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g Department of Biochemistry and Microbiology, University of Chemistry and Technology, Technicka 5, 166 28, Prague, Czech Republic 
h Univ. Lille, CNRS, Inserm, CHU Lille, Institut Pasteur Lille, U1019-UMR 9017-CIIL-Center for Infection and Immunity of Lille, F-59000, Lille, France   

A R T I C L E  I N F O   

Keywords: 
Tuberculosis 
Purine 
Mycobacterium tuberculosis 
DprE1 
Structure-activity relationships 

A B S T R A C T   

Phenotypic screening of an in-house library of small molecule purine derivatives against Mycobacterium tuber-
culosis (Mtb) led to the identification of 2-morpholino-7-(naphthalen-2-ylmethyl)-1,7-dihydro-6H-purin-6-one 10 
as a potent antimycobacterial agent with MIC99 of 4 μM. Thorough structure-activity relationship studies 
revealed the importance of 7-(naphthalen-2-ylmethyl) substitution for antimycobacterial activity, yet opened the 
possibility of structural modifications at positions 2 and 6 of the purine core. As the result, optimized analogues 
with 6-amino or ethylamino substitution 56 and 64, respectively, were developed. These compounds showed 
strong in vitro antimycobacterial activity with MIC of 1 μM against Mtb H37Rv and against several clinically 
isolated drug-resistant strains, had limited toxicity to mammalian cell lines, medium clearance with respect to 
phase I metabolic deactivation (27 and 16.8 μL/min/mg), sufficient aqueous solubility (>90 μM) and high 
plasma stability. Interestingly, investigated purines, including compounds 56 and 64, lacked activity against a 
panel of Gram-negative and Gram-positive bacterial strains, indicating a specific mycobacterial molecular target. 
To investigate the mechanism of action, Mtb mutants resistant to hit compound 10 were isolated and their ge-
nomes were sequenced. Mutations were found in dprE1 (Rv3790), which encodes decaprenylphosphoryl-β-D- 
ribose oxidase DprE1, enzyme essential for the biosynthesis of arabinose, a vital component of the mycobacterial 
cell wall. Inhibition of DprE1 by 2,6-disubstituted 7-(naphthalen-2-ylmethyl)-7H-purines was proved using 
radiolabelling experiments in Mtb H37Rv in vitro. Finally, structure-binding relationships between selected pu-
rines and DprE1 using molecular modeling studies in tandem with molecular dynamic simulations revealed the 
key structural features for effective drug-target interaction.   

1. Introduction 

Tuberculosis (TB) is a widespread infectious disease caused by the 

pathogenic Mycobacterium tuberculosis (Mtb) that is among the ten 
leading causes of death in low- and middle-income countries. TB rep-
resents an immense social and economic burden as well, with an esti-
mated 10.6 million new cases diagnosed each year. According to the 
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World Health Organization’s (WHO) global TB report 2022, one-quarter 
of the world’s population is infected by the latent form of TB. Further-

more, in 2021 1.4 million people died from TB among HIV-negative and 
a further 187,000 deaths were among HIV-positive people [1,2]. 

Standard TB treatment caused by drug-susceptible strains of Mtb 
starts with a two-month administration of four anti-TB drugs (isoniazid/ 
INH/, rifampicin/RIF/, pyrazinamide, and ethambutol/EMB/), also 
known as first-line drugs. This period is followed by INH and RIF only for 
another four months. However, the emergence of TB strains resistant to 
first-line drugs has become a major concern. Specifically, multidrug- 
resistant TB strains (MDR-TB) are characterized by non-response to at 
least INH and RIF. This problem is exacerbated by the existence of 
extensively drug-resistant TB (XDR-TB) strains that fulfil the definition 
of MDR-TB and which are also resistant to any fluoroquinolone and at 
least one additional Group A drug [3]. Treatment of MDR-TB and 
XDR-TB is even more complicated, involving the administration of a 
cocktail of second-line drugs selected according to the susceptibility of 
the mycobacterial strain [4,5]. Among the second-line drugs, bedaqui-
line, delamanid, and pretomanid are the latest to have received approval 
from the FDA for treating TB. However, shortly after their entrance to 
the clinic, resistance to them was reported [6]. 

To make TB treatment more effective, safer and shorter, new anti-TB 
agents are being developed, with 17 drug candidates currently under-
going various stages of clinical trials. Out of these, phase II drugs like 
BTZ-043, PBTZ169, OPC-167832, and TBA-7371 (Fig. 1) target decap-
renylphosphoryl-β-D-ribose oxidase (DprE1; EC:1.1.98.3) [7–10]. DprE1 
catalyses the oxidation of decaprenylphosphoryl-D-ribose to decap-
renylphosphoryl-D-2′-keto-erythro-pentofuranose (DPX) which is 
reduced by DprE2 into decaprenyl-D-arabinose (DPA) [11], an arabi-
nosyl donor crucial for the biosynthesis of mycobacterial cell wall 
polysaccharides lipoarabinomannan and arabinogalactan [12]. Recent 
research revealed two classes of DprE1 inhibitors; covalent and 

non-covalent [13]. The presence of a nitro group is essential for covalent 
DprE1 inhibitors, which undergo metabolic reduction to the nitroso 

group by DprE1 itself, forming a stable semimercaptal adduct between 
the drug and the sulfanyl group of Cys387 in the active site of DprE1 
[14]. Two covalent inhibitors, BTZ-043 and PBTZ169, exhibit even 
higher anti-TB activity than all currently used anti-TB drugs (MIC of 1 
ng/mL and ≤0.19 ng/mL for BTZ043 and PBTZ169, respectively) [7,8]. 
Non-covalent inhibitors also act in the active site of the enzyme; how-
ever, the presence of Cys387 is not essential for their activity. Indeed, 
BTZ-043-resistant strains carrying the mutation in Cys387 are suscep-
tible to OPC-167832 and TBA-7371. Anti-TB activity of OPC-167832 is 
defined by MIC = 0.5 ng/mL, whilst TBA-7371 shows less pronounced 
anti-TB activity (MIC = 0.64 μg/mL) [9,10]. 

Several other structural chemotypes have been identified acting as 
non-covalent inhibitors of DprE1 (Fig. 2). Given their structural di-
versity, it is evident that they also exert distinct interactions with the 
DprE1 active site [15]. For example, Mtb strains resistant to TCA1, to 
inhibitors 1 and 2 or to the TBA-7371-derived compound AZ exhibit the 
Y314H mutation in DprE1 [9,16–18]. This mutation also caused resis-
tance to above-mentioned compounds OPC-167832 and TBA-7371 [9, 
10]. In contrast, E221Q mutation has been observed in strains resistant 
to compounds AZ, TCA1, inhibitor 1 and GSK 710 [17,19], while Mtb 
strains resistant to compound Ty38c have G17C and L368P mutations 
[20]. 

In this work, we identified the 2,6-disubstituted 7-(naphthalen-2- 
ylmethyl)-7H-purine family of compounds as a new class of potent 
antitubercular agents. The 2-morpholino-purin-6-one hit compound 10 
(Fig. 3) was identified upon our small molecule library screening (Fig. 3, 
Table 1), exhibiting low micromolar MIC99 value against the virulent 
H37Rv Mtb strain (MIC99 = 4 μM). Additional experiments revealed 
acceptable aqueous solubility, selectivity towards Mtb over other 
Mycobacterium strains and other bacteria, and low cytotoxic effect 

Abbreviations 

DMSO dimethyl sulfoxide; 
CNCTC Czech National Collection of Type Cultures 
CL, cardiolipin 
Clint intrinsic clearance 
EtOAc ethyl acetate 
DprE1 decaprenylphosphoryl-β-D-ribose 2′-oxidase 
ESBL, extended-spectrum beta-lactamase 
HLM human liver microsomes 
INH isoniazid 
MDR multidrug-resistant 

MIC minimum inhibitory concentration 
PE phosphatidylethanolamine; 
RIF rifampicin 
SAR structure-activity relationships 
TB tuberculosis 
TMM trehalose monomycolates 
TDM trehalose dimycolates 
THF tetrahydrofuran 
TLC thin layer chromatography 
WHO World Health Organization 
XDR extensively drug-resistant  

Fig. 1. Inhibitors of DprE1 in phase II clinical trials.  
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against HepG2 cells resulting in a good selectivity index (determined as 
the ratio between cytotoxicity IC50 and antitubercular MIC values). 

Herein we describe the structure-activity relationship (SAR) with 
respect to antimycobacterial activity, cytotoxicity, microsomal and 
plasma stability, and the determination of the molecular target of 
compound 10 and structurally related 2,6-disubstituted 7-(naphthalene- 
2-ylmethyl)-7H-purine derivatives. 

2. Results and discussion 

Chemistry. The synthesis of 2-morpholino-purin-6-one derivatives 
3–9 and 11–19 (Table 1) that have been screened for their antituber-
cular activity is described in the literature [21]. All derivatives designed 
and developed within this study are listed in Tables 2 and 3 with their 
general synthetic pathways for their preparation displayed in Schemes 
1–4. 7-Substituted 2,6-dichloro-7H-purines 23a-c were prepared by the 
reaction of commercially available 2,6-dichloro-9H-purine (20) with 
alkylating agents 2-(bromomethyl)naphthalene (21a), 2-(bromome-
thyl)-6-fluoronaphthalene (21b) or 2-(bromomethyl)quinoline (21c), 
respectively, in the presence of potassium carbonate in DMF (Scheme 1). 
7-Substituted (23a-c) and 9-substituted (22a-c) regioisomers were 
separated via column chromatography. The N-7 substituted derivatives 
(23a-c) were minor products possessing higher retention on silica (lower 
Rf) than the N-9 products [21]. Derivatives 23a-c were isolated in 
16–23% yields, respectively, representing key intermediates for the 

subsequent synthetic steps. 
Purin-6-one 24 was prepared by hydrolysis of compound 23a in a 

solution of 1 M NaOH in excellent yield (Scheme 1). Alkylation of 
compound 24 at N-1 by iodomethane in DMF using NaH as base afforded 
compound 39 (Scheme 1) in 62% yield [22]. Derivatives 10, 25–38 and 
40 were prepared from 24 and 39, respectively, in 39–62% yields by 
nucleophilic aromatic substitution under microwave irradiation using 
an excess of the appropriate amine in tert-butanol [21]. 

2,6-Diamino purine derivatives 54–66 (Scheme 2) were prepared by 
nucleophilic aromatic substitutions replacing both chlorine atoms suc-
cessively. Initially, the chlorine substitution with the appropriate amine 
at position 6 of compounds 23a-c proceeded under mild conditions 
(45 ◦C), generating compounds 41–53 in good yields (45–98%). Only 
two intermediates resulted in lower yields, namely 6-(pyridine-4- 
ylmethyl)amino derivative 49 (27%) and 6-amino derivative 51 (36%). 
The second nucleophilic aromatic substitution at position 2 required 
more forcing microwave-assisted conditions, with derivatives 54–66 
obtained in 34–81% yield. 

Derivative 23a served as a starting material in the synthesis of 
compounds 67–70. Compounds containing 6-methoxy (67) and 6- 
ethoxy (68) groups with a chlorine at position 2 were prepared by the 
reaction of 23a with sodium methoxide and sodium ethoxide in yields of 
74% and 64%, respectively. Derivative 69, having two morpholine rings 
at positions 2 and 6, was prepared via microwave-assisted one-pot 
synthesis (76% yield). Compound 70 bearing two sulfanyl groups at 

Fig. 2. Early-stage drug candidates classified as non-covalent inhibitors of DprE1.  

Fig. 3. Screening leading to the identification of derivative 10 with promising anti-TB activity.  
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Table 1 
Compounds 3–19 from the in-house library of small molecules screened for their antitubercular activity against M. tuberculosis, M. avium, and M. kansasii. Activity is 
expressed as MIC99 (μM) assessed after (7), 14 or 21 days of incubation.  

Compound Structure Mtb H37Rv M. avium M. kansasii 

MIC99 (μM) MIC99 (μM) MIC99 (μM) 

14/21 days 14/21 days 7/14/21 days 

3 >500/>500 >500/>500 >500/>500/>500 

4 16/32 >500/>500 >500/>500/>500 

5 16/32 >500/>500 >500/>500/>500 

6 >500/>500 >500/>500 125/250/>500 

7 32/64 >500/>500 500/>500/>500 

8 500/>500 500/>500 >500/>500/>500 

9 >250/>250 >250/>250 >250/>250/>250 

10 4/4 >500/>500 32/64/125 

11 >500/>500 >500/>500 >500/>500/>500 

12 >500/>500 >500/>500 >500/>500 

13 >250/>250 >250/>250 >250/>250/>250 

14 >500/>500 >500/>500 >500/>500/>500 

15 >250/>250 >250/>250 >250/>250/>250 

16 125/>250 >250/>250 >250/>250/>250 

17 >500/>500 >500/>500 >500/>500/>500 

18 >500/>500 >500/>500 >500/>500/>500 

(continued on next page) 
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positions 2 and 6 was obtained in 87% yield by the reaction of 23a with 
an excess of thiourea under reflux in EtOH (Scheme 3) [23]. 

The attempts to prepare 6-alkoxy derivatives 72 and 73 from 67 and 
68, respectively, were fruitless due to the fact that not only chlorine at 
position 2 but also the alkoxy group was substituted with a morpholine 
ring. For this reason, an alternative synthetic approach was utilized. 
Firstly, 6-oxo compound 10 was converted into 6-chloro derivative 71 
with POCl3 and heating (48% yield) [24]. This intermediate was reacted 
with sodium alkoxides/thiolates to provide compounds 72–75 in 
61–93% yield (Scheme 3). 

Derivative 78 was prepared following the same procedure as in the 
case of compounds 23a-c (Scheme 4). 6-Chloro-9H-purine (76) was 
selected as starting material, employing 21a as an alkylating agent. 
Derivative 78 was isolated in 16% yield. Hydrolysis of compound 78 
enabled the formation of purin-6-one 79 in 96% yield, with the hydro-
lysis carried out according to the same procedure as in the case of 
compound 24. Compound 80 was prepared from derivative 78 in 89% 
yield using the same procedure as for the preparation of dithione 70 
(Scheme 4) [23]. 

To clarify the role of nitrogen at position 9 of the purine core in the 
antimycobacterial activity, we prepared 9-deazapurine derivative 84 
(Scheme 4). Alkylation of 2,6-dichloro-9-deazapurine proceeded 
smoothly and regioselectively, providing compound 82 in 86% yield. 
Following hydrolysis [25] and introduction of morpholine at position 2, 
deaza analogue 84 was obtained as an analogue to hit compound 10 
(Scheme 4). 

Antimycobacterial activity – structure-activity relationship 
determination. Initial screening of 42 purine-based compounds pin-
pointed hit compound 10 with good antimycobacterial activity against 
Mtb H37Rv strain (MIC99 = 4 μM). The results of its structurally related 
analogues further showed that only 7-substituted 2-morpholino-purin-6- 
one derivatives 4, 5 and 7 retained anti-TB activity, but were 4–8 fold 
less potent compared to compound 10. Strikingly, 9-substituted coun-
terparts were completely inactive, including the 9-(naphthalen-2- 
ylmethyl)- regioisomer 9 of hit compound 10. Moreover, 7-(naphthalen- 
1-yl)methyl analogue 11 that differs from hit compound 10 just in the 
way of naphthalene group attachment, showed no antimycobacterial 
activity. Thus, we hypothesized that the (naphthalen-2-yl)methyl sub-
stituent (as a part of hit compound 10) at position 7 of purine core is 
essential to maintain high anti-TB activity (Table 1). 

Firstly, structural modifications of compound 10 were focused on 
position 2 of the purine scaffold. To follow these changes rationally, we 
were inspired by the study of Gundersen et al. [26,27] reporting highly 
active purine derivatives containing various benzyl moieties at position 
9. In this work, small hydrophobic substituents, e.g. chlorine attached to 
position 2 of the purine moiety exerted the highest antitubercular ac-
tivity [26,27]. Considering this fact, derivatives containing a halogen at 
position 2 (i.e., 23a, 24, 39, 41–53, 67–68, 82–83) that usually served 
as the intermediates in the synthesis of final compounds were also tested 
for their potential antitubercular activity (Table S1). However, only a 
few exhibited weak antimycobacterial activity, while the majority were 
completely inactive. 

Next, we inspected the effect of the 2-morpholino substitution on 
anti-TB activity. Various secondary and primary amines were introduced 

at position 2, while the rest of the structural features related to hit 
compound 10 were preserved (compounds 25–38, Table 2). The intro-
duction of the morpholine analogues, i.e., six-membered secondary 
amines like piperidine (30) and thiomorpholine (33), slightly enhanced 
the anti-TB activity (MIC99 = 2 μM). Derivative 27, having a pyrrolidine 
heterocycle, exerted a two-to four-fold drop in the activity compared to 
compound 10, whilst analogue 38, bearing a spirocyclic morpholine 
analogue, completely lost anti-TB activity. The incorporation of other 
amines also led to completely inactive compounds. Derivative 35, 
bearing a non-cyclic secondary cyclopropyl (methyl)amino group at 
position 2, delivered moderate anti-TB activity (MIC99 = 16 μM). N1- 
Methylation yielded compound 40 with significantly decreased anti-TB 
activity (MIC99 = 32 μM). Intriguingly, the nitrogen at position 9 proved 
to be a decisive factor responsible for the anti-TB activity, as the 9-dea-
zapurine analogue 84 was completely inactive. 

6-Oxo group replacement by various alkylamino, alkoxy or alkylthio 
groups showed promising results in terms of antimycobacterial activity. 
Accordingly, compounds containing amino (64), ethylamino (56), and 
ethoxy (73) groups at position 6 were the most active (Table 2), sur-
passing the anti-TB activity of hit compound 10, both with MIC99 values 
of 1 μM. Methylamino (54), methoxy (72), and methylthio (74) ana-
logues showed slightly lower MIC99 values compared to their ethyl an-
alogues 56, 73, and 75, respectively. Elongation of the alkylamino 
groups at position 6 of the purine core led to a slight drop in antitu-
bercular activity compared to ethylamino derivative 56. Derivatives 
containing the propylamino (57) and butylamino (58) moieties at po-
sition 6 of the purine scaffold demonstrated anti-TB activity identical to 
hit compound 10 (MIC99 = 4 μM), whilst cyclobutylamine (59) and 
benzylamine-containing derivative 63 showed slightly better activity 
(MIC99 = 2 μM). The presence of secondary amines at position 6 was not 
favorable and N,N-dimethylamino derivative 55 also revealed lower 
activity (MIC99 = 8 μM). The incorporation of bulkier secondary amines 
such as morpholine in 2,6-dimorpholino analogue 69 led to complete 
activity loss (MIC99 = 125 μM) and the replacement of the oxo group by 
chlorine led to a drop in activity (compound 71, MIC99 = 16 μM). 

Next, we inspected the efficiency of non-substituted derivatives at 
position 2 as such purine-based compounds were reported to possess an 
anti-TB profile [27–32]. Note that many of those highly active de-
rivatives were also endowed with sulfanyl and oxo groups at position 6. 
In line with these prerequisites, 6-chloro (78), 6-oxo (79), and 6-sulfanyl 
derivatives (80) were prepared. In addition, compound 70 bearing two 
sulfanyl groups at positions 2 and 6 was developed. Unfortunately, all of 
them turned out to be inactive (Table 2). 

By setting the cut-off at an MIC value of 2 μM for Mtb H37Rv, we 
highlighted derivatives 10, 30, 33, 56, 59, 63, 64, 72, and 73 and tested 
them against clinically isolated MDR-TB and XDR-TB strains (Table 3). 
Pleasingly, the most active compounds 56, 64, and 73 against Mtb H37Rv 
strain also demonstrated high potency (MIC99 = 2–4 μM). Furthermore, 
we explored the ability of compound 56 to kill intracellularly localized 
Mtb H37Rv using infected MonoMac6 cell model [33,34]. In the pilot 
experiment, we first determined that IC50 value of compounds 56 
against MonoMac6 cells was 57 ± 11 μM after 48 h of incubation. Based 
on IC50 value we chose the concentration of 25 μM (~half IC50) for the 
following pilot experiment and found that compound 56 at this 

Table 1 (continued ) 

Compound Structure Mtb H37Rv M. avium M. kansasii 

MIC99 (μM) MIC99 (μM) MIC99 (μM) 

14/21 days 14/21 days 7/14/21 days 

19 >500/>500 >500/>500 >500/>500/>500  
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Table 2 
In vitro antimycobacterial activities of final compounds 25–38, 40, 54–66, 69–75, 78–80 and 84. Activity is expressed as MIC99 (μM) assessed after (7), 14 or 21 days of 
incubation.  

Compound Structure Mtb H37Rv MIC99 (μM) M. avium MIC99 (μM) M. kansasii MIC99 (μM) 

14/21 days 14/21 days 7/14/21 days 

25 250/500 >500/>500 250/500/500 

26 >500/>500 >500/>500 >500/>500/>500 

27 8/16 >500/>500 >500/>500/>500 

29 >500/>500 >500/>500 >500/>500/>500 

30 2/4 >500/>500 >500/>500/>500 

31 >500/>500 >500/>500 >500/>500/>500 

32 >500/>500 >500/>500 >500/>500/>500 

33 2/4 >500/>500 32/64/125 

34 >500/>500 >500/>500 >500/>500/>500 

35 16/16 >500/>500 125/250/500 

36 >500/>500 >500/>500 >500/>500/>500 

37 >500/>500 >500/>500 >500/>500/>500 

38 >500/>500 >500/>500 >500/>500/>500 

40 32/64 >500/>500 500/>500/>500 

54 4/4 >500/>500 8/8/8 

55 8/16 500/500 32/64/125 

56 1/1 250/250 4/8/8 

57 4/4 125/125 8/8/16 

58 4/4 64/125 8/8/8 

(continued on next page) 
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Table 2 (continued ) 

Compound Structure Mtb H37Rv MIC99 (μM) M. avium MIC99 (μM) M. kansasii MIC99 (μM) 

14/21 days 14/21 days 7/14/21 days 

59 2/4 250/500 8/8/8 

60 32/64 >500/>500 64/125/250 

61 32/64 500/500 64/125/125 

62 8/8 250/500 64/64/64 

63 2/4 64/64 4/4/8 

64 1/2 >500/>500 4/8/16 

65 4/8 >500/>500 16/16/16 

66 4/8 >250/>250 64/64/64 

69 125/125 250/500 125/125/250 

70 >500/>500 >500/>500 >500/>500/>500 

71 16/16 >500/>500 16/32/64 

72 2/4 250/500 16/32/64 

73 1/2 >500/>500 8/16/16 

74 8/8 >500/>500 32/64/64 

75 4/4 >500/>500 32/64/125 

78 125/125 >1000/>1000 1000/>1000/>1000 

(continued on next page) 
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concentration reduced the CFU count of intracellular Mtb H37Rv in 
MonoMac6 cells by ≥ 80% compared to untreated control. 

To summarize the observation from anti-TB activities against Mtb 
H37Rv and MDR/XDR-TB, the essential features to preserve high anti-
tubercular activity in the purine-based class of anti-TB agents developed 
herein are associated with i) the presence of 6-oxo, 6-alkoxy or 6-alkyl-
amine substitution, ii) retaining a six-membered cyclic amine in position 
2, iii) fixing the nitrogen atom at N9, and iv) the presence of a 7- 
(naphthalen-2-yl)methyl moiety at N7 of the purine (Fig. 4). 

6-Ethylamino derivative 56 was selected as a new lead candidate for 
final structure optimization. Initially, we introduced the fluorine at the 
naphthyl 6-position to prevent possible metabolization/oxidation of the 
naphthalene core [35]. This structural change was expected to yield a 
derivative with improved microsomal stability and higher anti-TB po-
tency than derivative 56. The second structural modification was the 
replacement of naphthalene by quinoline, mainly to improve water 
solubility. Both structural changes resulted in a minor drop in activity 
(from MIC99 = 1 μM to MIC99 = 4 μM) for both 6-fluoronaphthalene (65) 
and quinoline derivatives (66). 

Antibacterial activity. To shed light on the interspecies selectivity, 
we evaluated the antibacterial activity in top-ranked anti-TB purine- 
based compounds, namely 4, 5, 10, 26, 30, 33, 35, 54, 55, 56, 57, 
58, 59, 60, 63, 64, 65, 66, 71, 72, 73, 74, and 75. The compounds 
underwent testing against eight bacterial strains (Staphylococcus aureus 
subsp. aureus, methicillin-resistant S. aureus subsp. aureus, S. epidermidis, 
vancomycin-resistant Enterococcus faecium, Escherichia coli, Klebsiella 
pneumoniae ESBL negative, Klebsiella pneumoniae ESBL positive, 
multidrug-resistant Pseudomonas aeruginosa). None of the compounds 

exhibited any antibacterial effect (see Table S5, Supporting Informa-
tion), suggesting the high mycobacterial specificity of this class of 
compounds. Only derivative 59, containing cyclobutylamine at the 6- 
position, showed mild antibacterial activity against all four strains of 
gram-positive bacteria (S. aureus subsp. aureus, methicillin-resistant 
S. aureus subsp. aureus, S. epidermidis and vancomycin-resistant Entero-
coccus faecium). Notably, the most active anti-TB compounds (i.e., 56, 64 
and 73) were inactive against all bacterial strains even at the highest 
tested concentration (125 μM). 

In Vitro Effects of the Investigated Compounds on Cell Prolifer-
ation. The cytotoxicity of final compounds exerting high anti-
mycobacterial activity (4, 5, 10, 30, 33, 35, 54–60, 63–66, and 71–75) 
was evaluated using the well-established cell-line model in TB drug 
discovery, human hepatocellular carcinoma cells (HepG2) [36]. 
Initially, we determined IC50 values for HepG2 cell line after 24 h in-
cubation with studied compounds (Table 4). Data revealed that Mtb MIC 
values were substantially lower than HepG2 IC50 values that ranged 
between 18.9 μM and >125 μM, suggesting an excellent selectivity 
profile (SI; calculated as the ratio between HepG2 IC50 and Mtb H37Rv 
MIC99). The only exception was derivative 60 with SI value < 1; the 
other molecules displayed SI ranging between 4.09 (71) – >125 (64). 
Thus, derivatives 56 and 64 were promoted not only for their high 
antitubercular efficacy (both Mtb H37Rv MIC99 = 1 μM), but also for 
their low cytotoxicity profile (56: HepG2 IC50 = 63.88 μM, SI = 63.88; 
64: HepG2 IC50 > 125 μM; SI > 125), suggesting a large therapeutic 
window of these compounds. These positive outcomes were confirmed 
by additional experiments in which selected derivatives 10, 30, 33, 56, 
64, 72, and 73 were incubated with HepG2 and with noncancerous rat 

Table 2 (continued ) 

Compound Structure Mtb H37Rv MIC99 (μM) M. avium MIC99 (μM) M. kansasii MIC99 (μM) 

14/21 days 14/21 days 7/14/21 days 

79 >500/>500 >500/>500 125/>500/>500 

80 >500/>500 >500/>500 >500/>500/>500 

84 >500/>500 >500/>500 >500/>500/>500  

Table 3 
In vitro antimycobacterial activities of the most potent purine compounds 10, 30, 33, 56, 59, 63, 64, 72 and 73 and common anti-TB drugs against clinically isolated 
MDR/XDR strains of Mtb.a,b   

Mtb (MDR/XDR strains) 

PRAHA 1 PRAHA 4 PRAHA 131 9449/2007 234/2005 7357/1998 8666/2010 

10 32/64 16/32 32/32 32/64 16/32 32/64 32/64 
30 16/16 8/16 8/16 8/16 16/16 16/16 8/8 
33 16/16 8/16 8/16 8/16 16/16 16/16 8/8 
56 ND ND 2/4 2/4 ND ND 2/2 
59 4/4 4/8 4/8 4/8 4/8 4/8 4/8 
63 4/4 4/4 4/4 4/4 2/4 2/4 4/4 
64 ND ND 2/4 2/4 ND ND 2/4 
72 16/16 8/16 8/16 8/16 16/16 16/16 8/8 
73 ND ND 2/4 2/4 ND ND 2/2 
INH 16 (R) 16 (R) 16 (R) 64 (R) 16 (R) 16 (R) 32 (R) 
EMB b 32 (R) 16 (R) 32 (R) 8 (S) 16 (R) 16 (R) 16 (R) 
RIF >8 (R) >8 (R) >8 (R) >8 (R) >8 (R) >8 (R) >8 (R) 
STR b 16 (R) >32 (R) >32 (R) >32 (R) 32 (R) >32 (R) >32 (R) 
AMI b 0.5 (S) 1 (S) >32 (R) 0.5 (S) 0.5 (S) 1 (S) 2 (S) 
GEN b 1 (S) 0.5 (S) >8 (R) 1 (S) 0.25 (S) 1 (S) 2 (S) 
CFZ b 0.5 (R) 0.5 (R) 0.25 (S) 0.125 (S) 0.125 (S) 0.125 (S) 2 (R) 
OFX b 1 (S) >16 (R) 16 (R) 2 (S) 0.5 (S) 8 (R) 8 (R)  

a The result are expressed as MIC99 (μM) after 14 and 21 days of incubation and 14 days of incubation of anti-TB drugs. 
b AMI, amikacin; CFZ, clofazimine; GEN, gentamicin; OFX, ofloxacin; STR, streptomycin; R, resistant; S, susceptible. 
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heart myoblast H9c2 cell lines for 72 h. However, longer incubation 
times led to the precipitation of some of the studied compounds in the 
cell culture medium. Therefore, when IC50 was not reached, the data 
were presented as the percent of cell viability at a concentration of 50 
μM (cell viability of control vehicle-treated samples was set as 100%). 
Importantly, these experiments with prolonged incubation times 
confirmed the limited cytotoxicity of the studied compounds (Table 5). 

Aqueous solubility, microsomal and plasma stability evalua-
tion. Aqueous solubility is a fundamental prerequisite for delineating 
the drug’s ADME properties. In this study, we determined this feature for 
the initial hit 10 and other compounds exerting Mtb H37Rv MIC99 below 
4 μM (30, 33, 56, 59, 63, 64, and 73). The results show that the 
introduction of alkylamino and ethoxy-groups at position 6 is beneficial 
in enhancing aqueous solubility. Indeed, the derivatives with cyclo-
butylamino 59 (159 μM), ethylamino 56 (150 μM), amino 64 (98 μM), 
ethoxy 73 (81 μM) and benzylamino 63 (59 μM) groups at position 6 
showed better solubility profile than oxo derivatives 10 (47 μM), 33 (9 
μM) and 30 (8 μM). In the series of oxo derivatives 10, 30 and 33, 
replacement of morpholine at position 2 of compound 10 by piperidine 
in compound 30 and by thiomorpholine in compound 33 led to a 
decrease in solubility (Table 6). 

To investigate the drug-likeness of the studied purines, human liver 
microsomal (HLM) and plasma stabilities were also addressed. Herein, 
we used reference drugs diazepam and verapamil with low and high 

metabolic clearance, respectively, and compared their HLM stability 
after 45 min of incubation with selected lead candidates from newly 
developed purine-based family of antitubercular agents (Table 6). In line 
with the literature, microsomal stability of verapamil displayed high 
intrinsic clearance (CLint = 146 μL/min/mg) and short half-life (T1/2 =

9.53 min), whereas diazepam exerted low metabolic clearance (CLint =

3.2 μL/min/mg) and long half-life (T1/2 = 433 min) [37,38]. Hit com-
pound 10 revealed the highest metabolic stability from the newly tested 
compounds as expressed by HLM T1/2 and CLint, showing ten times 
higher microsomal stability than verapamil, but four times lower 
compared to diazepam. All other compounds displayed microsomal 
stability spanning between the values of the reference drugs. As ex-
pected, the lowest stability was found in derivative 33 due to the pres-
ence of thiomorpholine group which is prone to sulfur oxidation. The 
most potent compounds 56, 64 and 73 can be classified as compounds 
with medium clearance with respect to phase I metabolic deactivation 
[39]. Presuming that these compounds follow first-order kinetics, it can 
be expected that they will not accumulate in the body when properly 
dosed, and simultaneously are stable enough to exert their pharmaco-
dynamic effect. 

Finally, plasma stability of the studied compounds has been observed 
after 2 h incubation, indeed all the compounds including 56, 64 and 73 
demonstrated high plasma stability. Overall, compounds tested for he-
patic clearance and plasma stability did not reveal any structural 

Scheme 1. Synthesis of purine-based compounds 10, 25–38 and 40a. a Reagents and conditions: (i) K2CO3, DMF, 24 h, RT, 16–23%; (ii) 1 M NaOH, 100 ◦C, 24 h, 
94%; (iii) MW, amine, t-BuOH, 110 ◦C, 150 W, 3 h, 39–62%; (iv) NaH, iodomethane, DMF, 4 h, RT, 62%. 
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liabilities. From this perspective, the compounds can be recommended 
for in vivo pharmacokinetic study. 

Identification of On-Target Mode of Action. To gain insight into 
the mechanism of anti-tuberculosis action of 2,6-disubstituted 7- 
(naphthalen-2-ylmethyl)-7H-purines, spontaneous H37Rv mutants 
resistant to compound 10 were selected and characterized. Selection on 
solid media containing 128 μM, 64 μM and 32 μM of compound 10 led to 
the selection of resistant colonies at a similar frequency of resistance of 
around 1 × 10− 8 (five to eight colonies following the plating of 50 μL of 
OD600 = 50). Three resistant colonies from the selection on 128 μM of 
compound 10 were confirmed to be fully resistant to 10 (MIC >128 μM) 
and subjected to whole genome sequencing together with the parental 
H37Rv strain. Variant analysis identified two isolates to share an iden-
tical genome, with non-synonymous mutations in dprE1 (Rv3790: 
t1103c - > L368P) as well as a mutation in Rv1356c (t103 g - > W35G). 
The third resistant strain carried another mutation in dprE1 (Rv3790: 
g661c - > E221Q), while sharing the mutation in Rv1356c and a syn-
onymous mutation in nuoL Rv3156. With DprE1 being an essential 
protein in Mtb, and as the identified loci of resistance were previously 
described in resistance to other DprE1 targeting agents [17,19,20], 
DprE1 was considered the most likely target from this analysis. As 
Rv1356c encodes for a non-essential conserved hypothetical protein, it 
was considered unlikely to be a primary target of 10, though its potential 
role in resistance was not further investigated. 

Previously we showed that inhibition of DprE1 in mycobacteria leads 
to accumulation of specific extractable cell wall lipids, trehalose dimy-
colates and trehalose monomycolates [40,41]. This effect is caused by a 
defect in the synthesis of the cell wall arabinan chains, which serve as 
primary attachment sites for mycolic acids. To investigate this phe-
nomenon for the developed purine derivatives, we performed 
[14C]-acetate labeling of Mtb H37Rv grown in the presence of hit com-
pound 10 and its potent alkylamino and alkoxy analogues 56 and 73, 
respectively. As shown in Fig. 5, lipid profiles of bacteria treated with 

the tested compounds and the control drug BTZ-043 were comparable, 
which supports DprE1 being the target of purine-based compounds 
described in this work. 

Proposed Binding Mode of Selected Purine-Based Compounds in 
the Active Site of DprE1. To identify the plausible binding mode of 
compound 10 and the most active representative 56 from the series, we 
carried out a molecular modeling study in tandem with molecular dy-
namic simulations. Moreover, we also modeled compound 11 as a 
regioisomer of 10, and deazapurine derivative 84, both demonstrating 
no antimycobacterial activity, to justify the results obtained from in vitro 
testing. The selection of DprE1 crystal structure (PDB ID: 4P8N) used for 
the in silico experiments was justified by the i) high resolution of DprE1 
crystal structure (1.79 Å) and ii) non-covalent nature of inhibitors, 
namely 2-carboxyquinoxaline QN118, soaked into DprE1 enzyme [20]. 
The docking protocol reproduced the crystallographic pose of QN118 
(data not shown). Across all the experimental results, no significant 
change in the conformation and shape of the active site and the cofactor 
FAD was observed. 

Initially, the hit compound 10 revealed that the purine core is 
accommodated in the FAD vicinity (Fig. 6A and B), similarly to other 
non-covalent DprE1 inhibitors [15]. Oxygen from the morpholine ring is 
engaged in a hydrogen bond with the backbone amide of Asn385. Most 
importantly, N3 and N9 of compound 10 form hydrogen bonds with the 
protonated terminal amino group of Lys418. The 
naphthalen-2-yl-methyl moiety occupies the pocket of the enzyme 
formed by Leu317, Asp318 and Phe320, forming a coplanar conforma-
tion; the latter two interactions seem to be pivotal in delivering DprE1 
affinity. Similarly, the top-ranked candidate from the family of 
purine-based derivatives, compound 56, displayed very close spatial 
orientation in the DprE1 active site as ligand 10 (Fig. 6 G and H). These 
interactions account for i) the hydrogen bond between morpholine ox-
ygen and Asn385, ii) the hydrogen bond between N9 and the protonated 
terminal amino group of Lys418, and iii) purine lodging in the proximity 

Scheme 2. Synthesis of purine-based compounds 54–66a. a Reagents and conditions: (i) appropriate amine, CH3CN, 24 h, 45 ◦C, 45–98%; (ii) morpholine, MW, 
dioxane/water, 180 ◦C, 150 W, 3 h, 34–81%. 
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of FAD. Interestingly, the naphthalen-2-yl-methyl moiety of 56 likely 
occupies a different hydrophobic area than 10, interacting in a 
bent-shaped conformation with Phe362, Leu363, Leu317 and Pro316. 
Such peculiarity has also been observed in the crystallography study 
with the 2-carboxyquinoxaline derivative QN118, where 3-fluoro-4-me-
thoxybenzylamine moiety of QN118 imposed two alternative confor-
mations, swinging between the two hydrophobic pockets [20]. 
Additionally, the N-ethyl appendage of 56 protrudes to the region 
delineated by Lys134, Gly117, His132 and Tyr314, which might be 
designated as being responsible for slightly enhanced antitubercular 
activity and also DprE1 affinity compared to 10. According to in silico 
prediction, Glu221 and Leu368, whose mutations to Gln and Pro, 
respectively, caused resistance to compound 10, neither interact nor lie 
in the close vicinity of compound 10 in the active site of DprE1 (Figs. 6A 
and 7). Indeed, the nearest interatomic distance between compound 10 
and Leu368 is 7.0 Å (not shown), indicating no ligand-amino acid 
interaction. This is surprising at first glance and seemingly calls into 
question the results of the prediction, where an interaction between 
these residues and compound 10 would be expected. Nonetheless, the 
same mutations have been described to cause resistance to other DprE1 
inhibitors, such as QN118 analogue Ty38c (resistance-causing mutation 
L368P) [20] or TCA1 (resistance-causing mutation E221Q) [17,19], and 
these inhibitors also do not bind to the close vicinity of these residues 
and do not interact with them. Another DprE1 inhibitor, whose activity 
is hampered by L368P and E221Q mutations, is antibacterial agent 14, 

pyrido-benzimidazole derivative identified by high-throughput 
screening of the GlaxoSmithKline (GSK) collection [42]. Despite the 
absence of direct interactions between these inhibitors including com-
pounds 10 and 56 with Glu221 and/or Leu368, we can speculate that 
their mutations induce conformational changes of the binding pocket 
and affect the interaction with these inhibitors. Accordingly, we can 
expect similar binding modes of compounds 10, Ty38c and TCA1 into 
the DprE1 binding pocket (Fig. 7). 

On the contrary, the inactive regioisomer 11 (Fig. 6C and D) dis-
played a 180◦ rotated topology compared with DprE1-active ligands 10 
and 56. Indeed, such orientation cannot result in a productive interac-
tion with the DprE1 enzyme as the ligand 11 is completely distorted, 
shifted outwards the FAD cofactor, with N9 engaged in hydrogen bond 
Arg325 residue. The naphthalen-1-yl-methyl moiety is implicated in 
several hydrophobic interactions, specifically with His132 and Phe366 
by heterogenous π-π stackings. Deazapurine derivative 84 (Fig. 6E and 
F) displayed similar location of the naphthalen-2-yl-methyl moiety as for 
compound 10, exerting interactions with Phe320, Gly321, Glu322, and 
Arg325. The disparity can be observed in the core scaffold, where 
missing nitrogen N9 of compound 84 cannot display a hydrogen bond 
interaction with Lys418, thus rendering this compound completely 
inactive. 

Chemoinformatic and QSAR analyses. Chemical structures and 
bacteriostatic activities of the studied compounds against Mtb after 14- 
days of incubation (i.e., pMIC (14 d) values) were chemoinformatically 

Scheme 3. Synthesis of purine-based compounds 67–75. a Reagents and conditions: (i) sodium alkoxide, alcohol, reflux, 2 h, 64–74%; (ii) morpholine, MW, 
dioxane/water, 180 ◦C, 150 W, 3 h, 76%; (iii) thiourea, EtOH, reflux, 24 h, 87%; (iv) POCl3, 0 ◦C–135 ◦C, 3 h, 48%; (v) sodium alkoxide, THF, 25 ◦C, 2 h, 61–90%; 
(vi) sodium thiolate, THF, 25 ◦C, 2 h, 91–93%. 
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analyzed with AutoQSAR and 3D Field-Based QSAR applications in 
Schrodinger 2022–2. Furthermore, we analyzed the atomistic finger-
print contributions and contributions of five Gaussian interaction fields 
determined by 3D QSAR models to the antimycobacterial activities of 
studied compounds. For a detailed description, see Supporting infor-
mation. In summary, the QSAR analyses suggested that the anti-
mycobacterial activity of the studied compounds is enhanced by 
hydrophobic substituents at position 2 and 6 of the purine core. How-
ever, the size of substituents at position 6 should be limited to a certain 
level, otherwise they decrease the activity. The activity is also supported 
by a higher potency of the substituents at position 6 to provide hydrogen 
bonds, which corresponds well with the requirement of a lower electron 
density in this region, as follows from the contour map for the electro-
static interaction field. Nonetheless, all these interaction fields are 

necessary to consider simultaneously for rich reliable activity pre-
dictions based on the developed 3D QSAR model. Both QSAR models 
developed in this study by the AutoQSAR and 3D-Field QSAR analyses 
proved statistical significance, mutual correspondence and are, there-
fore, suitable for application, for example, in ligand-based virtual 
screening. 

3. Conclusions 

In this study, whole-cell phenotypic screening of the in-house com-
pound library identified purine derivative 10 with high anti-TB activity 
against Mtb H37Rv strain (MIC99 = 4 μM). The extensive structure- 
activity relationships study underlined the importance of the 
naphthalen-2-yl methyl moiety attached at position 7 of the purine core 

Scheme 4. Synthesis of purine-based compounds 79–80 and 9-deazapurine derivative 84. a a Reagents and conditions: (i) K2CO3, DMF, 24 h, 25 ◦C; (ii) 1 M NaOH, 
100 ◦C, 24 h, 96%; (iii) thiourea, EtOH, reflux, 24 h, 89%; (iv) 2 M NaOH/dioxane, 100 ◦C, 2 h, 72%; (v) morpholine, MW, dioxane/water, 180 ◦C, 150 W, 3 h, 81%. 

Fig. 4. Highlighted observations from the SAR study in the family of 2,6-disubstituted 7-(naphthalen-2-ylmethyl)-7H-purines as antitubercular agents.  
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in retaining high anti-TB activity. Interestingly, isomer 9 bearing 
naphthalen-2-yl-methyl moiety at position 9, naphthalen-1-yl-methyl 
analogue 11 and also 9-deazapurine derivative 84 were inactive. 
Further structure modifications showed that secondary cyclic amines 
bound at the 2-position were advantageous for anti-TB activity, while 
primary or acyclic secondary amines reduced the activity. Structural 
modification at position 6 (the “lactam region”), i.e., the replacement of 
the oxo group by alkoxy, alkylthio or alkylamino groups proved to be 
favorable in terms of conserving the activity or giving a mild potency 
increase. The introduction of ethylamino (56), amino (64) or ethoxy 
(73) moieties at position 6 proved to be the most beneficial for anti-TB 
activity. These derivatives even outperformed the purin-6-ones com-
pounds in anti-TB activity against both the drug-susceptible strain Mtb 
H37Rv (all having MIC99 = 1 μM) and against several clinically isolated 
MDR-TB/XDR-TB strains. Purine-based compounds 56 and 64 also dis-
played better aqueous solubility and acceptable microsomal/plasma 
stabilities, and showed limited toxicity to HepG2 and to noncancerous 
H9c2 cell lines even after 72 h of incubation (IC50 > 50 μM), which 
resulted in high selectivity to Mtb. Furthermore, pilot experiment 
showed that compound 56 is active also against intracellularly localized 
Mtb H37Rv. 

The mechanism of action of the purine-based compounds developed 
in this work was determined by whole-genome sequencing of mutants 
resistant to derivative 10, revealing non-synonymous mutations L368P 
and E221Q in DprE1 enzyme. These mutations were previously reported 
to be responsible for the resistance to other non-covalent DprE1 in-
hibitors such as Ty38c [20] or TCA1 [17,19]. In line with this obser-
vation, the mechanism of action of compounds 10 and its alkylamino 
and alkoxy analogues 56 and 73, respectively, was confirmed based on 
their effect on the cell wall biosynthesis in Mtb H37Rv via [14C]-acetate 
radiolabeling experiments and their structure-binding relationships 
with respect to DprE1, predicted in silico. 

In conclusion, the 2,6-disubstituted 7-(naphthalen-2-ylmethyl)-7H- 
purines described in this study are new class of DprE1 non-covalent 
inhibitors with good efficiencies against drug sensitive and drug- 
resistant strains of Mtb and with high selectivity toward Mtb with 
acceptable cytotoxicity profile. The large number of structural 

Table 4 
Viability of mammalian cell line determined after 24 h of treatment with newly 
developed purine-based compounds 4, 5, 10, 30, 33, 35, 54, 60, 63–66, and 
71–75.a For the sake of clarity, Mtb H37Rv MIC99 values are also displayed.  

Compound HepG2 IC50 ± SD (μM)a Mtb H37Rv MIC99 (μM) SIb 

4 >125 16 >7.8 
5 >125 16 >7.8 
10 >125 4 31.25 
30 87.2 ± 10.9 2 43.6 
33 >32 2 16 
35 >125 16 >7.8 
54 58.8 ± 9.6 4 14.7 
55 55.9 ± 1.2 8 6.99 
56 63.9 ± 4.8 1 63.88 
57 40.5 ± 4.7 4 10.1 
58 30.8 ± 3.4 4 7.7 
59 33.0 ± 4.2 2 16.5 
60 18.9 ± 3.1 32 0.59 
63 33.8 ± 2.5 2 16.9 
64 >125 1 >125 
65 40.7 ± 4.4 4 10.18 
66 96.4 ± 1.9 4 24.08 
71 65.6 ± 5.5 16 4.09 
72 64.3 ± 1.4 2 32 
73 43.5 ± 9.1 1 43.45 
74 42.4 ± 3.5 8 5.3 
75 64.2 ± 0.1 4 16.1  

a IC50 determined after 24 h incubation. 
b selectivity index calculated as ratio between HepG2 IC50 and antitubercular 

MIC99 values. 

Table 5 
Viability of two mammalian cell lines determined after 72 h of treatment with 
purine-based compounds 10, 30, 33, 56, 64, 72 and 73.a   

HepG2 IC50 

(μM) 
H9c2 IC50 

(μM) 
Viability (%) at 50 μM 
± SD 

Viability (%) at 50 μM 
± SD 

10 60.5 ± 6.4 59.01 86.0 ± 0.9 >50 
30 42.2 ± 11.8 54.82 79.4 ± 1.6 >50 
33 72.9 ± 8.9 >50 97.1 ± 3.5 >50 
56 66.9 ± 15.0 >50 88.0 ± 3.2 >50 
64 77.0 ± 3.3 >50 91.7 ± 4.8 >50 
72 66.4 ± 13.2 >50 92.6 ± 3.4 >50 
73 23.5 ± 9.8 33.14 94.8 ± 5.4 >50  

a Data are presented as mean values with SD obtained from at least four in-
dependent experiments. IC50 values were calculated using GraphPad Prism 9 
software. 

Table 6 
Aqueous solubility (5% DMSO/water), microsomal stability expressed as 
microsomal half-life (T1/2) and intrinsic clearance (CLint) and plasma stability 
(%) for selected purine-based compounds. Diazepam and verapamil were 
included as reference drugs with low and high intrinsic clearance, respectively.  

Compound Aqueous 
solubility [μM] 

HLM T1/2 

(min) 
Human CLint 

(μL/min/mg) 
Plasma 
stability (%)b 

diazepam n.d. 433.0 3.2 (2.6)a n.d. 
verapamil n.d. 9.53 146.0 (138.7)a n.d. 
10 46.9 110.0 12.6 96.6 
30 8.4 17.8 77.9 96.7 
33 9.3 10.9 127.0 98.2 
56 150.4 51.3 27.0 95.5 
59 158.9 37.9 36.6 97.5 
63 58.9 19.3 72.1 99.2 
64 97.7 82.5 16.8 103.3 
73 81.3 56.8 24.4 99.6 

aCalculated from published data [39] – shown for comparative purposes. 
b percentage of remaining compound after 120 min incubation. 
c n.d. stands for not determined. 

Fig. 5. TLC analysis of [14C]-acetate labeled lipids from Mtb H37Rv grown in 
the presence of 10, 56 and 73. Concentrations of the drugs in media were at 10 
× MIC. TDM – trehalose dimycolates, TMM – trehalose monomycolates, PE – 
phosphatidyl ethanolamine, CL – cardiolipin, CON – control culture (without 
a drug). 

V. Finger et al.                                                                                                                                                                                                                                   



European Journal of Medicinal Chemistry 258 (2023) 115611

14

modifications offered by the purine scaffold combined with the scaffold 
hopping strategy may lead to new highly active non-covalent DprE1 
inhibitors in future. The compounds developed herein are the first non- 
covalent purine-based DprE1 inhibitors described to date, paving the 
way for further structure optimization of DprE1 inhibitors. 

4. Experimental section 

General. The newly developed compounds were characterized using 
1H NMR and 13C NMR spectroscopy and HPLC− HRMS experiments. All 
compounds are >95% pure by HPLC analysis. All chemical reagents 

Fig. 6. The top-scored docking poses of 10 (A and B), 11 (C and D), 84 (E and F), and 56 (G and H) in DprE1 (PDB ID: 4P8N). The ligands are displayed in green (A), 
purple (C), grey (E) and salmon (G) for 10, 11, 84, and 56, respectively; important amino acid residues responsible for ligand anchoring are shown in dark blue, FAD 
cofactor is displayed in light blue. Important interactions are rendered by black dashed lines; distances are measured in angstroms (Å). Figures A, C, E, G were created 
with The PyMOL Molecular Graphics System, Version 2.4.1, Schrödinger, LLC. 2D figures (B, D, F, H) were generated with Maestro 12.3 (Schrödinger Release, 
Schrödinger, LLC, New York, NY, 2020). 
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were obtained from Sigma-Aldrich (Schnelldorf, Germany), PENTA s. r. 
o. (Prague, Czech Republic), FluoroChem (Hadfield, UK) and were used 
as received. Solvents for chromatographic procedures were supplied in 
LC-MS grade. An internal standard 67 was synthesized by us and used 
during the experiment. A CEM Explorer SP 12 S was used for the MW- 
assisted reactions. The reactions were monitored by thin-layer chro-
matography (TLC) on silica gel plates (60 F254, Merck, Prague, Czech 
Republic), and the spots were visualized by UV light (254 nm). Purifi-
cation of crude products was carried out using a PuriFlash Gen5 column, 
5.250 (Interchim, Montluçon, France) (silica gel 100, 60 Å, 230–400- 
mesh ASTM, Sigma-Aldrich, Prague, Czech Republic). The NMR spectra 
were all recorded on a Varian S500 spectrometer (500 MHz for 1H and 
126 MHz for 13C) and Jeol JNM-ECZ600R (600 MHz for 1H and 151 MHz 
for 13C NMR). Chemical shifts are reported in δ ppm referenced to re-
sidual solvent signals (for 1H NMR and 13C NMR: chloroform-d (CDCl3; 
7.26 (H) or 77.16 (C) ppm) or dimethylsulfoxide-d6 (DMSO‑d6; 2.52 (H) 
or 39.7 (C) ppm). Spin multiplicities are given as broad singlet (bs), 
doublet (d), doublet of doublet (dd), triplet (t), doublet of triplet (dt), 
quartet (q), or multiplet (m). Coupling constants (J) are reported in Hz. 
Recorded NMR spectra are available in the Supplementary Information. 
Melting points were measured using an automated melting point 
recorder M − 565 (Büchi, Flawil, Switzerland). The synthesized com-
pounds were analyzed by an LC-MS system consisting of UHLPC Dionex 
Ultimate 3000 RS coupled with a Q Exactive Plus orbitrap mass spec-
trometer to obtain HRMS spectra (Thermo Fisher Scientific, Waltham, 
Massachsetts, USA). The samples were dissolved in DMSO/methanol 
50/50 (v/v). Reverse-phase C18 column Kinetex EVO (2.1 × 50 mm, 1.7 
μm, Phenomenex, Torrance, CA, USA) was used as a stationary phase, 
and purified water with 0.1% formic acid (mobile phase A) and LC-MS 
grade acetonitrile with 0.1% formic acid (mobile phase B) were used 
as the mobile phases. Gradient elution was used to determine purities 
and mass spectra. The method started with 5% B for 0.3 min, then the 
gradient switched B to 100% in 3 min, remained at 100% B for 0.7 min 
and then went back to 5% B with equilibration for 3.5 min. The total run 
time of the method was 7.5 min. The column temperature was kept 
constant at 27 ◦C, the flow of the mobile phase was 0.4 mL/min, and the 
injection volume was 1 μL. Gradient LC analysis with UV detection 
(diode array) confirmed ≥95% purity for all the compounds. HRMS 
spectra were collected from the total ion current in the scan range 
105–1000 m/z, with the resolution set to 140,000. 

General Procedure 1: Preparation of compounds 23a-c. A sus-
pension of 2,6-dichloro-9H-purine (1.0 g, 5.29 mmol), K2CO3 (0.88 g, 
6.35 mmol) in DMF (10 mL) was stirred at RT. After 30 min, the 
appropriate alkyl bromide (5.82 mmol) was added and the reaction 

mixture was kept stirring overnight. Water (100 mL) was added to the 
reaction mixture, and the suspension was extracted with CH2Cl2 (3 × 50 
mL). The combined organics were dried over sodium sulfate, filtered and 
evaporated. Each regioisomer was separated via column chromatog-
raphy with petroleum ether (PE)/ethyl acetate (EtOAc) as eluent. The 
desired 7-substituted derivatives were always the minor products with 
lower Rf value. 

General Procedure 2: Preparation of compounds 10, 25–38.2- 
Chloro-7-(naphthalen-2-ylmethyl)-6,7-dihydro-1H-purin-6-one (0.384 
mmol) and the appropriate amine (1.15 mmol) were added to a sealed 
reaction tube with tert-butanol (5 mL). The reaction was carried out 
under microwave irradiation at 110 ◦C with power 150 W and maximum 
pressure 300 psi for 3 h. The solvent was evaporated in vacuo and the 
residue was purified by flash chromatography with CH2Cl2/MeOH as 
eluent. 

General procedure 3: Preparation of compounds 41–48, 52 and 
53. A solution of compound 23a (for the synthesis of compounds 41–48, 
0.42 mmol), 23b (for the synthesis of compound 52, 0.42 mmol) or 23c 
(for the synthesis of compound 53, 0.42 mmol) and 5 equiv. of the 
appropriate amine (2.1 mmol) was stirred at 45 ◦C overnight in aceto-
nitrile (15 mL). The reaction was monitored by TLC. After completion of 
the reaction, the solvent was evaporated to the dryness in vacuo and 
water (10 mL) was added to the reaction residue. The mixture was 
extracted with CH2Cl2 (3 × 10 mL), and the combined organic layers 
were dried over sodium sulfate, filtered and evaporated in vacuo. The 
product was purified by flash chromatography. 

General procedure 4: Preparation of compounds 54–66. Com-
pounds 40–52 (0.384 mmol), morpholine (0.5 g, 5.7 mmol), dioxane (5 
mL) and water (1 mL) were charged to a sealed reaction tube. The re-
action was carried out under microwave irradiation at 180 ◦C with 
power 150 W and maximum pressure 300psi for 3 h. After completion of 
the reaction, the solvent was evaporated in vacuo, and the mixture was 
purified by flash chromatography (EtOAc/MeOH, 95:5). 

2-Morpholino-7-(naphthalen-2-ylmethyl)-1,7-dihydro-6H- 
purin-6-one (10). Compound 10 was prepared according to General 
Procedure 2. Morpholine was used as the starting material. The final 
product was purified by flash chromatography (CH2Cl2/MeOH, 20:1). 
Yield 60% (white solid); mp 233 ◦C (compound decomposition). 1H 
NMR (500 MHz, DMSO‑d6) δ 11.18 (s, 1H), 8.24 (s, 1H), 7.92–7.83 (m, 
3H), 7.79 (s, 1H), 7.54–7.46 (m, 3H), 5.63 (s, 2H), 3.63 (m, 4H), 3.47 
(m, 4H) ppm. 13C NMR (126 MHz, DMSO‑d6) δ 159.04, 155.34, 152.67, 
143.91, 135.30, 132.84, 132.45, 128.38, 127.81, 127.64, 126.49, 
126.26, 126.14, 125.52, 108.61, 65.70, 49.27, 46.02 ppm. HRMS: m/z 
[M+H]+ 362.1601 (calculated for: [C20H19N5O2]+ 362.1612). HPLC 

Fig. 7. Overlap between compound 10 (green), Ty38c (purple, PDB ID: 4P8K) and TCA1 (light blue, PDB ID: 4KW5) in DprE1 active site. For the sake of clarity, 
amino acid residues Leu368 and Glu221 are shown in dark blue sticks, FAD cofactor in red (both taken from 4KW5). Figure was created with The PyMOL Molecular 
Graphics System, Version 2.4.1, Schrödinger, LLC. 
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purity: 99.9%. 
2,6-Dichloro-7-(naphthalen-2-ylmethyl)-7H-purine (23a). Com-

pound 23a was prepared according to General Procedure 1.2-(Bromo-
methyl)naphthalene was used as alkylating agent. The final product was 
purified by flash chromatography (PE/EtOAc, 1:1). Yield: 23% (white 
solid); mp 141–143 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 9.11 (s, 1H), 
7.94–7.82 (m, 3H), 7.64 (s, 1H), 7.52–7.41 (m, 3H), 5.90 (s, 2H) ppm. 
13C NMR (126 MHz, DMSO‑d6) δ 163.63, 151.28, 143.39, 143.39, 
134.21, 133.0, 132.56, 128.69, 128.0, 127.73, 126.64, 126.48, 125.32, 
124.73, 122.22, 49.92 ppm. HRMS: m/z [M+H]+ 329.0349 (calculated 
for: [C16H11Cl2N4]+ 329.0355). HPLC purity: 98.8%. 

2,6-Dichloro-7-[(6-fluoronaphthalen-2-yl)methyl]-7H-purine 
(23b). Compound 23b was prepared according to General Procedure 
1.2-(Bromomethyl)-6-fluoronaphthalene was prepared according to the 
literature procedure [43] and was used as starting material. The final 
product was purified by flash chromatography (PE/EtOAc, 1:1). Yield: 
18% (white solid); mp 182–184 ◦C. 1H NMR (600 MHz, CDCl3) δ 8.30 (s, 
1H), 7.82 (d, J = 8.5 Hz, 1H), 7.77 (dd, J = 9.0, 5.5 Hz, 1H), 7.55 (d, J =
2.0 Hz, 1H), 7.46 (dd, J = 9.6, 2.5 Hz, 1H), 7.34–7.28 (m, 2H), 5.81 (s, 
2H) ppm. 13C NMR (151 MHz, CDCl3) δ 164.07, 161.56 (d, 1JC-F = 248.3 
Hz), 153.83, 150.79, 144.32, 134.41 (d, 3JC-F = 9.5 Hz), 131.29 (d, 4JC-F 
= 2.8 Hz), 130.73 (d, 3JC-F = 8.9 Hz), 130.56, 129.31 (d, 4JC-F = 5.5 Hz), 
126.68, 125.57, 122.15, 117.92 (d, 2JC-F = 25.4 Hz), 111.43 (d, 2JC-F =

20.5 Hz), 51.26 ppm. HRMS: m/z [M+H]+ 347.0262 (calculated for: 
[C16H10N4Cl2F]+ 347.0261). HPLC purity: 99.9%. 

2-[(2,6-Dichloro-7H-purin-7-yl)methyl]quinoline (23c). Com-
pound 23c was prepared according to General Procedure 1.2-(Bromo-
methyl)quinoline was used as alkylating agent. The crude reaction 
mixture was purified by flash chromatography (PE/EtOAc, 1:1). Yield: 
16% (white solid); mp 199–201 ◦C. 1H NMR (500 MHz, CDCl3) δ 8.58 (s, 
1H), 8.24 (d, J = 6.7 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.84 (d, J = 8.0 
Hz, 1H), 7.72 (t, J = 7.6 Hz, 1H), 7.58 (t, J = 7.3 Hz, 1H), 7.33 (d, J =
7.1 Hz, 1H), 5.97 (s, 2H) ppm. 13C NMR (126 MHz, CDCl3) δ 164.04, 
153.69, 153.47, 152.24, 147.68, 144.08, 138.65, 130.99, 129.29, 
128.04, 127.89, 127.81, 122.35, 118.83, 52.35 ppm. HRMS: m/z 
[M+H]+ 330.0303 (calculated for: [C15H10N5Cl2]+ 330.0308). HPLC 
purity: 95.5%. 

2-Chloro-7-(naphthalen-2-ylmethyl)-1,7-dihydro-6H-purin-6- 
one (24). A suspension of 2,6-dichloro-7-(naphthalen-2-ylmethyl)-7H- 
purine (0.716 mmol) in 1 M aqueous solution of NaOH (20 mL) was 
heated at 100 ◦C. After 24 h the solution was acidified with 2 N HCl (aq) 
to pH 3–4, resulting in the precipitation of a white solid. This solid was 
filtered, washed with water (20 mL), and dried in vacuo. Yield: 94% 
(white solid); mp 240 ◦C (compound decomposition). 1H NMR (500 
MHz, DMSO‑d6) δ 8.20 (s, 1H), 7.91–7.82 (m, 3H), 7.79 (s, 1H), 
7.55–7.45 (m, 3H), 5.70 (s, 2H) ppm. 13C NMR (126 MHz, DMSO‑d6) δ 
160.56, 158.59, 149.77, 143.32, 135.88, 133.29, 132.88, 128.84, 
128.29, 128.09, 126.97, 126.79, 126.77, 126.18, 114.55, 49.56 ppm. 
HRMS: m/z [M+H]+ 311.0687 (calculated for: [C16H12ClN4O]+

311.0694). HPLC purity: 97.5%. 
2-(4-Methylpiperazin-1-yl)-7-(naphthalen-2-ylmethyl)-1,7- 

dihydro-6H-purin-6-one (25). Compound 25 was prepared according 
to General Procedure 2.1-Methylpiperazine was used as the starting 
material. The final product was purified by flash chromatography 
(CH2Cl2/MeOH, 20:1). Yield 49% (white solid); mp 223 ◦C (compound 
decomposition). 1H NMR (500 MHz, DMSO‑d6) δ 11.13 (s, 1H), 8.22 (s, 
1H), 7.91–7.81 (m, 3H), 7.79 (s, 1H), 7.51–7.46 (m, 3H), 5.62 (s, 2H), 
3.56–3.42 (m, 4H), 2.35–2.30 (m, 4H), 2.16 (s, 3H) ppm. 13C NMR (126 
MHz, DMSO‑d6) δ 160.89, 159.27, 155.51, 152.60, 143.93, 135.41, 
132.93, 132.54, 128.46, 127.90, 127.73, 126.56, 126.33, 126.23, 
125.62, 108.46, 54.20, 49.34, 45.58 ppm. HRMS: m/z [M+H]+

375.1921 (calculated for: [C21H23N6O]+ 375.1928). HPLC purity: 
97.7%. 

2-(Diethylamino)-7-(naphthalen-2-ylmethyl)-1,7-dihydro-6H- 
purin-6-one (26). Compound 26 was prepared according to General 
Procedure 2. N,N-Diethylamine was used as the starting material. The 

final product was purified by flash chromatography (CH2Cl2/MeOH, 
20:1). Yield 54% (white solid); mp 195 ◦C (compound decomposition). 
1H NMR (500 MHz, DMSO‑d6) δ 10.61 (s, 1H), 8.15 (s, 1H), 7.88 (d, J =
8.7 Hz, 2H), 7.86–7.80 (m, 1H), 7.78 (s, 1H), 7.52–7.44 (m, 3H), 5.61 (s, 
2H), 3.44–3.38 (m, 4H), 1.90–1.83 (m, 6H) ppm. 13C NMR (151 MHz, 
DMSO‑d6) δ 159.90, 155.25, 150.56, 143.58, 135.41, 132.76, 132.35, 
128.24, 127.70, 127.55, 126.38, 126.13, 125.96, 125.43, 107.30, 49.10, 
46.79, 24.84 ppm. HRMS: m/z [M+H]+ 348.1808 (calculated for: 
[C20H22N5O]+ 348.1819). HPLC purity: 99.81%. 

7-(Naphthalene-2-ylmethyl)-2-(pyrrolidin-1-yl)-1,7-dihydro- 
6H-purin-6-one (27). Compound 27 was prepared according to General 
Procedure 2. Pyrrolidine was used as the starting material. The final 
product was purified by flash chromatography (CH2Cl2/MeOH, 20:1). 
Yield 51% (white solid); mp 225 ◦C (compound decomposition). 1H 
NMR (500 MHz, DMSO‑d6) δ 10.61 (s, 1H), 8.15 (s, 1H), 7.88 (d, J = 8.7 
Hz, 2H), 7.86–7.80 (m, 1H), 7.78 (s, 1H), 7.52–7.44 (m, 3H), 5.61 (s, 
2H), 3.44–3.38 (m, 4H), 1.90–1.83 (m, 4H) ppm. 13C NMR (151 MHz, 
DMSO‑d6) δ 159.90, 155.25, 150.56, 143.58, 135.41, 132.76, 132.35, 
128.24, 127.70, 127.55, 126.38, 126.13, 125.96, 125.43, 107.30, 49.10, 
46.79, 24.84 ppm. HRMS: m/z [M+H]+ 346.1650 (calculated for: 
[C20H20N5O]+ 346.1662). HPLC purity: 98.8%. 

2-(Dimethylamino)-7-(naphthalen-2-ylmethyl)-1,7-dihydro-6H- 
purin-6-one (29). Compound 29 was prepared according to General 
Procedure 2. N,N-Dimethylamine was used as the starting material. The 
final product was purified by flash chromatography (CH2Cl2/MeOH, 
20:1). Yield 46% (white solid); mp 189 ◦C (compound decomposition). 
1H NMR (500 MHz, DMSO‑d6) δ 10.62 (s, 1H), 7.87 (t, J = 8.0 Hz, 2H), 
7.84–7.80 (m, 1H), 7.71 (s, 1H), 7.52–7.47 (m, 2H), 7.43 (dd, J = 5.9, 
2.3 Hz, 2H), 5.68 (s, 2H), 3.00 (s, 6H) ppm. 13C NMR (126 MHz, 
DMSO‑d6) δ 155.35, 151.43, 147.45, 136.92, 132.97, 132.40, 131.61, 
128.23, 127.80, 127.69, 126.43, 126.07, 125.75, 125.65, 101.17, 50.94, 
38.18 ppm. HRMS: m/z [M+H]+ 320.1502 (calculated for: 
[C18H18N5O]+ 320.1506). HPLC purity: 99.9%. 

7-(Naphthalen-2-ylmethyl)-2-(piperidin-1-yl)-1,7-dihydro-6H- 
purin-6-one (30). Compound 30 was prepared according to General 
Procedure 2. Piperidine was used as the starting material. The final 
product was purified by flash chromatography (CH2Cl2/MeOH, 9:1). 
Yield 54% (white solid); mp 224 ◦C (compound decomposition). 1H 
NMR (500 MHz, DMSO‑d6) δ 10.98 (s, 1H), 8.22 (s, 1H), 7.93–7.80 (m, 
4H), 7.55–7.48 (m, 3H), 5.62 (s, 2H), 3.54–3.47 (m, 4H), 1.62–1.55 (m, 
2H), 1.55–1.48 (m, 4H). 13C NMR (126 MHz, DMSO‑d6) δ 159.86, 
155.84, 152.71, 144.14, 135.73, 133.22, 132.83, 128.74, 128.19, 
128.02, 126.85, 126.62, 126.57, 125.95, 108.38, 49.61, 46.93, 25.41, 
24.41 ppm. HRMS: m/z [M+H]+ 360.1813 (calculated for: 
[C21H22N5O]+ 360.1819). HPLC purity: 98.6%. 

2-(Cyclopropylamino)-7-(naphthalen-2-ylmethyl)-1,7-dihydro- 
6H-purin-6-one (31). Compound 31 was prepared according to General 
Procedure 2. Cyclopropylamine was used as the starting material. The 
final product was purified by flash chromatography (CH2Cl2/MeOH, 
20:1). Yield 57% (white solid); mp 196 ◦C (compound decomposition). 
1H NMR (600 MHz, DMSO‑d6) δ 10.54 (s, 1H), 8.20 (s, 1H), 7.92–7.89 
(m, 2H), 7.88–7.85 (m, 1H), 7.79 (s, 1H), 7.54–7.51 (m, 2H), 7.49 (dd, J 
= 8.5, 1.8 Hz, 1H), 6.50 (d, J = 1.7 Hz, 1H), 5.62 (s, 2H), 2.69–2.63 (m, 
1H), 0.74–0.69 (m, 2H), 0.48–0.43 (m, 2H) ppm. 13C NMR (151 MHz, 
DMSO‑d6) δ 159.76, 154.50, 152.75, 143.36, 135.29, 132.77, 132.36, 
128.27, 127.73, 127.55, 126.39, 126.15, 125.97, 125.42, 108.23, 49.17, 
23.32, 6.73 ppm. HRMS: m/z [M+H]+ 332.1499 (calculated for: 
[C19H18N5O]+ 332.1506). HPLC purity: 98.01%. 

2-(Cyclobutylamino)-7-(naphthalen-2-ylmethyl)-1,7-dihydro- 
6H-purin-6-one (32). Compound 32 was prepared according to General 
Procedure 2. Cyclobutylamine was used as the starting material. The 
final product was purified by flash chromatography (CH2Cl2/MeOH, 
20:1). Yield 62% (white solid); mp 194 ◦C (compound decomposition). 
1H NMR (600 MHz, DMSO‑d6) δ 10.48 (s, 1H), 8.18 (s, 1H), 7.91–7.88 
(m, 2H), 7.88–7.84 (m, 1H), 7.77 (s, 1H), 7.53–7.49 (m, 2H), 7.48 (dd, J 
= 8.5, 1.8 Hz, 1H), 6.35 (d, J = 7.4 Hz, 1H), 5.61 (s, 2H), 4.33–4.23 (m, 
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1H), 2.32–2.23 (m, 2H), 1.90–1.80 (m, 2H), 1.72–1.60 (m, 2H) ppm. 13C 
NMR (151 MHz, DMSO‑d6) δ 160.25, 155.03, 151.36, 143.83, 135.83, 
133.31, 132.90, 128.80, 128.28, 128.09, 126.92, 126.68, 126.45, 
125.93, 108.59, 49.70, 46.02, 31.15, 15.18 ppm. HRMS: m/z [M+H]+

346.1657 (calculated for: [C20H20N5O]+ 346.1662). HPLC purity: 
99.1%. 

7-(Naphthalen-2-ylmethyl)-2-thiomorpholino-1,7-dihydro-6H- 
purin-6-one (33). Compound 33 was prepared according to General 
Procedure 2. Thiomorpholine was used as the starting material. The final 
product was purified by flash chromatography (CH2Cl2/MeOH, 9:1). 
Yield 56% (white solid); mp 230 ◦C (compound decomposition). 1H 
NMR (500 MHz, DMSO‑d6) δ 11.15 (s, 1H), 8.23 (s, 1H), 7.91–7.83 (m, 
3H), 7.81 (s, 1H), 7.52–7.47 (m, 3H), 5.61 (s, 2H), 3.86–3.78 (m, 4H), 
2.65–2.56 (m, 4H). 13C NMR (126 MHz, DMSO‑d6) δ 159.13, 155.36, 
151.63, 143.75, 135.19, 132.75, 132.37, 128.27, 127.72, 127.55, 
126.39, 126.17, 126.14, 125.50, 108.17, 48.96, 48.23, 25.58 ppm. 
HRMS: m/z [M+H]+ 378.1378 (calculated for: [C20H20N5OS]+

378.1383). HPLC purity: 96.0%. 
2-[(2-Methoxyethyl) (methyl)amino]-7-(naphthalen-2-ylmeth 

7yl)-1,7-dihydro-6H-purin-6-one (34). Compound 34 was prepared 
according to General Procedure 2.2-Methoxyethyl (methyl)amine was 
used as the starting material. The final product was purified by flash 
chromatography (CH2Cl2/MeOH, 20:1). Yield 54% (white solid); mp 
212 ◦C (compound decomposition). 1H NMR (600 MHz, DMSO‑d6) δ 
10.68 (s, 1H), 8.21 (d, J = 6.3 Hz, 1H), 7.93–7.88 (m, 2H), 7.88–7.85 (m, 
1H), 7.82 (s, 1H), 7.54–7.49 (m, 3H), 5.62 (s, 2H), 3.67 (t, J = 5.4 Hz, 
2H), 3.51 (t, J = 5.4 Hz, 2H), 3.26 (s, 3H), 3.05 (s, 3H) ppm. 13C NMR 
(151 MHz, DMSO‑d6) δ 160.18, 155.71, 152.59, 144.24, 135.84, 133.30, 
132.91, 128.81, 128.26, 128.10, 126.93, 126.70, 126.62, 126.02, 
107.96, 70.52, 58.75, 49.71, 37.33, 31.83 ppm. HRMS: m/z [M+H]+

364.1768 (calculated for: [C20H22N5O2]+ 364.1768). HPLC purity: 
95.0%. 

2-[Cyclopropyl(methyl)amino]-7-(naphthalen-2-ylmethyl)- 
1,7-dihydro-6H-purin-6-one (35). Compound 35 was prepared ac-
cording to General Procedure 2. Cyclopropyl (methyl)amine was used as 
the starting material. The final product was purified by flash chroma-
tography (CH2Cl2/MeOH, 20:1). Yield 59% (white solid); mp 196 ◦C 
(compound decomposition). 1H NMR (600 MHz, DMSO‑d6) δ 10.42 (s, 
1H), 8.23 (s, 1H), 7.92–7.89 (m, 2H), 7.88–7.85 (m, 1H), 7.82 (s, 1H), 
7.55–7.48 (m, 3H), 5.64 (s, 2H), 3.02 (s, 3H), 2.79–2.71 (m, 1H), 0.91 
(m, 2H), 0.70–0.64 (m, 2H) ppm. 13C NMR (151 MHz, DMSO‑d6) δ 
159.76, 154.50, 152.75, 143.36, 135.29, 132.77, 132.36, 128.27, 
127.73, 127.55, 126.39, 126.15, 125.97, 125.42, 108.23, 49.17, 31.29, 
23.32, 6.73 ppm. HRMS: m/z [M+H]+ 346.1664 (calculated for: 
[C20H20N5O]+ 346.1662). HPLC purity: 98.9%. 

2-[(2-Methoxyethyl)amino]-7-(naphthalen-2-ylmethyl)-1,7- 
dihydro-6H-purin-6-one (36). Compound 36 was prepared according 
to General Procedure 2.2-Methoxyethylamine was used as the starting 
material. The final product was purified by flash chromatography 
(CH2Cl2/MeOH, 20:1). Yield 52% (white solid); mp 218 ◦C (compound 
decomposition). 1H NMR (600 MHz, DMSO‑d6) δ 10.61 (s, 1H), 8.18 (s, 
1H), 7.92–7.89 (m, 2H), 7.88–7.86 (m, 1H), 7.78 (s, 1H), 7.54–7.50 (m, 
2H), 7.49 (dd, J = 8.5, 1.7 Hz, 1H), 6.19 (t, J = 5.3 Hz, 1H), 5.61 (s, 2H), 
3.49–3.46 (m, 2H), 3.46–3.42 (m, 2H), 3.29 (s, 3H) ppm. 13C NMR (151 
MHz, DMSO‑d6) δ 160.19, 155.00, 152.40, 143.80, 135.81, 133.31, 
132.90, 128.81, 128.28, 128.09, 126.93, 126.69, 126.50, 125.95, 
108.54, 70.91, 58.48, 49.70, 40.58 ppm. HRMS: m/z [M+H]+ 350.1605 
(calculated for: [C19H20N5O2]+ 350.1612). HPLC purity: 99.9%. 

2-[(2-Hydroxyethyl)amino]-7-(naphthalen-2-ylmethyl)-1,7- 
dihydro-6H-purin-6-one (37). Compound 37 was prepared according 
to General Procedure 2.2-Hydroxyethylamine was used as the starting 
material. The final product was purified by flash chromatography 
(CH2Cl2/MeOH, 20:1). Yield 39% (white solid); mp 218 ◦C (compound 
decomposition). 1H NMR (600 MHz, DMSO‑d6) δ 10.66 (s, 1H), 8.17 (s, 
1H), 7.92–7.89 (m, 2H), 7.89–7.86 (m, 1H), 7.78 (s, 1H), 7.54–7.50 (m, 
2H), 7.48 (dd, J = 8.4, 1.6 Hz, 1H), 6.19 (t, J = 5.4 Hz, 1H), 5.61 (s, 2H), 

4.84 (t, J = 5.1 Hz, 1H), 3.54 (q, J = 5.4 Hz, 2H), 3.33–3.31 (m, 2H) 
ppm. 13C NMR (151 MHz, DMSO‑d6) δ 159.71, 154.51, 152.05, 143.24, 
135.29, 132.77, 132.35, 128.27, 127.74, 127.55, 126.39, 126.14, 
125.93, 125.41, 107.93, 59.50, 49.14, 42.97 ppm. HRMS: m/z [M+H]+

336.1456 (calculated for: [C18H18N5O2]+ 336.1455). HPLC purity: 
98.4%. 

7-(Naphthalen-2-ylmethyl)-2-(2-oxa-6-azaspiro[3.3]heptan-6- 
yl)-1,7-dihydro-6H-purin-6-one (38). Compound 38 was prepared 
according to General Procedure 2.2-Oxa-6-azaspiro [3.3]heptane was 
used as the starting material. The final product was purified by flash 
chromatography (CH2Cl2/MeOH, 20:1). Yield 42% (white solid); mp 
215 ◦C (compound decomposition). 1H NMR (600 MHz, DMSO‑d6) δ 
11.28 (s, 1H), 8.21 (s, 1H), 7.92–7.87 (m, 2H), 7.87–7.83 (m, 1H), 7.79 
(s, 1H), 7.53–7.50 (m, 2H), 7.48 (dd, J = 8.5, 1.7 Hz, 1H), 5.64 (s, 2H), 
4.68 (s, 4H), 4.19 (s, 4H) ppm. 13C NMR (151 MHz, DMSO‑d6) δ 159.26, 
155.18, 153.50, 143.57, 135.29, 132.75, 132.36, 128.27, 127.70, 
127.56, 126.41, 126.16, 125.99, 125.40, 108.30, 79.74, 60.06, 49.12, 
37.91 ppm. HRMS: m/z [M+H]+ 374.1612 (calculated for: 
[C21H20N5O2]+ 374.1612). HPLC purity: 96.5%. 

2-Chloro-1-methyl-7-(naphthalene-2-ylmethyl)-1,7-dihydro- 
6H-purin-6-one (39). To a stirred solution of 24 (0.16 g, 0.5 mmol) in 
dry DMF (4 mL), NaH was added (60% dispersion in mineral oil, 0.025 
g). After 10 min of mixing at RT, iodomethane was added dropwise 
(0.075 g, 0.53 mmol). The reaction mixture was stirred 1 h at RT fol-
lowed by the addition of water (20 mL). The resulting suspension was 
extracted with CH2Cl2 (3 × 15 mL), and the combined organic layers 
were dried over sodium sulfate, filtered and evaporated in vacuo. The 
crude product was purified by flash chromatography (PE/EtOAc, 5:95). 
Yield 62% (white solid); 175–176 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.91 
(s, 1H), 7.84–7.78 (m, 3H), 7.72 (s, 1H), 7.51–7.46 (m, 2H), 7.38 (dd, J 
= 8.4, 1.8 Hz, 1H), 5.71 (s, 2H), 3.72 (s, 3H) ppm; 13C NMR (151 MHz, 
CDCl3) δ 155.76, 155.16, 145.38, 144.27, 133.60, 133.46, 133.17, 
129.46, 128.31, 128.11, 127.35, 127.01, 126.97, 125.47, 114.01, 50.92, 
33.45 ppm; HRMS: m/z [M+H]+ 325.0855 (calculated for: 
[C17H13N4OCl]+ 325.0851); HPLC purity: 97.5%. 

1-Methyl-2-morpholino-7-(naphthalene-2-ylmethyl)-1,7-dihy-
dro-6H-purin-6-one (40). Compound 39 (0.087 g, 0.27 mmol) and 
morpholine (0.1 g, 1.15 mmol) were charged to a sealed tube with tert- 
butanol (5 mL). The reaction was carried out under microwave irradi-
ation at 110 ◦C with power 150 W and maximum pressure 300 psi for 3 
h. The solvent was evaporated in vacuo, and the reaction mixture was 
purified by flash chromatography (PE/EtOAc, 5:95) as eluent. Yield 54% 
(white solid); mp 189–191 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.84 (s, 1H), 
7.82–7.76 (m, 3H), 7.72 (s, 1H), 7.49–7.44 (m, 2H), 7.40 (dd, J = 8.5, 
1.8 Hz, 1H), 5.69 (s, 2H), 3.89–3.80 (m, 4H), 3.57 (s, 3H), 3.24–3.16 (m, 
4H); 13C NMR (126 MHz, CDCl3) δ 156.54, 156.50, 156.44, 143.31, 
133.51, 133.34, 133.12, 129.01, 128.04, 127.82, 126.98, 126.62, 
126.53, 125.40, 111.74, 66.43, 50.51, 50.35, 32.41; HRMS: m/z 
[M+H]+ 376.1765 (calculated for: [C21H22N5O2]+ 376.1768); HPLC 
purity: 99.9%. 

2-Chloro-N-methyl-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (41). Compound 41 was prepared according to General Pro-
cedure 3. N-Methylamine was used as the starting material. The product 
was purified by flash chromatography (CHCl3/MeOH, 9:1). Yield 98% 
(white solid); mp 168–170 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.94 (s, 1H), 
7.88 (d, J = 8.5 Hz, 1H), 7.87–7.83 (m, 1H), 7.78–7.75 (m, 1H), 
7.56–7.51 (m, 3H), 7.21 (dd, J = 8.5, 1.4 Hz, 1H), 5.61 (s, 2H), 5.00 (q, J 
= 4.8 Hz, 1H), 2.78 (d, J = 4.8 Hz, 3H) ppm; 13C NMR (151 MHz, CDCl3) 
δ 161.71, 154.96, 152.18, 145.91, 133.61, 132.33, 130.41, 128.24, 
127.63, 127.51, 125.82, 125.78, 123.71, 123.65, 111.28, 51.51, 31.24 
ppm; HRMS: m/z [M+H]+ 324.1001 (calculated: [C17H15ClN5]+

324.1010); HPLC purity: 99.0%. 
2-Chloro-N,N-dimethyl-7-(naphthalen-2-ylmethyl)-7H-purin-6- 

amine (42). Compound 42 was prepared according to General Pro-
cedure 3. N,N-Dimethylamine was used as the starting material. The 
product was purified by flash chromatography (CH2Cl2/MeOH, 20:1). 

V. Finger et al.                                                                                                                                                                                                                                   



European Journal of Medicinal Chemistry 258 (2023) 115611

18

Yield 78% (yellow oil); 1H NMR (600 MHz, CDCl3) δ 7.96 (s, 1H), 
7.79–7.75 (m, 2H), 7.73–7.70 (m, 1H), 7.50 (s, 1H), 7.48–7.44 (m, 2H), 
7.12 (dd, J = 8.5, 1.7 Hz, 1H), 5.61 (s, 2H), 3.03 (s, 6H) ppm. 13C NMR 
(151 MHz, CDCl3) δ 163.36, 156.31, 153.39, 148.03, 133.38, 133.19, 
132.88, 129.58, 128.06, 127.96, 127.09, 126.95, 126.13, 124.28, 
113.89, 51.83, 41.63 ppm; HRMS: m/z [M+H]+ 338.1175 (calculated 
for: [C18H17ClN5]+ 338.1167); HPLC purity: 98.0%. 

2-Chloro-N-ethyl-7-(naphthalen-2-ylmethyl)-7H-purin-6-amine 
(43). Compound 43 was prepared according to General Procedure 3. N- 
Ethylamine was used as the starting material. The product was purified 
by flash chromatography (CH2Cl2/MeOH, 20:1). Yield 92% (white 
solid); mp 173–174 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.01 (s, 1H), 7.91 
(d, J = 8.5 Hz, 1H), 7.88–7.84 (m, 1H), 7.81–7.77 (m, 1H), 7.63 (s, 1H), 
7.58–7.53 (m, 2H), 7.22 (dd, J = 8.5, 1.9 Hz, 1H), 5.63 (s, 2H), 4.66 (t, J 
= 5.0 Hz, 1H), 3.23–3.17 (m, 2H), 0.67 (t, J = 7.2 Hz, 3H) ppm; 13C NMR 
(151 MHz, CDCl3) δ 161.88, 154.93, 151.37, 146.03, 133.62, 133.55, 
132.50, 130.53, 128.21, 128.10, 127.72, 127.56, 125.98, 123.64, 
110.98, 51.65, 36.23, 14.06 ppm; HRMS: m/z [M+H]+ 338.1166 
(calculated for: [C18H17ClN5]+ 338.1167); HPLC purity: 99.9%. 

2-Chloro-N-propyl-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (44). Compound 44 was prepared according to General Pro-
cedure 3. N-Propylamine was used as the starting material. The product 
was purified by flash chromatography (EtOAc/MeOH, 95:5). Yield 99% 
(beige solid); mp 172–174 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.09 (s, 1H), 
7.91 (d, J = 8.5 Hz, 1H), 7.88–7.84 (m, 1H), 7.79–7.76 (m, 1H), 7.61 (s, 
1H), 7.57–7.53 (m, 2H), 7.22 (dd, J = 8.5, 1.8 Hz, 1H), 5.65 (s, 2H), 4.72 
(t, J = 5.3 Hz, 1H), 3.20–3.15 (m, 2H), 1.11–1.02 (m, 2H), 0.45 (t, J =
7.3 Hz, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 161.57, 154.98, 151.51, 
145.90, 133.59, 133.51, 132.26, 130.53, 128.11, 127.98, 127.65, 
127.50, 125.70, 123.35, 110.90, 51.60, 42.95, 22.06, 11.00 ppm; 
HRMS: m/z [M+H]+ 352.1319 (calculated for: C19H19N5Cl 
[352.1323]+); HPLC purity: 96.4%. 

2-Chloro-N-butyl-7-(naphthalen-2-ylmethyl)-7H-purin-6-amine 
(45). Compound 45 was prepared according to General Procedure 3. N- 
Butylamine was used as the starting material. The product was purified 
by flash chromatography (EtOAc/MeOH, 95:5). Yield 98% (beige solid); 
mp 192–194 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.14 (s, 1H), 7.91 (d, J =
8.4 Hz, 1H), 7.88–7.84 (m, 1H), 7.80–7.76 (m, 1H), 7.62 (s, 1H), 
7.57–7.52 (m, 2H), 7.21 (dd, J = 8.4, 1.9 Hz, 1H), 5.66 (s, 2H), 4.71 (t, J 
= 5.2 Hz, 1H), 3.22–3.18 (m, 2H), 0.97–0.93 (m, 2H), 0.78–0.71 (m, 
2H), 0.51 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (151 MHz, CDCl3) δ 161.40, 
155.02, 151.47, 145.88, 133.60, 133.53, 132.27, 130.52, 128.12, 
128.02, 127.66, 127.50, 125.67, 123.32, 110.86, 51.61, 40.92, 30.90, 
19.68, 13.54 ppm; HRMS: m/z [M+H]+ 366.1480 (calculated for: 
C20H21N5Cl [366.1480]+); HPLC purity: 95.1%. 

2-Chloro-N-cyclobutyl-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (46). Compound 46 was prepared according to General Pro-
cedure 3. N-Cyclobutylamine was used as the starting material. The 
product was purified by flash chromatography (EtOAc/MeOH, 95:5). 
Yield 49% (white solid); mp 193–195 ◦C; 1H NMR (600 MHz, CDCl3) δ 
8.07 (s, 1H), 7.95 (d, J = 8.6 Hz, 1H), 7.90–7.87 (m, 1H), 7.83–7.80 (m, 
1H), 7.69 (d, J = 1.9 Hz, 1H), 7.61–7.54 (m, 2H), 7.23 (dd, J = 8.7, 1.9 
Hz, 1H), 5.64 (s, 2H), 4.79 (d, J = 7.4 Hz, 1H), 4.35–4.29 (m, 1H), 
2.10–1.99 (m, 2H), 1.45–1.41 (m, 1H), 1.29–1.22 (m, 1H), 1.09–0.98 
(m, 2H) ppm; 13C NMR (151 MHz, CDCl3) δ 161.99, 154.94, 150.32, 
146.04, 133.60, 133.47, 132.45, 130.64, 128.15, 127.94, 127.79, 
127.61, 126.10, 123.58, 110.77, 51.73, 45.76, 30.90, 14.86 ppm; 
HRMS: m/z [M+H]+ 364.1320 (calculated for: C20H19N5Cl 
[364.1323]+); HPLC purity: 95.7%. 

2-Chloro-N-cyclohexyl-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (47). Compound 47 was prepared according to General Pro-
cedure 3. N-Cyclohexylamine was used as the starting material 
following. The product was purified by flash chromatography (EtOAc/ 
MeOH, 95:5). Yield 49% (yellow solid); mp 197–199 ◦C; 1H NMR (600 
MHz, CDCl3) δ 8.04 (s, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.87–7.82 (m, 1H), 
7.79–7.74 (m, 1H), 7.61 (s, 1H), 7.57–7.52 (m, 2H), 7.17 (dd, J = 8.5, 

1.9 Hz, 1H), 5.62 (d, J = 1.1 Hz, 2H), 4.55 (d, J = 7.7 Hz, 1H), 3.87–3.67 
(m, 1H), 1.56–1.42 (m, 2H), 1.38–1.31 (m, 1H), 1.29–1.24 (m, 2H), 
1.16–1.04 (m, 2H), 0.77–0.66 (m, 1H), 0.50–0.41 (m, 2H) ppm; 13C 
NMR (151 MHz, CDCl3) δ 162.02, 155.02, 150.84, 146.11, 133.65, 
133.58, 132.63, 130.58, 128.19, 128.07, 127.72, 127.56, 125.93, 
123.54, 110.96, 51.70, 49.19, 32.34, 25.52, 24.38 ppm. HRMS: m/z 
[M+H]+ 392.1632 (calculated for: C22H23N5Cl [392.1636]+); HPLC 
purity: 95.7%. 

N1-[2-Chloro-7-(naphthalene-2-ylmethyl)-7H-purin-6-yl]-N2, 
N2-dimethylethane-1,2-diamine (48). Compound 48 was prepared 
according to General Procedure 3. N1,N1-Dimethylethane-1,2-diamine 
was used as the starting material. The product was purified by flash 
chromatography (EtOAc/MeOH/TEA, 95:5:0.1). Yield 84% (white 
solid); mp 80–90 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.41 (s, 1H), 7.81 (d, J 
= 8.7 Hz, 2H), 7.77–7.72 (m, 1H), 7.59–7.56 (m, 1H), 7.53–7.45 (m, 
2H), 7.26 (dd, J = 8.5, 1.9 Hz, 1H), 6.89 (s, 1H), 5.92 (s, 2H), 3.65 (d, J 
= 5.4 Hz, 2H), 3.00 (s, 2H), 2.54 (s, 6H) ppm; 13C NMR (151 MHz, 
CDCl3) δ 161.31, 154.47, 150.89, 146.57, 133.34, 133.20, 132.65, 
129.29, 128.08, 127.82, 126.83, 126.76, 125.55, 123.93, 110.47, 57.52, 
50.95, 44.55, 37.13 ppm; HRMS: m/z [M+H]+ 381.1584 (calculated for: 
C20H22N6Cl [381.1589]+); HPLC purity: 96.1%. 

2-Chloro-7-(naphthalene-2-ylmethyl)-N-(pyridine-4-ylmethyl)- 
7H-purin-6-amine (49). Solution of 23a (0.11 g, 0.36 mmol), 4-picolyl-
amine (0.039 g, 0.36 mmol) and DIPEA (75 mg, 58 mmol) was stirred at 
45 ◦C in acetonitrile (15 mL) for 24 h. After completion was finished 
(monitored by TLC), the solvent was evaporated in vacuo and water (10 
mL) was added to the residue. The mixture was extracted with CH2Cl2 (3 
× 10 mL), and the combined organics were dried over sodium sulfate, 
filtered and evaporated in vacuo. The product was purified by flash 
chromatography (EtOAc/MeOH, 95:5). Yield 27% (brown oil); 1H NMR 
(500 MHz, CDCl3) δ 8.07 (s, 1H), 8.06–8.03 (m, 2H), 7.82 (dd, J = 17.0, 
8.3 Hz, 2H), 7.66 (d, J = 7.9 Hz, 1H), 7.60–7.52 (m, 2H), 7.51 (s, 1H), 
7.13 (dd, J = 8.5, 1.9 Hz, 1H), 6.57–6.39 (m, 2H), 5.70 (s, 2H), 5.34 (t, J 
= 5.7 Hz, 1H), 4.45 (d, J = 5.7 Hz, 2H) ppm; 13C NMR (126 MHz, CDCl3) 
δ 162.41, 154.79, 150.97, 149.57, 146.83, 146.69, 133.63, 133.57, 
132.44, 130.62, 128.29, 128.15, 127.94, 127.81, 125.69, 123.41, 
122.39, 111.06, 51.63, 43.92 ppm; HRMS: m/z [M+H]+ 401.1265 
(calculated for: C22H18N6Cl [401.1276]+); HPLC purity: 99.9%. 

N-Benzyl-2-chloro-7-(naphthalene-2-ylmethyl)-7H-purin-6- 
amine (50). Solution of 23a (0.19 g, 0.607 mmol), benzylamine (0.065 
mg, 0.61 mmol) and DIPEA (75 mg, 58 mmol) was stirred at 45 ◦C in 
acetonitrile (15 mL) for 24 h. The crude product was filtered off, washed 
Et2O (3 × 15 mL) and dried in vacuo. Yield 45% (white solid); mp 
210–212 ◦C; 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 7.83 (d, J = 8.0 
Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H), 7.63–7.58 (m, 1H), 7.58–7.51 (m, 2H), 
7.42 (s, 1H), 7.10 (td, J = 7.3, 1.1 Hz, 1H), 7.07 (dd, J = 8.5, 1.9 Hz, 1H), 
6.93 (t, J = 7.8 Hz, 2H), 6.69–6.63 (m, 2H), 5.58 (s, 2H), 4.90 (t, J = 5.0 
Hz, 1H), 4.38 (d, J = 5.0 Hz, 2H); 13C NMR (151 MHz, CDCl3) δ 162.37, 
155.13, 151.17, 146.34, 137.05, 133.72, 133.63, 132.23, 130.66, 
128.83, 128.39, 128.30, 127.95, 127.92, 127.69, 127.58, 125.65, 
123.26, 111.12, 51.62, 45.70 ppm; HRMS: m/z [M+H]+ 400.1324 
(calculated for: C23H19N5Cl [400.1323]+); HPLC purity: 99.9%. 

2-Chloro-7-(naphthalene-2-ylmethyl)-7H-purin-6-amine (51). 
To a solution of 23a (0.13 g, 0.42 mmol) in acetonitrile (20 mL), 25% 
aqueous ammonia solution (15 mL) was added and the solution was 
stirred at RT for two days. An additional portion of 25% aqueous 
ammonia solution (15 mL) was added. After 5 days (7 days total reaction 
time), the solvent was evaporated in vacuo and the product was purified 
by flash chromatography (EtOAc/EtOH, 95:5). Yield 36% (white solid); 
mp 173–175 ◦C; 1H NMR (600 MHz, DMSO‑d6) δ 8.48 (s, 1H), 7.87–7.83 
(m, 2H), 7.81–7.78 (m, 1H), 7.59 (s, 1H), 7.48–7.44 (m, 2H), 7.31 (br, 
2H), 7,25 (dd, J = 8.5, 1.8 Hz, 1H), 5.81 (s, 2H) ppm; 13C NMR (151 
MHz, DMSO‑d6) δ 162.17, 153.36, 152.92, 147.94, 135.22, 133.29, 
132.92, 129.08, 128.30, 128.13, 127.09, 126.87, 125.74, 125.19, 
110.50, 49.80 ppm. HRMS: m/z [M+H]+ 310.0851 (calculated for: 
[C16H13ClN5]+ 310.0854); HPLC purity: 99.9%. 
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2-Chloro-N-ethyl-7-[(6-fluoronaphthalen-2-yl)methyl]-7H- 
purin-6-amine (52). Compound 52 was prepared according to General 
Procedure 3. N-Ethylamine was used as the starting material. The 
product was purified by flash chromatography (EtOAc/MeOH, 95:5). 
Yield 82% (white solid); mp 176–178 ◦C; 1H NMR (600 MHz, CDCl3) δ 
7.98 (s, 1H), 7.84 (d, J = 8.5 Hz, 1H), 7.78 (dd, J = 9.1, 5.4 Hz, 1H), 7.61 
(d, J = 2.0 Hz, 1H), 7.46 (dd, J = 9.5, 2.7 Hz, 1H), 7.31 (td, J = 8.7, 2.5 
Hz, 1H), 7.26–7.24 (m, 1H), 5.62 (s, 2H), 4.61 (t, J = 5.0 Hz, 1H), 
3.24–3.17 (m, 2H), 0.67 (t, J = 7.3 Hz, 3H) ppm; 13C NMR (151 MHz, 
CDCl3) δ 161.66 (d, 1JC-F = 248.6 Hz), 161.61, 154.65, 151.16, 145.86, 
134.22 (d, 3JC-F = 10.0 Hz), 131.78 (d, 4JC-F = 3.8 Hz), 130.47 (d, 3JC-F 
= 9.8 Hz), 130.34, 129.51 (d, 4JC-F = 6.5 Hz), 126.03, 124.82, 117.90 (d, 
2JC-F = 25.8 Hz), 111.22 (d, 2JC-F = 21.0 Hz), 110.74, 51.27, 36.05, 
13.95 ppm; HRMS: m/z [M+H]+ 356.1070 (calculated for: C18H16N5ClF 
[356.1073]+); HPLC purity: 97.3%. 

2-Chloro-N-ethyl-7-(quinolin-2-ylmethyl)-7H-purin-6-amine 
(53). Compound 53 was prepared according to General Procedure 3. N- 
Ethylamine was used as the starting material. The product was purified 
by flash chromatography (EtOAc/MeOH, 95:5). Yield 89% (white solid); 
mp 182–183 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.43–8.40 (m, 1H), 8.33 
(d, J = 8.3 Hz, 1H), 8.08 (d, J = 8.6 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 
7.88–7.83 (m, 1H), 7.67 (t, J = 7.5 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 
5.73 (s, 1H), 3.70 (q, J = 7.3 Hz, 2H), 2.76 (s, 1H), 1.38 (t, J = 7.3 Hz, 
2H) ppm. 13C NMR (151 MHz, CDCl3) δ 160.28, 155.18, 154.60, 151.97, 
146.87, 144.12, 139.55, 131.21, 128.25, 128.21, 128.12, 128.03, 
120.65, 111.22, 53.46, 36.37, 14.74 ppm; HRMS: m/z [M+H]+

339.1114 (calculated for: C17H16N6Cl [339.1119]+); HPLC purity: 
99.7%. 

N-Methyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H-purin- 
6-amine (54). Compound 54 was prepared according to General Pro-
cedure 4. Compound 41 was used as the starting material. Yield 51% 
(white solid); mp 165–167 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.87 (d, J =
8.5 Hz, 1H), 7.86–7.83 (m, 1H), 7.81 (s, 1H), 7.76–7.72 (m, 1H), 
7.55–7.49 (m, 3H), 7.22 (dd, J = 8.5, 1.6 Hz, 1H), 5.52 (s, 2H), 4.48 (q, J 
= 4.4 Hz, 1H), 3.81–3.77 (m, 4H), 3.75–3.71 (m, 4H), 2.72 (d, J = 4.4 
Hz, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 162.52, 159.58, 151.35, 
144.12, 144.10, 133.43, 133.30, 132.99, 129.88, 127.95, 127.20, 
127.02, 125.22, 125.19, 123.44, 106.42, 67.12, 51.00, 45.17 ppm; 
HRMS: m/z [M+H]+ 375.1921 (calculated for: [C21H23N6O]+

375.1928); HPLC purity: 99.5%. 
N,N-Dimethyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H- 

purin-6-amine (55). Compound 55 was prepared according to General 
Procedure 4. Compound 42 was used as the starting material. Yield 58% 
(yellow oil); 1H NMR (500 MHz, CDCl3) δ 7.86–7.84 (m, 1H), 7.84–7.78 
(m, 2H), 7.77–7.74 (m, 1H), 7.54 (s, 1H), 7.52–7.48 (m, 2H), 7.19 (dd, J 
= 8.5, 1.8 Hz, 1H), 5.56 (s, 2H), 3.84–3.81 (m, 4H), 3.80–3.76 (m, 4H), 
2.98 (s, 6H) ppm; 13C NMR (126 MHz, CDCl3) δ 164.27, 158.93, 156.43, 
146.35, 133.64, 133.26, 133.02, 129.14, 127.89, 127.78, 126.80, 
126.56, 125.93, 124.45, 109.52, 67.04, 51.03, 45.09, 41.39 ppm; 
HRMS: m/z [M+H]+ 389.2076 (calculated for: [C22H25N6O]+

389.2084); HPLC purity: 99.1%. 
N-Ethyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H-purin-6- 

amine (56). Compound 56 was prepared according to General Pro-
cedure 4. Compound 43 was used as the starting material. Yield 74% 
(orange solid); mp 174–176 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.91–7.87 
(m, 1H), 7.87–7.84 (m, 2H), 7.75 (dd, J = 5.4, 4.1 Hz, 1H), 7.58 (s, 1H), 
7.56–7.51 (m, 2H), 7.23 (dd, J = 8.5, 1.8 Hz, 1H), 5.51 (s, 2H), 4.20 (t, J 
= 4.9 Hz, 1H), 3.78–3.75 (m, 4H), 3.75–3.70 (m, 4H), 3.19–3.11 (m, 
2H), 0.69 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 162.82, 
159.60, 150.52, 144.06, 133.63, 133.58, 133.35, 130.27, 128.21, 
128.13, 127.56, 127.34, 125.69, 123.72, 106.07, 67.01, 51.06, 45.02, 
35.41, 14.07 ppm. HRMS: m/z [M+H]+ 389.2079 (calculated for: 
[C22H25N6O]+ 389.2084); HPLC purity: 99.8%. 

2-Morpholino-7-(naphthalen-2-ylmethyl)-N-propyl-7H-purin-6- 
amine (57). Compound 57 was prepared according to General Pro-
cedure 4. Compound 44 was used as the starting material. Yield 72% 

(brown oil); 1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.6 Hz, 1H), 7.82 
(d, J = 5.1 Hz, 2H), 7.74–7.70 (m, 1H), 7.55–7.53 (m, 1H), 7.52–7.48 
(m, 2H), 7.20 (dd, J = 8.4, 1.9 Hz, 1H), 5.50 (s, 2H), 4.35 (t, J = 5.3 Hz, 
1H), 3.76–3.73 (m, 4H), 3.72–3.70 (m, 4H), 3.16–3.05 (m, 2H), 
1.12–1.06 (m, J = 7.3 Hz, 2H), 0.44 (t, J = 7.4 Hz, 3H) ppm; 13C NMR 
(126 MHz, CDCl3) δ 162.96, 159.86, 151.00, 144.40, 133.63, 133.54, 
133.32, 130.18, 128.13, 128.06, 127.45, 127.24, 125.52, 123.63, 
106.38, 67.31, 51.33, 45.36, 42.64, 22.38, 11.29 ppm; HRMS: m/z 
[M+H]+ 403.2237 (calculated for: C23H26N6O [403.2241]+); HPLC 
purity: 95.9%. 

N-Butyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (58). Compound 58 was prepared according to General Pro-
cedure 4. Compound 45 was used as the starting material. Yield 47% 
(brown oil); 1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.5 Hz, 1H), 7.83 
(d, J = 5.1 Hz, 2H), 7.75–7.70 (m, 1H), 7.55–7.53 (m, 1H), 7.53–7.48 
(m, 2H), 7.19 (dd, J = 8.5, 1.9 Hz, 1H), 5.50 (s, 2H), 4.34 (t, J = 5.3 Hz, 
1H), 3.75–3.69 (m, 8H), 3.14 (td, J = 6.7, 5.1 Hz, 2H), 1.05–0.97 (m, 
2H), 0.76–0.68 (m, 2H), 0.50 (t, J = 7.3 Hz, 3H) ppm; 13C NMR (126 
MHz, CDCl3) δ 162.82, 159.81, 150.94, 144.36, 133.60, 133.51, 133.29, 
130.12, 128.10, 128.05, 127.42, 127.20, 125.45, 123.57, 106.33, 67.26, 
51.27, 45.32, 40.43, 31.19, 19.84, 13.71 ppm; [HRMS: m/z M + H]+ =

417.2385 (calculated for: C24H29N6O [417.2397]+); HPLC purity: 
96.5%. 

N-Cyclobutyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H- 
purin-6-amine (59). Compound 59 was prepared according to General 
Procedure 4. Compound 46 was used as the starting material. Yield 44% 
(brown oil); 1H NMR (600 MHz, CDCl3) δ 7.91 (d, J = 8.5 Hz, 1H), 7.87 
(d, J = 6.2 Hz, 2H), 7.78 (dd, J = 6.1, 3.4 Hz, 1H), 7.64 (d, J = 1.9 Hz, 
1H), 7.55 (dt, J = 6.3, 3.4 Hz, 2H), 7.24 (dd, J = 8.5, 1.8 Hz, 1H), 5.52 (s, 
2H), 4.41 (d, J = 7.1 Hz, 1H), 4.27–4.18 (m, 1H), 3.76–3.71 (m, 8H), 
2.05–1.99 (m, 2H), 1.49–1.42 (m, 1H), 1.32–1.23 (m, 1H), 1.13–1.05 
(m, 2H) ppm; 13C NMR (151 MHz, CDCl3) δ 163.33, 159.91, 150.00, 
144.61, 133.68, 133.46, 130.42, 128.26, 128.11, 127.68, 127.46, 
126.02, 123.89, 106.35, 67.38, 51.59, 46.08, 45.40, 31.16, 15.26 ppm. 
HRMS: m/z [M+H]+ 415.2234 (calculated for: C24H28N6O 
[415.2241]+); HPLC purity: 97.4%. 

N-Cyclohexyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H- 
purin-6-amine (60). Compound 60 was prepared according to General 
Procedure 4. Compound 47 was used as the starting material. Yield 43% 
(brown solid); mp 246–248 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.87 (d, J =
8.5 Hz, 1H), 7.84 (d, J = 9.6 Hz, 2H), 7.76–7.71 (m, 1H), 7.58–7.56 (m, 
1H), 7.54–7.50 (m, 2H), 7.19 (dd, J = 8.5, 1.9 Hz, 1H), 5.50 (d, J = 1.1 
Hz, 2H), 4.20 (d, J = 7.2 Hz, 1H), 3.72 (s, 8H), 3.70–3.65 (m, 1H), 
1.53–1.46 (m, 2H), 1.40–1.32 (m, 1H), 1.32–1.25 (m, 2H), 1.14–1.04 
(m, 2H), 0.84–0.75 (m, 1H), 0.59–0.53 (m, 2H) ppm; 13C NMR (151 
MHz, CDCl3) δ 163.26, 160.03, 150.33, 144.47, 133.69, 133.64, 133.42, 
130.31, 128.20, 128.12, 127.56, 127.34, 125.77, 123.70, 106.41, 67.40, 
51.50, 49.07, 45.44, 32.54, 25.82, 24.57 ppm; HRMS: m/z [M+H]+

443.2550 (calculated for: [C26H31N6O]+ 443.2554); HPLC purity: 
98.1%. 

N1,N1-Dimethyl-N2-[2-morpholino-7-(naphthalene-2- 
ylmethyl)-7H-purin-6-yl]ethane-1,2-diamine (61). Compound 61 
was prepared according to General Procedure 4. Compound 48 was used 
as the starting material. Yield 39% (brown solid); mp 166–168 ◦C; 1H 
NMR (600 MHz, CDCl3) δ 7.84–7.81 (m, 3H), 7.72–7.69 (m, 1H), 
7.51–7.47 (m, 2H), 7.46 (d, J = 1.9 Hz, 1H), 7.18 (dd, J = 8.5, 1.9 Hz, 
1H), 5.53 (s, 1H), 5.26 (s, 2H), 3.80–3.77 (m, 4H), 3.76–3.73 (m, 4H), 
3.27 (td, J = 5.9, 4.4 Hz, 2H), 2.16 (t, J = 5.9 Hz, 2H), 1.83 (s, 6H) ppm; 
13C NMR (151 MHz, CDCl3) δ 163.04, 160.07, 151.06, 144.37, 133.72, 
133.52, 133.37, 129.56, 128.26, 128.09, 127.14, 126.98, 125.15, 
123.70, 106.55, 67.42, 57.36, 51.18, 45.46, 44.91, 38.13 ppm; HRMS: 
m/z [M+H]+ 432.2507 (calculated for: C24H30N7O [432.2506]+); HPLC 
purity: 96.1%. 

2-Morpholino-7-(naphthalen-2-ylmethyl)-N-(pyridine-4- 
ylmethyl)-7H-purin-6-amine (62). Compound 62 was prepared ac-
cording to General Procedure 4. Compound 49 was used as the starting 
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material. Yield 45% (brown oil); mp 161–164 ◦C; 1H NMR (600 MHz, 
CDCl3) δ 8.09–8.06 (m, 2H), 7.92 (s, 1H), 7.87–7.85 (m, 1H), 7.85–7.83 
(m, 1H), 7.70–7.67 (m, 1H), 7.60–7.53 (m, 2H), 7.50 (d, J = 1.7 Hz, 1H), 
7.19 (dd, J = 8.3, 1.9 Hz, 1H), 6.48 (d, J = 6.1 Hz, 2H), 5.58 (s, 2H), 4.76 
(t, J = 5.8 Hz, 1H), 4.39 (d, J = 5.6 Hz, 2H), 3.71–3.67 (m, 8H) ppm; 13C 
NMR (151 MHz, CDCl3) δ 163.70, 159.76, 150.30, 149.91, 147.70, 
145.14, 133.70, 133.63, 133.28, 130.42, 128.29, 128.15, 127.81, 
127.61, 125.47, 123.50, 121.99, 106.32, 67.25, 51.44, 45.34, 43.75 
ppm; HRMS: m/z [M+H]+ 452.2197 (calculated for: C26H26N7O 
[452.2193]+); HPLC purity: 98.8%. 

N-Benzyl-2-morpholino-7-(naphthalen-2-ylmethyl)-7H-purin-6- 
amine (63). Compound 63 was prepared according to General Pro-
cedure 4. Compound 50 was used as the starting material. Yield 45% 
(white solid); mp 196–198 ◦C; 1H NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 
7.84 (dd, J = 7.9, 1.4 Hz, 1H), 7.78 (d, J = 8.5 Hz, 1H), 7.63 (dd, J = 7.8, 
1.6 Hz, 1H), 7.58–7.49 (m, 2H), 7.43 (d, J = 1.8 Hz, 1H), 7.14–7.05 (m, 
2H), 6.92 (t, J = 7.7 Hz, 2H), 6.67–6.62 (m, 2H), 5.50 (s, 2H), 4.64 (t, J 
= 5.3 Hz, 1H), 4.36 (d, J = 5.2 Hz, 2H), 3.79–3.76 (m, 4H), 3.74–3.70 
(m, 4H) ppm; 13C NMR (126 MHz, CDCl3) δ 163.43, 159.90, 150.57, 
144.71, 138.38, 133.66, 133.58, 133.16, 130.25, 128.62, 128.33, 
128.21, 127.55, 127.46, 127.43, 127.26, 125.45, 123.49, 106.38, 67.35, 
51.35, 45.41, 45.14 ppm. HRMS: m/z [M+H]+ 451.2239 (calculated for: 
C27H27N6O [451.2241]+); HPLC purity: 99.9%. 

2-Morpholino-7-(naphthalene-2-ylmethyl)-7H-purin-6-amine 
(64). Compound 64 was prepared according to General Procedure 4. 
Compound 51 was used as the starting material. Yield 42% (white solid); 
mp 252–254 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.07 (s, 1H), 8.00 (d, J =
8.4 Hz, 1H), 7.98–7.96 (m, 1H), 7.89–7.86 (m, 1H), 7.67 (s, 1H), 
7.66–7.62 (m, 2H), 7.36 (dd, J = 8.5, 1.9 Hz, 1H), 5.69 (s, 2H), 4.82 (s, 
2H), 3.90–3.87 (m, 4H), 3.86–3.83 (m, 4H); 13C NMR (151 MHz, CDCl3) 
δ 164.04, 150.81, 145.99, 133.71, 133.65, 133.18, 130.33, 128.27, 
128.26, 127.58, 127.40, 125.48, 123.64, 106.38, 67.29, 51.31, 45.45 
ppm; HRMS: m/z [M+H]+ 361.1764 (calculated for: C20H20N6O 
[361.1771]+); HPLC purity: 99.9%. 

N-Ethyl-7-[(6-fluoronaphthalen-2-yl)methyl]-2-morpholino- 
7H-purin-6-amine (65). Compound 65 was prepared according to 
General Procedure 4. Compound 52 was used as the starting material. 
Yield 53% (white solid); mp 208–210 ◦C; 1H NMR (600 MHz, CDCl3) δ 
7.85 (s, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.74 (dd, J = 9.0, 5.5 Hz, 1H), 
7.57–7.54 (m, 1H), 7.45 (dd, J = 9.5, 2.6 Hz, 1H), 7.29 (td, J = 8.7, 2.6 
Hz, 1H), 7.26 (d, J = 9.1 Hz, 1H), 5.52 (s, 2H), 4.33 (t, J = 5.2 Hz, 1H), 
3.77–3.74 (m, 4H), 3.74–3.70 (m, 4H), 3.25–3.16 (m, 2H), 0.71 (t, J =
7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 162.81, 161.48 (d, 1JC-F =

248.5 Hz), 159.78, 150.87, 144.40, 134.36 (d, 3JC-F = 9.9 Hz), 132.72, 
130.59 (d, 3JC-F = 8.6 Hz), 129.49 (d, 4JC-F = 5.6 Hz), 125.13, 124.88, 
117.98 (d, 2JC-F = 25.9 Hz), 111.42 (d, 2JC-F = 24.1 Hz), 106.36, 67.32, 
51.24, 45.38, 35.80, 14.47 ppm; HRMS: m/z [M+H]+ 407.1989 
(calculated for: C22H24N6OF [407.1990]+); HPLC purity: 98.86%. 

N-Ethyl-2-morpholino-7-(quinolin-2-ylmethyl)-7H-purin-6- 
amine (66). Compound 66 was prepared according to General Pro-
cedure 4. Compound 53 was used as the starting material. Yield 34% 
(brown solid); mp 212–214 ◦C; 1H NMR (600 MHz, CDCl3) δ 8.22 (d, J =
8.4 Hz, 1H), 8.09–8.02 (m, 1H), 7,95 (s, 1H), 7.85 (dd, J = 8.2, 1.3 Hz, 
1H), 7.83–7.80 (m, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.43 (d, J = 8.4 Hz, 
1H), 7.37 (t, J = 5.2 Hz, 1H), 5.56 (s, 2H), 3.77–3.75 (m, 4H), 3.74–3.72 
(m, 4H), 3.59–3.50 (m, 2H), 1.27 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (151 
MHz, CDCl3) δ 162.45, 161.19, 159.84, 155.94, 151.37, 147.36, 143.02, 
139.09, 131.01, 128.87, 128.31, 128.10, 127.97, 120.55, 67.38, 53.88, 
45.47, 36.08, 15.11 ppm; HRMS: m/z [M+H]+ 390.2039 (calculated for: 
C21H24N7O [390.2037]+); HPLC purity: 98.8%. 

2-Chloro-6-methoxy-7-(naphthalen-2-ylmethyl)-7H-purine 
(67). Sodium methoxide in methanol (28% solution, 0.48 g) was added 
dropwise to a solution of compound 23a (0.78 g, 2.38 mmol) in THF (13 
mL) at 0 ◦C. The reaction mixture was then stirred at RT for 2 h before 
being quenched with water (2 mL), and the resulting precipitate was 
collected by filtration, washed with Et2O (5 mL) and dried in vacuo to 

give compound 67. Yield 74% (white solid); mp 186–188 ◦C; 1H NMR 
(600 MHz, CDCl3) δ 8.09 (s, 1H), 7.86–7.83 (m, 2H), 7.81–7.76 (m, 1H), 
7.62 (d, J = 1.7 Hz, 1H), 7.56–7.49 (m, 2H), 7.31 (dd, J = 8.5, 1.8 Hz, 
1H), 5.66 (s, 2H), 4.14 (s, 3H) ppm; 13C NMR (151 MHz, CDCl3) δ 
163.28, 157.71, 153.07, 146.67, 133.32, 133.22, 132.56, 129.33, 
127.98, 127.91, 126.98, 126.89, 126.74, 124.78, 112.24, 55.08, 51.47 
ppm. HRMS: m/z [M+H]+ 325.0851 (calculated for: C17H14N4OCl 
[325.0851]+); HPLC purity: 99.9%. 

2-Chloro-6-ethoxy-7-(naphthalen-2-ylmethyl)-7H-purine (68). 
Sodium ethoxide in ethanol (21% solution, 0.6 g) was added dropwise to 
a solution of compound 23a (0.78 g, 2.38 mmol) in THF (13 mL) at 0 ◦C. 
The reaction mixture was then stirred at RT for 2 h before being 
quenched with water (2 mL), and the resulting precipitate was collected 
by filtration, washed with Et2O (8 mL) and dried in vacuo to give com-
pound 68. Yield 68% (white solid); mp 194–197 ◦C; 1H NMR (600 MHz, 
CDCl3) δ 8.10 (s, 1H), 7.85–7.81 (m, 2H), 7.78–7.75 (m, 1H), 7.61 (s, 
1H), 7.53–7.47 (m, 2H), 7.28 (dd, J = 8.5, 1.7 Hz, 1H), 5.64 (s, 2H), 4.56 
(q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H) ppm. 13C NMR (151 MHz, 
CDCl3) δ 176.85, 163.75, 157.80, 153.51, 146.98, 133.66, 133.59, 
133.08, 129.66, 128.29, 127.36, 127.23, 127.06, 125.05, 112.52, 64.59, 
51.87, 14.77 ppm; HRMS: m/z [M+H]+ 339.1010 (calculated for: 
C18H16N4OCl [339.1007]+); HPLC purity: 96.9%. 

4,4’-[7-(Naphthalene-2-ylmethyl)-7H-purin-2,6-diyl]dimor-
pholine (69). Compound 23a (0.15 g, 0.45 mmol) and morpholine (0.5 
g, 5.7 mmol), in a mixture of dioxane (5 mL) and water (1 mL) were 
charged to a sealed reaction tube. The reaction was carried out under 
microwave irradiation at 180 ◦C with power 150 W and maximum 
pressure 300 psi for 5 h. After the reaction proceeded, the solvent was 
evaporated in vacuo, and the residue was purified by flash chromatog-
raphy (EtOAc/MeOH, 95:5). Yield 76% (yellow oil); 1H NMR (600 MHz, 
CDCl3) δ 7.89 (s, 1H), 7.83–7.79 (m, 2H), 7.75–7.71 (m, 1H), 7.51 (s, 
1H), 7.51–7.48 (m, 2H), 7.19 (dd, J = 8.5, 1.8 Hz, 1H), 5.52 (s, 2H), 
3.82–3.80 (m, 4H), 3.80–3.75 (m, 8H), 3.32–3.29 (m, 4H) ppm; 13C 
NMR (126 MHz, CDCl3) δ 164.55, 159.10, 155.82, 146.72, 133.47, 
133.30, 133.04, 129.30, 127.89, 127.86, 126.93, 126.71, 125.71, 
124.13, 109.84, 67.04, 66.49, 50.52, 50.46, 45.14 ppm; HRMS: m/z 
[M+H]+ 431.21823 (calculated for: C24H27N6O2 [431.2190]+); HPLC 
purity: 99.2%. 

7-(Naphthalene-2-ylmethyl)-3,7-dihydro-1H-2,6-dithione (70). 
Thiourea (0.15 g, 2.1 mmol) was added to a solution of compound 23a 
(0.12 g, 0.36 mmol) in EtOH (13 mL) and the mixture was heated to 
reflux for 2 h before being cooled to RT. The resulting precipitate was 
collected by filtration, washed with EtOH (10 mL) and dried in vacuo. 
Yield 82% (yellow solid); 298 ◦C (compound decomposition); 1H NMR 
(600 MHz, DMSO‑d6) δ 13.97 (s, 1H), 13.20 (s, 1H), 8.48 (s, 1H), 
7.93–7.85 (m, 3H), 7.65 (s, 1H), 7.52–7.49 (m, 2H), 7.46–7.41 (m, 1H), 
6.06 (s, 2H) ppm; 13C NMR (151 MHz, DMSO‑d6) δ 174.20, 171.23, 
147.38, 145.26, 134.94, 132.78, 132.29, 128.23, 127.77, 127.52, 
126.35, 126.13, 125.43, 125.03, 120.51, 48.74 ppm; HRMS: m/z 
[M+H]+ 325.0578 (calculated for: C16H13N4S2 [325.0576]+); HPLC 
purity: 99.9%. 

4-[6-Chloro-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl]morpho-
line (71). Into a 10 mL round-bottom flask was placed compound 10 
(0.04 g; 0.11 mmol). The reaction mixture was cooled to 0 ◦C and POCl3 
(2 mL) was added portion-wise. After addition, the flask was removed 
from the ice bath and heated to 135 ◦C. After 2 h, the reaction mixture 
was cooled down in an ice bath and the aqueous ammonia was added to 
the flask until the excess of POCl3 was neutralized. The mixture was then 
extracted with CH2Cl2 (3 × 10 mL), and the combined organic layers 
were dried over sodium sulfate, filtered and evaporated in vacuo. The 
crude product was purified by flash chromatography (PE/EtOAc, 1:1). 
Yield 48% (white solid); mp 152–154 ◦C. 1H NMR (600 MHz, CDCl3) δ 
8.01 (s, 1H), 7.86–7.81 (m, 2H), 7.77–7.71 (m, 1H), 7.54–7.47 (m, 3H), 
7.27 (dd, J = 8.5, 1.8 Hz, 1H), 5.67 (s, 2H), 3.84 (m, 4H), 3.76 (m, 4H) 
ppm. 13C NMR (151 MHz, CDCl3) δ 164.80, 159.33, 148.80, 143.78, 
133.60, 133.41, 133.07, 129.54, 128.20, 128.12, 127.15, 127.00, 

V. Finger et al.                                                                                                                                                                                                                                   



European Journal of Medicinal Chemistry 258 (2023) 115611

21

126.26, 124.60, 115.97, 67.15, 50.94, 45.33 ppm. HRMS: m/z [M+H]+

380.1267 (calculated for: [C20H19N5OCl]+ 380.1273). HPLC purity: 
99.61%. 

4-[6-Methoxy-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl]mor-
pholine (72). 4-(6-Chloro-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl) 
morpholine (0.03 g; 0.078 mmol) was dissolved dry THF (8 mL). Sodium 
methoxide in MeOH (25% solution; 0.4 mL) was added dropwise. The 
reaction mixture was stirred at RT for 2 h and then quenched with water 
(0.5 mL). The solvent was evaporated to dryness and the crude reaction 
mixture was purified by flash chromatography (CH2Cl2/MeOH, 20:1). 
Yield 90% (white solid); mp 137–138 ◦C. 1H NMR (500 MHz, CDCl3) δ 
7.85 (s, 1H), 7.84–7.79 (m, 2H), 7.78–7.73 (m, 1H), 7.57 (s, 1H), 
7.51–7.46 (m, 2H), 7.31–7.28 (m, 1H), 5.54 (s, 2H), 3.99 (s, 3H), 
3.84–3.80 (m, 4H), 3.79–3.74 (m, 4H) ppm. 13C NMR (126 MHz, CDCl3) 
δ 164.49, 159.31, 157.59, 144.98, 133.92, 133.57, 133.30, 129.17, 
128.17, 128.07, 126.94, 126.77, 126.52, 125.10, 107.05, 67.28, 53.66, 
51.30, 45.47 ppm. HRMS: m/z [M+H]+ 376.1761 (calculated for: 
[C21H22N5O]+ 376.1768). HPLC purity: 96.32%. 

4-[6-Ethoxy-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl]mor-
pholine (73). 4-(6-Chloro-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl) 
morpholine 72 (0.06 g; 0.16 mmol) was dissolved in 8 mL of dry THF. 
Sodium ethoxide in EtOH (21% solution; 1.0 mL) was added dropwise. 
The reaction mixture was stirred at RT for 2 h and then quenched with 
water (0.5 mL). The solvent was evaporated to dryness and the crude 
reaction mixture was purified by flash chromatography (CH2Cl2/MeOH, 
20:1). Yield 61% (white solid); mp 162–163 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 7.88 (s, 1H), 7.84–7.78 (m, 2H), 7.77–7.72 (m, 1H), 7.58 (s, 
1H), 7.51–7.45 (m, 2H), 7.29 (dd, J = 8.5, 1.7 Hz, 1H), 5.54 (s, 2H), 4.43 
(q, J = 7.1 Hz, 2H), 3.81–3.78 (m, 4H), 3.77–3.73 (m, 4H), 1.32 (t, J =
7.1 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 164.45, 159.30, 157.21, 
144.88, 133.97, 133.48, 133.23, 129.07, 128.07, 128.03, 126.89, 
126.69, 126.50, 125.02, 106.87, 67.23, 62.13, 51.32, 45.39, 14.71 ppm. 
HRMS: m/z [M+H]+ 390.1916 (calculated for: [C22H24N5O2]+

390.1925). HPLC purity: 95.9%. 
4-[6-(Methylthio)-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl] 

morpholine (74). 4-(6-Chloro-7-(naphthalen-2-ylmethyl)-7H-purin-2- 
yl)morpholine 72 (0.07 g; 0.18 mmol) was dissolved in 10 mL of dry 
THF. An aqueous solution of sodium thiomethoxide (25% solution; 1.0 
mL) was added dropwise and the reaction mixture was stirred at 40 ◦C 
for 3 h. Water (15 mL) was added to reaction mixture and reaction 
mixture was extracted with CH2Cl2 (3 × 10 mL); the combined organic 
layers were dried over sodium sulfate, filtered and evaporated in vacuo 
with no need for further purification. Yield 93% (white solid); mp 
178–180 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.87 (s, 1H), 7.86–7.80 (m, 
2H), 7.75–7.70 (m, 1H), 7.51–7.46 (m, 2H), 7.45 (s, 1H), 7.28 (dd, J =
8.5, 1.7 Hz, 1H), 5.66 (s, 2H), 3.89–3.83 (m, 4H), 3.82–3.76 (m, 4H), 
2.56 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 161.51, 159.17, 154.14, 
146.60, 133.61, 133.58, 133.32, 129.33, 128.22, 128.09, 127.00, 
126.83, 125.97, 124.60, 117.47, 67.28, 51.31, 45.36, 12.50 ppm. 
HRMS: m/z [M+H]+ 392.1530 (calculated for: [C21H22N5OS]+

392.1540). HPLC purity: 98.8%. 
4-[6-(Ethylthio)-7-(naphthalen-2-ylmethyl)-7H-purin-2-yl] 

morpholine (75). 4-(6-Chloro-7-(naphthalen-2-ylmethyl)-7H-purin-2- 
yl)morpholine 72 (0.06 g; 0.16 mmol) and sodium thioethoxide (0.034 
g; 0.32 mmol) were dissolved in a mixture of THF (8 mL) and water (2 
mL). After 3 h of stirring at 40 ◦C, the solvent was evaporated in vacuo, 
followed by the addition of 15 mL water. The crude mixture was 
extracted with CH2Cl2 (3 × 10 mL), and the combined organics were 
dried over sodium sulfate, filtered, evaporated in vacuo, and purified by 
flash chromatography (EtOAc/MeOH, 95:5). Yield 91% (white solid); 
mp 172–174 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.87–7.81 (m, 3H), 
7.76–7.71 (m, 1H), 7.51–7.46 (m, 3H), 7.28 (dd, J = 8.5, 1.8 Hz, 1H), 
5.66 (s, 2H), 3.84 (m, 4H), 3.79 (m, 4H), 3.23 (q, J = 7.3 Hz, 2H), 1.34 (t, 
J = 7.3 Hz, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 161.60, 159.17, 
153.82, 146.64, 133.59, 133.33, 129.32, 128.22, 128.09, 126.99, 
126.82, 126.13, 125.88, 124.73, 117.43, 67.28, 51.30, 45.36, 24.20, 

14.87 ppm. HRMS: m/z [M+H]+ 406.1690 (calculated for: 
[C22H24N5OS]+ 406.1696). HPLC purity: 99.5%. 

6-Chloro-7-(naphthalene-2-ylmethyl)-7H-purine (78). A suspen-
sion of 6-chloro-9H-purine (1.0 g, 6.49 mmol) and K2CO3 (1.0 g, 7.37 
mmol) in DMF (10 mL) was stirred at RT. After 30 min, 2-(bromomethyl) 
naphthalene (1.58 g, 7.14 mmol) was added and the reaction mixture 
was kept stirring overnight. Water (100 mL) was added to the reaction 
mixture, and the suspension was extracted with CH2Cl2 (3 × 50 mL). The 
combined organics were dried over sodium sulfate, filtered and evapo-
rated. The single analogues were separated via column chromatography 
with PE/EtOAc as eluent. The 7- substituted derivative was the minor 
product with lower Rf. Yield 16%; mp 168–170 ◦C. 1H NMR (500 MHz, 
CDCl3) δ 8.91 (s, 1H), 8.30 (s, 1H), 7.89–7.84 (m, 2H), 7.79–7.75 (m, 
1H), 7.57 (s, 1H), 7.55–7.50 (m, 2H), 7.31 (dd, J = 8.5, 1.9 Hz, 1H), 5.85 
(s, 2H). 13C NMR (126 MHz, CDCl3) δ 162.43, 153.02, 149.55, 143.60, 
133.55, 133.49, 132.32, 129.82, 128.21, 128.17, 127.34, 127.25, 
126.64, 124.58, 122.95, 51.24. HRMS: m/z [M+H]+ 295.0744 (calcu-
lated for: [C16H12ClN4]+ 295.0745). HPLC purity: 97.5%. 

7-(Naphthalene-2-ylmethy)-1,7-dihydro-6H-purin-6-one (79). A 
suspension of 6-chloro-7-(naphthalene-2-ylmethyl)-7H-purine (0.32 
mmol) in 1 M aqueous solution of NaOH (10 mL) was heated at 100 ◦C. 
After 24 h the solution was acidified with 2 N aqueous HCl to pH 3–4, 
resulting in the precipitation of a white solid. This solid was filtered, 
washed with water (20 mL) and dried in vacuo. Yield 96% (white solid); 
mp 215 ◦C (compound decomposition). 1H NMR (500 MHz, DMSO‑d6) δ 
12.33 (s, 1H), 8.48 (s, 1H), 8.00 (s, 1H), 7.95–7.85 (m, 3H), 7.83 (s, 1H), 
7.57–7.49 (m, 3H), 5.76 (s, 2H). 13C NMR (126 MHz, DMSO‑d6) δ 
157.24, 154.41, 144.71, 144.04, 134.93, 132.76, 132.40, 128.39, 
127.78, 127.56, 126.44, 126.25, 126.19, 125.44, 114.79, 49.44. HRMS: 
m/z [M+H]+ 277.1081 (calculated for: [C16H13N4O]+ 277.1084). HPLC 
purity: 98.9%. 

7-(Naphthalene-2-ylmethyl)-1,7-dihydro-6H-purin-6-thione 
(80). Thiourea (0.075 g, 1.0 mmol) was added to a solution of com-
pound 78 (0.1 g, 0.36 mmol) in EtOH (10 mL) and the reaction was 
stirred at reflux for 2 h. After the reaction mixture cooled down, the 
resulting precipitate was collected by filtration, washed with EtOH (10 
mL) and dried in vacuo. Yield 91% (yellow solid); mp 294 ◦C (compound 
decomposition); 1H NMR (500 MHz, DMSO‑d6) δ 13.77 (s, 1H), 8.72 (s, 
1H), 8.23 (d, J = 3.1 Hz, 1H), 7.95–7.82 (m, 3H), 7.72 (d, J = 1.8 Hz, 
1H), 7.55–7.44 (m, 3H), 6.26 (s, 2H) ppm; 13C NMR (126 MHz, 
DMSO‑d6) δ 170.00, 153.08, 148.48, 145.10, 135.39, 132.77, 132.29, 
128.28, 127.74, 127.54, 126.37, 126.15, 125.75, 125.25, 125.15, 48.96 
ppm; HRMS: m/z [M+H]+ 293.0855 (calculated for: C16H13N4S 
[293.0855]+); HPLC purity: 95.6%. 

2,4-Dichloro-5-[(naphthalen-2-yl)methyl]-5H-pyrrolo[3,2-d] 
pyrimidine (82). A suspension of 2,4-dichloro-5H-pyrrolo [3,2-d]py-
rimidine (1.0 g, 5.31 mmol) and K2CO3 (0.88 g, 6.35 mmol) in DMF (10 
mL) was stirred at RT. After 30 min, 2-(bromomethyl)naphthalene (1.28 
g, 5.82 mmol) was added, and the reaction mixture was kept stirring at 
RT overnight. Water (3 × 100 mL) was added to the reaction mixture, 
and the resulting suspension was extracted with CH2Cl2 (3 × 50 mL). 
The combined organics were dried over sodium sulfate, filtered and 
evaporated. The regioisomers were separated via flash chromatography 
(PE/EtOAc, 1:1). Yield: 86% (yellow solid); mp 109–111 ◦C. 1H NMR 
(500 MHz, CDCl3) δ 7.89–7.82 (m, 2H), 7.78–7.73 (m, 1H), 7.59 (d, J =
3.2 Hz, 1H), 7.52–7.49 (m, 2H), 7.44 (s, 1H), 7.23 (dd, J = 8.5, 1.9 Hz, 
1H), 6.74 (d, J = 3.2, 0.6 Hz, 1H), 5.84 (s, 2H) ppm. 13C NMR (126 MHz, 
CDCl3) δ 154.39, 150.54, 143.01, 138.79, 133.62, 133.22, 132.95, 
129.14, 127.80, 127.73, 126.73, 126.55, 125.60, 124.09, 123.08, 
102.96, 52.43 ppm. HRMS: m/z [M+H]+ 328.0402 (calculated for: 
[C16H12ClN4]+ 328.0403). HPLC purity: 99.0%. 

2-Chloro-5-[(naphthalen-2-yl)methyl]-3H,4H,5H-pyrrolo[3,2- 
d]pyrimidin-4-one (83). 2,4-Dichloro-5-[(naphthalen-2-yl)methyl]- 
5H-pyrrolo [3,2-d]pyrimidine (0.76 mmol) was dissolved in dioxane (5 
mL). The solution was added to 2 N aqueous solution of NaOH (5 mL) 
and the mixture was heated to 100 ◦C. After 2 h, the solution was cooled 
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to room temperature and acidified with 2 N aqueous HCl to pH 3–4, 
resulting in the precipitation of a white solid. This solid was filtered, 
washed with water (20 mL) and dried in vacuo. Yield 72% (white solid); 
mp 234–236 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 12.89 (s, 1H), 
7.90–7.79 (m, 3H), 7.70 (s, 1H), 7.64 (d, J = 2.9 Hz, 1H), 7.51–7.45 (m, 
2H), 7.42–7.39 (m, 1H), 6.39 (d, J = 2.9 Hz, 1H), 5.75 (s, 2H) ppm. 13C 
NMR (126 MHz, DMSO‑d6) δ 154.72, 144.67, 139.16, 136.14, 132.97, 
132.49, 132.42, 128.45, 127.90, 127.73, 126.55, 126.27, 125.94, 
125.56, 115.53, 103.01, 51.15 ppm. HRMS: m/z [M+H]+ 310.0740 
(calculated for: [C17H13ClN3O]+ 310.0742). HPLC purity: 98.2%. 

2-(Morpholin-4-yl)-5-[(naphthalen-2-yl)methyl]-3H,4H,5H- 
pyrrolo[3,2-d]pyrimidin-4-one (84). Compound 83 (0.13 g, 0.40 
mmol) and morpholine (0.5 g, 5.7 mmol) in a mixture of dioxane (5 mL) 
and water (1 mL) were charged to a sealed reaction tube. The reaction 
was carried out under microwave irradiation at 180 ◦C with power 150 
W and maximum pressure 300 psi for 3 h. After the reaction proceeded, 
the solvent was evaporated in vacuo, and the residue was purified by 
flash chromatography (EtOAc/PE, 3:1). Yield 81% (white solid); mp 
246–248 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 10.98 (s, 1H), 7.88–7.79 
(m, 3H), 7.69 (s, 1H), 7.47 (dd, J = 6.1, 2.2 Hz, 2H), 7.44 (d, J = 2.9 Hz, 
1H), 7.40 (dd, J = 8.5, 1.5 Hz, 1H), 6.12 (d, J = 2.8 Hz, 1H), 5.67 (s, 2H), 
3.66–3.60 (m, 4H), 3.41–3.36 (m, 4H) ppm. 13C NMR (126 MHz, 
DMSO‑d6) δ 155.31, 151.26, 146.52, 136.78, 132.96, 132.41, 131.66, 
128.26, 127.81, 127.69, 126.45, 126.11, 125.76, 125.62, 112.41, 
101.65, 65.85, 50.95, 46.54 ppm. HRMS: m/z [M+H]+ 361.1661 
(calculated for: [C21H21N4O2]+ 361.1659); HPLC purity: 99.9%. 

Determination of antimycobacterial activity. The in vitro anti-
mycobacterial activity of the prepared compounds was evaluated as 
described previously [41,44]. Briefly, Mycobacterium tuberculosis CNCTC 
My 331/88 (H37Rv), M. kansasii CNCTC My 235/80 and M. avium 
CNCTC My 330/88 from the Czech National Collection of Type Cultures 
(CNCTC) were used for the determination of activity against standard 
drug-susceptible strains. Clinically isolated strains M. tuberculosis 
234/2005, M. tuberculosis 9449/2007, M. tuberculosis 8666/2010, 
M. tuberculosis Praha 1, M. tuberculosis Praha 4 and M. tuberculosis Praha 
131 were used for the determination of activity against MDR/XDR 
strains. The activities of the compounds were determined via the 
micromethod for the determination of the minimum inhibitory con-
centration in Šula’s semisynthetic medium (SEVAC, Prague). Investi-
gated purine derivatives were dissolved in dimethyl sulfoxide and added 
to the medium at concentrations of 1000, 500, 250, 125, 62, 32, 16, 8, 4, 
2, 1 and 0.5 μmol/L. MICs, defined as the lowest concentration of a 
compound at which mycobacterial growth inhibition occurred (the 
concentration that inhibited >99% of the mycobacterial population), 
were determined after incubation at 37 ◦C for 7/14/21 days for 
M. kansasii and after 14/21 days for the M. tuberculosis and M. avium 
strains. INH was used as a standard anti-TB drug. 

Determination of efficacy against intracellular Mtb H37Rv. First, 
IC50 of compound 56 to MonoMac6 cells was determined using MTT (3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. 
RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine 
and 160 μg/mL gentamicin (CM) was used for maintaining MonoMac6 
cells. One day before the experiment, cells were seeded during the 
exponential growth phase on 96-well cell culture plates (6.5 × 103 cells/ 
100 μL/well) in CM. Cells were treated for 48 h with the compounds 
dissolved in incomplete medium (ICM) with 1% (v/v) DMSO in the 
concentration range 2.56 × 10− 3 – 250 μM. As control ICM and ICM 
containing 1% (v/v) DMSO were used. After incubation, cells were 
washed with ICM three times, and in the last step, ICM was added. After 
the washing steps 45 μL sterile-filtered MTT was added (2 mg/mL) to the 
cells. After 3.5 h incubation, plates were centrifuged (2000 rpm, 5 min), 
supernatant was removed, and formazan crystals were dissolved in 
DMSO. Absorbance was determined with an ELISA plate reader (Lab-
systems iEMS reader, Helsinki, Finland) at λ = 540 and 620 nm. The 
50% inhibitory concentration (IC50) values were determined from the 
dose-response curves. The curves were calculated with Microcal 

OriginPro (version: 2018) software. 
To assess the intracellular inhibition activity of compound 56, 

infected MonoMac6 monocytes (2 × 105 cells/1 mL medium/well) were 
used. MonoMac 6 cells were cultured with RPMI-1640 medium con-
taining 10% FBS. Adherent cells were infected with Mtb H37Rv at a 
multiplicity of infection (MOI) of 10 for 4 h. Extracellular bacteria were 
removed, and the culture was washed three times with RPMI-1640 ICM. 
The infected monolayer was incubated for 1 day before the treatment. 
Infected cells were then treated with compound 56 at 25 μM final con-
centration. After 3 days the treatment was repeated with freshly pre-
pared solution of compounds for an additional 3 days. Untreated cells 
were considered as negative control. After washing steps – in order to 
remove the compounds – infected cells were lysed with 2.5% sodium 
dodecyl sulfate solution. The CFU of Mtb was enumerated on 
Löwenstein-Jensen solid media after 4 weeks of incubation. 

Determination of antibacterial activity. The antibacterial sus-
ceptibility testing was performed on 8 bacterial strains, four Gram- 
positive (Staphylococcus aureus C1947, methicillin-resistant Staphylo-
coccus aureus/MRSA/C1923, Staphylococcus epidermidis C1936, 
vancomycin-resistant Enterococcus faecium) and four Gram-negative 
(Escherichia coli A1235, Klebsiella pneumoniae C1950, ESBLs producing 
Klebsiella pneumoniae C1914, multidrug-resistant Pseudomonas aerugi-
nosa A1245) strains. All bacterial strains used in this study were ob-
tained as clinical isolates from patients (University Hospital, Hradec 
Králové, Czech Republic) and stored at − 70 ◦C in Cryobank. Before 
testing, all strains were cultivated on Mueller-Hinton agar (HiMedia, 
Cadersky-Envitek, Prague, Czech Republic) and second subculture was 
used for susceptibility testing. 

The antibacterial susceptibility was determined by the microdilution 
broth method using the previously published optimized protocol [45]. 
Mueller-Hinton broth (HiMedia, Cadersky-Envitek, Prague, Czech Re-
public) adjusted to pH 7.4 (±0.2) was used as the test medium. DMSO 
served as a diluent for all compounds and its final concentration did not 
exceed 1% in the test medium. The wells of the microdilution tray 
contained 200 μL of the Mueller-Hinton broth with two-fold serial di-
lutions of the tested compounds and were inoculated with 10 μL of the 
bacterial suspension (1.5 × 108 viable colony forming units/CFU/per 1 
mL). The MIC values, defined as 95% inhibition of bacterial growth, 
were determined after 24 h and 48 h of incubation at 36 ◦C ± 1 ◦C. The 
MBC values were determined as the concentration of compound causing 
a decrease in the number of bacterial colonies by ≥ 99.9%, after sub-
culturing of a 10 μL aliquot of each well without a visible growth. 

Cytotoxicity assay. HepG2 ¡ 24 h incubation: The cytotoxic 
profile of tested compounds was evaluated using human origin cell lines 
HepG2. The cells were cultivated in Dulbecco’s modified Eagle’s me-
dium (DMEM, Biosera, Nuaille, France) supplemented with 10% fetal 
bovine serum (FBS, Biosera), 1% penicillin (10,000 U/mL) – strepto-
mycin (10,000 μg/mL) antibiotic solution (Merck, Germany) at 37 ◦C in 
CO2 incubator (Binder CO2 Incubator CB160, Tuttlingen, Germany) and 
routinely passaged by trypsinization at 75–85% confluence. 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (Merck) reduction assay was used for measurement of com-
pounds cytotoxicity. Cell viability was detected after 24-h incubation 
with the tested substances. For the assay, HepG2 cells were seeded into 
96-well plates in 100 μL volume and density of 15 × 103 cells per well. 
Cells were allowed to attach overnight before the treatment. The stock 
solutions of tested compounds were prepared in DMSO, which were 
further serially diluted in the appropriate culture medium and added to 
the cells in 96-well culture plate. The final concentration of DMSO did 
not exceed 1% (v/v). 

After 24 h incubation, the medium containing serially diluted sub-
stances was aspirated from each well and replaced by 100 μL of fresh 
medium containing MTT (0.5 mg/mL). Plates were subsequently incu-
bated at 37 ◦C in a CO2 incubator for 1 h. Thereafter, medium was 
aspirated and purple crystals of MTT formazan were dissolved in 100 μL 
DMSO under shaking. The optical density of each well was measured 
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using Spark® multimode microplate reader (Tecan Group Ltd., 
Männedorf, Switzerland) at 570 nm. 

The cytotoxicity of tested compounds was expressed as value IC50, 
which was calculated using 4-parametric nonlinear regression with 
statistic software GraphPad Prism (version 9.3.0 for Windows, Graph-
Pad Software Inc., USA). Data were obtained from three independent 
experiments performed in triplicates. The IC50 value was expressed as 
mean ± SD. 

HepG2 and H9c2 – 72 h incubation: HepG2 (human hepatocellular 
carcinoma) and H9c2 (embryonic rat heart myoblast) cell lines were 
cultivated in DMEM supplemented with FBS (Lonza) and 1% penicillin/ 
streptomycin (Lonza) at 37 ◦C in a humidified atmosphere of 5% CO2 in 
air. For the toxicity/antiproliferation experiments, the cells were seeded 
on 96-well plates at a density of 10,000 cells per well. After 24 h, the 
cells were treated with the tested compounds at the specified final 
concentration for 72 h. Treatment with vehicle alone (DMSO 0.1% final 
concentration) or Triton X-100 (1% final concentration; Sigma, Ger-
many) was used for negative and positive controls, respectively. 
Viability after 72 h was determined using an assay based on the ability of 
active mitochondria to change yellow MTT to purple formazan. Briefly, 
3 mg/mL of MTT solution in phosphate buffered saline was added to the 
culture medium and after 2 h of incubation at 37 ◦C, cells were lysed 
with lysis buffer (isopropanol, 0.1 M HCl, 5% Triton X-100) for 30 min at 
room temperature. After dissolution, the concentration of product was 
measured spectrophotometrically with a Tecan Infinite 200 M plate 
reader at 570 nm, subtracting the background obtained at 690 nm. The 
viability of the experimental groups was expressed as percentages of the 
negative controls (100%). IC50 values were calculated using GraphPad 
Prism 9 software. 

Aqueous solubility determination. The water solubility of tested 
compounds was determined in the ultrapure distilled water containing 
5% of DMSO. Briefly, calculated amounts of compounds 10, 30, 33, 56, 
59, 63, 64, and 73 were first dissolved in DMSO (50 μL) and then diluted 
by ultrapure distilled water (950 μL) to reach 50 μM concentrations. 
Then, 200 μL of these solutions were analyzed for the UV/VIS absorption 
spectrum by the multimode microplate reader (TECAN Spark®, Tecan 
Group Ltd., Switzerland) and the wavelength of maximum absorbance 
was used for further testing of the corresponding compounds. Subse-
quently, six consecutive concentrations were prepared for each com-
pound by serial dilution of 50 μM standard solution and the absorbance 
of these solutions (200 μL) was measured by microplate reader. The data 
were used to calculate the calibration curve by the linear regression 
method. Finally, the over-saturated solutions of the tested compounds 
were prepared and incubated in ultrasound water bath at 37 ◦C for 10 
min. Then the solutions were centrifuged at 8000 RPM for 10 min and 
the UV/VIS absorption of the supernatant was measured by microplate 
reader. The obtained absorption value was used to calculate the 
maximum water solubility of the tested compounds. In case the ab-
sorption value of the supernatant was higher than the calibration curve 
range, the supernatant was diluted with 5% DMSO/water solution to 
match the calibration curve. 

Microsomal stability determination. The tested compounds 10, 
30, 33, 56, 59, 63, 64 and 73 were incubated with Human Liver Mi-
crosomes according to the Cyprotex assay protocol [46]. Briefly, com-
pounds were dissolved in DMSO to produce stock sample solutions. 5 μL 
of stock solution was mixed with 12.5 μL of pooled Human Liver Mi-
crosomes (concentration 0.5 mg/mL, H2620, LOT no. 1210347, SekiSui, 
XenoTech, Canada) and 458 μL of 0.1 M potassium phosphate buffer 
solution (pH = 7.4, adjusted by addition of NaOH) and preincubated for 
5 min (300 RPM, 25 ◦C). The final concentration of DMSO in the incu-
bation mixture did not exceed 1% (v/v) and the concentration of tested 
compounds was set at 3 μM. The biotransformation reaction was started 
by addition of 25 μL of RapidStart NADPH Regenerating System (K5000, 
LOT. 1910008, SekiSui, XenoTech, Canada) and then incubated for 5 
different time points (0, 5, 15, 30, 45 min). The reaction was terminated 
by addition of 500 μL of cooled acetonitrile (− 20 ◦C) with 1 μM internal 

standard [IS; 67] and centrifuged for 5 min (14,000 RPM, 20 ◦C). Sub-
sequently, 400 μL of supernatant was transferred to the vial and 
analyzed by LC-MS. Three types of blank samples were prepared in the 
same way, with a one-step exception. In the biological blank sample was 
added 5 μL of DMSO instead of 5 μL stock solution, in the chemical 
blanks was added 50 μL of water instead of HLM, and in the case of 
control blank sample was added 25 μL of water instead of 25 μL of 
RapidStart System. LC-MS system and the chromatographic conditions 
for the measurement of the samples are mentioned above in the section 
General chemistry method. The peak areas of the compounds (Acmp) 
and internal standards (AIS) were detected in extracted ion chromato-
grams from the mass spectrometer data in positive mode. The Acmp/AIS 
was calculated a logarithmized. From a plot of ln Acmp/AIS against time 
of incubation, the gradient (k value) was established. The T½ value, and 
CLint were calculated according to the Cyprotex protocol and compared 
with known fast and slow metabolically degraded standards of verap-
amil and diazepam (Table 6) [46]. 

In vitro stability testing in human plasma. Compounds 10, 30, 33, 
56, 59, 63, 64, and 73 were incubated with Human Pooled Plasma 
(Batch S00G71, Biowest, France). Briefly, compounds were dissolved in 
DMSO to produce stock sample solutions. 10 μL of stock solution was 
added to 990 μL of human plasma to initiate the reaction. The final 
concentration of DMSO in the incubation mixture did not exceed 1% (v/ 
v) and the concentration of tested compounds was set at 1 μM. Each 
compound was incubated for 0, 15, 30, 60 and 120 min at 37 ◦C. The 
reactions were stopped by transferring 100 μL of incubate to 100 μL of 
acetonitrile containing internal standard (IS; 67) at the appropriate time 
points and centrifuged at 12,000 rpm for 5 min at 4 ◦C to precipitate the 
protein. After that, 150 μL of supernatant was transferred to the vial and 
analyzed by LC-MS under the same conditions as in the section General 
chemistry method. The areas of the compounds (Acmp) and internal 
standards (AIS) were detected in extracted ion chromatograms from the 
mass spectrometer data in positive mode. From the ratio between peak 
area ratios (compound peak area/internal standard peak area) obtained 
at incubation times 0 and 120 min, the percentage of remaining com-
pound was calculated. 

Selection of compound 10 resistant isolates. The strain H37Rv was 
grown to log phase in Middlebrook 7H9 media supplemented with 10% 
OADC, 0.2% glycerol and 0.05% Tween 80. The bacterial culture was 
then centrifuged (3000×g, 6 min), and concentrated to an OD600 = 50, 
and 50 μL plated onto solid media (Middlebrook 7H11, supplemented 
with 10% OADC and 0.2% glycerol) containing 128, 64, 32, 16, 8, and 0 
μM of 10). Following incubation for 4–6 weeks, resistant colonies 
appeared. From the plate containing 128 μM 10, 3 colonies were 
selected and grown in liquid media without 10, and resistance of the 
grown culture to 10 was confirmed by microplate dilution assays. 
Genomic DNA was extracted and sequencing by Illumina technology, 
with subsequent variant analysis performed as described previously 
[47]. 

Metabolic labeling. Mtb H37Rv were grown shaking at 37 ◦C in 7H9 
medium containing 10% OADC, 0.2% glycerol and 0.05% Tween 80 
until OD600 0.28. The cultures were aliquoted (95 μL) into Eppendorf 
tubes containing DMSO (control) or the drugs dissolved in DMSO (final 
concentration of the drugs was 10 × MIC in the above medium, DMSO 
2%) and 5 μL of sterile water containing 0,1 μCi of [14C]-acetate (specific 
activity: 110 mCi/mmol, American Radiolabeled Chemicals, Inc.). After 
24 h of static incubation at 37 ◦C the whole cultures were transferred 
into 1.5 mL of CHCl3:CH3OH (2:1), and treated for 2 h at 65 ◦C. The 
samples were then subjected to biphasic Folch wash. The organic phase 
was dried, dissolved in 30 μL of CHCl3:CH3OH (2:1) and 5 μL of each 
sample was loaded on Silica Gel TLC plate (Merck) followed by sepa-
ration in CHCl3:CH3OH:H2O (40:8:1). The radiolabeled lipids were 
visualized by Amersham Typhoon 5 phosphorimager (GE Healthcare). 

In silico study. Molecular docking was used for binding pose cal-
culations. The 3D structure ligands were built by OpenBabel, v. 2.3.2 
[48] and optimized by Avogadro, v. 1.2.0 using the force fields GAFF 
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[49]. They were converted into pdbqt-format by OpenBabel, v. 2.3.2. 
The DprE1 structure was gained from the RCSB database (PDB ID: 4P8N, 
resolution 1.79 Å) and prepared for docking by the function DockPrep of 
the software Chimera, v. 1.14 [50] and by MGLTools, v. 1.5.4 [51]. The 
docking calculation was made by Vina, v. 1.1.2 as semi-flexible with 
flexible ligand and rigid receptor [52]. 

The docking pose of all the ligands were improved by MD simulation. 
The receptor structure was prepared using the software Chimera. The 
best-scored docking poses were taken as the starting point for MD. The 
force-field parameters for ligands were assessed by Antechamber [53], 
v. 20.0 using General Amber force-field 2 [54]. MD simulation was 
carried out by Gromacs, v. 2018.1 [55]. The complex receptor-ligand 
was solvated in the periodic water box using the TIP3P model. The 
system was neutralized by adding Na+ and Cl− ions to a concentration of 
10 nM. The system energy was minimalized and equilibrated in a 100-ps 
isothermal-isochoric NVT and then a 100-ps isothermal-isobaric NPT 
phase. Then, a 10-ns MD simulation was run at a temperature of 300 K. 
The molecular docking and MD results were 3D visualized by the PyMOL 
Molecular Graphics System, Version 2.4.1, Schrödinger, LLC. 

Computational chemistry studies. For the QSAR analyses, only 
compounds with defined MIC activities against Mycobacterium tubercu-
losis after 14 days of incubation were selected. The compound MIC ac-
tivities defined only by the lower limit (e.g., >500 μM) were omitted 
from the analyses. The involved molecules (n = 33) were first modeled 
in Schrodinger 2022–2, geometrically optimized and polarized for pH =
7.4 in LigPrep utility. First QSAR analyses were performed in the 
AutoQSAR application of Schrodinger 2022–2 using the negative deca-
dic logarithm of MIC values (i.e., pMIC (14 d)) as the dependent vari-
able. The numerical QSAR analyses in AutoQSAR employed random 
distribution of the compounds into the training and test sets, in a ratio 
3:1. Automatic statistical analyses tested four regression methods: MLR, 
PLS, KPLS, and PCR. As molecular descriptors of the compounds, binary 
fingerprints of radial, linear, dendritic, and molprint 2D types were 
calculated and used. In addition, several hundreds of numerical mo-
lecular descriptors such as topological and physical-chemical descriptors 
were automatically generated and tested in the QSAR analyses. In total, 
200 various regression models were developed and evaluated by the 
following statistical criteria for the training and test sets: R2, SD, Q2, 
RMSE, Q2-MW. The optimal QSAR model was selected for the inter-
pretation of the structure-antimycobacterial activity relationships. 

The 3D Field-Based QSAR analyses were performed also in Schro-
dinger 2022–2. The first step was flexible molecular alignment of 
conformer libraries, with up to 1000 conformer for each compound, 
using a thorough search and a superimposing algorithm based on the 
largest common Bemis-Murcko scaffold. As the alignment template, 56 
was used for superimposition of all studied compounds (n = 33). After 
the molecular alignment, each molecule was quantum-chemically 
modeled in Jaguar 11.6 (Schrodinger 2022–2) by single point energy 
calculation with a DFT method B3LYP-D3/6-31G** to obtain atomic 
electrostatic potential charges (ESP). 

The prepared molecules were analyzed by the 3D Field-Based QSAR 
utility in Schrodinger 2022–2 employing random distribution of the 
compounds into the training and test sets, in a ratio 3:1. Five Gaussian 
interaction fields (i.e., steric, electrostatic, hydrophobic, H-bond 
accepting, H-bond donating) were generated in a grid box with spacing 
of 1 Å and boundaries 3 Å beyond the volume of the training set com-
pounds. Within the 3D QSAR analyses, interactions closer than 2 Å to 
any atoms were ignored and steric and electrostatic interactions greater 
than 30 kcal/mol in absolute value were truncated. Each interaction 
field variable with standard deviation lower than 0.01 and absolute 
Student’s t-value lower than 1.5 were removed. The 3D QSAR models 
were developed by PLS regression technique with number of latent 
variables ranging from 1 to 7 and evaluated by several statistical criteria 
for the training (i.e. coefficient of determination R2, standard residual 
deviation SD, cross-validated coefficient of determination R2-CV by 
leave-one-out technique, scrambled coefficient of determination R2-Sc 

with randomly permutated pMIC activities, Fisher-Snedecor F-test, and 
probability p of the chi-square related F-test randomness) and test sets (i. 
e. coefficient of determination Q2, root-mean-square error RMSE, Pear-
son’s correlation coefficient Pe-R). The optimal 3D QSAR model with 7 
latent variables was graphically represented by contour isosurfaces of 
the PLS β-coefficients multiplied by their cross-validated standard de-
viations upon projection onto the Euclidian space of the superimposed 
molecules and interpreted. 
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B. Yang, Y. Yang, H. Guo, C. Lin, F. Gan, C. Wang, S.G. Franzblau, W.R. Jacobs Jr., 
G.S. Besra, E.F. Johnson, M. Petrassi, A.K. Chatterjee, K. Fütterer, F. Wang, 
Determinants of the inhibition of DprE1 and CYP2C9 by antitubercular thiophenes, 
Angew. Chem. Int. Ed. 56 (2017) 13011–13015. 

[17] O. Balabon, E. Pitta, M.K. Rogacki, E. Meiler, R. Casanueva, L. Guijarro, S. Huss, E. 
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