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Abstract 

Molecular imaging using positron emission tomography (PET) can serve as a promising tool 

for visualizing biological targets in the brain. Insights into the expression pattern and the in 

vivo imaging of the G protein-coupled orexin receptors OX1R and OX2R will further our 

understanding of the orexin system and its role in various physiological and pathophysiological 

processes. Guided by crystal structures of our lead compound JH112 and the approved 

hypnotic drug suvorexant bound to OX1R and OX2R, respectively, we herein describe the 

design and synthesis of two novel radioligands, [18F]KD23 and [18F]KD10. Key to the success 

of our structural modifications was a bioisosteric replacement of the triazole moiety with a 

fluorophenyl group. The 19F-substituted analog KD23 showed high affinity for the OX1R and 

selectivity over OX2R, while the high affinity ligand KD10 displayed similar Ki values for both 

subtypes. Radiolabeling starting from the respective pinacol ester precursors resulted in 

excellent radiochemical yields of 93% and 88% for [18F]KD23 and [18F]KD10, respectively, 

within 20 minutes. The new compounds will be useful in PET studies aimed at subtype-

selective imaging of orexin receptors in brain tissue. 
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1. Introduction 

Orexin receptors (OXR) belong to the class A of G protein-coupled receptors (GPCRs) and 

are categorized into two subtypes: orexin receptor type 1 (OX1R) and orexin receptor type 2 

(OX2R). These receptors are activated by the neuropeptides orexin A (OXA) and orexin B 

(OXB).1 While OXA exhibits similar binding affinities for both receptors, OXB has a preference 

for OX2R.2 The human brain contains approximately 20,000-50,000 orexin-producing neurons 

originating in the lateral hypothalamus and extending into various brain areas.1 Whereas the 

OX2R subtype plays a crucial role in modulating the sleep-wake rhythm and mutations in this 

receptor produce narcolepsy in animal models,3-5 the OX1R subtype has a minor impact on 

sleep-wake regulation2 and is primarily involved in modulating the reward system6 and pain 

processing.7, 8 To further examine the distinct role of OX1R, molecular imaging using positron 

emission tomography (PET) is a highly sensitive modality to study brain receptor densities in 

vivo.9, 10 The development of a subtype selective OX1R radioligand for PET could facilitate the 

assessment of the regional OX1R expression in the central nervous system.10, 11 Several 

OX2R-selective radioligands have been investigated12-16. However, these PET ligand 

candidates exhibited low brain uptake or high non-specific binding. Efforts to develop OX1R 

selective PET ligands (Figure 1) have faced equal challenges, such that [18F]THIQ-1 and 

[18F]THIQ-217 displayed low brain uptake, [18F]PBC-118 exhibited unfavorable pharmacokinetic 

properties and [11C]CW2419 showed high non-specific binding in the brain.  
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Figure 1. OX1R selective PET ligand candidates.  

Herein, we describe the development of [18F]KD23, a subtype-selective radioligand for OX1R, 

and its analog [18F]KD10 that specifically binds both subtypes, OX1R and OX2R. The 

structural design of KD23 was based on our previously discovered OX1R-selective antagonist 

JH112,20 a lead compound that is structurally related to the approved hypnotic drug 

suvorexant.21 Both ligands adopt a horseshoe-like conformation within the binding pocket of 

OX1R, establishing particular interactions with the amino acids. The benzoxazole engages 

with residues C992.57, A1022.60, S1032.61, V1062.64, W11223.50, I1223.28, P1233.29, and Q1263.32, 

while the homopiperazine interacts with A1273.33, V1303.36, Q1794.60, M1834.64, and F2195.42. 

Additionally, the meta-toluamide forms interactions with S1032.61, N3186.55, H3447.39, V3477.42, 

and Y3487.43, and the triazole interacts with Y3116.48, I3146.51, and S3156.52. Subtype selectivity 

was designed guided by the crystal structures of OX1R (PDB: 4ZJ8)22 and OX2R (PDB: 

4S0V)23 bound to suvorexant. There are only two sequence differences in the orthosteric 

binding sites within 4 Å of the ligand, conferring that the binding site of the OX2R subtype is 

∼30 Å3 smaller than the binding site of OX1R.20 The residue Ser1032.61 of OX1R is exchanged 

for Thr1112.61 in the OX2R. In addition, Ala1273.33 of OX1R is replaced by the larger Thr1353.33 

for OX2R (numbers in superscript refer to the GPCRdb24 (Ballesteros-Weinstein25) 

enumeration scheme). The binding pose revealed that the side chain in position 3.33 is located 
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in close proximity to the ethylene bridge of the central homopiperazine ring. Introduction of a 

(S)-sec-butyl substituent induced repulsive interactions with OX2R and thus subtype 

selectivity for OX1R (Figure 2A,B).20 In contrast, the unsubstituted homopiperazine derivative 

(compound 1720) can be harbored well by both receptor subtypes.  

Aiming to generate PET ligands, we carefully inspected the crystal structure of OX1R (PDB: 

6V9S)20 bound to JH112 (Figure 2B). The size of the subpocket surrounding the five-

membered triazole moiety of JH112 indicated that the heteroarene may be replaced by a 

slightly larger fluorophenyl ring. Subsequent docking studies with the meta-fluorophenyl 

derivative, one of the possible regioisomers, suggested a stable binding pose, which was very 

similar to the binding pose of suvorexant and JH112. The fluorophenyl derivative KD10 was 

designed as a ligand with high affinity for both OX1R and OX2R, whereas KD23 demonstrated 

preferred binding to the OX1R. Hence, the 18F-substituted analogs of the meta-fluorophenyl 

derivatives KD10 and KD23 appeared to be a promising approach toward potential PET 

ligands. 
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Figure 2. Structure-based design of selective and nonselective fluorine-substituted OXR ligands KD23 

and KD10, respectively. A, B) Suvorexant (yellow) and JH112 (orange) are depicted within the binding 

pocket of OX1R (grey, PDB: 4ZJ822 for suvorexant, PDB: 6V9S20 for JH112), with OX2R (pink, PDB: 

4S0V23) superimposed for comparison. While suvorexant exhibits similar binding affinities for both 

subtypes OX1R and OX2R, the presence of the (S)-sec-butyl substituent in JH112 induced repulsion 

with residue Thr1353.33 in OX2R, resulting in distinct subtype selectivity for OX1R. C, D) Examination of 

the binding pocket's surface (grey) surrounding the triazole moiety revealed the potential for substitution 

with a slightly larger meta-fluorophenyl ring. The amino acids interacting with the ligands and forming 

the binding pocket of the OX1R are depicted as sticks. This substitution was implemented using the 

Builder Module of PyMOL26 on the structures of suvorexant and JH112, resulting in the generation of 

KD10 and KD23, respectively.  

https://doi.org/10.26434/chemrxiv-2024-r63tb ORCID: https://orcid.org/0000-0002-4127-197X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r63tb
https://orcid.org/0000-0002-4127-197X
https://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

2. Results and discussion 

2.1 Chemistry 

To evaluate the receptor binding profiles of our new target compounds, we first performed the 

synthesis of the non-radioactive, 19F-substituted compounds. Hence, we intended to 

synthesize the respective biphenylcarboxylic acids and subject those to an amide coupling 

with substituted or unsubstituted N-benzoxazolylhomopiperazines. Following an established 

protocol27, we prepared the different regioisomers of the fluorobiphenylcarboxylic acids using 

a two-step procedure. First, the carbon-carbon bond of the biaryl system was formed by a 

Suzuki cross-coupling reaction of 2-iodo-5-methyl benzoate (1) with ortho- and meta- 

fluorophenylboronic acid or its para-pinacol ester derivative. Subsequent saponification under 

basic conditions yielded the regioisomers 2.1, 3.1, and 4.1 (88-94% yield) (Scheme 1). 

 

Scheme 1. Synthesis of fluoro-substituted biphenylcarboxylic acids: a) boronic acid derivative (2: 4-F-

Ph-BO2C6H12, 3: 3-F-Ph-B(OH)2, 4: 2-F-Ph-B(OH)2), PdCl2(PPh3)2, Na2CO3, THF, 80 °C, 12 h; b) 1 M 

NaOH, MeOH, 50 °C, 12 h, 2.1: 94%, 3.1: 91%, 4.1: 88%. 

We prepared the homopiperazine building blocks 520 and 1320 by a Cu(II)-catalyzed CH-

amination of 5-chlorobenzo[d]oxazole with N-Boc protected homopiperazine, followed by the 

cleavage of the Boc protection group under acidic conditions.20 The chiral sec-butyl substituted 

homopiperazine precursor was prepared starting from (S)-isoleucine following our recently 

described protocol.20 Previous structure-activity relationship (SAR) studies indicated the 

importance of the methyl group attached to the triazolylbenzamide moiety for orexin receptor 

binding affinity.22 To elucidate the relevance of this methyl group as a part of the biphenyl 
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system, the non-fluorinated congeners 8 and 9 were synthesized by a HATU-promoted 

acylation of the homopiperazine derivative 5 with the biphenylcarboxylic acids 6 and 7. 

Analogously, the fluoro-substituted biphenyl derivatives 10, 11 (KD10), and 12 were prepared 

starting from the carboxylic acid derivatives 2.1, 3.1, and 4.1. Employing the chiral 

homopiperazine derivative 13, HATU-mediated coupling of 3.1 and 4.1 required elevated 

temperature, due to the bulky sec-butyl substituent. Nevertheless, the amide derivatives 

14 (KD23) and 15 were formed in 60% and 65% yield, respectively (Scheme 2). Noteworthy, 

the bulky substituent was responsible for the formation of rather stable rotamers of both KD23 

and 15, which resulted in a peak splitting in the HPLC-chromatograms, apparently caused by 

an exceptionally high rotation barrier of the amide bond. This phenomenon was not observed 

for the C-unsubstituted homopiperazine derivatives 8-12. 

 

Scheme 2. Synthesis route for the unselective and OX1R-selective antagonists: a) 1) 6, 7, 2.1, 3.1, or 

4.1, HATU, DIPEA, DMF, rt, 10 min, 2) 5, rt, 2 h, 8: 85%, 9: 91%, 10: 89%, 11 (KD10): 93%, 12: 90%; 

b) 1) 3.1, or 4.1, HATU, DIPEA, DMF, rt, 20 min, 2) 13, 50 °C, 12 h, 14 (KD23): 60%, 15: 65%. 
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We envisioned the 18F-labeled target compounds [18F]KD10 and [18F]KD23 by 

radiofluorination of suitable boronic acid pinacol esters. Thus, we conducted a Suzuki cross-

coupling reaction of the building block 1 with 3-bromophenylboronic acid pinacol ester 

(Scheme 3). The biphenyl derivative 16 was saponified under basic conditions to obtain the 

carboxylic acid 17. HATU-promoted coupling reactions with the homopiperazines 5 and 13 

were done at elevated temperature to furnish the 3’-bromobiphenyl carboxamide derivatives 

18 and 19, respectively. Subjection to bis(pinacolato)diboron in the presence of the palladium 

catalyst PdCl2(dppf)×CH2Cl2 allowed the conversion of the intermediates 18 and 19 to give the 

arylboronic acid ester derivatives 20 and 21, respectively. To take advantage of the promising 

OXR binding properties of KD10 and KD23 (Table 2), and to demonstrate the accessibility of 

the 18F-substituted analogs [18F]KD10 and [18F]KD23 as potential PET ligands, initial 18F-

labeling experiments on an analytical scale were performed starting from the boronic acid 

pinacol (BPin) esters 20 and 21. Applying the well-established alcohol-enhanced copper-

mediated radiofluorination method9, both BPin precursors, 20 and 21, were reacted with 

[18F]fluoride in the presence of copper(II) triflate in DMA/n-butanol at 110 °C. The reaction 

conditions have been optimized for the reaction volume to allow radiolabeling in high 

radiochemical yield (RCY) with only 7.1 µmol of the respective BPin precursor, carefully 

considering a BPin precursor-to-[Cu(OTf)2py4] ratio of 1:128 (Scheme 3).  
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Scheme 3. Synthesis route for radioligands [18F]KD10 and [18F]KD23: a) 3-Br-Ph-BO2C6H12, Na2CO3, 

THF, 80 °C, 2 h, 16: 69%; b) 2 M NaOH, MeOH, dioxane, 60 °C, 12 h, 17: 95%; c) 1) 17, HATU, DIPEA, 

DMF, rt, 20 min, 2) for 18: 5, for 19: 13, 50 °C, 12 h, 18: 86%, 19: 65%; d) bis(pinacolato)diboron, 

PdCl2(dppf)×CH2Cl2, KOAc, dioxane, 80 °C, 20: 69% 21: 63%; e) tetraethylammonium [18F]fluoride, 

tetrakis(pyridine)copper(II) triflate, DMA/n-butanol (2:1, v/v), 20 min, 110 °C. 

The time dependence of the 18F-fluorination showed the typical course of a Cu-mediated 

18F-substitution, reaching the maximum RCY for [18F]KD10 and [18F]KD23 of 88% and 93%, 

after 20 min (Table 1). Interestingly, earlier investigations on benzoxazole-5-BPin ester 

precursors showed that the copper-mediated 18F-substitution gave a limited RCY of only 20-

30%.28 Our approach of introducing 18F with a fluorophenyl substituent, replacing the triazole 

ring in the lead compounds JH112 and its C-nonsubstituted analog, turned out to be highly 

promising, as the 18F-labeling provided [18F]KD23 and [18F]KD10 with high RCYs. Future work 

will be directed to an upscaling of the radiosynthesis, enabling the evaluation of [18F]KD23 

and [18F]KD10 as potential PET ligands to study OX1R and OX2R expression in further in 

vitro and in vivo experiments. 
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Table 1. Time dependency of the radiochemical yields for the copper-mediated 18F-fluorination of 20 

and 21, respectively, to afford [18F]KD10 and [18F]KD23 (reaction conditions: see Scheme 3). 

 

 

 

 

2.2 Radioligand binding experiments 

Receptor binding affinities of the test compounds have been determined in a radioligand 

displacement assay.20, 29 Membranes of HEK 293T cells transiently expressing the human 

OX1R or OX2R were used for dose-response experiments to determine Ki values for the 

ligands in comparison to the reference agent JH112 (Table 2). Apart from compound 8, all 

biphenyl derivatives showed one-digit nanomolar affinities for OX1R (from 1.3 nM for 12 to 

6.4 nM for 10), confirming that the substitution of the triazole with a fluorophenyl ring is well 

tolerated by OX1R. Ki values of the non-fluorinated compounds with and without the methyl 

group (9: 1.8 nM, and 8: 21 nM) emphasize the importance of the methyl group attached to 

the carboxylic acid moiety for OX1R binding affinity. Maintaining the methyl substituent and 

introducing a fluoro substituent in ortho-, meta-, and para-position (12: 1.3 nM, KD10: 2.3 nM, 

and 10: 6.4 nM) did not affect binding affinity, but indicated a preference for the ortho- and 

meta-position. Since these compounds lack the sec-butyl substituent in position 2 of the 

homopiperazine, they revealed high affinity for both subtypes. In contrast, the sec-butyl 

substituted ortho- and meta-analogs 15 and KD23 showed a 25- and 32-fold selectivity for 

OX1R over OX2R with Ki values of 3.4 nM and 2.8 nM respectively. Therefore, KD10 and 

KD23 proved to be promising candidates for 18F-labeling. Remarkably, the bromo analog of 

KD23, compound 19, which was synthesized as an intermediate for 18F-labeling of 21, showed 

t (min) 
RCY (%) 

[18F]KD10 [18F]KD23 

2 20 22 

5 62 53 

10 82 85 

20 88 93 
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a 100-fold selectivity for OX1R over OX2R with Ki values of 3.4 nM (OX1R) and 340 nM 

(OX2R).  

To investigate if the newly developed ligands are agonists or antagonists, we performed an IP 

accumulation assay reflecting OX1R-mediated Gq-protein signaling20 for the three 

representative ligands KD10, KD23 and 19. In fact, the test compounds did not activate OX1R 

but completely inhibited the effect of 30 nM orexin A with inhibition constants of 68 nM for 

KD23 and 160 nM for KD10 and 19 (SI, Table S1, Figure S1). As JH112 revealed an 

IC50 = 17 nM these data are in good agreement with the binding affinities (Table 2). Hence, 

the test compounds clearly behaved as OX1R antagonists. 

Table 2: Receptor binding affinities of the orexin receptor ligands 8-10, 12, 15, 18, 19, KD10 and KD23 

in comparison to the lead compound JH112 to the human receptor subtypes OX1R and OX2R. 

compd. 
Ki values [nM ± S.E.M.]a selectivity 

for OX1R over OX2Re 
OX1Rb nc OX2Rd nc 

8 21 ± 2.7 3 5.3 ± 1.3 4 0.25 

9 1.8 ± 0.18 3 2.5 ± 0.23 3 1.4 

10 6.4 ± 0.18 3 7.4 ± 1.6 3 1.2 

KD10 2.3 ± 0.55 4 1.6 ± 0.21 5 0.70 

12 1.3 ± 0.17 3 1.6 ± 0.16 4 1.2 

KD23  2.8 ± 0.32 9 90 ± 8.1 10 32 

15 3.4 ± 0.63 5 86 ± 12 4 25 

18 3.2 ± 0.87 6 15 ± 3.3 5 4.7 

19 3.4 ± 0.63 8 340 ± 60 8 100 

JH11220 0.72 ± 0.08 6 54 ± 7.0 6 75 
a Ki values in nM ± S.E.M. are means of single experiments each done in triplicate. b Membranes from HEK293T cells transiently 
expressing the human OX1R were incubated with the radioligand [3H]SB974042. c Number of individual experiments. 
d Homogenates from HEK293T cells which transiently express the human OX2R were incubated with the radioligand [3H]EMPA. 
e Ratio of subtype selectivity calculated by dividing Ki for OX2R by the Ki for OX1R. 
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2.3 Computational analysis 

Previous drug discovery studies demonstrated that small modifications of a lead compound 

could result in a substantial change of the binding mode.30-32 In the GPCR field, the serotonin 

receptor subtypes 5-HT1AR and 5-HT2AR displayed the complexity of different ligand binding 

modes when an identical drug proved two clearly different binding modes.33, 34 To investigate 

the binding mode of KD23 and its interactions with the OX1R, we conducted docking 

experiments utilizing the previously reported JH112-bound OX1R crystal structure as a 

template.20 Core-constrained docking with JH112 as a reference, employing a tolerance of 

2 Å, was performed to maintain the horseshoe-like conformation and allow ample exploration 

of the binding site. Remarkably, docking yielded two predominant binding modes for KD23 

(Figure 3). The first, which we term the canonical binding mode (Figure 3A), shows KD23 

adopting a conformation reminiscent of JH112 showing interactions analogously to JH112 as 

described above. In the second noncanonical binding mode (Figure 3B), the benzoxazole and 

homopiperazine moieties adopt a conformation similar to that observed in the JH112-bound 

structure. The main difference is the torsion of the biphenyl moiety by approximately 180 ° 

causing alternative interactions of the meta-toluamide with Y3116.48, I3146.51 and N3186.55, 

while the 3-fluorophenyl interacts with S1032.61, H3447.39, V3477.42, and Y3487.43. Particularly 

intriguing are the π-stacking interactions observed. In the canonical conformation, the 3-

fluorophenyl engages in an edge-to-face interaction with F2195.42 and parallel staggered 

π-stacking with Y3116.48, while in the noncanonical conformation, a robust face-to-face π-

stacking interaction between the benzoxazole, the fluorophenyl, and H3447.39 is established. 

Interestingly, such a face-to-face π-stacking has also been observed in the structures of 

lemborexant and the urea derivatives SB-334867 and SB-408124.35 
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Figure 3. Comparison of different KD23 binding modes at the OX1R. Docking of KD23 into the JH112-

bound OX1R structure (PDB: 6V9S)20 generated two distinctively different binding modes. A) In the 

canonical binding mode (green) the binding of KD23 resembles JH112. B) In the noncanonical binding 

mode (grey), the biphenyl moiety is flipped by almost 180°.  

Based on the ambiguity of the different conformations and to learn more about the preferred 

position of the fluoro substituent, molecular dynamics (MD) simulations were applied to 

investigate the relevance of this observation in more detail and determine the most stable 

binding mode. Due to the restricted rotation of the biphenyl moiety for both binding modes, 

simulations were started in which the fluoro substituent is either pointing towards the 

extracellular side, or towards the intracellular side. Interestingly, the MD simulations 

demonstrated a lower root-mean-square fluctuation (RMSF) for the heavy atoms of KD23 in 

the canonical binding conformation with the fluoro substituent directed towards the 

extracellular site (SI, Figure S4) confirming the canonical binding mode of the docking studies. 

Furthermore, MD simulations to investigate the subtype selectivity of compound 19 revealed 

that the steric demand of the bromo substituent leads to a shift of the molecule towards TM2 

likely causing repulsive interactions with T1112.61 of OX2R, thereby contributing to the 

generation of subtype selectivity for OX1R (SI, Figure S4, S5, S6). 
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3. Conclusion  

In this study, we report on a structure-guided development of the radioligands [18F]KD23 and 

[18F]KD10. Whereas the 19F-substituted analog KD23 showed nanomolar binding affinity and 

30-fold selectivity for the orexin receptor type 1 (OX1R), the Ki values of its analog KD10 

reflect high affinity for both subtypes OX1R and OX2R. Starting from the pinacol esters 21 and 

20 as precursors, 18F-radiolabeling was associated with excellent radiochemical yields of 93% 

and 88%, respectively, within 20 minutes. These promising results provide a solid basis for 

further in vitro and in vivo experiments with this potential PET ligand pair to study their 

pharmacokinetics and imaging properties. A direct comparison of the OX1R-selective ligand 

[18F]KD23 with the nonselective ligand [18F]KD10 may provide valuable information on the 

role of both OXR subtypes in future in vivo studies with the perspective of advancing our 

understanding of the orexin system and its role in various physiological and pathophysiological 

processes. 

 

4. Experimental section 

4.1 Chemistry 

Reagents and solvents were purchased in their purest grade from abcr, Acros, Alfa Aesar, 

Sigma Aldrich, Apollo Scientific, Fisher Scientific, and BLD Pharm and were used without 

further purification. Unless otherwise noted, reactions were performed using dry solvents 

under a nitrogen or argon atmosphere. Thin-layer chromatography (TLC) was performed using 

aluminium sheets coated with Merck 60 F254, or Merck 60 RP-18 F254 silica gel, and the spots 

were visualized under UV light (254 nm). Purification by flash chromatography was performed 

using silica gel 60 (40-63 µm mesh), from Merck, or RP-18 silica gel (50 µm mesh) from YMC 

as a stationary phase on a Biotage Selekt automated flash purification system with a UV-Vis 

detector. Purification by preparative HPLC was performed on an Agilent 1260 infinity system 
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using an Agilent Zorbax XDB-C8 column (21.2 mm × 150 mm, 5 µm) (column 1) or an Agilent 

Eclipse XDB-C8 column (30 mm × 150 mm, 5 µm) (column 2). Compounds were 

characterized by NMR spectroscopy and high-resolution mass spectrometry (HRMS) for chiral 

by optical rotation. NMR spectra were obtained on a Bruker Avance 400 (400 MHz for 1H and 

101 MHz for 13C) or a Bruker Avance 600 (600 MHz for 1H and 151 MHz for 13C) spectrometer 

at 298 K using the solvents indicated. Chemical shifts are reported relative to TMS, or to the 

residual solvent peak, for DEPTQ spectra relative to the corresponding solvent peaks, 

77.16 ppm for CDCl3 and 39.52 ppm for DMSO-d6. ESI-mass spectra were recorded using 

LC-MS: Thermo Scientific Dionex Ultimate 3000 UHPLC quarternary pump, autosampler and 

RS-diode array detector, column: Zorbax-Eclipse XDB-C8 analytical column (3.0 mm × 

100 mm, 3.5 μm), flow rate 0.4 mL/min using DAD detection (230 nm; 254 nm), coupled to a 

Bruker Daltonics Amazon mass spectrometer. High mass accuracy and resolution 

experiments were performed on a Bruker Daltonics timsTOF Pro spectrometer using 

electrospray ionization (ESI) as an ionization source. The purity of all test compounds and key 

intermediates was determined by reverse phase HPLC. HPLC analysis was performed on 

analytical systems (Agilent 1100 analytical series, VWD detector), Zorbax Eclipse XDB-C8 

analytical column (4.6 mm × 150 mm, 5 µm), flow rate: 0.5 mL/min; system 1: CH3CN/0.1% 

aq. TFA, gradient: 3% to 85% CH3CN in 26 min, 85% to 95% CH3CN in 2 min, 95% CH3CN 

for 2 min; system 2: CH3CN/0.1% aq. TFA, gradient: 3% to 95% CH3CN in 28 min, 95% 

CH3CN for 2 min; system 3: CH3CN/0.1% aq. TFA, gradient: 20% to 95% CH3CN in 15 min, 

95% CH3CN for 2 min. Optical rotation measurements were performed, using a JASCO P-

2000 polarimeter with a class cuvette (path length: 100 mm, volume: 1.2 mL) A filtered sodium 

lamp (589 nm) generated linearly polarized light and the obtained data was analyzed using 

the Jasco Spectra Manager software. Radio-HPLC was performed on an Agilent 1100 system 

(Agilent Technologies) with a quaternary pump and variable wavelength detector and a radio-

HPLC detector (HERM LB 500, Berthold Technologies, Germany) on a Chromolith RP-18e 

column (RP, 100 × 4.6 mm, 5 µm particle size, flow rate: 4 mL/min) using a linear gradient 

from 10–100% acetonitrile (0.1% TFA) in water (0.1% TFA) over 5 min. All 18F-labeled 
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compounds were identified via the retention time (tR) of their non-radioactive reference 

compounds (SI, Figure S2 and S3). No-carrier-added (n.c.a.) [18F]fluoride was produced 

through the 18O(p,n)18F reaction on a PETtrace 800 cyclotron (General Electric, Uppsala, 

Sweden) using H2[18O]O as the target and purchased from Universitätsklinikum Würzburg, 

Klinik und Poliklinik für Nuklearmedizin, Germany. 

4.2 Synthesis 

[18F]KD10 and [18F]KD23: Copper-mediated 18F-fluorination 

The 18F-labeling of BPin ester precursors 20 and 21 was performed following the procedure 

described by Shinde et al.28. The [18F]fluoride in aqueous solution was passed through a Sep-

Pak® Light (46 mg) AccelTM Plus QMA carbonate cartridge from the male side. The cartridge 

was washed with acetone (dry, 2 mL) from the male side, and air (10 mL) was passed over 

the cartridge from the female side to remove residual water. [18F]Fluoride was eluted into a 

preheated (85 °C) reaction vial applying a solution of tetraethylammonium bicarbonate (TEAB) 

in dry methanol (6.2 mM, 500 µL). A stream of helium was used to remove the solvent, the 

reaction vial was heated to 110 °C and a solution of the respective BPin ester (7.1 µmol, 20 

or 21) and tetrakis(pyridine)copper(II) triflate ([Cu(OTf)2py4], 6.4 µmol)) in dimethylacetamide 

(DMA) and n-butanol (2:1, 200 µL) was added. The reaction mixture was stirred for 20 min 

under air and samples were drawn for radio-HPLC analysis (see 4.1 and Supplementary data), 

to monitor the formation of 18F-labeled [18F]KD10 and [18F]KD23, respectively. 

 

4'-Fluoro-4-methyl-[1,1'-biphenyl]-2-carboxylic acid (2.1)36  

To a solution of 4-fluorophenylboronic acid pinacol ester (84 µL, 0.398 mmol) in THF (1 mL) 

was added PdCl2(PPh3)2 (7.63 mg, 0.011 mmol) and then an aqueous solution of Na2CO3 

(1 mL, 0.8 M). After stirring for 2 min at rt, methyl 2-iodo-5-methylbenzoate (1, 60 µL, 
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0.362 mmol) was added. After stirring at 80 °C for 12 h, extraction was done with ethyl acetate, 

the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated 

under reduced pressure. Purification was done by automated flash chromatography (ethyl 

acetate/isohexane: gradient 6-15% ethyl acetate) to obtain methyl 4'-fluoro-4-methyl-[1,1'-

biphenyl]-2-carboxylate (2) as a transparent oil. The crude compound was dissolved in 

methanol (3 mL) and an aqueous solution of NaOH (3 mL, 1 M) was added. After heating the 

reaction mixture at 50 °C for 12 h, the methanol fraction was removed under reduced pressure 

and pH 3 was adjusted with 6 M HCl. Extraction with ethyl acetate was performed and the 

organic layer was washed with brine, dried over Na2SO4, and the solvent was removed under 

reduced pressure to yield compound 2.1 as a white solid (78.5 mg, 94%), which was used 

without further purification. 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.79-7.76 (m, 1H), 7.37 (ddq, 

J = 7.8, 1.9, 0.6 Hz, 1H), 7.29-7.23 (m, 2H), 7.23-7.20 (m, 1H), 7.09-7.02 (m, 2H), 2.42 (bs, 

3H); 13C-NMR (DEPTQ, 101 MHz, CDCl3): δ (ppm) 173.3, 162.4 (d, J = 246 Hz), 139.8, 137.5, 

137.1 (d, J = 3 Hz),133.1, 131.4, 131.3, 130.2 (d, J = 8 Hz), 129.0, 115.1 (d, J = 21 Hz), 21.0; 

ESI-MS: m/z 231.0 [M+H]+. Analytical data were in accordance with those reported in the 

literature 36.  

 

3'-Fluoro-4-methyl-[1,1'-biphenyl]-2-carboxylic acid (3.1)36 

The synthesis, workup and purification of compound 3.1 was performed as described for 2.1, 

employing 3-fluorophenylboronic acid (121.6 mg, 0.869 mmol) in THF (1 mL), PdCl2(PPh3)2 

(15.3 mg, 0.022 mmol), an aqueous solution of Na2CO3 (2 mL, 0.8 M) and methyl 2-iodo-5-

methylbenzoate (1, 120 µL, 0.724 mmol) and, finally, methanol (3 mL) and an aqueous 

solution of NaOH (3 mL, 1 M) for saponification of 3 to yield compound 3.1 as a white solid 

(152.4 mg, 91%), which was used without further purification. 1H-NMR (400 MHz, CDCl3): δ 

(ppm) 7.78-7.75 (m, 1H), 7.38 (ddq, J = 7.8, 1.9, 0.6 Hz, 1H), 7.36-7.28 (m, 1H), 7.23 (d, J = 
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7.7 Hz, 1H), 7.08 (ddd, J = 7.6, 1.4, 1.2 Hz, 1H), 7.06-7.00 (m, 2H), 2.43 (brs, 3H); 13C-NMR 

(DEPTQ, 101 MHz, CDCl3): δ (ppm) 172.8, 162.5 (d, J = 245 Hz), 143.4 (d, J = 8 Hz), 139.5 

(d, J = 2 Hz), 137.8, 133.1, 131.5, 131.1, 129.6 (d, J = 8 Hz), 128.9, 124.5 (d, J = 3 Hz), 115.7 

(d, J = 22 Hz), 114.2 (d, J = 21 Hz), 21.0; ESI-MS: m/z 231.0 [M+H]+. Analytical data were in 

accordance with those reported in the literature 36.  

2'-Fluoro-4-methyl-[1,1'-biphenyl]-2-carboxylic acid (4.1)  

The synthesis, workup and purification of compound 4.1 was performed as described for 2.1, 

employing 2-fluorophenylboronic acid (60.8 mg, 0.435 mmol) in THF (1 mL), PdCl2(PPh3)2 

(7.6 mg, 0.011 mmol), an aqueous solution of Na2CO3 (1 mL, 0.8 M) and methyl 2-iodo-5-

methylbenzoate (1, 60 µL, 0.362 mmol) and, finally, methanol (3 mL) and an aqueous solution 

of NaOH (3 mL, 1 M) for saponification of 4 to yield compound 4.1 as a white solid (73.6 mg, 

88%), which was used without further purification. Analytical HPLC (220 nm): system 1, purity: 

>99% (tR: 19.9 min); 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.87 (dq, J = 2.2, 0.6 Hz, 1H), 7.42 

(ddq, J = 7.8, 2.2, 0.7 Hz), 7.32 (dddd, J = 8.2, 7.3, 5.2, 1.9 Hz, 1H), 7.28 (dddd, J = 7.6, 7.6, 

1.9, 0.3 Hz, 1H), 7.24 (dq, J = 7.8, 0.3 Hz, 1H), 7.18 (ddd, J = 7.6, 7.3, 1.2 Hz, 1H), 7.06 (dddd, 

J = 10.1, 8.2, 1.2, 0.3 Hz, 1H), 2.44 (ddd, J = 0.7, 0.6, 0.3 Hz); 13C-NMR (DEPTQ, 151 MHz, 

CDCl3): δ (ppm) 172.3, 159.7 (d, J = 246 Hz), 138.1, 134.3, 133.5, 131.8, 131.5, 130.5 (d, J = 

4 Hz), 129.4, 129.3 (d, J = 8 Hz), 129.0 (d, J = 16 Hz) 124.1 (d, J = 4 Hz), 115.2 (d, J = 22 Hz), 

21.1; ESI-MS: m/z 231.0 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for C14H12FO2: 231.0816, 

found: 231.0816. 

 

[1,1'-Biphenyl]-2-yl(4-(5-chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)methanone (8) 

To a solution of [1,1'-biphenyl]-2-carboxylic acid (6, 51.4 mg, 0.259 mmol) and HATU 

(156.7 mg, 0.412 mmol) in DMF (3 mL) was added DIPEA (170 µL, 0.983 mmol). After stirring 
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for 10 min at rt, 5-chloro-2-(1,4-diazepan-1-yl)benzo[d]oxazole (5, 50.9 mg, 0.202 mmol) in 

DMF (1 mL) was added and the solution was reacted for 2 h at rt. Upon dilution with ethyl 

acetate and washing with saturated aqueous sodium bicarbonate solution and brine, the 

organic layer was dried over Na2SO4, filtered and the solvent was removed under reduced 

pressure. Purification was done by preparative HPLC using CH3CN/0.1% aq. TFA, a gradient 

of 3-85% CH3CN in 26 min (column 1, tR = 21.8 min, λ = 220 nm) at a flow rate of 12 mL/min 

to obtain compound 8 as a white solid (74.3 mg, 85%). Analytical HPLC (220 nm): system 1, 

purity: >99% (tR: 23.1 min); 1H-NMR (400 MHz, CDCl3, several rotamers were observed): 

δ (ppm) 7.53-7.46 (m, 3H), 7.46-7.38 (m, 2H), 7.38-7.29 (m, 3H), 7.24-7.13 (m, 2H), 7.11 (d, 

J = 8.5 Hz, 0.5H), 7.05 (dd, J = 8.4, 2.1 Hz, 0.5H), 7.01 (dd, J = 8.5, 2.1 Hz, 0.5H), 6.95-6.88 

(m, 0.5H), 4.42-4.12 (m, 0.5H), 3.86-3.76 (m, 1H), 3.74-3.65 (m, 1H), 3.65-3.56 (m, 1H), 3.55-

3.48 (m, 1H), 3.47-3.38 (m, 1H), 3.33-3.24 (m, 1H), 3.08-2.97 (m, 1H), 2.89-2.78 (m, 0.5H), 

2.23-2.03 (m, 0.5H), 1.92-1.76 (m, 0.5H), 1.62-1.47 (m, 0.5H), 1.21-1.05 (m, 0.5H); 13C-NMR 

(DEPTQ, 151 MHz, CDCl3, several rotamers were observed): δ (ppm) 171.70, 171.67, 162.0, 

161.9, 147.1, 146.9, 143.3, 142.7, 139.9, 139.6, 138.3, 135.2, 130.1, 130.0, 129.80, 129.77, 

129.7, 129.1, 129.0, 128.7, 128.5, 128.1, 128.0, 127.9, 127.8, 127.4, 127.2, 121.3, 121.1, 

116.3, 116.1, 109.7, 109.6, 49.8, 48.92, 48.86, 48.3, 47.9, 46.0, 45.6, 44.1, 28.2, 26.0; ESI-

MS: m/z 432.2 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for C25H23ClN3O2: 432.1473, found: 

432.1470. 

 

(4-(5-Chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone 

(9) 

The synthesis, workup and purification of compound 9 was performed as described for 8, 

employing 4-methyl-[1,1'-biphenyl]-2-carboxylic acid (7, 50.6 mg, 0.238 mmol), HATU 

(151.6 mg, 0.399 mmol), DMF (3 mL), DIPEA (170 µL, 0.983 mmol) and 5-chloro-2-(1,4-
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diazepan-1-yl)benzo[d]oxazole (5, 50.3 mg, 0.200 mmol) in DMF (1 mL). Preparative HPLC 

(tR = 22.9 min, λ = 220 nm) yielded compound 9 as a white solid (80.8 mg, 91%). Analytical 

HPLC (220 nm): system 1, purity: >99% (tR: 24.1 min); 1H-NMR (400 MHz, CDCl3 several 

rotamers were observed): δ (ppm) 7.51-7.43 (m, 2H), 7.40 (d, J = 2.0 Hz, 0.5H), 7.38-7.28 (m, 

4H), 7.22-7.16 (m, 1.5H), 7.14-7.09 (m, 1H), 7.05 (dd, J = 8.5, 2.1 Hz, 0.5H), 7.01 (dd, J = 8.5, 

2.1 Hz, 0.5H), 6.97-6.94 (m, 0.5H), 6.92-6.87 (m, 0.5H), 4.24-4.13 (m, 0.5H), 3.88-3.74 (m, 

1H), 3.74-3.56 (m, 1.5H), 3.56-3.39 (m, 1.5H), 3.39-3.17 (m, 1H), 3.16-2.97 (m, 1.5H), 2.97-

2.89 (m, 0.5H), 2.86-2.74 (m, 0.5H), 2.39 (s, 1.5H), 2.30 (s, 1.5H), 2.20-2.08 (m, 0.5H), 1.91-

1.78 (m, 0.5H), 1.60-1.46 (m, 0.5H), 1.18-1.05 (m, 0.5H); 13C-NMR (DEPTQ, 151 MHz, CDCl3, 

several rotamers were observed): δ (ppm) 171.9, 171.8, 162.1, 162.0, 147.2, 147.0, 143.6, 

143.1, 139.9, 139.6, 138.1, 137.9, 135.48, 135.46, 135.0, 130.6, 130.5, 130.0, 129.9, 129.8, 

129.6, 129.0, 128.9, 128.7, 128.5, 127.9, 127.8, 127.7, 127.6, 121.1, 121.0, 116.4, 116.2, 

109.6, 109.5, 49.7, 48.9, 48.8, 48.3, 47.9, 45.9, 45.6, 44.1, 28.1, 26.0, 21.1, 21.0; ESI-MS: 

m/z 446.2 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for C26H25ClN3O2: 446.1630, found: 

446.1627. 

 

(4-(5-Chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(4'-fluoro-4-methyl-[1,1'-biphenyl]-2-

yl)methanone (10) 

The synthesis, workup, and purification of compound 10 was performed as described for 8, 

employing 2.1 (43.9 mg, 0.191 mmol), HATU (123.3 mg, 0.324 mmol), DMF (3 mL), DIPEA 

(142 µL, 0.810 mmol) and 5-chloro-2-(1,4-diazepan-1-yl)benzo[d]oxazole (5, 40.8 mg, 

0.162 mmol) in DMF (1 mL). Preparative HPLC (tR = 23.1 min, λ = 220 nm) yielded compound 

10 as a white solid (67.1 mg, 89%). Analytical HPLC (220 nm): system 1, purity: >99% (tR: 

24.2 min); 1H-NMR (400 MHz, CDCl3, several rotamers were observed): δ (ppm) 7.49-7.40 

(m, 2H), 7.31-7.28 (m, 1H), 7.26-7.23 (m, 2H), 7.17-7.07 (m, 1.5H), 7.04-6.94 (m, 3H) 6.89 
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(brs, 0.5H), 3.94-3.31 (m, 5H), 3.30-2.83 (m, 3H), 2.37 (s, 1.3H), 2.27 (s, 1.7H), 2.22-2.10 (m, 

0.5H), 1.88-1.76 (m, 0.5H), 1.63-1.53 (m, 0.5H), 1.36-1.28 (m, 0.5H); 13C-NMR (DEPTQ, 

101 MHz, CDCl3, several rotamers were observed): δ (ppm) 171.6, 171.5, 162.6, 162.55 (d, J 

= 247 Hz), 162.53 (d, J = 247 Hz), 162.3, 147.6, 144.71, 144.68, 138.1, 138.0, 135.9 (d, J = 

3 Hz), 135.8 (d, J = 3 Hz), 135.31, 135.27, 134.42, 134.39, 130.6 (d, J = 7 Hz), 130.5 (d, J = 

7 Hz), 130.5, 130.4, 129.7, 129.7, 129.6, 129.5, 127.8, 127.7, 120.6, 120.5, 116.5,116.4, 

115.51 (d, J = 22 Hz), 115.48 (d, J = 22 Hz), 109.42, 109.39, 49.5, 48.51, 48.47, 48.1, 46.2, 

46.1, 44.0, 27.9, 26.5, 21.1, 21.0; ESI-MS: m/z 464.2 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. 

for C26H24ClFN3O2: 464.1536, found: 464.1537. 

 

(4-(5-Chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(3'-fluoro-4-methyl-[1,1'-biphenyl]-2-

yl)methanone (11 (KD10)) 

The synthesis, workup and purification of compound 11 was performed as described for 8, 

employing 3.1 (55.3 mg, 0.240 mmol), HATU (152.3 mg, 0.400 mmol), DMF (3 mL), DIPEA 

(176 µL, 1.00 mmol) and 5-chloro-2-(1,4-diazepan-1-yl)benzo[d]oxazole (5, 50.4 mg, 

0.200 mmol) in DMF (1 mL). Preparative HPLC (tR = 23.3 min, λ = 220 nm) yielded compound 

11 as a white solid (86.7 mg, 93%). Analytical HPLC (220 nm): system 1, purity: >99% (tR: 

24.3 min); 1H-NMR (600 MHz, CDCl3, several rotamers were observed): δ (ppm) 7.49 (d, J = 

1.9 Hz, 0.5H), 7.40 (d, J = 1.9 Hz, 0.5H), 7.33-7.10 (m, 7H), 7.08 (dd, J = 8.6, 2.0 Hz, 0.5H), 

7.01 (ddd, J = 8.3, 8.3, 2.2 Hz, 0.5H), 6.91 (brs, 0.5H), 6.47 (ddd, J = 8.3, 8.3, 2.2 Hz, 0.5H), 

4.28-4.16 (m, 0.5H), 3.96-3.86 (m, 0.5), 3.86-3.75 (m, 1H), 3.73-3.45 (m, 3H), 3.45-3.35 (m, 

0.5H), 3.23-3.10 (m, 1H), 3.10-2.90 (m, 1.5H), 2.38 (s, 1.7H), 2.27 (s, 1.3H), 2.23-2.12 (m, 

0.5H),1.94-1.83 (m, 0.5H), 1.66-1.53 (m, 0.5H), 1.23-1.08 (m, 0.5H); 13C-NMR (DEPTQ, 

151 MHz, CDCl3, several rotamers were observed): δ (ppm) 172.1, 171.9, 162.8 (d, J = 

247 Hz), 162.5 (d, J = 247 Hz), 161.0, 160.8, 146.3, 145.9, 141.9 (d, J = 8 Hz), 141.7 (d, J = 
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8 Hz), 138.8, 138.7, 134.2 (d, J = 4 Hz), 134.1 (d, J = 4 Hz), 131.02, 131.00, 130.9, 130.6, 

130.3 (d, J = 8 Hz), 130.2 (d, J = 8 Hz), 129.9, 129.6, 127.8, 127.6, 124.7 (d, J = 2 Hz), 124.6 

(d, J = 2 Hz), 122.6, 122.1, 116.0, 115.74 (d, J = 22 Hz), 115.70 (d, J = 22 Hz), 115.6, 114.8 

(d, J = 21 Hz), 114.2 (d, J = 21 Hz), 110.4, 110.0, 49.8, 49.3, 49.0, 48.3, 47.7, 46.3, 45.0, 44.3, 

28.4, 25.8, 21.09, 20.99; ESI-MS: m/z 464.3 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for 

C26H24ClFN3O2: 464.1536, found: 464.1533. 

 

(4-(5-Chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(2'-fluoro-4-methyl-[1,1'-biphenyl]-2-

yl)methanone (12) 

The synthesis, workup and purification of compound 12 was performed as described for 8, 

employing 4.1 (54.6 mg, 0.237 mmol), HATU (120.2 mg, 0.316 mmol), DMF (3 mL), DIPEA 

(139 µL, 0.791 mmol) and 5-chloro-2-(1,4-diazepan-1-yl)benzo[d]oxazole (5, 39.8 mg, 

0.158 mmol) in DMF (1 mL). Preparative HPLC (tR = 22.9 and 23.3 min, λ = 220 nm) yielded 

compound 12 as a white solid (66.0 mg, 90%). Analytical HPLC (220 nm): system 1, purity: 

>99% (tR: 24.1 min); 1H-NMR (600 MHz, CDCl3, several rotamers were observed): 

δ (ppm) 7.50-7.40 (m, 1H), 7.36-7.23 (m, 3.5H), 7.14(d, J = 8.5 Hz, 1H), 7.13-7.09 (m, 1H), 

7.07-7.02 (m, 0.5H), 7.02-6.92 (m, 3H), 4.08-3.87 (m, 0.5H), 3.87-3.73 (m, 1H), 3.73-3.51 (m, 

2.5H), 3.51-3.40 (m, 1H), 3.40-3.27 (m, 0.5H), 3.24-3.12 (m, 2H), 3.12-3.03 (m, 0.5H), 2.39 

(s, 1.5H), 2.31 (s, 1.5H), 2.20-2.08 (m, 0.5H), 1.83-1.76 (m, 0.5H), 1.73-1.62 (m, 0.5H), 1.52-

1.34 (m, 0.5H); 13C-NMR (DEPTQ, 151 MHz, CDCl3, several rotamers were observed): 

δ (ppm) 171.0, 162.6, 162.3, 159.60 (d, J = 246 Hz), 159.59 (d, J = 246 Hz), 147.6, 147.5, 

144.6, 138.6, 138.4, 136.1, 136.0, 132.12 (d, J = 8 Hz), 132.10 (d, J = 8 Hz), 131.2 (d, J = 

3 Hz), 130.9 (d, J = 3 Hz), 129.9, 129.8, 129.7 (d, J = 8 Hz), 129.6, 129.5 (d, J = 8 Hz), 129.3, 

129.2, 127.8, 127.6, 127.2 (d, J = 14 Hz), 126.9 (d, J = 14 Hz), 124.2 (d, J = 3 Hz), 124.1 (d, 

J = 3 Hz), 120.6, 120.5, 116.5, 116.3, 115.80 (d, J = 22 Hz), 115.75 (d, J = 22 Hz), 109.41, 
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109.38, 49.8, 48.9, 48.8, 48.3, 47.8, 46.0, 45.9, 44.2, 28.3, 26.2, 21.3, 21.2; ESI-MS: m/z 

464.2 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for C26H24ClFN3O2: 464.1536, found: 464.1533. 

((S)-2-((S)-sec-Butyl)-4-(5-chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(3'-fluoro-4-methyl-

[1,1'-biphenyl]-2-yl)methanone (14 (KD23)) 

To a solution of 3.1 (11.1 mg, 0.048 mmol) and HATU (18.3 mg, 0.048 mmol) in DMF (0.5 mL) 

was added DIPEA (19 µL, 0.110 mmol). After stirring for 20 min at rt, 2-((S)-3-((S)-sec-butyl)-

1,4-diazepan-1-yl)-5-chlorobenzo[d]oxazole (13, 13.5 mg, 0.044 mmol) in DMF (0.5 mL) was 

added and the solution was reacted for 12 h at 50 °C. Purification was done by preparative 

HPLC using CH3CN/H2O, a gradient of 40-83% CH3CN in 30 min (column 1, tR = 28.6 and 

29.1 min, λ = 220 nm) at a flow rate of 12 mL/min, to obtain compound 14 as a white solid 

(13.6 mg, 60%). Analytical HPLC (220 nm): system 2, purity: >99% (tR: 25.0 min and 25.5 min 

(rotamers)); 1H-NMR (600 MHz, CDCl3, several rotamers were observed): δ (ppm) 7.75-6.77 

(m, 10H), 4.90-2.58 (m, 6.5H), 2.40 (s, 0.5H), 2.37 (s, 2.5H),1.98-1.76 (m, 1H), 1.71-0.79 (m, 

8H), 0.69 (t, J = 7 Hz, 0.5H), 0.65-0.37 (m, 2H); 13C-NMR (DEPTQ, 151 MHz, CDCl3, several 

rotamers were observed): δ (ppm) 172.2, 171.9, 171.8, 162.93 (d, J = 246 Hz), 162.80 (d, J = 

246 Hz), 162.77 (d, J = 246 Hz), 162.72 (d, J = 246 Hz), 147.5, 147.19, 147.15, 142.6 (d, J = 

7 Hz), 142.1 (d, J = 7 Hz), 141.8 (d, J = 7 Hz), 138.4, 138.3, 138.2, 138.1, 136.03, 135.96, 

135.6, 135.5, 134.1 (d, J = 2 Hz), 133.8 (d, J = 2 Hz), 133.6 (d, J = 2 Hz), 130.22, 130.21, 

130.15, 130.13, 130.05 (d, J = 8 Hz), 129.96 (d, J = 8 Hz), 129.85, 129.79, 129.6, 128.9, 127.8, 

127.5, 125.2 (d, J = 4 Hz), 124.9 (d, J = 4 Hz), 124.8 (d, J = 4 Hz), 121.3, 120.8, 120.7, 116.6, 

116.35, 116.31, 116.2 (d, J = 22 Hz), 116.14 (d, J = 22 Hz), 116.11 (d, J = 22 Hz), 114.65 (d, 

J = 21 Hz), 114.62 (d, J = 21 Hz), 114.57 (d, J = 21 Hz), 114.2 (d, J = 21 Hz), 109.9, 109.7, 

109.5, 109.3, 61.8, 59.9, 56.1, 50.7, 50.3, 49.8, 49.5, 48.9, 43.7, 41.7, 39.6, 37.2, 35.8, 33.8, 

28.2, 27.4, 27.0, 26.4, 26.0, 25.9, 25.5, 21.3, 21.21, 21.17, 20.5, 15.5, 15.4, 14.1, 14.0, 11.9, 

11.71, 11.68, 11.2; [α]D24: +86.3 (c 0.3, methanol); ESI-MS: m/z 520.4 [M+H]+; HR-ESI-TOF-

MS [M+H]+ calcd. for C30H32ClFN3O2: 520.2162, found: 520.2165. 
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((S)-2-((S)-sec-Butyl)-4-(5-chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(2'-fluoro-4-methyl-

[1,1'-biphenyl]-2-yl)methanone (15) 

To a solution of 4.1 (11.1 mg, 0.048 mmol) and HATU (18.3 mg, 0.048 mmol) in DMF (0.5 mL) 

was added DIPEA (19 µL, 0.110 mmol). After stirring for 20 min at rt, 2-((S)-3-((S)-sec-butyl)-

1,4-diazepan-1-yl)-5-chlorobenzo[d]oxazole (13, 13.5 mg, 0.044 mmol) in DMF (0.5 mL) was 

added and the solution was reacted for 12 h at 50 °C. The solvent was removed under reduced 

pressure. Purification was done by preparative HPLC using CH3CN/H2O, a gradient of 40-83% 

CH3CN in 30 min (column 1, tR = 28.0 min, λ = 220 nm) at a flow rate of 12 mL/min, to obtain 

compound 15 as a white solid (14.9 mg, 65%). Analytical HPLC (220 nm): system 2, purity: 

>99% (tR: 25.6 min). 1H-NMR (600 MHz, CDCl3, several rotamers were observed): 

δ (ppm) 7.73-6.36 (m, 10H), 4.87-4.49 (m, 1H), 4.39-3.70 (m, 1.5H), 3.59-3.19 (m, 2.5H), 3.11-

2.67 (m, 1.5H), 2.41 (s, 0.5H), 2.38 (s, 2.5H), 2.04-0.42 (m, 11.5H); 13C-NMR (DEPTQ, 

151 MHz, CDCl3, several rotamers were observed): δ (ppm) 171.8, 171.6, 171.5, 171.48, 

162.9, 162.3, 159.7 (d, J = 246 Hz), 159.5 (d, J = 246 Hz), 147.6, 147.4, 147.3, 138.4, 138.3, 

138.1, 138.0, 136.9, 136.8, 136.4, 136.1, 132.8, 132.6, 131.8, 131.5, 131.22, 131.20, 130.8, 

129.8 (d, J = 8 Hz), 129.6 (d, J = 8 Hz), 129.5, 129.4, 129.35, 129.29, 129.2, 128.9, 128.7, 

128.4, 127.6, 127.4, 127.1 (d, J = 15 Hz), 126.9 (d, J = 15 Hz), 124.3 (d, J = 4 Hz), 124.0 (d, 

J = 4 Hz), 120.7, 120.53, 120.47, 116.6, 116.34, 116.29, 115.7 (d, J = 22 Hz), 115.6 (d, J = 22 

Hz), 109.6, 109.5, 109.4, 109.3, 61.8, 56.2, 50.7, 50.0, 49.6, 48.7, 43.6, 41.5, 39.5, 37.3, 35.9, 

35.7, 33.7, 28.3, 27.3, 26.9, 26.6, 26.1, 25.6, 25.5, 21.33, 21.30, 20.7, 15.5, 15.4, 14.3, 14.0, 

11.8, 11.7, 11.5, 11.2; [α]D24: +80.2 (c 1.1, methanol); ESI-MS: m/z 520.4 [M+H]+; HR-ESI-

TOF-MS [M+H]+ calcd. for C30H32ClFN3O2: 520.2162, found: 520.2163. 

 

Methyl 3'-bromo-4-methyl-[1,1'-biphenyl]-2-carboxylate (16)37 
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To a solution of methyl 2-iodo-5-methylbenzoate (1, 150.0 mg, 0.543 mmol) in THF (1.5 mL) 

was added PdCl2(PPh3)2 (11.4 mg, 0.016 mmol) and an aq. solution of Na2CO3 (116.3 mg, 

1.09 mmol, 3 mL). The mixture was heated to 80 °C. 2-(3-Bromophenyl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (184.5 mg, 0.652 mmol) was dissolved in THF (1.5 mL) and added to the 

reaction mixture over 1 h. After complete addition, the mixture was stirred for 1 h at 80 °C. 

Extraction was done with ethyl acetate, the organic layer was washed with brine, dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure. Purification was done 

by automated flash chromatography (ethyl acetate/isohexane: isocratic elution with 1% ethyl 

acetate), to obtain compound 16 (114.1 mg, 69%) as a clear oil. 1H-NMR (600 MHz, CDCl3): 

δ (ppm) 7.69-7.65 (m, 1H), 7.49-7.44 (m, 2H), 7.36-7.32 (m, 1H), 7.26-7.22 (m, 2H), 7.22-7.18 

(m, 1H), 3.66 (s, 3H), 2.42 (s, 3H); 13C-NMR (DEPTQ, 151 MHz, CDCl3): δ (ppm) 168.9, 143.6, 

138.3, 137.8, 132.3, 131.5, 130.7, 130.5, 130.2, 129.5, 127.3, 122.1, 52.1, 21.1; ESI-MS: m/z 

305.2 [M+H]+; HR-ESI-TOF-MS [M+Na]+ calcd. for C15H13BrNaO2: 326.9991, found: 326.9996.  

3'-Bromo-4-methyl-[1,1'-biphenyl]-2-carboxylic acid (17)36 

16 (179 mg, 0.588 mmol) was dissolved in a mixture of dioxane (2.4 mL) and methanol 

(1.6 mL). An aqueous solution of NaOH (588 µL, 2 M) was added. After heating the reaction 

mixture to 60 °C for 12 h, volatiles were removed under reduced pressure, and pH 3 was 

adjusted with 0.1 M HCl. Extraction with ethyl acetate was performed and the organic layer 

was washed with brine, dried over Na2SO4, and the solvent was removed under reduced 

pressure. Purification was done by automated flash chromatography (ethyl acetate/isohexane: 

isocratic elution with 50% ethyl acetate) to obtain compound 17 (163 mg, 95%) as a white 

solid. 1H-NMR (600 MHz, CDCl3): δ (ppm) 7.80 (dq, J = 1.6, 0.5 Hz, 1H), 7.49-7.44 (m, 2H), 

7.38 (ddq, J = 7.8, 1.6, 0.6 Hz, 1H), 7.27-7.20 (m, 3H), 2.43 (brs, 3H); 13C-NMR (DEPTQ, 

151 MHz, CDCl3): δ (ppm) 172.4, 143.3, 139.3, 137.9, 133.2, 131.6, 131.5, 131.2, 130.3, 

129.6, 128.8, 127.5, 122.1, 21.1; ESI-MS: m/z 291.1 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. 
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for C14H12BrO2: 291.0015, found: 291.0016. Analytical data were in accordance with those 

reported in the literature36. 

 

(3'-Bromo-4-methyl-[1,1'-biphenyl]-2-yl)(4-(5-chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-

yl)methanone (18) 

To a solution of 17 (62.3 mg, 0.214 mmol) and HATU (81.4 mg, 0.214 mmol) in DMF (1 mL) 

was added DIPEA (84 µL, 0.487 mmol). After stirring for 20 min at rt, 5-chloro-2-(1,4-

diazepan-1-yl)benzo[d]oxazole (5, 49.0 mg, 0.195 mmol) in DMF (1 mL) was added and the 

solution was reacted for 12 h at 50 °C. Purification was done by preparative HPLC using 

CH3CN/H2O, a gradient of 40-65% CH3CN in 20 min (column 2, tR = 19.7 min, λ = 220 nm) at 

a flow rate of 25 mL/min, to obtain compound 18 as a white solid (87.7 mg, 86%). Analytical 

HPLC (220 nm): system 1, purity: 99% (tR: 24.0 min); 1H-NMR (400 MHz, CDCl3, several 

rotamers were observed): δ (ppm) 7.63-7.58 (m, 0.5H), 7.57-7.52 (m, 0.5H), 7.40-7.32 (m, 

1.5H), 7.28 (d, J = 1.8 Hz, 0.5H), 7.25-7.17 (m, 2.5H), 7.17-7.09 (m, 1H), 7.09-6.94 (m, 2.5H), 

6.93 (dd, J = 8.4, 2.1 Hz, 0.5H), 6.87-6.83 (m, 0.5H), 4.08-3.89 (m, 0.5H), 3.89-3.71 (m, 1H), 

3.71-3.39 (m, 3H), 3.39-3.18 (m, 1H), 3.12-3.02 (m, 0.5H), 2.99 (t, J = 6.1 Hz, 1H), 2.92-2.76 

(m, 1H), 2.31 (s, 1.5H), 2.21 (s, 1.5H), 2.17-2.08 (m, 0.5H), 1.89-1.77 (m, 0.5H), 1.60-1.49 (m, 

0.5H), 1.27-1.21 (m, 0.5H); 13C-NMR (DEPTQ, 151 MHz, CDCl3, several rotamers were 

observed): δ (ppm) 171.3, 171.2, 162.3, 162.1, 147.4, 147.2, 142.0, 141.7, 138.7, 138.6, 

135.2, 135.17, 139.9, 133.8, 131.7, 131.66, 130.7, 130.6, 130.5, 130.4, 130.2, 130.0, 129.8, 

129.77, 129.5, 128.1, 127.7, 127.6, 127.5, 122.7, 122.6, 120.8, 116.4, 116.3, 109.7, 109.5, 

49.8, 48.9, 48.5, 47.9, 46.0, 45.7, 44.2, 28.2, 26.1, 21.2, 21.1; ESI-MS: m/z 524.4 [M+H]+; HR-

ESI-TOF-MS [M+H]+ calcd. for C26H24BrClN3O2: 524.0735, found: 524.0739. 
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(3'-Bromo-4-methyl-[1,1'-biphenyl]-2-yl)((S)-2-((S)-sec-butyl)-4-(5-chlorobenzo[d]oxazol-2-

yl)-1,4-diazepan-1-yl)methanone (19) 

To a solution of 17 (66.1 mg, 0.227 mmol) and HATU (86.3 mg, 227 mmol) in DMF (1 mL) was 

added DIPEA (89 µL, 0.516 mmol). After stirring for 20 min at rt, 2-((S)-3-((S)-sec-butyl)-1,4-

diazepan-1-yl)-5-chlorobenzo[d]oxazole (13, 63.5 mg, 0.206 mmol) in DMF (1 mL) was added 

and the solution was reacted for 12 h at 50 °C. Purification was done by preparative HPLC 

using CH3CN/H2O, a gradient of 50-95% CH3CN in 20 min (column 1, tR = 18.3 min and 

18.9 min, λ = 220 nm) at a flow rate of 12 mL/min, to obtain compound 19 as a white solid 

(78.1 mg, 65%). Analytical HPLC (220 nm): system 2, purity: >99% (tR: 26.2 min, and 

26.8 min, rotamers); 1H-NMR (600 MHz, CDCl3, several rotamers were observed) δ (ppm) 

7.79-7.58 (m, 1H), 7.58-7.40 (m, 1H), 7.40-7.05 (m, 6H), 7.05-6.81 (m, 2H), 4.96-2.52 (m, 

6.5H), 2.40 (s, 0.5H), 2.39 (s, 0.5H), 2.37 (s, 2H), 2.11-1.79 (m, 1H), 1.73-0.80 (m, 8H), 0.69 

(t, J = 7 Hz, 0.5H), 0.63-0.37 (m, 2H); 13C-NMR (DEPTQ, 151 MHz, CDCl3, several rotamers 

were observed): δ (ppm) 172.1, 171.8, 171.7, 161.8, 147.3, 142.5, 142.0, 141.8, 138.5, 138.2, 

138.1, 136.1, 136.0, 135.7, 135.5, 133.8, 133.6, 133.5, 133.2, 132.3, 132.2, 132.00, 131.98, 

130.8, 130.7, 130.3, 130.23, 130.20, 130.15, 130.13, 130.10, 130.01, 129.97, 129.8, 129.6, 

128.9, 128.11, 128.08, 127.82, 127.77, 127.54, 127.47, 122.7, 122.6, 122.5, 121.1, 120.64, 

120.62, 116.6, 116.4, 116.2, 109.8, 109.6, 109.5, 109.3, 62.0, 56.2, 50.7, 50.2, 50.0, 49.8, 

49.2, 48.7, 43.8, 41.7, 39.5, 37.3, 35.9, 35.7, 33.7, 28.5, 27.3, 27.0, 26.3, 26.03, 25.99, 25.92, 

25.5, 21.3, 21.21, 21.19, 20.6, 15.5, 13.93, 11.87, 11.7, 11.2; [α]D23: +77.9 (c 0.6, methanol); 

ESI-MS: m/z 580.5 [M+H]+; HR-ESI-TOF-MS [M+H]+ calcd. for C30H32BrClN3O2: 580.1361, 

found: 580.1365. 

(4-(5-Chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(4-methyl-3'-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-[1,1'-biphenyl]-2-yl)methanone (20) 
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To a flask containing 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) (158.3 mg, 

0.623 mmol), Pd(dppf)Cl2×CH2Cl2 (76.4 mg, 0.094 mmol), and KOAc (91.8 mg, 0.935 mmol) 

a solution of 18 (163.6 mg, 0.312 mmol) in dioxane (1.5 mL) was added. The reaction mixture 

was stirred for 6 h at 80 °C. Purification was done by automated flash chromatography 

(CH3CN/H2O: isocratic elution with 60% CH3CN), followed by preparative HPLC using 

CH3CN/H2O, a gradient of 50-70% CH3CN in 20 min (column 2, tR = 19.7 min, λ = 220 nm) at 

a flow rate of 25 mL/min, to obtain compound 20 as a white solid (123.6 mg, 69%). Analytical 

HPLC (220 nm): system 3, purity: 97% (tR: 15.6 min); 1H-NMR (600 MHz, CD3CN, several 

rotamers were observed): δ (ppm) 7.79-7.72 (m, 1H), 7.66-7.62 (m, 0.5H), 7.55-7.51 (m, 

0.5H), 7.51-7.47 (m, 0.5H), 7.37-7.32 (m, 2H), 7.32-7.28 (m, 1H), 7.27 (d, J = 2.1 Hz, 0.5H), 

7.25 (d, J = 8.5 Hz, 0.5H), 7.24-7.17 (m, 1.5H), 7.03-6.98 (m, 1.5H), 6.76 (brs, 0.5H), 3.89-

3.79 (m, 1H), 3.79-3.69 (m, 1H), 3.69-3.54 (m, 2H), 3.42-3.26 (m, 1.5H), 3.24-3.12 (m, 1H), 

3.10-2.95 (m, 1H), 2.91-2.80 (m, 0.5H), 2.33 (s, 1.5H), 2.22 (s, 1.5H), 2.04-1.99 (m, 0.5H), 

1.82-1.74 (m, 0.5H), 1.64-1.53 (m, 0.5H), 1.32 (brs, 12H), 1.29-1.22 (m, 0.5H); 13C-NMR 

(DEPTQ, 151 MHz, CD3CN, several rotamers were observed): δ (ppm) 171.7, 171.6, 164.0, 

163.7, 146.3, 146.2, 140.2, 140.1, 138.6, 138.5, 136.8, 136.7, 136.1, 136.0, 135.3, 135.2, 

134.4, 134.2, 132.4, 132.3, 130.9, 130.8, 130.5, 130.2, 129.6, 129.5, 129.0, 128.8, 128.7, 

128.3, 120.8, 120.6, 116.5, 116.4, 110.5, 110.4, 84.9, 84.85, 49.6, 49.4, 49.2, 48.6, 47.9, 46.5, 

45.5, 44.4, 28.8, 26.8, 25.2, 25.1, 20.9, 20.87; ESI-MS: m/z 572.4 [M+H]+; HR-ESI-TOF-MS 

[M+H]+ calcd. for C32H36BClN3O4: 572.2482, found: 572.2488. 

 

((S)-2-((S)-sec-Butyl)-4-(5-chlorobenzo[d]oxazol-2-yl)-1,4-diazepan-1-yl)(4-methyl-3'-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1'-biphenyl]-2-yl)methanone (21) 

To a flask containing 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) (68.3 mg, 

0.269 mmol), Pd(dppf)Cl2×CH2Cl2 (32.9 mg, 0.040 mmol), and KOAc (39.6 mg, 0.403 mmol) 
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a solution of 19 (78.1 mg, 0.134 mmol) in dioxane (1.5 mL) was added. The reaction mixture 

was stirred for 6 h at 80 °C. Purification was done by automated flash chromatography 

(CH3CN/H2O: gradient 65-79% CH3CN), followed by preparative HPLC using CH3CN/H2O, a 

gradient of 60-90% CH3CN in 20 min (column 2, tR = 17.1 min and 17.6 min, λ = 220 nm) at a 

flow rate of 25 mL/min, to obtain compound 21 as a white solid (52.9 mg, 63%). Analytical 

HPLC (220 nm): system 3, purity: 96% (tR: 17.7 and 18.3 min, rotamers); 1H-NMR (600 MHz, 

CD3CN, several rotamers were observed): δ (ppm) 7.89-7.60 (m, 2H), 7.56-7.09 (m, 6H), 7.07-

6.69 (m, 1H), 6.93-6.79 (m, 1H), 4.89-2.77 (m, 6.5H), 2.38 (s, 0.5H), 2.33 (s, 2H), 2.14-2.03 

(m, 0.5H), 1.83-0.37 (m, 23.5H); 13C-NMR (DEPTQ, 151 MHz, CD3CN, several rotamers were 

observed): δ (ppm) 172.5, 172.47, 172.24, 172.2, 164.1, 163.6, 163.4, 148.8, 148.6, 148.6, 

146.3,4, 146.28, 140.5, 140.33, 139.6, 138.4, 138.29, 138.26, 138.1, 137.45, 137.39, 137.0, 

136.8, 136.1, 136.0, 135.91, 135.87, 135.7, 135.5, 135.1, 135.0, 134.7, 134.6, 134.4, 134.2, 

132.9, 132.81, 132.76, 132.4, 131.0, 130.9, 130.6, 130.5, 130.4, 129.9, 129.8, 129.7, 129.6, 

129.5, 129.0, 128.8, 128.6, 128.5, 128.2, 128.0, 120.9, 120.8, 120.52, 120.49, 116.7, 116.43, 

116.35, 116.3, 110.6, 110.5, 110.4, 84.8, 61.4, 55.4, 50.8, 50.2, 49.6, 49.5, 49.2, 49.0, 44.4, 

42.5, 40.6, 38.1, 37.0, 36.7, 35.1, 28.9, 27.5, 26.91, 26.88, 26.4, 25.23, 25.2, 25.15, 25.10, 

25.0, 21.0, 20.9, 20.4, 15.2, 14.7, 13.6, 11.9, 11.8, 11.4 ; ESI-MS: m/z 629.0 [M+H]+; HR-ESI-

TOF-MS [M+H]+ calcd. for C36H44BClN3O4: 628.3108, found: 628.3110. 

4.3 Radioligand binding 

Binding affinities towards the human orexin receptor subtypes OX1R and OX2R were 

determined as described previously.20, 29 In brief, membranes were prepared from HEK293T 

cells transiently transfected with the cDNA for the GPCR (OX1R: human HCRTR1 from cDNA 

Resource Center, Bloomsburg University, Bloomsberg, PA; OX2R: human HCRTR2 from 

Genscript, Piscataway, NJ). Homogenates were used with receptor densities (Bmax value) of 

4,100±1,800 fmol/mg protein for OX1R and 1,500±420 fmol/mg protein for OX2R and binding 

affinities (KD value) of 0.56±0.04 nM for OX1R and 0.68±0.02 nM for OX2R. Competition 
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binding experiments were conducted by incubating membranes in binding buffer (50 mM Tris, 

5 mM MgCl2, 0.1 mM EDTA, 5 µg/mL bacitracin and 5 µg/mL soybean trypsin inhibitor at pH 

7.4) at final protein concentrations of 6 µg/well (OX1R) and 12 µg/well (OX2R) together with 

the OX1R specific radioligand [3H]SB674042 (specific binding 43 Ci/mmol; final concentration 

0.6 nM) and the OX2R radioligand [3H]EMPA (specific binding 84 Ci/mmol; final concentration 

0.7 nM) (both purchased from Novandi, Södertälje, Sweden) and varying concentrations of 

the competing test compounds. After an incubation for 60 min at 37° C bound radioactivity 

was separated by filtration on GF/B glass fiber mats and counted with a scintillation counter 

(Microbeta from PerkinElmer, Rodgau, Germany). Non-specific binding was determined in the 

presence of non-labeled SB674042 and EMPA at a final concentration of 10 µM. The protein 

concentration was determined applying the method of Lowry.38 The resulting competition 

curves were analyzed by nonlinear regression using the algorithms implemented in PRISM 

10.2 (GraphPad Software, San Diego, CA) to get IC50 values, which were subsequently 

transformed into the Ki values employing the equation of Cheng and Prusoff.39 

4.4 Computational chemistry  

4.4.1 Molecular docking 

Molecular docking was conducted using Glide40 (Schördinger Suite 2024.1) The LigPrep 

model was employed to generate corresponding low-energy structures of the ligands JH112, 

KD23, and 19 while retaining the chiral centers. For the JH112-bound OX1R structure (PDB: 

6V9S)20, the Protein Preparation Wizard module was utilized to optimize the hydrogen bonds 

of amino acids and model them in their predominant protonation state at pH 7.4. Specifically, 

H2165.39 and H3447.39 were protonated due to their proximity to D1072.65 and E20445.52, 

respectively. The receptor grid for docking was generated at the centroid of JH112 with 

dimensions of 25 × 25 × 25 Å3. Standard precision was employed for docking, and core 

constraints on the maximum common substructure (MCS) of JH112 were applied with a 

tolerance of 2 Å. 
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4.4.2 Molecular dynamics simulations 

The simulations were conducted based on the high-resolution crystal structure of OX1R in 

complex with JH112 (PDB: 6V9S)20.To prepare the coordinates, all atoms except those of the 

receptor were removed. Sodium ions were incorporated into the allosteric binding site41 by 

superimposing another OX1R structure (PDB: 6TO7)35 onto our model and extracting the 

sodium coordinates. To address introduced mutations (A133K and V319I), they were reverted 

back to their original states. Additionally, the missing portion of the long and flexible 

intracellular loop 3 (ICL3) was modeled using the sequence GSGSGS, implemented with 

MODELLER42. 

The Membrane Builder of CHARMM-GUI43 was used to (a) cap the N and C terminus with 

acetyl and methylamid groups respectively; (b) protonate H2165.39 and H3447.39 while keeping 

all other titratable residues in their predominant protonation state at pH 7.0; (c) bridge C1193.25 

and C20245.50 by disulfide bonds; (d) embed the OX1R receptor model into a palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer of approximately 80 Å in the X and Y 

dimension; (e) solvate the system in a rectangular water box made of explicit water molecules 

with a water thickness of 22.5 Å surrounding the protein in the Z dimension (f) neutralize the 

global electrostatic charge and establish a 0.15 M NaCl concentration; (g) parameterized the 

system using the AMBER force field (ff19SB44 for proteins, Lipid2145 for lipids and the OPC 

water model46).  

Ligand coordinates were extracted from the previous docking experiments after the OX1R-

ligand complexes were superimposed on the system prepared with CHARMM-GUI. The 

ligands were parameterized using Sage (OpenFF 2.1.047). The topology and coordinates of 

the system and the ligands were manually combined for each ligand to generate the final 

system. The final dimensions of the simulation system were about 80 × 80 × 125 Å3 containing 

about 91.000 atoms, including 155 POPC molecules, about 16.000 water molecules, 44 

sodium ions, and 58 chlorine ions. 
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Simulations were performed using GROMACS 2024.148. Each system was energy minimized 

and equilibrated in the NVT ensemble for 1 ns followed by the NPT ensemble for 1 ns with 

harmonic restraints of 10.0 kcal·mol-1·Å-2 on the protein and ligand heavy atoms. 

Subsequently, the system was further equilibrated in the NPT ensemble for 25 ns with 

restraints on protein backbone and ligand heavy atoms in which the restraints were reduced 

every 5 ns in a stepwise fashion to be 10.0, 5.0, 1.0, 0.5, and 0.1 kcal·mol-1·Å-2, respectively. 

Restraints on the membrane were gradually released following the CHARMM-GUI Membrane 

Builder protocol. Temperature was coupled the following – (a) thermostat: velocity-rescale49; 

(b) time constant: 1.0 ps; (c) reference temperature: 310 K and pressure was coupled the 

following – (a) barostat: stochastic cell rescaling50; (b) type: semi-isotropic; (c) time constant: 

5.0 ps; (d) reference pressure: 1 bar; (e) compressibility: 4.5 × 10-5 bar-1. Bond lengths to 

hydrogen atoms were constrained using LINCES51 algorithm. Periodic boundary conditions 

were applied. A cutoff of 10.0 Å was used for Lennard-Jones interactions and the short-range 

electrostatic interactions. Long-range electrostatics were computed using the particle mesh 

Ewald (PME)52 method with a fourth-order interpolation scheme and fast Fourier transform 

(FFT) grid spacing of 1.25 Å. A continuum model correction for energy and pressure was 

applied to long-range van der Waals interactions. The equations of motion were integrated 

with a time step of 2 fs.  

Production simulations were performed in the NPT ensemble for a duration of 3 µs. Four 

replicas were initiated for each conformation, binding mode, and ligand, resulting in a total of 

36 simulations.  

Figures of the structure and model were prepared with PyMOL 2.4.126 and UCSF ChimeraX 

1.7.153. Analysis of the trajectories was performed using Visual Molecular Dynamics (VMD)54 

and CPPTRAJ55. Plots were created using Matplotlib 3.8.356 and Seaborn 0.13.257. 
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