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Abstract: Since its discovery in 1998, the orexin system is of interest
to the research community as a potential therapeutic target for the
treatment of sleep/wake disorders, stress and anxiety disorders,
addiction or eating disorders. It consists of two G protein-coupled
receptors, the orexin 1 and the orexin 2-receptor and two
neuropeptides with agonistic effects, the orexin A and the orexin B-
peptide. We describe our efforts leading to the identification of a
promising set of dual orexin receptor antagonists (DORAs) which
subsequently went through physiology-based pharmacokinetic and
pharmacodynamic modelling ™ and finally led to the selection of
daridorexant (93) currently in phase 3 clinical trials for the treatment
of insomnia disorders.

Introduction

The orexin neuropeptides, orexin A (OxA) and orexin B (OxB),
also known as hypocretin-1 and hypocretin-2, were discovered in
1998 by two independent research groups.”! The two
neuropeptides are secreted by a small population of excitatory
neurons from the lateral hypothalamus area.’! Orexin A and
orexin B were found to bind to previously identified orphan G
protein-coupled receptors (GPCR) the orexin 1 (Ox1R) and the
orexin 2 receptor (Ox2R) (also termed hypocretin 1 and
hypocretin 2 receptor). Both orexin neuropeptides are produced
from prepro-orexin by a cascade of enzymatic reactions. Orexin
A, a 33 amino-acid peptide, activates both Ox1 and Ox2 receptors
with similar potencies. Orexin B, which consists of 28 amino-acids,
activates the Ox2R with higher potency than the Ox1R.P! In
neurons, Ox1R and Ox2R signal via various cascades to increase
intracellular calcium levels pre- and/or post-synaptically, thus
augmenting synaptic transmission (Figure 1).F The orexin system
is conserved across mammalian species. OxA, containing two
disulfide bridges, is conserved in rat, mouse, pig, dog and man.
The linear, non-lipophilic OxB peptide from rat, mouse, pig and
dog differs by maximally two amino acids (S18N) from human
OxB.[M As structural and functional homology between rat, dog
and human orexin receptors and peptides are high, reliable
translations of pharmacological outcomes can be made among
species. While orexin-producing neurons are localized exclusively
in the lateral hypothalamus, the receptors are broadly expressed

all over the CNS suggesting a role in various functions. B! Many
regions express both Ox1R and Ox2R, but some express mainly
one of the two, suggesting different functions of the two receptor
subtypes. 1 The orexin system is indeed involved in various
physiological processes. It is a key player in the control of arousal,
more specifically for the maintenance of wakefulness and for
sleep-to-wake transitions, taking the homeostatic, circadian and
motivational necessities into account. ©! In addition, the role of the
orexin system in the control of cardiovascular, behavioral,
metabolic and thermoregulatory function led to the hypothesis
that it integrates sleep-wake neurophysiology with energy
metabolism to optimize resource utilization and energy
conservation.* |t is thus assumed, that modulation of the orexin
system may have an impact on various CNS disorders such as
sleep-wake disorders, addiction, eating disorders, stress and
anxiety disorders. Some polymorphisms in the orexin ligand and
receptor genes have been described in the human population,
some of which might be linked to disease phenotypes, however
with little knowledge on the mechanism of their involvement. 1]
Over the last two decades, small molecule modulators of the
orexin system were identified thanks to the efforts of several
research teams. Antagonists of the orexin receptors, exhibiting
different selectivity profiles (dual orexin receptor antagonists
(DORA) or selective orexin receptor antagonists for one or the
other receptor), were broadly used to investigate
pharmacologically the impact of orexin receptor inhibition in
physiological and pathological conditions. Orexin receptor
antagonists with differential binding kinetics (surmountable versus
insurmountable) properties were also identified. 2 More recently,
reports on selective orexin 2 receptor agonists were published,
and showed the expected wake promoting effects in healthy
rodents or monkeys and wake promotion and decrease of
cataplexy events in narcoleptic mice. 3

Another important result to the field was the publication of the
crystal structure of the human Ox2R, a member of the b-branch
of the rhodopsin GPCR family, bound to suvorexant (1).24 The
authors succeeded to solve the structure at a resolution of 2.5
Angstroem, by applying lipid-mediated crystallization and protein
engineering with a fusion chimera. A horseshoe resembling
conformation is adopted by suvorexant (1) allowing optimal p-
stacking and enabling binding deeply into the orthosteric receptor
binding pocket. Further reports have been published describing
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the crystal structure of the human Ox2R (hOx2R) and the human
Ox1R (hOx1R) bound to small molecule ligands,*® and more
recently the hOx2R bound to the selective Ox2R antagonist
EMPA. 8 An additional recent publication 71 discussed 14 novel
structures with 10 different novel ligands in one or both the orexin
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receptors. This wealth of bio-structural information helps to
understand the structural features resulting in selectivity for either
receptor or duality of compounds and might even influence the
guest for orexin receptor agonists.
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Figure 1. Orexin enhances synaptic transmission in orexin-responsive neurons of the central nervous system. A small group of orexinergic neurons in the lateral
hypothalamus synthesizes prepro-orexin (131 amino acids) which is proteolytically processed by signal peptidase and pro-hormone convertases into the
neuropeptides orexin A (33 amino acids, two disulfide bridges) and orexin B (28 amino acids) and stored in synaptic vesicles. Upon activation of orexinergic neurons,
orexin A and orexin B are released and activate pre- and post-synaptically located OX1 and OX2 receptors that are expressed in multiple areas of the central
nervous system. OX1 and OX2 receptors are G protein-coupled receptors whose activation in neurons — via various signaling cascades often involving
phospholipase C (PLC) — leads to elevated intracellular calcium concentrations- and enhanced synaptic transmission.

Patients suffering from insomnia disorders are dissatisfied with
their sleep quantity or quality and suffer from clinically significant
negative consequences on daytime performance. It is estimated
that in the US, about 50% of the adult population is dissatisfied
with its sleep in at least a few nights per week. '8 Sleep problems
are highly prevalent even though only about 10% of the patients
fulfill the formal criteria for insomnia diagnosis. 19 Insomnia is
defined by either difficulties in initiating and/or maintaining sleep
or when the sleep that is obtained is non-refreshing or of poor
quality. It is often associated with one or more of the following
symptoms: fatigue, low energy, difficulty concentrating, mood
disturbances, and decreased performance in work or at school.
20 R4 The cost for society due to lost work time, increased
accident risk and higher occurrence of chronic health problems
are significant. Estimates for the US published in 1994 and 2015
are above 100 billion USD per year.??, 231 This, and the serious
consequences on human health prove the high medical need for
safe and effective insomnia treatments. Diagnosis of sleep
disorders is often complex due to difficulties identifying the cause
of the problem. This results in the fact that treatment of sleep
disorders may be highly complex. One option is a
nonpharmacological intervention in the form of cognitive-
behavioral therapy (CBT). CBT requires increased contact with
health care providers and asks for high patient compliance to

result in successful outcomes. 4 The former classes of
pharmacological treatments for insomnia include either targeting
gamma-aminobutyric acid (GABA)-A, histamine, serotonin or
melatonin receptors. The non-benzodiazepine GABA-A receptor
modulators, such as zolpidem and eszopiclone are considered as
standard-of-care insomnia treatments. 2% These drugs work by
allosterically enhancing the effect of the most important inhibitory
neurotransmitter (GABA) and result in general CNS depression to
provoke sleep. 281 Such treatments are most efficient in initiating
sleep. Due to their short duration of action, they are less effective
in maintaining sleep. This was improved with slow-release
formulations. Moreover, the approach of general CNS depression
results in various safety concerns for patients. ?7 Increased
nighttime parasomnias (sleepwalking, eating) and increased
occurrence of driving accidents due to next-day somnolence have
been associated with the use of GABA modulators. 28 This
resulted in modifications of labeling of GABA modulators and
requests by the US Food and Drug Administration (FDA) for dose
lowering for sedative hypnotic drugs in 2013. In addition,
tolerance and rebound insomnia have been associated with
zolpidem treatment. This led to the recommendation of
intermittent use for only short periods of time for patients suffering
from insomnia. 2! Novel insomnia treatment options devoid of the
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drawbacks of general CNS depression would therefore represent
an important step forward to treat this life-impairing condition.

Several, structurally and biochemically diverse orexin receptor
antagonists have been clinically investigated over the past
decade (Figure 2), resulting in a new class of pharmacological
treatment with the FDA approval of suvorexant (1) from Merck &
Coin August 2014 and of lemborexant (2) from Eisai in December
2019 for the treatment of insomnia. ?° The first dual orexin
receptor antagonist (DORA) with clinical development history in
insomnia was almorexant (3). % The compound was stopped due
to tolerability issues. BU The piperidine-based compound GSK-
649868 (4) was studied in insomniac patients. It was put on hold
due to preclinical toxicology findings although it was reported to
promote sleep. The back-up compound from Merck, filorexant (5),
also a piperidine based DORA, showed sleep promoting effects
in insomniac patients in phase 2 clinical trials. ?° 32 Finally, a
selective Ox2 receptor antagonist (SO2RA), seltorexant (6) found
in a research program at Janssen Pharmaceutica / JnJ, B3 is also
studied in clinical trials by Minerva Biosciences focusing on the
treatment of insomnia with or without major depressive disorder.
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Figure 2. Structures of some orexin receptor antagonists with clinical history.

The regulation of the sleep-wake cycle is highly complex and
involves different neuronal pathways. The orexin system is a key
component of arousal via its excitatory projections to all the wake-
promoting brain areas. Its role as a stabilizer of wakefulness,
allowing long periods of wake, is well recognized. 4 Pre-clinically,
DORAs have shown sleep promotion in healthy animals while
maintaining sleep architecture, an advantage as compared to
former sleep drugs with less selective mechanisms of action. %
Animal model data translated into efficacy in patients suffering
from insomnia. B However, suvorexant (1), the first DORA
entering the market, was approved by the FDA with limitations in
terms of dose due to concerns about dose-related, next-morning
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residual effects, as for example sedation. Bl We therefore
embarked on a new program to identify potent, dual, and brain
penetrant orexin antagonists starting from ACT-462206 (7)1
which was in human phase | clinical trials and now is in
development in veterinary medicine. We herein describe the
details of our work resulting in the identification of daridorexant
(ACT-541468, 93) currently in phase 3 clinical trials for the
treatment of insomnia disorders.

From a lead optimization perspective, the discovery of an
insomnia drug poses specific challenges with respect to its
pharmacological profile in man. Rapid sleep onset and sleep
maintenance for the entire night period of about 8 hours are key
attributes. Beyond target potency, brain penetration and safety
aspects, particular attention was therefore drawn to the
pharmacokinetic optimization in man. As outlined in our previous
publication, physiology-based pharmacokinetic modelling was
used to identify those compounds with the best PK-PD profile in
mani¥. In practical terms, only broad acceptance criteria were
defined for the progression of compounds for those assays driving
human PK, i.e. metabolic stability, plasma protein binding,
solubility in biological media, logD and pKa. In contrast, more
stringent criteria were employed for other optimization parameters
like hLERG, MDR-1/P-gp efflux, or P450 inhibition.

Results and Discussion

Compound 7 (Figure 3) exhibited excellent properties as a potent,
dual and brain penetrant orexin receptor antagonist. It was not a
P-glycoprotein (Pgp) substrate (Efflux ratio = 1.1) based on a
human multidrug resistant protein transporter assay (MDR-1), it
showed human plasma protein binding (hPPB) as well as rat
plasma protein binding (rPPB) of 99.3% and metabolic stability in
human liver microsomes (HLM) of 140 pL mint mg?. The
compound showed no significant cytochrome P450 (P450)
inhibition nor time-dependent cytochrome P450 inhibition. The
pharmacokinetic parameters in rats and dogs showed a short half-
life (t2) of 1.9 h and 1.7 h respectively. Compound 7 was

s=0 0 N
W\
8
MeO IC50(Ox1): >10000 NM
IC50(0x2): 9570 M
Oﬁ( Replacing the O\(/NYQ
S o 0 anilide m0|ety 2:0 07,11
S
e ;
MeO ACT-462206 (7) cl IC5o(Ox1): 1210 nM
X1): n
ICs0(Ox1): 60 nM |05°(Ox2). 950 nM
ICs0(0x2): 11 M o
H
O\(N
N
s=o N
I\
10
MeO

1C50(Ox1): 3500 nM
1C50(0Ox2): 2470 nM

Figure 3. Where we started: ACT-462206; the quest for anilide replacements.
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investigated in male Wistar rats and in male Beagle dogs
implanted with radio telemetry probes recording continuously the
electroencephalogram (EEG)/ the electromyogram (EMG) and
locomotor activity. It dose-dependently increased both the time

spent in rapid-eye-movement (REM) and non-REM (NREM) sleep.

Sleep architecture was conserved, as the relative proportion of
NREM and REM sleep over total sleep time were not significantly
changed. ¥ Compound 7 had certain limitations in its
physicochemical behavior, but the overall profile made 7 an
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attractive starting point for further medicinal chemistry work. As
depicted in Figure 3, our initial efforts targeted the replacement of
the anilide moiety in 7. Non-aromatic amides were investigated,
exemplified by 8, resulting in an almost total loss of orexin
receptor antagonistic activity.

More promising results were obtained by heteroaromatic
replacements of the anilide moiety by an oxadiazole unitin 9 or a
benzimidazole group in 10, resulting in activities interesting
enough to continue the optimization.

N t §
I I I
N N N
277 260 580
89 103 283
12 13 14
N N N
\« O on
N N N
CF3 Br
>5000 608 797
>5000 1000 993
16 17 18

Figure 4. SAR investigation of the benzimidazole proline-sulfonamides: Substitution on the benzimidazole moiety (compounds are racemic).

In Figure 4, a summary of the first efforts on the SAR of
substituents attached to the phenyl ring of the benzimidazole
group is depicted. The mono-methyl-substituted compounds 10
(Figure 3) and 11 showed similar activities on the Ox1 receptor.
A methyl-substituent in position 4 (11) resulted in improved
potency on the Ox2 receptor as compared to 10. Bis-methyl
substituted benzimidazoles 12 to 14 all exhibit significantly
improved antagonist activities on both, the Ox1 and Ox2 receptor.

2.
-850 RE: /EJ
o)

IC50(Ox1 in NnM): 2160 3330
I1C50(O%2 in nM): 9300 >19000
Compound No.: 19 20

Replacing the methyl-substituent in 11 by a trifluoromethyl-
substituent (15) resulted in a 10-fold improved Ox1 potency and
only a slight improvement in Ox2 potency whereas replacement
of both methyl groups from 12 with CFs-groups in 16 resulted in a
complete loss of potency. Compound 17 is the trifluoromethyl
analog of 10, exhibiting similar activity and 18 proves that
halogen-substitution is tolerated. Consequently, the compounds

OMe
F3C” : “Br o
Cl F OMe
1300 2030 1880 2640 586
3900 8360 2220 5820 1558
21 22 23 24 25

Figure 5. Sulfonamide SAR on the phenyl-oxadiazole series (compounds are racemic).

This article is protected by copyright. All rights reserved.



ChemMedChem

depicted in Figure 4 clearly showed that the substitution pattern
on the benzimidazole moiety may significantly influence the
orexin receptor antagonist potency.

We also wanted to get a first idea on the potential of the 3-phenyl
substituted oxadiazole as an anilide replacement. We therefore
prepared a small series of substituted phenyl-sulfonamides
combined with the oxadiazole based isosteres, summarized in
Figure 5 by compounds 19 to 25. The next step was to replace
the substituted phenyl sulfonamide moiety connected to the
proline ring N-atom by bis-aryl-amide groups previously identified
by us and others in other approaches toward orexin receptor
antagonists. [

H
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(o] (e
N
(e} (6]
—~ .
) b
N\
F
26

27

IC50(Ox1): 3480 nM
IC50(Ox2): 1480 nM

IC50(Ox1): 1320 M
IC50(OX2): 534 NM

28 29

IC50(Ox1): 127 nM ICs(Ox1): 486 nM
IC50(Ox2): 84 NM IC5(Ox2): 76 nM

Figure 6. Switch from sulfonamide to amide.

Compounds 26 and 27 represent early examples where
substituents present in 1 and 4 are differently linked to the proline
template (Figure 6). The orexin receptor antagonist activities
obtained were surprisingly moderate. The breakthrough came
when the bis-aryl-amide moieties attached to the ring N-atom of
the template were combined with the benzimidazole groups or the
phenyl-oxadiazole units. The results obtained with the
benzimidazole derivative 28 triggered our interest for a systematic
investigation of this class of orexin antagonists. Comparison of 28
with 11, bearing in mind the influence on orexin receptor
antagonist activity of the benzimidazole substitution pattern,
indicated the potential to identify promising molecules within this
group of compounds. Compound 29 confirmed the potential of an
aryl substituted oxadiazole moiety attached to position 2 of the
template. This part of our work was described separately. 39
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A first aspect we clarified, by performing the core modification
exercise summarized in Figure 7, the relevance of the proline-
template.

The initial series of compounds (30 to 34) contained a 2-triazolo-
5-methyl-benzoyl substituent attached to the ring nitrogen atom of
the different scaffolds, combined with a 4-methoxy-benzimidazole
moiety in a-position to the ring nitrogen atom. It showed that
heterocyclic scaffolds such as thiomorpholine (33) or morpholine
(34) resulted in a significant loss in orexin receptor antagonistic
activity. Comparing 33 and 34 to 36 and 37 confirmed the
influence of the substitution pattern at the benzimidazole moiety
on activity. Moving from a pyrrolidine core (30) to a piperidine core
(31) did not have a positive impact on activity either. The 2-
azabicyclo [2.2.1] heptane based 32 with 1R,3S,4S-chirality,
which can be looked at as 2-bridged pyrrolidines, with the bridge
from C3 to C5, resulted in a very potent DORA. Further
characterization of this compound was performed. Human liver
microsomal (HLM) stability measurement resulted in a value of
202 pL min't mg. The compound did not show significant P450
inhibition (3A4T ICso = 18 uM (T = testosterone used as marker);
3A4M ICsp = 14 pM (M = midazolam used as a marker); 2C9 ICs
=41 uM; 2D6 ICs0>50 uM) and had an acceptable ICsp shift in the
time dependent CYP3A4 assay of 3.9-fold. In our in-house
standard in vivo experiment where blood-brain-barrier (BBB)
penetration was assessed and the compound was dosed orally at
100 mg kg to male Wistar rats, plasma exposure measured 3h
post administration was high with 6093 ng mL™. However, the
corresponding brain exposure was only 682 ng g, resulting in a
B/P-ratio of 16%. Similar behavior was observed with other
derivatives of this series (low B/P-ratio), indicating a possible
brain penetration issue potentially due to Pgp-mediated efflux.
Compound 32 was confirmed to be a Pgp substrate in the human
MDR1 assay where the efflux ratio was 53 and P,,pAB was 1.1
10 cm.s. Even though the orexin receptor antagonist activity
was good with many derivatives (see also 35) it was decided to
abandon the template and return to the pyrrolidine core for further
optimization work. Another advantage of the pyrrolidine as a
template, was the commercial availability of additionally
substituted derivatives. A selected overview of this work is
depicted in Figure 8 with compounds 38 to 45, and with 38 serving
as the reference.

The introduction of a methylene substituent in position 4 (39) had
no influence on orexin receptor antagonist activity. Reducing the
methylene to a methyl group and having the R? exit vector and
the substituent in a cis arrangement (40) was as well neutral with
respect to activity. Increasing the size of the substituent in position
4 to phenyl (42) resulted in a slightly more dual compound,
although the effect on antagonist activity was still limited.
Compounds 44 and 45, both containing a fluorine attached to
position 4 but of opposite chirality, showed no positive effect of
fluorine and indicated the limited influence of the chirality in this
position on activity. The same observation was made when
comparing 40 to 41, even though not only the sense of chirality
was different, but the substituents varied from methyl to methoxy.
The introduction of an additional methyl group in position 2 (43),
resulting in a quaternary carbon atom showed an almost 10-fold
increase in Ox1R antagonist potency combined with only a 2-3-
fold potency loss on the Ox2R. Furthermore, this additional methyl
stabilized the chiral center and prevented racemization in the
chemical transformations performed to construct the
benzimidazole moiety onto the 2-methyl-proline template.
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Figure 7. Core modification in the benzimidazole series of orexin receptor antagonists.

We checked for the influence of the chirality on orexin receptor
antagonist potency and found the S-enantiomer as being the
more potent one, in line with earlier observations. 138

The results depicted in Table 1 gave a first insight into the effects
of mono-substitution at the benzimidazole part in positions 4 and
5 (or 6 and 7; depending on the benzimidazole tautomer drawn)
(Compounds 46 to 62). The chirality of all compounds was (S) and,
in order to put the results in the broadest possible perspective, the
substituent connected to the proline-ring nitrogen was chosen to
be the 2-triazolo-5-methyl-benzoyl moiety. For compounds 46
and 47 bearing one methyl substituent, substitution in the 4-
position resulted in a significantly more active compound as

H (0]
N
<10 = »
N \N/

compared to the 5-position. In case of the methoxy substitution,
the 5-position resulted in the more active compound 49 as
compared to 48. The effect was more pronounced on the Ox2R
and almost negligible on the Ox1R. A single fluorine substituent
in either position (50 vs 51) resulted in derivatives of lower activity,
whereas a single chlorine- (52 and 53), bromine- (54 and 55) or a
trifluoromethyl-substituent (56 and 57) in either position always
resulted in derivatives more active toward the Ox1R. The
Ox2R/Ox1R selectivity ratio was between approximately 4-fold for
54 to 15-fold for 53 with best potencies on the Ox1R being around
11 nM.

MeQ, .
e D D, O Dl O O
1 1 1 1 1 1 1
ONEEL A A M A
R? R? R2 R? R2? R? R? R?
IC50(Ox1 in nM): 2020 2740 2860 1610 1540 280 1980 5430
IC50(Ox2 in NM): 397 286 237 329 619 1010 1080 1840
Compound No.: 38 39 40 41 42 43 44 45

Figure 8. Substitutions at the pyrrolidine-core.
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Table 1. Modification of the benzimidazole substitution pattern
oM 1
Qﬁ“ R
N’N\ R4 R3
N=
Compound R? R? R® R* ICs0 hOX1 ICso hOX2
(nM)[a] (nM)[a]

46 CHs H H H 19 54
47 H CH3 H H 110 390
48 OCHjs H H H 112 390
49 H OCHs H H 90 46
50 F H H H 295 2030
51 H F H H 189 931
52 Cl H H H 39 197
53 H Cl H H 29 413
54 Br H H H 23 83
55 H Br H H 13 129
56 CFs H H H 11 76
57 H CF3 H H 24 129
58 i-Pr H H H 16 47
59 H t-Bu H H 6 30
60 H SO,CH3 H H 389 1030
61 H OCF3 H H 35 229
62 H CN H H 389 733
63 CHs CHs H H 4 19
64 CHs F H H 19 19
65 CHs Cl H H 3 10
66 CHs Br H H 1.7 7
67 F F H H 54 638
68 (bl [e] H H 25 29
69 H CHs CHs H 9 19
70 H F F H 40 656
71 H Cl Cl H 3.7 29
72 H OCHs OCHs H 31 31
73 H [l [l H 515 1270
74 H F Cl H 15 134
75 H F Br H 14 32
76 H Cl CHs H 6 22
77 H CF; F H 5 63
78 H CFs Cl H 1.8 14
79 CHs H CHs H 14 19
80 CHs H Br H 8 14
81 Br H F H 27 81
82 Cl H CFs H 6 31
83 OCHjs H H OCHs; 44 740
84 CHs CHs Br H 0.7 14

[a] Data are the geometric mean (+- 2-fold) of at least three independent experiments. [b] Compound 68: R* and R? forming a benzodioxane moiety. [c]

Compound 73: R? and R® forming a benzodioxane moiety.
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Larger alkyl substituents in positions 4 or 5, as shown for 58 and
59, resulted in very interesting potencies on the Ox1R as well as
on the Ox2R, asking for further investigations. Introducing a polar
substituent in 5-position, such as the methylsulfone group in 60,
yielded generally less active antagonists. The activity of the
trifluoromethoxy substituted 61 was comparable to the
trifluoromethyl analog 53. Another polar and electron withdrawing
substituent such as nitrile, resulted also in lower orexin receptor
antagonist activity (62). As a next step, di- and tri-substituted
benzimidazoles were prepared and profiled (Compounds 63 to
84).

The 4,5-dimethyl substitution pattern, as given in 63, surprisingly
resulted in a more active compound as one would expect from the
results obtained with 46 and 47. These results suggested that
substituent effects were not purely additive in this series (in both,
the positive or negative direction). Fixing the substituent in
position 4 to methyl and combining it with a halogen in position 5
(64 to 66) resulted in perfect duality in case of fluorine (64) and a
further gain in potency, especially in case of bromine (66). This
derivative and the chlorine analog 65 were further characterized
and are described in Table 2, Figure 11, and Table 6.

Combining two fluorine substituents (67) did not have a similarly
beneficial effect as combining two methyl substituents (63).
Compound 68 bearing a 5,6-dihydro-benzodioxine moiety was a
balanced dual orexin receptor antagonist but not attractive
enough to be further investigated due to the benzodioxine moiety.
The results obtained by putting substituents in positions 5 and 6
are summarized by examples 69 to 78. Compound 69 exhibited
the same orexin receptor antagonist potency as its 3,4-analog 63.
The same was observed for the two bis-fluoro substituted analogs
67 and 70. Two chlorines (71) resulted in better antagonistic
activity but an almost 10-fold preference for the Ox1R remained.
In case of the 5,6-dihydro-benzodioxine moiety, the analog 73
was significantly less active as compared to 68. 5,6-dimethoxy-

substitution (72) resulted in perfect duality with borderline potency.

Still compound 72 was further characterized: HLM stability was
186 pL mint mg*; P450 inhibition showed ICs values >50 puM for
3AA4T, 3A4M, 2C9 and 2D6, and time dependent increase in 3A4
inhibition was > 2.4-fold. The brain penetration experiment
performed in rats with sampling 3 h following oral administration
of 10 mg kg, 30 mg kg*and 100 mg kg suggested that 72 was
a Pgp substrate in rats. Indeed, the B/P-ratio increased from 13%
at 10 mg kg* ([P]=188 ng mL?, [B]=26 ng g*) to 44% at 100 mg
kg ([P]=11667 ng mL, [B]=5060 ng g*) reflecting a potential
saturation of the Pgp with increasing exposure. The efflux ratio in
the MDR1 assay with 72 was 49 and the permeability Pap,AB was
0.9 10 cm.s?, showing that this compound was in fact also a
human Pgp substrate. The compound was abandoned.
Compounds 74 to 77 show further substituent combinations in
5,6-positions. These four derivatives showed excellent potency
toward the Ox1R and were less potent on the Ox2R, and therefore
not further characterized. From the subgroup of 4,6-disubstituted
benzimidazole moieties, 78 and 80 turned out to be the most
interesting derivatives and are extensively described in Table 2,
Figure 11, and Table 6. The 4,7-dimethoxy derivative 83 was not
active enough to be further investigated. In contrast, the 4,5-
dimethyl-6-bromo substitution pattern (84) yielded one of the most
potent orexin receptor antagonists identified in this study.
Unfortunately, the HLM stability was limited with 266 pL mint mg-
1 and the human plasma protein binding was very high with
>99.9%. Therefore 84 was as well abandoned.
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First in vitro characterization of the most interesting compounds
65, 66, 78, and 80 on human and rat liver microsomal stability and
P450 inhibition (Table 2) showed acceptable results with HLM
between 98 and 206 uL min' mg?. The lowest P450 inhibition
measured on all 3A4T, 3A4M, 2C9 and 2D6 was with an I1Csp =
45 pM and there was no major time dependent increase in
inhibition (max. 2.4-fold). In standard brain penetration
experiments where compounds were tested orally at 100 mg kg2,
all 4 compounds showed good exposure (concentration in the
brain above 1000 ng mL?) and brain penetration properties
(Brain/Plasma (B/P) ratio between 93% and 185%) at 3h post
administration (Table 2).

Table 2. Metabolic stability, cytochrome P450 inhibition and brain penetration
properties in rats of 65, 66, 78 and 80.

Parameters 65 66 78 80
HLM/RLM 206 /

clearance in 186 / 947 98/276 155 /879

>1250

uL min"t mg*

3A4T in uM 11 11 7.9 8.4
3A4 shift 2.4 1.7 2.1 2

3A4M in uM 12 17 >50 17
2C9in uM 7.2 13 45 5.7
2D6 in uM 39 39 13 33

Brain penetration experiments in rats at 100 / 30 mg kg,
3h post administration @

[plasma] ® 12194142 1677 + 253 2‘7’113;;0730 2005 + 234
Inng mL? /125 + 48 /nd 313 /723 +£108
[brain] 2201+221 2379+ 561 2?‘;8 A 3828?71'
inng g* /145 + 47 /nd 632+ 36 53
608 +144
B/P ratio 181/117 142 /nd 93/137  185/104
[CSF]© 50+3/ 58427/ 49+1/
in ng mL* 3:3 49/nd 28 14+5

[a] formulated in 100 % PEGA400. [b] values given as mean + SEM of n=3. [c]
values for n=1-3; nd: not determined

These compounds were pursued and tested in freely moving male
Wistar rats implanted with telemetry devices to continuously
record EEG/EMG as previously described. B8 First compounds to
be tested were 65 and 80. Our initial approach was to test
compounds orally at 100 mg kg in a polyethylene glycol 400
(PEG400) formulation and, if efficacy was observed, to decrease
the dose to 30 mg kg*. At 100 mg kg*, over the 12 h night period
following administration, compounds 65 and 80 increased
significantly the time spent in NREM sleep by 29 min (p=0.0011)
and by 37 min (p=0.0004), respectively (Figure 9) compared to
matched vehicle. Both also increased the time spent in REM sleep
(+9 min and +30 min respectively), although statistically
significantly only for 80 (p=0.0082). At 30 mg kg, a similar pattern
was seen with a significant increase of the time spent in NREM
sleep of 17 min and 35 min for 65 (p=0.0448) and 80 (p=0.0051),
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respectively and a significant increase of REM sleep time for 80
(+13 min, p=0.0332) (Figure 9). Because efficacy was observed
at 30 mg kg? for both compounds, we decided to change our
starting dose for in vivo testing in EEG/EMG from 100 mg kg™ to
30 mg kg*.

compound 65 [ 30 mglkg

,‘:\50' 31100 mg/kg
£
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Figure 9. Effect of 30 and 100 mg kg™ oral administration of 65 and 80 on sleep
stages. Summary of the 12 h night active period following oral administration of
compound 65, a) and compound 80, b) formulated in 100% PEG400. Data are
expressed as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs matched vehicle,
paired t-test. n=7-8 per group. REM, rapid eye movement; NREM, non-REM.
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Figure 10. Effect of 80 on total sleep time. Summary of the 6 or 12 h night active
period following oral administration of compound 80 formulated in 100%
PEG400. Data are expressed as mean = SEM. **p<0.01vs matched vehicle,
paired t-test. n=7-8 per group. REM, rapid eye movement; NREM, non-REM.

In addition, as expected with compound 80 (Figure 10), by
decreasing the dose, the duration of action decreased. Whereas
at 100 mg kg, a larger increase in sleeping time was seen when
looking at the data over the 12 h period (+67 min vs vehicle)
compared to the 6 h period (+44 min), at 30 mg kg™, a very similar
increase was seen (+48 and +45 min vs vehicle for the 12h and
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6h period analysis, respectively). It suggested that the evaluation
and comparison of the subsequent compounds could be
performed at 30 mg kg?! over the 6h period following
administration.

In this first series, all 4 compounds (65, 80, 66 and 78)
significantly increased the time spent sleeping following
administration of 30 mg kg?, from 22 min (compound 65) to 45
min (compound 80) (Figure 11). Compound 80 showed the largest
increases in NREM sleep (+31 min vs vehicle) whereas
compound 78 had limited efficacy on NREM sleep (+13 min vs
vehicle).

The next step was the optimization of the amide substituent with
a few selected benzimidazoles. Results are summarized in Table
3Error! Reference source not found.. For this investigation and
based on previous in vivo results, we had selected the 4-methyl-
5-chloro-, the 5-trifluoromethyl-6-chloro-, the 5,6-dimethoxy- and
the 5-trifluoromethoxy-substitution patterns on the benzimidazole
part and combined them with a series of bi-aryl-carboxylic acid
derivatives with a focus on 2-triazolo substitution combined with
one or two additional substituents on the phenyl ring.

NREM sleep proportion in

0, 0, 0/p* 0/p**

. 804 g 80% 82% 3% % of total sleep time
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Figure 11. Effect of 30 mg kg™ of 65, 80, 66, and 78 on sleep stages. Summary
of the 6 h night active period following oral administration of compounds
formulated in 100% PEG400. Data are expressed as mean = SEM. n=7-8 per
group. NREM sleep proportion is given for the compound treated group. REM,
rapid eye movement; NREM, non-REM. For total sleep time: *p<0.05, **p<0.01;
for NREM sleep: &p<0.05, &&p<0.01; for REM sleep: #p<0.05, ##p<0.01 each
vs matched vehicle, paired t-test.

In the group of compounds 85 to 88, wherein the 2-triazolo-5-
methyl-benzoyl moiety was replaced by a 2-triazolo-5-fluoro-
benzoyl moiety, 85 (containing the 4-methyl-5-chloro pattern on
the benzimidazole part), was clearly the most potent dual orexin
receptor antagonist and was further characterized as described in
Table 4, Figure 12 and Table 6 together with all the most
interesting compounds from Table 3. In the following group
bearing the 2-triazolo-5-chloro-benzoyl substituent, 92 was
abandoned due to low antagonist potency, and 90 because of its
preferential activity towards the Ox1R. Compound 89 which is
again the combination with the 4-methyl-5-chloro pattern in the
benzimidazole part was further characterized. Compound 91 was
further characterized in vitro. Stability in HLM was 90 pL mint mg-
1. P450 inhibition was 3A4T ICso = 41 UM; 2C9 ICs0 >50 UM; 2D6
ICs0 >50 uM and time dependent increase in 3A4 inhibition was >
2.7-fold. In the in vivo brain penetration -experiment at 100 mg kg
1 p.o.,, plasma and brain exposure were very high at 3h post
administration with 16907 ng mL* and 18827 ng g%, respectively,
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Table 3. Best benzimidazoles R* combined with a set of benzoic acids as R?
O
N~ TR?
RZ&O
ICs0 (Ox1) in nM [
ICs0 (Ox2) in nM [
Cmpd No
H H
R - H cl N CFq N oMe  § ocF{ = R
oy || < e
N N Cl N oM N N Br
4.9 5.6 200 138
N 13 34 154 720 N.D.
N D 85 86 87 88
3 2.3 10 99
N 8 21 23 119 N.D.
89 90 91 92
‘NJ
1.4 25 46
N 3.2 N.D. 26 199 N.D.
1 93 94 95
N
)@L 1.9 15 15 5
N 3.1 45 25 16.5 N.D.
N~
NJ 26 97 98 99
12 11 872 529
25 45 458 1600 N.D.
NN N 100 101 102 103
N
10 8.9 414 197
13 36 1200 1870 N.D.
N 104 105 106 107
| Nay 2.5 5.6 316
N\ 10 25 114 N.D. N.D.
| D 108 109 110
‘ Ny 5.6 7.3 426
N 31 82 104 N.D. N.D.
N
) 111 112 113
36 3 36 34 6
NS 7.6 7.8 16 380 13
N\) 114 115 116 117 118

[a] Data are the geometric mean (+- 2-fold) of at least three independent experiments.

resulting in a B/P-ratio of 111%. However, the efflux ratio of 25
and the P,ppAB of 2.5 10% em.s in the MDR-1 assay, showed
that this compound was a Pgp substrate in human, confirming the
high likelihood of compounds combining two aromatic methoxy-
substituents of being human Pgp substrates, as previously
observed with 72. Compound 91 was therefore discarded. In the
next group containing the 2-triazolo-5-methoxy-benzoyl
substituent, 95 was not further characterized due to its relatively
low potency. Compound 93 (ACT-541468, Daridorexant), again

10

part of the 4-methyl-5-chloro-benzimidazole subgroup was very
promising and was further characterized. The remaining
compound 94 was further characterized since the 5,6-dimethoxy-
benzimidazole moiety resulted, so far, always in very good
exposure data in the rat. This was also true for this compound.
The in vivo brain penetration -experiment performed at 100 mg
kg p.o. in rats resulted, 3h post administration, in the highest
exposure seen during the project so far, with plasma
concentration of 35640 ng mL 1 but a brain concentration of 11673
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ng g%, giving a B/P ratio of only 33%. This nurtured the suspicion
that, as previously seen in 5,6-dimethoxy-benzimidazole
containing compounds, 94 was a Pgp-substrate also in human.
Indeed, in the MDR-1 assay the efflux ratio was 63 and P,p,AB
was 0.8 106 cm.s™, and as a result 94 was not further investigated.
Otherwise 94 was very stable in HLM with 14 pyL min?* mg? and
the ICso values for all P450 investigated were > 50 uM. The
introduction of the 2-triazolo-4,5-dimethyl-benzoyl moiety resulted
in a subgroup 96 to 99, all exhibiting very good antagonist potency
on both the Ox1R and the Ox2R. Compound 99 showed a decent
HLM stability of 205 uL min mg?* and 3A4T inhibition of 26 uM.
The 5,6-dimethoxy-benzimidazole derivative 98 resulted in HLM
stability of 39 puL mint mg?, did not inhibit any of the P450
measured (ICso > 50 uM), but showed a time dependent increase
in inhibition of 3A4 > 9. It was therefore stopped. The 5-
trifluoromethyl-6-chloro-benzimidazole derivative 97 showed very
promising dual orexin antagonistic activity and was further
characterized. Compound 96, the 4-methyl-5-chloro-
benzimidazole derivative resulted in HLM stability of 456 pL min
mg? and the 3A4T inhibition was at 6.8 uM. In the in vivo brain
penetration experiment in rats at 100 mg kg, the compound
could neither be detected in plasma nor in the brain 3h post
administration. The results of the MDR1 assay did not highlight a
major Pgp issue for human with an efflux ratio of 3.4 and Pa,pAB
of 19.10° cm.s™. This result indicated how subtle structural
changes can influence PK behavior. The next subgroup of
compounds containing the 2-triazolo-6-fluoro-benzoyl substituent
100 to 103 showed less antagonist potency on the Ox2R and was
not further characterized. Adding a methoxy group to obtain the
2-triazolo-5-methoxy-6-fluoro-benzoyl  moiety, resulted in
compounds 104 to 107. The derivatives 106 and 107 exhibited
low orexin receptor antagonist potency and were not further
characterized. The  5-trifluoromethyl-6-chloro-benzimidazole
derivative 105 showed good HLM stability (48 pL min** mg') and
P450 inhibition in the 3A4T assay was 6.5 uM. The 4-methyl-5-
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chloro-benzimidazole member of this subgroup (104) resulted in
interesting antagonist potency on both orexin receptors and was
further characterized. As a next investigation, the phenyl ring of
the benzoyl substituents was changed into a pyridine ring,
resulting in the 6-methyl-3-triazolyl-2-picolinoyl unit reflected in
108 to 110. The results obtained in combination with the 4-methyl-
5-chloro-benzimidazole unit (108) were very interesting and also
this compound was further characterized. Compound 109
exhibited interesting receptor potency, was very stable in HLM (12
puLmint mg?)), and showed a reasonable P450 inhibition profile
with 3A4T ICs0= 9.9 uM, 2C9 ICso= 4.5 pM and 2D6 ICso= 23 pM.
No time dependent increase in P450 inhibition was detected. The
compound was abandoned for further characterization as it was a
Pgp-substrate (Efflux ratio = 5.9; PappAB = 8.2 10 cm.s™).
Compound 110 was as well not further investigated as it was not
potent enough on the orexin receptors. Combining the pyridine
ring with a pyrazole substituent resulted in 111 to 113 containing
a 6-methyl-3-pyrazolyl-picolinyl  substituent.  Again, the
combination with the 4-methyl-5-chloro-benzimidazole moiety
resulted in the very promising compound 111 which will be
discussed in detail. Based on the Ox2R potency, 112 and 113
were not further characterized. The last group of compounds 114
to 118 contain a 5-methyl-2-pyrimidinyl-benzoyl moiety attached
to the proline ring nitrogen. Compounds 114 and 118, both very
potent dual orexin receptor antagonists, were further
characterized. Compound 116 was not further characterized
under the assumption it was a strong Pgp-substrate as the other
derivatives from the 5,6-dimethoxy-benzimidazole sub-series.
Compound 117 was abandoned based on its low orexin receptor
antagonist potency. In this investigation we found that the 4-
methyl-5-chloro-benzimidazole unit resulted in the most
promising dual orexin receptor antagonists in combination with
various substituents attached by an amide bond to the pyrrolidine
ring-nitrogen atom of the template.

Table 4. Metabolic stability, cytochrome P450 inhibition and brain penetration properties in rats of the most interesting compounds from Table 3

Parameters 85 89 93 97 104 108 111 114 118
HLM/RLM 138
clearance in 96/>1250  125/645 138 /990 197 /618 64 /1180 111/437 106 /572 69 /988
il -1 >1250
uL min™* mg
3A4T in uM 5.6 6.2 41 6.1 8.4 16 15 12 18
3A4 shift 13 13 2.1 1.9 2.1 >17 12 15 2.1
3A4M in UM 3.6 85 7.3 > 50 14 11 12 28 4
2C9 in pM 8.1 55 14 5.7 7.7 24 30 19 7.5
2D6 in pM 33 23 31 21 30 >50 >50 >50 29
Brain penetration experiments in rats at 100 / 30 mg kg, 3h post administration [
[plasma]® in 1354 152/ 1205307/ 1280+31/ 786+220/ 1144+60/ 2029+ 513 22%&17331’71 1087 +103 3560 + 602
ng mL* nd 273 +63 309 + 42 321+31 nd /520 + 135 o5 /236+21  /513+65
brain® in ng g 3507+  2895+595 1808+ 116 1537471/ 1984+256 1999 + 685 4:112(5)?37i+ 2230 + 265 12%818?3’-'01
99 1133/nd  /536+136 /300 63 495 + 37 /nd /293 + 100 3 1153%12 + 34
B/P ratio 259/ nd 240 /196 141797 196 /154 173/ nd 99 /56 132126 205 / 65 165 /59
. 118+ 36/ 305/  63+3/24+ 105/ 242 £ 63/ 1862 / 54+7/ 105 +37/
[c] -1
[CSF¥in ng mL nd 5+3 5 612 49+ 4/nd 27 7.2+02 25+1 10

[a] formulated in 100 % PEG400. [b] values given as mean + SEM of n=3. [c] values for n=1-3. nd: not determined.
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First in vitro characterization of the most interesting compounds,
summarized in Table 4, were performed on human and rat liver
microsomal stability and P450 inhibition.

All compounds showed results on HLM between 64 and 197 pL
min’t mg* and lowest P450 inhibition on all 3A4T, 3A4M, 2C9 and
2D6 at 3.6 uM with no time dependent inhibition of 3A4 (max. 2.1-
fold). In standard brain penetration experiments, where
compounds were tested orally at 100 mg kg?, all 4 compounds
showed good exposure (concentration in the brain above 1500 ng
mL1) and brain penetration properties (B/P ratio between 99 and
259%) at 3h post administration (Table 4).

When tested in an EEG experiment at 30 mg kg (Figure 12), 85,
89 and 111 showed a trend but no statistically significant increase
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of the time spent in NREM (+7 to +12 min depending on
compounds) and REM sleep (+4 to +8 min) over the 6h period
following administration. This trend translated to a statistically
significant increase of the total time spent asleep for compound
111 only (+15 min of sleep vs vehicle). All the other compounds
(93, 97, 104, 114 and 118) showed statistically significant
increases of the time spent sleeping (from +25min for compound
104 to +53 min for compound 108 ( vs vehicle)) with a significant
increase of the time spent in NREM sleep (from +15 min for
compound 97 to +34 min for compound 108). In the 5 compounds,
only compound 104 did not increase in a statistically significant
manner the time spent in REM sleep (+10 min vs vehicle).

NREM sleep proportion
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Figure 12. Effect of 30 mg kg™ of 85, 89, 93, 97, 104, 108, 111, 114, and 118 on sleep stages. Summary of the 6 h night active period following oral administration
of compounds formulated in 100% PEG400. Data are expressed as mean + SEM. n=7-8 per group. NREM sleep proportion is given for the compound treated group.
REM, rapid eye movement; NREM, non-REM. For total sleep time: *p<0.05, **p<0.01, ***p<0.001; for NREM sleep: &p<0.05, &&p<0.01, &&&p<0.001; for REM

sleep: #p<0.05, ##p<0.01, ###p<0.001 each vs matched vehicle, paired t-test.

Based on the very interesting results obtained in the profiling of
93 (see Table 4, Figure 12, and Table 6), it was decided to
investigate a few additional benzimidazole substitution patterns in
combination with the 2-triazolo-5-methoxy-benzoyl moiety
attached via an amide linkage to the template ring nitrogen atom.
The results are depicted in Figure 13. All the compounds 119 to
123 showed decent potency, especially 119 and 120, wherein the
chloro substituent attached to the 5-position of the benzimidazole
system was replaced by bromo or fluoro, respectively.
Methylation at the benzimidazole moiety resulted in the very
potent dual orexin antagonist 123. By NMR-experiments, it was

shown that methylation or alkylation (see Figure 16)
N Br N
Ri= <
N N
L : "
N~ R
MeO

IC50(Ox1): 2.8 NM
IC50(Ox2): 4 nM

IC50(Ox1): 13
IC50(0x2): 11

119 120

6}
N\

predominantly results in the drawn regioisomer. Due to their lower
orexin receptor antagonist potency, 121 and 122 were not further
characterized. Compound 119 was further characterized and is
discussed in detail in Table 5, Figure 14, and Table 6. Further
characterization of 120 resulted in good HLM stability of 71 pL
min mg?), human PPB of 99.8% and an efflux ratio in the MDR1
assay of 4 with a permeability PappAB of 14 10 cm.s™. With this
efflux ratio and because we had compounds with overall better
profile, the further evaluation of 120 was stopped. This targeted
investigation confirmed that the 4-methyl-5-chloro-pattern was the
best choice on the benzimidazole unit when combined with the 2-
triazolo-5-methoxy-benzoyl moiety.

F N N N Cl
N N N
H H /
nM 1C50(Ox1): 33 nM 1C50(Ox1): 49 nM IC59(Ox1): 3 nM
nM I1C59(0Ox2): 20 nM 1C50(0Ox2): 33 nM IC59(Ox2): 4.7 nM

121 122 123

Figure 13. Further substituent variations in combination with «triazolo-methoxy-benzoic acid».
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Table 5. Metabolic stability, cytochrome P450 inhibition and brain penetration
properties in rats of compounds 119 and 139

Parameters 119 139

HLM/RLM clearance

in L min mg* 134 /658 149 /835
3A4T in uM 5.8 8.9
3A4 shift 1.4 29
3A4M in uM 10 4.4
2C9in pM 15 30
2D6 in uM >50 50

Brain penetration experiment in rats at 100 / 30 mg kg,
3h post administration [

[plasma]®™ in ng mL* 2196 + 139/ nd 823 +73/222+51

[brain]® in ng g* 3173 £ 476/ nd 1009 + 45 /69 + 31
B/P ratio 145 123 /31
[CSF] in ng mL™ 66 + 13 /nd 42/14%1.4

[a] formulated in 100 % PEGA400. [b] values given as mean = SEM of n=3-4. [c]
values for n=1-4. nd: not determined.

Compound 119, the only compound further characterized from
Figure 13 showed an HLM stability at 134 pL min* mg?'. P450
inhibition was acceptable and in the brain penetration experiment
at the dose of 100 mg kg™ the compound showed good brain

ICso(Ox1) in nM 2.8 13 16.5
IC50(Ox2) in nM 12 36 43.6
Cmpd No 124 125 126

N - N~ N~ N -
R2: s s s s
F
F F F

IC50(Ox1) in nM 8.5 10
IC50(0Ox2) in nM 17 4350
Cmpd No 130 131
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penetration properties (Table 5). However, when tested in the
EEG experiment at 30 mg kg%, the sleep promoting effect was
limited with no significant increase of the total sleep time (+19 min
vs vehicle), NREM (+12 min) or REM (+ 7 min)) (Figure 14).

NREM sleep proportion

= 801 7% 78%* in % of total sleep time
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Figure 14. Effect of 30 mg kg of compounds 119 and 139 on sleep stages.
Summary of the 6 h night active period following oral administration of
compound formulated in 100% PEG400. Data are expressed as mean = SEM.
n=8. NREM sleep proportion is given for the compound treated group. REM,
rapid eye movement; NREM, non-REM. For total sleep time: **p<0.01; for
NREM sleep: %p<0.01; for REM sleep: ##p<0.001 each vs matched vehicle,
paired t-test.

In Figure 15 we summarize further modifications of the carboxylic
acid moieties in combination with the 4-methyl-5-chloro-
benzimidazole.

- -

N
— ]

S S Cl
24 1.8 3.5
16 24 3
127 128 129
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F
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1890 4040
132 133

Figure 15. Further exploration of benzoic- and heteroaryl carboxylic acid moieties in combination with the 4-methyl-5-chloro-benzimidazole
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First, we investigated substituted biphenyl groups as benzoyl-
substituents. Orexin antagonist activities, especially on the Ox2R,
showed a tendency towards weaker potency. Human liver
microsomal stabilities of 116 pL min* mg* and 103 pL min** mg*
were determined for 124 and 125, respectively. P450 inhibition in
the 3A4T assay resulted in ICso of 3.6 uM and 2.3 pM for 124 and
125, respectively. This, combined with the suboptimal Ox2R
antagonist activity, resulted in the decision to stop further work
with these compounds. Compound 126 did not show sufficient
orexin receptor antagonist potency to be of further interest.
Compound 127 showed HLM stability of 194 puL min"t mg™. In the
P450 assays, ICsp values were 7 uM for 3A4T, 2.6 uM for 2C9
and 6.6 uM for 2D6. Unfortunately, the time dependent increase

in 3A4 inhibition was very high with 23-fold. The 5-phenyl-
thiazoloyl derivative 128 was a very potent DORA with HLM
stability of 296 puL min? mg?. For this compound, the P450
inhibition assays resulted in ICso of 6.2 uM for 3A4T, 6.3 uM for
2C9 and 12 pM for 2D6. Unfortunately, here as well, the time
dependent increase in 3A4 inhibition was very high with 12.8-fold.
Another potent DORA was 129 with an additional chloro-
substituent on the phenyl ring. Human liver microsomal stability
was 285 pL min? mg?, P450 inhibiton was at the lower,
acceptable end (3A4T ICso = 4.2 pM; 3A4M ICso= 14 pM; 2C9
ICs0= 4.8 uM; 2D6 ICso = 13 pM) and time dependent increase in
3A4 inhibition resulted in 2.9-fold. In the in vivo brain penetration
-experiment at 100 mg kg?, plasma concentrations of 558 ng mL"
L and brain concentrations of 607 ng g* were observed 3h post
administration, resulting in a B/P-ratio of 109%. Because of the
relatively limited exposure compared to other compounds tested
up to now, this compound was tested at 100 mg kg p.o. to assess
its sleep promotion potential in rats. Compound 129 increased the
time spent in NREM sleep by 29 + 12 and in REM sleep by 17 +
4 min over the 12h post administration period. However, statistical
significance was reached only for REM sleep (p = 0.0520 and p =
0.0039 compared to vehicle for NREM and REM sleep,

NT TR
e
N
N\
N N OMe N OMe N
" -"</N -"</Nj©[ -"</Nj©[ -"</N
/ Br / OMe K OMe

1C50(Ox1): 7.1 nM
1C50(0x2): 5.5 nM

ICs(Ox1): 28 nM
IC5(OX2): 28 nM

ICs(Ox1): 33 nM
IC5(Ox2): 42 nM

134 135 136

Figure 16. N-alkylated benzimidazoles (see also cpd 118).

Whereas many compounds showed promising in vivo efficacy in
rats, the overall profile of the compounds was looked at to select
the most promising drug candidate for clinical development.
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respectively, paired t-test). In addition, it showed a very high
human plasma protein binding of >99.9%.

Compounds 130 to 133, containing a 2,5-diphenyl-thiazol-4-oyl
substituent, represent rather Ox1R preferential or selective
antagonists. Therefore, these compounds were not further
characterized in this study.

In Figure 16, a summary of selected N-alkylated benzimidazoles
is depicted. Based on its very good dual orexin receptor
antagonist potency, 134 was further characterized. HLM stability
resulted in 99 pL min' mg?. P450 inhibition was acceptable
(BA4T ICs0 = 9.1 pM; 3A4M ICs = 12 pM; 2C9 ICs0 = 17 uM; 2D6
ICs0 = 49 uM) and time dependent increase in 3A4 inhibition was
1.7-fold. In the in vivo brain penetration experiment at 100 mg kg
! p.o., plasma concentrations were 1303 ng mL* and brain
concentrations 508 ng g* (ratio of 39%) indicating the potential of
this compound being a Pgp-substrate. In addition, human PPB
was > 99.9%.

Compounds 135 to 138 were not further characterized due to
limited orexin receptor antagonist potency. Compound 140, a
highly potent DORA resulted in an inacceptable time dependent
increase of 3A4-inhibition of 5 and was therefore abandoned as
well.

Finally, compound 139 (Figure 16), showed an HLM stability at
149 pL min*t mg. P450 inhibition was acceptable and the in vivo
brain penetration experiment at the dose of 100 mg kg resulted
in good brain penetration properties (Table 5). When tested at 30
mg kg in the EEG experiment, 139 significantly increased the
total sleep time (+ 40 min vs vehicle) via an increase of 24 min of
NREM sleep and 16 min REM sleep (Figure 14).

Out of the investigations summarized so far, the interesting “15
good compounds” which were investigated in the EEG/EMG
experiment at 30 mg kg were further characterized in order to
select the best one for preclinical and clinical development.

O™ 4
ooy 8
F

ICs(Ox1): 33 nM
IC50(Ox2): 40 nM

IC50(Ox1): 1.1 nM
I1C50(0Ox2): 1.2 nM

1C59(0Ox1): 1.1 nM
1C50(0x2): 1.2 nM

137 138 139 140

Physiology-based pharmacokinetic and pharmacodynamic
(PBPK/PD) modeling was then used to identify those compounds
with the best PK/PD profile in man. [
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Table 6. The 15 compounds investigated for their sleep promotion potential in rats
Parameters 65 66 78 80 85 89 93
Kb hOx1R / Kb hOx2R
innM 0.8/1.1 05/1 3.1/2.8 8.8 /13 25/35 1.1/1.6 0.7/1.2
1@ Increase in total sleep time in 22 33%+ 29* 45%+ 14 19 37+
min
MDR1 assay:
Efflux 2.7 34 2.3 2.2 2.1 2.3 3.3
PappAB in 106 cm.s? 21 16 28 31 30 33 24
PPB in %
Human / Rat / Dog 99.94/99.4/99.6 >99.9/99.2/99.5 99.92/99.6/99.6 99.8/99.3/99.7 99.6/99.2/99.7 99.92/99.4/99.7 99.9/98.3/99.4
hPXR activation:
ECso in pM 3.6 2.3 1.6 3.5 1.8 1.9 4
Emax in % 5.3 3.3 6 5.4 7.1 7 5.2
Stability in liver microsomes
in uL mint mg*
Human / Rat / Dog 206 / >1250/ 335 186 /947 / 267 98/276/55 155/879 /80 96 />1250/88 125/645/87 138 /990 /235
i.v. PKinrat: 1 mg kg+?
AUC in ng*h/mL 325 113 461 498 Not performed 553 196
CL in mL/(min*kg) 51 150 36 33 basepd on EEG 30 85
Vss in L/kg 3.8 7.9 11 2.2 inactivit 3.6 3.9
Tizinh 3.2 0.9 6.2 2.2 Y 2.7 1.3
Ploral PK in rat: 10 mg kg?
Cmax in ng mL?t 126 261 319 400 415 174
Tmax in h 05 05 05 05 hiot performed 05 05
AUC in ng*h/mL 208 240 1590 562 inactivit 592 186
Fin % 6.4 34 11.3 Y 11 9.4
i.v. PK in dog: 1 mg kg™
AUC in ng*h/mL 1690 1500 2070 1930 Not performed 1160 1750
CL in mL/(min*kg) 9.9 11 8.1 8.6 base% on EEG 14 9.5
Vss in L/kg 3.7 25 5 3.6 inactivit 54 2.4
Tizinh 6.5 5.4 97 6.4 Y 6.8 5
] oral PK in dog: 30 mg/dog
i -1
C”a;'“ " rTL 247 278 68 384 Not performed 85 239
AUC E:?xn *himL 0.3 0.5 2 0.3 based on EEG 1.0 1
Ein %/0 1090 690 626 1560 inactivity 355 910
38 23 20 42 17 35
Brain Fu in % 0.7 0.3 0.2 0.5 0.9 0.3 1

[a] 30 mg kg p.o. formulated in 100% PEG400. [b] formulated in MC0.5%. *p<0.05, **p<0.01, ***p<0.001 vs matched vehicle, hPXR: human pregnane X receptor, n.d.: not determined
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Table 6. continued
Parameters 104 108 111 114 119 118 139
Kb hOx1R / Kb hOx2R
innM 52/8.1 40/4.6 3.8/45 77119 1.2/1.4 16/55 1.0/1.9
[ Increase in total sleep time 25%* 53*** 15* 35** 19 36*** 40**
in min
MDR1 assay:
Efflux 2.9 8.4 13 25 2.2 1.4 4.7
PappAB in 10 cm.s™ 16 9.7 4.5 28 23 34 20
PPB in %

Human / Rat / Dog

hPXR activation:

99.6/98.2/99.4

99.7/97.3/97.5

99.8/97.2/98.6

>99.9/98.8/99.2

>99.9/98.8/99.2

99.2/99.17.99.2

99.97 /98.7/98.9

ECso in pM 2.6 2.3 1.6 1.9 0.9 0.4 4.6
Emax in % 5.1 5.2 6.7 7.1 4.1 4 55
Stability in liver microsomes
in uL mint mg*
Human / Rat / Dog 64 /1180 /156 111/437/65 106 /572 /68 138/>1250/182 134 /658 /185 69 /988 /.22 149/835/212
i.v. PKinrat: 1 mg kg+?
AUC in ng*h/mL 767 616 461 524
CL in mL/(min*kg) nd 22 nd 27 nd 36 32
Vss in L/kg o 0.6 o 1.2 o 3.2 0.79
Tizinh 0.4 1.3 1.7 0.4
bl oral PK in rat: 10 mg kg #
Cmax in ng mL™? 846 464 121 1050 346
Tmax in h nd 0.3 n.d. 0.3 0.5 0.5 1.0
AUC in ng*h/mL o 1170 965 212 1990 911
Fin % 15 16 n.a. 43 ?
i.v. PK in dog: 1 mg kg
AUC in ng*h/mL 1900 2160 4220 2260
CL in mL/(min*kg) nd 8.8 s 7.7 nd 3.9 7.4
Vss in L/kg o 1.2 <L 2.5 o 2.2 1.1
Tizinh 1.5 5.5 8.5 29
bloral PK in dog: 30 mg/dog
i -1
Cmax In g ML 747 211 736 774
max 1) 0.3 0.8 0.25 0.5
AUCllini:%A)h/mL n.d. 1620 n.d. 818 n.d. 2750 2130
49 20 39 28
Brain Fu in % 11 3 25 0.8 n.d. 0.7 0.8

[a] 30 mg kg p.o. formulated in 100% PEG400. [b] formulated in MC0.5%. *p<0.05, **p<0.01, ***p<0.001 vs matched vehicle, hPXR: human pregnane X receptor, n.d.: not determined;* formulated in 100% PEG400
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Based on limited efficacy on either total sleep time, NREM sleep
or REM sleep time at 30 mg kgl compared to the other
compounds, 78, 85, 89, 104, 111, and 119 were discarded. The
lack of efficacy of 111 was associated with a strong decrease of
exposure and a decrease in B/P ratio in the brain penetration
experiment when decreasing the dose from 100 to 30 mg kg7,
suggesting this compound could be a Pgp substrate in rats.
Looking at the MDR1 data, 111 was a clear Pgp substrate in
human with an efflux ratio of 13. Compound 108 was also
classified as a Pgp substrate in human based on the MDR1 data
showing an efflux ratio of 8.4 and was discarded. 139, with is
efflux ratio of 4.7 in combination with very a high hPPB of 99.97%
was discarded. Other liabilities appeared for some compounds
when tested for instance for in the human pregnane X receptor
(hPXR) assay reflecting induction of cytochrome P450 and
playing a role in detoxification. Indeed, compound 97, 119 and
118 were discarded based on an ECsp < 1 pM in this assay.
Compounds with non-measurable hPPB, as observed with
compound 66 or compound 114 were not favored either. In the
following, the detailed pharmacological characterization of our
remaining frontrunner 93 is described.

A dose-response of the hydrochloride salt of 93 was performed in
male Wistar rats implanted with telemetry transmitters for
EEG/EMG recording to evaluate its effect on the sleep-wake cycle
(Figure 17). Compound 93 x HCI was formulated in 0.5%
methylcellulose and single oral doses of 93 x HCI, equivalent to 0,
10, 30, 100, or 300 mg kg™ of the free base were administered by
gavage at the beginning of the nocturnal active phase.

[ active wake [ quietwake HE NREMsleep EE REM sleep

vehicle 39.9

10 mg kg 35.3

*k%k

30 mg kg™ 1 31.1

kkk 2

100 mg kg™ 1 273 H
Xkk :
300 mg kg 4 273 H

153 H

33.5

40.4 = 108

physiological day-

Figure 17. Effect of 93 x HCI on the time spent in sleep and wake stages (% of
total time) in rats. Summary of the 6 h night active period following oral
administration of 93 x HCI formulated in MC0.5%. Doses calculated for free
base. Data are expressed as mean + SEM. One-way ANOVA followed by the
post-hoc Dunnett's multiple comparisons test: * p < 0.05, ** p < 0.01, ** p <
0.001 compared to vehicle-treated rats. n = 8/dose group. MC, methycellulose;
REM, rapid eye movement; NREM, non-REM.

Over the 6h period following administration, compound 93 x HCI
dose-dependently decreased total wake time (one-way analysis
of variance (one-way ANOVA,; p < 0.0001) by up to 66 min, while
increasing REM (up to 17 min) and NREM (up to 55 min) sleep
times (one-way ANOVA,; p = 0.0008 and p < 0.0001, respectively).
The effect of the 10 mg kg dose was statistically significant vs
vehicle on NREM sleep variables (+13 min, Figure 17); the lowest
dose that was statistically significant on all variables was 30 mg
kg?. In addition, the latency to the first persistent episode of
NREM sleep (the first NREM sleep episode lasting at least 60 s)
and the first persistent episode of REM sleep (the first REM sleep
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episode lasting at least 30 s) were decreased (one-way ANOVA,
p < 0.0001 and p = 0.0065, respectively). Latency to NREM sleep
decreased from 61 min for the vehicle-treated rats to 17 min at 10
mg kg? (p = 0.0006) and down to 11 min at 300 mg kg? (p <
0.0001) and latency to REM sleep from 63 min to 25 min at 30 mg
kg (shorter latency observed, p=0.0037). Non-REM and REM
sleep increased in physiological proportion, i.e. under 93 x HCI
treatment, sleep architecture was conserved, as the relative
proportions of non-REM and REM sleep over the total sleep time
were not significantly changed (71 to 78% NREM, one-way
ANOVA, p = 0.1689).

Compound 93 x HCI was also evaluated in freely moving male
Beagle dogs implanted with telemetry transmitters for EEG/EMG
recording. Dogs received a single oral dose of 0, 10, 30, or 90 mg
of 93 x HCI as an amorphous solid dispersion in gelatin capsules
during their day active phase (Figure 18).

[ active wake [ quietwake HH NREM sleep HE REM sleep

placebo

10 mg

30 mg

90 mg

P hysiological night -

Figure 18. Effect of 93 x HCI on the time spent in sleep and wake stages (% of
total time) in dogs. Summary of the 6 h day active period following oral
administration of 93 x HCI formulated as an amorphous solid dispersion and
given in gelatin capsules. Data are expressed as mean + SEM. One-way
ANOVA followed by the post-hoc Dunnett's multiple comparisons test: * p < 0.05,
** p < 0.01, ** p < 0.001 compared to placebo-treated dogs. n = 6-10/dose
group. MC, methycellulose; REM, rapid eye movement; NREM, non-REM.

Over the 6 h period following administration, 93 x HCI dose-
dependently decreased total wake time (one-way ANOVA; p =
0.0001) by up to 77 min. This decrease in wakefulness was
accompanied by increases in both REM (up to 28 min) and NREM
(up to 51 min) sleep times (one-way ANOVA; p = 0.0004 and p =
0.002). The effect of the 10 mg/dog dose was statistically
significant vs placebo on NREM sleep variables (+ 32 min, Figure
18). In addition, the latency to the first persistent episode of NREM
sleep (the first NREM sleep episode lasting at least 60 s) was
decreased (one-way ANOVA, p =0.0448) by 51 to 68 minutes
depending on the dose. The decrease only reached statistical
significance for the 30 mg dose where the latency decreased from
104 min for the placebo-treated dogs to 35 min (p=0.0451).
Similarly to observations in rats, the relative proportions of NREM
and REM sleep over the total sleep time were not significantly
changed (71 to 81% NREM, one-way ANOVA, p = 0.6058).
Compound 93 was tested in a panel of over 130 enzymes and
radioligand binding assays for established central and peripheral
pharmacological targets. Compound 93 showed no relevant
activity against these targets at the tested concentration of 10 pM.
Based on the excellent pharmacology results obtained in rats and
dogs, the outcome of the first safety screen and the results of the
PB-PKPD modelling work 14, it was decided to develop compound
93 (daridorexant).
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Synthesis of 93 (daridorexant) and analogs (Figure 19):

In the first step, the medicinal chemistry synthesis of compound
89 starts with commercially available N-Boc protected (S)-2-
methyl-proline (A) which is reacted with 3-methly-4-chloro
phenylenediamine (B) under standard amide bond forming
conditions in dichloromethane using DIPEA as a base and HATU
as the coupling reagent. The reaction runs at room temperature
over night to give the intermediate C as two regioisomers C1 and
C2 in quantitative yield, which upon cyclization under acidic
conditions at 100°C in 1 hour resulted in the same benzimidazole
derivative D in 49% vyield. Boc deprotection by applying standard
conditions (HCI in dioxane, 1.6M) at room temperature resulted in
the HCl-salt of key intermediate E. The preparation of 93

10.1002/cmdc.202000453

WILEY-VCH

(daridorexant) required the synthesis of the specific 2-triazolo-5-
methoxy-benzoic acid H. This was achieved in 76% yield, by
reacting the commercially available 2-iodo-5-methoxy-benzoic
acid in a copper catalyzed coupling in the presence of cesium
carbonate as base, in DMF at 80°C with common 1,2,3-triazole.
In the final step, 2-triazolo-5-methoxy-benzoic acid (H) is coupled
with intermediate E in dichloromethane, with DIPEA as the base
and HATU as the coupling reagent to yield 93 in 63%. The HCI-
salt of 93 was prepared by adding 1 equivalent of 1.6 M HCl in
dioxane solution to a slurry of 93 in dioxane followed by
evaporation of the solvent and drying of the final material under
high vacuum conditions.

Cl
DCM, DIPEA, WLN lacial HOA
o ) glacia c, N
H,N Cl HATU, rt, 16h NP H R, 100°C, 1h |
4 OH + —————>»  Boc ¢y “
N~ H,N quant. yield 49% N 3
Boc Boc
Cl
A B o) D
| NH2
Boc c2
| o dioxane,
M HCI in dioxane,
on N{ }N rt, 90 min,
N quant. yield
H
F G
OMe
CU|,032CO3
DMF, 80°C, 3h
Cl 76%
v Cl
N
O)’\N DCM, DIPEA, A\ N
N N HATU, rt, 16h N o . WN
MeO 3 iy, H
0 63% OH N
x HCI
9
N= 93 OMe H E

Figure 19. Synthesis of benzimidazole-proline based dual orexin receptor antagonists: Synthesis of 93 (daridorexant) is given as exemplary access to the
compounds; all the other compounds described before can be prepared accordingly by adapting the starting materials. Detailed synthetic information for 93 on kg-
scale can be found.in the supporting information and general procedures in WO 2013/182972.

Conclusion

Taking ACT-462206 (7) %8, a proline based dual orexin receptor
antagonist, as a starting point for our medicinal chemistry program,
we identified a novel series of benzimidazole based orexin

18

receptor antagonists. The major structural changes from 7 to the
new series, involved replacing the anilide moiety by a
benzimidazole unit and the sulfonamide moiety by triazolyl-
substituted benzoyl unit. Extensive medicinal chemistry work,
combined with significant characterization efforts in in vivo
pharmacology of a large number of potent dual orexin receptor
antagonists, further in vitro characterization for absorption,
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distribution, metabolism and excretion (ADME) and safety
assessments, resulted in 15 promising DORA compounds.
Identification of the best compound out of the 15 frontrunners was
finally performed by implementing a PB-PKPD model M and
assessing additional safety aspects in vitro. The efforts
culminated in the selection of compound 93, now called
daridorexant, for preclinical followed by clinical development.

(6]

(7]
(8]

Compound 93 dose-dependently promotes sleep in rats and dogs.

The sleep architecture (=relative proportions of REM vs NREM
sleep) obtained following administration of 93 is comparable to
the architecture of physiological sleep. Compound 93 is in Phase
3 clinical trials for the treatment of insomnia. Top line results of
the first pivotal phase 3 study were released on April 20™, 2020.
The study demonstrated that daridorexant improved overall sleep
and daytime performance of patients with insomnia. Results of the
second pivotal study clearly confirmed the results from the first
pivotal study.

Experimental Section

Experimental Details are given in the supporting information.
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The quest for the best dual orexin receptor antagonist (daridorexant) for the treatment of insomnia disorders
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Since its discovery in 1998, the orexin system is of interest to the research community as a potential therapeutic target for the treatment of
sleep/wake disorders. We describe our efforts leading to the identification of daridorexant which successfully finished two pivotal phase 3
clinical trials for the treatment of insomnia disorders.
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