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Abstract:
Fibroblast Growth Factor Receptor 4 (FGFR4) is thought to be a driver in several

cancer types, most notably in hepatocellular carcinoma. One way to achieve high
potency and isoform-selectivity for FGFR4 is covalently targeting a rare cysteine
(C552) in the hinge region of its kinase domain that is not present in other FGFR family
members (FGFR1-3). Typically, this cysteine is addressed via classical acrylamide
electrophiles. We demonstrate that non-canonical covalent “warheads” based on
nucleophilic aromatic substitution (SnAr) chemistry can be employed in a rational
manner to generate highly potent and (isoform-)selective FGFR4 inhibitors with a low
intrinsic reactivity. Key compounds showed low- to subnanomolar potency, efficient
covalent inactivation, and excellent selectivity over other FGFRs, kinases with an
equivalent cysteine and a representative subset of the kinome. Moreover, these
compounds achieved nanomolar potencies in cellular assays and demonstrated good
microsomal stability highlighting the potential of SnAr-based approaches in covalent

inhibitor design.

Keywords: protein kinases, fibroblast growth factor receptor, covalent inhibitors,
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Introduction

The fibroblast growth factor receptor (FGFR) family is essential for many physiological
processes such as cell growth and tissue repair while upregulation, e. g. through
mutation, drives pathological processes that can ultimately lead to various types of
cancer. -3 The FGFRs are receptor tyrosine kinases (RTKs) and the family consists of
four members in humans, namely FGFR1-4, which are activated by the extracellular
binding to fibroblast growth factors (FGFs). # Inhibition of FGFRs has proven to be a
viable strategy for cancer therapy as highlighted by the approval of three non-covalent
pan-FGFR inhibitors (Erdafitinib °, Pemigatinib 6, and Infigratinib ) and one covalent
inhibitor (Futibatinib (1) 8, see Figure 1) for the treatment of urothelial carcinoma
(Erdafitinib) and cholangiocarcinoma (Pemigatinib, Infigratinib, Futibatinib). As a result
of the aberrant signaling of its natural ligand FGF19, FGFR4 has been particularly
associated with hepatocellular carcinoma (HCC), the most common type of hepatic
cancer. %10 The reason for the proliferative effects lies in the FGF19/FGFR4 signaling
pathway, where FGF19 binds FGFR4 and its co-receptor (-Klotho leading to
dimerization and autophosphorylation. Subsequently, the intracellular kinase domain
of FGFR4 phosphorylates the FGFR substrate 2 (FRS2), which activates downstream
signaling pathways such as the phosphoinositide 3-kinase (PI3K)/AKT or the mitogen-
activated protein kinase (MAPK) pathway. 12 All approved FGFR inhibitors either
show inhibition of all FGFRs or are biased towards FGFR1-3 with less activity against
FGFR4. '3 This unselective inhibition leads to unwanted side effects in the treatment
of FGFR4-driven diseases that may require dose reduction and thereby reduce clinical
efficacy. 3'* An example of such a dose-limiting side effect is the hyperphosphatemia
often observed with FGFR1 inhibition due to the disruption of FGF23-mediated

phosphate homeostasis. 6 Therefore, it is of great interest to develop selective
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FGFR4 inhibitors to optimize the efficacy in FGFR4-dependent pathologies while

minimizing the side effects arising from concurrent FGFR1-3 inhibition.

Covalent inhibitors have recently experienced a renaissance in drug discovery and
chemical biology where covalent approaches enabled the development of various
kinase-targeted chemical probes and drugs. '"-?' Cysteine residues are particularly
suited for being covalently addressed because of the nucleophilic character of their
thiol(ate) side chain, which facilitates the reaction with weakly electrophilic groups
(typically referred to as the “warhead”) to form a covalent bond. A common approach
to achieving selectivity between closely related protein kinases is to covalently bind a
poorly conserved cysteine that is unique to the family member of interest. 2223 This
approach has been successfully exploited for several kinases such as PI3Ka 242°,
S6K2 26, and JAK3 27, and it enabled the development of the first approved isoform-

selective JAK3 inhibitor Ritlecitinib (PF-06651600). 28:2°

While Futibatinib and other covalent pan-FGFR inhibitors address a cysteine in the P-
loop (C477 in FGFR4) that is conserved among all FGFR isoforms, a rational approach
to achieve FGFR4 selectivity is provided by differences in the amino acid sequences
in the FGFR hinge region: FGFR4 harbors a non-conserved cysteine (C552) at the
middle-hinge region two positions C-terminal of the gatekeeper amino acid V550
(GK+2 position) while the other three FGFRs have a tyrosine residue at this position
(Figure 2A,B). 30 This cysteine can be addressed covalently to specifically enhance
potency on FGFR4 generating a selectivity window against the other FGFR isoforms.
At the same time, the steric demand of the warhead may induce a steric clash with the
larger tyrosine residue present in the other FGFRs to further enhance selectivity.
Notably, a structurally equivalent cysteine is only shared by four other protein kinases,

namely MAPKAPK2 (MK2), MAPKAPK3 (MK3), p70S6KB (S6K2), and TTK (MPS1),

4
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31 which all feature a larger gatekeeper residue (Figure 2B; highlighted in red) thereby

providing a means to achieve selectivity against these potential off-targets.

Futibatinib (approved) BLU9931 Fisogatinib (Phase Ib/ll) H3B-6527 (Phase )
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Figure 1: Structures of the approved covalent pan-FGFR inhibitor Futibatinib, covalent FGFR4 inhibitors
in clinical trials, compound 6 from Fairhurst et al. and the covalent MAPKAPK2 inhibitor CC-99677
(Gamcemetinib). 3°

Covalent targeting of FGFR4-C552 by means of “classical’ acrylamide warheads
undergoing an irreversible (i.e. under physiological conditions and with respect to the
protein’s half-life) sulfa-Michael addition reaction has been successfully implemented
by Hagel et al. who discovered the first-in-class covalent FGFR4 inhibitor BLU9931 (2)
(Figure 1). 32 Subsequently, other groups designed Michael-acceptor-based FGFR4
inhibitors employing a variety of scaffolds (7-azaindoles 33, 1,6-naphthyridin-
2(1H)-ones 34, aminoindazoles 25, 2-aminopyrimidines 3¢ and quinazolines 3-38) and
these efforts culminated in the development of several inhibitors such as Fisogatinib
(BLU-554, 3) 39 and H3B-6527 (4) 4> which have advanced to phase | and Il clinical

trials (Figure 1). Moreover, reversible covalent inhibitors based on aldehyde warheads
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forming a hemithioacetal adduct have been developed by researchers from Novartis
3042 and others 4344, which led to the discovery of clinical candidate Roblitinib (FGF-

401( 5), see Figure 1). 4546

An underexplored approach to covalently addressing cysteines involves warheads
based on electron-deficient (hetero)aromatic rings equipped with a leaving group,
which can react with nucleophiles via a nucleophilic aromatic substitution (SnAr)
reaction (see the mechanism in Figure 2C). 4748 The general applicability of this
approach to targeting FGFR4-C552 has been proven by Fairhurst et al., who identified
fragment-like chloronitropyridine-based inhibitor 6 in a high-throughput screen (Figure
1). 30 However, this compound was not pursued further in favor of the reversible-
covalent inhibitors mentioned above. Considering its small size, compound 6 showed
a remarkable potency in biochemical assays using the recombinant protein kinase
(Kinact/Ki = 3.0*10* M~" s71, ICs0 = 32 nM) and the covalent binding to C552 via SnAr
displacement at the chloronitropyridine has been confirmed by mass spectrometry,
cysteine mutation and X-ray crystallography (PDB: 5NUD). Notably, a structurally
equivalent cysteine is addressed in the protein kinase MAPKAPK2 (MK2) by the
recently published SnAr-based inhibitor CC-99677 (Gamcemetinib) which was
developed for the treatment of autoimmune disorders and had entered clinical trials
(Figure 1). However, this more elaborate compound, which relies on a 2-
chloropyrimidine warhead, achieves a comparatively low efficiency of covalent

inactivation (4.9*103M™" s, ICs0 = 156 nM on MK2). 4°
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Figure 2: A: Position of C552 within the ATP pocket of the kinase domain of FGFR4. The hinge region
is shown as sticks (PDB: 5NUD), the side chains of Cys552 and the gatekeeper (GK) Val550 (red) are
highlighted as spheres. B: Sequence alignment of the hinge regions of the FGFR family and the other
kinases containing a cysteine in the GK+2 position (highlighted in green). The GK residues, which differ
between the FGFRs and the other kinases with a structurally equivalent cysteine, are highlighted in red
letters. C: Mechanism of an SnyAr reaction between a cysteine and a chloronitropyridine-warhead
proceeding via a Meisenheimer complex.

The aim of the present work was to further explore the scope of SnAr-based warheads

for FGFR4 inhibition. To this end, we merged the well-established scaffold of BLU9931

and related FGFR inhibitors, which confers high (non-covalent) binding affinity and

7
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selectivity for the FGFR family, with a variety of SNAr electrophiles to investigate
whether such a combination leads to highly potent and isoform-selective FGFR4
inhibitors (Figure 3A,D-F). Compared to the more common acrylamides, SNAr
warheads show several potential advantages, most notably their broadly tunable
reactivity which is adjustable via the electron deficiency of the (hetero)aromatic system
and the leaving group. Moreover, the higher rigidity and geometric constraints of such
electrophiles require a proper placement of the nucleophile to facilitate the reaction,
which may allow to address the target nucleophile more selectively. Beyond this, only
one hydrogen atom must be substituted from an electron deficient aromatic ring of an
existing inhibitor in the simplest case to enable covalency, while the addition of an a,3-
unsaturated amide requires an increase of at least 5 heavy atoms and simultaneously

introduces polar groups, which are not always compatible with buried binding sites.

47,48

Results

Rational Design

The structure-based design of our study started from the superimposition of two
different covalent FGFR4 inhibitor complexes. One was the complex with the isoform-
selective inhibitor BLU9931 (2), which features an acrylamide warhead, and the other
one was the fragment-like compound 6 from Fairhurst and colleagues binding FGFR4-
C552 via a chloronitropyridine SnAr warhead (Figure 3A). Notably, we have previously
employed a similar approach for the design of the first isoform-selective S6K2 inhibitor
starting from the S6K1 inhibitor PF-4708671. 26 Examining the co-crystal structure of
compound 6 revealed an interesting binding mode with the two pyridine nitrogen atoms

forming hydrogen bonds (HBs) with the same NH group of the backbone of A553 in
8
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the hinge region (Figure 3B). While these hydrogen bonds are not equal, with the one
formed by the SnAr warhead’s pyridine being longer and not ideally oriented, we
hypothesize that a more ideal “chelate-like” binding mode may be present in the
reversibly bound pre-reaction complex which would facilitate the entry of the
nucleophile in an appropriate angle from above the aryl plane. Moreover, an
intramolecular hydrogen bond between the NH of the biarylamino linker and the nitro
group in compound 6 may assist the proper pre-orientation of the electron-deficient
heteroaryl system towards C552 (Figure 3B), which is also compliant with a similar
hydrogen bond being observed in a small molecule X-ray crystal structure of a different

chloronitropyridine-linked scaffold. %°

BLU9931 is based on the widely used quinazoline scaffold, which is also present in
several other FGFR inhibitors. ®' Here, the 2,6-dichloro-3,5-dimethoxy substituent
attached to the 6-position of the quinazoline enhances potency and selectivity by
properly occupying the hydrophobic pocket behind the FGFR valine gatekeeper
residue (Val550) and one of the methoxy groups further forms a hydrogen bond
towards the backbone of the conserved DFG motif (Figure 3C). 3052 The superposition
of the crystal structure of compound 6 and BLU9931 covalently bound to FGFR4-C552
shows how the hinge-binding pyridine ring of compound 6 overlays well with the
pyrimidine ring of the BLU9931 quinazoline suggesting that the chloronitropyridine
warhead of compound 6 may be installed on the latter without significantly altering its
positioning (Figure 3D). This hypothesis was further confirmed by covalent docking of
the prototype hybrid compound 8B (Figure 3E,F). The docking pose matches the
expected binding mode, although it does not perfectly reproduce the planar
arrangement of the pseudo-cyclic system resulting from the intramolecular NH-nitro

hydrogen bond as observed in the co-crystal structure of compound 6. As mentioned,
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we assume that this (presumably weak) intramolecular HB is important for pre-
orienting and potentially activating the compound in the binding site to achieve rapid
target modification (Figure 4A), which would also be in line with the recently disclosed
data on CC-99677 (see Figure 1) where such an interaction is absent. We hypothesize
that this may at least in part account for the relatively slow inactivation rates of the

latter compound.

With the aim of corroborating this hypothesis, we also designed compounds devoid of
this intramolecular hydrogen bonding interaction. To prevent a potential disruption of
the binding mode by “unmasking” the linker NH to present the common donor—acceptor
hinge interaction pattern, 3 which would orient the warhead away from the target
cysteine (see the schematic depiction in Figure 4A), we synthesized compounds which
lacked a hydrogen bond donor (HBD) at the linker position. For this purpose, the amino
linker was replaced by a sulfur linker as it is more flexible and synthetically more
accessible compared to an analogous oxygen linker while covalent docking suggested
similar interaction energies of both variants (see Figure 4B and the docking poses in
Figure S1 and S2). In compounds that lacked the nitro group, an additional nitrogen
atom was incorporated into the warhead’s heteroarene to compensate for electron-
withdrawing properties of the nitro group (Figure 4B). As a possibility to reinforce the
orientation imposed by the intramolecular NH-nitro HB, we further designed analogs
where the orientation was frozen by means of a second ring, i.e. in a bicyclic
quinazoline or 7H-pyrrolo[2,3-d]pyrimidine, which were directly C- or N-linked to the

core scaffold (see Figure 4C and the docking poses in Figure S3 and S4).

10
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Figure 3: A) Compound 6 from Fairhurst et al. with its SyAr-warhead highlighted in red, BLU9931 with
the FGFR-binding scaffold highlighted in blue. The structural combination of both moieties is illustrated
underneath resulting in prototype compounds 8A/B. B) Compound 6 covalently interacting with C552
(PDB: 5NUD). The intramolecular HB and the chelate-like HBs are depicted as dotted yellow lines and
hydrogen bonding distances in Angstrom are shown next to the latter. Key residues C552 and A553 are
shown as sticks. C) BLU9931 covalently interacting with C552 (PDB: 4XCU). The HBs to hinge region
and D630 of the DFG motif are shown as dotted yellow lines with hydrogen bonding distances given in
Angstrom. D) Overlay of the above-mentioned crystal structures of compound 6 (green) and BLU9931
(blue). Only the hinge region of the protein is displayed for clarity. E) Docking pose of compound 8B
covalently bound to C552. F) overlay of compound 6, BLU9931 and the covalent docking pose of
compound 8B.
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Figure 4: A) “Unmasking” of the linker NH to present a donor—acceptor hinge binding motif orienting the
warhead away from the target cysteine. B) Replacement of the amino group to a thioether to generate
compounds that lack a hydrogen bond donor in the linker position. Removing of the nitro group is
compensated by an additional nitrogen atom in the heteroarene. C) Freezing of the orientation imposed
by the NH—nitro HB (magenta) by cyclisation (magenta) leads to bicyclic C—C and C—N-linked warheads.
The leaving group of the respective warheads is colored in red.

Synthesis:
The synthesis of inhibitors 8A/B, 12A/B, 14A/B and 15 is schematically shown in

Scheme 1. It starts with a Suzuki cross-coupling reaction of 6-bromoquinazolines 9
and 10 with 3,5-dimethoxyphenylboronic acid at room temperature under previously
optimized conditions using tri-tert-butylphosphine-ligated Pd® generated from the

respective 3 generation Buchwald pre-catalyst. °45° The following chlorination of the
12
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electron-rich dimethoxyphenyl system in the obtained intermediates 11A and 12A was
carried out by the addition of sulfuryl chloride in acetonitrile (ACN) at -20 °C in
quantitative and moderate yield, respectively. ¢ Amination of the quinazoline scaffold
of 2-chloroquinazolines 11A and 11B was achieved by treatment with aqueous
ammonia solution in 1,4-dioxane in a microwave reactor at 100 °C in a very high yield.
Finally, the SnAr warheads were introduced by copper(l)-promoted Ullmann coupling
of 2-aminoquinazolines 13A/B with 2-bromo-6-chloro-3-nitropyridine using trans-1,2-
diaminocylohexane as the ligand. %" Non-reactive analogue 14B lacking the chloride
leaving group at the nitropyridine was synthesized from 2-aminoquinazoline 13B under
equivalent Ullmann coupling conditions using 2-bromo-3-nitropyridine. In contrast,
non-reactive control compounds 14A and 15 (leaving group replaced by H and Me,
respectively) were synthesized from aminoquinazoline 13A via Buchwald-Hartwig
coupling with the respective 2-bromopyridines using Pd2(dba)s and XantPhos as the
catalyst system. Due to the low yields, we further elaborated an alternative synthetic
access to inhibitor 8A. Starting from intermediate 11A the quinazoline 2-chloro
substituent was displaced by fluoride using MesNF*t-amyl alcohol in DMSO at room
temperature. 58 The resulting 2-fluoroquinazoline derivative 16 was reacted with 6-

chloro-3-nitropyridin-2-amine in an SNAr reaction to obtain compound 8A.

13
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Scheme 1: Synthesis of the compounds 8-15
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Reagents and conditions are as follows: a: (3,5-dimethoxyphenyl)boronic acid, potassium phosphate,
P(t-butyl)s Pd G3, 1,4-dioxane, H,O, RT b: sulfuryl chloride, ACN, -20 °C c¢: NH3s(aq.) 20%, 1,4-dioxane
, MW, 100 °C d: to obtain 8A/B and 14B: 2-bromo-6-chloro-3-nitropyridine or 2-bromo-3-nitropyridine,
potassium carbonate, copper(l) iodide, trans-1,2-diaminocyclohexane, 1,4-dioxane, 90 °C, 7 h. To obtain
14A and 15: 2-bromo-3-nitropyridine or 2-bromo-6-methyl-3-nitropyridine, cesium carbonate, Pd>(dbas),
XantPhos, 1,4-dioxane, 100 °C, 18 h. e: MesNF*t-amylalcohol, DMSO, RT, 18 h f. 6-chloro-3-
nitropyridin-2-amine, Cs>COs, DMF, RT, 18 h.

For testing alternative warheads, we decided to proceed with the series lacking the
dichloro substitution at the phenyl ring, since this reduces the chemical complexity and
the likelihood of solubility issues, while the scaffold maintains sufficient (non-covalent)
FGFR binding affinity to derive useful structure—activity relationships (SAR). 33 To
facilitate the following cross-coupling reactions, the synthesis of final compounds 19
and 20, which have a bicyclic warhead, started with a chloride-to-bromide

displacement of 2-chloroquinazoline intermediate 11A by means of

14
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bromotrimethylsilane under reflux in propionitrile (Scheme 2). %° For the synthesis of
compound 19 featuring a 2-chloroquinazoline warhead, the 8-bromo-2-
chloroquinazoline precursor was first converted into the corresponding 8-pinacol
boronate ester (18) via Miyaura borylation % and then cross-coupled with 2-
bromoquinazoline 17 under the aforementioned mild Suzuki conditions. Compound 20
with  a 2-chloro-7H-pyrrolo[2,3-d]pyrimidine warhead was prepared from
bromoquinazoline 17 and the corresponding pyrrolopyrimidine in a copper catalyzed

Ullimann reaction (vide supra).

Scheme 2: Synthesis of the compounds 19 and 20

>0

CO/
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g Cr e
e 18 _
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17 19 (31%)

20 (57%)

Reagents and conditions are as follows: a: bromotrimethylsilane, propionitrile, reflux; b:
bispinacolatodiborane, Pd(dppf)Cl,, potassium acetate, 1,4-dioxane, 95°C, 4h; c: potassium phosphate,
P(t-butyl)s Pd G3, 1,4-dioxane, H-O, RT; d: potassium carbonate, copper(l) iodide, trans-1,2-
diaminocyclohexane, 1,4-dioxane, 100 °C.

In addition to amino-linked and bicyclic warheads, compounds with a sulfur linkage

between the warhead and the quinazoline scaffold were prepared (Scheme 3). To this

15

https://doi.org/10.26434/chemrxiv-2024-n89hr-v2 ORCID: https://orcid.org/0000-0003-0163-3419 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-n89hr-v2
https://orcid.org/0000-0003-0163-3419
https://creativecommons.org/licenses/by-nc-nd/4.0/

end, 2-chloroquinazoline 11A was refluxed in ethanol with thiourea yielding an
intermediate 2-thiouronium salt via SnAr displacement of the chloride. After
precipitation, hydrolysis with 0.1 N sodium hydroxide solution gave 2-
mercaptoquinazoline 21. Final compounds 22-26 were subsequently synthesized via

SNAr reaction of thiol 21 with a selection of fluoro- and chloropyri(mi)dines.

Scheme 3: Synthesis of the compounds 22-26

W=Cl,F
1A 21 (48%) 22: X=CH, Y=CI, Z=NO, (57%)
23: X=N, Y=CI, Z=H (53%)
24: X=N, Y=F, Z=H (79%)
25: X=N, Y=CI, Z=F (63%)
26: X=CH, Y=H, Z=NO, (20%)

Reagents and conditions: a: 1) thiourea, ethanol, reflux, 48 h, 2) NaOH 0.1 N, ethanol, RT; b: potassium-
tert-butoxide, THF, RT.

Biochemical and biophysical evaluation

For the evaluation of our FGFR4 inhibitors, we initially tested all compounds in the
HotSpot™ format, a radiometric protein kinase enzyme assay. 8' For an early
assessment of the individual derivatives, the more accessible (apparent) ICso values
were used, even if this is not the most suitable method for characterizing irreversible
covalent inhibitors due to their time-dependent potency. For a more accurate
determination of the inhibitory activities, the time-independent second-order kinetic
constant kinact/ Ki was subsequently determined for the compounds with promising ICso
values, as described later. In line with our design hypothesis, prototype compound 8B
and its derivate 8A lacking the phenyl dichloro substitution both showed very high
potency for FGFR4 with (apparent) ICso values below the lowest tested concentration
(i.e. 1ICs0 < 0.5 nM in both cases; see Table 1). Notably, the intrinsic reactivity of
prototype 8B was very low as shown by an almost 5-fold longer half-life compared to
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the approved covalent kinase inhibitor afatinib in a GSH stability assay (Table 2). These
compounds were further re-tested and compared with BLU9931 in a complementary
continuous kinase assay format (PhosphoSens®) relying on the phosphorylation of a
CSox peptide. 82 Again, all compounds (8A, 8B and BLU9931) showed excellent

inhibitory potencies with compound 8B (ICso = 1.2 nM) being the most potent.

As expected, the corresponding non-reactive control compounds lacking the chloride
leaving group (14A/B) showed only weak activity with the dichloro dimethoxyphenyl
analog 14B being slightly more active (ICso = 1.7 uM) than the analog 14A (ICs0 > 5
MM) without the dichloro substitution pattern. The higher activity of the dichlorinated
analog 14B is presumably based on a better fit of the dichlorophenyl residue into the
hydrophobic backpocket and a better pre-organization due to the out-of-plane torsion
imposed by the ortho-dichloro substitution, as compared to the non-chlorinated analog
14A. In both cases, the out-of-plane torsion of the phenyl ring in the bound form is
further stabilized by HB interactions of one of the methoxy substituents with the
backbone of D630 as shown in the cocrystal structure of BLU9931 with the FGFR4
enzyme (see Figure 3C). 3" To exclude the possibility that the differences in inhibitory
activity between the compounds with and without the chloride leaving group arose
solely from the steric properties of the pyridine 2-chloro substituent, we synthesized 2-
methyl analog 15 which was also poorly active (ICso >> 5 uyM). This supports the notion
of a covalent mode-of-action of inhibitors 8A and 8B which both show a dramatically
increased potency. To gain more insights in the reversible binding contribution of the
N-linked nitropyridine, we also tested analogs 12A (di-OMe-Ph) and 12B (di-Cl-di-
OMe-Ph) completely devoid of the nitropyridine fragment. While compound 12A (di-
OMe-Ph) again had an ICso value above the highest concentration tested (> 5 pM),

compound 12B with the di-Cl-di-OMe-phenyl residue showed a similar activity (ICso =
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2.1 yM) as its nitropyridine-substituted analog 14B, suggesting a relatively neutral

contribution of the N-linked nitropyridine fragment to binding affinity.

Assessment of the compounds with rigid bicyclic warheads that were directly C—C- or
C—N-linked revealed an enormous decrease in inhibitory activity for both, compound
19 (ICs0 ~ 5 M, 54 % residual enzyme activity at 5 yM) and compound 20 (>> 5 uM)
compared to our amine-linked chloronitropyridine prototype compounds. Possible
reasons for this include a non-ideal pre-orientation towards C552 imposed by the lack
of flexibility, an insufficient intrinsic reactivity, and the low solubility imposed by their
highly planar and lipophilic nature, which may have compromised ICso determination

and also hampered the assessment of intrinsic reactivity in a GSH stability assay.

Sulfur-linked compounds also showed poor inhibitory activity. While a low potency of
non-reactive analog 26 (ICso >> 5 yM) was not unexpected, the weak performance of
the reactive 2-chloro and 2-fluoro pyrimidine analogs 23-25 was more surprising. While
the most reactive among these compounds, chloronitropyridine 22, with a 2-fold lower
GSH half-life compared to Afatinib, showed an ICso of 4.5 uM, the ICso values of all
other compounds were found to be >5 uM. The GSH half-life of the S-linked 2-
fluoropyrimidine (24) was in the same range as the one of prototype compound 8B,
and the analogous 2-chloro-5-fluoropyrimidine (25) showed a significantly enhanced
GSH reactivity even higher than the one of Afatinib, indicating that insufficient intrinsic
reactivity is not the cause of the low potency of these compounds. Possible reasons
may be found in differences in the spatial extension and bond lengths/geometries of
the sulfur linker that might cause a suboptimal orientation of the warhead towards the
thiol group of the cysteine as well as the high flexibility and lack of the intramolecular
hydrogen bond further impeding a proper pre-orientation for the entry of the

nucleophile.
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Table 1: SAR of the different 2-substituted quinazoline-derivates

Biochemical 1Cso0 (NM)

Compound X R FGFR4
b
BLU9931 CI \iNH N.D.2 2.0
Ny
8A H ¢ <0.52 4.5P
G
NO, H
8B Cl ¢ <0.52 1.2b
Z N
NN}
NO, M
12A H H >50002 (93.1%)
12B Cl H 20902
14A H ZN >50002 (92.1%)
A N/‘?ze.
NO, H
14B Cl 7N 17002
A /‘?22.
N
NO, H
15 H >50002 (89.4%)
Z N
2 | N/ii
NO, H
19 H N T >50002 (53.6%)
i
20 H o1 M >50002 (96.5%)
N A
22 H ¢ 44502
Z N
A ‘ S/iﬁ_
NO,
23 H ¢ >50002 (82.6%)
NQ\N
NGNS
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24 H T >50002 (2100%)

25 H c >50002 (96.5%)

26 H N >50002 (97.9%)

aKinase inhibitory activity assays were commercially conducted at ReactionBiology Corp. using a
HotSpot™ assay at a 10 uM ATP concentration. Residual enzyme activity at 5 uM compound
concentration is shown in brackets for compounds with an ICso > 5 uM. *Kinase inhibitory activity
was commercially determined at AssayQuant using the PhosphoSens® CSox-based continuous
assay format at Ky ATP. N.D.: not determined.

Table 2: GSH half-life (56 mM GSH, pH 7.4, PBS/ACN 1:1, 40 °C) of Afatinib and
compounds 8B, 22, 24, and 25.

Compound: Half-life [h]:
Afatinib 29
8B 139
22 15
24 125
25 22

Beyond potency, selectivity of protein kinase inhibitors is of major importance as
limited selectivity may result in side effects and toxicities. As discussed above, we
placed particular emphasis on the off-target activity inside the FGFR family.
Moreover, covalent inhibitors tend to have off-target (re)-activities towards kinases
with equivalently positioned cysteine residues, i.e. with a GK+2 cysteine in the case
of FGFR4. Therefore, our key compounds 8A and 8B were tested in the HotSpot™
format ' against all other FGFRs as well as MAPKAPK2, MAPKAPK3, S6K2, and
TTK harboring a GK+2 cysteine (Table 3). Both compounds were highly selective

within the FGFR family with compound 8B showing weak inhibitory activity for
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FGFR1 (ICs0 = 4.4 uM) and FGFR2 (ICso = 490 nM) while all other ICs0 values were
above 5 pM. These results are in line with C552 in the hinge region — and not the
P-loop cysteine (C477) present in all FGFR isoforms — being the target residue.
Selectivity against MAPKAPK2, MAPKAPKS3, and TTK was also excellent as none
of these kinases showed an ICso below 5 yM. However, compound 8A showed
pronounced off-target activity on S6K2 (ICs0 = 4.5 nM) while compound 8B was
highly selective (ICso = 1.8 uM). The reason for these varying selectivity profiles
might be related to the more pronounce out-of-plane torsion of the phenyl ring
caused by two ortho-chloro substituents as well as a steric clash of the latter with
the larger leucine gatekeeper residue in S6K2 (see the alignment in Figure 2B),
which is also in agreement with the loss activity of Fisogatinib (3) against the

FGFR4 V550L gatekeeper mutant.®3

Table 3: Selectivity of compound 8A and 8B against other FGFR family members and
kinases with a GK+2 cysteine.

Compound ~ FGFR1 FGRF2 FGFR3 FGFR4 S6K2 MAPKAPK2  MAPKAPK3 TTK
[nM] [nM] [nM] [nM] [nM] [nM] [nM] [nM]

8A >5000 >5000 >5000 <0.5 4.48 >5000 >5000 >5000

8B 4370 490 >5000 <05 1820 >5000 >5000 >5000

Inhibitory activities were commercially determined at ReactionBiology Corp. using a HotSpot™ assay at
10 uM ATP concentration.

To assess the selectivity of our lead compounds 8B and 8A in a wider kinome context,
we screened these inhibitors against 104 kinases with a broad distribution in the
kinome using a differential scanning fluorimetry based assay (thermal shift assay)
(Table S1). % To distinguish between effects related to a potential covalent binding from
such residing on non-covalent interactions, we further included non-reactive analog
14B as a control. To our delight, all tested compounds showed an exquisitely clean

profile within the tested subset of the kinome. Compound 8A showed the highest
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selectivity in this panel as it only affected the bromodomain TIF1A, a frequent off-target
of kinase inhibitors 5, with a thermal shift slightly above 2 °C while no significant shift
was observed for the other members of the FGFR family (FGFR4 was not included in
this panel). In line with their higher affinity reversible FGFR binding element, compound
8B and control 14B showed a more pronounced thermal stabilization of FGFR1, 2 and
3 with the highest thermal shift to FGFR3 (ATm = 7.9 °C and 4.5 °C, respectively).
However, as our ICso data demonstrated, this moderate thermal stabilization did not

translate into a substantial inhibition of FGFR3 kinase activity.

While the above data taken together are coherent with a covalent mode-of-action, it
does not directly prove the formation of the covalent bond via SNAr displacement. Thus,
we performed intact protein mass spectrometry measurements of FGFR4 upon
incubation with inhibitors 8A and 8B. Both compounds showed virtually complete
labeling after 2 h incubation with the expected mass shift of the recombinant kinase
domain of 401 Da and 472 Da for compounds 8A and 8B, respectively, which is
consistent with the loss of a chloride. For compound 14B we observed no mass shift

which is consistent with its inability to undergo SnAr reaction to form a covalent bond.

Evaluation of binding kinetics

Time dependence of potency is hallmark of covalent inhibitors which has led to different
sets of criteria which should be applied for their evaluation and publication. 86-68 Most
notably, covalent inhibitors typically act via a non-equilibrium 2-step binding
mechanism, where an initial reversible binding event is followed by the formation of a
covalent bond. As a consequence, the potency of covalent inhibitors expressed as ICso
values increases over time. Covalent inhibitors are thus best described by a time-
independent measure of potency, namely the second-order kinetic constant kinact/K..

17,1868 |t s composed of the Ki value, which is the concentration where the rate of
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covalent bond formation becomes half maximal thus representing the non-covalent
binding contribution. The 15t order rate constant kinact ,i.e. the maximal rate of covalent
inactivation, describes how efficiently the covalent bond is formed from the pre-reaction
complex. Importantly, kinact is not necessarily correlated with intrinsic chemical reactivity
since it is also impacted by pre-orientation to favor a low activation energy reaction
trajectory and a possible activation of the electrophile by its non-covalent interactions

with the target. 4748

Since the determination covalent binding kinetics is relatively labor and resource
intensive, it is common practice in the protein kinase field to perform early compound
profiling by 1Cso values determined under equivalent conditions while key compounds
are subjected to kinetic profiling. Thus, we determined Ki, Kinact, and the Kinact/Ki values
of our lead compounds 8A and 8B and reference compound BLU9931. To this end,
the compounds were tested in the aforementioned continuous assay format
(PhosphoSens®) and kinetic parameters were derived from reaction progress curves
at 24 different inhibitor concentrations. All tested inhibitors were efficient covalent
binders with the same ranking as in the previously determined ICso values, i.e.
compound 8B (Kinact/Ki = 2.32*10% M-'*s') showed improved potency compared to
BLU9931 (kinact/Ki = 1.26*10% M-"*s"") while the activity of derivative 8A with an non-
chlorinated side chain was slightly lower (kinac/Ki = 4.47*10* M-'*s') (Table 4).
Differences of the obtained values appear to be primarily driven by the different Ki
values (note that Ki does not equal the equilibrium binding constant Ki), with compound
8B exhibiting the lowest Ki (5.7 nM vs. 38 nM and 14 nM for compound 8A and
BLU9931, respectively). These findings are in agreement with previous observations
showing that the dichloro-dimethoxyphenyl-substituted scaffold has a higher non-

covalent binding affinity to FGFR4 than its unchlorinated counterpart (vide supra).
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Interestingly, the kinact values are almost the same for all tested compounds (1.3-1.7
*103s™), independent on whether an SnAr-based or an acrylamide warhead is used.
Moreover, the values are in the same range as the kinact values of the FDA-approved
EGFR inhibitors Afatinib (0.9 *10-3 s' on WT EGFR) 8° and Osimertinib (36*10-3 s on
WT EGFR) 70 highlighting the potential of weakly reactive SnAr electrophiles as

replacements for the classical acrylamide warheads.

Table 4: Results of kinetic studies for the key covalent FGFR4 inhibitors

Compound K (nM) Kinact (s7) Kinact/ K| (M*s71)
8A 37.9+£1.78 1.7*10°+6.6*10° 4.47%10%+420

8B 5.7+0.17 1.3 *103+£3.1*10° 2.32*10°+2.2*10°3
BLU9931 13.5+0.46 1.7*10°+4.8*10° 1.26*10%+950

The reaction kinetics were commercially determined from reaction progress curves at 24 different
inhibitor concentrations at AssayQuant Technologies Inc. using the PhosphoSens® CSox-based
continuous assay format.

Evaluation of cellular activity and target engagement

To prove the intracellular target engagement and isoform-selectivity of our inhibitors,
we tested key compounds 8A and 8B, non-reactive control 14B and reference
compound BLU9931 in a NanoBRET assay against all FGFR isoforms. As expected,
8A, 8B and BLU9931 showed potent cellular FGFR4 engagement all with similar ICso
values in the double-digit nanomolar range. In contrast, a significantly lower potency
was observed for non-reactive control 14B (ICso = 2.26 pM) in agreement with its
strongly reduced activity in biochemical assays due to the lack of potency
enhancement by covalent binding. A pronounced selectivity of the covalent inhibitors
against all other FGFR isoforms was observed. In FGFR1-3, the reactive inhibitor 8B
showed similar, low micromolar ICsp values as its non-reactive analog 14B suggesting
that the chloro substituent at the pyridine ring does not substantially impact non-

covalent binding affinity. In this format, the highest isoform-selectivity was observed for
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compound 8A were all ICso values on FGFR1-3 were above 10 uM, which aligns well
with the data from the biochemical kinase assays (Figure 5A) and again supports the

selective covalent binding to the unique C552.

To test the activity of our inhibitors in FGFR4-dependent cells, we further assessed the
antiproliferative effect of the above compounds in Hep3B cells (Figure 5B). 32 While
control compound 14B again showed only weak effects with an ECso of more than
1 UM, the covalently binding analogues 8A and 8B both showed very good
antiproliferative activity with ECso’s of 22 nM and 5 nM, respectively. Notably, the
performance of both compounds was significantly better than the one of the reference
compound BLU9931 (ECso = 62 nM). To evaluate whether the compounds indeed
suppress FGFR4 downstream signaling in Hep3B cells, we monitored phosphorylation
of the FGFR4 substrate FRS2 by Western blot (see Figure 5C). As anticipated, we
found that both 8A and 8B but also BLU9931 efficiently block the FRS2

phosphorylation.
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Figure 5: A:. Intracellular target engagement of the FGFR4 inhibitors 8A, 8B, and BLU9931 and the
non-reactive control compound 14B determined for the individual FGFR isoforms in a NanoBRET assay
system. Data represent the measurement of biological replicates (n=2) with error bars expressing the
SD. The bottom panel displays the calculated ECsy values determined in intact cells, indicated as nM
concentrations with the error expressing the SD. B: Cellular activity (ECso) of the above FGFR4 inhibitors
and the non-reactive control 14B in a cell viability assays using the FGFR4-dependent Hep3B cell line.
Data was obtained in biological triplicates (n=3) with error bars expressing the SD. The right panel
displays the calculated ECso values displayed in nM concentration with the error expressing the SD C:
Representative Western blot analysis of FRS2 and P-FRS2% jn Hep3B cells upon 24h of treatment
with DMSO, BLU-9931, 8A and 8B (0.3 uM, cropped blot images, n = 3). GAPDH was used as a loading
control.
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Evaluation of metabolic stability in vitro

To learn more about the metabolic stability of our lead compound and to assess
whether the SNAr-warhead represents a metabolic soft spot, we monitored conversion
of inhibitor 8B and non-reactive analog 14B by human liver microsomes (Figures S7,
S8). Both compounds were relatively stable with > 80% of unmetabolized compound
remaining after 2 hours. The major metabolic transformation observed was oxidative
demethylation of one methoxy group of the dimethoxyphenyl residue. Furthermore, we
observed an additional metabolite for compound 8B with an increased mass of 16 Da,
which we assume to be the monohydroxylated hemiacetal precursor to the
aforementioned demethylated metabolite, although no validation of this hypothesis has
been performed and N-oxidation would also be a possible metabolic transformation
with the same mass shift. Ultimately, we were pleased to see that the SnAr warhead

does not suffer from substantial metabolic transformation by microsomal enzymes.

Discussion and conclusions

In summary, we designed a series of compounds with different SnAr-based covalent
warheads to target the protein kinase FGFR4. We established synthetic strategies to
introduce N- and S-linked halopyri(mi)dine as well as bicyclic 2-chloroquinazoline and
2-chloro-7H-pyrrolo[2,3-d]pyrimidine electrophiles to the quinazoline-based scaffold of
FGFR4 inhibitor BLU9931. Our key compounds 8A and 8B proved to be highly potent
covalent FGFR4 inhibitors while other linker/warhead combinations led to substantially
less active compounds suggesting that a proper combination of pre-orientation and
reactivity is key to enable an efficient reaction with the target cysteine. We confirmed
the covalent modification of FGFR4 with these compounds by intact protein mass

spectrometry and the detected mass shift was compliant with the presumed SNAr
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mechanism while the data from modeling and several biological assays support
FGFR4-C552 in the hinge region as the target residue. Both key compounds showed
efficient target inactivation with 8B possessing almost 2-fold enhanced inactivation
kinetics compared to the prototypical acrylamide-based covalent FGFR4 inhibitor
BLU9931. Notably, the 15t order rate of covalent bond formation (kinact) was on par with
the one of the reference BLU9931’s acrylamide warhead despite the low intrinsic
reactivity of the chloronitropyridine SnAr electrophile. The reactivity of the latter was
substantially lower compared to the a,B-unsaturated amide of the approved covalent
reference inhibitor Afatinib in a GSH assay. Moreover, our key compounds showed
high selectivity over the other FGFR isoforms in both, cells (shown by NanoBRET) and
biochemical assays. An exceptionally clean profile was observed for both compounds
as well as unreactive control compound 14B in a DSF-based kinome panel. We further
showed the excellent selectivity of compound 8B against the four other kinases with
an equivalent cysteine. In contrast, 8A also inhibited S6K2 which features the same
cysteine but a bigger leucine gatekeeper. The activity of 8A on S6K2 can be
rationalized by the lower steric demand of the dimethoxyphenyl moiety occupying
behind-gatekeeper pocket compared to its dichloro-dimethoxy counterpart. We
hypothesize that compound 8A may therefore also retain its activity towards FGFR4-
V550L drug resistance mutant. In a cell viability assay using the FGFR4-dependent
Hep3B cell line, both of our key compounds outperformed BLU9931 with ECso values
in the single digit nanomolar range for inhibitor 8B. Moreover, all three compounds
efficiently suppressed the phosphorylation of the FGFR4 substrate FRS2 as shown by
Western blots. In addition, analysis of metabolic stability in human liver microsomes
shows that the nitrochloropyridine warhead is not a metabolic soft spot encouraging

the further exploration of SNnAr-based warheads in drug discovery.
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Taken together, our results highlight that SnAr-based covalent warheads can be
installed to established scaffolds in a rational manner to generate highly potent and
selective small molecule inhibitors with tempered reactivity, high labelling efficiencies
and good metabolic stability. Moreover, our SAR data are in agreement with the
suggested important role of the nitro group and its intramolecular hydrogen bond with
the linker NH for targeting GK+2 cysteines via such warheads, providing a rationale for
further investigations. While the fully rigidified analogs employed in this study to mimic
the pseudo-bicyclic arrangement stabilized by this hydrogen bond did not show the
desired activity, it will be important to explore whether more druglike hydrogen bond
acceptor motifs may be employed in this context — possibly in combination with
additional electron withdrawing substituents — to replace the nitro function while
maintaining a proper combination of efficient target inactivation, low intrinsic reactivity

and appropriate physicochemical properties.
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Experimental Section

Chemistry. All starting materials and reagents were of commercial quality and were
used without further purification. Dry and degassed solvents were used where
indicated. Thin layer chromatography (TLC) was carried out on ALUGRAM® Xtra SIL
G/UV254 silica plates (Macherey-Nagel, Diren, Germany) and visualized under UV
light (254 nm and 366 nm). Preparative column chromatography was carried out with
an Interchim PuriFlash 430 or PuriFlash XS 420 (Interchim S.A., Montlucon, Allier,
France) automated flash chromatography system using normal phase Grace Davison
Davisil LC60A 20—45 micron silica (W.R. Grace and Company, Columbia, MD, USA)
or Merck Geduran Si60 63—200 micron silica (Merck KGaA, Darmstadt, Germany).

Nuclear magnetic resonance (NMR) spectral analysis was performed on a Bruker
Avance Ill HD 400 instrument (Bruker Corporation, Billerica, MA, USA). The samples
were dissolved in deuterated solvents and chemical shifts were given in relation to
tetramethylsilane (TMS). The multiplicity of signals was indicated with s = singlet, d =
doublet, dd = doublet of doublets, t = triplet, q = quartet and m = multiplet. Spectra

were calibrated using the residual proton peaks or the '°C peaks of the used solvent.

Mass spectrometry (MS) was carried out with an Advion TLC-MS interface (Advion,
Ithaca, NY, USA) with electrospray ionization (ESI) in positive and/or negative mode.
Instrument settings were as follows: ESI voltage 3.50 kV, capillary voltage 187 V,
source voltage 44 V, capillary temperature 250 °C, desolvation gas temperature 250
°C, and gas flow 5 L/min nitrogen. HR-MS measurements were performed at the mass
spectrometry department, Institute of Organic Chemistry, Eberhard-Karls-University

Tubingen.

HPLC purity was determined on an Agilent 1100 system (degasser, binary pump,
injection module and ColCom setup, Agilent Technologies Inc., Santa Clara, CA, USA)
with a DAD detector module (detection at 254 nm and 230 nm wavelength). The HPLC
method for purity assessment was as follows:

Method A: Phenomenex Luna 5u C8 RP (150 mm x 4,6 mm, 5 pym) column
(Phenomenex Inc., Torrance, CA, USA), injection volume: 10 uL, flow rate: 1.5 mL/min
at 35 °C; 0 min: 40% MeOH, 60% 0.01M phosphate buffer pH 2.3; 8 min: 85% MeOH,
15% phosphate buffer pH 2.3; 13 min: 85% MeOH, 15% phosphate buffer pH 2.3; 14
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min: 40% MeOH, 60% phosphate buffer pH 2.3; 16 min: 40% MeOH, 60% phosphate
buffer pH 2.3.

Method B: purity was determined on an Agilent 1100 system (degasser, binary pump,
injection module and ColCom setup, Agilent Technologies, Santa Clara, CA, USA) with
a Phenomenex Kinetex C8 100A column (150 x 4.6 mm, 2.6 ym) (Phenomenex Inc.
Torrance, CA, USA) and detection was performed with a UV DAD at 254 nm and 230
nm wavelength. Elution was carried out with the following gradients: mobile phase A:
[H20/KH2PO4 (solution 0.01 M) (v/v), pH 2.30 (solvent A)], mobile phase B: [MeOH].
40% B to 95% in 9 min, 95% B for 1 min, 95% B to 40% B in 1 min, 40% B for 5 min,

flow rate: 0.5 mL/min.

All compounds tested in biochemical or cellular assays are > 95% pure as determined
by HPLC analysis.

N-(6-chlor-3-nitropyridin-2-yl)-6-(3,5-dimethoxyphenyl)chinazolin-2-amine (8A).

A: 50 mg (0.18 mmol, 1 eq) 6-(3,5-dimethoxyphenyl)quinazolin-2-amine (13A), 47 mg
(0.20 mmol, 1.1 eq) 2-bromo-6-chloro-3-nitropyridine, 25 mg (0.18 mmol, 1 eq)
potassium carbonate, 3 mg (0.02 mmol, 0.1 eq) copper(l) iodide, and 2 mg (0.02 mmol,
0.1 eq) trans-1,2-diaminocylcohexane were weighed into a glass tube and dissolved
in 2 ml dry 1,4-dioxane. The solution was degassed three times with a membrane
pump/ultrasound and purged with argon. The mixture was stirred at 90 °C overnight.
The reaction mixture was extracted three times with 5 ml of dichloromethane and then
washed twice with 5 ml of demineralized water and once with 5 ml of brine. The
combined organic layer was dried with sodium sulfate, concentrated on the rotary
evaporator and prepared for further work-up. The mixture was purified by flash column
chromatography using the following gradient: PE:EA:DCM 100:0:0 - 0:20:80; 13 CV.
The product was obtained as a yellow solid (7 mg, 9% vyield).

B: 100 mg (0.352 mmol) of 6-(3,5-dimethoxyphenyl)-2-fluoroquinazoline (16) were
dissolved in 8 ml of dry DMF. 6-Chloro-3-nitropyridin-2-amine (61 mg, 0.35 mmol, 1 eq)
together with Cs2COs3 (17 mg, 0.53 mmol, 1.5 eq) were added sequentially and the
reaction mixture was stirred at room temperature for 18 hours. The reaction mixture
was diluted with 200 ml of water and extracted with 200 ml of ethyl acetate. The organic
layer was washed 3 times with 200 ml of demineralized water and once with 200 ml of
brine, dried over sodium sulfate, and evaporated under reduced pressure. The crude
product was purified by flash chromatography using the following mobile phase:
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DCM/EA 50:1 to afford the pure product as a yellow powder (46 mg 30% yield) '"H NMR
(400 MHz, CDCls): 6 10.38 (s, 1H), 9.35 (s, 1H), 8.49 (d, J = 8.6 Hz, 1H), 8.12 (d, J =
8.8, 1H), 8.04 (s, 1H), 7.97 (d, J = 8.8 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H), 6.80 (d, J =
2.2 Hz, 2H), 6.53 (t, J = 2.2 Hz, 1H), 3.88 (m, 6H). 3C NMR (101 MHz, CDClz): 5 162.5,
161.5, 155.7, 154.2, 150.5, 147.2, 141.8, 139.5, 137.5, 134.7, 130.9, 127.8, 125.1,
122.8, 117.6, 105.8, 100.1, 55.7. MS (ESI) m/z 437.6 [M+H]*, HPLC (Method B) tret
9.19 min, purity (254.4 nm) 99.5%, (230.4 nm) 96.0%.

N-(6-Chloro-3-nitropyridin-2-yl)-6-(2,6-dichloro-3,5-dimethoxyphenyl)quinazolin-2-
amine (8B). 70 mg (0.20 mmol, 1 eq) 6-(2,6-dichloro-3,5-dimethoxyphenyl)quinazolin-
2-amine (13B), 52 mg (0.22 mmol, 1.1 eq) 2-bromo-6-chloro-3-nitropyridine, 28 mg
(0.20 mmol, 1 eq) potassium carbonate, 4 mg (0.02 mmol, 0.1 eq) copper(l) iodide,
and 2 mg (0.02 mmol, 0.1 eq) trans-1,2-diaminocyclohexane were weighed into a
glass tube and dissolved in 4 ml dry 1,4-dioxane. The solution was degassed three
times with a membrane pump/ultrasound and purged with argon. The mixture was
stirred at 90 °C for 7 h. The reaction mixture was extracted three times with 5 ml of
ethyl acetate and then washed twice with 5 ml of demineralized water and once with 5
ml of brine. The combined organic layer was dried with sodium sulfate, concentrated
on the rotary evaporator, and prepared for further workup. The mixture was separated
by flash column chromatograph using the following gradient: PE/EA/DCM 100:0:0
-0:20:80; 16 CV. The product was obtained as a yellow solid (12 mg, 12% yield). 'H
NMR (400 MHz, DMSO): 6 11.33 (s, 1H), 9.42 (s, 1H), 8.50 (d, J = 8.4 Hz, 1H), 7.91
(d, J=1.7 Hz, 1H), 7.70 (dd, J= 8.7, 1.9 Hz, 1H), 7.63 (d, J = 8.7 Hz, 1H), 7.44 (d, J =
8.4 Hz, 1H), 7.03 (s, 1H), 3.98 (s, 6H)."3C NMR (101 MHz, DMSO): d 162.8, 155.3,
154.5, 151.5, 149.3, 145.3, 138.8, 137.9, 136.5, 133.5, 128.7, 125.8, 121.2, 118.8,
112.9, 98.2, 56.8, HRMS (ESI-TOF) m/z 506.01913 [M+H]*, m/z (calc.) 506.0184
[M+H]*, HPLC (Method A) tret 9.43 min, purity (254.4 nm) 100%, (230.4 nm) 99.3%.

2-Chloro-6-(3,5-dimethoxyphenyl)quinazoline (11A). 2.3 g (9.3 mmol, 1 eq) 6-bromo-
2-chloroquinazoline, 1.7 g (9.3 mmol, 1 eq) (3,5-dimethoxyphenyl)boronic acid, and
5.9 g (28 mmol, 3 eq) potassium phosphate were weighed into a 250 ml two-neck flask
and dissolved/suspended in 35 ml of dry 1,4-dioxane. The mixture was alternately
degassed three times for 30 s using a membrane pump/ultrasound and then purged
with argon. Then, 53 mg (0.093 mmol, 0.01 eq) of P(t-butyl)s Pd G3 as catalyst and 5
ml of demineralized water were added to the batch. The flask was again degassed
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three times and purged with argon. The mixture was stirred overnight at room
temperature. Under cooling with a mixture of water and ice, about 100 ml of
demineralized water was added to the batch, and the product precipitated as brownish
flakes. The batch was then stirred under cooling for an additional 5 min. The product
was then filtered, washed with water, dried at 50 °C in a hot-air oven to constant weight,
and could be used in the subsequent reaction without further purification (2.93 g, 100%
yield). '"H NMR (400 MHz, DMSOQ): 5 9.62 (s, 1H), 8.55 (d, J = 1.2 Hz, 1H). 8.44 (dd, J
=9.0. 1.6 Hz, 1H), 8.03 (d, J = 8.8 Hz, 1H), 6.97 (d, J = 1.7 Hz, 2H), 6.59 (s, 1H), 3.84
(s, 6H). 3C NMR (101 MHz, DMSO): 5 164.6, 161.1, 156.5, 150.6, 140.3, 139.8, 135.2,
127.2,125.5, 123.6, 105.3, 100.4, 55.4. MS (APCI) m/z 301.05 [M+H]*, HPLC (Method
A) tret 8.09 min, purity (254.4 nm) 99.4%, (230.4 nm) 98.3%.

2-Chloro-6-(2,6-dichloro-3,5-dimethoxyphenyl)quinazoline (11B). 1.00 g (3.3 mmol, 1
eq) of 2-chloro-6-(3,5-dimethoxyphenyl)quinazoline was weighed into a 250 ml glass
flask and dissolved in 50 ml of anhydrous acetonitrile. The mixture was cooled to a
temperature between -20 °C to -30 °C with a mixture of acetone and liquid nitrogen.
900 mg (6.6 mmol, 2 eq, 0.53ml) of sulfuryl chloride was dissolved in 5 ml of anhydrous
acetonitrile and added to the reaction mixture at -20 °C. The mixture was stirred at -20
°C for 10 min. Then, 2 ml of demineralized water was added to the reaction. For
workup, 100 ml of demineralized water was added to the reaction mixture and stirred
for 5 min under cooling with an ice-water mixture. The product which precipitated as
brownish flakes was filtered and washed with cold water. The solid was dried in a hot-
air oven at 50 °C until constant weight was reached. The product could be used in the
subsequent reaction without further purification (1.24 g, 100% vyield). "H NMR (400
MHz, DMSO): 6 9.66 (s, 1H), 8.16 (d, J = 1.5 Hz, 1H), 8.09 (d, J = 8.7 Hz, 1H), 7.95
(dd, J = 8.7, 1.8 Hz, 1H), 7.06 (s, 1H), 3.99 (s, J = 9.1 Hz, 6H). '3C NMR (101 MHz,
DMSO): 6 164.6, 157.1, 154.6, 150.6, 138.3, 137.5, 136.9, 128.9, 127.0, 123.2, 112.6,
98.5, 56.8. MS (APCI) m/z 368.97 [M+H]*, HPLC (Method A) tret 8.70 min, purity (254.4
nm) 96.3%, (230.4 nm) 98.5%.

6-(3,5-Dimethoxyphenyl)quinazoline  (12A). 250mg (1.2mmol, 1eq) of 6-
bromoquinazoline was dissolved in a mixture of 15 ml 1,4-dioxane and 2 ml water.
Potassium carbonate (0.76 g, 3.6 mmol, 3 eq) and (3,5-dimethoxyphenyl)boronic acid
(0.22 g, 1.2 mmol, 1 eq) were added and the reaction mixture was purged with argon.
P(t-butyl)s Pd G3 (6 mg, 0.012 mmol 0.01 eq) was added and the reaction mixture was
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stirred at room temperature for 18 h. The reaction mixture was concentrated under
reduced pressure, diluted with water (50 ml) and the product was extracted with ethyl
acetate (30 ml). The organic layer was dried with sodium sulfate, filtered through a
Celite® pad and concentrated under reduced pressure. The crude product was
triturated with diethyl ether to obtain pure 6-(3,5-dimethoxyphenyl)quinazoline as
yellowish powder (151 mg, 47 % vyield). "H NMR (400 MHz, CDCls): & 9.46 (s, 1H),
9.34 (s, 1H), 8.27 — 7.96 (m, 3H), 6.82 (d, J= 2.2 Hz, 2H), 6.54 (t, J= 2.2 Hz, 1H), 3.88
(s, 6H). 3C NMR (101 MHz, CDCI3): 6 161.4, 160.4, 155.2, 149.5, 141.6, 140.9, 134.0,
128.8, 125.3, 124.7, 105.8, 100.1, 55.5. HRMS (ESI-TOF) m/z 267.11278 [M+H]*, m/z
(calc.) 267.1128 [M+H]", HPLC (Method B) tret 10.29 min, purity (254.4 nm) 99.1%,
(230.4 nm) 98.3%.

6-(2,6-Dichloro-3,5-dimethoxyphenyl)quinazoline (12B). 150 mg (0.56 mmol, 1 eq) of
6-(3,5-dimethoxyphenyl)quinazoline were dissolved in 10 ml of dry acetonitrile. A
solution of sulfonyl chloride (150 mg, 1.1 mmol, 2 eq) in 2 ml of dry acetonitrile was
added maintaining the temperature below -20°C. The mixture was stirred at -20 °C for
1 h. Then, 2 ml of water were added to the cold reaction mixture and left stirring for
additional 5 min. The reaction mixture was concentrated under reduced pressure. The
crude product was extracted with 10 ml of ethyl acetate. The organic layer was dried
with sodium sulfate, evaporated under reduced pressure and purified by flash column
chromatography using the following gradient: Hex/EA 100:0 - 50:50; 10 CV. The
product was obtained as a beige powder (66 mg 35% yield). '"H NMR (400 MHz,
DMSO): & 9.66 (s, 1H), 9.36 (s, 1H), 8.17 —8.04 (m, J = 18.2, 5.0 Hz, 2H), 7.87 (dd, J
= 8.7, 1.7 Hz, 1H), 7.05 (s, 1H), 3.98 (s, 6H). '3C NMR (101 MHz, DMSO): & 160.9,
155.6, 154.6, 148.8, 138.8, 136.5, 136.0, 128.5, 127.9, 124.6, 112.8, 98.4, 56.8. HRMS
(ESI-TOF) m/z 335.03498 [M+H]*, m/z (calc.) 335.0349 [M+H]*, HPLC (Method B) tret
10.91 min, purity (254.4 nm) 98.0%, (230.4 nm) 99.1%.

6-(3,5-Dimethoxyphenyl)quinazolin-2-amine (13A). 300 mg (1.0 mmol, 1 eq) of 2-
chloro-6-(3,5-dimethoxyphenyl)quinazoline was weighed into a microwave tube and
dissolved in 6 ml of 1,4-dioxane. To the tube 1 ml of aqueous ammonia solution (25%)
was added and a white solid precipitated. The mixture was stirred in a microwave oven
at 75 °C for 2 h. To the solution, 10 ml of demineralized water were added under cooling
with an ice-water mixture and the product precipitated as a white solid, which was
filtered off, washed with water, and dried in a hot-air oven at 50 °C to constant weight.
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The product could be used in the subsequent reaction without further purification
(308 mg, 100% vyield). "H NMR (400 MHz, DMSO): 8 9.17 (s, 1H), 8.13 (d, J = 2.0 Hz,
1H), 8.03 (dd, J = 8.8, 2.1 Hz, 1H), 7.48 (d, J = 8.8 Hz, 1H), 6.92 (s, 2H), 6.88 (d, J =
2.2 Hz, 2H), 6.51 (t, J= 2.1 Hz, 1H), 3.83 (s, 6H)."*C NMR (101 MHz, DMSO): 5 163.2,
161.4, 161.4, 151.9, 142.0, 133.9, 133.6, 125.9, 125.4, 120.0, 105.1, 99.7, 55.8. MS
(ESI) m/z 350.2 [M+H]*, HPLC (Method A) tret 4.69 min, purity (254.4 nm) 98.2%,
(230.4 nm) 96.3%.

6-(2,6-Dichloro-3,5-dimethoxyphenyl)quinazolin-2-amine (13B). 500 mg (1.4 mmol,
1 eq) of 2-chloro-6-(2,6-dichloro-3,5-dimethoxyphenyl)quinazoline was weighed into a
microwave tube and dissolved in 4 ml of 1,4-dioxane. 1 ml of aqueous ammonia
solution (25%) was added to the tube. The mixture was stirred in a microwave oven at
75 °C for 2 h and the product precipitated partially as a white solid. The suspension
was mixed with 10 ml of demineralized water under cooling with an ice-water mixture
to further precipitate the product. The product was then filtered and washed with cold
water. The solid was dried in a hot-air oven at 50 °C until constant weight was reached
and could be used in the subsequent reaction without further purification (442 mg, 93%
yield). '"H NMR (400 MHz, DMSO): & 9.14 (s, 1H), 7.65 (s, 1H), 7.49 (s, 2H), 7.00 (s,
1H), 6.97 (s, 2H), 3.97 (s, 6H)."*C NMR (101 MHz, DMSO): & 163.0, 161.7, 154.9,
151.8, 139.9, 135.8, 130.7, 128.9, 124.9, 119.6, 113.6, 98.4, 57.2. MS (ESI) m/z 282.2
[M+H]*, HPLC (Method A) tret 4.26 min, purity (254.4 nm) 98.9%, (230.4 nm) 97.4%.

6-(3,5-Dimethoxyphenyl)-N-(3-nitropyridin-2-yl)quinazolin-2-amine (14A). 100 mg
(0.36 mmol) of 6-(3,5-dimethoxyphenyl)quinazolin-2-amine (13A) were dissolved in 20
ml of dry 1,4-dioxane. 2-bromo-3-nitropyridine (72 mg, 0.36 mmol, 1 eq) and cesium
carbonate (170 mg, 0.53 mmol, 1.5eq) were added to the reaction mixture, followed by
Pdz(dba)s (16 mg, 0.018 mmol, 0.05 eq) and XantPhos (11 mg 0.018 mmol, 0.05 eq).
The reaction mixture was purged with argon and stirred at 100 °C for 18 h. The reaction
mixture was then concentrated under reduced pressure. 20 ml of water were added
and the product was extracted with 20 ml of ethyl acetate. The organic layer was dried
with sodium sulfate and evaporated under reduced pressure. The crude product was
purified by flash column chromatography using the following gradient: hexane/EA
100:0 - 50:50; 10 CV. The product was obtained as a yellow powder (43 mg, 30%
yield). '"H NMR (400 MHz, CDCls): 5 10.31 (s, 1H), 9.35 (s, 1H), 8.73 (dd, J=4.5, 1.6
Hz, 1H), 8.56 (dd, J = 8.3, 1.7 Hz, 1H), 8.09 (dd, J = 8.8, 2.1 Hz, 1H), 8.02 (d, J=1.8

35

https://doi.org/10.26434/chemrxiv-2024-n89hr-v2 ORCID: https://orcid.org/0000-0003-0163-3419 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-n89hr-v2
https://orcid.org/0000-0003-0163-3419
https://creativecommons.org/licenses/by-nc-nd/4.0/

Hz, 1H), 7.95 (d, J = 8.8 Hz, 1H), 7.13 (dd, J = 8.3, 4.6 Hz, 1H), 6.81 (d, J = 2.2 Hz,
2H), 6.52 (t, J = 2.2 Hz, 1H), 3.88 (s, 6H). '3C NMR (101 MHz, CDCI3): 5 162.5, 161.5,
154.9, 154.5, 150.8, 147.5, 141.8, 139.0, 135.2, 134.6, 132.7, 127.8, 125.1, 122.5,
117.3, 105.7,100.0, 55.7. MS (ESI) m/z 403.9 [M+H]*, HPLC (Method B) tret 11.82 min,
purity (254.4 nm) 98.6%, (230.4 nm) 97.8%.

6-(2,6-Dichloro-3,5-dimethoxyphenyl)-N-(3-nitropyridin-2-yl)quinazolin-2-amine (14B).
100 mg (0.29 mmol, 1 eq) 6-(2,6-dichloro-3,5-dimethoxyphenyl)quinazolin-2-amine,
64 mg (0.31 mmol, 1.1 eq) 2-bromo-3-nitropyridine, 40 mg (0.29 mmol, 1 eq)
potassium carbonate, 5 mg (0.03 mmol, 0.1 eq) copper(l) iodide, and 3 mg (0.03 mmol,
0.1 eq) trans-1,2-diaminocylcohexane were weighed into a glass tube and dissolved
in 2 ml of dry 1,4-dioxane. The solution was degassed three times with a membrane
pump/ultrasonic and purged with argon. The mixture was stirred at 90 °C overnight.
The reaction mixture was extracted three times with 5 ml of dichloromethane and then
washed twice with 5 ml of demineralized water and once with 5 ml of brine. The
combined organic layer was dried with sodium sulfate, concentrated on the rotary
evaporator, and the crude product was purified by flash column chromatography, using
the following gradient: PE/EA 100:0 - 30:70; 10 CV. The product was obtained as a
yellow solid (17 mg, 13% yield). '"H NMR (400 MHz, DMSO): & 11.03 (s, 1H), 9.39 (s,
1H), 8.67 (dd, J = 4.7, 1.6 Hz, 1H), 8.45 (dd, J = 8.1, 1.6 Hz, 1H), 7.88 (d, J = 1.7 Hz,
1H), 7.67 (dd, J = 8.7, 1.9 Hz, 1H), 7.59 (d, J = 8.7 Hz, 1H), 7.38 (dd, J = 8.1, 4.7 Hz,
1H), 7.03 (s, 1H), 3.98 (s, 6H)."*C NMR (101 MHz, DMSO): & 162.7, 155.8, 154.5,
152.3, 149.5, 145.0, 138.9, 137.9, 136.3, 134.4, 133.0, 128.7, 125.6, 121.0, 119.2,
112.9, 98.2, 56.8. HRMS (ESI-TOF) m/z 472.05826 [M+H]*, m/z (calc.) 472.0574
[M+H]",HPLC (Method A) tret 8.81 min, purity (254.4 nm) 99.0%, (230.4 nm) 98.2%.

6-(3,5-Dimethoxyphenyl)-N-(6-methyl-3-nitropyridin-2-yl)quinazolin-2-amine (15).
100 mg (0.36 mmol) of 6-(3,5-dimethoxyphenyl)quinazolin-2-amine (13A) were
dissolved in 20 ml of dry 1,4-dioxane. 2-bromo-6-methyl-3-nitropyridine (76 mg, 0.36
mmol, 1 eq) and cesium carbonate (170 mg, 0.53 mmol, 1.5 eq) were added to the
reaction mixture, followed by Pdz(dba)s (16 mg, 0.018 mmol, 0.05 eq) and Xantphos
(11 mg, 0.018 mmol, 0.05 eq). The reaction mixture was purged with argon and stirred
at 100 °C for 18h. The reaction mixture was concentrated under reduced pressure. 20
ml of water were added and the product was extracted with 20 ml of ethyl acetate. The
organic layer was dried with sodium sulfate and evaporated under reduced pressure.
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The crude product was purified by preparative thin layer chromatography using the
following mobile phase: EA/MeOH (95:5). The product was obtained as a yellow
powder (26 mg, 18% yield). "H NMR (400 MHz, CDCl3): & 10.17 (s, 1H), 9.31 (s, 1H),
8.41 (d, J=8.4 Hz, 1H), 8.07 (d, J= 8.8, 1H), 8.00 (d, J= 1.5 Hz, 1H), 7.91 (d, J = 8.8
Hz, 1H), 6.96 (d, J = 9.1 Hz, 1H), 6.80 (d, J = 2.1 Hz, 2H), 6.52 (s 1H), 3.88 (s, 6H),
2.63 (s, 3H). '3C NMR (101 MHz, CDCls): & 165.1, 162.2, 161.4, 154.9, 150.6, 146.7,
141.8, 138.7, 135.1, 134.3, 130.7, 127.6, 124.9, 122.3, 117.3, 105.6, 99.8, 55.5, 25.1.
HRMS (ESI-TOF) m/z 418.15144 [M+H]*, m/z (calc.) 418.1510 [M+H]*,HPLC (Method
B) tret 11.99 min, purity (254.4 nm), 98.8%, (230.4 nm) 97.0%.

6-(3,5-Dimethoxyphenyl)-2-fluoroquinazoline (16). 180 mg (1.0 mmol, 1.5 eq) of
MesNF-t-AmylOH (synthesized by the procedure of Morales-Colon et al. °8) were
dissolved in 10 ml of dry DMSO. 200 mg (0.67 mmol) of 2-chloro-6-(3,5-
dimethoxyphenyl)quinazoline were added and the reaction mixture was stirred at room
temperature for 18 h. The reaction mixture was diluted with water (50 ml) extracted
with ethyl acetate (50 ml) and the organic layer was washed three times with 50 ml of
demineralized water and once with 50 ml of brine. The organic layer was dried with
sodium sulfate and evaporated under reduced pressure. The crude product was
purified by column chromatography using Hex/EA (3:1) as the eluent. The purified
product contains about 10% of the staring material and was obtained as a yellowish
powder (102 mg, 54% yield). '"H NMR (400 MHz, CDCls): 5 9.40 (d, J = 2.1 Hz, 1H),
8.18 (dd, J = 8.8, 1.8 Hz, 1H), 8.13 (d, J = 1.7 Hz, 1H), 8.02 (d, J = 8.8 Hz, 1H), 6.79
(d, J=2.2 Hz, 2H), 6.54 (t, J = 2.2 Hz, 1H), 3.88 (s, 6H). '3C NMR (101 MHz, CDCl3):
6 165.6 (d, J = 14.1 Hz), 161.6, 160.3 (d, J = 219.1 Hz), 151.8 (d, J = 13.1 Hz), 141.3,
140.6 (d, J = 2.5 Hz), 135.6, 128.0 (d, J = 2.7 Hz), 125.0, 124.2 (d, J = 3.2 Hz), 105.9,
100.2, 55.7. HPLC (Method B) tret 8.12 min, purity (254.4 nm) 89.6%, (230.4 nm)
90.1%.

2-Bromo-6-(3,5-dimethoxyphenyl)quinazolin (17). 1.0 g (3.3 mmol, 1 eq) 2-chloro-6-
(3,5-dimethoxyphenyl)quinazoline was dissolved in 40 ml of propionitrile and 1.5 g
(1.0 mmol, 3 eq) of bromotrimethylsilane were added, which resulted in the
precipitation of a yellow solid. The mixture was refluxed overnight and then poured into
40 ml of 2 M aqueous sodium hydroxide solution containing about 40 g of ice. The
aqueous layer was extracted three times with 40 ml of ethyl acetate and the combined
organic layer washed twice with 40 ml of demineralized water and once with 40 ml of
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brine. The organic layer was dried with sodium sulfate, then concentrated to dryness
on a rotary evaporator and purified by flash column chromatography, using the
following gradient: PE/EA/DCM 100:0:0 - 0:5:95; 11 CV. The product was obtained
as a beige solid (351 mg, 31% yield). '"H NMR (400 MHz, DMSO): § 9.54 (s, 1H), 8.53
(d, J=1.6 Hz, 1H), 8.43 (dd, J= 8.8, 1.9 Hz, 1H), 8.03 (d, J= 8.8 Hz, 1H), 6.98 (d, J =
2.0 Hz, 2H), 6.61 — 6.58 (m, 1H), 3.84 (s, 6H). '3C NMR (101 MHz, DMSO): & 164.0,
161.1, 150.8, 148.4, 140.3, 139.9, 135.1, 127.2, 125.6, 123.8, 105.3, 100.4, 55.4.
HPLC (Method A) tret 8.66 min, purity (254.4 nm) 97.4%, (230.4 nm) 96.4%.

2-Chloro-8-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinazolin ~ (18): 400 mg
(1.6 mmol, 1 eq) of 8-bromo-2-chloroquinazoline, 420 mg (1.6 mmol, 1 eq) of
4,.4.4'4' 555" 5" -octamethyl-2,2'-bi(1,3,2-dioxaborolane) and 480 mg (4.9 mmol, 3 eq)
of potassium acetate were weighed into a 50 ml two-neck flask and dissolved in 10 ml
of 1,4-dioxane. The flask was degassed three times with a membrane pump and then
purged with argon. To the solution 60 mg (0.08 mmol, 0.05 eq) Pd(dppf)Cl2 was added
and it was again degassed three times and purged with argon. The batch was stirred
for 4 h at 95 °C. The mixture was taken up in 20 ml ethyl acetate and washed twice
with 20 ml of demineralized water and once with 20 ml of brine. The combined organic
layer was dried with sodium sulfate, then concentrated on the rotary evaporator, and
the resulting solid could be used in the subsequent reaction without further purification.
"H NMR (400 MHz, DMSO): & 9.59 (s, 1H), 8.31 — 8.24 (m, 2H), 7.79 (t, J = 7.5 Hz,
1H), 1.36 (s, 12H). '*C NMR (101 MHz, DMSO) & 164.6, 156.4, 153.9, 142.1, 130.5,
128.0, 122.9, 84.0, 81.3, , 24,9, 24.6. MS (ESI) m/z 213.1 [M+H]*, HPLC (Method A)
tret 6.24 min, purity (254.4 nm) 92.4%, (230.4 nm) 97.0%.

2'-Chloro-6-(3,5-dimethoxyphenyl)-2,8'-biquinazoline (19). 50 mg (0.15 mmol, 1 eq) 2-
bromo-6-(3,5-dimethoxyphenyl)quinazoline, 51 mg (0.17 mmol, 1.2 eq) 2-chloro-8-
(4,4,5,5-tetramethyl-1,3, 2-dioxaborolan-2-yl)quinazoline and 92 mg (0.44 mmol, 3 eq)
potassium phosphate were weighed into a glass tube and dissolved in 4 ml of 1,4-
dioxane. The solution was degassed three times with a membrane pump/ultrasound
and purged with argon. To the solution 8 mg (0.015 mmol, 0.1 eq) of P(t-butyl)s Pd G3
pre-catalyst and 1 ml of demineralized water were added, and it was again degassed
three times and purged with argon. The mixture was stirred at room temperature
overnight. The solution was extracted three times with 5 ml of ethyl acetate and then
washed twice with 5 ml of water and once with 5 ml of brine. The combined organic
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layer was dried with sodium sulfate, then concentrated on the rotary evaporator and
prepared for further workup. The mixture was purified by flash column chromatography,
using the following gradient: PE/EA/DCM 100:0:0 -0:5:95; 11 CV. The product was
obtained as a yellow solid (18 mg, 36% yield). '"H NMR (400 MHz, DMSO): § 9.60 —
9.55(m, J=4.3 Hz, 1H), 9.37 - 9.31 (m, J = 4.1 Hz, 1H), 8.40 - 8.34 (m, J = 7.1 Hz,
1H), 8.20 - 8.07 (m, J=17.1, 11.0, 6.6 Hz, 4H), 7.84 — 7.76 (m, 1H), 6.82 - 6.76 (m, J
= 2.1 Hz, 2H), 6.52 — 6.46 (m, 1H), 3.86 — 3.80 (m, J = 4.0 Hz, 6H). 3C NMR (101
MHz, DMSO): 6 163.3, 161.4, 160.6, 157.9, 149.9, 141.5, 141.4, 137.4, 136.9, 134.6,
129.3, 128.7, 128.1, 124.8, 123.8, 123.7, 105.9, 100.2, 55.5. HRMS (ESI-TOF) m/z
429.11152 [M+H]*, m/z (calc.) 429.1113 [M+H]*, HPLC (Method A) tret 8.40 min, purity
(254.4 nm) 97.6%, (230.4 nm) 97.1%.

2-(2-Chloro-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-6-(3,5-dimethoxyphenyl)quinazolin  (20).
30 mg (0.09 mmol, 1 eq) of 2-bromo-6-(3,5-dimethoxyphenyl)quinazoline, 17 mg
(0.11 mmol, 1.3 eq) of 2-chloro-7H-pyrrolo[2,3-d]pyrimidine, 37 mg (0.17 mmol, 2 eq)
of potassium carbonate, 2 mg (0.01 mmol, 0.1 eq) of copper(l) iodide, and 1 mg (0.01
mmol, 0.1 eq) of frans-1,2-diaminocylohexane were weighed into a glass tube and
dissolved/suspended in 2 ml 1,4-dioxane. The mixture was degassed three times with
a membrane pump/ultrasound, purged with argon and stirred for 4 h at 100 °C. The
reaction mixture was extracted three times with 5 ml of ethyl acetate and the combined
organic layers were washed twice with 5 ml of demineralized water and once with 5 ml
of brine. The organic layer was dried with sodium sulfate, concentrated on the rotary
evaporator and the crude product purified by flash column chromatography using the
following gradient: EA/DCM 0:100 = 10:90; 9 CV The product was obtained as a white
solid (10 mg, 57% vyield). "H NMR (400 MHz, DMSO): 6 9.86 (s, 1H), 9.12 (s, 1H), 8.61
(d, J=2.0Hz, 1H), 8.48 (dd, J=7.4, 3.5 Hz, 2H), 8.13 (d, J = 8.8 Hz, 1H), 7.07 — 7.00
(m, J=17.2,3.0 Hz, 3H), 6.62 (t, J = 2.1 Hz, 1H), 3.90 — 3.85 (m, J = 10.5 Hz, 6H). '3C
NMR (101 MHz, DMSO): 6 163.8, 161.1, 153.8, 152.4, 151.9, 151.7, 149.7, 140.5,
139.0, 135.0, 129.9, 127.7, 125.6, 123.4, 120.1, 105.2, 103.1, 100.4, 55.5. HRMS (ESI-
TOF) m/z 440.08898 [M+Na]*, m/z (calc.) 440.0885 [M+Na]*, HPLC (Method A) tret
9.31 min, purity (254.4 nm) 96.6%, (230.4 nm) 95.9%.

6-(3,5-Dimethoxyphenyl)quinazolin-2-thiol (21). 500 mg (1.7 mmol, 1 eq) of 2-chloro-
6-(3,5-dimethoxyphenyl)quinazoline and 270 mg (3.3 mmol, 2 eq) of thiourea were
dissolved in 4 ml of ethanol and refluxed for 6 h which resulted in the precipitation of a
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yellow solid. The reaction mixture was cooled with ice water, the precipitate was
collected by filtration and washed with 15 ml of ethanol. The filter cake was suspended
in 10 ml of ethanol without further workup, to which one equivalent of 0.1 M sodium
hydroxide solution was added, and stirred at room temperature for 1 h. The mixture
was cooled with ice water and 20 ml of demineralized water were added, precipitating
a yellow solid. The solid was then filtered, washed with cold water, dried in hot-air oven,
and could be used in the subsequent reactions without further purification (240 mg,
48% yield). '"H NMR (400 MHz, DMSO, MeOD): 6 7.65 — 7.60 (m, 2H), 7.12 (d, J = 9.1
Hz, 1H), 6.73 (d, J = 2.2 Hz, 2H), 6.44 (t, J = 2.1 Hz, 1H), 5.56 (s, 1H), 4.12 (s, 6H).
13C NMR (101 MHz, DMSO): 5 175.2, 161.7, 142.2, 135.9, 135.3, 128.7, 126.5, 118.8,
115.2, 105.0, 99.6, 80.5, 55.5. MS (ESI) m/z 321.1 [M+H]*, HPLC (Method A) tret 6.64
min, purity (254.4 nm) 99.4%, (230.4 nm) 99.0%.

2-((6-Chloro-3-nitropyridin-2-yl)thio)-6-(3,5-dimethoxyphenyl)quinazolin (22). 25 mg
(0.08 mmol, 1 eq) of 6-(3,5-dimethoxyphenyl)quinazoline-2-thiol and 10 mg (0.09
mmol, 1.1 eq) of potassium tert-butoxide were weighed into a glass tube and dissolved
in 2 ml of dry tetrahydrofuran. The mixture was stirred for 30 min under cooling with an
ice-water mixture at 0 °C. Subsequently, 18 mg (0.10 mmol, 1.2 eq) of 6-chloro-2-
fluoro-3-nitropyridine were added to the batch and stirred again for 2 h at 0 °C. The
reaction mixture became a clear yellow solution. The reaction solution was then mixed
with 10 ml of ethyl acetate, washed twice with 5 ml of demineralized water and once
with 5 ml of brine. The organic layer was then dried with sodium sulfate and prepared
on the rotary evaporator for further workup. The mixture was purified by flash column
chromatography, using the following gradient: PE/EA 100:0 - 30:70; 18 CV The
product was obtained as a yellow solid (22 mg, 57% yield). '"H NMR (400 MHz, DMSO):
0 9.65 (s, 1H), 8.77 (dd, J = 5.3, 1.9 Hz, 1H), 8.56 (d, J = 1.6 Hz, 1H), 8.45 (dd, J =
8.8, 1.9 Hz, 1H), 8.35-8.31 (m, 1H), 8.06 (d, J = 8.8 Hz, 1H), 7.01 (d, J = 2.1 Hz, 2H),
6.63 — 6.60 (m, 1H), 3.86 (s, 6H). *C NMR (101 MHz, DMSO): & 162.4, 162.0, 161.1,
153.0, 152.9, 149.6, 143.6, 140.4, 140.0, 137.4, 134.7, 127.5, 125.6, 123.4, 123.3,
105.3, 100.4, 55.4. HRMS (ESI-TOF) m/z 455.05838 [M+H]*, m/z (calc.) 455.0575
[M+H]*, HPLC (Method A) tret 9.31min, purity (254.4 nm) 96.8%, (230.4 nm) 96.4%.

2-((2-Chloropyrimidin-4-yl)thio)-6-(3,5-dimethoxyphenyl)quinazolin ~ (23). 40 mg
(0.13 mmol, 1 eq) 6-(3,5-dimethoxyphenyl)quinazoline-2-thiol and 17 mg (0.15 mmol,

1.1 eq) potassium tert-butoxide were weighed into a glass tube, dissolved in 3 ml of
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dry tetrahydrofuran, and stirred at room temperature for 30 min. To the mixture 24 mg
(0.16 mmol, 1.2 eq) of 2,4-dichloropyrimidine was added and stirred for another 2 h.
The reaction mixture became a clear yellow solution. The reaction solution was then
mixed with 10 ml dichloromethane, washed twice with 5 ml demineralized water and
once with 5 ml brine. The combined organic layer was then dried with sodium sulfate
and prepared on the rotary evaporator for further workup. The mixture was purified by
flash column chromatography, using the following gradient: PE:EA 100:0 - 20:80; 18
CV The product was obtained as a yellow solid (29 mg, 53% yield). "H NMR (400 MHz,
DMSO): 6 9.64 (s, 1H), 8.75 (d, J = 4.8 Hz, 1H), 8.55 (s, 1H), 8.45 (d, J = 8.3 Hz, 1H),
8.37 (d, J = 5.3 Hz, 1H), 8.05 (d, J = 8.7 Hz, 1H), 7.07 — 6.94 (m, J = 22.2 Hz, 2H),
6.61 (s, 1H), 3.85 (s, 6H). '*C NMR (101 MHz, DMSO): 5 169.8, 162.6, 161.8, 161.1,
159.9, 159.2, 149.5, 140.4, 139.7, 134.9, 127.3, 125.7, 123.5, 120.9, 105.3, 100.4,
55.5. HRMS (ESI-TOF) m/z 433.05040 [M+Na]*, m/z (calc.) 433.0496 [M+Na]*, HPLC
(Method A) tret 9.39 min, purity (254.4 nm) 99.6%, (230.4 nm) 97.8%.

6-(3,5-Dimethoxyphenyl)-2-((2-fluoropyrimidin-4-yl)thio)quinazolin ~ (24). 40 mg
(0.13 mmol, 1 eq) 6-(3,5-dimethoxyphenyl)quinazoline-2-thiol and 17 mg (0.15 mmol,
1.1 eq) potassium tert-butoxide were weighed into a glass tube, dissolved in 3 ml of
dry tetrahydrofuran, and stirred at room temperature for 30 min. To the mixture 19 mg
(0.16 mmol, 1.2 eq) of 2,4-difluoropyrimidine was added and stirred again at room
temperature for another 2 h. The reaction mixture became a clear yellow solution. The
batch was then mixed with 10 ml of demineralized water under cooling with an ice-
water mixture where the product precipitated as a white solid. The suspension was
then filtered off and washed with water. The residue was dried in a hot-air oven until a
constant weight is reached and could be used without further purification (42 mg, 79%
yield). "H NMR (400 MHz, DMSO): 5 9.65 (s, 1H), 8.78 (dd, J = 5.3, 1.9 Hz, 1H), 8.56
(d, J=1.7 Hz, 1H), 8.45 (dd, J = 8.8, 2.0 Hz, 1H), 8.36 — 8.30 (m, 1H), 8.07 (d, J=8.8
Hz, 1H), 7.01 (d, J = 2.1 Hz, 2H), 6.61 (t, J = 1.9 Hz, 1H), 3.85 (s, 6H). '3C NMR (101
MHz, DMSO): 6 171.1, 170.1, 162.6, 162.3, 161.6, 161.2, 161.13, 161.06, 160.1,
149.6, 140.4, 139.7, 134.9, 127.4, 125.7, 123.5, 120.2, 120.1, 105.3, 100.4, 55.5.
HRMS (ESI-TOF) m/z 417.07998 [M+Na]*, m/z (calc.) 417,0792 [M+Na]*, HPLC
(Method A) tret 9.06 min, purity (254.4 nm), 96.3% (230.4 nm) 96.2%.

2-((2-Chloro-5-fluoropyrimidin-4-yl)thio)-6-(3,5-dimethoxyphenyl)quinazolin (25).
40 mg (0.13 mmol, 1 eq) of 6-(3,5-dimethoxyphenyl)quinazoline-2-thiol and 17 mg
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(0.15 mmol, 1.1 eq) of potassium tert-butoxide were weighed into a glass tube,
dissolved/suspended in 3 ml of dry tetrahydrofuran, and stirred at room temperature
for 30 min. To the batch 27 mg (0.16 mmol, 1.2 eq) of 2,4-dichloro-5-fluoropyrimidine
were added and the mixture stirred again at room temperature for another 2 h. The
reaction mixture was then mixed with 10 ml of dichloromethane, washed twice with 5
ml of demineralized water and once with 5 ml of brine. The organic layer was dried with
sodium sulfate, concentrated on the rotary evaporator, and the mixture was purified by
flash column chromatography, using the following gradient: PE/EA 100:0 - 30:70; 15
CV The product was obtained as a white solid (36 mg, 63% yield). '"H NMR (400 MHz,
DMSO): 6 9.57 (s, 1H), 9.01 (d, J=1.0 Hz, 1H), 8.49 (d, J= 1.8 Hz, 1H), 8.39 (dd, J =
8.9, 2.1 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 6.97 (d, J = 2,2 Hz, 2H), 6.59 (t, J = 2.1 Hz,
1H), 3.84 (s, 6H). '3C NMR (101 MHz, DMSO): 5 162.7, 161.7, 161.1, 156.8 (d, J =
263.5 Hz),154.5 (d, J = 18.1 Hz), 153.7 (d, J = 3.9 Hz), 149.6, 148.1 (d, J = 25.5 Hz),
140.4, 139.6, 135.0, 127.1, 125.7, 123.1, 105.3, 100.3, 55.4. HRMS (ESI-TOF) m/z
451.04065 [M+Na]*, m/z (calc.) 451.0402 [M+Na]*, HPLC (Method A) tret 9.53 min,
purity (254.4 nm) 100%, (230.4 nm) 99.4%.

6-(3,5-Dimethoxyphenyl)-2-((3-nitropyridin-2-yl)thio)quinazolin (26). 40 mg (0.13
mmol, 1 eq) of 6-(3,5-dimethoxyphenyl)quinazoline-2-thiol and 17 mg (0.15 mmol, 1.1
eq) of potassium tert-butoxide were weighed into a glass tube, dissolved in 2 ml dry
tetrahydrofuran, and stirred at room temperature for 30 min. To the reaction mixture 23
mg (0.16 mmol, 1.2 eq) of 2-fluoro-3-nitropyridine were added and stirred again at
room temperature for another 2 h. The batch was then mixed with 10 ml of
dichloromethane, washed twice with 5 ml of demineralized water and once with 5 ml
of brine. The organic layer was dried with sodium sulfate, concentrated on the rotary
evaporator, and the crude product mixture was purified by flash column
chromatography using the following gradient: PE/EA 100:0 - 30:70; 10 CV. The
product was obtained as a yellow solid (11 mg, 20% yield). '"H NMR (400 MHz, DMSO):
6 9.57 (d, J=0.6 Hz, 1H), 8.74 (dd, J= 4.6, 1.6 Hz, 1H), 8.65 (dd, J = 8.3, 1.6 Hz, 1H),
8.50 (d, J = 1.9 Hz, 1H), 8.39 (dd, J = 8.8, 2.1 Hz, 1H), 7.94 (d, J = 8.8 Hz, 1H), 7.66
(dd, J=8.3, 4.6 Hz, 1H), 6.99 (d, J = 2.2 Hz, 2H), 6.60 (t, J = 2.2 Hz, 1H), 3.85 (s, 6H).
13C NMR (101 MHz, DMSO): & 163.0, 162.3, 161.1, 153.6, 151.0, 149.5, 145.2, 140.5,
139.6, 134.6, 134.2, 127.3, 125.5, 123.3, 123.2, 105.3, 100.3, 55.4. HRMS (ESI-TOF)
m/z 421.09729 [M+H]*, m/z (calc.) 421.0965 [M+H]*, HPLC (Method A) tret 8.70 min,

purity (254.4 nm) 95.1%, (230.4 nm) 95.8%.
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Molecular Modelling. Molecular modeling was performed using the Schrodinger
Small-Molecule Drug Discovery Suite 2020-3 (Schrodinger, LLC, New York, NY, USA).
Proteins-ligand complexes used for docking were prepared using the standard protein
preparation protocol implemented in the Schrédinger Software package (protein
preparation wizard). Briefly, bond orders were automatically assigned, C- and N-termini
capped, missing side chains inserted and the structures refined using the Prime
module. PROPKA was used for assigning protonation states at physiological pH and
hydrogen bond orientations/tautomers were optimized during protein preparation.
Waters molecules were deleted and all structures manually checked prior to docking.
For covalent docking, the CovDock module was applied in the pose prediction mode
using standard settings and a minimization radius set to 3A. Three poses were
predicted for each ligand and the highest ranked pose was selected. The figures were
generated with PyMOL 2.5.4. (Schrodinger, LLC, New York, NY, USA).

Biochemical Assays. The provided ICsovalues were measured using the
HotSpot™ Kinase Profiling assay conducted at Reaction Biology Corp. in their facilities
in Malvern, PA, USA. All ICso values were first determined by singlicate measurements
starting at a concentration of 5 yM with a 10-fold serial dilution (5-point measurement).
Duplicate re-determinations for FGFR4 were performed for the most active compounds
8A and 8B. The ICso values for the compounds 8A, 8B, and the reference BLU9931
were additional determined with the PhosphoSens® CSox-based continuous assay
format at AssayQuant Technologies, Inc. Here, the compounds were prepared through
serial dilution in 100% DMSO, starting at 0.1 yM and diluting 3-fold. ICso values were
determined using the first 20 minutes of the steady-state linear range of the assay.
Final reaction conditions: 50 mM HEPES, pH 7.5, ATP concentration at Km, 1.0 mM
DTT, 0.01% Brij-35, 0.5 mM EGTA, 1% glycerol, 10 mM MgClz, 0.20 mg/mL BSA, 15
MM AQT sensor substrate (AQT0101), 2% DMSO. FGFR4 cytoplasmic domain (460-
802), N-terminal GST fusion, Carna (cat. # 08-136/ Lot: 17CBS-0513 M). Reaction
setup (0 min; all steps before readout performed at room temp.): 11.7 pL reaction mix
(HEPES, Brij, EGTA, MgCl2), DTT, ATP & CSox substrate, 0.3 yL inhibitor dilution in
100% DMSO, 3.0 yL enzyme dilution buffer (EDB) or kinase (5x in EDB). 15 L final
reaction volume. The reaction was run at 30°C for 240 minutes. The reactions were
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run in PerkinElmer 384-well low volume white ProxiPlates (Cat. #6059480) after
sealing using optically-clear adhesive film (TopSealA-Plus plate seal, PerkinElmer
[Cat. #6050185]) in a Biotek Synergy Neo 2 microplate reader with excitation (360 nm)
and emission (485 nm) wavelengths. 1Cso values were determined starting at a

concentration of 0.1 yM with a 3-fold serial dilution (20-point measurement).

Cellular viability study. Hep3B cells were purchased from the American Type Culture
Collection. The cells were cultured in DMEM medium supplemented with 10% FBS at
37°C and 7.5% CO2. Mycoplasma contamination was excluded via a PCR-based
method. The cells were treated with the compounds at indicated concentrations
starting at 10 yM with a 3-fold serial dilution (10-point measurement) for 4 days. The
cell viability was evaluated by CellTiter-Glo (CTG) based luminescent assay
(Promega). The data were analyzed using GraphPad Prism (v9.4.1) software.
Experiments were run in triplicate and three biological replicates were performed each

yielding similar results.

Protein phosphorylation analysis. Proteins were extracted from Hep3B cells using
RIPA extraction buffer and protein concentration was measured with the BIO-RAD DC
assay. 20 pg of proteins were subjected to SDS-PAGE and transferred onto PVDF
membrane (Immobilon-P from Millipore) via a wet-transfer system. The membranes
were incubated with primary antibodies against p-FRS2-a (Tyr196) (Cell Signaling
Technology; 3864; 1:1000), FRS2 (Thermo Fisher Scientific; PA5-115253; 1:1000) and
GAPDH (Cell Signaling Technology; 5174; 1:1000) overnight at 4 °C. Blots were
visualized by means of ChemiDoc MP Imaging System (BIO-RAD) using Clarity
Western ECL Substrate (BIO-RAD) and analyzed with ImagelLab v5.2.1 software.

Determination of kinetic constants. The kinact/Ki values for the compounds 8A and
8B and BLU9931 were determined with a PhosphoSens® CSox-based continuous
assay format at AssayQuant Technologies, Inc. All inhibitors in this set were able to be
fit to a two-step global model, allowing for independent kinact and Ki determination.
Reaction Conditions: 50 mM HEPES, pH 7.5, ATP concentration at Km, 1.0 mM DTT,
0.01% Brij-35, 0.5 mM EGTA, 1% glycerol (from EDB), 10 mM MgClz, 0.2 mg/mL BSA
(from EDB), 15 yM AQT sensor substrate (AQT0101), 1% DMSO. FGFR4, cytoplasmic
domain (460-802), N-terminal GST fusion, Carna (cat. # 08-136/ Lot: 17CBS-0513 M).
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Reaction setup: 0.3 pL compound dilution, 3.0 yL 10X Sox-based Substrate, 3.0 yL
10X ATP, 30 minute incubation at RT (while reaction mix is made), 23.7 L reaction mix
with 1.4X enzyme or EDB and all other components (enzyme/EDB added just before
use of reaction mix), 30 uL final reaction volume. The reaction was run at 30°C for 120
minutes. It was performed with a 1.5 serial dilution (24 point measurement) starting

with a concentration of 0.05 uM.

Metabolic stability. Pooled liver microsomes from humans (male) were purchased
from Sekisui XenoTech, LLC, Kansas City, KS, USA. Metabolic stability assays were
performed in the presence of an NADPH-regenerating system consisting of 5 mM
glucose-6-phosphate, 5 U/mL glucose-6-phosphate dehydrogenase, and 1 mM
NADP*. Liver microsomes (20 mg/mL), the NADPH-regenerating system, and 4 mM of
MgCl2:6 H20 in 0.1 M TRIS-HCI-buffer (pH 7.4) were preincubated for 5 min at 37 °C
and 750 rpm on a shaker. The reaction was started by adding the preheated compound
at 1 mM resulting in a final concentration of 10 uM. The reaction was quenched at
selected time points (0, 10, 20, 30, 60, and 120 min) by pipetting 100 pL of internal
standard (ketoprofen) in acetonitrile at concentrations of 50 yM for compound 8B and
35 uM for compound 14B. The samples were vortexed for 30 s and centrifuged (21910
relative centrifugal force, 4 °C, 20 min). The supernatant was used directly for LC-MS
analysis. All compound incubations were conducted at least in triplicates. Additionally,
a negative control containing BSA (20 mg/mL) instead of liver microsomes and a
positive control using Verapamil instead of compound were performed. A limit of 1%
organic solvent during incubation was not exceeded. Sample separation and detection
were performed on an Alliance 2695 Separations Module HPLC system (Waters
Corporation, Milford, MA, USA) equipped with a Phenomenex Kinetex 2.6 um XB-C18
100 A 50 x 3 mm column (Phenomenex Inc., Torrance, CA, USA) coupled to an Alliance
2996 Photodiode Array Detector and a MICROMASS QUATTRO micro APl mass
spectrometer (both Waters Corporation, Milford, MA, USA) using electrospray
ionization in positive mode. Mobile phase A: 90% water, 10% acetonitrile and
additionally 0.1% formic acid (v/v), mobile phase B: 100% acetonitrile with additionally
0.1% formic acid (v/v). The gradient was set to: 0-2.5 min 10% B, 2.5-10 min from 10
to 80% B, 10-12 min 80% B, 12-12.01 min from 80 to 10% B, 12.01-17 min 10% B at
a flow rate of 0.7 mL/min. Samples were maintained at 10 °C, the column temperature
was set to 20 °C with an injection volume of 5 uL. Spray, cone, extractor, and RF lens

voltages were at 4 kV, 30V, 8V and 2V, respectively. The source and desolvation
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temperatures were set to 120 °C and 350 °C, respectively, and the desolvation gas
flow was set to 750 L/h. Data analysis was conducted using MassLynx 4.1 software
(Waters Corporation, Milford, MA, USA).

Glutathione (GSH) Stability Assay. The performed GSH stability assay for the
compounds 8B ,22, 24, 25 and the FDA-approved reference compound Afatinib was
modified from a GSH assay established by Keeley et al. for analysis of heterocyclic
electrophilic fragments 267!, The following deviations from the original protocol were
made: the reaction medium was changed to ACN/PBS-buffer (pH 7.4) 50:50 due to
limited solubility of some compounds in aqueous buffer. After adding the buffer (250 ul)
to the solution of the compounds in ACN (250 pl, 500 uM) the mixtures were filtered to
avoid potential errors caused by compound precipitation. The reaction temperature
was chosen to be 40 °C. The reaction with GSH (final concentration 5 mM) was
monitored by measuring the decreasing area under the curve (AUC) of the compounds

relative to the internal standard indoprofen (final concentration 100 pM).

Protein expression and purification. FGFR4 kinase domain (L445-E753) fused with
a cleavable 6xHis affinity tag was expressed by BL21(DE3)-R3-lambda-PPase, which
can co-express the lambda phosphatase to make the protein in a non-phosphorylated
form. E.coli cells were cultured in Terrific broth (TB) medium supplemented with proper
antibiotics at 37°C until ODeoo = 3, then induced with 0.5 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG), followed by overnight expression at 18°C at 180 rpm on
a shaker. Cells were harvested and re-suspended in buffer: 50 mM HEPES at pH 7.5,
500 mM NacCl, 10 mM imidazole, 1 mM TCEP, 5% glycerol, then lysed by sonication on
ice. The cell debris was removed by high-speed centrifuging and the supernatant was
purified by immobilized metal affinity chromatography (IMAC) with Ni-sepharose resin
(GE Healthcare) and the protein solution was passed though the Ni?* beads again after
the 6xHis affinity tag was cleaved. Size exclusion chromatography (SEC) was
performed for further purification (protein in final buffer: 25 mM HEPES at pH 7.5, 250
mM NaCl, 0.5 mM TCEP, 5% glycerol). Protein concentration was measured by UV
absorbance at A280 nm on a NanoDrop 2000 (Thermo Scientific) spectrophotometer,

with the specific molar extinction coefficient and molecular weight of the target protein.

Intact protein MS. Protein concentration was adjusted to 50 uM and incubated with
100 uM of the covalent inhibitors 8A and 8B or non-reactive control 14B at room

temperature for 2 hours. The reaction was terminated by mixing with 1% formic acid in
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the ddH20, followed by desalting the sample with C8 stage tips according to the
protocol previously described 72. An injection volume of 5 yL was loaded for MS
analysis. To remove protein carryover on the column, blank runs were performed
between each sample injection. Acquisition of MS data was performed on Time-of-
Flight (TOF)LC/MS (Agilent 6200 series) with positive electrospray ionization (ESI).
Data were deconvoluted and analyzed by MassHunter Bioconfirm (Agilent), using 650-
2000 m/z range,10-100 KDa mass range, mass step of 1 Da and subtract baseline of
7.

Differential scanning fluorimetry (DSF) kinase panel. Differences in the melting
temperature (ATm) data were measured as described by Schwalm et al 3. In brief:
Purified proteins were buffered in 25 mM HEPES (pH 7.5) containing 500 mM NacCl
and were assayed in a 384-wellplate with a final protein concentration of 2 uM in 10 pL
assay volume. Inhibitors were added to a final concentration of 20 uM, using an ECHO
550 acoustic dispenser (Labcyte). As a fluorescence probe, SYPRO-Orange
(Molecular Probes) was added in a 1:5000 dilution. Filters for excitation and emission
were set to 465 nm and 590 nm, respectively. The temperature was increased from
25°C with 3°C/min to a final temperature of 95°C, while scanning, using the
QuantStudio5 (Applied Biosystems). Data was analyzed through Boltzmann-equation
in the Protein Thermal Shift software (Applied Biosystems). Samples were measured

in technical duplicates.

NanoBRET assays. The assay was performed as described previously. 7 In brief:
Full-length FGFR1-4 were obtained as plasmids cloned in frame with a terminal
NanoLuc-fusion (kind gift from Promega). Plasmids were transfected into HEK293T
cells using FUGENE HD (Promega, E2312) and proteins were allowed to express for
20 h. Serially diluted inhibitor and NanoBRET K10 Tracer (Promega, TracerDB ID:
T000008) at the Tracer Kp concentration taken from TracerDB (tracerdb.org) were
pipetted into white 384-well plates (Greiner 781207) using an ECHO acoustic
dispenser (Labcyte). The corresponding protein-transfected cells were added and
reseeded at a density of 2 x 10° cells/mL after trypsinization and resuspending in Opti-
MEM without phenol red (Life Technologies). The system was allowed to equilibrate
for 3 hours at 37°C/5% CO:2 prior to BRET measurements. To measure BRET,
NanoBRET NanoGlo Substrate + extracellular NanoLuc Inhibitor (Promega, N2540)

was added as per the manufacturer’s protocol, and filtered luminescence was
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measured on a PHERAstar plate reader (BMG Labtech) equipped with a luminescence
filter pair (450 nm BP filter (donor) and 610 nm LP filter (acceptor)). Competitive
displacement data were then graphed using GraphPad Prism 9 software using a
normalized 3-parameter curve fit with the following equation: Y=100/(1+10"(X-
LogICso)).

Supporting Information

o Docking poses for O-linked, S-linked pyrimidine-, quinazolin- and pyrrolopyrimidine-
warheads. GSH data of afatinib, compounds 8B, 22, 24 and 25. Results from the
thermal shift kinase panel. Metabolic stability assay for compounds 8B and 14B. HPLC

traces.
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