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Figure 14: Structures of exemplary p38 kinase inhibitors; PoA = point of activation.

Following the lack of success in the treatment of inflammatory diseases, p38 pathway inhibitors like
talmapimod (SCIO-469) and LY3007113 were also investigated in clinical trials for malignant
diseases. ’'Y However, dose-limiting tolerability issues of LY3007113 led to the termination of further
investigations. [!°!) Notably, inhibition of p38 activates different feedback loops mediated by MSK,
resulting in increased activation of the JNK pathway and inhibiting expression of DUSP1 and anti-
inflammatory cytokines, IL-10 and IL-1RA. [!°) These mechanism may contribute to the low levels of

efficacy of p38 inhibitors in clinical trials.

1.4.2 Kinase Inhibitors Targeting MK2

To overcome the challenges associated with direct inhibition of p38, research turned its focus to other
parts of the pathway, leading to the emergence of MK2 as a promising alternative target. % 1920

Several activation inhibitors aimed at interrupting the interaction between p38a and MK2 have been
developed and reached clinical trials. CMPD1 (6, Figure 14), described in 2004 by a group at Boehringer
Ingelheim, binds to p38a and selectively inhibits MK2 phosphorylation in a non-ATP-competitive
manner. [ Zunsemetinib (CDD-450, ATI-450, 7, Figure 14), an inhibitor of MK2 activity acting
through the prevention of MK2 phosphorylation by p38a, demonstrated promising anti-inflammatory
effects in a Phase Ila clinical trial, overcoming the typical challenges associated with p38 inhibition. ['*#!
However, the phase IIb study for the treatment of rheumatoid arthritis failed to reach the efficacy goals,

leading to the discontinuation of further development. A similar derivative, ATI-2231 (not shown), is
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very recently FGFR4 (37).1%27 In the latter study, we successfully combined the heterocyclic
chloronitropyridine warhead of compound 36 with the hinge binding quinazoline core of BLU9931 (35),

227

resulting in compound 37. 22" In 2023, researchers from Bristol Myers Squibb published the discovery
and properties of the benzothiophene-based MK2 inhibitor gamcemetinib (CC99677; 20), the
aforementioned SyAr based clinical candidate, which will be further discussed in section 1.4.4. 2?8

As briefly mentioned above, binding of a covalent inhibitor to its target can be described by a two-step
mechanism (Figure 27). In the first step, there is a reversible binding event between the inhibitor and
the protein. This initial interaction positions the warhead in proximity to the reactive amino acid residue,
facilitating the formation of the covalent bond. While the covalent binding event is usually irreversible,
reversible-covalent mechanisms are also possible, e.g. by using dually activated MICHAEL acceptors
such as a-cyano-acrylamides as warhead. (27

The activity of an inhibitor against its target is commonly described by the half maximal inhibitory
concentration (ICso) value. In the case of a covalently acting compound, the inhibition, however, is a
time-dependent process, so the ICsq value changes when varying the incubation/reaction time leading to
an increase in (apparent) potency with increasing incubation times.

Due to the more resource-demanding nature of the experiment, [Cso values are still common for activity
assessment in the kinase field, especially at early project stages. To include the kinetic aspect of the
activity for a covalent inhibitor, however the time-independent Kinac/Ki value is recommended for
potency evaluation. The kinae/K; value is the second order rate constant of target inactivation. **! The K
value therein represents the required inhibitor concentration to achieve the half-maximal reaction rate
of the covalent binding event. This term depends on efficient non-covalent binding in step 1 (see Figure

27). The covalent bond formation is described by kinact, Which is the reaction rate thereof essentially

reflecting the velocity of covalent bond formation at full target occupancy. 23

Kon kinact
— A% '0'0
a \ Koft A
K

Figure 27: Two-step binding mechanism of a covalent inhibitor and its kinetic parameters; the protein

kinact

is depicted in blue, the inhibitor in green, and the targeted residue in red.

The activity of covalent inhibitors is influenced by the reversible binding event, the intrinsic reactivity
and the right orientation of the reactive group. The geometry is affected by the attachment positions of
the linker to the core and the chosen linker/warhead combination. Balancing the reactivity of the
electrophile is crucial to ensure effective target binding while avoiding unspecific binding to other
proteins, DNA or small physiological molecules (e.g. GSH), which may cause off-target effects and

toxicity or simply quench the inhibitor, [2!7-231]
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A common method to access reactivity towards thiol nucleophiles are stability assays using GSH or
other surrogate nucleophiles bearing a thiol group. GSH is particularly suitable since it is present in
cellular environment in high (typically low millimolar) concentrations. In addition, the use of GSH,
compared to alternative surrogate molecules such as N-acetylcysteine and cysteamine, can distinguish
the reactivity of a variety of warhead types in a more nuanced manner and covers a wide array of

reactivities. 1232

I High-performance liquid chromatography (HPLC)-based methods are mostly used to
measure degradation of the electrophilic compounds. To represent physiological conditions, an aqueous
buffer at pH ~7.4 is typically used and the experiment is carried out at ~37 °C. However, differences in
the experimental conditions like buffer system, type and amount of organic co-solvent and concentration
of the reactive components, but also minor variations in pH and temperature, influence the obtained
reaction rates and half-life (t12) values, making quantitative comparisons challenging between different

[233

studies. [?**! For drug-like molecules, a known inhibitor, like afatinib, is often included to be used as a

reference value. 34

1.4.4 Development of a Clinical Candidate Covalently Targeting MK2

The development of gamcemetinib (CC-99677, 20, see Figure 17), the first covalent inhibitor targeting
MK2, was published in 2022. 12282331 Since the project for this thesis was already advanced at this point

[‘ the findings of this study were not incorporated

during our work. Nevertheless, it serves as a
representative example of a covalent drug
discovery project building on a related approach,
and offers valuable insights into target-related
aspects.

Y The design of gamcemetinib (20) started with the
/// /T S s = fusion of the established benzothiophene core
Figure 28: Binding mode of PF3644022 (19, in (chapter 1.4.2, 19 (Figure 17)) and an SAr

green) to MK2 (PDB: 7NRY [)); gatekeeper warhead. Even though the p-fluoronitro group

Met138 in blue, Cys140 in yellow, amino acids (pregent in 33, Figure 25) was included in the first

involved in inhibitor binding in orange. patent P, the decision was made fo utilize
halopyrimidines as tunable warhead moieties. The crystal structure of the reversible benzothiophene
based inhibitor PF3644022 (19), shown in Figure 28, reveals three relevant H-bond interactions.
Specifically, the tetracycle’s pyridine-nitrogen interacts with the backbone NH of Leul41 in the hinge-
region, while two additional hydrogen bonds are formed between the lactam carbonyl oxygen and the
&-NH, of Lys93, and between the lactam NH and y-carboxylate of Asp207 in the DFG-motif. ! Analysis
of crystal structure of an early covalent compound by MALONA ef al. revealed an analogous binding

mode. %] Subsequently, the halopyrimidine in CC-99677 (20) forms a covalent bond with Cys140
(highlighted in yellow in Figure 28) via an SyAr reaction.
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2 Aims

The p38 MAP kinase signaling pathway is involved in important physiological and pathophysiological

[51b, 51d

processes. 1 One of the downstream targets of p38 MAP kinase is the protein kinase MK2, which

237

plays an important role in inflammatory signaling. 37! In addition, more recent findings demonstrate its

491 Despite great efforts to target MK2 in several

involvement in carcinogenesis and tumor progression.
drug discovery projects, no small molecule inhibitor has yet succeeded in clinical trials. 33> %! A great
portion of these drug design projects already failed in the early stages, due to the major challenges arising
in terms of the high competing cellular ATP concentrations, kinase selectivity and the physicochemical
properties. % 181 In 2023, two MK2 inhibitors, zunsemetinib (7) ! and gamcemetinib (20) 3¢, for
treatment of inflammatory diseases failed in clinical trials due to lack of efficacy, underlining the need

for the development of drugs with further improved properties. 1952361

Figure 29: The MK2 inhibitors lead structures for this PhD project. Reversible

binding core marked in gold, linker in blue and warhead in red.
The starting point for this PhD project were the known reversible MK2 inhibitor 281 and the
acrylamide-containing derivative 43 from the patent literature '), According to the limited data provided
within the patent, attachment of the electrophilic warhead to the tetracyclic core (marked in gold in
Figure 29) indeed enabled covalent targeting of a nucleophilic cysteine (Cys140) in the hinge region of
MK2, located two residues C-terminal to the gatekeeper (Met138). We decided to pursue such a covalent
approach to exploit the advantages of a long target-residence time and to improve on-target activity and
selectivity. While MK?2 is a suitable target for covalent approaches due to its low protein turnover,
addressing Cys140 is also desirable to promote selectivity within the kinome, as only four other kinases
(MK3, FGFR4, MPS1, S6K2) contain an equivalent cysteine. To enable the formation of a covalent
bond with the kinase’s cysteine, different electrophilic warheads (highlighted red in Figure 30) were

incorporated into the molecule.
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First, well-established acrylamide warheads were implemented to confirm covalent targetability of the
respective cysteine. The same warhead type has been successfully used to target the equivalent cysteine
in FGFR4 (35, BLU9931, Figure 30) 12, encouraging this approach. The second part of the project
focused on installing an aromatic warhead, which forms the covalent bond via a SyAr mechanism. 213
Notably, the fragment 36, which comprises a 2-chloro-5-nitropyridine warhead, has been identified to
covalently engage FGFR4 via the chloronitropyridine (Figure 30).1? Consequently, we decided to

attach its electron-deficient chloronitro aryl residue to the MK?2 inhibitor core via a linker nitrogen atom.

warhead linker core

N

Figure 30: Schematic depiction of the design strategy. Known FGFR4 inhibitors on the top; linker
highlighted in blue, warhead in red, reversible binding core in gold.

The inhibitor core was to be structurally modified to optimize the reversible binding properties and the
orientation of the warhead, but also to facilitate chemical synthesis and thereby enabling generation of
structure—activity relationships (SAR). The substitution at the pyrrole nitrogen was identified as
interesting derivatization point and its influence in inhibitor binding and physicochemical behavior was
to be examined. Furthermore, the variation of the linking atom and the warhead, particularly its
substitution pattern, was envisaged to provide valuable insights into the potential influences of

heterocyclic warheads on the reactivity and the physicochemical properties of the inhibitor.
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3 Synthesis Part

3.1 Synthesis of Pyridine-based Tetracyclic Compounds

The first aim of the project was to prove the covalent targetability of the GK+2 cysteine in MK2, before

varying the type of warhead used. The wealth of experience with acrylamide-based warheads supported

the choice as a starting point. Not only is this structural group part of several approved drugs, 219 it is

also suitable for targeting cysteine residues in different kinases and locations. ?'®! The wide application

is accompanied by a variety of published synthetic methods, 0
which can be useful for establishing a suitable synthetic \ — ) NH
route. In addition, the equivalent cysteine in FGFR4 has MO N/ N |
already been successfully targeted with an o,B-unsaturated N H

amide. [> 2261 A patent disclosed by Celgene in 2014, covering & 43
0]

several of the core structures, mentioned in section 1.4.2,

combined with an acrylamide warhead, served as an Figure 31: Structure of a covalent MK2
inspiration for this project. !> Considering the experimental inhibitor 43 from the patent literature.
results and the synthetic steps, including the accessibility of starting materials and the methods used, the
tetracyclic structure, exemplified by compound 43 (Figure 31), was chosen as the starting point.

The pyridine-based tetracyclic core has been published in reversible MK?2 inhibitors with ICso values in
the low nanomolar range in a biochemical assay, but lacking cellular activity. ™ The covalent binding
mode is proposed to improve the cellular activity by escaping from competition with the high cellular

2131 Compound 43 was reported to inhibit the

ATP concentration after successful irreversible binding. !
kinase with an ICso value < 100 nM, furthermore the authors reported > 70% protein mass modification
and labelling of Cys140 after trypsin digestion. ['*! The synthesis of the tetracyclic core, which involves
eight steps, is illustrated in Scheme 1.

The bicyclic isoquinolin-3-ol 47 was synthesized in a two-step procedure from benzylamine 45 and
ethyl 2,2-diethoxyacetate 44, in a manner analogous to that described in the literature. ™! To this end,
after an initial ester aminolysis, the obtained amide intermediate 46 was cyclized to isoqunolin-3-ol 47
by stirring in sulfuric acid. The partial hydrogenation of 47 was carried out under strong acidic
conditions (trifluoracetic acid (TFA), triflic acid) and catalyzed by PtO, under hydrogen pressure, as
described by PAN et al. for the synthesis of sempervirine. [!*! The following steps have been described
in related patent literature and further optimized. !5 The obtained 5,6,7,8-tetrahydroisoginolin-3-ol 48
was chlorinated with phosphoryl chloride (POCI;) under heating to 170 °C in a pressure vessel. For the
subsequent introduction of an oxime in the benzylic position, the bicyclic intermediate 49 was first
partially deprotonated with potassium zert-butanolate (KOzBu) in tetrahydrofuran (THF), before tert-
butyl nitrite (TBN) was added. The oxime 50 was hydrolyzed to the ketone 51 in acetone. The

concentration of the added hydrochloric acid (HCI) was critical for the outcome of the reaction, with a
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mixture of concentrated HCI and 6N HCI giving the best results. The bromination at the a-position of
ketone 51 led to the key intermediate 52. The acidic environment allowed selective monohalogenation.
The tetracyclic core 54 was completed by closure of the pyrrole ring via a HANTZSCH pyrrole synthesis
which requires a primary amine and a 1,3-dicarbonyl besides the a-halo ketone. 2*8) Here tert-butyl 2,4-
dioxopiperidine-1-carboxylate 53 was used as the dicarbonyl and condensed with ammonia and 52 to
the pyrrole ring in 54.
O (0]
At g a’'s gENESS
O rO HO %
46 47

r 44 45

c N d N e N
- _ - _ - L
HO cl cl |
48 49 50 Nygy

/ N—Boc

Scheme 1: Synthesis of the pyridine-based tetracyclic core: (a) 130 °C, 18 h, quant. ©); (b) H,SOs4, 0 °C
(0.5 h) to rt (1 h), 98% B; (¢) PtO,, TFA/triflic acid, H» (3 bar), 18 h, 42% ['%); (d) POCl;, 170 °C, 16 h,
47% 151 (e) 1. KOtBu, THF, 0 °C, 18 h; 2. TBN, 0 °C to rt, 3 h, 83% %), (f) HCI, acetone, reflux, 6 h,
77%; (g) Bra, HBr(.q), acetic acid (HOAc), rt, 3 h, 73% 5); (h) NH4OAc, methanol (MeOH), reflux, 3 h,
47%. 151

Methylation of the pyrrole nitrogen with methyl iodide worked as expected and 55 was obtained (see
Scheme 2). The pre-substituted linker was attached to the isoquinoline-3-position of both, the

methylated and unmethylated core via a SUZUKI coupling. The final steps are illustrated by the synthesis

N (0] N (0]
a
\ o~ ) N-Boc > \ o~ ) N-Boc
Cl HN Cl N
54 55 /

o)
o) — —
N N % N N 4 NH
\ | |
O~ -Boc N \
// N _b_ N _°c . N
cl HN H H H
4 56 64
(@) O\ 7 [0 )e]

\

Scheme 2: Methylation of 55 and exemplary synthesis of the final inhibitor 64; (a) CHsl, Cs,COs, N,N-
dimethylformamide (DMF), rt, 2 h, 66%; (b) 76, Ko.COs, (1Bu);P Pd G3, 1,4-dioxane/H,0, 80 °C, 18 h,
77%; (¢) TFA, dichloromethane (DCM), rt, 30 min, 68%.
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of 64 (Scheme 2). The product of the Suzuki coupling 56 was deprotected by means of acid to give the
final compound 64.

This synthetic route allowed the synthesis of a series of compounds with a variety of aromatic linkers
substituted in different ways. The corresponding unreactive control compounds, in which the acrylamide
was replaced by a saturated propionamide, were synthesized in an analogous manner (see Scheme 3).
The derivatives lacking the electrophilic group are useful for a first assessment of the relevance of the
covalent binding step from the biochemical assay data. Due to their high structural similarity, an increase

in inhibitory activity for the acrylamide-containing derivatives is likely to be related to covalent bond

formation.
o]
/
®B\X<
o] Y o]
N — y N,Boc alb c N = ) NH
\ | —_— - \ |
N N
Cl Fé1 F\;-]
54 Ry=H 64-71
55 R1:CH3
Q- L o
AJDA@V@?U@AA@]@AWN@EN
o] 0 0 © o
| [
56/64 R'=H 58/66 R'=H 60/68 R'=CH, 61/69 R'=H 62/70 R'=H 63/71 R'=H
57/65 R'=CH, 59/67 R'=CH,

Scheme 3: Synthesis of the pyridine-based tetracyclic inhibitors; (a) K,COs, (Bu);P Pd G3, 1,4-
dioxane/H,0, 80 °C, 18 h; (b) Na,COs, Pd(PPhs)4, 1,2-dimethoxyethan/ethanol (EtOH)/H»0, 90 °C, 6 h;
(c) TFA, DCM, rt, 30 min.

The synthesis of the pre-substituted boronic acid esters 76
and 79 bearing an acrylamide or propionamide, which
were used in the pre-final SUZUKI coupling step, is shown
in Scheme 4. These p-methoxy substituted derivative
(76/79) represent the ring-opened analog of the bicyclic
linker of compound 43 from the patent literature (Figure
31). The precursor of the former are directly accessible -
from the aniline (72, Scheme 4), while the bicyclic oxazine

83 had to be built up first (Scheme 5). In addition to these

two aromatic linker derivatives containing an ether _.
& Figure 32: Overlay of the crystal

substituent (74 and 84) the ortho-methyl linker, present in  gqructure of BLU9931 35 (colored in

BLU9931 (35) was included as an alternative. The latter orange) bound to FGFR4 (colored in
grey; PDB: 4XCUP)) and a tetracyclic

inhibitor 28 (turquoise) bound to MK2
FGFRA4. ] The o-substituent influences the orientation of (colored in pale cyan; PDB: 3M2W 1)),

was successfully used to target the equivalent cysteine in
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the linker moiety by promoting an out-of-plane torsion. An overlay of the X-ray crystal structures
displayed a similar orientation of the hinge binding motif in the irreversible inhibitor BLU9931 (35) and
the tetracyclic core of an MK2 inhibitor (28) related to the ones described here in the binding pocket of
MK?2 (Figure 32).

: X
Q R’ R?
Br NH, a QI\/‘B NH, /
R’ R? R R2 77 R'=CHg; R?=H
[

72 R'=H; R%= -OCH, 74R'=H;R?= -OCH, >?L

73 R'=CHg; R?= H 75 R'=CHg; R?= H

78 R'=H; R?= -OCHj,4
79 R'=CH;; R%=H

Scheme 4: Synthesis of the boronic acid pinacol esters of the aromatic linker; (a) Bopiny, KOAc,
Pd(dppf)Cla, 1,4-dioxane, 80 °C, 5- 7 h, 57% (74)/ 87% (75); (b) acryloyl chloride, DIPEA, DCM, -
80 °C to rt, 1 h, 75% (76)/ 66% (77); (c) propionyl chloride, TEA, DCM, 0 °C to rt, 16 h, 97% (78)/
58% (79).

For the synthesis of the monocyclic linkers (shown in Scheme 4), the respective 3-bromoanilin
derivatives 72/73 were first converted to the boronic acid pinacol esters 74/75. The MIYAURA borylation
was followed by an amide coupling with acryloyl chloride and N, N-diisopropylethylamine (DIPEA) to
introduce the warhead (76/77) or propionyl chloride in combination with triethylamine (TEA) for the
synthesis of the linkers 78/79 for the unreactive control compounds.

The bicyclic linker required for compounds 68 and 71 was synthesized from the aminophenol 80 (see
Scheme 5). As described by ARMITAGE et al.**], 2-amino-4-bromophenol 80 was reacted with 2-
chloroacetyl chloride 81. The resulting amide 82 was then reduced to the amine 83 using lithium
aluminum hydride (LiAlHs). The MIYAURA borylation (84) and the subsequent amide couplings were
performed using the same procedure as described above (Scheme 4). The building blocks 85 and 86

were also attached to the core by SUZUKI coupling (Scheme 3).
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Scheme 5: Synthesis of the bicyclic linker moiety and attachment of the warhead; (a) 1) NaHCOs, THF,
< 5°C, 30 min; 2) K,CO:s, reflux, 2.5 h, 81%; (b) LiAlH4, THF, 0 °C to rt, 18 h, 47%; (c) B2pinz, KOAc,
Pd(dppf)Cls, 1,4-dioxane, 80 °C, 2 h, 76%; (d) acryloyl chloride, DIPEA, DCM, -80 °C to rt, 1 h, 72%;
(e) propionyl chloride, TEA, DCM, 0 °C to rt, 16 h, 56%.

@J

A series of compounds with the pyridine-derived tetracyclic core were successfully synthesized.
However, several drawbacks became apparent during the synthesis. The harsh reaction conditions for
the partial hydrogenation of the isoquinoline (Scheme 1, step ¢) with strong acidic conditions and
hydrogen overpressure limited upscaling. Similarly, the subsequent chlorination step (Scheme 1, step
d), performed at a temperature above the boiling point of POCIs and the resulting pressure conditions
with this very aggressive reagent are a limiting factor. The insufficient reactivity of the 2-position of the
terminal pyridine ring in cross-coupling and SnxAr reactions limits the derivatization possibilities and
SAR studies. Attempts to replace the acrylamide warhead with a chloronitropyridine failed on this
scaffold (see section 3.2.1 for planned synthetic route). To this end, replacing the chloride leaving group
of the core with a nitrogen as a linker atom was not successful at all, using either SxAr or transition
metal catalyzed conditions, due to insufficient reactivity of the halide precursor and potential steric,

electronic, and coordination effects of the entire tetracyclic core.
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3.2 Synthesis of Pyrimidine-based Tetracyclic Compounds

The replacement of the terminal pyridine by a pyrimidine on tetracyclic MK2 inhibitors was described
by SCHLAPBACH et al.!! To this end, 2-chloropyridine in intermediate 54 was replaced by a
2-chloropyrimidine (94). The latter heterocycle is more electron deficient and should therefore be more
reactive towards nucleophiles and in cross-coupling reactions. [**! In addition to the change in reactivity,
the synthesis of the core has some significant advantages. The tetracyclic core could be built up from
the cyclohexanone derivative 87 (see Scheme 6). Starting from this saturated ring avoided the

hydrogenation, required for the pyridine-based tetracyclic derivative (section 3.1, Scheme 1).

o) 0 OH Cl
AN
Crte = 0 0 = 0
HO™ N7 cI” N CI” °N
87 88 89 90
\
N—Boc

93

Scheme 6: Synthesis of the pyrimidine-based tetracyclic core 94; (a) urea, NaOMe, EtOH, reflux, 16 h,
49%; (b) POCls, reflux, 2 h, 80%; (c) Zn, NH4Cl, H,O/acetone, reflux, 6 h, 60%; (d) KOsBu, TBN, THF,
-78 °Cto rt; quant.; (¢) HClcone, H2O/acetone, 80 °C, 30 min, 23%; (f) Brz, HClcone, 35 °C, 10 min, quant.;
(g) 53, NaOAc, NH4OAc, MeOH, 1t, 18 h, 52%.

Condensation of the dicarbonyl compound 87 with urea, as described by ORTEGA et al. ?*"/ gave the
“pyrimidine diol” 88 (Scheme 6). The chlorination was carried out under reflux conditions to give 89.
Selective monodehalogenation at the more electrophilic pyrimidine 4-position leading to 90 was
performed under mild reductive conditions, using zinc dust and ammonium chloride. The reaction
conditions had to be carefully balanced to avoid complete dehalogenation. The oxime of intermediate 91
was introduced at -78 °C to reduce by-product formation and the crude product was directly hydrolyzed
to the ketone 92. In analogy to a procedure described in the patent literature '), the intermediate 92 was
brominated at the carbonyl a-position under acidic conditions. The a-bromo ketone 93 was used to close
the pyrrole ring with tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 as discussed above to give the Boc-

1151 in satisfactory yields (52% over two steps).

protected tetracyclic building block 94
The final steps to introduce the phenyl-linked warhead and finalize the inhibitor were performed as

described in section 3.1 (Scheme 3). 95 was obtained after the successful SUZUKI coupling to the
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warhead/linker moiety (shown in Scheme 7). In the final step, the tert-butoxycarbonyl (Boc) protecting

group attached to the lactam was cleaved under acidic conditions to give 96.

ZT
T

HN
94 M 95 m 96
0o
\ \
Scheme 7: Synthesis of the pyrimidine-based tetracyclic compound 96; (a) 76, K.COs, (Bu)s;P Pd G3,
1,4-dioxane/H,0, 80 °C, 18 h, 55 %; (b) TFA, DCM, rt, 30 min, 57%.

3.2.1 Synthesis of Pyrimidine-based Tetracyclic Compounds containing a SxAr-based

Warhead

After the successful implementation of the
acrylamide, an alternative warhead strategy was to be
applied to this project. As mentioned before, a
chloronitropyridine residue was found to covalently
bind the structurally equivalent cysteine in FGFR4 [12]
and utilized by our group to successfully target S6K2

(compound 39) by binding the corresponding

N (
residue. *! An overlay of the crystal structure of (( n. A
= A ¥ N

.

inhibitor-bound MK2 with that of FGFR4 bound to Figure 33: Overlay of inhibitor-bound MK2
the covalent fragment 36 showed a similar direction (PDB: 3M2W!!; kinase colored in grey,
inhibitor 28 in orange, Cys140 in yellow) and
FGFR4 bound to an covalent fragment 36
(PDB: 5NUD!", kinase colored in pale cyan,
(F igure 33) Prior to the attachment of the warhead, fragment in raspberry); (po]ar interactions

this approach requires the introduction of the linking ndicated by yellow dotted lines).

of the hinge binding motif and suggested a suitable
orientation of the warhead to reach Cys140 in MK2

nitrogen atom. The introduction of the nitrogen to an electron-deficient heterocycle, such as pyrimidine,
can be accomplished by a nucleophilic aromatic substitution (SxAr) or catalyzed by transition metals,
as in the ULLMANN or BUCHWALD-HARTWIG cross-coupling reactions.

In order to exclude any interference of the free pyrrole with the synthetic route, the latter was N-

methylated, to synthesize intermediate 97 as depicted in Scheme 8.

SNAI"
N7 N or
)|\ P o | o cros.s-
cl N = ) a cl N = ) coupling
HN N—Boc N N—Boc
94 97 /

Scheme 8: Methylation of the pyrimidine-based tetracyclic core and schematic depiction of the
amination; (a) CHsl, Cs3COs, DMF, 1t, 2 h, 75%.
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Initial attempts to use a nucleophilic aromatic substitution with ammonia or a suitable surrogate, such
as benzylamine, were unsuccessful. Using a palladium-catalyzed BUCHWALD-HARTWIG coupling only
worked when the pyrrole nitrogen was methylated. Thus, this approach was pursued, even though the
inhibitory activity was expected to be lower than for analogs with the free pyrrole NH.M The
monoprotection of the linking nitrogen was found to be necessary to avoid double arylation in the
subsequent step as observed in the S6K2 project.?*>) To choose a suitable protecting group, the
deprotection method and the stability during the further synthetic route have to be considered. The
deprotection conditions need to be compatible with the chemical reactivity of the warhead, since the
groups are cleaved after the introduction of the warhead group. The latter is prone to react with
nucleophiles, especially under basic conditions, which excludes most alkaline deprotection methods.
Other common nitrogen protecting groups, such as the benzyl protection group, are removed under
reductive conditions, potentially dehalogenating the warhead or reducing the nitro group. A global
deprotection in the final step under acidic conditions was desirable, since the lactam was also protected
by an acid-sensitive group. Thus, the use of the Boc protecting group met the requirements for adapting
the synthetic route and structural characteristics. It was also previously shown to be stable under the

reaction conditions of the subsequent steps. (2!

Scheme 9: Attachment of the nitrogen-bridged chloronitropyridine warhead to the tetracyclic core; (a)
Boc-carbamate, XPhos Pd G4, K,COs, 1,4-dioxane/tBuOH; (b) NaOCN, TEA, tBuXPhos, Pd,dbas,
BuOH, 130 °C, 18 h, 17%; (c¢) Boc-carbamate, Cs,COs, XantPhos Pd G4, XantPhos, 1,4-dioxane,
100 °C, 4 h, 21%; (d) benzyl carbamate, Cs,CO3, XantPhos, Pd(OAc),, 1,4-dioxane, 120 °C, 16 h, 46%;
(e) Boc2O, TEA, 4-(dimethylamino)pyridine (DMAP), acetonitrile (ACN), rt, 18 h, 60%; (e) Pd/C,
MeOH, Hy, rt, 5 h, 19%; (g) 2-bromo-6-chloro-3-nitropyridine 103, Cs,CO3, XantPhos Pd G4, toluene,
55 °C, 4 days, 41%; (h) TFA, DCM, rt, 30 min, 31%.

The initial plan was to introduce the protected amine via a cross-coupling reaction with tert-butyl
carbamate to synthesize intermidiate 98. Compared to amines, carbamates exhibit lower nucleophilicity

2421 These properties make them difficult

and the higher ability to form complexes with Pd catalysts. !
substrates for cross-coupling reactions, and only a limited number of specific procedures have been
described. % 243 In initial attempts using a BUCHWALD-HARTWIG coupling protocol (XPhos Pd G4,

K>CO;3, 1,4-dioxane/tBuOH), no product could be isolated (Scheme 9, step a).
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As observed in the derivatisation of coumarines by HICKEY et al., changing to benzylcarbamate as the
coupling partner improved the reaction outcome. >* The use of the benzyl carbamate indeed made the
BUCHWALD cross-coupling more efficient. However, this strategy prolonged the synthetic route by two
steps (Scheme 9). After the Pd-catalyzed introduction of the benzylcarbamate to obtain 99 (step d), the
Boc protecting group was introduced (100). Selective removal of the benzyloxycarbonyl (Cbz) group
under reductive conditions afforded the Boc-protected intermediate 98. Notably this exchange of
protecting groups was nescessary to avoid later incopatibilities between the reductive deprotection of
the benzyl carbamate and the functional groups of the warhead. Due to the low yields and additional
synthetic steps, an alternative approach was finally used.

The BUCHWALD group described the use of sodium cyanate in tert-butanol (/BuOH) to introduce Boc-

(2431 forming a isocyanate intermediate that reacts with the corresponding alcohol (here

protected amines
tBuOH) to form the carbamate. Unfortunately, the yield for the synthesis of 98 by an analogous
procedure (Scheme 9, step ¢) was low (17%).

Optimization of the initial procedure using fert-butyl carbamate was achieved at a later stage of the
project (for more detail see section 3.3.2.1.1). This resulted in shorter reaction time and improved
reproducibility, although the yields remained low (21%).

The procedure used for introducing the heterocyclic warhead was based on the optimizations performed
within the S6K2 project. 2> The proto warhead, 2-bromo-6-chloro-3-nitropyridine 103, was connected
to the core 98 through a BUCHWALD-type reaction. The final deprotection of 101 was performed as
described for the acrylamide derivatives in section 3.1 to isolate compound 102. Even though a synthetic
route to obtain compound 102 was succesfully developed, the numerious synthetic steps required and
the low yields impede the isolation of sufficient amounts of the key intermediates to further assess
structure activity relationships on this tetarcyclic core.

To prevent hindering cross-coupling reactions by the free pyrrole NH, a protection group strategy should
be implemented. As previously mentioned, an acid-labil group is the most suitable for this synthetic

route. The 2-(trimethylsilyl)ethoxymethyl group (SEM) is a commonly used protection group for

NO; 107

106

Scheme 10: Synthesis of the SEM-protected derivative; (a) SEM-CI, NaH, DMF, rt, 18 h, 51%; (b) Boc
carbamate, K»COs, XPhos Pd G4, 1,4-dioxane/tBuOH (4:1), 90 — 100 °C, 42 h,36%; (c) 2-bromo-6-
chloro-3-nitropyridine 103, XantPhos Pd G4, Cs,COs, toluene, 70 — 80 °C, 21 h, 16%.
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heterocyclic nitrogens and can be cleaved by acids or flouride.**¢! The attachment of this silyl-
containing group (104) was achieved using SEM-chloride after deprotonation with sodium hydride. The
two subsequent cross-coupling reactions to introduce the linker (step b, 105) and the warhead (step ¢,
106) afforded the desired products. However, the deprotection to isolate 107 was not successful, neither

with TFA nor tetrabutylammonium fluoride.

3.3 Synthesis of Pyrrolopyridinone-Based Compounds

N 7 N [

Scheme 11: General core structure of the tetracyclic core and the

pyrrolopyridinone; X = C or N, labeling of the four rings a-6 adapted

from REVESZ et al.[*!
To facilitate synthetic access and generation of SAR, we simplified the core structure by opening the
partially saturated B-ring (Scheme 11). This derigidified pyrrolopyridinone based scaffold is found in
inhibitors targeting MK2 %1 and also used for targeting Cdc7 247, CK 1y 81 serine/threonine-protein
kinase N2 (PKN2) 2%, In addition, several targets are mentioned in the patent literature. %! The various
possible substitution patterns allow for the introduction of selectivity promoting groups and expand the
variety of applicable synthetic methods.
An overlay of the tetracyclic inhibitor 28
and the pyrrolopyridinone 21, respectively,
in the binding pocket of MK2, showed good
alignment (Figure 34). Therefore, the
warhead also should retain its orientation,
when attached to the pyrrolopyridinone

core. To verify the effective and covalent

binding to the kinase the respective
acrylamide 108 (Scheme 12), and its Figure 34: X-ray crystal structure overlay of two
inhibitors bound to MK2. Tetracyclic inhibitor (28,
colored in purple) bound to MK2 (colored in blue; PDB:
synthesized first. In the following step the 3M2W ) and pyrrolopyridinone-based inhibitor (21,
core structure was linked to the heterocyclic colored in green) bound to MK2 (colored in turquoise;
PDB: 2JBO %),

unreactive  counterpart 109,  were

chloronitropyridine via the nitrogen atom,

resulting in 110 (Scheme 12).
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Scheme 13: Initially planned inhibitor structures 108 and 110 to proof the design
hypothesis.
Two different synthetic routes (Scheme 13) were used to enable different derivatization strategies. The
first route utilized the HANTZSCH pyrrole synthesis, which has already been employed to build up the
tetracyclic cores (Scheme 1 and Scheme 7). The second variation involved a SUZUKI coupling to connect

the pyridine (III) to the pyrrole part (IV in Scheme 13).

(0]
N~
I N/Boc
/ Br A
0 o) o
.Boc 1 53
— N
N a2 0
N/ N \
H — 0 J N,Boc
I N B Br | B
\! / \O N
H
111 IV

Scheme 12: General synthetic approaches to generate compounds with the
pyrrolopyridinone core structure.



53

3.3.1 Synthesis of a Pyrrolopyridinone-based Inhibitor with an Acrylamide Warhead
and the Corresponding Unreactive Analog
The pyrrolopyridinone core was synthesized from nicotinic acid N-oxide 111 using the general approach

depicted in Scheme 13A. To enable ring closure by HANTZSCH pyrrole synthesis, the corresponding o-

bromo ketone 115 was synthesized.

o O
b -
s — OH —= Y N
O N~ N~ _O
®
1M1 113
o O
— N,Boc
c o] N d - /|
| AN/ N
INNZ H
114 116

Scheme 14: Synthesis of the pyrrolopyridinone core 116; (a) POCIs, reflux, 7 h, 57%; (b) 1. SOCl,,
reflux, 5 h; 2. N,O-dimethyl hydroxylamine-HCI, NEt;, DCM, 0°C to rt, 18 h, 91%; (¢c) MeMgBr, THF,
0°C to rt, 18 h, 93%; (d) 30% HBr@moac), Br2, HOAc, 1t, 2 h, 80%; (e) tert-butyl 2,4-dioxopiperidine-1-
carboxylate 53, NH4OAc, EtOH, rt, 18 h, 48%.

The introduction of the chlorine at position 2 of the pyridine was carried out following the procedure
described by ANDERSON et al.®!! Refluxing nicotinic acid N-oxide 111 in POCI; produced
2-chloronicotinic acid 112. To convert the acid 112 into the ketone 114 using the WEINREB-NAHM ketone
synthesis %2, the acid 112 was activated using SOCI, and transformed into the corresponding WEINREB
amide 113.1%! The WEINREB amid 113 was then reacted with methyl magnesium bromide in a
GRIGNARD reaction to prepare the ketone 114 in good yields (93%). Subsequent a-bromination was
performed following the procedure outlined by ANDERSON et al.'?*! The resulting bromoketone
115-HBr was isolated by filtration. The compound 115-HBr was then cyclized with tert-butyl 2,4-
dioxopiperidine-1-carboxylate 53 and ammonium acetate to yield the pyrrolopyridinone core in
compound 116.

The boronic acid pinacol esters of the substituted linker 76/78 were attached to the core 116 via a SUZUKI
coupling using (zBu);P Pd G3 as the catalyst. The resulting compounds 117 and 118 were deprotected
with TFA to yield compounds 108 and 109.
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109R=B

Scheme 15: Synthesis of a pyrrolopyridinone with an acrylamide warhead (108) and the unreactive
control compound 109; (a) 76/ 78, K,COs, (tBu)sP Pd G3, 1,4-dioxane/H,0, 90 °C, 18 h; (b) TFA, DCM,
rt, 15% (108)/ 35% (109) (over 2 steps)

3.3.2 Synthesis of Pyrrolopyridinone-based Inhibitors with Heterocyclic Warheads

After successfully synthesizing the acrylamide-based compound 108, alternative heteroaromatic
warheads were attached to the core to assess the structure—activity relationship (SAR). Starting from
compound 110, three sites were identified to be promising for further derivatization (Scheme 16).
Replacing the warhead (red hexagon, Scheme 16) delivers insights into the correlation between the
warhead’s reactivity and inhibitory activity. Exchanging the linker atom (blue oval, Scheme 16) from
nitrogen to an oxygen or sulfur can influence orientation of the warhead but also its reactivity, as well
as physicochemical properties such as solubility. This was observed to be beneficial during the
development of gamcemetinib (CC-9677, 20), as discussed in section 1.4.4. 2281 The substitution of the
pyrrole nitrogen (golden triangle, Scheme 16) may offer a handle to fine-tune physicochemical
properties but also affects inhibitory activity. A slightly unfavorable effect of the methyl group was

observed for the tetracyclic acrylamides, consistent with the data published by REVESZ ef al. on the

o

a CI

7 :

W M N/
H = N ]

HN : /
10 110

Scheme 16: Pyrrolopyridinone-based Inhibitors 108 and 110 and general structure with highlighted
derivatization points (on the right).

tetracyclic scaffold. *! Since the substitution of this hydrogen atom is necessary in several synthetic
steps, the methyl group can be considered a compromise between synthetic convenience and inhibitory

activity. Different attempts to replace the methyl group will be discussed in section 3.3.2.4.
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3.3.2.1 Synthesis of Nitrogen-linked Pyrrolopyridinone Derivatives

Three different synthetic strategies were used to synthesize the key intermediate 119, which contains the
Boc-protected linking nitrogen, (Scheme 17). The mono-Boc protection of the nitrogen is necessary to
prevent double attachment of the warhead, as mentioned previously (section 3.2.1). The attempt to
introduce the carbamate via BUCHWALD coupling using tert-butyl carbamate to the chloride-containing
precursor 120 was unsuccessful. Therefore, a three-step synthetic route, as shown in Scheme 19, was
developed. The increased reactivity of the bromine derivative 121 in cross-coupling reactions was
exploited, which was also beneficial for the introduction of the sulfur linker (explained in section
3.3.2.3). This was encouraging to re-investigate the initial synthetic strategy and finally enabled the
direct attachment of the Boc-protected amine (Scheme 17A). Through optimization of the catalyst
combination, the product 119 was isolated in satisfactory yield. An alternative approach was also
developed (Scheme 17B) due to the initial problems with introducing the linker nitrogen at a late stage.
Here, the protected nitrogen was attached in the first step before building up the core through the
cyclisation method described for the halogenated derivatives (Scheme 14). The third strategy involves
a SUZUKI cross-coupling reaction (Scheme 17C) where the protected amine was attached to the pyridine

beforehand and then linked to the pyrrole-containing part.

N| N Buchwald-
! couplin ,
: XNEINA L P !
E N \- E
; 120x=Ccl  ~ N—Boc :
. 121 X=Br E
: X
(8] NS , NS | o :
: O en - —= NI |
! N CN ,
H H 5 Br H HN 1 N—-Boc !
: 122 !
Q Suzuki-
: NI ~ Y, N-BOC¢  coupling Boc. !
E BOC\N = B‘/O + Br N | —_— H E
E H ') / E
. 123 124 !

_______________________________________________________________________________________________

Scheme 17: Different approaches for the synthesis of amine-containing core 119/122.
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3.3.2.1.1 Introduction of the Nitrogen Linker via BUCHWALD Coupling

The synthesis of key intermediate 116 works well and was therefore initially identified as a suitable
precursor for the warhead attachment. To prevent side reactions and interference with the catalyst in
cross-coupling reactions 242 2541 the pyrrole nitrogen was again methylated (Scheme 18). However, the
attempted subsequent BUCHWALD coupling of 120 using Boc-carbamate as an ammonia surrogate did
not work out, in line with the results previously obtained with the tetracyclic scaffold. Only partial
conversion was achieved and due to problems in purification by column chromatography no pure

product could be isolated.

NI ~ Buchwald
- 0 a 0 coupling
cl // Cl Boc.
HN _ _
N—Boc N—Boc
116 120

Scheme 18: Methylation of 116 and the planned subsequent coupling attempt; (a) CHsl, Cs,COs, DMF,
rt, 18 h, 62%.

The low reactivity of the chlorine in oxidative additions, as previously observed for the tetracyclic
derivatives (refer to section 3.1), would require harsher reaction conditions, including a higher
temperature (> 100 °C) and potentially a stronger base. However, elevated temperatures and stronger
bases are likely to result in increased side reactions and instability of the starting material, amongst
others through loss of the Boc group. The successful conversion of 120 in a BUCHWALD-type reaction
(step a, Scheme 19) was again achieved by exchanging the carbamate to the benzyl carbamate, resulting
in Cbz-protected product 125. The Cbz-protecting group was removed through hydrogenation before

introducing the warhead moiety, as the latter is not stable under the required conditions. This process

Scheme 19: Three step synthesis of 119 from 120; a) benzyl carbamate, Cs>CO3, XantPhos, Pd(OAc),,
1,4-dioxane, 120 °C, 18 h, 56%; (b) Pd/C, H>, MeOH, rt, 18 h, 90%; (b) Boc,O, rBuOH, rt, 18 h, 87%.
involved two additional steps: deprotecting to the free amine 126 and the subsequent protection with di-
tert-butyl dicarbonate (Boc,O) to obtain the desired intermediate 119. The selective attachment of a
single Boc-group at the nitrogen required careful addition of the anhydride. Unfortunately, this synthetic
approach resulted in a purity of only approximately 85% (HPLC) for 119 due to partial double
attachment of the Boc group.
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Therefore, the synthetic route was modified to improve the results. The Boc protection group was
introduced to NH-acidic intermediate 125 under basic conditions using DMAP as the catalyst before
removing the Cbz group. The selective deprotection of 127 through hydrogenation was successful,

resulting in the key intermediate 119.

Scheme 20: Adjusted synthetic route for 119; (a) Boc,O, DMAP, TEA, ACN, rt, 18 h, 93%; (b) Pd/C,
Hz, MeOH, rt, 2 h, 61%.

However, the additional steps required resulted in a decrease in overall yield. Furthermore, the upscaling
of the initial BUCHWALD coupling with benzyl carbamate proved to be challenging, and the search for
more robust conditions was unsuccessful. To enhance the reactivity of the of the hinge-binding
heterocycle for this conversion the chlorine atom was replaced with a bromine, which is more reactive
in cross-coupling reactions. >*>! The respective bromo derivative 132 was synthesized in a similar
manner to the chloro-substituted analog 116 (Scheme 14 and Scheme 21). The synthetic route started
from the carboxylic acid 128. The synthesis of the methyl pyridine ketone 130 was previously described
in the literature. °®! To activate the carboxylic acid 128, 1,1’-carbonyldiimidazole (CDI) was used, and
the acid was converted to the WEINREB amide 129 with N, O-dimethyl hydroxylamine. The WEINREB-
NAHM reaction with methyl magnesium bromide yielded the methyl ketone 130 in good yields (88%).
The a-bromination method, adapted from HAY ef al.'*>"), was successful even at a reduced temperature
of 40 °C. The reaction of tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 and NH4sOAc with the
hydrobromic salt of 131 yielded pyrrolopyridinone 132, which was isolated through filtration. The
synthetic route for 132, similar to that of the chloro-derivative 116 (Scheme 14), only required a single

column chromatographic purification, i.e. of the ketone intermediate 130.

X \\ b N~ c N~
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Scheme 21: Synthesis of the bromopyridinyl-pyrrolopyridinone core 132 and introduction of the amine
(119): (a) 1. CDI, DCM, 1t, 2 h; 2. N,O-dimethyl hydroxylamine-HCI, 1t, 18 h, 96%; (b) MeMgBr, THF,
0°C, 2 h, 88%; (c) 30% HBr@oac), Br2, HOAc, 15°C to 40 °C, 1 h + 1 h, 98%; (d) tert-butyl 2,4-
dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 57%; (¢) CH;I, Cs2CO3, DMF, rt, 2 h, 91%;
(f) Boc-carbamate, Cs>CO3, XantPhos Pd G4, XantPhos, 1,4-dioxane, 85 °C, 6 h, 51%.
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After methylating the pyrrole in 132, the Boc-protected amine was introduced using a BUCHWALD cross-
coupling. Initial attempts with XPhos Pd G4 as the catalyst system did not result in the formation of the
product 119. However, when the XantPhos ligand was used instead, product formation was detected.
The combination of XantPhos Pd G4 (5 mol%) and XantPhos ligand (5 mol%) increased product
formation, but longer reaction times led to increased side product formation. Further attempts to improve
the method, showed that decreasing the catalyst loading had the same effect. Additionally, increasing
the amount of Boc-carbamate (from 2.00 to 3.00 equivalents) also resulted in higher formation of a by-
product, whilst lowering the reaction temperature from 100 °C to 85 °C reduced the formation thereof.

The optimized conditions enabled to isolate 119 with a yield of 51%.

3.3.2.1.2 Introduction of the Nitrogen Linker at an Early Stage

To overcome the initial challenges of introducing the nitrogen, a complementary approach was
developed to introduce the amine at an early stage. In the first step the protected amine,
4-methoxybenzylamine 134, was introduced through a nucleophilic aromatic substitution at 2-chloro-4-
cyanopyridine 133. The subsequent GRIGNARD reaction of the cyano group in 135 produced the methyl
ketone 136. The o-bromination of the carbonyl in acetic acid concomitantly removed the p-
methoxybenzyl group. As a result, the product 137 contains the primary aromatic amine. To form 138,
the pyrrole ring was closed using tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 and ammonium
acetate, as previously described (Scheme 1, Scheme 6 and Scheme 14). To enable the single attachment
of the warhead a mono-protection strategy was planned and developed, resulting in the isolation of key
intermediate 139 with an unmethylated pyrrole. However, this strategy was not pursued further due to

the low yields and the need for an additional step to protect the pyrrole.
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Scheme 22: Early-stage introduction of the amine; (a) DIPEA, N-methyl-2-pyrrolidinone (NMP),
120 °C, 18 h, 23%; (b) MeMgBr, Et,0, reflux, 18 h, 82%; (b) 30% HBrmoac), Br2, HOAc, 70 °C, 2 h,
80%; (d) tert-butyl 2,4-dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 68%:; (e) Boc.O,
tBuOH, rt, 6 h, 27%.
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An acid-stable group at the amine was expected to remain intact during the entire buildup of the core,
reducing disruptive influences and increasing the yield. In this approach benzylamine was used instead
of its p-methoxybenzyl analog as the protected amine to synthesize 140 from 4-chloro-4-cyanopyridine
133 (Scheme 23). The subsequent step to generate the ketone 141 through a GRIGNARD-reaction worked
as described above. The bromination using Bro/HBr in HOAc produced the hydrobromide salt of 142.
Unlike the 4-methoxy benzyl group in 135, which is not stable under these conditions (Scheme 22), the
benzyl group is preserved. The pyrrolopyridinone derivative 143 was again obtained through subsequent
condensation reaction with tert-butyl 2,4-dioxopiperidine-1-carboxylate 53. Both free NH positions
were then protected with a Boc group, resulting in the successful isolation of fully protected 144. To
attach the warhead, the benzyl group had to be selectively removed. However, the benzyl group was
more stable under the selected conditions and could not be removed. Attempts to use palladium on
charcoal and hydrogen under atmospheric pressure for reductive removal only resulted in trace amounts
of conversion, which were detected by TLC-MS. This approach was thus abandoned due to the
difficulties in the last deprotection step and the low yields (29% for introduction of the amine (step a,

140) and 31% for the Boc-protection (step e, 144)).
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Scheme 23: Synthesis of the benzyl protected amine core; Bn = benzyl; (a) benzylamine 45, NMP,
DIPEA, 120 °C, 18 h, 29%; (b) MeMgBr, Et,0, reflux, 18 h, 50 %; (b) 30% HBrmoac), Br,, HOAc,
70 °C, 2 h, 90%; (d) tert-butyl 2,4-dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 40%;
(e) Boc.O, TEA, DMAP, ACN, rt, 23 h, 31%; (f) Pd/C (10% wt), Ha, EtOH, rt, 18 h.
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3.3.2.1.3 Synthesis of the Pyrrolopyridinone Core via SUZUKI Coupling

An alternative synthetic route was sought due to the difficulties encountered in incorporating the linking
nitrogen. Linking the two aromatic heterocycles via SUZUKI coupling was identified as a complementary
approach. The synthesis of the pyrrole component was adapted from the patent literature 2*¥ and is
depicted in Scheme 24. To this end, enamine 147 was obtained by condensing fert-butyl 2,4-
dioxopiperidine-1-carboxylate 53 with aminoacetaldehyde dimethyl acetal 146. The pyrrole ring in 148
was subsequently closed under acidic conditions via an intramolecular aldol condensation. In the next
step, Boc protecting groups were attached to both nitrogen atoms resulting in 149. Subsequently, the
Boc protecting group at the pyrrole ring was selectively removed, resulting in the mono-protected
bicyclic structure 150. This selective cleavage was achieved by applying a mild deprotection procedure
using ammonia. Typically, strong acids like HCI or TFA are used to remove the Boc-protecting group,

[246b] Several

but in this case, nucleophilic alkaline conditions were used to enable selective removal.
alternative cleavage methods using nucleophilic or basic conditions are known for heterocycles,
including pyrrole. [24* 251 ROUTIER et al. suggested a nucleophilic attack at the carbonyl center of the
carbamate by a nucleophile. ***! Considering this as the underlying mechanism, two properties primarily
account for the preference of the deprotection pyrrole nitrogen in this case. The carbamate nitrogen’s is
part of the aromatic system of the pyrrole ring, which increases electrophilicity at the carbonyl and

weakens the amide bond. Furthermore, the aromatic ring has favorable leaving group properties in the
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Scheme 24: Synthesis of the brominated precursor 151 for the SUZUKI-coupling to synthesis the
pyrrolopyridinone core; (a) toluene, 70°C, 18 h, 99.5%; (b) TFA, DCM, 0 °C to rt, 2 h, 91%; (¢) Boc:0,
DMAP, TEA, ACN, rt, 18 h, 49%; (d) NH3(q), MeOH, reflux, 6 h, 85%; (¢) NBS, THF, -70 °C, 30 min,
66%.

TZ" N

subsequent elimination step. It was crucial to balance temperature, reaction time, and the amount of the
base to ensure selective, but complete cleavage of the pyrrole protection, while retaining the protecting
group at the lactam. The procedure for bromination in the next step (Scheme 24, step e) was adapted
from the literature. > N-Bromosuccinimide (NBS) was used in a solvent mixture of THF and methanol.
To reduce double halogenation, it is necessary to cool the reaction due to the high reactivity of pyrrole
towards electrophilic aromatic substitution. 2!l The starting material can be easily separated from the

mono-brominated product by column chromatography. However, the double-brominated derivate
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displays similar behavior during chromatographic purification. Therefore, it is beneficial to ensure
continuous stirring, even cooling, and to use less than 1.00 equivalent of NBS to isolate the pure mono-
brominated product.

Using NBS as the brominating agent allows for selective substitution at the a-position of the pyrrole
ring. 2% The latter is the kinetically favored substitution position, while the B-position is
thermodynamically preferred. ! Bromination at the B-position can be detected when using bromine
(Br3) as the brominating agent. A mixture of the a- and B-substituted pyrrole (and the results of multiple
bromination) was isolated in this case, due to rearrangement under strongly acidic conditions after in
situ generation of HBr. 2 The electrophilic attack at the a-position is preferred due to the mesomeric

stabilization of the intermediate 6-complex (Scheme 25). 1261- 2631
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Scheme 25: Mesomeric stabilization of the c-complex after
electrophilic attack at the pyrrole at the a- and B- position,
respectively.

The regiochemistry of the bromination was characterized by nuclear magnetic resonance spectroscopy
(NMR). The remaining aromatic signal in the 'H-spectrum indicates halogenation of the a-position as it
gives a singlet, indicating no hydrogens at the neighboring atoms. As coupling with NH groups is often
not visible in NMR experiments, 120 as synthesized as a reference compound. The same structure 120

was also synthesized using the procedure described in Scheme 14 and subsequently methylated (Scheme

18). The pyrrole nitrogen in 151 was therefore methylated and the resulting bromide 124 reacted with

N O (0]
NI N/BOC a ; N,Boc
. = |?/OH +  Br {\l| _a, N_\ {\l|
152 124 120

Scheme 26: Synthesis of the reference compound 120 using the SUZUKI coupling protocol; (a) Na,COs,
Pd(dppf)Clo'CHCls, 1,4-dioxane/H,0, 80 °C, 4 h, 40%.

(2-chloropyridin-4-yl)boronic acid 152 (Scheme 26) resulting in compound 120 to further confirm
formation of the correct bromination derivative. The analytical data, particularly the NMR spectra, were

compared to confirm the structural identity and the correct bromination position.
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Prior to performing the SUZUKI coupling to link the pyrrole to the pyridine, it is necessary to protect the
pyrrole-NH of the key intermediate 151 or to substitute the hydrogen. For the initial series, the
methylated derivative 124 was utilized. The methylation was successfully carried out in DMF using
methyl iodide as the methylating agent (Scheme 27).

The boronic acid required for the coupling was be obtained as the pinacol ester 123 through a two-step
synthesis (Scheme 27). First, 2-amino-4-bromopyridine 153 was protected using Boc,O. The resulting
Boc-protected aminopyridine 154 was transformed into the boronic acid pinacol ester 123 using a
MIYAURA borylation procedure (Scheme 27, step ¢). Finally, the pinacol ester 123 was reacted with aryl
bromide 124 in a SUZUKI coupling, resulting in the amine-substituted core 119. The reaction outcome is
primarily limited by the debromination of the pyrrole. Therefore, the purity of the boronic acid derivative
is crucial. Any remains of the borylation agent increase the rate of debromination. This observation and

optimization of this reaction type is further discussed in section 3.3.2.2.
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Scheme 27: SUZUKI coupling for the synthesis of 119; (a) CHsl, Cs2CO3, DMF, 0 °C to rt, 2 h, 88%;
(b) Boc,0, tBuOH, 50 °C, 4 h, 80%; (c) B,pin,, KOAc, XPhos Pd G4, 1,4-dioxane, 90 °C, 18 h, 54%;
(d) NaxCOs, XPhos Pd G4, 1,4-dioxane/H,0, 90 °C, 18 h, 40%.

When comparing the three synthetic strategies for the synthesis of 119 depicted in Scheme 17 and
explained in the last three sections, it was found that the BUCHWALD coupling of the brominated pyridine
121 with fert-butyl carbamate was the most suitable approach to obtain the key intermediate. The
synthesis of the core 132/121 only required chromatographic purification twice and avoided the use of
large quantities of aggressive chemicals (such as TFA for the synthesis of 148 as precursor for 124). The

results of a first attempt to increase the scale (multigram scale) were encouraging.
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methylthiol to 110. The resulting intermediate, 165, was then oxidized with meta-chloroperoxybenzoic
acid (mCPBA) to form the sulfone 166. The final step has potential for further optimization, which was,
however, not elaborated further due to time constraints. Adapting the added amount of mCPBA and
reaction conditions to give complete oxidation to the sulfone without formation of an N-oxide should
increase the yield. Furthermore, the high SyAr reactivity of the sulfonyl group should be respected

during workup and replacing the aqueous conditions could be beneficial.

3.3.2.2 Synthesis of Oxygen-linked Compounds

Replacing the nitrogen atom with an oxygen atom as the attachment point of the warhead could expand
SAR analysis and potentially improve solubility due to higher flexibility and lack of the pseudobicyclic
arrangement imposed by the aforementioned intramolecular hydrogen bond. The synthetic approach
used for the nitrogen-linked compounds (Scheme 27), which is based on a SUZUKI coupling of the bromo
pyrrole and the pyridin boronic acid, was retained. However, additional considerations were necessary

for the oxygen-linked structures.
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Scheme 34: Planned route for the synthesis of oxygen-linked compounds.

An initial attempt to directly borylate and couple the pyridin-2-one (2-hydroxy pyridine) moiety, as
described in the literature %), was unsuccessful. Therefore, a protected derivative was used (step 1,

Scheme 34). The choice of the protecting group should enable selective deprotection (step 2), while

maintaining protection of the lactam nitrogen. The benzyl group was N ___ _”"NH
used, enabling selective reductive removal. The introduction of the | = OH RN o
heterocyclic warhead (step 3) represents the key step of the synthesis. I I

The attachment of the warhead is complicated by the lactam-/lactim l + RX l + RX
tautomerism of the 2-pyridone/2-hydroxypyridine, which adds the

challenge of O-selectivity. | ~N =~ "N” R
Due to the presence of pyridin-2-one (II)/pyridin-2-ol (I) in diverse Z O/R X 0
bioactive molecules, their reactions have been a subject of research for II1a IIIb

[269

a long time.?*! In the gas phase, the 2-hydroxypyridin (I) was

Scheme 35: Lactam-/ lactim

2701 But only the pyridinone tautomerism of pyridine-2-

calculated to be the more stable tautomer.
(IT) is present in crystals and is also the preferred tautomer in solution. ©n¢ (II) and the resulting

. . . . substitution products (I1I).
The ratio of the two tautomers in solution depends on various factors P (n
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Table 4: Inhibitory activity of pyridine-based tetracyclic inhibitors with an acrylamide warhead (left)
and the corresponding propionamide control compounds; ICsy values were determined in a HotSpot™
kinase assay at Reaction Biology Corp., using 5-point singlicate measurements with 5-fold dilution steps
starting from 2 uM. The assay was performed at 10 uM ATP with 20 minutes of preincubation and 2-
hour duration for the kinase reaction.

Acrylamid-based Inhibitors Unreactive control compounds
Structure # R ICs0(MK2) | Structure # R ICs0 (MK2)
tfo 65 CH; 57.8 nM

Lfo
HN:©)\ HN 69 H 995 nM
<o 64 H 2620M |
\\fo 67 CH; 610 nM kfo
HN 70 H >2.0 uM
66 H >2.0 M
(@)
N
O

\\( \\(O
68 CH; 6.75 nM (\Nﬁ 71 H 55.4 nM

\

HN

\

S 0

The introduction of an o-methyl was found to be effective for covalent targeting of FGFR4 by a
pyrimidine-based tetracyclic inhibitor !, but had a negative effect on inhibitory activity in this case.
Compounds 66 and 70 showed less than 50% inhibition of the kinase at the highest concentration tested
(2.0 uM). The o-substituent forces an out-of-plane rotation of the linker, which is approximately 60° in
BLU9931 (35). > %81 Even though, the overlay of the inhibitor-bound co-crystal structure displayed good
alignment of the respective hinge binding motifs (Figure 32), the resulting orientation of the warhead
appears to be unfavorable for covalent bond formation towards Cys140 in MK2. In contrast to the results
discussed previously, the methylation at the pyrrole nitrogen in 67 restores a low level of inhibition
(ICs0(MK2) = 610 nM).

Incorporation of the methoxy-substituted linker into the series of compounds including 65, 64 and 69,
provided initial insights into the structure—activity relationships. The substitution pattern of the linker
was therefore also used to evaluate alternative core structures.

Inclusion of an additional nitrogen to generate a pyrimidine-based tetracyclic core only had minor
influence on the activity of the inhibitor. Pyrimidine-based tetracyclic compound 96 inhibited MK2 with
an ICso value of 1.96 nM (Table 5) and thus slightly better than the related pyridine-based tetracyclic

derivative 64.
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compound, which also led to problems with removing the MOM-group during synthesis, indicates that
this is rather unlikely (see section 3.3.2.1.3). Increasing the size of the substituent further to a 2,3-
dihydroxypropan-1-yl (238, 239), a modification made with the aim of improving solubility, hinders
inhibitor binding and decreases activity. While the R-enantiomer 238 has an ICsy value of 1.07 uM, the
activity of the S-enantiomer 239 is 3 times higher (ICso(MK2) = 396 nM) highlighting der different
binding properties. Complete removal of the pyrrole N-substituent has the greatest positive effect on the
potency. The unsubstituted compound 231 inhibits MK2 with an ICsy value of 0.36 nM.

Changing the linking atom from nitrogen to oxygen or sulfur
did not lead to active compounds (Table 7). Notably, while the
sulfur-linked congeners where synthetically quite accessible,
the preparation of the oxygen-linked analogs proved to be
notoriously challenging. Unfortunately, the sulfur-linked
compounds 204, 205, 206 and 207 showed no inhibition at the
highest concentration tested (5 uM). Compound 209 only
showed low inhibitory activity at this concentration (85%

residual activity @ 5 uM). However, the intrinsic reactivity

towards GSH is similar when compared to the active

t12(110) = 124 h, Figure 41). The sulfur atom is larger than (colored in raspberry) bound to FGFR4
(PDB: 5NUD, covalent bound cysteine
displayed as sticks in blue). Relevant

) 300

the nitrogen (rs=1.05 A versus rov=0.71 A) P and features

increased bond lengths while also favoring different torsion hydrogen bond interactions to the hinge
angles, which alters the geometry of the linker. This may region and the intramolecular
prevent suitable positioning of the warhead or even induce iflteractions shown as yellow dotted
steric clashes. In addition, the linking NH is able to form an lines.

intramolecular hydrogen bond with the nitro group of the chloronitropyridine warhead, stabilizing the
right orientation of the electrophilic center (shown in Figure 36). Replacing the nitro group and/or
exchange of the linking heteroatom disrupts this interaction. The loss in activity for the sulfur derivatives

was also observed, when targeting FGFR4 via a related strategy. [227)

4.2 Evaluation of Kinetic Binding Parameters

Irreversible covalent inhibitors bind to the kinase via a two-step binding mechanism with covalent bond
formation as the rate-limiting second step. Although the ICsy value is commonly used to initially estimate
inhibitory activity, it neglects the time-dependency of this binding mechanism. A more accurate measure
to compare covalent binders is the second order rate constant kinac/K1, which is a time-independent
measure of potency governing both binding steps i.e. non-covalent complex formation (reflected by Ki)
and the covalent reaction step (reflected by kinact). Optimized irreversible kinase inhibitors typically

display kinae/Ki values between 10°M's! and 107 M''s!.B% For Afatinib, the kina/K1 value is
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5.2:10° M-'s!. 3921 [n this context, it is important to note that kinace does not equal intrinsic chemical

reactivity and although a correlation between these parameters is often observed, they may also show

opposing trends. 2!

Table 8: Assessment of the affinity and kinetic parameters of compound 64 and 110, performed at
AssayQuant® Technologies, Inc.; values for gamcemetinib published by MALONA et al. 1228

ICSO I(l kinact/KI kinact KI
[nM] [nM] [Ms] [s”] [nM]
64 2.50 1.25 2.58:10° 11.2:103 | 0.0435

110 40.2 20.1 5.01-10° 8.1-10° 1.65

o
Néf S Gamee 156 4.94-10° | 0.82:10° | 0.172
N= Y - 94 8210 ,
C'/k\N / / H | metinib
TN AN

The time-dependent assay format was performed at AssayQuant® Technologies, Inc. (AQ), at their site

in Marlboro, MA, US. They utilize a modified peptide substrate to continuously detect the reaction
progress by a fluorescence reader. The attached sulfonamido-oxine (Sox) chromophore changes
emission upon substrate phosphorylation through its chelating properties, enabling fluorescence-based
read-out. %! The kinetic parameters can then be gained from the resulting reaction progress curves. The
ICso values were calculated from the 20 min timepoint (Table 8). When compared to the values obtained
in the HotSpot™ kinase assay at Reaction Biology (RBC), they were found to be in the same range
(ICs0(AQ) = 2.50 nM vs. ICs5o(RBC) = 2.62 nM for 64; ICs0(AQ) = 40.1 nM vs. ICso(RBC) = 61.6 nM
for 110). The inhibitory constant Kj is defined as the concentration of an inhibitor at equilibrium when
50% of the enzyme is occupied, while no competing substrate is present. The apparent K; values can be
calculated from the ICso values using the CHENG-PRUSOFF equation under specific conditions. The
apparent Ki values for 64 and 110 are shown in Table 8. 3%

The kinae/ K1 value for the acrylamide compound 64 (2.58-10° M!s™!) falls within the same range of
approved EGFR inhibitors compared by ZHAI et al. *°21 (10*-10” M"!s™). The potency of 110 is 50 times

lower (5.01-10° M's!) and is similar to the value published for the covalent MK2 inhibitor
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4.4 X-Ray Crystal Structure of 64 and 110 bound to the Proteinkinase MK2

X-ray crystallographic analysis of inhibitor-kinase complexes represents a valuable approach to

elucidate the binding mode during compound
evaluation. The crystal structure can
furthermore support lead optimization and
delivers a starting point for quantum
mechanics/ molecular mechanics (QM/MM)
calculations, shedding light on the details of
the covalent binding mechanism. In the
development process of covalent compounds,
the formation of the covalent bond can be
visualized in the crystal structure. GUIQUN
WANG from the group of Prof. Dr. STEFAN
KNAPP  (Institute  for  Pharmaceutical

Chemistry, Structural Genomics Consortium,

Figure 37: Co-crystal structure of MK2 bound to 64
generated by GUIQUN WANG; inhibitor colored in
orange, kinase in light green, polar interactions
indicated by yellow dotted lines; residues involved in
inhibitor binding in forest green.

Goethe University, Frankfurt) successfully crystallized MK2 bound to compound 64 and 110,

respectively. The co-crystal structure shows the expected covalent bond formation from Cys140 via

MICHAEL-addition to the acrylamide warhead in compound 64 (Figure 37).

For compound 110, the covalent binding by replacement of the chloride via a SxAr reaction is also

shown in the co-crystal structure (Figure 38). Furthermore, the orientation of both compounds (64 and

110) within the ATP binding pocket aligns with the expected binding mode (illustrated in Figure 37 and

AN ' 2NN k
Figure 38: Co-crystal structure of MK2 bound to 110 generated
by GUIQUN WANG; inhibitor colored in pink, kinase in pale
cyan, polar interactions indicated by yellow dotted lines; the lactam moiety towards Lys93 and
residues involved in inhibitor binding in cyan.

Figure 38). The pyridine nitrogen of
the pyridine-based tetracyclic core of
64 and the pyridine core in 110 can
interact with the backbone NH of
Leul4l. The crystal structure of 110
additionally shows a relatively
coplanar orientation of  the
heterocyclic warhead, supported by a
v/ hydrogen bond interaction of the
warhead residue to the backbone of

Leul41. In addition, the orientation of

Asp207 is consistent with the binding

mode observed for the reversible tetracyclic structures and the pyrrolopyridinone derivatives from the

literature (displayed in Figure 19 and Figure 21, section 1.4.2).
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4.5 Assessment of the Selectivity of Selected Compounds

Compounds 102 and 110 were tested against the subset of kinases with an equivalent positioned cysteine
(FGFR4, MK3, S6K2 and MPS1). The data for the two compounds were determined at Reaction Biology
Corp. in a radiometric HotSpot™ kinase assay and compared with the available data for gamcemetinib
from the literature (Table 9). 2%

The experimental setting used did not allow differentiation of the binding affinity with the high activity
of 102. The four kinases, FGFR4, MK2, MK3 and S6K2 were inhibited with an ICsy value below the
determination limit of the assay system used. However, only the inhibitory activity against MPS1 was
significantly lower. This trend was even more pronounced for the compound 110, where no inhibition
of MPS1 could be measured at a compound concentration of 5 uM. Gamcemetinib also did not show
any inhibition of MPS1.??8! The ICsy value for 110 against FGFR4 demonstrated good selectivity
(ICso(FGFR4) = 1.39 uM). Unfortunately, compound 110 did not exhibit selectivity against MK3 and
S6K2, with ICs values in the double-digit nanomolar range. Similarly, gamcemetinib showed only 20%
inhibition of FGFR4@ 1 uM. In this case, the activity against MK3 and S6K2 is also similar to that
observed for MK2.

Table 9: Inhibition of kinases with a cysteine in an equivalent positioned. ICso values for 102 and 110
were determined via 5-point singlicate measurements (assay performed at Reaction Biology Corp.) with
10-fold dilution steps starting from 5 uM. Values for gamcemetinib were extracted from the
literature. ?281 9 Assay performed with 5-fold dilution steps, starting from 2 uM; ® percent inhibition of
the kinase @ 1 uM concentration of the compound.

# FGFR4 MK2 MK3 S6K2 MPS1
102 <0.50 nM <320nM? <0.50 nM <0.50 nM 765 nM
110 1.39 uM 61.6 nM 21.5nM 31.2 nM >5.00 uM
et | o |t [ e | |

To estimate selectivity over a broader panel, compounds 64 and 109 were tested in a thermal shift assay
against 102 kinases and compounds 96, 102 and 108 against 100 kinases by our cooperation partners at
the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical Chemistry, Structural Genomics
Consortium, Goethe University, Frankfurt) (selected values depicted in Table 10). Tetracyclic
pyrimidine-based acrylamide compound 96 induces a shift in melting temperature above 10 °C for seven
kinases, including the target protein MK2 (Table 4). This number decreases for the pyridine-based
tetracyclic acrylamide structure 64 (4 enzymes with ATy, > 10 °C). The pyrimidine-based tetracyclic
compound with the alternative SxAr warhead 102 exhibited a ATy > 10 °C for MK2 and one additional
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kinase, DYRK2. For acrylamide-containing pyrrolopyridinone derivative 108 still 12 kinases displayed
shifts ATm > 5 °C (see section 6.1). The corresponding unreactive propionamide-derivate 109 exhibited
a significantly lower shift in melting temperature for MK2 (ATw = 3.9 °C) compared to acrylamide 108
(ATwm = 11.7 °C for MK?2), while the Tm-shifts of the other kinases stay in a similar range as observed
for 108. This indicates that binding to these kinases is not driven by covalent bond formation, but rather
by non-covalent interactions. However, this assay format only determines the stabilizing effect of a
compound on the protein which does not always correlate with the inhibitory activity of the compound.
To confirm or rule out off-target activity the inhibitor must be tested against the kinases in question in a
biochemical assay format or even in a cellular environment. MALONA et al. evaluated the effect of
gamcemetinib on a subset of kinases that were inhibited in the biochemical assay on a cellular level.

However, they found no effect on the suggested off-targets in cells. [22%]

Table 10: Data from the thermal shift screening for 64, 96, 102, 108 and 109; ATy > 10 °C in bold,;
ATm > 5 °C in italic; relevant kinases selected, which show a greater shift for 96 than MK2.

o O
\2;)(\ s /_\ ey
R H
X=CH X=N ]
R=H R=H
\ ° \ P o
\\Iﬁl \\H/{‘\d\ HN\d\
— —0 —0
64 96 102 108 109
Enzyme ATw °C] ATw°C]

MAP3KSA 9.49 14.59 8.56 8.79 6.00
CAMKK2B 12.60 14.07 3.36 8.68 6.87
TOPKA 6.82 12.89 0.52 8.67 0.85
CLK1 8.57 11.44 9.32 5.98 3.53
STK17A 10.36 11.17 8.29 8.22 7.74
DYRK2A 10.10 10.94 13.87 8.26 7.63
GPRKS5A 3.24 10.55 2.13 1.40 0.43
MAPKAPK2A 10.66 10.51 10.32 11.67 3.87
DYRKI1A 7.49 9.51 6.78 5.19 3.89
TTK1A 6.44 6.96 2.39 2.08 1.88
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4.6 Stability of Synthesized Inhibitors towards Nucleophiles

The mode of action of cysteine-targeting covalent inhibitors is determined by their electrophilic
characteristics. It is important to balance these reactive properties to avoid off-target reactivity, which
can cause unwanted side-effects and limit activity due to premature quenching of the compound.
However, sufficient reactivity is necessary for efficient binding to the target structure. Optimized
reversible binding properties of the inhibitor and positioning of the warhead allow for minimizing the
warhead reactivity while maintaining adequate inactivation rates (kinact). The reactivity of the warhead
can be adjusted by changing its (chemo)type or modifying the substitution pattern.?!3 3% Highly
reactive warheads are often used in early stages of drug discovery programs, such as target identification
by means of “electrophile first” approaches. Drug-like inhibitors typically exhibit lower reactivity, often
falling within the same range as established covalent inhibitors, such as afatinib or ibrutinib. Assessing
warhead reactivity is a crucial step in inhibitor development and often involves evaluating its reactivity
towards GSH. [215- 232, 30¢c]

As GSH assays tend to strongly depend on minor deviations in the assay conditions, afatinib was used
as a control to obtain a comparative value for our adjusted assay conditions when compared to various

306a] was adapted to enable measurement

literature protocols. The assay protocol used by KEELEY et al. |
of compounds with low solubility. The following modifications were already applied for reactivity
assessment on the S6K2 and FGFR4 projects. 225 2271 The compound concentration was lowered to a
final concentration of 100 uM and the amount of organic co-solvent increased to 50% of acetonitrile.
The PBS buffer used in the literature procedure *°* was exchanged to a HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer system, adapted from the buffer used for the biochemical assay
at RBC®9), To prevent interference with the compounds, the composition was adjusted by omitting
DTT and BSA from the mixture. The half-life (ti2) of Afatinib was determined to be 8.8 hours under the

modified conditions. The assay runtime was limited to a maximum between 16 and 20 hours and the

half-life for compounds with low reactivity extrapolated from the linear regression.
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Figure 41: Comparison of the reactivity of different warhead structures present in 64 (data depicted in
green), 110 (blue) and 204 (orange) compared to afatinib (30, yellow).

The sulfur-linked 2-chloropyrimidine compound 204 does not exhibit inhibitory activity against MK2
in the biochemical assay up to the highest concentration tested (5 uM). However, this lack of activity
does not correlate with the intrinsic reactivity of the warhead. The determined half-life of 94 hours falls
in the same range as the values obtained for compounds 64 and 110 (Figure 41).

The adjustments of the method for GSH assays, as described above and in section 6.1, due to the low
solubility of the compounds, limit the comparability of the stability data with values from the literature.
The better solubility of the diol-substituted inhibitor 239 in aqueous systems enables the determination
of the reactivity in two additional settings. Initially, the stability was determined in a 50:50 buffer/ACN
mixture, as used for the previous experiments to compare the value with the one obtained previously

(Figure 42). The half-life of 110 is twice as long as for 239, despite sharing the same warhead moiety.
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Figure 42: Comparison of the GSH-stability of 110 (data depicted in blue) and 239 (orange) in a 50:50
HEPES buffer/ACN mixture.
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was found to be similar to the published data for gamcemetinib. ***! MALONA et al. measured the
metabolic stability in mouse S9 fraction, a subcellular fraction which contains microsomal and cytosolic
enzymes involved in metabolism, and found that 72% of the compound remained after 30 min (63% for

110 after 30 min). 228

4.8 Determination of the Solubility of Selected Compounds

Physicochemical properties of a compound such as solubility and lipophilicity determine its
pharmacokinetic behavior and ADMET (absorption, distribution, metabolism, excretion, toxicity)
properties in a broader sense. Furthermore, these characteristics can influence in vitro assays, in the early
stages of drug development. Low solubility of a compound and resulting precipitation can lead to
systematic and time-dependent deviation during dilution processes, resulting in misinterpretation of

3121 Increased size, planarity, number of aromatic

measured values and underestimation of the activity. !
rings, and certain hydrogen bond donor/acceptor patterns negatively affect solubility. '3l In the
development of protein kinase inhibitors these properties are particularly relevant because they are often
directly linked to compound activity and selectivity. The narrow binding pocket of MK2 favors planar
molecules, which hampers solubility. *°! Here, kinetic solubility was tested by adding a stock solution
of the compound in DMSO to aqueous HEPES buffer. The resulting concentration after stirring for 17 h

was determined by HPLC/UV measurements.

Table 11: Solubility of a subset of compounds in HEPES buffer (pH 7.5). Values for the calibration
curves were measured as triplicates; @ calibration curve measured as singlicate.

# 64 102 108 110 232 157 181 204 239
So;ullzillity 6.78 1.1 102 | <050 | 235 | <050 | 99.9 | 13.5 | 14.0
n

Compounds 64 and 102, which are based on tetracyclic core structures, only displayed a solubility below
10 uM in the buffer system (Table 1). Opening of the B-ring in the pyrrolopyridinone derivative
increased the solubility for the acrylamide-containing compounds by 10-fold (6.78 uM (64) vs. 102 uM
(108)). The attachment of the nitropyridine via a nitrogen linker resulted in a significant loss in solubility
(<0.50 uM for compound 110 and 157). Replacing the linker atom with sulfur, as in compound 204,
was beneficial for solubility (13.5 uM). Notably, during the development of gamcemetinib, which was
published later, it was shown that the replacement of the amino linker by an ether significantly increased

2281 Additionally, the nitro group of the warhead is able to form an intramolecular hydrogen

solubility. [
bond to the linking NH (shown in Figure 36), which stabilizes a pseudobicyclic planar conformation
presumably resulting in a further loss in solubility. Replacing the pyrrole N-methyl group with the propyl
diol in chloronitropyridine derivative 239 significantly increased the solubility (14.0 uM), while the

MOM group (232) had only a minor solubilizing effect.
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5 Conclusion and Outlook

Three related MK2 inhibitor core structures were employed within this thesis. All of them were
successfully equipped with electrophilic warheads resulting in compounds which displayed high
potency against MK2 with ICsy values down to the single digit nanomolar range (64, 102, 231). Here,
different warhead types were installed. “Classical” acrylamide warheads were successfully attached to
all three cores. The resulting inhibitor structures showed good potency in the nanomolar range and the
expected mass shift for the covalent modification of the kinase was observed in intact protein mass
spectrometry experiments (performed by GUIQUN WANG from the group of Prof. Dr. STEFAN KNAPP,
Institute for Pharmaceutical Chemistry, Structural Genomic Consortium, Goethe University, Frankfurt).
Additionally, the kinetic binding parameters of 64 proved to be very good, with a Kinac/Kr of
2.58:10° M's”l. Moreover, in comparison to afatinib, 64 displayed a significantly lower intrinsic

reactivity towards thiols as shown in a GSH stability assay (ti» = 84.5 h vs. ti» = 8.8 h).

III

Figure 45: Overview of the different core structures and derivatization
possibilities (linker colored in blue, warhead in red, pyrrole substituent in
gold. I: tetracyclic pyridine-based compounds; I1: tetracyclic pyrimidine-
based compounds; III: pyrrolopyridinone derivatives

For compound 102 (tetracyclic core structure II, Figure 45), replacing the acrylamide warhead with an
alternative heterocyclic warhead maintained the high potency (ICso < 3 nM). The electron-deficient
chloronitropyridine warhead, is supposed to react with the target via an SyAr reaction. Due to synthetic
reasons, further SAR studies concerning this warhead type were performed on the simplified
pyrrolopyridinone core III (Figure 45). The resulting ring-opened derivative 110 (III) retained satisfying
potency (ICso = 61.6 nM). Changing the heteroatom linking the warhead to the core structure
(highlighted in blue in Figure 45) to a sulfur atom, however, abolished inhibitory activity. As expected,
removal of the chloride leaving group from a nitrogen-linked analog also strongly decreased inhibitory
activity (157, ICsp = 4.6 uM), in line with a covalent mode of action which was again confirmed by

intact protein MS.
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Exchanging the chloride leaving group to fluorine, bromine or sulfone did not show any benefit either,
which is interesting since the fluorine and the sulfone derivatives show enhanced intrinsic reactivity.
This behavior deserves further investigations.

Finally, various substituents were introduced at the pyrrole nitrogen atom (golden triangle in Figure 45).
Removing the methyl group, which had been introduced for synthetic convenience, increased potency
(231, ICso = 0.36 nM), enabling additional polar interactions with the target. Larger substituents, such
as the dihydroxy propyl in 238 and 239, decrease inhibitory activity but improve solubility (< 0.5 uM
(110) vs. 14.0 uM (239)). Additional derivatization at this position could be beneficial for balancing
activity and physiochemical properties. Another possibility for further inhibitor development is the
variation of the warhead substitution pattern to enable tuning of warhead reactivity and potentially
increase solubility, especially replacement of the nitro group is a desirable goal. It remains to be tested
if activity can be retained by alternative, more drug-like functional groups which are capable of making
a similar intramolecular hydrogen bond as the nitro group.

Importantly, it should be noted that significant obstacles had to be overcome in the chemical synthesis
of the compounds presented herein and these efforts, the methods developed, and the lessons learned
could significantly facilitate further SAR exploration.

After the protein MS experiments had already confirmed the successful covalent labeling of MK2, our
cooperation partners from the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical Chemistry,
Goethe University, Frankfurt, experiments conducted by GUIQUN WANG) recently solved the X-ray
crystal structures of the two key compounds 64 and 110. These structures confirm the desired covalent
binding of Cys140 in MK2 by the electrophilic warhead via a thia-MICHAEL addition in case of 64 and
a SyArmechanism for 110. In addition, they show the expected non-covalent binding interactions, which

1.3,206] " confirming the initial design

are in line with the data from the literature for the reversible analogs!
hypothesis. Furthermore, X-ray crystal structures can now be utilized to design further improved
inhibitors and to elucidate the details of the binding mechanism, e.g. by applying QM/MM calculations.
Beyond this, the most promising compounds were shared with our colleagues at the University Hospital
Tiibingen (group of Dr. DANIEL DAUCH). Their obtained results showed a very interesting activity of
the SyAr based compounds in cells and organoid cultures of CRC and pancreatic ductal adenocarcinoma
(PDAC), which was superior to the efficacy of acrylamide-based analogs. Despite being still

preliminary, these results encourage the further exploration of SNAr-based MK2 inhibitors in an

anticancer setting.
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6 Experimental Part

6.1 Materials and Methods

Chemistry

Starting materials and reagents for the chemical synthesis were purchased from commercial suppliers
and were used without purification. Anhydrous and oxygen-free solvents were also commercially
acquired and stored over molecular sieve under an inert atmosphere. Thin layer chromatography (TLC)
was performed using Merck 60 F254 silica plates (Merck KGaA, Darmstadt, Germany) and the spots
were detected under UV light (254 nm or 366 nm). Purification of the compounds was performed by
preparative column chromatography using either an Interchim PuriFlash XS420 (Interchim S.A.,
Montlucon, Allier, France) or a LaFlash V2.3 system (VWR International®). For normal phase
separation Grace Davison Davisil LC60A 20-45 micron Silica (W.R. Grace and Company, Columbia,
MD, USA) and Merck Geduran Si60 633200 micron silica (Merck KGaA, Darmstadt, Germany), or
pre-packed columns from the puriFlash® STHP series (60 A, 500 m?%/g, 30 pM dp, 12/25/40 g; Interchim®
S.A., Montlucon, Allier, France) were used. Reverse phase preparative column chromatography was
conducted using a CHROMABOND® Flash RS 40 C 18 ec column (Machery-Nagel GmbH & Co. KG,

Diiren, Germany).

High-performance liquid chromatography (HPLC)

Method A:

The purity of the compounds was determined using Agilent 1100 systems (injection module, ColCom
setup, degasser and binary pump, diode array detector (DAD) detector module; Agilent Technologies
Inc., Santa Clara, CA, USA). A Phenomenex Luna® 5 uM C8 RP (150 mm x 4.6 mm, 5 uM, 100 A)
was used with an injection volume of 10 pL and a flow rate of 1.5 mL/min mL/min at 35 °C. Detection

was performed at two different wavelengths, 254 nm and 230 nm.

0 min min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3
8 min: 85% MeOH, 15% phosphate buffer (0.01 M) pH 2.3

13 min: 85% MeOH, 15% phosphate buffer (0.01 M) pH 2.3

14 min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3

16 min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3
Method B/C:

The purity of the compounds was determined using an Agilent 1100 system (injection module with
thermostat module, ColCom setup, degasser and binary pump; Agilent Technologies Inc., Santa Clara,
CA, USA) coupled to an Agilent 1260 DAD detector module. Both methods used a Phenomenex
Kinetex® 2.6 uM C8 100 A (150 x 4.6 mm) column with an injection volume of 5 puL and a flow rate

of 0.5 mL/min at 23 °C. Detection was performed at two different wavelengths, 254 nm and 230 nm.
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Method B:

0 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3
15 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3
20 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3
22 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3
28 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3
Method C:

0 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3
9 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3
10 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3
11 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3
16 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3

Nuclear magnetic resonance (NMR) spectroscopy
NMR spectra were acquired using Bruker Avance III HD 200/400/600 spectrometers (Bruker
Corporation, Billerica, MA, USA). Deuterated solvents were used to dissolve the samples. The residual

[314] was used to calibrate the chemical shift relative to

solvent signal according to FULMER et al.
tetramethylsilane (TMS) as & jppm] = 0. The following indications were given for the multiplicity of
signals: s = singlet, d = doublet, dd = doublet of doublet, t = triplet, q = quartet, b = broad singlet and

m = multiplet.

Mass spectrometry

TLC-MS: MS data for intermediates was acquired using an Advion TLC-MS interface (Advion, Ithaca,
NY, USA) based on electrospray ionization (ESI) in positive or negative mode. ESI voltage = 3.50 kV;
capillary voltage = 187 V; source voltage = 44 V; capillary temperature = 250 °C; desolvation gas
temperature = 250 °C; gas flow = 5 L/min nitrogen.

HPLC-MS: The HPLC-MS measurements were performed at the MS department of the Institute of
Organic Chemistry at the Eberhard Karls University, Tiibingen. An Agilent 1260 Infintiy II system was
used to perform separation by HPLC. A gradient elution at a flow rate of 0.3 mL/min mL/min was
employed. Detection was carried out using a DAD detector combined with an MS system (Bruker
AmaZon SL, ESI in positive mode).

Method A (64, 239, 166, 110, 156):

The separation was performed on a Luna Omega polar 100 C18 column (length: 15 cm; diameter: 4.6
mm, T: 30 °C, C-18 modified silica, particle size: 3um).

Gradient:

0 min: 90% H>0 with 0.01% formic acid, 10% ACN with 0.01% formic acid
30 min: 100% ACN with 0.01% formic acid
40 min: 100% ACN with 0.01% formic acid
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41 min: 90% H,0 with 0.01% formic acid, 10% ACN with 0.01% formic acid
50 min: 90% H,0 with 0.01% formic acid, 10% ACN with 0.01% formic acid

Method B (96):

The separation was performed on a Reprosil 100 C18 column (length: 10 cm; diameter: 3 mm, T: 30 °C,
C-18 modified silica, particle size: 3pm). Mass data was additionally acquired in the negative mode of
the ESIL.

Gradient B:

0 min: 80% H»0 with 0.01% formic acid, 20% MeOH with 0.01% formic acid

20 min: 100% MeOH with 0.01% formic acid

30 min: 100% MeOH with 0.01% formic acid

High-resolution MS (HRMS): The HRMS measurements were conducted at the MS department of the

Institute of Organic Chemistry, using a Bruker maXIs 4G ESI-TOF (Bruker Corporation, Billerica, MA,
USA) based on ESI in positive mode. Dry heater =200 °C; nebulizer = 1.2 bar; dry gas flow = 6.0 L/min;
capillary voltage = 4500 V; endplate voltage Offset = 2500 V.

Infrared spectroscopy (IR)
The IR spectra were obtained using an Agilent Cary 630 FTIR (Agilent Technologies Inc., Santa Clara,
CA, USA) with the pure substances.

PYMOL™
X-ray crystal structures and overlays thereof were analyzed using The PyMOL Molecular Graphics
System, Version 2.5.7. Schrodinger, LLC.

Biochemical assay performed at Reaction Biology Corp.

The ICso values were determined using a HotSpot™ Kinase assay 2], a radiometric assay format, which
employed 33P-ATP for the phosphorylation reaction. The assay was performed by the commercial
provider Reaction Biology® Corp. at their site in Malvern, PA, USA. The resulting radioactive labeling
of a suitable substrate was measured to determine the amount of phosphorylation in relation to a control
reaction and assessed as a function of the inhibitor concentration. Five-point measurements were
performed starting from 5 uM following a 10-fold or from 2 uM in a 5-fold dilution scheme,
respectively. The 1Cso value was determined as the concentration of half-maximal inhibition of the
enzymatic activity. The assay was performed in HEPES buffer system at pH 7.5, which consisted of
20 mM HEPES, 10 mM MgCl,, 1 mM EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid), 0.01% Brij35 (polyoxyethylene(23)laurylether), 0.02 mg/ml BSA (bovine serum
albumine), 0.1 mM Na3;VOs, 2 mM DTT, and 1% DMSO.

1. The oligopeptide [KKLNRTLSVA] is added as a substrate (20 uM) to the buffer, followed by the
necessary cofactors and the specific kinase.

2. The compound is added and incubated for 20 min at rt (non-competitive phase).

3. 3P-ATP (10 uM) is added and incubated for 2 h at rt (competitive phase).
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4. Unreacted ATP is removed by spotting the reaction onto P81 ion exchange filter paper and washing.

5. The amount of phosphorylated substrate is quantified by an undisclosed method, relying on measuring

the radioactivity of **P.

Table 12: Inhibitory activity (ICso) against MK2; ® 5-fold dilution from 2 uM; ® 10-fold dilution starting
from 5 pM.

Acrylamide-based Inhibitors

Unreactive control compounds

# Structure ICs0 (MK2) # Structure ICs0 (MK2)
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—0
0 0
e | o NI groame | 70 o NI Sr0ume
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\\H/(N ! \\H/(N N
0
66 | Lo BT sa0ume
N U
\\H/<N N
(0] (0]
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96 1.96 nM
108 9.59 nM ? 109 1190 nM ¥
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Pyrrolopyridinone derivatives with heterocyclic warhead

Nitrogen-linked compounds with methylated pyrrole
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155 73.7 nM » 166 >5uM Y
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The biochemical activities of 102 and 110 against kinases with an equivalent positioned cysteine
(FGFR4, MK3, S6K2, MPS1) was determined using the HotSpot™ kinase assay by Reaction Biology®
as previously described. The substrate was adjusted to the respective kinase ([KKLNRTLSVA] for
MK3, IKKRNRTLTK] for S6K2, poly[Glu:Tyr] (4:1) for FGFR4 and MPS1).

Table 13: Inhibition of kinases with an equivalent positioned cysteine. ICsy values for 102 and 110 were
determined via 5-point singlicate measurements with 10-fold dilution steps starting from 5 uM. @ Assay
performed with 5-fold dilution steps, starting from 2 uM.

# FGFR4 MK2 MK3 S6K2 MPS1
102 <0.50 nM <320nM? | <0.50 nM <0.50 nM 765 nM
110 1.39 uM 61.6 nM 21.5nM 31.2nM >5.00 uM

Biochemical activity determined at AssayQuant®

1Cso and K values for compounds 64 and 110 were additionally determined using a fluorescence-based
kinase assay with the PhosphoSense® technology at AssayQuant® Technologies, Inc., Marlboro, MA,
US. The assay was performed in 50 mM HEPES buffer at pH 7.5. The final reaction solution contained
1.0 mM DTT, 0.01% Brij-35, 0.5 mM EGTA, 1% glycerol, 10 mM MgCl,, 0.20 mg/mL BSA, 15 uM
AQT sensor substrate AQT0425, 2% DMSO, 10.1 uM ATP and the kinase (1 nM MK2, full length (1-
400), N-terminal GST fusion, Carna (cat. # 02-142/ Lot: 22CBS-0444 B)). The compound was diluted
in a 3-fold serial dilution from 10 uM concentration and 16 (64) and 18 (110) data points were included
in the evaluation. The kinase reaction was conducted at a final volume of 15 uL in a 384-well microplate
(purchased from Perkin Elmer, white, low-volume, sealed with optically-clear adhesive film (TopSeal A-
plus plate seal, Perkin Elmer)) and incubated at 30 °C for 240 min. The reaction was detected using a

Biotek Synergy Neo 2 microplate reader with excitation (360 nm) and emission (485 nm) wavelengths.

Table 14: Determination of ICso and K; values for 64 and 110 at

AssayQuant®.
# Structure 1Cso [nM] Ki [nM]
Lo
N7 o
|
64 HN ¥ // 2.50 1.25
H
~0 HN
(6]
cl 7N/ W
110 =N — N 40.2 20.1
H /
N\ /
0,
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Assessment of the Kinetic Binding Parameters

The binding of a covalent inhibitor can be described as a two-step mechanism and the binding is time-
dependent. Therefore, the kinae/ K1 values describe the activity of irreversible inhibitors better than the
ICso values. To determine the kinac/Ki values of 64 and 110, a PhosphoSens® CSox-based continuous
assay format was used at AssayQuant® Technologies, Inc. The assay was performed in 50 mM HEPES
buffer at pH 7.5. The final reaction solution contained 1.0 mM DTT, 0.01% Brij-35, 0.5 mM EGTA, 1%
glycerol (from EDB), 10 mM MgCl,, 0.20 mg/mL BSA (from EDB), 15 uM AQT sensor substrate
AQT0425, 1% DMSO, 10.1 uM ATP and the kinase (1 nM MK2, full length (1-400), N-term GST
fusion, Carna (cat. # 02-142/ Lot: 22CBS-0444 B)). The compound was diluted in a 1.5-fold serial
dilution from 0.5 uM concentration and 24 data points were measured. For the reaction setup 0.3 uL of
a 100x compound solution in 100% DMSO, 3.0 pL of 10x Sox-based substrate, and 3.0 pL of 10x ATP
were combined. The mixture was incubated for 30 min at rt, while reaction mix is prepared. 23.7 pL of
reaction mix with 1.4x enzyme was added. The kinase reaction was performed at a final volume of 30 pL
in a 384-well microplate (purchased from Perkin Elmer, white, low-volume, sealed with optically-clear
adhesive film (TopSealA-plus plate seal, Perkin Elmer)) at 30 °C for 240 min. The reaction was
measured with a Biotek Synergy Neo 2 microplate reader, using excitation and emission wavelengths

of 360 nm and 485 nm, respectively.

Table 15: Kinetic binding parameters determined for 64 and 110 at Assay Quant®.

kinact/KI kinact KI
# Structure
[M s [s] [uM]
tfo
N
64 HN l _ 0 2.58:10° 0.0112 0.0435
- HN—/ NH
O
(0]
cl 7 N\ J | NH
110 =N — /N 5.01-10° 0.0081 1.65
\ /"
0,

Differential Scanning Fluorimetry (DSF) Assay

The Differential scanning fluorimetry (DSF) or thermal shift assay is used in the context of drug
discovery as a high-throughput method for evaluating ligand binding and selectivity in the early stages.
The method is based on the ligand’s ability to stabilize the protein fold as a result of a binding event to
the respective protein. The folding state stabilization can then be measured as change in the melting
temperature (Trm) of the protein. The melting temperature (Tr) is defined as the temperature at which

50% of the protein is in the unfolded stage. The folding stage of the protein can be tracked by measuring
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the fluorescence of a suitable dye, such as SYPRO Orange, which is used for the experiment described
herein. B3 SYPRO Orange interacts with the hydrophobic regions of the protein that become accessible
during unfolding. The fluorescence is increased by these interactions, allowing for the tracking of
changes in the folding stage through changes in dye fluorescence emission. 316

The DSF assay was conducted in the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical
Chemistry, Structural Genomics Consortium, Goethe University, Frankfurt), following the procedure
described in FEDOROV et al. B13°! Purified proteins were buffered in 25 mM HEPES (pH 7.5) containing
500 mM NaCl and were assayed in a 384-well plate with a final protein concentration of 2 uM in a
10 uL assay volume. Inhibitors were added to a final concentration of 10 uM using an ECHO 550
acoustic dispenser (Labcyte, San José, CA, USA). A 1:5000 dilution of SYPRO-Orange (Molecular
Probes, Eugene, OR, USA) was used as a fluorescence probe. The filters for excitation and emission
were set to 465 nm and 590 nm, respectively. The temperature was increased from 25 °C at a rate of
3 °C/min to a final temperature of 95 °C while scanning with the QuantStudio5 (Applied Biosystems,
Waltham, MA, USA). The data were analyzed using the Boltzmann equation in the Protein Thermal
Shift software (Applied Biosystems, Waltham, MA, USA). The samples were measured in technical

duplicates.

Table 16: Data from the thermal shift screening; ATy > 10 °C in bold; AT > 5 °C in italic; empty cells
not determined.

Stauro-
Enzyme 64 96 102 108 109 sporine
pos. control

MAP3K5A 9,49 14,59 8,56 8,79 6,00 17,60
CAMKK2B 12,60 14,07 3,36 8,68 6,87 25,14
TOPKA 6,82 12,89 0,52 8,67 0,85 8,14
CLK1A 857 11,44 9,32 5,98 3,53 13,70
STK17AA 10,36 11,17 8,29 822 7,74 12,36
DYRK2A 10,10 10,94 13,87 8,26 7,63 7,04
GPRKSA 3,24 10,55 2,13 1,40 0,43 8,56
MK2 10,66 10,51 10,32 11,67 3,87 3,43
DYRKI1AA 7,49 9,51 6,78 5,19 3,89 10,68
CLK3A 3,74 9,20 6,12 2,21 0,83 7,46
RPS6KSA 835 6,63 5,53 15,00
DAPK3A 7,07 8,24 3,98 7,46 515 18,73
MELKA 6,72 822 3,59 5,00 3,04 14,09
GAKA 6,60 7,92 2,84 4,05 4,03 9,53
GSK3BB 4,73 7,59 4,44 4,07 4,15 12,21
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BMP2KA 4,65 7,56 5,59 5,87 525 19,25
STK10A 2,98 7,42 1,02 3,00 1,65 24,40
MAPKI1SHSD 551 7,01 6,86 2,52 1,58 14,17
CSNK2A2A 5,43 6,97 1,48 5,03 4,50 5,68
TTKA 6,44 6,96 2,39 2,08 1,88 12,44
ABL1A 1,78 6,62 0,91 1,66 1,36 10,27
CHEK2A 6,17 6,27 2,71 2,42 2,74 18,30
BMPR2A 2,91 6,07 0,67 2,80 1,41 2,91
FGFR3A 2,97 558 1,21 1,92 0,79 13,67
SLKA 5,31 0,73 1,60 20,78
PLK4A 4,68 5,28 3,12 3,67 2,65 19,00
FLT1A 6,12 5,17 0,71 1,38 3,14 12,53
PIM3A 572 5,16 2,02 2,89 3,23 18,43
PHKG2A 4,18 5,14 8,16 1,25 0,71 22,50
CK2A1A 4,83 1,95 4,38 4,40
STK6A 2,00 4,40 0,69 2,55 2,01 17,29
GSG2A 4,34 4,38 1,44 1,31 0,72 7,93
AAKI1A 3,17 4,37 2,66 3,05 3,70 12,23
NEK2A 0,13 3,87 2,16 1,90 -0,33 2,24
PIM1A 6,18 3,85 3,93 2,52 341 11,48
CSNK1DA 3,45 3,84 2,50 2,32 1,70 2,49
STK17BA 4,71 3,65 5,95 -0,04 0,80 8,57
DAPKIA 3,95 3,61 3,50 1,94 1,95 9,61
ULK3A 1,94 341 0,55 1,04 0,74 17,38
SRPKIA 4,31 3,13 3,55 0,74 0,58 7,42
STK38LA 1,72 2,87 0,54 0,74 0,30 11,26
FGFR2A 1,24 2,47 0,24 1,14 0,16 8,65
MAPKSB 4,25 2,05 2,28 2,80 0,92 7,71
RIOK1A 1,89 0,92 5,73 -0,22
MAPK10A 2,57 1,82 1,89 1,56 0,28 8,21
CAMK2DA 1,30 1,46 2,21 -0,11 -0,08 17,47
RPS6KA1A 1,41 1,39 1,07 0,44 -0,07 4,58
VRKI1A 3,25 1,32 2,09 0,58 0,31 3,37
CDK2A 0,63 1,29 2,53 -0,05 0,03 15,29
STK3A 0,48 1,04 0,26 0,24 0,08 14,81
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STK39A 0,03 0,98 0,96 0,33 -0,23 9,27
FESA 0,36 0,90 0,60 0,24 0,09 7,49
MAP2K4A 0,49 0,86 2,80 0,78 0,18 12,48
MAPKI1A 0,82 0,79 1,02 0,20 0,09 -0,37
MERTKA 0,41 0,78 0,63 0,58 0,19 595
EPHB3A 0,68 0,69 -0,17 -0,26 -0,45 6,65
MARK3A 0,73 0,68 0,60 0,97 0,60 19,24
FGFR1B 0,13 0,64 0,09 0,21 -0,10 5,96
CDKLIA 0,13 0,62 -0,05 -0,10 0,20 3,96
EPHA2A -0,01 0,61 0,26 0,18 0,01 7,81
BRPF1B 1,30 0,60 0,50 0,77 0,84 1,30
PAKIA -0,76 0,57 -0,45 -0,31 -0,52 7,43
EPHASA 0,47 0,51 -0,11 -0,41 -0,23 8,67
CAMK4A 0,40 0,49 0,46 -0,01 0,10 8,95
AKT3A 0,51 0,49 0,69 0,27 0,38 7,77
AURKBA 1,83 0,42 2,33 -2,41 -0,68 14,06
MAPKG6 0,33 0,70 0,39 0,99
OSR1A 0,11 0,33 0,30 0,05 0,31 7,57
PAK4A -0,05 0,31 0,75 -0,09 -0,25 14,87
BRAFA 0,44 0,29 1,59 0,38 0,11 0,36
MARKA4A 1,21 0,26 -0,66 -0,26 0,06 18,34
MAP2K6A 0,09 0,25 0,73 0,41 -0,09 12,51
PCTKIA 0,36 0,19 0,24 0,10 -0,06 8,87
WNK1A -0,24 0,19 0,00 0,18 -0,08 1,42
BMXA 0,85 0,14 -0,38 0,08 -0,34 7,16
DMPKI1A 0,43 0,08 0,28 -0,29 -0,34 9,75
CAMK2BA 1,48 0,07 1,36 -0,68 0,22 11,42
STK4A 0,17 -0,02 -0,27 -0,37 0,06 15,52
MAPKI14A -0,15 -0,02 0,42 -0,76 -0,13 -0,05
RPS6KA6A -0,03 0,10 0,38 1,00
MST3A 1,48 -0,04 -0,09 -0,99 0,38 6,46
MAPK13A 0,34 -0,06 0,99 -0,23 0,30 6,21
MAPK9A 2,81 -0,14 0,53 1,25 -1,29 4,83
NEKI1A 0,80 -0,15 0,02 0,64 0,04 -0,69
PKMYTI1A 0,18 -0,21 0,66 -0,73 -0,79 -1,07
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CAMKIDA -1,08 -0,21 0,55 0,01 -1,47 10,49
TAF1A -0,52 -0,29 -0,09 -0,15 -0,40 0,43
SRCA -0,18 -0,31 -0,02 -0,04 0,10 5,09
MAP2K1A -0,32 -0,38 -0,21 1,62
EPHA7A 0,09 -0,48 -0,01 0,10 -0,18 12,72
DCAMKLI1A 2,60 -0,57 0,27 -1,36 1,24 6,32
CASKA -0,06 -0,69 -0,49 -0,64 0,02 511
TLK1A 0,03 -0,73 -0,09 0,00 0,08 8,88
MST4A 0,15 -1,03 -0,16 -2,37 -0,23 4,56
PDK4A -1,22 -0,05 0,02 0,07
CDC42BPAA 0,28 -1,30 0,01 -0,06 0,42 2,18
CAMKI1GA 0,93 -1,68 -0,95 -0,72 -0,06 10,46
NEK7A -0,39 -1,81 -0,59 -0,56 -0,99 -0,20
BRD4A 0,23 -1,92 -0,43 -1,03 -0,96 -0,81
RIOK2A -2,98 1,59 0,86 2,29
CSNKI1EA 2,45 0,51
CSNK2A1A 5,60 4,17
EPHA4A 0,16 0,07
EPHB1A 0,11 -0,02
FECH 2,50 -0,16
HIPK2 1,86 0,35
MAP2K7A 9,57 0,86
NQO2A 0,27 0,55
RPS6KASA 7,32 4,26
TIF1A 0,28 -0,26
ULK1A 2,27 0,23
GSH stability assay

The stability of a representative subset of compounds towards nucleophiles was evaluated. Reduced
glutathione, which is present under physiological conditions and the thiol exhibits high nucleophilicity,
is commonly used. Several different methods for this purpose can be found in the literature, differing in
the concentration of the reaction partners, buffer composition and organic cosolvent, 13962 306c. 306d, 307, 317]
For this evaluation, the procedure from KEELEY et al. %% was adapted. To adjust for the low solubility
of most of the compounds, the method required modifications as already used for the published data on
the S6K2 and FGFR4 projects. ?! The buffer was changed from a PBS buffer to a HEPES buffer

(20 mM HEPES, 1 mM EGTA, 10 mM MgCl,, 0.01% Brij35, 0.1 mM Na3;VOs; pH adjusted to 7.5 by
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dropwise addition of 1 M HCl or | M NaOH), which was adapted from the buffer used in the biochemical
assay at Reaction Biology Corp. to prevent interference with the compounds, the composition was
adjusted by omitting DTT and BSA from the mixture. Additionally, a 50:50 mixture of the buffer with
acetonitrile was used and the final compound concentration was reduced to 100 uM. Indoprofen was
used as an internal standard at a final concentration of 100 uM. To ensure pseudo-first order kinetics,
the GSH concentration in the final solution was 5 mM. The assay was performed at 40 °C. Compound
stability was measured in duplicates. Afatinib stability was assessed simultaneously as a positive control.
To prepare the assay solution, 20 uL of a 10 mM compound solution in DMSO was diluted with 980 pL
of 1:1 HEPES buffer (pH 7.5)/ACN (Solution A). For compound 110 the concentration of the DMSO
solution was 5 mM. Therefore, 40 puL of the 5 mM solution in DMSO were diluted with 470 pL ACN
and 490 pL HEPES buffer (pH 7.5). A 200 uM solution of indoprofen with 10 mM GSH in 1:1 HEPES
buffer (pH7.5)/ACN was freshly prepared (solution B).

A mixture of 250 pL of solution A and B was monitored for reaction using a HPLC-based method. The
decreasing area under the curve for the compound was measured relative to the internal standard
indoprofen.

The kinetic parameters of the reaction were calculated by linearizing the data. The half-life t;» for the

pseudo-first order reaction can be calculated using the following formula:

In2
2 =0

The reaction rate constant, &, can be obtained from the linear regression by plotting the natural logarithm

of AUC divided by AUC, against the time. The slope of the trend line represents the value for k.

General formula for the linear regression:

y=k=xx
Formula for the reaction rate:
In (AUC ) =kx*t
AUC,

Less soluble compounds showed an increase of the compound AUC at t;, due to increased solubility at
40 °C compared to rt. The corrected value for AUCy (AUCocom) Was calculated from the linearization,
which did not affect the values for & or ti,» but allowed for better comparison and depiction.

After the assay was completed, selected reaction mixtures were analyzed by HPLC-MS at the MS
department of the Institute of Organic Chemistry (Eberhard Karls University, Tiibingen) to identify the
reaction products formed. Besides the mass of the internal standard, the parent compound and the GSH-

adduct could be identified in the mass spectrum. No hydrolysis product was identified.
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(Silica gel, 0 — 100% hexane/EtOAc) which afforded the product 120 (0.290 g, 0,801 mmol, 62%) as
white powder.

"H NMR (400 MHz, DMSO) 5 8.42 (d, J=5.2 Hz, 1H), 7.64 (d, /= 1.0 Hz, 1H), 7.55 (dd, J=5.2, 1.6
Hz, 1H), 6.88 (s, 1H), 3.98 (t, J = 6.3 Hz, 2H), 3.65 (s, 3H), 2.97 (t, J = 6.3 Hz, 2H), 1.47 (s, 9H). 3C
NMR (101 MHz, DMSO) 6 161.36, 152.92, 150.92, 150.04, 142.89, 142.24, 131.41, 121.68, 121.26, 114.24,
109.91, 81.31,44.63, 32.65,27.78, 21.53. TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 384.1; found: 384.2.
HPLC: t = 14.09 min (97.0% at 254 nm, 96.9% at 230 nm, method B).

B) An alternative approach for the synthesis of 120 is described in section 6.2.8

tert-Butyl 2-(2-(((benzyloxy)carbonyl)amino)pyridin-4-yl)-1-methyl-4-o0xo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c[pyridine-5-carboxylate (125)
tert-Butyl  2-(2-chloropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

O
Boc tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (120,
; .
N N | N 0.100 g, 0.276 mmol, 1.00 eq.), benzyl carbamate (0.209 g,
— N
Cbz—NH / 1.38 mmol, 5.00eq.) and Cs,CO; (76.4 mg, 0.553 mmol,
125 2.00 eq.) were dissolved in 1,4-dioxane (3.0 mL, dry,

Chemical Formula: Cz6HsN4Os degassed). After adding XantPhos (24.0 mg, 41.5 pmol,
Exact Mass: 476.20597
Molecular Weight: 476.53300 15 mol%) and Pd(OAc), (6.21 mg, 27.6 umol, 10 mol%), the
reaction was heated to 120 °C for 18 h. The mixture was
allowed to cool to rt and the solvent removed under reduced pressure. The residue was dissolved in
DCM and washed with a solution of NH4Cl and water. The organic layer was dried over Na;SOj and the
solvent evaporated. The residue was purified by flash column chromatography (Silica gel, 0 — 100%
hexane/EtOAc) which afforded the product 125 (73.0 mg, 0,155 mmol, 56%) as white solid.
'"H NMR (400 MHz, CDCl;) 6 10.57 (s, 1H), 8.02 (d, J = 5.4 Hz, 2H), 7.31 (ddd, J = 7.4, 3.9, 1.5 Hz,
5H), 6.75 (s, 1H), 6.73 (dd, J= 5.3, 1.4 Hz, 1H), 5.15 (s, 2H), 4.05 (t, /= 6.2 Hz, 2H), 3.56 (s, 3H), 2.81
(t,J=6.3 Hz, 2H), 1.49 (s, 9H)."*C NMR (101 MHz, CDCl3) § 162.35, 153.68, 153.64, 152.68, 147.98,
141.83, 141.27, 135.78, 133.67, 128.72, 128.60, 117.45, 115.44, 110.53, 109.84, 82.58, 67.34, 44.74,
32.72, 28.24, 22.28. TLC-MS: ESI(+) calcd. for [M+H]": m/z = 499.2; found: 499.2. HPLC: ti =
16.486 min (97.8% at 254 nm, 97.8% at 230 nm, method B).
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tert-Butyl 2-(2-aminopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-
carboxylate (126)

0 tert-Butyl  2-(2-(((benzyloxy)carbonyl)amino)pyridin-4-yl)-1-

Y N,Boc methyl-4-o0x0-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

N_ N | carboxylate (125, 0.173 g, 0.363 mmol, 1.00 eq.) was suspended

HN / in MeOH (15 mL, HPLC grade). Pd/C (10%wt ,17.3 mg, 10%

) 126 m/m) was added and the H, bubbled through the mixture. The
Chemical Formula: Ci13H22N4O3

Exact Mass: 342.16919 reaction was stirred for 18 h under H, atmosphere. After

Molecular Weight: 342.39900 complete conversion, the suspension was filtered and the solvent

removed under reduced pressure which afforded the product 126
(0.111 g, 0.322 mmol, 90%) as white powder.
'"H NMR (400 MHz, DMSO) 8 7.93 (d, J = 5.3 Hz, 1H), 6.58 (dd, J = 5.3, 1.3 Hz, 1H), 6.53 (s, 1H),
6.50 (s, 1H), 5.99 (s, 2H), 3.97 (t, J = 6.3 Hz, 2H), 3.57 (s, 3H), 2.94 (t, J = 6.3 Hz, 2H), 1.46 (s, 9H).
"H NMR (400 MHz, CDCls) & 8.03 (d, J= 5.3 Hz, 1H), 6.69 (s, 1H), 6.60 (d, J = 5.3 Hz, 1H), 6.51 (s,
1H), 4.78 (s, 2H), 4.10 (t, J = 6.3 Hz, 2H), 3.56 (s, 3H), 2.86 (t, J= 6.3 Hz, 2H), 1.54 (s, 9H).*C NMR
(101 MHz, CDCl3) & 162.58, 158.86, 153.66, 147.87, 141.36, 140.76, 134.17, 115.26, 113.31, 109.00,
107.49, 82.68, 44.85, 32.52, 28.27, 22.27. TLC-MS: ESI(+) calcd. for [M+H]": m/z = 343.2;
found:343.5. HPLC: t.; = 7.423 min (95.7% at 254 nm, 93.4% at 230 nm, method B).

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c[pyridine-5-carboxylate (119)
A) tert-Butyl 2-(2-aminopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

0 tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (126,
.Boc
NN/ | N 15.0 mg, 43.8 pmol, 1.00 eq.) and Boc,O (14.3 mg, 65.7 pmol,
— /N 1.50 eq.) was dissolved in fert-butanol (2 mL) at stirred at rt.
Boc—NH
119 After stirring for 18 h, the solvent was evaporated and the residue

Chemical Formula: C23H30N4Os  purified by flash column chromatography (Silica gel, 0 — 5%
Mo]IEe)i:a;cl;v[V?’Sesi;giizﬂ;ézé.l56lz6OO DCM/MeOH) which afforded the product 119 (16.5 mg, 34.1
pumol, 87%) as white solid.
'"H NMR (400 MHz, CDCl;) & 8.85 (s, 1H), 8.23 (d, J= 5.2 Hz, 1H), 8.00 (s, 1H), 6.91 (dd, J=5.2, 1.0
Hz, 1H), 6.78 (s, 1H), 4.07 (t,J = 6.3 Hz, 2H), 3.60 (s, 3H), 2.83 (t,J = 6.3 Hz, 2H), 1.50 (s, 9H), 1.47
(s, 9H).*C NMR (101 MHz, CDCl;)  162.44, 153.78, 152.73, 152.72, 147.79, 141.89, 141.17, 133.88,
117.43,115.49,110.87,109.87, 82.68, 81.25,44.83,32.81, 28.44,28.31,22.35. TLC-MS: ESI(+) calcd.
for [M+Na]": m/z = 465.2; found: 465.7. HPLC: t. = 15.897 min (85.6% at 254 nm, 69.7% at 230 nm,
method B).
B) tert-Butyl 2-(2-(((benzyloxy)carbonyl)(fert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-
1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (127, 0.113 g, 0.195 mmol, 1.00 eq.) was
dissolved in MeOH (3.0 mL, HPLC-grade). Palladium on charcoal (10% wt, 11.3 mg, 10% m/m) was
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tert-Butyl 2-(2-bromopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-
carboxylate (121)

tert-Butyl  2-(2-bromopyridin-4-yl)-4-oxo0-1,4,6,7-tetrahydro-
SH-pyrrolo[3,2-c]pyridine-5-carboxylate (132, 2.50 g,
6.37 mmol, 1.00 eq.) and Cs>COs3 (4.57 g, 14.0 mmol, 2.20 eq.)
were dissolved in DMF (dry, 80 mL) under an argon

121 atmosphere. And stirred at rt for 30 min. After addition of

Chemical Formula: CioHaiBrN2Os - methyl jodide (0.992mL, 2.26¢g, 15.9 mmol, 2.5eq.), the
Exact Mass: 404.07356

Molecular Weight: 405.29200 reaction was stirred at rt for 2 h. Sat. NH4Cl solution (80 mL)

was added to terminate the reaction and the precipitate was
isolated by filtration to collect a first portion of crude product. The filtrate was extracted with EtOAc
(2x 100 mL) and the organic layers dried over Na>SOs. The solvent was evaporated to isolate a second
portion of crude product. The two portions of product were combined and purified by flash column
chromatography (Silica gel, 0 — 6% DCM/MeOH) which afforded the product 121 (2.36 g, 14.5 mmol,
91%) as light-yellow solid.
'"H NMR (400 MHz, CDCls) & 8.36 (d, J= 5.1 Hz, 1H), 7.46 (s, 1H), 7.24 (d, J = 4.8 Hz, 1H), 6.82 (s,
1H), 4.12 (t, J = 6.2 Hz, 2H), 3.61 (s, 3H), 2.89 (t, J = 6.2 Hz, 2H), 1.54 (s, 9H). *C NMR (101 MHz,
CDCls) ¢ 162.14, 153.60, 150.38, 142.81, 142.20, 141.66, 131.96, 126.17, 121.45, 115.90, 110.70,
82.83, 44.71, 32.67, 28.27, 22.30. TLC-MS: ESI(+) calcd. for [M+H]": m/z = 428.1; found: 428.6.
HPLC: t; = 14.72 min (100% at 254 nm, 97.9% at 230 nm, method B).

6.2.7 Synthesis of Compounds described in Section 3.3.2.1.2

2-((4-Methoxybenzyl)amino)isonicotinonitrile (135)
2-Chloro-4-cyanopyridin (133, 5.00 g, 36.1 mmol, 1.00 eq.)
| P was dissolved in NMP (8.0 mL, dry). After addition of 4-
“ /©/\ ” CN methoxybenzylamine (134, 5.19mL, 5.55g, 39.7 mmol,

135 1.10 eq.) and DIPEA (9.15mL, 7.01 g, 54.1 mmol, 1.50 eq.),
Chemical Formula: C4H;:N;0 the reaction was heated to 120 °C for 18 h. The mixture was
Exact Mass: 239.10586 allowed to cool to rt and the solvent removed under reduced
Molecular Weight: 239.27800 pressure. The residue was dissolve din EtOAc (50 mL) and
washed with a solution of NH4Cl (50 mL) and water (50 mL). the organic layer was dried over Na,SO4
and the solvent removed in vacuum. The residue was purified by flash column chromatography
(Silica gel, 0 — 80% hexane/EtOAc) which afforded the product 135 (2.03 g, 8.30 mmol, 23%) as
yellowish solid.
'"H NMR (400 MHz, DMSO) & 8.16 (dd, J= 5.2, 0.6 Hz, 1H), 7.55 (t,J = 5.8 Hz, 1H), 7.25 (d, J = 8.7

Hz, 2H), 6.91 — 6.86 (m, 2H), 6.83 (s, 1H), 6.79 (dd, J = 5.2, 1.3 Hz, 1H), 4.40 (d, J= 5.9 Hz, 2H), 3.72
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Na,S0s. The residue was purified by flash column chromatography (Silica gel, 0 — 50% hexane/EtOAc)
which afforded the product 144 (31.0 mg, 49.7 umol, 31%) as rose-colored oil.

"H NMR (400 MHz, CDCls) 8 8.36 (d, J= 5.1 Hz, 1H), 7.77 (s, 1H), 7.28 (ddd, J=25.5, 14.3, 6.8 Hz,
5H), 6.94 (dd, J= 5.1, 1.2 Hz, 1H), 6.72 (s, 1H), 5.28 (s, 2H), 4.13 (t, /= 6.4 Hz, 2H), 3.25 (t, /= 6.4
Hz, 2H), 1.59 (s, 9H), 1.43 (s, 9H), 1.30 (s, 9H). *C NMR (101 MHz, CDCl;) § 161.98, 154.32, 154.11,
153.31, 148.52, 146.77, 142.68, 142.10, 139.47, 133.86, 128.30, 127.36, 126.86, 119.32, 118.76, 118.40,
112.81, 86.20, 83.02, 81.69, 49.78, 44.74, 28.27, 27.42, 24.71. TLC-MS: ESI(+) calcd. for [M+Na]":
m/z = 641.3; found: 641.6; ESI(-) calcd. for [M-H]: m/z=617.3; found: 617.6. HPLC: t;; = 22.260 min
(98.3% at 254 nm, 98.6% at 230 nm, method B).

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-o0xo-6,7-dihydro-1H-pyrrolo[3,2-
c[pyridine-1,5(4H)-dicarboxylate (145)
Di-tert-butyl 2-(2-(benzyl(tert-butoxycarbonyl)amino)pyridin-

_ y i N’BOC 4-yl)-4-0x0-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-

Ny N | dicarboxylate (144, 31.0mg, 49.7 umol, 1.00eq.) was
Boc—NH Bod dissolved in EtOH (2.0 mL, HPLC grade) and Palladium on
145 charcoal added (10% wt, 3.0 mg, 10% m/m). H, was bubbled

Chemical Formula: C;7H36N407

Exact Mass: 528.25840
Molecular Weight: 528.60600 could be detected by TLC-MS (ESI(+) calcd. for [M+Na]": m/z

through the reaction. After 18h only traces of the product 145

= 551.3; found: 551.6). A successful method for the synthesis

of intermediate 145 is described in section 6.2.12

6.2.8 Synthesis of Compounds described in Section 3.3.2.1.3

tert-Butyl 4-((2,2-dimethoxyethyl)amino)-6-oxo-3,6-dihydropyridine-1(2H)-carboxylate (147)

° tert-Butyl 4-((2,2-dimethoxyethyl)amino)-6-0x0-3,6-
N,Boc dihydropyridine-1(2H)-carboxylate (147) was synthesized in a
| similar manner as described in the patent literature. >8] fert-
o H Butyl 2,4-dioxopiperidine-1-carboxylate (53, 10.0 g, 46.9 mmol,
e
147 1.00 eq.), molecular sieve (4A, 4.00 g) and aminoacetaldehyde
Chemical Formula: C14H24N,0Os  dimethyl acetal (5.38 mL, 4.93 g, 46.9 mmol, 1.00 eq.) were
Exact Mass: 300.16852 weighed into a flask and toluene (dry, 100 mL) was added. The

Molecular Weight: 300.35500 ) )
reaction was stirred for 18 h at 70 °C under an atmosphere of

argon. After cooling to rt, the mixture was filtered and the filtrate evaporated to dryness which afforded
the product 147 (14.0 g, 46.7 mmol, 99.5%) as yellow solid.

'"H NMR (400 MHz, DMSO) 6 11.13 (s, 1H), 6.94 (s, 1H), 6.65 (t,J = 2.4 Hz, 1H), 6.21 (d, J = 2.1 Hz,
1H), 3.35 (t, J = 6.9 Hz, 2H), 2.73 (t, J = 6.9 Hz, 2H). *C NMR (101 MHz, DMSO) & 165.71, 135.59,
117.67,113.31, 105.52, 40.38, 21.84. TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 323.2; found: 323.3;
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2-(2-((2-Chloro-5-fluoropyrimidin-4-yl) oxy)pyridin-4-yl)- 1-methyl-1,5,6, 7-tetrahydro-4H-
pyrrolo[3,2-c[pyridin-4-one/ 2-(1-(2-chloro-5-fluoropyrimidin-4-yl)-2-oxo-1,2-dihydropyridin-4-yl)-
1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (181)

. o) tert-Butyl 2-(2-((2-chloro-5-fluoropyrimidin-4-
N/:ng — / | NH yl)oxy)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-
>\7N/ / N pyrrolo[3,2-c]pyridine-5-carboxylate/  tert-butyl 2-(1-(2-
cl o ! chloro-5-fluoropyrimidin-4-yl)-2-oxo- 1,2-dihydropyridin-4-
i yl)-1-methyl-4-oxo0-1,4,6,7-tetrahydro-5H-pyrrolo| 3,2-

Cl N\_/ 4 | A c]pyridine-5-carboxylate (180, 35.0 mg, 73.9 umol, 1.00 eq.)
N \/_N\g‘o /N was dissolved in DCM (dry, 3 mL) and subjected to GSP 7.
— = After stirring for 30 min and the described work-up, the
181 residue was dissolved in a mixture of DCM with 5% MeOH

Chemical Formula: Ci7H1;CIFNsO, (10 mL). The solution was washed with sat. Na,COj solution
Exact Mass: 373.07418

Molecular Weight: 373.77240 (10 mL) and the aqueous layer extracted with DCM (2x

10 mL). The combined organic layers were dried over Na;SO4

and the solvent removed under reduced pressure. The crude product was purified by flash column
chromatography (Silica gel, 3 — 10% DCM/MeOH) which afforded the product 181 (15.0 mg,
39.9 umol, 54%) as off-white solid. The final regio isomer could not be identified, for detailed discussion
see section 3.3.2.2.
"H NMR (400 MHz, CDCl;) 6 8.45 (d, J= 1.8 Hz, 1H), 8.31 (d, J= 5.2 Hz, 1H), 7.27 — 7.24 (m, 1H),
7.15 (s, 1H), 6.86 (s, 1H), 6.12 (s, 1H), 3.68 (s, 3H), 3.65 (d, /= 6.8 Hz, 2H), 2.91 (t, /= 6.9 Hz, 2H).
BC NMR (101 MHz, CDCls) 8 166.49, 159.90, 157.99 (d, J = 11.7 Hz), 154.00 (d, J = 4.9 Hz), 148.92,
147.48 (d, J = 20.6 Hz), 147.30 (d, J = 266.7 Hz), 144.45, 140.68, 132.14, 121.16, 115.11, 112.66,
109.80, 41.12, 33.14, 22.26. HRMS: ESI(+) calcd. for [M+Na]*: m/z = 396.06340; found: 396.06408;
rel. deviation: 1.72 ppm. HPLC: t; = 10.49 min (98.4% at 254 nm, 98.8% at 230 nm, method B). IR
(ATR) [em™]: 3200, 3049, 1650, 1605, 1580, 1543, 1503, 1466, 1430, 1400, 1339, 1232, 1210, 1177,
1159, 1117, 959, 890, 813, 767, 688, 671.
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6.2.11 Synthesis of Compounds described in Section 3.3.2.3

2-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (182)
4-Bromo-2-fluoropyridine (168, 0.585 mL, 1.00 g,
X
N| 5.68 mmol, 1.00eq.), bis(pinacolato)diboron (1.59 g,

E = B/O
i \é 6.25 mmol, 1.10 eq.), potassium acetate (1.67 g, 17.05 mmol,

(0]
3.00 eq.) and Pd(dppf)Cl,-CH,Cl, were weighed into a round
. 182 bottom flask and purged with argon. 1,4-dioxane (degassed,
Chemical Formula: C1HisBFNO,
Exact Mass: 223.11799 dry, 40 mL) was added and the reaction stirred at 90 °C for

Molecular Weight: 223.05440 18 h. After cooling down to rt, the mixture was filtered through
a pad of celite and the solvent evaporated. The residue was
purified by flash column chromatography (silica gel, 0 — 50% hexane/EtOAc) which afforded the
product 182 (0.871 g, 3.92 mmol, 69%) as white solid.
'"H NMR (400 MHz, CDCls) 6 7.98 (d, J = 4.7 Hz, 1H), 7.28 — 7.23 (m, 1H), 7.02 (d, J = 2.0 Hz, 1H),
1.10 (s, 12H). ®C NMR (101 MHz, CDCl;5) 8 163.33 (d, J = 240.1 Hz), 146.89 (d, J= 13.5 Hz), 125.85
(d, J=4.1 Hz), 114.39 (d, J = 35.1 Hz), 84.53, 24.50. HPLC: t = 6.42 min (99.3% at 254 nm, 99.3%
at 230 nm, method B).

tert-Butyl 2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-
carboxylate (183)

o tert-Butyl 2-bromo-1-methyl-4-o0xo0-1,4,6,7-tetrahydro-5H-

\ = Vi | NfBOC pyrrolo[3,2-c]pyridine-5-carboxylate (124, 0.200 g,

\ / N 0.608 mmol, 1.00 eq.), 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-
E /

183 dioxaborolan-2-yl)pyridine (182, 0.149¢g, 0.668 mmol,
Chemical Formula: CsHy0FN;05 1.10 eq.) and XPhos Pd g4 (26.1 mg, 30.4 pmol, 5 mol%) were
Exact Mass: 345.14887 weighed into a flask and purged with argon. The solids were
Molecular Weight: 345.37440 dissolved in 1,4-dioxane (degassed, 6 mL) and a 2 M Na,CO;
solution (0.911 mL, 1.82 mmol, 3.00 eq.) was added and the reaction stirred at 90 °C for 18 h. After
cooling to rt the reaction was diluted with EtOAc (30 mL) and filtered through a pad of celite. The
solution was washed with sat. NH4Cl solution, water and brine (30 mL). The organic layer was dried
over Na,SOs and the solvent evaporated. The residue was purified by flash column chromatography
(Silica gel, 10 — 100% hexane/EtOAc) which afforded the product 183 (91.6 mg, 0.212 mmol, 35%) as
white powder.
"H NMR (400 MHz, CDCls) 6 8.22 (d,J= 5.3 Hz, 1H), 7.17 (dt,J= 5.2, 1.6 Hz, 1H), 6.89 (s, 1H), 6.84
(s, 1H), 4.13 (t,J = 6.3 Hz, 2H), 3.63 (s, 3H), 2.90 (t,J = 6.3 Hz, 2H), 1.54 (s, 9H). *C NMR (101 MHz,
CDCls) 6 164.29 (d, J = 238.6 Hz), 162.21, 153.69, 148.19 (d, J = 15.8 Hz), 144.79 (d, J = 8.6 Hz),
141.60, 132.47 (d, J= 3.7 Hz), 120.27 (d, /= 4.0 Hz), 115.88, 110.59, 107.67 (d, J = 38.5 Hz), 82.86,
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44.73, 32.70, 28.30, 22.33. TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 368.1; found: 368.0. HPLC:
tret = 13.42 min (99.4% at 254 nm, 99.4% at 230 nm, method B).

2-(2-(Butylthio)pyridin-4-yl)-1,5,6, 7-tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (187)
tert-Butyl  2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-

(0]

_ y NH SH-pyrrolo[3,2-c]pyridine-5-carboxylate (116, 22.0 mg, 63.4
Ny N | umol, 1.00 eq.) and thiourea (14.5 mg, 0.190 mmol, 3.00 eq.)
/JS H were dissolved in n-butanol (5 mL) and three drops of HCI (in
dioxane) were added. The reaction was heated to 100 °C for
. 187 18 h. After cooling to rt, the solvent was evaporated and the

Chemical Formula: CisH19N30S
Exact Mass: 301.12488 residue purified by flash column chromatography (Silica gel, 3
Molecular Weight: 301.40800 — 10% DCM/MeOH). The product 187 was isolated for

identification.
"H NMR (400 MHz, CDCl;5) 8 9.89 (s, 1H), 8.34 — 8.23 (m, 1H), 7.27 (s, 1H), 7.08 (dd, J= 5.4, 1.7 Hz,
1H), 7.00 (d, J = 2.5 Hz, 1H), 5.58 (d, /= 2.8 Hz, 1H), 3.62 (td, /= 6.9, 2.5 Hz, 2H), 3.20 — 3.12 (m,
2H), 2.98 (t, /= 6.9 Hz, 2H), 1.75 — 1.59 (m, 2H), 1.45 (dw, J = 14.6, 7.3 Hz, 2H), 0.92 (t, J = 7.3 Hz,
3H). TLC-MS: ESI(+) calcd. for [M+H]": m/z = 302.1; found: 302.2; HPLC: tt = 9.435 min (95.3%
at 254 nm, method C).

2-(2-(tert-Butylthio)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (188)
tert-Butyl 2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

_ i tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (183,

Ny / {\l | " 25.0mg, 72.4 umol, 1.00eq.) and thiourea (11.0 mg,

>Ts / 0.145 mmol, 2.00 eq.) were dissolved in fert-butanol (1.0 mL).
188 After adding HCI (in dioxane, 0.1 mL), the reaction as heated to

Chemical Formula: C7H>1N;0S 120 °C in a pressure tube for 18 h. After cooling to rt, the mixture
Exact Mass: 315.14053 was diluted with EtOAc (10 mL) and filtered. The solution was

Molecular Weight: 315.43500 washed with water (10 mL) and Na,COs solution (10 mL). The

organic layer was dried over Na;SO4 and the solvent removed under reduced pressure. The residue was
purified by flash column chromatography (Silica gel, 1 — 10% DCM/MeOH). The product 188 (12.0 mg,
38.4 umol, 53%) was isolated as light brown powder.

'"H NMR (400 MHz, CDCls) & 8.52 (d, J = 4.8 Hz, 1H), 7.33 (d, /= 0.9 Hz, 1H), 7.08 (dd, J=5.2, 1.7
Hz, 1H), 6.77 (s, 1H), 5.71 (s, 1H), 3.65 (td, J = 6.9, 2.4 Hz, 2H), 3.61 (s, 3H), 2.90 (t,J= 6.9 Hz, 2H),
1.53 (s, 9H). TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 338.1; found: 338.3; HPLC: t.t = 9.561 min
(88.5% at 254 nm, 88.7% at 230 nm, method C).
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2-(2-(Ethylthio)pyridin-4-yl)-1,5, 6, 7-tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (190)
Following the procedure published by WANG et al.?%%] NaH

O
(60% dispersion in mineral oil, 88.6 mg, 2.21 mmol, 7.70 eq.)
- NH
Ny / {\l | was suspended in DMF (1.0 mL, dry) and the mixture cooled to
/—S H 0 °C. Ethanethiol (0.164 mL, 0.138 g, 2.21 mmol, 7.70 eq.) was
190 added and the reaction stirred for 30 min at rt. After adding tert-

Chemical Formula: Ci4HisNsOS ~ Butyl  2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5 H-
Exact Mass: 273.09358

pyrrolo[3,2-¢c]pyridine-5-carboxylate (116, 0.100 g, 0.288 mmol,
Molecular Weight: 273.35400

1.00 eq.) the reaction was heated to reflux for 48 h. The reaction

was cooled to rt and the solvent removed under reduced pressure. The residue was diluted with water
(15 mL) and the pH adjusted to 7 by addition of diluted HCI. The mixture was extracted with DCM (3x
15 mL) and the combined organic layers dried over Na,SO4. The solvent was removed under reduced
pressure and the residue purified by flash column chromatography (Silica gel, 1 — 10% DCM/MeOH).
The product 190 was isolated for identification.
"H NMR (400 MHz, CDCl;) & 8.44 (dd, J = 5.4, 0.8 Hz, 1H), 7.17 (dd, J = 1.7, 0.8 Hz, 1H), 7.00 (dd,
J=5.3,1.6 Hz, 1H), 6.78 (s, 1H), 5.52 (s, 1H), 3.65 (dt, J = 6.9, 3.4 Hz, 2H), 3.21 (q, J = 7.4 Hz, 2H),
2.90 (t, J = 6.9 Hz, 2H), 1.40 (t, J = 7.4 Hz, 3H). TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 296.1;
found: 296.1.

2-(2-(Ethylthio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (189)
To NaH (60% dispersion in mineral oil, 11.0 mg, 0.268 mmol,

(0]
_ NH 7.70 eq.) DMF (1.0 mL, dry) was added and the mixture cooled
/
Ny N | to 0 °C. Ethanethiol (19.8 pL, 16.6 mg, 0.268 mmol, 7.70 eq.)
S / was added. After stirring the reaction at rt for 30 min, ferz-butyl
/- 189

Chemical Formula: CysH;-N:OS 2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo0-1,4,6,7-tetrahydro-5 H-
Exact Mass: 287.10923 pyrrolo[3,2-¢c]pyridine-5-carboxylate (183, 12.0 mg, 34.7 pmol,
Molecular Weight: 287.38100 1.00 eq.) and the reaction heated to reflux for 4 h. The reaction
was cooled to rt and the solvent removed under reduced pressure.
The mixture was diluted with water (15 mL) and the pH adjusted to 7 by addition of HCI (2M). The
mixture was extracted with EtOAc (3x 15 mL) and the combined organic layers dried over Na>SOs. The
solvent was removed under reduced pressure and the residue purified by flash column chromatography
(Silica gel, 1 — 10% DCM/MeOH). The product 189 was isolated for identification.
'"H NMR (400 MHz, CDCl;) 6 8.44 (d, J = 5.3 Hz, 1H), 7.17 (s, 1H), 7.00 (dd, J = 5.3, 1.5 Hz, 1H),
6.78 (s, 1H), 5.52 (s, 1H), 3.65 (td, J = 6.9, 2.4 Hz, 2H), 3.62 (s, 3H), 3.21 (q, J = 7.4 Hz, 2H), 2.90 (t,
J=6.9 Hz, 2H), 1.40 (t, J = 7.4 Hz, 3H). TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 310.1; found:
310.1.
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tert-Butyl 2-(2-((4-methoxybenzyl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c[pyridine-5-carboxylate (192)
tert-Butyl 2-(2-chloropyridin-4-yl)-1-methyl-4-o0xo0-1,4,6,7-

— i N,Boc tetrahydro-5H-pyrrolo[3,2-c|pyridine-5-carboxylate (120,

Ny L | 50.0 mg, 0.138 mmol, 1.00eq.) and DIPEA (46.7 L,

S / 35.7mg, 0.276 mmol, 2.0 eq.) were dissolved in dioxane

\_ / (20mL, dry) and the solution degassed (Ar).
e (4-methoxyphenyl)methanethiol (191, 19.9 umol, 21.3 mg,
192 0.138 mmol, 1.00 eq.) was added and the degassing progress

Chemical Formula: CysH20N304S

Exact Mass: 479.18788 . .
Molccular Weight: 479.59500 5 mol%) and Pd,(dba); (3.16 mg, 3.5 pmol, 2.5 mol%) the

continued. After adding XantPhos (4.00 mg, 6.9 pmol,

reaction was heated to 100 °C for 21 h. The reaction was
cooled to rt and diluted with EtOAc (10 mL). The mixture was washed with H>O (10 mL) and the
organic layer dried over Na,SOs. The solvent was removed under reduced pressure and the residue
purified by flash column chromatography (Silica gel, 10 — 80% hexane/EtOAc) which afforded the
product 192 (41.0 mg, 85.6 umol, 62%) as white powder.
'"H NMR (400 MHz, CDCls) & 8.47 (d, J = 5.2 Hz, 1H), 7.33 (d, J = 8.7 Hz, 2H), 7.11 (d, J = 0.6 Hz,
1H), 6.99 (dd, J=5.2, 1.5 Hz, 1H), 6.86 — 6.80 (m, 2H), 6.77 (s, 1H), 4.40 (s, 2H), 4.12 (t, /= 6.3 Hz,
2H), 3.77 (s, 3H), 3.53 (s, 3H), 2.87 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H). TLC-MS: ESI(+) calcd. for
[M+Na]": m/z = 502.2; found: 502.6. HPLC: t.s = 17.743 min (98.9% at 254 nm, 96.6% at 230 nm,
method B).

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-1,4,6, 7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-
5-carboxylate (185)

0 tert-Butyl 2-(2-bromopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

e /I N-Boc tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (121,

y 7 N 0.846 g, 2.08 mmol, 1.00 eq) was dissolved in toluene (degassed,

HS 1/85 dry, 15mL) and triisopropylsilanethiol (1.28 mL, 0.989 g,
Chemical Formula: CisHoN:05S 025 mmol, 3.00 eq.) and DIPEA (1.09 mL, 0.808 g, 6.25 mmol,
Exact Mass: 359.13036 3.00 eq.) were added. After addition of

Molecular Weight: 359.44400 tetrakis(triphenylphosphin)palladium(0) (0.120 g, 0.104 mmol,

5 mol%) and XantPhos (0.120 mg, 0.208 mmol, 10 mol%) the
reaction was heated to 80 °C and stirred for 3 h. After cooling to rt, the solvent was removed under
reduced pressure and the residue purified by flash column chromatography (Silica gel, 0 — 10%
DCM/MeOH) which afforded the product 185 (0.689 g, 5.75 mmol, 92%) (containing ~ 10% of
disulfide, which could be easily removed in the next step) as yellow solid.

'"H NMR (400 MHz, DMSO) 8 13.32 (s, 1H), 7.64 (d, J = 6.2 Hz, 1H), 7.32 (s, 1H), 6.89 (dd, J = 6.6,
1.4 Hz, 1H), 6.83 (s, 1H), 3.97 (s, 2H), 3.62 (s, 3H), 2.95 (t, J = 6.2 Hz, 2H), 1.46 (s, 9H). *C NMR
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(101 MHz, DMSO) & 161.30, 152.93, 143.48, 139.51, 137.69, 131.61, 128.77, 114.36, 111.91, 110.25,
81.36, 44.57, 32.89, 27.78, 21.56. TLC-MS: ESI(+) calcd. for [M+H]": m/z = 382.1; found: 381.9;
ESI(-) calcd. for [M-H]: m/z =358.1; found: 357.9. HPLC: t = 10.59 min (85.6% at 254 nm, 84.2%
at 230 nm, method B).

tert-Butyl 2-(2-((2-chloropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c[pyridine-5-carboxylate (197)

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

_ o Boc 1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate

CI>;N Ny / {\l | N (185, 0.150 g, 0.417 mmol, 1.00 eq.) and K,COs (0.115 g,
NJS / 0.835 mmol, 2.00 eq.) were dissolved in DMF (dry, 4 mL)
197 under an argon atmosphere and cooled to -78 °C. 24-

Chemical Formula: C2H»,CINsO;S  Dichloropyrimidine (172, 68.4 mg, 0.459 mmol, 1.10 eq.) was
Exact Mass: 471.11319 added and the reaction allowed to slowly warm up to rt. After
Molecular Weight: 471.96000 stirring for 4 h the solvent was evaporated and sat. NH4Cl
solution (20 mL) and DCM (20 mL) were added. The layers were separated and the aqueous phase
extracted with DCM (20 mL). The combined organic layers were dried over Na,SO4 and the solvent
evaporated. The residue was purified by flash column chromatography (Silicagel, 1 — 10 %
DCM/MeOH) which afforded the product 197 (0.160 g, 0.338 mmol, 81%) as light-yellow solid.
'"H NMR (400 MHz, CDCls) 8 8.57 (dd, J = 5.2, 0.5 Hz, 1H), 8.27 (d, J = 5.4 Hz, 1H), 7.65 (d, J = 0.9
Hz, 1H), 7.28 (dd, J=5.2, 1.6 Hz, 1H), 7.22 (d, /= 5.4 Hz, 1H), 6.80 (s, 1H), 4.07 (t, J= 6.3 Hz, 2H),
3.65 (s, 3H), 2.87 (t, J = 6.4 Hz, 2H), 1.49 (s, 9H). *C NMR (101 MHz, CDCls) § 172.27, 162.45,
162.06, 160.57, 157.80, 153.33, 151.69, 150.94, 141.67, 141.12, 132.17, 127.09, 122.35, 117.49, 115.69,
110.44, 82.58, 44.64, 32.81, 28.11, 22.15. TLC-MS: ESI(+) calcd. for [M+Na]": m/z = 494.1; found:
494.0; ESI(-) calcd. for [M-H]: m/z = 470.1; found: 470.0. HPLC: ts = 15.13 min (96.2% at 254 nm,
94.3% at 230 nm, method B).

tert-Butyl 2-(2-((2-bromopyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c[pyridine-5-carboxylate (198)

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-
O
Boc 1,4,6,7-tetrahydro-5 H-pyrrolo[3,2-c]pyridine-5-carboxylate
— N
Br>—N Ny / {\1 | (185, 40.0mg, 0.111 mmol, 1.00eq.) and 2,4-
N \/_>75 / dibromopyrimidine (173, 29.1 mg, 0.122 mmol, 1.10 eq.)
198 were subjected to GSP 9 and stirred for 2 h. The residue was

Chemical Formula: C»oH»BrNsOs;S  purified by flash column chromatography (Silica gel, 2 — 6%
Exact Mass: 515.06267 DCM/MeOH) which afforded the product 198 (56.0 mg,
Molecular Weight: 516.41400 0.219 mmol, 98%) as beige solid. '"H NMR (400 MHz,
CDCl3) 6 8.63 (dd, J=5.2,0.5 Hz, 1H), 8.26 (d, /= 5.4 Hz, 1H), 7.69 (d, /= 0.9 Hz, 1H), 7.34 (dd, J =
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MS: ESI(+) calcd. for [M+Na]": m/z=551.3; found: 551.0; ESI(-) calcd. for [M-H]: m/z =527.3; found:
527.3. HPLC: t = 9.98 min (97.2% at 254 nm, 97.9% at 230 nm, method A).

An alternative (unsuccessful) attempt to for the synthesis of 145 is described in section 6.2.7.

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-4-oxo-
6, 7-dihydro-1H-pyrrolo[3,2-c[pyridine-1,5(4H)-dicarboxylate (233)
Di-tert-butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-

0 4-0x0-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-
— .Boc

cl N, / | N dicarboxylate (145, 20.4 mg, 38.6 umol, 1.00eq.) was
CNng Bo C/N dissolved in DMF (1.0 mL, dry) under argon atmosphere and

N\ /5 . . :
Boc cooled to 0°C. After the addition of NaH (60 % dispersion

NO

2 233 in mineral oil, 2.32 mg, 57.9 pmol, 1.50 eq.) the mixture was
Chemical Formula: C3;H37CINgO,  stirred for 30 min at rt. Then 5-chloro-2-flouro-3-nitropyridine
Exact Mass: 684.23105 (20.6 mg, 0.116 mmol, 3.00 eq.) was added at 0 °C and then

Molecular Weight: 685.13100 stirred for 18 h at room temperature. The reaction was

quenched by the addition of sat. NaHCO3 solution (10 mL) and extracted with DCM (4x 10 mL). the
organic layer dried over Na;SOs. The solvent was removed under reduced pressure and the crude product
purified by flash column chromatography (Silica gel, 0.5 — 8% DCM/MeOH) which afforded the
product 233 (16.0 mg, 27.4 pmol, 71%) as yellow solid."H NMR (400 MHz, CDCI5) & 8.43 (d, J = 8.4
Hz, 1H), 8.17 (d, J= 5.1 Hz, 1H), 7.80 (s, 1H), 7.45 (d, /= 8.4 Hz, 1H), 6.99 (dd, /= 5.1, 1.2 Hz, 1H),
6.73 (s, 1H), 4.11 (t, J = 6.4 Hz, 2H), 3.26 (t, J = 6.4 Hz, 2H), 1.57 (s, 9H), 1.40 (s, 9H), 1.36 (s, 9H).
BCNMR (101 MHz, CDCl5) 8 161.97, 153.78, 153.38, 153.33, 151.00, 148.57, 147.93, 147.31, 143.68,
142.44, 142.03, 136.46, 133.41, 123.88, 120.46, 118.48, 118.35, 112.94, 86.66, 84.28, 83.05, 44.77,
28.31, 27.96, 27.50, 24.70. TLC-MS: ESI(+) calcd. for [M+Na]*: m/z = 707.2; found: 706.8; ESI(-)
caled. for [M-Boc-H]: m/z = 583.2; found: 583.1. HPLC: t. = 10.47 min (97.4% at 254 nm, 97.4% at
230 nm, method B).

2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-
c/pyridin-4-one (231)
Di-tert-butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-

0]
nitropyridin-2-yl)amino)pyridin-4-yl)-4-0x0-6,7-dihydro-1H-
T NH
Cl Ny | pyrrolo[3,2-c]pyridine-1,5(4H)-dicarboxylate (233, 16.0 mg,
=N

T=Z"N

H 27.4 pymol) was dissolved in DCM (2 mL, dry) and subjected

NO to GSP 7 and stirred for 30 min. . The residue was dissolved in
2

231 DCM (10 mL) and washed with sat. Na,COjs solution (7 mL).
Chemical Formula: Ci7Hi3CINgO3  The aqueous phase was extracted with DCM until the yellow
Exact Mass: 384.07377

color was removed. The combined organic layers were dried
Molecular Weight: 384.78000

over Na,SO4 and the solvent evaporated. The raw product was
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purified by flash column chromatography (Silica gel, 3 — 10% DCM/MeOH) which afforded the product
(231, 3.0 mg, 7.8 umol, 28%) as yellow powder.

"H NMR (400 MHz, DMSO) & 12.00 (s, 1H), 10.43 (s, 1H), 8.60 (d, J = 8.6 Hz, 1H), 8.31 — 8.19 (m,
2H), 7.38 (d, J=5.4 Hz, 1H), 7.21 (d, /= 8.7 Hz, 1H), 7.11 (s, 1H), 6.88 (s, 1H), 3.41 (dt, J=7.0, 3.6
Hz, 2H), 2.86 (t, J = 6.8 Hz, 2H). HRMS: ESI(+) calcd. for [M+H]": m/z = 385.08104; found:
385.08133; rel. deviation: 0.74 ppm. HPLC: t.; = 5.78 min (100% at 254 nm, 100% at 230 nm,
method A).

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-dioxolan-4-
ylDmethyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-carboxylate (234)
To a mixture of fert-butyl (R)-2-bromo-1-((2,2-dimethyl-1,3-

2 Boc dioxolan-4-yl)methyl)-4-oxo0-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

Ny {\l | N c]pyridine-5-carboxylate (217, 0.500 g, 1.52 mmol, 1.00 eq.) and
Boc—NH tert-Butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
KE%L yl)pyridin-2-yl)carbamate (123, 0.584 g, 1.82 mmol, 1.20eq.)

234 o was added 1,4-dioxane (degassed, 20 mL) and 2.28 mL of a

Chemical Formula: CosHzsN4O, degassed 2 M Na,COj; solution (2.25 mmol, 3.00 eq) was added
Exact Mass: 542.27405 dropwise. After adding XPhos Pd g4 (65.3mg, 75.9 pmol,
Molecular Weight: 542.63300 5 mol%) the reaction was heated at 90 °C and stirred for 6h. After
cooling down to room temperature the solvent was evaporated. The residue was suspended in EtOAc
(50 mL), filtered through a pad of celite and the filtrated washed with sat. NH4Cl solution (40 mL). The
organic phase was dried over Na;SO4 and the solvent evaporated. The residue was purified by two
consecutive flash column chromatography methods (Silica gel, 1: 1 — 6% DCM/MeOH; 2: 30 — 100%
hexane/EtOAc) which afforded the product 234 (0.280 g, 0.516 mmol, 34%) as white powder.
"H NMR (400 MHz, CDCls) 8 10.15 (s, 1H), 8.32 (d, J= 5.3 Hz, 1H), 7.98 (s, 1H), 7.01 — 6.90 (m, 1H),
6.79 (s, 1H), 4.28 — 4.19 (m, 2H), 4.17 — 4.08 (m, 1H), 4.08 — 3.91 (m, 3H), 3.46 (dd, J= 8.5, 6.2 Hz,
1H), 3.05 (ddd, J = 13.5, 8.4, 4.9 Hz, 1H), 2.88 (dt, /= 11.5, 5.1 Hz, 1H), 1.50 (d, J = 1.4 Hz, 18H),
1.28 (s, 3H), 1.22 (s, 3H). *C NMR (101 MHz, CDCls) § 162.26, 153.51, 153.24, 152.94, 148.13,
142.04, 141.82, 133.35, 117.50, 115.68, 110.94, 110.34, 109.99, 82.35, 80.90, 75.47, 66.52, 47.86,
44.88, 28.34, 28.12, 26.48, 25.03, 23.09. TLC-MS: ESI(+) calcd. for [M+Na]*: m/z = 565.3; found:
565.4; ESI(-) calcd. for [M-H]: m/z = 541.3; found: 541.6. HPLC: t,; = 17.77 min (97.6% at 254 nm,
98.6% at 230 nm, method B).
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tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-dioxolan-4-
yDmethyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-carboxylate (235)

o To a mixture of fert-butyl (S)-2-bromo-1-((2,2-dimethyl-1,3-

N Boc dioxolan-4-yl)methyl)-4-oxo0-1,4,6,7-tetrahydro-5H-pyrrolo[ 3,2-
Ny f\l | c]pyridine-5-carboxylate (218, 0.210 g, 0.638 mmol, 1.00 eq.)
Boc—NH N and fert-Butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
S\Oﬁ yl)pyridin-2-yl)carbamate (123, 0.245 g, 0.765 mmol, 1.20 eq.)
235 was added 1,4-dioxane (degassed, 9 mL) and a degassed 2 M
Chemical Formula: C3H3sN4O7 ~ NaxCOs - solution (0,957 mL, 1.91 mmol, 3.00 eq) was added
Exact Mass: 542.27405 dropwise. After adding XPhos Pd g4 (27.4mg, 31.9 umol,
Molecular Weight: 542.63300
5 mol%) the reaction was heated to 90 °C and stirred for 6h. After
cooling down to rt the solvent was evaporated. The residue suspended in EtOAc (20 mL), filtered
through a pad of Celite and the filtrated washed with sat. NH4Cl solution (20 mL). The organic phase
was dried over Na,SO4 and the solvent evaporated. The residue was purified by two consecutive flash
column chromatography methods (Silica gel, 1: 1 — 6% DCM/MeOH; 2: 30 — 100% hexane/EtOAc)
which afforded the product 235 (86.0 mg, 0.160 mmol, 25%) as white powder.
'"H NMR (400 MHz, CDCl5)  9.82 (s, 1H), 8.33 (d, J = 5.3 Hz, 1H), 7.99 (s, 1H), 6.97 (dd, /=5.2, 1.3
Hz, 1H), 6.81 (s, 1H), 4.26 (dd, J=11.4, 4.1 Hz, 2H), 4.15 (dd, J = 12.5, 5.7 Hz, 1H), 4.09 — 4.03 (m,
1H), 4.02 — 3.95 (m, 2H), 3.47 (dd, J= 8.6, 6.2 Hz, 1H), 3.13 — 3.01 (m, 1H), 2.98 — 2.81 (m, 1H), 1.53
(s, 9H), 1.52 (s, 9H), 1.31 (s, 3H), 1.25 (s, 3H). *C NMR (101 MHz, CDCls) § 162.34, 153.64, 153.20,
152.95, 148.27, 142.09, 141.89, 133.42, 117.68, 115.80, 110.98, 110.45, 110.10, 82.49, 81.04, 75.55,
66.62,53.48,47.95,44.95,28.41,28.21,26.56, 25.11, 23.18. TLC-MS: ESI(+) calcd. for [M+Na]": m/z
= 565.3; found: 564.8; ESI(-) calcd. for [M-H]: m/z = 541.3; found: 541.6. HPLC: t.; = 17.78 min
(99.2% at 254 nm, 98.7% at 230 nm, method B).

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-
dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo0-1,4,6, 7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-
carboxylate (236)

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-

__ i _Boc 1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo0-1,4,6,7-

Cl N N\ /) 1\] | \ tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (234,
QN‘ KEO 0.200 g, 0.369 mmol, 1.00 eq.) was subjected to GSP 8 (4 mL
NO, Boc O>L toluene) and stirred at 55 °C for 18 h. After cooling to rt the

236 reaction was diluted with EtOAc (20 mL) and filtered through

Chemical Formula: C33H39CIN¢Oo a pad of celite. The filtrate was washed with sat. NH4Cl
Exact Mass: 698.24670 solution, brine and H>O (20 mL) and organic layer dried over

Molecular Weight: 699.15800 Na,SO4 and the solvent evaporated. The raw product was
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purified in a two-step procedure by flash column chromatography (Silica gel, 1: 0 — 5% DCM/MeOH;
2: 10 — 80% hexane /EtOAc) which afforded the product 236 (0.177 g, 0.253 mmol, 69%) as yellow oil.
'"H NMR (400 MHz, CDCl3) 6 8.47 (d, J = 5.2 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.96 (d, J = 8.8 Hz,
1H), 7.36 (d, /= 0.8 Hz, 1H), 7.26 (s, 1H), 6.87 (s, 1H), 4.14 (t,J = 6.3 Hz, 2H), 3.65 (s, 3H), 2.91 (t,J
=6.3 Hz, 2H), 1.56 (s, 9H), 1.44 (s, 9H). 3C NMR (101 MHz, CDCl3) 8 162.49, 153.85, 153.52, 151.23,
148.40, 147.72,142.26, 142.01, 141.45, 136.55, 133.07, 124.16, 120.23, 117.20, 116.01, 110.65, 110.33,
84.32,82.67,75.65, 66.66,48.12, 45.01, 28.33, 27.93, 26.65, 25.19, 23.31. TLC-MS: ESI(+) calcd. for
[M+H]": m/z =721.2. HPLC: t = 18.62 min (95.7% at 254 nm, 93.8% at 230 nm, method B).

tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-

dimethyl-1,3-dioxolan-4-yl) methyl)-4-oxo0-1,4,6, 7-tetrahydro-5H-pyrrolo[3,2-c[pyridine-5-

carboxylate (237)

tert-Butyl  (5)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-

yD)-1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-

1,4,6,7-tetrahydro-5 H-pyrrolo[3,2-c]pyridine-5-carboxylate

(235, 86.0 mg, 0.158 mmol, 1.00 eq.) was subjected to GSP 8

(2 mL toluene) and stirred at 60 °C for 18 h. After cooling to

rt, the reaction was quenched by addition of sat. NaHCO;

237
Chemical Formula: C33H3oCINgOo solution and extracted with DCM (3x 20 mL). The organic
Exact Mass: 698.24670 layer was dried over Na;SO4 and the solvent evaporated. The

Molecul ight: 1
olecular Weight: 699.15800 raw product was purified in a two-step procedure by flash

column chromatography (Silica gel, 1: 0 — 5% DCM/MeOH; 2: 10 — 80% hexane /EtOAc) which
afforded the product 237 (68.0 mg, 97.3 pmol, 61%) as yellow oil.

"H NMR (400 MHz, CDCls) 4 8.43 (d, /= 8.5 Hz, 1H), 8.15 (d, /= 5.2 Hz, 1H), 7.81 (s, 1H), 7.47 (d,
J=8.5Hz, 1H), 7.06 (dd, J= 5.2, 1.4 Hz, 1H), 6.84 (s, 1H), 4.31 — 4.15 (m, 3H), 4.11 — 3.98 (m, 3H),
3.54 (dd, J= 8.7, 6.3 Hz, 1H), 3.16 — 3.04 (m, 1H), 2.92 (ddd, /= 16.4, 6.7, 4.8 Hz, 1H), 1.56 (s, 9H),
1.39 (s, 9H), 1.34 (s, 3H), 1.26 (s, 3H). 3C NMR (101 MHz, CDCl;) 5 162.41, 153.82, 153.78, 153.50,
151.20, 148.35,147.67, 142.21, 141.97, 141.50, 136.52, 133.04, 124.14, 120.17, 117.17, 115.97, 110.59,
110.27, 84.26, 82.63, 75.61, 66.76, 48.08, 44.98, 28.28, 27.89, 26.60, 25.16, 23.27. TLC-MS: ESI(+)
caled. for [M+Na]": m/z=721.3; found: 720.8. HPLC: t,, = 18.69 min (98.7% at 254 nm, 97.9% at 230
nm, method B).
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(R)-2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)- 1-(2,3-dihydroxypropyl)-1,5,6,7-
tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (238)

o tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-

_ y NH nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-

Cl N Ny 7 N | dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-
QNH %OH pyrrolo[3,2-c]pyridine-5-carboxylate (236, 42.0 mg,
NO, 74.4 umol, 1.00 eq.) was dissolved in DCM (2 mL) and water

238 OH (18 uL) in TFA (87 uL) added. The reaction was stirred at rt for

Chemical Formula: C2oH;sCIN¢Os 18 h. NaHCO; solution (2 mL) was added and the mixture
Exact Mass: 458.11055 extracted with DCM (3x 5 mL). The combined organic layers

Molecular Weight: 458.85900 were dried over Na,SO4 and the solvent removed under reduced

pressure. The aqueous phase was lyophilized and combined with the extracted fraction. The crude
product was purified by reversed phase column chromatography (43 g, CHROMABOND® Flash RS 40
Cis ec, 10 - 60% water/MeCN + 0.2% TFA, 60 min). The product containing fractions were lyophilised
and purified by flash column chromatography (Silica gel, 5 — 10% DCM/MeOH) which afforded the
product 238 (2.0 mg, 5.8%) as yellow powder.

'"H NMR (400 MHz, DMSO) & 10.47 (s, 1H), 8.62 (d, J = 8.6 Hz, 1H), 8.32 (d, /= 5.2 Hz, 1H), 8.20
(s, 1H), 7.35 (dd, J=5.2, 1.2 Hz, 1H), 7.24 — 7.17 (m, 1H), 7.08 (s, 1H), 6.61 (s, 1H), 4.97 (d, J=4.4
Hz, 1H), 4.63 (d, J=4.9 Hz, 1H), 4.31 (dd, J= 14.8, 3.3 Hz, 1H), 4.01 (dd, /= 14.7, 8.7 Hz, 1H), 3.54
(dd, J=9.0,4.3 Hz, 1H), 3.42 (dd, J = 6.7, 4.6 Hz, 2H), 3.22 (d, /= 4.1 Hz, 2H), 3.01 — 2.83 (m, 2H).
13C NMR (101 MHz, DMSO) & 164.69, 153.47, 151.31, 148.33, 147.26, 142.09, 141.14, 138.78,
131.78, 129.68, 118.41, 115.62, 114.44, 112.16, 108.39, 71.08, 63.51, 47.91, 21.99. HPLC: t. =
9.95 min (95.7% at 254 nm, 95.5% at 230 nm, method B). IR (ATR) [cm™]: 3313, 3270, 3230, 3124,
3085, 2946, 2927, 2871, 1632, 1575, 1483, 1416, 1380, 1320, 1249, 1214, 1153, 1100, 1045, 992, 968,
938, 891, 872, 850, 817, 759, 726, 699, 658.

(S)-2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-(2,3-dihydroxypropyl)-1,5,6,7-
tetrahydro-4H-pyrrolo[3,2-c[pyridin-4-one (239)
tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-
nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-
dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-
pyrrolo[3,2-c]pyridine-5-carboxylate (237, 68.0 mg,
97.3 umol, 1.00 eq.) was dissolved in DCM (3 mL) and water

. 239 (27 puL) in TFA (130 pL) added. The reaction was stirred at rt
Chemical Formula: C2H9CINgOs
Exact Mass: 458.11055 for 18 h. NaHCOs solution (6 mL) was added and the mixture

Molecular Weight: 458.85900 extracted with DCM (5x 25 mL). The combined organic layers

were dried over Na,SO4 and the solvent removed under reduced
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pressure. The crude product was purified by flash column chromatography (Silica gel, 5 — 10%
DCM/MeOH) which afforded the product 239 (3.5 mg, 7.63 pmol, 7.8%) as yellow solid.

"H NMR (400 MHz, DMSO) 6 10.48 (s, 1H), 8.62 (d, J = 8.6 Hz, 1H), 8.32 (d, /= 5.2 Hz, 1H), 8.20
(s, 1H), 7.35(dd, J=5.2, 1.4 Hz, 1H), 7.22 (d, /= 8.6 Hz, 1H), 7.10 (s, 1H), 6.61 (s, 1H), 4.98 (d, J =
5.2 Hz, 1H), 4.65 (t, J = 5.5 Hz, 1H), 4.31 (dd, J = 14.7, 3.3 Hz, 1H), 4.01 (dd, J = 14.9, 8.5 Hz, 1H),
3.58 —3.48 (m, 2H), 3.44 — 3.39 (m, 2H), 3.22 (td, J= 5.5, 2.1 Hz, 2H), 2.99 — 2.85 (m, 2H). 3C NMR
(101 MHz, DMSO) 3 164.69, 153.46, 151.32, 148.34, 147.27, 142.09, 141.14, 138.79, 131.78, 129.70,
118.42,115.64, 114.45, 112.15, 108.40, 71.08, 63.52, 47.92, 22.00. HRMS: ESI(+) calcd. for [M+Na]"
m/z =481.09977; found: 481.10008; rel. deviation: 0.65 ppm. HPLC: t.c = 9.92 min (95.8% at 254 nm,
95.8% at 230 nm, method B).
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