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Development of novel alpha 2B adrenergic
receptor ligands by using a palladium catalyzed
Buchwald Hartwig amination with a brominated
benzodiazepine
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Some benzodiazepines with excellent affinities to the gamma aminobutyric receptors have been reported
to attenuate intracellular calcium by interacting with alpha adrenergic receptors (ARa). To identify novel
benzodiazepines that selectively bind adrenergic receptors, we coupled amines to a brominated
benzodiazepine starting material, and generated a library of compounds that yielded compounds with
good affinity for the ARa, subtypes. These compounds were synthesized using a Buchwald Hartwig
amination reaction employing XPhos as the most successful ligand among more than twenty ligands that
were tested for this purpose and were part of the Catalexis screen platform from Millipore Sigma. The most
promising compound has a K; of 511 nM for the a,g subtype with a 7.7-fold selectivity over the a5 and
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2.2-fold selectivity over the a,c adrenergic receptor. Functional cell-based assays identified this compound
as an ARapg antagonist. All synthesized compounds exhibited a good safety profile in vivo and did not
influence sensorimotor coordination and behavior in mice. Overall, these findings confirm the adaptability

DOI: 10.1039/d5md00611b
of the benzodiazepine scaffold in medicinal chemistry enabling future work to fine-tune these compounds
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1. Introduction

Diazepines are compounds containing a seven-membered
heterocycle with two nitrogen atoms and are versatile
scaffolds commonly employed in small molecule
therapeutics. They are referred to as privileged scaffolds, as
their structural pattern appears more frequently than others
among successful receptor ligands." Some of the most well-
known diazepines are benzodiazepines that target, among
other proteins, the GABA, receptors.> However, the structure
of diazepines allows for multiple functionalities to be
introduced and modulated to develop selective and potent
compounds for various other targets. For example,
benzodiazepines have been used to develop inhibitors of the
hepatitis C virus polymerase,” agonists of melanocortin
receptors to potentially treat obesity,* and antagonists of the
p53-mdm2 interaction to inhibit tumor growth.” The
structures of these compounds are shown in Fig. 1.
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to develop a more potent and selective ARa,g ligand.

In this work, we describe the development of
benzodiazepine-based compounds that target the alpha-2B
adrenergic receptor (ARo,g). There are three subtypes of the
alpha 2 adrenergic receptor, ARa,s, AR5, and ARo,c. These
G-protein coupled receptors are located in the central and
peripheral nervous systems, mediating the effects of
norepinephrine.® They work through the function of Gy,
proteins causing an inhibition of adenylyl cyclase and
formation of cyclic AMP (cAMP).” The ARa,, and ARa,c
subtypes are found mainly in the central nervous system,
where the decrease of cAMP leads to a decreased amount of
intracellular ~ calcium  causing the inhibition  of
norepinephrine release, providing an important negative
feedback loop.” Activation of these receptors has been
reported to cause sedative and analgesic effects, as well as
block withdrawal symptoms in chronic opioid users.*™° The
ARo,p subtype can be found on vascular smooth muscle
where activation leads to vasoconstriction and has been
predicted to be required for the development of salt-induced
hypertension.™'* The antinociceptive effect of N,O has also
been reported to require ARa,p expressed in the peripheral
nervous system. One study showed that mice deficient in this
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Fig. 1 Structures of diazepine compounds that target A hepatitis C polymerase, B the melanocortin receptors, and C the p53-mdmz2 interaction.

subtype show little to no antinociceptive effects, while mice
deficient in ARa, or ARa,c, respond normally.13

Some commonly prescribed ARo, agonists include
methyldopa for the treatment of hypertension, clonidine
for hypertension and ADHD in children, and
dexmedetomidine for sedation."*™"” ARa, antagonists are
not widely used, however there are some studies that show
these may be useful in reversing the effects of alpha-2
agonists, as well as having potential applications in aiding
in motor recovery after brain damage,'®'® depression®® and
Alzheimer's disease.*

Due to the structural similarities of alpha-2 receptor
isoforms, subtype selective ligands are limited.”* The
activation or inhibition of each individual subtype has
distinct biological responses, therefore developing subtype
specific ligands is of high interest to increase effectiveness
and reduce side effects. Although there have been a few
studies that propose diazepine structures may act on
adrenergic receptors, there are currently no
diazepines that specifically target the alpha-2 receptor.”® This
work gives rise to further therapeutic uses of diazepine
compounds supporting our understanding of the biological
importance of these receptors, specifically the ARa,p.

known

2. Results and discussion
2.1 Design and synthesis of novel alpha 2 receptor ligands

To develop new amine containing benzodiazepines, a
previously synthesized benzodiazepine (compound 1) was
used as starting material for a Buchwald-Hartwig
amination.”* The reaction couples amines with aryl halides
and we adapted a protocol from previous reports.*>*® Our
reaction was substrate specific and catalyzed by specific
phosphine ligands with unique electronic and steric
properties. To determine the best ligand for this specific
reaction, we started investigating the coupling of compound
1 with aniline. Ligands that are part of Millipore Sigma's
Catalexis program”” were screened in the presence of Pd,
(dba); and potassium ¢-butoxide (KOzBu) (Table 1), in toluene
at 90 °C for 16 hours.”® The crude reaction mixtures were
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analyzed by liquid chromatography to determine percent
conversions to the desired product. The reactions that
produced less than 100% conversion to the desired product
still had unreacted starting material.

The most successful ligands were DavePhos (L1), XPhos
(L2), JohnPhos (L3), 2-(di-tert-butylphosphino)-1-phenylindole
(L4), and APhos (L5) (Fig. 2).

Buchwald-type ligands L1, L2 and L3 gave excellent
conversions. These dialkyl substituted biphenyl phosphine
ligands have proven to be very stable and are frequently
employed in C-N bond formations.>® The phosphorus being
in the ortho position (L2, L3) rather than the meta position
(L1), gave better results, with L2 showing 100% conversion
(Table 1, entry 13). L4 and L5 are not common Buchwald-type
ligands but share the di-t-butyl substitution of the phosphine
with L3. Further investigation into the reaction using L2
demonstrated that complete conversion to the product was
observed within 2 h. Therefore, XPhos (L2) was selected as
the ligand for subsequent reactions. The chloro analog of 1
did not react under these conditions. The final optimized
reaction conditions include 1.0 eq. of the aryl bromide, 1.2
eq. of aniline, 5 mol% Pd,(dba);, 10 mol% Xphos, 1.4 eq. of
KOtBu in 2 mL of toluene under N, at 90 °C. Under these
conditions, product 2 was obtained in 87% isolated yield.

With the reaction conditions optimized, the scope of
possible amines for this reaction were investigated next
(Table 2).

The formation of product was observed within 2-24
hours, with yields ranging between 23-89%. The lower
yielding reactions were mostly due to incomplete conversion
of the starting material. Overall, para substituted anilines
were coupled successfully, with tolerability for a wide range
of substituents with different electronic properties. The only
para substituted aniline that gave difficulties was
4-aminophenol, resulting in compound 10. The initial
attempt to synthesize compound 10 using the optimized
conditions did not result in any product. This is most likely
because deprotonation of the hydroxyl hydrogen instead of
the amine hydrogen hindered the amination reaction from
occurring. Increasing the equivalents of amine and base

This journal is © The Royal Society of Chemistry 2025
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Table 1 Screening of different phosphorous palladium ligands®
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H O NP
N \iﬁ
O \g_ NH, Pd,(dba)s, ligand ©\N O _N
Br =N * > H
KOtBu F
F
O Toluene, 90 °C O
1 2
Entry Ligand Conversion” (%)
1 Trioctylphosphine 0
2 Methyldiphenylphosphine 0
3 Tris(diethylamino)phosphine 0
4 Tri(o-tolyl)phosphine 0
5 Tri( p-tolyl)phosphine 0
6 Tris(pentafluorophenyl)phosphine 0
7 Tripropylphosphine 0
8 Diphenyl-2-pyridylphosphine 0
9 Tris(dimethylamino)phosphine 0
10 Tris(2,4,6,-trimethylphenyl)phosphine 0
11 Tris(4-methoxyphenyl)phosphine 0
12 DavePhos 67
13 Xphos 100
14 JohnPhos 89
15 (3aR,8aR)-(—)-(2,2-Dimethyl-4,4,8,8-tetraphenyl-tetrahydro-[1,3]dioxolo[4,5-¢][1,3,2|dioxaphosphepin-6-yl)Jdimethylamine 0
16 2-(Di-tert-butylphosphino)-1-phenylindole 100
17 APhos 81
18 tBuBrettPhos 0
19 Bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite 0
20 Exo-4-anisole Kwon [2.2.1] bicyclic phosphine 0
21 HandaPhos 1
22 Bis(3,5-bis(trifluoromethyl)phenyl) (2’,6"-bis(isopropoxy)-3,6-dimethoxybiphenyl-2-yl)phosphine 0
23 Triphenylphosphite 0

“ Reaction conditions: 1.0 mmol of aryl halide, 1.2 mmol of aniline, 5 mol% Pd,(dba);, 10 mol% ligand, 1.4 mmol KO¢Bu and 2 mL of toluene

at 90 °C. ¥ Conversion was determined by LCMS.

resulted in formation of the product in 23% yield. Meta and
ortho substituted anilines, resulting in compounds 13-19,
coupled successfully with only a slight decrease in yields
compared to the para substituted products. Regardless of the
position of substituent, some substituted anilines that
contained more polar groups, such as the methyl sulfone
substituent 8, caused the reaction solutions to become very
heterogeneous preventing these solutions from stirring

PCy2

i-Pr i-Pr

i-Pr
L1 L2

Fig. 2 Successful ligands used in the amination of 1 and aniline.

This journal is © The Royal Society of Chemistry 2025

properly and leading to low conversions. Using a mixture of
THF and toluene as solvent allowed all reactants to stay in
solution overcoming this issue. However, the use of toluene
was advantageous for product 22, which precipitated out of
the solution after full conversion of the starting material.
The solid was collected by vacuum filtration, dried in a
vacuum oven, and analyzed to show good purity (94%) and
71% yield. To investigate the synthetic potential of this

P(t-Bu), 7 "N—Ph
NMe2
L3 L4 L5
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Table 2 Application of various amines®
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H O H O
N N
O Amine B
Br =N Pd,(dba)s/Xphos ™N =N
- |
F - Rz F
KOtBu
Toluene, 90 °C
1 2-27
Compound Amine Yield” (%) % e.e.
2 ©/NH2 87 1.4
3 /©/NH2 78 0.8
4 ONHZ 81 1.2
o
5 /©/NH2 75 1.8
o]
6 /©/NH2 84 2.0
O,N
7 ONHZ 58 0.2
s
8° NH, 80 44.8
o [T
Il
—S
I
0
od /©/NH2 89 0.6
NZ
10° /©/NH2 23 76.4
HO
11 NH, 65 1.4
0
12 NH, 64 0.4
F}/©/
e
13¢ NH, 50 0.4
N
SN
14 @ENHZ 45 4.4
F
15 NH, 48 0.8
F
F:F
16 @C\iz 36 9.8
17 79 0.2

(@] z
N F
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Table 2 (continued)
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H O H
N N 2
O Amine B O
Br =N Pd,(dba)s/Xphos ™N =N
|
' R2
Toluene, 90 °C
1 2-27
Compound Amine yYield” (%) % e.e
18 \©/NH2 68 2.0
19¢ N NH 57 0.4
AN :: g 2
20 /EINHZ 83 1.0
21 § 44 0.4
22/ H 71 0.4
)
23/ § 58 0.2
24" ©/\NH2 64 1.0
25 71 1.4
§~NH2
26° O/ NH, 81 2.2
27" “NH 76 1.8

¢ Reaction conditions: 0.5 mmol of aryl halide, 1.2 eq. of aniline, 5 mol% Pd,(dba),, 10 mol% ligand, 12.2.4 eq. KOtBu and 2 mL of toluene at
90 °C. ” Isolated yields reported. © 5 mL of a 30% THF in toluene solution used as solvent. ¢ 5 mL of a 20% THF in toluene solution used as
solvent. ¢ 3 eq. of aniline and 3.5 eq. of KOtBu used. / 1.4 eq. of amine and 1.5 eq. of KOtBu used. ¢ 40% ligand, 2.3 eq. of amine, 1.3 eq. of
KOtBu and 5 mL of toluene used. " 30% ligand, 2.5 eq. of amine, 1.7 eq. of KOtBu and 5 mL of toluene used.

phenomenon, compound 2 was generated on a 10 mmol
scale using toluene. After 4 hours of stirring, all starting
material was consumed and like 22, compound 2
precipitated out of solution after cooling down to room
temperature. Filtration afforded compound 2 in 84% yield.
This demonstrates that these reaction conditions are suitable
for larger scale synthesis with minimal purification with the
use of toluene. The N-substituted aniline 21 also formed the
corresponding amination product increasing the range of
this reaction to secondary amines. In addition, the reaction
conditions successful for coupling non-aromatic
heterocyclic amines like morpholine and piperidine, as well
as a benzylamine, resulting in compounds 22, 23 and 24.
Lastly, small primary aliphatic amines including

were

This journal is © The Royal Society of Chemistry 2025

t-butylamine, cyclohexylamine and dimethylamine formed
compounds 25, 26 and 27. Most products were purified by
filtration through a pad of celite to remove any solids
followed by several washes with acetone. The solvents were
evaporated, and the crude product was purified by column
chromatography (silica) employing a gradient of acetone in
hexanes. All products were obtained in high purity. Most
products were obtained as racemates starting from optical
pure 1, due to the use of strong base ¢-BuOK. We reported
the formation of the racemate 1, when ring cyclization was
performed in the present of strong bases such as NaOH.*
Interestingly, we obtained compound 8 with an ee of 44.8%
and 10 with 76.4% ee. We are currently in the process to
develop a stereospecific synthetic method.

RSC Med. Chem., 2025, 16, 5661-5677 | 5665
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Table 3 Physiochemical properties
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Aqueous Cytotoxicity” ARa,, binding® ARo,p binding® ARo,c binding”
Compound  solubility” (uM) LDs, (uM) (% inhibition at 10 uM) (K; (nM)) (% inhibition at 10 uM) (K; (nM)) (% inhibition at 10 uM) (K; (nM))
1 35.7£1.70 >300 11 -6 1
2 2.17 +0.47 100 + 19 66 (3933) 90 (511) 84 (1127)
3 4.33 +0.31 62 +15 66 (2282) 61 (4638) 59 (2161)
4 <1 87 +32 70 (2072) 41 55 (2082)
5 6.83 = 0.52 87 + 36 78 (2085) 81 (1412) 88 (1640)
6 <1 61+ 10 52 (2620) 36 41
7 3.69 +1.16 63 +12 65 (3297) 41 69 (2407)
8 34.0 £4.40 >150 10 -5 7
9 3.57 £ 0.96 83 £29 49 23 47
10 197.9 + 4.04 135 + 26 36 52 (4183) 29
11 <1 88 +17 77 (2253) 44 65 (1545)
12 1.44 £ 0.28 >150 60 (2586) 38 34
13 6.98 £ 0.78 >150 38 29 34
14 26.0 +2.10 90 + 27 63 (2244) 82 (1276) 58 (2135)
15 8.09 £ 0.65 69 + 42 24 32 16
16 <1 >300 4 -2 -11
17 3.90 + 0.45 148 + 12 74 (2052) 91 (607) 62 (738)
18 3.52 + 2.04 109 + 12 65 (2081) 87 (1671) 69 (1178)
19 1.35 £ 0.14 165 + 27 38 57 (3249) 8
20 1.38 £ 1.07 88 £ 22 31 33 5
21 <1 158 + 27 48 47 15
22 157.3 £ 5.50 >300 —4 27 30
23 100.5 + 4.00 >300 9 61 31
24 1.35 £ 0.64 >150 15 46 47
25 393.6 £ 10.40 >300 6 40 35
26 21.4 £ 0.80 >300 61 64 80
27 186.5 + 2.70 >300 41 45 28

“ Shake flask, pH 7.4. ? Cytotoxicity was determined using HEK293 cells using CellTiter-Glo. © Competition assay of ARa, ligand *H-
Rauwolscinein using MDCK or HEK293 cell that overexpress specific ARa.,.

2.2 Preclinical characterization in vitro

The physiochemical properties of all products are
summarized in Table 3. The aqueous solubility was measured
using a shake flask method. Cytotoxicity was determined
using embryonic kidney cells. In collaboration with the
Psychoactive Drug Screening Program (PDSP),>® compounds
were screened against common central nervous system
receptors to determine possible target receptors for these
compounds. Among those, most compounds showed binding
to the alpha-2 adrenergic receptors.

The compounds showed solubilities ranging from 1 uM to
394 uM. Overall, the substitution of the bromine by anilines
decreased the aqueous solubility of the resulting
benzodiazepines. The aryl substituents moderately influenced
aqueous solubility. Compounds that contain substituents
that can participate in hydrogen bonding like methylsulfone
(compound 8) or fluorine (compound 14) did have slightly
better aqueous solubilities with 34 uM and 27 pM,
respectively. Compound 10 with a hydroxy substituent
showed the highest solubility of all compounds containing
aryl substituents, with 198 uM. The cyclic aliphatic amine
containing compounds 22 and 23 exhibited solubilities above
100 uM. Among the benzodiazepines with aliphatic amines,
compound 25 showed the highest solubility with 394 uM.
Thus, benzodiazepines with arylamines were less soluble
than those with alkylamine moieties. Cellular toxicity was

5666 | RSC Med. Chem., 2025, 16, 5661-5677

determined by incubating embryonic kidney cells (HEK-293)
with different compound concentrations for 18 h followed by
quantification of cellular ATP using CellTiter-Glo (Table 3).
The arylamine containing compounds 2-20 showed LDs,
values ranging from 65 pM to higher than 300 uM. Overall,
the alkylamine containing benzodiazepines were less toxic
than arylamine benzodiazepines with LDs, values greater
than 150 uM.

Receptor binding was determined using a competition
assay with *H-Rauwolscinein employing membranes from
cells overexpressing the three different isoforms (ARa,,
ARa,p, and ARa,c). All compounds were initially screened at
10 pM, and those that achieved more than 50% inhibition
were subjected to a concentration response analysis (Table 3).
Most compounds showed greater affinity to all three of the
alpha 2 adrenergic receptor subtypes than our initial starting
benzodiazepine. Some exhibited selectivity towards ARo,p.
This leads us to believe that adding increased bulkiness to
the benzodiazepine by substituting the bromine of
compound 1 with an aryl substituted amine benefited
binding to these specific receptors. The strongest binding in
this series was observed for the phenylamine and the
2-methoxyphenylamine substituted compound 2 (K; = 511
nM) and 17 (K; = 607 nM) for the ARo,g. Compound 2 is
moderately selective for o,z over the a,s subtype (7.7-fold)
and weakly selective for o,p over the o,c subtype (2.2-fold).
Compound 17 is only selective for a,p over the a,, subtype

This journal is © The Royal Society of Chemistry 2025
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(3.8-fold). For para-substituted compounds, only compounds
2, 3, 5 and 10 showed strong binding to ARa,p, which most
likely shows that there is limited space in the receptor
binding pocket occupying small substitutions. Some larger
para-substituted compounds 6, 7, 11, 12, showed binding to
AR, Or ARo,c, but not ARa,p, proving differences of
binding sites of ARa isoforms. The ortho substituted
compounds 13, 15 and 16 showed weak binding to all 3
subtypes, again possibly indicating that larger substituents
are unfavorable at this position. Compounds 14 (o-fluoro)
and 17 (o-methoxy) showed good binding to ARa,g,
potentially due to their smaller size and ability to form
hydrogen bonds. Interestingly, placing a methoxy group in
the ortho position (compound 17) instead of the para position
(compound 4) greatly benefited binding. With this
modification, the inhibition at 10 uM increased from 41% to
91% at the ARa,g. Both meta substituted compounds 18 and
19 showed good activities for the ARo,p subtype with K;
values of 1671 and 3249 nM, respectively. Compound 19 also
exhibited selectivity towards the ARo,g with primary
inhibition of less than 50% for the other two receptor
subtypes. The addition of multiple aryl substituents (20) or
using an N-methylated aniline (21) led to lower receptor
affinity. Finally, of the compounds containing non-aromatic
amine substituents, only 23 and 26 showed binding above
50% at 10 pM potentially demonstrating that aryl amine
substituted benzodiazepines are superior ligands for the
alpha-2 adrenergic receptors.

To analyze if compounds 2 and 17 activate or antagonize
ARa,, we performed a GPCR Tango assay.’’ Briefly, ARal,
transfected HEK cells were treated 2, 17 or control compound
norepinephrine (Fig. 3). Activation of the receptor initiates

>
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B-arrestin recruitment linked to TEV protease, followed by
cleaving the ¢TA transcription factor that in turn will activate
the transcription of luciferase. The amount of luciferase was
quantified by the addition of BrightGlo® (Promega).

Norepinephrine activated ARa,s, ARo,g, and ARo,c with
an ECs, of 98, 186, and 126 nM, respectively. Compounds 2
and 17 did not activate any of these ARa, subtypes. In
contrast, 2 and 17 antagonized ARa,s, ARO,p, and ARo,c in
the presence of 300 nM norepinephrine. The ICs, values were
higher than the K; values determined by the radioligand
displacement assay (Table 3, entries 2 and 17). Usually,
competition assays are more sensitive if low concentrations
of activator are employed e.g. radiotracer competition assays.
The moderate affinity of norepinephrine for the ARa,
subtypes requires a concentration of 300 nM for the cell-
based assay that probably caused the observed ICs, shift for
moderate binders 2 and 17. The ARa, blocker Rauwolscine
antagonized ARa,s, ARO,p, and ARa,c with an ICso of 23, 22,
and 10 nM, respectively. The K; reported for Rauwolscine for
AR0,p, AR, and ARo,e is 3.76, 4.59, and 0.78 nM,
respectively,®® confirming the fact that the ICs, determined
for the cell-based assay is shifted 5 to 13-fold in comparison
to the K; determined for the radiotracer competition assay.
Nevertheless, we observed full antagonism of 300 nM of
norepinephrine at 30 uM of 2 or 17.

2.3 Molecular docking

To better understand the ARa, subtype selectivity of 2, we
used available receptor protein structures that included for
ARa,, (6KUX),** ARo,p (6K41),** and ARa,c (6KUW).**
Protein PDB files were uploaded in MOE and prepared using

60000 -m- Norepinephrine ECgq = 0.186 + 0.03 uM C 5000 -w- Norepinephrine ECg, = 0.126 = 0.04 uM

80000~ i i =
: ;loreplnephrlne ECsp 0.098; 0.03 uM =D D
b - 17 o 4000 I
8 60000 ¢ 17 c 40000 ! = =
s I Q o u
] 9 i g 30001 .
& 400004 g o
£ T 200004 £ 2000
: : :
3 20000 a 3 10004
04 04 0 T R *
12 -10 8 -6 4 -12 -10 -8 6 4 12 -10 -8 E 4
log[Compound] log[Compound] log[Compound]
120000] = FRAUWolscine  1Csq = 0.023 = 0.007 uM 800001 - Rauwolscine [Csg = 0.022 + 0.006 uM 16000+ s~ Rauwolscine ICsq = 0.010 +0.002 uM
-2 ICs0=11.6 £ 2.8 uM -2 ICs0 = 14.1 2.8 yM 14000 &~ 2 ICs50=11.6 +3.2 uM
§ 100000 &= 17 ICs0=9.5+2.6uM 8 o000 = 17 ICs0=9.9 +2.8 uM 8 12000] = 17 ICs0=11.4 2.0 uM
$ 80000 (3 ] T % 100004 3337778y
o 2 40000 2 8000 DL & L
£ iPasy s 2 g L 3H
e = = 6000 2
£ 40000 £ E
3 3 20000 3 40004
20000 20004
0 T T T o+ 0 T T ] 0 T T *
12 -10 -8 € -4 412 -10 8 A 4 12 -10 8 -6 4

log[Compound]

log[Compound]

log[Compound]

Fig. 3 Functional cell-based assay to determine the mode of action of 2 and 17. HEK293 cell transfected with ARaa (A), ARoog (B), or ARapc
(C) were treated with norepinephrine, 2, or 17 in a concentration dependent manner for 18 h followed by the quantification of luciferase using
Bright-Glo (n = 3 for each concentration); HEK293 cell transfected with ARopa (D), ARogg (E), or ARaypc (F) were treated with 300 nM
norepinephrine and Rauwolscine, 2, or 17 in a concentration dependent manner for 18 h followed by the quantification of luciferase using

Bright-Glo (n = 3 for each concentration).
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a structure preparation tool. Both enantiomers of 2 were
docked at the ligand site using triangle matcher placement
and induced fit refinement. Docking scores were calculated
as London dG energies.

For ARa,,, docking scores for 2 ranged between -7.02 and
-6.56 for the R enantiomer and -6.56 and —6.26 for the S
enantiomer. Two H-rn interactions were observed between 2
and ARa,, (Fig. 4D). Compound 2 did not form a hydrogen
bond interaction with Asp113 due to the steric interaction
with Ile188 (Fig. 4A upper left corner). In addition, Phe390
significantly reduced space in the lower left corner of the
ARa,, binding side. Overall, the computational analysis
confirmed that 2 had the lowest affinity for ARa,, among the
three receptors with an K; of 3.9 uM (Table 3, entry 2).
Interestingly, 6 and 12 with a nitro and trifluoro methyl
group in the 4-position had better affinities for ARa,, than 2
due possible to interactions with Ser204 (Table 3, entries 6
and 12). These compounds had poor affinities for ARo,g.
Docking scores for 2 for ARa,p ranged between -7.98 and
-7.14 for the R enantiomer and -7.57 and -7.21 for the S
enantiomer. The better docking scores were influenced by a
hydrogen bond interaction between Asp92 and the aryl amine
moiety of 2 (Fig. 4B). The amine aryl moiety of 2 fit well in
the pocket created by Tyr88, Ser69, and Asn72 (Fig. 4E). In
addition, the pendent 2-fluorophenyl ring occupied a pocket

|
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created by Trp384 and Tyr416. Thus, the Y shaped binding
site of ARo,g and hydrogen bonding with Asp92 supported a
high affinity of 2 for ARo,5. For ARa,¢, we calculated docking
scores for 2 that ranged between -7.36 and -7.13 for the R
enantiomer and -7.48 and -7.29 for the S enantiomer. The
docking scores of 2 fall in between the docking scores for
ARo,, and ARo,p aligning with order of affinities that
decreases from ARa,z > ARd,c > ARa,,. We observed a
hydrogen bonding between the imine of 2 and Asp131 and a
H-n interaction between the aryl amine moiety and Arg192
(Fig. 4F). In comparison with ARa,, and ARo,g the
binding pocket of ARa,c is significant larger enabling a path
forward for developing ARa,c selective compounds by
introducing additional substituents (Fig. 4C). This is
supported by the fact that the introduction of a 4-methyl
ester aniline (compound 11) had a similar affinity for ARa,c
but only weak affinity for ARa,p (Table 3, entry 11).

2.4 Preclinical characterization in vivo

Next, we investigated these novel compounds in vivo to
identify any severe toxicity or CNS effects. Therefore, we used
a sensorimotor assay represented by the rotarod assay and a
behavioral assay represented by the open field test (OFT).
ARoa, agonists are known to elicit sedation as demonstrated

Pha

Fig. 4 Best docking poses for 2 (R-enantiomer): A) ARaza, B) ARazg, C) ARapc, D) ligand interaction between ARa,a and 2, E) ligand interaction

between ARa,p, and 2, F) ligand interaction between ARoc and 2.
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for dexmedetomidine that reduced the ability of mice to stay
on the rotating rod at i.p. doses of higher than 10 pg kg™".*’
In contrast, ARa, antagonists do not usually alter the ability
of mice to complete a rotarod exercise, which was
demonstrated by the administration of phentolamine at 4 mg
kg™ (i.p.).*® Consistent with these findings, we did not
observe any sensorimotor inhibition with ARa, antagonists 2
and 17 when measured after 10, 30 and 60 minutes (Fig. 5A
summarizes data at 30 min whereas 10 min and 60 min data
can be found in the SI). To ensure that compounds,
specifically 2, are orally available, we performed a limited
pharmacokinetic study with a dose of 40 mg kg™ " (Fig. 5B).
As early as 10 min, we found an appreciable concentration of
2 in blood and brain that exceeded the affinity of 2 for the
target receptor. The concentrations of 2 increased at 30 min
and declined at 60 min. The blood:brain ratios increased
over time.

ARo, ligands have also been studied with the OFT
quantifying movements and activity.®” It was reported that o,
agonist dexmedetomidine administered at 30 ug kg (s.c.)
significantly reduced the activity scores whereas ARa,
antagonist atipamezole did not modulate locomotion at a
dose of 1 mg kg . We administered compounds 2-27 at 40
mg kg ' and evaluated locomotion after 40 min. The results
for 2 and 17 are depicted in Fig. 6, whereas data for all other
compounds are included in the SI. For this study, we
quantified total distance traveled for the duration of 3 min as
well as average speed, total time freezing (no body and
distance movement), total time mobile and total time
immobile (including body movement like grooming).

Vehicle and compound treated mice exhibited similar
behavior and the collected data showed no significant
differences between the vehicle group and compound groups
for the determined parameters. Thus, all newly synthesized
compounds showed a good safety profile at 40 mg kg .

n
o
o
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Compounds 2 and 17 with significant affinity towards AR,
ARo,p, and ARo,c showed no sedation confirming the
functional receptor binding data that these compounds are
ARao., antagonists rather than ARa., agonists.

3. Conclusions

It can be concluded that benzodiazepines bearing an aryl
amine substituent can bind ARa, with nanomolar affinities
resulting in receptor antagonism. Large aryl substituents
reduced binding of the corresponding ligands for ARo,p
revealing a limited receptor binding pocket that resulted in
subtype selectivity for unsubstituted compound 2. In vivo and
in vitro studies showed that these ligands have a good safety
profile and in case of 2 are orally available. The observed
subtype selectivity of these ligands is promising and
represents one of the goals of future research in addition to
improved receptor affinity and better aqueous solubility.

4. Experimental

Chemicals and solvents were purchased from commercial
sources and used without further purification. Reaction
progress monitored by silica gel TLC (Dynamic
Adsorbents Inc.) with fluorescence indicator. 'H and "C-
NMR spectra were obtained on Bruker 400 MHz or 500 MHz
instruments with the chemical shifts in J (ppm) reported by
reference to the deuterated solvents as an internal standard
DMSO-dg: § = 2.50 ppm (*"H-NMR) and J = 39.52 ppm (**C-
NMR) (see SI for NMR spectra). HRMS spectral data were
recorded using a LCMS QTOF spectrometers (Shimadzu).
High performance liquid chromatography (Shimadzu Nexara
series HPLC) coupled with a photo diode array detector (PDA,
Shimidzu SPD-M30A) and a single quadrupole mass analyzer
(LCMS 2020, Shimadzu, Kyoto, Japan) was used for purity

was
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Fig. 5 A) Rotarod studies. Female Swiss Webster mice were monitored on a rotarod apparatus for 3 min at 10, 30, and 60 min after oral
administration of 40 mg kg™ of compound. The presented data is 30 min. The time of fall was recorded if it occurred within 3 min. Data are
expressed as means + SEM (n = 8). Significance was calculated with 2-way ANOVA in respect to vehicle. B) Pharmacokinetic study. 40 mg kg™ of 2
was administrated orally to female Swiss Webster mice (n = 4) and brain and blood concentrations were determined at 10, 30, and 60 min. Data

are expressed as means * SEM (n = 4).
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Fig. 6 Open field test. Locomotion of female Swiss Webster mice was monitored in a 40 cm? box arena for 3 min 40 minutes after oral
administration of 40 mg kg™ of compound. Data are expressed as means + SEM (n = 6). Significance was calculated using one-way ANOVA.

analysis (absolute area%). Analytes were separated using a
Restek Pinnacle-C18 (4.6 mm x 50 mm, 5 pm particle size)
column with gradient elution of water and methanol (0.1%
formic acid) at a flow rate of 0.8 mL min™". To determine
purity of the compounds, blank UV chromatograms were
subtracted from sample UV chromatograms and the blank
subtracted chromatograms were integrated. The optical
purity was determined with an Agilent 1100 HPLC system
using a DAD detector. The mobile phase consisted of high-
performance liquid chromatography (HPLC) grade ethanol
and n-hexane and the stationary phase was a Pirkle Whelk-01
column (4.6 mm x 25 cm x 5 pm particle size).

4.1 General procedures and compound characterization

2 mL of anhydrous toluene was added to a 10 mL 1-neck
round bottom flask and degassed by bubbling nitrogen gas
through the solution. (3R)-7-Bromo-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one (1) (0.1736 g,
0.5 mmol) was added, followed by the addition of amine
(0.6 mmol), Pd,(dba); (0.0229 g, 0.025 mmol), XPhos
(0.0238 g, 0.05 mmol) and potassium ¢-butoxide (700 pL, 0.7
mmol, 1 M solution in THF). The solution was stirred at 90
°C under a N, atmosphere, while being monitored by TLC
(50% ethyl acetate: hexanes) for consumption of the starting
material. Once deemed complete by TLC, the solution was
cooled to room temperature, filtered through celite and
washed with acetone (10 mL). The filtrate was concentrated
under reduced pressure to yield a brown residue. The
residue was dissolved in acetone and loaded onto a pre-

5670 | RSC Med. Chem., 2025, 16, 5661-5677

column before being separated by Biotage: 7-7%
acetone : hexanes (4 CVs), 7-60% acetone: hexanes (25 CVs)
then 60-60% acetone:hexanes (4 CVs). The fractions
containing the product were pooled together and
concentrated to dryness to yield the desired product.

Compound 2. 7-Anilino-5-(2-fluorophenyl)-3-methyl-1,3-
dihydro-2H-1,4-benzodiazepin-2-one was obtained as a yellow
solid, yield 0.1563 g, 87%. "H NMR (400 MHz, DMSO) 6 10.41
(s, 1H), 8.21 (s, 1H), 7.57-7.51 (m, J = 3.4 Hz, 2H), 7.33-7.25
(m, J = 2.5 Hz, 3H), 7.13 (q, J = 5.8 Hz, 3H), 6.90 (q, J = 3.2
Hz, 2H), 6.76 (q, J = 5.6 Hz, 2H), 3.71 (q, J = 6.4 Hz, 1H), 1.53
(d, J = 6.4 Hz, 3H). >C NMR (101 MHz, DMSO) ¢ 170.69 (s,
1C), 164.67 (s, 1C), 161.4 (s, 1C), 158.93 (s, 1C), 143.67 (s, 1C),
139.10 (s, 1C), 132.38 (d, J = 8.5 Hz, 1C), 132.04 (s, 1C),
131.43 (s, 1C), 129.60 (s, 1C), 129.04 (s, 1C), 128.20 (s, 1C),
128.07 (s, 1C), 125.02 (s, 1C), 122.69 (s, 1C), 121.62 (s, 1C),
120.21 (s, 1C), 116.53 (t, J = 5.0 Hz, 1C), 116.27 (s, 1C), 59.12
(s, 1C), 17.73 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred.
for C,,H;gN;OF: 360.15067; meas.: 360.15046. HPLC purity:
98.76%. Optical purity: 1.4% ee.

Compound 3. 5-(2-Fluorophenyl)-3-methyl-7-(4-
methylanilino)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was
obtained as a pale yellow solid, yield 0.1452 g, 78%. "H NMR
(400 MHz, DMSO) ¢ 10.37 (s, 1H), 8.08 (s, 1H), 7.51-7.52 (m, J
= 2.1 Hz, 2H), 7.33-7.24 (m, J = 3.9 Hz, 2H), 7.20 (q, ] = 3.8
Hz, 1H), 7.09 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 8.2 Hz, 2H), 6.82
(d, ] = 8.4 Hz, 2H), 6.74 (d, J = 2.5 Hz, 1H), 3.70 (q, J = 6.4 Hz,
1H), 2.18 (s, 3H), 1.53 (d, J = 6.4 Hz, 3H). >*C NMR (101 MHz,
DMSO) § 170.67 (s, 1C), 164.70 (s, 1C), 161.40 (s, 1C), 158.93
(s, 1C), 140.90 (s, 1C), 139.74 (s, 1C), 139.74 (s, 1C), 132.36 (d,

This journal is © The Royal Society of Chemistry 2025
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J = 9.2 Hz, 1C), 132.03 (s, 1C), 130.91 (s, 1C), 130.01 (s, 1C),
129.28 (s, 1C), 129.06 (s, 1C), 128.23 (s, 1C), 128.10 (s, 1C),
124.99 (d, J = 3.2 Hz, 1C), 122.67 (s, 1C), 120.88 (s, 1C),
117.27 (s, 1C), 116.48 (s, 1C), 116.26 (s, 1C), 115.53 (s, 1C),
59.10 (s, 1C), 59.10 (s, 1C), 20.69 (s, 1C), 17.73 (s, 1C). HRMS
(ESI/Q-TOF): m/z [M + H]" pred. for C,3H,oN;OF: 374.16632;
meas.: 374.16600. HPLC purity: 97.52 optical purity: 0.8% ee.

Compound 4. 5-(2-Fluorophenyl)-7-(4-methoxyanilino)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a brown solid, yield 0.1572 g, 81%. "H NMR (400 MHz,
DMSO) 6 10.32 (s, 1H), 7.92 (s, 1H), 7.53 (t, J = 6.9 Hz, 2H),
7.32-7.24 (m, J = 3.1 Hz, 2H), 7.12 (q, J = 3.8 Hz, 1H), 7.06 (d,
J = 8.8 Hz, 1H) 6.89 (q, J = 3.0 Hz, 2H), 6.76 (q, J = 3.0 Hz,
2H), 6.64 (d, J = 2.5 Hz, 1H), 3.67 (s, 4H), 1.52 (d, J = 8.8 Hz,
3H). "*C NMR (101 MHz, DMSO) J 170.64 (s, 1C), 164.74 (s,
1C), 161.40 (s, 1C), 158.92 (s, 1C), 154.22 (s, 1C), 140.85 (s,
1C), 136.38 (s, 1C), 132.31 (d, J = 8.5 Hz, 1C), 132.02 (s, 1C),
130.36 (s, 1C), 129.13 (s, 1C) 128.19 (d, J = 12.9 Hz, 1C),
124.96 (s, 1C), 122.68 (s, 1C), 120.04 (s, 1C), 119.72 (s, 1C),
116.48 (s, 1C), 116.27 (s, 1C), 114.96 (s, 1C), 114.46 (s, 1C),
59.08 (s, 1C), 55.66 (s, 1C), 17.74 (s, 1C). HRMS (ESI/Q-TOF):
mlz [M + H]|" pred. for C,3H,oN;O,F: 390.16123; meas.:
390.16090. HPLC purity: 98.59%. Optical purity: 1.2% ee.

Compound 5.  7-(4-Chloroanilino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pink solid, yield 0.1472 g, 75%. "H NMR (400 MHz, DMSO)
4 10.45 (s, 1H), 8.34 (s, 1H), 7.57-7.62 (m, J = 2.8 Hz, 2H), 7.33-
7.25 (m, J = 2.7 Hz, 3H), 7.15 (q,J = 5.7 Hz, 3H), 6.90 (q, ] = 3.0
Hz, 2H), 6.77 (d, ] = 2.5 Hz, 1H), 3.71 (q, ] = 6.4 Hz, 1H), 1.54 (d,
J = 6.4 Hz, 3H). *C NMR (101 MHz, DMSO) § 170.71 (s, 1C),
164.57 (s, 1C), 161.39 (s, 1C), 158.92 (s, 1C), 142.89 (s, 1C),
138.42 (s, 1C), 132.46 (d, J = 8.5 Hz, 1C), 132.01 (d, J = 8.0 Hz,
1C), 129.40 (s, 1C), 129.05 (s, 1C), 128.11 (s, 1C), 127.9 (s, 1C),
125.03 (s, 1C), 123.14 (s, 1C), 122.75 (s, 1C), 122.11 (s, 1C),
117.64 (s, 1C), 117.28 (s, 1C), 116.53 (s, 1C), 116.31 (s, 1C),
59.13 (s, 1C), 17.72 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]"
pred. for C,,H;,N;OFCl: 394.11169; meas.: 394.11145. HPLC
purity: 98.64%. Optical purity: 1.8% ee.

Compound 6. 5-(2-Fluorophenyl)-3-methyl-7-(4-
nitroanilino)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was
obtained as an orange solid, yield 0.1695 g, 84%. "H NMR
(400 MHz DMSO) J 10.67 (s, 1H), 9.28 (s, 1H), 8.06 (q, J = 3.3
Hz, 1H), 7.59-7.49 (m, J = 3.6 Hz, 3H), 7.47-7.43 (m, J = 4.2
Hz, 1H), 7.32-7.25 (m, J = 5.8 Hz, 3H), 7.06 (d, J = 8.0 Hz,
2H), 6.85 (t, ] = 7.4 Hz, 1H), 3.75 (q, J = 6.4 Hz, 1H), 1.56 (d, J
= 6.4 Hz, 3H). >C NMR (101 MHz, DMSO) ¢ 170.84 (s, 1C),
164.34 (s, 1C), 158.94 (s, 1C), 151.07 (s, 1C), 138.56 (s, 1C),
135.54 (s, 1C), 134.37 (s, 1C), 132.63 (d, J = 8.4 Hz, 1C),
132.10 (s, 1C), 129.03 (s, 1C), 127.91 (s, 1C), 127.78 (s, 1C),
126.58 (s, 1C), 125.16 (d, J = 6.3 Hz, 1C), 122.87 (s, 1C),
121.13 (s, 1C), 116.58 (s, 1C), 116.37 (s, 1C), 113.57 (s, 1C),
59.21 (s, 1C), 17.68 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]
pred. for C,,H;;N,O3F: 405.13575; meas.: 405.13538. HPLC
purity: 93.80%. Optical purity: 2.0% ee.

Compound 7. 5-(2-Fluorophenyl)-3-methyl-7-((4-(methylthio)-
phenyl)amino)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained

This journal is © The Royal Society of Chemistry 2025
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as an off-white solid, yield 0.1173 g, 58%. 'H NMR (400 MHz
DMSO) § 10.41 (s, 1H), 8.24 (s, 1H), 7.57-7.52 (m, J = 3.3 Hz,
2H), 7.33-7.23 (m, J = 3.3 Hz, 3H), 7.13-7.09 (m, J = 2.9 Hz,
3H), 6.88 (q,J = 2.9 Hz, 2H), 6.75 (d, J = 2.5 Hz, 1H), 3.70 (q, J
= 6.4 Hz, 1H), 2.38 (s, 3H), 1.53 (d, J = 6.4 Hz, 3H). >°C NMR
(101 MHz, DMSO) d 170.69 (s, 1C), 164.63 (s, 1C), 141.81 (s,
1C), 138.96 (s, 1C), 132.46 (s, 1C), 132.07 (s, 1C), 131.50 (s,
1C), 129.55 (s, 1C), 129.06 (s, 1C), 128.04 (s, 1C), 127.56 (s,
1C), 125.01 (s, 1C), 122.71 (s, 1C), 121. 54 (s, 1C), 117.37 (s,
1C), 116.56 (d, J = 8.5 Hz, 1C), 116.30 (s, 1C), 59.12 (s, 1C),
17.73 (s, 1C), 17.20 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]'
pred. for C,;H,oN;OFS: 406.13839; meas.: 406.13854. HPLC
purity: 98.40%. Optical purity: 0.2% ee.

Compound 8. 5-(2-Fluorophenyl)-7-(4-
methanesulfonylanilino)-3-methyl-1,3-dihydro-2H-1,4-
benzodiazepin-2-one was obtained as a pale-yellow solid, yield
0.1751 g, 80%. "H NMR (400 MHz, DMSO) J 10.57 (s, 1H),
8.90 (s, 1H), 7.63-7.53 (m, J = 4.6 Hz, 4H), 7.41 (q, J = 3.7 Hz,
1H), 7.35-7.26 (m, J = 4.8 Hz, 2H), 7.22 (d, J = 8.8 Hz, 1H),
6.98 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 2.4 Hz, 1H), 3.74 (q, J =
6.4 Hz, 1H), 3.08 (s, 3H), 1.55 (d, J = 6.4 Hz, 3H). >*C NMR
(101 MHz, DMSO) ¢ 170.82 (s, 1C), 164.43 (s, 1C), 161.41 (s,
1C), 158.94 (s, 1C), 149.02 (s, 1C), 136.48 (s, 1C), 133.54 (s,
1C), 132.61 (s, 1C), 132.10 (s, 1C), 130.00 (s, 1C), 129.36 (s,
1C), 129.04 (s, 1C), 127.93 (d, J = 12.6 Hz, 1C), 125.10 (d, J =
3.2 Hz, 1C), 124.29 (s, 1C), 122.81 (s, 1C), 119.99 (s, 1C),
116.55 (s, 1C), 116.34 (s, 1C), 114.13 (s, 1C), 59.18 (s, 1C),
44.63 (s, 1C), 17.69 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]"
pred. for C,3H,oN;O5FS: 438.12822; meas.: 438.12834. HPLC
purity: 99.07%. Optical purity: 44.8% ee.

Compound 9. 7-(4-Cyanoanilino)-5-(2-fluorophenyl)-3-methyl-
1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained as a pale-
yellow solid, yield 0.1713 g, 89%. 'H NMR (400 MHz, DMSO)
¢ 10.57 (s, 1H), 8.91 (s, 1H), 7.59-7.51 (m, J = 3.1 Hz, 4H),
7.39 (q, J = 3.8 Hz, 1H), 7.34-7.26 (m, J = 3.5 Hz, 2H), 7.22 (d,
J = 8.7 Hz, 1H), 6.92 (q, J = 3.0 Hz, 2H), 6.87 (d, J = 2.4 Hz,
1H), 3.73 (q, J = 6.4 Hz, 1H), 1.55 (d, J = 6.4 Hz, 3H). *C NMR
(101 MHz, DMSO) § 170.81 (s, 1C), 164.41 (s, 1C), 161.39 (s,
1C), 158.29 (s, 1C), 148.65 (s, 1C), 136.19 (s, 1C), 134.12 (s,
1C), 133.69 (s, 1C), 132.60 (d, J = 8.3 Hz, 1C), 132.11 (s, 1C),
129.00 (s, 1C), 127.96 (s, 1C), 127.83 (s, 1C), 125.10 (d, J = 3.2
Hz, 1C), 124.50 (s, 1C), 122.82 (s, 1C), 120.27 (d, J = 5.5 Hz,
1C), 116.57 (s, 1C), 116.35 (s, 1C), 114.64 (s, 1C), 99.79 (s, 1C),
59.18 (s, 1C), 17.69 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]"
pred. for C,;H;;N,OF: 385.14592; meas.: 385.14586. HPLC
purity: 98.42%. Optical purity: 0.6% ee.

Compound 10. 5-(2-Fluorophenyl)-7-((4-hydroxyphenyl)amino})-
3-methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a brown solid, yield 0.0432 g, 23%. '"H NMR (400 MHz,
DMSO) 6 10.28 (s, 1H), 8.98 (s, 1H), 7.77 (s, 1H), 7.52 (t, J =
7.0 Hz, 2H), 7.32-7.22 (m, J = 8.3 Hz, 2H), 7.04 (q, ] = 5.0 Hz,
2H), 6.78 (d, J = 8.7 Hz, 2H), 6.59 (q, J = 2.9 Hz, 3H), 3.67 (q, ]
= 6.4 Hz, 1H), 1.52 (d, J = 6.4 Hz, 3H). ">*C NMR (101 MHz,
DMSO) § 170.61 (s, 1C), 164.79 (s, 1C), 161.39 (s, 1C), 158.92
(s, 1C), 152.50 (s, 1C), 141.54 (s, 1C), 134.53 (s, 1C), 132.26 (d,
J = 8.4 Hz, 1C), 132.01 (s, 1C), 129.90 (s, 1C), 129.13 (s, 1C),

RSC Med. Chem., 2025, 16, 5661-5677 | 5671


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5md00611b

Open Access Article. Published on 16 September 2025. Downloaded on 4/6/2026 2:51:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

128.30 (s, 1C), 128.17 (s, 1C), 124.95 (s, 1C), 122.65 (s, 1C),
119.20 (s, 1C), 116.44 (s, 1C), 116.22 (s, 1C), 116.14 (s, 1C),
113.65 (s, 1C), 59.05 (s, 1C), 17.74 (s, 1C). HRMS (ESI/Q-TOF):
mlz [M + H]" pred. for C,,H;sN;0,F: 376.14588; meas.:
376.14640 HPLC purity: 99.91%. Optical purity 76.4% ee.

Compound 11. 5-(2-Fluorophenyl)-7-(4-
methoxycarbonylanilino)-3-methyl-1,3-dihydro-2H-1,4-
benzodiazepin-2-one was obtained as a pale-yellow solid, yield
0.1351 g, 65%. 'H NMR (400 MHz, DMSO) ¢ 10.54 (s, 1H),
8.81 (s, 1H), 7.72 (q, J = 2.9 Hz, 2H), 7.58-7.53 (m, J = 5.3 Hz,
2H), 7.39 (q, J = 3.8 Hz, 1H), 7.34-7.26 (m, J = 3.1 Hz, 2H),
7.20 (d, J = 8.8 Hz, 1H), 6.92-6.88 (m, J = 3.4 Hz, 3H), 3.77 (s,
3H), 3.73 (d, J = 6.4 Hz, 1H), 1.55 (d, J = 6.4 Hz, 3H). >*C NMR
(101 MHz, DMSO) § 170.79 (s, 1C), 166.38 (s, 1C), 164.48 (s,
1C), 161.40 (s, 1C), 158.93 (s, 1C), 148.79 (s, 1C), 136.83 (s,
1C), 133.19 (s, 1C), 132.52 (d, J = 8.4 Hz, 1C), 132.08 (d, J =
2.5 Hz, 1C), 131.46 (s, 1C), 128.99 (s, 1C), 127.99 (d, J = 12.8
Hz, 1C), 125.07 (d, J = 3.1 Hz, 1C), 123.99 (s, 1C), 122.77 (s,
1C), 119.73 (s, 1C), 119.43 (s, 1C), 116.52 (s, 1C), 116.31 (s,
1C), 114.11 (s, 1C), 59.17 (s, 1C), 17.70 (s, 1C). HRMS
(ESI/Q-TOF): mjz [M + H]" pred. for CyH,oN;0;F:
418.15615; meas.: 418.15618 HPLC purity: 99.23%. Optical
purity: 1.4% ee.

Compound 12. 5-(2-Fluorophenyl)-7-(4-
trifluoromethylanilino)-3-methyl-1,3-dihydro-2H-1,4-
benzodiazepin-2-one was obtained as a pale-yellow solid, yield
0.1376 g, 64%. 'H NMR (400 MHz, DMSO) ¢ 10.53 (s, 1H),
8.72 (s, 1H), 7.59-7.62 (m, J = 3.4 Hz, 2H), 7.44 (d, J = 8.6 Hz,
2H), 7.39 (d, J = 3.8 Hz, 1H), 7.32-7.29 (m, J = 3.4 Hz, 2H),
7.20 (d, J = 8.8 Hz, 1H), 6.99 (d, J = 8.5 Hz, 2H), 6.86 (d, J =
2.5 Hz, 1H), 3.73 (q, J = 6.4 Hz, 1H), 1.55 (d, J = 6.4 Hz, 3H).
3C NMR (101 MHz, DMSO) § 170.79 (s, 1C), 164.48 (s, 1C),
161.41 (s, 1C), 158.94 (s, 1C), 147.85 (s, 1C), 137.05 (s, 1C),
133.08 (s, 1C), 132.52 (d, J = 8.3 Hz, 1C), 132.09 (d, J = 2.6 Hz,
1C), 129.04 (s, 1C), 127.97 (d, J = 12.8 Hz, 1C), 126.96 (d, J =
3.8 Hz, 1C), 125.07 (d, J = 3.2 Hz, 1C), 123.95 (s, 1C), 123.71
(s, 1C), 122.77 (s, 1C), 119.27 (d, J = 3.2 Hz, 1C), 118.93 (s,
1C), 116.55 (s, 1C), 116.33 (s, 1C), 114.67 (s, 1C), 59.17 (s, 1C),
17.70 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for Cys-
H,,N;OF,: 428.13805; meas.: 428.13758. HPLC purity:
96.42%. Optical purity: 0.4% ee.

Compound 13. 7-(2-Cyanoanilino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale yellow solid, yield 0.0965 g, 50%. 'H NMR (400
MHz, DMSO) ¢ 10.52 (s, 1H), 8.53 (s, 1H), 7.61 (q, J = 3.1
Hz, 1H), 7.57-7.52 (m, J = 2.5 Hz, 2H), 7.44-7.40 (m, J = 2.9
Hz, 1H), 7.37-7.25 (m, J = 3.7 Hz, 3H), 7.17 (d, J = 8.8 Hz,
1H), 7.10 (d, J = 8.4 Hz, 1H), 6.95-6.91 (m, J = 3.0 Hz, 2H),
3.72 (q, J = 6.4 Hz, 1H), 1.54 (d, J = 6.4 Hz, 3H). *C NMR
(101 MHz, DMSO) § 170.81 (s, 1C), 164.52 (s, 1C), 161.42 (s,
1C), 158.95 (s, 1C), 147.34 (s, 1C), 137.41 (s, 1C), 134.51 (d,
J = 13.9 Hz, 1C), 133.27 (d, J = 8.2 Hz, 1C), 132.07 (s, 1C),
129.03 (s, 1C), 127.97 (d, J = 12.8 Hz, 1C), 125.00 (s, 1C),
123.85 (s, 1C), 122.64 (s, 1C), 120.93 (s, 1C), 119.63 (s, 1C),
118.07 (s, 1C), 116.78 (s, 1C), 116.32 (s, 1C), 100.76 (s, 1C),
59.15 (s, 1C), 17.70 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]"
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pred. for C,3H,,N,OF: 385.14592; meas.: 385.14619. HPLC
purity: 98.61%. Optical purity: 0.4% ee.

Compound 14. 7-(2-Fluoroanilino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one obtained as a
pale yellow solid, yield 0.0856 g, 45%. 'H NMR (400 MHz,
DMSO) 6 10.41 (s, 1H), 8.02 (s, 1H), 7.56-7.51 (m, J = 2.1 Hz,
2H), 7.32-7.19 (m, J = 4.3 Hz, 3H), 7.15-7.09 (m, J = 5.1 Hz,
3H), 6.99-6.95 (m, J = 3.3 Hz, 1H), 6.88-6.84 (m, J = 2.1 Hz,
1H), 6.76 (d, J = 2.4 Hz, 1H), 3.70 (q, ] = 6.4 Hz, 1H), 1.53 (d, ]
= 6.4 Hz, 3H). *C NMR (101 MHz, DMSO) ¢ 170.73 (s, 1C),
164.67 (s, 1C), 161.41 (s, 1C), 154.89 (s, 1C), 152.48 (s, 1C),
138.91 (d, J = 8.3 Hz, 1C), 132.04 (s, 1C), 131.42 (d, J = 11.2
Hz, 1C), 128.96 (s, 1C), 128.15 (s, 1C), 128.02 (s, 1C), 124.99
(d, J = 4.2 Hz, 1C), 122.54 (s, 1C), 121.72 (d, J = 10.3 Hz, 1C),
118.92 (s, 1C), 116.83 (s, 1C), 116.44 (d, J = 7.4 Hz, 1C),
116.21 (s, 1C), 59.10 (s, 1C), 17.72 (s, 1C). HRMS (ESI/Q-TOF):
m/z [M + H]" pred. for C,H;;N;OF,: 378.14124; meas.:
378.14283. HPLC purity: 99.98%. Optical purity: 4.4% ee.

Compound 15. 5-(2-Fluorophenyl)-7-((2-trifluoromethyl)-
phenyl)amino-3-methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-
one was obtained as a pale yellow solid, yield 0.1027 g, 48%.
'H NMR (400 MHz, DMSO) J 10.46 (s, 1H), 7.59-7.50 (m, J =
4.3 Hz, 4H), 7.42 (t, ] = 7.7 Hz, 1H), 7.18 (d, J = 8.3 Hz, 3H)
7.12 (d, ] = 8.7 Hz, 1H), 7.04 (t, ] = 7.6 Hz, 1H), 6.82 (d, J = 2.5
Hz, 1H), 3.71 (q, J = 6.4 Hz, 1H), 1.53 (d, J = 6.4 Hz, 3H). °C
NMR (101 MHz, DMSO) ¢ 170.79 (s, 1C), 164.57 (s, 1C),
158.97 (s, 1C), 142.37 (s, 1C), 139.35 (s, 1C), 132.40 (d, J = 6.2
Hz, 1C), 132.07 (s, 1C), 129.00 (s, 1C), 128.07 (s, 1C), 127.39
(s, 1C), 124.99 (s, 1C), 123.32 (s, 1C), 122.61 (s, 1C), 121.80 (s,
1C), 121.12 (s, 1C), 119.74 (s, 1C), 119.45 (s, 1C), 118.61 (s,
1C), 116.49 (s, 1C), 116.28 (s, 1C), 59.11 (s, 1C), 17.70 (s, 1C).
HRMS (ESI/Q-TOF): m/z [M + H]" pred. for C,3H;,N;OF,:
428.13805; meas.: 428.13856. HPLC purity: 99.39%. Optical
purity: 0.8% ee.

Compound 16.  7-(2-Ethylanilino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1320 g, 56%. 'H NMR (400
MHz, DMSO) 6 10.33 (s, 1H), 7.53-7.49 (m, J = 3.8 Hz, 2H),
7.44 (s, 1H), 7.30-7.23 (m, J = 4.2 Hz, 2H), 7.13 (d, ] = 7.4 Hz,
1H), 7.07 (t, J = 2.2 Hz, 2H), 7.00 (t, J = 2.1 Hz, 2H), 6.89 (q, J
= 4.2 Hz, 1H), 6.60 (d, J = 2.0 Hz, 1H), 3.68 (q, J = 6.4 Hz, 1H),
1.52 (d, J = 6.4 Hz, 3H), 1.07 (t, J = 7.5 Hz, 3H). >*C NMR (101
MHz, DMSO) § 170.69 (s, 1C), 164.75 (s, 1C), 158.94 (s, 1C),
141.40 (s, 1C), 140.86 (s, 1C), 135.98 (s, 1C), 132.29 (d, J = 8.9
Hz, 1C), 132.03 (s, 1C), 130.58 (s, 1C), 129.38 (s, 1C), 129.05
(s, 1C), 126.75 (s, 1C), 124.94 (s, 1C), 122.89 (s, 1C), 122.56 (s,
1C), 120.68 (s, 1C), 120.40 (s, 1C), 116.45 (s, 1C), 116.24 (s,
1C), 115.18 (s, 1C), 59.06 (s, 1C), 24.00 (s, 1C), 17.72 (s, 1C),
14.47 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for
C,4H,,N;OF: 388.18197; meas.: 388.18301. HPLC purity:
87.07%. Optical purity: 9.8% ee.

Compound 17. 5-(2-Fluorophenyl)-7-(2-methoxyanilino)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one product was
obtained as a pale-yellow solid, yield 0.1537 g, 79%. '"H NMR
(400 MHz, DMSO) § 10.36 (s, 1H), 7.55-7.49 (m, J = 3.6 Hz,
3H), 7.31-7.21 (m, J = 3.3 Hz, 3H), 7.07 (d, J = 8.8 Hz, 1H),
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6.99 (q,J = 3.1 Hz, 1H), 6.93 (q, J = 3.1 Hz, 1H), 6.84-6.77 (m,
J = 4.0 Hz, 2H), 6.74-6.89 (m, J = 3.3 Hz, 1H), 3.74 (s, 3H),
3.68 (q, ] = 6.4 Hz, 1H), 1.52 (d, J = 6.4 Hz, 3H). "*C NMR (101
MHz, DMSO) ¢ 170.71 (s, 1C), 164.80 (s, 1C), 161.40 (s, 1C),
158.93 (s, 1C), 150.02 (s, 1C), 139.65 (s, 1C), 132.28 (t, J = 6.7
Hz, 1C), 132.00 (s, 1C), 131.08 (s, 1C), 128.90 (s, 1C), 128.27
(s, 1C), 128.14 (s, 1C), 124.93 (d, J = 3.2 Hz, 1C), 122.39 (s,
1C), 121.73 (s, 1C), 121.49 (s, 1C), 120.85 (s, 1C), 116.71 (s,
1C), 116.36 (t, J = 10.8 Hz, 1C), 111.93 (s, 1C), 59.07 (s, 1C),
55.80 (s, 1C), 17.73 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H|"
pred. for C,3H,oN;O,F: 390.16123; meas.: 390.16229. HPLC
purity: 100%. Optical purity: 0.2% ee.

Compound 18. 5-(2-Fluorophenyl)-3-methyl-7-(3-
methylanilino)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was
obtained as a pale-yellow solid, yield 0.1275 g, 68%. "H NMR
(400 MHz, DMSO) ¢ 10.40 (s, 1H), 8.15 (s, 1H), 7.56-7.52 (m, J
= 2.1 Hz, 2H), 7.33-7.21 (m, J = 2.7 Hz, 3H), 7.11 (d, J = 8.8
Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 6.80 (d, J = 2.5 Hz, 1H), 6.69
(d, J = 8.1 Hz, 2H), 6.58 (d, J = 7.4 Hz, 1H), 3.69 (q, J = 6.4 Hz,
1H), 2.14 (s, 3H), 1.53 (d, J = 6.4 Hz, 3H). ">C NMR (101 MHz,
DMSO) d 170.68 (s, 1C), 164.71 (s, 1C), 143.52 (s, 1C), 139.21
(s, 1C), 138.74 (s, 1C),132.39 (s, 1C), 132.06 (s, 1C), 131.31 (s,
1C), 129.48 (s, 1C), 128.98 (s, 1C), 128.13 (s, 1C), 125.00 (s,
1C), 122.73 (s, 1C), 121.79 (s, 1C), 121.09 (s, 1C), 116.98 (s,
1C), 116.49 (s, 1C), 116.28 (s, 1C), 116.06 (s, 1C), 114.13 (s,
1C), 59.11 (s, 1C), 21.67 (s, 1C), 17.74 (s, 1C). HRMS (ESI/Q-
TOF): m/z [M + H|" pred. for C,3H,oN;OF: 374.16632; meas.:
374.16747. HPLC purity: 99.61%. Optical purity: 2.0% ee.

Compound 19. 7-(3-Cyanoanilino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1087 g, 57%. '"H NMR (400
MHz, DMSO) ¢ 10.51 (s, 1H), 8.59 (s, 1H), 7.59-7.54 (m, J =
3.0 Hz, 2H), 7.36-7.25 (m, J = 3.5 Hz, 4H), 7.20-7.14 (m, J =
2.8 Hz, 4H), 6.82 (d, J = 2.5 Hz, 1H), 3.74-3.70 (m, J = 4.8 Hz,
1H), 1.54 (d, J = 6.4 Hz, 3H). *C NMR (101 MHz, DMSO) ¢
164.47 (s, 1C), 161.34 (s, 1C), 158.88 (s, 1C), 145.15 (s, 1C),
137.29 (s, 1C), 132.91 (s, 1C), 132.55 (d, J = 8.5 Hz, 1C),
132.12 (s, 1C), 131.02 (s, 1C), 129.04 (s, 1C), 127.95 (d, J =
12.8 Hz, 1C), 125.07 (s, 1C), 123.31 (s, 1C), 122.94 (s, 1C),
120.48 (s, 1C), 119.38 (s, 1C), 118.55 (s, 1C), 117.34 (s, 1C),
116.43 (d, J = 21.4 Hz 1C), 112.47 (s, 1C), 59.15 (s, 1C), 17.71
(s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for C,3H,,N,OF:
385.14592; meas.: 384.14687. HPLC purity: 99.28%. Optical
purity: 0.4% ee.

Compound 20. 5-(2-Fluorophenyl)-7-(2,4-dimethylanilino)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1603 g, 83%. '"H NMR (400
MHz, DMSO) ¢ 10.30 (s, 1H), 7.55-7.49 (m, J = 2.5 Hz, 2H),
7.37 (s, 1H), 7.31-7.23 (m, J = 3.1 Hz, 2H), 7.03 (t, ] = 1.9 Hz,
2H), 6.91 (q, J = 4.8 Hz, 2H), 6.81 (q, J = 3.3 Hz, 1H), 6.56 (d, J
= 2.1 Hz, 1H), 3.67 (q, J = 6.4 Hz, 1H), 2.18 (s, 3H), 2.06 (s,
3H), 1.52 (d, J = 6.4 Hz, 3H). "*C NMR (101 MHz, DMSO) §
170.69 (s, 1C), 164.77 (s, 1C), 161.4 (s, 1C), 158.93 (s, 1C),
141.46 (s, 1C), 138.78 (s, 1C), 132.27 (d, J = 8.3 Hz, 1C),
131.96 (d, J = 12.2 Hz, 1C), 131.49 (s, 1C), 130.27 (s, 1C),
130.13 (s, 1C), 129.09 (s, 1C), 128.20 (d, J = 12.8 Hz, 1C),
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127.26 (s, 1C), 124.93 (d, J = 3.1 Hz, 1C), 122.54 (s, 1C),
120.14 (d, J = 4.4 Hz, 1C), 116.45 (s, 1C), 116.24 (s, 1C),
114.68 (s, 1C), 59.05 (s, 1C), 20.78 (s, 1C), 18.17 (s, 1C), 17.72 (s,
1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for C,4H,,;N;OF:
388.18197; meas.: 388.18240. HPLC purity: 95.26%. Optical
purity: 1.0% ee.

Compound 21. 5-(2-Fluorophenyl)-7-(N-methylanilino)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a paleyellow solid, yield 0.0826 g, 44%. 'H NMR (400
MHz, DMSO) 6 10.52 (s, 1H), 7.55-7.47 (m, J = 2.3 Hz,
2H), 7.30-7.23 (m, J = 3.9 Hz, 3H), 7.18 (t, J = 8.2 Hz,
3H), 6.90-6.81 (m, J = 4.5 Hz, 3H), 6.71 (d, J = 2.6 Hz,
1H), 3.71 (q, J = 6.4 Hz, 1H), 3.15 (s, 3H), 1.54 (d, J = 6.4 Hz,
3H). "*C NMR (101 MHz, DMSO) ¢ 170.8 (s, 1C), 164.54 (s,
1C), 161.41 (s, 1C), 158.94 (s, 1C), 148.55 (s, 1C), 143.92 (s,
1C), 133.03 (s, 1C), 132.50 (d, J = 8.4 Hz, 1C), 132.05 (d, J =
2.5 Hz, 1C), 129.57 (s, 1C), 128.83 (s, 1C), 127.85 (s, 1C),
127.72 (s, 1C), 125.42 (s, 1C), 124.96 (d, J = 3.3 Hz, 1C),
122.86 (s, 1C), 121.07 (d, J = 7.4 Hz, 1C), 119.11 (s, 1C),
116.48 (s, 1C), 116.26 (s, 1C), 59.15 (s, 1C), 31.16 (s, 1C),
17.69 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for
Co3HyoN;OF: 374.16632; meas.: 374.16657. HPLC purity:
99.04%. Optical purity: 0.4% ee.

Compound 22. 5-(2-Fluorophenyl)-3-methyl-7-(morpholin-4-
yl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained as an
off-hite solid, yield 0.1259 g, 71%. "H NMR (400 MHz, DMSO)
4 10.37(s, 1H), 7.56-7.51 (m, J = 4.1 Hz, 2H), 7.33-7.29 (m, ] =
4.0 Hz, 1H), 7.25-7.19 (m, J = 3.9 Hz, 2H), 7.12 (d, J = 9.0 Hz,
1H), 6.53 (d, J = 2.7H, 1H), 3.65 (q, J = 5.3 Hz, 5H), 2.99-2.94
(m, J = 5.4 Hz, 2H), 2.90-2.84 (m, J = 5.4 Hz, 2H), 1.51 (d, J =
6.4 Hz, 3H). *C NMR (101 MHz, DMSO) § 170.86 (s, 1C),
164.84 (s, 1C), 161.42 (s, 1C), 158.95 (s, 1C), 146.98 (s, 1C),
132.42 (d, J = 8.5 Hz, 1C), 132.10 (s, 1C), 131.29 (s, 1C),
128.86 (s, 1C), 127.98 (s, 1C), 124.97 (s, 1C), 122.43 (s, 1C)
120.41 (s, 1C), 116.45 (s, 1C), 116.24 (s, 1C), 114.18 (s, 1C),
59.05 (s, 1C), 49.06 (s, 1C), 17.67 (s, 1C). HRMS (ESI/Q-TOF):
m/z [M + H] pred. for C,yH,,N;O,F: 354.16123; meas.:
354.16143. HPLC purity: 93.76%. Optical purity: 0.4% ee.

Compound 23. 5-(2-Fluorophenyl)-3-methyl-7-(piperidin-1-
yl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained as a
pale-yellow solid, yield 0.113 g, 64%. 'H NMR (400 MHz,
DMSO) ¢ 10.33 (s, 1H), 7.56-7.50 (m, J = 3.4 Hz2H),
7.33-7.29 (m, J = 3.2 Hz, 1H), 7.24-7.20 (m, J = 4.8 Hz,
2H), 7.08 (d, J = 9.0 Hz 1H), 6.50 (d, J = 2.7 Hz, 1H),
3.64 (q, J = 6. 4 Hz, 1H), 2.96 (q, J = 5.9 Hz, 2H), 2.93-2.87
(m, J = 5.7 Hz, 2H), 1.55-1.50 (m, J = 3.6 Hz, 6H), 1.46
(q, J = 3.4 Hz,3H). C NMR (101 MHz, DMSO) § 170.78
(s, 1C), 164.92 (s, 1C), 161.41 (s, 1C), 158.94 (s, 1C),
147.64 (s, 1C), 132.38 (d, J = 8.4 Hz, 1C), 132.07 (s,
1C), 130.70 (s, 1C), 128.81 (s, 1C), 128.13 (d, J = 12.7
Hz, 1C), 124.92 (s, 1C), 122.34 (s, 1C), 121.32 (s, 1C),
116.42 (s, 1C), 116.20 (s, 1C), 114.80 (s, 1C), 59.05 (s,
1C), 50.24 (s, 1C), 25.50 (s, 1C), 24.07 (s, 1C), 17.69 (s,
1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for C, H,y-
N;OF: 352.18197; meas.: 352.18120. HPLC purity: 91.16%.
Optical purity: 0.2% ee.
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Compound 24.  7-(Benzylamino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1075 g, 58%. '"H NMR (400
MHz, DMSO) ¢ 10.12 (s, 1H), 7.52-7.42 (m, J = 2.3 Hz, 2H),
7.28-7.22 (m, J = 2.8 Hz, 3H), 7.20-7.14 (m, J = 4.5 Hz, 4H),
6.94 (d, J = 8.8 Hz, 1H), 6.80 (q, J = 3.8 Hz, 1H), 6.36 (t, ] = 6.0
Hz, 1H), 6.26 (d, J = 2.6 Hz, 1H), 4.10 (q, J = 2.8 Hz, 2H), 3.60
(q, J = 6.4 Hz, 1H), 1.48 (d, J = 6.4 Hz, 3H). >C NMR (101
MHz, DMSO) 6 170.58 (s, 1C), 165.00 (s, 1C), 144.84 (s, 1C),
140.18 (s, 1C), 132.05 (s, 1C), 131.84 (s, 1C), 129.15 (s, 1C),
128.71 (s, 1C), 128.34 (s, 1C), 128.19 (s, 1C), 127.53 (s, 1C),
127.07 (s, 1C), 124.74 (s, 1C), 122.46 (s, 1C), 117.10 (s, 1C),
116.41 (s, 1C), 116.19 (s, 1C), 110.98 (s, 1C), 47.06 (s, 1C),
17.71 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for
Co3HoN;OF: 374.16632; meas.: 374.16635. HPLC purity:
92.42%. Optical purity: 1.0% ee.

Compound 25. 7-(tert-Butylamino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a yellow solid, yield 0.1209 g, 71%. 'H NMR (400 MHz,
DMSO) ¢ 10.16 (s, 1H), 7.64-7.50 (m, J = 2.8 Hz, 2H),
7.32-7.26 (m, J = 3.2 Hz, 1H), 7.22 (q, J = 6.4 Hz, 1H),
6.93 (s, 2H), 6.42 (d, J = 1.6 Hz, 1H), 5.22 (s, 1H), 3.64
(q, J = 6.4 Hz, 1H), 1.50 (d, J = 6.5 Hz, 3H), 1.13 (s, 9H).
C NMR (101 MHz, DMSO) ¢ 170.53 (s, 1C), 165.06 (s,
1C), 158.92 (s, 1C), 143.76 (s, 1C), 132.13 (d, J = 8.3 Hgz,
1C), 131.96 (s, 1C), 128.86 (s, 1C), 128.53 (d, J = 4.0 Hz,
1C), 128.38 (s, 1C), 124.87 (d, J = 3.2 Hz, 1C), 122.13 (s,
1C), 120.52 (s, 1C), 116.34 (s, 1C), 116.13 (s, 1C), 114.32
(s, 1C), 59.00 (s, 1C), 50.80 (s, 1C), 29.71 (s, 1C), 17.75 (s,
1C), 14.44 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred.
for C,oH,,N;OF: 340.18197; meas.: 340.18190. HPLC purity:
88.92%. Optical purity: 4.4% ee.

Compound 26. 7-Cyclohexylamino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1789 g, 81%. '"H NMR (400
MHz, DMSO) 6 10.11 (s, 1H), 7.52-7.49 (m, J = 5.5 Hz,2H),
7.31-7.28 (m, J = 2.5 Hz, 1H), 7.23-7.20 (m, J = 8.1 Hz, 2H),
6.95 (d, J = 7.0 Hz 1H), 6.79-6.77 (dd, J = 5.1 Hz, 1H), 6.23 (d,
J = 2.7 Hz, 1H), 5.51 (d, J = 6.3 Hz, 1H), 3.64 (q, J = 6. 4 Hz,
1H), 2.96 (q, J = 5.9 Hz, 2H), 2.93-2.87 (m, J = 5.7 Hz, 2H),
1.55-1.50 (m, J = 3.6 Hz, 6H), 1.09 (q, J = 3.4 Hz, 3H). °C
NMR (101 MHz, DMSO) J 170.56 (s, 1C), 165.05 (s, 1C),
161.16 (s, 1C), 159.18 (s, 1C), 144.20 (s, 1C), 132.06 (q, J = 2.4
Hz, 1C), 132.00 (s, 1C), 130.00 (s, 1C), 127.76 (s, 1C), 124.82
(d, J = 2.5 Hz, 1C), 122.52 (s, 1C), 116.79 (s, 1C), 116.32 (s,
1C), 116.15 (s, 1C), 111.30 (s, 1C), 59.95 (s, 1C), 51.11 (s, 1C),
32.74 (d, J = 24.2 Hz, 1C) 25.96 (s, 1C), 24.82 (d, J = 23.2 Hz,
1C), 17.74 (s, 1C). HRMS (ESI/Q-TOF): m/z [M + H]" pred. for
Cy,H,4N;OF: 366.19762; meas.: 366.20045. HPLC purity:
99.14%. Optical purity: 2.2% ee.

Compound 27. 7-(Dimethylamino)-5-(2-fluorophenyl)-3-
methyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one was obtained
as a pale-yellow solid, yield 0.1372 g, 76%. '"H NMR (400
MHz, DMSO) ¢ 10.24 (s, 1H), 7.56-7.51 (m, J = 4.0 Hz, 2H),
7.32-7.29 (m, J = 4.0 Hz, 1H), 7.22-7.19 (m, J = 6.0 Hz, 2H),
7.07 (d, J = 7.2 Hz 1H), 7.02-7.00 (dd, J = 2.1 Hz, 1H), 6.28 (d,
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J = 10.5 Hz, 1H), 3.65-3.63 (q, J = 5.2 Hz, 1H), 2.75 (s, 6H),
1.51 (d, J = 5.1 Hz, 3H). "*C NMR (101 MHz, DMSO) ¢ 170.75
(s, 1C), 165.05 (s, 1C), 161.43 (s, 1C), 159.95 (s, 1C), 146.52 (s,
1C), 132.35 (q, J = 20.8 Hz, 1C), 129.03 (s, 1C), 128.82 (s, 1C),
128.30 (d, J = 12.8 Hz, 1C), 124.90 (d, J = 3.4 Hz, 1C), 122.46
(s, 1C), 117.40 (s, 1C), 116.38 (d, J = 21.7 Hz, 1C) 110.99 (s,
1C), 58.99 (s, 1C), 17.71 (s, 1C). HRMS (ESI/Q-TOF): m/z [M +
H]" pred. for CysH;gN;OF: 312.15067; meas.: 312.15246.
HPLC purity: 99.25%. Optical purity: 1.8% ee.

4.2 Aqueous solubility assay

2 mg of compound was added to 1 mL of PBS buffer at pH
7.4. The solutions were vortexed for 10 s, sonicated for 2
min and agitated with a horizontal shaker in a closed vial
for 24 h. The mixtures were transferred to an Eppendorf
tube and centrifuged for 5 min at 16000 x g followed by
filtration through 0.22 pm cellulose acetate spin X
centrifuge filter (Costar). 200 pL of filtrate was transferred
to a new Eppendorf tube and 300 pL of methanol was
added. After mixing, 50 uL were transferred into a 384 well
plate (Coring UV star, 781801) for UV detection at 230-600
nm (Tecan M1000). The assay was carried out with three
independent samples of each compound. The concentration
of each solution was determined with a calibration curve in
60:40 methanol/PBS  buffer water. Absorbance of
corresponding methanol PBS blank were recorded and
subtracted from the absorbance of calibration curve
solutions and from the samples.

4.3 Cell viability assay

Human embryonic kidney HEK293T cells were added to
each well of a sterile optical bottom 384-well plates (20
pL containing 15000 cells). Plates were incubated for 4 h
at 37 °C followed by the addition of 200 nL of a serial diluted
compound using a Tecan Freedom EVO liquid handling
system with a 100H stainless steel pin tool. The controls for
the cytotoxicity assay were 3-dibutylamino-1-(4-hexyl-phenyl)-
propan-1-one (positive) and DMSO (negative). After 18 h, 20
pL of Cell Titer-Glo (Promega, Madison, WI) was added to
each well followed by quantification of luminescence using a
Tecan Infinite M1000 plate reader. The assay was performed
in quadruplicate, and data were analyzed using non-linear
regression with variable slope (GraphPrism).

4.4 Receptor binding assay

The ARa, radio ligand binding assays were carried out with

cell membranes from cells (HEK293 and MDCK)
overexpressing specific human ARo, subtypes. Cell
membranes, °*H-rauwolscinein and compounds were

incubated for 90 min absorbed onto a PEI-soaked membrane
and combined with scintillation cocktail to enable detected
by Microbeta counter.”® Cell-based B-arrestin recruitment
assay was carried out with HTLA (HEK293 cell line stably
expressing a tTA-dependent luciferase reporter and a
B-arrestin2-TEV fusion gene). HTLA were transfected with

This journal is © The Royal Society of Chemistry 2025
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ARoa, subtype tango constructs, followed by the addition of
compound for 18 h and Bright-Glo for quantification of
luciferase as a measure of p-arrestin recruitment.*®

4.5 Molecular docking

Available PDB files (ARa,, 6KUX,** ARa,p 6K41,** and ARa,c
6KUW?*) were uploaded in MOE (Molecular Operating
Environment) and prepared for docking using the structure
preparation tool followed by protonate 3D. Next (S)-2 and (R)-
2 were drawn and saved as a database file. Next, MOE DOCK
was used for docking 2 into the ligand site of the receptors
using triangle matcher placement and induced fit
refinement. Docking scores were calculated using London dG
and GBVI/WSA dG energies.

4.6 Rotarod study

Female Swiss Webster mice, aged ten weeks, were obtained
from Charles River Laboratories and kept in a pathogen-free
with a 12-hour light/dark with
unrestricted food and water access. All were
conducted in accordance with institutional guidelines as
defined by UWM Institutional Animal Care and Use
Committee. The approved IACUC number is 23-24 #17. Mice
were trained to maintain balance at a constant speed of 15
rpm on the rotarod apparatus (Omnitech Electronics, Inc.)
for 3 min. Compounds were dissolved in hot PEG400 (2.5 % v/v)
followed by the addition of 2% hydroxypropylmethylcellulose
solution (97.5% v/v). Each mouse received a volume of 100 pL
by oral gavage. Mice were placed on the rotarod for 3 min at
10, 30, and 60 min after each administration. If a mouse fell
before 3 min had elapsed, it was placed again on the rotating
rod. If a mouse fell for the second time, the time of the fall was
recorded. Data analysis was carried out with GraphPad Prism
(GraphPad) using two-way analysis of variance (ANOVA)
repeated measures and Bonferroni posttest (n = 8).

environment cycle,

studies

4.7 Pharmacokinetic studies

Female Swiss Webster mice, aged ten weeks, were obtained
from Charles River Laboratories and kept in a pathogen-free
environment with a 12-hour light/dark cycle, with
unrestricted food and water access. All studies were
conducted in accordance with institutional guidelines as
defined by UWM Institutional Animal Care and Use
Committee. The approved IACUC number is 22-23 #30. Mice
were administered compound 2 at 40 mg kg™’ in 100 pL
vehicle (95% of a 2% solution of HPMC and 5% of PEG400).
Mice were euthanized at the indicated time points followed
by isolation of blood and brain. To 100 pL blood aliquots
were added to 300 puL of cold acetonitrile and vortexed and
sonicated for 30 s followed by centrifugation 7500 x g for 10
min. 300 uL of the supernatant was transferred to clean tubes
and evaporated using a  Speedvac  concentrator
(ThermoFisher). The residue was reconstituted with 150 pL
acetonitrile and spin-filtered through 0.22 pum nylon
centrifugal filter units (Costar). LC-MS/MS sample were

This journal is © The Royal Society of Chemistry 2025
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prepared by combing 90 uL of sample with 10 pL of 10 pmol
solution of 4,5-diphenylimidazole. Brains were weighed and
homogenized directly in 400 puL cold acetonitrile using a Cole
Palmer LabGen 7B homogenizer in a 4 ml glass vial. Samples
were centrifuged in same vial for 10 min at 4000 x g. 300 uL
of the supernatant was transferred to clean tubes and
evaporated using a Speedvac concentrator (ThermoFisher).
The residue was reconstituted with 150 pL of acetonitrile,
sonicated for 30 s and spun down at 7500 x g. The
supernatant was spin-filtered through 0.22 pm nylon
centrifugal filter units (Costar). After reconstitution, 90 pL of
this  solution was combined with 10 uL  of
4,5-diphenylimidazole (10 uM in acetonitrile) for analysis.
For analytical method (LCMS/MS) see SI.

4.8 Open field study

The open field test (OFT) is a behavioral assessment tool
used to evaluate an animal's exploratory behavior and general
activity in a novel, enclosed environment. Ten-week-old
female Swiss Webster adult mice were purchased from
Charles River Laboratories and housed pathogen-free with a
12 h light and dark cycle. Animals had free access to food
and water. All studies were conducted in accordance with
institutional guidelines as defined by UWM Institutional
Animal Care and Use Committee. The approved IACUC
number is 23-24 #17. Compounds were dissolved in hot
PEG400 (2.5% v/v) followed by the addition of 2%
hydroxypropylmethylcellulose solution (97.5% v/v). Each
mouse received a volume of 100 pL by oral gavage. Each
animal is placed into the locomotor activity chamber; an
open-field acrylic arena with a digital USB camera (Stoelting
Co; Cat#f10-000-332) attached overhead and behavior is
recorded for 3 min. The arena is a 40 cm square box
(Stoelting Co; Cat #60100) with a transparent wall and
detachable fiber base designed for easy cleaning. Automated
video tracking software (ANY-maze Version 7.48) was used to
plot their ambulatory and fine motor movements, as well as
rearing behavior. The animals are under no motivational
constraints and are free to explore the environment. For each
trial, total distance travelled, speed, movement time, freezing
time, central zone time and tracking plot were derived. The
chamber is cleaned with disinfectant in between the testing
of each animal. Data analysis was carried out with GraphPad
Prism (GraphPad) using independent t-test and data are
expressed as means + SEM (n = 6).
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