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1. INTRODUCTION

1.1. Actors of the immune system and immune cancer
surveillance

Cancer cells can be differentiated from healthy self cells by their biochemical
makeup, antigenic structure and biologic behaviour. The myriad of genetic and
epigenetic alterations characteristic of all cancers provides a diverse set of antigens
that the immune system can use to distinguish tumour cells from their healthy
counterparts.! The immune system is essential for detecting these differences and
initiate a response to prevent further tumour development. This process is referred
to as "cancer immune surveillance" and requires both innate and adaptive
immunity actors. Both of these immunity actors are not mutually exclusive and

closely related.?

Innate immunity refers to defence mechanisms that act within hours of an antigen's
appearance in the body. They are orchestrated by various types of immune cells
from both myeloid and lymphoid lineage. The myeloid lineage include dendritic
cells (DCs), monocytes, macrophages, polymorphonuclear and mast cells, while

natural killer (NK) cells and y& T cells are of lymphoid origin (Figure 1).3

Upon detection of pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), these cells initiate a non-specific immune

response leading to downstream inflammatory reactions. This recognition is
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orchestrated by various receptor-ligand-like interactions between the target cell
and the immune cell. A first response to recognizing PAMPs or DAMPs includes
phagocytosis of the foreign body by antigen-presenting cells (APC), namely DCs,
macrophages, and polymorphonuclear cells.>* Conversely, NK cells possess potent
cytolytic function and proinflammatory cytokine production.® In addition to being
the first-line defence against pathogens, the innate immune system plays a crucial
role in priming the antigen-specific responses of B and T cells that belong to the

adaptive immune system (Figure 1).

Innate immunity Adaptive immunity
Rapid response Delayed response
Non-specific Very specific
Present at all times Requires activation
Y
;‘ .
Dendritic cell Eosinophil ~
Natural Killer
T Cell

“ B Cell + Antibodies

Macrophage Neutrophil @ @'
= yo T Cell
[ . j T Cell (CD4+, CD8+)

Natural Killer cell Basophil

Figure 1. A brief overview of innate and adaptive immunities and their actors. Adapted
from Nature Reviews Cancer, 4, 11-22, 2004.5
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Adaptive immunity corresponds to a specific response tailored for a given antigen.
It includes a memory that makes future responses against this specific antigen more
efficient. This memory allows the immune system to recognise a previously
identified antigen and initiate a more rapid and vigorous immune response upon
re-exposure. Once an antigen has been recognised, the adaptive immune system

creates an army of immune cells specifically designed to attack it.

The adaptive immune system consists of CD4+ T helper, CD8+ T cytotoxic and B
lymphocytes. Once activated, CD8+ T cells play a central role in anti-cancer
immunity due to their capacity to kill malignant cells upon recognition of specific
antigenic peptides by the T-cell receptor (TCR). CD4+ T cells are involved in
regulating anti-tumour immunity by helping the priming of CD8+ T cell response
through activation of APC and an increase in antigen presentation by major
histocompatibility complex class | (MHC 1).” Furthermore, through specific and
poorly understood molecular mechanisms, CD4+ T cells optimise cytotoxic T cell
(CTL) response by downregulating co-inhibitory receptors and increasing migration
capacities.® On the other hand, a subset of CD4+ T cells with cytotoxic activity (CD4+
CTL) was observed in various immune responses.® Another subpopulation of CD4+
T cells, known as regulatory T cells (Tregs), demonstrates potent suppressive
abilities and plays a role in maintaining self-tolerance and immune homeostasis by
regulating CD8+ T cells and B cells as well as innate immunity cells responses.’® In

cancer, Treg activity was shown to promote tumour progression.!! For this reason,
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targeting intra-tumoural Tregs appears as an attractive strategy to improve anti-
tumour immunity. In contrast, an abundance of infiltrating lymphocytes often

correlates with a favourable prognosis.?

The past decade resulted in extensive research regarding the various implications
of T cells in immune-oncology. However, the role of B cells in cancer has only
recently started to gain more attention.!® B cells appear to play both negative and
positive roles in cancer progression, depending on the tumour. B cells can inhibit
tumour development by producing tumour-reactive antibodies, promoting tumour
killing by NK cells, phagocytosis by macrophages, and priming CD4+ and CD8+ T
cells.* On the other hand, B cells can promote tumour development by producing
auto-antibodies and tumour growth factors.!* Regulatory B cells (Bregs), a
subpopulation of B cells, can, directly and indirectly, suppress Thl and CD8+

cytolytic T cell responses.'*14

Of note, NK cells and y6 T cells belong to both innate and adaptive immunity. y6 T
cells are a subset of T cells that express a distinct T cell receptor (TCR) composed of
one y-chain and one 6-chain, instead of the a- and B-chains that comprise the TCR
on the majority of T cells. Like NK cells, yd T cells are considered to be a bridge
between innate and adaptive immunity.> Although NK cells are components of the
innate immune system, they show characteristics of the adaptive immune system,

such as the expansion of pathogen-specific Treg cells, the generation of long-lasting
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"memory" cells able to persist upon cognate antigen encounter, and the possibility

to induce an increased secondary recall response.®

While the immune system is a powerful tool against cancer, it can also enhance
tumour development and progression.’® Inflammation and angiogenesis mediated
by the innate immune system are recognised as enabling characteristics of cancer
development.’” Additionally, the tumour microenvironment (TME) allows the
elusion of anti-tumour responses by exploiting multiple suppressive pathways. This
ability to avoid the immune response was added as the next generation of

hallmarks of cancer.2® The following section is an overview of these mechanisms.
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1.2. Cancer immune escape at a glance

During tumourigenesis, cancer cells adapt to survive in an adverse environment. To
that end, tumour cells use multiple mechanisms to drive the immune system to
become tolerant towards them. Cancer cells can generate a tolerogenic
microenvironment by (1) remodelling their metabolism, (2) dysregulating T-cell
immune checkpoints and antigen presentation, (3) releasing immunosuppressive

factors and enzymes and (4) recruiting immunosuppressive cells (Figure 2).

umour microenvironment

Recruitment of
. immunosuppressive cells
- MDSCs, Treg, TAMs
B7__CTLA4__

@ == 0

PD-LI®PD-1

Metabolism rewiring
- OXPHQS: environment

Release of immunosuppressive*® * ";“_
factors/enzymes o’ . T-cell checkpoint dysregulation

by immune cells, cancer cells_« *, ) ~ -modulation of co-stimulatory
and CAFs o o et ~ and co-inhibitory receptors

MHC expression downregulation
- ineffective antigen presentation

DC TAM NK cell T-cell B-cell CAF

Figure 2. Overview of immunosuppressive strategies taking place in the tumour
microenvironment. Created with BioRender.com
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1.2.1. Metabolism rewiring

Developing tumours must acquire important amounts of nutrients to ensure
growth, survival, proliferation, and long-term maintenance, which leads to a
rewiring of their metabolism.'®' A widespread adaptation of tumour cells to
sustain their anabolic growth is a simultaneous increase of aerobic glycolysis and
decrease in oxidative phosphorylation (OXPHQOS). This phenomenon is called the
Warburg effect. The Warburg effect enables rapid ATP synthesis and provides
intermediate biosynthetic materials, both of which are essential for meeting the
high proliferative demands of cancer cells.?’ The high demand for glucose in cancer
cells creates competition in the tumour microenvironment that harms
neighbouring (immune) cells.’® In addition to this direct starvation, extracellular
acidification due to the increased glycolysis confers immune evasion ability to
cancer cells by impairing T and NK cells cytotoxicity.?’ Acidosis induced by tumours
can also promote macrophage polarisation toward a tumour-associated

macrophage phenotype that will sustain tumour growth.?

Furthermore, the increase of glycolysis flux produces immunosuppressive
metabolites such as lactate, the export of which also leads to a pH decrease.® This
acidic environment impairs T cell and NK cell cytotoxicity. In turn, lactate
production negatively impacts interferon-gamma (IFN-y) production by tumour-

22

infiltrating T cells and NK activation.”* Moreover, lactate also enhances the
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proportion of myeloid-derived suppressor cells (MDSC),*® and may also promote

macrophage polarization to an M2 phenotype.?

Besides glucose, tumour cells require high availability of amino acids as protein
building blocks for their proliferation. The metabolic demand for amino acids in the
tumour microenvironment is so high that amino acids are the most depleted
substances in tumours.?* Thus, cancer cells increase amino acid metabolism, which
starves T cells and blocks the immune response. Competitions for amino acids such
as L-Tryptophan or L-Arginine lead to immune suppression through direct
starvation of immune cells and activation of specific pathways developed later in

sections 1.3.3. and 1.4. of the present work.

1.2.2. Recruitment of immunosuppressive cells

Tumours can also decrease their immunogenicity by recruiting and polarizing
specific immune suppressive cells such as cancer-associated fibroblasts (CAFs),
regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs) and tumour-

associated macrophages (TAMs).

Cancer-associated fibroblasts (CAFs). CAFs are the most abundant cells in tumour
stroma. CAFs correspond to a heterogeneous cell population that arises from
progenitor cells from the circulating pool of hematopoietic cells, such as circulating
fibrocytes and bone marrow-derived cells.?® During tumour development, these

CAF-progenitors are continuously recruited into cancer tissue. CAFs provide
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mechanical support and promote proliferation, survival, angiogenesis, metastasis,
immunogenicity, and resistance to therapies.?® Their immunosuppressive
mechanisms include the recruitment of myeloid cells (via monocyte
chemoattractant protein 1 (MCP1)) and induction of their pro-tumoural
phenotypes.?”2¢ A study also reported that a subset of CAFs attracts CD4+CD25+
cells via CXCL12 secretion and promotes differentiation into the tolerogenic
forkhead box P3 (FOXP3*) Tregs cells.? Furthermore, CAFs also hinder anti-tumour
immune responses and impede T cells' function in the TME by affecting the
antigenic presentation capacity of DCs by secreting interleukin (IL) 6 and tumour

growth factor B (TGF-B).%

Regulatory T cells (Tregs). Treg cells can arise from the thymus (natural Tregs) or
differentiate from naive T cells under certain cytokine conditions in peripheral
tissues (induced Tregs).3%3! Both families have similar phenotypical features and
share the ability to maintain immunological tolerance.3? Their differentiation and
function have been linked with the expression of transcription factor Foxp3, whose
function itself is tightly regulated by various post-translational modifications.3*3*
The tumour microenvironment contains a range of factors able to attract Tregs and
facilitate their proliferation.?> Treg suppressive mechanisms include the secretion
of soluble immunosuppressive cytokines such as TGF- 81, expression of the T cell

co-inhibitory receptors Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4) and

reduction of T cell-stimulatory capacity of APCs.3%%7
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Myeloid-derived suppressor cells (MDSCs) and tumour-associated macrophages
(TAMSs). MDSCs and TAMs are heterogeneous populations of suppressive cells from
myeloid lineage, elevated in virtually all patients with malignancies.®® MDSCs are in
an immature state and replenished by bone marrow precursors, while TAMs exhibit
markers present in mature macrophages.* In response to tumour signalling
pathways, TAMs can arise following the polarization of tissue-resident
macrophages and circulating monocytes or differentiate from MDSCs. These last
ones are also able to skew macrophages into an M2-like phenotype, known for

supporting angiogenesis and expressing immunosuppressive molecules. 04!

In addition to promoting tumour progression through the facilitation of
angiogenesis, MDSCs and TAMs regulate both innate and adaptive immunities by
impairing NK and T-cell function.**** Both drive the differentiation of T cells
towards the Treg phenotype and stimulate their expansion.* TAMs and MDSCs also
contribute to L-Arg or L-Trp exhaustion by expressing arginases (ARG), inducible
nitric oxide synthase (iNOS) or indoleamine 2, 3-dioxygenase (IDO1). MDSCs and
TAMs starve T cells and inhibit their responses by downregulation of the CD3{ chain
in the TCR complex.***” TAMs and MDSCs can also promote immune suppression
by producing oxygen and nitrogen reactive species (ROS, RNS).*® These short-lived

reactive species hinder the activation of T cells and drive them towards apoptosis.*
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MDSCs' and TAMs' suppressive nature is also due to their ability to express
membrane surface ligands of T cell co-inhibitory receptors CTLA-4, cluster of
differentiation 28 (CD28) and programmed cell death receptor 1 (PD-1).°%5! These
receptors are commonly referred to as immune checkpoints (ICs) because of their
crucial role in maintaining self-tolerance. However, they are also widely implicated
in tumour escape mechanisms, developed in the next section. However, ICs
expression is also one of the major immune escape mechanisms, developed in the

following section.

1.2.3. Dysregulation of T cell checkpoints

Even when an endogenous immune response is observed against tumour cells, it is
not always efficient.>? Indeed, tumours can induce tolerance among tumour-
specific T cells and hijack the immune checkpoint system by expressing ligands that
bind to inhibitory receptors on T cells.’? T cells require two signals to initiate an
efficient response.> The first signal originates from the interaction between the
antigen and the TCR and gives specificity to the immune response. In the case of T
cells, the amplitude and quality of the effector response following antigen
recognition by the TCR is regulated by ICs' co-stimulatory and co-inhibitory
signals.> Under normal physiological conditions, immune checkpoints are crucial
for maintaining self-tolerance or amplify the immune response following a
pathogenic infection.>>® Tumours use the expression of these immune checkpoints

as a way to escape the immune system.
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The most studied ICs are the axis of CTLA-4 and the programmed cell death receptor
1 and its ligand (PD-1/PD-L1) .>” CTLA-4 and PD-1 signalling both result in negative
effects on T-cell activity; however, the responsible signalling mechanisms and the

expression patterns between these two immune checkpoints differ.>®

CTLA-4 is an immunoglobulin-related receptor expressed by both CD4* and CD8* T
cells. Its endogenic ligands are membrane proteins CD80 and CD86, collectively
called B7 molecules and located at the surface of APCs as well as on immune cells
of the tumour microenvironment, on stromal cells and tumour cells.>® The exact
mechanism remains unclear, but the CTLA-4 axis is thought to act in the early
stages of an immune response, primarily to reduce T-cell responses to self-antigens
and prevent autoimmunity.®® CTLA-4 ligation antagonises early T cell activation by
inhibiting interleukin 2 (IL-2) production, cell cycle progression and TCR signalling.5!
CTLA-4 is the counteracting homologue of the co-stimulatory receptor CD28, their
co-stimulations act as a thermostat for self-tolerance. The potent regulation of
immune response by CTLA-4/B7 signalling was demonstrated by the fact that
knockout mice die after 2 — 3 weeks due to fatal lymphocytic infiltration and

autoimmune destruction of major organs.®?

PD-1 receptors have a broader expression and are present on activated T cells, B
cells, and myeloid cells.®*®* Its ligands, PD-L1 and (to a lesser degree) PD-L2, are

present on the surface of malignant cells, and immune cells and vascular
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endothelial cells in the tumour microenvironment.® Their expression is induced as
activated T cells express high levels of PD-1. Unlike CTLA-4, which expression is
limited to T cells, PD-1 is present on activated T cells, B cells, and myeloid
cells.®®% While CTLA-4 functions during the priming phase of T-cell activation, PD-
1 functions during the effector phase, predominantly within peripheral tissues.®*
Binding between PD-1 and PD-L1 or PD-L2 triggers inhibitory signalling to attenuate
immune responses of T cells already engaged in an effector response.®®8 |f a T cell
experiences coincident TCR and PD-1 binding, PD-1-generated signals prevent
phosphorylation of key TCR signalling intermediates, terminating early TCR
signalling and reducing activation of T cells.%>7° PD-1 expression is a hallmark of
"exhausted" T cells that have experienced high levels of stimulation or reduced
CD4* T-cell help.%8 This state of exhaustion, which occurs during chronic infections
and cancer, is characterised by T-cell dysfunction, resulting in suboptimal infection

tumour control.>®

Intense efforts were devoted to the development of agonists of co-stimulatory
receptors or antagonists of inhibitory signals, both of which result in the
amplification of antigen-specific T cell responses. Such an approach represents the
majority of the compounds in current clinical testing. The blockade of immune
checkpoints seems to unleash the potential of the anti-tumour immune response.

The current state regarding the blockade of ICs is the subject of section 1.3.1.
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1.2.4. Major histocompatibility complex | downregulation

MHC | constitutes a crucial factor in the initiation of an adaptive immune
response.”’ Nucleated cells express MHC-I to present peptides from intracellular
proteins for recognition by the CD8* TCR.”> However, tumours can avoid tumour-
associated antigen presentation by downregulating the surface display of these
MHC-I, which results in the suppression of CD8+ T cell-mediated immunity.”>7*
Downregulation of MHC-I has been described in 40-90% of human tumours, often
correlating with a worse survival prognosis.”® This downregulation can be reversible
or irreversible and is regulated by complex mechanisms.”*”® Irreversible MHC-|
downregulation can arise from chromosomal alterations in the heavy and/or light
chain genes.”®’” In contrast, reversible MHC-I dysregulations can occur due to
(post-)transcriptional downregulation of the HLA class | chains or components of
the antigen processing machinery.”®’® Reversible MHC-I downregulations

represent a potential target for cancer immunotherapy.’

1.2.5. Release of immunosuppressive factors and expression of
immunomodulatory enzymes

Tumour or tumour-associated cells exert suppressive effects on the immune system
by synthesising many biologically active agents® One of the main
immunosuppressive factors is TGF-B, a pleiotropic immunosuppressive cytokine
that inhibits T cell activation, proliferation, and differentiation.* Tumours cells can

also induce proinflammatory cyclo-oxygenase-2 (COX-2) to stimulate prostaglandin
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E2 (PGE2) signalling, promoting apoptotic resistance and proliferation,

angiogenesis, inflammation, invasion, and metastasis of cancer cells.®?

Finally, enzymes that catabolise essential or semi-essential amino acids such as
iNOS, ARG1, IDO1, TDO2 or IL4I1, are also often used in TME.® Their expression
leads to nutrient/building block depletion and the generation of suppressive
catabolites. The inhibition of these enzymes is exploited as a strategy for cancer

treatment.
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1.3. Cancer immunotherapy as a treatment strategy

While the idea of harnessing the immune system to treat cancer is an old idea,
human trials over the following years were, however, very unsuccessful and led to
hypothesis dereliction and dismissal of the entire idea of cancer immunotherapy

for decades.

Dr William Coley, considered as the father of immunotherapy, searched for a more
effective method than surgery to treat sarcoma. In 1891, Dr Coley began injecting
patients’ tumours with a mixture of live and inactivated Streptococcus
pyogenes and Serratia marcescens (Coley's toxin). By doing so, he achieved
remarkable responses, including durable and complete remissions for patients with

various malighancies, including sarcoma, lymphoma, and testicular cancer.84%°

Modern immunotherapy emerged again with bacillus Calmette-Guerin (BCG)
therapy, an example of a very successful cancer therapy involving activated
macrophages in tumour rejection. In 1976, a trial was conducted to examine the
use of BCG, the tuberculosis vaccine, to prevent the recurrence of bladder
cancer.® A solution of attenuated bacilli was injected into the bladder of patients
with superficial bladder cancer. Following the course of the treatment, no tumours
were found in the treated cases, and biopsies revealed an intense granulomatous

reaction, indicating that an immune-inflammatory reaction had occurred.®’
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Today, cancer immunotherapy is a validated approach for treating cancer patients.
Several types of immunotherapeutic treatments are available and were successfully
applied to patients and significantly prolonged the survival of patients with life-
threatening cancers. In 2018, the Nobel prize for physiology or medicine
acknowledged the importance of immunotherapy and awarded the discovery of

CTLA-4 by James P. Allison and PD-1 / PD-L1 by Tasuku Honjo.®

The present section summarises the current strategies used in cancer

immunotherapy and some of the potential future approaches (Figure 3).

Cellular immunotherapy
- DC vaccine a’ Q('l' P 1
Sipuleucel-T NS N
® o @
- Adoptive T-cell therapy C AIIIQ T TCR/TIL
1

Small molecules targetting
tolerogenic pathways

laxicabtagene ciloteucel 1

Brexucabtagene autoleucel

N B7  CTLA4 Idecabtagene vicleucel
Imiguimod 5 ‘.3',7’ N Lisocab:agene r:;:araieucef
5 ) Tisagenlecleuce.
SMI agonists 3 —m 9/
PD-LIX ¥ PD-1

. Immune checkpoint inhibitors

SMi inhibitors o ©%X2. .7 A1
TDO2 ** -.'.:' . - PD-1 Nivolumab, Pembrolizumab,
IDOT. "¢+, - PD-L1 Atezolizumab, Avelumab, Durvalumab

- CTLA4 ipilimumab

Figure 3. Overview of existing immunotherapeutic approaches in cancer. Created with
BioRender.com
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1.3.1. Immune checkpoint inhibitors (ICls)

As stated in the previous chapter, tumours can induce tolerance by expressing
ligands that bind to inhibitory receptors on T cells. The blockade of these immune
checkpoint inhibitory pathways constitutes a central cancer immunotherapy
approach. Nowadays, several FDA-approved drugs target these immune
checkpoints and most notably CTLA4 and PD-1.%° Overall, the use of these drugs led

to an increased survival rate compared to chemotherapy alone.

In 2014, humanised and fully human anti-PD-1 monoclonal IgG4 antibodies
pembrolizumab (KEYTRUDA®) and nivolumab (OPDIVO®) became the first FDA
approved PD-1- targeted therapeutics for refractory and unresectable
melanoma.®® 3 Since then, their use was extended for more than ten other cancer
types, including lung cancer, urothelial cancer, head and neck squamous cell
carcinoma, renal cell cancer and Hodgkin's disease.®°* In 2021, six different ICls
FDA-approved antibody drugs are targeting the PD-1/PD-L1 axis, one is targeting
CTLA4, and a staggering number of ongoing clinical trials involve existing and

emerging ICls.%

ICIs targeting the PD-1/PD-L1 axis or CTLA4 are used in monotherapy or
combination with other anti-cancer agents (i.e. chemotherapy, radiotherapy or
immunomodulatory agents) and create an immunogenic  tumour

microenvironment with subsequent improvement of patients' survival rate.2%°7
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Despite its obvious benefit for cancer treatment, ICls therapy has two significant
hinders. Firstly, while some tumour types have a moderate response rate to ICls
therapy, the response rate for the vast majority of tumours is low (~15% objective
response rate across indications), and most tumours exhibit adaptive escape
mechanisms.®®° Secondly, treatment with ICIs is frequently accompanied by
Immune-Related Adverse Events (IRAEs).1%%101 |RAEs may affect any tissue, but
most frequently involve the skin (rash, pruritis, bullous, lichenoid, eczema-like and
psoriasis-like manifestations), the gut (colitis), lungs (pneumonitis), liver (hepatitis)
and endocrine glands (hypophysitis, thyroiditis).>>!® They are estimated to occur
in up to 90% of patients subjected with an anti-CTLA-4 antibody and 70 % of those
treated with anti-PD-1 or anti-PD-L1 antibodies.’® IRAEs are believed to be the off-
target effects of the activated immune response due to eliminating immune
checkpoints.> Treatment of IRAEs is based on corticosteroids and anti-TNF o
antibody (infliximab) in severe cases.!® While anti-TNF treatment seems to have
an only mild impact on immune activity, corticosteroids present a significant
negative impact on anti-tumour immune responses, thus hindering the clinical

efficacy of ICIs treatment.1%2

The higher incidence of IRAEs in anti-CTLA4 treated patients could be explained by
the lack of specificity in T cell expansion, coupled with the fundamental importance
of CTLA4 as an immune checkpoint in the formation of de novo immune

response.'® The more favourable toxicity profile of the PD1- and PD-L1 blocking
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agents suggests the benefits of specifically targeting the properties of cancer that
inhibit the immune response rather than non-specifically activating the immune

system with CTLA4 blockade.

1.3.2. Cellular immunotherapy

Cellular immunotherapies are based on the administration of live autologous or
allogeneic cells to patients to take advantage of the anti-tumour capabilities of the
immune system. Current cellular immunotherapies belong to two different
categories: (1) DC-based cancer vaccines (active immunotherapy) and (2) Adoptive
T-cell therapies (passive immunotherapy). Briefly, the general principle of cellular
immunotherapies is the isolation of autologous immune cells (DCs or T cells) by
leukapheresis followed by their ex-vivo modification using tumour antigens and
their administration back into the patient. Once reinjected, these cells can generate

or induce tumour antigen-specific immune responses.%

In 2010, sipuleucel-T (PROVENGE®), a DC-based vaccine, was the first FDA-
approved cellular immunotherapy and is used to treat asymptomatic or minimally
symptomatic prostate (hormone-refractory) cancer with metastases. It is a
generally well-tolerated therapy with minor adverse effects related to the injection

site. 1%

Chimeric antigen receptor T cells (CAR T) include tisagenlecleucel and axicabtagen-

ciloleucel, in which T cells are engineered to express an anti-CD19 chimeric antigen
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receptor. Both products received their approval in 2017 and are used to treat blood
malignancies (diffuse large B-cell ymphoma, lymphoblastic leukaemia, B cell acute
lymphoblastic leukaemia, non-Hodgkin's lymphoma, chronic lymphocytic
leukaemia).’® CAR T cell therapy is particularly appropriate in B cell malignancies
since the transmembrane glycoprotein CD19 is only expressed on the B cell
lineage.1% CAR T therapy is associated with severe and life-threatening side effects
(cytokine release syndrome (CRS)). While CAR T therapy demonstrated durable
remission/cure in patients with blood malignancies, its use in solid tumours remains
uncertain—one reason being the suppressive nature of the TME.1%” New strategies

are currently under investigation, including the combination of CAR T with ICls.1%®

1.3.3. Opportunities for small molecules in cancer immunotherapy

Current cancer immunotherapy mainly revolves around biologics and is
unfortunately successful in only a minor fraction of responsive tumours.
Furthermore, multiple immune resistance mechanisms are often involved within a
tumour microenvironment, hampering the immune response and leading to the

failure of currently available treatments.1%%11

As previously mentioned, tumours employ a number of enzymatic pathways to
suppress anti-tumour immunity. Due to the inability of antibodies to reach
intracellular targets, a desirable approach to targeting these escape mechanisms

may reside in developing small molecule inhibitors (SMls). Furthermore, SMls are
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not limited to enzymatic targets and can be applied to other suppressive
mechanisms such as membrane receptors. Among these, immune checkpoints and

toll-like receptors are amongst the currently explored candidates.

Using SMiIs to target tolerogenic pathways is an attractive strategy for cancer
immunotherapy. The advantages of SMis reside in their ability to reach a wide array
of intracellular targets, the possibility to fine-tune their ADME properties, as well

as their superior cost-effectiveness compared to biologics.!'11?

Within this context, small molecular scaffolds are a rapidly expanding area of
research, as exemplified by the increasing number of patent applications and
compounds currently under evaluation at preclinical and clinical stages, both as

1113 Many compounds targeting various

stand-alone or combination therapies.
targets and pathways are currently in the pipeline, some of which are exemplified

hereafter.

The PD-1/PDL-1 axis. The development of small molecules for the PD-1/PDL-1 axis
is a strategy currently explored to palliate the IRAEs and poor tumour penetration
of the mAbs (150 kDa).!** However, the development of small-molecule-based
therapeutics is challenging as the interaction between PD-1 and PD-L1 is a protein-
protein interaction and thus corresponds to a wide, shallow and hydrophobic
surface poorly suitable for chemical compounds.'*>1® Another challenge resides in

the fact that conformational changes occur during the interaction.'’” Nonetheless,

37



there is an increasing number of patent applications and preclinical studies
involving small-molecule modulators of the PD-1/PD-L1 pathway. So far, the only
compound to have reached clinical evaluation is CA-170 (Aurigene/Curis, structure
not disclosed). CA-170 shows promising results, especially against non-small cell
lung carcinoma (NSCLC) and Hodgkin's lymphoma. CA-170 is orally bioavailable and
displays significantly better biosafety than monoclonal antibodies as no dose-

dependent toxicity was observed so far.1®

Toll-Like Receptors (TLRs). TLRs are transmembrane proteins that belong to the
family of pathogen recognition receptors (PRRs) in the innate immune system.?
TLRs recognise PAMPs and DAMPs and trigger the expression of inflammatory
cytokines, chemokines and IFNs.}'%120 Evidence suggests that activation of TLRs
may be useful as immunotherapy adjuvants to increase treatment efficacy.!?12
Presently, the TLR7 agonist imiquimod (Figure 4) is the only FDA-approved

immunotherapy small molecule and is used topically in basal cell carcinoma.!®

However, several clinical trials are ongoing to broaden its applications.

TLRs activation presents several challenges. Firstly, TLRs agonists can induce
immune stimulation against normal cells.!?* When they enter the bloodstream,
these compounds are likely to systematically produce excess proinflammatory
cytokines, resulting in cytokine storms or even tissue damage. For this reason, most

of these molecules have been approved for only local or topical treatment.'?®
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Secondly, due to the heterogeneity of both TLRs receptors and tumours,
inflammation and oncogenesis were observed in some settings.'?® The challenge

resides in the difficulty of predicting these specific outcomes.'??

NH,

Imiquimod
ECs2.1 UM

Figure 4. Structure of TLR7 agonist imiquimod. ECso value from ref.*?’

Cyclic-GMP-AMP Synthase (cGAS)/Stimulator of IFN Genes (STING) Pathway. The
DNA-sensing cGAS-STING pathway is another signalling axis of innate immunity. It
comprises the synthase for the second messenger cyclic GMP—-AMP (cGAS) and the
cyclic GMP-AMP receptor stimulator of interferon genes (STING).'?8 cGAS-STING is
activated upon the detection of pathogenic DNA and initiates an immune response

involving the expression of type | interferon (IFN).1%°

In cancer, malignant transformation usually accompanies cytosolic chromatin
fragments and micronuclei, increasing the probability of DNA leakage in a tumour
cell or tumour cell-derived DNA uptake by DCs.2* Disruptions in the cGAS-STING
pathway were observed in some tumours as an immune escape mechanism.®! It is

worth mentioning that chemotherapeutic drugs such as cisplatin and etoposide
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may partly attribute their anti-tumour activity by triggering STING-dependent

innate immune activity by inducing DNA damage.'*?

The discovery of STING in 2008 resulted in intense efforts to find STING agonists for

cancer immunotherapy.!*? So far, several compounds have entered clinical trials.

The synthetic cyclic dinucleotide ADU-S100 (Figure 5) was the first to enter clinical
trials in 2017 for the treatment of advanced/metastatic solid tumours or
lymphoma.®3*13> QOther cyclic (MK-1454 and SB11285) and non-cyclic (MK-2118,
GSK3745417, TAK-676, SNX281) dinucleotides are currently in clinical development
both as single agents and in combination with an ICl. Another clinical trial on
advanced lymphoma and solid tumours is also recruiting to evaluate a macrocyclic
peptide (E7766) as a single agent.’3® Finally, a plethora of STING-targeting
compounds with improved structural properties and potency are currently at a

preclinical stage.*®’
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Figure 5. Structure of cyclic dinucleotide STING agonist ADU-S100.
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The prostaglandin pathway (COX-2). Cyclooxygenase 2 (COX-2) is an inducible
enzyme that catalyses the metabolism of arachidonic acid generates prostanoids,
including PGE2, which activates specific prostaglandin receptors (EP1 to EP4)
expressed on immune cells.’3® COX-2 is overexpressed in most solid tumours and
participates in immune evasion by suppressing adaptive and innate immune
responses and creating a tolerant immune environment.'®*® COX-2 activity inhibits
the maturation of DCs and the activation and proliferation of T and NK cells while
enhancing the differentiation of immunosuppressive M2 macrophages and Treg
cells.® These findings led to the clinical evaluation of celecoxib (Figure 6), a selective
COX-2 inhibitor already used to treat osteoarthritis, rheumatoid arthritis and
ankylosing spondylitis in adults.*® Preclinical results suggest that COX-2 inhibition
in patients carrying tumours expressing IDO1 constitutively leads to decreased
IDO1 expression, increased T-cell infiltration, and increased responsiveness to anti-

PD-1/ Programmed cells Death Ligand-1(PD-L1) therapy.4+142
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Figure 6. Structure of selective COX2 inhibitor celecoxib.
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L-Arginine (L-Arg) catabolism by Arginase 1 (ARG1) and inducible nitric oxide
synthase (iNOS). The overexpression of L-Arg catabolizing enzymes ARG1 and iNOS
by TAMs, MDSCs and DCs is another important regulator of innate and adaptive
immune responses.’* The interest in inhibition of key enzymes ARG1 and iNOS as

an approach to treat cancer already emerged in early 90s.14445

In T cells, the resulting L-Arg starvation leads to the downregulation of CD3{ chain
expression, which is the principal signal transduction element of the TCR.1%®
Furthermore, ARG1 degrades L-Arg to produce L-ornithine, which serves as a
precursor for the synthesis of polyamines, L-proline and collagen, promoting
tumour cell growth.’*® On the other hand, iNOS hydrolyses L-arginine into nitric
oxide (NO) + L-citrulline and can play both pro- and anti-tumourigenic roles,
depending on its concentration, the tumour microenvironment and the tumour
type.}#”148 |n vivo studies demonstrated that expression of iNOS in melanoma and
triple-negative breast cancer led to a poor prognosis and that administration of
iNOS inhibitors could halt tumour cell proliferation, migration and reduce

metastases.41>0

The development of ARG1 inhibitors constituted major challenges as all inhibitors
heavily rely on the boronic acid function.®*>2 The use of this moiety in drug design
is relatively recent as the boron atom was long considered toxic. However, since

the approval in 2003 of the protease inhibitor bortezomib (VELCADE®), interest in
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boronic acids has steadily increased, and they are now generally considered
safe.®*1>* A boron-containing ARG1 inhibitor CB-1158 (INCB001158) (Figure 7) is
currently in Phase | and Phase Il trials either as a single agent or combined with ICI
pembrolizumab or chemotherapy for advanced/metastatic solid tumours. So far,
data indicates that CB-1158 is well-tolerated, did not impact the occurrence of

IRAES and showed responses both in mono- and in combination therapies.'>*°¢
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Figure 7. Structure of selective ARG1 inhibitor CB-1158/INCB001158. Enzymatic ICso is
from ref.1>’

Tryptophan metabolism and its targeting in cancer therapy. Tryptophan
degradation is considered one of the major immunosuppressive pathways and has
been at the centre of intense research for cancer immunotherapy over the past
decade. These efforts led to several compounds that reached clinical trials over the
past decades.’®® The present work relates the development of compounds
targeting L-Tryptophan (L-Trp) metabolism. Therefore, more attention will be
drawn to this subject, and the following chapter is dedicated to L-Trp metabolism

and its targeting.
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1.4. Tryptophan metabolism in cancer immunotherapy
and beyond

L-Trp is an essential amino acid and is thus exclusively obtained through dietary
intake. Besides its obvious use for protein synthesis (for which its amount is also

limiting), L-Trp is the precursor of several critical pathways.

Unlike other amino acids, L-Trp is mainly bound to albumin in the plasma. This
bound form accounts for around 90 % of all circulating L-Trp and is not available for
blood-brain barrier (BBB) crossing.’® This equilibrium is regulated by the
concentration of non-esterified fatty acids (NEFAs) that displace L-Trp from its
binding site.'®® Elevations in NEFAs occur following sympathetic B-adrenoceptor-
mediated lipolysis following a sustained physical exercise.®! This dissociation is an
important factor for L-Trp intake into the extracellular fluid of the central nervous

system (CNS) through a competitive transport carrier.16?

Once in the CNS, L-Trp is metabolised into several neuroactive compounds,
including serotonin, melatonin and tryptamine.'®® It is estimated that 1% of
ingested L-Trp is converted through the serotonin — melatonin pathway.%*1®> This

synthesis also occurs in the gastrointestinal tract.®

The overwhelming majority of L-Trp (~95 %) is degraded following the kynurenine
pathway (KP). This cascade of enzymatic reactions, illustrated in Figure 8, is

necessary for the de novo synthesis of the crucial energy and redox cofactor,
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nicotinamide adenine dinucleotide (NAD*), in the liver and the kidney.®’
Additionally, the KP also ubiquitously produces a series of immunomodulatory,

neuroactive and inflammatory catabolites, called kynurenines.

The KP is best studied in the context of immune regulation. Indeed, the KP is known
for contributing to immune privilege both by (1) the depletion of L-Trp, resulting in
the suppression of effector T-cell response against antigens and (2) the
accumulation of kynurenine and its metabolites, able to control the inflammation,
thus maintaining a tolerogenic environment.'®®1%® Physiologically, the KP

contributes to protecting immune-privileged sites such as placenta.'”®

The following subchapter is a more in-depth discussion around the KP and its

physio-pathological implications.
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Figure 8. Catabolic fate of L-Trp.
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L-Trp can be used in different ways following its ingestion (A, B, C). (A) The kynurenine
pathway (KP) accounts for the vast majority of L-Trp catabolism. The KP involves numerous
enzymatic and non-enzymatic reactions, leading to various compounds that modulate
inflammation and immunity and NAD+. (B) L-Trp is metabolised to 5-HT, which can be
further metabolised to MT. (C) In addition to its use for protein synthesis, L-Trp is
metabolised by the gut microbiota into several molecules, such as indole derivatives,
tryptamine, and skatole. Abbreviations: 3-HAA, 3-hydroxyanthranilic acid; 3-HAO, 3-
hydroxyanthranilic acid 3,4-dioxygenase; 3-HK, 3-hydroxykynurenine; 5-HT, serotonin;
ACMS, 2-amino-3-carboxymuconic acid-6-semialdehyde; ACMSD, 2-amino-3-
carboxymuconate-semialdehyde decarboxylase; AFMID, kynurenine formamidase; IDO1,
indoleamine 2,3-dioxygenase; KAT, kynurenine aminotransferase; KMO, kynurenine
monooxygenase; KYNA, kynurenic acid; KYNU, kynureninase; KYN, L-kynurenine; MT,
melatonin; NAD, nicotinamide adenine dinucleotide; PICA, picolinic acid; QPRT, quinolinate
phosphoribosyltransferase; QUIN, quinolinic acid; TDO, tryptophan 2,3-dioxygenase; XANA,
xanthurenic acid.

1.5. Kynurenine pathway: Physiological implications
and therapeutic relevance

The first and rate-limiting step of the KP is independently catalysed by either
indoleamine 2, 3-dioxygenase (IDO1) or tryptophan 2, 3-dioxygenase (TDO2), two
cytosolic heme-containing oxidoreductases. IDO1 and TDO2 perform the oxidative
cleavage of L-Trp's pyrrole ring, forming N’-formylkynurenine (NFK) (Figure 8). The
latter is rapidly converted into L-kynurenine (KYN) both by spontaneous and
enzymatic hydrolysis. KYN is further degraded into a plethora of metabolites with
various biological activities and functions. These metabolites are usually collectively

referred to as kynurenines.

Expression of IDO1 and TDO2 is used by more than half of human tumours as an

immune escape mechanism.’! The resulting catabolism of L-Trp promotes an
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immunosuppressive environment both through the depletion of the essential
amino acid and the accumulation of kynurenine (KYN) metabolites.*”

Firstly, the decrease in L-Trp levels results in a blockage of CD8+ and CD4+ T-cells,
in the G1 cell cycle phase, due to their susceptibility to the amino acid shortage.!’?
Secondly, it has been often proposed that the L-Trp decrease led to the activation
of the general control non-derepressible 2 (GCN2) "stress", nutrient-sensing kinase.
GCN2 activation in response to amino acid starvation induces a signalling pathway
involved in the up- and down-regulation of gene expression to maintain cellular
homeostasis, further hindering CD8+ T-cell proliferation.*®'® Although more
recent data suggest that, at least in melanoma, GCN2 expression in T cells does not
mediate tumour immune escape in response to tryptophan catabolism.”* Finally,
immunosuppression from L-Trp deprivation was also linked to the inhibition of the
mammalian target of the rapamycin (mTOR) pathway.'”> Administration of L-Trp

mimetic indoximod (Figure 9) was able to reactivate the function of mTOR and

prevent the activation of GCN2 by creating an artificial Trp-sufficiency signal.?’®
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Figure 9. Structure of 1-methyl-D-tryptophan, also known as indoximod.
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On the other hand, along with its catabolites, kynurenine (KYN) favours Tregs,
MDSCs and TAMs through several mechanisms. One of the currently proposed
mechanisms is the interaction between KYN and the ligand-activated transcription
factor aryl hydrocarbon receptor (AHR), leading to the polarization of CD4+ T-cells
into Tregs.Y’”"17° By activating AHR, KYN can also upregulate PD-1 expression in CD8*
T cells, further enhancing tumour immune escape.'’®° Other studies also showed
that KYN-AhR activation promotes Tregs expansion by activating the forkhead box
p3 (Foxp3) in naive T-cells, preventing the maturation of Th17 cells.’®+182 Th17 are
a subset of CD4+ T helper cells that generally stimulate immune responses by
producing activating cytokines.®® IDO1-induced Tregs appear to play an essential
role in the recruitment and activation of suppressive MDSCs.'® Additionally, TAMs
also retain an immunosuppressive pro-tumoural function through the engagement
of the AHR pathway in the presence of high IDO1 or TDO2 expression.® A recent
study also highlighted an AHR-driven upregulation of the ectonucleotidase CD39

(an immune checkpoint mediator) in TAMs, which promoted T cell dysfunction.'®

Regarding the immunomodulatory activity of other KP metabolites, 3-
Hydroxyanthranilic acid (3-HAA) appears to have the highest immunomodulatory
capacity on monocytic cells and lymphocytes through different mechanisms.®?
First, 3-HAA impairs NO synthesis in macrophages due to inhibition of nuclear

factor-kappa B (NF-kB) and iNOS activity.'®'®” Furthermore, 3-HAA induces

apoptosis in effector T cell populations and limits their antigen-dependent and
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independent proliferation by reducing the number of T-cells entering the cell
cycle.’® 3-HAA also appears to specifically enhance the differentiation of Tregs.!®°
Finally, 3-HAA, but also 3-hydroxykynurenine (3-HK) and quinolinic acid

(QUIN), readily oxidise under physiological conditions to form immunomodulatory

and neurotoxic peroxide and hydroxyl radicals.®

In conclusion, excessive KP activation promotes carcinogenesis and tumour cell
growth by reducing T-cell proliferation, suppressing natural killer cells (NK),
promoting Treg differentiation, and activating, recruiting, and expanding MDSCs

and TAMs, 191192

The interest regarding KP inhibition is not limited only to cancer immunotherapy,
as its role in psychiatric and neurodegenerative diseases is drawing increasing
attention. Dysregulations in the KP were linked to neuropsychiatric disorders such
as schizophrenia, depression, amyotrophic lateral sclerosis, and Huntington's,
Alzheimer's and Parkinson's diseases.!®71% Alterations in kynurenic acid (KYNA)
and QUIN levels were characterised in several neuropathological states.1%%7
Indeed, KYNA has potent neuroprotective actions. It is an inhibitor of N-methyl-D-
aspartate (NMDA), kainate, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and a7 nicotinic acetylcholine receptors.’®® On the other hand, QUIN is an
excitotoxin that selectively activates NMDA receptors and has a role in iron-

dependent oxidative effects.981%
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KP enzyme kynurenine monooxygenase (KMO) is increasingly pointed as an
attractive drug target for previously enumerated neurological diseases as it is
located at a key KP branch point. Indeed, KMO inhibition is expected to increase
concentrations of the neuroprotective KYNA while reducing QUIN.2®
Neuroprotective effects were observed even following administration of a non-
BBB-penetrating inhibitor, which suggests that peripheral administration of KMO
inhibitors could change the concentrations of KP metabolites within the central

nervous system (CNS).201.202

While KMO is an emerging target in neurodegenerative diseases, the targeting of
IDO1 and TDO2 to reverse tumour immune resistance remains the principal
therapeutic interest of the KP. The subsequent chapters provide more details on

these essential enzymes.
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1.6. Overview of IDO1 and TDO2 structure and function

The proposed catalytic mechanism of IDO1 and TDO?2 is illustrated below (Figure
10). In this mechanism, a ternary complex [Fe(ll)-O,-L-Trp] comprised of the ferrous
enzyme, L-Trp and O, appears to be the starting point of the subsequent chemical
steps. The reaction starts with a radical addition of the ferric heme iron-bound
superoxide to the C2 of the Trp to generate an "alkylperoxo" intermediate. Then,
this intermediate is homolytically cleaved to generate a ferryl and Trp-epoxide
intermediate. Afterwards, the ammonium group of the Trp protonates this epoxide
ring, which opens up, allowing the addition of the ferryl oxygen to C2 of the Trp to
make the final product, NFK. This mechanism is supported by additional
computational and experimental studies and is now widely accepted in the field.?®
A Criegee-type rearrangement involving electron transfer from the deprotonated
L-Trp to the heme-bound O,, followed by radical recombination to generate the 3-
indolenylperoxy intermediate, has also been proposed by Leeds et al.?%
Nevertheless, none of the postulated intermediates, except for the dioxygen-

bound intermediate, have been identified experimentally in either IDO1 or TDO2.2%
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Figure 10. Ferryl-based mechanism of L-Trp dioxygenation reaction catalysed by IDO1 and
TDO2. In this mechanism, molecular oxygen binds to the ferrous heme, forming a ferric
heme bound to a superoxide. The superoxide radical attacks the C2-C3 double bond of L-
Trp to form an alkylperoxo intermediate. Then, the O — O bond is cleaved to afford the
epoxide intermediate and the ferryl. Finally, the ferryl attacks this epoxide, resulting in the
formation of NFK and reduction of the ferryl back to its ferrous state.?%

Even though they catalyse the same reaction and share a similar active site
structure, IDO1 and TDO2 are two genetically unrelated and fundamentally
different enzymes, sharing 10 % sequence identity. 2°>2°7 IDO1 is a monomeric 45
kDa enzyme with a broader substrate specificity than TDO2, catalysing the cleavage
of the pyrrole ring of not only L-Trp but also serotonin, melatonin, and other
indoleamine derivatives.?® IDO1 is expressed in various tissues, including lungs,
small intestine, placenta and in some specific subsets of antigen-presenting
cells. 209219 Expression of IDO1 is inducible under inflammatory conditions by stimuli
such as IFN-y or following TLRs activation.?*?12 The activity of IDO1 is also regulated

directly by substrate inhibition, following the binding of a Trp molecule inside an
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inhibitory binding site on the proximal side of the heme.?'* IDO1 is by far the most
studied enzyme of the KP due to its validated effects in the context of immune
regulation. Already in 1998, Munn et al. demonstrated that IDO1 activity in mice
placenta was essential to prevent foetus rejection by maternal T cells.?!* However,
while the original postulate was that local L-Trp depletion was responsible for the
foeto-maternal tolerance, years of research led to the understanding that this
immune suppression was due to the production of KYN metabolites.?>2 In 2003,
Uyttenhove et al. showed that most human tumours constitutively expressed IDO1

and that the subsequent L-Trp degradation led to tumour immune resistance.?!8

As with IDO1, TDO?2 is highly expressed in a range of human cancers. TDO2 is a
homotetrameric 190 kDa enzyme that is highly specific for L-Tryptophan, its only
substrate.?!® Crystal structures of human TDO2 in a ternary complex with L-Trp and
0O and in a binary complex with the reaction product NFK were published in 2016
and provided a better understanding of binding modes and catalysis mechanism.??°
TDO2 has different tissue expression and expression patterns from IDO1: it is
mainly expressed in the liver, where, among its physiological roles, it controls blood
homeostasis of L-Trp. To a lesser extent, TDO2 is also expressed in the brain.2*
Numerous human tumours, including glioblastoma, melanoma and liver, bladder,
pancreatic and colon carcinomas, express TDO2 at various levels to exploit the KP

as an immune escape mechanism.’222 TDO2 inhibitors would be particularly

relevant in hepatocarcinoma, 100 % of which express this enzyme.}”%?% Contrary
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to IDO1, whose induction is cytokine-dependent, TDO2 expression is regulated
hormonally (e.g. glucocorticoids, noradrenaline) at the transcriptional step.?2*2%5
Activity of TDO2 is regulated by controlling the lifespan of the protein. Indeed,
TDO2 possess an Exo binding site for L-Trp, 42 A away from the active site. L-Trp
binding at this exo site does not affect enzyme catalysis but instead protects TDO2

from degradation through the ubiquitin-dependent proteasomal pathway (Figure

11).220
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Figure 11. (a) Crystallographic structure of h"TDO2 tetramer (PDB code: 5TIA) with indicated
locations of the active site and exo site. The close-up view represents Omit Fo—Fc map (grey)
for heme, L-Trp and Oz (pink) adapted from Lewis-Ballester et al.??® (b) Representation of
interactions between L-Trp and the active site of hTDO2 (PDB code: 5TIA)
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1.7. Targeting of IDO1 and TDO2 in cancer
immunotherapy and beyond

1.7.1. Indoleamine 2,3-dioxygenase 1 (IDO1)

Findings regarding IDO1 ability to suppress the immune system were followed by a
rapid clinical development of IDO1 inhibitors. After several preclinical studies
demonstrated promising efficacy for combinations of IDO1 inhibitors and an anti-
PD1 antibody, in which anti-tumour immunity was restored,??®??” multiple
companies rushed to invest in IDO1 inhibitors for application in various cancer
types. Thereby, Incyte developed epacadostat (INCB-24360) from their previously
discovered lead compound 51.22222° Together with Merck, they began testing the
epacadostat/ KEYTRUDA® (pembrolizumab) combination.?2%23! Bristol-Myers
Squibb acquired Flexus and began a trial of their own OPDIVO® (nivolumab) with
linrodostat (BMS-986205).23> NewLink Genetics' alliance with Genentech led to
navoximod (developed based on the heme-binder 4-phenylimidazole (PIM), Figure
12) and evaluated in combination with TECENTRIQ® (atezolizumab).?3*%3* Finally,
Pfizer's partnership with iTEOS led to the study of PF-06840003 as a single agent

therapy (Figure 12).2%
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Figure 12. Enzymatic ICsos and structures of IDO1 inhibitors 51228, PIM?3¢ and clinical
candidates epacadostat®®’, linrodostat?*%, navoximod?*° and PF-068400032%,

After encouraging results of a phase I/1l (ECHO-202/KEYNOTE-037) trial evaluating
the epacadostat/ KEYTRUDA® combination on sixty-two patients with advanced
solid tumours,?® a large scale Phase Il (ECHO-301/KEYNOTE-252) trial was
initiated. This randomised trial included more than seven hundred patients with
metastatic melanoma and failed to demonstrate a benefit from epacadostat
addition.?*! Following these disappointing results, Incyte/Merck decided to put on
hold or convert to Phase Il their other ongoing Phase lll trials. This announcement
resulted in a severe drawback for the development of IDO1 inhibitors. Multiple
reasons that could explain the negative outcome of the ECHO-301 trial were

summarised in several review articles.?**?*3> Some of the raised concerns are
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mentioned hereafter. Firstly, IDO1 expression in tumours of enrolled patients was
not assessed. This expression is adaptive in melanoma and especially important in
inflamed tumours. As these tumours are already more responsive to the ICI, the
potential benefit of IDO1 inhibition in such tumours would be less noticeable.
Secondly, the dosage of epacadostat might have been insufficient to achieve
complete inhibition of IDO1 activity. Finally, compensatory expression of enzymes
such as TDO2 or IDO2 cannot be excluded but was not considered. Finally, anti-PD1

therapy might not have been the best combination choice.

Several clinical trials are still ongoing for most of the previously cited IDO1
inhibitors. Although murine models do not always transpose well in human
evaluation, there is still an abundance of preclinical data supporting the interest for
IDO1 inhibition and demonstrating the worsened prognosis of IDO1-expressing
tumours. 184218244245 Eor these reasons, IDO1 could remain a relevant target in the
future, pending that we achieve the right approach to block it. As of today,
indoximod, epacadostat and linrodostat remain under evaluation in several phases

| and Il studies in various combination therapies for cancer therapy.

Several recent publications use different delivery strategies to target IDO1 in cancer
and autoimmune diseases with encouraging results. Treatment with attenuated

Salmonella typhimurium delivering an shRNA plasmid targeting IDO1 (shIDO1-ST)

markedly delays tumour growth in two immunocompetent colorectal mouse
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models, and this appears to be a superior therapeutic strategy compared to
epacadostat or blocking anti-PD1 antibody therapy in colon cancer.?*® The use of
dual IDO1/TDO2 inhibitors might also improve the clinical response.?*” Some
publications investigated the use of proteolysis-targeting chimaeras (PROTACs)

strategy with epacadostat.?*®

Furthermore, the design of IDO1 inhibitors remains an active area of research, and
several recent publications gave new insights that may help with the future design
of inhibitors. In 2019, using a combination of X-ray co-crystallography,
spectroscopic experiments, and in silico approaches, Réhrig et al. published a
thorough characterisation of IDO1 inhibitors' binding mechanisms.?*® More
recently, in 2021, a different crystallographic study performed by Pham et al.
highlighted the unusual conformational plasticity of IDO1 involved in the substrate-
ligand interaction.?’® These understandings may provide us with novel scaffolds
able to demonstrate a superiority of action compared to the predecessors and a

better modulation of the pathway.?°

1.7.2. Tryptophan 2,3-dioxygenase (TDO2)

Interest in TDO2 inhibition was initially driven by depression therapy. The first
series of selective inhibitors was developed in 1994 by Salter et al. (Wellcome
Research Laboratories) as combined TDO/serotonin reuptake inhibitors.?>! This

series included compound 680C91 (Figure 13). The importance of TDO2 activity in
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the context of cancer immunotherapy was exposed almost two decades later when
Opitz et al. showed that TDO2 expression by glial tumours promoted tumour cell
survival and invasiveness while suppressing anti-tumour immune responses.?>?
Pilotte et al. demonstrated in 2012 that around 35 % of human cancer cell lines

express TDO2, making it a very attractive target in cancer immunotherapy.!’

Our previous research eventually led to the identification of LM10 (Figure 13),
characterised by a trans-vinyl tetrazole side chain in the 3-position of a 6-
fluoroindole scaffold and a low micromolar potency.?*® The administration of LM10
restored the immune response and promoted tumour rejection in a mouse model.
LM10 was, to our knowledge, the very first soluble and bioavailable TDO2 inhibitor
demonstrating preclinical anti-tumour efficacy and thus the proof-of-concept of
TDO?2 inhibition for anti-cancer immunotherapy.t’* Lately, inhibition of TDO2 was
also demonstrated to be beneficial for the efficacy of immune checkpoint inhibitors
like anti-PD1 and anti-CTLA4 monoclonal antibodies.??? Interestingly, the benefit of
TDO2 blockade persisted even in the absence of its tumoural expression, probably

due to the increased availability of circulating L-Trp levels.??

In addition to TDO2 inhibitor research for cancer immunotherapy, TDO2 has
attracted some interest due to its involvement in neurodegenerative diseases and

is the subject of intensive research. Indeed, inhibition of TDO2 was showed to be
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beneficial in several neurodegenerative disease models, such as Alzheimer's and

Parkinson's.?*

680C91 LM10
K; 0.88 uM K; 5.60 uM
IC50,, 0.28 UM 1C50,, 2,77 uM

Figure 13. Structures and inhibition constants (Ki) and cellular ICsos (P815B cells) of
selective TDO2 inhibitors 680C91 and LM10.

Another in vivo study was published in 2020 using compound
PF06845102/E0S200809 (Figure 14) as a TDO2 selective inhibitor, which was more
potent than previously described 680C91 and LM10, and more drug-like than the

poorly soluble 680C91 that also had an issue regarding CYP inhibition.

PF06845102/E0S200809
IC50; 0,21 UM

Figure 14. Structure of PF06845102/E0S200809 and cellular ICso in P815B cells.
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Compound PF06845102/E0S200809 was the first TDO2-selective inhibitor with a
described pharmacokinetic/pharmacodynamic profile.??2 This characterisation
allowed its preclinical evaluation in vivo in mouse tumour models and its potential
subsequent clinical development. Using TDO2-expressing tumours cells, Schramme
et al. demonstrated that TDO2 inhibitors could improve the efficacy of an immune

checkpoint inhibitor.???

In the last few years, several companies began developing TDO2 inhibitors, and it
remains an active area of research. However, no clinical trials are currently ongoing

for a selective TDO2 inhibitor.

Existing IDO1 inhibitors disclosed in patent filings have already been summarised in
2013 by Dolusi¢ et al. and in 2018 by Cheong et al. and Xi Feng in 2020,
however, no such review has been previously done for TDO2. Thus, existing
applications of dual IDO1/TDO2 and TDO2-selective inhibitors, categorised by
chemical structure, are summarised in this work, as well as relevant inhibitors
described in peer-reviewed literature. When available, structure-activity
relationships (SARs) are provided; however, it should be noted that many of the
presented inhibitors were tested using cell-based assays and that biochemical
inhibition data was not always reported. Furthermore, the frequently used Ehrlich
assay, in which kynurenine is reacted with p-dimethylaminobenzaldehyde (DMAB)

to form a Schiff base with an absorption maximum at 480 nm,*# is known to give
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promiscuous results due to potential cross-reactions with other compounds
presenting chemical functionalities such as ketones, aldehydes, hydrazines, and
indoles 29260 thus also possibly reacting with other KYN metabolites. For these
reasons, SARs are limited or could not be established for certain groups of

compounds. Unless stated otherwise, the presented data is in humans.

1.7.3. TDO2 inhibitors: literature and patent activity

1.7.3.1. Phenylimidazoles analogues and other fused-ring derivatives

Several companies have developed IDO1 and TDO2 inhibitors using as a starting
point PIM (IDO1 ICso(enz): 48 uM) with a binding preference to the enzyme at its
inactive ferric state. Following its identification in 1989 by Sono et al.,**® the SARs
of various PIM analogues have been extensively studied, leading to the discovery
of new analogues selectively targeting IDO1 (Figure 15).%%* In 2016, IOmet patented
a PIM-inspired series of 4-phenylisoxazol-5-amine and 5-phenylisoxazol-4-amine
derivatives (W02016026772, Table 1),°°> more selective towards TDO2. The
majority of these compounds showed an ICso below 3 uM in TDO2-expressing A172
glioblastoma cell lines. In 2018, Pei et al. published a series of aminoisoxazoles
compounds as TDO2 inhibitors. 2°3 Starting from the 4-phenylisoxazol-5-amine (2i)
scaffold, they investigated the replacement of the phenyl group. Their optimised

compounds showed modest TDO2 selectivity over IDO1, ranging from 6- to 14-fold.
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In 2012, the first set of tricyclic IDO1 inhibitors, containing the 4-phenylimidazole
scaffold (or a derivative) was published by NewLink Genetics (W02012142237).%%
This series included navoximod (NLG919) (Figure 15), a racemic compound licensed
to Roche and used in several clinical trials as mentioned previously in this work. In
2014, claims concerning some of the isomeric imidazoindoles of this tricyclic series
were expanded to inhibitors of both IDO1 and TDO2. In W02014159248,%%> the
most potent compound (8i), an imidazoisoindole derivative, had an ICso of <1 uM
on both enzymes. The replacement of the hydroxyl group by a ketone group
resulted in a slight affinity loss for IDO1 (9i, ICso: 1-10 uM) but did not affect TDO2
inhibition. Replacement of the 9H-imidazo[1,5-alindole structure with an 8H-
[1,2,3]triazolo[5,1-alisoindole (10i) led to a decrease of potency on both enzymes.
In W02016165613,%° the Hangzhou Innogate Pharma company proceeded to the
replacement of the cyclohexane ring by several other aliphatic ring systems such as
adamantane, adamantanols (e.g. 11i: ICso IDO1 < 100 nM, ICso TDO2 < 200 nM),
bicyclo[2,2,2]octane as well as N-substituted piperidines (e.g. 12i ICso IDO1 < 500
nM, ICsoTDO2 < 200 nM). Although, no precise enzymatic inhibition data is available
in this application, there seems to be no gain in potency compared to NLG919, who

is reported to have an enzymatic ICso of 13 nM on IDO1 and 140 nM on TDO2.
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Table 1. Representative compounds from W02016026772. IDO1/TDO2 inhibitors based on
the 4-phenylisoxazol-5-amine and 5-phenylisoxazol-4-amine scaffold. The compounds’
number in the patent is indicated in parenthesis.

Cellular plCso Biochemical pICso
N° Structure TDO2 TDO2 IDO1
(A172) IDO1 (SKOV3)
N
o)
1i (1) = NH >5.50 4.50-5.49 450-5.49 4.50-5.49
2
F
N
Z 0
2i(7) = NH, > 5.50 450-549 450-5.49 4.50-5.49
N
7 0
— 0
3i(8) HN‘%T <4.00 4.50-5.49 N.T. N.T.
F
Z 0
4i(11) — H, 4.50-5.49 4.50-5.49 N.T. N.T.
\

N
z 0
__ (e}
5i (26) AN ; 4.00-4.49  4.50-5.49 N.T. N.T.
o}
N
Z20) o
6i (81) §_<HNJ§ >5.50 450-5.49  4.00-4.49 <4.00
NH,

o i)

HN”
7i (56) % o <4.00 4.50 - 5.49 N.T. N.T.
/

N.T. = not tested.
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In 2016, Redx Pharma showed in their two applications (W02016051181,%’
W02016059412°%%) that replacing the 1-cyclohexylethan-1-ol moiety by an N-
phenylamine or a phenylether (W02016051181) led to enhanced TDO2 selectivity
and inhibitory potency, with biochemical 1Csos as low as 12 nM (13i, 14i) while
keeping IDO1 inhibition in the low micromolar range (Figure 15). In
WO02016059412, with their series of 6,7-heterocyclic fused 5H-pyrrolo[1,2-
climidazole derivatives, Redx also showed that the replacement of the initial
imidazo(iso)indole scaffold did not allow any gain in potency for TDO2. Their most

potent compound (15i) had an ICso of 101 nM for TDO?2.
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Figure 15. Fused-ring tricyclic derivatives of 4-phenylimidazole. The first series of which
was published by NewLink Genetics.
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In W02017107979,%° Genentech showed that integrating the hydroxyl from the
initial ethan-1-ol moiety into a 4-, 5-, or 6- membered (hetero)cycle leads to a loss
in potency for IDO1 (ECso between 1 and >25 uM), but does not affect the affinity
for TDO2, that remains in the low micromolar range. Their cellular ECsos range
between 0.016 uM (for compound 16i) and >25 uM for the least potent

compounds.

In W02016131381,>’° Shanghai De Novo Pharmatech reported a series of fused-
ring compounds based on the initial imidazoisoindole tricyclic scaffold but
introducing a methylurea linker (Figure 15). Only one data is available for TDO2 in
this application (levogyrous isomer of 17i, 17i (-): ICso < 0.5 uM). As for IDO1, the
most potent compounds had an ICso below 0.05 uM (17i: ICso < 0.05 uM). Finally, in
WO02018082567,%’* the Shanghai Institute of organic chemistry showed that a spiro
cyclobutane linker (18i, 19i) could result in a dual inhibition with biochemical ICses

below 10 uM for both enzymes.

Both SciFluor Life Sciences Inc. and Emcure Pharmaceuticals Ltd. focused on
evaluating the modification of the central ring of the imidazoisoindole. In their
application (US20170121325)?”%, SciFluor reported around 20 compounds with
modified ring systems. Compared to the initial tricyclic scaffold, the modified
analogues with a six-membered central ring did not show an increase in inhibitory

potency (21i) (Figure 15). In W02017149469,%”® Emcure disclosed a series of dual
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IDO1/TDO2 inhibitors in which a cyclisation between the imidazole and the phenyl
group was performed through an amide bond (20i). As compared to NLG919, this
resulted in a loss of potency since these compounds were described with 1Cses in
the low micromolar range (ICso >10 uM). Their most potent TDO2 inhibitor (22i) is

characterised by an enzymatic I1Cso below 1 uM.

In 2020, Parr et al. (Genentech) optimised the tricyclic imidazoisoindole scaffold via
structure-based drug design into TDO2-selective compounds.?’* These rigidified
compounds were up to 85 fold more selective towards TDO2 and had cellular

ECso(TDO2) below 100 nM (Figure 16).

Entry” 20¢ 294
TDO2 ECy, (LM) 0.050 0.054
IDO1 EC,, (1M) 1.4 4.6 4.5

Figure 16. Compounds from Parr et al. that were advanced on to mouse in vivo studies.
%Entry numbers are from Parr et al. publication.?’
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1.7.3.2. Benzofuranes, benzothiophenes and their aza analogues
(thieno[2,3-c]pyridines, furo[2,3-c]pyridines)

In 2014, Curadev Pharma published an application (W02014186035)%’° reporting a
series of benzofurans and benzothiophenes derivatives as IDO1 and/or TDO2

inhibitors (Figure 17).

X X X
Xi oyt Xi pNt Xi yN°
X2 Xz Xz
X
[ N—NH, N—NH, N—NH,
Z 0 NC o Xy S
Xa Xa X,
X X
X gt X¢ wN?
Ko A BN
[ N NH, \ N NH,
s =8
X3 X3

Figure 17. Pharmacophores of heterocyclic IDO1 and TDO2 inhibitors disclosed in
W02014186035 by Curadev Pharma.

All the compounds were tested in a cellular assay with A'TDO2-transfected CHO-K1
cells. The most potent compounds demonstrated an ICso below 500 nM on TDO2
and under 200 nM on IDO1 (Table 2). Compounds bearing an ortho-substituted
phenyl ring were usually found to be less active than other analogues. Moreover,
when the phenyl was para-substituted with larger groups such as phenyl or

morpholine, a decrease in potency was noted.
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Table 2. Heterocyclic IDO1/TDO2 inhibitors from W02014186035. Compounds’ humber in

patent is indicated in parenthesis.

Cellular ICso (nM)

N Structure TDO2 (CHO-K1)  IDO1 (Hela)
23i (3) HN@ <500 <200
X
\
F
HN
2i(66) N, cl <500 <200
=0
F
HN
R N Cl
25i (81) %\r} NFz <500 <200
F
HN
26i (103) ,(;f}wz cl <500 <200
=
N
F
HN
27i(117) % cl <500 <200

N—NH,
S
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1.7.3.3. Indol-3-yl derivatives

Several companies have filed applications on various indol-3-yl-based compounds.

This scaffold is present in the first ever-described TDO2 inhibitors, the fluoroindoles

680C91 and LM10 (and analogues).

iTEOS therapeutics reported several series of compounds based on the indol-3-yl
scaffold (Figure 18). In 2015, they published the first applications focused on

targeting hTDO?2 selectively.

US2018222862
Q\
US2015225367 o NH
W02015067782 A Ry Sy

Ny N { 0
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Figure 18. TDO2 inhibitors scaffolds patented by iTEOS in W02015067782, US2015225367,
US2018222862 and W02015140717.

In W02015067782>’® and US2015225367°’7, they reported two series, each
comprising around 100 compounds based on 4-(indol-3-yl)-pyrazole (Table 3) and

3-(indol-3-yl)-pyridine scaffold (Table 4). The 4-(indol-3-yl)-pyrazoles (113
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compounds) show enzymatic ICsos in the low micromolar range, usually between 1

and 10 uM, while 18 of them are reported as having an ICso below 1 uM. The 3-

(indol-3-yl)-pyridines have a similar affinity, with ICsos ranging between 0.29 uM

and 39000 uM.

Table 3. Representative compounds from WO02015067782, published by iTEOS.
Compounds’ number in the patent is indicated in parenthesis.

No

Structure

1Cso0 (M)
Enzyme Cell (P815)

28i (2)

29i (7)

30i (16)

31i (33)

32i (55)

z
/

<1 <1

<1 <1

10-100 N.T.

<1 N.T.
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33i (56)

34i (70) <1

35i (112) = <1

10-100

<1

<1

N.T. = not tested.
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Table 4. Representative compounds from WO02015067782, published by
Compounds’ number in patent is indicated in parenthesis.

: ICs0 (NM)
N Structure Enzyme Cell (A172)
'/“ N\
36i (1) — 370 180
N\
0/// A
37i (4) //\N 39000 680
N\
(o]
o
J N
38i (9) B 540 210
\\
F N
(o]
HN-$=0
O
N
39i (14) N— 970 610
/
N\
F N
OH
i
40i (27) J N 490 190
N\
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41i (49) 11000 N.T
{ T
F N
(\NH
NN
NN
42i (78) (_ 16000 N.T.
A
F N

N.T. = not tested.

In W02015140717,77® iTEOS reported another series of 3-indol substituted
derivatives containing benzene-fused heterocycles (such as benzimidazoles or
benzisoxazoles) as shown in Table 5, with enzymatic I1Cso ranging on average in the
low micromolar range as the previous two series of compounds. They later
published US2018222862,%’° another TDO2 targeted patent, describing a series of
3-indol substituted compounds bearing a phenylsulfonamide moiety, with

enzymatic activities (ICso) between 120 nM (47i, 48i) and 4700 nM (Figure 19).
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Table 5. 3-indole substituted derivatives from W02015140717 (iTEOS). In the enzymatic
assay, compound 25 was the most potent compound of the series. The highest enzymatic
ICso was measured for compound 7. Compounds’ number in the patent is indicated in
parenthesis.

ICs0 (nM)
N° Structure Cell
Enzyme P815 A1l172
HN\(O
NH
43i (65) O N.T. 109 335
N

N
44i (7) O U@/ 13770 NT.  N.T.

45i (10) N.T. N.T. 442

N
7
==
46i (20) O 421 N.T. 169
A\
N

N.T. = not tested.

The Netherlands Translational Research Center published in W02018011227,%° a
series of substituted 3-phenyl-1H-indole derivatives as selective TDO2 inhibitors.
The measured ICso values of these compounds were all found to be below 5 uM in
the biochemical assay, but most compounds had a measured ICsoof < 1 uM (e.g.
52i, 53i, and 54i) (Figure 19). In the cellular assay, all the ICso were between 200 nM
and 2 uM.
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Figure 19. Inhibitors based on an indole-based pharmacophore, representative of
publications from iTEOS (US2018222862), I0met (W02015082499 and W02015150097)
and the Netherlands Translational Research Center (W02018011227).

In the same year as the first iTEOQS' patents, IOmet published W02015082499,2%!
disclosing a series of 4-(indol-3-yl)-3,6-dihydro-2H-pyridines as potential IDO1 and
TDO2 inhibitors (Figure 19). 319 compounds were exemplified, among these; most

of them are inhibitors of TDO2 in the low micromolar range (e.g. 49i, 50i) while only

79



one of them has shown an inhibitory potency below 100 uM on IDO1 in a
biochemical assay (51i, pICso IDO1: 4 —4.99 TDO: <4.00). Using the cell-based assay
for detection of kynurenine with Ehrlich's reagent, the best compounds had an I1Cso
below the micromolar for TDO2 (on glioblastoma A172 cells) (e.g. 55i, 56i and 57i)
and between 1 and 10 uM for IDO1 (ovarian carcinoma SKOV3 cells). In the same
year, they reported in W02015150097%? a series of 275 indole-2-carboxamides.
These compounds were tested using the same cell types and cell-based assay. No
biochemical results were reported. These compounds inhibited IDO1 more potently
than TDO2 in the cell-based assay. Indeed, 57 % of the reported molecules had a
measured plCso above 5.50 for IDO1, while only 9 (e.g. 55i, 56i and 57i) compounds

were reported as having this potency on TDO2.

1.7.3.4. Isoquinoline derivatives

In W02016071283,%% I0met/Merck reported 58 compounds with an isoquinoline
or tetrahydroisoquinoline as a core structure with inhibitory potency similar to their
previous publications. 61i and 62i showed a promising dual inhibition in the cellular
assay compounds, with 1Cso of below 3 uM on both enzymes (Table 6). Most
substitutions are in position 5. Several analogues were synthesised with an 8-
substitution, but their inhibitory potency was below their 5-substituted analogues.
There is biochemical data for 11 compounds. Among them, compound 6i had the
best results, with < 3 uM ICsp on both enzymes; however, it did not perform well in

the cellular assay with ICso on TDO2 between 30 and 100 uM.
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Table 6. Representative N-(isoquinolin-5-yl)sulfonamides and an N-(tetrahydroisoquinolin-
5-yl)sulfonamide (65i) published by IOmet Pharmain W02016071283. Compounds’ number
in the patent is indicated in parenthesis.

Cellular plCso

N Structure TDO2 (A172)  IDO1 (SKOV3)
60i (9) HNJ\S\b >5.50 4.50-5.49
=
N
o [
NS o~
61i (14) b >5.50 4.50 - 5.49
=
N
O\
o [I
5 o~
62i (18) HN"% <4.00 4.00 — 4.49
=
N NS
(0]
o L)
s o}
63i (19) HN" >5.50 >5.50
=
N
o [
HN)S\b >5.50 25.50
64i(20)
N
o [
65i (50) S <4.00 >5.50
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1.7.3.5. Imidazopyridines

BeiGene published US20180072716%* in early 2018, reporting 5 or 8-substituted
imidazo[1, 5-alpyridines derivatives as inhibitors of IDO1 and/or TDO2 (Table 7).
Around 150 compounds are exemplified. The most promising compounds show
potency in the low nanomolar range for both enzymes; some of the compounds are
more selective towards IDO1. The binding of one of the analogues (66i), which is
the most promising dual inhibitor of this series with 1Csp of 9.6 nM on IDO1 and 29
nM on TDO2, was confirmed by co-crystallisation with IDO1. The compound was
shown to bind in the active site. The imidazole part interacts with the iron atom of

the heme, while the hydroxyl interacts with heme propionate.

Compounds substituted in position 7 of the imidazo[1, 5-a]pyridine seem to have
anincreased affinity for TDO2 (Cl > Br > CFs), while a substituent bigger than fluorine
in position 6, leads to a lower TDO2 affinity. A cyclopentane instead of cyclohexane
seems to favour the inhibitory activity on TDO2, while not changing the inhibition
of IDO1. As for dual inhibition, compounds having chlorine in position 7 present the
best dual profile. The stereochemistry of the chiral centre seems important; S

conformation is more potent than R for both enzymes.
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Table 7. Imidazopyridines from US20180072716, published by BeiGene. Compounds’
number in the patent is indicated in parenthesis.

Cellular ICso (nM)

N Structure 1002 IDO1
66i (A101a) 29 9.6
67i (A101) 68 29
Cl
&
/>N
68i (A116) =/ H 270 7.5
Br
]
. >N
69i (A118) ) L 5700 15
70i (A103) 22 22
71i (A148) 420 39
72i (A149) 160 35
73i (A150) 200 130
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1.7.3.6. Isoxazolopyridines

In WO20160242332%%> and W02017034420%%¢, Auckland Uniservices Ltd. disclosed
around a hundred and twenty compounds with [1,2]-oxazolo[5,4-b]pyridine
(isoxazolo[5,4-b]pyridin-3-amine) as a core scaffold. Their application is focused on
IDO1 inhibition, though data regarding TDO2 inhibition is available for five

compounds (Table 8).

Table 8. Compounds for which data regarding TDO2 inhibition are reported. 74i, 75i, 76i,
and 77i are from W02016024233, 78i and 79i are from W02017034420. Compounds’
number in the patent is indicated in parenthesis.

Cellular ICso (uM)

N Structure TDO2 IDO1

NH,
74i (3) A A 10 - 100 <1
N
\N/ o
NH,
75i(11) ‘ AN <1 <1

—

cl- N7 0
NH,
F

76i (66) mh, <1 <1

—

cl- N7 0
NH,
F4CO A
77i (89) @O m'“ 10 - 100 10 - 100

o
0
78i (4) C'fr\(N 10-100 <1
NZ 0

o)
a4 /®/CF3
79i (15) leﬁ N 10-100  10-100
N
\N/ o
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1.7.3.7. Tryptanthrin derivatives

Derivatives of the tryptanthrin alkaloid were initially reported as IDO1 inhibitors in
2013, before being published as dual acting compounds in 2018.287-2%0 Starting from
the initial scaffold 80i (Table 9), variously substituted analogues were reported (i.e.
81i, 82i).288289291 These series demonstrated an uncompetitive or mixed-
uncompetitive mode of inhibition, enzymatic ICso below the micromolar. According
to the predicted binding modes, the oxygen atom of the five-membered ring
coordinates the heme iron, while the rest of the compound interacts with

hydrophobic residues of the active site.2%

Table 9. Representative tryptanthrin and 1-phenyl-1H-naphtho[2,3-d][1,2,3]triazole-4,9-
dione derivatives. |Cso(cell) of compounds 80i and 81i were evaluated in HEK293 cells.?87:288
ICso(cell) of compound 82i was evaluated in Hela cells.?!

R ICso(enz) (uM) 1Cso(cell) (uM)
N Structure TDO2 IDO1  TDO2  IDO1
(@]
80i ©\)LN 3.94 715 0140  0.054
N/
(@]
N Br
81i ) 0937 0574 0053  0.054
N
(@] (@]

F
82i HJK@\)L/N 0.06 0.46 N.T. 0.16
N
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1.7.4. Overview regarding TDO2 inhibition

The search for TDO2 inhibitors expanded very quickly in the last few years, after
the demonstrations regarding the benefit of TDO2 inhibition to reverse tumoural
immune resistance.’”* Additionally, encouraging early clinical outcomes for IDO1
inhibitors further contributed to an eager development of IDO1 and TDO2
inhibitors. In 2014, it led NewLink Genetics to publish the first application focusing
on both IDO1 and TDO2 inhibition, in which they expanded their claims regarding
their fused tricyclic imidazoisoindoles derivatives to include TDO2 as its other
target.  Afterwards, new programs were quickly launched by numerous
pharmaceutical companies, resulting in the discovery of the following chemical
classes of TDO2 inhibitors: 1) Phenylimidazole analogues and its fused-ring
derivatives Il) Benzofuranes, benzothiophenes and their aza analogues (thieno[2,3-
c]pyridines, furo[2,3-c]pyridines) Ill) Indol-3-yl derivatives IV) Isoquinolines V)
Imidazopyridines, VI) Isoxazolopyridines and VII) Tryptanthrin derivatives. Among
these categories, the indol-3-yl derivatives were the only ones to exhibit inhibition
exclusively on TDO2 and to be patented as selective TDO2 inhibitors. However,
despite their selectivity, these molecules were often found to be of lower affinity,
with ICsos usually fell in the high-nanomolar/low-micromolar range. Conclusively,

existing TDO2 inhibitors remain of limited structural diversity.

The development of potent TDO2 inhibitors may, however, turn out to be

challenging. Indeed, the active site of TDO2 in the neighbourhood of the heme
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prosthetic group is characterised by its lipophilicity and its relatively small size,
which might restraint the chemical diversity of substituents, as shown by Dolusic et
GI.292

Finally, the vast majority of TDO2 inhibitors are little documented and concentrated
in patents, with often unavailable enzymatic inhibition values and chemical
modulations that would allow the obtention of SARs. Though, the design of future

potent TDO2 inhibitors would undeniably benefit from such data.
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2. OBJECTIVES AND STRATEGY

The main objective of this thesis is the discovery of new TDO2-selective or

IDO1/TDO2 dual-acting inhibitory scaffolds.

As previously stated, there are few SARs data studies performed on series of TDO2
inhibitors, resulting in a poor understanding of what affects TDO2 affinity and

binding.

As a starting point for the rational part of this work, we used the structures 680C91,
LM10 and the previously established SARs for 3-(2-(pyridyl)ethenyl)indole scaffold
(Figure 20).%3 In these previously obtained results, the inhibitory potency could not
be much improved to reach a cellular efficacy below the uM threshold.
Furthermore, a replacement for the electrophilic vinyl linker could not be found.
This moiety is prone to chemical instability (trans-cis isomerization) and could
potentially result in side reactions (Michael acceptor) and metabolic liabilities.?>* To
summarise, all investigated replacements of indole moiety led to inactive
compounds, even when changes were minor (5-azaindole or indazole). Moreover,
the nitrogen of the indole group should remain free, and only the substitution in C5
or C6 with small lipophilic substituents such as fluorine led to increased potency.
As suggested by molecular docking, the 3-pyridyl group of 680C91 is located in the
vicinity of Argl44 guanidinium. Coherently, the replacement of this 3-pyridyl with

H-bond acceptors or negatively charged groups provided more soluble compounds
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that could be further stabilised in the TDO2 binding cleft through ionic
interactions.?>® Replacement of the trans-vinyl linker to longer, shorter, or a more
flexible ethyl spacer resulted in inactive or poorly active derivatives. Thus, it
appeared that TDO2 was particularly susceptible to minor modifications of the
inhibitor. Recent crystallographic studies revealed that the active site of hTDO2

was, in fact, more rigid than that of hIDO1, which has a broader substrate

specificity.?%
A Length modifi.cation N
/ N or saturation fre— . g MN=N
-bond acceptors an N |
otenc
— P Y ‘ R" & interact witl; L-Arg N\_NH
t
— 5- and 6- fluorine - _/ potency —
potencyf
X
N > R'_: N > A\
N Z N N
F H . . TR} . H . F H
680C91 Crucial for inhibitory activity Should remain free LM10
K; 0.88 uM? IC50,,, 7.27 uM
IC50,,; 0.28 uM? IC50, 2,77 UM
‘Bioavailability fBioavaiIabiIity
;Solubility fSqubmty

Figure 20. Structure-activity relationship data previously obtained by Dolusic et al. starting
from 680C91 and leading to the optimised compound LM10.
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In the present work, to optimise the previous series and further expand SARs data
for TDO2 and provide a better molecular framework for TDO2 inhibitors, we
designed a fused-cycle scaffold that would theoretically result in compounds with

enhanced stability.

We reasoned that the rigidification of the lateral trans-vinyl present in the 680C91
and LM10 scaffolds could improve the TDO2 inhibitory potency by conformational
restriction and provide a molecular template devoid of chemical liabilities (Figure
21). Moreover, several fused-cycle scaffolds were previously reported in a patent
regarding TDO2 inhibitors, suggesting that such rigidification could lead to potent
TDO2 inhibitors.?’® This strategy would result in the synthesis of the benzotriazole
moiety depicted in Figure (Figure 21.1). Following this cyclization, our optimization
included benzotriazole substitutions with various side chains to probe TDO2 active-
site while considering the potency and physicochemical characteristics of the
studied compounds. Next, we further modulated the benzotriazole ring by (1)
replacement with a triazolo-pyridine scaffold and (2) substitution on the 6-
membered ring of the benzotriazole. This work constitutes the 2" chapter of this

thesis.

Finally, we decided to further study this scaffold by replacing the benzotriazole

central nitrogen with elements from the chalcogen periodic table group and
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studying their bioisostery regarding target affinity, cellular toxicity and metabolic

stability. (Figure 21.2). This work constitutes the 3™ chapter of this thesis.

The evaluation of the potential TDO2 inhibitors required the production of human
TDO2 and the setup of an enzymatic assay. These data are described in the first and

following chapter.

N-substitution variation
Assessment of position influence
and substituentnature

A
/

6-membered ring variations
Pyridine variant, nitro and
amine moieties

Conformational
restriction
4

........................... > N
X H
X=ForH
Projection of 2
; Hydrophobic/hydrophilic i
moieties
Nitrogen replacement N"\"

by chalcogen atoms
Bioisosterism study
between O, S and Se

Figure 21. Molecular modelling of LM10 inside hTDO2 active site (PDB code 5TI9) and the
two rational design strategies explored during this PhD thesis.
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3. CHAPTER 1: ENZYME PRODUCTION,
PURIFICATION AND ENZYMATIC ASSAY SETUP

In the early beginning of this project, full-length (His-tag) recombinant hTDO2
(hTDO2fl) was purified and initially used for evaluation. Unfortunately, several
drawbacks prevented its use during the whole duration of the project. Firstly, the
purification yield was relatively modest at around 3 mg/litre of culture. Common
issues described regarding hTDO2fl production include a high tendency to
aggregate in free solution and form inclusion bodies when expressed in Escherichia
coli.?% Moreover, purified hTDO2fl displayed poor stability after storage due to a
loss of activity over freezing. Indeed, thawed aliquots of hTDO2fl did not present a
thermal unfolding profile in Nanoscale Differential Scanning Fluorimetry
(NanoDSF), suggesting that the enzyme was not correctly folded. NanoDSF is a
fluorescence-based assay used to characterise protein thermal stability and folding
integrity.’®® NanoDSF measures the changes in protein intrinsic fluorescence
intensity ratio (350:330 nm) as a function of temperature. The resulting
thermogram is a plot of the intrinsic fluorescence intensity ratio or its first
derivative as a function of temperature. Ultimately, NanoDSF allows the obtention
of the unfolding temperature of the tested protein in given conditions.?®? Finally,
full-length ATDO2 purity was insufficient for the envisioned biophysical

experiments and evaluation (~70%) (Figure 22a).
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To palliate the issues mentioned above, a truncated version of hTDO2 (hTDO2tr)
was produced and used for all assays and evaluations of the work presented herein.
The sequence of hTDO2tr corresponds to hTDO2fl truncated for residues 1-17 and
389-406. This sequence was first described by Batabyal and Yeh?® and corresponds
to a deletion of residues that are not present in bacterial TDOs indicating that they

are not critical for the structure and function of hTDO2.

A pET-28 vector coding hTDO2tr was designed and transferred into the E. coli strain
BL21 (DE3) (Rosetta). The expression of hTDO2tr was induced by isopropyl 1-thio
galacto-pyranoside (IPTG) and cultured with a final hemin concentration of 10 uM
to ensure complete heme integration, as previously suggested in the literature.?®
Protein purification carried out using immobilised metal affinity chromatography
(IMAC) to yield a highly pure (Figure 22b) and enzymatically active hTDO2tr, with a
high vyield of 60 mg per litre of culture. The obtained enzyme was catalytically
active, presented a similar Km that the reported Km of the full-length version.

Furthermore, it presented a sharp transition in nanoDSF, indicating the high

homogeneity of the sample (Figure 22c).
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Figure 22. (a) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of
purified hTDO2fl (right) with molecular weight standard (left) (b) SDS-PAGE of purified
hTDO2tr (right) with molecular weight standard (left). (c) Nano Differential Scanning
Fluorimetry (nanoDSF) showing a melting temperature of 56.0 °C for the produced hTDO2tr.

Concerning IDO1, we relied on a batch of enzyme kindly provided by the Ludwig

Institute for Cancer Research (LICR).

Regarding the enzymatic evaluation, we optimised and applied the most commonly
described assay for IDO1 and TDO2 activity. This assay follows the formation of the
enzymatic product NFK after hydrolysis with trichloroacetic acid (TCA) into KYN and
reaction with DMAB (Figure 23) to provide a Schiff base that we monitor by

measuring the absorbance at 490 nm.2>%%%

L- Trp Schiff base
NH O COOH
° NH
_p P 2
ID01 NH, NA©\
N/

TDO2

Figure 23. Principle of the enzymatic assay used for compound evaluation.
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The recommended concentrations of components were used as a base for the
optimization of the incubation medium.?® The fine-tuning of these conditions
included the assessment of sensitivity to the presence of co-solvents that were
essential for solubilising lipophilic scaffolds. Initially, we evaluated the effect of
dimethylsulfoxide (DMSO). We noted that while hIDO1 activity was not influenced
by the presence of DMSO up to 5 %, hTDO2tr demonstrated a dose-dependent
sensitivity (Figure 24a). However, in nanoDSF, the addition of DMSO showed a
decrease in hTDO2tr melting temperature without impacting the overall profile of
denaturation (Figure 24c). These similar profiles suggested that when needed, the
use of DMSO could be considered. Nonetheless, we decided to test other potential
co-solvents and showed that the use of ethanol and methanol could be tolerated

at 5 % (Figure 24b).
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Figure 24. Solvent tolerance for hTDO2tr. (a) DMSO has a concentration dependent
influence on hTDO2tr catalytic activity in the spectrophotometric assay. (b) Ethanol and
methanol did not impact the activity of hTDO2tr. Acetonitrile was deleterious at 5%. (c) The
addition of DMSO has a slight impact on stability in nanoDSF but does not seem to disturb
the proper folding.
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Next, we set out to measure the Km of the enzymes (Figure 25) to identify the
optimal L-Trp concentrations for the evaluation of competitive inhibitors. The Km
values were close to the ones previously reported in the literature, with ~47 uM

for hIDO1 and ~105 uM for hTDO2tr.
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Figure 25. Above: Km determination for hIDO1 and hTDO2tr. Below: Product formation vs
time graphs for hIDO1 and hTDO2tr.

Finally, we evaluated the optimum time of incubation before quenching the
reaction with TCA. To achieve maximal sensitivity, we selected an early time of
incubation to allow for a linear relationship between time and product formation.
Final conditions are summarised in Table 10. These optimised conditions were used
to evaluate the compounds described in the following chapters. For more clarity,

hTDO2tr is referred to as hTDO2 in the rest of this work.
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Table 10. Final conditions of the spectrophotometric assay for hIDO1 and hTDO2tr.

Variable hiDO1 hTDO2
IDO1/TDO2 ~30nM ~80nM
L-Tryptophan 60 uM 100 uMm
Sodium L-ascorbate 20 mM
Methylene blue 10uM
Catalase ~200 nM
Buffer KH,PO,/K,HPO,
100 mM, pH 6.5
Detergent Triton X-100 0.01 %
Duration 8 min. 18 min.
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4. CHAPTER 2: RATIONAL DESIGN OF ORIGINAL
FUSED-CYCLE SELECTIVE INHIBITORS OF TDO2

This chapter is based on the following manuscript: Kozlova, A.; Thabault, L.; Liberelle, M.;
Klaessens, S.; Prévost, J.R.C.; Pilotte, L.; Stroobant, V.; Van den Eynde, B.; Frédérick, R.
Rational Design of Original Fused-cycle Selective Inhibitors of Tryptophan 2,3-Dioxygenase,
2021. DOI: 10.1021/acs.jmedchem.1c00323

4.1. Design of TDO2 Inhibitors

To investigate our rigidification hypothesis, we synthesised several fused-cycle
analogues of 680C91 and LM10 (1 - 6, Table 11). As indicated by our previous
results, fluorine substitution in the 6-position of the indole usually leads to a slight
increase in TDO2 inhibitory potency.?®> However, we first decided to avoid 6-
fluorine derivatives as their synthesis resulted, in our experience, to lower yields
compared to their non-fluorinated counterparts. Evaluation of these compounds in
enzyme and cell-based assays on IDO1 and TDO2 demonstrated their ability to
selectively inhibit TDO2. Interestingly, inhibition data on isolated enzyme assay
often lacks for reported TDO?2 inhibitors. Indeed, several reported series of TDO2
inhibitors were characterised only by cell-based inhibition assays, limiting the SARs
understanding and hence the future development of inhibitors.?’#?%> We used the
most commonly described assay for IDO1/TDO2 activity which follows the
formation of the enzymatic product NFK after hydrolysis with trichloroacetic acid

and reaction with DMAB.%%%%* Regarding cell-based evaluation, we used a
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previously described assay using hTDO2-expressing P815B murine mastocytoma

cell line.”?

Compounds 1 to 6 all exhibited low uM range enzymatic ICsgs and mid-nanomolar
(nM) to low uM activities in cells. Interestingly, these compounds also presented

very low cellular toxicity, as assessed by our MTS assay (Table 11).

Table 11. 680C91, LM10 and their fused-cycle analogues (1 — 6) with their inhibition data.

i of of of of of ot

ssncsl me
hTDO2 IC50,,° Ki 0.887 (6.1-8.7) [5.6-7.] [4.9-6.6] [12.8-16.9] [21.2 32.6 [12.7 22.9] [2.0 3.4]
(kM) ies0,,, 0.287 [1.74-6.62) [0.07-0.12) (0.10-0.14] [0.27-0.40] [0.49 - 0.66] [0.83-1.16] [0.70-1.02]
g :ﬁ:f,';; e i NI N NI Ni NI NI
LD50? (M) > 807 >100 >20 >30 >100 >100 >30 >100
cLogD, 3.34 0.15 3.49 3.49 3.17 3.17 2.60 3.01
LLE 272 4,99 176 175 167 1.46 2.18 2.56
LE 0.46 0.41 0.38 0.38 0.35 0.33 033 0.42

@95 % confidence intervals. Reported ICso values are calculated from measurements
performed in triplicates, in at least two separate experiments. ° Toxicity was determined
using an MTS assay on P815B cell. ¢LogD7.« were calculated using Chemicalize. ¢ Previously
obtained data from Pilotte et al.}”*¢ NI: No inhibition.

To rank and compare these initial hits, we normalised their respective affinities
using ligand efficiency (LE: 1.4(-loglCso)/(heavy atom count)) and lipophilic ligand
efficiency (LLE: plCso— clogD7.4) metrics.?°®2%” These values allow us to consider both
activity and lipophilicity,? an equally important attribute in drug design affecting

ligand association and ADME properties.?®
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Isoquinoline analogues 1 and 2 were the most active compounds in cells, whereas
quinazolines (3, 4) showed a loss in their potency and LE/LLE values. Despite being
less potent in cells than 1 and 2, hit compound 6, bearing a triazole moiety, had the
lowest ICso(enz) on hTDO2, and overall more favourable metrics due to its higher
hydrophilicity and heteroatoms count. In addition to the absence of cell toxicity
even at high concentrations (> 100 uM), incubation of cells with 6 did not affect the
cell cycle distribution, which was determined by flow cytometry with propidium

iodide DNA staining (PI) (Figure 26).
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Figure 26. Evaluation of influence of compound 6 (5-(1H-indol-3-yl)-1H-
benzo[d][1,2,3]triazole) on P815B cell cycle. Cell cycle phase distribution was determined
at 6h and 12 h by flow cytometry. The bar diagram represents the distribution of cells in
different phases of the cell cycle.
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Evaluation of hTDO2 inhibition by 6 demonstrated an ICso(Clssy) of 2.7 uM in the
enzymatic assay (ICso(enz)) and 0.8 uM in cell-based settings (ICso(cell)), while LM10
had an ICso (enz) of 7.3 uM and an ICso (cell) of 2.8 uM. Consequently, we decided
to use 6 as a starting point for designing variously N-substituted original indole 3-
benzotriazoles. However, compound 6 displayed worsened parameters (LLE = 2.56,
cLogD7.4=3.01) compared to LM10 (LLE=4.99, cLogD;4=0.15) due to the loss of the
tetrazole function, ionised at the physiological pH of 7.4. Thus, our optimization
included benzotriazole substitutions of various hydrophobicity ranges to probe
TDO2 inhibition while considering their potency and physicochemical
characteristics. Then, we further modulated the benzotriazole ring by (i)
replacement with a triazolo-pyridine scaffold and (ii) substitution on the 6-

membered ring of the benzotriazole (Figure 27).

N-substitution variation
Assessment of position influence
and substituent nature

Figure 27. Molecular modelling of 6 inside hTDO2 active site (PDB code 5TI9) and
envisioned modulations around this scaffold.
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4.2. Structure-Activity Relationships of Benzotriazole
Analogues

We next synthesised a chemical library of benzotriazole analogues and evaluated
the synthesised compounds for their ability to inhibit TDO2 both in vitro, using a
purified truncated form of TDO2, and in cellulo using TDO2-expressing P815B
cells.?® To remain under initial velocity conditions, the assay was optimised so that
cells consume less than 25 % of the available L-Trp (Figure 28). The same evaluation
was performed on IDO1 to assess the selectivity towards TDO2 and demonstrated

that none of these compounds could inhibit IDO1 (data not shown).

S Time L-Trp 1C50
2 100 (h) cons. (uM)
>

= 3 6% 0.29
g o

&8 17% 0.14
o 50

P 37% 0.22
m

3 16 95% 1.01
o

14 0

Log [M] of compound 6

Figure 28. Influence of incubation time and L-Trp consumption of P815B cells on the
observed ICso of compound 6. After 3 hours, the system is too noisy, giving the impression
of a lower plateau. Around 6 hours is the optimal incubation time in the initial velocity
conditions. After 16 hours, almost all L-Trp was consumed, and the inhibition curve has
shifted. Performed in duplicates (n=2).
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The active site of TDO2 is highly hydrophobic and relatively small, suggesting that
an increase in potency could be achieved by adding lipophilic substituents to the
initial scaffold of 6 (ICso(enz): 2.7 uM/ ICso(cell): 0.8 uM). To that end, we examined
if the N-alkylation of the benzotriazole moiety would result in more potent
compounds. Interestingly, The N-methyl analogues (7, 8, 9) displayed a significant
gain in 1Cso(cell) (up to 5-fold for 7) compared to their parent compound 6, while
maintaining a similar ICso(enz) (Table 12). These results can be explained by the
increase in the LogD7.4value resulting from the N-methylation. For SARs purposes,
we next took an interest in further modifying the N-methyl analogues (7, 8, 9). We
thus synthesised and evaluated compounds 10 to 16, modified on the 6-membered
ring of the benzotriazole. Our docking studies suggested that molecules 10, 11, 12
could form an H-bond with heme propionate through their aniline. The most potent
molecule remained the N, analogue 10. The affinity of these compounds was not
significantly different from their precursors, but their lower cLogD;.4value resulted
in a better LLE (Table 12). Of note, the replacement of the benzotriazole by a 4-aza-

benzotriazole in compounds 13, 14 and 15, did not result in better activities.

Next, we investigated the impact of bulkier N-chain substituents in N; and Ns
positions of the benzotriazole (compounds 17 to 40). As the N substitution was
poorly available to alkylation, which only occurred through direct methylation of
the benzotriazole, we investigated only N; and Ns substitutions. Lipophilic

substituents such as trifluoroethyl (17, 18) and ethyl-cyclopropyl (19, 20) yielded
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potent compounds, as expected from their higher cLogD;.4. We quickly noticed that
N;-substitution was generally more favorable than Ns for the activity. Interestingly,
this trend was not apparent for the smaller methyl group as compounds 7, 8 and 9
exhibit the same activity. For example, Ni-substitution with a trifluoroethyl (18,
ICso(enz):1.9 uM/ ICso(cell): 0.19 uM) resulted in a 3 to 7-fold increase in activity
compared to N3 substitution of the same moiety (17, I1Cso(enz): 15.0 uM/ I1Cso(cell):
0.44 uM). However, N-substitution by the less lipophilic acetamide moiety (21, 22)
resulted in less potent TDO2 inhibitors with similar affinity, although the N;
substituted compound 22 appeared 2-fold more potent in cells than its isomer.
Surprisingly, their hydrolysed counterparts 23 and 24 displayed a loss of activity in
both cellular and biochemical assays, suggesting that a low membrane permeability
was not the only reason that could account for their poor activity. Compounds 25
and 26, displaying a 2-(dimethylamino)ethyl moiety, shared a similar potency,
perhaps due to the more flexible nature of their N-substituent. A further increase
of N-substituent size with physiologically non-ionised moieties (27 to 32) led to a
systematic loss of activity and an increasing gap between cellular and enzymatic
potencies. Interestingly, the introduction of longer N-substituents with H-bond
donors such as piperidine (33, 34) and pyrrolidine (35, 36) led to a better activity
for N3-substituted compounds. Of note, these compounds had the best LLE values
of all studied compounds due to their predominantly protonated state at

physiological pH, resulting in low cLogD7.4values.
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We also investigated a substitution of the indole ring H¢ to fluorine, with the
synthesis of compounds 8a and 37a. As expected from previous results,*?
substitution with fluorine in this position of the indole was beneficial for the
activity, and compound 37a demonstrated a 5-fold increase in activity in both
cellular and enzymatic assays (ICso(enz): 5.2 uM/ ICso(cell): 0.23 uM) compared to

37 (ICso(enz): 24.9 uM/ 1Cso(cell): 0.74 uM). The same gain in activity occurred for

8ain cells (ICso(enz): 1.1 uM, ICso(cell): 0.02 uM) compared to 8.
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Table 12. Inhibitory affinities (ICso) of compounds against h"TDO2 in the spectrophotometric

assay and P815B cells.

Nt
N
A\
Y H
N3
ICso® (UM
N° Ny X R R 50° (uM) logDra®  LLE LE
Enz. Cell
7 N> 4.0 0.17 3.23 217  0.39
8 N3 3.87 0.22 3.17 224 039
9 N: 6.02 0.38 3.17 2.05  0.38
10 N NH: 3.85 0.42 2.34 3.07 037
11 Ns NH: 5.01 0.98 2.34 296  0.36
12 N NH: CHj 3.93 0.97 2.34 3.07 037
13 N N 13.06 0.48 2.73 215 033
14 N; N 7.83 0.40 2.71 240 035
15 N N 9.08 0.71 2.66 238 035
16 N NO; 1.32¢ 0.54 2.52 336 037
8 N 1.1 0.02 3.31 265 041
17 Ns AN 15.0 0.44 069  0.29
18 N CFa 1.9 0.19 4.13 159  0.34
19  N; \/A 13.5 0.98 05 092 030
20 N 3.9 0.10 ' 146  0.34
21 N3 * ~_CONH 39.7 1.62 L84 256 0.28
2 N 2 36.1 0.68 ' 260  0.28
23 Ns o~ 173.8 NI 476 022
28 N COOH 104.5 NI 100 498 025
25 N | 36.9 1.93 170 273 0.26
26 Ni e~N 24.6 1.64 ' 291 027
27 Ns 0 441 1.86 116  0.25
28 N \/l) 21.9 0.41 3.19 144 0.6
29 N 0 36.9 2.53 081 025
30 N * 21.1 0.50 3.59 1.08 027
31 N3 (\O 118.6 3.73 120 021
32 N */\/N\) 52.6 1.60 2.84 146 0.3
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33
34

35
36

37
38
37a
39

40

OH

17.73
25.51

26.10
45.65

24.9
45.0
5.2
17.0

25.2

0.93
1.15

0.62
1.78

0.74
143
0.23
0.75

2.27

0.50

-0.28

0.96
0.97

1.85

4.25
4.09

4.86
4.62

3.64
3.39
4.32
2.64

2.35

0.26
0.25

0.27
0.26

0.24
0.23
0.28
0.27

0.25
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@ Reported ICso values are calculated from measurements performed in triplicates, in at
least two separate experiments. 95 % confidence intervals of the values can be found in the
Supporting Information. ® LogD7.4 were calculated using Chemicalize. ¢ Residual activity of ~
30 %. INI: no inhibition. Unless indicated otherwise, Y and Rz = H, X = CH.



4.3. STD-NMR Study of Interaction Between the Active
Site and the Inhibitor

To better understand the observed SARs and notably how the nature and
positioning of the lateral N-substituent influenced the binding of the inhibitor inside
the active pocket, we performed epitope mappings on several couples of
regioisomers using saturation transfer difference NMR (STD-NMR). In STD-NMR,
selective saturation of hTDO2 in solutionis transferred to the bound ligand through
intermolecular NOEs between protons of the inhibitor and the active site's
residues. Consequently, the ligand's protons interacting more closely display
intense STD signals, while a decrease in STD intensity correlates with lower
interaction.?®® Due to solubility issues, we focused our investigation on compounds
bearing solubilising moieties to attain a high compound concentration (up to 200
uM) in an aqueous buffer, suitable for the present evaluation. We mapped the
epitopes of regioisomers 25 - 26, 35 - 36 and 31 - 32 (Figure 29). Epitope mapping
of all six compounds suggested that N3-substitutions led to an improper position of
the indole ring compared to N;-substitutions (data regarding compounds 25 - 26
and 35 - 36 can be found in supporting information, Figure S1). Indeed, as pictured
in Figure 29, epitope mapping on the different compounds showed that the indole
ring displays the highest saturation transfer for protons Hs, H¢ and H; (around
100%). Concurrently, co-crystallographic structures of A”TDO2 with L-Trp show that

this part of the indole tightly interacts with a cluster of several hydrophobic
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residues involving L120, F5, Y24, Y27 and L28.2%° |n the case of L-Trp, the indole H,

position is located very close to the heme.??

Compound 32
Residual
(2) glycerol

s

|
L
fl\ i H I .';\] |
‘ ! A\ l I N\
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82 2.0 7.8 7.6 7.4 3.8 3.6 34 3.2
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Figure 29. Epitope mapping for regioisomers 32 (ICso 52.6 uM (enz), 1.6 uM (cell) and 31
(ICs0 118.6 uM (enz), 3.7 uM (cell). One-dimensional NMR H proton spectra (blue) overlaid
with STD spectra (orange). Corresponding compounds are represented above each set of
spectra. Blue circles represent the protons at the designated position(s), with percentages
represent STD intensity of the respective proton(s). Two of the ethylene protons could not
be seen as their shift coincide with the water signal.

Similarly, 26, 36 and 32 all exhibited a saturation transfer of around 90 % for H,.
However, we observed that the less active N; substituted analogues 25, 35 and 31,

systematically displayed a 20 to 30 % decrease in saturation transfer for H;
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compared to their regioisomers substituted in N;. Overall, these results suggest a
shift in the position of the indole core for N3 substituted compounds, resulting in
the misplacement of H,. This apparent shift of the indole position could partially

explain the difference in activity between N; and N3 substituted compounds.

Interestingly, the sidechain of the different isomers always showed a similar and
low saturation transfer compared to the aromatic protons. Therefore, the nature
of the sidechains does not appear to be useful for the interaction with hTDO2,
which opens the door to further modulation to fine-tune this family of inhibitor

physicochemical properties.

4.4. Molecular docking of benzotriazole analogues

Our molecular docking studies suggested two main hindrances for the
accommodation of different ligands in the active site of hTDO2. The first identified
hinder was Argl44, as a shift in its sidechain was required for the binding of the
inhibitors. Displacement of this sidechain increased with the size of the N-
substituent and was more important for N; regioisomers. We noticed that wider
Argl44 shifts correlated with lower enzymatic activity. The second hinder was the
flexible 338 — 346 loop, suggesting that an induced-fit type binding was perhaps
needed for larger compounds. It was previously described that disordering of this

loop allows NFK to diffuse out and enables de binding of a new L-Trp molecule.??®
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Its mobility was particularly noticeable when hTDO2 was co-crystallised with an

NLG919-type analogue, widely opening the active site.?’*

Regioisomers displayed a similar binding pose, as shown in Figure 30 for analogues
17 (ICso(enz): 15.0 uM/ ICso(cell): 0.44 uM) and 18 (ICso(enz): 1.9 uM, ICso(cell): 0.19
uM) with a particularly noticeable affinity difference. However, docking of N;i-
substituted compounds resulted in a more favourable geometry for the indole core
placement. Indeed, Ns-substituted compounds display a shift of the indole core
from the position naturally adopted by the indole of L-Trp, with a shift of C2,
disturbing the interaction with the aromatic hotspots. Regarding compounds
bearing a longer sidechain with an H-bond donor (compounds 33 to 40), our
docking results suggested a possible interaction with the propionate of the heme
or with an H-acceptor sidechain (such as Ser345) from the mobile loop. This
interaction could potentially explain the slightly better activity observed for Ns;

analogues.
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Figure 30. Molecular modelling of regioisomers 17 (pink) and 18 (green), bearing a
trifluoroethyl from the front (a) and the side (b) (PDB code: 5T19).22°

4.5. Phase | metabolic stability and electrophilic
reactivity

The potential reactivity of LM10 as Michael acceptor was assessed with a thiol-
trapping assay using cysteamine as S-nucleophile and compared to that of the
unsubstituted benzotriazole 6.3°3% Following incubation with cysteamine, the H
NMR spectrum of LM10 quickly changed to reveal the apparition of several new
aromatic signals. In contrast, the compound 6 spectrum stayed the same (Figure
31). Accordingly, LC/MS analysis of LM10 ([M + H]*= 230.1) confirmed the
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appearance of a secondary product ([M + H]*= 305.1) upon cysteamine addition

while 6 was not impacted.
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Figure 31. Aromatic regions of *H NMR in DMSO-d6 spectra of 1 mM of LM10 (a) and 6 (c)
before and after (b, d) addition of 10 equivalents of cysteamine. Spectra were recorded 30
minutes after the addition of cysteamine. Spectrum b (LM10 + cysteamine) shows several
new aromatic signals, while proton integrations of compound 6 remain unchanged but

displayed a slight shift in the presence of cysteamine.
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Then, we evaluated the microsomal half-life of LM10 and several representative
benzotriazoles (Table 13). The recovery percentage of LM10 after 24 hours
remained close to the initial concentration. Regarding the present series, we
noticed that the nature of the N-substituent was determinant for the recovery rate
of the compounds. The presence of fluorine on the indole did not impact the
microsomal stability in compounds 8a and 37a compared to their non-fluorinated
analogues. Furthermore, in isomers 37 and 38, the localization of the N-substituent

did not impact the microsomal stability.

Table 13. Microsomal stabilities (half-lives) of representative compounds

o . nat te(min)
Lm0/ / > 1440
6 / H 62
8 N, "CHj 24

8a N, "CHs 22
18 N, *“ " CF, 45
26 N s~ ,L - 43
35 N, ) NH > 1440
37 N, - > 1440
37a N, > 1440
38 N A \) > 1440

1

The stability values were obtained in duplicates in two separate experiments. Graphs of
stability curves can be found in supporting information (Figure S2).
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Overall, these data demonstrate that the structural rigidification results in a
scaffold that does not exhibit Michael acceptor behaviour. Nonetheless, the
microsomal stability studies contrast our initial idea that this template rigidification
would necessarily lead to more metabolically stable compounds. Indeed, the
present series display considerable heterogeneity in metabolic stability, which

appears heavily dependant on the nature of the N-substituent.

4.6. Chemistry of the fused-cycle analogues

The target compounds were synthesised by Suzuki-Miyaura cross-coupling
between halogenated benzotriazole analogues and the appropriate indole boronic
ester. Compounds 1 — 5 were obtained following reaction between brominated
isoquinolines, quinazolines and 42. The synthesis of 680C91-type analogues was
performed using the same strategy, starting from 3 in the cross-coupling reactions
(Scheme 1). Several routes were attempted to synthesise compound 6, bearing an
unsubstituted benzotriazole, leading to the synthetic pathway depicted in Scheme
2. We used p-methoxybenzyl (PMB) as a protecting group for 5-Bromo-
benzotriazole, which led to the formation of two regioisomers. Then, we performed
the cross-coupling using the MIDA boronate 43 following a procedure adapted from
D.M. Knapp et al.>®® The MIDA boronate allows a continuous release of the boronic
acid over several hours. This unique capacity enabled us to obtain the cross-coupled

product with an almost quantitative yield. The cross-coupled intermediate was first
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deprotected from its phenylsulfonyl (SO,Ph) using KOH, after what the PMB was
removed in pure trifluoroacetic acid (TFA) at reflux temperature for 16 hours to
afford 6. We noted that no degradation of the scaffold occurred despite the harsh

basic and acidic conditions of both deprotection.

Two different routes, depicted in Scheme 3 and Scheme 4 were used to synthesise
N-substituted benzotriazoles, either by direct alkylation of commercially available
5-halo-benzotriazole (Scheme 3) or by nucleophilic aromatic substitution starting
from bromofluoronitrobenzene derivatives (Scheme 4), followed by reduction of
the aromatic nitro group and treatment of the resulting compounds by sodium
nitrite in acetic acid to get the final alkylated benzotriazoles (7b — 23b, 18d — 41d).
To assess the substitution influence on the 6-membered ring, we took advantage
of a highly electron-rich position between the halogen and the carbon between the
two cycles to perform nitration using KNOs in H,SO4. A reduction using Fe(s)/NH4Cl

was then performed to reduce the aromatic nitro group (Scheme 5).

The halogenated benzotriazoles (7b — 23b, 18d — 41d) were reacted with indole
derivatives bearing a pinacol or MIDA boronate in the 3-position and a
phenylsulfonyl (SO,Ph) or a tert-butyloxycarbonyl (Boc) as a protecting group to
afford the cross-coupled intermediates (Scheme 6). Finally, the target compounds

7 - 41 were eventually obtained after appropriate deprotection.
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Scheme 1. General synthetic procedure for compounds 1 -5.2

Br \)N —»a’b X\W \)N
X7 R N r X7
- 1 (X=CH) 2 (X=CH)
X =NorCH 3(X=N) 4(X=N)
NH b NH
T U RO
Br N“ o R N“o N

5

a

Reagents and conditions: (a) 3 (1-(phenylsulfonyl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole 42 (1.2 eq), 5 mol % Pd(dppf)Cl2, 10 mol % SPhos, K3PO4 (2.0
eq), Dioxane/H:0 (5:1), 60°C, 3-6h, Under Na. (b) KOH 2.5M in MeOH/H20 (1:1), reflux 30
min. —48h.

Scheme 2. Synthesis of compound 5-(1H-indol-3-yl)-1H-benzotriazole (6).?

PMB PMB

\ H
N s $0,Ph b .
—2 — P —C
N\ N=N N=N
| |
50,Ph N N
s O PMB O “PMB 6
s s
N\ N
50,Ph H

@ Reagents and conditions: (a) 5 mol % Pd(dppf)Cl2, 10 mol % SPhos, K3POs (2.0 eq),
Dioxane/H20 (5:1), 60°C, 6h, Under Na. (b) KOH 2.5M in H20/MeOH (1:1), reflux, 1h. (c) 100
% TFA, reflux, 16h. Overall yield: 24 %
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Scheme 3. Synthetic Routes for the N-substituted 5- and 6-halobenzotriazoles.?

X
a N N\\ A \ z /N\
(I« [ Ix « LI
Y N Yy NF N Y N

8b(Y=C,X=CH) 9b(Y=C,X=CH) T7b(Y=ClX=CH)

J/\/\IN 14b (Y=Br,X=N) 15b(Y=Br,X=N) 13b(Y=Br,X=N)
Y N e
5-Chlorobenzotriazole (Y = C/, X = CH) N N
44 (Y=Br, X=N) /@[ N+ /@[ N
Y N Y N
21b(y=c) N 22b (Y = C))

2Reagents and conditions: (a) Me2S0a4 (1.6 eq), NaOHaq 2M, r.t., 1h30 (b) CICH2CN (1.5 eq),
EtsN, DMF, reflux, 16h.

Scheme 4. Synthetic Route for N-substituted 5-bromobenzotriazoles and 6-
bromobenzotriazoles.?

NO, NO, NO, N
Br«@i — 2 Br@ R — b Br«@[ R —C Br~@[ N
F N~ N~ N
H H

R
R: 6-Br 5-Br 6-Br 5-Br 6-Br 5-Br
2,2,2,-trifluoroethyl 17b (18b 17c¢ |18c 17d (18d
cyclopropylmethyl 19b |20b 19c |20c 19d |20d
2-(dimethylamino)ethy! 25b (26b 25¢ |26¢ 25d |26d
(tetrahydrofuran-2-yl)methyl 27b |28b 27c |28c 27d |28d
(tetrahydrofuran-3-yl)methyl 29b |30b 29c¢ |30c 29d |30d
2-morpholinoethyl 31b |32b 31c |32c 31d |32d
tert-butyl 4-ethylpiperidine-1-carboxylate ~ 33b (34b 33c [34c 33d |34d
tert-butyl 3-ethylpyrrolidine-1-carboxylate  35b |36b 35¢ |36¢ 35d |36d
tert-butyl 4-ethylpiperazine-1-carboxylate ~ 37b |38b 37c |38c 37d |38d
butane-1,2-diol 39b (40b 39c |40c 39d |40d

2Reagents and conditions: (a) primary amine derivative, EtsN (1.3 eq), EtOH or THF, r.t. or
reflux, 30 min. — overnight; (b) Fe) (10 eq), EtOH/H20 (4:1), reflux, 30 min. — overnight; (c)
NaNOz2 (2.5 eq), glacial acetic acid, sonication, r.t., 1h.
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Scheme 5. Synthetic Route for nitration and reduction to anilines of chloro-methyl-
benzotriazoles.?

N N N
=N a ="\ b =\
N— —> N— e N—
~. i ~
cl N cl N cl N

7b NO;  10b NHz  qoc
5 N, a 5 N b 5 N,
cl N —— « \/N ——> I \/N
6 N\ 6 N\ 6 N\
N
8b (6-C/),9b (5-Cl) 0: NH;
11b (6-Ci), 12b (5-Cl) 11c (6-Cl), 12¢ (5-C)

2Reagents and conditions: (a) KNOsz (3.0 eq) in H2S04, 50°C, 1h30 (b) Fe() (10.0 eq),
EtOH/H20 (4:1), reflux, 30 min.

Scheme 6. General synthetic procedure for cross-coupling and deprotection of 6-(1H-
indol-3-yl)-benzotriazole derivatives.?

13 (A=N, R,=H)
7 (X=CH)
10 (X=CH, Ry= NH,)

Y

XN a, blc
— /N_
1 Yy N

R

Ry methyl

14, 15 (X=N, R,=H)

8, 9 (X=CH), 8a (X=CH, X=F)
11,12 (X=CH, R,= NH,)

16 (X=CH, Ry= NO,)

R (X=CH, Ry=H) :
acetamide = 52, 23

acetic acid = 24, 25

13b (X=N, R,=H), Tb (X=CH)
10b (X=CH, Ro= NH,)

Y 2,2, 2-trifluoroethyl = 17, 18
cyclopropylmethyl = 19, 20
AN e 2-(dimethylamino)ethyl = 25, 26
Y1 LN i (tetrahydrofuran-2-yl)methyl = 27, 28
N\ (tetrahydrofuran-3-yl)methyl = 29, 30
R, R 2-morpholinoethyl = 31, 32

4-ethylpiperidine = 33, 34
3-ethylpyrrolidine = 35, 36

N 4-ethylpiperazine = 37, 38, 37a (Y=F)
H butane-1,2-diol = 39, 40

5-Y=9b, 22b (Y = CJ)
18d - 40d (Y = Br)

6-Y=8b, 21b (Y =CJ) Y
17d - 39d (Y = Br)

2Reagents and conditions: (a) Boronic ester derivative (41, 42 or 43) (1.2 - 1.5 eq.), 5 mol

% Pd(dppf)Cl2, 10 mol % SPhos, KsPO4 (2.0 eq), Dioxane/H20 (5:1), 60°C, 3-6h, Under N2. (b)
HCl 4.0 M in MeOH/H20 (1:1), reflux, 30 min. — 5h for Boc deprotection, (c) KOH 2.5M in in
MeOH/H20 (1:1) or 1 M TBAF in THF, reflux 30 min. — 48h. for SO,Ph deprotection.
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4.7. Intermediate conclusion

In this work, we designed a series of original TDO2 inhibitors, devoid of the
potentially problematic vinyl linker of the reference compound LM10. We
evaluated these compounds through a SAR study completed by STD epitope
mapping and stability evaluation. These compounds present a wide range of
lipophilicity and various chemical characteristics, showing the possibility of fine-
tuning these inhibitors' molecular and pharmacokinetic characteristics for potential
ADME purposes. Compared to existing potent TDO2 inhibitors (Figure 32a), the
present series shows similar or slightly better (8a) cellular affinities up to the
nanomolar range (Figure 32b). Previously, we reported that the enzyme seemed to
be susceptible to small modifications of the inhibitor. However, we bring nuance to
that affirmation, as TDO2 appears to allow bulkier substitutions for this series of

compounds.

Interestingly, this series of compounds showed a systematically better activity on
cells than on isolated enzyme. Such difference was previously observed for other
indole-based patented TDO2 inhibitors.?””*’”® Moreover, other previous works
preferred focusing on cellular activities and did not include enzymatic inhibition
values (i.e., preclinical compound PF06845102/E0S200809, evaluated here in the
biochemical assay, Figure 32a).2222742% Different parameters could account for this

discrepancy. Firstly, the enzymatic assay that uses ascorbate, methylene blue, and
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catalase to maintain a reduced state could mimic poorly the physiological protein
environment.3® Furthermore, some inhibitors could also bind to the apo form of

the protein, inhibiting its activity in a way the enzymatic assay would not detect.

Finally, the isoquinolines and quinazolines derivatives reported in this work (1 —5)
also constitute attractive, and highly functionalisable scaffolds for the future

development of TDO2 inhibitors.

a N
O=d
S;_—O
=
2/ A N
N N
(%,NHZ N\
- N
N-O E N
Compound 21° Compound 20¢ Compound 30° PF06845102/E0S200809
hTDO2 ICsg(enz) 0.34uM  ECelcell) TDO20.05uM  ECc,fcell) TDO20.13 uM  ATDO2 ICsfenz)? [3.2 - 3.9] uM
ICsqlcell) 0.077 uM IDO1 1.4 uM IDO1 4.5 uM ICsp(cell)s 0.211 M
cLogD, ;@ -0,47 0.95 0.95 1.56
b Ne -
|
N N
Cr \/\N’\
) O )
N
H
KTDO2 IC5(enz) [1.0- 1.3]’.:M [2.4-8.5] uM
1C5q(cell) [0.003-0.039] um [0.178 - 0.288] uM
cLogD, .7 331 0.97

Figure 32. Examples of potent TDO2 inhibitors (a) and representative examples of the series
developed in the present work (8a and 37a). *LogD7.s were calculated using Chemicalize.?
Compound 21 and its inhibition values are from Peij et al. 2018.253 ‘Compounds 20, 30 and
their inhibition values are from Parr et al.?’* 9Cellular potency of PF06845102/E0S200809
is from Schramme et al. 2020.%22 °The biochemical ICso was measured in the present work.
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5. CHAPTER 3: CHALCOGEN BIOISOSTERIC
REPLACEMENT IN A SERIES OF HETEROCYCLIC
INHIBITORS OF TDO2

This chapter is based on the following manuscript: Kozlova, A.; Thabault, L.; Dauguet N;
Liberelle, M.; Pilotte, L.; Stroobant, V.; Van den Eynde, B.; Frédérick, R. Investigation of
chalcogen bioisosteric replacement in a series of heterocyclic inhibitors of Tryptophan 2,3-
Dioxygenase, 2021.

In this subset of the project, we present and a small series of compounds closely
related to the benzotriazole series, for which we evaluate the impact of oxygen,

Sulphur, selenium bioisosteric replacement.

5.1. Bioisostery in medicinal chemistry

Isosteric replacement is a commonly used strategy in rational drug design. This
strategy assumes that functional groups with similar physicochemical properties
can be interchanged to modulate efficacy, ADME/Tox, and off-target profiles.3%
Atoms from the chalcogen family, oxygen (O), sulfur (S) and selenium (Se), are a
perfect example of this isosteric strategy. While O/S replacements are common in
medicinal chemistry, integrating Se into drug-like structures only recently began to
gain popularity and thus represents an underexplored research area.3®® The
chalcogens share similar physicochemical properties and identical functional group
types but present some notable differences. Indeed, the gradual increase in the
atom size, particularly evident between O and S, results in lower electronegativity

(respectively 3.44 and 2.58) and greater polarizability (Figure 33).37 In turn, these
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parameters lead to higher reactivity due to weaker bonding.3®® Moreover, the
higher electronegativity of O allows it to be a great hydrogen bond acceptor.
However, although they were long overlooked as hydrogen-bond acceptors, S and
Se can also participate in hydrogen bonding interactions.?*3% Finally, S and Se also
have a more extensive range of oxidation states than O, allowing them to

participate in various redox reactions.3!

16
Se
0 3§06 78.86

Atomic radius (emp.) 60 100 115
van der Waals radius 152 180 190
Electronegativity 3,44 2,58 2,55

Figure 33. Comparison of oxygen, sulfur and selenium atoms. Radii are expressed in
picometers. Atomic radii values are empirical.307:312

Se is a toxic yet essential trace element crucial for the regulation of cellular
antioxidant systems.3™ It naturally occurs in the form of selenomethionine (Sem)
or selenocysteine (Sec). The latter is present in the active sites of selenoproteins
such as glutathione peroxidase (GPXs), thioredoxin reductase (TRXRs) and
selenoprotein P (Sepp1).3** Selenoproteins rely on dietary Se intake and a common
set of cofactors for their synthesis.3*® Se deficiency is associated with numerous
diseases and conditions, including neuromuscular and cardiovascular disorders,

inflammation, neurodegeneration, endocrine disorders and higher cancer
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incidence and mortality rates.3?

It is thus not surprising that even despite the
underwhelming outcomes of the Selenium and Vitamin E Cancer Prevention Trial
(SELECT) a few years ago, many efforts aimed at designing and developing
pharmaceutical agents that are Se-based or that target specific aspects of Se

metabolism.31%317 Today Se continues to draw interest in medicinal chemistry.318

The clinical drug ebselen (2-phenyl-1,2-benzoselenazol-3-one, Figure 34),
evaluated for different applications and diseases, is the most famous example of a
Se-containing compound administered to humans. ebselen catalyses the reduction
of hydroperoxides (ROS) in a glutathione-dependent manner and can act as lithium
mimetic.31932 While there were initial concerns regarding toxicity due to selenium
liberation from ebselen, it appears that there is no extrusion of the element from
the heterocycle.3?? Multiple human clinical trials are currently ongoing, including
one against SARS-CoV-2, as ebselen inhibits its main protease.33* An ebselen
analogue, ethaselen, an inhibitor of the mammalian thioredoxin reductase (TrxR),
is currently evaluated in non-small cell lung carcinoma.’?® These examples
demonstrated that a Se-containing drug is a realistic prospect, at least when the Se

atom is in a cyclic moiety.
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O
Se
Ebselen
.-’N\
o
N
Benzochalcogendiazole

Y:0, S, Se

Figure 34. Structures of the clinical drug ebselen and the bicyclic benzochalcogendiazole
scaffold exploited in this work.

A few examples of bioisosteric replacement in the chalcogen series exist in the
literature. In 2011, Achilleon Pharmaceuticals replaced the thiophene group with
selenophene in their type IIA Bacterial Topoisomerase inhibitors. The resulting
compounds had similar on-target activity, a lower hERG channel inhibition and
significant cytotoxicity or microsomal stability issues.3?® Other examples of
chalcogen substitutions in  non-cyclic moieties also led to non-toxic

compounds.3?7:328

To our knowledge, there is no example of benzoxazole, benzothiadiazole and
benzoselenodiazole replacement. The benzochalcogendiazole is a bicyclic scaffold
consisting of an unsaturated 6-membered ring fused to a five-membered ring of
two nitrogen atoms in positions 1, 3 and one chalcogen atom in between (Figure

34). It is a drug-like scaffold, present for instance, in the a2 adrenoceptor agonist
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drug tizanidine (SIRDALUD®) and reported in the literature for various biological
activities such as antiproliferative and apoptogenic effects on tumour cells.3293%0
Moreover, 5-Bromobenzo|c][1,2,5]selenadiazole and Benzolc][1,2,5]selenadiazole
did not exhibit any cytotoxicity on various cancer cell lines, suggesting that this

1

moiety might not present any intrinsic liabilities.>*! Finally, other Se-containing

derivatives displayed free radical-scavenging activity.33?

In the present work, we set out to study the equivalence of benzochalcogendiazole
replacement in a small series of novel TDO2 inhibitors. These compounds were
designed to optimise our benzotriazole-based TDO2 inhibitors, discussed in the
second chapter of this work.3*? In the present study, we replaced the benzotriazole

with benzochalcogendiazole moieties (Figure 35).

N° X Y
45 CH O
46 CH S
46p N S
47 CH Se
47p N Se

Compound 6°

hTDO2 IC5y(enz) [2.0- 3.4]uM
ICsq(cell)  [0.70 —1.02] uM

Figure 35. On the left, “ Compound 6 from chapter 2.3*3 On the right, analogues synthesised
and evaluated as TDO2 inhibitors displayed in the present work.

Firstly, we hypothesised that 5-(1H-indol-3-yl)benzo[c][1,2,5]oxadiazole (45) could
be accommodated in the enzymatic cavity by potentially forming a hydrogen bond

with Arg144 (Figure 36). Based on positive results with 45, we next decided to study
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the impact of O isosteric replacement by S (46, 46p) or Se (47, 47p) on inhibitory
potency and selectivity against IDO1, lipophilicity, microsomal stability and cellular

toxicity.

45 - oxygen

Figure 36. Molecular modelling of 45 (green-oxygen), 46 (pink-sulfur), 47 (red-selenium)
inside TDO2 pocket (PDB structure: 5TI9) shows the same pose for the three isomers. The
chalcogen atoms are represented to scale.

5.2. Synthesis of benzochalcogendiazoles

Like the compounds from the previous chapter, all final compounds were
synthesised by a Suzuki-Miyaura type cross-coupling between an aryl bromide and
the appropriate boronic ester. Firstly, the thiadiazole derivatives 48 and 49
(Scheme 7, a) and selenadiazoles 50 and 51 (Scheme 7, b) were prepared starting
from the commercially available 4-Bromo-1,2-diaminobenzene and 5-
bromopyridine-2,3-diamine. 5-bromobenzoxadiazole was purchased from a
commercial source. The obtained aryl bromides were then used to perform the

synthesis of cross-coupled products.
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Scheme 7. Synthesis of 5-bromobenzochalcogendiazoles (48 — 51) °

a =N,
> -/ 48
Br N
_N
—E s 49
_ | NH, Br A N
Br” N NH, . N,

o — Se 50
4-bromobenzene-1,2-diamine (X = CH) B N
5-bromopyridine-2,3-diamine (X = N) r

d -z /N\
- Se 51
A ;
Br

9Reagents and conditions: (a) SOCly, H2S04, atm, 2 h, reflux. Yield: 80 % ; (b) SOCI,, toluene/DMF, atm,

overnight, reflux. Yield: 77 %; (c) SeO,, EtOH, atm, 10 min reflux. Yield: quantitative ; (d) SeO,, 5 min,

Yield: quantitative.

Surprisingly, we could not apply the same synthetic route to obtain all final
molecules, as we found significant differences in the reactivity during either the
cross-coupling reaction or the final deprotection of the indole nitrogen. Indole
boronates are known for being intrinsically unstable due to fast
protodeboronation.3%%*34 Therefore, we used two different boronic esters in the
present work. In accordance with our previous experience of coupling reactions
with indoles, we started all synthetic attempts with 1-(phenylsulfonyl)indole-3-
boronic acid pinacol ester (42). This boronic ester is air-stable, inexpensive, easily
accessible synthetically and, usually allows better yields in our optimised conditions

than the indole protected with a Boc group.

Starting from 42 and bromobenzoxadiazole, we obtained (5-(1-(phenylsulfonyl)-

1H-indol-3-yl)benzoxadiazole) following the optimised procedure with an 80 %
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yield (Scheme 8). Finally, deprotection in strong basic conditions using potassium

hydroxide afforded final compound 45 with an overall yield of 80 %.

Scheme 8. Synthesis of 5-(1H-indol-3-yl)benzoxadiazole (45) ¢

42 45

9Reagents and conditions: (a) 42 (1.2 — 1.5 eq.), 5 mol % Pd(dppf)Cl2, 10 mol % SPhos,
K3PO4 (2.0 eq), Dioxane/H.0 (5:1), 60°C, 3h, Under Nz; (b) KOH 2.5M in in MeOH/H,0 (1:1),
reflux, 1h. Yield over 2 steps: 80 %.

We next applied the same procedure to the synthesis of aryl-thiadiazole
compounds 46 and 46p. However, we noticed that while the cross-coupled product
was formed, it readily degraded during SO.Ph deprotection in strong basic
conditions. We also evaluated milder conditions that all resulted in the same
degradation (e.g. 1M TBAF in THF). Thus, we decided to modify the boronate
derivative in a way that would require acidic deprotection conditions. We chose
Boc as the new protecting group and simultaneously tried two different routes

(Scheme 9), both of which were successful.
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Scheme 9. Synthesis of 5-(1H-indol-3-yl)benzothiadiazole (46) and 6-(1H-indol-3-yl)-
[1,2,5]thiadiazolo[3,4-b]pyridine (46p). ¢

A\
>L/, N

H
0, 46 (X = CH)

‘g-0
X 46p (X = N)
N
e - Oy —
Br XN N\
B
48 (X = CH) 54 B0C
49 (X =N)

9Reagents and conditions: (a) Boronic ester (52/54) (1.2 —1.5 eq.), 5 mol % Pd(dppf)Clz,
10 mol % SPhos, K3P04(2.0 eq), Dioxane/H20 (5:1), 60°C, 3h, Under Nz; (b) HCl 4.0 M in
MeOH/H.0 (1:1), reflux, 2h. Yield over 2 steps: 76 % for 46, 42 % for 46p.

Finally, we applied the synthetic pathway of compound 45 to synthesise the
selenium analogues 47 and 47p. However, we did not detect the formation of a
cross-coupling product under these conditions. Thus, we decided to modify the
nature of the boronic ester and selected the MIDA ester boronate. Compared to
other esters, MIDA boronates can slowly release the boronic acid, thus resolving
the potential loss of yield due to protodeboronation.3® There are no available data
regarding the reactivity of aryl benzoselenadiazoles derivatives in Suzuki-Miyaura
couplings. Using the MIDA boronate 43, we obtained the cross-coupled compounds
47 and 47p with a high yield of 90 % of the pure compound after flash

chromatography. We performed the deprotection in strong basic conditions and
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obtained the deprotected final compound in quantitative yield for 47 and around

40 % for 47p due to loss during purification (Scheme 10).

Scheme 10. Synthesis of 5-(1H-indol-3-yl)benzoselenadiazole (47) and 6-(1H-indol-3-yl)-
[1,2,5]selenadiazolo[3,4-b]pyridine (47p)

N~§e
/ N
o
RSN
/X N \O © a
JOIN G ;
Br” N N u
SO,Ph
50 (X = CH) a3 47 (X = CH)
51 (X = N) 47p (X=N)

9Reagents and conditions: Boronic ester 43 (1.2 eq), 5 mol % Pd(dppf)Cl2, 10 mol % SPhos,
K3POa4 (2.0 eq), Dioxane/H20 (5:1), 60°C, 3h, Under N; (b) KOH 2.5 M in MeOH/H0 (1:1),
reflux, 1h. Yield over 2 steps: 79 % for 47, 34 % for 47p.

5.3. Evaluation of Tryptophan 2, 3-dioxygenase
inhibition, lipophilicity parameters and
microsomal stability

Next, we evaluated the synthesised isosteric inhibitors 45, 46 and 47 and the two
aza-analogues 46p and 47p in enzymatic and cellular assays for their ability to
inhibit TDO2. The selectivity of these compounds towards TDO2 was also evaluated
by performing the same assays against IDO1, which presents a similar active site.2
Overall, cellular and enzymatic ICso indicated similar activities against TDO2,

demonstrating that affinity loss did not occur following the chalcogen replacement

(ICso curves are depicted in Figure 37, CI95% ICso values in Table 14).
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Enzymatic IC;, Cellular IC;,

46
47
46p
47p

TDO2 Residual Activity (%)

Figure 37. ICso curves of inhibitors on TDO2. Data was obtained in quadruplicates in at
least two separate experiments and analysed with GraphPad Prism 8.

Sto Se replacement even allowed a slight affinity gain even though the lipophilicity
decreased between 46 and 47. Interestingly, none of the compounds could inhibit
IDO1 (Table 14), suggesting that the observed inhibition of TDO2 did not stem from
a non-specific effect, such as oxidation of the heme prosthetic group or by
unspecific binding. Of note, the latter mechanism was reported for ebselen, which
inhibits IDO1 by binding to several cysteine residues with an apparent inhibition

constant of 94 +/- 17 nM 233>

132



Table 14. Enzymatic and cellular inhibition values on TDO2 and experimentally
determined Log Kw (methanol/water), calculated LogP and microsomal stability half-lives.

X N
'’
Y
N
H
TDO2 ICs50° (UM) IDO1 ICs0? (uM) Microsomal
L 2 v Enz. / Cell. Log Ku"° clogP¢ stability
Enz. cell. half-life (min.)
45 CH O [3.4-56] [0.051-0.088] >100 41  341(3.07) [246-281]
46 CH S [3.0-49] [0.129-0.199] >100 4.1 3.64(3.86) [356-50.1]
46p N S [47-80] [0.082-0.147] >100 36  283(297) [220-450]
47 CH Se [25-3.7] [0.094-0.133] > 100 36  3.10(3.67) [70.2-100.8]
47 N Se [45-59] [0.171-0.271] > 100 32 236(283) [283-476]

aReported 95 % confidence intervals ICso values are calculated from measurements in triplicate. 2 Log

Kw traces and stability curves can be found in supporting information (Figure $2 and S$3).€ cLogP were
calculated using ACD/Percepta 14.1.0 and Chemicalize (values reported in parenthesis).336:337 d
Reported 95 % confidence intervals for microsomal half-life were obtained in duplicates in two
separate experiments. The error between two independent determinations is < 0,05 Log Kw unit.

We next evaluated the impact of chalcogen substitution on lipophilicity. Very few
lipophilicity-related experimental data are available for Se species, leading to
potentially unreliable software predicted data. Such data are of great importance
for the future discovery of novel drug-like Se compounds in medicinal chemistry. In
a recent paper, the replacement of an OCF; moiety by SCF; or SeCF; resulted in a

0.5 logP-units increase in lipophilicity.3?’

In another example of rhodamine
derivatives, integration of Se lead to more hydrophilic compounds.3*® Thus,
chalcogen replacement could prove helpful to modulate physicochemical
327

properties and hence ADME parameters but still need further exemplification.
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To evaluate the impact of chalcogen replacement on lipophilicity, we performed an
experimental determination of Log K. and compared them to calculated LogP
values using the Chemicalize software (ChemAxon). Determining the Log K, index
using reversed-phase high-performance liquid chromatography (RP-HPLC) is a rapid
and convenient method to estimate a molecule’s lipophilicity. Log Ky, is performed
by measuring a compound’s retention time in multiple methanol/water mobiles
phases (isocratic elution) on a C18 silanised silica gel column. The obtained
retention values form a linear regression curve of which Log Ky, is the intercept. Log

Kwvalues usually have a very good correlation with the LogP value.33%3%

We expected 45 to be the least hydrophobic compound due to its usually better
capacity for hydrogen bonding. However, compounds 45 and 46 presented
approximately the same Log K., value of 4.1 (Table 14). Surprisingly, Se compounds
resulted in a drop of around 0.5 LogKy-units of lipophilicity in both 47 (Log K= 3.6)
and 47p (Log K= 3.2) compared to their S analogues 46 (Log K,,= 4.1) and 46p (Log
Kw= 3.6). This confirms that chalcogen replacement is a valid strategy to modulate
the compound’s lipophilicity but suggests that an increase in chalcogen size does

not systematically lead to an increase in lipophilicity.

Interestingly, we found that the chalcogen atom replacement also had a significant
impact on the microsomal stability (Table 14). Indeed, Se compound 47 was the

most stable, with a half-life between 70.2 and 100.8 minutes, while the least stable
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was O compound 45. Pyridine analogues 46p and 47p showed a decrease of half-

life compared to their parent compounds.

5.4. Cellular Toxicity Evaluation

Next, we evaluated the cellular toxicity of the synthesised analogues on three
different TDO2 expressing cell lines using an MTS assay. We used P815B murine
mastocytoma cell line, A172 human glioblastoma cell line and human embryonic
kidney 293 cells, HEK293 (Table 15). The assay was performed after 6h of exposition
to assess whether compound exposure caused acute cell death. Furthermore, 6h is
also the duration of an IC50 cellular assay on P815B cells. Additionally, we also

performed the assay after 24h of exposition.

Compounds 45, 46 and 47 all demonstrated similar toxicity patterns in the MTS
assay. However, in few conditions (P815B (24h) and HEK293), compound 47
displayed slightly more toxicity than the other two chalcogen derivatives. On the
other hand, compounds 46p and 47p displayed almost no toxicity and were only
toxic on P815B cells after 24h treatment at high concentrations (above 30 uM, more
than 150-fold IC50c value). Interestingly, the presence of Se in 47p did not
influence the toxicity pattern. Following these results, we decided to use P815B
cells to evaluate whether cells died from apoptosis or necrosis and if the Se-

containing compounds were responsible for ROS elevation.
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Table 15. Toxicity of P815, A172 and HEK293 cell lines.

LD50 (uM)?
P815B Al172 HEK293

6h 24h 6h 24h 6h 24h
45 [10-30] ([10-30] [30-80] [30-80] >80 >80
46 [30-80] ([10-30] [30-80] [30-80] >80 >80
46p >80 [30-380] >80 >80 >80 >80
47 [30-80] [3-10] [30-80] [30-80] [30-80] [10-30]
47p >80 [30-380] >80 >80 >80 >80

aValues obtained using the MTS assay, performed in triplicates. The curves can be found in supporting
information (Figure S4).

Following 24h of treatment with 1 and 10 uM of inhibitors (as well as 5 uM for 47),
we next analysed the cell death using Annexin V-FITC and propidium iodide (PI)
staining followed with bi-parametric analysis by flow cytometry (FACS). As shown
in Figure 38a, treatment with 47 at 10 uM caused an increase of cells undergoing a
late apoptotic/necrotic cell death (Annexin V+/Pl+, Figure 38b), while the other

analogues did not increase cellular death at 1 uM and 10 uM (Figure 38a).

The same experiment was performed using shorter treatment times to assess
whether we could see an early apoptosis population. We did not observe any
elevation of cell death after 3 hours of treatment with 10 uM of compound 47.
However, after 6 hours, 30.4 % of cells were dead, with 27.6 % in the double-

positive square, suggesting a necrosis-type cell death (Figure S5).
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To investigate the underlying mechanism of this observed toxicity, we evaluated
the impact of a 24h treatment of 5 uM of 47 on cell cycle distribution of P815B cells
using Pl DNA staining. The FACS analysis revealed that incubation of cells with 47
did not resultin an arrest of the cell cycle in G1 or G2 phases, thus further indicating

a necrosis-type cell death (Figure 38c).
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Figure 38. P815B cells were cultured with 1 to 10 uM of test compounds for 24h. Cells were
double-stained with Annexin V-FITC/PI and analysed by flow cytometry. The percentages
correspond to Annexin V and/or Pl-positive cells (a). (b) Cell death induction by compound
47 in an Annexin V-FITC/PI assay (analysed by flow cytometry) on P815B cells after 24h of
treatment. (c) Bar diagram of cell distribution in different phases (G2, S, G1) of the cell cycle
after 24h of treatment. At 5 uM, 47 had very little influence on cell viability and cell cycle.
*P<0.05 in regard to the negative control.
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As Se compounds are known for their redox capacities, we decided to investigate
whether the observed toxicity of 47 could be attributed to oxidative stress.
Therefore, we performed an H,0; production assay in a cellular environment to
evaluate whether the present scaffold could generate ROS (Figure 39). We
measured a slight elevation of H,0; levels at high concentrations of both 47 and the
non-toxic analogue 47p. Overall, these results suggest that, while compound 47
shows cellular toxicity at high concentration, this toxicity does not appear to be due
to a non-specific redox effect of the Se as (i) the pyridine analogue (47p) does not
exhibit any similar toxicity and (ii) the toxicity does not seem to arise from ROS

generation.
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Figure 39. Production of ROS following treatment with Se compounds 47 and 47p using the
bioluminescent ROS-Glo™ H,0, assay (Promega, USA). Data is shown in relative luminescence units
(RLU). The assay was performed in triplicates in two separate experiments. tert-butylhydroperoxide
(TBHP) was used as positive control. ****P<0.0001, **P<0.005, *P<0.05 in regard to the negative
control.
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5.5. Intermediate conclusion

In the work herein, we designed, synthesised and compared isosteric replacement
of O, S and Se aryl-chalcogendiazoles on TDO2 inhibitors. We showed that
chalcogen replacement did not significantly impact TDO2 affinity and that
introducing a Se did not lead to unspecific inhibition of IDO1, an enzyme with a
similar active site. Interestingly, Se substitution influenced the compound’s
lipophilicity and microsomal stability. In the present case, the two Se compounds
were the least lipophilic and presented the most stable. Se compound 47 displayed
more cellular toxicity than its O and S isosteres in all three evaluated cell lines.
However, the observed toxicity occurred at a concentration close to 100 times
above the ICsp value. Furthermore, this toxicity did not appear to be Se-related, as
the second Se compound 47p, bearing a [1,2,5]selenadiazolo[3,4-b]pyridine instead
of a benzo[c][1,2,5]selenadiazole, displayed the lowest toxicity in our experimental
settings. Both Se compounds could only induce ROS at high concentrations,
contrary to the common preconception regarding Se-containing molecules. These
data suggest that liabilities observed at higher concentrations of 47 may not be
solely attributed to the presence of Se or that Se-related toxicity is heavily
dependent on the scaffold. The introduction of Se in drug-like structures should
thus be worthy of consideration in medicinal chemistry designs, and new data of Se
containing scaffolds are crucial for future lipophilicity and ADME/Tox predictions.
Regarding the chemistry, it would give more insights into their synthetic
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accessibility and reactivity. As of today, an increasing amount of publications seems

to suggest that Se might someday be a part of the chemical drug space.
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6. CONCLUSIONS AND PERSPECTIVES

6.1. General conclusion

Immunotherapy is now a well-accepted paradigm in cancer therapy but currently
relies mainly on biologics. While very effective in some situations, these compounds
exhibit several drawbacks, such as low cost-effectiveness, IRAEs issues and an
inability to reach intracellular targets. Small molecules that selectively target cancer
determinants could address these shortcomings. SMIs of immunosuppressive
pathways have been the subject of intense research for the past decade. Among
the explored immunosuppressive pathways, the KP and, more precisely, IDO1
probably attracted the most attention due to its immense involvement in
establishing immune privilege.?'®3* However, the first clinical studies are dating
back to the last decade. Early (pre)clinical data propelled the development of IDO1
inhibitors into a short-lived, fast-moving wave of excitement that ended quite
abruptly around 2018 following the disappointing outcomes of the ECHO-301/KN-
252 (Epacadostat/ Pembrolizumab) trial.2*® While cancer research needs to move
at a fast pace, it should also follow sufficient rationale in the design of clinical trials.
There is sufficient preclinical evidence suggesting that targeting L-Trp metabolism
could benefit cancer treatment and multiple tracks left to explore regarding

IDO1/TDO?2 inhibition.?*?
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In the present work, we presented the design, synthesis and pharmacological

evaluation of a series of heterocyclic fused-cycle of TDO2 inhibitors.

Firstly, rigidified analogues of reference inhibitors LM10 and 680C91 were
synthesised and evaluated. The obtained compounds resulted in increased potency
and higher hydrophobicity, especially when comparing LM10 (cLogDs40.15) and
the benzotriazole compound 6 (cLogD;4 3.01). Next, we functionalised the
benzotriazole moiety in different positions on the nitrogen and the six membered-
ring. The compounds were obtained following Suzuki-Miyaura type cross-couplings
between the halogenated heterocycles and the indole bearing an appropriate
boronic ester derivative. The resulting series of compounds presented a wide range
of hydrophobicity and chemical functions. Pharmacological evaluation of this series
demonstrated cellular activities ranging from low micromolar to the nanomolar
range, which provided insights regarding their binding inside the TDO2 active site.
For instance, we observed that the position of the N-sidechain impacted the
inhibitor’s activity. Generally, Ni-substituted compounds were more active.
However, sidechains with H-bond donors presented a better activity when they
were Ns-substituted. In both cases, STD-NMR suggested a more favourable
placement of the indole moiety with N;-substituted compounds. While the N-
substituent did not appear to be useful for the interaction with hTDO?2, its nature

was determinant for microsomal stability. These results suggest that multiple other
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modulations could be envisioned to fine-tune physicochemical and ADME

properties of this series.

In the second part of this work, we substituted the benzotriazole moiety with
benzoxazoles, benzothiadiazole, and benzoselenodiazole to investigate the
potential of these scaffold for bioisosteric replacement. To our knowledge,
although several chalcogen bioisosteric studies were published in the past few
years due to a regain of interest for the inclusion of atypical elements in the
chemical drug space, no studies provided a direct comparison of these moieties.
We individually adapted the synthetic procedures to obtain these scaffolds, which
demonstrated some differences in their respective reactivities. These compounds
acted in the high nanomolar range in cells. While chalcogen replacement did not
significatively impact the potency, it allowed to modulate the compounds’
lipophilicity and microsomal stability. Se compound 47 had the longest microsomal
half-life and was less hydrophobic than compounds 45 (O) and 46 (S). In the MTS
cellular assay on three different cell lines, all the isosteres displayed toxicity far
above their I1Cso range. While Se compound 47 exhibited the highest toxicity, the
other Se compound 47p did not display the same toxicity pattern. When we
evaluated cells treated with 47 in an Annexin V/PIl assay, it appeared that cell death
was occurring most probably by necrosis. Naturally, we suspected ROS production
to be responsible for this toxicity. However, 47 was not a potent ROS inducer in

our settings. These data suggest and reinforce other related studies that propose
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that Se is worthy of consideration in medicinal chemistry and contribute to an

unexplored research area regarding the integration of Se in drug-like structures.

Overall, this work extended the existing data and knowledge available regarding
TDO2 inhibition and provided new perspectives for the therapeutic targeting of this
enzyme. The following chapter encompasses some of the prospects that the

present work unravelled.

6.2. Perspectives

6.2.1. Extension of the (iso)quinoline/(iso)quinazoline (680C91
analogues) series

Although the present work could not further develop the (iso)quinoline and
quinazoline analogues series, these moieties offer many possibilities for
functionalization and are very drug-like. Indeed, both of these heterocyclic
scaffolds are considered to be “privileged scaffolds” in medicinal chemistry 343344
Meaning that they often appear in bioactive substances with widely distinctive
therapeutic uses.3*3% Privileged scaffolds were successfully used as the core
structures for synthesis and optimal starting points for the library design of ligands
with an affinity to certain molecular targets.3*® Consequently, synthetic pathways
are particularly well established and allow an accessible functionalisation.3** Thus,
giving the opportunity to generate a new series of original compounds with

potentially other insights regarding binding to TDO2 and PK/PD parameters. In our
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case, apart from various N-alkylations, interesting functionalization would include

the addition of hydrogen bond donors and acceptors, as well as halogenations.

6.2.2. Repurposing of the benzotriazole series — Design of
bifunctional molecules

An interesting feature of the benzotriazole series resides in the high degree of
substitution in N; and N3 that can be accommodated by TDO2. Indeed, the N-
sidechains do not appear to play a role in binding, as demonstrated by the SARs and
supported by the STD-NMR and molecular modelling experiments. These N; and N3
substitutions would be located outside the pocket and thus solvent-exposed.
Therefore, such substitution could be used to graft a functional moiety to a linker

and hence produce bifunctional compounds.

PROteolysis-TArgeting Chimeras (PROTACs) are an example of bifunctional
molecules that could constitute an interesting way of repurposing the benzotriazole
series. This strategy is continuously gaining attention both from academia and
industry as a new way to inhibit challenging targets.3*”3* PROTACs are bifunctional
hybrid molecules, in which a small molecule binder of a target protein is chemically
linked to an E3 ubiquitin ligase-recruiting moiety.3*° By bridging a protein of interest
to the E3 ubiquitin ligase, PROTACs engage the ubiquitin-proteasome system to
degrade the protein of interest.3>° Because PROTACs function by degrading their
target protein instead of inhibiting it, different kinds of resistance, such as target
overexpression, could be conquered using this strategy.3*® Furthermore, compared
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with the parent small-molecule that can only inhibit protein activity, PROTACs
exhibit both enhanced potency and specificity.>*! Following promising efficacy data,
the development of PROTACs is rapidly increasing, and the first clinical candidate
(ARV-110) is currently recruiting for Phase 1/Phase 2 first-in-human PROTAC trial

for the treatment of metastatic prostate cancer.3>?

Regarding this work, an E3 ligase warhead could be attached through Ni or N;
substitution to the benzotriazole TDO2 inhibitors synthesised during this project.
Synthesizing such compounds could allow us to explore the PROTAC strategy for
TDO2 (Figure 40). The use of PROTACs on TDO2 could increase serum L-Trp
concentrations more drastically than an SMI and thus lead to a better anti-tumour

immune response. Especially in combination with an 1CI.222
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Figure 40. Application of the PROTAC strategy to the benzotriazole inhibitors series.

6.2.3. Biophysical assay development: application of microscale
thermophoresis (MST)

The in vitro evaluation of the compounds presented in this work relied on their
ability to inhibit TDO2 catalytic activity in our biochemical assay. However, this
bioassay does not reflect physiological conditions as it imposes a non-physiological
redox cycling to TDO2 using L-ascorbate, methylene blue and catalase. This system
appears flawed as TDO2 seems to quickly lose its catalytic activity in this buffer,
despite no modifications of its nanoDSF pattern. This could suggest that TDO2 does
not efficiently regenerate its ferrous form after its catalytic cycle. Besides, TDO2
activity appears to be highly sensitive to the amount of co-solvent we put in
solution, which might further hinder the reliability of the enzymatic assays.
Moreover, catalytic activity is only a proxy of a compound potency, and many
parameters unrelated to a compound affinity can affect protein activity in an in
vitro assay. In this context, it would be interesting to study the binding of the

benzotriazole series to TDO2 to obtain dissociation constants (Kgs) instead of 1Csgs.

Microscale thermophoresis (MST) is a biophysical technique that relies on the
change of the thermophoretic mobility of a fluorescently labelled protein upon
binding of a ligand.®*® MST experiments were already performed on IDO1 and

provided insights into the binding properties of inhibitors to the ferric form of IDO1,
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offering novel clues for future development of more efficient IDO1 inhibitors.3* We
attempted to develop an MST biophysical assay on TDO2 to evaluate the Kq4 of the
different inhibitors. While we obtained convincing results regarding the interaction
of TDO2 and L-Trp (Figure 41a), we did not achieve to obtain a consistent K4 of the
different inhibitors due to a poor signal-to-noise ratio (S/N). Further evaluation
revealed that this poor S/N could result from TDO2 inhomogeneity in the
biophysical assay. Indeed, mass photometry experiments (Figure 41b), as well as
analysis of the protein Soret band (Figure 41c), revealed that TDO2 behaved as a
mixture of tetramer and dimer in solution, partly due to incomplete heme
integration. In future steps, homogenization of recombinant TDO2 could prove to
be a key parameter in developing biophysical assays towards a better

understanding of TDO2 inhibitors.
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Figure 41. TDO2 inhomogeneity in solution hampers the development of biophysical
assays. a) Evaluation of the Kq for L-Trp using MST at a 10 s “on time” (Kg = 23uM +/- 5
uM). b) Mass photometry of TDO2 in solution without heme, with the calculated
molecular weights of the complex in solution and their relative intensity indicated above
the peaks (theoretical molecular weight of the monomer is 46 kDa). c) Absorbance of
TDO2 with (blue) or without (grey) the addition of heme.

148

1
700



149



7. Experimental section
7.1. Molecular docking

Molecular docking jobs were performed with AutodockVina 1.1.2,%° using the
disclosed tryptophan 2,3-dioxygenase structure (PDB ID: 5TI9) with the
orthosteric binding site occupied by natural ligand tryptophan, heme and
dioxygen. This structure was chosen as it displayed the full 338-346 loop that is
part of this binding site. Hydrogens and charges were added, then L-Trp and
dioxygen were removed, centring the searching box 15 A around this region.
During the process, sidechain flexibility was allowed for several residues of the
binding site and later only for the Argld44 that appeared critical for
accommodating compounds bearing bigger N-substituents. Binding poses were
analysed for their binding mode and assessed in comparison with crystallised

analogue and with L-Trp.
7.2. Protein Expression and Purification

The sequence of the truncated form of hTDO2 in which 1-17 and 389-406
fragments were deleted (His6Thrb-TDO2tr), °® described by Batabyal and Yeh, was
inserted in a pET-28 plasmid, ordered from Genecust. The recombinant plasmid
was transferred into the E. coli strain BL21 (DE3) (Rosetta). The transformant was

selected from a single colony on an LB kanamycin agar plate and was used to
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inoculate an LB medium (50 ug/mL kanamycin and 34 ug/mL chloramphenicol) and
were cultured at 37 °C until an optical density of 0.6 was reached. The expression
of hTDO2 was induced by isopropyl 1-thio B galacto-pyranoside (IPTG), with a final
concentration of 1 mM. An aliquot of hemin in NaOH 0.5M, with a final
concentration of 8-10 uM, was added to the culture. The culture was grown at 20
°Cfor 20 h. Cells were harvested by centrifugation at 5000 rpm, 4 °C for 25 min. Cell
pellets were resuspended in a lysis buffer (Tris-HCl 50 mM, pH 8.5, MgCl, 10 mM,
NaCl 300 mM, imidazole 5 mM, and glycerol 10%) supplemented with protease
inhibitors (Roche) and then disrupted by sonication, followed by centrifugation at
4 °C, 10 000 rpm for 30 min. The supernatant was collected, and 1 uL/mL of
supernatant of B-mercaptoethanol was added before loading onto 1 mL of His-trap
FF-crude columns (GE Healthcare) according to the manufacturer's instructions.
Protein concentrations were measured using the Bradford method with the Biorad
protein assay kit, and sample homogeneity was assessed using
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie brilliant
blue as a staining agent. Purified TDO2tr was then dialysed overnight in a pH 7.6
buffer containing 50mM sodium phosphate, 100mM NaCl, 20% glycerol and 10mM

L-Trp.
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7.3. Nano differential scanning fluorimetry (NanoDSF)

NanoDSF experiments were performed on a Tycho NT.6 device (NanoTemper
Technologies). According to the standard manufacturer's procedures, samples
were poured into capillaries and heated up to 95 °C in 3 min while following
fluorescence emission at 330 and 350 nm. Melting temperatures were extracted
from the derivative of the 350/330 nm fluorescence ratios upon increasing

temperature.

7.4. Nuclear Magnetic Resonance STD experiments

All experiments were performed at 277K on a Bruker Ascend Avance Il 600 MHz
system equipped with a broadband cryoprobe (Bruker). For 1D Saturation transfer
difference (STD) studies, samples were prepared at 200 uM in PBS with 5%
deuterated methanol. The concentration of A”TDO2;, was 15 uM. Ligand binding was
detected using an STD stddiffesgp.3 sequence with a 2s saturation time. Water
signal suppression was achieved using an excitation-sculpting scheme, and a 50 ms
spinlock was used to suppress protein background signals. For each experiment,
2048 scans were collected for on- and off-resonance experiments (respectively at

0 and 40 ppm) to achieve a sufficient signal to noise ratio for the epitope mapping.

152



7.5. Enzymatic Assay

All the graphs were obtained with GraphPadPrism 8 software (San Diego, CA).
The UV spectra were recorded at room temperature on a Spectramax® M2E
spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA) in 96-well flat-
bottom plates. The assay was initiated by adding 15 ulL of buffer containing
approximately 80 nM of hTDO2, (no L-Trp, no DMSO) to 85 uL of buffer (with L-Trp
and the tested inhibitor concentration in DMSQ). After 15 minutes, 20 uL 30 % m/v
of trichloroacetic acid (TCA) in water were added and the plates were heated at
65°C for 15 minutes. Then, 100 uL of a 2% m/v DMAB solution in pure acetic acid
was added to each well. After 10 minutes, absorbance reading was performed at

490 nM.

For testing against IDO1, 30 nM of purified hIDO1 were used, and the incubation
time was shortened to 8 minutes before quenching with TCA to remain under initial

velocity conditions.

7.6. Cellular Assays

Cells were cultured in Gibco Iscove's Modified Eagle Medium (DMEM)
supplemented with 10 % of fetal bovine serum (FBS), GlutaMAX™ (Thermo Fisher

Scientific) and PenStrep (Gibco) at 37°C and 5 % CO,.
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7.6.1. Measurement of ICso values

The assay was performed in 96-well flat-bottom plates seeded with 1 x 10° cells
(P815B-hTDO2, clone 19) in a final volume of 200 uL of Iscove's modified Dulbecco
medium (80 mmol/L Trp) supplemented with 2% FCS in the presence of the TDO2
inhibitor at different concentrations (1-25,000 nM) for 7 hours when substrate
consumption was below 25 %. Cells were centrifuged 10 min at 300 RCF, after what
60 ulL of supernatant were collected and mixed with 60 uL of 12% (wt/vol)
trichloroacetic acid. After centrifugation at 4°C, 23000 RCF, 70 uL of supernatant
was diluted with 70 uL of HPLC grade H;O. The resulting solution was used to
quantify L-Trp and L-Kyn concentrations by ultra-performance liquid

chromatography (UPLC) based on the retention time and the UV absorption.

The same protocol was applied for hIDO1 counter-screening (P815B-hIDO1), but
the plates were seeded with 2 x 10° cells and incubated for 24h to achieve a similar

L-Trp consumption.

7.6.2. MTS-PMS toxicity assay

The effect of the compounds on cancer cell viability was determined by the MTS
assay uptake method. Briefly, after incubation for the appropriate amount of time
(6 and 24h), 21 uL (20 uL of PMS and 1 uL of MTS) were added to well containing
the cells in 200 uL in DMEM containing 5% of FBS and different concentrations of

test compounds in triplicates (HEK293 cells were seeded at 30.000 cells/well, A172
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at 20.000 cells/well and P815B at 50.000 cells/well). Then, the cells were incubated
until complete development of the colouration (usually around 2 to 4 hours) at 37
°C, absorbance at 490 nm was measured. Graphpad Prism software was used to

calculate the residual viability of cells.

7.6.3. Cell cycle assay

Prior to the assay, the cells were deprived of serum for the duration of 1 cell cycle.
The cells, cultivated in a 10 % FBS, GlutaMax (1X) + PenStrep (1X) IMDM medium
were centrifuged and then re-suspended in 0% FCS + PenStrep (1X) IMDM medium.
Following serum starvation, cells were harvested, centrifuged for 5 min. at 300 RCF
and resuspended in 10 % FBS, GlutaMax (1X) + PenStrep (1X) IMDM medium (300
000 cells/mL). The cells were plated in 6-well flat-bottom plates (5 mL/well), and 50
uL of DMSO (with or without test compound) were added. After the appropriate
incubation time, 5x10° cells were harvested from each well, transferred into 15 mL
tubes, centrifuged at 300 RCF for 5 min., washed with PBS and centrifuged again.
The pellet was resuspended with 200 uL PBS and fixated by gradually adding 800
uL of cold (-20°C) 70% EtOH absolute while vortexing at the lowest speed. The
samples were either stored at -20°C awaiting FACS analysis. Fixed cells were
washed with 1x PBS and suspended in 200 ulL Pl staining solution (40 ug of DNase-
free RNase A and 14 ug of Pl in PBS). After staining for 15 min in the dark at r.t., the

cells were analysed by a BD FACSVerse (BD Biosciences) for total DNA content.
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7.6.4. Annexin V/PI assay

In a 12-well flat-bottom plate, cells were cultured in IMDM 5% FBS medium with 1
% DMSO (with or without test compound) for the desired time: 4x10° in 2.5 mL.
Following incubation, 1x10° cells were washed 2X with annexin binding buffer (BD
Biosciences Pharmingen), then resuspended in annexin binding buffer (final
concentration of 1x10° cells/mL). 100 uL of the cell suspension was transferred into
a 1.5 mL tube, and 5 ulL of FITC Annexin V (Biolegend) and 10 ulL of PI solution
(Sigma) were added. The resulting mix was gently vortexed and incubated in the
dark at room temperature. 400 uL were added to each tube, and analysis by FACS

was performed.

7.6.5. ROS-Glo™ assay

The detection of ROS was performed according to the manufacturer protocol of
ROS-Glo™ bioluminescent assay (Promega). Briefly, the assay was performed in a
white opaque 96-well flat-bottom plate, in which cells were suspended in IMDM
and desired compound (final DMSO concentration 1%) in a total volume of 80 uL.
Then, 20 ulL of H,0, substrate were added. After incubation for the desired time (at
37°C, 5% CO),, 100 uL of ROS-Glo detection solution was added in each well. The
final mix was incubated for 20 minutes at r.t. before recording the relative

luminescence units.
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7.7. Microsomal stability assay

Liver microsomes (20 mg protein/ml), NADPH regenerating system solutions A & B
and 10 mM stock compound solution (100% DMSOQ) are prepared. The reaction
mixture finally contains 713 pL purified water, 200 uL 0.5 M potassium phosphate
pH 7.4, 50 uL NADPH regenerating system solution A (BD Biosciences Cat. No.
451220), 10 uL NADPH regenerating system solution B (BD Biosciences Cat. No.
451200) and 2 pL of the compound stock solution (10 uM final concentration). A
control experiment was realised for each compound by substituting NADPH
regenerating solutions A and B for 60 ul of purified water. The reaction mixture is
warmed to 37°C for 5 minutes in a water bath, and the reaction is initiated by the
addition of 25 uL of liver microsomes (0.5 mg protein/ml final concentration). At
different time points (0 min =60 min —180 min — 360 min — 24h), 100 L is
withdrawn and added to 400 pL cold acetonitrile on ice. Then the mixtures are
centrifuged at 13 000 rpm for 5 min at 4°C. Finally, 450ul of the supernatant is
recovered, evaporated using a speedvac and evaluated by UPLC. 7-

Ethoxycoumarine was used as a positive control.
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7.8. Chemistry

7.8.1. Chemicals and Reagents

All chemical reagents and solvents were used as obtained from various commercial
sources (Merck/Sigma, Fluorochem, TCl, VWR) and were all used without further
purification. Unless stated otherwise, reactions were performed under
atmospheric pressure. Thin-layer chromatography (TLC) was performed using silica
gel 60 F254 plates, with observation under UV at 254 and 366 nm Camag Lamp. For
purification, flash-column chromatography on silica gel was performed.
Compounds were characterised using *H and *C NMR, recorded on a 400 MHz
Bruker Ultrashield Advance Il spectrometer, and their spectra were analysed using
the TopSpin 3.1. software. NMR analysis was performed in either CDCls, DMSO-d6
or MeOD, all purchased from Eurisotop. Chemical shifts are in parts per million
(ppm), coupling constants (J) are in hertz (Hz). Standard abbreviations indicating
multiplicity were used as follows: s = singlet, d = doublet, t = triplet, dd = double
doublet, q = quartet, gn= quintet, m = multiplet, br = broad. Melting ranges were
determined using an electrothermal IA9000 apparatus are reported uncorrected.
LC-MS analysis were performed on an Agilent 6200 series TOF mass spectrometer
equipped with ESI and APCl as ionization sources and TOF (Time of Flight) detector,
coupled with an Agilent 1200 series LC system with a flux of 0.25 mL/min. A C18
“brand” column was used. Water (A) and CHsCN (B) were used as eluents. Both
were prepared to contain a final concentration of 0.1 % of trifluoroacetic acid (TFA).
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The wavelength for UV detection was 210, 230 and 254 nm. HPLC purities of final
compounds that underwent biological assessment were > 95%. High-resolution
mass spectra were carried out on a Thermofisher Scientific LTQ-Orbitrap XL hybrid

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).

7.8.2. Chemical synthesis
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1. Synthesis of boronic esters
1.1. tert-butyl 6-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indole-1-carboxylate (41)

e tert-butyl 6-fluoro-1H-indole-1-carboxylate (41a)
To a 0.4 M solution of 6-fluoro-1H-indole (4g, 29.62mmol, 1equi) in DCM at r.t. were
added di-tert-butyl dicarbonate (8.4 g, 38.5 mmol, 1.3 equi), EtsN (0.60 mg, 5.92
mmol, 0.2 equi) and 4-dimethylpyrridine (0.72g, 5.92mmol, 0.2 equi). The solution
was stirred under atm. P for 3h, then washed with H,0 and Brine, dried with MgSQO,4
and concentrated in-vacuo. The product 41a was obtained as a orange/brown oil
and was used without further purification. Quantitative yield. *H NMR (400MHz,
CDCl3): 6 1.70 (9H, s), 6.55 (1H, d, J=3,35Hz), 7.00 (1H, td, J=8.92Hz, J=2.37Hz), 7.49
(1H, dd, J=8.98Hz, J=5.45Hz), 7.59 (1H, d, J=3.12Hz), 7.90 (1H, d, J=8.50Hz). *C NMR
(100 MHz,CDCls): 6 28.16; 84.09; 102.55 (d, J=28.18 Hz); 107.02 ; 110.91 (d,
J=24,49 Hz); 121.46 (d, J=10.04 Hz); 126.19; 126.77; 135.35 (d, J=12.83 Hz);
149.54 ; 160.85 (d, J=238.88 Hz).

e tert-butyl 3-bromo-6-fluoro-1H-indole-1-carboxylate (41b)

To a 0.1 M solution of 41a (6,97g, 29,62mmol, leq) in DCM was added N-
bromosuccinimide (NBS) (6.85g, 38.50 mmol, 1.1 equi ). The solution was stirred at
atm. P. under reflux for 6h. 0.1 equi of NBS were added after 2h, 4h, and 5h (If
added all at once, the reaction led to the formation of an undesired dibrominated
compound). The reaction mixture was subsequently washed with H,0, 1M NaOH
and Brine, dried with MgS0, and concentrated in-vacuo. The obtained residue was
crystallised in EtOH. Pink crystals. Yield: 80 %. *H NMR (400MHz, CDCls3): 6 1.69 (9H,
s), 7.08 (1H, td, J=8.81Hz, J=1.9Hz), 7.47 (1H, dd, J=8.56Hz, J=5.3Hz), 7.63 (1H, s),
7.91 (1H, s). 3C NMR (100 MHz,CDCls): 6 28.11 ; 84.77 ; 97.59 ; 102.84 (d, J=29.07
Hz); 111.69 (d, J=24.70 Hz) ; 120.43 (d, J=10.03 Hz) ; 125.04 ; 125.74 ; 134.72 (d,
J=11.67 Hz) ; 148.63 ; 161.57 (d, J=241.79 Hz).

e tert-butyl 6-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indole-1-carboxylate (41)

In a flame-dried RB flask under N, tert-butyl 3-bromo-6-fluoro-1H-indole-1-
carboxylate (41b) (6 g, 19,09 mmol, 1leq) was dissolved in dry THF (70 mL). The
solution was stirred at -78°C several minutes before dropwise addition of n-BulLi
(27,5mL of a 2.5M solution in hexanes, 68,75mmol, 3,6eq). After 30 min., a solution
of bispinacolatodiboron (9,7g, 38,19mmol, 2eq) in 24mL of dry THF was added to
the reaction mixture. After 3h, the reaction was quenched with saturated
NH4Clsq. The mixture was extracted 3x with EtOAc. The combined OL was washed
with H20 and Brine, dried with Na,SO4 and concentrated in-vacuo. The residue was
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purified by flash chromatography in Cyclohexane/EtOAc (9 :1). Optionally, when
purity was insufficient, a crystallisation in MeOH was performed. White powder.
Yield : 43 %. *H NMR (400MHz, CDCls): & 1.39 (12H, s), 1.67 (9H, s), 7.03 (1H, td,
J=9.00Hz, J=2.30Hz), 7.89 - 7.92 (2H, m), 7.99 (1H, s). *C NMR (100 MHz,CDCl;): 6
24.90; 28.16; 83.47 ; 84.29; 102.26 (d, J=28.59Hz) ; 111.08 (d, J=23.83Hz) ; 123.23
(d, J=9.81Hz) ; 129.62 ; 135.53 (d, J=3.19 Hz); 136.26 (d, J=12.79Hz) ; 149.17 ; 160.85
(d, J=239.66Hz).

1.2, 1-(phenylsulfonyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indole (42).

e 3-bromo-1H-indole (42a)
Indole (10 g, 85.36 mmol) was dissolved in 100 mL of pyridine. After what,
pyridinium tribromide (1.25 eq, 34 g) in 100 mL pyridine was added dropwise using
a dropping funnel and the reaction was left to stir for 1 hour. Next, ice water was
added and the reaction mixture was extracted with Et,O (3x). The OL was washed
with 6N HCl and saturated NaHCOs, dried with MgSQ,, filtered and concentrated in
vacuo to afford 12.7 grams of (42a) as a beige powder, which was used as such in
the next step. Yield= 76 %. *H-NMR (400 MHz, CDCl5): 6 14.27 (bs, 1H), 9.03 (d, J=
5.34 Hz, 2H), 8.56 (t, J= 7.82 Hz, 1H), 8.10 (t, J= 6.94 Hz, 2H). EI-MS (m/z): 337 [M]*

e 3-bromo-1-(phenylsulfonyl)-1H-indole (42b)

A 2-necked round bottom (RB) flask was charged with 3-bromo-1H-indole (12.5 g,
63.77 mmol) and TBAHS (3.25 g, 9.56 mmol) in 300 mL toluene at 0°C. Next 300 mL
of a 50 % aqueous NaOH solution and benzenesulfonyl chloride (16.9 g, 12.3 mL,
95.66 mmol) were added dropwise. The reaction mixture was left to stir at rt
overnight. After TLC showed full conversion, the OL layer was separated, acidified
with 1N HCI, neutralised with NaHCOs, washed with brine, dried with Na,SO4 and
concentrated in vacuo to be used as such. 42b was obtained as a beige powder in
quantitative yield. The compound is poorly stable, it was stored at -20°C in the dark
and used <24h after synthesis. H-NMR (400 MHz, CDCl3): § 7.35 (1H, t, J=7.45 Hz),
7.41 (1H, t, J=7.32 Hz), 7.48 (2H, t, J=7.77 Hz), 7.53 (1H, d, J=7.82 Hz), 7.58 (1H, t,
J=7.46 Hz), 7.66 (1H, s), 7.92 (2H, d, J=7.61 Hz), 8.03 (1H, d, J=8.29 Hz). 3C NMR
(100 MHz, CDCl5): 6 136.52; 134.91; 133.55; 130.02; 129.07; 126.82; 126.15;
125.63; 124.47; 119.77; 113.45; 98.92. EI-MS (m/z): 337 [M]*

e 1-(phenylsulfonyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indole (42)
A RB flask was charged with 3-bromo-1-(phenylsulfonyl)-1H-indole (42b) (10 g,
29.76 mmol), bis(pinacolato)diboron (10.2 g, 40.18 mmol) and KOAc (8.8 g, 89.3
mmol) in 100 mL DMF. The reaction mixture was degassed for 20 min, after which
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Pd(dppf)Cl, (659 mg, 3 mol%) was added. The reaction was stirred at 80°C
overnight. After TLC showed full conversion, EtOAc was added and the mixture was
filtered over a pad of celite. The OL was evaporated in vacuo. The crude product
was purified using flash chromatography ( hexane/EtOAc: 4/1) to obtain 7.7 g of
the desired product (67 %). *H-NMR (400 MHz, CDCls): 6 1.26 (12H, s), 7.30 (2H, t,
J=7.38 Hz), 7.36 (1H, d, J=7.96 Hz), 7.42 (3H, t, )=7.85 Hz), 7.46 — 7.54 (3H, m, J=7.27
Hz), 7.63 (1H, s), 7.88 (2H, d, J=7.73 Hz), 8.00 (1H, d, J=8.31 Hz). 3C-NMR (100 MHz,
CDCl3): 6 25.04; 83.52; 99.84; 113.56; 120.11; 124.01; 124.72; 125.88; 126.85;
129.44; 134.18; 137.74.EI-MS (m/z): 383 [M]*

1.3. Synthesis of 1-(phenylsulfonyl)-3-indolylboronic acid MIDA ester (4-
methyl-8-(1-(phenylsulfonyl)-1H-indol-3-yl)dihydro-414,814-
[1,3,2]oxazaborolo[2,3-b][1,3,2]oxazaborole-2,6(3H,5H)-dione) (43)

The synthesis was adapted from J. Am. Chem. Soc. 2009, 131, 20, 6961-6963. To a
round-bottom flask equipped with a stir bar was added 1-(phenylsulfonyl)-3-
indoleboronic acid (1 equi, 1 g, 3.32 mmol, purchased from Fluorochem), N-
methyliminodiacetic acid (1.5 equi, 0.732 g, 4.96 mmol), toluene (21 mL) and DMSO
(121 mL). The flask was fitted with a Dean-Stark trap and the Dean-Stark trap was
fitted with a reflux condenser vented to ambient atmosphere. The stirred mixture
was heated to reflux for 1h30, after what the reaction was complete. Toluene was
evaporated in vacuo. The product was precipitated with cyclohexane and filtered
over a glass filter funnel. The final compound was obtained as a white powder with
85 % yield. H NMR (400MHz, CDCls): & 2.56 (3H, s), 4.19 (2H, d, J=17.21 Hz), 4.39
(2H, d, J=17.25 Hz), 7.22 - 7.29 (1H, d, J=26.01 Hz), 7.32 (1H, t, J=7.62 Hz), 7.52 -
7.63 (3H, m), 7.69 (1H, t, J=7.30 Hz), 7.74 (1H, s), 7.90 (1H, d, J=8.16 Hz), 8.03 (2H,
d, J=7.80 Hz). 3C NMR (100MHz, CDCls): & 47.76; 62.29; 113.51; 122.77; 123.94;
124.81; 127.27; 130.26; 132.54; 133.83; 135.10; 135.63; 137.40.

1.4. Synthesis of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (52)

A flame dried two-necked RB flask under N, atmosphere was charged with 5-
bromobenzo[c][1,2,5]thiadiazole (48) (2 g, 9.3 mmol, 1 eq.), Bis(pinacolato)diboron
(4.7 g, 18.6 mmol, 2eq.) and potassium acetate (3 g, 30 mmol, 3 eq.). Then, 60 mL
of dry DMF were added. After 5 minutes, Pd(dppf)Clz (5 mol %, 340 mg) was added
and the reaction was left under agitation overnight, at 80°C. The conversion was
total. The reaction mixture was filtered on a celite pad and the filtrate was
extracted with ethyl acetate and water. The OL was concentrated and the residue
was purified by flash chromatography in a cyclohexane/ethyl acetate gradient.
Yield: 68 %. *H RMN (400MHz, DMSO) : 6 1.35 (12H, s), 7.86 (1H, d, J=8.80 Hz), 8.08
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(1H, d, J=8.80 Hz), 8.34 (1H, s). 3C RMN (100 MHz, DMSO): & 25.14; 84.87; 121.39;
128.95; 133.84; 154.39; 155.95.

2. Synthesis of N-substituted benzotriazoles

2.1. Bromo-1-(4-methoxybenzyl)-1H-benzo[d][1,2,3]triazole

e 6-bromo-1H-benzo[d][1,2,3]triazole
4-bromobenzene-1,2-diamine (1 g, 5.35 mmol) was dissolved in 10 mL of glacial
acetic acid, to this solution were added 2.5 equivalents of NaNO; (0.92 g, 13.35
mmol) and the resulting mixture was sonicated for 20 minutes. The reaction
mixture is poured onto H,O and the off-white precipitate was filtered and washed
with H,O until neutrality. Yield: 86 %. H NMR (400MHz, CDCl3): 6 7.57 (1H, dd,
J=1.29, 8.76 Hz), 7.91 (1H, d, J=8.75 Hz), 8.21 (1H, s).

® 6-bromo-1-(4-methoxybenzyl)-1H-benzo[d][1,2,3]triazole + 5-bromo-1-(4-
methoxybenzyl)-1H-benzo[d][1,2,3]triazole (6b)

6-bromo-1H-benzo[d][1,2,3]triazole (396mg ,2 mmol), was dissolved in 20 mL DMF.
To this solution were added 4-methoxybenzyl chloride (0.6 mL, 2.2 equi), TBAB (130
mg, 0.2 equi) and NaH 60% (168 mg, 2.1 equi). Agitated overnight at atm. P. and
r.t. After completion, saturated NH4Cl,q was added and the mixture was extracted
with EtOAc. The combined OL was washed with CuSOa(q and Brine, dried with
Na,SO, and concentrated in vacuo. The residue was purified by flash
chromatography (Cyclohexane/EtOAc 4:1). The product is obtained as a mix of two
regioisomers that co-elute. *H NMR (400MHz, CDCls): 6 3.79 (6H, d, J=3.90 Hz), 5.75
(4H, d, J=11.92 Hz), 6.87 (4H, dd, J=6.44, 8.41 Hz), 7.20 — 7.26 (m), 7.44 (1H, dd,
J=1.45, 8.80 Hz), 7.47 (1H, dd, J=1.51, 8.78 Hz), 7.54 (1H, s), 7.92 (1H, d, J=8.78 Hz),
8.21 (1H, d, J=0.86 Hz).

2.2, Synthesis of N-methylated 6-chloro-1H-benzo[d][1,2,3]triazoles (7b, 8b,
9b)
The procedure previously described by Carta et al. in Heterocycles, 65(10), 2471-
2481; 2005

The commercially available 5-Chlorobenzotriazole (CAS = 94-97-3, 10 mmol) was
dissolved in 25 mL of NaOH,q 2M. 1.6 equi. of Me;S04 (16 mmol) were added. The
reaction mixture was agitated at room temperature for 1h30. The product gradually
appeared in the form of an off-white precipitate and contained 3 N-methylated
regioisomers. A flash chromatography was performed using cyclohexane/EtOAc
(4:1) as eluent. The structures were confirmed using diffraction X-Ray
crystallography. Compounds eluted in the following order:
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e 5-chloro-2-methyl-2H-benzo[d][1,2,3]triazole (7b)

_N
e
Cl N

'H-NMR (400 MHz, CDCl3): § 4.50 (3H, s), 7.33 (1H, dd, J=1.73,9.03 Hz), 7.78 (1H, d,
J=9.04 Hz), 7.84 (1H, d, J=1.11 Hz). 3C-NMR (100 MHz, CDCls): 6 43.37; 116.96;
119.06; 127.82; 132.13; 143.01; 144.87. White powder. Yield = 23 %. Melting
point =57°C

e 6-chloro-1-methyl-1H-benzo[d][1,2,3]triazole (8b)

N
cl N

\

'H-NMR (400 MHz, CDCls) 6 4.28 (3H, s), 7.33 (1H, dd, J=1.58, 8.83 Hz), 7.53 (1H, d,
J=0.99 Hz), 7.97 (1H, d, J=8.83 Hz). 3C-NMR (100 MHz, CDCl5) 6 34,36 ; 112,20 ;
121,14 ; 121,65 ; 127,61 ; 134,51 ; 144,78. White powder. Yield = 31 %. Melting
point = 120°C

e 5-chloro-1-methyl-1H-benzo[d][1,2,3]triazole (9b)

'H-NMR (400 MHz, CDCls): & 4.30 (3H, s), 7.46 (2H, d, J=1.18 Hz), 8.01 — 8.05 (1H,
m). 3C-NMR (100 MHz, CDCl3): 6 34.49; 110.14; 119.31; 128.32; 129.84; 132.18 ;
146.53. White powder.Yield = 27 %. Melting point = 85°C

2.3. 2-(5-chloro-1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile & 2-(6-chloro-
1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile (21b, 22b)

The commercially available 5-Chlorobenzotriazole (CAS = 94-97-3, 20 mmol) was
dissolved in anhydrous DMF (30 mL). Triethylamine (22.86 mmol, 3.81 mL) and
chloroacetonitrile (31.26 mmol, 2mL) were added and the reaction was refluxed
overnight (16h). The solution was basified to remove unreacted 5-
Chlorobenzotriazole and the desired product was extracted using EtOAc. A column
was performed using a gradient of Cyclohexane/EtOAc (1:0 = 3:1) as both products
have very similar Rf values. The compounds eluted in the following order: 21b then
22b. However, a significant number of fractions contained both products. Each
product was crystallised in the same conditions: Cyclohexane was added to the
obtained powder and heated until boiling. EtOAc was gradually added until
complete dissolution.
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While conversion was total, reported yields are low due to purification process.
Structures were confirmed with NOESY-NMR and X-ray diffraction crystallography.

e 2-(6-chloro-1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile (21b)
Crystals were obtained as white long needles. Yield= 15 %. 'H-NMR (400 MHz,
CDCl3) 6 8.06 (d, J=8.84 Hz, 1H), 7.70 (d, J= 0.83 Hz, 1H), 7.45 (dd, J= 8.84, 3.44 Hz,
1H), 5.59 (s, 2H). *C-NMR (100 MHz, CDCls) & 35.77; 108.69; 112.07; 121.69;
126.36; 132.85; 135.71; 144.84.

e 2-(5-chloro-1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile (22b)
Crystals were obtained as white flakes. Yield= 10 %. *H-NMR (400 MHz, DMSO) &
8.31(d, J=0.82 Hz, 1H), 8.04 (d, J=8.85 Hz, 1H), 7.74 (dd, J= 8.82, 3.43 Hz, 1H), 6.20
(s, 2H). *C-NMR (100 MHz, DMSO) 6 36.42; 112.59; 115.37; 119.37; 129.49; 129.88;
131.89; 146.22.

2.4. Substituted benzotriazoles synthesised from 4-bromo-1-fluoro-2-
nitrobenzene or 4-bromo-2-fluoro-1-nitrobenzene

General procedure: The N-substituted benzotriazoles (18d-40d) were synthesised
using the following three-step general procedure. (Step 1) To a 0.5 M solution of 4-
bromo-1-fluoro-2-nitrobenzene or 4-bromo-2-fluoro-1-nitrobenzene (1 equiv) in
ethanol was added the primary amine (1.5 equiv) and triethylamine (2 equiv). The
resulting mixture was stirred under reflux until complete conversion (30 min to 16
h), before being evaporated in vacuo. The residue was extracted using EtOAc and
water, and the organic layer was dried with Na,SOsand concentrated to afford the
desired compound, used in the next step without further purification (unless stated
otherwise). (Step 2) The nitro group of N-substituted 4-bromo-2-nitroaniline or 5-
bromo-2-nitroaniline (1 equiv) obtained in step A was reduced into an amine using
iron powder (10 equiv) in a mixture of NH4Cls,t /EtOH (1:4) stirred under reflux for
30 min to 16 h. Upon complete conversion, the reaction mixture was filtrated over
a celite pad, washed with EtOAc. After extraction, the organic layer was dried over
Na,S04 and concentrated in vacuo. Unless stated otherwise, the obtained residue
was used for step C without further purification. (Step 3) The cyclization of mono-
N-substituted 4-bromobenzene-1, 2-diamine or 5-bromobenzene-1, 2-diamine was
performed using NaNO, in acetic acid using a sonication bath for 30 min to 1 h. The
reaction mixture was then poured onto ice water and extracted with EtOAc. The
combined organic layers were washed with saturated Na,COs; solution and brine,
dried with Na,SO4, and concentrated in vacuo. The N-substituted benzotriazole was
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purified using flash chromatography on silica gel with an EtOAc/cyclohexane
gradient.

2.4.1. N-substituted benzotriazoles obtained starting from 4-Bromo-1-
fluoro-2-nitrobenzene [CAS 364-73-8]:

® 5-bromo-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (18d)

’\(/CF3

Br N

- 4-bromo-2-nitro-N-(2,2,2-trifluoroethyl)aniline  (18b):  4-Bromo-1-fluoro-2-
nitrobenzene (500 mg, 2.27 mmol) and trifluoroethanolamine.HCl were dissolved
in anhydrous THF (4mL) and DIEA (1.16 mL, 6.82 mmol) under N,. The resulting
mixture was refluxed for 16h. After cooling to room temperature, the solvent was
removed in-vacuo. Then, the residue was resuspended in 10 mL water and
extracted 3 times with EtOAc. The OL was dried with Na,SOsand evaporated to yield
620 mg (2.07 mmol) of a bright yellow powder containing 19b. Yield = 91 % Used
without further purification in the next step. *H-NMR (400 MHz, CDCls): & 3.98 (2H,
qn, J=8.12 Hz), 6.88 (1H, d, J=9.12 Hz), 7.59 (1H, dd, J=2.09, 9.11 Hz), 8.21 (1H, dd,
J=2.35, 6.51 Hz), 8.36 (1H, d, J=2.23 Hz).

- 4-bromo-N*-(2,2,2-trifluoroethyl)benzene-1,2-diamine (18c). Obtained following
the general reduction procedure. After evaporation, the crude extract was
immediately engaged in the next step.

- 5-bromo-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (18d) was obtained
using the general procedure. Flash chromatography purification:
Cyclohexane/EtOAc (9:1). Beige powder. Yield over two steps: 60 %. 5.27 —5.15 (m,
2H), 7.56 (d, J= 8.72 Hz, 1H), 7.78 (s, 1H), 7.99 (d, J= 8.76 Hz, 1H). 3C-NMR (100
MHz, CDCls) 6 49.23 & 49.60 (-CFs); 110.40; 117.96; 123.13; 132.12; 132.24; 147.26.
Yield: 56 %.

e 5-bromo-1-(cyclopropylmethyl)-1H-benzo[d][1,2,3]triazole (20d)

Br N

- 4-bromo-N-(cyclopropylmethyl)-2-nitroaniline (20b) was synthesised according to
the general procedure using cyclopropylmethanamine. Quantitative vyield.
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Obtained as a bright orange oil. *tH-NMR (400 MHz, CDCls): 6 0.35 — 0.30 (m, 2H),
0.69-0.63 (m, 2H), 1.21-1.14 (m, 1H), 3.14 (dd, J=6.37, 5.41 Hz), 6.73 (d, J=9.16
Hz, 1H), 7.48 (d, J= 9.16 Hz, 1H), 8.11 (bs, 1H), 8.32 (s, 1H). *C-NMR (100 MHz,
CDCls): 48.18; 106.24; 115.60; 128.94; 138.90.

- 4-bromo-N1-(cyclopropylmethyl)benzene-1,2-diamine (20c). Obtained by reducing
20b using the general procedure, reaction time= 1h. The crude extract was
immediately used in the following step.

- 5-bromo-1-(cyclopropylmethyl)-1H-benzo[d][1,2,3]triazole (20d) was obtained by
using the general cyclisation procedure. Reaction time= 30 min. The compound was
purified using flash chromatography (cyclohexane/EtOAc 3:1) and obtained as a
dark red oil that solidified overnight. Yield over two steps = 62 %. *H-NMR (400 MHz,
CDCls): 6 8.23 (s, 1H), 7.59 (dd, J= 8.75, 1.13 Hz, 1H), 7.47 (d, J= 8.76 Hz, 1H), 4.51
(d,J=7.11Hz, 2H), 1.42 - 1.35 (m, 1H), 0.70 - 0.66 (m, 2H), 0.52 —0.47 (m, 2H). 3C-
NMR (100 MHz, CDCls): 6 3.83; 10.27; 48.18; 106.24; 115.60; 128.94; 138.90.

e 2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-amine
(26d)

\N/

Br N

N2-(4-bromo-2-nitrophenyl)-N? N*-dimethylethane-1,2-diamine (26b) was
synthesised according to the general procedure using N%,N*-dimethylethane-1,2-
diamine. Yield: 84%. Orange powder. *H NMR (400MHz, CDCls): § 2.30 (6H, s), 2.63
(2H, t, J=6.18 Hz), 3.32 (2H, dd, J=5.92, 11.05 Hz), 6.74 (1H, d, J=9.16 Hz), 7.48 (1H,
dd, J=2.09, 9.13 Hz), 8.28 — 8.38 (2H, m). 3C NMR (100MHz, CDCl3): 6 40.77; 45.26;
57.20; 106.08; 115.71; 128.92; 132.21; 138.80; 144.27.

4-bromo-N1-(2-(dimethylamino)ethyl)benzene-1,2-diamine (26¢) Obtained by
reducing 26b using the general procedure. The crude extract was immediately used
in the following step.

2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-amine (26d).
Flash chromatography (cyclohexane/EtOAc 3:1 = 0:1). Yield over two steps: 65 %.
Dark brown powder. 'H NMR (400MHz, CDCls): 6 2.30 (6H, s), 2.88 (2H, t, J=6.65
Hz), 4.71 (2H, t, J=6.65 Hz), 7.47 (1H, d, J=8.75 Hz), 7.57 (1H, dd, J=1.22, 8.76 Hz),
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8.20 (1H, s). 3C NMR (100MHz, CDCls): & 45.56; 46.84; 58.41; 110.92; 117.11;
122.56; 130.64; 132.25; 147.09.

e 5-bromo-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole (28)
//QO
N
/©: %
Br N

4-bromo-2-nitro-N-((tetrahydrofuran-3-yl)methyl)aniline (28b). Synthesised
according to the general procedure using (tetrahydrofuran-3-yl)methanamine.
Compound was obtained in quantitative yield as an orange powder. *H-NMR (400
MHz, CDCls): 6 1.65—1.81 (1H, m), 2.14 —2.25 (1H, m), 2.61 —2.73 (1H, m), 3.22 -
3.36 (2H, m, J=4.31 Hz), 3.67 (1H, dd, J=4.83, 8.89 Hz), 3.80 (1H, dd, J=7.90, 15.69
Hz), 3.90 (1H, dd, J=6.94, 8.77 Hz), 3.94 — 4.02 (1H, m), 6.78 (1H, dd, J=1.64, 9.08
Hz), 7.02 (1H, d, J=1.48 Hz), 8.04 (1H, d, J=9.08 Hz), 8.08 — 8.19 (1H, m). 3C-NMR
(100 MHz, CDCl3): 6 26.91; 30.07; 38.47; 46.27; 67.72; 71.27; 116.31; 118.98;
128.21; 131.01; 131.83; 145.69.

4-bromo-N*-((tetrahydrofuran-3-yl)methyl)benzene-1,2-diamine (28c). Obtained
following the general reduction procedure. After evaporation, the crude extract
was immediately engaged in the next step.

5-bromo-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole (28d).
Obtained following the general cyclisation procedure. The obtained compound was
purified using flash chromatography (cyclohexane/EtOAc, 4:3). Dark brown oil.
Overall yield = 54 %. 'H-NMR (400 MHz, CDCl3): 6 1.71-1.82 (1H, m), 2.03 - 2.14
(1H, m), 2.96 —3.08 (1H, m), 3.68 (1H, dd, J=4.69, 9.10 Hz), 3.76 — 3.85 (2H, m), 4.57
(2H, d, J=7.74 Hz), 7.49 (1H, dd, J=1.35, 8.80 Hz), 7.74 (1H, d, J=0.66 Hz), 7.95 (1H,
d, J=8.80 Hz).

e 5-bromo-1-((tetrahydrofuran-2-yl)methyl)-1H-benzo[d][1,2,3]triazole (30d)

’\(/Q
: /\I I
Br N

- 4-bromo-2-nitro-N-((tetrahydrofuran-2-yl)methyl)aniline  (30b) Synthesised
according to the general procedure using 2-(aminomethyl)tetrahydrofuran. The
reaction mixture was agitated for 1h at room temperature. After cooling to 0°C, the
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precipitate was filtered and washed with cold EtOH. The product was obtained as
a bright orange powder with an 82 % yield. *H-NMR (400 MHz, CDCl5): 6 1.65 - 1.79
(m, 1H), 1.93-2.01 (m, 2H), 2.05-2.13 (m, 1H), 3.29 - 3.36 (m, 1H), 3.42 - 3.46 (m,
1H), 3.79 - 3.86 (m, 1H), 3.91 - 3.99 (m, 1H), 4.15 - 4.22 (m, 1H), 6.81 (d, J= 9.17 Hz,
1H), 7.48 (d, J= 9.12Hz, 1H), 8.23 (bs, 1H), 8.31 (s, 1H). 3C-NMR (100 MHz, CDCls)
525.86;29.15; 30.95; 47.07; 68.57; 106.44; 115.71; 128.93; 132.40; 138.84; 144.56.

- 4-bromo-N-((tetrahydrofuran-2-yl)methyl)benzene-1,2-diamine (30c). Obtained
following the general reduction procedure. After evaporation, the crude extract
was immediately engaged in the next step.

- 5-bromo-1-((tetrahydrofuran-2-yl)methyl)-1H-benzo[d][1,2,3]triazole ~ (30d).
Obtained following the general cyclisation procedure. The obtained compound was
purified using flash chromatography (cyclohexane/EtOAc, 4:3). Dark red oil. Overall
yield 37 %. *H-NMR (400 MHz, CDCl3): 6 1.56 - 1.64 (m, 1H), 1.68 - 1.76 (m, 1H),
1.79-1.89 (m, 1H), 2.03-2.12 (m, 1H), 3.64 - 3.73 (m, 2H), 4.35 - 4.41 (m, 1H), 4.68
(dd, J= 14.49, 5.39 Hz, 1H), 4.80 (dd, J=14.49Hz, 3.48 Hz, 2H), 7.54 — 7.63 (m, 2H),
8.19 (s, 1H). *C-NMR (100 MHz, CDCl3): & 25.67; 28.54; 52.47; 68.53; 112.17;
117.17; 122.23; 130.71; 132.83; 147.10.

o 4-(2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)ethyl)morpholine (32d)
</O
J

e,
Br N

- 4-bromo-N-(2-morpholinoethyl)-2-nitroaniline (32b). Synthesised according to the
general procedure using 4-(2-aminoethyl)morpholine. The precipitate was filtered
and washed with cold EtOH. The product was obtained as a bright orange powder.
Yield = 90 %. *H-NMR (400 MHz, CDCl3): 6 2.52 (4H, m), 2.72 (2H, t, J=6.06 Hz), 3.34
(2H, dd, J=10.83, 5.63 Hz), 3.76 (4H, t, J=4.39 Hz), 6.73 (2H, d, J=9.13 Hz), 7.49 (2H,
dd, J=1.70, 9.08 Hz), 8.32 (2H, d, J=1.94 Hz), 8.53 (1H, s). 3C-NMR (100 MHz, CDCl)
6 39.40; 53.14; 55.87; 67.00; 106.20; 115.75; 128.99; 132.30; 138.85; 144.17.

- 4-bromo-N-(2-morpholinoethyl)benzene-1,2-diamine (32c). Obtained following
the general reduction procedure. Brown oil. Yield: 89 %. *H-NMR (400 MHz, CDCl5):
5 2.43 — 2.53 (4H, m), 2.67 (2H, t, J=5.76 Hz), 3.13 (2H, t, J=5.77 Hz), 3.47 (2H, s),
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3.72 (4H, t, )=4.33 Hz), 6.49 (1H, d, J=8.35 Hz), 6.82 (1H, d, J=1.59 Hz), 6.89 (1H, q,
J=3.32 Hz).

- 4-(2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)ethyl)morpholine (32d). Obtained
following the general cyclisation procedure. The crude was purified using flash
chromatography cyclohexane/EtOAc (1:1 =» 2:1). The compound was obtained as
a brown powder. Yield = 43 %. 'H-NMR (400 MHz, CDCls) § 2.46 - 2.55 (4H, m). 2.93
(2H, t, J=6.43 Hz), 3.59 - 3.67 (4H, m), 4.74 (2H, t, J= 6.43 Hz), 7.47 (1H, d, J= 8.68
Hz), 7.58 (1H, d, J= 8.53 Hz), 8.22 (1H, s). 3C-NMR (100 MHz, CDCls) § 46.13; 53.64;
57.63; 66.84; 110.89; 117.14; 122.65; 130.62; 132.29; 147.11.

e tert-butyl 4-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperidine-1-
carboxylate (34d)
N-Boc

tert-butyl 4-(((4-bromo-2-nitrophenyl)amino)methyl)piperidine-1-carboxylate
(34b). Synthesised according to the general procedure using tert-butyl 4-
(aminomethyl)piperidine-1-carboxylate. An orange oil was obtained following
evaporation under reduced pressure. Yield: 86 %. *H-NMR (400 MHz, CDCls): § 1.36
—1.49 (11H, m), 1.59 — 1.71 (1H, m), 1.78 (2H, d, J=10.40 Hz), 2.83 (2H, t, J=11.76
Hz), 3.08 (2H, t, J=5.82 Hz), 3.28 (2H, d, J=11.92 Hz), 4.66 — 4.76 (1H, m), 7.07 (1H,
d, J=8.48 Hz), 7.22 (1H, s), 7.66 (1H, d, J=8.64 Hz).

tert-butyl 4-(((2-amino-4-bromophenyl)amino)methyl)piperidine-1-carboxylate
(34c). Obtained following the general reduction procedure. Yield: 73 %. 'H-NMR
(400 MHz, CDCl): 6 1.32 —1.42 (2H, m), 1.46 (9H, d, J=4.06 Hz), 1.52 — 1.66 (1H, m),
1.80 (2H, d, J=12.27 Hz), 2.55 (2H, t, J=11.39 Hz), 3.04 — 3.18 (4H, m), 3.92 (3H, s),
4.64 (1H, s), 6.59 (3H, t, J=6.60 Hz), 7.00 (2H, dd, J=1.80, 8.37 Hz), 7.04 (2H, s).

tert-butyl 4-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperidine-1-
carboxylate (34d). Obtained following the general cyclisation procedure. The crude
was purified using flash chromatography cyclohexane/EtOAc (1:1 =» 0:1). The
compound was obtained as a brown powder. Overall yield = 55 %. *H-NMR (400
MHz, CDCls): 6 1.21 - 1.35 (2H, m), 1.44 (9H, s), 1.52 = 1.63 (2H, m), 2.15—2.27 (1H,
m), 2.65 (2H, t, J=11.90 Hz), 4.01 - 4.23 (2H, m), 4.50 (2H, d, J=7.18 Hz), 7.40 (1H, d,
J=8.75 Hz), 7.60 (1H, q, J=3.37 Hz), 8.23 (1H, d, J=0.73 Hz). *C-NMR (100 MHz,

174



CDCls) 6 28.42; 29.78; 37.22; 53.53; 79.72; 110.51; 117.24; 122.75; 130.88; 132.36;
146.98; 154.65.

e tert-butyl 3-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)pyrrolidine-1-
carboxylate (36d)

:: :F(/C\ ~Boc
/\II
Br N

tert-butyl 3-(((4-bromo-2-nitrophenyl)amino)methyl)pyrrolidine-1-carboxylate
(36b). Synthesised according to the general procedure using tert-butyl 3-
(aminomethyl)pyrrolidine-1-carboxylate. Agitated at reflux temperature for 2h30.
The reaction media was extracted with EtOAc. After evaporation the product was
obtained as an orange oil that was used without further purification in the next
step. Quantitative yield. *H-NMR (400 MHz, CDCls): 6 1.46 (9H,s), 1.67 — 1.80 (1H,
m), 2.08 — 2.19 (1H, m), 2.52 - 2.65 (1H, m), 3.07 — 3.20 (1H, m), 3.21 - 3.70 (5H,
m), 6.76 (1H, d, J=9.16 Hz), 7.51 (1H, dd, J=1.59, 9.08 Hz), 8.03 — 8.15 (1H, m), 8.33
(1H, d, J=1.61 Hz). 3C-NMR (100 MHz, CDCls): 6 28.42; 39.59; 55.39; 58.46; 79.73;
116.74; 118.52; 128.19; 131.01; 131.56; 145.57; 154.75.

tert-butyl  3-(((2-amino-4-bromophenyl)amino)methyl)pyrrolidine-1-carboxylate
(36¢). Obtained following the general reduction procedure as an orange oil.
Quantitative yield. *H-NMR (400 MHz, CDCl3): 6 1.47 (9H, s), 1.64 — 1.77 (1H, m),
2.04 - 2.13 (1H, m), 2.43 — 2.56 (1H, m), 3.04 — 3.20 (3H, m), 3.21 — 3.66 (6H, m),
6.49 (2H, d, J=8.39 Hz), 6.84 (1H, s), 6.90 (2H, d, J=8.14 Hz).

tert-butyl 3-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)pyrrolidine-1-
carboxylate (36d). Obtained following the general cyclisation procedure. Flash
chromatography: Cyclohexane/EtOAc: 1:0 =» 1:4. Yield: 70 %. *H-NMR (400 MHz,
CDCl3): 6 1.45 (9H, s), 1.68 — 1.78 (1H, m), 1.91 - 2.03 (1H, m), 2.85 -2.99 (1H, m),
3.11-3.62 (5H, m), 4.61 (3H, s), 7.41 (3H, d, J=8.72 Hz), 7.60 (3H, d, =8.48 Hz), 8.24
(2H, s). 3.C-NMR (100 MHz, CDCls): & 28.48; 39.35; 44.62; 49.25; 50.26; 79.68;
110.27; 117.36; 122.85; 131.03; 147.06; 154.44.

e tert-butyl 4-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperazine-1-
carboxylate (38d)
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tert-butyl 4-(((4-bromo-2-nitrophenyl)amino)methyl)piperazine-1-carboxylate
(38b). Synthesised according to the general procedure using tert-butyl 4-
(aminomethyl)piperazine-1-carboxylate. Agitated at reflux temperature for 2h30.
Yellow powder. Quantitative yield. *H-NMR (400 MHz, CDCls): 6 1.46 (9H, s), 2.47
(4H, s), 2.73 (2H, t, J=5.90 Hz), 3.34 (2H, dd, J=5.29, 10.25 Hz), 3.48 (4H, s), 6.76 (1H,
d, J=9.04 Hz), 7.00 (1H, s), 8.03 (1H, d, J=9.04 Hz), 8.54 (1H, s). *C-NMR (100 MHz,
CDCls) 6 28.51; 37.52; 38.42; 45.18; 45.73; 49.62; 60.42; 79.54; 106.80; 115.33;
129.06; 132.36; 139.05; 144.18; 154.49.

tert-butyl  4-(((2-amino-4-bromophenyl)amino)methyl)piperazine-1-carboxylate
(38c). Obtained following the general reduction procedure as a clear oil.
Quantitative yield. *H-NMR (400 MHz, CDCl3): 6 1.46 (9H, s), 2.42 (4H, s), 2.68 (2H,
t,J=5.79 Hz), 3.13 (2H, t, J=5.64 Hz), 3.34 (2H, bs), 3.38 — 3.49 (5H, m), 6.56 (2H, d,
J=8.09 Hz), 6.72 (2H, d, J=1.85 Hz), 6.76 (2H, dd, J=2.02, 8.09 Hz).

tert-butyl 4-((5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperazine-1-
carboxylate (38d). Obtained following the general cyclisation procedure. Flash
chromatography: Cyclohexane/EtOAc 1:0 = 1:2. Yield: 80 %. Brown powder. H-
NMR (400 MHz, CDCls): 6 1.45 (9H, s), 2.46 (4H, s), 2.93 (2H, t, J=6.38 Hz), 3.37 (4H,
s), 4.72 (2H, t, )=6.38 Hz), 7.46 (1H, dd, J=8.80, 1.37 Hz), 7.79 (1H, d, J=0.68 Hz), 7.92
(1H, d, J=8.80 Hz). 3C-NMR (100 MHz, CDCls): & 28.40; 46.28; 53.06; 57.28; 79.80;
112.78; 121.18; 121.52; 127.57; 134.38; 144.80; 154.62.

e 3-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol (40d).
OH

3-((4-bromo-2-nitrophenyl)amino)propane-1,2-diol (40b). Synthesised according to
the general procedure using 3-aminopropane-1,2-diol. Orange powder.
Quantitative yield. *H NMR (400MHz, DMSO): § 3.22 —3.31 (1H, m), 3.36 —3.41 (1H,
m), 3.42 — 3.52 (2H, m), 3.69 — 3.77 (1H, m), 4.81 (1H, t, J=5.57 Hz), 5.18 (1H, d,
J=4.98 Hz), 7.08 (1H, d, J=9.31 Hz), 7.67 (1H, dd, J=2.14, 9.24 Hz), 8.18 (1H, d, J=2.30
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Hz), 8.35 (1H, t, J=4.97 Hz). 3C_ NMR (100MHz, DMSO): & 46.16; 64.07; 69.77;
105.52; 117.72; 128.24; 131.79; 139.31; 145.11.

3-((2-amino-4-bromophenyl)amino)propane-1,2-diol (40c). Obtained following the
general reduction procedure. After evaporation, the crude extract was immediately
engaged in the next step.

3-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol (40d). Obtained
following the general cyclisation procedure. Flash chromatography: EtOAc (100 %).
Yield: 80 %. Brown powder. *H NMR (400MHz, MeOD): 6 3.33 (1H, s), 3.62 (2H, d,
J=5.49 Hz), 4.07 — 4.19 (1H, m), 4.63 — 4.74 (1H, m), 4.86 (1H, d, J=3.52 Hz), 7.55
(1H, g, J=3.28 Hz), 7.91 (1H, d, J=8.82 Hz), 8.13 (1H, s).13C NMR (100MHz, MeOD): §
51.06; 63.24; 70.94; 113.99; 119.79; 121.07; 127.61; 135.16; 144.10.

2.4.2. N-substituted benzotriazoles obtained starting from 4-Bromo-2-
fluoro-1-nitrobenzene [CAS 364-73-8]:

e 6-bromo-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (17d).

N
L
Br N

\—cr,

- 5-bromo-2-nitro-N-(2,2,2-trifluoroethyl)aniline  (17b).  4-Bromo-2-fluoro-1-
nitrobenzene (500 mg, 2.27 mmol) and trifluoroethanolamine.HCl were dissolved
in anhydrous THF (4mL) and DIEA (1.16 mL, 6.82 mmol) under N,. The resulting
mixture was refluxed for 16h. After cooling to room temperature, the solvent was
removed in-vacuo. Then, the residue was resuspended in 10 mL water and
extracted 3 times with EtOAc. The OL was dried with Na,SOsand evaporated to yield
620 mg (2.07 mmol) of a bright yellow powder containing 17b. Quantitative yield.
Used without further purification in the next step. *H NMR (400MHz, CDCls): 6 3.97
(2H, gn, J=8.08 Hz), 6.94 (1H, dd, J=1.43, 9.04 Hz), 7.11 (1H, s), 7.47 (1H, d, J=8.95
Hz), 7.51 (1H, d, J=10.16 Hz), 7.98 (1H, t, J=8.29 Hz), 8.08 (2H, d, J=9.05 Hz), 8.28
(1H, s). 3C NMR (100MHz, CDCls): 6 44.67 (CFs, q, J=34.76 Hz), 116.29; 120.91;
122.09 (d, J=23.60 Hz); 125.53; 127.17 (d, J=2.33 Hz); 128.21 (d, J=13.52 Hz); 131.89;
144.42.

- 5-bromo-N1-(2,2,2-trifluoroethyl)benzene-1,2-diamine (17c). Obtained following
the general reduction procedure. After evaporation, the crude extract was
immediately engaged in the next step.
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- 6-bromo-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (17d) was obtained
using the cyclisation general procedure. Flash chromatography purification:
Cyclohexane/EtOAc (9:1). Beige powder. Yield over two steps: 68 %. H NMR
(400MHz, CDCl3): & 5.21 (2H, g, J=8.02 Hz), 7.56 (1H, d, J=8.67 Hz), 7.78 (1H, s), 7.99
(1H, d, J=8.68 Hz). *C NMR (100MHz, CDCl3): 6 49.29 (m, CFs); 112.17; 121.28;
121.60; 123.25; 124.06; 128.50; 134.28; 144.91.

e 6-bromo-1-(cyclopropylmethyl)-1H-benzo[d][1,2,3]triazole (19d)

N
L
Br N
—J

- 5-bromo-N-(cyclopropylmethyl)-2-nitroaniline (19b). Synthesised according to the
general procedure using cyclopropylmethanamine. Quantitative yield. The product
precipitated as vyellow crystals that were filtrated. Then, 5-bromo-N1-
(cyclopropylmethyl)benzene-1,2-diamine (19c) was obtained following the general
reduction procedure. After evaporation, the crude extract was immediately
engaged in the next step.

- 6-bromo-1-(cyclopropylmethyl)-1H-benzo[d][1,2,3]triazole (19d). was obtained by
using the general cyclisation procedure. Reaction time= 30 min. The compound was
purified using flash chromatography (cyclohexane/EtOAc 3:1) and obtained as a
dark red oil that solidified overnight. Overall yield =51 %. *H NMR (400MHz, CDCls):
5 0.50 (2H, g, J=5.21 Hz), 0.68 (2H, g, J=6.31 Hz), 1.36 — 1.45 (1H, m), 4.48 (2H, d,
J=7.13 Hz), 7.47 (1H, dd, J=1.07, 8.80 Hz), 7.77 (1H, s), 7.93 (1H, d, J=8.80 Hz). 3C
NMR (100MHz, CDCls): 6 4.51; 11.04; 53.16; 112.54; 121.20; 121.52; 127.51;
133.94; 144.92.

e 2-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-amine
(25d)

N
Br N\\\N

/

N*-(5-bromo-2-nitrophenyl)-N?, N>-dimethylethane-1,2-diamine (25b) was
synthesised according to the general procedure using N%,N-dimethylethane-1,2-
diamine. Quantitative yield. Orange powder.H NMR (400MHz, CDCls): 6 2.30 (6H,
s), 2.63 (2H, t, J=6.08 Hz), 3.31 (2H, dd, J=5.74, 10.80 Hz), 6.73 (1H, q, J=3.53 Hz),

178



6.99 (1H, d, J=1.14 Hz), 8.02 (1H, d, J=9.07 Hz), 8.36 (1H, s). 3C NMR (100MHz,
CDCls): 6 40.74; 45.22; 57.11; 116.60; 118.38; 128.16; 130.94; 131.51; 145.67.

5-bromo-N1-(2-(dimethylamino)ethyl)benzene-1,2-diamine (25c) was obtained
following the general reduction procedure. After evaporation, the crude extract
was immediately engaged in the next step.

2-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-amine (25d) was
obtained by using the general cyclisation procedure. Flash chromatography
(cyclohexane/EtOAc 3:1 =» 0:1). Yield over two steps: 55 %. Dark brown oil. *H NMR
(400MHz, CDCl3): & 2.53 (6H, s), 3.25 (2H, t, J=7.15 Hz), 4.90 (2H, t, J=7.15 Hz), 7.48
(1H, dd, J=1.20, 8.79 Hz), 7.89 (1H, s). *C NMR (100MHz, CDCl5): § 44.14; 56.49;
112.64; 121.06; 122.13; 128.02; 134.10; 144.62; 176.16.

® 6-bromo-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole (27d)

N

5-bromo-2-nitro-N-((tetrahydrofuran-3-yl)methyl)aniline (27b). was synthesised
according to the general procedure using (tetrahydrofuran-3-yl)methanamine.
Quantitative yield. *H-NMR (400 MHz, CDCl5) § 1.68 —1.81 (2H, m), 2.14 — 2.25 (2H,
m), 2.62 —2.72 (2H, m), 3.26 — 3.36 (4H, m), 3.63 —3.69 (2H, m), 3.79 (2H, q, J=7.86
Hz), 3.89 (2H, q, J=5.23 Hz), 3.93 - 4.01 (2H, m), 6.78 (2H, d, J=9.19 Hz), 7.49 (2H,
dd, J=2.05, 9.15 Hz), 8.10 (1H, s), 8.26 (2H, d, J=2.19 Hz). *C-NMR (100 MHz, CDCls)
630.02;38.52;46.21;67.69; 71.22; 106.56; 115.46; 128.80; 132.13; 138.94; 144.29.

5-bromo-N1-((tetrahydrofuran-3-yl)methyl)benzene-1,2-diamine (27c). was
obtained following the general reduction procedure. After evaporation, the crude
extract was immediately engaged in the next step.

6-bromo-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole (27d) was
obtained by using the general cyclisation procedure. Purified using flash
chromatography (cyclohexane/EtOAc, 4:1). Light brown powder. H-NMR (400
MHz, CDCl5): 6 1.71-1.81(2H, m), 2.02 - 2.17 (2H, m), 2.96 — 3.06 (1H, m), 3.63 —
3.72 (1H, m), 3.75-3.83 (2H, q, J=7.46 Hz), 3.96 — 4.03 (1H, m), 4.59 (2H, d, J=7.70
Hz), 7.44 (1H, d, J=8.75 Hz), 7.60 (1H, t, J=4.37 Hz), 8.23 (1H, s). 3C-NMR (100 MHz,
CDCl3) 6 24.86; 29.74; 39.63; 50.63; 67.52; 70.80; 75.02; 110.36; 117.32; 122.77;
130.96; 132.11; 147.00.
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® 6-bromo-1-((tetrahydrofuran-2-yl)methyl)-1H-benzo[d][1,2,3]triazole (29d)

N
Br N\\@

- 5-bromo-2-nitro-N-((tetrahydrofuran-2-yl)methyl)aniline  (29b). Synthesised
according to the general procedure using 2-(Aminomethyl)tetrahydrofuran. After
cooling the reaction mixture to 0°C, the precipitate was filtered and washed with
cold EtOH. The compound was obtained as a yellow powder. Yield: 50 %. *H-NMR
(400 MHz, CDCl3): 6 1.66 - 1.74 (m, 1H), 1.94 - 2.01 (m, 1H), 2.06-2.14 (m, 1H), 3.27
- 3.34 (m, 1H), 3.41 - 3.46 (m, 1H), 3.79 - 3.87 (m, 1H), 3.93 - 4.00 (m, 1H), 4.17 -
4.23 (m, 1H), 6.76 (d, J= 9.08Hz, 1H), 7.05 (s, 1H), 8.03 (d, J =8.69 Hz, 1H), 8.25 (bs,
1H). 3C-NMR (100 MHz, CDCls): 6 25.87; 29.17; 47.08; 68.57; 116.57; 118.75;
128.18; 131.11; 131.61; 145.92.

- 5-bromo-N-((tetrahydrofuran-2-yl)methyl)benzene-1,2-diamine (29c). Obtained
following the general reduction procedure. The compound was immediately
engaged in the next step.

- 6-bromo-1-((tetrahydrofuran-2-yl)methyl)-1H-benzotriazole (29d). Obtained
following the general cyclisation procedure. Purified using flash chromatography
(cyclohexane/EtOAc, 4:1). Light brown powder. Yield = 53 %. *H-NMR (400 MHz,
CDCls) 6 1.54 — 1.64 (m, 1H), 1.78 —1.88 (m, 1H), 2.03 - 2.11 (1H, m), 3.67 — 3.70 (
m, 2H), 4.35 - 4.40 (m, 1H), 4.68 (dd, J=14.49Hz, J=5.04Hz, 1H), 4.80 (dd, J=14.69
Hz, J=4.01Hz 1H), 7.54 — 7.62 (m, 2H), 8.19 (s, 1H). 3C-NMR (100 MHz, CDCl3) &
25.67; 28.64; 30.97; 52.43; 68.58; 113.70; 120.86; 121.69; 127.62; 134.85; 144.81.

e 4-(2-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)ethyl)morpholine (31d)

()

- 5-bromo-N-(2-morpholinoethyl)-2-nitroaniline (31b). Synthesised according to the
general procedure using 4-(2-aminoethyl)morpholine. After cooling the reaction
mixture to 0°C, the precipitate was filtered and washed with cold EtOH. Yellow
powder. Yield: 78 %. *H-NMR (400 MHz, CDCls) 6 2.49 — 2.56 (m, 4H), 2.73 (t, J=
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17.93 Hz, 2H), 3.30 — 3.37 (m, 2H), 3.75 (t, J= 4.48 Hz, 4H), 6.75 (d, J= 9,08Hz, 1H),
7.00 (s, 1H), 8.03 (d, J=9.08 Hz, 1H), 8.55 (s, 1H). *C-NMR (100 MHz, CDCl3) & 39.41;
53.13; 55.83; 67.00; 116.72; 118.50; 128.19; 131.02; 131.55; 145.59.

- 5-bromo-N-(2-morpholinoethyl)benzene-1,2-diamine (31c). Obtained following
the general reduction procedure. The compound was immediately engaged in the
next step.

- 4-(2-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)ethyl)morpholine (31d). Obtained
following the general cyclisation procedure. The obtained compound was purified
using flash chromatography (cyclohexane/EtOAc, 1:1). Light brown powder. Yield =
53 %. 'H-NMR (400 MHz, CDCls) & 7.92 (d, J= 8.80 Hz, 1H), 7.80 (s, 1H), 7.48 (d, J=
8.79 Hz, 1H), 4.72 (t, J= 6.38 Hz, 2H), 3.63 - 3.69 (m, 4H), 2.92 (t, J= 6.39 Hz, 2H),
2.50 - 2.55 (m, 4H). 3C-NMR (100 MHz, CDCls) 6 46.07; 53.62; 60.42; 66.82; 112.85;
121.18; 121.52; 127.59; 134.37; 144.82.

e tert-butyl 4-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperidine-1-
carboxylate (33d)

N
Br N
\\Q\Boc

- tert-butyl 4-(((5-bromo-2-nitrophenyl)amino)methyl)piperidine-1-carboxylate
(33b). Synthesised according to the general procedure using tert-butyl 4-
(aminomethyl)piperidine-1-carboxylate. Agitated overnight at room temperature.
An orange oil was obtained following evaporation under reduced pressure. *H-NMR
(400 MHz, CDCl3): 6 1.19 - 1.32 (2H, m), 1.47 (9H, s), 1.77 —1.92 (3H, m), 2.63 —
2.83 (2H, m), 3.19 (2H, t, J=5.67 Hz), 4.00 — 4.30 (2H, m), 6.76 (1H, d, J=9.09 Hz),
7.00 (1H, s), 8.03 (1H, d, J=9.10 Hz), 8.11 — 8.19 (1H, m).

- tert-butyl 4-(((2-amino-5-bromophenyl)amino)methyl)piperidine-1-carboxylate
(33c). Obtained following the general reduction procedure as a black oil with a yield
of 82 %, which was used in the next step without further purification. *H-NMR (400
MHz, CDCls): 6 1.05 — 1.21 (3H, m), 1.38 (9H, s), 1.60 — 1.75 (3H, m), 2.56 — 2.70
(2H, m), 2.87 (2H, d, J=5.90 Hz), 3.20 (2H, bs), 3.44 (1H, bs), 3.98 — 4.12 (2H, m),
6.48 (2H, d, J=8.08 Hz), 6.61 (2H, s), 6.65 (2H, d, J=8.07 Hz).

- tert-butyl 4-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperidine-1-
carboxylate (33d). Obtained following the general cyclisation procedure. The
obtained compound was purified using flash chromatography (cyclohexane/EtOAc,
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2:1 =» 1:1). Brown powder. Yield = 84 %. *H-NMR (400 MHz, CDCl3) 6 1.23 — 1.36
(2H, m), 1.45 (9H, s), 1.54 - 1.63 (2H, m), 2.16 — 2.29 (1H, m), 2.61 — 2.73 (2H, m),
4.06-4.25 (2H, m), 4.47 (2H, d, J=7.00 Hz), 7.48 (1H, d, J=7.99 Hz), 7.69 (1H, s), 7.94
(1H, d, J=8.75 Hz). 3C-NMR (100 MHz, CDCls) & 28.42; 29.77; 37.12; 53.44; 79.71;
112.19; 121.33; 121.86; 127.71; 134.41; 144.68; 154.66.

e tert-butyl 3-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)pyrrolidine-1-
carboxylate (35d)

N
N/
Br \\C/ _Boc

tert-butyl 3-(((5-bromo-2-nitrophenyl)amino)methyl)pyrrolidine-1-carboxylate
(35b). Synthesised according to the general procedure using tert-butyl 3-
(aminomethyl)pyrrolidine-1-carboxylate. Brown oil. Quantitative yield. *H-NMR
(400 MHz, CDCl3): 61.47 (9H, s), 1.68 —1.82 (1H, m), 2.09—2.20 (1H, m), 2.55-2.68
(1H, m), 3.09 —3.20 (1H, m), 3.23 - 3.69 (5H, m), 6.78 (1H, d, J=9.03 Hz), 7.01 (1H,
s), 8.02 (1H, d, J=9.07 Hz), 8.08 —8.12 (1H, m).

tert-butyl  3-(((2-amino-5-bromophenyl)amino)methyl)pyrrolidine-1-carboxylate
(35c). Obtained following the general reduction procedure. Quantitative yield. *H-
NMR (400 MHz, CDCl5): 6 1.47 (1H, s), 1.64 —1.76 (1H, m), 2.02 -2.12 (1H, m), 2.42
—2.57 (1H, m), 3.00-3.20 (3H, m), 3.24 -3.66 (5H, m), 6.58 (1H, d, J=7.24 Hz), 6.71
(1H, s), 6.77 (1H, d, J=7.88 Hz).

tert-butyl 3-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)pyrrolidine-1-
carboxylate (35d). Obtained following the general cyclisation procedure. Purified
using flash chromatography (cyclohexane/EtOAc, 1:0 = 1:4). Brown powder. Yield
= 70 %. *H-NMR (400 MHz, CDCls); & 1.46 (9H, s), 1.69 — 1.79 (1H, m), 1.92 — 2.05
(1H, m), 2.87 — 2.98 (1H, m), 3.17 — 3.26 (1H, d, J=4.44 Hz), 3.28 — 3.62 (3H, m,
J=10.21 Hz), 4.60 (2H, d, J=6.79 Hz), 7.48 (1H, d, J=8.62 Hz), 7.72 (1H, s), 7.94 (1H,
d, J=8.57 Hz).

e tert-butyl 4-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperazine-1-
carboxylate (37d)

N
Br

N
= N/\\\)\‘\ Boc
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tert-butyl 4-(((5-bromo-2-nitrophenyl)amino)methyl)piperazine-1-carboxylate
(37b). Synthesised according to the general procedure using tert-butyl 4-
(aminomethyl)piperazine-1-carboxylate. Agitated at reflux temperature for 2h30.
Yellow powder. Quantitative yield. *H-NMR (400 MHz, CDCl5): § 1.47 (9H, s), 1.52
-1.65(1H, m), 1.67-1.80 (1H, m), 2.08 —2.19 (1H, m), 2.59 (1H, d, J=6.84 Hz), 3.07
—3.20 (1H, m), 3.21 —3.69 (5H, m), 6.76 (1H, d, J=9.16 Hz), 7.51 (1H, d, J=7.80 Hz),
8.08 (1H, s), 8.33 (1H, s). *C-NMR (100 MHz, CDCl5): § 14.21; 21.09; 28.51; 37.52;
38.42; 45.18; 45.73; 49.62; 60.42; 79.54; 106.80; 115.33; 129.06; 132.36; 139.05;
144.18; 154.49.

tert-butyl  4-(((2-amino-5-bromophenyl)amino)methyl)piperazine-1-carboxylate
(37c). Obtained following the general reduction procedure. Quantitative yield. *H-
NMR (400 MHz, CDCl5) 6 1.46 (9H, s), 2.37 —-2.45 (4H, s), 2.65 (2H, t, J=5.80 Hz), 3.11
(2H, t, J=5.78 Hz), 3.38 — 3.47 (4H, m), 3.55 (2H, br s), 6.46 (1H, d, J=8.36 Hz), 6.80
(1H, d, J=2.08 Hz), 6.85 (1H, dd, J=2.05, 8.34 Hz)

tert-butyl 4-((6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)methyl)piperazine-1-
carboxylate (37d). Obtained following the general cyclisation procedure. Purified
using flash chromatography (cyclohexane/EtOAc, 2:1 =» 1:1). Brown powder. Yield
= 80 %. 'H-NMR (400 MHz, CDCls) & 1.45 (9H, s), 2.36 — 2.52 (4H, m), 2.94 (2H, t,
J=6.40 Hz), 3.25 - 3.47 (4H, s), 4.74 (2H, t, J=6.39 Hz), 7.46 (1H, d, J=8.75 Hz), 7.58
(1H, dd, J=1.48, 8.76 Hz), 8.21 (1H, d, J=0.84 Hz). 3C-NMR (100 MHz, CDCl;)  28.39;
46.33;53.01;57.27;79.81;110.91; 117.13; 122.61; 130.62; 132.31; 147.06; 154.64.

e 3-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol (39d)

N
Jo !
Br N on
o
3-((5-bromo-2-nitrophenyl)amino)propane-1,2-diol (39b). Synthesised according to
the general procedure using 3-aminopropane-1,2-diol. Quantitative yield. *H NMR
(400MHz, DMSO): 6 3.22 —3.52 (4H, m), 3.73 (1H, s), 4.82 (1H, s), 5.20 (1H, s), 6.84
(1H, dd, J= 1.57, 9.10 Hz), 7.29 (1H, s), 8.00 (1H, d, J=9.10 Hz), 8.35 (1H, t, J=4.86

Hz). 3C NMR (100MHz, DMSO): & 46.13; 64.04; 69.82; 117.40; 118.53; 128.53;
130.67; 131.47; 146.43.

3-((2-amino-5-bromophenyl)amino)propane-1,2-diol (39c). Obtained following the
general reduction procedure. After evaporation, the crude extract was immediately
engaged in the next step.
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3-(6-bromo-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol  (39d). Obtained
following the general cyclisation procedure. Flash chromatography: EtOAc (100 %).
Yield: 75 %. Brown powder. *H NMR (400MHz, MeOD): 6 3.33 (1H, s), 3.62 (1H, d,
J=5.47 Hz), 4.11 — 4.19 (1H, m), 4.68 — 4.76 (1H, m), 4.86 — 4.89 (1H, m), 7.67 (1H,
d, J=8.80 Hz), 7.81 (1H, d, J=8.82 Hz), 8.18 (1H, s). 3C NMR (100MHz, MeOD): 6
51.15; 63.25; 70.92; 112.56; 117.12; 120.92; 130.32; 133.15; 146.34.

3. Synthesis and methylation of 5-Bromotriazolopyridine

e 5-Bromotriazolopyridine (44)
was obtained from the commercially available 5-bromopyridine-2,3-diamine (1504
mg, 8 mmol) using NaNO; (1104 mg, 16 mmol) in acetic acid (16 mL) using a
sonication bath for 1h. *H-NMR (400 MHz, DMSO) & 8.82 (1H, d, J=7.83 Hz). 13C-
NMR (100 MHz, DMSO) 6 116.93; 127.29; 150.46. Light brown powder. Yield: 83 %.

5-Bromotriazolopyridine (1194 mg, 6 mmol) was dissolved in 15 mL of NaOH,q 2N
and 1.6 eq. of Me;SO4 (9.6 mmol) were added. The reaction mixture was agitated
at room temperature for 1h30, until disappearance of starting material on TLC. The
product gradually appeared in the form of an off-white precipitate and contained 3
N-methylated regioisomers. Crude yield: 96 %. The regioisomers were purified by
flash chromatography in a gradient of cyclohexane/EtOAc (4:1 = 2:3).

® 6-bromo-1-methyl-1H-[1,2,3]triazolo[4,5-b]pyridine (14b)
N_N
Br X N
\
'H-NMR (400 MHz, DMSO): 6 4.33 (3H, s), 8.79 (1H, d, J=1.95 Hz), 8.85 (1H, d, J=1.98

Hz).3C-NMR (100 MHz, DMSO) § 35.57 ; 118.51 ; 123.40 ; 127.39 ; 149.30 ; 155.67.
Beige powder. Purified yield : 13 %

® 6-bromo-3-methyl-3H-[1,2,3]triazolo[4,5-b]pyridine (15b)

Br Z>N

'H-NMR (400 MHz, DMS0): § 4.31 (3H, s), 8.88 (1H, d, J=1.89 Hz), 8.96 (1H, d, J=1.88
Hz). 3.C-NMR (100 MHz, DMSO0): 6 33.58; 115.54; 131.06; 137.82; 144.81 ; 151.66.
White crystalline powder. Purified yield : 20.5 %
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® 6-bromo-2-methyl-2H-[1,2,3]triazolo[4,5-b]pyridine (13b)
N

' /N\
LGN
Br X N
'H-NMR (400 MHz, CDCls): 6 4.56 (3H, s), 8.39 (1H, d, J=2.06 Hz), 8.80 (1H, d, J=1.96
Hz). 'H-NMR (400 MHz, DMSO): 4.55 (3H, s), 8.84 — 8.87 (2H, m). 3C-NMR (100

MHz, DMSO): 6 44.70; 117.64 ; 129.47 ; 137.34 ; 152.92; 154.16. White crystalline
powder. Purified yield: 11 %

A loss in purified yield is due to the lack of resolution of the glass column
purification.

4. Nitration (A) and reduction (B) of methylated 5-chlorobenzotriazoles

General procedure: 2 mmol of the appropriate chloro-methylbenzotriazole
(7b-9b) was dissolved in 3.5 mL of concentrated H,SO,. To this solution, 6.5 mmol
KNOs in concentrated H,SOs was added dropwise. The resulting mixture was
agitated for 1h30 min at 50

°C. After cooling down to room temperature, the reaction mixture was poured on

ice, resulting in precipitate formation (10b-12b). The obtained powder was washed
with water until neutrality. In accordance with the literature, nitration of 5-chloro-
2-methyl-2H-benzo[d][1,2,3]-triazole (7b) led to the formation of a second
dinitrated product, 5-chloro-2-methyl-4,6-dinitro-2H-benzo[d][1,2,3]triazole, in
addition to the mononitrated 5-chloro-2-methyl-4-nitro-2H-benzo([d][1,2,3]-
triazole (10b).3°® The product of nitration (2mmol) was reduced using 10 equiv. of
iron powder (Fe()) in a mixture of 3 mL of saturated NH4Cl and 11 mL EtOH under
reflux for 30 min. to 16h. Upon completion, the reaction medium is filtrated over a
celite pad, washed with EtOAc. After extraction, the OL is dried with Na;SO,4 and
concentrated in-vacuo to afford N-methylbenzotriazol-4-amines (10c-12c).

4.1. Nitrated N-methylbenzotriazoles

e 5-chloro-2-methyl-4-nitro-2H-benzo[d][1,2,3]triazole (10b)
Obtained following the general procedure A using 7b, 77% yield, white powder. H-
NMR (400 MHz, CDCls) & 8.01 (d, J= 9.03 Hz, 1H), 7.49 (d, J= 9.03 Hz, 1H), 4.58 (s,
3H). 3C-NMR (100 MHz, CDCls) 6 44.09; 118.83; 122.80; 125.95; 128.53; 138.26;
144.28.

e 5-chloro-2-methyl-4,6-dinitro-2H-benzo[d][1,2,3]triazole
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Obtained as a side product following the general procedure A using 7b, 23 % yield,
white powder. *H-NMR (400 MHz, CDCls) 6 8.59 (s, 1H), 4.66 (s, 3H).

e 6-chloro-1-methyl-4-nitro-1H-benzo[d][1,2,3]triazole (11b)
Obtained following the general procedure A using 8b, quantitative yield, white
powder. *H-NMR (400 MHz, CDCl3) § 4.26 (3H, s), 7.50 (1H, d, J=8.83 Hz), 8.17 (1H,
d, J=8.83 Hz). 3C-NMR (100 MHz, CDCls) 6 36.20; 123.73; 125.84; 126.01; 126.55;
146.94.

e 5-chloro-1-methyl-4 nitro-1H-benzo[d][1,2,3]triazole (12b)
Obtained following the general procedure A using 9b, quantitative yield, white
powder. 'H-NMR (400 MHz, CDCls) 6 4.39 (3H, s), 7.61 (1H, d, J=8.84 Hz), 7.69 (1H,
d, J=8.84 Hz). *C-NMR (100 MHz, CDCl5) 6 35.02; 113.19; 122.49; 129.53; 133.82;
139.03.

4.2, N-methylbenzotriazol-4-amines

e 5-chloro-2-methyl-2H-benzo[d][1,2,3]triazol-4-amine (10c)
Obtained in quantitative yield, starting from 10b, as a powder. *H-NMR (400 MHz,
DMSO): 6 4.45 (s, 3H), 6.01 (bs, 1H), 7.02 (d, J= 8.92 Hz, 1H), 7.20 (d, J= 8.93 Hz, 1H).
13C-NMR (100 MHz, DMSO) 6 43.54; 104.77; 107.79; 128.91; 135.31; 136.91;
144.02.

e 6-chloro-1-methyl-1H-benzo[d][1,2,3]triazol-4-amine (11c)
Obtained in quantitative yield, starting from 11b, as a yellow powder. *H-NMR (400
MHz, CDCls) & 4.45 (bs, 2H), 4.52 (s, 3H) 7.20 (d, J= 8.60 Hz, 1H), 7.34 (d, J= 8.60 Hz,
1H). 3C-NMR (100 MHz, CDCls) 6 36.74; 110.22; 116.31; 125.48; 126.08; 128.38;
146.49.

e 5-chloro-1-methyl-1H-benzo[d][1,2,3]triazol-4-amine (12c)
Obtained starting from 12b. Purified using a DCM + 1% MeOH flash column. Yield=
73 %. H-NMR (400 MHz, CDCl3) 6 7.31 (d, J= 8.68 Hz, 1H), 6.72 (d, J= 8.64 Hz, 1H),
5.08 (bs, 1H), 4.22 (s, 1H). 3C-NMR (100 MHz, CDCls) & 34.35; 97.47; 109.71;
129.19; 133.51; 135.25; 136.99.

5. Synthesis of cross-coupled benzotriazole compounds

Prior to the coupling procedures, the solvent 1,4-Dioxane and KsPO, solution in
water were degassed by atmosphere exchange with nitrogen in a sonication bath
for 45 minutes. The cross-coupling procedure was adapted from DM Knapp et al.>%
We found that the use of Pd(dppf)Cl, as catalyst significantly increased the yield as

compared to Pd(OAc)..
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(A) Coupling procedure adapted for the use of a pinacol boronic ester (41,
42).

Aryl-halide (Immol, 1 eq) and the boronic ester (1.6 eq), Pd(dppf)Cl. (5 mol %) and
SPhos (10 mol %) were introduced into a 25 ml 2-neck round-bottom flask under
inert atmosphere. Then, 10 mL of degassed dioxane were added and the reaction
was left under agitation at r.t. for 10 minutes until dissolution of reactants. Finally,
2 mL of degassed distilled water containing KsPO4 (3.5 mmol) were added to the
media and the reaction was stirred for 3 to 16h at 70°C. When the conversion was
complete, the mixture was cooled to room temperature, diluted with 1N NaOH (10
mL) and extracted twice with 10 mL EtOAc. The combined organic fractions were
dried over Na,SO, and concentrated in vacuo. The obtained residue was purified by
flash chromatography on silica gel with the appropriate gradient of EtOAc in
cyclohexane to afford the cross-coupled protected intermediate.

(B) Coupling procedure adapted for the use of a MIDA boronate (43).

The coupling procedure above was slightly adapted when couplings were
performed using MIDA boronate 43. In this modified procedure 1.2 eq of boronate
and 7 eq of KsPO4 were used.

5.1. General deprotection procedures.
Two different deprotection protocols were used for removing N-phenylsulfonyl
present on the indole of cross-coupled compounds depending on the stability of
moieties present on the molecule.

(A) Strong deprotection conditions for SO,Ph
0.5 mmol of starting compound were dissolved in 4 mL of a 1:1 solution of
MeOH/H,0 containing 2.5 M of KOH. The resulting mixture was refluxed until
completion of the reaction (30 min. — 48h.).

(B) Mild deprotection conditions for SO,Ph
0.5 mmol of starting compound were dissolved in 4 mL of a 1M solution of TBAF in

THF. The resulting mixture was refluxed until completion of the reaction (2h. —
48h.).

(C) Tert-butyloxycarbonyl (Boc) deprotection
0.5 mmol of starting compound were dissolved in 4 mL of a 1:1 solution of
MeOH/H20 containing 4 M of KOH. The resulting mixture was refluxed until
completion of the reaction (30 min. —48h.).
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5.2. Products of cross-coupling and deprotection.

5.2.1. Compounds obtained following cross-coupling procedure B (using 43)
The following compounds were synthesised according to the general coupling
procedure and then deprotected using the appropriate deprotection procedure.

® 6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole (6)
NN

NH

\
‘N

H

1-(4-methoxybenzyl)-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-
benzo[d][1,2,3]triazole was obtained after coupling between compounds 43 and
the mixture of 6-bromo-1-(4-methoxybenzyl)-1H-benzo[d][1,2,3]triazole + 5-
bromo-1-(4-methoxybenzyl)-1H-benzo[d][1,2,3]triazole (6b). Purified using flash
chromatography (Cyclohexane/ EtOAc 3:1). The obtained white powder underwent
general SO,Ph deprotection procedure A. to afford 6-(1H-indol-3-yl)-1-(4-
methoxybenzyl)-1H-benzo[d][1,2,3]triazole, which was deprotected in pure TFA at
reflux temperature. The reaction was left for 16h, after which only around 20 % of
the reactant were deprotected a flash chromatography, the rest was starting
material. Purification by flash chromatography (cyclohexane/EtOAc) was
performed. 6-(1H-indol-3-yl)-1-(4-methoxybenzyl)-1H-benzo[d][1,2,3]triazole was
deprotected again under the same conditions. This procedure was repeated 2 more
times. Overall yield: 24 % H NMR (600MHz, DMSO0): 6 7.14 (1H, t, J=7.05 Hz), 7.19
(1H, t, J=7.10 Hz), 7.48 (1H, d, J=8.02 Hz), 7.76 (1H, dd, J=1.34, 8.59 Hz), 7.82 (1H, d,
J=2.53 Hz), 7.94 (1H, d, J=7.90 Hz), 7.97 (1H, d, J=8.58 Hz), 8.04 (1H, s), 11.45 (1H,
s). 3C NMR (150MHz, DMSO0): 6 110.29; 112.56; 115.88; 116.63; 119.35; 120.30;
122.06; 124.70; 125.48; 134.01; 137.43. HRMS: m/z (El+), calculated for: C14H10N4
235.0939 [M]*, found: 235.0639 [M]*. Melting temp. range: 120 — 124 °C.
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® 5-(1H-indol-3-yl)-2-methyl-2H-benzo[d][1,2,3]triazole (7)
N- N/

'
(L

N

H

2-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-benzo[d][1,2,3]triazole was
obtained after coupling 43 with 7b. Purified by flash chromatography
(Cyclohexane/EtOAc: 3:1 = 2:1). Off white powder. Yield: 76%. *H NMR (400MHz,
CDCls): 6 4.54 (3H, s), 7.32 (1H, t, J=7.51 Hz), 7.40 (1H, t, J=7.51 Hz), 7.46 (2H, t,
J=7.69 Hz), 7.56 (1H, t, J=7.41 Hz), 7.62 (1H, dd, J=8.82, 1.09 Hz), 7.79 (1H, s), 7.83
(1H, d, J=7.86 Hz), 7.94 (3H, t, J=8.33 Hz), 8.09 (2H, t, J=6.11 Hz). *C NMR (100MHz,
CDCls): 6 43.32; 113.91; 116.16; 118.44; 120.42; 123.38; 123.85; 125.21; 126.89;
127.43; 129.21; 129.41; 131.24; 134.01; 135.54; 138.12; 144.06; 145.03.

2-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-benzo[d][1,2,3]triazole was
deprotected following general procedure A to afford 7. Purified by flash
chromatography (DCM/MeOH: 1:0 =» 9:1). Off white powder. Yield: 56 %. 'H NMR
(600MHz, CDCls): 6 4.54 (3H, s), 7.22 = 7.25 (1H, m), 7.27 = 7.30 (1H, m), 7.47 (1H,
dd, J=2.77,5.30 Hz), 7.73 (1H, dd, J=1.47, 8.82 Hz), 7.91 (1H, d, J=8.81 Hz), 8.01 (1H,
d, J=7.93 Hz), 8.11 (1H, s), 8.34 (1H, s). 23C NMR (150MHz, CDCls): & 43.16; 111.53;
114.50; 117.93; 118.15; 119.77; 120.64; 122.31; 122.70; 125.72; 127.92; 133.90;
136.73; 143.56; 145.45. HRMS: m/z (El+), calculated for: CisH12N4 249.1096 [M]Y,
found: 249.1132 [M]*. Melting temp. range: 157 — 160 °C.

®  5-(1H-indol-3-yl)-2-methyl-2H-benzo[d][1,2,3]triazol-4-amine (10)

2-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-benzo[d][1,2,3]triazol-4-amine
was obtained after coupling 43 with 10c. Purified by flash chromatography
(Cyclohexane/EtOAc: 3:1 =» 1:1). Yield: 64 %. *H NMR (400MHz, CDCls): & 4.46 (2H,
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s) 4.51 (3H, s), 7.23 — 7.30 (4H, m), 7.39 (1H, t, J=7.62 Hz), 7.50 (3H, q, J=8.21 Hz),
7.58 (1H, t, J=7.41 Hz), 7.72 (1H, s), 7.97 (2H, d, J=7.53 Hz), 8.10 (1H, d, J=8.33 Haz).
13C NMR (100MHz, CDCl3): 6 43.16; 106.24; 108.69; 113.87; 120.74; 121.11; 123.58;
124.26; 125.22; 126.90; 129.42; 129.92; 130.29; 134.01; 134.83; 135.24.

2-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-benzo[d][1,2,3]triazol-4-amine
was deprotected following general procedure A to afford 10.Purified by flash
chromatography (Cyclohexane/EtOAc: 2:1 = 0:1). Yield: 50%. *H NMR (600MHz,
DMSO): 6 4.52 (3H, s), 5.26 (2H, s), 7.09 (1H, t, J=7.15 Hz), 7.17 (1H, d, J=8.59 Hz),
7.21 (1H, t, J=7.50 Hz), 7.36 (1H, d, J=8.59 Hz), 7.52 (2H, dd, J=3.12, 8.06 Hz), 7.56
(1H, d, J=2.43 Hz), 11.38 (1H, s).3C NMR (150MHz, DMSO): 6 43.39; 104.40; 111.10;
112.30; 112.91; 119.48; 119.72; 121.80; 124.54; 126.57; 131.32; 135.09; 136.80;
137.64; 144.43.

. HRMS: m/z (El+), calculated for: CisH1sNs 264.1205 [M]*, found: 264.1242 [M]*.
Melting temp. range: 135 — 139 °C.

® 6-(1H-indol-3-yl)-1-methyl-1H-benzo[d][1,2,3]triazole (8)
N=N

N

~
\
g N
H

1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was
obtained after coupling 43 with 8b. Purified by flash chromatography
(Cyclohexane/EtOAc: 2:1 =» 1:1). Off white powder. Yield: 87 %.'H NMR (400MHz,
DMSO0): 6 4.35 (3H, s, 7.34 (1H, t, J=7.20 Hz), 7.42 (1H, t, J=7.38 Hz), 7.48 (2H, t,
J=7.69 Hz), 7.58 (1H, t, J=7.45 Hz), 7.62 (1H, dd, J=1.24, 8.62 Hz), 7.71 (1H, s), 7.78
- 7.83 (2H, m), 7.96 (2H, d, J=7.44 Hz), 8.08 — 8.15 (2H, m). 3C NMR (100MHz,
DMSO0): 6 34.35; 107.78; 113.97; 120.21; 120.45; 123.45; 123.68; 123.95; 124.72;
125.38; 126.92; 129.04; 129.47; 132.62; 134.09; 134.12; 135.48; 138.02; 145.44.

1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was
deprotected following general procedure A to afford 8. Purified by flash
chromatography (DCM/MeOH: 1:0 =» 9:1). Off white powder. Yield: 79 %. 'H NMR
(400MHz, DMSO): 6 4.36 (3H, s), 7.13 - 7.24 (2H, m), 7.50 (1H, d, J=7.83 Hz), 7.78
(2H, d, J=8.88 Hz), 7.88 (1H, d, J=2.24 Hz), 8.01 — 8.10 (3H, m), 11.54 (1H, s). 2C
NMR (100MHz, DMSO): 6 34.53; 106.63; 112.56; 115.63; 119.56; 119.73; 120.42;
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122.20; 124.57; 125.21; 125.34; 134.73; 135.65; 137.47; 144.00. HRMS: m/z (El+),
calculated for: CisH12N4 249.1096 [M]*, found: 249.1135 [M]*. Melting temp. range:
230-234°C.

® 6-(1H-indol-3-yl)-1-methyl-1H-benzo[d][1,2,3]triazol-7-amine (11)
N=N

1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-7-amine
was obtained after coupling 43 with 11c. Purified by flash chromatography
(Cyclohexane/EtOAc 1:0 =» 1:2). Yield: 39%. *H NMR (400MHz, DMSO): & 4.08 (2H,
s), 4.59 (3H, s), 7.18 (1H, d, J=8.52 Hz), 7.29 (1H, d, J=7.41 Hz), 7.40 (1H, d, J=8.04
Hz), 7.44 (1H, d, )=7.88 Hz), 7.47 — 7.55 (3H, m), 7.60 (1H, t, J=7.42 Hz), 7.70 (1H, s),
7.97 (2H, d, J=7.52 Hz), 8.10 (1H, d, J=8.33 Hz). *C NMR (100MHz, DMSO): 6 36.96;
110.23; 113.89; 114.63; 119.82; 120.86; 123.77; 124.70; 125.48; 126.92; 127.94;
129.50; 129.75; 129.81; 134.15; 135.18; 138.03.

1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-7-amine

was deprotected following general procedure A to afford 11. Purified by flash
chromatography (Cyclohexane/EtOAc 2:1 =» 0:1). *H NMR (400MHz, DMSO): 6 4.55
(3H, s), 4.99 (2H, s), 7.06 (1H, t, J=7.44 Hz), 7.18 (1H, t, )=7.52 Hz), 7.23 (1H, d, J=8.47
Hz), 7.33 (1H, d, J=8.46 Hz), 7.44 (1H, d, J=7.90 Hz), 7.47 — 7.57 (2H, m). 3C NMR
(100MHz, DMSO): 6 37.25; 107.93; 112.29; 112.41; 117.09; 119.70; 121.99; 125.06;
126.27; 126.51; 128.81; 131.19; 136.82; 146.79. HRMS: m/z (El+), calculated for:
CisH13Ns 264.1205 [M]Y, found: 264.1242 [M]*. Melting temp. range: 299 — 304 °C.

® 5-(1H-indol-3-yl)-1-methyl-1H-benzo[d][1,2,3]triazole (9)

N

N
O \
H
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1-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was
obtained after coupling 43 with 9b. Purified by flash chromatography
(Cyclohexane/EtOAc 3:1 =» 0: 1). Yield: 67 %. *H NMR (400MHz, CDCls): § 4.34 (3H,
s), 7.32 (1H, t, J=7.53 Hz), 7.40 (1H, t, J=7.64 Hz), 7.46 (2H, t, J=7.69 Hz), 7.55 (1H, t,
J=7.43 Hz), 7.60 (1H, d, J=8.55 Hz), 7.72 (1H, dd, J=1.12, 8.55 Hz), 7.76 (1H, s), 7.80
(1H, d, J=7.87 Hz), 7.95 (2H, d, J=7.63 Hz), 8.09 (1H, d, J=8.30 Hz), 8.26 (1H, s). :*C
NMR (100MHz, CDCls): 6 34.42; 109.78; 113.90; 118.56 ; 120.24 ; 123.24 ; 123.46;
123.90; 125.26; 126.88; 128.13; 129.07; 129.21; 129.43; 133.03; 134.06;
135.48 ; 138.05 ; 146.56.

1-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was
deprotected following general procedure A to afford 5-(1H-indol-3-yl)-1-methyl-1H-
benzo[d][1,2,3]triazole (9). Purified by flash chromatography (DCM/MeOH 1:0 =»
9: 1). 'H NMR (400MHz, CDCls): & 4.34 (3H, s), 7.24 (1H, t, J=7.07 Hz), 7.29 (1H, t,
J=7.09 Hz), 7.45 (1H, d, J=2.49 Hz), 7.48 (1H, d, J=8.10 Hz), 7.58 (1H, d, J=8.57 Hz),
7.85 (1H, dd, J=1.38, 8.53 Hz), 7.98 (1H, d, J=7.94 Hz), 8.31 (1H, s), 8.37 (1H, s). °C
NMR (100MHz, CDCls): § 34.31; 109.26; 111.54; 117.38; 117.73; 119.50; 120.63;
122.12; 122.69; 125.75; 128.33; 131.84; 132.36; 136.67; 146.91. HRMS: m/z (El+),
calculated for : CisHi12Ns 249.1096 [M]*, found: 249.1131 [M] *. Melting temp.
range: 193 — 195 °C.

®  5-(1H-indol-3-yl)-1-methyl-4-nitro-1H-benzo[d][1,2,3]triazole (16)

Noy
o
NO,
g8
N
H

1-methyl-4-nitro-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole
was obtained after coupling 43 with 12b. Purified by flash chromatography
(DCM/MeOH 1:0 = 9: 1). Yield: 68 %. 'H NMR (400MHz, CDCls): § 4.45 (3H, s), 7.28
(1H, t, )=7.53 Hz), 7.35-7.41 (2H, m), 7.42 (1H, s), 7.53 (2H, t, J=7.58 Hz), 7.62 (1H,
t, J=7.35 Hz), 7.72 (1H, d, J=8.57 Hz), 7.80 (1H, s), 7.87 — 7.96 (3H, m), 8.03 (1H, d,
J=8.30 Hz). 3C NMR (100MHz, CDCls): 6 34.93; 113.10; 113.75; 117.13; 119.41;
121.93; 124.08; 125.26; 125.57; 126.72; 129.28; 129.48; 130.31; 134.26; 134.65;
137.42; 154.82.
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1-methyl-4-nitro-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole
was deprotected following general procedure A to afford 5-(1H-indol-3-yl)-1-
methyl-4-nitro-1H-benzo[d][1,2,3]triazole (16). Purified by flash chromatography
(DCM/MeOH 1:0 =» 9: 1). Red powder. Yield: 46 %. *H NMR (600MHz, DMSO): &
4.44 (3H, s), 7.10 (1H, t, J=7.48 Hz), 7.21 (1H, t, J=7.55 Hz), 7.45 (1H, d, J=7.98 Hz),
7.51 (1H, d, J=8.15 Hz), 7.61 (1H, d, J=2.50 Hz), 7.89 (1H, d, J=8.63 Hz), 8.23 (1H, d,
J=8.62 Hz), 11.66 (1H, s). *C NMR (150MHz, DMSO): & 35.40; 109.75; 112.76;
115.22; 118.40; 120.61; 122.58; 124.89; 125.81; 126.03; 131.18; 134.12; 136.80;
137.58; 138.46. HRMS: m/z (El+), calculated for: CisH13Ns 294.0946 [M]*, found:
294.0987 [M]*. Melting temp. range: 269 — 277 °C.

® 5-(1H-indol-3-yl)-1-methyl-1H-benzo[d][1,2,3]triazol-4-amine (12)

Non
cr'
NH2
g8
N
H

1-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-4-amine
was obtained after coupling 43 with 12c. Purified by flash chromatography
(Cyclohexane/EtOAc 3:1 =» 2:1). Yield: 65 %. *H NMR (400MHz, CDCl3): 6 4.27 (1H,
s), 4.78 (1H, s), 6.85 (1H, d, J=8.32 Hz), 7.24 — 7.30 (1H, m), 7.33 (1H, d, J=8.32 Hz),
7.39 (1H, t, J=7.56 Hz), 7.49 (1H, t, J=7.50 Hz), 7.55 — 7.61 (1H, m), 7.71 (1H, s), 7.97
(1H, d, J=7.56 Hz), 8.10 (1H, d, J=8.24 Hz).

1-methyl-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-4-amine
was deprotected following general procedure A to afford 12. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1 = 1:1). Yield: 74 %. *H NMR (400MHz,
CDCls): 6 4.27 (3H,s), 4.85 (2H, s), 6.86 (1H, d, J=8.30 Hz), 7.16 — 7.19 (1H, m), 7.27
—7.30 (1H, m), 7.37 (2H, d, J=2.41 Hz), 7.45 (1H, s), 7.46 (1H, s), 7.49 (2H, d, J=8.19
Hz), 7.60 (2H, d, J=7.57 Hz), 8.36 (1H, br s). 3C NMR (100MHz, CDCls): & 34.24;
96.85; 111.10; 111.44; 113.92; 120.11; 120.20; 122.65; 123.03; 126.58; 131.79;
134.10; 136.26; 136.61; 137.47. HRMS: m/z (El+), calculated for : CisH13Ns 264.1205
[M]*, found: 264.1244 [M]*. Melting temp. range: 177 — 181 °C.

® 2-(6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide (21)
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2-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide
was obtained after coupling 43 with 22b. The coupling product was obtained
bearing an acetamide instead of the initial acetonitrile. Purified by flash
chromatography (cyclohexane/EtOAc 3:1). Yield: 80 %. *H NMR (400MHz, CDCls): 6
5.50 (2H, s), 7.39 (1H, t, J=7.42 Hz), 7.44 — 7.50 (2H, m), 7.62 (2H, t, J=7.56 Hz), 7.71
(1H, t, J=7.28 Hz), 7.80 (1H, d, J=8.76 Hz), 7.88 (1H, s), 7.96 (1H, d, J=7.92 Hz), 8.06
(1H, d, J=8.24 Hz), 8.09 — 8.17 (4H, m), 8.26 (1H, s).

2-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide
was deprotected following general procedure B to afford 22. Purified by flash
chromatography (cyclohexane/EtOAc). Yield: 48 %. H NMR (600MHz, MeOD): &
5.53 (2H, s), 7.17 (1H, t, J=7.40 Hz), 7.21 (1H, t, J=7.39 Hz), 7.48 (1H, d, J=8.02 Hz),
7.66 (1H, s), 7.83 (1H, d, J=8.64 Hz), 7.94 (1H, s), 7.99 (1H, d, J=7.88 Hz), 8.03 (1H,
d, J=8.66 Hz) Amide protons (NH;) and indole NH not visible in MeOD. 3C NMR (150
MHz, MeOD): & 49.43; 106.30; 111.46; 115.90; 118.50; 118.73; 119.76; 121.67;
123.56; 125.02; 125.30; 134.72; 136.85; 137.43; 143.70; 169.28. HRMS: m/z (El+),
calculated for: CigH1aNsO 292.1193 [M]*, found: 292.1197 [M]*. Melting temp.
range: 210-214 °C.

e 2-(6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid (23)

N=N
|

O N__ COOH
Iy

H
2-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile
was deprotected following general procedure A. After completion, the reaction
media was extracted with EtOAc and the OL was discarded. Then, the aqueous layer

was acidified to pH 2 and extracted again with EtOAc. The OL containing 24 was
dried with Na,SO, and evaporated. White powder. Yield: 72 %. *H NMR (400MHz,
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CDCls): 65.74 (2H, s), 7.13 —7.25 (2H, m), 7.50 (1H, d, J=7.87 Hz), 7.80 (1H, d, J=8.73
Hz), 7.88 (1H, d, J=1.54 Hz), 8.04 — 8.13 (3H, m), 11.56 (1H, s). 23*C NMR (100MHz,
CDCls): 6 49.10; 106.87; 112.56; 115.53; 119.65; 119.77; 120.39; 122.22; 124.60;
125.27; 125.30; 134.95; 135.96; 137.49; 143.92; 169.43. MS: m/z (El+), calculated
for Ci6H13N4O5": [M]* 293.1, found: 293.1 [M]*. Melting temp. range: 248 — 255 °C.

e 2-(5-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide (22)
o]

%NHz
=N
O ‘N
)
g N
H

2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide
was obtained after coupling 43 with 22b. The coupling product was obtained
bearing an acetamide instead of the initial acetonitrile. Purified by flash
chromatography (cyclohexane/EtOAc 3:1). Yield: 83 %. *H NMR (400MHz, CDCl3): 6
5.48 (2H, s), 7.38 (1H, t, J=7.47 Hz), 7.46 (2H, t, J=7.79 Hz), 7.50 (1H, s), 7.63 (2H, t,
J=7.55 Hz), 7.72 (1H, t, J=7.24 Hz), 7.92 (4H, d, J=7.19 Hz), 8.07 (1H, d, J=8.16 Hz),
8.13 (3H, d, J=7.68 Hz), 8.25 (1H, s), 8.37 (1H, s).

2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide
was deprotected following general procedure B to afford 23. Purified by flash
chromatography (cyclohexane/EtOAc). Yield: 49 %. H NMR (400MHz, DMSQ): &
5.44 (2H, s), 7.14 (1H, t, J=7.32 Hz), 7.19 (1H, t, J=7.33 Hz), 7.44 — 7.54 (2H, m), 7.78
—7.85 (2H, m), 7.85 — 7.99 (3H, m), 8.23 (1H, s), 11.45 (1H, s). 3C NMR (100MHz,
DMSO): 6 50.22; 111.67; 112.51; 115.31; 115.70; 119.31; 120.27; 122.04; 124.47;
125.47; 128.02; 137.38; 146.69; 168.02. HRMS: m/z (El+), calculated for: C16H14NsO
292.1193 [M]*, found: 292.1195 [M]*. Melting temp. range: 252 — 254 °C.

e 2-(5-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid (24)
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2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)acetonitrile
was deprotected following general procedure A. After completion, the reaction
media was extracted with EtOAc and the OL was discarded. Then, the aqueous layer
was acidified to pH 2 and extracted again with EtOAc. The OL containing 25 was
dried with Na,SO, and evaporated. White powder. Yield: 63 %. *H NMR (400MHz,
CDCls): 65.69 (2H, s), 7.12 —7.22 (2H, m), 7.49 (1H, d, J=7.86 Hz), 7.83 (1H, d, J=2.31
Hz), 7.89 — 7.98 (3H, m), 8.25 (1H, s), 11.47 (1H, s), 13.46 (1H, br s). 3C NMR
(100MHz, CDCls): 6 49.22; 111.54; 112.51; 115.36; 115.62; 119.32; 120.29; 122.05;
124.54; 125.45; 128.22; 132.51; 132.59; 137.38; 146.55; 169.27. MS: m/z (El+),
calculated for Ci6H13N4O,*: 293.1 [M]*, found: 293.1 [M]*. Melting temp. range: 250
-252°C.

IZ/O

5.2.2. Compounds obtained following cross-coupling general procedure A
(pinacol boronic esters)
5.2.2.1. Using 1-(phenylsulfonyl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole (42)
e 6-(1H-indol-3-yl)-2-methyl-2H-[1,2,3]triazolo[4,5-b]pyridine (13)

2-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-[1,2,3]triazolo[4,5-b]pyridine was
obtained after coupling 42 with 13. Purified by flash chromatography
(Cyclohexane/EtOAc 4:1 =» 1:1). Yield: 77 %. *H NMR (400MHz, CDCl3): 6 4.40 (3H,
s), 7.37 (1H, t, J=7.57 Hz), 7.46 (1H, t, J=8.05 Hz), 7.51 (2H, t, J=7.70 Hz), 7.60 (1H, t,
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J=7.47 Hz), 7.76 (1H, d, =7.93 Hz), 7.87 (1H, s), 7.98 (2H, d, J=7.51 Hz), 8.07 (1H, d,
J=1.78 Hz), 8.12 (1H, d, J=8.32 Hz), 9.01 (1H, d, J=1.80 Hz).

2-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-2H-[1,2,3]triazolo[4,5-b]pyridine was
deprotected following general procedure A to afford 13. Purified by flash
chromatography (Cyclohexane/EtOAc 3:1 =» 1:1). Yield: 68 % H NMR (400MHz,
DMSO): 6 4.40 (3H, s), 7.19 (1H, t, J=6.98 Hz), 7.23 (1H, t, J=7.02 Hz), 7.52 (1H, d,
J=7.76 Hz), 8.05 (1H, s), 8.11 (1H, d, J=7.75 Hz), 8.33 (1H, s), 8.54 (1H, d, J=1.88 Hz),
9.11 (1H, d, J=1.90 Hz), 11.75 (1H, s). 3C NMR (100MHz, DMSO): 6 35.28; 112.30;
112.70; 114.82; 119.62; 120.69; 122.49; 125.23; 125.91; 126.86; 131.05; 137.45;
148.39; 155.53. HRMS: m/z (El+), calculated for: Ci14H11Ns 250.1048 [M]*, found:
250.1086 [M]*. Melting temp. range: 257 — 260 °C.

e 6-(1H-indol-3-yl)-1-methyl-1H-[1,2,3]triazolo[4,5-b]pyridine (14)
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1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-[1,2,3]triazolo[4,5-b]pyridine was
obtained after coupling 42 with 14. Purified by flash chromatography
(Cyclohexane/EtOAc 4:1 =» 1:1). Yield: 49 %. 'H NMR (400MHz, CDCls): 6 4.60 (3H,
s), 7.36 (1H, t, J=7.63 Hz), 7.44 (2H, t, J=7.71 Hz), 7.50 (3H, t, J=7.71 Hz), 7.59 (1H, t,
J=7.48 Hz), 7.78 (1H, d, J=7.82 Hz), 7.85 (1H, s), 7.98 (2H, d, J=7.54 Hz), 8.11 (1H, d,
J=8.30 Hz), 8.39 (1H, d, J=1.97 Hz), 9.04 (1H, d, J=1.93 Hz).

1-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-[1,2,3]triazolo[4,5-b]pyridine was
deprotected following general procedure A to afford 14. Purified by flash
chromatography (Cyclohexane/EtOAc 3:1 =» 1:1). *H NMR (400MHz, DMSOQ): 6 4.55
(3H, s), 7.17 (1H, t, J1=7.34 Hz), 7.22 (1H, t, J=7.13 Hz), 7.51 (1H, d, J=7.96 Hz), 7.98
(1H, d, J=7.81 Hz), 8.02 (1H, d, J=2.52 Hz), 8.54 (1H, d, J=1.99 Hz), 9.19 (1H, d, J=1.91
Hz), 11.64 (1H, s). *C NMR (150MHz, DMSO): & 44.26; 112.63; 112.66; 119.36;
120.72; 120.86; 122.44; 125.31; 125.56; 130.83; 137.07; 137.41; 152.56; 154.31.
HRMS: m/z (El+), calculated for: Ci4H11Ns 250.1048 [M]*, found: 250.1086 [M]".
Melting temp. range: 206 — 211 °C.

e 6-(1H-indol-3-yl)-3-methyl-3H-[1,2,3]triazolo[4,5-b]pyridine (15)
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3-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-3H-[1,2,3]triazolo[4,5-b]pyridine
pyridine was obtained after coupling 42 with 14. Purified by flash chromatography
(Cyclohexane/EtOAc 4:1 = 1:1). Yield: 72 %. *H NMR (400MHz, CDCls): 6 4.42 (3H,
s), 7.36 (1H, t, J=7.32 Hz), 7.44 (1H, t, J=7.72 Hz), 7.50 (2H, t, J=7.69 Hz), 7.59 (1H, t,
J=7.46 Hz), 7.74 (1H, d, J=7.87 Hz), 7.83 (1H, s), 7.98 (2H, d, J=7.45 Hz), 8.12 (1H, d,
J=8.35 Hz), 8.55 (1H, d, J=1.77 Hz), 8.92 (1H, d, J=1.75 Hz).

3-methyl-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-3H-[1,2,3]triazolo[4,5-b]pyridine was
deprotected following general procedure A to afford 15. Purified by flash
chromatography (Cyclohexane/EtOAc 3:1 =» 1:1). Yield: 75 %. 'H NMR (400MHz,
DMSO0): 6 4.33 (3H, s), 7.16 (1H, t, J=7.39 Hz), 7.22 (1H, t, J=7.45 Hz), 7.51 (1H, d,
J=7.88 Hz), 7.94 (1H, t, J=3.19 Hz), 8.68 (1H, d, J=1.03 Hz), 9.13 (1H, d, J=1.02 Hz),
11.59 (1H, s). *C NMR (100MHz, DMSO): 6 33.35 ; 112.30; 112.62 ; 119.10 ; 120.67;
122.39;123.88;125.21; 125.30; 129.12; 137.25; 137.31; 144.49; 150.71. HRMS: m/z
(El+), calculated for: C14H11Ns 250.1048 [M]*, found: 250.1089 [M]*. Melting temp.
range: 207 — 209 °C.

® 6-(1H-indol-3-yl)isoquinoline (2)

A\
N
H

6-(1-(phenylsulfonyl)-1H-indol-3-yl)isoquinoline was obtained after coupling 42
with 6-bromoisoquinoline. Purified by flash chromatography (Cyclohexane/EtOAc
3:1 =>» 0: 1). Yield: 84 %. *H NMR (400MHz, CDCl3): § 7.36 (1H, t, J=7.48 Hz), 7.43
(1H, t, J=7.64 Hz), 7.48 (2H, t, )=7.72 Hz), 7.57 (1H, t, J=7.40 Hz), 7.70 (1H, d, J=5.72
Hz), 7.84 — 7.90 (3H, m), 7.97 (2H, d, J=7.60 Hz), 8.04 — 8.14 (3H, m), 8.56 (1H, d,
J=5.72 Hz),9.28 (1H, s). *CNMR (100MHz, CDCls): § 113.98; 120.36; 120.52; 123.16;
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124.00; 124.04; 124.75; 125.40; 126.93; 127.60; 127.79; 128.42; 128.87; 129.47;
134.13; 135.29; 135.57; 136.20; 138.03; 143.50; 152.24.

6-(1-(phenylsulfonyl)-1H-indol-3-yl)isoquinoline was deprotected following general
procedure A to afford 2. Quantitative yield. *H NMR (400MHz, DMS0): 6 7.18 — 7.27
(2H, d, J=35.64 Hz), 7.53 (1H, d, J=7.49 Hz), 7.90 (1H, d, J=5.40 Hz), 8.03 (1H, s), 8.08
—8.17 (3H, m), 8.29 (1H, s), 8.48 (1H, d, J=5.55 Hz), 9.26 (1H, s), 11.66 (1H, s). 23C
NMR (100MHz, DMSO): 6§ 112.69; 115.20; 119.88; 120.66; 120.71; 121.66; 122.34;
125.27; 126.01; 126.91; 127.62; 128.36; 136.63; 137.66 ; 138.54 ; 143.60 ; 152.20.
HRMS: m/z (El+), calculated for : Ci7H1:N> 245.1034 [M]*, found: 245.1073 [M]*.
Melting temp. range: 219 —223 °C.

e  7-(1H-indol-3-yl)isoquinoline (1)

N
N
H

7-(1-(phenylsulfonyl)-1H-indol-3-yl)isoquinoline was obtained after coupling 42
with 5-bromoisoquinoline. Purified by flash chromatography (Cyclohexane/EtOAc
4:1 =>» 1:4). Yield: 86 %. *H NMR (400MHz, CDCls): 6 7.36 (1H, t, J=7.50 Hz), 7.43
(1H, t, )=7.58 Hz), 7.48 (2H, t, J=7.72 Hz), 7.57 (1H, t, J=7.42 Hz), 7.70 (1H, d, J=5.72
Hz), 7.84 — 7.89 (2H, m), 7.92 — 8.00 (4H, m), 8.11 (1H, d, J=8.24 Hz), 8.20 (1H, s),
8.55 (1H, d, J=5.72 Hz), 9.31 (1H, s). 3C NMR (100MHz, CDCl3): § 113.98; 120.29;
120.40; 123.18; 123.63; 123.97; 125.36; 125.93; 126.91; 127.30; 128.96; 128.99;
129.45; 130.69; 132.18; 134.09; 135.05; 135.55; 138.05; 143.10; 152.48.

7-(1-(phenylsulfonyl)-1H-indol-3-yl)isoquinoline was deprotected following general
procedure A to afford 1. Quantitative yield. *H NMR (400MHz, DMSOQ): 6 7.22 (2H,
m), 7.52 (1H, d, J=7.44 Hz), 7.82 (1H, d, J=5.13 Hz), 7.97 — 8.05 (2H, t, J=9.61 Hz),
8.14 (1H, d, J=7.30 Hz), 8.20 (1H, d, J=8.23 Hz), 8.46 (2H, d, J=8.28 Hz), 9.41 (1H, s).
13C NMR (100MHz, DMSO0): 6 112.62; 115.29; 119.80; 120.48; 120.56; 122.24;
122.97; 125.27; 125.30; 127.29; 129.59; 130.78; 133.75; 135.53; 137.58;
142.47 ; 152.65. HRMS: m/z (El+), calculated for: Ci7H11N> 245.1034 [M]*, found:
245.1073 [M]*. Melting temp. range: 208 — 214 °C.

e 7-(1H-indol-3-yl)quinazoline (4)
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7-(1-(phenylsulfonyl)-1H-indol-3-yl)quinazoline was obtained after coupling 42 with
7-bromoquinazoline. Purified by flash chromatography (Cyclohexane/EtOAc 4:1 =»
1:4). Yellow powder. Yield: 56 %.*H NMR (400MHz, CDCls): 6 7.37 (1H, t, J=7.48 Hz),
7.44 (1H, t, J=7.66 Hz), 7.49 (2H, t, J=7.72 Hz), 7.59 (1H, t, J=7.40 Hz), 7.94 — 7.99
(5H, m), 8.04 (1H, d, J=8.40 Hz), 8.11 (1H, d, J=8.28 Hz), 8.32 (1H, s), 9.36 (1H, s),
9.43 (1H, s).

7-(1-(phenylsulfonyl)-1H-indol-3-yl)quinazoline was deprotected following general
procedure A to afford 4. Quantitative yield. *H NMR (400MHz, DMSOQ): 6 7.18 —
7.27 (2H, m), 7.53 (1H, d, J=7.07 Hz), 8.08 (1H, d, J=7.76 Hz), 8.12 — 8.24 (3H, q,
J=9.53 Hz), 8.26 (1H, s), 9.25 (1H, s), 9.51 (1H, s), 11.79 (1H, bs). *C NMR (100MHz,
DMS0): 6112.88;114.69;119.61;121.06;122.17;122.53;123.20; 125.16; 127.05;
128.05; 128.47; 137.77; 142.80; 150.80; 155.93; 160.04. HRMS: m/z (El+),
calculated for: Ci16H11N3 246.0987 [M]*, found: 246.1102 [M]*. Melting temp. range:
221-226°C.

®  6-(1H-indol-3-yl)quinazoline (3)

N=
/\N

/
;
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6-(1-(phenylsulfonyl)-1H-indol-3-yl)quinazoline was obtained after coupling 42 with
6-bromoquinazoline. Purified by flash chromatography (Cyclohexane/EtOAc 4:1 =
1:4). Yield: 68 %. *H NMR (400MHz, CDCl3): 6 7.37 (1H, t, J=7.34 Hz), 7.44 (1H, t,
J=7.50 Hz), 7.49 (2H, t, J=7.72 Hz), 7.59 (1H, t, J=7.43 Hz), 7.85 (1H, d, J= 7.95 Hz),
7.88 (1H,'s), 7.98 (1H, d, J=7.50 Hz), 8.12 (1H, d, J=8.27 Hz), 8.14 — 8.22 (4H, m), 9.36
(1H, s), 9.47 (1H, s).
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6-(1-(phenylsulfonyl)-1H-indol-3-yl)quinazoline was deprotected following general
procedure A to afford 3. Quantitative yield. *H NMR (400MHz, DMS0Q): § 7.16 — 7.26
(2H, m), 7.53 (1H, d, J=7.56 Hz), 7.99 — 8.07 (2H, d, J=8.00 Hz), 8.15 (1H, d, J=7.52
Hz), 8.41 — 8.50 (2H, m), 9.22 (1H, s), 9.68 (2H, s), 11.84 (1H, s). 3C NMR (100MHz,
DMSO0): 6 112.76; 114.54; 119.75; 120.61; 122.33; 122.42; 125.16; 125.85; 126.05;
128.41; 134.66; 136.18; 137.66; 148.19; 154.54; 160.67. HRMS: m/z (El+),
calculated for : CigH11N3 246.0987 [M]* , found: 246.1102 [M]*. Melting temp.
range: 271 -275 °C.

® 6-(1H-indol-3-yl)-3,4-dihydroquinazolin-2(1H)-one (5)

0
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6-(1-(phenylsulfonyl)-1H-indol-3-yl)-3,4-dihydroquinazolin-2(1H)-one was obtained
after coupling 42 with 6-bromo-3,4-dihydroquinazolin-2(1H)-one. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1 =» 1:4). Yield: 72 %. 'H NMR (400MHz,
CDCl5): 6 4.61 (2H, s), 5.48 (1H, s), 6.82 (1H, d, J=8.14 Hz), 7.32 (1H, s), 7.24 — 7.32
(2H, m), 7.35 — 7.49 (4H, m), 7.52 — 7.58 (1H, m), 7.64 (1H, s), 7.71 (1H, d, J=7.80
Hz), 7.83 (1H, s), 7.92 (2H, d, J=7.53 Hz), 8.06 (1H, d, J=8.28 Hz).

6-(1-(phenylsulfonyl)-1H-indol-3-yl)-3,4-dihydroquinazolin-2(1H)-one was
deprotected following general procedure A to afford 5. Quantitative yield. *H NMR
(400MHz, DMSO): 6 4.39 (2H, s), 6.84 (1H, d, J=7.96 Hz), 7.10 (1H, td, J=7.19, 27.43
Hz), 7.38 — 7.46 (3H, m), 7.56 (1H, s), 7.84 (1H, d, J=7.69 Hz), 9.02 (1H, brs), 11.25
(1H, br s). 3C NMR (150MHz, DMSO): 6 43.17; 112.30; 114.43; 116.04; 119.02;
119.57; 119.79; 121.74; 122.97; 124.28; 125.45; 126.32; 129.28; 136.23; 137.24;
155.09. HRMS: m/z (El+), calculated for : 286.0912 [M+Na]*, found: 286.1060
[M+Nal*. Melting temp. range: 256 — 265 °C.

e 1-(cyclopropylmethyl)-6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole (19)
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1-(cyclopropylmethyl)-6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-
benzo[d][1,2,3]triazole was obtained after coupling 42 with 19d. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1). Then, 1-(cyclopropylmethyl)-6-(1-
(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was deprotected
following general procedure A to afford 19. Yield over two steps: 69 %. *H NMR
(400MHz, DMSO): 6 0.44-0.67 (4H, m), 1.34-1.52 (1H, m), 4.67 (2H, d, J=4.76 Hz),
7.10-7.28 (2H, s), 7.50 (1H, d, J=5.72 Hz), 7.77 (1H, d, J=7.40 Hz), 7.88 (1H, s), 7.97
- 8.21 (3H, m), 11.54 (1H, s). 3C NMR (100MHz, DMSO): & 4.43; 11.80; 52.12;
106.89; 112.56; 115.67; 119.65; 120.42; 122.18; 124.58; 125.26; 125.35; 134.15;
135.67; 137.47; 144.12. HRMS: m/z (El+), calculated for: CisH1¢N4 289.1409 [M]*,
found: 289.1449 [M]*. Melting temp. range: 129 — 134 °C.

e 1-(cyclopropylmethyl)-5-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole (20)

1-(cyclopropylmethyl)-5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-

benzo[d][1,2,3]triazole was obtained after coupling 42 with 20d. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1). Then, 1-(cyclopropylmethyl)-5-(1-
(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazole was deprotected
following general procedure A to afford 20. Yield over two steps: 60 %.:H NMR
(400MHz, DMSO): 6 0.47 — 0.54 (2H, m), 0.54 — 0.63 (2H, m), 1.36 — 1.46 (1H, m),
4.63 (2H, d, )=7.17 Hz), 7.14 (1H, t, J=7.36 Hz), 7.19 (1H, t, J=7.44 Hz), 7.49 (1H, d,
J=7.83 Hz), 7.83 (1H, d, J=2.36 Hz), 7.89 — 8.03 (3H, m), 8.23 (1H, s), 11.46 (1H, s).
13 NMR (100MHz, DMSO): & 4.41; 11.81; 52.38; 111.52; 112.51; 115.35; 115.66;
119.32; 120.28; 122.04; 124.51; 125.46; 127.92; 131.75; 132.47; 137.38; 146.69.
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HRMS: m/z (El+), calculated for: CisHigN4 289.1409 [M]*, found: 289.1447 [M]".
Melting temp. range: 206 —213 °C.

e 2-(6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-
amine (25)
N=N

|
O N\/\N/
|
;
‘ N
H

2-(6-((1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)-N, N-
dimethylethan-1-amine was obtained after coupling 42 with 25d. Purified by flash
chromatography (DCM/MeOHq »s %). Then N,N-dimethyl-2-(6-(1-(phenylsulfonyl)-
1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)ethan-1-amine  was  deprotected
following general procedure A to afford 25. Yield over two steps: 50 %. *H NMR
(600MHz, DMSO): 6 2.22 (6H, s), 2.84 (2H, s), 4.86 (2H, s), 7.10 = 7.25 (2H, m), 7.43
—7.55 (1H, m), 7.71 — 7.80 (1H, m), 7.87 (1H, s), 7.98 — 8.06 (2H, m), 8.09 (1H, s),
11.55 (1H, s). 3C NMR (150 MHz, DMSO): 6 45.62; 46.04; 58.74; 107.06; 112.58;
115.71; 119.59; 120.39; 122.17; 124.52; 125.19; 125.40; 134.52; 135.53; 137.48;
144.03. HRMS: m/z (El+), calculated for: Ci1gH19Ns306.1674 [M]*, found: 306.1716
[M]*. Melting temp. range: 148 — 149 °C.

e 2-(5-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)-N,N-dimethylethan-1-
amine (26)

—N

N,N-dimethyl-2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-
yl)ethan-1-amine was obtained after coupling 42 with 26d. Purified by flash
chromatography (DCM/MeOHy s %). Then, N,N-dimethyl-2-(5-(1-(phenylsulfonyl)-
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1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)ethan-1-amine  was  deprotected
following general procedure A to afford 26. Yield over two steps: 43 %. *H NMR
(400MHz, CDCl5): 6 2.35 (6H, s), 2.95 (2H, t, J=6.90 Hz), 4.77 (2H, t, J=6.90 Hz), 7.23
(1H, t, J=7.36 Hz), 7.29 (1H, d, J=7.12 Hz), 7.42 (1H, s), 7.47 (1H, d, }=7.96 Hz), 7.61
(1H, d, J=8.56 Hz), 7.82 (1H, d, J=7.84 Hz), 7.97 (1H, d, J=7.84 Hz), 8.30 (1H, s), 8.50
(1H, bs). 3C NMR (100MHz, CDCls): & 45.64; 46.63; 58.46; 109.59; 111.57; 117.39;
117.68; 119.52; 120.58; 122.18; 122.64; 125.75; 128.29; 131.86; 132.03; 136.69;
146.92. HRMS: m/z (El+), calculated for: CigH1sNs 306.1674 [M]*, found: 306.1716
[M]*. Melting temp. range: 168 — 171 °C.

® 6-(1H-indol-3-yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-
benzo[d][1,2,3]triazole (27)
0]

N:N
s
g%
N
H

6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-

benzo[d][1,2,3]triazole was obtained after coupling 42 with 27d. Purified by flash
chromatography (Cyclohexane/EtOAc 2:1). Then,6-(1-(phenylsulfonyl)-1H-indol-3-
yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole was deprotected
following general procedure A to afford 27. Yield over two steps: 40 %.NMR
(400MHz, CDCl5): 6 1.77 —1.84 (1H, m), 2.06 — 2.13 (1H, m), 3.04 — 3.11 (1H, m),
3.71-3.75 (1H, m), 3.79-3.85 (2H, m), 3.99 — 4.04 (2H, m), 4.64 (4H, d, J=7.00 Hz),
7.24 (1H, t, )=7.47 Hz), 7.29 (1H, t, J=7.45 Hz), 7.45 (1H, d, J=1.95 Hz), 7.48 (1H, d,
J=8.07 Hz), 7.59 (1H, d, J=8.52 Hz), 7.84 (1H, d, J=8.46 Hz), 7.98 (1H, d, J=7.92 Hz),
8.32 (1H, s), 8.40 (1H, s). 3°C NMR (100MHz, CDCl3): 6 29.86; 39.76; 50.51; 67.61;
70.97; 109.21; 111.58; 117.53; 117.64; 119.50; 120.66; 122.18; 122.73; 125.73;
128.52; 131.98; 132.03; 136.69; 146.87. HRMS: m/z (El+), calculated for : C19H1sN4O
319.1514 [M], found: 319.1551 [M]*. Melting temp. range: 216 — 218 °C.

e 5-(1H-indol-3-yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-
benzo[d][1,2,3]triazole (28)
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5-(1H-indol-3-yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole was
obtained after coupling 42 with 28d. Purified by flash chromatography
(Cyclohexane/EtOAc = 2:1). Yield: 82 %. *H NMR (400MHz, CDCl5): 6 1.78 — 1.85
(1H, m), 2.06 — 2.13 (1H, m), 3.05 — 3.12 (1H, m), 3.73 - 3.77 (1H, m), 3.78 — 3.86
(2H, m), 4.01 (1H, m, J=5.51 Hz), 4.65 (2H, d, J=7.68 Hz), 7.24 — 7.28 (1H, m), 7.31
(1H, t,J=7.44 Hz), 7.47 = 7.51 (2H, m), 7.71 (1H, d, J=8.58 Hz), 7.75 (1H, s), 7.95 (1H,
d, J=7.92 Hz), 8.11 (1H, d, J=8.58 Hz), 8.48 (1H, s). 3C NMR (100MHz, CDCLs): &
29.88; 39.72; 50.35; 67.62; 70.99; 106.32; 111.74; 117.67; 119.39; 120.23; 120.85;
122.75; 122.91; 125.08; 125.58; 134.01; 135.60; 136.77; 144.71.

5-(1H-indol-3-yl)-1-((tetrahydrofuran-3-yl)methyl)-1H-benzo[d][1,2,3]triazole was
deprotected following general procedure B to afford 28. Yield: 55 %. *H NMR
(400MHz, DMSO): 6 1.67 — 1.79 (1H, m), 1.92 — 2.02 (1H, m), 2.90 — 3.01 (1H, m),
3.55-3.62 (1H, m), 3.64—3.77 (2H, m), 3.81—3.89 (1H, m), 4.78 (2H, d, J=7.41 Hz),
7.14-7.24 (2H, m), 7.50 (1H, d, )=7.71 Hz), 7.79 (1H, d, J=8.50 Hz), 7.88 (1H, s), 8.05
(1H, t, J=9.23 Hz), 8.12 (1H, s), 11.54 (1H, s). 3C NMR (100MHz, DMSO): & 29.91;
49.94; 67.29; 70.61; 106.65; 112.55; 115.66; 119.71; 120.44; 122.19; 124.72;
125.34; 134.39; 135.91; 137.48; 143.98. HRMS: m/z (El+), calculated for: C15H1sN4O
319.1514 [M]*, found: 319.1551 [M]*. Melting temp. range: 158 — 162 °C.

® 6-(1H-indol-3-yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-benzotriazole (29)

NN O
O NVQ
s
N

H
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6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-
benzo[d][1,2,3]triazole was obtained after coupling 42 with 29d. Purified by flash
chromatography (Cyclohexane/EtOAc 2:1). Then, 6-(1-(phenylsulfonyl)-1H-indol-3-
yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-benzo[d][1,2,3]triazole was deprotected
following general procedure B to afford 29. Yield over two steps: 35 %. *H NMR
(400MHz, CDCls): 6 1.65 — 1.90 (3H, m), 2.04 — 2.13 (1H, m), 3.72 — 3.84 (2H, m),
4.43 -4.50 (1H, m), 4.72 (1H, dd, J=14.46, 5.51 Hz), 4.84 (1H, dd, J = 14.46 Hz, 4.08
Hz), 7,23 = 7.31 (2H, m), 7.48 — 7.51 (2H, m), 7.67 (1H,d, J = 4.71 Hz), 7.94 (1H, s),
8.01 (1H ,d J = 7.72 Hz), 8.06 (1H, d, J=8.62Hz), 8.65 (1H, br s). 3C NMR (100MHz,
CDCls): 6 25.69; 28.80; 52.21; 68.60; 77.92; 107.85; 111.73; 117.69; 119.56; 119.72;
120.70; 122.72; 122.77; 124.86; 125.64; 134.60; 135.27; 136.80; 144.72. HRMS: m/z
calculated for CisHisN4sO 319.1514 [M]*, found: 319.1550 [M]*. Melting temp.
range: 173 -178 °C.

e 5-(1H-indol-3-yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-benzotriazole (30)

Lr‘\l

5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-
benzo[d][1,2,3]triazole was obtained after coupling 42 with 30d. Purified by flash
chromatography (Cyclohexane/EtOAc 2:1). Yield: 85 %. *H NMR (400MHz, CDCl5): &
1.65—-1.93 (3H, m), 2.05 -2.17 (1H, m), 3.70 —3.82 (2H, m), 4.43 (1H, m, J=4.61 Hz),
4.71 (1H, dd, J=5.76, 14.49 Hz), 4.85 (1H, dd, J=3.74, 14.49 Hz), 7.34 (1H, t, J=7.53
Hz), 7.41 (1H, t, J=7.71 Hz), 7.48 (1H, t, J=7.66 Hz), 7.54 - 7.63 (1H, m), 7.80 (1H, s),
7.84 (1H, d, J=7.89 Hz), 7.92 (1H, s), 7.96 (1H, d, J=7.42 Hz), 8.07 — 8.14 (2H, m).

5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1-((tetrahydrofuran-2-yl)methyl)-1H-

benzo[d][1,2,3]triazole was deprotected following general procedure B to afford
30. Yield: 39 %. *H NMR (400MHz, CDCl3): 6 1.69—1.81 (3H, m), 1.99 — 2.08 (1H, m),
3.59 —3.75 (2H, m), 4.30 — 4.40 (1H, m), 4.76 (1H ,dd J = 14.43, 6.82 Hz), 4.84 (1H,
dd, J=14.43,3.75 Hz), 7.11-7.23 (2H, m), 7.48 (1H, d, ) = 7.88 Hz), 7.81 (1H, s), 7.90
—7.98 (3H, m), 8.21 (1H, s), 11.45 (1H, s). 3.C NMR (100MHz, CDCls): 6 25.52; 28.81;
51.95; 67.92; 77.67; 112.01; 112.51; 115.16; 115.66; 119.33; 120.28; 122.05;
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124.49; 125.45; 127.89; 132.43; 132.49; 137.37; 146.53. HRMS: m/z (El+),
calculated for: Ci9H1sN4O 319,15142 [M]*, found: 319,1550 [M]*. Melting temp.
range: 205 —-216 °C.

e 4-(2-(6-(1H-indol-3-yl)-1H-benzotriazol-1-yl)ethyl)morpholine (31)
N=N

Cr "
O \

H

4-(2-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-
yl)ethyl)morpholine was obtained after coupling 42 with 31d. Purified by flash
chromatography (Cyclohexane/EtOAc =» 2:1). Yield: 80 %. H NMR (400MHz,
CDCls): & 2.55 — 2.45 (4H, m), 2.93 (2H, dt, J = 13.2, 6.7 Hz), 3.61 (2H, d, J = 4.0 Hz),
4.81-4.70 (4H, m), 7.30 (2H, t,J = 7.4 Hz), 7.39 (1H, t,J = 7.5 Hz), 7.45 (2H, t, ) =
7.7 Hz), 7.62 = 7.51 (2H, m), 7.78 = 7.72 (2H, m), 7.93 (2H, d, J = 7.5 Hz), 8.16 — 7.97
(2H, m).

4-(2-(6-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-
yl)ethyl)morpholine was deprotected following general procedure A to afford 31.
Yield: 42 %.'H NMR (400MHz, CDCl3): § 2.48 -2.58 (4H, m), 2.98 (2H, t, J=6.53Hz),
3.63-3.70 (4H, m), 4.78 (2H, t, J=6.64Hz), 7.23-7.30 (2H, m), 7.46-7.51 (2H, m), 7.66
(1H, d, J=8.50Hz), 7.78 (1H, s), 7.95 (1H, d, J=7.75Hz), 8.07 (1H, d, J=8.60Hz), 8.92
(1H, br's). 3C NMR (100MHz, CDCl3): 6 45.76 ; 53.71 ; 57.60 ; 66.86 ; 106.62 ; 111.89
; 117.45; 119.33; 120.04; 120.70; 122.77; 122.92; 125.00; 125.55; 134.05;
135.48; 136.85; 144.69. HRMS: m/z (El+), calculated for CyoH21NsO: 348,17797 [M],
found: 348,1815 [M]*. Melting temp. range: 136 — 140 °C.

e 4-(2-(5-(1H-indol-3-yl)-1H-benzotriazol-1-yl)ethyl)morpholine (32)
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4-(2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-
yl)ethyl)morpholine was obtained after coupling 42 with 32d. Purified by flash
chromatography (Cyclohexane/EtOAc = 2:1). Quantitative yield.!H NMR (400MHz,
CDCl3): 6 2.55-2.45 (4H, m), 2.93 (2H, dt, /= 13.2, 6.7 Hz), 3.61 (2H, d, J = 4.0 Hz),
4.81—4.70 (4H, m), 7.30 (2H, t, J = 7.4 Hz), 7.39 (1H, t, J = 7.5 Hz), 7.45 (2H, t, J =
7.7 Hz), 7.62-7.51 (2H, m), 7.78 = 7.72 (2H, m), 7.93 (2H, d, J = 7.5 Hz), 8.16 — 7.97
(2H, m).

4-(2-(5-(1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-
yl)ethyl)morpholine was deprotected following general procedure A to afford 32.
Yield: 60 %. H NMR (400MHz, CDCls): § 2.51 — 2.60 (4H, m), 2.99 (2H, t, J=6.29Hz),
3.64-3.72 (4H, m), 4.78 (2H, t, J=6.34Hz), 7.19-7.32 (2H, m), 7.43-7.50 (2H, m) ,7.61
(1H, d, J=8.43H), 7.83 (1H, d, J=8.36Hz), 7.97 (1H, d, J=7.61Hz), 8.30 (1H, s), 8.51
(1H, brs). 3C NMR (100MHz, CDCls): 6 45.95 ; 53.69 ; 57.68 ;66.90 ; 109.67 ; 111.62
; 117.34 ; 117.59; 119.49; 120.61; 122.23 ; 122.68; 125.71; 128.27; 131.93;
132.05; 136.70; 146.91. HRMS: m/z calculated for CyH,1NsO: 348,17797 [M]*,
found: 348,1815 [M]*. Melting temp. range: 155 — 159 °C.

® 3-(6-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol (39)
NsN  OH
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3-(6-((1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-
diol was obtained after coupling 42 with 39d. Purified by flash chromatography
(DCM/MeOHp>s5%).Then, 3-(6-((1-(phenylsulfonyl)-1H-indol-3-yl)-1H-
benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol was deprotected following general
procedure A to afford 39. Yield over two steps: 31 %. *H NMR (400MHz, MeOD): 6
3.65 (2H, d, J=5.05 Hz), 4.21 (1H, bs), 4.67 — 4.81 (2H, m), 7.07 — 7.31 (2H, m), 7.47
(1H, d, J=7.77 Hz), 7.58 (1H, s), 7.84 — 7.97 (3H, m), 8.19 (1H, s). Labile protons not
visible. 3C NMR (100MHz, MeOD): 6 50.95; 63.35; 70.97; 110.79; 111.42; 114.58;
115.91; 118.51; 119.56; 121.55; 122.82; 125.40; 128.03; 132.52; 133.33; 137.33;
146.06. HRMS: m/z (El+), calculated for : Ci7H16N4O, 309.1307 [M]*, found:
309.1346 [M]*. Melting temp. range: 65 —73 °C.

e 3-(5-(1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol (40)
OH

OH
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3-(5-((1-(phenylsulfonyl)-1H-indol-3-yl)-1H-benzo[d][1,2,3]triazol-1-yl)propane-1,2-
diol was obtained after coupling 42 with 40d. Purified by flash chromatography
(DCM/MeOHp>s5%). Then, 3-(5-((1-(phenylsulfonyl)-1H-indol-3-yl)-1H-
benzo[d][1,2,3]triazol-1-yl)propane-1,2-diol was deprotected following general
procedure A to afford 40. Yield over two steps: 28 %. *H NMR (600MHz, DMSO): 6
3.40 - 3.52 (2H, m), 3.91 - 4.06 (1H, m), 4.62 — 4.72 (1H, m), 4.82 — 4.97 (2H, m),
5.20 (1H, brs), 7.12 = 7.24 (2H, m), 7.49 (1H, d, J=7.19 Hz), 7.74 (1H, d, J=7.80 Hz),
7.85 (1H, s), 8.03 (2H, d, J=7.44 Hz), 8.09 (1H, s), 11.51 (1H, s). 3C NMR (150 MHz,
DMSO): 6 51.56; 63.84; 71.58; 107.71; 111.81; 112.56; 115.79; 119.43; 119.64;
120.40; 122.18; 124.46; 125.06; 125.40; 135.20; 135.33; 137.49; 144.05. HRMS: m/z
(El+), calculated for : C37H16N4O; 309.1307 [M]*, found: 309.1346 [M]*. Melting

temp. range: 59 - 65 °C.

5.2.2.2, using tert-butyl 6-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole-1-carboxylate (41).
®  6-(6-fluoro-1H-indol-3-yl)-1-methyl-1H-benzotriazole (8a)
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tert-butyl 6-fluoro-3-(1-methyl-1H-benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-

carboxylate was obtained after coupling 41 with 8b. Purified by flash
chromatography (AcOEt/Cyclohexane 1:1). Yield: 65 %. *H NMR (400MHz, CDCI3):
5 1.71 (9H, s), 4.36 (3H, s), 7.09 (1H, t, J=8.77 Hz), 7.64 (1H, d, J=8.55 Hz), 7.69 —
7.82 (3H, m, J=5.58 Hz), 7.98 (1H, d, J=7.89 Hz), 8.14 (1H, d, J=8.57 Hz).

tert-butyl 6-fluoro-3-(1-methyl-1H-benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-
carboxylate was deprotected following general procedure C to afford 8a. Yield:
Quantitative. *H NMR (400MHz, DMSO): 6 4.36 (3H, s), 7.02 (1H, ddd, J= 9.23,
J=9.21, )= 2.12, J=2.28 Hz), 7.27 (1H, dd, J=7.89, 1.98 Hz), 7.75 (1H, d, J = 8.92 Hz),
7.87 (1H, d, J=2,27 Hz), 8.03-8.07 (3H, m), 11.60 (1H, s). *C NMR (100MHz, DMSO):
6 34,57; 98.46; 106.85; 108.78; 115.86; 119.64; 120.95; 122.24; 124.54; 125.78;
134.70; 135.12; 137.41; 144.10; 161.66. HRMS: m/z (El+), calculated for:
CisHi0FNsNa* 2671041 [M+Na] 288.0782, found: 288.0894 [M+Na] Melting temp.
range: 236 — 240 °C.

e 6-(6-fluoro-1H-indol-3-yl)-1-(piperazin-1-ylmethyl)-1H-
benzol[d][1,2,3]triazole (37a)
N=N NH

F N

tert-butyl 3-(1-((4-(tert-butoxycarbonyl)piperazin-1-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-6-fluoro-1H-indole-1-carboxylate was obtained after
coupling 41 with 37d. Purified by flash chromatography (Cyclohexane/EtOAc 1:1).
Then, it was deprotected using deprotection procedure C to afford 6-(6-fluoro-1H-
indol-3-yl)-1-(piperazin-1-ylmethyl)-1H-benzo[d][1,2,3]triazole. Purified by flash
chromatography (Cyclohexane/EtOAc 1:1 =» 0:1). Yield over two steps: 18 %.H
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NMR (600 MHz, CDCl3): 6 2.36 — 2.43 (3H, m), 2.61 (3H, t, J=4.59 Hz), 2.83 (2H, t,
J=6.39 Hz), 4.84 (2H, t, ]=6.39 Hz), 6.99 (1H, dt, J=4.14 Hz), 7.26 (1H, dd, J=2.10, 9.84
Hz), 7.81 (1H, s), 7.88 (1H, dd, J=1.35, 8.61 Hz), 7.90 — 7.96 (2H, m), 8.20 (1H, s),
11.58 (1H, s).3C NMR (150 MHz, CDCls): & 45.68; 46.03; 54.62; 58.23; 98.40 (1C, d,
J=25.36 Hz), 108.64 (1C, d, J=24.25 Hz), 111.74; 115.44; 115.90; 120.51 (1C, d,
J=10.13 Hz), 122.40; 125.06; 127.68; 131.91; 132.29; 137.34 (1C, d, J=12.43 Hz);
146.52; 158.58; 160.14. HRMS: m/z (El+), calculated for: 351.1689 [M]*, found:
351.1340 [M]*. Melting temp. range: 195 — 199 °C.

5.2.2.3. Using tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-indole-1-carboxylate (purchased from Fluorochem)
® 6-(1H-indol-3-yl)-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (17)

N=N
|

O o
Cl A\

N

H

tert-butyl  3-(1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-
carboxylate was obtained after coupling with 17d. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1 =» 1:2). Yield: 78 %. *H NMR (400MHz,
CDCls): 6 1.72 (9H, s), 5.29 (2H, q, J=8.24 Hz), 7.35 (1H, t, J=7.40 Hz), 7.42 (1H, t,
J=7.68 Hz), 7.73 (1H, d, J=8.60 Hz), 7.77 — 7.86 (3H, m), 8.19 (1H, d, J=8.60 Hz), 8.26
(1H, d, J=7.76 Hz).

tert-butyl  3-(1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-
carboxylate was deprotected using deprotection procedure C to afford 17. Purified
by flash chromatography (Cyclohexane/EtOAc 4:1 =» 1:2). Yield: 75 %. 'H NMR
(400MHz, DMSO): 6 5.98 (2H, q, J=9.12 Hz), 7.20 (2H, quint, J=7.28 Hz), 7.51 (1H, d,
J=7.47 Hz), 7.85 (1H, d, J=8.73 Hz), 7.91 (1H, d, J=2.15 Hz), 8.08 (1H, d, J=7.62 Hz),
8.12 (1H, d, J=8.71 Hz), 8.22 (1H, s), 11.60 (1H, s). 3C NMR (100MHz, DMSO): 6
47.90; 48.24; 106.38; 112.63; 115.27; 119.70; 120.00; 120.56; 122.33; 125.19;
125.61; 134.93; 136.91; 137.52; 143.74. HRMS: m/z (El+), calculated for: CiH11F3N4
317.0969 [M]*, found: 317.1006 [M]*. Melting temp. range: 171 — 172 °C.

®  6-(1H-indol-3-yl)-1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazole (18)
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tert-butyl  3-(1-(2,2,2-trifluoroethyl)-1H-benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-
carboxylate was obtained after coupling with 18d. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1 =» 1:2). Then, the coupling product was
deprotected using deprotection procedure C to afford 18. Purified by flash
chromatography (Cyclohexane/EtOAc 4:1 =» 1:2). Yield: 50 %. *H NMR (400MHz,
DMSO): & 5.94 (2H, g, J=9.08 Hz), 7.17 (2H, td, J=7.34, 20.39 Hz), 7.49 (1H, d, J=7.85
Hz), 7.86 (1H, d, J=1.90 Hz), 7.98 (2H, t, J=10.34 Hz), 8.03 (2H, s), 8.31 (1H, s), 11.50
(1H, s). ®°C NMR (100MHz, DMSO): 6 48.10 ; 48.44; 111.29; 112.54; 115.31; 115.54;
119.32; 120.37; 122.11; 124.78; 125.38; 129.07; 132.37; 133.28; 137.38; 146.49.
HRMS: m/z (El+), calculated for: CigH11F3N4 317.0969 [M]*, found: 317.1006 [M]*.
Melting temp. range: 213 —214 °C.

® 6-(1H-indol-3-yl)-1-(piperidin-4-ylmethyl)-1H-benzo[d][1,2,3]triazole (34)

N=N NH
cr'
L
N

H

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was obtained after coupling
with 33d. Purified by flash chromatography (Cyclohexane/EtOAc 4:1 = 1:2).
Quantitative yield. *H NMR (400MHz, CDCls): 6 1.36 —1.27 (2H,m), 1.43 (9H s), 1.67
(2H.s), 1.72 (9H.s), 2.34 — 2.20 (1H,m), 2.66 (2H, t, J = 12.3 Hz), 4.14 (2H,s), 4.55
(2H,d,J=7.0Hz),7.34 (1H,t,/=7.2 Hz), 7.42 (1H, t, /= 7.4 Hz), 7.73 = 7.62 (2H m),
7.81(2H, d, J = 7.4 Hz), 8.14 (1H, d, J = 8.5 Hz), 8.25 (1H, d, J = 7.8 Ha).

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was deprotected following
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procedure C to afford 33. Purified by washing with diethylether. Quantitative yield.
'H NMR (400MHz, DMSO): 6§ 1.02 — 1.12 (1H, m), 1.45 — 1.58 (2H, m), 1.72 (2H, d,
J=12.31 Hz), 2.25 - 2.39 (2H, m), 3.22 (1H, d, J=10.72 Hz), 4.75 (2H, d, J=4.50 Hz),
7.13-7.24 (2H, m), 7.50 (1H, d, J=6.69 Hz), 7.78 (1H, d, J=8.02 Hz), 7.88 (1H, s), 7.99
— 8.14 (3H, m), 11.63 (1H, s). 3C NMR (100MHz, DMSO): & 26.60; 34.72; 43.03;
52.04; 106.77; 112.59; 115.59; 119.71; 120.46; 122.17; 124.71; 125.33; 134.70;
135.96; 137.47; 143.91. HRMS: m/z (El+), calculated for: CxoH2:Ns 332.1831 [M]*,
found: 332.1868 [M]*. Melting temp. range: 152 — 155 °C.

e 5-(1H-indol-3-yl)-1-(piperidin-4-ylmethyl)-1H-benzo[d][1,2,3]triazole (34)
NH

Ly

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was obtained after coupling
with 34d. Purified by flash chromatography (Cyclohexane/EtOAc 1:0 =
1:1).Quantitative yield. *H NMR (400MHz, CDCl3): § 1.36 — 1.27 (2H,m), 1.43 (9H s),
1.67 (2H.s), 1.72 (9H, s), 2.34 — 2.20 (1H. m), 2.66 (2H, t, J = 12.3 Hz), 4.14 (2H, s),
4.55 (2H, d, J = 7.0 Hz), 7.34 (1H, t, J = 7.2 Hz), 7.42 (1H, t, J = 7.4 Hz), 7.73 - 7.62
(2H, m), 7.81 (2H,d, J=7.4 Hz), 8.14 (1H, d, J = 8.5 Hz), 8.25 (1H, d, /= 7.8 Hz), 8.33
(1H, s).

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was deprotected following
procedure C to afford 34. Purified by washing with diethylether. Yield: 76 %. *H NMR
(400MHz, DMSO): 6 1.05 — 1.25 (2H, m), 1.43 (2H, d, J=11.15 Hz), 1.98 — 2.13 (1H,
m), 2.38 (2H, t, J=11.55 Hz), 2.90 (2H, d, J=11.05 Hz), 4.60 (2H, d, J=6.48 Hz), 7.09 —
7.23(2H, m), 7.49 (1H, d, J=7.68 Hz), 7.81 (1H, s), 7.88 —8.01 (3H, g, J=7.16 Hz), 8.22
(1H, s), 11.51 (1H, s). 3C NMR (100MHz, DMSO): & 19.02; 26.60; 26.80; 34.71;
43.03; 52.04; 56.43; 56.52; 106.77; 112.55; 115.59; 119.72; 120.46; 122.18; 124.71;
125.33; 134.70; 135.96; 137.47; 143.91. HRMS: m/z (El+), calculated for: CoH21Ns
332.1831 [M]*, found: 332.1868 [M]*. Melting temp. range: 215 -219 °C.

213



®  6-(1H-indol-3-yl)-1-(pyrrolidin-3-ylmethyl)-1H-benzo[d][1,2,3]triazole (35)
N<N NH
|

wE)
\

H

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)pyrrolidin-3-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was obtained after coupling
with 35d. Purified by flash chromatography (Cyclohexane/EtOAc 4:1 = 1:2).
Quantitative yield. *H NMR (400MHz, CDCls): 6 8.33 (1H, s), 8.25 (1H, d, J = 7.2 Hz),
7.82 (2H, dd, J=20.2, 8.0 Hz), 7.60 (1H, d, J = 8.5 Hz), 7.37 (2H, dt, J = 30.0, 7.3 Hz),
4.68 (1H, s), 3.34 (7H, m), 1.71 (9H, s), 1.61 (2H, s), 1.46 (9H.s).

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)pyrrolidin-3-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was deprotected following
procedure C to afford 35. Purified by washing with diethylether. Yield: 85 %. *H NMR
(400MHz, DMSO): 6 1.54-1.75 (1H, m), 1.85 —2.04 (1H, m), 2.80 — 3.09 (3H, m),
3.17 (2H, s), 4.87 (2H, s), 7.18 (2H, t, J=8.29 Hz), 7.50 (2H, d, J=7.34 Hz), 7.79 (2H, d,
J=8.36 Hz), 7.90 (1H, s), 8.00 — 8.12 (2H, m), 8.17 (1H, s), 11.65 (1H, s). 3*C NMR
(100MHz, DMSO): 6 26.80; 28.63; 38.90; 45.00; 48.52; 49.49; 106.61; 112.58;
115.56; 119.74; 120.45; 122.16; 124.75; 125.30; 125.37; 134.48; 136.04; 137.47;
143.89. HRMS: m/z (El+), calculated for : CisH19Ns 318.1674 [M]*, found: 318.1713
[M]*. Melting temp. range: 72 — 82 °C.

e 5-(1H-indol-3-yl)-1-(pyrrolidin-3-ylmethyl)-1H-benzo[d][1,2,3]triazole (36)
NH

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)pyrrolidin-3-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was obtained after coupling
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with 36d. Purified by flash chromatography (Cyclohexane/EtOAc 1:0 =» 1:1). Yield:
80 %. H NMR (400MHz, CDCl5): 6 1.71 (9H, s), 2.91 -3.05 (1H, m), 3.18 —3.31 (1H,
m), 3.31 - 3.45 (1H, m), 3.45 - 3.65 (2H, m), 4.64 —4.72 (2H, m), 7.33 (1H, t, J=7.36
Hz), 7.41 (1H, t, J=7.55 Hz), 7.60 (1H, d, J=8.52 Hz), 7.77 — 7.82 (2H, m), 7.85 (1H, d,
J=7.81 Hz), 8.22 - 8.29 (1H, m), 8.33 (1H, s).

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)pyrrolidin-3-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was deprotected following
procedure C to afford 36. Purified by washing with diethylether. Quantitative yield.
'H NMR (400MHz, DMSO): 6 1.01 — 1.11 (1H, m), 2.79 — 2.88 (2H, m), 3.30 — 3.46
(multiplet under H,0 signal), 4.80 — 4.96 (2H, m), 7.11 — 7.25 (2H, m), 7.49 (1H, d,
J=7.64 Hz), 7.75 (1H, d, J=8.46 Hz), 7.86 (1H, s), 7.99 — 8.07 (2H, m), 8.08 (1H, s),
11.53 (1H, s). ®*C NMR (100MHz, DMSO): & 26.81; 45.44; 45.98; 54.63; 58.36; 65.39;
107.03; 112.57; 115.70; 119.57; 119.68; 120.37; 122.18; 124.50; 125.16; 125.37;
134.59; 135.52; 137.49; 143.98. HRMS: m/z (El+), calculated for : Ci1oH1sNs 318.1674
[M]*, found: 318.1711 [M]*. Melting temp. range: 179 — 182 °C.

® 6-(1H-indol-3-yl)-1-(2-(piperazin-1-yl)ethyl)-1H-benzo[d][1,2,3]triazole (37)
N=N

N~
"0
e
N
H

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was obtained after coupling
with 37d. Purified by flash chromatography (Cyclohexane/EtOAc 1:1). Yield: 85 %.
'H NMR (400MHz, DMSO): 2.35 — 2.44 (3H, m), 2.58 — 2.65 (3H, m), 2.83 (2H, t,
J=6.21 Hz), 4.84 (2H, t, J=6.20 Hz), 7.14 (2H, t, J=7.08 Hz), 7.19 (2H, t, J=7.47 Hz),
7.49 (2H, d, J=7.93 Hz), 7.83 (2H, d, J=1.54 Hz), 7.89 — 7.98 (3H, m), 8.22 (2H, s),
11.50 (1H, s). *C NMR (100MHz, DMSO): & 45.65; 46.01; 54.59; 58.23; 111.66;
112.52; 115.28; 115.66; 119.32; 120.26; 122.02; 124.49; 125.46; 127.73; 132.16;
132.41; 137.40; 146.56.

tert-butyl 3-(1-((1-(tert-butoxycarbonyl)piperidin-4-yl)methyl)-1H-
benzo[d][1,2,3]triazol-6-yl)-1H-indole-1-carboxylate was deprotected using
deprotection procedure C to afford 37. Purified by washing with diethylether.
Quantitative yield. *H NMR (400MHz, DMSQ): § 2.36 — 2.46 (4H, m), 2.56 — 2.64
(4H, m), 2.81-2.90 (2H, m), 4.85—-4.93 (2H, m), 7.14 —7.24 (2H, m), 7.50 (1H, d,
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J=7.68 Hz), 7.77 (1H, d, J=8.56 Hz), 7.88 (1H, s), 8.01 — 8.08 (2H, m), 8.10 (1H, s),
11.55 (1H, s). 3C NMR (100MHz, DMSO): 6 & 45.65; 46.01; 54.59; 58.23; 111.66;
112.52; 115.28; 115.66; 119.32; 120.26; 122.02; 124.49; 125.46; 127.73; 132.16;
132.41; 137.40; 146.56. HRMS: m/z (El+), calculated for: CyH22Ng 347.1939 [M]7,
found: 347.1978 [M]*. Melting temp. range: 44 — 46 °C.

e 5-(1H-indol-3-yl)-1-(piperazin-4-yl)ethyl)-1H-benzo[d][1,2,3]triazole (38)
HN

tert-butyl 3-(1-((4-(tert-butoxycarbonyl)piperazin-1-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was obtained after coupling
with 38d. Purified by flash chromatography (Cyclohexane/EtOAc 1:1). Yield: 80 %.
'H NMR (400MHz, CDCl5): § 2.43 — 2.55 (4H, m), 3.00 (1H, t, J=6.50 Hz), 3.35-3.44
(4H, m), 4.80 (2H, t, J=6.49 Hz), 7.33 (1H, t, J=7.49 Hz), 7.40 (1H, t, J=7.70 Hz), 7.64
(1H, d, J=8.55 Hz), 7.75 - 7.82 (2H, m), 7.85 (1H, d, J=7.79 Hz), 8.20 — 8.29 (1H, m),
8.31 (1H, s).

tert-butyl 3-(1-((4-(tert-butoxycarbonyl)piperazin-1-yl)methyl)-1H-
benzo[d][1,2,3]triazol-5-yl)-1H-indole-1-carboxylate was deprotected using
deprotection procedure C to afford 38. Purified by washing with diethylether.
Quantitative yield. *H NMR (400MHz, DMSOQ): 6 2.41 — 2.49 (3H, m), 2.61 — 2.67
(3H, m), 2.87 (2H, t, J=6.16 Hz), 4.89 (2H, t, J=6.17 Hz), 7.16 (1H, t, J=7.14 Hz), 7.21
(1H, t,J=7.45Hz), 7.50 (1H, d, J=7.78 Hz), 7.77 (1H, d, J=8.68 Hz), 7.88 (1H, d, J=2.32
Hz), 8.01 — 8.07 (2H, m), 8.10 (1H, s). 3C NMR (100MHz, DMSO): & 31.01; 37.72;
46.04; 53.58; 111.47; 112.53; 115.34; 115.63; 119.30; 120.26; 122.01; 124.51;
125.45; 127.96; 132.30; 132.47; 137.39; 146.47. HRMS: m/z (El+), calculated for:
Ca0H22N6347.1939 [M]*, found: 347.1979 [M]*. Melting temp. range: 177 — 185 °C.

6. Synthesis of 5-bromobenzochalcogendiazoles (48 —51)
e 5-bromobenzo|c][1,2,5]thiadiazole (48).

216



An RB flask was charged with thionyl chloride (3.5 mL, 48.4 mmol, 9 eq.) and 4-
bromo-1,2-diaminobenzene (1 g, 5.3 mmol, 1 eq.) was added portion wise. After
the addition, 0.16 mL of concentrated sulfuric acid (0.54 eq.). The resulting mixture
was agitated under reflux for 1.5 hours. After cooling to room temperature, the
mixture was poured on ice, extracted with dichloromethane. The OL was dried with
MgSO, and concentrated in vacuo. Yield: 80 %. *H RMN (400MHz, DMSOQ): & 7.85
(1H, dd, J=1.84, 9.25 Hz), 8.08 (1H, d, J=9.23 Hz), 8.47 (1H, d, J=1.31 Hz). 3C RMN
(100 MHz, DMSOQ): 6 123.04; 123.98; 124.53; 133.62; 153.37; 155.23.

e 6-bromo-[1,2,5]thiadiazolo[3,4-b]pyridine (49)

The synthesis was performed according to a previously described procedure.®>” An
RB flask was charged with 3 mL of toluene, dimethylformamide (50 uL) and 2,3-
diamino-5-bromopyridine (0.5 g, 2.7 mmol) and heated to 70°C. Then, 1 mL of
thionyl chloride were added and the final mixture was refluxed overnight at 90°C.
After cooling down to room temperature, the precipitate was filtered and washed
with H20 and ethanol to afford the desired compound. Yield: 77 %. 'H RMN
(400MHz, CDCls): 6 8.56 (1H, d, J=1.54 Hz), 9.09 (1H, s). 3C RMN (100 MHz, CDCls):
6 121.25; 131.28; 147.96; 156.89; 160.01.

e 5-bromobenzo|c][1,2,5]selenadiazole (50)

A solution of 4-bromo-1,2-diaminobenzene (1.2 g, 6.4 mmol, 1 eq.) in ethanol (9
mL) was heated to reflux temperature and selenium dioxide (0.8 g, 7 mmol, 1.1 eq.)
was added. The addition of selenium dioxide resulted in an immediate precipitation
of the desired product. After 10 minutes of reflux, the reaction mixture was cooled
to 0°C and the precipitate was filtrated and washed with H,0. Quantitative yield.
'H RMN (400MHz, DMSO): § 7.66 (1H, dd, J=1.74, 9.42 Hz), 7.81 (1H, d, J=9.40 Hz),
8.19 (1H, d, J=1.25 Hz). 3°C RMN (100 MHz, DMSO): & 124.59; 124.64; 125.52;
132.83 (1C, s), 158.56 (1C, s), 160.21 (1C, s).

e 6-bromo-[1,2,5]selenadiazolo[3,4-b]pyridine (51)

6-bromo-[1,2,5]selenadiazolo[3,4-b]pyridine was synthesised following a previously
described procedure.®! In a mortar, 2,3-diamino-5-bromopyridine was ground with
selenium dioxide for 5 minutes. Then the reaction mixture was heated to 90°C and
the crude residue was washed with H,O0. Quantitative yield. *H RMN (400MHz,
DMSO): 6 8.72 (1H, d, J=2.24 Hz), 9.09 (1H, d, J=2.24 Hz). 3C RMN (100 MHz,
DMSO): 6 120.78; 133.10; 153.37; 157.20; 162.65.

7. Synthesis of compounds 45 - 47, 46p and 47p
e Synthesis of 5-(1H-indol-3-yl)benzo[c][1,2,5]oxadiazole (45)
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The cross-coupled product was synthesised following the general coupling
procedure using 5-bromo-2,1,3-benzoxadiazole (purchased from Fluorochem) and
1-(phenylsulfonyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (42).
Following the coupling, the resulting crude was filtrated through a silica pad and
eluted with 1:4 mixture of ethyl acetate/cyclohexane. After concentration in vacuo,
the residue containing the protected intermediate (5-(1-(phenylsulfonyl)-1H-indol-
3-yl)benzo[c][1,2,5]oxadiazole *H RMN (400MHz, DMSO) : § 7.40 (1H, t, J=7.30 Hz),
7.47 (1H, t, J=7.48 Hz), 7.62 (1H, t, J=7.20 Hz), 7.72 (1H, t, J=6.88 Hz), 7.93 (1H, d,
J=9.20 Hz), 8.00 (1H, t, J=8.88 Hz), 7.90 — 8.09 (4H, m), 8.10—-8.21 (3H, m), 8.44 (1H,
s)). The protected intermediate underwent general SO,Ph deprotection procedure
A overnight to afford 45. Yield over two steps: 80 %. *H RMN (400MHz, CDCl5) : 6
7.28-7.31 (1H, m,), 7.32—-7.35 (1H, m), 7.50 (1H, d, J=7.98 Hz), 7.59 (1H, d, J=2.67
Hz), 7.79 (1H, dd, J=1.37, 9.30 Hz), 7.87 (1H, dd, J=0.94, 9.30 Hz), 8.02 (1H, d, J=7.98
Hz), 8.06 (1H, t, J=0.99 Hz), 8.49 (1H, s). *C RMN (100 MHz, DMS0): § 109.94;
111.90; 116.37; 116.42; 119.78; 121.44; 123.38; 123.84; 125.11; 133.68; 136.90;
138.55; 148.42; 150.05. HRMS: m/z (El+), calculated for: CisHsN3O 236.0818
[M+H]*, found: 236.0815 [M+H]".Melting range: 195.6 — 199.8 °C.

e Synthesis of 5-(1H-indol-3-yl)benzo[c][1,2,5]thiadiazole (46)

The cross-coupled product was synthesised following the general coupling
procedure using 5-bromobenzo[c][1,2,5]thiadiazole (48) and tert-butyl 3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole-1-carboxylate (Fluorochem).
Following the coupling, the resulting crude was filtrated through a silica pad and
eluted with 1:3 mixture of ethyl acetate/cyclohexane. After concentration in vacuo,
the residue underwent general Boc deprotection procedure C overnight to afford
46. Yield over two steps: 76 %. *H RMN (400MHz, CDCl3) : 6 7.28 (1H, t, J=7.41 Hz),
7.32 (1H, t,J=7.44 Hz), 7.49 (1H, d, J=7.98 Hz), 7.58 (1H, d, J=2.22 Hz), 7.97 (1H, dd,
J=1.05, 9.03 Hz), 8.04 (1H, d, J=9.06 Hz), 8.07 (1H, d, J=7.86 Hz), 8.29 (1H, s), 8.43
(1H, s). 3C RMN (100 MHz, CDCls): 6 111.71; 116.89; 117.08; 119.82; 121.08;
121.35;123.05; 123.21; 125.40; 131.04; 136.88; 137.07; 153.78; 155.82. HRMS: m/z
(El+), calculated for: C14HgN3S 252.0590 [M+H]*, found: 252.0580 [M+H]*. Melting
range: 183.1 - 183.6 °C.

e Synthesis of 6-(1H-indol-3-yl)-[1,2,5]thiadiazolo[3,4-b]pyridine (46p)

The cross-coupled product was synthesised following the general coupling
procedure using 6-bromo-[1,2,5]thiadiazolo[3,4-b]pyridine (7) and tert-butyl 3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole-1-carboxylate

(Fluorochem). Following the coupling, the resulting crude was filtrated through a
silica pad and eluted with 1:1 mixture of ethyl acetate/cyclohexane. After
concentration in vacuo, the residue underwent general Boc deprotection
procedure C overnight to afford 46p. Yield over two steps: 42 %. *H RMN (400MHz,
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DMSO): & 7.23 (1H, t, J=7.31 Hz), 7.27 (1H, t, J=7.36 Hz), 7.55 (1H, d, J=7.68 Hz),
8.11 (1H, d, J=7.62 Hz), 8.29 (1H, s), 8.66 (1H, s), 9.64 (1H, s), 11.86 (1H, s). 3C RMN
(100 MHz, DMSQ): 6 111.48; 112.87; 119.81; 121.25; 121.62; 122.86; 125.21;
127.42; 133.19; 137.64; 148.58; 157.80; 159.94. HRMS: m/z (El+), calculated for:
Ci3H9N4S 253.0542 [M+H]*, found: 253.0545 [M+H] *. Melting range: 241.6 — 243.1
°C.

e Synthesis of 5-(1H-indol-3-yl)benzo[c][1,2,5]selenadiazole (47)

The cross-coupled product was synthesised following the general coupling
procedure using 5-bromobenzo[c][1,2,5]selenadiazole (50) and 1-(phenylsulfonyl)-
3-indolylboronic acid MIDA ester (43). Following the coupling, the resulting crude
was filtrated through a silica pad and eluted with 1:1 mixture of ethyl
acetate/cyclohexane. After concentration in vacuo, the residue was triturated in
cyclohexane and the obtained precipitate was filtrated before undergoing general
SO,Ph deprotection procedure A for 1h to afford 3. Yield over two steps: 79 %. *H
RMN (400MHz, CDCls) : 6 7.27 — 7.35 (2H, m), 7.49 (1H, d, J=7.68 Hz), 7.60 (1H, d,
J=2.44 Hz), 7.86 (1H, s), 8.09 (1H, d, J=7.64 Hz), 8.14 (1H, s), 8.47 (1H, s). 13C RMN
(100 MHz, DMSO): 6 111.73; 116.58; 118.35; 120.09; 121.14; 123.11; 123.19;
123.37; 125.36; 131.39; 136.95; 136.98; 159.74; 161.46. HRMS: m/z (El+),
calculated for: Ci4HsN3Se 300.0034 [M+H]*, found: 300.0037 [M+H] *. Melting
range: 206.7 — 210.2

e Synthesis of 6-(1H-indol-3-yl)-[1,2,5]selenadiazolo[3,4-b]pyridine (47p)

The cross-coupled product was synthesised following the general coupling
procedure using 6-bromo-[1,2,5]selenadiazolo[3,4-b]pyridine (51) and 1-
(phenylsulfonyl)-3-indolylboronic acid MIDA ester (43). Following the coupling, the
resulting crude was filtrated through a silica pad and eluted with 1:1 mixture of
ethyl acetate/cyclohexane. After concentration in vacuo, the residue was purified
by flash chromatography (ethyl acetate/cyclohexane, 1:2 =» 1:0) to afford the
protected intermediate 6-(1-(phenylsulfonyl)-1H-indol-3-yl)-
[1,2,5]selenadiazolo[3,4-b]pyridine *H RMN (400MHz, DMSO) : 6 7.39 — 7.54 (2H,
m), 7.59-7.77 (3H, m), 8.07 (2H, dd, J=7.72, 15.89 Hz), 8.16 (2H, d, J=6.52 Hz), 8.59
(1H, s), 8.66 (1H, s), 9.54 (1H, s). The protected intermediate general SO,Ph
deprotection procedure A for 1h to afford 47p. Yield over two steps: 34 %. *H RMN
(400MHz, DMSO) : 6 7.23 (1H, t, J=6.96 Hz), 7.26 (1H, t, J=7.02 Hz), 7.54 (1H, d,
J=7.98 Hz), 8.09 (1H, d, J=7.80 Hz), 8.30 (1H, s), 8.38 (1H, d, J=2.40 Hz), 9.58 (1H, d,
J=2.40 Hz), 11.86 (1H, s). *C RMN (100 MHz, DMSO): 6 111.34; 112.88; 119.94;
121.22; 122.45; 122.86; 125.22; 127.42; 132.10; 137.69; 154.02; 158.59; 162.94.
HRMS: m/z (El+), calculated for: Ci3HoNsSe 300.9987 [M+H]*, found: 300.9995
[M+H]* Melting range: 263.1 - 267.4 °C
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8. Annex

Table S1. Inhibitory affinities (confidence intervals 95 % ICso) of compounds

against hTDO2 in the spectrophotometric assay and P815B cells

Ny N° Y X Ro Ri 1Cs0® (M)

Enz. Cell
N, 7 3.26-4.84 0.14-0.20
N: 8 3.26-4.55 0.19-0.25
N: 9 4.43-7.98 0.34-0.43
N, 10 NH 2.21-557 0.35-0.51
N 11 NH 3.72 - 6.49 0.83-1.16
N: o 12 NH "CHs 2.01-5.43 0.78-1.21
N, 13 N 11.2 - 15.34 0.40-0.58
N 14 N 6.56—9.32 0.33-0.47
N: 15 N 9.72 - 10.42 0.63 - 0.80
N: 16 NO: 0.69-1.93*  2.44-425
N: 8 F 0.98-1.32 0.002 - 0.04
N 17 PN 11.16-19.25  0.04-0.21
N: 18 CFs 1.43-2.99 0.14-0.24
N: 19 11.16-19.25  0.39-0.21
N: 20 \/A 1.94-821 0.72-1.33
N: 21 . CONH 28.62-73.41  1.49-2.10
N: o 22 2020-60.33  0.60-0.79
N: 23 > 93.25 NI
N 24 *SCOOH 553412720 NI
N; 25 | 18.74—4556  1.633—2.286
N: 26 N 12.69-34.23  1.330-2.010
N 27 0 36.45-5829  1.524-2.287
Ni 28 \/E) 19.45-28.52  0.29-0.58
N 29 o) 28.97-66.37  1.96-3.36
N: 30 vQ 16.84-28.64  0.39-0.63
N 31 54.70-138.7  2.86-5.02
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32

33
34

35
36
37
38
37a

39
40

36.37-91.75

12.23 -27.97
18.2-44.38

15.82 -40.2
32.56 - 86.62
17.44 - 44.32
34.72 - 66.90
2.38-8.46
14.06 — 23.00
19.10-49.95

1.36-1.89

0.81-1.07
0.91-1.47

0.50-0.76
1.33-2.42
0.56-0.98
1.05-1.95
0.18-0.29
0.58-0.98
1.92-2.68
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Figure S1. Epitope mapping of regioisomers 26, 27 (a) and 36, 37 (b).
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Figure S2. Microsomal stability, half-life curves. (a) Recovery of the different
studied compounds over time in the presence of microsomal extracts. (b) Closeup
view on the 0 — 360 minutes portion of the curves. The plotted values are the result
of two independent experiments. (c) Microsomal stability curves of
benzochalcogendiazoles isosteres.
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Figure S3. Log Ky traces for compounds 45 - 47, 46p, 47p.
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Figure S4. MTS-PMS survival curves following treatment with compounds 45 —

47, 46p, 47p.
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Figure S5. Annexin/Pl analysis of the treatment of P815B cells with compound
47.

Treatment of P815B cells with compound 47, 10 puM
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