'.) Check for updates

ChemMedChem Chemistry
Europe

ChemMedChem S et

| RESEARCH ARTICLE CEIEED

Probing 3-Amino-2H-Azaindazoles as Allosteric Inhibitors
of the Protein Tyrosine Phosphatase SHP2

Machoud Amoussa"” | Nina-Louisa Efrém"* | Feng Li*® | Zigiong Guo"” | Yvette Roske® | Katrin Jana Frank’ | Szymon Pach®® |
Clemens Alexander Wolf® | Feng Bo’ | Marina Lesina’ | Mika Kintzel' | Rana Alsalim' | Victoria Zeitz' | Noémi Csorba”'*'" |
Silke Radetzki' | Gydrgy M. Keserd™'*'' @ | Oliver Daumke® | Hana Algiil’ | Gerhard Wolber’ © | Jia Li** @ |

Marc Nazaré"'?

"Leibniz-Forschungsinstitut fiir Molekulare Pharmakologie (FMP), Campus Berlin-Buch, Berlin, Germany | *Freie Universitit, Molecular Design Group,
Institute of Pharmacy, Berlin, Germany | *Karlsruhe Institute of Technology, Organic Chemistry I, Institute of Organic Chemistry, Karlsruhe, Germany |
“School of Chinese Materia Medica, Nanjing University of Chinese Medicine, Nanjing, China | “State Key Laboratory of Chemical Biology, Shanghai Institute of
Materia Medica (SIMM), Chinese Academy of Sciences, Pudong, Shanghai, China | ®Max Delbriick Center for Molecular Medicine (MDC), Structural Biology,
Campus Berlin-Buch, Berlin, Germany | 7Comprehensive Cancer Center Miinchen, Institute for Tumor Metabolism, Klinikum rechts der Isar, Technical
University of Munich, School of Medicine and Health, Munich, Bavaria, Germany | 8Department of Pharmaceutical Chemistry, Philipps-Universitit Marburg,
Marburg, Germany | °Research Centre for Natural Sciences (RCNS), Budapest, Hungary | °National Laboratory for Drug Research and Development,
Budapest, Hungary | *Department of Organic Chemistry and Technology, Faculty of Chemical Technology and Biotechnology, Budapest University of
Technology and Economics, Budapest, Hungary | “Department of Chemistry, Organic and Bioorganic Chemistry, Bielefeld University, Bielefeld, Germany

Correspondence: Jia Li (jli@simm.ac.cn) | Marc Nazaré (nazare@fmp-berlin.de)
Received: 4 March 2026 | Revised: 18 May 2026 | Accepted: 21 May 2026

Keywords: 2H-indazoles | allosteric inhibition | heterocycles | phosphatases | SHP2

ABSTRACT

Src homology 2-containing protein tyrosine phosphatase 2 (SHP2) is an attractive therapeutic target in oncology and immunology-
related disorders. However, developing novel phosphatase inhibitors that combine high potency, selectivity, cellular permeability,
and drug-like properties remains challenging. The discovery of an allosteric mode of inhibition for SHP2 was a breakthrough,
enabling the development of selective inhibitors that stabilize the phosphatase in its inactive conformation. We identified
2H-indazoles as a privileged and underexplored scaffold. Using our recently described palladium-catalyzed domino reaction as a
key synthetic step, 3-amino-2H-indazoles were efficiently accessed from readily available precursors, enabling rapid exploration of
novel allosteric inhibitors of SHP2. This approach led to compound 17g, a potent and selective allosteric SHP2 inhibitor (SHP2W"
1C5,=49nM). High-resolution structural characterization by X-ray crystallography revealed binding within the SHP2 allosteric
tunnel. Consistent with its biological activity, compound 17g also effectively suppressed ERK phosphorylation in MV-4-11, Panc-1,
and KYSES520 cells with an ICs, of 50, 250, and 410nM, respectively. These findings not only highlight the therapeutic potential
of 2H-azaindazoles as a new class of SHP2 inhibitors but also underscore the importance of advances in efficient synthetic
methodologies for constructing novel heterocyclic scaffolds and substitution patterns.

1 | Introduction a nonreceptor protein tyrosine phosphatase, SHP2 is encoded

by the proto-oncogene protein tyrosine phosphatase nonreceptor
SHP2 inhibition has emerged as a promising pharmacological type 11 (PTPN11) and plays an essential role in multiple signaling
approach for the development of antitumor therapies [1-3]. As pathways, including the Ras/ERK, PI3K/AKT, and JAK/STAT
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pathways [4-6]. Furthermore, SHP2 is involved in the immu-
nomodulatory programmed cell death protein 1 (PD-1)/pro-
grammed death-ligand 1 (PD-L1) pathway, and other signaling
pathways upon stimulation by growth factors [7, 8]. Since the
discovery of the first allosteric SHP2 inhibitor SHP099 1 [9], there
have been extensive investigations and significant advancements
in designing allosteric inhibitors that target a specific tunnel-like
allosteric site. These efforts provided several novel chemotypes,
such as TNO155 2 [10], RMC-4550 3 [11, 12], IACS-13909 6 [13],
some of which are currently undergoing clinical trials for the
treatment of solid tumors (Figure 1). While these allosteric SHP2
inhibitors act as molecular glues that stabilize SHP2 in its inac-
tive autoinhibited conformation, they still encounter challenges,
such as resistance mutations and suboptimal pharmacokinetics
[16]. This highlights the need to explore new scaffolds with
improved properties.

Given the wealth of available data, including crystal structures,
and the identified privileged pharmacophore groups associated
with allosteric SHP2 inhibitors, we aimed to explore the poten-
tial to develop novel allosteric SHP2 inhibitors. We hypothe-
sized that the 3-amino-2H-azaindazole heterocyclic core could
serve as a novel scaffold for allosteric inhibition of SHP2.

Indeed, the facile regioselective construction to access diverse
heterocyclic scaffolds is at the center of many medicinal chem-
istry lead finding efforts, often hampered by the paucity of
appropriate methodologies requiring multistep synthesis. Among

these heterocycles, 2H-indazoles have been successively gaining
importance as a privileged scaffold [17, 18]. 2H-indazoles were
identified as key substructures that play a vital role in mediating
biological activity against various biological targets as well as
featuring good PK properties, culminating in successful drug
candidates such as Niraparib 7 [19, 20], a selective PARP-1/2
inhibitor, and Pazopanib 8 [21, 22], a multi-targeted tyrosine
kinase inhibitor (Figure 2).

Due to the significance of the 2H-indazole scaffold, extensive
efforts have been devoted to facilitating the synthesis of such
motifs and substitution patterns [27-33]. Direct regioselective
formation of 2H-indazole derivatives appears to be challenging,
and alternative approaches such as N-alkylation or N-arylation
often lead to varying, difficult-to-separate mixtures of 1H- and
2H-indazole regioisomers, in which the 1H-indazole is the
thermodynamically favored product [34]. Therefore, the relia-
ble direct regioselective access to N-substituted 2H-indazoles
remains an important goal both in medicinal chemistry and
organic synthesis.

Among the most established approaches for the regioselec-
tive construction of 2H-indazoles is the Cadogan cyclization,
which involves the reductive cyclization of an aryl imine
intermediate using phosphorus reagents [35-41]. Other exam-
ples include reductive cyclization of 2-nitrobenzylamines
with TiCl,/Zn [42], Fe-catalyzed N—N bond formation of
2-azidophenylketoximes [43], [3+ 2] cycloaddition of arynes and
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FIGURE1 | Selectionofdescribed allosteric SHP2 inhibitors. SHP0991 [9], TNO1552[10], RMC-45503[12], SHP84[14],SHP3895[15],IACS-13909

6 [13]. Reported ICs, values were taken from the cited literature.
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FIGURE2 | Pharmacologically active molecules bearing the 2H-indazole scaffold. Niraparib 7 [19, 20], Pazopanib 8 [21, 22], angiogenesis inhibitor

9 [23], glucokinase activator 10 [24], selective ligand for estrogen receptor 11 [25], and farnesoid X receptor agonist 12 [26].

sydnones [44], Co(III)-catalyzed C—H addition of azobenzenes to
aldehydes [45], Rh(III)-catalyzed C—H addition of azobenzenes
with alpha-keto aldehydes [46], and the Cu-catalyzed reaction of
2-bromobenzaldehydes with primary amines and sodium azides
[47]. In recent years, several photocatalytic approaches have also
been developed [48-50]. In addition, Pd-catalyzed intramolecular
domino reactions, based on amination reactions between hydra-
zines and 2-halophenylacetylenes or 2-halophenylnitriles, were
developed to provide an efficient access to a wide variety of
2H-indazoles and 3-amino-2H-azaindazoles, respectively, as well
as their aza congeners [23, 30, 51, 52].

Herein, we describe the design, synthesis, and structure-activity
relationship (SAR) evaluation of various 3-amino-2H-azaindazole-
based SHP2 inhibitors employing a scaffold hopping strategy. By
utilizing a regioselective Pd-catalyzed domino reaction recently
developed by us, [23] we were able to efficiently access the
3-amino-2H-indazole scaffold through the rapid, convergent two-
step synthesis of various analogs. We subsequently conducted SAR
analysis on this new class of inhibitors, enabling the identification
of a potent lead compound.

2 | Results and Discussion
2.1 | Scaffold Hopping Design Approach

Our re-scaffolding strategy was based on two conceptual consid-
erations. First, the application of the regioselective Pd-catalyzed
domino reaction for the rapid and convergent access of
3-amino-2H-azaindazole-based inhibitors, and secondly, the
strong preservation of a common construction principle for most
SHP2 inhibitors with two highly privileged distal substituents.
To guide our design, we therefore analyzed available inhibitors
reported to bind in the tunnel allosteric site of SHP2 [53-55].

Taking SHP099 1 as a representative inhibitor, the compound
can be structurally dissected into three parts: a halogenated aryl
ring on the right-hand side (RHS), a central amino-substituted
heteroaromatic ring, and an amino-substituted heterocycle on
the left-hand side (LHS) (Figure 3A). This overall construction
principle is found among most described allosteric inhibitors.
While the LHS and RHS pharmacophores, due to their interaction
with key residues in the allosteric site, are highly conserved
substituents, further analysis revealed considerable diversity in
the central scaffold. Examples include monocyclic cores such as
furanyl amide derivatives [15] as well as fused bicyclic systems like
imidazopyrazine [14] and 5-azaquinaxoline [56]; supporting the
rationale of our scaffold hopping strategy.

Interestingly, we observed that most reported inhibitors share
a conserved vectorial orientation of the distal substituents.
For instance, monocyclic core inhibitors such as SHP099 1
and RMC-4550 3 exhibit a linear extension with an angle of
180° between the vectors extending from the central core to
the LHS and RHS substituents, while fused bicyclic scaffolds
such as IACS-13909 6 show a more angular geometry of 130°-
140° (Figure 3B), suggesting underexplored geometry flexibility
within the allosteric binding pocket. Guided by a scaffold replace-
ment strategy, we hypothesized that the 3-amino-2H-azaindazole
framework could serve as a structurally distinct yet function-
ally analogous core, retaining key hydrogen bond interactions
while potentially accessing alternative regions of the binding site.
Based on these hypotheses, we designed compound 13, bearing a
3-amino-2H-azaindazole core that could adopt an angular geom-
etry of 145°-155°, providing a framework for further probing the
conformational flexibility of the SHP2 allosteric pocket.

To support our scaffold replacement strategy, we conducted dock-
ing studies using the Glide module (Schrodinger) based on the co-
crystal structure of TACS-13909 6 bound to SHP2 (PDB ID: 6WUS).
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FIGURE 3 | (A) Chemical structure of SHP099 1 with the LHS, the central core and RHS; (B) Commonly observed geometry in allosteric SHP2
inhibitors IACS-13909 6 and the novel 3-amino-2H-azaindazole 13: in red and purple are the vectors directed to the LHS and RHS respectively with
corresponding angle formed at their intersection; (C) Binding mode of IACS-13909 6 within SHP2 (PDB ID: 6WU8); (D) Docking pose of compound 13
in the SHP2 allosteric binding pocket (PDB ID: 6WUS8). The hydrogen bonding interactions are denoted by dark blue dashed lines, n-cation interactions

by yellow lines, hydrophobic interactions by light blue lines, and halogen interactions by green lines.

The interactions between IACS-13909 6, as well as for the docked
compound 13, in the allosteric binding site of SHP2 are shown
in Figure 3C,D. When performing a structure-based alignment
of the co-crystal structure of IACS-13909 6 bound to SHP2, the
alignment revealed a high degree of spatial overlap, particularly
between the central heterocyclic core and the aromatic aryl ring
of both ligands (Figure S1). A notable distinction was observed in
the LHS region, where the primary amine of compound 13 adopts
a shifted orientation relative to the amine group in IACS-13909
6, potentially enabling additional interactions with residues not
previously targeted in the allosteric pocket. Analyzing key con-
tacts revealed that according to our docking study, the aniline
group and the nitrogen at position 1 of the 3-amino-2H-pyrazol
ring in compound 13 formed key hydrogen-bond interactions
with Glu250 and Arglll, as well as water-mediated hydrogen—
bond interactions with Thr218 and Thr219, respectively, reca-
pitulating the interaction pattern observed for IACS-13909
6. However, unlike TACS-13909 6, compound 13 lacked key
hydrogen bond interactions mediated by the aliphatic amine with

residues Phe113 and Glul10. Instead, we observed an unprece-
dented hydrogen bond between the aliphatic amine and Glu249.
In addition, the 2,3-dichlorophenyl group engaged in a halogen
bond between the ortho-chlorine and Thr253, another interaction
absent in the TACS-13909 6 co-crystal structure.

While docking scores were comparable between the two com-
pounds, these structural insights supported compound 13 as a
promising starting point for further optimization. As such, we
prioritized the synthesis and subsequent SAR exploration at the
LHS, RHS, and core regions.

2.2 | Chemical Synthesis of 3-Amino-2H-
Azaindazole-based Compounds

The synthetic approach for preparing the 3-amino-2H-
azaindazole-based series of compounds is depicted in
Scheme 1. All 3-amino-2H-azaindazole-based SHP2 inhibitors
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SCHEME1 | Chemicalsynthesis of targeted compounds. Reagents and conditions: (a) Boc-protected/Boc-unprotected amine, DCM, DIPEA, rt, 4 h,

45-85%; (b) Boc,0, DIPEA, DCM, rt, 6 h, 40-85% over two steps; (¢) phenylhydrazine F-L, Pd,(dba);, TTBP - HBF,, Cs,COj3, 1,4-dioxane, 112°C, 2-4 h;

(d) TFA, DCM, rt, 1 h, 10-30% over two steps; (e) tBuONO, THF, 66°C, 34%.

were assembled by using a Pd-catalyzed domino reaction descri-
bed by Alsalim et al. [23] in a short convergent route.

of tBuONO in THF at 66°C, followed by a TFA-mediated
Boc deprotection.

Compounds 21a to 21d were obtained as described in Scheme 1B
following the same procedure as compound 17b, but start-
ing with the commercially available 2,4-dichloropyrimidine-
5-carbonitrile  19a, 2,6-dichloronicotinonitrile 19b, and
2-chloro-4-fluorobenzonitrile 19c, respectively.

Targeted compound 13 was synthesized starting from commer-
cially available 3,5-dichloropyrazine-2-carbonitrile 14, which was
subjected to a nucleophilic aromatic substitution reaction in
the presence of tert-butyl (4-methylpiperidin-4-yl)carbamate to
furnish the intermediate 15a. 15a was then directly coupled with
the commercially available (2,3-dichlorophenyl)hydrazine in the
central palladium-catalyzed domino reaction in the presence of
Pd,(dba); to afford final compound 13 after Boc deprotection of
the primary aliphatic amine with TFA in DCM.

Overall, this synthetic strategy enabled us to efficiently and suc-
cessfully synthesize a diverse array of analogs of 13 through the
application of a convergent building block approach. All three
regions of the 3-amino-2H-azaindazole-based inhibitors were
diversified: the LHS, the hydrazine building block to introduce
novel RHS, and variation of the 2-halobenzonitrile to modify the
central scaffold.

Compounds 17a-k were synthesized following the same strategy
using the corresponding amines A-E and aryl hydrazine F-L,
taking into account that intermediates 15d and 15e required
an additional Boc protection step before proceeding with the
Pd-catalyzed reaction and subsequent TFA-mediated Boc depro-
tection for accessing the final compounds 17a-k. 2.3 | Evaluation of SHP2 Inhibition

Next, we determined the inhibitory potency of the synthe-
sized compounds against wild-type (WT), full-length SHP2"".

Compound 18 was obtained after a reductive deamination of
the aliphatic amine Boc-protected intermediate in the presence
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We used the well-established fluorescence-based phosphatase
biochemical assay in the presence of an activating phosphotyr-
osine peptide and measured the dephosphorylation rate of 6,8-
difluoro-4-methylumbelliferyl phosphate (DiFMUP) [57, 58].
Our evaluation started with compound 13 and compound 17a,
respectively, carrying a 2,3-dichlorophenyl and 2-chlorophenyl
moiety at the RHS. While compound 13 showed promising
inhibition with an ICs, of 540 nM against SHP2, compound
17a was surprisingly much less potent with an IC, value above
10 uM against SHP2, illustrating the strong impact of the missing
chlorine in the meta position of the phenyl ring Ar. Installing dif-
ferent privileged amines at the LHS, such as monocyclic, bicyclic,
and tricyclic amino moieties while maintaining the 3-amino-2H-
azaindazole scaffold in combination with the 2-chlorophenyl
and 2,3-dichlorophenyl moieties as RHS showed a very distinct
activity trend (Table 1). Most of the modifications, such as
replacing the primary amine in 13 by a methyl amine 17b or
removing the geminal methyl group 17c, significantly reduced
the SHP2 inhibitory activity from 540 nM to >10 uM. The spirocy-
clic ether (38, 4S)-3,8-dimethyl-2-oxa-8-azaspiro [4.5]decan-4-
amine, furnished 17d with an ICy, value >10uM as most of the
2-chlorophenyl derivatives, while 17e, the matched pair bearing
the 2,3-dichlorophenyl moiety, yielded an ICs, value of 6,100
nM, showing more than an 11-fold decrease in inhibitory activity
compared to analog 13. Notably, the addition of the (S)-1,3-
dihydrospiro[indene-2,4’-piperidin]-1-amine system enhanced
the activity of compounds 17f and 17g, yielding ICs, values of
560nM and 49nM, respectively. As compounds 17a, 17d, and
17f bearing the 2-chlorophenyl moiety as RHS showed a consid-
erable drop in potency compared to their respective matched
pairs13,17e, and 17g bearing the 2,3-dichlorophenyl as RHS, we
decided to further investigate the RHS.

Considering the strong impact of the substitution pattern of the
aromatic RHS, we turned our attention to the investigation of
various RHS moieties. For instance, an 11-fold increase in potency
between compound 17g and compound 17f was observed solely
due to the addition of one chlorine in the meta position. The
importance of the chlorine substitution for SHP2 inhibition was
confirmed by the decrease in the biological activity of compound
17h, lacking both the ortho and meta chlorine, compared to
compounds 17f and 17g (Table 2). While 17h exhibited only a
modest (<2-fold) decrease in potency relative to the mono-chloro
derivative 17f, a more significant (>20-fold) reduction in activ-
ity was observed compared to 17g bearing both the ortho and
meta dichloro substitution pattern. Further attempts for activity
improvement by incorporating, e.g., a nitrile, an ester, or a car-
boxyl group in the meta and para position (compounds 17i-171)
did not result in higher activity. Overall, the presence of the 2,3-
dichlorophenyl ring as an RHS substituent was deemed optimal for
SHP2 inhibition at this stage.

We next examined the role of the amine group in the 3-position
on the indazole core, which, based on our docking analysis, likely
acts as a hydrogen bond donor to the Glu250 backbone carbonyl.
As a result, compound 18 showed a fourfold decrease in activity
compared to 17f, emphasizing the importance of this amine group
for binding.

Furthermore, to probe the role of the nitrogen atoms present in
the amino-2H-azaindazole scaffold, several analogs with different

TABLE1 | SAR investigation of the LHS amine region R.

NH,
/N —_—
RSN N
Entry R Ar SHP2 ICsy, nM*
13 >CN" Q 540425
H,N
Cl Cl
17a ;CN, ; @ >10,000
H,N
Cl
17b HN QCN, , Q >10,000
Cl Cl
17c HZN\—CNf ) Q >10,000
Cl Cl
17d NH2 @ >10,000
\o/\§<:/\Nf B cl
17e NH2 Q 6,100 +990
\QCM ) c’ T
17f NH. @ 560+ 56
Cl
17g 2 49+4

y
be

“The SHP2 enzymatic inhibition (ICs,) of the compounds was measured under the
following conditions: 2nM WT full-length SHP2, 2 uM activating peptide, 50 uM
DIFMUP, with assay buffer of 60 mM HEPES pH 7.2, 75 mM NaCl, 75mM KCl, 1 mM
EDTA, 5mM DTT, 0.05% Tween-20, 0.1% BSA. Data were shown as mean + SD from
three technical replicates. Reference compound values: SHP099 IC5,=150+19nM
and TNO155 IC5o=9+1nM.

N-heterocyclic cores were synthesized (Table 3). Notably, replac-
ing the pyrazine ring with a pyrimidine ring in 21a, b, and
eliminating the nitrogen N-4 in 21c, or both N-4 and N-6 in 21d,

TABLE 2 | SAR investigation of the RHS aromatic ring Ar.

NH, fN NH,
!
Ar

Entry SHP2 IC5, nM*
17h @ 1,100+98
17i . : N 4,200 + 250
17j @\ 5,300+ 440
\\N
17k e >10,000
Tt
e >10,000

171
\‘©AOH

*The SHP2 enzymatic inhibition (ICs,) of the compounds was measured under the
following conditions: 2nM WT full-length SHP2, 2 uM activating peptide, 50 uM
DIFMUP, with assay buffer of 60 mM HEPES pH 7.2, 75 mM NaCl, 75mM KCI, 1 mM
EDTA, 5mM DTT, 0.05% Tween-20, 0.1% BSA. Data were shown as mean + SD from
three technical replicates. Reference compound values: SHP099 IC5,=150+19nM
and TNO155IC5,=9+1nM.
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TABLE 3 | Exploration of modification in the 3-amino-2H-

azaindazole core.
=
. N-Ar
HoN N N

Entry Core Ar SHP2 IC;, nM*
18 N @ 2,500+ 14
LNIN\ cl
21a NH, @ >10,000
NY«N"
SOSNSN cl
21b NH, Q >10,000
NY«N"
ASNSN cl cl
21c KTNHZ @ >10,000
N--
SOSNSN cr cl
21d NH, - >10,000
- N Cl Cl

“The SHP2 enzymatic inhibition (ICs,) of the compounds was measured under the
following conditions: 2nM WT full-length SHP2, 2 uM activating peptide, 50 uM
DIFMUP, with assay buffer of 60 mM HEPES pH 7.2, 75 mM NaCl, 75 mM KCI, 1 mM
EDTA, 5mM DTT, 0.05% Tween-20, 0.1% BSA. Data were shown as mean + SD from
three technical replicates. Reference compound values: SHP099 IC5,=150+19nM
and TNO155 IC5y=9+1nM.

resulted in a significant loss of potency (ICs, > 10 uM), rendering
compounds 21a-d inactive and highlighting the importance of
the pyrazine moiety for the activity.

Overall, compound 17g demonstrated the most potent inhibition
of SHP2 and was therefore selected for subsequent cellular charac-
terization. To validate the allosteric mode of action of compound
17g, we first assessed its activity against the isolated catalytic
PTP domain of SHP2. At 20uM, the compound displayed only
11% inhibition, supporting the hypothesis that our new inhibitor
binds in the allosteric tunnel pocket of SHP2. To obtain structural
insight into its binding mode, we next determined the co-crystal
structure of 17g in complex with SHP2.

2.4 | Determination of the Binding Mode of 17g in
SHP2 by X-Ray Crystallography

Isothermal titration calorimetry (ITC) was used to determine
the binding affinity of compound 17g to a SHP2 construct
harboring both SH2 domains and the PTP domain (SHP2, aa
2-525), revealing a Ky, value of 780nM (Figure S2A). The sig-
nature plot of the ITC measurement shows that the binding
involves many favorable specific interactions such as hydrogen-
bonds, electrostatic interactions, van der Waals contacts, as indi-
cated by an enthalpy of AH=-39kJ/mol (Figure S2B). The free
enthalpy of AG=-34kJ/mol clearly reflects a favorable overall
binding with a tight interaction pattern. However, the entropy
term —TAS=4.5kJ/mol further underscores the penalty arising
from structural conformational change by the C-SH2 domain
movement upon binding of compound 17g.

The SHP2 construct was then cocrystallized with compound
17g for X-ray structure determination at 1.9 A resolution (PBD
ID: 9TKU; Figure 4, Table S1). The structure confirmed that
17g occupies the same allosteric site 1 tunnel-like SHP2 bind-
ing pocket as previously described for other inhibitors, such
as SHP099. As shown in the inset of Figure 4A, compound
17g directly binds to SHP2 with the terminal amine of the
spiro-piperidine headgroup engaged in hydrogen bond interac-
tions with the backbone carbonyls of Thr108, Glu110, Phel13,
and water-mediated hydrogen bonds to Ser109 and Thr253.
Moreover, the 3-amino group of the 2H-azaindazole core acts,
as predicted by our docking studies, as a hydrogen bond donor
to the backbone carbonyl of Glu250. We also observed a weak
hydrogen bond interaction (3.6A) between Thr253 and the
pyrazine’s nitrogen N-4, explaining the loss of potency observed
for compounds 21c and 21d. Furthermore, a direct and a water-
mediated hydrogen bond interaction between the azaindazole
nitrogen N-1 and Argll1l, as well as Thr219, was found. The
functional importance of these pyrazine-mediated contacts is
directly illustrated by superimposing compound 21d onto the
co-crystal structure of 17g bound to SHP2 (PDB ID: 9TKU;
Figure S3). The structural overlay reveals the concurrent loss of
the N-4 hydrogen bond to Thr253 and the N-7 water-mediated
contact to Thr218, which together account for the complete loss
of SHP2 inhibitory activity observed for 21d and further ration-
alize the potency difference between 17g and 21c, in which
only N-4 is absent. Finally, we observed a cation-n stacking
interaction between the RHS 2,3-dichlorophenyl ring and the
Argl11 sidechain, as well as a halogen bond between Thr253
and the ortho-chlorine. Comparison of the novel SHP2-17g
co-crystal structure with previously reported SHP2 complexes
revealed a notable structural distinction. Compound 17g inserts
deeper into the tunnel formed between the C-SH2 and the
PTP domains, compared to inhibitors such as SHP099. This
deeper insertion forces a displacement of the C-SH2 domain by
up to 4.9A away from the PTP domain (Figure 4B,C), hence
preventing a steric clash with the SHP2 loop region (amino
acids 113—177). As a result, the allosteric binding tunnel is
widened, enabling 17g to interact not only directly with SHP2
but also via various water-mediated contacts, which were not
observed previously for compounds bound to the allosteric
binding tunnel.

A similar structural rearrangement has been reported for the co-
crystal structure of SHP2 with compound 4 (PDBID: 8B5Y) [14].
Superimposition with compound 17g revealed a nearly identical
positioning of the spiroamine moiety within the tunnel and a
comparable displacement of the C-SH2 domain (Figure 4B,C).
Nevertheless, compound 4 exhibits higher biochemical potency
(IC5o=5nM) than compound 17g (ICs,=49nM). Inspection of
the co-crystal structure of SHP2 in complex with compound 4
reveals an interaction network centered on Argl11 and Glu249,
including a direct hydrogen bond to Glu249 and extensive
stabilization of Argl111 through hydrogen bonds, cation-r inter-
actions, and water-mediated interactions [14]. However, while
17g also engages with Arglll and induces a similar domain
movement, the absence of a direct Glu249 interaction and the
resulting subtle differences in the water-mediated interactions
could explain the observed difference in inhibitory potency.
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PTP

FIGURE 4 | Crystallographic structure analysis of compound 17g bound to SHP2 allosteric pocket (PBD ID: 9TKU). (A) The SHP2 structure is
presented as a cartoon with the N-terminal SH2 domain in green, the C-terminal SH2 domain in pink, the PTP domain in blue, and compound 17g

as a stick model in dark green. The magnified inset depicts the detailed binding mode of compound 17g in a ~90° left-rotated and flipped view for

better visualization. Observed interactions are shown as dashed lines with H-bonds highlighted in dark blue, halogen bonds in green, and cation-x in
yellow. (B) Superimposition of compound 17g (dark green) with SHP099 1 (light gray) and SHPS 4 (yellow) in the binding tunnel, with the C-terminal
SH2 domain removed for better illustration. (C) Movement of C-terminal SH2 domain (pink) upon compound 17g and SHP8 4 (PDB ID: 8B5Y, yellow)
binding compared to SHP2 (PDB ID: 5SEHR) with bound inhibitor SHP099 1 (light gray). The shift of the SH2 domain is depicted by dashed lines, and
the distance is labeled in angstroms between identical residues in the structure.

2.5 | Cell-Based Evaluation

Given the notable enzymatic activity of the novel 3-amino-
2H-azaindazole allosteric SHP2 inhibitor, we next evaluated the
aqueous solubility of compound 17g to assess its suitability for
further cellular profiling. Kinetic solubility measured in PBS
buffer was 190uM, a value in the same range as that of SHP099
1 (230uM), suggesting a good solubility compatible with cellular
applications (Table 4).

Next, we measured the anti-proliferative activity of compound
17g in a cell growth inhibition assay using the acute myeloid leu-

kemia (AML) cell line MV-4-11, where aberrant SHP2 signaling

TABLE4 | Pharmacological evaluation of 17g.

contributes to oncogenic transformation [59, 60], with SHP099
1 and TNO155 2 serving as positive controls. In this model,
compound 17g displayed an ICs, of 70 nM, outperforming SHP099
1 (IC5,=270nM), and demonstrating a level of activity that sup-
ports further optimization. As expected, TNO155 2 was the most
potent of the three, with an antiproliferative ICy, of 6 nM.

We also examined the ability of 17g to inhibit oncogenic SHP2
mutants, focusing on the clinically relevant E76K mutation,
which is known to destabilize the autoinhibited closed confor-
mation and confer resistance to allosteric inhibitors [61-63].
Using MV-4-11 cells overexpressing SHP2""°*, we found that
compound 17g retained measurable activity, although reduced

Entry 17g (3-amino-2H-azaindazole) 1 (SHP099) 2 (TNO155)
Kinetic solubility (uM)* 190 230 n.d.
Growth Inhibition ICs, (MV-4-11 cells, nM)° 70+ 30 270+92 6.0+£2.0
SHP2"*¥ IC, (MV-4-11 cells, nM)° 8,500 + 300 20,000+ 800 500 + 20
ICs, pERK (MV-4-11 cells, nM)" 50+7 n.d. 8+4
ICs, pERK (Panc-1 cells, nM)" 250+ 61 430+72 46+15
ICs, pERK (KYSES520 cells, nM)? 410+133 900 +133 88 +27

*Kinetic solubility determined in PBS (pH =7.4) after 24h incubation at room temperature. The reported values are the mean of duplicate measurements.

"*MV-4-11 or MV-4-11 overexpressing SHP2"*¥ (10000 cells/well) were plated onto 96-well plates and treated with test compounds. After 72 h, cell viability was quantified
using a CCK-8 assay. ICs, values are reported as mean + SD from independent experiments.

4MV-4-11 cells, Panc-1 cells, and KYSE520 cells were treated with test compounds for 1h, and pERK levels were quantified using an in-cell Western Blot assay. ICs, values are

reported as mean + SD from three independent experiments. N.d. not determined.
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with an ICs, of 8.5uM, showing a clear improvement over
SHP099 (IC5,=20uM) but significantly less potent than TNO155
(IC5,=0.5uM) (Table 4).

SHP2 acts as a key regulator of cell survival and proliferation,
primarily through its role in MAPK pathway activation down-
stream of receptor tyrosine kinases [9]. Hence, to complement
the antiproliferative studies performed in MV-4-11 cells and
to directly assess pathway modulation, we evaluated the effect
of compound 17g on ERK phosphorylation in this cell line.
Compound 17g inhibited pERK with an ICs, value of 50nM, in
close agreement with its antiproliferative ICs, of 70nM in the
same MV-4-11 cell line. This provides direct evidence that the
observed growth inhibition is driven by suppression of the SHP2-
mediated MAPK signaling. Here, TNO155 2 again served as a
benchmark, inhibiting pERK in MV-4-11 cells with an ICy, of
8nM, consistent with its superior antiproliferative potency.

To further characterize the cellular potency of compound 17g,
we next evaluated the influence of compound 17g on the
phosphorylation level of ERK in Panc-1 pancreatic cancer and
KYSE520 esophageal squamous carcinoma cell lines, as both
rely on SHP2-mediated MAPK signaling. In these models, com-
pound 17g inhibited ERK phosphorylation with cellular ICs,
values of 250nM and 410nM, respectively. While the clinical
benchmark TNO155 2 with ICs, values of 46nM and 88nM,
respectively remained more potent, compound 17g demonstrates
clear improvement over the first-generation allosteric inhibitor
SHP099 1 (IC5,=430 and 900nM, respectively) in both cellular
models. These findings confirm that compound 17g is sufficiently
cell-permeable and capable of modulating SHP2-mediated ERK
signaling in a cellular context.

3 | Conclusion

In this study, we report the discovery of a new class of allos-
teric SHP2 inhibitors with a 3-amino-2H-azaindazole as a
scaffold. SAR investigations revealed that the presence of a
2,3-dichlorophenyl group on the RHS and a spiro-amine head
group on the LHS are critical for maintaining potent SHP2 inhib-
ition. Furthermore, our work introduces a new geometry of 150°
between the LHS and RHS pharmacophores within the SHP2
allosteric pocket. This new spatial arrangement underscores the
flexibility of the SHP2 allosteric binding site and provides a strong
rationale for further exploration of nonconventional geometries
in the design of future inhibitors.

The diverse analogs synthesized using our previously developed,
highly regioselective approach to 3-amino-2H-indazoles high-
light the robustness of this synthesis strategy, while further
reinforcing the emerging value of the 2H-indazole scaffold in
medicinal chemistry. Among these compounds, 17g was the most
potent SHP2 allosteric inhibitor with an enzymatic inhibitory
activity ICs,=49nM. In cellular assays, compound 17g also dis-
played good cellular activity by inhibiting the phosphorylation of
ERK in MV-4-11, Panc-1, and KYSE520 cell lines.

Structural investigation of the binding mode of compound 17g
revealed a rearrangement of the C-SH2 domain after insertion

of the inhibitor into the allosteric binding tunnel to minimize
steric hindrance. As a result, the binding site expands, enabling
compound 17g to engage in an extensive hydrogen bond network,
which also involves water molecules. Such a binding mode has
been rarely reported for SHP2 allosteric inhibitors.

Altogether, these results position compound 17g as a promising
lead for further optimization and development and validate our
scaffold- and geometry-based approach to design novel allosteric
SHP2 inhibitors. More broadly, this work expands the structural
landscape of SHP2 allosteric inhibition and provides a framework
for the rational design of new inhibitors with distinct binding
modes and improved pharmacological profiles.

Acknowledgments

This project received funding from the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)-Project number 456689823, and
from the European Union’s Horizon 2020 research and innovation pro-
gram under the Marie Sktodowska-Curie grant agreement No. 956314
(ALLODD). We are grateful to Marta Diceglie, Peter Schmieder, and
the NMR core facility from Leibniz-Forschungsinstitut fiir Molekulare
Pharmakologie (FMP) for their excellent support in compound character-
ization. We thank Walter Birchmeier (Max Delbriick Center for Molecular
Medicine, MDC) for helpful discussions.

Open Access funding enabled and organized by Projekt DEAL.

Funding

This study was supported by Deutsche Forschungsgemeinschaft (Grant
456689823), and European Union’s Horizon 2020 research and innovation
program (Grant 956314).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings of this study are available in the
supplementary material of this article.

References

1. M. G. Mohi and B. G. Neel, “The Role of Shp2 (PTPN11) in Cancer,”
Current Opinion in Genetics & Development 17 (2007): 23-30.

2.]. Xie, X. Si, S. Gu, et al., “Allosteric Inhibitors of SHP2 with Therapeutic
Potential for Cancer Treatment,” Journal of Medicinal Chemistry 60 (2017):
10205-10219.

3. D. L. Kerr, F. Haderk, and T. G. Bivona, “Allosteric SHP2 Inhibitors in
Cancer: Targeting the Intersection of RAS, Resistance, and
the Immune Microenvironment,” Current Opinion in Chemical Biology 62
(2021): 1-12.

4. B. G. Neel, H. Gu, and L. Pao, “The ‘Shp’ing News: SH2
Domain-Containing Tyrosine Phosphatases in Cell Signaling,” Trends
in Biochemical Sciences 28 (2003): 284-293.

5.T. Tiganis and A. M. Bennett, “Protein Tyrosine Phosphatase Function:
The Substrate Perspective,” The Biochemical Journal 402 (2007): 1-15.

6. R. J. Chan and G. S. Feng, “PTPN11 Is the First Identified Proto-
Oncogene that Encodes a Tyrosine Phosphatase,” Blood 109 (2007):
862-867.

ChemMedChem, 2026

9 of 11

85U017 SUOWILIOD BAIIEs.D 8|qed!(dde au Aq peusenob ae sooile YO SN JO S9N 10} A%euq18UIUO 8|1 UO (SUOIPUOD-PUB-SWSIW0D A8 | 1M Ae1q Ul UO//SANY) SUONIPUOD pue SWis | 84} 89S *[9202/90/r2] U0 Akeid18ulluO A8|IM ‘TE0. OPW/ZO0T OT/10p/w0d A8 |im: Azeiq1jpuljuo adoune-Auis weyd//sdny woiy pepeojumod ‘TT ‘9202 ‘Z8T2098T



7.Q.Liu,J. Qu,M. Zhao, Q. Xu,and Y. Sun, “Targeting SHP2 as a Promising
Strategy for Cancer Immunotherapy,” Pharmacological Research 152
(2020): 104595.

8. M. Zhao, W. Guo, Y. Wu, et al., “SHP2 Inhibition Triggers Anti-Tumor
Immunity and Synergizes with PD-1 Blockade,” Acta Pharmaceutica
Sinica B9 (2019): 304-315.

9.Y. N. Chen, M. J. LaMarche, H. M. Chan, et al., “Allosteric Inhibition
of SHP2 Phosphatase Inhibits Cancers Driven by Receptor Tyrosine
Kinases,” Nature 535 (2016): 148-152.

10. M. J. LaMarche, M. Acker, A. Argintaru, et al., “Identification of
TNO155, an Allosteric SHP2 Inhibitor for the Treatment of Cancer,”
Journal of Medicinal Chemistry 63 (2020): 13578-13594.

11. E. S. Koltun, N. Aay, A. Buckl, et al., “Abstract 4878: RMC-4550,
an Allosteric Inhibitor of SHP2: Synthesis, Structure, and Anti-Tumor
Activity,” Cancer Research 78 (2018): 4878-4878.

12. R. I. Nichols, F. Haderk, C. Stahlhut, et al., “RAS Nucleotide Cycling
Underlies the SHP2 Phosphatase Dependence of Mutant BRAF-, NF1- and
RAS-Driven Cancers,” Nature Cell Biology 20 (2018): 1064-1073.

13. Y. Sun, B. A. Meyers, B. Czako, et al., “Allosteric SHP2 Inhibitor,
IACS-13909, Overcomes EGFR-Dependent and EGFR-Independent
Resistance Mechanisms toward Osimertinib,” Cancer Research 80 (2020):
4840-4853.

14. E. Torrente, V. Fodale, A. Ciammaichella, et al., “Discovery of a
Novel Series of Imidazopyrazine Derivatives as Potent SHP2 Allosteric
Inhibitors,” ACS Medicinal Chemistry Letters 14 (2023): 156-162.

15. C. Zhu, H. Zhao, W. Yang, et al., “Design, Synthesis and Antitumor
Activity of a Novel Class of SHP2 Allosteric Inhibitors with a Furanyl
Amide-Based Scaffold,” Journal of Medicinal Chemistry 67 (2024):
13305-13323.

16. J. R. LaRochelle, M. Fodor, X. Xu, et al., “Structural and Functional
Consequences of Three Cancer-Associated Mutations of the Oncogenic
Phosphatase SHP2,” Biochemistry 55 (2016): 2269-2277.

17. E. Vitaku, D. T. Smith, and J. T. Njardarson, “Analysis of the Structural
Diversity, Substitution Patterns, and Frequency of Nitrogen Heterocycles
among U.S. FDA Approved Pharmaceuticals Miniperspective,” Journal of
Medicinal Chemistry 57 (2014): 10257-10274.

18. I. Denya, F. M. Sarel, and J. Jacques, Indazole Derivatives and Their
Therapeutic Applications: A Patent Review (2013-2017), 2018.

19. A. Gonzalez, Q. Kistenfeger, and C. M. Cosgrove, O. Division of
Gynecologic, and H. The Ohio State University Comprehensive Cancer
Center — James Cancer, “Patient Selection for the Use of Niraparib in
Advanced Ovarian Cancer: A Review,” International Journal of Women’s
Health 16 (2025): 2239.

20. P. Jones, K. Wilcoxen, M. Rowley, and C. Toniatti, “Niraparib:
A Poly(ADP-Ribose) Polymerase (PARP) Inhibitor for the Treatment
of Tumors with Defective Homologous Recombination,” Journal of
Medicinal Chemistry 58 (2015): 3302-3314.

21. R. M. Bukowski, U. Yasothan, and P. Kirkpatrick, “Pazopanib,” Nature
Reviews Drug Discovery 9 (2010): 17-18.

22. B. M. E. Tullemans, M. Nagy, S. Sabrkhany, et al., “Tyrosine Kinase
Inhibitor Pazopanib Inhibits Platelet Procoagulant Activity in Renal Cell
Carcinoma Patients,” Frontiers in Cardiovascular Medicine 5 (2018): 142.

23. R. Alsalim, P. Lindemann, M. P. Lopez-Alberca, et al, “A
Palladium-Catalyzed Domino Reaction To Access 3-Amino-2H-Indazoles
from Hydrazines and 2-Halobenzonitriles,” Organic Letters 22 (2020):
7393-7396.

24. K. Filipski, A. Guzman-Perez, J. Bian, et al., “Pyrimidone-Based
Series of Glucokinase Activators with Alternative Donor-Acceptor Motif,”
Bioorganic & Medicinal Chemistry Letters 23 (2013): 4571.

25. M. De Angelis, F. Stossi, K. A. Carlson, B. S. Katzenellenbogen, and
J. A. Katzenellenbogen, “Indazole Estrogens: Highly Selective Ligands for

the Estrogen Receptor Beta,” Journal of Medicinal Chemistry 48 (2005):
1132-1144.

26. H. G. Richter, G. M. Benson, K. H. Bleicher, et al., “Optimization
of a Novel Class of Benzimidazole-Based Farnesoid X Receptor (FXR)
Agonists to Improve Physicochemical and ADME Properties,” Bioorganic &
Medicinal Chemistry Letters 21 (2011): 1134-1140.

27. G. N. Lipunova, E. V. Nosova, V. N. Charushin, and O. N. Chupakhin,
“Fluorine-Containing Indazoles: Synthesis and Biological Activity,”
Journal of Fluorine Chemistry 192 (2016): 1-21.

28. D. D. Gaikwad, A. D. Chapolikar, C. G. Devkate, et al., “Synthesis
of Indazole Motifs and Their Medicinal Importance: An Overview,”
European Journal of Medicinal Chemistry 90 (2015): 707-731.

29. A. Schmidt, A. Beutler, and B. Snovydovych, “Recent Advances in
the Chemistry of Indazoles,” European Journal of Organic Chemistry 2008
(2008): 4073-4095.

30. N. Cankafova, J. Hlava¢, and V. Krchndk, “Recent Synthetic
Approaches to 1H- and 2H-Indazoles. A Review,” Organic Preparations
and Procedures International 42 (2010): 433-465.

31.J. H.Makhluf, E. C. Wayne, and J. K. Mark, “The Davis-Beirut Reaction:
A Novel Entry into 2H-Indazoles and Indazolones. Recent Biological
Activity of Indazoles,” Mini-Reviews in Medicinal Chemistry 12 (2012):
1293-1300.

32. A. Thangadurai, M. Minu, S. Wakode, S. Agrawal, and B. Narasimhan,
“Indazole: A Medicinally Important Heterocyclic Moiety,” Medicinal
Chemistry Research 21 (2012): 1509-1523.

33. A. Nasir Ali Shafakat, D. Bashir Ahmad, P. Vidya, and F. Mazahar,
“Chemistry and Biology of Indoles and Indazoles: A Mini-Review,” Mini-
Reviews in Medicinal Chemistry 13 (2013): 1792-1800.

34. R. M. A. Keating and J. John, “Regioselective N-Alkylation of the
1H-Indazole Scaffold; ring Substituent and N-Alkylating Reagent Effects
on Regioisomeric Distribution,” Beilstein Journal of Organic Chemistry 17
(2021): 127.

35. N. E. Genung, L. Wei, and G. E. Aspnes, “Regioselective Synthesis of
2H-Indazoles Using a Mild, One-Pot Condensation-Cadogan Reductive
Cyclization,” Organic Letters 16 (2014): 3114-3117.

36. J. S. Zhu, C. J. Li, K. Y. Tsui, et al., “Accessing Multiple Classes
of 2H-Indazoles: Mechanistic Implications for the Cadogan and Davis-
Beirut Reactions,” Journal of the American Chemical Society 141 (2019):
6247-6253.

37. J. Schoene, H. Bel Abed, M. Christmann, and M. Nazaré, “A
Straightforward Approach to N -Substituted-2H -Indazol-2-Amines
through Reductive Cyclization,” Tetrahedron Letters 58 (2017):
1633-1635.

38. T. V. Nykaza, T. S. Harrison, A. Ghosh, R. A. Putnik, and
A. T. Radosevich, “A Biphilic Phosphetane Catalyzes N-N Bond-Forming
Cadogan Heterocyclization via P(III)/P(V) Horizontal lineO Redox
Cycling,” Journal of the American Chemical Society 139 (2017): 6839-6842.

39. J. Schoene, H. Bel Abed, P. Schmieder, M. Christmann, and
M. Nazare, “A General One-Pot Synthesis of 2H-Indazoles Using an
Organophosphorus-Silane System,” Chemistry 24 (2018): 9090-9100.

40. H. Bel Abed, N. Weifiing, J. Schoene, J. Paulus, N. Sewald, and M. Nazaré,
“Novel Strategy for the Preparation of 3-Perfluoroalkylated-2H-Indazole
Derivatives,” Tetrahedron Letters 59 (2018): 1813-1815.

41. H. Bel Abed, J. Schoene, M. Christmann, and M. Nazare,
“Organophosphorus-Mediated N-N Bond Formation: Facile Access to
3-Amino-2H-Indazoles,” Organic & Biomolecular Chemistry 14 (2016):
8520-8528.

42. F. Sun, X. Feng, X. Zhao, Z.-B. Huang, and D.-Q. Shi, “An
Efficient Synthesis of 2H-Indazoles via Reductive Cyclization of
2-Nitrobenzylamines Induced by Low-Valent Titanium Reagent,”
Tetrahedron 68 (2012): 3851-3855.

10 of 11

ChemMedChem, 2026

85U017 SUOWILIOD BAIIEs.D 8|qed!(dde au Aq peusenob ae sooile YO SN JO S9N 10} A%euq18UIUO 8|1 UO (SUOIPUOD-PUB-SWSIW0D A8 | 1M Ae1q Ul UO//SANY) SUONIPUOD pue SWis | 84} 89S *[9202/90/r2] U0 Akeid18ulluO A8|IM ‘TE0. OPW/ZO0T OT/10p/w0d A8 |im: Azeiq1jpuljuo adoune-Auis weyd//sdny woiy pepeojumod ‘TT ‘9202 ‘Z8T2098T



43. B. J. Stokes, C. V. Vogel, L. K. Urnezis, M. Pan, and T. G. Driver,
“Intramolecular Fe(II)-Catalyzed N—O or N—N Bond Formation from
Aryl Azides,” Organic Letters 12 (2010): 2884-2887.

44.Y.Fang, C. Wu, R. C. Larock, and F. Shi, “Synthesis of 2H-indazoles
by the [3 + 2] Dipolar Cycloaddition of Sydnones with Arynes,” Journal
of Organic Chemistry 76 (2011): 8840-8851.

45. J. R. Hummel and J. A. Ellman, “Cobalt(III)-Catalyzed Synthesis
of Indazoles and Furans by C-H Bond Functionalization/Addition/
Cyclization Cascades,” Journal of the American Chemical Society 137
(2015): 490-498.

46. T. Jeong, S. H. Han, S. Han, et al., “Access to 3-Acyl-(2H)-Indazoles
via Rh(III)-Catalyzed C-H Addition and Cyclization of Azobenzenes with
Alpha-Keto Aldehydes,” Organic Letters 18 (2016): 232-235.

47.M. R.Kumar, A. Park, N. Park, and S. Lee, “Consecutive Condensation,
C-N and N-N Bond Formations: A Copper- Catalyzed One-Pot Three-
Component Synthesis of 2H-Indazole,” Organic Letters 13 (2011):
3542-3545.

48. A. Akbari, D. Z. Hosein Shahi, and A. Rahimabadi, “Visible-
Light-Mediated Synthesis of 2H-Indazoles from (2-Bromo-Benzylidene)-
Phenyl-Amine Derivatives by the Ullmann Goldberg Reaction,”
Tetrahedron 174 (2025): 134486.

49. C. Maiias and E. Merino, “Combined Gold and Photoredox Catalysis:
Synthesis of 3-Alkenyl-2H-Indazoles from 2-Alkynylazobenzenes,”
Advanced Synthesis & Catalysis 367 (2024): €202400990.

50. G. Zhang, Y. Zhang, P. Li, C. Zhou, M. Wang, and L. Wang,
“Metal-Free Synthesis of 2H-Indazole Skeletons by Photochemistry
or Thermochemistry,” The Journal of Organic Chemistry 88 (2023):
12341-12356.

51. N. Halland, M. Nazare, O. R’Kyek, J. Alonso, M. Urmann, and
A. Lindenschmidt, “A General and Mild Palladium-Catalyzed Domino
Reaction for the Synthesis of 2H-Indazoles,” Angewandte Chemie
International Edition 48 (2009): 6879-6882.

52.N. Aljaar, M. Al-Noaimi, J. Conrad, and U. Beifuss, “Direct Formation
of 2-Substituted 2H-Indazoles by a Pd-Catalyzed Reaction between
2-Halobenzyl Halides and Arylhydrazines,” The Journal of Organic
Chemistry 86 (2021): 1408-1418.

53. A. Petrocchi and A. Ciammaichella, “A Patent Review of SHP2
Allosteric Inhibitors (2018-Present),” Expert Opinion on Therapeutic
Patents 34 (2024): 383-396.

54.X. Yuan, H. Bu, J. Zhou, C.-Y. Yang, and H. Zhang, “Recent Advances
of SHP2 Inhibitors in Cancer Therapy: Current Development and Clinical
Application,” Journal of Medicinal Chemistry 63 (2020): 11368-11396.

55.Z. Guo, Y. Duan, K. Sun, et al., “Advances in SHP2 Tunnel Allosteric
Inhibitors and Bifunctional Molecules,” European Journal of Medicinal
Chemistry 275 (2024): 116579.

56. M. S. A. Elsayed, J. F. Blake, M. L. Boys, et al., “Discovery of
5-Azaquinoxaline Derivatives as Potent and Orally Bioavailable Allosteric
SHP2 Inhibitors,” ACS Medicinal Chemistry Letters 14 (2023): 1673-1681.

57. Y. Song, M. Zhao, Y. Wu, B. Yu, and H. M. Liu, “A Multifunctional
Cross-Validation High-Throughput Screening Protocol Enabling the
Discovery of New SHP2 Inhibitors,” Acta Pharmaceutica Sinica B 11
(2021): 750-762.

58. S. Welte, K. H. Baringhaus, W. Schmider, G. Miiller, S. Petry,
and N. Tennagels, “6,8-Difluoro-4-Methylumbiliferyl Phosphate: A
Fluorogenic Substrate for Protein Tyrosine Phosphatases,” Analytical
Biochemistry 338 (2005): 32-38.

59. B. Popescu, C. Stahlhut, T. C. Tarver, et al., “Allosteric SHP2
Inhibition Increases Apoptotic Dependency on BCL2 and Synergizes
with Venetoclax in FLT3- and KIT-Mutant AML,” Cell Reports Medicine 4
(2023): 101290.

60. R. Pandey, B. Ramdas, C. Wan, et al., “SHP2 Inhibition Reduces
Leukemogenesis in Models of Combined Genetic and Epigenetic
Mutations,” The Journal of Clinical Investigation 129 (2019): 5468-5473.

61.D.Zhao, M. Liu, H. Duan, J. Zhu, L. Yang, and P. Sang, “E76K Mutation
Promotes SHP2 Activation by Rewiring Allosteric Networks That Drives
Conformational Transitions,” Journal of Chemical Information and
Modeling 65 (2025): 9639-9653.

62. M. Anselmi and J. S. Hub, “Atomistic Ensemble of Active SHP2
Phosphatase,” Communications Biology 6 (2023): 1289.

63. J. R. LaRochelle, M. Fodor, V. Vemulapalli, et al., “Structural
Reorganization of SHP2 by Oncogenic Mutations and Implications for
Oncoprotein Resistance to Allosteric Inhibition,” Nature Communications
9 (2018): 4508.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

ChemMedChem, 2026

11 of 11

85U017 SUOWILIOD BAIIEs.D 8|qed!(dde au Aq peusenob ae sooile YO SN JO S9N 10} A%euq18UIUO 8|1 UO (SUOIPUOD-PUB-SWSIW0D A8 | 1M Ae1q Ul UO//SANY) SUONIPUOD pue SWis | 84} 89S *[9202/90/r2] U0 Akeid18ulluO A8|IM ‘TE0. OPW/ZO0T OT/10p/w0d A8 |im: Azeiq1jpuljuo adoune-Auis weyd//sdny woiy pepeojumod ‘TT ‘9202 ‘Z8T2098T



	Probing 3-Amino-2H-Azaindazoles as Allosteric Inhibitors of the Protein Tyrosine Phosphatase SHP2
	ABSTRACT
	1 | Introduction
	2 | Results and Discussion
	2.1 | Scaffold Hopping Design Approach
	2.2 | Chemical Synthesis of 3-Amino-2H-Azaindazole-based Compounds
	2.3 | Evaluation of SHP2 Inhibition
	2.4 | Determination of the Binding Mode of 17g in SHP2 by X-Ray Crystallography
	2.5 | Cell-Based Evaluation

	3 | Conclusion
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


