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Abstract: The quest for novel agents to regulate the generation of prostaglandin E2 (PGE2) is of high
importance because this eicosanoid is a key player in inflammatory diseases. We synthesized a series
of N-acylated and N-alkylated 2-aminobenzothiazoles and related heterocycles (benzoxazoles and
benzimidazoles) and evaluated their ability to suppress the cytokine-stimulated generation of PGE2

in rat mesangial cells. 2-Aminobenzothiazoles, either acylated by the 3-(naphthalen-2-yl)propanoyl
moiety (GK510) or N-alkylated by a chain carrying a naphthalene (GK543) or a phenyl moiety (GK562)
at a distance of three carbon atoms, stand out in inhibiting PGE2 generation, with EC50 values ranging
from 118 nM to 177 nM. Both GK510 and GK543 exhibit in vivo anti-inflammatory activity greater
than that of indomethacin. Thus, N-acylated or N-alkylated 2-aminobenzothiazoles are novel leads
for the regulation of PGE2 formation.

Keywords: N-acylated 2-aminobenzothiazoles; N-alkylated 2-aminobenzothiazoles; anti-inflammatory
agents; mesangial cells; prostaglandin E2

1. Introduction

The release of arachidonic acid (AA) from membrane glycerophospholipids, catalyzed
by the action of phospholipases A2 (PLA2s), initiates the formation of a variety of bioac-
tive lipids, which act as potent signaling mediators and are collectively referred to as
eicosanoids [1,2]. Prostaglandins constitute a major and important class of such lipid signal-
ing molecules [3]. In particular, prostaglandin E2 (PGE2) has attracted great interest because
of its participation in both physiological and pathological processes. PGE2 plays a key role
in inflammatory diseases [4]; however, it is also involved in tumorigenesis and cancer [5–7]
as well as in the pathogenesis of Alzheimer’s disease (AD) [8]. As a consequence, the quest
for agents able to inhibit and regulate the formation of PGE2 has been a highly active field
during recent decades [9].

In addition to PLA2, which is the rate-limiting enzyme for the release of free arachi-
donic acid [10], a number of enzymes are involved in the biosynthesis of PGE2, and all
of these enzymes have been targeted in the effort to produce anti-inflammatory agents.
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Cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) catalyze the oxidation of AA
to prostaglandin H2 (PGH2) [1]. Then, prostaglandin synthases, such as microsomal
prostaglandin E synthase-1 (mPGES-1), catalyze the formation of PGE2 [11]. Once this lipid
is formed, it may interact with four distinct receptors (EP1 to EP4) to exert its action [12].
The widely used non-steroidal anti-inflammatory drugs (NSAIDs) are non-selective COX
inhibitors, which usually exhibit gastrointestinal side effects, while selective COX-2 in-
hibitors, such as celecoxib, overcome the side effects of NSAIDs; however, they present
potential cardiovascular toxicity [13]. PLA2 inhibitors have been developed and studied for
decades [10,14]; however, none of them have reached the market. Currently, there is a great
interest in mPGES-1 inhibitors [11,15,16] because they are considered a safer alternative to
COX-2 inhibitors, as they lack cardiovascular toxicity, although further research is required
to prove their clinical efficiency and safety.

As part of our effort to develop PLA2 inhibitors as novel anti-inflammatory agents [17–19],
we have shown that inhibitors of secreted PLA2 are able to suppress the production of
PGE2 in mesangial cells [20]. Inspired by thiazolyl ketones exhibiting an interesting abil-
ity to inhibit PGE2 formation and in vivo anti-inflammatory properties [19], we have
most recently presented a series of α-ketoheterocycles and we have demonstrated that
the α-ketobenzothiazole derivative GK181 (1, Figure 1a) and α-ketobenzoxazole deriva-
tive GK491 (2, Figure 1a) inhibit PGE2 formation in rat mesangial cells with half max-
imal effective concentrations (EC50) values of 0.71 µM and 0.79 µM, respectively [21].
Benzothiazole is indeed an important heterocyclic skeleton that plays an important role
in medicinal chemistry as a key template for the development of various therapeutic
agents [22–25]. Among the various derivatives based on the privileged benzothiazole
molecular scaffold, 2-aminobenzothiazoles exhibit diverse biological properties; for exam-
ple, riluzole is a marketed drug (Figure 1b) for treating amyotrophic lateral sclerosis [26].
In 2012, a series of 2-aminothiazoles were reported and their evaluation concluded that
disubstituted 2-N-arylaminothiazoles may inhibit PGE2 production in cells [27]. Recently,
Chini et al., employing a combinatorial virtual screening, have identified substituted 2-
benzoylaminobenzothiazoles able to suppress PGE2 levels [28].

Figure 1. Bioactive 2-substituted benzothiazoles and benzoxazoles. (a) Previously developed
α-ketoheterocycle inhibitors of PGE2 generation; (b) riluzole; (c) N-acylated and N-alkylated 2-
aminobenzothiazole and benzoxazole inhibitors of PGE2 generation designed in the present study.
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The promising properties of α-ketobenzothiazole 1 and α-ketobenzoxazole 2 in inhibit-
ing PGE2 generation at a cellular level, observed by our group [21], prompted us to further
explore compounds based on the privileged benzothiazole scaffold. We present, herein,
routes for the synthesis of a variety of N-acylated and N-alkylated 2-aminobenzothiazoles
and the corresponding benzoxazoles and benzimidazoles. A structure-activity relationship
study for the ability of such compounds to inhibit the cytokine-stimulated generation of
PGE2 in rat mesangial cells resulted in the discovery of novel naphthalene-containing
N-acylated or N-alkylated 2-aminobenzothiazoles (Figure 1c), which inhibited PGE2 gener-
ation at a nanomolar level and presented anti-inflammatory in vivo activity in a rat-paw
carrageenan-edema assay.

2. Materials and Methods
2.1. General Chemistry Methods

The chromatographic purification of products was accomplished using forced-flow
chromatography on a Merck® (Merck, Darmstadt, Germany) Kieselgel 60 F254 230–400 mesh.
Thin-layer chromatography (TLC) was performed on aluminum-backed silica plates (0.2 mm,
60 F254). The visualization of the developed chromatograms was performed by fluorescence
quenching using phosphomolybdic acid, ninhydrin or potassium permanganate stains. The
melting points were determined on a Buchi® 530 apparatus (Buchi, Flawil, Switzerland)
and were uncorrected. 1H and 13C NMR spectra were recorded on a Varian® Mercury
(Varian, Palo Alto, CA, USA) (200 MHz and 50 MHz, respectively) or a Bruker Avance Neo
(Bruker, Faellanden, Switzerland) (400 MHz and 100 MHz, respectively) and were internally
referenced to residual solvent signals. The data for 1H NMR are reported as follows:
chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, quint = quintet,
m = multiplet, and br = broad signal), coupling constant, integration and peak assignment.
The data for 13C NMR are reported in terms of the chemical shift (δ ppm). High-resolution
mass spectrometry (HRMS) spectra were recorded on a Bruker® Maxis Impact QTOF
(Bruker Daltonics, Bremen, Germany) spectrometer. The purity of all the compounds
subjected to biological tests was determined using analytical HPLC and was found to
be ≥95%. The HPLC analyses were carried out on a Shimadzu LC-2010AHT system
and a Phenomenex, Luna C18(2) 100A (150 × 2 mm, 5 µm) analytical column, using
H2O/acetonitrile 65/35 v/v, with a gradient to 40:60 v/v, at a flow rate of 1.0 mL/min.

2.2. General Procedure for the Synthesis of Amides 5a–f, 7, 9a,b, 14

To a stirred solution of the carboxylic acid 4a,b, 6, 8a,b, or 13 (1.0 mmol) in dry
CH2Cl2 (10 mL) and Et3N (0.1 mL), cooled to 0 ◦C, 1-hydroxybenzotriazole (HOBt, 135 mg,
1.0 mmol), amine 3a–c or 12 (1.2 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDCI·HCl, 230 mg, 1.2 mmol) were added consecutively. The reaction mix-
ture was left stirring for 1 h at 0 ◦C and for 16 h at room temperature. The solvent was then
evaporated under reduced pressure; the residue was diluted in ethyl acetate and washed
with water (10 mL), an aqueous solution of 1N HCl (10 mL), water (10 mL), an aqueous
solution of 5% NaHCO3 (10 mL) and brine (10 mL), consecutively. The organic layer was
dried over Na2SO4 and concentrated under reduced pressure. The resulting amide was
purified by flash chromatography, eluting with the appropriate mixture of solvents.

2.2.1. N-(Benzo[d]Thiazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5a)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 30% (104 mg);
White solid; mp: 53–55 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.75–7.43 (m, 6H, 6 × ArH),
7.33–7.06 (m, 5H, 5 × ArH) 4.13 (br, 1H, NH), 2.73 (t, J = 7.5 Hz, 2H, PhCH2), 2.42 (t,
J = 7.4 Hz, 2H, CH2CO), 2.02 (quint, J = 7.2 Hz, 2H, CH2); 13C NMR (50 MHz, CDCl3 and
CD3OD): δ = 172.1, 152.9, 147.5, 138.3, 133.3, 131.8, 131.4, 127.7, 127.2, 127.1, 126.8, 126.3,
126.0, 125.6, 124.9, 123.6, 121.1, 120.0, 34.8, 25.9; HRMS (ESI) [M − H]− m/z: 345.1058
(calculated for [C21H17N2OS]− 345.1067).
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2.2.2. N-(Benzo[d]Thiazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5b, GK510)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 35% (116 mg);
White solid; mp: 46–48 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.79–7.47 (m, 6H, 6 × ArH),
7.39–7.15 (m, 5H, 5 × ArH), 3.79 (br, 1H, NH), 3.14 (t, J = 7.6 Hz, 2H, PhCH2), 2.81 (t,
J = 7.7 Hz, 2H, CH2CO); 13C NMR (50 MHz, CDCl3 and CD3OD): δ = 171.4, 165.7, 147.5,
137.4, 133.3, 131.9, 131.5, 128.0, 127.4, 127.3, 126.6, 126.3, 126.1, 125.9, 125.3, 123.8, 121.3, 120.1,
37.4, 30.8; HRMS (ESI) [M − H]− m/z: 331.0900 (calculated for [C20H15N2OS]− 331.0911).

2.2.3. N-(Benzo[d]Oxazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5c)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 5:5; Yield 50% (158 mg);
White solid; mp: 49–51 ◦C; 1H NMR (200 MHz, DMSO-d6): δ = 7.90–7.20 (m, 11H,
11 × ArH), 3.13–3.06 (m, 2H, PhCH2), 2.98–2.90 (m, 2H, CH2CO); 13C NMR (50 MHz,
DMSO-d6): δ = 170.4, 155.2, 147.6, 140.7, 138.5, 133.1, 131.7, 127.9, 127.5, 127.4, 127.3, 126.3,
126.1, 125.4, 124.5, 123.5, 118.1, 110.0, 37.5, 30.3; HRMS (ESI) [M + Na]+ m/z: 339.1106
(calculated for [C20H16N2NaO2]+ 339.1104).

2.2.4. N-(Benzo[d]Oxazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5d)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 6:4; Yield 32% (106 mg);
White solid; mp: 52–55 ◦C; 1H NMR (200 MHz, DMSO-d6): δ = 11.64 (br, 1H, NH), 7.89–7.22
(m, 11H, 11 × ArH), 2.81 (t, 2H, J = 7.6 Hz, PhCH2), 2.59 (t, J = 7.3 Hz, 2H, CH2CO), 2.01
(quint, J = 7.5 Hz, 2H, CH2); 13C NMR (50 MHz, DMSO-d6): δ = 170.3, 154.8, 147.2, 140.3,
138.8, 132.8, 131.2, 127.4, 127.1, 126.9, 125.8, 125.6, 124.8, 124.1, 123.0, 117.7, 109.6, 34.9, 34.1,
25.5; HRMS (ESI) [M − H]− m/z: 329.1298 (calculated for [C21H17N2O2]− 329.1296).

2.2.5. N-(1H-Benzo[d]Imidazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5e)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 6:4; Yield 19% (60 mg);
White solid; mp: 47–49 ◦C; 1H NMR (200 MHz, DMSO-d6): δ = 12.06 (br, 1H, NH), 11.58
(br, 1H, NH), 7.87–7.68 (m, 5H, 5 × ArH), 7.51–7.36 (m, 4H, 4 × ArH), 7.10–7.02 (m, 2H,
2 × ArH), 3.13 (t, J = 7.5 Hz, 2H, PhCH2), 2.93–2.82 (m, 2H, CH2CO); 13C NMR (50 MHz,
DMSO-d6): δ = 171.7, 146.6, 138.5, 133.2, 131.7, 127.9, 127.6, 127.4, 127.3, 126.3, 126.1, 125.4,
37.0, 30.7; HRMS (ESI) [M + Na]+ m/z: 338.1263 (calculated for [C20H17N3NaO]+ 338.1264).

2.2.6. N-(1H-Benzo[d]Imidazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5f)

Elution solvent system: Et2O; Yield 21% (69 mg); White solid; mp: 56–58 ◦C; 1H
NMR (200 MHz, DMSO-d6): δ = 12.06 (br, 1H, NH), 11.51 (br, 1H, NH), 7.89–7.81 (m,
4H, 4 × ArH), 7.51–7.44 (m, 4H, 4 × ArH), 7.11–7.04 (m, 3H, 3 × ArH), 2.85–2.68 (m, 2H,
PhCH2), 2.60–2.52 (m, 2H, CH2O), 2.13–1.93 (m, 2H, CH2); 13C NMR (50 MHz, DMSO-d6):
δ = 171.8, 146.1, 138.7, 132.7, 131.2, 131.1, 127.3, 127.3, 127.0, 126.89, 126.86, 126.8, 125.74,
125.68, 125.6, 125.5, 124.8, 124.7, 120.5, 34.4, 25.8, 19.1; HRMS (ESI) [M − H]− m/z: 328.1443
(calculated for [C21H18N3O]− 328.1455).

2.2.7. N-(Benzo[d]Thiazol-2-yl)-2-(Naphthalen-2-yloxy)Acetamide (7)

Elution solvent system: Et2O:petroleum ether (40–60 ◦C) 3:7 to 4:6; Yield 44% (147 mg);
White solid; mp: 153–155 ◦C; 1H NMR (200 MHz, CDCl3 and CD3OD): δ = 7.93–7.68 (m,
5H, 5 × ArH), 7.52–7.14 (m, 6H, 6 × ArH), 4.86 (s, 2H, CH2); 13C NMR (50 MHz, CDCl3
and CD3OD): δ = 167.4, 157.5, 154.8, 147.6, 134.2, 131.8, 130.1, 129.7, 127.7, 127.0, 126.8,
126.6, 124.54, 124.48, 121.5, 120.9, 118.1, 107.5, 66.8; HRMS (ESI) [M − H]− m/z: 333.0697
(calculated for [C19H13N2O2S]− 333.0703).

2.2.8. (E)-N-(Benzo[d]Thiazol-2-yl)-3-(Naphthalen-2-yl)Acrylamide (9a)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 17% (56 mg); Pale
white solid; mp: 228–230 ◦C; 1H NMR (200 MHz, CDCl3 and CD3OD): δ = 8.02–7.61 (m,
7H, 7 × ArH), 7.51–7.23 (m, 5H, 4 × ArH, CHPh), 6.81 (d, J = 15.6 Hz, 1H, CHCO); 13C
NMR (50 MHz, CDCl3 and CD3OD): δ = 164.9, 159.7, 148.1, 145.2, 134.6, 133.5, 132.1, 131.9,
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130.8, 129.0, 128.8, 128.0, 127.7, 127.0, 126.6, 124.2, 123.5, 121.7, 120.5, 118.5; HRMS (ESI)
[M − H]− m/z: 329.0734 (calculated for [C20H13N2OS]− 329.0754).

2.2.9. (E)-N-(Benzo[d]Thiazol-2-yl)-3-(4-Methoxyphenyl)Acrylamide (9b)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 16% (50 mg);
White solid; mp: 252–254 ◦C; lit. [29] 243–245 ◦C; 1H NMR (200 MHz, CDCl3 and CD3OD):
δ = 7.85–7.66 (m, 3H, 3 × ArH), 7.49–7.25 (m, 4H, 3 × ArH, CHPh), 6.87 (d, J = 8.5 Hz, 2H,
2 × ArH), 6.56 (d, J = 15.7 Hz, 1H, CHCO), 3.81 (s, 3H, CH3); 13C NMR (50 MHz, CDCl3 and
CD3OD): δ = 164.9, 161.5, 147.8, 144.5, 132.3, 129.9, 126.8, 126.1, 123.7, 121.2, 120.1, 115.5, 114.2,
113.5, 55.2; HRMS (ESI) [M − H]− m/z: 309.0690 (calculated for [C17H13N2O2S]− 309.0703).

2.2.10. N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazole-2-Carboxamide (14)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 15:85; Yield 21% (73 mg);
White solid; mp: 48–50 ◦C; 1H NMR (200 MHz, CDCl3): δ = 8.06–7.23 (m, 12H, 12 × ArH,
NH), 3.58 (q, J = 7.0 Hz, 2H, CH2N), 2.92 (t, J = 7.9 Hz, 2H, PhCH2), 2.11 (quint, J = 7.2 Hz,
2H, CH2); 13C NMR (50 MHz, CDCl3): δ = 163.9, 159.9, 152.8, 138.6, 137.1, 133.6, 128.1,
127.6, 127.4, 127.0, 126.7, 126.6, 126.5, 126.0, 125.2, 124.2, 122.4, 39.5, 33.4, 30.9; HRMS (ESI)
[M + H]+ m/z: 347.1216 (calculated for [C21H19N2OS]+ 347.1213); HRMS (ESI) [M + Na]+

m/z: 369.1037 (calculated for [C21H18N2NaOS]+ 369.1032).

2.3. N-(Benzo[d]Thiazol-2-yl)-3-(4-Methoxyphenyl)Propanamide (11)

Carboxylic acid 10 (180 mg, 1.0 mmol) was stirred with SOCl2 (0.7 mL, 10 mmol)
under reflux for 4 h. After the concentration of the mixture, the residue was dissolved
in CH2Cl2 and the solvent was removed under reduced pressure (three times). Then,
the residue was dissolved in dry CH2Cl2 (5 mL), and 3a (75 mg, 0.5 mmol) and Et3N
(0.08 mL, 0.5 mmol) were added. The reaction mixture was left stirring, under argon, for
16 h at room temperature. Upon the completion of the reaction, the organic layer was
washed with water and dried over Na2SO4 and the solvent was evaporated under reduced
pressure. Purification by flash chromatography eluting with a mixture of EtOAc:petroleum
ether (40–60 ◦C) 3:7 afforded the desired product. Yield 59% (184 mg); White solid; mp:
172–174 ◦C; 1H NMR (200 MHz, CDCl3): δ = 11.76 (br, 1H, NH), 7.97–7.76 (m, 1H, ArH),
7.69–7.59 (m, 1H, ArH), 7.45–7.29 (m, 2H, 2 × ArH), 6.90 (d, J = 8.8 Hz, 2H, 2 × ArH),
6.71 (d, J = 8.8 Hz, 2H, 2 × ArH), 3.74 (s, 3H, CH3), 2.94 (t, J = 7.1 Hz, 2H, PhCH2), 2.71 (t,
J = 7.3 Hz, 2H, CH2CO); 13C NMR (50 MHz, CDCl3): δ = 171.3, 159.9, 158.0, 147.5, 131.7,
129.1, 126.4, 124.0, 121.6, 120.3, 113.8, 55.2, 38.3, 30.1; HRMS (ESI) [M − H]− m/z: 311.0880
(calculated for [C17H15N2O2S]− 311.0860).

2.4. General Procedure for the Synthesis of Carbamates 16a,b

To a stirred solution of alcohol 15a,b (1.7 mmol) in dry CH2Cl2 (17 mL), cooled to
0 ◦C and under argon, triphosgene (297 mg, 1.0 mmol) and Et3N (0.25 mL, 1.7 mmol) were
added and the mixture was stirred for 15 min at 0 ◦C and for 15 min at room temperature.
Then, a cold saturated aqueous solution of NaHCO3 (20 mL) was added dropwise, the
mixture was extracted with CH2Cl2 (20 mL), and the organic layer was washed with brine
(15 mL). The organic layer was dried over Na2SO4, and the solvent was evaporated under
reduced pressure. The residue was dissolved in dry tetrahydrofuran (THF, 2.8 mL) and
Et3N (0.55 mL) and placed in a pressure vessel. 3a (255 mg, 1.7 mmol) and a catalytic
amount (12 mg, 0.1 mmol) of 4-(dimethylamino)pyridine (4-DMAP) were added, and the
reaction mixture was left stirring for 48 h. Then, the mixture was concentrated under
reduced pressure, and purification by flash chromatography, eluting with the appropriate
mixture of solvents, provided the desired product.

2.4.1. 4-Methoxybenzyl Benzo[d]Thiazol-2-ylcarbamate (16a)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 18% (57 mg);
White solid; mp: 141–143 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.56 (d, J = 7.9 Hz, 1H, ArH),
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7.46 (d, J = 8.1 Hz, 1H, ArH), 7.34–7.22 (m, 3H, 3 × ArH), 7.11–7.02 (m, 1H, ArH), 6.87 (d,
J = 8.8 Hz, 2H, 2 × ArH), 6.33 (br, 1H, NH), 4.53 (s, 2H, CH2), 3.79 (s, 3H, CH3); 13C NMR
(50 MHz, CDCl3): δ = 167.7, 159.3, 152.1, 139.9, 129.3, 129.0, 128.6, 125.9, 121.6, 120.8, 118.8,
114.1, 55.3, 48.9; HRMS (ESI) [M + Na]+ m/z: 337.0614 (calculated for [C16H14N2NaO3S]+

337.0617).

2.4.2. Naphthalen-2-ylmethyl Benzo[d]Thiazol-2-ylcarbamate (16b)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 1:9 to 3:7; Yield 13% (43 mg);
White solid; mp: 209–211 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.93–7.77 (m, 4H, 4 × ArH),
7.73–7.62 (m, 2H, 2 × ArH), 7.55–7.42 (m, 3H, 3 × ArH), 7.14 (t, J = 7.6 Hz, 1H, ArH), 6.95
(t, J = 7.6 Hz, 1H, ArH), 5.47 (s, 2H, CH2); 13C NMR (50 MHz, CDCl3): δ = 161.1, 153.8,
148.3, 133.2, 133.1, 132.2, 131.3, 128.5, 128.1, 128.0, 127.6, 126.5, 126.4, 126.1, 125.9, 123.5,
121.0, 120.4, 68.5; HRMS (ESI) [M + Na]+ m/z: 357.0675 (calculated for [C19H14N2NaO2S]+

357.0668); HRMS (ESI) [M − H]− m/z: 333.0696 (calculated for [C19H13N2O2S]− 333.0703).

2.5. General Procedure for the Synthesis of Hemiaminal Ethers 18a–h

To a stirred solution of alcohol 17a–d (1.0 mmol) in dry CH2Cl2 (2 mL), (2,2,6,6-
τetramethylpiperidin-1-yl)oxyl (TEMPO, 16 mg, 0.1 mmol) and iodobenzene diacetate
(360 mg, 1.2 mmol) were added consecutively, and the reaction mixture was left stirring at
room temperature for 1 h. The mixture was transferred to a separatory funnel and washed
with an aqueous solution of 10% Na2S2O3 (5 mL), an aqueous solution of 5% NaHCO3
(5 mL), and brine (5 mL), consecutively. The organic layer was dried over Na2SO4, and the
solvent was evaporated under reduced pressure. The crude aldehyde was used directly in
the next step.

To a stirred solution of 3a (150 mg, 1.0 mmol) in absolute MeOH (1 mL), Na2SO4
(284 mg, 2.0 mmol) and the crude aldehyde (1.0 mmol) were added, and the mixture was
left stirring for 16 h. It was then cooled to 0 ◦C, and NaBH4 (61 mg, 1.6 mmol) was added
in small portions. The mixture was left stirring for at least 4 h, being TLC-monitored. Upon
completion, the reaction was quenched with H2O (2 mL), and MeOH was evaporated
under reduced pressure. After filtration, the filtrate was extracted with ethyl acetate
(3 × 5 mL). Purification by flash chromatography, eluting with an appropriate mixture of
EtOAc:petroleum ether (40–60 ◦C), afforded the desired hemiaminal ether.

2.5.1. N-(1-Methoxy-3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazol-2-Amine (18a)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 63% (219 mg);
Colorless syrup; 1H NMR (200 MHz, CDCl3): δ = 8.31 (br, 1H, NH), 7.90–7.17 (m, 11H,
11 × ArH), 4.98 (t, J = 6.0 Hz, 1H, CH), 3.55 (s, 3H, OCH3), 3.03 (t, J = 7.6 Hz, 2H, PhCH2),
2.47–2.19 (m, 2H, CH2); 13C NMR (50 MHz, CDCl3): δ = 167.1, 151.3, 137.9, 133.2, 131.7,
129.8, 127.7, 127.2, 127.1, 126.7, 126.2, 125.8, 125.6, 124.9, 121.5, 120.5, 118.6, 87.3, 54.7, 36.4,
31.0; HRMS (ESI) [M − H]− m/z: 347.1219 (calculated for [C21H19N2OS]− 347.1224).

2.5.2. N-(1-Methoxy-3-Phenylpropyl)Benzo[d]Thiazol-2-Amine (18b)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 2:8; Yield 97% (289 mg);
Orange oil; 1H NMR (200 MHz, CDCl3): δ = 7.61 (dd, J = 8.3, 2.8 Hz, 2H, 2 × ArH), 7.37–7.08
(m, 8H, 7 × ArH, NH), 4.88 (t, J = 6.3 Hz, 1H, CH), 3.45 (s, 3H, OCH3), 2.79 (t, J = 7.8 Hz,
2H, PhCH2), 2.26–2.04 (m, 2H, CH2CH); 13C NMR (50 MHz, CDCl3): δ = 167.0, 151.4, 140.8,
130.0, 128.4, 128.3, 126.1, 126.0, 121.9, 120.8, 118.9, 87.3, 55.1, 36.9, 31.1; HRMS (ESI) [M + H]+

m/z: 299.1200 (calculated for [C17H19N2OS]+ 299.1213).

2.5.3. N-(1-Methoxy-3-(4-Methoxyphenyl)Propyl)Benzo[d]Thiazol-2-Amine (18c)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 2:8; Yield 70% (230 mg);
Yellowish oil; 1H NMR (200 MHz, CDCl3): δ = 8.06 (br, 1H, NH), 7.64 (d, J = 8.1 Hz, 2H,
2 × ArH), 7.40–7.31 (m, 1H, ArH), 7.20–7.06 (m, 3H, 3 × ArH), 6.82 (d, J = 8.6 Hz, 2H,
2 × ArH), 4.87 (t, J = 6.3 Hz, 1H, CH), 3.79 (s, 3H, PhOCH3), 3.47 (s, 3H, OCH3), 2.75 (t,
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J = 7.9 Hz, 2H, PhCH2), 2.28–2.06 (m, 2H, CH2CH); 13C NMR (50 MHz, CDCl3): δ = 167.2,
157.7, 151.4, 132.7, 129.9, 129.2, 126.0, 121.7, 120.7, 118.7, 113.7, 87.3, 55.0, 54.9, 36.9, 30.2;
HRMS (ESI) [M + H]+ m/z: 329.1309 (calculated for [C18H21N2O2S]+ 329.1318).

2.5.4. N-(1-Methoxy-3-(Naphthalen-1-yl)Propyl)Benzo[d]Thiazol-2-Amine (18d)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 25:75; Yield 55% (191 mg);
Yellowish oil; 1H NMR (200 MHz, CDCl3): δ = 8.05–7.98 (m, 1H, ArH), 7.90–7.83 (m, 1H,
ArH), 7.78–7.63 (m, 3H, 3 × ArH), 7.52–7.13 (m, 7H, 6 × ArH, NH), 5.02 (t, J = 6.1 Hz,
1H, CH), 3.52 (s, 3H, OCH3), 3.29 (t, J = 7.8 Hz, 2H, PhCH2), 2.48–2.19 (m, 2H, CH2CH);
13C NMR (50 MHz, CDCl3): δ = 167.1, 151.6, 136.9, 133.8, 131.6, 130.1, 128.7, 126.8, 126.04,
125.96, 125.8, 125.4, 123.5, 121.8, 120.7, 118.9, 87.7, 55.1, 36.2, 28.3; HRMS (ESI) [M + Na]+

m/z: 371.1189 (calculated for [C21H20N2NaOS]+ 371.1189).

2.5.5. N-(1-Methoxy-3-(Naphthalen-2-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-
Amine (18g)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 25:75; Yield 38% (164 mg);
White solid; mp: 78–80 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.85–7.14 (m, 11H, 10 × ArH,
NH), 4.91 (t, J = 6.1 Hz, 1H, CH), 3.46 (s, 3H, OCH3), 2.96 (t, J = 7.8 Hz, 2H, PhCH2), 2.41–
2.13 (m, 2H, CH2CH); 13C NMR (50 MHz, CDCl3): δ = 167.4, 150.3, 143.7 (q, J = 2.3 Hz),
138.0, 133.4, 132.0, 130.8, 128.1, 127.5, 127.3, 126.9, 126.5, 125.9, 125.3, 120.6 (q, J = 254.9 Hz),
119.7, 119.2, 113.9, 87.2, 55.2, 36.7, 31.2; 19F NMR (188 MHz, CDCl3): δ = −16.2 (OCF3).

2.5.6. N-(1-Methoxy-3-(Naphthalen-1-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-
Amine (18h)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 25:75; Yield 43% (186 mg);
White solid; mp: 100–102 ◦C; 1H NMR (200 MHz, CDCl3): δ = 8.01–7.14 (m, 11H, 10 × ArH,
NH), 4.95 (t, J = 6.2 Hz, 1H, CH), 3.48 (s, 3H, OCH3), 3.25 (t, J = 7.5 Hz, 2H, PhCH2), 2.44–2.12
(m, 2H, CH2CH); 13C NMR (50 MHz, CDCl3): δ = 167.6, 150.3, 143.8 (q, J = 2.3 Hz), 136.7,
133.8, 131.6, 130.8, 128.8, 127.0, 126.0, 125.9, 125.52, 125.47, 123.4, 120.6 (q, J = 254.9 Hz),
119.9, 119.1, 114.0, 87.7, 55.3, 36.2, 28.3; 19F NMR (188 MHz, CDCl3): δ = −16.2 (OCF3).

N-(1-Methoxy-3-(naphthalen-1-yl)propyl)thiazol-2-amine (18e) and N-(1-methoxy-3-
phenylpropyl)thiazol-2-amine (18f) were isolated as a mixture of hemiaminal ether and
aminothiazole derivative (19e,f), and used directly in the next step.

2.6. General Procedure for the Reduction of Hemiaminal Ethers to 2-Aminobenzothiazoles 19a–h

To a stirred solution of hemiaminal ethers 18a–h (1.0 mmol) in absolute MeOH (1 mL),
placed in a pressure vessel, NaBH4 (76 mg, 2.0 mmol) was added. The vessel was sealed,
and the reaction mixture was left stirring at 80 ◦C for 1 h. The solvent was then evaporated
under reduced pressure; the residue was dissolved in H2O (5 mL) and ethyl acetate (10 mL),
transferred to a separating funnel and extracted with ethyl acetate (3 × 5 mL). Purification
by flash chromatography, eluting with an appropriate mixture of EtOAc:petroleum ether
(40–60 ◦C), afforded the desired product.

2.6.1. N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazol-2-Amine (19a, GK543)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 97% (308 mg);
White solid; mp: 112–114 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.85–7.70 (m, 3H, 3 × ArH),
7.64–7.22 (m, 7H, 7 × ArH), 7.12–7.03 (m, 1H, ArH), 6.06 (br, 1H, NH), 3.47 (t, J = 7.0 Hz,
2H, CH2N), 2.90 (t, J = 7.6 Hz, 2H, PhCH2), 2.11 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR
(50 MHz, CDCl3): δ = 167.8, 152.4, 138.5, 133.5, 132.0, 130.3, 128.1, 127.6, 127.4, 127.0, 126.5,
126.0, 125.9, 125.3, 121.4, 120.8, 118.7, 45.0, 33.1, 30.9; HRMS (ESI) [M − H]− m/z: 317.1112
(calculated for [C20H17N2S]− 317.1118).
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2.6.2. N-(3-Phenylpropyl)Benzo[d]Thiazol-2-Amine (19b, GK562)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 2:8; Yield 90% (241 mg);
White solid; mp: 99–102 ◦C; lit. [30] 101.2–102 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.63–7.48
(m, 2H, 2 × ArH), 7.42–6.99 (m, 7H, 7 × ArH), 6.76 (br, 1H, NH), 3.43 (t, J = 7.0 Hz, 2H,
CH2N), 2.74 (t, J = 7.6 Hz, 2H, PhCH2), 2.04 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR (50 MHz,
CDCl3): δ = 168.2, 152.1, 140.9, 130.0, 128.4, 128.3, 126.0, 125.9, 121.2, 120.8, 118.3, 45.1, 32.9,
30.9; HRMS (ESI) [M + H]+ m/z: 269.112 (calculated for [C16H17N2S]+ 269.1107).

2.6.3. N-(3-(4-Methoxyphenyl)Propyl)Benzo[d]Thiazol-2-Amine (19c)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 97% (289 mg);
White solid; mp: 104–106 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.60–6.73 (m, 9H, 8 × ArH,
NH), 3.76 (s, 3H, CH3), 3.39 (t, J = 7.0 Hz, 2H, CH2N), 2.65 (t, J = 7.6 Hz, 2H, PhCH2),
2.04–1.89 (m, 2H, CH2); 13C NMR (50 MHz, CDCl3): δ = 168.2, 157.8, 152.1, 132.9, 130.0,
129.2, 125.9, 121.2, 120.8, 118.3, 113.7, 55.1, 45.0, 32.0, 31.1; HRMS (ESI) [M + H]+ m/z:
299.1203 (calculated for [C17H19N2OS]+ 299.1213).

2.6.4. N-(3-(Naphthalen-1-yl)Propyl)Benzo[d]Thiazol-2-Amine (19d)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 80% (254 mg);
White solid; mp: 134–137 ◦C; 1H NMR (200 MHz, CDCl3): δ = 8.01–7.68 (m, 3H, 3 × ArH),
7.63–7.19 (m, 7H, 7 × ArH), 7.14–7.06 (m, 1H, ArH), 6.77 (br, 1H, NH), 3.51 (t, J = 7.0 Hz, 2H,
CH2N), 3.19 (t, J = 7.7 Hz, 2H, PhCH2), 2.16 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR (50 MHz,
CDCl3): δ = 167.8, 151.5, 137.0, 133.9, 131.6, 129.8, 128.8, 126.9, 126.1, 126.0, 125.54, 125.51,
123.5, 121.6, 120.9, 118.5, 45.4, 30.2, 30.1; HRMS (ESI) [M + H]+ m/z: 319.1264 (calculated
for [C20H19N2S]+ 319.1263).

2.6.5. N-(3-(Naphthalen-1-yl)Propyl)Thiazol-2-Amine (19e)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 4:6; Yield 96% (257 mg);
White solid; mp: 94–97 ◦C; 1H NMR (200 MHz, CDCl3): δ = 8.06–7.97 (m, 1H, ArH),
7.91–7.82 (m, 1H, ArH), 7.78–7.69 (m, 1H, ArH), 7.56–7.31 (m, 4H, 4 × ArH), 7.12 (d,
J = 3.6 Hz, 1H, ArH), 6.47 (d, J = 3.6 Hz, 1H, ArH), 6.31 (br, 1H, NH), 3.36 (t, J = 7.0 Hz, 2H,
CH2N), 3.20 (t, J = 7.7 Hz, 2H, PhCH2), 2.14 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR (50 MHz,
CDCl3): δ = 171.0, 138.8, 137.2, 133.8, 131.6, 128.7, 126.8, 126.0, 125.8, 125.5, 123.5, 105.9, 45.9,
30.1, 29.9; HRMS (ESI) [M + H]+ m/z: 269.1102 (calculated for [C16H17N2S]+ 269.1107).

2.6.6. N-(3-Phenylpropyl)Thiazol-2-Amine (19f)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 3:7; Yield 52% (113 mg); Pale
white solid; mp: 83–84 ◦C; 1H NMR (400 MHz, CDCl3): δ = 7.37–7.21 (m, 5H, 5 × ArH), 7.13
(d, J = 3.6 Hz, 1H, ArH), 6.68 (br, 1H, NH), 6.49 (d, J = 3.6 Hz, 1H, ArH), 3.31 (t, J = 6.9 Hz,
2H, CH2N), 2.77 (t, J = 7.6 Hz, 2H, PhCH2), 2.04 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR
(100 MHz, CDCl3): δ = 171.0, 141.1, 138.6, 128.4, 128.3, 125.9, 105.8, 45.6, 33.0, 30.6; HRMS
(ESI) [M + H]+ m/z: 219.0952 (calculated for [C12H15N2S]+ 219.0950).

2.6.7. N-(3-(Naphthalen-2-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (19g)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 25:75; Yield 96% (386 mg);
White solid; mp: 150–152 ◦C; 1H NMR (400 MHz, CDCl3): δ = 7.86–7.73 (m, 3H, 3 × ArH),
7.62 (s, 1H, ArH), 7.52–7.40 (m, 4H, 4 × ArH), 7.32 (d, J = 8.4 Hz, 1H, ArH), 7.13 (d,
J = 8.9 Hz, 1H, ArH), 6.01 (br, 1H, NH), 3.47 (t, J = 7.0 Hz, 2H, CH2N), 2.91 (t, J = 7.5 Hz,
2H, PhCH2), 2.13 (quint, J = 7.1 Hz, 2H, CH2); 13C NMR (100 MHz, CDCl3): δ = 168.3,
151.0, 143.6 (q, J = 1.6 Hz), 138.3, 133.6, 132.1, 130.9, 128.2, 127.6, 127.4, 126.9, 126.5, 126.1,
125.4, 120.6 (q, J = 254.9 Hz), 119.7, 118.9, 114.0, 45.1, 33.1, 30.8; 19F NMR (377 MHz, CDCl3):
δ = −58.2 (OCF3); HRMS (ESI) [M + H]+ m/z: 403.1087 (calculated for [C21H18F3N2OS]+

403.1086).
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2.6.8. N-(3-(Naphthalen-1-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (19h)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 25:75; Yield 35% (141 mg);
White solid; mp: 115–116 ◦C; 1H NMR (400 MHz, CDCl3): δ = 8.02–7.97 (m, 1H, ArH),
7.90–7.84 (m, 1H, ArH), 7.74 (d, J = 8.2 Hz, 1H, ArH), 7.50–7.31 (m, 6H, 6 × ArH), 7.14 (d,
J = 8.8 Hz, 1H, ArH), 6.14 (br, 1H, NH), 3.51 (t, J = 7.0 Hz, 2H, CH2N), 3.20 (t, J = 7.6 Hz,
2H, PhCH2), 2.17 (quint, J = 7.1 Hz, 2H, CH2); 13C NMR (100 MHz, CDCl3): δ = 168.4,
151.0, 143.5 (q, J = 2.0 Hz) 136.9, 134.0, 131.7, 130.9, 128.9, 127.0, 126.04, 125.96, 125.6, 125.5,
123.4, 120.6 (q, J = 254.9 Hz), 119.7, 118.8, 114.0, 45.4, 30.2, 30.1; 19F NMR (377 MHz, CDCl3):
δ = −58.2 (OCF3); HRMS (ESI) [M + H]+ m/z: 403.1086 (calculated for [C21H18F3N2OS]+

403.1086).

2.7. General Procedure for the Synthesis of 2-Aminobenzoxazoles 23a–d

To a stirred solution of amine 22a–d (1.0 mmol) in acetonitrile (1 mL), acetic acid
(150 mg, 2.5 mmol), tert-butyl hydroperoxide (TBHP) 70% (0.16 mL, 1.25 mmol), tetrabuty-
lammonium iodide (TBAI, 15 mg, 0.04 mmol) and benzoxazole (99 mg, 0.83 mmol) were
added. The solution was stirred at 40–50 ◦C, for 24 h, and then, the mixture was quenched
by the addition of an aqueous solution of 10% Na2S2O3 (10 mL) and a saturated aqueous
solution of NaHCO3 (15 mL). The aqueous layer was extracted with CH2Cl2 (3 × 20 mL).
The combined organic layers were collected and dried over Na2SO4, and the solvent was
evaporated under reduced pressure. Purification by flash chromatography, eluting with
the appropriate mixture of solvents, provided the desired product.

2.7.1. N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Oxazol-2-Amine (23a)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 2:8 to 3:7; Yield 24% (72 mg);
White solid; mp: 128–130 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.86–7.69 (m, 3H, 3 × ArH),
7.62 (s, 1H, ArH), 7.50–6.98 (m, 7H, 7 × ArH), 5.29 (br, 1H, NH), 3.61–3.47 (m, 2H, CH2N),
2.90 (t, J = 7.4 Hz, 2H, PhCH2), 2.11 (quint, J = 7.2 Hz, 2H, CH2); 13C NMR (50 MHz,
CDCl3): δ = 162.7, 142.9, 138.5, 133.5, 132.0, 128.1, 127.6, 127.4, 127.0, 126.5, 126.0, 125.3,
123.9, 120.8, 116.2, 108.7, 42.6, 33.1, 31.1; HRMS (ESI) [M + H]+ m/z: 303.1487 (calculated
for [C20H19N2O]+ 303.1492).

2.7.2. N-(3-(4-Methoxyphenyl)Propyl)Benzo[d]Oxazol-2-Amine (23b)

Elution solvent system: EtOAc:petroleum ether (40–60 ◦C) 1:9 to 3:7; Yield 16% (45 mg);
White solid; mp: 85–87 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.40–6.93 (m, 6H, 6 × ArH),
6.83–6.79 (m, 2H, 2 × ArH), 5.68 (br, 1H, NH), 3.77 (s, 3H, CH3), 3.49 (t, J = 6.9 Hz, 2H,
CH2N), 2.68 (t, J = 7.6 Hz, 2H, PhCH2), 1.98 (quint, J = 7.3 Hz, 2H, CH2); 13C NMR (50 MHz,
CDCl3): δ = 161.8, 157.9, 148.2, 142.0, 133.0, 129.2, 124.0, 120.9, 116.0, 113.9, 108.8, 55.2, 42.5,
32.0, 31.4; HRMS (ESI) [M + H]+ m/z: 283.1450 (calculated for [C17H19N2O2]+ 283.1441);
HRMS (ESI) [M + Na]+ m/z: 305.1263 (calculated for [C17H18N2NaO2]+ 305.1260).

2.7.3. N-(2-(Naphthalen-2-yloxy)Ethyl)Benzo[d]Oxazol-2-Amine (23c)

Elution solvent system: CH2Cl2:MeOH 100:0 to 95:5; Yield 52% (158 mg); Pale white
solid; mp: 152–153 ◦C; 1H NMR (200 MHz, CDCl3): δ = 7.81–7.64 (m, 3H, 3 × ArH),
7.47–7.01 (m, 8H, 8 × ArH), 4.31 (t, J = 4.9 Hz, 2H, OCH2), 3.96 (t, J = 4.9 Hz, 2H, CH2N);
13C NMR (50 MHz, CDCl3): δ = 156.2, 141.6, 134.3, 129.6, 129.1, 127.6, 126.8, 126.5, 124.2,
123.9, 121.3, 118.5, 116.2, 109.0, 106.8, 66.2, 42.6; HRMS (ESI) [M + H]+ m/z: 305.1284
(calculated for [C19H17N2O2]+ 305.1285).

2.7.4. N-(2-(Naphthalen-1-yloxy)Ethyl)Benzo[d]Oxazol-2-Amine (23d)

Elution solvent system: CH2Cl2:MeOH 100:0 to 95:5; Yield 45% (137 mg); Pale white
solid; mp: 164–166 ◦C; 1H NMR (200 MHz, CDCl3): δ = 8.23–8.19 (m, 1H, ArH), 7.82–7.77
(m, 1H, ArH), 7.53–7.01 (m, 8H, 8 × ArH), 6.81–6.77 (m, 1H, ArH), 4.36 (t, J = 5.0 Hz,
2H, OCH2), 4.03 (t, J = 5.0 Hz, 2H, CH2N); 13C NMR (50 MHz, CDCl3): δ = 153.9, 148.5,
142.3, 134.5, 127.5, 126.5, 125.7, 125.3, 124.1, 121.6, 121.2, 120.9, 116.4, 108.9, 104.8, 66.6, 42.7;
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HRMS (ESI) [M + H]+ m/z: 305.1278 (calculated for [C19H17N2O2]+ 305.1285); HRMS (ESI)
[M + Na]+ m/z: 327.1115 (calculated for [C19H16N2NaO2]+ 327.1104).

2.8. General Procedure for the Synthesis of 2-Aminobenzothiazoles 25a,b

To a stirred solution of bromides 24a,b (1.0 mmol) in N,N-dimethylformamide (DMF,
20 mL), 3a (180 mg, 1.2 mmol) and K2CO3 (166 mg, 1.2 mmol) were added, and the reaction
mixture was refluxed for 3 h at 150 ◦C. Then, water (20 mL) was added, the mixture was
extracted with ethyl acetate (3 × 50 mL), and the combined organic layers were washed with
H2O (3 × 75 mL). The organic layer was collected and dried over Na2SO4, and the solvent
was evaporated under reduced pressure. Purification by gradient flash chromatography,
eluting with a mixture of CH2Cl2:MeOH (100:0 to 95:5), provided the desired product.

2.8.1. N-(2-(Naphthalen-2-yloxy)Ethyl)Benzo[d]Thiazol-2-Amine (25a)

Elution solvent system: CH2Cl2:MeOH 100:0 to 95:5; Yield 27% (86 mg); White solid;
mp: 170–172 ◦C; 1H NMR (200 MHz, DMSO-d6): δ = 8.37 (t, J = 5.2 Hz, 1H, NH), 7.87–7.75
(m, 3H, 3 × ArH), 7.68 (d, J = 7.6 Hz, 1H, ArH), 7.49–7.17 (m, 6H, 6 × ArH), 7.07–6.99 (m,
1H, ArH), 4.31 (t, J = 5.4 Hz, 2H, OCH2), 3.90–3.78 (m, 2H, CH2N); 13C NMR (50 MHz,
DMSO-d6): δ = 166.1, 156.3, 152.5, 134.3, 130.4, 129.4, 128. 6, 127.5, 126.7, 126.4, 125.6, 123.7,
121.1, 121.00, 118.7, 118.1, 106.8, 66.0, 43.2; HRMS (ESI) [M + H]+ m/z: 321.1050 (calculated
for [C19H17N2OS]+ 321.1056).

2.8.2. N-(2-(Naphthalen-1-yloxy)Ethyl)Benzo[d]Thiazol-2-Amine (25b)

Elution solvent system: CH2Cl2:MeOH 100:0 to 98:2; Yield 32% (102 mg); White solid;
mp: 170–173 ◦C; 1H NMR (200 MHz, DMSO-d6): δ = 8.41 (t, J = 5.6 Hz, 1H, NH), 8.26 (d,
J = 7.9 Hz, 1H, ArH), 7.85 (d, J = 7.9 Hz, 1H, ArH), 7.68 (d, J = 7.7 Hz, 1H, ArH), 7.54–7.20
(m, 6H, 6 × ArH), 7.07–6.98 (m, 2H, 2 × ArH), 4.34 (t, J = 5.2 Hz, 2H, OCH2), 4.00–3.86
(m, 2H, CH2N); 13C NMR (50 MHz, DMSO-d6): δ = 166.3, 154.0, 152.5, 134.0, 130.4, 127.4,
126.5, 126.2, 125.6, 125.1, 124.9, 122.0, 121.0, 121.0, 120.1, 118.1, 105.2, 66.6, 43.3; HRMS (ESI)
[M + H]+ m/z: 321.1054 (calculated for [C19H17N2OS]+ 321.1056).

2.9. Biological Assays
2.9.1. Cell Culture

Rat renal mesangial cells (clone MZ B1), isolated and characterized as previously
described [31], were cultivated in RPMI 1640 medium supplemented with 10% fetal
bovine serum; 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4;
6 µg/mL of bovine insulin; 5 µg/mL of transferrin; 5 nM sodium selenite; 100 units/mL of
penicillin; and 100 µg/mL of streptomycin. The cells were incubated for 4 h in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10 mM HEPES, pH 7.4, and 0.1 mg/mL of
fatty acid-free bovine serum albumin (BSA), prior to stimulation.

2.9.2. Quantification of PGE2

Confluent mesangial cells in 24-well plates were pretreated for 20 min with varying
concentrations of inhibitors and then stimulated for 24 h in a total volume of 400 µL of
DMEM containing 0.1 mg/mL of BSA, in the absence or presence of 1 nM interleukin 1β
(IL-1) plus 5 µM forskolin (Fk). Thereafter, the supernatants were collected and centrifuged
for 5 min at 1000× g. The PGE2 in the supernatant was quantified using an enzyme-
linked immunoassay (Enzo Life Sciences, Lörrach, Germany) following the manufacturer’s
recommendations.

2.9.3. Statistical Analysis

Statistical analysis of the data was performed using one-way analysis of variance
(ANOVA) followed by a Bonferroni’s post hoc test for multiple comparisons (GraphPad
Prism 8.4.3., San Diego, CA, USA). The half maximal effective concentrations (EC50) of the
inhibitors were calculated using the same software.
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2.9.4. In Vitro PLA2 Activity Assay

A previously described lipidomics-based mixed micelle assay was used to determine
the activities of human recombinant group VIA phospholipase A2 (GVIA iPLA2), group
IVA cytosolic phospholipase A2 (GIVA cPLA2) and group V secreted phospholipase A2
(GV sPLA2) [32,33]. The substrate for GVIA iPLA2 and GV sPLA2 consisted of 100 µM
1-palmitoyl-2-arachidonoyl-phosphatidylcholine (PAPC), 400 µM C12E8 surfactant and
2.5 µM 17:0 lysophosphatidylcholine (LPC) internal standard. For GIVA cPLA2, the sub-
strate consisted of 97 µM PAPC, 3 µM porcine brain phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2), 400 µM C12E8 surfactant and 2.5 µM 17:0 LPC internal standard. The buffer for
GIVA cPLA2 contained 100 mM HEPES at pH 7.5, 90 µM CaCl2 and 2 mM dithiothreitol
(DTT). For GVIA iPLA2, the buffer consisted of 100 mM HEPES at pH 7.5, 2 mM adenosine
triphosphate (ATP) and 4 mM DTT. Finally, the buffer for GV sPLA2 contained 50 mM
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) at pH 8.0 and 5 mM CaCl2.
The enzymatic reaction was performed in a 96-well plate using a Benchmark Scientific
H5000-H MultiTherm heating shaker for 30 min at 40 ◦C. Each reaction was quenched
with 120 µL of MeOH/acetonitrile (80/20, v/v). The samples were analyzed using an
HPLC−MS system, which was constituted of a Shimadzu SCL-10A system controller with
two LC-10AD liquid pumps connected to an Analytical Sales & Products column controller
instrument, a CTC Analytics PAL autosampler platform and an AB Sciex 4000 QTRAP
triple quadrupole/linear ion trap hybrid mass spectrometer.

2.9.5. Rat-Paw Carrageenan-Induced-Edema Assay

The anti-inflammatory activities of selected aminobenzothiazole derivatives were
determined by employing the rat-paw carrageenan-induced-edema assay, as previously
described [18]. Only male animals (180–220 g body weight) were used. Each group was
composed of five animals. The animals were divided into three five-membered groups, and
all the tested compounds were suspended in water (0.01 mmol/mL/kg body weight), with a
few drops of Tween 80, and ground in a mortar before being administered intraperitoneally
simultaneously. After treatment with the tested compounds in group 1, a 2nd group was
used as a positive control (indomethacin at 0.01 mmol/mL/kg body weight, i.p.), and
another group (3rd) served as the control in which water was administered (negative
control). The compounds were injected intraperitoneally at the same time as carrageenan
was given by intradermal injection. The rats were euthanized 3.5 h post-injection. The
weight of the uninjected with carrageenan paw was subtracted from the weight of the
injected paw for each animal. The change in paw weight for the treated animals was
compared to that for the control animals and expressed as the percent inhibition of edema.
The values of CPE % are the means from three different experiments with standard errors
of the mean less than 10%. The statistical significance of the results was established with
Student’s t-test, for * p < 0.01 and ** p < 0.05. All the animal experiments performed in the
manuscript were conducted in compliance with institutional guidelines. Our studies were
in accordance with recognized guidelines on animal experimentation (guidelines for the
care and use of laboratory animals published by the Greek Government 160/1991, based
on EU regulations 86/609). The rats were kept in the Centre of the School of Veterinary
Medicine (EL54 BIO42), Aristotle University of Thessaloniki, which is registered by the
official state veterinary authorities (presidential degree 56/2013, in harmonization with
the European Directive 2010/63/EEC). The experimental protocols were approved by the
Animal Ethics Committee of the Prefecture of Central Macedonia (no. 270079/2500).

3. Results and Discussion
3.1. Synthesis of Inhibitors

A series of N-acylated 2-aminobenzothiazoles, benzoxazoles and benzimidazoles
were synthesized by the general coupling procedures depicted in Scheme 1. N-Acylated 2-
aminobenzothiazoles, as well as the corresponding benzoxazoles and benzimidazoles (5a–f),
were prepared by coupling the appropriate carboxylic acid 4a,b with 2-aminobenzothiazole
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(3a), 2-aminobenzoxazole (3b) or 2-aminobenzimidazole (3c) (Coupling A, Scheme 1) using
EDCI·HCl as the coupling reagent, in the presence of HOBt. In the same manner, car-
boxylic acid 6 or α,β-unsaturated carboxylic acids 8a,b were coupled with 3a to produce
compounds 7 and 9a,b (Couplings B and C, Scheme 1). For the synthesis of 11, carboxylic
acid 10 was converted to the corresponding chloride and reacted with 3a (Coupling D,
Scheme 1).

Scheme 1. Coupling for the synthesis of N-acylated 2-aminobenzothiazoles and related heterocycles.
(a) EDCI·HCl, Et3N, HOBt, dry CH2Cl2, 0 ◦C to rt; (b) SOCl2; (c) 3a, Et3N, CH2Cl2.

Compound 14 was the product of a coupling between benzothiazole-2-carboxylic acid
(13) and amine 12, by the EDCI/HOBt method (Scheme 2).

Scheme 2. Coupling using benzothiazole-2-carboxylic acid (13). (a) EDCI·HCl, Et3N, HOBt, dry
CH2Cl2, 0 ◦C to rt.

Carbamates 16a,b were prepared in a two-step reaction from benzylic alcohols 15a,b.
The first step included conversion into chloroformates by treatment with triphosgene,
which then reacted with 2-aminobenzothiazole (3a) in the presence of triethylamine and
4-DMAP (Scheme 3).
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Scheme 3. Synthesis of carbamate derivatives. (a) Triphosgene, Et3N, CH2Cl2, 0 ◦C to rt; (b) 3a,
4-DMAP, Et3N, THF, reflux.

N-Alkylated 2-aminobenzothiazoles and thiazoles were synthesized starting from
primary alcohols 17a–d through a reductive amination reaction, as shown in Scheme 4.
Alcohols 17a–d were oxidized to the corresponding aldehydes, which reacted with 2-
aminobenzothiazole (3a), 2-aminothiazole (20) or 2-amino-3-(trifluoromethoxy)benzothiazole
(21) to produce either hemiaminal ethers 18a–h or, directly, the final amines 19a–h. In most
cases, the hemiaminal ethers were formed and could be isolated and studied for their
inhibitory activity. The further heating of the hemiaminal ethers 18a–h in a reductive
environment afforded the target compounds (Scheme 4).

Scheme 4. Synthesis of N-alkylated 2-aminobenzothiazoles and thiazoles via reductive amination. (a)
C6H5I(O2CCH3)2, 10% cat. TEMPO, dry CH2Cl2; (b) i. 2-aminobenzothiazole (3a), 2-aminothiazole
(20) or 2-amino-6-(trifluoromethoxy)benzothiazole (21), Na2SO4, absolute MeOH; ii. NaBH4; (c)
NaBH4, absolute MeOH, 80 ◦C.

N-Alkylated 2-aminobenzoxazoles 23a–d were synthesized through a metal-free oxida-
tive amination of benzoxazole with amines 22a–d, using TBAI, TBHP and acetic acid [34],
as depicted in Scheme 5.
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Scheme 5. Benzoxazole amination. (a) TBAI, TBHP, CH3COOH, benzoxazole, MeCN, 50 ◦C.

N-Alkylated 2-aminobenzothiazoles 25a,b, containing an oxygen atom attached to
the naphthalene ring, were synthesized through the substitution of bromides 24a,b by
2-aminobenzothiazole (3a), under alkaline conditions and reflux (Scheme 6).

Scheme 6. Synthesis of N-alkylated 2-aminobenzothiazoles 25a,b. (a) 3a, K2CO3, DMF, reflux.

3.2. Study of the Suppression of PGE2 Generation in Mesangial Cells

All the compounds synthesized were evaluated for their ability to suppress the pro-
duction of PGE2, using renal mesangial cells as a model, as described in our previous
studies [20,21]. As demonstrated in the past, mesangial cells are involved in various
pathological processes, including inflammation of the renal glomerulus [35]. Upon the stim-
ulation of rat renal mesangial cells with interleukin-1β (IL-1β) plus forskolin (Fk), a huge
increase in PGE2 formation is observed, permitting the evaluation of synthetic compounds
as inhibitors of this generation [20,21,35,36]. The results obtained for the effect of the newly
synthesized compounds at a concentration of 3 µM are summarized in Tables 1 and 2.

Table 1. Inhibition of PGE2 generation by N-acylated 2-aminobenzothiazoles and related heterocycles.

Entry Compound Structure % Inhibition (at 3 µM) EC50 (µM)

1 14 64

2 5a 50

3 5b 96 0.173
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Table 1. Cont.

Entry Compound Structure % Inhibition (at 3 µM) EC50 (µM)

4 9a 28

5 16b 39

6 5d 73

7 5c 49

8 5f 66

9 5e 29

10 11 80 0.916

11 9b 25

12 16a 15

13 7 41

Table 2. Inhibition of PGE2 generation by N-alkylated 2-aminobenzothiazoles and benzoxazoles.

Entry Compound Structure % Inhibition (at 3 µM) EC50 (µM)

1 18a 46
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Table 2. Cont.

Entry Compound Structure % Inhibition (at 3 µM) EC50 (µM)

2 19a 98 0.118

3 23a 95 0.336

4 25a 63

5 23c 87 0.894

6 19d 82 0.399

7 25b 57

8 23d 45

9 18c 0

10 18b 0

11 19c 62

12 19b 96 0.177
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Table 2. Cont.

Entry Compound Structure % Inhibition (at 3 µM) EC50 (µM)

2 19a 98 0.118

13 23b 79

14 19e 88

15 19f 20

16 19g 0

17 19h 0

Initially, an analog of compound 1 (compound 14, entry 1, Table 1), where the carbonyl
group of 1 was incorporated into an amide bond, and two N-acylated derivatives of 2-
aminobenzothiazole (5a and 5b (GK510), entries 2 and 3, Table 1), where the naphthalene
ring is situated at a distance corresponding to two or three carbon atoms away from the
carbonyl group, were evaluated. Compound 14 exhibited weaker inhibitory activity (64%)
in comparison to 1 (85%) [21]. Both compounds 5a and 5b inhibited the generation of
PGE2 (50% and 96%, respectively); however, 5b exhibited potent inhibition, indicating
that the optimum distance between the naphthalene ring and the amide bond corresponds
to two carbon atoms. The insertion of a double bond at the α,β-position (9a, entry 4,
Table 1) or replacement of the amide functionality by a carbamate one (16b, entry 5, Table 1)
destroyed the inhibitory activity (28% and 39%, respectively). The replacement of the
benzothiazole group of 5a and 5b by a benzoxazole group led to active derivatives. The
benzoxazole derivative 5d (entry 6, Table 1), carrying the naphthalene group at a distance
of three carbon atoms from the carbonyl group, exhibited higher inhibitory activity (73%)
than the benzoxazole derivative 5c (49%, entry 7, Table 1), with a shorter linker. When a
benzimidazole group replaced the benzothiazole group of 5a and 5b, a remarkable decrease
in activity was observed. Compound 5f (entry 8, Table 1) inhibited it by 66%, while 5e
(entry 9, Table 1) inhibited it by 29%. The replacement of the naphthalene ring of 5b by a
p-methoxyphenyl ring (compound 11, entry 10, Table 1) resulted in a decrease in inhibitory
potency (80%). Similarly, derivatives carrying a p-methoxyphenyl ring, either 9b (entry
11, Table 1) bearing an α,β-double bond or 16a (entry 12, Table 1) bearing a carbamate
group, presented very weak activity (25% and 15%, respectively). Finally, the insertion of
an oxygen atom, replacing the methylene attached to the naphthalene ring (compound 7,
entry 13, Table 1), led, again, to a decrease in the inhibitory activity (41%).

Next, we explored the replacement of the amide bond of the previous compounds
by either a hemiaminal ether or a methyleneamino functionality. Compound 18a (entry 1,
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Table 2), where the carbonyl group of 5b was replaced by a methoxy group (hemiaminal
ether), was found to present 46% inhibitory activity. Interestingly, the N-alkylated 2-
aminobenzothiazole derivative 19a (GK543) (entry 2, Table 2) proved to be a potent inhibitor,
causing 98% inhibition at 3 µM. Similar potent inhibitory activity (95%) was observed for
the N-alkylated 2-aminobenzoxazole derivative 23a (entry 3, Table 2). The insertion of an
oxygen atom (compound 25a, entry 4, Table 2), replacing the methylene group attached
to the naphthalene ring, resulted in a considerable decrease in the inhibitory potency
(63%), in comparison to 19a. However, in the case of the benzoxazole derivatives, similar
replacement (compound 23c, entry 5, Table 2) led to a slight decrease (87%). Changing the
position of the substituent on the naphthalene group from 2- to 1- (compound 19d, entry
6, Table 2) caused a decrease in the activity (82%), in comparison to 19a. An additional
decrease was observed for compound 25b (entry 7, Table 2), where an oxygen atom replaced
a methylene of 19d. The benzoxazole derivative 23d (entry 8, Table 2), bearing an oxygen
atom, caused an even weaker effect (45%).

Then, the naphthalene ring was replaced by either a p-methoxyphenyl or a phenyl ring.
The hemiaminal ether 18c (entry 9, Table 2) as well as 18b (entry 10, Table 2) did not present
any inhibitory activity. To the contrary, derivative 19c (entry 11, Table 2) inhibited PGE2
generation by 62% and, gratifyingly, N-alkylated 2-aminobenzothiazole 19b (GK562) (entry
12, Table 2) proved to potently suppress PGE2 generation (96%) at 3 µM. The benzoxazole
derivative 23b (entry 13, Table 2) exhibited a reduced activity (79%).

Two derivatives containing a thiazole ring replacing the benzothiazole ring were also
studied. Compound 19e (entry 14, Table 2) inhibited the activity by 88%, while compound
19f (entry 15, Table 2) exhibited a weak effect (20%). Finally, two riluzole-based derivatives
(19 and 19h, entries 16 and 17, respectively, Table 2) were evaluated and found to be inactive.

Taken together, eight novel compounds—N-acylated 2-aminobenzothiazoles 5b and
11; N-alkylated 2-aminobenzothiazoles 19a, 19b and 19d; N-alkylated 2-aminobenzoxazoles
23a and 23c; and N-alkylated 2-aminothiazole 19e—were identified to inhibit the genera-
tion of PGE2 at levels higher than 80% at 3 µM in rat renal mesangial cells. The effect of
these compounds was further studied at various concentrations ranging from 0.1 to 3 µM,
and the results are shown in Figure 2. The EC50 values are summarized in Tables 1 and 2.
N-Acylated 2-aminobenzothiazole 5b and N-alkylated 2-aminobenzothiazoles 19a and
19b were found to exhibit the most potent inhibitory activity, with EC50 values of 173 nM,
118 nM and 177 nM, respectively. As concluded, either N-acylated- or N-alkylated 2-
aminobenzothiazole derivatives were demonstrated to be better inhibitors of PGE2 genera-
tion than the corresponding benzoxazole derivatives. As shown in Figure 2, 19e presented
an unusual biphasic effect, as low concentrations enhanced PGE2, while at higher concen-
trations of 1 µM and 3 µM, PGE2 was efficiently reduced. The reason for this biphasic
effect is presently unclear; however, NSAIDs have been reported to exhibit such biphasic
effects [37].
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Figure 2. Effect of compounds 5b (a), 11 (b), 19a (c), 19b (d), 19d (e), 19e (f), 23a (g) and 23c (h) on
IL-1/Fk-stimulated PGE2 generation in rat mesangial cells. Cells were pretreated for 20 min with the
indicated concentrations of inhibitors and then stimulated for 24 h in the absence (−) or presence (+)
of 1 nM interleukin 1β (IL-1) plus 5 µM forskolin (Fk). PGE2 was quantified in supernatants using
an enzyme-linked immunoassay, as described in the Experimental section. Data are presented as %
of IL-1/Fk stimulation and are means ± S.D.s (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 were
considered statistically significant when comparing with the IL-1/Fk-stimulated samples.

3.3. Study of the In Vivo Anti-Inflammatory Activity

The rat-paw carrageenan-induced edema assay was employed as a model for acute
inflammation to evaluate the anti-inflammatory activity of selected benzothiazole deriva-
tives, as we have previously described for the evaluation of PLA2 inhibitors [18]. Two
of the benzothiazole derivatives, presenting the most potent inhibitory activity in vitro
(5b, EC50 173 nM, and 19a, EC50 118 nM), as well as 19c, presenting weaker activity (62%
at 3 µM), were evaluated at a dose of 0.01 mmol/kg. Indomethacin was used in these
experiments as a reference drug and led to 37.3% inhibition of inflammation at the same
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dose. The results for the in vivo anti-inflammatory activity of 5b, 19a and 19c are presented
in Table 3 and are in accordance with their in vitro inhibitory activity of PGE2 generation.
Two novel benzothiazole derivatives synthesized in the present study, 5b and 19a, exhibited
anti-inflammatory activity higher than that of indomethacin.

Table 3. In vivo anti-inflammatory activity of selected benzothiazole derivatives.

Compound Structure % Reduction of Rat-Paw Edema a

5b 48.4 ** ± 2.16

19a 47.3 * ± 3.06

19c 41.4 * ± 2.16

Indomethacin 37.3 * ± 1.3

a At a concentration of 0.01 mmol/kg. * p < 0.01 and ** p < 0.05, Student’s t-test.

3.4. Inhibition of Phospholipases A2 by 19a

To obtain insight as to the mechanism of action of compound 19a, which was identified
in the present study to exert the most potent in vitro and in vivo activity, its effect on NO
formation in cytokine-stimulated rat mesangial cells and on the ability to inhibit PLA2
activity in vitro was studied. No effect on NO production was observed (Supplementary
Materials, Figure S1), suggesting that 19a is not involved in the NF-kB pathway and
gene transcription [38]. We determined the ability of 19a to inhibit three different human
PLA2s, namely, cytosolic calcium-dependent PLA2 (GIVA cPLA2), secreted PLA2 (GV
sPLA2) and calcium-independent PLA2 (GVIA iPLA2), utilizing a lipidomics assay, as
previously described [32]. Compound 19a was found to inhibit GVIA iPLA2 with an
XI(50) value of 0.03, but did not inhibit GIVA cPLA2 or GV sPLA2 significantly (Figure 3).
The XI(50) is the mole fraction of the inhibitor in the total substrate interface required to
inhibit the enzyme activity by 50%. Although this inhibitory activity is not particularly
potent, this finding suggests that the anti-inflammatory activity of 19a may be attributed,
at least in part, to the inhibition of GVIA iPLA2 and its specific interference with the
prostaglandin pathway. We have previously shown that compound AX048 (ethyl 4-(2-
oxohexadecanamido)butanoate) [17], which, in vivo, presents anti-hyperalgesic activity
and inhibits spinal PGE2 release, inhibits GVIA iPLA2 in vitro with an XI(50) value of
0.027 (a value comparable to that measured for 19a) and GIVA cPLA2 with an XI(50)
value of 0.022 [17]. We have also shown that arachidonoyl trifluoromethyl ketone, a
widely used inhibitor of GVIA iPLA2, inhibits the cytokine-stimulated generation of PGE2
in rat mesangial cells [36] and modulates allodynia after facial carrageenan injection in
mice [39]. Furthermore, the selective GVIA iPLA2 inhibitor FKGK18 (1,1,1-trifluoro-6-(2-
naphthalenyl)-2-hexanone) has been demonstrated to inhibit the generation of PGE2 in
CD4+ T cells [40]. Taken together, the inhibition of PGE2 release and the anti-inflammatory
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activity of 19a may be attributed, at least in part, to the inhibition of GVIA iPLA2. However,
in addition, 19a may exert its anti-inflammatory activity by acting on additional target(s).

Figure 3. Inhibition of PLA2s by 19a (a). Dose–response inhibition curve for GVIA iPLA2 for 19a (b).
The curve was generated using GraphPad Prism with a nonlinear regression targeted to a symmetrical
sigmoidal curve based on plots of % inhibition vs. log(inhibitor concentration). The reported XI(50)
value was calculated from the resultant plot.

4. Conclusions

We have developed various routes for the synthesis of N-acylated and N-alkylated
2-aminobenzothiazoles, and we have synthesized a series of such compounds and related
benzoxazoles and benzimidazoles. All the compounds synthesized were evaluated for
their ability to inhibit the cytokine-stimulated PGE2 release at a cellular level, employing
a rat mesangial cell model. We have identified three novel compounds exhibiting potent
inhibition of PGE2 generation. 2-Aminobenzothiazole acylated by a 3-(naphthalen-2-
yl)propanoyl moiety (5b), as well as 2-aminobenzothiazole N-alkylated by a three carbon-
atom chain carrying either a naphthalene (19a) or a phenyl (19b) ring, was found to
suppress PGE2 formation with EC50 values of 173 nM, 118 nM and 177 nM, respectively.
The inhibitors 5b and 19a were also found to exhibit anti-inflammatory activity greater than
that of indomethacin in a rat-paw carrageenan-induced edema assay. The inhibition of PGE2
release and the anti-inflammatory activity of the most potent compound, 19a, identified
in the present study may be attributed, at least in part, to the inhibition of GVIA iPLA2.
All the above findings suggest that N-acylated and N-alkylated 2-aminobenzothiazoles are
potential novel leads for the development of agents inhibiting PGE2 generation.
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.3390/biom12020267/s1. Table S1. Names and code numbers of tested compounds; Figure S1. Effect
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NMR spectra of the compounds synthesized, and HPLC traces of 5b, 11, 19a, 19b, 19c, 19d, 19e, 23a
and 23c. (PDF).
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Abbreviations

ACN, acetonitrile; 4-DMAP, 4-(dimethylamino)pyridine; AA, arachidonic acid; AD, Alzheimer’s
disease; ATP, adenosine triphosphate; BSA, bovine serum albumin; COX-1, cyclooxygenase-1; COX-2,
cyclooxygenase-2; DMEM, Dulbecco’s modified Eagle’s medium; DMF, N,N-dimethylformamide;
DMSO, dimethyl sulfoxide; DTT, dithiothreitol; EC50, half maximal effective concentrations; EDCI,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; ESI, electrospray ionization; Fk, forskolin; GIVA
cPLA2, group IVA cytosolic phospholipase A2; GVIA iPLA2, group VIA phospholipase A2; GV
sPLA2, group V secreted phospholipase A2; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; HOBt, 1-hydroxybenzotriazole; IL-1, interleukin 1β; LPC, lysophosphatidylcholine; mPGES-1,
microsomal prostaglandin E synthase-1; NSAIDs, non-steroidal anti-inflammatory drugs; PAPC,
1-palmitoyl-2-arachidonoyl-phosphatidylcholine; PGE2, prostaglandin E2; PGH2, prostaglandin H2;
PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PLA2s, phospholipases A2; TBAI, tetrabutylammo-
nium iodide; TBHP, tert-butyl hydroperoxide; TEMPO, (2,2,6,6-τetramethylpiperidin-1-yl)oxyl; THF,
tetrahydrofuran; Tris-HCl, tris(hydroxymethyl)aminomethane hydrochloride.

References
1. Funk, C.D. Prostaglandins and leukotrienes: Advances in eicosanoid biology. Science 2001, 294, 1871–1875. [CrossRef] [PubMed]
2. Dennis, E.A.; Norris, P.C. Eicosanoid storm in infection and inflammation. Nat. Rev. Immunol. 2015, 15, 511–523. [CrossRef]

[PubMed]
3. Miller, S.B. Prostaglandins in health and disease: An overview. Semin. Arthritis Rheum. 2006, 36, 37–49. [CrossRef] [PubMed]
4. Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [CrossRef]
5. Nakanishi, M.; Rosenberg, D.W. Multifaceted roles of PGE2 in inflammation and cancer. Semin. Immunopathol. 2013, 35, 123–137.

[CrossRef] [PubMed]
6. Mizuno, R.; Kawada, K.; Sakai, Y. Prostaglandin E2/EP signaling in the tumor microenvironment of colorectal cancer. Int. J. Mol.

Sci. 2019, 20, 6254. [CrossRef]
7. Woolbright, B.L.; Pilbeam, C.C.; Taylor, J.A. Prostaglandin E2 as a therapeutic target in bladder cancer: From basic science to

clinical trials. Prostaglandins Other Lipid Mediat. 2020, 148, 106409. [CrossRef]
8. Johansson, J.U.; Woodling, N.S.; Shi, J.; Andreasson, K.I. Inflammatory cyclooxygenase activity and PGE2 signaling in models of

Alzheimer’s disease. Curr. Immunol. Rev. 2015, 11, 125–131. [CrossRef]
9. Grösch, S.; Niederberger, E.; Geisslinger, G. Investigational drugs targeting the prostaglandin E2 signaling pathway for the

treatment of inflammatory pain. Expert Opin. Inv. Drugs 2017, 26, 51–61. [CrossRef]
10. Dennis, E.A.; Cao, J.; Hsu, Y.-H.; Magrioti, V.; Kokotos, G. Phospholipase A2 enzymes: Physical structure, biological function,

disease implication, chemical inhibition, and therapeutic intervention. Chem. Rev. 2011, 111, 6130–6185. [CrossRef]
11. Koeberle, A.; Laufer, S.A.; Werz, O. Design and development of microsomal prostaglandin E2 synthase-1 inhibitors: Challenges

and future directions. J. Med. Chem. 2016, 59, 5970–5986. [CrossRef]
12. Kawahara, K.; Hohjoh, H.; Inazumi, T.I.; Tsuchiya, S.; Sugimoto, Y. Prostaglandin E2-induced inflammation: Relevance of

prostaglandin E receptors. Biochim. Biophys. Acta 2015, 1851, 414–421. [CrossRef]
13. Ferrer, M.D.; Busquets-Cortés, C.; Capó, X.; Tejada, S.; Tur, J.A.; Pons, A.; Sureda, A. Cyclooxygenase-2 inhibitors as a therapeutic

target in inflammatory diseases. Curr. Med. Chem. 2019, 26, 3225–3241. [CrossRef]
14. Nikolaou, A.; Kokotou, M.G.; Vasilakaki, S.; Kokotos, G. Small-molecule inhibitors as potential therapeutics and as tools to

understand the role of phospholipases A2. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 2019, 1864, 941–956. [CrossRef]
15. Psarra, A.; Nikolaou, A.; Kokotou, M.G.; Limnios, D.; Kokotos, G. Microsomal prostaglandin E2 synthase-1 inhibitors: A patent

review. Expert Opin. Ther. Pat. 2017, 27, 1047–1059. [CrossRef] [PubMed]
16. Bergqvist, F.; Morgenstern, R.; Jakobsson, P.-J. A review on mPGES-1 inhibitors: From preclinical studies to clinical applications.

Prostaglandins Other Lipid Mediat. 2020, 147, 106383. [CrossRef] [PubMed]
17. Yaksh, T.L.; Kokotos, G.; Svensson, C.I.; Stephens, D.; Kokotos, C.G.; Fitzsimmons, B.; Hadjipavlou-Litina, D.; Hua, X.Y.; Dennis,

E.A. Systemic and intrathecal effects of a novel series of phospholipase A2 inhibitors on hyperalgesia and spinal prostaglandin E2
release. J. Pharmacol. Exp. Ther. 2006, 316, 466–475. [CrossRef] [PubMed]

18. Six, D.A.; Barbayianni, E.; Loukas, V.; Constantinou-Kokotou, V.; Hadjipavlou-Litina, D.; Stephens, D.; Wong, A.C.; Magrioti,
V.; Moutevelis-Minakakis, P.; Baker, S.F.; et al. Structure-activity relationship of 2-oxoamide inhibition of group IVA cytosolic
phospholipase A2 and group V secreted phospholipase A2. J. Med. Chem. 2007, 50, 4222–4235. [CrossRef] [PubMed]

http://doi.org/10.1126/science.294.5548.1871
http://www.ncbi.nlm.nih.gov/pubmed/11729303
http://doi.org/10.1038/nri3859
http://www.ncbi.nlm.nih.gov/pubmed/26139350
http://doi.org/10.1016/j.semarthrit.2006.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16887467
http://doi.org/10.1161/ATVBAHA.110.207449
http://doi.org/10.1007/s00281-012-0342-8
http://www.ncbi.nlm.nih.gov/pubmed/22996682
http://doi.org/10.3390/ijms20246254
http://doi.org/10.1016/j.prostaglandins.2020.106409
http://doi.org/10.2174/1573395511666150707181414
http://doi.org/10.1080/13543784.2017.1260544
http://doi.org/10.1021/cr200085w
http://doi.org/10.1021/acs.jmedchem.5b01750
http://doi.org/10.1016/j.bbalip.2014.07.008
http://doi.org/10.2174/0929867325666180514112124
http://doi.org/10.1016/j.bbalip.2018.08.009
http://doi.org/10.1080/13543776.2017.1344218
http://www.ncbi.nlm.nih.gov/pubmed/28627961
http://doi.org/10.1016/j.prostaglandins.2019.106383
http://www.ncbi.nlm.nih.gov/pubmed/31698145
http://doi.org/10.1124/jpet.105.091686
http://www.ncbi.nlm.nih.gov/pubmed/16203828
http://doi.org/10.1021/jm0613673
http://www.ncbi.nlm.nih.gov/pubmed/17672443


Biomolecules 2022, 12, 267 23 of 23

19. Kokotos, G.; Feuerherm, A.J.; Barbayianni, E.; Shah, I.; Sæther, M.; Magrioti, V.; Nguyen, T.; Constantinou-Kokotou, V.; Dennis,
E.A.; Johansen, B. Inhibition of group IVA cytosolic phospholipase A2 by thiazolyl ketones in vitro, ex vivo, and in vivo. J. Med.
Chem. 2014, 57, 7523–7535. [CrossRef]

20. Vasilakaki, S.; Barbayianni, E.; Magrioti, V.; Pastukhov, O.; Constantinou-Kokotou, V.; Huwiler, A.; Kokotos, G. Inhibitors of
secreted phospholipase A2 suppress the release of PGE2 in renal mesangial cells. Bioorg. Med. Chem. 2016, 24, 3029–3034.
[CrossRef]

21. Psarra, A.; Theodoropoulou, M.A.; Erhardt, M.; Mertiri, M.; Mantzourani, C.; Vasilakaki, S.; Magrioti, V.; Huwiler, A.; Kokotos, G.
α-Ketoheterocycles able to inhibit the generation of prostaglandin E2 (PGE2) in rat mesangial cells. Biomolecules 2021, 11, 275.
[CrossRef] [PubMed]

22. Kamal, A.; Syed, M.A.; Mohammed, S.M. Therapeutic potential of benzothiazoles: A patent review (2010–2014). Expert Opin.
Ther. Pat. 2015, 25, 335–349. [CrossRef] [PubMed]

23. Gill, R.K.; Rawal, R.K.; Bariwal, J. Recent advances in the chemistry and biology of benzothiazoles. Arch. Pharm. Chem. Life Sci.
2015, 348, 155–178. [CrossRef] [PubMed]

24. Keri, R.S.; Patil, M.R.; Patil, S.A.; Budagumpi, S. A comprehensive review in current developments of benzothiazole-based
molecules in medicinal chemistry. Eur. J. Med. Chem. 2015, 89, 207−251. [CrossRef] [PubMed]

25. Zhao, H.; Dietrich, J. Privileged scaffolds in lead generation. Expert Opin. Drug Discov. 2015, 10, 781−790. [CrossRef] [PubMed]
26. Bellingham, M.C. A review of the neural mechanisms of action and clinical efficiency of riluzole in treating amyotrophic lateral

sclerosis: What have we learned in the last decade? CNS Neurosci. Ther. 2011, 17, 4–31. [CrossRef] [PubMed]
27. Smith, B.; Chang, H.H.; Medda, F.; Gokhale, V.; Dietrich, J.; Davis, A.; Meuillet, E.J.; Hulme, C. Synthesis and biological activity of

2-aminothiazoles as novel inhibitors of PGE2 production in cells. Bioorg. Med. Chem. Lett. 2012, 22, 3567–3570. [CrossRef]
28. Chini, M.G.; Giordano, A.; Potenza, M.; Terracciano, S.; Fischer, K.; Vaccaro, M.C.; Colarusso, E.; Bruno, I.; Riccio, R.; Koeberle,

A.; et al. Targeting mPGES-1 by a combinatorial approach: Identification of the aminobenzothiazole scaffold to suppress PGE2
levels. ACS Med. Chem. Lett. 2020, 11, 783−789. [CrossRef]

29. Amnerkar, N.K.; Bhusari, K.P. Synthesis, anticonvulsant activity and 3D-QSAR study of some prop-2-eneamido and 1-acetyl-
pyrazolin derivatives of aminobenzothiazole. Eur. J. Med. Chem. 2010, 45, 149–159. [CrossRef]

30. Li, F.; Shan, H.; Chen, L.; Kang, Q.; Zou, P. Direct N-alkylation of amino-azoles with alcohols catalyzed by an iridium complex/base
system. Chem. Commun. 2012, 48, 603–605. [CrossRef]

31. Pfeilschifter, J.; Kurtz, A.; Bauer, C. Role of phospholipase C and protein kinase C in vasoconstrictor-induced prostaglandin
synthesis in cultured rat renal mesangial cells. Biochem. J. 1986, 234, 125–130. [CrossRef]

32. Mouchlis, V.D.; Armando, A.; Dennis, E.A. Substrate-specific inhibition constants for phospholipase A2 acting on unique
phospholipid substrates in mixed micelles and membranes using lipidomics. J. Med. Chem. 2019, 62, 1999–2007. [CrossRef]
[PubMed]

33. Mouchlis, V.D.; Chen, Y.; McCammon, J.A.; Dennis, E.A. Membrane allostery and unique hydrophobic sites promote enzyme
substrate specificity. J. Am. Chem. Soc. 2018, 140, 3285–3291. [CrossRef] [PubMed]

34. Froehr, T.; Sindlinger, C.P.; Kloeckner, U.; Finkbeiner, P.; Nachtsheim, B.J. A metal-free amination of benzoxazoles—The first
example of an iodide-catalyzed oxidative amination of heteroarenes. Org. Lett. 2011, 13, 3754−3757. [CrossRef]

35. Huwiler, A.; Staudt, G.; Kramer, R.M.; Pfeilschifter, J. Cross-talk between secretory phospholipase A2 and cytosolic phospholipase
A2 in rat renal mesangial cells. Biochim. Biophys. Acta Lipids Lipid Metab. 1997, 1348, 257–272. [CrossRef]

36. Huwiler, A.; Feuerherm, A.J.; Sakem, B.; Pastukhov, O.; Filipenko, I.; Nguyen, T.; Johansen, B. The ω3-polyunsaturated fatty acid
derivatives AVX001 and AVX002 directly inhibit cytosolic phospholipase A2 and suppress PGE2 formation in mesangial cells:
AVX compounds as novel cPLA2 inhibitors. Br. J. Pharmacol. 2012, 167, 1691–1701. [CrossRef] [PubMed]

37. Calabrese, E.J. Prostagladins: Biphasic dose responses. Crit. Rev. Toxicol. 2001, 31, 475–487. [CrossRef] [PubMed]
38. Eberhardt, W.; Plüss, C.; Hummel, R.; Pfeilschifter, J. Molecular mechanisms of inducible nitric oxide synthase gene expression by

IL-1b and cAMP in rat mesangial cells. J. Immunol. 1998, 160, 4961–4969. [PubMed]
39. Yeo, J.-F.; Ong, W.-Y.; Ling, S.-F.; Farooqui, A.A. Intracerebroventricular injection of phospholipases A2 inhibitors modulates

allodynia after facial carrageenan injection in mice. Pain 2004, 112, 148–155. [CrossRef]
40. Bone, R.N.; Gai, Y.; Magrioti, V.; Kokotou, M.G.; Ali, T.; Lei, X.; Tse, H.M.; Kokotos, G.; Ramanadham, S. Inhibition of Ca2+-

independent phospholipase A2β (iPLA2β) ameliorates islet infiltration and incidence of diabetes in NOD mice. Diabetes 2015, 64,
541–554. [CrossRef] [PubMed]

http://doi.org/10.1021/jm500192s
http://doi.org/10.1016/j.bmc.2016.05.017
http://doi.org/10.3390/biom11020275
http://www.ncbi.nlm.nih.gov/pubmed/33668480
http://doi.org/10.1517/13543776.2014.999764
http://www.ncbi.nlm.nih.gov/pubmed/25579497
http://doi.org/10.1002/ardp.201400340
http://www.ncbi.nlm.nih.gov/pubmed/25682746
http://doi.org/10.1016/j.ejmech.2014.10.059
http://www.ncbi.nlm.nih.gov/pubmed/25462241
http://doi.org/10.1517/17460441.2015.1041496
http://www.ncbi.nlm.nih.gov/pubmed/25959748
http://doi.org/10.1111/j.1755-5949.2009.00116.x
http://www.ncbi.nlm.nih.gov/pubmed/20236142
http://doi.org/10.1016/j.bmcl.2012.03.013
http://doi.org/10.1021/acsmedchemlett.9b00618
http://doi.org/10.1016/j.ejmech.2009.09.037
http://doi.org/10.1039/C1CC14861C
http://doi.org/10.1042/bj2340125
http://doi.org/10.1021/acs.jmedchem.8b01568
http://www.ncbi.nlm.nih.gov/pubmed/30615445
http://doi.org/10.1021/jacs.7b12045
http://www.ncbi.nlm.nih.gov/pubmed/29342349
http://doi.org/10.1021/ol201439t
http://doi.org/10.1016/S0005-2760(97)00073-8
http://doi.org/10.1111/j.1476-5381.2012.02114.x
http://www.ncbi.nlm.nih.gov/pubmed/22831644
http://doi.org/10.1080/20014091111767
http://www.ncbi.nlm.nih.gov/pubmed/11504175
http://www.ncbi.nlm.nih.gov/pubmed/9590244
http://doi.org/10.1016/j.pain.2004.08.009
http://doi.org/10.2337/db14-0097
http://www.ncbi.nlm.nih.gov/pubmed/25213337

	1
	Materials and Methods 
	General Chemistry Methods 
	General Procedure for the Synthesis of Amides 5a–f, 7, 9a,b, 14 
	N-(Benzo[d]Thiazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5a) 
	N-(Benzo[d]Thiazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5b, GK510) 
	N-(Benzo[d]Oxazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5c) 
	N-(Benzo[d]Oxazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5d) 
	N-(1H-Benzo[d]Imidazol-2-yl)-3-(Naphthalen-2-yl)Propanamide (5e) 
	N-(1H-Benzo[d]Imidazol-2-yl)-4-(Naphthalen-2-yl)Butanamide (5f) 
	N-(Benzo[d]Thiazol-2-yl)-2-(Naphthalen-2-yloxy)Acetamide (7) 
	(E)-N-(Benzo[d]Thiazol-2-yl)-3-(Naphthalen-2-yl)Acrylamide (9a) 
	(E)-N-(Benzo[d]Thiazol-2-yl)-3-(4-Methoxyphenyl)Acrylamide (9b) 
	N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazole-2-Carboxamide (14) 

	N-(Benzo[d]Thiazol-2-yl)-3-(4-Methoxyphenyl)Propanamide (11) 
	General Procedure for the Synthesis of Carbamates 16a,b 
	4-Methoxybenzyl Benzo[d]Thiazol-2-ylcarbamate (16a) 
	Naphthalen-2-ylmethyl Benzo[d]Thiazol-2-ylcarbamate (16b) 

	General Procedure for the Synthesis of Hemiaminal Ethers 18a–h 
	N-(1-Methoxy-3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazol-2-Amine (18a) 
	N-(1-Methoxy-3-Phenylpropyl)Benzo[d]Thiazol-2-Amine (18b) 
	N-(1-Methoxy-3-(4-Methoxyphenyl)Propyl)Benzo[d]Thiazol-2-Amine (18c) 
	N-(1-Methoxy-3-(Naphthalen-1-yl)Propyl)Benzo[d]Thiazol-2-Amine (18d) 
	N-(1-Methoxy-3-(Naphthalen-2-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (18g) 
	N-(1-Methoxy-3-(Naphthalen-1-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (18h) 

	General Procedure for the Reduction of Hemiaminal Ethers to 2-Aminobenzothiazoles 19a–h 
	N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Thiazol-2-Amine (19a, GK543) 
	N-(3-Phenylpropyl)Benzo[d]Thiazol-2-Amine (19b, GK562) 
	N-(3-(4-Methoxyphenyl)Propyl)Benzo[d]Thiazol-2-Amine (19c) 
	N-(3-(Naphthalen-1-yl)Propyl)Benzo[d]Thiazol-2-Amine (19d) 
	N-(3-(Naphthalen-1-yl)Propyl)Thiazol-2-Amine (19e) 
	N-(3-Phenylpropyl)Thiazol-2-Amine (19f) 
	N-(3-(Naphthalen-2-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (19g) 
	N-(3-(Naphthalen-1-yl)Propyl)-6-(Trifluoromethoxy)Benzo[d]Thiazol-2-Amine (19h) 

	General Procedure for the Synthesis of 2-Aminobenzoxazoles 23a–d 
	N-(3-(Naphthalen-2-yl)Propyl)Benzo[d]Oxazol-2-Amine (23a) 
	N-(3-(4-Methoxyphenyl)Propyl)Benzo[d]Oxazol-2-Amine (23b) 
	N-(2-(Naphthalen-2-yloxy)Ethyl)Benzo[d]Oxazol-2-Amine (23c) 
	N-(2-(Naphthalen-1-yloxy)Ethyl)Benzo[d]Oxazol-2-Amine (23d) 

	General Procedure for the Synthesis of 2-Aminobenzothiazoles 25a,b 
	N-(2-(Naphthalen-2-yloxy)Ethyl)Benzo[d]Thiazol-2-Amine (25a) 
	N-(2-(Naphthalen-1-yloxy)Ethyl)Benzo[d]Thiazol-2-Amine (25b) 

	Biological Assays 
	Cell Culture 
	Quantification of PGE2 
	Statistical Analysis 
	In Vitro PLA2 Activity Assay 
	Rat-Paw Carrageenan-Induced-Edema Assay 


	Results and Discussion 
	Synthesis of Inhibitors 
	Study of the Suppression of PGE2 Generation in Mesangial Cells 
	Study of the In Vivo Anti-Inflammatory Activity 
	Inhibition of Phospholipases A2 by 19a 

	References

