchia coli 16 pg/ml
ICs59 1100 pM IC59 20 nM MIC Pseudomonas. aeruginosa 4 pug/ml
LE 0.25 LE 0.30 MIC Klebsiella pneumoniae 64 pug/ml

Figure 27. Schematic representation of a) Optimization and growing of fragment 6; b) Optimization and growing of

fragment 9 from work by Hubbard et al.[%!

The development of the imidazole fragment hit 1.5.22 proved more efficient: the lead
structure 1.5.23 showed considerable activity against various Gram-negative pathogens (Fig. 27,
b) with minimal HSA influence. Thus, the advanced lead 1.5.23 was submitted for advanced in
vivo efficacy studies.[®®!

The work disclosing the inhibitors of mycobacterial mycocyclosin synthase CYP121A1
elaborated from fragment starting points was published by Blundell et al.®"] After approbation of
the new approach to fragment screening (X-ray crystallography combined with phenotypic
screening) on a focused moderately sized screening set of 36 fragment-like compounds, several
of them showed good activity against wild-type M. tuberculosis. The hit 1.5.24 was elaborated
based on its distinct binding mode, which is essential for the selectivity over other CYP proteins.
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Figure 28. Optimization of mycocyclosin synthase inhibitors undertaken in the work by Blundell et al.*”]

The optimized compound 1.5.25 showed improved whole-cell activity against M. tubercu-
losis and presented good opportunities for further development.
Recently, the fragment-based approach was applied to discover novel inhibitors of Uridine

Diphosphate-N-acetylenolpyruvylglucosamine Reductase (MurB), an enzyme catalyzing a criti-
cal step in the bacterial peptidoglycan biosynthesis from P. aeruginosa.[®® The initial hits were
discovered by screening a dedicated 960-member fragment library using DSF, that gave nine
molecules (0.9% hit rate), of which only the arylpyrazole derivative 1.5.26 gave an X-ray crystal

structure. (Figure 29)
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Figure 29. Optimization of MurB inhibitors from Pseudomonas aeruginosa undertaken in the work by Blundell et
al.leel

As a result of iterative establishment of SAR, compounds 1.5.27 and 1.5.28 were obtained
as optimized leads that could potentially be starting points for further development into antibac-
terial candidates.

More recently, the team of Tom Blundell presented their work discovering selective inhibi-
tors of mycobacterial SAICAR synthase (PurC), a crucial metabolic enzyme catalyzing a step in
the biosynthesis of inosine monophosphate (IMP) — an intermediate in the de novo purine bio-

synthesis pathway known to be vital for bacterial growth.[°

/N\

N N
» ) =L
N~ EtO '/ — \

CN N A e F

NH, O OH NH, F
1.5.29 1.5.30 1.5.31
Kd 340 uM Kd N/D Kd 0.15 uM

LE 0.53 LE 0.37

MIC Mycobacterium tuberculosis 50 yM
MIC M. abscessus 50-200 uM

26



Figure 30. Elaboration of PurC inhibitors from work by Blundell et al.[*%

The authors used the combination X-ray crystallography and DSF for primary fragment
screening and found two most potent hits occupying slightly different binging pockets in the
enzyme (compounds 1.5.29 and 1.5.30 in Figure 30). Structure-based optimization and merging
of the fragments eventually gave rise to compound 1.5.31, which showed good biochemical po-
tency yet proved insufficiently active against M. abscessus and M. tuberculosis (Figure 30).

Overall, a plethora of validated antibacterial targets were addressed with fragments, which
yielded highly potent and efficient lead inhibitors. However, the majority of discovered mole-
cules failed to demonstrate broad-spectrum antibacterial properties showing either not detectable
or strain-limited activity. These results therefore highlight challenges associated with develop-
ment of fragment-derived leads into potent antibiotics, which can be attributed to the low mem-
brane permeability and/or adaptive efflux mechanisms inherent to Gram-negative and Mycobac-
teria. However, lead molecules discovered as a result of certain fragment-based programs pro-
vide ample room for further optimization of physicochemical properties, that can in the end lead

to antibacterial activity.[%2[%

1.6 Imidazolium salts as antibacterials

Quaternary ammonium salts (QAC’s) are known for their biocidal properties since the fifth
decade of the 20™ century with benzalkonium chloride being the first commercial example of
such an agent. A plethora of comprehensive reviews covered the diversity of chemical structures
and biological activity of different kinds of QAC’s in general, the most recent and comprehen-
sive being the review by Vereshchagin et al.[*]

The major mechanism of antibacterial action of this class of agents is believed to involve
electrostatic interactions with negatively charged bacterial cell wall components, which impairs
the integrity of bacterial cell membranes.[}? Another possible mechanism — complexation and
aggregation with intracellular component of bacteria. QAC’s were long believed to not cause the
development of resistance in bacteria; however, the first plausible evidence of such re-
sistance/adaptation was obtained!?°2:1%1 and involves the development and overexpression of
speci-fic efflux transporters presented on bacterial cell membranes.

1.6.1 Plain imidazolium small-molecule salts as antibacterials.

Plain alkylmidazolium salts are known to be ionic liquids. One of the first imidazolium
salts were synthesized and assessed as antibacterials by Pernak et al.’%1 In this work, the anti-
bacterial and antifungal effects of a library comprised of various 1-alkyl-3-

alkylthiomethylimidazolium chlorides was found to linearly correlate with the compounds’ hy-
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drophobicity index and critical micelle concentration. The follow-up communication by the same

authors*®! disclosed the structures of previously mentioned imidazolium salts (Figure 31).
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Figure 31. The common structure of imidazolium antiseptics featured in the work by Pernak et al.l*%®!

The imidazolium salt 1.6.1d (R = n-C1oH>1) showed the peak performance against a repre-
sentative panel of microorganisms with MIC values of 8, 10 and 8 uM in cases of S. aureus, K.
pneumoniae and the fungus Serratia marcescens, respectively.

Another class of imidazolium ionic liquids as antibacterials was presented in the work by

Demberelnyamba et al. (Figure 32).[1%6]
A NB 1.6.2a R= Cy A= Br NB ) _
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Figure 32. Two classes of imidazolium biocidal molecules from the work by Demberelnyamba et al.[*%!

Compounds 1.6.2d—f were found to perform best against bacteria and fungi alike, which
indicated the optimal length of the alkyl substituent to be 14-16 carbon atoms. 1.6.2d and 1.6.2e
showed no difference in MIC values against virtually all bacterial strains tested (corresponding
MIC values varied between 4 and 8 uM against various Staphylococci, B. subtilis and E. coli),
which had also demonstrated the independence of performance on the nature of the anion.

The class of 3-alkylated 1-hydroxyethyl-2-methyl imidazolium salts, in spite of carrying
optimal-length 3-alkyl chains, was proven to be 2-8 times less efficient against the same bacteri-
al strains.

Alkylated imidazolium salts with a biodegradable linker (Figure 33) were described by

Morrissey et al.[1%]

A) B) _ R =
SN Br ~_O0 oH 2Cw
—N N Y CoH21 R-N&N+\/ ~ N0 TN b Cyy,
\?’ (0] \;’ 1.6.5 € Cyy,
1.6.4 -6 dCrq
eCqg

Figure 33. A) Imidazolium biocide with a degradable linker described in the work by Morrisey et al.l%l; B) Imid-

azolium biocide equipped with a triethyleneglycol moiety described by Huang et al.[*%!
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Compound 1.6.4 was the only one found to modestly inhibit bacterial growth (S. aureus
and E. coli_MIC =700 uM) from the library with linear ester’s alkyl length ranging from C4 to
Cuo.

Imidazolium salts functionalized by triethylene glycol were described by Huang et al.[%]
These compounds were studied for liquid-crystal properties and were also found to be bacterio-
static and bactericidal at various concentrations. Among the studied derivatives ones carrying
tetradecyl and hexadecyl alkyl groups (1.6.5c, d) were found to perform best against Gram-
positive (MIC up to 1 uM against S. aureus) and Gram-negative bacteria (MIC as low as 8 uM
against E. coli and 89 uM against P. aeruginosa, respectively). The corresponding bactericidal
concentrations were found to be 5-10 times higher.

The analysis of antibacterial performance of different instances of 1,3-dialkyl substituted
imidazolium salts indicated the optimal length of the hydrophobic alkyl tail to be 12-16 carbon
atoms. Imidazole-based ionic liquids equipped with alkyl substituents of appropriate lengths
show relatively high activity against Gram-negative and positive bacteria.

1.6.2 Amide linker-containing imidazolium salts

Following the trend of developing more environmentally benign and biodegradable
QAC’s,1%1 1-Methylimidazolium salts with appended peptide motifs were described by Cole-
man and coworkers (Figure 34, A).['°1 A library of compounds carrying various alkyl substitu-
ents at designated positions was synthesized and tested against a diverse set of pathogenic bacte-
ria and fungi. A single dipeptide containing certain amino acids (Phe, R = Bn; Leu, R! = iPr; R?
= Et) was found conducive to antibacterial activity mainly against S. aureus (MIC 500 uM) and,
surprisingly, against methicillin-resistant S. aureus (MIC 125 pM), while other derivatives
demonstrated only marginal activity against other bacteria (MIC > 2000 uM). Nevertheless, no
speculation on this phenomenon as well as on possible action mechanism of peptide-containing
ionic liquids was made by authors of the study.

Another example of antibacterial imidazolium salts containing amino acid residues was de-
scribed by Valls et al*l, A set of corresponding monotopic and ditopic quaternary imidazolium

salts (Figure 34, B) was synthesized and tested against E. coli and B. subtilis.
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B
- R R - - R
Br (\N N ) Br Br +/ \
N/ HN \=NZ N/
Bn NH RT Y NH
o) R' 0 R
1.6.7a R = CH(CH3), R"= dodecyl 1.6.8a R = CH(CH3), R"= dodecyl
1.6.7b R = CH(CHj3), R’= butyl 1.6.8b R = CH(CH3), R’= butyl
1.6.7¢c R=CH,Ph R’= dodecyl 1.6.8¢c R=CH,Ph R’= dodecyl

Figure 34. A) Imidazolium biocide with an appended tripeptide motif described by Coleman et al.['%; B) Mono-

and diimidazolium-based biocides containing peptide motifs from the work by Valls et al.[''4

More lipophilic monotopic salts 1.6.7a and 1.6.7.c were found to be more active against B.
subtilis (MIC =8 uM for both compounds) and expectably much less active against E. coli (MIC
~256 and =64 uM, respectively). The analogously substituted ditopic salts 1.6.8a and 1.6.8c
showed in general 2-4 times weaker activity, which is in accordance with their lower membrane
permeability due to higher molecular charge.

Overall, the efficiency of imidazolium salts equipped with peptide-like substituents as an-
tibacterials is considerably lower compared to 1,3-dialkylimidazolic salts probably owing to de-
creased hydrophobicity caused by peptide bonds.

1.6.3 Imidazolium salts with fused cycles as antimicrobials

Antibacterial and antifungal action of imidazole-containing fused ring systems was first
described by Demchenko et al.[}?]

Alkylated benzimidazolium salts are active against certain bacterial species. The work of
Pernak™'®l describes the following quaternized benzimidazoles and their antibacterial and anti-
fungal activities (Figure 35).

OR
N* 1.6.9
g .
@N R = C2-C12
\\NH
=N
W

Figure 35. Common structure of benzimidazolium antibacterials discovered by Pernak et al.[*]

Among the alkylated benzimidazolic analogues compounds 2h—j were demonstrated to
have the highest activity against Gram-positive (S. aureus MIC 280-130 uM, Enterococcus fae-
calis MIC 70-34 uM) and some Gram-negative bacteria (E. coli and K. pneumoniae MICs 1100

530 uM), rendering n-Co-C11 substituting chains on such a scaffold optimal.
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Arylated imidazolium quaternary salts with antibacterial and antifungal properties were de-
scribed in a work by Demchenko.*'4 The compounds contained an N-arylated imidazolium moi-
ety fused with an aza-cycloheptane ring (Figure 36).

Ny R - H:
Br@ —R 1610aR=H;

1.6.10b R = 4-CHy;
N \_/  1.6.10cR = 4-C,Hsy:
1.6.10d R = 2-OCHs.
Ph

Figure 36. General structure of N-arylated compounds containing imidazolium and aliphatic fused rings in the work
by Demchenko et al.[**4]

The described compounds showed activity only against S. aureus (MIC 4-32 ug/mL) com-
bined with relatively high cytotoxicity (HEK293 ICso 2 pug/mL), which in all cases exceeded the
antimicrobial activity.

5H-pyrrolo[1,2-alimidazole quaternary salts

The similar N-alkylated imidazolium salts were synthesized and found to demonstrate an-
tibacterial activity in another work by Demchenko et al.l**%1 The simplest representative of the
series 1-benzyl-4-phenyl-pyrroloimidazolinium chloride 1.6.11 (Figure 37, A) proved inactive
against bacteria, which supported the hypothesis, that antibacterial activity is not endowed solely
by the presence of the positively charged fused imidazole ring in the structure.

-
-

A) B)
(1 ¢l s
—- N*= N*= O\‘
Cl \)L
=~ N =~ N
1.6.11 cl 1.6.12

Figure 37. A) Fused 1-benzyl-4-arylimidazolium salt 1.6.11; B) An alkylated pyrroloimidazolium salt with an ace-
tate linker 1.6.12 (both from the work by Demchenko et al.).[*5]

The acylated levomenthol derivative 1.6.12 demonstrated only limited activity against S. aureus
and fungus Cryptococcus neoformans with MIC 17.7 and 70.9 uM, respectively. Along with
that, this compound showed relatively high cytotoxicity with an 1Csg value in HEK-293 cells of
about 8 pM.

Appending the acylamide linker to the imidazolic core had been found to significantly im-
prove antibacterial and cytotoxic profile of the fused imidazolic scaffold. The antibacterial SAR
of a small library of analogues (Figure 38) was explored by changing substituents on the phenyl
ring adjacent to the imidazole moiety.
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q Q Q 1.6.13
cI N7 \}\\NH alR4-F
N
N bR =4-Cl
rIL cR=34-Cl
% d R = 4-OMe
e R =4-Me
Figure38. Acetamide library showing distinct SAR from work by Demchenko et al.[*%]

Overall, this type of imidazolium salts turned out to be active against Gram-positive and
Gram-negative strains alike. The best activities were achieved for para-Cl (1.6.13b) and 3,4-diCl
(1.6.13c) derivatives, that demonstrated MIC values as low as 8 uM against S. aureus, but were
moderately active against E. coli and K. pneumoniae with MIC values of 31 and 15.5 uM, re-
spectively. At the same time the cytotoxicity of 1.6.13b and 1.6.13c was considerably lower than
the reported MIC values.

5H-imidazo]1,2-alazepines quaternary salts

In addition to pyrazolinoimidazoles 1.6.11-13, a library of analogues with an enlarged ali-
phatic part of the imidazole-containing fused ring system was disclosed.*%1 The simplest ben-

zylated azepine derivative 1.6.14 (Figure 39) showed no activity similarly to compound 4.

cl
_@
cl S ;
N cl
1.6.14

Figure 39. Azepinoimidazolic salt 1.6.14 described by Demchenko et al.[!3]

By direct analogy to compound 1.6.12, acylated menthol 1.6.16 (Figure 40) only showed
activity against S. aureus (MIC 17 uM), which was accompanied by high cytotoxicity with ICsg

(HEK-293) of 3 pM.
Q . Q o 3
o 7\ ’>\ o 2 N)\O
Cl N /@/l\/
cl 1.6.15 MeO 1.6.16

Figure 40. Azepinoimidazolic salts equipped with acetamide (11) and acetate (12) linkers.[*1%]

\‘\\

The acetamide 1.6.15 showed only marginal antibacterial activity against S. aureus with an
MIC value of 74 uM rendering the 3,4-diCl substitution pattern on the 4-phenyl ring not favora-
ble for activity. Simultaneously, for alkylated series showed on Figure 41 antibacterial SAR was
established.
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1.6.17
aR =H, Ry = 2-OCHF,;

bR =H, Ry = 4-i-Pr;
o ¢R = H, R, = 4-OPh;
N2 Ry d R = 4-F, R, = 4-cyclohexane;
Br N % e R = 4-Cl, R = 4-cyclohexane;
N fR = 3,4-Cl, Ry = 4-Br;
R—,()/l\/ g R=H, Ry = 4-Mg;
h R =3,4-Cl, R, = 4-OMe.

Figure 41. N-alkylated azepinoimidazolic salts with various substitutions from work 1151,

Among these molecules, relationship between the anti-staphylococcal activity and the
character of substitution was established suggesting the derivatives 1.6.17d and 1.6.17e equipped
with cyclohexyl and halogens to be the optimal with (S. aureus MIC values of 8 and 4 uM re-
spectively). However, in spite of comparable antibacterial activities of 1.6.17d and 1.6.17e to
their counterparts 1.6.17b and 1.6.17c, the toxicity of azepine derivatives was considerably high-
er reaching the level of 10 uM.

Despite good activity against Gram-positive bacteria, both classes of fused imidazolium
compounds showed very low activity against such Gram-negative strains such as E. coli, K.
pneumoniae and A. baumannii and the absence of activity against P. aeruginosa. This supports
the strong dependence of the antibacterial effect on the permeability of compounds through the
bacterial cell wall or efflux rate, which are typically impaired or upregulated in Gram-negative
species. Structurally related compounds are also known to have certain antifungal
activity.[11211115]

All research items featuring the antibacterial activity of imidazolium salts were found ei-
ther focused on preparation of fused ring structures or non-systematic description of their appar-
ent antibacterial activity. It is also worth noting that fused imidazolium salts featured in this re-
view were not discovered and optimized in the context of target-based discovery.

The scaffolds including imidazolium-based fused ring systems are relatively new and not
largely represented in literature. Nevertheless, certain combinations of pyrrolinoimidazolic sys-
tem with acetamide linker were recently shown to possess significant activity against S. aureus
and E. coli and exhibit some antibacterial SAR when combined with fairly hydrophobic aromatic
amines. The possible mechanism of action of this class of compounds however remains un-
kown.

Simultaneously, the inclusion of the imidazolium salt motif into otherwise non-penetrating
inhibitors of relevant antibacterial targets was shown to enhance the penetration and retention of
compounds in bacteria and significantly increase compound’s cell activity.l**8] Therefore, the
discovery of DnaN ligands that include imidazolium motif seems an appealing approach to en-

hancing the antibacterial activity of potent target binders. Additionally, owing to ancillary action
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mechanism common to all QACs, this can potentiate the overall antibiotic action of thereby

modified candidate molecules and potentially mitigate the risk of resistance development.
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2 Aim of the Thesis

Emergence of multi- and extensively antibiotic resistant strains of common pathogenic
bacteria (ESKAPE pathogens, Mycobacteria) as an outcome of persistent use of antibiotics has
become new reality for global healthcare system posing an existential threat of losing effective
means for bacterial infection control. In view of this, the necessity of intensification of research
efforts aiming at discovering novel antibiotic molecules with unprecedented action mechanisms
becomes urgent. Among the most attractive mechanisms are those exploiting bacterial targets,
which do not have immediate analogues in eukaryotic cells, since this allows to greatly reduce
the risk of toxicity. The bacterial B-sliding clamp (DnaN) can be considered a promising target to
address in this context as its orthologue in eukaryotic cells shares miniscule similarity to its pro-
karyotic counterpart.

Recently, at the Helmholtz Institute for Pharmaceutical Research Saarland (HIPS) molecu-
lar basis of the mechanism of action of the natural product griselimycin (GM) was established
and pharmaceutical properties of GM were extensively studied.[?® Furthermore, this research
effort generated high-quality structural data for M. tuberculosis DnaN that could be employed
for modeling support of drug discovery efforts as the mycobacterial B-sliding clamp has not hith-
erto been targeted by small molecule inhibitors.

More recently, the in-house structure-based virtual screening was carried out on the Prince-
ton compound library using pharmacophore constrains derived from the co-crystal structure of
CGM and M. tuberculosis DnaN (PDB: 5AGU). As a result, among a handful of promising VS
hits the imidazolium compound WAM-N17 demonstrated binding to its target combined with
good activity against various Mycobacteria and certain ESKAPE pathogens.

Lately, the fragment-sized binders of M. tuberculosis DnaN were found by in-house
screening of the commercial Maybridge Ro3 library. Particular fragment hits showed appreciable
DnaN binding together with antimycobacterial activity, which rendered them attractive starting
points for further elaboration.

In view of aforementioned developments, the present thesis has the following objectives:

1. Chemical space exploration based on the structure of a previously discovered fragment class
and optimization of its f-clamp binding and antibacterial activity.
2. Development of a robust synthetic route for SAR establishment around the scaffold of com-

pound WAM-N17 and its multiparameter optimization.
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Abstract

Based on the structure of a recently discovered novel B-sliding clamp ligand, we report systematic structure-activity
relationship exploration efforts around the discovered scaffold. DnaN binding of analogues was estimated by SPR
and their functional activity was determined using an E. coli replisome assay. Optimized derivatives demonstrated
high activity against Gram-positive and mycobacterial strains (MICos up to 2 and 8 uM, respectively), while activity
against wild-type Gram-negative strains was observed at higher concentrations (64-128 uM). To guide further op-
timization, in vitro ADMET parameters of the most promising derivatives were determined.

3.1 Introduction

The emergence of multi- and extensively drug-resistant bacterial pathogens is becoming a
serious threat for the global healthcare system, necessitating the discovery of new classes of an-
tibiotics with novel modes of action.

The bacterial B-sliding clamp (DnaN) is a part of the Polymerase 111 holoenzyme, the mul-
ti-protein complex responsible for DNA replication in prokaryotes. DnaN serves as a processivi-
ty factor for DNA-polymerase 111, assuring its firm attachment to DNA at the replication fork.!*!
The B-sliding clamp is a homodimeric protein of circular shape capable of encircling double-
stranded DNA.[?]

The possibility to inhibit the interaction between the B-sliding clamp and its binding part-
ners DNA-polymerases renders the former a promising target for antibacterial drug discovery.
DnaN is essential for cell viability and has a highly conserved structure in bacteria,®! which is
distinct from its homotrimeric counterpart found in eukaryotes called proliferating cell nuclear
antigen (PCNA). Moreover, the rate of resistance development for the natural DnaN inhibitors
(griselimycins) was shown to be low, accompanied by a high fitness cost.[*]

Therefore, DnaN has been the target in a number of hit discovery and optimization projects
making use of various methods: high-throughput screening,® fragment-based drug
discovery,®Il structure-based drug design®BFEMIM and  Kinetic target-guided synthesis
(KTGS).*2 However, the ligands discovered as a result of the aforementioned attempts either
demonstrated no or only modest bacterial growth inhibitory activities or only proved to be highly

active against particular strains. €
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Here, we report the discovery of a novel class of bacterial DnaN-DNA-polymerase inter-
action inhibitor and feature a systematic structure-activity relationship (SAR) exploration and
optimization around the discovered scaffold.

3.2 Results and discussion

3.2.1 Antibacterial properties and cytotoxicity screening

The original virtual screening hit H1 had been extensively evaluated for its ability to bind
the Mycobacterium smegmatis DnaN protein (Surface Plasmon Resonance (SPR), microscale
thermophoresis (MST), and STD NMR spectroscopy), to disrupt the bacterial DNA replication
(in vitro bacterial replisome assay) as well as for the ability to inhibit bacterial growth using a
panel of various model microorganisms: Mycobacterium smegmatis MC?155, M. smegmatis
MC?155 GMR (DnaN-overexpressing mutant strain, resistant to griselimycin), Streptococcus
pneumoniae DSM20566, Staphylococcus aureus Newman, Escherichia coli dacrB, Pseudomo-
nas aeruginosa PA14, Enterococcus faecium 20477, and Mycobacterium tuberculosis H37Rv.
Here, we rely on the same set of assays to assess the analogues’ performance in the course of our
optimization efforts.

H1 binds the M. smegmatis -sliding clamp and is capable of inhibiting the in vitro replica-
tion with an 1Cso value of 150 + 30 xM. The initial hit also exerts a strong antibacterial effect in
representative Gram-positive, Gram-negative and mycobacterial strains (MICgs 8, 8, and 4 uM,
respectively). The growth-inhibiting effect on the griselimycin-resistant M. smegmatis was ex-
pectedly weaker, which can be interpreted as an indirect evidence of the mechanism of action of
this compound class. Along with that, the compound H1 showed low cytotoxicity on the HepG2
cell line (1Cso 37 pM).

Even though a co-crystal structure of H1 in complex with DnaN was not available at the
beginning of this work, the structure of H1 provided a good starting point for further step-by-
step ligand-based SAR exploration and optimization, which is the focus of the present work.

3.2.2 SAR studies of the hit H1

To explore the qualitative SAR around the structure of H1, we hypothetically dissected it

into several principal modules (see Figurel).
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Figure 1. Different parts of H1 addressed in the course of SAR establishment.

In the following SAR exploration, we addressed every module separately to establish its contri-
bution to the sliding clamp binding and antibacterial activity.

3.2.2.1 Eastern phenyl

We addressed this part of the molecule first in the course of our SAR exploration. The re-
placements of the para-fluorine atom were inspired by the Topliss decision treet*¥l and bi-
oisosterism-driven phenyl ring substitutions (see Scheme 1 in the Sl).

First, the original fluorine atom in the ring was removed to give H2, which was accompa-
nied by a dramatic drop in activity in the replisome assay. However, the analogue H2 had largely
retained its antibacterial activity (see Table 1). The installation of the —ClI in para-position re-
sulted in the 1.5-fold increase of biochemical potency, 2-fold increase of inhibitory activity on
M. smegmatis and M. tuberculosis species. These gains were, however accompanied by an in-
crease in cytotoxicity.

In parallel, we addressed other branches of the Topliss tree by synthesizing para-methoxy
and methyl derivatives H4 and H5. While activities against various strains of the H4 and H5
remained essentially similar to those of H3, both analogues demonstrated lower cytotoxicity and
had slightly lower biochemical potencies compared to H3. The potency of H5 in the replisome
assay was slightly higher than that of H4 (ICso values were 130 and 160 uM respectively), which
could be also a cause of a more pronounced ability of H5 to inhibit the growth of M. tuberculo-
sis.

The deviation from the expected outcome of the Topliss decision tree was observed during
the optimization process: while the introduction of chlorine was supposed to improve the com-
pound’s activity (observed fact), the introduction of the methoxy-group (H3) would only be con-
sidered only if the drop in activity resulting from the introduction of chlorine had been observed.
To prevent potential drawbacks and ensure all potential derivatives were considered, we chose to

explore all branches of the Topliss tree.
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Table 1. Results of introduction of electron-donating groups at the para-position of Eastern phenyl ring
sTNR

O =
. Br +N\/ N\)\\NH

Cl
SPR (RU) el MICys (uM) MTb

Ass':\ ’ M. M. s growth | HepG2

Name R 250 | 1 | "V | sme. | STE ] S s | Ecoli | inh | G

UM | mM gma- | 9" pnet aureus | AacrB @16 (um)

(umM) tis tis moniae uM, %
GMR !

F

H1 }{©/ 26 ** | 150130 4 16 16 8 8 43130 37

H2 }{@ 44 | N/D | 250140 4 8 16 16 8 50+18 37
cl

H3 }';@/ ** ** 1100120 2 8 4 4 8 8014 123
OMe

H4 }{©/ 56 | N/D | 160130 2 8 16 8 8 80+10 37
Me

H5 }{©/ x|+ 130£#30| 2 | 8 8 4 8 | 90t1 | 37
OH

H6 }{©/ 38 | N/D | 26050 8 16 16 16 8 961 >37
NH,

H7 }{@f N/D|N/D| 60¢10 | 8 | 16 | 64 16 4 0 >37

H8 -H 3 24 | 320+60 2 >128 >128 >128 >128 2016 >37

* - misbehavior on the SPR chip; ** - precipitation; N/D- no data.

Thus, in order to probe for possible effects associated with hydrogen bonding, we synthe-
sized derivatives H6 and H7 bearing hydroxyl and amino moieties, respectively. In spite of dif-
ferences in biochemical potencies of H6 and H7, both derivatives demonstrated similarly dimin-
ished activity against the M. smegmatis and S. pneumoniae strains compared to H1. Simultane-
ously, the ability of the less biochemically potent analogue H6 to inhibit the growth of M. tuber-
culosis turned out to be as high as 96% at 16 uM, while H7 showed no inhibitory activity at all.
This absence of correlation between biochemical potency and antitubercular properties could be
attributed to the ionizability of the amino group in H7 and difficulties of penetration through the
cellular membrane of M. tuberculosis of highly charged molecular species.

The deletion of the whole Eastern phenyl ring had a detrimental effect on the overall per-
formance: not only did the compound H8 completely lose its binding to DnaN, but also its anti-
bacterial activity. These observations, therefore, indicate the critical importance of this part of
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the molecule and make a strong case for the target-associated antibacterial activity of the chemo-
type of interest.

As a complement to the modifications described above, we investigated the effect of the
permutation of the fluorine substituent within the Eastern phenyl ring. The ortho- and meta- ana-
logues H10 and H11, respectively revealed the sensitivity of the replication inhibition towards
the substitution of the ortho-position in the Eastern phenyl ring: the corresponding positional
isomer H10 demonstrated a significantly higher 1Cso value in the biochemical assay (see Table
2). Simultaneously, the substitution of the meta-position with fluorine in H11 did not affect the
biochemical potency, while the effect of insertion of a larger chlorine in the same position in
H12 was comparable to that in H10. This rendered the meta-position moderately sensitive to the
larger substituents with respect to the inhibition of replication.

Table 2. Results of modifications at meta- and ortho- positions of the Eastern phenyl ring.
y Br +N\/ N}NH

Cl
Repl. MICos (uM) MTb
SPR (RU) assay M. s, growth | HepG2
Name R ICso s::; smeg | pneu- | S.aure- | E. coli inh ICs0.
250 1 (um) t.g matis moni- us AacrB @16 (um)
M M matis GMF ge UM, %
F +
H1 ){©/ 26 ** 153%_ 4 16 16 8 8 43130 37
F 220 +
H10 ;@ 165 | = | “, 4 8 8 4 4 | 85:3 | 123
F
+
H11 @ 165 ** 12?)_ 4 8 4 8 16 8015 37
2
cl
+
H12 X@ ** ** 254%_ 4 32 8 8 16 9515 >37

* - misbehavior on the SPR chip. ** - precipitation

The permutation of fluorine led to only modest improvement of growth inhibition of the
GM-resistant M. smegmatis and S. pneumoniae strains (Table 2). The effect on the growth of M.
tuberculosis was nevertheless more pronounced: both regioisomers demonstrated an almost two-
fold increase of growth inhibition at 16 uM. Moreover, the enlargement of the substituent in H12
ultimately resulted in 95% inhibition of M. tuberculosis growth. The absence of correlation be-

tween the biochemical potencies of H11 and H12 and their activity against M. tuberculosis could
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be ascribed to a higher penetration ability of H12 through the bacterial cell wall due to the com-
pound’s larger lipophilicity (cLogP of H11 and H12 are 1.42 and 1.99, respectively).

Regarding the toxicity of positional isomers, the ortho-fluoro pattern in H10 accounted for
significantly higher HepG2 cytotoxicity (ICso 12.3 uM compared to >37 uM of H1 and H11),
making the meta-substitution of the ring more advantageous with regard to this parameter.

The introduction of strong m-electron-acceptor groups in para-position was found to be
generally detrimental for either DnaN binding or antibacterial activity (see H15-H19 in Table
3). Although the considerable enlargement of the substituent in H13 led to a slight improvement
of biochemical 1Cso, which had no influence on the growth of most bacterial strains, the activity

against M. tuberculosis was abolished despite the concomitant increase in lipophilicity.

Table 3. Results of introduction of electron-withdrawing groups in para-position of the Eastern phenyl

ring.
sTN-R
) o
Br *N= \)\\NH
Cl N
Cl
Repl. MTb
SPR (RU MICos (UM
(RU) assay ss (uM) growth | HepG2
Name R ICso M. M. 5. inh ICso
250 1 smeg- | pneu- S. E. coli
UM mM (uM) smeg.;- matis moni- aureus AacrB @16 (M)
mats | GMR | ae uM, %
F wx | 150
ne | O | 26 vao | 4 | 8 | 16 | 8 | 8 |4m30| 37
Ph 12
i3 | Y x| +2?) 4 | 32 | 8 8 | 32 0 37
CF;
Hia | 1 x| 312?) 4 8 8 4 8 | 646 | 12.3
oN 140
H15 }{@( 21 |[N/D | oo | 8 | 32 | 16 | 16 | 16 | 49:17 | 123
Wie | (O |* | * |ND| 8 | 16 | 8 | 8 | 8 | 1243 | 37
NO, +
H17 | O | % | 9105' 8 | 16 | 8 | 8 | 8 |42431| >37
SN 270
Hig | [ 41 | N/D | [0 32 | 64 | 128 | 32 | 128 | 7512 | >37
Hi9 | JOI | 7| " | >400 | 128 | 128 | >128 | >128 | 128 | 20s5 | >37

* - misbehavior on the SPR chip. ** - precipitation; N/D- no data.

The further modest improvement of replication inhibition was associated with the introduc-
tion of the 4-trifluoromethyl substituent in H14, which also led to a slight improvement of activi-

ty against M. tuberculosis.
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The highest biochemical activity of the series was demonstrated by the para-nitro deriva-
tive H17 with an ICsp of 90 uM. This improvement was not, however, corroborated by any sig-
nificant gain in antibacterial activity, which stayed on the level of H1 in all strains tested. Re-
markably, the 4-pyridyl derivative H18 showed quite an opposite trend in the case of M. tubercu-
losis: while the 2-fold decrease in biochemical potency was reflected in MICgs values across the
panel of microorganisms (Table 3), H18 inhibited the growth of M. tuberculosis by 75% at 16
uM, which rendered this compound the most active against M. tuberculosis in the subseries. This
had also exemplified the disconnect between the molecule’s ability to inhibit the in vitro DNA
replication or growth of Gram-positive and -negative strains and its ability to inhibit the growth
of M. tuberculosis, which can be attributed to subtle differences in the binding sites of DnaN in
different bacteria.

While the introduction of methoxycarbonyl (H16) and nitro (H17) moieties resulted in a
substantial activity drop, the presence of a free carboxyl group at the same position in H19 led to
a complete loss of both replication inhibitory and antibacterial activities. A possible explanation
for this observation could be the compensation of the permanent positive charge of the molecule
due to the deprotonation of the carboxyl moiety at physiological pH (the pH of broth is 7.3). This
might therefore be considered an additional indirect evidence of the essential role of the perma-
nent positive charge for the target engagement and in the transport through the bacterial cell
wall 41181

Overall, the Eastern phenyl part of the molecule was shown to be crucial for both DNA
replication inhibition and antibacterial activity. The fluorine scan of the positions of the Eastern
phenyl revealed negative sensitivities of the ortho- position and, to a lesser extent, meta- posi-
tions of the ring. In the case of para-position the most balanced derivatives were found to be
those bearing non-ionizable, electron-donating groups (compounds H4 and H5).

Western phenyl

To estimate contributions of the chlorines to DnaN binding and antibacterial activity, the
first round of modifications of the Western phenyl ring involved the stepwise removal of the
chlorine atoms. As a result, while removal of either or both chlorine atoms was associated with a
commensurate negative effect on DNA replication inhibition, the meta-Cl was shown to be more

important for DnaN binding and antibacterial activity (Table 4).
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Table 4. Results of the Western phenyl ring modifications.

- 0
Br +N/ )\N
AN
R

A

AN
—N
H

SPR (RU) Repl. MICos (uM) MTb
assay v 5 growth | HepG2
Name R 250 1 mM ICso M. sme'g- pm_;u- s. E. coli Inh ICso
UM m (um) smt:.g matis moni- aureus AacrB @16 (um)
matls GMR ae uM, %
cl
+
H1 C,:@% 26 | = |10%1 4 1 46 | 16 8 8 | 43130 | >37
30
(o]
+
H21 O){ 40 *k 275?)_ 4 16 32 16 16 54+6 >37
+
H22 C,Q% 22 | ** 295%_ 8 8 32 32 32 | 408 | >37
+
H23 ©)§ 24 52 Zi?)_ 16 16 128 64 64 0 >37

** - precipitation

Nevertheless, compared to H22, the analogue deprived of both chlorines H23 showed sig-

nificantly higher MIC values against all bacterial strains and complete absence of activity against

M. tuberculosis, which renders the presence of both chlorines important for antibacterial activity

and crucial for antitubercular activity of the chemotype.

The cytotoxicity on HepG2 cells, however, remained unaffected (HepG2 ICsp >37 uM)

during all modifications.

Charged fused cycle core.

According to the docked pose of the hit H1 into the subsite | of M. tuberculosis p-sliding

clamp (Figure 2), the Western part of H1 was predicted to bind within the hydrophobic cavity
lined by side chains of the following residues (Chain B): Ala-179, Thr-181, Arg-185 Leu-186,
Phe-261, Leu-264, Leu-394, Met-396 called subsite 1.
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Figure 2. The docked pose of H1 (green) superimposed onto a co-crystal structure of M. tuberculosis sliding clamp
with griselimycin (PDB: 5AGU). The griselimycin molecule is depicted in magenta.

As it was presumed in our working hypothesis, modeling did not suggest any obvious role
of the charge on the ring in the interaction with DnaN. The aliphatic part of the pyrrolinoimid-
azolic ring is, however, suggested to be pointing into a hydrophobic subpocket within the subsite
I, which prompts the design of derivatives to probe the importance of the aliphatic part for bind-
ing to DnaN.

We therefore synthesized the following derivatives for SAR investigation:

o The enlarged ring analogue H31 is supposed to help investigate the importance of
the size of the aliphatic part of the bicyclic system.

o The 1,4-triazole H32 probes the importance of both presence of the aliphatic part
and the permanent charge of this part of H1.

o H33 elucidated the role of the positive charge for DnaN binding and antibacterial
activity alike.

The results are summarized in Table 5.

Remarkably, the aforementioned modifications had almost no significant influence on the
in vitro replication inhibition: the ICso values of synthesized analogues remained close to that of
H1 within the experimental error. However, the behavior of synthesized analogues in biophysi-
cal and cell-based tests varied dramatically.
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Table 5. Results of the charged fragment modifications

SPR(RU) | Repl. MICss (uM) :‘;’L‘:h
N R assay m s. gre . HepG2
ame 250 1 ICso sméw;"a_ smeg- | pneu- S. E. coli in ICso0 (UM)
KM | mM (um) g matis moni- aureus AacrB @16
H tis GM? e uM, %

H1 @ 26 | *+ | 01 4 16 | 16 | 8 8 | 4330 | 37
AN 30

H31 Q 1| = | 021 8 | 8 | 8 | 8 | A >37
RN 30 g8
N:N\
Ns— +
a2 | IS o | o 122%‘ >128 | >128 | >128 | >128 | >128 | 0 >37
— 140 £
H33 | [Tt | 0 | o | 0 7 | >128 | >128 | >128 | >128 | >128 | Agg | >37
N

** - precipitation. Agg — forms aggregates (DLS measurements).

The enlargement of the aliphatic ring by adding one methylene in compound H31 resulted
in a slightly higher activity across the panel of microorganisms. H31 also demonstrated a strong-
er response in SPR, which could imply higher affinity for DnaN and therefore favor the accom-
modation of larger cycles by the subsite | of the sliding clamp. However, this modification led to
an expected increase in lipophilicity, which negatively affected the compound’s aqueous solubil-
ity. The compound H31 was found to form aggregates at 16 M, which precluded it from being
tested against M. tuberculosis.

The 1,4-triazole H32 showed neither DnaN binding, nor antibacterial activity, which sup-
ports the assumption of the crucial role played by the aliphatic part together with the charge of
the bicyclic fragment in binding of H1 to the sliding clamp.

Along with that, the pyrazole H33 failed to demonstrate any binding to DnaN and antibac-
terial activity, which renders the positive charge on the fused bicyclic fragment of the molecule a
crucial feature for the antibacterial effect of the compound class.

Overall, although the biochemical potency of all analogues stayed the same, the uncharged
analogues H32 and H33 showed no binding by SPR and no antibacterial activity. This discrep-
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ancy could be explained by the tendency of both derivatives to form aggregates, which presuma-
bly influenced the biochemical assay.

Eastern heterocycle

One of the obvious first modifications of the original 4-aryl-2-aminothiazole was swapping
the positions of sulfur and nitrogen within the five-membered ring to form the isomeric 5-aryl-2-
aminothiazole H41. Compound H41 showed better binding to DnaN by SPR, however, it
demonstrated no ability to inhibit DNA replication in vitro. The thiazole isomer also showed
antibacterial activity profile similar to that of original hit H1.

The oxazole analogue H42 had surprisingly demonstrated a dramatic decrease of both
DnaN binding, biochemical potency and antibacterial activity compared to H1, being active only
marginally against Gram-positive strains in the panel. The changes observed render the substitu-

tion of sulfur with oxygen non-favorable in this position.
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Table 6. Performance of molecules with modified Eastern heterocycle

@/F

Q o R
Br +N= }NH
N

cl
cl
SPR (RU MIC M
e e =1 e, | s
Name R 250 1 IC 4 M. M. smeg- pneu- s. E. coli .gh 16 ICs0
M mM >0 smeq- matis GM? moni- | aureus | AacrB inh @ (um)
(uMm) matis ae uM, %
N
wa
H1 f))N/Qs 26 | ** f‘:% 4 16 16 8 8 43+30 37
¥ Sf
Ha41 ”/<\N 125 | 290 430 4 >128 16 16 32 42+35 >37
Wal
/
H42 ﬂ/Qo 0 0 395% 128 128 64 64 |>128 | N/D >37
NZ 180
\ *
H43 \‘;H - 51 v30 | 4 8 16 8 8 90+8 37
N7 lz,,
Hag | NS 184 | N/D :32% 4 16 16 4 8 69+7 | >37
AN SE 290
H45 39 | 72| [ | 16 128 >128 | 64 | 8-16 | 20+20 >37
H ) 280
H46 N/D | 61 | £50 | 16 32 >64 | 32 32 0 >37

* - misbehavior on the SPR chip; ** - precipitation; N/D- no data.

To evaluate the effect of replacement of the five-membered heterocycle by its close six-

membered analogues, we synthesized the isomeric pyridine derivatives H43 and H44. Both ana-

logues were shown to bind DnaN by SPR and to inhibit DNA replication in vitro. Nevertheless,

the para-substituted analogue H44 demonstrated higher SPR response as well as more pro-

nounced biochemical potency compared to its isomer. This difference in target engagement was

not, however, reflected in antibacterial activities: MICgs values determined for both isomers were

identical for most strains, while the activity against M. tuberculosis was found to be considerably

higher in the case of H43 (see Table 6).
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Finally, in order to investigate the importance of the aromaticity of this portion in H1, we
synthesized the analogues H45 and H46 in which the thiazole ring was replaced with spacers
designed to keep the distance between the amide nitrogen and 4-fluoropheny! ring approximately
equal to that in H1 (ca 4.5 A). In H45, the spacer retains partial rigidity, while in H46 it was
made flexible to probe the impact of the rigid connection of the two parts of the molecule. As a
result, either of exchanges mentioned led to similar drops in sliding clamp binding, biochemical
potency and MICgs values relative to those of H1. While the alkyne-containing H45 still has
marginal activity against M. tuberculosis, its more flexible counterpart H46 lost the ability to
inhibit the growth of M. tuberculosis.

All in all, the aromaticity, polarity as well as the substitution pattern of the five-membered
ring in this part of the molecules was found to be essential. Replacement of the original thiazole
with isomeric pyridines is possible, in some cases improves the binding to DnaN and overall
antibacterial properties of the chemotype. Moreover, the observations underscore the importance
of a rigid connection between the linker and Eastern phenyl parts of the molecule.

Combining beneficial prior modifications.

Based on data obtained and assuming mutual independence and additivity of the effects as-
sociated with modifications of parts of the scaffold, we synthesized several derivatives combin-
ing modifications demonstrated to be beneficial. In all cases, we decided to keep only the 3-Cl-
substituent in the Western part and attempted to achieve maximal improvement of DnaN bind-
ing, in vitro replication inhibition and antibacterial activity by combining favorable ring ar-
rangements involving the Eastern phenyl and the heterocycle. Keeping the ortho-fluorine was
supposed to improve DnaN binding and bestow good activity across the entire panel of microor-
ganisms, while para-OH and -OMe — excellent activity against M. tuberculosis. and improved
biochemical potency respectively. The multiparameter performance of the resulting compounds
H51 — H55 is summarized in Table 7.
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Table 7. Performance of the chimeric molecules

s
Br +N= }N'H
| \N

Cc
SPR (RU) Repl. MiICss (uM) MTb HepG2
M. S. th
Name R 250 1mM als, CS ay M. smeg | pneu- S. E. coli .g:,og 16 1Cso0
UM m ( ;;) rsn,:::i matis moni- | aureus | AacrB mM % (um)
H GMR ae HM, 7
150
H1 26 | ** 20 4 | 16 | 16 | 8 8 | 43130 | 37

W31 1 7y | 98 | 324 | >400 | 4 | 64 | 8 | 16 | 16 | 30:50 | >37

R +
H52 ‘%}@f’“ 62 | 148 | 20% 8 64 | 64 32 32 | 62#13 >37

L 50
H53 | ., o 180 + +
T f@ N/D | N/D 30 4 32 16 16 16 97+1 >37
H54 | &
M 39 | N/D N/D 4 8 16 8 8 7748 >37

** - precipitation; N/D- no data.

Not unexpectedly, derivatives H51 and H52 showed no additivity of the effects of the sub-
stituents equipping Eastern and Western parts of the molecules: despite improved SPR binding,
compounds H51 and H52 failed to show any significant improvements in DNA replication inhi-
bition or antibacterial activity compared to their progenitors H4, H6, H10 and H21.

The thiazole H53 was designed as a less lipophilic version of H12 with a focus on activity
against M. tuberculosis. As a result, H53 was found to have significantly higher biochemical
potency (ICso 180 uM) compared to both its progenitors H12 and H21 and preserved antibacteri-
al activity.

Finally, H54 has largely retained properties of the pyridine H43 only showing a slight dim-
inution of activity against M. tuberculosis.

Notably, H51, H52 and H53 in this series of optimized analogues demonstrated signifi-
cantly larger difference in antibacterial activity against a wild-type M. smegmatis and the respec-
tive griselimycin-resistant strain. Thus, the antibacterial activity at least in part comes from inhi-
bition of DnaN.

3.2.3 Investigation into the possible binding mode by modeling supported by

crystallography and STD-NMR
Evaluation of H1 binding by epitope mapping STD-NMR

In our attempts to shed light on possible binding mode of the initial hit H1, we turned to
STD-NMR, the ligand-observed method widely used for biophysical screening. The degree of
ligand’s proton saturation in the difference spectrum is proportional to the strength of its contact
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to the protein, which allows to infer the binding epitope of the ligand.[*®! To obtain further con-
firmation of the binding of H1 to the M. tuberculosis DnaN, we performed STD-NMR meas-
urements at single concentration of 100 uM. The analysis of the difference spectrum revealed
that all aromatic proton groups within the molecule took part in binding, albeit to a different ex-
tent (Figure 3).

Qﬁ j@( % I;}j@f
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Figure 3 A section of the difference spectrum of compound H1 with assignments
Integration of aromatic proton signals found in the difference spectrum of the molecule H1
revealed higher intensities belonging to protons 3, 4, 6 and 7 (Figure 4), which implies a tighter

contact with the protein than other protons (1, 2 and 5).
Relative STD effect

100% — 80%
>\( 80% — 60%
60% — 40%

6 7 ® 40%-20%
20% — 0%

Figure 4. Summary of relative saturation difference effects observed within H1

The previously mentioned docking pose of H1 (Figure 2) is in partial accordance with
STD-NMR data: the protons of the Western phenyl and imidazole are predicted to form contacts
with DnaN. Nevertheless, the protons of the Eastern phenyl and thiazole are predicted to be rela-
tively distant from the protein surface as this portion of H1 points in the direction of subsite II.
This discrepancy may be a consequence of the dynamic effects and induced fit on binding of H1
to the B-sliding clamp.

The soaked structure of Rickettsia Typhi DnaN and H1: binding model refinement

The X-ray crystallographic structure of the B-sliding clamp protein from Rickettsia typhi
was determined in the presence of the compound H1 using soaking. Soaking experiments with
crystals of Mycobacterium tuberculosis and Mycobacterium smegmatis DnaN proved unsuccess-
ful due to the presence of crystal contacts, which blocked ligand-access to the subsite | of these
proteins. However, R. typhi DnaN was found to be the only protein of this type that can crystal-
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lize in the apo-form without forming such contacts, allowing for the successful determination of
its structure in complex with H1 after soaking.

Detailed analysis of the electron density maps revealed the binding mode of H1 within a
narrow and hydrophobic subsite | cavity, formed by backbones of Gly-174, His-175, Arg-176,
Val-375, lle-376, Met-377 and side chains of Leu-177, Tyr-248, Phe-251, Val-375 and Met-377.
The 4-chlorine is estimated by the HYDE scoring function’! to contribute —5.5 kJ/mol of bind-
ing free energy. The 3-chlorine contributes —8.3 kJ/mol. Both atoms are predicted to be involved
in hydrophobic interactions with side chains lining the cavity. Furthermore, the 3-chlorine is also
positioned properly to exhibit halogen bonding with the backbone carbonyl oxygen of Arg-176
(3.0 A, ©1=145° @, = 79°, ¥ = -87°).1%8l
The Western phenyl ring is mainly held in the cavity by n—n staggered stacking with the side
chain of Phe-251 (<d> = 3.9 A) and a hydrophobic interaction with Met-377 (<d> = 3.8 A). The
pyrrolinoimidazolic part of H1 is also suggested to be involved in n—= stacking: partially with
Phe-251 (parallel displaced arrangement, <d> = 3.8 A) and Tyr-248 (T-shaped arrangement, <d>
=4.3A).

Figure 5. H1 soaked into the crystals of Ricketsia typhi B-sliding clamp.
It is important to note that the soaking was performed on the static apo-form of the protein

from a different organism, which ruled out the concomitant dynamic effects known to happen
during the sequential binding of ligands to DnaN.!*°! This implies the binding of the ligand with
the hydrophobic cavity within subsite I, that triggers the further accommodation of the ligand by
the protein in the direction of subsite Il and the formation of it. Therefore, in the light of the new
data, we sought to integrate the newly obtained structural insights from soaking experiments
with STD-NMR epitope mapping data and find the plausible docking poses of H1, which will be
fully supported by experimental data. In order to take into account the possible dynamic effects
on ligand binding, we used the “opened” DnaN protein from M. tuberculosis co-crystallized with
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griselimycin (PDB code: 5AGU). We implemented constrained docking in SeeSAR by introduc-
ing a hydrophobic pharmacophore restrain located within subsite | such that re-docking of H1
into the subsite | of M. tuberculosis DnaN (PDB code: 5AGU) prioritized the solutions with hy-
drophobic portions of H1 buried in the hydrophobic cavity of the subsite I.

Figure 6. Overlay of representative docking poses of H1 with the aliphatic part of the bicycle pointing into the hy-
drophobic cavity within the subsite | (PDB code: 5AGU).

The majority of poses converged towards those depicted in Figure 6 and contained the 3,4-
dichlorophenyl substituent buried in subsite | and the aliphatic part of the central bicyclic frag-
ment buried in the hydrophobic cavity within the same subsite and 4-fluorophenyl pointing to-
wards the subsite Il (in Figure 6). There was, however, a subset of poses represented by the one
depicted in purple. In this pose, unlike others, the thiazolyl and 4-fluorophenyl parts are fitted
into the hydrophobic groove next to the exit from subsite 1. This arrangement of H1 in the pro-
tein-ligand complex is more consistent with data from STD-NMR epitope mapping. In line with
data provided by STD-NMR is also the pose depicted in deep blue in Figures 6, 7. It suggests
the Western and central fragments of H1 to be positioned within subsite | and the Eastern frag-

ments to be pointing to the subsite Il and not contributing greatly to binding.

Figure 7. Superimposition of poses. Initial pose (orange) and ones derived by constrained docking (magenta and
deep blue) (PDB code: 5AGU).
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Visual examination of the refined poses suggested the crucial role of the Western phenyl in
binding to DnaN, the productive interaction of the bicyclic fragment of the molecule to the pro-
tein was also supported. Simultaneously, the role of Eastern heterocycle and phenyl seemed to be
rather nominal. This inspired us to design an additional derivative H61 containing swapped
Western and Eastern phenyls (Figure 8) in order to estimate the impact of relative positions of

the Western and Eastern phenyls in H1 on DnaN binding and antibacterial activity.

Cl

Cl
37N
_ (0] >:N
Br +N= )\NH

\N

F
Figure 8. The structure of the swapped analogue H61
The reversed analogue H61 showed an improved antitubercular activity and a slightly
more potent inhibition of DNA replication in vitro (see Table 8).

Table 8. Comparison of the multiparameter performance of H1 and its swapped analogue H61

SPR (RU) MICos (uM) MTb
Repl. growth | HepG2
Name 250 1 assay M. M. smeg- S. pneumoni- S. E. coli inh 1Cso
UM | mM | ICso (uM) ,s:;:i matis GMR ae aureus | AacrB | @16 (uM)
uM, %
H1 *k ** |1 150+ 30 4 16 16 8 8 43+30 37
H61 97 ** 1130120 8 16 32 8 8 754 12.3

** - no data available
Interestingly, docking of H61 into DnaN failed to find a solution in which its 3,4-dichloro

substituted Eastern phenyl part was bound within the subsite | (Figure 9).
E TN - B\ 7

p. 4 -~ 3

Figure 9. The overlaid representative docking poses of H61 on M. tbh DnaN (PDB: 5AGU).
Instead, in all solutions found, the Western 4-fluoro-substituted part of H61 was suggested

to occupy subsite | together with the central bicyclic fragment residing in the proximity of the
hydrophobic subpocket analogously to the refined poses of H1. The 3,4-dichlorosubstituted phe-
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nyl pointing out to the subsite Il, but does not reach it. In view of the aforementioned predictions
by modeling and overall retention of activity of the swapped analogue H61, the central bicyclic
fragment’s positioning within subsite | is suggested to be a more decisive factor in DnaN binding
than the substitution pattern of the phenyl ring adjacent to it. However, no soaked structure of
H61 with Rickettsia typhi DnaN was obtained, which precludes us from making conclusions
regarding the details of interaction between the swapped analogue and the B-sliding clamp.

3.2.4 Detailed testing of selected candidates on mycobacterial strains

Having established the non-aggregating concentration for most derivatives at 16 uM, com-
pounds were tested for their ability to inhibit the growth of Mycobacterium tuberculosis. The
performance of analogues at this concentration was featured in the respective sections above.

For compounds demonstrating the highest activity against M. tuberculosis in single-point
growth inhibition tests, MICgs values were determined (summarized in Table 9). From the data
presented it becomes clear, that for most candidates full growth inhibition is observed at a con-
centration of 32 uM. For compounds H3 and H6, the 95% inhibition was achieved at 16 pM,
which renders them leads in this assay. However, H6 demonstrated lower cytotoxicity (>37 uM)

compared to that of H3 (12.3 uM), making it more attractive for further development.
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Table 9. MICgs values of selected compounds against M. tuberculosis and M. marinum.

MICss (M) HepG2
Name M. tuberculosis | M. marimun (;f;;)
H1 32 - 37
H3 16 16 12.3
H4 32 32 37
H5 32 - 37
H6 16 16 >37
H10 32 32 12.3
H11 32 64 37
H12 32 - >37
H18 32 - >37
H21 N/A 64 37
H22 N/A 64 37
H43 32 16 37
H44 >64 8 >37
H51 N/A 8 >37
H52 64 8 >37
H53 16 - >37
H54 32 - >37
H64 32 - 12.3

N/A- MICgs not achieved, - - compound not tested.

The best-performing compounds against M. smegmatis, M. tuberculosis and showing low
cytotoxicity were also subjected to the minimum inhibitory concentration determination against
Mycobacterium marinum, the species employed in the zebrafish mycobacterial infection model.
The results are summarized in Table 9.

Thus, chimeric compounds H51 and H52 showed the lowest MICgs values against M.
marinum; the 2,5-disubstitution pattern in the pyridyl ring in H44 seemed to be preferred over
the 2,6 one in H43, while the removal of any of the two chlorine atoms from the Western phenyl
was detrimental for the activity against Mycobacteria (H21 and H22).

3.2.5 Activities of selected derivatives against gram-negative bacteria

Candidates that demonstrated the highest activity against the efflux-deficient AacrB E. coli
strain were subsequently screened against the extended Gram-negative microorganism panel
consisting of E. coli, A. baumannii and P. aeruginosa strains with non-impaired efflux systems.

Results are summarized in the Table 10.
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Table 10. MICgs values of selected compounds against selected Gram-negative strains

MICas (uM)
Name E. coli A. baumannii P. aeruginosa
BW25113 DSM-30008 PA14
H1 > 128 64 >128
H3 > 128 32 >128
H4 >128 >128 >128
H6 >128 >128 >128
H10 128 - -
H14 >128 - -
H17 >128 - -
H21 >128 >128 >128
H31 >128 - -
H43 >128 >128 >128
H44 >128 - -
H45 >128 - -
GM >128 >128 >128
ciprofloxacin <0.15 0.3 <0.15
- Not tested

The wild-type E. coli turned out to be virtually non-susceptible to the screened compounds
with only H10 demonstrating detectable MICes of 128 pM. Interestingly, another common
Gram-negative pathogenic strain A. baumannii was found to be more susceptible, with the mini-
mal inhibitory concentrations of only H1 and H3 being as high as 64 and 32 puM, respectively.
Nevertheless, no activity of selected candidates against P. aeruginosa was demonstrated.

The stark contrast between the data presented above and previously obtained MICgs values
against the efflux-deficient knock-out E. coli strain indicates that tested compounds are sub-
strates of the efflux transporter AcrB. The acriflavine resistance protein B is a member of the
Resistance Nodulation cell Division superfamily, widely expressed by Gram-negative bacteria
and conferring broad-spectrum resistance.’®! AcrB has a wide range of substrates; the primary
ones are acriflavine, ethidium and berberine, with which H1 shares apparent similarity being a

flat quaternary ammonium salt (see Figure 10).12%

Known substrates of acrB

Ethidium
Figure 10. lllustration of molecular feature similarities between H1 and known AcrB substrates
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Nevertheless, results obtained with wild-type Gram-negative strains could be considered
additional evidence, that the compound class has the mechanism of bacterial growth inhibition
associated with the compounds’ entry into a bacterial cell and therefore involving an intracellular
target(s).

3.2.6 In vitro ADME properties

On the basis of DnaN binding and performance against various bacteria, selected deriva-
tives of H1 were subjected to in vitro ADME parameters determination studies (performed by
Dr. Andreas Kany on the facilities of the Drug Discovery Unit at the University of Dundee, UK).

Measured parameters included: 1) Real solubility in a buffer containing 2.5% DMSO; 2)
Chromatographic Hydrophobicity Index (CHI); 3) Mouse Liver microsome metabolic stability;
4) Human liver microsome metabolic stability. The results are summarized in Tables 11-16.
Table 11. In vitro ADME parameters determined for Eastern phenyl modifications

A

) 9 =
T +N= \)\\NH

Br *
Cl

ti2[min] / .
Real Sol 24 h, ChiLogD MLM t1/2 [min]
Code Structure 2.5% DMSO MHeps Clint
) (CLogP) Clint [ml/min/g]
" [ml/min/g] g
F
3.23 N/D
H1 ){@ N/D 45y | 30/<05
H2 93.3 3.16 >30/0.98 | >120/1.66
' (4.85) . .
H3 “ 233 3.66 >30/ <0.5 N/D
' (5.28) .
OMe
3.13 N/D
H4 >{©/ 67.4 (a2 | >30/100
Me
3.56 >120/2.21
H5 }{©/ N/D (5.22) | 307066 (Ret]
OH
N/D N/D
H6 }{©/ N/D (4.34) >30 / 0.66

N/D — not determined

The highest real solubility value in the subseries was determined for the non-substituted
analogue H2 (93.3 uM). Lowest solubility — the chloro-derivative H3 (23.3 uM), which, howev-
er, can be compensated by the introduction of heterocyclic fragments into the structure, which is
showcased below. In the presented subset the observed changes in the real solubility parameter

correlated with changes in the corresponding LogD values determined chromatographically.

65



Compounds H1-H6 demonstrated long half-life in liver microsome assay (> 30 min), and
therefore low yet non-uniform clearance. The increase of clearance was observed in the follow-
ing row of para-susbstituents: -OH ~ -Me < -H = -OMe (see Table 11). This could be rational-
ized as a result of realization of different substrate-dependent metabolic degradation reactions
that occur at significantly different rates, which impacts the clearance rate considerably. For H4
the most probable primary degradation pathway is dealkylation, which presumably occurs very
fast. The primary para-hydroxylation of the phenyl ring of H2 seems to occur with a comparable
rate to the dimethylation of H4. Simultaneously, the secondary meta-hydroxylation of the hy-
droxy-derivative H6 may occur slower, which finds its reflection in the lower clearance rate
compared to that of H2 and H4. The degradation of the methyl derivative H5 most likely pro-
ceeds through the oxidation of aromatic methyl to the corresponding benzylic alcohol, whose
rate is comparable to that of secondary hydroxylation of H6, that in the end makes their clear-
ance rates comparable.

At the same time, the measurable clearance rate of the 4-F and —CI derivatives H1 and H3 is not
observed because of the blocked para-position of the Eastern phenyl ring.

The permutation of the fluorine on the Eastern phenyl ring did not impact the LogD great-
ly. Simultaneously, isomeric derivatives H10 and H11 achieved higher solubility than any of the
aforementioned para-substituted analogues (Table 12).

Table 12. In vitro ADME parameters determined for fluorine permutations on the Eastern phenyl

RealSol24h, | . “”“EIT':,'I‘” ty/2 [min]
Code | Structure 2.5% DMSO & MHeps Clint
[uM] (CLogP) Clin [ml/min/g]
" [ml/min/g] g
H1 ’ N/D 3.23 >30 / <0.5 N/D
(4.84) .
F 3.38 N/D
H10 ;@ 130.8 @sq | 307084
F
H11 107.2 3.29 >30/0.81 | >120/1.70
. (4.84) . .

N/D — not determined
Fluorine permutation also impacted the metabolic stability: while the half-life of ana-

logues still exceeded the upper limit of the assay (30 min), the higher clearance rate was
observed for ortho- and meta-fluoro derivatives.

Among the derivatives with electron acceptors introduced on the Eastern phenyl ring
the real solubility was determined only for the pyridyl analogue H18 and rendered it the

highest in the subseries. The metabolic stability of this compound was, however, determined
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to be the lowest in the subseries with the half-life of 13 min and the microsomal clearance as
high as 5.5 ml/min/g (see Table 13).

Table 13. In vitro ADME parameters determined for modification of Eastern phenyl

Real Sol ti2[min] / ty/z [min]
Code Structure 24 h, 2.5% ChiLogD MLM Mll-/lze s Cl;
DMSO (CLogP) Clint (i /n':in /"‘]‘
[kM] [ml/min/g] g
F
3.23
H1 }{©/ N/D (sa |730/<05| N/D
Ph
4.31
H13 }{©/ N/D 611 | >30/<05 N/D
CN
2.84
H15 }{©/ N/D (g3 |730/<05| N/D
cozMe 3.07
H16 N/D @75 | >30/161 N/D
SN 1.85 13.22/
H18 J{Q 197.5 (3.79) - N/D

N/D — not determined
The dehalogenation of the Western phenyl ring had greatly impacted the lipophilicity and

therefore solubility of the analogues, while the metabolic stability remained unaffected. The cor-
responding parameters of H21 and H22 demonstrate the possibility to achieve the solubility sim-
ilar to that of H18 without sacrificing the metabolic stability.

Table 14. In vitro ADME parameters determined for the Western phenyl modifications

~ N
R
ty2[min] / .
Real Sol 24 h, ChilogD MLM t1/2 [min]
Code Structure 2.5% DMSO (CLogP) Cli MHeps Clint
(uM] [ml/min/g] [ml/min/g]
cl
H1 ﬁ 3.23
cl N/D (4.84) >30/<0.5 N/D
C|\©){
H21 2.90
178.9 (4.36) >30 / <0.5 N/D
H22 Q}g N/D
. 191.7 436) | >3 / <0.5 N/D
H23 (j)g 2.60
N/D (3.84) >30/<0.5 N/D

N/D — not determined
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The data obtained for compounds H43-H46 demonstrates another molecular feature that
can be modified for improving solubility (Table 15).
Table 15. In vitro ADME parameters determined for Eastern heterocycle modifications
F
ReR W
S W

c
cl
Real Sol 24 t1/2 [min] .
Code Structure h, 2.5% ChilogD MLW / It/ll/lfle[ms"élll
DMSO (CLogP) Clint (i /:‘in /'"]‘
[uM] [ml/min/g] g
N
A /<X 3.23 N/D
H1 N N/D (4.84) >30 / <0.5
el /
N ° N D
H41 NS 106.2 (4.84) N/D
¥ /E \ 23.94 / /
i . N/D
HA2 1 "N N/D | /b (a.43) 3.04
N 3.53 N/D
H43 g 198.3 (4.41) >30 / <0.5
H
QB 3.31 120/ 1.90
§ . . > .
H44 N 176.0 (4.41) >30/1.76 (Rat)
Has SNy 2347 2.89 >30/<0.5 | >120/1.12
' (4.18) >30 / 1.44* (Rat)
H
PN~k 2.91 40.8/8.2
H46 >250 (4.40) >30/1.36 (Rat)

N/D — not determined

The modification of the Eastern heterocycle has also been shown to positively impact the
candidates’ susceptibility for microsomal oxidation, which is best exemplified by the case of the
oxazole analogue H42. The metabolic stability was also slightly decreased when the original 2-
amino-4-arylthiazole was replaced with 2-amino-5-arylpyridine (H44) and aliphatic linkers (see
H45 and H46 in Table 15).

The chimeric compounds showed all in all expectable superposition of properties conferred
by the combined molecular features. Thus, the swapped analogue H61 showed no significant

difference in metabolic stability in mouse liver microsomes.
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Table 16. In vitro ADME parameters determined for chimeric molecules

t1/2 [min] .
Real Sol 24 h, ChiLogD MLM t1/2 [min]
Code 2.5% DMSO MHeps Clint
[uM] (CLogP) Clint [ml/min/g]
[ml/min/g]
3.23
H1 N/D (4.84) >30/<0.5 N/D
3.56
H61 93.8 (4.84) >30/<0.5 N/D
3.14
H51 162.3 (4.35) >30/1.08 N/D
3.32 98.55 /
H53 119.5 (4.85) >30/1.09 3.38
>120/ 2.65
3.42 >30/1.54
H54 187.0 (4.34) 530 / 1.50* 81.(9R£:l).06

N/D — not determined

The chimeric compound H51 demonstrated increased solubility, which could be attributed
to the presence of the 3-Cl and 2-F substituents in the Western and Eastern phenyl rings, respec-
tively. The diminished stability against microsomal oxidation could be caused by the simultane-
ous para-methoxy and ortho-fluoro substitution of the Eastern phenyl making this part of the
molecule more metabolically labile.

The bis-meta-chloro (Western and Eastern phenyls) analogue of H1 (H53) turned out to be
more lipophilic and less soluble than H51, while demonstrating a similar rate of microsomal
clearance. The derivative H54, however, demonstrated great solubility that is probably the con-
sequence of the combination of 3-Cl substitution on the Western phenyl and the 2-amino-6-
arylpyridine on the Eastern heterocycle.

Cell permeability assay

The Madin Darby Canine Kidney (MDCK) cells used in the assay were transfected with a
gene MDR1, that encodes P-glycoprotein, a commonly known efflux transporter expressed in
brain, kidney and intestine tissues. The MDCK permeability assay allows to estimate the candi-
date’s ability to undergo intestinal absorption, which is indicative of oral bioavailability. The
apparent permeability coefficients Pspp and recovery percentage values for selected compounds

are summarized in the Table 17.
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Table 17. Results of the MDCK/MDR1 assay

Code Structure MDCK Papp [nm/s]
(recovery, %)
Me
s@
S Q 0 =N
"> C|:E>®/NQN}NH 1.17, (69%)
cl
F
H44 S o N\ 0.47, (86%
B oN= \)LN N (86%)
cl
Br oN= _>\‘—NH
H45 CI:©/§/N 7.73, (66%)
cl
B Q K /\/\Q‘ F
" ON= NH
H46 i g W 10, 65%)
cl
ol
7\ y
_ Q 0 =N (0]
H54 Br *N= N}NH 0-92’ (100%)
0 N
Atenolol j\/©/ Y 149
H,N
? H
N\{/
Bupropion QAH/ 288
Cl

Overall, the permeability of all compounds tested turned out to be lower than that of

70

Atenolol, which is normally used as a reference for relatively low permeability compared to Bu-
propion that is used as a standard of high permeability. Nevertheless, the slight positive impact
on the Papp value within the class of compounds under investigation was associated with the non-
aromatic replacement for the Eastern heterocycle: the acetylenic derivative H45 and saturated

analogue H46 demonstrated significantly higher Papp among the compounds tested in MDCK




assay (7.73 and 10.00 nm/s respectively). The percentage of recovery was somewhat low (66 and
65 %), which indicates the molecules’ retention in the model cells. The observed facts testify the
detrimental effect of the aromaticity of the Eastern heterocycle on the compound’s cell permea-
tion, which was also found to be virtually non-dependent on the substituents of the Western and
Eastern phenyl rings.

Even though the chimeric molecule H54 demonstrated good balance between antibacterial
activity and basic ADMET properties, its penetration rate was found to be extremely low even
compared to other molecules tested.

According to the guidelines of the MDCK/MDR1 assay, the compounds with Papp values
below 10 nm/s are considered poor permeators, while the good penetrating compounds typically
show Pgpp values greater than 100 nm/s. In spite of our exploratory optimization effort, which
yielded the compound H46 showing permeability closer to the cutoff value, the permeability of
the entire class is extremely low, with the permanent positive charge responsible for it.

Cytochrome P450 enzymes inhibition

The cytochrome P450 superfamily are oxidative enzymes involved in a multitude of bio-
chemical pathways, associated with drug metabolism and clearance.?*! The optimized analogues
were profiled for certain cytochrome P450 enzyme inhibition (summary in Table 18).

Table 18. Results of the CYP inhibition profiling

ICso (M) on CYP subtypes
Code | 1p2 | 2c9 | 2c19 | 206 |3aa(DEF) | 3A4(78Q)
Ha4 >20 >20 >20 3.08 >20 >20
(233-3 >10 >10
H45 >10 | >10 @33? 0.53 (52% (72% @10
' 10 pM M
M) @10 uM) kM)
(;%00/0 >3.3
HaG >10 >10 >10 | 0.056 | oo | (49% @10
>20 >20 =20 | 0.048 H uM)
Interfer-
>20
ence
>10 >10
(74% | (69%
H53 >10 @10 @10 4.87 >10 >10
HM) HM)
>10
(58% >10
>10 >10 | 6.72 . >10
H54 >20 >20 14.8 @10 interfer- >20
M) ence
8.47

The lowest off-target activity was demonstrated by compound H44, for which significant
inhibition was detected only for CYP 2D6. This enzyme turned out to be most inhibited by tested
derivatives with the lowest ICsp of 0.05 uM demonstrated by the analogue H46.

71



3.3 Chemistry
The re-synthesis of the original hit compound. We synthesized compound H1 according to the

® Lo
O TN 3 Br+N"2\)&\OR
CID)J\/Br b) Cl N ¢ CIWN
— 5 —_— 1
4 5
Cl Cl ) Cl =
1 3,70% 4,R=1Bu F
d)Es R=H

Scheme 1.

2, quant NH3Br o N\ N

0 N=( - +N= )=
N\)LN
™ H

N
Br X S Br
(SRS o
F F Cl

6, 95% H1, 48%

Scheme 1. The scheme used to resynthesize the original virtual hit H1.

Reagents and conditions: a) 1. Me>SO4 (1.0 eq), benzene, reflux, 45 min; 2. NH4CI, EtOH, rt, o/n; b) 2, K.CO3 (3
eq), 80 °C, DMF, 6h; c) Tert-butyl bromoacetate(1.5 eq), MeCN, 60 °C, o/n; d) CFsCO;H, DCM, rt, 3h; e) thiourea,
EtOH, 4h, 80 °C; f) 3, T3P, pyridine.

From the chemistry viewpoint, the structure of the hit H1 is composed of two biaryl frag-
ments connected by a semi-flexible acetamide linker. The Eastern part of the molecule is a 4-
aryl-2-aminothiazole, which can be assembled employing a robust Hantzsch method (conditions
d) in Scheme 1). The Western portion of the molecule is represented by a di-substituted 3-aryl-
6,7-dihydro-5H-pyrrolo[1,2-a]imidazolium salt. The linker is attached to the imidazole ring us-
ing the lone pair of the nitrogen in position 3, therefore rendering the imidazole ring permanently
charged and the charge delocalized between the two nitrogen atoms.

We accomplished the synthesis of the charged part of the molecule inspired by the work of
Kovtunenko et al.[??l and carried it out in three steps, starting from the condensation of 2-bromo-
3’,4’-dichloroacetophenone with an easily accessible pyrrolidin-2-imine 2 (see conditions a) and
b) in Scheme 1). Alkylation of the resulting pyrroloimidazole 3 at the position 3 with tert-butyl
bromoacetate yielded an imidazolium bromide salt 4. Removal of the tert-butyl ester group was
achieved by treatment of 4 with trifluoroacetic acid in dry DCM. Finally, the amide coupling of
the acid 5 and the 2-aminothiazole 6 in mild conditions using the T3P coupling agent afforded
the target molecule H1 (conditions c)-f) in Scheme 1). It is remarkable, that synthetic sequences
for Eastern and Western parts of the molecule H1 start with an accordingly substituted 2-
bromoacetophenone, which gives the possibility to vary the substitution pattern on both phenyl

rings of final molecules using same starting materials.
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For the synthesis of derivatives carrying variations in other parts of the molecule (Western
and Eastern phenyl), the building blocks and the synthetic strategy were changed accordingly.
For the synthesis of derivatives H2-H19 the 2-aminothiazole precursors were synthesized using
accordingly substituted phenacyl bromides in the Hantzsch synthesis. In order to access com-
pounds H21-H23 differently substituted phenacyl bromides were used in the sequence analogous
to the synthesis of the precursor 3. Finally, we synthesized the compounds H51-H53 using the
substituted phenacyl bromide building blocks to access 2-aminothiazole precursors, while in
order to access H54 the 2-aminopyridine precursor was approached analogously to compound 17
(Scheme 4). The detailed synthetic procedures are provided in the supplementary material.

Chemistry for the modifications of the charged bicyclic fragment. In the synthesis of com-
pound H31, we accessed the central piperidino-imidazolyl ring by utilizing the piperidine-2-
imine building block in a synthetic sequence analogous to that used to resynthesize the original
hit.

In case of the 1,4-disubstituted triazole H32, we relied on the copper-catalyzed [3+2]-azide-
alkyne cycloaddition reaction[?®! (see Scheme 2).

NTN
o) o) )\\
Cl = N N
D/ a) Clm/ b) CI:©/§/ H
Cl 7 Cl 8, 75% of H32, 50%

Scheme 2. The synthesis of compound H32.
Reagents and conditions: a) azidoacetic acid (1.0 eq), CuSO4 (2 mol%), sodium ascorbate (4 mol%); DCM/H,0 (1:1
vIVv); rt, o/n; b) 4-(4-fluorophenyl)-2-aminothiazole, HBTU, DIPEA; DCM; rt, o/n.

The acid 8 representing the Western part of the molecule H32 was obtained employing the cop-
per-catalyzed [3+2]-cycloaddition between (3,4-dichlorophenyl)-acetylene 7 and 2-azidoacetic
acid. 8 was subsequently used to acylate 4-(4-fluorophenyl)-2-aminothiazole 5 employing HBTU
as a coupling agent.

To obtain the cyclopenta[c]pyrazolic molecule H33, we established the following sequence
(Scheme 3).

73



O

t
o ,\f ~N OBU
C|:©)k0| N b cl Y%
+
o o T e é
9 11, 54% 12 74% (over two steps)
o F
N-N OH d) 0] =N
Cl cl N
Cl cl
13, 100% H33, 90%

Scheme 3. The synthesis of pyrazolic analogue H33

Reagents and conditions: a) DIPEA, PhMe(anh.), 60 °C, 5 h; b) 1. NoH4+HCI (1 eq), EtOH, reflux; 2. tert-butyl bro-
moacetate (1 eq), K.COs, KI; MeCN, 70 °C, o/n; ¢) TFA, DCM,; rt, 2 h; d) 4-(4-fluorophenyl)-2-aminothiazole, T3P,
pyridine, rt, o/n.

The key intermediate in the presented synthetic route is the 1,3-dicarbonyl compound 9, which
we accessed by acylation of the enamine 10 (derived from cyclopentanone) with 3,4-
dichorobenzoyl chloride 9. The 1,3-diketone 11 is subsequently cyclized into a pyrazole, which
is then alkylated by a bromoacetic acid ester to yield 12. In the course of the alkylation, two pos-
sible isomers were formed, of which the more thermodynamically stable one prevailed. We con-
firmed the structure of the depicted isomer by observing the cross-peaks in the HMBC NMR
spectrum (see Supplementary material).

Chemistry behind the modifications of the Eastern heterocycle. We accessed the precur-
sors for the Eastern heterocycle of compounds H41, H43 and H44 by using palladium-catalyzed
Suzuki coupling reactions (see Scheme 4). The oxazole analogue H42 was synthesized by em-
ploying the Hantzsch approach analogous to the one used for the molecule 5.

A Sonogashira cross-coupling reaction according to the Scheme 5 afforded the precursors 21 and
23 for compounds H44 and H45, respectively.

Coupling of obtained amines to the acid precursor 3 yielded molecules H41-H46 (Scheme 6).
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R: N A X
PRV TE IO
R XHN)\S HN" °N # HNT N

X = Boc, 15, 55% 17,87% 18, 85%
X =H, 16, 95% Jb)
c) __ d)
BocHN, = — > = < > F — XuN F
XHN
19 -
X = Boc, 20, 80% X =Boc, 22, 99%
X=H, 21 04% ~J°) X=H,23 91% <1

Q R1: Vb{l'
N |/>§' ! Va3
H,N H41,68% H42,50% ~ H43,70%

%
16-18, 21, 23, 24 — R
Ty A

N
/
H44,77% H45,64% H46,66%

Scheme 4. Synthesis of compounds H41-H46

Reagents and conditions: a) (4-F)-PhB(OH) (1.3 eq), [Pd(PPhs)] (2 mol%), KsPO4 (3 eq), diox-H20, MW 150 W,
90 °C, 2 h; b) 4M HCI in diox., DCM, rt, 1h; c) 1-fluoro-4-iodobenzene (1 eq), [Pd(PPhs)s] (2 mol%), Cul (4
mol%), (iPr).NH, rt, o/n; d) H. (1 atm), Pd/C, THF, o/n; e) 3 (1 eq), T3P (2 eq), pyridine, rt, 2 h.

Chemistry of candidates with a modified linker. We accessed compounds with a modi-
fied/extended linker by alkylating pyrrolidinoimidazolic building blocks with appropriate car-
boxylic acid derivatives. We obtained the compound H51 as a racemic mixture from optically

inactive 2-bromo-tert-butylpropoanoate according to Scheme 5.

OtBu

al)
N
7 o 0
N _b) Br N'" N S
CI:©/‘§/ a) CIWN H
Cl 2 cl H51

Scheme 5. The synthesis of precursors and the compound H51

Reagents and conditions: al) Br(CH2).CO.tBu (5 eq), MeCN, 70 °C; a) 1. Ethyl 2-bromo-propanoate, Kl (cat),
MeCN, 70 °C, o/n.; 2. LiBr (10 eq), DIPEA (2 eq), MeCN +3% H>0, rt, 2 h; b) 4-(4-fluorophenyl)-2-aminothiazole,
T3P, pyridine, rt, 4 h.

i?
%@

Simultaneously, the alkylation of the imidazolinoimidazole proved to proceed sluggishly
with low yields with ethyl 2-bromopropionate and other homologues of 2-bromoacetates, which
precluded us from synthesizing preparative quantities of the corresponding analogues and ex-

plore possible effects of the linker elongation and substitution.
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3.4 Experimental
Experimental procedures for chemical synthesis, biophysical analyses and microbiological

experiments are provided in respective sections of the chapter S3 Supplementary Material.
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3.5 Conclusions
In the course of this work, the comprehensive SAR behind the structure of the recently dis-

covered molecule H1 was established and summarized in Figure 9.

N 1 - Not studied

p |
N= N)\NH mportance

N
- Critical

Figure 9. A graphical summary of antibacterial DnaN binding SAR for H1 established in the present
work.

The central positively charged pyrrolino-imidazolic fused ring system was found to be crit-
ical for both DnaN-binding and antibacterial activity. Along with that, these parameters of the
candidates turned out to be very sensitive to modifications of the Eastern and Western ends of
the molecule. Thus, the absence of the Eastern phenyl ring resulted in the abolition of DnaN
binding and antibacterial activity, while the optimal substitution pattern of the ring included a
strong electron-donating group in 4-position relative to the Eastern heterocycle, complemented
by a moderate electron-withdrawing group(e.g —F or —Cl) at the 3- or 2- position of the same
ring.

The 2-amino-4-arylthiazolic ring could be replaced by the 2-amino-5-arylaminothiazole
without significant loss of antibacterial activity, while the replacement of the sulfur atom in the
original H1 structure with oxygen was found to be detrimental for both parameters. Conversely,
substituting the original aminothiazole with 5- or 6-aryl-2-aminopyridines was associated with a
positive impact on the compounds’ DnaN binding and bacterial growth inhibition.

In the Western phenyl ring the chlorine atom in the 3™ position was demonstrated to be a
more significant contributor to DnaN binding and to antibacterial activity, which partially sup-
ported the binding mode of H1 suggested by the soaked structure of R. typhi sliding clamp with
H1.

Derivatives synthesized for SAR exploration and optimization showed a reasonably im-
proved ability to inhibit DNA replication in vitro (~3-fold) and the growth of various Mycobac-
teria, S. aureus and S. pneumoniae (2—4-fold). Simultaneously, optimized derivatives were com-
parably active only against efflux-deficient E. coli. Owing to its nature of quaternary ammonium
salt, the scaffold was found to be a substrate for efflux transporters, which was demonstrated by
a dramatic decrease of activity against wild-type Gram-negative strains.

Finally, we studied the ADMET properties for most of derivatives synthesized in this

work, showing marked metabolic stability, and identified metabolically labile parts of the scaf-
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fold. The susceptibility of certain derivatives for microsomal oxidation was associated with mod-
ifications of Eastern phenyl and heterocycle. Among the derivatives synthesized in the course of
optimization we identified those inhibiting various groups of cytochrome enzymes.

Additionally, we identified the structural features of the scaffold responsible for solubility

and compounds’ ability to undergo intestinal absorption.
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S3 Supplementary material for Chapter 3

Topliss scheme that provided the basis for the optimization of compounds
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Figure S1.The Topliss method for potency optimization of aromatic ring-containing hit or lead compounds consid-
ers effects on hydrophobic, electronic and steric Hansch parameters (L = less active, E = equiactive, M = more ac-
tive; descending lines indicate sequence; square brackets indicate alternates; compared to 4-H compound). Adapted
from J. G. Topliss.
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S3.1 Experimental procedures
S3.1.1 Synthesis of the virtual hit and its derivatives

All reagents were used from commercial suppliers without further purification. Procedures
were not optimized regarding yield. NMR spectra were recorded on a Bruker AV 500 (500MHz)
spectrometer. Liquid chromatography-Mass spectrometry was performed on a SpectraSystems-
MSQ LCMS system (Thermo Fisher, Dreieich, Germany). Flash chromatography was performed
using the automated flash chromatography system CombiFlash Rf+ (Teledyne ISCO, Lincoln,
NE, USA) equipped with RediSepRf silica columns (AxelSemrau, Sprockhével Germany),
Chromabond Flash C18 columns (Macherey-Nagel, Diiren,Germany) or self-packed alumina
flash-columns (Thermo Fischer Scientific). Purity of compounds synthesized was determined by
LC-MS using the area percentage method on the UV trace recorded at a wavelength of 254 nm
and found to be >95%.

General procedure of the synthesis of substituted 2-bromo-1-arylethan-1-ones

o] O
1.0 eqg NBS Br
R—: N 0.2 eq TsOH R N
= MeCN S
60°C

To the stirred at 60°C solution of 1-arylethan-1-one (1 eq) and 4-toluenesulfonic acid mon-
ohydrate (0.2 eq) acetonitrile (0.05 M), was added the solution of NBS (1 eq) in acetonitrile
(0.05 M) dropwise over 30 minutes. The resulting mixture was stirred at 60°C for approximately
4 hours, and once TLC indicated full consumption of the starting material, the heating was
stopped. The reaction mixture was concentrated in vacuo, the residue was taken up into the satu-
rated aqueous solution of NaHCOs3 and extracted with ether (3x50ml). Combined ethereal frac-
tions were washed with brine and dried over anhydrous sodium sulfate and concentrated in vac-
uo to afford the desired bromoacetophenones, which were used in the next step without addition-

al purification.

0
Cl Br
ey
2-bromo-1-(3,4-dichlorophenyl)ethan-1-one. Obtained as white solid (8300 mg, 90%).
'H NMR (500 MHz, DMSO-dg) & 8.21 (d, J = 2.1 Hz, 1H), 7.94 (dd, J = 8.4, 2.1 Hz, 1H),
7.83 (d, J = 8.4 Hz, 1H), 4.97 (s, 2H).

13C NMR (126 MHz, DMSO-ds) 6 189.99, 136.67, 134.19, 131.91, 131.21, 130.59, 128.67,
34.16.
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C|\©)J\/Br

2-bromo-1-(3-chlorophenyl)ethan-1-one. Purified by column chromatography on silica
(Hexane-DCM). Obtained as white solid (873 mg, 74%).

'H NMR (500 MHz, Acetone-dg) & 8.48 (t, J = 1.8 Hz, 1H), 8.48 — 8.45 (m, 1H), 8.17 —
8.14 (m, 1H), 8.05 (t, J = 7.9 Hz, 1H), 5.27 (s, 2H).

13C NMR (126 MHz, Acetone-ds) & 191.04, 136.99, 135.34, 134.33, 131.53, 129.37,

128.18, 32.96.
0]

/©)J\/Br
F

2-bromo-1-(4-fluorophenyl)ethan-1-one. Purified by column chromatography on silica
(Hexane-DCM). Obtained as white solid (800 mg, 75%).

'H NMR (500 MHz, CDCls) § 8.05 — 8.00 (m, 2H), 7.19 — 7.13 (m, 2H), 4.41 (s, 2H).

1F NMR (470 MHz, DMSO-dg) 6 -112.09.

13C NMR (126 MHz, CDCls) 5 189.98, 166.30 (d, J = 256.5 Hz), 131.88 (d, J = 9.4 Hz),
130.48 (d, J = 2.8 Hz), 116.25 (d, J = 22.1 Hz), 30.57

F O

@)QBF

2-bromo-1-(2-fluorophenyl)ethan-1-one. Purified by column chromatography on silica
(Hexane-DCM) Obtained as white solid (520 mg, 80%).

IH NMR (500 MHz, CDCls) & 7.92 (td, J = 7.6, 1.8 Hz, 1H), 7.59 — 7.54 (m, 1H), 7.28 —
7.23 (m, 1H), 7.16 (dd, J = 11.3, 8.4 Hz, 1H), 4.51 (d, J = 2.4 Hz, 1H).

19F NMR (470 MHz, CDCl3) & -108.46.

13C NMR (126 MHz, CDCl3) § 189.27 (d, J = 3.8 Hz), 161.87 (d, J = 254.7 Hz), 135.79 (d,
J=9.3 Hz), 131.65 (d, J = 2.4 Hz), 125.03 (d, J = 3.4 Hz), 122.92 (d, J = 13.0 Hz), 116.83 (d, J
= 23.8 Hz), 36.11 (d, J = 10.2 Hz).

0

Q)gsr

2-bromo-1-(p-tolyl)ethan-1-one. Obtained as white solid (1000 mg, 72%).
'H NMR (500 MHz, CDCl3) § 7.88 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 4.43 (s,

2H), 2.42 (s, 3H).
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13C NMR (126 MHz, CDCls) § 191.07, 145.14, 131.58, 129.68, 129.17, 31.09, 21.88.
0]

/@)J\/Br
F3C

2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one. Obtained as white solid (825 mg,
62%).

'H NMR (500 MHz, CDCls3) & 8.10 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 4.45 (s,
1H).

1F NMR (470 MHz, CDCls) § -63.27.

13C NMR (126 MHz, CDCls) § 190.56, 136.74, 135.32 (g, J = 32.7 Hz), 129.49, 126.10 (q,
J=3.6 Hz), 123.54 (q, J = 273.0 Hz), 30.43.

0]
/@)J\/Br
NC

4-(2-bromoacetyl)benzonitrile. Obtained as white solid (1109 mg, quant).
'H NMR (500 MHz, CDCl3) § 8.11 — 8.07 (m, 2H), 7.83 — 7.79 (m, 2H), 4.43 (s, 2H).
13C NMR (126 MHz, CDCls3) § 190.22, 137.05, 132.83, 129.55, 117.78, 117.35, 30.08.

(0]
Br

O,N

2-bromo-1-(4-nitrophenyl)ethan-1-one. Obtained as pale yellow solid (1203 mg, 98%).
'H NMR (500 MHz, CDCl3) § 8.37 — 8.32 (m, 2H), 8.18 — 8.13 (m, 2H), 4.46 (s, 2H).
13C NMR (126 MHz, CDCls) § 190.03, 150.83, 138.49, 130.21, 124.18, 30.28.
0
Br

TBDMSO
2-bromo-1-(4-hydroxyphenyl)ethan-1-one. Obtained as a white solid (498 mg, 75%).
IH NMR (500 MHz, Acetone-ds) & 8.03 — 7.95 (m, 2H), 7.05 — 7.00 (m, 2H), 4.94 (s, 2H),
1.01 (s, J = 2.7 Hz, 9H), 0.31 — 0.26 (m, 6H).
13C NMR (126 MHz, Acetone-ds) & 190.36, 161.56, 132.10, 131.68, 129.19, 120.99, 47.09,
32.63, 25.91, 18.83, 14.50.
0

/©)J\/Br
M902C
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Methyl 4-(2-bromoacetyl)benzoate. Obtained as a white solid (819 mg, 64%b).

'H NMR (500 MHz, CDCls) § 8.16 — 8.13 (m, 2H), 8.05 — 8.02 (m, 2H), 4.46 (s, 2H), 3.95
(s, 3H).

13C NMR (126 MHz, CDCls) & 191.05, 166.17, 137.37, 134.85, 130.24, 129.10, 52.79,
30.89.

General procedure of the synthesis of cyclic amidoimines from lactones.

o o (5 ¢ e (8
reflux, on H
n=1,2

Step 1. A two-necked round-bottom flask equipped with a condenser and a dripping funnel
was charged with the lactone (10 mmol) in 50 ml of dry benzene. The resulting solution was
brought to the reflux point, after which the addition of dimethyl sulfate was started (1 drop per 2
seconds). After the addition of dimethylsulfate was finished, the dripping funnel was replaced
with a cap and the reaction mixture was refluxed for three more hours. The reaction mixture was
then poured into a glass of ice-cold water and the resulting suspension was extracted three times
with diethyl ether, washed with brine and dried over anhydrous sodium sulfate. The sodium sul-
fate was filtered off and the mother liquor was concentrated under reduced pressure. Warning: in
order to minimize possible losses of the product due to its volatility, the solution was being con-
centrated under 500 mbar at 40°C. The title methyl iminoether was obtained as clear yellowish

liquid, which was used in the next step without additional purification.
Step 2. The methyl iminoether was dissolved in ethanol (0.1 M) and equimolar quantity of
NH4Cl was added to the ethanolic solution. The resulting mixture was stirred for 8 hours at room
temperature. The reaction mixture was filtered through a paper filter and concentrated in vacuo

to give the hydrochloric salt of the corresponding iminolactone, which can be recrystallized from

E>:NH
N
H

HCI

ethanol if necessary.

Pyrrolidine-2-imine hydrochloride. White crystals (5.5 g, 91% yield).

LC-MS: 85.05.

'H NMR (500 MHz, DMSO-dg) & 9.12 (s, 1H), 8.86 (s, 1H), 7.37 (s, 1H), 3.51 (, J = 7.1
Hz, 2H), 2.75 (t, J = 8.0 Hz, 2H), 2.08 — 1.98 (m, 2H).

13C NMR (126 MHz, DMSO-ds) 5 170.87, 47.08, 30.29, 20.30.
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Piperidine-2-imine hydrochloride. White crystals (10.5 g, 80%).

LC-MS: 99.11

'H NMR (500 MHz, DMSO-ds) & 9.52 (s, 1H), 8.68 (s, 1H), 8.36 (s, 1H), 3.28 — 3.23 (m,
1H), 1.73 — 1.64 (m, 2H).

13C NMR (126 MHz, DMSO-ds) 5 166.29, 40.73, 25.48, 20.28, 17.51.

General procedure of the synthesis of 3-aryl-6,7-dihydro-5H-pyrrolo[1,2-

al]imidazoles.

' ®
N
M er o+ [\FNH+NaCO - \
Ar N 277 DMF Ar&"‘
H -HCI 70°C
(2 eq) (4 eq)
The corresponding 2-bromomethylaryl ketone (1 equivalent) is stirred in DMF together with
pyrrolidine-2-imine hydrochloride (2 equivalents) and sodium carbonate (4 equivalents) at 70°C
for 8 hours. The reaction mixture is then poured into tenfold volume of water, and the resulting
mixture was extracted thrice with diethyl ether. The combined ethereal fractions were washed
with brine, dried over anhydrous sodium sulfate, filtered and concentrated in vacuo to furnish the

desired compound, typically of dark red colour.

3-(3,4-dichlorophenyl)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole. Obtained as bordeaux-
coloured oil solidifying upon standing (1010 mg, 86%).

LC-MS: [M+H]* 253.04

'H NMR (500 MHz, DMSO-ds) 6 7.92 (d, J = 2.0 Hz, 1H), 7.70 (s, 1H), 7.68 (dd, J = 8.4,
2.0 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 4.00 — 3.94 (m, 2H), 2.77 — 2.73 (m, 2H).

13C NMR (126 MHz, DMSO-ds) &: 162.76, 155.35, 142.63, 136.58, 131.72, 131.09,
125.80, 124.41, 113.40, 44.85, 26.15, 22.83.

jont
Cl
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3-(4-chlorophenyl)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole. Obtained as an orange sol-
id (270 mg, 99%).

LC-MS: [M+H]" 219.12

'H NMR (500 MHz, DMSO-ds) & 7.75 — 7.69 (m, 2H), 7.59 (s, 1H), 7.37 — 7.34 (m, 2H),
3.98 - 3.94 (m, 2H), 2.77 — 2.73 (m, 2H), 2.54 — 2.47 (m, 2H).

13C NMR (126 MHz, DMSO-ds) 6 162.29, 154.58, 143.49, 130.06, 128.39, 125.58, 111.87,

4431, 25.68, 22.41.
9

3-(3-chlorophenyl)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole. Obtained as deep red oil
(400 mg, 91%).

LC-MS: [M+H]" 218.99

'H NMR (500 MHz, DMSO-de) & 7.76 — 7.74 (m, 1H), 7.69 — 7.66 (m, 2H), 7.35 (t, J = 7.9
Hz, 1H), 7.22 — 7.20 (m, 1H), 4.00 — 3.96 (m, 2H), 2.78 — 2.74 (m, 2H), 2.56 — 2.45 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 162.32, 154.70, 143.15, 136.59, 132.90, 130.32, 123.48,
122.44,112.48, 44.36, 25.69, 22.40.

&

0

3-phenyl-6,7-dihydro-5H-pyrrolo[1,2-a]Jimidazole. Obtained as a light orange solid (253
mg, 69%).

LC-MS: [M+H]* 185.14

'H NMR (500 MHz, DMSO-ds) & 7.71 (d, J = 7.2 Hz, 2H), 7.54 (s, 1H), 7.31 (t, J = 7.7
Hz, 2H), 7.15 (t, J = 7.4 Hz, 1H), 3.98 — 3.94 (m, 2H), 2.78 — 2.73 (m, 2H), 2.51 (p, J = 7.4 Hz,
2H).

13C NMR (126 MHz, DMSO-ds) § 162.30, 154.32, 144.70, 135.37, 128.39, 125.85, 123.97,

111.29, 44.26, 25.68, 22.44.
A

o
F
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3-(4-fluorophenyl)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole. Obtained as a deep red oil,
which solidified upon standing (139 mg, 67%).

LC-MS: [M+H]" 203.03

'H NMR (500 MHz, DMSO-ds) & 7.75 — 7.70 (m, 2H), 7.53 (s, 1H), 7.17 — 7.11 (m, 2H),
3.98 - 3.93 (m, 2H), 2.78 — 2.72 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 160.69 (d, J = 241.9 Hz), 154.36, 143.77, 131.91,
125.67 (d, J = 8.0 Hz), 115.15 (d, J = 21.2 Hz), 111.09, 44.26, 25.65, 22.40.

'
CIWN
Cl
3-(3,4-dichlorophenyl)-5,6,7,8-tetrahydroimidazo[1,2-a]pyridine. Obtained as deep red
solid (725 mg, 90%).
LC-MS: [M+H]" 266.89.
'H NMR (500 MHz, DMSO-dg) & 7.91 (d, J = 2.0 Hz, 1H), 7.68 (dd, J = 8.4, 2.0 Hz, 1H),
7.63 (s, 1H), 7.56 (d, J = 8.4 Hz, 1H), 3.96 (t, J = 5.9 Hz, 2H), 2.75 (t, J = 6.3 Hz, 2H), 1.94 —
1.88 (m, 2H), 1.88 — 1.81 (m, 2H).
13C NMR (126 MHz, DMSO-ds) & 145.05, 136.50, 135.70, 131.25, 130.67, 127.73, 125.41,
124.03, 116.38, 44.47, 24.06, 22.42, 20.51.

®

3-(4-fluorophenyl)-5,6,7,8-tetrahydroimidazo[1,2-a]pyridine. Obtained as orange solid
(1200 mg, 80%).

LC-MS: [M+H]" 217.18

'H NMR (500 MHz, DMSO-dg) & 7.75 — 7.70 (m, 2H), 7.44 (s, 1H), 7.17 — 7.11 (m, 2H),
3.96 (t, J=5.9 Hz, 2H), 2.78 — 2.73 (m, 2H), 1.95 — 1.81 (m, 4H).

F NMR (470 MHz, DMSO-dg) 6 -116.18 — -117.85 (m).

13C NMR (126 MHz, DMSO-ds) & 160.72 (d, J = 241.6 Hz), 144.49, 138.04, 131.47 (d, J =
2.8 Hz), 125.74 (d, J = 7.8 Hz), 115.17 (d, J = 21.4 Hz), 114.54, 44.31, 24.10, 22.51, 20.64.

General procedure of the the synthesis of 3-aryl-1-(2-(tert-butoxy)-2-oxoethyl)-
1,5,6,7-tetrahydropyrrolo[1,2-a]Jimidazol-4-ium bromides
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The corresponding imidazole (1 eq) together with tert-butyl bromoacetate (2 eq) is dis-
solved in MeCN (2.5 ml per 1 mole of the pyrrollidinoimidazole), the reaction vessel is put un-
der nitrogen and heated up to 65°C. After the completion of the alkylation, the volatiles are re-
moved in vacuo and the residue is washed with diethyl ether to furnish the desired compound as

a precipitate.

ol
Br_ +N= )\OtBU
N

Cl

of

1-(2-(tert-butoxy)-2-oxoethyl)-3-(3,4-dichlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-
aJimidazol-4-ium bromide. Isolated as an orange solid (2200 mg, 91%).

LC-MS: [M]* 367.06.

IH NMR (500 MHz, DMSO-dg) & 8.00 (s, 1H), 7.87 (d, J = 8.3 Hz, 1H), 7.75 (s, 1H), 7.46
(d, J = 8.3 Hz, 1H), 5.15 (s, 2H), 4.34 (t, J = 7.2 Hz, 2H), 3.24 (t, J = 7.4 Hz, 2H), 2.75 — 2.67
(m, 2H), 1.31 (s, 9H).

13C NMR (126 MHz, DMSO-ds) & 165.40, 154.69, 135.32, 133.24, 132.07, 131.58, 130.65,
129.32, 126.65, 117.17, 83.45, 48.81, 48.27, 27.34, 25.11, 23.50.

ok
Br_ +N= )\OtBU
<N

SO

1-(2-(tert-butoxy)-2-oxoethyl)-3-(4-chlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-
aJimidazol-4-ium bromide. Obtained as a slightly orange solid (270 mg, 53%).

LC-MS: [M]* 333.10.

IH NMR (500 MHz, DMSO-de) & 7.95 (s, 1H), 7.69 — 7.63 (m, 2H), 7.50 — 7.46 (m, 2H),
5.10 (s, 2H), 4.37 — 4.31 (m, 2H), 3.23 (t, J = 7.6 Hz, 2H), 2.75 — 2.68 (m, 2H), 1.30 (s, 9H).

13C NMR (126 MHz, DMSO-dg) § 165.23, 154.37, 136.58, 135.16, 130.83, 129.37, 124.86,
116.47, 83.29, 48.68, 48.11, 27.30, 25.06, 23.45.
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1-(2-(tert-butoxy)-2-oxoethyl)-3-(3-chlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-
alimidazol-4-ium bromide. Obtained as a brownish solid (480 mg, 63%).

LC-MS: [M]* 333.10.

'H NMR (500 MHz, DMSO-ds) & 7.99 (s, 1H), 7.65 (ddd, J = 8.1, 2.0, 1.1 Hz, 1H), 7.60 (t,
J=79Hz, 1H), 7.54 (t, J = 1.8 Hz, 1H), 7.46 — 7.43 (m, 1H), 5.13 (s, 2H), 4.34 (t, J = 7.3 Hz,
2H), 3.24 (t, J = 7.6 Hz, 2H), 2.71 (p, J = 7.6 Hz, 2H), 1.31 (s, 9H).

13C NMR (126 MHz, DMSO-ds) & 165.32, 154.50, 136.23, 133.86, 131.26, 130.13, 128.46,
128.01, 127.73, 116.83, 83.34, 48.73, 48.24, 27.32, 25.07, 23.44.

_ Q 0
BriN= )\OtBu
N

o

1-(2-(tert-butoxy)-2-oxoethyl)-3-(4-fluorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-
a]imidazol-4-ium bromide. Obtained as a reddish solid (227 mg, 83%).

LC-MS: [M]* 317.23.

'H NMR (500 MHz, DMSO-de) & 7.92 (s, 1H), 7.54 — 7.50 (m, 2H), 7.46 — 7.40 (m, 2H),
5.08 (s, 2H), 4.38 — 4.31 (m, 2H), 3.24 (t, J = 7.6 Hz, 2H), 2.78 — 2.67 (m, 2H), 1.29 (s, 9H).

13C NMR (126 MHz, DMSO-ds) & 165.22, 163.08 (d, J = 248.3 Hz), 154.09, 136.73,
131.64 (d, J = 9.0 Hz), 122.40 (d, J = 3.4 Hz), 116.30, 116.36 (d, J = 22.0 Hz), 83.22, 48.64,
48.03, 27.30, 25.04, 23.45.

_Q 0
Br . N= \)\\OtBu
N

1-(2-(tert-butoxy)-2-oxoethyl)-3-phenyl-1,5,6,7-tetrahydropyrrolo[1,2-a]imidazol-4-
ium bromide. Obtained as a reddish solid (420 mg, 80%).

LC-MS: [M]* 299.13.

'H NMR (500 MHz, DMSO-ds) § 7.92 (s, J = 4.9 Hz, 1H), 7.56 (dd, J = 6.6, 3.5 Hz, 3H),
7.48 —7.42 (m, 2H), 5.08 (s, 2H), 4.35 (t, J = 7.3 Hz, 2H), 3.24 (t, J = 7.6 Hz, 2H), 2.76 — 2.68
(m, 2H), 1.28 (s, 9H).
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13C NMR (126 MHz, DMSO-ds) 5 165.27, 154.15, 137.77, 130.21, 129.30, 128.98, 125.94,
116.09, 83.21, 48.63, 48.13, 27.31, 25.06, 23.45.

_ Q 0]
Br +N= \)\\
OotB
Cl N N .

Cl

1-(2-(tert-butoxy)-2-oxoethyl)-3-(3,4-dichlorophenyl)-5,6,7,8-tetrahydro-1H-
imidazo[1,2-a]pyridin-4-ium. Obtained as an orange-yellow solid (886 mg, 85%).

LC-MS: [M]* 381.14.

'H NMR (500 MHz, DMSO-ds) & 7.98 (s, 1H), 7.88 (d, J = 8.3 Hz, 1H), 7.69 (d, J = 2.1
Hz, 1H), 7.42 (dd, J = 8.3, 2.1 Hz, 1H), 5.08 (s, 2H), 4.21 (t, J = 5.6 Hz, 2H), 3.02 (t, J = 6.1 Hz,
2H), 2.04 — 1.96 (m, 4H), 1.35 (s, 9H).

13C NMR (126 MHz, DMSO-ds) & 165.51, 146.28, 133.30, 132.03, 131.59, 130.82, 129.42,
126.09, 120.37, 83.51, 46.66, 46.30, 27.47, 27.34, 20.73, 20.69, 17.50.

1-(2-(tert-butoxy)-2-oxoethyl)-3-(4-fluorophenyl)-5,6,7,8-tetrahydro-1H-imidazo[1,2-
a]pyridin-4-ium bromide. Obtained as reddish solid (300 mg, 42%).

LC-MS: [M]* 331.27.

'H NMR (500 MHz, DMSO-dg) & 7.84 (s, J = 8.1 Hz, 1H), 7.50 — 7.45 (m, 2H), 7.45 —
7.40 (m, 2H), 4.94 (s, 2H), 4.20 (t, J = 5.6 Hz, 2H), 2.99 (t, J = 6.0 Hz, 2H), 2.06 — 1.93 (m, 4H),
1.30 (s, 9H).

19F NMR (470 MHz, DMSO-ds) 6 -109.25 — -110.62 (m).

13C NMR (126 MHz, DMSO-ds) & 165.53, 163.35 (d, J = 248.4 Hz), 145.95, 132.48,
132.03 (d, J = 9.0 Hz), 122.01 (d, J = 2.9 Hz), 119.68, 116.63 (d, J = 22.1 Hz), 83.68, 46.69,
46.36, 27.51, 20.96, 20.88, 17.74.

General procedure of the removal of the tert-butyl protecting group.

ol Fok

Br +N= )\OtBu TFA Br +N= )\OH
AN DCM AN

Ar 3h Ar
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The tert-butyl protected intermediate was dissolved in dry DCM and 5 eq of TFA is added

thereto. The resulting mixture was stirred for 6 hours at room temperature.
ol
Br *N= )\OH
Cl N

Cl

1-(carboxymethyl)-3-(3,4-dichlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-a]Jimidazol-4-
ium bromide. Obtained as a Bordeaux-colored solid (720 mg, 91%).

LC-MS: [M]* 310.94.

'H NMR (500 MHz, MeOD) § 7.73 — 7.69 (m, 2H), 7.63 (s, 1H), 7.43 (d, J = 8.3 Hz, 1H),
4.53 (s, 2H), 4.36 (t, J = 7.3 Hz, 2H), 3.22 (t, J = 7.6 Hz, 2H), 2.83 (p, J = 7.4 Hz, 2H).

13C NMR (126 MHz, MeOD) § 169.72, 154.25, 136.52, 134.33, 132.96, 131.24, 131.11,
128.94, 126.44, 115.77, 49.36, 24.97, 22.84.

ok
Br *N= )\OH
N

SO

1-(carboxymethyl)-3-(4-chlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-a]Jimidazol-4-
ium bromide. Obtained as a dark red solid (200 mg, 85%).

LC-MS: [M]* 277.07.

'H NMR (500 MHz, DMSO-ds) & 13.88 (s, 1H), 7.96 (s, 1H), 7.87 (d, J = 8.3 Hz, 2H),
7.72 (d, J = 8.3 Hz, 2H), 5.02 (s, 2H), 4.21 (t, J = 5.6 Hz, 2H), 3.02 (t, J = 6.1 Hz, 2H), 2.04 -
1.93 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 167.85, 146.23, 133.27, 132.04, 131.59, 129.30, 126.09,
120.29, 48.59, 46.25, 20.75, 20.66.

7 9
B "N=\  D-oH
o N

o

1-(carboxymethyl)-3-(3-chlorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-a]imidazol-4-
ium bromide. Isolated as a brownish solid (110 mg, 98%).

LC-MS: [M]* 276.95.

'H NMR (500 MHz, DMSO-ds) & 13.86 (br.s, 1H), 7.98 (s, 1H), 7.66 (ddd, J = 8.1, 2.0, 1.1
Hz, 1H), 7.61 (t, J = 7.8 Hz, 1H), 7.55 (t, J = 1.8 Hz, 1H), 7.45 — 7.42 (m, 1H), 5.09 (s, 2H), 4.38
—4.32 (m, 2H), 3.25 (t, J = 7.6 Hz, 2H), 2.77 — 2.68 (m, 2H).
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13C NMR (126 MHz, DMSO-ds) 5 167.79, 154.48, 136.30, 133.85, 131.25, 130.18, 128.74,
127.91, 127.65, 116.76, 48.66, 47.60, 25.07, 23.40.

7
Br *N= )\OH
<N

o

1-(carboxymethyl)-3-phenyl-1,5,6,7-tetrahydropyrrolo[1,2-a]imidazol-4-ium bromide.
Obtained as orange solid (305 mg, 90%).

LC-MS: [M]* 243.10.

'H NMR (500 MHz, DMSO-ds) & 7.90 (s, 1H), 7.60 — 7.55 (m, 3H), 7.47 — 7.42 (m, 2H),
5.00 (s, 2H), 4.35 (t, J = 7.3 Hz, 2H), 3.23 (t, J = 7.6 Hz, 2H), 2.76 — 2.67 (m, 2H).

13C NMR (126 MHz, DMSO-des) 5 167.71, 154.14, 137.81, 130.23, 129.36, 129.01, 125.87,
115.98, 48.57, 47.53, 25.06, 23.40.

_Q o)
Br . N= )\OH
N

F

1-(carboxymethyl)-3-(4-fluorophenyl)-1,5,6,7-tetrahydropyrrolo[1,2-a]Jimidazol-4-ium
bromide. Isolated as pale beige solid (150 mg, 77%).

LC-MS: [M]* 261.17.

'H NMR (500 MHz, DMSO-dg) & 7.87 (s, 1H), 7.50 — 7.42 (m, 4H), 4.94 (s, 2H), 4.21 (t, J
= 5.6 Hz, 2H), 3.01 (t, J = 6.1 Hz, 2H), 1.99 (s, 4H).

1F NMR (470 MHz, DMSO-ds) & -109.25 — -111.53 (m).

13C NMR (126 MHz, DMSO-ds) & 167.76, 163.13 (d, J = 248.3 Hz), 145.76, 132.31,
131.81, 131.78 (d, J = 8.9 Hz), 131.74, 121.84 (d, J = 3.4 Hz), 119.46, 116.62, 116.53 (d, J =
22.1 Hz), 116.44, 46.12, 46.01, 20.80, 20.66.

Br +N= JL
OH

Cl
1-(carboxymethyl)-3-(3,4-dichlorophenyl)-5,6,7,8-tetrahydro-1H-imidazo[1,2-
a]pyridin-4-ium bromide. Obtained as reddish solid (700 mg, 90%).
LC-MS: [M]* 324.98.
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IH NMR (500 MHz, DMSO-ds) & 13.88 (s, 1H), 7.96 (s, 1H), 7.87 (d, J = 8.3 Hz, 1H),
7.72 (d, J = 2.1 Hz, 1H), 7.42 (dd, J = 8.3, 2.1 Hz, 1H), 5.02 (s, 2H), 4.21 (t, J = 5.6 Hz, 2H),
3.02 (t, J = 6.1 Hz, 2H), 2.04 — 1.93 (m, 4H).

13C NMR (126 MHz, DMSO-ds) & 167.85, 146.23, 133.27, 132.04, 131.59, 131.07, 130.97,
129.30, 126.09, 120.29, 48.59, 46.25, 20.75, 20.66, 17.51.

Synthesis of the triazolic acid (precursor of H32).
T™MS
CI:©/| 1) Cl:©/ 3) C'D/ 4) C':@/‘wN
Cl Cl Cl Cl

CI/\H/OH 2 N3/\[(0H
0

)

Step 1. ((3,4-dichlorophenyl)ethynyl)trimethylsilane. 1,2-dichloro-4-iodobenzene
(546.0 mg, 2 mmol), trimethylsilylacetylene (236.0 mg, 2.4 mmol) and copper(l) iodide (2 mg,
0.01 mmol) were weighed into a 10-ml round-bottom flask and diisopropylamine (7 ml) was
added thereto under nitrogen atmosphere. To the resulting solution Pd(PPhz)2Cl2 (28.0 mg, 0.04
mmol) was added and the reaction mixture was stirred at 45°C for 4 hours, then concentrated in
vacuo. The residue was taken up in water and extracted with diethyl ether, combined ethereal
fractions were washed with brine, dried over anhydrous sodium sulfate, concentrated in vacuo
and subjected to flash chromatography (Hexanes), which afforded the desired product as a yel-
lowish solid (457 mg, 94%).

'H NMR (500 MHz, CDCl3) § 7.55 (s, 1H), 7.37 (d, J = 8.3 Hz, 1H), 7.30 - 7.26 (m, J =
8.0 Hz, 1H), 0.24 (s, 9H).

13C NMR (126 MHz, CDCls) § 133.73, 133.01, 132.57, 131.17, 130.40, 123.24, 102.53,
96.88, -0.07.

Step 2: Azidoacetic acid. Chloroacetic acid (474.0 mg, 5 mmol), sodium azide (975 mg,
15 mmol) and sodium iodide (50 mg, 0.33 mmol) were dissolved in DMSO (20 ml) and the re-
sulting mixture was stirred at room temperature for 8 hours. The reaction mixture was diluted
with water (100 ml), the obtained solution was acidified to pH 3 and extracted with ethyl acetate
(3x40 ml). The combined organic fractions were washed with brine, dried over anhydrous sodi-
um sulfate concentrated in vacuo to afford the desired product as a clear liquid (490 mg, 97%).

'H NMR (500 MHz, CDCls) & 8.88 (s, 1H), 3.97 (s, 2H).

13C NMR (126 MHz, CDCl3) § 173.83, 50.13.
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Step 3: 1,2-dichloro-4-ethynylbenzene. ((3,4-dichlorophenyl)ethynyl)trimethylsilane
(457.0 mg, 1.88 mmol) was dissolved in anhydrous THF (10 ml) and to the resulting solution
TBAF (1M in THF, 3.8 ml) was added. The resulting reaction mixture was stirred at room tem-
perature overnight, then concentrated in vacuo and subjected to flash chromatography (Hexanes),
which afforded the deprotected product as off-white solid (320 mg, 100%).

'H NMR (500 MHz, CDCls) & 7.57 (s, 1H), 7.40 (d, J = 8.3 Hz, 1H), 7.31 (d, J = 8.3 Hz,
1H), 3.14 (s, 1H).

13C NMR (126 MHz, CDCl3) & 133.92, 133.52, 132.74, 131.38, 130.54, 122.18, 81.41,
79.37.

Step 4: 2-(4-(3,4-dichlorophenyl)-1H-1,2,3-triazol-1-yl)acetic acid. 1,2-dichloro-4-
ethynylbenzene (188.0 mg, 1.1 mmol), azidoacetic acid (101.0 mg, 1 mmol) and sodium ascor-
bate (30.0 mg, 0.15 mmol) were dissolved in degassed DCM (10 ml) under nitrogen atmosphere.
The degassed solution of copper sulfate pentahydrate (12.5 mg, 0.05 mmol) in water (10 ml) was
added to the DCM solution and the resulting reaction mixture was stirred at room temperature
for 4 hours. After full completion of the conversion the reaction mixture was concentrated in
vacuo, the pH of the residue was adjusted to 4 and the aqueous solution was extracted with ethyl
acetate. The combined organic fractions were washed with brine, dried over anhydrous sodium
sulfate concentrated in vacuo to afford the desired product as white solid (240 mg, 88%).

LC-MS: [M+H]* 271.85.

'H NMR (500 MHz, DMSO-ds) & 13.50 (s, 1H), 8.69 (s, 1H), 8.12 (s, 1H), 7.87 (d, J = 8.4
Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 5.34 (s, 2H).

13C NMR (126 MHz, DMSO-ds) & 144.15, 131.80, 131.34, 131.29, 130.19, 126.74, 125.23,
123.85, 50.80.

Synthesis of the pyrazolic acid (precursor of compound H33).

OtBu OH
o O’W/ 1) pyrrolidine, TsOH;
2) (3,4)-diCIPhCOCI;

)
) 3,
3) NoHyHCI;
)B
)

N
|
cl [y ) Cl Y 4) BrCH,COOtBu:
— 2 5) TFA, DCM.
cl Cl

Step 1: 1-(cyclopent-1-en-1-yl)pyrrolidine (pyrrolidine enamine of cyclopentanone).

Cyclopentanone (16.80 g, 0.2 mol), pyrrolidine (17.07 g, 0.24 mol) and p-toluenesulfonic acid
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(40 mg, 0.23 mmol) were weighed into a 100 ml round-bottom flask and suspended in dry tolu-
ene (50 ml). The flask was equipped with a condenser, a Dean-Stark trap, and was held at reflux
for 8 hours. The reaction mixture was cooled down, washed with water, dried over anhydrous
sodium sulfate and evaporated. The residue was subjected to vacuum distillation and the title
product was collected as a fraction with the boiling point of 85°C at 10 mm. Hg. Clear colorless
liquid (21.5 g, 78%). Used in the next step directly.

Step 2: 2-(3,4-dichlorobenzoyl)cyclopentan-1-one. Into a three-necked oven-dried round
bottom flask was put the enamine (5.0 g, 36.4 mmol), DIPEA (5.7 g, 43.7 mmol) and dry toluene
(50 ml). The resulting solution was heated up to 40°C and the solution of 3,4-dichlorobenzoyl
chloride (9.2 g, 43.7 mmol) in toluene (10 ml) was added dropwise via a dripping funnel. After
the completion of the addition the reaction mixture was stirred at 40°C for an additional hour,
then left at room temperature overnight. 5% aqueous HCI (25 ml) was added to the reaction mix-
ture followed by 1 hour of reflux. The resulting reaction mixture was extracted with diethyl
ether, combined ethereal fractions were washed with aq. NaHCOg, brine, dried over anhydrous
sodium sulfate and evaporated in vacuo. The resulting residue was purified by column chroma-
tography to yield the desired product as yellowish solid (5.1 g, 54%).

'H NMR (500 MHz, CDCls3) § 14.35 (s, 1H), 7.86 (d, J = 2.0 Hz, 1H), 7.59 (dd, J = 8.5,
2.0 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 2.85 (t, J = 7.1 Hz, 1H), 2.50 (t, J = 7.9 Hz, 1H), 2.04 —
1.96 (m, 1H).

13C NMR (126 MHz, CDCls) § 212.72, 193.24, 138.23, 136.11, 133.38, 130.52, 130.05,
127.29, 57.52, 37.68, 28.34, 21.31. (prevailing enol form)

Step 3: 3-(3,4-dichlorophenyl)-1,4,5,6-tetrahydrocyclopenta[c]pyrazole. The mixture of
2-(3,4-dichlorobenzoyl)cyclopentan-1-one (811 mg, 3.15 mmol) and hydrazine hydrochloride
(216 mg, 0.65 mmol) was dissolved in ethanol (2 ml) and the resulting solution was stirred at
70°C overnight and then concentrated in vacuo to yield the crude product of reasonable purity,
which was used in the next step without additional purification (800 mg, quant.)

'H NMR (500 MHz, DMSO-ds) & 12.97 — 12.45 (br .m, 1H), 7.88 — 7.82 (m, 1H), 7.73 —
7.64 (m, 1H), 7.63 — 7.53 (m, 1H), 2.78 (t, J = 7.0 Hz, 2H), 2.69 — 2.59 (m, 2H), 2.48 — 2.38 (m,
2H).

13C NMR (126 MHz, DMSO-dg) & 132.04, 131.73, 131.68, 131.56, 126.58, 125.54, 102.41,
60.24, 23.95, 23.84.

Step 4: tert-butyl 2-(3-(3,4-dichlorophenyl)-5,6-dihydrocyclopenta[c]pyrazol-1(4H)-
ylacetate. The suspension containing 3-(3,4-dichlorophenyl)-1,4,5,6-
tetrahydrocyclopenta[c]pyrazole (74 mg, 0.29 mmol), tert-butyl 2-bromoacetate (63 mg, 0.32
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mmol), caesium carbonate (190 mg, 0.58 mmol) and sodium iodide (10 mg, 0.07 mmol) in ace-
tonitrile (2 ml) was stirred at 70°C overnight and then cooled down and filtered. Mother liquor
was concentrated under reduced pressure and subjected to flash chromatography (Hexane-
EtOAC) to yield the title product as white solid (79 mg, 74%).

'H NMR (500 MHz, DMSO-ds) & 7.79 (d, J = 1.9 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.59
(dd, J = 8.4, 2.0 Hz, 1H), 4.88 (s, 2H), 2.81 (t, J = 6.9 Hz, 2H), 2.68 — 2.64 (m, 2H), 2.56 (dd, J =
13.7, 6.8 Hz, 2H), 1.43 (s, 9H).

13C NMR (126 MHz, DMSO-ds) 6 167.17, 153.03, 141.00, 134.37, 131.51, 131.09, 129.37,
126.33, 125.31, 124.35, 81.96, 52.21, 30.66, 27.70, 24.16, 23.16.

Step 5 :2-(3-(3,4-dichlorophenyl)-5,6-dihydrocyclopenta[c]pyrazol-1(4H)-yl)acetic ac-
id. The tert-butyl ester (79 mg, 0.22 mmol) was dissolved in DCM (3 ml) and to the resulting
solution trifluoroacetic acid (281.5 pL, 2.2 mmol was added). The reaction mixture was stirred at
room temperature for 4 hours, after which concentrated and repeatedly co-evaporated with tolu-
ene to yield the desired product as a trifluoroacetic acid salt. Obtained as white solid (93 mg,
quant.) and used in further steps without additional purification.

'H NMR (500 MHz, DMSO-ds) § 7.79 (d, J = 1.9 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.59
(dd, J=8.4, 2.0 Hz, 1H), 4.89 (s, 2H), 2.81 (t, J = 6.9 Hz, 2H), 2.70 — 2.64 (m, 2H), 2.56 (dd, J =
13.8, 6.9 Hz, 2H).

General procedure of the synthesis of substituted 4-aryl-2-amino-thiazoles.

R
o)

S N

Br . HNJ\NH e HN

R 2 2 EtOH .ygr S
80°C

The corresponding bromoacetophenone (1 eq) is dissolved in ethanol (0.4M) together with
equimolar quantity of thiourea and the resulting solution is stirred at 80°C for 8 hours. The reac-
tion mixture is then cooled down and concentrated under reduced pressure to give the desired 2-

aminothiazoles as solid hydrobromide salt.

N
HN— |
‘HBr S
4-(4-fluorophenyl)thiazol-2-amine. Obtained as yellowish solid (545 mg, 99%).
LC-MS: [M+H]* 195.04.

IH NMR (500 MHz, DMSO-de) &: 7.82 — 7.76 (m, 2H), 7.29 (t, J = 8.8 Hz, 2H), 7.12 (s,
1H), 4.20 (br.s, 3H).
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13C NMR (126 MHz, DMSO-dg) &: 170.11, 162.43 (d, J = 247.0 Hz), 139.22, 128.24 (d, J
=8.7 Hz), 126.05, 116.00 (d, J = 22.0 Hz), 102.70.

N |
‘HBr S
4-(3-fluorophenyl)thiazol-2-amine. Obtained as white solid (320 mg, 98%).
LC-MS: [M+H]" 195.04.
'H NMR (500 MHz, DMSO-ds) & 7.64 — 7.58 (m, 2H), 7.52 (td, J = 8.0, 6.1 Hz, 1H), 7.33
(s, 1H), 7.27 - 7.22 (m, 1H).
13C NMR (126 MHz, DMSO-ds) & 169.83, 162.32 (d, J = 243.4 Hz), 131.03 (d, J = 8.4
Hz), 121.88 (d, J = 2.6 Hz), 115.68 (d, J = 21.0 Hz), 112.61 (d, J = 23.7 Hz), 104.14,
1F NMR (470 MHz, DMSO-ds) & -110.00 — -110.14 (m).
H N~</N
.HzBr S : F
4-(2-fluorophenyl)thiazol-2-amine. Obtained as yellowish solid (500 mg, 95%).
LC-MS: [M+H]" 194.98.
'H NMR (500 MHz, DMSO-de) & 7.78 (td, J = 7.8, 1.7 Hz, 1H), 7.51 — 7.45 (m, 1H), 7.40
~7.31(m, 2H), 7.13 (d, J = 1.6 Hz, 1H).
1F NMR (470 MHz, DMSO-ds) & -113.94 — -114.02 (m).
13C NMR (126 MHz, DMSO-ds) § 169.86, 162.34 (d, J = 243.4 Hz), 140.02 (d, J = 14.8
Hz), 132.21 (d, J = 7.5 Hz), 131.05 (d, J = 8.4 Hz), 121.90 (d, J = 2.6 Hz), 115.71 (d, J = 20.6

Hz), 112.64 (d, J = 23.7 Hz), 104.17.
Cl

N
HN—C |
‘HBr S
4-(4-chlorophenyl)thiazol-2-amine. Obtained as a white solid (552 mg, 95%).
LC-MS: [M+H]* 211.00.
'H NMR (500 MHz, DMSO-ds) & 7.78 — 7.74 (m, 1H), 7.58 — 7.54 (m, 1H), 7.29 (s, 1H).
13C NMR (126 MHz, DMSO-ds) 8 170.09, 139.15, 133.72, 129.02, 128.33, 127.61, 103.64.
N
|

HoN—¢

‘HBr S
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4-(p-tolylthiazol-2-amine. Obtained as a yellowish solid (240 mg, 94%).
LC-MS: [M+H]* 191.04.
'H NMR (500 MHz, DMSO-ds) & 8.83 (s, 1H), 7.62 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.1
Hz, 2H), 7.18 (s, 1H), 2.34 (s, 3H).
13C NMR (126 MHz, DMSO-dg) & 170.17, 139.52, 139.09, 129.56, 126.24, 125.71, 101.88,
20.85.
CF3
H2N~</N
‘HBr S
4-(4-(trifluoromethyl)phenyl)thiazol-2-amine. Obtained as slightly beige solid (950 mg,
97%).
LC-MS: [M+H]* 245.02
'H NMR (500 MHz, DMSO-ds) § 7.97 (d, J = 8.2 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 7.42
(s, 1H).
19 NMR (470 MHz, DMSO-ds) & -61.10.
13C NMR (126 MHz, DMSO-ds) & 169.93, 140.43, 134.09, 129.46 — 128.27 (m), 127.49 —
120.62 (m), 126.47, 125.93 — 125.79 (m, J = 3.7 Hz), 105.40.
CN

N
Ho,N—”
‘HBr S

4-(2-aminothiazol-4-yl)benzonitrile. Obtained as white solid (1380 mg, 98%).
LC-MS: [M+H]* 201.92
'H NMR (500 MHz, DMSO-dg) & 7.96 — 7.93 (m, 2H), 7.93 — 7.90 (m, 2H), 7.45 (s, 1H).
13C NMR (126 MHz, DMSO-ds) & 169.62, 141.91, 135.36, 132.79, 126.36, 118.68, 110.54,
106.13.
NO,

HZN\-</N

‘HBr S
4-(4-nitrophenyl)thiazol-2-amine Obtained as orange solid (600 mg, 98%).
LC-MS: [M+H]* 201.92
'H NMR (500 MHz, DMSO-de) & 8.31 — 8.27 (m, 1H), 8.04 — 7.99 (m, 1H), 7.52 (s, 1H).
13C NMR (126 MHz, DMSO-ds) § 169.76, 146.82, 141.23, 136.99, 126.72, 124.19, 107.16.
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COzMe

N
HoN—”
‘HBr S

Methyl 4-(2-aminothiazol-4-yl)benzoate. Obtained as white solid (940 mg, 91%).

LC-MS: [M+H]* 222.02

'H NMR (500 MHz, DMSO-ds) & 8.03 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.4 Hz, 1H), 7.42
(s, 1H), 3.86 (s, 3H).

13C NMR (126 MHz, DMSO-ds) § 170.01, 165.70, 140.00, 134.05, 129.77, 129.52, 125.97,
105.44, 52.31.

N
HN— |

-2HBr S
4-(pyridin-4-yl)thiazol-2-amine. Obtained as yellowish solid (320 mg, 94%).
LC-MS: [M+H]" 178.00.
'H NMR (500 MHz, DMSO-ds) & 8.88 (d, J = 6.8 Hz, 2H), 8.32 (d, J = 6.8 Hz, 2H), 8.08
(s, 1H).
13C NMR (126 MHz, DMSO-ds) & 169.17, 142.04, 141.86, 141.50, 122.10, 114.78.

N ]
HBr S
4-phenylthiazol-2-amine. Obtained as white solid (600 mg, 93%).
LC-MS: [M+H]* 177.01.
'H NMR (500 MHz, DMSO-ds) & 8.85 (s, J = 92.5 Hz, 1H), 7.76 — 7.71 (m, 1H), 7.49 (t, J
=7.5Hz, 1H), 7.47 — 7.40 (m, 1H), 7.25 (s, 1H).
13C NMR (126 MHz, DMSO-ds) & 170.20, 139.59, 129.37, 129.05, 125.84, 102.85.
Ph
N ]
HBr S
4-([1,1'-biphenyl]-4-ythiazol-2-amine. Obtained as a beige solid (1540 mg, 91%).
LC-MS: [M+H]* 252.91.
'H NMR (500 MHz, DMSO-ds) & 7.87 — 7.79 (m, 4H), 7.77 — 7.72 (m, 2H), 7.50 (t, J = 7.7
Hz, 2H), 7.43 — 7.38 (m, 1H), 7.28 (s, 1H).
13C NMR (126 MHz, DMSO-ds) & 170.20, 140.75, 139.32, 139.01, 129.05, 128.06, 127.96,

127.15, 126.67, 126.35, 102.91.
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N ]
‘HBr S
4-(4-methoxyphenyl)thiazol-2-amine. Obtained as an off-white solid (1401 mg, 97%).
LC-MS: [M+H]" 207.02.
'H NMR (500 MHz, DMSO-ds) & 8.81 (s, 1H), 7.70 — 7.65 (m, 2H), 7.09 (s, 1H), 7.08 —
7.04 (m, 2H), 3.81 (s, 3H).
13C NMR (126 MHz, DMSO-ds) & 170.57, 160.47, 139.93, 127.83, 122.06, 114.86, 101.06,
55.84.

OTBDMS

)
‘HBr S
4-(4-((tert-butyldimethylsilyl)oxy)phenyl)thiazol-2-amine. Obtained as greenish crystals
(475 mg, 94%).
LC-MS: [M+H]* 307.00.
IH NMR (500 MHz, DMSO-ds) & 7.68 — 7.63 (m, 2H), 7.06 (s, 1H), 6.96 — 6.92 (m, 2H),
0.96 — 0.94 (m, 9H), 0.22 — 0.20 (M, 6H).
13C NMR (126 MHz, DMSO-ds) & 170.03, 155.95, 130.84, 127.39, 120.32, 100.65, 30.71,
25.53, -4.54.

Cl
Cl

N ]
‘HBr S
4-(3,4-dichlorophenyl)thiazol-2-amine. Obtained as white solid (96 mg, 87%).
LC-MS: [M+H]" 244.79.
'H NMR (500 MHz, DMSO-dg) & 8.03 (d, J = 2.0 Hz, 1H), 7.75 (dd, J = 8.4, 2.0 Hz, 1H),
7.71 (d, J=8.5 Hz, 1H), 7.36 (s, 1H).
13C NMR (126 MHz, DMSO-ds) & 169.45, 141.63, 132.09, 131.57, 130.98, 130.64, 127.43,

125.83, 104.58.
Cl

N
N ]
‘HBr S
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4-(3-chlorophenyl)thiazol-2-amine. Obtained as white solid (310 mg, 90%).

LC-MS: [M+H]" 211.00.

'H NMR (500 MHz, DMSO-dg) & 7.85 (t, J = 1.6 Hz, 1H), 7.74 — 7.70 (m, 1H), 7.53 — 7.44
(m, 2H), 7.36 (s, 1H).

13C NMR (126 MHz, DMSO-ds) & 169.93, 139.71, 133.75, 131.93, 130.90, 128.80, 125.56,
12452, 104.38.

N— |
‘HBr S
4-(2-fluoro-4-methoxyphenyl)thiazol-2-amine. Obtained as white solid (440 mg, 98%).
LC-MS: [M+H]* 225.05.
'H NMR (500 MHz, DMSO-ds) § 8.64 (s, 1H), 7.67 (t, J = 8.9 Hz, 1H), 7.02 (dd, J = 13.4,
2.4 Hz, 1H), 6.98 (d, J = 1.0 Hz, 1H), 6.93 (dd, J = 8.7, 2.4 Hz, 1H), 3.82 (s, 3H).
13C NMR (126 MHz, DMSO-ds) & 169.35, 161.18 (d, J = 11.5 Hz), 159.94 (d, J = 248.8
Hz), 134.87, 129.94 (d, J = 4.4 Hz), 110.98 (d, J = 2.0 Hz), 110.30 (d, J = 15.8 Hz), 104.68 (d, J
=9.2 Hz), 102.33 (d, J = 25.5 Hz), 56.01.

N ]
0]

4-(4-fluorophenyl)oxazol-2-amine. Synthesized from urea (1574 mg, 26.2 mmol) and 4-
fluorophenacyl bromide (569 mg, 2.6 mmol) following analogous procedure. Obtained as an off-
white solid (320 mg, 69%).

LC-MS: [M+H]* 178.92.

'H NMR (500 MHz, DMSO-ds) & 7.85 (s, 1H), 7.69 — 7.63 (m, 2H), 7.22 — 7.16 (m, 2H),
6.74 (s, 2H).

1F NMR (470 MHz, DMSO-ds) & -114.87 — -115.01 (m).

13C NMR (126 MHz, DMSO-ds) 6 161.62, 161.31 (d, J = 243.6 Hz), 138.13, 128.62 (d, J =
2.8 Hz), 127.00 (d, J = 1.4 Hz), 126.58 (d, J = 8.1 Hz), 115.41 (d, J = 21.8 Hz).

Synthesis of precursors for alternative Eastern heterocycle part

F 0
o Pd[PPh;]y /% N
KL, - e T P
H S 7 : 3 F

dioxane
OH 100 °C
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Tert-butyl (5-(4-fluorophenyl)thiazol-2-yl)carbamate was obtained as a yellowish solid
(230 mg, 55%).

'H NMR (500 MHz, CDCl3) & 7.49 — 7.44 (m, 3H), 7.11 — 7.06 (m, 2H), 1.60 (s, 9H).

1F NMR (470 MHz, CDCls) & -114.06.

13C NMR (126 MHz, CDCl3) § 162.43 (d, J = 247.5 Hz), 161.66, 152.82, 136.74, 132.24,
128.12 (d, J = 3.4 Hz), 127.68 (d, J = 8.1 Hz), 116.27 (d, J = 22.0 Hz), 82.60, 28.43.

/%J(Z N O\
o ;o\ HCI A
H/k?\@\ dioxane HaN S

F F

5-(4-fluorophenyl)thiazol-2-amine hydrochloride. To the solution of tert-butyl (5-(4-
fluorophenyl)thiazol-2-yl)carbamate (230 mg, 0.78 mmol) in anhydrous dichloromethane (10
ml) was added the solution of hydrogen chloride (1ml, 4M in dioxane). The resulting reaction
mixture was stirred 4 hours at room temperature until the conversion was complete. The mixture
was then concentrated under reduced pressure to yield the product in the form of a beige-colored
solid, the hydrochloric salt of the title compound.

5-(4-fluorophenyl)thiazol-2-amine hydrochloride was obtained as white solid (210 mg,
95%).

'H NMR (500 MHz, DMSO-de) & 7.47 — 7.42 (m, 2H), 7.36 (s, 1H), 7.20 — 7.14 (m, 2H).

1F NMR (470 MHz, DMSO-dg) & -116.23 —-116.34 (m).

13C NMR (126 MHz, DMSO-ds) & 168.56, 161.97 (d, J = 246.3 Hz), 127.62 (d, J = 8.3
Hz), 126.12 (d, J = 3.0 Hz), 123.14, 122.74, 116.29 (d, J = 22.0 Hz).

The free base was obtained by basification and subsequent extraction with ethyl acetate. 5-
(4-fluorophenyl)thiazol-2-amine (free base):

'H NMR (500 MHz, CDCls) 6 7.40 — 7.35 (m, 2H), 7.21 (s, 1H), 7.08 — 7.02 (m, 2H), 5.21
(s, 2H).

13C NMR (126 MHz, CDCls) & 167.10, 162.20 (d, J = 247.3 Hz), 133.17, 128.14 (d, J =
3.8 Hz), 128.11, 127.51 (d, J = 7.8 Hz), 116.12 (d, J = 21.7 Hz).

7\ -
—N

=

U, e
HoN" N7 O Br i
2

. KPOs | HN
H o

O/Br diox, 100°C _

NS
H,N~ N F N %

Synthesis of 5- and 6-(4-fluorophenyl)-pyridin-2-amines. The corresponding bromo-2-

Pd[PPh3],4

amine (1 eq), 4-fluorophenylboronic acid (1.5 eq), tetrakis-(triphenylphophine)-palladuim (3

mol%) and potassium orthophosphate (2 eq) were weighed into a 10-ml microwave vial. To the
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resulted mixture was added dioxane (0.5 M) and the resulting solution was sonicated for 2
minutes, after which nitrogen was bubbled through for 10 minutes. The vial was then installed
into the microwave apparatus, where it was irradiated with at 200W intensity to keep the temper-
ature 100°C for 1.5 hours. Upon the completion of the reaction, the reaction mixture was diluted
with water, extracted with ethyl acetate, washed with sodium carbonate, brine, dried over anhy-
drous sodium sulfate and concentrated in vacuo. The residue was subjected to flash column
chromatography (hexane - ethyl acetate 0% —100% to furnish the desired products.

6-(4-fluorophenyl)pyridin-2-amine. Obtained as a yellowish solid (237 mg, 87%).

LC-MS: [M+H]* 189.07.

'H NMR (500 MHz, CDCl3) § 7.93 — 7.88 (m, 1H), 7.53 — 7.48 (m, 1H), 7.14 — 7.08 (m,
1H), 7.04 (dd, J = 7.5, 0.5 Hz, 1H), 6.46 (dd, J = 8.1, 0.4 Hz, 1H), 4.61 (s, 1H).

1%F NMR (470 MHz, CDCls3) & -113.47 (s).

13C NMR (126 MHz, CDCls) & 163.37 (d, J = 248.0 Hz), 158.04, 154.76, 138.76, 135.37,
128.65, 128.62 (d, J = 8.3 Hz), 128.58, 115.57, 115.49 (d, J = 21.8 Hz), 115.40, 110.64, 107.20.

5-(4-fluorophenyl)pyridin-2-amine. Obtained as an orange solid (320 mg, 85%).

LC-MS: [M+H]* 189.05.

'H NMR (500 MHz, DMSO-dg) & 8.21 (d, J = 2.4 Hz, 1H), 7.67 (dd, J = 8.6, 2.6 Hz, 1H),
7.60 — 7.55 (m, 2H), 6.51 (d, J = 8.6 Hz, 1H), 6.08 (s, 2H).

1F NMR (470 MHz, DMSO-dg) & -117.00 —-117.08 (m).

13C NMR (126 MHz, DMSO-ds) & 161.61 (d, J = 242.8 Hz), 159.62, 146.14, 135.81,
135.13 (d, J =2.9 Hz), 127.70 (d, J = 7.7 Hz), 123.41, 116.08 (d, J = 21.3 Hz), 108.36.

Cl
7\ J
=N
H,N

6-(3-chloro-4-methoxyphenyl)pyridin-2-amine. Obtained as yellowish solid (190 mg,
81%).

LC-MS: [M+H]* 235.07.

'H NMR (500 MHz, CDCls) 6 8.01 (d, J = 2.2 Hz, 1H), 7.81 (dd, J = 8.6, 2.2 Hz, 1H), 7.47
(dd, J =9.7, 6.0 Hz, 1H), 7.02 (d, J = 7.5 Hz, 1H), 7.00 — 6.95 (m, 1H), 6.43 (d, J = 8.1 Hz, 1H),
4.50 (s, 2H), 3.94 (s, 3H).

13C NMR (126 MHz, CDCls) § 158.29, 155.49, 154.48, 138.61, 133.23, 128.82, 126.19,
122.78, 111.96, 110.32, 107.05, 56.36.

Synthesis of precursors for non-cyclic Eastern heterocycle analogues
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BocHN BocHN HoN \_ 7/

1) 4-fluoroiodobenzene, Pd[PPh;],Cl, Cul
2) TFA, DCM, then Nach3(aq)

Step 1: N-tert-butoxycabonyl-3-(4-fluorophenyl)prop-2-yn-1-amine. In an oven-dried
25-ml Schlenk flask was weighed Boc-propargylamine (621 mg, 4 mmol), 4-fluoroiodobenzene
(1332 mg, 6 mmol), Pd[PPh3].Cl> (56 mg, 0.08 mmol) and Cul (30.5 mg, 0.16 mmol). The flask
was evacuated — backfilled with nitrogen and 5 ml of dry THF was added to the mixture. The
resulting suspension was stirred for 1 minute, after which DIPEA (1034 mg, 8 mmol) was added
to it. The reaction mixture was left to stir at room temperature overnight. After completion of the
reaction, the mixture was concentrated in vacuo, redissolved in ethyl acetate, washed with satu-
rated sodium carbonate solution, brine and dried over anhydrous sodium sulfate. The organic
solution was concentrated under reduced pressure and the residue was subjected to flash column
chromatography (Hex — EtOAc 0 — 50%) to give the title compound as a clear oil, which solidi-
fied upon standing (800 mg, 80%).

'H NMR (500 MHz, DMSO-ds) § 7.49 — 7.44 (m, 2H), 7.36 (s, 1H), 7.22 (t, J = 8.8 Hz,
2H), 3.97 (d, J = 5.4 Hz, 2H), 1.40 (s, 9H).

1F NMR (470 MHz, DMSO-dg) 6 -110.99 — -111.16 (m).

13C NMR (126 MHz, DMSO-ds) & 161.82 (d, J = 247.2 Hz), 155.30, 133.61 (d, J = 8.5
Hz), 118.81 (d, J = 3.2 Hz), 115.89 (d, J = 22.1 Hz), 87.36, 80.36, 78.28, 30.08, 28.18.

Step 2: 3-(4-fluorophenyl)prop-2-yn-1-amine.  N-tert-butoxycabonyl - 3 -(4 -
fluorophenyl)prop-2-yn-1-amine (225 mg, 0.90 mmol) was dissolved in 2 ml of DCM, after
which the resulting solution was treated with trifluoroacetic acid (0.7 ml, 9.0 mmol). The reac-
tion mixture was left to stir for 3 hours at room temperature, then concentrated in vacuo and co-
evaporated with toluene. The resulting residue was taken up into the saturated sodium carbonate
solution, which was then extracted with ether (2x40 ml). The combined ethereal fractions were
washed with brine, dried over anhydrous sodium sulfate and concentrated in vacuo to give the
title compound as a deep orange solidifying liquid (133 mg, 94%).

LC-MS: [M+H]* 133.09.

'H NMR (500 MHz, DMSO-ds) § 7.47 — 7.41 (m, 2H), 7.23 — 7.17 (m, 2H), 3.49 (s, 2H).

1F NMR (470 MHz, DMSO-dg) & -111.59 —-111.70 (m).

13C NMR (126 MHz, DMSO-ds) & 161.66 (d, J = 246.6 Hz), 133.44 (d, J = 8.4 Hz), 119.46
(d, J=3.5Hz), 115.88 (d, J = 22.0 Hz), 91.96, 80.24, 31.32.
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1) Hp, Pd/C, THF.
2) TFA, DCM; then Na;COg3(aq)

Step 1: N-tert-butoxycabonyl-3-(4-fluorophenyl)propan-1-amine. A 10-ml round-
bottomed flask was charged with N-tert-butoxycabonyl-3-(4-fluorophenyl)prop-2-yn-1-amine
(300 mg, 1.20 mmol), which was subsequently dissolved in THF (5 ml). To the solution formed
palladium on charcoal (30 mg, 10% w/w) was added and the resulting mixture was left to stir in
hydrogen atmosphere overnight. After the completion of the hydrogenation the mixture was fil-
tered through a short pad of Celite and the resulting mother liquor was concentrated in vacuo to
yield the title compound as a clear oil (300 mg, 99%).

'H NMR (500 MHz, CDCl3) § 7.11 (dd, J = 8.1, 5.6 Hz, 2H), 6.95 (t, J = 8.6 Hz, 2H), 3.13
(dd, J = 12.9, 6.4 Hz, 2H), 2.59 (t, J = 7.7 Hz, 2H), 1.82 — 1.72 (m, 2H), 1.43 (s, 9H).

19F NMR (470 MHz, CDCl3) & -117.65.

13C NMR (126 MHz, CDCls) & 161.35 (d, J = 243.1 Hz), 156.08, 137.25 (d, J = 2.6 Hz),
129.77 (d, J =7.6 Hz), 115.21 (d, J = 21.1 Hz), 79.28, 40.16, 32.36, 31.97, 28.49.

Step 2: 3-(4-fluorophenyl)propan-1-amine. N-tert-butoxycabonyl-3-(4-fluorophenyl)-
propan-1-amine (360 mg, 1.42 mmol) was dissolved in 2 ml of DCM, after which the resulting
solution was treated with trifluoroacetic acid (1.6 ml, 14.2 mmol). The reaction mixture was left
to stir for 3 hours at room temperature, then concentrated in vacuo and co-evaporated with tolu-
ene. The resulting residue was taken up into the saturated sodium carbonate solution, which was
then extracted with ether (2x50 ml). The combined ethereal fractions were washed with brine,
dried over anhydrous sodium sulfate and concentrated in vacuo to give the title compound as a
brownish liquid (200 mg, 91%).

LC-MS: [M+H]* 154.14.

'H NMR (500 MHz, DMSO-ds) § 7.25 — 7.19 (m, 2H), 7.07 (t, J = 8.5 Hz, 2H), 4.88 (s,
2H), 2.92 (s, 1H), 2.63 — 2.52 (m, 3H), 1.71 — 1.59 (m, 2H).

F NMR (470 MHz, DMSO-ds) 5 -117.82 (d, J = 29.2 Hz).

13C NMR (126 MHz, DMSO-ds) & 161.00 (d, J = 240.9 Hz), 138.54, 130.44 (d, J=7.9
Hz), 115.32 (d, J = 20.9 Hz), 49.21, 33.93, 32.00.

Synthesis of final compounds
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General procedure for amide coupling. The acid (1 eq) and the corresponding amine (1 eq)
were weighed into a 4-ml glass vial and dissolved in a minimum amount of anhydrous pyridine.
The resulting mixture was stirred at room temperature for 5 minutes, after which put onto ice.
After cooling down the 50% solution of propylphosphonic anhydride (2eq) was added thereto in
a dropwise fashion and the reaction mixture was left to stir in an ice bath for 15 minutes. After
this, the cooling was removed and the mixture was stirred at room temperature until the comple-
tion of the reaction. The reaction progress was monitored by HPLC-MS. Once the reaction was
complete, the reaction mixture was quenched with water and extracted with DCM. The organic
extracts were merged, dried over anhydrous sodium sulfate and concentrated in vacuo. If not
stipulated otherwise, the residue obtained was subjected to the purification by flash chromatog-

raphy using neutral alumina as a stationary phase (DCM-MeOH 0% — 10%) or preparative

HPLC (H20 — MeCN 5% — 100%).
F
ST
© Q (@] =N
Br
ON= NH

C'Wwf
Cl

Compound H1. Isolated as off-white solid (55 mg, 48%).

'H NMR (500 MHz, DMSO-ds) &: 8.01 (s, 1H), 7.92 — 7.88 (m, 2H), 7.83 (d, J = 8.4 Hz,
1H), 7.78 (d, J = 2.0 Hz, 1H), 7.52 (s, 1H), 7.46 (dd, J = 8.3, 2.1 Hz, 1H), 7.24 (t, J = 8.9 Hz,
2H), 5.13 (s, 2H), 4.37 (t, J = 7.3 Hz, 2H), 3.27 (t, J = 7.6 Hz, 2H), 2.78 — 2.69 (m, 2H).

1F NMR (470 MHz, DMSO-dg) &: -114.67.

3C NMR (126 MHz, DMSO-ds) & 165.24, 161.64 (d, J = 244.3 Hz), 154.80, 149.62,
147.66, 135.47, 133.15, 131.95, 131.48, 131.23 (d, J = 2.1 Hz), 131.14, 129.34, 127.58 (d, J =

8.0 Hz), 126.46, 116.84, 115.49 (d, J = 21.4 Hz), 107.62, 49.37, 48.65, 25.13, 23.60.
HRMS (ESI): calculated for [C23H18Ci2FN4OS]": 487.0557, found 487.0556.
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Compound H2. Isolated as white solid (50 mg, 75%).
'H NMR (500 MHz, MeOD) & 7.87 (d, J = 7.4 Hz, 2H), 7.73 (s, 1H), 7.72 — 7.68 (m, 2H),
7.43-7.34 (m, 4H), 7.29 (t, J = 7.3 Hz, 1H), 4.43 (t, J = 7.3 Hz, 2H), 2.92 — 2.83 (m, 2H).
13C NMR (126 MHz, MeOD) & 156.54, 138.12, 136.17, 135.98, 134.52, 132.89, 132.64,

130.50, 129.63, 128.86, 127.26, 127.05, 117.74, 108.95, 50.03, 26.45, 24.65.
HRMS (ESI): calculated for [C23H19CI2N4OS]*: 469.0651, found: 469.0650.

Cl
Sw
Br@ Q 3 —N
ON= )\NH
Cl NS N

Cl

Compound H3. Isolated as slightly beige solid (50 mg, 42%).

'H NMR (500 MHz, DMSO-dg) 6 12.78 (s, 1H), 8.01 (s, 1H), 7.92 — 7.89 (m, 2H), 7.86 (d,
J=8.3 Hz, 1H), 7.77 (s, 1H), 7.76 (d, J = 2.1 Hz, 1H), 7.53 — 7.49 (m, 2H), 7.44 (dd, J = 8.3, 2.1
Hz, 1H), 5.24 (s, 2H), 4.41 — 4.36 (m, 2H), 3.28 (t, J = 7.6 Hz, 2H), 2.79 — 2.70 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 164.55, 157.62, 155.48, 148.34, 135.86, 133.79, 133.26,
132.96, 132.45, 131.99, 131.72, 129.96, 129.33, 127.88, 126.67, 117.50, 110.09, 49.22, 48.85,
25.60, 24.00.

HRMS (ESI): calculated for [C23H18CIsN4OS]*: 503.0261, found 503.0261.

V@O\
ST
© Q 0] —N
Br
ON= NH
Cl S N)\
Cl

Compound H4. Isolated as white solid (30 mg, 26%).

'H NMR (500 MHz, DMSO-ds) & 8.01 (s, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.82 — 7.78 (m,
2H), 7.77 (d, J = 2.0 Hz, 1H), 7.48 (s, 1H), 7.44 (dd, J = 8.3, 2.1 Hz, 1H), 7.00 — 6.94 (m, 2H),
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5.18 (d, J = 16.3 Hz, 2H), 4.38 (t, J = 7.3 Hz, 2H), 3.78 (s, 3H), 3.30 — 3.24 (m, 3H), 2.78 — 2.69
(m, 2H).

13C NMR (126 MHz, DMSO-ds) & 164.34, 159.03, 154.95, 148.85, 135.43, 133.26, 131.98,
131.52, 131.22, 129.43, 127.01, 126.32, 116.99, 114.11, 106.49, 55.17, 48.73, 46.11, 25.15,
23.65, 18.76.
HRMS (ESI): calculated for [C24H21CI2N4O2S]": 499.0757, found: 499.0757.

Me
ISR
© Q (0] =N
Br
@ON= NH
C'Wwf
Cl
Compound H5. Isolated as slightly beige solid (64 mg, 57%).
'H NMR (500 MHz, MeOD) & 7.73 (d, J = 7.9 Hz, 2H), 7.72 (s, 1H), 7.66 (d, J = 8.3 Hz,
1H), 7.65 (s, 1H), 7.44 (dd, J = 8.3, 2.0 Hz, 1H), 7.16 (d, J = 8.1 Hz, 2H), 7.09 (s, 1H), 4.38 (t, J
=7.3 Hz, 2H), 3.28 (t, J = 7.6 Hz, 2H), 2.87 — 2.80 (m, 2H), 2.33 (s, 3H).
13C NMR (126 MHz, MeOD) § 171.16, 169.72, 156.13, 150.27, 138.17, 138.00, 135.69,
134.35, 134.31, 132.77, 132.44, 130.41, 130.07, 127.79, 126.96, 117.15, 107.25, 49.74, 26.39,

24.51, 21.21.
HRMS (ESI): calculated for [C24H21CI2N4O,S]*: 483.0808, found: 483.0807.

OH

IS
Br Q \3\\ —N

F+N= NH
Cl
Compound H6 was obtained from TBDMS-protected 4-(4-hydroxyphenyl)-2-aminothiazolyl
hydrobromide. After the completion of the amide coupling, the reaction mixture was quenched
byADDINg aqueous HBr (1 ml, 0.15 M) and stirring the mixture. After successful removal of
the silyl protecting group in acidic medium, the reaction mixture was concentrated in vacuo and
subsequently subjected the purification by preparative HPLC. Isolated as white fluffy solid (50
mg, 75%).

'H NMR (500 MHz, DMSO-ds) & 12.73 (s, 1H), 9.66 (s, 1H), 8.01 (s, 1H), 7.85 (d, J = 8.3
Hz, 1H), 7.76 (d, J = 2.0 Hz, 1H), 7.68 (d, J = 8.6 Hz, 2H), 7.45 — 7.40 (m, 2H), 6.81 (d, J = 8.7

Hz, 2H), 5.23 (s, 2H), 4.38 (t, J = 7.3 Hz, 2H), 3.27 (t, J = 7.6 Hz, 2H), 2.78 — 2.69 (m, 2H).
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13C NMR (126 MHz, DMSO-ds) & 163.92, 157.46, 155.01, 149.47, 135.41, 133.31, 131.99,
131.54, 131.25, 129.47, 127.10, 126.25, 125.31, 117.04, 115.48, 105.89, 48.76, 48.44, 25.15,
23.66.

HRMS (ESI): calculated for [C23H19CI2N4O2S]*: 485.0600, found: 485.0600.

s
Br- Q \(}\\NH_N
mﬁ”
Cl
Compound H7 was obtained by means of selective reduction of the compound H14. Pro-
cedure: to the solution of the nitroderivative H14 (10 mg, 0.017 mmol) in 1 ml of the solvent
mixture MeOH/THF/H.O (6/2/2 viv) and the resulting solution was heated up to 45°C. After
that, Na>S>04 (11 mg, 0.060 mmol) was added to the reaction mixture, which was then left to stir
at 45°C for 30 minutes. After the HPLC-MS indicated the full consumption of the starting mate-
rial, the reaction mixture was quenched byADDINg 1 ml of saturated aqueous Na2CQOs3 and dilut-
ed with DCM. The organic fraction was separated, dried over anhydrous sodium sulfate, concen-
trated in vacuo and subjected to the purification by preparative HPLC. Isolated as white solid (5
mg, 20%)
'H NMR (500 MHz, DMSO-ds) & 8.34 (s, 1H), 7.99 (s, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.82
(d, J = 2.0 Hz, 1H), 7.53 — 7.48 (fm, 3H), 6.96 (s, 1H), 6.54 (d, J = 8.5 Hz, 2H), 4.91 (s, 2H),
4.37 (t, J=7.4 Hz, 2H), 3.28 — 3.22 (m, 2H), 2.77 — 2.69 (m, 2H).
HRMS (ESI): calculated for [C23H20CI2NsOS]*: 484.0760, found: 499.0757.

ISR
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Cl

Compound H8. Isolated as clear, vitrifying solid (35 mg, 52%).

IH NMR (500 MHz, MeOD) & 7.74 (s, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.68 (d, J = 2.1 Hz,
1H), 7.42 (d, J = 3.7 Hz, 1H), 7.39 (dd, J = 8.3, 2.1 Hz, 1H), 7.12 (d, J = 3.7 Hz, 1H), 5.50 (s,
2H), 4.46 — 4.38 (m, 2H), 2.91 — 2.83 (m, 2H).

13C NMR (126 MHz, MeOD) & 166.78, 156.49, 138.45, 138.07, 137.57, 136.08, 134.45,
132.85, 132.61, 130.50, 127.32, 117.70, 114.64, 108.07, 50.00, 26.44, 24.63.

HRMS (ESI): calculated for [C17H15CIoN4OS]": 393.0338, found: 393.0334.
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Compound H10. Isolated as white solid (70 mg, 70%).

'H NMR (500 MHz, DMSO-ds) & 8.06 — 7.99 (m, 2H), 7.86 — 7.81 (m, 2H), 7.51 (d, J =
7.2 Hz, 1H), 7.37 (d, J = 2.3 Hz, 1H), 7.35 — 7.30 (m, 1H), 7.30 — 7.24 (m, 3H), 5.09 (s, 2H),
437 (t,J = 7.0 Hz, 3H), 3.27 (s, 2H), 2.77 — 2.68 (m, 2H).

F NMR (470 MHz, DMSO-ds) 5 -114.63 —-114.81 (m).

13C NMR (126 MHz, DMSO-ds) 6 166.27, 162.35, 159.61 (d, J = 248.4 Hz), 154.73,
142.20, 135.58, 133.07, 131.97, 131.51, 131.10, 129.39 (d, J = 3.0 Hz), 129.26, 128.91 (d, J =
8.2 Hz), 126.69, 124.65 (d, J = 2.8 Hz), 122.59 (d, J = 11.0 Hz), 122.63, 122.54, 116.70, 116.05
(d, J =22.2 Hz), 111.71 (d, J = 13.8 Hz), 50.04, 48.61, 25.14, 23.56.
HRMS (ESI):: calculated for [C23H1sCI2FN4OS]*: 487.0557, found 487.0555.
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Compound H11. Isolated as beige solid (71 mg, 71%).

'H NMR (500 MHz, DMSO-ds) & 8.01 (s, 1H), 7.83 (d, J = 8.3 Hz, 1H), 7.80 (d, J = 1.2
Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.68 — 7.64 (m, J = 7.1 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H), 7.44
(dt, J = 14.3, 7.2 Hz, 1H), 7.12 (td, J = 8.5, 2.4 Hz, 1H), 5.23 (s, 1H), 4.37 (t, J = 7.1 Hz, 1H),
3.29 (s, 1H), 2.78 — 2.67 (m, 1H).

19 NMR (470 MHz, DMSO-ds) 6 -113.09 — -113.31 (m).

13C NMR (126 MHz, DMSO-ds) & 165.60, 162.60 (d, J = 242.5 Hz), 160.80, 154.88,
147.39 (d, J = 2.5 Hz), 137.07 (d, J = 8.2 Hz), 135.56, 133.12, 131.97, 131.53, 131.12, 130.69
(d, J=8.5Hz), 129.31, 126.57, 121.66 (d, J = 2.0 Hz), 116.83, 114.22 (d, J = 21.0 Hz), 112.17
(d, J=22.8 Hz), 109.22, 49.48, 48.67, 25.14, 23.59.
HRMS (ESI):: calculated for [C23H18Cl2FN4OS]*: 487.0557, found 487.0555.
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Compound H12. Isolated as white solid (22.0 mg, 44%).
'H NMR (500 MHz, DMSO-ds) & 12.86(s, 1H), 7.85 (s, 1H), 7.75 (s, 1H), ), 7.72 (t, J = 8.3
Hz, 1H), 7.70 (d, J = 2.1 Hz, 1H), 7.54 (t, J = 1.8 Hz, 1H), 7.47 (t, J = 8.1 Hz, 1H), 7.42-7.38 (m,
2H), 7.40 (dd, J = 8.3, 2.1 Hz), 5.20 (s, 2H), 4.34 (t, J = 7.2 Hz, 1H), 3.28 (t, J = 7.2 Hz, 2H),
2.79 — 2.66 (m, 2H).
13C NMR (126 MHz, DMSO-ds) & 164.29, 154.05, 147.44, 136.30, 135.50, 133.90,
133.822, 131.70, 131.56, 131.00, 129.08, 127.87, 127.70, 126.66, 124.37, 124.33, 117.02,

110.34, 54.97, 48.75, 48.33, 25.12, 23.50.
HRMS (ESI): calculated for [C23H18CIsN4OS]*: 503.0261/505.0232, found 503.0264/ 505.0228.

Cl

Compound H13. Isolated as beige solid (44 mg, 35%).

'H NMR (500 MHz, MeOD) & 7.96 (d, J = 8.3 Hz, 1H), 7.73 (s, 1H), 7.70 (dd, J = 5.1, 3.1
Hz, 1H), 7.68 — 7.63 (m, 2H), 7.47 — 7.38 (m, 2H), 7.34 (ddd, J = 8.5, 2.1, 1.1 Hz, 1H), 4.43 (t, J
= 7.3 Hz, 1H), 3.36 — 3.32 (m, 3H), 2.92 — 2.83 (m, 1H).

13C NMR (126 MHz, MeOD) § 168.90, 155.06, 140.56, 140.29, 136.73, 134.68, 133.78,
133.08, 131.46, 131.21, 129.08, 128.49, 127.01, 126.71, 126.64, 126.40, 126.10, 126.01, 125.95,
116.23, 48.58, 25.04, 23.22.
HRMS (ESI):: calculated for [C29H23Cl2N4OS]*: 545.0964, found 545.0964.
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Compound H14. Isolated as white solid (38.5 mg, 63%).
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IH NMR (500 MHz, DMSO-ds) & 8.08 — 8.04 (m, J = 8.0 Hz, 1H), 7.99 (s, 1H), 7.85 —
7.81(m, J=7.6 Hz, 2H), 7.74 — 7.69 (m, J = 8.3 Hz, 1H), 7.56 — 7.49 (m, J = 12.3 Hz, 1H), 4.86
(s, 2H), 4.37 (t, 3 = 7.0 Hz, 2H), 3.28 — 3.22 (m, 2H), 2.78 — 2.68 (m, 2H).

19 NMR (470 MHz, DMSO-ds) & -60.71 (S).

13C NMR (126 MHz, DMSO-ds) & 167.28, 154.43, 146.47, 139.35, 135.58, 132.95, 131.90,
131.40, 131.01, 129.15, 127.01, 126.80, 125.92, 125.39 (g, J = 2.6 Hz), 116.46, 109.60, 108.98,
50.85, 48.47, 25.08, 23.43.

HRMS (ESI):: calculated for [C22H18Cl2F3sN4OS]*: 537.0525, found 537.0525
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Compound H15. Isolated as white solid (44 mg, 43%).

'H NMR (500 MHz, DMSO-ds) & 8.08 — 8.04 (m, 1H), 8.02 (s, 1H), 7.88 (d, J = 8.5 Hz,
1H), 7.87 — 7.84 (m, 1H), 7.80 (d, J = 2.1 Hz, 1H), 7.47 (dd, J = 8.3, 2.1 Hz, 1H), 5.13 (s, 1H),
4.38 (t, J = 7.3 Hz, 1H), 3.27 (t, = 7.6 Hz, 1H), 2.79 — 2.71 (m, 1H).

13C NMR (126 MHz, DMSO-ds) § 165.99, 155.27, 147.36, 139.15, 135.92, 133.62, 133.25,
132.41, 131.96, 131.61, 129.80, 126.92, 126.67, 119.47, 117.31, 112.02, 110.10, 107.20, 49.81,
49.12, 25.59, 24.04.

HRMS (ESI): calculated for [C24H1s8CI2Ns0S]*: 494.0604, found 494.0603.
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Compound H16. Isolated as white solid (102 mg, 33%).

'H NMR (500 MHz, DMSO-ds) & 8.03 — 7.96 (m, 5H), 7.84 (d, J = 8.4 Hz, 1H), 7.79 (d, J
= 2.0 Hz, 1H), 7.73 (s, 1H), 7.47 (dd, J = 8.4, 2.0 Hz, 1H), 5.09 (s, 2H), 4.42 — 4.32 (m, 2H),
3.85 (s, 3H), 3.26 (t, J = 7.6 Hz, 2H), 2.78 — 2.68 (m, 2H).

13C NMR (126 MHz, DMSO-ds) 6 166.07, 165.79, 154.79, 149.67, 147.43, 139.07, 135.51,
133.16, 131.99, 131.53, 131.16, 129.73, 129.34, 128.16, 126.56, 125.73, 116.83, 110.46, 52.16,
49.65, 48.67, 25.16, 23.61.

HRMS (ESI):: calculated for [C2sH21Cl2N4O3S]*: 527.0706, found 527.0705.
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Compound H17. Isolated as yellow solid (77 mg, 63%).

'H NMR (500 MHz, MeOD) & 8.23 (d, J = 8.8 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.71 (d, J
= 2.0 Hz, 1H), 7.67 (s, 1H), 7.66 (d, J = 8.8 Hz, 1H), 7.50 (s, 1H), 7.43 (dd, J = 8.3, 2.0 Hz, 1H),
4.40 (t, J=7.3 Hz, 2H), 3.28 (t, J = 7.7 Hz, 2H), 2.89 — 2.81 (m, 2H).

13C NMR (126 MHz, MeOD) § 171.57, 170.32, 156.14, 147.93, 147.88, 143.15, 138.18,
135.72, 134.32, 132.77, 132.45, 130.38, 127.75, 127.47, 124.87, 117.23, 112.31, 54.81, 49.77,

26.41, 24.51.
HRMS (ESI): calculated for [C23sH18Cl2N503S]*: 514.0502, found 514.0504.
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Compound H18. Isolated as white solid (69 mg, 69%).

IH NMR (500 MHz, DMSO-ds) & 8.60 (dd, J = 4.5, 1.6 Hz, 1H), 8.02 (s, 1H), 7.91 (s, 1H),
7.85 (d, J = 8.4 Hz, 1H), 7.81 (dd, J = 4.5, 1.6 Hz, 1H), 7.80 (d, J = 2.1 Hz, 1H), 5.12 (s, 1H),
4.38 (t,J = 7.3 Hz, 1H), 3.27 (t, J = 7.6 Hz, 1H), 2.78 — 2.70 (m, 1H).

13C NMR (126 MHz, DMSO-ds) § 166.08, 155.25, 150.65, 146.67, 141.70, 135.92, 133.61,
132.41, 131.96, 131.60, 129.79, 126.93, 120.36, 117.29, 112.56, 55.41, 49.88, 49.11, 25.59,
24.04.
HRMS (ESI): calculated for [C22H19CI2NsOS]?*: 235.5338, found: 235.5335; calculated for

[C22H18CI2NsOS]* 470.0604, found 470.0601.
CO,H
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Compound H19 was obtained by hydrolysis of the methyl ester (compound H13).
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Procedure: the compound H16 (51.3 mg, 0.0843 mmol) was dissolved in a mixture of ac-
etonitrile and water (510 pl, 2% water v/v), after which DIPEA (44 pl, 0.253 mmol) and LiBr
(73.2 mg, 0.843 mmol) were added thereto. The progress of the reaction was monitored by
HPLC-MS and once it had indicated the full consumption of the starting material, the reaction
was quenched by adding aqueous HBr (500 pl of 1M solution, 0.5 mmol). The resulting mixture
was then concentrated in vacuo and subjected to the purification by preparative HPLC. The title
compound was isolated as slightly beige solid (20 mg, 40%).

'H NMR (500 MHz, DMSO-ds) & 8.31 (s, 1H), 8.00 (s, 1H), 7.95 (s, 5H), 7.85 (d, J = 8.4
Hz, 1H), 7.82 (d, J = 2.0 Hz, 1H), 7.57 (s, 1H), 7.50 (dd, J = 8.4, 2.1 Hz, 1H), 4.99 (s, 2H), 4.38
(t, J = 7.3 Hz, 3H), 3.29 — 3.22 (m, 5H), 2.74 (dt, J = 15.2, 7.5 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) 6 167.99, 166.89, 164.66, 155.06, 147.96, 138.95, 135.99,
133.50, 132.39, 131.92, 131.52, 130.12, 129.68, 127.12, 126.06, 125.76, 117.07, 109.56, 50.63,
49.01, 25.56, 23.94.

HRMS (ESI): calculated for [C24H19CI2N4O3S]*: 513.0549, found 513.0550.
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Compound H21. Obtained as slightly orange solid (71 mg, 66%).

'H NMR (500 MHz, DMSO-ds) & 7.97 (s, 1H), 7.87 (dd, J = 8.5, 5.7 Hz, 2H), 7.63 — 7.54
(m, 3H), 7.48 (d, J = 7.5 Hz, 1H), 7.23 (s, 1H), 7.18 (t, J = 8.8 Hz, 2H), 4.82 (s, 2H), 4.37 (t, J =
7.2 Hz, 2H), 3.25 (t, J = 7.6 Hz, 2H), 2.73 (p, J =7.5 Hz, 2H).

13C NMR (126 MHz, DMSO-ds) 5 167.64, 161.72 (d, J = 243.3 Hz), 154.80, 149.75,
147.39, 136.95, 134.23, 132.82 (d, J = 2.6 Hz), 131.56, 130.37, 129.30, 128.71, 128.10, 127.77
(d, J=8.0 Hz), 116.56, 115.63 (d, J = 21.3 Hz), 106.29, 51.37, 48.87, 25.53, 23.93.
HRMS (ESI): calculated for [C23H19CIFN4OS]": 453.0947, found 453.0943
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Compound H22 Isolated as white solid (65 mg, 63%).
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IH NMR (500 MHz, DMSO-dg) 6 7.96 (s, 1H), 7.93 — 7.90 (m, 2H), 7.69 (s, 1H), 7.67 —
7.63 (m, 2H), 7.47 — 7.43 (m, 2H), 7.29 — 7.25 (m, 2H), 5.21 (s, 2H), 4.38 (t, J = 7.3 Hz, 2H),
3.28 —3.24 (m, 4H), 2.78 — 2.70 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 164.13, 161.87 (d, J = 245.3 Hz), 157.25, 155.95,
154.85, 148.06, 136.66, 135.28, 131.11, 129.48, 127.72 (d, J = 8.1 Hz), 124.54, 116.42, 115.69
(d,J=21.5Hz), 108.60, 48.69, 48.29, 25.12, 23.66.
HRMS (ESI): calculated for [C23H19CIFN4OS]*: 453.0947, found 453.0944.
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Compound H23. Obtained as slightly beige solid (40 mg, 62%).

'H NMR (500 MHz, DMSO-ds) & 7.89 — 7.84 (m, 3H), 7.56 — 7.48 (m, 5H), 7.16 (t, J =
8.9 Hz, 2H), 7.11 (s, 1H), 4.69 (s, 2H), 4.36 (t, J = 7.3 Hz, 2H), 3.24 (t, J = 7.6 Hz, 2H), 2.76 —
2.69 (m, 2H).

1F NMR (470 MHz, DMSO-ds) & -116.14 — -116.38 (m).

13C NMR (126 MHz, DMSO-ds) & 167.99, 161.10 (d, J = 242.5 Hz), 160.75, 153.96,
146.64, 138.00, 132.80 (d, J = 2.7 Hz), 129.91, 129.11 (d, J = 28.6 Hz), 127.21 (d, J = 7.9 Hz),
126.38, 115.12, 114.95, 105.07, 51.29, 48.24, 25.04, 23.47.
HRMS (ESI): Calculated for [C23sH20FN4OS]* 419.1336, found: 419.1334
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Compound H31. Obtained as a yellowish solid (41 mg, 42%).

'H NMR (500 MHz, MeOD) & 8.44 (s, 1H), 7.93 — 7.88 (m, 2H), 7.73 — 7.71 (m, 2H),
7.66 (d, J = 2.0 Hz, 1H), 7.41 (s, 1H), 7.38 (dd, J = 8.3, 2.0 Hz, 1H), 7.15 — 7.10 (m, 2H), 5.11
(s, 2H), 4.30 (t, J = 5.7 Hz, 2H), 3.10 (t, J = 6.1 Hz, 2H), 2.22 — 2.10 (m, 4H).

9F NMR (470 MHz, MeOD) & -114.73 — -118.62 (m).

13C NMR (126 MHz, MeOD) § 165.20, 164.05 (d, J = 246.2 Hz), 158.60, 150.48, 148.40,
136.34, 134.58, 133.64, 133.00, 132.72, 132.08 (d, J = 3.0 Hz), 130.63, 129.00 (d, J = 8.2 Hz),

126.72,121.25, 116.40 (d, J = 21.8 Hz), 109.08, 48.09, 47.94, 22.34, 22.25, 19.16.

HRMS (ESI): Calculated for [C2sH20CI2FN4OS]* 501.0713, found: 501.0714.
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Synthesis of the 1,4-triazolic analogue H32

cl N T tsoc, g N
2.a, DIPEA
cl

Compound (H32). (27.2 mg, 0.1 mmol) was suspended in anhydrous DCM (1.5 ml) and
oxalyl chloride (25 pL, 0.15 mmol) was added thereto. The resulting mixture was refluxed for 1
hour and then evaporated under reduced pressure yielding a yellowish residue, which was re-
suspended in anhydrous DCM (1 ml). To the resulting suspension was added DIPEA (25 puL,
0.15 mmol) and 4-(4-fluorophenyl)thiazol-2-amine (19.4 mg, 0.1 mmol), after which the reaction
mixture was stirred at room temperature for 5 hours. The reaction mixture was concentrated in
vacuo and subjected to RP chromatography (C18 column, H.O-MeCN), which afforded the title
product as white solid (22 mg, 50%).

LC-MS [M+H]*: 448.22.

'H NMR (500 MHz, DMSO-ds) & 12.80 (s, 1H), 8.78 (s, J = 6.0 Hz, 1H), 8.15 (d, J = 1.9
Hz, 1H), 7.92 — 7.88 (m, 2H), 7.74 (d, J = 8.4 Hz, 1H), 7.65 (dd, J = 8.7, 5.3 Hz, 2H), 7.26 (t, J =
8.8 Hz, 2H), 5.58 (s, J = 11.6 Hz, 2H).

1F NMR (470 MHz, DMSO-ds) & -114.09 — -114.18 (m).

13C NMR (126 MHz, DMSO-d6) § 164.57, 161.61 (d, J = 244.9 Hz), 156.28, 144.15,
134.26 (d, J = 5.8 Hz), 131.80, 131.29, 130.71, 130.21, 127.81 (d, J = 8.0 Hz), 126.77, 125.24,
124.15, 116.18 (d, J = 21.8 Hz ), 51.71.

Cl

of
Compound H33 Purified by flash chromatography on silica (Cyclohexane-EtOAc). Ob-
tained as white solid (60 mg, 90%).
'H NMR (500 MHz, DMSO-ds) & 12.74 (s, 1H), 7.98 — 7.92 (m, 1H), 7.80 (d, J = 1.9 Hz,
1H), 7.68 — 7.64 (m, 1H), 7.60 (dd, J = 8.4, 1.9 Hz, 1H), 7.31 — 7.25 (m, 1H), 5.13 (s, 2H), 2.84
(t, J=7.0 Hz, 1H), 2.74 (t, J = 7.3 Hz, 1H), 2.63 — 2.55 (m, 1H).
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19F NMR (470 MHz, DMSO-dg) & -113.51 — -115.57 (m).
13C NMR (126 MHz, DMSO-ds) § 166.03, 161.87 (d, J = 244.7 Hz), 157.52, 153.62,
148.01, 141.32, 134.34, 131.52, 131.10, 130.80 (d, J = 2.7 Hz), 129.42, 127.76 (d, J = 8.2 Hz),
126.36, 125.34, 124.30, 115.72 (d, J = 21.7 Hz), 108.38, 52.59, 30.64, 24.20, 23.30.
HRMS (ESI): Calculated for [CasH1sCl.FN4OS]* 487.0557, found 487.0555.
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Compound H41. Obtained as white solid (44 mg, 68%).

'H NMR (500 MHz, DMSO-ds)  7.98 (s, 1H), 7.83 (dd, J = 6.7, 5.2 Hz, 2H), 7.57 (s, 1H),
7.54 — 7.47 (m, 3H), 7.16 (t, J = 8.9 Hz, 2H), 4.79 (s, 2H), 4.36 (t, J = 7.2 Hz, 2H), 3.23 (t, J =
7.6 Hz, 3H), 2.76 — 2.68 (m, 2H).

F NMR (470 MHz, DMSO-ds) 5 -116.23 —-116.33 (m).

13C NMR (126 MHz, DMSO-ds) & 168.48, 167.99, 160.98 (d, J = 242.6 Hz), 154.79,
136.05, 134.20, 133.33, 132.35, 131.85, 131.39, 131.00 (d, J = 2.0 Hz), 129.57, 127.38, 127.01

(d, J=7.9 Hz), 126.65, 116.79, 116.18 (d, J = 21.5 Hz), 51.78, 48.86, 25.53, 23.88.
HRMS (ESI):: calculated for [C23sH18Ci2FN4OS]*: 487.0557, found 487.0552.
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Compound H42. Obtained as a reddish solid (44 mg, 50%).

'H NMR (500 MHz, MeOD) § 7.86 (s, 1H), 7.77 — 7.68 (m, 5H), 7.48 (dd, J = 8.3, 1.9 Hz,
1H), 7.10 (t, J = 8.8 Hz, 2H), 5.50 (s, 1H), 4.40 (t, J = 7.3 Hz, 2H), 2.90 — 2.81 (m, 2H).

1F NMR (470 MHz, MeOD) § -116.51.

13C NMR (126 MHz, MeOD) & 168.92, 162.26 (d, J = 245.3 Hz), 154.75, 136.77, 134.80,
132.96, 131.35, 131.29, 129.01, 128.07, 126.40, 126.75 (d, J = 1.5 Hz), 126.63 (d, J = 8.4 Hz),

115.70, 114.96 (d, J = 22.0 Hz), 48.69, 24.99, 23.06.
LC-MS:[M]* 471.26
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Compound H43. Obtained as slightly orange solid (60 mg, 70 %).

'H NMR (500 MHz, DMSO-ds) & 11.02 (s, 1H), 8.15 — 8.06 (m, 2H), 7.96 — 7.82 (m, 3H),
7.77 (d, J = 2.0 Hz, 1H), 7.75 — 7.69 (m, 1H), 7.45 (dd, J = 8.3, 2.0 Hz, 1H), 7.34 (t, J = 8.8 Hz,
2H), 5.22 (s, 2H), 4.43 — 4.32 (m, 2H), 2.73 (dd, J = 14.4, 7.1 Hz, 2H).

13C NMR (126 MHz, DMSO-ds) & 162.96 (d, J = 246.4 Hz), 154.91, 153.91, 150.69,
139.76, 135.47, 135.35, 134.41 (d, J = 2.8 Hz), 133.27, 131.98, 131.55, 131.19, 129.47, 128.78
(d, J=8.4Hz), 126.38, 116.93, 116.39, 115.65 (d, J = 21.4 Hz), 112.23, 49.03, 48.70, 24.96.
HRMS (ESI):: calculated for [C2sH20CI2FN4O]* 481.0993, found 481.0993.
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Compound H44. Obtained as off-white solid (95 mg, 77%).
'H NMR (500 MHz, DMSO-dg) & 11.17 (s, 1H), 8.68 (d, J = 2.3 Hz, 1H), 8.13 (dd, J = 8.7,
2.5 Hz, 1H), 7.87 (d, J = 8.3 Hz, 1H), 7.77 (td, J = 6.0, 2.1 Hz, 3H), 7.45 (dd, J = 8.3, 2.1 Hz,
1H), 7.36 — 7.30 (m, 2H), 5.22 (s, 2H), 4.38 (t, J = 7.3 Hz, 2H), 3.28 (t, J = 7.6 Hz, 2H), 2.79 —
2.70 (m, 2H).
F NMR (470 MHz, DMSO-ds) 5 -114.64 — -114.71 (m).
13C NMR (126 MHz, DMSO-ds) & 164.82, 162.56 (d, J = 245.0 Hz), 155.44, 150.65,
146.43, 136.92, 135.86, 133.69, 133.46 (d, J = 2.9 Hz), 132.44, 132.01, 131.62, 131.41, 129.89,
129.02 (d, J = 8.2 Hz), 126.86, 117.42, 116.44 (d, J = 21.4 Hz), 113.91, 49.49, 49.17, 25.62,

24.09.
HRMS (ESI): Calculated for [CosH20CI,FN40]*:481.0993, found 481.0992
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Compound H45 Obtained as slightly yellow solid (39 mg, 64%).

'H NMR (500 MHz, DMSO-ds) & 9.54 (s, 1H), 8.51 (s, 1H), 7.98 (s, 1H), 7.78 (d, J = 8.3
Hz, 1H), 7.74 (d, J = 1.8 Hz, 1H), 7.48 — 7.41 (m, 3H), 7.27 — 7.21 (m, 2H), 4.98 (s, 2H), 4.34 (t,
J=17.2 Hz, 2H), 4.13 (d, J = 5.2 Hz, 2H), 3.22 (t, J = 7.3 Hz, 2H), 2.70 (dt, J = 14.7, 7.4 Hz, 2H).

1F NMR (470 MHz, DMSO-ds) & -110.63 — -110.70 (m).

13C NMR (126 MHz, DMSO-ds) & 164.76, 161.99 (d, YJc.r = 247.3 Hz), 154.81, 133.77 (d,
3)c.F = 8.4 Hz), 135.43, 133.18, 131.99, 131.44, 131.00, 129.38, 126.46, 118.53 (d, *Jcr = 3.1
Hz), 116.04 (d, 2Jc-F = 22.1 Hz), 116.94, 85.85, 80.99, 48.68, 48.44, 29.02, 25.14, 23.53.
HRMS (ESI): calculated for [C23H19CI2FN3O]" 442.0884, found 442.0880.

5O Q 0 J@\F
CID@/NI;/N)\NH
of
Compound H46 Obtained as brownish solid (80 mg, 66%).
'H NMR (500 MHz, DMSO-dg) & 8.65 (t, J = 5.5 Hz, 1H), 7.97 (s, 1H), 7.82 (d, J = 8.3
Hz, 1H), 7.73 (d, J = 2.1 Hz, 1H), 7.46 (dd, J = 8.3, 2.1 Hz, 1H), 7.21 — 7.16 (m, 2H), 7.12 —
7.07 (m, 2H), 4.91 (s, 2H), 4.34 (t, J = 7.3 Hz, 2H), 3.22 (t, J = 7.6 Hz, 2H), 3.03 (dd, J = 12.7,
6.7 Hz, 2H), 2.74 — 2.67 (m, 2H), 2.49 — 2.45 (m, 2H), 1.64 — 1.55 (m, 2H).
1F NMR (470 MHz, DMSO-dg) & -116.96 —-118.75 (m).
13C NMR (126 MHz, DMSO-ds) & 164.51 (s), 160.66 (d, 1Jc.F = 240.9 Hz), 154.72, 137.56
(d, “Jcr = 3.2 Hz), 135.39, 133.20, 131.97, 131.49, 130.97, 130.07 (d, 3Jcr = 7.7 Hz), 129.46,
126.54, 116.88, 115.01 (d, 2Jc-r = 20.8 Hz), 48.66, 48.60, 38.23, 31.35, 30.68, 25.14, 23.50.
HRMS (ESI): calculated for [C23H23CIoFN3O]™ 446.1197, found 446.1191.
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Compound H51. Obtained as a white solid (69 mg, 74%).

'H NMR (500 MHz, DMSO-dg) & 8.01 (s, 1H), 7.91 (t, J = 9.0 Hz, 1H), 7.65 — 7.62 (m,
1H), 7.59 (t, J = 7.8 Hz, 1H), 7.56 (t, J = 1.7 Hz, 1H), 7.42 (d, J = 7.5 Hz, 1H), 7.35 (d, J = 2.1
Hz, 1H), 6.94 (dd, J = 13.5, 2.4 Hz, 1H), 6.89 (dd, J = 8.8, 2.5 Hz, 1H), 5.18 (s, 2H), 4.38 (t, J =
7.3 Hz, 2H), 3.81 (s, 3H), 3.27 (t, J = 7.6 Hz, 3H), 2.79 — 2.69 (m, 2H).

9F NMR (470 MHz, DMSO-ds) 5 -112.18 — -112.31 (m).

13C NMR (126 MHz, DMSO-ds) & 164.88, 160.26 (d, J = 248.5 Hz), 159.96 (d, J = 11.3
Hz), 154.85, 142.73, 136.37, 133.85, 131.30, 130.24, 129.84 (d, J = 5.2 Hz), 129.02, 127.87,
127.85, 116.67, 114.74, 114.65, 110.72 (d, J = 2.2 Hz), 110.45 (d, J = 12.1 Hz), 102.13 (d, J =
25.9 Hz), 55.78, 49.02, 48.70, 25.18, 23.67.
HRMS (ESI): Calculated for [C2sH21CIFN4O,S]* 483.1052, found 483.1049.

F

OH
ST
© Q (@) =N
Br oN= )\NH
~ N

Cl

Compound H52. Obtained as a white solid (9.5 mg, 86%).

'H NMR (500 MHz, MeOD) § 7.87 (t, J = 8.9 Hz, 1H), 7.71 (s, 1H), 7.57 (d, J = 8.3 Hz,
1H), 7.54 — 7.49 (m, 2H), 7.38 (d, J = 7.7 Hz, 1H), 7.26 (d, J = 2.2 Hz, 1H), 6.64 (dd, J = 8.6, 2.4
Hz, 1H), 6.58 (dd, J = 13.3, 2.3 Hz, 1H), 4.43 (t, J = 7.3 Hz, 2H), 2.91 — 2.84 (m, 2H).

1F NMR (470 MHz, MeOD) § -114.76 — -114.96 (m, J = 10.5 Hz).

13C NMR (126 MHz, MeOD) § 165.65, 162.37 (d, J = 248.3 Hz), 160.01 (d, J = 12.3 Hz),
158.95, 156.44, 145.39 (d, J = 1.3 Hz), 139.00, 136.33, 132.08, 131.92, 131.35 (d, J = 5.2 Hz),
130.83, 129.15, 128.76, 117.53, 114.87 (d, J = 12.0 Hz), 112.52 (d, J = 2.2 Hz), 111.02, 110.91,
103.95 (d, J = 25.0 Hz), 50.02, 26.43, 24.64.
HRMS (ESI): Calculated for [C23H19CIFN4O2S]* 469.0896, found 469.0894.

Cl
_ s@
Br Q \O}\ —N
+N= NH
Compound H53. Obtained as white solid (40 mg, 40 %).
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LC-MS [M]*: 469.08.

IH NMR (500 MHz, DMSO-ds) & 12.89 (s, 1H), 8.01 (s, 1H), 7.94 (t, J = 1.7 Hz, 1H), 7.88
—7.83 (m, 2H), 7.65 — 7.61 (m, 1H), 7.59 (t, = 7.8 Hz, 1H), 7.54 (t, J = 1.7 Hz, 1H), 7.47 (t, J =
7.9 Hz, 1H), 7.42 — 7.38 (m, 2H), 5.27 (s, 2H), 4.38 (t, J = 7.3 Hz, 2H), 3.28 (t, J = 7.6 Hz, 2H),
2.79 - 2.70 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 164.30, 154.93, 147.44, 136.30, 136.00, 133.81,
133.62, 131.26, 130.76, 130.25, 129.01, 127.87, 127.70, 127.66, 125.37, 124.23, 116.76, 110.29,
54.93, 48.72, 48.49, 25.14, 23.66.

Cl

Cl <N

Compound H54. Obtained as an off-white solid (110 mg, 71 %).

LC-MS [M]*: 493.28

'H NMR (500 MHz, DMSO-ds) & 11.04 (s, 1H), 8.18 (s, 1H), 8.02 (d, J = 8.8 Hz, 1H),
8.00 (s, 1H), 7.90 — 7.84 (m, 2H), 7.77 — 7.72 (m, 1H), 7.65 — 7.62 (m, 1H), 7.60 (t, J = 7.8 Hz,
1H), 7.55 (d, J = 1.7 Hz, 1H), 7.42 (d, J = 7.4 Hz, 1H), 7.27 (d, J = 8.7 Hz, 1H), 5.22 (s, 2H),
4.38 (t, J = 7.3 Hz, 2H), 3.92 (s, 3H), 3.27 (t, J = 7.6 Hz, 2H), 2.79 — 2.68 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 164.48, 155.45, 154.95, 153.18, 150.68, 139.81, 136.39,
133.88, 131.36, 131.19, 130.29, 129.01, 127.92, 127.86, 126.52, 121.59, 116.68, 115.91, 112.93,
112.04, 56.38, 49.04, 48.72, 25.20, 23.65.

of
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Obtained as reddish solid (35 mg, 70%).

LC-MS [M]*: 491.35

IH NMR (500 MHz, DMSO-ds) & 8.14 (d, J = 2.0 Hz, 1H), 7.99 (dd, J = 8.6, 2.0 Hz, 1H),
7.86 (s, 1H), 7.79 — 7.71 (m, J = 14.1, 6.0 Hz, 2H), 7.58 (d, J = 5.4 Hz, 1H), 7.54 (dd, J = 8.6,
5.4 Hz, 2H), 7.43 (t, J = 8.8 Hz, 2H), 7.24 (d, J = 8.7 Hz, 1H), 4.96 (s, 2H), 4.23 (t, J = 5.6 Hz,
2H), 3.04 (t, J = 6.1 Hz, 2H), 2.01 (dd, J = 25.2, 5.1 Hz, 4H).

122



13C NMR (126 MHz, DMSO-ds) & 164.73, 164.07, 163.09 (d, J = 247.5 Hz), 162.10,
155.12, 152.87, 145.92, 138.79, 132.52, 131.87 (d, J = 8.9 Hz), 127.70, 126.26, 122.09 (d, J =
3.3 Hz), 121.44, 119.01, 116.46 (d, J = 22.1 Hz), 112.79, 56.28, 48.28, 46.04, 20.93, 17.66.

Cl

N
Q o =N

Br +N= \)\-\NH
N

F
Compound H61. Obtained as an off-white solid (66 mg, 57%).
'H NMR (500 MHz, DMSO-dg) & 8.11 — 8.08 (m, J = 4.9, 1.7 Hz, 2H), 7.91 (s, 1H), 7.85
(dd, J = 8.4, 2.0 Hz, 1H), 7.54 — 7.50 (m, 2H), 7.42 (dt, J = 8.8, 4.8 Hz, 2H), 4.95 (s, 2H), 4.37 (t,
J=7.3Hz 2H), 3.24 (t, J = 7.6 Hz, 2H), 2.77 — 2.69 (m, 2H).
HRMS (ESI): Calculated for [C23H1sCl.FN4OS]* 487.0557, found 487.0557.
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Isomers of pyrazolic precursor
There are two cross-peaks corresponding to the methylene group’s protons shift of the
compound 8: one correlates the proton signal with the ester’s carbonyl (at 167.6 ppm), while the
other — with a carbon atom at the position indicated on the figure above. Out of two alternatives,
the shift of 153.2 ppm corresponds to the C-5 atom of the pyrazole, which is supported by corre-
lations of this carbon signal with those belonging to the methylenes of the fused ring (see figure

above).

GPK-404 150
{4.97,153.29), {27418.52) §2.64,153.55)
| X ¢

155

{4.97,167.56}4°%

170

T - T - T
30 25 20

T - . - '
55 5.0 45 35
2 (ppm)

Figure S3. Excerpt from the HMBC NMR spectrum of the precursor of compound H33 and a schematic
representation of the *H-*C multiple bond correlations observed.
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HRMS spectra

T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S4. The HRMS spectrum of compound H1
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Figure S5. The HRMS spectrum of compound H2
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Figure S6. The HRMS spectrum of compound H3
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GPK-231 #449 RT: 4.64 AV:1 NL: 1.27E9
T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S7. The HRMS spectrum of compound H4
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Figure S8. The HRMS spectrum of compound H5
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Figure S9. The HRMS spectrum of compound H6
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GPK-241 #397-416 RT: 4.11-4.29 AV: 10 NL: 2.56E8
T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S11. The HRMS spectrum of compound H8

GPK-294 #450-462 RT: 467-476 AV: 6 NL: 1.02E9
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Figure S12. The HRMS spectrum of compound H10
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Figure S13. The HRMS spectrum of compound H11
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GPK-347 #456-467 RT: 472-482 AV: 6 NL: 9.22E8
T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S14. A fragment of HRMS spectrum of compound H12
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Figure S15. The HRMS spectrum of compound H12
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Figure S16. The HRMS spectrum of compound H13
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GPK-263c #463-476 RT: 4.78-490 AV: 7 NL: 697E8
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Figure S17. The HRMS spectrum of compound H14
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Figure S18. The HRMS spectrum of compound H15
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Figure S19. The HRMS spectrum of compound H16
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GPK-312 #447-455 RT: 462470 AV: 5
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Figure S20. The HRMS spectrum of compound H17
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Figure S21. The HRMS spectrum of compound H18
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Figure S22. The HRMS spectrum of compound H19
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GPK-246#443 RT: 458 AV: 1 NL: 1.84E9
T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S23. The HRMS spectrum of compound H21
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Figure S24. The HRMS spectrum of compound H22
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Figure S25. The HRMS spectrum of compound H23
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GPK-247 #457 RT: 472 AV 1

NL: 1.82E9

T: FTMS + p ESI Full ms [120.0000-1000.0000]
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Figure S26. The HRMS spectrum of compound H31
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Figure S27. The HRMS spectrum of compound H33
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Figure S28. The HRMS spectrum of compound H41
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Figure S29. The HRMS spectrum of compound H43
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Figure S30. The HRMS spectrum of compound H44
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Figure S32. The HRMS spectrum of compound H46
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S3.1.2 Experimental procedure for STD-NMR measurements

The STD-NMR experiments were recorded at 298 K on a Bruker Fourier spectrometer
(500 MHz). The samples contained a 20-fold excess of compound being screened (100 uM) over
M. tuberculosis sliding clamp protein (10 mg/ml stock solution in the HEPES/NaOH buffer, pH
7.5, 150 mM NacCl, 5.0 uM being the final concentration of DnaN). The compounds for screen-
ing were used as stock solutions in DMSO-ds, which were mixed with the screening buffer (50
mM Tris(hydroxymethyl)-aminomethane (Tris), 5 mM MgCl,, pH = 6.8 in D20), and certain
quantity of DMSO-ds to reach the final concentration of 5% DMSO-de. To the resulting solution
the protein sample (or DnaN stock buffer in H>O) was added and the obtained solution was care-
fully mixed and transferred into an NMR tube. The final volume of the sample was 250 pl.

All experiments were performed using the stddiffesgp.3 pulse program by Bruker. Blank
spectrum was recorded in order to establish the parameters at which no residual compound peaks
were visible. The screening experiments were all recorded with a carrier set at 0 ppm for the on-
resonance and —40 ppm for the off-resonance irradiation. Selective protein saturation was carried
out at 2 s (D20 parameter in TopSpin) by using a train of 50 ms Gauss-shaped pulses, each sepa-
rated by a 1 s delay (D1 parameter in TopSpin). The number of scans was 512.

The difference spectrum was obtained by algebraic subtraction of the on-resonance spec-
trum from the off-resonance spectrum after automatic phase correction.

The relative difference in intensity of signals due to saturation transfer (relative STD ef-
fect) was estimated using the following formula:

STDeffect = (lo — lsat)/lo (1)
(where Is is the intensity of the signal of interest in the on-resonance NMR spectrum, and lo is
the intensity of the signal in the off-resonance NMR spectrum). The STDeffect was used to esti-
mate the contribution of the particular proton group into binding with DnaN and to infer the
binding epitope for the compounds tested.

The spectra obtained are provided below (Figure S40 and Figure S41).

136



GPK-449-lig-TRIS 2 2 C:\Bruker\TopSpind.1.4\examdata [
fid 2 from GPK-449-lig-TRIS 2 1 L:\NMR500\data\ddop\nmr

[rel*led]

Pl AR AN AR AT A A P A A Ao AT A i M

9 8 7 6 5 [ppmM]

Figure S40. A section of a blank STD-NMR spectrum obtained for H1 alone. Off-resonance spectrum is depicted

in blue, on-resonance spectrum - in red, difference spectrum - in green.
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Figure S41.. A section of an STD-NMR spectrum obtained for H1 in the presence of M.tb DnaN. Off-resonance

spectrum is depicted in blue, on-resonance spectrum - in red, difference spectrum - in green.
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S3.1.3 Experimental procedures for ADMET testing

The experiments described below were performed at the Drug Discovery Unit (DDU) at
the University of Dundee, the United Kingdom.

CHI LogD Determination.

The chromatographic hydrophobicity index (CHI) was determined according the method
previously described.??! Briefly, test compounds were prepared as 0.5 mM solutions in 50:50
acetonitrile/water and analyzed by reversed-phase HPLC-UV (wavelength 254 nm) using a Phe-
nomenex Luna C18 100 A, 150 x 4.6 mm, 5 um column with a gradient of aqueous phase (50
mM ammonium acetate (pH 7.4)) and mobile phase (acetonitrile). By plotting the retention time
of a set of reference compounds against known CHI values, the CHI value of test compounds
was calculated according to their retention time.

Intrinsic clearance (CLint)

The procedure was carried out as reported previously.®! Test compound (0.5 pM) was in-
cubated with female CD1 mouse liver microsomes (Xenotech LLC TM; 0.5 mg/mL 50 mM po-
tassium phosphate buffer, pH 7.4) and the reaction started with addition of excess NADPH (8
mg/mL 50 mM potassium phosphate buffer, pH7.4). Immediately, at time zero, then at 3, 6, 9, 15
and 30 minutes an aliquot (50 pL) of the incubation mixture was removed and mixed with ace-
tonitrile (100 pL) to stop the reaction. Internal standard was added to all samples, the samples
centrifuged to sediment precipitated protein and the plates then sealed prior to UPLC-MS/MS
analysis using a Quattro Premier XE (Waters Corporation, USA).

XLfit (idbs, UK) was used to calculate the exponential decay and consequently the rate constant
(k) from the ratio of peak area of test compound to internal standard at each time-point. The rate
of intrinsic clearance (CLint) of each test compound was then calculated using the following
calculation:

CLint(mL/min/g liver) = k x V x Microsomal protein yield.

Where V (mL/mg protein) is the incubation volume/mg protein added and microsomal protein
yield is taken as 52.5 mg protein/g liver. Verapamil (0.5 uM) was used as a positive control to
confirm acceptable assay performance.

Permeability Across MDCK-MDR1 Cell Monolayers

Permeability was determined as reported previously.! MDR1-MDCK monolayers were
grown to confluence on collagen-coated, microporous, polycarbonate membranes in 12-well
Costar Transwell plates. Data are considered valid for a specific assay plate if TEER values are <
1400 Q.cm?, the Papp of propanolol is between 10-30 x 10 cm/s and the Papp of atenolol is < 0.5
x 10% cm/s. The permeability assay buffer was Hanks Balanced Salt Solution containing 10 mM

HEPES and 15 mM glucose at a pH of 7.4. A known p-glycoprotein inhibitor cyclosporin A
138



(CSA) was also added to the assay buffer at 10 microM. The dosing solution concentrations of
the test compounds were 5.0 micro M in the assay buffer. All cell monolayers were first pre-
incubated for 30 minutes with assay buffer to saturate any P-glycoprotein sites with test com-
pound. After 30 minutes, the buffer was removed, replaced with fresh buffer, and time was rec-
orded as 0. Cell monolayers were dosed on the apical side (A-to-B) or basolateral side (B-to-A)
and incubated at 37°C with 5% COz in a humidified incubator. After 2 hours, aliquots were taken
from the receiver chambers. Samples were taken from the donor chamber at 0 and 2 hours. Each
determination was performed in duplicate. The lucifer yellow flux was also measured for each
monolayer to ensure no damage was inflicted to the cell monolayers during the flux period. All
samples were assayed by LC/MS/MS using electrospray ionization.

The apparent permeability, Papp, and percent recovery were calculated as follows:

Papp = (dCr /dt) x Vr/(A x Co) 1)

Percent Recovery = 100 x ((Vr x Crfindly + (vd x Cd!))/(vd x CN) 2
where,

dCr /dt is the slope of the cumulative concentration in the receiver compartment versus time in
microM s

Vr is the volume of the receiver compartment in cm?.

Vd is the volume of the donor compartment in cm?,

A is the area of the cell monolayer (1.13 cm? for 12-well Transwell).

CO is the measured concentration of the donor chamber at time 0 in microM.

CN is the nominal concentration of the dosing solution in microM.

Crfind js the cumulative receiver concentration in microM at the end of the incubation period.
Cd" s the concentration of the donor in microM at the end of the incubation period.

Metabolic Stability—Pooled Human Cryopreserved Hepatocyte Incubations

The analysis was performed as reported previously.’! Test compounds and positive con-
trols (verapamil, 7-ethoxycoumarin (7-EC) and 7-hydroxycoumarin (7-HC)) were incubated at
0.5 M in pooled cryopreserved hepatocytes. Total incubation volume was 400 L. Procedure:
Cells were thawed and added to cryopreserved hepatocyte recovery media, centrifuged (100_ g,
10 min, 22 _C), counted and diluted in WME (37 _C, bubbled with 5% C02:95% O,). To initiate
reactions, 200 _L of drug working solution (1 _M) was added to 200 _L cell suspension (0.5
million cells mL"1). Samples were mixed and 20 _L sampled immediately and added to 80 _L
ACN containing donepezil (1S, 50 ng mL"1) in a 96 deep-well 2 mL plate. Plates were incubated
at 37 _C with 5% CO- with agitation at 95 rpm. Further aliquots were taken at 3, 6, 9, 15, 30, 45,
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60 min. Samples were diluted with 100 _L of water/ACN (80:20 v/v) and centrifuged (2800 rpm,
10 min, 22 _C) prior to UPLC/MS.

MS analysis. Each SCRA was incubated at least in triplicate but additional incubations were
carried out across a number of analytical batches, giving greater replication and a greater under-
standing of system variability. Differing values for hepatocyte cell density are reported in the
literature. Intrinsic clearance and predicted in vivo clearance rates calculated using an alternative
hepatocyte cell density is provided in Section S7 of the supplementary information, to aid com-
parison of data between publications. Rate constants (k, min't) and half-lives (t12) were calculat-
ed using XLfit 5.3.1 add-in (IDBS, Surrey, UK) for Microsoft Excel 2013, version 15.0 (Mi-
crosoft, Redmond,WA, US), calculated from plots of analyte/IS peak area ratio against time.
Microsomal intrinsic clearance (CLint micr) (pHLM data) and intrinsic clearance (CLint) scaled
to whole-liver dimensions for humans (pHLM and pHHeps data) were calculated from k, liver
and body weight estimates and scaling factors.[®M7}8 Hepatic clearance (CLH) and extraction
ratios (EH) were estimated based on the corresponding human CLint values, fraction unbound
and estimates of liver blood flow rate (human 21 mL min kg™).[M M0 The equations used for
in vitro intrinsic clearance calculations and human in vivo clearance estimation were as described
by Baranczewski et al. (2006)[! Rane, Wilkinson & Shand (1977) and Obach et al. (1997).11%

In Vivo Pharmacokinetics in mice.

Experiments were performed as described previously.* Test compound 15 was dosed in-
travenously or orally by gavage as a solution at 3 or 10mg free base/kg respectively (dose vol-
ume, 5 or 10 mL/kg respectively; dose vehicle (1V), 5% (v/v) dimethyl sulfoxide (DMSQO), 95%
Saline, dose vehicle (PO),1% carboxy methyl cellulose, 99% Saline to female CD-1 (n = 3).
Blood samples were taken from each mouse at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h post dose
and mixed with two volumes of distilled water. After suitable sample preparation, the concentra-
tion of test compound in blood was determined by UPLC-MS/MS using a Quattro Premier XE
(Waters, USA). Pharmacokinetic parameters were derived from the mean blood concentration

time curve using PK solutions software v 2.0 (Summit Research Services, USA).
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S3.1.4 Experimental procedures and results of co-crystallization and soaking

Production of R. typhi DnaN Protein. The plasmid containing the gene encoding for R.
typhi DnaN with an N-terminal hexahistine tag was obtained from the Seattle Structural Ge-
nomics Center for Infectious Disease (SSGCID; Center Reference ID of the construct:
RityA.17987.a). The protein was expressed in E. coli BL21 (DE3) in ZYM-5052 auto-inducing
medium{*?l at 20°C for 20-24 h. The cell pellet was resuspended in a buffer containing 20 mM
HEPES/NaOH pH 7.5, 150 mM NaCl, one tablet of complete EDTA-free protease inhibitor
cocktail (Roche) and lysed by sonication. The protein was isolated from the supernatant after
centrifugation for 1 h at 100,000 x g using a 5 ml HisTrap HP column (Cytiva) and eluted from
the column using a linear gradient with increasing imidazole concentration. Gel filtration was
carried out using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) in 20 mM
HEPES/NaOH pH 7.5, 150 mM NaCl. The peak fractions were concentrated and flash-frozen in
liquid nitrogen for crystallization screening.

Crystallization and ligand soaking. Crystallization trials were set up at room temperature
with a Crystal Gryphon crystallization robot (Art Robbins Instruments) in Intelli 96-3 plates (Art
Robbins Instruments) with 200 nl protein solution at different concentrations and 200 nl reser-
voir solution. Initial hits were optimized by a randomized screening approach and optimized
crystals were obtained after a few days in 25 % (w/v) PEG 1500, 0.175 M NH4CI, 0.1 M BIS-
TRIS pH 8.0. Soaking trials were carried out with various concentrations and durations. Success-
ful soaking of H1 into R. typhi DnaN could be achieved with 2 mM of the compound (and 10 %
(v/v) DMSO, respectively) for 12 h. After harvesting, crystals were cryo-protected by addition of
10% (v/v) (2R,3R)-2,3-butanediol.

Data collection and processing. Data collection for was performed at beamline P11 at the
Petra 111 storage ring (Deutsches Elektronen-Synchrotron, Hamburg, Germany)*®! at a tempera-
ture of 100 K. Data processing was carried out using the AutoPROC toolbox (Global Phasing)
executing XDSM®! Pointless® and Aimless*],

Structure determination, refinement, and model building. The structure was determined
by molecular replacement using the available structure of R. typhi from the PDB (6D46) as a
search-model for Phaser!*® from the Phenix suite®l. The structural model was built using
Coot® and crystallographic refinement was performed with Phenix.refine?!l including the addi-
tion of hydrogens in riding positions and TLS-refinement. 5% of random reflections were
flagged for the calculation of Rsee. The model of R. typhi DnaN in complex with compound H1
was at 2.2 A resolution refined to R/Ree 0f 18/23% in space group C2. Data collection and re-

finement statistics are summarized in Tab S1 below.
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Table S1: Data collection & Refinement Statistics.

Structure R. typhi DnaN & H1
PDB-ID: XXXX

Data collection

Beamline DESY P11
Wavelength (A) 1.03

Space group C2

Cell dimensions

a, b, c(A)

a B,y ()
Resolution (A)?
Rmerge (%)a

Rpim (%)

l/ol?
Completeness (%)?
Redundancy?

CCu2 (%)?

Refinement

Resolution (A)

No. reflections

Rworkl Rfree (%)

No. atoms
Protein
Ligand/ion
Water

B-factors (A?)
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

Ramachandran statistics (%)
Favored
Allowed
Outliers

Clashscore (MolProbity)

MolProbity score

148.29, 41.49, 83.05
90.00, 120.73, 90.00
41.46 — 2.20 (2.27 — 2.20)
12.1 (99.9)

6.2 (55.0)

7.7 (2.2)

100.0 (100.0)

4.6 (4.7)

99.5 (77.1)

2.20
22434
17.93/22.82
3159
3009
32
118
49.44
49.34
56.69
49.99

0.004
0.660

96.78
3.22
0.00
4.69
1.44
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S3.1.5 Experimental procedure for SPR measurements

SPR analyses were performed on a Biacore X100 system (GE Healthcare). The M. smeg-
matis-DnaN protein was diluted to 50 pg/mL in 10 mM sodium acetate buffer (pH 4.5) and im-
mobilized on a CM5 (or CM7) sensor chip by standard amine coupling resulting in a protein
level of approximately 1700-2200 response units (RU). Manual run was performed for small
fragments with an injection rate of 60 sec at two concentrations for each compound (125 and 250
uM). After the compounds were prepared, they were centrifuged and the supernatant was includ-
ed in the SPR run. Resonance units (RU) representing the change in resonance angle which is
proportional to the number of molecules binding was reported for all the compounds. 1 RU
equals 1 - 10° RIU (refractive index units). The compounds were tested at 125 and 250 uM in
5% DMSO.

The theoretical maximal RU (Rmax) was determined as follows: Rmax = molecular weight
(MW) Analyte (Da) + MWLigand (Da) x immobilized ligand density (RU) x stoichiometric ratio
(number of binding sites per ligand). The MW values for M. smegmatis DnaN protein is 42,113
Da

S3.1.6 Experimental procedures and results of MIC and cytotoxicity assays

MIC determination

All microorganisms used in this study were obtained from the German Collection of Mi-
croorganisms and Cell Cultures (DSMZ), the Coli Genetic Stock Center (CGSC), or were part of
our internal collection, and were handled according to standard procedures. S. aureus, E. coli, E.
faecium and E. faecalis were inoculated in cation-adjusted Mueller Hinton Broth (Sigma Al-
drich) and incubated under shaking conditions overnight at 37 °C, and for 48 h for M. smegmatis.
S. pneumoniae was cultured without shaking under microaerophilic conditions (5% CO2) over-
night at 37 °C. S. aureus, E.coli, E. faecium, and E. faecalis were subcultured on CASO agar
plates, M. smegmatis and S. pneumoniae were subcultured on Middlebrook 7H10 agar plates
(M7H10) with 10% oleic acid albumindextrose-catalase OADC Enrichment and 5% sheep blood
agar plates, respectively, and incubated for 24 h at their optimal growth temperature. Single col-
onies of the bacterial strains were suspended in 0.9% NaCl and McFarland was adjusted to 0.5
using a Densitometer. The bacterial suspension was diluted 1:100 in the corresponding broth to
achieve a final inoculum of approximately 10* CFU/mL. Serial dilutions of compounds (0.06 to
128 uM) were prepared in sterile 96-well plates and the bacterial suspension was added. Growth
inhibition was assessed after overnight incubation (24-48 h) at 30-37 °C. Minimum inhibitory
concentration (MIC) was determined as the lowest compound concentration where no visible

growth was observed. M. smegmatis GMR was cultured in Middlebrook 7H9 minimal media
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(7H9) supplemented with 10% oleic acid albumindextrose-catalase OADC Enrichment, with 25
pHg/mL GM.

Cytotoxicity evaluation (1Cso)

HepG2 cells (human hepatoblastoma cell line; ACC 180, DSMZ) were cultured under
conditions recommended by the depositor and cells were propagated in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). For determining the
antiproliferative activity of test compounds, cells were seeded at 6 x 103 cells per well of 96-well
plates in 120 pL complete medium. After 2 h of equilibration, compounds were added in serial
dilution in 60 pL complete medium. Compounds, as well as the solvent control and doxorubicin
as reference, were tested as duplicates in two independent experiments. After 5 d incubation, 20
pL of 5 mg/mL MTT (thiazolyl blue tetrazolium bromide) in PBS was added per well and cells
were further incubated for 2 h at 37 °C. The medium was then discarded and cells were washed
with 100 puL PBS before adding 100 pL 2-propanol/10 N HCI (250:1) in order to dissolve form-
azan granules. The absorbance at 570 nm was measured using a microplate reader (Tecan Infi-
nite M200Pro), and cell viability was expressed as percentage relative to the respective solvent
control. 1Cso were determined by sigmoidal curve fitting using GraphPad PRISM 8 (GraphPad
Software, San Diego, CA, USA).

S3.1.7 Experimental procedure for DLS measurements

Compounds were analyzed for aggregate formation using dynamic light scattering (DLS)
on a zetasizer Nano ZS90 (Malvern Instruments Ltd, Worcestershire, UK) as recently de-
scribed).??l Disposable cuvettes (3.2 ml, 67.758, Sarstedt AG & Co, Niimbrecht, Germany) were
filled with a total sample volume of 50 ul and equilibrated to 25 °C for 60 s prior to the experi-
ments. Analyses were performed in the absence or presence of compounds using 7H9 medium
supplemented with 10% OADC and 1% DMSO. Count rate data for all samples were determined
from 3 measurements of 3 cycles of 10 seconds each. The count rate at high scattering intensities
is reduced by an automatic attenuator, so the derived count rate, which is corrected with the at-
tenuation factor, was used as a measure for the degree of aggregate formation. Derived count rate
values of the compounds were compared with the derived count rate of the medium at the con-
centrations as indicated. This allowed the determination of the highest sample concentration at
which the respective compound was not yet present with an increased degree of aggregate for-

mation.
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Figure S42. Derived count rate for representative classes of compounds that were subjected to tests against M.tuberculosis

S3.1.8 Experimental procedure for M. tuberculosis growth analysis in liquid culture

Bacteria

M. tuberculosis (M. tb) strain H37Rv (ATCC 25618) carrying a mCherry-expressing plas-
mid (pCherry10)?%1 was cultured in 7H9 complete medium (BD Difco; Becton Dickinson) sup-
plemented with oleic acid-albumin-dextrose-catalase (OADC, 10%; BD), 0.2% glycerol, and
0.05% Tween80 as previously described. At mid-log phase (ODeoo = 0.4) cultures were harvest-
ed and frozen in aliquots at —80-C.[24l

M. tuberculosis growth analysis in liquid culture

Frozen aliquots of mCherry-Mtb H37Rv were thawed and centrifuged (3700xg, 10
minutes). Supernatants were discarded and bacteria thoroughly resuspended in 7H9 medium
(10% OADC) in the absence of glycerol and Tween80 by use of a syringe and a 26-gauge sy-
ringe needle. The bacterial suspension was passed in and out of the syringe about 10 times.
Compounds were tested in 2 fold dilutions starting at 64pM in triplicates (2x10e6 bacteria, vol-
ume 100ul) for their anti-tubercular activity using 96-well flat clear bottom black polystyrene
microplates (Corning® CellBIND®, New York, USA). Each plate was prepared with rifampicin
(National Reference Center, Borstel) as reference compound. Plates were sealed with an air-
permeable membrane (Porvair Sciences, Wrexham, UK) in a 37°C incubator with mild agitation
(TiMix5, Edmund Biihler, Germany), as previously described.??l Bacterial growth was measured

as relative light units (RLU) from the fluorescence intensity obtained at an excitation wavelength
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of 575 nm and emission wave length of 635 nm (microplate reader, Synergy 2, BioTek Instru-
ments, Vermont, USA) at the indicated time points. Obtained values were normalized to RLU
values of the solvent control (DMSO)-treated bacteria set to 100%) and MICgs of each com-
pound was determined. MICqs was defined as the minimum concentration of the compound re-
quired to achieve a reduction in fluorescence by 95%. Obtained MIC values were validated by a
visual Resazurin microtiter assay (REMA)!?! by adding 30 uL of 0,02% Resazurin (Cayman)
solution to each well followed by another 20 h of culture without agitation.

Compounds' concentration: 16uM
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Figure S43. Residual growth of M. tuberculosis in the presence of 16 uM of compounds.
Based on the obtained results, the highly active and non-aggregating compounds were se-

lected for serial dilution experiments in order to determine respective MICgs values (Figure
S44).
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MICgs determination experiments
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Figure S44. Results of serial dilution experiments performed for chosen compounds.
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Abstract

The discovery of a highly active fragment-sized hit binding to the p-sliding clamp (DnaN) of Mycobacterium
tuberculosis is reported. The screening of a commercial fragment library with MST and hit validation using SPR and
STD-NMR yielded seven hits, of which we prioritized one scaffold for further elaboration.

We describe herein successful SAR establishment and optimization of the binding affinity of fragments for DnaN
and antibacterial activity against Mycobacteria and Gram-positive bacteria. Additionally, growing attempts of opti-
mized fragments leading to further improved binding to DnaN are outlined.

4.1 Introduction

Mycobacterium tuberculosis is known to be the causative agent of tuberculosis in mam-
mals.>? The extensive use of various classes of antibiotics for the treatment of infections ren-
dered the emergence of multi- and extensively drug-resistant M. tuberculosis inevitable, and this
is becoming one of the major concerns for the global healthcare system. The aforementioned fact
necessitates the intensification of efforts focused on the discovery of novel classes of antibiotics
with unprecedented modes of action.

One of the targets that can be addressed in the context of novel antibacterial discovery is
the bacterial B-sliding clamp (DnaN). DnaN has an essential function in bacterial cells being the
processivity factor for various DNA-polymerases as a part of the bacterial replisome.® The p-
sliding clamp encircles the DNA and assures the firm tethering of a partnering DNA-polymerase
by involving it into a tight (Kq 10 — 108) protein-protein interaction.*® Inhibiting the protein-
protein interaction between the DnaN and partnering DNA-polymerases can be envisaged as a
novel and efficient mechanism of action for the next generation of antibiotics given the con-
served structure of DnaN throughout bacterial species® and high sequence dissimilarity to its
orthologue PCNA found in eukaryotes.’

The B-sliding clamp protein, however, has been a target for a wealth of small-molecule hit
discovery and optimization attempts undertaken by various groups.®910111213 Nevertheless, the
small-molecule inhibitors discovered so far as a result of fragment-based screening and optimi-
zation campaigns have either lacked broad-spectrum antibacterial activity or demonstrated no
activity against Mycobacteria.10t11213

Hereby we report the discovery and attempts of exploratory optimization of fragment-sized
M. tubercuosis DnaN binders active against Mycobacteria and certain ESKAPE species alike.
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4.2 Results and discussion
4.2.1 ldentification and validation of fragment hits.

For finding initial hits, we screened the Maybridge Ro3 (rule of three) library (Thermo
Fischer Scientific) consisting of 350 Ro3 criteria consistent (MW < 300, cLogP < 3.0, Hacc < 3,
Haon < 3, Nrotbonds < 3, PSA < 60 A?) molecules, which we subjected to microscale thermophore-
sis (MST) single-point screening (c = 500 uM) for M. tuberculosis DnaN binding, followed by
validation using surface plasmon resonance (SPR). For the validated hits, affinity to the sliding
clamp was determined in the form of the dissociation constant (Kq). The two-step screening-
validation effort yielded seven hits (2% hit rate) active in both assays at a given concentration.
The structures and parameters of the validated hits are given in Table 1.

Table 1. Structure, binding affinity and ligand efficiency (LE) of fragment hits validated by Surface
Plasmon Resonance (SPR).

Compound Structure Molecular weight | SPR Ky (uM) LE
O
Fr1 HzNO—@ 159.19 5842 0.48
NH,
Fr2 0 | 159.19 17010 0.43
\
HO
Fr3 ’3’_& 112.13 20040 0.63
Me
CN
Fra @ 156.19 410420 0.39
N
Me
NC
Fr5 GNIN\ 169.19 ~1000 0.32
NC
Fré _%}O 147.18 =1500 0.35
\
I
Fr7 N/D 82.11 >1500 n.d
Me

LE — ligand efficiency, n.d — not determined

Compounds Fri-Fr4 showed Kg values ranging from 58 to 410 uM, while dissociation

constants of Fr5—Fr7 clearly exceeded 1 mM. Fragments Frl, Fr2 and Fr3 also became clear
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favorites based on their ligand efficiency values. Nevertheless, the seven fragments were sub-
jected to cross-validation using Saturation Transfer Difference NMR (STD-NMR).
4.2.2 Cross-validation of hits by STD-NMR and their binding epitope mapping

We cross-validated fragment hits Frl-Fr7 via STD-NMR measurements of mixtures,
which were assembled based on the proton shifts of individual fragments so that the overlap of
signals is minimized (see spectra in Supplementary information, Figures S1-S16). Having as-
signed observed signals to the corresponding structures, we found proton signals belonging to
Frl and Fr2 to demonstrate most prominent intensities in difference spectra, which correlated
with the fragments’ (relatively) high affinities determined by SPR. We observed lower intensities
in the difference spectra for the protons belonging to Fr4 and Fr5, which also correlated with
their average affinities to the sliding clamp, cross-validating these structures as binders. Con-
versely, the lack of proton signals of Fr3, Fr6 and Fr7 in the corresponding difference spectra
ultimately disqualified them as DnaN binders.

We additionally determined relative STD effects of all proton groups of interest (Figure 1)

to support the ranking of poses suggested by modeling of validated hits using group epitope

mapping.*
NH,
)\ NC Relative STD effect
AN RN \l/ X CN
[l | 1l )\ | |
= o/ _ 0
_ < PN, 7 N 100% — 80%
)\ N ! I~N 80% — 60%
o) 20 N N
\_ \ g \ & ® 60% — 40%
® 40%-20%
Fr1 Fr2 Fr5 Fr4 ® 20%-0%
HO (0] CN
Y
N N
. »
Fr3 Fré Fr7

Figure 1. STD-NMR effects of molecules Fr1-Fr7.

Based on the behavior of fragments in the three biophysical DnaN binding assays, we de-
cided to focus our exploratory optimization effort on regioisomers Frl and Fr2 because of their
high affinities to DnaN (as demonstrated by SPR and STD-NMR) and ligand efficiencies.

4.2.3 Modeling of structures Frl and Fr2

According to the relative STD effect demonstrated by protons belonging to Fr1, the proton
at C5 atom of the furan ring forms the tightest contact with the fragment’s binding site of the
DnaN protein, while the contact of the neighboring proton at C4 with the protein’s surface is less

tight. Simultaneously, all other proton groups within the structure of Frl (C3 protons on the fu-
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ran ring and two groups of aromatic protons on the phenyl ring) form even less tight contacts
with the protein surface with the relative level of STD effect about 50% (see Figure 2).

Out of several poses predicted by docking using SeeSAR 10.1 and prioritized by the
HYDE scoring function®>*® the one depicted in Figure 2 matched the constraints imposed by
observed STD-NMR signal intensities very well. In this pose, Frl resides in subsite | of M. tu-
berculosis DnaN, the furan ring is buried deep in a hydrophobic pocket found within the subsite
and the aniline part of the molecule is suggested to make mainly hydrophobic contacts within the

subsite I.

Figure 2. Predicted binding pose of Frl (free base form), fitting STD-NMR observations, at subsite | of Mycobacte-
rium. tuberculosis DnaN-GM (gray) cocrystal structure (PDB ID: 5AGU).Y

The STD-NMR epitope mapping for the structure Fr2 supports the pose depicted in Fig-
ure 3, where the 2-phenyl furan scaffold is positioned differently compared to that of Frl. The
furan ring is buried at an end of subsite | occupied by the aniline ring of Frl, while the ortho-
aniline ring of Fr2 is partially exposed to the solution with its amino group. This aniline amino
group is also suggested to form a hydrogen bond with the backbone of Arg-184. The protons on
the opposite side of the phenyl ring point into a hydrophobic subpocket within subsite I without

forming tight contact with the protein.

Figure 3. Predcited binding pose of Fr2 (free base form) at subsite | of M. tuberculosis DnaN-GM cocrystal
structure (PDB ID: 5AGU).Y
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In spite of seemingly plausible suggestions of docking studies supported by STD-NMR,
the real binding modes of fragments Frl and Fr2 could be different from suggested ones and,
furthermore, those could change owing to dynamicity of the protein-ligand complex upon the
introduction of additional substituents into fragment hits during exploratory optimization. There-
fore, we set out to explore various substitution patterns of the parent structures testing hypothe-
ses, which are inspired by both STD-NMR and docking studies of Frl and Fr2 and their predict-
ed interaction modes with M. tuberculosis DnaN.

4.2.4 Fragment optimization

We used SPR to assess binding affinity for DnaN and performed MIC tests against a panel
of representative Mycobacteria (Mycobacterium smegmatis MC2155, Mycobacterium smegmatis
MC?155 GMR - in-house mutant strain, resistant to griselimycin), Gram-positive (Streptococcus
pneumoniae DSM20566, Staphylococcus aureus Newman) and Gram-negative (Escherichia coli
AacrB) bacteria to keep track of antibacterial activities of the derivatives originating from struc-
tures Frland Fr2.

Regioisomers of Frl and Fr2. Since fragments Frl and Fr2 are regioisomers, we synthe-
sized the fragment 3 to complement the collection of possible isomers and evaluate the im-

portance of the amino group at different positions on the phenyl ring (Table 2).

Table 2. DnaN binding and antibacterial activity of Frl and Fr2 analogues.

H2N NH2 H2N
) (0] @) (0]
Fr1 Fr2 3 4

SPR (RU) MICgs (UM)
N . i-
ame :'2'; isl\: M. smegmatis ’I,\:z;:n;gﬂ, S-p ne:;mom S. aureus E.coli AacrB
Frl 7 15 2 2 > 128 > 128 > 128
Fr2 12 34 32 32 8 32 64
3 -- 42 32 32 32 64 128
4 0 0 >128 > 128 > 128 > 128 > 128

-- no data available.

The SPR responses of both ortho- and meta-isomers of Frl were more than twice higher
than that of Frl, which indicates better affinity of Fr2 and 3 for DnaN. Simultaneously, frag-
ment Frl demonstrated extraordinary activity against M. smegmatis (MIC = 2 uM in both wild-
type and resistant strains) from the very beginning, while its isomers Fr2 and 3 had modest ac-
tivity. However, activity of Fr2 and 3 turned out to be not limited to M. smegmatis as the posi-
tional isomers of Frl were also active against other bacteria in the screening panel (Table 2).

This disconnect between the B-clamp binding and antibacterial activity, along with the absence
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of attenuation of the fragments’ activity against the mutant M. smegmatis strain, which overex-
presses the DnaN gene, suggests that the mechanism of action also involves interaction with tar-
gets besides the sliding clamp.

With an idea to combine the positive impacts of the amino groups in compounds Frl and
Fr2, we synthesized compound 4, which surprisingly failed to show any DnaN binding and anti-
bacterial activity, rendering the 1,3-diamino substitution pattern of the phenyl ring unfavorable.

Exploratory optimization of Frl

Replacements for the 2-furan. To probe for the response to changing the original 2-furyl
substituent, we synthesized a small library of corresponding analogues of Frl.

The first part focuses on the replacement of the 2-furyl ring with various five-membered
heterocycles. The performance of the analogues is summarized in Table 3.
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Table 3. DnaN binding and antibacterial activity of Frl analogues carrying various aryl groups.

O
HoN ) HZNO—R

Fri -~
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- .
M UM matis matis GM" ae S. aureus | E.coli AacrB
O
Frl %U 7 | 15 2 2 >128 | >128 | >128
@)
5 —§© 0 0 1 1 128 >128 | >128
S
6 g@ 9 16 0.5 1 128 >128 | >128
S
7 —§© 68 | 137 | 05 0.5 >128 | >128 | >128
@)
8 4 1] o | o 16 16 128 | >128 | >128
N
S
9 < 1] o | o 32 32 >128 | >128 | >128
N
o7
10 _g&\N 20 4 4 4 >128 >128 | >128
11 -Z—NE o | o 8 8 >128 | >128 | >128
N
12 : —N/\j\l - 8 | >128 | >128 | >128 | >128 | >128
N
13 4 ] ~ | 18 | >128 | >128 >128 | >128 | >128
N
14 -§-N<j 0 0 >128 | >128 >128 | >128 | >128
O
15 -gg 0 0 16 16 >128 | >128 | >128
S
16 4 ]\ 0 2 16 16 >128 >128 | >128
N

-- no data available.

We found the 3-thienyl derivative 7 to give the highest SPR response and antibacterial ac-
tivity. Although its isomer 6 showed DnaN binding comparable to that of Frl, it showed similar
antibacterial activity, which was attenuated in the case of mutant M. smegmatis. Simultaneously,
compound 5 unexpectedly turned out to be a non-binder according to SPR, still demonstrating
high activity against both strains of M. smegmatis, which can be attributed to off-target interac-
tion. The same considerations may hold true for analogues 8, 9, and 11.

Incorporation of nitrogen in position 3 of the heterocycle is generally not favorable (com-
pounds 8 and 9). Exceptionally, the isomeric thiazole 10 showed improved DnaN binding com-
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pared to its progenitor 6, which, however, was not reflected in an increase in antibacterial activi-
ty.

Nitrogen-based hetarenes (11, 12 and 13) were not productive and resulted in significant
loss of target binding compared to the parent molecule 1 and abolition of antibacterial effect,
which was retained only in the case of pyrazole 11 (not corroborated by DnaN binding).

On the other hand, the introduction of methyl into the position forming the tightest contact
with DnaN according to STD-NMR was shown to be deleterious binding affinity (15), and led to
a 4-fold drop in antibacterial activity. These observations can be considered a confirmation of an
insight provided by a relative STD effect at the C5 position of furan.

Six-membered ring replacements of the 2-furan. The second part of the analogue library
containing possible replacements of the furan ring in Frl comprised variously substituted 4-
aminno biphenyls. The binding and antibacterial activity of the analogues are summarized in
Table 4.

The biphenyl analogue 17 showed somewhat diminished SPR response, while its activity
against M. smegmatis was two times higher compared to parent furan Frl. This data can be in-
terpreted in favor of the tolerance of the replacement of the furan ring with a larger phenyl one.

Within the aforementioned library a series of fluorine-containing biphenyls were designed
to probe for space-filling possibilities within the hydrophobic binding pocket originally pre-
sumed to be occupied by a furan ring. While the introduction of fluorine into the positions 2’ and
4’ did not lead to any improvements, the substitution of the 3’-position resulted in a significant
increase in SPR response in the case of derivative 19, that also maintained a high activity against
M. smegmatis. However, the attempt to further increase the size of substituent at the same posi-
tion in 26 and 27 only led to a decrease in SPR response of the derivatives as well as their anti-

bacterial activities.
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Table 4. DnaN binding and antibacterial activity of Fr1 analogues carrying various aryl groups.

,',/é \\\\

Fr1

SPR (RU) MiICss (uM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- | E.coli
MM UM matis matis GM" ae - aureus AacrB

O
Frl _3@ 7 | 15 2 2 >128 >128 | >128
17 —E@ 4 14 1 1 > 128 >128 >128
F
18 _§© 7 18 2 4 > 128 >128 >128
F

19 EO 26 57 2 2 > 128 >128 >128

20 —E@F ~- | 16 2 4 >128 >128 | >128
= F
21 2 5 2 2 >128 >128 | >128

22 _EQF 9 | 18 | 16 16 >128 | >128 | >128
F

23 —E@ 11 | 31 16 16 > 128 >128 | >128
24 - / 0 5 - - - - -
X\ ;

25 N 0 0 128 >128 >128 >128 >128

26 EQ 8 | 18 16 32 > 128 >128 | >128
Me

27 EQ 0 0 >128 >128 64 64 64
Cl

-- No data available.

The loss of DnaN binding observed for pyridine derivatives 24 and 25 served as additional
indication of the hydrophobic character of the pocket accommodating the furan portion of the
fragment hit Fr1l.

Function of the aniline group. In order to shed light on the influence of amino groups in
fragments Frl and Fr2 on their DnaN binding and antibacterial activities, we tested phenolic
analogues 28 and 31 (Table 5).

The total loss of activity against M. smegmatis accompanied by the increase of SPR re-

sponse demonstrated by compound 28 suggested the aniline moiety to be responsible for the an-
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tibacterial effect. Simultaneously, no dramatic decrease of antibacterial activity resulted from the

replacement of the amino group with hydroxyl in the structure of Fr2 (compound 31).

Table 5. SPR responses and antibacterial activity of oxy-analogues of Frl and Fr2.

HO Q_U 28 NH, OH
0 0
Fr2 31

Fr1 HO
— N 30
SPR (RU) MICos (M)
Name | 125 | 250 | m.smegma- | M. smeg- S. pneumoni- | ¢ E.coli
. ] . aureus

uM um tis matis GM" ae AacrB
Frl 7 15 2 2 >128 >128 >128
Fr2 12 34 32 32 8 32 64
28 - 28 >128 >128 64 >128 >128
29 - - 64 64 16 64 128
30 17 41 >128 >128 >128 >128 > 128
31 -- 35 64 64 32 64 > 128

-- No data available

The O-methylation of 28 afforded 29, which showed inconclusive SPR behavior (presum-
ably because of dramatically reduced solubility) yet detectable activity against microorganisms
in the testing panel. Replacing the original 2-furyl moiety with an N-methyl-pyrazole ring in the
phenol 28 led to a significant increase in DnaN binding. This substitution of the furan moiety
demonstrated promising potential.

Combining amine permutations with 3-thienyl. The replacement of 2-furyl group with 3-
thienyl for Frl was demonstrated to be associated with the highest increase of SPR response and
improvement of activity against M. smegmatis. To evaluate the effect of the same replacement in
the regioisomers of Frl (Fr2 and 3), we synthesized their 3-thienyl analogues 32 and 33 (Table
6).

In case of the modification of Fr2, its binding ability remained essentially unchanged in
32, while for 3 it resulted in total loss of binding to DnaN. A similar trend was observed for anti-
bacterial activity: as a result of furan replacement the activity was diminished in both cases.

Table 6. SPR responses and antibacterial activity of 3-thienyl-substituted analogues of Fr2 and 3.
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HoN HoN
0 —
| Y s/
Fr2  NH, 2 \H,
O =
|/ s
3 33
SPR (RU) MICos (uM)
Name 125 250 | M.smegma- | M. smeg- S. pneumo- .
M UM tis matis GM" nige S. aureus | E.coliAacrB
Fr2 12 34 32 32 8 32 64
3 - 42 32 32 32 64 128
32 -- 28 >128 >128 >128 >128 >128
33 0 0 64 64 >128 >128 >128

-- No data available

Overall, the binding to B-clamp of Frl and Fr2, seems to be much more tolerant to modifi-
cations than that of the other positional isomer 3. For this reason, our major SAR exploration and
optimization efforts will be concentrated around the structures of Frl and Fr2.

Substitutions in 2-position of the phenyl ring. According to the relative transfer difference
intensities revealed by STD-NMR measurements, the phenyl protons next to the amino group in
Frl were in a looser contact with the p-clamp, which calls for the introduction of substituents

next to the aniline moiety (see Table 7 for synthesized analogues).
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Table 7. SPR responses and antibacterial activity of ortho- substituted analogues of Fr1.

B NH, —> @R
0 (0]
Fr1
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M.smeg- | S.pneumoni- | E.coli
UM UM matis matis GM" ae - aureus AacrB
- NH,
Frl 7 15 2 2 >128 >128 | >128
H
34 ’EQN”Z 20 | 42 32 32 64 >128 | >128
F
- NH;
35 -- 43 32 32 64 >128 >128
cl
- OH
36 -- 5 128 128 128 64 128
cl
’% NH,
37 7 19 32 32 16 64 >128
Me
-4 OH
38 -- 19 128 128 64 128 128
Me
- NH,
39 -- 29 64 64 16 64 >128
Et
- NH,
40 1 10 64 64 32-64 64 64
CO,Me
-3 NH,
41 o 14 35 64 64 16 128 > 128
MeHN
cl
42 §QNH2 -- 107 16 128 >128 128 128
cl
43 E%H ~ | - 8 8-16 1 4 32
jN
44 EC@H ~- | 22 64 32 64 32 64
-3 NH
45 -- -- 128 >128 >128 >128 | >128
0

-- No data available

Overall, this ortho-position appears to be highly sensitive to the introduction of small sub-
stituents. Thus, the fluoro- and chloro-derivatives of Frl 34 and 35 demonstrated considerably
better DnaN binding, while slightly more bulky methyl- and ethyl-derivatives 37 and 39 showed
more modest improvement of target binding, which indicates the limited ability of the binding
site to accommodate larger substituents at this position. The introduction of chlorines into both
available ortho-positions resulted in 42, which showed the highest SPR response in the series

together with the very clear shift in the activity against wild-type and mutant M. smegmatis.
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These observations validate 42 as a stronger DnaN binder and its antibacterial action is likely
mainly due to DnaN inhibition.

The phenolic analogues of 35 and 37 had shown contradictory behavior in screening: while
the ortho-cresol 38 showed similar DnaN binding, its ortho-Cl analogue 36 demonstrated a sig-
nificantly decreased SPR response. However, both analogues showed the same decrease in anti-
bacterial activity compared to the corresponding anilines 35 and 37, which could be associated
exclusively with the presence of an aniline amino group in the structures.

The cyclized derivatives 43-45 were inspired by the ortho-ethyl derivative 39. Surprising-
ly, the conformational restriction of the ethyl group in 43 was associated with significantly im-
proved activity against the entire microorganism panel (Table 7). However, the ICso exhibited by
this compound in the HepG2 cell viability test was 0.5 pM, which indicates that its cytotoxicity
may be the cause of the improved antibacterial activity. At the same time, more polar analogues
44 and 45 demonstrated much more modest activity against bacteria.

Substitutions in 3-position. Having established the preferred nature for the substituents di-
rectly next to the amino group, we evaluated a small series of substitutions in the 3-position of
the phenyl ring in compound Fr1 as depicted below (Table 8).

We introduced a methyl group into Fr1 making 46 to probe for tolerance of additional sub-
stituents in this position of the ring. This resulted in a two-fold improvement of the compound’s
response in SPR, while the activity against M. smegmatis dropped significantly from 2 uM to 32
MM,

Table 8. SPR responses and antibacterial activity of compounds substituted in 3-position of Frl.

(0]
Fri1 H
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M. smeg- S. pneumo- S. aureus E.coli
Y UM matis matis GM" niae : AacrB

Frl E@NHZ 7 | 15 2 2 >128 | >128 | >128

H

46 EQNW 14 | 35 32 32 128 5128 | >128

Me
a7 | A e |4 |15 | 8 8 >128 | >128 | >128

a8 EQNHZ ~ | a7 8 8 > 128 64 > 128

NC
-- No data available

The introduction of pyridine nitrogen in the same position was well-tolerated: we observed

only an insignificant drop in SPR response with the simultaneous decrease in corresponding MIC
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values from 2 to 8 uM. The position was also substituted with cyano group in compound 48. As
a result, the binding to DnaN increased along with the activity against M. smegmatis (MIC = 8
HM).

Double substitutions of positions 2-, 3-, 5- and 6. To explore the possibilities of combin-
ing positive impacts from simultaneous ortho- and meta- substitutions, we synthesized a number

of derivatives carrying fairly small substituents at those positions (Table 9).
Table 9. SPR responses and antibacterial activity of doubly substituted analogues of Frl.

H
| N NH, —— @7 R
(0] (0]
Fri H H

SPR (RU) MICos (uM)

Name R 125 250 M. smeg- M. smeg- | S.pneumoni- E.coli
. . S. aureus
HM um matis matis GM" ae AacrB

Frl %@NHZ 7 | 15 2 2 > 128 >128 | >128
49 EQNHZ - | - 64 128 16 32 ~128

Me F
F
50 -EQNHZ - | - 16 32 32 64 | >128
Me

51 EQNHZ S - 64 128 32 32 | >128
F_F
F
52 ;QNHZ - | - 64 128 16 32 | ~128
F

- No data available
Two variants of substituent combinations inspired by compounds 34 and 46 gave position-

al isomers 49 and 50, of which the latter showed improved antibacterial activity compared to
both of its progenitors. The introduction of two fluorines into Frl following the same logic (51,
52), however, failed to deliver derivatives with improved antibacterial activity.

It is remarkable that compounds 49-52 did not give reproducible response in SPR experi-
ments. This could be attributed to their increased lipophilicity caused by the simultaneous intro-
duction of both methyl and fluoro substituents, which perhaps adversely impacted the analogues’
aqueous solubility.

Combining positive impacts of some prior modifications. Taking into account the toler-
ance of the introduction of the Me-group into the 2-position in 29, we introduced it into the

structures 7 and 17, obtaining analogues 54 and 53, respectively. Surprisingly, the ortho-Me
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compound 54 showed a significant decrease in SPR response compared to 7 as well as decrease
in ability to inhibit the growth of M. smegmatis (Table 10).

The decrease of DnaN binding following the introduction of chlorine in 55 caused the de-
crease in antibacterial activity to 8 uM.

Table 10. SPR responses and antibacterial activity of substituted analogues of 7 and 17.

Me

S
N
Me Cl
S S
Oy Do -
17 53 7 "
STN_/
\;>—<;N>—NH2 56

SPR (RU) MICos (UM)

i A el ool v S P
7 68 137 0.5 0.5 > 128 > 128 > 128
17 4 14 1 1 > 128 > 128 > 128
53 0 1 8 8-16 > 128 > 128 > 128
54 10 25 4 4 > 128 > 128 > 128
55 -- 64 8 8 > 128 > 128 > 128
56 0 2 > 128 >128 > 128 > 128 > 128

-- No data available

We synthesized compound 56 with the idea to decrease the lipophilicity of 7 and probe for
tolerance of this type of substitution at this particular position of the phenyl ring. Derivative 56
barely showed any binding and antibacterial activity, making this type of derivatization unfavor-
able.

Refining the predicted binding pose of Frl

Correlating slight modifications of Frl structure with the change in the binding affinity for
DnaN makes it possible to reconsider the presumed binding pose of Frl. In the light of the ob-
served positive impact of substitutions on the phenyl ring, we suggest the orientation of Frl on

Figure 4 to better fit the experimental binding data.
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Figure 4. More plausible presumed binding mode of Frl and its derivatives.
In the aforementioned docking solution, the amino group of Frl projects out of the subsite
I and the furan ring is suggested to be buried deeper in the subsite. The ortho- and meta-positions
of the phenyl ring are presented with space within subsite | just enough to accommodate afore-
mentioned substituents consisting of 1 to 4 heavy atoms.
Simultaneously, the suggested orientation of the amino group of Frl towards solution

makes it possible to support the growing attempts using this vector with modeling.

Growing attempts for Frl. The extensions of the original -NH> group were supported by
modeling and capitalized on docking poses akin to that provided on Figure 4, which suggested

the amino group pointing towards the solution from the subsite I.
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Table 11. SPR responses and antibacterial activity of grown derivatives of Frl.

o} o}

Fr1
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- | E. coli
uM um matis matis GM" ae - qureus AacrB
Frl -NH2 7 15 2 2 > 128 >128 | >128
57 -NHBz - 76 > 128 > 128 > 128 >128 | >128
58 -NHSO>Ph - 25 > 128 > 128 > 128 >128 | >128
(o]
59 -;-thozH ~ | - | >128 | >128 | >128 | >128 |>128
60 4N NH - - 64 64 8 16 128
__/
61 4N NAc - | - 64 128 16 32 128
__/
o
62 \;Jku/\c om | = | - 32 32 32 48 | >128
P
Y ”/ﬁfN
63 ©° -- 44 128 64 64 > 128 128
Me

-- No data available

The benzoylation, benzosulfonylation and succinylation of the amino group were supposed
to probe for available interactions at the extension site: hydrophobic/water displacement in case
of 57 and 58, and hydrogen bond donors in case of 59. The benzoylated Frl showed significant-
ly increased SPR response and lost activity against M. smegmatis; the same trend (though to a
lesser extent) was displayed by the sulfonylated analogue 58.

Slight extension of the amino group by converting it into piperazine 60 was aimed at in-
volving the side chain of Arg-184 into hydrogen bonding, while the acetylated derivative 61 pre-
cluded this supposed interaction. Although the binding to DnaN monitored by SPR turned out to
be non-conclusive, the antibacterial activity of 60 was slightly higher, which could be interpreted
as indirect evidence of better engagement of 60 with the target protein.

The extension 62 was designed to have analogous functions with 59 as the topological dis-
tance from the phenyl ring to the free carboxyl was kept the same. Derivative 62 was, however,
equipped with a more hydrophilic linker, which was supposed to increase the compound’s po-
larity and solubility - the compound had unfortunately shown inconclusive DnaN binding with

modest antibacterial activity.
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The amide 63 was designed on the basis of modeling of 62 into the subsite | of M. tubercu-

losis DnaN, which suggested the new hydrophobic interactions to take place on the protein sur-

face adjacent to subsite I. Interestingly, 63 demonstrated modest SPR response and antibacterial

activity, which turned out to be slightly higher in the case of resistant M. smegmatis mutants.

This disconnect indicates potential absence of a causal relationship between DnaN inhibition by

63 and its antibacterial activity.

Summary for Frl derivatives with positive impact on DnaN affinity and antibacterial

activity.

-Cl
-— /42 § 28 3“‘

S \ '// O \\\ §
—o- —9— - ! | ’ NH, < _ P4
: : Qé w 2~ NHBz 57 {f
6 10 70 Fri /4 \ . 58
46 | -Me

-

-F, -Cl, -l/'=, -Et MICg5 M.smeg
34 375 37 :ig %QJE 64— >128
48 _ -CN g Ak 4k ;
[ P L 8-32
stronger DnaN 'CO':‘J:'M‘E 05-4
binding M /%JE

Figure 5. Graphical summary of positive impacts on DnaN binding and antibacterial activity associated with intro-

duction of certain substitutions in Frl structure.

The molecular features of the original structure of Fr1l were comprehensively explored and

the following structure-activity relationships (SAR) were established.

The best binding to DnaN was achieved with a 3-thienyl in place of the original 2-furyl
ring.

The amino group has no significant importance for targeting protein binding; however, it
can be responsible for the antibacterial effect as shown by the majority of active deriva-
tives.

The introduction of relatively small (1 to 4 heavy atoms) substituents into positions of the
phenyl ring adjacent to the NH> group and next to the furan ring is tolerated and was
shown to lead to gains in both DnaN binding and antibacterial activity. This can be associ-
ated with more efficient occupation of subsite | of B-sliding clamp and/or binding driven
by entropy gains.

The two above-mentioned modifications of Frl structure, however, were found to be non-
combinable, confirming a non-additive SAR.

The extension attempts undertaken at the position of the amine in the original structure
were shown to provide gains in DnaN binding (compounds 57 and 58), while antibacterial

activity of grown substances was negatively affected.
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Exploratory optimization of Fr2

Based on the docking pose of Fr2 depicted in Figure 3, we first aimed at exploring the
substitution possibilities at positions across the phenyl ring in order to obtain experimental vali-
dation for the calculated pose. Second, we undertook the growing attempts based on the amino
group of Fr2 in order to explore the possibilities of targeting other subsites of DnaN.

Substitution of 4-position of the phenyl ring. According to previously mentioned STD-
NMR measurements (Figure 1) and modeling (Figure 3), the proton in this position does not

form a tight contact with DnaN and thereby creates the opportunity for substitution (Table 12).

Table 12. SPR responses and antibacterial activity of 3-substituted analogues of Fr2.

H,N
B — )=
o o)
Fr2 H
SPR (RU) MICss (uM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- s E.coli
Y] um matis matis GM" ae - aureus AacrB
HoN
Fr2 4 12 | 34 32 32 8 32 64
H,N
64 - - - 64 64 16 32 128
F
HoN
65 ~§Q - 2 128 128 64 128 > 128
Cl
H,N
66 —%Q - 37 >128 > 128 64 64 64
Me
H,N
67 EQ - 35 > 128 > 128 64 64 > 128
OMe
HoN
68 —EQ - 0 64 64 32 64 64
CF,
HoN
69 —§Q - 28 >128 >128 64 32 >128
CN

-- No data available

Overall, the size and electronic nature of substituent in this position had virtually no influ-

ence on the analogues’ binding affinity with the exceptions of CI- and CFs- moieties, which had
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significantly attenuated SPR response relative to the corresponding derivatives. Simultaneously,
all substituted analogues demonstrated almost no antibacterial activity: only the marginal activity
was detected for F-, Cl- and -CFs substituted derivatives. Therefore, the appropriate substitutions
at this position could be made for increasing fragment’s binding and combined with other substi-
tutions.

Outstanding performance of compound 65 in STD-NMR analysis

Based on the suggested docking pose and relatively favorable HYDE scoring®® (Figure
6B), the compound 65 was chosen to be subjected to single-point STD-NMR measurements in
the presence of M. tuberculosis DnaN protein. In spite of relatively weak binding by SPR, com-
pound 65 showed high proton signals intensities in its STD-NMR difference spectrum. The rela-
tive intensities in the difference spectrum are depicted in Figure 6A and are in good accordance
with the presumed binding mode of 65 (Figure 6B). The respective spectra are provided in Sup-

plementary material (Figures S16-S17).
Relative STD effect
Cl 9 :
\W N
P 100% — 80%
NH, 80% — 60%
e 60% — 40%

® 40% -20%
® 20%-0%

Figure 6. A) Relative intensities of protons in 65 B) Predicted pose of 65 in subsite | (PDB code: 5AGU).Y
This derivative of Fr2 was therefore taken into consideration because of its outstanding

performance in the STD-NMR DnaN binding test, which was consistent with the docking pose
we previously capitalized on. Moreover, its substitution pattern inspired the exploration of Fr2
derivatives whose substitution patterns closely resembled the one of compound 65.

Substitution in both meta-positions within the Fr2 structure. According to the modeling
and STD-NMR, the position 3 of the phenyl ring of Fr2 could be used for the exploration of
growing possibilities.

The introduction of fluorine and chlorine atoms into the 5-position of the phenyl ring re-
sulted in diminution of DnaN binding and antibacterial activity of 70 and 71. The antibacterial
activity of the methoxy-derivative 72 was also almost lost, however, its SPR response increased
significantly (Table 13).
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Table 13. SPR responses and antibacterial activity of 3- and 5-substituted analogs of Fr2.

H,N
D — O
o o
Fr2
SPR (RU) MICss (uM)
Name R 125 250 M. smeg- M. smeg- S. pneu- S. E. coli
MM Y| matis matis GM" moniae aureus AacrB
HoN
Fr2 E 12 | 34 32 32 8 32 64
H,N
70 ; OF 12 | 26 | 128 128 64 128 | >128
HoN
o @c' ~ | 10 | 128 128 128 | 128 | >128
H,N
72 - 65 >128 >128 >128 | >128 | >128
—g OMe
H,N
>
73 —EQ - 33 >128 >128 >128 g | >128
Me
H,N
74 -3 - 37 >128 >128 64 64 | >128
NC
H
75 —%Q - 54 >128 >128 >128 | >128 | >128
Me CN

-- No data available

An exploration of the possibilities of substitution at the 3-position of the phenyl ring by
methyl and cyano groups revealed large tolerance of these moieties at that position, which was
reflected in the retention of SPR responses by compounds 73 and 74. The antibacterial activity
was, however, completely abolished in both cases.

In order to estimate the potential additive effect of a combination of substitution patterns of
69 and 74, we synthesized compound 75 that carried the methyl and nitrile moieties and was
devoid of the amino group. It nevertheless showed a 1.5-fold increase in DnaN binding com-
pared to Fr2, which underscored non-principal importance of amino group in this fragment class
and the possibility of further development based on this substitution pattern.

Substitution of both 4- and 5- positions within the Fr2 phenyl ring. Aiming at combining
our findings associated with a positive impact on Fr2 DnaN binding, we synthesized certain Fr2

analogues containing substitutions at both 4- and 5- positions (Table 14).
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Table 14. Analogues combining successful substitutions in the phenyl ring of Fr2.

HoN
S Vo — [
0 (0]
Fr2 H H
SPR (RU) MICos (UM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- s E. coli
HM UM matis matis GM" ae - aureus AacrB
HoN
Fr2 ‘§ 12 34 32 32 8 32 64
HoN
76 -§QOMe -- 11 > 128 > 128 > 128 > 128 > 128
Cl
HoN
77 -§QOMe - - 128 >128 32 32 >128
OMe
HoN
78 -EQ\O - - 64 64 16 8 ~128
0"
HoN
79 - - | 72 64 >128 32 32 | >128

-- No data available

The case of 76 exemplified the superposition of detrimental (4-Cl in 65) and positive (5-
OMe in 72) impacts associated with these analogues of Fr2 showing considerable decrease of
SPR response and complete loss of antibacterial activity. The combination of two methoxy
groups placed in para- and meta- positions gave rise to a better-performing derivative 77 with
fairly weak activity against M. smegmatis. The dioxole analogue of 77 — compound 78 — had
demonstrated slightly better overall antibacterial activity compared to 77, which could potential-
ly indicate improved steric compatibility of 78 with the corresponding region of subsite I relative
to its progenitor.

The only derivative in the series carrying a substitution pattern formally similar to that of
75 was indane 79, which demonstrated the greatest SPR response in the series along with slight
antibacterial activity. This was also accompanied by an increase in MIC values against the mu-
tant M. smegmatis strain, which serves as evidence of DnaN-mediated antibacterial action mech-

anism.
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Modifications of the indane 79. In order to explore the possibilities of further improve-
ment of DnaN binding of 79, we equipped it with groups that were previously shown to have a

positive impact on DnaN binding in the case of Frl (Table 15).

Table 15. SPR responses and antibacterial activity of 79 derivatives.

~ R;

9 o}
Ho,N 79 HoN
SPR (RU) MICos (uM)
Name Ry, R2 125 | 250 | M.smegma- | M.smeg- | S.pneumoni- s E. coli
M | pM tis matis GM" ae - QUreUS | pacrs
H,N
79 _§ -- 72 64 >128 32 32 >128
AcHN
80 _g -- -- 32 64 8 8 128
STN
81 e - | 38 | >128 > 128 > 128 >128 | >128
F
82 @'E_ -- -- 128 > 128 > 128 >128 | >128

-- No data available

In order to estimate the contribution of the free amino group and explore the possibilities
of growing in its direction, we synthesized the acetylated derivative 80. In spite of non-
conclusive SPR behavior, 80 demonstrated improved activity against the panel of microorgan-
isms, which was complemented by the difference in activities against wild-type and mutant M.
smegmatis strains. The replacements of the furan ring by 3-thienyl and 3-fluorophenyl groups,
however, led to significant diminution of DnaN binding of 81 and 82 and their respective anti-
bacterial activities, probably owing to the compounds’ decreased solubility.

Growing Fr2 from the amino group

We explored the possibilities for growing in the direction of the amino group of Fr2 inde-

pendently using the original structure of Fr2 (Table 16).
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Table 16. SPR responses and antibacterial activity of grown Fr2 derivatives.

H,N R H,NH,C
0 0 \N N
W — | R
Fr2 85
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M. smeg- | S.pneumoni- s E.coli
UM UM matis matis GM" ae - aureus AacrB
Fr2 -NH; 12 34 32 32 8 32 64
83 -NHBz -- 12 128 128 128 > 128 > 128
84 SOSNH, — | 27 64 64 32 64 128
:L{\NHZ.
85 N N -- 21 > 128 > 128 > 128 > 128 > 128
3
86 }{\NHAC -- 51 >128 > 128 > 128 > 128 128
}L/\N/\/NHz
87 H -- 0 >128 > 128 > 128 > 128 > 128
88 }{\H/\COZH - 32 32 16 32 64
}{\N/\CONHZ
89 H -- 13 > 128 > 128 > 128 > 128 > 128
90 %ANK/NH -- 1 128 > 128 > 128 > 128 > 128
N
91 -- 26 > 128 > 128 > 128 > 128 > 128
NH,

-- No data available

The benzoylated derivative 83 showed diminished binding response together with a loss of
antibacterial activity, which halted further acylation-based extensions. Keeping in mind the pre-
sumed importance of the amino group, we tested the aminomethyl derivative 84, which had, in
spite of lowered antibacterial activity, largely retained DnaN binding. Surprisingly, its acetylated
derivative 86 demonstrated even better binding to the target protein, which was, however, not
supported by antibacterial activity.

Nevertheless, further extension attempts expressed in the synthesis of compounds 87-89
proved not productive as no improvements in DnaN binding were achieved. The SPR binding of
88 was found to be inconclusive and the HepG2 ICsp of this compound was determined to be 6.7
uM (data not shown). Therefore, the antibacterial activity of 88 most likely originates from its
cytotoxicity rather than the engagement with the p-sliding clamp.

The grown derivatives containing piperazine (90) and 4-aminopiperidine (91) fragments

had also not shown any improvements in binding or antibacterial activity.
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Growing 65 from the amino group

The presumed orientation of the molecule 65 in the subsite | and its activity in STD-NMR
DnaN binding assay inspired us to undertake growing from the amino group of 65. Nevertheless,
taking into account the relatively high lipophilicity of 65 we first tried to replace the furan ring
with of N-methyl-3-pyrazole, which gave rise to compound 92. It had nevertheless no effect on

performance compared to the original structure (Table 17).

Table 17. SPR responses and antibacterial activity of derivatives of 65 with extensions of its amino group.

H,N H,oN
AN (0] 0]
0 - O 6
N\

92 cl 65 c

[ cl
SPR (RU) MICos (uM)
Name R 125 250 | M. smegma- M. smeg- | S.pneumoni- S. E. coli
uM Y tis matis GM" ae aureus AacrB
65 -NH, - 2 128 128 64 128 | >128
-NHy;
92 \N} 3 >128 > 128 >128 | >128 | >128
s
93 -NHACc 0 >128 > 128 >128 | >128 | >128
94 2N NHMe - >128 > 128 >128 | >128 | >128
95 f’f\m/\/NHz 8 128 128 128 | >128 | >128
96 j’f\u/\cozH 10 > 128 > 128 >128 | >128 | >128
97 B%“H/\CONHZ 32 > 128 > 128 >128 | >128 | >128
NH»
98 LY 36 32 64 32 128 | 64
/\???_ S
{\ _Bn
99 HN@ 2 64 32-64 32 128 | 128
rH{NH
(o)
100 = 19 >128 > 128 >128 >128 | >128
\N/N‘CNH
\r‘_rr\/“ NAN
N
101 S Moph 30 >128 > 128 >128 | >128 | >128

-- No data available

The effect of the acylation of amino group in 93 was detrimental for both binding and anti-
bacterial activity. The replacement of the original amine with various substituted methylamine
moieties in 94-97 proved not particularly productive with only acetamide 97 showing apprecia-

ble DnaN binding without concomitant antibacterial activity.
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The extended isothiourea 98 had shown moderate antibacterial activity, the relevance of
which to DnaN binding was corroborated by the compound’s SPR response and the detectable
attenuation of activity against the mutant strain of M. smegmatis. Simultaneously, 98 did not
demonstrate any cytotoxicity on the HepG2 cell line, which makes this compound best in the
subseries. The observed improvements in antibacterial activity could be attributed to the positive
charge conferred by the isothiouronium moiety, which is predicted to improve the compounds’
penetration through bacterial cell walls.®

The design of other grown derivatives 99-101 was inspired by modeling and capitalized on
the aforementioned pose of 65 in subsite I, which turned out to be invalid. For this reason, the
detectable binding shown by these compounds could be regarded as coincidental and not be con-
sidered a signal for further optimization.

Short summary on Fr2 optimization

N ol

! \\ \ = 70 ?:R <
_g_ ——é - | ) -~ Q@/
o]

L -OMe 72 <k

% K
32 ‘azg&‘ 85 e Fr2 / \
N,

% MICgy5 M.smeg, uM

73 °f Me e 88 %
:i i} 67 ﬁ% = 64 —>128
e 74 F-CN o« Ao ¥ % g_a2
> g S
stronger DnaN v - 69 Lk

binding 62 1% b 05-4
Figure 7. Graphical summary of beneficial substitutions introduced into the structure of Fr2.

o The introduction of small substituents on the phenyl ring of Fr2 was found to be either

tolerable or beneficial for both DnaN binding and antibacterial activity.
o In spite of dominating effect in STD-NMR competition experiments, the chloro-substituted
derivative 65 and most of its grown derivatives had not shown superior binding to DnaN
and antibacterial effects.
Introduction of substituents in the para-position relative to the furan ring was also shown
to be beneficial in almost all cases.
Introduction of two substituents at adjacent positions of the phenyl ring was found to de-
liver derivatives with significantly higher DnaN affinities, which can account for better
space filling within the subsite | of DnaN.
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o The amino group belonging to the original structure was shown to not have critical im-
portance for the Fr2 binding affinity for DnaN.

J Growing in the direction of the amino group delivered compounds with higher affinities
for DnaN.

o All aforementioned conclusions further validate the binding pose of Fr2 suggested by
docking (Figure 3)

Exploratory optimization and growing of compound 3
In the light of our previous findings regarding the presumed binding poses of Frl and Fr2,
we relied on the similarly oriented pose of 3 depicted in Figure 8 and planned exploration and

optimization of 3 accordingly.

’

Figure 8. Docking pose of fragment 3 (free base) in the subsite | of M.tuberculosis DnaN (PDB code: 5AGU).Y’

Based on the previously attempted replacements of the furan ring with 3-thienyl in 33 and
2-thienyl in 6, we synthesized compound 102 to assess the impact of 2-thienyl group in case of
structure 3 together with a number of derivatives carrying substituents on the phenyl ring (Table
18).
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Table 18. SPR responses and antibacterial activity of derivatives of 3 with various substitutions.

NN TN N TN

102 NH, 3 NH»
SPR (RU) MICos (uM)
Name R 125 250 M. smeg- M. smeg- | S. pneumoni- s E. coli
HM UM matis matis GM" ae - aureus AacrB
3 _§ 42 32 32 32 64 128
NH,
102 42 91 16 16 >128 >128 >128
-3 OMe
103 40 > 128 > 128 > 128 > 128 > 128
NH,»
Me
104 —%Q 0 5 8 16 64 >128 | >128
NH,
Me
105 —§Q 0 - 128 128 128 64 32
OH

-- No data available
The 2-thienyl derivative 102 showed a substantial increase in SPR response together with

the strain-specific decrease in MIC values against M. smegmatis compared to 3. Introducing the
methoxy group in the ortho- position in 103 barely influenced the DnaN binding, while the activ-
ity against bacteria was nullified. Simultaneously, the introduction of a meta-methyl substituent
into 3 following the similar rationale for 1 and 2 yielded 104, which demonstrated marginal
DnaN binding along with increased antibacterial activity compared to 3. The oxy-analogue of
compound 104 had, however, shown inconclusive binding and only marginal antibacterial activi-
ty, which underscores the importance of the role played by the amino group in endowing this
class of molecules with antibacterial activity.

Growing from the amino group

The grown derivatives 106 and 107 were inspired by modeling and designed in a way that
the aryl group is flexibly attached to the amino group of parent fragment 3 and pointing in the

direction of subsite I1I.
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Table 19. SPR responses and antibacterial activity of grown derivatives of 3.

0] (0]
3 NH, R
SPR (RU) MICgs (uM)
Name R 125 | 250 M. smeg- M. smeg- | S. pneumoni- s E. coli
UM UM matis matis GM" ae - aureus AacrB
3 -NH; 42 32 32 32 64 128
106 -NHBn - 16 32 32 > 128 > 128 > 128
-5 OH
107 _G - 0 >128 >128 32 64 64

-- No data available
Both grown derivatives showed a considerable decrease in DnaN binding by SPR, yet the

bacterial growth inhibitory ability remained essentially the same in the case of 106 compared to
that of compound 3. The hydroxy-substituted analogue of 106 had shown no DnaN binding and
activity against M. smegmatis, which could account for a possible mismatch between the intro-
duced hydroxyl and its supposed binding site within DnaN. Nevertheless, we demonstrated that
placing relatively big substituents in the meta-position can be tolerated (to a certain extent),
which inspired another series of grown derivatives addressing this position of 3.

3-aryl benzylamines. Substitutions on the phenyl ring

Addressing the necessity to replace the original aniline group because of its presumed cy-
totoxicity and therefore positive influence on antibacterial activity combined with the intention
to perform fragment growing in the same position prompted us to test the benzylamino deriva-

tive 108 and several of its substituted analogues (Tables 20-21).
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Table 20. SPR responses and antibacterial activity of benzylamines designed on the basis of 3

N\ N\ A\
00 - DO — O

3 NH> 108
HoN
SPR (RU) MICss (UM)
Name R 125 | 250 M. smeg- M. smeg- | S. pneumoni- s E. coli
UM UM matis matis GM" ae - aureus AacrB
3 —EQ 42 32 32 32 64 128
NH,
108 _é - 4 4 64 16 32-64
CH,NH,
Me
109 ‘§ 27 64 64 32 128 128
CH,NH,
= F
110 42 64 64 16 64 128
CH,NH,

-- No data available

In spite of misbehavior on the SPR chip?, the benzylamine 108 showed considerably im-
proved activity against all bacterial strains in the testing panel, which could not be attributed to
the presence of the aniline moiety anymore. Exploration of performance of substituted analogues
109 and 110 revealed the positive impact of the 6-fluorine on the fragment’s DnaN binding be-
havior and a slight disadvantage of the 5-methyl substitution. The substantial drop caused by the
substitutions on the phenyl ring of 108 were roughly equal in both cases.

3-Aryl benzylamines. Furan substitutions

We introduced 3-thienyl and N-methyl-4-pyrazolic replacements for the original furan in
111 and 112 based on their presumed beneficial impact on the compounds’ target binding as was

demonstrated previously (Table 21).

! Negative response values were observed
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Table 21. SPR responses and antibacterial activity of analogues of compound 108

B _,m—R

O O
108
HoN
SPR (RU) MICos (uM)

Name R 125 | 250 M. smeg- M. smeg- | S.pneumoni- s E. coli
HM UM matis matis GM" ae - aureus AacrB

108 -- 4 4 64 16 32-64
111 Q’g— 4 >128 > 128 > 128 > 128 > 128

N -
112 N}é_ 30 >128 > 128 > 128 > 128 > 128
e

-- No data available
Surprisingly, the thienyl analogue 111 demonstrated a low SPR response and no antibacte-

rial activity, which rendered the introduction of the 3-thienyl ring unfavorable in the case of 3-
benzylic amines. Conversely, the pyrazole 112 showed good DnaN binding, which was, howev-
er, not supported by antibacterial activity.

Growing attempts of 3-arylbenzylamine 108

In order to further explore possibilities of growing, we synthesized a series of derivatives
using the benzylamine 108 as a template. Our growing attempts supported by modeling gave rise
to a number of derivatives which can be formally subdivided into several subclasses: N-acylated
(113-115), N-alkylated (116, 117, 120, 121) and N-arylated (118, 119) benzylamines (Table 22).

180



Table 22.SPR responses and antibacterial activity of grown 108 derivatives.

O — 0
) o]

108 R
H,N
SPR (RU) MICos (uM)
Name R 125 | 250 M. smeg- M. smeg- | S. pneumoni- s E.coli
HM | uMm matis matis GM" ae - aureds AacrB
108 - 4 4 64 16 32-64
113 QJ‘\_NHAC 10 >128 >128 > 128 >128 | >128
H _
14 | FNyowy @ - 16 16-32 >128 | >128 | 64-128
o LN,
CO,H
; @
115 :’““NWOAO 70 | >128 > 128 64 >128 | >128
116 | % N7 COH 23 | >128 >128 >128 | >128 | >128
/LQ{\N/\]&O
117 N T/ 98 >128 128 > 128 >128 | >128
Cl
118 /©/ - > > > > >
}ZAN 128 128 128 128 128
gcogH
119 | 5 41 >128 >128 64 64 >128
H
P cl
120 N 15 64 64 32 8 > 128
LNHy
ZESN ]
121 cl - >128 128 >128 >128 | >128
NH3+

-- No data available

First, we extended the benzylamine 108 by synthesizing the acetylated derivative 113. Alt-
hough 113 has shown only modest DnaN binding and no antibacterial activity, its further elon-
gated derivative 114 exhibited a characteristic shift in activity against the mutant strain of M.
smegmatis. The grown derivative 115 had surprisingly demonstrated considerable improvement
in SPR response yet accompanied by scarcely detectable antibacterial activity.

The second approach implied growing by connecting alkyl chains to the benzylic amino
group of 108. As a result, the amino acid 116 was synthesized first, with an idea to perform fur-
ther growing by taking advantage of amide-coupling chemistry, which was implemented in 118.

Even though both representatives of the class 116 and (especially) 117 had shown relatively
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good binding to DnaN, their activity against microorganisms in the testing panel remained unde-
tected.

The 3-arylated benzylamine 118 had demonstrated dramatically diminished solubility,
which could account for its non-conclusive behavior during SPR measurements. The derivative
119, however, demonstrated a high SPR response probably owing to better solubility or the in-
volvement of the free carboxyl moiety in hydrogen bonding. Both arylated derivatives had, how-
ever, not shown antibacterial activity.

Analogous to the previously implemented extensions of Frl and Fr2, we synthesized pi-
perazine 121 and 4-aminopiperidine 122 as extensions of 108. The piperazine derivative 121
showed low yet measurable DnaN binding and marginal antibacterial activity, while the ami-
nopiperidine 122 did not demonstrate any appreciable activity.

Miscellaneous grown substituted benzylamines

Finally, we synthesized several derivatives of the benzylamine 108 whose structures were
inspired by in silico modeling (Table 23).

Table 23. SPR responses and antibacterial activity of miscellaneous grown derivatives of 108.

B — L)

(0] O
108
HoN
SPR (RU) MICgs (UM)
Name R 125 | 250 M. smeg- M. smeg- | S.pneumoni- s E. coli
HM | M matis matis GM" ae - aureus AacrB
108 - 4 4 64 16 32-64
(0]
122 b N@OH 70 > 128 > 128 >128 >128 >128
e

¢ \ OH

123 Qﬂ*mo( - 64 64 16 8-16 | >128
cl

-- No data available

The compound 122 is a grown derivative of 110, which demonstrated the best SPR binding
in the series without activity against bacteria. The N-benzylated glycine 123 possessing a meta-
Cl substituent in the phenyl ring had inconclusive SPR data, while exhibiting some activity

against almost all bacteria in the testing panel.
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Graphical summary on modifications of 3 with positive impact

— -F, -OMe %

110, 103
MICg5 M.smeg
- ik 6a->128
stronger DnaN 8_132
binding
05-4

Figure 10. Summary of beneficial modifications of structure 3.

R=
\ff“‘/\ /©/\COZH
NHR™ ¢ NH
114 b & 119 i;f
| A\ T CO,H e~
7
° ko /©/ H/Y
ﬂ/\o NHiPr
15 1 17 1
NHR' — R'= ‘
O_@: ﬂ\/@ MICg5 M.smeg
F ea->128
122%@% §_ 32
stronger DnaN 05—4

binding
Figure 11. Summary of beneficial appendages on the derivatives of 3.

The replacements of furan in 3 was with 2-thienyl and 4-(1-methyl)-pyrazyl were found
beneficial for DnaN binding and antibacterial activity in case of the thienyl group.
Replacing the original amino group with aminomethyl group resulted in great improve-
ment in antibacterial activity (as illustrated in Figures 10 and 11).
Derivatives with highest SPR responses were discovered as a result of growing attempts
based on the substituted benzylamines 108 and 1009.
Nevertheless, for most grown derivatives showing improved binding to DnaN, antibacterial
activity is either not observed or marginal, which could be associated with their poor bacte-

rial cell wall penetration ability.

183



4.3 Chemistry
The synthesis of Frl, Fr2, 3 and their further derivatives is provided below following the
logic and chronology of their SAR exploration. In most cases the connection of the rings into
biaryl scaffold was performed using a certain type of Pd-catalyzed cross-coupling (Frl, Fr2, 3,4
in Scheme 1; 5-7, 9, 10, 15, and 17-27 in Scheme 2) or nucleophilic aromatic substitution, fol-
lowed by reduction (11, 14 in Scheme 3).

NH, HyN
NH
ST )

I s 0 0] O

'O ¢ L snm W Q\J;@ W
Fr1 Fr2 3

O,N NH,

O

I

Scheme 1. Synthesis of initial fragments Frl and Fr2 and their first derivatives.
Conditions: a) [Pd(PPhs)4] (0.03 eq), PhMe (0.5M), 110 °C, o/n; b) H,, Pd/C, EtOH (0.25 M).

/©/NH2 a) or b) NH;
| R

NH,

5 6 7 9 10 15 177 F 18 .

|
|
-
e
1
n
-
:
T
o
Zz7
g
Ak
=

Scheme 2. Synthesis of Frl analogues containing the furan ring replacements

Conditions: a) RB(OH)2 (1.2 eq), [Pd(PPhs)4] (0.03 eq), K2COs3 (3.0 eq), PhMe/EtOH/H,0 (7:2:1 viv), 120
°C (MW), 30 min; b) RBPin (1.2 eq), [Pd(PPhs)4] (0.03 eq), K2COs (3.0 eq), dioxane/H.0O (9:1 v/v), 120 °C (MW),
30 min.

In the case of 5-aryloxazole 8 and 2-arylimidazole 13 the heterocycles were assembled
through a sequence of reactions starting from 4-nitrobenzaldehyde (8 and 13 in Scheme 3) in-

cluding reduction to corresponding aromatic amines.
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e T e
Cl R =

1 14
\ o\ HN \
OCHO b) or o) QR RN }#}
O,N

HoN b): 8 c): 13

Scheme 3. Incorporation of miscellaneous heterocycles into the structure of Frl
Conditions: a) 1. RH (2.0 eq), K2COs (2.0 eq), DMSO (0.4 M), 100 °C o/n; 2. Hy, Pd/C, EtOH (0.25 M). b) 1.
TosMIC. ¢) 1. 1,2-ethylenediamine; 2. PhI(OAC)2; 3. Hz, Pd/C, EtOH (0.25 M).

Analogues of positional isomers Fr2 and 3 containing the thiophene ring 32 and 33 were

prepared using Suzuki cross-coupling reaction as illustrated in Scheme 4.

H,N B(OH), HoN NH,
A=/ " Q S S
(1.2 eq) 32 33

Scheme 4. Synthesis of positional isomers of 7
Conditions: a) [Pd(PPhs)4] (0.03 eq), KoCOs (3.0 eq), PhMe/EtOH/H,0 (7:2:1 v/v), 120 °C (MW), 30 min

Structures 28-31 were also accessed using Stille of Suzuki cross-coupling reactions

(Scheme 5).

A e
OH OMe
28 29 31
[ OH i N/ OH
N/
e
30

Scheme 5. Synthesis of substituted oxy-analogues of Frl
Conditions:a) [Pd(PPhs)4] (0.03 eq), PhMe (0.5M), 110 °C, o/n; b) 4-(1-methylimidazolyl)-BPin (1.2 eq),
[Pd(PPhs)a] (0.03 eq), K2COs3 (3.0 eq), diox/H20 (9:1 v/v), 120 °C (MW), 30 min.

Derivatives of Frl carrying diverse substitution patterns on their phenyl rings were synthe-
sized utilizing corresponding aryl halogenides and Stille coupling with 2-furyl-tributylstannane
(34-52 in Scheme 6). The synthesis of methylamide 41 via aminolysis of the mehyl ester 40 was

successful.
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34 F 35 Cl 36 Cl 37 Me .

| Cl !
on ) as _gQ
N | |
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| N 5
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NHa Q L 43 44 45 F !
CO,Me v !

. " : _E@NHz - </ —NH, _gQNHz %QNHJ

i N= :

: N Me F ‘

70 770 | 47 C 4 49 Me 50 5
=/ 40 =/ 41 , ;
: ‘éQNHz '§©*NH2 |

Scheme 6. Synthesis of Frl derivatives substituted on the phenyl ring
Conditions: a) [Pd(PPhs)4] (0.03 eq), PhMe (0.5 M), 110 °C, o/n; b) MeNH; (ag., 0.5M), 90 °C, sealed vessel,
8 hours.

Frl derivatives including 3-thienyl or phenyl substituents and miscellaneous substitution
patterns were synthesized using Suzuki cross coupling, making use of boronic acids and appro-
priate aryl halides (Scheme 7).

|
S
[ E\ i @

Ar Me cl ﬁ/

I Ph
b)
Me Me 53
NH, NH,

Scheme 7. Synthesis of Frl derivatives with combined substitution patterns

Conditions: a) (3-thienyl)-B(OH)2 (1.2 eq), [Pd(PPhs)4] (0.03 eq), K2COs (3.0 eq), PhMe/EtOH/H,0 (7:2:1
v/v), 120 °C (MW), 30 min b) PhB(OH). (1.2 eq), [Pd(PPhs)s] (0.03 eq), K.COs (3.0 eq), PhMe/EtOH/H,0 (7:2:1
viv), 120 °C (MW), 30 min.

Synthesis of grown derivatives of Frl.

Since grown derivatives of Frl are members of a number of separate subclasses (N-
acylated/sulfonylated derivatives and miscellaneous extended derivatives), their syntheses will

be addressed separately.
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Compounds 57, 58 and 59 were synthesized using Frl and corresponding acylating or sul-
fonylating agents as starting materials (Scheme 8). The piperazine derivatives 60 and 61 were
accessed by constructing the biaryl system using commercially available tert-butyl 4-(4-
bromophenyl)piperazine-1-carboxylate and Stille cross-coupling, followed by the deprotection

and acetylation (Scheme 8).

R=
o N o ~$NHSO,Ph 58 -3-NH CO,H 59
r

Br—< >—N NBoc
/ d) 0] /—\
A Ve W &@
O

Bu3Sn\<\J 60

Scheme 8. Syntheses of grown derivatives of Frl

Conditions: a) PhCOCI (1.05 eq), pyridine (0.3 M), rt, o/n; b) PhSO,CI (1.05 eq), pyridine (0.3 M), rt, o/n; c)
succinic anhydride (1.2 eq), EtsN (2.0 eq), THF (0.25 M), rt, o/n; d) 1. [Pd(PPhs).] (0.03 eq), PhMe (0.5M), 110 °C,
o/n; 2. HCI (1M in diox), rt, 2 h. e) Ac20 (1.05 eq), EtsN (2.0 eq), THF (0.3 M), rt, o/n.

The further extended derivatives 62 and 63 were obtained starting from commercially
available 4-iodophenylacetic acid, which was coupled to ethyl glycinate using EDC as activating
agent. The synthesized amide was subjected to Stille coupling with (1-furyl)-tributyl stannane,
which gave rise to 11. After ethyl ester deprotection under basic conditions and coupling of the
carboxylic acid 62 with N,3-dimethylaniline using HBTU, the grown amide 63 was obtained
(Scheme 9).

(@]
(@)
N
T
l&
O~

Scheme 9. Syntheses of grown derivatives of Frl

Conditions: a) 1. glycine ethyl ester hydrochloride (1.1 eq), 7-aza-HOBt (1.1 eq), EDCHCI (1.5 eq), TEA
(5.0 eq), DMF; 2. [Pd(PPhs)a4] (0.03 eq), PhMe (0.5 M), 110 °C, b) NaOH (15.0 eq), H,O-THF (1:1 v/v, 0.15 M); ¢)
HBTU (1.05 eq), DIPEA (3.0 eq), DMF.

Synthesis of derivatives of Fr2. We synthesized substituted derivatives of Fr2 64-76 uti-

lizing cross-coupling reactions and appropriate aryl halides as starting materials (Scheme 10).
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Scheme 10. Synthesis of Fr2 derivatives carrying substituents on their phenyl rings
Conditions: a) [Pd(PPhs).] (0.03 eq), PhMe (0.5M), 110 °C, o/n.

The synthesis of certain doubly substituted Fr2 derivatives (77-82) was preceded by the
preparation of corresponding precursor aryl halides via bromination of substituted arenes under
various conditions (Scheme 11, a), ¢)). The brominated arenes were functionalized under the

Stille cross-coupling conditions with tributyl(furan-2-yl)stannane to yield desired Fr2 deriva-

tives.
A= N H,N
a) O b)_ ©
Ar-H —> Ar-Br + E/)—SnBu;s - H/\/)—Ar —§ OMe —§ o
77 OMe 78 0)
H,N AcHN

_b) d) ©

_c), Br | / — | p

80

F

9 D e

Scheme 11. Synthesis of compounds 77-82 and their precursors.

Conditions: a) NBS (1.05 eq), MeCN (0.25 M), 55 °C, 4h; b) [Pd(PPhs)4] (0.03 eq), PhMe (0.5M), 110 °C,
o/n; c) 1. Br2 (2.0 eq), AcOH (0.2 M), rt, 30 min; 2. SnCl, (1.1 eq), HCI (conc.), rt, 1 h. d) Ac20 (1.05 eq), EtsN (2.0
eq), THF (0.3 M), rt, o/n; e) RB(OH), (1.2 eq), [Pd(PPhs)4] (0.03 eq), K2COs (3.0 eq), PhMe/EtOH/H,0 (7:2:1 viv),
120 °C (MW), 30 min.

Synthesis of grown derivatives of Fr2. The benzoylated derivative 83 was synthesized by

simple acylation of Fr2. For the synthesis of benzylamine derivatives 84-86 Boc-protected 3-
bormobenzylamine 13 was cross-coupled with the (2-furyl)-tributylstannane and (1-methyl)-4-
pyrazolyl boronic acid, deprotected (84 and 85) and acetylated (86, Scheme 12).
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b c d)
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Scheme 12. Synthesis of grown derivatives 83-860f Fr2

Conditions: a) PhCOCI (1.05 eq), pyridine (0.3 M), rt, o/n; b) 1. Boc,O (1.05 eq), EtsN (2.0 eq), THF (0.5
M), rt, o/n; 2. [Pd(PPhs)a4] (0.03 eq), PhMe (0.5 M), 110 °C, o/n; ¢) HCI (1M in diox), rt, 2h; d) Ac,0O (1.05 eq), EtsN
(2.0 eq), THF (0.3 M), rt, o/n; e) 4-(1-methylimidazolyl)-BPin (1.2 eq), [Pd(PPhs)4] (0.03 eq), K-COs (3.0 eq), di-
0x/H0 (9:1 viv), 120 °C (MW), 30 min.

The other grown derivatives of Fr2 87-89 were accessed using reductive amination of 2-
furylbenzaldehyde 15 with corresponding primary or secondary amines (Scheme 13). Fr2 deriv-
atives 90 and 91 were obtained by reductive amination of 2-bromobenzaldehyde with corre-
sponding Boc-protected piperazine or 4-aminopiperidine followed by the Stille cross-coupling

and deprotection (see Scheme 13 below).

R=
OHC NHR ZcoH 88
0 a) 0 ZOSCONH, 89
| / + RNH, —= || Y R' = R" =
I5 S~ _NHBoc -Sh %~ _NH; 87
NHR' NHR" R'= R" =

OHC 7\ : \
b), c o --N NBoc --N NH
Br@ vry — DL h LN \__/ 90
—§-N NHBoc —g-N/\:>»NH2
91

Scheme 13. Synthesis of grown derivatives of Fr2 - substituted benzylamines.
Conditions: a) NaBH(OACc)s (1.5 eq), THF (0.3 M); b) (2-furyl)-trbutylstannane (1.2 eq.), [Pd(PPhs)] (0.03
eq), PhMe (0.5M), 110 °C, o/n; c) HCI (1M in diox), rt, 2 h.

Derivatives of 65. The analogue of 65 containing the pyrazole ring (92) was accessed by

Suzuki cross-coupling of 2-bromo-4-chloro aniline with appropriate boronic acid pinacol ester.

Certain grown derivatives of 65 were synthesized by N-acylation under various conditions (b), )
in Scheme 14).
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Scheme 14. Synthesis of grown derivatives of 65

Conditions: a) 4-(1-methylimidazolyl)-BPin (1.2 eq), [Pd(PPhs)] (0.03 eq), K>.CO3 (3.0 eq), diox/H20 (9:1
viv), 120 °C (MW), 30 min b) Ac,0 (1.05 eq), EtsN (2.0 eq), THF (0.3 M), rt, o/n; ¢) 1.T3P (2.0 eq), pyridine (0.3
M), 0-25 °C, 3h; 2. HCI (1M in diox), rt, 2 h.

Chlorobenzylamine derivatives were yielded by reductive amination of the chloro fu-
ranbenzaldehyde 15 with corresponding amines (Scheme 15).

NHR
OHC R =
| (; L)> | O %Me /L(?{\/NH2 }{\COZH }{\CONHz
% 94 95 96 97
15 Cl Cl Bn ; N=\
N/ ~N
';<:' NM
99 101 OPh

Scheme 15. Synthesis of substituted grown chlorobenzylamines
Conditions: a) RNH; (1.0 eq), NaBH(OAC)s (1.5 eq), THF (0.3 M).

The isothiourea derivative 98 was synthesized by alkylation of thiourea with the substitut-
ed benzyl bromide 17 (Scheme 16).

Br NH,*
H,N—
Br S
OHC
0 a) 0 b) 0
| — | — |
15 cl 17 Cl 98 Cl

Scheme 16. Synthesis of substituted grown chlorobenzylamines
Conditions: a) 1. NaBH. (2.0 eq), EtOH:THF (0.5 M, 1:1 v/v); 2. CBr4 (2.0 eq), PPh3 (2.0 eq), DCM (0.2 M),
rt, o/n. b) thiourea (1.0 eq), EtOH (0.3 M), rt, o/n.

Synthesis of derivatives of 3. Analogous to its positional isomers Frl and Fr2, the substi-

tuted derivatives of 3 were accessed by employing Stille coupling of aryl bromides and 2-
furyltributylstannane (103-105 in Scheme 17).
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Scheme 17. Synthesis of substituted derivatives of 3
Conditions: a) [Pd(PPhs)4] (0.03 eq), PhMe (0.5 M), 110 °C, o/n.

The first grown derivatives of 3 were obtained by reductive amination using 3 and appro-
priate benzaldehydes (106, 107 in Scheme 18).

R=
o 0 D D
o] o
3 NH, HN-R

Scheme 18. Synthesis of first grown 3 derivatives
Conditions: a) RCHO (0.95 eq), NaBH(OAC)s (1.5 eq), THF (0.3 M).

Substituted benzylamines 108-112 were accessed using corresponding aryl bromides in
cross-coupling reactions with appropriate arylstannanes or boronic acids (see conditions a)-c) in
Scheme 19).

Me
Ar—Br + @—SnB% ﬂ» “\/\>7Ar Ar = —% _é _é E
o o)
R = Boc R=H CH2NHR CH,NHR CH,NHR
108 109 110
Br —»b) R' R'= = N=
S/ & N}é_
18 NHBoc NHBoc -

11 112

Scheme 19. Synthesis of various 3-arylbenzylamine derivatives

Conditions: a) 1. [Pd(PPhs)4] (0.03 eq), PhMe (0.5M), 110 °C, o/n; 2. HCI (1M in diox), rt, 2 h. b) 1. RBPin
or RB(OH); (1.2 eq), [Pd(PPhs)4] (0.03 eq), K2COs (3.0 eq), diox/H20 (9:1 v/v), 120 °C (MW), 30 min; 2. HCI (1M
in diox), rt, 2 h.

Grown acylated derivatives of 3 114-116 were obtained by N-acetylation with acetic an-
hydride (113) or bromoacetyl bromide and further substitution of the N-bromoacety! intermedi-
ate 19 as depicted below (Scheme 20). The derivative 122 was obtained by the EDC-promoted
acylation of 110 with (3-hydroxyphenyl)-acetic acid.
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Scheme 20. Synthesis of substituted grown acylated derivatives of 108

Conditions: a) Ac.0 (1.05 eq), EtsN (2.0 eq), THF (0.3 M), rt, o/n; b) Bromoacetyl bromide (1.05 eq), EtsN
(2.0 eq), dichloroethane (0.15 M), 0 °C, 1h; c) 1. N-Boc-piperazine (1.0 eq), DiPEA (2.0 eq), MeCN (0.2 M) 70 °C,
o/n; 2. HCI (1M in diox), rt, 2h. d) 1. Ethyl 4-hydroxybenzoate (1.0 eq), K.COs (1.5 eq), MeCN (0.2 M) 80 °C, o/n
2. HCI (1M in diox), rt, 2 h; €) EDC-HCI (1.05 eq), HOBt (1.05 eq), DiPEA (4.0 eq), DMF (1.0 M), rt, o/n.

The alkylated derivatives of 116-121 were obtained using reductive amination of the aryl

benzaldehyde with corresponding amines (Scheme 21).

R=?;‘N/\COH\“ /©/
BrQ A0 LY oy SLINg HN ;

le) fe) 117 |Pr

CHO M0  CHO /©/\COZH (\NH NH,
??QN

121

Scheme 21. Synthesis of N-alkylated and arylated derivatives of 3-(1-furyl)-benzylamine 108
Conditions: a) (1-furyl)-tribytylstannane (1.3 eq), [Pd(PPhs)] (0.03 eq), PhMe (0.5M), 110 °C, o/n; b) RH
(1.05 eq), NaBH(OAC)s (1.5 eq), THF (0.3 M).

Finally, the variously substituted 3-(1-furyl)-benzylamines 123-125 were synthesized in a
similar manner to previously mentioned 108 derivatives by making use of reductive amination
(Scheme 22).

e
~ R R= <7LQN\)J\OH
~Bry E>—sm3u3 O—Ar — O—Ar Q/ 123

R"2=-CHO

Scheme 22. Synthesis of miscellaneously substituted N-alkylated derivatives of 3-(1-furyl)-

benzylamine 108.
Conditions: a) [Pd(PPhs)4] (0.03 eq), PhMe (0.5M), 110 °C, o/n; b) RH (1.05 eq), NaBH(OACc)s (1.5 eq),
THF (0.3 M).
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4.4 Experimental

4.4.1 Synthesis procedures and characterization of fragments are provided in the respec-
tive section of the Supplementary material.

4.4.2 The STD-NMR spectra acquisition procedure

The STD-NMR experiments were recorded at 298 K on a Bruker Fourier spectrometer
(500 MHz). The samples contained a 25-fold excess of compound being screened (250 uM) over
M. tuberculosis sliding clamp protein (10 mg/mL stock solution in the HEPES/NaOH buffer, pH
7.5, 150 mM NacCl, 10.0 uM being the final concentration of DnaN). The compounds for screen-
ing were used as stock solutions in DMSO-de, which were mixed with the screening buffer
(phosphate buffer c= 0.1 M, pH = 6.8 in D20), and a certain quantity of DMSO-de to reach the
final concentration of 5% (v/v) DMSO-ds. To the resulting solution the protein sample (or DnaN
stock buffer in H2O) was added, and the obtained solution was carefully mixed and transferred
into an NMR tube. The final volume of the sample was 250 L.

All experiments were performed using the stddiffesgp.3 pulse program by Bruker. A blank
spectrum was recorded in order to establish the parameters at which no residual compound peaks
were visible. The screening experiments were all recorded with a carrier set at 0 ppm for the on-
resonance and —40 ppm for the off-resonance irradiation. Selective protein saturation was carried
out at 2 s (D20 parameter in TopSpin) by using a train of 50 ms Gauss-shaped pulses, each sepa-
rated by a 1 s delay (D1 parameter in TopSpin). The number of scans was 512.

The difference spectrum was obtained by algebraic subtraction of the on-resonance spec-
trum from the off-resonance spectrum after automatic phase correction.

The relative difference in intensity of signals due to saturation transfer (relative STD ef-
fect) was estimated using the following formula:

STDeffect = (lo — lsat)/lo 1)
(where ls is the intensity of the signal of interest in the on-resonance NMR spectrum, and lo is
the intensity of the signal in the off-resonance NMR spectrum). The STD effect was used to es-
timate the contribution of the particular proton group into binding with DnaN and to infer the
binding epitope for the compounds tested.

Calculations for group epitope mapping were done as described by Mayer et al.'4

The STD-NMR spectra with assignments are provided in the Supplementary material (Fig-
ures S1-S18).

4.4.3 MIC determination

All microorganisms used in this study were obtained from the German Collection of Mi-
croorganisms and Cell Cultures (DSMZ), the Coli Genetic Stock Center (CGSC), or were part of
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our internal collection, and were handled according to standard procedures. S. aureus, E. coli, E.
faecium and E. faecalis were inoculated in cation-adjusted Mueller Hinton Broth (Sigma Al-
drich) and incubated under shaking conditions overnight at 37 °C, and for 48 h for M. smegmatis.
S. pneumoniae was cultured without shaking under microaerophilic conditions (5% CO2) over-
night at 37 °C. S. aureus, E.coli, E. faecium, and E. faecalis were subcultured on CASO agar
plates, M. smegmatis and S. pneumoniae were subcultured on Middlebrook 7H10 agar plates
(M7H10) with 10% oleic acid albumindextrose-catalase OADC Enrichment and 5% sheep blood
agar plates, respectively, and incubated for 24 h at their optimal growth temperature. Single col-
onies of the bacterial strains were suspended in 0.9% NaCl and McFarland was adjusted to 0.5
using a Densitometer. The bacterial suspension was diluted 1:100 in the corresponding broth to
achieve a final inoculum of approximately 10* CFU/mL. Serial dilutions of compounds (0.06 to
128 uM) were prepared in sterile 96-well plates and the bacterial suspension was added. Growth
inhibition was assessed after overnight incubation (24-48 h) at 30-37 °C. Minimum inhibitory
concentration (MIC) was determined as the lowest compound concentration where no visible
growth was observed. M. smegmatis GMR was cultured in Middlebrook 7H9 minimal media
(7H9) supplemented with 10% oleic acid albumindextrose-catalase OADC Enrichment, with 25
pg/mL GM.

4.4.4 Cytotoxicity evaluation (ICso)

HepG2 cells (human hepatoblastoma cell line; ACC 180, DSMZ) were cultured under
conditions recommended by the depositor and cells were propagated in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). For determining the
antiproliferative activity of test compounds, cells were seeded at 6 x 10° cells per well of 96-well
plates in 120 pL complete medium. After 2 h of equilibration, compounds were added in serial
dilution in 60 pL complete medium. Compounds, as well as the solvent control and doxorubicin
as reference, were tested in duplicate in two independent experiments. After 5 days of incuba-
tion, 20 pL of 5 mg/mL MTT (thiazolyl blue tetrazolium bromide) in PBS was added per well,
and the cells were further incubated for 2 h at 37 °C. The medium was then discarded and cells
were washed with 100 puL PBS before adding 100 puL 2-propanol/10 N HCI (250:1) in order to
dissolve formazan granules. The absorbance at 570 nm was measured using a microplate reader
(Tecan Infinite M200Pro), and cell viability was expressed as percentage relative to the respec-
tive solvent control. 1Cso were determined by sigmoidal curve fitting using GraphPad PRISM 8
(GraphPad Software, San Diego, CA, USA).
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4.5 Conclusions

In the course of this chapter, we explored the SAR within one of the most promising scaf-
folds of previously discovered fragment DnaN inhibitors.

Owing to the structure of the fragment hits, the SAR of three positional isomers (Frl, Fr2
and 3) were explored independently.

As a result of the described exploratory optimization, which nevertheless was not support-
ed by structural data, we have suggested, refined and confirmed plausible binding poses of Frl
and Fr2. These poses guided our growing attempts, some of which were successful and provided
fragment derivatives with significantly improved DnaN binding. Still, structural data in the form
of a co-crystal structure of Frl, Fr2, 3 or their derivatives would be highly instrumental for sup-
porting more advanced hit-to-lead optimization.

As an outlook, combining beneficial modifications discovered in the course of SAR studies
centered around the structures of Frl, Fr2 and 3 could potentially yield even stronger DnaN
binders useful for further structural biology studies.
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S4 Supplementary material to Chapter 4

S4.1 Experimental procedures

S4.1.1 Synthesis of the fragment molecules
All reagents were used from commercial suppliers without further purification. Procedures

were not optimized regarding yield. Microwave experiments were performed in the Anton Paar®
Monowave 400 microwave reactor. Reactions were carried out in sealed pressure-proof vials
with magnetic stirring. NMR spectra were recorded on a Bruker AV 500 (500MHz) spectrome-
ter, the chemical shifts are provided in ppm. Liquid chromatography-Mass spectrometry meas-
urements was performed on a SpectraSystems-MSQ LCMS system (Thermo Fisher, Dreieich,
Germany). Flash chromatography was performed using the automated flash chromatography
system CombiFlash Rf+ (Teledyne ISCO, Lincoln, NE, USA) equipped with RediSepRf silica
columns (AxelSemrau, Sprockhovel Germany), Chromabond Flash C18 columns (Macherey-
Nagel, Diiren,Germany) or self-packed alumina flash-columns (Thermo Fischer Scientific). Puri-
ty of compounds synthesized was determined by LC-MS using the area percentage method on
the UV trace recorded at a wavelength of 254 nm and found to be >95%.

General procedure | (Stille coupling). To a stirred degassed solution of the correspond-
ing aryl halogenide (1.0 eq) and Pd[PPhz]s (0.03 eq) in dry toluene (0.3 M) was added 2-(Tri-n-
butylstannyl)furan (1.1 eq) and the reaction mixture was heated up to 110 °C and stirred at that
temperature for 6 hours. After the full conversion of the starting material the reaction mixture
was concentrated in vacuo, taken up into same volume of ethyl acetate, washed with saturated
aqueous solution of sodium fluoride, brine, dried over anhydrous sodium sulfate and concentrat-
ed in vacuo. The residue was subjected to purification by flash chromatography on silica
(Hex:DCM 0-100% DCM over 18 min, 18 ml/min, 12 g silica) to yield the desired cross-coupled
product.

General procedure 11 (Suzuki coupling). A degassed solution of the corresponding aryl
halogenide (1.00 eq), Pd[PPhs]s (0.03 eq), a boronic acid (1.30 eq) and an inorganic base (3.0 eq)
in the mixture of toluene, ethanol and water (7:2:1 v/v/v, 0.4M) was subjected to microwave
impact at 140 °C for 10 min, which was repeated if necessary. The crude reaction mixture was
diluted with double volume of ethyl acetate and the organic phase was washed with saturated
aqueous NaHCOg, brine, dried over anhydrous sodium sulfate and concentrated in vacuo. The
resulting residue was purified by means of flash chromatography on silica to yield the desired
cross-coupled product.

General procedure 111 (SNAr). A stirred solution of corresponding aryl halogenide (1.0

eq), suitable inorganic base (3.00 eq) and the nucleophile (1.50 eq) in DMSO was heated up to
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100 °C and stirred at this temperature for 8 hours. The reaction mixture was allowed to cool
down to room temperature and poured into ice-cold water (4x volume of the reaction mixture).
The precipitate formed was filtered off, dried on air and used in the next steps without additional
purification.

General procedure 1V (reductive amination). To the ice-cold stirred solution of corre-
sponding aldehyde (1.00 eq) and amine (1.00 eq) in the appropriate anhydrous solvent (0.3 M)
was added sodium triacetoxyborohydride or sodium borohydride (2.00 eq) portionwise over two
minutes, after which the resulting reaction mixture was stirred at 0 °C for ten minutes and al-
lowed to warm up to room temperature. The reaction was quenched by adding excess of aqueous
NaHCOg, pH of the aqueous phase was set to 6 and it was extracted with ethyl acetate. The com-
bined organic fractions were washed with brine, dried over anhydrous sodium sulfate and con-
centrated in vacuo. The residue was subjected to purification by flash column chromatography to
yield the desired product.

General procedure V (nitro-group reduction by hydrogenation). The solution of a cor-
responding nitro-compound containing palladium on charcoal (10% m/m, 20 wt.% Pd) was
stirred under hydrogen atmosphere for four hours, after which the reaction mixture was filtered
through a short pad of Celite. The resulting mother liquor was concentrated in vacuo to obtain
corresponding amine, which was used further without additional purification.

General procedure VI (-Boc protection group installation). To the stirred solution of
the amine and the base in appropriate solvent was added Boc.O (1.1 eq) at 0°C. The reaction
mixture was stirred at room temperature for 5 hours, after which it was diluted with aqueous so-
dium hydrocarbonate solution (1/5 from the volume of the reaction mixture) and the resulting
solution was extracted with ethyl acetate, the combined organic fractions were washed with
brine, dried over anhydrous Na,SO4 and concentrated in vacuo. The protected amine was puri-
fied using flash chromatography if necessary.

General procedure VI1I (-Boc protection group removal). To the solution of the respec-
tive Boc-protected amine in anhydrous DCM was added HCI (2.0 M solution in dioxane, 20 eq.)
and the resulting mixture was stirred at room temperature for two hours. The reaction mixture
was concentrated in vacuo and the resulting residue was purified by recrystallization or chroma-
tography if necessary.

General procedure VIII (electrophilic bromination using NBS). To the solution of the
corresponding substituted benzene (1.0 eq) in DMF at 0°C was added NBS (1.1 eq) upon vigor-
ous stirring. The resulting reaction mixture was stirred for a specified amount of time, after
which diluted with water (10x the volume of the reaction mixture), extracted with a specified

organic solvent, washed with brine, dried over anhydrous Na>SOs and concentrated in vacuo.
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The resulting residue was used in further transformations without additional purification if not

specified otherwise.

(0]

Frl 4-(furan-2-yl)aniline was synthesized from 4-iodo aniline (2.11 g, 9.66 mmol),
Pd[PPhs]s (330 mg, 0.29 mmol), and 2-(Tri-n-butylstannyl)furan (3.80 g, 10.6 mmol) following
General procedure | to obtain the title compound as slightly brown solid (1.01 g, 6.28 mmol,
65% yield).

LC-MS: [M+H]" 160.18

'H NMR (500 MHz, DMSO-ds) § 7.56 (dd, J = 1.8, 0.7 Hz, 1H), 7.37 — 7.32 (m, 2H), 6.60
—6.56 (m, 2H), 6.53 (dd, J = 3.3, 0.7 Hz, 1H), 6.48 (dd, J = 3.3, 1.8 Hz, 1H), 5.28 (s, 2H).

13C NMR (126 MHz, CDCls) § 154.72, 145.95, 141.01, 125.35, 122.15, 115.27, 111.56,
102.52.

H,N
o]
W
Fr2

Fr2 2-(furan-2-yl)aniline was synthesized from 2-iodo aniline (1.37 g, 6.30 mmol),
Pd[PPhs]s (215 mg, 0.18 mmol), and 2-(Tri-n-butylstannyl)furan (2.47 g, 6.90 mmol) following
General procedure | to obtain the title compound as off-white solid (720 mg, 4.52 mmol, 76%
yield).

LC-MS: [M+H]" 160.14

'H NMR (500 MHz, CDCl3) 6 7.51 — 7.50 (m, 1H), 7.48 (dd, J = 7.8, 1.5 Hz, 1H), 7.12 (td,
J=8.1, 15 Hz, 1H), 6.82 - 6.77 (m, 1H), 6.75 (dd, J = 8.1, 0.8 Hz, 1H), 6.59 — 6.57 (m, 1H),
6.51 (dd, J = 3.3, 1.8 Hz, 1H), 4.36 (s, 2H).

13C NMR (126 MHz, CDCls) § 153.6, 143.3, 141.4, 128.9, 127.80, 118.5, 116.8, 116.3,
111.5, 106.5.

NH,
0]

W
3

3 3-(furan-2-ylaniline was synthesized from 3-iodo aniline (1.14 g, 5.22 mmol),
Pd[PPhs]s (175 mg, 0.15 mmol), and 2-(Tri-n-butylstannyl)furan (2.05 g, 5.72 mmol) following
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General procedure | to obtain the title compound as a colorless solid (590 mg, 3.70 mmol,
71% vyield).

LC-MS: [M+H]" 160.13

'H NMR (500 MHz, CDCls3) & 7.45 (d, J = 1.3 Hz, 1H), 7.17 (t, J = 7.8 Hz, 1H), 7.10 —
7.07 (m, 1H), 7.03 — 7.02 (m, 1H), 6.61 (d, J = 3.2 Hz, 1H), 6.59 (dd, J = 2.3, 0.9 Hz, 1H), 6.46
(dd, J = 3.3, 1.8 Hz, 1H), 3.71 (s, 2H).

13C NMR (126 MHz, CDCls) & 154.2, 146.80, 142.0, 131.9, 129.7, 114.60, 114.4, 111.6,
110.4, 105.1.

O,N NH, O,N
/ \ _a

C|;©/ " QS”B“:% o’
\

Scheme 1. Synthesis of compound 4

(Step a) 4-(furan-2-yl)-3-nitroaniline was synthesized from 4-chloro-3-nitroaniline (300
mg, 1.72 mmol), Pd[PPhz]s (60 mg, 0.05 mmol), and 2-(Tri-n-butylstannyl)furan (680 mg, 1.90
mmol) following General procedure | to obtain the title compound as a yellowish solid (130
mg, 0.64 mmol, 37% yield).

'H NMR (500 MHz, DMSO-dg) & 8.27 (d, J = 2.7 Hz, 1H), 7.94 (dd, J = 9.1, 2.7 Hz, 1H),
7.80 (d, J = 1.7 Hz, 1H), 6.95 (d, J = 3.4 Hz, 1H), 6.87 (d, J = 9.1 Hz, 1H), 6.77 (s, 2H), 6.66
(dd, J = 3.4, 1.8 Hz, 1H).

13C NMR (126 MHz, DMSO-ds) & 151.2, 150.1, 143.1, 136.8, 125.1, 123.7, 115.8, 113.5,
112.3, 108.6.

(Step b) 4 4-(furan-2-yl)benzene-1,3-diamine was synthesized using General procedure
VI from 4-(furan-2-yl)-3-nitroaniline (60 mg, 0.29 mmol), palladium on charcoal (6 mg). The
desired aniline was obtained as brownish solid (51 mg, 0.29 mmol, quant. yield).

'H NMR (500 MHz, DMSO-ds) § 7.67 (d, J = 1.4 Hz, 1H), 6.78 (d, J = 2.6 Hz, 1H), 6.64
(d, J = 3.3 Hz, 1H), 6.59 — 6.55 (m, 2H), 6.40 (dd, J = 8.4, 2.6 Hz, 1H), 4.45 (s, 4H).

13C NMR (126 MHz, DMSO-ds) & 152.7, 141.2, 139.5, 135.2, 118.1, 116.1, 115.8, 111.8,

111.6, 106.4.

5

5 4-(furan-3-ylaniline was synthesized from 4-iodo aniline (84 mg, 0.4 mmol), Pd[PPhs]4
(8 mg, 7 umol), 3-furanylboronic acid (109 mg, 0.98 mmol) and KF (87 mg, 1.5 mmol) using
dioxane (1.5 mL) as solvent and following General procedure 11. The title compound was iso-
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lated by flash chromatography (Hex:DCM 0-100% DCM over 18 min, 18 mL/min, 12 g silica)
as slightly beige solid (43 mg, 0.27 mmol, 68% yield).

LC-MS: [M+H]" 160.18

'H NMR (500 MHz, CDCl3) § 7.66 — 7.64 (m, 1H), 7.52 (t, J = 1.7 Hz, 1H), 7.20 (dd, J =
7.6, 1.5 Hz, 1H), 7.14 - 7.10 (m, 1H), 6.79 (td, J = 7.5, 1.2 Hz, 1H), 6.76 (dd, J = 8.0, 1.0 Hz,
1H), 6.64 (dd, J = 1.8, 0.8 Hz, 1H).

13C NMR (126 MHz, CDCls) § 145.6, 143.5, 137.4, 127.1, 126.55, 123.1, 115.6, 108.9.

7

7 4-(thiophen-2-yl)aniline was synthesized from 4-bromoaniline (172 mg, 1.00 mmol), 3-
thiphenylboronic acid (192 mg, 1.50 mmol), Pd[PPhz]s4 (12 mg, 10 umol) and KF (174 mg, 3.00
mmol) using dioxane (4.0 mL) as solvent and following General procedure I1. The title com-
pound was isolated by flash chromatography (Hex:EA 0-100% EA over 15 min, 18 mL/min, 12
g silica) as beige solid (168 mg, 0.96 mmol, 96% yield).

LC-MS: [M+H]" 176.08

'H NMR (500 MHz, CDCl3) § 7.46 — 7.12 (m, 5H), 6.91 — 6.53 (m, 2H), 3.62 (s, 2H).

13C NMR (126 MHz, CDCls) & 145.7, 142.6, 127.6, 126.8, 126.3, 126.0, 118.2, 115.5.

o)
[ />—©*N02
N

2-(4-nitrophenyl)oxazole. 4-nitrobenzaldehyde (302 mg, 2.00 mmol), TosMIC (390 mg,
2.00 mmol) and K2COs (415 mg, 6.00 mmol) were dissolved in methanol (10.0 mL) and the re-
sulting reaction mixture was stirred under nitrogen atmosphere at 80°C for 8 hours. The mixture
was concentrated in vacuo and the residue was taken up into water (40 mL). The aqueous frac-
tion was extracted with ethyl acetate (3x25 mL), washed with brine, dried over anhydrous
MgSOs and evaporated to yield the desired product as brownish solid (358 mg, 1.88 mmol, 94%
yield).

LC-MS: [M+H]* 191.05

'H NMR (500 MHz, DMSO-ds) & 8.62 (s, 1H), 8.36 — 8.32 (m, 2H), 8.02 (s, 1H), 8.02 —
7.99 (m, 2H).

13C NMR (126 MHz, DMSO-ds) & 153.5, 148.7, 146.8, 133.3, 125.7, 125.0, 124.6.

o)
[ />—©*NH2
N
8

8 4-(oxazol-2-yl)aniline was synthesized following the General procedure VI from 2-(4-

nitrophenyl)oxazole (350 mg, 1.86 mmol) and palladium on charcoal (40 mg), which were sus-
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pended in EtOH (10.0 mL). The desired aniline was obtained as light-yellow solid (295 mg, 1.86
mmol, quant. yield).

LC-MS: [M+H]* 161.20

'H NMR (500 MHz, DMSO-ds) & 8.24 (s, 1H), 7.38 — 7.34 (m, 2H), 7.29 (s, 1H), 6.64 —
6.58 (m, 2H), 5.45 (s, 1H).

NMR data is in accordance with literature.™!!

N
e
S

2-(4-nitrophenyl)thiazole was synthesized using 2-bromothiazole (164 mg, 1.01 mmol),
4,4,5,5-tetramethyl-2-(4-nitrophenyl)-1,3,2-dioxaborolane (261 mg, 1.05 mmol), Pd[PPhs]s (35
mg, 30 umol), K2CO3(553 mg, 4.00 mmol) and following the General procedure Il. The de-
sired product was obtained as pale yellow solid (107 mg, 0.52 mmol, 52% yield).

LC-MS: [M+H]" 207.06

'H NMR (500 MHz, CDCls) & 8.34 — 8.29 (m, 2H), 8.18 — 8.12 (m, 2H), 7.97 (d, J = 3.2
Hz, 1H), 7.49 (d, J = 3.2 Hz, 1H).

NMR data is in accordance with literature.[?!

NN
L 2

5-(4-nitrophenyl)thiazole was synthesized using 5-bromothiazole (164 mg, 1.0 mmol),
4,4,5,5-tetramethyl-2-(4-nitrophenyl)-1,3,2-dioxaborolane (261 mg, 1.05 mmol), Pd[PPhs]s (35
mg, 30 umol), K2CO3(553 mg, 4.00 mmol) and following the General procedure Il. The de-
sired product was obtained as pale yellow solid (205 mg, 0.99 mmol, 99% yield).

LC-MS: [M+H]* 207.11

'H NMR (500 MHz, CDCls) § 8.88 (s, 1H), 8.31 — 8.26 (m, 2H), 8.23 (d, J = 7.6 Hz, 1H),
7.77-7.71 (m, 2H).

NMR data is in accordance with literature.!

S
[ />—©7NH2
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9

9 4-(thiazol-2-ylaniline was synthesized from 2-(4-nitrophenyl)thiazole (103 mg, 0.50
mmol) and palladium on charcoal (10.0 mg) suspended in EtOH (3.0 mL) and following the
General procedure VI. The desired compound was isolated as beige solid (85 mg, 0.48 mmol,
96% vyield).

LC-MS: [M+H]* 177.10
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IH NMR (500 MHz, CDCl3) & 7.74-7.71 (m, 2H), 7.60 (d, 1H), 7.49 (d, 1H), 6.62-6.59 (m,
2H), 5.63(s, 2H).
NMR data is in accordance with literature.!

S
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10
10 4-(thiazol-5-yl)aniline was synthesized from 5-(4-nitrophenyl)thiazole (202 mg, 0.98

mmol) and palladium on charcoal (20.0 mg) suspended in EtOH (5.0 mL) according to General
procedure VI and obtained as yellowish solid (149 mg, 0.97 mmol, 98% yield)

LC-MS: [M+H]* 177.05

'H NMR (500 MHz, CDCls) & 7.91 — 7.86 (m, 2H), 7.80 (d, J = 3.3 Hz, 1H), 7.25 (d, J =
3.3 Hz, 1H), 7.06 — 7.01 (m, 2H).

NMR data is in accordance with literature.t!

—
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11
Scheme 2. Synthesis of compound 11

Step a): 1-(4-nitrophenyl)-1H-pyrazole was synthesized from 4-nitrofluorobenzene (282
mg, 2.00 mmol), pyrazole (204 mg, 3.00 mmol) and Cs>CO3z (1.30 g, 4.00 mmol) using DMSO
(4.0 mL) as solvent and following the General procedure Ill. The diluted with water reaction
mixture was extracted with ethyl acetate (4x20 mL), washed with brine, dried over anhydrous
MgSO4 and concentrated in vacuo to afford the desired product as a yellowish solid (370 mg,
1.98 mmol, 98% vyield), which was used in further transformation without additional purification.

LC-MS: [M+H]" 190.06

'H NMR (500 MHz, DMSO-d6) § 8.72 (d, J = 2.6 Hz, 1H), 8.39 — 8.34 (m, 2H), 8.15 —
8.11 (m, 2H), 7.89 (d, J = 1.6 Hz, 1H), 6.66 (dd, J = 2.5, 1.8 Hz, 1H).

13C NMR (126 MHz, DMSO-d6) § 144.78, 144.10, 142.86, 128.91, 125.46, 118.49,
109.43.

Step b): 11 4-(1H-pyrazol-1-yl)aniline was synthesized from 1-(4-nitrophenyl)-1H-
pyrazole (100 mg, 0.53 mmol) and palladium on charcoal (10 mg) suspended in EtOH (5.0 mL)
following General procedure VI. The desired aniline was isolated as white solid (80 mg, 0.50
mmol, 95% yield).

LC-MS: [M+H]* 160.08

'H NMR (500 MHz, DMSO-d6) & 8.18 (dd, J = 2.4, 0.4 Hz, 1H), 7.60 (d, J = 1.4 Hz, 1H),
7.45—7.39 (m, 1H), 6.66 — 6.60 (m, 1H), 6.44 — 6.40 (m, 1H), 5.20 (s, 2H).
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13C NMR (126 MHz, DMSO-d6) & 147.42, 139.48, 129.84, 126.87, 120.06, 113.97,
106.65.

H H H
a) N D ¢, N
OHC NO, — [ P NO, — [/ NO, — [ P NH,
N N N 13

Scheme 3. Synthesis of compound 13

Step a): 2-(4-nitrophenyl)-4,5-dihydro-1H-imidazole. 4-nitrobenaldehyde (450 mg, 2.98
mmol) and ethylenediamine (196 mg, 3.27 mmol) were suspended in tert-butanol (25.0 ml) and
the mixture was left to stir for 90 minutes at room temperature. To the resulting yellow suspen-
sion K>CO3 (1234.0 mg, 8.93 mmol) and I> (944.1 mg, 3.72 mmol) were added and the reaction
mixture was stirred at 80°C under nitrogen atmosphere for 3.5 hours, after which the heating was
removed and the reaction was quenched by adding saturated aqueous solution of sodium sulfite
(10.0 ml). The volatiles from the resulting mixture were removed under reduced pressure and the
aqueous residue was extracted with chloroform (2x40 mL), the combined organic fractions were
washed with saturated aqueous NaHCOs, brine, dried over anhydrous MgSO4 and concentrated
in vacuo to yield the desired imidazoline (430.0 mg, 2.25 mmol, 75% yield), which was used in
the next step without additional purification.

LC-MS: [M+H]* 192.11

'H NMR (500 MHz, CDCl3) & 8.29 — 8.25 (m, 2H), 7.97 — 7.93 (m, 2H), 3.86 (s, 4H).

NMR data is in accordance with literature.[!

Step b): 2-(4-nitrophenyl)-1H-imidazole. 2-(4-nitrophenyl)-4,5-dihydro-1H-imidazole
(429 mg, 2.25 mmol), diacetoxyiodobenzene (797 mg, 2.47 mmol) and K>COs (341 mg, 2.47
mmol) were suspended in DMSO (20.0 mL) and the resulting mixture was stirred at room tem-
perature overnight. The reaction mixture was diluted with water (200.0 mL) and extracted with
ethyl acetate (3x50 mL). The combined organic fractions were washed with brine, dried over
anhydrous Na»SO4 and evaporated in vacuo to yield the residue, which was subjected to flash
chromatography (Hex:EA 0-100% EA, over 25 min, 22 mL/min, 24 g silica, in 100% EA),
which afforded the desired compound as yellow solid (210 mg, 1.11 mmol, 49%).

LC-MS: [M+H]* 190.09

'H NMR (500 MHz, DMSO-ds) § 12.96 (s, 1H), 8.34 — 8.30 (m, 2H), 8.20 — 8.16 (m, 2H),
7.42 (dd, J = 2.0, 0.9 Hz, 1H), 7.16 (s, 1H).

13C NMR (126 MHz, DMSO-dg) & 146.4, 143.6, 136.6, 130.4, 125.4, 124.3, 119.7.

Step ¢): 13 4-(1H-imidazol-2-yl)aniline was obtained following the General procedure

V1 from 2-(4-nitrophenyl)-1H-imidazole (60 mg, 0.32 mmol) and palladium on charcoal (10 mg)
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suspended in EtOH (3.0 mL). The desired aniline was obtained as slightly reddish solid (51 mg,
0.32 mmol, quant. yield).

LC-MS: [M+H]" 160.18

'H NMR (500 MHz, MeOD) § 7.61 — 7.57 (m, 2H), 7.04 (s, 2H), 6.78 — 6.73 (m, 2H), 3.35
(s, 2H).

13C NMR (126 MHz, MeOD) § 150.3, 148.9, 127.7, 122.7, 120.4, 116.1.

o~ 2 DD % DD
14

Scheme 4. Synthesis of compound 14

Step a): 1-(4-nitrophenyl)pyrrolidine was obtained from 1-chloro-4-nitrobenzene (630
mg, 4.00 mmol), pyrrolidine (427 mg, 6.00 mmol) and K>COs (8.00 g, 57.8 mmol) using DMF
(55.0 mL) as a solvent and following the General procedure Ill. The obtained precursor was
used in the next step without additional purification.

LC-MS: [M+H]" 192.04

Step b): 14 4-(pyrrolidin-1-yhaniline was synthesized following the General procedure
VI from crude 1-(4-nitrophenyl)pyrrolidine (1.00 g of the precipitate) and palladium on charcoal
(90 mg), which were suspended in ethanol (20.0 mL). The residue obtained after the concentra-
tion of mother liquor was purified by flash chromatography (DCM:MeOH 0-10% DCM over 15
min, 25 mL/min, 24 g silica), which afforded the desired aniline as slightly purple solid (420 mg,
2.80 mmol, 55% vyield).

LC-MS: [M+H]" 163.17

'H NMR (500 MHz, DMSO-ds) § 9.87 (s, 3H), 7.16 (d, J = 8.8 Hz, 2H), 6.59 (d, J = 8.5
Hz, 2H), 4.72 (s, 3H), 3.22 (t, J = 6.5 Hz, 4H), 1.98 — 1.93 (m, 4H).

NMR data is in accordance with literature.[®!

0]

15
15 4-(5-methylfuran-2-yl)aniline was synthesized from 4-iodoaniline (55 mg, 0.25

mmol), 2-(2-Furanyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (55 mg, 0.27 mmol), Pd[PPhz]4 (6
mg, 5.0 umol) and K>CO3z (138 mg, 1.00 mmol) using the mixture of dioxane (2.0 mL) and water
(1.0 mL) as solvent and following the General procedure Il. The desired product was purified
by flash chromatography (Hex:EA 0-10% EA over 15 min, 18 mL/min, 12 g silica) and obtained
as slightly beige solid (36 mg, 0.21 mmol, 84% yield).

LC-MS: [M+H]* 174.13
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IH NMR (500 MHz, CDCls) § 7.44 — 7.42 (m, 2H), 6.70 — 6.66 (m, 2H), 6.32 (d, J = 3.1
Hz, 1H), 6.01 — 5.98 (m, 1H), 3.71 (s, 2H), 2.34 (s, 3H).
13C NMR (126 MHz, CDCls) & 153.0, 150.8, 145.5, 124.9, 122.6, 115.3, 107.5, 103.4,

13.8.
N b N
O 20O O
S S
16

Scheme 5. Synthesis of compound 16

Step a): 4-methyl-2-(4-nitrophenyl)thiazole. 4-iodoaniline (498 mg, 2.00 mmol), 4-
methylthiazole (198 mg, 2.00 mmol), Pd(OAc). (22 mg, 0.10 mmol) and Cul (76 mg, 0.40
mmol) were weighed into a glass vial in argon atmosphere and suspended in anhydrous and de-
gassed DMF (5.0 ml). The resulting reaction mixture was stirred at 140 °C for 8 hours, after
which it was diluted with water and extracted with ethyl acetate (3x30 mL). The combined or-
ganic fractions were washed with saturated NaHCOgz solution, brine, dried over anhydrous
Na>SO4 and concentrated in vacuo. The residue was purified by flash chromatography (Hex:EA
0-100% EA over 19 min, 18 mL/min, 12 g silica) and obtained as orange solid (260.0 mg, 1.20
mmol, 60% yield).

LC-MS: [M+H]* 221.13

'H NMR (500 MHz, CDCls) & 8.32 — 8.26 (m, 2H), 8.15 — 8.06 (m, 2H), 7.04 (d, J = 0.9
Hz, 1H), 2.55 (d, J = 0.9 Hz, 3H).

NMR and MS data are in accordance with literature.[’]

Step b): 16 4-(4-methylthiazol-2-yl)aniline was synthesized following the General pro-
cedure VI from 4-methyl-2-(4-nitrophenyl)thiazole (250 mg, 1.14 mmol) and palladium on
charcoal (25 mg). The desired compound was obtained as beige solid (214 mg, 98% yield).

LC-MS: [M+H]* 191.25

'H NMR (500 MHz, CDCl3) § 7.76 — 7.71 (m, 2H), 6.74 (d, J = 0.9 Hz, 1H), 6.71 — 6.67
(m, 2H), 3.87 (s, 2H), 2.47 (d, J = 0.9 Hz, 3H).

13C NMR (126 MHz, DMSO-d6) § 163.59, 154.34, 147.82, 138.58, 126.95, 124.54,
117.42, 16.84.

F

18
18 2'-fluoro-[1,1'-biphenyl]-4-amine was synthesized from 4-iodo aniline (110 mg, 0.50

mmol), Pd[PPhz]s (17 mg, 15 umol), (2-fluorophenyl)-boronic acid (133 mg, 0.70 mmol) and
K3PO4 (318 mg, 1.50 mmol) using dioxane (2.0 mL) as solvent and following General proce-

dure I1. The desired compound was isolated by flash chromatography (Hex:DCM 0-100% DCM
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over 15 min, 18 mL/min, 12 g silica) and obtained as colorless solid (71 mg, 0.38 mmol, 77%
yield).

LC-MS: [M+H]" 188.11

'H NMR (500 MHz, CDClg) & 7.42 — 7.35 (m, 3H), 7.23 (ddd, J = 9.7, 4.7, 2.2 Hz, 1H),
7.16 (td, J=7.5, 1.2 Hz, 1H), 7.11 (ddd, J = 10.9, 8.1, 1.2 Hz, 1H), 6.77 — 6.74 (m, 2H), 3.73 (s,
2H).

13C NMR (126 MHz, CDCls) & 159.91 (d, J = 246.5 Hz), 146.18, 130.43 (d, J = 3.7 Hz),
130.14 (d, J = 3.2 Hz), 129.19 (d, J = 13.1 Hz), 128.07 (d, J = 8.2 Hz), 126.07, 124.36 (d, J = 3.7
Hz), 116.13 (d, J = 23.0 Hz), 115.13.

E

19

19 3'-fluoro-[1,1'-biphenyl]-4-amine was synthesized using 4-iodoaniline (109 mg, 0.50
mmol), (3-fluorophenyl)-boronic acid (84 mg, 0.6 mmol), Pd[PPhs]s (25 mg, 22 umol) and
K2COs (207 mg, 1.50 mmol), using the mixture of dioxane (3.0 mL) and water (1.0 mL) as sol-
vent and following the General Procedure Il. The desired compound was isolated by flash
chromatography (Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) and obtained as
colorless solid (59 mg, 0.32 mmol, 63% yield).

LC-MS: [M+H]" 188.12

'H NMR (500 MHz, CDCls) § 7.46 — 7.37 (m, 5H), 7.12 — 7.07 (m, 1H), 6.75 (d, J = 7.5
Hz, 2H), 4.00 (s, 2H).

NMR is in accordance with literature data.®

~O—Om
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20 4'-fluoro-[1,1'-biphenyl]-4-amine was synthesized from 4-iodoaniline (110 mg, 0.50
mmol), Pd[PPhs]s4 (17 mg, 15 pumol), (4-fluorophenyl)-boronic acid (133 mg, 0.98 mmol) and
K3POs (318 mg, 1.50 mmol) using dioxane (2.0 mL) as solvent and following General proce-
dure I1. The desired compound was isolated by flash chromatography (Hex:DCM 0-100% DCM
over 15 min, 18 mL/min, 12 g silica) and obtained as colorless solid (88 mg, 0.47 mmol, 94%
yield).

LC-MS: [M+H]* 188.09

'H NMR (500 MHz, CDCls) & 7.50 — 7.45 (m, 2H), 7.37 — 7.33 (m, 2H), 7.11 — 7.05 (m,
2H), 6.77 — 6.73 (m, 2H), 3.73 (s, 2H).
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13C NMR (126 MHz, CDCls) § 162.00 (d, J = 244.7 Hz), 145.93, 137.45 (d, J = 3.2 Hz),
130.81, 128.03, 127.98 (d, J = 7.9 Hz), 115.57 (d, J = 21.2 Hz), 115.54.
F

D

21
21 3',4'-difluoro-[1,1'-biphenyl]-4-amine was synthesized from 4-iodoaniline (110 mg,

0.50 mmol), Pd[PPhs]s (17 mg, 15 umol), (3,4-difluorophenyl)-boronic acid (133 mg, 0.98
mmol) and K3POs (318 mg, 1.50 mmol) using dioxane (2.0 mL) as solvent and following Gen-
eral procedure Il. The desired compound was isolated by flash chromatography (Hex:DCM 0-
100% DCM over 15 min, 18 mL/min, 12 g silica) and obtained as yellowish solid (71 mg, 0.35
mmol, 69% yield).

LC-MS: [M+H]* 206.06

'H NMR (500 MHz, DMSO-d6) & 7.57 (ddd, J = 12.4, 7.7, 1.8 Hz, 1H), 7.43 — 7.34 (m,
4H), 6.64 — 6.61 (m, 2H), 5.30 (s, 2H).

NMR is in accordance with literature data.[®

F
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22
22 2" 4'-difluoro-[1,1'-biphenyl]-4-amine was synthesized from 4-iodoaniline (110 mg,

0.50 mmol), Pd[PPh3]s (17 mg, 15 umol), (2,4-difluorophenyl)-boronic acid (133 mg, 0.98
mmol) and K3PO4 (318 mg, 1.50 mmol) using dioxane (2.0 mL) as solvent and following Gen-
eral procedure Il. The desired compound was isolated by flash chromatography (Hex:DCM 0-
100% DCM over 15 min, 18 mL/min, 12 g silica) and obtained as brownish solid (64 mg, 0.31
mmol, 62% yield).

LC-MS: [M+H]" 206.06

'H NMR (500 MHz, DMSO-d6) § 7.63 (dd, J = 4.9, 2.9 Hz, 1H), 7.56 (dd, J = 2.8, 1.2 Hz,
1H), 7.29 (dd, J = 4.9, 1.2 Hz, 1H), 7.11 (dd, J = 7.5, 1.4 Hz, 1H), 7.06 — 6.97 (m, 1H), 6.76 (dd,
J=8.0,0.8 Hz, 1H), 6.61 (td, J = 7.5, 1.0 Hz, 1H), 4.86 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 145.23, 139.85, 129.70, 128.16, 128.02, 126.29,
122.09, 120.75, 116.63, 115.45.
I g /N Nozﬂ/N\ NH,

23
Scheme 6. Synthesis of compound 23

Step a): 2-(4-nitrophenyl)pyridine was synthesized from 2-bromopyridine (516 mg, 2.00
mmol), 4,4,5,5-tetramethyl-2-(4-nitrophenyl)-1,3,2-dioxaborolane (523 mg, 2.10 mmol),
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Pd[PPhs]s (70 mg, 60 pumol) and K2COs (553 mg, 8.00 mmol), using the mixture of dioxane (3.0
mL) and water (1.0 mL) as solvent and following the General Procedure I1. The desired com-
pound was isolated by flash chromatography (Hex:EA 0-100% EA over 15 min, 18 mL/min, 12
g silica) and obtained as scarlet solid (300 mg, 1.50 mmol, 75% vyield).

LC-MS: [M+H]* 201.28

'H NMR (500 MHz, CDCls) § 8.77 — 8.74 (m, 1H), 8.36 — 8.32 (m, 2H), 8.21 — 8.16 (m,
2H), 7.86 — 7.79 (m, 2H), 7.35 (ddd, J = 6.7, 4.8, 2.0 Hz, 1H).

NMR is in accordance with literature data.[®

Step b): 23 4-(pyridin-2-yl)aniline was synthesized using 2-(4-nitrophenyl)pyridine (150
mg, 0.75 mmol) and palladium on charcoal (15 mg) suspended in EtOH (5.0 mL) and following
General procedure VI. The desired product was obtained as yellowish solid (125 mg, 0.73
mmol, 98% yield).

LC-MS: [M+H]* 171.14

'H NMR (500 MHz, CDCl3) & 8.62 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 7.86 — 7.80 (m, 2H),
7.70 — 7.66 (m, 1H), 7.63 (dt, J = 8.0, 1.1 Hz, 1H), 7.12 (ddd, J = 7.2, 4.8, 1.2 Hz, 1H), 6.79 —
6.75 (m, 2H), 3.82 (s, 2H).

NMR is in accordance with literature data.[

N
7 N\ NH,
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24 4-(pyridin-3-yl)-aniline was synthesized from 4-iodoaniline (219 mg, 1.00 mmol), pyr-
idin-3-ylboronic acid (147 mg, 1.20 mmol), Pd[PPhs]s (35 mg, 30 umol) and K2CO3 (414 mg,
3.00 mmol), using the mixture of dioxane (6.0 mL) and water (2.0 mL) as solvent and following
the General Procedure 1l. The desired compound was isolated by flash chromatography
(Hex:EA 0-100% EA over 16 min, 18 mL/min, 12 g silica) and obtained as off-white solid (127
mg, 0.75 mmol, 75% yield).

LC-MS: [M+H]* 171.10

'H NMR (500 MHz, CDCls) & 8.79 (dd, J = 2.4, 0.7 Hz, 1H), 8.50 (dd, J = 4.8, 1.6 Hz,
1H), 7.80 (ddd, J = 7.9, 2.3, 1.7 Hz, 1H), 7.43 — 7.38 (m, 2H), 7.31 (ddd, J = 7.9, 4.8, 0.8 Hz,
1H), 6.80 — 6.76 (m, 2H), 3.80 (s, 2H).

13C NMR (126 MHz, CDCls) & 147.86, 147.56, 146.73, 136.70, 133.61, 128.20, 128.02,
123.60, 115.65.

NgBr 2D No, —= NN NH;
25
Scheme 7. Synthesis of compound 25
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Step a): 4-(4-nitrophenyl)-pyridine was synthesized from 4-bromopyridinium hydrochlo-
ride (97 mg, 0.5 mmol), (4-nitrophenyl)-boronic acid pinacol ester (174 mg, 0.70 mmol),
Pd[PPhs]s (29 mg, 25 umol) and K3PO4 (212 mg, 1.00 mmol), using the mixture of dioxane (3.4
mL) and water (0.1 mL) as solvent and following the General Procedure I1. The desired com-
pound was isolated by flash chromatography (Hex:EA 0-100% EA over 12 min, 18 mL/min, 12
g silica) and obtained as slightly orange solid (70 mg, 0.35 mmol, 70% vyield).

LC-MS: [M+H]" 201.18

'H NMR (500 MHz, DMSO0-d6) & 8.73 (d, J = 6.0 Hz, 2H), 8.36 (t, J = 5.6 Hz, 2H), 8.10
(d, J=8.8 Hz, 2H), 7.82 (d, J = 6.1 Hz, 2H).

13C NMR (126 MHz, DMSO-d6) & 150.55, 147.85, 144.81, 143.58, 128.35, 124.25,
121.69.

Step b): 25 4-(pyridin-4-yhaniline was synthesized using 4-(4-nitrophenyl)-pyridine (60
mg, 0.32 mmol) and palladium on charcoal (6 mg) suspended in EtOH (3.0 mL) and following
General procedure VI. The desired aniline was obtained as yellowish solid (54 mg, 0.32 mmol,
99% yield).

LC-MS: [M+H]* 171.10

'H NMR (500 MHz, DMSO-d6) & 8.47 (d, J = 5.9 Hz, 2H), 7.55 (d, J = 6.0 Hz, 2H), 7.53
(d, J=8.5Hz, 2H), 6.66 (d, J = 8.5 Hz, 2H), 5.51 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 150.25, 149.91, 147.17, 127.45, 123.38, 119.42,
114.05.

Me

26
26 3'-methyl-[1,1'-biphenyl]-4-amine was synthesized using 4-iodoaniline (109 mg, 0.50
mmol), m-tolylboronic acid (82 mg, 0.6 mmol), Pd[PPhs]s (20 mg, 25.0 umol) and K2CO3z (207
mg, 1.50 mmol), using the mixture of dioxane (3.0 mL) and water (1.0 mL) as solvent and fol-
lowing the General Procedure I1. The desired compound was isolated by flash chromatography
(Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) and obtained as colorless solid
(64 mg, 0.35 mmol, 70% yield).
LC-MS: [M+H]* 184.17
'H NMR (500 MHz, CDCl3) § 7.43 — 7.39 (m, 2H), 7.36 — 7.32 (m, 2H), 7.29 (t, J = 7.5
Hz, 1H), 7.09 (d, J = 7.3 Hz, 1H), 6.79 — 6.73 (m, 2H), 3.72 (s, 2H), 2.40 (s, 3H).
Cl
27
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27 3'-chloro-[1,1'-biphenyl]-4-amine was synthesized using 4-iodoaniline (110 mg, 0.50
mmol), (3-cholophenyl)-boronic acid (109 mg, 0.70 mmol), Pd[PPhz]s (29 mg, 25 umol) and
K3POs4 (318 mg, 1.50 mmol), using dioxane (2.0 mL) as solvent and following the General Pro-
cedure Il. The desired compound was isolated by flash chromatography (Hex:DCM 0-100%
DCM over 16 min, 18 mL/min, 12 g silica) and obtained as white solid (66 mg, 0.33 mmol, 66%
yield).

LC-MS: [M+H]" 204.17, 206.16

'H NMR (500 MHz, CDCl3) 6 7.51 (t, J = 1.8 Hz, 1H), 7.42 — 7.37 (m, 3H), 7.31 (t, J = 7.8
Hz, 1H), 7.25 - 7.21 (m, 1H), 6.78 — 6.73 (m, 2H), 3.77 (s, 2H).

13C NMR (126 MHz, CDCls) § 146.51, 143.15, 134.66, 130.15, 130.00, 128.15, 126.58,

126.31, 124.59, 115.50.
o
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28 4-(furan-2-yl)phenol was obtained from 4-iodophenol (220 mg, 1.00 mmol), Pd[PPhs]4
(30 mg, 26 pumol), and 2-(Tri-n-butylstannyl)furan (464 mg, 1.30 mmol) following General pro-
cedure | to obtain the title compound as white crystalline solid (128 mg, 0.80 mmol, 80% yield).

'H NMR (500 MHz, CDCls) & 7.58 — 7.54 (m, 2H), 7.43 — 7.41 (m, 1H), 6.87 — 6.83 (m,
2H), 6.51 (d, J = 3.3 Hz, 1H), 6.44 (dd, J = 3.3, 1.8 Hz, 1H), 4.77 (s, 1H).

NMR data is in accordance with literature.[*%

(@)

29

29 2-(4-methoxyphenyl)furan was synthesized from 4-iodoanisol (117 mg, 0.50 mmol),
Pd[PPhs]s (17 mg, 15 umol), and 2-(Tri-n-butylstannyl)furan (232 mg, 0.65 mmol) following
General procedure | . The title compound was obtained as white solid (44 mg, 0.23 mmol, 46%
yield).

'H NMR (500 MHz, CDCls) § 7.62 — 7.58 (m, 2H), 7.43 — 7.42 (m, 1H), 6.94 — 6.90 (m,
2H), 6.51 (d, J = 3.3 Hz, 1H), 6.44 (dd, J = 3.3, 1.8 Hz, 1H), 3.84 (s, 3H).

NMR data is in accordance with literature.[*]

e

30

30 4-(1-methyl-1H-pyrazol-4-yl)phenol GPK-102 was synthesized using 4-iodophenol
(110 mg, 0.5 mmol), 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (114
mg, 0.55 mmol), Pd[PPhs]s4 (29 mg, 25 umol) and K>COz (207 mg , 1.5 mmol) following the
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General Procedure Il. The title compound was isolated by flash chromatography (Hex:EA 0-
100% EA over 15 min, 18 mL/min, 12 g silica) as white solid (52 mg, 0.3 mmol, 60% yield).

LC-MS: [M+H]* 175.10

'H NMR (500 MHz, CDCls) § 7.76 (s, 1H), 7.61 (s, 1H), 7.49 — 7.44 (m, 2H), 7.36 (dd, J =
10.7, 4.8 Hz, 2H), 7.22 (t, J = 7.4 Hz, 1H), 3.95 (s, 3H).

13C NMR (126 MHz, CDCls) § 136.91, 132.77, 128.99, 127.04, 126.49, 125.65, 123.39,
39.25.

H,N
S
-0

2-(thiophen-2-yl)aniline was synthesized from 2-iodoaniline (220.0 mg, 1.0 mmol),
Pd[PPhs]s (11.6 mg, 10 umol), (2-thienyl)-boronic acid (192.0 mg, 1.5 mmol) and K.COz3 (174.0
mg, 3.0 mmol) using the mixture of dioxane (2.0 mL) and water (0.5 mL) as solvent and follow-
ing General procedure Il. The desired compound was isolated by flash chromatography
(Hex:DCM 0-100% DCM over 20 min, 18 mL/min, 12 g silica) and obtained as off-white solid
(105.0 mg, 0.6 mmol, 60 % yield).

LC-MS: [M+H]* 177.06

'H NMR (500 MHz, CDCls) § 7.35 (dd, J = 5.1, 0.6 Hz, 1H), 7.28 (dd, J = 7.6, 1.5 Hz,
1H), 7.20 (dd, J = 3.5, 0.6 Hz, 1H), 7.16 (dd, J = 7.7, 1.4 Hz, 1H), 7.12 (dd, J = 5.1, 3.8 Hz, 1H).

13C NMR (126 MHz, CDCls) & 144.19, 141.23, 131.14, 129.17, 127.68, 125.94, 125.37,

120.11, 118.69, 115.99.

HO
0]

W
31
31 2-(furan-2-yl)phenol was synthesized from 2-bromophenol (259 mg, 1.50 mmol),

Pd[PPhs]s (86 mg, 75 umol) and 2-(Tri-n-butylstannyl)furan (464 mg, 1.30 mmol) following
General procedure | to obtain the title compound as white crystalline solid (150 mg, 0.93
mmol, 62% yield).

'H NMR (500 MHz, CDCl3) § 7.51 — 7.50 (m, 1H), 7.48 (dd, J = 7.8, 1.5 Hz, 1H), 7.12 (td,
J=8.1, 1.5 Hz, 1H), 6.82 — 6.77 (m, 1H), 6.75 (dd, J = 8.1, 0.8 Hz, 1H), 6.59 — 6.57 (m, 1H),
6.51 (dd, J = 3.3, 1.8 Hz, 1H), 4.36 (s, 2H).

13C NMR (126 MHz, CDCls) § 153.6, 143.3, 141.4, 128.9, 127.80, 118.5, 116.8, 116.3,
111.5, 106.5.
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32 2-(thiophen-3-ylaniline was synthesized from 2-iodoaniline (110 mg, 0.50 mmol),
Pd[PPhs]s (17 mg, 15 umol), (3-thienyl)-boronic acid (90 mg, 0.70 mmol) and KF (87 mg, 1.5
mmol) using dioxane (2.0 mL) as solvent and following General procedure Il. The desired
compound was isolated by flash chromatography (Hex:DCM 0-100% DCM over 15 min, 18
mL/min, 12 g silica) and obtained as off-white solid (44 mg, 0.25 mmol, 50% yield).

LC-MS: [M+H]" 176.04

'H NMR (500 MHz, CDCl3) § 7.51 — 7.50 (m, 1H), 7.48 (dd, J = 7.8, 1.5 Hz, 1H), 7.12 (td,
J=8.1, 15 Hz, 1H), 6.82 - 6.77 (m, 1H), 6.75 (dd, J = 8.1, 0.8 Hz, 1H), 6.59 — 6.57 (m, 1H),
6.51 (dd, J = 3.3, 1.8 Hz, 1H), 4.36 (s, 2H).

13C NMR (126 MHz, CDCls) § 153.6, 143.3, 141.4, 128.9, 127.80, 118.5, 116.8, 116.3,

1115, 106.5.
-0

33
33 3-(thiophen-3-ylaniline was synthesized from 3-iodoaniline (110 mg, 0.50 mmol),

Pd[PPhs]s (17 mg, 15 pumol), (3-thienyl)-boronic acid (90.0 mg, 0.70 mmol) and KF (87 mg, 1.50
mmol) using dioxane (2.0 mL) as solvent and following General procedure Il. The desired
compound was isolated by flash chromatography (Hex:DCM 0-100% DCM over 15 min, 18
mL/min, 12 g silica) and obtained as off-white solid (62 mg, 0.36 mmol, 71% yield).

LC-MS: [M+H]* 176.02

'H NMR (500 MHz, DMSO-d6) & 7.65 (dd, J = 2.9, 1.3 Hz, 1H), 7.59 (dd, J = 5.0, 2.9 Hz,
1H), 7.40 (dd, J = 5.0, 1.3 Hz, 1H), 7.04 (t, J = 7.8 Hz, 1H), 6.86 (t, J = 1.9 Hz, 1H), 6.84 — 6.81
(m, 1H), 6.50 (ddd, J =7.9, 2.2, 0.8 Hz, 1H), 5.09 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 149.03, 142.34, 135.72, 129.34, 126.70, 126.13,
120.09, 113.98, 112.98, 111.51.

(@)
| / NH,
34

34 2-fluoro-4-(furan-2-yl)aniline was synthesized from 2-fluoro-4-iodoaniline (237 mg,
1.00 mmol), Pd[PPhs]s (58 mg, 50 umol), and 2-(Tri-n-butylstannyl)furan (535 mg, 1.5 mmol)
following General procedure | to obtain the title compound as slightly brown solid (124 mg,
0.7 mmol, 70% yield).
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LC-MS: [M+H]* 178.17

IH NMR (500 MHz, CDCls) & 7.40 (d, J = 1.2 Hz, 1H), 7.31 (dd, J = 12.2, 1.9 Hz, 1H),
7.26 (dd, J = 8.0, 1.7 Hz, 2H), 6.80 — 6.75 (m, 1H), 6.46 (d, J = 3.3 Hz, 1H), 6.43 (dd, J = 3.3,
1.8 Hz, 1H), 3.78 (s, 2H).

19F NMR (470 MHz, CDCl3) & -135.17 — -135.22 (m).

13C NMR (126 MHz, CDCls) & 153.61 (d, J = 2.6 Hz), 151.78 (d, J = 238.3 Hz), 141.45,
133.94 (d, J = 13.2 Hz), 122.57 (d, J = 7.3 Hz), 120.34 (d, J = 2.9 Hz), 117.06 (d, J = 3.8 Hz),
111.70, 111.25 (d, J = 20.5 Hz), 103.45.

Cl
0
| NH;
35

35 2-fluoro-4-(furan-2-ylaniline was synthesized from 4-bromo-2-chloroaniline (206
mg, 1.00 mmol), Pd[PPhz]s (15 mg, 13 umol), and 2-(Tri-n-butylstannyl)furan (536 mg, 1.5
mmol) following General procedure 1 to obtain the title compound as slightly green solid (123
mg, 0.64 mmol, 64% yield).

LC-MS: [M+H]" 194.06, 196.00

'H NMR (500 MHz, CDCl3) & 7.58 (d, J = 2.0 Hz, 1H), 7.40 (dd, J = 1.8, 0.7 Hz, 1H), 7.38
(dd, J = 8.3, 2.0 Hz, 1H), 6.77 (d, J = 8.3 Hz, 1H), 6.46 (dd, J = 3.3, 0.7 Hz, 1H), 6.43 (dd, J =
3.3,1.8 Hz, 1H), 4.17 — 4.04 (m, 2H).

NMR data is in accordance with literature.[*2

Me
0]
| / NH,
37

37 4-(furan-2-yl)-2-methylaniline was synthesized from 4-bromo-2-methylaniline (186
mg, 1.00 mmol), Pd[PPhz]s (58 mg, 50 pumol), and 2-(Tri-n-butylstannyl)furan (535 mg, 1.5
mmol) following General procedure | to obtain the title compound as green-yellow solid (64
mg, 0.37 mmol, 37% yield).

LC-MS: [M+H]* 174.12

'H NMR (500 MHz, CDCls) § 7.39 (s, 2H), 7.36 (dd, J = 8.2, 1.6 Hz, 1H), 6.68 (d, J = 8.2
Hz, 1H), 6.42 (dt, J = 3.3, 2.6 Hz, 1H), 3.67 (s, 2H).

13C NMR (126 MHz, CDCls) § 154.89, 144.25, 140.94, 126.41, 123.08, 122.50, 122.16,
115.14,111.55, 102.43, 17.58.
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39 2-ethyl-4-(furan-2-yl)aniline was synthesized from 4-bromo-2-ethylaniline (200 mg,
1.00 mmol), Pd[PPhs]s (58 mg, 50 umol), and 2-(Tri-n-butylstannyl)furan (535 mg, 1.5 mmol)
following General procedure | to obtain the title compound as beige-colored solid (161 mg,
0.86 mmol, 86% yield).

LC-MS: [M+H]* 188.12

'H NMR (500 MHz, CDCl3) & 7.40 (d, J = 2.0 Hz, 1H), 7.39 (dd, J = 1.8, 0.6 Hz, 1H), 7.36
(dd, J=8.2,2.0 Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 6.45 (d, J = 3.3 Hz, 1H), 6.42 (dd, J = 3.3, 1.8
Hz, 1H), 3.69 (s, 2H), 2.55 (q, J = 7.5 Hz, 2H), 1.29 (t, J = 7.5 Hz, 3H).

13C NMR (126 MHz, CDCls) § 155.00, 143.68, 140.94, 128.25, 124.45, 122.96, 122.33,
115.60, 111.55, 102.43, 24.25, 13.13.

COzMe
0]
| NH,

40

40 methyl 2-amino-5-(furan-2-yl)benzoate was synthesized from methyl 2-amino-5-
bromobenzoate (1.15g, 5.00 mmol), Pd[PPhs]s (140 mg, 0.25 mmol), and 2-(Tri-n-
butylstannyl)furan (2.68 g, 7.50 mmol) following General procedure | to obtain the title com-
pound as a light yellow solid (597 mg, 2.75 mmol, 55% yield).

LC-MS: [M+H]" 218.09

'H NMR (500 MHz, CDCl3)  8.18 (d, J = 2.1 Hz, 1H), 7.58 (dd, J = 8.6, 2.2 Hz, 1H), 7.41
(dd, J = 1.7, 0.6 Hz, 1H), 6.69 (d, J = 8.6 Hz, 1H), 6.47 (dd, J = 3.3, 0.6 Hz, 1H), 6.44 (dd, J =
3.3, 1.8 Hz, 1H), 5.81 (s, 2H), 3.90 (s, 3H).

13C NMR (126 MHz, CDCls) § 168.57, 153.94, 149.80, 141.20, 130.14, 126.77, 120.16,
117.18, 111.63, 110.80, 102.79, 51.82.

CONHMe
o)
| Y NH;
41
41 2-amino-5-(furan-2-yl)-N-methylbenzamide. To the aqueous solution of methylamine
(1.0 mL, 40% wt.) was added methyl 2-amino-5-(furan-2-yl)benzoate (108 mg, 0.50 mmol) and
the obtained reaction mixture was stirred at 80°C under nitrogen atmosphere for 8 hours. The
resulting reaction mixture was concentrated in vacuo to afford the title compound as yellowish

solid (95 mg, 0.44 mmol, 88% vyield), which was further used without additional purification.
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LC-MS: [M+H-CH4N]* 186.12

'H NMR (500 MHz, CDCl3) & 7.63 (d, J = 2.0 Hz, 1H), 7.49 (dd, J = 8.5, 2.0 Hz, 1H), 7.40
(dd, J = 1.5, 1.0 Hz, 1H), 6.70 (d, J = 8.5 Hz, 1H), 6.46 — 6.42 (m, 2H), 3.00 (d, J = 4.9 Hz, 3H).

NMR data is in accordance with literature.[*3]

Cl
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42 2,6-dichloro-4-(furan-2-yl)aniline was synthesized from 4-bromo-2,6-dichloroaniline
(200 mg, 1.00 mmol), Pd[PPhz]s (25 mg, 22 pmol), and 2-(Tri-n-butylstannyl)furan (428 mg,
1.20 mmol) following General procedure | to obtain the title compound as off-white solid (125
mg, 0.55 mmol, 55% yield).

LC-MS: [M+H]" 227.92, 229.95.

'H NMR (500 MHz, Acetone-d6) § 7.59 — 7.55 (m, 3H), 6.75 (d, J = 3.4 Hz, 1H), 6.51 (dd,
J=3.4,1.8 Hz, 1H), 5.31 (s, 2H).

13C NMR (126 MHz, Acetone-d6) & 152.86, 142.98, 141.30, 124.23, 122.16, 120.12,

112.77, 105.14.
0
E/)_%H
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43 5-(furan-2-yl)-indoline was synthesized from 5-bromoindoline (99 mg, 0.5 mmol),
Pd[PPhs]s (29 mg, 25 umol), and 2-(Tri-n-butylstannyl)furan (223 mg, 0.63 mmol) following
General procedure | to obtain the title compound as brownish solid (98 mg, 0.5 mmol, 99%
yield).

LC-MS: [M+H]" 186.17

'H NMR (500 MHz, CDCls) & 7.44 (s, 1H), 7.38 (s, 1H), 7.36 (dd, J = 8.1, 1.3 Hz, 1H),
6.64 (d, J = 8.1 Hz, 1H), 6.42 (d, J = 1.2 Hz, 2H), 3.60 (t, J = 8.4 Hz, 2H), 3.06 (t, J = 8.4 Hz,
2H).

13C NMR (126 MHz, CDCls) § 155.23, 151.33, 140.82, 129.87, 123.70, 122.36, 120.76,
111.54, 109.28, 102.23, 47.56, 29.78.

44
44 5-(furan-2-yl)-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine was synthesized from 5-
bromo-2,3-dihydro-1H-pyrrolo[2,3-b]pyridine (200 mg, 1.00 mmol), Pd[PPhs]s (25 mg, 22
umol), and 2-(Tri-n-butylstannyl)furan (428 mg, 1.20 mmol) following General procedure 1.
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The title compound was isolated by flash chromatography (Hex:EA 0-100% EA over 15 min, 18
mL/min, 12 g silica) as beige-colored solid (134 mg, 0.72 mmol, 72% yield).

LC-MS: [M+H]" 187.02

'H NMR (500 MHz, DMSO-d6) § 8.07 — 8.04 (m, 1H), 7.61 (d, J = 1.3 Hz, 1H), 7.53 (d, J
= 1.3 Hz, 1H), 6.63 (d, J = 3.1 Hz, 1H), 6.61 (s, 1H), 6.50 (dd, J = 3.3, 1.8 Hz, 1H), 3.53 — 3.47
(m, 2H), 3.00 (t, J = 8.5 Hz, 2H).

13C NMR (126 MHz, DMSO-d6) & 164.31, 152.48, 141.52, 141.41, 126.66, 122.48,
115.92, 111.73, 102.65, 43.50, 26.76.

0
| NH

45 o

45 5-(furan-2-yl)-indolin-2-one was synthesized from 5-bromo-indolin-2-one (106 mg,
0.50 mmol), Pd[PPhsz]s (29 mg, 25 umol), and 2-(Tri-n-butylstannyl)furan (223 mg, 0.63 mmol)
following General procedure I. The title compound was isolated by flash chromatography
(Hex:EA 0-100% EA over 17 min, 18 mL/min, 12 g silica) as white crystalline solid (99 mg,
0.49 mmol, 98% yield).

LC-MS: [M+H]" 200.24

'H NMR (500 MHz, DMSO-d6) & 10.47 (s, 1H), 7.68 — 7.66 (m, 1H), 7.55 (s, 1H), 7.52 (d,
J=8.1Hz, 1H), 6.85 (d, J = 8.1 Hz, 1H), 6.77 (d, J = 3.3 Hz, 1H), 6.54 (dd, J = 3.2, 1.8 Hz, 1H),
3.52 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 176.30, 153.47, 143.18, 142.03, 126.59, 124.03,
122.98, 119.93, 111.95, 109.32, 103.90, 35.75.

Me
0]
| NH,
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46 4-(furan-2-yl)-3-methylaniline was synthesized from 4-bromo-3-methylaniline (372
mg, 2.00 mmol), Pd[PPhz]4 (70 mg, 60.0 umol), and 2-(Tri-n-butylstannyl)-furan (1.07 g, 3.00
mmol) following General procedure | to obtain the title compound as a colorless solid (277 mg,
1.60 mmol, 80% vyield).

LC-MS: [M+H]* 174.12

'H NMR (500 MHz, CDCl3) § 7.47 (d, J = 8.0 Hz, 1H), 7.44 (dd, J = 1.7, 0.6 Hz, 1H), 6.59
—6.55 (m, 2H), 6.46 (dd, J = 3.3, 1.8 Hz, 1H), 6.37 — 6.35 (m, 1H), 3.69 (s, 2H), 2.40 (s, 3H).

13C NMR (126 MHz, CDCl3) & 154.28, 145.94, 140.84, 136.30, 128.74, 121.48, 117.42,
112.85,111.21, 106.51, 21.89.

NMR data is in accordance with literature.[*4
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47 6-(furan-2-yl)pyridin-3-amine was synthesized from 6-bromopyridin-3-amine (173
mg, 1.00 mmol), Pd[PPhs]s (50 mg, 50 umol), and 2-(Tri-n-butylstannyl)-furan (464 mg, 1.30
mmol) following General procedure | to obtain the title compound as a off-white solid (133
mg, 0.83 mmol, 83% yield).

LC-MS: [M+H]* 161.10

'H NMR (500 MHz, DMSO0-d6) & 7.93 (d, J = 2.3 Hz, 1H), 7.64 (dd, J = 1.7, 0.7 Hz, 1H),
7.40 (d, J = 8.5 Hz, 1H), 6.95 (dd, J = 8.5, 2.7 Hz, 1H), 6.71 (dd, J = 3.3, 0.7 Hz, 1H), 6.53 (dd, J
=3.3, 1.8 Hz, 1H), 5.51 (s, 2H).

NMR data is in accordance with literature.[*5]

NG NG NC
a) b)
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Scheme 8. Synthesis of compound 48

Step a): 5-amino-2-bromobenzonitrile. To the stirred solution of 3-aminobenzonitrile
(550 mg, 4.65 mmol) in DMF (6.0 mL) was added dropwise the solution of N-bromosuccinimide
(828 mg, 4.88 mmol) in DMF (6.0 mL) over 30 min. at room temperature, after which the reac-
tion mixture was stirred at room temperature overnight. The reaction mixture was diluted with
water (200 mL), extracted with ethyl acetate (3x50 mL) and concentrated in vacuo. The resulting
residue was re-dissolved in DCM (40 mL), the precipitate was filtered off, mother liquor was
concentrated and purified by flash chromatography (Hex:EA 0-100% EA over 15 min, 18
mL/min, 12 g silica) to yield the desired compound as off-white solid (395 mg, 2.00 mmol, 43%
yield).

LC-MS: [M+H] 196.98, 198.98

'H NMR (500 MHz, DMSO-d6) & 7.40 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 2.8 Hz, 1H), 6.79
(dd, J=8.8, 2.8 Hz, 1H), 5.78 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 179.88, 149.25, 133.80, 120.51, 118.61, 118.21,
114.54,107.91, 29.99.

Step b): 48 5-amino-2-(furan-2-yl)benzonitrile was synthesized from 5-amino-2-
bromobenzonitrile (196 mg, 1.00 mmol), Pd[PPh3]s (57 mg, 49 upmol), and 2-(Tri-n-
butylstannyl)-furan (500 mg, 1.40 mmol) following General procedure I and using flash chro-
matography (Hex:EA 0-100% EA over 15 min, 18 mL/min, 12 g silica) to obtain the title com-
pound as a brownish solid (74 mg, 0.40 mmol, 40% yield).

LC-MS: 185.07
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'H NMR (500 MHz, DMSO-d6) § 7.74 (d, J = 1.4 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 6.95
—6.89 (m, 2H), 6.85 (d, J = 3.4 Hz, 1H), 6.60 (dd, J = 3.3, 1.8 Hz, 1H), 5.83 (s, 2H).
13C NMR (126 MHz, DMSO-d6) § 150.57, 148.62, 142.43, 127.61, 119.98, 119.11,
118.66, 117.22, 111.95, 106.86, 106.21.
Me F Me F Me F
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Scheme 9. Synthesis of compound 49

Step a): 4-bromo-2-fluoro-3-methylaniline. To the stirred solution of 2-fluoro-3-
methylaniline (458 mg, 3.66 mmol) in DMF (5.0 mL) was added dropwise the solution of N-
bromosuccinimide (684 mg, 3.84 mmol) in DMF (10.0 mL) over 30 min. upon cooling the reac-
tion mixture to 0°C, after which the reaction mixture was stirred at room temperature for 2 hours.
The reaction mixture was diluted with water (250 mL), extracted with ethyl acetate (2x100 mL)
and concentrated in vacuo. The resulting residue was concentrated and purified by flash chroma-
tography (Hex:DCM 0-100% DCM over 18 min, 22 mL/min, 24g silica) to yield the desired
compound as off-white solid (395 mg, 1.94 mmol, 53% yield).

LC-MS: [M+H]* 204.09, 206.08.

'H NMR (500 MHz, DMSO-d6) § 7.05 (dd, J = 8.6, 1.0 Hz, 1H), 6.56 (t, J = 9.0 Hz, 1H),
5.23 (s, 2H), 2.19 (d, J = 2.6 Hz, 3H).

1F NMR (470 MHz, DMSO-d6) § -133.10, -133.12.

13C NMR (126 MHz, DMSO-d6) § 148.92 (d, J = 239.0 Hz), 136.02 (d, J = 13.9 Hz),
127.21 (d, J = 3.6 Hz), 123.77 (d, J = 16.4 Hz), 114.60 (d, J = 5.3 Hz), 108.58 (d, J = 4.3 Hz),
14.46 (d, J = 4.7 Hz).

Step b): 49 2-fluoro-4-(furan-2-yl)-3-methylaniline was synthesized from 4-bromo-2-
fluoro-3-methylaniline (100.0 mg, 0.49 mmol), Pd[PPhs]s (29.0 mg, 25 umol), and 2-(Tri-n-
butylstannyl)-furan (219.0 mg, 0.6 mmol) following General procedure | which afforded the
title compound as colorless solid (80.0 mg, 0.42 mmol, 85% yield).

LC-MS: [M+H]" 192.18.

'H NMR (500 MHz, Acetone-d6) § 7.56 (d, J = 1.7 Hz, 1H), 7.18 (dd, J = 8.4, 1.0 Hz, 1H),
6.74 (dd, J = 11.0, 6.5 Hz, 1H), 6.50 (dd, J = 3.3, 1.9 Hz, 1H), 6.43 (d, J = 3.3 Hz, 1H), 4.79 (s,
2H), 2.31 (d, J = 2.5 Hz, 3H).

1F NMR (470 MHz, Acetone-d6) & -140.49 (d, J = 9.2 Hz).

13C NMR (126 MHz, Acetone-d6) & 154.36 (d, J = 3.6 Hz), 150.56 (d, J = 233.3 Hz),
142.06, 136.63 (d, J = 14.6 Hz), 124.11 (d, J = 3.6 Hz), 122.53 (d, J = 15.3 Hz), 121.20 (d, J =
3.6 Hz), 114.40 (d, J = 4.9 Hz), 112.05, 107.53, 12.37 (d, J = 7.3 Hz).
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Scheme 10. Synthesis of compound 50

Step a): 4-bromo-2-fluoro-5-methylaniline. To the stirred solution of 2-fluoro-5-
methylaniline (500 mg, 4.00 mmol) in DMF (4.0 mL) was added dropwise the solution of N-
bromosuccinimide (712 mg, 4.00 mmol) in DMF (8.0 mL) over 15 min. at room temperature and
vigorous stirring, after which the reaction mixture was stirred at room temperature for 4 hours.
The reaction mixture was diluted with water (250 mL), extracted with ethyl acetate (3x50 mL)
and concentrated in vacuo. The resulting residue was concentrated and used in further steps
without additional purification. Snow-white solid (720 mg, 3.50 mmol, 88% vyield).

LC-MS: [M+H]" 204.09, 206.09.

'H NMR (500 MHz, DMSO-d6) § 7.27 (dd, J = 8.4, 2.9 Hz, 1H), 6.96 (td, J = 8.6, 2.9 Hz,
1H), 6.79 (dd, J = 8.9, 5.4 Hz, 1H), 5.16 (s, 2H).

1F NMR (470 MHz, DMSO-d6) § -127.82 — -127.93 (m).

13C NMR (126 MHz, DMSO-d6) § 153.89 (d, J = 234.9 Hz), 129.37, 128.68, 118.91 (d, J
= 25.0 Hz), 116.02 (d, J = 8.0 Hz), 115.68 (d, J = 22.0 Hz), 21.51.

Step b): 50 2-fluoro-4-(furan-2-yl)-5-methylaniline was synthesized from 4-bromo-2-
fluoro-5-methylaniline (102 mg, 0.5 mmol), Pd[PPhs]s4 (29 mg, 25 pmol), and 2-(Tri-n-
butylstannyl)-furan (219 mg, 0.6 mmol) following General procedure | which afforded the title
compound as white solid (63 mg, 0.33 mmol, 66% yield).

LC-MS: [M+H]" 192.16.

'H NMR (500 MHz, DMSO-d6) § 7.65 (d, J = 1.7 Hz, 1H), 7.21 (d, J = 12.8 Hz, 1H), 6.64
(d, J=9.3 Hz, 1H), 6.53 (dd, J = 3.3, 1.8 Hz, 1H), 6.48 (d, J = 3.3 Hz, 1H), 5.28 (s, 2H), 2.28 (s,
3H).

1F NMR (470 MHz, DMSO-d6) & -138.89 — -138.98 (m).

13C NMR (126 MHz, DMSO-d6) & 152.54 (d, J = 2.0 Hz), 148.79 (d, J = 234.8 Hz),
141.29, 135.71 (d, J = 12.9 Hz), 130.31 (d, J = 2.6 Hz), 118.23 (d, J = 4.7 Hz), 117.66 (d, J = 6.5
Hz), 112.83 (d, J = 19.7 Hz), 111.61, 106.60, 20.95.

F F F F R F
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51
Scheme 11. Synthesis of compound 51

Step a): 4-bromo-2,3-difluoroaniline. To the stirred solution of 2,3-difluoroaniline (516
mg, 4.00 mmol) in DMF (10.0 mL) was added N-bromosuccinimide (748 mg, 4.20 mmol) in a
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portionwise manner over 15 min. at 0°C and vigorous stirring, after which the reaction mixture
was stirred at room temperature for 2 hours. The reaction mixture was diluted with water (250
mL), extracted with ethyl acetate (3x50 mL) and concentrated in vacuo. The resulting residue
was concentrated and used in further steps without additional purification. White solid (700 mg,
3.41 mmol, 84% yield).

LC-MS: [M+H]* 208.09, 210.08

'H NMR (500 MHz, DMSO-d6) & 7.11 (ddd, J = 9.2, 7.4, 2.1 Hz, 1H), 6.55 (td, J = 8.8,
1.9 Hz, 1H), 5.70 (s, 2H).

1F NMR (470 MHz, DMSO0-d6) § -133.93 (dd, J = 21.1, 7.1 Hz), -157.20 (dd, J = 21.0,
8.6 Hz).

13C NMR (126 MHz, DMSO-d6) & 147.58 (d, J = 241.4 Hz), 147.49 (d, J = 241.3 Hz),
139.88 (d, J = 15.3 Hz), 137.96 (d, J = 15.0 Hz), 127.02 (d, J = 3.5 Hz), 112.25 - 112.12 (m).

Step b): 51 2,3-difluoro-4-(furan-2-yl)aniline was synthesized from 4-bromo-2,3-
difluoroaniline (100 mg, 0.48 mmol), Pd[PPhs]s (28 mg, 24 umol), and 2-(Tri-n-butylstannyl)-
furan (215 mg, 0.6 mmol) following General procedure | which afforded the title compound as
colorless solid (78 mg, 0.4 mmol, 83% vyield).

LC-MS: [M+H]* 196.14

'H NMR (500 MHz, Acetone-d6) & 7.58 (d, J = 1.4 Hz, 1H), 7.31 (td, J = 8.7, 2.0 Hz, 1H),
6.72 (td, J = 8.5, 1.7 Hz, 1H), 6.61 (t, J = 3.4 Hz, 1H), 6.54 (dd, J = 3.3, 1.8 Hz, 1H), 5.18 (5,
2H).

1F NMR (470 MHz, Acetone) & -143.40 (dd, J = 17.9, 7.0 Hz), -163.61 (dd, J = 17.6, 8.0
Hz).

13C NMR (126 MHz, Acetone-d6) & 149.03 — 148.95 (m), 148.52 (dd, J = 247.6, 12.1 Hz),
142.40, 140.60 (dd, J = 237.4, 14.4 Hz), 138.52 (dd, J = 9.9, 2.4 Hz), 121.37 (t, J = 4.1 Hz),
112.66, 112.41 (t, J = 3.3 Hz), 109.65 (d, J = 9.9 Hz), 107.80 (d, J = 9.7 Hz).

F
0]
| NH,

52 F
52 2,5-difluoro-4-(furan-2-yl)aniline was synthesized from 4-bromo-2,5-difluoroaniline
(104 mg, 0.50 mmol), Pd[PPhz]4 (29 mg, 25 umol), and 2-(Tri-n-butylstannyl)-furan (200 mg,
0.56 mmol) following General procedure | which afforded the title compound as colorless solid
(76 mg, 0.4 mmol, 78% yield)
LC-MS: [M+H]" 196.14
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'H NMR (500 MHz, DMSO-d6) § 7.68 (s, 1H), 7.31 (dd, J = 12.0, 6.9 Hz, 1H), 6.61 (dd, J
=12.8, 7.5 Hz, 1H), 6.58 — 6.55 (m, 2H), 5.70 (s, 2H).
1F NMR (470 MHz, DMSO-d6) § -119.59 (td, J = 14.0, 7.3 Hz), -139.71 — -139.80 (m).
13C NMR (126 MHz, DMSO-d6) & 154.62 (d, J = 241.7 Hz), 147.53 — 147.43 (m), 146.75
(d, J = 233.4 Hz), 141.64, 137.41 (dd, J = 15.4, 12.3 Hz), 111.99, 111.36 (dd, J = 22.8, 5.7 Hz),
106.92 (d, J = 9.6 Hz), 105.15 (dd, J = 15.4, 7.2 Hz), 102.48 (dd, J = 27.2, 5.2 Hz).
Me

53

53 3-methyl-[1,1'-biphenyl]-4-amine was synthesized from 4-bromo-2-methylaniline
(112 mg, 0.60 mmol), phenylboronic acid (95 mg, 0.78 mmol), Pd[PPhz]s (21 mg, 18 umol) and
K2COs (249 mg, 1.8 mmol), using the mixture of dioxane (3.0 mL) and water (1.0 mL) as sol-
vent and following the General Procedure Il. The desired compound was isolated by flash
chromatography (Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) as colorless
solid (72 mg, 0.4 mmol, 66% yield).

LC-MS: [M+H]* 184.18

'H NMR (500 MHz, CDCl3) & 7.56 — 7.51 (m, 2H), 7.42 — 7.35 (m, J = 10.7, 4.7 Hz, 2H),
7.33-7.26 (m, 2H), 7.25 (s, 2H), 6.75 (dd, J = 8.0, 3.2 Hz, 1H), 3.67 (s, 2H), 2.24 (s, J = 2.8 Hz,
3H).

NMR and MS data is in accordance with literature.[6

54
54 2-methyl-4-(thiophen-3-yl)aniline was synthesized from 4-bromo-2-methylaniline (93

mg, 0.5 mmol), (3-thienyl)-boronic acid (96 mg, 0.75 mmol), Pd[PPhs]s (12 mg, 10 pmol) and
KF (87 mg, 1.5 mmol), using dioxane (1.5 mL) as solvent and following the General Procedure
I1. The desired compound was isolated by flash chromatography (Hex:DCM 0-100% DCM over
15 min, 18 mL/min, 12 g silica) as colorless solid (52 mg, 0.3 mmol, 55% yield).

'H NMR (500 MHz, CDCls) & 7.35 — 7.31 (m, 3H), 7.31 — 7.28 (m, 2H), 6.74 (d, J = 8.1
Hz, 1H), 4.01 (s, 2H), 2.23 (s, 3H).

13C NMR (126 MHz, CDCls) § 142.66, 132.97, 129.70, 128.82, 126.35, 125.91, 125.26,

118.15, 115.46, 17.68.

55
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55 2-chloro-4-(thiophen-3-yl)aniline was synthesized from 4-bromo-2-chloroaniline (310
mg, 1.50 mmol), (3-thienyl)-boronic acid (288 mg, 2.30 mmol), Pd[PPhz]4 (35 mg, 30 umol) and
KF (262 mg, 4.50 mmol), using dioxane (5.0 mL) as solvent and following the General Proce-
dure Il. The desired compound was isolated by flash chromatography (Hex:EA 0-100% EA
over 15 min, 18 mL/min, 12 g silica) as white solid (235 mg, 1.13 mmol, 75% yield).

LC-MS: [M+H]" 210.00, 212.00.

'H NMR (500 MHz, CDCl3) & 7.42 (d, J = 2.0 Hz, 1H), 7.27 (dd, J = 4.8, 3.1 Hz, 1H), 7.24
—7.20 (m, 3H), 6.70 (d, J = 8.3 Hz, 1H), 3.99 (s, 2H).

13C NMR (126 MHz, CDCls) § 142.05, 141.31, 127.58, 127.43, 126.30, 126.07, 125.93,

119.68, 118.85, 116.16.
N

N D—NH,
= =N

56

56 5-(thiophen-3-yl)pyrimidin-2-amine was synthesized from 5-bromopyrimidin-2-
amine (174 mg, 1.00 mmol), (3-thienyl)-boronic acid (180 mg, 1.40 mmol), Pd[PPhz]s4 (34 mg,
30 umol) and KF (174 mg, 3.00 mmol), using dioxane (3.0 mL) as solvent and following the
General Procedure I1. The desired compound was isolated by flash chromatography (Hex:EA
0-100% EA over 15 min, 18 mL/min, 12 g silica) as white solid (101 mg, 0.57 mmol, 57%
yield).

LC-MS: [M+H]" 178.06

'H NMR (500 MHz, DMSO-d6) & 8.62 (s, 2H), 7.77 (dd, J = 2.9, 1.3 Hz, 1H), 7.63 (dd, J
=5.0, 2.9 Hz, 1H), 7.52 (dd, J = 5.0, 1.3 Hz, 1H), 6.72 (s, 2H).

NMR data is in accordance with literature.[”}

O
o)
57

57 N-(4-(furan-2-yl)phenyl)benzamide. To a solution containing 4-(furan-2-yl)-aniline
(80 mg, 0.5 mmol), pyridine (43 mg, 0.55 mmol) and catalytic amounts of DMAP in DCM (4.0
mL) was added benzoyl chloride (77 mg, 0.55 mmol) upon cooling with ice bath and vigorous
stirring. The resulting mixture was stirred at room temperature overnight, quenched by adding
aqueous solution of NaHCO3 (1 mL), diluted with water (20 mL) and extracted with EtOAc
(3x20 mL). The combined organic fractions were washed with brine, dried over anhydrous sodi-
um sulfate and concentrated in vacuo. The residue was subjected to purification by flash column
chromatography (Hex:EA 0-100% EA over 15 min, 18 L/min, 12 g silica) which afforded the
desired product as white crystals (75 mg, 0.28 mmol, 57%).
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LC-MS: [M+H]* 264.00

IH NMR (500 MHz, DMSO-d6) § 10.34 (s, 1H), 7.96 (dd, J = 5.2, 3.3 Hz, 2H), 7.87 — 7.85
(m, 2H), 7.72 (dd, J = 1.7, 0.5 Hz, 1H), 7.71 — 7.67 (m, 2H), 7.63 — 7.57 (m, 1H), 7.56 — 7.51 (m,
2H), 6.87 (dd, J = 3.3, 0.5 Hz, 1H), 6.58 (dd, J = 3.3, 1.8 Hz, 1H).

13C NMR (126 MHz, DMSO-d6) & 165.56, 153.04, 142.47, 138.52, 134.90, 131.61,
128.40, 127.67, 125.84, 123.82, 120.50, 112.04, 104.94.

o iy B
58
58 N-(4-(furan-2-yl)phenyl)benzenesulfonamide. To a solution containing 4-(furan-2-
yl)-aniline (80 mg, 0.5 mmol) and pyridine (120 mg, 1.50 mmol) in DCM (4.0 mL) was added
benzenesulfonyl chloride (115 mg, 0.65 mmol) upon cooling with ice bath and vigorous stirring.
The resulting reaction mixture was stirred at room temperature for 6 hours, then diluted with
saturated aqueous NaHCOs, extracted with ethyl acetate (3x20 mL), the combined organic frac-
tions were washed with brine, dried over anhydrous MgSQas, concentrated in vacuo. The desired
product was isolated by flash chromatography (DCM:EA 0-100% EA over 14 min, 18 mL/min,
12 g silica) as white solid (86 mg, 0.29 mmol, 58% yield).
LC-MS: [M+H]* 299.87
'H NMR (500 MHz, CDCls) & 7.77 (dt, J = 8.6, 1.6 Hz, 2H), 7.56 — 7.51 (m, 3H), 7.44 —
7.42 (m, 2H), 7.10 — 7.06 (m, 2H), 6.59 (dd, J = 6.2, 5.7 Hz, 2H), 6.45 (dd, J = 3.4, 1.8 Hz, 1H).
13C NMR (126 MHz, CDCls) § 153.22, 142.33, 139.05, 135.31, 133.26, 129.22, 128.63,
127.36, 124.89, 122.42,111.88, 105.22.
o)
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59 4-((4-(furan-2-yl)phenyl)amino)-4-oxobutanoic acid. To a solution containing 4-
(furan-2-yl)-aniline (63 mg, 0.4 mmol) and triethylamine (120 mg, 1.20 mmol) in chloroform
(1.0 mL) was added succinic anhydride (40 mg, 0.4 mmol) at room temperature. The resulting
reaction mixture was stirred for 8 hours, then diluted with 1M aqueous HCI (500 pL) extracted
with ethyl acetate (3x10 mL), the combined organic fractions were dried over anhydrous MgSOQOa,
concentrated in vacuo and subjected to reversed-phase flash chromatography (H.O-MeCN 10-
100% MeCN over 12 min, 13 mL/min, 14 g C18), which afforded the desired acylated product
as white solid after lyophilization (94 mg, 0.26 mmol, 65% yield).

LC-MS: [M+H]* 259.96
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IH NMR (500 MHz, MeOD) & 7.64 — 7.61 (m, 2H), 7.60 — 7.57 (m, 2H), 7.52 (d, J = 1.3
Hz, 1H), 6.68 (d, J = 3.2 Hz, 1H), 6.49 (dd, J = 3.4, 1.8 Hz, 1H).

13C NMR (126 MHz, MeOD) 5 176.33, 172.83, 155.10, 143.07, 139.20, 128.18, 125.15,
121.20, 112.67, 105.32, 32.37, 29.99.

60 1-(4-(furan-2-yl)phenyl)piperazine was synthesized from 1-(4-bromophenyl)-
piperazine (964 mg, 4.00 mmol), Pd[PPhs]s (230 mg, 0.20 mmol), and 2-(Tri-n-butylstannyl)-
furan (1.86 g, 5.20 mmol) following General procedure 1. The desired compound was isolated
by flash chromatography (DCM:MeOH 0-10% DCM over 19 min, 25 mL/min, 24 g silica).
Slightly yellow solid (550 mg, 2.40 mmol, 60% yield).

LC-MS: [M+H]" 229.22

'H NMR (500 MHz, DMSO-d6) & 7.63 (d, J = 1.6 Hz, 1H), 7.53 (d, J = 8.8 Hz, 2H), 6.96
(d, J =8.9 Hz, 2H), 6.70 (d, J = 3.3 Hz, 1H), 6.52 (dd, J = 3.3, 1.8 Hz, 1H), 3.15 — 3.10 (m, 4H),
2.91 - 2.86 (m, 4H).

13C NMR (126 MHz, DMSO-d6) § 153.59, 150.59, 141.62, 124.42, 121.17, 115.20,

111.84,103.21, 48.38, 45.13.
O
_/
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61 1-(4-(4-(furan-2-yl)phenyl)piperazin-1-yl)ethan-1-one was synthesized by acylation
of 1-(4-bromophenyl)-piperazine (10 mg, 44 umol) with Ac20 (6.0 mg, 59 umol) in the presence
of DiPEA (11 mg, 85 umol) and using DCM (1.5 mL) as a solvent. The solvent was evaporated
in vacuo and the residue was purified by flash chromatography (DCM:EA 0-100% EA, over 15
min, 12 mL/min, 4 g silica) that delivered the desired compound as white solid (10 mg, 37 pmol,
84% yield).

LC-MS: [M+H]" 271.19

'H NMR (500 MHz, DMSO-d6) & 7.71 (d, J = 1.7 Hz, 1H), 7.62 (d, J = 8.8 Hz, 2H), 7.06
(d, J=8.9 Hz, 2H), 6.78 (d, J = 3.3 Hz, 1H), 6.59 (dd, J = 3.3, 1.8 Hz, 1H), 3.67 — 3.61 (m, 4H),
3.30-3.25 (m, 2H), 3.23 - 3.19 (m, 2H), 2.11 (s, J = 2.9 Hz, 3H).

13C NMR (126 MHz, DMSO-d6) § 168.75, 153.95, 150.41, 142.19, 124.93, 122.07,
116.12, 112.33, 103.89, 48.65, 48.27, 45.81, 41.02, 21.68.
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Scheme 12. Synthe5|s of compounds 62 and 63

Step a): Ethyl (2-(4-iodophenyl)acetyl)glycinate. To the stirred solution of 2-(4-
iodophenyl)acetic acid (1.05 g, 4.00 mmol), 7-aza-HOBt (599 mg, 4.40 mmol) and TEA (2.02 g,
20.0 mmol) in anhydrous DMF (20.0 mL) was added EDC'HCI (1.15 g, 6.00 mmol) in portions
upon cooling over 10 min. The resulting solution was stirred for 15 min, after which glycine
ethyl ester hydrochloride (614 mg, 4.41 mmol) was added to it in a portionwise manner. The
resulting solution was stirred for 1 hour at room temperature, then at 50°C for another hour, after
which it was diluted with water (300 mL), extracted with EtOAc (3x50 mL), the combined or-
ganic fractions were washed with water, brine, dried over anhydrous Na>SO4 and concentrated in
vacuo. The desired product was isolated using flash chromatography (DCM:MeOH 0-10% over
22 min, 24 mL/min, 24 g silica) as white solid (1.00 g, 2.88 mmol, 72% yield).

LC-MS: [M+H]" 348.01

'H NMR (500 MHz, DMSO-d6) & 8.49 (t, J = 5.8 Hz, 1H), 7.68 — 7.62 (m, 2H), 7.10 —
7.06 (m, 2H), 4.07 (q, J = 7.1 Hz, 2H), 3.82 (d, J = 5.9 Hz, 2H), 3.44 (s, 2H), 1.16 (t, J = 7.1 Hz,
3H).

13C NMR (126 MHz, DMSO-d6) & 170.26, 169.81, 136.92, 135.90, 131.49, 92.25, 60.40,
41.27, 40.80, 14.04.

Step b): 11 Ethyl (2-(4-(furan-2-yl)phenyl)acetyl)glycinate was synthesized from ethyl
(2-(4-iodophenyl)acetyl)glycinate (729 mg, 2.10 mmol), Pd[PPhs]s (73 mg, 63 pumol) and 2-(Tri-
n-butylstannyl)-furan (975 mg, 2.73 mmol) following General procedure I, which afforded the
title compound after separation by flash chromatography (Hex:EA 0-100% over 25 min, 24
mL/min, 24 g silica) as colorless solid (504 mg, 1.75 mmol, 83% yield).

'H NMR (500 MHz, DMSO-d6) & 8.50 (t, J = 5.8 Hz, 1H), 7.72 (d, J = 1.4 Hz, 1H), 7.65 —
7.61 (m, 2H), 7.32 (d, J = 8.3 Hz, 2H), 6.90 (d, J = 3.3 Hz, 1H), 6.58 (dd, J = 3.4, 1.8 Hz, 1H),
4.08 (q, J =7.1 Hz, 2H), 3.84 (d, J =5.9 Hz, 2H), 3.50 (s, 2H), 1.17 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, DMSO-d6) & 170.53, 169.87, 153.03, 142.71, 135.36, 129.55,

128.65, 123.31, 112.02, 105.47, 60.40, 41.62, 40.83, 14.05.
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Step ¢): 62 (2-(4-(furan-2-yl)phenyl)acetyl)glycine was synthesized by saponification of
ethyl (2-(4-(furan-2-yl)phenyl)acetyl)glycinate (400 mg, 1.40 mmol) with NaOH (112 mg, 22.8
mmol) using the mixture of THF (6.0 mL) and water (6.0 mL) as solvent. After full consumption
of the starting material and adjustment of pH of the reaction mixture to 7 it was extracted with
EtOAc (3x15 mL), the combined organic fractions were washed with brine, dried over anhy-
drous Na>SO4 and concentrated in vacuo to give the desired product as fluffy white solid (300
mg, 1.15 mmol, 82% yield).

'H NMR (500 MHz, DMSO-d6) & 12.54 (s, 1H), 8.39 (t, J = 5.7 Hz, 1H), 7.72 (d, J = 1.4
Hz, 1H), 7.62 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 6.90 (d, J = 3.3 Hz, 1H), 6.58 (dd, J
= 3.3, 1.8 Hz, 1H), 3.77 (d, J = 5.9 Hz, 2H), 3.50 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 171.31, 170.37, 153.05, 142.71, 135.46, 129.60,
128.63, 123.31, 112.04, 105.47, 41.67, 40.77.

Step d): 63 2-(2-(4-(furan-2-yl)phenyl)acetamido)-N-methyl-N-(m-tolyl)acetamide. To
the stirred solution of 62 (60 mg, 0.23 mmol) and DIPEA (89 mg, 0.7 mmol) in anhydrous DMF
(1.0 mL) was added HBTU (104 mg, 0.28 mmol) at 0°C. The resulting solution was stirred for
20 min at room temperature, after which N,3-dimethylaniline (27 mg, 0.22 mmol) was added
thereto. The reaction mixture was stirred for 3 hour at room temperature, then after which it was
diluted with water (20 mL), extracted with EtOAc (3x10 mL), the combined organic fractions
were washed with water, brine, dried over anhydrous Na>SOs and concentrated in vacuo. The
desired product was isolated using flash chromatography (DCM:MeOH 0-10% over 14 min, 19
mL/min, 12 g silica) as white solid (54 g, 0.15 mmol, 67% yield).

'H NMR (500 MHz, CDCls) & 7.65 (d, J = 8.1 Hz, 2H), 7.46 (s, 1H), 7.34 — 7.24 (m, 3H),
7.17 (d, J = 7.4 Hz, 1H), 6.94 (d, J = 7.6 Hz, 2H), 6.63 (d, J = 3.2 Hz, 1H), 6.51 (s, 1H), 6.46
(dd, J=3.1, 1.7 Hz, 1H), 3.71 (d, J = 4.1 Hz, 2H), 3.57 (s, 2H), 3.23 (s, 3H), 2.35 (s, 3H).

13C NMR (126 MHz, CDCls) § 170.72, 168.19, 153.75, 142.18, 141.62, 140.53, 133.75,
130.12, 130.09, 129.81, 129.66, 127.78, 124.43, 124.16, 111.77, 105.19, 43.43, 42.33, 38.73,
37.60.

64 4-fluoro-2-(furan-2-yl)aniline was synthesized from 2-bromo-4-fluoroaniline (115 mg,
0.6 mmol), Pd[PPhsz]s (21 mg, 18 pumol) and 2-(Tri-n-butylstannyl)-furan (257 mg, 0.72 mmol)
following General procedure | to obtain the title compound as beige solid (95 mg, 0.54 mmol,
90% yield).
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LC-MS: [M+H]* 178.14

IH NMR (500 MHz, DMSO-d6) & 7.74 (d, J = 1.7 Hz, 1H), 7.22 (dd, J = 10.3, 3.0 Hz,
1H), 6.89 (td, J = 8.5, 3.0 Hz, 1H), 6.84 (d, J = 3.4 Hz, 1H), 6.80 (dd, J = 8.9, 5.2 Hz, 1H), 6.61
(dd, J = 3.4, 1.8 Hz, 1H), 5.19 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 154.38 (d, J = 231.3 Hz), 151.13 (d, J = 2.0 Hz),
141.99, 140.87 (d, J = 1.3 Hz), 117.66 (d, J = 7.9 Hz), 115.11 (d, J = 7.6 Hz), 115.07 (d, J = 22.2
Hz), 111.95, 111.76, 107.49.

HoN HoN H2N
a) b) °
Cl Cl 65 CI

Scheme 13. Synthesis of compound 65
Step a): 4-chloro-2-iodoaniline. 4-chloroaniline (500 mg, 3.92 mmol) was suspended in

the mixture of toluene (0.3 mL) and water (10.3 mL), after which iodine (784 mg, 3.09 mmol)
and NaHCO3 (519 mg, 6.17 mmol) were added simultaneously and in a portionwise manner over
the period of 30 minutes. The resulting mixture was stirred at room temperature for 3 hours and
poured into ice-cold water (150 mL). The yellowish precipitate was filtered off and used in the
next step without additional purification (890 mg, 3.53 mmol, 90% vyield).

'H NMR (500 MHz, CDCl3) 6 7.60 (d, J = 2.3 Hz, 1H), 7.10 (dd, J = 8.6, 2.4 Hz, 1H), 6.66
(d, J =8.6 Hz, 1H), 4.09 (s, 2H).

13C NMR (126 MHz, CDCls) § 145.67, 137.92, 129.39, 123.30, 115.12, 83.59.

Step b): 65 4-chloro-2-(furan-2-yl)aniline was synthesized using 4-chloro-2-iodoaniline
(295 mg, 1.00 mmol), Pd[PPhsz]s (58 mg, 50 pumol), and 2-(Tri-n-butylstannyl)furan (467 mg,
1.30 mmol) following General procedure | to obtain the title compound as slightly brown solid
(120 mg, 0.62 mmol, 62% yield).

LC-MS: [M+H]* 194.16, 196.14.

'H NMR (500 MHz, CDCl3) § 7.52 — 7.49 (m, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.04 (dd, J =
8.6, 2.5 Hz, 1H), 6.67 (d, J = 8.6 Hz, 1H), 6.60 (d, J = 3.4 Hz, 1H), 6.51 (dd, J = 3.4, 1.8 Hz,
1H), 4.35 (s, 2H).

13C NMR (126 MHz, CDCl3) & 152.26, 141.86, 128.57, 127.11, 123.19, 118.04, 117.46,
111.63, 107.33.

H,N
o
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66 Me

66 2-(furan-2-yl)-4-methylaniline was synthesized using 2-iodo-4-methylaniline (250 mg,

1.07 mmol), Pd[PPhs]s (56 mg, 50 umol), and 2-(Tri-n-butylstannyl)furan (500 mg, 1.40 mmol)
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following General procedure | to obtain the title compound as brownish solid (132 mg, 0.76
mmol, 71% yield).

LC-MS: [M+H]* 174.12

'H NMR (500 MHz, CDCls) & 7.49 (dd, J = 1.8, 0.7 Hz, 1H), 7.29 (d, J = 1.4 Hz, 1H), 6.93
(dd, J = 8.1, 1.6 Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.57 (dd, J = 3.3, 0.6 Hz, 1H), 6.50 (dd, J =
3.3, 1.8 Hz, 1H), 4.21 (s, 2H), 2.27 (s, 3H).

NMR data is in accordance with literature. 8!

H,N
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67 2-(furan-2-yl)-4-methoxyaniline was synthesized from 2-iodo-4-methoxyaniline (125
mg, 0.50 mmol), Pd[PPhs]s (18 mg, 15 umol), and 2-(Tri-n-butylstannyl)furan (214 mg, 0.60
mmol) following General procedure | to obtain the title compound as brownish solid (74 mg,
0.39 mmol, 78% yield).

LC-MS: [M+H]* 190.08

'H NMR (500 MHz, DMSO-d6) § 7.72 (d, J = 1.7 Hz, 1H), 7.00 (d, J = 2.9 Hz, 1H), 6.78
(d, J = 3.4 Hz, 1H), 6.76 (d, J = 8.8 Hz, 1H), 6.70 (dd, J = 8.7, 2.9 Hz, 1H), 6.60 (dd, J = 3.4, 1.8
Hz, 1H), 4.87 (s, 2H), 3.68 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 152.07, 150.95, 141.58, 138.32, 117.93, 115.33,
115.28, 111.66, 110.63, 106.95, 55.33.

2

H,N H5N H,oN
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Scheme 14. Synthesis of compound 68
Step a): 2-iodo-4-(trifluoromethyl)aniline. To the stirred solution of 4-(trifluoromethyl)-

aniline (500 mg, 3.1 mmol) in MeOH (5.0 mL) at 0°C was dropwise added the solution of ICI
(556 mg, 3.4 mmol) in DCM (5.0 mL) over 25 min. The resulting solution was stirred at room
temperature for 2 hours, after which saturated aqueous Na>COs (10.0 mL) solution was added.
The resulting mixture was extracted with EtOAc (3x50 mL), the combined organic fractions
were washed with brine, dried over anhydrous Na>SO4 and concentrated in vacuo. The resulting
residue was used further without additional purification. Orange solid (609 mg, 2.12 mmol,
68%).
LC-MS: [M+H]" 287.94
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'H NMR (500 MHz, CDCls) 6 7.87 (d, J = 1.1 Hz, 1H), 7.37 (dd, J = 8.4, 1.6 Hz, 1H), 6.74
(d, J = 8.4 Hz, 1H), 4.42 (s, 2H).

13C NMR (126 MHz, CDCls) § 149.59, 136.22 (g, J = 3.9 Hz), 126.57 (g, J = 3.5 Hz),
123.53 (q, J =271.0 Hz), 121.46 (g, J = 33.3 Hz), 113.51, 82.15.

Step b): 68 2-(furan-2-yl)-4-(trifluoromethyl)aniline was synthesized from 2-iodo-4-
(trifluoromethyl)aniline (175 mg, 0.61 mmol), Pd[PPhz]s (21 mg, 18 pmol), and 2-(Tri-n-
butylstannyl)furan (283 mg, 0.8 mmol) following General procedure | to obtain the title com-
pound as yellowish solid (110 mg, 0.48 mmol, 79% vyield).

'H NMR (500 MHz, CDCls) § 7.70 (s, 1H), 7.53 (d, J = 1.6 Hz, 1H), 7.32 (dd, J = 8.4, 1.7
Hz, 1H), 6.76 (d, J = 8.5 Hz, 1H), 6.64 (d, J = 3.4 Hz, 1H), 6.53 (dd, J = 3.3, 1.9 Hz, 1H), 4.69
(s, J = 42.1 Hz, 2H).

13C NMR (126 MHz, CDCls) § 152.22, 145.89, 141.81, 125.60 (g, J = 3.6 Hz), 125.03 (q, J
= 3.9 Hz), 123.55, 120.19 (g, J = 32.9 Hz), 116.16, 115.42, 111.54, 107.24.

HoN
@)

W,
69 CN

69 4-amino-3-(furan-2-yl)benzonitrile was synthesized from 4-amino-3-iodobenzonitrile
(122 mg, 0.50 mmol), Pd[PPhs]4 (87 mg, 75 umol) and 2-(Tri-n-butylstannyl)furan (214 mg,
1.95 mmol) following General procedure | to obtain the title compound white solid (47 mg,
0.25 mmol, 51% yield).

LC-MS: [M+H]* 185.11.

'H NMR (500 MHz, CDCl3) & 7.70 (d, J = 1.9 Hz, 1H), 7.52 (d, J = 1.7 Hz, 1H), 7.32 (dd,
J=8.4,1.9Hz, 1H), 6.71 (d, J = 8.4 Hz, 1H), 6.61 (d, J = 3.4 Hz, 1H), 6.55 — 6.51 (m, 1H), 4.94
(s, 2H).

13C NMR (126 MHz, CDCls) § 151.51, 147.03, 142.15, 132.34, 132.07, 119.94, 116.50,
115.93, 111.74, 107.63, 100.43.

H,N
(0]
| Y F
70

70 5-fluoro-2-(furan-2-yl)aniline was synthesized from 2-bromo-5-fluoroaniline (285 mg,
1.50 mmol), Pd[PPhz]4 (17 mg, 15 pmol) and 2-(Tri-n-butylstannyl)furan (696 mg, 1.95 mmol)
following General procedure | to obtain the title compound white solid (183 mg, 1.04 mmol,
69% yield).

LC-MS: [M+H]* 178.17
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IH NMR (500 MHz, CDCl3) § 7.50 — 7.47 (m, 1H), 7.39 (dd, J = 8.6, 6.4 Hz, 1H), 6.51 —
6.46 (M, 3H), 6.44 (dd, J = 10.6, 2.5 Hz, 1H), 4.46 (s, 2H).
NMR data is in accordance with literature.[1°]

H,N
(0]

| / Cl
71
71 5-chloro-2-(furan-2-yl)aniline was synthesized from 5-chloro-2-iodoaniline (500.0

mg, 1.97 mmol), Pd[PPhz]4 (114.0 mg, 98 umol) and 2-(Tri-n-butylstannyl)furan (704.2 mg, 1.97
mmol) following General procedure | to obtain the title compound white solid (206 mg, 1.06
mmol, 54% yield).

LC-MS: [M+H]" 194.06, 196.00.

'H NMR (500 MHz, CDCls) & 7.49 (d, J = 1.3 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 6.76 —
6.72 (m, 2H), 6.56 — 6.54 (m, 1H), 6.51 (dd, J = 3.4, 1.8 Hz, 1H), 4.44 (s, 2H).

13C NMR (126 MHz, CDCls) § 152.74, 144.37, 141.61, 134.30, 128.86, 118.58, 116.30,
114.76, 111.57, 106.77.

O,N O,N H2N
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Scheme 15. Synthesis of compound 72

Step a): 2-(4-methoxy-2-nitrophenyl)furan was synthesized from 1-iodo-4-methoxy-2-
nitrobenzene (419 mg, 1.5 mmol), Pd[PPhz]s (52 mg, 45 pmol) and 2-(Tri-n-butylstannyl)furan
(696 mg, 1.95 mmol) following General procedure | to obtain the title compound as yellow oil
solidifying upon storage (240 mg, 1.1 mmol, 73% yield).

LC-MS: [M+H]* 220.09

'H NMR (500 MHz, CDCl3) § 7.60 (d, J = 8.7 Hz, 1H), 7.48 — 7.46 (m, 1H), 7.22 (d, J =
2.6 Hz, 1H), 7.11 (dd, J = 8.7, 2.6 Hz, 1H), 6.55 (d, J = 3.4 Hz, 1H), 6.47 (dd, J = 3.4, 1.8 Hz,
1H), 3.88 (s, 3H).

13C NMR (126 MHz, CDCl3) & 159.44, 148.67, 148.38, 143.27, 130.49, 118.46, 117.17,
111.79, 109.05, 108.53, 56.07.

Step b): 72 2-(furan-2-yl)-5-methoxyaniline was synthesized using General procedure
VI from 2-(4-methoxy-2-nitrophenyl)furan (219 mg, 1.0 mmol), palladium on charcoal (20.0
mg) suspended in EtOH (3.0 mL). After the purification by flash chromatography (Hex:CHCIs 0-
100% CHCIl3z over 22 min, 18 mL/min, 12 g silica) the desired aniline was obtained as dark
brownish solid (70 mg, 0.37 mmol, 37% yield).

LC-MS: [M+H]" 190.13
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IH NMR (500 MHz, CDCls) & 7.46 (dd, J = 1.8, 0.7 Hz, 1H), 7.37 (d, J = 8.6 Hz, 1H), 6.48
(dd, J = 3.3, 1.8 Hz, 1H), 6.44 (dd, J = 3.3, 0.7 Hz, 1H), 6.38 (dd, J = 8.6, 2.5 Hz, 1H), 6.28 (d, J
= 2.5 Hz, 1H), 4.35 (s, 2H), 3.79 (s, 3H).

13C NMR (126 MHz, CDCls) § 160.49, 153.67, 144.84, 140.89, 129.21, 111.37, 109.95,
105.28, 104.85, 101.55, 55.33.

O,N O,N HoN
0 0
Br — — ly
Me Me 73 Me

Scheme 16. Synthesis of compound 73
2-(2-methyl-6-nitrophenyl)furan was synthesized from 2-bromo-1-methyl-3-

nitrobenzene (222 mg, 1.10 mmol), Pd[PPhz]4 (30 mg, 26 umol) and 2-(Tri-n-butylstannyl)furan
(499 mg, 1.33 mmol) following General procedure | to obtain the title compound as yellow
solid (179 mg, 0.9 mmol, 88% yield).

'H NMR (500 MHz, CDCls) 6 7.64 (d, J = 8.0 Hz, 1H), 7.53 (dd, J = 1.7, 0.5 Hz, 1H), 7.50
—7.47 (m, 1H), 7.39 (t, J = 7.9 Hz, 1H), 6.52 (dd, J = 3.3, 1.9 Hz, 1H), 6.47 — 6.45 (m, 1H), 2.37
(s, 3H).

13C NMR (126 MHz, CDCIs) § 150.67, 146.88, 143.31, 140.25, 134.14, 128.98, 124.63,
121.53,111.31, 110.97, 20.65.

73 2-(furan-2-yl)-3-methylaniline was synthesized from 2-(2-methyl-6-nitrophenyl)furan
(50 mg, 0.25 mmol) and palladium on charcoal (5 mg) suspended in EtOH (2.0 mL) following
the General Procedure VI. The desired compound was obtained as slightly beige solid (43 mg,
0.25 mmol, 99% yield).

LC-MS: [M+H]* 174.13

'H NMR (500 MHz, CDCls) § 7.54 (dd, J = 1.8, 0.7 Hz, 1H), 7.07 (dd, J = 9.8, 5.8 Hz,
1H), 6.66 (d, J = 7.5 Hz, 1H), 6.60 (d, J = 8.0 Hz, 1H), 6.52 (dd, J = 3.2, 1.9 Hz, 1H), 6.42 (dd, J
=3.2,0.7 Hz, 1H), 2.19 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 157.65, 153.25, 142.57, 139.34, 131.28, 115.28,
115.15, 111.93, 107.43, 105.51, 21.10.

HoN HoN H,N
2 w2 (540
A P p
NC NC 74 NC
Scheme 17. Synthesis of compound 74
Step a): 3-amino-2-bromobenzonitrile. To the stirred solution of 3-aminobenzonitrile

(472 mg, 4.00 mmol) in dioxane (6.4 mL) was added dropwise the solution of N-

bromosuccinimide (715 mg, 4.04 mmol) in dioxane (3.2 mL) over 30 min. at room temperature,
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after which the reaction mixture was stirred for additional 30 min. The reaction mixture was
concentrated in vacuo and the resulting residue was subjected to flash chromatography (Hex:EA
0-100% EA over 15 min, 18 mL/min, 12 g silica) to afford the desired compound as slightly yel-
low solid (395. mg, 2.00 mmol, 50% yield).

'H NMR (500 MHz, CDCl3) 6 7.18 (t, J = 7.9 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H), 6.94 (d, J
= 8.2 Hz, 1H), 4.34 (s, 2H).

13C NMR (126 MHz, CDCls) § 145.43, 128.61, 123.94, 119.37, 117.84, 116.43, 110.50.

74  3-amino-2-(furan-2-yl)benzonitrile  was  synthesized from  3-amino-2-
bromobenzonitrile (100 mg, 0.51 mmol), Pd[PPhs]s (30 mg, 26 pmol) and 2-(Tri-n-
butylstannyl)furan (217 mg, 0.61 mmol) following General procedure | to obtain the title com-
pound as yellow solid (72 mg, 0.39 mmol, 77% yield).

LC-MS: [M+H]* 185.11

'H NMR (500 MHz, CDCl3) 6 7.59 (d, J = 1.7 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H), 7.14 —
7.09 (m, 1H), 6.92 (dd, J = 8.1, 1.0 Hz, 1H), 6.90 (d, J = 3.4 Hz, 1H), 6.59 (dd, J = 3.4, 1.9 Hz,
1H), 4.48 (s, 2H).

13C NMR (126 MHz, CDCls) & 148.55, 145.45, 142.83, 129.35, 127.80, 123.88, 120.32,

119.14,117.82, 111.96, 111.81.
@)
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75  3-(furan-2-yl)-2-methylbenzonitrile  was  synthesized  from  3-bromo-2-
methylbenzonitrile (196 mg, 1.00 mmol), Pd[PPhz]s (35 mg, 30 upmol) and 2-(Tri-n-
butylstannyl)furan (464 mg, 1.30 mmol) following General procedure | to obtain the title com-
pound as yellow solid (147 mg, 0.80 mmol, 80% yield).

'H NMR (500 MHz, CDCls) § 7.87 (dd, J = 7.9, 0.7 Hz, 1H), 7.57 (dd, J = 7.6, 0.8 Hz,
1H), 7.55 (d, J = 1.7 Hz, 1H), 7.34 (t, = 7.8 Hz, 1H), 6.61 (d, J = 3.4 Hz, 1H), 6.54 (dd, J = 3.4,
1.8 Hz, 1H), 2.70 (s, 3H).

13C NMR (126 MHz, CDCl3) § 151.66, 142.79, 138.32, 131.88, 131.66, 126.61, 118.52,
114.64,111.76, 110.36, 19.85.

H,N H,N H,N
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Scheme 18. Synthesis of compound 76
Step a): 2-bromo-4-chloro-5-methoxyaniline. To the solution of 4-chloro-3-

methoxyaniline (405 mg, 2.57 mmol) in DMF (13.0 mL) was added N-bromosuccinimide (471
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mg, 2.65 mmol) portionwise at 0°C and the reaction mixture was stirred vigorously for 10 min.
After that the reaction was quenched by adding saturated aqueous solution of Na.SOs (5.0 mL),
and the resulting mixture was further diluted with ice-cold water (150 mL), extracted with DCM
(3x40 mL). The combined organic fractions were washed with brine, dried over anhydrous
MgSOs and evaporated to yield the residue, which was purified by flash chromatography
(Hex:DCM 0-100% DCM over 18 min, 24 mL/min, 24 g silica), that afforded the desired prod-
uct as a beige solid (440 mg, 1.86 mmol, 72% vyield).

'H NMR (500 MHz, CDCl3) & 7.36 (s, 1H), 6.34 (s, 1H), 4.08 (s, 2H), 3.83 (s, 3H).

13C NMR (126 MHz, CDCls3) § 155.22, 143.85, 132.81, 112.04, 99.68, 99.43, 56.33.

Step b): 76 4-chloro-2-(furan-2-yl)-5-methoxyaniline was synthesized from 2-bromo-4-
chloro-5-methoxyaniline (118 mg, 0.50 mmol), Pd[PPhs]s (17 mg, 15 umol) and 2-(Tri-n-
butylstannyl)furan (217 mg, 0.61 mmol) following General procedure | to obtain the title com-
pound as white solid (68 mg, 0.30 mmol, 61% yield).

LC-MS: [M+H]" 224.11, 226.08

'H NMR (500 MHz, CDCl3) & 7.46 (d, J = 1.6 Hz, 1H), 7.43 (s, 1H), 6.49 (dd, J = 3.2, 1.9
Hz, 1H), 6.46 (d, J = 3.3 Hz, 1H), 6.29 (s, 1H), 4.41 (s, 2H), 3.87 (s, 3H).

13C NMR (126 MHz, CDCls) § 155.24, 152.43, 143.36, 141.25, 128.98, 111.90, 111.52,
109.97, 105.88, 100.44, 56.19.
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Scheme 19. Synthesis of compound 77

Step a): 2-bromo-4,5-dimethoxyaniline was synthesized from 3,4-dimethoxyaniline (766
mg, 5.00 mmol), NBS (908 mg, 5.10 mmol) and using DMF (15.0 mL) as solvent following the
General procedure VIII. The desired product was obtained as yellowish solid (950 mg, 4.10
mmol, 82% yield).

LC-MS: [M+H]" 232.09, 234.09.

'H NMR (500 MHz, DMSO-d6) & 6.89 (s, 1H), 6.50 (s, 1H), 4.83 (s, 2H), 3.67 (s, 3H),
3.63 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 149.43, 140.71, 140.10, 116.52, 100.43, 96.40, 56.58,
55.35.

Step b): 77 2-(furan-2-yl)-4,5-dimethoxyaniline was synthesized from 2-bromo-4,5-
dimethoxyaniline (50 mg, 0.21 mmol), Pd[PPhs]s (7.0 mg, 6 umol) and 2-(Tri-n-butylstannyl)-
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furan (78 mg, 0.22 mmol) following General procedure | to obtain the title compound as dark
beige solid (32 mg, 0.15 mmol, 70% yield).

LC-MS: [M+H]* 220.21.

'H NMR (500 MHz, DMS0-d6) & 7.65 (d, J = 1.7 Hz, 1H), 6.97 (s, 1H), 6.61 (d, J = 3.3
Hz, 1H), 6.55 (dd, J = 3.3, 1.8 Hz, 1H), 6.47 (s, 1H), 4.96 (s, 2H), 3.71 (s, 3H), 3.68 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 152.44, 149.66, 140.69, 140.59, 139.25, 111.54,
111.06, 106.32, 105.04, 101.12, 56.34, 55.19.
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Scheme 19. Synthesis of compound 78

Step a): 6-bromobenzo[d][1,3]dioxol-5-amine  was synthesized from ben-
zo[d][1,3]dioxol-5-amine (686 mg, 5.0 mmol), NBS (907 mg, 5.1 mmol) and using DMF (15.0
mL) as solvent following the General procedure VIII. The desired product was obtained as
white solid (970 mg, 4.51 mmol, 90% yield).

LC-MS: [M+H]" 216.08, 218.08

'H NMR (500 MHz, DMSO-d6) & 6.94 (s, 1H), 6.47 (s, 1H), 5.88 (s, 2H), 4.93 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 147.52, 140.74, 138.86, 111.37, 100.82, 96.98, 96.44.

Step b): 78 6-(furan-2-yl)benzo[d][1,3]dioxol-5-amine was synthesized from 6-
bromobenzo[d][1,3]dioxol-5-amine (108 mg, 0.50 mmol), Pd[PPhz]s (29 mg, 25 pumol) and 2-
(Tri-n-butylstannyl)-furan (232 mg, 0.65 mmol) following General procedure | to obtain the
title compound as dark beige solid (77 mg, 0.38 mmol, 76% vyield).

'H NMR (500 MHz, DMSO-d6) & 7.65 (d, J = 1.7 Hz, 1H), 6.94 (s, 1H), 6.61 (d, J = 3.3
Hz, 1H), 6.55 (dd, J = 3.3, 1.8 Hz, 1H), 6.47 (s, 1H), 5.88 (s, 2H), 4.93 (s, 2H),

13C NMR (126 MHz, DMSO-d6) & 152.44, 149.66, 147.52, 140.74, 138.86, 122.72, 113.66,

111.37,100.82, 96.98, 96.44.

Scheme 20. Synthesis of compound 79
Step a): 4,6-dibromo-2,3-dihydro-1H-inden-5-amine. To the solution of 2,3-dihydro-
1H-inden-5-amine (3.01 g, 22.5 mmol) in acetic acid (100.0 mL) was added the solution of bro-
mine (27.0 g, 168 mmol) in acetic acid (20.0 mL) and the resulting solution was stirred for 2 h at
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room temperature, after which the reaction was quenched by adding saturated aqueous Na>S>03
solution (in small portions, until the mixture was discolored). The pH of the resulting mixture
was adjusted to 7 by adding solid Na2COg, after which it was extracted with EtOAc (3x200 mL).
The combined organic fractions were washed with brine, dried over anhydrous Na,SO4 and con-
centrated in vacuo. This resulted in 5.0 g (crude) as slightly yellow solid, which was used in the
next step without additional purification.

LC-MS: [M+H]* 289.95, 291.96, 293.94

'H NMR (500 MHz, DMSO0-d6) & 2.85 (t, J = 7.4 Hz, 2H), 2.75 (t, J = 7.4 Hz, 2H), 1.97
(p, J=7.5Hz, 1H).

13C NMR (126 MHz, DMSO-d6) & 144.76, 140.79, 133.95, 127.09, 105.88, 105.61, 35.03,
32.90, 24.45.

Step b): 12 4-bromo-2,3-dihydro-1H-inden-5-amine. To the solution of 4,6-dibromo-2,3-
dihydro-1H-inden-5-amine (3.20 g, 11.0 mmol) in the mixture of acetic acid (16.0 mL) and con-
centrated HCI (12.0 mL) was added SnCl> (2.80 g, 14.7 mmol). The resulting solution was
stirred for 1.5 h at 95°C in an oil bath. The pH value of the reaction mixture was adjusted to 8 by
adding saturated sodium hydroxide solution and the resulting solution was extracted with DCM
(2x100 mL), the combined organic fractions were washed with 1M sodium hydroxide solution
(25 mL), dried over anhydrous Na,SO4 and concentrated in vacuo. The crude residue was puri-
fied using flash chromatography (Hex:DCM 0-100% DCM over 20 min, 22 mL/min, 24 g silica)
to furnish the product as beige solid (1.38 g, 6.50 mmol, 59%).

LC-MS: [M+H]" 212.11, 214.11

'H NMR (500 MHz, CDCl3) 6 6.94 (d, J = 7.8 Hz, 1H), 6.58 (d, J = 7.8 Hz, 1H), 3.96 (s,
2H), 2.93 (t, J = 5.4 Hz, 2H), 2.90 (t, J = 5.5 Hz, 2H).

13C NMR (126 MHz, CDCls) & 145.47, 142.30, 135.06, 123.58, 114.00, 107.58, 35.20,
33.50, 24.88.

Step c¢): 79 4-(furan-2-yl)-2,3-dihydro-1H-inden-5-amine was synthesized from 4-
bromo-2,3-dihydro-1H-inden-5-amine (106 mg, 0.50 mmol), Pd[PPhsz]s (30 mg, 26 umol) and 2-
(Tri-n-butylstannyl)-furan (232 mg, 0.65 mmol) following General procedure | to obtain the
title compound as grayish solid (70 mg, 0.35 mmol, 70% vyield).

'H NMR (500 MHz, CDCls) § 7.50 (d, J = 0.7 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.59 (d, J
= 8.0 Hz, 1H), 6.51 (dd, J = 2.6, 1.4 Hz, 1H), 6.48 (d, J = 3.3 Hz, 1H), 4.13 (s, 2H), 2.92 (t, J =
7.4 Hz, 2H), 2.84 (t, J = 7.4 Hz, 2H), 2.03 (p, J = 7.4 Hz, 2H).

13C NMR (126 MHz, CDCls) § 151.82, 143.92, 142.91, 141.22, 134.49, 124.95, 114.68,
113.66, 111.02, 109.15, 33.90, 32.49, 25.75.
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80 N-(4-(furan-2-yl)-2,3-dihydro-1H-inden-5-yl)acetamide was synthesized by acylation
4-(furan-2-yl)-2,3-dihydro-1H-inden-5-amine (10 mg, 50 pmol) with Ac20 (5 mg, 50 pumol) in
the presence of DiPEA (13 mg, 100 umol) and using DCM (1.0 mL) as a solvent. The solvent
was evaporated in vacuo and the residue was purified by flash chromatography (DCM:EA 0-
100% EA, over 15 min, 12 mL/min, 4 g silica) that yielded the title compound as white solid (11
mg, 45 umol, 90% yield).

LC-MS: [M+H]* 242.23

'H NMR (500 MHz, DMSO-d6) § 9.24 (s, 1H), 7.76 (s, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.18
(d, J = 7.9 Hz, 1H), 6.61 — 6.59 (m, 2H), 2.93 (t, J = 7.3 Hz, 2H), 2.87 (t, J = 7.4 Hz, 2H), 2.04 —
1.98 (m, 2H), 1.96 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 168.53, 149.92, 142.67, 142.39, 141.63, 132.93,
125.44,123.74, 122.72, 111.25, 109.88, 33.31, 32.18, 25.03, 23.20.

H,N

—
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81 4-(thiophen-3-yl)-2,3-dihydro-1H-inden-5-amine was synthesized from 4-bromo-
2,3-dihydro-1H-inden-5-amine (215 mg, 1.00 mmol), Pd[PPhs]s (50 mg, 43 umol), 3-
thienylboronic acid (168 mg, 1.3 mmol) and KF (174 mg, 3.0 mmol) using dioxane (2.0 mL) as
solvent and following General procedure Il. The product was isolated by flash chromatography
(Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) as brownish solid (200 mg, 0.93
mmol, 93% yield).
LC-MS: [M+H]* 216.18.
'H NMR (500 MHz, CDCl3) & 7.42 (dd, J = 4.9, 3.0 Hz, 1H), 7.27 — 7.26 (m, 1H), 7.14
(dd, J =4.9, 1.0 Hz, 1H), 7.01 (d, J = 7.9 Hz, 1H), 6.61 (d, J = 7.9 Hz, 1H), 3.60 (s, 2H), 2.86 (t,
J=7.3Hz, 2H), 2.69 (t, J = 7.4 Hz, 2H), 1.99 (p, J = 7.4 Hz, 2H).
13C NMR (126 MHz, CDCls) § 144.52, 142.80, 138.02, 134.23, 128.90, 125.86, 124.18,
123.44, 119.60, 113.79, 33.07, 32.68, 25.78.
H,N
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82 4-(3-fluorophenyl)-2,3-dihydro-1H-inden-5-amine was synthesized from 4-bromo-
2,3-dihydro-1H-inden-5-amine (106 mg, 0.50 mmol), Pd[PPhz]s (50 mg, 43 umol), 3-
fluorophenyl boronic acid (105 mg, 0.75 mmol) and K3PO4 (212 mg, 1.00 mmol) using dioxane
(2.0 mL) as solvent and following General procedure Il. The product was isolated by flash
chromatography (Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) as light brown
solid (100 mg, 0.44 mmol, 88 % vyield).

LC-MS: [M+H]" 228.21.

'H NMR (500 MHz, DMSO-d6) § 7.51 — 7.44 (m, 1H), 7.15 (td, J = 8.7, 2.5 Hz, 1H), 7.12
—7.06 (m, 2H), 6.91 (d, J = 8.0 Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 4.37 (s, 2H), 2.75 (t, J = 7.3
Hz, 2H), 2.53 — 2.50 (m, 2H), 1.88 (p, J = 7.4 Hz, 2H).

19F NMR (470 MHz, DMSO-d6) & -112.94 — -113.02 (m).

13C NMR (126 MHz, DMSO-d6) § 162.39 (d, J = 243.8 Hz), 143.31, 142.44, 140.61 (d, J
= 7.7 Hz), 131.30, 130.59 (d, J = 8.6 Hz), 125.59 (d, J = 2.5 Hz), 123.92, 121.68, 116.12 (d, J =
20.6 Hz), 113.71, 113.53, 32.21, 31.96, 25.16.

° C
HN

83

83 N-(2-(furan-2-yl)phenyl)benzamide. To the solution containing 2-(furan-2-yl)-aniline
(80 mg, 0.50 mmol), pyridine (43 mg, 0.55 mmol) and catalytic amounts of DMAP in DCM (4.0
mL) was added benzoyl chloride (78 mg, 0.55 mmol) upon cooling with ice bath and vigorous
stirring. The resulting mixture was stirred at room temperature overnight, quenched by adding
aqueous solution of NaHCOs (1 mL), diluted with water (20 mL) and extracted with EtOAc
(3x20 mL). The combined organic fractions were washed with brine, dried over anhydrous sodi-
um sulfate and concentrated in vacuo. The residue was subjected to purification by flash column
chromatography (Hex:EA 0-100% EA over 15 min, 18 L/min, 12 g silica) which afforded the
desired product as white crystals (75 mg, 0.28 mmol, 57%).

LC-MS: [M+H]* 263.97

'H NMR (500 MHz, CDCls) & 9.39 (s, 1H), 8.56 (d, J = 8.3 Hz, 1H), 7.94 — 7.87 (m, 2H),
7.60 — 7.54 (m, 3H), 7.54 — 7.45 (m, 3H), 7.41 — 7.37 (m, 1H), 7.18 (td, J = 7.7, 1.2 Hz, 1H),
6.66 (d, J = 3.4 Hz, 1H), 6.57 (dd, J = 3.4, 1.9 Hz, 1H).

13C NMR (126 MHz, DMSO-d6) § 165.56, 153.04, 142.47, 138.52, 134.90, 131.61,
128.40, 127.67, 125.84, 123.82, 120.50, 112.04, 104.94.
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Scheme 21. Synthesis of compound 84
Step a): 13 tert-butyl (2-bromobenzyl)carbamate was synthesized from 2-

bromobenzylamine (2.50 g, 13.4 mmol), Boc.O (3.23 g, 14.8 mmol), DIPEA (3.47 mg, 26.9
mmol) following the General procedure V1 to obtain the protected amine as white solid (3.54 g,
12.4 mmol, 90% vyield).

LC-MS: [M+H]* 271.06, 273.07

'H NMR (500 MHz, CDCls3) § 7.43 (s, 1H), 7.41 — 7.38 (m, 1H), 7.23 — 7.17 (m, 2H), 4.86
(s, 1H), 4.29 (d, J = 5.8 Hz, 2H), 1.46 (s, 9H).

NMR data is in accordance with literature.[2%

Step b): 14 tert-butyl (2-(furan-2-yl)benzyl)carbamate was synthesized from tert-butyl
(2-bromobenzyl)carbamate (200 mg, 0.70 mmol), Pd[PPhs]s (16 mg, 13 umol) and 2-(Tri-n-
butylstannyl)-furan (287 mg, 0.80 mmol) following General procedure | to obtain the title
compound as white solid (190 mg, 0.70 mmol, 99% vyield).

LC-MS: [M+H]* 217.97

'H NMR (500 MHz, CDCl3) § 7.62 — 7.58 (m, 1H), 7.53 (dd, J = 1.8, 0.6 Hz, 1H), 7.44 (s,
1H), 7.34 — 7.28 (m, 2H), 6.56 (d, J = 3.3 Hz, 1H), 6.51 (dd, J = 3.4, 1.8 Hz, 1H), 4.97 (s, 1H),
4.49 (d, J = 5.7 Hz, 2H), 1.45 (s, 9H).

13C NMR (126 MHz, CDCls) § 155.99, 153.45, 142.55, 135.50, 129.90, 129.77, 128.34,
128.15, 127.73, 111.67, 108.58, 79.57, 43.60, 28.58.

Step ¢): 84 (2-(furan-2-yl)phenyl)methanamine was synthesized from tert-butyl (2-
(furan-2-yl)benzyl)carbamate (130 mg, 0.70 mmol) and HClgiox (c= 4M, 500 pL) using DCM
(4.0 mL) as solvent and following General procedure VI, which afforded the desired amine in
the form of a hydrochloride (147 mg, 0.70 mmol, quant. yield).

LC-MS: [M+H]* 174.13

'H NMR (500 MHz, DMSO-d6) & 8.38 (s, 3H), 7.85 (dd, J = 1.8, 0.5 Hz, 1H), 7.71 (dd, J
=7.7,1.5Hz, 1H), 7.57 (dd, J = 7.5, 1.3 Hz, 1H), 7.47 (td, J = 7.5, 1.6 Hz, 1H), 7.43 (td, J = 7.4,
1.6 Hz, 1H), 6.88 (dd, J = 3.4, 0.5 Hz, 1H), 6.68 (dd, J = 3.4, 1.8 Hz, 1H), 4.23 (s, 2H).

13C NMR (126 MHz, DMSO-d6) § 152.20, 144.18, 130.43, 130.35, 130.16, 129.30,
128.55, 128.16, 112.41, 109.99, 41.08.
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Scheme 22. Synthesis of compound 85

Step a): tert-butyl (2-(1-methyl-1H-pyrazol-4-yl)benzyl)carbamate was synthesized
from tert-butyl (2-bromobenzyl)carbamate (143 mg , 0.50 mmol), 1-methyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (125 mg , 0.6 mmol), Pd[PPhs]s (17 mg, 15
umol) and K>COsz (138 mg, 1.0 mmol) and following the General procedure Il to isolate the
desired product as slightly yellow solid (184 mg, 0.49 mmol, 97% yield).

'H NMR (500 MHz, CDCl3) & 7.57 (s, 1H), 7.46 (s, 1H), 7.41 — 7.36 (m, 1H), 7.34 — 7.27
(m, 3H), 4.71 (s, 1H), 4.38 (d, J = 4.9 Hz, 2H), 3.95 (s, 3H), 1.45 (s, 9H).

13C NMR (126 MHz, CDCls) § 155.85, 138.95, 135.75, 132.16, 130.08, 129.08, 128.76,
127.74,127.40, 121.01, 43.18, 39.18, 28.53, 24.99.

Step b): 85 (2-(1-methyl-1H-pyrazol-4-yl)phenyl)methanamine was synthesized from
tert-butyl (2-(furan-2-yl)benzyl)carbamate (90 mg, 0.30 mmol) and HClgiox (400 puL) using DCM
(3.5 mL) as solvent and following General procedure VII, which afforded the desired amine in
the form of a double hydrochloride (80 mg, 0.30 mmol, quant. yield).

LC-MS: [M+H-NH2]" 171.09.

'H NMR (500 MHz, DMSO-d6) & 8.54 (s, 3H), 7.97 (s, 1H), 7.65 — 7.60 (m, 2H), 7.40 —
7.34 (m, 3H), 4.07 (q, J = 5.8 Hz, 2H), 3.90 (s, 3H).

13C NMR (126 MHz, DMSO-d6) § 138.24, 132.51, 131.15, 130.04, 129.79, 128.80,
128.44, 126.96, 119.44, 43.63, 38.65.

NHAc
o)
L/
86

86 N-(2-(furan-2-yl)benzyl)acetamide was synthesized by acylation of (2-(furan-2-
yl)phenyl)-methanamine hydrochloride (40 mg, 0.19 mmol), with Ac.O (22 mg, 0.21 mmol) in
the presence of TEA (92 mg, 0.82 mmol) and using THF (3.0 mL) as a solvent. After 4 hours of
stirring at room temperature the reaction was quenched by adding aqueos NaHCO3 (0.5 mL). The
volatiles were evaporated in vacuo and the residue was purified by flash chromatography
(DCM:EA 0-100% EA, over 15 min, 12 mL/min, 4 g silica), which afforded the desired product
as beige solid (37 mg, 0.17 mmol, 89% yield).

LC-MS: [M+H]* 216.15
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Scheme 23. Synthesis of compound 87

Step a): 15 2-(furan-2-yl)benzaldehyde was synthesized from 2-bromobenzaldehyde (555
mg, 3.0 mmol), Pd[PPhs]s (17 mg, 15 pumol) and 2-(Tri-n-butylstannyl)-furan (1.07 mg, 3.00
mmol) following General procedure | to obtain the title compound as white solid (316 mg, 1.81
mmol, 61% yield).

'H NMR (500 MHz, CDCl3) 6 10.38 (d, J = 0.8 Hz, 1H), 7.98 (dd, J = 7.9, 1.4 Hz, 1H),
7.69 (dd, J=7.9, 1.2 Hz, 1H), 7.65 — 7.58 (m, 2H), 7.48 — 7.41 (m, 1H), 6.64 (dd, J = 3.4, 0.8
Hz, 1H), 6.57 (dd, J = 3.4, 1.8 Hz, 1H).

13C NMR (126 MHz, CDCl3) § 192.57, 151.22, 144.15, 134.05, 133.72, 133.24, 128.53,
128.22, 128.14, 112.09, 111.42.

Step b): tert-butyl (2-((2-(furan-2-yl)benzyl)amino)ethyl)carbamate was synthesized
from 2-(furan-2-yl)benzaldehyde (103 mg, 0.60 mmol), N-Boc-ethylenediamine (96 mg, 0.60
mmol) and NaBH4 (11 mg, 0.30 mmol) using anhydrous MeOH (6.0 mL) as solvent and follow-
ing the General procedure 1V to isolate the desired product as white solid (163 mg, 0.52 mmol,
86% yield).

LC-MS: [M-tBu]* 261.02.

'H NMR (500 MHz, CDCl3) & 7.63 — 7.58 (m, 1H), 7.55 — 7.51 (m, 1H), 7.39 (dd, J = 8.2,
5.9 Hz, 1H), 7.32 — 7.28 (m, 2H), 6.60 (d, J = 3.3 Hz, 1H), 6.52 — 6.49 (m, 1H), 4.95 (s, 1H),
3.91 (s, 2H), 3.23 (t, J = 12.0 Hz, 2H), 2.79 — 2.70 (m, 2H), 1.44 (s, 9H).

13C NMR (126 MHz, CDCls) § 156.23, 153.62, 142.37, 136.89, 130.30, 130.28, 128.42,
128.06, 127.46, 111.59, 108.54, 52.23, 48.67, 28.56.

Step c): 87 N1-(2-(furan-2-yl)benzyl)ethane-1,2-diamine was obtained from tert-butyl
(2-((2-(furan-2-yl)benzyl)amino)ethyl)carbamate (150 mg, 0.47 mmol) and HClgiox (C =4 M, 600
pL) using DCM (5.0 mL) as solvent and following General procedure VI, which afforded the
desired amine in the form of a double hydrochloride (115 mg, 0.45 mmol, 95% yield).

LC-MS: [M+H]* 217.12.

'H NMR (500 MHz, DMSO-d6) & 7.86 (d, J = 1.7 Hz, 1H), 7.77 (d, J = 7.1 Hz, 1H), 7.57
(d, J=7.6 Hz, 1H), 7.51 (t, J = 7.2 Hz, 1H), 7.44 (dt, J = 7.5, 3.8 Hz, 1H), 6.97 (d, J = 3.4 Hz,
1H), 6.69 (dd, J = 3.4, 1.8 Hz, 1H), 4.43 (s, 2H), 3.31 (t, J = 6.9 Hz, 2H), 3.20 (t, J = 6.9 Hz,
2H).
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13C NMR (126 MHz, DMSO-d6) & 151.84, 143.88, 131.11, 130.14, 129.56, 128.16,
127.77,112.08, 109.66, 49.18, 44.34, 35.40.

0
OH

HN

0

/
88

88 (2-(furan-2-yl)benzyl)glycine was synthesized from 2-(furan-2-yl)benzaldehyde (100
mg, 0.58 mmol), glycine (44 mg, 0.58 mmol) and NaBH4 (11 mg, 0.29 mmol) using anhydrous
MeOH (4.0 mL) as solvent and following the General procedure 1V to isolate the desired prod-
uct as white solid (110 mg, 0.52 mmol, 56% vyield).

LC-MS: [M+H]* 232.12

'H NMR (500 MHz, DMSO-d6) & 7.79 (d, J = 1.6 Hz, 1H), 7.68 — 7.62 (m, 1H), 7.62 —
7.57 (m, 1H), 7.37 — 7.31 (m, 3H), 6.78 (d, J = 3.3 Hz, 1H), 6.64 — 6.60 (m, 1H), 5.28 (t, J = 5.5
Hz, 1H), 4.64 (d, J = 5.5 Hz, 3H).

13C NMR (126 MHz, DMSO-d6) & 151.71, 142.89, 138.36, 128.23, 127.85, 127.48,
127.01, 126.37, 111.87, 109.36, 61.36.

0
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89 2-((2-(furan-2-yl)benzyl)amino)acetamide was synthesized from 2-(furan-2-
yl)benzaldehyde (100 mg, 0.58 mmol), glycinamide (65 mg, 0.58 mmol) and NaBH4 (11 mg, 0.3
mmol) using anhydrous MeOH (4.0 mL) as solvent and following the General procedure 1V to
isolate the desired product as white solid (44 mg, 0.19 mmol, 32% yield).

'H NMR (500 MHz, DMSO-d6) § 7.79 (d, J = 1.7 Hz, 1H), 7.68 — 7.64 (m, 1H), 7.63 —
7.58 (m, 1H), 7.38 — 7.31 (m, 2H), 6.78 (d, J = 3.4 Hz, 1H), 6.62 (dd, J = 3.3, 1.8 Hz, 1H), 5.29
(t, J =5.5 Hz, 1H), 4.64 (d, J = 5.5 Hz, 2H).

13C NMR (126 MHz, DMSO-d6) & 152.16, 143.34, 138.81, 128.68, 128.30, 127.93,
127.46, 126.82, 112.32, 109.82, 61.81.
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Scheme 24. Synthesis of compound 90

Step a): tert-butyl 4-(2-bromobenzyl)piperazine-1-carboxylate was synthesized from 2-
bromobenzaldehyde (925 mg, 5.00 mmol), N-Boc-piperazine (978 mg, 5.25 mmol) and
NaBH(OAC)s (1.41 g, 6.65 mmol) using anhydrous DCM (25.0 mL) as solvent and following the
General procedure 1V to isolate the desired product by flash chromatography (Hex:EA 0-100%
EA over 20 min, 24 mL/min, 24 g silica) as white solid (888 mg, 2.50 mmol, 50% yield).

LC-MS: [M+H]* 355.05. 358.16

'H NMR (500 MHz, Acetone-d6) & 7.58 (d, J = 8.0 Hz, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.36
(dd, J = 10.8, 4.2 Hz, 1H), 7.20 (td, J = 7.8, 1.6 Hz, 1H), 3.60 (s, 2H), 3.40 (s, 4H), 2.47 — 2.41
(m, 4H), 1.43 (s, 9H).

13C NMR (126 MHz, Acetone-d6) & 155.12, 138.53, 133.66, 131.95, 129.74, 128.41,
125.20, 79.61, 62.49, 60.64, 53.79, 28.64.

Step b): tert-butyl 4-(2-(furan-2-yl)benzyl)piperazine-1-carboxylate was synthesized
from tert-butyl 4-(2-bromobenzyl)piperazine-1-carboxylate (343 mg, 1.00 mmol), Pd[PPhaz]s (57
mg, 49 umol) and 2-(Tri-n-butylstannyl)-furan (464 mg, 1.30 mmol) following General proce-
dure | to obtain the title compound slightly beige solid (323 mg, 0.94 mmol, 94% yield).

LC-MS: [M+H]* 343.15

'H NMR (500 MHz, Acetone-d6) § 7.70 — 7.62 (m, 2H), 7.51 (d, J = 7.5 Hz, 1H), 7.39 —
7.33 (m, 1H), 7.31 (t, J = 7.4 Hz, 1H), 6.86 (d, J = 3.3 Hz, 1H), 6.56 (dd, J = 3.0, 2.0 Hz, 1H),
3.62 (s, 2H), 3.37 (s, 4H), 2.43 — 2.37 (m, 4H), 1.43 (s, 9H).

13C NMR (126 MHz, Acetone-d6) § 154.14, 152.76, 142.32, 134.61, 131.16, 131.01,
127.74,127.31, 127.27,111.48, 109.63, 78.59, 67.17, 60.63, 52.64, 27.65.

Step ¢): 90 1-(2-(furan-2-yl)benzyl)piperazine was synthesized by deprotection of tert-
butyl 4-(2-(furan-2-yl)benzyl)piperazine-1-carboxylate (323 mg, 0.94 mmol) with HClgiox (1.0
mL) using DCM (5.0 mL) as solvent and following General procedure VII, which afforded the
desired amine in the form of a dihydrochloride (296 mg, 0.94 mmol, 99% yield).

LC-MS: [M+H]* 243.01

'H NMR (500 MHz, MeOD) § 7.67 (dd, J = 8.0, 1.3 Hz, 2H), 7.51 (dd, J = 7.5, 1.0 Hz,
1H), 7.39 (td, J = 7.6, 1.4 Hz, 1H), 7.34 (td, J = 7.5, 1.4 Hz, 1H), 6.77 (d, J = 3.3 Hz, 1H), 6.56
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(dd, J =3.3,1.8 Hz, 1H), 3.91 (s, 2H), 3.24 — 3.10 (m, 3H), 2.41 (t, J = 11.6 Hz, 2H), 2.07 — 1.99
(m, 2H), 1.72 (qd, J = 12.4, 3.9 Hz, 2H).
13C NMR (126 MHz, MeOD) § 154.37, 143.82, 132.78, 132.68, 129.40, 129.30, 128.83,
112.59, 110.44, 60.99, 52.11, 40.38, 30.39.
NHBoc NHBoc
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Scheme 25. Synthesis of compound 91
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Step a): tert-butyl (1-(2-bromobenzyl)piperidin-4-yl)carbamate was synthesized from
2-bromobenzaldehyde (925 mg, 5.00 mmol), tert-butyl piperidin-4-ylcarbamate (1.05 g, 5.25
mmol) and NaBH(OACc)z (1.41 mg, 6.65 mmol) using anhydrous DCM (25.0 mL) as solvent and
following the General procedure IV to isolate the desired product by flash chromatography
(DCM:MeOH 0-10% MeOH over 25 min, 24 mL/min, 24 g silica) as white solid (816 mg, 2.21
mmol, 44% yield).

LC-MS: [M+H]" 369.15, 371.13.

'H NMR (500 MHz, DMSO-d6) § 7.58 (dd, J = 8.0, 1.0 Hz, 1H), 7.44 (dd, J = 7.6, 1.6 Hz,
1H), 7.36 (td, J = 7.5, 1.0 Hz, 1H), 7.19 (td, J = 7.7, 1.7 Hz, 1H), 6.77 (d, J = 7.8 Hz, 1H), 3.49
(s, 2H), 3.33 (s, 2H), 3.28 — 3.19 (m, 1H), 2.76 (d, J = 11.8 Hz, 2H), 2.05 (dd, J = 11.5, 9.9 Hz,
2H), 1.67 (d, J = 11.2 Hz, 2H), 1.37 (s, 9H).

13C NMR (126 MHz, DMSO-d6) § 154.84, 137.66, 132.47, 130.73, 128.79, 127.55,
123.88, 77.43, 61.21, 52.24, 47.43, 31.89, 28.27.

Step b): tert-butyl (1-(2-(furan-2-yl)benzyl)piperidin-4-yl)carbamate was synthesized
from tert-butyl (1-(2-bromobenzyl)piperidin-4-yl)carbamate (355 mg, 1.00 mmol), Pd[PPhs]4
(57 mg, 49 pmol) and 2-(Tri-n-butylstannyl)-furan (464 mg, 1.30 mmol) following General
procedure | to obtain the title compound slightly beige solid (250 mg, 0.70 mmol, 70% vyield).

LC-MS: [M+H]* 357.23.

'H NMR (500 MHz, DMSO-d6)  7.78 (d, J = 1.5 Hz, 1H), 7.63 (dd, J = 7.6, 1.4 Hz, 1H),
7.46 —7.42 (m, 1H), 7.35 (td, J = 7.4, 1.5 Hz, 1H), 7.31 (td, J = 7.4, 1.5 Hz, 1H), 6.82 (d, J = 3.3
Hz, 1H), 6.76 (d, J = 7.7 Hz, 1H), 6.61 (dd, J = 3.3, 1.8 Hz, 1H), 3.51 (s, J = 7.7 Hz, 2H), 3.27 —
3.18 (m, 1H), 2.76 (d, J = 11.5 Hz, 2H), 1.98 (t, J = 11.1 Hz, 2H), 1.67 (d, J = 11.0 Hz, 2H), 1.37
(s, 9H), 1.35—-1.29 (m, 2H).

13C NMR (126 MHz, DMSO-d6) § 154.85, 151.96, 142.80, 134.80, 130.69, 130.31,

127.32,127.29, 127.22, 111.79, 109.80, 77.43, 60.23, 52.04, 47.58, 31.93, 28.27.
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Step ¢): 91 1-(2-(furan-2-yl)benzyl)piperidin-4-amine was synthesized by deprotection
of tert-butyl (1-(2-(furan-2-yl)benzyl)piperidin-4-yl)carbamate (100 mg, 0.28 mmol) with HClai-
ox (0.5 mL) using DCM (4.5 mL) as solvent and following General procedure VII, which af-
forded the desired amine in the form of a dihydrochloride as white solid (92 mg, 0.28 mmol,
99% yield).

LC-MS: [M+H]" 257.04.

'H NMR (500 MHz, DMSO-d6) § 7.93 (d, J = 1.5 Hz, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.74
—7.71 (m, 1H), 7.53 (dd, J = 10.9, 4.3 Hz, 1H), 7.44 (td, J = 7.6, 1.0 Hz, 1H), 6.96 (d, J = 3.4
Hz, 1H), 6.68 (dd, J = 3.4, 1.8 Hz, 1H), 4.49 (d, J = 4.9 Hz, 2H), 3.29 (d, J = 5.0 Hz, 2H), 3.13 -
3.02 (m, 2H), 2.13 - 1.93 (m, 6H).

13C NMR (126 MHz, DMSO-d6) § 152.04, 144.08, 133.26, 131.38, 129.98, 128.33,
128.28, 125.77, 112.03, 109.92, 57.49, 50.11, 45.08, 26.92.

H,N
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92 4-chloro-2-(1-methyl-1H-pyrazol-4-yl)aniline was synthesized from 4-chloro-2-
bromoaniline (103 mg, 0.50 mmol), Pd[PPhz]s (17 mg, 15 umol), (1-methyl-1H-pyrazol-4-
yl)boronic acid pinacol ester (125 mg, 0.60 mmol) and K>COs (138 mg, 1.00 mmol) following
General procedure |1 to isolate the title compound by flash chromatography (Hex:EA 0-100%
EA over 15 min, 18 mL/min, 12 g silica) as beige solid (120 mg, 0.62 mmol, 62% vyield).

LC-MS: 208.13, 210.14.

'H NMR (500 MHz, CDCls) & 7.67 (s, J = 3.7 Hz, 1H), 7.56 (s, 1H), 7.14 (d, J = 2.5 Hz,
1H), 7.04 (dd, J = 8.5, 2.5 Hz, 1H), 6.68 (d, J = 8.5 Hz, 1H), 3.96 (s, 3H), 3.80 (s, 2H).

13C NMR (126 MHz, CDCls) & 142.54, 138.53, 129.40, 128.80, 127.76, 123.41, 120.27,
119.01, 116.92, 39.28.

93 N-(4-chloro-2-(furan-2-yl)phenyl)acetamide was synthesized by acetylation of 65 (50
mg, 0.26 mmol) with Ac20 (32 mg, 0.31 mmol) in the presence of TEA (52 mg, 0.52 mmol) and
using DCM (3.0 mL) as a solvent. The solvent was evaporated in vacuo and the residue was pu-
rified by flash chromatography (DCM:EA 0-100% EA, over 15 min, 12 mL/min, 4 g silica) to

yield the desired product as slightly yellow solid (62 mg, 0.26 mmol, 84% yield).
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'H NMR (500 MHz, CDCl3) 6 7.85 (d, J = 2.4 Hz, 1H), 7.49 (d, J = 1.7 Hz, 1H), 7.34 (dd,
J=8.4,24Hz 1H),7.10 (d, J = 8.4 Hz, 1H), 6.54 (d, J = 3.5 Hz, 1H), 6.48 (dd, J = 3.5, 1.8 Hz,
1H), 2.28 (s, 3H).

13C NMR (126 MHz, CDCls) § 172.90, 149.16, 143.62, 135.51, 133.46, 131.82, 130.67,
128.83, 127.67, 112.25, 109.86, 26.88.

0 0 HN—
4 4
Br -

Cl Cl 94 Cl
Scheme 26. Synthesis of compound 94
Step a): 4-chloro-2-(furan-2-yl)benzaldehyde was synthesized from 2-bromo-4-

chlorobenzaldehyde (658 mg, 3.00 mmol), Pd[PPhs]s (173 mg, 0.15 mmol) and 2-(Tri-n-
butylstannyl)-furan (1.07 g, 3.00 mmol) following General procedure | to obtain the title com-
pound as white solid (446 mg, 2.16 mmol, 72% yield).

'H NMR (500 MHz, CDCls) § 10.35 (s, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 2.0 Hz,
1H), 7.63 (d, J = 1.7 Hz, 1H), 7.40 (dd, J = 8.4, 1.9 Hz, 1H), 6.68 (d, J = 3.4 Hz, 1H), 6.58 (dd, J
= 3.4, 1.8 Hz, 1H).

13C NMR (126 MHz, CDCl3) & 191.28, 149.85, 144.66, 140.15, 134.74, 131.37, 129.83,
128.42, 128.26, 112.36, 112.31.

Step b): 94 1-(4-chloro-2-(furan-2-yl)phenyl)-N-methylmethanamine GPK-519 HCI
was synthesized from 4-chloro-2-(furan-2-yl)-benzaldehyde (26 mg, 0.12 mmol), MeNH: (40%
aqueous solution, 50 mg, 0.6 mmol), NaBH4 (25 mg, 0.6 mmol) using MeOH (3.0 mL) as sol-
vent and following the General procedure IV. The desired amine was isolated as free base and
converted into the hydrochloride from — white solid (21 mg, 0.08 mmol, 70% yield).

'H NMR (500 MHz, DMSO-d6) & 9.40 (s, 2H), 7.91 (d, J = 1.6 Hz, 1H), 7.81 (d, J = 2.2
Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.50 (dd, J = 8.4, 2.2 Hz, 1H), 7.09 (d, J = 3.4 Hz, 1H), 6.70
(dd, J=3.4, 1.8 Hz, 1H), 4.31 (s, 2H), 2.60 (s, 3H).

13C NMR (126 MHz, DMSO-d6) § 150.38, 144.46, 133.93, 133.26, 131.86, 127.63,
126.80, 112.16, 110.81, 49.23, 32.51.

_/—NHBoc NH2
HN

Scheme 27. Synthesis of compound 95
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Step a): tert-butyl (2-((4-chloro-2-(furan-2-yl)benzyl)amino)ethyl)carbamate was syn-
thesized from 4-chloro-2-(furan-2-yl)benzaldehyde (124 mg, 0.60 mmol), N-Boc-
ethylenediamine (96 mg, 0.60 mmol) and NaBH4 (12 mg, 0.3 mmol) using anhydrous MeOH
(6.0 mL) as solvent and following the General procedure IV the desired product was isolated as
white solid (94 mg, 0.27 mmol, 45% yield).

LC-MS: [M+H]" 351.22, 353.23.

'H NMR (500 MHz, DMSO-d6) § 7.82 (d, J = 1.6 Hz, 1H), 7.63 (d, J = 2.3 Hz, 1H), 7.56
(d, J =8.3 Hz, 1H), 7.36 (dd, J = 8.3, 2.3 Hz, 1H), 6.90 (d, J = 3.3 Hz, 1H), 6.75 (t, J = 5.3 Hz,
1H), 6.64 (dd, J = 3.3, 1.8 Hz, 1H), 3.79 (s, 2H), 3.03 (q, J = 6.1 Hz, 2H), 2.57 (t, J = 6.4 Hz,
2H), 1.36 (s, 9H).

13C NMR (126 MHz, DMSO-d6) § 155.64, 150.47, 143.45, 135.89, 131.37, 131.09,
127.05, 126.07, 112.02, 110.58, 77.47, 50.50, 48.71, 28.25.

Step b): 95 N1-(4-chloro-2-(furan-2-yl)benzyl)ethane-1,2-diamine was synthesized
from tert-butyl (2-((4-chloro-2-(furan-2-yl)benzyl)amino)ethyl)carbamate (70 mg, 0.3 mmol),
and HClgiox (400 pL) using DCM (3.0 mL) as solvent and following General procedure VII,
which afforded the desired amine in the form of a double hydrochloride (28 mg, 0.09 mmol, 29%
yield).

LC-MS: [M+H]" 251.02, 253.07.

'H NMR (500 MHz, DMSO-d6) & 7.96 (d, J = 1.6 Hz, 1H), 7.81 (d, J = 2.2 Hz, 1H), 7.76
(d, J=8.4 Hz, 1H), 7.50 (dd, J = 8.4, 2.2 Hz, 1H), 7.11 (d, J = 3.4 Hz, 1H), 6.70 (dd, J=3.4, 1.8
Hz, 1H), 4.33 (s, 2H), 3.33 — 3.29 (m, 2H), 3.23 (t, J = 6.0 Hz, 2H).

13C NMR (126 MHz, DMSO-d6) § 150.34, 144.49, 133.77, 133.13, 131.83, 127.56,
126.68, 112.11, 110.89, 48.40, 44.55, 35.61.

CO,Et CO.H
o HN—/ HN
2
| W T /
Cl Cl 96 Cl

Scheme 28. Synthesis of compound 96
Step a): Ethyl (4-chloro-2-(furan-2-yl)benzyl)glycinate was synthesized from 4-chloro-
2-(furan-2-yl)benzaldehyde (150 mg, 0.73 mmol), glycine ethyl ester hydrochloride (101 mg,
0.73 mmol), TEA (74 mg, 0.73 mmol) and NaBH(OACc)3 (308 mg, 1.45 mmol) using anhydrous
MeOH (6.0 mL) as solvent and following the General procedure IV the desired product was
isolated as white solid (99 mg, 0.34 mmol, 47% yield).
LC-MS: [M+H]" 294.04, 296.07.
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'H NMR (500 MHz, DMSO-ds) & 7.82 (d, J = 1.9 Hz, 1H), 7.64 (d, J = 2.3 Hz, 1H), 7.55
(d,J=8.3Hz, 1H), 7.37 (dd, J = 8.3, 2.3 Hz, 1H), 6.95 (d, J = 3.3 Hz, 1H), 6.64 (dd, J=3.4, 1.8
Hz, 1H), 4.08 (q, J = 7.1 Hz, 2H), 3.85 (s, 2H), 3.36 (s, 2H), 1.18 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) & 172.06, 150.40, 143.49, 135.27, 131.56, 131.52, 131.16,
127.16, 126.12, 112.05, 110.64, 59.96, 49.90, 49.72, 14.12.

Step b): 96 (4-chloro-2-(furan-2-yl)benzyl)glycine was synthesized by saponification of
ethyl (4-chloro-2-(furan-2-yl)benzyl)glycinate (99 mg, 0.34 mmol), 2M NaOH (0.6 mL) and
using THF (0.6 mL) as solvent. The resulting reaction mixture was stirred for 4 hours, after
which it was diluted with water (10 mL) and its pH was adjusted to 7 by adding 1M HCI. The
resulting solution was extracted with EtOAc (3x15 mL) and to the combined organic fractions
2M solution of HCI in diethyl ether (100 pL) was added and the resulting precipitate was filtered
off to afford the desired product as a hydrochloride (100 mg, 0.33 mmol, 95% yield).

LC-MS: [M+H]" 266.05, 268.04.

'H NMR (500 MHz, DMSO-d6) & 7.83 (s, 1H), 7.68 (d, J = 1.9 Hz, 1H), 7.57 (d, J = 8.3
Hz, 1H), 7.40 (dd, J = 8.3, 2.0 Hz, 1H), 6.99 (d, J = 3.2 Hz, 1H), 6.65 (d, J = 1.3 Hz, 1H), 3.98
(s, 2H), 3.25 (s, 2H).

13C NMR (126 MHz, DMSO-d6) & 150.39, 143.72, 133.15, 133.13, 132.14, 131.90,
131.36, 127.28, 126.30, 112.09, 110.68, 49.77, 49.43.

CONH,
HN

o
W,
97 ClI
97 2-((4-chloro-2-(furan-2-yl)benzyl)amino)acetamide was synthesized from 4-chloro-
2-(furan-2-yl)benzaldehyde (50 mg, 0.24 mmol), glycinamide (101 mg, 0.73 mmol) and
NaBH(OACc)3 (103 mg, 0.48 mmol) using anhydrous MeOH (3.0 mL) as solvent and following
the General procedure 1V the desired product was isolated as white solid (11 mg, 0.04 mmol,
17% yield).
LC-MS: [M+H]" 265.03, 266.99.
'H NMR (500 MHz, DMSO-d6) § 7.82 (d, J = 1.6 Hz, 1H), 7.65 (d, J = 2.2 Hz, 1H), 7.58
(d, J = 8.3 Hz, 1H), 7.38 (dd, J = 8.3, 2.3 Hz, 1H), 7.27 (s, 1H), 7.03 (s, 1H), 6.91 (d, J = 3.4 Hz,
1H), 6.64 (dd, J = 3.3, 1.8 Hz, 1H), 3.82 (s, 2H), 3.09 (s, 2H).
13C NMR (126 MHz, DMSO-d6) § 173.09, 150.47, 143.52, 135.32, 131.54, 131.37,
131.11, 127.18, 126.19, 112.05, 110.58, 51.31, 50.33.
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Scheme 29. Synthesis of compound 98
Step a): (4-chloro-2-(furan-2-yl)phenyl)methanol was synthesized by the reduction of 4-

chloro-2-(furan-2-yl)benzaldehyde (206 mg, 1.00 mmol) with NaBH4 (19 mg, 0.5 mmol) in the
THF/EtOH mixture (2.5 mL + 2.5 mL). The title compound was obtained as colorless solid (207
mg, 0.99 mmol, 99% yield).

'H NMR (500 MHz, DMSO-d6) & 7.79 (d, J = 1.6 Hz, 1H), 7.68 — 7.62 (m, 1H), 7.62 —
7.57 (m, 1H), 7.37 — 7.31 (m, 3H), 6.78 (d, J = 3.3 Hz, 1H), 6.64 — 6.60 (m, 1H), 5.28 (t, J = 5.5
Hz, 1H), 4.64 (d, J = 5.5 Hz, 3H).

13C NMR (126 MHz, DMSO-d6) & 151.71, 142.89, 138.36, 128.23, 127.85, 127.48,
127.01, 126.37, 111.87, 109.36, 61.36.

Step b): 2-(2-(bromomethyl)-5-chlorophenyl)furan. To the solution of (4-chloro-2-
(furan-2-yl)phenyl)methanol (88 mg, 0.4 mmol) in DCM (5.0 mL) were added CBrs4 (280 mg,
0.8 mmol) and PPhs (221 mg, 0.8 mmol) and the resulting mixture was stirred for 2 hours at
room temperature. The reaction mixture was diluted with water (15 mL), extracted with DCM
(2x10 mL), washed with brine, dried over anhydrous sodium sulfate and concentrated in vacuo.
Purification by flash column chromatography (Hex:DCM 0-30% DCM over 12 min, 18 mL/min,
12 g silica) yielded the desired product as colorless solid (98 mg, 0.36 mmol, 90% yield).

'H NMR (500 MHz, DMSO-ds) § 7.89 (d, J = 1.7 Hz, 1H), 7.71 (d, J = 2.3 Hz, 1H), 7.59
(d, J = 8.3 Hz, 1H), 7.41 (dd, J = 8.3, 2.3 Hz, 1H), 7.07 (d, J = 3.4 Hz, 1H), 6.70 (dd, J = 3.4, 1.8
Hz, 1H), 4.92 (s, 2H).

13C NMR (126 MHz, DMSO-ds) 6 110.75, 112.27, 126.76, 127.82, 131.23, 132.51, 133.62,
133.82, 144.09, 149.90.

Step c¢): 98 4-chloro-2-(furan-2-yl)benzyl carbamimidothioate hydrobromide. To the
stirred solution of 2-(2-(bromomethyl)-5-chlorophenyl)furan (60 mg, 0.22 mmol) in acetonitrile
(2.0 mL) was added thiourea (17 mg, 0.22 mmol), after which the reaction mixture was heated
up to 60°C and stirred at this temperature for 1 hour. The reaction mixture was concentrated in
vacuo and the residue was resuspended in diethyl ether, which gave a white precipitate that was
collected (75 mg, 0.22 mmol, 95% yield).

LC-MS: [M+H]" 266.98, 269.01
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IH NMR (500 MHz, DMSO-d6) § 9.20 (s, 2H), 9.02 (s, 2H), 7.88 (d, J = 1.7 Hz, 1H), 7.76
(d, J = 2.3 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.44 (dd, J = 8.3, 2.3 Hz, 1H), 7.05 (d, J = 3.4 Hz,
1H), 6.70 (dd, J = 3.4, 1.8 Hz, 1H), 4.71 (s, 2H).

13C NMR (126 MHz, DMSO-d6) & 168.97, 150.29, 144.24, 133.47, 133.20, 131.51,
129.21, 127.91, 127.19, 112.31, 110.67, 33.48.

NBn
HN4<\//

o]
W
99 Cl
99 1-benzyl-N-(4-chloro-2-(furan-2-yl)benzyl)pyrrolidin-3-amine was synthesized from
4-chloro-2-(furan-2-yl)benzaldehyde (50 mg, 0.24 mmol), 1-benzylpyrrolidin-3-amine (43 mg,
0.24 mmol) and NaBH(OAc)z (103 mg, 0.48 mmol) using anhydrous MeOH (2.0 mL) as solvent
and following the General procedure 1V. The desired product was isolated by flash chromatog-
raphy (DCM:MeOH 0-10% MeOH over 16 min, 18 mL/min, 12 g silica) as white solid (56 mg,
0.15 mmol, 63% yield).
LC-MS: [M+H]* 367.24, 369.24
'H NMR (500 MHz, DMSO-d6) § 7.80 (d, J = 1.6 Hz, 1H), 7.63 (d, J = 2.3 Hz, 1H), 7.57
(d, J = 8.3 Hz, 1H), 7.37 (dd, J = 8.3, 2.3 Hz, 1H), 7.33 — 7.30 (m, 4H), 7.28 — 7.22 (m, 1H), 6.94
(d, J = 3.4 Hz, 1H), 6.63 (dd, J = 3.3, 1.8 Hz, 1H), 3.82 (q, J = 13.9 Hz, 2H), 3.62 (g, J = 13.0
Hz, 2H), 3.31 (td, J = 11.8, 5.0 Hz, 1H), 2.73 (dd, J = 9.5, 6.8 Hz, 1H), 2.61 (dd, J = 15.0, 8.4
Hz, 1H), 2.56 — 2.51 (m, 1H), 2.39 (dd, J = 9.6, 5.0 Hz, 1H), 2.00 (td, J = 14.2, 7.9 Hz, 1H), 1.59
(dg, J = 8.0, 5.5 Hz, 1H).
13C NMR (126 MHz, DMSO-d6) § 163.77, 150.48, 143.45, 138.25, 134.80, 131.82,
131.12, 128.60, 128.11, 127.11, 126.93, 126.12, 111.93, 110.44, 59.27, 59.25, 56.50, 52.29,
48.74, 30.84.

CO,Et EtO,C HO,C
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Scheme 30. Synthesis of compound 100
Step a): tert-butyl 4-(4-(ethoxycarbonyl)-1H-pyrazol-1-yl)piperidine-1-carboxylate.
The solution containing tert-butyl 4-bromopiperidine-1-carboxylate (594 mg, 2.25 mmol), ethyl
1H-pyrazole-4-carboxylate (182 mg, 1.3 mmol) and Cs,COs (1.27 g, 3.90 mmol) in DMF (5.0

252



mL) was subjected to microwave irradiation (150 W, 100°C, 30 min). The resulting mixture was
diluted with water (50 mL), extracted with EtOAc (3x30 mL), the combined organic fractions
were washed with brine, dried over anhydrous Na,SO4 and concentrated in vacuo. The desired
product was isolated by flash chromatography (DCM-EA 0-100% EA over 16 min, 18 mL/min,
12 g silica) as clear viscous oil (350 mg, 1.1 mmol, 83% yield).

LC-MS: [M+H-tBu]* 324.26

'H NMR (500 MHz, Acetone-d6) & 8.19 (s, 1H), 7.82 (s, 1H), 4.46 (tt, J = 11.5, 4.1 Hz,
1H), 4.23 (q, J = 7.1 Hz, 2H), 4.22 — 4.13 (m, 2H), 2.94 (s, 2H), 2.12 — 2.06 (m, 2H), 1.98 — 1.87
(m, 2H), 1.46 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, Acetone-d6) & 163.39, 155.07, 141.03, 132.06, 115.44, 79.82, 60.42,
60.36, 43.81, 43.17, 32.99, 28.65.

Step b): 16 1-(1-(tert-butoxycarbonyl)piperidin-4-yl)-1H-pyrazole-4-carboxylic acid
was synthesized by saponification of tert-butyl 4-(4-(ethoxycarbonyl)-1H-pyrazol-1-
yl)piperidine-1-carboxylate (30 mg, 0.09 mmol) with LiOH (4.0 M, 1.0 mL) using THF (1.0 mL)
as solvent. After full consumption of the starting material the pH of the reaction mixture was
adjusted to 7 by adding 1M HCI and the resulting mixture was extracted with EtOAc (3x10 mL).
The combined organic fractions were dried over anhydrous Na>SO4, and concentrated in vacuo to
afford the product as colorless solid (15 mg, 0.05 mmol, 56% vyield).

LC-MS: [M+H]* 268.11.

'H NMR (500 MHz, CDCls) § 7.99 (s, 1H), 7.98 (s, 1H), 4.37 — 4.18 (m, 3H), 2.90 (s, 2H),
2.16 (d, J=12.3 Hz, 2H), 1.91 (qd, J = 12.4, 4.4 Hz, 2H), 1.48 (s, 9H).

13C NMR (126 MHz, CDCls) § 167.46, 154.70, 141.62, 131.18, 113.96, 80.30, 60.01,
43.09, 42.35, 28.55.

Step c¢): tert-butyl 4-(4-((4-chloro-2-(furan-2-yl)phenyl)carbamoyl)-1H-pyrazol-1-yl)-
piperidine-1-carboxylate was synthesized by acylation of 65 (6.0 mg, 30 umol) using 1-(1-(tert-
butoxycarbonyl)piperidin-4-yl)-1H-pyrazole-4-carboxylic acid (8.9 mg, 30 umol) and T3P (19
mg, 60 pumol) and pyridine (0.7 mL). The product was isolated using flash chromatography
(DCM:MeOH 0-10% MeOH over 10 min, 18 mL/min, 4 g silica) as white solid (6.0 mg, 12
umol, 40% yield).

'H NMR (500 MHz, CDCls) & 8.97 (s, 1H), 8.44 (d, J = 8.9 Hz, 1H), 8.01 (s, 1H), 7.81 (s,
1H), 7.63 (d, J = 1.3 Hz, 1H), 7.54 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 8.9, 2.4 Hz, 1H), 6.69 (d, J
= 3.4 Hz, 1H), 6.60 (dd, J = 3.3, 1.8 Hz, 1H), 4.35 - 4.19 (m, 3H), 2.91 (s, 2H), 2.16 (d, J = 11.7
Hz, 2H), 1.93 (qd, J = 12.3, 4.3 Hz, 2H), 1.48 (s, 9H).
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13C NMR (126 MHz, CDCls) § 160.49, 154.68, 151.67, 142.82, 137.21, 133.08, 129.68,
129.32, 128.89, 127.24, 123.51, 121.64, 119.19, 112.40, 109.22, 80.25, 60.06, 42.74, 32.34,
28.56.

Step d): 100 N-(4-chloro-2-(furan-2-yl)phenyl)-1-(piperidin-4-yl)-1H-pyrazole-4-
carboxamide was synthesized from its previously obtained Boc-protected derivative (5.0 mg, 10
umol) and HCI (4M in dioxane, 100 pL) using DCM (1.0 mL) as solvent and following General
procedure VII, which afforded the desired amine in the form of a double hydrochloride (3.0 mg,
0.09 mmol, 42% yield) as a result of preparative HPLC.

'H NMR (500 MHz, CDCls) § 8.87 (s, 1H), 8.40 (d, J = 8.9 Hz, 1H), 8.01 (s, 1H), 7.81 (s,
1H), 7.63 (d, J = 1.3 Hz, 1H), 7.54 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 8.9, 2.4 Hz, 1H), 6.69 (d, J
= 3.4 Hz, 1H), 6.60 (dd, J = 3.3, 1.8 Hz, 1H), 4.40 — 4.22 (m, 3H), 2.89 (s, 2H), 2.16 (d, J = 11.7
Hz, 2H), 1.90 (qd, J = 12.3, 4.3 Hz, 2H).
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Scheme 31. Synthesis of compound 101
Step a): 4-chloro-6-phenoxypyrimidine was synthesized from 4,6-dischloropyrimidine

(150 mg, 1.00 mmol), phenol (99 mg, 1.06 mmol) and Cs>CO3 (326 mg, 1.00 mmol) using
MeCN (2.0 mL) as a solvent and following General procedure I11. The crude desired product
(200 mg) was used in the next step without additional purification.

LC-MS: [M+H]* 207.10.

Step b): tert-butyl (tert-butoxycarbonyl)(1-(6-phenoxypyrimidin-4-yl)pyrrolidin-3-
yl)carbamate was synthesized following the General procedure 111 was synthesized using
crude  4-chloro-6-phenoxypyrimidine (100 mg, 0.48 mmol), tert-butyl (tert-
butoxycarbonyl)(pyrrolidin-3-yl)carbamate (139 mg, 0.48 mmol) and DIPEA (125 mg, 0.97
mmol) as starting materials and anhydrous MeCN (1.0 mL) as solvent following General pro-
cedure Il1. The desired product was isolated by flash chromatography (Hex-Et.O 0-90% Et,O
over 15 min, 18 mL/min, 12 g silica) as white solid (190 mg, 0.42 mmol, 85% yield over two
steps).

LC-MS: [M+H]" 457.28

'H NMR (500 MHz, CDCls) § 8.31 (s, 1H), 7.40 (t, J = 7.9 Hz, 2H), 7.22 (t, J = 7.4 Hz,
1H), 7.12 (d, J = 7.7 Hz, 2H), 5.66 (s, 1H), 4.89 (p, J = 8.2 Hz, 1H), 3.58 (dd, J = 11.3, 6.2 Hz,
1H), 3.44 —3.34 (m, 1H), 2.45 (s, 1H), 1.45 (s, 3H), 1.42 (s, 18H).
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13C NMR (126 MHz, CDCls) § 169.80, 162.25, 158.23, 153.26, 153.01, 129.84, 125.35,
121.61, 86.42, 83.14, 54.67, 52.12, 43.76, 28.51, 28.13.

Step c¢): 1-(6-phenoxypyrimidin-4-yl)pyrrolidin-3-amine GPK-545 was synthesized
from tert-butyl (tert-butoxycarbonyl)(1-(6-phenoxypyrimidin-4-yl)pyrrolidin-3-yl)carbamate
(122 mg, 0.27 mmol), HCI (4M in dioxane, 250 pL) and using anhydrous DCM (2.0 mL) as sol-
vent and following the General procedure VII, which afforded the desired product (33 mg, 0.1
mmol, 37% yield) as white solid after isolation using preparative HPLC.

LC-MS: [M+H]* 257.11

'H NMR (500 MHz, DMSO-d6) & 8.34 (s, 1H), 8.17 (s, 1H), 7.42 (t, J = 7.9 Hz, 2H), 7.23
(t, J = 7.4 Hz, 1H), 7.12 (d, J = 7.8 Hz, 2H), 5.88 (s, 1H), 3.73 (s, 1H), 3.69 — 3.24 (m, 4H), 2.15
(s, 1H), 1.90 (s, 1H).

13C NMR (126 MHz, DMSO-d6) & 168.85, 164.97, 161.86, 157.56, 152.94, 129.65,
124,94, 121.41, 86.34, 52.29, 44.32, 31.22.

Step d): 101 N-(4-chloro-2-(furan-2-yl)benzyl)-1-(6-phenoxypyrimidin-4-
yl)pyrrolidin-3-aminewas synthesized using 4-chloro-2-(furan-2-yl)benzaldehyde (21 mg, 0.1
mmol), 1-(6-phenoxypyrimidin-4-yl)pyrrolidin-3-amine hydrochloride (33 mg, 0.1 mmol),
DIPEA (26 mg, 0.2 mmol) and NaBH(OAc)s (32 mg, 0.15 mmol) as starting materials and
following General procedure IV. The desired product was isolated using preparative HPLC
(H20 (+ 0.1 HCO2H) - MeCN (+ 0.1 HCO2H) 0-100% MeCN over 30 min) as a colorless solid
(11 mg, 0.06 mmol, 60% vyield).

LC-MS: [M+H]* 447.18.

'H NMR (500 MHz, CDCl3) & 8.32 (s, J = 5.5 Hz, 1H), 7.60 (d, J = 2.2 Hz, 1H), 7.50 (d, J
= 1.5 Hz, 1H), 7.42 — 7.35 (m, 3H), 7.26 — 7.20 (m, 2H), 7.13 (d, J = 7.7 Hz, 2H), 6.65 (d, J =
3.3 Hz, 1H), 6.47 (s, 1H), 5.66 (s, 1H), 3.94 (g, J = 13.1 Hz, 2H), 3.49 (s, 2H), 2.16 (td, J = 12.8,
6.8 Hz, 1H), 1.88 (s, 1H), 1.59 (s, 2H), 1.32 — 1.23 (m, 1H).

13C NMR (126 MHz, CDCls) § 169.76, 162.39, 158.25, 153.24, 152.04, 142.87, 134.92,
133.31, 131.76, 131.72, 129.83, 128.09, 127.93, 125.35, 121.59, 111.82, 109.60, 86.36, 52.36,

50.31, 31.81, 29.83.

NH,
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| P OMe

103
103 5-(furan-2-yl)-2-methoxyaniline was synthesized from 5-bromo-2-methoxyaniline
(202 mg, 1.00 mmol), Pd[PPhs]s (58 mg, 50 umol), and 2-(Tri-n-butylstannyl)furan (536 mg,
1.50 mmol) following the General procedure | and isolated as a colorless solid (80.0 mg, 0.42
mmol, 42% yield).
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LC-MS: [M+H]* 190.11.

IH NMR (500 MHz, CDCls) & 7.41 (d, J = 1.3 Hz, 1H), 7.09 — 7.03 (m, 2H), 6.80 (d, J =
8.1 Hz, 1H), 6.48 (d, J = 3.2 Hz, 1H), 6.43 (dd, J = 3.3, 1.8 Hz, 1H), 3.87 (s, 3H).

NMR data is in accordance with literature.[?]
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104 3-(furan-2-yl)-5-methylaniline was synthesized from 3-bromo-5-methylaniline (186
mg, 1.00 mmol), Pd[PPhz]s (35 mg, 30 pumol), and 2-(Tri-n-butylstannyl)furan (536 mg, 1.5
mmol) following the General procedure | and isolated as a colorless solid (104 mg, 0.60 mmol,
60% yield).

LC-MS: [M+H]* 174.12.

'H NMR (500 MHz, CDCl3) & 7.44 (dd, J = 1.7, 0.6 Hz, 1H), 6.93 (d, J = 0.5 Hz, 1H), 6.84
(d, J = 1.5 Hz, 1H), 6.59 (dd, J = 3.3, 0.6 Hz, 1H), 6.45 (dd, J = 3.4, 1.8 Hz, 1H), 6.44 (s, 1H),
3.65 (s, 2H), 2.30 (s, 3H).

13C NMR (126 MHz, CDCls) & 154.33, 146.71, 141.85, 139.61, 131.79, 115.41, 115.28,
111.63, 107.79, 104.94, 21.60.

OH
0]

W
105 Me

105 3-(furan-2-yl)-5-methylphenol was synthesized from 3-bromo-5-methylphenol (188
mg, 1.00 mmol), Pd[PPhs]s (35 mg, 30 umol), and 2-(Tri-n-butylstannyl)furan (464 mg, 1.30
mmol) following the General procedure | and isolated as a colorless crystals (146 mg, 0.84
mmol, 84% yield).

LC-MS: [M+H]* 175.09.

'H NMR (500 MHz, Acetone-d6) & 7.58 (s, 2H), 7.56 (d, J = 1.7 Hz, 1H), 6.75 (d, J = 3.4
Hz, 1H), 6.51 (dd, J = 3.4, 1.8 Hz, 1H), 5.31 (s, 2H), 2.83 (s, 1H).

NMR data is in accordance with literature.[?2

e
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106 N-benzyl-3-(furan-2-yl)aniline was synthesized from 3 (56.0 mg, 0.35 mmol), ben-
zaldehyde (35 mg, 0.32 mmol) and NaBH(OACc)3z (81 mg, 0.38 mmol) using dichloroethane (1.0
mL) as solvent and following the General procedure V. The desired product was isolated by
flash chromatography (Hex:Et.O 0-100% Et>O over 15 min, 18 mL/min, 12 g silica) as colorless
solid (38 mg, 0.15 mmol, 43% vyield).

LC-MS: [M+H]* 250.02.

'H NMR (500 MHz, CDCls) § 7.44 (dd, J = 1.7, 0.6 Hz, 1H), 7.41 — 7.33 (m, 4H), 7.31 —
7.27 (m, 1H), 7.18 (t, J = 7.9 Hz, 1H), 7.05 — 7.03 (m, 1H), 7.00 — 6.98 (m, 1H), 6.58 (dd, J =
3.3, 0.6 Hz, 1H), 6.55 (ddd, J = 8.1, 2.4, 0.8 Hz, 1H), 6.45 (dd, J = 3.3, 1.8 Hz, 1H), 4.38 (s, 2H).

13C NMR (126 MHz, CDCls) & 154.49, 148.52, 141.94, 139.43, 131.92, 129.72, 128.82,
127.72,127.45, 113.68, 112.21, 111.66, 108.23, 105.01, 48.49.

HN—j OH

107

o)
W
107 2-(((3-(furan-2-yl)phenyl)amino)methyl)phenol was synthesized from 3 (80 mg, 0.5
mmol), 2-hydroxybenzaldehyde (56 mg, 0.45 mmol) and NaBH(OAc)z (116 mg, 0.55 mmol)
using dichloroethane (2.0 mL) as solvent and following the General procedure 1V. The desired
product was isolated by flash chromatography (Hex:Et.O 0-100% Et2O over 15 min, 18 mL/min,
12 g silica) as colorless solid (78 mg, 0.29 mmol, 59% vyield).
LC-MS: [M+H]* 264.20
'H NMR (500 MHz, CDCls) & 7.44 (dd, J = 1.7, 0.5 Hz, 1H), 7.26 — 7.20 (m, 4H), 7.20 —
7.15(m,J=7.1, 1.3 Hz, 2H), 6.91 - 6.87 (m, J = 8.5, 5.6, 1.9 Hz, 2H), 6.74 (ddd, J = 7.5, 2.3,
1.6 Hz, 1H), 6.60 (dd, J = 3.3, 0.5 Hz, 1H), 6.45 (dd, J = 3.4, 1.8 Hz, 1H), 4.45 (s, 2H).
13C NMR (126 MHz, CDCls) § 156.80, 153.89, 147.66, 142.26, 132.07, 129.85, 129.46,
128.95, 122.99, 120.28, 116.81, 116.64, 115.01, 111.78, 111.21, 105.45, 48.74.

CN CN NH,
0 0}
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108
Scheme 32. Synthesis of compound 108

Step a): 3-(furan-2-yl)benzonitrile was synthesized from 3-bromobenzonitrile (546 mg,
3.00 mmol), Pd[PPh3]s (170 mg, 150 umol), and 2-(Tri-n-butylstannyl)furan (1.29 g, 3.60 mmol)
following the General procedure | and isolated as yellowish crystals (335 mg, 1.98 mmol, 66%
yield).
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'H NMR (500 MHz, DMSO-d6) § 8.17 (t, J = 1.5 Hz, 1H), 8.04 — 7.98 (m, 1H), 7.83 (d, J
= 1.3 Hz, 1H), 7.76 — 7.71 (m, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.18 (d, J = 3.4 Hz, 1H), 6.65 (dd, J
= 3.4, 1.8 Hz, 1H).

NMR data is in accordance with literature.[?]

Step b): 108 (3-(furan-2-yl)phenyl)methanamine. To the stirred solution of 3-(furan-2-
yl)benzonitrile (85 mg, 0.5 mmol) and anhydrous NiCl. (65 mg, 0.5 mmol) in anhydrous EtOH
(1.0 mL) was added NaBHa4 (57 mg, 1.5 mmol) in portions, after which the reaction mixture was
stirred at room temperature for 15 minutes. The reaction was quenched by adding water (5 mL)
and its pH was adjusted to 8 by adding 1M NaOH, after which it was extracted with EtOAc
(3x10 mL), the combined organic fractions were washed with brine, dried over anhydrous
Na>SO4 and concentrated in vacuo to give the desired product as off-white solid (27 mg, 0.15
mmol, 30% yield).

LC-MS: [M-NH2]* 157.10

'H NMR (500 MHz, MeOD) & 7.69 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 1.4 Hz,
1H), 7.35 (t, J =7.7 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 6.77 (d, J = 3.3 Hz, 1H), 6.51 (dd, J = 3.4,
1.8 Hz, 1H), 3.83 (s, 2H).

13C NMR (126 MHz, DMSO-d6) & 153.22, 142.73, 142.50, 137.0, 130.25, 128.22, 122.50,
119.87, 112.03, 105.65, 45.59.

NHBoc NHBoc NH»
e RN Y N s
108
Scheme 33. Alternative synthesis of compound 108

Step a): tert-butyl (3-(furan-2-yl)benzyl)carbamate was synthesized from tert-butyl (3-
bromobenzyl)carbamate (430 mg, 1.50 mmol), Pd[PPhs]s (86 mg, 74 pumol), and 2-(Tri-n-
butylstannyl)furan (589 mg, 1.60 mmol) following the General procedure | and isolated as a
white solid (423 mg, 1.50 mmol, 98% yield).

Step b): (3-(furan-2-yl)phenyl)methanamine was synthesized from the Boc-protected 3-
(2-furyl)-benzylamine (406 mg, 1.49 mmol), HCI (4M in dioxane, 1.85 mL), using anhydrous
DCM (5.0 mL) as solvent and following General procedure VII. The deprotected amine was
isolated in the form of hydrochloride as white solid (252 mg, 1.49 mmol, 98% yield).

NH,
0]

W,
109  Me
109 (3-(furan-2-yl)-5-methylphenyl)methanamine was synthesized from (3-bromo-5-

methylphenyl)methanamine hydrochloride (126 mg, 0.53 mmol), Pd[PPhz]4 (30 mg, 27 pumol),
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TEA (54 mg, 0.53 mmol) and 2-(Tri-n-butylstannyl)furan (285 mg, 0.80 mmol) following the
General procedure | and isolated as brownish solid (335 mg, 1.98 mmol, 66% yield).

LC-MS: [M+H]*181.11

'H NMR (500 MHz, CDCls) § 7.47 — 7.44 (m, 2H), 7.39 (s, 1H), 7.05 (s, 1H), 6.65 (dd, J =
3.3, 0.5 Hz, 1H), 6.46 (dd, J = 3.3, 1.8 Hz, 1H), 3.88 (s, 2H), 2.37 (s, 3H).

13C NMR (126 MHz, DMSO-d6) § 153.22, 142.73, 141.97, 137.93, 130.25, 127.44,
122.50, 119.87, 112.03, 105.65, 44.59, 21.02.

NHBoc NHBoc NH,
S, S R ST e
110

Scheme 34. Synthesis of compound 110
Step a): tert-butyl (5-bromo-2-fluorobenzyl)carbamate. (5-bromo-2-

fluorophenyl)methylammonium hydrochloride (361 mg, 1.50 mmol) and triethylamine (304 mg,
3.00 mmol) were dissolved in DCM (8.0 mL) and to the resulting solution Boc.O (328 mg, 1.50
mmol) was added in a portionwise manner. The resulting solution was stirred at room tempera-
ture for 8 hours, evaporated to dryness and subjected to flash chromatography (Hex:DCM O0-
100% DCM over 18 min, 18 mL/min, 12 g silica) which afforded the protected product as white
solid (433 mg, 1.43 mmol, 95% yield).

LC-MS: [M+H]" 304.17, 306.16

'H NMR (500 MHz, CDCls) & 7.45 (dd, J = 6.6, 2.4 Hz, 1H), 7.35 (ddd, J = 8.5, 4.5, 2.5
Hz, 1H), 6.92 (t, J = 9.1 Hz, 1H), 4.33 (d, J = 5.7 Hz, 2H), 1.45 (s, 9H).

1F NMR (470 MHz, DMSO0-d6) § -120.77 — -120.89 (m).

13C NMR (126 MHz, CDCls) & 159.99 (d, J = 246.5 Hz), 155.85, 132.49 (d, J = 4.4 Hz),
131.98 (d, J = 8.2 Hz), 128.42 (d, J = 16.9 Hz), 117.24 (d, J = 23.0 Hz), 116.85 (d, J = 2.9 Hz),
80.09, 38.36, 28.50.

Step b): tert-butyl (2-fluoro-5-(furan-2-yl)benzyl)carbamate was synthesized from tert-
butyl (5-bromo-2-fluorobenzyl)carbamate (324 mg, 1.11 mmol), Pd[PPhs]s (64 mg, 55 umol),
and 2-(Tri-n-butylstannyl)furan (476 mg, 1.33 mmol) following General procedure | to obtain
the title compound as white solid (238 mg, 0.82 mmol, 74% yield).

'H NMR (500 MHz, CDCls) & 7.62 (dd, J = 7.1, 2.2 Hz, 1H), 7.55 (ddd, J = 8.4, 4.9, 2.3
Hz, 1H), 7.45 (d, J = 1.2 Hz, 1H), 7.05 (dd, J = 9.6, 8.7 Hz, 1H), 6.58 (d, J = 3.2 Hz, 1H), 6.46
(dd, J=3.3, 1.8 Hz, 1H), 4.92 (s, 1H), 4.43 — 4.30 (m, J = 4.9 Hz, 2H), 1.46 (s, J = 6.8 Hz, 9H).

Step c): (2-fluoro-5-(furan-2-yl)phenyl)methanaminium chloride was synthesized from
tert-butyl (2-fluoro-5-(furan-2-yl)benzyl)carbamate (238 mg, 0.82 mmol), HCliox)(5.0 ml, 5.0

mmol), using DCM (10.0 mL) as solvent and following General Procedure VII. The desired
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compound was obtained in the form of a hydrochloric salt as white crystals (185 mg, 0.82 mmol,
99% yield).

LC-MS: [M-NH]* 175.08.

'H NMR (500 MHz, DMSO-d6) & 8.08 (br.s, 2H), 7.94 (dd, J = 7.1, 2.2 Hz, 1H), 7.79 (d, J
= 1.3 Hz, 1H), 7.75 (ddd, J = 8.5, 4.9, 2.3 Hz, 1H), 7.37 — 7.31 (m, 1H), 6.93 (d, J = 3.3 Hz, 1H),
6.62 (dd, J = 3.4, 1.8 Hz, 1H), 4.08 (s, 2H).

F NMR (470 MHz, DMSO-d6) & -118.62 —-118.73 (m).

13C NMR (126 MHz, DMSO-d6) § 159.37 (d, J = 247.5 Hz), 151.89, 143.18, 127.04 (d, J
= 3.4 Hz), 126.22 (d, J = 3.4 Hz), 125.45 (d, J = 8.4 Hz), 122.66 (d, J = 15.7 Hz), 116.09 (d, J =
22.3 Hz), 112.22, 106.09, 35.85 (d, J = 4.1 Hz).

Step d): 110 (2-fluoro-5-(furan-2-yl)phenyl)methanamine was obtained from the corre-
sponding hydrochloride salt (see above) by treatment with 2M NaOH solution and extraction
with EtOAc.

LC-MS: [M+H]" 192.19

'H NMR (500 MHz, CDCls) & 7.65 (dd, J = 7.1, 2.2 Hz, 1H), 7.53 (ddd, J = 8.4, 4.9, 2.3
Hz, 1H), 7.45 (dd, J = 1.7, 0.6 Hz, 1H), 7.05 (dd, J = 9.7, 8.6 Hz, 1H), 6.60 (d, J = 3.3 Hz, 1H),
6.46 (dd, J = 3.4, 1.8 Hz, 1H), 3.94 (s, 2H), 0.92 (t, J = 7.3 Hz, 4H).

NHBoc NHBoc NH,
0 20 00
= 111
Scheme 35. Synthesis of compound 111

Step a): tert-butyl (3-(thiophen-3-yl)benzyl)carbamate was synthesized from tert-butyl
(3-bromobenzyl)carbamate (105 mg, 0.37 mmol), Pd[PPhz]s (8.5 mg, 7 pumol), (3-thienyl)-
boronic acid (70 mg, 0.55 mmol) and KF (87 mg, 1.1 mmol) using dioxane (2.0 mL) as solvent
and following General procedure Il. The desired compound was isolated by flash chromatog-
raphy (Hex:DCM 0-100% DCM over 15 min, 18 mL/min, 12 g silica) and obtained as off-white
solid (100 mg, 0.34 mmol, 93% yield).

LC-MS: [M+H-tBu]" 233.94, [M-(NHCOtBu)]* 173.03

'H NMR (500 MHz, Acetone-d6) § 7.71 (dd, J = 2.9, 1.3 Hz, 1H), 7.65 (s, 1H), 7.60 — 7.55
(m, 2H), 7.51 (dd, J =5.0, 1.2 Hz, 1H), 7.36 (t, J = 7.6 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 6.54 (s,
1H), 4.32 (d, J = 6.3 Hz, 2H), 1.43 (s, J = 15.7 Hz, 9H).

13C NMR (126 MHz, Acetone-d6) & 156.90, 143.07, 141.93, 136.68, 129.77, 127.45,
127.03, 126.88, 126.09, 125.63, 121.28, 78.84, 44.79, 28.67.

111 (3-(thiophen-3-yl)phenyl)methanamine was synthesized by deprotection of tert-

butyl (3-(thiophen-3-yl)benzyl)carbamate (100 mg, 0.34 mmol) with HClgiox (300 uL) using
260



DCM (3.0 mL) as solvent and following General procedure VII, which afforded the desired
amine in the form of a hydrochloride after a recrystallization from ethanol (48 mg, 0.21 mmol,
62% yield).

LC-MS: [M-NH2]" 172.99

'H NMR (500 MHz, DMSO-d6) § 8.23 (s, 3H), 7.88 (d, J = 12.4 Hz, 2H), 7.74 (d, J = 7.4
Hz, 1H), 7.69 (s, 1H), 7.57 (d, J = 4.6 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.37 (d, J = 7.4 Hz, 1H),
4.08 (s, 2H).

13C NMR (126 MHz, DMSO-d6) & 172.67, 140.97, 135.44, 134.77, 129.27, 127.48,
126.64, 126.07, 121.37, 54.26.
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Scheme 36. Synthesis of compound 112

Step a): Tert-butyl (3-(1-methyl-1H-pyrazol-4-yl)benzyl)carbamate was synthesized
from tert-butyl (3-bromobenzyl)carbamate (143 mg, 0.50 mmol), Pd[PPhs]s (20 mg, 17 pmol),
(1-methyl-1H-pyrazol-4-yl)boronic acid pinacol ester (125 mg, 0.60 mmol) and K>COz (207 mg,
1.50 mmol) following the General procedure Il to isolate the title compound by flash chroma-
tography (DCM:EA 0-100% EA over 14min, 18 mL/min, 12 g silica) as white solid (115 mg,
0.40 mmol, 80% yield).

LC-MS: [M+H]" 288.09

'H NMR (500 MHz, CDCl3) & 7.75 (s, 1H), 7.61 (s, 1H), 7.39 — 7.35 (m, 2H), 7.32 (t, J =
7.8 Hz, 1H), 7.14 (d, J = 7.3 Hz, 1H), 4.33 (d, J = 5.5 Hz, 2H), 3.95 (s, 3H), 1.47 (s, 9H).

13C NMR (126 MHz, CDCls) § 156.07, 139.64, 136.93, 133.13, 129.30, 127.15, 125.64,
124.81, 124.66, 123.12, 44.85, 39.26, 28.56.

Step b): 112 (3-(1-methyl-1H-pyrazol-4-yl)phenyl)methanamine was synthesized by
deprotection of tert-butyl (3-(1-methyl-1H-pyrazol-4-yl)benzyl)carbamate (56 mg, 0.19 mmol)
with HClgiox (150 pL) using DCM (1.0 mL) as solvent and following General procedure VII,
which afforded the desired amine in the form of a dihydrochloride - slightly beige solid (47 mg,
0.19 mmol, 99% vyield).

LC-MS: [M+H]* 188.01, [M-NH]* 170.96

'H NMR (500 MHz, DMSO-d6) & 8.38 (s, 2H), 8.13 (s, 1H), 7.86 (d, J = 0.4 Hz, 1H), 7.74
(s, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.39 (t, J = 7.7 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H), 4.02 (9, J =
5.8 Hz, 2H), 3.87 (s, 3H).

13C NMR (126 MHz, DMSO-d6) & 136.04, 134.64, 132.94, 129.18, 127.90, 126.27,
125.42, 124.87, 121.49, 42.28, 24.99.
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113 N-(3-(furan-2-yl)benzyl)acetamidewas synthesized by acylation of (3-(furan-2-

yl)phenyl)methanamine hydrochloride (41 mg, 0.19 mmol) using Ac20 (22 mg, 0.22 mmol),
DIPEA (76 mg, 0.59 mmol) and THF (2.0 mL) as solvent. The reaction mixture was stirred for 2
hours at room temperature, quenched by adding saturated NaHCO3 solution. The resulting mix-
ture was extracted with EtOAc, the combined organic fractions were dried over anhydrous
Na>SO4 and evaporated in vacuo to give the desired product (41 mg, 0.19 mmol, 100% yield) as
white solid.

'H NMR (500 MHz, CDCl3) § 7.36 — 7.27 (m, 5H), 6.71 (d, J = 8.1 Hz, 1H), 3.68 (s, 2H),
2.22 (s, 3H).

13C NMR (126 MHz, CDCIz) & 170.09, 153.64, 142.37, 138.77, 131.45, 129.27, 126.97,
123.31, 123.16, 111.85, 105.53, 43.89, 23.48.

o)
L/
110
3-(furan-2-yl)benzaldehyde was synthesized from 3-bromobenzaldehyde (555 mg, 3.0
mmol), Pd[PPhs]s (31 mg, 27 pmol) and 2-(Tri-n-butylstannyl)furan (1.28 g, 3.60 mmol) follow-
ing the General procedure | and isolated as brownish solid (320 mg, 1.85 mmol, 62% yield).
'H NMR (500 MHz, CDCl3) & 10.06 (s, 1H), 8.17 (t, J = 1.6 Hz, 1H), 7.95 — 7.91 (m, 1H),
7.77 (dt, J = 7.6, 1.3 Hz, 1H), 7.56 (t, J = 7.7 Hz, 1H), 7.52 (d, J = 1.6 Hz, 1H), 6.77 (d, J = 3.4
Hz, 1H), 6.52 (dd, J = 3.4, 1.8 Hz, 1H).
13C NMR (126 MHz, DMSO-d6) & 193.06, 151.78, 143.66, 136.78, 131.12, 129.85,
129.01, 128.08, 124.13, 112.32, 107.21.
NMR data is in accordance with literature.[?4]

NH, NH
ol ol J\
| / — || / 0] Br

108 19
Scheme 37. Synthesis of compound 19

19 2-bromo-N-(3-(furan-2-yl)benzyl)acetamide. To the stirred solution containing (3-
(furan-2-yl)phenyl)methanamine hydrochloride (206 mg, 0.99 mmol), DIPEA (254.6 mg, 1.97
mmol) and catalytic amount of DMAP in dry DCM (10.0 mL) was added dropwise 2-
bromoacetyl chloride (170 mg, 1.08 mmol) at 0°C. The reaction mixture was kept at 0°C for 20

minutes, after which it was stirred at room temperature for 1.5 hours. The reaction mixture was
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diluted with ice-cold water (120 mL), extracted with DCM (3x40 mL), the combined organic
fractions were washed with brine, dried over anhydrous Na SO4 and concentrated in vacuo to
afford the desired product as yellowish solid (161 mg, 0.55 mmol, 56% yield).

'H NMR (500 MHz, CDCl3) & 7.63 — 7.59 (m, 2H), 7.48 (s, 1H), 7.37 (t, J = 7.5 Hz, 1H),
7.19 (d, J = 7.4 Hz, 1H), 6.90 (s, 1H), 6.68 (d, J = 3.3 Hz, 1H), 6.50 — 6.47 (m, 1H), 453 (d, J =
5.8 Hz, 2H), 4.13 (s, 2H).

13C NMR (126 MHz, CDCls) § 166.02, 153.53, 142.44, 137.85, 131.55, 129.39, 126.84,
123.39, 123.28, 111.87, 105.63, 43.96, 42.77.
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Scheme 38. Synthesis of compound 114

Step a): tert-butyl 4-(2-((3-(furan-2-yl)benzyl)amino)-2-oxoethyl)piperazine-1-
carboxylate. To the stirred solution of N-Boc-piperazine (45 mg, 0.2 mmol), DIPEA (52 mg, 0.4
mmol) and catalytic amount of KI in MeCN (1.0 mL) at 70°C was added the solution of 2-
bromo-N-(3-(furan-2-yl)benzyl)acetamide (59 mg, 0.2 mmol) in MeCN (1.0 mL), after which
the resulting reaction mixture was stirred at 70°C for 8 hours. The reaction mixture was evapo-
rated to dryness and the resulting residue was subjected to flash chromatography (DCM:MeOH
0-5% MeOH over 15 min, 18 mL/min, 12 g silica) to afford the desired product as white solid
(79 mg, 0.2 mmol, 99% vyield)

LC-MS: [M+H]* 400.24

'H NMR (500 MHz, Acetone-d6) & 8.03 (s, 1H), 7.68 — 7.54 (m, 3H), 7.36 (t, J = 7.7 Hz,
1H), 7.22 (d, J = 7.6 Hz, 1H), 6.84 (d, J = 3.3 Hz, 1H), 6.55 (dd, J = 3.3, 1.8 Hz, 1H), 4.46 (d, J
= 6.3 Hz, 2H), 3.41 (s, 4H), 3.04 (s, 2H), 2.48 (d, J = 4.5 Hz, 4H), 1.42 (s, 9H).

13C NMR (126 MHz, Acetone-d6) & 170.09, 155.01, 154.62, 143.38, 141.62, 131.86,
129.78, 127.39, 123.41, 123.05, 112.73, 106.26, 79.62, 62.50, 54.05, 42.93, 28.54.

Step b): 114 tert-butyl 4-(2-((3-(furan-2-yl)benzyl)amino)-2-oxoethyl)piperazine-1-
carboxylate was synthesized by deprotection of tert-butyl 4-(2-((3-(furan-2-yl)benzyl)amino)-2-
oxoethyl)piperazine-1-carboxylate (79 mg, 0.19 mmol) with HClgiox (250 uL) using DCM (2.0
mL) as solvent and following General procedure V11, which afforded the desired amine in the
form of a dihydrochloride - slightly purple solid after a recrystallization from ethanol (61 mg,
0.16 mmol, 85% vyield).

LC-MS: [M+H]* 300.2

'H NMR (500 MHz, DMSO-d6) & 9.25 — 9.19 (m, 1H), 7.83 (d, J = 1.4 Hz, 1H), 7.71 —
7.64 (m, 2H), 7.46 (q, J = 7.5 Hz, 1H), 7.28 (t, J = 6.3 Hz, 1H), 7.03 — 7.00 (m, 1H), 6.69 — 6.67
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(m, 1H), 4.46 (dd, J = 15.2, 5.9 Hz, 2H), 3.76 (dtd, J = 7.5, 5.7, 1.2 Hz, 1H), 3.38 — 3.10 (m,
8H).

13C NMR (126 MHz, DMSO-d6) & 143.48, 130.92, 130.83, 129.54, 129.46, 127.01,
126.89, 122.71, 112.59, 106.47, 80.37, 66.82, 51.86, 49.43, 28.40.

NH
Q—d I 4@*0025—)’ | ) O)_\OOCOZH
115

Scheme 39. Synthesis of compound 115

Step a): Ethyl 4-(2-((3-(furan-2-yl)benzyl)amino)-2-oxoethoxy)benzoate. The solution
containing 2-bromo-N-(3-(furan-2-yl)benzyl)acetamide (29 mg, 0.1 mmol), 4-hydroxybenzoic
acid (17 mg, 0.1 mmol), K.COz (21 mg, 0.15 mmol) and catalytic amount of Nal in MeCN (2.0
mL) was heated up to 70°C and stirred at this temperature overnight. The reaction mixture was
concentrated in vacuo and subjected to flash chromatography (Hex:EA 0-100% EA over 16 min,
14 mL/min, 4 g silica), which afforded the product as white solid (35 mg, 0.1 mmol, 99% vyield).

LC-MS: [M+H]* 380.02

'H NMR (500 MHz, CDCls) § 7.98 — 7.93 (m, 2H), 7.56 — 7.50 (m, 2H), 7.42 — 7.39 (m,
1H), 7.29 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 7.4 Hz, 1H), 6.90 — 6.86 (m, 2H), 6.58 (d, J = 3.4 Hz,
1H), 6.40 (dd, J = 3.3, 1.8 Hz, 1H), 4.56 (s, 2H), 4.52 (d, J = 6.0 Hz, 2H), 4.28 (q, J = 7.1 Hz,
2H), 1.31 (t, J = 7.1 Hz, 3H).

Step b): 115 4-(2-((3-(furan-2-yl)benzyl)amino)-2-oxoethoxy)benzoic acid was obtained
by saponification of ethyl 4-(2-((3-(furan-2-yl)benzyl)amino)-2-oxoethoxy)benzoate (37.4 mg,
0.1 mmol) with 2 M LiOH (1.0 mL) and using THF (2.5 mL) as solvent. Colorless solid (30 mg,
0.085 mmol, 85% yield).

LC-MS: [M+H]* 352.15

'H NMR (500 MHz, CDCls) & 7.98 — 7.93 (m, 2H), 7.56 — 7.50 (m, 2H), 7.42 — 7.39 (m,
1H), 7.29 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 7.4 Hz, 1H), 6.90 — 6.86 (m, 2H), 6.58 (d, J = 3.4 Hz,
1H), 6.40 (dd, J = 3.3, 1.8 Hz, 1H), 4.56 (s, 2H), 4.52 (d, J = 6.0 Hz, 2H).

NH O
o)
W 116 on
116 (3-(furan-2-yl)benzyl)glycine. To the solution containing glycine (34 mg, 0.4 mmol)
in MeOH (340 pL) and 2M NaOH (240 plL) was added the solution of 3-(furan-2-
yl)benzaldehyde (86 mg, 0.5 mmol) in MeOH (390 uL) and the resulting mixture was stirred at
room temperature for 30 minutes. To the reaction mixture was added NaBH4 (58 mg, 1.5 mmol)

in two portions with a 2-minutes interval upon cooling in an ice bath, after which the reaction
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mixture was stirred at room temperature for 2 hours. The volatiles were distilled off in vacuo, pH
of the aqueous phase was adjusted to 5 and it was extracted with Et,O (2x20 mL). The combined
ethereal fractions were concentrated in vacuo, the residue was recrystallized from water to give
the title product as white fluffy solid (90 mg, 0.39 mmol, 86% yield).

LC-MS: [M+H]* 232.16

'H NMR (500 MHz, DMSO-d6) & 7.79 (s, 1H), 7.77 (d, J = 1.2 Hz, 1H), 7.67 (d, J = 7.8
Hz, 1H), 7.43 (t, J = 7.7 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 3.3 Hz, 1H), 6.61 (dd, J =
3.4,1.8 Hz, 1H), 3.99 (s, 2H), 3.14 (s, 2H).

13C NMR (126 MHz, DMSO-d6) & 168.53, 152.71, 143.17, 134.84, 130.53, 129.15,
128.50, 124.49, 123.33, 112.20, 106.25, 50.13, 49.02.

NH O
oS
L/ 17 HN4<
117 2-((3-(furan-2-yl)benzyl)amino)-N-isopropylacetamide. To the stirred solution (3-
(furan-2-yl)benzyl)glycine (23 mg, 0.1 mmol), DIPEA (26 mg, 0.2 mmol) and HATU (46 mg,
0.12 mmol) in anhydrous DCM (1.0 mL) was added isopropylamine (6.5 mg, 0.11 mmol). The
reaction mixture was stirred for 8 hours, after which it was evaporated in vacuo and subjected to
flash chromatography (DCM:MeOH 0-10% MeOH over 12 min, 14 mL/min, 4 g silica), which
afforded the product as colorless crystals) (22 mg, 0.08 mmol, 81% vyield).
LC-MS: [M+H]" 273.21
'H NMR (500 MHz, CDCl3) & 7.64 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.47 (dd, J = 1.7, 0.6
Hz, 1H), 7.37 (t, J= 7.7 Hz, 1H), 7.21 (d, J = 7.7 Hz, 1H), 6.89 (d, J = 7.6 Hz, 1H), 6.68 (dd, J =
3.4,0.6 Hz, 1H), 6.48 (dd, J = 3.4, 1.8 Hz, 1H), 4.08 — 4.02 (m, 1H), 3.89 (s, 2H), 3.41 (s, 2H).
13C NMR (126 MHz, CDCls) § 153.61, 142.42, 131.55, 129.33, 128.16, 127.47, 123.86,
123.46, 111.91, 105.61, 55.94, 51.51, 41.31, 38.76.

NH
o)
W,
118 Cl
118 4-chloro-N-(3-(furan-2-yl)benzyl)aniline was synthesized from 3-(furan-2-
yl)benzaldehyde (50 mg, 0.3 mmol), 4-chloroaniline (41 mg, 0.3 mmol) and NaBH(OAc)3z (74
mg, 0.3 mmol) using anhydrous dichloroethane (1.0 mL) as solvent and following General pro-
cedure 1V to isolate the desired product by flash chromatography (Hex:EA 0-100% EA over 14
min, 19 mL/min, 12 g silica) as colorless solid (40 mg, 0.14 mmol, 48% yield).

LC-MS: [M+H]* 284.13, 286.16
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IH NMR (500 MHz, CDCls) 8 7.67 (s, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.49 — 7.44 (m, 1H),
7.36 (t, J = 7.7 Hz, 1H), 7.24 (d, J = 7.6 Hz, 1H), 7.13 — 7.09 (m, 2H), 6.66 (dd, J = 3.4, 0.5 Hz,
1H), 6.59 — 6.54 (M, 2H), 6.47 (dd, J = 3.4, 1.8 Hz, 1H), 4.33 (s, 2H).

13C NMR (126 MHz, CDCls) & 153.83, 146.72, 142.32, 139.60, 131.43, 129.22, 126.46,

123.01, 122.86, 122.33, 114.10, 111.83, 105.44, 48.51.
NH

0
W
119 CO,H

119 2-(4-((3-(furan-2-yl)benzyl)amino)phenyl)acetic acid was synthesized from 3-
(furan-2-yl)benzaldehyde (75 mg, 0.50 mmol), 4’-aminophenylacetic acid (95 mg, 0.55 mmol)
and NaBH(OACc)3 (318 mg, 1.5 mmol) using anhydrous dichloroethane (5.0 mL) as solvent and
following General procedure 1V to isolate the desired product by flash chromatography
(Hex:EA 0-100% EA over 14 min, 19 mL/min, 12 g silica) as colorless solid (95 mg, 0.3 mmol,
59% yield).

LC-MS: [M+H]* 308.02

'H NMR (500 MHz, CDCls) & 7.68 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.48 — 7.46 (m, 1H),
7.35 (t, J = 7.7 Hz, 1H), 7.08 (t, J = 5.6 Hz, 2H), 6.65 (d, J = 3.3 Hz, 1H), 6.64 — 6.59 (m, 2H),
6.47 (dd, J = 3.4, 1.8 Hz, 1H), 4.34 (s, 2H), 3.53 (s, 2H).

13C NMR (126 MHz, CDCls) § 175.96, 153.91, 147.48, 142.28, 139.98, 131.37, 130.35,
129.18, 126.56, 122.95, 122.92, 122.34, 113.19, 111.81, 105.38, 48.53, 39.98.

=0 N NBoc N NH
W — .y — 1y
10 120

Scheme 40. Synthesis of compound 120

Step a): tert-butyl 4-(3-(furan-2-yl)benzyl)piperazine-1-carboxylate was synthesized
from 3-(furan-2-yl)benzaldehyde (100 mg, 0.58 mmol), N-Boc-piperidine (113 mg, 0.61 mmol)
and NaBH(OACc)3 (164 mg, 0.77 mmol) using anhydrous DCM (4.0 mL) as solvent and follow-
ing the General procedure 1V to isolate the desired product by flash chromatography (Hex:EA
0-100% EA over 20 min, 19 mL/min, 12 g silica) as white solid (110 mg, 0.32 mmol, 55%
yield).

LC-MS: [M+H]* 343.22

'H NMR (500 MHz, Acetone-d6) & 7.71 (s, 1H), 7.64 — 7.59 (m, 2H), 7.37 (t, J = 7.7 Hz,
1H), 7.27 (d, J = 7.6 Hz, 1H), 6.85 (d, J = 3.0 Hz, 1H), 6.55 (dd, J = 3.4, 1.8 Hz, 1H), 3.55 (s,
2H), 3.40 (s, 4H), 2.42 — 2.36 (m, 4H), 1.43 (s, 9H).
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13C NMR (126 MHz, Acetone-d6) § 154.13, 153.81, 142.40, 139.14, 130.89, 128.67,
128.02, 124.05, 122.37, 111.76, 105.29, 78.58, 62.43, 54.08, 52.80, 27.65.

Step b): 120 1-(3-(furan-2-yl)benzyl)piperazine was synthesized by deprotection of tert-
butyl 4-(3-(furan-2-yl)benzyl)piperazine-1-carboxylate (110 mg, 0.32 mmol) with HClgiox (200
uL) using DCM (3.0 mL) as solvent and following General procedure VI, which afforded the
desired amine in the form of a dihydrochloride (98 mg, 0.31 mmol, 99% yield).

LC-MS: [M+H]* 243.02

'H NMR (500 MHz, DMSO-d6) § 8.36 (s, 1H), 7.75 (d, J = 1.3 Hz, 1H), 7.63 (s, 1H), 7.59
(d, J=7.8 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 3.3 Hz, 1H),
6.59 (dd, J = 3.3, 1.8 Hz, 1H), 3.52 (s, 2H), 2.91 (d, J = 4.3 Hz, 4H), 2.47 (s, 4H).

13C NMR (126 MHz, DMSO-d6) § 165.41, 152.98, 142.91, 138.40, 130.31, 128.83,
128.09, 123.81, 122.30, 112.08, 105.91, 61.93, 50.95, 43.57.

. Oy O
O a) 0]
| — [
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Scheme 41. Synthesis of compound 121

Step a): tert-butyl (1-(3-(furan-2-yl)benzyl)piperidin-4-yl)carbamate was synthesized
from 3-(furan-2-yl)benzaldehyde (105 mg, 0.61 mmol), tert-butyl piperidin-4-ylcarbamate (128
mg, 0.64 mmol) and NaBH(OACc)3 (172 mg, 0.81 mmol) using anhydrous DCM (5.0 mL) as sol-
vent and following the General procedure 1V to isolate the desired product by flash chromatog-
raphy (DCM:MeOH 0-10% MeOH over 25 min, 24 mL/min, 12 g silica) as white solid (128 mg,
0.36 mmol, 59% vyield).

LC-MS: [M+H]" 357.20

'H NMR (500 MHz, Acetone-d6) & 7.69 (s, 1H), 7.62 (d, J = 1.1 Hz, 1H), 7.59 (d, J = 7.8
Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.25 (d, J = 7.6 Hz, 1H), 6.85 - 6.81 (m, 1H), 6.54 (dd, J = 3.3,
1.8 Hz, 1H), 5.85 (d, J = 5.2 Hz, 1H), 3.51 (s, 2H), 3.37 (s, 1H), 2.84 (d, J = 11.7 Hz, 2H), 2.11 -
2.06 (m, 2H), 1.82 (d, J = 11.7 Hz, 2H), 1.51 (qd, J = 12.0, 3.7 Hz, 2H), 1.38 (s, 9H).

13C NMR (126 MHz, Acetone-d6) § 155.99, 154.86, 143.33, 140.87, 131.80, 129.58,
128.87, 124.89, 123.20, 112.72, 106.18, 78.46, 63.49, 53.41, 48.94, 33.29, 28.72.

Step b): 121 1-(3-(furan-2-yl)benzyl)piperidin-4-amine was synthesized by deprotection
of tert-butyl (1-(3-(furan-2-yl)benzyl)piperidin-4-yl)carbamate (100 mg, 0.28 mmol) with HClg;-
ox (200 pL) using DCM (3.0 mL) as solvent and following General procedure VII, which af-
forded the desired amine in the form of a dihydrochloride (92 mg, 0.28 mmol, quant. yield).

LC-MS: [M+H]* 257.08
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IH NMR (500 MHz, DMSO-d6) § 7.75 (d, J = 1.5 Hz, 1H), 7.63 (s, 1H), 7.60 (d, J = 7.8
Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 3.3 Hz, 1H), 6.59 (dd, J =
3.3, 1.8 Hz, 1H), 3.54 (s, 2H), 2.98 (ddd, J = 15.2, 11.1, 3.9 Hz, 1H), 2.86 (d, J = 11.9 Hz, 2H),
2.06 (dd, J = 13.9, 8.5 Hz, 2H), 1.89 (d, J = 10.6 Hz, 2H), 1.58 (qd, J = 12.1, 3.6 Hz, 2H).

13C NMR (126 MHz, DMSO-d6) & 152.98, 142.94, 138.51, 130.32, 128.86, 128.07,
123.77, 122.37, 112.09, 105.93, 61.37, 50.81, 47.59, 29.46.

)
NH

0
122 OH

122 N-(2-fluoro-5-(furan-2-yl)benzyl)-2-(3-hydroxyphenyl)acetamide. To the stirred
solution of 2-(3-hydroxyphenyl)acetic acid (27 mg, 0.17 mmol), 7-aza-HOBt (24 mg, 0.17
mmol) and TEA (67 mg, 0.67 mmol) in anhydrous DMF (1.5 mL) was added EDC'HCI (34 mg,
0.18 mmol). The resulting solution was stirred for 15 min, after which (2-fluoro-5-(furan-2-
yl)phenyl)methanamine hydrochloride (40 mg, 0.17 mmol) was added to it. The reaction mixture
was stirred for 8 hours at room temperature, then diluted with water (20 mL), extracted with
EtOAc (3x20 mL), the combined organic fractions were washed with water, brine, dried over
anhydrous Na»;SOs and concentrated in vacuo. The desired product was isolated using flash
chromatography (Hex:EA 0-10% EA over 18 min, 18mL/min, 12 g silica) as white solid (50 mg,
0.15 mmol, 90% yield).

LC-MS: [M+H]" 326.05

'H NMR (500 MHz, CDCls) & 7.54 — 7.48 (m, 2H), 7.44 (d, J = 1.2 Hz, 1H), 7.20 (td, J =
7.5, 1.1 Hz, 1H), 7.04 — 6.99 (m, 1H), 6.54 (d, J = 3.2 Hz, 1H), 6.45 (dd, J = 3.4, 1.8 Hz, 1H),
5.89 (s, 1H), 4.48 (d, J = 6.0 Hz, 2H), 3.56 (s, J = 11.9 Hz, 2H).

9F NMR (470 MHz, CDCl3) & -120.37 — -120.45 (m).

/_002H
=0 =0 NH

Br —

Cl Cl 123 Cl
Scheme 42. Synthesis of compound 124

3-chloro-5-(furan-2-yl)benzaldehyde was synthesized from 3-bromo-5-
chlorobenzaldehyde (439 mg 2.00 mmol), Pd[PPhs]s (115 mg, 0.1 mmol) and 2-(Tri-n-
butylstannyl)furan (857 mg, 1.76 mmol) following the General procedure | and isolated as
shiny white solid (364 mg, 1.85 mmol, 88% yield).

268



'H NMR (500 MHz, DMSO0-d6) & 10.03 (s, 1H), 8.17 (t, J = 1.4 Hz, 1H), 8.09 (t, J = 1.8
Hz, 1H), 7.86 (d, J = 1.7 Hz, 1H), 7.84 — 7.82 (m, 1H), 7.27 (d, J = 3.4 Hz, 1H), 6.68 (dd, J =
3.4, 1.8 Hz, 1H).

13C NMR (126 MHz, DMSO-d6) & 191.99, 150.44, 144.37, 138.44, 134.81, 132.98,
128.10, 127.24, 122.52, 112.57, 108.74.

123 (3-chloro-5-(furan-2-yl)benzyl)glycine

LC-MS: [M+H]" 265.96, 268.01

'H NMR (500 MHz, DMSO-d6) & 7.86 — 7.82 (m, 1H), 7.82 — 7.78 (m, 1H), 7.77 — 7.70
(m, 1H), 7.51 (d, J = 9.7 Hz, 1H), 7.09 (dd, J = 12.6, 3.3 Hz, 1H), 6.87 (s, 1H), 6.66 — 6.63 (m,
1H), 3.64 — 3.57 (m, 2H).

13C NMR (126 MHz, DMSO-d6) § 171.06, 151.23, 143.88, 143.77, 136.46, 133.77,
132.28, 128.12, 123.31, 112.38, 107.82, 45.21, 43.10.
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S4.1.2 STD-NMR experiments
Primary fragment hit screen (Fr1-Fr7)

1. Mixture of Frl, Fr2, Fr3 and Fr5. The composition of the first mixture of frag-
ments was chosen on the basis of minimal overlapping of their proton signals in *H NMR

spectra. The concentration of every fragment used was set to 50 uM.

CN NC
@] — ,N\
N ) @Q T @NQ
N HoH,c” N
Fr Fra Fr3 Fr5

Figure S1. Structures of fragments Fri, Fr2, Fr3 and Frb5.
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Figure S2. Overlay of the on-resonance (blue), off-resonance (red) and the difference spectrum (green) of the mixture
containing Frl, Fr2, Fr3 and Fr5 in the absence of DnaN.
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Figure S3. Overlay of the on-resonance (blue), off-resonance (red) and the difference spectrum (green) of the mixture
of Frl, Fr2, Fr3 and Fr5 in the presence of DnaN.
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Figure S4. Overlay of the difference spectrum depicted on Figure S3 (blue) and individual spectra of Frl (red), Fr2
(green), Fr3 (magenta) and Fr5 ( ) acquired in the same buffer.
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Figure S5. Overlay of the difference spectrum (blue) and individual spectrum of Frl (red)
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Figure S6. Peak-picked and integrated signals in the difference spectrum belonging to Frl
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Figure S7. Overlay of the difference spectrum (blue) and individual spectrum of Fr4 (red)
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Figure S8. Peak-picked and integrated signals in the difference spectrum belonging to Fr4
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Figure S9. Overlay of the difference spectrum (blue) and an individual spectrum of Fr5 (red)
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Figure S10. Peak-picked and integrated signals in the difference spectrum belonging to Fr5

2. Mixture of Fr4, Fr6 and Fr7. The second mixture of fragments consisted of the

molecules Fr4, Fr6 and Fr7. The concentration of every molecule used was 50 uM.
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Figure S11. Structures of fragments Fr4, Fr6, and Fr7.
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Figure S12. Overlay of the on-resonance (blue), off-resonance (red) and the difference spectrum (green) of the mixture

containing Fr2, Fr6, and Fr7.
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Figure S13. Overlay of the difference spectrum (blue) and individual spectra of Fr2 (red), Fr6 (green), Fr7 (magenta).
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Figure S14. Overlay of the difference spectrum (blue) and an individual spectrum of Fr2 (red)
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FigureS15. Overlay of the difference spectrum (blue) and an individual spectrum of Fr6 (red)
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Figure S16. Peak-picked and integrated signals in the difference spectrum belonging to Fr2

STD-NMR measurements of compound 65. Because of the limited solubility the com-

pound’s concentration in the assay was set to 100 uM.

cflfpreer Topsping. 1. 4\ exandacal]

el

GPK-STD-NSH7-pr 3 10 C:\Bruker\TopSpin4.1.4\examdata Scale : 2.828 GPK-STD-NSH7-pr 3 15
fid 1 from GPK-STD-NSH7-pr 3 1 C:\Bruker'TopSpin4.0. 4 9’ Testi2017-11-16

Scale : 6747  GPR-STD-NSH7-pr 3 11 (NBruser\Topspind.l.d examdacal|

Scale : 9742 GPE-STD-NSH7-pr 3 10 {1 - Topspina. 1. 4 exanaaca

T

] 7 [ 5 [ppm]

Figure S17. Overlay of the on-resonance (blue), off-resonance (red) and the difference spectrum (green) of 65.
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Figure S18. Peak-picked and integrated difference spectrum of 65
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5 Overarching Conclusion and Outlook

In conclusion, we utilized a virtual screening with further exploratory optimization to iden-
tify promising DnaN inhibitors, focusing around the structure of compound H1. Using STD-
NMR, docking, X-ray crystallography and data pertaining the performance of analogues in SPR
experiments, replisome assay and MIC tests, we elucidated the details of H1's interaction with
the DnaN protein and established crucial features of the scaffold associated with its DnaN affini-
ty and antibacterial activity.

While derivatives of H1 exhibited significant activity against Mycobacteria and Gram-
positive bacteria, they did not affect efflux-competent Gram-negative pathogens (E. coli, K.
pneumonia, P. aeruginosa). The chemotype discovered shows promise; however, further optimi-
zation is required to achieve more detailed understanding of its action mechanism.

Moving forward, it is crucial to delve deeper into the mechanism of antibacterial action of
the chemotype representatives. The charged nature of these compounds suggests the possibility
of multiple modes of action, both intracellularly by inhibiting DnaN (and possibly other relevant
targets) and extracellularly akin to quaternary ammonium salts. Elucidating these mechanisms
and dissecting their contributions into net antibacterial effect would enhance our understanding
of the origins of compounds’ inhibitory action and would be instrumental in driving further op-
timization efforts. This can be achieved by synthesizing appropriate affinity probes capable of
photo labeling of target protein(s) and performing respective pull-down, proteomics-based or
imaging experiments.

The further optimization of the chemotype structure is recommended to address certain
limitations. Eliminating the permanent positive charge associated with the imidazolium ring
might be necessary to reduce the potential for the scaffold’s indiscriminate protein binding,
while also making the less flat analogues of the most promising H1 derivatives can reduce their
similarity to typical substrates of efflux pumps found Gram-negative bacteria.

Therefore, the aforementioned modifications have the potential to 1) rule out possible addi-
tional modes of action and mitigate the risks of chemotype’s idiosyncratic toxicity; 2) enhance
compounds’ penetration and retention of DnaN inhibitors in Gram-negative bacteria, broadening
the spectrum of their antibacterial activity; 3) improve in vitro ADME/T and in vivo pharmaco-
kinetic profile of analogues.

Fragment-based ligand design is a promising approach of increasing popularity in modern
drug discovery, which allows for more efficient exploration of chemical space in the course of
hit identification due to smaller size of fragments compared to average members of high-
throughput or virtual screening libraries. The ascent of highly sensitive biophysical techniques

plays a considerable part in detecting fairly weak interactions of fragment hits with target pro-
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tein. This allows to interrogate even difficult targets, which have till recently been deemed
“undruggable” and optimize weak binders into leads possessing high ligand efficiency.

Our studies also employed fragment-based screening, which led to the identification of
several hits that were optimized for improved DnaN binding and enhanced activity against M.
smegmatis.

However, further optimization and growing efforts are needed to enhance the DnaN affini-
ty of these molecules and improve their ability to permeate the bacterial cell wall. This compre-
hensive approach is expected to pave the way for the development of more efficient, more potent

and broad-spectrum antibacterial agents targeting DnaN.
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