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A B S T R A C T   

The retinoic acid receptor-related orphan nuclear receptor gamma t (RORγt), which is a promising therapeutic 
target for immune diseases, is a major transcription factor of genes related to psoriasis pathogenesis, such as 
interleukin (IL)-17A, IL-22, and IL-23R. Inspired by the co-crystal structure of RORγt, a 6-oxo-4-phenyl-hexanoic 
acid derivative 6a was designed, synthesized, and identified as a ligand of RORγt. The structure–activity rela-
tionship (SAR) studies in 6a, which focus on the improvement of its membrane permeability profile by intro-
ducing chlorine atoms, led to finding 12a, which has a potent RORγt inhibitory activity and a favorable 
pharmacokinetic profile.   

The retinoic acid receptor-related orphan nuclear receptor gamma t 
(RORγt) is a major transcription factor of genes related to psoriasis 
pathogenesis, such as interleukin (IL)-17A, IL-22, and IL-23R.1–2 Ther-
apies that block IL-17A or IL-23R have successfully improved the skin 
lesions of patients with moderate-to-severe psoriasis,3–7 thus rendering 
RORγt inhibition as a promising therapeutic target. Many RORγt an-
tagonists (inverse agonists) have been developed,8–23 and some of them 
are now being clinically investigated for the treatment of autoimmune 
diseases.24 Generally, nuclear receptors have high conserved ligand- 
binding domains (LBDs), which are structurally composed of alpha 

helices that form large lipophilic pockets responsible for the binding of 
small lipophilic ligands, such as retinoid derivatives, fatty acids, 
cholesterol, and other lipophilic hormones and vitamins.25 Thus, hy-
drophobicity balance is one of the main challenges for drug delivery in 
this target class, as hydrophobicity is essential for strong LBD binding 
potency. However, it should also be minimized to avoid undesirable 
metabolisms for the favorable drug-like properties in small-molecule 
ligands (Fig 1.). 

In 2014, a novel RORγt inverse agonist 1 with a basic piperazine ring 
was disclosed by GSK.26 Using 1 as a lead, we reported triazolopyridine 
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analog 2 exhibiting in vivo RORγt inhibitory activity after its oral 
dosing.27 Herein, we present a separate effort from compound 1 toward 
6-oxo-4-phenyl-hexanoic acid analogs as a novel RORγt inverse agonist, 
which improves the PK profile compared with 1. 

According to the x-ray co-crystal structure of compound 3 (an analog 
of compound 1) complexed with RORγt (PDB ID: 6O3Z),27 a hydrogen 
bond between the N-phenylamide NH and the backbone carbonyl of 
Phe377 was observed. On the other hand, carboxylic acid 4 was reported 
by Japan Tabaco, which is a RORγt inverse agonist that has similar N- 
phenylamide moiety and hydrogen bonding with Phe377 (PDB ID: 
6IVX).28 Considering the hydrophobicity balance, the carboxylic acid 
moiety was desirable to decrease hydrophobicity, suggesting a 
replacement of the benzamide moiety of 1 or 3 by the 4-aryl-hexanoic 
acid moiety of 4 (Fig. 2B). 

Therefore, we synthesized several analogs of 1 bearing 6-oxo-4-aryl- 
hexanoic acid moiety, which were evaluated using a RORγt binding 
assay (cell-free system) and a RORγt luciferase reporter gene assay (cell- 
based system). The SAR results of the benzamide moiety modifications 
in compound 1 are summarized in Table 1. 

As outlined in Table 1, the cLogD7.4 values of the novel analogs were 
decreased compared with 1 by introducing carboxylic acid moieties (5a, 
5b, 6a, 6b, 7a, 7b and 8). The thiazole-hexanoic acid analogs 5a and 5b 
showed an excellent RORγt binding activity, but its relatively lower 
transcriptional inhibitory activity was observed (IC50 = 63 nM vs 1400 

nM for the diastereomer 5a, IC50 = 110 nM vs 1100 nM for the diaste-
reomer 5b). The phenyl-hexanoic acid analogs 6a and 6b exhibited an 
increased transcriptional inhibitory activity in addition to an improved 
liver microsomal stability, but a similar discrepancy between the bind-
ing affinity for RORγt and the inhibitory effect in the cells was observed. 
The truncated analogs 7a, 7b and 8 showed a decreased binding affinity 
and a transcriptional inhibitory activity, which indicated that the 
lengths of the alkyl chain and aryl ring at the 4-position of alkyl acid 
moiety are important for the RORγt inhibitory effect. Thus, a similar 
discrepancy between the binding affinity and transcriptional inhibitory 
effects was observed for these carboxylic acid analogs (6a, 6b, 7a, 7b 
and 8). However, the 3-phenylpropanamide analog 9 did not show such 
a discrepancy although its microsomal stability was decreased. The 
phenyl-hexanoic acid analog 6a showed an improved binding affinity 
and microsomal stability compared with the parent compound 1, and it 
served as a new starting point for further optimization to improve 
inhibitory activity. The relatively lower activity in the cells suggested 
that the alkyl carboxylic acid analogs had a low membrane permeability. 
Therefore, several analogs of 6 were designed and prepared to focus on 
improving the permeability profile, and the results of their biological 
evaluations were summarized, as shown in Table 2. 

The x-ray co-crystal structure of compound 3 complexed with RORγt 
described a space around the fluorobenzene of 327, which motivated us 
to replace fluorine atom to chlorine atom for balancing hydrophobicity 
and permeability. Furthermore, the piperazine ring of 6 was replaced by 
a piperidine ring to avoid the formation of a zwitterionic structure, 
resulting in the derivatives 10a and 10b. Though cLogD7.4 values for 
10a and 10b were increased (cLogD7.4 = 4.1 for 10a and 10b), the 
transcriptional inhibitory activity were not improved compared with 6a 
(Luc IC50 = 280 nM for 10a and Luc IC50 = 410 nM for 10b). Then, we 
focused on the amide NH proton, as the hydrogen bonding donors in the 
drug molecule can have a deleterious effect on the membrane 

Table 1 
Structure-activity relationships (SAR) of the benzamide moiety modifications in 

compound 1 

Compound Ra cLogD7.4
b Binding 

IC50 

(nM)c 

Luc 
IC50 

(nM)d 

Human 
LM CLint 

(mL/ 
min/mg)e 

1 3.8 59 17  0.088 

5a 2.2 63 1400  
5b 110 1100  

6a 3.6 44 120  <0.010 
6b 52 160  0.021 

7a 3.1 2100 15,000  
7b 1800 6500  

8 0.82 330 2500  

9 5.1 67 99  1.9  

a The absolute stereochemistry at the branched tertiary carbon (*) in 5a, 5b, 
6a, 6b, 7a and 7b remained unknown. 

b Calculated by Pipeline Pilot 17.2. 
c Binding assay. 
d Luciferase reporter gene assay used for the evaluation of the RORγt tran-

scriptional activity inhibition (The employed HEK293T cells were transfected 
with GAL4-NR-luciferase plasmids, and the activity was evaluated using the 
Dual-GLOTM luciferase assay system.). 

e Metabolic stability in the liver microsome (LM). 

Fig. 1. An RORγt ligand used as a reference, and triazolopyridine analog re-
ported in the former study. 

Fig. 2. (A) Superimposed RORγt binding conformations of 3 (PDB ID: 6O3Z) 
and 4 (PDB ID: 6IVX) (3: orange color by atom; 4: green color by atom); Phe377 
from the corresponding RORγt crystal structures are shown, colored as 3 and 4; 
The overlay is based on the superposition of the RORγt LBD in the crystal 
structures of the two complexes; (B) Compound design inspired from the 
superimposed conformations of 3 and 4. 
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penetration. Although the intramolecular hydrogen bond in the 2-chloro 
aniline structure was not reported, introducing chloride to 6 might affect 
the properties of amide NH, which potentially improves the membrane 
permeability. Thus, the compounds 11a, 11b, 12a and 12b, in which the 
methyl group on the aniline moiety of 6a was replaced by a chlorine 
atom, were designed and prepared. To our delight, these analogs 
exhibited a retained binding activity and improved the transcriptional 
inhibitory activity with a good liver microsomal stability compared with 
6a. 

The representative compounds 1, 6a, 11a and 12a in the series were 
selected for ADME evaluation, and the results were recorded, as shown 
in Table 3. Compared with compound 1, all the newly evaluated com-
pounds showed an excellent liver microsomal stability and a similar high 
plasma protein binding (PPB) feature. Notably, a low caco-2 perme-
ability in the apical-to-basolateral (A to B) direction and a high efflux 
ratio were observed for the compound 6a (Caco-2 efflux ratio = 30). 
However, the compounds 11a and 12a exhibited an improved perme-
ability profile in the same evaluation system (Caco-2 efflux ratio = 2.6 
for 11a and 3.5 for 12a). The in vivo PK profile of the compounds was 
investigated in mice using cassette dosing. Compounds 11a and 12a 
showed improved bioavailability (>86%), clearance (<0.52 L/h/kg), 
area under the curve (AUC) (>4000 nM*h), and t1/2 (>1.5 h) compared 
with compound 6a. 

To understand the binding mode of 11a and 12a in RORγt LBD, we 
carried out co-crystallization studies of 11a with RORγt LBD. The crystal 

structure of RORγt LBD in complex with 11a was obtained at 1.9 A 
resolution (PDB ID: 7JTW), as shown in Figure 3. The NH of the amide 
moiety formed a hydrogen bond with the backbone carbonyl of Phe377. 
The phenyl ring of the hexanoic acid occupied a pocket surrounded by 
His323, Met365, and Ala327. The carboxylic acid portion extended out 
toward the solvent-exposed region, forming a hydrogen bond interac-
tion with the backbone amide of Glu379. 

The synthetic route to the representative piperazine derivatives 5a, 
5b, 6a and 6b is shown in Scheme 1. Compounds 17 and 18 were syn-
thesized using the Horner-Emmons reaction of 13 and 14 followed by 
the deprotection of 15 and 16. Then, the olefin moiety was hydroge-
nated by Pd/C under an H2 atmosphere to obtain 19 and 20. The syn-
thesis of 5 and 6 was achieved by subjecting 19 and 20 to amidation, 
followed by deprotection and then chiral separation, to provide di-
astereomers a (early eluting) and diastereomers b (late eluting), 
respectively. 

Scheme 2 depicts the synthetic route to 10. The Mitsunobu reaction 
of the phenol derivative 23 followed by the saponification of 24 afforded 
25. Then, 26 was prepared by the Curtius reaction of 25. The final 
compound 10 was synthesized using amidation, subsequent hydroxyl-
ation, and chiral SFC separation in a similar manner to Scheme 1 to 
obtain the diastereomers a (early eluting) and diastereomers b (late 
eluting). The preparation of the other piperazine and piperidine analogs 
is detailed in the Supplementary Information section. 

In summary, a new 6-oxo-4-phenyl-hexanoic acid analog 6a was 
identified as a potent RORγt inhibitor. The optimization of the mem-
brane permeability profile led to the novel analogs 11a and 12a, which 
exhibited a potent RORγt inhibitory activity in the luciferase reporter 
gene assay as well as a robust in vitro/in vivo ADME profile. Furthermore, 
the binding mode of 11a was clarified using x-ray analysis with the co- 
crystal with RORγt LBD. 

Table 2 

SAR of the 6a derivatives. 

Compound 
a 

R2 cLogD7.4
b Binding 

IC50 

(nM)c 

Luc 
IC50 

(nM)d 

Human 
LM CLint 

(mL/ 
min/ 
mg)e 

10a Me 4.1 100 280  
10b  4.1 170 410  

11a Cl 4.3 54 31  0.016 
11b  4.3 51 45  

12a Cl 4.2 35 19  0.031 
12b  4.2 34 25  <0.010  

a The absolute stereochemistry at the branched tertiary carbon (*) in 10a, 
10b, 11a, 11b, 12a, and 12b remained unknown. 

b Calculated by Pipeline Pilot 17.2. 
c Binding assay. 
d Luciferase reporter gene assay used for the evaluation of the RORγt tran-

scriptional activity inhibition (The employed HEK293T cells were transfected 
with GAL4-NR-luciferase plasmids, and the activity was evaluated using the 
Dual-GLOTM luciferase assay system.). 

e Metabolic stability in the liver microsome (LM). 

Table 3 
ADME profiles of the compounds 1, 5a, 11a and 12a.  

Compound LM CLint (mL/min/mg)a PPB (%)b Caco-2 Papp (×10− 6cm/s)c d Mice cassette dosing study 

human mouse human mouse A to B B to A Efflux ratio BA (%) AUC p.o. (nM*h) CL(L/h/kg) t1/2 (h)i.v. / p.o. 

1  0.088  0.11  99.7  95.7 40 55 1.4 48 490  2.0 0.7/0.7 
6a  <0.010  0.017  99.4  97.2 1.3 39 30 46 200  4.6 1.2/1.5 
11a  0.016  <0.010  99.4  99.5 16 41 2.6 86 4800  0.36 2.3/1.9 
12a  0.031  <0.010  99.7  99.4 13 45 3.5 100 4000  0.52 1.5/1.5  

a Metabolic stability in the liver microsome. 
b Plasma protein binding using human or mouse plasma. 
c Permeability in the apical-to-basolateral (A to B) direction and vice versa (B to A) and the efflux ratio. 
d 2 μmol/kg p.o. dose and 1 μmol/kg i.v. dose. 

Fig. 3. Crystal structure of 11a in RORγt LBD (PDB ID: 7JTW) (The absolute 
stereochemistry of 11a obtained from this x-ray structure indicated that the 
absolute configuration of the chiral center at the 4-position of hexanoic acid 
was R.) 
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Appendix A. Supplementary data 

Supplementary data (Synthetic experimental, compound character-
ization, crystallography studies and assay descriptions) to this article 
can be found online at https://doi.org/10.1016/j.bmcl.2021.127786. 
These data include MOL files and InChiKeys of the most important 
compounds described in this article. 
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Scheme 1. Synthesis of the representative piperazine derivativesa. aReaction 
conditions: a) NaH, tert-butyl 2-(diethoxyphosphoryl)acetate, THF, 0 ◦C; b) 4 N 
HCl in dioxane, 0 ◦C, rt; c) H2, 10% Pd/C, THF, MeOH; d) Oxalyl chloride, DMF, 
CH2Cl2, 0 ◦C; then (S)-(4-(3-amino-5-fluoro-2-methylbenzyl)-2-methylpiper-
azin-1-yl)(cyclopentyl)methanone26, TEA, CH2Cl2, 0 ◦C; e) LiOH, THF, MeOH, 
H2O, chiral column SFC separation (AD-H column for 5, IA column for 6). 

Scheme 2. Synthesis of the representative piperidine derivatives 10a and 10ba, 

aReaction conditions: a) Tsunoda reagent, cyclopentyl((2S)-4-hydroxy-2- 
methylpiperidin-1-yl)methanone, toluene, 110 ◦C, chiral column SFC separa-
tion (AD-H column); b) LiOH, THF, MeOH, H2O; c) DPPA, DIPEA, tert-BuOH, 
100 ◦C; d) 4 N HCl in dioxane; e) Oxalyl chloride, DMF, 20, CH2Cl2, 0 ◦C; then 
added to 26, TEA, CH2Cl2, 0 ◦C; f) LiOH, MeOH, H2O, chiral column SFC 
separation (AD-H column). 
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