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Abstract

Tetrahydropyran derivativé was discovered in a high-throughput screening cagnp@® find new
inhibitors of mycobacterial InhA. Following initiah-vitro profiling, a structure-activity relationship
study was initiated and a focused library of anslegas synthesized and evaluated. This yielded

compound42 with improved antimycobacterial activity and loytatoxicity. Additionally, the crystal



structure of InhA in complex with inhibitdt was resolved, to reveal the binding mode and peovid

hints for further optimization.

1. Introduction

Tuberculosis (TB) remains a major global healthbfgm, with an estimated 9 million new cases and
1.5 million deaths per year [1]. Although progréss been made to reduce the global incidence of
TB, the emergence and spread of drug resistaneatédms to undermine these efforts. This includes
both multi-drug resistant TB, which is resistantisoniazid and rifampicin, and extensively drug-
resistant TB, which is resistant to isoniazid, mfacin, any fluoroquinolone, and an injectable drug

(i.e., one of capraomycin, kanamycin, amikacim4R

The mycobacterial fatty-acid biosynthesis pathwagFAS-Il) represents a validated target for drug
discovery, as fatty acids are essential for baaitgmowth and can only be synthesizdgginovo. In
addition, the bacterial FAS-II system is fundaméytaistinct from that of mammals, thus providing
the possibility to selectively target bacteria [Bhe of the enzymes involved in the FAS-II pathway
Mycobacterium tuberculosis (Mtb) is InhA, a NADH-dependent, enoyl-acyl carrier pintreductase.
This is the target of isoniazid, a first-line driay treatment of TB. Isoniazid is a pro-drug that i
enzymatically activated by KatG, a mixed functi@tatase/ peroxidase; this transforms isoniazid into
an unstable species that reacts with the NAD cofaot form a covalent adduct, which subsequently
inhibits InhA activity. Resistance to isoniazidnginly the result of mutations in KatG that reditse
activation of isoniazid, and to a lesser extent,notations in the InhA active site. Therefore,
compounds that directly target InhA and do not negactivation by the mycobacterial catalase/
peroxidase KatG are promising candidates for treatnof infections caused by isonoazid-resistant
strains [67]. As a follow-up of previous reports, we preséetre the synthesis, physicochemical
characterization, biological profiling, and initiagtructure-activity relationships (SARs) of new
tetrahydropyran derivatives of hit compouhg@Figure 1) that was identified by GlaxoSmithKlimea

high-throughput screening (HTS) campaign agairsfIn
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Figure 1. High-throughput screening hit compouhdvith aromatic rings marked.

2. Results and discussion

2.1 Hit validation

Hit compoundl was identified by high-throughput screening adalinsA with the GlaxoSmithKline
compound collection. First, compoutidvas re-synthesized (see below), to complete tialiround

of in-vitro profiling, where it had good InhA inhibitory potgn(ICs, = 0.020uM), moderaten-vitro
antimycobacterial activity (MIC = 114M), and killedMtb inside macrophages (Table 1). In terms of
early safety profiling, compountishowed modest hERG inhibition, with angd©f 50.1uM, and low

cytotoxicity against the HepG2 human cell line (TX 100uM).

Table 1. Profile of compound lin-vitro InhA inhibition, antitubercular activity, and phgschemical

and preliminary safety properties.

MW 486.6 InhA ICso (M) 0.020
ClogP 4.18 Mtb MIC (uM) 11.7
Solubility CLND M) 115  Intracell IC90 (M) 3.98
hERG G, (UM) 44.9  Cell tox HepG2 TOX, (uM) 100

# CLND, solubility values that are within 85% of maximum possible concentration (as determined

from DM SO stock concentration).

We confirmed the relationship between InhA inhtmtiand antimycobacterial MIC through the use of
an InhAyrg overexpressor strain, which showed a 4-fold irmeda MIC compared to the wild type

(Table S1). Compountl was further evaluated against a panel of Gramtpgesand Gram-negative



organisms, and it showed selective activity agdiftitH37Rv (Table S2). Additionally, it was tested
against seven isoniazid-resistant clinical isolatéh characterized mutations either katG (high-
level resistance to isoniazid) or in nucleotideitas 15 upstream of the transcription start site f
inhA (InhA over-expression) [8,9]. Mutations in codon 31%atiG and thanhA promoter are proven
mechanisms of isoniazid resistance. Compoanghowed a small upward shift in MIC against
isoniazid resistance in general, but a more sicgnifi shift was observed in the group of straing tha
overexpressed InhA. An increased MIC of isoniazi@swobserved in paired clinical isolates with
mutations in codon 315 dfatG (Table S3). Analysis of the drug susceptibility tbkese isolates
confirmed that strains carrying thketG mutation showed a high level of resistance toiegsond (MIC
>25 pg/ml) while susceptibility to compourdidwas similar to wild-type (MIC = 15.6-62.5 uM). A
moderate shift in MIC was observed against the groti strains overexpressing InhA, for both

compounds.

2.2 Synthesisand structure-activity relationships

A chemistry-driven approach was used to study tittal SARs of compound. The goal of this
approach was to explore the chemical space thrtwgmtroduction of structural changes to rings A,
C, and D, while leaving ring B and the-((tetrahydro-#-pyran-4-yl)methyl)amide core in place

(Figure 1).

Compoundl and related analo@®-46 were synthesized according to the convergent nowgsented
in Scheme 1. To explore the chemical space aroagdA;, we used either commercially available 4-

substituted benzoic acids or derivati8e$3, which we synthesized (Scheme 1, IV).

The possibility of replacing the methylene linketween rings A and B with an amino group (Figure
1) was assessed. In the first step, palladiumycagdiN-arylation between 4-bromobenzonitrile or 4-
bromobenzoate and commercially available heteraamyines yielded the appropriate 4-substituted
benzoic acid precurso&7 (Scheme 1, 1) [1812]. These were then hydrolyzed to the correspandin
carboxylic acids8-13; acid-catalyzed hydrolysis [13] was used in theecaf nitriles2-5, and base-

catalyzed hydrolysis in the case of esteesd?.



Scheme 1. Synthesis of compoun@s46°

Q
Q OH
+ HaN i R i, R
. R —= Ry M Ry
.

Q= COOEt or CN 2.7 813
R = aromatic heterocycles

NC STN—Ar STN—Ar
QkNHQ SN\—Ar =\ =N
+ ii _ v NC v
o NC N 7 HN
Br- o o
\AAr 14-16 17-19 2022
1
Ar Ar
NC._Ar —Vy A HzN/@
o o
2325 26-28
\" o}

Ro
813 or 20-22 or 26-28 or i N
comercially available + comercially available VI H
benzoic acids amines R g

®Reagents and conditions: (i) #ba, BrettPhos, KCO,;, AcOH, molecular sieves 3 Aert-butanol,
115 °C, 3 h; (ii) HGlony 105 °C, 3 h (for Q = CN) or KOH, 50 °C, 15 h (fogr= COOEY); (iii) THF,
EtN, rt, 2 h; (iv) (CICHCH,),O, DMF, NaH, 0 °C to rt, 4 h; (v) THF, LiAIK 0 °C to rt, 4 h; (vi)

TBTU, EtN, CH,CI,, 0 °Ctort, 1 h, or HATU, BN, DMF, 0 °C to rt, 1 h. For Rand R, see Table 2.

With the aim of exploring the substituent toleraéaing D (Scheme 1, Il), we prepared different
amines as precursogf-22. Initially, 2-bromoacetophenone or its derivativgsre reacted with 2-
cyanothioacetate to form the thiazole$16 [14]. In the next step, the tetrahydropyran ringsw
introduced (compounds7-19), followed by the reduction of the nitrile moietyith LiAIH 4, to give

amines20-22 [15].

For the final set of modifications, ring D was omit, and the thiazole of ring C was replaced by
differently substituted phenyls or pyridin-2-yl. @8ynthetic strategy was the same as for the ssisthe
of amines20-22, except without the first step (Scheme 1, lll).eTtetrahydropyran ring was
constructed by double alkylation of commercial g-acetontiriles with dichlorodiethylether, to yikel
compound£3-25. This was followed by reduction of the nitrile ratyi to give the desired amin26-

28. Commercially available or synthesized amines lagwnizoic acid derivatives were finally coupled



to give the target compound®-46 (Scheme 1, IV; Table 2). The prepared compound® wleen

tested for InhA inhibition, antimycobacterial adtyv againstMtb H37Rv, and cytotoxicity in the

HepG2 cell line (Table 2).

Table 2. Inhibitory potencies and antimycobacterial poteamf compound$ and29-46 againstM.

tuberculosis InhA, and their clogP data, solubility, and cytatity.

o] R,
N
MH%

InhA
Cpd R R, 1Cs MIC (uM)  clogP
(»M)
1 e - 0.02 11.7 4.18
29 (O Ao >1 > 125 4.14
30 o W 3 . >1 > 125 2.76
st v, >100 80 456
32 - - >1 >125 3.26
33 N AN >10 125 2.42
34 gjr\ %iﬁx% >1 125 3.04
<R R 5.56 > 125 3.08
R A > 10 >80 4.4

CLND®

(nM)

115

>396

138

33

193

191

71

48

<1

Cdll tox
HepG2

TOXso (M)

100 (SI=8.5)

79.4

>100

87.1

> 100

>100

79.4

79.4

> 100
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>125
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5.5

4.04

3.2

4.95

4.2

3.64

3.2

3.25

1.78

5.17

12

29

10

72

78

>458

>478

>445

77

12.6

63.1

63.1

20

50.1

50.1

(SI=10.0)

>100

>100

> 100

79.4 (SI=5.0)

% CLND, solubility values that are within 85% of miawum possible concentration (as determined

from DMSO stock concentration).

Correlation was found between InhA inhibition inetibiochemical assay and antimycobacterial

activity for compounds with 1§ values lower than L1M. Above this threshold, the poor agueous

solubility of some of the compounds was most likiidg factor responsible for the lower levels of

correlation. We defined the ratio between the TOX HepG2 cells and thiltb H37Rv MIC as the

selectivity index (SI). Among the compounds actigainstMtb H37Rv, only compound2 showed a

Sl >10 and could be considered noncytotoxic (Ta)leFrom the data in Table 2, it appears that



achieving nanomolar InhA inhibitory potency notynésults in good antimycobacterial potency, but

also leads to less off-target binding, and conseiyu& lower cytotoxicity.

Compound=29-34 were synthesized to determine the importance ®B{b-dimethyl pyrazole moiety
(ring A) and the consequent decrease in lipophjlicCompoundl had a relatively high clogP of 4.18
[16]. The introduction of aliphatic heterocyclespiace of ring A (compound29, 30) resulted in loss

of InhA inhibitory potency along with the antimyantierial activity, regardless of the presence ef th
methylene linker between rings A and B. Furthermtine absence of the methylene linker between
rings A and B (compound3l-34) resulted in complete loss of antimycobacterigivéyg regardless of
the aromatic heterocycle in the place of ring A. Wgothesized that replacement of the methylene
linker between rings A and B with the amino groupgimh contribute towards the formation of
additional hydrogen bonds in the InhA active sitdijle at the same time simplifying the synthetic
introduction of different aromatic heterocycles.wéwer, this substitution yielded compour40

with 1C5o values >10 pM.

Finally, the impact of substitutions in the pherigg (ring D) and the importance of the thiazoleugy
(ring C) were explored (compound$-46). Introduction of the methoxy group to theta-position of
ring D was allowed, as compoudd showed moderate inhibition of InhA, with ans$@f 0.323uM.
The introduction of the methoxy to tleetho-position of ring D resulted in InhA inhibitory pericy in
the nanomolar range (compou#id, 1Cs, = 40 nM) and antimycobacterial potency comparablée
initial hit compoundl. These data suggest that substitution of the phémy is a suitable space for
further optimization in the future. Reductions e thumber of heterocycles, omission of ring D, and
introduction of differently substituted phenyl miés (compoundd3, 44) or pyridin-2-yl (compound
45) in place of ring C resulted in substantial losshe enzymatic and whole cell inhibition potencies
The replacement of the thiazole ring (ring C) ofnpoundl with a phenyl ring (compoundb) led to

a compound with good InhA inhibition and antimycotesial potency, despite poor aqueous

solubility.

2.3 Crydtal structure



To understand the nature of the specific interastidhat underpin InhA inhibition by these
tetrahydropyran derivatives, we solved the X-ragstal structure of compouridbound to InhA in the
presence of the cofactor, NAD (see Figure 2). Tiystal structure shows that compouh@dopts a
U-shape and binds to InhA in the cleft that is naliynoccupied by substrate (Figure S2a). The oleral
binding position of compountlis similar to that observed for the pyrrolidinergmound in the crystal
structure (pdb entry 4COD, Figure S2b) [17]. Theagple on the left-hand side of compounstacks
against the pyridine portion of the NAD, and thegaple 2-nitrogen provides a H-bond interaction
with the 2’-hydroxyl group of NAD. The InhA substeabinding loop, which includes helix6, is
ordered in the structure, and the N-terminal erinfopart of the pyrazole binding pocket. The
methylene linker on the left-hand side of the molecintroduces a kink into the ligand that is
necessary to maintain its shape complementarity tivéé binding site. The central amide of compound
1 has water-bridged interactions with the proteigluding the backbone carbonyl of Met98. The
tetrahydropyran points out of the binding site. Tight-hand side of the molecule is in a deep pbcke

in the protein that is bound on one side by them@iinal end of ordered hels6; it does not have any

specific interactions with the protein.

) Helix o6




Figure 2. Compoundl bound to the active site of InhA. Compoubds shown in green ball-and-
sticks, NAD in thick gray lines, and hydrogen bondsdashed lines. Helixi6 is ordered in the

structure, with Met98 and Tyr158 highlighted. TyBl&dopts an apo orientation.
3. Conclusions

The tetrahydropyran compouddwas identified in a high-throughput screen of @laxoSmithKline
collection, and it showed good InhA inhibitory poty (ICs, = 0.020 uM), moderatein-vitro
antimycobacterial activity (MIC = 11.4M), modest hERG inhibition, and low cytotoxicity agst

the HepG2 human cell line. Following initia-vitro profiling, a SAR study was initiated and a series
of 18 analogs was synthesized and evaluated. Bastte SAR data generated, it appears that rings C
and D can be modified in further optimization efforThe best compound2 in this series
demonstrated InhA inhibitory potency in the nanaanalange (IG = 40 nM), antimycobacterial
potency comparable to compoudadMIC = 5 uM), and a reasonable Sl. Additionally, the crystal
structure of compountl bound into InhA provided information on the binglimode, rationalised the
SARs, and provided insight into the opportunities further structure-based optimisation of InhA

inhibitors.
4. Experimental section

4.1 Materials and methods. Chemicals from Sigma-Aldrich, TCI, and Acros werged without
further purification. All reactions were performedder argon atmosphere, unless otherwise stated.
Analytical TLC was performed on Merck silica gel(62s5) plates (0.25 mm) and visualized with
ultraviolet light. Melting points were determinech a Reichert hot-stage microscope and are
uncorrected’H and**C NMR spectra were recorded on a Bruker AVANCE 400 MHz NMR
spectrometer in CDgland DMSO€s solution, with TMS or residual non-deuterated salvas the
internal standards. Mass spectra were recordedg usinvG-Analytical Q-TOF Premier mass

spectrometer.

4.2 General procedures



4.2.1 General procedure for the palladium-catalyzed N-arylation (compounds 2-7). An oven-
dried pressure tube equipped with a magneticragifbar was charged with fefiba; (4.7 mg, 0.51 mol
%), BrettPhos (11.3 mg, 2.1 mol %).®0; (192 mg, 1.4. mmol, 1.4 equiv.), aryl amine (1 rhndo
equiv.), aryl bromide (1 mmol, 1 equiv.), and aated molecular sieves of 4 A (100 mg). The vessel
was flushed well with argon. Dngrt-butanol (4 mL) and acetic acid (1uEZ, 3 mol %) were added,
and the pressure tube was sealed with a Teflomvszap and placed into an oil bath at 115 °C for 3 h
The reaction mixture was then cooled to room teatpee and filtered. The solvent was removed
under reduced pressure, and the crude product wdfsed by flash chromatography. In the case

where the aryl bromide (ethyl 4-bromobenzoate) avhguid, it was added aftéert-butanol.

4.2.2 General procedurefor the hydrolyss of nitriles to carboxylic acids (compounds 8-11). The

pressure tube equipped with a magnetic stirring@ charged with nitrile and concentrated aqueous
HCI (up to two thirds of the volume). The presstube was sealed with a Teflon screw cap and
placed into an oil bath at 105 °C for 15 h. Thectiem mixture was cooled to room temperature and

the solvent removed under reduced pressure, td tielcrude product.

4.2.3 General procedure for the hydrolysis of estersto carboxylic acids (compounds 12, 13). The
ester (0.3 mmol) was dissolved in a mixture of diwx (4 mL) and water (3 mL). Powdered KOH
(168 mg, 3.0 mmol, 10 equiv.) was added to thisitfmi, and the reaction mixture was stirred at 50

°C overnight.

424 General procedure for the Hantzsch thiazole synthesis (compounds 14-16). The
corresponding 2-bromo-1-(aryl)ethan-1-one derivatiy.02 mol, 1 equiv.) and 2-cyanothioacetamide
(0.02 mol, 1 equiv.) were dissolved in dry THF ¢&Q) followed by the addition of BN (0.022 mol,

1.1 equiv.) (precipitation of a white solid). Theaction mixture was left to react at room tempeeatu
overnight. The solid was filtered off and the filie was concentrated on a rotary evaporator. The
residue was dissolved in EtOAc (200 mL) and washét water (2x 50 mL), saturated aqueous
solution of NaHC@ (2x 50 mL), and brine (50 mL), and dried over,8@, The solvent was

evaporated under reduced pressure.



4.2.5 General procedure for the formation of the tetrahydropyran ring (compounds 17-19, 23-

25). The corresponding arylacetonitrile derivative (1sénol, 1 equiv.) and bis(chloroethyl) ether

(15.6 mmol, 1 equiv.) were dissolved in dry DMF (81), and cooled in an ice-bath. Argon was

passed through the solution, followed by additiér6@% suspension of NaH in mineral oil (31.2

mmol, 2 equiv.), in small portions over 20 min. fh¢he ice-bath was removed and the reaction
mixture was heated at 55 °C for 5 h, with the rieacthen quenched with water. The reaction mixture
was diluted with EtOAc (300 mL), washed with 1 Muaqus HCI (3x 70 mL) and brine (2x 50 mL),

and dried over N&0Q,. The solvent was evaporated under reduced pressure

4.2.6 General procedure for the reduction of nitriles to amines (compounds 20-22 and 26-28). A
solution of a corresponding nitrile derivative @.6hmol, 1 equiv.) in freshly distilled THF (5 mL)
was cooled in an ice-bath, and LiAIKL.25 mmol, 1.25 equiv.) was added. The reactiotiure was
allowed to react overnight at room temperature laghan an ice-bath, and quenched with saturated
agueous solution of NaHG@20 mL). The aqueous phase was extracted with Et@A 30 mL), the
combined organic fractions were dried overn3@,, and the solvent was evaporated under reduced

pressure.

4.2.7 General procedure for the coupling of amines and carboxylic acids A (compounds 1, 29-34,
41-46). To a solution of benzoic acid derivative (0.50 mnpoéquiv.) in CHCI, (7.5 mL) cooled in an
ice-bath, ESN (1.50 mmol, 3 equiv.) and TBTU (0.65 mmol, 1.3ie0g) were added. After 10 min, the
corresponding amine (0.50 mmol, 1 equiv.) was added the reaction mixture was left to react for 1
h at room temperature. The reaction mixture wastetil with CHCI, (30 mL) and the organic phase
was washed with 1 M aqueous HCI (3x 15 mL), saggratqueous solution of NaHG(Bx 15 mL),

and brine (30 mL), and dried over J$&,. The solvent was evaporated under reduced pressure

4.2.7.1 4-((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-N-((4-(4-phenylthiazol-2-yl)tetr ahydr o-2H-
pyran-4-yl)methyl)benzamide (1). Compoundl1l was prepared as described under the general
procedure for the coupling of amines and carboxglitds (coupling A). The crude product was

purified by flash chromatography on silica gel (D@GMOH = 1:0 to 10:1), to give the desired



product (71%) as a white solitH NMR (400 MHz, CDCJ): § (ppm) 1.90-2.05 (m, 2H), 2.13 (s, 3H),
2.20-2.40 (m, 2H), 2.28 (s, 3H), 3.65-3,80 (m, 28182 (d,J = 0.3 Hz, 2H), 3.85-4,00 (m, 2H), 5.27
(s, 2H), 5.89 (s, 1H), 7.00-7.15 (m, 2H), 7.30-7(A5 4H), 7.50 (s, 1H), 7.65-7.80 (m, 2H), 7.8557.9

(m, 2H). MS (ESIy/z [M+H]* = 487.0.

4.2.7.2 4-((3,5-Dimethyl-1H-pyr azol-1-yl)methyl)-N-((4-(4-(2-methoxyphenyl)thiazol-2-

yhtetr ahydro-2H-pyran-4-yl)methyl)benzamide (42). Compound42 was prepared as described
under the general coupling A procedure. The produas purified by flash chromatography
(CH,Cl,:MeOH, 30:1), to give the desired product (49%)yaiow crystals."H NMR (400 MHz,
DMSO-dg): 6 (ppm) 1.80-2.00 (m, 2H), 2.10 (s, 3H), 2.13 (s).3B15-2.3 (m, 2H), 3.30-3.35 (m,
2H), 3.51 (d, 2H,) = 5.6 Hz), 3.70-3.90 (m, 2H), 3.91 (s, 3H), 5.822H), 5.86 (s, 1H), 6.92-7.00 (m,
1H), 7.02-7.14 (m, 2H), 7.28-7.38 (m, 1H), 7.6847(f, 2H), 8.04 (s, 1H), 8.10-8.18 (m, 1H), 8.40
(t, 1H,J = 5.6 Hz) 2*C NMR (100 MHz, DMSQde): & (ppm) 10.63, 13.36, 14.11, 20.78, 34.18, 38.26,
43.94, 49.34, 51.19, 54.93, 55.47, 59.77, 63.58.08) 111.62, 117.76, 120.40, 122.63, 126.56,
127.61, 128.90, 129.48, 133.64, 138.84, 141.10,2P46149.57, 156.39, 166.53, 172.16. HRMS

(ESI), m/z calcd for gH33N405S 517.2273 (M+H), found 517.2266.

4.2.8 General procedure for the coupling of amines and carboxylic acids B (compounds 35-40).
The corresponding carboxylic acid (0.20 mmol, 1ieQquEtLN (82 uL, 0.59 mmol, 3 equiv.) and
compoundb (54 mL, 0.20 mmol, 1 equiv.) were dissolved in DMFmML) and cooled in an ice bath.
HATU (106.5 mg, 0.28 mmol, 1.4 equiv.) was addedht® reaction mixture, the temperature of the
reaction mixture was then allowed to reach roompenature, and the stirring was continued for 4 h.
The solvent was evaporated under reduced pressdriha residue was dissolved in EtOAc (30 mL).
The organic phase was washed with 0.1 M aqueous (HTImL), saturated aqueous solution of
NaHCG; (10 mL), and saturated agueous solution ofGIH2x 10 mL), and dried over MaO,. The

solvent was evaporated under reduced pressure.

Appendix A. Supplementary data



Additional Tables, Schemes, Figures, protocols exgkrimental procedures of some of the assays

mentioned in the main text are available at xxx.
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Highlights

* New tetrahydropyran inhibitor (1) of mycobacterial InhA was discovered.
» It exhibits good InhA inhibitory potency and moderate antimycobacterial activity.
* SAR study was initiated and a focused library of analogs of hit 1 was synthesized.
» Crystal structure of inhibitor 1 bound to InhA revealed the binding mode.





