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A B S T R A C T

A series of 2-substituted methylene imidazolephenylthiophene and tert-butylimidazolyl acetylphenylthiophene 
sulfonylcarbamate and sulfonamide derivatives were synthesized and assessed as AT2R ligands. Substitution at 
this position of the phenyl ring, located between the thiophenyl and the linked imidazolyl substituent, has not 
previously been explored and unexpectedly resulted in significantly enhanced affinity for some of the new in
hibitors. Introduction of a methyl group at the 2-position of the phenyl ring was found to markedly increase 
binding affinity to the AT2R, as demonstrated across three different ligand classes. Binding affinities were 
improved by more than five-fold, while methoxy, bromo and fluoro substituents had only minor impacts on 
receptor binding. The most efficient ligands in the series, compounds 10 and 12, with Ki values of 1.9 and 0.97 
nM, respectively, demonstrated >1000–fold selectivity over the the AT1 receptor and showed fair stability in 
human liver microsomes and human hepatocytes, but not in mouse liver microsomes. A tentative binding mode 
of inhibitor 12 was proposed after docking calculations.

1. Introduction

The octapeptide Angiotensin II (Ang II, Asp-Arg-Val-Tyr-Ile-His-Pro- 
Phe) a major component of the renin angiotensin system (RAS) acts 
predominantly through two G-protein coupled receptors, the angio
tensin AT1 receptor (AT1R) and the angiotensin AT2-receptor (AT2R).1

The two receptors mediate often opposing effects. Hence, stimulation of 
AT1R results in vasoconstriction2 while stimulation of AT2R in vasodi
lation3 and beneficial cardiac effects.4 Furthermore, Ang II is degraded 
by proteases to a series of bioactive peptide fragments with various 
pharmacological profiles, e.g. Ang III (Ang 2–8, Arg-Val-Tyr-Ile-His-Pro- 
Phe) a powerful AT2R agonist, Ang (1–7) (Asp-Arg-Val-Tyr-Ile-His-Pro) 
a cardioprotective Mas receptor agonist and Ang IV (Ang 3–8, Val-Tyr- 
Ile-His-Pro-Phe) a cognitive enhancer and inhibitor of insulin- 

regulated aminopeptidase (IRAP).5 Although these peptide fragments 
and their receptors are all likely to contribute in various degrees to the 
observed bioactivity of Ang II, the AT1 receptor has by far attracted the 
most attention as a macromolecular target for drugs. The first selective 
AT1R antagonist losartan was launched as an antihypertensive agent in 
1995 and there are today a large number of sartans on the market.6

Furthermore, inhibitors of the proteases i.e. angiotensin converting 
enzyme (ACE)7 and renin8 that are engaged in the formation of Ang II 
have been used in clinic for a long time.

More recently, agonists to AT2R attracted attention as a potential 
new class of drugs9–11 and several selective and potent peptide and non- 
peptide AT2R agonists have been reported.12–14 The first drug-like AT2R 
agonist 1 (C21, buloxibutid), now in Phase II clinical trials, and aimed 
for idiopathic pulmonary fibrosis (IPF) and Covid-1915 was discovered 
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in our laboratories (Fig. 1).16 Moreover 2 (EMA401, olodanrigan) was as 
an AT2R antagonist, aimed for treatment of neuropathic pain but the 
phase II clinical trials with EMA401 were terminated in 2019 due to 
safety reasons. The latter is structurally similar to the prototype AT2R 
antagonists PD-123319 (EMA 200) and PD-126055 (EMA400).17–19 A 
functional assay recently revealed that PD-123319 and EMA401 also 
have agonistic properties.20 We observed that a migration of the meth
ylene imidazole group of the AT2R agonist 1 from the para to the meta 
position produced an AT2R antagonist, 3 (C38).21 While a large number 
of high affinity para-substituted derivatives have been made,22–29 and 
many of them have been shown to act as AT2R agonists, less information 
is available on meta substituted compounds, i.e. analogues related to the 
antagonist 3.21,30–33

We recently reported that N-(methyloxycarbonyl)thiophene sulfon
amides34 and N-(heteroaryl)thiophene35 sulfonamides in some cases 
exhibited a significantly improved binding affinity to AT2R as compared 
to 3 (C38). We have now prepared a series of new inhibitors, compounds 
4–7, 9–10, 12 (Fig. 2), and observed that a small substituent, i.e. a 
methyl group at the 2-position, between the thienyl group attached to 
the benzene ring and a methylene imidazole or a tert-butylimidazoly
lacetyl group in the meta position of previously reported AT2R ligands 
can exert a large positive impact on binding affinities to the AT2 
receptor.

2. Results and discussion

2.1. Synthesis

For detailed synthetic protocols and compound characterization, see 
supplementary data. The synthesis of the first series of compounds (4–7) 
started with N-alkylation of imidazole with the corresponding benzyl 
bromides to compounds 13a-c, or with the corresponding mesylate to 
yield 13d (Scheme 1). The aryl bromides (13a-d) were then coupled 
with the thiophene-MIDA boronate (14)35 under Suzuki-Miyaura con
ditions, catalyzed by [1,1′-bis(diphenylphosphino) ferrocene]dichlor
opalladium(II). The tert-butyl of the sulfonamide (15a-d) were 
deprotected in neat trifluoroacetic acid and the final AT2R ligands 4–7 
were furnished by reacting the primary sulfonamide with n-butyl 
chlorofarmate under mild basic conditions. Similar synthetic strategy 
was employed to synthesize the second series (9–10, 12). Here, 2- 

bromoethan-1-one functionalized aryl bromides were employed as 
electrophiles for alkylation of 2-tert-butyl-1H-imidazole. In the synthesis 
of 16b, the nitrile substituent was first transformed to ethanone by 
Grignard reaction with methylmagnesium bromide. Next, the electro
philes were produced by α-bromination of the ethanone substituent 
followed by addition of the nucleophile, 2-tert-butyl-1H-imidazole, to 
yield 16a-b. The same Suzuki-Miyaura protocol was employed to 
introduce the functionalized thiophene and the tert-butyl of the sulfon
amide was deprotected before purification to ease separation of minor 
byproducts (17a-b). The sulfonamides were then reacted with methyl 
chloroformate to give final AT2R ligands 9–10. The sulfonyl carbamate 
bioisostere N-(pyrimidin-2-yl)sulfonamide (12) was isolated after reac
tion between 17b and 2-bromopyridine under copper catalysis.

2.2. Binding affinities and structure activity relationships

We have previously reported that substitutions of the prototype 
AT2R antagonist 3 with a fluoro atom neither in the 4, 5 nor the 6 po
sition significantly improved the affinity to AT2R, and Ki values below 
100 nM were not achieved.28 Similarly, a fluoro atom in the 2 position of 
3 was not productive, with compound 4 exhibiting a Ki of 250 nM, to be 
compared to a Ki of 270 nM for 3 (Fig. 2 and Table 1). However, we 
observed that a chloro atom rather than a fluoro atom in the 2-position 
significantly improved affinity and the chloro compound 5 demon
strated a Ki value of 54 nM, a 5-fold improvement of affinity as 
compared to 3 and 4. Furthermore, a methoxy group in the 4 position 
provides a ligand with a Ki of 1200 nM28 while a methoxy group in the 2- 
position leads to a considerable better affinity. Thus 6 demonstrates a Ki 
value of 43 nM, an almost 30-fold improvement. Most remarkable, a 
methyl substituent as a substitute for the hydrogen atom i.e. ligand 7, 
displayed a Ki value of 20 nM and was the best AT2R ligand in the series. 
These results prompted us to incorporate small substituents in the 2-po
sition of N-(methyloxycarbonyl)thiophene sulfonamides30 and N-(het
eroaryl)thiophene sulfonamides31 as well, two series of compounds 
previously reported to be highly efficient ligands to AT2R.

A chloro atom in position 2 of previously reported N-(methylox
ycarbonyl) thiophene sulfonamide 834 led to an improvement in affinity 
and 9 exhibited a Ki value of 5.6 nM as compared to a Ki value of 9.3 for 
the parent compound 8 (Fig. 2 and Table 1). This is in accordance with 
the observation when converting 3 to the chloro derivative 5. A further 

Fig. 1. AT2R ligands and generic structures explored in this article.
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improvement of the binding affinity was encountered when replacing the hydrogen atom of 8 for a methyl group. The 2-methyl group 

Fig. 2. Two series of ligands (4–7 and 8–12) with various substituents attached to the 2-position of the phenyl ring.

Scheme 1. AT2R ligand synthesis. Reagents: (a) PdCl2dppf, K2CO3, DME, H2O; (b) PdCl2dppf, K2CO3, toluene, EtOH, H2O; (c) TFA; (d) n-butyl chloroformate, 
Na2CO3, DCM, H2O; (e) Br2, AcOH; (f) 2-tert-butyl-1H-imidazole, DMF; (g) MeMgBr, Et2O, (h) methyl chloroformate, trimethylamine, DCM; (i) 2-bromopyrimidine, 
CuI, N,N′-dimethylethane-1,2-diamine, K2CO3, MeCN.
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substituted AT2R ligand 10 exhibited a Ki value of 1.9 nM. Thus, the 
methyl substituent rendered a close to 5 times more potent inhibitor 
compared to the unsubstituted and a 3-fold enhancement of the affinity 
to the AT2 receptor in respect to the chloro substituted analogue.

The observation that a methyl group in the 2-position of 3 and in the 
2-position of 834 significantly improved the affinity, 10-fold and 5-fold, 
respectively, encouraged us to address the known pyrimidine sulfon
amide 11 that exhibits a Ki of 4.9 nM.35 The introduction of a 2-methyl 
group in 11, provided 12 with a Ki of 0.97 nM, i.e a 5-fold improvement 
was achieved. Compound 12 is the most potent binder to AT2R in the 
series examined (Table 1).

2.3. Metabolic stability and permeability

The in vitro metabolic stability of the compounds were subsequently 
determined using human liver microsomes (HLM). The stability of the 
compounds were also assessed in mouse liver microsomes (MLM) to 
obtain an estimate of the probability of exposure after administration of 
the compounds in murine models of neuropathic pain. As seen in Fig. 2
the 2-substituted analogues of 3 (C38) i.e. compounds 4–7 encompass
ing the butyloxy carbonyl function are, as is the case with the parent 
compound 3 itself much more stable in liver microsomes from mouse 
than from human (Table 1). Furthermore, the 2-substituted ligands were 
found to be more prone than 3 to undergo a fast metabolism both in 
human and mouse microsomes. A comparison of 3 with 7, the latter 
exhibiting a more than 10-fold higher affinity to AT2R reveals that that 3 
is more stable than 7 also in a hepatocyte assay where 3 exhibited a t1/2 
of 33 min while 7 a t1/2 of 18 min (Table 2). Thus, the 2-substituents 
have a negative impact on the metabolic stability in this series of the 
ligands, i.e. with the methylene imidazole in the meta position.

The different AT2R ligands depicted in Fig. 2, which possess a car
boxymethylene imidazole in the meta position, on the contrary exhibit 
the highest metabolic stability in human microsomes and the N-(meth
yloxycarbonyl)thiophene sulfonamide 8 demonstrates a HLM t1/2 of 62 
min (Table 1). In these compounds, attachment of a chloro atom or a 
methyl group at the 2-postion of 8 furnishing 9 and 10, respectively, 

results likewise in relatively metabolically stable compounds. Further
more, all three compounds (8, 9 and 10) show t1/2 values of >1 h in 
human hepatocytes (Table 2). The Papp values of 0.4 × 10− 6 cm/s, 0.67 
× 10− 6 cm/s and 0.13 × 10− 6 cm/s, respectively are suggesting that a 
low permeability of the compounds can be expected in vivo. As com
parison 3 demonstrates an apparent permeability coefficient of 3.4 ×
10− 6 cm/s, suggesting a better and moderate in vivo permeability.

2.4. Modeling

A common binding pose was identified for the series of compounds 
after independent docking explorations in GLIDE followed in each case 
by molecular dynamics (MD) equilibration.36 Fig. 3 depicts the proposed 
binding mode for the high affinity compound 12, analogous to the 
binding mode earlier reported for compound 3 following a similar 
approach.32 The sulfonamide group of the high affinity ligand 12 is 
anchored via salt-bridge interactions with R1824.64 and K2155.42 and a 
hydrogen bond of the carbonyl with T1253.33 (the Ballesteros-Weinstein 
generic amino acid numbering scheme is indicated as superscript37). The 
phenyl ring of the ligand is lining towards W1002.60 and L1243.32, 
allowing the tert-butyl imidazole substituent to accommodate within a 
hydrophobic cluster composed by residues Y511.39, Y1032.64, Y1042.65, 
Y1082.69, and I3047.39. The side chain carbonyl group is bridging to 
R1824.64 and Y1032.64 via a water molecule (Fig. 3) in line with previous 
modeling of the introduction of the carbonyl group of the ketone func
tion of the AT2R ligands, which significantly improves the affinity of the 
ligands as compared to 3 (C38).34 The isobutyl group at the thiophene 
ring is located in a deeper region of the transmembrane cavity, defined 
by residues L1243.32, M1273.36, F2726.51, and F3087.43. Finally, the py
rimidine ring resides between transmembrane helices defined by the 
residues Lys2155.42, and F1293.37. A rationale for the approximately 
five-fold higher affinity observed with 12 with the small methyl group 
attached to the 2-position as compared to 11 lacking this methyl group is 
not apparent. One possibility is likely that additional and productive 
hydrophobic interactions are established with the amino acid residues of 
the receptor. Moreover, the added methyl group could contribute to 
stabilization of the bioactive conformation. Further computational 
simulations could deepen our mechanistic understanding of the AT2R 
binding of series.

Table 1 
Affinity, selectivity and stability in liver microsomes data of inhibitors 3–12.a

Cmpd. AT2R Ki 

(nM)
AT1R %inhibition 
@10 μM

HLM t1/2 

(min)
MLM t1/2 

(min)

3 270 7.0 12 70
4 250 12 4.8 15
5 54 5.2 4.6 20
6 43 − 6.3 11 24
7 20 − 4.0 9.1 48
8 9.3 52 62 16
9 5.6 34 31 21
10 1.9 50 52 19
11 4.9 17 19 18
12 0.97 42 29 6.6

a AT2R Ki, affinity to AT2 receptor; AT1R %inhibition evaluated with an in
hibitor concentration of 10 μM; HLM t1/2, human liver microsome half-life; MLM 
t1/2, mouse liver microsome half-life.

Table 2 
Stability in human hepatocytes and permeability screening of selected 
inhibitors.a

Cmpd. HHep t1/2 

(min)
Papp 
(10− 6 cm/s)

3 33 3.4 ± 1.2
7 18 nd
8 168 0.40 ± 0.03
9 75 0.67 ± 0.17
10 69 0.13 ± 0.06

a HHep t1/2, Human hepatocyte half-life; Papp, apparent permeability with 
95% confidence interval.

Fig. 3. Equilibrated conformation of ligand 12 in the common docking pose 
obtained for this series on the AT2R. The N-terminal, EL3 and parts of TM6-TM7 
of the AT2R are not shown for better clarity.
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3. Conclusion

In summary, it is reported herein that an attachment of a methyl 
group to the phenylthiophene scaffold of three different classes of 1,3- 
substituted AT2R ligands has an unexpected and strong impact on the 
binding affinity to the AT2 receptor. The binding affinities were 
improved more than 5-fold by this methyl group while a methoxy group 
or bromo or fluoro atoms demonstrated only minor effects on receptor 
binding. Further investigations are needed to investigate the functional 
activities, the species-dependent metabolic stability issue, and the low 
permeability of some of the presented AT2R ligands.
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27. Wallinder C, Sköld C, Botros M, et al. Interconversion of functional activity by minor 
structural alterations in nonpeptide AT2 receptor ligands. ACS Med Chem Lett. 2015; 
6:178–182. https://doi.org/10.1021/ml500427r.

28. Gopalan G, Palo-Nieto C, Petersen NN, Hallberg M, Larhed M. Angiotensin II AT2 
receptor ligands with phenylthiazole scaffolds angiotensin II type 2 receptor 
Phenylthiazole scaffolds liver microsomes CYP enzyme inhibition. Bioorg Med Chem. 
2022;65, 116790. https://doi.org/10.1016/j.bmc.2022.116790.

29. Roy T, Petersen NN, Gopalan G, Gising J, Hallberg M, Larhed M. 2-alkyl substituted 
benzimidazoles as a new class of selective AT2 receptor ligands. Bioorg Med Chem. 
2022;66, 116804. https://doi.org/10.1016/J.BMC.2022.116804.

30. Guimond MO, Wallinder C, Alterman M, Hallberg A, Gallo-Payet N. Comparative 
functional properties of two structurally similar selective nonpeptide drug-like 
ligands for the angiotensin II type-2 (AT2) receptor. Effects on neurite outgrowth in 
NG108-15 cells. Eur J Pharmacol. 2013;699:160–171. https://doi.org/10.1016/j. 
ejphar.2012.11.032.

31. Wannberg J, Isaksson R, Bremberg U, et al. A convenient transesterification method 
for synthesis of AT2 receptor ligands with improved stability in human liver 
microsomes. Bioorg Med Chem Lett. 2018;28:519–522. https://doi.org/10.1016/j. 
bmcl.2017.11.042.

32. Isaksson R, Lindman J, Wannberg J, et al. A series of analogues to the AT2R 
prototype antagonist C38 allow fine tuning of the previously reported antagonist 
binding mode. ChemistryOpen. 2019;8:114–125. https://doi.org/10.1002/ 
open.201800282.
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