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Zusammenfassung

Protein-Tyrosin-Phosphatasen (PTP) spielen eine entscheidende Rolle bei der Regulierung
zellul&er Funktionen, und die SHP2 -Phosphatase geh&t zur Familie der Nicht-Rezeptor-
Protein-Tyrosin-Phosphatasen (PTP). Da SHP2 ein Protein ist, das mit einer Vielzahl von
Krebserkrankungen in Verbindung gebracht wird, und ein potenzieller Immunmodulator ist, hat
die Kontrolle der SHP2-Aktivité& wichtige therapeutische Auswirkungen. In frtheren Studien
(2015) wurde GS493, ein von der Gruppe von Jdg Rademann entwickelt er orthosterischer
Inhibitor von SHP2, in mehreren menschlichen Krebszelllinien wie Brustdrisenkrebszellen und
Pankreaskrebszellen getestet. Die Ergebnisse zeigten, dass der Inhibitor eine wirksame
Hemmung des SHP2-Wildtyps zeigte. In einer weiteren Studie aus dem Jahr 2018 wurde
aulerdem berichtet, dass GS493 sowohl den Wildtyp als auch die Mutante von SHP2 bei
duktalem Adenokarzinom der Bauchspeicheldrise und nicht-kleinzelligem Lungenkrebs
hemmt, wéhrend allosterische Inhibitoren unter denselben Bedingun gen nicht gegen die

Mutante wirksam sind.

Ziel dieses Projekts war es, die funktionellen Bestandteile von GS493 strategisch zu veréndern,
um den Beitrag der funktionellen Bestandteile zur Aktivitd zu verstehen und den Inhibitor zu
verbessern. Obwonhl der Inhibitor in Tierversuchen das Wachstum von Krebszellen wirksam
hemmen kann, gibt es noch Raum fir weitere Optim ierungen in Bezug auf Aktivité, Léslichkeit
und Zellpermeabilité&. Dariber hinaus zeigte die neue Studie, die 2020 verdfentlicht wurde,

eine neuartige Struktur, die das bicyclische Gerist enthdt, was viel mehr Spielraum fir die

Entwicklung neuer SHP2-Inhibitoren bietet.

Um neuartige, wirksame Hemmstoffe fir SHP2 zu erhalten, verfolgten unsere
Optimierungsstrategien mehrere Richtungen: 1) Modifizierung des Phosphotyrosin(pTyr)-
Mimetikums, um die Bindungsfénigkeit der Verbindungen an die PTP -Doméne des SHP2 -
Proteins zu verbessern, 2) Ersetzen des Hydrazon-Linkers und der Nitrofunktionalitéen, um

die Léslichkeit und die Zellpermeabilité& der Inhibitoren zu optimieren, und 3) Verringerung der

vii



Flexibilitd des Molekids durch Bildung einer zentralen Ringstruktur, um ein neues

Strukturgerist zu erkunden.

Zu Beginn der Untersuchung wurden verschiedene Phosphotyrosin-Mimetika untersucht,
indem sie in die urspringliche Struktur von GS493 eingefigt wurden, gefolgt von einem
Fragment-Ligations-Screening, um die Ligationsprodukte mit verbesserter Léslichkeit in
DMSO zu erzeugen, und dann wurden die Hemmungen von SHP2 mit diesen Verbindungen
durch einen Enzym-Bioassay analysiert, die Messung wurde in dreifacher Ausfthrung
wiederholt. Anschlielfend wurden Docking-Programme eingesetzt, um die neuen
Bindungsmodelle von GS493 und den Analoga zu berechnen. Als neues Gerist wurde eine
hetero-bizyklische Kernstruktur mit Pyrazolo[4,5-b]pyridin-Anteil synthetisiert. Die funktionelle

Pentafluorphosphatgruppe wurde in dieses neuartige Pyrazolo[4,5-b]pyridin-Gerist eingebaut.

Dariber hinaus wurde die Verbindung 29e (SWO053), bei der eine Nitrofunktionalitd ersetzt
wurde, als hervorragender niedermolekularer Hemmstoff von SHP2 mit einer ICso = 39 nM
ermittelt. Die Bindungsmodellierung von 29e (SWO053) wurde untersucht, um Struktur-
Aktivitéts -Beziehungen fir die kinftige Arzneimittelentdeckung bereitzustellen. Die zellul&en

Experimente zeigten, dass die Verbindungen 21 und 29e (SWO053) in der Lage waren, den

REF-ERK-Signalweg in HGF-aktivierten Krebszellen zu blockieren.
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Abstract

Protein tyrosine phosphatases (PTPs) play a critical role in the regulation of cellular functions,
and SHP2 phosphatase is a member of the non-receptor protein tyrosine phosphatase family
of PTPs. As SHP2 is a protein associated with a variety of cancer-related diseases and is a
potential immunomodulator, controlling SHP2 activity has important therapeutic implications.
In the previous studies (2015), GS493, an orthosteric inhibitor of SHP2 developed by Jdg
Rademannds gr o unpseveraklausan camcelt celldines, such as mammary gland
cancer cells and pancreatic cancer cells.> 2 The results revealed that the inhibitor showed
effective inhibition of SHP2 wildtype. In addition, another study in 2018 reported that GS493
also showed inhibition of both wildtype and mutant of SHP2 in pancreatic ductal
adenocarcinoma and non-small cell lung cancer, while allosteric inhibitors could not be

effective against the mutant under the same condition.®

This project aimed to strategically modify the functional moieties of GS493 to understand the
contribution of functional moieties to activity and to improve the inhibitor. Although the inhibitor
can effectively inhibit cancer cells growth in animal studies, there still has room for further
optimization in terms of activity, solubility, and cell permeability. Additionally, the new published
study in 2020 showed a novel structure contain the bicyclic scaffold, giving much more space

to the designing of new SHP2 inhibitors.*

To obtain more novel effective inhibitors of SHP2, our optimization strategies followed several
directions: 1) modifying of the phosphotyrosine(pTyr) mimetic to hance the binding ability of
the compounds to the PTP domain of the SHP2 protein, 2) replacing of the hydrazone linker
and nitro functionalities to optimize the solubility and the cell permeability of the inhibitors, and
3) reducing the flexibility of the molecule by formation of a central ring structure to explore a

new structure scaffold.



At the start of the investigation, various phosphotyrosine mimetics were investigated by
inserting into the original structure of GS493, followed by fragment ligation screening to
generate the ligation products with improved solubility in DMSO, and then the inhibitions of
SHP2 with these compounds were analyzed by enzyme bioassay, the measurement was
repeated in triplicate. Afterwards, docking programs were applied to calculate the new binding
modeling of GS493 and the analogs. A hetero-bicyclic core structure containing pyrazolo[4,5-
b]pyridine moiety was synthesized as a new scaffold. The pentafluorophosphate functional

group was incorporated into this novel pyrazolo[4,5-b]pyridine scaffold.

Furthermore, compound 29e (SW053), with the replacement of a nitro functionality, was
derived as an excellent small molecule inhibitor of SHP2 with an ICso = 39 nM. The binding
modeling of 29e (SW053) was investigated to provide structure-activity relationships for the
future drug discovery. The cellular experiments showed that compounds 21 and 29e (SW053)

were able to block the REF-ERK signaling pathway in HGF-activated cancer cells.
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1. Introduction

1.1 PTP family and SHP2 phosphatase

The protein tyrosine phosphatase family, also known as the PTP family, plays a critical role in
regulating various cellular signaling transduction pathways and catalyzing protein tyrosine
dephosphorylation.>” Numerous reports have shown that PTPs participate in a dynamic
modification called tyrosine phosphorylation, this process is mediated by protein tyrosine
kinases (PTKs) and reverted by protein tyrosine phosphatases (PTPs).% 8 The antagonism
between PTKs and PTPs regulates a wide range of cellular functions including cell proliferation,
differentiation, survival or apoptosis, and oncogenic transformation.® 8 In vivo, the PTP family
cooperates with protein tyrosine kinases (PTKs) to regulate intracellular protein tyrosine
phosphorylation, which is a dynamic modification involved the cell proliferation, differentiation,

survival or apoptosis, and oncogenic transformation.% & °

Approximately 30% of cellular proteins are phosphoproteins, with the majority of protein
phosphorylation occurring on serine or threonine residues.*® Normally, less than 1% of the total
protein phosphorylation take place on tyrosine residues.! 12 Although protein tyrosine residues
are phosphorylated only at low levels compared to serine or threonine phosphorylation, protein
tyrosine phosphorylation is essential for the regulation of cell growth, mitogenesis, metabolism
and apoptosis.® 1 Undergoing with tumorigenic transformation or growth factor stimulation,
the rate of tyrosine phosphorylation in protein phosphorylation can increase to 1% to 2%.% 12
Since PTPs and PTKs regulate the process of tyrosine phosphorylation, many published data
have confirmed that abnormal tyrosine phosphorylation or dysregulation of PTPs is associated
with a variety of diseases, such as cancer, inflammation and diabetes, and many members of
the PTP family have been recognized as potential therapeutic targets.” The activity of PTPs

can be controlled and modified by oxidation, reduction, and phosphorylation.> 8 °
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The catalytic domain of PTPs consists of -an U/ b
strands f thalicek ®Bamaibsyutside of the catalytic fold serve as regulatory and/or
targeting modules.® * The highly conserved motif (H/V)C(X)°R(S/T), which is also called the
PTP signature motif, is characteristic of the catalytic center of the PTPs.%° 1 The WPD loop
(Trp-Pro-Asp) is another important motif that binds the substrate and includes the side chain

of the phosphotyrosine residues, and the pTyr-recognition-loop is also important (Figure 1).%8

9,15, 16

Figure 1. Structure features of PTP catalytic domain. Substrate recognition loop is in blue, PTP loop in red, flexible WPD loop in

either open or closed position in yellow and green,respectively’®.

In contrast to the PTKs, which show sequential similarity to protein-serine/threonine-kinases,
PTPs do not show sequence similarity to protein serine/threonine phosphatases.” ** Defined
by a unigue signature motif HC(X)°R, the PTPs can be divided into two general categories:
tyrosine-specific PTPs and dual-specific PTPs (DSPs).” * In tyrosine-specific PTPs, also
known as classical pTyr-specific PTPs, the active pocket is a 9 A deep cleft on the protein
surface, whereas in dual-specific PTPs, the active site is a 6 A deep cleft.'* ¥ Due to the
different depths of the active pockets, the tyrosine-specific PTPs are recognizable with a
deeper pocket with respect to pTyr substrates, as the extent of serine or threonine residues is

not large enough to reach the catalytic cysteine.> 8 914
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Figure 2. The grouped classical PTPs into the receptor-like PTPs and non-transmembrane PTPs.

Classical PTPs can also be classified as either receptor-like PTPs (RPTPs) or non-
transmembrane non-receptor PTPs (NRPTPs), which contain different functional domains
(Figure 2)." 8 Furthermore, the RPTPs and NRPTPs can be further subdivided according to
their functional domain. Within these large protein families, SHP2 phosphatase belongs to the

non-receptor protein tyrosine phosphatases (NRPTPs).5 7-°
1.2 The protein tyrosine phosphatase SHP2

SHP2, which is encoded by the PTPN11 gene, is a non-receptor protein tyrosine phosphatase
(NRPTP).® With 593 amino acid residues, the structure of SHP2 consists of two tandem Src
Homology 2(SH2) domains: the N-terminal SH2 domain(N-SH2) and the C-terminal SH2
domain(C-SH2), a catalytic PTP domain, and a C-terminal residue with two tyrosine

phosphorylation sites (Y542/Y580) as shown in Figure 3, left.5 18 1°



I ntroducti on

(@ —(NsH2—(csH2) B PTP W

(b) Inactive Active

S +PO,
BP
pY. pY ¥

s es IPF v v
C-SH2)(N-5H2 (.)/4

N t ]7 .
EF VeI VER i

)

—{N-SH2, (C-SH2—.

@N pY542— pY580—,
S \ y
X *

pY

Figure 3. Structure of SH2 domains containing in SHP2 (left) and the process of self-inhibition abolition of SHP2 (right).

The N-SH2 domain spans amino acids 2 - 104 and serves as a central conformational switch
within the SHP2 protein.?® 2 Meanwhile, the remaining amino acids 112 - 215 and 220 - 525
form distinct regions: the C-SH2 domain and the PTP catalytic domain, respectively. Notably,
within the conserved motif of the PTP catalytic domain, Cys-459 acts as catalytically active
cysteine residue.?’ 2! Phosphorylation of the C-terminal residues (Tyr542, Tyr580) can occur
upon extracellular stimulation.? 21 SHP2 typically remains in a self-inhibited state with low
catalytic activity due to intramolecular interactions between the N-SH2 domain and the PTP
domain.?! 22 However, binding of phosphotyrosyl-containing proteins to specific sites on the N-
SH2 and C-SH2 domains of SHP2 can disrupt this self-inhibition, leading to a conformational
change in the protein (Figure 3, right).?%: 2 As a result, the N-SH2 domain dissociates from the
PTP domain, exposing the catalytic sites within the PTP domain to substrates, thereby

converting SHP2 to its active conformation.%-24
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Figure 4. The roles played by SHP2 in different cellular signaling pathways.

The main role of SHP2 inside the cell signaling pathway is that it can mediate the signaling of
many receptor tyrosine kinases that regulate a variety of cellular processes including epidermal
growth factor (EGF), fibroblast growth factor (FGF), insulin, c-Met (scatter factor), platelet-
derived growth factor (PDGF), and other growth factors.'* 2° |t is widely expressed in most
tissues and plays a regulatory role in several cell signaling pathways important for a variety of
cell functions, such as RAS-RAF-ERK, PI3K-AKT and JAK-STAT (Figure 4).° Although the
function of SHP2 in these pathways is not fully understood, upregulation of SHP2 expression
can be found in many human cancers, including liver, gastric, oral, noni small cell lung, breast

and thyroid cancers.!® 19 2426, 27
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pathways?é,

Numerous studies have been able to associate the phosphatase activity of SHP2 with the
RAS-RAF-ERK signaling pathway.?® SHP2 acts as a positive regulator of ERK activity, and
several mechanisms of action have been elucidated (Figure 5).2>2° On the one hand, SHP2
can dephosphorylate the RAS-GAP complex, which binds to the binding site of the RTKs
and/or Gabl, thereby affecting RAS activation.*3* On the other hand, SHP2 has been shown
to positively signal the SFKs (Src family kinases), dephosphorylating the CSK (C-terminal Src
kinase) binding proteins, PAG (phosphoprotein associated with glycosphingolipid-enriched
membrane microdomains)/Cbp (CSK binding protein) and paxillin, causing sustained
activation of Src and RAS.*® In addition, SHP-2 controls the dephosphorylation of Sprouty (e.g.,
Sprouty 1, 2 and 4), a negative regulator of RAS-MAPK, which affects RAS-ERK activity.?” 3¢
38 Dephosphorylation of Sprouty by SHP2 promotes the coordination of the Grb2-Sos complex
(Growth receptor-bound protein 2, Son of Sevenless) with the fibroblast growth factor receptor

substrate (FRS) and resulting in the activation of the RAS-MAPK signaling pathway.? 3641

Regulation of PI3K-AKT (phosphatidylinositol 3-kinase, protein kinases B) signaling for the

maintenance of cellular physiology by SHP2 under the conditions of ischemic, hypoxic, and

8
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oxidative stress.*>** As reported, SHP2 promotes growth factor-dependent PI3K-AKT
signaling, similar to the promoting role it plays in the Ras-MAPK pathway.*? 4345 Alternatively,
SHP2 can regulate PI3K-AKT signaling positively*® 47 or negatively*® *° through the SHP2
catalytic activity-dependent dephosphorylation of the signaling element in a cell-specific
manner.*> 43 46 With this dual regulatory function of SHP2, it also has positive or negative

effects on the JAK-STAT pathway under different cellular conditions.® 51
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Figure 6. SHP2 mutations in various cancers and NS.

Previous studies have shown that SHP2 mutations have been repeatedly detected in
leukemias and that it is an important regulator of growth factors, cytokines and integrins (Figure
6). So-called "gain-of-function" mutations, the SHP2 encoding gene PTPN11 have been
identified in many childhood diseases, such as juvenile myelomonocytic leukemia (JMML).
Somatic mutations in the PTPN11 gene in occur 35% of all IMML patients, as well as in acute
myeloid leukemia (AML), myelodysplastic syndrome (MDS) and acute lymphoblastic leukemia
(ALL). In more than 50% of all patients with Noonan syndrome (NS) are caused by PTPN11
mutations. Patients with this disorder may have malformations, such as growth retardation,
short stature, heart defects and scoliosis. The NS is caused by a mutation in the N-SH2 or
PTP domain, which weakens the autoinhibition and makes the PTP domain constitutively
active. In a similar condition, Leopard syndrome (LS), congenital heart defects, and skin
problems can occur, and SHP2 mutations have been found in 80% of the detected cases. In
LS there are mainly mutations in the PTP domain, which affects the catalytic mechanism.

Furthermore, SHP2 mutants has also been detected and implicated in many solid tumors. For

9
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example, several PTPN11 missense mutations have been identified in lung cancer, colorectal
cancer, melanoma, and neuroblastoma.®?®° In addition, beside mutants, wildtype SHP2 is
over-expressed in 70% of all invasive breast cancers.®® % In non-small lung cancer, the
inactivation of SHP2 can trigger lung cancer cells with KRAS mutation to be sensitive to MEK

inhibition.® The same results can be found in pancreatic ductal adenocarcinoma.®®

Overall, the development of SHP2 inhibitors plays an essential role in clinical therapeutic
applications. On the one hand, the treatment of specific types of leukemia, such as AML, MDS
and ALL, and as potential therapeutics in NS and LS. The other is the inhibition of fast growing
tumors, such as breast and gastric cancers, which are caused by increased RAS-ERK

activity.>®

1.3 SHP2 inhibitors

The activity of SHP2 is essential for signaling through the RAS-RAF-ERK pathway due to
dephosphorylation of negative regulators such as epidermal growth factor, CSK and Sprouty.
Therefore, SHP2 as an influential protein involve into the regulation of signal transduction,

tumor invasion, cell proliferation, differentiation, apoptosis, and survival.?* 27- 28

SHP2 Inhibitors

Inhibitors in Clinical Trials

N\, JAB-3068 TNO155, RMC-4630,RLY-1971
2

) S

Figure 7. Two types of SHP2 inhibitors targeting different site of the SHP2 protein.

To inhibit the morbific SHP2, plenty of small molecules inhibiting SHP2 activity have been
reported. Based on the different binding sites, the inhibitors can be divided into two main types
(Figure 7): type | SHP2 inhibitors (or orthosteric inhibitors) and type Il SHP2 inhibitors (or

allosteric inhibitors).*® The type | inhibitors compete with the substrates binding to the catalytic
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site, whereas the type Il inhibitors block the activity of SHP2 by maintaining the protein as a

self-inhibited state after binding to the reported allosteric sites.* 57 58 0. 61

+HGF ~HGF
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Figure 8. The structure of GS493 and the cellular assay: up shows GS493 to full inhibition of HGF/SF-stimulated HPAF 1l cells;

down shows SA-b-gal+ cells were strongly induced upon GS493 treatment while the numbers of spheres were reduced.

GS493 (ICso= 71 nM), one of the orthosteric inhibitors reported in 2015, has shown an effective
inhibition of SHP2 as a universal target in various cancers, while allosteric inhibitors have not
been effective under the same conditions. As an inhibitor of the catalytic domain of SHP2 in
the biochemical assay, GS493 showed the effective inhibition of ERK-phosphorylation in HGF-
stimulated cells. The inhibitor also showed an especial selectivity toward SHP2 rather than
other PTP proteins. No signs of acute toxicity or adverse effects on normal tissues were

observed during the in vitro and in vivo experiment (Figure 8 & 9).13.62.63
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Figure 9. in vitro co-inhibition of MEK (selumetinib) and SHP2 (GS493 or SHP099) in colony formation experiments with YAPC

and PANC-1 human pancreatic cancer cell lines.

Research reported in 2018 shows that the GS493 shows the most potent orthosteric inhibition
by binding to the activity site of SHP2 for now. In the treatment of KRAS-driven cancers in
mice, GS493 shows a very effective activity in combination with a kinase inhibitor. The study
compared the activity of GS493 and SHP099 (an allosteric inhibitor of SHP2) and confirmed
their different modes of action in a PTPN11 knockout PANC-1 cell line, reconstituted with the
SHP2EA mutation, which disrupts autoinhibition and thus renders the allosteric inhibitor
ineffective. Both compounds showed the effect seen in PTPN11l knockout cells and
demonstrated remarkable synergism with the MEK inhibitors selumetinib and trametinib in
multiple murine and human PDAC and NSCLC cell lines. Experiments showing that the
addition of GS493, but not SHP099, achieves growth inhibition in selumetinib treated PANC-1
#2.6 SHP2E"®A cells, demonstrating the different modes of action of the two compounds, this
result gave a suggestion that GS493 showed an effective inhibition of SHP2 with the open
conformation, the compound could access the PTP pocket needed, while SHP099 combined
to the stabilizing closed, autoinhibited conformation of the protein, showed less effective
inhibition for an already destabilized/open conformation (Figure 9). The report also
demonstrated that the synergism of combined SHP2/MEK inhibition is not only restricted to the
KRAS mutant but is also evident in various KRAS wild-type tumor cell lines, animal experiment
results showed in Figure 10, the mice treated with trametinib and GS493, the tumor growth
inhibition of the mice was achieved sustained. Macroscopic photographs of tumor tissue after

28 days of therapy showed the inhibition of SHP2.3 %2 The combination of GS493 and SHP099
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shown synergistic potential when used in combination with MEK inhibitors, while no synergistic

effects were observed when used in combination with conventional chemotherapeutic agents.®

Trametinib PDX PDAC ID_02
Vehicle Trametinib  + GS493

'

|

&

—— Vehicle

Start ther

= Trametinib

- Tn tinib

Week 1

Week 2
Fold increase in tumor volume

7 14 21 28
Kras;Trp53™~ PDAC Duration of therapy (d)

Figure 10. Animals experiment results showed in left below were the mice treated with trametinib+GS493, the tumor growth
inhibition of the mice was sustained achieved. Macroscopic photographs of tumor tissue after 28 days of therapy showed the

inhibition of SHP2.

Although GS493 has shown a high activity and the strong effect of GS493 in thermal shift
assays can indicate the binding to SHP2, getting the crystal structure of GS493 bound to the
SHP2 protein remains a major challenge. So far, the actual binding mode inside the catalytic
pocket of this enzyme is not clear. There is still room for further optimization in terms of activity,

solubility, and cell permeability.

1004 3
v‘. ri’.*"
R | B < SHP2 WT
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Figure 11. The binding modeling of SHP099 and the inhibition of SHP2 WT and SHP2T253MQ257L

Nomalized SHP2 activity (%)

(=]

The discovery of type Il inhibitor about a highly potent (ICso = 0 . 0 7, ¢electid and orally
bioavailable small-molecule in 2016, SHP099, that stabilizes SHP2 in an auto-inhibited

conformation.®* % SHP099 concurrently binds to the interface of the N-terminal SH2, C-
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terminal SH2, and protein tyrosine phosphatase domains, thus inhibiting SHP2 activity through
an allosteric mechanism.® SHP099 obstructs RAS-ERK signaling to inhibit the proliferation of
receptor-tyrosine-kinase-driven human cancer cells in vitro and is effective in mouse tumor
xenograft models.®® % These studies demonstrate that pharmacological inhibition of SHP2 is
a valid therapeutic approach for the treatment of cancers. Unfortunately, the inhibition of
SHP2T253WQ257L by SHPQ99 failed, indicating that binding of the allosteric site may limit the

inhibition target to wildtype SHP2 (Figure 11).50 6467
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Figure 12. The structure of RMC-4550 and the inhibition of SHP2 WT, SHP2E7® and SHP2T253WQ257L

Another inhibitor, RMC-4550, was reported in 2018 as an allosteric inhibitor showing the same
activity.®® Unfortunately, these inhibitors have poor constitutive activity in mutants of SHP2 like
the E76K and T253M/Q257L mutations (Figure 12). Nevertheless, these results provide
evidence that application of phosphotyrosine mimetic fragments to obtain SHP2 targeted

inhibitors is a valid approach.5&7°

1.4 Phosphotyrosine mimetics

All PTPs share a common catalytic mechanism based on a nucleophilic cysteine with a low
pKa that forms a thiophosphate intermediate during catalysis (Figure 13).” Optimizing the

inhibitors with various phosphate-mimicking groups as the competitor of the natural phosphate
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substrates is always an essential direction of investigation. As mentioned above, the
orthosteric inhibitors of SHP2 inhibit the aberrant activation and signaling pathway regulation
influences of SHP2 proteins in cancer cells. Phosphotyrosine mimetics of the compounds can
occupy the catalytic site in the PTP domain and block the phosphorylation of SHP2 proteins,
promoting those compounds be optimized to potential anti-cancer drug-like molecules. Indeed,
highly potent peptide-based phosphotyrosine mimetics have been reported, although they tend
to lack significant cellular activity. Meanwhile, active small-molecule inhibitors directly targeting
on the phosphotyrosine binding pocket have been discovered successively in recent years.

However, many of these have not shown sufficient target specificity for further development.'8

P-Loop

P-Loop

Figure 13. Common PTP catalytic mechanism. It contains two-step reaction: the dephosphorylation of the phosphate substrate

and the releasing of free phosphate.

On the other hand, due to positively charged nature of the catalytic sites in the PTP domain,
catalytic site inhibitors typically contain ionizable functional groups. These groups enhance the
interaction with the active site, thus improving the efficacy of the inhibitor. Because of these
characteristics of catalytic site, it is very meaningful to explore different phosphate-mimicking

groups in molecular structures to discover novel orthosteric inhibitors of SHP2 protein.’

1.5 Fragment ligation

Fragment ligation has emerged as a method aimed at increasing the binding affinity of a
primary fragment through a covalent, usually protein-templated reaction with a secondary
ligand (Figure 14).”> This approach is useful in dynamic ligation screening, facilitating the

discovery of protein ligands that prove valuable as enzyme inhibitors, improving in substrate
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optimization, and enabling the development of inhibitors that target protein-protein interactions.

A wide range of reversible and irreversible reactions have been used within this framework.’%

75

< >~
=
s 8 g P ~
+ e — >
Combinatorial- Reversible or Best fragment-
mixture or parallel irreversible combination

synthesis

Figure 14. The protein templated fragment ligations.

1.6 Molecules docking

Molecules docking is the computer-aided prediction of the binding between two or more
molecules, and the results are generally evaluated based on the binding affinity and stability
of a ligand to receptor. Based on the types of ligands, docking can be classified as protein-
small molecule (ligand) docking, protein-nucleic acid docking, and protein-protein docking. In
the inhibitors discovering, molecules docking is always applied in the investigation of the
interaction between inhibitors and the target proteins. The docking is used to predict how a

protein and small molecules fit together.”® 77
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2. Objective and planning

The activity of the SHP2 protein influences many cellular signaling pathways such as RAS-
RAF-ERK, PI3K-AKT and JAK-STAT, and play an important role in the treatment of special
types of leukemia, Noonan syndrome (NS), Leopard syndrome (LS) and the therapy of SHP2-
dependent solid cancers. Therefore, the importance of the SHP2 protein in diseases and the
fact that few of SHP2 inhibitors were used as a clinic therapeutic application, give an urgent
demand to investigate the design and optimization of the inhibitors of SHP2. As mentioned
before, numbers of orthosteric inhibitors designed targeting the active sites in the PTP domain
of SHP2 have not achieved good pharmaceutical results, nor have they been further processed
into clinical trials. Accordingly, modifying the existing compounds and improving their inhibition
activity of SHP2 will be one of the further inhibitor research directions. In our previous work,
we described the compound GS493 as an effective and potent inhibitor of SHP2 protein,

showing the in vitro and in vivo activity.

In published work, replacing the sulfonic acid group of the GS493 structure with other
phosphotyrosine mimetics such as acetate acid group and trifluoromethyl sulfonamide group
gave different bioassay results and animal studies showed that GS493 has poor solubility.
Furthermore, an internal potential hydrogen bond between the hydrazone linker and the
pyrazolone 5-0xo substituent did not be shown in the previous docking, which was considered
can influent the protein binding. Thus, the first aim of this work was to develop SHP2 inhibitors
with improved solubility and potency based on the existing structure. The second aim was to
further understand the roles of the functional moieties in binding to the active site in the PTP
domain of SHP2. The third aim was to investigate bicyclic inhibitors replacing the hydrazo-

substituted pyrazolone scaffold.

To achieve these goals, the research plan to optimize the existing structure of GS493 followed
several directions: First, modifying the phosphotyrosine (pTyr) mimetic to improving the binding
ability of the compounds to the active site in the PTP domain; Then, replacing the hydrazone

linker and nitro functionalities to investigate the influence of the change to the activity of the
17
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compounds, and to optimize the solubility and cell permeability; Third, reducing the flexibility
of the molecule by formation of a central ring structure to explore a new structure scaffold

formation of a bicyclic structure.

During the investigation, fragment ligation screening will be involved to effectively obtain the
soluble inhibitors. In this method, different aniline fragments will be reacted with the
formylpyrazolone to give ligated products with optimized solubility. For the cyclization of the
bicyclic compounds, the malondialdehyde will be investigated as a building block to have the
reaction with aminopyrazoles. After chemical synthesis, the SHP2 enzyme assay will be
repeated in triplicate with these purified inhibitors to obtain the ICso of the inhibitors. The
docking analysis will be applied in new structure designing and the structure-activity
relationship investigation. And at last, the activities of inhibitors will be study in cell experiment

to investigate the inhibition of SHP2 by the inhibitors in RAS-ERK pathway.
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3. Study of derivatives of GS493 with different substituents

3.1 Investigation of various phosphotyrosine mimetics

In the previous work conducted by Grosskopf et al., the synthetic method toward GS493 and
its analogs involved five steps (Scheme 1): First, the synthesis route started with the C-
acylation of a phosphorous ylide triphenyphosphoranylidene acetate |, using the carboxylic
acid chloride (F1). The formed intermediate, keto-phosphoranylidene acetate I, was then
cleaved by oxidation with 2,2-dimethyl dioxirane to furnish the 2,3-diketo ester Ill. This
triselectrophile was coupled with two different arylhydrazines F2 and F3 i n  a -stéiptoneeo
p o pratocol. Under acidic conditions the provided 2-hydrazone IV condensed with the second

hydrazine F3 and generated the pyrazolone ring via the cyclizing cleavage of the methyl ester.!

a)

Rl F'Pha Rl R!
l stepa PPhE stepb HQ, OH
Cl + 03
0

O OMe
F1

2 2 2

step ¢ step d
+F2 + F3
O OMe N‘—N
Vv

Rf!

Scheme 1. Previous synthesis providing GS493, containing at least five steps.

This synthetic pathway provides a way to diversify the compounds with different substitutions
by varying the three fragments building blocks F1, F2 and F3. However, the length of this
method could also reduce the final yield. Here we have shown another strategy that requires

only two steps with higher yields to produce the pyrazolone compounds (Scheme 2).78-82
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Scheme 2. Synthesis of pyrazolone intermediate 3, yield: 85%.

The first step in the new strategy is a kind of Knorr pyrazole synthesis starting from 3-keto-
ester 1 and a hydrazone 2 under acid catalysis to give pyrazole 3. Presumably, the acid
protonated the oxygen of the 3-keto group in dicarbonyl compound 1 and the 3-keto-carbonyl
carbon was then attacked by the 2-nitrogen of hydrazone 2 to form a hydrazone (Scheme 3).
The second 1-nitrogen of the aryl hydrazone then attacked the ester carbon second to form
the pyrazolone intermediate 3. The *H-NMR data confirmed the structure with -OH group, not
the tautomer with carbonyl group. Theoretically, two different regioisomeric pyrazolones could
be formed depending on which carbonyl group of the ketoester was attacked first. As a keto-
carbonyl group is, however, much more electrophilic than an ester-carbonyl group, only 1,3-

disubstituted regioisomeric 3 is formed.

. (O/ o
o o \CB (0]
| OEt
0N & OoN NJ = ON 2N

2 O,N
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+ -
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N \©\ OEt OEt

O,N NO, NO,
2 O;N O,N O,N

-EtOH

-
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HOHA -H;0
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Scheme 3. Proposed mechanism of the formation of pyrazolone 3.

22



Il nvestigation of different phosphotyrosi n

Secondly, the diazonium salt was formed from the aniline fragment FA treated with NaNO; in
hydrochloric acid.® The solution of 3 in THF was added to this salt mixture to generate the
final pyrazolone product 4.78 849 With this synthetic strategy, we can generally obtain different

analogs of GS493 by varying the aniline fragment FA (Scheme 4).

Scheme 4. Synthesis of derivatives with different pTyr-mimetic.

In GS493, the phenyl sulfonic acid serves as phosphotyrosine mimetic. Sulfonic acids are not
considered as drug-like chemical entities due to low oral bioavailability.®* Thus, replacement
of the sulfonic acid residue in GS493 with an alternative phosphotyrosine mimetic was
desirable. Derivatives 4b - 4f were synthesized by the new method in two steps, the phenyl
sulfonic acid was changed into various phosphotyrosine mimetics. And the inhibition of SHP2

protein by these compounds was then measured and showed in Table 1.

Table 1. Investigation of different pTyr-mimetic.

Nr. Structure Yield ICso [UM]

4a(GS493) 85% 0.067 +0.020
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(0]

OH
Ab* NH o 41% 0.219 +0.024
N
= /N
VL
ouN NO,
Oy_OH
HO
Ac NH o 52% 0.311 +0.041
N
> /N
VL
N NO,
OH
(6]
4d NH 40% 0.524 +0.055
N\ 0
e 55% 3.518 +0.532
(@]
OH
Cl
4f " 50% 1.138 +0.243
N’\ 0
x N
N NO,
O,N

*4h was determined and reported with K; = 0.079 £0.023 uM in 2022.

24



I nvestigation of different phosphotyrosini

The results in Table 1 reveal that the phenyl sulfonic acid group in the GS493 remains the
most active phosphotyrosine mimetic. However, this acidic substitution also results in poor
solubility in DMSO (Figure 15). In contrast, compound 4b with an acetic acid group and the
compound 4c with a hydroxyacetic acid group showed better performance. Compounds 4e

and 4f show neither improved inhibition of SHP2 nor the better solubility in DMSO.

Figure 15. 100 pM solution in DMSO of 4b (left), 4e (middle), and 4f (right) after stored at room temperature overnight (20 hours).
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3.2 Investigation of the replacement of the hydrazone-linker

A great deal of research had confirmed that the pyrazolone-based heterocyclic azo dyes could
undergo tautomerism.8487.92:9 |n the literatures, the dyes can theoretically exist in four possible
tautomeric forms, which could be named as the two azo-keto forms (a) and (b), the azo-enol
form (c), and the hydrazone-keto form (d), as shown in Scheme 5. Numerous investigations
have been carried out to determine the tautomeric structures of 4-arylazo-5-pyrazolones, both
in the solid state and in solution, and a variety of spectroscopic techniques have been used.
The study published in 2012 showed that the hydrogen-bonded NH group at the 3-nitrogen
appeared at 13.16 - 14.55 ppm in the *H NMR spectra of the dyes, can confirms that the dyes
prepared exist in the hydrazone form. They generally leaded to the conclusion that the
tautomeric equilibrium of the phenylazopyrazolone dyes is in favor of the hydrazone form (d)
in the solid state and in polar solvents.® In our study, the hydrogen-bonded NH group on the
R-nitrogen was not easily found in the *H-NMR spectrum, but in some further cases in our

research such as 29a and 29d, the proton signal could be found at 13.66 ppm and 13.75 ppm

in the 'H-NMR spectrum, which are not from the acid groups (at 12.39 ppm), cony r mi ng

this type of analogs prepared exist in the hydrazone form.
(0] (o]
XQN}\&'\,’/R — XQN\N&TJ{
% =N 5 \_NH
HC H5C
(a) (b)

H—O HeQ
XQN\\&NJ{ s XQN\ _\ N/R
N { N |
Y =N =N
H,C
(c)

Scheme 5. Four possible tautomeric forms of the hetarylzo-5-pyrazolone dyes: two azo-keto forms (a) and (b), the azo-enol

form (c), and the hydrazone-keto form (d).
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Furthermore, in previous work, the investigation of interaction between GS493 and the SHP2
protein have not given an exact result. The docking of GS493 and SHP2 was first calculated
in 2015 (Figure 16).! In that result, the structure of GS439 is shown without the potential
hydrogen bond between carbonyl oxygen and the hydrazone linker. The carbonyl oxygen of
the pyrazolone scaffold forms interact as a hydrogen bond acceptor with the Arg465. The N-
bound nitrophenyl substitution of compound GS493 forms a geometrically ideal interaction with
Thr507, which can explain its improved biological activity. The C-bound nitrophenyl substitution
shows a cation- interaction with Arg362. The hydrazone-linker plays a role as an electro
donor in the binding site with the Glu361, while not both N atom have the interaction with the
protein. The replacement of the hydrazone-linker can change the configuration of the ligand in

the binding site.

a)
: :
5 ’
-------- e o
7 :
& -

H .-
-~ : St
2 \©\ L

N 4"

:

Figure 16. Interactions between the most plausible conformation of GS493 and SHP2 in 2D derived from docking
into crystal structure PDB ID: 3ZM3. Red arrows indicate hydrogen bond acceptors, green arrows represent donors,

blue disks are cation-~ i nteractions, and yellow s.pheres show hydrophob

At first, the single bond was designed in the original structure, such as C-N single bond and C-
O single bond. To obtain this type of compounds, a new building block such as the
chloromethyl pyrazolone was needed. The route designed was starting with the 4-formyl-5-

pyrazolone, after reduction to give the alcohol and further with the chlorination (Scheme 6).

Scheme 6. Designed new intermediate of the single bond synthesis.
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The 4-formyl-5-pyrazolone intermediate 6 was synthesized by transferring the formyl group to
the resulting 5-pyrazolone nuclei under Vilsmeier-Haack conditions and were provided with

excess phosphorus oxychloride and N,N-dimethylformamide.%? 97-102

Ny
N" o Q  oH 2«
_ a) PO5CI, DMF N
N rt., 1h N ~\N N
OB e, o, S
NO, 80°C,2h NO NO NO
0N O,N 2 oN . 2 O,N ; 2
5

Scheme 7. Synthesis of the formyl-pyrazolone intermediate 6. Yield in Table 2.

This reaction gave not only the desired compound 6, but also two other important by-products:
5 and 7 (Scheme 7). In order to improve the yield of this Vilsmeier-Haack reaction, the ratio
between the Vilsmeier-Haack reagent and compound 3 was be controlled to investigate the

course of the reaction. The different ratio conditions are shown in Table 2.

Table 2: Investigation of ratio between V-H reagent and compound 3.

POCI:/DMF Compound 3 Product
0.7 1 5 (yield: 50%)
1 1 5 (yield: 80%)
2 1 5 (yield: 50%), 6 (yield: 35%)
5 1 6 (yield: 28%), 7 (yield: 70%)
7 1 7 (yield: 80%)

When the ratio between the Vilsmeier-Haack reagent and compound 3 was 0.7:1, the process
Mass and NMR data showed that only 5 was the main product, yield 50%. On the other hand,
when the ratio is as high as 7:1, the main product becomes 7, yield 80%. Between these two
extreme conditions, the formation of 6 shows a positive correlation with the concentration of
the Vilsmeier-Haack reagent. Under the condition of a 2:1 ratio between the reagent and 3
could produce 5 and 6, yield 50% and 35%, separately, while the ratio as 5:1 could form 6 and
7, yield 28% and 70%, separately. In addition to the influence of the ratio between the

Vilsmeier-Haack reagent and compound 3, the order in which the two reactants were brought
29
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together also played an important role in the outcome. Pouring the solution of 3 into the
Vilsmeier-Haack reagent could produce more 7 at the same ratio condition. However,
regardless of the ratio, the 5 and/or 7 could be formed with 6. With these reaction results, a

mechanism assumption of this Vilsmeier-Haack reaction was constructed as Scheme 8.

cl AV i W
~ (= ) COH
oM \H(/Q [opoc,] EStle | OH N
E H
N W oN -Hel N — s N
o, —— L S :
N NO, N NO,
o} ON 2 0,

~ \rm OPOCIQ/\ /
/r‘q o} N ~ ,N
T ST /@f T, \CL

Scheme 8. Mechanism assumption of the Vilsmeier-Haack reaction.

Pyrazolone 3 first combined with 1 equivalent of V-H reagent to form the imine-enamine
pyrazolone intermediate 5. In one direction, with the addition of 1 equivalent of V-H reagent, 5
could form the chloride formylpyrazolone 7 by releasing 1 equivalent of DMF. On the other
hand, 6 could be formed from 5 under the base condition with water, without the involvement

of the V-H reagent.

~N+ -
OH N oH
_ a) POCl;, DMF _
_ N r.t., 1h _ N
N \©\ b) DMF N
60°C, 3h
NO ’ NO
O,N 3 2 02N 5 ?
-
_ NaOH <N
“isopropanol N
90°C NO,
O,N 6

Scheme 9. Synthesis of 4-formyl-5-pyrazolone intermediate 6. Yield in two steps: 82%.
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Based on this mechanism, the synthesis strategy of 6 was divided into two steps, first obtaining
the dimethylimine intermediate 5 under the classical Vilsmeier-Haack condition and then
transferring the formyl group under the base condition in isopropanol (Scheme 9).193-1% The

total yield for two steps is higher than the previous method.

0]
] OH OH oy
= —
<N _N
ORI oL
ON 6 O,N 6a ?
Hydride Donors Solvent Result
NaBH4 THF, MeOH, AcOH N.R.
NaCNBHs MeOH, DMF N.R.
Na(AcO)sBH AcOH, DCE, DMF N.R.
BHs THF, DMF N.R.
LiAIH4 MeOH, DMF N.R.
Hz MeOH, DMF N.R.

N.R.: No Reaction

Scheme 10. Reaction condition of reduction.

The classical reduction strategies were not successful with the formyl-pyrazolone 6 (Scheme
10).80. 107. 108 At the same time, the traditional hydroxy protecting groups such as TBDMSCI
failed in this case. Here an explanation could be given that the formyl group and the hydroxy
group of the pyrazolone ring in compound 6 performed in the vinylogy statment.1%® 110 The
principle of vinylogy states that in a molecule containing a system of conjugated double
linkages, the influence of a functional group may sometimes propagated along the chain and
make itself apparent at a remote point in the molecule. This resonance phenomenon of the

vinylogous compounds will make their structures less reactive to be reduced.
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o| of OH ¢
- —
N NaBHg, Et;N N
N MeOH, EA N
NO NO
O,N 7 z ON 8 ?
OH Cl g
- =
N SOCl, N
N DCM N
NO, NO
O,N 8 O.N 9 2

Scheme 11. Synthesis of chloride intermediate 8 (yield: 90%) and dichloride intermediate 9 (yield: 66%).

One of the proofs was the successful reduction of 7. Under the conditions of NaBH4 and
triethylamine in methanol and ethyl acetate, the carbonyl group was easily reduced to the
hydroxy group. Replacing the hydroxy group with chloride in 7 prevented the electronic transfer,
so that 8 could be obtained under the classical reduction condition. After the chlorination with

thionyl chloride in DCM, 9 was prepared as an intermediate for the further synthesis (Scheme

11).111, 112
HO,S
TEA \@
@ DMF n-H
NH; 4AMS o
¥ 80°C 3
Os
o
o NO,
SA 6 2 10a

Scheme 12. Synthesis of compound 10a, yield: 91%.

Another proof of the vinylogy was the same failure of the reduction, which happened in another
strategy: in this method the combination of the sulfanilic acid (SA) and the formyl intermediate
6 was operated first to produce the enamine product, then followed by the reduction. The
compound 10a was obtained after 10 hours at 80 °C in the dry N,N-dimethylformamide with

the organic base triethylamine (Scheme 12).89102
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HO3S HO3S

7
% o
A\l

O,N O:N

Scheme 13. Designed reduction of double bond linker in compound 16a. Reaction condition: a) BHsTHF |, THF, r.t..

Nevertheless, the reduction of 16a was not successful, the imine-enamine tautomerism might
push the structure to prefer a vinylogous-amide formation (Scheme 13) %. So, this compound

will remain as an enamine formation rather than be reduced to lose the “ -° conjugation.

O,N
SA

Scheme 14. Designed synthesis strategy of compound 11.

On the other hand, the compound 7, which contains chloride with the pyrazolone, cannot
produce the purified imine product 11(Scheme 14). The NMR screening was used to monitor
the progress of the reaction. After 20 hours, the proton NMR of the mixture containing the
sulfanilic acid and 7 was measured, the initial equivalent of sulfanilic acid and 7 was 2:1. The
NMR spectrum in DMSO (Figure 17) showed that an imine product was formed in the mixture
after the overnight shaking: the orange arrows indicated the peaks belong to 7, the green
arrows defined the protons of the phenyl group in SA and the peaks marked with blue arrows
belonged to the imine product 11. The integrations of the proton signals gave a ratio between
7 and 11 of 1:2, that means 2/3 of the starting material 7 was reacted to form the product 11,

with the yield about 67%.
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Figure 17. The *H-NMR screening of the reaction with the mixture of compound 7 and SA.

However, after chromatographic purification, the fractions contained only the starting materials.
This showed that the chloro-imine compound 11 was not stable in acidic condition and
decomposed back to the SA and 7. This result supports that the vinylogy resonance occurred

intramolecularly of 10a to build it as a stable vinylogous-amide.
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3.3 Fragment ligation screening in inhibitors discovering

The ligation reaction of 7 and SA was studied by the *H-NMR spectrum, which showed that
the compound 11 was formed in a yield of about 67%. This mixture with an estimated
concentration of 11 was further tested in the enzyme activity assay, the calculated I1Cso of 11
is about 2.60 M, compared with the I1Csp of 7 is about 74.25 M. Then the ligation reaction of

this formyl group and aniline was used expend the dynamic aniline fragment screening.”

Formyl-pyrazolone 6 was chosen to perform the ligation reaction with different aniline
fragments (FA). These fragments were pre-selected for the library composition based on the
representation of potential phosphate-mimetic substructures including sulfonic acids,
carboxylic acids and hydroxyacetic acids.”* The equivalent between FA and 6 is 2:1. The
procedure is shown in Figure 18. The positive control was SA, which gave a fully active product

16a with the ICso = 0.51 pM.

a
n SHP2+Buffer
Q f\ Shake the mixture at room temperature 5%DMSO
1 hour and 20 hours

DMSO
Bio-assay
b
NH;
HO3S HO,8
SA CSA

NH, o NH;
HO/U\/Q/
Cl caar
cl
He HO
AA CAA2
cl
NH; NH H
HO HO
OH HO5S
OAA DCAA NSA
Figure 18. Fragment ligation screening operation and the fragments chosen in the testing: a) a solution of 5-hydroxy-1,3-bis(4-
nitrophenyl)-1H-pyrazole-4-carbaldehyde (6) in DMSO (20 mM) was separately mixed with respective aniline fragments solution
in DMSO (10 mM). The mixed solutions were shaken at room temperature for 1 hour and 20 hours. Then the original mixtures
were diluted into different concentrations for the enzyme assay. For full assay details see the Experimental Section. b) different

aniline fragments (FA) selected as potential phosphate-mimetic substructures.
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The ICso values of the mixtures were calculated based on the original concentration of 6 instead
of the ligation products, to figure out the improvement of the inhibition due to the fragment
ligation by comparison with the activity of 6 in the same condition. In addition, this calculation
is effective and economical, whereas to obtain the yield of the products in different mixtures

requires a lot of NMR measurements.
The visible curves of the screening results and the calculated I1Cso values showed that the OAA

fragment could be the most potential fragment for the further synthesis with the mixture

inhibition at 7.056 M, lower than SA, which had the 1Cso = 7.089 M (Figure 19 & Table 3).
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Figure 19. Inhibition of SHP2 with concentration- and time-dependent ligation of formylpyrazolone intermediate 6 and anilines.
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Table 3. Inhibition of SHP2 with fragments.

l i gati on

screening

i n

inhi bitors

Fragment Aniline (FA)

ICs0 after 1 h (UM)

ICs0 after 20 h (UM)

SA 30.58 £8.68 7.089 + 3.68

AA 33.29 +£10.83 17.62 +7.42
OAA 19.58 +4.63 7.803 £0.47
CSA 32.20£2.15 18.68 +3.48
DCSA 42.38 £16.41 23.36 £8.68
CAA1l 34.17 +16.19 19.80 £13.81
CAA2 23.33+£17.16 19.28 +4.80
DCAA 56.25 +£8.34 29.02 £6.63
NSA 38.20 +12.30 20.00 +9.85

ICs0 of compound 6: 29.87 £8.68 M.

As a control group, compound 10b was prepared from AA and 6 under the same conditions
as 10a in TEA and DMF (Scheme 12), while 10c was synthesized from OAA and 6, the yields
were shown in Table 5. The results of enzyme activity assay of 10a i 10c confirmed the
conclusion of the screening. The combination solution of AA did not achieve any significant
inhibition in the screening assay, while the mixture containing OAA showed a lower 1Cso value
than SA after 20 hours. Accordingly, the inhibition of SHP2 by 10c is better than by 10a and

10b, with the ICso = 0.294 M (Table 5).

Unexpectedly, compound 10a was less active than GS493, and compound 10c achieved lower
ICso value than 10a, while 4c, with the same phosphotyrosine mimetic group of 10c, performed
worse than GS493. All these differences may cause by the replacement of the hydrazone-
linker. The results here can be explained by the different space bulk of C atom and N atom
and the spatial configuration of the hydrazone-linker and enamine-linker. The inhibitors may
perform different interaction inside the protein binding pocket with the previous docking result
(2015). Unfortunately, in hand we did not have any reliable docking of 10a and 10c to support

this hypothesis.
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=~ IN
N \©\ NaOH
NO, EtOH,H,O

NaO,S
\©\ '
OH

13 9

O,N
? O,N

Scheme 15. Synthesis of compound 12 (yield: 45%) and 14 (yield: 55%).

In parallel with the fragment ligation screening, the combination of 9 and SA was investigated

at the same time (Scheme 15). The C-N single bond was formed under the base condition of

NaOAc in acetonitrile and water after 3 hours at 85 °C. As a comparative analogue, compound

14 with C-O single bond linker was also synthesized from 9 and 13 under the base condition

of NaOH in ethanol and water for 3 hours at 80 °C.1'% 114 However, the replacement of the

carbonyl group in the pyrazolone by the chloride in the structure could affect the interaction

between the molecule and the protein, which leading to the low inhibition of SHP2 by 12 (ICso

=2.216 M) and 14 (ICs = 5.773 M) (Table 4).

Table 4. Investigation of compounds with different linker.

Nr. Structure Yield ICso [UM]
HO3S
NH o
X
10a \N’N\©\ 91% 0.508 +0.078
O,N NO2
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ST
NO,
O,N
HO,S
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O,N

(0]

n

screening in inhibitors
90% 1.743 £0.404
85% 0.294 +0.033
45% 2.327 £0.223
55% 5.773 £0.762
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3.4 Investigation of the cyclization

The *H-NMR spectrum of 10a showed a J-coupling of peak at 11.95 ppm and peak at 8.71
ppm (marked by red arrows) was at 13 Hz (Figure 20). Comparing with the NMR of GS493
and compound 11 (Figure 16), it can be confirmed that the proton signal at 11.95 ppm belong
to the N-H and the proton of =C-H in the enamine-linker should be shown at 8.71 ppm. In terms
of the Karplus Equation (Figure 21), one could say here that the two protons in the enamine-
linker are in a flat conformation with the dihedral torsion anglesd = °.1°8® The N-H proton
could also form a hydrogen bond with the carbonyl group in the pyrazolone that when the
imine-enamine tautomeric shift happened with the proton jumped from -NH to the carbonyl

group.

&3 NR 88888 L3833
pafpai @ @ 00500 0 W WD WD D NNNKN
N NS N
900
800
f j j H -
,L
HO\ 600
o L
/"':p
\\25\//‘ 500
A
NH
o
o 400
N\ %
N
. —
\N/\ /TN S
i =16 2 Il | § 15,17 L300
o r\/w\“/g 14,18
: I\ !
200
|
v +100
20
1]
N Lo
ry I Gy "7
g 5 hEs 5% --100

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
2.8 12.6 12.4 12.2 12.0 11.8 11.6 11.4 11.2 11.0 10.8 10.6 10.4 10.2 10.0 9.8 9.6 94 9.2 9.0 88 86 84 82 80 7.8 76 74 72 7.0 68 6.6
f1 (ppm)

Figure 20. The *H-NMR spectrum of compound 10a, the two red arrows marked the proton signal of -NH and =C-H.

41



Il nvestigation of the cyclization

E HH H H‘b
16 F H ? ¥ /k
E Origipal Karjplus Equation R ﬂ\\( Q-H T]/Y
14 F =N
T~ SR T
12—y n (D=0 ©=60° ©=90° © =180°
10 Modified Karplus =7 =7-11Hz 2y=25Hz %J=0-2Hz *J=8-15Hz
N E 2
T
=78 E \ ‘ R Original Karplus Equation
. PA: \ \ Ui = Jo+€08%0 -K
E \ t 5 Jo = 14 (90-180°), J, = 10 (0-90°), K= 0
o F . K
: Modified Karplus Equation
5 Lol s
\ %y = 7-C0S O +5:C05 20
0 (the constants are those recommended by

180 150 120 920 60 30 0 Bothner-By Adv. Magn. Reson. 1965, 1, 195)
©

Figure 21. The original Karplus equation and modified Karplus, describe the correlation between 3J-coupling constants and

dihedral torsion angles in nuclear magnetic resonance spectroscopy.

O,N

Scheme 16. The potential imine-enamine tautomerism of compound 10a.

Counting the potential hydrogen bond as a real bond formed between the enamine linker and
the carbonyl group, a new six-membered ring system can be designed next to the pyrazolone
ring (Scheme 16)84 87.92:96. 110 this hypothesis was also shown in the structure of GS493. The
docking of the combination published in 2022, in which the hydrogen bond between the
carbonyl oxygen of the pyrazolone moiety and the aryl NH was enforced to stay in place by
dihedral constraints on this region of the ligands throughout the docking. The preferred docking
pose (Figure 22) of all of three structures (GS493, 4b, and 4b-O, Scheme 17) places the
phosphotyrosine-mimetic fragment (as the headgroup) into the main binding pocket. In this
docking, the oxygens of the headgroup interact, through hydrogen bonds or salt-bridges with
the sidechains and backbone NH of Arg465 and Ser460. The carbonyl oxygen of 4b-O also
forms a hydrogen bond to the backbone NH of Gly427. Moreover, the three structures show a
similar orientation in their preferred binding poses with one of the nitrophenyl rings pointing
towards the loop of Asn281 and the other ring pointing to the proximity of the sidechains of
Arg362, Lys364 and Lys366, where salt-bridges can be formed between the positively charged

sidechains and the nitro moiety.”
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Figure 22. Docking pose of GS493 (blue), 4b (green) and 4b-O (orange) at the SHP2 binding site. Ligand-receptor interactions

are indicated. Hydrogen bonds are shown inyellow, salt-b r i dges i n -‘puirmptler aantdi. dns in cyan

(0]
OH HOJK/O

GS493 4b 4b-0

Scheme 17. The structure of GS493, 4b, and 4b-O.

Furthermore, as mentioned before, a novel bicyclic structure of SHP2 inhibitor was published
in 2020, in that study, they changed the pyrazolone into the azaindole (Figure 23).* Here,
considering that the pyrazolone moiety can be an essential part of the inhibitors of SHP2 and
with this heterocyclic ring, GS493 achieved an effective activity, we still tried to keep the core

scaffold as the pyrazolone ring, then to extend it with another ring system (Scheme 18, a).
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High potency
Cell-permeable
No PAINS-related

functionalities

previous work this study

Figure 23. The azaindole inhibitor published in 2020.

The first designed structure was the pyrano[2,3-c]pyrazol-6(1H)-one (Scheme 18, b), this
structure reserved the oxygen atom from the carbonyl group and changed the linker into -C=C-
to make it easier be synthesized. The synthesis strategy was designed to react intermediate 6
with substituted 2-phenylacetyl chloride under the condition using triethylamine in DMF,
followed by cyclization to give the target product (Scheme 19).117123 However, the attempt did
not achieve success, the carbonyl group and the formyl group could form a vinylogous ester
which makes the carbanion difficult to attack. Nevertheless, the docking of this new compound
with sulfonic acid group showed there will no interaction between the bicyclic system and the

active site (Figure 24).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

OyN Cl
O,N 6

Scheme 19. The synthesis strategy of the pyrano[2,3-c]pyrazol-6(1H)-one.
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LY53644 O

A
A o
HOH2BA HoZ i’

Figure 24. The docking of the target structure with sulfonic acid group.

The challenges of synthesis and the unexpected docking results turned our direction of
investigation to re-consider the bicyclic structures reported in 2020, the pyridine ring was then

appeared in our next attempting step (Scheme 20).

Scheme 20. The designed new pyrazolo[4,5-b]pyridine analog.

In order to obtain the new conjugated ring system, the pyrazolo[4,5-b]pyridine was designed
as the new target structure.*?* To obtain this compound, novel building blocks were used: 1,3-
bis(4-nitrophenyl)-1H-pyrazol-5-amine (16) and 4 -8ubstituted 2-(phenyl)malondialdehydes
19.80. 124 3.(4-Nitrophenyl)-3-oxopropanenitrile 15 and 4-nitrophenylhydrazone 2 were
suspended in ethanol with the addition of concentrated HCI. The reaction mixture was then

refluxed at 80 € for 16 hours to afford 16 for the further synthesis (Scheme 21).1%

_N NH,
“ EtOH =
+ H,N _con. HCI, \N,N
0 NO, 80°C NO,
O,N O,N
16

15 2

Scheme 21. Synthesis of 1,3-bis(4-nitrophenyl)-1H-pyrazol-5-amine (16), yield: 98%.
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Malondialdehyde 19 was synthesized from phenylacetic acid 17. After treatment with the
Vilsmeyer reagent and NaClOg, the perchlorate salt 18 was obtained and further reacted with

NaOH solution to give the target product 19 (Scheme 22).12¢

R R

POCly

_DMF__ NaOH
NaClO, N
S
Clo, | AN N
OH o)

17 18 19-enol 19-keto

Scheme 22. Synthesis of malondialdehyde 19.

To construct the synthesis method of the cyclization in this case, the 2-(p-tolyl)malonaldehyde
was first chosen to react with the amino pyrazolone 16. There were different conditions
operated to this reaction: different acid reagent, for example, TMS-CI, the literature had given
an assumption of the mechanism of this reagent during the cyclization (Scheme 23); different

solvents such as DMF, chloroform, ethyl acetate, acetonitrile, and DCM (Scheme 24).

3]\ .‘E‘I/\\_\:\/ Noz
I NH, ! AN
8-15 1722
_-NO; ;
o | 2 O{:TNOZ
NaQ™ 7 0~ 30
|
SiMe 4
NO, — " NO2
h\\/ T EI N
. {~""0 Messi—Cl o H
: j O~ gj| I, O-sime
SiMe 3
| “_\ 3 c H
7 NH,
\ TN

— =]
2 & o] ~ x\.\/Noz N
N \g H \ / ™
( O"S;'Mea ’ TN AT S0 Me;Si— CI

H 'H
Scheme 23. The mechanism of cyclization with the TMS-CI in DMF.1*
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W,
NH, 7N\
< N * ~ = =
oZN/©/AfN< \©\N02 o‘\H,o O,N O \NIN\©\N02
16 19a 20a
Reagent Solvent Temperature (°C) Time Yield
TMS-CI DMF r.t. 5 hours <10%
TMS-CI DMF 100 Overnight 30%
TMS-CI Chloroform r.t. Overnight 12%
EA 0%
ACN 25%
DCM <10%
AcOH AcOH r.t. Overnight <10%

Scheme 24. Investigation of the synthesis condition of the cyclization.

After trying all the above conditions, here is the final synthetic method of cyclisation: starting
with phenylacetic acid 17 to form 19. Then 16 and 19 were dissolved in a mixed solvent system
containing ACN and DMF. After 20 hours of stirring with TMS-CI at 85 €, the pyrazolo[4,5 -

b]pyridine 20 was obtained (Scheme 25). Under this novel condition can obtain 20a with the

yield of 73%.

NH, T™SCI 7N

= . DMFACN _N
~ N
4 X
N \©\NOZ \ SN
O,N 0.0 o NO,
2!
16 19 20
R NaOH
R
1. POCly S
-ClO
DMF 4
2.NaClO, N
OH
//N ®N\\
o]

18
17

Scheme 25. Synthesis of the pyrazolo[4,5-b]pyridine analog 20.
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3.5 Investigation of the pyrazolo[4,5-b]pyridine scaffold

To synthesize different derivatives of pyrazolo[4,5-b]pyridine, the synthesis strategy was
optimized by using TMSOTTf instead of TMS-CI. This harsher acidic condition, with a better

leaving group, increased the yield of this reaction by 20%.

The first phosphotyrosine mimetic group studied was the carbonylic acid group in compound
20d. At first, we faced some challenges when we tried to insert a sulfonic acid group into the
malonaldehyde building block. Then, considering that the steric configuration of a carbonylic
acid group is close to a sulfonic acid group, we set compound 20d as our first attempt. To
obtain this compound, the cyclized methylphenyl intermediate 20a was used as starting
material. However, regardless of the condition of KMnOg in chloroform or the SeO; in pyridine,
the methyl group could not be oxidized to the carboxylic acid.'?” 12 Furthermore, the
bromophenyl intermediate 20b and the iodophenyl intermediate 20c were synthesized for
transformation. Unfortunately, due to the poor solubility of these compounds, all carboxylation

attempts were failed (Scheme 26). 129132

7 N
N “gorb
O N NO,
O,N .
20a

Br. HOOC

aY S aY
~ N x N
e SR av
O,N OyN
| 20b
Q
X
/ \N /,'
~ N
e
O,N
20c

Scheme 26. Carboxylation from 20a, 20b and 20c to 20d. Reaction condition: a) KMnO,, CHCls, r.t.; b) SeO,, pyridine, 100 °C;
¢) n-BuLi, CO; (g), THF, -78 °C.
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Due to the failure of the carboxylation, another strategy was developed to provide the
compound 20d. The new malonaldehyde 19d with carboxylic acid was synthesized from the
4-(carboxymethyl)benzoic acid using the general synthesis method of the malonaldehyde
building block. Then the cyclization between 19d and 16 was carried out with the participation

of TMSOTf in DMF and acetonitrile at 85 °C (Scheme 27). The 20d was obtained in a yield of

55%.
HOOC
COOH O
NH
2 ACN, DMF 7 N
. N TMSOTf | —

| ON "o O v NO,
O OH O,N
19d 16 20d

Scheme 27. Synthesis of compound 20d, yield: 55%.

After obtaining this bicyclic compound, we firstly evaluated the possibility of compound 20d
mimicking the interaction pattern of GS493 activity through in silico modeling (Figure 25). The
binding site was similar as the docking in 2022. As suggested by our docking study, the two
molecules can adopt the same conformation, with their nitro groups well aligned. The
carboxylate group of 20d is superimposed on the sulfonated group of GS493. Both compounds
reach the residues Arg465, Cys459, Asn281 and Lys364 in the SHP2 binding site, for which
we expected to contribute to the ligand-protein interaction (Figure 25a). While it is also within
the expectation that the ring system performs differently in terms of gaining affinity to SHP2:
the open ring of GS493 allows the carbonyl oxygen in pyrazolone scaffold to serve as a
hydrogen bond acceptor for Tyr279 (Figure 25b); and the condensed ring system of the

pyrazolo[45-b] pyri di ne scaffeotdckhhgnwiesh Tyr279.
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(@) (b) ARG362
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A . /</
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\\\ ,"/\f Y &
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¥

LYS364

LYS364
>

Figure 25. (a) lllustration of possible alignment of GS493 (yellow) and 20d (blue) as ligands in the binding site of SHP2. (b, c)
Pharmacophores of GS493 and 20d when docked to SHP2. Yellow sphere represents lipophilic contact, blue rings with arrows

representnt'eraction, red and green arrows represent hydrogen bond

After measuring the enzyme assay on the cyclization product 20d, the inhibition results showed
that the pyrazolo[4,5-b]pyridine scaffold did not increase the activity of the inhibitors.
Comparison of the activity of compound 20d (ICso = 1.22 pM ) and 4d (ICso = 0.524 M ) showed
that the higher ICso value of the bicyclic compound was not due to the replacement of the
sulfonic acid group. The compound 20-N was then synthesized to investigate the difference
between the amino-pyrazolone compound and the pyrazolone compound GS493. The ICso of
20-N was much higher than GS493, which means that the replacement of -C=0 in the
pyrazolone with -NH» group has a negative influence on the inhibition (Table 5). The carbonyl
oxygen may play an important role in the interaction between the inhibitor and the SHP2 protein.
The carbonyl group and the amino group have the different hybridization which could be the
reason of the different activity. Although the docking results showed that the pyrazolo[4,5-
blpyridine canenhan€e st ac ki ng , this birndingTsigerwas’ hosen while the

hydrogen bond between the carbonyl oxygen of the pyrazolone moiety and the aryl NH of
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GS493 was enforced to stay in place by dihedral constraints on this region of the ligands
throughout the docking. Therefore, these results suggested that a new docking of GS493 and

SHP2 was required.

Beside the docking of compound 20d, the investigation of phosphotyrosine mimetic was
undergoing at the same time. Except synthesizing compound 20e with trifluoromethyl group
as the contrastt anot her investigation invol ved

phosphotyrosine mimetic: 4-phosphono-difluoromethyl-phenylalanine (PDFM-Phe); numerous
studies have demonstrated highly potent and selective inhibitors with this structure
incorporated into peptide sequences.’ 2 To introduce the 4-phosphono-difluoromethyl group
into the pyrazolo[4,5-b]pyridine scaffold, starting from 4-iodo-malonaldehyde 19c, the di-O-
ethyl-phosphonato-difluoromethyl building block 21 was formed (yield: 51%), then cyclisation
between 21 and 16 gave the intermediate 22 (yield: 40%), and after final deprotection, 23 was
obtained under acidic conditions with the yield of 70% (Scheme 28).1% 3% Unfortunately,
compound 23 was not a good inhibitor of the SHP2 protein, with the ICso = 6.06 M (Table 5).
Beside this synthesis strategy, the pentafluorination was applied to obtain compound 23-f,

which were completed by Lukas Lassak.

o)
F n_OEt
| “OEt
Cd, BrCF,P(O)(OEt), NH,
CuBr = TMSOTf
DMF + ~ N ACN,DMF
N NO,
] | ] OaN
0 0 O
19¢ 21 16 22
o)
A\
HO*/P
HO

Scheme 28. Synthesis of compound 23, yield: 70%.
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Table 5. Investigation of pyrazolo[4,5-b]pyridine analogs.

Nr. Structure Yield ICso [UM]
o)
HO
20d 7N 55% 1.22 £0.25

20e 36% >100

20-N 40% 20.45+2.71
22 40% 15.18 £6.39
23 70% 6.06 +1.27
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23-f 98% 15.71 £3.93
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3.6 Investigation of the replacement of nitro functionalities

The nitro functionality is a unique functional group in medicinal chemistry as it is a strong
electron withdrawing and quite polar group. Although it has been used in drugs for a long time,
the nitro group has toxicity issues due to metabolic liabilities. Replacing the nitro functionalities

in the molecules could make the inhibitors more drug-like.*®

In the structure of GS493, there are two nitro groups in each phenyl ring substituted on the
pyrazolone. To investigate the difference between these two functional groups, here the nitrile
group was chosen here to replace the N-sub-phenyl nitro group and/or the C-sub-phenyl nitro
group in the structure. As reported, there have been several advantages of nitrile-containing

drugs and their efficient role as nitrile pharmacophores.

As mentioned above, in Figure 16, the docking has shown the interaction of GS493 with the
SHP2 protein. The N-sub-phenyl nitro group forms hydrogen bonds with Thr507 as a hydrogen
acceptor. While the C-sub-nitrophenyl ring interacts with Arg362 via cation-" interactions.
Nitrile groups are also known as hydrogen acceptors and can additionally polarize aromatic *

systems, which could optimize cation-" interaction with Arg362.1%6 137 |n addition, nitrile groups
have the great advantage over nitro groups of being easier to metabolize, which could be
advantageous for further cell experiments.*3 13 |t was shown that most nitrile-containing drug

can pass through the body unchanged.**®

a)

-------- "o /
N
V4
o

:

Figure 16. Interactions between the most plausible conformation of GS493 and SHP2 in 2D derived from docking into crystal
structure PDB ID: 3ZM3. Red arrows indicate hydrogen bond acceptors, green arrows represent donors, blue disks are cation-"

interactions, and yellow spheres show hydrophobic contacts.
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Therefore, the nitrile-containing pyrazolones were synthesized. The synthetic strategy was
almost similar as the synthesis of compound 3, with the harsher acid condition from acetic acid

to concentrated hydrochloric acid (Scheme 29).
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Scheme 29. Synthesis of intermediates with nitrile group, 25 (yield: 80%), 27 (yield: 92%), 28 (yield: 45%), 16a (yield: 96%).

The pyrazolones 25, 27 and 28 were combined with different aniline fragments, furnishing the
analogs 29a 1 29e with replacement of the nitro functional group, the compound 29d with 1,3-
benzodioxole was previously synthesized by Eric Nawrotzky and Thomas Rudolf. The 1Cso of
these analogs are shown in Table 6. In addition to the cyclization mentioned before, the
replacement of the nitro groups in this cyclized compound 20d was simultaneously
investigated. Compound 29f, synthesized from 16a, with a nitrile group showed a better
inhibition than 20d, giving another evidence of the idea, that the replacement of the nitro groups,

that compounds with N-4-cyanobenzyl substitution could have the better bioactivity.

The lower 1Cso value of compound 29a compared to compounds 29b and 29c¢c suggests that
the N-sub-phenyl functional group may play a more important role in the inhibition than the C-

sub-phenyl group. Furthermore, compound 29a, which has an N-4-cyanophenyl substituent,
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showed better inhibition of the SHP2 protein than compound 29d, which has an N-1,3-
benzodioxole substituent. In addition, compound 29d shown greater inhibition than compounds
29b and 29c, suggesting that the 1,3-benzodioxole group is more effective than the 4-
nitorphenyl group but not as effective as the 4-cyanophenyl group. Furthermore, compound
29e (SWO053), which contains both a sulfonic acid group and an N-4-cyanophenyl replacement,

was the best performer in the bioassay with an I1Cso of 39 nM.

Table 6. Investigation of nitrile group in different position.

Nr. Structure Yield ICso [MM]
0
OH
29a \H 45% 0.139 +0.024
N 0

o)
OH
29b NH o 45% 1.089 +0.589
N\
\N’N\©\
NC NG
o
OH
29c \H 36% 1.605 +0.889
Ny
v
N CN
NC
o
OH
29d NH 30% 0.741 +0.215
N 2 07
2ave
O,N
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HO4S

NH
N O
x N
N CN
O,N

O
HO
29f 40% 1.110+£0.103
7 N
~ N
OO
O5N

Before we tried to calculate the docking of compound 29e (SWO053), which showed an

29e (SWO053) 28% 0.039 +0.008

improvement of activity with the ICso = 39 nM, a new docking of GS493 and SHP2 was needed.
Since the structure of the ligands is highly symmetrical, different orientations can appear in our
docking results. We believe that multiple binding modes occur during protein-ligand recognition
and inhibition under real circumstances i dynamic and physiological environment. To improve
our understanding of the direction for optimizing GS493, three replicate molecular dynamics
(MD) simulations using the GS493-SHP2 complex were performed, as shown in Figure 26a,
as the starting conformation. With an exposed binding pocket, the ligand keeps freely moving
during two of the three replicate MD simulations with different running time, while during the
other one, the GS493 ligand interestingly stabilized in a position through interactions with
Thr507, GIn506, and Arg362, as shown in Figure 26a. The phosphotyrosine moiety formed
hydrogen bonds and lipophilic contacts with GIn506 and Tyr279, respectively; the N1-4-nitro-
phenyl engaged in a cation-’ interaction with Arg362; -@4he nitr
nitrophenyl)-substituent formed a hydrogen bond with the Thr507 residue, while the nitro group
attached to the N-sub-phenyl hardly formed any interaction with the protein. Even though the
interactions cannot be reproduced by docking with the static protein conformation we prepared
from the crystallized structure (due to the flexibility of the abovementioned residues and their

positioned loop), this binding mode recognized during the MD simulation still reinforced the
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likelihood of the importance of the group attached to the C-sub-phenyl ring compared with the

moiety attached to N-sub-phenyl ring.

(@ . (®)

¢%‘wj .. . THR507
THR507 e e ALA461
* . .ILE463

A

\}‘ DR ARG362
A ARG362 - HIS426

" @I‘

. .ﬁ‘. N X

o
o 250 "
L2y

ARG362 =

Figure 26. A stable conformation of GS493 (a) and SWO053 (b) in the binding site of SHP2 shown together with dynamics
pharmacophores (dynophores).*° The interactions have been shown in probability density point cloud: red, hydrogen bond; blue,

interactions; yell ow, |l i pophilic contacts.

To better understand how compound 29e (SW053) binds to SHP2, we docked SW053 to the
structure of the SHP2 static model, allowing for the flexibility of residues Thr507, GIn506, and
Arg362 of SHP2. This successfully yielded the ligand conformation of SW053, which could be
well aligned with the binding position we observed for GS493 during the MD simulation (Figure
26a). The movement of SW053 in three replicates of MD simulations was traced and in two of
them observed similar binding mode as for GS493, with hydrogen bond between the sulfonate

moiety and GIn506, lipophilic contacts between the benzene in the phosphoratyrosine and

ni tro

Tyr279, cation-’ i nteracti ons of -cyamophenglenoigtyewitte Arg862 anidh e 4

His426, hydrogen bonds between the nitro moiety of the 4-nitrophenyl group with residues
including but not limited to Thr507, Ala461, and 1le463, and a hydrogen bond between the
oxygen of the carbonyl with Arg362. The residue Arg362 has a dual role: forming hydrogen

bond with the carbonyl oxygenorcation-~ i nt er a ct rsobrphemi, dul to its Hegibility.
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While there gave a slight position shift from GS493 to SW053 caused the loss of the stable
interaction of the nitro group with Thr507 (as the cloud shown is not so condensed), probably
caused by the stronger interaction between the N-4-cyanophenyl and SHP2, which provided
new insight to understand how GS493 and the analogs were stabilized in the SHP2 binding

site.
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4. Study of the cellular activity

The synthesized compounds were then treated for their biological efficacy in cell experiments.
As mentioned in the introduction part, unlike other PTPs, SHP2, plays a positive role in the
regulation of cell signaling. In most receptor tyrosine kinase (RTK) signaling pathways, SHP2
is required for full activation of the ERK-MAP kinase pathway. For some RTKs, and in some
cells, such as insulin-like growth factor-1 (IGF-1) activation in fibroblasts, there is almost no
ERK activation in the absence of SHP2. Although initial ERK activation is normal, SHP2 is
always required for sustained activation. Inhibition of SHP2 protein has been reported to
effectively shut down the RAS-RAF-ERK signaling pathway by activating Sprouty, a potent
inhibitor of RAS, actuating GAPs that catalyze RAS inactivation, or depressing the SFKs, the

kinases that contribute to RAS activation (Figure 27).8 18141

9., W
L = J
I eERe— - e
© "l
- e
g v
= =T
N fr) [ sne2 Gl
e | S
| > EecaBev
=
©
CWPAG:@\ -------- 7 G‘w
pc:l’llln 29
] vees) e Golgi e ot ?
i / >
h sz

Figure 27. Models for positive signaling by Src homology-2 (SH2) domain-containing phosphatase-2 (Shp2). (a)Regulation of
Ras as an adaptor protein for mobilizing Grb2/Sos. (b) Regulation of Ras by controlling RasGap recruitment and regulation of

Sprouty and/or downstream pathways. (c) Regulation of Src family kinases (SFKs)**.
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Previous studies have shown that the Hepatocyte growth factor (HGF) receptor, Met promotes
dimerization and autophosphorylation in epithelial cell lines in matrix cultures. Gabl, the major
phosphorylated protein following Met activation, is a docking protein that couples the Met
receptor to several signaling proteins, including PI3K, phospholipase Cg, the adaptor protein
Crk, and SHP2 (Figure 28).1424¢ HGF induces Met activation and stimulates sustained
phosphorylation of ERK in cells.'*” Therefore, the activity of the SHP2 inhibitors in cells can be
studied by monitoring the dephosphorylation of ERK as a downstream event following the

inhibition of SHP2.71. 148

c LA
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degradation
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poly-Ub

MM proteasomal
-"- degradation

Regulation & Inhibition Activation & signal amplification
Figure 28. Upon HGF binding, MET undergoes dimerization and auto-phosphorylation. The docking site Tyr residues organize a
signaling platform by recruiting signaling and adaptor proteins to stimulate ERK, AKT and RAC1 signaling pathways, which

promote cell survival, proliferation, and migration46,

The cell assay protocol for the cell experiment for the characterization of SHP2 inhibitors was
developed by Dr. Christoph Arkona and mainly performed by Silke Bergemann. The Hela cells
(immortalized human epithelial cell line of uterine cancer cell line) were used for this work. The
cells were incubated with HGF and the synthesized inhibitors for 1h, then transferred to SDS
gels, electrophoretically separated and blotted, whereby the Western blots were obtained and

evaluated.
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A GS-493 B Cpd. 21
conc. [uM] conc. [uUM] (o] OH
MW DMSO 0.78 1.56 3.12 6.25 MW  DMSO1.56 3.12 6.25 12.5
[kDa] [kDa]
50 > | . 50 > | p-ERK 172
- - p-ERK 112 - -

p-Tubulin

50 > |- c—c— - | p-Tubulin 50 P e o e e =
- — RK 1/
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Figure 29. Cell experiments. Compounds GS493 and 4b decreased the HGF-induced tyrosine phosphorylation of ERK 1/2;
Western blot analysis of p-ERK and total ERK in HelLa cells after 1h treatment with compound GS493 (A) and 4b (B); DMSO

treatment as control; beta-tubulin was used as a control for uniform protein loading.

Compared to the GS493, which shown the complete dephosphorylation of ERK at 1.6 M,
compound 4b also showed considerable cellular activity, performing an efficient cellular

inhibition of SHP2 at 6.25 M with complete dephosphorylation of p -ERK (Figure 29).7

With the different phoshotyrosine mimetics, both GS493 and 4b showed significant inhibition
of SHP2 in both the cell experiment and the enzyme assay. While considering that the nitrile
group will give the molecules better permeability, we also planned to perform the same
experiment to evaluate the compound 29e (SWO053), which showed a better inhibition than

GS493 in the enzyme assay.

GS493 SW053
conc. [uM] conc. [uM]
Mw Mw
[kDa] DMSO 0.39 0.78 1.56 3.12 6.25 [kDa] DMSO 0.39 0.78 1.56 3.12 6.25 12.5
50 S — —
— e — p-ERK 1/2 50 “- - p-ERK 1/2

Figure 30. Cell experiments. Compounds GS493 and SW053 decreased the HGF-induced tyrosine phosphorylation of ERK 1/2;
Western blot analysis of p-ERK in HeLa cells after 1h treatment with compound GS493 and SWO053; DMSO treatment as control.

Nevertheless, from the graphical result in the Figure 30, the signal of p-ERK 1/2 was stronger
in the SWO053 treated cells than in the cells treated with GS493 when the concentrations of the
compounds were both 1.56 pM, which meant that GS493 performed the dephosphorylation of
ERK better than SWO053 at the same concentration. Although this result showed that the

cyanophenyl group in the pyrazolone scaffold may not improve the permeability of the
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compound as we had previously expected, while this functional group can indeed enhance the
inhibition of SHP2 in the enzyme assay and develop the solubility in DMSO of the compound

during the experiment (Figure 31).

Figure 31. 1 mM solution in DMSO of GS493 (left) and SWO053 (right) after stored at room temperature overnight (20 hours).
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5. Summary and outlook

In this thesis, the investigation of the pyrazolone scaffold compounds and the pyrazolo[4,5-
b]pyridine scaffold compounds derived from the GS493 was elaborated to discover SHP2

inhibitors with improved solubility, cell permeability and metabolic stability.

In the first part of this work (Scheme 30), the modification of the phosphotyrosine(pTyr) mimetic
was designed based on the structure of GS493, the effective synthetic method was built. After
providing compounds 4b - 4f, the enzyme activity assay was carried out. The results showed
that the sulfonic acid group in the GS493 still the most activity phosphotyrosine mimetic, while
the acetic acid group and hydroxyacetic acid group could improve the solubility of the inhibitors

at the expense of the activity.

Scheme 30. Investigation of various phosphotyrosine mimetic.

In the second part (Scheme 31), the replacement of the hydrazone-linker by enamine-linker
was investigated. A new building block with formyl pyrazolone was used to conduct fragment
ligation screening of enamine-linked phosphotyrosine-mimetic fragments. After the screening,
compounds 10a - 10c containing enamine-linker were further synthesized to confirm the
results of the selection. Compounds 12 and 14, separately with C-N and C-O linker were
prepared and measured for comparison. The bioassay results showed that the linker
replacement leaded to less active compounds, it can be explained by that the length and the
spatial configuration of the linker will influent the interaction between the inhibitors and the

protein. Unfortunately, we did not get any reliable docking results to support this hypothesis.
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O,N

Scheme 31. Replacement of hydrazone-linker.

In the third part of this work (Scheme 32), the bicyclic system hypothesis was tested and
verified. The pyrazolo[4,5-b]pyridine scaffold was designed based on the previous docking in
2022 and the published bicyclic inhibitor in 2020. To construct the targe structures, the
malonaldehyde intermediate 19 was built and the different substitutions of the pyrazolo[4,5-
b]pyridine scaffold were investigated. The docking of compound 20d mimicking the interaction
pattern of GS493 activity through in silico modeling showed the condensed ring system of the
pyrazolo[45-b] pyr i di ne scaf'f o¢ tda ceknihnagn c &f ishe Mindifig sit& 7 9
However, The activities of compounds 20d, 20e and 20f showed that the pyrazolo[4,5-
b]pyridine scaffold did not improve the inhibition of the SHP2 protein. To explain the lower
activity of 20d compared with GS493, compound 20-N was synthesized and analyzed, the
results showed that the carbonyl oxygen of the pyrazolone plays a role in the binding site of
SHP2, and the open chain structure was not as flat as the closed ring one. And the compound
23 showed that the phosphonato-difluoromethyl group as a phosphotyrosine (pTyr) mimetic

did not improve the activity of the inhibitor.

0]
R HO
/ \N )/ \N
_ _
=~ /N NS ,N
T oY e
O,N 20d

Scheme 32. Investigation of pyrazolo[4,5-b]pyridine scaffold.
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In the next section (Scheme 33), the nitro functionalities of the original structure were replaced
to study the contribution of these groups in the binding site of SHP2. Compounds 29a - 29e
were obtained to measure the inhibition of the SHP2 protein. Fortunately, compound 29e
(SW053) showed a significant inhibitory activity with an 1Cso of 39 nM, which was better than
GS493 (ICso = 71 nM). Furthermore, the results showed that the N1-4-nitro-phenyl substituent
seems to play a more important role in the inhibition than the 3-(4-nitrophenyl)-substituent. The
compounds with the N-4-cyanophenyl substituent showed a better inhibition of the SHP2
protein than the compounds with the N-1,3-benzodioxole, the C-4-nitrosphenyl or with both 4-

cyanophenyl sides.

R1 HO,S

,NHo Q
asy OZNMO

SWo053

Scheme 33. Replacement of nitro functionalities.

To giving a better understanding of the interaction between orthosteric inhibitors and the SHP2
protein and figuring out the structure activity relationship, we operated MD simulation of GS493
and SWO053. It observed from the results that the carbonyl oxygen in SWO053 forms an
additional hydrogen bond with SHP2 appears in two out of three MD simulation replicates. This
indicates the hydrogen bond between the SWO053 carbonyl oxygen and SHP2 is likely to
contribute to better activity. Keeping the open chain and replacing of the nitro by the nitrile
group affected the fitting position of the ligand in the binding site, making establishment of

hydrogen bond easier.

Additionally, the incorporation of the acetic acid phosphotyrosine mimic and the N-sub-

cyanophenyl group into the pyrazolone scaffold of the SHP2-specific inhibitor GS493 resulted
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in nanomolar inhibitors of SHP2, compound 4b and 29e (SWO053), that effectively blocked the

RAF-ERK-MAP signaling pathway in HGF-activated cancer cells.

Looking to the future, further studies are needed on the molecular scaffolds developed in this
work. To find more drug-like structures, the investigation of the pyrazolone ring based
phosphotyrosine(pTyr) mimetic could be extended. The built fragment ligation screening could
be applied further applied to other building blocks containing formyl and amino groups. Last
but not the least, the synthetic method of inserting phosphonato-difluoromethyl group into small

molecule inhibitors of phosphonate protein is a reasonable way for further investigation.
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6. Material and methods

6.1 Materials

All chemicals and reagents were purchased from standard suppliers like ABCR (Karlsruhe,
Germany), Alfa Aeser (Karlsruhe, Germany), Bachem (Bubendorf, Switzerland), Carl Roth
(Karlsruhe, Germany), Fisher Scientific (Schwerte, Germany), Merck (Darmstadt, Germany),
Sigma-Aldrich (Taufkirchen, Germany), BLDPharm (China, Germany) and VWR (Darmstadt,
Germany) and were used without further purification. All reactions described and performed
under dry conditions followed the conditions of Schlenk technology. The anhydrous solvents
were purchased in HPLC grade from VWR and Merck (Darmstadt, Germany) and were further
purified by a MB-SPS-800 solvent purification system from M. Braun (Garching, Germany).
Water for HPLC purification and for MS analysis was obtained via a LaboStar E UV 2 ultrapure
water system from Siemens (Barsbittel, Germany). Deuterated solvents for NMR
spectroscopy were purchased from Carl Roth (Kastellaun, Germany), Deutero (Kastellaun,

Germany) and Sigma-Aldrich (Taufkirchen, Germany).

6.2 Used devices and methods

6.2.1TLC

Thin layer chromatograms were performed on silica gel 60 F254 coated aluminum plates from

Merck. Compound visualizations were achieved by UV light with wavelengths of 254 nm and

366 nm.

6.2.2 Column chromatographic separation
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Column chromatographic separations were carried out in MPLC system with automated
fraction collections. Biotage Isolera One system and prepackaged Biotage SNAP cartridges

were used.

6.2.3 NMR spectroscopy

The NMR spectrum were recorded on an ECP500 (Jeol, Akishima, Japan) and an AVANCE
[ 11 700 (Bruker, Billerica, MA , USA) . The
reference signals used were the deuterated solvents signal. The 3C spectrum were recorded
by using H broadband decoupling. The multiplicities of signals were described as follows: s
(singlet), d (doublet), t (triplet), g (quartet) and m (multiplet). Evaluations of the spectrum were

performed by MestReNova x64 (Mestrelab Research, S. L., Santiago de Compostela, Spain).

6.2.4 LC-MS analysis

LC-MS analyses were carried out on an Agilent 1100 series system from Agilent (Santa Clara,
CA, USA). The detections were carried out by a diode array detector (DAD) at different
wavelengths. The coupled single guadrupole mass spectrometer used electrospray ionization
(ESI) to ionize the molecules. The samples to be measured were dissolved in a mixture of
acetonitrile/water (1: 1). The mobile phase was a mixture of acetonitrile/water with a 0.1%
formic acid additive. The elutions were carried outwithalinear gr adi ent (5%

for 5.5 min, followed by a 4.5 min isocratic elution phase at a flow rate of 1 mL/min. A

val ue

Y 99 %

Phenomenex Luna-C18 (100 I 4.6 mm, 3 em) column and an

4. 6 mm, 3 e€m) column were used for separation

6.2.5 LC-HRMS analysis

High resolution mass spectrum were measured on an ESI-QTOF iFunnel Model 6550

spectrometer coupled with an HPLC system of the Series Infinity Il 1290.
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6.2.6 Molecular docking

The structures of SHP2 (PDB code: 3ZM3 and 305X) were prepared in MOE v. 2020.0901
(Molecular Operating Environment; Chemical Computing Group ULC, Montreal, QC, Canada)
using the integrated Structure Preparation and Protein Builder tools to optimize the structure,
and Protonate3D.*° Ligands were docked into the SHP2 binding site (suggested by structure
of 305X) using GOLD v. 5.8.1 (Genetic Optimization for Ligand Docking; CCDC Software,
Cambridge, UK)*°, with 20 genetic algorithm (GA) runs each. The operation was directed at
generating diverse solutions with early termination prevented. A 100% search efficiency was
used and pyramidal nitrogen atoms were allowed to flip. Other than that, default settings were
maintained, and the resulting conformations were analyzed using Ligandscout v. 4.4,315% 152

and minimized using the implemented MMFF94 forcefield!*®. Flexible docking was set to allow

for the flexibility of Thr507, Gl n506, aT0d

degrees and chi2 (CU, CB5S5de@ees. Cl) set to al

6.2.7 Molecular dynamics (MD) simulation

Each prepared model was loaded into Maestro v. 13.1.137 (Schrddinger Release 2022-1:

Maestro, Schrddinger, LLC, New York, NY, USA) to perform all -atom MD simulations. The

structure and environment were prepared
Preparation Wizardo and ASystem Buil de rbonds
were automatically added. Both proteinséo

water boxes with padding of 10 A filled with TIP3P water model. Numbers of sodium ions for
neutralization were calculated for each system and added accordingly, and another 0.15 M
NaCl was added. The generated systems were simulated with the Desmond simulation engine
v. 6.9%%4 on water-cooled Nvidia RTX 2080 Ti/ 3090 graphical processing units (GPUs) for 100
ns in three replicates for each system, using the OPLS-AA force field. The simulation
temperature and pressure were kept at their default values of 300 K and1.01325 bar,

respectively. The systems were relaxed and equilibrated following the standard seven-step
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protocol. System coordinates were recorded every 100 ps. The coordinate and trajectory files

were wrapped and aligned with VMD v. 1.9.3%,

6.3 Biochemical methods

6.3.1 Protein expression and purification

The catalytic domain of human SHP2 (amino acids 2251 541) was purified from E. coli B21
(DE3). The overexpressed protein was fused to an N-terminal His10-tag. Cells were harvested
and resuspended in 25 mM Tris-HCI (pH = 7.5), 50 mM NaCl, 1% (v/v) Triton X-100, 10% (v/v)
glycerol, 1 mM DTT. After cell lysis, debris was removed by centrifugation at 12,000 rpm for
30 minutes. The supernatant was filtered prior to affinity purification with Ni-NTA agarose
(Qiagen). The slurry was washed with 50 mM Tris-HCI (pH = 8.0), 500 mM NaCl supplemented
with 25 mM imidazole. Reasonably pure protein was eluted with 2001 300 mM imidazole. The
purification was completed by size-exclusion chromatography with a Superdex 75 16/600
column (GE Healthcare) equilibrated with 20 mM HEPESNaOH (pH = 7.5), 50 mM NacCl, 1

mM DTT.

6.3.2 Enzyme activity assays of SHP2

The catalytic activity of SHP2 catalytic domain was monitored using the fluorogenic substrate

DiIFMUP (6,8-difluoro-4-methylumbelliferyl phosphate). Phosphatase reactions were

performed at room temperature in 384-well black plate, clear flat bottom, low flange, non-

bi nding surface (Corning, Cat# 3766) using

buffer conditions: 50 mM MOPS, pH =6 . 5, 200 mM NacCl , 50 &40
(freshly added prior to each measurement). Test compounds were dissolved in DMSO or buffer
at stock concentrations of 10, 5 or 1 mM and serially diluted. Enzyme (2.5 nM SHP2 catalytic
domain) and different concentrations of the tested compounds were incubated in buffer at room
temperature for 30 minutes. Measurements were performed with a final concentration of 2.5%

DMSO unless stated otherwise at 37 € and were performed in triplicate. Enzymatic reactions
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were started by adding DiIFMUP (Invitrogen, cat# D6567) concentrations matching the
experimentally determined KM values of the enzy]
wavelength of 360 nm and emitted fluorescence was recorded at 460 for 10 minutes using a
microplate reader (infinite M1000 Pro, Tecan). Initial slope of fluorescence was determined in

triplicate and ICso values were calculated with GraphPad Prism 8.

6.3.3 Fragment ligation screening

To a solution of 5-hydroxy-1,3-bis(4-nitrophenyl)-1H-pyrazole-4-carbaldehyde (12) in DMSO
(20 mM) was separately mixed with respective aniline fragments solution in DMSO (10 mM).
The mixed solutions were shaken at room temperature for 1 hour and 20 hours. Then the
original mixtures were diluted into different concentrations to incubate with the enzyme (2.5
nM SHP2 catalytic domain) at room temperature for 30 minutes. The enzyme activity was

measured under the same condition mentioned above.

6.3.4 Cell experiment

HeLa cells were cultivated in DMEM buffer with 10 % FCS in 75 cm? cell culture flasks at 37 T,

5 % CO.. At confluency of about 75 %, cells were seeded in a density of 250,000 cells/mL in

6-well plates and incubated for 24 hours. Subsequently, medium was removed and replaced

by DMEM buffer with 0.1 % BSA (1 mL per well) and incubated for another 16 hours.

Hepatocyte growth factor (HGF, 20 ng/well) and test compounds in different final
concentrations (1 ¢L, in DMSO) were added. Cont
DMSO (final concentration 0.1 %) or no addition. Plates were incubated for 1 hour, then

washed with cold PBS and shaken with lysis buffer (mPer reagent ThermoScientific # 78501

with 1 mM NaF, 2 mM NazVO,, 25 x protease inhibitor) for 5 minutes. Cell lysates were

transferred to Eppendorf cups and centrifuged at 4 € with 10,000 g for 10 min utes. Total
protein was quantified in cell |l ysates using Rot
protein was applied to 12%-SDSPAGE with a run time of 90 minutes at 150 V. Then protein

was blotted in Towbin bufer to an PVDF-membrane over 1 hour at 100 V, and the membrane

was saturated with 20 ml TBS-Tween/ 2% BSA, 1 hour at r.t.. The blot was incubated with anti-
75



Materi al and met hods

phospo-ERK as primary antibody (Cell Signaling # 9106, dilution 1 :2000 in TBS-Tween/ 2%
BSA) overnight at 4 T, washed 3 x5 min utes with TBS-Tween, and incubated with anti-mouse
IgG-hrp as secondary antibody (Santa Cruz # sc2031, 1 :6000 in TBS- Tween/ 2% BSA, RT,
1.5 hours). The blot was again washed 3 x 5 minutes with TBS-Tween and imaged with the
ECL system (ThermoScientific # 34080) at Syngene PXi Imager. From the same lysis sample,
under the same conditions, ERK 1/2and-t bbul i n we r e-tubulinpthetagstidody

incubation time was adjusted to 2 hours at r.t..
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7. Synthesis regulations

1,3-Bis(4-nitrophenyl)-1H-pyrazol-5-ol (3)

OH

H
-N AcOH -
H,N —_— N
o 0, TR Ry
O,N NO, NO

2
2 O2N 3

Ethyl 4-nitrobenzoylacetate 1 (740 mg, 3.12 mmol, 1 equiv.) and 4-nitrophenylhydrazone 2
(750 mg, 3.96 mmol, 1.3 equiv.) were suspended in 10 ml EtOH, 0.06 ml AcOH (1.05 mmol,
0.33 equiv.) was dropped into the mixture. Then the reaction mixture was refluxed for 10 hours
over night in an oil bath at a temperature of 80 °C (TLC with ethyl acetate : hexane = 5:1 as
developing solvent, R = 0.6). After the reaction was finished, the mixture was concentrated in
vacuum. The residuals were separated by column chromatography on silica gel (eluent:
hexane and ethyl acetate, with a gradient from 20-100% ethyl acetate). The product 3 was

obtained as a yellow solid (865 mg, 2.65 mmol, yield: 85%).

'H NMR (500 MHz, DMSO-Dg) U 12. 78 ( sJ,=9.2H 2H), 8.263d4J =(8® Hz,
2H), 8.17 (d, J = 9.2 Hz, 2H), 8.11 (d, J = 8.8 Hz, 2H), 6.24 (s, 1H).

13C NMR (126 MHz, DMSO-Dg) U 156.09, 149.80, 147.56, 144.84, 144.21, 139.55, 126.81,
125.46, 124.53, 121.05, 87.42.

ESI-MS (m/z): [M-H] calcd for C1sHgN4Os": 325.0 Da; found: 325.0 Da.

General procedure A

NH»
o
R1

FA

7
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1.5 equiv. of the respective aniline was dissolved or suspended in 4N HCI, NaNO; in minimum
water was dropped into the resulting mixture at 0 °C. Stirring the reaction mixture for 1 hour at
room temperature. Dropping the solution of pyrazolone compound 3 in THF into the mixture at
0 °C. Then the reaction mixture was gradually warming to the room temperature and stirred
overnight. Filtering the resulting precipitate and washing with water and MeOH. The final

purified solid products were isolated after filtration and dried at room temperature.

(2)-4-(2-(1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)benzenesulfonic acid (4a, GS493)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 50

mg (85%).

IHNMR( 700 MHz, DMSJD9.2WHz, 8H),8.95 (d 1=9.1 Hz, 2H), 8.41 (d, J = 9.5
Hz, 1H), 8.33 (d, J = 9.5 Hz, 1H), 7.71 (d, J = 4.9 Hz, 4H).

13C NMR (176 MHz, DMSO) Ui 157.83, 148.53, 147.23, 145.96, 144.30, 143.21, 141.34, 136.10,
128.89, 127.60, 126.37, 125.71, 124.65, 118.39, 116.96.

ESI-HRMS (m/z): [2M+Na]* calcd for C42H2sN12016S2Na*: 1043.1070 Da; found: 1043.1069 Da.

Melting point: 327 €
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(2)-2-(4-(2-(1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)phenyl)acetic acid (4b)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 65

mg (41%).

IH NMR (600 MHz, DMSO-Ds) U 8 .J 4 89 Hz,2H), 8.44 (d, J = 9.0 Hz, 2H), 8.41 (d, J
= 9.3 Hz, 2H), 8.34 (d, J = 9.3 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 3.64
(s, 2H).

13C NMR (151 MHz, DMSO-Dg) U 173.07, 157.94, 148.56, 145.96, 144.33, 143.30, 140.25,
136.23, 134.46, 131.35, 128.92, 125.95, 125.77, 124.69, 118.42, 117.66, 40.97.

ESI-HRMS (m/z): [M+H]* calcd for C,3H17NgO7*: 489.1158 Da; found: 487.1156 Da.

Melting point: 273 €

OH
HO
NH o
N
> /N
VL
NO,
OaN 4c

(2)-2-(4-(2-(1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-

ylidene)hydrazineyl)phenyl)-2-hydroxyacetic acid (4c)
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This product was synthesized via General procedure A, isolated as an orange solid. Yield: 65

mg (52%).

'H NMR (600 MHz, DMSO-Ds) U 8 J# &5 Hz,d2H), 8.38 (d, J = 8.6 Hz, 2H), 8.35 (d, J
= 8.8 Hz, 2H), 8.26 (d, J = 8.9 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 5.10
(s, 1H).

13C NMR (151 MHz, DMSO-Dg) U 173.88, 157.33, 148.01, 145.38, 143.78, 142.73, 140.49,
138.86, 135.64, 128.36, 127.98, 125.60, 125.22, 124.14, 117.86, 117.02, 71.87.

ESI-HRMS (m/z): [M+H]* calcd for C23H17NgOs*: 505.1098 Da; found: 505.1096 Da.

Melting point: 275 €

OH

x N
N NO,

4d

O,N

(2)-4-(2-(1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)benzoic acid (4d)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 50

mg (40%).

IH NMR (600 MHz, DMSO-Dg) & 8 .J 5 @0 Hz,dLH), 8.47 (d, J = 9.0 Hz, 1H), 8.44 (d, J
= 9.3 Hz, 1H), 8.34 (d, J = 9.3 Hz, 1H), 8.05 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 8.8 Hz, 1H).
13C NMR (176 MHz, DMSO) Ui 166.66, 156.35, 148.08, 145.72, 143.82, 131.01, 128.52, 128.05,

126.27, 125.25, 125.03, 124.15, 121.16, 117.92, 116.95.

ESI-HRMS (m/z): [M-H] calcd for C22H13NeO7: 473.0886 Da; found: 473.0886 Da.
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Melting point: 316 T

FO,S
NH o
N
— /N
VL
NO,
O2N 4e

(2)-4-(2-(1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)benzenesulfonyl fluoride (4e)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 30

mg (55%).
IHNMR( 700 MHz, DMSD38.4iHz, 3H),B.471 8.42,(m, 4H), 8.34 (d, J = 8.7 Hz,
2H), 8.20 (d, J = 8.3 Hz, 2H), 8.08 (d, J = 8.4 Hz, 2H).

19F NMR (565 MHz, DMSO-Dg) & 66 . 56 .

ESI-HRMS (m/z): [M+H]* calcd for C21H14FN6O-S*: 513.0423 Da; found: 513.0421 Da.

Oy OH

cl

NH o

Ny

=~ /N
VL
NO,

O2N af

(2)-2-(4-(2-(1,3-Bis(4-nitrophenyl)-5-o0x0-1,5-dihydro-4H-pyrazol-4-ylidene)hydrazineyl)-
2-chlorophenyl)acetic acid (4f)
This product was synthesized via General procedure A, isolated as an orange solid.

Synthesized by Thomas Rudolf, yield: 45 mg (50%).
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IH NMR (600 MHz, DMSO-Ds) U 8 . J3=86.0( ©5Hz, 5H), 8.23 (d, J = 9.3 Hz, 2H), 7.74
(d, J = 2.2 Hz, 1H), 7.62 (dd, J = 8.4, 2.3 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 3.73 (s, 2H).

13C NMR (151 MHz, DMSO-De) U 171.40, 156.97, 150.56, 147.95, 145.28, 143.71, 142.53,
141.17, 135.36, 134.64, 133.09, 131.37, 128.29, 126.16, 125.12, 124.04, 117.69, 115.47,

38.20.

ESI-HRMS (m/z): [M+H]* calcd for C23H16CINsO7*: 523.0769 Da; found: 523.0766 Da.

N-((5-hydroxy-1,3-bis(4-nitrophenyl)-1H-pyrazol-4-yl)methylene)-N-

methylmethanaminium (5)

~N+
OH N oH
_ a) POCl3, DMF —
_ N rt., 1h _ N
N \©\ b) DMF N
60°C, 3h
O,N 3 2 O,N 5

POCI3z (0.1 ml, 1.2 mmol, 1 equiv.) was dropped into dry DMF (0.2 ml, 2.6 mmol, 2 equiv.) at 0
°C, then stirring the mixture at room temperature for 1 hour. Then the vilsmeyer reagent POCIs-
DMF solution was dropped into the 3 (400 mg, 1.2 mmol, 1 equiv.) in 10 ml DMF and the
resulting mixture was stirred at 60 °C for 3 hours. After cooling to the room temperature, the
reaction mixture was put into an ice-bath, cold water was added into the mixture. Then stirring
the mixture overnight and filtered, washing the formed solid with water. After dried, the solid

as the crude product 5 was used to the next step directly.

IH NMR (600 MHz, DMSO-Ds) & 8 .J 2 9.4 Hz,®H), 8.34 (d, J = 8.7 Hz, 2H), 8.30 (d, J
= 9.4 Hz, 2H), 7.92 (d, J = 8.7 Hz, 2H), 7.76 (s, 1H), 3.69 (s, 3H), 3.42 (s, 3H).
13C NMR (151 MHz, DMSO-De) Ui 162.81, 157.15, 152.75, 148.13, 145.20, 143.06, 139.19,

130.28, 125.43, 124.39, 118.21, 95.65, 48.33, 44.48.
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ESI-MS (m/z): [M]* calcd for C18H16Ns05": 382.1 Da; found: 382.0 Da.

5-Hydroxy-1,3-bis(4-nitrophenyl)-1H-pyrazole-4-carbaldehyde (6)

\ltl/
| OH O| OH
= —
< N NaOH <N
N isopropanol N
NO, 90°C NO
OzN 5 02N 6 2

5 from the last step was suspended into 10 ml isopropanol, 2 ml NaOH (5M) was dropped into
the mixture. Stirring the mixture at 90 °C overnight. After cooling down to the room temperature,
concentrating the mixture via vacuum, the resides were washed with cold water and acidified
with 10% HCI to pH = 1. Then collecting the formed solid after filtration, washing with water
and drying at room temperature to give the pure product 6 as a brown solid (350 mg, 0.98

mmol, yield in two steps: 82%).

'HNMR (600 MHz, DMSO-Dg) U 9. 42 ( sJ=85H2 2H), 848 d0J =0.8Hz, 2H),
8.28 (d, J = 9.4 Hz, 2H), 8.25 (d, J = 8.9 Hz, 2H).

13C NMR (151 MHz, DMSO-Dg) U 180.39, 169.79, 149.34, 147.38, 146.05, 142.31, 141.00,
129.42, 125.40, 123.58, 117.61, 101.72.

ESI-HRMS (m/z): [M+H]" calcd for C1s6HgsN4Os*: 355.0677 Da; found: 355.0677 Da.

5-Chloro-1,3-bis(4-nitrophenyl)-1H-pyrazole-4-carbaldehyde (7)

OH | cl
_ a) POCl,, DMF _—
_ N rt., 1h _ N
N \@ b) DMF N
60°C, o.n.
NO , NO,
O,N 3 2 O,N 7
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POCI; (1 ml, 10.7 mmol, 7 equiv.) was dropped into 5 ml dry DMF at 0 °C, then stirring the
mixture at room temperature for 1 hour. 3 (500 mg, 1.5 mmol, 1 equiv.) was suspended into 3
ml DMF. Then dropping the mixture into the vilsmeyer reagent POCls-DMF solution and stirring
the resulting mixture at 60 °C overnight. After cooling to the room temperature, washing the
reaction mixture with water and ethyl acetate, extracting the crude product from the organic
phase and drying with Na,SO.. Then removing the solvent in vacuum and separating the
residuals via the column chromatography in silica gel (eluent: hexane and ethyl acetate, with
a gradient from 0-100% ethyl acetate). After concentrated, the orange solid as the purity

product 7 was isolated (500 mg, 1.3 mmol, yield: 89%).

'H NMR (600 MHz, DMSO-Dg) U 10. 02 ( sJ,=9.0 H2 2H), 8.374d9J =(8@ Hz,
2H), 8.17 (d, J = 8.9 Hz, 2H), 8.10 (d, J = 9.0 Hz, 2H).

13C NMR (151 MHz, DMSO-Ds) U 184.23, 151.57, 148.57, 148.11, 141.66, 137.22, 135.57,
130.57, 127.19, 125.50, 124.25, 117.63.

ESI-HRMS (m/z): [M+H]* calcd for C16H10CIN4Os*: 373.0330 Da; found: 373.0330 Da.

(5-Chloro-1,3-bis(4-nitrophenyl)-1H-pyrazol-4-yl)methanol (8)

Q2

OH
— —
- N NaBHg4, Et:N N
N MeOH, EA N
NO, NO
O,N 7 O,N 8 2

7 (300mg, 0.8 mmol, 1 equiv.) was placed into MeOH (10 ml), ethyl acetate (10 ml) was added

to help dissolving. EtsN (0.2 ml, 1.4 mmol, 1.8 equiv.) was then dropped into the solution.
Additional NaBH4 was added into the reaction step by step and the mixture continued to stir at
room temperature overnight (TLC with ethyl acetate : Hexane = 1:1 as developing solvent, Rt
= 0.5). After the reaction finished, removing the solvent in vacuum and purifying the crude

product via the column in chromatography on silica gel (eluent: hexane and ethyl acetate, with
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a gradient from 20-100% ethyl acetate). After concentrated, the light-yellow solid as the purity

product 8 was isolated (270 mg, 0.72 mmol, yield: 90%).

HNMR( 500 MHz, DMS®D)9.2Hz, 2H), 8.87 (d, X=9.0 Hz, 2H), 8.23 (d, J=9.0
Hz, 2H), 8.05 (d, J = 9.3 Hz, 2H), 5.51 (t, J = 4.9 Hz, 1H), 4.55 (d, J = 4.9 Hz, 2H).

13C NMR (126 MHz, DMSO-Dg) U 150.59, 147.95, 147.27, 142.84, 138.68, 129.01, 128.70,
125.93, 125.50, 124.58, 119.78, 52.90.

ESI-HRMS (m/z): [M+H]* calcd for C16H12CIN4Os": 375.0488 Da; found: 375.0489 Da.

5-Chloro-4-(chloromethyl)-1,3-bis(4-nitrophenyl)-1H-pyrazole (9)

OH cl Cl cl
— -
- N SOCl, N
N DCM N
NO NO
O,N 8 2 O,N 9 2

8 (500 mg, 1.3 mmol, 1 equiv.) was dissolved into DCM (50 ml), then dropping thionyl chloride

(0.5 ml, 6.9 mmol, 5 equiv.) into the reaction solution. After stirring the reaction mixture reflux
3 hours, cooling the system down to the room temperature, removing the solvent and thionyl
chloride in vacuum, purifying the crude residues by the column chromatography in silica gel
(eluent: hexane and ethyl acetate, with a gradient from 20-100% ethyl acetate). After
concentrated, the yellow solid as the purity product 9 was isolated (340 mg, 0.86 mmol, yield:

66%).

IH NMR (700 MHz, CDCls) U 8 J4&5 Hg, @H), 8.37 (d, J = 8.4 Hz, 2H), 8.04 (d, J = 8.4

Hz, 2H), 7.94 (d, J = 8.6 Hz, 2H), 4.68 (s, 2H).

BCNMR (176 MHz,CDCl;) U0 150. 32, 148.20, 147.24, 142.

124.87, 124.29, 116.29, 35.23.
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ESI-HRMS (m/z): [M-H]" calcd for C16HsCl2N4O4: 392.0057 Da; found: 392.0057 Da.

General procedure B
R4

(,) OH NH o
NH /N N\
O RO B O
R No, DMF NO,
O,N
10

FA 6
1 equiv. of the formyl-pyrazolone intermediate 6 was dissolved in anhydrous DMF, then 2 equiv.
of the respective aniline was added into the solution. After dropping 1 equiv. triethylamine into
the reaction mixture, stirring the reaction system at 80 °C for 3-12 hours, TLC was used to
control the process of the reaction (Hexane : ethyl acetate = 1:1, Rt = 0.3 7 0.6). Then the
reaction mixture was gradually cooling to the room temperature and stirred overnight. Filtering
the resulting precipitate and washing with water and MeOH. The final purified solid products

were isolated after filtration and dried at room temperature.

HO5S
NH o
N
~ /N
VL
NO,
OoN 10a

(2)-4-(((1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)methyl)amino)benzenesulfonic acid (10a)
This product was synthesized via General procedure B, isolated as a brown solid. Yield: 85

mg (91%).

IHNMR( 700 MHz, DMS Q=132 He, 0H)BF1 (¢, d = 12.7 Hz, 1H), 8.39 (d, J
= 9.0 Hz, 2H), 8.37 i 8.34 (m, 4H), 8.19 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H), 7.59 (d,

J =8.2 Hz, 2H).
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13C NMR (176 MHz, DMSO) Ui 166.14, 149.82, 149.00, 148.28, 146.88, 144.16, 143.68, 138.56,

137.80, 129.64, 127.34, 125.57, 124.47, 118.68, 118.26, 99.13.

ESI-HRMS (m/z): [M+H]* calcd for C22H16Ns0sS*: 510.0728 Da; found: 510.0727 Da.

Melting point: 331 €

O,N 10b

(2)-2-(4-(((1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)methyl)amino)phenyl)acetic acid (10b)

This product was synthesized via General procedure B, isolated as an orange solid. Yield: 80

mg (90%).

IHNMR( 700 MHz, DMSO) U 12J3B4Hxs1H), 866)d, J=129H2 (d,
1H), 8.38 (d, J = 9.0 Hz, 2H), 8.34 (dd, J = 9.1, 3.5 Hz, 4H), 8.17 (d, J = 8.4 Hz, 2H), 7.58 (d,
J=8.1Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 3.61 (s, 2H).

13C NMR (176 MHz, DMSO) i 173.01, 166.13, 149.74, 149.07, 148.25, 144.19, 143.65, 137.86,

137.36, 133.95, 131.06, 129.59, 125.56, 124.45, 119.38, 118.22, 98.84, 40.51.

ESI-HRMS (m/z): [M+Na]* calcd for C24H17NsO7Na*: 510.1016 Da; found: 510.1014 Da.

Melting point: 194 €
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Oy OH
HO

NH o

N
— /N

VL
NO,

OoN 10¢

(2)-2-(4-(((1,3-Bis(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)methyl)amino)phenyl)-2-hydroxyacetic acid (10c)
This product was synthesized via General procedure B, isolated as an orange solid. Yield: 85

mg (85%).

IH NMR (600 MHz, DMSO-Ds) U 1 1J.=9315 Hz,dH), 8.68 (d, J = 13.3 Hz, 1H), 8.40 (d,
J = 9.4 Hz, 2H), 8.36 (dd, J = 9.5, 8.8 Hz, 4H), 8.19 (d, J = 9.0 Hz, 2H), 7.63 (d, J = 8.4 Hz,
2H), 7.50 (d, J = 8.3 Hz, 2H), 5.08 (s, 1H).

13C NMR (151 MHz, DMSO-De) U 173.92, 165.64, 149.35, 148.75, 147.80, 143.72, 143.20,
138.52, 137.74, 137.38, 129.16, 127.77, 125.13, 124.01, 118.89, 117.78, 98.49, 71.83.

ESI-HRMS (m/z): [M+Na]* calcd for C24H17NsOgNa*: 526.0955 Da; found: 526.0955 Da.
Melting point: 247 €

4-(((5-Chloro-1,3-bis(4-nitrophenyl)-1H-pyrazol-4-yl)methyl)amino)benzenesulfonic acid
(12)

HOSS

Cl ¢ NH cl

90\9
O//S = NaOAc
+ N
©) =\ ACN ,H,0
NH3
NO

SA 9

88



Synthesis regul ations

Aniline SA (70 mg, 0.4 mmol, 1.5 equiv.) and sodium acetate (65 mg, 0.8 mmol, 3 equiv.) were
dissolved into water (5ml). Then warming the solution to 40-50 °C, dropping 9 (100 mg, 0.25
mmol, 1 equiv.) in acetonitrile (10 ml). Stirring the reaction solution at 85 °C for three hours.
Using TLC to control the process of the reaction (Hexane: ethyl acetate = 1:1, Ry = 0.4). After
the reaction finished, evaporating acetonitrile in vacuum. Then washing the residues with 4N
HCI and ethyl acetate. Drying the organic phase was by anhydrous Na,SO.. After filtering,
removing the solvent in vacuum. Purifying the crude residues by the column chromatography
in silica gel (eluent: DCM and MeOH, with a gradient from 0-20% MeOH). After concentrated,

the light-yellow solid as the purity product 12 was isolated (64 mg, 0.12 mmol, yield: 45%).
HNMR( 500 MHz, DMSOF9.1Hz,&H)4883 (d,d 8.9 Hz, 2H), 8.07 (dd, J =
9.0, 3.9 Hz, 4H), 7.39 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.7 Hz, 2H), 6.21 (t, J = 4.7 Hz, 1H),
4.24 (d, J = 4.7 Hz, 2H).
13C NMR (176 MHz, DMSO) Ui 149.96, 148.48, 147.46, 146.76, 142.25, 138.06, 136.76, 128.69,
128.43, 128.38, 126.82, 126.69, 125.35, 125.30, 125.07, 125.04, 124.09, 116.51, 110.97,
110.88, 37.06.
ESI-HRMS (m/z): [M+Na]* calcd for C22H16CINsO;SNa*: 552.0345 Da; found: 547.0343 Da.
Melting point: 242 €
4-((5-Chloro-1,3-bis(4-nitrophenyl)-1H-pyrazol-4-yl)methoxy)benzenesulfonic acid (14)
HO;;S

Cl cl
— N
e L e
+
NO EtOH H,0O \©\
OH O,N 2

13
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13 (125 mg, 0.6 mmol, 1.5 equiv.) and sodium hydroxide (40 mg, 1 mmol, 2.5 equiv.) were
dissolved into water, heating the solution to 55 °C, stirring it for 10 min. Then dropping the
suspending mixture of 9 (160 mg, 0.4 mmol, 1 equiv.) in acetonitrile into the solution of 13.
Stirring the reaction mixture at 80 °C for three hours. Using TLC to control the process of the
reaction (Hexane : ethyl acetate = 1:1, R =0.4). After the reaction finished, adding acetone to
precipitate the solid product from the solution. After filtering, the light-yellow solid as the purity

product 14 was isolated (117 mg, 0.22 mmol, yield: 55%).

IH NMR (600 MHz, DMSO-Ds) & 8 .J# &1 Hz,2H), 8.35 (d, J = 8.9 Hz, 2H), 8.10 (d, J
= 9.1 Hz, 2H), 8.07 (d, J = 8.9 Hz, 2H), 7.57 (d, J = 8.7 Hz, 2H), 7.02 (d, J = 8.8 Hz, 2H), 5.15
(s, 2H).

13C NMR (151 MHz, DMSO-Dg) U 157.83, 150.28, 147.58, 146.96, 142.07, 141.80, 137.69,
129.60, 128.44, 127.20, 125.80, 124.94, 124.20, 114.53, 113.93.

ESI-HRMS (m/z): [M+Na]* calcd for C2H1sCIN4OsSNa*: 553.0186 Da; found: 553.0187 Da.
1,3-Bis(4-nitrophenyl)-1H-pyrazol-5-amine (16)

_N NH,
H EtOH =
‘ N
+ H,N \©\ con. HCI, Sy
0 NO,  80°C NO,
O,N
16

15 2

O,N

3-(4-nitrophenyl)-3-oxopropanenitrile 15 (200 mg, 1.05 mmol, 1 equiv.) and 4-
nitrophenylhydrazine 2 (300 mg, 1.58 mmol, 1.5 equiv.) were suspended in 10 ml ethanol, 0.2
ml concentrated HCI was dropped into the mixture. Then the reaction mixture was refluxed for
16 hours over night in an oil bath at a temperature of 80 °C (TLC with ethyl acetate : hexene =
1:1 as developing solvent, R¢= 0.5). After the reaction finished, the mixture was cooled to the
room temperature, and concentrated in vacuum. Water was added into the residuals, then
saturated NaHCOs solution was added additionally to neutralize the residues. Ethyl acetate

was used to extract the crude product and dried with Na,SOa4. Then removing the solvent in
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vacuum and separating the residuals via the column chromatography in silica gel (eluent:
hexane and ethyl acetate, with a gradient from 0-100% ethyl acetate). After concentrated, the

orange solid as the purity product 16 was isolated (336 mg, 1.03 mmol, yield: 98%).

HNMR( 700 MHz, DMSI)9.2Hz, 2H),8.88 (d, X=9.0 Hz, 2H), 8.08 (d, J=8.9
Hz, 2H), 8.05 (d, J = 9.2 Hz, 2H), 6.17 (s, 1H), 5.94 (s, 2H).

13C NMR (176 MHz, DMSO) U 149.94, 149.63, 146.82, 144.74, 144.30, 139.27, 126.20, 124.89,
124.03, 122.58, 89.22.

ESI-MS (m/z): [M+H]* calcd for C1sH12NsO4*: 326.1 Da; found: 326.0 Da.

General procedure C

R R
POCly
_DMF__ NaOH
NaCIO4
©
O OH O O
17 18 19-enol 19-keto

POCI; and DMF were mixture at 5 °C and stirred over one hour. Phenyl acetic acid 17 was
added into the solution at once, the clear solution was stirred at 95 °C for 4 hours. After cooling
down to the room temperature, stirring the reaction overnight. Then the Vilsmeyer reagent was
decomposed with ice, NaClOs solid was added with stirring. The resulting nearly
white/yellow/brown (different R group shows different color) crystalline deposit of the
perchlorate salt 18 was filtered and washed with water. Then the salt was used to the next step
without further purification.

The salt was added to the solution of NaOH in water, the mixture was heated with stirring for
two hours at 90 °C until total dissolution of the salt. Then the reaction mixture was gradually
cooling to the room temperature and diluted with cold water, acidified by dilute HCI (2M)

extracted with DCM. The organic phase was dried over anhydrous Na,SO.. After the filtration,
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the solvent was removed in vacuum and the residuals were separated via the column
chromatography in silica gel (eluent: hexane and ethyl acetate, with a gradient from 0-100%

ethyl acetate). After concentrated, the white solid as the purity product 19 was isolated.

19a
2-(p-Tolyl)malonaldehyde (19a)

This product was synthesized via General procedure C, isolated as a white solid. Yield:160 mg

(68%).

IH NMR (600 MHz, CHLOROFORM-D) U 8. 61 ( s J=29%Hz,2H)77.12@, JEd,
8.2 Hz, 2H), 2.37 (s, 3H).
13C NMR (151 MHz, CHLOROFORM-D) &i 181.11, 137.30, 129.92, 126.63, 21.19.

ESI-MS (m/z): [M+H]* calcd for C10H1102": 163.1 Da; found: 163.1 Da.

Br

19b
2-(4-Bromophenyl)malonaldehyde (19b)

This product was synthesized via General procedure C, isolated as a light-brown solid. Yield:

200 mg (63%).

IH NMR (600 MHz, CHLOROFORM-D) & 8. 62 (s J=&4Hz,,2H)77.15@,J€Ed ,
8.2 Hz, 2H).
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13C NMR (151 MHz, CHLOROFORM-D) U 181.00, 132.49, 132.35, 128.14, 121.57, 117.41.

ESI-MS (m/z): [M+H]" calcd for CoHgBrO2*: 227.0 Da; found: 227.0 Da.

19¢c

2-(4-lodophenyl)malonaldehyde (19c)
This product was synthesized via General procedure C, isolated as a light-brown solid. Yield:

700 mg (66%).

IHNMR (500 MHz, CDCls) & 14.37 (s, 1H) J=83H2H)(702(,2H), 7.7
8.3 Hz, 2H).

13C NMR (126 MHz, CDCls) 181.07, 138.36, 128.37, 117.50, 92.85.

ESI-MS (m/z): [M+H]* calcd for CoHglO2": 274.9 Da; found: 274.8 Da.

HO.__O

4-(1,3-Dioxopropan-2-yl)benzoic acid (19d)
This product was synthesized via General procedure C, isolated as a white solid. Yield: 320

mg (65%).

IHNMR( 500 MHz, DMSO) o 12. 86 i(788(m12H)7.65i87.596n, (s, 1H

2H), 3.43 (s, 1H).
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13C NMR (126 MHz, DMSO) Ui 167.29, 136.23, 128.99, 128.70, 128.67, 128.61, 119.68.

ESI-MS (m/z): [M+H]" calcd for C10HsO4*: 193.0 Da; found: 193.0 Da.

19e

2-(4-(Trifluoromethyl)phenyl)malonaldehyde (19¢e)
This product was synthesized via General procedure C, isolated as a light-yellow solid. Yield:

800 mg (75%).

IH NMR (600 MHz, CHLOROFORM-D) U 8. 69 ( s J=&IlHz, 2H)77.46@, JEd,
8.0 Hz, 2H).

13C NMR (151 MHz, CHLOROFORM-D) Ui 181.26, 137.19, 129.94, 129.72, 129.51, 129.29,
128.24, 126.85, 126.55, 126.24, 126.22, 126.19, 126.17, 125.05, 123.24, 121.44, 117.33.

F NMR (565 MHz, CHLOROFORM-D) U -62.46.

ESI-MS (m/z): [M+H]* calcd for C1oHgF302": 217.0 Da; found: 217.0 Da.

General procedure D

R
i W,
NH
2 ACN, DMF /AN
. = TMSOT | —
>y 85°C
X N x N
| O,N NO: O N NO
O OH 2 O,N ?
19 16 20
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1 equiv. of the malonaldehyde 19 and 1.7 equiv. of the amino-pyrazolone 16 were suspended
into acetonitrile, and a minimum of DMF was added to help the solids dissolved. 4 equiv. of
TMSOTf was dropped into the solution at room temperature, then the reaction was stirred at
85 °C for 20 hours. After cooling to the room temperature, the saturated NaHCO3 solution was
poured into the reaction. The formed precipitate as the product 20, collected via filtration and

washed with water and acetonitrile.

AN

~ N
Sa v

20a

O,N

1,3-Bis(4-nitrophenyl)-5-(p-tolyl)-1H-pyrazolo[3,4-b]pyridine (20a)
This product was synthesized via the General procedure D. Light brown solid. Yield: 100 mg

(73%).

IH NMR (700 MHz, CDCls) U 8 J #9381 Hg,dH), 8.85 (d, J = 9.3 Hz, 2H), 8.52 (d, J = 2.1

Hz, 1H), 8.47 i 8.43 (m, 4H), 8.29 (d, J = 9.1 Hz, 2H), 7.58 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.1

Hz, 2H), 2.47 (s, 3H).

BCNMR (176 MHz,CDCl) 4 151. 46, 149.68, 148.28, 145.25,

134.63, 133.72, 130.28, 128.21, 128.08, 127.59, 125.18, 124.63, 120.47, 116.40, 21.34.

ESI-HRMS (m/z): [M+H]* calcd for C2sH1eNsO4": 452.1358 Da; found: 452.1355 Da.
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Br

W,

7\

x N
S av™

20b

O,N

5-(4-Bromophenyl)-1,3-bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridine (20b)
This product was synthesized via the General procedure D. Light brown solid. Yield: 58 mg

(61%).

IH NMR (700 MHz, CDCls) & 8 J®51 Hg, dH), 8.84 (d, J = 9.4 Hz, 2H), 8.52 (d, J = 2.1
Hz, 1H), 8.46 (dd, J = 9.3, 8.8 Hz, 4H), 8.29 (d, J = 8.9 Hz, 2H), 7.70 (d, J = 8.6 Hz, 2H), 7.55

(d, J = 8.6 Hz, 2H).

BCNMR (176 MHz,CDCls) 4 151.61, 149.38, 148.36, 145.37,
132.77, 132.56, 129.29, 128.31, 128.24, 125.20, 124.67, 123.15, 120.56, 116.35.

ESI-HRMS (m/z): [M+H]* calcd for C4H1sBrNsO4*: 516.0303; found: 516.0301 Da.

W,

7 N\

x N
S av™

20c

O,N

5-(4-lodophenyl)-1,3-bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridine (20c)
This product was synthesized via the General procedure D. Light brown solid. Yield: 80 mg

(50%).
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IH NMR (600 MHz, CHLOROFORM-D) & 8 .J & 8.1 HzdlH), 8.84 (d, J = 9.3 Hz, 2H),
8.52 (d, J = 2.2 Hz, 1H), 8.46 (dd, J = 9.1, 1.3 Hz, 4H), 8.28 (d, J = 9.0 Hz, 2H), 7.90 (d, J =
8.5 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H).

13C NMR (151 MHz, CHLOROFORM-D) U 151.58, 149.31, 148.32, 145.31, 144.21, 143.96,
138.71, 138.31, 138.18, 137.02, 132.60, 129.45, 128.22, 125.18, 124.66, 120.51, 116.33,
94.61.

ESI-HRMS (m/z): [M+H]* calcd for C24H15INsO4": 564.0163 Da; found: 564.0162 Da.

0
HO
/ N
~ N
O
OoN
20d

4-(1,3-Bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridin-5-yl)Benzoic acid (20d)

This product was synthesized via the General procedure D. Orange solid. Yield: 40 mg (55%).
IHNMR( 700 MHz, DMSO) U 1 3=0.DHz(1s), 9.05(@,)J=2.BHz11H), ( d,
8.80 (d, J = 9.0 Hz, 2H), 8.55 (d, J = 9.0 Hz, 2H), 8.51 (d, J = 9.0 Hz, 2H), 8.42 (d, J = 9.0 Hz,

2H), 8.11 (d, J = 8.3 Hz, 2H), 8.07 (d, J = 8.5 Hz, 2H).

13C NMR (176 MHz, DMSO) (i 167.03, 150.92, 149.47, 147.64, 144.57, 143.66, 143.51, 140.82,
137.20, 131.26, 130.27, 129.94, 129.58, 128.53, 127.71, 125.19, 124.22, 120.26, 115.65.

ESI-HRMS (m/z): [M+H]* calcd for C2sH16NsO6™: 482.1097 Da; found: 482.1095 Da.

Melting point: 372 €
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1,3-Bis(4-nitrophenyl)-5-(4-(trifluoromethyl)phenyl)-1H-pyrazolo[3,4-b]pyridine (20e)

This product was synthesized via the General procedure D. Orange solid. Yield: 27 mg (36%).

IH NMR (600 MHz, DMSO-Ds) & 9 J % ®1 Hz,dLH), 9.06 (d, J = 2.1 Hz, 1H), 8.80 (d, J
= 9.3 Hz, 2H), 8.55 (d, J = 9.0 Hz, 2H), 8.51 (d, J = 9.2 Hz, 2H), 8.41 (d, J = 8.8 Hz, 2H), 8.16
(d, J = 8.2 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H).

13C NMR (151 MHz, DMSO-Dg) Ui 137.27, 128.64, 128.55, 125.89, 125.27, 124.29, 120.41.

F NMR (565 MHz, DMSO-Ds) U -60.83.

ESI-HRMS (m/z): [M+H]* calcd for CsH1sF3sNsO4*: 506.1071 Da; found: 506.1070 Da.

HO,S

N

N NH

~ N

N NO,
O,N

20-N
(E)-4-((5-Amino-1,3-bis(4-nitrophenyl)-1H-pyrazol-4-yl)diazenyl)benzenesulfonic  acid
(20-N)

This product was synthesized via the General procedure A, the amino-pyrazolone 16 was used

instead of the pyrazolone 3. Orange solid. Yield: 50 mg (40%).
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IHNMR( 700 MHz, DMSD9.0lHz, BH),8.85 (d 1=9.0 Hz, 2H), 8.41 (d, J = 9.0
Hz, 2H), 8.04 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H).

13C NMR (176 MHz, DMSO) Ui 152.46, 148.67, 147.30, 147.15, 145.87, 142.73, 140.17, 137.94,
128.77, 126.58, 125.08, 124.17, 123.89, 121.93, 120.79.

ESI-MS (m/z): [M-H] calcd for C21H14N70O-S™: 508.0 Da; found: 507.8 Da.
ESI-HRMS (m/z): [M+H]" calcd for C21H1sN707S*: 510.0823 Da,; found: 510.0824 Da.

Melting point: 162 T

Diethyl ((4-(1,3-dioxopropan-2-yl)phenyl)difluoromethyl)phosphonate (21)

(0]
E F B,OEt
| “OEt
Cd, BrCF,P(O)(OEt),
CuBr
DMF
|| |
O O O O
19¢c 21

Cadmium powder (2.35 g, 21mmol, 6 equiv.) was activated by HCI and dried in a heat- and
vacuum-dried Schlenk flask. Dry DMF (3 ml) was added into this Schlenk under stirring and
N2 atmosphere. Diethyl bromo-difluoromethyl-phosphonate (2.261 ml, 12.73 mmol, 3.33 equiv.)
was then added dropwise to the reaction flask very slowly at 0 °C in an ice bath. The slightly
exothermic reaction was stirred for 1 h in the ice bath. In another Schlenk flask, previously
dried 2-(4-iodophenyl)malonaldehyde 19c (0.96 g, 3.5mmol, 1 equiv.) and CuBr (1.5 g, 10.5
mmol, 3 equiv.) were suspended in dry DMF (1 ml). The solution containing the
organocadmium reagent was added slowly and dropwise to this stirred mixture under N
atmosphere and the reaction mixture was stirred for 16 h and monitored via TLC (ethyl acetate :
Hex, 1: 4, Rs = 0.6). After addition of ethyl acetate, the precipitate was filtrated off over a bed
of Celite and the filtrate washed with a saturated aqueous solution of NH4CI (20 ml, 3x), H.0

(20 ml) and brine (20 ml). The organic layer was dried over Na>SQy, filtrated and concentrated
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under reduced pressure. After purification of the crude via column chromatography at MPLC
(Si02, MeOH / DCM 0% MeOH to 3% MeOH), the product (0.5 g, 1.79 mmol, yield: 51%) was

isolated as a yellow oil.

IH NMR (600 MHz, CHLOROFORM-D) i 8. 69 ( s,J=2.8)1.2Hz72Hp537 (dd d ,
J=8.2 Hz, 2H), 4.30 1 4.14 (m, 4H), 1.34 (td, J = 7.1, 0.6 Hz, 6H).

13C NMR (151 MHz, CHLOROFORM-D) U 181.37, 136.22, 127.25, 126.33, 117.53, 65.06,
65.02, 16.52, 16.48.

19F NMR (565 MHz, CHLOROFORM-D) ii -108.34 (d, J = 116.0 Hz).

31p NMR (243 MHz, CHLOROFORM-D) {i 6.77 (t, J = 116.1 Hz).

ESI-MS (m/z): [M+H]* calcd for C14H1sF20sP*: 335.0 Da; found: 335.0 Da.

Diethyl ((4-(1,3-bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridin-5-

yl)phenyl)difluoromethyl)phosphonate (22)

F Ti_OEt
“OEt
NH,
+ = TMSOTf
<~ N ACN,DMF
N NO,
O,N

[
21 16 22

This product was synthesized via the General procedure D. Yield: 75 mg (40%).

IH NMR (600 MHz, DMSO-Dg) & 9 .J & RO Hz,dLH), 8.86 (d, J = 2.1 Hz, 1H), 8.60 (d, J

= 9.0 Hz, 2H), 8.35 (dd, J = 9.2, 9.0 Hz, 4H), 8.28 (d, J = 8.8 Hz, 2H), 7.98 (d, J = 8.1 Hz, 2H),

7.68 (d, J = 8.0 Hz, 2H), 4.27 i 4.14 (m, 4H), 1.28 (t, J = 7.1 Hz, 6H).
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13C NMR (151 MHz, DMSO-De) U 150.68, 149.21, 147.45, 144.31, 143.32, 143.28, 139.19,
137.00, 130.98, 129.36, 128.28, 128.17, 127.77, 126.98, 126.73, 126.55, 125.00, 124.94,
124.05, 123.99, 119.88, 119.77, 115.44, 64.79, 64.74, 16.26, 16.22.

19F NMR (565 MHz, DMSO-Dg) {i -107.26 (d, J = 113.6 Hz).

31p NMR (243 MHz, DMSO-Ds) i 6.25 (t, J = 114.1 Hz).

ESI-HRMS (m/z): [M+H]* calcd for CagH2sF2NsO-P*: 624.1457 Da; found: 624.1455 Da.

((4-(1,3-Bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridin-5-

yDphenyldifluoromethyl)phosphonic acid (23)

O,N

Diethyl ((4-(1,3-bis(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridin-5-
yl)phenyl)difluoromethyl)phosphonate 22 (55mg, 0.09 mmol, 1 equiv.) was suspended into
DCM (3 mL), then TMSBr (0.06 mL, 0.44 mmol, 5 equiv.) was dropped into the mixture, the
reaction was stirred at room temperature for at least 20 hours. The volatile component of the
mixture was evaporated and the residue was treated with MeOH at room temperature for 2
hours. The solvent was removed in vacuo to leave a semi-solid (36 mg, 0.06 mmol, yield:

70%).

IH NMR (600 MHz, DMSO-Dg) & 9. 05 (s, 1H),6 J=0D0BIQ2H], 841 (dt,H) , 8. ¢
J=14.9, 8.7 Hz, 4H), 8.32 (d, J = 8.5 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 8.2 Hz,

2H).
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13C NMR (151 MHz, DMSO-De) U 150.74, 149.31, 147.53, 144.42, 143.46, 143.40, 137.15,
131.53, 129.31, 128.38, 127.42, 126.78, 125.10, 124.15, 120.04, 115.58.

19F NMR (565 MHz, DMSO-Ds) i -108.10 (d, J = 106.4 Hz).

3P NMR (243 MHz, DMSO-Ds) ii 3.39 (t, J = 106.4 Hz).

ESI-MS (m/z): [M-H] calcd for CzsH1sF2NsO7P: 566.1 Da; found: 566.2 Da.
ESI-HRMS (m/z): [M+H]* calcd for CasH17F2NsO7P*: 568.0828 Da; found: 568.0827 Da.

4-(5-Hydroxy-3-(4-nitrophenyl)-1H-pyrazol-1-yl)benzonitrile (25)

OEt OH
H EtOH —
0 N con. HCI < N
+ HoN reflux N’
(0] CN CN
02N 02N
1 24 25

Ethyl 4-nitrobenzoylacetate 1 (200 mg, 0.84 mmol, 1 equiv.) and 4-hydrazineylbenzonitrile 24
(186 mg, 1.09 mmol, 1.3 equiv.) were suspended in 5 ml EtOH with 0.2 mL con. HCI. Then the
reaction mixture was refluxed for 16 hours over night in an oil bath at a temperature of 80°C
(TLC with ethyl acetate : hexane = 1:1 as developing solvent, R; = 0.6). After the reaction
finished, the mixture was concentrated in vacuum. The residuals were separated by column
chromatography on silica gel (eluent: hexane and ethyl acetate, with a gradient from 20-100%

ethyl acetate). The product 25 was given as a yellow solid (210 mg, 0.68 mmol, yield: 80%).
'HNMR( 700 MHz, DMSI8.9Hz B8H),8.7471 8.10,(m, 4H), 7.97 (d, J = 8.9 Hz,
2H), 6.25 (s, 1H).

13C NMR (176 MHz, DMSO) U 155.72, 149.40, 149.37, 147.44, 142.53, 139.61, 133.95, 126.69,

124.48, 121.31, 119.13, 108.45, 87.22.

ESI-MS (m/z): [M+H]* calcd for C16H11N4O3*: 307.1 Da; found: 307.1 Da.
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4-(5-Hydroxy-1-(4-nitrophenyl)-1H-pyrazol-3-yl)benzonitrile (27)

OEt OH
H EtOH —
0]
+ HZN’N\Q\ con. HCI \N’N
(0] NO, reflux NO,
NC NC
26 2 27

Ethyl 3-(4-cyanophenyl)-3-oxopropanoate 26 (200 mg, 0.92 mmol, 1 equiv.) and 4-
nitrophenylhydrazine 2 (227 mg, 1.20 mmol, 1.3 equiv.) were suspended in 5 ml EtOH with 0.2
mL con. HCI. Then the reaction mixture was refluxed for 16 hours over night in an oil bath at a
temperature of 80 °C (TLC with ethyl acetate : hexane = 1:1 as developing solvent, R; = 0.5).
After the reaction finished, the mixture was concentrated in vacuum. The residuals were
separated by column chromatography on silica gel (eluent: hexane and ethyl acetate, with a
gradient from 20-100% ethyl acetate). The product 27 was given as a yellow solid (260 mg,

0.85 mmol, yield: 92%).

IHNMR( 500 MHz, DMSQF9.3Hz &H)3820 (¢, d s 9.3 Hz, 2H), 8.07 (dd, J =
8.7, 1.9 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H), 6.25 (s, 1H).
13C NMR (126 MHz, DMSO) i1 169.14, 144.12, 143.85, 132.82, 132.70, 126.04, 125.02, 124.97,

120.96, 120.33, 118.92, 86.38.
ESI-MS (m/z): [M+H]* calcd for C16H11N4O3*: 307.1 Da; found: 307.0 Da.

4,4'-(5-Hydroxy-1H-pyrazole-1,3-diyl)dibenzonitrile (28)
o o .
o * HzN oN reflux N \©\CN
NC
24 28

Ethyl 3-(4-cyanophenyl)-3-oxopropanoate 26 (200 mg, 0.92 mmol, 1 equiv.) and 4-

NC
26

hydrazineylbenzonitrile 24 (203 mg, 1.20 mmol, 1.3 equiv.) were suspended in 5 ml EtOH with

0.2 mL con. HCI. Then the reaction mixture was refluxed for 16 hours over night in an oil bath
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at a temperature of 80 °C (TLC with ethyl acetate : hexane = 1:1 as developing solvent, Ry =
0.5). After the reaction finished, the mixture was concentrated in vacuum. The residuals were
separated by column chromatography on silica gel (eluent: hexane and ethyl acetate, with a
gradient from 20-100% ethyl acetate). The product 28 was given as a yellow solid (120 mg,

0.42 mmol, yield: 45%).

IHNMR( 500 MHz, DMSO) U 1 2=6.aHz(28l), 8.04(d,)]=8.BHz2A), ( d,
7.94 (d, J = 9.1 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H), 6.20 (s, 1H).
13C NMR (126 MHz, DMSO) i 155.19, 149.27, 142.13, 137.21, 133.47, 133.40, 132.67, 126.00,

125.94, 120.75, 118.90, 118.69, 110.53, 107.84, 86.54.
ESI-MS (m/z): [M+H]* calcd for C17H11N4O™": 287.1 Da; found: 287.2 Da.
4-(5-Amino-3-(4-nitrophenyl)-1H-pyrazol-1-yl)benzonitrile (16a)

_N NH,
H EtOH —
+ H,N _con. HCI,. \N,N
(6] CN 80°C CN
O,N OoN
16a

15 24
This product was synthesized via the same procedure of 22, 4-hydrazineylbenzonitrile 15 was

used instead of 4-nitrophenylhydrazine 2. Product was isolated as an orange solid, yield: 96%.
HNMR( 500 MHz, DMS{D)9.0Hz, 2H),8.66 (d, I>=9.0 Hz, 2H), 8.00 (d, J=9.0
Hz, 2H), 7.96 (d, J = 9.0 Hz, 2H), 6.14 (s, 1H), 5.88 (s, 2H).

13C NMR (126 MHz, DMSO) Ui 149.68, 149.29, 146.74, 142.68, 139.42, 133.53, 126.13, 124.02,

122.80, 118.60, 108.51, 89.01.

ESI-MS (m/z): [M+H]* calcd for C16H12NsO>*: 306.1 Da; found: 306.0 Da.
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OH

O,N

29a

(2)-2-(4-(2-(1-(4-Cyanophenyl)-3-(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)phenyl)acetic acid (29a)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 34

mg (45%).

IHNMR( 700 MHz, DMSO) U 13.65 ( sJ=9DH)J 2H), 8.&2.(¢D
= 9.0 Hz, 2H), 8.23 (d, J = 8.7 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.5 Hz, 2H), 7.39
(d, J = 8.5 Hz, 2H), 3.64 (s, 2H).

13C NMR (176 MHz, DMSO) i 173.01, 157.77, 148.43, 145.50, 141.64, 140.21, 136.25, 134.34,
134.13, 131.27, 128.79, 125.97, 124.59, 119.19, 118.57, 117.56, 107.77, 40.56.

ESI-HRMS (m/z): [M+H]* calcd for C24H17NgOs": 469.1256 Da; found: 469.1255 Da.

Melting point: 246 €

OH

NC
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(2)-2-(4-(2-(3-(4-Cyanophenyl)-1-(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)phenyl)acetic acid (29b)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 34

mg (45%).

IH NMR (600 MHz, DMSO-Ds) U 12. 41 { 8.28 (i, 4H), 8.24§d, #=58.8 Hz, 2H),
7.96 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 3.62 (s, 2H).

13C NMR (151 MHz, DMSO-De) U 172.52, 157.30, 145.46, 143.62, 142.64, 139.60, 133.88,
133.77, 132.73, 130.76, 127.72, 125.23, 125.09, 118.51, 117.64, 116.94, 112.28, 40.05.

ESI-HRMS (m/z): [M+H]* calcd for C24H17NsOs": 469.1256 Da; found: 469.1255 Da.

Melting point: 294 €

OH

NC

(2)-2-(4-(2-(1,3-Bis(4-cyanophenyl)-5-o0x0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)phenyl)acetic acid (29¢)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 26

mg (36%).

IH NMR (600 MHz, DMSO-Ds) U 12. 41 ( sJ,=8.4 Hz, 2H), 8.193d2J =(84 Hz,
2H), 7.98 (d, J = 8.4 Hz, 2H), 7.94 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.6
Hz, 2H), 3.63 (s, 2H).
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13C NMR (151 MHz, DMSO-De) U 173.07, 157.78, 145.71, 141.62, 140.18, 134.43, 134.34,
134.10, 133.28, 131.31, 128.27, 125.94, 119.24, 119.09, 118.46, 117.46, 112.76, 107.73,
40.59.

ESI-HRMS (m/z): [M+H]* calcd for C2sH17NsO3™: 449.1356 Da; found: 449.1355 Da.

Melting point: 261 T

(0]
OH
/NH
N o)
(@)
< N D
N o
O,N
29d

(2)-2-(4-(2-(1-(Benzo[d][1,3]dioxo0l-5-yl)-3-(4-nitrophenyl)-5-0x0-1,5-dihydro-4H-pyrazol-
4-ylidene)hydrazineyl)phenyl)acetic acid (29d)
This product was synthesized via General procedure A, isolated as an orange solid.

Synthesized by Thomas Rudolf, yield: 15 mg (30%).

IH NMR (700 MHz, DMSO) o 13. 75 JE8IHzI2H)) 841 (8,2 .

= 8.1 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 2.1 Hz, 1H), 7.50 (dd, J = 8.4, 2.2 Hz, 1H),
7.39 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.5 Hz, 1H), 6.10 (s, 2H), 3.64 (s, 2H).
13C NMR (176 MHz, DMSO) {1 172.57, 156.48, 156.03, 147.63, 147.55, 144.97, 143.40, 133.52,

130.76, 130.25, 128.04, 124.08, 116.96, 115.00, 112.19, 108.29, 101.57, 100.78, 40.07.

ESI-HRMS (m/z): [M+H]"* calcd for C24H1sNsO7": 488.1201 Da; found: 488.1200 Da.
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29e

(2)-4-(2-(1-(4-Cyanophenyl)-3-(4-nitrophenyl)-5-ox0-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazineyl)benzenesulfonic acid (29e)
This product was synthesized via General procedure A, isolated as an orange solid. Yield: 25

mg (28%).

IH NMR (600 MHz, DMSO-Ds) & 8 .J # &5 Hz,®H), 8.43 (d, J = 8.5 Hz, 2H), 8.25 (d, J
= 8.8 Hz, 2H), 7.99 (d, J = 8.8 Hz, 2H), 7.70 (dd, J = 8.4, 8.4 Hz, 4H).
13C NMR (151 MHz, DMSO-Dg) Ui 157.23, 147.97, 146.68, 145.06, 141.12, 140.86, 135.68,

133.66, 128.34, 127.11, 125.98, 124.14, 118.71, 118.10, 116.43, 107.30.

ESI-MS (m/z): [M-H] calcd for C22H13NeOsS™: 489.0 Da; found: 489.0 Da.

ESI-HRMS (m/z): [M+H]* calcd for C22H1sNsOsS*: 491.0767 Da; found: 491.0766 Da.

Melting point: 325 €

0
HO
/ N
x N
O
O,5N
29f

4-(1-(4-Cyanophenyl)-3-(4-nitrophenyl)-1H-pyrazolo[3,4-b]pyridin-5-yl)benzoic acid (29f)
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This product was synthesized via the General procedure D, the amino-pyrazolone 16a was

used instead of the amino-pyrazolone 16. Orange solid. Yield: 60 mg (40%).

IHNMR( 700 MHz, DMSD)2.1l#z, 9H), .07 (d b=,2.1 Hz, 1H), 8.73 (d, J = 8.8
Hz, 2H), 8.57 (d, J = 8.9 Hz, 2H), 8.43 (d, J = 8.7 Hz, 2H), 8.13 (dd, J = 8.6, 8.3 Hz, 4H), 8.07
(d, J = 8.4 Hz, 2H).

13C NMR (176 MHz, DMSO) Ui 167.07, 150.92, 149.52, 147.67, 143.42, 142.05, 141.04, 137.45,
133.80, 131.24, 130.27, 130.00, 129.71, 128.59, 127.81, 124.30, 120.65, 118.63, 115.59,
108.42.

ESI-HRMS (m/z): [M+H]* calcd for CosH16NsO4*: 462.1197 Da; found: 462.1196 Da.

Melting point: 338 €
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H NMR spectrum (600 MHz, DMSO-Ds) and **C NMR spectrum (151 MHz, DMSO-Ds) of 6
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