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Abstract 

 Dual orexin receptor antagonists (DORAs), or orexin 1 (OX1) and orexin 2 (OX2) 

receptor antagonists, have demonstrated clinical utility for the treatment of insomnia. 

Medicinal chemistry efforts focused on the reduction of bioactivation potential of 

diazepane amide 1 through the modification of the Western heterocycle resulted in the 

discovery of suvorexant, a DORA recently approved by the FDA for the treatment of 

insomnia. A second strategy towards reducing bioactivation risk is presented herein 

through the exploration of monocyclic quinazoline isosteres, namely substituted 

pyrimidines. These studies afforded potent DORAs with significantly reduced 

bioactivation risk and efficacy in rodent sleep models. Surprisingly, side products from 

the chemistry used to produce these DORAs yielded isomeric pyrimidine-containing 

diazepane amides possessing selective OX2R antagonist (2-SORA) profiles. Additional 

exploration of these isomeric pyrmidines uncovered potent 2-SORA diazepane amides 

with sleep efficacy in mouse EEG studies. 
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Results and Discussion 

 The field of orexin receptor antagonist research began shortly after the discovery 

of the orexin receptors, OX1R and OX2R, and their wake-promoting peptides, orexin A 

and B, in 1998.1 Proof-of-concept for the treatment of insomnia by dual orexin receptor 

antagonists (DORAs, molecules that antagonize both receptors) occurred in under a 

decade in 2007,2 and suvorexant (2, Figure 1) was the first DORA to be approved by the 

FDA for the treatment of insomnia in 2014.3 Several excellent reviews describing the 

state of preclinical and clinical orexin antagonist research have been published and are 

beyond the scope of this manuscript.4 Medicinal chemistry efforts that resulted in the 

discovery of suvorexant have been published by our group. 5  The reduction of 

bioactivation potential was a critical profile element in the optimization of diazepanes 

such as 1
6  to suvorexant (2). 7  Metabolite identification studies revealed the 

fluoroquinazoline motif in 1 was the underlying cause of the bioactivation through the 

formation of high levels of GSH adducts in human and rat microsomal incubations. 

Suvorexant demonstrated that modification of the nature of the fused Western 

heterocycle could significantly reduce bioactivation potential in the same microsomal 

GSH trapping experiments. A second strategy targeted utilization of monocyclic isosteric 

replacements (3, Figure 1) of the fluoroquinazoline heterocycle in 1 to affect a similar 

level of bioactivation risk reduction.  
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Figure 1.  Strategic designs focused on reduction of bioactivation potential of diazepane 
amide DORA 1. 
 
 Analysis of previously disclosed SAR in the diazepane amide DORA series 

demonstrated that removal of the distal fused phenyl in the Western heterocycle afforded 

essentially inactive compounds at both receptors (data not shown).8 From this data it was 

apparent that the lipophilic interactions in this region of the molecule were critical from a 

potency perspective. Thus, substituted pyrimidine Western heterocyclic designs filling a 

similar amount of lipophilic space compared to DORA 1 were prioritized for synthetic 

efforts. The synthesis of selected targets is described in Schemes 1 and 2. Substitution 

reactions involving diazepane cores A and B with 5-substituted-2,4-dichloropyrimidines 

favor substitution at the 4-position of the pyrimidine except when a strong electron 

withdrawing motif is present at the 5-position.9 An example of reversed regioselectivity 

in these SNAr reactions is depicted in Scheme 1 as diazepane amines A and B react with 

2,4-dichloro-5-trifluoromethylpyrimidine (C) to afford the 2-substituted products 7 and 8 

in a 4:1 ratio with regioisomers 13 and 14.10 Both regioisomeric products were then 

transformed via a second SNAr reaction or Stille coupling to afford products 9 - 12  and 

15 in acceptable yields. The regioselectivity for the initial SNAr reaction was confirmed 

by small molecule X-ray analysis of DORA 11 (Scheme 1). A more standard selectivity 

profile for these SNAr reactions is depicted in Scheme 2 where 2,4,5-trichloropyrimidine 

(F) must be functionalized via selective Stille coupling with tetramethyltin to afford 
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intermediate G.11 This intermediate can then be reacted with diazepane core A to afford 

2-substituted pyrimidine compound 4 in high yield. The substitution reaction of F with 

diazepane core B was completely selective for the 4-position of the pyrimidine to afford 

18. Compound 18 was then regioselectively methylated under Stille conditions to afford 

compound 19. 

 

 

Scheme 1. Representative synthesis of diazepane amide DORAs. Reagents and reaction conditions: (a) 
Diazepane A, Et3N, DMF, 25°C, 18h, 67% of 7 and 18% of 13; Diazepane B afforded 56% of 8 and 16% 
of 14; (b) Me4Sn, PdCl2(dppf), LiCl, DMF, 110°C, 14h, 70% for 9 86% for 11; (c) NaOMe (4M in MeOH), 
DMF, 23°C, 0.5h, 95% for 10 and 96% for 12; (d) Me4Sn, PdCl2(dppf), LiCl, DMF, 110°C, 14h, 19%; See 
reference 5a for the synthesis of diazepane cores A and B; Abbreviations: DMF = N,N-dimethylformamide, 
dppf = 1,1'-(diphenylphosphino)ferrocene. 
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Scheme 2. Representative synthesis of diazepane amide DORAs and 2-SORAs. Reagents and reaction 
conditions: (a) Me4Sn, PdCl2(dppf), DMF, 110°C, 4h, 60%; (b) Diazepane A, Et3N, DMF, 90°C, 15h, 56%; 
(c) Diazepane B, Et3N, DMF, 0°C to 23°C, 18h, 73%; (d) Me4Sn (1.05 equiv), Pd(PPh3)4, LiCl, DMF, 
115°C, 4h, 43% 
  

Selected potency and pharmacokinetic data for isosteric replacements of the 

Western 6-fluoroquinazoline motif are captured in Table 1. While certain designs did not 

recapitulate the planar topology of the fused fluorophenyl ring of DORA 1 (i.e. 

compounds 7 – 12 containing a trifluoromethyl motif), all designs resided within 20 Å2 of 

lipophilic surface area from the lead.12 As shown in Table 1, compound 1 demonstrated 

excellent binding (as determined by a radioligand binding assay) and functional (as 

determined via FLIPR assay) potency  at OX2R and OX1R as well as low clearance in the 

dog. 13  This combination of potency and pharmacokinetics provided excellent sleep 

efficacy in preclinical models and eventually led to the discovery of suvorexant (2). 

Hence, our objective was to duplicate this excellent profile in a monocyclic pyrimidine 

DORA.  

Replacement of the fluorophenyl motif in DORA 1 with chlorine and methyl 

substituents such as 4 and 5 retained excellent binding and functional potency of lead 1 

on both receptors. However, clearance in dog increased 3-fold for both compounds. 

Concerns around the direct electrophilic potential of the 4-chloropyrimidine motif in 
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DORA 5 encouraged non-electrophilic designs such as 4-methoxy-5-methylpyrimidine 6. 

OX1R binding potency and functional potency on both receptors were slightly diminished 

for this analog. Analogs such as 7 were designed incorporating a 5-trifluoromethyl motif 

to interrogate the relationship between lipophilicity and potency. Gratifyingly, compound 

7 demonstrated subnanomolar intrinsic potency against OX2R and OX1R, however, 

functional potency significantly diminished and dog clearance increased with the 

incorporation of lipophilicity. Reducing lipophilicity via removal of the methyl group (8, 

Table 1) on the triazole benzamide did not further improve functional potency, and, 

coupled with concerns around direct electrophilicity of compounds 7 and 8, chlorine 

replacements were targeted. Analogs 9 through 12 replaced the potentially electophilic 

chlorine in compounds 7 and 8 with a methyl or methoxy motif. Both compounds 9 and 

10 demonstrated excellent intrinsic potency against both receptors, however, the methoxy 

analog 10 displayed improved functional potency and reduced clearance in dog compared 

to compound 9. Removing the methyl group from the triazole benzamide afforded 11 and 

12 with very comparable functional potency and dog clearance profiles compared to 

DORA 10. Consistent with known amide SAR in the diazepane series, compounds 11 

and 12 demonstrated reduced OX1R binding potency. Hence, the profile of DORA 10 

most closely replicated the potency and pharmacokinetic profile of DORA 1, and this 

compound was selected for additional profiling. 

 
Table 1. Potential quinazoline isosteric replacements.a,b 
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Heterocycle  
(compound #) 

X OX2R Ki  
(nM)a 

OX1R Ki  
(nM)a 

OX2R IC50  
(nM)a 

OX1R IC50  
(nM)a 

Dog Cl 
(mL/min/kg) 

 
(1) 

H 0.2 1.8 27 27 3 

 
(4) 

Me 0.6 6.1 20 26 9 

 
(5) 

Me 0.4 3.9 28 30 8 

 
(6) 

Me 0.6 14 31 38 NA 

 
(7) 

Me 0.6 0.7 140 120 15 

 
(8) 

H 0.7 5.1 88 99 NA 

 
(9) 

Me 0.5 1.6 85 52 10 

 
(10) 

Me 0.4 1.5 27 43 3 

 
(11) 

H 0.5 11 19 27 5 

 
(12) 

H 0.7 6.3 21 44 3 

 
(a) See reference 5a for the details of these assays. All compounds listed were assayed as single 
enantiomers; (b) All data reported as an average value from n > 2; for n > 2, standard deviation is < 40% in 
all cases. 
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The bioactivation potential of DORA 1 and DORA 10 was assessed in vitro 

through glutathione (GSH) trapping experiments in rat and human microsomal 

preparations. DORA 10 reduced the amount of GSH-related adducts (determined by 

AUC measurements normalized to an internal standard) compared to DORA 1 in both rat 

and human preparations by over 80% (Figure 2). 14  This reduction in bioactivation 

potential was comparable to that achieved by the chloro-benzoxazole motif in suvorexant 

(>95% reduction, 2, Figure 1). DORA 10 demonstrated similar plasma protein binding in 

rat and human (95% and 96%, respectively), however, it was highly bound in dog 

(99.5%). The compound was highly permeable, was not a substrate for rat or human 

Pgp, 15  and it owned moderate PSA and relatively high lipophilicity (logD = 3.4) 

suggesting high potential for CNS penetration (Figure 3). DORA 10 has moderate 

clearance in rat and low clearance in dog with short half-lives in both species consistent 

with a short-acting agent for insomnia treatment (Table 2). Although DORA 10 had 

limited bioavailability in rat (8%), it demonstrated moderate bioavailability in the dog 

(23%). With this information in hand, increased doses were targeted in rat sleep 

experiments to evaluate oral efficacy of DORA 10 compared to lead DORA 1. 
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Figure 2.  GSH trapping studies of DORAs 1 and 10 in rat and human liver microsomes.a  

 

a Ratios are AUC measurements normalized to the AUC of an internal standard (IS = labetalol). AUC = 
area under curve; RLM = rat liver microsomes; HLM = human liver microsomes. 
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Figure 3.  Additional properties of DORA 10. 

 

Table 2.  Pharmacokinetics of DORA 10 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*h) 

Tmax 

(h) 

Cmax 

(µM) 

F 

(%) 

Rat 2 37 2.5 1.1 10 0.6 3.0 0.2 8 

Dog 0.125 3 0.4 2.4 3c 9.9 0.6 2.3 23 

Rat  NA NA NA NA 30 c 5.5 0.8 2.5 19 

a vehicle = 100% DMSO in rat and dog (n = 2); b dosed as the free base in 100% PEG200 (n = 2); c dosed as 
free base in 20% VitE TPGS in water; satellite rats for sleep study pharmacokinetics (n = 3), PO in dog n = 
2. 
 

 

 

Figure 4.  Sleep architecture effects of DORA 10 and DORA 1 in rat sleep dosed during 
their active phase.a 
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Mean time in active wake,  light sleep, SWS and REM sleep in rat monitored for two hours post dose.   PO 
administration of 30mg/kg of DORA 1, 30 mg/kg  of DORA 10, or vehicle (20%  Vitamin E TPGS) 
treatment was administered in a balanced cross-over design such that each subject received drug and 
vehicle (3 day  treatment).   Mean within-subject change relative to vehicle is shown. Data were analyzed 
using within-subject ANOVA to determine main effects and one sample t-test to compare to vehicle (N = 
12); (*p < 0.05, **p < 0.01, ***p < 0.001). 
 

Comparative efficacy for DORAs 1 and 10 in our previously reported rat sleep 

model is depicted in Figure 4. 16  Immediate, significant, and statistically similar 

reductions of active wake and concomitant increases in slow wave and REM sleep were 

observed for both compounds during the first two hours after oral administration of 30 

mpk of each DORA (active-phase dosing). Pharmacokinetics in satellite rats determined 

that DORA 10 achieved significant exposure in the sleep experiment with a Cmax of 2.5 

µM, an AUC of 5.5 µM●h, and a Tmax of 0.8 h. These exposure levels indicate significant 

OX2R occupancy during the course of the experiment as DORA 10 achieved 83% 

occupancy in a humanized rat occupancy model at a plasma exposure of 1.0 µM.17 The 



  

 13

exposure / occupancy relationship for lead DORA 1 was very similar to that described 

above with Cmax of 2.0 µM, an AUC of 4.5 µM●h in rat sleep studies, a Tmax of 1.3 h, and 

90% occupancy at 0.35 µM. Hence, from a potency, pharmacokinetic, and efficacy 

perspective, the 4-methoxy-5-trifluoromethylpyrimidine motif was a competent isosteric 

replacement for 6-fluoroquinazoline substructure with the potential to significantly 

reduce bioactivation potential. 

In addition to assaying the purposefully designed isosteric replacements of DORA 

1, our team also studied the regioisomeric SNAr products from Scheme 1. Previous SAR 

as well as SAR established in Table 1 (see matched pairs 9 and 11; 10 and 12, Table 1) 

demonstrated that the removal of the methyl group on the benzamide of suvorexant (2, 

Figure 1) generally resulted in the reduction of OX1R binding and, in some cases, 

functional potency. Hence, it was expected that compounds such as 14 would 

demonstrate some level of reduced OX1R potency. Surprisingly, compound 14 had 

significantly diminished OX1R binding potency (Ki = 1100 nM, Table 3) and was 

essentially functionally inactive on OX1R. Compound 14 displayed moderate binding and 

functional potency on OX2R which established this compound as a selective orexin 2 

receptor antagonist (2-SORA) lead with selectivity over OX1R of greater than 139-fold. 

2-SORAs have recently been of interest to further delineate receptor specific 

pharmacology as well as therapeutic entities themselves.18 The 2-chloropyrimidine motif 

embedded in compound 14 was a concern due to innate electrophilicity similar to the 

DORA effort above, thus a small SAR effort was undertaken to remove this concern and 

improve OX2R potency. 
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Replacement of the 2-chloropyrimidine with a 2-methylpyrimidine to remove the 

nascent electophilic potential of 14 afforded 2-SORA 15 with diminished both OX2R 

binding and functional potency.19 Replacement of the trifluoromethyl motif of 14 with a 

methyl group increased OX2R potency in both matched pairs (14 and 16; 15 and 17), 

however, 2-SORA 17 still was not in an OX2R potency range comparable to DORA 1 

and suvorexant (2, Figure 1). Further modifying the 5-substituent of the pyrimidine to a 

chlorine gave a marked OX2R potency increase for both 18 and 19, and 2-SORA 19 

possessed OX2R functional potency (48 nM) similar to suvorexant (56 nM) with no 

detectable antagonist activity on OX1R (> 200x selectivity). Due to its lack of potentially 

overt electrophilicity and favorable potency and selectivity profile, 2-SORA 19 was 

selected for additional profiling.  

 

 

 
Table 3. Regioisomeric pyrimidines with 2-SORA profiles.a,b 

 

 
 

Heterocycle  
(compound #) 

OX2R Ki  
(nM)a 

OX1R Ki  
(nM)a 

OX2R IC50  
(nM)a 

OX1R IC50  
(nM)a 

Selectivity 
(OX1R IC50 / 
OX2R IC50) 

 
(14) 

7.7 1100 72 >10000 > 139 

 
(15) 

31 4200 88 >10000 > 114 
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(16) 

2.6 760 42 2600 62 

 
(17) 

12 3600 82 >10000 > 122 

 
(18) 

1.1 850 25 3200 128 

 
(19) 

3.6 1800 48 >10000 > 208 

 
(a) See reference 5a for the details of these assays. All compounds listed were assayed as single 
enantiomers; (b) All data reported as an average value from n > 2; for n > 2, standard deviation is < 40% in 
all cases. 
 

2-SORA 19 displayed properties consistent with CNS penetration such as high 

permeability, low molecular weight, moderate PSA, and moderate log D (Figure 5). This 

compound was not a substrate for rat or human Pgp and possessed acceptable free 

fraction across species. Pharmacokinetic evaluation of 2-SORA 19 indicated moderate 

clearance in dog and high clearance in rat with short half-lives in both species (Table 4). 

Despite high clearance, the compound demonstrated moderate bioavailability in both rat 

(%F = 35%) and dog (%F = 19) suggesting that evaluation of oral sleep efficacy would 

be possible. Due to high clearance in rat for 2-SORA 19, high doses for in vivo 

evaluation were anticipated. Thus, mouse sleep studies were selected to probe efficacy for 

this 2-SORA lead to ease material requirements, and active-phase oral dosing at 300 mpk 

to telemetrized mice elicited immediate and significant decreases in active wake with 

concomitant increases in delta and REM sleep over the course of two hours (Figure 6). 

While exposures were somewhat high in this experiment (Cmax = 18 µM),20 these findings 
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are very consistent with sleep architecture profiles for DORA 10, DORA 1, suvorexant, 

and 2-SORAs MK-1064 and MK-3697.21 

N N

O
NN

N
Me

N
N

Me

2-SORA 19

Plasma Protein Binding

Human: 95%

Rat: 88%

Dog: 95%

CNS Properties

Pgp ratio (BA/AB): 0.7 (h); 1.5 (r)

Papp: 34 cm * 10-6/s

HPLC log D: 2.8

PSA: 74 Å2

MW: 412 g/mol

Cl

 

Figure 5.  Additional properties of 2-SORA 19. 

Table 4.  Pharmacokinetics of 2-SORA 19 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*h) 

Tmax 

(h) 

Cmax 

(µM) 

F 

(%) 

Rat 2 118 7.0 3.2 10 1.2 0.4 0.9 35 

Dog 0.5 15 0.8 0.9 3c 1.8 0.4 1.3 19 

Mouse c NA NA NA NA 300 NA 1.0 18 NA 

a vehicle = 100% DMSO in rat and dog (n = 2); b dosed as the hydrochloride salt in 100% PEG200 (n = 2); c 
dosed as free base in 20% VitE TPGS in water; satellite rats for sleep study pharmacokinetics (n = 3), PO 
in dog n = 2. 
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Figure 6.  Sleep architecture effects of 2-SORA 19 in mouse sleep experiments dosed 
during their active phase.a 
 

 
Mean time in active wake, light sleep, SWS and REM sleep in wild type mice monitored for over time.  PO 
administration of 2-SORA 19 (300 mg/kg; open circles) or vehicle (closed circles; 20% Vitamin E TPGS) 
treatment was administered in a balanced cross-over design such that each subject received drug and 
vehicle (5 day  treatment).  Vertical grey bar indicates dose time relative to light/dark period (filled/open 
horizontal bar). Significant differences are indicated by gray vertical lines, and black tic marks indicate 
significance level (short, medium, long, p < 0.05, 0.01, 0.001). 
 

 

In conclusion, we have demonstrated that substituted pyrimidines can serve as 

competent isosteric replacements for the 6-fluoroquinzaoline motif with the added benefit 

of lower bioactivation potential with DORA 10 representing a hallmark example. During 

the course of synthesis, we serendipitously discovered that isomeric pyrimidines in the 

diazepane amide series owned moderate OX2R potency and significant selectivity over 

OX1R making them intriguing 2-SORA leads. Further exploration uncovered 2-SORA 19 
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as an orally efficacious 2-SORA in mouse sleep. Further biological studies on DORAs 

and 2-SORAs presented herein will be published in due course. 
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