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The [1,2,4]Triazolo[4,3-a]lpyridine as a New Player in the
Field of IDO1 Catalytic Holo-Inhibitors

Silvia Fallarini,”’ Irene P. Bhela,”” Silvio Aprile,®’ Enza Torre,” Alice Ranza,” Elena Orecchini,”

Eleonora Panfili,™ Maria T. Pallotta,”™ Alberto Massarotti,™ Marta Serafini,*™ < and

Tracey Pirali®

Inhibitors of indoleamine 2,3-dioxygenase 1 (IDO1) are consid-
ered a promising strategy in cancer immunotherapy as they are
able to boost the immune response and to work in synergy
with other immunotherapeutic agents. Despite the fact that no
IDO1 inhibitor has been approved so far, recent studies have
shed light on the additional roles that IDO1 mediates beyond
its catalytic activity, conferring new life to the field. Here we
present a novel class of compounds originated from a

Introduction

Among the eight hallmarks of cancer,"™ the escape of tumoral
cells from the immune surveillance is currently drawing
considerable attention. Immunotherapy has undoubtedly revo-
lutionized the clinical outcome of certain types of cancer, but
insufficient response rates due to acquired or innate immune
resistance are still an unsolved issue.”*™®

Therefore, compounds able to boost the immune response
by targeting different mechanisms of tumoral immunosuppres-
sion are considered as a promising strategy to enhance the
efficacy of existing immunotherapeutic drugs.”® Among the
possible combinatorial strategies, indoleamine 2,3-dioxygenase
1 (IDO1) has emerged as an attractive target due to its crucial
role in the maintenance of a balance between immune
tolerance and immunity.”! The overexpression of IDO1 in the
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structure-based virtual screening made on IDOT1 active site. The
starting hit compound is a novel chemotype based on a [1,2,4]
triazolo[4,3-alpyridine scaffold, so far underexploited among
the heme binding moieties. Thanks to the rational and in silico-
guided design of analogues, an improvement of the potency to
sub-micromolar levels has been achieved, with excellent in vitro
metabolic stability and exquisite selectivity with respect to
other heme-containing enzymes.

tumour microenvironment leads to a dysregulation of this
balance, and to an escape of the tumour cells from immune
control, a feature that is associated with poor prognosis”® and
metastatic progression."" For years, the molecular mechanism
underlying this process has been exclusively related to the
catalytic activity of IDO1, represented by the conversion of
tryptophan (Trp) into kynurenines (Kyn) in the first and rate-
limiting step of the kynurenine pathway.'*'® However, addi-
tional functions of IDO1 have been elucidated over recent years,
highlighting that the role of this protein is far more complicated
than initially believed. To name a few recent discoveries, IDO1
(i) is a moonlighting protein possessing a signalling activity and
able to interact with molecular partners, resulting in the
upregulation of its gene expression or in its degradation by the
proteasomal system,"*'® (ii) has a nitrite reductase activity
under hypoxia and induces the chemical reduction of nitrite to
nitric oxide,™” (iii) in cells, is present as an equilibrium between
the catalytically active form (holo) and the heme-free apo-form,
depending on the availability of heme group and Trp,"®'¥ (iv)
produces singlet molecular oxygen in arterial endothelial cells
under inflammatory conditions, contributing to blood pressure
control.”” Not surprisingly, therefore, the design of IDO1
inhibitors is a highly dynamic field, with thousands of molecules
reported in the literature,?" several clinical candidates under
development® and different mechanisms of action
described.”® Undoubtedly, the failure of the Phase Il clinical
trial of epacadostat, the most promising candidate until three
years ago, represented a serious setback in the field,”**® but in
the meanwhile, other inhibitors have entered the clinical phases
and at least one candidate (linrodostat, BMS-986204)*" is
currently evaluated in Phase IIL,*® rekindling enthusiasm in the
field. Additional efforts are currently put in place to identify
either molecules able to inhibit the hitherto overlooked
activities of IDO1 or novel chemotypes endowed with improved
properties.

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Our research group contributed to the IDO1 field with the
publication of three classes of inhibitors, based on imidazole,*
imidazothiazole®™®*" and benzimidazole scaffolds.*? The latter
class emerged from a structure-based virtual screening that was
performed on ZINC15 database® by mining more than
8 million molecules in IDO1 active site. The 500 compounds
with the highest score according to their predicted pose in the
active site were further evaluated by visual inspection and 50 of
them were selected and purchased from eMolecules® a
website collecting in-stock or synthesised compounds from
global suppliers, and tested. First, an MTT assay was performed
to rule out an intrinsic cytotoxicity: cell viability was measured
after 48 hours in the presence of the selected compounds at
10 uM. Then, IDO1 inhibition was assessed in melanoma derived
human A375 cell line which expressed high levels of the
enzyme after induction by recombinant human IFN-y. Cells
were treated with 10 uM of the compounds for 48 hours and L-
Kyn reduction was detected by HPLC analysis and compared to
the basal levels. Following this protocol, 7 hit compounds out
of 50, which were not structurally related, were identified with
ICs, values spanning from 4.4 to 0.016 uM.

The most potent hit compound, VS13 (1, Figure 1), displays
a low nanomolar potency over a panel of different tumoral cell
lines and has a remarkable in vivo pharmacodynamic activity,
despite the metabolic liability.*® Besides VS13, a second hit
compound, named VS9 (2, Figure 1), was identified with an ICg,
value in the low micromolar range (2.6 uM). Interestingly, it is
based on a novel chemotype, not shared by other IDO1
inhibitors already reported, namely a [1,24]triazolo[4,3-d]
pyridine substructure. While 1,2,4-triazoles are well known to
bind the heme group, as exemplified by many antifungal
agents,” very few IDO1 inhibitors with this substructure have
been identified so far. In particular, among the iron-binding
scaffolds with sub-micromolar potency, imidazoles (e.g. 4-
phenylimidazole),”® hydroxyamidines (e.g. epacadostat),®”
indazoles,***" and 1,2,3-triazoles®” are the most exploited
ones, while 1,2,4-triazole-based inhibitors are less represented
and comprise Amg-1 (3, Figure 1),"? a thiazolo[2,3-c][1,2,4]
triazole, and the recently reported 3-monosubstitued 1,2,4-
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Figure 1. Structures of selected IDO1 inhibitors.

ChemMedChem 2021, 16, 3439-3450  www.chemmedchem.org

triazole (4, Figure 1) The under-representation of this sub-

structure in the literature caught our attention and prompted
us to start a medicinal chemistry campaign on VS9.

Results and Discussion

To confirm the biological activity of the purchased hit
compound, VS9 was resynthesized in our lab, exploiting a four-
step synthetic route. As depicted in Scheme 1, after reaction
between 5 and Boc-glycine 6, the resulting intermediate 7 was
cyclized in the presence of Lawesson’s reagent and the Boc
group was removed. The resulting amine 9 is very polar and
difficult to be extracted from aqueous phase during workup.
The reaction mixture was therefore directly subjected to column
chromatography using EtOAc to remove trifluoroacetic acid
(TFA) and EtOAc/MeOH 7:3 to elute the trifluoroacetate salt of
amine 9, with a yield of 58%. This procedure was next applied
to the synthesis of the other amines reported below. Finally,
amine 9 was coupled with 1H-indazole-7-carboxylic acid,
yielding VS9 (2). The synthesized hit compound was then re-
tested for IDO1 inhibition in A375 cell line at 10 uM, cytotoxicity
and IC;, value and the results were comparable to those
obtained with the purchased molecule (Table 1). Moreover, as
the indazole moiety of VS9 resembles the structure of a
previously reported apo-inhibitor,*? to ascertain the inhibition
of the holo-IDO1 rather than the apo form, the compound was
also tested on an enzyme-based assay using the recombinant
form of human IDO1 (rhIDO1). rhIDO1 was treated with 10 uM
of VS9 and the conversion of L-Trp to L-Kyn was determined
spectrophotometrically using p-dimethylaminobenzaldehyde.
While apo inhibitors show a lack of inhibition in the enzyme-
based assay in face of a high cellular activity,"®'**' VvSs9
provided an rhIDO1 inhibition of 54.6 +3.1 % (see also Support-
ing Information), comparable to the result from the cellular-
based assay. To further confirm the absence of binding to the
apo-form, the interference of the compound with the amount
of free heme produced after incubation with IDO1 was
evaluated." Similarly to epacadostat, VS9 did not increase the
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Scheme 1. Preparation of VS9 (2): (a) NMM, isobutyl chloroformate, THF, 0°C,
18 h, 80%. (b) Lawesson'’s reagent, DME, 80°C, 7 h, 99 %. (c) TFA, CH,Cl,, 0°C,
2 h, 58%. (d) 1H-Indazole-7-carboxylic acid, EDCI, HOBt, TEA, dry CH,Cl,, dry
DMF, rt, 18 h, 44 %.
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Table 1. VS9 analogues with modifications of the substructure putatively
located in pocket B.”!
Cpd, Cell viability IDO cellular I1C5o£SD
Yield (%) [%] @ 10 uM £ SD assay inhibition [uM], A375
[%] @ 10 uM £+ SD cell line
VS9 91+9.9 35+6 26+0.5
2,44 87+18.3 42+9 2.8+0.9
10,76 90+14.8 34+1 -
11, 67 91+£12.7 2245 -
12, 46 92+12 40+8 -
13,40 94428 32+7 -
14, 49 100+0 38+1 -
15, 64 100+0.7 11+1 -
16, 68 100+5.2 1943 -
17,47 89+9.2 43410 -
18, 62 88+16.8 29+2 -
19,63 97 +2.1 24+5 -
20, 65 100+0 31+£29 -
21,60 78+t4.2 49415 -
22,42 93+9.8 39+4 -
24,48 95+7.2 75+7 20+03
25,37 94 +2.1 79+4 14405
[a] Cytotoxicity and IDO1 inhibition in A375 cell line at 10 uM and cellular
1C5, values. The reported values derive for three independent experiments
and numbers represent mean =+ standard error of mean (SEM).

levels of free heme (see Supporting Information), confirming
the molecule as a catalytic holo-inhibitor.

A SAR study based on this scaffold was then undertaken. As
shown in Figure 2, the docking pose of the compound sees the
6-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridine moiety accom-
modated in pocket A (Tyr126, Cys129, Val130, Phe163, and
Phe164),"" with one of the nitrogen atoms of the triazole ring
responsible for the coordination with the iron of the heme
group. Pocket B (Phe226, Arg231 and Ser235)“? is occupied by
the indazole moiety, while pocket C (Gly236, Lys238, Ala260,
Gly261, Gly262, Ser263, Phe291, Met295),f” a distal hydro-
phobic region located near the solvent region, is not exploited.
Next, Molecular Dynamics (MD) simulation using the Desmond
package was used to further analyse the docking results of
VS9.¥” The MD of IDO1/VS9 complex was simulated for 100 ns
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Figure 2. Docking pose of the hit compound VS9. A) Schematic representa-
tion of predicted interactions of VS9 within IDO1 binding pockets. B)
Docking pose of VS9. Amino acids of pocket A, pocket B, and pocket C are
depicted in red, green, and blue, respectively. The heme group and VS9 are
depicted as cyan and orange sticks, respectively.
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at 300 K using a standard protocol. The coordinates of the IDO1
Ca and the ligand of each MD timesteps were compared to the
original coordinates (see Supporting Information) and the root
mean square deviations (RMSDs) showed that the protein-
ligand structure was stabilized. The results obtained from the
MD simulation are consistent with the predicted docking pose:
the 6-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridine moiety is
stabilized in pocket A where it interacts with the heme group
for most of the time, while the indazole group is located in
pocket B for the entire duration of the simulation, interacting
with Phe226.

Initially, we focused our attention on the modification of
the portion putatively located in pocket B and we varied the
indazole moiety by exploiting coupling reactions among amine
9 and different carboxylic acids. The synthesis of these
analogues was guided in silico®®>" to increase the possibility to
find effective inhibitors and to maximize the interaction in IDO1
active site. To this aim, synthetically feasible and purchasable
carboxylic acids were virtually combined to generate a small
library of candidates that was screened in the IDO1 active site.
The virtual candidates were then docked in IDO1 binding site
and ranked according to their binding energy. Those displaying
the highest score were selected and synthesized, according to
Scheme 2. This effort led to the first series of analogues, 10-22,
which were then biologically tested. First, cell viability was
evaluated in the presence of 10 uM of the compounds of
interest after 48 hours. All the compounds did not significantly
affect cell viability and were then evaluated for IDO1 inhibition
as described above. Within the first series, 3 compounds
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Scheme 2. Preparation of 6-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridine-
based VS9 analogues 10-22: (a) EDCI, HOBt, TEA, dry CH,Cl,, dry DMF, rt,
18 h, 40-76 %.
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retained an IDO1 inhibition comparable to VS9 (12, 17, 21,
Table 1).

Based on these results, a second series of analogues was in
silico designed starting from the structure of the 4 most active
molecules (2, 12, 17, 21, Table 1). To evaluate the binding pose
of each molecule, an initial water network in the binding site
was created around the structure of the compounds using
SZMAP/GAMEPLAN.®" As protein-ligand binding interactions
occur in an aqueous environment, by using SZMAP calculations
significant thermodynamic favourable or unfavourable regions
of solvent in the binding site were identified. GAMEPLAN
analyses the results to suggest ways to modify ligand chemistry
based on the water structure in the immediate environment of
the ligand. The molecular surfaces were then visualized using
VIDA,*? and structural modifications were visually selected with
the aim of further improving the activity.

The portion of compound 21 which is putatively located in
pocket B tolerated the insertion of a second methoxy
substituent in ortho to the methoxy group or the substitution
of both methoxy substituents with two methyl. The two
corresponding analogues, 24 and 25, were therefore synthe-
sized using an alternative synthetic route (Scheme 3), as the
required carboxylic acids for these products were not commer-
cially available. Intermediate 23 was obtained via coupling
reaction from amine 9 and then two Suzuki cross-coupling
reactions were performed, affording 24 and 25 (Scheme 3).

From the VIDA visualization of the molecular surfaces of the
portion in pocket AF? it was highlighted that the —CF; group
could be either substituted with a halogen atom or a phenyl

e
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Scheme 3. Preparation of 6-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridine-
based VS9 analogues 24-25: (a) EDCI, HOBt, TEA, dry CH,Cl,, dry DMF, rt,
18 h, 70%. (b) R,-B(OH),, EtOH, dry DMF, Pd(OAc),, K,COs, 80°C, 32 h, 37-

48 %.
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Scheme 4. Preparation of 6-chloro-[1,2,4]triazolo[4,3-alpyridine-based VS9
analogues 30 and 32: (a) NMM, isobutyl chloroformate, THF, 0°C, 3 h, 69 %.
(b) Lawesson’s reagent, DME, 80°C, 2 h, 92%. (c) TFA, CH,Cl,, 0°C, 2 h, 40%.
(d) 1H-Indazole-7-carboxylic acid, EDCI, HOBt, TEA, dry CH,Cl,, dry DMF, rt,
18 h, 42%. (e) 2-Fluoro-5-iodobenzoic acid, EDCI, HOBt, TEA, dry CH,Cl,, dry
DMF, rt, 18 h, 40 %. (f) (3,4-Dimethoxyphenyl)boronic acid, EtOH, dry DMF,
Pd(OAC),, K,COs, 80°C, 32 h, 70%.
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ring fused to the [1,2,4]triazolo[4,3-alpyridine system. To this
aim, two additional amines, 29 and 36, were synthesized
according to Schemes 4 and 5. In both cases, the synthetic
routes resembled the one exploited for amine 9. The carboxylic
acids were selected from those affording the highest inhibitory
activity among compounds 2, 10-22, 24-25 (Table 1).

From amine 29, compound 30 was obtained by coupling
reaction, while compound 32 was prepared by amidation using
2-fluoro-5-iodobenzoic acid followed by Suzuki reaction
(Scheme 4). Four compounds (37-40) were obtained by
amidation from amine 36 (Scheme 5). One candidate (42), in
which the —CF; group is absent, was synthesized by coupling
reaction between the commercially available amine 41 and 1H-
indazole-7-carboxylic acid (Scheme 5). Finally, compound 44
was synthesized with the aim of validating the predicted
interaction with heme group in pocket A by one of the nitrogen
atoms of the triazole ring. The molecule was obtained by
reacting the commercially available amine 43 with 1H-indazole-
7-carboxylic acid (Scheme 5).

Compounds 24-25 (Table 1), 30, 32, 37-40, 42 and 44
(Table 2) were evaluated as described for the first series of
analogues for cell cytotoxicity and IDO1 inhibition.

Gratifyingly, the compounds from the second series
afforded a higher inhibition compared to the first one, with 6
molecules that display a percentage of inhibition higher than
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Scheme 5. Preparation of VS9 analogues 37-40, 42 and 44: (a) NMM,
isobutyl chloroformate, THF, 0°C, 18 h, 84 %. (b) Lawesson’s reagent, DME,
80°C, 6 h, 80%. (c) TFA, CH.Cl,, 0°C, 2 h, 54%. (d) EDCI, HOBt, TEA, dry
CH,Cl,, dry DMF, rt, 18 h, 61-89%. (e) 1H-Indazole-7-carboxylic acid, EDCI,
HOBt, TEA, dry CH,Cl,, dry DMF, rt, 18 h, 65-90 %.
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Table 2. VS9 analogues with modifications of the substructure putatively
located in pocket A.”!

Cpd, Cell viability IDO cellular 1C5o £ SD

Yield (%) [%] @ 10 uM£SD  assay inhibition [uM], A375 cell line
[%] @ 10 uM £ SD

VS9 91+9.9 35+6 26+0.5

2,44 87+£183 4249 28+0.9

30,42 98+74 23+5 -

32,70 98+9.3 24+5 -

37,69 100+4.1 64+8 6.9+0.8

38, 61 95+7.1 5347 0.940.02

39,89 94+6.3 55+6 1.8+0.2

40,75 97+3.8 67+9 34403

42, 65 100+0 1+1 -

44,90 99+1 242 -

[a] Cytotoxicity and IDO1 inhibition in A375 cell line at 10 uM and cellular
1C, values. The reported values derive for three independent experiments
and numbers represent mean + standard error of mean (SEM).

50%. The highest inhibition is afforded by the biphenyl
analogues 24 and 25 and the [1,24]triazolo[4,3-alquinoline
derivatives 37-40, while 6-chloro-[1,2,4]triazolo[4,3-a]pyridine-
based compounds possess only poor activity (30, 32) and a
completely drop in the activity is observed when the —CF;
group is removed (42) highlighting that the presence of a
hydrophobic substituent in this position is fundamental for the
interaction within pocket A. Compound 44, in which the [1,2,4]
triazolo[4,3-alpyridine is substituted with a naphthalene group
is devoid of activity, suggesting a lack of interaction of this
compound with the heme group. Interestingly, the indazole
group can potentially drive the iron-binding,?"***% but the lack
of activity of compound 44 suggests that the preferential pose
for VS9 analogues does not favour the interaction of this moiety
with pocket A. This hypothesis is also supported by the MD
simulation in which the indazole moiety of VS9 is stabilized in
pocket B for the entire duration of the simulation (Figure 2).

The 6 compounds displaying an IDO1 inhibitory activity
higher than 50% (24, 25, Table 1 and 37, 38, 39, 40, Table 2)
were selected and the IC;, values were calculated. Gratifyingly,
4 compounds (24, 25, 38, 39, Table 1 and 2) are more potent
than the precursor, with one candidate displaying an IC;, value
in the nanomolar level (38, 0.9 uM, Table 2).

As the metabolic reaction catalysed by IDO1 is also
mediated by tryptophan 2,3-dioxygenase (TDO),** the com-
pounds were evaluated for their selectivity over TDO. Despite
both enzymes are heme-containing dioxygenases, the two
proteins share only 10% sequence identity and, while TDO is a
tetramer, IDO1 is a monomer. To this aim, VS9 and its analogues
(24, 25, 38, 39) were tested in a mastocytoma cell line (P1.HTR)
which does not expressed dioxygenases, but was stably trans-
fected with a vector coding for human IDO1 (P1.IDO1) or TDO
(P1.TDO).5? Cells were treated with a 10 uM solution of each
candidate for 16 h and L-Kyn secretion in cell culture super-
natants was detected by HPLC analysis. The compounds were
not able to induce a reduction of Kyn levels in P1.TDO
compared to P1.IDO1, pointing at the molecules as selective
IDO1 inhibitors (see Supporting Information for related figures).
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The most potent analogues were then evaluated for their
in vitro metabolic stability. The class, indeed, shares a non-
hindered amide moiety which can be putatively susceptible
toward hydrolytic metabolism, as previously observed for other
IDO1 inhibitors.”*** To rule out this possibility, the candidates
(2, 24, 25, 38, 39, 40) were incubated for 1 h in rat liver S9
fraction (RLS9) supplied with NADPH and then the residual
substrate was measured. Under these conditions, the com-
pounds showed an excellent metabolic stability, with residual
substrates higher than 99% (see Supporting Information for full
data). The metabolite analysis was performed by liquid
chromatography coupled to high-resolution tandem mass
spectrometry (LC-HRMS?, see Supporting Information for metab-
olite profiling and LC-HRMS? conditions) monitoring a list of
ions corresponding to those of the expected metabolites.
Despite the presence of the non-steric hindered amide group,
this moiety is exceptionally stable toward hydrolysis. Further-
more, oxidative metabolism was revealed to be NADPH-
dependent, suggesting the involvement of the hepatic mono-
oxygenase system. Indeed, the main metabolic pathways are
represented by aliphatic, aromatic hydroxylation, and O-
demethylation.

Finally, the scaffold of 1,2,4-triazole on which this class is
based is particularly abundant in antifungal agents. These drugs
are known for their ability to interfere with the mammalian
cytochrome P450, potentially leading to adverse reactions
related to drug-drug interactions. To predict the binding to the
CYP enzymes, the 2 most potent compounds, 25 and 38, were
evaluated in an aminopyrine N-demethylase assay at a concen-
tration of 1, 10 and 100 uM (see Supporting Information).
Compared to ketoconazole, a well-known antifungal CYP3A4
inhibitor which induced a strong inhibition of CYP, 25 showed a
low inhibition at 10 and 100 uM, while 38 did not significantly
inhibit CYP at the tested concentrations.

Conclusion

Starting from a hit compound, VS9, identified by means of a
structure-based virtual screening and representing an unprece-
dented chemotype, a class of [1,24]triazolo[4,3-a]pyridine-
based analogues was in silico designed and synthesized. As
demonstrated by the SAR study and the performed molecular
dynamics, the coordination with the iron atom of the heme
group is driven by the N1 atom of the 1,24-triazole ring,
underexploited in the field of IDO1 inhibitors. The synthetic
efforts have led to 38 that shows an ICs, value of 0.9 uM, a high
selectivity over TDO and CYPs and no detectable cytotoxicity
up to 10 uM. The compound is also cell-permeable and fully
stable toward invitro hepatic metabolism, representing a
promising starting point in the generation of new IDO1
inhibitors.

For example, to capitalize upon the newly described [1,2,4]
triazolo[4,3-a]pyridine scaffold, the elongation of the side chain
located in pocket B might represent a strategy to achieve
additional interaction with the distal pocket C®**? and further
improve the potency of this class of molecules.

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH


www.chemmedchem.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemMedChem doi.org/10.1002/cmdc.202100446

Experimental Section

Chemistry

Commercially available reagents and solvents were used as
purchased without further purification. When needed, solvents
were distilled and stored on molecular sieves. Column chromatog-
raphy was performed on silica gel. Thin layer chromatography (TLC)
was carried out on 5cmx20 cm plates with a layer thickness of
0.25 mm. When necessary, TLC plates were visualized with aqueous
KMnO, or with aqueous solution of cerium (IV) sulfate and
ammonium molybdate in sulfuric acid. Melting points were
determined in open glass capillary with a Stuart scientific SMP3
apparatus. All the target compounds were checked by IR (FT-IR
Bruker Alpha Il), '"H-NMR (Bruker Avance Neo 400 MHz), *C-NMR
(Bruker Avance Neo 400 MHz), and mass spectrometry (Thermo
Scientific Q-Exactive Plus) equipped with an HESI source. Chemical
shifts are reported in parts per million (ppm).

General procedure for the synthesis of compounds 2, 10-23

Amine 9 (230 mg, 0.70 mmol) was solubilized in dry CH,Cl, (4 mL)
under nitrogen. TEA (109 uL, 0.76 mmol), HOBt (56.3 mg,
0.42 mmol), EDCl (79.8 mg, 0.42mmol) and carboxylic acid
(0.35 mmol, 1 eq) were added in order. The reaction was stirred at
room temperature overnight, then diluted with CH,Cl, and washed
with water (3x). The organic layer was dried over sodium sulfate
and evaporated. Purification by silica gel column chromatography
afforded compounds 2, 10-23.

N-((6-(Trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridin-3-yl)
methyl)-1H-indazole-7-carboxamide, (2)

PE/EtOAc 1:9. Yellowish solid. Yield 44 %; mp: 215-217°C. "H-NMR
(400 MHz, DMSO-dy): & 13.05 (br s, 1H), 9.45 (br s, TH), 9.28 (s, TH),
8.17 (s, TH), 8.00-7.96 (m, 3H), 7.62 (d, J=9.1Hz, 1H), 7.21 (t, J=
8.0 Hz, 1H), 5.18 (s, 2H). *C-NMR (101 MHz, DMSO-d,): & 166.9,
149.4, 147.0, 134.6, 129.2, 128.2, 127.2, 125.6, 125.4, 124.7, 123.5,
120.2, 119.4, 116.5, 110.3, 33.8. IR (neat): v"=3343, 3233, 3101,
3042, 2923, 2853, 1299, 1131, 742 cm™". MS (ESI): m/z 359 [M—H] .
HRMS (ESl) m/z (M+H)" caled for Ci¢H,,FsNgO 361.1019, found
361.1026.

N-((6-(Trifluoromethyl)-[1,2,41triazolo[4,3-a]pyridin-3-yl)
methyl)-9H-fluorene-4-carboxamide, (10)

PE/EtOAc 2:8. White solid. Yield 76%; mp: 216-218°C. 'H-NMR
(400 MHz, DMSO-d,): 8 9.39 (br t, J=5.5 Hz, TH), 9.33 (s, TH), 8.04 (d,
J=9.7 Hz, 1H), 7.67-7.76 (m, 2H), 7.57 (d, J=7.5 Hz, 1H), 7.52 (d, J=
7.8 Hz, 1H), 7.36-7.33 (m, 2H), 7.28 (t, J=7.5Hz, 1H), 7.05 (t, J=
7.5 Hz, 1H), 5.19 (d, J=5.8 Hz, 2H), 3.93 (s, 2H).”*C-NMR (101 MHz,
DMSO-dy): & 170.1, 149.5, 146.9, 144.5, 144.0, 139.9, 137.7, 131.7,
127.5, 126.8 (q, J=4.5 Hz), 126.6, 126.1, 125.8 (q, J=6.0 Hz), 125.4,
125.2, 124.2 (g, J=250 Hz), 123.6, 122.6, 117.3, 116.2 (q, J=33.4 Hz),
36.8, 33.7. IR (neat): v =3226, 3040, 2924, 2853, 1651, 1524, 1321,
1121, 880, 734 cm™". MS (ESI): m/z 409 [M+H]*. HRMS (ESI) m/z (M
+H)* caled for C,,H;6F3N,O 409.1271, found 409.1261.

2-Methyl-3-((pyridin-3-ylmethyl)amino)-N-
((6-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-3-yl)methyl)
benzamide, (11)

EtOAc/MeOH 98:2. Amorphous white solid. Yield 67%. 'H-NMR
(400 MHz, (CD,),CO): 8 9.38 (s, TH), 8.61 (s, 1H), 8.43 (d, J=6.4 Hz,
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1H), 8.23 (br s, 1H), 7.90 (d, J=9.6 Hz, 1H), 7.74 (d, J/=7.9 Hz, 1H),
7.58 (dd, J;=9.7, 1.7 Hz, 1H), 7.28 (dd, J,=8.6, 3.9 Hz, 1H), 6.96 (t,
J=79Hz 1H), 6.69 (d, J=7.6 Hz, 2H), 6.59 (d, J=8.2 Hz, 2H), 5.22
(d, J=6.1 Hz, 2H), 4.51 (s, 2H), 2.91 (br s, 1H), 2.22 (s, 3H). *C-NMR
(101 MHz, (CD,),CO): & 171.2, 149.5, 149.0, 148.1, 146.8, 146.4, 137.2,
135.5, 134.6, 126.2, 125.1 (q, J=6.1Hz), 123.8 (q, /=269.9 Hz),
123.3, 122.6, 119.8, 117.0, 116.8 (g, J=33.5Hz), 1154, 111.2, 44.7,
33.3, 13.1. IR (neat): v"'=3370, 3046, 1630, 1530, 1316, 1119, 791,
709 cm~'. MS (ESI): m/z 441 [M+H]*. HRMS (ESI) m/z (M+H) " calcd
for C,,H,F3NgO 441.1645, found 441.1636.

3-Bromo-4-hydroxy-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-alpyridin-3-yl)methyl)benzamide, (12)

PE/EtOAc 2:8. White solid. Yield 46%; mp: 271-273°C. "H-NMR
(400 MHz, DMSO-d,): & 9.25 (s, 1H), 9.16 (br s, 1H), 8.04 (d, J=2.2 Hz,
1H), 7.98-7.94 (m, 2H), 7.74 (dd, J,=8.6, 2.2 Hz, TH), 7.61 (dd, J,=
9.7, 1.7 Hz, 1H), 6.99 (br d, J=8.6 Hz, 1H), 5.04 (d, J=5.6 Hz, 2H).
BC-NMR (101 MHz, DMSO-d,): & 165.9, 157.6, 149.4, 147.1, 132.7,
129.0, 126.1, 125.8 (q, J=6.3 Hz), 124.1 (g, J=320 Hz), 123.5, 117.2,
116.4, 116.2 (q, J=33.6 Hz), 109.5, 33.8. IR (neat): v =3285, 3054,
2922, 2724, 2592, 1656, 1601, 1539, 887, 703 cm™'. MS (ESI): m/z
415 [M-+H]*. HRMS (ESl) m/z (M+H)" calcd for CsH,,BrF;N,O,
415.0012, found 415.0004.

5-Bromo-2,4-dihydroxy-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-alpyridin-3-yl)methyl)benzamide, (13)

PE/EtOAc 2:8. White solid. Yield 40%; mp: 196-198°C. 'H-NMR
(400 MHz, DMSO-d,): & 9.31 (br s, 1H), 9.25 (s, 1H), 8.04-7.98 (m,
2H), 7.65-7.60 (m, 2H), 6.50 (br s, 2H), 5.08 (d, J=5.4 Hz, 2H). *C-
NMR (101 MHz, DMSO-d,): 6 168.5, 161.1, 159.1, 146.6, 145.3, 132.7,
127.1, 125.7 (q, J=6.0 Hz), 123.9 (q, J=272 Hz), 123.7, 123.5, 117.2,
116.3 (g, /=33.7 Hz), 109.0, 33.8. IR (neat): v"=3211, 2922, 2852,
1742, 1586, 1558, 1234, 1126, 832, 821, 741 cm™". MS (ESI): m/z 431
[M-+HI*. HRMS (ESl) m/z (M+H)" caled for CisH;;BrF;N,O;
430.9961, found 430.9952.

3-Bromo-2,6-dimethyl-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-alpyridin-3-yl)methyl)benzamide, (14)

PE/EtOAc 4:6. Colourless oil. Yield 49%. 'H-NMR (400 MHz,
(CD,),CO): 6 9.34 (s, 1H), 8.42 (br s, 1H), 7.90 (d, J=9.6 Hz, 1H), 7.61
(dd, J,;=9.6, 1.8 Hz, 1H), 7.46 (d, J=8.2 Hz, 1H), 6.98 (d, /J=8.2 Hz,
1H), 5.29 (d, J=6.1 Hz, 2H), 2.25 (s, 3H), 2.15 (s, 3H). *C-NMR
(101 MHz, (CD,),CO): & 169.6, 149.5, 146.5, 139.3, 133.9, 133.5, 1324,
129.1, 125.0 (q, /=6.0Hz), 1234 (q, /=268.8 Hz), 122.8, 122.0,
117.0, 116.8 (q, J/=33.9 Hz), 33.1, 19.1, 18.0. IR (neat): v'=3233,
3050, 2928, 1652, 1531, 1129, 809, 734 cm'. MS (ESI): m/z 427 [M+
HI*. HRMS (ESI) m/z (M+H)* calcd for C,,H,sBrFsN,O 427.0376,
found 427.0368.

2,3-Dichloro-6-fluoro-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-a]pyridin-3-yl)methyl)benzamide, (15)

PE/EtOAc 2:8. White solid. Yield 64%; mp: 114-116°C. 'H-NMR
(400 MHz, CDCl,): & 9.06 (s, TH), 8.34 (br s, 1H), 7.74 (d, J=9.2 Hz,
1H), 7.47-7.42 (m, 2H), 7.00 (t, J=8.4 Hz, 1H), 5.24 (d, J=6.1 Hz, 2H).
BC-NMR (101 MHz, CDCl;): & 163.1, 157.6 (d, J=251.5 Hz), 149.8,
145.2, 131.9 (d, J=8.7 Hz), 130.6 (d, J=5.8 Hz), 129.1 (d, J=4.2 H2),
125.8 (d, J=22.6 Hz), 124.1 (q, J=6.3 Hz), 124.0, 121.4, 119.0 (q, J=
34.8 Hz), 116.9, 115.5 (d, J=23.2 Hz), 33.5. IR (neat): v"=3039, 2924,
2854, 1718, 1554, 1180, 1126, 810, 740 cm™". MS (ESI): m/z 407 [M+
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HI*. HRMS (ESI) m/z (M+Na)* calcd for C,sH,CI,F,N,ONa 428.9909,
found 428.9894.

2,6-Difluoro-4-methoxy-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-a]pyridin-3-yl)methyl)benzamide, (16)

PE/EtOAc 2:8. White solid. Yield 68 %; mp: 215-216 °C, dec. "H-NMR
(400 MHz, (CD,),C0): 8 9.18 (s, 1H), 8.38 (br s, TH), 7.93 (d, J/=9.3 Hz,
1H), 7.60 (d, J=9.6 Hz, 1H), 6.65 (d, J=10.4 Hz, 2H), 5.26 (s, 2H), 3.83
(s, 3H). PC-NMR (101 MHz, DMSO-d,): & 162.2 (t, J=14.0 Hz), 161.0,
160.2 (dd, J,=234.5 Hz, 11.0 Hz), 149.5, 146.5, 125.5 (g, J=6.1 Hz),
123.8 (q, /=269.5 Hz), 123.6, 117.3, 116.3 (q, J=33.2 Hz), 1074 (t,
J=225Hz), 98.9 (d, J=24.9 Hz), 56.8, 33.8. IR (neat): v'=3309,
2923, 1640, 1494, 1217, 1040, 1019, 819, 782 cm™". MS (ESI): m/z
409 [M+Na]*. HRMS (ESI) m/z (M+H)" caled for CigH;,FsN,O,
387.0875, found 387.0865.

4-Methoxy-2,6-dimethyl-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-a]pyridin-3-yl)methyl)benzamide, (17)

PE/EtOAc 4:6. White solid. Yield 47%; mp: 133-135°C. 'H-NMR
(400 MHz, DMSO-d,): 8 9.25 (s, 1H), 8.99 (br s, 1H), 7.99 (d, J=9.6 Hz,
1H), 7.64 (d, J=9.6 Hz, TH), 6.60 (s, 2H), 5.06 (d, J=5.9 Hz, 2H), 3.71
(s, 3H), 2.10 (s, 6H). *C-NMR (101 MHz, DMSO-d,): & 170.4, 159.4,
149.4, 147.1, 135.9, 130.8, 125.8 (q, J=6.0 Hz), 123.9 (q, /=272 Hz),
122.5, 117.3, 116.2 (q, J=33.5 Hz), 113.0, 55.5, 33.4, 19.4. IR (neat):
v =3420, 3057, 2923, 1633, 1317, 1122, 819, 697 cm™". MS (ESI): m/
z 379 [M+H]". HRMS (ESl) m/z (M+H)" calcd for CigH,4FsN,O,
379.1376, found 379.1368.

4,4'-Difluoro-N-((6-(trifluoromethyl)-[1,2,41triazolo[4,3-a]
pyridin-3-yl)methyl)-[1,1'-biphenyl]-3-carboxamide, (18)

PE/EtOAc 4:6. White solid. Yield 62%; mp: 177-178°C. 'H-NMR
(400 MHz, CDCly): 6 9.19 (s, 1H), 8.26 (dd, J,=7.3, 2.6 Hz, 1H), 7.85
(d, J=9.6 Hz, 2H), 7.67-7.64 (m, 1H), 7.55-7.52 (m, 2H), 7.43 (d, J=
11.1 Hz, 1H), 7.20-7.11 (m, 3H), 5.29 (d, J=5.8 Hz, 2H). *C-NMR
(101 MHz, CDCly): 6 164.3, 162.8 (d, J=247.7 Hz), 160.1 (d, J=
249.3 Hz), 149.9, 145.9, 1374 (d, J=3.2 Hz), 135.1 (d, /=3.1 Hz),
132.3 (d, /=9.4 Hz), 130.3, 128.7,124.0 (q, J=59Hz), 1236 (d, J=
2.1 Hz), 122.8 (q, /=270.0 Hz), 120.1 (d, J=11.7 Hz), 1189 (d, J=
6.3 Hz), 118.7 (q, J=34.2Hz), 116.7 (d, J=25.1 Hz), 1159 (d, J=
21.7 Hz), 33.7. IR (neat): v"=3221, 3056, 2925, 1717, 1646, 1488,
1223, 1143, 813, 744 cm™'. MS (ESI): m/z 433 [M+H]™". HRMS (ESI)
m/z (M+H)* calcd for C,;H,,FsN,O 433.1082, found 433.1074.

4’-Cyano-4-fluoro-N-((6-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]
pyridin-3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (19)

PE/EtOAc 3:7. White solid. Yield 63%; mp: 213-215°C. 'H-NMR
(400 MHz, DMSO-dj): & 9.30 (br s, 1H), 9.24 (s, 1H), 7.99 (d, J=9.7 Hz,
1H), 7.95-7.88 (m, 7H), 7.63 (d, J=9.7 Hz, TH), 7.46-7.42 (m, TH),
5.12 (d, J=5.6 Hz, 2H). *C-NMR (101 MHz, DMSO-d,): & 164.6, 160.0
(d, J=2529Hz), 149.5, 146.7, 143.3, 135.1 (d, J=3.6 Hz), 1334,
131.9 (d, J=8.8 Hz), 129.1 (d, J=3.3 Hz), 128.1, 125.7 (q, J=6.0 H2),
1242 (d, J=145Hz), 123.6 (d, J=3.0Hz), 123.4 (q, J=272.6 Hz),
119.2, 117.7 (d, J=22.6 Hz), 117.3, 116.3 (d, J=33.5 Hz), 110.9, 34.0.
IR (neat): v =3202, 3039, 2924, 2225, 1650, 1487, 1148, 821,
747 cm™". MS (ESI): m/z 440 [M+H1". HRMS (ESI) m/z (M+H)* calcd
for Cy,H,4F,NsO 440.1129, found 440.1122.
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4-Fluoro-2'-methyl-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-alpyridin-3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (20)

PE/EtOAc 7:3. Colourless oil. Yield 65%. 'H-NMR (400 MHz,
(CD4),CO): 6 9.33 (s, 1H), 8.50 (br s, 1H),7.90 (d, J=9.7 Hz, 1H), 7.83
(dd, J,=7.1,2.4 Hz, 1 H), 7.56 (dd, J,=9.5, 1.6 Hz, 1 H), 7.54-7.52 (m,
1H), 7.34-7.29 (m, 4H), 7.28-7.24 (m, 1H), 5.30 (d, J=5.9 Hz, 2H),
2.23 (s, 3H). PC-NMR (101 MHz, (CD,),CO): & 164.3, 159.3 (d, J=
2479 Hz), 149.5, 146.3, 139.9, 138.5 (d, J=14.5 Hz), 135.1, 131.3 (d,
J=2.7 Hz), 1304, 129.5, 127.8, 126.0, 125.1 (q, /=6.2 Hz), 123.7 (q,
J=269.1 Hz), 122.6 (2 C), 121.8 (d, J=13.2 Hz), 116.9, 116.7 (q, J=
33.8 Hz), 116.0 (d, J=23.7 Hz), 33.8, 19.5. IR (neat): v'=3194, 2924,
2854, 1652, 1524, 1316, 1125, 819, 732 cm™". MS (ESI): m/z 429 [M +
H1*. HRMS (ESI) m/z (M+H)™" calcd for C,,H,,F,N,O 429.1333, found
429.1325.

4-Fluoro-4'-methoxy-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-alpyridin-3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (21)

PE/EtOAc 3:7. White solid. Yield 60%; mp: 215-217°C. 'H-NMR
(400 MHz, DMSO-d,): & 9.25-9.22 (m, 2H), 7.99 (d, J=9.6 Hz, 1H),
7.81-7.74 (m, 2H), 7.64-7.58 (m, 4H), 7.34 (t, J=8.6 Hz, 1H), 7.02 (d,
J=86Hz, 1H), 511 (d, J=5.7Hz, 2H), 3.79 (s, 3H). *C-NMR
(101 MHz, DMSO-d,): & 164.9, 159.6, 158.9 (d, J=251.4 Hz), 149.5,
146.7, 136.7 (d, J=3.2 Hz), 131.2, 130.8 (d, J=8.5 Hz), 128.3, 127.9
(d, J=2.8 Hz), 125.7 (g, J=6.0 Hz), 123.9 (2 C), 123.6 (d, J=2.9 Hz),
117.3, 117.2 (d, J=22.5 Hz), 116.3 (q, J=34.0 Hz), 114.9, 55.7, 34.0.
IR (neat): v"=3334, 1643, 1612, 1546, 1487, 1222, 1178, 815,
730 cm™'. MS (ESI): m/z 445 [M+H] ™. HRMS (ESI) m/z (M+H) " calcd
for C,,H,,F,N,0, 445.1282, found 445.1274.

4'-Methyl-N-((6-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridin-
3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (22)

PE/EtOAc 4:6. Yellow solid. Yield 42%; mp: 195-197°C. 'H-NMR
(400 MHz, CDCly): & 9.33 (s, 1H), 8.77 (br s, 1H), 8.23 (s, TH), 7.95 (d,
J=7.8Hz, 1H), 7.71 (d, J=7.9 Hz, 2H), 7.50-7.46 (m, 3H), 7.39 (d, J=
9.6 Hz, 1H) 7.20 (d, /=7.9 Hz, 2H), 5.25 (d, J=5.9 Hz, 2H), 2.38 (s,
3H). ®C-NMR (101 MHz, CDCl;): 6 168.5, 149.8, 146.8, 141.6, 137.6,
137.1, 133.6, 130.5, 129.5, 129.1, 127.0, 126.1, 126.0, 124.6 (q, J=
6.1 Hz), 123.8, 122.9 (q, J=272.8 Hz), 118.7 (q, J=34.7 Hz), 116.9,
33.6, 21.1. IR (neat): v'=3040, 2928, 1655, 1545, 1317, 1172, 1126,
787 cm™'. MS (ESI): m/z 411 [M+H]*. HRMS (ESI) m/z (M+H)" calcd
for Cp,H:sFsN,O 411.1427, found 411.1424.

2-Fluoro-5-iodo-N-((6-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]
pyridin-3-yl)methyl)benzamide, (23)

PE/EtOAc 4:6. Yellow solid. Yield 70%; mp 157-159°C. 'H-NMR
(400 MHz, CD,0D): 6 9.22 (s, 1H), 8.05 (dd, J,=6.7 Hz, 2.4 Hz, 1H),
7.93 (d, J=9.7 Hz, 1H), 7.87-7.83 (m, 1H), 7.66 (d, J=9.8 Hz, 1H),
7.03 (dd, J,=10.6 Hz, 8.7 Hz, 1H), 5.18 (s, 2H). *C-NMR (101 MHz,
CD,0D): 6 164.4, 159.9 (d, J=250.0 Hz), 149.7, 146.3, 1419 (d, J=
8.7 Hz), 138.8 (d, J=2.2Hz), 1246 (q, J=6.2Hz), 1243 (d, J=
18.2 Hz), 124.1, 123.1 (q, J=245.0 Hz), 118.2 (d, J=24.0 Hz), 118.1
(g, /=34 Hz), 116.2, 86.5, 33.4. IR (neat): v"=3337, 3052, 2932, 1642,
1547, 1317, 1175, 1122, 811, 640 cm~'. MS (ESI): m/z 487 [M+Na]*.

General procedure for the synthesis of compounds 24-25

In a Schlenk tube, intermediate 23 (100 mg, 0.21 mmol) was
solubilized in dry DMF (0.5mL) and dry EtOH (0.5 mL). Then,
boronic acid (0.32 mmol, 1.5 eq), Pd(OAc), (1.5 mg, 0.0022 mmol),
K,CO; (59.5 mg, 0.43 mmol) were added and two freeze-pump-
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thaw cycles were performed at —78°C. The reaction mixture was  N-((6-Chloro-[1,2,4]triazolo[4,3-a]lpyridin-3-yl)methyl)-
stirred at 80°C overnight. The mixture was filtered over a pad of  2-fluoro-5-iodobenzamide, (31)
celite and rinsed with ethanol and then the volatile was removed.
PE/EtOAc 3:7. Amorphous white solid. Yield 40%. 'H-NMR

Purification by silica gel column chromatography afforded com-
pounds 24-25.

4-Fluoro-3',4'-dimethyl-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-a]pyridin-3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (24)

PE/EtOAc 6:4. Amorphous white solid. Yield 48%. 'H-NMR
(400 MHz, CD,0D): 6 9.25 (s, 1H), 7.94-7.89 (m, 2H), 7.73-7.70 (m,
1H), 7.64 (d, J/=8.0 Hz, 1H), 7.34 (s, 1H), 7.29-7.21 (m, 2H), 7.16 (d,
J=7.8Hz, 1H), 5.21 (s, 2H), 2.30 (s, 3H), 2.28 (s, 3H). *C-NMR
(101 MHz, CD,0D): 6 166.1, 159.3 (d, J=248.6 Hz), 137.8, 136.9,
136.4, 136.0, 131.2 (d, J=8.7 Hz), 128.7 (g, J=225.3 Hz), 128.1,
128.0, 124.6 (q, /=6 Hz), 124.1, 123.8, 122.4 (d, J=7.3 Hz), 121.9 (d,
J=14.1 Hz), 118.0 (g, J/=34.0 Hz), 116.3 (d, J=23.1 Hz), 116.2, 115.3,
334, 18.5, 18.0. IR (neat): v"=2961, 2924, 2854, 1654, 1316, 1259,
1095, 1017, 795 cm™". MS (ESI): m/z 443 [M+H]". HRMS (ESI) m/z
(M+H)" calcd for Cy3H,4F,N,O 443.1490, found 443.1466.

4-Fluoro-3',4'-dimethoxy-N-((6-(trifluoromethyl)-[1,2,4]triazolo
[4,3-a]pyridin-3-yl)methyl)-[1,1"-biphenyl]-3-carboxamide, (25)

PE/EtOAc 5:5. Amorphous yellow solid. Yield 37%. 'H-NMR
(400 MHz, CD,0D): 6 9.25 (s, 1H), 7.95-7.90 (m, 2H), 7.76-7.72 (m,
1H), 7.65 (d, J=9.7 Hz, 1H), 7.24 (dd, J,=10.6, 8.7 Hz, 1H), 7.17-7.14
(m, 2H), 7.01 (d, J=8.2 Hz, TH), 5.20 (s, 2H), 3.89 (s, 3H), 3.86 (s, 3H).
BC-NMR (101 MHz, CD;0D): & 166.1, 159.1 (d, J=249.1 Hz), 149.5
(2 C), 149.2, 137.6, 132.0, 131.1 (d, /=8.7 Hz), 128.4, 128.0, 127.7,
124.6 (9, J=6.5 Hz), 124.1 (d, J=2.2 Hz), 122.0 (d, J=16.6 Hz), 118.1
(g, J=34.0Hz), 117.7 (q, J=295.5 Hz), 116.3 ( d, J=23.0 Hz), 115.3,
112.0, 110.5, 55.2, 55.1, 33.5. IR (neat): v"=2920, 2850, 1654, 1488,
1464, 1258, 1096, 1021, 802, 765 cm™~'. MS (ESI): m/z 475 [M+H]*.
HRMS (ESI) m/z (M+Na)™" calcd for C,3H,5F,N,ONa 497.1213, found
497.1194.

General procedure for the synthesis of compounds 30-31

Amine 29 (100 mg, 0.34 mmol, 1 eq) was solubilized in dry CH,CI,
(2.5 mL) under nitrogen. TEA (104 pL, 0.75 mmol, 2.2 eq), HOBt
(55.4 mg, 0.41 mmol, 1.2 eq), EDCI (78.6 mg, 0.41 mmol, 1.2 eq) and
carboxylic acid (0.41 mmol, 1.2 eq) were added in order. The
reaction was stirred at room temperature overnight, then the
volatile was removed. The crude material was diluted with EtOAc
and washed with water (3x). The organic layer was dried over
sodium sulfate and evaporated. Purification by silica gel column
chromatography afforded compounds 30-31.

N-((6-Chloro-[1,2,4]triazolo[4,3-a]pyridin-3-yl)methyl)-1H-
indazole-7-carboxamide, (30)

EtOAc. White solid. Yield 42%; mp 268-270°C, dec. 'H-NMR
(400 MHz, DMSO-d,): 6 13.14 (br s, 1H), 9.42 (br s, TH), 8.92 (s, TH),
8.17 (s, 1H), 7.99 (d, J=7.8 Hz, 1H), 7.92, (d, J=7.2 Hz, 1H), 7.84 (d,
J=9.7 Hz, 1H), 7.44 (dd, J,=9.7, 1.8 Hz, 1H), 7.20 (t, /=7.6 Hz, 1H),
5.09 (d, J=3.1 Hz, 2H). *C-NMR (101 MHz, DMSO-d,): 6 166.8, 148.5,
145.6, 138.1, 134.2, 129.3, 125.5, 1254, 124.9, 1229, 121.0, 120.2,
116.7 (2 C), 33.8. IR (neat): v"=3238, 3052, 1641, 1566, 1315, 1288,
925, 826, 736 cm™". MS (ESI): m/z 327 [M+H]*. HRMS (ESI) m/z (M+
H)* calcd for C;5H,,CINGO 327.0756, found 327.0749.
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(400 MHz, CDCl,): & 8.83 (s, 1H), 8.06 (dd, J;=6.6, 2.3 Hz, 1H), 7.89-
7.84 (m, 1H), 7.78 (dd, Js=9.8, 1.0 Hz,1H), 7.50 (dd, J,=9.8, 1.8 Hz,
1H), 7.04 (dd, J,=10.5, 8.6 Hz, 1H), 5.11 (s, 2H). *C-NMR (101 MHz,
CDCly): & 165.8, 159.2, 149.9, 146.3, 142.0, 137.8, 129.5, 126.6, 124.0,
123.2, 117.1, 116.2, 86.9, 33.6. IR (neat): v"=3242, 3052, 2917, 1644,
1543, 1316, 1175, 1120, 813, 642 cm™'. MS (ESI): m/z 432 [M+H]™.

Synthesis of compound N-((6-Chloro-[1,2,4]triazolo[4,3-a]
pyridin-3-yl)methyl)-4-fluoro-3',4’-dimethoxy-[1,1"-biphenyl]-
3-carboxamide, (32)

In a Schlenk tube, intermediate 31 (50 mg, 0.12 mmol) was
solubilized in dry DMF (0.5 mL) and dry EtOH (0.5 mL). Then, (3,4-
dimethoxyphenyl)boronic acid (31.7 mg, 0.17 mmol), Pd(OAc),
(0.8 mg, 0.0016 mmol), K,CO; (32.1 mg, 0.23 mmol) were added,
and two freeze-pump-thaw cycles were performed at —78°C. The
reaction mixture was stirred at 80°C overnight. The mixture was
filtered over a pad of celite and rinsed with methanol and then the
volatile was removed. The crude material was purified by column
chromatography using PE/EtOAc 3:7. Amorphous white solid. Yield
70%. 'H-NMR (400 MHz, CD;OD): 6 8.83 (s, 1H), 7.92 (dd, J,;=6.9,
2.5Hz, 1H), 7.73-7.71 (m, 2H), 7.43 (d, /=9.7 Hz, 1H), 7.21 (dd, J,=
9.6, 8.7 Hz, 1H), 7.13-7.10 (m, 2H), 6.96 (d, J=8.3 Hz, 1H), 5.12 (s,
2H), 3.87 (s, 3H), 3.33 (s, 3H). ®C-NMR (101 MHz, CD;0D): & 165.9,
159.2 (d, J=248.5Hz), 149.5 (2 C), 149.2 (2C), 137.7 (d, J=3.5Hz),
132.0, 131.1 (d, J=8.7 Hz), 130.0, 128.0, 122.4, 122.2, 1219 (d, J=
13.7 Hz), 119.2, 116.2 (d, J=23.1 Hz), 115.5, 112.0, 110.5, 55.2, 55.1,
33.4. IR (neat): v"=2957, 2922, 2853, 1652, 1487, 1248, 1021, 798,
654 cm™". MS (ESI): m/z 464 [M-+Nal*. HRMS (ESI) m/z (M+H)"
calcd for C,,H,,CIFN,O; 441.1124, found 441.1117.

General procedure for the synthesis of compounds 37-40, 42,
44

The corresponding amine (36, 41, 43) (0.32 mmol) was solubilized
in dry CH,Cl, (2.5 mL) under nitrogen. TEA (97 pL, 0.70 mmol), HOBt
(51.3 mg, 0.38 mmol), EDClI (72.8 mg, 0.38 mmol) and carboxylic
acid (0.32 mmol) were added in order. The reaction was stirred at
room temperature overnight. The volatile was removed under
vacuo, then diluted with EtOAc and washed with water (3x). The
organic layer was dried over sodium sulfate and evaporated.
Purification by silica gel column chromatography afforded com-
pounds 37-40, 42, 44.

N-([1,2,4]Triazolo[4,3-alquinolin-1-ylmethyl)-1H-indazole-
7-carboxamide, (37)

EtOAc/MeOH 98:2. White solid. Yield 69%; mp: 251.5-253°C, dec.
'H-NMR (400 MHz, DMSO-d,): & 9.36 (br s, 1H), 8.24 (d, J/=8.6 Hz,
1H), 8.17 (br s, 1H), 8.03 (d, J=7.6 Hz, 1H), 7.97 (d, J=7.9 Hz, 1H),
7.87 (d, J=8.1 Hz, 1H), 7.83 (d, J=9.6 Hz, 1H), 7.74 (s, 1H), 7.72-7.70
(m, 2H), 7.59 (t, J=7.8 Hz, 2H), 5.43 (d, J=4.8 Hz, 2H). *C-NMR
(101 MHz, DMSO-d,): 6 167.4, 150.2, 146.9, 132.2, 132.0, 1304,
130.3, 129.8, 129.1 (2C), 126.7, 126.4, 124.5, 124.3, 119.2, 117.5,
115.0, 110.5, 38.6. IR (neat): v"=3268, 3082, 2923, 1638, 1592, 1558,
1314, 1028, 800, 744 cm™". MS (ESI): m/z 343 [M+H]". HRMS (ESI)
m/z (M+H)" caled for C,5H;sNsO 343.1302, found 343.1293.
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N-([1,2,4]Triazolo[4,3-alquinolin-1-ylmethyl)-3-bromo-
4-hydroxybenzamide, (38)

EtOAc/MeOH 9:1. White solid. Yield 61%; mp: 204-206 °C, dec. 'H-
NMR (400 MHz, DMSO-dj): 8 9.02 (br s, 1H), 8.13 (d, J=8.5 Hz, 1H),
8.04-8.02 (m, 2H), 7.81 (t, J=7.5Hz, 1H), 7.77-7.76 (m, TH), 7.73 (s,
1H), 7.67 (d, J=7.5Hz, 1H), 7.59 (t, J=7.5 Hz, 1H), 7.52 (d, J/=8.1 Hz,
1H), 5.27 (s, 2H). *C-NMR (101 MHz, DMSO-dj): 6 165.8, 158.0, 150.2,
146.8, 132.7, 130.2, 129.8, 128.9, 128.1, 126.4, 1259, 124.5, 123.7,
1189, 117.4, 1164, 115.0, 38.2. IR (neat): v"'=3329, 2918, 2849,
1621, 1510, 1426, 1280, 811, 752, 680 cm™". MS (ESI): m/z 397 [M+
HI". HRMS (ESl) m/z (M+H)" caled for CigH,,BrN,O, 397.0295,
found 397.0286.

N-([1,2,4]Triazolo[4,3-a]quinolin-1-ylmethyl)-4-methoxy-
2,6-dimethylbenzamide, (39)

PE/EtOAc 3:7. White solid. Yield 89%; mp: 219-220°C. 'H-NMR
(400 MHz, DMSO-d;): 6 8.90 (br s, 1H), 8.28 (d, /=8.5 Hz, 1H), 8.04
(d, J=9.4 Hz, 1H), 7.82-7.7.73 (m, 2H), 7.69 (d, J=9.6 Hz, 1H), 7.64
(t, J=8.1 Hz, 1H), 6.59 (s, 2H), 5.29 (d, /=4.9 Hz, 2H), 3.66 (s, 3H),
2.26 (s, 6H). *C-NMR (100 MHz, DMSO-d,): & 170.1, 159.3, 150.0,
146.7, 136.2, 131.9, 131.0, 130.3, 130.1, 129.8, 126.7, 124.5, 117.7,
115.0, 112.9, 55.4, 37.8, 19.8. IR (neat): v"=3235, 2920, 1671, 1527,
1320, 1284, 1167, 806, 749, 731 cm™". MS (ESI): m/z 361 [M+H]™.
HRMS (ESI) m/z (M+H)" caled for CyH,;N,0, 361.1659, found
361.1649.

N-([1,2,4]triazolo[4,3-alquinolin-1-ylmethyl)-4-fluoro-4'-
methoxy-[1,1"-biphenyl]-3-carboxamide, (40)

PE/EtOAc 1:9. White solid. Yield 75%; mp: 195-197 °C, dec. "H-NMR
(400 MHz, CDCl,): 6 8.33 (dd, J,=7.2, 2.6 Hz, 1H), 8.20 (d, J=8.5 Hz,
1H), 786 (d, J=7.9Hz, 1H), 7.76 (t, J=7.1 Hz, 1H), 7.70-7.65 (m,
2H), 7.62-7.59 (m, 2H), 7.55 (d, J=8.8 Hz, 2H), 7.20 (dd, J,=11.3,
8.6 Hz, TH), 7.01 (d, J=8.8 Hz, 2H), 5.56 (s, 2H), 3.86 (s, 3H). *C-NMR
(101 MHz, CDCl,): 6 163.8, 159.9 (d, J=247.7 Hz), 159.5, 150.7, 145.6,
137.7 (d, J=3.0 Hz), 131.7, 131.6 (d, J/=10.8 Hz), 130.0 (d, J=2.9 H2),
129.7, 129.6, 129.4, 128.1, 126.5, 124.5, 120.5 (d, J=11.6 Hz), 116.7,
116.5 (2 C), 114.9, 114.4 (2 C), 55.4, 39.5. IR (neat): v =3279, 2916,
2848, 1626, 1483, 1247, 1216, 813, 752 cm™". MS (ESI): m/z 427 [M +
HI*. HRMS (ESI) m/z (M+H)* calcd for C,sH,,FN,O, 427.1565, found
427.1546.

N-([1,2,4]Triazolo[4,3-alpyridin-3-ylmethyl)-1H-indazole-
7-carboxamide, (42)

EtOAc/MeOH 9:1. Pale yellow solid. Yield 65%; mp: 254-256°C,
dec. "H-NMR (400 MHz, DMSO-d,): & 13.12 (br s, 1H), 9.40 (br s, 1H),
8.65 (d, J/=7.0 Hz, 1H), 8.16 (s, TH), 7.98 (d, J/=7.9 Hz, 1H), 7.93 (d,
J=7.3Hz 1H),7.77 (d, J=9.2 Hz, 1H), 7.39 (t, J=6.5 Hz, TH), 7.19 (t,
J=76Hz, 1H), 7.02 (t, J=6.7Hz, 1H), 513 (s, 2H). C-NMR
(100 MHz, DMSO-d,): 6 166.8, 150.0, 145.0, 138.2, 134.2, 128.1,
125.5, 125.3, 124.8, 120.1, 116.8, 115.7, 114.0 (2 C), 33.9. IR (neat):
v =3320, 3040, 2923, 1636, 1539, 1333, 1301, 763, 726 cm™". MS
(ESI): m/z 315 [M+Na]™. HRMS (ESI) m/z (M+H)" calcd for
C,5H13NgO 293.1145, found 293.1137.

N-(Naphthalen-1-ylmethyl)-1H-indazole-7-carboxamide, (44)

EtOAc/MeOH 9:1. Dark yellow solid. Yield 90%; mp: 188-190°C,
dec. 'H-NMR (400 MHz, DMSO-d,): & 13.09 (br s, TH), 9.22 (br s, 1H),
8.26 (d, J=8.1 Hz, 1H), 8.16 (s, TH), 8.00-7.96 (m, 3H), 7.87 (d, J=
8.0 Hz, 1H), 7.61-7.53 (m, 3H), 7.49 (t, J=7.8 Hz, 1H), 7.20 (t, J=
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7.6 Hz, 1H), 5.06 (d, J=5.7 Hz, 2H). *C-NMR (101 MHz, DMSO-d,): &
166.3, 138.4, 135.1, 134.0, 133.8, 131.4, 129.0, 128.0, 126.7, 126.2,
125.9 (2 C), 125.2, 124.9, 123.9 (2 C), 120.1, 117.4, 41.0. IR (neat): v" =
3328, 2961, 2924, 1620, 1585, 1258, 1019, 789, 777 cm™'. MS (ESI):
m/z 300 [M—H]". HRMS (ESI) m/z (M+H)" calcd for CioHigN;O
302.1288, found 302.1282.

Molecular modelling

All molecular modelling studies were performed on a Tesla work-
station equipped with two Intel Xeon X5650 2.67 GHz processors
and Ubuntu 20.04.5 Protein structures and 3D chemical structures
were generated in PyMOL.®”

Molecular docking

The X-ray structure of the 4-phenylimidazole-IDO1 complex was
used (PDB id 2DOT).?¥ Water molecules were removed, and all the
hydrogen atoms and MMFF94 charges were added. Then, the
complex was transferred into a fred_receptor and prepared for
docking with FRED."**’ The interaction between the iron moiety of
the heme group and the target molecule was used as a constraint:
a chelator constraint is satisfied when a chelator on the ligand
makes a metal-chelator interaction with the protein heavy atom.
Docked conformations were scored using Chemgauss4. The energy
of every water molecule in the apo state and in the presence of the
ligands was evaluated with SZMAP/GAMEPLAN.”"

Molecular dynamics (MD) simulation

The MD simulation was carried out using the Desmond simulation
package of Schrédinger LLC.*” The X-ray structure of the 4-
phenylimidazole-IDO1 complex was used (PDB id 2DOT),*® water
molecules were removed, and all hydrogen atoms and charges
were added. An orthorhombic box (10 Ax 10 Ax 10 A) with periodic
boundary conditions was created and 11,696 water molecules were
added. The NPT ensemble with the temperature 300K and a
pressure 1 bar was applied in all runs. The simulation length was
100 ns, preceded by 1 ps of relaxation time in which only light
atoms were allowed to move. The OPLS_2005 force field parame-
ters were used in all simulations for protein, heme and ligand
atoms.”® The long-range electrostatic interactions were calculated
using the particle mesh Ewald method.®” The cut-off radius in
Coulomb interactions was 9.0 A. The water molecules were
explicitly described using the simple point charge model.*” The
Martyna-Tuckerman-Klein chain coupling scheme®®" with a coupling
constant of 2.0 ps for the pressure control and the Nosé-Hoover
chain coupling scheme® for the temperature control were used.
Nonbonded forces were calculated using an r-RESPA integrator
where the short-range forces and the long-range forces were
updated every 1 and 3 steps, respectively. The trajectory sampling
was done at an interval of 1.0 ps. The behaviour and interactions
between the ligands and protein were analysed using the
Simulation Interaction Diagram tool implemented in Desmond MD
package. The stability of MD simulation was monitored by looking
on the RMSDs of the ligand and the protein atom positions in time.

rhIDO1 enzymatic assay

The effects of VS9 on the enzymatic activity of IDO1 were
determined using the IDO1 inhibitor screening kit (BioVision
Incorporate Milpitas CA, USA), according to manufacturer instruc-
tions. VS9 (10 uM) was added to complete assay reaction buffer and
incubated for 45 min at 37°C. The reaction was stopped by the
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addition of 30% (w/v) CCl;COOH. After heating at 50°C for 15 min,
the reaction mixture was centrifuged at 1500 g for 10 min. The
supernatant was transferred into a well of a 96-well microplate and
mixed (1:1 ratio) with of 2% (w/v) p-dimethylaminobenzaldehyde
(Ehrlich’s reagent) in acetic acid. The yellow pigment derived from
kynurenine was measured at 490 nm using an Ultramark Microplate
Imaging System (Bio-Rad). A positive inhibition control, included in
the kit, was added. The results are expressed as mean+SEM of
three different experiments run in triplicate.

Heme detection

Free heme in solution was detected with a commercially available
hemin detection kit (SigmaAldrich, Cat. MAKO036). 1 uM holo-IDO1
in 100 mM potassium phosphate buffer (pH 7.2) plus 1T mM CHAPS
was incubated with different concentrations of VS9 or 20 uM of
epacadostat for 120 min at 37°C. Samples were diluted 100-fold in
the provided hemin assay buffer and the kit reagents added
according to the manufacturer's specification. Absorbance at
570 nm was measured on a Tecan microplate reader. Values are
reported relative to the untreated sample and are the mean of n=
3+5D.M™

Cell culture

Human A375 cells were cultured in DMEM medium with high
glucose (4.5 g/L), containing 10% heat inactivated fetal bovine
serum (FBS), 2 mM L-glutamine 100 U/mL of penicillin and 10 pg/
mL of streptomycin (GE Healthcare, Milan, Italy). P1.HTR cells, a
highly transfectable clonal variant of mouse mastocytoma P815,
were transfected by electroporation with a plasmid coding for
human IDO1 (P1.IDO1) or TDO (P1.TDO).*¥ The construct expressing
human IDO1 was generated from the ¢cDNA of peripheral blood
mononuclear cells (PBMCs) stimulated with IFN-y,*® while the one
expressing human TDO was bought (Sino Biological). Stable trans-
fectant cell lines were obtained by puromycin selection. Both cell
lines were cultured in Iscove’s Modified Dulbecco’s Medium (Gibco,
Invitrogen CA, USA) supplemented with 10% FCS (Gibco, Invitrogen
CA, USA), 1 mM glutamine (Gibco, Invitrogen CA, USA), and
penicillin/streptomycin (Gibco, Invitrogen CA, USA).

MTT assay

Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium  bromide (MTT) assay, as previously
described.?? A375 cells were seeded (0.5 x 10° cells/well) in 24-well
plates and treated with each compound (10 uM) for 48 h at 37°C in
a 5% CO, humidified incubator. The percentage of cell viability was
calculated as [100 (x-y)/(z-y)], where X, y, and z were the absorbance
read in compound-treated, resting and compound-untreated cells,
respectively. Results are expressed as mean=+SD of at least three
experiments run in triplicate.

Cellular IDO1 inhibition

The enzymatic activity of IDO1 was evaluated by measuring the
levels of L-Kyn into A375 cell media, as previously described.?"
A375 cells (0.5x 10°) were seeded in a 24-well culture plate (500 pL
per well) and grown overnight. Serial dilutions (0.01-30 pM) of each
compound in a total volume of 500 uL of the culture medium
including human IFN-y (500 U/mL final concentration) per well
were added into wells containing the cells. All compounds were
dissolved in DMSO (Sigma-Aldrich). The DMSO final concentration
in the cell culture medium was always 0.1 %. An equivalent amount
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of DMSO was added to drug-untreated controls. A preliminary
progress curve was performed, and 48 h was set as the duration of
the experiments to remain in the linear phase of the reaction. After
48 h of incubation, the cell medium was collected, deproteinized
with 20% (v/v) aqueous CCl;COOH, and centrifuged at 13200 rpm
for 10 minutes, and the amounts of L-Kyn quantified by HPLC.
50 pL of supernatants were injected into a HPLC-VIS system (1525
Binary HPLC Pump with 2487 Dual ) absorbance detector, Waters),
equipped with a C-18 Kinetex analytical column (5 um particle size,
150 mmx4.6 mm; Phenomenex, Torrance, CA, USA). The mobile
phase (50 mM potassium dihydrogen phosphate, 10% v/v
acetonitrile; pH 4.8) was delivered at a flow rate of 1 mLmin™" at
room temperature, and the absorbance was measured at 330 nm.
The amounts of L-Kyn in the A375 cell media were quantified on
the basis of a calibration curve obtained using the same HPLC-VIS
experimental setting. 1Cs, values were calculated from concentra-
tion-response curves obtained in at least three different experi-
ments run in triplicate using GraphPad prism 9.1.0.

IDO1 and TDO selectivity assay

P1 transfected cells were used at a passage number not exceeding
the 10™ 1x10° P1.IDO1 or P1.TDO cells were incubated in a final
volume of 400 pL with 10 uM of each compound for 16 h in a 48-
well plate. The control was represented by cells incubated with an
equivalent volume of DMSO, the vehicle in which compounds have
been solubilized. After the incubation, supernatants of cell cultures
were recovered and L-Kyn concentration was detected by HPLC-UV.
Every cell assay was conducted in triplicate. Detection of L-Kyn
concentrations was performed by using a PerkinElmer, series 200
HPLC instrument (MA, USA). A Kinetex C18 column (250x4.6 mm,
5 um, 100 A; Phenomenex, USA), maintained at the temperature of
25°C and pressure of 1800 PSI, was used. A sample volume of
300 uL was injected and eluted by a mobile phase containing
10 mM NaH,PO, pH 3.0 (99%) and methanol (1%) (Sigma-Aldrich,
MO, USA), with a flow rate of 1 mL/min. L-Kyn was detected at
360 nm by an UV detector. The software TURBOCHROM 4 was used
for evaluating the concentration of L-Kyn in samples by means of a
calibration curve. The detection limit of the analysis was 0.05 puM.

In vitro metabolic stability

Rat liver S9 (RLS9), (pooled male Sprague Dawley, protein
concentration: 20 mg/mL) were purchased from Corning B.V. Life
Sciences (Amsterdam, The Netherlands) and used throughout this
study. The standard incubation mixture (250 pL final volume) was
carried out in a 50 mM TRIS (trislhydroxymethyllaminomethane)
buffer (pH 7.4) containing 3.3 mM MgCl,, 1.3 mM 3-NADP-Na,,
3.3 mM glucose 6-phosphate, 0.4 Units/mL glucose 6-phosphate
dehydrogenase (NADPH regenerating system), 5 uL of acetonitrile
(1% of total volume), and the substrate compounds at a
concentration of 5 uM. After pre-equilibration of the mixture, an
appropriate volume of RLS9 suspension was added to give a final
protein concentration of 1.5 mg/mL. The mixture was shaken for
60 min at 37°C. Control incubations were carried out without the
presence of RLS9 suspension or cofactors. Each incubation was
stopped by addition of 250 uL ice-cold acetonitrile, vortexed and
centrifuged at 13000 rpm for 10 min.

CYP inhibition: aminopyrine N-demethylase assay

CYP inhibitory potential of 25 and 38 was evaluated over amino-
pyrine N-demethylase activity by detecting the residual amount of
formaldehyde after incubation of aminopyrine in rat liver micro-
somes (RLM). The assay was performed according to our previously
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