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ABSTRACT 

Indazole- and indole-carboxamides were discovered as highly potent, selective, competitive and 

reversible inhibitors of monoamine oxidase B (MAO-B). The compounds are easily accessible by 

standard synthetic procedures with high overall yields. The most potent derivatives were N-(3,4-

dichlorophenyl)-1-methyl-1H-indazole-5-carboxamide (38a, PSB-1491, IC50 human MAO-B 0.386 nM, 

>25000-fold selective versus MAO-A) and N-(3,4-dichlorophenyl)-1H-indole-5-carboxamide (53, PSB-

1410, IC50 human MAO-B 0.227 nM, >5700-fold selective versus MAO-A). Replacement of the 

carboxamide linker with a methanimine spacer leading to (E)-N-(3,4-dichlorophenyl)-1-(1H-indazol-5-

yl)methanimine (58) represents a further novel class of highly potent and selective MAO-B inhibitors 

(IC50 human MAO-B 0.612 nM, >16000-fold selective versus MAO-A). In N-(3,4-difluorophenyl-1H-

indazole-5-carboxamide (30, PSB-1434, IC50 human MAO-B 1.59 nM, selectivity versus MAO-A 

>6000-fold) high potency and selectivity are optimally combined with superior physicochemical 

properties. Computational docking studies provided insights into the inhibitors’ interaction with the 

enzyme binding site and a rationale for their high potency despite their small molecular size. 
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INTRODUCTION 

Monoamine oxidases (МАО, EC 1.4.3.4) are flavin adenine dinucleotide (FAD) containing enzymes 

localized on the mitochondrial outer membrane, which catalyze the oxidative deamination of biogenic 

amines and monoamine neurotransmitters. Two isoforms of MAO are present in most mammalian 

tissues, MAO-A and MAO-B, distinguished by their substrate and inhibitor selectivity.1,2 Epinephrine 

(adrenaline), norepinephrine (noradrenaline), dopamine (DA), tyramine and tryptamine are substrates 

for both isoforms. MAO-A displays higher affinity for the substrates norepinephrine and serotonin 

(5-HT) than MAO-B and is inhibited by low concentrations of clorgyline, whereas MAO-B exhibits 

higher affinity towards phenylethylamine (PEA) and benzylamine, and is potently inhibited by of 

selegiline.1,2 The reaction catalyzed by MAO results in the production of hydrogen peroxide (H2O2) and 

other reactive oxygen species (ROS), which may contribute to oxidative stress and cell damage.3 The 

protein sequences of MAO-A and MAO-B are ~70% identical.4 Both MAO isoforms show regional 

differences in enzyme activity and distribution in the human brain.1 Highest MAO activity is observed 

in the basal ganglia (striatum) and hypothalamus, whereas the cerebellum and neocortex show low 

levels of MAO activity.5 Serotonergic neurons and astrocytes contain predominantly MAO-B, while the 

MAO-A isoform is mainly located in catecholaminergic neurons.5 The activity and the expression levels 

of MAO-B in the human brain, but not those of MAO-A, increase with aging and may be associated 

with the loss of dopaminergic neurons in the substantia nigra, where MAO-B is the main form in glial 

cells.6 Increased MAO-B activity in the substantia nigra is thus observed in patients with Parkinson’s 

diseases (PD).2,7 The relationship between oxidative stress and progressive neuronal impairment 

indicates that inhibition of MAO-B activity may have neuroprotective effects.6,7  

 

Selective irreversible and reversible MAO-A inhibitors are used in the treatment of depression and 

anxiety disorders.8 Selective MAO-B inhibitors are currently applied for the therapy of PD, mostly in 

combination with the dopamine prodrug levodopa, to reduce the metabolic degradation of dopamine and 

increase its half-life.9,10 Due to their potential neuroprotective effects, MAO-B inhibitors may be useful 
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for the treatment of other neurodegenerative diseases as well including Alzheimer´s disease (AD).9 

Recently, MAO-B inhibitors with ancillary activities have been proposed as multi-target drugs for the 

treatment of PD and AD.9,11 Examples for this new strategy include dual-acting acetylcholinesterase 

(AChE) and MAO inhibitors for AD,11,12 dual-acting A2A adenosine receptor (A2A AR) antagonists and 

MAO-B inhibitors for PD,13,14 and triple-target drugs acting as A1 and A2A AR antagonist in addition to 

inhibition of MAO-B for the treatment of PD and AD. 

 

Several selective MAO-B inhibitors, including the irreversible inhibitors selegiline (1)15 and rasagiline 

(2)16 as well as the reversible inhibitor safinamide (3)17, are currently in clinical use for the treatment of 

PD (for structures, see Figure 1). Selegiline (1) is a potent and selective “suicide type” irreversible 

MAO-B inhibitor (human MAO-B, IC50 = 6.79 nM; human MAO-A, IC50 = 1700 nM)17,18 used in 

combination with levodopa therapy.19 One major drawback of 1 are side-effects evoked by its 

amphetamine metabolites.20 

 

Figure 1. Structures of irreversible (Irr) and reversible (Rev) MAO-B inhibitors in clinical use. 
 

The irreversible MAO-B inhibitor rasagiline (2, human brain MAO-B, IC50 = 14.0 nM; human brain 

MAO-A, IC50 = 710 nM) is not metabolized to amphetamine derivatives and is used for both, 

monotherapy in early PD and as adjunctive therapy in late-stage patients with PD experiencing motor 

fluctuations.16,21 However, irreversible MAO-B inhibitors may show safety issues and pharmacological 

side effects.22  
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Therefore, selective and reversible inhibition of MAO is believed to be advantageous. For example, the 

reversible MAO-A inhibitor moclobemide is successfully used to treat depression and anxiety.23 

Reversible MAO-B inhibitors are currently being developed.24 Safinamide (3) is such a compound, 

which is being evaluated in advanced clinical trials as an add-on therapy to dopamine agonists or to 

levodopa in PD patients with motor fluctuations.25 Besides MAO-B inhibition (human brain MAO-B, 

IC50 = 9.0 nM; human brain MAO-A, IC50 = 45 µM) it shows additional mechanisms of action 

including inhibition of DA reuptake, inhibition of excessive glutamate release26, and sodium channel 

inhibition.27 

 

A wide range of MAO-B inhibitors with common structural features has been developed to date (for 

examples, see Figure 2).28,29,30,31,32 These include small mono- or disubstituted heterobicyclic 

compounds such as the 2,5-disubstituted indole 4, 5-nitroindazole (5), 7-[(3-chlorobenzyloxy)]-4-

[(methylamino)methyl]coumarin (6), isatine (7) and its C5-substituted analogues (E)-5-styrylisatin (8) 

and 5-(4-phenylbutyl)isatin (9). The 2-propargylamine-substituted compound 4 is an irreversible 

MAO-B inhibitor that is similarly potent as selegiline (1).29 MAO-B inhibitor 4 was found to exhibit 

neuroprotective effects in several in vivo models of PD.33 

 

Page 6 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

 

Figure 2. Structures and potencies of previously described MAO-B inhibitors.11,29-32 

 

Compound 5 was described as the most potent MAO-B inhibitor within the class of nitroindazoles.11,30 

Recently, aminocoumarin derivative 6 has been identified as a promising clinical candidate with high 

MAO-B inhibitory activity and suitable pharmacokinetic properties.31 Another small molecule, isatin 

(7), is a weak inhibitor of human MAO-B (IC50 = 31.8 µM), but its C5-substituted analogues 8 and 9 are 

more potent, reversible MAO-B inhibitors.32 

 

Due to the promising pharmacological properties combined with only minor side effects of selective, 

reversible MAO-B inhibitors,9 we aimed at developing such inhibitors with improved properties. In the 

present study, novel classes of most potent irreversible MAO-B inhibitors were discovered, namely 

indazole-5-carboxamides (designated class I), indole-5-carboxamides (class II) and (indazol-5-

yl)methanimine derivatives (class III). The new compounds were evaluated at rat and human MAO A 

and B, and optimized in order to improve their MAO-B affinity and selectivity, as well as their 

physicochemical and drug-like properties. Computational studies were performed to understand their 

binding modes and to explain their exceedingly high affinities. 
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RESULTS AND DISCUSSION 

Compound Design. Our design of novel classes of MAO-B inhibitors was based on the general formula 

I containing a heterobicyclic ring system linked to a phenyl moiety as displayed in Figure 3 (L = linker, 

R = H or halogen, and Het = heterocycle). The pharmacophore in I labeled in red incorporates the key 

structural features found in all previously described MAO-B inhibitors 4–9 (cf. Figure 2). For 

simplification, we divided I into two scaffold fragments representing the common structural motifs 

(building blocks) used for the construction of these MAO-B inhibitors.  

 
 
Figure 3. Rational design strategy to obtain MAO-B inhibitor 10, and further structural optimization to 
obtain class I MAO-B inhibitor 15. 
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We prepared and evaluated only 6 compounds (10-15) in our rational design strategy to obtain a 

compound with the desired high, subnanomolar potency and MAO-B selectivity. In order to design the 

initial compound 10, we studied the core structural characteristics of the known MAO-B inhibitors 

considering their potential for further scaffold variation, novelty and accessibility (see Figure 2). 

Structure-activity relationship (SAR) examination for MAO-B potency and selectivity showed that 

electron-rich spacers such as a double bond, an ether, or a methylamine group were well tolerated by 

MAO-B, while C3- to C4-alkyl linkers led to less potent and less selective compounds. Since linkers 

like C1- to C4-alk(en)yl (8 and 9) or ethers (3, 4 and 6) are already well-established in a number of 

structures with MAO-B activity, we decided to replace these by an amide group in 10. Furthermore, C5-

substitution in several heterobicyclic motifs has been observed to be beneficial for potent, reversible 

MAO-B inhibitors.32 Except for the coumarine derivative 6, which is substituted at position 7, the 

MAO-B inhibitors 4, 5, 8, and 9 are C5-substituted (see Figure 2). Based on previous studies targeted 

towards dual A2A adenosine receptor antagonists / MAO-B inhibitors,34 we conjugated a 5-chloro-

substituted morpholinopyridine motif (blue box) at the C5 position of an indazole moiety (gray box) to 

obtain compound 10. The 5-chloro-6-morpholinopyridine was selected as a bioisosteric replacement of 

halogen-substituted phenyl residues due to its polarity and favorable physicochemical properties. 

 

Similar to the benzyloxy group in the potent MAO-B inhibitors safinamide (3) and compound 4, the 

bulky moiety in 10 may extend through the substrate cavity into the entrance cavity of the bipartite 

active site of human MAO-B.35 In fact, the first compound 10 designed through a rational design 

strategy provided a moderate inhibitory activity at human MAO-B in the high nanomolar range (IC50 

220 nM) being 45-fold selective for MAO-B over MAO-A. These results encouraged further 

exploration within the series of indazole-containing compounds related to 10. In the next step, we 

performed a systematic modification of 10 by introducing a hydrophilic 1-methyl-pyridone moiety 

(modification A) or a more lipophilic 2-chloro-6-fluorophenyl ring (modification B), respectively, to 

obtain compounds 11 and 12 (Figure 3). While 11 showed no activity at all, compound 12 exhibited 
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10 

 

lower potency than the parent 10 with a micromolar IC50 value of 3.30 µM at human MAO-B. 

Compound 12 was subsequently modified with 2,3- and 3,4-dichloro substituents at the phenyl ring to 

obtain 13 and 14, respectively. The chlorine substituent at the aryl C3 position was kept constant. Both 

compounds showed progressive improvement of MAO-B inhibition from micromolar (13, human 

MAO-B, IC50 2.59 µM) to low nanomolar potency (14, human MAO-B, IC50 12.4 nM). The choice of 

the 3,4-dichlorophenyl-substitution pattern appeared to be essential for obtaining very high MAO-B 

inhibitory activity. Finally, we obtained a further dramatic increase in MAO-B inhibitory potency by 

inverting the amide linker leading to compound 15. Thus, we developed indazole-5-carboxamides as a 

new structural class of extraordinarily potent MAO-B inhibitors (designated class I). N-(3,4-

dichlorophenyl)-1H-indazole-5-carboxamide (15) was evaluated at rat and human MAO-A and B: it was 

identified as a highly potent inhibitor (20-fold more active than 14) with remarkable selectivity for the 

MAO-B-isoform (human MAO-B, IC50 0.586 nM; human, MAO-A, IC50 >10000 nM) surpassing the 

activity of all recently developed MAO-B-selective inhibitors. The indazol-5-carboxamide scaffold 

subsequently served as a starting point for the design, synthesis and biological evaluation of a number of 

compounds, many of them with MAO-B inhibitory activity in the subnanomolar range and significantly 

improved physicochemical properties. We also prepared two additional classes of MAO-B inhibitors 

differing from 15 either by replacement of the 5-substituted indazole by a 5-substituted indole 

(designated class II), or by exchange of the amide connection by a methanimine linker (class III). 

 

Chemistry. All new compounds of the present study were prepared by amide coupling reactions,36 

N-alkylation37 and iminoalkylation reactions38 using a variety of reagents and conditions as illustrated in 

Schemes 1-5. Amide coupling was performed by reaction of the differently substituted carboxylic acids 

18-20, 21a-c, 22, 39, and 50-52 with substituted amines 17, 23a-k, 25, or aminopyridine 24, 

respectively. With the exception of carboxylic acids 18 and 19, all building blocks used for the 

syntheses of the final products were commercially available. Amide coupling was conducted in the 

presence of Hünig’s base (N,N-diisopropylethylamine, DIPEA), using the condensation reagent O-
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(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) in acetonitrile or, 

alternatively, by applying 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) as 

a coupling reagent in methanol.34 In general, amide coupling reactions were performed at room 

temperature for several hours. The conversion of the staring materials was monitored by thin-layer 

chromatography (TLC) or by high performance liquid chromatography (HPLC) coupled to an ultraviolet 

(UV) detector and to electrospray ionisation mass spectrometry (ESI-MS) analysis. Products 10-14 and 

16 were obtained as shown in Scheme 1. Compound 14 had previously been described,36,39 but in the 

present study we used different reaction conditions to obtain 14 in higher yields. The carboxylic acids 

18 and 19 were prepared by two- or three-step reaction procedures according to published procedures 

(for details see Supporting Information). A methylene group in 16 was introduced in order to study an 

extension of the spacer between the 3,4-dichloro-phenyl ring and the indazole moiety.  

 

Scheme 1. Synthesis of indazol-5-yl-amides 10-14 and 16a 

 

aReagents and conditions: (i) for 10-14:39 carboxylic acid 18, 19 or 21a-c (1.0 equiv.), 5-amino-1H-
indazole (17, 1.0 equiv.), TBTU/DIPEA (1.2 equiv.), acetonitrile, RT, 3-72 h, yield 23–73%; (ii) for 16: 
2-(3,4-dichlorophenyl)acetic acid (20, 1.0 equiv.), 5-amino-1H-indazole (17, 1.0 equiv.), EDC-HCl (1.1 
equiv.), methanol, RT, 3-4 h, yield 56% (16). 
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The preparation of indazole-5-carboxamides 15, 26-37 and 38a-b is depicted in Scheme 2. The 

compounds were prepared by amide coupling reaction of commercially available 1H-indazole-5-

carboxylic acid (22) with differently substituted anilines and related amines (23a-k, 24, 25). In order to 

investigate the impact of the substitution pattern of the phenyl ring on biological activity, we introduced 

a broad variety of substituents mainly in the 3- and 4-position including halogen atoms, methoxy and 

hydroxyl functions. To introduce structural diversity in position N1 or N2 of the indazole moiety, 15 

was alkylated with methyl iodide yielding a 3:1 mixture of N1-/N2-methylated products 38a and 38b 

(Scheme 2). The reaction occurred in the presence of potassium carbonate in N,N-dimethylformamide 

(DMF) at room temperature and the reaction time was optimized by monitoring of the conversion.37 The 

mixture of 38a and 38b was separated by column chromatography. The structure determination of 38a 

and 38b was carried out by heteronuclear multiple bond correlation (HMBC) NMR in combination with 

1H and 13C NMR spectroscopy. 

 

Scheme 2. Synthesis of indazole-5-carboxamides 15, 26-37 and 38a-ba 

 

 
aReagents and conditions: (i) for 15, 32 and 34: 1H-indazole-5-carboxylic acid (22, 1.0 equiv.), 
differently substituted anilines 23a,h,j (1.0 equiv.), TBTU/DIPEA (1.2 equiv.), acetonitrile, RT, 3-72 h, 
yield 11–30%; (ii) for 15, 26-31, 33, and 35-37: 1H-indazole-5-carboxylic acid (22, 1.0 equiv.), 
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differently substituted anilines 23a-g,i,k, 24 and 25 (1.0 equiv.), EDC-HCl (1.1 equiv.), methanol, RT, 
3-4 h, yield 18-67%; (iii) N-(3,4-dichlorophenyl)-1H-indazole-5-carboxamide (15, 1.0 equiv.), MeI 
(1.3–2.0 equiv), K2CO3 (1.3 equiv), DMF, RT, 16–20 h, yield 47% (38a) and 9% (38b). 
 

In order to increase the compounds’ polarity and water-solubility, we introduced a bioisosteric 

replacement for the 3,4-dichloro-phenyl residue, namely a 3,4-dichloropyridine moiety (compound 36). 

An extension of the spacer between the indazole core and the substituted phenyl ring was introduced in 

37 by coupling of 22 with the corresponding 3,4-dichlorobenzylamine (25). 

 

Indazole-6-carboxamides 40-49, which represent 6-substituted analogues or isomers of the indazole-5-

carboxamides (15, 27-35) described above were obtained by coupling of 1H-indazole-6-carboxylic acid 

(39) with anilines 23a,c-k as shown in Scheme 3. This set of compounds was prepared in order to 

investigate the role of the indazole nitrogen atoms for MAO-B inhibition, in particular, the supposed 

role (and position) of the NH as a hydrogen bond donor in protein binding.  

 

Scheme 3. Synthesis of indazole-6-carboxamides 40-49a 

 
 
aReagents and conditions: (i) 1H-indazole-6-carboxylic acid (39, 1.0 equiv.), differently substituted 
anilines 23a,c-k (1.0 equiv.), EDC-HCl (1.1 equiv.), methanol, RT, 3-4 h, yield 22–71%. 
 

Replacement of the indazole ring of 15 by an indole, an imidazo[1,2-a]pyridine, or a [1,2,4]triazolo-

[4,3-a]pyridine moiety led to compounds 53, 55 and 56 (Scheme 4). These were synthesized in order to 

create diversity of the heterobicyclic core via variation of the electronic properties of the ring system 

while keeping the 3,4-dichlorophenyl substituent of lead structure 15 constant. Furthermore, alkylation 
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of 53 was performed by N-alkylation with methyl iodide under mild reaction conditions yielding 54 

(Scheme 4).  

 

Scheme 4. Synthesis of indole-5-carboxamides 53 and 54 and N-(3,4-dichlorophenyl)carboxamide 

derivatives 55 and 56a 

 
aReagents and conditions: (i) carboxylic acids 50-52 (1.0 equiv.), 3,4-dichloroaniline (23a, 1.0 equiv.), 
EDC-HCl (1.1 equiv.), methanol, RT, 3-4 h, yield 17–36%; (ii) N-(3,4-dichlorophenyl)-1H-indole-5-
carboxamide (53, 1.0 equiv.), MeI (1.3–2.0 equiv), K2CO3 (1.3 equiv), DMF, RT, 16–20 h, yield 68%. 
 

Finally, the amide group was replaced by an imine linker. For the preparation of 58 and 59, aldehydes 

57a,b were reacted with 3,4-dichloroaniline 23a in the presence of a catalytic amount of acetic acid in 

ethanol under reflux (Scheme 5).40 The chemical stability of product 59 was investigated by LC/ESI-MS 

and compared to that of amide 54. For this purpose we analyzed stock solutions of the compounds in 

DMSO (10 mM), which had been prepared for biological testing and kept for 70 days at room 

temperature (for details see Supporting Information, Figures S3, S4 and Table S2). We observed that the 

imine 59 was relatively stable and showed only moderate degradation under these conditions (15% 

hydrolysis), while the amide 54 was found to be completely stable. Imines 58 and 59 will offer further 

opportunities for modification to obtain more stable compounds: e.g. in analogy to the preparation of 
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safinamide (3), the imine double bond may be reduced to an aminoalkyl group.40 Molecular mechanics 

calculations showed that the formation of the E-isomer was favoured over the Z-diastereomer (for 

details, see Supporting Information, Figure S5). NMR analyses (1H and 13C) confirmed the sole 

formation of the E-isomer. However, the possibility of an E/Z-isomerization of 58, e.g. after exposing it 

to daylight in dilute solution, cannot be excluded.41  

 

Scheme 5. Synthesis of 3,4-dichlorophenyl-substituted (1H-indazol-5-yl)methanimines 58 and 59a 

N

N

N

58  R = H
59  R = Me

N

N

57a  R = H
57b  R = Me

i

H2N

23a

H

O

R RCl

Cl

Cl

Cl

 

 
aReagents and conditions: (i) 1H-indazole- or 1-methyl-1H-indazole-5-carboxadehyde (57a,b, 1.0 
equiv.), 3,4-dichloroaniline (23a, 1.0 equiv.), acetic acid (0.2 equiv.), ethanol, reflux, 1-24 h, yields: 
89% (58) and 90% (59). 
 

Our synthetic strategy to obtain novel classes of MAO-B inhibitors provides several advantages. These 

include easy accessibility of the final products by only one or two steps using commercially available 

starting materials. The procedures allow the possibility for broad structural variation in the last step, and 

the preparation of compound libraries for fast analysis of SARs. Moreover, the procedures will enable 

simple scale-up from milligram amounts to large, multigram or even kilogram quantities.  

 

The new compounds were isolated by column chromatography and subsequently re-crystallized to 

obtain pure products. All final products were fully characterized by NMR spectroscopy (1H and 13C) and 

mass spectrometry (LC/ESI-MS) and their structures were confirmed. The purity of all compounds was 

determined by HPLC-UV to be at least 95% (see Experimental Section and Supporting Information). 
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Monoamine Oxidase Inhibition Studies. The compounds were investigated for inhibition of human 

and rat MAO-A and MAO-B using recombinant enzymes (human) expressed in baculovirus-infected 

insect cells,42 and mitochondria-enriched rat liver fractions as sources for the rat MAO isoforms, 

respectively. Enzyme inhibition assays of reference and test compounds at human MAO-A and MAO-B 

were performed by a fluorescence-based assay with the substrate p-tyramine measuring the production 

of hydrogen peroxide formed as a by-product of the enzymatic deamination reaction (also see 

Experimental Section and Supporting Information).43 The inhibitors clorgyline for MAO-A and 

selegiline for MAO-B were used to block the respective isoenzyme in rat liver fractions for determining 

selective inhibition of the other isoenzyme. The selective inhibitors were also used as positive controls 

in human recombinant MAO-A and MAO-B assays, respectively. Determined inhibitory potencies (IC50 

values) for reference inhibitors and all new synthesized compounds are collected in Table 1. 
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Table 1. Inhibitory Potencies of Compounds at Monoamine Oxidases 

 IC50 ± SEM (nM)
a  

Compd. 
MAO-A 

(h= human, r = rat) 

MAO-B 
(h = human, r = rat) 

Selectivity 
index (SI)b 

Standard inhibitors    

Selegiline (1) 1700 (human brain)18 
944 (rat brain)18 

6.59 ± 1.09 (h) 
9.97 ± 1.33 (r) 

6.79 (human brain)18 

3.63 (rat brain)18 

 

>250 

Rasagiline (2) 710 (human brain)18 
412 (rat brain)18 

 

14.0 (human brain)18 
4.43 (rat brain)18 

 

>50 

Safinamide (3) 45000 (human brain)
44

 
580000 (rat brain)27 

5.18 ± 0.04 (h) 
18.0 ± 4.9 (r) 

9.0 (human brain)44 

98 (rat brain)27 

5000 

5-Carboxamidoindazole derivatives 10-16 

 R   

10 

 

>10000 (h) 
>10000 (r) 

220 ± 23 (h) 
1990 ± 110 (r) 

>9 

11 

 

>10000 (h) 
>10000 (r) 

>10000 (h) 
>10000 (r) 

– 

12 

 

>10000 (h) 
>10000 (r) 

3300 ± 400c (h) 
>10000 (r) 

– 

13 

 

>10000 (h) 
>10000 (r) 

2590 ± 410 (h) 
>10000 (r) 

– 

14 
 

>10000 (h) 
>10000 (r) 

12.4 ± 0.2 (h) 
138 ± 18 (r) 

806 

16 
 

>10000 (h) 
>10000 (r) 

882 ± 61 (h) 
>10000 (r) 

>11 

Indazole-5-carboxamides 15, 26-38 (class I inhibitors) 

 R   

15 

 

≥10000 (h) 
>10000 (r) 

0.586 ± 0.087 (h) 
1.43 ± 0.11 (r) 

17065 
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26 

 

>10000 (h) 
>10000 (r) 

117 ± 13 (h) 
708 ± 34 (r) 

>86 

27 

 

<10000 (h) 
>10000 (r) 

2.75 ± 0.40 (h) 
2.73 ± 0.21 (r) 

3636 

28 

 

>10000 (h) 
>10000 (r) 

0.679 ± 0.044 (h) 
2.36 ± 0.17 (r) 

14727 

29 

 

<10000 (h) 
>10000 (r) 

0.668 ± 0.053 (h) 
2.61 ± 0.68 (r) 

14970 

30  
(PSB-
1434)  

>10000 (h) 
>10000 (r) 

1.59 ± 0.16 (h) 
8.89 ± 0.05 (r) 

6289 

31 

 

>10000 (h) 
>10000 (r) 

185 ± 21 (h) 
1400 ± 56 (r) 

>54 

32 

 

>10000 (h) 
>10000 (r) 

3.42 ± 0.28 (h) 
21.9 ± 3.4 (r) 

2924 

33 

 

>10000 (h) 
<10000 (r) 

123 ± 16 (h) 
941 ± 51 (r) 

>81 

34 

 

8790 ± 200 (h) 
>10000 (r) 

4.36 ± 0.08 (h) 
43.1 ± 4.2 (r) 

2016 

35 

 

3000 ± 122 (h) 
>10000 (r) 

37.5 ± 7.3 (h) 
385 ± 9 (r) 

80 

36 

 

<10000 (h) 

<10000 (r) 

5.42 ± 0.20 (h) 

26.6 ± 1.5 (r) 

1845 

37 

 

>10000 (h) 
>10000 (r) 

388 ± 52 (h) 
837 ± 28 (r) 

>25 

38a 

(PSB-
1491) 

see structure above >10000 (h) 
>10000 (r) 

0.386 ± 0.052 (h) 
1.32 ± 0.09 (r) 

25906 

38b see structure above 420 ± 24 (h) 
1740 ± 60 (r) 

1.44 ± 0.41 (h) 
22.5 ± 0.6 (r) 

292 

Indazole-6-carboxamides 40-49  

 R   

40 

 

3310 ± 288 (h) 
<10000 (r) 

67.1 ± 9.1 (h) 
466 ± 39 (r) 

>49 

41 

 

>10000 (h) 
>10000 (r) 

335 ± 11 (h) 
423 ± 13 (r) 

>29 

42 

 

>10000 (h) 
>10000 (r) 

234 ± 38 (h) 
1070 ± 44 (r) 

>42 

43 

 

>10000 (h) 
>10000 (r) 

316 ± 29 (h) 
2670 ± 152 (r) 

>31 

44 

 

>10000 (h) 
>10000 (r) 

1300 ± 176 (h) 
<10000 (r) 

>7 

45 

 

>10000 (h) 
>10000 (r) 

>10000 (h) 
>10000 (r) 

– 

46 

 

>10000 (h) 
>10000 (r) 

1280 ± 141 (h) 
<10000 (r) 

8 
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47 

 

>10000 (h) 
<10000 (r) 

<10000 (h) 
3280 ± 174 (r) 

– 

48 

 

>10000 (h) 
>10000 (r) 

2760 ± 973 (h) 
>10000 (r) 

4 

49 

 

>10000 (h) 
>10000 (r) 

6220 ± 825 (h) 
>10000 (r) 

2 

Indole-5-carboxamides 53 and 54 (class II inhibitors)  

 R   

53 

(PSB-
1410) 

H 1300 ± 68 (h) 
6790 ± 121 (r) 

0.227 ± 0.039c (h) 
1.01 ± 0.16 (r) 

5727 

54 Me >10000 (h) 
>10000 (r) 

2.26 ± 0.16 (h) 
1.11 ± 0.11 (r) 

4425 

Imidazopyridine 55 and triazolopyridine 56 

 R   

55 see structure above >10000 (h) 
>10000 (r) 

141 ± 12 (h) 
1140 ± 108 (r) 

71 

56 see structure above >10000 (h) 
>10000 (r) 

2270 ± 246 (h) 
>10000 (r) 

>4 

(Indazol-5-yl)methanimines 58 and 59 (class III inhibitors) 

 R   

58 H <10000 (h) 
>10000 (r) 

0.612 ± 0.065 (h) 
3.69 ± 0.17 (r) 

16340 

59 Me <10000 (h) 
>10000 (r) 

1.03 ± 0.09 (h) 
4.55 ± 0.31 (r) 

9709 

a
 n = 3, unless otherwise noted. b SI = IC50(human MAO-A)/IC50(human MAO-B). c n = 4. 
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Structure-Activity Relationships at Monoamine Oxidase B. The biological evaluation of 37 novel 

compounds at human and rat MAO-A and -B enzymes resulted in the identification of highly potent, 

specific MAO-B inhibitors from three related chemical series: indazole-5-carboxamides (class I, 

compounds 15, 26-38a and 38b); indole-5-carboxamides (class II, 53 and 54); and (indazol-5-

yl)methanimines (class III, 58 and 59). Most of these compounds contain a disubstituted phenyl moiety 

attached to the heterobicyclic core structure by an amide or an imine linker. Among the tested 

compounds, 29 showed high inhibition of MAO-B ranging from submicromolar to subnanomolar 

potency. The majority of potent compounds showed high selectivity for MAO-B without noticeable 

inhibitory activity at MAO-A. 

 

5-Chloro-N-(1H-indazol-6-yl)-6-morpholinonicotinamide (10) showed a moderate inhibitory activity at 

human MAO-B (IC50 220 nM), and was significantly weaker at the rat enzyme (IC50 1990 nM, 9-fold). 

Considering the hydrophobic character and the bipartite structure of the active site of the human MAO-

B enzyme and the binding mode of known inhibitors,35,44,45 the bulky and polar 6-morpholino-

substituted pyridine moiety of 10 might be too large, e.g. as compared to the reference inhibitors 1-3. 

Therefore, we focused on reducing the molecular mass and also introduced more lipophilic residues into 

the target structures. In fact, the introduction of the smaller, but more polar N-methylpyridone residue 

(compound 11) abolished MAO inhibition completely. Better results were obtained by introducing a 

phenyl ring substituted with electron-withdrawing groups (mainly F and Cl). Introduction of a 2-chloro-

6-fluoro- or a 2,3-dichloro-substituted phenyl ring resulted in compounds 12 and 13 which were weaker 

than 10 indicating that ortho-phenyl substituents were not well tolerated. To evaluate the importance of 

meta,para-substitution at the phenyl ring, we evaluated the dichloro-substituted isomer 14. Compared to 

the lead structure 10, 3,4-dichlorophenyl derivative 14 showed a remarkable, 18-fold improvement in 

MAO-B inhibition (human, IC50 = 12.4 nM; rat, IC50 = 138 nM ). Thus, 14 was the first highly potent 

and selective MAO-B inhibitor within the series of N-(indazo-5-yl)benzamide derivatives. The structure 

of 14 indicated that a lipophilic 3,4-disubstituted phenyl ring and a carboxamide linker might be 
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favorable when connected to the indazole C5-position. In order to further study the role of the linker, we 

introduced a methylene group between the aromatic ring and the amide carbonyl group producing 

(indazol-5-yl)acetamide derivative 16. The elongation of the linker led to a 71-fold decrease in potency 

(human, IC50 882 nM) in 16 compared to the corresponding benzamide derivative 14. At the rat 

orthologue 16 was virtually inactive. Because of this result, we decided to keep the carboxamide linker 

for connecting the two ring systems. However in the next series of compounds we inverted the 

carboxamide function by connecting indazole-5-carboxylic acid with aniline derivatives (compounds 15 

and 26-38). This modification of the linker provided a new class of extraordinarily potent and selective 

MAO-B inhibitors some of which displayed subnanomolar potency. Indazole-5-carboxamide derivative 

15 exhibited 9-fold higher inhibitory activity at human MAO-B than the standard inhibitor safinamide 

(3); it was 21-fold more potent than its isomer 14. Compound 15 exhibited a slight preference for human 

versus rat MAO-B (human MAO-B, IC50 0.586 nM; rat MAO-B, IC50 1.43 nM) and did not inhibit rat 

and human MAO-A at a high concentration of 10000 nM. We therefore considered N-(3,4-

dichlorophenyl)-1H-indazole-5-carboxamide (15) as a new lead structure for further structural variations 

to explore the SARs of this new class of MAO-B inhibitors. The corresponding derivative without 

substituents at the phenyl ring (compound 26) led to decreased inhibition (human MAO-B, IC50 117 

nM; rat MAO-B, IC50 708 nM). 3,5-Dichlorophenyl-substitution (compound 27) resulted in a potent 

compound which was only 2-5-fold less potent than the 3,4-dichlorophenyl-substituted analogue 15 

(human MAO-B, IC50 2.75 nM; rat MAO-B, IC50 2.73 nM). It should be noted that 27 was the only 

compound of the present series that showed no species differences. Thus, meta- and para-substituents at 

the phenyl ring appeared to be crucial for high inhibitory activity at MAO-B. Following this 

observation, we subsequently introduced different substituents in the 3- and 4-position of the phenyl 

ring. 3-Chloro-4-fluoro- or 4-chloro-3-fluoro-substitution (compounds 28 and 29) led to remarkably 

potent inhibitors of human MAO-B (28, IC50 0.679 nM; 29, IC50 0.668 nM), comparable to the potency 

of the parent compound, the dichlorophenyl derivative 15. The 3,4-difluoro-phenyl substituent provided 

MAO-B inhibitor 30, which was similarly potent (IC50, human MAO-B 1.59 nM); it was approximately 
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6-fold less potent at the rat enzyme (IC50 = 8.89 nM). In contrast, the introduction of 3,4-dimethoxy-

substitution at the phenyl ring (compound 31, IC50 human MAO-B 185 nM) was not as well tolerated by 

MAO-B leading to a >300-fold decrease in potency compared to the dichlorophenyl derivative 15. 

Consequently, we continued by replacing only one of the 3,4-chloro substituents in 15 with a methoxy 

or hydroxyl group (compounds 32-35). While two methoxy substituents had been unfavourable with 

regard to MAO-B inhibition, the exchange of only one chloro substituent of 15 for a methoxy group 

(compounds 32 and 34) was tolerated and resulted in an only slight reduction in inhibitory potency. 

Both, the 3-chloro-4-methoxyphenyl (32) and the 4-chloro-3-methoxyphenyl derivatives (34) were 

almost equipotent at human MAO-B (32, IC50 human MAO-B 3.42 nM; 34, human MAO-B IC50 4.36 

nM). At rat MAO-B, both compounds were less potent (32, rat MAO-B, IC50 21.9 nM; 34, rat MAO-B, 

IC50 43.1 nM). In contrast, a hydroxyl instead of a methoxy residue in the same position of the phenyl 

ring resulted in a significant decrease in affinity (33, human MAO-B, IC50 123 nM; 35, human MAO-B, 

IC50 37.5 nM). In contrast to the methoxy-substituted analogues, we observed a preference for the 3-OH 

(35) versus the 4-OH substitution (33) with regard to MAO-B affinity. Our SARs thus revealed that 

electron-donating groups such as OMe and OH resulted in lower MAO-B inhibitory activity than 

electron-withdrawing substituents (e.g., Cl and F) at one or both, para- and meta-position of the phenyl 

ring in lead structure 15. In order to enhance water-solubility of this relatively lipophilic series of MAO-

B inhibitors, the benzene ring of 15 was bioisosterically replaced by a 5,6-dichloropyridine residue 

(compound 36). The resulting indazole-5-carboxamide derivative 36 exhibited high MAO-B inhibition 

(human MAO-B, IC50 5.42 nM; rat MAO-B, IC50 26.6 nM) even though somewhat weaker than that of 

lead structure 15. Introduction of a 3,4-dichloro-substituted benzyl moiety to probe a linker extension 

(compound 37) led to a considerable decrease in MAO-B inhibitory potency (human MAO-B, IC50 388 

nM; rat MAO-B, IC50 837 nM), in analogy to the effect observed for the indazol-5-yl-acetamide 

homolog 16. Because of the high MAO-B inhibitory potency and selectivity of compound 15, we used 

the 3,4-dichlorophenyl and the carboxamide linker as fixed motifs for further modification of the C5-

substituted indazole unit. As a next step we introduced a methyl substituent on one of the indazole 
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nitrogen atoms resulting in isomers 38a and 38b. Methylation at the indazole N1 position (38a) slightly 

increased potency at MAO-B, providing the best inhibitor of the present series (human MAO-B, IC50 

0.386 nM; rat MAO-B, IC50 1.43 nM). Compound 38b, an N2-methylated regioisomer of 38a, was less 

potent than its N1-substituted analogue and than the unmethylated lead structure 15, but it still showed 

high MAO-B inhibitory potency (human MAO-B, IC50 1.44 nM,). Its affinity for the human enzyme 

was 15-fold higher than that for the rat enzyme (rat MAO-B, IC50 22.5 nM), being one of the 

compounds that showed major species differences. Moreover, 38b was also identified as the only 

example in all series having notable inhibitory activity at MAO-A (human MAO-A, IC50 420 nM; rat 

MAO-A, IC50 1740 nM). Thus, the N2-methyl substitution of the indazole moiety was found to be 

beneficial for MAO-A inhibition, although 38b was still >290-fold selective for human MAO-B over 

human MAO-A. Our results indicate that the indazole NH is not required as a hydrogen bond donor, and 

the binding pocket of MAO-B is able to accommodate substituents like methyl groups at indazole N1 or 

N2. The high potency of compounds 15, and 27-30 shows that 3,4-disubstituted phenyl-5-

amidoindazoles represent a new class of highly potent and selective MAO-B inhibitors, which may be 

suitable for further development as diagnostic or therapeutic drugs. 

 

Further systematic SAR analysis led us to investigate a small set of C6-connected indazole-

carboxamides (40-49) with the same substitution pattern as the corresponding isomeric indazole-5-

carboxamides (compounds 15, 27-35). Compared to the indazole-5-carboxamides, the corresponding 

indazole-6-carboxamides displayed greatly reduced MAO-B inhibition. Only 3,4- or 3,5-

halogenophenyl-substituted indazole-6-carboxamide derivatives (i.e., 40-44) possessed some, although 

only moderate, inhibitory activity at human MAO-B, whereas methoxy- or hydroxyl-substituted 

compounds (45-49) were inactive or only very weakly active. The most potent compound in the 

indazole-6-carboxamide series was the 3,4-dichlorophenyl-substituted derivative 40 (human MAO-B, 

IC50 67.1 nM; rat MAO-B, IC50 466 nM). However, 40 was still 115-fold (human MAO-B) and 326-

fold (rat MAO-B) less potent than the related indazole-5-carboxamide analogue 15. The 3,5-
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dichlorophenyl derivative 41 had a moderate inhibitory effect (human MAO-B, IC50 335 nM; rat MAO-

B, IC50 423 nM). Similar potencies were observed for the corresponding 4-fluoro- and 3-fluoro-

substituted analogues 42 and 43, which were moderately active only at the human, but not at the rat 

MAO-B (42, human MAO-B, IC50 234 nM; 43: human MAO-B, IC50 316 nM). Within the class of 

indazole-6-carboxamides, in which the position of the indazole NH is altered in comparison with the 

indazole-5-carboxamide series, the MAO-B potency decreased in the same rank order as observed for 

the more potent indazole-5-carboxamide isomers (15 and 27-35): 3,4-di-Cl ≈ 3-F, 4-Cl ≈ 4-F, 3-Cl > 

3,5-di-Cl > 3-Cl, 4-OMe ≈ 3-OMe, 4-Cl > 3-Cl, 4-OH ≈ 3-OH, 4-Cl. One exception was the 3,4-

difluoro-substituted compound 44, which was less potent than expected (compare to 30). 

 

In order to further explore the heterobicyclic part in the so far most potent series of indazole-5-

carboxamides, the indazole residue was replaced by different heterobicycles resulting in compounds 53-

56, while the 3,4-dichloro-substituted phenyl ring of 15 was kept constant. Replacement of the indazole 

by an indole residue (compound 53) resulted in an extremely high MAO-B inhibitory potency (human 

MAO-B, IC50 0.227 nM; rat MAO-B, IC50 1.01 nM) showing only weak inhibition of MAO-A (human 

MAO-A, IC50 1300 nM; rat MAO-A, IC50 6790 nM). Thus, the indole derivative 53 was 3-fold more 

potent than the indazole-5-carboxamide analogue 15 at human MAO-B; it represents the most potent 

MAO-B inhibitor of all compounds investigated. The activity of its N-methylated derivative 54 at 

human MAO-B was 10-fold lower (IC50 2.26 nM). Based on their high bioactivity, which was 

comparable or even superior to the indazole-5-carboxamide series, the indole-5-carboxamides 53 and 54 

may as well be considered as suitable candidates for further drug development (class II MAO-B 

inhibitors). 

 

Next, we continued with the modification of the indazole residue by replacing it by an 

imidazo[1,2-a]pyridine or a [1,2,4]triazolo[4,3-a]pyridine moiety (compounds 55 and 56). In 

comparison to the indazole-5-carboxamides and the indole-5-carboxamides, compounds 55 and 56 
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showed a large decrease in inhibitory activity at MAO-B. The 3,4-dichloro-phenyl-substituted 

imidazo[1,2-a]pyridine-6-carboxamide (55) containing a bridge nitrogen atom had only moderate 

potency at the human (IC50 141 nM) and rat MAO-B (IC50 1140 nM), while the 

[1,2,4]triazolo[4,3-a]pyridine motif of 56 led to an almost complete loss of activity. This indicates that 

the position of the nitrogen atom (N1) present in the indazole and indole moieties is essential for MAO-

B binding and has a strong impact on potency. A second nitrogen atom is well tolerated only in the 

neighboring position (e.g., N2-position of the indazole). Introduction of a third nitrogen atom 

(compound 56) resulted in a virtually complete loss of MAO-B inhibitory activity (cf. docking studies 

below). 

 

Finally, the carboxamide linker in the 3,4-dichlorophenyl-substituted indazole derivate 15 was replaced 

by an imine function producing Schiff bases 58 and 59. Both compounds showed similarly high 

MAO-B inhibitory potencies as the corresponding indole-5-carboxamides (53 and 54). The 

unsubstituted indazole derivative 58 (human MAO-B, IC50 0.612 nM; rat MAO-B, IC50 3.69 nM) was 

slightly more potent at MAO-B than its N1-methyl-substituted derivative 59 (human MAO-B, IC50 1.03 

nM; rat MAO-B, IC50 4.55 nM).  

 

From all 37 tested compounds, 29 were found to be potent inhibitors of MAO-B. In the series of 

indazole-5-carboxamide derivatives (15, 27-38a, 38b), all compounds were found to be active at 

MAO-B. The highest inhibitory potencies were achieved with the compounds containing a 3,4-

dihalogenophenyl residue (15, 28 and 29) and an N-unsubstituted or an N1-methylated indazole core 

(38a) inhibiting MAO-B in the subnanomolar range. These compounds are significantly more potent 

than the current irreversible (selegiline, rasagiline) and reversible (safinamide) standard MAO-B 

inhibitors (>13-fold). In the classes of indole-5-carboxamides (class II, 53 and 54) and (indazol-5-

yl)methanimines (class III, 58 and 59) selective MAO-B inhibitors with similarly high potencies as 

those of the best indazole-5-carboxamides (class I derivatives) were discovered. The most potent 
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MAO-B inhibitor of the whole series was indole-5-carboxamide 53 (class II inhibitor), which contains a 

3,4-dichlorophenyl residue. It inhibits human MAO-B with subnanomolar potency and was found to be 

23-fold more potent than the standard inhibitor safinamide (3). The optimized structural features were a 

5-indazole or a 5-indole moiety connected to a lipophilic, substituted phenyl ring through a polar linker 

with a length of two atoms.  

 

Species Selectivity. Significant species differences and moderate correlations between human and rat 

IC50 values were previously described for other classes of MAO-B inhibitors.14,28,46 Therefore, all new 

compounds were tested at human as well as rat MAO-A and MAO-B in order to assess potential species 

differences. Since most compounds were inactive at MAO-A, species differences at MAO-A could only 

be noticed for very few compounds. However, for many compounds major species differences in the 

inhibitory potencies at MAO-B could be observed. With the exception of 27 and 54, which were 

virtually equipotent at rat and human MAO-B, the potency of the compounds at human MAO-B was 

generally higher (5.2-fold on average, with compound 38b showing the highest deviation of 

approximately 1.2 log units between IC50 values at human and rat MAO-B) than at the rat orthologue. 

The plot of all determined pIC50 values at rat MAO-B versus pIC50 values at human MAO-B gave a 

linear regression with a slope = 1.00, y-intercept = -0.67 and R2 = 0.89, thus displaying a clear 

correlation between rat and human MAO-B enzyme inhibitory activity (for details, see Figure S8, 

Supporting Information). Nonetheless it appears to be indispensable to determine MAO-B inhibition not 

only at the human enzyme, but also at the species used for preclinical studies. 

 

Mechanism of Monoamine Oxidase B Inhibition. The goal of the present study was to prepare novel 

reversible MAO-B inhibitors. Reversible inhibition is expected to have considerable advantages 

compared to irreversible inhibition, as discussed above. To investigate whether the indazole-5-

carboxamides (class I compounds) are reversible or irreversible inhibitors of human MAO-B, we 

performed reactivation experiments with the representative human MAO-B inhibitor 15. For this 
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purpose, the inhibition of reactivated human MAO-B by 15 was evaluated at a concentration that 

represents its IC80 value versus p-tyramine as a substrate. The enzyme activity of 15 was measured for 

22 min in the presence of low concentration of the substrate p-tyramine (10 µM pre-incubation) 

followed by a large increase in substrate concentration (to 1.0 mM). The irreversible inhibitor selegiline 

1 and the reversible inhibitor safinamide 3 were tested as reference inhibitors (Figure 4).  

 
Figure 4. Reactivation of MAO-B: recombinant human MAO-B enzyme was treated under assay 
conditions with inhibitor 15 at a concentration that presents its IC80 value (1.0 nM) in the presence of 
the substrate p-tyramine. The irreversible MAO-B inhibitor selegiline (1) and the reversible inhibitor 
safinamide (3) were applied at concentrations of 30 nM and 50 nM, respectively. After a pre-incubation 

period of 22 min, the substrate concentration was increased from 10 µM to 1.0 mM, and the 
fluorescence was measured over a period of 5 h. 
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In case of a reversible inhibition, after pre-incubation followed by an increase in the substrate 

concentration, the MAO-B inhibitor will be replaced by the competing excess of p-tyramine and a 

subsequent enzyme reactivation can be observed. In the experiment with the inhibitor 15, an elevated 

fluorescence can be detected after increasing the p-tyramine concentration indicating, that 15 acts as a 

reversible MAO-B inhibitor. The measurements with the reversible reference inhibitor safinamide 3 

clearly showed the expected reversible mode of interaction with MAO-B, which is proven by an 

elevation of the fluorescence after increasing the substrate concentration, similar as that observed for 15. 

In contrast, in the experiment with the irreversible inhibitor selegiline (1) the residual activity was not 

significantly enhanced after increasing the substrate concentration. These experiments clearly indicate 

that the indazol-5-carboxamides are reversible inhibitors of MAO-B. This was expected since they do 

not contain any reactive moieties.  

 

To further examine the interaction mode of the indazol-5-carboxamides with the binding site of 

MAO-B, the type of enzyme inhibition was determined by Michaelis-Menten kinetic experiments. For 

this purpose, the initial rates of the MAO-B-catalyzed oxidation of p-tyramine at six different substrate 

concentrations in the absence and in the presence of three different concentrations of the selected 

representative inhibitor 15 were measured. The results are depicted in Figure 5. Michaelis-Menten 

kinetic parameters Km and Vmax of human MAO-B inhibition were determined in the presence and 

absence of inhibitor 15. The maximal velocity (Vmax) remained almost constant at different 

concentrations of 15, whereas the Michaelis constant (Km) rose with increasing inhibitor concentrations. 

The Lineweaver-Burk plots for different concentrations of 15 were linear and intersected at the y-axis 

with the plot for the uninhibited enzyme. In addition, a Dixon plot was calculated (see Figure S9, 

Supporting Information). The obtained results indicate that the indazol-5-carboxamides are competitive 

MAO-B inhibitors.  
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Figure 5. Mode of MAO-B inhibition: saturation curves (top) and Lineweaver-Burk plot (bottom) of the 
inhibition of recombinant human MAO-B enzyme by different concentrations of 15 (0, 0.1, 0.5, and 1.0 
nM) in the presence of p-tyramine (0.05, 0.1, 0.25, 0.5, 1.0, and 1.5 mM) as a substrate. In the 
Lineweaver-Burk plot the reciprocal MAO-B inhibitory activity was plotted against the reciprocal 
substrate concentration (double reciprocal plot, n = 2). 
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Molecular Modeling Studies. The structure-activity relationship analyses of indazole-5- and indazole-

6-carboxamide analogs provided useful information about the main structural features determining their 

MAO-B inhibitory potency. A detailed examination of their potential binding modes revealing the most 

significant interactions within the substrate binding site of MAO-B might provide additional 

information including an explanation for the observed preference in inhibitory potency of C5- versus 

C6-substituted indazole derivatives. Therefore we selected the structurally related compounds 15 and 40 

for docking studies. While 15 is one of the most potent MAO-B inhibitors investigated here, compound 

40 was found to bind with considerably weaker affinity. The modeling study was particularly focused 

on the estimation of main interactions taking place at (i) the indazole NH function, (ii) the carboxamide 

linker and (iii) the 3,4-dichloro-substituted phenyl ring. We carried out docking experiments of 15 and 

40 followed by a HYDE-based selection of the top (FlexX-scored) solutions using the X-ray co-crystal 

structure of human MAO-B with the reference inhibitor safinamide 3 (PDB code 2V5Z, see 

Experimental Section).44,47 The docking simulations were performed with conformationally relaxed 

ligands using a LeadIT software. Overall, the docking studies reproduced the experimentally found 

binding modes and activities of several ligands well (we tested with a small set of structurally different 

compounds).47 While treating protein protons and N<->O flips flexible, the HYDE module in LeadIT 

was utilized to evaluate the accuracy of the predicted ligand/enzyme interactions. Following standard 

procedures, the ligand and safinamide complexes obtained from the initial dockings were post-

optimized using HYDE technology.48
 The automatized yet visual scoring method was recently 

developed to rapidly compute estimations of binding affinities; previous experience has shown its 

usefulness to improve the selection of correct poses from dockings. Furthermore, there appears 

convergence when selecting n = 32 binding poses per ligand.49 Docking studies with LeadIT give strong 

indication that 15 and 40 occupy the same substrate cavity space as previously determined for 

safinamide.44 In each docking case, the ligand molecule could be unambiguously modeled in the 

electron density binding region, assuming that both ligands do not covalently bind with the flavine 

(FAD) cofactor in contrast to some irreversible MAO-B inhibitors like selegiline and rasagiline.45 
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However, there were significant differences in the binding modes of 15 and 40 at the active site of 

human MAO-B. In general, from the ligand perspective of 15, the docking model led to the proposal 

that the binding pocket of human MAO-B can be divided into three different sub-pockets inside the 

protein: a heterocyclic binding pocket anchored in the “substrate cavity” in close to the FAD cofactor 

(hydrophobic region I, S1), a postulated H-interacting linker region, and a highly lipophilic halogen 

binding pocket (hydrophobic region II, S2) positioned in the “entrance” cavity (Figure 6).45 

 

Figure 6. Predicted binding modes of 15 (A) and 40 (B) in the human MAO-B (PDB code: 2V5Z) 
active site. The ligands and the co-crystallized safinamide 3 are colored in orange, light blue and broken 
white, respectively. For clarity, only the relevant residue side chains are shown in gray. Clipping planes 
have been used for better visibility. All structures are represented as stick models. The postulated H-
bond interactions between the carbonyl group and the water molecule HOH1247 are displayed as pink 
lines.50 
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The heterocycle-binding site of the pocket is limited by the FAD cofactor; however, some space remains 

unoccupied by 15. The aromatic part of the indazole ring shows a π-π arrangement with the amide plane 

of TYR326 below and CYS172 above the plane. In addition, slightly more distant, but still within the 

distance limitations for hydrophobic contacts, LEU171 interacts with the indazole moiety too. The 

carboxamide linker of 15 plays a remarkable role. It forms the basis for the only obvious hydrogen bond 

‘anchor’: a well-formed interaction to HOH1247 (CO---HOH1247 = 2.04 Å). Such an interaction was 

also observed for the 6-substituted analogs, for which 40 served as an example. Below the ligand amide 

linker, there is a π-π-type arrangement with TYR326, which itself (using its hydroxyl-group) showed 

another interaction to HOH1247, eventually rendering this water molecule even more conserved 

(protein-HOH1247 interaction not shown). In the back of the groove, in the region of the carboxamide 

linker there is the side chain of LEU171, which maintains the hydrophobic character of that part 

rendering the amide placement favorable there. Finally, the 3,4-dichlorophenyl substituent of the ligand 

occupies a strongly hydrophobic binding pocket in which it is placed with considerable affinity gain by 

releasing water molecules (hydrophobic effect). There are a multitude of hydrophobic amino acids 

contributing (notably leucin and isoleucin residues), the most important ones being ILE316 (below), 

PRO104 (hydrophilic side, limiting the pocket), ILE199 (top right), ILE198 (above paper plane), and 

ILE199 (above paper plane, not shown to improve visibility). The upper right ‘roof’ of the pocket is 

formed by the TRP119 ring system with the closest distance to any of the halogen atoms being 

approximately 3.5 Å. Summarizing our findings, we can conclude that (i) the indazole side of 15 is 

dominated by hydrophobic contacts, (ii) the carboxamide linker exhibits a hybrid feature providing an 

H-bond acceptor - the carboxylic oxygen - and serving as a hydrophilic anchor, while additionally using 

its π-character to form hydrophobic interactions, and (iii) the 3,4-dichlorophenyl side is dominated by 

hydrophobic interactions (halogen binding pocket, HBP). In agreement with the HYDE analysis 

(compare below), the binding is heavily dominated by hydrophobic contacts, and therefore, it appears to 

be largely entropy-driven, owing most of its strength to the release of water molecules from the 
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hydrophobic environments. There is only a single H-bond anchor mediating this type of interaction 

between protein and ligand.  

 

In the case of the 6-substituted indazole 40, the situation is similar (Figure 6). The heterocyclic moiety 

of the binding groove is limited by the FAD cofactor. The back of this part of the binding site is 

represented by the phenyl part of PHE343. It is oriented in a herringbone-like arrangement with respect 

to the pyrazole part of the indazole moiety. On the other side, i.e., below the pyrazole, we find the amide 

side chain of GLN206 forming a stacking interaction. Moving further to the right, another hydrophobic 

contact can be made out: LEU171 and GLN206 are forming a sandwich orientation with the phenyl part 

of the indazole moiety. Moreover, similarly to the docking results for 15, the oxygen atom of the 

carboxamide linker interacts with HOH1247 (CO---HOH1247 = 2.15 Å), which itself bridges to 

GLN206-amine and the ILE199 backbone-carbonyl groups. The 3,4-dichlorophenyl moiety of the 

binding situation in 40 closely resembles the one of the above-mentioned complex of 15 in 2V5Z.  

In summary, we observed that this class of compounds is likewise dominated by binding through 

replacing water molecules. The only relevant H-bond is formed by the central linker of the molecule, 

however this very water molecule is highly coordinated also by protein residues, making it more 

essential for overall binding. One route to further optimization of these classes of compounds might be 

to replace HOH1247, e.g., by a suitable alkyl substituent. However, this would lead to even more 

lipophilic compounds. Finally, docking studies are in line with a proposal of a non-covalent binding 

mode to human MAO-B, typically associated with reversible inhibitory activity. This finding is in 

agreement with the experimentally confiremde reversible mechanism of action for 15. 

 

HYDE Visual Binding Assessment of 5- versus 6-Substituted Indazoles. Comparing compounds 15 

and 40, it is difficult to understand why the C5-substituted indazoles exhibit higher affinity towards 

human MAO-B than the C6-substituted analogues (about two log units difference between 15 compared 
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to 40). To find plausible explanations we subjected both compounds in their docked conformations to a 

HYDE Visual Affinity Assessment (Figure 7).  

 
Figure 7. Compounds 15 (A) and 40 (B) placed within the PDB 2V5Z cavity in a HYDE Visual 
Affinity Assessment (ligands rendered in stick model with atom coloring by HYDE: green = favorable, 
red = unfavorable for affinity; the relevant ligand atoms C3, N1 and N2 are labeled in white, atoms of 
LEU171 and TYR398 behind the binding site surface). The surface has been colored by the respective 
amino acid elements; clipping planes have been used to enhance visibility and therefore not all atoms 
are visible for all residues and FAD.47 
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When comparing the two substitution scenarios, distinct differences become visible. In the case of 40, 

the indazole N1 atom (lower center) essentially has no contribution to affinity. Besides the fact that the 

modeling shows no H-bond contribution, the desolvation penalty for this atom amounts to 

approximately 0.5 kJ/mol. This is slightly overcompensated by the desolvation gain from the binding 

site (around 1.0 kJ/mol), totaling to a negligible contribution overall (HYDE shows it in almost white 

coloring). The neighboring N2 atom exhibits a somewhat higher desolvation penalty (approximately 1.0 

kJ/mol), while the enzyme binding site behaves indifferently; furthermore, there is again no bond 

formed which could overcompensate the loss from desolvation penalties, so that the overall contribution 

stays at roughly 1.0 kJ/mol in the view of a HYDE analysis. While the halogen-phenyl part and the 

carboxamide linker stay similarly favorable with respect to their affinity contributions, the situation 

changes for the 5-membered ring in the indazole moiety in 15 and its surroundings. Here, the placement 

of a more hydrophobic atom in the binding grove around the lower part of the indazole-5-ring is 

obviously especially favorable (PHE343, TYR398, FAD). According to the ligand docking, the C3-

position in the C5-substitued indazoles occupies that very spatial region which is occupied by the N2 in 

the C6-substituted analogs. This is a subtle yet distinct effect and entails higher affinity. According to 

the HYDE calculations, the C3 atom at this position now contributes with a desolvation gain of about 

3.5 kJ/mol, whereas the N2 atom is not able to overcompensate this, given its desolvation penalty of 

almost 2.0 kJ/mol. The N1 atom also contributes indirectly, inducing a receptor desolvation contribution 

of about 0.5 kJ/mol, and therefore, overall, a positive contribution of the three relevant atoms of 

approximately 4.0 kJ/mol occurs, giving a strong pointer to the origins of the enhanced activities for the 

5-substituted indazoles. Furthermore, taking into account that the only remaining atom contributing 

slightly unfavorably in the 5-substituted indazoles is N2, it appears natural that further optimization of 

this class of compounds could proceed from, for example, a vector at this very N2 position. This 

assumption is experimentally confirmed by compound 38b, which contains a methyl group at the N2-

position in the indazole moiety and was not only well tolerated by human MAO-B, but also showed a 

moderate activity for the human MAO-A isoenzyme. Further, a hydrophilic substitution should make 
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this atom less accessible for water, entailing a “quenching” of desolvation effects, and therefore, an 

improvement of affinity. 

In conclusion, the 5- and 6-substituted indazoles 15 and 40 exhibit different binding affinities based on 

their different entropic contributions (hydrophobic effects) to the total binding energy. The visual 

analyses with HYDE provide indications that the C5-substituted indazole 15 contributes with almost 1.5 

kcal/mol at its C3 position. In contrast, the C6-substituted analog 40 has no favorable desolvation 

contribution by any atom in the same spatial area (whereas the remaining molecular parts keep their 

contributions constant). In this more hydrophobic region, a nitrogen atom (N1 position in 40) is present 

and, with respect to desolvation effects, the difference between the bonded and unbonded states amounts 

to zero. That means, the N5 atom is assumed to be solvated in both the unbound and bound states; 

consequently, the affinity contribution from desolvation effects – being the difference in ∆G between 

these two states – is not affected. In addition, it does not form any hydrogen bonds, and therefore, its 

contribution to the overall affinity can essentially be neglected. Summarizing, HYDE was able to help 

understanding activity differences by visualization and quantification of effects of (de)hydration and H-

bonds. 

 

Physicochemical Properties. Based on their potent and selective inhibition of MAO-B, 14 compounds 

were selected for further evaluation (15, 27-36, 38a, 38b, 53, 54, 58, and 59; see Table 1). The selection 

criteria included inhibitory potency towards human MAO-B with an IC50 of <10 nM and greater than 

1000-fold selectivity for MAO-B over MAO-A. To evaluate the drug-likeness of the selected 

compounds, we calculated several physicochemical parameters, including lipophilicity (clogP), 

topological polar surface area (tPSA), and ligand-lipophilicity efficiency (LLE),51,52,53 and compared 

them to the reference MAO-B inhibitors 1-3 (Table 2).  
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Table 2. Physicochemical Properties of Selected Compounds and Reference MAO-B inhibitors  

Compd. MR pIC50 N
a clogPb tPSA (Å2)b LLEc 

Selegiline (1) 187 8.18 14 2.85 3.24 5.33 

Rasagiline (2) 171 7.85d 13 2.30 12.0 5.55 

Safinamide (3) 302 8.29 22 2.48/2.20e 64.4 5.81 

15 306 9.23 20 3.60 57.8 5.63 

27 306 8.56 20 3.60 57.8 4.96 

28 289 9.17 20 3.13 57.8 6.04 

29 289 9.17 20 3.13 57.8 6.04 

30 273 8.88 20 2.67 57.8 6.13 

32 301 8.47 21 2.83 67.0 5.64 

34 301 8.36 21 2.83 67.0 5.53 

36 307 8.27 20 2.60 70.7 5.67 

38a 320 9.41 21 3.72 46.9 5.69 

38b 320 8.84 21 4.08 46.9 4.76 

53 305 9.64 20 4.37 44.9 5.27 

54 319 8.65 21 4.60 34.0 4.05 

58 290 9.21 19 4.38 41.0 4.83 

59 304 8.99 20 4.50 32.0 4.49 

a
N, number of heavy atoms. bCalculated by the Instant JChem program (Version 6.0.2), ChemAxon, 2013, 

(http://www.chemaxon.com). cLLE: ligand-lipophilicity efficiency = pIC50 – clogP. dData from ref. 18. eData obtained 
from CINAPS Dossier: Safinamide 3/29/2009, National Institute of Neurological Disorders and Stroke (NINDS), 
Bethesda, USA, 2009. 

 

The clogP value was in all cases lower than 5, which is in agreement with the well known rule-of-5 for 

drug-likeness.54,55 Compounds 28-30, 32, 34 and 36 exhibit a clogP value of less or about 3, which is 

considered as optimal for perorally administered drugs being in the same range as the reference drugs 

1-3. Compounds 28-30, 32 and 34 have lower molecular weight (MR) than the reference drug 

safinamide (3). Moreover, all selected compounds are more potent at human MAO-B than the reference 

drugs 1-3. The mean number of the heavy atoms for the new compounds was always lower (HAmean all = 

20.3) than that of the reversible standard MAO-B inhibitor safinamide (3, HASAF = 22), but higher than 

that of the irreversible MAO-B inhibitors 1 and 2 containing 14 and 13 non-hydrogen atoms, 
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respectively (see Table 2). In general, most of the new MAO-B inhibitors appear to have optimal 

physicochemical parameters for allowing oral bioavailability (logP 2–4, MR < 400 and tPSA 50–90 

Å2).56 Together with clogP and MR, the PSA is used to assess the compound’s ability to cross the blood-

brain barrier (BBB). For all selected compounds, the tPSA values were ranging between 32.0 and 70.7 

Å2, and therefore, they are expected to be orally bioavailable. Furthermore, compounds with a PSA 

value lower or equal to 61 Å2 are classified as “good” for brain penetration.57 The PSA for most of the 

selected compounds (except for 32, 34 and 36) did not exceed the required limit for brain permeability 

of 60 Å2, and therefore, these may be considered as promising central nervous system (CNS) drug 

candidates.52 A further parameter frequently applied in the lead generation and optimization process is 

the ligand-lipophilicity efficiency (LLE) that combines potency and lypophilicity.54 For most of the 

selected compounds (except for 54 and 59), the LLE value was found to be within the range of 5–7. 

Compounds with a LLE >5 can be considered as suitable drug candidates.54 In case of the selected new 

compounds, 28-30 possessed an optimal LLE value of more than 6, and may therefore serve as drug 

candidates suitable for further in vivo evaluation. To assess the relationship between lipophilicity and 

bioactivity, we plotted the clogP values versus the pIC50 values (human MAO-B) for all target 

compounds as well as reference drugs 1-3 (Figure 8). 
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Figure 8. Distribution of clogP versus pIC50 values (human MAO-B) for reference compounds and 
newly developed inhibitors. The reference drugs and selected novel classes of MAO-B inhibitors are 
indicated in red (1, 2 and 3), green (indazole-5-carboxamides, class I), violet (indole-5-carboxamides, 
class II) and orange (indazol-5-yl)methanimines, class III) circles, respectively (also see Table 3). The 
blue dashed lines represent the preferred range for clogP values. The red dashed line indicates the 
average clogP value of 3.09 of all synthesized compounds. 
 

The reference drugs and the structurally novel MAO-B inhibitors (class I, II and III) are shown in 

colored circles. The white circles represent compounds that are only weakly active at human MAO-B. 

All compounds with the exception of 53, 54, 58 and 59, display acceptable clogP values within the 

preferred range for CNS drugs of 2-4 (blue dashed lines).58 The clogP value for compound 38b is at the 

upper limit (4.08), while 11 is a highly hydrophilic compound with a clogP of 0.43. There was a 

significant correlation between the pIC50 values of indole-5-carboxamides (53 and 54) and (indazol-5-

yl)methanimines (58 and 59) at human MAO-B and their high lipophilicity with clogP values in the 

range of 4.36-4.60. Among all presented compounds, 53 was not only identified as the most potent 

(pIC50 = 9.64) but also as one of the most highly lipophilic MAO-B inhibitors of the present series of 

compounds. The N1-methyl-substituted derivative 54 (clogP 4.60) is even more lipophilic and 

represents the most lipophilic compound of all series of inhibitors investigated in this study. The 
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distribution of the clogP values plotted versus MR and tPSA values indicates that newly developed class 

II (53 and 54) and class III (58 and 59) MAO-B inhibitors possessing tPSA values between 32.0 and 

44.9 Å2 are less polar than class I inhibitors (for more details, see Figure S10, Supporting Information). 

The plotted pIC50 and clogP values demonstrate that highly potent MAO-B inhibitors (e.g., compounds 

28-30 and 34) with an optimal lipophilicity suitable for further CNS drug development were discovered 

(Figure 8). 

 

Additional physicochemical values, known as important predictors of drug-likeness58 were calculated, 

including pKa values, distribution coefficients (clogD7.4), hydrogen bond donor/acceptor (HBD/HBA) 

counts, rotatable bonds (Rot.), water solubility (SW), and molar volume (Vm) (for details, see Tables S3 

and S4, Supporting Information). The properties of the new MAO-B inhibitors were compared to the 

profiles of the top-selling 25 CNS drugs, and many of them were found to perform similarly well. The 

physicochemical properties for the new compounds are in the suggested limits (clogP = 2–5, tPSA < 90 

Å2, MR < 500, HBD < 3).58 The mean clogP value for all new compounds was 3.09, whereas the mean 

MW and tPSA values were 229.1 and 60.5 Å2, respectively (see Supporting Information). Of all new 

compounds, 30 are predicted to possess oral bioavailability (Sw = 0.36 mg/mL at pH 7.4),55 lead 

likeness,52,54,55 and fulfill the rule-of-3 criteria (MR ≤ 300, logP ≤ 3, acceptor counts ≤ 3, rotatable bond 

counts ≤ 3, tPSA ≤ 60)52 for CNS drug candidates (for details, see Supporting Information Table S5 and 

S6). 

 

The Most Promising Lead Structures. As the most promising MAO-B inhibitors of the present series 

with drug-like properties, compounds 29 and 30 have to be highlighted (Figure 10). In order to improve 

their physicochemical properties while maintaining high potency and selectivity at human MAO-B, 29 

and 30 were designed and evaluated in a two-step drug optimization process. In addition to the already 

discussed physicochemical properties (e.g., MR, clogP, and the number of heavy atoms HA) and ligand-

lipophilicity efficiency (LLE), we also used the binding efficiency index (BEI)51,53,54 as a metric value to 
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assess the properties of lead structure 15 optimized derivatives. Additionally, the indazole-5-

carboxamide derivatives 15, 29 and 30 were aligned and characterized by high shape and field 

similarity.59 

 

Figure 9. Structure optimization process of lead structure 15 towards derivative 30 with improved 
properties by replacement of the 3-Cl (step a), or the 3,4-di-Cl atoms (step b) with one (29) or two 
fluorine atoms (30). The binding efficiency index (BEI) is defined as BEI = pIC50/MR (in 1/kDa). 
 

Starting from 15, we stepwise replaced the chlorine atoms at the phenyl ring in position 4 (compound 

28, not shown), and position 3 (compound 29, Figure 9), respectively, with fluorine atoms (step a). In 

the following step b, both fluorine atoms at positions 3 and 4 of 15 were replaced resulting in 30. During 

both steps the relative molar mass (MR) was consequently decreased from 306 (15) to 273 (30). Since 

the number of heavy atoms (HA) for all three compounds is equal to 20 (see Figure 9), we additionally 

applied the binding efficiency index (BEI) as an alternative metric value to the ligand efficiency index 

(LE) in order to quantify the drug optimization of 15, which showed the same trend.60 The BEI values 

were calculated by using the measured binding affinity (pIC50 at human MAO-B) dividing it by the MR 

(in kDa). It is well know, that during a drug optimization from hit to lead to clinical candidate an 

increase in MR is typically observed.60 In contrast, in the presented series of MAO-B inhibitors the 

potency within the chemical series of indazole-5-carboxamides is not strongly correlated with molecular 

weight. Because of its well-balanced profile compound 30 may be considered as a promising CNS drug 
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candidate for further development. Similar features were observed by several compounds of the series 

of indazole-5-carboxamides (class I MAO-B inhibitors) like 3,4-chlormethoxyphenyl-substituted 

derivatives 32 and 34 as well as 3,4-dichloropyridine containing analogue 36.  

 

The selected MAO-B inhibitor 30 was analyzed by a superposition onto both the reference ligand 

safinamide (3) and lead compound 15. For this purpose, the 3D alignments were computed with flexible 

ligands and 3 as the template bioactive structure (for details, see Table S7 and Figure S11, Supporting 

Information). Based on their physicochemical interaction model (e.g., reflecting donors, acceptors, 

delocalization, and amide character of the molecules), compounds 15 and 30 showed a 72% and 75% 

identity to 3, respectively. Furthermore, the volume overlaps reflect a spatial coverage of 3 in the range 

of 85%. The overlays give a hint to the higher MAO-B potency of 15 and 30 in comparison to 3. In 

addition, the superposition experiment supports the assumption of a relatively rare (compare Docking 

results) interplanar twist between the phenyl and the indazole ring planes, enforcing a non-planarity 

between the amide function and at least one of the ring systems. 

 

CONCLUSIONS 

In conclusion, we discovered indazol-5-carboxamides, indol-5-carboxamide and (1H-indazol-5-

yl)methanimine derivatives as structurally novel classes of MAO-B inhibitors. Structural optimization 

and SAR analyses led to the discovery of remarkably potent competitive and reversible MAO-B 

inhibitors with subnanomolar potency. Furthermore, the binding mode of selected C5- versus C6-

substituted indazole-carboxamide derivatives within the binding pocket of the human MAO-B enzyme 

was investigated. The molecular modeling studies provided insights into the main interactions and 

structural requirements of enzyme-inhibitor binding and broadened our understanding of the 

compounds’ requirements for achieving high MAO-B affinity and selectivity. Thus, several indazole-5- 

and indole-5-carboxamide analogues with different substituents at the phenyl 3- and 4-positions (e.g., 

compounds 28-30, 32, 34, 36 and 53) and those with an N1-methylated indole or indazole moiety (e.g., 
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compounds 38a and 54) were identified that may serve as promising lead structures or even drug 

candidates e.g., for the treatment of PD and AD. Moreover, they will be highly useful as 

pharmacological tools for in vitro and in vivo studies, and may be suitable for the development of 

radioligands, including diagnostics for positron emission tomography (PET). As an example, compound 

30 can be highlighted because of its remarkable in vitro MAO-B inhibitory activity and its well-

balanced physicochemical profile, which is predictive of CNS bioavailability. Future efforts will be 

directed towards further improving the compounds’ drug-like properties with regard to water-solubility, 

bioavailability, metabolism and toxicity, and to evaluate the new MAO-B inhibitors in relevant animal 

models. 
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EXPERIMENTAL SECTION 

Chemistry. All reagents including 5-amino-indazole (17), different substituted anilines (23a-k and 25), 

2,3-dichloro-5-aminopyridine (24), carboxylic acids (20, 21a-c, 22, 39, and 50-52), and indazole-5-

carboxaldehydes (57a and 57b) were obtained from various producers (Acros, Sigma Aldrich, Alfa 

Aesar, and TCI) and used without further purification. The experimental procedures and spectroscopic 

analysis for the carboxylic acids 18 and 19 are provided in the Supporting Information. Solvents were 

used without additional purification or drying unless otherwise noted. Reactions were monitored by thin 

layer chromatography (TLC) using aluminum sheets coated with silica gel 60 F254 (Merck). Compounds 

were visualized under UV light (254 nm). Preparative column chromatography was performed on silica 

gel 60 (Acros Organics) 0.060–0.200 mm. Mass spectra were recorded on an API 2000 mass 

spectrometer (electron spray ion source ESI, Applied Biosystems, Darmstadt, Germany) coupled with 

an Agilent 1100 HPLC system using a Phenomenex Luna HPLC C18 column (50 × 2.00 mm, particle 

size 3.0 µm). Purification by RP-HPLC of final products was performed an a Eurospher 100-10 C18 

column (250 × 20 mm, particle size 10.0 µm, flow rate 10 mL/min) using Knauer Advanced Scientific 

Instruments (Berlin, Germany) preparative pump 1800/100 coupled with a Smartline 2600 UV diode 

array detector (DAD) with an UV detection in the range from 220 to 400 nm. The purity of the tested 

compounds and stability control of selected compounds 54 and 59 was determined by HPLC-UV 

obtained on an LC-MS instrument (Applied Biosystems API 2000 LC-MS/MS, HPLC Agilent 1100) 

using the standard or modified LC/ESI-MS method as described in the Supporting Information. All 

tested compounds possessed a purity of not less than 95%. 1H and 13C NMR spectra were recorded on a 

Bruker Avance 500 MHz NMR spectrometer. DMSO-d6 was used as a solvent as indicated below. 

NMR spectra were recorded at room temperature (303 K). Chemical shifts (δ) are given in parts per 

million (ppm) related to that of the solvent. Coupling constants J are given in Hertz (Hz), and spin 

multiplicities are given as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). 

Melting points were determined on a Büchi Melting Point B-545 apparatus and are uncorrected. The 

carboxylic acids 18 and 19 were prepared as described in the Supporting Information. 
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General Procedure A for the Amide Coupling to Produce Compounds 10-16, 26-37, 40-49, 53, 55 and 

56. Method 1. A solution of the corresponding carboxylic acids 18-20 and 22 (1.0 equiv.), different 

substituted anilines 17 and 23a (1,2 equiv.) and TBTU (1.2 equiv.) in acetonitrile (2–3 mL/mmol) was 

treated with DIPEA (1.2 equiv.), and the reaction was allowed to stir over night at room temperature. 

The precipitate formed was filtered, dried at 70 °C and purified by column chromatography on silica gel 

(eluent: CH2Cl2/MeOH, 9:1 v/v).  

Method 2. A solution of the corresponding carboxylic acid 21a-c, 22, 39 and 50-52 (1.0 equiv.), 

different substituted anilines 23a-k, 24 and 25 (1.0 equiv.) and EDC-HCl (1.1 equiv.) in methanol (3–5 

mL/mmol) was stirred over night at room temperature. The reaction was concentrated in vacuo, the 

residue was treated with a water/ether-mixture (5:1, 12 mL/mmol), and the mixture was stirred for 30 

min at room temperature. The precipitate formed was filtered under reduced pressure and dried at 70 °C. 

The crude product was purified by column chromatography on silica gel (eluent: CH2Cl2/MeOH, 9:1 

v/v). 

5-Chloro-N-(1H-indazol-6-yl)-6-morpholinonicotinamide (10). The compound was prepared following 

Method 1. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 10 as colorless crystals (241 mg, 

37%), mp: 238-239 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.43 (t, J = 4.72 Hz, 4H, Morph.), 3.74 (t, J 

= 4.42 Hz, 4H, Morph.), 7.51 (d, J = 8.83 Hz, 1H, Ph), 7.68 (dd, J = 1.26 / 8.83 Hz, 1H, Ph), 8.03 (s, 

1H, Ph), 8.24 (s, 1H, Ind.-Het.), 8.40 (d, J = 1.89 Hz, 1H, Pyr.), 8.85 (d, J = 1.89 Hz, 1H, Pyr.), 10.44 (s, 

1H, -NHCO-), 13,11 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 44.0 (2C, Morph.), 66.1 (2C, 

Morph.), 110.1, 111.4, 119.7, 121.5, 122.8, 124.8, 132.0, 133.5, 137.3, 138.5, 146.1, 158.7, 162.6; 

LC/ESI-MS (m/z): negative mode 356 [M-H]-, positive mode 358 [M+H]+. 

N-(1H-indazol-5-yl)-1-methyl-6-oxo-1,6-dihydropyridine-3-carboxamide (11). The compound was 

prepared following Method 1. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) 
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following by recrystallization three times from petroleum ether/CH2Cl2 afforded 11 as a white solid (61 

mg, 45%), mp: 247-249 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.52 (s, 3H, Me), 6.43 (d, J = 9.46 Hz, 

1H, Pyr.), 7.49 (d, J = 8.82 Hz, 1H, Ph), 7.68 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.10 (s, 1H, Ph), 8.05 (dd, 

J = 2.53 / 9.46 Hz, 1H, Pyr.), 8.20 (d, J = 1.27 Hz, 1H, Ind.-Het.), 8.80 (d, J = 2.52 Hz, 1H, Pyr.), 10.29 

(s, 1H, -NHCO-), 13.09 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 37.4, 53.3, 110.1, 111.1, 

112.8, 117.9, 121.6, 122.8, 132.2, 133.4, 138.5, 142.7, 162.0, 163.0; LC/ESI-MS (m/z): negative mode 

267 [M-H]-, positive mode 269 [M+H]+. 

2-Chloro-6-fluoro-N-(1H-indazol-5-yl)benzamide (12). The compound was prepared following Method 

1. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two 

times from petroleum ether/CH2Cl2 afforded 12 as a white solid (128 mg, 72%), mp: 270-271 °C; 1H 

NMR (500 MHz, DMSO-d6) δ = 7.37 (dt, J = 0.95 / 8.36 Hz, 1H, Ph), 7.44 (d, J = 8.19 Hz, 1H, Ph), 

7.49 (dd, J = 1.89 / 9.14 Hz, 1H, Ph), 7.52 (s, 1H, Ph), 7.52–7.56 (m, 1H, Ph), 8.06 (s, 1H, Ph), 8.23 (s, 

1H, Ind.-Het.), 10.72 (s, 1H, -NHCO-), 13.0 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.5 (d, 

J = 6.24 Hz), 114.9 (d J = 21.7 Hz), 120.4, 122.8, 125.7 (d,  J = 2.99 Hz), 126.2, 126.4, 131.3 (d, J = 

5.99 Hz), 131.6, 131.7 (d, J = 8.98 Hz), 133.7, 157.9, 159.9, 160.0; LC/ESI-MS (m/z): negative mode 

288 [M-H]-, positive mode 290 [M+H]+. 

2,3-Dichloro-N-(1H-indazol-5-yl)benzamide (13). The compound was prepared following Method 1. 

Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two 

times from petroleum ether/CH2Cl2 afforded 13 as a white solid (127 mg, 73%), mp: 265-266 °C; 1H 

NMR (500 MHz, DMSO-d6) δ = 7.49 (t, J = 7.88 Hz, 1H, Ph), 7.52 (s, 2H, Ph), 7.58 (dd, J = 1.57 / 7.56 

Hz, 1H, Ph), 7.75 (dd, J = 1.27 / 7.89 Hz, 1H, Ph), 8.06 (s, 1H, Ph), 8.23 (s, 1H, Ind.-Het.), 10.55 (s, 1H, 

-NHCO-), 13.0 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.4, 110.5, 120.6, 122.8, 127.5, 

128.3, 128.8, 131.3, 131.8, 132.2, 133.7, 137.3, 139.6, 164.1; LC/ESI-MS (m/z): negative mode 304 [M-

H]-, positive mode 306 [M+H]+. 

3,4-Dichloro-N-(1H-indazol-5-yl)benzamide (14). The compound was prepared following Method 1. 

Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two 
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times from petroleum ether/CH2Cl2 afforded 14 as a white solid (101 mg, 41%), mp: 277-278 °C; 1H 

NMR (500 MHz, DMSO-d6) δ = 7.52 (d, J = 8.83 Hz, 1H, Ph), 7.61 (dd, J = 1.9 / 8.83 Hz, 1H, Ph), 7.81 

(d, J = 8.51 Hz, 1H, Ph), 7.96 (dd, J = 1.89 / 8.2 Hz, 1H, Ph), 8.06 (s, 1H, Ph), 8.22 (d, J = 1.27 Hz, 1H, 

Ind.-Het.), 8.24 (d, J = 2.21 Hz, 1H, Ph), 10.38 (s, 1H, -NHCO-), 13.0 (s, 1H, NH); 13C NMR (125 

MHz, DMSO-d6) δ = 110.2, 111.6, 121.5, 122.8, 128.1, 129.7, 130.9, 131.4, 131.7, 133.7, 134.3, 135.5, 

137.4, 163.1; LC/ESI-MS (m/z): negative mode 304 [M-H]-, positive mode 306 [M+H]+. 

N-(3,4-Dichlorophenyl)-1H-indazole-5-carboxamide (15). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 15 as a white crystalline solid (336 

mg, 76%), mp: 271-272 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.60 (d, J = 8.83 Hz, 1H, Ph), 7.65 (d, 

J = 8.83 Hz, 1H, Ph), 7.78 (dd, J = 2.52 / 8.83 Hz, 1H, Ph), 7.94 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.18 

(d, J = 2.52 Hz, 1H), 8.28 (s, 1H, Ind.-Het.), 8.48 (s, 1H, Ph), 10.49 (s, 1H, -CONH-), 13.35 (s, 1H, 

NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.2, 120.3, 121.5, 121.6, 122.5, 125.0, 125.7, 126.8, 130.7, 

131.0, 135.2, 139.8, 141.3, 166.2; LC/ESI-MS (m/z): negative mode 304 [M-H]-, positive mode 306 

[M+H]+. 

2-(3,4-dichlorophenyl)-N-(1H-indazol-5-yl)acetamide (16). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/ CH2Cl2 afforded 16 as a white solid (145 mg, 56%), 

mp: 274-275 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.69 (s, 2H, CH2), 7.33 (dd, J = 1.89 / 8.19 Hz, 

1H, Ph), 7.41 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 7.47 (d, J = 8.83 Hz, 1H, Ph), 7.58 (d, J = 8.20 Hz, 1H, 

Ph), 7.61 (d, J = 1.89 Hz, 1H, Ph), 7.99 (s, 1H, Ph), 8.08 (d, J = 1.26 Hz, 1H, Ind.-Het.), 10.15 (s, 1H, -

NHCO-), 12.94 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 42.1, 110.0, 110.3, 120.4, 122.8, 

129.4, 129.8, 130.5, 130.8, 131.4, 132.1, 133.5, 137.1, 137.4, 168.1; LC/ESI-MS (m/z): negative mode 

318 [M-H]-, positive mode 320 [M+H]+. 

N-Phenyl-1H-indazole-5-carboxamide (26). The compound was prepared following Method 2. 

Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two 
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times from petroleum ether/CH2Cl2 afforded 26 as a white crystalline solid (180 mg, 76%), mp: 285-286 

°C; 1H NMR (500 MHz, DMSO-d6) δ = 7.08 (dt, J = 0.94 / 7.57 Hz, 1H, Ph), 7.33 (t, J = 6.3 Hz, 1H, 

Ph), 7.34 (t, J = 7.25 Hz, 1H, Ph), 7.63 (d, J = 8.83 Hz, 1H, Ph), 7.74 (dt, J = 1.53 / 7.57 Hz, 1H, Ph), 

(dd, J = 1.26 / 8.83 Hz, 1H, Ph), 7.95 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.25 (s, 1H, Ind.-Het.), 8.52 (s, 

1H, Ph), 10.22 (s, 1H, -CONH-), 13.30 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 120.4 

(2C), 121.3, 122.4, 123.5, 125.8, 127.5, 128.7 (2C), 135.1, 139.6, 141.2, 165.9; LC/ESI-MS (m/z): 

negative mode 236 [M-H]-, positive mode 238 [M+H]+. 

N-(3,5-Dichlorophenyl)-1H-indazole-5-carboxamide (27). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization four times from petroleum ether/CH2Cl2 afforded 27 as a white solid (190 mg, 62%), 

mp: 303-305 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.30 (t, J = 1.89 Hz, 1H, Ph), 7.65 (d, J = 8.51 Hz, 

1H, Ph), 7.51 (d, J = 2.52 Hz, 1H, Ph), 7.91 (dd, J = 1.57 / 3.15 Hz, 1H, Ph), 7.92 (d, J = 1.89 Hz, 1H, 

Ph), 8.28 (d, J = 0.63 Hz, 1H, Ind.-Het.), 8.48 (dd, J = 0.63 / 1.58 Hz, 1H, Ph), 10.51 (s, 1H, -CONH-), 

13.35 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 110.3, 118.3 (2C), 121.7, 122.4, 122.7, 

125.7, 126.6, 126.7, 134.1, 142.0, 145.2, 166.4; LC/ESI-MS (m/z): negative mode 304 [M-H]-, positive 

mode 306 [M+H]+. 

N-(3-Cloro-4-fluorophenyl)-1H-indazole-5-carboxamide (28). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 28 as a white solid (190 mg, 66%), 

mp: 240-241 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.40 (t, J = 9.15 Hz, 1H, Ph), 7.64 (d, J = 8.82 Hz, 

1H, Ph), 7.71–7.77 (m, 1H, Ph), 7.93 (dd, J = 1.27 / 8.83 Hz, 1H, Ph), 8.11 (dd, J = 2.53 / 6.94 Hz, 1H, 

Ph), 8.26 (s, 1H, Ind.-Het.), 8.47 (s, 1H, Ph), 10.41 (s, 1H, -CONH-), 13.33 (s, 1H, NH); 13C NMR (125 

MHz, DMSO-d6) δ = 110.2, 116.9 (d, J = 21.7 Hz), 119.1 (d, J = 18.2 Hz), 120.6 (d, J = 6.73 Hz), 

121.5, 121.8, 122.5, 125.7, 126.9, 135.1, 136.9 (d, J = 2.99 Hz), 141.3, 153.4 (d, J = 242.84 Hz), 166.1; 

LC/ESI-MS (m/z): negative mode 288 [M-H]-, positive mode 290 [M+H]+. 

Page 48 of 81

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



49 

 

N-(4-Cloro-3-fluorophenyl)-1H-indazole-5-carboxamide (29). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from PE/CH2Cl2 afforded 29 as a white solid (95 mg, 33%), mp: 247-248 °C; 

1H NMR (500 MHz, DMSO-d6) δ = 7.54 (t, J = 8.52 Hz, 1H, Ph), 7.63 (dd, J = 1.57 / 8.82 Hz, 1H, Ph), 

7.65 (d, J = 8.82 Hz, 1H, Ph), 7.93 (dd, J = 1.58 / 8.51 Hz, 1H, Ph), 7.97 (dd, J = 2.21 / 11.98 Hz, 1H, 

Ph), 8.27 (s, 1H, Ind.-Het.), 8.47 (s, 1H, Ph), 10.52 (s, 1H, -CONH-), 13.34 (s, 1H, NH); 13C NMR (125 

MHz, DMSO-d6) δ = 108.3 (d, J = 25.7 Hz), 110.3, 113.1 (d, J = 17.95 Hz), 117.1 (d, J = 2.99 Hz), 

120.5, 121.6, 122.4, 125.7, 126.8, 130.5, 135.2, 140.2 (d, J = 10.22 Hz), 157.0 (d, J = 243.35 Hz), 

166.3; LC/ESI-MS (m/z): negative mode 288 [M-H]-, positive mode 290 [M+H]+. 

N-(3,4-Difluorophenyl)-1H-indazole-5-carboxamide (30). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 30 as a white solid (163 mg, 60%), 

mp: 239-240 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.41 (q, J = 9.14 Hz, 1H, Ph), 7.54–7.59 (m, 1H, 

Ph), 7.64 (d, J = 8.45 Hz, 1H, Ph), 7.93 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.96 (ddd, J = 2.52 / 7.57 

/13.24 Hz, 1H), 8.27 (s, 1H, Ind.-Het.), 8.47 (d, J = 0.63 Hz, 1H, Ph), 10.42 (s, 1H, -CONH-), 13.33 (s, 

1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 109.3 (d, J = 21.7 Hz), 110.2, 116.6 (q, J = 3.24 Hz), 

117.4 (d, J = 17.7 Hz), 121.5, 122.5, 125.7, 126.9, 135.1, 136.7 (dd, J = 2.74 / 9.22 Hz), 141.2, 145.5 

(dd, J = 12.71 / 241.59 Hz), 149.0 (dd, J = 13.22 / 242.85 Hz), 166.1; LC/ESI-MS (m/z): negative mode 

272 [M-H]-, positive mode 274 [M+H]+. 

N-(3,4-Dimethoxyphenyl)-1H-indazole-5-carboxamide (31). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 31 as a brownish solid (183 mg, 

61%), mp: 258-262 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.74 (s, 3H, OMe), 3.76 (s, 3H, OMe), 6.93 

(d, J = 8.83 Hz, 1H, Ph), 7.36 (dd, J = 2.53 / 8.83 Hz, 1H, Ph), 7.51 (d, J = 2.52 Hz, 1H, Ph), 7.63 (td, J 

= 0.94 / 8.83 Hz, 1H, Ph), 7.94 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.24 (d, J = 0.63 Hz, 1H, Ind.-Het.), 

8.46 (dd, J = 0.63 / 1.58 Hz, 1H, Ph), 10.1 (s, 1H, -CONH-), 13.35 (s, 1H, NH); 13C NMR (125 MHz, 
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DMSO-d6) δ = 55.6 (OMe), 55.9 (OMe), 105.8, 110.0, 112.2, 112.4, 121.1, 122.5, 125.7, 127.6, 133.2, 

135.0, 141.1, 145.2, 148.6, 165.5; LC/ESI-MS (m/z): negative mode 296 [M-H]-, positive mode 298 

[M+H]+. 

N-(3-Cloro-4-methoxyphenyl)-1H-indazole-5-carboxamide (32). The compound was prepared following 

Method 1. Repeated purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 32 as a white solid (33 mg, 11%), 

mp: 276-278 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.84 (s, 3H, 4-MeO), 7.15 (d, J = 9.15 Hz, 1H, 

Ph), 7.65 (d, J = 8.83 Hz, 1H, Ph), 7.68 (dd, J = 2.53 / 8.83 Hz, 1H, Ph), 7.94 (dd, J = 1.57 / 8.83 Hz, 

1H, Ph), 7.97 (d, J = 2.52 Hz, 1H, Ph), 8.24 (s, 1H, Ind.-Het.), 8.48 (s, 1H, Ph), 10.25 (s, 1H, -CONH-), 

13.34 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 56.3 (OMe), 110.1, 113.0, 120.2, 120.6, 121.3, 

122.0, 122.5, 125.7, 127.2, 133.3, 135.1, 141.2, 150.8, 165.7; LC/ESI-MS (m/z): negative mode 300 [M-

H]-, positive mode 302 [M+H]+. 

N-(3-Cloro-4-hydroxyphenyl)-1H-indazole-5-carboxamide (33). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 33 as a yellowish solid (169 mg, 

59%), mp: 272-274 °C; 1H NMR (500 MHz, DMSO-d6) δ = 6.94 (d, J = 8.82 Hz, 1H, Ph), 7.50 (dd, J = 

2.53 / 8.83 Hz, 1H, Ph), 7.62 t(d, J = 0.95 / 8.82 Hz, 1H, Ph), 7.85 (d, J = 2.53 Hz, 1H, Ph), 7.92 (dd, J 

= 1.57 / 8.82 Hz, 1H, Ph), 8.24 (s, 1H, Ind.-Het.), 8.43 (dd, J = 0.95 / 1.58 Hz, 1H, Ph), 9.92 (bs, 1H, 

OH), 10.12 (s, 1H, -CONH-), 13.29 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 116.5, 

119.1, 120.6, 121.2, 122.0, 122.5, 125.7, 127.3, 132.0, 135.0, 141.1, 149.3, 165.6; LC/ESI-MS (m/z): 

negative mode 286 [M-H]-, positive mode 288 [M+H]+. 

N-(4-Cloro-3-methoxyphenyl)-1H-indazole-5-carboxamide (34). The compound was prepared following 

Method 1. Repeated purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 34 as a white solid (34 mg, 11%), 

mp: 280-282 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.85 (s, 3H, 4-MeO), 7.36 (d, J = 8.82 Hz, 1H, 

Ph), 7.46 (dd, J = 2.53 / 8.83 Hz, 1H, Ph), 7.64 (d, J = 8.51 Hz, 1H, Ph), 7.71 (dd, J = 2.21 Hz, 1H, Ph), 
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7.94 (dd, J = 1.57 / 8.82 Hz, 1H, Ph), 8.27 (s, 1H, Ind.-Het.), 8.47 (d, J = 0.63 Hz, 1H, Ph), 10.32 (s, 1H, 

-CONH-), 13.32 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 56.0 (OMe), 105.0, 110.1, 113.0, 

115.2, 121.4, 122.5, 125.7, 127.2, 129.7, 135.1, 139.8, 141.2, 154.5, 166.0; LC/ESI-MS (m/z): negative 

mode 300 [M-H]-, positive mode 302 [M+H]+. 

N-(4-Cloro-3-hydroxyphenyl)-1H-indazole-5-carboxamide (35). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 35 as a brownish solid (151 mg, 

53%), mp: 307-308 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.19 (dd, J = 2.52 / 8.83 Hz, 1H, Ph), 7.25 

(d, J = 8.51 Hz, 1H, Ph), 7.62 (td, J = 0.95 / 8.82 Hz, 1H, Ph), 7.68 (d, J = 2.21 Hz, 1H, Ph), 7.92 (dd, J 

= 1.89 / 8.83 Hz, 1H, Ph), 8.25 (s, 1H, Ind.-Het.), 8.45 (dd, J = 0.95 / 1.58 Hz, 1H, Ph), 10.16 (bs, 1H, 

OH), 10.22 (s, 1H, -CONH), 13.32 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 108.6, 110.1, 

112.2, 114.1, 121.4, 122.4, 125.8, 127.3, 129.5, 135.1, 139.3, 141.2, 153.1, 166.0; LC/ESI-MS (m/z): 

negative mode 286 [M-H]-, positive mode 288 [M+H]+. 

N-(5,6-Dichloropyridin-3-yl))-1H-indazole-5-carboxamide (36). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 36 as a brownish solid (112 mg, 

53%), mp: >290  °C (dec.); 1H NMR (500 MHz, DMSO-d6) δ = 7.67 (d, J = 8.82 Hz, 1H, Ph), 8.05 (d, J 

= 8.51 Hz, 1H, Ph), 8.21 (s, 1H, Ind.-Het.), 8.34 (s, 1H, Pyr.), 8.44 (s, 1H, Ph), 8.74 (s, 1H, Pyr), 12.8 (s, 

1H, -CONH-), 13.55 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 111.1, 120.5, 123.0, 

123.2, 123.9, 126.3, 126.7, 127.1, 135.3, 136.1, 141.4, 163.1; LC/ESI-MS (m/z): negative mode 305 [M-

H]-, positive mode 307 [M+H]+. 

N-(3,4-Dichlorobenzyl)-1H-indazole-5-carboxamide (37). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 37 as a brownish solid (196 mg, 

61%), mp: 205-206 °C; 1H NMR (500 MHz, DMSO-d6) δ = 4.48 (d, J = 5.99 Hz, 2H, CH2), 7.33 (dd, J 

= 1.89 / 8.20 Hz, 1H, Ph), 7.57 (s, 1H, Ph), 7.59 (s, 1H, Ph), 7.88 (dd, J = 1.26 / 8.82 Hz, 1H, Ph), 8.20 
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(s, 1H, Ind.-Het.), 8.38 (s, 1H, Ph), 9.06 (t, J = 5.99 Hz, 1H, -CONH-), 13.26 (s, 1H, NH); 13C NMR 

(125 MHz, DMSO-d6) δ = 41.9, 109.9, 120.8, 122.5, 125.4, 126.6, 127.8, 129.3, 129.4, 130.6, 130.9, 

135.0, 141.1, 141.3, 166.8; LC/ESI-MS (m/z): negative mode 318 [M-H]-, positive mode 320 [M+H]+. 

N-(3,4-Dichlorophenyl)-1H-indazole-6-carboxamide (40). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 40 as a white crystalline solid (161 

mg, 52%), mp: 272-274 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.62 (d, J = 8.83 Hz, 1H, Ph), 7.67 (dd, 

J = 1.26 / 8.51 Hz, 1H, Ph), 7.79 (dd, J = 2.52 / 8.83 Hz, 1H, Ph), 7.90 (dd, J = 0.94 / 8.51 Hz, 1H, Ph), 

8.16 (s, 1H, Ind.-Het.), 8.18 (s, 1H, Ph), 8.19 (s, 1H, Ph), 10.59 (s, 1H, -CONH-), 13.44 (s, 1H, NH); 

13C NMR (125 MHz, DMSO-d6) δ = 110.4, 119.7, 120.4, 120.8, 121.6, 124.8, 125.2, 130.7, 131.0, 

132.1, 133.8, 139.3, 139.6, 166.3; LC/ESI-MS (m/z): negative mode 304 [M-H]-, positive mode 306 

[M+H]+. 

N-(3,5-Dichlorophenyl)-1H-indazole-6-carboxamide (41). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 41 as grey crystals (173 mg, 57%), 

mp: 277-279 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.32 (t, J = 1.89 Hz, 1H, Ph), 7.66 (dd, J = 1.26 / 

8.51 Hz, 1H, Ph), 7.90 (d, J = 0.63 / 8.19 Hz, 1H, Ph), 7.92 (s, 1H, Ph), 7.93 (s, 1H, Ph), 8.16 (s, 1H, 

Ind.-Het.), 8.19 (s, 1H, Ph), 10.61 (s, 1H, -CONH-), 13.46 (s, 1H, NH); 13C NMR (125 MHz, DMSO-

d6) δ = 110.4, 118.5 (2C), 119.7, 120.8, 122.9, 124.8, 131.9, 133.8, 134.1 (2C), 139.3, 141.8, 166.5; 

LC/ESI-MS (m/z): negative mode 304 [M-H]-, positive mode 306 [M+H]+. 

N-(3-Cloro-4-fluorophenyl)-1H-indazole-6-carboxamide (42). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 42 as an ecru solid (205 mg, 71%), 

mp: 257-259 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.42 (t, J = 9.14 Hz, 1H, Ph), 7.68 (d, J = 8.51 Hz, 

1H, Ph), 7.73–7.78 (m, 1H, Ph), 7.89 (d, J = 8.51 Hz, 1H, Ph), 8.10 (dd, J = 2.53 / 6.62 Hz, 1H, Ph), 

8.16 (s, 1H, Ind.-Het.), 8.19 (s, 1H, Ph), 10.52 (s, 1H, -CONH-), 13.44 (s, 1H, NH); 13C NMR (125 
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MHz, DMSO-d6) δ = 109.5, 116.2 (d, J = 21.69 Hz), 118.4 (d, J = 18.2 Hz), 118.9, 120.0, 120.03 (d, J = 

6.98 Hz), 121.2, 124.0, 131.5, 133.1, 135.9 (d, J = 2.99 Hz), 138.6, 152.7 (d, J = 243.09 Hz), 165.4; 

LC/ESI-MS (m/z): negative mode 288 [M-H]-, positive mode 290 [M+H]+. 

N-(4-Cloro-3-fluorophenyl)-1H-indazole-6-carboxamide (43). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 43 as a white solid (64 mg, 22%), mp: 

281-282 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.56 (t, J = 8.51 Hz, 1H, Ph), 7.63 (dd, J = 1.89 / 9.14 

Hz, 1H, Ph), 7.67 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.89 (d, J = 8.51 Hz, 1H, Ph), 7.97 (dd, J = 2.21 / 

11.98 Hz, 1H, Ph), 8.16 (s, 1H, Ind.-Het.), 8.19 (s, 1H, Ph), 10.62 (s, 1H, -CONH-), 13.45 (s, 1H, NH); 

13C NMR (125 MHz, DMSO-d6) δ = 108.4 (d, J = 25.7 Hz), 110.4, 113.4 (d, J = 17.7 Hz), 117.3 (d, J = 

2.99 Hz), 119.7, 120.8, 124.8, 130.5, 132.2, 133.8, 139.3, 140.0 (d, J = 10.22 Hz), 157.0 (d, J = 243.59 

Hz), 166.4; LC/ESI-MS (m/z): negative mode 288 [M-H]-, positive mode 290 [M+H]+. 

N-(3,4-Difluorophenyl)-1H-indazole-6-carboxamide (44). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization two times from petroleum ether/CH2Cl2 afforded 44 as a white solid (186 mg, 68%), 

mp: 264-266 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.43 (q, J = 9.14 Hz, 1H, Ph), 7.56–7.60 (m, 1H, 

Ph), 7.66 (dd, J = 0.95 / 8.20 Hz, 1H, Ph), 7.89 (dd, J = 8.19 Hz, 1H, Ph), 7.96 (ddd, J = 2.52 / 7.57 / 

13.24 Hz, 1H, Ph), 8.15 (s, 1H, Ind.-Het.), 8.18 (s, 1H, Ph), 10.54 (s, 1H, -CONH-), 13.43 (s, 1H, NH); 

13C NMR (125 MHz, DMSO-d6) δ = 109.4 (d, J = 21.44 Hz), 110.3, 116.8 (q, J = 3.24 Hz), 117.4 (d, J 

= 17.7 Hz), 119.7, 120.7, 124.7, 132.3, 133.8, 136.5 (dd, J = 2.49 / 8.98 Hz), 139.4, 145.6 (dd, J = 12.72 

/ 242.1 Hz), 149.0 (dd, J = 13.22 / 242.85 Hz), 166.2; LC/ESI-MS (m/z): negative mode 272 [M-H]-, 

positive mode 274 [M+H]+. 

N-(3,4-Dimethoxyphenyl)-1H-indazole-6-carboxamide (45). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 45 as a grey solid (174 mg, 59%), 

mp: 204-206 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.74 (s, 3H, OMe), 3.76 (s, 3H, OMe), 6.94 (d, J 
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= 8.51 Hz, 1H, Ph), 7.35 (dd, J = 2.52 / 8.83 Hz, 1H, Ph), 7.50 (d, J = 2.52 Hz, 1H, Ph), 7.67 (dd, J = 

1.26 / 8.51 Hz, 1H, Ph), 7.87 (dd, J = 0.63 / 8.51 Hz, 1H, Ph), 8.14 (s, 1H, Ind.-Het.), 8.17 (s, 1H, Ph), 

10.19 (s, 1H, -CONH-), 13.36 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 55.6 (OMe), 55.9 

(OMe), 105.8, 110.0, 112.2, 112.6, 119.7, 120.5, 124.5, 132.9, 133.0, 133.7, 139.5, 145.3, 148.6, 165.6; 

LC/ESI-MS (m/z): negative mode 296 [M-H]-, positive mode 298 [M+H]+. 

N-(3-Cloro-4-methoxyphenyl)-1H-indazole-6-carboxamide (46). The compound was prepared following 

Method 2. Repeated purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 46 as a white solid (144 mg, 48%), 

mp: 160-161 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.84 (s, 3H, 4-MeO), 7.15 (d, J = 9.14 Hz, 1H, 

Ph), 7.67 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.70 (dd, J = 2.52 / 9.14 Hz, 1H, Ph), 7.87 (dd, J = 0.94 / 8.51 

Hz, 1H, Ph), 7.96 (d, J = 2.52 Hz, 1H, Ph), 8.15 (s, 1H, Ind.-Het.), 8.17 (s, 1H, Ph), 10.33 (s, 1H, -

CONH-), 13.41 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 56.4 (OMe), 110.1, 113.0, 116.5, 

119.7, 120.4, 120.6, 122.1, 124.6, 132.5, 133.1, 133.8, 139.4, 150.9, 165.8; LC/ESI-MS (m/z): negative 

mode 300 [M-H]-, positive mode 302 [M+H]+. 

N-(3-Cloro-4-hydroxyphenyl)-1H-indazole-6-carboxamide (47). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 47 as a brownish solid (160 mg, 

54%), mp: 263-265 °C; 1H NMR (500 MHz, DMSO-d6) δ = 6.95 (d, J = 8.51 Hz, 1H, Ph), 7.52 (dd, J = 

2.52 / 8.51 Hz, 1H, Ph), 7.65 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.85 (s, 1H, Ph), 7.86 (dd, J = 1.26 / 8.51 

Hz, 1H, Ph), 8.13 (s, 1H, Ph), 8.16 (s, 1H, Ind.-Het.), 9.93 (bs, 1H, OH), 10.23 (s, 1H, -CONH-), 13.39 

(s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 116.5, 119.2, 119.7, 120.6, 120.7, 122.1, 

124.5, 131.8, 132.7, 133.7, 139.4, 149.4, 165.6; LC/ESI-MS (m/z): negative mode 286 [M-H]-, positive 

mode 288 [M+H]+. 

N-(4-Cloro-3-methoxyphenyl)-1H-indazole-6-carboxamide (48). The compound was prepared following 

Method 2. Repeated purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 48 as a white solid (203 mg, 71%), 
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mp: 156-157 °C; 1H NMR (500 MHz, DMSO-d6) δ = 3.86 (s, 3H, 3-MeO), 7.38 (d, J = 8.83 Hz, 1H, 

Ph), 7.45 (dd, J = 2.20 / 8.51 Hz, 1H, Ph), 7.68 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.72 (d, J = 2.21 Hz, 

1H), 7.89 (dd, J = 0.63 / 8.52 Hz, 1H, Ph), 8.16 (s, 1H), 8.18 (s, 1H, Ph), 10.44 (s, 1H, -CONH-), 13.42 

(s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 56.0 (OMe), 105.1, 110.2, 113.1, 115.4, 119.7, 120.7, 

124.7, 129.7, 132.5, 133.8, 139.4, 139.6, 154.5, 166.1; LC/ESI-MS (m/z): negative mode 300 [M-H]-, 

positive mode 302 [M+H]+. 

N-(4-Cloro-3-hydroxyphenyl)-1H-indazole-6-carboxamide (49). The compound was prepared following 

Method 2. Purification by silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) following by 

recrystallization three times from petroleum ether/CH2Cl2 afforded 49 as an ecru solid (150 mg, 52%), 

mp: 257-258 °C; 1H NMR (500 MHz, DMSO-d6) δ = 6.95 (d, J = 8.51 Hz, 1H, Ph), 7.52 (dd, J = 2.52 / 

8.51 Hz, 1H, Ph), 7.65 (dd, J = 1.26 / 8.51 Hz, 1H, Ph), 7.85 (s, 1H, Ph), 7.86 (dd, J = 1.26 / 8.51 Hz, 

1H, Ph), 8.13 (s, 1H, Ph), 8.16 (s, 1H, Ind.-Het.), 9.93 (bs, 1H, OH), 10.23 (s, 1H, -CONH-), 13.39 (s, 

1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.1, 116.5, 119.2, 119.7, 120.6, 120.7, 122.1, 124.5, 

131.8, 132.7, 133.7, 139.4, 149.4, 165.6; LC/ESI-MS (m/z): negative mode 286 [M-H]-, positive mode 

288 [M+H]+. 

N-(3,4-Dichlorophenyl)-1H-indole-5-carboxamide (53). The compound was prepared following Method 

2. Purification by repeated silica gel chromatography (petroleum ether/ethyl acetate, 1:1 v/v) following 

by recrystallization two times from petroleum ether/CH2Cl2 afforded 53 as a white crystalline solid (52 

mg, 17%), mp: 234-235 °C; 1H NMR (500 MHz, DMSO-d6) δ = 6.59 (m, 1H, Indol.-Het.), 7.46 (t, J = 

3.16 Hz, 1H, Indol-Het.), 7.49 (d, J = 8.51 Hz, 1H, Ph), 7.58 (d, J = 8.82 Hz, 1H, Ph), 7.72 (dd, J = 1.89 

/ 8.83 Hz, 1H, Ph), 7.79 (dd, J = 2.53 / 8.83 Hz, 1H, Ph), 8.20 (d, J = 2.21 Hz, 1H, Ph), 8.26 (d, J = 1.89 

Hz, 1H, Ph), 10.34 (s, 1H, -CONH-), 11.39 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 102.5, 

111.3, 120.2, 120.8, 121.1, 121.3, 124.6, 125.2, 127.2, 127.2, 130.6, 130.9, 138.0, 140.1, 167.0; 

LC/ESI-MS (m/z): negative mode 303 [M-H]-, positive mode 305 [M+H]+. 

N-(3,4-Dichlorophenyl)imidazo[1,2-a]pyridine-6-carboxamide (55). The compound was prepared 

following Method 2. Purification by repeated silica gel chromatography (CH2Cl2/MeOH, 9:1 v/v) 
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following by recrystallization two times from petroleum ether/CH2Cl2 afforded 55 as a white solid (93 

mg, 36%), mp: 268-269 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.63 (d, J = 8.83 Hz, 1H, Ph), 7.67 (d, 

J = 9.46 Hz, 1H, Het.), 7.69 (d, J = 0.95 Hz, 1H), 7.72 (d, J = 1.89 / 9.46 Hz, 1H, Het.), 7.73 (dd, J = 

2.21 / 8.52 Hz, 1H, Ph), 8.10 (s, 1H, Het.), 8.13 (d, J = 2.52 Hz, 1H, Ph), 9.25 (dd, J = 0.94 / 1.89 Hz, 

1H, Het.), 10.58 (s,1H, -CONH-); 13C NMR (125 MHz, DMSO-d6) δ = 114.6, 116.4, 119.8, 120.4, 

121.6, 123.1, 125.4, 129.3, 130.8, 131.1, 134.9, 139.2, 144.8, 163.9; LC/ESI-MS (m/z): negative mode 

304 [M-H]-, positive mode 306 [M+H]+. 

N-(3,4-Dichlorophenyl)-[1,2,4]triazolo[4,3-a]pyridine-6-carboxamide (56). The compound was 

prepared following Method 2. Purification by repeated silica gel chromatography (CH2Cl2/MeOH, 9:1 

v/v) following by recrystallization two times from petroleum ether/CH2Cl2 afforded 56 as a yellowish 

solid (111 mg, 36%), mp: 326-327 °C; 1H NMR (500 MHz, DMSO-d6) δ = 6.63 (d, J = 8.83 Hz, 1H, 

Ph), 7.71 (dd, J = 2.20 / 8.83 Hz, 1H, Ph), 7.82 (dd, J = 1.26 / 9.45 Hz, 1H, Het.), 7.89 (d, J = 9.46 Hz, 

1H, Het.), 8.10 (d, J = 2.20 Hz, 1H, Ph), 9.24 (s, 1H, Het.), 9.42 (s, 1H, Het.), 10.67 (s, 1H, -CONH-); 

13C NMR (125 MHz, DMSO-d6) δ = 114.8, 120.5, 121.4, 121.7, 125.8, 126.8, 127.6, 130.9, 131.2, 

137.8, 139.0, 148.5, 163.2; LC/ESI-MS (m/z): negative mode 305 [M-H]-, positive mode 307 [M+H]+. 

General Procedure B for the Preparation of N-Methylated Compounds 38a,b and 54. To a solution of 

the respective N-(3,4-dichlorophenyl)-1H-indazole-5-carboxamide (15) or N-(3,4-dichlorophenyl)-1H-

indole-5-carboxamide (53) (1.0 equiv.) and potassium carbonate (1.2 equiv.) in DMF (10.0 mL/mmol; 

extra dry over molecular sieves, 99.8%, Acros) was added methyl iodide (1.3–2.0 equiv.). The mixture 

was stirred at room temperature until completed conversion could be detected (TLC control: 

CH2Cl2/MeOH, 9:1 v/v), hydrolyzed with water (20 mL/mmol), and acidified with hydrochloric acid 

(2N, 2.0 mL/mmol). The precipitate formed was filtered, washed three times with water (10 mL) and 

dried at 70 °C. The crude product was purified by column chromatography on silica gel and 

recrystallized as indicated below. 

N-(3,4-Dichlorophenyl)-1-methyl-1H-indazole-5-carboxamide (38a). Purification by silica gel 

chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two times from petroleum 
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ether/CH2Cl2 afforded 38a as a white crystalline solid (37 mg, 47%), mp: 193-194 °C; 1H NMR (500 

MHz, DMSO-d6) δ = 4.09 (s, 3H, N1Me), 7.61 (d, J = 8.82 Hz, 1H, Ph), 7.76 (d, J = 8.20 Hz, 1H, Ph), 

7.78 (dd, J = 2.21 / 8.83 Hz, 1H, Ph), 7.98 (dd, J = 1.57 / 8.82 Hz, 1H, Ph), 8.18 (d, J = 2.52 Hz, 1H, 

Ph), 8.24 (d, J = 0.63 Hz, 1H, Ind.-Het.), 8.46 (dd, J = 0.63 / 1.57 Hz, 1H, Ph), 10.49 (s, 1H, -CONH-); 

13C NMR (125 MHz, DMSO-d6) δ = 35.7 (N1Me), 109.8, 120.3, 121.5, 121.9, 123.1, 125.0, 125.6, 

126.7, 130.7, 131.0, 134.2, 139.7, 140.9, 166.1; LC/ESI-MS (m/z): negative mode 318 [M-H]-, positive 

mode 320 [M+H]+. 

N-(3,4-Dichlorophenyl)-2-methyl-1H-indazole-5-carboxamide (38b). Purification by silica gel 

chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two times from petroleum 

ether/CH2Cl2 afforded 38a as a white solid (8 mg, 9%), mp: 181-182 °C; 1H NMR (500 MHz, DMSO-

d6) δ = 4.23 (s, 3H, N2Me), 7.60 (d, J = 8.82 Hz, 1H, Ph), 7.68 (dt, J = 0.95 / 8.82 Hz, 1H), 7.75 (s, 1H, 

Ph), 7.76 (dd, J = 2.21 / 8.83 Hz, 1H, Ph), 8.16 (d, J = 0.63 Hz, 1H, Ph), 8.44 (dd, J = 0.94 / 1.89 Hz, 

1H, Ph), 8.58 (s, 1H, Ind.-Het.), 10.44 (s, 1H, -CONH-); 13C NMR (125 MHz, DMSO-d6) δ = 48.8 

(N2Me), 116.9, 120.4, 120.9, 121.5, 122.4, 124.6, 125.0, 127.1, 127.2, 130.7, 131.0, 139.8, 149.1, 

166.4; LC/ESI-MS (m/z): negative mode 318 [M-H]-, positive mode 320 [M+H]+. 

N-(3,4-Dichlorophenyl)-2-methyl-1H-indole-5-carboxamide (54). Purification by silica gel 

chromatography (CH2Cl2/MeOH, 9:1 v/v) following by recrystallization two times from petroleum 

ether/CH2Cl2 afforded 54 as a white solid (17 mg, 68%), mp: 179-180 °C; 1H NMR (500 MHz, DMSO-

d6) δ = 3.83 (s, 3H, N1Me), 6.59 (dd, J = 0.95 / 3.16 Hz, 1H, Indol.-Het.), 7.44 (d, J = 3.16 Hz, 1H, 

Indol.-Het.), 7.55 (d, J = 8.83 Hz, 1H, Ph), 7.59 (d, J = 8.82 Hz, 1H, Ph), 7.78 (dd, J = 2.52 / 3.15 Hz, 

1H, Ph), 7.80 (dd, J = 2.52 / 3.47 Hz, 1H, Ph), 8.20 (d, J = 2.21 Hz, 1H, Ph), 8.26 (d, J = 1.26 Hz, 1H, 

Ph), 10.35 (s, 1H, -CONH-); 13C NMR (125 MHz, DMSO-d6) δ = 32.8 (NMe), 101.9, 109.7, 120.2, 

121.0, 121.1, 121.4, 124.7, 125.2, 127.5, 130.6, 130.9, 131.5, 138.3, 140.0, 166.9; LC/ESI-MS (m/z): 

negative mode 317 [M-H]-, positive mode 319 [M+H]+. 

General Procedure C for the Preparation Compounds 58 and 59. A solution of the corresponding 1H-

indazole-5-carboxaldehyde (57, 1.0 equiv.), 3,4-dichloroaniline (23a, 1.0 equiv.) and acetic acid (0.2 
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mL) in ethanol (3.0 mL/mmol) was stirred under reflux until a precipitation took place. After cooling to 

room temperature, water (30 mL) was added and the reaction mixture was sonificated for 5 min. The 

precipitate formed was filtered and dried at 70 °C and purified by column chromatography on silica gel 

(CH2Cl2/MeOH, 9:1 v/v) and recrystallized from petroleum ether/CH2Cl2. 

(E)-N-(3,4-dichlorophenyl)-1-(1H-indazol-5-yl)methanimine (58). White solid (258 mg, 90%), mp: 207-

208 °C; 1H NMR (500 MHz, DMSO-d6) δ = 7.27 (dd, J = 2.52 / 8.51 Hz, 1H, Ph), 7.55 (d, J = 2.53 Hz, 

1H, Ph), 7.63 (s, 1H, Ph), 7.65 (s, 1H, Ph), 8.12 (dd, J = 1.26 / 8.83 Hz, 1H, Ph), 8.24 (s, 1H, Ind.-Het.), 

8.29 (s, 1H, Ph), 8.73 (s, 1H, CH=N), 13.35 (s, 1H, NH); 13C NMR (125 MHz, DMSO-d6) δ = 110.9, 

122.1, 122.7, 123.0, 125.1, 125.2, 127.7, 128.9, 131.1, 131.7, 135.2, 141.5, 151.9, 163.2; LC/ESI-MS 

(m/z): negative mode 288 [M-H]-, positive mode 290 [M+H]+. 

(E)-N-(3,4-dichlorophenyl)-1-(1-methyl-1H-indazol-5-yl)methanimine (59). Light yellowish solid (275 

mg, 91%), mp: 145-146 °C; 1H NMR (500 MHz, DMSO-d6) δ = 4.09 (s, 3H, N1Me), 7.28 (dd, J = 2.53 

/ 8.52 Hz, 1H, Ph), 7.56 (d, J = 2.53 Hz, 1H, Ph), 7.63 (s, 1H, Ph), 7.65 (s, 1H, Ph), 7.75 (dd, J = 0.63 / 

8.83 Hz, 1H, Ph), 8.05 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.22 (d, J = 0.94 Hz, 1H, Ind.-Het.), 8.28 (s, 1H, 

Ph), 8.74 (s, 1H, CH=N); 13C NMR (125 MHz, DMSO-d6) δ = 35.7, 110.5, 122.1, 122.7, 123.6, 125.0, 

125.3, 125.2, 127.8, 128.9, 131.1, 131.7, 134.2, 141.1, 151.8, 163.0; LC/ESI-MS (m/z): negative mode 

302 [M-H]-, positive mode 304 [M+H]+. 

 

Biological Experiments.  

MAO-A and MAO-B Inhibition Assays. Stock solutions of the compounds (10 mM) in DMSO were used 

to prepare the test samples for the MAO assays with a final DMSO concentration of 1.0 % as described 

in the Supporting Information. The MAO-A and MAO-B enzymatic activity of the compounds was 

measured using a continuous fluorescence-based assay.43 The MAO experiments were performed using 

the commercial assay kit Amplex Red (compare Supporting Information). The kit was stored frozen at ≤ 

-20 °C and protected from light. To ensure an optimal efficiency of the Amplex Red reagent, the rat and 

human MAO assay was performed at pH 7.4. The quantification of hydrogen peroxide released from the 
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biological sample and the subsequent production of resorufin was monitored using a microplate 

fluorescence reader (PHERAstar BMG Labtech, Germany) with an excitation at 544 nm and an 

emission at 590 nm. The MAO experiments were performed in triplicate or quadruplicate at room 

temperature. 

Rat MAO Inhibition Assays. To obtain MAO enzyme-containing mitochondrial-enriched fractions of rat, 

livers from male Sprague-Dawley rats (250–300 g, Harlan Sprague Dawley, Dublin, VA, US) were 

obtained. These were livers that were left-over from control rats that had been used for other 

experiments. The livers (10.0 g) were dissected, given into 15.0 mL of an ice-cold 5.0 mM Hepes buffer 

(pH 7.4), containing 210 mM of mannitol, 70 mM of sucrose, 0.5 mM of ethyleneglycoltetraacetic acid 

(EGTA) and 2.0 mg/mL of bovine serum albumin (BSA), and homogenized using a glass/Teflon potter 

(10 ups and downs at 1100 rpm). After homogenization, the volume was adjusted to 100 mL with the 

same buffer. After a low speed centrifugation (10 min at 600 g; 4°C), the supernatant was further 

centrifuged at 15,000 rpm for 5 min at +4°C. The resulting pellet was re-suspended in 2.0 mL of a 50 

mM sodium phosphate buffer (pH 7.4) and stored at -80°C in aliquots of 1.0 mL until further use. 

Assays were performed in 96-well plates in a final volume of 200 µL at RT. Rat liver mitochondria 

were pre-treated for 15 min at RT with an aqueous solution of clorgyline (30 nM) or selegiline (300 nM) 

to irreversibly block MAO-A or MAO-B activity, respectively. Test compounds (2.0 µL), dissolved in 

DMSO (100%), were added to 90.0 µL of mitochondrial preparation (25.0 µg of protein for rat MAO-A 

and 5.0 µg protein for rat MAO-B) and incubated for 30 min prior to the addition of 90 µL of freshly 

prepared Amplex Red reagent. The Amplex Red reagent was used as follows: for a 96-well plate, 1.0 

mg of Amplex Red, dissolved in 200 µL of DMSO (100%) and 100 µL of reconstituted horse-radish 

peroxidase (HRP 200 U/mL) stock solution (kit vial + 1.0 mL of 50 mM sodium phosphate buffer) were 

added to 9700 µL of sodium phosphate buffer (250 mM, pH 7.4). The enzymatic reaction was started by 

the addition of 20 µL/well of an aqueous solution of the substrate p-tyramine (300 µM final 

concentration). Selegiline and clorgyline (each in a final concentration of 1.0 µM) were used to 

determine non-MAO-B and non-MAO-A enzyme activity, respectively. Fluorescence measurements 
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were performed for 45 min and the concentration-response curves of clorgyline and selegiline served as 

positive controls for the rat MAO-A and rat MAO-B assay, respectively. 

Human MAO Inhibition Assays. Recombinant human MAO-A and MAO-B enzymes, expressed in 

baculovirus-infected insect cells, were purchased from Sigma Aldrich (M7441, M7316). The assays 

were carried out in 96-well plates in a final volume of 200 µL at RT. According to the experimental 

protocol, a solution of test compound (2.0 µL) in DMSO (100%) was added to 90.0 µL of protein 

solution (for MAO-A: 0.3 µg protein/well, containing 6.6 µL of protein and 9.993 µL of phosphate 

buffer, 50 mM; for MAO-B: 2.3 µg protein/well containing 51.0 µL of protein and 9.949 µL of buffer) 

and incubated for 30 min prior to the addition of 90 µL of freshly prepared Amplex Red reagent. The 

Amplex Red reagent was prepared as described above. The enzymatic reaction was started by the 

addition of 20 µL/well of an aqueous solution of the substrate p-tyramine (150 µM final concentration). 

Non-MAO-B and non-MAO-A enzyme activity was determined in the presence of selegiline and 

clorgyline (each in a final concentration of 1.0 µM) and subtracted from the total activity measured. A 

sample with DMSO (2.0 µL) was used as a negative control. Fluorescence measurements were 

performed for 45 min and the concentration-response curves of clorgyline and selegiline served as 

positive controls for the human MAO-A and human MAO-B assay, respectively. 

Reversibility of MAO-B. To investigate the reversibility of MAO-B inhibition by compound 15, we 

performed time-dependent inhibition experiments using human MAO-B. Compound 15 as well as 

reference compounds selegiline15 and safinamide17 were examined at their corresponding IC80 values 

(determined with 150 µM of the substrate p-tyramine). The human MAO-B enzyme/inhibitor mixtures 

were not pre-incubated. The enzyme reaction was started by the addition of a low substrate 

concentration of 10 µM and the enzymatic activity of the test compounds was measured for 22 min 

followed by an increase in the substrate concentration to 1.0 mM final concentration of p-tyramine. The 

enzyme reactivation was monitored by fluorescence measurements over a period of 5 h.  

Kinetic MAO-B Experiments. To evaluate the mode of MAO-B inhibition, the representative inhibitor 

N-(3,4-dichlorophenyl)-1H-indazole-5-carboxamide (15) was evaluated in substrate-dependent kinetic 
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experiments and the corresponding progression curves as well as sets of Lineweaver–Burk plots were 

generated. The reciprocal MAO-B activity was plotted against the reciprocal substrate concentration. 

The initial catalytic rates of human MAO-B were measured at six different concentrations of the 

substrate p-tyramine (0.05, 0.1, 0.25, 0.5, 1.0, and 1.5 mM) in the absence (basal sample) and in the 

presence of three different concentrations (0.1, 0.5 and 1.0 nM) of the inhibitor 15. The enzymatic 

reactions and measurements were performed using human MAO-B assay conditions as described above 

for the determination of IC50 values. 

 

Data Analysis. Enzyme inhibition was initially determined with at least two different concentrations 

(10 µM and 0.1 µM) of test compound, each performed in triplicate and, if necessary, in quadruplicate. 

For potent compounds, full concentration-inhibition curves were determined and IC50 values were 

calculated by nonlinear regression (curve fit) analysis. Data were expressed as mean IC50 value ± SEM 

(standard error of the mean). Generally, SEM values were lower than 10% of the calculated mean. 

Preparation of the corresponding dose-response curves as well as the non-linear and linear regression 

analysis was performed using GraphPad Prism Version 4.0 software (San Diego, CA, USA). 

 

Molecular Modeling Studies. 

Data Preparation and Optimization. 

MAO-B Protein. The crystal structure (PDB code 2V5Z) of the human MAO-B in complex with 

safinamide (3) was obtained from the PDB web page and prepared using the LeadIT v.2.1.6 software 

from BioSolveIT GmbH, Germany.44,47 To decide which chain (A or B) should be considered for the 

docking experiments, we computed an initial HYDE Visual Affinity Assessment for the two 

crystallographically recorded ligand positions (SAG_A vs. SAG_B). It turned out that, owing to small 

differences in atomic positions, the ligand crystallized in the pocket formed by chain B exhibited a 

slightly better agreement between experiment and computation; therefore we chose chain B for all 

further computations. The protein preparation used defaults throughout, with the exception of a slight 
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increase regarding the radius of the binding site definition, which was set to 7Å (default: 6.5Å), 

motivated by consistency to other experiments (unpublished). Protonation and tautomer selection were 

carried out automatically by the integrated ProToss functionality in LeadIT. Water selection was 

determined also automatically by LeadIT; unless otherwise mentioned, this preparation was used for all 

crystal structure computations, dockings, and scorings.61,62 

Ligands. To obtain valid 3D input structures for docking experiments, starting structures of the ligands 

15, 40 and 53 were drawn in Titan v.1.05 (Wevefinction Inc. 2000), subsequently energy-optimized 

using the MMFF94 force field, and saved as mol2 files. 

Computational Details. 

Docking. All computations were carried out using the FlexX docking module in LeadIT v.2.1.6 applying 

the binding size definitions and water handling described above. A LeadIT Project File (*.fxx) was 

created and saved on disk. The docking algorithms in LeadIT incorporate both a triangle-based 

placement algorithm and the so-called Single-Interaction-Scan (FlexSIS), which are activated by 

default. This way, a 50:50 merge process of poses (triangle vs. SIS) is executed. A maximum of 32 

poses was stored for post-processing with HYDE. Computational experiments using a receptor-based 

pharmacophore, which would force any halogen into the 2V5Z-known halogen binding pocket (HBP) 

yielded essentially the same poses as the unconstrained docking on high ranks – both as a function of 

the docking score, as well as in terms of the HYDE computation. 

HYDE Rescoring and HYDE Visual Affinities. Hyde is a recently developed mechanism to rapidly 

compute estimations of binding affinities (Binding Free Energies). It is based solely on a (weighting-

parameter free) description of hydrogen bonds, salt bridges etc. on the one hand side, and desolvation 

(dehydration) terms on the other, as given by equation 1: 

(1) ∆GHYDE
i = ∆Gdehydration

i +∆GH-bond
i

atom i
∑  

Herein, i is an atom counter running over all contributing protein and ligand atoms. The final, reported 

affinity estimate corresponds to the sum over all atoms. In contrast to requiring weighting against each 
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other using fitted parameters, these two terms are connected using an atomic logP increment system 

which enables the user to visualize atom-based contributions to the affinity – and thus to explain 

unexplained SAR and/or point to room for lead optimization (LO). The individual terms of equation 1 

take the form: 

(2) ∆GH-bond
i = 2.3RT

p logPatomi

fsat (T )
∆interacti  

and 

(3) ∆Gdehydration
i = −2.3RT ⋅ p logPatom i ⋅ ∆accessibilityi  

Where plogP is the “partial logP” for a given atom type, fsat(T) describes the temperature-dependent 

amount of defects in tetrahedral coordination in bulk water and is constant for a given temperature. The 

∆interact term ensures that only differences between the unbound and the bound states in terms of H-

bonds are captured, and the ∆accessibility term captures the “buriedness” of a certain group (calculated 

by a term based on the difference of solvent accessible surface). For further details regarding the 

methods, refer to the recent publication by Schneider et al.48 

HYDE calculations run within a very few seconds per compound on a standard CPU core; their output 

is an estimated binding affinity, the respective ligand efficiency (LEHYDE), and certainly the 

visualization of an atom-colored molecule in 3D. HYDE-based Ligand Efficiency values (LEHYDE) were 

calculated in kcal/mol using equation 4: 

(4) LEHyde =
∆GHyde

HA
 

Herein, HA is the number of non-hydrogen atoms of the respective ligand (heavy atoms). The atom 

colors range from dark green (contributes favorably to affinity) over white (no contribution) to dark red 

(unfavorable contribution to affinity). Since HYDE receptor contributions are projected onto the 

relevant ligand molecule in the 3D visualization, it may occur that, e.g., a red atom is red because close 

receptor atoms contribute with a high desolvation penalty. A table in the software enables a quantitative 

split-up of HYDE atomic energies with respect to their originating atoms (receptor or ligand). Since 
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other important terms such as inter-/intra-molecular clash and torsional strain are not included in the 

HYDE kernel mathematics, it is highly advisable to pre-optimize respective molecular input so that 

these terms are negligibly small. This optimization is based on a linear combination of HYDE and 

classical force field terms, and by default it is automatically carried out upon evoking a HYDE 

calculation. 

For rescoring, previous experience proposed to file 32 FlexX/-SIS placements into HYDE. For this 

study, however, it turned out indeed, that the HYDE best-scored pose for all ligands was always 

amongst the top 10 docking solutions (compare Section Discussion and Results).48 Since the former is 

considered best practice, we filed a maximum of 32 poses into HYDE and selected the best-scored ones 

thereafter.  

Visual Inspection of Computed Results. Since the HYDE kernel, as mentioned above, does not contain 

torsional energy terms, we (additionally to the pre-optimizer) double-checked the torsional conspicuous 

arrangements visually. Results were therefore visualized using the TorsionAnalyzer software allowing a 

quick assessment of the statistical significance of torsion patterns.63,64,65 A multi-SD file of the relevant 

poses was loaded into TorsionAnalyzer and briefly controlled. It should be stressed that the respective 

coloring (red = rarely/not observed; orange = observed sometimes; green = observed often) is based on 

statistics rooting in Cambridge Structural Database (CSD) occurrence and not on any energetics.47 
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ABBREVIATIONS USED 

AChE, acetylcholinesterase; AD, Alzheimer´s disease; AR, adenosine receptor; BEI, binding efficiency 

index; BBB, blood-brain barrier; CHO, Chinese hamster ovary; CNS, central nervous system; COMT, 

catechol-O-methyltransferase; DA, dopamine; DIPEA, N,N-diisopropylethylamine; DMF, N,N-

dimethylformamide; DMSO, dimethylsulfoxide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide; EGTA, ethyleneglycoltetraacetic acid; ESI, electrospray ionization; FAD, flavin adenine 

dinucleotide; h, human; HBP, hydrogen binding pocket; HMBC, heteronuclear multiple bond 

correlation; HRP, horseradish peroxidase; HYDE, hydrogen dehydration; LE, ligand efficiency; LLE, 

lipophilic ligand efficiency; MAO, monoamine oxidase; PD, Parkinson’s disease; PE, petroleum ether; 

r, rat; PET, positron emission tomography; ROS, reactive oxygen species; SAR, structure-activity 

relationship; SIS, Single-Interaction-Scan; TBTU, O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium 

tetrafluoroborate; TLC, thin-layer chromatography 
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