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1 Introduction

Neurodegenerative diseases, such as Alzheimer's and Parkinson's, are characterized by
progressive neuronal degeneration, loss of neuronal function, associated
neuroinflammation and abnormal neuronal disposal of certain aggregated proteins in the
central nervous system (CNS)'2. These disorders have major impact on the life quality of
those affected as well as their families, and on healthcare systems globally.

The Global Burden of Disease Study estimated that a remarkable number of 3.40 billion
individuals were afflicted by neurological disorders in 2021, representing 43% of the
world's population’. Among them, 57 million had Alzheimer's disease (AD) and 11.8
million had Parkinson's disease (PD)’. In Germany approximately 1.8 million people were
affected by dementia and an estimated 300,000 were affected by PD*“. With the rising
number of elderly individuals in Germany, neurodegenerative diseases will become even
more significant medical challenges in the coming decades®“. It is estimated that the
total number of patients with neurodegenerative diseases in Germany will reach 3 million
or more cases by 2050 due to demographic changes®* (Figure 1).

57 million
affected by -
AD and 1.? million
other dementias in GER
3.40 billion people affected
by neurological conditions
worldwide Year 2050
3 million
neurodegerative
11.8 million disease patients
affected in Germany
by PD

300,000
in GER

Figure 1. The prevalence of neurodegenerative diseases on a global scale, with a particular focus on Germany (now and
estimated for 2050).

Dementiais defined as a decline and loss of cognitive functions and the ability to perform
activities of daily living. The disease's progressive course leads to impairments in
temporal and spatial orientation, communication skills, autobiographical identity, and
personality traits®. AD represents the most common cause of dementia®. Its pathogenesis
can be described as the accumulation of amyloid 3 (AP) plagues and tau tangles within
the brain, resulting via various mechanisms of neuronal damage in a cognitive decline and
memory loss®’. In contrast, PD is characterized by the accumulation of Lewy bodies and
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Lewy neurites within the nervous system, comprising aggregated and misfolded a-
synuclein species. This is accompanied by a decline of dopamine-producing neurons in
the substantia nigra and other regions of the brain®. This leads to motor symptoms
including tremors, rigidity and bradykinesia®.

For both AD and PD, age is a significant risk factor, since the prevalence of these
conditions increases with advancing age*®8. Current therapeutic interventions for AD and
PD focus on symptom management, rather than on disease cure. Pharmacological
agents such as acetylcholinesterase inhibitors (e.g. Donepezil, Rivastigmine), NMDA
antagonist (e.g. Memantine) and dopamine agonists (e.g. Levodopa, Pramipexole) can
alleviate symptoms and enhance the quality of life*°. Nevertheless, these treatment
options are not without adverse effects and do not halt disease progression. New
therapeutic approaches and mechanisms of action are required to tackle
neurodegeneration, which pose a major medical challenge for the future®“. Currently, the
role of nuclear receptors (NRs) in neurodegenerative diseases is garnering increased
attention®°.

NRs are a superfamily of 48 transcription factors, most of which are involved in regulating
gene expression by binding to their endogenous and exogenous ligands'. They play a
significant role in developmental processes and the maintenance of physiological
homeostasis. Furthermore, they have been implicated in numerous pathological
conditions, including obesity, diabetes, and cancer'.

There is a growing body of evidence that certain NRs could represent potential molecular
targets for the treatment of neurodegenerative diseases?. Nuclear receptor related 1
(Nurr1), a transcription factor with neuroprotective properties that is predominantly
expressed in the CNS, has demonstrated considerable potential in the context of
neurodegenerative diseases®' ', Altered levels of Nurr1 have been detected in patients
with PD, AD, and multiple sclerosis (MS), as well as in rodent models of these conditions™™-
7. A reduction in neuronal Nurr1 activity in mice resulted in a phenotype with features
reminiscent of PD'®"°, and led to an exacerbation of the pathology observed in AD
models™? and experimental autoimmune encephalomyelitis in MS?'. Therefore, Nurr1
represents a promising target for developing new treatments for neurodegenerative
disorders'?2,

A notable feature of the NR family is their propensity to function as dimers. Retinoid X
receptors (RXRs) serve as the archetypal partners for forming heterodimers with a diverse
range of NRs and homodimers with themselves?*25. The modulation of RXRs offers a
potential avenue for the development of new therapeutic strategies for a variety of
neurodegenerative diseases, such as AD and MS2. The use of bexarotene (a RXR agonist)
in a mouse model of AD has been demonstrated to repress inflammation and prevent
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neuronal loss?. This, in turn, has been shown to improve cognitive and behavioral
performance in the subjects?®. Furthermore, recent findings have indicated a potential
link between the activation of RXRy and the promotion of CNS remyelination?’-?¢,

A heterodimer partner for RXR is the peroxisome proliferator-activated receptor (PPAR)
a®. PPARa is a primary regulator of B-oxidation and lipid transport in the liver and other
tissues with high levels of lipid metabolism?®3°, Additionally, it can modulate genes
involved in glutamate homeostasis and cholinergic/dopaminergic signaling in the brain®'.
In AD, there is a notable reduction in PPARa expression, which may contribute to
diminished anti-oxidative and anti-inflammatory processes, as well as disturbances in
fatty acid transport, lipid metabolism, and mitochondrial function®. Moreover, preclinical
studies have demonstrated that treatment with PPARa agonists enhances cognitive
function and mitigates neuronal loss®'.

Although preclinical models of neurodegeneration have shown promising results, there is
a lack of high-quality and selective compounds to validate the modulation of NRs as a
therapeutic strategy and to fully understand their biological function. This thesis aimed to
address this gap by developing novel, high-quality chemical tools that would improve our
biological and physiological understanding of these NRs. Moreover, novel approaches for
the selective activation of NRs by coregulators, as well as alternative methods for
modulating these receptors using photopharmacology, will be investigated. This thesis is
divided into four parts: structure-guided design of Nurr1 agonists based on a natural
ligand, the development of high-quality Nurr1l modulators by scaffold hopping and
fragment growing, tuning RXR modulators for specific coregulator recruitment and finally
the development of photohormones for light induced PPARa activation.



1.1 Nuclear receptor related 1 — Nurr1

Nuclear receptor related 1 (Nurr1'®, NOT*2, TINUR®*®, RNR-1%, HZF-3°°, NR4A2) was
identified in the 1990s as a transcription factor with a degree of homology'®'* to the nerve
growth-factor induced clone B*3” (NGFI-B, Nur77, NR4A1). Together with the neuron-
derived orphan receptor 1 (NOR-1, NR4A3) the three transcription factors form the NR4A
subfamily of NRs which is crucial for the development and survival of neurons™. In terms
of their architecture, they align with the domain structure of NRs comprising five domains
(A-E, Figure 2a)'>'*. The A/B domain is a variable N-terminal domain (NTD), C domain is
the highly conserved DNA-binding domain (DBD), D domain represents a hinge region and
domain E is a conserved ligand-binding domain (LBD).

NTD DBD hinge region LBD
a
ar A/B D E AF
1 domain domain domain 2
b c

Cass _: I'.Czsa Caos: ". Cais
'\ Zn e \ Zn A

0263 / C283 C299 / CEI'IS b-gx
nuclear receptor -
zinc-finger motiv of [__—]
Nurr1 Nurr1-LBD

Figure 2. (a) Structural architecture of Nurr1l containing five domains. A/B-domain with ligand-independent
transcriptional activation function 1 (AF1), C-domain with Zn-finger and P-,D-,T- and A-box ((b), adapted from %), D-
domain with hinge region, E-domain with ligand-dependent transcriptional activation function 2 (AF2=H12) and Nurr1-
LBD X-ray structure and his helices (H1-H12) ((c), PDB: 10VL)%. Created with Biorender.com.

1.1.1 Structure and function

The NTD (Figure 2a) is not highly conserved and has variable length and sequence within

the superfamily*®. For some orphan receptors like TLX, the NTD is very short (14 amino

acids) compared to the NR4A family (250-280 amino acids)®. Itis typically unordered and

contains a ligand-independent transcriptional activation function 1 (AF1). AF1

contributes to the constitutive ligand-independent activation of the receptor*' and

interacts with a variety of coregulator proteins' such as coactivators and other
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transcription factors'. Post-translational modifications in the NTD, such as
phosphorylation, SUMOylation and acetylation, can modulate receptor activity*2.

In the case of Nurr1, it has been demonstrated that the activity of Nurr1 is dependent on
phosphorylation by MAP-kinases (including ERK1/2 (Ser126, Thr132) and ERK5 (Thr168,
Ser177)%, and AKT (Ser347)*. Phosphorylation by AKT can result in proteasomal
degradation**. SUMOylation, which is the reversible covalent attachment of one or more
SUMO proteins to a lysine residue (Lys91 in Nurr1), has been demonstrated to repress
Nurr1 transcriptional activity**. Moreover, additional lysine residues (K558 and K577) have
been identified as potential SUMOylation sites for Nurr1. The SUMOylation of K558 and
K576 resulted in the recruitment of the corepressor CoREST*. The Nurr1/CoREST-
mediated transrepression complex inhibits NFKB p65 activity, thereby reducing the
expression of proinflammatory genes, including tumor necrosis factor-alpha (TNF-a)*445,
This mechanism may provide insights into the role of Nurrl in neuroinflammatory
processes**4,

In the structural architecture of the superfamily the A/B domain is followed by the DBD (C
domain, Figure 2a), which is highly conserved across the NRs. The DBD is capable of
binding directly to specific DNA binding sites and responsible for the recognition of a
specific sequences, namely hormone response elements (REs)". The DBD is composed
of 66 amino acids and features two cysteine-rich zinc finger motifs, two o helices and a
C-terminal extension (CTE)*. The cysteine residues, together with other amino acids and
two zinc ions, form two zinc finger motifs via tetrahedral complexes that allow binding to
DNA in the nucleus. The amino acids required for discrimination of DNA recognition
motifs are located on the underside of the first finger in a region known as the P-box*’. The
P-box is a highly conserved region and is critical for the differentiation of DNA recognition
motifs*®. The amino acid residues of the second zinc finger form the D-box and are
involved in the dimerization process®. In the case of Nurr1, the A-box is of significance in
binding to the NGFI-B response element (NBRE) and capable of recognizing adenine
residues of NBRE®®*3* (Figure 2b). The poorly conserved CTE (= T-box) across the
superfamily serves as a significant motif for a specific and increased binding affinity to
the REs by contacting the minor groove of the DNA%®, especially in Nurr13 (Figure 2b).
Additionally, the CTE plays a role in the selective recognition of RXR-NR heterodimers by
facilitating the completion of the contact point between the dimers and specifying the
optimal distance between the repeats of the REs based on their length®’.
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Nurrl can act as a monomer,
homodimer or heterodimer with RXR or

transcription
activtiy

Nurr77 as heterodimer partner on
different REs (Figure 3)'5%%  The
monomer binds to NBRE represented
by the extended motif AAAGGTCA®®
(Figure 3a). The homodimer or

heterodimer with Nur77 can recognize
transcription

the so-called Nur response element activtiy

(NurRE), which contains two half-sites

as an inverted repeat
(TGATATTTACCTCCAAATGCCA)>*5
(Figure 3b). This was initially discovered

in the promoter region of the

transcription
activtiy

proopiomelanocortin (POMC) gene®**,

which is important as a precursor
\-u/ .Vz'.'--. .
GGTTCACCGAAAGGTCA

. N . 56
hypOthalamlc pituitary adrenal axis™. Figure 3. Schematic illustration of Nurr1 with its REs as a

The binding of Nurrl and RXR to the monomer (a), homodimer (b) and heterodimer with RXR (c).
Created with Biorender.com.

protein for several neuropeptidesinthe

DR5 sequence

GGTTCACCGAAAGGTCA is similar to other RXR heterodimers that interact with REs
comprising a direct repeat, which is separated by a distance of five bases in case of
Nurr1%%%3 (Figure 3c).

The hinge region (D domain, Figure 2a) is located between the DBD and the LBD. It is a
poorly conserved region that allows the DBD to rotate, enabling different conformations
without steric hindrance to form dimers*.

The LBD (E domain, Figure 2a) within NRs is a multifunctional domain that binds ligands,
mediates homo- and heterodimerization, interacts with heat-shock proteins, and exhibits
ligand-dependent transcriptional activity**’. It also allows interactions with various
corepressors, coactivators and other cofactors involved in the signaling of basal
transcription®®. In general, the LBD has a characteristic structure consisting of a short
beta-sheet region (s1 and s2) and usually twelve a-helices (H1-H12), which form a three-
layered antiparallel alpha-helical sandwich'#¢. The lower region of this sandwich usually
harbors the canonical hydrophobic ligand-binding pocket (LBP) in NRs®**®°. This LBP is
highly variable in NRs and can vary in size and shape, ranging from almost non-existent,
to very large volumes exceeding > 1600 A3 (e.g. pregnane X receptor (PXR))358:6162,

In the case of Nurr1, the X-ray crystallography (PDB: 10VL) has revealed that the typical
LBP is blocked, with bulky hydrophobic side chains filling the cavity® (Figure 4). These
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residues, which are also found within the NR4A subfamily
and the Drosophila ortholog DHR38, exhibit a high degree NN =

of conservation®*®*, For this reason, the NR4A receptors j WL A

have been classified as orphan receptors for a long ) :‘\’ 4 ,- "/A'
time'#4°, However, in the case of Nurr1, unsaturated fatty . . >

acids were identified as binding and modulating Nurr1 . r!\' v
transcriptional activity, although the physiological ) /

relevance of this discovery remains unclear'*% (see
chapter 7.1.3.17). )

The mechanism for activating NRs by binding agonists {
involves several components’™. The capacity of NRs LBDs {
toinitiate transcription is regulated by the H12, also known  rigre 4. The apo structure of the
as activation function 2 (AF2)*. H12 demonstrates a high Nurr1LBD (PDB: 10VL) revealed that
the canonical LBP region is blocked by
degree of conformational flexibility in the LBD*. In the pyiy hydrophobic side chains filling
apo-form (unliganded state), the H12 is typically thecavity. Adapted from ™.
unordered and not bound to the LBD core, thus allowing the formation of a hydrophobic
surface on the H3/H4 region™*. This provides a corepressor binding site that can bind a-
helical structures with the so-called CoRNR box. This surface can bind various
corepressors like nuclear receptor corepressor 1 (NCoR1) and silencing mediator of
retinoid and thyroid hormone receptors (SMRT). Corepressors are proteins that recruit
and activate epigenetic regulators, such as histone deacetylases and demethylases, to
form multiprotein complexes that block transcription. Ligand binding to the LBD induces
conformational changes eventually leading to stabilization of H12 bound to the core of
the LBD®'. Based on a holoRARy (active state) crystal structure in which the ligand binding
site entry was sealed by H12, a so-called mouse trap-like mechanism has been
established'¢°, Nevertheless, further studies of NRs have demonstrated a more dynamic
stabilization mechanism, whereby H12 is not fixed in any single position, but rather
exhibits mobility over several conformations, resembling a molten state®'. Ligands that
bind to the LBD have the effect of stabilizing the receptor folding process globally, thereby
reducing the degree of conformational dynamics and promoting an active conformation
and position of H12%'. The binding of H12 to the LBD core affects the LBD surface,
resulting in the release (i.e., reduction in affinity) of corepressors and the generation of a
new coactivator binding epitope typically located between H12 and H3. This process
results in a number of changes in the geometry of the LBD core. Firstly, a glutamate in H12
and a lysine in H3 form a “charge clamp”, which typically has a distance of 18-20 Aes,
Secondly a hydrophobic groove between helices H3, H4, H5 and H12 forms which can
bind a consensus LXXLL motif (NR box) contained in coactivators like steroid receptor

coactivators (SRC) and the PPARy coactivator 1alpha (PGC1a)*. These coactivators are
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proteins that recruit epigenetic regulators, such as histone acetyltransferases and
methyltransferases, to form multiprotein complexes that activates transcription'®’,

If a NR is already conformationally stable in the absence of a ligand, it is likely to exhibit
constitutive transcriptional activity®'. Nurr1 and its relatives Nur77 and Nor1 provide a
useful example of this phenomenon™?3¢%3_ A structural explanation for the constitutive
activity can be found in an autoactivated conformation of the Nurr1 LBD*. The first X-ray
crystal structure of Nurr1 (PDB: 10VL) demonstrated that H12 was bound to the core of
the LBD in absence of a ligand and formed an autoactivated conformation, analogous to
the ligand-activated states of other NRs*°. The presence of a lysine residue (Lys590) in
H12 forms a strong ionic interaction with a glutamate residue (Glu440) in H4*. This
interaction has been proposed to facilitate the autoactivated conformation and lead to
the constitutive activity of Nurr1'#2°, It should be noted that a crystal structure provides
only a static snapshot of the protein at a specific conformation. Consequently, it may not
fully reflect the protein's full range of dynamic states, as observed in its natural
environment®”%8, The structural superimposition of Nurr1 (PDB: 10VL) and Nur77 (PDB:
2QW4) demonstrated a significant shiftin H12 (2.8 A), which could explain Nurr1 “s higher
constitutive activity compared to Nurr773%:5864,

Another factor to consider are the polar and charged characteristics of the NR box binding
region in Nurr1, precluding the formation of a hydrophobic surface that would enable
interaction with the leucine residues of coactivators'*. The presence of bulky residues
(R418/F439/K590 and K370/F392/N543) at the AF2 region suggests a lack of affinity for
common coregulators®°8, Moreover, the residues of lysine and glutamate in helices H3
and H12, which serve to stabilize the binding of the coactivator a-helix in ligand-activated
NR (charge clamp), are interchanged with glutamate situated in H3 and lysine in H12 in
Nurr1. This missing interaction of charge clamp and hydrophobic surface, in conjunction
with the ionic interplay between H4 (Glu440) and H12

(Lys590), impedes the interaction with coregulators at the Ha/s ;LLG_‘“422
canonical binding site'**. However, a hydrophobic groove SN o
between H11 and H12 has been identified as a potential t‘gumoQ "
alternative coregulator binding site in Nurr1, Nurr77 and i, X )Lyss;oa
Nor1 for NCoR1 and SMRT (Figure 5). It has been o By H3
demonstrated that the coregulators NCoR1, SMRT, nuclear Asps.égA H12
receptor coactivator 6 (NCoAB), forkhead family of winged- potential (" Lys577
helix transcription factor (Foxa2) and SUMO E3 ligase biﬂgggfgﬁéor A

SMRT in Nurr1 .

protein inhibitor of activated STAT (PIASy) bind to Nurr1446%

71, However, the binding mode and molecular mechanism Fguré 5. Potential binding sites of

coregulators in the LBD of Nurr1
of the coregulators of the NR4A family remain mostly (PDB:10VL*®). Adapted from ™.

elusive™.
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1.1.2 Physiological function

Nurr1 was first linked to dopaminergic neuron function through its critical involvement in
the development of midbrain neurons''8, Nevertheless, the expression of Nurr1 has been
observed not only in the CNS but also in other tissues, including smooth muscle,
endothelial cells, bone, synovial tissues, adrenal glands, intestine, liver cells, and
immune cells (e.g., macrophages)'?2. Within the CNS, the expression of Nurrl is
particularly high?'®, It is widely expressed in the substantia nigra, ventral tegmental area,
and limbic system™72, Moreover, Nurrl has been identified in the olfactory bulb,
hippocampus, temporal cortex, subiculum, cerebellum, posterior hypothalamus, and
habenular nuclei®*”.

The results of knockout studies on Nurr1 have demonstrated that this gene is associated
with the loss of dopaminergic neurons in the substantia nigra and ventral tegmental area,
as well as severe respiratory dysfunction and, ultimately, death'. In newborn mice with
global homozygous Nurr1 deficiency (Nurr1”-) where death occurred within the first two
days after birth, there was an absence of dopaminergic neurons in the substantia nigra
and ventral tegmental area'. Furthermore, alterations in gene expression were noted in
the dorsal motor nucleus of the brainstem™ . This resulted in a notable reduction in
respiratory activity and a pronounced decrease in the animals' overall level of activity''’.
The elimination of Nurr1 in adult dopaminergic neurons in mice was achieved through a
process of genetic cross-breeding, whereby Nurr1 floxed mice were crossed with mice
harboring a CreERT2 allele under the control of the DAT locus, which enables tamoxifen-
induced ablation of the Nurr1 gene' . Ablation of Nurr1 resulted in the development of
a progressive pathological phenotype''™. This was characterized by a reduction of
dopaminergic neuron markers in the ventral midbrain and striatum, a decrease in
dopamine in the striatum and eventually motor deficits, which closely resembled the
features of early PD'®'°, Due to its critical function in the growth and maintenance of
dopaminergic neurons, Nurrl represents a promising objective for the treatment of
PD18,19-

The expression of essential proteins involved in the dopamine metabolism,
differentiation, axonal growth and survival in dopaminergic neurons is regulated by
Nurr1''® (Figure 6). Nurr1l regulates the expression of genes involved in dopamine
synthesis, packaging, and reuptake. This includes the tyrosine hydroxylase (TH),
dopamine decarboxylase (DDC), vesicular monoamine transporter 2 (VMAT2), and
dopamine transporter (DAT) genes. By controlling the expression of these genes, Nurr1
plays a crucial role in maintaining homeostasis in dopamine levels within the brain™874,
Moreover, Nurr1 controls the expression of genes involved in neuronal differentiation and
axonal growth, including delta-like homologue 1 (DLK1), alcohol dehydrogenase 2
(ADH2), protein tyrosine phosphatase receptor U (PTPRU), and kelch-like protein 1
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(KLHL1). In addition, Nurr1 affects the proto-oncogene tyrosine-protein kinase receptor
Ret (Ret)'*'875, Ret is a crucial component of the signal transduction pathway for
neurotrophic factors, such as glial cell-derived neurotrophic factor (GDNF), which is
essential for the survival of dopaminergic neurons™ 875,

dopamine metabolism

differentiation
axonal growth

survival oxidative stress response

Figure 6. Nurr1 regulates genes of dopamine metabolism, axonal growth, survival, oxidative stress response and
differentiation. Created with Biorender.com.

The regulation of mitochondrial gene expression, including superoxide dismutase 1
(SOD1), mitochondrial elongation factor Ts (TSFM), and crucial oxidative phosphorylation
genes such as cytochrome ¢ oxidase subunit 58 (COX5B), is a pivotal role of Nurr1 in
protecting neurons from oxidative stress and maintaining the respiratory chain™"°,
Furthermore, Nurr1 functions as a mediator of cCAMP response element-binding protein
(CREB) dependent neuroprotection in neurons exposed to excitotoxic and oxidative
stress'®?2, CREB is a transcription factor that is essential for neuronal protection®22,

In addition to its role in oxidative stress, Nurr1 is also involved in the inflammatory
response of the nervous system' 822, |n lipopolysaccharide (LPS)-treated mice, it can
restrict the production of neurotoxic mediators, including TNF-q, IL-1B, and iNOS™'822_|n
astrocytes and microglia, Nurrl acts as a negative regulator of NFkB-induced
inflammatory genes, stabilizing the CoREST corepressor complex which restores the
expression of NFkB-activated genes to basal levels' 822,

1.1.2.1 Nurr1 in Parkinson’s disease

As previously outlined in chapter 7, PD is defined by a progressive degeneration of
midbrain dopamine neurons containing misfolded a-synuclein'®. The expression of Nurr1
is found to be reduced in post-mortem human brain tissue from cases of sporadic PD'®78,
This is particularly noticeable in the substantia nigra dopamine neurons with a-synuclein
inclusions. A reduction in Nurr1 expression is associated with a loss of TH-positive
neurons, which implies that decreased Nurrl expression may underlie reduced
dopamine production and dopamine neuron death'®’¢, In addition, research data have
been indicated that the overexpression of Nurr1 has the capacity to protect neurons from
the toxic effects of a-synuclein in vitro and in vivo'#'82277,
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It has been observed that the number of dopaminergic neurons that express Nurr1
declines with age'’8. This decline was accompanied by a reduction in TH expression
within individual neurons'®’8, As the ageing process is linked to a reduction in the number
of dopamine neurons in the substantia nigra, and advancing age constitutes a significant
risk factor for PD, age-related declines in Nurr1 expression may play a contributory role in
the pathogenesis of PD8.

Further support for the role of Nurr1 in PD is provided by genetic association studies™>7°,
Single nucleotide polymorphisms (SNPs) in the Nurr1 gene have been identified in several
patients with familial and sporadic PD'*'>7°, Among these, the polymorphism rs35479735
in intron 6, which can affect splicing, correlates significantly with sporadic and familial
PD'#1579 Nevertheless, subsequent studies involving other PD patient cohorts have not
replicated these findings, indicating a need for further systematic genetic association
studies on Nurr1 in the context of PD™"5,

Amodiaquine (AQ, 1, Figure 7) and chloroquine (CQ, 2, Figure 7) are known to act as Nurr1
agonists (see chapter 1.7.3.2), and several studies have indicated that both have
therapeutic effects based on Nurr1 modulation in PD'*77:8°_ |n rat dopaminergic neurons,
treatment with AQ was demonstrated to increase the mRNA levels of Nurr1-target genes,
including TH, DAT, VMAT and AADC, in a concentration-dependent manner’”:%,
Furthermore, AQ and CQ demonstrated neuroprotective properties against the
neurotoxin 6-hydroxydopamine (6-OHDA) in both in vitro and in vivo models, resulting for
example in the alleviation of motor deficits characteristic of PD in rats with 6-OHDA-
induced lesions’”®. In a rotenone rat model study’’®', where exposure of rotenone (an
inhibitor of complex | of the mitochondrial respiratory chain) has been observed to result
in the development of parkinsonian features, including the loss of dopaminergic neurons
in the substantia nigra and motor impairment®?, the less toxic derivative
hydroxychloroquine (HCQ) has been demonstrated to exert an anti-inflammatory effect
that is associated with increased Nurr1 expression and diminished expression levels of
inflammatory mediators (NFkB, TNF-a, and IL-1B)””8'. Consequently, treatment with HCQ
resulted in the alleviation of the motor deficits induced by rotenone’”8'. Nevertheless,
there is currently no evidence that HCQ binds and activates Nurr1 directly. The in vitro
treatment of MN9D (murine dopamine neuron cell line) and N27-A (rat dopaminergic
neurons) cells from 1-methyl-4-phenylpyridinium (MPP+)-induced toxicity with natural
Nurr1 ligands prostaglandin A1 (PGA1, 3, Figure 7, see chapter 7.7.3.7) and E1 (PGE1, 4,
Figure 7, see chapter 71.1.3.7) was demonstrated to provide protection in a Nurrl-
dependent manner’”#, Furthermore, PGE1 and PGA1 mitigated the loss of TH-positive
dopaminergic neurons induced by MPP+ and LPS in primary dopaminergic neuron-glia
cocultures derived from the embryonic ventral mesencephalic region of the rat’”8,
Additionally, intraperitoneal injection of PGE1 (2 mg/kg) or PGA1 (2 mg/kg) was observed
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to significantly rescue dopaminergic neurons in the substantia nigra and the striatum, as
well as to alleviate the impaired motor behaviors exhibited in a subchronic MPTP-induced
animal model of PD’”#, In conclusion, modulation of Nurr1 by agonists may represent a
promising avenue for therapeutic intervention in PD.

1.1.2.2 Nurr1 in Alzheimer’s disease

Nurr1 also seems to play a role in the pathogenesis of AD and is a potential target for
therapeutic intervention™2. A post-mortem analysis revealed a reduction in Nurr1 levels
in the substantia nigra of AD patients, which correlated with the loss of TH-positive
neurons, as observed in PD'#2%7¢, Similar reductions in Nurr1 mRNA levels were observed
in APPsweinamutant mice®t, a model of early memory loss in AD, while the number of Nurr1-
positive cells in the subiculum of 5XxFAD mice, a model with a number of AD-related
phenotypes®, also decreased in an age-dependent manner'#2°8_ |n addition, Nurr1
protein co-expressed with AB in early disease stages in 5xFAD mice'?°%, This co-
expression suggested that Nurr1 may be involved in the early pathological changes of
AD'42085 Recent studies have demonstrated that AB+.4.fibrils result in the upregulation of
tau hyperphosphorylation and presenilin 1T mRNA, which are considered to be hallmarks
of AD pathology?®?’. In cortical neurons treated with AB1-42 fibrils, a reduction in Nurr1
protein and mRNA expression was observed. This finding was replicated in a human
mesenchymal stem cell (hnMSC) line in vitro'42°87,

The impairment of memory observed in AD can be attributed to the effects of AB, which
has been demonstrated to induce neuroinflammation, neuronal death and synaptic
dysfunction?®8, The role of Nurr1 in cognitive function regulation has been proposed, with
evidence indicating that mice with Nurr1 knockdown (hippocampal infusions of Nurr1
antisense oligodeoxynucleotides (ODNSs)) exhibited impaired hippocampus-dependent
memories and increased Nurrl mRNA expression during spatial learning tasks?%:8%:%,
Furthermore, it has been demonstrated that siRNA-mediated knockdown of Nurr12®°' and
the generation of heterozygosity for the Nurr1 gene impaired memory functions?°2, The
regulation of learning and memory by Nurr1 is mediated by the CREB signaling pathway,
which controls the transcription of genes associated with memory?*%3%, The CREB-
related pathways are essential for the formation of long-term memory in the
hippocampus?®®. The expression of the Nurr1 in hippocampal subregions is increased by
behavioral task training?®®, and in rats that have undergone long-term potentiation?®,
While the exact mechanism underlying cognitive enhancement remains elusive, a
placebo-controlled trial has demonstrated that the intermittent preventive
administration of AQ led to enhanced cognitive performance in semi-immune
schoolchildren®*®’, In another study, the overexpression and activation of Nurr1 in 5xFAD
mice treated with AQ showed significant benefits, including lower AB levels, reduced
hippocampal neurodegeneration, and improved cognitive function'84. Moreover, a
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recently published study has provided evidence that the administration of AQ restored
impaired spatial working memory in AB-overexpressing mice which alleviates AD-related
pathology?®8,

Although only a limited number of studies have assessed the role of Nurr1 in the context
of AD, the existing evidence regarding Nurr1 in AD and its general neuroprotective and
anti-inflammatory properties suggests that Nurrl activation may offer significant
therapeutic potential’#2°,

1.1.2.3  Nurr1 in multiple sclerosis

MS is defined as a heterogeneous autoimmune chronic disease of the CNS. MS is
distinguished by its characteristic immune-mediated inflammatory processes which
result in demyelination and subsequent axonal damage?"*. The aberrant lymphocyte
attacks that occurin the context of CNS autoimmune disorders result in damage not only
to the myelin sheath but also to neuronal structures, including axons, dendrites and
synapses?"%,

The existence of a genetic link between Nurr1 and MS has yet to be substantiated in
genome-wide association studies (GWAS)?"'%", However, several studies show altered
expression patterns of Nurr1 in MS patient?"'%2. The observed alterations are particularly
pronounced in various blood components, including whole blood, peripheral
mononuclear cells, CD14" monocytes, and CD4* T cells'*2'. The results revealed a decline
in the concentrations of all members of the NR4A family for MS patients when compared
to those of the healthy control cohort?''%2, In an additional patient trial, low levels of Nurr1
were found to correlate with an aggressive form of the disease and a higher degree of
disability?'%3,

The most prevalent mouse model for MS studies is experimental autoimmune
encephalomyelitis (EAE), which is induced by immunization with CNS-specific antigens
such as MOG35-55 (peptide fragment 35-55 of myelin oligodendrocyte glycoprotein)?'-1%4,
Nurr1 deficiency in mice (heterozygous Nurr1-knockout) led to an earlier onset and more
severe course of EAE, suggesting increased recruitment of immune cells to the CNS?'-1%5,
Conversely activation of Nurr1 delayed the onset of EAE and reduced inflammation and
neurodegeneration in the spinal cord?-'%, Treatment with the so-called Nurr1 agonist
IP7e (see chapter 1.1.3.2) after the onset of EAE had no effect on the progression of the
disease?'%, The administration of IP7e prior to the onset of EAE has been demonstrated
to mitigate the severity of the disease by impeding the aggregation of vital cellular
elements, including T lymphocytes and macrophages, within the spinal cord, which are
indispensable for the onset of EAE?"'%, This suggested that, particularly in the early
stages of the disease, Nurr1 plays a critical role?"'%, It is important to note that a direct
binding of IP7e to Nurr1 has not yet been conclusively proven'” (see chapter 71.7.3.2), and
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that this lack of proof could lead to misunderstanding. The administration of dendritic
cells overexpressing Nurr1 to EAE mice resulted in a delay in disease progression, which
was accompanied by an enhancement in the differentiation of regulatory T cells (Tregs)
and a reduction in neuroinflammation’'%®, In contrast, the systemic administration of
Nurr1-specific siRNA in mice resulted in a notable reduction in EAE symptoms''%°, This
outcome was deemed indicative of Nurrl's potential involvement in Th17 cell
differentiation, as evidenced by its capacity to influence IL-21 and IL-23 expression'1%°,
The findings on Nurr1 in the context of MS are, on the whole, encouraging and suggest that
Nurr1 modulation may have therapeutic potential. However, further studies are required
in order to fully capture the role and potential of Nurr1 in this disease?'.

1.1.3 Nurr1 ligands

As previously described in chapter 7.7.7, Nurr1 occupies a unique position within the NR
superfamily, characterized by the absence of a binding pocket, the absence of a classical
binding site for coregulators and the constitutive activity of Nurr1, whose activity was
thought to be regulated through alternative mechanisms™'. Nevertheless, a range of
strategies, such as high-throughput screening (HTS) and the advancement of structure-
activity relationships (SAR), as well as techniques including mass spectrometry, nuclear
magnetic resonance (NMR), molecular docking, and cellular assays, have been
effectively employed in ligand discovery to identify compounds capable of modulating
Nurr1.
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Natural ligands
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Figure 7. Chemical structures of natural and synthetic Nurr1 ligands.

1.1.3.1  Natural ligands for Nurr1

A metabolomics study of immobilized Nur77-LBD (His6-tagged Nurr77 LBD on resins)
demonstrated an interaction between Nur77 and arachidonic acid and docosahexaenoic
acid (DHA, 5, Figure 7)""°. Based on these results, de Vera and colleagues employed a pull-
down assay to show that 5 also interacted with Nurr1-LBD®®. A NMR study revealed that
the binding of 5 affects the methyl groups of Leu410, 11e483 and 1le486 in H3 and H11 in
the LBD®®. This resulted in a conformational change of H5, H7 and H12%. In HEK293T and
MN9D cells, 5 was found to repress Nurr1 transcriptional activity (remaining activity 75%)
using a NBRE-based reporter gene assay®®. Furthermore, it was observed that 5 promoted
interactions between Nurrl LBD and the coregulator PIASy (SUMO-E3 ligase) in a
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fluorescence polarization and time-resolved fluorescence resonance energy transfer
(HFTR) assay®. Further studies using NMR, hydrogen-deuterium exchange mass
spectrometry (HDX-MS) and molecular dynamics simulations have suggested that the
region of the canonical LBP in Nurr1 (bulky residues blocking the pocket) is dynamic with
high solvent accessibility. It can expand markedly to bind unsaturated fatty acids

including 5, arachidonic acid, linoleic acid and oleic acid (volume from 30 A to 500
A)14,77,111-

Prostaglandin E1 (PGE1, 3, Figure 7) and A1 (PGA1, 4, Figure 7) have been identified to
interact directly with the LBD of Nurr12. In SK-N-BE(2)C (human neuroblastoma cells),
MN9D and N27-A, PGE1 and PGA1 were observed to induce Nurr1 transcriptional activity
in a dose-dependent manner, with varying activation efficacies between 10 to 25-fold for
PGE1, contingent on the assay setup'®3,

The cocrystal structure of Nurr1 LBD with PGA1 (PDB: 5Y41,
Figure 8) has been elucidated, demonstrating PGA1 binds -
covalently between its cyclopentenone ring and the thiol a

group of Cys566 as a Michael adduct'#3, Furthermore, the 7 L
fatty acid tails have been shown to occupy a hydrophobic M4 4 N ‘
space, situated between H4/5, H11, and H12, which results A(f:t_'.@;;@ ' Q" \ s
in an outward movement of H12 from the core of Nurr1'+#3, L & j

The hydroxyl group engages in hydrogen bonds with the 'a ¢
backbones of Glu440 and Leu44'*#, The carboxylic acid '
chain of PGA1 exhibits conformational flexibility, and the

carboxylate motif forms ionic interaction with Argb15 and Figure 8. Crystal structure of Nurr1
LBD and PGA1 (PDB: 5Y41%).

His516 (H8-9 loop) as well as a water-mediated hydrogen Adapted from ™.

bond with Arg563 (H11)'8%, In the case of PGE1, the acidic
(pH 5.5) crystallization conditions resulted in the conversion to the corresponding
anhydride PGA1'4:83,

A further potential endogenous ligand for Nurrl may be the dopamine metabolite
dihydroxyindole (DHI, 6, Figure 7), which interacted with Nurr1 as proven with biophysical
assays, including differential scanning fluorimetry (DSF) and surface plasmon resonance
(SPR) spectroscopy, as well as X-ray crystallography and cell assays’*. As an oxidized 5,6-
indolquinone DHIforms a covalent reversible adduct with Cys566 in the region of H11 and
H12, resulting in a 10° outward movement of H12 (PDB: 6DDA), which is less pronounced
than the one observed in the PGA1-bound structure. Furthermore, DHI is stabilized by an
H-bond with the Glu445 (H4/5) side chain. It also interacts with Arg515 (H8/9 loop) and
Arg563 (H11) in cation-wt interactions and exhibits weak contacts with Arg515 via the
hydroxyl/carbonyl groups of DHI'*7* (Figure 9a). In a quantum mechanical model, DHI
bound noncovalently within the same manner as the covalent one'? (Figure 9b). Here
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also, a cation-tt interaction with Argb63 appears to be of significant importance for the
stabilization of the aromatic indole system''2. The use of DSF revealed that DHI induced
a concentration-dependent increase in the melting temperature (T.) of the Nurr1 LBD,
with a 1°C rise observed at a concentration of 50 mM. Additionally, direct binding of a
biotinylated Nurr1l LBD immobilized on a streptavidin-coated biosensor chip was
observed in a concentration-dependent manner for DHI in a SPR assay’“. In a cell-based
reporter gene assay using a Gal4-DBD fused Nurr1 construct, DHI induced a 1.6-fold
activation (100 uM) in JEG3 cells (human choriocarcinoma cells)’4. Furthermore, DHI has
been demonstrated to induce the expression of DAT, VMAT2 (both after 6 h incubation)
and TH (after 24 h incubation) in zebrafish’. However, due to the high reactivity of DHI,
which involves autooxidation and polymerization to neuromelanin, a chromogenic and
toxic pigment found in neurons, it is not suitable for the study of Nurr1 in vivo nor in
vitro'74112_ Nevertheless, the discovery of the binding site for DHI has provided a
potential avenue for the identification of novel ligands based on the indole scaffold.

a b
NH, Hi
His516 W éJ\NE%Arg%g MAA'SS"S NH, R
-Argse3
g Wy
HO / /_g_Cyssee ' —c
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Figure 9. (a) Molecular interactions between the Nurr1 LBD residues and the ligand DHI as a covalent adduct. (b)
Molecular interactions between the Nurr1 LBD residues and DHI as a non-covalent adduct. Adapted from support
information of "2,

1.1.3.2  Synthetic ligands for Nurr1

Based on DHI, Kholodar and colleagues have identified 5-chloroindole (7, Figure 7) as
Nurr1 agonist with confirmed binding to the Nurr1 LBD'2, In this study, a computational
evaluation was conducted on 19 indole derivatives, substituted at the 5 and 6 positions,
with the objective of predicting their binding to the Nurr1 LBD''? and their ability to form a
favorable cation-mt interaction. The compounds' binding affinity to the LBD was
determined using microscale thermophoresis (MST)"2. 7 demonstrated micromolar
affinity (Ky = 15 uM), comparable to that of DHI, and activated Nurr1's transcriptional
activity in a reporter gene assay using a Nurr1-LBD-Gal4-DBD (Gal4-Nurr1 hybrid)
construct. In MN9AD cells, 7 increased TH and VMAT2 expression in a concentration-
dependent manner at 2.5, 5.0 and 10.0 uM"'2, A cytotoxicity assay suggested that 7
exhibited less toxicity when compared to the other substituted indoles'?. Consequently,
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7 represents a promising lead compound for further development and optimization
through medicinal chemistry''2,

The first orthogonally validated Nurr1 ligands were the antimalarials AQ and CQ (Figure
7)%°. A high-throughput screening of 960 FDA-approved drugs was conducted using a
reporter gene assay based on the full-length Nurr1 and the monomer response element
NBRE in SK-N-BE(2) C cells. Three compounds promoting Nurr1 activity were discovered:
AQ, CQ and glafenine (8, Figure 7). They all share the 4-amine-7-chloroquinoline
scaffold®. The Nurr1 activation by AQ and CQ was approximately 3.0-fold, while that of 8
was only 1.5-fold'*®. Consequently, 8 was not subjected to further evaluation®. To
ascertain whether AQ and CQ bind to the Nurr1 LBD, a Gal4 hybrid reporter gene assay
was conducted, utilizing a construct comprising the human Nurr1-DBD or Nurr1-LBD with
Gal4-DBD. AQ and CQ were found to induce Nurr1 transcriptional activity through the LBD
construct with an ECs, of approximately 20 and 50 pM, respectively'##°,

Furthermore, a radioland binding assay using radiolabeled (*H)-CQ demonstrated a
saturable binding to Nurr1 LBD with a Kq value of 0.27 uM and a maximal binding capacity
(Bmax) Oof 13.9 uM®_ A competition assay with unlabeled AQ and (*H)-CQ revealed that AQ
binds to a similar region of the Nurr1 LBD. Using "H/"*N-HSQC NMR in conjunction with a
SN-labelled Nurr1 LBD and mutagenesis study, the binding epitope of AQ was located*°.
The observed binding was focused on the amino acids H402, 1403, Q404, Q405, D408 and
L409 in the lower section of helix H3 and on the H6/3-sheet region as well as residues in
helices H11 and H12 (V468, Y575 and D580)'%. In another 2D ("H, '>N) TROSY-HSQC
NMR study, AQ and CQ were observed to directly bind to Nurr1 LBD'?’. It has been shown
that the binding of AQ and CQ to H3, H6, H10/11 and H12 was affected by residues that
were within orin close proximity to the canonical orthosteric LBP'%”. Nevertheless, studies
of AQ and CQ also demonstrated that they mediated Nurr1-

independent, nonspecific transcriptional effects in the PR
control experiment VP16-Gal4 in SK-N-BE(2)-C cells'. ;_‘ j * ( "\
Gal4-VP16 is a fusion protein that exhibits high constitutive -~ Y »
transcriptional activity'”’. Ligands that cause decreased or ) *,:-J .
increased activity of this chimeric transcription factor exert % C o ) WN\-"/‘ /
their influence on general transcription in a target- \f » \ i:f\'
independent manner or are toxic'”’. Nevertheless, AQ has ’(' -
been demonstrated to display greater Nurri1-activiting ' N

efficacy than CQ, indicating the potential for the

development of SAR on this scaffold to achieve greater Figure10.Proposed bindingregion of
. . . . AQ (orange) to Nurr1 LBD based on
specificity towards Nurr1 while reducing the unspecific NMR binding studies. Adapted from

14

effects’’.
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A fragment-based study of AQ using a Gal4-Nurr1 hybrid reporter gene assay by former
doctoral student Dr. Sabine Willems revealed that 4-amino-7-chloroquinoline (9, Figure
7) fragment shared by AQ, CQ and 8 weakly induced Nurr1 activity at high micromolar
potency (ECso = 259 uM)'"3. The systematic variation of the quinoline substitution pattern
led to the discovery of 4-amino-7-chloro-2-methyl-quinoline (10, Figure 7) as a fragment-
like Nurr1 agonist, exhibiting low micromolar potency (ECs, = 33 uM)'#"3, By shifting the
chlorine to position 8, the quinoline 11 (Figure 7) exhibited a twofold increase in potency,
with an ECs value of 17 uM'"3. 11 induced Nurr1 transcriptional activity in all three full-
length reporter gene assays, using NBRE, NurRE and DR5 in HEK293T cells, and promoted
the expression of TH and VMAT2 in T98G (human astrocytes). In a HFTR assay utilizing a
Th3*-cryptate-labeled NCoR1 or NCoR2 and a superfolder green fluorescent protein
(sGFP)-labeled Nurr1 LBD, 11 induced the recruitment of coregulatory proteins to the LBD
and the homodimerization of Nurr1'#''3, In addition, 11 exhibited no Nurr1-independent
effects on transcriptional activity in contrast to AQ and CQ in a Gal4-VP16 reporter gene
assay1o7,113-

A further study based on a microscale analogue library synthesis and computational
pharmacophore evaluation of 9 indicated its possible extension with various substituents
on the amine and revealed the 5-(4-chlorophenyl)furan-2-ylamide derivative as a
promising novel Nurr1 ligand (12, Figure 7) moiety'"4, 12 was found to induce Nurr1
transcriptional activity in a Gal4 hybrid reporter gene assay with an ECs, of 3.0 uM™4,

In light of the identification of AQ, CQ and 9 binding on Nurr1'*"° Kim and colleagues
proceeded to develop 4A7C-301 (13, Figure 7) through a systematic optimization process
of 4A7C-101 which was designed as a potent anti-malarial hybrid for Plasmodium
falciparum strains and demonstrated Nurr1 transcriptional activation in a Gal4 reporter
gene assay''®. This study involved the generation and characterization of 570 derivatives,
resulting in the identification of the optimized, brain-penetrating Nurr1 agonist 13. 13
induced Nurr1 transcriptional activity in a Gal4-Nurr1 reporter gene assay with 8 repeats
of the upstream activation sequence (UAS) RE™S. The ECs; was found to be low
micromolar (6.53 uM), with an activation efficacy of 18-fold'®. In SK-N-BE(2)C cells, 13
activated full-length Nurr1 in a dose-dependent manner (ECso = 7-8 uM), demonstrating
greater potency than CQ (ECs, = 70 uM)'"5. Previous mutagenesis studies of AQ/CQ and
PGA1/PGE1 interaction with Nurr1 LBD have indicated that different synthetic and native
agonists of Nurr1 interact with shared as well as distinct residues within the Nurr1 LBD''5.
It has been observed that the agonist effect of 13 is reduced in the Nurr1 mutants of 573,
1588, L593, D594, T595, L596 and F598""° indicating that these residues, which are
situated at the C-terminal H12, are critical for activation and interaction with the Nurr1
LBD for 13''°. Furthermore, the binding assay using (*H)-CQ fluorescent-labelled hydroxy-
CQ for TR-FRET has demonstrated that 13 has a 20-fold higher binding affinity to the

-25-



Nurr1-LBD than CQ (ICs, = 107.71 nM (13) and 2.33 uM (CQ))"®. In vivo, 13 protected
midbrain dopamine neurons in the MPTP-induced male mouse model of PD and improved
both motor and non-motor olfactory deficits without causing dyskinesia-like behaviors''s.
Furthermore, 13 significantly ameliorated neuropathological abnormalities and improved
motor and olfactory dysfunctions in AAV2-mediated a-synuclein-overexpressing male
mice'®. The authors propose that these disease-modifying properties of 13 may warrant
clinical evaluation of this or analogous compounds for the treatment of PD-patients’®.

In a screening for NRs selectivity, the dihydroorotate dehydrogenase (DHODH) inhibitor
vidofludimus (IMU838, 14, Figure 7) demonstrated Nurr1 activation in a Gal4 hybrid
reporter gene assay''®. A comprehensive dose-response characterization of IMU838
revealed Nurr1 activation with an ECs, of 0.4 uM and a Nurr1 preference compared to its
NR4A relatives (ECso = 3.1 uM (Nur77), ECso = 2.9 uM (Nor1)) which markedly exceeded
available Nurr1 activators'®. Furthermore, IMU838 was observed to activate human
Nurr1 inits native full-length form as a monomer, displaying an ECs, 0of 0.3 uM (NBRE), and
as an RXR/Nurr1 heterodimer, exhibiting an ECs, of 0.4 uM (DR5)"'®. Additionally, IMU838
demonstrated a remarkable binding affinity for the Nurr1 LBD, with a K4 value of 0.7 uM,
as determined through isothermal titration calorimetry (ITC)"®. In order to identify regions
offering potential for optimization towards potent Nurr1 agonists with selectivity over
DHODH, a broad survey of the structural variations on all parts of the scaffold was
conducted in order to probe the SAR, leading to the discovery of 15 (Figure 7)"'. 15
demonstrated both boosting potency (EC5, = 0.11 pM) and efficacy (6.2-fold activation)
on Nurr1, while exhibiting reduced DHODH inhibitory potency (IC;,=1.7 uMvs. IC4,=0.61
UM (IMU838))''6. Additionally, 15 demonstrated a high degree of affinity binding to the
Nurr1 LBD in ITC (Kq = 0.3 pM)"'®. Furthermore, 15 activated full-length human Nurr1 on
both the monomer (NBRE) and the RXR-heterodimer (DR5) with comparable efficiency,
with respective ECs, values of 0.22 pM and 0.36 uM'"'®. In T98G cells, 15 induced mRNA
expression of the Nurri1-regulated genes TH and VMAT2, thereby demonstrating cellular
target engagement''®. Consequently, 15 emerges as an improved Nurr1 agonist and as a
next-generation chemical tool for this receptor''®.

Some further Nurr1 so-called agonist scaffolds have been reported, including derivatives
of imidazopyridines (e.g. SR24237 (16) and SA00025), benzimidazoles (e.g. SR10098 (17)),
isoxazolpyridinones (e.g. SR10658 (18) and IP7e), bis(indolyl)methane (e.g. C-DIM12
(19))'*197 (Table 1). All of these so-called agonists have been observed to induce Nurr1-
mediated activation in a variety of in vitro and in vivo contexts'”'"7120, The systematic in
vitro evaluation, comprising a reporter gene assay (full-length Nurr1 and VP16 control)
and a viability assay, as well as profiling in a NMR spectroscopy structural footprinting
assay, of these compounds did not reveal any direct interaction with Nurr1'41°7:11¢_ The
results indicated that these ligands may influence Nurr1 activity in a manner that is
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dependent on the type of cell in question, as well as via interactions with upstream
effector proteins, such as kinases. This in turn could result in alterations to Nurr1 cellular
activity through the exertion of downstream effects''?’.

Table 1. Further so-called Nurr1 modulators (16-19).

Nurr1 activation - .
ID Structure Binding evidence
reported

N HN
SR24237 77 ‘*<:> No binding
Y =~ 120
(16) [Nj/CNrﬂo FCa=~1-240nM detected'”’
=
0
SR10098 o N ECso= 24 nM™"7 No binding
F 107
(17) N@ detected

SR10658
(18)

No binding

- 119
ECs0=4.1nM detected'”’

H
O ’j Dose dependent
C-DIM2 O

activation, No binding
(19) \_NH approximately 60-fold detected'””
O (20 uM)™®

The development of Nurr1 agonists is hindered by two significant challenges: the lack of
detailed structural data on ligand-binding sites and the incomplete understanding of the
molecular mechanisms behind Nurr1''%7_|n contrast to other NRs, the crystal structures
of the Nurr1 LBD have not revealed the presence of a well-defined LBP, which has
impeded the discovery and design of Nurr1-binding ligands'’. While some ligands,
including DHI and the antimalarials AQ and CQ, have been observed to interact with the
Nurr1 LBD, the majority of NR4A ligands appear to act through indirect binding to Nurr1.
These findings highlight the necessity for further structural and mechanistic studies to
facilitate the development of Nurr1 agonists that are both specific and selective™".
Despite the identification of Nurr1 ligands, there is still a lack of potent and selective
modulators that can reliably capture the therapeutic effects of Nurr1'%7_ It is therefore
essential that further research is conducted to gain a deeper insight into the structural
characteristics of the Nurr1 LBD and to develop novel techniques for the identification of
direct Nurr1 ligands, in order to fully realize the potential therapeutic benefits of Nurr1.
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1.1.3.3  Nurri1-RXR heterodimer-specific RXR agonist activation

An alternative approach to modulating Nurr1 activity is through ligands that specifically
target its heterodimer-binding partner, RXR'?'. For example, Nurr1-RXR selective agonists
include BRF110 (20, Figure 11)'?? and dibenzodiazepine HX600 (21, Figure 11)'%, 20 was
observed to prevent dopaminergic neuron demise and striatal denervation in vivo against
PD-causing toxins in a Nurr1-dependent manner'®. In a Gal4 reporter gene assay, 21
effectively activated the Nurr1/RXR heterodimer (also Nur77/RXR) in a concentration-
dependent manner, but not other RXR heterodimers'?, In addition, it has been shown that
RXR ligands can increase the number of dopaminergic cells and other neurons in the
embryonic rodent CNS in a process mediated by the Nurr1-RXR heterodimer'?,

COOH COOH
Z | _N
CF;

BRF110 (20) HX600 (21)

Figure 11. Chemical structures of selective Nurr1-RXR heterodimer ligands BRF110 (20) and HX600 (21).

Another potential mechanism for Nurr1-RXR heterodimerization involves the release of
Nurr1 as a monomer from this complex'?'. When Nurr1 forms a heterodimer with RXRaq, it
represses transcription on monomeric NBRE'?', which are found in the promoter regions
of genes regulating dopaminergic signaling, including TH'?. It has been observed that
classical RXR agonists enhance activity of NBRE reporters®>'?, leading to the discovery
of RXR-binding ligands that preferentially activate Nurr1-RXR heterodimers over other NR-
RXR heterodimers or RXR homodimers'?"27:128 A recent study has demonstrated that RXR
ligands can act as allosteric protein-protein interaction inhibitors, binding to the
canonical ligand-binding pocket within the RXR LBD and influencing Nurr1-mediated
transcription via Nurr1-RXR heterodimer dissociation''. NMR spectroscopy, protein-
protein interaction, and cellular transcription assays demonstrated that Nurr1-RXRa
transcriptional activation by RXR ligands is not correlated with classical RXR agonism™".
Instead, it is correlated with weakening the Nurr1-RXRa LBD heterodimer affinity and
heterodimer dissociation, which results in the release of Nurrl as a monomer and
subsequent regulation of gene transcription''. These findings may open a new avenue for
selective activation of the RXR/Nurr1 heterodimer as a potential target in the treatment of
neurodegenerative diseases'?*"%4,
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1.2 Retinoid X receptors (RXRs)
The first retinoid X receptor (RXR, NR2B) to be

identified, RXRa (NR2B1), was initially e RXR-  RXR-

described as an orphan receptor, lacking an S ::t?:tci;imm
endogenous ligand®*'?, 9-cis retinoid acid —
(9cisRA, 22, Figure 14), DHA (5) and several fatty = WA
acids (e.g. oleic acid and palmitic acid) were b

later discovered as potential endogenous

ligands for RXR?4'3%:131 There are three subtypes iy
of RXR, which are encoded by separate genes: |_>
RXRa, RXRB, and RXRy*?%, As with the other DD

members of the superfamily of NRs, all _ . , o
Figure 12. Schematic illustration of RXR with its REs

subtypes of RXRs exhibit a variable NTD, a asahomodimer (a)and heterodimer (b) with other
highly conserved DBD, a hinge region thatis not \he- Created with Biorender.com.
conserved, and a highly conserved C-terminal LBD?*25%°, The amino acids responsible for
forming the ligand binding site are identical in all three RXR subtypes and are highly
lipophilic'2'33, There are almost exclusively lipophilic interactions with the ligands, apart
from a strong interaction with an arginine of the ligand-binding site deep in the interior’.
Consequently, the development of selective ligands for a specific subtype is
challenging?™'. All three RXR subtypes are known to act as common heterodimerization
partners for numerous members of the NR1 (TRs, RARs, VDR, PPARs, LXRs, FXR, PXR,
CAR) and NR4 (Nurr1, Nur77) subfamily or with themselves as homodimers?*% (Figure
12). This interaction between the dimer partners is ligand-dependent and occurs at the
surface of the LBD and is facilitated by H10, with minor contributions from H9 and the
loop between helices 8 and 9%. Moreover, specific recognition of RE, including DR1, DR3,
DR4, and DR5, also plays a pivotal role in the dimerization?**>, The spacing within these
RE plays an important role in the binding process, influencing the specificity of the
interaction of the dimer with the DNA?325, The RXR heterodimers can be divided into three
distinct functional categories: permissive and nonpermissive heterodimers (and
conditional heterodimers)?*'% (Figure 13). Permissive RXR heterodimers (RXRs/PPARs,
RXRs/LXRs, RXRs/FXR, RXRs/PXR) can be activated by agonists of both RXR and the
partner receptor, either independently or in combination, to induce a synergistic
activation?#4146130_ |n contrast, nonpermissive heterodimers (RXRs/RARs, RXRs/TRs,
RXRs/VDR) are unable to be activated by an RXR agonist, but only by the agonist of the
partner receptor?4146.13° Nevertheless, in the case of a liganded partner, the RXR agonist
can trigger an activation, resulting in a synergistic activation?*41:46.130,
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Figure 13. Schematic illustration of the mechanism of RXR as permissive, non-permissive and conditional
heterodimer partner. Created with Biorender.com.

The transcriptional activity of the RXRs is regulated by the LBD, which facilitates the
binding of small, lipophilic molecules to the LBP located in the canonical binding site
region of NRs?*?4'31 This leads to a conformational change of H12, the exchange of
coregulators, and finally gene transcription as previously described (see chapter
1.1.1)%224131 |n the absence of ligands, RXR heterodimers can still bind with high affinity
to DNA, which can result in the repression of transcriptional activity (e.g., RAR)"5.

1.2.1 Physiological function

The expression profiles of the RXRs display significant disparities**?°. RXRa is expressed
at a high level in liver, kidney, epidermis and intestine, and constitutes the major RXR
isoform in skin tissue®%'%  RXRf is distributed widely and is detectable in almost every
tissue, while RXRy is mostly restricted to muscle tissue and selected parts of the brain, as
well as the pituitary gland?*?. In the context of neurodegenerative diseases, a higher CNS
localization was observed for RXRy in contrast to the other two subtypes??. Within the
CNS, RXRy exhibits a non-specific distribution?. It is expressed in the striatum, parts of
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the amygdala, the spinal cord, and the hypothalamus?'%. A particularly elevated level of
expression was observed in the basal ganglia, where it appears to be associated with
motor function and addiction™”'%, |t is particularly noteworthy that RXRy exhibits a high
level of expression in glial cells, which are known to play a role in the pathological
processes associated with neurodegenerative disorders>?’.

Given its pivotal role in numerous (patho-)physiological processes as a universal NR
heterodimer partner, the pharmacological potential of RXR is considerable??*™, In
addition to its established role in cancer therapy, RXR has been the subject of intense
study in recent years regarding its involvement in neurodegenerative diseases®'334, |n
this context, RXR is implicated in neuroprotective, neuroinflammatory, and regenerative
processes, which are regulated by its heterodimers?'°,

1.2.1.1  RXRsin Alzheimer’s disease

As previously indicated (chapter 7), AD can be defined as a pathological condition
characterized by the accumulation and aggregation of Af peptides, which are derived
from the sequential cleavage of the amyloid precursor protein (APP) by the B-secretase
(BACE) and y-secretase enzymes®. Initial observations in an AD mouse model (APP/PSI)
have indicated that treatment with bexarotene (23, Figure 14), a RXR agonist, resulted in
elevated levels of apolipoprotein E (ApoE) expression in astrocytes, which was associated
with enhanced clearance of AP peptides via an ApoE-mediated pathway?. This was
accompanied by a reduction in the burden of A in the brain, as well as a reversal of
cognitive deficits?. Furthermore, the activation of RXRs induces the expression of ABCA1
(ATP-binding cassette transporter A1), which is involved in the cellular efflux of
phospholipids and cholesterol>™°. This results in an increased ABCA1-mediated
lipidation of ApoE and elevated HDL levels in the brain'®'#! An elevated cholesterol level
in the brain is associated with an elevated risk of developing AD'?'%3, Cholesterol has
been demonstrated to facilitate the production and deposition of AR peptides’?'43, ApoE-
containing HDLs (high-density lipoproteins) have been showed to induce the proteolytic
degradation of AP peptides through microglial neprilysin and extracellular insulin-
degrading enzyme'*. ApoE and ABCA1 are both transcriptionally controlled by the
heterodimers of PPARyY/RXR and LXR/RXR?'°. Due to their permissive nature, both
heterodimers can be induced by RXR agonists and exhibit simultaneous activation®?4,
Another study demonstrated that 23 induces AP} phagocytosis by brain myeloid cells,
which is associated with anincrease in the expression of phagocytic receptors MerTK, Ax1
and Trem2%¢, Additionally, 23 exhibited neuroprotective effects in an AD mouse model
(5xFAD), where it repressed inflammation and prevented neuronal loss accompanied by
an increase in synaptic markers and behavioral improvement?. Although 23 has been
shown to exhibit great potential as a therapeutic agent for AD in numerous experimental
models, its performance in clinical trials has been less encouraging due to the
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compound’s limited penetration of the blood-brain barrier, as well as the occurrence of
significant adverse effects such as hypertriglyceridaemia®'®**. Nevertheless, a small-scale
clinical trial involving AD patients with ApoE3 alleles has demonstrated that the
administration of 23 can lead to a notable reduction in amyloid burden within a 30-day
period™®,

1.2.1.2 RXRs in Parkinson’s disease

Similar to AD, the involvement of RXR in PD is associated with beneficial activity of
permissive RXR heterodimers''%22_ |n the context of PD, the permissive RXR/Nurr1
heterodimer is of particular significance, given the pivotal role of Nurr1 in the
pathogenesis of PD'*"3122 (see chapter 7.7.2.7 and 71.1.3.3).

1.2.1.3  RXRs in Multiple sclerosis

Recent evidence suggests that RXRy plays a role in protecting and remyelinating the
CNS?2_ RXRyis minimally expressed in glial cells of the uninjured CNS, but is upregulated
in microglia, macrophages and astrocytes after CNS injury®>?”-%8, RXRy knockout studies
showed its absence to result in inefficient differentiation of oligodendrocyte precursor
cells (OPCs) to mature myelinating oligodendrocytes (OLs)?”-?%, Moreover, administration
of 22 promoted remyelination in rats following toxin-induced demyelination?®'#¢ and
inhibited the expression of pro-inflammatory molecules, suggesting an anti-inflammatory
role for RXR in microglia and astrocytes?'#, |n vitro treatment with 23 restored the
phagocytic efficiency of myelin debris clearance in monocytes from MS patients to levels
seen in young healthy individuals™’.

1.2.2 RXR ligands

Selective activation of RXRs in the CNS with a small molecule is challenging?®'3. This is
due to the ubiquitous nature and critical role of RXRs in multiple tissues?'**. RXR agonists
that have been clinically investigated, such as 23, cause serious adverse effects,
including elevated blood triglycerides, hepatomegaly and hypothyroidism??2528.134,
Nonetheless, studies with 23 have shown promising therapeutic effects in
neurodegenerative diseases??®'34, This highlights the potential of RXRs for CNS
protection, but also the risk for undesirable effects>?®'*, Therefore, subtype- or tissue-
selective RXR agonists or alternative, more selective mechanisms of RXR activation are
needed to evaluate the full potential of RXR as a therapeutic target in neurodegenerative
diseases.
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Figure 14. Chemical structures of natural and synthetic RXR ligands.

1.2.2.1  Natural ligands

Initially, RXR was identified as an orphan receptor that responded to high concentrations
of all-trans retinoic acid (ATRA, 24, Figure 14) via a heterodimeric complex of a retinoic
acid receptors (RARs) and RXR?324, |t was therefore hypothesized at an early stage that
metabolites of vitamin A, such as the oxidized vitamin A analogue ATRA, could act as
ligands for RXR™&'°_ |t was demonstrated that ATRA does not bind to RXR, but rather its
isomer, 9cisRa (22, Figure 14)?4251%0_ 22 is a high-affinity ligand for RXRs (ECso = 140-200
nM, depending on the assay) with an unclear physiological role™*'®'. A metabolite of 22,
9-cis-13,14-dihydroretinoic acid (9cisDHRA, 25, Figure 14), was identified as naturally
occurring and physiologically pertinent RXR ligand, exhibiting moderate efficacy in RXR
activation'41%2, 22 is highly hydrophobic and can exhibits a pronounced L-shape which
aligns with the structural requirements of the RXR LBP?#130:131.134 The acidic group forms a
strong salt bridge with Arg316 as only polar contact stabilizing the binding'%".134 This L-
shaped geometry is preserved in synthetic RXR ligands (rexinoids) such as 23'30.131:134,
Several other fatty acids including linoleic acid, palmitoleic acid, arachidonic acid and 5
were identified as further endogenous ligands for RXR with significantly lower
potency'"'¥ The naturally occurring sesquiterpenoid valerenic acid'**'%® was discovered
in  a computer-assisted screen as subtype-preferential RXR[  agonist
(ECso(RXRa/RXRB/RXRy) = 27 uM (9-fold) / 5 uM (69-fold) / 43 uM (4-fold)) indicating the
possibility to achieve selectivity between the subtypes with ligands's3.
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1.2.2.2  Synthetic ligands

The majority of synthetic RXR ligands share a common fatty acid mimetic backbone with
an acidic head group in an L-shaped hydrophobic scaffold mimicking 2234, Among the
synthetic rexinoids, only 23 has received drug approval and is currently used for the
treatment of cutaneous T-cell lymphoma as a second-line therapy'"'**. 23 exhibits
structural similarities with 22, containing a highly hydrophobic scaffold and an acidic
head group'™*. The L-shaped geometry is derived from the ethylene moiety*'%4, 23
similarly has activated all RXRs with ECso(RXRat/RXR[/RXRy) values of 33/24/25 nM and
has exhibited high selectivity towards RARs, unlike 22'%*. Nevertheless, it is important to
note that 23 has unfavorable physicochemical properties™" "4, The solubility of 23 in
water is limited, it exhibits high lipophilicity and has been demonstrated to have cytotoxic
properties, which are not optimal characteristics for an efficacious pharmaceutical'3*1%,

To address the limited chemical diversity of RXR ligands, virtual screening and
computational de novo design have identified a potential avenue for the discovery of new
ligands with innovative molecular frameworks'®. The computational de novo design
software, design of genuine structures (DOGS), was employed to construct novel
molecules from a collection of commercially available building blocks and a set of
synthetic reaction schemes'®. This approach led to the discovery of the biphenyl 26
(Figure 14), which activated all RXR subtypes in a Gal4 hybrid reporter gene assay (ECso
(RXRa/RXRB/RXRy) = 11.8/11.7/14.1 uM)'™® and revealed a subtype preference for
RXRB/RXRYy in terms of transactivation efficacy (5.7-fold RXRc./ 70.6-fold RXR[3/ 58.3-fold
RXRy)™®. Consequently, 26 represented an attractive starting point for the development
of novel RXR modulators®'%7,

In the light of the discovery that 26 represents a novel chemotype for RXR, Dr. Julius
Pollinger, a former doctoral student, explored the scaffold's SAR in relation to RXR
potency, subtype preference and heterodimer selectivity, resulting in the identification of
biphenyl 27 (Figure 14)"*’. It has been demonstrated that 3°,5’-substituents of the biphenyl
affect RXR subtype preference’’. In particular, bulky lipophilic residues were found to be
essential for RXRy activation, while the RXRa and RXR[ subtypes revealed greater
tolerance to smaller moieties™’. By chain elongation of the benzoic acid component,
remarkable increases in potency were achived™. 27 activated RXRs with ECs
(RXRa/RXR[/RXRy) values of 0.08/0.15/0.22 pM in Gal4 hybrid reporter gene assays in
HEK293T cells™. The X-ray structure of the RXRa LBD in complex with 27 (PDB: 6SIM,
Figure 15) demonstrated that 27 binds in the classical orthosteric LBP, with a binding
mode resembling 9CRa and bexarotene but without the typical L-shaped configuration'’.
The carboxylic acid of 27 engages in an ionic interaction with Arg316, while the entire
biphenyl scaffold is surrounded by a cluster of lipophilic residues within the LBP. In
contrast to other known RXR agonists, 27 does not extend towards H12'%’. The findings of
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the current study indicated that the unique binding mode of 27 demonstrates that the
typical L-shape is not essential for RXR activation and provides an opportunity for
structure-based optimization, which may also elucidate the particular activity exhibited
by this novel RXR ligand chemotype'®’.
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Figure 15. X-ray structure of RXRa. in complex with 27 (PDB: 6SJM)'". Reprinted from ™.
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1.3 Peroxisome proliferator-activated receptors (PPARs) - PPARc

A significant heterodimer partner of RXR,
which can also be activated by fatty acids, is

PPAR- RXR-

the peroxisome proliferator-activated LBD LBD transcription
activtiy

receptor o (PPARa, NR1C1)*°. PPARa was

identified as the initial member'®® of a triad of NEi® bED |

PPARs (PPARB/S (NR1C2), and PPARy N/ NGueeressy /DD

(NR1C3)), which collectively constitute a _ o ,
Figure 16. Schematic illustration of PPAR and RXR

subfamily of NRs**'%°, All three PPARs exhibit to bind as a heterodimer on PPRE. Created with
Biorender.com.

a protein domain organization that is similar
to most members of the superfamily, comprising a NTD, a DBD, a hinge region and a
LBD>%, PPARc forms a heterodimer with RXR, which is obligate in nature and
permissive?*2°, Consequently, RXR agonists facilitate the formation of the heterodimer
complex?*3°, However, simultaneous binding of agonists to both receptors results in a
synergistic activation effect***°. The PPARa-RXR heterodimer interacts with PPAR
response elements (PPREs), which are organized as a DR12°¢%'8" (Figure 16). A DR1 RE
consists of two copies of the hexameric 5’-AGGTCA-3’ motif separated by a single
nucleotide, with an additional consensus AACT motif positioned 5’ to the DR12%16%:161,
PPARca binds to the 5' extended half-site of the RE, whereas RXR occupies the 3’ half-
site?%1%%1%7 |n the unliganded state this heterodimer recruits corepressors (e.g. NCoR,
SMRT) and inhibits transcription?*3°, As described for other NR (chapter 7.7.17), ligand
binding induces corepressor dissociation from the heterodimer surface, and a newly
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formed surface (coactivator motif) recruits coactivators (e.g. PGC1a), initiating gene
transcription?>®. The LBP of the PPARa is more lipophilic than in the other PPAR subtypes,
but its shape and size are similar to that of PPARy'%27'%4 In general, the LBP of PPARs
represents a large, Y-shaped hydrophobic cavity'®?'®* that can bind a wide range of
lipophilic ligands, including fatty acids?*'62,

1.3.1 Physiological and pathophysiology function

PPARc is expressed in tissues with high metabolic activity, such as the liver, heart, kidney,
intestine and adipose tissue®**. It regulates fatty acid catabolism by B-oxidation, lipid
transport and gluconeogenesis?*. PPARa agonists such as fibrates influence B oxidation
in the liver, resulting in a reduction of triglyceride levels in the blood®'®'. This effect is
similar to the processes initiated by the body during starvation'®. The increased supply of
fatty acids to the liver and the increased B-oxidation, which promotes gluconeogenesis
and thus leads to energy production, are physiological processes to counteract the
breakdown of proteins?®'%%'%  |n addition, PPARc activation leads to a reduction in
unstable low-density lipoprotein (LDL) and a simultaneous increase in HDL'®’. With the
reduction of triglyceride levels and the conversion of LDL to stable HDL, the formation of
sclerotic plaques is minimized'®”'®, Given their relatively limited effectiveness in
reducing LDL levels, fibrates are primarily employed for the management of
hypertriglyceridemia'® while statins are considered the primary therapeutic option for the
treatment of hypercholesterolemia and dyslipidemia®.

1.3.1.1  PPAR«ain neurodegenerative diseases

PPARc was also identified in the CNS®*'-'”". Apart from robust expression in the thalamus,
an accumulation in glial cells, and particularly in astrocytes, is noteworthy'”"'72 although
the precise role of PPARa in these cell types remains unclear®'. Nevertheless, studies
have indicated that PPARa may represent a promising target for the treatment of
neurodegenerative diseases®. PPARc regulates genes involved in glutamate homeostasis
and cholinergic/dopaminergic signaling in the brain®. Furthermore, PPARc regulates the
expression of enzymes engaged in the metabolism of APP®"'? including the o and y
secretases, which are responsible for the non-amyloidogenic pathway of APP
degradation and the release of AB peptide in AD®*"-'73, In the context of AD, the expression
of genes encoding PPARa and PGC1c was found to be significantly diminished, thereby
underscoring a possible role of the receptor and its coregulator®"'74,

1.3.1.2 PPAR in skin diseases

Another significant role for PPARc as a therapeutic targetis in the skin'’®. In the epidermis,
PPARc expression increases with keratinocyte differentiation'*"”7. A lack of PPARa in
knockout mice resulted in delayed stratum corneum formation during pregnancy,
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postnatal hypoplasia of the stratum granulosum with reduced expression of epidermal
differentiation markers and delayed wound healing, particularly during the early
inflammatory  phase'®'76178179  PPARa  ligands  possess  anti-inflammatory
properties'’®'8%181 They reduce inflammation in the skin by inhibiting the maturation,
migration and cytokine expression of Langerhans cells'®'8 |n mouse models of
irritant-toxic eczema, allergic contact dermatitis and atopic dermatitis, topical
application of various PPARc ligands led to a reduction in inflammatory infiltrates and
cytokine release''®*, Moreover, the expression of PPARa is reduced in psoriasis lesions
and UV-exposed healthy skin'® and topical application of PPARa ligands has been
demonstrated to reduce UV erythema'®. This suggests potential of photopharmacology
(see chapter 1.3) in PPARc-targeted therapy.

1.3.2 PPARc ligands
1.3.2.1  Natural ligands

In accordance with their role in fatty acid o

metabolism and their lipophilic LBDs, a variety W\/WN\)J\OH

. oleic acid (28)
of fatty acids have been proposed to act as o}

physiological ligands of PPARs?%:30.163.165 WWOH
stearic acid (29)
Thereby, these ligands facilitate their own o
degradation or metabolism, for example, palmitic acid (30) OH
through  PPARc-induced  B-oxidation or OH OH 0
A=A A,

enhanced storage in adipose tissue mediated leukotriene B, (31)
by PPARX activation®®. Self-regulation and Figure 17. Chemical structure of fatty acids (oleic
feedback loops represent common acid (28), stearic acid (29), palmitic acid (30) and
mechanisms among NRs and their ligands3°%¢, teukotriene Ba(31).
Activation frequently leads to a reduced concentration of the endogenous ligands,
thereby acting as an intrinsic feedback mechanism®:'%, The endogenous ligands of
PPARca include a number of unsaturated fatty acids such as oleic acid (28, Figure 17),
stearic acid (29, Figure 17), palmitic acid (30, Figure 17) and leukotriene B4 (31, Figure 17),
a metabolite of arachidonic acid with moderate binding affinity in the micromolar

ra nge159,162,187
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1.3.2.2  Synthetic ligands
Synthetic PPARa ligands include fibrates, a class of lipid-

o}
lowering agents that have been in use since the 1960s'°. “

Their primary function is the reduction of triglyceride O O O><f(oj/
levels. In addition to bezafibrate, which is a moderately fenofibrate (32) ©

potent pan-PPAR agonist, fibrates represent a group of

selective PPARc activators exhibiting activities in the Figure 18. Chemical structure of
fenofibrate (32). In blue the 2-

i 188,189
micromolar range . They share a common structural methyl-2-phenoxypropanoic acid

motif, 2-methyl-2-phenoxy-propanoic acid, and include

drugs such as fenofibrate (32, Figure 18), which is frequently used as a prodrug'.
Nevertheless, fibrates have become less prominentin clinical practice due to their limited
long-term benefits on cardiovascular events™®.

1.4 Photopharmacology

The field of photopharmacology represents an innovative approach to the optical control
of biological processes™"'%2, The incorporation of light-responsive moieties into the
structure of drugs enables the modulation of their activity, whether reversible or
irreversible'?. The principal advantage of photopharmacology is its capacity to regulate
biological systems in a precise, reversible/irreversible, and non-invasive manner'192,
The utilization of light with defined wavelengths (L) enables the precise transition
between different states of photosensitive drugs, which are ideally characterized by two
distinct bioactivities (active and inactive)'"®2, This allows for targeted interventions at
specific sites and times, enhancing the precision and efficacy of therapeutic
interventions™®¥1, This degree of precision could minimize off-target effects and reduce
systemic exposure, thereby enhancing the safety and efficacy of therapeutic
interventions92194,

The most commonly utilized tools of reversible photopharmacology are E-Z
photoswitches, which undergo isomerization between their (E)- and (£)-configurations as
a consequence of irradiation with light'®"1921%5 A number of strategies have been
developed with the objective of facilitating the design of photswitches™. The
incorporation of photoactive structural motifs into bioactive molecules represents a a
promising strategy for the development of photoswitches'®. Two examples of commonly
used photoactive motifs are stilbene and azobenzene™?.

Stilbenes are bistable photoswitches™? (Figure 19a). In order for the (E) to (2
isomerization to occur, lower A (about 300 nm™) of UV light is required for exposure, and
the reverse process ((£) to (E)) is considerably more challenging and less efficient. (2)-
stilbenes are susceptible to a range of additional reactions (Figure 19a)'. A m-
electrocyclic rearrangement can be induced in these compounds, resulting in the
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formation of dihydrophenanthrene (> 10% yield) which can subsequently be oxidized to
phenanthrene’™. In addition to other potential photooxidation and photocyclization
routes, this electrocyclization process has considerably hindered the implementation of
stilbene as a molecular photoswitch'’. As a consequence of their structural similarity to
azobenzenes, stilbenes are often replaced by azobenzene'" 92,

In the presence of light irradiation, azobenzene undergoes a process of isomerization,
whereby it transitions between a thermodynamically stable (E)-isomer and a metastable
(2)-isomer'? (Figure 19b). Subsequently, the latter is able to revert to the (E)-isomer when
exposed to light or thermal relaxation'?. In the (E)-configuration, azobenzenes exhibit
planar orientation, whereas in the (Z2)-configuration, they display globular
characteristics'?'%, In photopharmacology, azobenzenes are the preferred option due to
their superior photophysical properties, which allow for 95% switching (E to 2)'*:.
Moreover, azobenzenes facilitate slow and steady thermal isomerization (with a half-life
time of 2 days at room temperature) and exhibit resistance to excessive reversible
photoisomerization™®.

Telectrocyclic
rearrangement

Ayor AT

(E)-stilbene (2)-stilbene dihydrophenanthrene phenanthrene

(E)-azobenzene (Z)-azobenzene

Figure 19. (a) Photoswitchable stilbene isomerization by UV-light with its t-electrocyclic rearrangement and oxidation.
(b) Photoswitchable azobenzene by UV-light.

The potential of photopharmacology has been demonstrated by recent advances in its
application across various fields, including neuroscience, cancer therapy, and infectious
diseases'. For example, photoswitchable inhibitors have been developed to regulate ion
channels and receptors in neuronal cells, providing insights into neural circuits and
potential treatments for neurological disorders. In the context of cancer therapy, light-
activated drugs can be directed to tumor sites with greater precision, sparing healthy
tissues and reducing the incidence of side effects®19,
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In the field of NRs, a number of photoswitchable modulators have also been developed.
(Table  2)'%8200202°  These studies demonstrated that optogenetic and
photopharmacological technologies can be applied to NRs?'. These photoswitchable
modulators ("photohormones") have emerged as an attractive new class of tools that
allow light-dependent modulation of transcription factors to achieve spatio-temporal
control of transcriptional activity'38:200-202,

Table 2. Photohormones for NRs. NRs modulations were determined by a Gal4 hybrid reporter gene assay.

ECso (NR modulation)
E-isomer Z-isomer

Hom/©\N—,N cl
AZOGW2" I O S 1.1x10°M 9.5%10° M
(33) O (FXR)2" (FXR)2"
(6]
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Despite its potential, the field of photopharmacology faces a number of significant
challenges, including the development of photoswitches with suitable absorption
properties for deep tissue penetration and the need for precise light delivery
systems'91:192.194.203 There is also a need to improve the biocompatibility and stability of
photoswitchable molecules under physiological conditions?®*. Further research is also
required to better understand the long-term effects and safety of using light-activated
compounds in clinical settings''2%, However, the innovation of photopharmacology lies
inits ability to control biological processes with unprecedented precision. This offers new
possibilities for targeted therapy and reduces the side effects associated with
conventional treatments.
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2 Aim of the doctoral thesis

As previously described in chapter 7, the number of patients with neurodegenerative
diseases is increasing at a constant rate in the future®“. New therapeutic approaches and
mechanisms of action are required to effectively address these diseases. Despite
numerous efforts, no satisfactory treatment option is yet available for neurodegenerative
diseases®*. To close this gap, NR modulation could be a promising avenue for further
investigation (see chapter 7.7 to 71.3). The objective of this thesis was to develop novel
chemical tools for NRs linked to neurodegeneration using different techniques and
strategies of medicinal chemistry, with the aim of improving our biological and
mechanistic understanding of these NRs.

The primary focus of this thesis is modulation of Nurr1. As previously described in chapter
1.2, Nurr1 has great potential as a target for the treatment of neurodegenerative diseases
such as PD, AD and MS. However, there is a lack of high-quality chemical tools to study
Nurr1 and an urgent need for the identification and development of Nurr1 ligands.

The first approach to develop novel high-quality Nurrl modulators was based on the
ligand-bound cocrystal structure of the Nurr1 LBD in complex with DHI. Despite recent
advances in Nurr1 ligand discovery, only a few ligand-bound Nurr1 LBD cocrystal
structures are available’*®. Among these, the Nurr1:DHI complex (PDB: 6dda)’* was
identified as the most suitable for structure-based design due to the favorable features of
the indole scaffold. Structural analysis indicated the potential for further extension of
DHI, particularly in the 5- and 6-positions of the
indole, while the five-membered ring was situated ‘Jy
in a narrow pocket’ (Figure 20). The objective was

to demonstrate that the binding site of the natural |

DHI ligand is druggable by employing a structure- ) }

1'\-_

guided virtual screening and design approach

combined with microscale synthesis. The results | ‘

were published in the article entitled "Structure- NS Sy |

Guided Design of Nurr1 Agonists Derived from the Figure 20. Cocrystal structure of DHI bound to

. ) . the Nurr1 LBD (PDB: 6dda’). The 5- and 6-
Natural Ligand Dihydroxyindol" (Journal of positions of DHI are oriented towards the
Medicinal Chemistry, 66(19), 13556-13567 So\ventAdaptedfrom

(2023))?°¢ and are presented in chapter 3.17.

One of the first validated Nurr1 agonists was AQ (see chapter 7.7.3.2), which emerged as
an early tool to study therapeutic effects of Nurr1 activation. The administration of AQ has
been demonstrated to counteract neuroinflammation and ameliorate behavioral deficits
in a PD model, as well as to reduce neuronal loss and A} deposition in an AD model®'"5,
Nevertheless, AQ is unspecific'?7:113207.208 gnd hepatotoxic?®®, and its pharmacological
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effects cannot be confidently attributed to Nurr1 modulation. Moreover, AQ and many
analogues contain PAINS?'%2"" glements, which further have compromised their value as
a chemical tool. Consequently, it is necessary to develop AQ derivatives with enhanced
efficacy and selectivity in order to substantiate the encouraging findings regarding the
Nurr1-mediated therapeutic actions of this pharmacological agent. As previously
described in chapter 71.1.3.2 Willems and colleagues identified a fragment-like agonist
11", which enhanced the transcriptional activity of Nurr1. 11 has been notable for its
relatively small size and low molecular weight, which make it an attractive starting point
for further optimization''. Based on the findings of the study, novel Nurr1 agonists should
be developed systematically through scaffold hopping and fragment growing. The results
are presented in chapter 3.2 and were published in the article entitled "Development of
Nurr1 agonists from amodiaquine by scaffold hopping and fragment growing”
(Communications Chemistry, 7, 149 (2024))*'2.

In addition, this doctoral thesis addressed the NR RXR. RXRs are involved in numerous
physiological processes and RXR modulators have been identified as a potentially
promising avenue for therapeutic intervention in the treatment of neurodegenerative
diseases (see chapter 7.2). Nevertheless, the current range of RXR ligands exhibits
suboptimal physicochemical properties and an absence of subtype selectivity amongst
RXRs, which limits their potential for therapeutic application due to the occurrence of
adverse effects’"'*, The selective modulation of NRs by influencing protein-protein
interactions with partner receptors or coregulators is increasingly being recognized as a
promising avenue for therapeutic innovation?'®. The objective of this approach was to
design and test a chemically diverse set of analogues based on the biphenyl scaffold 27,
demonstrating that minor structural changes can lead to selective effects on coregulator
interactions. The results of the SAR of 27 are summarized in chapter 3.3 and the article
entitled "Tuning RXR modulators for PGC1a recruitment” is accepted after peer-review
process in Journal of Medicinal Chemistry.

In the field of NRs, temporal control is of particular relevance, given that these receptors
are endogenously activated by short-lived molecules such as hormones and reactive
metabolites™®. Temporal control over pharmacological effects has represented a
significant challenge, even when highly selective and potent ligands are employed?'. In
some cases, this objective cannot be achieved, even when pharmacokinetic properties
are favorable, due to the delayed genomic effects?'*. The field of photopharmacology
provides an avenue for achieving precise spatial and temporal control over protein
activity, which could prove an invaluable strategy in addressing this challenge'''%2, By
incorporating stilbene or azobenzene motifs into a previously optimized PPARaligand, the
objective was to create a light-activated PPARa agonist and expand the toolbox of
photoswitchable ligands that would enable the study of PPARa biology and facilitate the
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development of selective and safer therapeutic interventions. The results of this study are
presented in chapter 3.4 and were published in the article entitled "Azologs of the fatty
acid mimetic drug cinalukast enable light-induced PPARa activation” (ChemMedChem,
20240032 (2024))*'>.

3 Results and Discussion

3.1 Structure-Guided Design of Nurr1 Agonists Derived from the
Natural Ligand Dihydroxyindole

The use of natural ligands of NRs as templates for drug design has yielded promising
results for several members of the NR family. Steroidal ligands like prednisolone for NR3
receptors and the FXR agonist obeticholic acid are notable examples of such drugs?'62'7,
The fatty acids PGA1 and PGE1, as well as DHI, have been identified as natural ligands for
Nurr1 (see chapter 71.7.3.1)’4#, Given its status as a putative endogenous ligand, DHI is
an attractive lead for the development of Nurrl agonists. The analysis of the Nurr1
complex with DHI (PDB: 6dda) revealed that the 5- and 6-positions of the indole are
solvent-exposed, presenting opportunities to explore adjacent grooves formed by helices
H4/H12 and H10/H11 on the surface of the Nurrl LBD’*. This suggested potential for
structural modifications to enhance binding interactions. A small previous study on the
SAR of DHIl indicated a preference for a chlorine substituent at the 5-position of the indole
(7, see chapter 71.1.3.2). Consequently, extension in the 6-position appeared as promising
avenue for the development of novel optimized Nurr1 agonists.

A virtual library was constructed utilizing 7 as a central motif, which was subsequently
extended at the 6-position through the incorporation of an amide linker coupled with 14 K
commercially available primary amines (molecular weight < 240, Figure 21). The amide
linkage was selected on the basis of its potential to form hydrogen bonds with the His516
backbone amine and the Pro597 backbone carbonyl, as evidenced by preliminary
docking assessments.

The virtual library was docked into the DHI-binding site of the Nurr1 LBD (Figure 21) using
the Glide docking program. The results of the docking procedure demonstrated that the
molecules populated the grooves on the protein surface in accordance with the
hypothesis of the design. The binding modes of the top-scoring 100 docking candidates
were analyzed manually, and subsequently 24 structurally diverse molecules were
identified for synthesis and biological evaluation. This process was undertaken with the
objective of selecting molecules that exhibited favorable binding modes and were
deemed suitable for microscale amide synthesis.
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Figure 21. The virtual amide library was docked to the Nurr1 LBD (PDB:
6dda’). The virtual designs were extended to address the grooves on the
Nurr1 LBD surface that surround the DHI-binding site. Adapted from 2%.

In order to efficiently and economically explore the Nurr1 agonist potential of the virtually
favored designs, the compounds were initially prepared in microscale quantities (100
pmol). The amide synthesis was conducted in 1.5 mL reaction tubes utilizing 5-chloro-
1H-indole-6-carboxylic acid (41) and a range of primary amines (24) in conjunction with
EDC-HClin ethyl acetate (Figure 22a). The products were then roughly purified by washing
them with aqueous sodium bicarbonate solution. Mass spectrometry was employed to
confirm the formation of the desired amides. The building block (41) was synthesized from
2-chloro-4-methylbenzoic acid (37) by Batcho-Leimgruber indole synthesis. This
synthesis involved nitration (38), esterification (39), cyclisation (40), and ester hydrolysis
(41), as illustrated in Figure 22b.

R/NHZ
A cl cl
A\ (@ H N
HO — _.N
N - N
H R H
0 o)
41
B
Cl ) cl @ cl \
HO r° NO, r° H
0 0 0
38: R=H 40: R=CH
37 39: R=CH; 1 © 4Rt . 1©

Figure 22. Microscale amide synthesis (A) and synthesis of building block (41) (B). Reagents and conditions: (a)
EDC-HCL, EtOAc, tt, 36 h; (b) HNOs/H2SOs, 5 °C, 0.5 h, 59%; (c) acetyl chloride, MeOH, 50 °C, 4 h, 96%; (d) DMF-DMA,
DMF, 120 °C, 2 h; then Zn, AcOH/H20, 80 °C, 2 h, 40%; (e) LiOH-H0, EtOH/H-0, rt, 18 h, 94%. Adapted from 2°.

The biological activity of the virtual screening hits was evaluated using a Gal4 hybrid
reporter gene assay conducted in HEK293T cells. The cells are transfected with plasmids
encoding a fusion protein consisting of the human Nurr1 LBD and a Gal4 DBD. The fusion
protein activates a firefly luciferase reporter gene. To control for transfection efficiency
and cytotoxicity, renilla luciferase plasmid is used. Following treatment with the test
compounds, luciferase activity of both firefly and renilla are measured. The data are
normalized to relative light units (RLU), and the relative activation is determined by
comparing the RLUs to those of the negative control (DMSO) and positive control (AQ).

-44 -



The microscale synthesis products were tested for Nurr1l modulation in the Gal4—-Nurr1
hybrid reporter gene assay at 100 puM, assuming full conversion. The actual
concentrations were likely lower. To account for the activity of any remaining amine
building blocks, these amines were also tested at 100 uM. The possibility of false
negatives due to the microscale synthesis format, purification procedure, and assay
settings was acknowledged.

Amongthe 24 computationally favored designs, six compounds (42-47) were identified as
primary hits, representing a significant proportion of the total number of compounds
tested (Table 3). The compounds demonstrated Nurr1 activation of over 140% (159% (42),
149% (43), 160% (44), 146% (45), 146% (46), 147% (47)) compared to the DMSO-treated
cells, with no pronounced effects on cell viability and their corresponding amines
exhibiting either no effect or diminished Nurr1 activity. Subsequently, the six compounds
were prepared in larger quantities, isolated and subjected to comprehensive
characterization.

In order to validate the primary hits, orthogonal methods were employed. These
commenced with ITC, through which direct interaction with the Nurr1 LBD could be
observed in an effort to determine binding affinities. Of the six primary hits, three (42, 43,
and 46) exhibited no discernible interaction with the Nurr1 LBD, while three (44, 45 and
47) demonstrated binding with K4 values of 0.5 uM (43), 3.2 uM (45), and 16 uM (47),
respectively (Table 3). In accordance with these findings, compounds 42, 43, and 46 were
unable to activate Nurr1 in a Gal4-Nurr1 hybrid reporter gene assay at concentrations up
to 100 uM, whereas compounds 44, 45, and 47 were identified as Nurr1 agonists (Table
3). Compound 44 was identified as most active DHI derivative with a K, value of 0.5 uM
and an ECso value of 3 uM representing a substantial improvement in activity compared to
DHI (ECso > 100 uM74).
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Table 3. Nurr1 modulation and binding affinity to the Nurr1 LBD of 42-47 and 48-51.

ID structure Kgq ECso ID structure Kq ECso
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The predicted binding modes of the three active hits (44, 45 and 47) suggested binding to
a hydrophobic groove on the Nurr1 LBD surface lined by H12 (Figure 23a). The indole
moiety was positioned between residues Arg515 and Arg563, in a manner that allowed it

to interact with Cys566. The amide substituents primarily formed hydrophobic contacts.

Figure 23. Predicted binding modes of 44 (magenta), 45 (cyan),
and 47 (orange) to the Nurr1 LBD (PDB: 6dda’®). (a) It was predicted
that the three active DHI descendants, 44, 45, and 47, would bind to
the DHI-binding site and extend towards a hydrophobic groove lining
H12. (b) The most active Nurr1 agonist, 45, formed a face-to-face
contact with His516. Reprinted from 2%,

-46 -


http://doi.org/10.2210/pdb6dda/pdb

The most active compound (44) additionally formed a face-to-face m-interaction with
His516, which may be responsible for its enhanced potency (Figure 23b).

Mutagenesis of the binding site cysteine (Cys566 to Ser566) resulted in a reduction in the
activity of 44, which supported the interaction with this epitope and highlighted the
importance of Cys566 in ligand-Nurr1 contacts (Figure 24a). Stability tests demonstrated
that 44 exhibited high stability against glutathione (GSH), which can be used to form a
covalent disulfide adduct, and that no observable adduct formation occurred between
recombinant Nurr1 LBD and 44 in LC-MS/MS. These findings indicated that the interaction
was non-covalent, despite the importance of Cys566 (Figure 24b).

Figure 24. (a) Mutagenesis indicated that 45 was less active on

a b - 4 = pys . .

c T a Nurr1-C566S mutant, which provided support for an

S & 100 . . . .

= BF s interaction with the proposed epitope. The data are presented

% g £ as the mean = S.E.M., n > 3. (b) 45 demonstrated stability

g gg = against reaction with glutathione (GSH). Phenyl vinyl sulfone

S o7 25 (PVS) was used as a positive control (125 pM 45 or PVS were
» 0 incubated with 2.5 mM GSH in PBS at 37 °C). n = 3. Reprinted

107 10% 10% 10* 0 12 24 from 28,
conc. 44 (M) time [h]

Compared to the natural DHI, 44 exhibited a significant increase in Nurr1 transcriptional
activity, with an ECs, value of 3 uM for 44 and > 100 pM”* for DHI. 44 was observed to
induce Nurr1 regulated expression of TH and VMAT2 in T98G cells, indicating cellular
target engagement (Figure 26b). In order to further elucidate the SAR of this novel Nurr1
agonist scaffold, additional derivatives were synthesized and evaluated.

An inverted analogue (48), comprising the opposite indole regiochemistry, exhibited
comparable activity to 44 (Ks= 1.6 uM, ECso = 6 uM, Table 3) indicating that the orientation
of the indole scaffold in the binding site was not a determining factor. The methylation of
the indole nitrogen in 49 had a minimal effect on affinity (Kqs=1 uM, ECs0 = 16 uM, Table 3),
although a fivefold decrease in cellular potency was observed. The reduction of the amide
in44to a secondary amine linker (50) was tolerated, yet it did not resultin animprovement
in affinity or potency (Kq=1.8 uM, ECso =5 uM, Table 3). These findings indicated that both
6-chloro-1H-indole-5-carboxamide and 5-chloro-1H-indole-6-carboxamide (along with
itsreduced amide form) were suitable and readily available scaffolds for the development
of Nurr1 ligands that bind to the LBD surface.

A number of Nurr1 ligands have contained a chloroquinoline motif derived from AQ and it
was observed for other Nurr1 ligand chemotypes that a scaffold hop from indole to the
quinoline (fluvastatin (52), ECso = 1.9 uM) to quinoline (pitavastatin (53), ECs, = 0.12 uM)
resulted in a notable increase in potency (Figure 25a). Therefore, the structural
components of 44 and AQ were combined by merging the 7-chloroquinolin-4-amine motif
of AQ and the amide substituent of 44 to possibly enhance potency and affinity (Figure
25b). The resulting compound exhibited considerably higher potency as a Nurr1 agonist
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(51, ECs0 = 3 uM) than AQ (ECso = 36 M) and a binding affinity (K4) of 1.5 uM to the Nurr1
LBD (Table 3, Figure 26a). However, its performance was not appreciably superior to that
of the DHI-derived compounds, particularly 44. In order to assess whether 44 and 51 are
binding to the same site, a combined treatment of 44/51 with the Nurr1 agonist 15 (see
chapter 7.1.3.2) was employed in a Gal4-Nurr1 hybrid reporter gene assay. The presence
of 44 or 51 (20 uM each) did not result in a change to the ECs, value of 15 (Figure 25c).
However, it did increase the maximum effect by 34-77%. This non-competitive behavior
with additive Nurr1 activation suggested that the ligands occupy different, non-
overlapping binding sites, which opens up new possibilities for the modulation of Nurr1.

cl
0 H N -~ 15
(;/ ﬁ —o- +44(20uM)

a 51(20 pM,
= (o] B 59 -~ +51(20uM)
/K OH OH O cl z
- 15
fluvastatin (52), ECso = 1.9 pM 44, ECgs0 = 3 UM @
2
| 5 1.0
F scaffold hop N Scaffold hop with 2
J/ 7-chloroquinolin-4-amine ‘.:: 0.5
o cl of AQ z
OH OH O § E; 0.0

10 107 10°
Conc. 15 [M]

OH L N

Cl

pitavastatin (53), EC5y = 0.12 pM 51, EC = 3 M

Figure 25. (a) Comparison of fluvastatin (52) and pitavastatin (63) on Nurr1 transcriptional activity. A scaffold hop from
indole (52) to the quinoline (53) resulted in a notable increase in potency. (b) Merging of the amide motif of 44 and 7-
chloroquinolin-4-amine motif of AQ. (c) The data demonstrate that 44 and 51 enhanced the maximal activation of Nurr1
by agonist 15 to 134% (44) and 177% (51) of its maximal effect when administered alone. The data are presented as the
mean * S.E.M. relative Nurr1 act. vs 1 uyM 15, with n = 3.

The structure-guided approach to Nurr1l modulator development led to the identification
of compounds 44 and its AQ-hybrid (51) as the most potent DHI descendants. Further in
vitro profiling confirmed that 44 and 51 induced Nurr1-dependent transcriptional activity
on NBRE with an ECs, of 2 uM (44) and 4 uM (51) (Figure 26c). In the immortalized rat
dopaminergic neural cellline N27, 44 and 51 induced expressions of TH, VMAT, SOD1 and
SOD2 in a dose-dependent manner (Figure 26d).
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Figure 26. In vitro profiling of DHI-derived Nurr1 agonists. (a) ITC demonstrated that compounds 44 and 51 exhibited
binding to the recombinant Nurr1 LBD. The fitting of the heat of binding is illustrated, and the isotherms at 25 °C are
presented as insets. (b) Treatment with 44 (30 pM) resulted in Nurr1-regulated mRNA expression of TH and VMAT2 in
T98G cells. The data are presented as the mean = S.E.M. relative mRNA expression (22, n=4. #p<0.1, ** p<0.01 (t-
test vs. DMSO control). (c) 44 (ECso = 2 £ 1 uM) and 51 (ECso = 4 = 1 uM) were observed to activate full-length human
Nurr1 on the NBRE. The data are presented as the mean * S.E.M. fold activity relative to the DMSO control, n > 4. (d)
DHI, 5-chloroindole (5CI, 7) and the descendants 44 and 51 were observed to modulate Nurrl-regulated gene
expression in dopaminergic neural cells (N27). TH; VMAT2; SOD1/2. The data represent the mean + S.E.M. relative
mRNA expression in comparison to 0.1% DMSO, with n = 7-8. Statistical significance was determined using the
Wilcoxon test or t-test, with the following levels of significance: * p <0.05, ** p <0.01, *** p < 0.001. Adapted from2°.

The findings of our study illustrate that the crystal structure of DHI with Nurr1 serves as a
valuable foundation for the development of new ligands through the principle of
structure-guided design. By targeting the binding site, we were able to develop
compounds like 44, which exhibit improved transcriptional Nurr1 potency compared to
DHI. However, it should be noted that crystal structures are static and only represent the
binding mode of a specific ligand. Therefore, we cannot be entirely certain of the precise
binding mode of compound 44 within this site. Further investigations are necessary to
ascertain this information in order to develop further compounds with the base. The
predicted binding mode of the phenylmotif of 44 is oriented outward (solvent-exposed),
which suggests further development potential, such as the creation of PROTACs
(proteolysis targeting chimeras) to facilitate a deeper understanding of the physiological
biology of Nurr1. In contrast to DHI, 44 exhibited enhanced molecular stability and
diminished toxicity. DHI is unsuitable for rigorous biological studies due to its tendency
for autooxidation, polymerization, and the generation of a chromogenic pigment in
solution, which in neurons contributes to the formation of neuromelanin'’4"2, However,
the development of 44 indicated the feasibility of creating a stable and less toxic

compound based on the indole scaffold.
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In summary 44 is a highly potent and selective Nurr1 agonist. This compound exhibited
robust Nurr1 activation, high binding affinity, and pronounced neuroprotective effects in
dopaminergic neurons, thus underscoring its potential for therapeutic development in
neurodegenerative diseases such as PD. Further optimization and in vivo studies will be
essential to fully elucidate the therapeutic potential of 44 and other related compounds
in modulating Nurr1 activity and protecting against neurodegeneration.

3.2 Development of Nurr1 agonists from amodiaquine by scaffold
hopping and fragment growing

As describedinchapters 7.7.2.7and 1.1.3.2, AQ emerged as an early tool for investigating
the therapeutic effects of Nurrl activation. Nevertheless, AQ is unspecific, which
demonstrated the inhibition of human histamine N-methyltransferase and several human
cytochrome P450 enzymes?”2%® and non-specific transcriptional effects'”''3 (see
chapter 1.1.3.2), and it is unclear whether these pharmacological effects can be
attributed to Nurr1 modulation, highlighting the necessity for AQ derivatives that possess
enhanced potency and selectivity.

The antimalarial activity of AQ and related compounds has been mainly attributed to the
common chloroquinoline scaffold?'®, while the 4-hydroxyaniline moiety has been
postulated to contribute to the observed cytotoxicity and hepatotoxicity which are
thought to result from metabolic activation to a reactive quinoneimine?°®2'%, Qptimization
of the AQ scaffold for Nurr1 agonism thus required the substitution of both the
chloroquinoline amine motif and the 4-aminophenol residue. Willems and colleagues
showed that the fragment-like chloroquinolineamine 11 is a promising starting point for
the development of novel Nurr1 agonists that can potentially overcome the limitations of
AQ”S.
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Figure 27. (a) Scaffold hop from the chloroquinoline amine motif of AQ to the imidazo[1,2-a]pyridine scaffold 54. (b) 54
exhibited Nurr1 activity with an ECso of 7 uM in a Gal4-Nurr1 hybrid reporter gene assay. Data are presented as the mean
+ S.E.M. fold activity relative to the DMSO control, n > 3. (c) 54 bound to the Nurr1 LBD (Kq 0.17 uM) determined by ITC.
The fitting of the heat of binding is shown and the isotherm at 25 °C is shown as inset.
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The development of novel AQ-derived Nurr1 modulators began with the replacement of
the quinoline scaffold by alternative heterocycles. Among several tested aromatic two-
ring systems (not shown), the imidazo[1,2-a]pyridine scaffold (54) emerged with improved
potency (ECso = 7 uM) and efficacy (2.0-fold activation) compared to 11 (ECso = 17 UM,
1.71-fold activation) (Figure 27). This smaller skeleton was incompatible with the original

regiochemistry of the chlorine substituent Tapie 4. SAR evaluation of imidazo[1,2-a]pyridine
(7. Position, 55, Table 4). Furthermore, _54for Nurr1 modulation.

systematic deconstruction of 54 revealed a D StrNL::ture ECs0 Ky
tight SAR in which all substituents (56-59, Z N/\Si
) 54 | s 2.7 uM 7 UM
Table 4) were needed for Nurr1 agonism. N
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To improve potency, fragment growing strategies were employed and modifications to the
2-methyl substituent of 54 were evaluated first. The synthesis of these compounds was
accomplished by the Groebke-Blackburn reaction, which involved the combination of 3-
chloropyridine-2-amine (60), the corresponding aldehyde, and 1,1,3,3-tetramethylbutyl
isocyanide (61), resulting in the formation of the imidazo[1,2-a]pyridine scaffold, as
depicted in Figure 28. Subsequently, the respective imidazo[1,2-a]pyridine underwent
acid-mediated cleavage, yielding the free amine.

N._NH, o NH;

] o+ L veN T @ JB* &1
1 —» R

Z>c H R <}§\ Q

60

Figure 28. General synthesis of the imidazo[1,2-a]pyridine scaffold. Reagents and conditions: (a) AcOH, MeOH, rt, 24-
48 h; (b) TFA/DCM, rt, 30 min to overnight, 3-30% over two steps.

Extension of the 2-methyl group to phenyl and systematic evaluation of substituents on
the ring resulted in the 3,4-dichlorophenyl 62 (Figure 29) as most favored analogue which
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achieved a considerable increase in Nurr1 agonist potency (ECso= 0.4 uM) and affinity to
the Nurr1 LBD (Kq = 0.7 uM) as confirmed by ITC. However, in terms of ligand efficiency
(LE) which is a measure of a ligand's binding affinity relative to its size, the structural
extension from 54 (LE = 0.59) to 62 (0.46) did not provide a substantial improvement, but
the 2-(3,4-dichlorophenyl) substituent of 62 may still be a valuable potency enhancing
extension in fused derivatives (Figure 33).
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Figure 29. Fragment growing of the 2-methyl substituent of 54 (a). 62 exhibited Nurr1 activity with an ECso of 0.4 pM in a
Gal4-Nurr1 hybrid reporter gene assay. Data are presented as the mean + S.E.M. fold activity relative to the DMSO
control, n > 3. (c) 62 bound to the Nurr1 LBD (Kq 0.7 pM) determined by ITC. The fitting of the heat of binding is shown
and the isotherm at 25 °C is shown as inset.

Further optimization involved the transfer of known SAR knowledge using the 5-(4-
chlorophenyl)furan-2-caboxamide' residue as an alternative motif (see chapter 1.1.3.2)
to replace the aminophenol of AQ to the imidazo[1,2-a]pyridine (54) scaffold. This yielded
compound 65 which showed improved Nurr1 agonist potency in a Gal4 hybrid reporter
gene assay (ECso = 1.6 M) and binding affinity to the Nurr1 LBD (Ky = 0.7 uM, Figure 31) in
an ITC. Subsequently, a systematic evaluation was conducted on the furan motif and the
4-chloro substituent of the phenyl ring of the 5-(4-chlorophenyl)furan-2-carboxamide
motif. The syntheses of these compounds were accomplished with 54 by employing amid
coupling or, alternatively, a combination of amid coupling with 63 followed by a Suzuki
reaction, as depicted in Figure 30.
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Figure 30. General synthesis of N-carboxamide of 54. Reagents and conditions: (a) HATU, DIPEA, DMF, rt,
overnight; (b) tetrakis(triphenylphosphane)palladium(0), Na,COs, water/dioxane, reflux, overnight.
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Figure 31. Replacement of the aminophenol of AQ by 5-(4-chlorophenyl)furan-2-caboxamide motif (65) (a). 65 exhibited
Nurr1 activity with an ECso of 0.4 pM in a Gal4-Nurr1 hybrid reporter gene assay. Data are presented as the mean =
S.E.M. fold activity relative to the DMSO control, n > 3. (c) 65 bound to the Nurr1 LBD (K4 0.7 pM) determined by ITC. The
fitting of the heat of binding is shown and the isotherm at 25 °C is shown as inset.

SAR evaluation of 65 led to the identification of 66 (Figure 32a) which demonstrated
potent Nurr1 agonist transcriptional activity (ECso= 0.090 uM), high affinity binding (Kq =
0.17 uM, Figure 32d) to the Nurr1 LBD and robust induction of Nurr1 regulated genes (TH,
VMAT2, SOD2, Figure 32e) in T98G cells. Additionally, 66 caused robust activation of the
human full-length Nurr1 in reporter gene assays for the Nurr1 homodimer (NURE, ECs, =
0.094 pM) and the Nurr1 RXR heterodimer (DR5, ECs, = 0.165 uM), while showing no
activity on the Nurr1 monomer (NBRE) (Figure 32b,c). It displayed a preference for Nurr1
over Nur77, and - in contrast to the template AQ - had no toxic effects in neuronal (N27
cells) and HEK293T cells (Figure 32g). Complementing 66, compound 67 was identified
as a structurally matched negative control without Nurr1 agonism or binding (Figure 32a).
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Figure 32. In vitro characterization of the optimized Nurr1 agonist 66. (a) Optimization of 65 resulted in 66 with an ECso
of 0.090 uM and inactive 67 which can be used as negative control. (b) Effects of 66 on the human full-length Nurr1
homodimer (NurRE) and monomer (NBRE) in reporter gene assays. The data are presented as the mean + S.E.M. fold
activation relative to the DMSO control, n = 3. (c) The effects of 66 on the Nurr1-RXR heterodimer (DR5) in the absence
and presence of bexarotene (0.1 pM) are shown. The data are presented as the mean + S.E.M. fold activation relative to
the DMSO control or 0.1 pM BEX, n = 3. (d) Binding of 66 to the Nurr1 LBD (K4 = 0.17 pM) was determined by ITC. The
fitting of the heat of binding is illustrated, and the isotherm at 25 °C is shown as an insert. (e) Effects of 66 and 67 on the
expression of the Nurri1-regulated TH, VMAT2, and SOD2 in T98G. The data represent the mean + S.E.M. fold mRNA
induction relative to the DMSO control, with n = 3. #p < 0.1, *p < 0.05 (t-test vs. DMSO ctrl). (f). Selectivity screening of
66 on NRs. The heatmap illustrates the mean relative activation in comparison to reference ligands, n = 3. (g) 66 (10 pM)
was not toxic in a WST-8 assay in N27 rat neurons and HEK293T cells. AQ (1, 10 and 30 pM) was found to be toxic. The
data represent the mean * S.E.M. relative absorbance (450 nm), n = 3. (h,i) Permeability of Nurr1 agonists in a parallel
artificial membrane permeability assay (PAMPA) and in a cellular model of the blood-brain barrier (BBB). Propranolol
and the brain-penetrant reference antipyrine were used for comparison. The data are presented as the mean £ S.D., n
= 6. (j) Metabolism of 66 by rat liver microsomes resulted in demethylation of the dimethylamino group. The data are
presented as the mean = S.D., n = 4. Adapted from 2.

Despite favorable membrane permeability and blood-brain penetration in vitro (Figure
32h,i), the metabolic stability of 66 was limited due to demethylation of the
dimethylamino motif (Figure 32j). Although the free amine 68 still showed weak Nurr1
activation (Table 5), the metabolic liability should be overcome. Therefore, cyclic amino
substituents (69 and 70, Table 5) were incorporated, yet there was no evidence of Nurr1
agonistic activity. However, replacement of the dimethylamine by a methoxy group (72)
and related motifs (73, 74) enhanced metabolic stability, while retaining Nurr1 agonist
potency as well as favorable membrane permeability and brain penetration, suggesting
potential for in vivo application (Table 5, Figure 32h,i).
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Table 5. Optimization of 66 for microsomal stability and Nurr1 modulation. Microsomal stability against
degradation by rat liver microsomes was determined by LCMS.
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E <> N\CH3 UM min.
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68 < > NH, <1.2-fold n.d.
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N M)
70 E—ONCN’CW inactil\\:lt;,(w n.d.
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| < > ° (1.7%0.1-fold)
72 HiC 0.12+0.03 pM  42+5 min.
F@O%CHS (2.120.2-fold)
73 0.12+0.06 pM  78%7 min.

O

(1.5+0.2-fold)

The SAR evaluation showed that a 3,4-dichlorophenyl substituent at the 2-position of the
imidazopyridine scaffold and a 5-(4-(dimethylamino)phenyl)furan-2-carboxamide motif
at the 3-position were favorable for the Nurr1 agonist potency. The combination of these
modifications in 74 resulted in a high affinity Nurr1 modulator with a K4 of 0.08 uM (Nurr1
LBD) and strong agonist potency in a Gal4-Nurr1 hybrid reporter gene assay (ECso = 0.04
MM, Figure 33). However, 74 did not significantly outperform 66 and had a much higher
lipophilicity (SlogP = 7.54). This suggests that while the structural fusion increased affinity
and potency, it also increased lipophilicity, negatively affecting the drug-like properties of

the compound.

-55-



o
= o}
o
Z NN\ Z NN ZINN
C 62 o Cl 74 cl c 66

ECs, 0.4+0.2uM 0.04 £ 0.01 yM 0.090 +0.005 uyM
eff. 1.8 + 0.1-fold 1.53 £ 0.04 uM 2.1+ 0.1-fold
Ky 0.7 uM 0.08 uM 0.17 uyM

Figure 33. Structural fusion of 62 and 66 in 74 enhanced Nurr1 agonist potency and binding affinity. Reprinted from 2'2.

In order to evaluate the potential of the new Nurr1 agonist scaffold in a relevant setting, a
model of PD using three-dimensional organoids derived from iPSCs was used. Organoids
were generated from wild-type isogenic pluripotent stem cells (iPSCs)?*® and iPSCs
bearing a G2019S LRRK2 mutation. LRRK2 mutations are a common genetic cause of PD
and the G2019S mutation enhancing the kinase activity of LRRK2 has been correlated
with increased a-synuclein accumulation, mitochondrial dysfunction, impaired
dopamine signaling, and ultimately progressive dopamine neuron loss in the human
brain??'222, The Nurr1 agonist 66 was observed to significantly rescue TH mRNA levels and
(almost) histological TH staining in LRRK2 mutant organoids to the wild type, indicating a
promising therapeutic potential (Figure 34d). In contrast, 67 demonstrated no effect. The
weaker effect of 66 on wild-type organoids suggested that therapeutic activation of Nurr1
may be more beneficial in cases where Nurr1 activity has been pathologically reduced.
The levels of Nurr1 did not change after treatment with 66, confirming that the effects
were due to the direct activation of Nurr1.
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Figure 34. Treatment of midbrain organoids with the Nurr1 agonist 66 and the negative control analogue 67. (a)
Organoids derived from human iPSC carrying a gain-of-function mutation in the leucine-rich repeat kinase 2 (LRRK2)
gene (G2019S) exhibited reduced Nurr1 and TH transcript levels when compared to isogenic controls after 45 days. (b)
Immunofluorescence staining of midbrain organoid sections revealed the presence of TH-expressing cells. Scale bars
represent 100 pm. (c) 66, but not the negative control 67, induced TH mRNA expression in LRRK2 mutant organoids and
tended to enhance TH mRNA expression in isogenic controls. All data are presented as the mean + S.LE.M., n=3. *p <
0.05, **p < 0.01 (unpaired, two-tailed Student's t-test). Reprinted from 2.

The development of 66 represents a significant advancement over the lead structure AQ
in terms of potency, toxicity, and selectivity for Nurr1 activity. The structure-based
optimization of AQ exemplifies that 66 represents a superior alternative to AQ for the
investigation of Nurr1 as a potential therapeutic target in neurodegenerative diseases. The
nanomolar potency of this compound in Nurr1 activation means that the need for high
concentrations of the tested compound is minimized, thus reducing cellular stress and
toxicity in subsequent in vitro and in vivo studies. In a 3D organoid PD model, 66 has
already demonstrated encouraging effects in Nurr1 activation, indicating its potential
utility in PD therapy. Nevertheless, further in vitro and in vivo studies are necessary to
compare the positive effects demonstrated by AQ in various neurodegenerative disease
models (see chapter 1.7.2.7 to 71.7.2.3) and to confirm that these effects are indeed
mediated by Nurr1, rather than being nonspecific actions of AQ. Furthermore, the
selectivity profile of 66 must be expanded in order to ascertain whether itinteracts with G
proteins, kinases, surface receptors, or other enzymes. Additional SAR studies may be
required to determine whether higher selectivity within the NR4A family can be achieved
with this scaffold. In light of the fact that 66 has been derived from AQ, it would be

beneficial to gain clarity on whether this optimization still targets the same predicted

-57-



binding side of AQ or whether this has changed. The observation that 66 activated dimers
on DR5 and NuRE, but not monomers on NBRE in the Gal4 assay, indicated that 66 may
influence the conformation of Nurr1l, which in turn may affect the recruitment of
coregulators. This suggested that 66 may induce distinctive conformational states in
Nurr1, thereby modulating its activity in a manner distinct from that of AQ, which
demonstrated Nurr1 activation at NBRE (see chapter 7.7.3.2).

The development of 66, a potent and selective AQ-derived Nurr1 agonist, provided a high-
quality chemical tool to study Nurrl modulation and advance neurodegenerative
therapeutic strategies. Scaffold-hopping, fragment optimization and replacement of
unfavorable motifs have resulted in a next-generation Nurr1 agonist with favorable
chemical properties and experimentally confirmed high-affinity binding to Nurr1. 66 and
its structurally matched negative control (67) met the highest chemical tool quality
criteria (potency < 100 nM, selectivity for NR4A receptors within NR family > 30-fold,
cellular on target activity < 1 uM, 100-fold less potent control compound, no PAINS
elements?®) for robust biological studies on Nurr1l modulation and the receptor's
therapeutic potential.

3.3 Tuning RXR modulators for PGC1c. recruitment

As previously outlined in chapter 7.2, RXR is a distinctive receptor due to its capacity to
form heterodimers with a range of other NRs, thereby contributing to a multitude of
physiological processes, including proliferation, differentiation, metabolic homeostasis,
and inflammation. Despite the therapeutic potential of RXR ligands, their broad
involvement in genomic regulation can lead to notable adverse effects. A notable
example of this phenomenon has been the synthetic RXR agonist 23, which has been
found to be to exhibit great potential as a therapeutic agent for AD in numerous
experimental models but is also associated with significant side effects such as
hypertriglyceridemia (see chapter 1.2.2.7 and 71.2.2.2).

The concept of selective modulation through ligand-induced coregulator recruitment has
the potential to facilitate more targeted RXR modulation (Figure 35). As NRs are typically
capable of interacting with a multitude of coregulators, the selective recruitment of a
specific subset of these partners by ligands could facilitate a tissue-specific or even gene-
specific modulation. This approach may prove an efficacious method of reducing any
adverse effects and may also be considered a more targeted therapeutic option.
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Figure 35. Selective modulation through ligand-induced coregulator recruitment. The binding of a ligand to the LBD-
corepressor complex induces a conformational change, resulting in the release of the corepressor. The active
conformation of the ligand-induced LBD recruits a selective coactivator, which may exert effects specific to tissues and
genes expression. Created with Biorender.com.
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Figure 36. Effects of 9cisRA and 27 on
coregulator recruitment to the RXRa LBD.

1.1.2.2). While 9cisRA was observed to recruit several Compounds were tested at 1 uM.
coactivators (e.g., SRCs, NCoA6) with intermediate efficacy and strongly displaced the
corepressor silencing mediator for retinoid and thyroid-hormone receptor (SMRT,
NCoR2), 27 exhibited a strong preference for PGC1a recruitment with minimalimpact on
SMRT binding (Figure 36). This differential recruitment profile indicates that RXR ligands
can be tuned to selectively modulate interaction with specific co-regulators.

and the synthetic agonist 27 (Figure 36, see chapter

In light of the impact of 27 on the RXR-PGC1a interaction, a chemically diverse set of
analogues of 27 was designed through a structure-guided approach to explore the impact
of structural modifications on coregulator recruitment. A virtual library comprising 15 K
biphenylacetic acid derivatives was created by combining 4-boronophenylacetic acid
(75) with commercially available aryl halides through an in silico fusion process (Figure
37a). The resulting designs were then docked to the RXRa LBD in complex with 27 (PDB:
6sjm'™’, Figure 37b) and the top-ranking molecules were selected for synthesis based on
their docking scores and structural diversity.
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Figure 37. (a) A virtual library of 15,759 biphenylacetic acids

O . Ho. w Om was constructed docked to the binding site of 27 in RXRa, with

15,759 analogues of 27 the objective of identifying novel RXR modulators related to 27.

b) 27 binds to the highly hydrophobic orthosteric site of RXRa
(PDB 6sjm'’) and forms a single polar contact to Arg316.

The synthesis of these biphenyls was achieved through a Suzuki reaction of (4-(2-
methoxy-2-oxoethyl)phenyl)boronic acid (76) or ethyl 2-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)acetate (77) with aryl bromides, followed by alkaline hydrolysis
(Figure 38). The Suzuki coupling was achieved using XPhos Pd G2 pre-catalyst in good to
excellent yields. However, in some cases, the synthesis of biphenyls proved to be
challenging. As a result, the synthesis pathway was modified by employing the carboxylic
acid of 77 for Suzuki coupling or by utilizing the bromide of 77 as an alternative to the
boronic acid pinacol ester motif and the corresponding boronic acid for coupling (not

(0]
\

shown).

or (@) (@) |
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Figure 38. General synthesis of phenylacetic acid derivatives of 27. Reagents and conditions (a) KsPO4, XPhos Pd G2,
1,4-dioxane/H20, reflux, 1.5-24 h or Cs2COs, XPhos Pd G2, toluene/H20, reflux, 1.5-24 h, 4-96%; (b) LiOH, MeOH/H20,
rt, 18 h, 16-90%.

In order to investigate the SAR of RXR modulators, a total of 28 analogues were
synthesized and tested via a Gal4-RXR hybrid reporter gene assay, which evaluated their
activity on the three RXR subtypes. Additionally, a HFTR assay was utilized in order to
assess their effects on coregulator recruitment.

Notable findings included the discovery that derivatives containing a 3,4-substituted and
3,5-substituted benzene ring exhibited potent RXR agonist activity. For example, the 4-
isopropyloxy-3-trifluoromethyl derivative (78) and the 3,4-bistrifluromethyl derivative (79)
demonstrated remarkable potency as RXR agonists (ECso (RXRa/pB/y) = 0.29/1.3/3.4 uM
(78) and ECso (RXRa/pB/y) = 0.060/0.4/0.24 pM (79)), displaying slight preferences for RXRa
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(Table 6). The bexarotene related design 80 exhibited considerable RXR agonist potency
(ECso (RXRa/B/y) =0.53/0.55/0.52 pM), too (Table 6).

Table 6. RXRs modulation of selected analogues of RXR agonist 27 from structure-guided design.

/@ACOOH ECso
D R (max. rel. activation refer to 1 uM bexarotene)
RXRa RXRf3 RXRy

0.29 +0.03 uM 1.3+0.1 pM 3.4%0.3uM
(29 £ 1%) (22 £ 1%) (20 £ 1%)

0.060+0.004pM  0.4=0.1pM  0.24+0.03pM
(22 £ 1%) (22 £ 1%) (21 £1%)

R =
F3C:©)\
0.53+0.04uyM  0.55:0.04puM  0.52+0.07 uM
80 (53 = 3%) (55 = 3%) (52 = 3%)

78

79

2.6%0.3puM 0.54+0.06 UM 6.1£0.9puM

81 (28 + 2%) (26 + 1%) (25+1%)

1.0+0.2 pM 1.1+0.2 pM 2.9%0.1pM

82 (34 = 1%) (24 = 1%) (13 = 1%)

Comparative profiling of RXR modulators 78, 79, and 80 in HTRF-based assays revealed
significant differences in their effects on the binding of coregulators, SRC1, SMRT, and
PGC1a to RXRa (Figure 39a), despite their structural similarity. 78 did not affect PGC1a
binding, while 79 and 80 retained the ability of 27 to promote PGC1arecruitment, with 79
demonstrating substantially higher efficacy in inducing PGC1a binding than 80. These
findings were corroborated through dose-response profiling, which demonstrated that 79
exhibited stronger recruitment of PGC1a compared to 80 (Figure 39b).

The wider profiling of structurally disparate analogues demonstrated that minor structural
alterations in RXR ligands could result in markedly distinct coregulator recruitment
profiles. For instance, 81 (Table 6), which demonstrated slight RXRB preference (ECso
(RXRa/B/y) = 2.6/0.54/6.1 pM) and 82 (Table 6), which exhibited a markedly more angled
shape, were unable to enhance PGC1a recruitment to RXR although both compounds
were potent RXR agonists in cellular setting (Figure 39c). These findings highlight the
potential of structural modification to achieve selective RXR modulation.

To validate the biological relevance of these findings, the activity profiles of compounds
78, 79, and 80 were subjected to further characterization. All three compounds were
found to be inactive on lipid-activated NRs related to RXR, thereby demonstrating
favorable selectivity (Figure 39d). Furthermore, these compounds consistently inhibited
the interaction of RXRa with other NRs (THRa, RARa, LXRa, and PPARYy, Figure 39e),
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thereby demonstrating the absence of activity differences on related NRs that would

compromise the use of this compound set as a tool.
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Figure 39. Effects of RXR ligands on the recruitment of co-regulators to the RXRa LBD in HTRF-based systems. The data
are presented as the mean = S.E.M., n = 3. Despite their high structural similarity, 78-82 revealed pronounced
differences in their effects on coregulator recruitment. (b) Dose-response profiling demonstrated that 79 and 80 induce
recruitment of PGC1a, with 79 exhibiting considerably higher efficacy. (c) 81 and 82 were ineffective in inducing PGC1a
recruitment. (d) 78, 79 and 80 demonstrated no transcriptional activity at 1 and 10 uM on lipid-sensing NRs associated
with RXR. The data are presented as the mean = S.E.M., n = 3. (e) The effects of 78, 79 and 80 (10 uM each) on the
interaction of RXRa with the heterodimer partners THRa, RARa, LXRa and PPARy were observed in a cellular assay, in
which the binding of VP16-RXRa-LBD to the corresponding Gal4 hybrid receptors of the dimer partners was monitored.
The heat map depicts the mean relative reporter activity in comparison to the control substance DMSO, n = 3.

In order to confirm the ability of 79 and 80 to induce the interaction of RXR with PGC1a
within a cellular context, a reporter gene assay was employed utilizing a Gal4-PGC1a
fusion protein and an RXRa-LBD-VP16 fusion protein (Figure 40a). This assay permitted
the observation of the interaction between PGC1a and RXRa LBD in a cellular context via
a reporter gene assay. The RXR modulators 79 and 80 were found to robustly enhance
reporter gene expression in the presence of RXRa-LBD-VP16, thereby demonstrating their
ability to induce RXRa-PGC1a interaction with high potency. As observed in the cell-free
HTRF assay, 79 demonstrated a greater efficacy in promoting RXRa-PGC1a binding than

80. In contrast, the reference RXR agonist bexarotene exhibited only a minimal effect on

reporter activity.
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Figure 40. The RXR modulators 79 and 80 induced the interaction between RXRa and PGC1a in a cellular context. a) A
Gal4-PGC1a fusion protein, a Gald-responsive reporter construct and an RXRa-LBD-VP16 fusion protein were
employed to observe ligand-induced RXRa-PGC1a interaction in HEK293T cells. (b) RXRa-PGC1a interaction was
robustly enhanced by 79 and 80, resulting in enhanced reporter activity (ECso=0.04 = 0.02 pM (79); 0.06 = 0.03pM (80)).
In contrast, the reference RXR agonist bexarotene (1 pM) had only a weak effect (c). The data represent the mean + S.D.
of reporter activity in the presence of Gal4-PGC1a and RXRa-LBD-VP16, with the readings normalized to the RXRa-LBD-
VP16-free setting, n = 3.

A more detailed analysis of the predicted binding modes of compounds 27, 78, 79, and
80 (Figure 41a) revealed no notable differences. However, it was observed that
compounds 78 and 80 extend further towards His435 in H11 in comparison to 27 and 79
(Figure 41b). H11 forms numerous interactions with H12, which is responsible for AF2 of
RXR and plays a role in mediating the activation process by ligands (Figure 41c, see
chapter 7.7.17). It can be hypothesized that variations in the positioning of H11 exert an
influence on H12, resulting in alterations to the shape and size of the coactivator binding
site. Consequently, the predicted binding differences in the His435 region may induce
subtle allosteric changes in the coactivator binding site, which could explain the
differential effects on PGC1a recruitment.

® RXRa (6sjm) (27 @78 © 79 @ 80 Figure 41. A comparison of the binding modes of 27, 78, 79 and 80. (a)

/ "!‘ AW /B Predicted binding modes of 78, 79 and 80 in the binding site of 27 in the

— _ RXRaLBD (PDB: 6sjm'). The binding modes of 27, 78, 79 and 80 to RXRa
g are highly similar, involving a strong ionic contact with Arg316. (b) The
differences in the binding of 27, 78, 79 and 80 in the His435 region are
illustrated with the ligand surfaces shown as a mesh. The structural
demands in the His435 region are higher for 78 (green mesh) and 80
(magenta mesh) than for 27 (grey mesh) and 79 (blue mesh), which may
affect the position of H11. (c) The structural overview of the ternary
complex of 27 and nuclear receptor co-activator 2 (blue) bound to the
RXRa LBD (PDB: 6sjm'"’) is presented here. H12 is depicted in magenta.
The interaction of different ligands with H11 is likely to affect the position
of H12, consequently impacting the region responsible for the binding of
co-activators via allosteric crosstalk.
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Despite their high structural similarity, the RXR ligands 78, 79, and 80 exhibited significant
mechanistic differences in terms of PGC1a recruitment, with 79 displaying a strong
effect, 80 a weak effect, and 78 no ligand-induced PGC1a binding. While this structural
similarity may present a challenge for the further development of the scaffold and
complicate the discovery of other coregulator-selective RXR ligand chemotypes, it also
serves as a valuable feature for mechanistic studies. The different abilities to recruit
PGC1a can lead to distinct gene expression patterns and tissue-specific effects, which
may influence varying therapeutic outcomes. The present study focused on a limited
number of coregulators; however, at least 350 additional coregulators of NRs have been
identified in the past?*. This highlights the necessity for future research to include
screening a broader range of coregulators in order to gain a comprehensive
understanding of the ligand-induced recruitment pattern. This comprehensive approach
is needed to fully unlock the potential of RXR ligands and understand their diverse effects,
which will ultimately contribute to the development of more selective and effective
therapeutic agents.

These findings demonstrate that RXR ligands can be engineered to function as molecular
glues, modulating the binding and release of individual coregulators. Such differences in
ligand-induced coregulator recruitment could enable tissue-selective RXR activation
based on cell-type-specific expression and roles of certain coregulators. These findings
suggested that future innovations in targeting RXRs may rely on a more thorough
understanding of ligands and their structural modifications to achieve desired activation
mechanisms. The RXR ligands 78, 79, and 80, despite sharing a similar structure,
exhibited significantly divergent effects on PGC1a recruitment. In addition to providing
evidence that RXR ligands can be tuned to modulate certain coregulator interactions, the
set of 78, 79, and 80 is a valuable chemical tool to explore the biological relevance of the
RXR-PGC1ainteraction and the therapeutic potential of its selective modulation.

3.4 Azologs of the fatty acid mimetic drug cinalukast enable light-
induced PPARa activation

Using virtual activity prediction, the fatty acid mimetic cysteinyl leukotriene receptor 1
(CysLT1R) antagonist cinalukast (83, Figure 42a) was found to activate PPARa with an ECso
value of 10 uM (5.3-fold activation) in a Gal4 hybrid reporter gene assay?*. Based on the
selective optimization of side activities (SOSA) concept, in which (weak) off-target
activities are converted into the major activity of a new, closely related structural
analogue, while reducing the original target activity***, 83 was optimized towards PPARa
agonism. An optimized analogues 84 (Figure 42a) achieved a considerable activity shift
with approximately 3-fold enhanced PPARc activation efficacy (13.7-fold versus 5.3-fold)
and strongly reduced CysLT1R antagonism (by approximately 100-fold)??°.
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Figure 42. (a) The development of a weak PPARa agonist, cinalukast (83), based on the SOSA concept, resulted in the
synthesis of 84. (b) A structure-guided approach was employed to develop the weak PPARa agonist, GL479 (85), into
the photohormone 86. Irradiation with UV light enabled the formation of E/Z-86.

Another potent and selective PPARc agonist relevant to this thesis is the photohormone
86 (Figure 42b)'®. Photohormones represent a novel class of attractive tool compounds
that enable light-dependent modulation of transcription factors, thereby achieving
spatiotemporal control of transcriptional activity'®. 86 was developed via a structure-
guided approach from the weak pan-PPAR agonist GL479 (85, ECs, (PPARa, E/Z)=1.09/0.8
UM, Figure 42b)™8. This photohormone exhibited considerable greater potency (ECso (E/2)
= 0.007/0.24 uM, factor > 150) and selectivity towards PPARa than 85 and was also
capable of being switched off by light-induced isomerization to its (Z)-conformer, which
was less active on the intended target by a factor of 35 in a Gal4 hybrid reporter gene
assay'®. In a live-cell fluorescence (mCherry) reporter gene assay in HEK293T cells, 86
was observed to alter transcriptional activity in a light-dependent fashion, indicating the
potential of this compound as a valuable in vitro tool for functional studies™,

However, the development of (Z)-active photohormones has been preferable for optical
control, as azobenzenes have been unable to achieve full photo-switching to 100% (2)-
configuration™’. Thus, the objective was to create a novel light-controlled PPARa ligand
which was active in (2)-configuration based on 84 by replacing the styrylthiazole motif
with a stilbene or azobenzene motif.

The synthesis of the E-stilbene analogue 87 of 84 was carried out in accordance with
Figure 43. Initially, the Suzuki reaction was employed to couple 3-bromobenzaldehyde
(88) with 3,4-dimethoxyphenylboronic acid (89) to 90. Subsequently, 90 was subjected to
a Wittig reaction with methyltriphenylphosphonium bromide, resulting in the formation of
91. Simultaneously, 3-iodoaniline (92) was coupled with ethyl 2,2-dimethylmalonate (93)
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to form the amide 94. Subsequently, Heck coupling of 94 with 91 resulted in the formation
of ester precursor 95, which, following alkaline hydrolysis, yielded 87.

R g H Ao

@% (j%r

OEt

Figure 43. Synthesis of 82. Reagents and conditions: (a) XPhos Pd G2, KsPOa, water/dioxane, reflux, overnight, 83%; (b)
methyltriphenylphosphonium bromide, KOtBu, THF, 0°C ->rt, overnight, 94%; (c) HATU, DIPEA, DMF, rt, overnight, 95%;
(d) Pd(OAc)2, KsPO4, DMA, 140 °C, overnight, 42%; (e) LiOH, water/THF, rt, overnight, 72%. Reprinted from 2°.
Irradiation of E-87 with UV light (A= 365 nm) resulted in the formation of 62% Z-isomer
(38% remained E-isomer). In order to separate the two isomeric forms (E/Z) and remove
any impurities identified through an analysis of 'H-NMR during (E) to (2)
photoisomerization of 87, a preparative HPLC method was employed. This approach was
deemed necessary due to indications of potential undesired irreversible
electrocyclization by oxidation of (2)-87. Unfortunately, it was not possible to separate the
two isomers, however the impurities were successfully removed. Consequently, the
mixture of 62% (Z2)-87 was used as the (£)-isomer for further in vitro characterization. The
screening of E/Z-87 in a Gal4 hybrid reporter gene assay on various lipid-sensing NRs
revealed agonistic activity on RARa, PPARs, and FXR, with PPARa agonism being the most
pronounced (Figure 44a). This profile prompted the synthesis of the azobenzene analogue
with the objective of improving the light-dependent switching properties.

Figure 44. Modulation of NRs of 87 and 96. (a) The stilbene
20 == (87 analogue 87 (3 pM) exhibited agonistic activity on RARaq,
154 @287 PPARs and FXR, with the most prominent effect observed in
the case of PPARa. (b) The azobenzene 96 (10 pM)
demonstrated a more pronounced preference for PPARa.
The data are presented as the mean + S.E.M. fold NR

activation relative to the DMSO control, n > 3. Reprinted from
215
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The synthesis of the azobenzene derivatives 96-106 was carried out involving the Suzuki
reaction, the Baeyer-Mills coupling, and alkaline ester hydrolysis according to Figure 45
and 46. The initial synthesis, which contains an acidic head group (109), involved an
amide coupling between 93 and N-BOC-3-phenylenediamine (107), followed by BOC
deprotection. The corresponding amines 118-125, which represent the lipophilic
backbones, were prepared through Suzuki coupling of the corresponding bromoanilines
110-112 with the boronic acids 113-115, 117 and boronic acid pinacol ester 116.
Subsequently, a Baeyer-Mills reaction was performed by oxidizing 109 with Oxone® to
form a nitroso intermediate, which was then reacted with amines 118-125 to give
intermediates 126-133. The final step in the synthesis involved alkaline ester hydrolysis,
which produced the desired photoswitchable PPAR modulators 96-98 and 101-105
(Figure 45).

QC;Et NTOB:C NHBoc oo 126-133: R2—Et e
96-98, 101-105: R2=H
X 1-B(OH A
HZN@ o © HZN@
g, M3M5117 R
110: p-NH, ) 118-125
111 m-NH, R™-Bpin .
112: 0-NH, R

116 : o cl CFs3 CF3
o~ CF4 CF4 ‘ ‘
113,118-120, 14,122, 115,123, 116, 124, 117, 125,

126-128,96-08 120129, 101 430 402 131,103 132,104 133,105

Figure 45. Synthesis of azobenzenes 96-98, 101-105. Reagents and conditions: (a) HATU, DIPEA, DMF, rt, overnight,
quant.; (b) TFA, rt, overnight, quant.; (c) XPhos Pd G2, KsPOa, water/dioxane, reflux, overnight, 44-95%; (d) Oxone, DCM,
rt, 1-3h, workup, DCM, HOAg, rt, 1-2 days, 3-59%; (e) LiOH, water/THF, rt, overnight, 40-95%. Reprinted from 2.

A modified synthetic approach was employed to skip one synthesis step (instead of two
Suzuki reactions) a in the case of azobenzenes 99 and 100 (Figure 46). The initial step
involved the Baeyer-Mills coupling between 107 and 111 which resulted in the formation
of diazobenzene 134. Subsequently, the Suzuki coupling of 134 with boronic acids 135
and 136 yielded 137 and 138, which were then subjected to ester hydrolysis, affording
compounds 99 and 100. Similarly, azobenzene 106 was synthesized by coupling 107 with
9,9-dimethyl-9H-fluoren-3-amine (139) to obtain 140, which was then subjected to ester
hydrolysis to yield 106.
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Figure 46. Synthesis of azobenzenes 99, 100, 106. Reagents & Conditions: (a) Oxone, DCM, rt, 1h, workup, DCM, HOAc,
rt, 2 days, 59-60%; (b) XPhos Pd G2, KsPO4, water/dioxane, reflux, overnight, 91-94%; (c) LiOH, water/THF, rt, overnight,
77-99%. Reprinted from 2°,

137, 138: R2=Et 4
2 R
99,100 R*=H 135, 137, 100: CH;

136, 138, 99: OCHj|

PPARa agonism was determined in a Gal4-PPARa hybrid reporter gene assay. A cell
DISCO System'® was employed to maintain the (2)-configuration which exhibited 75 ms
light pulses with a specific A every 15 s. The azobenzene derivative 96 of 87 demonstrated
PPAR agonism, with a preference for PPARa and greater selectivity over RARa and FXR
compared to 87 (Figure 44b). The full dose-response profiling of 96 confirmed that (E)-96
was a potent PPARa agonist (ECso = 3 uM, 26% relative activation), with the (2)-isomer
exhibiting reduced efficacy (ECso = 4 uM, 17% relative activation) (Table 8). 96
demonstrated favorable photophysical characteristics (irradiating with A = 365 nm for (E)
to (Z), A = 435 nm for (Z) to (E), Figure 47a), enabling efficient and repeated photo-
switching (Figure 47b), and thus represented a suitable lead for further photohormone

development.
1.0 Jﬁ % I E-isomer
a — Dark b I Z-isomer
— 385 nm 0 20 40 60 80 100
S 385 nm Configuration (%) 14 h 365 nm
< 405 nm
S 435 nm
o ] 29%
cos — 460nm L —— s —
a — 480 nm 0 20 40 60 80 100
a — 525nm Configuration (%) 1h435 nm
p — 595nm
- k o
0.0 : ; - 365 nm bacl 3 23%
300 400 500 0 20 40 60 80 100
Wavelength (nm) Configuration (%)

Figure 47. UV-Profiling of the PPARa targeted photohormone 96. (a) UV absorbance spectra of 96 (30 pM in DMSO)
measured after irradiation at the indicated wavelengths. (b) E/Z-configuration ratios of 96 in the dark adapted, state and
afterirradiation at 365 nm or 435 nm determined by '"H-NMR based on the (CHzs).-integral of the oxopropanoic acid motif.
Adapted from ?7°,
To identify the optimal geometry for structural optimization, the scaffold geometry of 96
was systematically varied. The para-analogue (97) exhibited improved photophysical
characteristics, with a red-shifted absorption maximum for (E) to (2) switching (A = 405
m) yet exhibited diminished PPARa agonism (Table 7). The ortho-derivative (98)

displayed poor switching efficiency and was devoid of any activity on PPARa (Table 7).
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Given the favorable meta-regiochemistry of 96, attention was directed towards the
influence of substituents on the lipophilic backbone.

Table 7. Photoswitchable analogues of 84. A cell DISCO' was used to maintain the (2)-configuration.

ECso
(max. rel. activation refer
to 1 uM GW7647)

(E) @
/O
g7 \ON&COOH 2.4%04pM  1.3%0.1pM
A (17 £ 2%) (48 £ 2%)
(o]
g Q * *
96 \ON\\NQ\H&COOH 3+1uM 4+2uM
(26 = 1%) (17 + 4%)
O
g O (15£2%) (8.1 0.8%)

N

0
| o
o)
08 O inactive inactive
N Q &COOH (10 M) (10 M)
g
H

The removal of the 3'-methoxy substituent (99) resulted in a slight increase in potency
(ECs0 (E/Z2) = 2.3/3.1 uM), indicating that double substitution was not necessary. The
introduction of alternative groups in the 4-position, such as methyl (100) and chloro (101),
enhanced potency (ECs, (E/Z) = 2.2/1.5 yM (100), 3.6/1.2 uM (101)) and provided (2)-
preference. The 4-trifluoromethyl derivative (102) was identified as a light-activated
PPARa agonist with high potency in the light-induced (2)-configuration and significantly
reduced activity of the dark-adapted (E)-isomer (ECso (E/Z) > 20/1.5 uM (102)) (Table 8).

ID structure

Additional variations, such as the relocation of the trifluoromethyl group to the 3-position
(103), a 3,4-bistrifluoromethyl substitution (104) and B-naphthyl motif (105) retained
PPARa agonism but lacked the favorable (2)-preference of 102 (ECso (E/Z) = 4/3 uM (103),
5/3.1 uM (104)). The bulkier 9,9-dimethyl-9H-fluoren-2-yl substituent (106) was not
tolerated (Table 8). The results of this SAR analysis indicated that the PPARa agonistic
activity was tolerant of a range of substitution patterns on the 3-substituent scaffold but
only a bulky, electron-withdrawing, and hydrophobic 4-substituent was found to provide
the desired (2)-preference.
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Table 8. Evaluation of the lipophilic substitution pattern of 96. A cell DISCO'®® was used to maintain the

(2)-configuration.

ECso

ECso N
(max. rel. activation (max. rel. activation
ID [ ] o T ID [ j o referto 1 uM
wNoy N)§<COOH referto 1 yM GW7647) e Moy H&COOH GW7647)
R (E) @ R (E) %)
“C 2.3+04uM  3.1+0.5 0 4+1uM  3+1pM
99 @ (18 + 29) UM 103 Fac (37 £8%) (38=7%)
(20 = 2%)
) 2.2¢02pM  1.5%0.1 F.o ® 5+1puM  3.1%0.2
100 ) (36 = 29%) uM 104 FaC (15£3%)  uM
(32 = 1%) (33 :£1%)
Cl
O 3.6+05pM  1.2£0.1 OO 48+0.4 3.7%0.5
101 (40 = 3%) uM 105 O pM uM
(30 % 19) (23+2%) (21 %2%)
e O >20pM 1.5+x0.2 O inactive inactive
102 ) Mo 108 L) (10pM)  (10pM)
(39 = 2%)

Overall, 102 demonstrated efficient switching between (E)- and (£)-configurations without

fatigue over multiple cycles and a long thermal relaxation half-life of 28.5 hours for the
light-induced (2)-isomer (Figure 48a-d). In vitro profiling in a Gal4 hybrid reporter gene

assay demonstrated favorable selectivity for PPARa over related lipid-activated NRs for
both (E)- and (2)-102 (Figure 48e). In order to verify the efficacy of 102 as a light-activatable
tool in cellular environments, a live-cell fluorescence (mCherry) reporter gene assay in

HEK293T cells was conducted over a temporal period to compare the effects of (E)-102
and light-activated (£)-102 on PPARa. In the absence of light, dark-adapted (E)-102 did
not induce PPARa-dependent mCherry expression at 10 uM (Figure 48f, grey line). In

contrast, light-activated (2)-102 mediated a continuously increasing reporter expression

(Figure 48f, blue line), confirming its applicability as a light-activated tool.
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Figure 48. Profiling of the PPARa targeted photohormone 102. (a) UV/Vis absorbance spectra of 102 (30 uM in DMSO)
were recorded following irradiation at the specified wavelengths. (b) The E/Z-configuration ratios of 102 in the dark-
adapted state and after irradiation at 365 nm or 435 nm were determined by '"H-NMR based on the (CHs).-integral of the
oxopropanoic acid motif. (c) 102 was demonstrated to be reversibly switchable between the (E)- and (2)-configurations
over multiple cycles by alternating irradiation at 365 and 435 nm. The absorbance was measured at a wavelength of 323
nm. (d) (2)-102 exhibited slow thermal relaxation at 37 °C, with a half-life of 28.5 hours. (e) 102 demonstrated selective
activation of PPARa over related lipid-activated NRs. The data represent the mean + S.E.M. of the NR activation, n = 3.
(f) The light-activated (2)-102 caused continuous PPARa activation over time, while the (E)-102 had no effect. The
compounds were tested at a concentration of 10 pM in a fluorescent reporter gene assay utilising the mCherry protein,
with fluorescence intensity (FI) measured at two-hour intervals. The fluorescence intensity (Fl) of (Z/E)-102 was
normalized to that of the untreated control (DMSO) and multiplied by 1000 to obtain the relative fluorescence units
(RFU). A cell DISCO was employed to induce the active (Z)-configuration of 102. The graph depicts the mean (lines) and
S.E.M. (shadows); n = 3. Adapted from 2™,

The development of photohormon 102 represented a notable achievementin the creation
of a (£)-active isomer for PPARq, confirming its applicability as a light-activated tool in
live-cell fluorescence reporter gene assays. It is, however, important to note that the
difference in activity between the (Z)- and (E)-isomers is approximately 10-fold, with the
(2)-isomer showing PPARa activation only within the low micromolar range. In order to
address these limitations, further SAR studies for 102 are required. In this study, the SAR
was primarily focused on the lipophilic backbone. Additional optimization strategies
could include modifications such as extending or replacing the amide group or
incorporating bulkier substituents (e.g., instead of the dimethyl group) in the linker region
of the acidic head motif. These have the potential to facilitate the development of a more
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potent and efficacious (Z)-photohormones, thereby enhancing the utility of this precise,
light-controlled modulator of PPARa activity.

A new class of light-switchable PPARa agonists by modifying a cinalukast-derived ligand
(84) with an azobenzene motif was developed. The resulting photohormone (102) offers >
10-fold activity difference between (E)- and (Z)-configurations and efficient
photoswitching properties. This novel photohormone can be employed as a tool for
precise studies of PPARa biology, allowing for an investigation of the role and potential of
the transcription factor in phenotypic in vitro settings. In addition, the spatially resolved
activity of potential future light-controlled PPARa agonist drugs may provide an effective
means of overcoming the side effects of PPARa activation, such as rhabdomyolysis?* and
gallstone formation?’, which are particularly relevant for applications where topical
administration is feasible*®. 102, therefore, has emerged as a valuable addition to
previously developed PPARa modulators and a promising photohormone scaffold for
further optimization.
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4 Summary

Nuclear receptors (NRs) are ligand-activated transcription factors that belong to a
superfamily of 48 human members''. For many decades, these have represented an
attractive field of research for drug development, given their involvement in a wide range
of physiological (e.g., metabolism, immune response, cell differentiation) and
pathological (e.g., cancer, metabolic dysfunction, chronic inflammation, asthma)
processes in the human body'. A growing body of evidence suggests that certain NRs
may represent promising molecular targets for the treatment of neurodegenerative
diseases?.. Among them, nuclear receptor related 1 (Nurr1, NR4A2) is expressed
predominantly in neurons and in immune cells of the brain®'*'* and plays a pivotal role in
the regulation of dopaminergic neuronal development and maintenance, as well as in the
modulation of brain inflammatory processes?'®'*. Observations of reduced Nurr1 levels
in patients with Alzheimer's disease (AD) and Parkinson's disease (PD)'*", as well as in
corresponding animal models, suggest that Nurr1 activation may represent a promising
approach in the treatment of neurodegenerative diseases'®'®. Despite this potential,
potent and selective Nurrl modulators are lacking which impedes comprehensive
research on Nurr1's biological roles and therapeutic application?2,

Like Nurr1, the nuclear retinoid X receptors (RXRs)?*2° and peroxisome proliferator-
activated receptors (PPARs) are also involved in several pathologies and linked to
neurodegenerative processes. RXRs form heterodimers with many other NRs*?2°
including Nurr1 and might offer access to potential treatments for AD and multiple
sclerosis (MS), but available RXR ligands suffer from poor pharmacokinetic properties
and lack selectivity?. PPARa regulates lipid metabolism and insulin sensitivity?®*° in
various tissues including the brain. Although there are many PPARa agonists,
understanding of the receptor's role in the CNS remains limited®?%®,
Current drugs targeting these receptors often have significant side effects, highlighting
the need for safer, more selective modulators to fully exploit their therapeutic
potential>'4134214 The aim of this thesis was to identify new ligands as innovative tools for
Nurr1, RXR and PPARa.

The discovery of the dopamine metabolite 5,6-dihydroxyindole’* (DHI, 6, Figure 49) as an
endogenous ligand for Nurr1, along with the validation of the antimalarial drug
amodiaquine® (AQ, 1, Figure 50) as the first synthetic Nurr1 agonist, represents a notable
advancement in the field of Nurr1 ligand research. Nevertheless, the high reactivity of
DHI, which results in autooxidation and polymerization into neuromelanin, and the lack
of specificity of AQ, despite its promising effects and role in early studies on Nurr1
activation, highlight the necessity for more selective and high-quality chemical tools to
facilitate confident target validation and further pharmacological research on Nurr12'41%7,
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The initial strategy in this thesis to develop novel Nurr1 agonists was based on the natural
ligand DHI. Natural NR ligands have proven as valuable lead structures for drug
development as exemplified by glucocorticoids and the FXR agonist obeticholic
acid?'®?'7, The analysis of the Nurr1 complex with DHI (PDB: 6dda’) revealed that the 5-
and 6-positions of the indole are solvent-exposed’, thereby offering the possibility of
exploring adjacent grooves formed by helices H4/H12 and H10/H11 on the surface of the
Nurr1 ligand binding domain (LBD). This suggested the potential for structural
modifications of DHI to enhance binding interactions. A prior study on the SAR of DHI
suggested a preference for a chlorine substituent at the 5-position of the indole (7)"2.
Therefore, an extension in the 6-position seemed a promising avenue for developing novel
Nurr1 agonists. A virtual library was constructed utilizing 7 as the core structure, with an
amide linker attached at the 6-position to 14 K commercially available primary amines
(molecular weight < 240). The amide linkage was selected for its potential to form
hydrogen bonds with the His516 backbone nitrogen and the Pro597 backbone carbonyl,
as indicated by preliminary docking studies. Subsequently, the virtual library was docked
into the DHI-binding site of the Nurr1 LBD, and the top 24 candidates were synthesized
on a microscale for testing their biological activity in a Gal4-Nurr1 hybrid reporter gene
assay. This screening process identified six compounds with notable Nurr1 agonism.
Batch synthesis and further validation of these candidates confirmed direct binding and
modulation of Nurr1 for three compounds (44, 45, and 47) . 44 was identified as most
potent, exhibiting a binding affinity (Ks) of 0.5 yM and an ECs, value of 3 yuM, which
represented a significant improvement in activity compared to the natural ligand DHI
(ECs0 > 100 uM) (Figure 49). Notably, 44 also demonstrated reduced toxicity, overcoming
the limitations of DHI. Further analysis of the binding mode indicated that 44 formed
specific interactions with the Nurr1 LBD, including a critical m-interaction with His516
which likely contributed to the enhanced potency of 44. In vitro profiling also confirmed
the cellular target engagement of 44 which induced the Nurrl-regulated and
neuroprotective genes TH, VMAT2, SOD1 and SOD2 in astrocytes (T98G cells) and in
dopaminergic neurons (N27 cells). These results highlight 44 as validated Nurr1 agonist
tool and the potential of structure-guided design in the development of potent Nurr1
agonists.

DHI (6)
ECso >100 pM

docking (PDB: 6dda) &
microscale synthesis

Figure 49. Structure-guided design of Nurr1 agonist 44 derived from DHI.
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Based on previous observations indicating that the 7-chloroquinoline-4-amine
substructure of AQ and chloroquine is adequate for Nurr1l activation®, alternative
heterobicycles were investigated for their ability to activate Nurr1. A scaffold hop resulted
in 8-chloro-2-methylimidazo[1,2-a]pyridin-3-amine (54) as a promising fragment-like
Nurr1 agonist, with considerable affinity (K4 2.7 pM) to the Nurr1 LBD and an ECs value of
7 uM for Nurr1 activation in a Gal4 hybrid reporter gene assay. Subsequent fragment
growth and systematic exploration of substituents in favored positions guided the
development of the high-affinity Nurr1 agonist 66 (Kq=0.17 uM, ECso = 0.09 uM, Figure 50)
exhibiting strong selectivity for NR4A over other NRs, favorable physicochemical
properties and low toxicity. Furthermore, a structurally analogous negative control
compound 67 (Figure 50) was identified, which does not bind to Nurr1 and is suitable to
complement the agonist 66 in biological studies. 66 efficiently induced Nurr1-regulated
genes (TH, VMAT2, SOD2) in T98G cells, whereas 67 had no effect, demonstrating cellular
target engagement and supporting the suitability of the pair of 66 and 67 as a chemical
tool for in vitro experiments on the biology of Nurrl. This was further evidenced in a
phenotypic experimentin human midbrain organoids generated from induced pluripotent
stem cells (iPSC)*° bearing a G2019S mutation in the leucine-rich repeat kinase 2 (LRRK2)
gene, or without the mutation (wild-type). LRRK2 mutations are among the most common
genetic causes of PD?*"?22 gjving this model pathological relevance. Accordingly,
organoids bearing the mutation displayed diminished expression of Nurr1 and the
dopaminergic neuron marker gene TH. Treatment with 66 rescued TH transcript levels in
LRRK2 mutant organoids and enhanced the number of TH-positive cells in both mutant
and wild-type. The negative control 67 had no effect. These results highlight the potential
of Nurr1 activation for PD treatment and validate 66 and 67 as chemical tool. 66 and its
structurally matched negative control (67) meet the highest chemical tool quality criteria
(potency < 100 nM, selectivity for NR4A receptors within NR family > 30-fold, cellular on
target activity < 1 uM, 100-fold less potent control compound, no PAINS elements???),
making them robust tools for studying Nurr1l modulation and its therapeutic potential.
The optimization of AQ fragments and the replacement of unfavorable motifs have led to
the development of 66, which demonstrates notable improvements over the original lead
structure AQ, particularly in terms of potency, selectivity and toxicity. These
advancements position 66 as a next-generation Nurr1l agonist, offering a superior
alternative for investigating Nurr1 as a potential therapeutic target in neurodegenerative
diseases.
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Figure 50. (a) Development of Nurr1 agonist 66 and the matching negative control 67 from AQ by scaffold hopping and
fragment growing. (b) 66 rescued tyrosine hydroxylase (TH) expression in LRRK2 mutant midbrain organoids, 67 had no
effect.

The dimer partner of Nurr1 RXR has the unique ability to form heterodimers with many
NRs and is thus involved in a wide variety of physiological processes*%°. However, the
wide transcriptional impact of RXR ligands can also result in considerable adverse
effects, such as hypertriglyceridemia, as exemplified by synthetic RXR agonists like
bexarotene (23)'341%5, Selective RXR modulation by ligand-induced recruitment of specific
coregulators may be an avenue to address this issue and was explored in this thesis.
Coregulators interact with RXR to mediate gene transcription or repression and could
potentially have gene-specific effects as well as tissue-specific expression patterns. A
homogeneous time-resolved fluorescence (HTRF) assay was used to compare the effects
of natural 9cisRA (22) and a synthetic agonist 27 for their impact on ligand-induced
coregulator recruitment by RXR. While 22 recruited several coactivators (e.g., SRC1,
SRC2) with intermediate efficacy, 27 demonstrated a marked preference for recruiting
PGC1a. These findings supported the hypothesis that RXR ligands can be structurally
tuned to modulate interactions with specific coregulators. Building on this, the study
proceeded to design and synthesize a series of analogues of 27, with the objective of
exploring the impact of structural modifications on coregulator recruitment. A virtual
library of 15,000 biphenylacetic acid derivatives was constructed, and the most
promising 28 molecules were selected for synthesis based on their docking scores and
structural diversity. The general synthesis of these compounds was carried out via a
Suzuki reaction followed by alkaline hydrolysis, after which they were tested for RXR
activation in Gal4-RXR hybrid reporter gene assay. The most active RXR ligands from this
series were further profiled for their effects on the coregulator recruitment to RXR in a
HFTR assay. The biological evaluation of 78, 79 and 80 showed potent RXR agonist activity
(ECso (RXRat/B/y) = 0.29/1.3/3.4 uM (78), 0.060/0.4/0.24 uM (79), 0.53/0.55/0.52 uM (80))
and robust PGC1a recruitment with 79 showing considerably higher recruitment efficacy
than 80 (Figure 51) and 78 having no affect on PGC1a binding. Despite their structural
similarities and similar potency on RXR in cellular setting, these compounds thus
exhibited distinct effects on PGC1a recruitment, indicating the potential for selective
modulation through the fine-tuning of RXR ligands. This may be explained by the predicted
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binding mode of these compounds, where 80 extends further towards His435 in helix 11
(H11) compared to 79. This change in positioning of H11 may influence H12, resulting in
changes in the shape and size of the coactivator binding site. As a result, the predicted
differences in binding in the His435 region may induce subtle allosteric changes in the
coactivator binding site, which could mediate the different effects on PGC1arecruitment.
These findings demonstrated that RXR ligands can be engineered as molecular glues to
selectively modulate coregulator interactions, possibly paving the way for tissue-
selective RXR activation and more targeted therapeutic strategies.
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Figure 51. Structure-guided tuning of RXR agonists 79 and 80 derived from 27 for differential PGC1a recruitment.

Photohormones have emerged as a promising class of tools'® enabling an alternative
approach to NR modulation. These molecules allow light-dependent control of
transcription factors, providing precise spatio-temporal regulation of transcriptional
activity''92, The focus has been on the development of (2)-active photohormones since
traditional azobenzenes have struggled to achieve complete photo-switching to 100% (2)-
configuration™. Through the introduction of photoswitchable motifs and subsequent
optimization of the lipophilic backbone of the cinalukast-derived PPARa ligand 84, this
thesis aimed to design a novel light-controlled PPARa ligand that is active in its (2)-
configuration. The resulting compound 102 exhibited efficient photo-switching between
its (E)- and (2)-isomers, with the (£)-isomer showing a markedly enhanced PPARa
agonistic activity in a Gal4 hybrid reporter gene assay. The light-induced (2)-isomer
showed high potency (ECso = 1.5 uM), whereas the dark-adapted (E)-isomer showed
reduced activity (ECso > 20 uM). The (2)-isomer also had a long thermal relaxation half-life
of 28.5 hours and maintained its switching efficiency over multiple cycles without fatigue,
making it suitable for further in vitro studies. To characterize the efficacy of 102 as a light-
activated tool in a cellular environment, a live-cell fluorescence (mCherry) reporter gene
assay was performed in HEK293T cells. The results showed that dark-adapted (E)-102 (10
MM) did not induce PPARa-dependent mCherry expression, whereas light-activated (2)-
102 (10 puM) mediated a continuous increase in reporter expression, confirming its
potential as a light-controlled tool. However, it is important to note despite favorable
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activity difference between (E)- and (£)-102 and good photophysical properties that the
new light-activated photohormone exhibits only moderate potency. To overcome these
limitations, further SAR studies on 102 are required to develop more potent and effective
(2)-active photohormones, thereby increasing the utility of this precise, light-controlled
PPARa modulator scaffold.
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Figure 52. Azobenzene incorporation and SAR optimization of cinalukast for development of photohormone 102.

This doctoral thesis presents the development of novel ligands for Nurr1, employing two
distinct approaches. Firstly, a structure-guided approach was employed, which revealed
that the binding site occupied by the natural ligand DHI in Nurr1 is indeed druggable. In
addition, established strategies, including scaffold hopping, fragment optimization and
the replacement of unfavorable structural elements, were employed for AQ as Nurr1
agonist lead. Both approaches have achieved substantial improvements in Nurr1 agonist
development and contribute to advancing this NR as promising target. Particularly
compound 66 has been identified as a highly optimized chemical tool, providing
considerable scope for further investigation of Nurr1 as a potential therapeutic target in
neurodegenerative disease. Furthermore, this thesis emphasizes alternative
mechanisms for modulating PPAR and RXR, including selective coregulator recruitment
for RXR and the use of photohormones for spatial and temporal control of PPAR activity.
Such strategies and the tools optimized in this thesis provide new opportunities to explore
the mechanisms and biology of NRs and to assess their potential for innovative
therapeutic applications. The findings of this thesis underscore both the opportunities
and challenges in developing new NR modulators to harness the full therapeutic potential
of these receptors.
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6 List of abbreviations

D ettt e e e e e aaaes wavelengths
BXFAD i, AD mouse model
6-OHDA ..., 6-hydroxydopamine
9cisDHRA ........ 9-cis-13,14-dihydroretinoic acid
9CISRA ..o, 9-cis retinoid acid
ABamyloid beta

AAV ..o adeno-associated viruses
ABCA1 ....... ATP-binding cassette transporter A1
ACOH ..o, acetic acid
AD i Alzheimer's disease
ADH2....ceveiiieieennnen alcohol dehydrogenase 2
AFT e activation function 1
AF2 e activation function 2
AKT e, protein kinase B
APOE ... apolipoprotein E
APP..oeiiiieen, amyloid precursor protein
APP/PSI.............. transgenic mouse model of AD
AQ o, amodiaquine
AT e argenine
ATRA e, all-trans retinoic acid
AXT e adhesion related kinase
BACE ... B-secretase
Brnaxeeeeeeeeeeaeeieeieeiaenaanns maximal binding capacity
BOC... e, tert-butyloxycarbonyl
CARSs ....coeunens constitutive androstane receptor
CNS..oeeee, central nervous system
COREST....iiiieieeeeeeean REST corepressor
COX5B .ccunennenns cytochrome c oxidase subunit 58
OO Rt chloroquine
CREB ...cAMP response element-binding protein
CS2C05 ceiuiiniieeieeieeeieeanns caesium carbonate
CTE. it C-terminal extension
(03 cysteine
CysLT1R............ cysteinyl leukotriene receptor 1
DAT .., dopamine transporter
DBD.couvveiieiieeee e DNA-binding domain

-95-

DCM i, dichlormethane
D] D] O dopamine decarboxylase
DHA .. docosahexaenoic acid
DHI e dihydroxyindole
DHODH.............. dihydroorotate dehydrogenase
DHR38 .......... Drosophila Hormone Receptor 38
DIPEA....ccoeieeeneans N,N-diisopropylethylamine
DLKT ceeeieiieeeeeeeeeieeeees delta-like homologue 1
DMA . s dimethylacetale
DMF .., dimethylformamide
DMSO ..o, dimethylsulfoxide
DOGS....ccoevevveeeenns design of genuine structures
DR s direct repeat
DSF..ccevvirinnnnnn. differential scanning fluorimetry
EAE ... experimental autoimmune
encephalomyelitis
ECs ......... Half maximal effective concentration
EDC ettt 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide
ERK...... extracellular signal-regulated kinase 1/2
EtOAC .., ethyl acetate
EtOH ..eiiiiei e, ethanol
Foxa2 .....ccooeeennns forkhead family of winged-helix

transcription factor

FRET ...cceuveenet Forster resonance energy transfer
FXR oo, farnesoid X receptor
GDNF........ glial cell-derived neurotrophic factor
GlU i glutamic acid
GWAS ........... genome-wide association studies
HoSO e sulfuric acid
HATU..... hexafluorophosphate azabenzotriazole
tetramethyl uronium
HCL i, hydrogen chloride
HCQ. o, hydroxychloroquine
HDL .o, high-density lipoportein
HDX-MS .... hydrogen-deuterium exchange mass
spectrometry
[ | =) human embryonic kidney



HFTR...... time-resolved fluorescence resonance

energy transfer

HiS et histidine
HNOG e nitric acid
| 1 N interleukin-1 beta
INOS....coie, nitric oxide synthase
iPSCs...cccvneunennne. isogenic pluripotent stem cells
JEG3 et human choriocarcinoma cells
] 2 © tripotassium phosphate
[ o | Pt kelch-like protein 1
LBD eeeeieeeieiieeeieeieeeee ligand-binding domain
LBP ., ligand-binding pocket
[ ] IS low-density lipoprotein
LE ligand efficiency

LU ettt leucine
LIOH .o, lithium hydroxide
[ o lipopolysaccharide
LRRK2...ocevrienennnne, leucine rich repeat kinase 2
LXRS coniiieieieeeeeieeteeeeee e liver X receptors
LY S ettt lysine
MAP ..ot mitogen-activated protein
MEOH ..ot methanol

MER

MN9D ............ murine dopamine neuron cell line
MOG35-55...... peptide fragment 35-55 of myelin
oligodendrocyte glycoprotein
MPP...oieiiieeeeans 1-methyl-4-phenylpyridinium
MPTP e, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine
MRNA e messenger RNA
MS e multiple sclerosis
MST e, microscale thermophoresis
N27-A oo, rat dopaminergic neurons
NBRE....ccooveiirinnnnee. NGFI-B response element
NCoA6................ nuclear receptor coactivator 6
NCoR1.......c....... nuclear receptor corepressor 1

NFkB nuclear factor kappa-light-chain-enhancer
of activated B cells

NGFI-B....... nerve growth-factor induced clone B

neuron-derived orphan receptor 1
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NR s nuclear receptor
NR1C ...ceeninnnne. nuclear receptor supfamiliy C
NR2B ....cccvennenen nuclear receptor subfamily 2 B
NR4A .....cceeneeee. nuclear receptor subfamily 4A
NRS ..ot nuclear receptors
NTD e, N-terminal domain
[N 10 o o I nuclear receptor related 1
NUIRE ..o, Nur response element
ODNS .eevvvieeieeieeeieeeieeaeeen oligodeoxynucleotide
OLS cuiiiiiiieiieeee et e, oligodendrocytes
OPCs .ccuvvneennnns oligodendrocyte precursor cells
PAINS......... pan-assay interference compounds
PAMPA parallel artificial membrane permeability
assay
Pt Parkinson's disease
PGAT e prostaglandin A1
PGET ..t prostaglandin E1
PIASy ........... SUMO E3 ligase protein inhibitor of
activated STAT
POMC ..o, proopiomelanocortin
PPAR....ccccvvvnnenne. proliferator-activated receptor
PPARy coactivator 1alpha...... PPAR® coactivator
1alpha
PPRES .ccevvviiiiiieiennns PPAR response elements
PROTACs............. proteolysis targeting chimeras
PTPRU. protein tyrosine phosphatase receptor U
PXR oo pregnane X receptor
RAR ..o, retinoid acid receptor
RES wuiieieiiiieeeeeeeeeeeeeeens response elements

Ret............. tyrosine-protein kinase receptor Ret
rt room temperature

RXRS .oueiieiieieieeicieeeeeeeaes retinoid X receptors
ST ettt eeaes serine
sGFP........ superfolder green fluorescent protein
SIRNA ..o small interfering RNA
SK-N-BE(2)C........... human neuroblastoma cells

SMRT.. silencing mediator of retinoid and thyroid
hormone receptors

SNPs.............. single nucleotide polymorphisms
101D X TR superoxide dismutase 1
SOSA the selective optimization of side activities
SPR..iiieeans surface plasmon resonance
] 2 { O steroid receptor coactivators



TR-FRET ....... time-resolved fluorescence energy

TOBG e, human astrocytes transfer

TFA e trifluoroacetic acid TRS e thyroid hormone receptors
THo e, tyrosine hydroxylase TSFM............. mitochondrial elongation factor Ts
Th17 e, T helper cells 17

1 | N threonine UAS.....oiiieeeee, upstream activation sequence
T eeeeeeeeie ettt et eeaaee melting temperature

TNF-Q.eeeeeeeinnne, tumor necrosis factor-alpha VDR e, vitamin D receptor
TrEES ettt et regulatory T cells VMAT2......... vesicular monoamine transporter 2

Trem2 . triggering receptor expressed on myeloid
cells 2 A o [ PP PUPRR PPN zinc

7 List of figures

Figure 1. The prevalence of neurodegenerative diseases on a global scale, with a
particular focus on Germany (now and estimated for 2050). .....ccccveviiiiiiiiiiiiiiiiininenn, -7-
Figure 2. (a) Structural architecture of Nurr1 containing five domains. A/B-domain with
ligand-independent transcriptional activation function 1 (AF1), C-domain with Zn-finger
and P-,D-,T- and A-box ((b), adapted from *), D-domain with hinge region, E-domain with
ligand-dependent transcriptional activation function 2 ( AF2 = H12) and Nurr1-LBD X-ray
structure and his helices (H1-H12) ((c), PDB: 10VL)*. Created with Biorender.com..- 10 -
Figure 3. Schematic illustration of Nurr1 with its REs as a monomer (a), homodimer (b)
and heterodimer with RXR (c). Created with Biorender.com. .......cccceeviiiiiiiiiinininnne. -12-
Figure 4. The apo structure of the Nurr1 LBD (PDB: 10VL®) revealed that the canonical
LBP region is blocked by bulky hydrophobic side chains filling the cavity. Adapted from .

............................................................................................................................ -13-
Figure 5. Potential binding sites of coregulators in the LBD of Nurr1 (PDB:10VL). Adapted
110 ¢ TP PPPN -14 -

Figure 6. Nurrl regulates genes of dopamine metabolism, axonal growth, survival,
oxidative stress response and differentiation. Created with Biorender.com.............. -16 -
Figure 7. Chemical structures of natural and synthetic Nurr1 ligands. ..........c.......... -21-
Figure 8. Crystal structure of Nurr1 LBD and PGA1 (PDB: 5Y418%). Adapted from ™....- 22 -
Figure 9. (a) Molecular interactions between the Nurr1 LBD residues and the ligand DHI
as a covalent adduct. (b) Molecular interactions between the Nurr1 LBD residues and DHI
as a non-covalent adduct. Adapted from support information of ", ...........c....ee... -23-
Figure 10. Proposed binding region of AQ (orange) to Nurr1 LBD based on NMR binding
studies. Adapted from M. ... et e e e e e e e e e -24 -
Figure 11. Chemical structures of selective Nurr1-RXR heterodimer ligands BRF110 (20)
ANA HXB00 (27). ceueuninnrieeieteee et eeeeie et eeeetetneeueerertuaennetnsensensensensseaeensenesensensesnns -28-
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Figure 12. Schematic illustration of RXR with its REs as a homodimer (a) and heterodimer
(b) with other NRs. Created with Biorender.CoOm. .....ceciiiiiiiiiiiiiiiiiiici e aeeeen -29-
Figure 13. Schematic illustration of the mechanism of RXR as permissive, non-permissive

and conditional heterodimer partner. Created with Biorender.com..........ccccceeennnen.. -30 -
Figure 14. Chemical structures of natural and synthetic RXR ligands. ...........ccc.c...... -33-
Figure 15. X-ray structure of RXRa. in complex with 27 (PDB: 6SJM)'’. Reprinted from 7.
............................................................................................................................ -35-
Figure 16. Schematic illustration of PPAR and RXR to bind as a heterodimer on PPRE.
Created With BioreNaer.COM. ouu e ee ettt e e e e e ene e eeneanannenns -35-

Figure 17. Chemical structure of fatty acids (oleic acid (28), stearic acid (29), palmitic acid

(B0) and LeUKOTFHENE Ba(BT) .. iuieiiiiiiiiiiie e ee e et e et e e e e et e eaereansaaaaansnannan -37 -
Figure 18. Chemical structure of fenofibrate (32). In blue the 2-methyl-2-
phenoxypropanoiC acid MOTIf. ... e e -38-
Figure 19. (a) Photoswitchable stilbene isomerization by UV-light with its t-electrocyclic
rearrangement and oxidation. (b) Photoswitchable azobenzene by UV-light. ............ -39-
Figure 20. Cocrystal structure of DHI bound to the Nurr1 LBD (PDB: 6dda’4). The 5- and 6-
positions of DHI are oriented towards the solvent. Adapted from 2%, ...............cc.ce.... -41 -

Figure 21. The virtual amide library was docked to the Nurr1 LBD (PDB: 6dda’#). The virtual
designs were extended to address the grooves on the Nurr1 LBD surface that surround
the DHI-binding site. Adapted from 2%, .. ... e -44 -
Figure 22. Microscale amide synthesis (A) and synthesis of building block (41) (B).
Reagents and conditions: (a) EDC-HCI, EtOAc, rt, 36 h; (b) HNO3/H,SO,, 5 °C, 0.5 h, 59%;
(c) acetyl chloride, MeOH, 50 °C, 4 h, 96%; (d) DMF-DMA, DMF, 120 °C, 2 h; then Zn,
AcOH/H20, 80 °C, 2 h, 40%; (e) LIOH-H.0, EtOH/H.0, rt, 18 h, 94%. Adapted from 2%. ... -
44 -

Figure 23. Predicted binding modes of 44 (magenta), 45 (cyan), and 47 (orange) to the
Nurr1 LBD (PDB: 6dda’). (a) It was predicted that the three active DHI descendants, 44,
45, and 47, would bind to the DHI-binding site and extend towards a hydrophobic groove
lining H12. (b) The most active Nurr1 agonist, 45, formed a face-to-face contact with
His516. Reprinted from 2%, ... e it e et e et e e aeeae e s esaneeaanas -46 -
Figure 24. (a) Mutagenesis indicated that 45 was less active on a Nurr1-C566S mutant,
which provided support for an interaction with the proposed epitope. The data are
presented as the mean £ S.E.M., n > 3. (b) 45 demonstrated stability against reaction with
glutathione (GSH). Phenyl vinyl sulfone (PVS) was used as a positive control (125 uM 45
or PVS were incubated with 2.5 mM GSH in PBS at 37 °C). n = 3. Reprinted from2%. ..- 47 -
Figure 25. (a) Comparison of fluvastatin (52) and pitavastatin (53) on Nurr1 transcriptional
activity. A scaffold hop from indole (52) to the quinoline (63) resulted in a notable increase
in potency. (b) Merging of the amide motif of 44 and 7-chloroquinolin-4-amine motif of
AQ. (c) The data demonstrate that 44 and 51 enhanced the maximal activation of Nurr1
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by agonist 15 to 134% (44) and 177% (51) of its maximal effect when administered alone.
The data are presented as the mean = S.E.M. relative Nurr1 act.vs 1 uM 15, withn=3. .. -
48 -

Figure 26. In vitro profiling of DHI-derived Nurr1 agonists. (a) ITC demonstrated that
compounds 44 and 51 exhibited binding to the recombinant Nurr1 LBD. The fitting of the
heat of binding is illustrated, and the isotherms at 25 °C are presented as insets. (b)
Treatment with 44 (30 uM) resulted in Nurr1-regulated mRNA expression of TH and VMAT2
in T98G cells. The data are presented as the mean + S.E.M. relative mRNA expression (2
Y n=4.#p<0.1, ** p<0.01 (t-test vs. DMSO control). (c) 44 (ECso = 2 = 1 uM) and 51
(ECs0=4 =1 uM) were observed to activate full-length human Nurr1 on the NBRE. The data
are presented as the mean = S.E.M. fold activity relative to the DMSO control, n > 4. (d)
DHI, 5-chloroindole (5Cl, 7) and the descendants 44 and 51 were observed to modulate
Nurr1-regulated gene expression in dopaminergic neural cells (N27). TH; VMAT2; SOD1/2.
The data represent the mean = S.E.M. relative mRNA expression in comparison to 0.1%
DMSO, with n = 7-8. Statistical significance was determined using the Wilcoxon test or t-
test, with the following levels of significance: * p <0.05, ** p<0.01, *** p <0.001. Adapted
110 4 R PP PPN -49 -
Figure 27. (a) Scaffold hop from the chloroquinoline amine motif of AQ to the imidazo[1,2-
a]pyridine scaffold 54. (b) 54 exhibited Nurr1 activity with an ECso of 7 uM in a Gal4-Nurr1
hybrid reporter gene assay. Data are presented as the mean + S.E.M. fold activity relative
to the DMSO control, n> 3. (c) 54 bound to the Nurr1 LBD (K4 0.17 uM) determined by ITC.
The fitting of the heat of binding is shown and the isotherm at 25 °C is shown as inset.... -
50 -

Figure 28. General synthesis of the imidazo[1,2-a]pyridine scaffold. Reagents and
conditions: (a) AcOH, MeOH, rt, 24-48 h; (b) TFA/DCM, rt, 30 min to overnight, 3-30%
OVEI TWO STEPS e -51-
Figure 29. Fragment growing of the 2-methyl substituent of 54 (a). 62 exhibited Nurr1
activity with an ECso of 0.4 uM in a Gal4-Nurr1 hybrid reporter gene assay. Data are
presented as the mean = S.E.M. fold activity relative to the DMSO control, n > 3. (c) 62
bound to the Nurr1 LBD (K4 0.7 uM) determined by ITC. The fitting of the heat of binding is
shown and the isotherm at 25 °C is Shown asinset......cccuviiiiiiiiiiiiiiiiiiiei s -52-
Figure 30. General synthesis of N-carboxamide of 54. Reagents and conditions: (a) HATU,
DIPEA, DMF, rt, overnight; (b) tetrakis(triphenylphosphane)palladium(0), NaxCOs3,
water/dioxane, reflux, Overnight. ... -53-
Figure 31. Replacement of the aminophenol of AQ by 5-(4-chlorophenyl)furan-2-
caboxamide motif (65) (a). 65 exhibited Nurr1 activity with an ECs, of 0.4 uM in a Gal4-
Nurr1 hybrid reporter gene assay. Data are presented as the mean = S.E.M. fold activity
relative to the DMSO control, n> 3. (c) 65 bound to the Nurr1 LBD (K4 0.7 uM) determined
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by ITC. The fitting of the heat of binding is shown and the isotherm at 25 °C is shown as
([T S PP PT PP OTPPPRRt -53-
Figure 32. In vitro characterization of the optimized Nurr1 agonist 66. (a) Optimization of
65 resulted in 66 with an ECs, of 0.090 uM and inactive 67 which can be used as negative
control. (b) Effects of 66 on the human full-length Nurrl homodimer (NurRE) and
monomer (NBRE) in reporter gene assays. The data are presented as the mean + S.E.M.
fold activation relative to the DMSO control, n = 3. (c) The effects of 66 on the Nurr1-RXR
heterodimer (DR5) in the absence and presence of bexarotene (0.1 uM) are shown. The
data are presented as the mean = S.E.M. fold activation relative to the DMSO control or
0.1 uM BEX, n= 3. (d) Binding of 66 to the Nurr1 LBD (Kq=0.17 uM) was determined by ITC.
The fitting of the heat of binding is illustrated, and the isotherm at 25 °C is shown as an
insert. (e) Effects of 66 and 67 on the expression of the Nurr1-regulated TH, VMAT2, and
SOD2 in T98G. The data represent the mean + S.E.M. fold mRNA induction relative to the
DMSO control, withn=3.%p<0.1, *p <0.05 (t-test vs. DMSO ctrl). (f). Selectivity screening
of 66 on NRs. The heatmap illustrates the mean relative activation in comparison to
reference ligands, n = 3. (g) 66 (10 uM) was not toxic in a WST-8 assay in N27 rat neurons
and HEK293T cells. AQ (1, 10 and 30 uM) was found to be toxic. The data represent the
mean * S.E.M. relative absorbance (450 nm), n = 3. (h,i) Permeability of Nurr1 agonists in
a parallel artificial membrane permeability assay (PAMPA) and in a cellular model of the
blood-brain barrier (BBB). Propranolol and the brain-penetrant reference antipyrine were
used for comparison. The data are presented as the mean * S.D., n = 6. (j) Metabolism of
66 by rat liver microsomes resulted in demethylation of the dimethylamino group. The
data are presented as the mean £ S.D., n = 4. Adapted from "2 . .....ccccoveiirieevnnennnnnn. -54 -
Figure 33. Structural fusion of 62 and 66 in 74 enhanced Nurr1 agonist potency and
binding affinity. Reprinted from 212, ... .. oreiie et e e e e e e e eaanas -56 -
Figure 34. Treatment of midbrain organoids with the Nurr1 agonist 66 and the negative
control analogue 67. (a) Organoids derived from human iPSC carrying a gain-of-function
mutation in the leucine-rich repeat kinase 2 (LRRK2) gene (G2019S) exhibited reduced
Nurr1 and TH transcript levels when compared to isogenic controls after 45 days. (b)
Immunofluorescence staining of midbrain organoid sections revealed the presence of
TH-expressing cells. Scale bars represent 100 um. (c) 66, but not the negative control 67,
induced TH mRNA expression in LRRK2 mutant organoids and tended to enhance TH
MRNA expression in isogenic controls. All data are presented as the mean + S.E.M., n=3.
*p <0.05, **p < 0.01 (unpaired, two-tailed Student's t-test). Reprinted from 2'2, ....... -57-
Figure 35. Selective modulation through ligand-induced coregulator recruitment. The
binding of a ligand to the LBD-corepressor complex induces a conformational change,
resulting in the release of the corepressor. The active conformation of the ligand-induced
LBD recruits a selective coactivator, which may exert effects specific to tissues and genes
expression. Created With Biorender.COmM. ... aees -59-



Figure 36. Effects of 9-cis RA and 27 on coregulator recruitment to the RXRa LBD.
Compounds were tested at T M. .ot e e e e e e anan -59-
Figure 37. (a) A virtual library of 15,759 biphenylacetic acids was constructed docked to
the binding site of 27 in RXRa, with the objective of identifying novel RXR modulators
related to 27 (b) 27 binds to the highly hydrophobic orthosteric site of RXRa (PDB: 6sjm™’)
and forms a single polar contactto Arg316. ...iuiiiiiiiiiiiiiiiiiie e enan - 60 -
Figure 38. General synthesis of phenylacetic acid derivatives of 27. Reagents and
conditions (a) KsPO4, XPhos Pd G2, 1,4-dioxane/H20, reflux, 1.5-24 h or Cs,CO3;, XPhos
Pd G2, toluene/H20, reflux, 1.5-24 h, 4-96%; (b) LiOH, MeOH/H20, rt, 18 h, 16-90%.- 60
Figure 39. Effects of RXR ligands on the recruitment of co-regulators to the RXRa LBD in
HTRF-based systems. The data are presented as the mean * S.E.M., n = 3. Despite their
high structural similarity, 78-82 revealed pronounced differences in their effects on
coregulator recruitment. (b) Dose-response profiling demonstrated that 79 and 80 induce
recruitment of PGC1a, with 79 exhibiting considerably higher efficacy. (c) 81 and 82 were
ineffective in inducing PGC1a recruitment. (d) Compounds 78, 79 and 80 demonstrated
no transcriptional activity at 1 and 10 uM on lipid-sensing NRs associated with RXR. The
data are presented as the mean = S.E.M., n = 3. (e) The effects of 78, 79 and 80 (10 uM
each) on the interaction of RXRa with the heterodimer partners THRa, RARa, LXRa and
PPARy were observed in a cellular assay, in which the binding of VP16-RXRa-LBD to the
corresponding Gal4 hybrid receptors of the dimer partners was monitored. The heat map
depicts the mean relative reporter activity in comparison to the control substance DMSO,
T T PP OP PP PP PR PRPPRPRt -62-
Figure 40. The RXR modulators 79 and 80 induced the interaction between RXRa and
PGC1ain a cellular context. a) A Gal4-PGC1a fusion protein, a Gald4-responsive reporter
construct and an RXRa-LBD-VP16 fusion protein were employed to observe ligand-
induced RXRa-PGC1a interaction in HEK293T cells. (b) RXRa-PGC1a interaction was
robustly enhanced by 79 and 80, resulting in enhanced reporter activity (ECso=0.04 = 0.02
MM (79); 0.06 £ 0.03uM (80)). In contrast, the reference RXR agonist bexarotene (1 uM) had
only a weak effect (c). The data represent the mean = S.D. of reporter activity in the
presence of Gal4-PGC1a and RXRa-LBD-VP16, with the readings normalized to the RXRa-
LBD-VP16-free Setting, N = 3. it e ee e e e e e e e anan -63 -
Figure 41. A comparison of the binding modes of 27, 78, 79 and 80. (a) Predicted binding
modes of 78, 79 and 80 in the binding site of 27 in the RXRa LBD (PDB: 6sjm™’). The
binding modes of 27, 78, 79 and 80 to RXRa are highly similar, involving a strong ionic
contact with Arg316. (b) The differences in the binding of 27, 78, 79 and 80 in the His435
region are illustrated with the ligand surfaces shown as a mesh. The structural demands
in the His435 region are higher for 78 (green mesh) and 80 (magenta mesh) than for 27
(grey mesh) and 79 (blue mesh), which may affect the position of H11. (c) The structural
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overview of the ternary complex of 27 and nuclear receptor co-activator 2 (blue) bound to
the RXRa LBD (PDB: 6sjm'™’) is presented here. H12 is depicted in magenta. The
interaction of different ligands with H11 is likely to affect the position of H12,
consequently impacting the region responsible for the binding of co-activators via
ALLOSTEIIC CrOSSTALK. «eunenieeii ittt ee e e e e e ane e e e enannanns -63-
Figure 42. (a) The development of a weak PPARa agonist, cinalukast (83), based on the
SOSA concept, resulted in the synthesis of 84. (b) A structure-guided approach was
employed to develop the weak PPARa agonist, GL479 (85), into the photohormone 86.
Irradiation with UV light enabled the formation of E/Z-86..........ccccccoviiiiiiiiiiiinininnan.. - 65 -
Figure 43. Synthesis of 82. Reagents and conditions: (a) XPhos Pd G2, K;PO,,
water/dioxane, reflux, overnight, 83%; (b) methyltriphenylphosphonium bromide, KOtBu,
THF, 0 °C ->rt, overnight, 94%; (c) HATU, DIPEA, DMF, rt, overnight, 95%; (d) Pd(OAc).,
KsPO., DMA, 140 °C, overnight, 42%; (e) LiOH, water/THF, rt, overnight, 72%. Reprinted
110 0 TP - 66 -
Figure 44. Modulation of NRs of 87 and 96. (a) The stilbene analogue 87 (3 uM) exhibited
agonistic activity on RARqa, PPARs and FXR, with the most prominent effect observed in
the case of PPARa. (b) The azobenzene 96 (10 uM) demonstrated a more pronounced
preference for PPARa. The data are presented as the mean = S.E.M. fold NR activation
relative to the DMSO control, n > 3. Reprinted from 2'°, ... ..cooiiiiiiiiiiiieeieeeeeeeeeanns - 66 -
Figure 45. Synthesis of azobenzenes 96-98, 101-105. Reagents and conditions: (a) HATU,
DIPEA, DMF, rt, overnight, quant.; (b) TFA, rt, overnight, quant.; (c) XPhos Pd G2, K;PQOy,,
water/dioxane, reflux, overnight, 44-95%; (d) Oxone, DCM, rt, 1-3h, workup, DCM, HOACc,
rt, 1-2 days, 3-59%; (e) LiOH, water/THF, rt, overnight, 40-95%. Reprinted from 2'5....- 67 -
Figure 46. Synthesis of azobenzenes 99, 100, 106. Reagents & Conditions: (a) Oxone,
DCM, rt, 1h, workup, DCM, HOAc, rt, 2 days, 59-60%; (b) XPhos Pd G2, K;POy,,
water/dioxane, reflux, overnight, 91-94%; (c) LiOH, water/THF, rt, overnight, 77-99%.
21T o] 1] (=Te I 1 (o 0 2 kPRI -68 -
Figure 47. UV-Profiling of the PPARa targeted photohormone 96. (a) UV absorbance
spectra of 96 (30 uM in DMSO) measured after irradiation at the indicated wavelengths.
(b) E/Z-configuration ratios of 96 in the dark adapted, state and after irradiation at 365 nm
or 435 nm determined by '"H-NMR based on the (CHs).-integral of the oxopropanoic acid
(00Yo] 1 Ve F=T o1 =To I do] 1 o TP PPN -68 -
Figure 48. Profiling of the PPARa targeted photohormone 102. (a) UV/Vis absorbance
spectra of 102 (30 uM in DMSO) were recorded following irradiation at the specified
wavelengths. (b) The E/Z-configuration ratios of 102 in the dark-adapted state and after
irradiation at 365 nm or 435 nm were determined by "H-NMR based on the (CHs),-integral
of the oxopropanoic acid motif. (c) 102 was demonstrated to be reversibly switchable
between the (E)- and (Z)-configurations over multiple cycles by alternating irradiation at
365 and 435 nm. The absorbance was measured at a wavelength of 323 nm. (d) (Z)-102
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exhibited slow thermal relaxation at 37 °C, with a half-life of 28.5 hours. (e) 102
demonstrated selective activation of PPARa over related lipid-activated NRs. The data
represent the mean = S.E.M. of the NR activation, n = 3. (f) The light-activated (Z)-102
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ABSTRACT: The neuroprotective transcription factor Nurrl was
recently found to bind the dopamine metabolite $,6-dihydrox-
yindole (DHI) providing access to Nurrl ligand design from a
natural template. We screened a custom set of 14 k extended DHI
analogues in silico for optimized descendants to select 24
candidates for microscale synthesis and in vitro testing. Three
out of six primary hits were validated as novel Nurrl agonists with
up to sub-micromolar binding affinity, highlighting the druggability
of the Nurrl surface region lining helix 12. In vitro profiling
confirmed cellular target engagement of DHI descendants and
demonstrated remarkable additive effects of combined Nurrl
agonist treatment, indicating diverse binding sites mediating Nurrl
activation, which may open new avenues in Nurrl modulation.

B INTRODUCTION

Nuclear receptor-related 1 (Nurrl) is a neuronal ligand-
activated transcription factor with neuroprotective and anti-
neuroinflammatory roles."”> Animal models have characterized
Nurrl as a critical for (dopaminergic) neuron development and
survival and link the transcription factor with neurodegenerative
diseases.' ™ Diminished neuronal Nurr1 activity in mice caused
a phenotype with features of Parkinson’s disease’ and
exacerbated the pathology of Alzheimer’s disease models’ and
experimental autoimmune encephalomyelitis.® Moreover,
Nurrl levels were decreased in human patients of Parkinson’s
and Alzheimer’s disease and in rodent models of these
pathologies.”~"” The transcription factor may therefore provide
new opportunities in the treatment of neurodegeneration.
Despite the remarkable therapeutic potential of Nurrl,
modulators are still rare.'*'> The antimalarials amodiaquine
(AQ) and chloroquine (CQ), identified as the first direct Nurrl
agonists,' have limited potency but served for studies on Nurrl
biology”'® and as lead structures.'”'® We have recently
developed Nurrl agonist 1 with significantly enhanced potency
as a next-generation chemical tool to elucidate the therapeutic
potential of Nurrl.'” Still, new and chemically diverse Nurrl
agonist scaffolds with improved potency are needed to enable
target validation of this remarkable nuclear receptor.
Prostaglandins Al and E1*° and the oxidized dopamine
metabolite 5,6-dihydroxyindole (DHI, 2a, Chart 1)*" have been
discovered as potential endogenous Nurrl ligands and were
found to form covalent adducts with Cys566 of the Nurrl
ligand-binding domain (LBD). As a putative endogenous ligand,

© 2023 The Authors. Published by
American Chemical Society
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DHI is an attractive lead for Nurrl agonist development.
Structure—activity relationship (SAR) evaluation of DHI has
yielded S-chloro-1H-indole (2b) as a Nurrl agonist with
improved features and reduced toxicity,”> but an extension of
the fragment-like 2a and 2b has not been studied.

Using DHI as lead and the Nurrl:DHI complex (PDB ID
6dda®) as a structural basis for docking-driven design and
scoring, we have obtained derivatives of the natural Nurrl ligand
with enhanced affinity and potency. We employed a custom
virtual library of 14,421 computationally generated DHI
analogues, from which 24 top-scoring designs were prepared
by microscale synthesis and tested for Nurrl agonism. Six
primary hits were prepared in batch and fully characterized to
obtain three new validated and chemically diverse Nurrl
agonists. Additionally, structural fusion of the most active DHI
analogue (S0, K;0.5 uM, ECy, 3 yM) with the known ligand AQ
produced another potent Nurrl agonist (13, K4 1.5 uM, ECy; 3
uM). In vitro characterization confirmed cellular Nurrl
modulation by DHI descendants and interestingly revealed
pronounced additive Nurrl activation with the recently
developed agonist 1.'” Our structure-driven design and
microscale synthesis approach successfully generated innovative
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Chart 1. Nurrl Agonists”

O COOH

o
J

DHI (2a) 2b

“The blue arrow indicates the site for covalent interaction with Nurrl (after oxidation of DHI).

Nurrl ligand scaffolds based on a natural ligand, demonstrating
druggability of the Nurrl surface region lining helix 12.

B RESULTS AND DISCUSSION

Structure-Guided Design. Despite recent progress in
Nurrl ligand discovery, only a few ligand-bound Nurrl LBD
cocrystal structures are available among which the Nurrl:DHI
complex (PDB ID 6dda”") appeared best suitable for structure-
based design due to the favorable features of the indole scaffold.
Structure analysis suggested space for structural extension of
DHI (2a) or the related S-chloroindole (2b), especially in the S-
and 6-positions of the indole, while the five-membered ring was
buried in a narrow pocket (Figure 1a). The indole 5- and 6-
positions are solvent exposed with opportunities to explore

Figure 1. Structural basis for DHI-derived Nurrl agonist design. (a)
Cocrystal structure of the DHI-bound Nurrl LBD (PDB ID 6dda,*"
surface representation with bound DHI). DHI is bound in a narrow
pocket with no space for extension around the five-membered ring,
while the S- and 6-positions are oriented toward the solvent. (b)
General structure of the virtual amide library based on 5-chloro-1H-
indole-6-carboxylic acid and 14,421 primary amines (M, < 240) and
docking of the virtual amide library to the Nurrl LBD (PDB ID
6dda®"). The virtual designs extended to the grooves on the Nurrl LBD
surface around the DHI-binding site.

adjacent grooves formed by helices H4/H12 and H10/H11 on
the surface of the Nurrl LBD. Previous structure—activity
relationship analysis of the indole has demonstrated a preference
for a chlorine substituent in the $-position,”” prompting us to
probe the extension of the indole in the 6-position to address the
surface binding opportunities.

For a broad virtual exploration of potential substituents, we
generated a virtual library based on 5-chloroindole as a common
motif, which was extended in the 6-position by an amide linker
and fused with 14,421 commercially available primary amines
(M, < 240) to obtain a virtual library of amides (full list in the
Supporting Information). Amide linkage was chosen since
potential for H-bond formation between the carbonyl group and
the His516 backbone amine and between the amide nitrogen
and the backbone carbonyl of Pro597 was observed in a
preliminary docking assessment (Figure S1). Additionally, this
approach enabled rapid and economic preparation of computa-
tionally preferred designs in microscale format even from very
expensive amine building blocks. The full virtual library was
docked with Glide to the DHI-binding site of the Nurrl LBD. In
line with the design hypothesis, the molecules populated the two
grooves on the protein surface (Figure 1b). Docking scores
varied widely over the entire virtual library (—7.71 to +3.57 for
the best pose of each molecule) suggesting that the model was
suitable to distinguish promising designs. We inspected the
binding modes of the 100 top-ranking designs and selected 24
structurally diverse molecules (Table 1) for synthesis and testing
based on a binding mode addressing the DHI pocket and
suitability for microscale amide synthesis.

Microscale Library Preparation and Screening. To
explore the Nurrl agonist potential of the computationally
preferred designs in a rapid and economical fashion, we initially
prepared the compounds in a microscale format (100 gmol).
Amide synthesis was performed in 1.5 mL reaction tubes from 5-
chloro-1H-indole-6-carboxylic acid (3) and the respective
amines (4a—x) with EDC-HCl in ethyl acetate to obtain Sa—x
(Scheme 1a). Products from the microscale synthesis were
roughly purified by a washing procedure with aqueous sodium
bicarbonate, and amide formation was confirmed by mass
spectrometry. The S-chloro-1H-indole-6-carboxylic acid build-
ing block 3 was prepared from 2-chloro-4-methylbenzoic acid
(6) by Batcho—Leimgruber indole synthesis (Scheme 1b)
involving nitration to 7, esterification (8), cyclization with DMF
dimethylacetal to indole 9, and ester hydrolysis to 3.

A Gal4—Nurr1> hybrid reporter gene assay served for in vitro
testing which is based on a chimeric receptor composed of the
human Nurrl LBD and the DNA-binding domain of Gal4 from
yeast. A firefly luciferase construct with five tandem repeats of
the Gal4 response element was used as the reporter gene and
constitutively expressed (SV40 promoter) Renilla luciferase was
employed for normalization and to capture potential test
compound toxicity. The microscale synthesis products Sa—x
were tested for Nurrl modulation in the Gal4—Nurrl hybrid

https://doi.org/10.1021/acs.jmedchem.3c00852
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Table 1. Gal4—Nurrl Modulation by the Microscale DHI Analogue Library”
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)\/’O/
NH, 4k 1.09+£0.05 5k 0.71+0.02
(toxic)

O
ID fold ID fold
Nurrl act. Nurrl act.
al N 41 0.89+0.07 51 0.96+0.01
R
L
NP
H 4m 1.08£0.04 5m 1.49+0.07
N\/\/N\R
O\ H 4n 0.96+0.12 5n 1.12+0.01
NNg
N
al ¥ 40 1.19£0.05 50 1.60+0.01
R
|
\©[O/\/N\
N 4p 1.51+0.19  5p 1.82+0.07
N (toxic)
an.
R
/ﬂ 4q 1.20+0.18  5q 0.72iQ.08
N\\;@\/n\ (toxic)
R
R 4r 1.05+0.13  5r 1.46+£0.10
N>R
@&H 4s 1.72+0.28 5s 1.36+0.01
N\R
H 4t 0.83+0.13 5t 1.46+0.04
R
ST
)
R 4u 1.34+0.04  5u 0.57+0.04
(toxic)

4v 1.39+0.30  5v 1.47+0.12

R
N
O

0.70+£0.15 5w 1.26+0.04

0.86+0.08  5x 0.89+0.06

“Compounds were screened at 100 #M assuming full conversion, actual concentrations were lower. Nurrl activity data from the hybrid reporter
gene assay are relative reporter activity vs DMSO-treated cells. Data are the mean + SD, n = 3. Compounds causing a decrease of the Renilla
luminescence to <50% of DMSO-treated cells were considered as potentially toxic (cf. Figure S2).

reporter gene assay at 100 uM (assuming full conversion, actual
concentrations were lower). To monitor the activity of the
amine building blocks potentially remaining in the mixtures, the
amines were also tested at 100 M to reveal true positive Nurrl
ligand hits. This enabled the discovery of promising scaffolds for
further evaluation from a very diverse set in a rapid and cost-
efficient manner despite expensive building blocks. The
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possibility of false negatives resulting from the microscale
synthesis format, purification procedure, and assay setting was
accepted.

Of the 24 computationally favored designs Sa—x, six (Se, Sm,
50, 51, St, Sv; Table 1) were considered as primary hits as they
activated Nurrl by >140% compared to DMSO-treated cells,
exhibited no pronounced effect on cell viability as observed by
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Scheme 1. Microscale Amide Synthesis (a) and Synthesis of
Indole Building Block 3 (b)“*

a - NH2
Cl 4a-x Cl
> W § >
HO N O, N N
H H
(e} 3 (0] 5a-x
b ¢ ; o] ) o]
(i) (iv) N\
H — _ — _
© r© NO, r© N
© © 7: R=H ° 9: R=CH
6 :R= 1 R=CHg
() E g R=CH, WM 3l R-n

“Reagents and conditions: (i) EDC-HCI, EtOAc, rt, 36 h; (ii) HNO,/
H,S0,, S °C, 0.5 h, 59%; (iii) acetyl chloride, MeOH, 50 °C, 4 h,
96%; (iv) DME-DMA, DMF, 120 °C, 2 h; then Zn, AcOH/H,0, 80
°C, 2 h, 40%; (v) LIOH-H,0, EtOH/H,0, rt, 18 h, 94%.

stable Renilla luciferase activity and in a WST-8 assay (Figure
S2), and their corresponding amines were inactive/less active.
These compounds were hence prepared in batch and isolated for
full characterization.

Hit Validation. For orthogonal validation of the primary
hits, we first employed isothermal titration calorimetry (ITC) to
observe direct interaction and determine binding affinities
(Table 2). Of the six hits in the primary screening, three (Se, Sm,
5t) exhibited no detectable interaction with the Nurrl LBD and
three revealed binding with K values of 0.5 uM (50), 3.2 uM
(5r), and 16 uM (Sv), respectively. In accordance with these
results, Se, Sm, and St failed to activate Nurrl up to 100 uM,
while 5o, Sr, and Sv were confirmed as Nurrl agonists (Table 2).
So emerged as the most active DHI descendant with a K value
of 0.5 uM and an ECg, value of 3 M.

Binding Site Evaluation. Inspection of the predicted
binding modes of the three active hits to Nurrl revealed a similar
orientation of 50, Sr, and Sv with binding to a hydrophobic
groove on the Nurrl LBD surface lining helix 12 (Figure 2a),
suggesting that this surface region of Nurrl is druggable. The
common indole motif was bound facing Cys566 and sandwiched
between Arg515 and ArgS563. Binding of the amide substituents
was mainly mediated by hydrophobic contacts. The most active
compound So additionally formed a face-to-face interaction
with His516 (Figure 2b), rationalizing its enhanced potency.

Mutagenesis of the binding site cysteine 566 to serine
diminished the activity of So (Figure 2c), supporting interaction
with this epitope and the importance of Cys566 in ligand—
Nurrl contacts. High stability of So against glutathione (Figure
2d) and no observable adduct formation between recombinant
Nurrl LBD and So in LCMS (Figures S3 and S4) indicated that
the interaction was non-covalent despite the prominent role of
Cys566.

Structure—Activity Relationship of DHI Descendant
50. The DHI descendant So presented markedly enhanced
activity and affinity (Figure 3a) compared to the natural
template 2a and induced Nurrl-regulated expression of tyrosine
hydroxylase (TH) and vesicular amino acid transporter 2
(VMAT?2) in astrocytes (T98G), indicative of cellular target
engagement (Figure 3b). Based on this promising profile, we
explored the structure—activity relationship of this new Nurrl
agonist scaffold (Table 3). The inverted analogue 10 comprising
the opposite indole regiochemistry exhibited similar activity as
5o, indicating, in line with the predicted binding mode (Figure

Table 2. Binding Affinity to the Nurrl LBD and Nurrl
Modulation of the Primary Hits (2a and 2b for
Comparison)“™*

ID structure Ky ECs (eff.)
DHI  HO -0 > 100 pM*!
oy Y
HO N
2b cl \ 15uM?  40+4 uM
m (2.4+0.1-fold act.)
Se cl \ o inactive
8 y binding 4100 um
\(U o
5m (j no inactive
A binding® at 100 uM
goss
N N
N
o
50 h\l 0.5 uM 3+1 uM
o (1.340.1-fold act.)
o me
N N
N
o
cl
Sr 32uM 1242 uM
(1.4+0.1-fold act.)
N N
H
o)
5t HC' \ Do inactive
N N binding° at 100 uM
n
/\N/O/ o] H
)
Sv 16 uM 28+6 uM
(1.3£0.1-fold act.)
cl
N N
H
0

“Binding affinity of Se, Sm, So, Sr, St and Sv to the Nurrl LBD was
determined by ITC. Nurrl modulation was determined in the Gal4—
Nurrl hybrid reporter gene assay; data are mean + SD; n > 3.
bCovalent binder. “No interaction in ITC with 200 uM ligand and 30
UM protein.

2), that the orientation of the indole scaffold in the binding site is
not critical. In accordance with this, methylation of the indole
nitrogen of 5o in 11 had also little effect on affinity, albeit a
fivefold decrease in cellular potency was observed. Reduction of
the amide in So to a secondary amine linker in 12 was also
tolerated, but it led to no improvement in affinity or potency.
These results thus suggest 6-chloro-1H-indole-5-carboxamide
and S-chloro-1H-indole-6-carboxamide as suitable and easily
accessible scaffolds to develop Nurrl ligands binding to the LBD
surface.

Several available Nurrl ligands comprise a chloroquinoline
motif derived from AQ,"'®"” and we have observed that a
scaffold hop from indole (fluvastatin, EC5, = 1.9 uM) to
quinoline (pitavastatin, ECsy = 0.12 #M) produced a relevant
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Figure 2. Predicted binding modes of So (magenta), Sr (cyan), and Sv
(orange) to the Nurrl LBD (PDB ID 6dda”'). (a) The three active
DHI descendants So, Sr, and Sv were predicted to bind to the DHI-
binding site and extend toward a hydrophobic groove lining helix 12.
(b) The most active Nurrl agonist So formed a face-to-face contact
with His516, which is not observed for Sr and Sv, supporting the higher
affinity of 50. (c) 50 was less active on the Nurrl-C566S mutant,
supporting interaction with the proposed epitope. Data are the mean +
S.EM,; n > 3. (d) So was stable against reaction with glutathione
(GSH). Phenyl vinyl sulfone (PVS) as positive control (125 uM So or
PVS were incubated with 2.5 mM GSH in PBS at 37 °C). n = 3.

improvement in potency.” Thus, we evaluated the possibility of
fusing the structural elements of So and AQ. Interestingly, the
merged compound 13 composed of the 7-chloroquinolin-4-
amine motif of AQ and the amide substituent of So acted as a
Nurr1 agonist (Ky 1.5 uM, ECso 3 uM) with considerably higher
potency than AQ_(ECg, 36 uM).

In Vitro Profiling of Optimized DHI Descendants. 5o
and its AQ-hybrid 13 emerged as the most potent DHI
descendants from the structure-guided approach to Nurrl
modulator development. Their further in vitro profiling
confirmed Nurrl agonism also on the human full-length
receptor on the response element NBRE with similar potency
to that observed in the hybrid reporter gene assay (So: ECg, = 2
+ 1 uM, 2.1 + 0.2-fold activation; 13: ECy; =4 + 1 uM, 2.4 +
0.2-fold activation; Figure 3c).

Selectivity profiling in Gal4 hybrid reporter gene assays
(Figure 3d) revealed a preference of So for Nurrl over Nur77
(NR4A1) and, interestingly, no NOR-1 (NR4A3) activation,
suggesting that the binding site of the DHI descendants is not
conserved in NOR-1. 13 activated Nurrl and Nur77 with equal
potency but was less active on NOR-1. No nuclear receptor
modulation by 50 and 13 was observed outside the NR4A family
(Figure 3e).

We also studied the response of Nurrl to combined treatment
with 50/13 and the recently developed Nurrl agonist 1 and,
interestingly, detected additive Nurrl activation (Figure 3f).
The presence of So or 13 (20 uM each) did not alter the ECy,

value of 1 but increased its max. effect by 34—77%. This non-
competitive behavior with additive Nurrl activation suggests
different, non-overlapping binding sites of the ligands, opening
new avenues to modulation of Nurrl.

To assess the effects of the DHI descendants in a native
cellular setting, we evaluated their effects on Nurrl-regulated
gene expression in the immortalized rat dopaminergic neural cell
line N27°%%° (Figure 3g). S-Chloroindole (2b), So, and 13
induced TH, VMAT, and superoxide dismutase 1 and 2 (SOD1/
2) expression in a dose-dependent fashion. The efficacy of
VMAT2 and SODI induction by 2b, So, and 13 was
comparable, while TH and SOD2 upregulation by So and 13
was stronger compared to that by 2b. DHI (2a) had generally
weaker effects and, interestingly, downregulated TH expression,
suggesting that other regulatory mechanisms were involved.

Bl CONCLUSIONS

Drug discovery based on natural ligands of nuclear receptors has
been very fruitful in the past as exemplified by steroidal 1i§ands
for NR3 receptors or the FXR agonist obeticholic acid.'””® Our
results demonstrate that the binding site of the natural
(covalent) Nurrl ligand DHI (2a) is druggable and can be
addressed by non-covalent binders with markedly enhanced
potency compared to the natural template, opening a new
avenue to Nurrl agonist development.

Apart from the activity of S-chloro-1H-indole (2b) and
related fragment-like analogues,22 no SAR knowledge was
available on DHI as Nurrl agonist, prompting us to follow a
structure-based virtual screening approach using a custom
library of DHI derivatives. Modeling prioritized 24 molecules
and experimental validation confirmed three DHI analogues as
novel Nurrl ligands. 50 emerged from these DHI analogues
with sub-micromolar affinity to Nurrl, preference over Nur77,
and selectivity over NOR-1. Additionally, So and its AQ-hybrid
13 caused additive Nurrl activation with the recently discovered
agonist 1,'” indicating that Nurrl can be simultaneously
modulated through diverse ligand-binding sites, which may
have additional therapeutic potential.

Despite recent progress in ligand discovery, molecular
understanding of ligand binding to Nurrl is still limited, and
binding sites are elusive.’ The binding site of DHI-derived
Nurrl ligands can be located with high confidence at the surface
of the LBD close to helix 12 which opens new possibilities in
Nurrl ligand development. DHI descendants So and 13
valuably expand the scarce collection of validated Nurrl
modulators and can serve as tools for chemogenomics and
functional studies on the role of DHI and its binding site in
Nurrl modulation.

B CHEMISTRY

The primary hits (5e, Sm, 50, Sr, 5t, 5v) were prepared
according to Scheme 2 by amide coupling of 3 and the
corresponding amines 4e, 4m, 40, 4r, 4t, and 4v, respectively.
The synthesis of 10 comprising an inverted substitution pattern
on the indole was performed by the same route using the
corresponding 6-chloro-1H-indole-5-carboxylic acid (3a) for
amide coupling with 40. The N-methyl indole analogue 11 was
obtained by N-methylation of the ester 9, followed by ester
hydrolysis to 9a and amide coupling with 40 using TCFH-NMI
as coupling agent.

For the preparation of the secondary amine analogue 12, 9
was reduced to the corresponding alcohol 14 using LiAlH, and
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Figure 3. In vitro profiling of DHI-derived Nurrl agonists. (a) Isothermal titration calorimetry (ITC) demonstrated binding of So and 13 to the
recombinant Nurrl LBD. The fitting of the heat of binding is shown, and the isotherms at 25 °C are shown as insets. (b) So (30 M) induced Nurr1-
regulated mRNA expression of tyrosine hydroxylase (TH) and vesicular amino acid transporter 2 (VMAT2) in T98G cells. Data are the mean + S.EIM.
rel. mRNA expression (272%), n=4.% p < 0.1, #* p < 0.01 (£-test vs DMSO ctrl). (c) S0 (ECs=2 + 1 uM) and 13 (ECyo = 4 + 1 uM) activated full-
length human Nurrl on the NBRE. Data are the mean + S.E.M. fold act. vs DMSO ctrl, n > 4. (d) So exhibited preference for Nurrl over the related
NR4A receptors (p < 0.001 vs NOR-1; p < 0.01 vs Nur77; two-way analysis of variance (ANOVA) with multiple comparisons test); 13 activated Nurrl
and Nur77 with equal potency but revealed preference over NOR-1 (p < 0.01). Data are the mean + S.E.M. fold act. vs DMSO ctrl, n > 4. (e) So and 13
did not modulate the activity of nuclear receptors outside the NR4A family. Data are the mean + S.E.M. fold activation vs DMSO ctrl, n > 3. (f) So and
13 enhanced max. Nurr] activation by agonist 1 to 134% (50) and 177% (13) of its max. effect alone. Data are the mean + S.E.M. relative Nurrl act. vs
1M 1, n > 3. (g) DHI (2a), S-chloroindole (SCI, 2b) and the descendants So and 13 modulated Nurrl-regulated gene expression in dopaminergic
neural cells (N27). TH, tyrosine hydroxylase; VMAT2, vesicular amino acid transporter 2; SOD1/2, superoxide dismutase 1/2. Data are the mean +
S.E.M. relative mRNA expression compared to 0.1% DMSO; n = 7—8; * p < 0.05, ** p < 0.01, *** p < 0.001 (Wilcox test or t-test).

reoxidized to its aldehyde 15 with Dess—Martin periodinane,
which reacted with amine 40 in a reductive amination reaction
to afford 12. The AQ/So0 hybrid 13 was prepared from 4-bromo-
7-chloroquinoline (16) by Buchwald—Hartwig amination with
amine 4o.

B EXPERIMENTAL SECTION

Chemistry. General. All chemicals were of reagent grade and used
without further purification unless otherwise specified. All reactions
were conducted in oven-dried Schlenk glassware under an argon
atmosphere and in absolute solvents. Other solvents, especially for
work-up procedures, were of reagent grade or purified by distillation
(iso-hexane, ethyl acetate, ethanol). Reactions were monitored by thin-
layer chromatography on TLC Silica gel 60 F,s, aluminum sheets by
Merck and visualized under ultraviolet light (254 nm). Purification by
column chromatography (CC) was performed on a puriFlash
XSS520Plus system (Advion, Ithaca, NY) using high-performance
spherical silica columns (SIHP, SO #M) by Interchim and a gradient of
iso-hexane to EtOAc; reversed-phase CC was performed on a puriFlash
5.250 system (Advion) using C18HP columns (SIHP, 15 uM) by
Interchim and a gradient of 0.1% FA in H,0, 10—100% acetonitrile
(HPLC gradient grade). Preparative HPLC was also performed on the
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puriFlash 5.250 system using a PREP-LC column (C18-HQ, 5 uM) by
Interchim and a gradient of 0.1% FA in H,0, 10—100% methanol
(HPLC gradient grade). Mass spectra were obtained on a puriFlash-
CMS system (Advion) using atmospheric pressure chemical ionization
(APCI). High-resolution mass spectrometry analysis (HRMS) was
performed with a Thermo Finnigan LTQ FT instrument for
electrospray ionization (ESI). NMR spectra were recorded on a Bruker
Avance III HD 400 MHz or 500 MHz spectrometer equipped with a
CryoProbe Prodigy broadband probe (Bruker). Chemical shifts are
reported in & values (ppm), and coupling constants (J) are reported in
hertz (Hz). Purity was determined by quantitative 'H NMR (qH
NMR) according to a method described by Pauli et al. with internal
calibration.”” The qH NMR measurements were carried out under
conditions allowing complete relaxation to assure the exact
determination of peak area ratios. Used internal standards were ethyl
4-(dimethylamino)benzoate (LOT# BCCC6657, purity 99.63%) and
maleic acid (LOT#BCBMS8127V, purity 99.94%) in CDCl;, MeOD-d,,
DMSO-dy or acetone-dg. All compounds for biological testing had a
purity >95% according to gH NMR.
2-Chloro-4-methyl-5-nitrobenzoic acid (7).°® 2-Chloro-4-methyl-
benzoic acid (6, 10.0 g, 5S5.8 mmol, 1.00 equiv) was suspended in
sulfuric acid (100 mL) and cooled to 5 °C. Over a period of 40 min
nitric acid (3.39 mL, 52.7 mmol, 0.90 equiv) was added dropwise so
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Table 3. In Vitro Characterization of 10—12 Derived from
Screening Hit So and S0/AQ-Hybrid 13“

ID structure Ky ECs (eff.)
So ! 0.5uM 3+l uM
> (1.3%0.1-fold act.)
0 Hm'jgm
N
Cl
10 4 1.6uM  6+3 uM
~N
oj cl 4 (1.420.1-fold act.)
(o]
Cl
n 4 1M 1656 uM
o (1.420.1-fold act.)
(o)
W
BO®
Cl
12 ,L 1.8uM  5£2uM
; (1.420.1-fold act.)
N N
H
Cl
13 \ 1L5uM 3=l pM

(1.5+0.1-fold act.)

ol
oy
N‘\
N
cl

“Binding affinity to the Nurrl LBD was determined by ITC. Nurrl
modulation was determined in the Gal4—Nurrl hybrid reporter gene
assay; data are mean + SD; n > 3.

that the reaction mixture did not exceed a temperature of 15 °C. After
complete addition of nitric acid, the reaction mixture was stirred at rt for
30 min and then poured into ice water. The solid that subsequently
precipitated was filtered off, washed with cold water, and dissolved in
EtOH. Water was added dropwise to the solution, whereupon a
colorless solid precipitated. The solid was filtered off, washed with cold
water, and dried under reduced pressure, yielding compound 7 as a
colorless solid (7.57 g, 59%). R (iso-hexane/EtOAc = 8:2 + 2% AcOH)
=0.33. MS (—APCI): m/z 214.5 ([M — H]™). 'H NMR (400 MHz,
acetone-dg): § = 8.54 (s, 1H), 7.72 (s, 1H), 2.65 (s, 3H) ppm. *C NMR
(101 MHz, acetone-dg): 5 = 164.70, 148.50, 139.43, 138.57, 136.14,
129.76, 128.72, 20.03 ppm.

Methyl 2-Chloro-4-methyl-5-nitrobenzoate (8).?° Acetyl chloride
(12.4 mL, 174 mmol, 5.00 equiv) was added dropwise to methanol (70
mL) at 5—10 °C. A solution of 2-chloro-4-methylnitrobenzoic acid (7,
7.50 g, 34.8 mmol, 1.00 equiv) in methanol (100 mL) was added in
portions, and the reaction mixture was stirred at 50 °C for 4 h. After
cooling to rt, the solvent was removed under reduced pressure. The
yellow solid obtained was dissolved in DCM and washed with brine
solution and water. The organic phase was dried over MgSO,, filtered,
and evaporated to yield 8 as a colorless solid (7.66 g, 96%). R; (iso-
hexane/EtOAc = 8:2) = 0.41. MS (+APCI): m/z229.5 (M + H]*).'H
NMR (400 MHz, acetone-dy): 5 = 8.48 (s, 1H), 7.73 (s, 1Hl), 3.95 (s,
3H), 2.65 (s, 3H) ppm. *C NMR (101 MHz, acetone-dy): 5 = 167.44,
148.34, 139.57, 138.30, 136.08, 129.51, 128.51, 53.18, 20.05 ppm.

Methyl 5-Chloro-1H-indole-6-carboxylate (9).® Methyl 2-chloro-
4-methyl-S-nitrobenzoate (8, 7.66 g, 33.4 mmol, 1.00 equiv) was
dissolved in DMF (50 mL). N,N-dimethylformamide dimethylacetal

Scheme 2. Batch Synthesis of Se, Sm, So, 5r, 5t, Sv, and 10—

13¢
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o
5
3: R'=COOH rf\:" '
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iy [ 1 3 R—NH, H N
14: R'=CH,0H 40 N
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I

9: R'=CH,3, R?=H
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“Reagents and conditions: (i) EDC-HCl, TEA, CHCL,, rt, 18 h, 8—
32%; (i) LiAlH,, THF, 0 °C, 1 h, 71%; (iii)) Dess—Martin
periodinane, DCM, DMF, 0 °C—rt, 1 h, 100%; (iv) NaBH(OAc),,
AcOH, DCM, DCE, tt, 2 h, 36%; (v) EDC-HCI, TEA, CHCL,, rt, 18
h, 5%; (vi) NaH, CH,I, DMF, 0 °C, 10 min, rt, 2 h, 33%; (vii) LiOH-
H,0, EtOH, H,0, rt, 18 h, 99%; (viil) NMI, TCFH, DMEF, 80 °C, 18
h, 26%; (ix) Pd(OAc),, BINAP, K,PO,, dioxane, 90 °C, 24 h, 29%.

(10.4 mL, 49.9 mmol, 1.50 equiv) was added to the solution, and the
reaction mixture was stirred for 2 h at 130 °C. The reaction mixture was
concentrated under vacuum, dissolved in EtOAc, and washed with
brine and water. The aqueous phases were extracted with EtOAc, and
the combined organic phases were dried over MgSO,. After removing
the solvent, the obtained purple solid was dissolved in acetic acid (100
mL) and water (20 mL). Over a period of 40 min, zinc powder (13.06 g,
65.34 mmol, 6.0 equiv) was added in portions and the reaction mixture
was heated to 80 °C for 2 h. After cooling to rt, the mixture was diluted
with EtOAc and filtered. The organic phase was separated and washed
with saturated NaHCOj; solution and brine. The organic phase was
dried over MgSO,, filtered, and concentrated under reduced pressure.
The brown oil was purified by CC and yielded compound 9 as a green
solid (2.80 g, 40%). R; (iso-hexane/EtOAc = 8:2) = 0.23. MS (+APCI):
m/z209.7 ([M + H]*). "H NMR (400 MHz, acetone-dy): 6 = 10.69 (s,
1H), 8.03 (s, 1H), 7.71 (s, 1H), 7.60 (t, J = 2.8 Hz, 1H), 6.54 (m, 1H),
3.87 (s, 3H) ppm. 3C NMR (126 MHz, acetone-dy): 5 = 167.20,
134.86, 132.86, 130.68, 124.13, 123.34, 122.65, 116.02, 102.38, 52.26

https://doi.org/10.1021/acs.jmedchem.3c00852
J. Med. Chem. 2023, 66, 13556—13567


https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00852?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00852?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00852?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00852?fig=sch2&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

5-Chloro-1H-indole-6-carboxylic acid (3). Methyl S-chloro-1H-
indole-6-carboxylate (9, 2.80 g, 13.4 mmol, 1.00 equiv) was dissolved in
EtOH (25 mL) and water (25 mL). LIOH-H,O (1.69 g, 40.2 mmol,
3.00 equiv) was added, and the reaction mixture was stirred at rt for 18
h. After removal of the solvent, the resulting solid was dissolved in
water. The alkaline solution (pH > 11) was extracted with EtOAc. The
aqueous layer was acidified with aqueous hydrochloric acid (10%) and
extracted with EtOAc. The latter organic layers were combined, washed
with brine, dried over MgSO,, and filtered. The solvent was removed
under reduced pressure, and the residue was recrystallized from a
mixture of DCM/diisopropylether (1:1), yielding compound 3 as a
beige solid (2.47 g, 94%). R (iso-hexane/EtOAc = 8:2 + 2% AcOH) =
0.22. MS (+APCI): m/z 195.7 ([M + H]*). 'H NMR (400 MHz,
acetone-dg): §=11.15 (s, 1H), 10.69 (s, 1H), 8.13 (s, 1H), 7.70 (s, IH),
7.62—7.58 (m, 1H), 6.56—6.53 (m, 1H) ppm. *C NMR (126 MHz,
acetone-dg): & = 168.58, 134.20, 131.45, 129.74, 123.62, 122.39,
121.82, 115.47, 101.46 ppm.

5-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxylphenyl}-1H-
indole-6-carboxamide (50). 5-Chloro-1H-indole-6-carboxylic acid (3,
150 mg, 767 pmol, 1.00 equiv) and oxalyl chloride (69.0 uL, 767 ymol,
1.00 equiv) were dissolved in 4 mL of a mixture of one drop of DMF in
DCM (14 mL). After 2 h, the solvent was removed under reduced
pressure. The remaining residue was dissolved in DCM (6 mL), and S-
chloro-2-[2-(dimethylamino)ethoxy]aniline (40, 165 mg, 767 pmol,
1.00 equiv) was added to the solution. The reaction mixture was stirred
for 18 h at rt. Then, DCM (10 mL) and saturated NaHCOj; solution
(10 mL) were added. The separated organic layer was dried over
MgSO,, filtered, and concentrated under reduced pressure. The crude
product was purified by CC, and subsequent recrystallization from
methanol yielded compound So as a colorless crystalline solid (23 mg,
8%). R; (iso-hexane/EtOH = 1:1 + 2% TEA) = 0.24. MS (+APCI): m/z
391.3 ([M + H]*). HRMS (+EI): m/z calculated 391.08488 for
[C19H,4CLLN;0,]**, found: 391.08645 ([M]**). '"H NMR (500 MHz,
CDCl;) 6 =10.17 (s, 1H), 8.78 (s, 1H), 8.71—8.66 (m, 1H), 7.90—7.86
(m, 1H), 7.68 (s, 1H), 7.38—7.33 (m, 1H), 7.03 (dd, ] = 8.6, 2.6 Hz,
1H), 6.92 (d, ] = 8.7 Hz, 1H), 6.54—6.50 (m, 1H), 4.09 (t, ] = 5.4 Hz,
2H), 2.55 (t, ] = 5.0 Hz, 2H), 2.02 (s, 6H) ppm. *C NMR (126 MHz,
CDCly) 6 = 166.00, 146.62, 134.11, 131.66, 130.50, 129.03, 128.13,
128.09, 123.77, 122.13, 121.87, 120.81, 116.73, 113.63, 102.52, 69.45,
57.99, 45.18 ppm. gH NMR (400 MHz, MeOD-d,, maleic acid as
reference): purity = 95.4%.

7-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxy]phenyl}-
quinolin-4-amine (13). 4-Bromo-7-chloro-chloroquinoline (16, 170
mg, 699 pmol, 3.00 equiv), Pd(OAc), (5.3 mg, 23 umol, 0.1 equiv),
(+/—-)-2,2-Bis(diphenylphosphino)-1,1'-binaphthalene (29 mg, 47
umol, 0.2 equiv), K;PO, (82.6 mg, 389 umol, 1.67 equiv) and S-chloro-
2-[2-(dimethylamino)ethoxy]aniline (S0, 50.0 mg, 233 umol, 1.00
equiv) were dissolved in 1,4-dioxane (10 mL). The suspension was
stirred at 90 °C for 24 h. After completion of the reaction, the mixture
was filtered through Celite and purified by CC, yielding compound 13
as a yellow solid (25 mg, 29%). R (DCM/MeOH = 95:5) = 0.13. MS
(+APCI): m/z 375.7 ([M + H]*). HRMS (+ESI): m/z calculated
376.09779 for [CyoH,,CLN;O]", found 376.09885 ([M + H]*). 'H
NMR (400 MHz, acetone-dg) 5 = 8.57 (d, ] = 5.2 Hz, 1H), 8.54 (s, 1H),
8.27 (d,J = 9.0 Hz, 1H), 7.95 (d, ] = 2.2 Hz, 1H), 7.55 (dd, ] = 9.0, 2.2
Hz, 1H),7.49 (d,]=2.5Hz, 1H),7.22 (d, ] = 8.7 Hz, 1H), 7.13 (dd, ] =
8.7,2.5 Hz, 1H), 7.01 (d, ] = 5.2 Hz, 1H), 4.22 (t,] = 5.3 Hz, 2H), 2.57
(t,J=5.4Hz,2H), 2.23 (s, 6H) ppm. *C NMR (101 MHz, acetone-d)
5 = 152.13, 150.06, 149.79, 147.27, 134.39, 132.89, 128.44, 126.28,
125.43, 124.07, 123.28, 121.72, 119.01, 117.67, 102.99, 68.52, 57.84,
44.8 ppm. qH NMR (400 MHz, acetone-d, Ethyl-4-(dimethylamino)-
benzoate as reference): purity = 95.2%.

Computational Methods. Preparation of the Virtual Screening
Library. Commercially available primary amines were retrieved from
Reaxys with a molecular weight cutoff of <240, yielding 14,421
molecules. The “RDKit Two Component Reaction” node in KNIME>®
was used to generate a virtual library of amides by fusing compound 3
and the commercial amines. Three-dimensional (3D) structures of the
resulting molecules were obtained using Schrodinger ligprep software
with force field OPLS4. Protonation was calculated using Epik®” in a pH

range of 6—8. Chiral information in the two-dimensional (2D) input
structure was retained when present; otherwise, all possible stereo-
isomers were generated. The final amide library comprised 18,421
molecules for docking.

Docking. The 3D structure of Nurrl LBD (PDB ID 6dda®') was
prepared using the Schrodinger Protein Preparation Wizard in Maestro.
The covalently bound ligand DHI was removed manually before
docking. The center of the docking grid was centered at—
40.62762552165796, 12.031786250745345, and
66.69510016401517. Docking was performed using Schrodinger
GLIDE*' software in standard precision mode (SP). All parameters
were left at the default values (SP; flexible ligands; sample ring
conformations of ligand; add Epik state penalties to docking score;
scaling of van der Waals radii = 0.8; postdocking minimization of five
poses per ligand; write out of one pose per ligand). A total of 18,340
poses were generated with docking scores in the range between —7.71
and +5.73. A total of 18,313 poses had docking scores below zero.
Structural analyses were visualized by UCSF Chimera.>

Biological Characterization. Hybrid Reporter Gene Assays.
Nurrl modulation was determined in HEK293T cells (German
Collection of Microorganisms and Cell Culture GmbH, DSMZ) by
Gal4 hybrid reporter gene assays using pFR-Luc (Stratagene, La Jolla,
CA; reporter), pRL-SV40 (Promega, Madison, WI; internal control),
and pFA-CMV-hNurrl-LBD, as described previously.”® Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) high
glucose supplemented with 10% fetal calf serum (FCS), sodium
pyruvate (1 mM), penicillin (100 U/mL), and streptomycin (100 ug/
mL) at 37 °C and 5% CO, and seeded in 96-well plates (3 X 10* cells/
well). After 24 h, the medium was changed to Opti-MEM without
supplements, and cells were transiently transfected using Lipofectamine
LTX reagent (Invitrogen) according to the manufacturer’s protocol.
Five hours after transfection, cells were incubated with the test
compounds in Opti-MEM supplemented with penicillin (100 U/mL),
streptomycin (100 sg/mL), and 0.1% DMSO for 16 h before luciferase
activity was measured using the Dual-Glo Luciferase Assay System
(Promega) according to the manufacturer’s protocol on a Tecan Spark
luminometer (Tecan Deutschland GmbH, Germany). Firefly lumines-
cence was divided by Renilla luminescence and multiplied by 1000,
resulting in relative light units (RLUs) to normalize for transfection
efficiency and cell growth. Fold activation was obtained by dividing the
mean RLU of the test compound by the mean RLU of the untreated
control. All samples were tested in at least three biologically
independent experiments in duplicate. For dose—response curve fitting
and calculation of ECy values, the equation “[ Agonist] versus response
(three parameters)” was used in GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA). Selectivity profiling was performed
with identical procedures using pFA-CMV-Nur77-LBD,** pFA-CMV-
NOR-1-LBD,” pFA-CMV-THRa-LBD,** pFA-CMV-RARa-LBD,**
pFA-CMV-PPARy-LBD,”* pFA-CMV-revERBa-LBD, pFA-CMV-
RORy-LBD,*® pFA-CMV-VDR-LBD,”” pFA-CMV-LXRa-LBD,*’
pFA-CMV-EXR-LBD,* and pFA-CMV-hRXRa-LBD.* Activity of
test compounds on the Nurrl-C566S mutant was determined as
described for wild-type Gal4—Nurrl using pFA-CMV-Nurrl-C566S-
LBD, which was constructed by site-directed mutagenesis using the
Phusion Site-Directed Mutagenesis Kit (Thermo Scientific) and the
following mutagenesis primer sequences: Pho-5-TCG TAC CCT
TAG CAC ACA GGG-3' and Pho-5'-AGT TCT GGG AGC TTC
CCC AAC AGT TT-3".

Reporter Gene Assay for Full-Length Human Nurr1. Activation of
full-length human Nurrl was studied in transiently transfected
HEK293T cells as described previously”® using the reporter plasmid
pFR-Luc-NBRE, the full-length human nuclear receptor Nurrl
encoded by pcDNA3.1-hNurrl-NE (Addgene plasmid #102363),
and pRL-SV40 (Promega) for normalization of transfection efficacy
and to observe test compound toxicity. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) high glucose
supplemented with 10% fetal calf serum (FCS), sodium pyruvate (1
mM), penicillin (100 U/mL), and streptomycin (100 #g/mL) at 37 °C
and 5% CO, and seeded in 96-well plates (3 X 10* cells/well). After 24
h, The medium was changed to Opti-MEM without supplements, and
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cells were transiently transfected using Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s protocol. Five hours after
transfection, cells were incubated with the test compounds in Opti-
MEM supplemented with penicillin (100 U/mL), streptomycin (100
pg/mL), and 0.1% DMSO for 16 h before luciferase activity was
measured using the Dual-Glo Luciferase Assay System (Promega)
according to the manufacturer’s protocol on a Tecan Spark
luminometer (Tecan Deutschland GmbH, Germany). Firefly lumines-
cence was divided by Renilla luminescence and multiplied by 1000,
resulting in relative light units (RLUs) to normalize for transfection
efficiency and cell growth. Fold activation was obtained by dividing the
mean RLU of the test compound by the mean RLU of the untreated
control. All samples were tested in at least three biologically
independent experiments in duplicate. For dose—response curve fitting
and calculation of ECy values, the equation “[ Agonist] versus response
(three parameters)” was used in GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA).

Isothermal Titration Calorimetry (ITC). ITC experiments were
conducted as described previously'® on an Affinity ITC instrument (TA
Instruments, New Castle, DE) at 25 °C and a stirring rate of 7S rpm.
Nurrl LBD protein (10 or 30 #M) in buffer (20 mM Tris pH 7.5, 100
mM NaCl, 5% glycerol) containing 3—5% DMSO was titrated with the
test compounds (100 or 200 M in the same buffer containing 3—5%
DMSO) in 2126 injections (1 X 1 uL and 20—25 X S L) with an
injection interval of 150 s. As control experiments, the test compounds
were titrated to the buffer, and the buffer was titrated to the Nurrl LBD
protein under otherwise identical conditions. The heat rates of the
compound-Nurrl LBD titrations were analyzed using NanoAnalyze
software (TA Instruments, New Castle, DE) with an independent
binding model.

Glutathione Reactivity Assay. A hundred microliters of test
compound solution (50 or PVS, 250 uM each) in PBS buffer (pH
7.4 containing 2% DMSO) was mixed with 100 #L of S mM glutathione
solution in PBS buffer (pH 7.4) to obtain a final test compound
concentration of 125 M and 2.5 mM glutathione in 200 yL of sample
volume. The samples were shaken at 37 °C. At different time points (0,
6, 18,24 h), a 20 uL aliquot of each reaction sample was diluted with
480 uL of mobile phase (0.1% formic acid/acetonitrile = 40/60, v/v)
containing 10 uM 2-chloro-N-(S-chloro-2-(2-(dimethylamino)-
ethoxy)phenyl)benzamide as an internal standard. The resulting
mixture was then analyzed by liquid chromatography—ultraviolet—
electrospray ionization tandem mass spectrometry (LC—UV—ESI-MS)
using an API 3200 QTrap triple quadrupole mass spectrometer (Sciex,
Darmstadt, Germany) coupled to an Agilent 1100 HPLC system
equipped with an Agilent 1100 diode array detector (G1315B, Agilent,
Waldbronn, Germany) and a SIL-20A/HT autosampler (Shimadzu,
Duisburg, Germany) controlled by Analyst software (v.1.6.3). A
ZORBAX SB-Aq column (3.5 pm, 3.0 mm X 100 mm, Agilent,
protected with a 0.5 ym and a 0.2 um frit) was used as the stationary
phase and 0.1% formic acid and acetonitrile (40:60, v/v) were used as
the mobile phase at a flow rate of 400 yL/min. The injection volume
was 15 uL per sample. MS detection was performed under positive ESI
conditions in single-ion monitoring (SIM) mode recording m/z 392.1
(50), m/z 353.0 (2-chloro-N-(S-chloro-2-(2-(dimethylamino)-
ethoxy)phenyl)benzamide), and m/z 169.1 (PVS). UV detection was
performed at 254 nm. The AUC (area under the curve) values were
determined by integration of LC—UV—ESI-MS chromatogram and
then corrected using the internal standard for both MS and UV
measurements. The experiment was repeated three times.

Evaluation of Covalent Nurrl Ligand Adduct Formation. The
Nurrl LBD (10 #M) was incubated in buffer (20 mM Tris pH 7.5, 100
mM NaCl, 5% glycerol, 1% DMSO) with So (100 #M) or alone for 120
h at 4 °C and then analyzed by LC—UV/MS. LCMS spectra were
recorded on a Bruker microTOF II in positive ionization mode. The
instrument was calibrated in positive mode by direct infusion of a
calibration solution (Agilent Technologies ESI-L Low Concentration
Tuning Mix). The HPLC line was an Ultimate 3000 RP-HPLC System
(Thermo Fisher Scientific) equipped with an Aeris C4 wide pore
column (2.1 mm X 150 mm, 6 ym, Phenomenex) with 0.1% formic acid
(A) and acetonitrile (B) as the mobile phase at a flow rate of 0.25 mL/

min. The gradient was 0—3 min at 5% B and then 5—95% B in 7 min
plus 2 min of washing at 95% B. The column eluent was monitored by
UV detection at 214, 254, and 280 nm with a diode array detector.
Cytotoxicity Assay. HEK293T cells were cultured at 37 °C and 5%
CO, in DMEM high-glucose medium supplemented with sodium
pyruvate (1 mM), penicillin (100 U/mL), streptomycin (100 ug/mL),
and 10% fetal calf serum (FCS) and seeded at a density of 10,000 cells in
96-well plates precoated with a 10 pg/mL collagen G solution (Merck
KgaA, L7213) at 37 °C for 30 min. After 24 h, the cells were treated with
the test compounds in Opti-MEM medium supplemented with
penicillin (100 U/mL), streptomycin (100 ug/mL), and 0.1%
DMSO or 0.1% DMSO alone as the untreated control. Each sample
was prepared in four biologically independent repeats. After incubation
for 24 h, the medium was removed and 10% water-soluble tetrazolinum
salt (Cell Counting Kit-8, MedChemExpress) in Opti-MEM
supplemented with penicillin (100 U/mL) and streptomycin (100
pug/mL) was added to assess metabolic activity. After 4 h, absorbance
was measured at 450 nm using a Tecan Spark Cyto instrument (Tecan).
Evaluation of Nurri1-Regulated Gene Expression in T98G and N27
Cells. T98G cells (ATCC CRL-1690) were grown in DMEM high
glucose supplemented with 10% FCS, sodium pyruvate (1 mM),
penicillin (100 U/mL), and streptomycin (100 yug/mL) at 37 °C and
5% CO, and seeded at a density of 250,000 cells per well in 12-well
plates. After 24 h, the medium was changed to DMEM high glucose
supplemented with 0.2% fetal calf serum (FCS), penicillin (100 U/
mL), and streptomycin (100 pg/mL), and the cells were incubated for
another 24 h before stimulation with test compound So (30 uM)
solubilized with 0.1% DMSO or 0.1% DMSO as a negative control.
After 16 h of incubation, the medium was removed and cells were
washed with phosphate-buffered saline (PBS), and after full aspiration
of residual liquids, cells were immediately frozen at —80 °C until further
processing. N27 rat dopaminergic neural cells (SCC048, Sigma-
Aldrich, Darmstadt, Germany) were grown in RPMI 1640 medium
(Gibco, Thermo Fisher Scientific, Waltham) supplemented with 10%
FCS, penicillin (100 U/mL), and streptomycin (100 g/mL) at 37 °C
and 5% CO, and seeded at a density of 250,000 cells per well in 12-well
plates. After 7 h, the medium was changed to RPMI 1640 medium
supplemented with 0.2% FCS, penicillin (100 U/mL), and
streptomycin (100 ug/mL), and the cells were incubated for another
24 h before stimulation with the test compound solubilized with 0.1%
DMSO or with 0.1% DMSO in RPMI 1640 medium with 0.2% FCS as a
negative control. After 16 h of incubation, the medium was removed
and cells were washed with phosphate-buffered saline (PBS), and after
full aspiration of the residual liquids, cells were immediately frozen at
—80 °C until further processing. Total RNA was isolated from T98G or
N27 cells using the EZN.A. Total RNA Kit I (Omega Bio-tek,
Norcross) following the manufacturer’s instructions. RNA concen-
tration and purity were assessed using a NanoDrop One UV/VIS
spectrophotometer (Thermo Fisher Scientific, Waltham) at 260/280
nm. Right before reverse transcription (RT), RNA was linearized at a
concentration of 133 ng/uL (T98G) or 66.7 ug/uL (N27) at 65 °C for
10 min and then immediately incubated on ice for at least 1 min.
Reverse transcription was performed using 2 yg (T98G) or 1 ug (N27)
of total RNA, 20 U Recombinant RNasin Ribonuclease Inhibitor
(Promega, Mannheim, Germany), 100 U SuperScript IV Reverse
Transcriptase including 5X First Strand Buffer and 0.1 M dithiothreitol
(Thermo Fisher Scientific, Waltham), 3.75 ng of linear acrylamide, 625
ng of random hexamer primers (#11277081001, Merck, Darmstadt,
Germany), and 11.25 nmol deoxynucleoside triphosphate mix (2.8
nmol each ATP, TTP, CTP, GTP; #R0186, Thermo Fisher Scientific,
Waltham) at a volume of 22.45 uL at 50 °C for 10 min and 80 °C for 10
min using a Thermal cycler XT% (VWR International, Darmstadt,
Germany). Quantitative polymerase chain reaction (qQPCR) was
conducted using an Applied Biosystems QuantStudio 1 (Waltham)
and a SYBR green-based detection method. Appropriately diluted
cDNA was added to 6 pmol forward and reverse primers, respectively,
0.8 U Taq DNA Polymerase (#M0267, New England Biolabs, Ipswich),
40 ppm of SYBR Green I (#59430, Sigma-Aldrich, St. Louis), 15 nmol
deoxynucleoside triphosphate mix (as indicated above), 60 nmol
MgCl,, 4 ug of bovine serum albumin (#B14, Thermo Fisher Scientific,
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Waltham), 20% BioStab PCR Optimizer II (#53833, Merck,
Darmstadt, Germany), and 10% Taq buffer without detergents
(#BSS, Thermo Fisher Scientific, Waltham) topped up to a final
volume of 20 yL with ddH2O. Samples underwent 40 cycles of 15 s
denaturation at 95 °C, 15 s of primer annealing at 59.4—62.4 °C
(depending on the primer), and 20 s of elongation at 68 °C. PCR
product specificity was evaluated using a melting curve analysis ranging
from 65 to 95 °C. TH and VMAT2 mRNA expression was normalized
to GAPDH mRNA expression per sample using the ACt method. The
following primers for the human genes were used for T98G cell
samples: hVMAT?2 (SLC18A2), 5'-GCT ATG CCT TCC TGC TGA
TTG C-3' (fw) and §’-CCA AGG CGA TTC CCA TGA CGT T-3’
(rev); hTH, 5'-GCT GGA CAA GTG TCA TCA CCT G-3' (fw) and
$’-CCT GTA CTG GAA GGC GAT CTC A-3’ (rev); and hGAPDH,
5’-AGG TCG GAG TCA ACG GAT TT-3' (fw) and §'-TTC CCG
TTC TCA GCC TTG AC-3’ (rev). The following primers for the rat
genes were used for N27 cell samples: 'VMAT2 (SLC18A2), S-CAG
AGT GCA GCA GAG CCA T-3' (fw) and 5'-CTG GGG ATG ATG
GGA ACC AC-3' (rev); rTH, S'-TGG GGA GCT GAA GGC TTA
TG-3' (fw) and 5'-AGA GAA TGG GCG CTG GAT AC-3’ (rev);
rSODI, 5-GAA GGC GAG CAT GGG TTC C-3’ (fw) and S'-CAG
GTC TCC AAC ATG CCT CTC T-3' (rev); tSOD2, §'-CGG GGG
CCA TAT CAA TCA CA-3' (fw) and 5'-TCC AGC AAC TCT CCT
TTG GG-3' (rev); and tGAPDH, §'-CAG CCG CAT CTT CTT GTG
C-3' (fw) and 5'-AAC TTG CCG TGG GTA GAG TC-3’ (rev). For
statistical analysis, data were evaluated for normal distribution
(Shapiro—Wilk test) and outliers (Grubb’s test). Normally distributed
data sets normalized to the respective vehicle control were tested for
statistically significant differences to Hy: y = 1 with either a one-sample
Wilcoxon rank-sum or a t-test depending on the respective Shapiro—
Wilk test results. We considered a value of p < 0.05 to indicate statistical
significance. P-values were indicated as * p <0.05, ** p <0.01, and *** p
<0.001.
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Supplementary Figures

Figure S1. Initial evaluation by docking experiments suggested interactions of a carboxamide
in 5- or 6-position of the 1H-indole scaffold with the backbone of His516 and Pro597 of the
Nurr1 LBD (PDB ID 6dda', 50 shown as example ligand) thus indicating potential of N-
substituted carboxamides for extension of the natural ligand DHI.
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Figure S2. Toxicity evaluation of the screening compounds in a WST-8 assay in HEK293T
cells at 100 yM (data are the meantS.E.M.; n=4). Compounds 5a, 5k and 5u causing <50%
cell viability were excluded from follow-up studies. Like 5a, 5k and 5u, compound 5q
diminished Renilla luciferase activity in the reporter gene assay to <50% and was also
excluded despite slightly lower toxicity in the WST-8 assay.
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Figure S3. LC-UV (280 nm, a) and MS pattern (ESI+, b) of the Nurrt LBD (10 uM,
M = 30.627 kDa) without ligand.

S3



Intens.

x104

2.57

2.0 ’/\

1.0
0.5
0.0

1.5 [ \

4C sample 3_RD3_01_13086.d: BPC 4

Intens.

3000+

2000+

1000+

8

10 " Time [min]

[2M+Na]*

[M+Na]*
414.0780

807.1611

1200.2443

[3M+Na]*
1591.3355
Lk

4C sample 3_RD3_01_13086.d: +MS, 10.1min #298|

cl

CWSHWQCIZNZiOZ

50

Intens.

500

S 10000 0 1500

" 2000

S2500 00 miz

50001 C

4000

3000+

2000

10001

787.9424

500

899.0182

11116122 1613.0232

1000 1500

2042.8749

[ 2188.5644

l

Ll

+MS, 11.2min #329|

2785.1914
2553.2022

2000

2500 miz

Figure S4. 50 formed no covalent adduct with the Nurr1 LBD. (a) LC-UV (280 nm) of the Nurr1
LBD (10 uM) + 50 (100 pM) mixture after 120 h incubation at 4 °C showed one signal for the
ligand (10.1 min) and one for the intact Nurr1 LBD (11.2 min). (b) The MS pattern at 10.1 min
corresponds to 50. (c) The MS pattern at 11.2 min corresponds to the intact Nurr1 LBD without
covalent modification.

S4



Experimental procedures

General. All chemicals were of reagent grade and used without further purification unless
otherwise specified. All reactions were conducted in oven-dried Schlenk glassware under
argon atmosphere and in absolute solvents. Other solvents, especially for work-up procedures,
were of reagent grade or purified by distillation (iso-hexane, ethyl acetate, ethanol). Reactions
were monitored by thin layer chromatography on TLC Silica gel 60 F2s4 aluminium sheets by
Merck and visualized under ultraviolet light (254 nm). Purification by CC was performed on a
puriFlash® XS520Plus system (Advion, Ithaca, NY, USA) using high performance spherical
silica columns (SIHP, 50 uM) by Interchim and a gradient of iso-hexane to EtOAc, reversed-
phase CC was performed on a puriFlash®5.250 system (Advion) using C18HP columns (SIHP,
15 puM) by Interchim and a gradient of 0.1% formic acid (FA) in water with 10 to 100%
acetonitrile (HPLC gradient grade). Preparative HPLC was also performed on the puriFlash®
5.250 system using a PREP-LC column (C18-HQ, 5 pM) by Interchim and gradient of 0.1% FA
in water with 10 to 100% methanol (HPLC gradient grade). Mass spectra were obtained on a
puriFlash®-CMS system (Advion) using atmospheric pressure chemical ionization (APCI).
HRMS were obtained with a Thermo Finnigan LTQ FT instrument for electrospray ionization
(ESI). NMR spectra were recorded on Bruker Avance Il HD 400 MHz or 500 MHz
spectrometers equipped with CryoProbe™ Prodigy broadband probe (Bruker). Chemical shifts
are reported in & values (ppm), coupling constants (J) in hertz (Hz). Purity was determined by
quantitative "H NMR (gqH NMR) according to a method described by Pauli et al. with internal
calibration.? The gH NMR measurements were carried out under conditions allowing complete
relaxation to assure the exact determination of peak area ratios. Used internal standards were
Ethyl 4-(dimethylamino)benzoate (LOT# BCCC6657, purity 99.63%) and maleic acid (LOT#
BCBM8127V, purity 99.94%) in CDCl3, MeOD-d4, DMSO-ds or acetone-ds. All compounds for
biological testing had a purity >95% according to qH NMR.

General procedures

General procedure for amide coupling with EDC-HCI (GP1)

5-Chloro-1H-indole-6-carboxylic acid (3, 1.1 eq.) was suspended in chloroform (~0.04 M) and
EDC-HCI (1.2 eq) was added. The mixture was stirred at rt for 1 h, whereby the solution cleared
up. Then the respective amine (4e,m,o,r.t,v, 1.0 eq) and triethylamine (0.1 eq) were added
and the resulting mixture was stirred at rt for 18 h. The solution was diluted with aqueous NaOH
(2 M) and the aqueous layer was extracted with DCM (3 x). The combined organic layer was
washed with aqueous NaOH (2 M), dried over Na>SOy, filtered and evaporated. The resulting
residue was purified by CC and preparative HPLC.
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Svynthesis and analytical characterization of 5e,m,o,r,t,v, 10-13

5-Chloro-N-(1-isopropylpiperidin-4-yl)-1H-indole-6-carboxamide (5e) Preparation
according to GP1, using 5-chloro-1H-indole-6-carboxylic acid (3, 108 mg, 550 umol, 1.10 eq)
and commercially available 4-amino-1-isopropylpiperidine (4e, 71.1 mg, 500 pmol, 1.00 eq)
yielded amide 5e as a yellow oil (50 mg, 31%). Rs(EtOAc/EtOH = 1:1 + 2% TEA) = 0.55. MS
(+APCI): m/z 319.9 ([M+H]*). HRMS (+ESI): m/z calculated 320.15242 for [C47H23CIN3O]",
found 320.15277 ((M+H]*). '"H NMR (400 MHz, MeOD-d.): d = 8.51 (s, 1H), 7.63 (s, 1H), 7.53—
7.47 (m, 1H), 7.39 (d, J = 3.1 Hz, 1H), 6.47 (dd, J= 3.1, 0.9 Hz, 1H), 4.25-4.06 (m, 1H), 3.54—
3.38 (m, 3H), 3.25-3.08 (m, 2H), 2.36—-2.18 (m, 2H), 2.04—-1.81 (m, 2H), 1.35 (d, J = 6.6 Hz,
6H) ppm. *C NMR (126 MHz, CD.Cl,): d = 167.42, 134.44, 130.41, 128.77, 128.45, 121.85,
121.72, 113.30, 102.12, 56.20, 47.26, 46.38, 30.19, 17.24 ppm. gH NMR (400 MHz, MeOD-
ds, Ethyl 4-(dimethylamino)benzoate as reference): purity = 98.9%.

5-Chloro-N-[3-(4-methylpiperidin-1-yl)propyl]-1H-indole-6-carboxamide (5m) Preparation
according to GP1, using 5-chloro-1H-indole-6-carboxylic acid (3, 68.9 mg, 352 ymol, 1.10 eq)
and commercially available 3-(4-methylpiperidin-1-yl)propan-1-amine (4m, 50.0 mg, 320 umol,
1.00 eq) yielded amide 5m as a yellow solid (28 mg, 26%). R:(EtOAC/EtOH = 1:1 + 2% TEA)
= 0.51. MS (+APCI): m/z 333.8 ([M+H]"). HRMS (+ESI): m/z calculated 334.16807 for
[C18H25CIN3O]*, found 334.16844 ([M+H]*). '"H NMR (400 MHz, MeOD-d,): & = 8.45 (s, 1H),
7.64 (s, 1H), 7.56 (s, 1H), 7.41 (d, J = 3.1 Hz, 1H), 6.48 (d, J = 3.1 Hz, 1H), 3.61-3.44 (m, 4H),
3.26-3.15 (m, 2H), 3.06-2.87 (m, 2H), 2.14-1.99 (m, 2H), 1.99-1.86 (m, 2H), 1.81-1.64 (m,
1H), 1.59-1.41 (m, 2H), 1.02 (d, J = 6.4 Hz, 3H) ppm. *C NMR (126 MHz, MeOD-ds): & =
172.17,135.42, 131.61, 129.47, 129.44, 122.09, 122.08, 112.95, 102.32, 55.69, 53.93, 37.90,
32.51, 29.95, 2569, 21.27 ppm. gH NMR (400 MHz, MeOD-ds, Ethyl 4-
(dimethylamino)benzoate as reference): purity = 97.0%.

5-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxy]phenyl}-1H-indole-6-carboxamide
(50) 5-Chloro-1H-indole-6-carboxylic acid (3, 150 mg, 767 umol, 1.00 eq.) and oxalyl chloride
(69.0 pL, 767 ymol, 1.00 eq.) were dissolved in 4 mL of a mixture of one drop of DMF in DCM
(14 mL). After 2 h, the solvent was removed under reduced pressure. The remaining residue
was dissolved in DCM (6 mL) and 5-chloro-2-[2-(dimethylamino)ethoxy]aniline (40, 165 mg,
767 ymol, 1.00 eq.) was added to the solution. The reaction mixture was stirred for 18 h at rt.
Then DCM (10 mL) and saturated NaHCO3 solution (10 mL) were added. The separated
organic layer was dried over MgSQy, filtered and concentrated under reduced pressure. The
crude product was purified by CC and subsequent recrystallization from methanol yielded
compound 50 as a colorless crystalline solid (23 mg, 8%). R (iso-hexane/EtOH = 1:1 + 2%
TEA) = 0.24. MS (+APCI): m/z 391.3 ([M+H]"). HRMS (+EIl): m/z calculated 391.08488 for
[C19H19CI2N3O2]*, found: 391.08645 ([M]**). '"H NMR (500 MHz, CDCl3) & = 10.17 (s, 1H), 8.78
(s, 1H), 8.71-8.66 (m, 1H), 7.90-7.86 (m, 1H), 7.68 (s, 1H), 7.38-7.33 (m, 1H), 7.03 (dd, J =
8.6, 2.6 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 6.54-6.50 (m, 1H), 4.09 (t, J = 5.4 Hz, 2H), 2.55 (t,
J = 5.0 Hz, 2H), 2.02 (s, 6H) ppm. *C NMR (126 MHz, CDCls) & = 166.00, 146.62, 134.11,
131.66, 130.50, 129.03, 128.13, 128.09, 123.77, 122.13, 121.87, 120.81, 116.73, 113.63,
102.52, 69.45, 57.99, 45.18 ppm. qH NMR (400 MHz, MeOD-d4, maleic acid as reference):
purity = 95.4%.

5-Chloro-N-{2-[decahydroisoquinolin-2(1H)-yl]ethyl}-1H-indole-6-carboxamide (5r)
Preparation according to GP1, using 5-chloro-1H-indole-6-carboxylic acid (3, 73.2 mg, 374
pmol, 1.10 eq) and commercially available 2-(decahydroisoquinolin-2-yl)ethan-1-amine (4r,
mixture of diastereomers, 62.0 mg, 340 umol, 1.00 eq) yielded amide 5r as a colourless solid
(mixture of stereoisomers, 39 mg, 32%). Ri(EtOAC/EtOH = 1:1 + 2% TEA) = 0.52. MS (+APCI):
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miz 359.9 ([M+H]"). HRMS (+ESI): m/z calculated 360.18372 for [C2oH27CIN3O]*, found
360.18412 ([M+H]"). '"H NMR (500 MHz, MeOD-d.): & = 8.53 (s, 1H), 7.64 (s, 1H), 7.59 (s, 1H),
7.41 (d, J=3.1Hz, 1H), 6.48 (d, J = 3.1 Hz, 1H), 3.72 (t, J = 6.2 Hz, 2H), 3.60-0.96 (m, 18H)
ppm. C NMR (126 MHz, MeOD-d,) & = 172.36, 135.40, 131.78, 129.61, 128.85, 122.20,
122.19, 113.21, 102.36, 59.86, 58.41, 55.04, 41.30, 36.98, 33.79, 33.33, 32.08, 30.89, 27.09,
26.74 ppm. gH NMR (400 MHz, MeOD-d., Ethyl 4-(dimethylamino)benzoate as reference):
purity = 97.9%.

5-Chloro-N-[4-(diethylamino)cyclohex-1-yl]-1H-indole-6-carboxamide (5t) Preparation
according to GP1, using 5-chloro-1H-indole-6-carboxylic acid (3, 108 mg, 550 ymol, 1.10 eq)
and commercially available N,N-diethylcyclohexane-1,4-diamine (4t, mixture of diastereomers,
85.2 mg, 500 ymol, 1.00 eq) yielded amide 5t as a colorless solid (mixture of diastereomers:
6:4 trans/cis, 34 mg, 20%). R:(EtOAC/EtOH = 1:1 + 2% TEA) = 0.51. MS (+APCI): m/z 347.9
([M+H]*). HRMS (+ESI): m/z calculated 348.18372 for [C19H27CIN3O]*, found 348.18419
([M+H71"). 'H NMR (500 MHz, MeOD-d.): & = 8.55 (s, 1H), 7.63 (s, 0.6:1H), 7.61 (s, 0.4-1H),
7.53 (s, 0.6:1H), 7.48 (s, 0.4:1H), 7.41-7.37 (m, 1H), 4.24 (quint, J = 3.3 Hz, 0.6-1H), 3.89 (tt,
J=11.8, 4.1 Hz, 0.4-1H), 3.27-2.97 (m, 5H), 2.26-2.04 (m, 3H), 1.90-1.81 (m, 4H), 1.56-1.41
(m, 1H), 1.38-1.25 (m, 6H) ppm. "*C NMR (126 MHz, MeOD-d.): & = 171.23, 170.94, 135.52,
135.43, 131.44, 131.42, 130.24, 130.09, 129.23, 129.18, 122.20, 121.93, 121.84, 112.95,
112.71, 102.27, 62.09, 61.71, 46.22, 46.11, 45.93, 31.61, 29.45, 26.76, 23.00, 22.87, 11.04,
11.00 ppm. gH NMR (400 MHz, MeOD-d,, Ethyl 4-(dimethylamino)benzoate as reference):
purity = 97.9%.

5-Chloro-N-[(1-butylpyrrolidin-3-yl)methyl]-1H-indole-6-carboxamide (5v) Preparation
according to GP1, using 5-chloro-1H-indole-6-carboxylic acid (3, 94.7 mg, 484 ymol, 1.10 eq)
and commercially available (1-butylpyrrolidin-3-yl)methanamine (4v, mixture of enantiomers,
68.8 mg, 440 ymol, 1.00 eq) yielded amide 5v as a yellow oil (11 mg, 8%). Rs (EtOAc/EtOH =
1:1 + 2% TEA) = 0.48. MS (+APCI): m/z 333.7 ([M+H]*). HRMS (+ESI): m/z calculated
334.16807 for [C1gH25CIN3QO]*, found 334.16848 ([M+H]"). '"H NMR (500 MHz, MeOD-ds): & =
8.50 (s, 1H), 7.63 (s, 1H), 7.53 (s, 1H), 7.40 (d, J = 3.1 Hz, 1H), 6.47 (d, J = 2.9 Hz, 1H), 3.69-
3.37 (m, 5H), 3.27-3.08 (m, 3H), 2.89-2.70 (m, 1H), 2.36-2.18 (m, 1H), 2.01-1.85 (m, 1H),
1.77-1.63 (m, 2H), 1.49-1.36 (m, 2H), 0.99 (t, J=7.1 Hz, 3H) ppm. *C NMR (126 MHz,
MeOD-d,): 8 =171.94, 135.43, 131.54, 129.72, 129.39, 122.04, 122.02, 112.83, 102.30, 57.92,
56.39, 54.77, 42.74, 38.84, 28.95, 28.42, 20.88, 13.89 ppm. gH NMR (400 MHz, MEOD-ds,
Ethyl 4-(dimethylamino)benzoate as reference): purity = 95.4%.

6-Chloro-N-[5-chloro-2-{2-(dimethylamino)ethoxy]phenyl}-1H-indole-5-carboxamide
(10) Preparation according to GP1, using 6-chloro-1H-indole-5-carboxylic acid (3a, 108 mg,
550 ymol, 1.10 eq) and commercially available 5-chloro-2-[2-(dimethylamino)ethoxy]aniline
(40, 107 mg, 500 umol, 1.00 eq) yielded amide 3a as a colorless solid (9 mg, 5%). R (iso-
hexane/EtOAc = 1:1) = 0.36. MS (+APCI): m/z 391.8 ([M+H]"). HRMS (+ESI): m/z calculated
392.09271 for [C19H20Cl2N302]*, found 392.09335 ([M+H]*). '"H NMR (400 MHz, acetone-ds): &
=10.62 (s, 1H), 10.45 (s, 1H), 8.66 (d, J = 2.6 Hz, 1H), 7.95 (s, 1H), 7.63-7.58 (m, 1H), 7.52—
7.46 (m, 1H), 7.17 (d, J = 8.7 Hz, 1H), 7.08 (dd, J = 8.6, 2.6 Hz, 1H), 6.66—6.60 (m, 1H), 4.20—
4.13 (m, 2H), 2.51-2.43 (m, 2H), 1.88 (s, 6H) ppm. *C NMR (101 MHz, acetone-ds): d =
166.92, 147.88, 138.03, 134.04, 128.87, 128.33, 128.14, 127.53, 124.60, 124.03, 122.56,
120.74, 119.93, 113.38, 103.28, 70.84, 58.37, 44.92 ppm. qH NMR (400 MHz, DMSO-ds, Ethyl
4-(dimethylamino)benzoate as reference): purity = 95.5%.

5-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxy]phenyl}-1-methyl-1H-indole-6-
carboxamide (11) 5-Chloro-1-methyl-1H-indole-6-carboxylic acid (3b, 14 mg, 67 pmol, 1.00
eq.), 5-chloro-2-[2-(dimethylamino)ethoxylaniline (40, 19 mg, 87 pymol, 1.3 eq.), 1-
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methylimidazole (18.6 pL, 234 umol, 3.5 eq.) and chloro-N,N,N',N'-tetramethylformamidinium
hexafluorophosphate (22.5 mg, 80 umol, 1.2 eq.) were dissolved in DMF (1 mL) and the
reaction mixture was stirred at 80 °C overnight. Then the solution was diluted with 2N aqueous
NaOH and the aqueous layer was extracted with EtOAc. The combined organic layer was dried
over MgSOQ., filtered and evaporated. The resulting residue was purified by CC and yielded
compound 11 as a colorless solid (7 mg, 26%). R:(iso-hexane/EtOAc = 8:2 + 2% TEA) = 0.3.
MS (+APCI): m/z found 405.6 ([M+H]"). HRMS (+ESI): m/z calculated 406.10836 for
[C20H22CI2N302]*, found 406.10908 ([M+H]*). '"H NMR (400 MHz, CDCls): 8 10.09 (s, 1H), 8.74—
8.69 (m, 1H), 7.84 (s, 1H), 7.67 (s, 1H), 7.19 (d, J = 3.1 Hz, 1H), 7.03 (dd, J = 8.6, 2.6 Hz, 1H),
6.91 (d, J = 8.6 Hz, 1H), 6.49-6.43 (m, 1H), 4.11 (t, J = 5.5 Hz, 2H), 3.83 (s, 3H), 2.63-2.54
(m, 2H), 2.05 (s, 6H) ppm. *C NMR (101 MHz, CDCls): & = 165.79, 146.40, 134.94, 132.47,
131.35, 130.81, 128.29, 127.85, 123.53, 121.85, 121.61, 120.64, 116.11, 112.00, 100.74,
69.08, 57.88, 45.10, 33.21 ppm. qH NMR (400 MHz, CDCls, Ethyl-4-(dimethylamino)benzoate
as reference): purity = 95.9%.

5-Chloro-N-[(5-chloro-1H-indol-6-yl)methyl]-2-[2-(dimethylamino)ethoxy]aniline (12) 5-
Chloro-1H-indole-6-carbaldehyde (15, 0.045 g, 1.00 eq.) and 5-chloro-2-[2-
(dimethylamino)ethoxy]aniline (40, 59 mg, 276 ymol, 1.1 eq.) was dissolved in a mixture of
DCM (3mL) and DCE (1 mL). Acetic acid (28 pL, 502 ymol, 2.00 eq.) was added to the solution
and the reaction mixture was stirred for 2 h at rt. Then sodium triacetoxyborohydride (90 mg,
425 umol, 1.69 eq) was added and the solution was stirred for further 2 h at rt. The reaction
was quenched with saturated NaHCOs3 solution and the aqueous layer was extracted with
EtOAc. The combined organic layer was dried over MgSQ., filtered and evaporated. The
resulting residue was purified by reverse CC and yielded compound 12 as a beige solid. (34
mg, 36%). R(DCM/MeOH = 95:5) = 0.39. MS (+APCI): m/z 377.4 ((M+H]*). HRMS (+ESI): m/z
calculated 378.11344 for [C19H22Cl.N3O]*, found 378.11344 ([M+H]*). '"H NMR (400 MHz,
acetone-dg): & = 10.33 (s, 1H), 7.65 (s, 1H), 7.48 (s, 1H), 7.40-7.33 (m, 1H), 6.85 (d, J = 8.5
Hz, 1H), 6.52 (dd, J = 8.4, 2.5 Hz, 1H), 6.50-6.42 (m, 2H), 5.84 (s, 1H), 4.53 (d, J = 5.8 Hz,
2H), 4.10 (t, J=5.7 Hz, 2H), 2.66 (t, J = 5.7 Hz, 2H), 2.23 (s, 6H).ppm. *C{'H}-NMR (101 MHz,
acetone-ds) & = 144.96, 140.56, 135.25, 128.73, 128.23, 126.60, 126.42, 123.88, 120.42,
114.92, 113.71, 111.27, 109.50, 101.04, 68.06, 58.25, 45.32, 45.15 ppm. gH NMR (400 MHz,
acetone-ds, Ethyl 4-(dimethylamino)benzoate as reference): purity = 96.9%.

7-Chloro-N-{5-chloro-2-[2-(dimethylamino)ethoxy]phenyl}quinolin-4-amine  (13) 4-
Bromo-7-chloro-chloroquinoline (16, 170 mg, 699 pmol, 3.00 eq.), Pd(OAc)2 (5.3 mg, 23 umol,
0.1 eq.), (+/-)-2,2'-Bis(diphenylphosphino)-1,1'-binaphthalene (29 mg, 47 umol, 0.2 eq.), KsPO4
(82.6 mg, 389 ymol,1.67 eq.) and 5-Chloro-2-[2-(dimethylamino)ethoxy]aniline (50, 50.0 mg,
233 umol, 1.00 eq.) were dissolved in 1,4-dioxane (10 mL). The suspension was stirred at 90
°C for 24 h. After completion of the reaction the mixture was filtered through Celite and purified
by CC yielded compound 13 as a yellow solid (25 mg, 29%). R(DCM/MeOH = 95:5) = 0.13.
MS (+APCI): m/z 375.7 ((M+H]*). HRMS (+ESI): m/z calculated 376.09779 for [C19H20CI2N30]",
found 376.09885 ([M+H]*). '"H NMR (400 MHz, acetone-ds) d = 8.57 (d, J = 5.2 Hz, 1H), 8.54
(s, 1H), 8.27 (d, J = 9.0 Hz, 1H), 7.95 (d, J = 2.2 Hz, 1H), 7.55 (dd, J = 9.0, 2.2 Hz, 1H), 7.49
(d, J=25Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 7.13 (dd, J= 8.7, 2.5 Hz, 1H), 7.01 (d, J = 5.2 Hz,
1H), 4.22 (t, J = 5.3 Hz, 2H), 2.57 (t, J = 5.4 Hz, 2H), 2.23 (s, 6H) ppm. *C NMR (101 MHz,
acetone-ds) 6 = 152.13, 150.06, 149.79, 147.27, 134.39, 132.89, 128.44, 126.28, 125.43,
124.07, 123.28, 121.72, 119.01, 117.67, 102.99, 68.52, 57.84, 44.8 ppm. gH NMR (400 MHz,
acetone-ds, Ethyl-4-(dimethylamino)benzoate as reference): purity = 95.2%.
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Svynthesis and analytical characterization of intermediates

5-Chloro-1H-indole-6-carboxylic acid (3) Methyl 5-chloro-1H-indole-6-carboxylate (9, 2.80
g, 13.4 mmol, 1.00 eq.) was dissolved in EtOH (25 mL) and water (25 mL). LiOH-H.O (1.69 g,
40.2 mmol, 3.00 eq.) was added and the reaction mixture was stirred at rt for 18 h. After
removal of the solvent, the resulting solid was dissolved in water. The alkaline solution (pH >
11) was extracted with EtOAc. The aqueous layer was acidified with aqueous hydrochloric acid
(10%) and extracted with EtOAc. The latter organic layers were combined, washed with brine,
dried over MgSO4 and filtered. The solvent was removed under reduced pressure and the
residue was recrystallized from a mixture of DCM/diisopropylether (1:1) yielded compound 3
as a beige solid (2.47 g, 94 %). R (iso-hexane/EtOAc = 8:2 + 2% AcOH) = 0.22. MS (+APCI):
miz 195.7 (IM+H]*). '"H NMR (400 MHz, acetone-ds): & = 11.15 (s, 1H), 10.69 (s, 1H), 8.13 (s,
1H), 7.70 (s, 1H), 7.62-7.58 (m, 1H), 6.56—6.53 (m, 1H) ppm. *C NMR (126 MHz, acetone-
ds): © = 168.58, 134.20, 131.45, 129.74, 123.62, 122.39, 121.82, 115.47, 101.46 ppm.

5-Chloro-1-methyl-1H-indole-6-carboxylic acid (3b) Methyl 5-chloro-1-methyl-1H-indole-6-
carboxylate (9a, 30.3 mg, 135 umol, 1.00 eq.) was dissolved in 2 mL of a mixture of EtOH/water
(1:1). Lithium hydroxide (9.73 mg, 406 umol, 3.00 eq) was added and the mixture was stirred
at rt overnight. The solvent was removed and water was added. The alkaline solution (pH >
11) was extracted with EtOAc. The aqueous layer was acidified with aqueous hydrochloric acid
(10%) and extracted with EtOAc. The latter organic layers were combined, dried over MgSQO4
filtered and concentrated under reduced pressure giving compound 3b as a colorless solid (28
mg, 98.6%). R (i-hexane/EtOAc = 8:2 + 2% AcOH) = 0.25. MS (+APCI): m/z 209.7 ([M+H]").
"H NMR (400 MHz, acetone-ds): & = 8.04 (s, 1H), 7.68 (s, 1H), 7.49 (d, J = 3.0 Hz, 1H), 6.49
(dd, J = 3.0, 0.8 Hz, 1H), 3.93 (s, 3H) ppm. *C NMR (101 MHz, acetone-ds): & = 166.58,
134.59, 133.86, 131.72, 123.57, 122.36, 122.02, 113.52, 100.34, 32.37 ppm.

2-Chloro-4-methyl-5-nitrobenzoic acid (7)® 2-Chloro-4-methylbenzoic acid (6, 10.0 g, 55.8
mmol, 1.00 eq.) was suspended in sulfuric acid (100 mL) and cooled to 5 °C. Over a period of
40 min nitric acid (3.39 mL, 52.7 mmol, 0.90 eq.) was added dropwise so that the reaction
mixture did not exceed a temperature of 15 °C. After complete addition of nitric acid the reaction
mixture was stirred at rt for 30 min and then poured into ice water. The solid that subsequently
precipitated was filtered off, washed with cold water and dissolved in EtOH. Water was added
dropwise to the solution, whereupon a colorless solid precipitated. The solid was filtered off,
washed with cold water and dried under reduced pressure yielded compound 7 as a colorless
solid (7.57 g, 59%). Rs (iso-hexane/EtOAc = 8:2 + 2% AcOH) = 0.33. MS (-APCI): m/z 214.5
([M-HJ). "H NMR (400 MHz, acetone-ds): 6 = 8.54 (s, 1H), 7.72 (s, 1H), 2.65 (s, 3H) ppm. *C
NMR (101 MHz, acetone-ds): 6 = 164.70, 148.50, 139.43, 138.57, 136.14, 129.76, 128.72,
20.03 ppm.

Methyl 2-chloro-4-methyl-5-nitrobenzoate (8)3 Acetyl chloride (12.4 mL, 174 mmol, 5.00 eq.)
was added dropwise to methanol (70 mL) at 5-10 °C. A solution of 2-chloro-4-
methylnitrobenzoic acid (7, 7.50 g, 34.8 mmol, 1.00 eq.) in methanol (100 mL) was added in
portions and the reaction mixture was stirred at 50 °C for 4 h. After cooling to rt the solvent
was removed under reduced pressure. The yellow solid obtained was dissolved in DCM and
washed with brine solution and water. The organic phase was dried over MgSO., filtered and
evaporated to yield 8 as a colorless solid (7.66 g, 96 %). R (iso-hexane/EtOAc = 8:2) = 0.41.
MS (+APCI): m/z 229.5 ((M+H]*). '"H NMR (400 MHz, acetone-de): & = 8.48 (s, 1H), 7.73 (s,
1HI), 3.95 (s, 3H), 2.65 (s, 3H) ppm. *C NMR (101 MHz, acetone-ds): & = 167.44, 148.34,
139.57, 138.30, 136.08, 129.51, 128.51, 53.18, 20.05 ppm.

Methyl 5-chloro-1H-indole-6-carboxylate (9)° Methyl 2-chloro-4-methyl-5-nitrobenzoate (8,

7.66 g, 33.4 mmol, 1.00 eq.) was dissolved in DMF (50 mL). N,N-dimethylformamide

dimethylacetal (10.4 mL, 49.9 mmol, 1.50 eq.) was added to the solution and the reaction
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mixture was stirred for 2 h at 130 °C. The reaction mixture was concentrated under vacuum,
dissolved in EtOAc, washed with brine and water. The aqueous phases were extracted with
EtOAc and the combined organic phases were dried over MgSQa4. After removing the solvent,
the obtained purple solid was dissolved in acetic acid (100 mL) and water (20 mL). Over a
period of 40 min, zinc powder (13.06 g, 65.34mmol, 6.0 eq.) was added in portions and the
reaction mixture was heated to 80 °C for 2 h. After cooling to rt, the mixture was diluted with
EtOAc and filtered. The organic phase was separated and washed with saturated NaHCO3
solution and brine. The organic phase was dried over MgSOy, filtered and concentrated under
reduced pressure. The brown oil was purified by CC and yielded compound 9 as a green solid
(2.80 g, 40 %). R (iso-hexane/EtOAc = 8:2) = 0.23. MS (+APCIl): m/z 209.7 (IM+H]*). '"H NMR
(400 MHz, acetone-ds): 6 = 10.69 (s, 1H), 8.03 (s, 1H), 7.71 (s, 1H), 7.60 (t, J = 2.8 Hz, 1H),
6.54 (m, 1H), 3.87 (s, 3H) ppm. *C NMR (126 MHz, acetone-ds): & = 167.20, 134.86, 132.86,
130.68, 124.13, 123.34, 122.65, 116.02, 102.38, 52.26 ppm.

Methyl 5-chloro-1-methyl-1H-indole-6-carboxylate (9a) Sodium hydride (19.6 mg, 490
pumol,1.20 eq.) was added portionwise to methyl 5-chloro-1H-indole-6-carboxylate (9, 85.6 mg,
0.408 mmol, 1.00 eq.) in DMF (1.5 mL) cooled to 0 °C over a period of 10 min. The resulting
solution was stirred at 0 °C for further 10 min. Methyl iodide (30 pL, 49 pmol, 1.20 eq.) was
added and the solution was stirred at rt for 2 h. The reaction mixture was quenched with
saturated NH4Cl solution and the aqueous layer was extracted with EtOAc. The combined
organic layer was dried over MgSOQy, filtered and evaporated. The residue was purified by CC
to yield compound 9a as a colorless solid (30 mg, 33%). R (iso-hexane/EtOAc = 8:2) = 0.3.
MS (+APCI): m/z 223.6 ([M+H]"). 'H NMR (400 MHz, acetone-ds): & = 7.96 (s, 1H), 7.68 (s,
1H), 7.49 (d, J = 3.1 Hz, 1H), 6.52-6.48 (m, 1H), 3.92 (s, 3H), 3.89 (s, 3H) ppm. "*C NMR (101
MHz, CDCls): & = 167.12, 134.47, 133.09, 131.73, 124.33, 122.65, 122.17, 113.29, 100.83,
52.23, 33.18 ppm.

5-Chloro-1H-indole-6-ylmethanol (14) Methyl 5-chloro-1H-indole-6-carboxylate (3, 0.5 g,
2.39 mmol, 1.00 eq.) was dissolved in THF (4 mL) under nitrogen. The solution was stirred at
0 °C and a solution of lithium aluminium hydride (596 pL, 2.39 mmol, 1.0 eq., 4 M in diethyl
ether) was added dropwise. The reaction mixture was stirred for 1h and quenched with EtOAc
and water. The aqueous layer was extracted with EtOAc and the combined organic layer was
dried over MgSOy, filtered and evaporated. The residue was purified by CC yielded compound
14 as a colorless solid (115 mg, 71%). Rs (iso-hexane/EtOAc = 2:1) = 0.2. MS (+APCI): m/z
181.6 ([M+H]*). "H NMR (400 MHz, acetone-ds): d = 10.35 (s, 1H), 7.72-7.65 (m, 1H), 7.57 (s,
1H), 7.40-7.31 (m, 1H), 6.48-6.41 (m, 1H), 4.81-4.73 (m, 2H), 4.25 (t, J = 5.7 Hz, 1H) ppm.
3C NMR (101 MHz, acetone-ds): & = 135.25, 132.31, 127.92, 126.12, 123.00, 119.82, 110.65,
100.95, 61.77 ppm.

5-Chloro-1H-indole-6-carbaldehyde (15) 5-Chloro-1H-indole-6-ylmethanol (14, 0.091 g, 496
pmol, 1.00 eq.) was dissolved in a mixture of DCM (4 mL) and DMF (2mL) at 0 °C. Dess-
Martin-Periodinan (0.231 g, 546 ymol, 1.10 eq.) was added to the solution and the reaction
mixture was allowed to warm to rt and stirred for 1 h. A solution of 1 N NaOH was added and
the biphasic mixture was filtered through Celite. The biphasic mixture was extracted with
EtOAc and the organic phase was dried over MgSOj4. The organic solvent was removed under
reduced pressure and the residue was purified by CC to yield compound 14 as a brown solid
(mixture of tautomers, 89 mg, 100%). R (iso-hexane/EtOAc = 2:1) = 0.5. MS (+APCI): m/z
179.7 ((M+H]*). '"H NMR (400 MHz, acetone-ds): & = 10.91 (s, 1H), 10.48 (s, 1H), 8.07 (s, 1H),
7.75-7.67 (m, 2H), 6.63-6.56 (m, 1H) ppm. *C NMR (101 MHz, acetone-ds): & = 190.14,
135.53, 135.38, 134.44, 134.40, 132.52, 132.35, 128.07, 126.82, 121.90, 113.88, 113.83,
102.87, 102.82 ppm.
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gqH NMR of 5e,m,o0,r,t,v, 10-13 for purity analysis

Compound 5e:

Average Purity = 98.89%
Assuming sample weight: 1.448 mg, and mol weight: 319.83
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.422 mg, 99% purity,
Mol Weight=193.24)
Sample Integral 1: 6.42472 - 6.50934 ppm, value = 0.12769 (1 nuclides) - Purity =
98.9%
Reference Integral: 6.66151 - 6.75881 ppm, value = 1 (2 nuclides)
J
77
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10 05 0.0
f1 (ppm)
Compound 5m:
Average Purity = 97.02%
Assuming sample weight: 2.249 mg, and mol weight: 333.8557
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.637 mg, 99% purity,
Mol Weight=193.24)
Sample Integral 1: 6.47681 - 6.52121 ppm, value = 0.98366 (1 nuclides) - Purity =
97%
Reference Intggral: 6.68917 - 6.7635 ppm, value = 5.60894 (2 nuclides)
£ dsi3d <3 4% T EEERr N
- R ] ww oo < ~N ~ NN ~N ™
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10 05 0.0

f1 (ppm)
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Compound 5o:

Average Purity = 95.4%
Assuming sample weight: 4.849 mg, and mol weight: 392.28

Using Reference Compound: Maleic acid (6.104 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 7.41318 - 7.48177 ppm, value(= 0.11218 (1 nuclides) - Purity =

95.4%
Reference Integral: 6.20163 - 6.30579 ppm, valug = 1 (2 nuclides)

L

T Y
84 82 80 7.8 76 7.4 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 2
f1 (ppm)
Compound 5r:
Average Purity = 97.86%
Assuming sample weight: 2.245 mg, and mol weight: 359.9
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.646 mg, 99% purity,
Mol Weight=193.24)
Sample Integral 1: 6.43919 - 6.52569 ppm, value = 0.1634 (1 nuclides) - Purity =
97.9%
Reference Integral: 6.65573 - 6.763@2 ppm, value = 1 (2 nuclides|
@ &
Ty
- =3
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 40 10 0.5 0.0
f1 (ppm)
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Compound 5t:

Average Purity = 97.87%

Assuming sample weight: 1.448 mg, and mol weight: 347.89

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.362 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.44494 - 6.48508 ppm, value = 0.11825 (1 nuclides) - Purity =
97.9%

Reference Integral: 6.6396 - 6.77665|ppm, value = 1.00002 (2 nuclides)

=
C

T
£
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Compound 5v:

Average Purity = 95.41%

Assuming sample weight: 1.976 mg, and mol weight: 333.86

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.502 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1} 6.45597 - 6.52773 ppm, value = 1.03913 (1 nuclides) - Purity =
95.4%

Reference Integral: 6.69535 - 6.76937 ppm, value = 4.71736 (2 nuclides)

1] J

B T
EELE $
bEEL 503
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)
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Compound 10:

Average Purity = 95.54%

Assuming sample weight: 1.487 mg, and mol weight: 392.28

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.033 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.52333 - 7.58115 ppm, value
95.5%

Reference Integral: 7.70415 - 7.80759 ppm, value| = 1 (2 nuclides)

0.11653 (1 nuclides) - Purity =

I

g =
T T T T T T T T T = O‘ T T T T T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Compound 11:

Average Purity = 95.9%

Assuming sample weight: 0.685 mg, and mol weight: 406.31

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (1.4 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 6.91857 - 6.95305 ppm, value = 0.1127 (1 nuclides) - Purity =
95.9%

Reference Integral: 6.54763 - 6.78848 ppm, value = 0.99991 (2 nuclides)

BN

T

<
|

0.12-1

T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

f1 (ppm)
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Compound 12:

Average Purity = 96.88%
Assuming sample weight: 2.301 mg, and mol weight: 378.3

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.627 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.79887 - 6.89292 ppm, value = 0.21892 (1 nuclides) - Purity =
96.9%

Reference Integral: 6.67862 - 6.76528 ppm, value = 1 (2 nuclides)

J

T
1.0 105 100 95 9.0 85 8.0 7.5 7.0 6.5 6.0 55 50 45 40 35 30 25 20 1.5 1.0 05 O
f1 (ppm)

Compound 13:

Average Purity = 95.2%
Assuming sample weight: 2.903 mg, and mol weight: 376.28

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.012 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 8.53604 - 8.62481 ppm, value = 0.23799 (1 nuclides) - Purity =
95.2%

Reference Integral: 7.f7211 - 7.88826 ppm, value = 1 (2 nuclides)

J

0.24-
1.00

T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.C
f1 (ppm)
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12.2 Development of Nurr1 agonists from amodiaquine by scaffold
hopping and fragment growing
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The neuroprotective transcription factor nuclear receptor-related 1 (Nurr1) has shown great promise
as a therapeutic target in Parkinson’s and Alzheimer’s disease as well as multiple sclerosis but high-
quality chemical tools for pharmacological target validation of Nurr1 are rare. We have employed the
weak Nurr1 modulator amodiaquine (AQ) and AQ-derived fragments as templates to design a new
Nurr1 agonist chemotype by scaffold hopping and fragment growing strategies. Systematic structural
optimization of this scaffold yielded Nurr1 agonists with nanomolar potency and binding affinity.
Comprehensive in vitro profiling revealed efficient cellular target engagement and compliance with the
highest probe criteria. In human midbrain organoids bearing a Parkinson-driving LRRK2 mutation, a
novel Nurr1 agonist rescued tyrosine hydroxylase expression highlighting the potential of the new
Nurr1 modulator chemotype as lead and as a chemical tool for biological studies.

Nuclear receptor related 1 (Nurrl, NR4A?2) is a ligand-activated transcription
factor mainly expressed in neurons and immune cells of the brain'~. The
receptor is critically involved in the regulation of (dopaminergic) neuron
development and maintenance as well as inflammatory processes™.
Observations of diminished Nurr1 levels in patients” and animal models*’
of Alzheimer’s (AD) and Parkinson’s diseases (PD) underline the therapeutic
potential of Nurrl activation in neurodegenerative diseases. Moreover, recent
findings suggest a protective and anti-inflammatory role of Nurrl in retinal
pigment epithelial cells in the eye with possible therapeutic relevance in age-
related macular degeneration''. Pharmacological activation of Nurrl may
therefore offer new therapeutic options in various degenerative diseases and
potent Nurrl agonists are needed'”.

Nurrl acts as a monomer, homodimer, or heterodimer and has con-
stitutive transcriptional activator activity also in the absence of ligands but
can be modulated by agonists and inverse agonists in a bidirectional
fashion""". The dopamine metabolite 5,6-dihydroxyindole (DHI)", poly-
unsaturated fatty acids'” and the prostaglandins A and E'® have been
identified as natural Nurrl ligands. A few synthetic Nurrl ligand chemo-
types have been recently identified”> among which the antimalarial
amodiaquine (AQ; Fig. 1; ECs50~20 uM)** was the first validated Nurrl
agonist and emerged as an early tool to study therapeutic effects of Nurrl
activation”. AQ treatment counteracted neuroinflammation and amelio-
rated behavioral deficits in a PD model*, and reduced neuronal loss and
amyloid-beta deposition in an AD model*’. However, while offering access

to Nurrl ligand discovery, AQ is unspecific'***** and hepatotoxic®, and

pharmacological effects with AQ cannot confidently be assigned to Nurrl
modulation. For example, AQ was found to inhibit autophagy, stabilize p53,
block ribosome biogenesis, suppress PPARY induced adipogenesis, and
cause endoplasmic reticulum stress > thus affecting multiple cellular
processes. Moreover, AQ and many analogues contain pan-assay inter-
ference compounds (PAINS)**” elements further compromising their value
as a chemical tool. Therefore, AQ descendants with improved potency and
selectivity are needed to validate the promising observations on Nurrl-
mediated therapeutic effects of this drug. So far, structural optimization
efforts have yielded the AQ descendant 1 exhibiting improved Nurrl ago-
nist potency and protective effects in a PD model, simplified 7-
chloroquinolin-4-amine (2) and 8-chloro-2-methylquinolin-4-amine (3)
fragments with enhanced Nurr1 agonism™, and a 5-(4-chlorophenyl)furan-
2-carboxamide motif (4)” as replacement for the unfavorable
4-aminophenol residue of AQ.

Here, we aimed to develop AQ-derived Nurrl agonists to enable target
validation studies on the promising effects of AQ in neurodegeneration.
Systematic optimization, scaffold-hopping, and fusion of AQ substructures
yielded a next-generation Nurrl ligand scaffold offering high potency and
selectivity. Comprehensive characterization and validation demonstrated high
affinity binding to Nurrl, cellular target engagement, low toxicity, favorable
permeability, and tunable metabolic stability. A potent and extensively vali-
dated Nurrl agonist of the AQ-derived chemotype and a structurally matched
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Fig. 1 | Nurrl agonists. Amodiaquine (AQ)*, the optimized AQ derivative 1°°, the

AQ-derived fragments 2 and 3*, and the AQ derivative 4 from microscale combi-
natorial chemistry”.

negative control compound together provide a high-quality chemical tool for
biological studies to validate Nurrl-dependent pharmacological effects of AQ
and advance Nurrl modulation as a therapeutic concept.

Results & Discussion

Design and structural optimization of Nurri agonists
Antimalarial activity of AQ and related compounds is mainly ascribed to the
common chloroquinoline scaffold present in several antimalarials™ while
the 4-hydroxyaniline is considered mainly responsible for cyto- and hepa-
totoxicity after metabolic activation to a reactive quinoneimine*”. Addi-
tionally, cellular AQ effects, e.g,, on autophagy and p53, surpassed the
activity of chloroquinone (CQ)**"' which is structurally related but lacks the
4-aminophenol moiety indicating that this substructure also mediates off-
target activities of AQ.

Optimization of the AQ scaffold for Nurrl agonism hence demanded
the replacement of both the chloroquinolineamine and 4-aminophenol
motifs. As we have previously found that 7-chloroquinoline-4-amine (2) is
sufficient for Nurrl activation and can be tuned in Nurrl agonism by
variation of its substitution pattern’, we aimed for optimization of the
chloroquinolineamine fragment by scaffold hopping and subsequent frag-
ment extension. Thus, we commenced the development of AQ-derived
Nurrl modulators by probing replacement of the quinoline scaffold of the
optimized AQ fragment 3 by alternative heterocycles (Table 1). The cor-
responding quinazoline 5 was inactive and 7-chloro-2-methyl-1H-indol-3-
amine (6) was not stable. 4-Chloro-2-methyl-benzimidazole (7) also failed
to activate Nurrl suggesting that the amino substituent was required and
could not be replaced by the ring NH.

The alternative imidazo[1,2-a]pyridine scaffold (8), in contrast,
retained Nurrl agonism and achieved a notable improvement in potency
and efficacy compared to 4. The smaller skeleton was not compatible with
the original regiochemistry of the chloro substituent (9) and systematic
deconstruction of 8 indicated a tight SAR with the importance of all sub-
stituents (10-13). Despite weak to no Nurrl activation by 9-13, isothermal
titration calorimetry (ITC, Table 1, Supplementary Fig. 1) demonstrated
that 11 and 12 containing the 8-chloro substituent still bound with low
micromolar affinity to the Nurrl LBD while 10 and 13 lacking the chlorine
atom exhibited weaker binding. These results thus highlighted the 8-chloro
substituent as a key factor driving affinity and the amino motif as relevant
for Nurrl activation. With single-digit micromolar potency (ECsq 7 (M)
and affinity (K4 2.7 uM, Fig. 2a), 8-chloro-2-methylimidazo[1,2-a]pyridine
(8) emerged as an improved fragment-like Nurrl agonist which was also
evident from enhanced ligand efficiency (LE), lipophilic ligand efficiency
(LLE), and size-independent ligand efficiency (SILE) compared to AQ and
the lead fragment 3 (Table 2).

Imidazopyridine-based NR4A modulators have been reported
previously” ™, but independent evaluation by Munoz-Tello et al. ** provided
no evidence for binding of a selected example of this chemotype (SR24237)"
to Nurrl. For direct comparison, we profiled the previously reported
imidazopyridine-based Nurrl agonist SA00025 (ECsy(NBRE) 0.217 uM™)

Table 1 | Optimization of the chloroquinoline fragment

ID structure ECso(Nurr1) (max. Kq
activation)® (Nurr1 LBD)®
3 NH, 17 +6 M n.d.
(1.7 + 0.1-fold)
A
~
N~ “CHj,
Cl
5 NH, inactive (100 pM) n.d.
SN
N/)\CHa
Cl
6 NH, unstable n.d.
N
H
Cl
7 H inactive (100 pM) n.d.
)—CH,
N
Cl
8 NH, 7+1pM 2.7uM
v (2.0 +0.1-fold)
CHj
X SN
Cl
9 NH, inactive (100 M) weak binding
~ "N
Jgatt
I "N
10 NH, inactive (100 uM) weak binding
Z NN
SN
11 = N/\> inactive (100 pM) 7.2uM
X SN
Cl
12 NH, < 1.2-fold activation 5.1uM
Z NN
SN
Cl
13 NH, inactive (100 pM) weak binding

-
SN 3

“Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation
refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3. °K4 values were
determined by isothermal titration calorimetry (cf. Fig. 2a Supplementary Fig. 1). n.d. - not
determined; weak binding - titration of 15 uM Nurr1 with 100 uM ligand showed heat differences
indicative of binding that could not be fitted, however.

in our test systems (refer to Supplementary Fig. 2 for assay setups; chemical
structure and data for SA00025 in Supplementary Fig. 3). No activation of
Nurrl (or the related NR4A receptors Nur77 and NOR1) by SA00025 was
detectable in the Gal4-hybrid reporter gene assay in the concentration range
from 10nM to 3 pM (Supplementary Fig. 3b). At higher concentration,
SA00025 was considerably cytotoxic. As literature™ reported activation of
full-length human Nurrl by SA00025 on the NBRE response element, we
also employed reporters for the human Nurrl response elements (NBRE,
NurRE, DR5)" but detected no effect of SA00025 (Supplementary Fig. 3c).
Orthogonal evaluation of SA00025 in cell-free setting by ITC indicated
potential weak binding, but insufficient affinity to determine a Ky value with
this technique (Supplementary Fig. 3d). In accordance with the findings of
Munoz-Tello et al. *, these results do not support potent Nurrl agonism of
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Fig. 2 | Orthogonal validation of ligand binding to Nurrl by isothermal titration
calorimetry (ITC). The fittings of the heat of binding are shown for 8 (a), 24 (b), and
26 (c) and the isotherms at 25 °C are shown as insets.

Table 2 | Ligand efficiency metrics of 1, 4, 8, 24, 26 and 36.°

1 4 8 24 26 36
PECso 47 48 5.2 6.4 5.8 7.0
LE 0.26 0.50 0.59 0.46 0.31 0.34
LLE -0.48 1.99 3.28 1.86 0.34 2.18
SILE 1.79 2.21 2.45 2.64 2.18 2.59

“Ligand efficiency (LE), lipophilic ligand efficiency (LLE), and size-independent ligand efficiency
(SILE) were computed according to ref. 62.

SA00025 and related compounds and align with the lack of activity of 9
indicating that 8-substituted imidazopyridines like 8 are favored over ana-
logues with substituents in 7-position.

Aiming to enhance potency by fragment growing, we next evaluated a
potential optimization of the 2-methyl substituent of 8 (Table 3). Extension
in this region caused a general reduction in Nurrl activation efficacy. In a
rough exploration of aliphatic (14) and aromatic (15, 16) extensions, only
the phenyl substituent (15) retained sufficient efficacy and provided a slight
improvement over 8 in terms of potency (ECs 4 uM). Chloro substituents
in 4- (17) and 3- (18) positions of the phenyl motif enhanced activation
efficacy but diminished potency. 2-Chloro substitution (19) disrupted
activity on Nurrl. Replacement of the chloro substituents (17, 18) by a
methyl group was tolerated in 4-position (20) but not in 3-position (21), and
trifluoromethyl substituents (22, 23) also caused a marked drop in efficacy.
Double 3,4-chloro substitution (24), in contrast, was additive and resulted in
enhanced potency (ECsy 0.4 pM) and efficacy (1.8-fold activation). The
corresponding dimethyl analogue 25 was less active.

Structural extension of the 2-methyl substituent in 8 thus provided no
major gain in Nurrl agonist activity. Only the 3,4-dichlorophenyl derivative
24 achieved a notable increase in potency over 8 which was in line with
results from ITC confirming enhanced affinity of 24 (K4 0.7 uM, Fig. 2b). In
terms of ligand efficiency (Table 2), the structural extension from 8 to 24
represented no significant improvement but the 2-(3,4-dichlorophenyl)
substituent of 24 may still be a valuable potency driving extension in fused
derivatives.

The optimized Nurr1 agonist 8 obtained by fragment hopping from the
chloroquinoline motif of AQ also appeared suitable for fragment growing by
fusion with N-substituents. Our previous studies” have revealed a 5-(4-
chlorophenyl)furan-2-carboxamide residue as alternative motif to replace the
aminophenol of AQ. Transfer of this SAR knowledge to the new imidazo[1,2-
a]pyridine scaffold of 8 in the fused 5-(4-chlorophenyl)furan-2-carboxamide
derivative 26 provided an improvement in Nurrl agonist potency (Table 4)
but decreased ligand efficiency (Table 2). Simplification of 26 by removal of
the chloro substituent (27) was tolerated but among alternative central aro-
matic systems, only thiophene (28) retained Nurrl agonism. Replacement of
furan (27) by pyrrole (29) or benzene (30) disrupted activity thus suggesting
26 as lead for further optimization which was also supported by improved
binding affinity of 26 (Ky 0.7 uM, Fig. 2¢). Further optimization potential
seemed to rest in the 4-chloro substituent as its removal (27) hardly dimin-
ished potency. This indicated that space to accommodate substituents was

Table 3 | Extension of the imidazo[1,2-a]pyridine 8

ID NH, ECso(Nurr1) (max. activation)®
e
XN
R'= Cl
8 CHgy 7 +1uM (2.0 £ 0.1-fold)
14 CHj < 1.2-fold act.

T

T
<

15 z_@ 4+2uM (1.4 £ 0.1-fold)
16 = < 1.2-fold act.
Y

17 E i:: ol 15+ 3 uM (1.7 + 0.2-fold)
18 S—Q 9+ 3pM (1.7 + 0.1-fold)

Cl
19 I—@ inactive (100 uM)

Cl
20 i:: 12 £ 2 pM (2.0 + 0.2-fold)
CHj3

21 I—Q < 1.2-fold act.

CHj,
22 i:: < 1.2-fold act.

CF3

23 ’_Q < 1.2-fold act.

CF4
24 0.4 +£0.2 uM (1.8 + 0.1-fold)

§—< E%CI

Cl

25 14 £2 pM (1.6 + 0.1-fold)

CHj3

)

[

®Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation
refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3.

available in this region and we thus focused our attention on alternative
motifs to replace the chlorine atom as 4-substituent of the phenylfuran-2-
carboxamide residue (Table 5).

The 4-trifluoromethyl derivative 31 exhibited similar activity as 26
while the corresponding 4-methyl analogue 32 was substantially more
potent. A similar trend was observed for the 4-trifluoromethoxy (33) and
4-methoxy (34) pair, which indicated the potential relevance of inductive
effects. Like 4-methyl (32) and 4-methoxy (34), a 4-methylamino sub-
stituent (35) was highly favored and enhanced Nurrl agonist potency to a
sub-micromolar range. A 4-dimethylamino group (36) provided a further
improvement to a double-digit nanomolar ECs, value.

The SAR evaluation had revealed favorable contributions to Nurrl
agonist potency for a 3,4-dichlorophenyl substituent in 2-position of the
imidazopyridine scaffold (24) and for the 5-(4-(dimethylamino)phenyl)
furan-2-carboxamide motif in 3-position (36). Structural fusion of these
modifications in the combined derivative 37 (Fig. 3) generated a high-
affinity Nurrl modulator (K4 0.08 pM, Supplementary Fig. 4) with strong
agonist potency (ECso = 0.04 + 0.01 uM), but the fused compound 37 did
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Table 4 | Fusion of 8 with N-substituents

ID HN’RZ EC5o(Nurr1) (max.
activation)®
Z "N
SN
R2= Cl
8 g{H 7 +1pM (2.0 £ 0.1-fold)
26 o 1.6+0.5uM
1.8 +0.1-fold
o o ( )
W
27 o) 421 M (2.1 +0.1-fold)
(0]
W,
28 ¢ 3.2+0.4 UM
s (2.1 + 0.1-fold)
W
29 inactive (10 uM®)
30 inactive (10 uM®)

“Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation

refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3. "Highest non-

toxic concentration.

Table 5 | Optimization of the fused derivative 26

ID o ECso(Nurr1) (max.
O__R3 activation)?
HNT O\
S =
\
R®= Cl
27 ;_© 4+1puM (2.1 +0.1-fold)
26 | C N 1.6+ 0.5 UM (1.8 = 0.1-fold)
31 1.1£0.3 M (1.8 2 0.1-fold)
E—< )—CF4
32 0.13+0.02 pM (2.0 = 0.2-fold)
E—< :)fCH3
33 : CFy 0.8+0.2 uM (2.0  0.1-fold)
O
34 : CH, 0.16 % 0.06 uM (1.7 + 0.1-fold)
O
35 CH, 0.30 +0.02 uM (1.8 £ 0.1-fold)
%—< >*NH
36 /CH3 0.090 + 0.005 uM
%—@N 2.1 +0.1-fold)

CHs

“Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation
refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3.

el =T/
o o _
NH, O\ O
N ?—Qm o K ol g CH,
o 24 © ¢ 37 C 36
ECso 0.4+0.2 yM 0.04+0.01 pM 0.090+0.005 pM
eff. 1.8+0.1-fold 1.53+0.04-fold 2.1+0.1-fold
Ky 0.7 uM 0.08 uM 0.17 uM

Fig. 3 | Structural fusion of 24 and 36 in 37 enhanced Nurrl agonist potency and
binding affinity. Nurrl modulation was determined in a Gal4-Nurrl hybrid
reporter gene assay. Max. activation refers to the maximum effect vs. 0.1% DMSO
control. Data are the mean + SD; n > 3. Binding affinity was determined by ITC.

not substantially outmatch 36 and was significantly more lipophilic (37:
SlogP 7.54).

Biological profiling of the Nurr1 agonist 36
These results highlighted 36 as preferred Nurrl agonist from the scaffold
hopping and fragment growing approach. Potent Nurrl agonism of 36 was
also evident in reporter gene assays to observe the activity of the full-length
human Nurrl (Fig. 4a, b) which better reflects the physiological setting than
the hybrid reporter gene assay (cf. Supplementary Fig. 2). Nurrl can act as a
monomer, homodimer, and RXR heterodimer on different response
elements'. 36 robustly activated the Nurrl homodimer (NurRE,
ECs500.094 uM; Fig. 4a) and the Nurrl-RXR heterodimer (DR5,
ECs00.165 uM; Fig. 4b) but interestingly was inactive on the Nurrl
monomer (NBRE; Fig. 4a) indicating an unprecedented Nurrl dimer pre-
ference. The RXR agonist bexarotene caused generally reduced activity of
DR5 (Supplementary Fig. 5) but enhanced the potency of 36 by a factor of >5
(ECs0 0.032 uM (DR5 w. 0.1 uM BEX)) suggesting potentially cooperative
binding™ to and activation of the Nurr1-RXR heterodimer.

36 exhibited high-affinity binding (K4 0.17 uM) to the Nurrl LBD in
ITC (Fig. 4¢) orthogonally validating its potent Nurrl agonism. In astrocytes
(T98G), 36 induced expression of the Nurrl-regulated genes tyrosine
hydroxylase (TH), vesicular amino acid transporter 2 (VMAT?2), and
superoxide dismutase 2 (SOD2) at low concentrations (0.1 uM, 0.3 uM)
supporting cellular target engagement (Fig. 4d). Selectivity profiling revealed
apreference of 36 for Nurr1 over Nur77 (Table 6) and no activity outside the
NR4A family at 3uM corresponding to >30-fold selectivity (Fig. 4e).
Moreover, 36 was non-toxic in N27 rat neurons, which can be used for
neurodegeneration models™"’, and in HEK293T cells at 10 uM which is two
orders of magnitude above its ECs, value (Fig. 4f). AQ, in contrast, exhibited
considerable toxicity with only ~20% remaining N27 metabolic activity at a
concentration (30 uM) that may be considered necessary for confident
target engagement given its low potency. With its favorable profile fulfilling
the highest quality criteria for chemical tools****, 36 thus emerges as a next-
generation tool to study the effects of Nurrl modulation by AQ-type
ligands.

To boost the value of 36 as a chemical tool, we aimed to complement it
with a structurally matched negative control compound for which 29
appeared suitable. 29 strongly resembles 36 in its chemical structure and
physicochemical characteristics but exhibited no Nurrl agonism in a cel-
lular setting at 10 pM and revealed no detectable binding to Nurrl in ITC
(Table 6). Further profiling of 29 revealed no effect on Nur77 and NOR-1,
no activation of full-length Nurrl, and no induction of Nurrl-regulated
gene expression (Fig. 4d). Thus, 29 is at least 100-fold less active than 36 as
Nurrl modulator and suitable as negative control.
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Fig. 4| Orthogonal validation and profiling of 36. a Effects of 36 on the human full-
length Nurrl homodimer (NurRE) and monomer (NBRE). Data are the mean
+S.E.M. fold activation vs. DMSO ctrl; n > 3. b Effects of 36 on the Nurrl-RXR
heterodimer (DR5) in the absence and presence of bexarotene (0.1 uM). Data are the
mean+S.E.M. fold activation vs. DMSO ctrl or vs. 0.1 uM BEX; n > 3. ¢ Binding of 36
to the Nurrl LBD (K4 0.17 uM, n = 1.0) determined by ITC. The fitting of the heat of
binding is shown and the isotherm at 25 °C is shown as inset. d Effects of 36 and 29
on the expression of the Nurrl-regulated tyrosine hydroxylase (TH), vesicular
amino acid transporter 2 (VMAT?2), and superoxide dismutase 2 (SOD2) in astro-
cytes (T98G). Data are the mean+S.E.M. fold mRNA induction vs. DMSO control;

n=3;"p<0.1, *p < 0.05 (t-test vs. DMSO ctrl). e Selectivity screening of 36 on
nuclear receptors. Heatmap shows the mean relative activation compared to refer-
ence ligands (listed in the methods section); # = 3. (f) 36 (10 uM) had no toxic effect
ina WST-8 assay in N27 rat neurons and HEK293T cells. AQ (1, 10 and 30 pM) was
toxic. Data are the mean+S.E.M. rel. absorbance (450 nm); n > 3. g Permeability of
Nurrl agonists in a parallel artificial membrane permeability assay (PAMPA) and in
a cellular model of the blood-brain-barrier (BBB). Propranolol and the brain-
penetrant reference antipyrine for comparison. Data are the mean + SD; n = 6.

h Metabolism of 36 by rat liver microsomes resulted in demethylation of the
dimethylamino group. Data are the mean + SD; n =4.

To further explore the potential of 36 as a chemical tool for in vivo
applications, we evaluated its pharmacokinetic parameters. 36 exhibited
favorable permeability in a parallel artificial membrane permeability assay
(PAMPA) and a cellular model of the blood-brain barrier using the human
brain endothelial cell-line HBEC-5i on trans-well plates’ (Fig. 4g) as indi-
cators of good absorption and brain penetration. The stability of 36 against
degradation by rat liver microsomes was low, however, pointing to limited
metabolic stability (Fig. 4h). Closer inspection suggested that 36 was almost
exclusively degraded by demethylation of the dimethylamino motif. The
initially formed monomethylamine (35) retained slightly reduced Nurrl
agonism (Table 5) while the eventually dominant fully demethylated amine
38 was less active (Table 7). We aimed to overcome the metabolic liability of
36 and obtain an analogue suitable for in vivo applications and hence
probed replacement of the labile motif (Table 7). The introduction of cyclic
amino substituents (39, 40) was not productive as Nurrl agonism was lost
with these bulkier residues. Therefore, we moved our attention to the
methoxy analogue 34, which exhibited similar Nurrl agonist potency as the
labile dimethylamine 36 and threefold higher stability against microsomal
degradation. Extension of the methoxy group of 34 to an isopropyloxy (41)
or cyclopropyloxy (42) motif was well tolerated in terms of Nurrl agonism
and significantly improved metabolic stability while mostly retaining
membrane and BBB permeability (Fig. 4g). These results, therefore,
demonstrate that the pharmacokinetic profile of the new Nurrl agonist
scaffold can be tuned to obtain candidates for in vivo application.

The Nurr1 agonist 36 rescued tyrosine hydroxylase expression in
LRRK2 mutant midbrain organoids

To evaluate the biological effects of the new Nurrl agonist scaffold in a more
(patho-)physiological setting and capture its full potential as a chemical tool
and lead, we employed a PD model in a three-dimensional organoid
system” derived from induced pluripotent stem cells (iPSC). Human
midbrain organoids were generated from wildtype iPSC (isogenic control)
and from iPSC bearing a G2019S mutation in the leucine-rich repeat kinase
2 (LRRK2) gene. LRRK2 mutation is among the most common genetic

causes of PD* and the G2019S mutation enhancing the kinase activity of
LRRK2 has been correlated with increased a-synuclein accumulation,
mitochondrial dysfunction, impaired dopamine signaling, and ultimately
progressive dopamine neuron loss in the human brain**’. Using this in vitro
disease model, we evaluated the impact of 36 and 29 on the dopamine
neuron marker TH in 44 days old organoids (Fig. 5). Compared to the
isogenic control, LRRK2 mutant organoids exhibited significantly dimin-
ished Nurrl and TH mRNA expression (Fig. 5a, b). Treatment with the
Nurrl agonist 36 rescued the TH levels in LRRK2 mutant organoids as
evident in mRNA transcript level (Fig. 5¢) and histologically by staining for
TH (Fig. 5b, d). TH transcript levels of mutant organoids treated with 36
reached the level of isogenic control organoids further supporting the
therapeutic potential of Nurrl activation in PD. A weaker efficacy of 36 on
TH levels in wild-type organoids may indicate that Nurrl activity in these
organoids was sufficient and that therapeutic Nurrl activation may unfold
stronger when Nurrl activity is pathologically diminished. Importantly,
Nurrl levels were not altered by treatment with 36 (Fig. 5e) underscoring
that its effects on TH expression were mediated by direct Nurrl activation.
Compound 29 did not affect TH and Nurrl levels in organoids supporting
its suitability as negative control.

Conclusion

Nurrl is attracting remarkable interest as a candidate target for neurode-
generative disease treatment'”. However, the therapeutic potential of the
nuclear receptor is mainly supported by knockout studies and observations
from patients”, and target validation with high-quality chemical tools is
pending. AQ was discovered as a direct Nurrl modulator and used in several
pharmacological studies™* but is only a weak Nurrl agonist and exhibits
unspecific effects” disqualifying the antimalarial as a chemical tool. Despite
recent progress with an optimized Nurr1 agonist providing further evidence
for the therapeutic value of Nurrl activation in PD models™, the promising
effects observed with AQ require validation. Here, we have developed potent
Nurrl agonists from AQ with extensively validated activity and lacking the
structural elements of AQ mediating unspecific toxicity to enable robust

Communications Chemistry | (2024)7:149



https://doi.org/10.1038/s42004-024-01224-0

Article

Table 6 | Characterization of NR4A agonist 36 and negative

control 29 demonstrating high chemical tool quality

44,45

Table 7 | Optimization of 36 for microsomal stability

ID 0 ECso(Nurr1) microsomal
O __R® (max. act.)® half-life®
/
—N HNT O\
=
XN
R:=ClI
~ ~
o _ KDY 36 CH, 0.090 = 0.005 uM 6.3+ 0.3 min.
}—@N 2.1 +£0.1-fold)
o \
O NH CHs
=z Z >N 38 <1.2-fold activation n.d.
e, 5 =)
NS \N N \N
cl cl 39 N/ \o inactive (10 uM°) n.d.
36 29 _/
ECs0(Nurr1) 0.090 +0.005 pM no activation (10 pM) 40 /7 \ inactive (10 pM®) n.d.
E—< >7N N—-CH
ECs0(Nur77) 0.33+0.04uM no activation (10 pM) _/ °
ECs0(NOR-1) 0.11+0.03 pM no activation (10 pM) 34 CH, 0.16 +0.06 pM 18 +2 min.
— — 0 (1.7 £ 0.1-fold)
ECs0(NBRE) no activation (1 pM) no activation (10 pM)
ECs0(NurRE) 0.094 +0.003 pM no activation (10 uM) 41 H,C. 0.12 +0.03 uM 42 + 5 min.
ECso(DR5) 0.165 +0.004 pM no activation (10 uM) )—CHy (2.1+0.2-fold)
[+0.1 pM BEX] [0.032 + 0.007 uM] }_@O
.
Kg(Nurr1 LBD) 0.17 uM no binding 42 0.12 +0.06 M 78 = 7 min.
NR selectivity® inactive (3 uM) n.d. (1.5 +0.2-fold)
toxicity? inactive (10 uM) inactive (10 uM) % < > ©
ag. solubility 6.8 mg/L 4.1mg/L @Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation
S|nge 4.87 4.54 refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3. *Stability

“Nurr1 modulation was determined in a Gal4-Nurr1 hybrid reporter gene assay. Max. activation
refers to the maximum effect vs. 0.1% DMSO control. Data are the mean + SD; n > 3. °No binding
observable in ITC with 100 pM 29 and 30 puM protein (Supplementary Fig. 6). °“Nuclear receptor
selectivity was determined in Gal4-hybrid reporter gene assays for THRa, RARa, PPARa/y/8, VDR,
FXR, LXRa and RXRa (Fig. 4e). “Cytotoxicity was evaluated in N27 (36) and HEK293T (29, 36) cells
using a WST-8 assay (Fig. 4f). °SlogP was computed with RDKit*® software.

biological studies on Nurrl modulation with AQ-derived agonists. Scaffold-
hopping, fragment optimization, and replacement of unfavorable motifs
generated potent Nurrl agonists with preferable chemical features and
experimentally confirmed high-affinity binding to the Nurrl LBD. 36 and
the structurally matched negative control 29 fulfil the highest quality
criteria* as a next-generation chemical tool for biological studies on Nurrl
to advance Nurrl modulation as a therapeutic strategy in neurodegenera-
tion and beyond.

Chemistry
Compounds 7, 8, 12 and 14-24 were prepared by Groebke-Blackburn
reaction according to Fig. 6. 3-Chloropyridine-2-amine (43) and 4-
chloropyridine-2-amine (44) were cyclized with the aldehydes 45-57 and
1,1,3,3-tetramethylbutylisocyanide followed by acid-mediated cleavage to 7,
8 and 14-24 using 4 N HCl in dioxane or TFA/CH,Cl, (1:1). 1,1,3,3-Tet-
ramethylbutylisocyanide (63) was commercially available. 3-Amino-8-
chloroimidazo[1,2-a]pyridine (12) was prepared by nitration of 8-chlor-
oimidazo[1,2-a]pyridine (64) followed by reduction with iron.
Compounds 26-36 were obtained by amide coupling of 3-amino-8-
chloro-2-methylimidazo[1,2-a]pyridine (8) and the carboxylic acids 72-81
using HATU or thionyl chloride (Fig. 7). The carboxylic acids 72 and 73 were
prepared by Suzuki coupling of aryl bromide 67 with the boronates 68, 69 to
70, 71 followed by alkaline ester hydrolysis. 74-81 were commercially available.
The fused derivative 37 was obtained from 24 via amide coupling with
5-bromofuran-2-carbonyl chloride (82) and subsequent Suzuki-Miyaura
reaction with 73 according to Fig. 8. Similarly, 38-42 were synthesized from
3-amino-8-chloro-2-methylimidazo[1,2-a]pyridine (8) by amide coupling
with 5-bromofuran-2-carboxylic acid (81) to 84 and Suzuki-Miyaura cou-
pling with the boronates 85-89 (Fig. 9).

against degradation by rat liver microsomes was determined by LCMS. n.d. - not determined.
°Highest non-toxic concentration.

Experimental procedures

Chemistry

General. All chemicals were of reagent grade, purchased from com-
mercial sources (e.g., Sigma-Aldrich, TCI, BLDpharm), and used without
further purification unless otherwise specified. All reactions were con-
ducted under a nitrogen or argon atmosphere and in absolute solvents
purchased from Sigma-Aldrich. Other solvents, especially for work-up
procedures, were of reagent grade or purified by distillation (iso-hexane,
cyclohexane, ethyl acetate, EtOH). Reactions were monitored by thin
layer chromatography (TLC) on TLC Silica gel 60 F254 coated aluminum
sheets by Merck and visualized under ultraviolet light (254 nm) or by
using ninhydrin or Ehrlichs reagent stains. Purification by column
chromatography was performed on a puriFlash® XS520Plus system
(Advion, Ithaca, NY, USA) using high-performance spherical silica
columns (SIHP, 50 um) by Interchim and a gradient of iso-hexane or
cyclohexane to ethyl acetate, Reversed-phase column chromatography
was performed on a puriFlash® 5.250 system (Advion) using C18HP
columns (SIHP, 15 um) by Interchim and a gradient of H,O with 10%
MeCN to 100% MeCN (HPLC gradient grade). Mass spectra were
obtained on a puriFlash®-CMS system (Advion) using atmospheric
pressure chemical ionization (APCI). HRMS were obtained with a
Thermo Finnigan LTQ FT instrument for electron impact ionization (EI)
or electrospray ionization (ESI). NMR spectra were recorded on Bruker
Avance III HD 400 MHz or 500 MHz spectrometers equipped with a
CryoProbeTM Prodigy broadband probe (Bruker). Chemical shifts are
reported in § values (ppm) relative to residual protium signals in the
NMR solvent (‘H-NMR: acetone-dg: § =2.04 ppm; DMSO-dg: § =2.50
ppm; MeOD-d,: § =3.31 ppm, "C-NMR: acetone-ds: § = 206.26, 29.84
ppm; DMSO-ds: 8 =39.52 ppm; MeOD-d;:8=49.0 ppm), coupling
constants (J) in hertz (Hz). The purity of the compounds was determined
by '"H NMR (qHNMR) according to the method described by Pauli et al.”
with internal calibration. To ensure accurate determination of peak area
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Fig. 5 | Treatment of midbrain organoids with the

isogenic
Nurrl agonist 36 increased the number of TH a

B LRRK2 mutant

(o

positive cells. a Midbrain organoids generated from
human iPSC bearing a gain-of-function LRRK2
mutation (G2019S) displayed diminished Nurrl
and TH transcript levels compared to isogenic
controls after 45 days. b Midbrain organoid sections
stained for TH expressing cells by immuno-
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Fig. 6 | Synthesis of 7, 8, 12, 14-24, 26 and 27. Reagents & Conditions: a AcOH,
MeOH, rt, 24-48 h; b TFA/DCM, rt, 30 min to overnight, 3-30% over two steps;

¢ nitric acid, sulfuric acid, 0 °C - rt, 1 h, 93%; d iron, ammonium chloride, MeOH/
water, reflux, overnight, 57%.

ratio, the qHNMR measurements were conducted under conditions
allowing for complete relaxation. Ethyl 4-(dimethylamino)benzoate
(LOT#BCCC6657,  purity ~ 99.63%),  dimethyl terephthalate
(LOT#BCBT9974, purity 99.95%) and maleic acid (LOT#BCBM8127V,
purity 99.94%) were used as internal standards in MeOD-d,, DMSO-dg,
or acetone-dg. All compounds for biological testing had a purity >95%
according to quantitative 'H NMR (qHNMR).

General procedure A for Groebke-Blackburn-Bienaymé reaction
and hydrolysis. 2-Amino-3-chloropyridine (43, 1.0 eq.) or 2-amino-4-
chloropyridine (44, 1.0 eq.), the respective aldehyde (45-57, 1.0-1.1 eq.)
and glacial acetic acid (1.5 eq.) were dissolved in dry methanol (0.7 M)
under nitrogen atmosphere. The mixture was stirred for 30-45 min. at
room temperature (rt) for imine formation. 1,1,3,3-Tetra-
methylbutylisocyanid (63, 1.5 eq.) was subsequently added, and the

Fig. 7 | Synthesis of 26-36. Reagents & Conditions: a XPhos Pd G2, K;PO,, water/
dioxane, reflux, overnight, 86-97%; b LiOH, water/THF, rt, overnight, 67-73%;
¢ HATU, DIPEA, DMEF, rt, overnight, 33-100% or SOCl,, CHCI; reflux, 3 h, 11%.

NH,
7NN cl
NN
cl 24 Cl N
o, |
HO () Br i(a) No
82
o)
O.__Br 73 Bpin Q O
N\
7NN cl
X \N \
al 83 cl

Fig. 8 | Synthesis of 37. Reagents & Conditions: a oxalyl chloride, pyridine, toluene,
0°C - rt, 24 h, 64%; b tetrakis(triphenylphosphane)palladium(0), Na,CO3, water/
dioxane, reflux, overnight, 68%.

mixture was stirred at rt for 17-48 h. When TLC monitoring indicated
completion, the isocyanide was quenched by the addition of 2N aqueous
HCI (2 mL) and further stirring for 30 min. 2 N aqueous NaOH solution
and ethyl acetate (10 mL) were then added, and the phases were sepa-
rated. The aqueous layer was extracted with ethyl acetate (3x). The
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Fig. 9 | Synthesis of 38-42. Reagents & Conditions: a HATU, DIPEA, DMF, rt,
overnight, 81%; b tetrakis(triphenylphosphane)palladium(0), Na,CO3, water/
dioxane, reflux, overnight, 40-68%.

combined organic layers were dried over MgSO, and the solvent was
evaporated under reduced pressure. The crude product was dissolved in a
mixture of CH,Cl, and trifluoroacetic acid (10 mL, 1:1) or 4 N HCI in
dioxane (10 mL) and the mixture was stirred for 30-60 min. at rt. When
TLC monitoring indicated completion, 2 N aqueous NaOH solution was
added, phases were separated, and the aqueous layer was extracted with
ethyl acetate (3x). The combined organic layers were dried over MgSO,4
and the solvents were evaporated under reduced pressure. The crude
product was purified by flash column chromatography using a gradient of
iso-hexane or cyclohexane/ethyl acetate as mobile phase, and potentially
by reverse phase chromatography using a gradient of H,O with 10%
MeCN to 100% MeCN (HPLC gradient grade).

General procedure B for amide coupling with HATU. The respective
carboxylic acid (72-80, 1.2 eq.) and 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxide  hexafluorophosphate
(HATU, 1.2 eq.) were dissolved in DMF (0.13 M). N-Ethyldiisopropy-
lamine (DIPEA, 0.13 M, 1.2 eq) was added and the mixture was stirred at
rt for 40 min. 3-Aminoimidazo[1,2-a]pyridine (8, 1.0 eq.) was dissolved
in DMF (0.11 M) and added to the activated carboxylic acid. The mixture
was stirred at rt overnight. When TLC monitoring indicated completion,
the solvent was removed under reduced pressure, the residue was dis-
solved in ethyl acetate and treated with 5% HCI (0.13 M). Phases were
separated and the aqueous layer was extracted with ethyl acetate (3x). The
combined organic layers were washed with 1 N aqueous NaOH solution
and dried over MgSO,. The solvent was evaporated under reduced
pressure and the crude product was purified by flash column chroma-
tography using a gradient of iso-hexane / ethyl acetate as mobile phase,
and potentially by reverse phase chromatography using a gradient of H,O
with 10% MeCN to 100% MeCN (HPLC gradient grade).

8-Chloro-2-methylimidazo[1,2-a]pyridine-3-amine (8). Preparation
according to general procedure A using 2-amino-3-chloropyridine (43,
821 mg, 6.39 mmol, 1.00 eq) and acetaldehyde (45, 39 uL, 7.03 mmol,
1.10 eq). 8 was obtained as a colorless solid (344 mg, 30%). "H-NMR
(400 MHz, acetone-dg): § = 8.05 (dd, /= 6.8,1.1 Hz,1H),7.11 (dd, ] = 7.3,
1.0 Hz, 1H), 6.76 (t, J = 7.0 Hz, 1H), 4.17 (s, 2H), 2.33 (s, 3H). *C-NMR
(101 MHz, acetone-dg): 6 = 136.1,130.1, 126.3,121.5,121.0, 119.8, 110.0,
11.9. MS (APCI+): m/z 181.9 ([M + H]"). HRMS (EI+): m/z calculated
181.0407 for CgHgCINs, found 181.0400 ([M -+ H]"). qHNMR
(400 MHz, acetone-dg, ethyl-4(dimethylamino)benzoate as reference):
purity = 97.5%.

8-Chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridine-3-amine

(24). Preparation according to general procedure A using 2-amino-4-
chlorpyridine (43, 1.29g, 10.0mmol, 1.00 eq) and 3,4-dichlor-
obenzaldehyde (56, 1.93 g, 11.0 mmol, 1.01 eq). 24 was obtained as a

yellow solid (197 mg, 6%). 'H-NMR (400 MHz, acetone-ds):
5=8.41-8.35 (m, 1H), 8.30 - 823 (m, 1H), 820 - 8.12 (m, 1H),
7.630-7.56 (m, 1H), 7.27 (dd, J = 7.3, 1.1 Hz, 1H), 6.88 (t, ] = 7.1 Hz, 1H),
4.83 (s, 2H)."C-NMR (101 MHz, MeOD-d,): § =137.2, 134.4, 132.1,
130.1, 130.0, 128.6, 128.0, 127.5, 126.3, 122.6, 121.7, 121.3, 111.3. MS
(APCI+): m/z311.9 ([M + H]"). HRMS (EI+): m/z calculated 310.9784
for C;3HgCl3N3, found 310.9778 ([M]e*). gHNMR (400 MHz, acetone-
de, ethyl-4-(dimethylamino)benzoate as reference) purity = 95.7%.

N-(8-Chloro-2-methylimidazol[1,2-a]pyridin-3-yl)-5-(4-(dimethyla-
mino)phenyl)furan-2-carboxamide (36). Preparation according to
general procedure B using 8-chloro-2-methylimidazo[1,2-a]pyridine-3-
amine (8, 50 mg, 0.28 mmol, 1.00 eq) and 5-(4-(dimethylamino)phenyl)
furan-2-carboxylic acid (73, 76 mg, 0.33 mmol, 1.20 eq). 36 was obtained
as a yellow solid (69 mg, 64%). "H-NMR (400 MHz, acetone-de): § = 9.68
(s, 1H), 8.11 (d, J= 1.0 Hz, 1H), 7.77 (d, J = 8.5 Hz, 2H), 7.40 — 7.27 (m
2H), 6.94 - 6.73 (m, 4H), 3.00 (s, 6H), 2.36 (s, 3H). >C-NMR (101 MHz,
acetone-dg): §=157.7, 157.2, 151.0, 145.1, 139.1, 138.7, 125.9, 122.8,
122.6, 121.8, 118.0, 117.6, 117.0, 111.99, 111.0, 104.3, 39.4, 12.4. MS
(APCI+): m/z394.7 (IM + H]"). HRMS (EI+): m/z calculated 394.1197
for C,;H;9CIN,O,, found 394.1194 ([M]«"). gHNMR (400 MHz, acet-
one-dg, maleic acid as reference) purity = 95.1%.

N-(8-Chloro-2-methylimidazol[1,2-a]pyridin-3-yl)-5-phenyl-1H-pyr-
role-2-carboxamide (29). 5-Phenyl-1H-pyrrole-2-carboxylic acid (80,
74.0 mg, 396 umol, 1.20 eq) was refluxed in thionyl chloride (4 mL) for
3 h. After cooling to rt, remaining thionyl chloride was removed under
reduced pressure. 8-Chloro-2-methylimidazo[1,2-a]pyridine-3-amine
(8,60.0 mg, 330 pmol, 1.00 eq) dissolved in chloroform (5 mL) was added
to the crude acyl chloride at 0°C and the mixture was stirred at rt
overnight. The solvent was removed under reduced pressure, the residue
was dissolved in ethyl acetate and treated with 5% HCI (5 mL). Phases
were separated, the aqueous layer was extracted with ethyl acetate (3x),
and the combined organic layers were washed with 1 N aqueous NaOH
solution and dried over MgSO,. The solvent was removed under reduced
pressure and the crude product was purified by flash column chroma-
tography and reverse column chromatography giving compound 29 as a
colorless solid (13 mg, 11%). '"H-NMR (400 MHz, acetone-dy): § = 11.85
(s, 1H), 10.51 (s, 1H), 8.31 (d, ] = 6.7 Hz, 1H), 7.98 (d, ] = 7.5 Hz, 2H), 7.63
(d,J=7.4Hz, 1H), 741 (t, ] = 7.7 Hz, 2H), 7.34-7.23 (m, 1H), 7.21-7.06
(m, 2H), 6.75-6.63 (m, 1H), 2.44 (s, 3H). >*C-NMR (101 MHz, acetone-
dg): 6 =159.6,154.3,154.1,137.4,136.7, 131.9, 128.7, 127.2, 126.2, 126.0,
125.0, 123.7, 118.9, 114.9, 113.1, 107.3, 11.2. gHNMR (400 MHz, acet-
one-ds, dimethyl terephthalate as reference): purity = 97.1%. MS
(APCI+): m/z 350.3 ([M] ). HRMS (ESI+): m/z calculated 351.0007 for
C10H;6CIN,O™, found 351.10048 ([M + H]™").

N-(8-Chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridin-3-yl)-5-

(4-(dimethylamino)phenyl)furan-2-carboxamidearboxamide  (37).
N,N-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline

(69, 40.8mg, 0.165mmol, 1.00 eq), 5-bromo-N-(8-chloro-2-(3,4-
dichlorophenyl)imidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84,
80.0 mg, 0.165 mmol, 1.00 eq) and sodium carbonate (52.5 mg, 3.00 mol,
3.00 eq) were dissolved in dioxane/H,O (10 mL, 9:1). The solution was
degassed by freeze-pump-thaw cycles (3x). Pd(PPh;), (9.53 mg, 8.25
umol, 0.05 eq) was added and the mixture was refluxed for 3 h under
argon atmosphere. The resulting suspension was filtered, and the pre-
cipitate was washed with 2 N aqueous NaOH solution, EtOH, methylene
chloride, and brine giving 37 as a colorless solid (59 mg, 68%). "H-NMR
(400 MHz, DMSO-d,): § =10.86 (s, 1H), 8.27-8.17 (m, 2H), 8.02-7.94
(m, 1H), 7.85-7.72 (m, 3H), 7.60 (d, J = 7.3 Hz, 1H), 7.57-7.50 (m, 1H),
7.02-6.92 (m, 2H), 6.80 (d, J=8.8 Hz, 2H), 2.98 (s, 6H). >C-NMR
(126 MHz, DMSO-d,): § = 158.0, 151.1, 144.5, 139.7, 136.5, 136.0, 134.1,
132.0, 131.6, 128.6, 127.1, 126.4, 125.6, 124.1, 122.0, 119.4, 117.3, 115.3,
113.0, 112.4, 110.4, 105.2, 31.2. gHNMR (400 MHz, DMSO-dy, maleic
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acid as reference): purity = 96.1%. MS (APCI+): m/z 524.2 (M + H]+").
HRMS (ESI+): m/z calculated 525.0646 for C,sH,,ClsN,O,", found
525.0641 ([M + H]*).

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-cyclopro-
poxyphenyl)furan-2-carboxamide (42). 4-Cyclopropyloxyphenyl-
boronic acid (89, 30.1 mg, 169 mmol, 1.00 eq), 5-bromo-N-(8-chloro-
2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 60.0 mg,
0.169 mmol, 1.00 eq) and sodium carbonate (53.7 mg, 3.00 mol, 3.00 eq)
were dissolved in dioxane/ H,O (10 mL, 9:1). The solution was degassed
by freeze-pump-thaw cycles (3x). Pd(PPh;)4 (9.76 mg, 8.45 umol, 0.05
eq) was added and the mixture was refluxed for 3 h under argon atmo-
sphere. The resulting suspension was filtered through Celite and the
solvent was removed under reduced pressure. The residue was dissolved
in 2 N aqueous NaOH solution and was extracted with ethyl acetate (3x).
The combined organic layers were dried over MgSO, and the solvent was
removed under reduced pressure. The crude product was purified by
flash column chromatography and reverse column chromatography
giving 42 as a colorless solid (45 mg, 65%). 'H-NMR (400 MHz, acetone-
des): 6=9.76 (s, 1H), 8.13 (d, J=1.0Hz, 1H), 7.89 (d, J=8.5Hz, 2H),
7.41-7.29 (m, 2H), 7.22-7.09 (m, 2H), 6.98 (d, J=3.6 Hz, 1H), 6.88
(t, J=6.8 Hz, 1H), 3.93-3.85 (m, 1H), 2.36 (s, 3H), 0.89-0.67 (m, 4H).
BC-NMR (126 MHz, acetone-dg): § = 159.8, 157.1, 156.5, 145.9, 139.1,
138.7,126.1, 122.9, 122.8, 122.6, 121.9, 117.8, 116.9, 115.4, 111.0, 106.0,
50.8, 12.4, 5.7. qHNMR (400 MHz, acetone-dg, ethyl-4(dimethylamino)
benzoate as reference): purity = 97.5%. MS (APCI+): m/z 407.7
(IM+H]"). HRMS (ESI+): m/z calculated 408.1109 for
Cy,H,oCIN;0,", found 408.1103 ([M + HJ 7).

5-Bromo-N-(8-chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridin-
3-yl)furan-2-carboxamide (83). 5-Bromofuran-2-carboxylic acid (82,
345 mg, 1.81 mmol, 3.14 eq) was dissolved in methylene chloride (2 mL)
under Ar atmosphere. Oxalyl chloride (310 pL, 3.62 mmol, 6.3 eq) was
added dropwise to the solution at 0 °C. After 3 h the solvent was removed
under reduced pressure and 8-chloro-2-(3,4-dichlorophenyl)imi-
dazo[1,2-a]pyridine-3-amine (24, 180 mg, 576 mmol, 1.00 eq) dissolved
in a mixture of pyridine (1 mL) and toluene (4 mL) was added and the
mixture was stirred at rt overnight. 2 N aqueous NaOH solution (10 mL)
was added, phases were separated, and the aqueous layer was extracted
with ethyl acetate (3x). The combined organic layers were dried over
MgSO, and the solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography using a gradient of
cyclohexane/ ethyl acetate as mobile phase giving 83 as a brown solid
(180 mg, 64%). 'H-NMR (400 MHz, DMSO-d,): §=10.87 (s, 1H),
8.29-8.24 (m, 1H), 8.15 (d, J = 2.0 Hz, 1H), 7.92 (dd, J = 8.4, 2.1 Hz, 1H),
7.76 (d, J=8.4Hz, 1H), 7.62-7.57 (m, 1H), 7.50 (d, J=3.6 Hz, 1H),
7.02-6.92 (m, 2H). "C-NMR (101 MHz, DMSO-dj): § = 157.0, 148.8,
139.8, 136.5, 133.9, 132.0, 131.7, 131.1, 128.6, 127.1, 127.1, 125.7, 124.1,
122.0,119.2, 117.2, 115.2, 113.1. MS (APCI+): m/z 483.3 ([M + H] ™).

5-Bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-
carboxamide (84). Preparation according to general procedure B using
8-chloro-2-methylimidazol[1,2-a]pyridine-3-amine (8, 340 mg,
1.87 mmol, 1.00 eq) and 5-bromofuran-2-carboxylic acid (82, 429 mg,
2.24 mmol, 1.20 eq) yielded compound 84 as a colorless solid (536 mg,
81%). 'H-NMR (400 MHz, MeOD-d,): § = 8.00 (d, J = 1.0 Hz, 1H), 7.43
(d,J=1.0Hz,1H),7.33(d,J=3.6 Hz,1H),6.91 (t,J= 7.1 Hz, 1H), 6.73 (d,
J=3.7 Hz, 1H), 2.39 (s, 3H). *C-NMR (101 MHz, MeOD-d,): § = 157.5,
148.5,139.5, 138.1, 126.6, 124.2, 122.2, 121.4, 118.5, 116.3, 114.4, 111.9,
11.2. MS (APCI+): m/z 355.4 ([M + H]").

Synthetic procedures and analytical data for 8-9, 12, 14-42 are pro-
vided as Supplementary Methods in the Supplementary Information (pdf).
NMR spectra (‘H, °C and qH) and HRMS of 8-9, 12, 14-42 are provided in
Supplementary Data 1.

In vitro Characterization

Hybrid reporter gene assays. Nurrl modulation was determined in a
Gal4 hybrid reporter gene assay in HEK293T cells (German Collection of
Microorganisms and Cell Culture GmbH, DSMZ) using pFR-Luc
(Stratagene, La Jolla, CA, USA; reporter), pRL-SV40 (Promega, Madi-
son, W1, USA; internal control) and pFA-CMV-hNurrl-LBD", coding
for the hinge region and ligand binding domain of the canonical isoform
of human Nurrl. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), high glucose supplemented with 10% fetal calf serum
(FCS), sodium pyruvate (1 mM), penicillin (100 U/mL), and strepto-
mycin (100 pg/mL) at 37 °C and 5% CO, and seeded in 96-well plates
(3 x 10* cells/well). After 24 h, the medium was changed to Opti-MEM
without supplements, and cells were transiently transfected using Lipo-
fectamine LTX reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Five hours after transfection, cells were incu-
bated with the test compounds in Opti-MEM supplemented with peni-
cillin (100 U/mL), streptomycin (100 ug/mL), and 0.1% DMSO for 16 h
before luciferase activity was measured using the Dual-Glo Luciferase
Assay System (Promega) according to the manufacturer’s protocol on a
Tecan Spark luminometer (Tecan Deutschland GmbH, Crailsheim,
Germany). Firefly luminescence was divided by Renilla luminescence
and multiplied by 1000 resulting in relative light units (RLU) to nor-
malize for transfection efficiency and cell growth. Fold activation was
obtained by dividing the mean RLU of the test compound by the mean
RLU of the untreated control. All samples were tested in at least three
biologically independent experiments in duplicates. For dose-response
curve fitting and calculation of ECs, values, the equation “[Agonist] vs.
response -- Variable slope (four parameters)” was used in GraphPad
Prism (version 7.00, GraphPad Software, La Jolla, CA, USA). Selectivity
profiling was performed with identical procedures using pFA-CMV-
Nur77-LBD", pFA-CMV-NOR-1-LBD", pFA-CMV-THRa-LBD®,
pFA-CMV-RARa-LBD”,  pFA-CMV-PPARa-LBD”, pFA-CMV-
PPARy-LBD”, pFA-CMV-PPARS-LBD”, pFA-CMV-LXRa-LBD™,
pFA-CMV-FXR-LBD® and pFA-CMV-hRXRa-LBD*.

Full-length Nurrl reporter gene assays. Activation of full-length
human Nurrl was studied in transiently transfected HEK293T cells using
the reporter plasmids pFR-Luc-NBRE", pFR-Luc-POMC" or pFR-Luc-
DR5" each containing one copy of the respective human Nurr1 response
element NBRE NI3, NurRE, or DR5. The full-length human nuclear
receptor Nurrl (pcDNA3.1-hNurrl-NE; Addgene plasmid #102363)
and, for DR5, RXRa (pSG5-hRXR)” were overexpressed. pRL-SV40
(Promega) was used for the normalization of transfection efficacy and to
observe test compound toxicity. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), high glucose supplemented with
10% fetal calf serum (FCS), sodium pyruvate (1 mM), penicillin
(100 U/mL), and streptomycin (100 ug/mL) at 37°C and 5% CO, and
seeded in 96-well plates (3 x 10* cells/well). After 24 h, the medium was
changed to Opti-MEM without supplements, and cells were transiently
transfected using Lipofectamine LTX reagent (Invitrogen) according to the
manufacturer’s protocol. Five hours after transfection, cells were incubated
with the test compounds in Opti-MEM supplemented with penicillin
(100 U/mL), streptomycin (100 pg/mL) and 0.1% DMSO for 16 h before
luciferase activity was measured using the Dual-Glo Luciferase Assay System
(Promega) according to the manufacturer’s protocol on a Tecan Spark
luminometer (Tecan Deutschland GmbH). Firefly luminescence was divi-
ded by Renilla luminescence and multiplied by 1000 resulting in relative light
units (RLU) to normalize for transfection efficiency and cell growth. Fold
activation was obtained by dividing the mean RLU of the test compound by
the mean RLU of the untreated control. All samples were tested in at least
three biologically independent experiments in duplicates. For dose-response
curve fitting and calculation of ECs; values, the equation “[Agonist] vs.
response -- Variable slope (four parameters)” was used in GraphPad Prism
(version 7.00, GraphPad Software).

Communications Chemistry | (2024)7:149



https://doi.org/10.1038/s42004-024-01224-0

Article

Isothermal Titration Calorimetry (ITC). ITC experiments were con-
ducted on an Affinity ITC instrument (TA Instruments, New Castle, DE)
at 25°C with a stirring rate of 75 rpm. Nurrl LBD protein (5-30 pM,
expressed as described previously”') in buffer (20 mM Tris pH 7.5,
100 mM NaCl, 5% glycerol) containing 1-4% DMSO was titrated with
the test compounds (30-150 uM in the same buffer containing 1-4%
DMSO) in 26 injections (1 x 1 uL, 25 x 3-4 uL) with an injection interval
0f 120-150 s. As control experiments, the test compounds were titrated to
the buffer, and the buffer was titrated to the Nurrl LBD protein under
otherwise identical conditions. Results were analyzed using NanoAna-
lyze software (version 3.11.0, TA Instruments, New Castle, DE) with
independent binding models.

Evaluation of Nurri-regulated VMAT2 expression in T98G cells.
T98G (ATCC, CRL-1690) were grown in DMEM, high glucose supple-
mented with 10% FCS, sodium pyruvate (1 mM), penicillin (100 U/mL),
and streptomycin (100 ug/mL) at 37 °C and 5% CO, and seeded at a
density of 250,000 cells per well in 12-well plates. After 24 h, medium was
changed to DMEM, high glucose supplemented with 0.2% fetal calf serum
(FCS), penicillin (100 U/mL), and streptomycin (100 pg/mL) and the cells
were incubated for another 24 h before stimulation with the test com-
pounds (36 (0.3 uM), 29 (10 uM)) solubilized with 0.1% DMSO or with
0.1% DMSO as a negative control. After 16 h of incubation, the medium
was removed, cells were washed with phosphate-buffered saline (PBS) and
after full aspiration of residual liquids, they were immediately frozen at
—80°C until further processing. Total RNA was isolated using the
E.Z.N.A.® Total RNA Kit I (Omega Bio-tek, Norcross, USA) following the
manufacturer’s instructions. RNA concentration and purity were assessed
using a NanoDrop™ One UV/VIS spectrophotometer (Thermo Fisher
Scientific, Waltham, USA) at 260/280 nm. Right before reverse tran-
scription (RT), RNA was linearized at 65 °C for 10 min and then imme-
diately incubated on ice for at least 1 min. Reverse transcription was
performed using 2 ug total RNA, 20 U Recombinant RNasin® Ribonu-
clease Inhibitor (Promega, Mannheim, Germany), 100 U SuperScript ® IV
Reverse Transcriptase including 5x First Strand Buffer and 0.1 M
dithiothreitol (Thermo Fisher Scientific, Waltham, USA), 3.75 ng linear
acrylamide, 625 ng random hexamere primers (#11277081001, Merck,
Darmstadt, Germany) and 11.25 nmol deoxynucleoside triphosphate mix
(2.8 nmol each ATP, TTP, CTP, GTP; #R0186, Thermo Fisher Scientific,
Waltham, USA) at a volume of 22.45 pL at 50 °C for 10 min and 80 °C for
10 min using a Thermal cycler XT*® (VWR International, Darmstadt,
Germany). Quantitative polymerase chain reaction (QPCR) was con-
ducted using an Applied Biosystems™ QuantStudio 1 (Waltham, USA)
and a SYBR green-based detection method. Appropriately diluted cDNA
was added to 6 pmol of forward and reverse primer, respectively, 0.8 U Taq
DNA Polymerase (#M0267, New England Biolabs, Ipswich, USA), 40
ppm SYBR® Green I (#59430, Sigma Aldrich, St. Louis, USA), 15 nmol
deoxynucleoside triphosphate mix (as indicated above), 60 nmol MgCl,,
4 ug bovine serum albumin (#B14, Thermo Fisher Scientific, Waltham,
USA), 20% BioStab PCR Optimizer II (#53833, Merck, Darmstadt, Ger-
many), and 10% Taq buffer without detergents (#B55, Thermo Fisher
Scientific, Waltham, USA) topped up at a final volume of 20 uL with
ddH,O. Samples underwent 40 cycles of 15 s denaturation at 95 °C, 15 s of
primer annealing at 59.4 or 62.4 °C (depending on the primer), and 20 s of
elongation at 68 °C. PCR product specificity was evaluated using a melting
curve analysis ranging from 65 to 95 °C. VMAT2, TH and SOD2 mRNA
expression was normalized to GAPDH mRNA expression per each
sample using the ACt-method. The following primers for the human
genes were used. hVMAT?2 (SLC18A2): 5-GCT ATG CCT TCC TGC
TGA TTG C-3’ (fw) and 5-CCA AGG CGA TTC CCA TGA CGT T-3’
(rev); hTH: 5-GCT GGA CAA GTG TCA TCA CCT G-3' (fw) and 5'-
CCT GTA CTG GAA GGC GAT CTC A-3/ (rev); hSOD2: 5'-CCA AAG
GGG AGT TGC TGG AA -3’ (fw) and 5'-GAA ACC AAG CCA ACC
CCA AC -3 (rev); A GAPDH: 5-AGG TCG GAG TCA ACG GAT TT-3’
(fw) and 5-TTC CCG TTC TCA GCC TTG AC-3’ (rev).

Determination of aqueous solubility. The aqueous solubility of 29 and
36 was assessed by mixing 1 mg of each test compound with an appro-
priate volume of water for a theoretical concentration of 4 mM to obtain
an oversaturated mixture. The mixture was agitated in a VWR Thermal
Shake lite (VWR International GmbH, Darmstadt, Germany) for 24 h at
600 rpm and a constant temperature of 25 °C. The supersaturated mix-
tures were subsequently centrifuged at 23.300 rpm for 15 min (25 °C).
Part of the supernatant was taken off for quantification by UV absorbance
at 312 nm with external calibration. The external calibration samples
contained 1% DMSO and the test samples were spiked with DMSO to 1%
concentration right before the measurement. Absorbance was measured
with a Tecan Spark luminometer (Tecan Deutschland GmbH, Crail-
sheim, Germany). The solubility test was repeated in three independent
experiments.

Cytotoxicity assays. HEK293T cells were cultured at 37 °C and 5% CO,
in DMEM high-glucose supplemented with sodium pyruvate (1 mM),
penicillin (100 U/mL), streptomycin (100 pg/mL), and 10% fetal calf
serum (FCS) and seeded at a density of 10,000 cells in 96-well plates pre-
coated with a 10 pg/mL collagen G solution (Merck KGaA, L7213) at
37°C for 30 min. N27 rat dopaminergic neural cells (SCC048, Sigma-
Aldrich, Darmstadt, Germany) were grown in RPMI 1640 (Gibco,
Thermo Fisher Scientific, Waltham) supplemented with 10% FCS,
penicillin (100 U/mL), and streptomycin (100 ug/mL) at 37 °C and 5%
CO, and seeded at a density of 10,000 cells in 96-well plates. After 24 h,
the cells were treated with the solubilized (0.1% DMSO) test compounds
in Opti-MEM supplemented with penicillin (100 U/mL) and strepto-
mycin (100 pg/mL) for HEK293T cells or in RPMI 1640 supplemented
with penicillin (100 U/mL), streptomycin (100 pg/mL) and 0.2% FCS for
N27 cells. Each sample was prepared in four biologically independent
repeats. After incubation for 24 h, the medium was refreshed and 10%
water-soluble tetrazolinum salt (Cell Counting Kit-8, MedChemExpress)
was added to assess metabolic activity. After 4 h, absorbance was mea-
sured at 450 nm using a Tecan Spark Cyto instrument (Tecan).

Evaluation of microsomal stability. To determine microsomal stability,
test compounds (10 uM) were incubated in 100 mM potassium phos-
phate buffer at pH 7.4 (total volume of 100 uL) containing 0.5 mg/mL
male rat liver microsomes (Sprague-Dawley, no. M9066, Merck KGaA,
Darmstadt) and 1 mM NADPH for 0, 15, 30, or 60 min. At the end of the
incubation time, microsomal activity was terminated by the addition of
500 uL. MeCN and subsequent centrifugation at 1700 g for 5min. A
reaction mixture containing heat-inactivated microsomes (95 °C,
10 min) was prepared as a control for each compound. 5 uL supernatant
of each sample was analyzed and the remaining concentrations of the
respective test compounds at each time point were determined by LC-
MS/MS on an API-3200-QTrap (Sciex) with an Agilent Technologies
1100 series setup including a binary pump (G1311A), a degasser
(G1322A), and a Shimadzu SIL 20 A HT autosampler under the control
of Analyst 1.6 (Sciex). A XBridge BEH C18 (3.5 um, 150 mmx3 mm,
Waters, protected with a 0.5um frit) stationary phase was used in
combination with a gradient method starting with 0.1% formic acid in
water (A) and MeCN (B) as mobile phase (A:B = 80:20) for 6 min going to
A: B=50:50 after 8 min. 5 uL of supernatant diluted in mobile phase
starting conditions was loaded onto the column, separated at a flow rate
of 400 pL/min, and detected and quantified per Area of MRM (multiple
reaction monitoring) with the following transitions: m/z381.797/145.000
(34); m/z 395.125/158.200 (36); m/z 409.822/131.000 (41); m/z 407.838/
171.100 (42).

Parallel artificial membrane permeability assay (PAMPA). Passive
lipid membrane diffusion of test compounds was determined using
Merck Millipore MultiScreen Filter Plates (0.45 pum pore diameter,
hydrophobic PVDF). The filter inserts were coated with 1% L-a-
phosphatidylcholine (Fluka Analytical) in n-dodecan. The test
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compounds were then added to the donor compartment at a final con-
centration of 500 uM in a phosphate buffer pH 7.4 containing 5% DMSO
with a total volume of 150 pL. The acceptor compartment was filled with
300 uL PBS containing 5% DMSO. Additionally, three equilibrium
samples were prepared by directly adding the donor solution to the
acceptor compartment for the calculation of log Pe values. The filter
plates were incubated for 18 h before the test compound concentrations
in the acceptor compartments and in the equilibrium, samples were
determined by UV absorbance at 320 nm (34), 360 nm (36), 310 nm (41),
or 315 nm (42) with external calibration in a 96 well quartz plate on a
SpectraMax M2e microplate reader (Molecular Devices). logPe values
were calculated according to the formula published by Sugano and
colleagues™.

In vitro blood-brain-barrier model. Permeation of test compounds
through a human brain endothelial cell barrier was evaluated using the
Corning Costar 3470 Transwell Plate system (0.4 um pore diameter with
6.5 mm inserts) and HBEC-5i cells (ATCC, CRL-3245). Filter inserts were
coated one day before seeding with 50 uL 0.01% rat-tail collagen type I
(C7661, Sigma-Aldrich) in PBS. 60,000 HBEC-5i cells in 100 uL HBEC-5i-
Medium (DMEM/F12 with 10% FCS and 40 ug/mL ECGS) were seeded
after aspiration of the coating-supernatant in each insert with 600 pL
HBEC-5i-Medium in each receiver well. After 24 h incubation at 37 °C
with 5% CO,, the medium was exchanged to 600 pL T98G cell super-
natantin receiver wells and 100 pL fresh HBEC-5i-Medium in inserts. The
medium exchange was repeated every second day. On day 7 after seeding,
the medium in the receiver wells was replaced by 600 uL Hank’s balanced
salt solution (HBSS) containing 10 mM HEPES and 0.1% DMSO and
100 pL test compound mixtures (antipyrine and test compound; each at
10 uM) in HBSS containing 10 mM HEPES and 0.1% DMSO were added
to inserts. After 60 min incubation, 100 uL samples were taken from the
receiver wells and diluted in 400 pL (75%/25% A/B; A=Formic acid 0.1%
in water; B = Acetonitrile). Test compound concentrations in the samples
were determined by LC-MS/MS on an API-3200-QTrap (Sciex) equipped
with an Agilent Technologies 1100 series setup including a binary pump
(G1311A), a degasser (G1322A), and a Shimadzu SIL 20 A HT auto-
sampler under the control of Analyst 1.6 (Sciex). An XBridge BEH C18
(3.5 um, 150 mm x 3 mm, Waters, protected with a 0.5 um frit) served as
stationary phase in combination with a gradient method starting with
0.1% formic acid in water (A) and MeCN (B) as mobile phase
(80%:20% = A: B) for 6 min going to (50%:50%) after 8 min. 5pL of
aspirated supernatant diluted in mobile phase starting conditions was
loaded onto the column, separated at a flow rate of 400 uL/min, and
quantified per Area of MRM (multiple reaction monitoring).

Organoid PD model. Cell lines: Human induced pluripotent stem cells
(hiPSCs; iPSC-LRRK2 isogenic control and iPSC-LRRK2-G2019S) were
cultured in Essential 8™ Flex Medium-Kit (Thermo Fisher) on vitro-
nectin (VIN-N; Thermo Fisher) coated cell culture dishes. The cells were
passaged every three days as clumps with 0.5 MEDTA (0.5 MEDTA,5 M
NaCl, PBS). The hiPSCs contained a NURR1 GFP reporter cassette and a
single point mutation (G2019S) was incorporated into the LRRK2 gene,
resulting in the generation of the PD iPSC-LRRK2-G2019S cell line*” (cell
lines were kindly provided by the Tchieu Lab, Cincinnati). Cells were
regularly tested for pluripotency levels using the markers Nanog and Oct-
4 and for mycoplasma contamination. Generation of human midbrain-
like organoids: Human midbrain-like organoids (hMLOs) were formed
according to the protocol of Jo et.al. *_In brief, hiPSCs were dissociated
via accutase for 1h at 37 °C into single cells after reaching 70% con-
fluency. Subsequently, 10.000 cells were seeded in each well of a 96-well v-
shaped ultra-low attachment plate (Sbio®) in neuronal induction media
(NIC; DMEM/F12 (Thermo Fisher): Neurobasal media (Thermo Fisher)
(1:1), 1:100 N2 supplement (Gibco), 1:50 B27 without Vitamin A
(Gibco), 1% GlutaMAX (Gibco), 1% minimum essential media-
nonessential amino acid (MEM-NEAA) (Gibco), 0.1% 8-

mercaptoethanol (Gibco) supplemented with 1ug/mL heparin
(Merck), 10 uM SB431542 (Miltenyi), 200 ng/mL human Noggin (Mil-
tenyi), 0.8 uM CHIR99021 (R&D) and 10 pM Rock inhibitor Y27632
(R&D)). Following a two-day incubation period, the rock inhibitor was
removed, and cells were cultured in NIC media until day 3. On day 4,
hMLOs were supplemented with 100 ng/mL SHH-C25II (Miltenyi) and
100 ng/mL human FGF8b (Miltenyi). On day 7, the cells were embedded
in 30 uL growth factor reduced matrigel (Merck) for 30 min. at 37 °C and
cultured for 24 h in tissue growth induction media (Neurobasal media,
1:100 N2 supplement, 1:50 B27 without vitamin A, 1% GlutaMAX, 1%
MEM-NEAA, 0.1% f3-mercaptoethanol supplemented with 2.5 ug/mL
insulin, 200 ng/mL mouse laminin, 100 ng/mL SHH-C25II and 100 ng/
mL human FGF8b. The following day, hMLOs were transferred into
ultra-low-attachment 6-well plates (Corning) containing final differ-
entiation media (Neurobasal media, 1:100 N2 supplement, 1:50 B27
without Vitamin A, 1% GlutaMAX, 1% MEM-NEAA, 0.1% 3-mercap-
toethanol, 1% Pen/Strep (Gibco), 10 ng/mL BDNF (Miltenyi), 10 ng/mL
GDNF (Miltenyi), 100 uM ascorbic acid (Sigma) and 125 pM db-cAMP
(Sigma). The hMLOs were cultured on a shaker and medium was
changed every three days. hMLOs were treated on day 44 of organoid
formation with the respective test compounds for 24 h. At day 45,
organoids were harvested for further analysis. RNA isolation, reverse
transcription and quantitative real-time PCR (qRT-PCR): Total RNA
from hMLOs was isolated using TRIzol (Invitrogen) following the
manufacturer’s protocol. RNA extraction was performed using chlor-
oform:isoamyl alcohol (24:1)(Thermo Scientific), precipitated in iso-
propanol and resuspended in nuclease-free ddH,O. After DNAse
digestion, 500 g total RNA was reverse transcribed using the RevertAid
First-strand-cDNA-synthesis kit (Thermo Fisher) and random hexamers
following the manufacturer’s protocol. qRT-PCR was conducted with
specific primers targeting hTH (5-GCT GGA CAA GTG TCA TCA CCT
G-3' (fw) and 5-CCT GTA CTG GAA GGC GAT CTC A-3' (rev)),
Nurrl (5-GGC TGA AGC CAT GCC TTG T-3’ (fw) and 5-GTG AGG
TCC ATG CTA AAC TTG ACA-3’ (rev)) and RNA polymerase 2 (5-
GCA CCA CGT CCA ATG ACA-3’ (fw) and 5-GTC GGC TGC TTC
CAT AA-3’(rev)) using the LightCycler ® 480 SYBR Green I (Roche) ona
Roche LightCycler 480 II qPCR system. Relative gene expression was
determined using the -AACt method. All genes were normalized to RNA
polymerase II values. Immunostaining of hMLOs: hMLOs were washed
twice with PBS and fixed in 4% paraformaldehyde (PFA) overnight at
4 °C. On the following day, hMLOs were washed twice with PBS, cryo-
protected and stored in 30% sucrose/PBS. Organoids were sectioned at
25 pum on a cryostat (Leica CM 3050 S, Leica Biosystems, Wetzlar, Ger-
many). Immunostaining was performed within 1.5 mL Eppendorf tubes.
Sections were permeabilized in 0.3% Triton X-100, blocked in 5% FBS,
0.1% Triton X-100/PBS and incubated as floating section in 1:200 dilu-
tion of primary antibody (rabbit anti-Tyrosine-Hydroxylase, Merck
(AB152)) in blocking solution overnight. The next day, sections were
washed twice with 0.1% Triton X-100, incubated in 1:500 dilution of
secondary antibody (AlexaFluor™ 594 goat anti-rabbit IgG (H + L),
Invitrogen) in blocking solution for 1.5h and Hoechst 33342 (Chem-
Cruz) was added in 1:10 000 dilution for 30 min for nuclear staining.
Sections were mounted onto glass slides and imaged using a Zeiss LSM
980 microscope (Carl Zeiss AG, Oberkochen, Germany). The staining
protocol was adapted from**®'. Images were manually quantified by
selecting a fixed area and counting TH+ neurons. The images used for
quantification were acquired from four different sections of two different
organoids for each condition. Statistical analysis: All experiments were
performed at least in triplicate, if not otherwise indicated. Results are
expressed as mean + SD. Statistical significance was analyzed using two-
tailed Student’s t-test (*p < 0.05, **p < 0.01 and ***p < 0.001).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

All data supporting the results of this study are available from the corre-
sponding author. Source data for Figs. 1, 4, and 5 are provided in Supple-
mentary Data 2.
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Supplementary Figure 1. Isothermal titration calorimetry (ITC) to determine binding of 9 (a), 10 (b), 11
(c), 12 (d) and 13 (e) to the Nurr1 LBD using 100 uM ligand and 15 uM protein. The fittings of the heat
of binding are shown and the isotherms at 25°C are shown as insets.

e
i luciferin ‘\ coelenterazine
A " b . 2ir
— W — e T — W
o firefly- luciferase renilla- luciferase
d

luciferin

DBD firefly- luciferase

~ GGTTCACCGAAAGGTCA

TGATATTTACCTCCAAATGCCA

Supplementary Figure 2. Schematic illustration of reporter gene assays used in this study. All reporter
gene assays were performed in transiently transfected HEK293T cells and firefly/renilla luminescence
was measured using the Dual Glo kit from Promega. (a) Gal4-hybrid reporter gene assays used to
characterize Nurr1 agonism during structural optimization and for selectivity profiling are based on
chimeric receptors composed of the Gal4-DBD and the hinge region and LBD ("NR LBD") of the
respective human nuclear receptor. A firefly luciferase construct with five repeats of the tandem Gal4
binding site UAS was used as reporter gene. (b-d) Selected compounds were studied in reporter gene
assays testing the activity of the human full-length nuclear receptor Nurr1 which can act as monomer
on the response element NBRE (b), as homodimer on NurRE (c), and as heterodimer with RXR on DR5
(d). For the reporter gene assays, Nurrl and RXR (only for DR5) were overexpressed and firefly
luciferase constructs each comprising a single repeat of either NBRE, NurRE or DR5 (sequences in
figure) to control reporter gene expression were used as reporters. (e) A renilla luciferase construct with
constitutively active SV40 promoter was co-transfected in all reporter gene assay settings as internal
control for normalization of transfection efficiency and to monitor potential test compound toxicity.
Created with BioRender.com.
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Supplementary Figure 3. In vitro characterization of the imidazo[1,2-a]pyridin-based Nurr1 modulator
SA00025 (CAS# 1015231-98-7)". (a) Chemical structure of SA00025. (b) SA00025 caused no activation
of NR4A receptors in Gal4 hybrid reporter gene assays in the concentration range from 10 nM to 3 uM.
Higher concentrations were cytotoxic (tox.) leading to a drop in the control gene (renilla luciferase)
luminescence and consequently increased firefly/renilla luminescence ratio that should not be
misinterpreted as nuclear receptor activation. Data are the meantS.E.M., n=3. (c) SA00025 caused no
activation of full-length Nurr1 on the human Nurr1 response elements NBRE, NurRE and DRS5 in the
concentration range from 10 nM to 3 pM. Higher concentrations were cytotoxic (tox.) leading to a drop
in the control gene (renilla luciferase) luminescence and consequently increased firefly/renilla
luminescence ratio that should not be misinterpreted as nuclear receptor activation. Data are the
meantS.E.M., n23. (d) ITC (50 uM SA00025, 10 uM Nurr1 LBD) indicated potential weak binding of
SA00025 to the recombinant Nurr1 LBD but affinity was too low to determine a Kq value.
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Supplementary Figure 4. The fused compound 37 bound to the recombinant Nurr1 LBD with high
affinity (Ka 0.08 pM). The fitting of the heat of binding is shown and the isotherm at 25°C is shown as
inset. 30 uM 37 and 5 yM Nurr1 LBD were used.
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Supplementary Figure 5. Effect of bexarotene (BEX) on DR5 activity. Data are the meantS.E.M.; n=3.
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Supplementary Figure 6. 29 showed no binding to the Nurr1 LBD in ITC using 100 uM ligand and 30
UM protein. The fitting of the heat of binding is shown and the isotherm at 25°C is shown as inset.



Supplementary Methods

Svynthetic Procedures and Analytical Data

General. All chemicals were of reagent grade, purchased from commercial sources (e.g.,
Sigma-Aldrich, TCI, BLDpharm) and used without further purification unless otherwise
specified. All reactions were conducted under nitrogen or argon atmosphere and in absolute
solvents purchased from Sigma-Aldrich. Other solvents, especially for work-up procedures,
were of reagent grade or purified by distillation (iso-hexane, cyclohexane, ethyl acetate, EtOH).
Reactions were monitored by thin layer chromatography (TLC) on TLC Silica gel 60 F254
coated aluminum sheets by Merck and visualized under ultraviolet light (254 nm) or by using
ninhydrin or Ehrlichs reagent stains. Purification by column chromatography was performed
on a puriFlash® XS520Plus system (Advion, Ithaca, NY, USA) using high performance
spherical silica columns (SIHP, 50 um) by Interchim and a gradient of jso-hexane or
cyclohexane to ethyl acetate, Reversed-phase CC was performed on a puriFlash® 5.250
system (Advion) using C18HP columns (SIHP, 15 pym) by Interchim and a gradient of H-O with
10% MeCN to 100% MeCN (HPLC gradient grade). Mass spectra were obtained on a
puriFlash®-CMS system (Advion) using atmospheric pressure chemical ionization (APCI).
HRMS were obtained with a Thermo Finnigan LTQ FT instrument for electron impact ionization
(El) or electrospray ionization (ESI). NMR spectra were recorded on Bruker Avance Il HD 400
MHz or 500 MHz spectrometers equipped with a CryoProbeTM Prodigy broadband probe
(Bruker). Chemical shifts are reported in & values (ppm) relative to residual protium signals in
the NMR solvent ("H-NMR: acetone-ds: & = 2.04 ppm; DMSO-ds: & = 2.50 ppm; MeOD-d4: & =
3.31 ppm, "*C-NMR: acetone-ds: & = 206.26, 29.84 ppm; DMSO-ds: & = 39.52 ppm; MeOD-
d+6 = 49.0 ppm), coupling constants (J) in hertz (Hz). The purity of the compounds was
determined by 'H NMR (gHNMR) according to the method described by Pauli et al.? with
internal calibration. To ensure accurate determination of peak area ratio, the qHNMR
measurements were conducted under conditions allowing for complete relaxation. Ethyl 4-
(diemethylamino)benzoate (LOT#BCCC6657, purity 99.63%), dimethyl terephthalate
(LOT#BCBT9974, purity 99.95%) and maleic acid (LOT#BCBM8127V, purity 99.94%) were
used as internal standards in MeOD-d,, DMSO-ds, or acetone-ds. All compounds for biological
testing had a purity >95% according to quantitative NMR.

General procedure A for Groebke-Blackburn-Bienaymé reaction and hydrolysis.

2-Amino-3-chloropyridine (43, 1.0 eq.) or 2-amino-4-chloropyridine (44, 1.0 eq.), the respective
aldehyde (41-53, 1.0-1.1 eq.) and glacial acetic acid (1.5 eq.) were dissolved in dry methanol
(0.7 M) under nitrogen. The mixture was stirred for 30—45 min at room temperature (rt) for
imine formation. 1,1,3,3-Tetramethylbutylisocyanid (63, 1.5 eq.) was subsequently added, and
the mixture was stirred at rt for 17-48 h. When TLC monitoring indicated completion, the
isocyanide was quenched by addition of 2 N aqueous HCI (2 mL) and further stirring for 30
min. 2 N aqueous NaOH solution and ethyl acetate (10 mL) were then added and the phases
were separated. The aqueous layer was extracted with ethyl acetate (3x). The combined
organic layers were dried over MgSO4 and the solvent was evaporated under reduced
pressure. The crude product was dissolved in a mixture of methylene chloride and
trifluoroacetic acid (10 mL, 1:1) or 4 N HCI in dioxane (10 mL) and the mixture was stirred for
30-60 min at rt. When TLC monitoring indicated completion, 2 N aqueous NaOH solution was
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added, phases were separated, and the aqueous layer was extracted with ethyl acetate (3x).
The combined organic layers were dried over MgSO4 and the solvents were evaporated under
reduced pressure. The crude product was purified by flash column chromatography using a
gradient of jso-hexane or cyclohexane / ethyl acetate as mobile phase, and potentially by
reverse phase chromatography using a gradient of H.O with 10% MeCN to 100% MeCN
(HPLC grade).

General procedure B for amide coupling with HATU.

The respective carboxylic acid (72-80, 1.2 eq.) and 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU, 1.2 eq.) were dissolved in DMF
(0.13 M). N-Ethyldiisopropylamine (DIPEA, 0.13 M 1.2 eq) was added and the mixture was
stirred at rt for 40 min. 3-Aminoimidazo[1,2-a]pyridine (8, 1.0 eq.) was dissolved in DMF (0.11
M) and added to the activated carboxylic acid. The mixture was stirred at rt overnight. When
TLC monitoring indicated completion, the solvent was removed under reduced pressure, the
residue was dissolved in ethyl acetate and treated with 5% HCI (0.13M). Phases were
separated and the aqueous layer was extracted with ethyl acetate (3x). The combined organic
layers were washed with 1 N aqueous NaOH solution and dried over MgSQOs. The solvent was
evaporated under reduced pressure and the crude product was purified by flash column
chromatography using a gradient of jso-hexane or cyclohexane / ethyl acetate as mobile
phase, and potentially by reverse phase chromatography using a gradient of H.O with 10%
MeCN to 100% MeCN (HPLC gradient grade).



Synthesis and analytical characterization of 8-9, 12, 14-42 and precursors

8-Chloro-2-methylimidazo[1,2-a]pyridine-3-amine (8). Preparation according to general
procedure A using 2-amino-3-chlorpyridine (43, 821 mg, 6.39 mmol, 1.00 eq) and
acetaldehyde (45, 39.0 pL, 7.03 mmol, 1.10 eq) yielded compound 8 as a colorless solid (344
mg, 30%). 'H-NMR (400 MHz, acetone-de): & = 8.05 (dd, J = 6.8, 1.1 Hz, 1H), 7.11 (dd, J =
7.3, 1.0 Hz, 1H), 6.76 (t, J = 7.0 Hz, 1H), 4.17 (s, 2H), 2.33 (s, 3H)."*C-NMR (101 MHz,
acetone-ds): & = 136.1, 130.1, 126.3, 121.5, 121.0, 119.8, 110.0, 11.9. gHNMR (400 MHz,
acetone-ds, ethyl-4(dimethylamino)benzoate as reference): purity = 97.5%. MS (APCI+): m/z
181.9 ([M+H]*). HRMS (EI+): m/z calculated 181.0407 for CgHsCIN3, found 181.0400 ([M]*").

7-Chloro-2-methylimidazo[1,2-a]pyridine-3-amine (9). Preparation according to general
procedure A using 2-amino-4-chlorpyridine (44, 87.0 mg, 0.68 mmol, 1.00 eq) and
acetaldehyde (46, 0.04 uL, 0.74 mmol, 1.10 eq) yielded compound 9 as a colorless solid (50
mg, 41%). '"H-NMR (400 MHz, acetone-de): & = 8.05 (dd, J = 7.2, 0.8 Hz, 1H), 7.32 (dd, J =
2.1,0.8 Hz, 1H), 6.78 (dd, J = 7.3, 2.1 Hz, 1H), 4.08 (s, 2H), 2.29 (s, 3H). "*C-NMR (101 MHz,
acetone-ds): & = 138.9, 130.7, 126.4, 125.0, 122.7, 114.8, 111.4, 11.9. qHNMR (400 MHz,
MeOH-dg, ethyl-4-(dimethylamino)benzoate as reference): purity = 97.8%. MS (APCI+): m/z
181.9 ([M+H]*). HRMS (El+): m/z calculated 181.0407 for CsHgCIN3, found 181.0400 ([M]**).

8-Chloroimidazo[1,2-a]pyridine-3-amine (12). 8-Chloro-3-nitroimidazo[1,2-a]pyridine (65,
156 mg, 0.08 mmol, 1.00 eq) was dissolved in H,O/MeOH (10 mL, 1:9). Iron powder (441 mg,
7.90 mmol, 10.0 eq) and ammonium chloride (296 mg, 5.53 mmol, 7.00 eq) were added to the
solution and the resulting mixture was refluxed overnight. The mixture was filtered through
Celite, diluted with ethyl acetate and neutralized with saturated NaHCO3 solution. Phases were
separated, the aqueous layer was extracted with ethyl acetate (10 mL), the combined organic
layers were dried over MgSOs, and the solvents were removed under reduced pressure. The
crude was purified by flash column chromatography and reverse phase chromatography to
yield compound 12 as a yellow solid (75 mg, 57%). "H-NMR (400 MHz, acetone-ds): d = 8.08
(dd, J=6.9, 1.0 Hz, 1H), 7.15 (dd, J = 7.2, 1.0 Hz, 1H), 7.03 (s, 1H), 6.80 (t, J = 7.0 Hz, 1H),
4.57 (s, 2H). *C-NMR (101 MHz, MeOD-d,): & = 138.8, 133.0, 123.2, 122.8, 122.4, 119.1,
112.43. gHNMR (400 MHz, MeOH-d,, ethyl-4-(dimethylamino)benzoate as reference): purity
=97.9%. MS (APCI+): m/z 168.0 ([M+H]*). HRMS (El+): m/z calculated 167.0250 for C7HsCIN3,
found 167.0244 ([M]*").

8-Chloro-2-isopropylimidazo[1,2-a]pyridine-3-amine (14). Preparation according to
general procedure A using 2-amino-4-chlorpyridine (43, 395 mg, 3.07 mmol, 1.00 eq) and 2-
methylpropanal (46, 336 pL, 3.68 mmol, 1.20 eq) yielded compound 14 as a colorless solid
(131 mg, 22%). '"H-NMR (400 MHz, acetone-ds): & = 8.07 (dd, J = 6.8, 1.1 Hz, 1H), 7.12 (dd, J
=7.2,1.1Hz, 1H), 6.76 (t, J = 7.0 Hz, 1H), 4.15 (s, 2H), 3.30-3.21 (m, 1H), 1.30 (d, J = 6.9
Hz, 6H). '*C-NMR (101 MHz, MeOD-d,): & = 140.1, 138.1, 126.2, 122.7, 122.5, 122.3, 112.0,
27.4, 22.4. gHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference):
purity = 95.0%. MS (APCI+): m/z 209.9 ([M+H]"). HRMS (El+): m/z calculated 209.0720 for
C10H12CIN3, found 209.0713 ([M]*").



8-Chloro-2-phenylimidazo[1,2-a]pyridine-3-amine (15). Preparation according to general
procedure A using 2-amino-4-chlorpyridine (43, 390 mg, 3.03 mmol, 1.0 eq) and benzaldehyde
(47, 322 mg, 3.03 mmol, 1.00 eq) yielded compound 15 as a brown solid (270 mg, 35%). 'H-
NMR (400 MHz, acetone-ds): 6 = 8.26-8.19 (m, 1H), 8.19-8.12 (m, 2H), 7.48-7.38 (m, 2H),
7.31-7.18 (m, 2H), 6.84 (t, J = 7.1 Hz, 1H), 4.68 (s, 2H). "*C-NMR (101 MHz, acetone-d;): & =
136.7,135.1, 130.8, 128.3, 126.8, 126.2, 126.4, 122.2,121.4,121.2, 110.6. gHNMR (400 MHz,
acetone-ds, ethyl-4-(dimethylamino)benzoate as reference) purity = 97.1%. MS (APCI+): m/z
243.8 ([M+H]*). HRMS (El+): m/z calculated 243.0563 for C43H10CIN3, found 243.0557 ([M]*").

8-Chloro-2-(furan-2-yl)imidazo[1,2-a]pyridin-3-amine (16). Preparation according to
general procedure A using 2-amino-4-chlorpyridine (43, 300 mg, 2.33 mmol, 1.00 eq) and
furan-3-carbaldehyde (48, 246 mg, 2.56 mmol, 1.10 eq) yielded compound 16 as a colorless
solid (270 mg, 48%). "H-NMR (400 MHz, acetone-de): d = 8.18 (dd, J = 6.9, 1.0 Hz, 1H), 8.15—
8.13 (m, 1H), 7.63 (t, J = 1.7 Hz, 1H), 7.19 (dd, J = 7.2, 1.0 Hz, 1H), 7.13-7.06 (m, 1H), 6.82
(t, J = 7.0 Hz, 1H), 4.48 (s, 2H). "*C-NMR (101 MHz, acetone-de): & = 143.1, 139.5, 136.9,
126.1, 125.8, 121.9, 121.3, 120.9, 120.7, 110.6, 109.3. gHNMR (400 MHz, acetone-ds, ethyl-
4-(dimethylamino)benzoate as reference): purity = 98.8%. MS (APCI+): m/z 233.6 ([M+H]*).
HRMS (EI+): m/z calculated 233.0356 for C11HgCIN3O, found 233.0350 ([M]**).

8-Chloro-2-(4-chlorophenyl)imidazo[1,2-a]pyridine-3-amine (17). Preparation according to
general procedure A using 2-amino-4-chlorpyridine (43, 123 mg, 960 pmol, 1.00 eq) and 4-
chlorobenzaldehyde (49, 135 mg, 960 umol, 1.00 eq) yielded compound 17 as a yellow solid
(14 mg, 5%). "H-NMR (400 MHz, MeOH-d,): = 8.16 (dd, J = 6.9, 1.0 Hz, 1H), 7.96-7.91 (m,
2H), 7.48-7.41 (m, 2H), 7.28 (dd, J = 7.3, 1.0 Hz, 1H), 6.86 (t, J = 7.0 Hz, 1H). "*C-NMR (101
MHz, MeOH-d,): 6 = 137.1, 132.6, 132.4, 128.9, 128.5, 128.2, 127.5, 122.2, 121.6, 121.2,
111.2. gHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference): purity
= 95.7%. MS (APCI+): m/z 277.9 ([M+H]"). HRMS (El+): m/z calculated 277.0174 for
C13HoCloN3, found 277.0167 ([M]«").

8-Chloro-2-(3-chlorophenyl)imidazo[1,2-a]pyridine-3-amine (18). Preparation according to
general procedure A using 2-amino-4-chlorpyridine (43, 302 mg, 2.35 mmol, 1.00 eq) and 3-
chlorobenzaldehyde (50, 328mg, 2.33 mmol, 1.00 eq) yielded compound 18 as a yellow solid
(25 mg, 4%). '"H-NMR (400 MHz, acetone-ds): = 8.29-8.20 (m, 2H), 8.17-8.08 (m, 1H), 7.44
(t, J = 7.9 Hz, 1H), 7.32-7.21 (m, 2H), 6.86 (t, J = 7.0 Hz, 1H), 4.79 (s, 2H). *C-NMR (101
MHz, MeOD-d,): & = 138.6, 137.4, 135.5, 131.0, 129.8, 129.2, 128.2, 127.9, 126.5, 123.8,
123.1, 122.7, 112.6. qHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as
reference) purity = 97.2%. MS (APCI+): m/z 278.0 ([M+H]"). HRMS (El+): m/z calculated
277.0174 for C13H9Cl2N3, found 277.0168 ([M]+").

8-Chloro-2-(2-chlorophenyl)imidazo[1,2-a]pyridine-3-amine (19). Preparation according to
general procedure A using 2-amino-4-chlorpyridine (43, 300 mg, 2.33 mmol, 1.00 eq) and 2-
chlorobenzaldehyde (51, 328 mg, 2.33 mmol, 1.00 eq) yielded compound 19 as a white solid
(209 mg, 23%). '"H-NMR (400 MHz, acetone-ds): & = 8.19 (dd, J = 6.9, 1.1 Hz, 1H), 7.70 -7.63
(m, 1H), 7.55-7.48 (m, 1H), 7.47-7.36 (m, 2H), 7.24 (dd, J = 7.3, 1.0 Hz, 1H), 6.87 (t, J= 71
Hz, 1H), 4.53 (s, 2H). *C-NMR (101 MHz, MeOD-d,): & = 142.0, 136.9, 133.6, 132.6, 129.4,
128.4, 128.3, 127.8, 126.6, 122.1, 121.7, 121.3, 111.2. gHNMR (400 MHz, acetone-ds, ethyl-
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4-(dimethylamino)benzoate as reference): purity = 95.6%. MS (APCI+): m/z 277.8 ([M+H]").
HRMS (El+): m/z calculated 277.0174 for C13HeCl2N3, found 277.0167 ([M]**).

8-Chloro-2-(p-tolyl)imidazo[1,2-a]pyridine-3-amine (20). Preparation according to general
procedure A using 2-amino-4-chlorpyridine (43, 309 mg, 240 mmol, 1.0 eq) and 4-
methylbenzaldehyde (52, 289 mg, 2.40 mmol, 1.0 eq) yielded compound 20 as a yellow solid
(178 mg, 29%). 'H-NMR (400 MHz, acetone-ds): d = 8.20 (dd, J = 6.9, 1.0 Hz, 1H), 8.07-7.99
(m, 2H), 7.28-7.17 (m, 3H), 6.83 (t, J = 7.1 Hz, 1H), 4.60 (s, 2H), 2.36 (s, 3H)."”*C-NMR (101
MHz, acetone-ds): & = 136.6, 136.1, 132.2, 131.2, 128.9, 126.8, 126.3, 122.1, 121.4, 121.0,
110.5, 20.3. gHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference):
purity = 96.5%. MS (APCIl+): m/z 258.0 ([M+H]"). HRMS (El+): m/z calculated 257.0720 for
C14H12CINs, und 257.0714 ([M]+").

8-Chloro-2-(m-tolyl)imidazo[1,2-a]pyridine-3-amine (21). Preparation according to general
procedure A using 2-amino-4-chlorpyridine (43, 395 mg, 3.07 mmol, 1.00 eq) and 3-
methylbenzaldehyde (53, 369 mg, 3.07 mmol, 1.00 eq) yielded compound 21 as a yellow solid
(239 mg, 34%). "H-NMR (400 MHz, acetone-ds): d = 8.24-8.16 (m, 1H), 7.98 (s, 1H), 7.93 (d,
J=79Hz, 1H), 7.31 (td, J = 7.7, 1.4 Hz, 1H), 7.21 (d, J = 7.2 Hz, 1H), 7.13-7.05 (m, 1H),
6.87-6.79 (m, 1H), 4.68 (s, 2H), 2.39 (s, 3H). ®C-NMR (101 MHz, acetone-ds): & = 137.7,
136.6, 135.0, 130.8, 128.2, 127.4, 127.3, 126.8, 123.9, 122.2, 121.4, 121.0, 110.6, 20.7.
gHNMR (400 MHz, acetone-ds, dimethyl terephthalate as reference): purity = 95.3%. MS
(APCI+): m/z 257.9 ([M+H]*). HRMS (EI+): m/z calculated 257.0720 for C14H12CIN3, found
257.0714 ([M]*").

8-Chloro-2-(4-(trifluoromethyl)yphenyl)imidazo[1,2-a]pyridine-3-amine (22). Preparation
according to general procedure A using 2-amino-4-chlorpyridine (43, 395 mg, 3.07 mmol, 1.00
eq) and 4-(trifluoromethyl)benzaldehyde (54, 535 mg, 3.07 mmol, 1.00 eq) yielded compound
22 as a yellow solid (33 mg, 3%). 'H-NMR (400 MHz, acetone-ds): & = 8.42-8.35 (m, 2H),
8.29-8.23 (m, 1H), 7.80-7.72 (m, 2H), 7.27 (dd, J = 7.3, 1.0 Hz, 1H), 6.88 (t, J = 7.1 Hz, 1H),
4.90 (s, 2H)."*C-NMR (101 MHz, MeOH-d,): & = 137.9, 137.3, 128.5, 128.1 (q, J = 32.4 Hz) ,
127.8,127.1,124.5(q, J=270.8 Hz), 125.0 (q, J = 3.8 Hz), 122.5, 121.8, 121.3, 111.3. gHNMR
(400 MHz, acetone-ds, dimethyl terephthalate as reference): purity = 98.2%. MS (APCI+): m/z
311.5 ([M+H]*). HRMS (El+): m/z calculated 311.0437 for C14HoCIF3N3, found 311.0431

([M]+).

8-Chloro-2-(3-(trifluoromethyl)yphenyl)imidazo[1,2-a]pyridine-3-amine (23). Preparation
according to general procedure A using 2-amino-4-chlorpyridine (43, 405 mg, 3.15 mmol, 1.00
eq) and 3-(trifluoromethyl)benzaldehyde (55, 548 mg, 3.15 mmol, 1.00 eq) yielded compound
23 as a yellow solid (27 mg, 3%). 'H-NMR (400 MHz, acetone-ds): & = 8.60-8.52 (m, 1H), 8.48
(d, J = 8.2 Hz, 1H), 8.32-8.23 (m, 1H), 7.70-7.62 (m, 1H), 7.62—-7.56 (m, 1H), 7.31-7.23 (m,
1H), 6.93-6.83 (m, 1H), 4.82 (s, 2H)."*C-NMR (126 MHz, MeOD-d,): d = 137.4, 135.0, 130.5
(g, J=31.78 Hz), 130.2, 128.9, 128.7, 127.9, 124.5 (q, J = 270.93) 123.6(q, J = 4.0 Hz), 123.0
(g, J = 3.9 Hz), 122.6, 121.8, 121.4, 111.3. qHNMR (400 MHz, acetone-ds, dimethyl
terephthalate as reference): purity = 95.3%. MS (APCI+): m/z 311.5 ([M+H]*). HRMS (El+):
m/z calculated 311.0437 for C14HsCIF3N3, found 311.0429 ([M]+*).



8-Chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridine-3-amine (24). Preparation
according to general procedure A using 2-amino-4-chlorpyridine (43, 1.30 g, 10.0 mmol, 1.00
eq) and 3,4-dichlorobenzaldehyde (56, 1.93 g, 11.0 mmol, 1.10 eq) yielded compound 24 as
a yellow solid (197 mg, 6%). '"H-NMR (400 MHz, acetone-ds): & = 8.41-8.35 (m, 1H), 8.30—
8.23 (m, 1H), 8.20-8.12 (m, 1H), 7.63—-7.56 (m, 1H), 7.27 (dd, J=7.3, 1.1 Hz, 1H), 6.88 (t, J =
7.1 Hz, 1H), 4.83 (s, 2H)."*C-NMR (101 MHz, MeOD-d,): d = 137.2, 134.4,132.1, 130.1, 130.0,
128.6, 128.0, 127.5, 126.3, 122.6, 121.7, 121.3, 111.3. gHNMR (400 MHz, acetone-ds, ethyl-
4-(dimethylamino)benzoate as reference): purity = 95.7%. MS (APCI+): m/z 311.9 ([M+H]").
HRMS (EI+): m/z calculated 310.9784 for C13HgCl3Ns, found 310.9778 ([M]*").

8-Chloro-2-(3,4-dimethylyphenyl)imidazo[1,2-a]pyridine-3-amine (25). Preparation
according to general procedure A using 2-amino-4-chlorpyridine (43, 395 mg, 3.07 mmol, 1.00
eq) and 3,4-dimethylbenzaldehyde (57, 412 mg, 3.07 mmol, 1.00 eq) yielded compound 25 as
a yellow solid (307 mg, 40%). "H-NMR (400 MHz, DMSO-ds): d = 8.27-8.20 (m, 1H), 7.81 (s,
1H), 7.79-7.72 (m, 1H), 7.20 (t, J = 7.7 Hz, 2H), 6.82 (t, J = 7.1 Hz, 1H), 5.30 (s, 2H), 2.30 (s,
3H), 2.25 (s, 3H). *C-NMR (101 MHz, DMSO-ds): & = 136.5, 135.7, 134.7, 132.6, 130.0, 128.3,
128.2, 127.8, 124.3, 122.1, 121.4, 121.1, 111.0, 20.0, 19.6. gHNMR (400 MHz, acetone-ds,
dimethyl terephthalate as reference): purity = 99.8%. MS (APCI+): m/z 271.9 ([M+H]"). HRMS
(El+): m/z calculated 271.0876 for C15sH14CIN3, found 271.0870 ([M]+").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-chlorophenyl)furan-2-
carboxamide (26). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
chlorophenyl)furan-2-carboxylic acid (74, 74.0 mg, 330 umol, 1.20 eq) yielded compound 26
as a colorless solid (46 mg, 43%). '"H-NMR (400 MHz, acetone-ds): & = 9.87 (s, 1H), 8.14 (d, J
=6.7 Hz, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 7.40-7.34 (m, 2H), 7.18 (d, J
= 3.7 Hz, 1H), 6.88 (t, J= 7.1 Hz, 1H), 2.36 (s, 3H). "*C-NMR (101 MHz, acetone-ds): d = 157.0,
154.9, 146.8, 139.2, 138.8, 134.1, 129.1, 128.5, 126.2, 122.9, 122.6, 121.9, 117.7, 116.7,
111.1, 108.3, 12.4. gHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as
reference) purity = 95.2%. MS (APCI+): m/z 385.8 ([M+H]*). HRMS (El+): m/z calculated
385.0385 for C19H13CI2N302, found 385.0380 ([M]+").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-phenylfuran-2-carboxamide (27).
Preparation according to general procedure B using 8-chloro-2-methylimidazo[1,2-a]pyridine-
3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-phenylfuran-2-carboxylic acid (79, 62.0 mg,
330 umol, 1.20 eq) yielded compound 27 as a colorless solid (66 mg, 68%). "H-NMR (400
MHz, acetone-dg): & = 9.83 (s, 1H), 8.14 (d, J = 6.8 Hz, 1H), 7.96 (d, J = 7.1 Hz, 2H), 7.49 (t,
J =7.39 Hz, 2H), 7.45-7.37 (m, 2H), 7.37-7.33 (m, 1H), 7.13 (d, J = 3.6 Hz, 1H), 6.88 (t, J =
7.1 Hz, 1H), 2.36 (s, 3H). *C-NMR (101 MHz, acetone-ds): & = 157.1, 156.2, 146.6, 139.1,
138.8, 129.7, 128.9, 128.9, 124.6, 122.9, 122.6, 121.9, 117.6, 116.8, 111.1, 107.6, 12.4.
gHNMR (400 MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference): purity =
96.1%. MS (APCI+): m/z 351.9 ([M+H]*). HRMS (EI+): m/z calculated 351.0775 for
C19H14C|N302, found 351.0767 ([M]‘+).

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-phenylthiophene-2-carboxamide (28).
Preparation according to general procedure B using 8-chloro-2-methylimidazo[1,2-a]pyridine-
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3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and commercially available 5-phenylthiophene-2-
carboxylic acid (81, 67.0 mg, 330 umol, 1.20 eq) yielded compound 28 as a colorless solid (21
mg, 21%). '"H-NMR (400 MHz, acetone-ds): & = 9.73 (s, 1H), 8.14 (d, J = 1.0 Hz, 1H), 8.08-
8.02 (m, 1H), 7.79 (d, J = 7.6 Hz, 2H), 7.63-7.57 (m, 1H), 7.55-7.36 (m, 4H), 6.91 (t, J= 7.1
Hz, 1H), 2.38 (s, 3H). *C-NMR (101 MHz, acetone-ds): d = 160.8, 150.0, 139.1, 137.1, 133.4,
130.7,129.3, 128.8, 126.0, 124.2, 123.0, 122.6, 121.9, 118.2, 117.2, 111.1, 12.3. gHNMR (400
MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference): purity= 96.9%. MS (APCI+):
m/z 367.3 ([M]*). HRMS (El+): m/z calculated 367.0546 for C19H14CIN4OS, found 367.0539

([M]+").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-phenyl-1H-pyrrole-2-carboxamide
(29). 5-Phenyl-1H-pyrrole-2-carboxylic acid (80, 74.0 mg, 396 ymol, 1.20 eq) was refluxed in
thionyl chloride (4 mL) for 3 h. After cooling to rt, remaining thionyl chloride was removed under
reduced pressure. 8-Chloro-2-methylimidazo[1,2-a]pyridine-3-amine (8, 60.0 mg, 330 umol,
1.00 eq) dissolved in chloroform (5 mL) was added to the crude acyl chloride at 0°C and the
mixture was stirred at rt overnight. The solvent was removed under reduced pressure, the
residue was dissolved in ethyl acetate and treated with 5% HCI (5 mL). Phases were
separated, the aqueous layer was extracted with ethyl acetate (3x), the combined organic
layers were washed with 1 N aqueous NaOH solution, and dried over MgSOs. The solvent was
removed under reduced pressure and the crude product was purified by flash column
chromatography and reverse column chromatography giving compound 29 as a colorless solid
(13 mg, 11%). '"H-NMR (400 MHz, acetone-ds): & = 11.85 (s, 1H), 10.51 (s, 1H), 8.31 (d, J =
6.7 Hz, 1H), 7.98 (d, J=7.5 Hz, 2H), 7.63 (d, J = 7.4 Hz, 1H), 7.41 (t, J = 7.7 Hz, 2H), 7.34—-
7.23(m, 1H), 7.21-7.06 (m, 2H), 6.75-6.63 (m, 1H), 2.44 (s, 3H). "*C-NMR (101 MHz, acetone-
ds): 6 = 159.6, 154.3, 154.1, 137.4, 136.7, 131.9, 128.7, 127.2, 126.2, 126.0, 125.0, 123.7,
118.9, 114.9, 113.1, 107.3, 11.2. gHNMR (400 MHz, acetone-ds, dimethyl terephthalate as
reference): purity = 97.1%. MS (APCI+): m/z 350.3 ([M]*). HRMS (ESI+): m/z calculated
351.0007 for C19H16CIN4O", found 351.10048 ([M+H]*).

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-[1,1'-biphenyl]-4-carboxamide (30).
Preparation according to general procedure B using 8-chloro-2-methylimidazo[1,2-a]pyridine-
3-amine (8, 60.0 mg, 330 pmol, 1.00 eq) and [1,1'-biphenyl]-4-carboxylic acid (79.0 mg, 396
umol, 1.20 eq) yielded compound 30 as a colorless solid (36 mg, 30%). "H-NMR (400 MHz,
acetone-ds): 6 = 9.76 (s, 1H), 8.27-8.20 (m, 2H), 8.16-8.08 (m, 1H), 7.91-7.71 (m, 4H), 7.57—
7.48 (m, 2H), 7.48-7.40 (m, 1H), 7.36 (dd, J = 7.3, 1.0 Hz, 1H), 6.88 (t, J = 7.1 Hz, 1H), 2.37
(s, 3H). 3C-NMR (101 MHz, acetone-ds): & = 165.9, 144.7, 139.8, 139.1, 138.4, 132.2, 129.0,
129.0, 128.6, 128.2, 127.1, 127.0 122.8, 122.7, 121.9, 111.0, 12.3. gHNMR (400 MHz,
acetone-ds, ethyl-4-(dimethylamino)benzoate as reference): purity = 95.5%. MS (APCI+): m/z
361.3 ([M]"). HRMS (ESI+): m/z calculated 362.1055 for C21H17CIN3O*, found 362.1054
([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-(trifluoromethyl)phenyl)furan-2-

carboxamide (31). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
(trifluoromethyl)phenyl)furan-2-carboxylic acid (75, 85.0 mg, 330 pmol, 1.20 eq) yielded
compound 31 as a colorless solid (70 mg, 61%). "H-NMR (400 MHz, acetone-ds): & = 9.94 (s,

11



1H), 8.27-8.08 (m, 3H), 7.83 (d, J = 8.3 Hz, 2H), 7.47-7.28 (m, 3H), 6.88 (t, J = 7.1 Hz, 1H),
2.36 (s, 3H). ®C-NMR (126 MHz, MeOD-d,): & = 158.5, 155.3, 146.5, 139.5, 138.2, 132.9,
130.1 (g, J=32.5 Hz), 125.6 (q, J = 3.8 Hz), 124.9, 124.2, 124.1 (q, J = 271.43), 122.2, 121.4,
118.2, 116.5, 112.0, 109.3, 11.2. gHNMR (400 MHz, acetone-ds, ethyl-4-
(dimethylamino)benzoate as reference): purity= 98.9%. MS (APCI+): m/z 419.0 ([M]"). HRMS
(El+): m/z calculated 419.0648 for C2oH13CIF3N3O2, found 419.0646 ([M]**).

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(p-tolyl)furan-2-carboxamide (32).
Preparation according to general procedure B using 8-chloro-2-methylimidazo[1,2-a]pyridine-
3-amine (8, 50.0 mg, 275 umol, 1.00 eq) and 5-(p-tolyl)furan-2-carboxylic acid (76, 67.0 mg,
330 umol, 1.20 eq) yielded compound 32 as a colorless solid (69 mg, 69%). 'H-NMR (400
MHz, acetone-ds): & = 9.78 (s, 1H), 8.13 (d, J = 6.7 Hz, 1H), 7.85 (d, J = 7.9 Hz, 2H), 7.40-
7.33 (m, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 3.6 Hz, 1H), 6.88 (t, J= 7.1 Hz, 1H), 2.43-
2.31 (m, 6H). 3C-NMR (101 MHz, acetone-ds): & = 157.1, 156.5, 146.2, 139.1, 138.9, 138.8,
129.5, 127.0, 124.6, 122.9, 122.6, 121.9, 117.7, 116.8, 111.0, 106.9, 20.4, 12.4. gHNMR (400
MHz, acetone-ds, ethyl-4-(dimethylamino)benzoate as reference) purity = 97.8%. MS (APCI+):
m/z 365.8 ([M+H]"). HRMS (El+): m/z calculated 365.0931 for C20H1sCIN30O-, found 365.0923

([M]+").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-(trifluoromethoxy)phenyl)furan-2-
carboxamide (33). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
(trifluoromethoxy)phenyl)furan-2-carboxylic acid (77, 90.0 mg, 330 umol, 1.20 eq) yielded
compound 33 as a colorless solid (85 mg, 71%). "H-NMR (400 MHz, acetone-ds): & = 9.86 (s,
1H), 8.19-8.09 (m, 3H), 7.48 (d, J = 8.4 Hz, 2H), 7.44-7.36 (m, 2H), 7.23 (d, J = 3.7 Hz, 1H),
6.90 (t, J=7.1 Hz, 1H), 2.38 (s, 3H). *C-NMR (126 MHz, acetone-ds): & = 157.0, 154.7, 149.1—
148.9 (m), 147.0, 139.2, 138.8, 128.9, 126.4, 123.0, 122.6, 121.9, 121.6, 120.5 (q, J = 255.5
Hz) 117.6, 116.7, 1111, 108.5, 12.3. gHNMR (400 MHz, DMSO-ds, ethyl-4-
(dimethylamino)benzoate as reference): purity = 95.6%. MS (APCI+): m/z 435.9 ([M+H]").
HRMS (ESI+): m/z calculated 436.0670 for C20H14CIF3N3O3*, found 436.0663 ([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-methoxyphenyl)furan-2-
carboxamide (34). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
methoxyphenyl)furan-2-carboxylic acid (79, 72.0 mg, 330 ymol, 1.20 eq) yielded compound 34
as a colorless solid (58 mg, 55%). '"H-NMR (400 MHz, acetone-ds): & = 9.76 (s, 1H), 8.12 (d, J
= 6.9 Hz, 1H), 7.89 (d, J = 8.5 Hz, 2H), 7.41-7.30 (m, 2H), 7.04 (d, J = 8.8 Hz, 2H), 7.00-6.95
(m, 1H), 6.88 (t, J = 7.1 Hz, 1H), 3.86 (s, 3H), 2.36 (s, 3H). "*C-NMR (101 MHz, acetone-ds):
6 =160.5, 157.1, 156.5, 145.9, 139.1, 138.7, 126.2, 122.9, 122.6, 122.5, 121.9, 117.8, 116.9,
114.4, 111.0, 106.0, 54.9, 12.4. gHNMR (400 MHz, acetone-ds, ethyl-4-
(dimethylamino)benzoate as reference): purity = 95.9%. MS (APCI+): m/z 381.6 ([M+H]").
HRMS (EI+): m/z calculated 381.0880 for C20H1sCIN3O3, found 381.0875 ([M]**).

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-(methylamino)phenyl)furan-2-
carboxamide (35). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
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(methylamino)phenyl)furan-2-carboxylic acid (72, 72.0 mg, 330 pmol, 1.20 eq) yielded
compound 35 as a yellow solid (35 mg, 33%). "H-NMR (400 MHz, acetone-ds): & = 9.65 (s,
1H), 8.11 (d, J=1.1 Hz, 1H), 7.71 (d, J = 8.3 Hz, 2H), 7.36 (dd, J=7.3, 1.0 Hz, 1H), 7.33-7.28
(m, 1H), 6.87 (t, J=7.0 Hz, 1H), 6.79 (d, J = 3.6 Hz, 1H), 6.68 (d, J = 8.5 Hz, 2H), 5.41 (s, 1H),
2.85 (s, 3H), 2.35 (s, 3H). ®*C-NMR (400 MHz, DMSO-ds): & = 157.9, 157.7, 151.1, 144.5,
138.8, 138.3, 126.5, 123.7, 123.4, 121.3, 118.8, 117.6, 117.1, 111.9, 111.8, 104.5, 29.9, 13.4.
gHNMR (400 MHz, acetone-ds, maleic acid as reference): purity = 96.2%. MS (APCI+): m/z
380.7 ([M+H]*). HRMS (ESI+): m/z calculated 381.1113 for C2H1sCIN4O2"*, found 381.1110
([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-(dimethylamino)phenyl)furan-2-

carboxamide (36). Preparation according to general procedure B using 8-chloro-2-
methylimidazo[1,2-a]pyridine-3-amine (8, 50.0 mg, 275 pmol, 1.00 eq) and 5-(4-
(dimethylamino)phenyl)furan-2-carboxylic acid (73, 76.0 mg, 330 umol, 1.20 eq) yielded
compound 36 as a yellow solid (69 mg, 64%). '"H-NMR (400 MHz, acetone-de) d = 9.68 (s, 1H),
8.11(d, J=1.0Hz, 1H), 7.77 (d, J = 8.5 Hz, 2H), 7.40-7.27 (m, 2H), 6.94-6.73 (m, 4H), 3.00
(s, 6H), 2.36 (s, 3H). "*C-NMR (101 MHz, acetone-ds) & = 157.7, 157.2, 151.0, 145.1, 139.1,
138.7, 125.9, 122.8, 122.6, 121.8, 118.0, 117.6, 117.0, 112.0, 111.0, 104.3, 39.4, 12.4.
gHNMR (400 MHz, acetone-ds, maleic acid as reference) purity = 95.1%. MS (APCI+): m/z
394.7 ([M+H]*). HRMS (El+): m/z calculated 394.1197 for C21H19CIN4O, found 394.1194

([M]+).

N-(8-Chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridin-3-yl)-5-(4-(dimethylamino)
phenyl)furan-2-carboxamidearboxamide (37). N,N-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)aniline (69, 40.8 mg, 0.165 mmol, 1.00 eq), 5-bromo-N-(8-chloro-2-(3,4-
dichlorophenyl)imidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 80.0 mg, 0.165 mmol,
1.00 eq) and sodium carbonate (52.5 mg, 3.00 mol, 3.00 eq) were dissolved in dioxane/H>O
(10 mL, 9:1). The solution was degassed by freeze-pump-thaw cycles (3x). Pd(PPhs)s (9.53
mg, 8.25 umol, 0.05 eq) was added and the mixture was refluxed for 3 h under argon
atmosphere. The resulting suspension was filtered, and the precipitate was washed with 2 N
aqueous NaOH solution, EtOH, methylene chloride and brine giving 37 as a colorless solid (59
mg, 68%). '"H-NMR (400 MHz, DMSO-ds): & = 10.86 (s, 1H), 8.27-8.17 (m, 2H), 8.02-7.94 (m,
1H), 7.85-7.72 (m, 3H), 7.60 (d, J = 7.3 Hz, 1H), 7.57-7.50 (m, 1H), 7.02-6.92 (m, 2H), 6.80
(d, J = 8.8 Hz, 2H), 2.98 (s, 6H). "*C-NMR (126 MHz, DMSO-ds): & = 158.0, 151.1, 144.5,
139.7, 136.5, 136.0, 134.1, 132.0, 131.6, 128.6, 127.1, 126.4, 125.6, 124.1, 122.0, 119.4,
117.3, 115.3, 113.0, 112.4, 110.4, 105.2, 31.2. gHNMR (400 MHz, DMSO-ds, maleic acid as
reference): purity = 96.1%. MS (APCI+): m/z 524.2 ([M+H]+*). HRMS (ESI+): m/z calculated
525.0646 for C26H20CIsN4O2*, found 525.0641 ([M+H]").

5-(4-Aminophenyl)-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide
(38). 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (85, 37 mg, 0.169 mmol, 1.00 eq),
5-bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 60.0 mg,
0.169 mmol, 1.00 eq) and sodium carbonate (53.7 mg, 3.00 mol, 3.00 eq) were dissolved in
dioxane/H.O (10 mL, 9:1). The solution was degassed by freeze-pump-thaw cycles (3x).
Pd(PPhs)s (9.76 mg, 8.45 pmol, 0.05 eq) was added and the mixture was refluxed for 3 h under
argon atmosphere. The resulting suspension was filtered through Celite and the solvents were
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removed under reduced pressure. The residue was dissolved in 2 N aqueous NaOH solution
and extracted with ethyl acetate (3x). The combined organic layers were dried over MgSO.4
and the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography, reverse column chromatography and preparative HPLC giving 38 as
a yellow solid (25 mg, 40%). "H-NMR (400 MHz, DMSO-ds) 5 = 10.30 (s, 1H), 8.07 (d, J= 6.7
Hz, 1H), 7.65 (d, J= 8.2 Hz, 2H), 7.44 (d, J= 7.3 Hz, 1H), 7.37 (d, J= 3.6 Hz, 1H), 6.88 (t, J =
7.1 Hz, 1H), 6.82 (d, J = 3.6 Hz, 1H), 6.63 (d, J = 8.3 Hz, 2H), 5.54 (s, 2H), 2.31 (s, 3H). 3C-
NMR (101 MHz, DMSO-ds) 6 = 158.0, 157.7, 150.3, 144.4, 138.8, 138.3, 126.5, 123.7, 123.4,
121.3, 118.8, 117.6, 117.3, 114.1, 111.9, 104.4, 13.4. qHNMR (400 MHz, DMSO-ds, maleic
acid as reference) purity = 99.1%. MS (APCI+): m/z 366.6 ([M+H]**). HRMS (ESI+): m/z
calculated 367.0956 for C19H16CIN4O2*, found 367.0956 ([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-morpholinophenyl)furan-2-
carboxamide (39). 4-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)morpholine (86,
48.9 mg, 0.169 mmol, 1.00 eq), 5-bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-
2-carboxamide (84, 60.0 mg, 0.169 mmol, 1.00 eq) and sodium carbonate (53.7 mg, 3.00 mol,
3.00 eq) were dissolved in dioxane/H2O (10 mL, 9:1). The solution was degassed by freeze-
pump-thaw cycles (3x). Pd(PPhs)s (9.76 mg, 8.45 umol, 0.05 eq) was added and the mixture
was refluxed for 3 h under argon atmosphere. The resulting suspension was filtered through
Celite and the solvents were removed under reduced pressure. The residue was dissolved in
2 N aqueous NaOH solution and extracted with ethyl acetate (3x). The combined organic layers
were dried over MgSO. and the solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography and reverse column chromatography
giving 39 as a yellow solid (33 mg, 45%). "H-NMR (400 MHz, acetone-ds): & = 9.72 (s, 1H),
8.12 (d, J=1.1 Hz, 1H), 7.82 (d, J = 8.5 Hz, 2H), 7.40-7.31 (m, 2H), 7.05 (d, J = 8.8 Hz, 2H),
6.95-6.84 (m, 2H), 3.81-3.76 (m, 4H), 3.27-3.21 (m, 4H), 2.36 (s, 3H). *C-NMR (101 MHz,
acetone-ds): & = 157.9, 152.8. 152.5, 146.4, 140.0, 139.6, 126.7, 123.7, 123.5, 122.7, 121.4,
118.8, 117.8, 115.8, 111.9, 106.2, 67.2, 49.1, 13.3. gHNMR (400 MHz, acetone-ds, ethyl-
4(dimethylamino)benzoate as reference): purity = 95.2%. MS (APCI+): m/z 436.2 ([M]*).
HRMS (ESI+): m/z calculated C23H22CIN4O3* for 437.1375, found 437.1369 ([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-(4-methylpiperazin-1-

yl)phenyl)furan-2-carboxamide (40). 1-Methyl-4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)phenyl)piperazine (87, 51.1 mg, 0.169 mmol, 1.00 eq), 5-bromo-N-(8-chloro-2-
methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 60.0 mg, 0.169 mmol, 1.00 eq) and
sodium carbonate (53.7 mg, 3.00 mol, 3.00 eq) were dissolved in dioxane/H.O (10 mL, 9:1).
The solution was degassed by freeze-pump-thaw cycles (3x). Pd(PPhs)s (9.76 mg, 8.45 pmol,
0.05 eq) was added and the mixture was refluxed for 3 h under argon atmosphere. The
resulting suspension was filtered through Celite and the solvents were removed under reduced
pressure. The residue was dissolved in 2 N aqueous NaOH solution and extracted with ethyl
acetate (3x). The combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. The crude product was purified by flash column
chromatography and reverse column chromatography giving 40 as a yellow solid (30 mg,
40%). "H-NMR (400 MHz, acetone-de): 5 = 9.71 (s, 1H), 8.12 (d, J = 6.6 Hz, 1H), 7.80 (d, J =
8.4 Hz, 2H), 7.39-7.30 (m, 2H), 7.03 (d, J = 8.7 Hz, 2H), 6.92-6.83 (m, 2H), 3.31-3.24 (m,
4H), 2.53-2.46 (m, 4H), 2.35 (s, 3H), 2.26 (s, 3H). *C-NMR (101 MHz, acetone-de): & = 157.1,
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151.8, 145.5, 139.1, 138.7, 125.8, 122.8, 122.6, 121.8, 120.0, 117.9, 117.0, 115.0, 111.0,
105.1, 54.8, 47.8, 45.5, 12.4. gHNMR (400 MHz, acetone-ds, ethyl-4(dimethylamino)benzoate
as reference): purity = 96.5%. MS (APCI+): m/z 449.5 ((M+H]*). HRMS (ESI+): m/z calculated
C24H25CINsO,* for 450.1691, found 450.1686 ([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-isopropoxyphenyl)furan-2-

carboxamide (41). 4-Isopropyloxyphenylboronic acid (88, 30.4 mg, 169 mmol, 1.00 eq), 5-
bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 60.0 mg,
0.169 mmol, 1.00 eq) and sodium carbonate (53.7 mg, 3.00 mol, 3.00 eq) were dissolved in
dioxane/H.O (10 mL, 9:1). The solution was degassed by freeze-pump-thaw cycles (3x).
Pd(PPh3)s (9.76 mg, 8.45 pmol, 0.05 eq) was added and the mixture was refluxed for 3 h under
argon atmosphere. The resulting suspension was filtered through Celite and the solvents were
removed under reduced pressure. The residue was dissolved in 2 N aqueous NaOH solution
and extracted with ethyl acetate (3x). The combined organic layers were dried over MgSO.
and the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography and reverse column chromatography giving 41 as a colorless solid
(47 mg, 68%). "H-NMR (500 MHz, acetone-ds): & = 9.76 (s, 1H), 8.13 (d, J = 6.8 Hz, 1H), 7.87
(d, J = 8.3 Hz, 2H), 7.39-7.32 (m, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.98-6.94 (m, 1H), 6.88 (t, J
= 7.0 Hz, 1H), 4.77-4.66 (m, 1H), 2.36 (s, 3H), 1.35-1.30 (m, 6H). *C-NMR (126 MHz,
acetone-ds): & = 158.8, 157.1, 156.6, 145.8, 139.1, 138.7, 126.3, 122.8, 122.6, 122.2, 121.9,
117.8, 116.9, 116.0, 111.0, 105.9, 69.6, 21.3, 12.4. gHNMR (400 MHz, acetone-ds, ethyl-
4(dimethylamino)benzoate as reference): purity = 99.9%. MS (APCI+): m/z 409.7 ([M+H]").
HRMS (ESI+): m/z calculated C22H21CIN3O3* for 410.1266, found 410.1260 ([M+H]").

N-(8-Chloro-2-methylimidazo[1,2-a]pyridin-3-yl)-5-(4-cyclopropoxyphenyl)furan-2-
carboxamide (42). 4-Cyclopropyloxyphenylboronic acid (89, 30.1 mg, 169 mmol, 1.00 eq), 5-
bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84, 60.0 mag,
0.169 mmol, 1.00 eq) and sodium carbonate (53.7 mg, 3.00 mol, 3.00 eq) were dissolved in
dioxane/H.O (10 mL, 9:1). The solution was degassed by freeze-pump-thaw cycles (3x).
Pd(PPhs)s (9.76 mg, 8.45 ymol, 0.05 eq) was added and the mixture was refluxed for 3 h under
argon atmosphere. The resulting suspension was filtered through Celite and the solvent was
removed under reduced pressure. The residue was dissolved in 2 N aqueous NaOH and
extracted with ethyl acetate (3x). The combined organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The crude product was purified by flash column
chromatography and reverse column chromatography giving 42 as a colorless solid (45 mg,
65%). '"H-NMR (400 MHz, acetone-ds): & = 9.76 (s, 1H), 8.13 (d, J = 1.0 Hz, 1H), 7.89 (d, J =
8.5 Hz, 2H), 7.41-7.29 (m, 2H), 7.22-7.09 (m, 2H), 6.98 (d, J = 3.6 Hz, 1H), 6.88 (t, J = 6.8
Hz, 1H), 3.93-3.85 (m, 1H), 2.36 (s, 3H), 0.89-0.67 (m, 4H). *C-NMR (126 MHz, acetone-ds):
6 =159.8, 157.1, 156.5, 145.9, 139.1, 138.7, 126.1, 122.9, 122.8, 122.6, 121.9, 117.8, 116.9,
115.4, 111.0, 106.0, 50.8, 12.4, 5.7. gHNMR (400 MHz, acetone-ds ethyl-
4(dimethylamino)benzoate as reference): purity = 97.5%. MS (APCI+): m/z 407.7 ([M+H]").
HRMS (ESI+): m/z calculated 408.1109 for C22H19CIN3O3*, found 408.1103 ([M+H]").

8-chloro-3-nitroimidazo[1,2-a]pyridine (61). 8-Chloroimidazo[1,2-a]pyridine (60, 300 mg,
1.97 mmol, 1.00 eq) was dissolved in conc. sulfuric acid (10 mL) and cooled to 0°C. Nitric acid
(65%, 358 pL, 5.60 mmol, 2.80 eq.) was added and the mixture was stirred for 1 h at 0°C. The
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solution was then slowly poured into a H.O-ice mixture leading to precipitation of the product.
The precipitate was washed with cold H;O to yield 61 as a yellow solid (363 mg, 93%). 'H-
NMR (400 MHz, acetone-ds): & = 9.39 (dd, J=7.0, 1.0 Hz, 1H), 8.68 (s, 1H), 7.93 (dt, J=7.7,
0.8 Hz, 1H), 7.48 (t, J = 7.3 Hz, 1H). "®*C-NMR (101 MHz, acetone-ds): 145.0, 138.5, 130.3,
127.5,124.7, 120.1, 117.6. MS (APCI+): m/z 197.7 ([M+H]").

Methyl 5-(4-(methylamino)phenyl)furan-2-carboxylate = (66).  N-Methyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (64, 250 mg, 1.10 mmol, 1.10 eq) and tripotassium
phosphate (637 mg, 3.00 mol, 3.00 eq) were dissolved in dioxane/H>O (10 mL, 9:1). The
solution was degassed by freeze-pump-thaw cycles (3x). Methyl 5-bromofuran-2-carboxylate
(63, 205 mg, 1.00 mmol, 1.00 eq) and XPhos Pd G2 (79.0 mg, 0.10 mmol, 0.10 eq) were added
and the mixture was refluxed for 3 h under nitrogen atmosphere. The resulting suspension was
filtered through Celite and the solvents were removed under reduced pressure. The residue
was dissolved in 2 N aqueous HCI and extracted with ethyl acetate (3x). The combined organic
layers were dried over MgSO4 and the solvent was removed under reduced pressure. The
crude product was purified by flash column chromatography using a gradient of
cyclohexane/ethyl acetate as mobile phase giving 66 as a brown solid (200 mg, 87%). '"H-NMR
(400 MHz, acetone-ds): & = 7.63—7.57 (m, 2H), 7.24 (d, J = 0.6 Hz, 1H), 6.72-6.65 (m, 3H),
5.42 (s, 1H), 3.84 (s, 3H), 2.83 (s, 3H). "*C-NMR (101 MHz, acetone-ds): & = 159.0, 158.6,
151.0, 142.1, 126.0, 120.3, 117.6, 111.8, 103.7, 50.8, 24.4. MS (APCI+): m/z 231.8 ([M+H]").

Methyl 5-(4-(dimethylamino)phenyl)furan-2-carboxylate (67). 4-
(Dimethylamino)phenylboronic acid (65, 198 mg, 1.20 mmol, 1.20 eq) and tripotassium
phosphate (637 mg, 3.00 mmol, 3.00 eq) were dissolved in dioxane/H>O (10 mL, 9:1). The
solution was degassed by freeze-pump-thaw cycles (3x). Methyl 5-bromofuran-2-carboxylate
(63, 205 mg, 1.00 mmol, 1.00 eq) and XPhos Pd G2 (79.0 mg, 0.10 mmol, 0.10 eq) were added
and the mixture was refluxed for 3 h. The resulting suspension was filtered through Celite and
the solvents were removed under reduced pressure. The residue was dissolved in 2 N aqueous
HCl and extracted with ethyl acetate (3x). The combined organic layers were dried over MgSO4
and the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography using a gradient of cyclohexane/ethyl acetate as mobile phase giving
67 as a brown solid (237 mg, 97%). 'H-NMR (400 MHz, acetone-ds): & = 7.70-7.61 (m, 2H),
7.26 (d, J= 3.6 Hz, 1H), 6.85-6.78 (m, 2H), 6.74 (d, J = 3.7 Hz, 1H), 3.84 (s, 3H), 3.01 (s, 6H).
BC-NMR (101 MHz, acetone-de): & = 159.7, 159.5, 152.0, 143.1, 126.7, 121.2, 118.3, 112.9,
104.9, 51.8, 40.2. MS (APCI+): m/z 245.8 ([M+H]").

5-(4-(Methylamino)phenyl)furan-2-carboxylic (68). Methyl 5-(4-(methylamino)phenyl)furan-
2-carboxylate (66, 180 mg, 778 pmol, 1.00 eq) and LiOH (93.0 mg, 3.89 mmol, 5.00 eq) were
dissolved in H,O/THF (10 mL, 1:1). The mixture was stirred at rt overnight. The solvents were
removed under reduced pressure and the crude product was purified by reverse column
chromatography using a gradient of HO/MeCN as mobile phase giving 68 as a colorless solid
(113 mg, 67%). 'H-NMR (400 MHz, DMSO-de): & = 7.45 (d, J = 8.7 Hz, 2H), 6.65-6.62 (m,
1H), 6.60-6.52 (m, 2H), 6.48 (d, J = 3.3 Hz, 1H), 5.93-5.85 (m, 1H), 2.69 (d, J = 5.0 Hz, 3H).
BC-NMR (101 MHz, DMSO-ds): & = 171.9, 162.6, 153.8, 149.9, 125.3, 119.2, 113.6, 112.1,
103.3, 30.1. MS (APCI+): m/z 217.9 ([M+H]").
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5-(4-(Dimethylamino)phenyl)furan-2-carboxylic acid (69). Methyl 5-(4-
(dimethylamino)phenyl)furan-2-carboxylate (67, 189 mg, 771 umol, 1.00 eq) and LiOH (92.0
mg, 3.89 mmol, 5.00 eq) were dissolved in H,O/THF (10 mL, 1:1). The solution was stirred at
rt overnight. The solvents were removed under reduced pressure and the crude product was
purified by reverse column chromatography using a gradient of H.O/MeCN as mobile phase
giving 69 as a colorless solid (130 mg, 73%). '"H-NMR (400 MHz, DMSO-ds) & = 7.57-7.48 (m,
2H), 6.79-6.71 (m, 2H), 6.63 (d, J = 3.2 Hz, 1H), 6.54 (d, J = 3.2 Hz, 1H), 2.93 (s, 6H). °C-
NMR (101 MHz, MeOH-ds) 6 = 166.0, 156.0, 150.5, 148.6, 125.2, 119.3, 115.6, 112.2, 103.0,
39.3. MS (APCI+): m/z 232.1 ([M+H]*).

5-Bromo-N-(8-chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridin-3-yl)furan-2-
carboxamide (83). 5-Bromofuran-2-carboxylic acid (82, 345 mg, 1.81 mmol, 3.14 eq) was
dissolved in methylene chloride (2 mL) under Ar atmosphere. Oxalyl chloride (310 pL, 3.62
mmol, 6.3 eq) was added dropwise to the solution at 0 °C. After 3 h the solvent was removed
under reduced pressure, 8-chloro-2-(3,4-dichlorophenyl)imidazo[1,2-a]pyridine-3-amine (24,
180 mg, 576 mmol, 1.00 eq) dissolved in a mixture of pyridine (1 mL) and toluene (4 mL) was
added, and the mixture was stirred at rt overnight. 2 N aqueous NaOH solution (10 mL) was
added, phases were separated, and the aqueous layer was extracted with ethyl acetate (3x).
The combined organic layers were dried over MgSO4 and the solvent was removed under
reduced pressure. The crude product was purified by flash column chromatography using a
gradient of cyclohexane/ ethyl acetate as mobile phase giving 83 as a brown solid (180 mg,
64%). '"H-NMR (400 MHz, DMSO-de): & = 10.87 (s, 1H), 8.29-8.24 (m, 1H), 8.15 (d, J = 2.0
Hz, 1H), 7.92 (dd, J = 8.4, 2.1 Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.62-7.57 (m, 1H), 7.50 (d, J
= 3.6 Hz, 1H), 7.02-6.92 (m, 2H). *C-NMR (101 MHz, DMSO-ds): & = 157.0, 148.8, 139.8,
136.5, 133.9, 132.0, 131.7, 131.1, 128.6, 127.1, 127.1, 125.7, 124.1, 122.0, 119.2, 117.2,
115.2, 113.1. MS (APCI+): m/z 483.3 ([M+H]")

5-Bromo-N-(8-chloro-2-methylimidazo[1,2-a]pyridin-3-yl)furan-2-carboxamide (84).
Preparation according to general procedure B using 8-chloro-2-methylimidazol[1,2-a]pyridine-
3-amine (8, 340 mg, 1.87 mmol, 1.00 eq) and 5-bromofuran-2-carboxylic acid (82, 429 mg,
2.24 mmol, 1.20 eq) yielded compound 84 as a colorless solid (536 mg, 81%).
"H-NMR (400 MHz, MeOD-dy): & = 8.00 (d, J = 1.0 Hz, 1H), 7.43 (d, J = 1.0 Hz, 1H), 7.33 (d,
J=3.6 Hz, 1H), 6.91 (t, J = 7.1 Hz, 1H), 6.73 (d, J = 3.7 Hz, 1H), 2.39 (s, 3H). *C-NMR (101
MHz, MeOD-d,): & = 157.5, 148.5, 139.5, 138.1, 126.6, 124.2, 122.2, 121.4, 118.5, 116.3,
114.4, 111.9, 11.2. MS (APCI+): m/z 355.4 ([M+H]").
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NMR spectra ('H, '*C and gH) of 8-9, 12 and 14-42
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3C spectrum of compound 8:
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gHNMR spectrum of compound 8:

Average Purity =97.51%

Assuming sample weight: 4.23 mg, and mol weight: 181.62

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (4.495 mg, 99% purity,
Mol Weight=193.2f)
Sample Integral 1: 8.0049 - 8.08164 ppm, value = 1.00646 (1 nuclides) - Purity =
97.5%
Reference Integral: 7.7853 - 7.87129 ppm, value = 2.04104 (2 nuclides)
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"H spectrum of compound 9:
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3C spectrum of compound 9:
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gHNMR spectrum of compound 9:

Average Purity =97.79%

Assuming sample weight: 2.674 mg, and mol weight: 181.62

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.943 mg, 99% purity,
Mol Weighf=193.24)

Sample Integral 1: 8.02473 - 8.07562 ppm, value = 0.35713 (1 nuclides) - Purity =
97.8%

Reference [Integral: 7.79942 - 7.8683 ppm, value = 1.00215 (2 nuclides)
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"H spectrum of compound 12:
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3C spectrum of compound 12:
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gHNMR spectrum of compound 12:

Average Purity =97.89%

Assuming sample weight: 2.127 mg, and mol weight: 167.6

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.34 mg, 99% purity,
Mol Weight=193.24)
Sample Integral 1: 6.82304 4 6.90584 ppm, value = 0.36301 (1 nuclides) - Purity =
97.9%
Reference Integral: 6.69032 - 6.76229 ppm, value = 1 (2 niyclides)
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"H spectrum of compound 14
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3C spectrum of compound 14:

8% 2853 g 1 ® x
o o RN ENEN] ~ | N e
L4 SNRR g 5 8
I N I
| | |
|
I 1
T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 20 10

f1 (ppm)

12

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000




gHNMR spectrum of compound 14:

Average Purity =95.01% 38000
Assuming sample weight: 2.988 mg, and mol weight: 209.68

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.621 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 3.21894 - 3.32859 ppm, value = 0.99413 (1 nuclides) - Purity =
95% 32000
Reference Integral: 3.02862 - 3.07287 ppm, value = 5.91591 (6 nuclides)
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"H spectrum of compound 15
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3C spectrum of compound 15:
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3C spectrum of compound 15:

Average Purity =97.07%
Assuming sample weight: 3.519 mg, and mol weight: 243.7

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.741 mg, 99% purity

Mol Weight=193.24)

Sample Integral 1: 6.79202 - 6.88163 ppm, value = 0.36568 (1 nuclides) - Purity =

97.1%

Reference Integral: 6.68031 - 6.76747 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 16
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3C spectrum of compound 16:
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gHNMR spectrum of compound 16:

Average Purity = 98.81%
Assuming sample weight: 6.143 mg, and mol weight: 233.66

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (6.12 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.76641 - 6.8626 ppm, value = 0.41426 (1 nuclides) - Purity =

98.8%

Reference Integral: 6.66948 - 6.7619 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 17
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13C spectrum of compound 17:
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gHNMR spectrum of compound 17:

Average Purity =95.66%

Assuming sample weight: 1.395 mg, and mol weight: 278.14
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (1.71 mg, 99% purity, L 17000
Mol Weight=193.24)
Sample Integral 1: 7.36714 - 7.49978 ppm, value = 0.54764 (1 nuclides) - Purity = L 16000
95.7%
Reference Integral: 6.63845 - 6.77264 ppm, value = 1 (1 nuclides) 15000

18000

14000

13000

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

r-1000

1 ooss]
1.00-]

T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)

22



"H spectrum of compound 18
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3C spectrum of compound 18:
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gHNMR spectrum of compound 18:

Average Purity =97.16%
Assuming sample weight: 3.797 mg, and mol weight: 278.14 L 28000
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.221 mg, 99% purity,
Mol Weight=193.24) | 26000
Sample Integral 1: 7.40174 - 7.47438 ppm, value = 0.4019 (1 nuclides) - Purity =
97.2%
Reference Integral: 7.79609 - 7.86873 ppm, value = 1 (2 nuclides) 24000
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"H spectrum of compound 19
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3C spectrum of compound 19:
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gHNMR spectrum of compound 19:

Average Purity = 95.63%

Assuming sample weight: 3.048 mg, and mol weight: 278.14

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.039 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1§ 8.02042 - 8.07723 ppm, value = 0.33656 (1 nuclides) - Purity =
95.6%

Reference Integral): 7.66757 - 7.73798 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 20

8500

8000
7500

7000
6500
6000

5500

5000

4500

4000

3500

3000

2500

2000
1500
1000

500

ro

r-500

ORI | N

€87

I

09—

1897
£€8'9
$8'9 1
61,
0z
172
172
€7
€L

vT LA

YTL

YT LA
YT LA
STLA
ST'L~
sz
9TL

oTL

c0'g
£0'g
v0'8
S0'8
s0'g
90'8 %

/

|

i

618
618
T
18

F00°E

Feet
Frot

8.0

8.5

9.0

f1 (ppm)

29



3C spectrum of compound 20:
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gHNMR spectrum of compound 20:

Average Purity = 96.48%

Assuming sample weight: 3.426 mg, and mol weight: 257.72
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.134 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.7934 - §.85867 ppm, value = 0.39941 (1 nuclides) - Purity =
96.5%

Reference Integral: 6.69377 1 6.75647 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 21
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3C spectrum of compound 21:
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gHNMR spectrum of compound 21:

Average Purity =96.56%
Assuming sample weight: 3.067 mg, and mol weight: 257.72

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (4.007 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.7982 - 6.90399 ppm, value = 0.27989 (1 nuclides) - Purity =

96.6%
Reference Integral: 6.69242 - 6.78542 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 22
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3C spectrum of compound 22:
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gHNMR spectrum of compound 22:

F-45000

Average Purity =98.16%

Assuming sample weight: 3.286 mg, and mol weight: 311.69

Using Reference Compound: Dimethyl terephthalate (3.974 mg, 99% purity, Mol

Weight=194.19| 40000

Sample Integral 1: 6.83511 - 6.91376 ppm, value = 0.1277 (1 nuclides) - Purity =

98.2%

Reference Integral: 8.06544 - 8.14971 ppm, value = 1 (4 nuclides) 25000
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"H spectrum of compound 23
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13C spectrum of compound 23
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gHNMR spectrum of compound 23:

Average Purity =95.29%
Assuming sample weight: 2.666 mg, and mol weight: 311.69

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.209 mg, 99% purity,

Mol Weight=193.24

=

Sample Integral 1:16.83123 - 6.9235 ppm, value = 0.12394 (1 nuclides) - Purity

95.3%

Reference Integral] 8.03523 - 8.1622 ppm, value = 1 (4 nuclides)
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"H spectrum of compound 24
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13C spectrum of compound 24:
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gHNMR spectrum of compound 24:

Average Purity =95.23%

Assuming sample weight: 0.425 mg, and mol weight: 312.58

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (1.09 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.83836 - 6.9211 ppm, value = 0.11593 (1 nuclides) - Purity =
95.2%

Reference Integral: 6.67629 - 6.77353 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 25
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gHNMR spectrum of compound 25:

Average Purity =99.79%

Assuming sample weight: 4.478 mg, and mol weight: 271.75

Using Reference Compound: Dimethyl terephthalate (5.819 mg, 99% purity, Mol
Weight=194.19,

Sample Integral 1: 6.77991 - 6.85269 ppm, value = 0.13911 (1 nuclides) - Purity =|

99.8%
Reference Integral: 8.01759 - 8.12131 ppm, value = 1.00383 (4 nuclides)
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"H spectrum of compound 26
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13C spectrum of compound 26
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gHNMR spectrum of compound 26:

Average Purity =95.17%

Assuming sample weight: 3.444 mg, and mol weight: 386.24

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.242 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.05716 - 7.25629 ppm, value = 0.25546 (1 nuclides) - Pyrity =
95.2%

Reference Integral: 4.14199 - 4.31567 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 27
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13C spectrum of compound 27:
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gHNMR spectrum of compound 27:

Average Purity =96.06%
Assuming sample weight: 2.658 mg, and mol weight: 351.79

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.397 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.85088 - 6.90967 ppm, vajue = 0.20852 (1 nuclides) - Purity =

96.1%

Reference Integral: 6.68527 - 6.7598 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 28
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3C spectrum of compound 28:
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gHNMR spectrum of compound 28:

Average Purity =96.9%

Assuming sample weight: 2.36 mg, and mol weight: 367.86
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.533 mg, 99% purity, 22000
Mol Weight=193.24) L 21000
Sample Integral 1: 6.86144 - 6.95107 ppm, value = 0.23951 (1 nuclides) - Purity =
96.9% 20000
Reference Integral: 6.7072 - 6.77599 ppm, value = 1 (2 nuclides) F 19000
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"H spectrum of compound 29
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3C spectrum of compound 29:
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gHNMR spectrum of compound 29:

Average Purity =97.1% 14000
Assuming sample weight: 1.502 mg, and mol weight: 350.81
Using Reference Compound: Dimethyl terephthalate (2.31 mg, 99% purity, Mol L 13000
Weight=194.19)
Sample Integral 1: 7.3616 - 7.45876 ppm, valye = 0.17599 (1 nuclides) - Purity =
97.1% t 12000
Reference Integral: 8.07249 - 8.15969 ppm, value = 0.99701 (2 nuclides)
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"H spectrum of compound 30
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13C spectrum of compound 30:

38000

36000

— 165.91
12.33

34000

32000

30000

28000

26000

24000

22000

20000

18000

r 16000

14000

12000

10000

8000

6000

4000

\l 2000
|

r-2000

T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

60



gHNMR spectrum of compound 30:
F- 24000
Average Purity =95.49%

Assuming sample weight: 2.069 mg, and mol weight: 361.83
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.971 mg, 99% purity, 22000
Mol Weight=193.24)

Sample Integral 1: 6.84162 - 6.94303 ppm, value = 0.17948 (1 nuclides) - Purity =
95.5% 20000
Reference Integral: 6.69142 - 6.78513 ppm, value = 1.00061 (2 nuclides)

23000

21000

19000
18000
17000
16000
15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000

1000

r-1000

0.18T
1.00-1

}-2000

T T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f1 (ppm)

61



"H spectrum of compound 31:
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3C spectrum of compound 31
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gHNMR spectrum of compound 31:

Average Purity = 98.9%

Assuming sample weight: 2.679 mg, and mol weight: 419.79

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.693 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.83379 - 6.93664 ppm, value = 0.22874 (1 nuclides) - Purity =
98.9%

Reference Integral: 6.66412 - 6.76961 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 32
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3C spectrum of compound 32:
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gHNMR spectrum of compound 32:

Average Purity =97.82%

Assuming sample weight: 3.268 mg, and mol weight: 365.82

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.124 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.85088 - 6.93784 ppm, value = 0.27301 (1 nuclides) - Purity =
97.8%

Reference Integral: 6.68174 - 6.78894 ppm,|value = 1 (2 nuclides)
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"H spectrum of compound 33
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3C spectrum of compound 33

15000

r 14000

13000

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

r-1000

7w —

62°60T
P6'TITT
9911
€811
68021
£V TTT
sT'zen
S0°€TT
[xaz4}
L8'vTT
oz'set
§S°STT
85°STT
9€' LT
0,621 ”
96'62T —¢

TToeT \
8H°0ET

98°CET \\\
6T'8ET ~
bS6ET

6b°9rT —

TE'SST —
€5°85T —

T
100

110

T
120

T
130

T
140

T
150

T
160

f1 (ppm)

69



gHNMR spectrum of compound 33:

Average Purity =95.61%

Assuming sample weight: 2.32 mg, and mol weight: 435.76

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.291 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.23382 - 7.37885 ppm, value = 0.21576 (1 nuclides) - Purity =
95.6%

Reference Integral: 6.63394 - 6.7929 ppm, value = 0.99499 (2 nuclides)
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"H spectrum of compound 34
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13C spectrum of compound 34
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gHNMR spectrum of compound 34:

Average Purity =95.93%
Assuming sample weight: 3.197 mg, and mol weight: 381.82

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.555 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.85847 - 6.92642 ppm, value = 0.22052 (1 nuclides) - Purity =

95.9%

Reference Integral: 6.70109 - 6.7817 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 35
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13C spectrum of compound 35
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gHNMR spectrum of compound 35:

- 18000
Average Purity =96.22%
Assuming sample weight: 1.833 mg, and mol weight: 380.83 17000
Using Reference Compound: Maleic acid (2.004 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 6.99852 - 7.11607 ppm, value = 0.13419 (1 nuclides) - Purity = 16000
96.2%
Reference Integral: 6.34682 - 6.4465 ppm, value = 1 (2 nuclides) r 15000
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"H spectrum of compound 36
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13C spectrum of compound 36:
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gHNMR spectrum of compound 36:

Average Purity =95.06%
Assuming sample weight: 2.358 mg, and mol weight} 394.86 12000
Using Reference Compound: Maleic acid (2.969 mg, P9.94% purity, Mol Weight=116.07)
Sample Integral 1: 7.17308 - 7.2693 ppm, value = 0{11103 (1 nuclides) - Purity =
95.1% 11000
Reference Integral: 6.39231 - 6.44225 ppm, value =|1 (2 nuclides)
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"H spectrum of compound 37
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3C spectrum of compound 37
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gqHNMR spectrum of compound 37:
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f1 (ppm)

Average Purity =96.16%
Assuming sample weight: 1.1 mg, and mol weight: 525.82
Using Reference Compound: Maleic acid (7.368 mg, 99.94% purity, Mol Weight=116.07) L 9000
Sample Integral 1: 6.89722 - 7.07833 ppm, value = 1.90589 (P nuclides) - Purity =
96.2%
Reference Integral: 6.18925 - 6.29462 ppm, value = 60.1051§ (2 nuclides)
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'H spectrum of compound 38
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13C spectrum of compound 38:
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gHNMR spectrum of compound 38:

Average Purity =99.1%
Assuming sample weight: 1.141 mg, and mol weight: 366.81

Using Reference Compound: Maleic acid (2.671 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 6.5692 - 6.7022 ppm, value = 0.13469 (2 nyclides) - Purity = 99.1%
Reference Integral: 6.11434 - 6.26862 ppm, value = 1.00483 (2 nuclides)
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'H spectrum of compound 39
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13C spectrum of compound 39:
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gHNMR spectrum of compound 39:

Average Purity =95.22%

Assuming sample weight: 2.686 mg, and mol weight: 436.9

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.108 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.82118 - 6.99691 ppm, value = 0.36765 (2 nuclides) - Purity =
95.2%

Reference Integral: 6.70797 - 6.77725 ppm, value = 1 (2 nuclides)
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"H spectrum of compound 40
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13C spectrum of compound 40:
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gHNMR spectrum of compound 40:

Average Purity = 96.46%
Assuming sample weight: 2.157 mg, and mol weight: 449.94

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (3.945 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.83708 - 6.95475 ppm, value|= 0.22881 (1 nuclides) - Purity =

96.5%

Reference Integral: 6.70734 - 6.77975 ppm, value = 1 (1 nuclides)
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'H spectrum of compound 41
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3C spectrum of compound 41:
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gHNMR spectrum of compound 41:

Average Purity =99.94%

Assuming sample weight: 1.496 mg, and mol weight: 409.87

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.51 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 6.86577 - 6.92666 ppm, valpe = 0.14183 (1 nuclides) - Purity =
99.9%

Reference Integral: 6.71387 - 6.77673 ppm, value = 1 (2 nuclides)

0.141
1.00-x

T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

f1 (ppm)

94

28000

26000

24000

22000

20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

r-2000



"H spectrum of compound 42
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3C spectrum of compound 42
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gHNMR spectrum of compound 42:

Average Purity =97.54%
Assuming sample weight: 2.395 mg, and mol weight: 407.86

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate (2.885 mg, 99% purity,

Mol Weight=193.24)

Sample Integral 1: 6.85935 - 6.93563 ppm, value 5 0.19376 (1 nuclides) - Purity =

97.5%
Reference Integral: 6.71537 - 6.7764 ppm, value =[1 (2 nuclides)
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12.3 Tuning RXR modulators for PGC1a recruitment
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Tuning RXR Modulators for PGCla Recruitment
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ABSTRACT: The molecular activation mechanism of the nuclear retinoid X receptors (RXRs) crucially involves ligand-induced
co-repressor release and co-activator recruitment which mediate transcriptional repression or activation. The ability of RXR
to bind diverse co-activators suggests that a co-regulator-selective modulation by ligands may open an avenue to tissue- or
gene-selective RXR activation. Here, we identified strong induction of peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC1la) binding to RXR by a synthetic agonist but not by the endogenous ligand 9-cis retinoic acid. Struc-
ture-guided diversification of this lead resulted in a set of three structurally related RXR agonists with different ability to
promote PGCla recruitment in cell-free and cellular context. These results demonstrate that selective modulation of co-reg-
ulator recruitment to RXR can be achieved with molecular glues and open potential new therapeutic opportunities by target-
ing ligand-induced RXR-PGC1a interaction.

KEYWORDS retinoid X receptor; peroxisome proliferator-activated receptor gamma co-activator 1-alpha; nuclear receptor; transcrip-

tion factor; energy metabolism; cancer

Introduction

Nuclear receptors (NRs) are ligand-sensing transcription
factors and regulate gene expression in response to ligand
signals!-4. On the molecular level, their activity is to a large
extend mediated by the recruitment and release of co-acti-
vators and co-repressors. NR modulator binding induces
conformational changes in the NR ligand binding domain
(LBD) that in turn alter the affinity for interaction with co-
activators or co-repressors*’. NR agonists can thus be de-
scribed as molecular glues stabilizing protein-protein inter-
actions of the target NR with co-activator complexes®?. The
existence of multiple different co-activators and co-re-
pressors capable of interacting with the same NR suggests
that this regulatory network may be selectively modulated
by different types of NR ligands that induce recruitment of
only a subset of possible co-regulators. Such selective mod-
ulation might open new therapeutic avenues? but has been
poorly explored to date.

The retinoid X receptors (RXRa, RXRB and RXRy, NR2B1-
3)1011 are a subfamily of NRs recognizing fatty acids and vit-
amin A metabolites like 9-cis retinoic acid (9-cis RA, 1, Chart
1) as natural ligands213. RXRs exhibit a particularly im-
portant role in NR signaling as universal heterodimer part-
ners for various other NRs!. Therefore, they participate in
multiple physiological processes ranging from proliferation
and differentiation over metabolic homeostasis to inflam-
mation!419, While this suggests therapeutic potential of
RXR ligands in diverse indications, the wide involvement in

genomic regulation also entails adverse effects of pharma-
cological RXR modulation which is evident from the only
drug approved synthetic RXR agonist bexarotene (2;
ECso(RXRa/B/y) = 0.025/0.028/0.020 pM)?2°-23, While many
potent and selective RXR agonist and antagonist scaffolds
are availablez*25 and even RXR ligands selectively stabiliz-
ing certain heterodimers2¢-29 have been discovered, ligand-
induced selective co-regulator recruitment to RXR might be
an attractive avenue to achieve more selective modulation
that has not been explored.

Chart 1. RXR agonists

CF3

o e

1 COOH 2 COOH 3 COOH

NR co-regulators exhibit different expression patterns3o-
32 and since NRs can typically interact with various co-regu-
lators, selective ligand-induced recruitment of only a subset
of these interaction partners might enable tissue-specific or
even gene-selective modulation with reduced adverse ef-
fects. Progress with co-regulator selective ligands has been
made for several NRs including, for example, peroxisome
proliferator-activated receptor y (PPARy)**3%, farnesoid X
receptor (FXR)35 and estrogen receptor (ER)3¢37, suggesting
that tuning of the ligand-induced co-regulator recruitment



profile may also be possible for RXR but this concept has not
been established with suitable ligands, yet.

Here, we discovered that the recently developed RXR ag-
onist 338 has substantially different effects on co-regulator
recruitment to RXR than the natural agonist 1 and explored
the potential of tuning this activity by broad structural mod-
ifications on this ligand scaffold. Using a chemically diverse
set of analogues of 3 designed in a structure-guided fashion,
we found that minor structural differences impacted on the
binding of peroxisome proliferator-activated receptor
gamma co-activator 1-alpha (PGCla) to the RXR LBD
demonstrating that RXR ligands can be tuned for selective
effects on co-regulator recruitment. This unprecedented lig-
and-induced interaction of RXR with PGC1a, which is a key
regulator of metabolism and energy homeostasis3?-41, may
open new opportunities for RXR modulation.

Results & Discussion

Selective modulation of NRs via selective effects on pro-
tein-protein interactions with partner receptors or co-reg-
ulators is increasingly recognized as a promising avenue to
therapeutic innovation in the NR field3. Based on recent
studies showing, that different agonist chemotypes of the
PPARs and FXR can exhibit different effects on co-regulator
recruitment to their target receptors3>42, we hypothesized
that selective co-regulator recruitment could also be
achieved with different RXR agonist scaffolds. Using 9-cis
RA (1) and a collection of chemically diverse synthetic RXR
modulators, we explored such potential mechanistic differ-
ences in the co-regulator recruitment profile of RXRs by ob-
serving the ligand-induced interaction of the RXRa LBD
(Tb3+-cryptate labeled, FRET donor) with a panel of com-
mon NR co-regulator peptides (fluorescein-labeled, FRET
acceptor) in homogeneous time-resolved fluorescence res-
onance energy transfer (HTRF) based assays. We found pro-
nounced differences in RXR-co-regulator recruitment pro-
files (Figure 1) caused by the natural ligand 1 and the syn-
thetic agonist 338. 9-cis RA (1) recruited several co-activa-
tors (SRCs, NCoA6) with intermediate efficacy while dis-
placement of the co-repressor silencing mediator for retin-
oid and thyroid-hormone receptors (SMRT, NCOR2)
emerged as strongest effect. NCOR1 binding to RXR was
generally weaker in the HTRF setting and slightly reduced
by 1. 3, in contrast, exhibited a strong preference for PGCla
recruitment while its effect on corepressor (NCOR1/2)
binding was negligible. This ability of 3 to differentiate be-
tween co-regulators and induce recruitment of PGCla with
strong preference appeared highly attractive as it might of-
fer access to unprecedented RXR modulation.

The appealing effect of 3 on RXR-PGCla interaction
prompted us to study the structure-activity relationship of
this RXR modulator chemotype further. To explore the
chemical space around 3, we employed the co-crystal struc-
ture of the RXRa LBD in complex with 3 (pdb ID 6sjm38; Fig-
ure 2a) for structure-guided analogue design. Retrospective
docking of the previously reported derivatives of 338
showed good correlation between potency and docking
score (Figure 2b) indicating that a docking-based approach
was suitable to reveal analogues of 3 as RXR ligands. We
thus generated a virtual library of 15,759 biphenylacetic

acid derivatives (Figure 2c¢) by in silico fusion of 4-
boronophenylacetic acid with commercially available aryl
halides. These designs were then docked to the binding site
of 3 and ranked based on their score. From the top-ranking
100 molecules, we selected 4-31 for synthesis based on
binding mode inspection and chemical diversity.
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Figure 1. Effects of 9-cis RA (1) and 3 on co-regulator recruit-
ment to the RXRa LBD. Compounds were tested at 1 pM. Data
are the mean+SD AHTREF relative to the ligand free setting; N=4.
Red boxes highlight prominent differences.
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Figure 2. Structure-based design of RXR ligands based on 3. (a)
3 binds to the highly hydrophobic orthosteric site of RXRa (pdb
ID 6sjm38) and forms a single polar contact to Arg316 like most
RXR agonists. (b) Retrospective evaluation of 3 and previously
tested analogues38 revealed good correlation between potency
and docking score. (c) A virtual library of 15,759 biphenylacetic
acids was generated for docking to the binding site of 3 in RXRa
to identify novel RXR modulators. (d) The computationally fa-
vored designs 4-31 were chemically diverse despite sharing
the biphenylacetic acid motif. The heatmap shows pairwise
Tanimoto similarity computed on Morgan fingerprints.

compounds 4-31

~ 15,759 analogues of 3



Table 1. Analogues of RXR agonist 3 from structure-guided design
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a RXR modulation was determined in uniform Gal4-hybrid reporter gene assays for the RXRa/B/y subtypes. Max. rel. activation
refers to the effect of the reference agonist 2 at 1 uM. Data are the mean+S.E.M.; n=3. b Highest non-toxic concentration. Data of 3 for

comparison38: ECso(RXRa/f3/y) = 0.08/0.15/0.22 pM.

The structure-guided analogue selection approach
prioritized 3,4- and 3,5-disubstituted phenyl groups as well
as bi- and tricyclic motifs as 4-substituent of the
phenylacetic acid residue (Table 1). Although all designs in
the virtual library shared the biphenylacetic acid motif,
intermediate chemical diversity of the selected compounds
4-31 was evident from the compounds' pairwise Tanimoto
similarity computed on Morgan fingerprints*? (Figure 2d).
This collection therefore appeared suitable to explore the
SAR of the scaffold with a focus on identifying potent
analogues of 3 for mechanistic comparison, and possibly
capturing structural determinants of differential co-
regulator recruitment.

4-31 were initially tested in uniform Gal4-hybrid re-
porter gene assays for the three RXR subtypes (Table 1).
These cellular assays have been widely used to characterize
RXR agonists384445 and provide homogeneous and compa-
rable data. They are based on chimeric receptors composed
of the Gal4 DNA binding domain from yeast and the respec-
tive human RXR LBD which control expression of a Gal4-re-
sponsive firefly luciferase reporter gene. Constitutively ex-
pressed Renilla luciferase (SV40 promoter) was used for
normalization and to monitor test compound toxicity.

Marked activity cliffs were evident for 4-31 in the cellular
profiling and revealed preferred motifs. Among the 3,4-di-
substituted analogues 4-10, the 4-isopropyloxy-3-trifluoro-
methyl derivative 8 and the 3,4-bistrifluoromethyl deriva-
tive 9 emerged as highly potent RXR agonists while the cor-
responding cyano (4), cyanomethyl (5), methylsulfonyl (6),
and acetamido (10) analogues were significantly less active.
Interestingly, 8 and 9 additionally displayed a slight prefer-
ence for RXRa over the RXRB and RXRy subtypes.

Alkoxy substituents (11, 12) were also preferred among
the 3,5-substituted derivatives 11-16 while cyano (13),
fluoro (14), acetyl (15) and even hydroxymethyl (16) sub-
stituents were tolerated. Like 8 and 9, the 3-cyano-5-trifluo-
romethyl substitution pattern (13) achieved considerable
preference for RXRa while the 3-fluoro-5-trifluoromethyl
analogue 14 interestingly displayed an inverted profile with
slight preference for RXRp indicating relevance of the hy-
drophobic sub-pocket accommodating the lipophilic back-
bone of the scaffold in driving RXR subtype selective activa-
tion.

Although using only structural information from the
RXRa:3 complex our docking-guided strategy prioritized
the 3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydronaphthalen-2-
yl motif (17) contained in the widely used reference agonist
bexarotene (2) indicating that the approach could general-
ize within the chemical space of RXR agonists. The bexaro-
tene related design 17 indeed exhibited considerable RXR
agonist potency, but the structurally related 1,4-dimethyl-
8-0x0-5,6,7,8-tetrahydronaphthalen-2-yl (18) and 4,4-di-
methyl-2-o0x0-1,2,3,4-tetrahydroquinolin-6-yl (19) deriva-
tives were substantially less active. Apart from 17, bulky
two- or three-ring systems (18-29) were generally less tol-
erated, despite very promising binding modes and scores in
the docking, and marked activity differences were evident

for highly similar motifs especially among indole-based
substituents (20-29). While the N-methylindol-5-yl (20), N-
acetylindolin-5-yl (21), and N-acetyl-3-acetoxyindol-5-yl
(22) derivatives were inactive on RXRs, structurally related
N-methyl-3-trifluoracetoxyindol-5-yl (23) and 7-trifluoro-
methyindazol-5-yl (24) retained RXR agonism with inter-
mediate potency. The structurally related derivatives
25/26 and 27-29 revealed similarly steep SAR further sup-
porting the assumption that minor structural differences in
the hydrophobic backbone of the scaffold of 3 had marked
impact on RXR modulation.

Docking mainly prioritized analogues of 3 with substitu-
ents (or rings) in meta/para positions indicating that the
binding site of the RXRa:3 complex demanded a rather lin-
ear ligand geometry. 30 bearing a bulky benzyloxy group in
ortho position and the 4-(dimethylamino)naphthalen-1-yl
derivative 31 deviating from this predominant geometry in-
terestingly exhibited considerable RXR agonism.

The structure-guided design approach generated struc-
turally diverse RXR agonists based on the scaffold of 3 for
comparative mechanistic profiling as intended. Compounds
8, 9 and 17 exhibiting RXR agonism with similarly strong
potency and sharing a 3,4-substitution pattern appeared
suitable as initial test set to explore mechanistic differences
in co-regulator recruitment. Comparative profiling of these
RXR modulators in HTRF-based assays (Figure 3a) indeed
revealed remarkably different effects on SRC1, SMRT and
PGCla binding to RXRo. Despite the structural similarity of
8,9 and 17, 8 failed to affect PGC1la binding, while 9 and 17
retained the ability of 3 to promote PGC1la recruitment with
9 displaying substantially higher efficacy in inducing PGC1la
binding than 17. This was also evident in dose-response
profiling which confirmed a markedly stronger PGCla re-
cruitment by 9 compared to 17 (Figure 3b).
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Figure 3. Effects of RXR ligands on the recruitment of co-regu-
lators to the RXRa LBD in HTRF-based systems. (a) Despite



high structural similarity, 8, 9 and 17 revealed pronounced dif-
ferences in their effects on co-regulator recruitment. (b) Dose-
response profiling demonstrated PGCla recruitment by 9 and
17 with considerably higher efficacy for 9. 3 for comparison.
(c) 14 and 30 failed to induce PGCla recruitment. All data are
the mean+SD; n=3.

Building on these findings, we extended the co-regulator
recruitment profiling to structurally more diverse ana-
logues (Figure 3c). However, 14, which exhibited RXRP
preference in the cellular assay, and 30, which has a signifi-
cantly more angled shape than most other active deriva-
tives of 3, failed to enhance recruitment of PGC1a to RXR.

Closer inspection and comparison of the (predicted)
binding modes of 3, 8, 9 and 17 (Figure 4a) albeit revealing
no major differences indicated that 8 and 17 extended fur-
ther towards His435 in helix 11 than 3 and 9 (Figure 4b).
Helix 11 makes multiple contacts with helix 12 which bears
the ligand dependent activation function 2 (AF2) of RXR and
mediates activation by ligands (Figure 4c). Ligand effects on
the position of helix 11 likely translate in shifts of helix 12
which in turn alters the shape and size of the co-activator
binding site. The predicted differences in the binding of 3,
8,9 and 17 to the His435 region may thus induce subtle dif-
ferences in the co-activator binding site via allosteric cross-
talk through helices 11 and 12 which could possibly explain
the different effects on PGCla recruitment.
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Figure 4. Binding mode comparison of 3, 8,9 and 17. (a) Dock-
ing poses of 8,9 and 17 in the binding site of 3 in the RXRa LBD
(pdb ID 6sjms38). 3, 8, 9 and 17 form highly similar binding
modes to RXRa involving a strong ionic contact to Arg316. (b)
Differences in the binding of 3, 8,9 and 17 in the His435 region
with the ligand surfaces shown as mesh. 8 (green mesh) and 17
(magenta mesh) have higher structural demands in the His435
region than 3 (grey mesh) and 9 (blue mesh) possibly affecting

the position of helix 11. (c) Structural overview of the ternary
complex of 3 and nuclear receptor co-activator 2 (blue) bound
to the RXRa LBD (pdb ID 6sjm38). Helix 12 is shown in yellow.
Different ligand interactions with helix 11 likely affect the po-
sition of helix 12 and consequently the co-activator binding re-
gion via allosteric crosstalk.

aq == DMSOct b 108 8 8 5(?
= reference agonist 88 r:E é § &
A - |
— 8 (1 M) 0.4 n:'g nc'g &5 0:'2
m— 8 (10 uM) 8-2 L & x
9(1 M) e £ o«
— 9 (10 M) DMSO-1.00 1.00 1.00 1.00
17 (1 pM) 8-0.04 0.12 0.06 0.30
— 17 (10 uM) 9-0.02 0.04 0.01 0.24
1000 4 17-0.10 0.20 0.01 0.17
500
S . I
S 4 [] - - -
_g 155
© 10
i
L 54
0l .ll-l'l- lll-l'll

THRx RARy PPAR; PPAR; PPARs  LXRo FXR

Figure 5. In vitro characterization of 8, 9 and 17. (a) 8, 9 and
17 were inactive on lipid-sensing nuclear receptors related to
RXR at 1 and 10 uM. Data are the mean+S.E.M., n=3. (b) Effects
of 8,9 and 17 (10 uM each) on the interaction of RXRa with the
heterodimer partners THRa, RARq, LXRa and PPARy in a cellu-
lar assay observing the binding of VP16-RXRa-LBD to the cor-
responding Gal4-hybrid receptors of the dimer partners. The
heatmap shows the mean rel. reporter activity vs. DMSO; n=3.

These results illustrate that minor structural variations in
RXR ligands may result in markedly different ligand-in-
duced co-regulator recruitment and that different molecu-
lar mechanisms (Co-activator recruitment, co-repressor re-
lease) can induce RXR activation by ligands. However, the
biological relevance of these findings remained elusive. To
validate the suitability of 8,9 and 17 as set of chemical tools
to study effects of differently modulated RXR-PGC1la inter-
action, we characterized and compared their activity pro-
files in vitro (Figure 5). All three compounds were inactive
at1and 10 pM on lipid-activated NRs related to RXR (Figure
5a) demonstrating favorable selectivity. Since RXR can act
as dimer with various other NRs, we also evaluated how the
compounds affected RXR heterodimerization (Figure 5b)
and observed consistently diminished interaction of RXRa
with THRa, RARa, LXRa and PPARYy in presence of 8, 9 and
17. These results highlighted the absence of activity differ-
ences in the compound set on related nuclear receptors and
their interaction with RXR which would otherwise compro-
mise the use of the set as a tool.

Eventually we aimed to validate the ability of 9 to induce
interaction of RXR with PGC1la in a cellular setting and con-
firm the compound's suitability as tool to explore the bio-
logical impact of this unprecedented RXR modulation (Fig-
ure 6). We employed a reporter gene assay with a Gal4-
PGC1la fusion protein for interaction with the Gal4-respon-
sive reporter construct and an RXRa-LBD-VP16 fusion pro-
tein lacking the ability to activate the reporter alone (Figure
6a). When binding to DNA-bound Gal4-PGC1a via the RXRa



LBD, the fused VP16 acts as strong transcriptional inducer.
This assay thus enabled observing the interaction of PGCla
and the RXRa LBD in a cellular context. The RXR modulators
9 and 17 did not activate reporter activity in absence of
RXRa-LBD-VP16 but robustly enhanced reporter gene ex-
pression when the RXRa fusion protein was present (Figure
6b) demonstrating their ability to induce the RXRa-PGCla
interaction in a cellular context with high potency (ECso
0.04+0.02 uM (9); 0.06+0.03 uM (17)). As observed in the
cell-free HTRF assay, 9 promoted RXRa-PGCla binding
more efficiently than 17 (Figure 6b) and the reference RXR
agonist 2 had only a weak effect on reporter activity in this
setting (Figure 6c¢).
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Figure 6. The RXR modulators 9 and 17 induce RXRa-PGCla
interaction in cellular context. (a) A Gal4-PGC1la fusion protein,
a Gal4-responsive reporter construct and an RXRa-LBD-VP16
fusion protein were used to observe ligand-induced RXRa-
PGCla interaction in HEK293T cells. Created with Biorender.
(b) 9 and 17 robustly enhanced RXRa-PGC1la interaction de-
pendent reporter activity (ECso 0.04+0.02 uM (9); 0.06+0.03
UM (17)) while the reference RXR agonist bexarotene (1 pM)
had only a weak effect (c). Data are mean+SD reporter activity
in presence of Gal4-PGC1la and RXRa-LBD-VP16 normalized to
the RXRa-LBD-VP16-free setting; n=3.

RXR-PGC1«. interaction

PGC1la exhibits tissue-selective expression in compart-
ments with high metabolic activity such as adipose tissue
and the heart thus partly overlapping with the RXR expres-
sion profile324647, [t has a prominent role in cellular metab-
olism by promoting mitochondrial biogenesis and protect-
ing against oxidative stress*#4° and is inducible by cold in
adipose tissue*’. Strikingly, PGC1la was reported to mediate
promoter-specific activation of PPARy and thyroid hormone
receptor B in the uncoupling protein 1 (UCP-1) enhancer,
which is a key factor of thermogenesis*74°. PPARs form ob-
ligate heterodimers with RXR and both PPAR-RXR hetero-
dimers and RXR homodimers act via the same DR1 response
elementsY. Ligand-induced PGC1a recruitment to RXR might
thus enable promoter specific effects, for example, in ther-
mogenesis in adipose tissue. On the other hand, PGC1la has
been linked to tumor growth, metastasis and resistance by
modulating and reprogramming cancer cell metabolism>1-
56, While there are also reports of pro-carcinogenic impact
of PGC1a51-53 several lines of evidence suggest that PGCla
can counteract metastasis54°¢ of several cancers and that its
suppression is required for metabolic reprogrammingss.
Modulation of PGC1la activity via ligand-induced interaction
with RXR could potentially impact on these mechanisms in
cancer. The set of 3, 8, 9 and 17 may serve as chemical tool

to probe these hypotheses in phenotypic in vitro settings by
comparing the compounds' effects with respect to their
ability to induce PGCla recruitment.

Conclusion

The discovery of substantially different effects of 3 on
RXR-PGCla interaction compared to the natural ligand 9-cis
RA (1) suggested that RXR ligands can be tuned for selective
modulation of co-regulator recruitment. Building on this
observation, we identified analogues of 3 (8, 9, 17) with
varying PGCla recruitment efficacy showing that co-regula-
tor recruitment effects can be "dosed" and strengthening
the hypothesis that co-regulator selective RXR modulation
can be achieved by ligand design. These findings demon-
strate that RXR ligands can be shaped to act as molecular
glues modulating the binding and release of individual co-
regulators. As several molecular mechanisms (co-activator
recruitment, co-repressor release) can mediate RXR activa-
tion, subtle differences in ligand-induced co-regulator re-
cruitment may enable tissue-selective activation based on
cell-type specific expression and roles of certain co-regula-
tors3031, However, such subtle differences are not distin-
guishable in reporter gene assays based on which most
available RXR agonists have been developed. Future inno-
vation in targeting RXR may therefore rest in deeper mech-
anistic characterization of ligands and their structural tun-
ing for desired activation mechanisms. Such selective mod-
ulation of certain protein-protein interactions of NRs with
molecular glues may open new therapeutic avenues.

Despite high structural similarity, the RXR ligands 3, 8, 9
and 17 exhibit substantial mechanistic differences in terms
of PGCla recruitment ranging from strong (3) to intermedi-
ate (9), weak (17) and no (8) ligand-induced PGC1la bind-
ing. While the structural similarity may be an obstacle to
further development of the scaffold and complicate the dis-
covery of other co-regulator selective RXR ligand chemo-
types, it is a valuable feature for the application in mecha-
nistic studies. Therefore, the set of 3, 8, 9 and 17 emerges
as attractive chemical tool to explore the biological rele-
vance of the RXR-PGC1a interaction and the impact of dif-
ferent ligand effects.

Chemistry

Compounds 4-22 and 24-31 were prepared according to
Scheme 1 by Suzuki reaction of commercially available aryl
bromides 32-57 with (4-boronophenyl)acetate derivatives
58-60 or boronic ester 61 with ethyl (4-bromophenyl)ace-
tate (62). Suzuki coupling was achieved using XPhos Pd G2
pre-catalyst in good to excellent yields with the exception of
reactions using the free carboxylic acid 60. The obtained es-
ters 63-86 were hydrolyzed under alkaline conditions to
provide the free carboxylic acids 4-11, 13-21, 24 and 26-
31. 12 and 22 were directly prepared as free acids in the
Suzuki reaction to avoid side reactions observed during es-
ter hydrolysis. 25 was obtained directly from the Suzuki re-
action between 51 and 59 followed by hydrolysis in one pot.
Compound 23 was synthesized by trifluoroacetylation of
20. The building blocks 49 was obtained by borylation of
the aryl bromide 83, and 57 was prepared by benzylation
of the phenol 84.



Scheme 1. Synthesis of the biarylacetic acids 4-31¢a
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a Reagents and conditions: (a) K3POs, XPhos Pd G2, 1,4-dioxane/H20, reflux, 1.5-24 h or Cs2C03, XPhos Pd G2, toluene/H:O0, reflux,
1.5-24 h, 4-96%; (b) LiOH, MeOH/H20, rt, 18 h, 16-90%; (c) trifluoroacetic anhydride, DCM, 0°C, 30 min, 6%; (d) K2COs, B2Ping,
Pd(dppf)Clz, 1,4-dioxane, 100°C, 2 h, 79%; (e) benzyl bromide, K2CO3, DMF, rt, 10 h, 78%.

Experimental
Chemistry

General. All chemicals were of reagent grade, purchased
from commercial sources (e.g, Sigma-Aldrich, TCI,
BLDpharm) and used without further purification unless
otherwise specified. All reactions were conducted under ni-
trogen or argon atmosphere and in absolute solvents pur-
chased from fisherscientific. Other solvents, especially for
work-up procedures, were of reagent grade or purified by
distillation (iso-hexane, cyclohexane, ethyl acetate (EtOAc),
EtOH). Reactions were monitored by thin layer chromatog-
raphy (TLC) on TLC Silica gel 60 F254 coated aluminum
sheets by Merck and visualized under ultraviolet light (254
nm). Purification by column chromatography (CC) was per-
formed on a puriFlash® XS520Plus system (Advion, Ithaca,
NY, USA) using high performance spherical silica columns
(SIHP, 50 pum) by Interchim and a gradient of iso-hexane or
cyclohexane to EtOAc. Reversed-phase column chromatog-
raphy (RP-CC) was performed on a puriFlash® 5.250 sys-
tem (Advion) using C18HP columns (SIHP, 15 um) by Inter-
chim and a gradient of H20 with 10% MeCN to 100% MeCN
(HPLC gradient grade). Mass spectra were obtained on a pu-
riFlash®-CMS system (Advion) using atmospheric pressure
chemical ionization (APCI). HRMS were obtained with a
Thermo Finnigan LTQ FT instrument for electron impact
ionization (EI) or electrospray ionization (ESI). NMR spec-
tra were recorded on Bruker Avance III HD 400 MHz or
500 MHz spectrometers equipped with a CryoProbeTM
Prodigy broadband probe (Bruker). Chemical shifts are re-
ported in 6§ values (ppm), coupling constants (J) in hertz

(Hz). The purity of the compounds was determined by
1H-NMR (qHNMR) according to the method described by
Pauli et al.57: a sample of the analyte (1-4 mg) and an inter-
nal calibrant (1-4 mg; Purchased from Sigma Aldrich: Ethyl
4 (dimethylamino)benzoate, lot: #BCCC6657 ; Maleic acid,
lot: #BCCH2407; Dimethyl terephthalate, lot: #BCBT9974)
were weighed into a 1.5 mL Eppendorf tube with +0.01 mg
accuracy. The mixture was treated with 600 pL of a deuter-
ated solvent (Acetone-ds, DMSO-ds, CD30D) and homoge-
nized. The solution was transferred to a 5 mm NMR tube
and the sample was submitted for measurement immedi-
ately. 2 dummy scans were performed prior to acquisition.
Spectra were acquired at room temperature with 64 scans
in a spectral range of 30 ppm (7.5-22.5 ppm relative to
TMS). The relaxation time was set to 60 s to ensure com-
plete relaxation, the acquisition time was set to 4 s. Rec-
orded spectra were processed by applying zero-filling
(256Kk), apodization (0.1 Hz exponential term), baseline cor-
rection (5th order Bernstein polynomial fit) and phase cor-
rection (manual). Purity was calculated by the following for-

njc-Intg-MW4-m
mula: P, [%] = ~£—4——47IC . p . where A denotes the an-
ng-Intjc-MWjc-mgy

alyte and IC denotes the internal calibrant. Integral ranges,
masses of compounds and internal calibrants used for pu-
rity calculation are noted in the individual spectra. All com-
pounds for biological testing had a purity >95% according
to qHNMR.

General procedure for Suzuki Miyaura coupling
(GP1). The respective aryl bromide 32-57 (1.0 eq), the re-
spective boronic acid or boronic ester 58-60 (1.2 eq) and a
base (3.0 eq) were evacuated for a few minutes. A solvent



mixture was degassed by the freeze-pump-thaw method
(3x) and added under Ar. Next the corresponding Pd cata-
lyst (0.10 eq) was added, and the reaction was heated under
reflux until the completion of the reaction was indicated by
TLC (1.5-24 h). After cooling to rt, the mixture was filtered
through Celite and washed with EtOAc. H.0 was added and
the aqueous layer was extracted with EtOAc (3x). The or-
ganic layers were combined, dried over NazSO4, filtered and
evaporated. The crude product was purified by CC/RP-CC.

General procedure for the ester hydrolysis (GP2). The
respective alkyl ester 63-86 (1.0 eq) was dissolved in a mix-
ture of an organic solvent and H20 and LiOH (2.0- 10.0 eq)
was added. The reaction was stirred at rt for 18 h and an
equal volume aqueous HCI (10%) was added. The aqueous
layer was extracted with EtOAc (3x). The organic layers
were combined, dried over NazS0y, filtered and evaporated.
The crude product was purified by CC/RP-CC or crystalliza-
tion.

2-(4'-Cyano-3'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (4). Preparation according to GP2, using me-
thyl 2-(4'-cyano-3'-trifluoromethyl[1,1'-biphenyl]-4-yl)ac-
etate (63, 0.11g, 0.35 mmol, 1.0 eq) and LiOH (0.041 g,
1.7 mmol, 5.0 eq) in THF (5 mL) and H20 (5 mL). Further
purification was performed by RP-CC to obtain 4 (77 mg,
74%) as a colorless solid. R (iso-hexane/EtOAc = 8:2 + 2%
acetic acid) = 0.30. 'H-NMR (400 MHz, Acetone-ds): § =
8.27-8.10 (m, 3H), 7.85-7.76 (m, 2H), 7.56-7.48 (m, 2H),
3.74 (s, 2H) ppm. 13C-NMR (101 MHz, Acetone-ds): § =
171.59, 145.76, 136.75, 136.05, 135.75, 132.34 (q, ] =
32.0 Hz), 130.95, 130.45, 127.39, 125.07 (m), 122.88 (d, ] =
273.1Hz), 115.41, 107.83 (m), 40.00 ppm. gHNMR
(400 MHz, Acetone-ds, maleic acid as reference): purity =
99%. MS (APCI-): m/z 304.5 ([M-H]). HRMS (EI+): m/z cal-
culated 305.0664 for Ci6H10F3NOz, found 305.0657 ([M]*).

2-(4'-Cyanomethyl-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetic acid (5). Preparation according to
GP2, using methyl 2-(4'-cyanomethyl-3'-trifluoromethyl-
[1,1'-biphenyl]-4-yl)acetate (64, 0.10 g, 0.31 mmol, 1.0 eq)
and LiOH (0.015 g, 0.63 mmol, 2.0 eq) in MeOH (4 mL) and
H20 (2 mL). Further purification was performed by RP-CC
to obtain 5 (54 mg, 58%) as a colorless solid. R (iso-hex-
ane/EtOAc = 7:3 + 2% formic acid) = 0.40. 'H-NMR
(400 MHz, Acetone-ds): 6 = 10.80 (br s, 1H), 8.06-8.00 (m,
2H), 7.88-7.81 (m, 1H), 7.76-7.68 (m, 2H), 7.52-7.45 (m,
2H), 4.19 (s, 2H), 3.72 (s, 2H) ppm. 13C-NMR (101 MHz, Ac-
etone-ds): & = 172.55, 142.09, 137.99, 136.39, 132.62,
132.09,131.14,129.28 (q,/ =30.9 Hz), 129.10 (q,/ = 1.5 Hz),
127.91, 125.65 (q, J = 5.7 Hz), 125.16 (q, ] = 273.5 Hz),
118.07, 40.85, 21.24 (q, ] = 2.8 Hz) ppm. gHNMR (400 MHz,
Acetone-ds, ethyl 4-(dimethylamino)benzoate as refer-
ence): purity = 98%. MS (El+): m/z 319.0 ([M]*). HRMS
(EI+): m/z calculated 319.0820 for Ci7Hi12F3NO2 found
319.0815 ([M]").

2-(4'-Methylsulfonyl-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetic acid (6). Preparation according to
GP2, using methyl 2-(4'-methylsulfonyl-3'-trifluoromethyl-
[1,1'-biphenyl]-4-yl)acetate (65, 0.17 g, 0.45 mmol, 1.0 eq)
and LiOH (0.022 g, 0.91 mmol, 2.0 eq) in MeOH (6 mL) and
H20 (3 mL). Further purification was performed by RP-CC
to obtain 6 (132 mg, 81%) as a colorless solid. Rr (iso-hex-
ane/EtOAc = 1:1 + 2% formic acid) = 0.47. 'H-NMR

(500 MHz, Acetone-ds): 6 = 10.86 (br s, 1H), 8.39-8.34 (m,
1H), 8.27-8.19 (m, 2H), 7.84-7.77 (m, 2H), 7.56-7.48 (m,
2H), 3.75 (s, 2H), 3.29 (s, 3H) ppm. 13C-NMR (126 MHz, Ac-
etone-ds): & = 172.45, 147.10, 139.04, 137.46, 136.98,
133.97, 131.81, 131.34, 129.58 (q, /] = 33.0 Hz), 128.31,
127.36 (q,/ = 6.3 Hz), 123.95 (q, / = 273.2 Hz), 45.34 (q,] =
3.0 Hz), 40.84 ppm. gHNMR (400 MHz, Acetone-ds, ethyl 4-
(dimethylamino)benzoate as reference): purity = 99%. MS
(EI+): m/z 357.7 ([M]*). HRMS (EI+): m/z calculated
358.0487 for C16H13F304S, found 358.0484 ([M]*).
2-(4'-Ethoxy-3'-trifluoromethyl-[1,1'-biphenyl]-4-
yl)acetic acid (7). Preparation according to GP2, using me-
thyl 2-(4'-ethoxy-3'-trifluoromethyl[1,1'-biphenyl]-4-yl)ac-
etate (66, 0.30g, 0.89 mmol, 1.0 eq) and LiOH (0.21g,
8.9 mmol, 10.0 eq) in MeOH (24 mL) and H20 (6 mL). Fur-
ther purification was performed by RP-CC to obtain 7
(172 mg, 60%) as a colorless solid. Rr(cyclohexane/EtOAc
7:3 + 1% acetic acid) = 0.55.1H-NMR (500 MHz, Acetone-
de): 6 = 10.79 (br s, 1H), 7.90-7.83 (m, 2H), 7.65-7.59 (m,
2H), 7.42 (d, ] = 8.1 Hz, 2H), 7.31 (d, ] = 8.5 Hz, 1H), 4.25 (q,
J=7.0 Hz, 2H), 3.69 (s, 2H), 1.43 (t,] = 6.9 Hz, 3H) ppm. 13C-
NMR (126 MHz, Acetone-d¢): 6 = 172.67, 157.24 (q, ] =
1.7 Hz),138.73,135.19,133.61, 132.90-132.74 (m), 130.95,
127.41, 125.86 (q, / = 5.3 Hz), 124.88 (q, /] = 271.8 Hz),
119.48 (q, J = 30.3 Hz), 114.85, 65.40, 40.86, 14.89 ppm.
qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethylamino)ben-
zoate as reference): purity = 99%. MS (APCI+): m/z 325.0
([M+H]*). HRMS (EI+): m/z calculated 324.0973 for
C17H15F303, found 324.0992 ([M]*).
2-(4'-Isopropoxy-3'-trifluoromethyl[1,1'-biphenyl]-
4-yl)acetic acid (8). Preparation according to GP2, using
methyl 2-(4'-isopropoxy-3'trifluoromethyl[1,1'-biphenyl]-
4-yl)acetate (67, 0.16 g, 0.55mmol, 1.0 eq) and LiOH
(0.054 g, 2.3 mmol, 4.2 eq) in THF (5 mL) and H20 (5 mL).
Further purification was performed by RP-CC to obtain 8
(80 mg, 52%) as a colorless solid. Rr (iso-hexane/EtOAc =
8:2 + 2% acetic acid) = 0.51. tH-NMR (400 MHz, Acetone-
ds): 6 = 7.89-7.83 (m, 2H), 7.65-7.57 (m, 2H), 742 (d, ] =
8.2 Hz, 2H), 7.34 (d, / = 8.5 Hz, 1H), 4.87 (hept, / = 6.1 Hz,
1H), 3.68 (s, 2H), 1.37 (d, J = 6.1 Hz, 6H) ppm. 13C-NMR
(101 MHz, Acetone-ds): 6 = 172.71, 156.37 (q, ] = 2.1 Hz),
138.76, 135.16, 133.44, 132.70, 130.94, 127.38, 125.94 (q,]
= 5.3 Hz), 123.54 (q, / = 271.5 Hz), 120.26 (q, ] = 30.4 Hz),
115.99, 72.00, 40.88, 22.13 ppm. gHNMR (400 MHz, Ace-
tone-ds, ethyl 4-(dimethylamino)benzoate as reference):
purity = 98%. MS (APCI+): m/z 338.9 ([M+H]*). HRMS (EI+):
m/z calculated 338.1130 for CigHi7F303, found 338.1123
(M#).
2-[3',4'-Bis(trifluoromethyl)[1,1'-biphenyl]-4-yl]ace-
tic acid (9). Preparation according to GP2, using methyl 2-
[3',4'-bis(trifluoromethyl)[1,1'-biphenyl]-4-yl)acetate (68,
0.16 g, 0.44 mmol, 1.0 eq) and LiOH (0.021 g, 0.88 mmol, 2.0
eq) in MeOH (6 mL) and Hz0 (3 mL). Further purification
was performed by RP-CC to obtain 9 (138 mg, 90%) as a col-
orless solid. Rt (iso-hexane/EtOAc = 7:3 + 2% formic acid) =
0.41. 'H-NMR (500 MHz, Acetone-ds): 6 = 10.80 (br s, 1H),
8.28-8.21 (m, 1H), 8.21-8.14 (m, 1H), 8.13-8.07 (m, 1H),
7.84-7.74 (m, 2H), 7.56-7.47 (m, 2H), 3.74 (s, 2H) ppm.
13C-NMR (126 MHz, Acetone-ds): 6 =172.48,146.22,137.27,
137.12,131.78, 131.30, 129.85 (q, / = 5.9 Hz), 128.70 (qq, J
=32.8,1.9 Hz), 128.22,127.24 (q,] = 5.9 Hz), 126.46 (qq,] =



33.3, 1.8 Hz), 124.20 (qq, J = 276.1, 2.2 Hz), 124.0 (qq, J =
270.8, 2.0 Hz), 40.85 ppm. gHNMR (400 MHz, Acetone-ds,
ethyl 4-(dimethylamino)benzoate as reference): purity =
98%. MS (EI+): m/z 348.0 ([M]*). HRMS (EI+): m/z calcu-
lated 348.0585 for Ci6H10F602, found 348.0579 ([M]*).

2-(4'-Acetamido-3'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (10). Preparation according to GP2, using
methyl 2-(4'-acetamido-3'-trifluoromethyl[1,1'-biphenyl]-
4-yl)acetate (69, 0.052g, 0.15mmol, 1.0 eq) and LiOH
(0.007 g, 0.3 mmol, 2.0 eq) in MeOH (4 mL) and H20 (2 mL).
Further purification was performed by RP-CC to obtain 10
(33 mg, 66%) as a colorless solid. Rr (iso-hexane/EtOAc =
1:1 + 2% formic acid) = 0.53. 'H-NMR (500 MHz, Acetone-
ds): 6 =8.01-7.89 (m, 3H), 7.73-7.64 (m, 2H), 7.50-7.41 (m,
2H), 3.71 (s, 2H), 2.18 (s, 3H) ppm. 3C-NMR (126 MHz,
DMSO-ds): & = 172.58, 169.31, 138.15, 136.56, 135.12,
134.71, 130.82, 130.17, 130.15, 126.74, 125.15 (q, ] =
29.2 Hz), 124.02 (q, / = 5.1 Hz), 123.53 (q, ] = 273.6 Hz),
40.27, 22.94 ppm. gHNMR (400 MHz, Acetone-ds, ethyl 4-
(dimethylamino)benzoate as reference): purity = 98%. MS
(EI+): m/z 337.1 ([M]*). HRMS (EI+): m/z calculated
337.0926 for C17H14F3NOs found 337.0926 ([M]+).

2-(3'-Methoxy-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (11). Preparation according to GP2, using
methyl 2-(3'-methoxy-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetate (70, 0.16 g, 0.50 mmol, 1.0 eq) and LiOH (0.024 g,
1.0 mmol, 2.0 eq) in MeOH (6 mL) and H20 (3 mL). Further
purification was performed by RP-CC to obtain 11 (130 mg,
85%) as a colorless solid. Rt (iso-hexane/EtOAc = 7:3 + 2%
formic acid) = 0.53. tH-NMR (400 MHz, Acetone-ds): § =
10.79 (brs, 1H), 7.73-7.65 (m, 2H), 7.53-7.50 (m, 1H), 7.49-
7.42 (m, 3H), 7.23-7.18 (m, 1H), 3.98 (s, 3H), 3.67 (s, 2H)
ppm. 13C-NMR (101 MHz, Acetone-ds): § = 172.60, 161.51,
144.32, 138.76, 136.22, 132.65 (q, /] = 31.7 Hz), 131.00,
127.98, 125.17 (q, J = 272.3 Hz), 117.03 (q, /] = 1.4 Hz),
116.42 (q, J = 3.9 Hz), 110.32 (q, J = 3.7 Hz), 56.20, 40.88
ppm. gHNMR (400 MHz, Acetone-ds, ethyl 4-(dimethyla-
mino)benzoate as reference): purity = 99%. MS (El+): m/z
310.0 ([M]*). HRMS (EI+): m/z calculated 310.0817 for
C16H13F303, found 310.0813 ([M]*).

2-(3'-Ethoxy-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (12). Preparation according to GP1 but using
1-bromo-3-ethoxy-5-(trifluoromethyl)benzene (40, 0.14 g,
0.50 mmol, 1.0 eq), 4-(carboxymethyl)phenylboronic acid
pinacol ester (60, 0.16 g, 0.60 mmol, 1.2 eq), XPhos Pd G2
(0.039g, 0.050 mmol, 0.10 eq) and Cs2CO03 (0.49g,
1.5 mmol, 3.0 eq). Further purification was performed by
RP-CC to obtain 12 (18 mg, 11%) as a colorless solid. R¢(cy-
clohexane/EtOAc 7:3 + 1% acetic acid) = 0.26. 'H-NMR
(400 MHz, Acetone-de): 6 = 7.72-7.64 (m, 2H), 7.53-7.48
(m, 1H), 7.48-7.42 (m, 3H), 7.21-7.15 (m, 1H), 4.23 (q,] =
7.0 Hz, 2H), 3.71 (s, 2H), 1.43 (t, J] = 7.0 Hz, 3H) ppm.
13C-NMR (126 MHz, Acetone-ds): 6=171.81,159.92,143.38,
137.88, 135.33, 131.73 (q, /] = 31.9 Hz), 130.10, 127.06,
124.29 (q, ] = 271.8 Hz), 116.57, 115.39 (q, /] = 3.9 Hz),
109.88 (q, J = 3.9 Hz), 63.90, 40.05, 14.08 ppm. gHNMR
(400 MHz, DMSO-ds, ethyl 4-(dimethylamino)benzoate as
reference): purity = 97%. MS (APCI+): m/z 324.6 ([M+H]*).
HRMS (EI+): m/z calculated 324.0973 for C17H15F303, found
324.0973 ([M]").

2-(3'-Cyano-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (13). Preparation according to GP2, using
methyl  2-(3'-cyano-5'-trifluoromethyl[1,1'-biphenyl]-4-
ylacetate (71, 0.13 g, 0.41 mmol, 1.0 eq) and LiOH (0.020 g,
0.83 mmo], 2.0 eq) in MeOH (6 mL) and H20 (3 mL). Further
purification was performed by RP-CC to obtain 13 (20 mg,
16%) as a colorless solid. Rt (iso-hexane/EtOAc = 6:4 + 2%
formic acid) = 0.54. *H-NMR (500 MHz, Acetone-ds): § =
8.53-8.20 (m, 2H), 8.20-8.08 (m, 1H), 7.86-7.73 (m, 2H),
7.61-7.39 (m, 2H), 3.74 (s, 2H) ppm. 13C-NMR (126 MHz, Ac-
etone-ds): & = 172.53, 144.09, 137.24, 136.66, 135.00,
132.75 (q,/ =33.3 Hz), 131.30,128.59 (q,/ = 3.7 Hz), 128.33
(q, J = 3.8Hz), 128.16, 124.30 (q, J = 272.2 Hz), 118.09,
115.03, 40.86 ppm. qHNMR (400 MHz, Acetone-ds, ethyl 4-
(dimethylamino)benzoate as reference): purity = 97%. MS
(EI+): m/z 305.0 ([M]*). HRMS (EI+): m/z calculated
305.0664 for C16H10F3NO2, found 305.0656 ([M]*).
2-(3'-Fluoro-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (14). Preparation according to GP2, using
methyl  2-(3'-fluoro-5'-trifluoromethyl[1,1'-biphenyl]-4-
ylacetate (72, 0.035g, 0.11 mmol, 1.0 eq) and LiOH
(0.008 g, 0.3 mmol, 3.1 eq) in MeOH (4 mL) and Hz20 (2 mL).
Further purification was performed by CC to obtain 14
(23 mg, 68%) as a colorless solid. Rr (iso-hexane/EtOAc =
7:3 + 2% formic acid) = 0.37. tH-NMR (500 MHz, Ace-
tone-ds): 6 = 7.87-7.81 (m, 1H), 7.80-7.70 (m, 3H), 7.53-
7.43 (m, 3H), 3.72 (s, 2H) ppm. 13C-NMR (126 MHz, Ace-
tone-ds): § = 172.54,163.89 (d, ] = 246.8 Hz), 145.48 (d, ] =
8.3 Hz), 137.43 (d, ] = 2.2 Hz), 136.89, 133.34 (qd, J = 32.9,
8.6 Hz), 131.17, 128.01, 124.51 (qd, J = 272.0, 3.3 Hz),
120.39 (p,/ =3.7 Hz), 118.36 (d, / = 22.2 Hz), 111.99 (dq,] =
25.1, 3.8 Hz), 40.91 ppm. qgHNMR (400 MHz, Acetone-ds,
ethyl 4-(dimethylamino)benzoate as reference): purity =
98%. MS (EI+): m/z 297.9 ([M]*). HRMS (EI+): m/z calcu-
lated 298.0617 for Ci1sH10F402, found 298.0612 ([M]+).
2-(3'-Acetyl-5'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (15). Preparation according to GP2, using
methyl  2-(3'-acetyl-5'-trifluoromethyl[1,1'-biphenyl]-4-
ylacetate (73, 0.088g, 0.26 mmol, 1.0 eq) and LiOH
(0.013 g, 0.52 mmol, 2.0eq) in MeOH (4 mL) and H20
(2 mL). Further purification was performed by RP-CC to ob-
tain 15 (54 mg, 64%) as a colorless solid. Rr (iso-hex-
ane/EtOAc = 7:3 + 2% formic acid) = 0.22. 'H-NMR
(500 MHz, MeOD-d4): 6 = 8.45-8.35 (m, 1H), 8.24-8.17 (m,
1H), 8.11 (td, J = 1.8, 0.8 Hz, 1H), 7.71-7.62 (m, 2H), 7.48-
7.38 (m, 2H), 3.68 (s, 2H), 2.71 (s, 3H) ppm. 3C-NMR
(126 MHz, MeOD-d4): & = 198.72, 175.27, 144.01, 139.78,
138.53, 136.88, 132.77 (q, ] = 32.6 Hz), 131.38, 131.29 (q, ]
= 1.4 Hz), 128.62 (q, J = 3.6 Hz), 128.31, 12531 (q, J =
271.8 Hz), 124.45 (q, ] = 3.8 Hz), 41.57, 26.88 ppm. gHNMR
(400 MHz, MeOH-d4, ethyl 4-(dimethylamino)benzoate as
reference): purity = 97%. MS (EI+): m/z 322.0 ([M]*). HRMS
(EI+): m/z calculated 322.0817 for Ci7Hi3F303, found
322.0803 ([M]").
2-(3'-Hydroxymethyl-5'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetic acid (16). Preparation according to
GP2, using methyl 2-(3'-hydroxymethyl-5'-trifluorome-
thyl[1,1'-biphenyl]-4-yl)acetate (74, 0.10g, 0.31 mmol,
1.0 eq) and LiOH (0.037 g, 1.5 mmo], 5.0 eq) in THF (5 mL)
and Hz0 (5 mL). Further purification was performed by RP-



CC to obtain 16 (58 mg, 61%) as colorless solid. R (iso-hex-
ane/EtOAc = 8:2 + 2% formic acid) = 0.30. 'H-NMR
(400 MHz, Acetone-ds): § = 7.93 (s, 1H), 7.83 (s, 1H), 7.72-
7.67 (m, 3H), 7.49-7.44 (m, 2H), 4.82 (s, 2H), 3.71 (s, 2H)
ppm. 13C-NMR (101 MHz, Acetone-ds): § = 172.61, 145.71,
142.53, 138.87, 136.05, 131.49 (q, / = 31.8 Hz), 131.05,
129.37,127.91,125.48 (q,/=271.8 Hz), 122.76 - 122.43 (m
(overlapping quartetts)), 63.90, 40.88 ppm. gqHNMR
(400 MHz, Acetone-ds, maleic acid as reference): purity =
97%. MS (APCI-): m/z 309.5 ([M-H]"). HRMS (ESI-): m/z cal-
culated 309.0744 for C16H12F303, found 309.0742 ([M-H]").
2-[4-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydronaph-
thalen-2-yl)phenyl]acetic acid (17). Preparation accord-
ing to GP2, using methyl 2-[4-(3,5,5,8,8-pentamethyl-
5,6,7,8-tetrahydronaphthalen-2-yl)phenyl]acetate (75,
0.26 g, 0.75mmol, 1.0 eq) and LiOH (0.036g, 1.5 mmol,
2.0 eq) in MeOH (6 mL), THF (3 mL) and H20 (3 mL). Fur-
ther purification was performed by crystallization from
MeOH to obtain 17 (167 mg, 66%) as a colorless solid. Rr
(iso-hexane/EtOAc = 8:2 + 2% formic acid) = 0.57. 'H-NMR
(400 MHz, DMSO-de): 6 = 12.35 (s, 1H), 7.33-7.23 (m, 4H),
7.20 (s, 1H), 7.08 (s, 1H), 3.60 (s, 2H), 2.18 (s, 3H), 1.64 (s,
4H), 1.26 (s, 6H), 1.23 (s, 6H) ppm. 13C-NMR (101 MHz,
DMSO-d¢): & = 172.74, 143.22, 141.86, 139.88, 138.34,
133.33, 131.57, 129.16, 128.87, 128.10, 127.33, 40.35,
34.70, 34.68, 33.56, 33.52, 31.62, 19.93 ppm. qHNMR
(400 MHz, DMSO-ds, dimethylterephthalate as reference):
purity =99%. MS (El+): m/z 336.09 ([M]*). HRMS (El+): m/z
calculated 336.2089 for C23H2502, found 336.2082 ([M]*).
2-[4-(1,4-Dimethyl-8-0x0-5,6,7,8-tetrahydronaph-
thalen-2-yl)phenyl]acetic acid (18). Preparation accord-
ing to GP2, using methyl 2-[4-(1,4-dimethyl-8-0x0-5,6,7,8-
tetrahydronaphthalen-2-yl)phenyl]acetate (76, 0.13g,
0.39 mmol, 1.0 eq) and LiOH (0.047 g, 1.9 mmo], 5.1 eq) in
THF (5 mL) and H20 (5 mL). Further purification was per-
formed by RP-CC to obtain 18 (85 mg, 71%) as a colorless
solid. Rr (iso-hexane/EtOAc = 8:2 + 1% acetic acid) = 0.46.
'H-NMR (400 MHz, Acetone-ds): & = 7.43-7.39 (m, 2H),
7.28-7.21 (m, 3H), 3.71 (s, 2H), 2.93 (t, ] = 12.4 Hz, 2H),
2.66-2.59 (m, 2H), 2.40 (s, 3H), 2.33 (s, 3H), 2.18-2.09 (m,
2H) ppm. 3C-NMR (101 MHz, Acetone-ds): 6 = 200.04,
171.82, 142.94, 141.27, 140.43, 135.02, 134.69, 133.72,
133.35, 132.63, 129.38, 129.21, 40.55, 40.08, 26.97, 22.38,
18.94, 18.72 ppm. gHNMR (400 MHz, acetone-ds, ethyl 4-
(dimethylamino)benzoate as reference): purity = 99%. MS
(APCI+): m/z 308.5 ([M+H]*). HRMS (ESI-): m/z calculated
307.1339 for C20H1903, found 307.1336 ([M-H]").
2-[4-(4,4-Dimethyl-2-0x0-1,2,3,4-tetrahydroquino-
lin-6-yl)phenyl]acetic acid (19). Preparation according to
GP2, using methyl 2-[4-(4,4-dimethyl-2-o0x0-1,2,3,4-tetra-
hydroquinolin-6-yl)phenyl]acetate (77, 0.11 mg,
0.33 mmol, 1.0 eq) and LiOH (0.039 g, 1.6 mmo], 5.0 eq) in
THF (5 mL) and H20 (5 mL). Further purification was per-
formed by RP-CC to obtain 19 (70 mg, 69%) as a colorless
solid. Rr (iso-hexane/EtOAc = 8:2 + 2% acetic acid) = 0.30.
'H-NMR (400 MHz, DMSO-ds): 6 = 10.21 (s, 1H), 7.56 (d, ] =
8.0 Hz, 2H), 7.53-7.50 (m, 1H), 7.43 (dd, ] = 8.2, 2.0 Hz, 1H),
7.31 (d,J = 8.1 Hz, 2H), 6.95 (d, J = 8.2 Hz, 1H), 3.59 (s, 2H),
2.38 (s, 2H), 1.28 (s, 6H) ppm. 13C-NMR (101 MHz, DMSO-
ds): 6 = 172.74, 169.36, 138.59, 136.35, 134.32, 133.70,
132.63, 129.89, 126.23, 125.45, 122.62, 115.95, 44.95,

40.33, 33.70, 27.29 ppm. gHNMR (400 MHz, DMSO-ds, ma-
leic acid as reference): purity = 99%. MS (APCI+): m/z 310.1
([M+H]*). HRMS (EI-): m/z calculated 309.1365 for
C19H19NO3, found 309.1313 ([M]).
2-[4-(1-Methyl-1H-indol-5-yl)phenyl]acetic acid
(20). Preparation according to GP2, using methyl 2-[4-(1-
methyl-1H-indol-5-yl)phenyl]acetate (78, 0.022 g,
0.79 mmol, 1.0 eq) and LiOH (0.095 g, 3.9 mmo], 5.0 eq) in
MeOH (24 mL) and Hz20 (6 mL). Further purification was
performed by RP-CC to obtain 20 (128 mg, 61%) as a color-
less solid. Rr (cyclohexane/EtOAc 7:3 + 1% acetic acid) =
0.24.'H-NMR (400 MHz, DMSO-d¢): § = 12.36 (s, 1H), 7.83-
7.78 (m, 1H), 7.64-7.58 (m, 2H), 7.54-7.47 (m, 1H), 7.47-
7.42 (m, 1H), 7.38-7.28 (m, 3H), 6.50-6.45 (m, 1H), 3.81 (s,
3H), 3.59 (s, 2H) ppm. 13C-NMR (101 MHz, DMSO-ds): 6 =
172.81, 140.02, 135.96, 133.02, 131.19, 130.32, 129.80,
128.58, 126.52, 120.30, 118.22, 110.08, 100.75, 40.34,
32.55 ppm. qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethyl-
amino)benzoate as reference): purity = 99%. MS (APCI+):
m/z 265.7 ([M+H]*). HRMS (EI+): m/z calculated 265.1103
for C17H1sNOz2, found 265.1095 ([M]*).
2-[4-(1-Acetylindolin-5-yl)phenyl]acetic acid (21).
Preparation according to GP2, using ethyl 2-[4-(1-acetylin-
dolin-5-yl)phenyl]acetate (79, 0.090 g, 0.28 mmol, 1.0 eq)
and LiOH (0.033 g, 1.4 mmol, 4.9 eq) in MeOH (24 mL) and
H20 (6 mL). Further purification was performed by RP-CC
to obtain 21 (39 mg, 48%) as a colorless solid. Rt (cyclohex-
ane/EtOAc 7:3 + 1% acetic acid) = 0.18. 'H-NMR (400 MHz,
DMSO0-d¢): 6 = 12.34 (s, 1H), 8.12-8.05 (m, 1H), 7.59-7.55
(m, 2H), 7.53 (s, 1H), 7.48-7.42 (m, 1H), 7.33-7.29 (m, 2H),
413 (t, ] = 8.5 Hz, 2H), 3.59 (s, 2H), 3.20 (t, ] = 8.5 Hz, 2H),
2.17 (s, 3H) ppm.13C-NMR (101 MHz, DMSO-de): 6 = 173.16,
169.02, 142.86, 138.79, 135.30, 134.18, 133.15, 130.37,
126.59, 125.84, 123.35, 116.46, 48.86, 40.75, 27.88, 24.45
ppm. qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethyla-
mino)benzoate as reference): purity = 99%. MS (APCI+):
m/z 296.0 ([M+H]*). HRMS (EI+): m/z calculated 295.1208
for C1sH17NOs3, found 295.1200 ([M]*).
2-[4-(3-Acetoxy-1-acetyl-4-chloro-1H-indol-5-
yl)phenyl]acetic acid (22). Preparation according to GP1,
using 1-acetyl-5-bromo-4-chloro-1H-indol-3-yl acetate (49,
0.17g, 0.60 mmol, 1.0 eq), 4-(carboxymethyl)phenyl-
boronic acid pinacol ester (60, 0.16 g, 0.60 mmol, 1.2 eq),
K3P04 (0.32 g, 1.5 mmol, 2.5 eq) and XPhos Pd G2 (0.039 g,
0.050 mmol, 0.08 eq) in 1,4-dioxane (12.6 mL) and H20
(1.4 mL). Further purification was performed by RP-CC to
obtain 22 (54 mg, 28%) as a colorless solid. R (cyclohex-
ane/EtOAc = 8:2 + 2% acetic acid) = 0.32. 'H-NMR
(400 MHz, Acetone-ds): 6 = 8.47 (d, /] = 8.6 Hz, 1H), 7.85 (s,
1H), 7.46-7.41 (m, 4H), 7.39 (d, ] = 8.6 Hz, 1H), 3.72 (s, 2H),
2.71 (s, 3H), 2.33 (s, 3H) ppm. 13C-NMR (101 MHz, Ace-
tone-ds): 6 =172.66,169.83,169.71,138.40,137.12,135.33,
134.87, 134.05, 130.63, 130.06, 129.45, 122.83, 122.76,
119.08,116.01, 41.00, 23.93, 20.81 ppm. gHNMR (400 MHz,
Acetone-ds, ethyl 4-(dimethylamino)benzoate as refer-
ence): purity = 96%. MS (APCI+): m/z 386.3 ([M]*). HRMS
(ESI-): m/z calculated 340.0745 and 342.0716 for
C19H15CINO3, found 340.0741 and 342.0711 ([M-CO2-H]").
2-{4-[1-Methyl-3-(2,2,2-trifluoroacetyl)-1H-indol-5-
yl]phenyl}acetic acid (23). The title compound was syn-
thesized from 2-{4-[1-methyl-1H-indol-5-yl]phenyl}acetic



acid (20, 0.12 g, 0.45 mmol, 1.0 eq) by treatment with tri-
fluoroacetic anhydride (0.11 mg, 0.50 mmol, 1.1 eq) in
CH2Clz (2 mL) at 0 °C for 30 min. Further purification was
performed by RP-CC to obtain 23 (10 mg, 6%) as a colorless
solid. Rr (cyclohexane/EtOAc 7:3 +1% acetic acid) = 0.13.
1H-NMR (500 MHz, Acetone-de): § =10.80 (brs, 1H), 8.57 (t,
J=1.3 Hz,1H),8.40 (q,/=1.9 Hz,1H), 7.72 (d,] = 1.3 Hz, 2H),
7.70-7.67 (m, 2H), 7.49-7.42 (m, 2H), 4.10 (s, 3H), 3.70 (s,
2H) ppm. 13C-NMR (126 MHz, Acetone-ds): 6 =174.78 (q,/ =
34.2 Hz), 172.75, 141.20 (q, ] = 4.9 Hz), 140.82, 138.18,
137.76, 134.90, 130.88, 128.39, 128.06, 124.69, 120.70,
118.12 (q,/ = 290.1 Hz), 112.38, 109.64, 40.93, 34.37 ppm.
qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethylamino)ben-
zoate as reference): purity = 96%. MS (APCI+): m/z 362.7
([M+H]*). HRMS (EI+): m/z calculated 361.0926 for
C19H14F3NO3, found 361.0924 ([M]*).
2-[4-(7-Trifluoromethyl-1H-indazol-5-yl)phe-
nyl]acetic acid (24). Preparation according to GP2, using
methyl 2-[4-(7-trifluoromethyl-1H-indazol-5-yl)phenyl]ac-
etate (80, 0.11g, 0.33 mmol, 1.0 eq) and LiOH (0.39g,
1.7 mmol, 5.0 eq) in THF (5 mL) and H20 (5 mL). Further
purification was performed by RP-CC to obtain 24 (78 mg,
72%) as a colorless solid. R (iso-hexane/EtOAc = 8:2 + 2%
acetic acid) = 0.34. 'H-NMR (400 MHz, Acetone-ds): § =
8.38-8.35 (m, 1H), 8.31 (s, 1H), 8.03 (s, 1H), 7.77-7.68 (m,
2H), 7.47 (d, ] = 8.4 Hz, 2H), 3.71 (s, 2H) ppm. 13C-NMR
(101 MHz, Acetone-ds): 6 = 172.83, 139.31, 135.90, 135.54,
135.36, 134.30, 131.01, 128.02, 127.04, 126.61 (q, ] =
270.4 Hz), 124.37 (q, ] = 4.5Hz), 124.02, 113.62 (q, J =
33.9 Hz), 40.93 ppm. gHNMR (400 MHz, DMSO-ds, ethyl 4-
(dimethylamino)benzoate as reference): purity = 97%. MS
(APCI+): m/z 321.1 ([M+H]*). HRMS (EI+): m/z calculated
320.0773 for C16H11F3N202, found 320.0765 ([M]*).
2-[4-(1-Tetrahydro-2H-pyran-4-yl-1H-benzo[d]imid-
azol-5-yl)phenyl]acetic acid (25). Preparation according
to GP1, using 6-bromo-1-(tetrahydro-2H-pyran-4-yl)-1H-
benzimidazole (51, 0.14 mg, 0.50 mmo], 1.0 eq), (4-methox-
ycarbonylmethylphenyl)boronic acid pinacol ester (59,
0.17 g, 0.60 mmol, 1.2 eq), KsP04 (0.32 g, 1.5 mmol, 3.0 eq)
and XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) in 1,4-diox-
ane (12.6 mL) and H20 (1.4 mL). Further purification was
performed by RP-CC to obtain 25 (20 mg, 12%) as a color-
less solid. Rr (iso-hexane/EtOAc = 8:2 + 2% acetic acid) =
0.30.'H-NMR (400 MHz, MeOD-d4): 6 = 8.34 (s, 1H), 7.86 (s,
1H), 7.73 (d, ] = 8.5 Hz, 1H), 7.66 (d, ] = 7.9 Hz, 2H), 7.60-
7.53 (m, 1H), 7.39 (d,/ = 8.0 Hz, 2H), 4.81-4.68 (m, 1H), 4.13
(dd, J = 11.9, 4.3 Hz, 2H), 3.75-3.66 (m, 2H), 3.65 (s, 2H),
2.31-2.08 (m, 4H) ppm. 13C-NMR (101 MHz, DMSO-ds): § =
172.77, 142.88, 142.20, 139.30, 134.67, 133.96, 133.82,
129.86,126.98,120.88,119.73, 108.69, 66.39, 51.28, 40.37,
32.76 ppm. qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethyl-
amino)benzoate as reference): purity = 97%. MS (APCI+):
m/z 337.0 ([M+H]*). HRMS (ESI+): m/z calculated 337.1547
for C20H21N203, found 337.1545 ([M+H]*).
2-[4-(1-Tetrahydro-2H-pyran-2-yl-1H-indazol-6-
yl)phenyl]acetic acid (26). Preparation according to GP2,
using methyl 2-[4-(1-tetrahydro-2H-pyran-2-yl-1H-inda-
zol-6-yl)phenyl]acetate (81, 0.17 g, 0.49 mmol, 1.0 eq) and
LiOH (0.058 g, 2.4 mmol, 5.0 eq) in THF (5 mL) and H20
(5 mL). Further purification was performed by RP-CC to ob-

tain 26 (106 mg, 65%) as a colorless solid. R (iso-hex-
ane/EtOAc = 8:2 + 2% formic acid) = 0.35. 'H-NMR
(400 MHz, MeOD-d4): 6 = 10.75 (s, 1H), 8.05 (s, 1H), 7.84 (s,
1H), 7.80 (d,J = 0.8 Hz, 1H), 7.68 - 7.62 (m, 2H), 7.47 (d,] =
1.4 Hz, 1H), 7.42 - 7.37 (m, 2H), 5.89 (dd,/ =9.9, 2.6 Hz, 1H),
4.05 - 3.98 (m, 1H), 3.91 - 3.80 (m, 1H), 3.67 (s, 2H), 2.59 -
2.46 (m, 1H), 2.14 - 1.98 (m, 2H), 1.92 - 1.61 (m, 3H) ppm.
13C-NMR (101 MHz, MeOD-d4): 6 = 174.12, 140.27, 139.97,
139.82, 134.21, 133.57, 129.57, 127.23, 123.69, 121.20,
120.96, 107.63, 84.74, 67.26, 40.23, 29.27, 24.96, 22.36
ppm. gHNMR (400 MHz, Acetone-ds, maleic acid as refer-
ence): purity = 97%. MS (APCI+): m/z 337.0 ([M+H]*).
HRMS (ESI-): m/z calculated 335.1401 for Cz20H19N20s,
found 335.1398 ([M-H]").

2-[4-(9-Methyl-9H-carbazol-3-yl)phenyl]acetic acid
(27). Preparation according to GP2, using methyl 2-[4-(9-
methyl-9H-carbazol-3-yl)phenyl]acetate (82, 0.25g,
0.76 mmol, 1.0 eq) and LiOH (0.036 mg, 1.5 mmo], 2.0 eq) in
MeOH (6 mL), THF (3 mL) and H20 (3 mL). Further purifi-
cation was performed by crystallization from n-heptane to
obtain 27 (142 mg, 59%) as a brown solid. Rr (iso-hex-
ane/EtOAc = 8:2 + 2% formic acid) = 0.33. 'H-NMR
(400 MHz, DMSO-de): 6 = 12.35 (bs, 1H), 8.47 (s, 1H), 8.25
(d, J = 7.8 Hz, 1H), 7.81-7.76 (m, 1H), 7.76-7.70 (m, 2H),
7.69-7.63 (m, 1H), 7.63-7.57 (m, 1H), 7.53-7.44 (m, 1H),
7.40-7.33 (m, 2H), 7.23 (t,] = 7.4 Hz, 1H), 3.90 (s, 3H), 3.63
(s, 2H) ppm. 3C-NMR (101 MHz, DMSO-d¢): § = 172.82,
141.10, 140.14, 139.46, 133.22, 130.90, 129.91, 126.53,
125.91, 124.62, 122.62, 122.18, 120.48, 118.86, 118.18,
109.52, 109.26, 40.35, 29.09 ppm. qHNMR: (400 MHz,
DMSO-de¢, dimethylterephthalate as reference): purity =
95%. MS (EI+): m/z 315.01 ([M]*). HRMS (EI+): m/z calcu-
lated 315.1259 for C21H17NOz, found 315.1248 ([M]*).

2-[4-(9-Methyl-1-0x0-2,3,4,4a,9,9a-hexahydro-1H-
carbazol-7-yl)phenyl]acetic acid (28). Preparation ac-
cording to GP2, using methyl 2-[4-(9-methyl-1-oxo-
2,3,4,4a,9,9a-hexahydro-1H-carbazol-7-yl)phenyl]acetate
(83,0.12 g, 0.34 mmol, 1.0 eq) and LiOH (0.041 g, 1.7 mmol,
5.0 eq) in THF (5 mL) and H20 (5 mL). Further purification
was performed by RP-CC to obtain 28 (54 mg, 28%) as a col-
orless solid. Rr(cyclohexane/EtOAc = 9:1 + 2% acetic acid)
=0.39.'H-NMR (400 MHz, DMSO-ds): 6 = 12.34 (s, 1H), 8.01
- 793 (m, 1H), 7.71 (dd, J = 8.8, 1.8 Hz, 1H), 7.66 (d, J =
8.1 Hz, 2H), 7.60 (d, ] = 8.8 Hz, 2H), 7.34 (d, ] = 8.1 Hz, 2H),
4.02 (s, 3H), 3.60 (s, 2H), 3.03 (t,/ = 6.0 Hz, 2H), 2.59 (t,] =
5.9 Hz, 2H), 2.20 - 2.09 (m, 2H). 13C-NMR (101 MHz, CDCls):
§=192.83,178.28, 140.98,139.43, 133.22, 131.88, 131.10,
129.99, 129.96, 127.60, 126.78, 125.28, 119.58, 110.77,
40.88, 40.00, 31.85, 24.84, 21.98 ppm. gHNMR (400 MHz,
DMSO-ds, ethyl 4-(dimethylamino)benzoate as reference):
purity = 97%. MS (APCI+): m/z 334.1 ([M+H]*). HRMS
(ESI+): m/z calculated 334.1438 for C21H20NOs, found
334.1436 ([M+H]*).

2-[4-(9-0x0-9H-fluoren-2-yl)phenyl]acetic acid (29).
Preparation according to GP2, using methyl 2-[4-(9-ox0-9H-
fluoren-2-yl)phenyl]acetate (84, 0.13 g, 0.39 mmo], 1.0 eq)
and LiOH (0.019 g, 0.78 mmol, 2.0 eq) in MeOH (6 mL) and
H:0 (3 mL). Further purification was performed by crystal-
lization from MeOH to obtain 29 (29 mg, 24%) as a yellow
solid. R¢(iso-hexane/Acetone = 9:1 + 2% formic acid) = 0.19.
H-NMR (400 MHz, DMSO-de): & = 12.40 (br s, 1H), 8.19-



8.13 (m, 1H), 7.96-7.89 (m, 1H), 7.81-7.74 (m, 2H), 7.70-
7.65 (m, 2H), 7.65-7.59 (m, 2H), 7.45-7.36 (m, 3H), 3.66 (s,
2H) ppm. 13C-NMR (101 MHz, DMSO0-de): 6 = 192.69, 172.56,
146.82, 144.85, 143.66, 137.33, 135.75, 135.27, 133.82,
132.07, 130.13, 129.60, 127.48, 126.94, 124.48, 123.81,
121.43,119.55,40.33 ppm. gHNMR (400 MHz, DMSO-ds, di-
methylterephthalate as reference): purity = 98%. MS (EI+):
m/z 314.0 ([M]*). HRMS (EI+): m/z calculated 314.0943 for
C21H1403, found 314.0939 ([M]).

2-(2'-Benzyloxy-4'-trifluoromethyl[1,1'-biphenyl]-4-
yl)acetic acid (30). Preparation according to GP2, using
methyl 2-(2'-benzyloxy-4'-trifluoromethyl[1,1'-biphenyl]-
4-yl)acetate (85, 0.20g, 0.50 mmol, 1.0 eq) and LiOH
(0.060 g, 2.5mmol, 5.0 eq) in MeOH (24 mL) and H20
(6 mL). Further purification was performed by RP-CC to ob-
tain 30 (162 mg, 84%) as a pale yellow solid. Rt (cyclohex-
ane/EtOAc 7:3 +1% acetic acid) = 0.25. 'H-NMR (400 MHz,
DMSO0-d¢): 6 = 12.42 (s, 1H), 7.56-7.50 (m, 3H), 7.50-7.47
(m, 1H), 7.42-7.27 (m, 8H), 5.25 (s, 2H), 3.61 (s, 2H) ppm.
13C-NMR (101 MHz, DMSO-de): 6 = 172.63, 155.44, 136.50,
134.92, 134.68, 134.03, 131.31, 129.16 (overlapping with
129.15), 129.15 (overlapping with 129.16), 129.06 (q, J =
31.5 Hz), 128.42, 127.82, 127.43, 124.08 (q, ] = 272.1 Hz),
117.67 (q, J = 3.7 Hz), 109.78 (q, / = 3.7 Hz), 70.03, 40.44
ppm. qHNMR (400 MHz, DMSO-ds, ethyl 4-(dimethyla-
mino)benzoate as reference): purity = 96%. MS (APCI+):
m/z 404.1 ([M+NH4]*). HRMS (EI+): m/z calculated
386.1130 for C22H17F303, found 386.1136 ([M]*).

2-{4-[4-(Dimethylamino)naphthalen-1-yl]phe-
nyl}acetic acid (31). Preparation according to GP1, using
4-bromo-N,N-dimethylnaphthalen-1-amine (57, 0.50g,
2.0 mmol, 1.0 eq), methyl (4-boronophenyl)acetate (58,
0.45 mg, 2.3 mmol, 1.15 eq), Cs2C03 (2.0 g, 6.0 mmol, 3.0 eq)
and Pd(PPhs)4 (0.23 g, 0.20 mmol, 0.10 eq) in DMF (16 mL)
and Hz0 (4 mL). Further purification was performed by RP-
CC to obtain 31 (25mg, 4%) as a colorless solid. Rr
(DCM/MeOH = 97:3) = 0.26. 'H-NMR (400 MHz, Ace-
tone-ds): § = 10.79 (br s, 1H), 8.36-8.29 (m, 1H), 7.89-7.81
(m, 1H), 7.55-7.49 (m, 1H), 7.49-7.38 (m, 5H), 7.35 (d, ] =
7.7 Hz, 1H), 7.20 (d, ] = 7.7 Hz, 1H), 3.74 (s, 2H), 2.91 (s, 6H)
ppm. 13C-NMR (126 MHz, CDCls): 6 = 177.36, 150.25,
140.21, 134.93, 132.89, 132.09, 130.61, 129.39, 128.92,
126.97, 126.63, 126.06, 125.32, 124.47, 113.82, 45.43,
40.91 ppm. gHNMR (400 MHz, Acetone-ds, ethyl 4-(dime-
thylamino)benzoate as reference): purity = 97%. MS (EI+):
m/z 305.0 ([M]*). HRMS (EI+): m/z calculated 305.1416 for
C20H19NO2, found 305.1408 ([M]*).

2-Benzyloxy-1-bromo-4-trifluoromethylbenzene
(56). 2-bromo-5-(trifluoromethyl)phenol (0.74 g,
3.1mmol, 1.0 eq), benzyl bromide (0.55g, 3.2 mmol,
1.05eq) and K:COs3 (0.43 g, 3.1 mmol, 1.0 eq) were dis-
solved in DMF (2 mL). The reaction mixture was stirred at
rt overnight, diluted with EtOAc (15 mL) and washed with a
sat. NaHCOs solution, H20 and brine (10 mL each). The or-
ganic layer was dried over Na:SO4, the volatiles were re-
moved under reduced pressure and the residue was loaded
onto Celite and subjected to CC (cyclohexane/EtOAc 100:0
to 80:20) to afford 56 as a colorless solid (797 mg, 78%). Rr
(iso-hexane/EtOAc = 8:2) = 0.68. 'H-NMR (400 MHz,
DMSO0-d¢): 6 = 7.89-7.81 (m, 1H), 7.53-7.47 (m, 3H), 7.46-
7.40 (m, 2H), 7.39-7.33 (m, 1H), 7.29-7.25 (m, 1H), 5.33 (s,

2H) ppm. 13C-NMR (101 MHz, DMSO-ds): § =154.97, 136.09,
134.01, 129.56 (q, ] = 32.2 Hz), 128.53, 128.07, 127.50,
123.74 (q, ] = 272.3 Hz), 118.72 (q, ] = 3.8 Hz), 116.05,
110.65 (q, J = 3.8 Hz), 70.52 ppm. MS (APCI+): m/z 330.9
([M+H]).
1-[5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-

yl)indolin-1-yl]ethan-1-one (61). Preparation according
to literature procedures8. Bis(pinacolato)diboron (0.22 g,
0.85 mmol, 1.2 eq), anhydrous potassium acetate (0.20 g,
2.1mmol, 5.0eq), 1-(5-bromo-2,3-dihydro-1H-indol-1-
yl)ethan-1-one (0.10 g, 0.42 mmo]l, 1.0 eq) and Pd(dppf)Cl:
(0.034 g, 0.042 mmol, 0.10 eq) were dissolved in dioxane
(4 mL) and the mixture was refluxed to 105°C for 2 h. Upon
cooling to rt, H20 (20 mL) was added, and the mixture was
extracted with ethyl acetate (3 x 15 mL). The combined or-
ganic layers were washed with brine, then dried over
NazS04. The volatiles were removed under reduced pres-
sure, the residue was loaded onto Celite and subjected to CC
(cyclohexane/EtOAc 98:2 to 65:35) to afford 61 as a color-
less solid (95 mg, 79%). 'H-NMR (400 MHz, DMSO-ds): 6 =
8.03 (d,/ = 8.0 Hz, 1H), 7.51 (s, 1H), 7.48 (d, ] = 8.0 Hz, 1H),
4.09 (t, ] = 8.6 Hz, 2H), 3.12 (t,J = 8.6 Hz, 2H), 2.16 (s, 3H),
1.27 (s, 13H). 13C-NMR: (101 MHz, DMSO-ds): § = 168.98,
145.58, 134.07,131.30,130.86, 115.11, 83.39, 48.25, 26.99,
26.33,24.95, 24.68, 24.11. MS (APCI+): m/z 288.1 ([M+H]*).

Methyl 2-(4'-cyano-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (63). Preparation according to GP1,
using 4-bromo-2-(trifluoromethyl)benzonitrile (32, 0.13 g,
0.50 mmol, 1.0 eq), methyl 2-14-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl]acetate (59, 0.17 g, 0.60 mmol,
1.2 eq), XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) and
K3P04 (0.32 g, 1.5 mmol, 3.0 eq) in dioxane (9 mL) and Hz0
(1 mL). Further purification was performed by CC to obtain
63 (155 mg, 97%) as a colorless solid. Rt (iso-hexane/EtOAc
=8:2) = 0.35. 'H-NMR (400 MHz, Acetone-ds) & = 8.24-8.13
(m, 3H), 7.84-7.77 (m, 2H), 7.52-7.46 (m, 2H), 3.76 (s, 2H),
3.67 (s, 3H) ppm. 3C-NMR (400 MHz, Acetone-ds) & =
172.14, 146.72, 137.33, 137.22, 136.78, 133.38 (q, ] =
32.3 Hz), 131.99, 131.42, 128.50, 126.09 (q, /] = 4.7 Hz),
123.90 (q,] = 273.3 Hz), 116.42, 109.12-108.70 (m), 52.28,
40.98 ppm. MS (APCI+): m/z 319.4 ([M+H]*).

Methyl 2-(4'-cyanomethyl-3'-trifluoromethyl-[1,1'-
biphenyl]-4-yl)acetate (64). Preparation according to
GP1, using 4-(bromo-2-trifluoromethylphenyl)acetonitrile
(33,0.13 g,0.50 mmol, 1.0 eq), methyl (4-boronophenyl)ac-
etate (58, 0.12 g 0.60 mmol, 1.2 eq), KsPOs (0.32 g,
1.5 mmol, 3.0 eq) and XPhos Pd G2 (0.039 g, 0.050 mmo],
0.10 eq) in 1,4-dioxane (12.6 mL) and H20 (1.4 mL). Further
purification was performed by RP-CC to obtain 64 (104 mg,
62%) as a colorless oil. Rt (iso-hexane/EtOAc = 8:2) = 0.35.
H-NMR (400 MHz, Acetone-ds): 8 = 8.06-8.00 (m, 2H),
7.88-7.81 (m, 1H), 7.76-7.67 (m, 2H), 7.49-7.42 (m, 2H),
419 (s, 2H), 3.74 (s, 2H), 3.67 (s, 3H) ppm. 13C-NMR
(101 MHz, Acetone-de): 6 = 172.12, 142.02, 138.10, 136.01,
132.63, 132.09, 131.07, 129.29 (q, /] = 30.8 Hz), 129.14,
127.97, 125.66 (q, /] = 5.4 Hz), 125.15 (q, ] = 273.7 Hz),
118.07,52.11, 40.87, 21.24 (q, J = 2.3 Hz) ppm. MS (APCI+):
m/z 333.6 ([M+H]*).

Methyl 2-(4'-methylsulfonyl-3'-trifluoromethyl|1,1'-
biphenyl]-4-yl)acetate (65). Preparation according to



GP1, using 4-bromo-1-methylsulfonyl-2-trifluoro-
methylbenzene (34, 0.15 g, 0.50 mmol, 1.0 eq), methyl (4-
boronophenyl)acetate (58, 0.12g, 0.60 mmol, 1.2 eq),
K3P04 (0.32 g, 1.5 mmol, 3.0 eq) and XPhos Pd G2 (0.039 g,
0.050 mmol, 0.10 eq) in 1,4-dioxane (12.6 mL) and H20
(1.4 mL). Further purification was performed by CC to ob-
tain 65 (179 mg, 96%) as a colorless solid. Rr (iso-hex-
ane/EtOAc = 6:4) = 0.45. 1H-NMR (500 MHz, Acetone-ds): 6
= 8.40-8.34 (m, 1H), 8.28-8.18 (m, 2H), 7.85-7.76 (m, 2H),
7.55-7.45 (m, 2H), 3.76 (s, 2H), 3.67 (s, 3H), 3.29 (s, 3H)
ppm. 13C-NMR (126 MHz, Acetone-ds): 6 = 172.03, 147.03,
139.09 (q, J = 1.3 Hz), 137.10, 137.07, 133.98, 131.83,
131.28,129.59 (q,/ =33.0 Hz), 128.38,127.38 (q,/ = 6.4 Hz),
123.94 (q, J = 273.4 Hz), 52.15, 45.34 (q, ] = 3.0 Hz), 40.86
ppm. MS (APCI+): m/z 372.8 ([M+H]*).

Methyl 2-(4'-ethoxy-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (66). Preparation according to GP1,
using 4-bromo-1-ethoxy-2-(trifluoromethyl)benzene (35,
0.28g, 1.0mmol, 1.0 eq), (4-methoxycarbonylme-
thylphenyl)boronic acid pinacol ester (59, 0.33 g, 1.2 mmo],
1.2 eq), XPhos Pd G2 (0.079 g, 0.10 mmol, 0.10 eq) and
Cs2C03 (0.98 mg, 3.0 mmol, 3.0 eq) in toluene (18 mL) and
H20 (2 mL). Further purification was performed by CC to
obtain 66 (116 mg, 34%) as a colorless solid. Rr (iso-hex-
ane/EtOAc = 8:2) = 0.57. tH-NMR (400 MHz, DMSO-de): & =
7.94-7.87 (m, 1H), 7.84-7.79 (m, 1H), 7.66-7.59 (m, 2H),
7.39-7.31 (m, 3H), 4.21 (q,] = 7.0 Hz, 2H), 3.72 (s, 2H), 3.63
(s, 3H), 1.36 (t, ] = 7.0 Hz, 3H) ppm. 3C-NMR (101 MHz,
DMSO0-d¢): & = 171.57, 155.79, 137.08, 133.59, 132.09,
131.88,130.02, 126.41, 124.56 (q,/ = 5.2 Hz), 123.72 (q,] =
272.1Hz), 117.62 (q, ] = 30.1 Hz), 114.38, 64.43, 51.73,
14.42 ppm. MS (APCI+): m/z 339.0 ([M+H]").

Methyl 2-(4'-isopropoxy-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (67). Preparation according to GP1,
using 4-bromo-1-isopropoxy-2-(trifluoromethyl)benzene
(36, 0.14 g, 0.50 mmol, 1.0 eq), (4-methoxycarbonylme-
thylphenyl)boronic acid pinacol ester (59, 0.17 g,
0.60 mmol, 1.2 eq), XPhos Pd G2 (0.039g, 0.050 mmol,
0.10 eq) and K3PO4 (0.32 g, 1.5 mmol, 3.0 eq) in dioxane
(9 mL) and H20 (1 mL). Further purification was performed
by CC to obtain 67 (160 mg, 91%) as a yellow solid. Rt (iso-
hexane/EtOAc = 8:2) = 0.21. 'H-NMR (400 MHz, Ace-
tone-de): & = 7.88-7.83 (m, 2H), 7.64-7.59 (m, 2H), 7.42-
7.37 (m, 2H), 7.34 (d, ] = 8.3 Hz, 1H), 4.91-4.81 (m, 1H), 3.70
(s, 2H), 3.66 (s, 3H), 1.37 (d, J = 6.1 Hz, 6H) ppm. 13C-NMR
(101 MHz, DMSO-d¢): § = 172.21, 156.40 (q, / = 1.9 Hz),
138.89, 134.75,133.36, 132.71, 130.87, 127.45, 125.98 (q, ]
= 5.3 Hz), 124.89 (q, / = 271.7 Hz), 121.03 (q, /] = 31.8 Hz)
115.99, 72.00, 52.07, 40.86, 22.13 ppm. MS (APCI+): m/z
352.7 ([M+H]*).

Methyl 2-[3',4'-bis(trifluoromethyl)[1,1'-biphenyl]-
4-yllacetate (68). Preparation according to GP1, using
4-bromo-1,2-bis(trifluoromethyl)benzene (37, 86 pL,
0.50 mmol, 1.0 eq), methyl (4-boronophenyl)acetate (58,
0.12 g, 0.60 mmol, 1.2 eq), K3PO4 (0.32 g, 1.5 mmol, 3.0 eq)
and XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) in 1,4-diox-
ane (12.6 mL) and Hz0 (1.4 mL). Further purification was
performed by RP-CC to obtain 68 (169 mg, 94%) as a color-
less solid. Re (iso-hexane/EtOAc = 8:2) = 0.50. 'H-NMR
(500 MHz, Acetone-de): 6 = 8.26-8.21 (m, 1H), 8.21-8.16
(m, 1H), 8.13-8.08 (m, 1H), 7.84-7.74 (m, 2H), 7.52-7.45

(m, 2H), 3.76 (s, 2H), 3.67 (s, 3H) ppm. 13C-NMR (126 MHz,
Acetone-de): & = 172.05, 146.15, 137.24, 136.87, 131.80,
131.24, 129.86 (q, ] = 6.0 Hz), 128.70 (qq, / = 32.8, 1.9 Hz),
128.29, 127.25 (q, ] = 6.0 Hz), 126.49 (qq, / = 33.1, 1.6 Hz),
124.19 (qq,/ = 275.1, 2.1 Hz), 124.02 (qq,J = 271.2, 2.0 Hz),
52.14, 40.86 ppm. MS (APCI+): m/z 362.8 ([M+H]*).

Methyl 2-(4'-acetamido-3'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (69). Preparation according to GP1,
using N-(4-bromo-2-trifluoromethylphenyl)acetamide (38,
0.14 g, 0.50 mmol, 1.0 eq), methyl (4-boronophenyl)acetate
(58, 0.12 g, 0.60 mmol, 1.2 eq), KsPO4 (0.32 g, 1.50 mmol,
3.0 eq) and XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) in
1,4-dioxane (12.6 mL) and Hz0 (1.4 mL). Further purifica-
tion was performed by CC to obtain 69 (109 mg, 62%) as a
colorless solid. Re(iso-hexane/EtOAc = 1:1) = 0.36. tH-NMR
(500 MHz, DMSO-d¢): 6 = 9.61 (s, 1H), 7.97-7.92 (m, 1H),
7.92-7.89 (m, 1H), 7.74-7.65 (m, 2H), 7.60-7.55 (m, 1H),
7.44-7.36 (m, 2H), 3.75 (s, 2H), 3.63 (s, 3H), 2.07 (s, 3H)
ppm. 13C-NMR (126 MHz, DMSO-ds): 6 = 171.55, 169.34,
138.07, 136.80, 134.76, 134.42, 130.85, 130.82, 130.16,
126.87,125.17 (q,/ = 29.2 Hz), 124.07 (q,] = 4.9 Hz), 123.53
(q,/ =273.4 Hz), 51.78, 25.50, 22.95 ppm. MS (APCI+): m/z
351.3 ([M]*).

Methyl 2-(3'-methoxy-5'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (70). Preparation according to GP1,
using 1-bromo-3-methoxy-5-trifluoromethylbenzene (39,
82 uL, 0.50 mmol, 1.0 eq), methyl (4-boronophenyl)acetate
(58, 0.12 g, 0.60 mmol, 1.2 eq), KsPOs (0.32 g, 1.5 mmol,
3.0 eq) and XPhos Pd G2 (0.039 g, 0.050 mmo], 0.10 eq) in
1,4-dioxane (12.6 mL) and Hz0 (1.4 mL). Further purifica-
tion was performed by RP-CC to obtain 70 (161 mg, 99%)
as a colorless oil. Rr (iso-hexane/EtOAc = 8:2) = 0.30. 'H-
NMR (400 MHz, Acetone-ds): 6 = 7.72-7.65 (m, 2H), 7.54-
7.49 (m, 1H), 7.48-7.45 (m, 1H), 7.45-7.40 (m, 2H), 7.23-
7.18 (m, 1H), 3.97 (s, 3H), 3.73 (s, 2H), 3.67 (s, 3H) ppm.
13C-NMR (101 MHz, Acetone-ds): 6=172.15,161.52, 144.25,
138.88, 135.82, 132.66 (q, /] = 32.1 Hz), 130.94, 128.05,
123.81 (q,/=272.1 Hz),117.04 (q,/ = 1.1 Hz), 116.43 (q,] =
4.1 Hz), 110.35 (q,J = 3.7 Hz), 56.21, 52.10, 40.88 ppm. MS
(APCI+): m/z 324.7 ([M+H]").

Methyl 2-(3'-cyano-5'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (71). Preparation according to GP1,
using 3-bromo-5-trifluoromethylbenzonitrile (41, 73 pL,
0.50 mmol, 1.0 eq), methyl (4-boronophenyl)acetate (58,
0.12 g, 0.60 mmol, 1.2 eq), K3P04 (0.32 g, 1.5 mmol, 3.0 eq)
and XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) in 1,4-diox-
ane (12.6 mL) and Hz0 (1.4 mL). Further purification was
performed by RP-CC to obtain 71 (142 mg, 89%) as a color-
less solid. Re (iso-hexane/EtOAc = 8:2) = 0.49. 'H-NMR
(500 MHz, Acetone-de): 6 = 8.43-8.36 (m, 1H), 8.32-8.28
(m, 1H), 8.20-8.12 (m, 1H), 7.86-7.76 (m, 2H), 7.53-7.44
(m, 2H), 3.76 (s, 2H), 3.67 (s, 3H) ppm. 13C-NMR (126 MHz,
Acetone-de): & = 172.05, 144.02, 136.81, 136.77, 135.02,
132.76 (q,/ =33.4 Hz), 131.23,128.61 (q,/ = 3.7 Hz), 128.38
(q, J = 4.0 Hz), 128.24, 124.30 (q, ] = 272.2 Hz), 118.08,
115.04, 52.14, 40.84 ppm. MS (APCI+): m/z 319.9 ([M+H]").

Methyl 2-(3'-fluoro-5'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (72). Preparation according to GP1,
using 1-bromo-3-fluoro-5-trifluoromethylbenzene (42,
80 uL, 0.50 mmol, 1.0 eq), methyl (4-boronophenyl)acetate
(58, 0.12 g, 0.60 mmol, 1.2 eq), KsPO+ (0.32 g, 1.5 mmol,



3.0 eq) and XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) in
1,4-dioxane (12.6 mL) and Hz0 (1.4 mL). Further purifica-
tion was performed by RP-CC to obtain 72 (155 mg, 99%)
as ayellow oil. R(iso-hexane/EtOAc = 7:3 + 2% formic acid)
= 0.65. 1H-NMR (500 MHz, Acetone- d¢): § = 7.86-7.82 (m,
1H), 7.79-7.72 (m, 3H), 7.53-7.48 (m, 1H), 7.48-7.44 (m,
2H), 3.74 (s, 2H), 3.67 (s, 3H) ppm. 13C-NMR (126 MHz, Ac-
etone-de): 6 =172.10,163.89 (d, / = 246.8 Hz), 145.39 (d,] =
8.1 Hz), 137.56 (d, ] = 2.2 Hz), 136.44, 133.34 (qd, / = 33.0,
8.7 Hz), 131.11, 128.08, 124.50 (qd, /] = 271.9, 3.1 Hz),
120.40 (p,/=3.7 Hz),118.37 (d,/ = 22.3 Hz), 112.04 (dq, ] =
25.0, 3.9 Hz), 52.13, 40.85 ppm. MS (APCI+): m/z 312.4
(IM]).

Methyl 2-(3'-acetyl-5'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (73). Preparation according to GP1,
using  1-(3-bromo-5-trifluoromethylphenyl)ethan-1-one
(43,0.13 g, 0.50 mmol, 1.0 eq), methyl (4-boronophenyl)ac-
etate (58, 0.12g, 0.60 mmol, 1.2 eq), KsPOs (0.32g,
1.5 mmol, 3.0 eq) and XPhos Pd G2 (0.039 g, 0.050 mmo],
0.10 eq) in 1,4-dioxane (12.6 mL) and H20 (1.4 mL). Further
purification was performed by RP-CC to obtain 73 (96 mg,
57%) as a colorless solid. R (iso-hexane/EtOAc = 8:2 + 2%
formic acid) = 0.33. *H-NMR (400 MHz, Acetone-ds): § =
8.56-8.45 (m, 1H), 8.28-8.14 (m, 2H), 7.84-7.72 (m, 2H),
7.53-7.42 (m, 2H), 3.75 (s, 2H), 3.67 (s, 3H), 2.76 (s, 3H)
ppm. 13C-NMR (101 MHz, Acetone-ds): 6 = 197.08, 172.12,
143.35, 139.62, 138.08, 136.23, 132.04 (q, /] = 32.4 Hz),
131.18 (q,/ = 1.1 Hz), 131.13, 128.20, 128.15 (q, ] = 3.6 Hz),
124.99 (q,] =272.0 Hz), 124.11 (q, / = 3.9 Hz), 52.13, 40.87,
27.00 ppm. MS (APCI+): m/z 336.4 ([M+H]").

Methyl 2-(3'-hydroxymethyl-5'-trifluoromethyl|1,1'-
biphenyl]-4-yl)acetate (74). Preparation according to
GP1, using [3-bromo-5-(trifluoromethyl)phenyl]methanol
(44, 0.13g, 0.50 mmol, 1.0 eq), (4-methoxycarbonylme-
thylphenyl)boronic acid pinacol ester (59, 0.17g,
0.60 mmol, 1.2 eq), XPhos Pd G2 (0.039 g, 0.050 mmol,
0.10 eq) and K3PO4 (0.32 g, 1.5 mmol, 3.0 eq) in dioxane
(9 mL) and H20 (1 mL). Further purification was performed
by CC to obtain 74 (100 mg, 62%) as a colorless solid. Re(iso-
hexane/EtOAc = 8:2) = 0.54. 1H-NMR (400 MHz, Acetone-ds)
8§ =793 (s, 1H), 7.83 (s, 1H), 7.75-7.68 (m, 3H), 7.47-7.41
(m, 2H), 4.82 (s, 2H), 3.73 (s, 2H), 3.67 (s, 3H) ppm. 13C-NMR
(101 MHz, Acetone-de) § = 171.26, 144.84, 141.57, 138.10,
134.76,130.75 (d, ] = 31.6 Hz), 130.09, 128.47 (m), 127.14,
127.08,124.57 (d,/=271.8 Hz), 121.71 (q,] = 3.9 Hz), 62.96,
51.20, 39.98 ppm. MS (APCI+): m/z 324.8 ([M+H]*).

Methyl 2-[4-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahy-
dronaphthalen-2-yl)phenyl]acetate (75). Preparation
according to GP1, using 6-bromo-1,1,4,4,7-pentamethyl-
1,2,3,4-tetrahydronaphthalene (45, 0.28g, 1.0 mmol,
1.0 eq), methyl (4-boronophenyl)acetate (58, 0.23g,
1.2 mmol, 1.2 eq), Na2CO3 (0.32 g, 3.0 mmol, 3.0 eq) and
Pd(PPhs)+ (0.12 g, 0.10 mmol, 0.10 eq) in toluene (4 mL),
MeOH (2 mL) and Hz20 (1 mL). Further purification was per-
formed by CC to obtain 75 (263 mg, 75%) as a green solid.
Rt (iso-hexane/EtOAc = 98:2) = 0.75. 'H-NMR (400 MHz,
DMSO-de): & = 7.33-7.25 (m, 4H), 7.20 (s, 1H), 7.08 (s, 1H),
3.72 (s, 2H), 3.64 (s, 3H), 2.17 (s, 3H), 1.64 (s, 4H), 1.26 (s,
6H), 1.23 (s, 6H) ppm. 13C-NMR (101 MHz, DMSO-de): & =
171.67, 143.28, 141.88, 140.11, 138.26, 132.67, 131.58,
129.12, 129.00, 128.12, 127.32, 51.73, 39.53, 34.70, 34.67,

33.57, 33.53, 31.61, 19.92 ppm. MS (APCI+): m/z 351.0
([M+H]).

Methyl 2-[4-(1,4-dimethyl-8-0x0-5,6,7,8-tetrahy-
dronaphthalen-2-yl)phenyl]acetate (76). Preparation
according to GP1, using 7-bromo-5,8-dimethyl-3,4-dihy-
dronaphthalen-1(2H)-one (46, 0.13 g, 0.50 mmol, 1.0 eq),
methyl (4-boronophenyl)acetate (58, 0.12 g, 0.60 mmol,
1.2 eq), XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) and
K3P04 (0.32 g, 1.5 mmol, 3.0 eq) in 1,4-dioxane (9 mL) and
H20 (1 mL). Further purification was performed by CC to
obtain 76 (161 mg, 100%) as a colorless solid. R (iso-hex-
ane/EtOAc = 7:3) = 0.60. tH-NMR (400 MHz, Acetone-ds) 6
=7.38-7.35 (m, 2H), 7.26-7.19 (m, 3H), 3.71 (s, 2H), 3.67 (s,
3H), 2.91 (t,] = 6.2 Hz, 2H), 2.64-2.58 (m, 2H), 2.38 (s, 3H),
2.31 (s, 3H),2.16-2.07 (m, 2H) ppm. 3C-NMR (101 MHz, Ac-
etone-ds) & = 200.02, 171.37, 142.96, 141.21, 140.57,
135.00, 134.68, 133.37, 133.34, 132.64, 129.45, 129.14,
51.18, 40.55, 40.07, 26.98, 22.38, 18.93, 18.72 ppm. MS
(APCI+): m/z 322.9 ([M+H]").

Methyl 2-[4-(4,4-dimethyl-2-0x0-1,2,3,4-tetrahydro-
quinolin-6-yl)phenyl]acetate (77). Preparation accord-
ing to GP1, using 6-bromo-4,4-dimethyl-3,4-dihydroquino-
lin-2(1H)-one (47, 0.13 g, 0.50 mmol, 1.0 eq), (4-methox-
ycarbonylmethylphenyl)boronic acid pinacol ester (59,
0.17g, 0.60 mmol, 1.2 eq), XPhos Pd G2 (0.039g,
0.050 mmol, 0.10 eq) and K3P0O4 (0.32 g, 1.5 mmol, 3.0 eq)
in 1,4-dioxane (9 mL) and H20 (1 mL). Further purification
was performed by CC to obtain 77 (158 mg, 98%) as a col-
orless solid. Rr (iso-hexane/EtOAc = 6:4) = 0.64. 'H-NMR
(400 MHz, CDCls) 6 = 9.28 (s, 1H), 7.52-7.49 (m, 2H), 7.48-
7.47 (m, 1H),7.39 (dd,/=8.1, 2.0 Hz, 1H), 7.36-7.32 (m, 2H),
6.89 (d,/ =8.1 Hz, 1H), 3.71 (s, 3H), 3.67 (s, 2H), 2.53 (s, 2H),
1.37 (s, 6H) ppm. 13C-NMR (101 MHz, CDCl3) § = 172.16,
171.21, 139.87, 136.50, 135.36, 133.01, 132.98, 129.87,
127.19, 126.30, 123.47, 116.35, 52.26, 45.44, 40.92, 34.24,
27.86 ppm. MS (APCI+): m/z 324.2 ([M+H]*).

Methyl 2-[4-(1-methyl-1H-indol-5-yl)phenyl]acetate
(78). Preparation according to GP1, using 5-bromo-1-me-
thyl-1H-indole (48, 0.21 g, 1.0 mmol, 1.0 eq), (4-methox-
ycarbonylmethylphenyl)boronic acid pinacol ester (59,
0.33 g, 1.2 mmol, 1.2 eq), XPhos Pd G2 (0.079 g, 0.10 mmol,
0.10 eq) and Cs2C03 (0.98 g, 3.00 mmol, 3.0 eq) in toluene
(18 mL) and H20 (2 mL). Further purification was per-
formed by CC to obtain 78 (226 mg, 56%) as a colorless
solid. Re¢(iso-hexane/EtOAc = 7:3) = 0.45. 'H-NMR (400 MHz,
DMSO0-d¢): 6 = 7.83-7.78 (m, 1H), 7.64-7.60 (m, 2H), 7.52-
7.49 (m, 1H), 7.46-7.43 (m, 1H), 7.36-7.30 (m, 3H), 6.50-
6.45 (m, 1H), 3.81 (s, 3H), 3.71 (s, 2H), 3.63 (s, 3H) ppm.
13C-NMR (101 MHz, DMSO-de): 6 = 172.20, 140.76, 136.47,
132.75, 131.56, 130.82, 130.26, 129.07, 127.12, 120.78,
118.74, 110.57, 101.25, 52.19, 40.46, 33.02 ppm. MS
(APCI+): m/z 279.7 ([M+H]").

Ethyl 2-[4-(1-acetylindolin-5-yl)phenyl]acetate (79).
Preparation according to GP1, using 1-(5-(4,4,5,5-tetrame-
thyl-1,3,2-dioxaborolan-2-yl)indolin-1-yl)ethan-1-one (61,
0.095 g, 0.33 mmol, 1.0 eq), ethyl 2-(4-bromophenyl)ace-
tate (62, 0.099 g, 0.41 mmol, 1.2 eq), XPhos Pd G2 (0.026 g,
0.033 mmol, 0.10 eq) and Cs2C03 (0.22 g, 0.62 mmol, 1.9 eq)
in toluene (18 mL) and H20 (2 mL). Further purification
was performed by CC to obtain 79 (92 mg, 86%) as a light
yellow solid. Rr (iso-hexane/EtOAc = 7:3) = 0.30. 'H-NMR



(500 MHz, DMSO-de): 6 = 8.11-8.06 (m, 1H), 7.60-7.56 (m,
2H), 7.55-7.51 (m, 1H), 7.47-7.43 (m, 1H), 7.34-7.29 (m,
2H), 4.12 (t, ] = 8.6 Hz, 2H), 4.09 (q, ] = 7.0 Hz, 2H), 3.68 (s,
2H), 3.19 (t, ] = 8.5 Hz, 2H), 2.17 (s, 3H), 1.19 (t, /] = 7.1 Hz,
3H) ppm. 13C-NMR (126 MHz, DMSO-ds): 6 =171.16, 168.55,
142.42, 138.50, 134.71, 133.10, 132.68, 129.83, 126.20,
125.39, 122.89, 115.98, 60.29, 48.38, 39.65, 27.40, 23.98,
14.10 ppm. MS (APCI+): m/z 323.9 ([M+H]").

Methyl 2-[4-(7-trifluoromethyl-1H-indazol-5-yl)phe-
nyl]acetate (80). Preparation according to GP1, using
5-bromo-7-(trifluoromethyl)-1H-indazole (50, 0.13g,
0.50 mmol, 1.0 eq), (4-methoxycarbonylmethylphenyl)bo-
ronic acid pinacol ester (59, 0.17 g, 0.60 mmol, 1.2 eq),
XPhos Pd G2 (0.039 g, 0.050 mmol, 0.10 eq) and KsPOs
(0.32 g, 1.5 mmol, 3.0 eq) in 1,4-dioxane (9 mL) and H20
(1 mL). Further purification was performed by CC to obtain
80 (137 mg, 82%) as a colorless solid. R¢(iso-hexane/EtOAc
=8:2) = 0.30. tH-NMR (400 MHz, Acetone-ds): § = 12.85 (s,
1H), 8.40-8.34 (m, 1H), 8.30 (s, 1H), 8.05-7.99 (m, 1H),
7.76-7.68 (m, 2H), 7.48-7.40 (m, 2H), 3.73 (s, 2H), 3.67 (s,
3H) ppm. 3C-NMR (101 MHz, Acetone-ds): 6 = 172.23,
139.46, 136.01, 135.58, 134.93, 134.25, 130.95, 128.11,
127.07, 126.62, 125.28 (q, /] = 2709 Hz), 124.37 (q, ] =
4.9 Hz), 124.06, 115.74 (q, ] = 28.8 Hz), 52.09, 40.87 ppm.
MS (APCI+): m/z 335.0 ([M+H]*).

Methyl 2-[4-(1-tetrahydro-2H-pyran-2-yl-1H-inda-
zol-5-yl)phenyl]acetate (81). Preparation according to
GP1, using 6-bromo-1-(tetrahydro-2H-pyran-2-yl)-1H-in-
dazole (52, 0.14 g, 0.50 mmol, 1.0 eq), (4-methoxycarbonyl-
methylphenyl)boronic acid pinacol ester (59, 0.17 g,
0.60 mmol, 1.2 eq), XPhos Pd G2 (0.039g, 0.050 mmol,
0.10 eq) and K3P04 (0.32 g, 1.5 mmol, 3.0 eq) in 1,4-dioxane
(9 mL) and H20 (1 mL). Further purification was performed
by CC to obtain 81 (170 mg, 97%) as a colorless solid. Re(iso-
hexane/EtOAc = 8:2) = 0.40. 'H-NMR (400 MHz, Ace-
tone-de): 6 = 8.04 (s, 1H), 7.95 - 7.93 (m, 1H), 7.83 (dd, ] =
8.4, 0.8 Hz, 1H), 7.72-7.67 (m, 2H), 7.48 (dd, ] = 8.4, 1.4 Hz,
1H), 7.44-7.39 (m, 2H), 5.99-5.91 (m, 1H), 3.96-3.89 (m,
1H), 3.86-3.76 (m, 1H), 3.72 (s, 2H), 3.67 (s, 3H), 2.64-2.53
(m, 1H), 2.19-.09 (m, 1H), 2.09-2.06 (m, 1H), 1.91-1.76 (m,
1H), 1.75-1.58 (m, 2H) ppm. 13C-NMR (101 MHz, Acetone-
de): & = 171.35, 140.41, 140.00, 139.10, 133.99, 133.08,
129.87, 127.46, 124.07, 121.11, 120.92, 108.24, 84.70,
66.69, 51.19, 40.03, 25.15, 24.33, 22.46 ppm. MS (APCI+):
m/z 351.4 ([M+H]*).

Methyl 2-[4-(9-methyl-9H-carbazol-3-yl)phenyl]ace-
tate (82). Preparation according to GP1, using 3-bromo-9-
methyl-9H-carbazole (53, 0.26 g, 1.0 mmo], 1.0 eq), methyl
(4-boronophenyl)acetate (58, 0.23 g, 1.2 mmol, 1.2 eq),
NazC03 (0.32 g, 3.0 mmol, 3.0 eq) and Pd(PPhs)s (0.12 g,
0.10 mmol, 0.10 eq) in THF (5 mL) and H20 (1 mL). Further
purification was performed by CC to obtain 82 (251 mg,
76%) as a colorless solid. R (iso-hexane/EtOAc + 2% tri-
ethylamine = 9:1) = 0.23. 1H-NMR (400 MHz, DMSO-ds): 6 =
8.48 (d,J = 1.8 Hz, 1H), 8.25 (d, / = 7.7 Hz, 1H), 7.79 (dd, ] =
8.5, 1.8 Hz, 1H), 7.76-7.72 (m, 2H), 7.67 (d, ] = 8.5 Hz, 1H),
7.60 (d, J = 8.2 Hz, 1H), 7.51-7.45 (m, 1H), 7.40-7.35 (m,
2H), 7.23 (t,] = 7.4 Hz, 1H), 3.91 (s, 3H), 3.74 (s, 2H), 3.64 (s,
3H) ppm. 13C-NMR (101 MHz, DMSO-ds): 6 =171.72,141.10,
140.17, 139.69, 132.50, 130.78, 129.88, 126.64, 125.92,
124.62, 122.61, 122.17, 120.48, 118.86, 118.22, 109.53,

109.26, 51.73, 39.78, 29.09 ppm. MS (APCI+): m/z 329.8
([M+H]*).

Methyl 2-[4-(9-methyl-1-0x0-2,3,4,4a,9,9a-hexahy-
dro-1H-carbazol-7-yl)phenyl]acetate (83). Preparation
according to GP1, using 6-bromo-9-methyl-2,3,4,9-tetrahy-
dro-1H-carbazol-1-one (54, 0.14 g, 0.50 mmol, 1.0 eq), (4-
methoxycarbonylmethylphenyl)boronic acid pinacol ester
(59, 0.17 g, 0.60 mmol, 1.2 eq), XPhos Pd G2 (0.039g,
0.050 mmol, 0.10 eq) and K3P0O4 (0.32 g, 1.5 mmol, 3.0 eq)
in 1,4-dioxane (9 mL) and H20 (1 mL). Further purification
was performed by CC to obtain 83 (137 mg, 79%) as green
solid. Rr (iso-hexane/EtOAc = 9:1 + 2% acetic acid) = 0.39.
'H-NMR (400 MHz, Acetone-ds): = 7.97-7.94 (m, 1H), 7.72
(dd,J = 8.8, 1.8 Hz, 1H), 7.69-7.64 (m, 2H), 7.56 (dd, / = 8.8,
0.8 Hz, 1H), 7.41-7.36 (m, 2H), 4.08 (s, 3H), 3.70 (s, 2H),
3.67 (s, 3H), 3.08 (t,] = 6.1 Hz, 2H), 2.63-2.56 (m, 2H), 2.27-
2.18 (m, 2H) ppm. 13C-NMR (101 MHz, Acetone-ds): § =
192.10, 172.33, 141.16, 140.06, 133.96, 133.75, 131.78,
130.69, 129.88, 127.82, 126.84, 126.24, 119.99, 111.72,
52.05, 40.92, 40.57, 31.85, 25.50, 22.30 ppm. MS (APCI+):
m/z 348.3 ([M+H]*).

Methyl 2-[4-(9-0x0-9H-fluoren-2-yl)phenyl]acetate
(84). Preparation according to GP1, using 2-bromo-9H-flu-
oren-9-one (55, 0.26 g, 1.0 mmol, 1.0 eq), methyl (4-boro-
nophenyl)acetate (58, 0.23g, 1.2 mmol, 1.2 eq), K2CO3
(0.42 g, 3.0 mmol, 3.0 eq) and Pd(PPhsz)4 (0.12 g, 0.10 mmol,
0.10 eq) in toluene (8 mL) and EtOH (2 mL). Further purifi-
cation was performed by CC to obtain 84 (175 mg, 53%) as
ayellow solid. R¢(iso-hexane/Acetone = 9:1) = 0.20. 'H-NMR
(400 MHz, DMSO-ds): 6 =8.17 (t,] = 1.2 Hz, 1H), 7.93 (dt,] =
7.4,0.9 Hz, 1H), 7.81-7.76 (m, 2H), 7.69-7.61 (m, 4H), 7.45-
7.38 (m, 3H), 3.78 (s, 2H), 3.64 (s, 3H) ppm. 3C-NMR
(101 MHz, DMSO-d¢): 6 = 192.68, 171.49, 146.73, 144.85,
143.65, 137.56, 135.28, 135.03, 133.81, 132.11, 130.10,
129.61, 127.52, 127.06, 124.47, 123.81, 121.44, 119.59,
51.78,40.20 ppm. MS (APCI+): m/z 328.9 ([M+H]*).

Methyl 2-(2'-benzyloxy-4'-trifluoromethyl[1,1'-bi-
phenyl]-4-yl)acetate (85). Preparation according to GP1,
using 2-benzyloxy-1-bromo-4-trifluoromethylbenzene (56,
0.33g, 1.00mmol, 1.0 eq), (4-methoxycarbonylme-
thylphenyl)boronic acid pinacol ester (59, 0.33 g, 1.2 mmo],
1.2 eq), Cs2€03 (0.98 g, 3.0 mmol, 3.0 eq) and XPhos Pd G2
(0.079 g, 0.10 mmol, 0.10 eq) in toluene (18 mL) and H20
(2 mL). Further purification was performed by CC to obtain
85 (200mg, 72%) as a colorless solid. Rt (cyclohex-
ane/EtOAc = 7:3) = 0.64. tH-NMR (400 MHz, DMSO-de): & =
7.56-7.51 (m, 3H), 7.50-7.48 (m, 1H), 7.41 -7.28 (m, 8H),
5.24 (s, 2H), 3.73 (s, 2H), 3.63 (s, 3H) ppm. 3C-NMR
(101 MHz, DMSO-d¢): 6 = 171.56, 155.45, 136.49, 135.19,
133.91, 131.34, 129.30, 129.14 (q, /] = 31.9 Hz), 129.13,
128.42, 128.41, 127.85, 127.45, 124.07 (q, / = 273.5 Hz),
117.68 (q, J = 4.2 Hz), 109.79 (q, J = 3.6 Hz), 70.05, 51.74,
39.80 ppm. MS (APCI+): m/z 400.5 ([M+H]").

Methyl 2-{4-[4-(dimethylamino)naphthalen-1-
yl]phenyl}acetate (86). Preparation according to GP1, us-
ing 4-bromo-N,N-dimethylnaphthalen-1-amine (57, 0.50 g,
2.0 mmol, 1.0 eq), methyl (4-boronophenyl)acetate (58,
0.45 g, 2.3 mmol, 1.15 eq), Cs2C03 (2.0 g, 6.0 mmol, 3.0 eq)
and Pd(PPhs)4 (0.23 g, 0.20 mmol, 0.10 eq) in DMF (16 mL)
and Hz0 (4 mL). Further purification was performed by RP-



CC to obtain 86 (203 mg, 32%) as a yellow oil. Rt (iso-hex-
ane/EtOAc = 7:3) = 0.72. '1H-NMR (400 MHz, Acetone-ds): &
=8.36-8.29 (m, 1H), 7.89-7.81 (m, 1H), 7.56-7.48 (m, 1H),
7.47-7.38 (m, 5H), 7.34 (d,/ = 7.7 Hz, 1H), 7.19 (d,] = 7.7 Hz,
1H), 3.75 (s, 2H), 3.70 (s, 3H), 2.90 (s, 6H) ppm. 13C-NMR
(101 MHz, Acetone-ds): § = 172.32,151.52, 140.47, 135.36,
134.32, 133.63, 130.91, 130.20, 129.93, 127.80, 126.95,
126.73,125.81,125.36,114.59,52.10, 45.41, 41.02 ppm. MS
(APCI+): m/z 319.6 ([M+H]").

In vitro Characterization

Hybrid reporter gene assays. RXR modulation was deter-
mined in Gal4 hybrid reporter gene assays in HEK293T cells
(German Collection of Microorganisms and Cell Culture
GmbH, DSMZ; ACC635) using pFR-Luc (Stratagene, La Jolla,
CA, USA; reporter), pRL-SV40 (Promega, Madison, WI, USA;
internal control) and pFA-CMV-hRXRa-LBD#4, pFA-CMV-
hRXRB-LBD#4, or pFA-CMV-hRXRy-LBD*, coding for the
hinge region and ligand binding domain of the respective
human RXR subtype. Cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM), high glucose supplemented
with 10% fetal calf serum (FCS), sodium pyruvate (1 mM),
penicillin (100 U/mL), and streptomycin (100 ug/mL) at
37°C and 5% CO:z and seeded in 96-well plates (3x104
cells/well). After 24 h, medium was changed to Opti-MEM
without supplements and cells were transiently transfected
using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. Five hours
after transfection, cells were incubated with the test com-
pounds in Opti-MEM supplemented with penicillin (100
U/mL), streptomycin (100 pg/mL) and 0.1% DMSO for 16 h
before luciferase activity was measured using the Dual-Glo
Luciferase Assay System (Promega) according to the manu-
facturer’s protocol on a Tecan Spark luminometer (Tecan
Deutschland GmbH, Crailsheim, Germany). Firefly lumines-
cence was divided by Renilla luminescence and multiplied
by 1000 resulting in relative light units (RLU) to normalize
for transfection efficiency and cell growth. Fold activation
was obtained by dividing the mean RLU of a test sample by
the mean RLU of the untreated control, and relative activa-
tion was obtained by normalization to the effect of refer-
ence RXR agonist bexarotene (2) at 1 pM. All samples were
tested in at least three biologically independent experi-
ments in duplicates. For dose-response curve fitting and cal-
culation of ECso values, the equation “[Agonist] vs. response
-- Variable slope (four parameters)" was used in GraphPad
Prism (version 7.00, GraphPad Software, La Jolla, CA, USA).
Selectivity profiling was performed with identical proce-
dures using the corresponding pFA-CMV-NR-LBD clones for
THRa, RARq, PPARa, PPARy, PPARS, and FXR as described
previously33.

Co-regulator recruitment assays. The co-regulator recruit-
ment to the biotinylated RXRa LBD (3 nM; expressed, puri-
fied, and biotin-labeled as described previouslys?) was de-
termined in a HTRF assay system as described previously>?
using Tbh3*-cryptate as streptavidin conjugate (Tb-SA; 6 nM;
Cisbio Bioassays; FRET donor) for stable coupling to bioti-
nylated recombinant RXRa LBD protein as well as co-regu-
lator peptides (100 nM, sequences in ¢°) fused to fluorescein
(ThermoFisher Scientific, FRET acceptor). Assays were per-
formed in HTRF assay buffer (25 mM HEPES pH 7.5, 150

mM KF, 5% (w/v) glycerol, 5 mM DTT) supplemented with
0.1% (w/v) CHAPS with 1% DMSO and test compounds (in
a single concentration or dilution series) or DMSO alone as
a negative control in 384 well format using low volume
white flat bottom polystyrol microtiter plates (Greiner Bio-
One; #784075) with a final volume of 20 uL. All samples
were tested in three technical replicates. After 2 h incuba-
tion at room temperature, fluorescence intensities (FI) after
excitation at 340 nm were recorded at 520 nm for fluores-
cein acceptor fluorescence and 620 nm for Tb-SA donor flu-
orescence on a SPARK plate reader (Tecan Deutschland
GmbH). FI520nm was divided by FI620nm and multiplied
with 10,000 to give a dimensionless HTRF signal which was
normalized to the HTRF signal of the DMSO control in the
respective setting.

Heterodimerization assays. Ligand effects on heterodi-
merization of RXR with THRa, RARa, PPARY, LXRa and FXR
were observed in a cellular setting using an RXRa-LBD-
VP16 fusion expressed from pFTI-CMV-RXRa-LBD59, the re-
spective Gal4-hybrid receptors expressed from pFA-CMV-
NR-LBD clones for THRa, RARa, PPARY, LXRq, and FXR, and
pFR-Luc (Stratagene). pRL-SV40 (Promega) was co-trans-
fected for normalization. HEK293T cells were cultured as
described and seeded in 96-well plates (3x104 cells/well)
24 h prior to transfection. Transient transfection, incuba-
tion with test compounds, readout and calculation of RLU
values was conducted as described above. All samples were
tested in at least three biologically independent experi-
ments in duplicates.

Reporter gene assay for the RXRa-PGCla interaction.
HEK293T cells were cultured as described and seeded in
96-well plates (3x10% cells/well) 24 h prior to transfection.
Medium was changed to Opti-MEM without supplements
and cells were transiently transfected with pFR-Luc (Strat-
agene; reporter), pRL-SV40 (Promega; internal control),
and Gal4-PGClalpha*’ (Addgene, plasmid #8892) with or
without pFTI-CMV-hRXRa-LBD%? using Lipofectamine LTX
reagent (Invitrogen) according to the manufacturer’s proto-
col. Five hours after transfection, cells were incubated with
the test compounds in Opti-MEM supplemented with peni-
cillin (100 U/mL), streptomycin (100 pg/mL) and 0.1%
DMSO for 16 h before luciferase activity was measured us-
ing the Dual-Glo Luciferase Assay System (Promega) ac-
cording to the manufacturer’s protocol on a Tecan Spark lu-
minometer (Tecan). Firefly luminescence was divided by
Renilla luminescence and multiplied by 1000 resulting in
relative light units (RLU) to normalize for transfection effi-
ciency and cell growth. Fold activation was obtained by di-
viding the mean RLU of a test sample by the mean RLU of
the untreated control, and fold activation for the RXRa-
PGC1la assay was normalized to fold activation in the pFTI-
CMV-hRXRa-LBD free setting. All samples were tested in
three biologically independent experiments in duplicates.
For dose-response curve fitting and calculation of ECso val-
ues, the equation “[Agonist] vs. response -- Variable slope
(four parameters)" was used in GraphPad Prism (version
7.00, GraphPad Software).

Computational Methods

Virtual library preparation and docking. All calculations
were performed with Schrédinger software version 2019-



4. The 3D structure of RXRa LBD (pdb id 6sjm38) was pre-
pared using the Protein Preparation Wizard in Maestro. The
Xray ligand JP175 was selected to identify the active site, re-
sulting in x=18.2033, y=3.9776 and z=23.9669 for the dock-
ing grid center. Docking was performed using GLIDE soft-
ware¢! in standard precision mode (SP). All parameters
were left at the default values (SP; flexible ligands; sample
ring conformations of ligand; add Epik¢2 state penalties to
docking score; scaling of van der Waals radii = 0.8; post
docking minimization of five poses per ligand; write out one
pose per ligand). Reevaluation of the docking poses using
MMGBSA (Molecular Mechanics Generalized Born Surface
Area) was performed using the Prime software®3. All default
parameters in the Prime MM-GBSA module were used ex-
cept the sampling method was switched to “Minimize side
chains only” (-rflexgroup side in the prime_mmgbsa com-
mand line). Commercially available compounds with bro-
moaryl substructure were searched in Reaxys (filter setting
= “SigmaAldrich”) and fused with 4-boronophenylacetic
acid using the “RDKit Two Component Reaction” node®* in
KNIMES®S, resulting in 15,759 virtual ligands with the de-
sired biphenyl substructure. 3D conversion of the virtual li-
brary using ligprep yielded 19,222 molecules for docking.
Chiral information in the 2D input structure was retained
when present, otherwise all possible stereoisomers were
generated. The forcefield OPLS4 was used and the correct
protonation between pH 6 to 8 was calculated with Epikeé2.
Docking of the virtual library into the ligand binding site of
6sjm resulted in 13,917 poses with docking scores between
-12.829 and -1.808.
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Table S1. Potencies and docking scores of analogues 4-31 for RXRa

Docking score

Docking score

COOH COOH
R/(>A ECso MM/GBSA4 R/(>A ECso MM/GBSA4
ID R (RXRa)? OPLS4¢ AG-Bind ID R (RXRa)? OPLS4¢ AG-Bind
4 FsC 1.6+0.2 -11.96 -58.37 18 o 15+1 -11.81 -69.52
. ot
NC
5 FaC 2.740.3 -11.91 -62.43 19 inactive -11.78 -62.65
NC uM (50 uM®)
6 FsC inactive -12.01 -56.16 20 inactive -11.02 -50.09
- (15 pM®) 4 (10 pM®)
g /
7 FsC 4.4+0.5 -11.89 -61.86 21 inactive -11.65 -54.36
. uM ' (100
© — uM®)
8 FsC 0.29+0.03 -12.05 -62.50 22 }o cl inactive -12.01 -57.19
)\ uM g (50 pM®)
o %
N
-
9 FiC 0.060+0.004 -11.95 -59.05 23 F.C o 10.1+0.1 -12.83 -55.67
" oo
F,C i
N
/
10 FsC inactive -12.05 -57.03 24 ; 8.0+0.3 -11.78 -56.81
A (30 pM®) N, M
0”N N
H CFy4
11 FsC 0.52+0.05 -11.66 -58.57 25 (Q inactive -11.95 -64.04
UM N (50 uMP)
/O L\N
12 FsC 0.6+0.1 -11.77 -60.22 26 CZ) 19+1 -11.99 -63.28
M N M
~O N
13 FsC 1.4+0.1 -11.85 -57.65 27 O 6=+1 -11.78 -62.20
CN /
14 FsC 2.6+0.3 -11.73 -54.94 28 inactive -12.49 -59.49
uM 4 (30 pMP)
d W
k /
15 FsC 2.0+0.3 -12.00 -58.01 29 O inactive -11.69 -61.82
uM .O (100
4 uMP)
[¢]
16 FsC 6.8+0.7 -11.90 -61.08 30 @Ao 1.0+0.2 -12.16 -62.40
uM /@)\ uM
HO F3C
17 0.53+0.04 -12.35 -72.42 31 14+2 -11.93 -64.85
uM uM

Sy

a RXRa modulation was determined in a Gal4-Nurrl hybrid reporter gene assay. Data are the mean+S.E.M.; n=3. b Highest non-toxic
concentration. Docking scores were calculated from the co-crystal structure with lead 3 (pdb id 6sjm?) using either ¢ OPLS42 or 4 GBSA3.
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NMR spectra of compounds 4-31
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"H-gNMR:

Average Purity =97.53%

Assuming sample weight: 2.315 mg, and mol weight:
305.26

Using Reference Compound: Maleic acid (2.437 mg,
99.94% purity, Mol Weight=116.07)

Sample Integral 1: 7.47839 - 7.55496 ppm, value =
0.3525 (2 nuclides) - Purity = 97.5%

Reference Integral: 6.35832 - 6.44046 ppm, value = 1 (2
nuclides)

0.35=

1.00=

T T
8 7

f1 (ppm)
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Compound 5
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"H-gNMR:

Average Purity = 98.24%

Assuming sample weight: 4.51 mg, and mol weight:
319.28

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (4.651 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 7.40891 - 7.56545 ppm, value =
0.58237 (2 nuclides) - Purity = 98.2%

Reference Integral: 6.66675 - 6.80722 ppm, value = 1 (2
nuclides)

f1 (ppm)
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Compound 6
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"H-gNMR:

Average Purity = 98.85%

Assuming sample weight: 4.532 mg, and mol
weight: 358.33

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (5.171 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.46604 - 7.6077 ppm, value =
0.47193 (2 nuclides) - Purity = 98.9%

Reference Integral: 6.68256 - 6.80352 ppm, value =
1 (2 nuclides)

f1 (ppm)
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Compound 7

'H-NMR
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"H-gNMR:

Average Purity = 98.79%

Assuming sample weight: 1.131 mg, and mol
weight: 324.2992

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (0.882 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.30732 - 7.37766 ppm, value
= 3.03363 (3 nuclides) - Purity = 98.8%
Reference Integral: 6.68154 - 6.74732 ppm,
value = 2.65259 (2 nuclides)
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"H-gNMR:

HC  CHs

Average Purity =97.97%

Assuming sample weight: 3.078 mg, and mol
weight: 338.33

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (3.504 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.3079 - 7.37321 ppm, value
= 0.24825 (1 nuclides) - Purity = 98%

Reference Integral: 6.68476 - 6.76243 ppm, value
=1 (2 nuclides)

f1 (ppm)
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Compound 9

'H-NMR
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"H-gNMR:

Average Purity = 97.82%

Assuming sample weight: 5.351 mg, and mol
weight: 348.24

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (6.056 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.44593 - 7.60619 ppm, value
= 0.48444 (2 nuclides) - Purity = 97.8%
Reference Integral: 6.67362 - 6.8026 ppm, value
=1 (2 nuclides)

f1 (ppm)
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Compound 10

'H-NMR
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"H-gNMR:

PN 10
CH,

Average Purity = 95.42%

Assuming sample weight: 4.2 mg, and mol
weight: 337.3

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (5.612 mg, 99%
purity, Mol Weight=193.24)

Sample Integral 1: 7.67638 - 7.72009 ppm,
value = 1.92797 (1 nuclides) - Purity = 95.4%
Reference Integral: 7.81543 - 7.89305 ppm,
value = 4.66559 (1 nuclides)

dy L
Qo ©
b R
T T
8 7
f1 (ppm)

S16



Compound 11
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"H-gNMR:

Average Purity = 98.97%

Assuming sample weight: 5.804 mg, and mol
weight: 310.27

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (9.204 mg, 99%
purity, Mol Weight=193.24)

Sample Integral 1: 7.1568 - 7.27372 ppm,
value = 0.19631 (1 nuclides) - Purity = 99%
Reference Integral: 6.66902 - 6.80127 ppm,
value = 1 (2 nuclides)
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Compound 12

'H-NMR
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"H-gNMR:

Average Purity = 96.55%

Assuming sample weight: 0.939 mg, and mol weight:
324.2992

Using Reference Compound: Ethyl 4-(dimethylamino)benzoate
(1.109 mg, 99% purity, Mol Weight=193.24)

Sample Integral 1: 7.65352 - 7.71622 ppm, value = 0.49204
(2 nuclides) - Purity = 96.5%

Reference Integral: 7.72547 - 7.792 ppm, value = 1 (2
nuclides)
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Compound 13

'H-NMR
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"H-gNMR:

Q O N

VA 13
N

Average Purity =96.91%

Assuming sample weight: 4.152 mg, and mol
weight: 305.26

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (4.822 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.40885 - 7.62003 ppm, value =
0.53356 (2 nuclides) - Purity = 96.9%

Reference Integral: 6.72229 - 6.77109 ppm, value =
1 (2 nuclides)
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T T
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Compound 14

'H-NMR
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"H-gNMR:

Average Purity = 97.74%

Assuming sample weight: 4.155 mg, and mol
weight: 298.24

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (5.784 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.48277 - 7.53714 ppm, value
= 0.6893 (3 nuclides) - Purity = 97.7%

Reference Integral: 6.51986 - 6.98482 ppm, value
=1 (2 nuclides)
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Compound 15

'H-NMR
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"H-gNMR:

Average Purity = 96.84%

Assuming sample weight: 4.733 mg, and mol
weight: 322.28

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (4.91 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 7.42413 - 7.51351 ppm, value =
0.56539 (2 nuclides) - Purity = 96.8%

Reference Integral: 6.66096 - 6.76703 ppm, value =
1 (2 nuclides)

f1 (ppm)
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Compound 16

'H-NMR
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'H-gNMR:

Average Purity = 96.93%

Assuming sample weight: 2.309 mg, and mol weight:

310.2678

Using Reference Compound: Maleic acid (2.281 mg,
99.94% purity, Mol Weight=116.07)

Sample Integral 1: 7.4476 - 7.51203 ppm, value =
0.3781 (1 nuclides) - Purity = 96.9%

Reference Integral: 6.34408 - 6.48929 ppm, value =
1.0294 (1 nuclides)
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"H-gNMR:

Average Purity =99.77%

Assuming sample weight: 4.134 mg, and mol weight:
336.48

Using Reference Compound: Dimethyl terephthalate (4.583
mg, 99% purity, Mol Weight=194.19)

Sample Integral 1: 7.22312 - 7.35486 ppm, value =
0.52462 (4 nuclides) - Purity = 99.8%

Reference Integral: 8.0022 - 8.17406 ppm, value = 1 (4

nuclides)
JuJ
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Compound 18:
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"H-gNMR:

Average Purity = 99.65%

Assuming sample weight: 3.278 mg, and mol weight:
308.38

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (3.369 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 7.34697 - 7.46116 ppm, value =
0.61371 (2 nuclides) - Purity = 99.7%

Reference Integral: 6.69066 - 6.79223 ppm, value = 1
(2 nuclides)

f1 (ppm)
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Compound 19:
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"H-gNMR:

Average Purity = 98.66%

Assuming sample weight: 2.948 mg, and mol
weight: 309.36

Using Reference Compound: Maleic acid (2.932
mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 6.88533 - 6.99933 ppm,
value = 0.14499 (1 nuclides) - Purity = 98.7%
Reference Integral: 6.19288 - 6.33644 ppm,
value = 0.77864 (2 nuclides)
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Compound 20
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"H-gNMR:

Average Purity = 99.2%

Assuming sample weight: 1.067 mg, and mol weight:
265.312

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (1.507 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 6.44353 - 6.50344 ppm, value = 0.25837
(1 nuclides) - Purity = 99.2%

Reference Integral: 6.67801 - 6.76168 ppm, value = 1 (2
nuclides)
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Compound 21:
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"H-gNMR:

Average Purity =99.91%

Assuming sample weight: 1.767 mg, and mol weight: 295.338
Using Reference Compound: Ethyl 4-(dimethylamino)benzoate
(1.589 mg, 99% purity, Mol Weight=193.24)

Sample Integral 1: 7.29514 - 7.33728 ppm, value = 0.93897 (1
nuclides) - Purity = 99.9%

Reference Integral: 6.68615 - 6.75532 ppm, value = 2.55749 (2
nuclides)
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Compound 22

'H-NMR
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"H-gNMR:

o
OH
5.
HC l o
H c/<

o

22

3

Average Purity = 96.25%

Assuming sample weight: 2.851 mg, and mol
weight: 385.8

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (3.197 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.16488 - 7.56707 ppm, value =
5.09403 (5 nuclides) - Purity = 96.3%

Reference Integral: 4.21909 - 4.28461 ppm, value
= 4.6919 (2 nuclides)
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Compound 23

'H-NMR
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"H-gNMR:

Average Purity = 95.94%

Assuming sample weight: 1.376 mg, and mol weight:
361.3202

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (2.581 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 7.34745 - 7.42663 ppm, value = 0.2763
(2 nuclides) - Purity = 95.9%

Reference Integral: 6.68049 - 6.75873 ppm, value = 1 (2
nuclides)
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Compound 24

'H-NMR
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"H-gNMR:

Average Purity =97.21%

Assuming sample weight: 3.11 mg, and mol
weight: 320.27

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (2.992 mg, 99%
purity, Mol Weight=193.24)

Sample Integral 1: 7.34986 - 7.42307 ppm,
value = 0.61582 (2 nuclides) - Purity = 97.2%
Reference Integral: 6.66296 - 6.7504 ppm,
value = 1 (2 nuclides)
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Compound 25
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"H-gNMR:

Average Purity = 96.81%

Assuming sample weight: 2.881 mg, and
mol weight: 336.3844

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (4.016 mg, 99%
purity, Mol Weight=193.24)

Sample Integral 1: 3.97729 - 4.07531
ppm, value = 0.40751 (2 nuclides) - Purity
= 96.8%

Reference Integral: 4.16111 - 4.28112
ppm, value = 1.01127 (2 nuclides)
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Compound 26

'H-NMR
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"H-gNMR:

1.00=x

(o]
OO~
o
26

Average Purity = 96.28%

Assuming sample weight: 4.016 mg,

and mol weight: 336.39

Using Reference Compound: Maleic

acid (3.017 mg, 99.94% purity, Mol

Weight=116.07)

Sample Integral 1: 5.9166 - 6.03622

ppm, value = 0.22124 (1 nuclides) -

Purity = 96.3%

Reference Integral: 6.35864 - 6.48226

ppm, value = 1 (2 nuclides)
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Compound 27

'H-NMR
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"H-gNMR:

OH
®, 9 (1 |
/
H,C 27
Average Purity =95.11%
Assuming sample weight: 4.709 mg, and mol weight:
315.37
Using Reference Compound: Dimethyl terephthalate
(5.824 mg, 99% purity, Mol Weight=194.19)
Sample Integral 1: 8.19189 - 8.28877 ppm, value =
0.11958 (1 nuclides) - Purity = 95.1%
Reference Integral: 8.02581 - 8.17015 ppm, value = 1 (4
nuclides)
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"H-gNMR:

Average Purity =97.35%

Assuming sample weight: 3.028 mg, and mol
weight: 333.39

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (2.97 mg, 99%
purity, Mol Weight=193.24)

Sample Integral 1: 7.30337 - 7.39878 ppm,
value = 0.58109 (2 nuclides) - Purity =
97.3%

Reference Integral: 6.65866 - 6.75406 ppm,
value = 1 (2 nuclides)
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Compound 29

'H-NMR

OH

=06'T

F00°€
6°T

u}ao.N

00T

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

8.5

9.0

10.0 9.5

10.5

13.0 12,5 12.0 11.5 11.0

3C-NMR:

PEOP

9S'6TT
le a4y
;e
6¥'HCT

6921
os'zzt
19'62T
vT'0ET /
60°ZET
PBIEET \-
6TSET ~—
LLSET *
SE'LET
L9EPT ~_
L8'PPT —
S8'9bT <

98°UT —

04261 —

T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110
f1 (ppm)

T
220

S583



"H-gNMR:

l OH
i. O

! 29

Average Purity =97.93%

Assuming sample weight: 4.402 mg, and mol weight:
314.34

Using Reference Compound: Dimethyl terephthalate
(7.864 mg, 99% purity, Mol Weight=194.19)

Sample Integral 1: 4.14711 - 4.22908 ppm, value =
0.11403 (2 nuclides) - Purity = 97.9%

Reference Integral: 4.25725 - 4.44424 ppm, value =
1 (6 nuclides)
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Compound 30
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"H-gNMR:

Average Purity = 95.87%

Assuming sample weight: 1.029 mg, and mol
weight: 386.3702

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (1.419 mg, 99% purity,
Mol Weight=193.24)

Sample Integral 1: 7.26138 - 7.44049 ppm, value =
1.40488 (8 nuclides) - Purity = 95.9%

Reference Integral: 6.67166 - 6.77389 ppm, value
=1 (2 nuclides)

f1 (ppm)
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Compound 31
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"H-gNMR:

o
‘ O OH
HyC ’I

| 31

Average Purity = 96.77%

Assuming sample weight: 4.717 mg, and mol weight:
305.377

Using Reference Compound: Ethyl 4-
(dimethylamino)benzoate (16.139 mg, 99% purity, Mol
Weight=193.24)

Sample Integral 1: 7.18517 - 7.2287 ppm, value =
0.09062 (1 nuclides) - Purity = 96.8%

Reference Integral: 6.68064 - 6.78923 ppm, value =
1.00253 (2 nuclides)
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Azologs of the Fatty Acid Mimetic Drug Cinalukast Enable
Light-Induced PPARa Activation

Minh Sai,” Niels van Herwijnen,” and Daniel Merk*™

Photo-switchable nuclear receptor modulators (“photohor-
mones”) enable spatial and temporal control over transcription
factor activity and are valuable precision tools for biological
studies. We have developed a new photohormone chemotype
by incorporating a light-switchable motif in the scaffold of a
cinalukast-derived PPARa ligand and tuned light-controlled

Introduction

The peroxisome proliferator-activated receptor (PPAR) o is a
fatty acid sensing transcription factor and a master metabolic
regulator.l" It is found in tissues with high metabolic activity
like liver and adipose tissue and governs fatty acid catabolism
by B-oxidation, lipid transport and gluconeogenesis.”™ Fibrates
acting as PPARa agonists have therapeutic relevance as lipid
lowering agents and glitazars activating the PPARa and vy
isoforms are evaluated for the treatment of the highly prevalent
metabolism associated fatty liver disease (MAFLD).””' Addition-
ally, there is preliminary evidence for a beneficial role of PPARa
activation, for example, in chronic obstructive pulmonary
disease®™ and neuroinflammation®'” indicating further poten-
tial. Nevertheless, available PPARo agonists are also associated
with adverse effects among which rhabdomyolysis is most
critical.!™

Photopharmacology is a promising approach to achieve
spatial and temporal control over protein activity utilizing
photo-switchable bioactive molecules.*® Such agents are
typically obtained by incorporation of a molecular photo-switch
like an azobenzene motif in the scaffold of a ligand of the
protein of interest"?'® This concept has been successfully
implemented for multiple types of protein targets and in the
control of various biological processes."¥ Light-controlled
bioactive molecules are very valuable as high-precision tools
and may have unprecedented therapeutic potential owing to
their ability to be locally activated.

[a] M. Sai, N. van Herwijnen, Prof. Dr. D. Merk
Ludwig-Maximilians-Universitét Miinchen
Department of Pharmacy
81377 Munich, Germany
E-mail: daniel.merk@cup.Imu.de
L Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cmdc.202400327

© © 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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activity by systematic structural variation. An optimized photo-
hormone exhibited PPARa agonism in its light-induced (2)-
configuration and strong selectivity over related lipid-activated
transcription factors representing a valuable addition to the
collection of light-controlled tools to study nuclear receptor
activity.

We have previously developed a photo-switchable PPARa
agonist that was active in the stable (E)-configuration and could
be deactivated by light-induced isomerization to the (2)-
configuration." While this compound valuably enabled optical
control of PPARa activity in cells, (2)-active photohormones are
preferable for optical control since full photo-switching to
100% (2)-configuration is not achieved with azobenzenes."
Based on the CysLT,R antagonist cinalukast, we have previously
developed the PPARa agonist 1 (Figure 1) lacking activity on
original target CysLT,R following the approach of selective
optimization of side-activities (SOSA)."®'” The structure of 1
comprising a styrylthiazole motif appeared suitable for azolog-
ization and the potential development of a novel light-
controlled PPARa ligand. By replacing the styrylthiazole of 1 by
a stilbene or an azobenzene motif, we successfully obtained
photoswitchable PPARo modulators (2, 3) that could be
engineered to a light-activated agonist by variation of the
hydrophobic substitution pattern. With > 10-fold higher po-
tency in the light-induced (2)-configuration, the obtained
photohormone 9 emerges as a valuable tool to study PPARa
biology.

Results and Discussion
Chemistry

The stilbene analogue 2 of 1 was prepared over five steps
according to Scheme 1. 3-Bromobenzaldehyde (14) and 3,4-

O
N XX N OH
\ H

S cinalukast o
o O
0 s AT,
/ \ 4 H
1
—0

Figure 1. Chemical structures of cinalukast and the cinalukast-derived PPARa
agonist 1.

© 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH
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21:R=

2: §=Et:| ©
Scheme 1. Synthesis of 2. Reagents & Conditions: (a) XPhos Pd G2, K;PO,,
water/dioxane, reflux, overnight, 83 %; (b) methyltriphenylphosphonium
bromide, KOtBu, THF, 0°C - > rt, overnight, 94%; (c) HATU, DIPEA, DMF, rt,
overnight, 95 %; (d) Pd(OAc),, K;PO,, DMA, 140°C, overnight, 42 %; (e) LiOH,
water/THF, rt, overnight, 72 %.

dimethoxyphenylbronic acid (15) were coupled in a Suzuki
reaction and the product 16 was treated with methyltriphenyl-
phosphonium bromide in a Wittig reaction to obtain 17.
Additionally, amide coupling of 3-iodoaniline (18) and ethyl 2,2-
dimethylmalonate (19) afforded 20 which was reacted with 17
under Heck conditions to the ester precursor 21 and alkaline
ester hydrolysis of 21 yielded 2.

The azobenzene derivatives 3-5 and 8-12 were prepared
according to Scheme 2. The amine 24 comprising the acidic
head group was obtained by amide coupling of 19 and N-Boc-
3-phenylenediamine (22), followed by deprotection. The corre-
sponding amines 33-40 representing the lipophilic backbones
were prepared by Suzuki reaction of the bromoanilines 25-27
with the boronates 28-32. Subsequent Baeyer-Mills coupling

HO._O NH, H H
N OEt N OEt
o * @ ®)
— o o ——~ o O
OEt NHBoc LIS NI
19 22 ¢ 23 2 2

N R'-B(OH N
Hz"‘@\ (OH), o HZN—.(;\ (d)
Br , 283032 R
25: p-NH, _— 33-40
26: m-NH, R™Bpin N o o
27: 0-NH, 31 | N
I~ N N OR?
R H
41-48: R?=Et
3.5,8-12: R%=H Je
R1.
: 0. cl CFs CFs
\/©:O/ p/ Y©/ Y©\CF3 \(©:CF3 ’OO
28,33-35,41-43,3-5 36,44,8 29,37,45,9 30,38,46,10 31,39,47,11 32,40,48,12

Scheme 2. Synthesis of azobenzene derivatives 3-5 and 8-12. Reagents &
Conditions: (a) HATU, DIPEA, DMF, rt, overnight, quant.; (b) TFA, rt, overnight,
quant.; (c) XPhos Pd G2, K;PO,, water/dioxane, reflux, overnight, 44-95 %; (d)
Oxone, DCM, rt, 1-3 h, then DCM, HOAG, rt, 1-2 days, 3-59%; (e) LiOH,
water/THF, rt, overnight, 40-95 %.

ChemMedChem 2024, e202400327 (2 of 7)

was carried out by oxidation of 24 with Oxone®, and
subsequent reaction of the nitroso intermediate with the
amines 33-40 to obtain 41-48 which afforded the desired
photo-switchable PPAR modulators 3-5 and 8-12 after alkaline
ester hydrolysis.

For the preparation of azobenzenes 6 and 7, the reaction
sequence was adapted and Baeyer-Mills coupling was per-
formed first with 23 and 3-bromoaniline (26) to obtain the
diazobenzene 49 (Scheme 3). Subsequently, 49 was reacted
with the boronic acids 50 and 51 in Suzuki reactions yielding 52
and 53 and ester hydrolysis afforded compounds 6 and 7.
Similarly, 13 was prepared from 23 by Baeyer-Mills coupling
with 9,9-dimethyl-9H-fluoren-3-amine (54) to 55 and subse-
quent ester hydrolysis to 13 (Scheme 3).

Photohormone Development and Profiling

To probe the potential of the scaffold of 1 to obtain photo-
hormones, we prepared the stilbene analogue 2 (Figure 2a)
which is bistable in (E)- and (2)-configuration. Screening of 2 on
lipid-sensing nuclear receptors revealed agonism of both
isomers on RARa, PPARs and FXR. In line with the activity of the
template compound 1, PPARa agonism emerged as most
pronounced activity of 2 validating our design hypothesis.
Encouraged by this profile, we prepared and tested the
azobenzene analogue 3 (Figure 2b), which also exhibited robust
PPAR agonism with preference for PPARa and was more
selective over RARa and FXR than 2. Full dose-response profiling
(Table 1) confirmed (E)-3 as potent PPARa agonist (ECs, 3 pM)
with lower efficacy of the (2)-isomer. 3 exhibited favorable
photophysical characteristics enabling efficient and repeated
photo-switching (Supplementary Figure 1) and thus appeared
suitable as lead for photohormone development.

Based on its favorable photophysical characteristics and
light-dependent activity we selected the azobenzene 3 as lead

Q23
Br- N\\N N%OEt
4 H

l (b)
R1 B(OH),

50, 51
— w LA % 2
50, 52, 7: CH,

51, 53, 6: OCHj; 52, 53: R?=Et e
6,7 RZ— ©
o
OR2
aSew
55: RZ-Et Jo
13: R?=H

Scheme 3. Synthesis of azobenzene derivatives 6, 7 and 13. Reagents &
Conditions: (a) Oxone, DCM, rt, 1 h, then DCM, HOAC, rt, 2 days, 59-60 %; (b)
XPhos Pd G2, K;PO,, water/dioxane, reflux, overnight, 91-94%; (c) LiOH,
water/THF, rt, overnight, 77-99 %.

© 2024 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 2. Nuclear receptor modulation by 2 and 3. (a) The stilbene analogue
2 (3 uM) of 1 exhibited agonism on RARa, PPARs and FXR with PPARa
activation as most prominent activity. (b) The azobenzene 3 (10 uM)
exhibited stronger preference for PPARa. Data are the mean & S.E.M. fold
nuclear receptor activation vs. DMSO ctrl; n> 3.

Table 1. Photo-switchable analogues of 1.

EC,,(PPARq); (max. rel. act.)®

We thus retained the favored meta-regiochemistry of 3 and
moved our attention to substituents on the lipophilic backbone
(Table 2). Removal of one methoxy substituent in 6 was well
tolerated with a slight increase in potency indicating that
double substitution was not required. Evaluation of alternative
groups in 4-position revealed slightly enhanced potency and
(2)-preference for the 4-methyl derivative 7 and a further
improved activity difference between the (E)- and (2)-isomers
for the 4-chloro analogue 8. The 4-trifluoromethyl derivative 9
retained high potency on PPARa in the light-induced (2)-
configuration while its dark-adapted (E)-isomer was significantly
less active thus providing the desired light-activated PPARa
agonist profile.

Moving the trifluoromethyl group to the 3-position (10) and
3,4-bistrifluoromethyl substitution (11) were tolerated in terms
of PPARa agonist potency but reduced the favorable (2)-

Table 2. Evaluation of the lipophilic substitution pattern.

Structure (E) (2™
. O - O ) &COOH 24404 M 13401 uM
O N (17+2%) (48+2%)
(o]
¥ o]
, N\\NJCLN&COOH 3ETEM 422U
O N (264 1%) (17 +4%)
O
. O Mo uJXCOOH 641 uM 741uM
-© O (154+2%) (8.1£0.8%)
o
| 9
o
5 O o inactive inactive
O NCNO\N&COOH (10 um) (10 uM)
H

[a] PPARa agonism was determined in a Gal4 hybrid reporter gene assay;
data are the mean+S.E.M,; n > 3. Relative activation refers to the activity
of GW7647 at 1 uM defined as 100% activation. [b] A cell DISCO"® was
used to maintain the (2)-configuration.

for further structural evaluation and initially focused on varying
the scaffold geometry (Table 1). The corresponding para-
analogue 4 offered improved photophysical characteristics with
a red-shifted (405 nm, Supplementary Figure 1) maximum for
(E) to (2) switching but reduced PPARa agonism. The ortho-
derivative 5, in contrast, revealed poor (E) to (2) switching
efficiency and was inactive on PPARq.

ChemMedChem 2024, e202400327 (3 of 7)

[o]
R,NQND\”&COOH ECs,(PPARG); (max. rel. act)®
R ® @"
/O
s - O 3+1puM 4+2uM
o O (26 +1%) (17 +£4%)
_o
. O 23404 M 31405 M
O (18+2%) (20+2%)
; O 22402 M 1540.1 uM
O (36+2%) (324 1%)
Cl
. O 36405 uM 12401 uM
O (40+3%) (30+1%)
FiC O
15402 uM
9 >20 uM ot 20
O 441 M 3+1uM
10 Fsc (37 +£8%) (38£7%)
FiC
" O 541 M 31402 .M
FaC O (15+3%) (33+1%)
" OO 48404 uM 37405 uM
O (23+2%) 21+2%)
O inactive inactive
13 .O (10 uM) (10 M)

[a] PPARa agonism was determined in a Gal4 hybrid reporter gene assay;
data are the mean+S.E.M.; n > 3. Relative activation refers to the activity
of GW7647 at 1 uM defined as 100% activation. [b] A cell DISCO"® was

used to maintain the (2)-configuration.
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preference compared to 9. A B-naphthyl motif (12) to mimic the
3,4-disubstitution pattern and concomitantly expand the chro-
mophore for a longer switching wavelength also retained
potent PPARa agonism but with less (2)-preference. Further
structural extension to a bulky 9,9-dimethyl-9H-fluoren-2-yl
substituent (13) was not tolerated. These SAR results thus
indicated that PPARo agonism tolerated various substitution
patterns on the favored scaffold of 3 but that only a relatively
bulky, electron-withdrawing and hydrophobic 4-substituent
provided the desired (Z)-preference. The light-activated 4-
trifluoromethyl derivative 9 thus emerged from this series as
PPARa targeted photohormone with most favorable character-
istics for further evaluation.

9 offered favorable photophysical characteristics for applica-
tion as chemical tool (Figure 3a-d) with efficient switching
between (E)- to (2)-configurations (Figure 3b), no fatigue over
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Figure 3. Profiling of the PPARa targeted photohormone 9. (a) UV/vis
absorbance spectra of 9 (30 uM in DMSO) measured after irradiation at the
indicated wavelengths. (b) (E/2)-configuration ratios of 9 in the dark adapted,
state and after irradiation at 365 nm or 435 nm determined by 'H-NMR
based on the (CH;),-integral of the oxopropanoic acid motif. (c) 9 could be
reversibly switched between the (E)- and (Z)-configuration over multiple
cycles by alternating irradiation at 365 and 435 nm. Absorbance was

measured at 323 nm. (d) (2)-9 showed slow thermal relaxation at 37 °C (t,,
,=28.5h). (e) 9 was selective for PPARa. over related lipid-activated nucléar

receptors. Data are the mean £ S.E.M. relative nuclear receptor activation;
n=3. (f) Light-activated (2)-9 caused continuous PPARa activation over time
while (E)-9 had no effect. Compounds were tested at 10 uM in a fluorescent
(mCherry) reporter gene assay. Fluorescence intensity was measured every
two hours and normalized to the untreated control (0.1% DMSO) of the
respective dark or illuminated setting. A cell DISCO"® was used to induce
the active (2)-configuration of 9. The graph shows the mean (lines) and
S.E.M. (shadows); n=3.
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multiple cycles of switching (Figure 3¢), and a long thermal
relaxation half-life of 28.5h for the light-induced (2)-isomer
(Figure 3d). In vitro profiling additionally revealed strong
selectivity for PPARa over related lipid-activated nuclear
receptors for both (E)- and (2)-9 (Figure 3e).

To validate the applicability of 9 as light-activatable tool in
cellular settings, we compared the effects of (E)-9 and the light-
activated (2)-9 on temporally monitored PPARa activity in cells
using a fluorescent reporter (Figure 3f). The dark-adapted (E)-9
induced no PPARa-dependent mCherry expression at 10 pM
whereas light-activated (2)-9 mediated continuously increasing
reporter expression over time.

Conclusions

Using the cinalukast analogue 1 as lead, we have obtained a
new light-switchable PPARa agonist scaffold by incorporation of
an azobenzene motif. The PPARa ligand 9 offers favorable light-
activated agonism with > 10-fold activity difference between
the (E)- and (2)-configurations and high reversible switching
efficiency. Such photo-regulated PPARa agonist offering spa-
tially and time-resolved control™ over PPARa activity may be
useful to further explore the role and potential of the tran-
scription factor in phenotypic in vitro settings for which 9
provides favorable chemical tool characteristics with the
inactive dark-adapted or light-induced (435 nm) (E)-configura-
tion as integrated negative control. Moreover, spatially resolved
activity of potential future light-controlled PPARa agonist drugs
could be an attractive avenue to overcome side effects of
PPARa activation such as rhabdomyolysis"" and gallstone
formation,"” especially in indications enabling topical
application.” 9 thus emerges as an orthogonal tool to
previously developed PPARa modulators and as valuable new
photohormone scaffold for further optimization.

Experimental

Chemistry

General. All chemicals were of reagent grade, purchased from
commercial sources (e.g., Sigma-Aldrich, TCl, BLDpharm) and used
without further purification unless otherwise specified. All reactions
were conducted under nitrogen or argon atmosphere and in
absolute solvents purchased from Sigma-Aldrich. Other solvents,
especially for work-up procedures, were of reagent grade or
purified by distillation (cyclohexane (CH), ethyl acetate (EA), ethanol
(EtOH)). Reactions were monitored by thin layer chromatography
(TLC) on Silica gel 60 F254 coated aluminum sheets by Merck and
visualized under ultraviolet light (254 nm) or by using ninhydrin or
Ehrlichs reagent stains. Purification by column chromatography
(CC) was performed on a puriFlash® XS520Plus system (Advion,
Ithaca, NY, USA) using high performance spherical silica columns
(SIHP, 50 um) by Interchim and a gradient of CH to EA, Reversed-
phase column chromatography was performed on a puriFlash®
5.250 system (Advion) using C18HP columns (SIHP, 15 um) by
Interchim and a gradient of H,0 with 10% acetonitrile (MeCN) to
100% MeCN (HPLC gradient grade). Mass spectra were obtained on
a puriFlash®-CMS system (Advion) using atmospheric pressure
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chemical ionization (APCl). HRMS spectra were obtained with a
Thermo Finnigan LTQ FT instrument for electron impact ionization
(El) or electrospray ionization (ESI). NMR spectra were recorded in
deuterated solvents on Bruker Avance Il HD 400 MHz or 500 MHz
spectrometers equipped with a CryoProbeTM Prodigy broadband
probe (Bruker). Chemical shifts are reported in & values (ppm)
relative to residual protium in the NMR solvent ("H-NMR: acetone-
ds: 6=2.04 ppm; CDCl;: 8=7.26 ppm; DMSO-d;: 6=2.50 ppm;
MeOD-d,: §=3.31 ppm, *C-NMR: acetone-dg: § =206.26, 29.84 ppm;
CDCly: 8=77.16 ppm; DMSO-ds: 6=39.52 ppm; MeOD-d,: &=
49.0 ppm), coupling constants (J) in hertz (Hz). The purity of test
compounds was determined by quantitative '"H NMR (gH NMR)
according to the method described by Pauli et al?" with internal
calibration. To ensure accurate determination of peak area ratio,
the gH NMR measurements were conducted under conditions
allowing for complete relaxation. Ethyl 4-(dimethylamino)benzoate
(LOT#BCCC6657, purity 99.63 %) and maleic acid (LOT#BCBM8127V,
purity 99.94 %) were used as internal standards in MeOD-d,, DMSO-
d,, or acetone-d,. All compounds for biological testing had a purity
>95% according to quantitative NMR.

General procedure A for Suzuki reaction. The respective aryl bromide
(1.00-1.20 eq), respective boronate (1.00-1.20 eq), XPhos G2/3
(0.10-0.25 eq) and tripotassium phosphate (3.00 eq) were dissolved
in a solvent mixture dioxane and water (0.13 M, 9:1) which was
degassed by the freeze-pump-thaw method (three times) under
argon. The reaction was stirred under reflux overnight. After cooling
to room temperature, the mixture was filtered through Celite and
washed with EA (20 mL). H,0 (30 mL) was added and the aqueous
layer was extracted with EA (10 mL) three times. The organic layers
were combined, dried over MgSO,, filtered and concentrated. The
crude product was purified by CC and potentially reverse CC.

General procedure B for Baeyer-Mills coupling. The respective amine
(1.00-2.00 eq), and Oxone® (6.00 eq) were dissolved in a solvent
mixture of methylene chloride (DCM) and H,0 (0.1 M, 1:1). The
mixture was stirred for 1-3 h at room temperature until the
corresponding nitrosoarene intermediate was formed according to
TLC. The mixture was then washed with 2 N aqueous HCl, saturated
NaHCO; solution and brine. The organic layers were dried over
MgSO, and filtered, and the solvent was evaporated under reduced
pressure. The crude nitroso compound was dissolved in DCM
(0.1 M) and the second amine (1.00-2.00 eq), and acetic acid (0.1 M)
were added. The mixture was stirred for 12-48 h at room temper-
ature. After TLC indicated completion, the solvent was evaporated
under reduced pressure and the crude product was purified by CC
and potentially reverse CC.

General procedure C for alkaline hydrolysis. The respective ester
(1.00 eq) and lithium hydroxide (5.00 eq) were dissolved in a
solvent mixture of tetrahydrofuran and H,O (0.05M, 1:1). The
mixture was stirred at room temperature overnight. The solvents
were evaporated and the crude was dissolved in EA. 2 N aqueous
HCl was added, phases were separated, and the aqueous layer was
extracted with EA three times. The combined organic layers were
dried over MgSO,, filtered and concentrated. The crude product
was purified by CC and potentially reverse CC.

(E)-2,2-Dimethyl-3-oxo-3-((3-((4'-(trifluoromethyl)-[1,1-biphenyl]-3-
yl)diazenyl)phenyl)amino)propanoic acid (9). Preparation according
to general procedure C using ethyl 2,2-dimethyl-3-oxo-3-((3-((4'-
(trifluoromethyl)-[1,1"-biphenyl]-3-
yl)diazenyl)phenyl)amino)propanoate (45, 105 mg, 0.217 mmol,
1.00 eq) and lithium hydroxide (26.0 mg, 1.08 mmol, 5.00 eq) to
yield compound 9 as an orange solid (85 mg, 86%). R;=0.39 (3:1
CH:EA+1% FA). '"H NMR (400 MHz, MeOD-d,): § 8.25-8.21 (m, TH),
8.21-8.17 (m, 1H), 7.96-7.92 (m, 1H), 7.89 (d, J=8.0 Hz, 2H), 7.85-
7.80 (m, 1H), 7.77 (d, J=8.2 Hz, 2H), 7.74-7.62 (m, 3H), 7.50 (t, J=
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8.0 Hz, TH), 1.55 (s, 6H). *C NMR (126 MHz, MeOD-d,): 5 178.2,
174.3, 154.2, 154.1, 145.1, 141.8, 140.6, 130.9, 130.8, 130.6 (q, J=
32.3 Hz), 130.3, 128.6, 126.8 (g, /=4.0 Hz), 125.3 (g, /=270.6 Hz),
124.6, 123.4, 1224, 120.5, 115.6, 52.1, 24.0. qH NMR (400 MHz,
MeOD-d,, ethyl 4-(dimethylamino)benzoate as reference): purity=
95%. HRMS (ESI+): m/z calculated 456.1530 for C,,H,;N;O5F;™,
found: 456.1526 (M +H1™").

Ethyl  ((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate  (24).
Ethyl 3-((3-((tert-butoxycarbonyl)amino)phenyl)amino)-2,2-dimeth-
yl-3-oxopropanoate (23, 635 mg, 1.81 mmol, 1.00 eq) was dissolved
in chloroform (5 mL) and trifluoroacetic acid (TFA, 1.39mL,
18.1 mmol, 10 eq) was added to the solution. The reaction was
stirred at room temperature overnight. The solvents were evapo-
rated under reduced pressure, the crude product was dissolved in
EA and washed with 2 N aqueous NaOH solution. The organic layer
was dried over MgSO,, concentrated, and purified by CC using a
gradient of CH:EA+1% TAE (2:1 to 1:2) to give 24 as a yellow oil
(363 mg, 80% yield). Rr=046 (1:2 CH:EA+1% TAE). 'H NMR
(500 MHz, CDCl,): 6 8.46 (s, 1H), 7.17 (t, J=2.2 Hz, 1H), 7.08 (t, J=
8.0 Hz, 1H), 6.75-6.64 (m, 1H), 6.48-6.38 (m, 1H), 4.23 (q, /=0.7 Hz,
2H), 3.69 (s, 2H), 1.30 (t, J=0.7 Hz, 3H).). ®C NMR (101 MHz, CDCl,):
5 175.6, 169.8, 147.4, 139.0, 129.8, 111.2, 109.9, 106.7, 62.1, 50.6,
24.0, 14.2. MS (ASAP +): m/z 250.6 (IM+H]"*).

4'~(Trifluoromethyl)-[1,1-biphenyl]-3-amine (37). Preparation accord-
ing to general procedure A using 4-(trifluoromethyl)phenylboronic
acid (29, 570 mg, 3.00 mmol, 1.00 eq), 3-bromoaniline (26, 619 mg,
3.60 mmol, 1.20 eq), XPhos Pd G3 (324 mg, 0.375 mmol, 0.125 eq)
and tribasic potassium phosphate (1910 mg, 9.00 mmol, 3.00 eq) to
yield compound 37 as a yellow oil (675 mg, 95%). R=0.31 (3:1 CH:
EA). 'H NMR (500 MHz, acetone-dy): § 7.80 (d, J=8.9 Hz, 2H), 7.76 (d,
J=89Hz, 2H), 7.18 (t, J=7.8 Hz, 1H), 7.04-6.99 (m, 1H), 6.94-6.90
(m, TH), 6.76-6.72 (m, 1H), 4.80 (s, 2H). *C NMR (126 MHz, acetone-
de): & 150.1, 146.6, 141.0, 130.6, 129.3 (q, J=32.4Hz), 128.2, 126.4
(9, J/=3.8 Hz), 125.6 (q, J=271.1 Hz), 116.4, 115.3, 113.7. MS (ASAP
+): m/z237.6 ((M+H] ™).

(E)-Ethyl  2,2-dimethyl-3-oxo-3-((3-((4'-(trifluoromethyl)-[1,1-biphenyl]-
3-yl)diazenyl)phenyl)amino)propanoate (45). Preparation according
to general procedure B using ethyl 3-((3-aminophenyl)amino)-2,2-
dimethyl-3-oxopropanoate (24, 535 mg, 2.14 mmol, 1.00 eq) and
Oxone® (2628 mg, 8.55 mmol, 6.00 eq) to prepare the nitrosoarene
intermediate and 4'-(trifluoromethyl)-[1,1"-biphenyl]-4-amine (37,
675 mg, 2.85 mmol, 2.00 eq) to yield compound 45 as a yellow solid
(115 mg, 11%). R;=0.47 (4:1 CH:EA). '"H NMR (400 MHz, acetone-
de): 8 9.11 (s, 1H), 8.37 (t, J=2.0 Hz, 1H), 8.27 (t, J=1.7 Hz, TH), 8.06-
7.97 (m, 3H), 7.97-7.92 (m, 1H), 7.90-7.82 (m, 3H), 7.77-7.71 (m, 2H),
7.55 (t, J=8.0 Hz, 1H), 4.20 (q, J=7.1 Hz, 2H), 1.56 (s, 6H), 1.24 (t, J=
7.1 Hz, 3H). C NMR (101 MHz, acetone-dy): § 174.2, 171.5, 154.0,
153.7, 144.8, 141.5, 141.1, 131.0, 130.8, 130.8 (g, J=31.8 Hz), 130.3,
128.7,126.8 (q, J=4.0 Hz), 125.4 (q, /=258.8 Hz) 123.8, 123.2, 1224,
120.0, 114.5, 61.8, 51.9, 23.7, 14.4. MS (ASAP+): m/z 483.1 ([M]™°).

Photophysical Characterization

UV/vis absorbance spectra were recorded on an Agilent Technolo-
gies Cary 60 using rectangular cuvettes (Agilent, Santa Clara, USA).
A PE-4000 illumination (10 mW/cm? CoolLED, Andover, GB) was
applied to induce photoisomerization by light irradiation at a
specified wavelength (365-590 nm). The LED was pointed directly
onto the top of the sample cuvette (30 uM DMSO). Absorption
spectra were recorded at different irradiation wavelengths (A =365
—595 nm) starting from no irradiation. For photostability experi-
ments, the maximum absorption wavelength (A,,,(9) =323 nm) was
monitored with a repeated irradiation program set with 365 nm
(2.5 min) and 435nm (2.5 min) and was cycled for >3 h. The
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thermal relaxation was observed by absorbance measurement at
A=330 nm for > 15 h. Sample 9 was first irradiated with 365 nm for
15 min to induce complete switching into the (2)-isomer, and then
the sample were allowed to switch back to the (E)-isomer.

In Vitro Characterization

Hybrid reporter gene assays. Nuclear receptor modulation was
determined in Gal4 hybrid reporter gene assays in HEK293T cells
(German Collection of Microorganisms and Cell Culture GmbH,
DSMZ) using pFR-Luc (Stratagene, La Jolla, CA, USA; reporter), pRL-
SV40 (Promega, Madison, WI, USA; internal control) and one pFA-
CMV-hNR-LBD clone,?? coding for the hinge region and ligand
binding domain of the canonical isoform of the respective human
nuclear receptor (pFA-CMV-THRa-LBD,”® pFA-CMV-RARa-LBD,?!
pFA-CMV-PPAR0-LBD,” pFA-CMV-PPARy-LBD,*' pFA-CMV-PPARGS-
LBD,?® pFA-CMV-LXRa-LBD,?® pFA-CMV-FXR-LBD,?” pFA-CMV-
VDR-LBD®” pFA-CMV-hRXRo-LBD,?® pFA-CMV-hNur77-LBD??). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM),
high glucose supplemented with 10% fetal calf serum (FCS),
sodium pyruvate (1 mM), penicillin (100 U/mL), and streptomycin
(100 pg/mL) at 37°C and 5% CO, and seeded in 96-well plates
(3x10* cells/well). After 24 h, medium was changed to Opti-MEM
without supplements and cells were transiently transfected using
Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. Five hours after transfection,
cells were incubated with the test compounds in Opti-MEM
supplemented with penicillin (100 U/mL), streptomycin (100 pug/mL)
and 0.1% DMSO for 16 h before luciferase activity was measured
using the Dual-Glo Luciferase Assay System (Promega) according to
the manufacturer’s protocol on a Tecan Spark luminometer (Tecan
Deutschland GmbH, Crailsheim, Germany). Firefly luminescence was
divided by Renilla luminescence and multiplied by 1000 resulting in
relative light units (RLU) to normalize for transfection efficiency and
cell growth. Fold activation was obtained by dividing the mean RLU
of test compound by the mean RLU of the untreated control. All
samples were tested in at least three biologically independent
experiments in duplicates. For dose-response curve fitting and
calculation of ECs, values, the equation “[Agonist] vs. response-
Variable slope (four parameters)” was used in GraphPad Prism
(version 7.00, GraphPad Software, La Jolla, CA, USA). The following
reference agonists were used: triiodothyronine (1 pM, THRa);
tretinoin (1 uM, RARa); GW7647 (1 uM, PPARo); rosiglitazone (1 puM,
PPARy); L165, 041 (1 uM, PPARS); TO901317 (1 uM, LXRa); GW4064
(1 uM, FXR); calcitriol (1 uM, VDR); bexarotene (1 uM, RXRo);
compound 29 from® (1 uM, Nur77). A Gald-responsive mCherry
reporter (pUAS-mCherry-NLS; Addgene entry 876955”) was used
with pFA-CMV-PPARa-LBD™ to determine PPARq activity over time
in HEK293T cells. Cells were cultured, transfected and incubated
with test compounds 5 h after transfection as described for the
standard reporter gene assays. mCherry fluorescence intensity (Fl)
was then measured at various time points on a Tecan Spark
luminometer after excitation at 585/10 nm with the emission
wavelength of 610/10 nm in bottom reading mode. Fl of test
samples were normalized to FlI of the untreated control of the
respective dark or illuminated setting and multiplied with 1000 to
obtain relative fluorescence units (RFU). GW7647 (1 uM) was used
as positive control and exhibited comparable PPARa activation in
the dark and illuminated condition (not shown). Cellular character-
ization of the light-induced (2)-configuration of the azobenzene
test compound was performed with preirradiated compound
(irradiation for 3 min at A=365 nm before incubation) and using a
Cell DISCO"™ system (with 10 ms light pulses every 10s, A=
360 nm) to maintain the compound in the (2)-state.
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Supplementary Figure 1. UV-VIS-absorbance spectra of 3-8 and 10-13 (30 uM in DMSQO) measured
after irradiation at the indicated wavelengths ((k) A=365-595 nm). (a) compound 3, (b) compound 4, (c)
compound 5, (d) compound 6, (e) compound 7, (f) compound 8, (g) compound 10, (h) compound 11, (i)
compound 12, (j) compound 13.
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Supplementary Figure 2. E/Z-configuration ratios of 3-8 and 10-13 in the dark-adapted state (a) and
after irradiation at 365 nm (b) or 435 nm (c) determined by "H-NMR based on the (CHs)2-integral of the
oxopropanoic acid motif.



Svynthetic Procedures and Analytical Data

General. All chemicals were of reagent grade, purchased from commercial sources (e.g.,
Sigma-Aldrich, TCI, BLDpharm) and used without further purification unless otherwise
specified. All reactions were conducted under nitrogen or argon atmosphere and in absolute
solvents purchased from Sigma-Aldrich. Other solvents, especially for work-up procedures,
were of reagent grade or purified by distillation (cyclohexane (CH), ethyl acetate (EA), ethanol
(EtOH)). Reactions were monitored by thin layer chromatography (TLC) on TLC Silica gel 60
F254 coated aluminum sheets by Merck and visualized under ultraviolet light (254 nm) or by
using ninhydrin or Ehrlichs reagent stains. Purification by column chromatography (CC) was
performed on a puriFlash® XS520Plus system (Advion, Ithaca, NY, USA) using high
performance spherical silica columns (SIHP, 50 ym) by Interchim and a gradient of CH to EA,
Reversed-phase column chromatography was performed on a puriFlash® 5.250 system
(Advion) using C18HP columns (SIHP, 15 ym) by Interchim and a gradient of H2O with 10%
acetonitrile (MeCN) to 100% MeCN (HPLC gradient grade). Mass spectra were obtained on a
puriFlash®-CMS system (Advion) using atmospheric pressure chemical ionization (APCI).
HRMS were obtained with a Thermo Finnigan LTQ FT instrument for electron impact ionization
(El) or electrospray ionization (ESI). NMR spectra were recorded on Bruker Avance Il HD 400
MHz or 500 MHz spectrometers equipped with a CryoProbeTM Prodigy broadband probe
(Bruker). Chemical shifts are reported in & values (ppm) relative to relative to residual protium
signals in the NMR solvent ("H-NMR: acetone-ds: & = 2.04 ppm; CDCl3: & = 7.26 ppm; DMSO-
ds: & = 2.50 ppm; MeOD-ds: & = 3.31 ppm, *C-NMR: acetone-ds: & = 206.26, 29.84 ppm;
CDCl3: 6 = 77.16 ppm; DMSO-ds: 6 = 39.52 ppm; MeOD-d.:5 = 49.0 ppm), coupling constants
(J) in hertz (Hz). The purity of the compounds was determined by quantitative '"H NMR
(QHNMR) according to the method described by Pauli et al. with internal calibration. To ensure
accurate determination of peak area ratio, the gHNMR measurements were conducted under
conditions allowing for complete relaxation. Ethyl 4-(dimethylamino)benzoate
(LOT#BCCC6657, purity 99.63%) and maleic acid (LOT#BCBM8127V, purity 99.94%) were
used as internal standards in MeOD-ds, DMSO-ds, or acetone-ds. All compounds for biological
testing had a purity >95% according to quantitative NMR.

General procedure A for Suzuki reaction

The respective aryl bromide (1.00-1.20 eq), respective boronate (1.00-1.20 eq), X Phos G2
(0.10-0.25 eq) and tripotassium phosphate (3.00 eq) were dissolved in a solvent mixture
dioxane and water (0.13 M, 9:1) which was degassed by the freeze-pump-thaw method (three
times) under argon. The reaction was stirred under reflux overnight. After cooling to room
temperature, the mixture was filtered through Celite and washed with EA (20 mL). H2O (30 mL)
was added and the aqueous layer was extracted with EA (10 mL) three times. The organic
layers were combined, dried over MgSQ., filtered and concentrated. The crude product was
purified by CC and potentially reverse CC.

General procedure B for Baeyer-Mills coupling

The respective amine (1.00-2.00 eq), and OXONE® (6.00 eq) were dissolved in a solvent
mixture of methylene chloride (DCM) and H2O (0.1 M, 1:1). The mixture was stirred for 1-3 h
at room temperature until the corresponding nitrosoarene intermediate was formed according
to TLC. The mixture was then washed with 2 N aqueous HCI, saturated NaHCO3 solution and
brine. The organic layers were dried over MgSO4 and filtered and the solvent was evaporated.
The crude nitroso compound was dissolved in DCM (0.1 M) and the second amine (1.00-2.00
eq) and acetic acid (0.1 M) were added to the solution. The mixture was stirred for 12-48 h at
room temperature. After TLC indicated completion, the solvent was evaporated and the crude
product was purified by CC and potentially reverse CC.
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General procedure C for alkaline hydrolysis

The respective ester (1.00 eq) and lithium hydroxide (5.00 eq) were dissolved in a mixture of
tetrahydrofuran and H20 (0.05 M, 1:1). The mixture was stirred at room temperature overnight.
After completion, the solvents were evaporated and the crude was dissolved in EA. 2 N
aqueous HCI was added, phases were separated and the aqueous layer was extracted with
EA three times. The organic layers were combined, dried over MgSQO., filtered and
concentrated. The crude product was purified by CC and potentially reverse CC.

(E)-3-((3-(2-(3',4'-Dimethoxy-[1,1'-biphenyl]-3-yl)vinyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (2). Preparation according to general procedure C using ethyl (E)-3-((3-
(2-(3',4'-dimethoxy-[1,1'-biphenyl]-3-yl)vinyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate
(21, 456 mg, 0.963 mmol, 1.00 eq) and lithium hydroxide (115 mg, 4.81 mmol, 5.00 eq) to yield
compound 2 as a colorless solid (310 mg, 72%). Rr = 0.42 (1:1 CH:EA+1% formic acid (FA)).
"H NMR (400 MHz, MeOD-d,): 6 7.84 — 7.81 (m, 1H), 7.75-7.71 (m, 1H), 7.54 — 7.50 (m, 1H),
7.50 —7.45 (m, 1H), 7.43 — 7.38 (m, 2H), 7.37 — 7.27 (m, 2H), 7.25 - 7.19 (m, 4H), 7.04 (d, J
= 8.5 Hz, 1H), 3.92 (s, 3H), 3.88 (s, 3H), 1.55 (s, 6H). "*C NMR (101 MHz, MeOD-ds): 5 177.3,
173.8, 150.8, 150.3, 142.8, 139.9, 139.5, 139.2, 135.5, 130.2, 130.1, 130.0, 129.6, 127.2,
126.2, 125.8, 124.0, 121.6, 120.7, 120.2, 113.3, 112.1, 56.6, 56.6, 52.0, 24.0. gHNMR (400
MHz, MeOD-ds, ethyl 4-(dimethylamino)benzoate as reference): purity = 95%. HRMS (ESI+):
m/z calculated 446.1962 for C,7H2sNOs*, found: 446.1961 ([M+H]").

(E)-3-((3-((3",4'-Dimethoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (3). Preparation according to general procedure C using ethyl (E)-3-((3-
((3',4'-dimethoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate
(41, 140 mg, 0.294 mmol, 1.00 eq) and lithium hydroxide (35.2 mg, 1.74 mmol, 5.00 eq) to
yield compound 3 as a brown solid (62 mg, 47%). Ri=0.31 (2:1 CH:EA+1% FA). '"H NMR (500
MHz, MeOD-ds): 6 8.23 (s, 1H), 8.12 (s, 1H), 7.88 — 7.82 (m, 1H), 7.80 — 7.75 (m, 1H), 7.74 —
7.71 (m, 1H), 7.71 - 7.65 (m, 1H), 7.60 (t, J = 7.9 Hz, 1H), 7.51 (t, J= 8.0 Hz, 1H), 7.31 - 7.26
(m, 2H), 7.08 (d, J = 8.7 Hz, 1H), 3.94 (s, 3H), 3.89 (s, 3H), 1.56 (s, 6H). '*C NMR (101 MHz,
MeOD-d,): & 179.6, 175.3, 154.4, 154.3, 150.9, 150.6, 143.4, 140.7, 134.6, 130.7, 130.5,
130.4, 124.5, 122.2, 122.0, 120.8, 120.5, 115.5, 113.3, 112.0, 56.6, 56.5, 52.5, 24.7. gHNMR
(400 MHz, DMSO-ds, ethyl 4-(dimethylamino)benzoate as reference): purity = 96%. HRMS
(ESI+): m/z calculated 448.1867 for C2sH26N305", found: 448.1865 ([M+H]").

(E)-3-((3-((3',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (4). Preparation according to general procedure C using ethyl (E)-3-((3-
((3',4'-dimethoxy-[1,1'-biphenyl]-4-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoic
acid (42, 28 mg, 0.06 mmol, 1.00 eq) and lithium hydroxide (7.1 mg, 0.29 mmol, 5.00 eq) to
yield compound 4 as a yellow solid (24 mg, 95%). Rs= 0.24 (3:1 CH:EA+1% FA). '"H NMR (500
MHz, MeOD-ds): 6 8.20 (s, 1H), 7.99 (d, J = 8.3 Hz, 2H), 7.81 (d, J = 8.3 Hz, 2H), 7.75 - 7.66
(m, 2H), 7.51 (t, J = 8.0 Hz, 1H), 7.34 — 7.27 (m, 2H), 7.08 (d, J = 8.9 Hz, 1H), 3.94 (s, 3H),
3.90 (s, 3H), 1.56 (s, 6H). *C NMR (101 MHz, DMSO-ds): & 163.2, 161.1, 152.4, 150.6, 149.2,
149.2, 143.0, 140.4, 131.5,129.6, 127.2,123.1, 122.2, 119.3, 118.8, 112.2, 111.8, 110.4, 55.6,
55.6, 50.4, 24.5. gHNMR (400 MHz, MeOD-d., ethyl 4-(dimethylamino)benzoate as reference):
purity = 95%. HRMS (ESI+): m/z calculated 448.1867 for CasH26N30s", found: 448.1862
([M+H]").

(E)-3-((3-((3',4'-Dimethoxy-[1,1'-biphenyl]-2-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-

oxopropanoic acid (5). Preparation according to general procedure C using ethyl-3-((3-((3',4'-

dimethoxy-[1,1'-biphenyl]-2-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (43, 38

mg, 0.08 mmol, 1.00 eq) and lithium hydroxide (9.57 mg, 0.40 mmol, 5.00 eq) to yield

compound 5 as an orange solid (25 mg, 70%). R¢ = 0.40 (3:1 CH:EA+1% FA). '"H NMR (500

MHz, MeOD-d,): 6 8.04 (t, J = 1.9 Hz, 1H), 7.69 — 7.64 (m, 2H), 7.63 — 7.52 (m, 3H), 7.47 —
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7.40 (m, 2H), 7.05 — 6.98 (m, 3H), 3.89 (s, 3H), 3.77 (s, 3H), 1.54 (s, 6H)."*C NMR (126 MHz,
MeOD-d,): & 175.5, 168.5, 155.6, 154.8, 151.1, 150.2, 149.7, 142.1, 140.8, 133.0, 1321,
131.8,130.4, 128.8, 124.9, 124.3, 119.5, 117.0, 116.9, 116.2, 112.5, 57 .4, 56.5, 24.7. gHNMR
(400 MHz, MeOD-d,, maleic acid as reference): purity = 95%. HRMS (ESI+): m/z calculated
448.1867 for Cst26N305+, found: 448.1864 ([M+H]+).

(E)-3-((3-((4'-Methoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (6). Preparation according to general procedure C using ethyl (E)-3-((3-
((4'-methoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (52,
64 mg, 0.144 mmol, 1.00 eq) and lithium hydroxide (17.2 mg, 0.720 mmol, 5.00 eq) to yield
compound 6 as an orange solid (46 mg, 77%). Rs = 0.26 (3:1 CH:EA+1% FA). 'H NMR (500
MHz, MeOD-ds): 6 8.22 (t, J = 2.0 Hz, 1H), 8.12 (t, J= 1.9 Hz, 1H), 7.88 — 7.79 (m, 1H), 7.78
—7.67 (m, 3H), 7.67 — 7.63 (m, 2H), 7.59 (t, J = 7.8 Hz, 1H), 7.52 (t, J = 8.0 Hz, 1H), 7.08 —
7.00 (m, 2H), 3.85 (s, 3H), 1.56 (s, 6H). 3C NMR (126 MHz, MeOD-d,): 5 175.9, 172.6, 159.8,
153.0, 153.0, 142.0, 139.3, 132.5, 129.3, 129.0, 129.0, 127.7, 123.3, 120.6, 120.5, 119.2,
114.4, 114.0, 54.4, 50.7, 22.5. qHNMR (400 MHz, MeOD-ds4, maleic acid as reference): purity
= 96%. HRMS (ESI+): m/z calculated 418.1761 for C24H24N304*, found 418.1757 ([M + H]").

(E)-2,2-Dimethyl-3-((3-((4'-methyl-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-3-
oxopropanoic acid (7). Preparation according to general procedure C using ethyl (E)-2,2-
dimethyl-3-((3-((4'-methyl-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-3-oxopropanoate (53,
64 mg, 0.149 mmol, 1.00 eq) and lithium hydroxide (17.8 mg, 0.745 mmol, 5.00 eq) to yield
compound 7 as an orange solid (51 mg, 85%). Rs = 0.31 (3:1 CH:EA+1% FA). 'H NMR (500
MHz, MeOD-ds): 6 8.22 (t, J = 2.0 Hz, 1H), 8.14 (t, J = 1.9 Hz, 1H), 7.92 — 7.83 (m, 1H), 7.80
—7.67 (m, 3H), 7.64 — 7.57 (m, 3H), 7.52 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 7.8 Hz, 2H), 2.40 (s,
3H), 1.56 (s, 6H). *C NMR (126 MHz, MeOD-d.): & 175.9, 172.6, 153.0, 152.9, 142.2, 139.3,
137.5,137.2,129.3, 129.3, 129.2, 129.0, 126.5, 123.4, 120.92 120.7, 119.2, 114.4, 50.7, 22.5,
19.7. gHNMR (400 MHz, MeOD-d., maleic acid as reference): purity = 100%. HRMS (ESI+):
m/z calculated 402.1812 for C24H24N303", found 402.1808 ([M+H]").

(E)-3-((3-((4'-Chloro-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (8). Preparation according to general procedure C using ethyl (E)-3-((3-
((4'-chloro-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (44, 21
mg, 0.047 mmol, 1.00 eq) and lithium hydroxide (5.59 mg, 0.233 mmol, 5.00 eq) to yield
compound 8 as an orange solid (8 mg, 41%). Rf = 0.36 (3:1 CH:EA+1% FA). "H NMR (500
MHz, MeOD-d,) 6 8.22 (t, J = 2.0 Hz, 1H), 8.13 (t, J= 1.9 Hz, 1H), 7.92 - 7.86 (m, 1H), 7.79 —
7.75 (m, 1H), 7.73 — 7.67 (m, 4H), 7.62 (t, J = 7.8 Hz, 1H), 7.53 — 7.45 (m, 3H), 1.55 (s, 6H).
3C NMR (126 MHz, MeOD-d4): & 178.6, 174.6, 154.4, 154.3, 142.3, 140.7, 140.2, 135.0,
130.9, 130.7, 130.4, 130.1, 129.6, 124.7, 123.0, 122.2, 120.6, 115.7, 52.3, 24.3. gHNMR (400
MHz, MeOD-d;, maleic acid as reference): purity = 98%. HRMS (ESI+): m/z calculated
422.1266 for C23H20CIN3O3", found 422.1263 ([M+H]").

(E)-2,2-Dimethyl-3-ox0-3-((3-((4'-(trifluoromethyl)-[1,1'-biphenyl]-3-

yl)diazenyl)phenyl)amino)propanoic acid (9). Preparation according to general procedure
C using ethyl (E)-2,2-dimethyl-3-ox0-3-((3-((4'-(trifluoromethyl)-[1,1'-biphenyl]-3-
yhdiazenyl)phenyl)amino)propanoate (45, 105 mg, 0.217 mmol, 1.00 eq) and lithium hydroxide
(26.0 mg, 1.08 mmol, 5.00 eq) to yield compound 9 as an orange solid (85 mg, 86%). Rf=0.39
(3:1 CH:EA+1% FA). '"H NMR (400 MHz, MeOD-ds): & 8.25 — 8.21 (m, 1H), 8.21 — 8.17 (m,
1H), 7.96 — 7.92 (m, 1H), 7.89 (d, J = 8.0 Hz, 2H), 7.85 — 7.80 (m, 1H), 7.77 (d, J = 8.2 Hz,
2H), 7.74 - 7.62 (m, 3H), 7.50 (t, J = 8.0 Hz, 1H), 1.55 (s, 6H). *C NMR (126 MHz, MeOD-d.):
0 178.2,174.3,154.2, 154 .1, 145.1, 141.8, 140.6, 130.9, 130.8, 130.6 (q, J = 32.3 Hz), 130.3,
128.6, 126.8 (q, J = 4.0 Hz), 125.3 (q, J = 270.6 Hz), 124.6, 123.4, 122.4, 120.5, 115.6, 52.1,



24.0. gHNMR (400 MHz, MeOD-d4, ethyl 4-(dimethylamino)benzoate as reference): purity =
95%. HRMS (ESI+): m/z calculated 456.1530 for C24H21N3OsF3*, found: 456.1526 ([M+H]*).

(E)-2,2-Dimethyl-3-ox0-3-((3-((3'-(trifluoromethyl)-[1,1'-biphenyl]-3

yl)diazenyl)phenyl)amino)propanoic acid (10). Preparation according to general procedure
C using ethyl (E)-2,2-dimethyl-3-ox0-3-((3-((3'-(trifluoromethyl)-[1,1'-biphenyl]-3-
yhdiazenyl)phenyl)amino)propanoate (46, 130 mg, 0.27 mmol, 1.00 eq) and lithium hydroxide
(32.2 mg, 1.35 mmol, 5.00 eq) to yield compound 10 as a yellow solid (79 mg, 65%). Rs= 0.28
(3:1 CH:EA+1% FA). '"H NMR (400 MHz, MeOD-ds): & 8.24 — 8.21 (m, 1H), 8.18 — 8.12 (m,
1H), 7.98 — 7.91 (m, 3H), 7.83 — 7.79 (m, 1H), 7.73 — 7.63 (m, 5H), 7.49 (t, J = 8.0 Hz, 1H),
1.54 (s, 6H). *C NMR (101 MHz, MeOD-d.): 8 179.7, 175.1, 154.4, 154.3, 142.6, 142.0, 140.7,
132.4 (q, J = 32.4 Hz), 131.9, 131.9, 131.1, 131.0, 130.9, 125.5 (q, J = 4.0 Hz), 124.7, 124.6
(d, J=3.8 Hz), 124.3 (q, J = 271.8 Hz), 123.4, 122.4, 120.6, 115.6, 52.4, 24.5. gHNMR (400
MHz, MeOD-ds, ethyl 4-(dimethylamino)benzoate as reference): purity = 96%. HRMS (ESI+):
m/z calculated 456.1530 for C24H21F303N3", found: 456.1527 ([M+H]").

(E)-3-((3-((3",4'-Bis(trifluoromethyl)-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-
dimethyl-3-oxopropanoic acid (11). Preparation according to general procedure C using
ethyl (E)-3-((3-((3',4'-bis(trifluoromethyl)-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-
dimethyl-3-oxopropanoate (47, 100 mg, 0.181 mmol, 1.00 eq) and lithium hydroxide (21.7 mg,
0.905 mmol, 5.00 eq) to yield compound 11 as a yellow solid (71 mg, 75%). Rs = 0.29 (3:1
CH:EA+1% FA). '"H NMR (400 MHz, MeOD-d.): & 8.24 — 8.22 (m, 1H), 8.21 — 8.13 (m, 3H),
8.05 (d, J=8.2 Hz, 1H), 8.00 — 7.96 (m, 1H), 7.89 — 7.84 (m, 1H), 7.73 — 7.66 (m, 3H), 7.49 (t,
J = 8.0 Hz, 1H), 1.55 (s, 6H). 3C NMR (126 MHz, MeOD-d.): & 179.0, 174.7, 166.1, 154.4,
154.2, 146.0, 140.8, 140.3, 132.2, 131.4, 131.0, 130.5, 130.1 (9, J= 5.9 Hz), 129.5 (q, J=31.2
Hz), 127.8 (q, J = 34.3 Hz), 127.5 (q, J= 5.9 Hz), 124.8, 124.3, 122.7, 121.4 (d, J = 256.2 Hz),
120.7, 115.7, 52.3, 24.4. gHNMR (400 MHz, MeOD-d.:, ethyl 4-(dimethylamino)benzoate as
reference): purity = 95%. HRMS (ESI+): m/z calculated 524.1403 for CasH20FsN3O3*, found
524.1399 ([M+H]").

(E)-2,2-Dimethyl-3-((3-((3-(naphthalen-2-yl)phenyl)diazenyl)phenyl)amino)-3-
oxopropanoic acid (12). Preparation according to general procedure C using ethyl (E)-2,2-
dimethyl-3-((3-((3-(naphthalen-2-yl)phenyl)diazenyl)phenyl)amino)-3-oxopropanoate (48, 80
mg, 0.172 mmol, 1.00 eq) and lithium hydroxide (20.6 mg, 0.860 mmol, 5.00 eq) to yield
compound 12 as an orange solid (48 mg, 64%). R 0.31 (3:1 CH:EA+1% FA). '"H NMR (400
MHz, MeOD-ds): 6 8.28 (t, J = 1.8 Hz, 1H), 8.24 (t, J = 2.0 Hz, 1H), 8.21 — 8.16 (m, 1H), 8.00
—7.82 (m, 6H), 7.76 — 7.64 (m, 3H), 7.54 — 7.48 (m, 3H), 1.55 (s, 6H). 3C NMR (126 MHz,
MeOD-d,): & 178.0, 173.5, 153.0, 152.9, 142.1, 139.7, 137.4, 133.8, 133.0, 129.7, 129.5,
129.1,128.4,128.0, 127.3, 126.1, 125.9, 125.5, 124.8, 123.2, 121.4,121.2, 119.2, 114.2, 51.0,
23.0. gHNMR (400 MHz, MeOD-ds4, maleic acid as reference): purity = 96%. HRMS (ESI+):
m/z calculated 438.1812 for C27H24N303", found 438.1810 ([M+H]").

(E)-3-((3-((9,9-Dimethyl-9H-fluoren-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-

oxopropanoic acid (13). Preparation according to general procedure C using ethyl (E)-3-((3-
((9,9-dimethyl-9H-fluoren-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (55,
274.0 mg, 0.602 mmol, 1.00 eq) and lithium hydroxide (72.1 mg, 3.01 mmol, 5.00 eq) to yield
compound 7 as an orange solid (261 mg, 99%). R = 0.26 (3:1 CH:EA+1% FA). '"H NMR (500
MHz, MeOD-d;): 6 8.30 — 8.28 (m, 1H), 8.25 (t, J = 2.0 Hz, 1H), 7.96 — 7.91 (m, 1H), 7.90 —
7.86 (m, 1H), 7.77 - 7.74 (m, 1H), 7.73 — 7.65 (m, 2H), 7.54 (t, J= 8.0 Hz, 2H), 7.42 - 7.35 (m,
2H), 1.59 (s, 6H), 1.55 (s, 6H). *C NMR (126 MHz, MeOD-ds) & 175.9, 173.8, 157.0, 153.8,
153.1, 152.4, 140.4, 139.3, 138.2, 129.0, 127.7, 127.0, 123.4, 123.2, 123.0, 122.4, 120.0,
119.2, 114.4, 112.6, 50.7, 46.6, 26.0, 22.6. qHNMR (400 MHz, MeOD-d4, maleic acid as



reference) purity = 97%. HRMS (ESI+): m/z calculated 428.1969 for CasH26N3Os*, found
428.1964 ([M+H]").

Precusors

3',4’-Dimethoxy-[1,1'-biphenyl]-3-carbaldehyde (16). Preparation according to general
procedure A using 3,4-dimethoxyphenylboronic acid (15, 1180 mg, 6.49 mmol, 1.00 eq), m-
bromo-benzaldehyde (14, 1000 mg, 5.41 mmol, 1.00 eq), XPhos Pd G2 (425.3 mg, 0.54 mmol,
0.10 eq) and tribasic potassium phosphate (3442 mg, 16.22 mmol, 3.0 eq) to yield compound
16 as a brown oil (1081 mg, 83%). Ri = 0.38 (3:1 CH:EA)."H NMR (400 MHz, acetone-ds): &
7.80-7.77 (m, 1H), 7.77 —=7.71 (m, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.38 — 7.33 (m, 1H), 7.30 —
7.26 (m, 1H), 7.25-7.20 (m, 1H), 7.05 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H), 3.85 (s, 3H). "*C NMR
(101 MHz, CDCls): 6 192.2, 149.2, 149.0, 141.8, 136.7, 132.6, 132.4, 129.3, 128.3, 127 4,
119.4, 111.4, 110.1, 55.9, 55.8. MS (ASAP+): m/z 242.7 ([M+H]").

3,4-Dimethoxy-3'-vinyl-1,1'-biphenyl (17). Methyltriphenylphosphonium bromide (3930 mg,
11.00 mmol, 2.50 eq) was dissolved in tetrahydrofuran (THF, 20 mL) in a three-necked round
bottom flask purged with nitrogen. Potassium tert-butoxide (1234 mg, 11.00 mmol, 2.50 eq)
was added in portions to the solution at 0°C, and the mixture was stirred for 15 min at room
temperature. Then 3',4'-dimethoxy-[1,1'-biphenyl]-3-carbaldehyde (16, 1075 mg, 4.44 mmol,
1.00 eq) dissolved in THF (10 mL) was added to the solution at 0°C. The resulting mixture was
allowed to reach room temperature and stirred continuously overnight. The mixture was filtered
through Celite 545 and the solvent was removed under reduced pressure. The crude product
was dissolved in 2 N aqueous HCI and the aqueous mixture was extracted with EA three times.
The organic layers were combined, dried over MgSOQy, filtered and concentrated. The crude
product was purified by CC using a gradient of CH:EA (4:1 to 3:1) to give 17 as a yellow oil
(998 mg, 94%). Rr= 0.51 (3:1 CH:EA). '"H NMR (400 MHz, acetone-ds): 8 7.71 — 7.70 (m, 1H),
7.55 -7.51 (m, 1H), 7.43 — 7.35 (m, 2H), 7.26 (d, J = 2.2 Hz, 1H), 7.21 (dd, J = 8.3, 2.1 Hz,
1H), 7.03 (d, J = 8.3 Hz, 1H), 6.83 (dd, J= 17.5, 11.1 Hz, 1H), 5.94 — 5.85 (m, 1H), 5.31 - 5.24
(m, 1H), 3.90 (s, 3H), 3.85 (s, 3H). '*C NMR (101 MHz, acetone-ds): d 150.7, 150.2, 142.2,
139.0, 137.9, 134.5, 129.8, 127.1, 125.5, 125.3, 120.1, 114.4, 113.1, 111.8, 56.2, 56.2. MS
(ASAP+): m/z 240.7 ([M+H]*).

Ethyl 3-((3-iodophenyl)amino)-2,2-dimethyl-3-oxopropanoate (20). 3-Ethoxy-2,2-dimethyl-
3-oxopropanoic acid (19, 0.454 mL, 3.19 mmol, 1.20 eq) and 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU,1214 mg, 3.19 mmol,
1.20 eq) were dissolved in DMF (10 mL). Ethyldiisopropylamine (DIPEA, 413 mg, 3.19 mmol,
1.20 eq) was added and the mixture was stirred at room temperature for 40 min. 3-lodoaniline
(18, 594 mg, 2.36 mmol, 1.00 eq) was then added and the mixture was stirred at room
temperature overnight. The solvent was then removed under reduced pressure, the residue
was dissolved in EA and washed with 2 N aqueous HCI and 2 N aqueous NaOH solution. The
combined organic layers were dried over MgSQ,, the solvent evaporated under reduced
pressure and the crude product was purified by CC using a gradient CH:EA (3:1 to 0:1) to give
20 as a yellow oil (908 mg, 95%). Rs = 0.46 (1:2 CH:EA+1% triethylamine (TAE)). '"H NMR (400
MHz, CDClz): 6 8.77 (s, 1H), 8.00 — 7.96 (m, 1H), 7.50 — 7.46 (m, 1H), 7.45 — 7.42 (m, 1H),
7.03 (t, J=8.0 Hz, 1H), 4.24 (q, J = 7.2 Hz, 2H), 1.54 (s, 6H), 1.31 (t, J = 7.2 Hz, 3H). "*C NMR
(101 MHz, CDCls): 6 175.8, 170.0, 139.1, 133.5, 130.6, 128.8, 119.2, 94.3, 62.3, 50.5, 24.1,
14.1. MS (ASAP+): m/z 361.4 ([M]*).

Ethyl (E)-3-((3-(2-(3',4'-dimethoxy-[1,1'-biphenyl]-3-yl)vinyl)phenyl)amino)-2,2-dimethyl-
3-oxopropanoate (21). Ethyl 3-((3-iodophenyl)amino)-2,2-dimethyl-3-oxopropanoate (20, 908
mg, 2.51 mmol, 1.00 eq), 3,4-dimethoxy-3'-vinyl-1,1'-biphenyl (17, 724 mg, 3.01 mmol, 1.20
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eq), tribasic potassium phosphate (746 mg, 3.51 mmol, 1.40 eq) and palladium(ll)acetate (28.2
mg, 0.125 mmol, 0.05 equiv.) were dissolved in DMA (10 mL) in an oven dried round bottom
flask purged with nitrogen and refluxed overnight. The mixture was then filtered through Celite
545 and the solvent was removed under reduced pressure. The crude was dissolved in EA
and washed with 2 N aqueous NaOH solution. The organic layer was dried over MgSQs, the
solvent was removed under reduced pressure and the crude product was purified by CC using
a gradient of CH:EA (2:1 to 1:2) to give 21 as a yellow oil (502 mg, 42%). Ri= 0.18 (5:1 CH:EA).
"H NMR (400 MHz, acetone-ds): & 8.86 (s, 1H), 8.00 — 7.96 (m, 1H), 7.92 — 7.86 (m, 1H), 7.59
—-7.52(m,3H), 743 (t, J=7.7 Hz, 1H), 7.37 — 7.29 (m, 5H), 7.27 — 7.24 (m, 1H), 7.05 (d, J =
8.4 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 3.92 (s, 3H), 3.86 (s, 3H), 1.54 (s, 6H), 1.24 (t, J = 7.1
Hz, 3H). *C NMR (101 MHz, acetone-ds): & 174.4, 171.2, 150.7, 150.3, 142.3, 140.4, 138.9,
138.8, 134.5, 130.0, 129.8, 129.7, 129.6, 126.9, 125.9, 125.7, 123.0, 120.3, 120.1, 118.9,
113.1, 111.8, 61.8, 56.2, 56.2, 51.8, 23.7, 14.4. MS (ASAP+): m/z 473.2 ([M]*).

Ethyl 3-((3-((tert-butoxycarbonyl)amino)phenyl)amino)-2,2-dimethyl-3-oxopropanoate
(23). 3-Ethoxy-2,2-dimethyl-3-oxopropanoic acid (19, 0.369 mL, 2.59 mmol, 1.20 eq) and 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU, 986 mg, 2.59 mmol, 1.20 eq) were dissolved in DMF (5 mL).
Ethyldiisopropylamine (DIPEA, 335 mg, 2.59 mmol, 1.20 eq) was added and the mixture was
stirred at room temperature for 40 min. N-BOC-m-phenylenediamine (22, 450 mg, 2.16 mmol,
1.00 eq) was then added and the mixture was stirred at room temperature overnight. The
solvent was removed under reduced pressure, the residue was dissolved in EA and washed
with 2 N aqueous HCI and 2 N aqueous NaOH solution. The combined organic layers were
dried over MgSQs, concentrated under reduced pressure and the crude product was purified
by CC using a gradient CH:EA (3:1 to 0:1) to give 20 as a colorless solid (643 mg, 85%). R =
0.41 (3:1 CH:EA). "H NMR (400 MHz, CDCls): 6 8.53 (s, 1H), 7.72 — 7.66 (m, 1H), 7.25 - 7.18
(m, 2H), 7.10 — 7.04 (m, 1H), 6.50 (s, 1H), 4.23 (q, J = 7.2 Hz, 2H), 1.54 (s, 6H), 1.51 (s, 9H),
1.30 (t, J = 7.1 Hz, 3H). C NMR (101 MHz, CDCls): & 175.5, 169.9, 152.8, 139.1, 138.7,
129.6, 114.6, 114.4, 110.0, 80.8, 62.1, 50.6, 28.5, 27.1, 24.0, 14.2. MS (ASAP+): m/z 350.7
([M+H]™).

Ethyl 3-((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24). Ethyl-3-((3-((tert-
butoxycarbonyl)amino)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (23, 635 mg, 1.81 mmol,
1.00 eq) was dissolved in chloroform (5 mL) and trifluoroacetic acid (TFA, 1.39 mL, 18.1 mmol,
10 eq) was added to the solution. The mixture was stirred overnight at room temperature. The
solvents were then removed under reduced pressure, the crude product was dissolved in EA
and washed with 2 N aqueous NaOH solution. The organic layer was dried over MgSO4 and
concentrated and the crude product was purified by CC using a gradient of CH:EA+1% of TAE
(2:1 to 1:2) to give 24 as a yellow oil (363 mg, 80% yield). Rr = 0.46 (1:2 CH:EA+1% TAE). 'H
NMR (400 MHz, CDCls): 6 8.46 (s, 1H), 7.17 (t, J = 2.2 Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 6.75
—6.64 (m, 1H), 6.48 — 6.38 (m, 1H), 4.23 (q, J = 0.7 Hz, 2H), 3.69 (s, 2H), 1.54 (s, 6H), 1.30
(t, J = 0.7 Hz, 3H). *C NMR (101 MHz, CDCls): & 175.6, 169.8, 147.4, 139.0, 129.8, 111.2,
109.9, 106.7, 62.1, 50.6, 24.0, 14.2. MS (ASAP+): m/z 250.6 ([M+H]").

3',4'-Dimethoxy-[1,1'-biphenyl]-3-amine (33). Preparation according to general procedure A
using 3,4-dimethoxyphenylboronic acid (28, 240 mg, 1.32 mmol, 1.20 eq), 3-bromoaniline (26,
190 mg, 1.10 mmol, 1.00 eq), XPhos Pd G, (425.3 mg, 0.54 mmol, 0.10 eq) and tribasic
potassium phosphate (3442 mg, 16.22 mmol, 3.0 eq) to yield compound 33 as a yellow oil (110
mg, 44%). R = 0.33 (3:1 CH:EA). "H NMR (400 MHz, acetone-ds): 8 7.16 — 7.14 (m, 3H), 7.00
—6.96 (m, 1H), 6.92 (t, J = 2.0 Hz, 1H), 6.86 — 6.80 (m, 1H), 6.64 — 6.58 (m, 1H), 4.65 (s, 2H),
3.87 (s, 3H), 3.83 (s, 3H). *C NMR (101 MHz, acetone-ds): & 150.8, 150.7, 143.2, 132.8, 130.8,
128.0, 123.2,123.1, 120.2, 119.3, 113.1, 111.7, 56.3, 56.2. MS (ASAP+): m/z 229.8 ([M+H]"™).
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3',4’-Dimethoxy-[1,1'-biphenyl]-2-amine (34). Preparation according to general procedure A
using 3,4-dimethoxyphenylboronic acid (28, 793 mg, 4.36 mmol, 1.00 eq), 2-bromoaniline (27,
900 mg, 5.23 mmol, 1.20 eq), XPhos Pd G2 (429 mg, 0.545 mmol, 0.125 eq) and tribasic
potassium phosphate (2776 mg, 13.10 mmol, 3.00 eq) to yield compound 34 as a yellow oil
(455 mg, 46%). Rf = 0.24 (3:1 CH:EA ). '"H NMR (400 MHz, MeOD-d,): 6 7.11 — 7.01 (m, 3H),
7.00 — 6.98 (m, 1H), 6.99 — 6.92 (m, 1H), 6.85 - 6.78 (m, 1H), 6.78 — 6.70 (m, 1H), 3.87 (s,
3H), 3.85 (s, 3H). *C NMR (101 MHz, MeOD-d.): & 149.2, 148.3, 143.9, 132.7, 129.8, 127.8,
127.7,121.2, 118.2, 115.7, 112.6, 111.9, 55.1, 55.1. MS (ASAP+): m/z 229.7 ([M+H]").

3',4’-Dimethoxy-[1,1'-biphenyl]-4-amine (35). Preparation according to general procedure A
using 3,4-dimethoxyphenylboronic acid (28, 793 mg, 4.36 mmol, 1.00 eq), 4-bromoaniline (25,
900 mg, 5.23 mmol, 1.20 eq), XPhos Pd G (429 mg, 0.545 mmol, 0.125 eq) and tribasic
potassium phosphate (2776 mg, 13.10 mmol, 3.00 eq) to yield compound 35 as a yellow oil
(520 mg, 52%). R = 0.15 (2:1 CH:EA). 'H NMR (400 MHz, MeOD-d.): 5 7.37 — 7.30 (m, 2H),
712 -7.03 (m, 2H), 6.96 (d, J = 8.3 Hz, 1H), 6.81 — 6.74 (m, 2H), 3.88 (s, 3H), 3.84 (s, 3H).
3C NMR (101 MHz, MeOD-d4): & 150.6, 149.2, 147.8, 136.3, 132.3, 128.3, 119.7, 116.9,
113.4, 111.4, 56.6, 56.5. MS (ASAP+): m/z 229.3 ([M]™).

4'-(Trifluoromethyl)-[1,1'-biphenyl]-3-amine (37). Preparation according to general
procedure A using 4-(trifluoromethyl)phenylboronic acid (29, 570 mg, 3.00 mmol, 1.00 eq), 3-
bromoaniline (26, 619 mg, 3.60 mmol, 1.20 eq), XPhos Pd G3 (324 mg, 0.375 mmol, 0.125 eq)
and tribasic potassium phosphate (1910 mg, 9.00 mmol, 3.00 eq) to yield compound 37 as a
yellow oil (675 mg, 95%). Rf = 0.31 (3:1 CH:EA). '"H NMR (500 MHz, acetone-ds): & 7.80 (d, J
= 8.9 Hz, 2H), 7.76 (d, J = 8.9 Hz, 2H), 7.18 (t, J = 7.8 Hz, 1H), 7.04 — 6.99 (m, 1H), 6.94 —
6.90 (m, 1H), 6.76 — 6.72 (m, 1H), 4.80 (s, 2H). *C NMR (126 MHz, acetone-ds): & 150.1,
146.6, 141.0, 130.6, 129.3 (q, J = 32.4 Hz), 128.2, 126.4 (q, J = 3.8 Hz), 125.6 (q, J = 271.1
Hz), 116.4, 115.3, 113.7. MS (ASAP+): m/z 237.6 ([M+H]*).

3'-(Trifluoromethyl)-[1,1'-biphenyl]-3-amine (38). Preparation according to general
procedure A using 3-(trifluoromethyl)phenylboronic acid (30, 460 mg, 2.42 mmol, 1.20 eq), 3-
bromoaniline (26, 344 mg, 2.00 mmol, 1.00 eq), XPhos Pd Gs (216 mg, 0.25 mmol, 0.25 eq)
and tribasic potassium phosphate (1274 mg, 6.00 mmol, 3.00 eq) to yield compound 38 as a
yellow oil (444 mg, 94%). Rr= 0.53 (4:1 CH:EA). "H NMR (500 MHz, acetone-ds): 5 7.92 — 7.83
(m, 2H), 7.73-7.61 (m, 2H), 7.18 (t, J = 7.8 Hz, 1H), 7.03 — 7.00 (m, 1H), 6.94 — 6.90 (m, 1H),
6.77 — 6.69 (m, 1H), 4.80 (s, 2H). *C NMR (126 MHz, acetone-ds): & 150.1, 143.7, 141.0,
131.4, 131.3 (q, J = 31.6 Hz), 130.6, 130.5, 126.5 (q, J = 271.3 Hz), 124.5 (q, J = 4.0 Hz),
124.1 (q, J = 4.0 Hz), 116.2, 115.1, 113.6. MS (ASAP+): m/z 237.4 ([M]*).

3’,4’-Bis(trifluoromethyl)-[1,1'-biphenyl]-3-amine (39). Preparation according to general
procedure A using 3'4’-bis(trifluoromethyl)phenylboronic acid (31, 901 mg, 2.60 mmol, 1.00
eq), 3-bromoaniline (26, 537 mg, 3.12 mmol, 1.20 eq), XPhos Pd G3 (280 mg, 0.325 mmol,
0.125 eq) and tribasic potassium phosphate (2776 mg, 13.10 mmol, 3.00 eq) to yield
compound 39 as a yellow oil (718 mg, 91%). R = 0.31 (3:1 CH:EA). '"H NMR (500 MHz,
acetone-de): 8 8.13 (s, 1H), 8.11 —=8.02 (m, 2H), 7.22 (t, J = 7.8 Hz, 1H), 7.11 = 7.07 (m, 1H),
7.02 — 6.97 (m, 1H), 6.83 — 6.78 (m, 1H), 4.89 (s, 2H). *C NMR (126 MHz, acetone-ds): &
150.3, 147.2, 139.4, 131.6, 130.8, 129.7 (q, J = 5.9 Hz), 128.5 (d, J = 30.6 Hz), 127.0 (q, J =
6.1 Hz), 126.2 (d, J = 32.0 Hz), 124.2 (d, J = 274.1 Hz), 124.1 (d, J = 271.9 Hz), 116.4, 116.0,
113.6. MS (ASAP+): m/z 305.6 ([M+H]*).

3-(Naphthalen-2-yl)aniline (40). Preparation according to general procedure A using 2-

naphthaleneboronic acid (32, 1033 mg, 6.00 mmol, 1.00 eq), 3-bromoaniline (26, 1032 mg,

6.00 mmol, 1.00 eq), XPhos Pd Gz (647 mg, 0.75 mmol, 0.25 eq) and with tribasic potassium

phosphate (3821 mg, 18.00 mmol, 3.00 eq) to yield compound 40 as a brown solid (6945 mg,

72%). Ri = 0.46 (3:1 CH:EA). '"H NMR (400 MHz, acetone-ds): 5 8.13 — 8.06 (m, 1H), 8.00 —
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7.89 (m, 3H), 7.77 (dd, J = 8.5, 1.9 Hz, 1H), 7.56 — 7.44 (m, 3H), 7.18 (t, J = 7.8 Hz, 1H), 7.10
(t, J = 2.1 Hz, 1H), 7.04 — 6.99 (m, 1H), 6.75 — 6.68 (m, 1H), 4.75 (s, 2H). 13C NMR (101 MHz,
acetone-ds): 5 149.9, 142.5, 140.0, 134.8, 133.6, 130.4, 129.1, 129.0, 128.4, 127.1, 126.6,
126.3, 126.0, 116.6, 114.5, 114.0. MS (ASAP+): m/z 219.7 (IM+H]").

Ethyl (E)-3-((3-((3",4'-dimethoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-
dimethyl-3-oxopropanoate (41). Preparation according to general procedure B using ethyl 3-
((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 116 mg, 0.462 mmol, 1.00 eq)
and OXONE® (861 mg, 2.60 mmol, 6.00 eq) for forming the nitrosoarene intermediate and
3',4'-dimethoxy-[1,1'-biphenyl]-3-amine (33, 322 mg, 1.40 mmol, 3.00 eq) to yield compound
41 as a yellow solid (45 mg, 21%). Rr = 0.61 (2:1 CH:EA). '"H NMR (400 MHz, acetone-ds): &
9.10 (s, 1H), 8.38 — 8.30 (m, 1H), 8.21 — 8.15 (m, 1H), 7.90 — 7.80 (m, 3H), 7.75 — 7.68 (m,
1H), 7.64 (t, J=7.8 Hz, 1H), 7.54 (t, J = 8.1 Hz, 1H), 7.38 — 7.35 (m, 1H), 7.34 — 7.29 (m, 1H),
7.09 (d, J=8.2 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 3.88 (s, 3H), 1.56 (s, 6H), 1.24
(t, J=7.1Hz, 3H). *C NMR (101 MHz, acetone-ds): 8 174.2, 171.5, 154.0, 153.8, 150.8, 150.6,
143.1, 1411, 133.7, 130.6, 130.3, 130.3, 123.7, 122.2, 121.2, 120.2, 120.0, 114.3, 113.2,
111.8, 61.8, 56.3, 56.2, 51.9, 23.7, 14.4. MS (ASAP+): m/z 475.7 ([M+H]").

Ethyl (E)-3-((3-((3",4'-dimethoxy-[1,1'-biphenyl]-4-yl)diazenyl)phenyl)amino)-2,2-
dimethyl-3-oxopropanoate (42). Preparation according to general procedure B using ethyl 3-
((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 284 mg, 1.14 mmol, 1.00 eq) and
OXONE® (2093 mg, 6.81 mmol, 6.00 eq) for forming the nitrosoarene intermediate and 3',4'-
dimethoxy-[1,1'-biphenyl]-4-amine (35, 520 mg, 2.27 mmol, 2.00 eq) to yield compound 42 as
a yellow solid (28 mg, 5%). Rr = 0.33 (2:1 CH:EA). '"H NMR (500 MHz, acetone-ds): d 9.09 (s,
1H), 8.34 — 8.29 (m, 1H), 7.99 (d, J = 8.7 Hz, 2H), 7.91 — 7.86 (m, 2H), 7.86 — 7.82 (m, 1H),
7.72-7.67 (m, 1H), 7.53 (t, J = 8.0 Hz, 1H), 7.38 — 7.36 (m, 1H), 7.36 — 7.30 (m, 1H), 7.09 (d,
J=8.4 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 3.88 (s, 3H),1.56 (s, 6H), 1.24 (t, J= 7.1
Hz, 3H). *C NMR (126 MHz, acetone-ds): & 174.2, 171.5, 153.9, 152.1, 150.8, 150.8, 144.7,
141.1, 133.3, 130.3, 128.2, 124.2, 123.5, 120.4, 119.9, 114.2, 113.1, 111.7, 61.8, 56.2, 56.2,
51.9, 23.7, 14.4. MS (ASAP+): m/z 475.5 ([M]").

Ethyl (E)-3-((3-((3',4'-dimethoxy-[1,1'-biphenyl]-2-yl)diazenyl)phenyl)amino)-2,2-
dimethyl-3-oxopropanoate (43). Preparation according to general procedure B using ethyl 3-
((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 243 mg, 0.97 mmol, 1.00 eq) and
OXONE® (1789 mg, 5.82 mmol, 6.00 eq) for forming the nitrosoarene intermediate and 3',4'-
dimethoxy-[1,1'-biphenyl]-2-amine (34, 445 mg, 1.94 mmol, 2.00 eq) to yield compound 43 as
a yellow solid (16 mg, 4%). R¢ = 0.35 (2:1 CH:EA). '"H NMR (500 MHz, acetone-ds): & 9.05 (s,
1H), 8.21 — 8.15 (m, 1H), 7.58 — 7.54 (m, 2H), 7.50 — 7.45 (m, 2H), 7.44 — 7.39 (m, 2H), 7.16
—7.12(m, 4H), 4.18 (q, J= 7.0 Hz, 2H), 3.88 (s, 3H), 3.83 (s, 3H), 1.53 (s, 6H), 1.22 (t, J= 7.1
Hz, 3H). *C NMR (126 MHz, acetone-ds): & 174.2, 171.4, 150.8, 150.6, 150.2, 149.7, 149.6,
142.1,134.9,132.4,131.9, 131.7,130.2, 124.4, 123.5, 119.1, 116.8, 115.8, 115.7, 112.3, 61.8,
56.2, 56.1, 23.6, 23.6, 14.4. MS (ASAP+): m/z 475.5 ([M+H]™).

Ethyl (E)-3-((3-((4'-chloro-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoate (44). Preparation according to general procedure B using ethyl 3-((3-
aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 596 mg, 2.38 mmol, 2.00 eq) and
OXONE® (2195 mg, 7.14 mmol, 6.00 eq) for forming the nitrosoarene intermediate and 4'-
chloro-[1,1'-biphenyl]-4-amine (36, 286 mg, 1.19 mmol, 1.00 eq) to yield compound 44 as an
orange solid (21 mg, 4%). R; = 0.68 (3:1 CH:EA). '"H NMR (500 MHz, acetone-ds): & 9.10 (s,
1H), 8.36 (t, J= 2.0 Hz, 1H), 8.19 (t, J = 1.9 Hz, 1H), 7.97 — 7.91 (m, 1H), 7.88 — 7.79 (m, 3H),
7.74 — 7.66 (m, 2H), 7.56 — 7.50 (m, 3H), 4.22 — 4.16 (m, 2H), 1.56 (s, 6H), 1.27 — 1.21 (m,
3H). 3C NMR (126 MHz, acetone-ds): 6 173.3, 170.6, 153.1, 152.9, 140.9, 140.2, 138.8, 133.5,
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130.0, 129.6, 129.4, 129.1, 128.7, 122.9, 121.8, 121.1, 119.0, 113.6, 61.0, 51.0, 22.8, 13.5.
MS (ASAP+): m/z 449.5 ([M+H]").

Ethyl (E)-2,2-dimethyl-3-ox0-3-((3-((4'-(trifluoromethyl)-[1,1'-biphenyl]-3-
yl)diazenyl)phenyl)amino)propanoate (45). Preparation according to general procedure B
using ethyl 3-((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 535 mg, 2.14 mmol,
1.00 eq) and OXONE® (2628 mg, 8.55 mmol, 6.00 eq) for forming the nitrosoarene
intermediate and 4'-(trifluoromethyl)-[1,1'-biphenyl]-4-amine (37, 675 mg, 2.85 mmol, 2.00 eq)
to yield compound 45 as a yellow solid (115 mg, 11%). Ri = 0.47 (4:1 CH:EA). 'H NMR (400
MHz, acetone-ds): 6 9.11 (s, 1H), 8.37 (t, J= 2.0 Hz, 1H), 8.27 (t, J = 1.7 Hz, 1H), 8.06 — 7.97
(m, 3H), 7.97 —=7.92 (m, 1H), 7.90 — 7.82 (m, 3H), 7.77 - 7.71 (m, 2H), 7.55 (t, J = 8.0 Hz, 1H),
4.20 (g, J = 7.1 Hz, 2H), 1.56 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, acetone-
ds): 6 174.2, 171.5, 154.0, 153.7, 144.8, 141.5, 141.1, 131.0, 130.8, 130.8 (q, J = 31.8 Hz),
130.3, 128.7, 126.8 (q, J = 4.0 Hz), 125.4 (q, J = 258.8 Hz) 123.8, 123.2, 122.4, 120.0, 114.5,
61.8, 51.9, 23.7, 14.4. MS (ASAP+): m/z 483.1 ([M]*).

Ethyl (E)-2,2-dimethyl-3-ox0-3-((3-((3'-(trifluoromethyl)-[1,1'-biphenyl]-3-
yl)diazenyl)phenyl)amino)propanoate (46). Preparation according to general procedure B
using ethyl 3-((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 440 mg, 1.76 mmol,
1.00 eq) and OXONE® (3242 mg, 10.54 mmol, 6.00 eq) for forming the nitrosoarene
intermediate and 3'-(trifluoromethyl)-[1,1'-biphenyl]-4-amine (38, 834 mg, 3.52 mmol, 2.00 eq)
to yield compound 46 as a yellow solid (140 mg, 17%). Rs = 0.62 (3:1 CH:EA). "H NMR (400
MHz, acetone-ds): 6 9.11 (s, 1H), 8.38 — 8.35 (m, 1H), 8.28 — 8.26 (m, 1H), 8.13 — 8.08 (m,
2H), 8.01 — 7.97 (m, 1H), 7.97 — 7.93 (m, 1H), 7.88 — 7.84 (m, 1H), 7.79 - 7.76 (m, 2H), 7.75
—-7.73(m, 1H), 7.73 - 7.71 (m, 1H), 7.55 (t, J = 8.0 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 1.56 (s,
6H), 1.24 (t, J = 7.1 Hz, 3H). ®C NMR (101 MHz, acetone-ds): & 174.2, 171.5, 154.0, 153.8,
142.0, 141.5, 141.1,131.9 (q, J = 2.5 Hz), 131.4 (q, J = 32.7 Hz), 131.0, 130.9, 130.8, 130.3,
125.4 (q, J=3.9Hz), 125.3 (q, J=271.8 Hz), 124.5 (q, J = 3.8 Hz), 123.8, 123.0, 122.4, 120.0,
114.5, 61.9, 51.9, 23.7, 14.4. MS (ASAP+): m/z 483.1 ([M]™).

Ethyl  (E)-3-((3-((3',4"-bis(trifluoromethyl)-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-
2,2-dimethyl-3-oxopropanoate (47). Preparation according to general procedure B using
ethyl 3-((3-aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 439 mg, 1.76 mmol, 1.00
eq) and OXONE® (2158 mg, 7.92 mmol, 6.00 eq) for forming the nitrosoarene intermediate
and 3',4'-bis-(trifluoromethyl)-[1,1'-biphenyl]-4-amine (39, 715 mg, 2.34 mmol, 2.00 eq) to yield
compound 47 as a yellow solid (109 mg, 11%). R¢ = 0.31 (4:1 CH:EA). '"H NMR (400 MHz,
acetone-de): 6 9.11 (s, 1H), 8.42 — 8.30 (m, 4H), 8.17 (d, J = 8.3 Hz, 1H), 8.07 — 7.99 (m, 2H),
7.87-7.82(m, 1H), 7.79 (t, J= 7.8 Hz, 1H), 7.75 - 7.70 (m, 1H), 7.55 (t, J = 8.0 Hz, 1H), 4.20
(9, J = 7.1 Hz, 2H), 1.56 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, acetone-ds): &
174.2,171.5,154.1, 153.7, 145.6, 141.1, 139.9, 132.2, 131.2, 131.0, 130.3 130.3 — 127.5 (m),
130.0 (q, J=6.1Hz), 128.9 (q, J=32.5Hz), 127.6 (q, J= 5.8 HZz), 127.4 (q, J = 32.7 Hz), 124.3
—121.4 (m), 123.9, 123.7, 122.9, 120.0, 114.5, 61.9, 51.9, 23.7, 14.4. MS (ASAP+): m/z 551.3

([M]™).

Ethyl (E)-2,2-dimethyl-3-((3-((3-(naphthalen-2-yl)phenyl)diazenyl)phenyl)amino)-3-
oxopropanoate (48). Preparation according to general procedure B using ethyl 3-((3-
aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 250 mg, 1.00 mmol, 1.00 eq) and
OXONE® (1789 mg, 5.82 mmol, 6.00 eq) for forming the nitrosoarene intermediate and 3-
(naphthalen-2-yl)aniline (40, 638 mg, 2.91 mmol, 3.00 eq) to yield compound 48 as an orange
solid (80 mg, 18%). R = 0.35 (3:1 CH:EA). 'H NMR (400 MHz, acetone-ds): & 9.11 (s, 1H),
8.38 (t, J= 2.0 Hz, 1H), 8.37 — 8.35 (m, 1H), 8.34 — 8.32 (m, 1H), 8.11 — 7.93 (m, 6H), 7.90 —
7.82 (m, 1H), 7.78 — 7.70 (m, 2H), 7.60 — 7.51 (m, 3H), 4.20 (q, J = 7.1 Hz, 2H), 1.56 (s, 6H),
1.24 (t, J = 7.1 Hz, 3H). ®C NMR (101 MHz, acetone-ds): d 173.4, 170.6, 153.2, 152.9, 142.1,
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140.2, 137.3, 133.9, 133.1, 130.0, 129.9, 129.4, 128.7, 128.4, 127.6, 126.5, 126.3, 125.9,
1251, 122.8, 121.6, 121.4, 119.1, 113.5, 61.0, 51.0, 22.8, 13.5. MS (ASAP+): m/z 465.6
([M+H]™).

Ethyl (E)-3-((3-((3-bromophenyl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate
(49). Preparation according to general procedure B using ethyl 3-((3-aminophenyl)amino)-2,2-
dimethyl-3-oxopropanoate (24, 350 mg, 1.40 mmol, 1.00 eq) and OXONE® (2582 mg, 8.40
mmol, 6.00 eq) for forming the nitrosoarene intermediate and 3-bromoaniline (26, 722 mg, 4.20
mmol, 3.00 eq) to yield compound 49 as an orange solid (350 mg, 60%). Rr=0.32 (3:1 CH:EA).
"H NMR (400 MHz, acetone-ds): 8 9.15 (s, 1H), 8.33 (t, J = 2.0 Hz, 1H), 8.04 (t, J = 1.9 Hz,
1H), 7.98 — 7.93 (m, 1H), 7.89 — 7.81 (m, 1H), 7.77 — 7.67 (m, 2H), 7.61 — 7.51 (m, 2H), 4.19
(9, J = 7.2 Hz, 2H), 1.54 (s, 6H), 1.23 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, acetone-ds): &
173.3, 170.7, 153.6, 152.6, 140.2, 133.8, 131.2, 129.5, 124.0, 123.3, 123.1, 122.7, 119.3,
113.6, 61.0, 51.0, 22.7, 13.5. MS (ASAP+): m/z 417.5 ([M+H]"™).

Ethyl (E)-3-((3-((4'-methoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoate (52). Preparation according to general procedure A using ethyl (E)-3-((3-((3-
bromophenyl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (49, 68.5 mg, 0.164
mmol, 1.00 eq), 4-methoxyphenylboronic acid (51, 25.3 mg, 0.164 mmol, 1.00 eq), XPhos Pd
G2 (12.9 mg, 0.016 mmol, 0.10 eq) and tribasic potassium phosphate (104 mg, 0.492 mmol,
3.0 eq) to yield compound 52 as a brown oil (69 mg, 94%). Ri = 0.47 (3:1 CH:EA). '"H NMR
(400 MHz, acetone-ds): 6 9.09 (s, 1H), 8.34 (t, J = 2.0 Hz, 1H), 8.16 (t, J= 0.5 Hz, 1H), 7.90 —
7.79 (m, 3H), 7.77 - 7.68 (m, 3H), 7.68 — 7.62 (m, 1H), 7.54 (t, J= 8.0 Hz, 1H), 7.11 - 7.04 (m,
2H), 4.20 (q, J = 7.1 Hz, 2H), 3.87 (s, 3H), 1.56 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H). *C NMR (101
MHz, acetone-des): & 174.2, 171.5, 154.0, 153.8, 141.7, 141.1, 139.7, 134.4, 130.9, 130.4,
130.3, 130.0, 129.6, 123.7, 122.7, 122.0, 119.9, 114.5, 61.8, 51.9, 44.3, 23.6, 14.4. MS
(ASAP+): m/z 445.5 ([M+H]*).

Ethyl (E)-2,2-dimethyl-3-((3-((4'-methyl-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-3-
oxopropanoate (53). Preparation according to general procedure A using ethyl (E)-3-((3-((3-
bromophenyl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoate (49, 68.5 mg, 0.164
mmol, 1.00 eq), 4-tolylboronic acid (50, 23.0 mg, 0.164 mmol, 1.00 eq), XPhos Pd G, (12.9
mg, 0.016 mmol, 0.10 eq) and tribasic potassium phosphate (104 mg, 0.492 mmol, 3.0 eq) to
yield compound 53 as a red oil (64 mg, 91%). Rr = 0.51 (3:1 CH:EA). '"H NMR (400 MHz,
acetone-ds): 6 9.10 (s, 1H), 8.34 (t, J = 2.0 Hz, 1H), 8.18 (t, J = 0.5 Hz, 1H), 7.93 — 7.81 (m,
3H), 7.74 - 7.70 (m, 1H), 7.70 — 7.64 (m, 3H), 7.54 (t, J = 8.0 Hz, 1H), 7.37 — 7.31 (m, 2H),
4.19(q, J=7.1 Hz, 2H), 2.40 (s, 3H), 1.56 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz,
acetone-dg): & 173.3, 170.6, 153.1, 152.9, 142.1, 140.2, 137.6, 137.1, 129.8, 129.7, 129.5,
129.4, 126.8, 122.8, 121.1, 121.0, 120.0, 119.0, 113.5, 61.0, 51.0, 22.8, 20.2, 13.5. MS
(ASAP+): m/z 429.5 ([M+H]*).

Ethyl (E)-3-((3-((9,9-dimethyl-9H-fluoren-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoate (55). Preparation according to general procedure B using ethyl 3-((3-
aminophenyl)amino)-2,2-dimethyl-3-oxopropanoate (24, 596 mg, 2.38 mmol, 1.00 eq) and
OXONE® (2195 mg, 7.14 mmol, 6.00 eq) for forming the nitrosoarene intermediate and 9,9-
dimethyl-9H-fluoren-3-amine (54, 722 mg, 4.20 mmol, 3.00 eq) to yield compound 55 as an
orange solid (320 mg, 59%). Rs= 0.45 (3:1 CH:EA). "H NMR (400 MHz, acetone-ds): 6 9.10 (s,
1H), 8.40 — 8.29 (m, 2H), 8.04 — 7.92 (m, 2H), 7.86 — 7.79 (m, 1H), 7.79 — 7.67 (m, 2H), 7.61
—7.49 (m, 2H), 7.45 - 7.35 (m, 2H), 4.20 (q, J = 7.2 Hz, 2H), 1.56 (s, 6H), 1.55 (s, 6H), 1.25
(t, J=7.2 Hz, 3H). *C NMR (126 MHz, acetone-ds) 5 173.4, 170.6, 157.0, 154.0, 153.0, 152.4,
140.5, 140.2, 138.2, 129.4, 128.1, 127.3, 123.4, 123.2, 122.8, 122.5, 120.5, 118.9, 113.5,
113.3, 61.0, 51.0, 46.8, 26.62 22.8, 13.5. MS (ASAP+): m/z 455.6 ([M+H]*).
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gHNMR spectra of 2-13

(E)-3-((3-(2-(3',4'-Dimethoxy-[1,1'-biphenyl]-3-yl)vinyl)phenyl)amino)-2,2-dimethyl-3-

oxopropanoic acid (2):

Average Purity =95.3%

Assuming sample weight: 2.748 mg, and mol weight: 445.52
Using Refqrence Compound: Dimethyl terephthalate (4.31 mg, 99.95%

purity, Mol
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(E)-3-((3-((3',4'-Dimethoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-

oxopropanoic acid (3):

Average Purity = 95.78%
Assuming sample weight: 2.08 mg, and mol weight: 447 .49

Using Reference Compound: Ethyl-4-(dimethylamino)benzoate (2.917 mg,

99 .59% purity, Mol Weight=193.24)

Sample Integral 1. 372834 - 3.93494 ppm, value = 0.89184 (6 nuclldes)

Purity = 95.8%

Reference Integral: 4.19614 - 425901 ppm, value = 1 (2 nuclides).
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(E)-3-((3-((3',4'-Dimethoxy-[1,1'-biphenyl]-4-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (4):

Average Purity = 95.06% -3.0x10"
Assuming sample weight: 1.748 mg, and mol weight: 447.49 2 8x1d
Using Reference Compound: Ethyl-4-(dimethylamino)benzoate (1.72 mg, <o
99.69% purity, Mol Weight=193.24) L2 ex1d"
Sample Integral 1: 1.33448 - 1.4228 ppm, value = 0.83697 (6 nuclides) - ’
Purity = 95.1% L24ax10*
Reference Integral: 1.26124 - 1.31337 ppm, value = 1 (3 nuclides)
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(E)-3-((3-((3',4'-Dimethoxy-[1,1'-biphenyl]-2-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-

oxopropanoic acid (5):

Average Purity =95.32%

Assuming sample weight: 1.42 mg, and mol weight: 447.49

Using Reference Compound: Maleic acid (2.371 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 1.45173 - 1.57376 ppm, value = 0.44449 (6 nuclides) - Purity =
95.3%

Reference Integral: 6.30496 - 6.34651 ppm, value = 1 (2 nuclides)
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(E)-3-((3-((4'-Methoxy-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-
oxopropanoic acid (6):

Average Purity = 96.28%

Assuming sample weight: 2.976 mg, and mol weight: 417.46

Using Reference Compound: Maleic acid (3.744 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 3.81859 - 3.88751 ppm,/value = 0.31936 (3 nuclides) - Purity =
96.3%
Reference Integral: 6.31297 - 6.35067 ppm, value = 1 (2 nuclides)
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(E)-2,2-Dimethyl-3-((3-((4'-methyl-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-3-oxopropanoic
acid (7):

Average Purity =99.77%

Assuming sample weight: 1.455 mg, and mol weight: 401.47
Using Reference Compound: Maleic acid (1.872 mg, 99.94% purity, Mol Weight=116.07) 22000
Sample Integral 1: 2.35323 - 2.43614 ppm,/value = 0.33651 (3 nuclides) - Purity = L 21000
99.8%
Reference Integral: 6.29242 - 6.36017 ppm, value = 1 (2 nuclides) 20000
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(E)-3-((3-((4'-Chloro-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoic
acid_minph269 (8):

F 17000
Average Purity = 98.08%

Assuming sample weight: 1.871 mg, and mol weight: 421.88

Using Reference Compound: Maleic acid (2.377 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 1.50311 - 1.60269 ppm, value = 0.63758 (6 nuclides) - Purity = L 15000
98.1%
Reference Integral: 6.32243 - 6.33858 ppm, value = 1| (2 nuclides) L 14000
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(E)-2,2-Dimethyl-3-ox0-3-((3-((4'-(trifluoromethyl)-[1,1'-biphenyl]-3
yl)diazenyl)phenyl)amino)propanoic acid (9):

Average Purity =96.17%

Assuming sample weight: 1.899 mg, and mol weight: 455.24

Using Reference Compound: Ethyl-4-(dimethylamino)benzoate (2.16 mg,
99.69% purity, Mol Weight=193.24)
Sample Integral 1: 1.48074 - 1.58881 ppm, value = 1.08007 (6 nuclides)

Purity = 96.2%

Reference Integral: 4.27383 - 4.33305 ppm, value = 1 (2 nuclides)

.08,

20

=11
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(E)-2,2-Dimethyl-3-ox0-3-((3-((3'-(trifluoromethyl)-[1,1'-biphenyl]-3
yl)diazenyl)phenyl)amino)propanoate (10):

Average Purity =95.61%

Assuming sample weight: 2.172 mg, and mol weight: 455.44
Using Reference Compound: Ethyl-4-(dimethylamino)benzoate (2.224 mg, L1.5x10°
99.69% purity, Mol Weight=193.24)
Sample Integral 1: 1.44945 - 1.60802 ppm, value = 0.77514 (6 nuclides) - F1.4x10°
Purity = 95.6% L 1.3%x10°
Reference Integral: 1.35182 - 1.39164 ppm, value = 0.97528 (3 nuclides)
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(E)-3-((3-((3',4'-Bis(trifluoromethyl)-[1,1'-biphenyl]-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-

3-oxopropanoic acid (11):

Average Purity = 95.25%

Assuming sample weight: 2.391 mg, and mol weight: 523.24

Using Reference Compound: Ethyl-4-(dimethylamino)benzoate (2 mg,

99.69% purity, Mol Weight=193.24)

Sample Integral 1: 1.4525 - 1.60102 ppm, value = 1.2656 (6 nudlides) -

Purity = 95.3%

Reference Integral: 4.27468 - 4.33249 ppm, value = 1 (2 nuclides)
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(E)-2,2-Dimethyl-3-((3-((3-(naphthalen-2-yl)phenyl)diazenyl)phenyl)amino)-3-oxopropanoic

acid (12):

Average Purity = 95.67%

Assuming sample weight: 1.939 mg, and mol weight: 437.5
Using Reference Compound: Maleic acid (2.05 mg, 99.94% purity, Mol Weight=116.07)

Sample Integral 1: 1.48898 - 1.6237 ppm, value
95.7%
Reference Integral: 6.31536 - 6.34588 ppm, val

Mt A ]

= 0.70955 (6 nuclides) - Purity =

e = 0.98456 (2 nuclides)
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(E)-3-((3-((9,9-Dimethyl-9H-fluoren-3-yl)diazenyl)phenyl)amino)-2,2-dimethyl-3-oxopropanoic
acid (13):

Average Purity = 97.1% 50000
Assuming sample weight: 4.45 mg, and mol weight: 427.5
Using Reference Compound: Maleic acid (4.583 mg, 99.94% purity, Mol Weight=116.07)
Sample Integral 1: 1.42274 - 1.61172 ppm, value = 1.53688 (12 nuclides) - Purity = 45000
97.1%
Reference Integral: 6.31899 - 6.34518 ppm, value = 1 (2 nuclides)
T 40000
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