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ABSTRACT

Tuberculosis (TB), caused by Mycobacterium tuberculosis,
remains a leading global health challenge, exacerbated by
the emergence of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) strains. One promising therapeutic tar-
get is the enzyme enoyl-acyl carrier protein reductase
(InhA), which plays a vital role in the biosynthesis of mycolic
acids, essential components of the bacterial cell wall. Direct
inhibition of InhA offers a potential strategy for overcoming
resistance mechanisms, particularly in cases where the acti-
vation of conventional drugs like isoniazid is compromised.
This study investigates two novel series of InhA inhibitors
based on thiadiazole and tetrahydropyran lead compounds,
originally identified through high-throughput screening by
GSK. Analogues were synthesised using the copper-cata-
lysed azide-alkyne cycloaddition (CuAAC) click reaction,
and their inhibitory activity was tested against InhA.
Among the tested compounds, only one exhibited modest
inhibitory activity, with an ICs; of 11 umol L7, while others
were inactive. Interestingly, during the synthetic efforts, a
novel reaction was discovered between aryl methyl ketones
and ethynylmagnesium bromide, yielding 1,3-diols, as con-
firmed by X-ray diffraction analysis. These findings under-
score the challenges of optimising InhA inhibitors and high-
light the potential of synthetic innovations in exploring new
synthetic pathways.

Keywords: tuberculosis, InhA, direct inhibitors, click reac-
tion, 1,3-diol synthesis

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tuberculosis), remains one
of the world’s leading infectious diseases, with millions of new cases and deaths annually
(1). This pathogen is distinguished by its robust cell wall, rich in mycolic acids, which
contributes to its resistance to many drugs and environmental stresses (2). The increasing
prevalence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB under-
scores the urgent need for novel therapeutic targets and treatments (3).
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One promising target in TB drug development is the enzyme enoyl-acyl carrier pro-
tein reductase (InhA), a key component in the fatty acid synthesis pathway in M. tubercu-
losis. InhA is directly involved in synthesising mycolic acids, which are essential for main-
taining the bacterial cell wall’s integrity and thus its survival (4). InhA has gained attention
due to its role in resistance to the frontline anti-TB drug isoniazid (INH). INH functions as
a prodrug and must undergo enzymatic activation by KatG, a bifunctional catalase-peroxi-
dase. Under KatG-mediated catalysis, INH is oxidised to form a reactive isonicotinoyl
radical, which subsequently reacts with NADH to generate a nicotinoyl-NAD adduct that
binds to and inhibits InhA. Mutations in the KatG gene, responsible for activating INH,
often render the drug ineffective, a major issue in TB treatment (5). Direct inhibition of
InhA, bypassing KatG activation, offers a potential strategy for overcoming INH resis-
tance (6).

Various chemical classes have emerged as direct InhA inhibitors, binding directly to
the enzyme to block its activity without requiring KatG activation. Early studies identified
triclosan analogues (Fig. 1) as effective InhA inhibitors, with structural optimisations
yielding compounds with enhanced potency (7, 8). Ibrahim and colleagues synthesised
diphenyl ether derivatives linked to oxadiazoles (9), achieving significant antitubercular
activity, while other researchers explored macrocyclic and di-triclosan derivatives to
improve selectivity and potency (10, 11). High-throughput screening also identified novel
inhibitors, such as Genz-10850 (GEQ) (Fig. 1), leading to the development of derivatives
with nanomolar-range InhA inhibitory activity (12, 13).

Three novel classes of direct InhA inhibitors have recently shown promising in vivo
efficacy in murine TB models, making them potential candidates for TB drug develop-
ment. One such compound, NITD-916 (Fig. 1), a 4-hydroxy-2-pyridone, was identified
through high-throughput screening and demonstrated efficacy in mouse models of M.
tuberculosis, M. abscessus, and M. fortuitum infections (14, 15). In 2018, boron-containing
compounds were introduced as another novel InhA inhibitor class, with AN12855 emerg-
ing as a lead compound (Fig. 1). AN12855 exhibited strong bactericidal activity against
drug-resistant M. tuberculosis strains by targeting InhA's substrate-binding site and demon-
strated favourable pharmacokinetics, achieving dose-dependent efficacy in both acute and
chronic murine TB models comparable to INH (16).

In 2013, a thiadiazole series capable of inhibiting Inh A independently of KatG activa-
tion was identified. Structural studies revealed unique binding interactions within InhA,
establishing a novel mode of inhibition and demonstrating potent antimycobacterial activ-
ity (17, 18). In 2015, a thorough structure-activity relationship (SAR) study expanded on this
series, optimising the thiadiazole scaffold to enhance potency and drug-like properties.
The best compound exhibited nanomolar-range InhA inhibition, submicromolar MICs,
and favourable pharmacokinetics, marking significant progress in developing direct InhA
inhibitors (19). Recently, further development of this inhibitor class yielded GSK693 and
GSK138 (Fig. 1), which were tested in murine TB models and demonstrated efficacy in
combination with first-line and novel TB regimens (20). GSK138, in particular, showed
enhanced pharmacokinetics and bactericidal activity, supporting the potential of direct
InhA inhibitors to combat drug-resistant TB and enhance existing treatment options. The
same high-throughput screening campaign at GlaxoSmithKline (GSK) that led to the dis-
covery of GSK693 and GSK138 also identified a tetrahydropyran-based direct InhA inhibi-
tor (Fig. 1, compd. 1) with a similar binding mode but a completely different scaffold (21).
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Fig. 1. Chemical structures of representative direct InhA inhibitors with their ICy, values (12-17, 20,
21).

In this study, we designed, synthesised, and evaluated two series of compounds for
their inhibitory activity against the InhA enzyme. These series were based on thiadiazole
(Fig. 1, GSK138, GSK693 and compd. 7) and tetrahydropyran (Fig. 1, compd. 1) lead com-
pounds initially identified by GSK through high-throughput screening. The CuAAC click
reaction was employed to rapidly and efficiently synthesise new analogues. While com-
pounds showed poor inhibitory activity against InhA, the synthesis process led to the
discovery of an intriguing reaction between aryl methyl ketones and the Grignard reagent
ethynylmagnesium bromide, resulting in the formation of 1,3-diols. The structure of two
of these products was confirmed by X-ray diffraction analysis, providing valuable insights
for future investigations.

EXPERIMENTAL

Materials and methods

All chemicals were purchased from Sigma-Aldrich, Apollo Scientific, TCI, BLDpharm,
and Acros and were used as received without further purification. Analytical thin-layer
chromatography (TLC) was performed on Merck silica gel plates (60 F,s,, 0.25 mm) and
visualised under ultraviolet light. NMR spectra (‘H and *C) were recorded on a Bruker
AVANCE III 400 MHz NMR spectrometer using CDCl,;, DMSO-d,, or methanol-d, as sol-
vents. Chemical shifts were referenced to tetramethylsilane (TMS) or residual solvent
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peaks. Mass spectrometry (MS) data were acquired using a Thermo Scientific Q Exactive
Plus mass spectrometer.

General procedure A. —2.7 mol L™ n-butyllithium (1-BuLi) in hexane (3.75 mL, 1.5 equiv,
7.5 mmol) was added dropwise to a solution of ethynyltrimethylsilane (1.41 mL, 1.0 equiv,
10.0 mmol) in anhydrous tetrahydrofuran (THE, 5 mL) at —78 °C under an inert atmosphere.
The mixture was stirred for 15 minutes before the dropwise addition of the appropriate
ketone (1.0 equiv, 5.0 mmol) dissolved in anhydrous THF (5 mL). The reaction mixture was
allowed to gradually warm to room temperature and stirred for 15 hours. The reaction was
quenched by adding a saturated solution of ammonium chloride (2 mL), followed by the
addition of 1 mol L™ tetrabutylammonium fluoride (TBAF) in THF (25 mL). The mixture
was stirred for an additional 30 minutes. The solvent was removed under reduced pres-
sure, and the residue was dissolved in ethyl acetate (EtOAc, 60 mL). The organic layer was
washed sequentially with water (2 x 30 mL) and brine (30 mL), then dried over anhydrous
sodium sulphate. The solvent was evaporated under reduced pressure to yield the crude
product.

General procedure B. — Tris(triphenylphosphine)copper(I) bromide (0.05 equiv) was
added to a mixture of the appropriate alkyne (1.0 equiv) and azide (1.0 equiv). The reaction
mixture was stirred under neat conditions at 40 °C for 15 hours. If the azide and alkyne did
not form a homogeneous mixture, a few drops of dichloromethane (DCM) were added to
create a uniform solution. The DCM was then allowed to evaporate, and the reaction was
continued under neat conditions.

General procedure C. — The appropriate alkyne (1.0 equiv) and azide (1.0 equiv) were
dissolved in a mixture of EtOAc and methanol (MeOH) (4:1, 5 mL per 1 mmol of azide).
Copper(I) bromide (0.05 equiv) and triethylamine (0.1 equiv) were added, and the reaction
mixture was stirred at 40 °C for 15 hours. After completion, the reaction mixture was di-
luted with EtOAc and washed sequentially with 5 % trisodium citrate solution and brine.
The organic layer was dried over anhydrous sodium sulphate, and the solvent was removed
under reduced pressure to afford the crude product.

General procedure D. — To a solution of aryl methyl ketone (1.0 equiv, 3 mmol) in tetra-
hydrofuran (THF, 2 mL) at 0 °C, 0.5 mol L ! ethynylmagnesium bromide in THF (12 mL, 2.0
equiv, 6 mmol) was added dropwise. The reaction mixture was stirred for 15 hours, after
which a saturated solution of ammonium chloride (1 mL) was added, and the THF was
removed under reduced pressure. The residue was suspended in EtOAc (50 mL), trans-
ferred to a separatory funnel, and washed sequentially with water (2 x 20 mL) and brine
(30 mL). The organic phase was dried over anhydrous sodium sulphate, and the solvent
was evaporated under reduced pressure.

The list of the prepared compounds 1-8 is given in Table I and their spectral data in
Table II.

Ethyl 1-(2,6-difluorobenzyl)-1H-pyrazole-3-carboxylate (1). — Sodium hydride (NaH, 1.76 g,
60 % in paraffin, 1.3 equiv, 42 mmol) was added to a solution of ethyl 1H-pyrazole-3-
-carboxylate (5.22 g, 1.1 equiv, 37.2 mmol) in anhydrous tetrahydrofuran (THF) cooled in
an ice bath. The reaction mixture was stirred at 0 °C for 30 minutes, after which
2-(bromomethyl)-1,3-difluorobenzene (7.00 g, 1.0 equiv, 33.8 mmol) was added. The reac-
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tion mixture was then allowed to warm to room temperature and stirred for 15 hours. The
reaction was quenched by adding 2 mL of a saturated solution of ammonium chloride, and
the solvents were removed under reduced pressure. The resulting residue was suspended
in EtOAc (150 mL). The organic phase was washed sequentially with water (40 mL), a satu-
rated solution of sodium bicarbonate (40 mL), 1 mol L™ hydrochloric acid (40 mL), and
brine (40 mL), then dried over anhydrous sodium sulphate. The solvent was evaporated
under reduced pressure, and the residue was washed with hexane (3 x 30 mL) to afford the
desired product (92 %) as a white solid.

(1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methanol (2). — A solution of iodine (2.38 g, 1.0
equiv, 9.4 mmol) in tetrahydrofuran (THF, 25 mL) was added dropwise to a suspension of
ethyl 1-(2,6-difluorobenzyl)-1H-pyrazole-3-carboxylate (2.5 g, 1.0 equiv, 9.4 mmol) and
sodium borohydride (852 mg, 2.4 equiv, 22.5 mmol) in THF (30 mL) cooled in an ice bath.
Once hydrogen evolution ceased, the reaction mixture was refluxed for 15 hours. The reac-
tion mixture was then cooled in an ice bath and quenched by the dropwise addition of
MeOH until the solution became completely clear. The solvents were evaporated under
reduced pressure, and the residue was treated with 5 % sulfuric acid (30 mL). The resulting
suspension was stirred for 1 hour. DCM (150 mL) was added, and the mixture was trans-
ferred to a separatory funnel. The organic phase was washed sequentially with a saturated
solution of sodium bicarbonate (40 mL) and brine (40 mL), then dried over anhydrous
sodium sulphate. The solvent was removed under reduced pressure, and the crude product
was purified by flash column chromatography on silica gel (eluent: EtOAc/hexane, gradient
from 1:2 to 3:2) to yield the desired product (79 %) as a white solid.

3-(Azidomethyl)-1-(2,6-difluorobenzyl)-1H-pyrazole (3). - Methanesulfonyl chloride (600 mg,
1.5 equiv, 5.2 mmol) was added dropwise to a solution of (1-(2,6-difluorobenzyl)-1H-
pyrazol-3-yl)methanol (782 mg, 1.0 equiv, 3.5 mmol) and N,N-diisopropylethylamine
(DIPEA, 1.21 mL, 2.0 equiv, 7.0 mmol) in DCM (30 mL) cooled in an ice bath. The reaction
progress was monitored by TLC, which after 30 minutes indicated complete consumption
of the starting alcohol. The reaction mixture was transferred to a separatory funnel, and
an additional 30 mL of DCM was added. The organic phase was washed sequentially with
a saturated solution of sodium bicarbonate (40 mL), 1 mol L™ hydrochloric acid (40 mL),
and brine (40 mL), then dried over anhydrous sodium sulphate. The solvent was evapo-
rated under reduced pressure, and the residue was dissolved in dimethylformamide (25 mL).
Sodium azide (NaNj,, 680 mg, 3.0 equiv, 10.5 mmol) was added to the solution, and the reac-
tion mixture was stirred at 65 °C for 15 hours. The mixture was then diluted with EtOAc
(100 mL), transferred to a separatory funnel, and washed with water (5 x 40 mL) and brine
(40 mL). The organic layer was dried over anhydrous sodium sulphate, and the solvent
was removed under reduced pressure. The crude product was purified by flash column
chromatography on silica gel (eluent: EtOAc/hexane, gradient from 1:6 to 1:2) to afford the
desired product (67 %) as a colourless liquid.

2-(4-Methylthiazol-2-yl)but-3-yn-2-ol (4a). — (23) 2.7 mol L™ n-BuLi in hexane (13.2 mL,
1.2 equiv, 35.6 mmol) was added dropwise to a solution of 4-methylthiazole (2.75 mL, 1.0
equiv, 30.2 mmol) in anhydrous tetrahydrofuran (THF, 100 mL) at =78 °C under an inert
atmosphere. The reaction mixture was stirred at —78 °C for 30 minutes, followed by the
dropwise addition of 1-(trimethylsilyl)propan-2-one (5.0 mL, 1.0 equiv, 30.2 mmol). The
mixture was allowed to gradually warm to room temperature and stirred for an addi-
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tional 15 hours. The reaction was quenched by the addition of a saturated solution of
ammonium chloride (10 mL), followed by 1 mol L' TBAF in THF (25 mL). The resulting
mixture was stirred for 30 minutes. The solvent was removed under reduced pressure, and
the residue was dissolved in EtOAc (100 mL). The organic layer was washed sequentially
with water (2 x 70 mL) and brine (70 mL), then dried over anhydrous sodium sulphate.
After solvent removal under reduced pressure, the crude product was purified by flash
column chromatography on silica gel (eluent: EtOAc/hexane, gradient from 1:4 to 1:2),
affording the desired product (55 %) as a white solid.

2-(Pyridin-2-yl)but-3-yn-2-ol (4b). — (24) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, gradient from 1:2 to 1:1), affording the desired product
in 44 % yield.

2-(Pyridin-3-yl)but-3-yn-2-ol (4c). — (25) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, gradient from 1:2 to 1:1), affording the desired product
in 32 % yield.

2-(Pyridin-4-yl)but-3-yn-2-ol (4d). — (26) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, 1:1), affording the desired product in 31 % yield.

2-(3-Fluoropyridin-2-yl)but-3-yn-2-ol (4e). — (27) The compound was prepared according
to the General procedure A. The crude product was purified by flash column chromatog-
raphy on silica gel (eluent: EtOAc/hexane, 1:5), affording the desired product in 69 % yield.

2-(Pyrazin-2-yhbut-3-yn-2-ol (4f). — (28) The compound was prepared according to the
general procedure A. The crude product was purified by flash column chromatography on
silica gel (eluent: EtOAc/hexane, gradient from 1:4 to 1:2), affording the desired product in
29 % yield.

2-(Pyrimidin-2-yl)but-3-yn-2-ol (4g). — (29) The compound was prepared according to
the General procedure A. The crude product was purified by flash column chromatogra-
phy on silica gel (eluent: EtOAc/hexane, 1:1), affording the desired product in 33 % yield.

2-(2-Methoxyphenyl)but-3-yn-2-ol (4h). — (25) The compound was prepared according to
the General procedure A. The crude product was purified by flash column chromatogra-
phy on silica gel (eluent: EtOAc/hexane, 1:8), affording the desired product in 37 % yield.

2-(4-Methoxyphenyl)but-3-yn-2-ol (4i). — (30) The compound was prepared according to
the General procedure A. The crude product was purified by flash column chromatogra-
phy on silica gel (eluent: EtOAc/hexane, gradient from 1:6 to 1:4), affording the desired
product in 34 % yield.

2-(m-Tolyl)but-3-yn-2-ol (4j). — (31) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, gradient from 1:6 to 1:4), affording the desired product
in7 % yield.
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2-(Benzold][1,3]dioxol-5-yl)but-3-yn-2-ol (4k). — (32) The compound was prepared accord-
ing to the General procedure A. The crude product was purified by flash column chroma-
tography on silica gel (eluent: EtOAc/hexane, gradient from 1:6 to 1:4), affording the desired
product in 29 % yield.

2-(4-(Dimethylamino)phenyl)but-3-yn-2-ol (41). — (33) The compound was prepared accord-
ing to the General procedure A. The crude product was purified by flash column chroma-
tography on silica gel (eluent: EtOAc/hexane, 1:4), affording the desired product in 26 %
yield.

2-(5-Bromothiophen-2-yl)but-3-yn-2-ol (4m). — The compound was prepared according
to the General procedure A. The crude product was purified by flash column chromato-
graphy on silica gel (eluent: EtOAc/hexane, 1:6), affording the desired product in 35 % yield.

2-(Thiophen-2-yl)but-3-yn-2-ol (4n). — (34) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, 1:6), affording the desired product in 59 % yield.

2-(4-Nitrophenyl)but-3-yn-2-ol (40). — (35) The compound was prepared according to the
General procedure A. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, 1:6), affording the desired product in 42 % yield.

2-(2,6-Difluorophenyl)but-3-yn-2-ol (4p). — (36) The compound was prepared according
to the General procedure A. The crude product was purified by flash column chromato-
graphy on silica gel (eluent: EtOAc/hexane, 1:8), affording the desired product in 69 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2, 3-triazol-4-yI)-1-(4-methyl-
thiazol-2-yl)ethan-1-ol (5a). — The compound was prepared according to the General proce-
dure B. The crude product was purified by flash column chromatography on silica gel
(eluent: EtOAc/hexane, 2:1), affording the desired product in 88 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(pyridin-2-
yDethan-1-ol (5b). — The compound was prepared according to the General procedure C.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 4:1), affording the desired product in 36 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-y)methyl)-1H-1,2, 3-triazol-4-yl)-1-(pyridin-3-
ylDethan-1-ol (5¢). - The compound was prepared according to the General procedure B. The
crude product was purified by flash column chromatography on silica gel (eluent: EtOAc/
hexane, gradient from 2:1 to 1:0), affording the desired product in 84 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2, 3-triazol-4-yl)-1-(pyridin-4-
yDethan-1-ol (5d). — The compound was prepared according to the General procedure C.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 2:1), affording the desired product in 39 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(3-fluoropyri-
din-2-yl)ethan-1-ol (5e). - The compound was prepared according to the General procedure B.
The crude product was purified by flash column chromatography on silica gel (eluent: EtO-
Ac/hexane, gradient from 1:1 to 2:1), affording the desired product in 97 % yield.
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1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-y)methyl)-1H-1,2, 3-triazol-4-yI)-1-(pyrazin-2-
yDethan-1-ol (5f). - The compound was prepared according to the General procedure B. The
crude product was purified by flash column chromatography on silica gel (eluent: EtOAc/
hexane, 2:1), affording the desired product in 68 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2, 3-triazol-4-y)-1-(pyrimidin-
2-yl)ethan-1-ol (5g). — The compound was prepared according to the General procedure B.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 2:1), affording the desired product in 62 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-y)methyl)-1H-1,2,3-triazol-4-yl)-1-(2-methoxy-
phenyl)ethan-1-ol (5h). — The compound was prepared according to the General procedure
B. The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, gradient from 1:1 to 2:1), affording the desired product in 97 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2, 3-triazol-4-yl)-1-(4-methoxy-
phenyl)ethan-1-ol (5i). — The compound was prepared according to the General procedure
B. The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, gradient from 2:1 to 3:2), affording the desired product in 67 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(m-tolyl)
ethan-1-ol (5j). — The compound was prepared according to the General procedure B. The
crude product was purified by flash column chromatography on silica gel (eluent: EtOAc/
hexane, gradient from 1:1 to 2:1), affording the desired product in 58 % yield.

1-(Benzo[d][1,3]dioxol-5-yI)-1-(1-((1-(2,6-difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)ethan-1-ol (5k). — The compound was prepared according to the General
procedure B. The crude product was purified by flash column chromatography on silica
gel (eluent: EtOAc/hexane, 1:1), affording the desired product in 51 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(4-
(dimethylamino)phenyl)ethan-1-ol (51). - The compound was prepared according to the Gene-
ral procedure B. The crude product was purified by flash column chromatography on silica
gel (eluent: EtOAc/hexane, 2:1), affording the desired product in 77 % yield.

1-(5-Bromothiophen-2-yl)-1-(1-((1-(2,6-difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2, 3-
triazol-4-yl)ethan-1-ol (5m). — The compound was prepared according to the General proce-
dure B. The crude product was purified by flash column chromatography on silica gel
(eluent: EtOAc/hexane, 1:1), affording the desired product in 73 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-y)methyl)-1H-1,2, 3-triazol-4-yl)-1-(thiophen-2-
yl)ethan-1-ol (5n). — The compound was prepared according to the General procedure B.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 1:1), affording the desired product in 85 % yield.

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(4-nitrophe-
nyl)ethan-1-ol (50). — The compound was prepared according to the General procedure B.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 1:1), affording the desired product in 70 % yield.
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1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-triazol-4-yI)-1-(2,6-difluo-
rophenyl)ethan-1-ol (5p). — The compound was prepared according to the General procedure
B. The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, 1:1), affording the desired product in 72 % yield.

2,4-Bis(4-methylthiazol-2-yl)hex-5-yne-2,4-diol (mixture of diastereomers) (6a). — The com-
pound was prepared according to General procedure D. The crude product was purified
by flash column chromatography on silica gel (eluent: EtOAc/hexane, gradient from 1:3 to
1:1), affording the desired product in 11 % yield.

2,4-Di(pyridin-2-yl)hex-5-yne-2,4-diol (6b). — The compound was prepared according to
General procedure D. Crystals of the compound formed in the oily residue after the initial
workup of the reaction mixture and were subsequently isolated, affording the desired
product in 26 % yield.

2,4-bis(3-Fluoropyridin-2-ylhex-5-yne-2,4-diol (6¢). — The compound was prepared accord-
ing to General procedure D. Crystals of the compound formed in the oily residue after the
initial workup of the reaction mixture and were subsequently isolated, affording the
desired product in 31 % yield.

2,4-bis(4-Nitrophenyl)hex-5-yne-2,4-diol (6d). —- The compound was prepared according
to General procedure D. The crude product was purified by flash column chromatography
on silica gel (eluent: EtOAc/hexane, gradient from 1:3 to 1:1), affording the desired product
in 13 % yield.

2,4-bis(2,6-Difluorophenyl)hex-5-yne-2,4-diol (6e). — Crystals of the compound formed in
the oily residue after the initial workup of the reaction mixture and were subsequently
isolated, affording the desired product in 17 % yield.

2,4-Bis(3,5-bis(trifluoromethyl)phenyl)hex-5-yne-2,4-diol (6f). — The compound was pre-
pared according to General procedure D. The crude product was purified by flash column
chromatography on silica gel (eluent: EtOAc/hexane, gradient from 1:6 to 1:1), affording the
desired product in 78 % yield.

4-(Azidomethyl)-N-((4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)benzamide
(7). — 4-(Azidomethyl)benzoic acid (740 mg, 1.0 equiv, 4.2 mmol) was dissolved in DCM
(20 mL), followed by the addition of DMF (50 puL) and dropwise addition of oxalyl chloride
(540 pL, 1.5 equiv, 6.3 mmol). The reaction mixture was stirred on an ice bath for 10 min-
utes and then refluxed at 40 °C for an additional 20 minutes. After the reaction was com-
plete, the solvent was evaporated under reduced pressure. The resulting 4-(azidomethyl)
benzoyl chloride was used in the subsequent reaction without purification.

In a separate flask, (4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methanamine
(1.15 g, 1.0 equiv, 4.2 mmol) was dissolved in DCM (50 mL), to which 4-(azidomethyl)benzoyl
chloride and triethylamine (1.16 mL, 2.0 equiv, 8.3 mmol) were added. The reaction mixture
was stirred in DCM at 0 °C for 15 minutes and then at room temperature for 2 hours. The
reaction mixture was washed in a separatory funnel sequentially with 5 % Na,CO, solution
(50 mL), 1 mol L' HCI (30 mL), and a saturated NaCl solution (30 mL). The organic phase was
dried over anhydrous sodium sulphate. The solvent was evaporated under reduced pres-
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sure. The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, from 1:2 to 2/1), affording the desired product in 48 % yield.

4-((1H-1,2,3-Triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-yDtetrahydro-2H-pyran-4-yl)
methyl)benzamide (8a). — The compound was prepared according to General procedure B
with minor modifications. The reaction was initiated with azide 7 (134 mg, 1.0 equiv,
0.31 mmol) and trimethylsilylacetylene (132 pL, 3.0 equiv, 0.93 mmol) as the alkyne reagent.
Upon completion of the CuAAC reaction, the mixture was dissolved in tetrahydrofuran
(5 mL), followed by the addition of 1 mol L™ TBAF in THF (2 mL). The resulting mixture
was stirred at room temperature for 4 hours. Subsequently, the solvents were removed
under reduced pressure, and the crude product was purified by flash column chromato-
graphy on silica gel (eluent: EtOAc/hexane, gradient from 1:1 to 1:0), affording the desired
product in 33 % yield.

4-((4-((Dimethylamino)methyl)-1H-1,2, 3-triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-yI)
tetrahydro-2H-pyran-4-yl)methyl)benzamide (8b). — The compound was prepared according
to General procedure C, with minor modifications, specifically the use of 2 equivalents of
3-dimethylamino-1-propyne. The crude product was purified by flash column chromatog-
raphy on silica gel (eluent: DCM/MeOH, gradient from 20:1 to 10:1), affording the desired
product in 61 % yield.

1-(4-(((4-(4-Phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)carbamoyl)benzyl)-1H-
1,2,3-triazole-4-carboxamide (8c). — The compound was prepared according to General pro-
cedure C, with minor modifications, specifically the use of 3 equivalents of propiolamide.
The crude product was purified by flash column chromatography on silica gel (eluent:
DCM/MeOH, gradient from 20:1 to 10:1), affording the desired product in 70 % yield.

Ethyl 1-(4-(((4-(4-phenylthiazol-2-y)tetrahydro-2H-pyran-4-yl)methyl)carbamoyl)benzyl)-
1H-1,2,3-triazole-4-carboxylate (8d). — The compound was prepared according to General
procedure C, with minor modifications, specifically the use of 3 equivalents of ethyl pro-
piolate. The crude product was purified by flash column chromatography on silica gel
(eluent: EtOAc/hexane, gradient from 2:1 to 1:0), affording the desired product in 38 %
yield.

1-(4-(((4-(4-Phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)carbamoyl)benzyl)-1H-
1,2,3-triazole-4-carboxylic acid (8e). — Ester 8d (55 mg, 1.0 equiv, 0.10 mmol) was dissolved in
ethanol (5 mL) and to the resulting mixture 2 mol L™ NaOH (1.03 mL, 20.0 equiv, 2.1 mmol)
was added dropwise. After the completion of the reaction, the ethanol was evaporated
under reduced pressure, and the pH of the residue was adjusted to 2 with 1 mol L' HCL.
The mixture was transferred to a separatory funnel and extracted with EtOAc (2 x 20 mL),
the combined organic phases were washed with a saturated solution of NaCl and dried
over Na,SO,. Solvent was evaporated under reduced pressure to yield the desired product
in 74 % yield.

Ester 8d (55 mg, 1.0 equiv, 0.10 mmol) was dissolved in ethanol (5 mL), and 2 mol L
NaOH (1.03 mL, 20.0 equiv, 2.1 mmol) was added dropwise to the resulting mixture. Upon
completion of the reaction, ethanol was evaporated under reduced pressure, and the pH
of the residue was adjusted to 2 using 1 mol L' HCIL. The mixture was transferred to a
separatory funnel and extracted with EtOAc (2 x 20 mL). The combined organic phases
were washed with a saturated NaCl solution and dried over anhydrous sodium sulphate
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(Na,SO,). The solvent was removed under reduced pressure, affording the desired product
in 74 % yield.

4-((4-Cyclopropyl-1H-1,2,3-triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-yl)tetrahydro-2H-
pyran-4-yl)methyl)benzamide (8f). — The compound was prepared according to General pro-
cedure C, with minor modifications, specifically the use of 3 equivalents of cyclopro-
pylacetylene. The crude product was purified by flash column chromatography on silica
gel (eluent: EtOAc/hexane, gradient from 3:1 to 1:0), affording the desired product in 36 %
yield.

4-((4-(3-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-y)tetra-
hydro-2H-pyran-4-yDmethyl)benzamide (8g). — The compound was prepared according to
General procedure C, with minor modifications, specifically the use of 3 equivalents of
3-ethynylanisole. The crude product was purified by flash column chromatography on
silica gel (eluent: EtOAc/hexane, gradient from 1:1 to 3:1), affording the desired product in
83 % yield.

4-((4-Phenyl-1H-1,2,3-triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-y)tetrahydro-2H-py-
ran-4-yl)methyl)benzamide (8h). — The compound was prepared according to General proce-
dure C, with minor modifications, specifically the use of 3 equivalents of phenylacetylene.
The crude product was purified by flash column chromatography on silica gel (eluent:
EtOAc/hexane, gradient from 1:1 to 3:1), affording the desired product in 81 % yield.

N-((4-(4-phenylthiazol-2-yDtetrahydro-2H-pyran-4-yl)methyl)-4-((4-(pyridin-2-yl)-1H-
1,2,3-triazol-1-yl)methyl)benzamide (8i). - The compound was prepared according to General
procedure C, with minor modifications, specifically the use of 3 equivalents of 2-ethynyl-
pyridine. The crude product was purified by flash column chromatography on silica gel
(eluent: DCM/MeOH, gradient from 20:1 to 10:1), affording the desired product in 49 %
yield.

Table 1. The list of the prepared compounds 1-8

Compd. Chemical name Molecular formula

1 Ethyl 1-(2,6-difluorobenzyl)-1H-pyrazole-3-carboxylate C;H,,F,N,O,
2 (1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methanol C,,H,,F,N,O,
3 3-(Azidomethyl)-1-(2,6-difluorobenzyl)-1H-pyrazole C;HgF,N;

4a 2-(4-Methylthiazol-2-yl)but-3-yn-2-ol CgHgNOS

4b 2-(Pyridin-2-yl)but-3-yn-2-ol C,H,NO

4c 2-(Pyridin-3-yl)but-3-yn-2-ol C,HNO

4d 2-(Pyridin-4-yl)but-3-yn-2-ol CyHNO

de 2-(3-Fluoropyridin-2-yl)but-3-yn-2-ol C,HgFNO

4f 2-(Pyrazin-2-yl)but-3-yn-2-ol CgHgN,O
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Compd. Chemical name Molecular formula
4g 2-(Pyrimidin-2-yl)but-3-yn-2-ol C¢HN,O
4h 2-(2-Methoxyphenyl)but-3-yn-2-ol C;H,,0,
4i 2-(4-Methoxyphenyl)but-3-yn-2-ol C,,H,,0,
4j 2-(m-Tolyl)but-3-yn-2-ol C;H;,0,
4k 2-(Benzold][1,3]dioxol-5-yl)but-3-yn-2-ol CH,O;4
41 2-(4-(Dimethylamino)phenyl)but-3-yn-2-ol C,H;sNO
4m 2-(5-Bromothiophen-2-yl)but-3-yn-2-ol CgH,BrOS
4n 2-(Thiophen-2-yl)but-3-yn-2-ol CeH,OS
40 2-(4-Nitrophenyl)but-3-yn-2-ol C,)HNO;
4p 2-(2,6-Difluorophenyl)but-3-yn-2-ol C,oHgF,O

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

%a -triazol-4-yl)-1-(4-methylthiazol-2-yl)ethan-1-ol CroHsFaNeO,
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5b -triazol-4-yl)-1-(pyridin-2-yl)ethan-1-ol CootlisFoNO
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5¢ -triazol-4-yl)-1-(pyridin-3-yl)ethan-1-ol CaoHisFaNO
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5d -triazol-4-yl)-1-(pyridin-4-yl)ethan-1-ol CooHisFaNO,

5 1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3- C.H.EN.O

€ -triazol-4-yl)-1-(3-fluoropyridin-2-yl)ethan-1-ol 200773776

1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5 -triazol-4-yl)-1-(pyrazin-2-yl)ethan-1-ol CootlyENO
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

58 -triazol-4-yl)-1-(pyrimidin-2-yl)ethan-1-ol CooHyFaNAO
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5h -triazol-4-yl)-1-(2-methoxyphenyl)ethan-1-ol CHaFaNsO,

5 1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3- CoH.EN.O

-triazol-4-yl)-1-(4-methoxyphenyl)ethan-1-ol 2T
. 1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-

5 -triazol-4-yl)-1-(m-tolyl)ethan-1-ol CoHn F:NSO

5k 1-(Benzo[d][1,3]dioxol-5-y1)-1-(1-((1-(2,6-difluorobenzyl)-1H-pyra- C.H.F.N.O

zol-3-yl)methyl)-1H-1,2,3-triazol-4-yl)ethan-1-ol 22719275

51 1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3- CH,EN,O

-triazol-4-yl)-1-(4-(dimethylamino)phenyl)ethan-1-ol

196



M. Hrast Rambaher et al.: Development and evaluation of novel InhA inhibitors inspired by thiadiazole and tetrahydropyran series
of inhibitors, Acta Pharm. 75 (2025) 185-218.

Compd.

Chemical name

Molecular formula

1-(5-Bromothiophen-2-yl)-1-(1-((1-(2,6-difluorobenzyl)-1H-pyrazol-

5m -3-yl)methyl)-1H-1,2,3-triazol-4-yl)ethan-1-ol CistiBrEaN;OS
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-
on -triazol-4-yl)-1-(thiophen-2-yl)ethan-1-ol CooHyFaN;05
1-(1-((1-(2,6-Difluorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3-
50 -triazol-4-yl)-1-(4-nitrophenyl)ethan-1-ol CatisFaNeO;
5p 1-(1-((1-(2,6leﬂuorobenzyl)-1H-pyrazol-3-yl)methyl)-1H-1,2,3- C,H,F,N.O
-triazol-4-yl)-1-(2,6-difluorophenyl)ethan-1-ol
6a 2,4-Bis(4-methylthiazol-2-yl)hex-5-yne-2,4-diol C,HN,O,S,
6b 2,4-Di(pyridin-2-yl)hex-5-yne-2,4-diol C,sHisN,O,
6c 2,4-bis(3-Fluoropyridin-2-yl)hex-5-yne-2,4-diol C,cH,FN,O,
6d 2,4-bis(4-Nitrophenyl)hex-5-yne-2,4-diol CisHN,O¢
6e 2,4-bis(2,6-Difluorophenyl)hex-5-yne-2,4-diol C,sH;sN,Oq
6f 2,4-Bis(3,5-bis(trifluoromethyl)phenyl)hex-5-yne-2,4-diol C,,H,,F;,0,
7 4-(Azidomethyl)-N-((4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran- C.H..N.O.S
-4-yl)methyl)benzamide s
8a 4-((1H-1,2,3-Triazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-yl)- C.HL.N.O.S
tetrahydro-2H-pyran-4-yl)methyl)benzamide s
4-((4-(Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-N-
8b ((4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl) CysH3,NO,S
benzamide
8¢ 1-(4-(((4-(4-Phenylthiazol-2-yl)tetrahydro-2 H-pyran-4-yl)methyl)- C.H.N.O.S
carbamoyl)benzyl)-1H-1,2,3-triazole-4-carboxamide B
8d Ethyl 1-(4-(((4-(4-phenylthiazol-2-yl)tetrahydro-2 H-pyran-4-yl)- C.H.N.O.S
methyl)carbamoyl)benzyl)-1H-1,2,3-triazole-4-carboxylate 22T
8e 1-(4-((4-(4-Phenylthiazol-2-yl)tetrahydro-2 H-pyran-4-yl)methyl)- CoH.N.O.S
carbamoyl)benzyl)-1H-1,2,3-triazole-4-carboxylic acid 260255
8f 4-((4-Cyclopropyl-1H-1,2,3-triazol-1-yl)methyl)-N-((4-(4-phenylthi- C.H.N.O.S
azol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)benzamide 28729752
8 4-((4-(3-Methoxyphenyl)-1H-1,2,3-triazol-1-ylymethyl)-N-((4-(4- CoH.NLO.S
8 -phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)benzamide 32T
sh 4-((4-Phenyl-1H-1,2,3-triazol-1-yl)methyl)-N-((4-(4-phenylthiazol- C.HAN.O.S
2-yltetrahydro-2H-pyran-4-yl)methyl)benzamide 3122
8i N-((4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran-4-yl)methyl)-4- CoH,N,O,5

-((4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)benzamide
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Crystallisation and X-ray diffraction

Crystals of compounds 6¢ and 6e spontaneously formed from the oily residue remain-
ing after the initial workup of the reaction mixture, without the need for any specific crystal-
lisation procedure. Single crystal X-ray diffraction data for 6¢ and 6e were collected at 150 K
on a SuperNova diffractometer with an Atlas detector using CrysAlis software with mono-
chromated Mo Ka (0.71073 A) radiation (37). The initial structural models were solved with
direct methods implemented in SHELXT using the Olex2 graphical user interface (38). A
full-matrix least-squares refinement on F2 magnitudes with anisotropic displacement
parameters for all non-hydrogen atoms using Olex2 or SHELXL-2018/3 was performed (38,
39). All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were
placed at calculated positions and treated as riding on their parent atoms, except for O-H
atoms, which were located in the difference Fourier map and their positions and isotropic
displacement parameters were refined. Mercury was used for the preparation of all figures
(39, 40). CCDC deposition numbers 2425328-2425329 contain the supplementary crystallo-
graphic data for compounds 6¢ and 6e included in this paper, respectively.

InhA enzymatic assay

The activity of compounds was measured fluorimetrically by following NADH oxida-
tion at A, =340 nm and A, =480 nm for 10 min at 25 °C. Stock solutions (10 mmol L) of
all compounds were prepared in DMSO, and the final concentration of DMSO in the assay
mixture was 1 % V/V. Reactions were initiated by the addition of InhA (60 nmol L) to
solutions containing the inhibitor (100 pmol L), 2-trans-dodecenoyl-coenzyme A
(DD-CoA, 50 pmol L), and NADH (100 umol L) in 30 mmol L™ PIPES, pH 6.8. All com-
pounds were soluble under the conditions of the assay. Control reactions were carried out
under the same conditions but without the inhibitor and with 1 % V/V DMSO. The inhibi-
tory activity of each compound was expressed as the percentage of InhA activity inhibi-
tion relative to the control reaction without the inhibitor. The IC;, value of 5a was deter-
mined at seven different concentrations of inhibitor in the same conditions as described
above. The resulting data were analysed using the GraphPad Prism software.

Docking experiments

Preparation of the Grid Box. — Grid boxes enclosing the native ligands in the X-ray crys-
tal structures with PDB IDs 50IT and 4QBP were prepared in Maestro (41) with dimen-
sions similar to those of the workspace ligand. Tyr158 was set as a rotatable residue; how-
ever, no constraints were applied during the process.

Preparation of ligands. — Molecules were drawn using ChemDraw 18 (PerkinElmer,
USA), and OpenBabel 3.1.1(42) was used to convert the structures to SMILES format. These
structures were subsequently imported into the Maestro program and prepared using
LigPrep from the Schrodinger Suite (41). The conformations of the molecules were gene-
rated using the OPLS4 force field and ionised with Epik at a target pH of 7 + 2. The
conformers were stored in Maestro format for subsequent docking studies.

Preparation of proteins. — Protein structures were prepared using the Protein Prepara-
tion Wizard implemented in the Schrodinger Suite in Maestro (41). Water molecules, except
for those associated with the NADPH cofactor, were removed. Bond orders were auto-

206



M. Hrast Rambaher et al.: Development and evaluation of novel InhA inhibitors inspired by thiadiazole and tetrahydropyran series
of inhibitors, Acta Pharm. 75 (2025) 185-218.

matically assigned, hydrogens were added, selenomethionines were converted to methio-
nines, and missing side chains were added. Native ligands were removed, disulfide bridg-
es were created where applicable, and waters beyond a 5 A radius of heteroatoms were
removed. Heteroatoms were protonated to mimic a pH of 7.0. The Impref utility was then
used to perform constrained minimisation of the protein with a maximum root-mean-
square deviation (RMSD) of 0.30 A.

Docking procedure. — Docking simulations were carried out using Glide (43) from the
Schrodinger Suite in extra precision (XP) mode. Compounds were docked into the pre-
defined grid boxes. To soften the potential for nonpolar regions of the ligand, the van der
Waals radii of ligand atoms were scaled using a scaling factor of 0.8, and the partial atom-
ic charges were scaled with a cutoff of 0.15. Flexible ligand sampling and ring conforma-
tion sampling were enabled. Epik state penalties were incorporated into the docking
scores, intramolecular hydrogen bonds were rewarded, and conjugated m-groups were
assigned enhanced planarity. Post-docking minimisation was performed with strain cor-
rection terms applied, and no constraints were enforced during docking.

Visualisation of results. — Docking poses were analysed and visualised using Schroding-
er’s Maestro. The original ligand coordinates were used as references to compare the bind-
ing positions of the docked m (41) and further prepared using LigPrep (44) from the
Schrodinger Suite. The conformations of the molecules were generated using the OPLS4
force field and ionised using Epik (45) at a target pH of 7 + 2. The conformers were finally
stored in Maestro format for further docking.

RESULTS AND DISCUSSION
Design and synthesis

In our previous efforts, we explored the chemical space of thiadiazole- and tetrahy-
dropyran-based InhA inhibitors by systematically introducing small structural modifica-
tions and evaluating their effects on inhibitory activity (21). However, this approach was
time-consuming, as the synthesis of each compound required a linear, multi-step synthe-
sis. To accelerate the synthesis of these compounds, we employed click chemistry, specifi-
cally copper-catalysed azide-alkyne cycloaddition (CuAAC). In this design strategy, the
left-hand side of the molecule, responsible for interacting with the lipophilic region of the
active site, was retained as a constant, whereas the right-hand side, which forms a network
of hydrogen bonds, was systematically varied. For compounds based on the thiadiazole
lead, the thiadiazole moiety was replaced with a triazole ring (Fig. 2), formed via CuAAC
between an azide group incorporated into the constant left-hand side and an alkyne moi-
ety introduced into the variable right-hand side. Similarly, for compounds based on the
tetrahydropyran lead, the pyrazole moiety was substituted with a triazole ring, generated
through the reaction of an azide group on the constant left-hand side and an alkyne moiety
on the variable right-hand side.

Synthesis of compounds based on the thiadiazol lead compound

The synthesis of compounds based on the thiadiazole inhibitor began with the prepa-
ration of the left-hand-side azide (Scheme 1A). The process started with the reaction of
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Fig. 2. Thiadiazol and tetrahydropyran lead compounds (left) and the proposed analogues featuring
the highlighted 1,2,3-triazole (right).

ethyl 1H-pyrazole-3-carboxylate with 2-(bromomethyl)-1,3-difluorobenzene in the pres-
ence of the strong base sodium hydride (NaH), yielding compound 1. Subsequently, the
ethyl ester group in compound 1 was reduced to an alcohol (compound 2) using in situ-
generated borane. In the next step, alcohol 2 was converted to the corresponding mesylate
via reaction with mesyl chloride. The mesyl ester was then treated with sodium azide to
produce the left-hand-side azide 3.

For the synthesis of the right-hand-side alkynes, several strategies were explored.
Thiazole 4a was synthesised by deprotonating methylthiazole at the 2-position using
n-BulLi, followed by the reaction of the resulting methylthiazole anion with the carbonyl
group of 4-(trimethylsilyl)but-3-yn-2-one. The final step involved the removal of the tri-
methylsilyl group using tetrabutylammonium fluoride, yielding thiazole 4a (Scheme 1B).

Attempts to prepare other alkynes initially involved the addition of ethynylmagne-
sium bromide (a Grignard reagent) to ketones. However, these reactions produced a mix-
ture of products, with 1,3-diols being the major components. This reaction is further dis-
cussed in the section Synthesis of 1,3-diols. The successful strategy involved the
deprotonation of ethynyltrimethylsilane with n-BuLi, followed by the addition of the
appropriate ketone to generate the desired product. The trimethylsilyl group was then
cleaved with TBAF in the final step to produce the alkynes 4b—p (Scheme 1C). CuAAC
between the synthesised azide 3 and alkynes 4a—p was performed in DCM, using
tris(triphenylphosphine)copper(I) bromide or copper(I) bromide as the catalysts to pro-
duce the final products 5a—p (Scheme 1D).

Synthesis of 1,3-diols

As described in the previous chapter, initial attempts to synthesise alkynes 4b, 4e, and
4p via the addition of ethynylmagnesium bromide to the corresponding aryl methyl
ketones predominantly yielded 1,3-diols as the major products (Scheme 2). To further
investigate this unexpected outcome, various reaction parameters were explored, includ-
ing temperature (0 °C and —80 °C), the equivalents of ethynylmagnesium bromide (1 or 2
equiv), and the choice of aryl methyl ketones. The results indicated that higher reaction
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Scheme 1. Reagents and conditions: (i) NaH, THEF, 0 °C; (ii) NaBH,, I,, THE, 0 °C; (iii) MsCl, Et;N, DCM,
0 °C; (iv) NaN;, DME, 65 °C; (v) n-BuLi, THE, -80 °C; (vi) TBAF, r.t.; (vii) tris(triphenylphosphine)
copper(l) bromide, DCM, 40 °C.

yields of 6 were obtained at 0 °C and when 2 equivalents of ethynylmagnesium bromide
were used. Notably, the significant formation of 1,3-diols occurred only when the aryl
methyl ketones featured aryl groups with electron-withdrawing properties. In contrast,
aryl methyl ketones with electron-donating substituents (e.g., 4-methoxyacetophenone)
predominantly underwent direct addition of ethynylmagnesium bromide to the carbonyl
group.

Regarding the reaction mechanism, we propose a tentative pathway (Scheme 3) to
rationalise the formation of 1,3-diols. In the first step, ethynylmagnesium bromide likely
acts as a base, deprotonating the methyl group of the aryl methyl ketone to generate an
enolate anion. This enolate may then attack the carbonyl group of another aryl methyl
ketone, resulting in the formation of a keto-alkoxide intermediate. The requirement for
sufficient acidity in the starting aryl methyl ketones could explain why electron-withdraw-
ing groups in the aryl moiety facilitate the reaction. Subsequently, a nucleophilic attack by
ethynylmagnesium bromide on the carbonyl group of the intermediate may lead, after
protonation, to the formation of the 1,3-diol product 6.

The absolute stereochemistry of compounds 6¢ and 6e was determined by single-crystal
X-ray diffraction and confirmed to be a mixture of the (R,R)- and (S,S5)-enantiomers. Based
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Scheme 2. Reagents and conditions: (i) THF, 0 °C.

on the 'H NMR spectra, compounds 6b, 6d, and 6f are also presumed to be diastereo-
merically pure, likely representing the same pair of enantiomers. In contrast, the 'H and
13C NMR spectra of compound 6a show duplicated signals, indicative of a mixture of dia-
stereomers. While additional experiments specifically focused on elucidating the stereo-
chemical course of the reaction would provide more definitive insights, such studies fall
beyond the scope of the present work.

Similar 1,3-diol structures have been previously reported by Jiao and co-workers (46,
47), who utilised isopropenyl acetate as the starting material in reactions with either aryl
or arylalkynyl Grignard reagents, yielding 1,3-diols predominantly in the anti-configura-
tion. In contrast, although the present methodology was not primarily designed to control
stereochemistry, it appears to preferentially afford 1,3-diols with the syn-configuration, as
confirmed by X-ray crystallographic analysis of selected products (with the exception of
compound 6a). This divergence in stereochemical outcome underscores the complemen-
tary nature of our transformation and provides an alternative route to access stereochemi-
cally defined 1,3-diols.

Compound 6c crystallises in the centrosymmetric group P2,/c with two molecules in
the asymmetric unit (Fig. 3). The fluoropyridyl rings are stacked at a 17.12° angle and
centroid-centroid distance of 3.578 A. This conformation is further locked by two intramo-
lecular hydrogen bonds O13-H13--010 (d(H-O) = 2.051 A) and 010-H10--N1 (d(H-N) =
1.905 A). On the other hand, compound 6e also crystallizes in a centrosymmetric group
with two moleculs, both the §,S and the R,R enantiomer in the asymmetric unit (Fig. 3).
The difluorophenyl rings are in a stacked conformation as well, with smaller slanting with
angles between aromatic ring planes of 13.63° and 14.56° and a shorter centroid-centroid
distances (3.511 A and 3.470 A). The molecule B in the crystal structure shows a partial
racemic disorder evidenced by residual electron density (2.27 eA-3) in proximity of the
methyl group and a slightly larger ellipsoid size of the terminal acetylene C atom, how-

+ + Mg2*
_ MgBr _ MgBr = =
o) o) OH OH
Ar~"“CH Z Ar-NCH HyC™ MAr Ar \ H
3 N 2 3 ) 'CH3 Vi Hs Vi 3
R N 6

Scheme 3. Proposed reaction mechanism for the formation of 1,3-diols.
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021A
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021B

Fig. 3. Crystal structures of compounds 6¢ (left) and 6e (right). Thermal ellipsoids are drawn at 35 %
probability level. Only hydrogen atoms bound to heteroatoms are shown for better clarity.

ever, we were unable to refine the structural model using positional disorder (Table III).
The hydrogen bond network is different as molecules form a catemer along the crystallo-
graphic axis a. The bond distance values in the O21B-H21B--022B, O22B-H22B--022A,
022A-H22A-021A, 021A-H21A--O21B’ catemer range from 1.870 A to 1.972 A.

Synthesis of tetrahydropyran-based compounds

For the tetrahydropyran series, azide 7 was synthesised from 4-(azidomethyl)benzoic
acid and (4-(4-phenylthiazol-2-yl)tetrahydro-2H-pyran-4-ylymethanamine (21) via the cor-
responding acid chloride intermediate. In the next step, a CuA AC reaction between azide
7 and various small alkynes was carried out to yield the final compounds, except for 8a
and 8e, which required additional transformations (Scheme 4). For compound 8a, trimethyl-
silylacetylene was used as the alkyne reagent, and the resulting product underwent treat-
ment with TBAF to remove the trimethylsilyl moiety. Compound 8e was obtained by
hydrolysis of ethyl ester 8d.

Table I11. Crystal data and structure refinement for 6¢ and 6e

Compd. 6¢ 6e
Sample code moc70 moc61
CCDC deposition number 2425328 2425329
Empirical formula C,H,FoN,O, CsH,F,O,
Relative molecular mass 304.29 338.29
Temperature/K 150.00(10) 150.00(10)
Crystal system monoclinic monoclinic
Space group P2,/c P2,/n
a/A 8.0271 (3) 12.5027(6)
b/A 16.8908(6) 16.3529(8)
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Compd. 6¢ 6e
/A 10.8155(4) 14.7705(7)
af° 90 90
(/e 104.716(4) 93.449(5)
v/° 90 90
Volume/A3 1418.31(9) 3014.4 (3)
Z 4 8
Ouate g €M 1.425 1.491
w/mm™ 0.113 0.129
F(000) 632.0 1392.0
Crystal size/mm? 0.3x0.3x0.2 0.6x04x04
Mo Ka Mo Ka
Radiation
(A =0.71073) (A =0.71073)
20 range for data collection/° 4.824 to 54.958 4.838 to 58.816
-9<h<10, -17<h <15,
Index ranges -21<k<21, -17<k <22,
-13<1<13 -15<1<20
Reflections collected 18761 13311
3225 7077
Independent reflections [R;, =0.0322, [R;, =0.0251,
R jgma = 0.0232] Rigma = 0.0407]
Data/restraints/parameters 3225/0/205 7077/0/439
Goodness-of-fit on F? 1.055 1.085
_ _ R, =0.0373, R, = 0.0965,
Final R indexes [I>=20 (I)]
wR, =0.0851 wR, =0.2632
. . R, =0.0499, R, =0.1211,
Final R indexes [all data]
WR, = 0.0945 WR, = 0.2827
Largest diff. peak/hole / e A 0.30/-0.22 2.27/-0.59

Photographs of the crystals

InhA inhibition testing results

The prepared compounds were evaluated for their ability to inhibit InhA. Among the
thiadiazole-based compounds, only compound 5a, a direct analogue of the lead com-
pound, exhibited activity, with an IC; of 11 umol L. All other compounds in this series
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C;Ei x@ &@ ﬁé@m
. A A A A &@3 O O

Scheme 4. Reagents and conditions: (i) oxalyl chloride, DMF_,,, CH,Cl,, 0 °C; (ii) Et;N, CH,Cl,, THF, 0 °C;

cat/

(iii) CuBr, Et;N, EtOAc/MeOH, 40 °C; (iv) tris(triphenylphosphme)copper(I) bromide, DCM, 40 °C.

were inactive. According to the crystal structure of the thiadiazole lead compound, the
nitrogen atom in the thiazole ring forms a crucial hydrogen bond with the phosphate
group of NAD" in the active site of InhA. We hypothesised that compounds with nitrogen
atoms in the ortho position, such as 5b, 5e, 5f, and 5g, would retain some activity by form-
ing a similar hydrogen bond. However, these compounds were also inactive.

A potential explanation could be the spatial constraints of the binding pocket, which
may accommodate only a thiazole ring and not larger six-membered heterocycles.
Nevertheless, this does not account for the 1000-fold lower potency of 5a compared to the
lead compound (ICs,= 3 nmol L) (17). The likely reason for this reduced activity is the loss
of the hydrogen bond with Met198, which was also confirmed in our docking experiments
(Fig. 4). The synthesis of the 5 series required replacing the amine group that connects the
thiadiazole and pyrrole moieties in the lead compound with a methylene group, leading
to the loss of this key hydrogen bond.

InhA inhibition was also assessed using tetrahydropyran-based compounds 8a-j.
Among these, 8a, the compound most structurally similar to the lead compound, showed
the highest potency, with an ICy, of 64 pumol L. However, this represents a 1000-fold
decrease in potency compared to the lead tetrahydropyran compound (IC5, = 20 nmol L)
(21). Additionally, 8d, 8g, and 8f were poorly soluble and could not be fully tested; they
showed no activity at lower concentrations. The loss of activity in this series is challenging
to rationalize as even docking experiment could not explain it (Fig. 4). Based on the crystal
structure, the nitrogen at position 2 of the pyrazole ring in the lead compound forms a
hydrogen bond with the phosphate group of NAD", and the triazole in these analogues
should be capable of a similar interaction. These results suggest that the structure-activity
relationship of tetrahydropyran-based compounds is highly constrained and sensitive to
modifications.

Testing the bactericidal activity of these compounds was deemed unnecessary due to
their poor inhibitory performance. Nonetheless, the CuAAC click chemistry approach
used in this study proved effective for rapidly generating a small library of compounds to
explore the chemical space of the target active site. However, it is crucial that we ensure
functional groups critical for key interactions with the target remain intact during com-
pound modification. Furthermore, CuA AC introduces triazole heterocycles into the com-
pounds, which may exacerbate solubility issues, especially if solubility was already a chal-
lenge with the lead compound.
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Fig. 4. Binding poses of thiadiazole (A) and tetrahydropyran (C) lead compounds into InhA binding
site and a comparison with docked ligands 5a (B) and 8a (D).

CONCLUSIONS

This study highlights the challenges of designing effective inhibitors for the InhA
enzyme, even when starting with promising lead structures. Two series of inhibitors
inspired by thiadiazole and tetrahydropyran lead compounds were synthesised using
CuAAC click chemistry. This approach enabled the rapid and efficient generation of two
small compound libraries. However, except for compound 5a, the synthesised inhibitors
failed to demonstrate significant activity against InhA. For the thiadiazole-based com-
pounds, the lack of activity was attributed to the substitution of the amine group with a
methylene moiety. While the amine group forms a crucial hydrogen bond with Met198 in
the active site, the methylene group lacks this capability. Similarly, the tetrahydropyran-
-based compounds were largely inactive, with poor solubility further compounding the
issue. The inactivity of this series was likely due to the narrow SAR inherent to compounds
with this scaffold. Despite the limited biological activity of the synthesised compounds,
the study unveiled a novel reaction involving aryl methyl ketones and ethynylmagnesium
bromide, producing 1,3-diols. The structure of these products was confirmed by X-ray
crystallography, offering valuable contributions to the field of synthetic chemistry. These
findings underscore the importance of preserving key structural features during inhibitor
optimisation and highlight the utility of click chemistry for efficiently exploring chemical
space. Future efforts should prioritise the retention of critical target interactions and the
exploration of alternative scaffolds to develop more potent and selective InhA inhibitors.
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