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Despite increased understanding of the biological basis for sleep control in the brain, few novel
mechanisms for the treatment of insomnia have been identified in recent years. One notable exception
is inhibition of the excitatory neuropeptides orexins A and B by design of orexin receptor antagonists.
Herein, we describe how efforts to understand the origin of poor oral pharmacokinetics in a leadingHTS-
derived diazepane orexin receptor antagonist led to the identification of compound 10 with a 7-methyl
substitution on the diazepane core. Though 10 displayed good potency, improved pharmacokinetics,
and excellent in vivo efficacy, it formed reactive metabolites in microsomal incubations. A mechanistic
hypothesis coupled with an in vitro assay to assess bioactivation led to replacement of the fluoroquina-
zoline ring of 10 with a chlorobenzoxazole to provide 3 (MK-4305), a potent dual orexin receptor
antagonist that is currently being tested in phase III clinical trials for the treatment of primary insomnia.

Introduction

Insomnia is characterized by difficulty initiating and/or
maintaining sleep, waking early, or finding sleep nonrestora-
tive. In a recent poll of American adults, over 50% reported
having at least one symptom of insomnia during the previous
year, and a third reported symptoms almost every night.1

Insomnia is considered primary if no known underlying
mental or physical condition leads to its development, and
has been directly linked to significant daytime consequences
such as irritability, inability to concentrate, reduced energy
levels, poor job performance, work absenteeism, and a greater
risk of traffic and work-related accidents as well as a higher
incidence of health problems.1,2 Insomnia is also commonly
experienced as a secondary symptom of comorbid disorders.
The direct and indirect costs to the US economy related to
insomnia have been estimated to be well in excess of $100
billion per year.3 It is believed that a significant number of
cases go undiagnosed and/or untreated due to an opinion by
many sufferers that sleep problems are inconsequential and a
pervasive belief by physicians that currently available treat-
ments have questionable safety and efficacy.1 Notwithstand-
ing, one-quarter of American adults take sleep medications
during the course of a year, and the U.S. market for sleep
drugs is estimated to reach $5 billion per year by 2010.3a

Despite the physical, psychological, and economic toll of
insomnia, treatments that improve total sleep time and sub-
jective sleep quality without risk of next-day impairment,

dependence, rebound insomnia, or safety concerns remain
elusive.4 The most widely prescribed agents for treatment of
insomnia are central nervous system depressants that enhance
signaling of the inhibitory neurotransmitter γ-aminobutyric
acid (GABAa). Developed beginning in the early 1960s, benzo-
diazepines decrease sleep onset time by binding to GABAA

receptors on postsynaptic neurons in the central nervous
system but are associated with issues such as daytime sleepi-
ness, dizziness, impairedmemory, and riskof dependence.1The
subtype selective benzodiazepine and nonbenzodiazepine
GABAA modulators developed more recently, such as zolpi-
dem, zaleplon, and eszopiclone, address some of the issues
associated with earlier agents but questions remain about the
overall safety and efficacy of these agents.3 The FDA recently
mandatedblack-boxwarnings related to the safety profile of all
sedative hypnotics, underscoring the agency’s concern with the
currently available treatments.5 In 2005, the FDA approved
the melatonin receptor antagonist ramelteon for the treat-
ment of insomnia, representing the first novel mechanism to
beapproved in35years and theonlyhypnotic not classifiedas a
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controlled substance.6 However, questions remain about the
effectiveness of ramelteon relative to GABAA modulators.7

Clearly, novel mechanisms for the treatment of insomnia that
simultaneously address the need for improved safety and
efficacy are of great interest, and an increased understanding
of the neuronal circuitry involved in the sleep/wake cycle has
spurred a rational search for such targets.

One of the most promising discoveries in this regard is the
orexin (or hypocretin) system that is highly conserved across
species and intricately linked to the regulation of sleep and
wake states.8 OrexinsA andB are neuropeptides derived from
the same prepro-orexin peptide that is produced in neurons
located in the lateral hypothalamus. These neurons project
widely to regions of the brain involved in regulation of
arousal. Discovered in 1998 by independent research groups,
the orexin peptides were found to bind to the previously
identified orphan G protein-coupled receptors, orexin recep-
tor 1 (OX1R) and orexin receptor 2 (OX2R).9Whereas OX1R
binds orexin A with greater affinity than orexin B, OX2R
binds to both peptides with equal affinity.

A number of genetic and pharmacological studies have
confirmed the central role that orexin signaling plays in
regulation of the sleep/wake cycle. Mice engineered to be
deficient in orexin peptides demonstrate a robust phenotype
consistent with human narcolepsy, a sleep disorder character-
ized by excessive daytime sleepiness, sleep fragmentation, and
abnormal transitions to REM sleep.10 Selective knockout of
OX1R in mice revealed a mild phenotype characterized by
sleep fragmentation, whereas knockout of OX2R produced a
narcoleptic phenotype but one that is less severe than the
peptide knockout. Simultaneous knockout of bothOX1Rand
OX2Rproduced an acute narcoleptic phenotype similar to the
peptide-deficient animals.11 Additionally, a colony of dogs
that naturally suffer fromnarcolepsy possess amutation in the
gene coding for the OX2R,12 whereas the disorder in humans
has been linked to a reduction of orexin-producing neurons,
resulting in low or undetectable levels of orexin A in the
cerebrospinal fluid (CSF) of narcoleptics.13 Consistent with
these observations, direct intracerebroventricular (ICV) infu-
sion of the orexin peptides into rat CSF leads to an increase in
arousal and a decrease in REM and non-REM sleep.14

Because hypofunction of the orexin system leads to de-
creasedwakefulness, orexin receptor antagonists have emerged
as a potential target for the treatment of insomnia as well as
conditions resulting from disruption of the natural circadian
cycle such as shift work or jet lag.15 However, on the basis of
genetic studies, the potential for orexin receptor blockade
to cause cataplexy, a condition closely linked to a subset
of narcolepsy sufferers and characterized by sudden loss of
muscle tone,was identified as apotential concern.Anumber of
laboratories therefore embarked on a search for selective
(OX1R or OX2R) as well as dual (OX1R/OX2R) orexin

receptor antagonists to better characterize their thera-
peutic potential. These efforts have resulted in identification
of potent dual orexin receptor antagonists (DORAs) as
well as selective orexin receptor antagonists (SORAs) that
have enabled pharmacological studies of their in vivo
activity.15c,d,16 Most work to date has focused on DORAs,
likely due to the fact that genetic studies suggested a more
robust effect on the sleep/wake cycle when both receptors are
affected;11 however, a recent publication revealed that an
OX2R-selective SORA promotes sleep in rats.17

Themost fully characterizedDORAstudied to date is (2R)-
2-[(1S)-6,7-dimethoxy-1-{2-[4-(trifluoromethyl)phenyl]ethyl}-
3,4-dihydroisoquinolin-2(1H)-yl]-N-methyl-2-phenylethan-
amide(1,Almorexant),acompoundcurrently inphaseIIIclinical
trials for the treatment of primary insomnia (Figure 1).18

Developed by Actelion Pharmaceuticals, it has been shown
to significantly decreasewakefulness in rats, dogs, andhumans,
with no evidence of cataplexy.19 In a phase II trial, Almorexant
provided clinical proof of concept for the orexin antagonist
mechanism in the treatment of insomnia, improving sleep
efficiency in primary insomniacs, and showing no significant
next-day effects on motor function or reaction time.20 The
second entry into the clinic was the DORA N-{[(2S)-1-{[5-(4-
fluorophenyl)-2-methyl-1,3-thiazol-4-yl]carbonyl}piperidin-
2-yl]methyl}-1-benzofuran-4-carboxamide (2, SB-649868)
from GlaxoSmithKline. It showed positive results in terms
of efficacy without residual next day effects; however, pre-
clinical toxicology findings have delayed advancement of
this compound.21 Importantly, both compounds have been
shown to induce a natural sleep architecture characterized by
increases in the time spent in REM and non-REM sleep,
differentiating them fromGABAA modulators such as zolpi-
dem that reduce time spent in these sleep stages believed to be
important for consolidation of memory and the restorative
functions of sleep.15c In December 2008, Merck presented
preliminary phase I results indicating that DORA [(7R)-4-(5-
chloro-1,3-benzoxazol-2-yl)-7-methyl-1,4-diazepan-1-yl]-
[5-methyl-2-(2H-1,2,3-triazol-2-yl)phenyl]methanone (3, MK-
4305) decreased latency to persistent sleep (LPS) and wake
after sleep onset (WASO), with no disruption of sleep archi-
tecture, in healthy volunteers.22

The favorable clinical results obtainedwith three structurally
diverse DORAs underscores the promise that orexin receptor
antagonism holds for the treatment of sleep disorders. In this
article, we describe the discovery and preclinical profile of 3,
a potent brain-penetrantDORAthat recently enteredphase III
clinical trials for the treatment of primary insomnia.23

Results and Discussion

A recent publication from our group described the dis-
covery of 4, a novel diazepane-basedDORA identified by hit-
to-lead efforts following high throughput screening of the

Figure 1. DORAs studied to date in clinical trials.
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Merck sample collection (Figure 2).24 Compound 4 demon-
strates low nanomolar affinity for the human OX1R and
OX2R as measured by a radioligand-displacement binding
assay (expressed as Ki), as well as excellent potency in a
fluorometric imaging plate reader (FLIPR) assay that pro-
vides a functional readout of orexin receptor antagonism in
CHO cells engineered to overexpress the human receptors
(expressed as IC50). Itwas found topromote sleep in ratswhen
dosed orally at 100 mg/kg by increasing the amount of time
spent in both REM and delta sleep.25 This observation is
consistent with the profile of clinically studied DORAs 1 and
215c and opposite to the effect seen following ICV adminis-
tration of the native peptide.14

Though 4 has excellent brain penetration, good physical
properties, a clean ancillary profile, and produces desired
effects on sleep architecture, it suffers from high clearance
and low bioavailability in the rat (Table 1). In the dog, 4
displays moderate plasma clearance (11.6 mL/min/kg) but
low bioavailability (16%). In light of the observed clearance
(calculated blood clearance accounts for ∼50% of hepatic
blood flow), maximal bioavailability is anticipated to be
∼50% in dog assuming complete absorption and primary
elimination via the liver. Thus, the observed low bioavail-
ability was unexpected and suggested the possibility of poor
absorption in this species. However, screening a number of
vehicles did not result in any improvement over polyethylene
glycol (PEG) 200 used in the initial study.26

Bile-duct cannulated (BDC) dog and portal/cephalic vein
infusion studies were therefore carried out to better under-
stand the reason for poor bioavailability. These studies
revealed that 4 is well absorbed when dosed in PEG 200,
with 78% of the total dose recovered in bile and urine
as products of oxidative metabolism. Hepatic extraction,
determined by comparing plasma AUCs during infusion
via the portal or cephalic vein, was 80%. Therefore, despite
the moderate clearance of 4 in dog, hepatic first-pass
metabolismwas themajor factor limiting its bioavailability.
As the dog was predicted to be most like human in phar-
macokinetic profile based on the similar intrinsic clearance
in these two species, improved dog pharmacokinetics
(reduced clearance, increased bioavailability) was required
to advance a compound into development. We therefore
began a rational approach to identify molecules with this
potential.

In vitro metabolism studies of 4 in microsomal prepara-
tions indicated several sites of metabolism that we sought
to eliminate or modify by synthetic modifications. A major
metabolic pathway identified was oxidation of the tolyl
methyl group on the 5-methyl-2-(triazolyl)-benzamide por-
tion of the molecule to form the benzyl alcohol and further
oxidation to the benzoic acid. Additionally, complex meta-
bolic patterns were observed on the remainder of themolecule
that indicated oxidation was occurring on both the core and
the quinazoline heterocycle. Interestingly, when 4 was incu-
bated in microsomal preparations fortified with semicarb-
azide, mass spectral adducts consistent with structure 4bwere
identified (Scheme 1). Mechanistically, this is suggestive of
oxidation at one of the four positions on the core adjacent to a
nitrogen atom to form intermediate 4a, followed by ring-
opening to reveal an aldehyde, which is subsequently trapped
by semicarbazide.27 Taken as a whole, themetabolism data in
hand suggested that removal of the benzylic methyl group,
alteration of the heterocycle, and chemicalmodification of the
core, especially blocking positions adjacent to the nitrogen
atoms, were logical tactics to employ in an effort to improve
pharmacokinetics in the diazepane series.

With this knowledge, we began an intensive synthetic
investigation focused on identification of novel diazepane
cores that had substitution at one or more carbon atoms.
During this effort, we identified over 15 mono- or disubsti-
tuted diazepane cores that provided potent DORAs (Ki <
5 nM on both OX1R and OX2R). In general, substitution at
positions 3 and5of the diazepane ringwas not toleratedby the
receptors, whereas substitution at positions 2, 6, and 7was not
only tolerated but often potency enhancing (Figure 3).28

With a large number of potent diazepane cores in hand, we
combined these with the optimal triazolyl-benzamide substi-
tuent and various heterocycles to assemble a large number of
potent DORAs for pharmacokinetic evaluation. Our expec-
tation was that reduced IV clearance would predict improved
bioavailability as a result of reduced metabolism, so we
studied many compounds in parallel by dosing IV in the
dog. Promising analogues were then followed up by PO
dosing to determine bioavailability.29 On the basis of the
overall potency, ancillary, and pharmacokinetic profiles of
analogues made with a methyl substituent at the 7-position of
the diazepane core, these analogues were targeted for further
investigation.

Surprisingly, a search of the literature revealed a dearth of
practical synthetic strategies to access a simple orthogonally
protected 7-methyldiazepane.30 The most promising route

Figure 2. Previously reported diazepane-based DORA 4.

Table 1. Pharmacokinetics of 4 in Rat and Dog

IVa POb

species dose (mg/kg) Cl (mL/min/kg) Vdss (L/kg) T1/2 (h) dose (mg/kg) AUC ( μM 3h) Cmax ( μM) F (%)

rat 2 52.6 1.08 0.35 100 1.50 0.65 2

dog 0.5 11.6 0.86 1.28 3 1.81 1.44 16
aVehicle = DMSO; n = 2 in rat, n = 3 in dog. bRat: dosed as the HCl salt in 20% TPGS; n = 3; dog: dosed as free base in PEG 200, n = 2.

Figure 3. General scaffold for examining mono- and disubstituted
diazepane cores.
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involved conjugate addition of a 1,2-amino azide to methyl
vinyl ketone, followed by an intramolecular aza-Wittig cycli-
zation and subsequent reduction (Scheme 2).30b Although
short and convergent, this route is unattractive for large scale
synthesis because it necessitates the synthesis and use of a
potentially explosive alkyl azide.31

As illustrated in Scheme 3, this route did, however, provide
inspiration for a related strategy utilizing the commercially
available N-Boc-1,2-diaminoethane as a surrogate for the
azide. In our modified route, conjugate addition of the
monoprotected diamine to methyl vinyl ketone followed by
in situ trapping with benzyl chloroformate provides ketone 5.

Boc deprotection and subsequent intramolecular reductive
amination with NaBH(OAc)3 forms the diazepane ring. A
Boc group is reinstalled to simplify purification, resulting in a
38% overall yield of 6 for the four steps from methyl vinyl
ketone. Importantly, this chemistry can be readily carried out
on large scale to provide access to quantities of 6 for analogue
synthesis and in vivo evaluation of leading compounds.

Subsequent studies indicated that the (R)-antipode of
analogues in this series had superior potency for the orexin
receptors.32 A chiral stationary phase HPLC resolution was
therefore carried out on racemic 6 to provide the desired
(R)-enantiomer as the first eluting isomer. To complete the
synthesis of analogues in this series, Boc deprotection fol-
lowed by amide coupling to 2-(2H-1,2,3-triazol-2-yl)-5-
methylbenzoic acid provided 7 in excellent yield. Removal
of the benzyl carbamate followed by reaction with 2-chloro-
quinazoline provided 8, the 7-(R)-methyldiazepane analogue
of 4 in 75% yield from 7.

As illustrated in Table 2, 8 displayed excellent potency for
OX1R and OX2R receptors in both binding and FLIPR
assays, but a reduction in dog clearance did not lead to
improved oral bioavailability relative to 4. Synthesis of 9

which lacks the benzylic methyl group of 8 provided an
analogue with similar IV clearance but with diminished
potency on OX1R as measured in the binding assay.33

Installation of a fluorine atom at the 6-position of the
quinazoline, a substitution we found to impart improved
pharmacokinetics to a number of analogues in the diazepane
series,25b provided 10 with improved potency, a further
reduction in IV clearance, and favorable bioavailability of
37% in dog.

Similar to compound 4, 10 is not a substrate for Pgp efflux
(BA/AB=0.6), has excellent passive permeability (38� 10-6

cm/s), a plasma free fraction of ∼3% in rat, and possesses a
clean ancillary profile as determined by anMDS Pharma off-
target screen. In vivo analysis in rat indicates 10 demonstrates
reasonable rat pharmacokinetics with a clearance of 33 mL/
min/kg and oral bioavailability of 47%when dosed at 10 mg/
kg in 20% D-R-tocopheryl polyethylene glycol-100-succinate
(TPGS)34 and maintains a favorable brain/plasma ratio of
0.4-0.6 and a CSF/plasma ratio of 0.02-0.03.35 Compound
10 possesses the overall profile we were seeking in a develop-
ment compound, and it was therefore advanced into a rat
sleep assay to assess its effects on sleep architecture.

The preclinical sleep laboratory at Merck makes use of
radiotelemetric recording of electrocorticogram (ECoG) and
electromyogram (EMG) signals to assess the time spent by
animals in various states of arousal, including active wake,
light sleep, REM sleep, and delta or slow wave sleep (SWS).
Upon dosing 10 orally at 10 mg/kg/day to telemetry-im-
planted rats during their active phase (lights off), the amount
of time spent in each state of arousalwasmeasured andbinned
into 30 min intervals and compared to vehicle treated rats
(Figure 4). Similar to the effects seen with compound 4, 10

Scheme 1. ProposedMechanism of Semicarbazide TrappingWhen 4 Is Incubated in Liver Microsomes Fortified with Semicarbazide

Scheme 2. Previously Reported Synthesis of the 7-Methyldi-
azepane Core30ba

aReagents and conditions: (a) Et2O (70%); (b) PPh3, Et2O (72%);

(c), LAH, Et2O (91%).

Scheme 3. Synthesis of 7-Methyldiazepane DORAAnaloguesa

aReagents and conditions: (a) Et2O, then TEA and benzyl chloro-

formate; (b) HCl(g), EtOAc; (c) NaBH(OAc)3, HOAc, CH2Cl2; (d)

Boc2O, TEA, CH2Cl2 (38% for 4 steps); (e) Chiralpak AD, 60% EtOH

in hexanes (0.1% DEA as modifier), first isomer to elute is the desired

(R)-isomer; (f ) HCl(g), EtOAc; (g) 2-(2H-1,2,3-triazol-2-yl)-5-methyl-

benzoic acid, EDC, HOAT, NMM, DMF (87% for 2 steps);

(h)H2, Pd(OH)2,MeOH/EtOAc; (i) 2-chloroquinazoline,K2CO3,DMF

(75% for 2 steps).
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produced a significant decrease in active wake with a con-
current increase in REM and delta sleep during the three to
four hours following dosing. At approximately one hour post
dose when the greatest effects on sleep are observed, the
plasma exposure of 10 was ∼1.0 μM, which leads to an
estimated 20-30 nM in the CSF. Thus, compounds 4 and
10 induce favorable sleep effects in rats at comparable plasma
exposures, as predicted based on their in vitro profile, but
compound 10works at a 10-fold lower dose (onamg/kg basis)
due to its improved bioavailability.

Excitement over the favorable attributes of 10 was tem-
pered by the discovery that it undergoes bioactivation to form
reactive electrophilic intermediates (reactive metabolites) that

can be trapped with glutathione (GSH) when incubated in
human or rat liver microsomes. It is generally accepted that
reducing the potential for bioactivation of drug candidates
during the lead optimization process is a prudent strategy to
minimize potential risk for drug-induced idiosyncratic toxicity
in humans.36We therefore next focused attention on reducing
bioactivation of leading diazepanes.

To assess bioactivation potential, we employed an assay
wherein test compounds were incubated in human liver
microsomes fortified with GSH. Upon quenching the reac-
tion, GSH-drug adducts were detected by ultra performance
liquid chromatography-high resolution mass spectrometry
(UPLC/HRMS).37 The area under the peaks for all GSH-
adducts was measured relative to an internal standard (IS),
and the GSH-adduct/IS ratio was used as a semiquantitative
measure of bioactivation potential.

In this assay, compound 10 had a GSH-adduct/IS
ratio of 3.3. On the basis of mass spectral analysis of the
GSH-adducts, we believed that the fluoroquinazoline ring
was largely responsible for the bioactivation observed
in 10.38 We therefore decided to hold constant the optimized
7-methyldiazepane core and triazolyl-benzamide while focus-
ing on heterocycle replacements to maintain good pharmaco-
kinetics and reduce bioactivation.

As illustrated in Table 3, replacing the fluoroquinazoline
ring of 10 with a difluoroquinoxaline to provide 11 main-
tained favorable potency and IV clearance, but had little effect
on the GSH-adduct/IS ratio. Believing a change from the
6,6-fused saturated ring system was required to reduce bio-
activation, an analogue incorporating a 5,6,7,8-tetrahydro-
quinazoline ring was tested (12). Though potency remained
excellent, dog clearance was adversely affected by this struc-
tural modification. Importantly, a significant improvement
in the GSH-adduct/IS ratio was observed, indicating that
progress toward reduced bioactivation was being made by
alteration of the heterocycle.

Analysis of the historical dog IV data collected on the
program to this point identified benzoxazole-containing di-
azepanes as generally having reduced clearance values relative
to other heterocycles tested. Installation of an unsubstituted
benzoxazole to provide 13 resulted in an analogue with the
lowest plasma clearance in dog observed to date for a diaze-
pane DORA (2.4 mL/min/kg). However, despite inclusion of
the potency-enhancing methyl group on the benzamide,33 13
suffered a nearly 20-fold loss inOX2Rbinding potency relative
to 10. From previous SAR knowledge dating back to theHTS
hit that led to the discovery of the diazepane series, it was
known that addition of lipophilic groups on benzoxazoles and

Table 2. Profile of 7-(R)-Methyldiazepane Analogues 8-10

compd R1 R2 R3 OX1R Ki, FLIPR
a (nM) OX2R Ki, FLIPR

a (nM) dog Clb (mL/min/kg) dog F c (%)

4 H Me H 1.2, 29 0.59, 27 11.6 16

8 Me Me H 0.39, 30 0.36, 30 6.0 <5

9 Me H H 6.2, 26 0.47, 18 6.4 ND

10 Me H F 1.8, 27 0.17, 27 5.2 37
a n g 3. b n = 2 in cassette (8, 9) or single (4, 10) mode. c n = 2 as a single in PEG 200.

Figure 4. Effects of a 10mg/kg dose of 10on rat sleep. The duration
of time spent in active wake, light sleep, delta sleep, and REM sleep
in vehicle (closed circles) vs drug (open circles) treated animals
following a 10 mg/kg po dose of 10 in 20% TPGS administered at
09:00. The open area in the bar above the abscissa designates lights
on and the filled area designates lights off. Values are mean( SEM.
Vertical gray lines represent statistically significant differences from
vehicle treatment as determined using mixed-model ANOVAs at
each time point. Significance levels are indicated by length of tic
marks (short <0.5, medium <0.01, long <0.001).
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benzothiazoles provided significant potency increases. Indeed,
installation of a chlorine at the 5-position of the benzoxazole
provided 3 with excellent potency and pharmacokinetics as
well as minimal GSH-adduct formation (GSH-adduct/IS
ratio=0.1). We therefore decided to further characterize 3 for
its potential as a development candidate.39

Like its predecessors, 3 possesses a favorable profile for
a CNS-penetrant drug. It is not a substrate for Pgp efflux
(BA/AB = 0.8), has excellent passive permeability (37 �
10-6 cm/s), and possesses a clean ancillary profile (>10000-
fold selectivity for OX2R) as determined by anMDS Pharma
off-target screen of 170 enzymes, receptors, and ion channels.
Because of the added lipophilicity introduced by the chloro-
benzoxazole relative to the fluoroquinazoline (the LogP
increased from3.0 in 10 to 3.6 for 3), protein binding increased
to∼99%inboth rat andhumanplasma.DORA3has abrain/
plasma ratio of∼1 in the rat, and itsCSF concentration is well
reflected by unbound plasma concentration, suggesting a lack
of concentration gradient between plasma and brain.40

When studied in telemetry-implanted rats, 3 induced
significant changes in sleep behavior at 30 mg/kg where, as
expected, significant increases in REM and delta sleep are
observed with a corresponding decrease in active wake
(Figure 5).41 In this study, the plasma exposure of 3 reached
a Cmax of 2.1 μM, which leads to an estimated 21 nM in the
CSF.

Along with the rat sleep assay, another powerful tool that
aided lead optimization efforts was an ex vivo occupancy
assay designed to measure orexin receptor binding directly in
the rat brain. Because of low levels of endogenous orexin

receptor expression, we developed a transgenic line of rats
engineered to overexpress the human OX2R ubiquitously in
the brain at relatively high density (12-14 nM).41 This assay
allowed us to determine receptor occupancy in the rat brain
followingperipheral administrationof antagonists. Following
a 30 min IV infusion of 3 over a concentration range of
0.1-2.0 mpk, we found that a 1.34 mg/kg dose was required
to occupy 90%of the orexin receptors (Occ90), corresponding
to exposures of 1070 nM in plasma, 1180 nM in brain, and
13 nM in theCSF (Figure 6). This suggests that in the rat sleep
study at 30 mg/kg/day, 3 achieved greater than 90% receptor
occupancy.

As illustrated in Table 4, 3 has high clearance in rat but low
tomoderate clearance in dog, with a short terminal half-life of
0.6 and 3.3 h, respectively. Compound 3 also has good
bioavailability in dog with a rapid Tmax but lower bioavail-
ability in rat. Investigation of 3 in BDC rat and dog studies
following IV administration of 14C-labeled drug not unex-
pectedly identified oxidation of the tolyl methyl group to the
corresponding benzyl alcohol (14) as a major route of meta-
bolism (Scheme4). Further oxidation to the carboxylic acid 15
was also observed, as was oxidation of the methyl group on
the core (16) and oxidation on the left-hand portion of the
molecule (17).42 Further conversion to the corresponding
glucuronides was also observed. In rat, dog, and human liver
microsomes, these same oxidative metabolites were observed,
with ratmicrosomes displaying the highest rate ofmetabolism
relative to dog and human. On the basis of the in vitro and in
vivo data, and an assumption that oxidative metabolism will
be the primary mode of elimination, 3 was predicted to be a

Table 3. Profile of 7-(R)-Methyldiazepane Analogues

a ng 3. b n=2 in cassette (12, 13) or single (10, 11, 3) mode. c n=2 as a single in PEG 200. d See Experimental Section for a description of how this
number is calculated.
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low to moderate clearance compound with good bioavail-
ability and a rapid onset of action in humans.

Compound 3 is a semicrystalline solid with good thermal-
and pH-dependent stability and modest aqueous solubility.

It was not genotoxic and was well-tolerated in preclinical
pharmacology and toxicity studies. There were no cardiovas-
cular effects indogs, andneurobehavioral changes inmice and
rats were generally limited to transient decreases in locomotor
activity that were consistent with the intended mechanism of
action.Results fromone-month general toxicity studies in rats
and dogs supported the safety and tolerability of 3 for short-
term testing in humans.On the basis of the overall profile of 3,
it was approved for development and entered phase I clinical
trials in 2007. In late 2009, a phase III clinical trial was
initiated to study the long-term safety and efficacy of 3 for
the treatment of primary insomnia.23Additional preclinical as
well as clinical results will be reported in due course.

In conclusion, we have described how a diazepane lead
compoundwas advanced toprovide a potent, brain-penetrant
dual orexin receptor antagonist for the treatment of insomnia.
Efforts to understand the cause of the poor pharmacokinetics
of 4 led to a rational search for chemical modifications that
reduced metabolism. Identification of the favorable 7-methyl
substituent on the diazepane core resulted in compound 10

withgoodpotency, improvedpharmacokinetics, and excellent
in vivo efficacy. An in vitro assay to assess bioactivation, in
concert with a mechanistic hypothesis as to the site of
bioactivation, led to replacement of the fluoroquinazoline
ring of 10 with a chlorobenzoxazole to provide 3, a potent
dual orexin receptor antagonist that is currently being tested
in phase III studies for the treatment of primary insomnia.

Experimental Section

A. Biology. All animal studies were performed according to
the NIH Guide for the Care and Use of Laboratory Animals,
and experimental protocols were reviewed by theMerckAnimal
Care and Use Committee.

Radioligand Binding Assay. Membranes were prepared from
expressed human orexin 2 receptor (hOX2R) and the Ile408-Val
variant of orexin 1 receptor (hOX1R) in CHO cells according to
the method described by Kunapuli et al.43 Confluent CHO/
OX2R and CHO/OX1R cells were dissociated from flasks with
PBS/1 mMEDTA and centrifuged at 1000g for 10 min. The cell
pellets were homogenized with a Polytron in ice-cold 20 mM
Hepes, 1mMEDTA, at pH7.4, and centrifuged at 20000g for 20
min at 4 �C. This process was repeated twice. The final mem-
brane pellet was resuspended at 5 mg of membrane protein/mL
in assay buffer (20 mM Hepes, 125 mM NaCl, 5 mM KCl, pH
7.4). Bovine serum albumin was added to achieve a final
concentration of 1% and aliquots stored at -80 �C. Radioli-
gand binding assays were performed utilizing an automated
Tecan Liquid handling system and Packard Unifilter-96 as
described by Mosser et al.44 Assays were performed at room
temperature in 96-well microtiter plates with a final assay
volume of 1.0 mL in 20 mM Hepes buffer (pH 7.4) containing
125 nMNaCl and 5mMKCl. Solutions of test compounds were
prepared in DMSO and serially diluted with DMSO to yield 20
μL of each of 10 solutions differing by 3-fold in concentration.
Nonspecific binding (NSB) is determined using a high-affinity
ligand (1 μM final concentration) and total binding (TB) is
determined by using DMSO (2% final concentrations). A solu-
tion of receptor (30 pM final, typically 2-10 μg membranes),

Figure 5. Effects of a 30 mg/kg dose of 3 on rat sleep. The duration
of time spent in active wake, light sleep, delta sleep, and REM sleep
in vehicle (closed circles) vs drug (open circles) treated animals
following a 30 mg/kg po dose of 3 in 20% TPGS administered at
09:00. The open area in the bar above the abscissa designates lights
on and the filled area designates lights off. Values are mean( SEM.
Vertical gray lines represent statistically significant differences from
vehicle treatment as determined using mixed-model ANOVAs at
each time point. Significance levels are indicated by length of tic
marks (short < 0.5, medium < 0.01, long < 0.001).

Figure 6. Plot of occupancy versus dose for compound 3 in trans-
genic rats. Similar plots of occupancy versus concentration of 3 in
plasma, brain, or CSF can be generated.

Table 4. Pharmacokinetic Parameters of 3 in Rat and Dog

IVa POb

species dose (mg/kg) Cl (mL/min/kg) Vdss (L/kg) T1/2 (h) dose (mg/kg) AUC (μM 3 h) Cmax (μM) Tmax (h) F (%)

rat 2 44 2.6 0.6 10 1.7 0.48 0.5 19

dog 0.5 4.0 0.8 3.3 3 16.9 3.2 0.5 56
aVehicle = DMSO; n = 3. bPEG 200, n = 3.
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and tritiated ligands (∼80 Ci/mmole) were added to the test
compounds. For the OX2R receptor, 0.15 nM of compound 18
(KD=0.3 nM) was used. For the OX1R receptor, 0.7 nM of
compound 19 (KD=3 nM) was used. The OX1R assay was also
performed with equivalent results using compound 20 at a
concentration of 0.03 nM (KD=0.03 nM); however, in this
case 920 μL of membranes was added first to the compounds
followed by the addition of 60 μL of the hot ligand. After
3 h of incubation at room temperature (20 h for compound
20), samples were filtered through Packard GF/B filters
(presoaked in 0.2% PEI, polyethyleninine Sigma P-3143) and
washed five times with 1 mL of cold 20 mM Hepes buffer
(pH 7.4) per wash. After vacuum drying of the filter plates,
50 μL of Packard Microscint-20 was added and bound radio-
activity (CPM bound) determined in a Packard TopCount.

Dose-inhibition profiles for each compound were character-
ized by fitting the data to a four-parameter equation using an
Excel based fitting program as previously described by Mosser
et al.44 The apparent inhibition constant (KI, KI = 10-pK

I), the
maximum inhibition at the low plateau relative to “100% inhibi-
tion control” (Imax; e.g. 1 g same as this control), the minimum
inhibition at the high plateau relative to the “0% inhibition
control” (Imin, e.g. 0 g same as the no drug control) and the Hill
slope (nH) are determined by a weighted nonlinear least-squares
fitting of the raw experimental observations (CPM Bound) as
a function of dose ([Drug]) according to the equation below:

CPMBound ¼ ðTB-NSBÞðImax- IminÞ

1þ ½Drug�

10-pKI 1þ ½Radiolabel�
KD

� � !
2
666664

3
777775

nH

þNSBþðTB-NSBÞð1- ImaxÞ ð1Þ
The median signal of the “0% inhibition controls” (TB) and
the median signal of the “100% inhibition controls” (NSB) are

constants in eq 1 that are determined from the controls located
in columns 1 and 12 of each assay plate. The concentration of
radioligand in eq 1 ([Radiolabel]) is calculated for each run based
on the ligand specific radioactivity and the measured CPM of
an aliquot of the assay solution. The apparent dissociation
constant of the radioligand for its receptor (KD) in eq 1, and the
receptor concentration (Bmax) is determined by a hot saturation
experiment.

FLIPR Assay. For intracellular calcium measurements,
Chinese hamster ovary (CHO) cells expressing the Ile408-Val
variant of the orexin 1 receptor or the human orexin 2 receptor,
were grown in Iscove’s modified DMEM containing 2 mM
L-glutamine, 0.5 g/mL G418, 1% hypoxanthine-thymidine sup-
plement, 100 U/mL penicillin, 100 ug/mL streptomycin, and
10% heat-inactivated fetal calf serum. The cells were seeded at
20000 cells/well into Becton-Dickinson black 384-well clear
bottom sterile plates coated with poly-D-lysine. All reagents
were from GIBCO-Invitrogen Corp. The seeded plates were
incubated overnight at 37 �C and 6% CO2. Ala-6,12 human
orexin-A as the agonist was prepared as a 0.5mM stock solution
in 1% bovine serum albumin (BSA) and diluted in assay buffer
(HBSS containing 20 mMHEPES and 2.5 mM probenecid, pH
7.4) for use in the assay at a final concentration of 0.3-2 nM.
Test compounds were prepared as 10 mM stock solution in
DMSO, then diluted and pipetted in 384-well plates, first in
DMSO, then assay buffer. On the day of the assay, cells were
washed three times with 100 μL assay buffer and then incubated
for 60 min (37 �C, 6% CO2) in 60 μL of assay buffer containing
1 μMFluo-4AM ester, 0.02% pluronic acid, and 1% BSA. The
dye loading solution was then aspirated and cells washed three
times with 100 μL of assay buffer. Then 30 μL of that same
buffer is left in each well. Within the fluorescent imaging plate
reader (Molecular Devices), test compounds were added to the
plate in a volume of 15 μL, incubated for 5min, and finally 15μL
of agonist was added. Fluorescence was measured for each well
at 1 s intervals for 1 min and at 6 s intervals for 4 min, and the
height of each fluorescence peak was compared to the height of
the fluorescence peak induced by 0.3-2 nM Ala-6,12 orexin-A
with buffer in place of antagonist. For each antagonist, the IC50

value (the concentration of compound needed to inhibit 50% of
the agonist response) was determined.

Rat Sleep Assay. Adult male Sprague-Dawley rats (450-
600 g; Taconic Farms, Germantown, NY) were subcutaneously
implanted with telemetric physiologic monitors (model F50-
EEE or 4ET SI; Data Sciences International, Arden Hills, MN)
that were used to simultaneously record both the electrocorti-
cogram (ECoG) and electromyogram (EMG) activities of the
rat. For placement of the 4ET SI, animals were anesthetized
with isoflurane and electrodes for recording ECoG signals and
EMG signals were placed. Position of the wires are based on the
following coordinates. Channel 1 wire. From Lambda AP þ2,

Scheme 4. Oxidative Metabolites of 3 Identified from a BDC Rat Study
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ML þ2 -2. Channel 2 wires From BREGMA AP þ1.5 ML
þ3.2 (hole 1) AP -10.5 (hole2). Channel 3 wires From BREG-
MAAP-3.0MLþ1.5,-3.5. EMG lead placement was in neck
muscle. An incision was made ∼3-5 cm in length midline on
the dorsal thorax to form a pocket on the left and right side
of midline, and the telemetry module was placed with a
saddlebag placement method. The animals were given a single
dose of antibiotic (gentomycin, 5.8 mg/kg) and an analgesic
(buprenorphine, 0.1 mL) within 3 h following surgery. The
animals were allowed to recover from surgery for at least two
weeks prior to recording. Throughout these experiments, ani-
mals were housed individually in plastic cages (19 in.� 101/2 in.
� 8 in.; Lab Products, Seaford, DE) and were provided water
and food ad libitum. Lights were on a 12 h light: 12 h dark cycle
with lights off at 4:00 a.m. and on at 4:00 p.m. ECoG and EMG
signals were collected simultaneously from all animals using
Dataquest ART software system (Data Sciences International,
Arden Hills, MN), digitally sampled at 500 Hz, and stored on a
PC for off-line analysis.

The hydrochloride salt of compound 10 (458 mg) was dis-
solved in 70.2mLof a 20%aqueous solution of TPGS (obtained
from Eastman Chemical Company) and administered by oral
gavage at 10mpk of the free-base equivalent to four rats, 5 h into
their active period (09:00 or ZT 17:00). For 3, the free-base
(1.27 g) was suspended in 70.2 mL of a 20% aqueous solution of
TPGS and dosed as above. Recordings were started just prior to
compound administration and were collected for 23 h. The
experiments were based on a standard crossover design with
two animals receiving compound for one week and the com-
plementary group receiving vehicle, followed by a week of
reversed administration. All animals were exposed to two days
administration of orally gavaged vehicle prior to initiation of
experimental drug administration to allow for habituation. For
baseline sleep measurements, continuous recordings were col-
lected for two days to get average sleep behaviors for each
animal over contiguous days prior to drug and vehicle admin-
istration. During the drug administration studies, recordings
were collected each day prior to, during, and following drug
administration. Recordings were begun prior to compound
administration so that the exact time of administration was
recorded within the raw data file as artifactual noise which was
caused by removing the implanted transmitter from the recep-
tive field of the receiver during administration. This information
allowed a direct measure of drug/vehicle administration time
during offline analysis andwas not included in the data analysis.
Following the completion of data collection, all data were
scored with automated sleep stage analysis software, Somno-
logica (Embla, Broomfield, CO). Assignment of sleep stages was
made in general accord with those described by J. M. Monti’s
group.45 Sleep/wake stages were assigned based upon a combi-
nation of level of movement within the field of the radio
frequency receiver over which individually housed rats were
caged, EMG activity, and ECoG frequencies over 10 s epochs.
Active wake was assigned to the epoch when movement of the
animal was detected over the receiver or when there was an
active EMG signal over the epoch and the ECoG frequencies
consisted of low-voltage high frequency activity. An epoch was
scored as light sleep when there was no movement activity, the
EMG was moderately activ,e and the ECoG consisted of either
theta or theta activity mixed with less than 50% of the epoch
showing delta activity.Delta sleepwas scoredwhen therewas no
gross movement, reduced EMG activity, and the ECoG con-
sisted of more than 50% delta wave activity (i.e., 0.5 to 4 Hz).
Rapid eye movement (REM) sleep was scored when there was
no movement or EMG activity and the ECoG consisted of
primarily theta activity. Results of staging were grouped into
30min periods following drug administration and the number of
entries into each stage and the duration of minutes spent in
each stage were calculated. The results for all four animals were
averaged by treatment, or vehicle, over seven administration

nights and the results were statistically compared based upon a
mixed ANOVA analysis.

Bioactivation Assay. Human liver microsomes (pooled, BD
Gentest) were preincubated at 1 mg/mL protein in 100 mM
potassium phosphate buffer (pH 7.4) with 10 μM test com-
pound, 1 mM MgCl2, 1 mM EDTA, 5 mM glutathione, and
1 mM NADPH for 60 min at 37 �C. The reactions were
terminated with 25% acetonitrile containing 0.15 μM labetalol
(internal standard). The samples were vortex-mixed and centri-
fuged at 14000 rpm for 10 min. The supernatant from each
sample was transferred to an HPLC vial for HRMS analysis.

UPLC-high resolution mass spectrometry (HRMS) was used
to identify the GSH-derived adducts. The system consis-
ted of a Waters Acquity sample manager and two Waters
Acquity UPLC pumps. HRMS was performed using a Waters
Q-TOFXevomass spectrometer. Separationwas achieved using
a Phenomenex Synergi 2.5 μm MAX-RP 100 Å column
(50 mm � 2 mm) heated to 60 �C. The mobile phase consisted
of water with 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid (solvent B) at a flow rate of 0.5 mL/min.
The gradient began with 5% solvent B for the first minute,
followed by a linear increase to 15% solvent B over the next
0.5 min. Solvent B was then increased to 50% over the next
11.5 min followed by a further increase to 90% over 2 min. The
columnwas thenwashedwith 95% solvent B for 1.5min.At the
end of each run, the columnwas re-equilibrated for 5min at the
initial conditions. Mass spectral analyses were carried out
using electrospray ionization in positive ion mode. The ESI
capillary voltage was set at 1.5 kV, and the source and
desolvation temperatures were set at 100 and 600 �C, res-
pectively. The mass scan range was 150 to 1000 amu with
0.25 s/scan. The lock mass of 588.8691 amu was used with a
frequency of one scan per 5 scans. The relative amount of GSH
adducts formed with each test compound was estimated using
peak area ratios. The areas obtained from the mass spectral
peaks associated with GSH-derived adducts were divided by
the area of the internal standard, labetalol.

ExVivo Occupancy Assay.Transgenic rats expressing human
OX2R were dosed intravenously by infusion over a 30 min
period or orally with 3 at doses of 0.1-2.0 mg/kg in 25%
hydroxypropyl-β-cyclodextrin and then sacrificed. Samples of
brain were quickly removed and frozen for use in the ex vivo
occupancy assay, while a second set of tissue samples, a plasma
sample, and CSF were frozen for LCMS determination of drug
levels. For the ex vivo assay, approximately 60 mg of cord or
brain was homogenized in 67 volumes of ice-cold assay buffer
(20 mM HEPES, 120 mM NaCl, 5 mM KCl, pH7.4) and
centrifuged at 21000g for 1 min. The pellets were resuspended
in ice-cold buffer at a concentration of 10 mg tissue/mL and
100 μLaliquotswere rapidly distributed to tubeswith 0.5mL rof
oom temperature buffer containing 200 pM compound A. At 2,
4, 6, 8, 10, 12, and 15 min following membrane addition,
incubations were terminated by filtration of three tubes over
glass fiber filters. A parallel set of incubations performed in the
presence of 1 μM of an unlabeled, potent DORA (OX2R Ki =
1.0 nM) was used to determine nonspecific radioligand binding
at each time point. Radioactivity on the filters was determined
by liquid scintillation counting and compound A rates of
association were determined by linear regression. Receptor
occupancy in a drug treated animal is calculated as: % occu-
pancy= (1- (slopedrug/slopevehicle))� 100. The concentrations
of drug required to achieve 90% receptor occupancy were
derived by nonlinear curve fitting using Prism software.

B. Chemistry. All solvents used were commercially available
“anhydrous” grade, and reagents were utilized without purifica-
tion unless otherwise noted. Nonaqueous reactions were carried
out in oven- or heat gun-dried glassware under a nitrogen
atmosphere. Magnetic stirring was used to agitate the reactions
and they were monitored for completion by either TLC (silica
gel 60, Merck KGaA) or LC/MS. A SmithCreator microwave
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fromPersonal Chemistry was used formicrowave heating, and a
CombiFlash system utilizing RediSep cartridges by Teledyne
Isco was utilized for silica gel chromatography with fraction
collection at 254 nm. Reverse phase HPLC purification was
carried out onaWatersHPLC(XBridgePrepC-18 5 μM19mm�
150 mm column) utilizing a gradient of 0.1% TFA in water/
acetonitrile with sample collection triggered by photodiode
array detection. The reported yields are for isolated compounds
of g95% purity, unless otherwise noted, and were not exten-
sively optimized. Purity analysis was carried out by HPLC with
a Waters 2690 separations module equipped with a YMC Pro
50 mm � 3 mm I.D. C-18 column interfaced with a Waters
Micromass ZMD spectrometer utilizing a gradient of 0.05%
TFA in water/acetonitrile withUV detection at 215 and 254 nm.
1H and 13C NMR spectra were recorded on a Varian INOVA
400, 500, or 600 MHz spectrometer, and all chemical shifts
are referenced to an internal standard of tetramethylsilane
or the CDCl3 solvent peak, respectively. High resolving power
accurate mass measurement electrospray (ES) and atmo-
spheric pressure chemical ionization (APCI) mass spectral data
were acquired by use of a Bruker Daltonics 7T Fourier trans-
form ion cyclotron resonancemass spectrometer (FT-ICRMS).
Optical rotations were determined at 23 �C on a Perkin-Elmer
241 spectrometer in the solvents and at the concentrations
specified.

As we have recently described, 1,4-disubstituted diazepane
orexin receptor antagonists exhibit unusual conformations in
solution and exist in multiple conformations as a result of
hindered rotations that are slow on the NMR time-scale.25a In
the case of compound 4, we attributed the four conformations to
cis-trans amide isomerization and hindered rotation about the
exocyclic C-N bond between the core and the quinazoline. In a
similar vein, the proton spectra of compounds 3 and 7-13

consist of broad, overlapping multiplets precluding a detailed
coupling constant analysis, and we feel that pictorial reproduc-
tions of theNMR spectra are more informative for comparative
purposes; thus,NMR resonances of final compoundswill not be
listed in numerical format. Instead, we include reproductions of
the 1H and 13C NMR spectra at 25 �C of all final compounds in
the Supporting Information, as well as the synthetic procedures
for preparation of 8-13. For compound 3 only, 1H and 13C
chemical shifts assigned from the analysis of COSY,HSQC, and
HMBC spectra will be presented herein.

[(7R)-4-(5-Chloro-1,3-benzoxazol-2-yl)-7-methyl-1,4-diaze-

pan-1-yl][5-methyl-2-(2H-1,2,3-triazol-2-yl)phenyl]methanone
(3). To a solution of 7 (29.5 g, 68.3 mmol) in 300 mL of EtOAc
and 200 mL of MeOH under nitrogen was added 2.4 g of 20%
Pd(OH)2 on carbon. The reaction was stirred for 48 h at room
temperature under a balloon of H2, then filtered through a pad
of celite with the aid of additional MeOH and concentrated to
provide 21.0 g (100%) of the secondary amine as a white foam.
This material was dissolved in 250 mL of DMF, and to the
solution was added triethylamine (29.3 mL, 210 mmol) and 2,5-
dichloro-1,3-benzoxazole46 (13.2 g, 70.1 mmol). After stirring
for 2 h at 75 �C, the reactionwas partitioned betweenEtOAc and
saturated aqueous NaHCO3, the layers were separated, and the
organic layer was washed with water, brine, dried over MgSO4,
filtered, and concentrated by rotary evaporation. The residue
was purified by column chromatography with a gradient of
0-100% EtOAc in hexanes to provide a colorless foam. This
material was stirred in a solution of 150 mL of EtOAc and 300
mLof hexanes overnight, filtered through aB€uchner funnel, and
the solids were collected to provide 29.1 g (92% from 7) of 3 as a
white solid.HRMScalcd forC23H23ClN6O2 (MþH): 451.1644;
found 451.1631. [R]D = -24.8 (c = 1.0, chloroform).

Compound 3 exists as a mixture of four rotameric compo-
nents in chemical exchange in DMSO-d6 at room temperature
(48:24:18:10). 1H and 13C chemical shifts of the two most
populated rotamers were assigned from the analysis of COSY,
HSQC, and HMBC spectra acquired on a sample dissolved in

DMSO-d6 at 25 �C. See the Supporting Information for repro-
ductions of the 1H and 13C NMR spectra at 25 �C in CDCl3.

Rotamer 1: (48% of total) 1H NMR (599.458 MHz, DMSO-
d6, 25 �C) δ 7.90 (2H), 7.82 (1H), 7.44 (2H), 7.35 (1H), 7.32 (1H),
7.04 (1H), 4.23 (1H), 4.06 (1H), 3.98 (1H), 3.77 (1H), 3.62 (1H),
3.53 (1H), 3.32 (1H), 2.41 (3H), 2.04 (1H), 1.64 (1H), 1.15 (3H).
13C NMR (150.742 MHz, DMSO-d6, 25 �C) δ 167.9, 162.9,
147.4, 147.1, 144.9, 137.9, 135.7, 133.4, 130.3, 128.0, 127.7,
122.1, 119.6, 114.9, 109.6 51.6, 46.3, 43.0, 39.8, 34.8, 20.2, 18.9.

Rotamer 2: (24% of total) 1H NMR (599.458 MHz, DMSO-
d6, 25 �C). 8.04 (2H), 7.79 (1H), 7.42 (1H), 7.38 (1H), 7.31 (1H),
7.24 (1H), 7.02 (1H), 4.64 (1H), 4.25 (1H), 4.00 (1H), 3.94 (1H),
3.73 (1H), 3.58 (1H), 3.22 (1H), 2.34 (3H), 2.20 (1H), 1.77 (1H)
1.13 (3H). 13C NMR (150.742 MHz, DMSO-d6, 25 �C) δ 168.3,
162.6, 147.3, 147.1, 144.7, 138.2, 135.8, 133.0, 130.2, 128.1,
127.9, 121.9, 119, 114.9, 109.6, 47.7, 46.5, 44.4, 38.4, 32.7,
20.1, 16.1.

tert-Butyl {2-[(3-Oxobutyl)amino]ethyl}carbamate, Carbo-

benzyloxy-Protected (5). To a solution of tert-butyl N-(2-ami-
noethyl)carbamate (39.4 mL, 250 mmol) in 500 mL of Et2O was
addedmethyl vinyl ketone (20.5mL, 250mmol) dropwise. After
stirring 18 h, the reaction was cooled to 0 �C and triethylamine
(45.2 mL, 325 mmol) was added, followed by dropwise addition
of benzyl chloroformate (39.2 mL, 250 mmol). The reaction was
allowed to warm slowly to room temperature and then stirred
48 h before being partitioned between EtOAc and 10% aqueous
citric acid in a separatory funnel. After separation, the aqueous
layer was extracted again with EtOAc, the combined organic
layers were washed with saturated aqueous NaHCO3, then
brine, dried over Na2SO4, and concentrated by rotary evapora-
tion to provide 71.3 g of crude 5 as pale yellowish-brown oil
that was carried into the next step without further purification.

1-Benzyl 4-tert-Butyl 5-Methyl-1,4-diazepane-1,4-dicarboxy-

late (6).HCl gas was bubbled through a solution of 71.3 g crude
6 in 500 mL of EtOAc until the reaction was warm to the touch,
the flask was capped, and stirred for 2 h at room temperature.
The volatiles were removed by rotary evaporation, the residue
was dissolved in 1 M HCl and washed twice with Et2O. The
aqueous layer was carefully basified with NaOH and extracted
three times with 2:1 CHCl3/EtOH. The combined organic
phases were washed with a minimum amount of brine and
concentrated by rotary evaporation. The residue was dissolved
in CH2Cl2, filtered, and concentrated to provide 32.9 g of a
brown oil. This material was dissolved in 400mL of CH2Cl2 and
treated with 10 mL of acetic acid. After stirring 2 h at room
temperature, sodium triacetoxyborohydride (39.6 g, 187 mmol)
was added and the reaction was stirred 48 h at room tempera-
ture. Most of the solvent was removed by rotary evaporation,
and the residue was dumped into saturated aqueous NaHCO3

and extracted three times with 2:1 CHCl3/EtOH. The combined
organic phases were washed with a minimum amount of brine
and concentrated by rotary evaporation. The residue was dis-
solved inCH2Cl2, filtered, and concentrated to provide 32.3 g of a
brown oil. This material was dissolved in 200 mL of CH2Cl2 and
treated with triethylamine (26.3 g, 260 mmol) and Boc2O (34.1 g,
156 mmol). After stirring overnight at room temperature, the
reaction was diluted with additional CH2Cl2 andwashed sequen-
tially with 10% aqueous citric acid, saturated aqueous NaHCO3,
water, dried over Na2SO4, and concentrated by rotary evapora-
tion. The residue was purified by column chromatography with a
gradient of 0 to 30% EtOAc in hexanes to provide 33.1 g (38%
from methyl vinyl ketone) of 6 as a colorless oil. 1H NMR (500
MHz, CDCl3) δ 7.4-7.3 (m, 5H), 5.1 (s, 2H), 4.25 (m, 0.5H),
4.0-3.6 (m, 4H), 3.3-2.9 (m, 3.5H), 2.1 (m, 1H), 2.55 (s, 9H), 1.1
(d, J = 6.6 Hz, 3H) ppm. LRMS= 249.1 (M þ H - Boc).

1-Benzyl 4-tert-Butyl (5R)-5-Methyl-1,4-diazepane-1,4-dicar-

boxylate [(R)-6]. Resolution of the enatiomers of 6 was carried
out chromatographically using a Chiralpak AD 10 cm � 50 cm
column with 60% EtOH in hexanes (containing 0.1% diethyl-
amine as a modifier) at 175 mL/min. Resolution of 17.4 g of 6 in
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three equal injections provided 8.2 g (47%, 95% of theoretical)
of (R)-6 as the first eluting enatiomer. Analytical HPLC analysis
carried out on a 46 mm � 250 mm Chiralpak AD column with
the same eluent as above at a flow rate of 1 mL/min indicated
that (R)-6 was of >98% ee. 1H NMR (500 MHz, CDCl3) δ
7.4-7.3 (m, 5H), 5.1 (s, 2H), 4.25 (m, 0.5H), 4.0-3.6 (m, 4H),
3.3-2.9 (m, 3.5H), 2.1 (m, 1H), 2.55 (s, 9H), 1.1 (d, J= 6.6 Hz,
3H) ppm. LRMS= 249.1 (M þ H - Boc). [R]D = -24.3 (c =
1.0, chloroform).

2-(2H-1,2,3-Triazol-2-yl)-5-methylbenzoic Acid. A solution
of 2-iodo-5-methylbenzoic acid (4.0 g, 15.3 mmol) in DMF
(10mL)was treatedwith1,2,3-triazole (2.1 g, 30.5mmol),Cs2CO3

(9.95 g, 30.5 mmol), CuI (0.145 g, 0.76 mmol), and trans-N,N0-
dimethylcyclohexane-1,2-diamine (0.43 g, 3.05 mmol). The mix-
ture was heated at 120 �C for 10 min in a microwave reactor. The
reaction was cooled to room temperature, diluted with water,
and washed with EtOAc. The aqueous phase was acidified with
1N HCl and extracted with EtOAc. The organic layer was
dried over Na2SO4, filtered, and concentrated by rotary evapora-
tion. The residue was purified by silica gel chromatography
(0-10% MeOH in DCM with 0.1% AcOH) to provide the
desired regioisomer as a white solid (1.93 g, 62%) followed by
the undesired N1-isomer. Data for 2-(2H-1,2,3-triazol-2-yl)-
5-methylbenzoic acid: 1H NMR (500 MHz, DMSO-d6) δ 12.98
(bs, 1H), 8.04 (s, 2H), 7.72-7.45 (m, 3H), 2.41 (s, 3H) ppm.
HRMS-ESI m/z [M þ H]þ calcd for C10H10N3O2, 204.0768;
found, 204.0769.

Benzyl (5R)-5-Methyl-4-[5-methyl-2-(2H-1,2,3-triazol-2-yl)-
benzoyl]-1,4-diazepane-1-carboxylate (7). HCl gas was bubbled
through a solution of 27 g (77 mmol) of (R)-6 in 500 mL of
EtOAc until the reaction reached approximately 50 �C, and the
flask was capped and stirred for 15 min at room temperature.
HCl gas was again bubbled through the solution, and the
flask was capped and stirred 30 min at room temperature. The
volatiles were removed by rotary evaporation to provide 22.3 g
of a pale-yellow gum. This material was dissolved in 300 mL of
DMF and treated with 2-(2H-1,2,3-triazol-2-yl)-5-methylben-
zoic acid (15.9 g, 78mmol), EDC (22.5 g, 118mmol), 1-hydroxy-
7-azabenzotriazole (12.8 g, 94 mmol), andN-methylmorpholine
(43.1 mL, 392 mmol). After stirring at room temperature over-
night, the reaction was partitioned between EtOAc and satu-
rated aqueous NaHCO3, the layers were separated, and the
organic layer was washed with water, brine, dried over MgSO4,
filtered, and concentrated by rotary evaporation. The residue
was purified by column chromatography with a gradient of
0-100% EtOAc in hexanes to provide 29.5 g [87% from (R)-6]
of 7 as a colorless gum. LRMS= 434.5 (MþH). [R]D =-34.4
(c = 1.0, chloroform). See the Supporting Information for a
reproduction of the 1H NMR spectrum at 25 �C in CDCl3.
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