
Vol.:(0123456789)1 3

Molecular Diversity 
https://doi.org/10.1007/s11030-022-10453-1

ORIGINAL ARTICLE

Exploration of 4‑aminopyrrolo[2,3‑d]pyrimidine as antitubercular 
agents

Omobolanle Janet Jesumoroti1   · Richard M. Beteck1   · Audrey Jordaan2 · Digby F. Warner2,3,4   · 
Lesetja J. Legoabe1 

Received: 24 January 2022 / Accepted: 26 April 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Tuberculosis (TB) is one of the leading causes of death worldwide. Developing new anti-TB compounds using cost-effective 
processes is critical to reduce TB incidence and accomplish the End TB Strategy milestone. Herein, we describe the syn-
thesis and structure–activity relationships of a library of thirty 7H-Pyrrolo[2,3-d]pyrimidine derivatives providing insights 
into the contributions of different aromatic, aryl and alkyl substitution at the C-4 position of the 7-deazapurine ring. The 
minimum inhibitory concentration (MIC) of the compounds against the green fluorescent protein (GFP) reporter strain of 
Mycobacterium tuberculosis was assayed using the standard broth microdilution method, and cell toxicity was determined 
using the MTT assay. Sixteen compounds displayed in vitro activity against the GFP reporter strain of Mycobacterium 
tuberculosis with MIC90 values of 0.488–62.5 µM. This study highlights the most potent derivative, N-(4-phenoxy phenyl)-
7H-pyrrolo[2,3-d]pyrimidin-4-amine with a MIC90 value of 0.488 µM and was non-cytotoxic to the Vero cell line. Moreover, 
all the potent compounds from this series have a ClogP value less than 4 and molecular weight < 400; thus, likely to maintain 
drug-likeness during lead optimisation.
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Introduction

Tuberculosis (TB), an infectious disease caused by Myco-
bacterium tuberculosis (Mtb) [1], is one of the top ten 
causes of mortality worldwide and the second leading 
cause of death (after Covid-19) from a single infectious 
agent [2]. While the annual number of TB deaths is reduc-
ing globally, the progress has been very slow, with a cumu-
lative drop of 14% between 2015 and 2019, which was less 
than half of the target of a 35% reduction between 2015 
and 2020 [2]. The Covid-19 pandemic is a major concern 
since it has halted years of progress in providing vital TB 
services aimed at reducing TB burden; this has resulted 
in an upsurge in TB mortality. The best predictions for 
TB-related deaths in 2020 are: 1.3 million fatalities among 
HIV-negative people (up from 1.2 million in 2019) and an 
additional 214,000 fatalities among HIV-positive people 
(up from 209,000 in 2019) [3]. As a result, global TB 
targets are generally off-track. Thus, it is unlikely that 
TB will be eradicated as a global public health hazard by 
2035, as the End TB Strategy anticipates [4].

One serious challenge in the treatment of tuberculosis 
is the emergence of multi-drug-resistant strains of Mtb 
which arises due to improper use of both traditional first-
line and second-line antituberculosis drugs [5]. Globally 
in 2019, approximately half a million people developed 
rifampicin-resistant TB (RR-TB), with 78% of patients 
presenting with multidrug-resistant TB (MDR-TB). In 
2019, about 3.3% of new TB cases and 17.7% of previ-
ously treated cases were MDR/RR-TB [2]. Therefore, to 
curb the menace of increasing resistance and unaffordable 
treatment, it is crucial to develop novel anti-TB agents 
based on cost-effective procedures.

To the best of our knowledge, no 7H-pyrrolo[2,3-d] 
pyrimidine-based drug is currently in clinical use as an 

antituberculosis agent. Mtb has a cell envelope that is 
permeable to nucleosides. The uptake of many antibiotics 
is hampered by this envelope. The discovery of several 
nucleoside analogues with antitubercular action suggests 
that these agents are easily transported into Mtb [6, 7]. 
Since 7-deazupurine is a purine (nucleosides) analogue 
(Fig. 1), [8, 9], it might be transported across the enve-
lope through the same transport mechanism utilised by 
native purines. It is likely that compounds differing in their 
mechanism of action from existing drugs and, as a result, 
active against multidrug-resistant tuberculosis strains, can 
be found among the 7H-pyrrolo[2,3-d] pyrimidine-based 
compounds. Thus, in our continuous effort to develop new 
anti-tubercular agents, we have focused our attention on 
the synthesis of 7H-pyrrolo[2,3-d]pyrimidine (7‐deazapu-
rine) derivatives.

7H-Pyrrolo[2,3-d]pyrimidine (7‐deazapurine), analogous 
to purine, is one of the interesting classes of N-heterocycles 
that has been classified as a privileged medicinal scaffold 
with diverse biological activities [10, 11]. The pyrimidine 
ring is the building block of DNA and RNA, thus, one pos-
sible reason for the wide biological activities of pyrimidine-
containing molecules [12–14]. Pyrrolo[2,3-d]pyrimidine 
nucleus is often encountered in some approved drugs, clini-
cal candidates, and functional material. Drugs currently in 
the market that possess pyrrolo[2,3-d]pyrimidine skeleton 
include anti-cancer drugs such as ruxolitinib, tofacitinib, and 
baricitinib [10]. Compounds with pyrrolo[2,3-d]pyrimidine 
moiety have broad biological applications such as antibacte-
rial, antifungal [15, 16], adenosine A1 and A3 receptor mod-
ulator [17], protein-kinase B inhibitor [18], anti-inflamma-
tory [19], anti-cancer [20, 21], anti-folate [22], antiviral [23, 
24], and anti-mycobacterial activities [25–27]. Additionally, 
some naturally occurring antibiotics such as tubercidin, toy-
ocamycin, sangivamycin (Fig. 1) have pyrrolo[2,3-d]pyrimi-
dine moiety and exhibited significant activity against Mtb, 

Fig. 1   Structures of 7-deazupurine-based antitubercular agents and structurally related scaffolds
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Candida albicans and Cryptococcus neoformans [28–32]. 
In recent years, among the 7H-pyrrolo[2,3-d]pyrimidine 
derivatives, the search for synthesized compounds possess-
ing anti-tubercular activity (Fig. 1) has been less explored 
with only a few reports [32, 33]. More specifically, a pre-
vious report identified 7-deaza purine analogs (QTT 777 
and QTT 405) (Fig. 1) modified in the five-membered ring 
to displayed excellent anti-tubercular activity against the 
H37Rv strain of Mtb in vitro, with MIC values between 
0.08 and 0.35 µM. These values are comparable or better 
than the reference drug (Rifampicin 0.09 µM) [33]. Thus, 
7H-pyrrolo[2,3-d]pyrimidine nucleus can be exploited fur-
ther in search of affordable new agents for the treatment of 
TB.

In this work, we report on acid-catalysed chemo-selec-
tive C-4 substitution of 7H-pyrrolo[2,3-d]pyrimidine (7‐
deazapurine) ring with various amines and the antitubercular 
activity of the resultant compounds. Scinfinder and Pub-
med were used to determine the novelty of each compound's 
structure. Compounds 1, 4, 6, 7, 8, 9, 10, 11, and 16 had 
already been reported [34]. The remaining 21 compounds 
(compounds 2,3, 12–15 and 17–31 have no previous refer-
ences; hence, they were classified as novel. Despite this, 
none of the compounds had been previously investigated as 
anti-tubercular agent.

Result and discussion

Chemistry

The synthesis of compounds 1–31 was achieved in a sim-
ple and straightforward method by treating commercially 
available 4-chloro-7H-pyrrolo[2,3-d]pyrimidine with dif-
ferent aromatic, aliphatic, cyclic, cyclo aliphatic, and aryl 
aliphatic amines in the presence of a catalytic amount of 

HCl (Fig. 2). Target compounds were obtained in 16–94% 
yields. In general, in the 1H NMR spectra, the broad singlet 
signals appearing at ca 11.47 ppm of all the compounds are 
attributed to the presence of –NH– moiety in the pyrrolyl 
ring. The singlet appearing in the range 8.63–8.67 ppm is 
attributed to H-2, and the doublet or doublet of doublets 
peak in the range of δ 7.31–6.51 ppm are assigned to H-6 
or H-5. The change from doublet of doublets to a doublet 
of H-5 and H-6 is attributed to the replacement of hydrogen 
at N-7 by deuterium. The assignments for H-5 and H-6 are 
consistent with the literature review[35]. The NMR spec-
tra are consistent with those reported in the literature [34]. 
The broad singlet signal or triplet at 9.84–7.84 ppm corre-
sponds to –NH– at position C-4 (for Ar–NH and –NHCH2, 
respectively), and this suggests the successful nucleophilic 
substitution of the Cl atom in 4-chloro-7H-pyrrolo[2,3-d]
pyrimidine. In the 13C NMR spectra, resonances for all the 
carbons are observed. Typically, the signal appearing at ca 
55–56 ppm of all the compounds is indicative of the meth-
ylene carbon next to 7H-pyrrolo[2,3-d]pyrimidine nitrogen. 
The exact mass for all target compounds is confirmed using 
high-resolution mass spectrometry (HRMS).

Biological evaluation

In vitro antitubercular screening

In vitro antitubercular activity of the target compounds 1–31 
was investigated against the green fluorescent protein 
(GFP) reporter strain of Mtb cultured for 14 days using 
Middlebrook 7H9 medium supplemented with glucose, 
casitone, and tyloxpol. The standard, rifampicin, a first-
line antitubercular agent, was used as a reference. All the 
target compounds were tested in a concentration range of 
0.0002–10 mM, and a dose–response curve was plotted 
for each compound. The minimum inhibitory concentra-
tion (MIC) was defined as the least compound concentra-
tion required to inhibit 90% (MIC90) of bacteria growth, 
and the MIC values are given in Table 1. Sixteen (16) out 
of the thirty-one (31) compounds evaluated were active 
against Mtb, exhibiting activity in the range 0.488–62.5 µM. 
Five compounds (10, 11, 15, 23, and 24) showed excellent 
potency against Mtb with a MIC value of < 4 µM.

Structural activity relationship (SAR)  For the subseries con-
taining compounds 1–15, where R represents a phenyl ring, 
antitubercular activity generally vary with the position of 
halogen on the phenyl ring. The SAR in Table 1 revealed 
that the 3-halo (meta; C-3) (compounds 6,9) and 2-halo 
(ortho; C-2) substituted phenyl derivatives (compound 7) 
showed slightly improved anti-tubercular activity than the 
4-halo (para; C-4) substituted derivatives (compound 2 and 
8). This suggests that meta and ortho-substituted phenyl Fig. 2   Design strategy for 7H-pyrrolo[2,3-d]pyrimidine analogs
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compounds can easily penetrate the bacterial cell and have 
suitable binding interactions with their target.

The introduction of different halogen atoms on the phe-
nyl ring caused different effects on the antitubercular activ-
ity against the GFP reporter strain of Mtb. The presence 
of a bromine atom seems to generally favour antitubercu-
lar activity over other halogens such as chlorine and fluo-
rine. Replacing the chlorine atom in compound 6 (MIC90: 
31.25 µM) with a bromine atom to afford compound 9 
(MIC90: 15.625 µM) led to a twofold increase in antituber-
cular activity. This trend is also observed when comparing 
compound 8 (MIC90: 125 µM) bearing para chlorine against 
its para bromine analogue, compound 10 (MIC90: 3.9 µM), 
with the bromine bearing analogue still showing superior 
antitubercular activity. Moreover, compound 2 (MIC90: 
125 µM), the fluorine analogue of compound 10 is also 
inactive. This suggests that achieving good antitubercular 
potency with 7-deazupurine requires a combination of both 
increased size and polarizability of the substituent on the 
phenyl ring.

The presence of fluorine atom on the phenyl ring (com-
pound 2,3; MIC90: 125 µM) generally resulted in the loss of 
antitubercular activity when compared with unsubstituted 
phenyl derivative, compound 1 (MIC90: 62,5 µM). This 
might be due to the lower electron density of the fluoro-
substituted phenyl ring caused by the electron-withdrawing 
effect of fluorine, which may reduce the binding affinity 
between the compound and the target, thus decreasing its 
antitubercular activity. The effect of the fluorine atom is 
further tested by comparing compound 5 (MIC90: 125 µM) 
against its defluoronated analogue, compound 6 (MIC90: 
31.25 µM). This again suggests that the presence of a fluo-
rine atom is detrimental to antitubercular activity.

Other electron-withdrawing groups (NO2, compounds 13; 
CF3, compound 4) or a combination of electron-donating 
and electron-withdrawing (OCH3 & NO2, compound 14) 
groups were tested and found to have a different effect on 
antitubercular activity compared to fluorine. Compounds 
4 and 13 (MIC90: 62.5 µM) exhibited equal antitubercular 
activity compared to their unsubstituted analogue 1 and bet-
ter than their fluorinated counterparts (compound 2 and 3).

An increase in the size of substituent attached to the phe-
nyl ring was also investigated using compounds 11 and 15. 
Compounds bearing 4-morpholino or 4-phenoxyl moiety on 
the phenyl ring as seen in compounds 15 and 11, respec-
tively, exhibited relatively good to excellent antitubercular 
activity compared to compound 1, bearing an unsubstituted 
phenyl ring. Compound 11 with a 4-phenoxy substituent on 
the phenyl ring was the most potent with MIC90: 0.488 µM 
and compound 15 with a 4-morpholino substituent on the 
phenyl ring exhibited significant antitubercular activity 
MIC90: 3.906 µM. This shows that increased ring size of 

substituents on the aniline moiety at position 4 of 7-dea-
zupurine plays an important role in antitubercular activity 
(Fig. 2).

In subseries 16–24, the effect of methylene spacers 
between the phenyl and the amino moieties and/or phe-
nyl substitution was investigated. In general, antitubercu-
lar activity seems to vary with the methylene chain length 
between the phenyl ring and the secondary amine at C-4 of 
7-deazupurine. The results (Table 1) showed that compound 
16 (MIC90: 62.5 µM) bearing a benzylamine (one methyl-
ene spacer) exhibited comparable activity with compound 
1 (MIC90: 62.5 µM) bearing aniline moiety (no methylene 
spacer). Compound 21 (MIC90: 31.25 µM) bearing pheny-
lethylamine (two methylene spacers) displayed improved 
activity compared to 16, and compound 22 (MIC90: 
14.452 µM) bearing three methylene spacers showed better 
activity compared to 21. Compound 23 (MIC90: 3.713 µM) 
with four methylene spacers is the most active compound 
in this subseries. The antitubercular activity of compound 
16 (MIC90: 62.5 µM), 21 (MIC90: 31.25 µM), 22 (MIC90: 
14.452 µM), and 23 (MIC90: 3.713 µM) increases as the 
methylene spacers increase from 2 to 4, demonstrating that 
flexibility of C-4 substituents is important for antituber-
cular activity. Besides the effect of methylene spacers on 
antitubercular activity, the influence of phenyl substituents 
in the subseries 16–24 was also investigated. Comparing 
compound 21 against its congener, compound 24 (MIC90: 
0.572 µM), bearing meta chlorophenylethylamine again con-
firms that meta substituted phenyl moieties enhance antitu-
bercular activity. It is interesting to note that compound 24 
(MIC90: 0.572 µM), wherein R is 2-(3-Chlorophenyl)ethyl, 
displayed excellent activity compared to compound 21 
(MIC90: 31.25 µM) wherein R is phenylethyl. This shows 
that both the methylene spacers and the position of chloro 
substituents on the aryl moiety are crucial for antitubercular 
activity (Fig. 3)

In addition, considering the effect of substituent with 
alkyl chains linked to the amino group at position 4 of 
the core 7-deazupurine), the SAR study revealed that the 
introduction of the aliphatic chain was detrimental to such 
activity. Thus, the replacement of the phenyl group at the 
terminal end of the alkyl chain with hydrophilic groups such 
as hydroxyl, or substitution by methyl markedly resulted in 
the loss of activity. This is evident in compound 25, 26, 
27, 28 wherein R is N-isopentyl, 2-((2-aminoethyl)amino)
ethanol, 3-isopropoxypropyl, 3-morpholinopropyl, respec-
tively, and, all exhibited no significant antitubercular activity 
(MIC90 > 125 µM) as compared to compound 22 ((MIC90: 
14.452 µM). These data indicate that the phenyl group at 
the terminal end of the alkyl chain attached to NH on C-4 of 
7-deazapurines is a prerequisite for antitubercular activity.
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Fig. 3   Structures and the 
percentage yields of the syn-
thesised compounds from this 
study
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Cytotoxicity

The in vitro cytotoxic properties of the most active com-
pound (11) were evaluated at different concentrations 
(1, 5, and 10 µM) against two cell lines: BJ-5ta (hTERT 
immortalized Human skin fibroblasts) and Vero cell lines. 
Compound 11 showed a concentration-dependent reduc-
tion in the viability of the BJ-5ta cell line during a 48 h 
exposure. Low concentrations (1 µM) seem to induce cell 
growth, with a viability of 115% which is more than that 
of the untreated control (100%). At 10 µM, this compound 
is weakly cytotoxic towards the BJ-5ta cells, reducing cell 

viability to 70% (Fig. 4) [36]. However, this compound 
does not appear to be toxic against the Vero cell line with 
no cell viability reduction observed at the highest con-
centration tested (Fig. 5). The results suggested that com-
pound 11 possessed little overt cytotoxicity risk against 
the human cell lines tested.

In Silico drug likeliness Studies

Specific physicochemical properties are required for anti-
bacterial drugs which distinguished them from other drugs. 
The unique design of the bacterial cell wall necessitates 
antibacterial agents to have specific properties in order 
to cross the cell wall. Such physicochemical properties 
include lower higher molecular weights and increased total 
polar surface area when compared to other drugs classes 
[37]. The drug-like properties (including Lipinski rule of 
five, GI absorption, and CYP2C19 inhibition) of the most 

Table 1   ClogP and MIC90 values of target compounds compared 
against rifampicin (standard drug)

a Clog P values calculated with the Swiss ADME web tool (http://​
www.​swiss​adme.​ch/)
b MIC90 = determined in vitro against GFP Mtb strain, RF rifampicin

Compound ClogP MIC90(µM)

1 2.24 62.5
2 2.56  > 125
3 2.55  > 125
4 2.14 62.5
5 1.82 125
6 2.77 31.25
7 2.80 31.25
8 2.78 125
9 2.86 15.52
10 2.88 3.90
11 3.43 0.48
12 1.64  > 125
13 1.66 62.5
14 1.47  > 125
15 1.56 3.90
16 2.23 62.5
17 1.50 30.44
18 1.47 125
19 2.55  > 125
20 2.77 125
21 2.51 31.25
22 2.83 14.45
23 3.16 3.71
24 2.57 0.57
25 2.20 125
26 0.33 125
27 1.92 125
28 1.14 125
29 0.96 30.04
30 2.63 15.62
31 2.01 125
RF – 0.01
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Fig. 4   Cell survival following treatment of BJ-5ta cells for 48 h with 
compound 11 in comparisons with the untreated control, as deter-
mined with the MTT assay (error bars = standard deviation, n = 3)
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Fig. 5   Cell survival following treatment of Vero cells for 48  h with 
compound 11 in comparisons with the untreated control, as deter-
mined with the MTT assay using (error bars = standard deviation, 
n = 3)
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potent compounds 11, 23, and 24 were evaluated in silico 
(Table 2) using the SwissADME web tool (http://​www.​swiss​
adme.​ch/).

The active compounds from this study have a molecular 
weight of less than 400 Da and calculated lipophilicity 
(ClogP) of less than 4, which make them ideal compounds 
for hit to lead optimization. Other drug-like properties 
including oral bioactivity and solubility were predicted 
using the SwissADME web tool. The predicted solubility 
of compounds 11, 23 and 24 ranges from −3.95 to −5.09; 
thus, these compounds are predicted to be moderately 
water-soluble. The flexibility defined as the number of 
rotatable bonds of all the active compounds are less than 
9. Also, the polarity describes as the total polar surface 
area (tPSA) for the active compounds is less than 140 Å2 
(or a total number of both H-bond donors and acceptors 
is less than 10). Thus, these compounds are predicted to 
have good oral bioavailability The predicted drug-likeness 
properties of all the active compounds identified in this 
study showed that they do not violate any of the param-
eters of the Lipinski’s rule of five [41]. All the active 
compounds from this study are predicted to possess good 
passive human gastrointestinal absorption and blood–brain 
barrier permeation.

Conclusion

In conclusion, we successfully synthesized a series of 
thirty derivatives of 7H-pyrrolo[2,3-d]pyrimidine with 
good antitubercular properties against the GFP reporter 
strain of Mtb. The most active compound in the series is 
11 (MIC90 = 0.488), which was evaluated for cytotoxic-
ity potentials against Human skin fibroblasts hTERT and 
Vero cell lines. The compound displays weak cytotoxic-
ity against the BJ-5ta cell line but possesses no potential 
cytotoxicity risk against Vero cell lines. Also, the SAR 
study suggested that site substituted on the phenyl ring and 
methylene spacers between the phenyl and amine moieties 
at C-4 of 7-deazupurine influence antitubercular activity. 
All the potent compounds in this series have molecular 
weights less than 400 Da and ClogP less than 4, which 
suggests they are likely to maintain drug-likeness during 
lead optimisation. The results from this study provide evi-
dence that compounds based on 7H-pyrrolo[2,3-d]pyrimi-
dine could be further explored for the discovery of new 
compounds against TB.

Experimental

Chemistry

The chemicals and solvents used in this study were pur-
chased from various chemical vendors: Sigma-Aldrich 
(Pty) Ltd. (Johannesburg, South Africa), Merck (Pty) Ltd. 
(Johannesburg, South Africa) and were used without puri-
fication. The progress of the reactions was monitored by 
thin-layer chromatography (TLC) using Merck 60F254 silica 
gel plates (Merck, Johannesburg, South Africa) supported on 
aluminium, and the plates were visualized under ultraviolet 
(UV254 and 366 nm) light or stained with iodine vapour. 
1H and 13C NMR spectra were recorded on Bruker Biospin 
600 MHz spectrometer, and the chemical shifts are given in 
values referenced to deuterated DMSO-d6 and are reported 
in parts per million (ppm). Chemical shifts for deuterated 
DMSO-d6 appear at 2.5 ppm for 1H and 39.5 ppm for 13C 
NMR spectra. Proton coupling patterns are abbreviated as 
follows: s (singlet), d (doublet), dd (doublet of doublet), t 
(triplet), q (quartet), and m (multiplet). Coupling constants 
(J) are reported in Hz. NMR data were analysed using 
MestReNova Software, version 5.3.2–4936. Melting points 
(mp) were established with a Büchi melting point B-545 
instrument and were uncorrected. The High-resolution mass 
spectra (HRMS) were recorded using a Bruker micrOTOF-Q 
II mass spectrometer using atmospheric pressure chemical 
ionization (APCI) in positive ion mode.

Table 2   Computed properties of the selected active compounds using 
SWISS ADME

a Predicted aqueous solubility, where log S is the logarithm of the 
amount of compound (in moles) able to dissolve in a litre of water
b ESOL, predicted aqueous solubility, calculated using a topological 
method[38]
c Estimated aqueous solubility using a topological method [39] with 
log S scale: insoluble <  − 10 < poorly <  − 6 < moderately <  − 4 < solu-
ble <  − 2 very soluble < 0 highly soluble
d TPSA, topological polar surface area, polarity: TPSA between ≤ 140 
Å2[40]
e Calculated with reference to Lipinski's rule of five: MW ≤ 500  g/
mol; log P ≤ 5; HBD ≤ 5; HBA ≤ 10; no more than one violation 
allowed [41]

Compound 11 Compound 23 Compound 24

MW g/mol 302.33 266.34 272.73
Log Sa (ESOL)b −4.69 −3.95 −4.09
Log S1 (Ali)c −5.09 −4.46 −4.37
H donor 2 2 2
H acceptor 3 2 2
Lipinski #violation 0 0 0
dTPSA (Å2) 62.83 53.60 53.60
No of rotatable 

bonds
4 6 4

GI absorption High High High
CYP2C19 Inhibitor Yes Yes Yes
eDrug Likeness Yes Yes Yes

http://www.swissadme.ch/
http://www.swissadme.ch/
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General Procedure for the synthesis of compound 1–15

The 7H-pyrrolo[2,3-d]pyrimidine derivatives 1–15 were 
synthesized via acid-mediated nucleophilic substitu-
tion reaction of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine 
(200  mg, 1.3  mmol) with the appropriate amines. The 
4-chloro-7H-pyrrolo[2,3-d]pyrimidine (200 mg, 1.3 mmol) 
and appropriate anilines (3 equiv) were dissolved in 5 ml 
of isopropanol, and 3-drops of conc HCl were added. The 
mixtures were refluxed for 12 h. After this time, the mix-
tures were allowed to cool to room temperature and then, 
concentrated on a rotary evaporator. Water (10 ml) and 1 mL 
of aqueous NH4OH were added, followed by extraction 
with CHCl3 (12 ml × 3). The organic layers were dried over 
Na2SO4, filtered, and concentrated under reduced pressure 
to afford the crude mixtures. The crude solids were recrys-
tallized from a suitable solvent (e.g. methanol) to afford the 
target compounds in yields of 27–86% yield.

General Procedure for the synthesis of compound 16–31

The 7H-pyrrolo[2,3-d]pyrimidine derivatives 16–31 were 
synthesized via acid-mediated nucleophilic substitution 
reaction of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (200 mg, 
1.3  mmol) with the appropriate amines (3 equiv). The 
4-chloro-7H-pyrrolo[2,3-d]pyrimidine (200 mg, 1.3 mmol) 
and the appropriate amines were dissolved in 5 ml of iso-
propanol, and 3-drops of conc HCl were added. The mix-
tures were refluxed for 12–48 h, allowed to reach room tem-
perature, and water (10 ml) was added to precipitate out 
the products. The crude products were filtered, washed with 
water, and air-dried overnight. Recrystallization from suit-
able solvents (e.g. methanol) afforded the target compounds 
in yields of 16–94%.

N-phenyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (1). 
White powder, yield 37%, mp 241 °C. 1H NMR (600 MHz, 
DMSO-d6) δ 11.74 (br s, 1H, NH, H-7), 9.29 (s, 1H, NH), 
8.27 (s, 1H, H-2), 7.89 (d, J = 7.7 Hz, 2H, Ar–H), 7.33 (t, 
J = 7.9 Hz, 2H, Ar–H), 7.23 (dd, J = 3.5, 1.7 Hz, 1H, H-6), 
7.01 (t, 1H, J = 7.3, Ar–H), 6.79 (d, J = 2.9 Hz, 1H, H-5).13C 
NMR (151 MHz, DMSO-d6) δ 153.6, 150.9, 150.8, 140.4, 
128.5, 122.1, 121.9, 120.3, 103.7, 98.8. HRMS (APCI) m/z: 
calcd for C12H11N4 [M + H]+: 211.0978, found: 211.0981.

N-(4-f luorophenyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (2). Grey powder, yield 29%, mp 253 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.74 (br s, 1H, NH, H-7), 9.32 (s, 
1H, NH), 8.25 (s, 1H, H-2), 7.88 (dd, J = 9.1, 5.0 Hz, 2H, 
Ar–H), 7.23 (d, J = 3.4 Hz, 1H, H-6), 7.17 (t, J = 8.9 Hz, 2H, 
Ar–H), 6.75 (d, J = 3.4 Hz, 1H, H-5). 13C NMR (151 MHz, 
DMSO-d6) δ 158.5 (1JCF = 238.6 Hz), 153.5, 150.8, 150.8, 
136.7 (4JCF = 1.5 Hz), 122.2. 121.9 (3JCF = 7.6 Hz), 114.8 

(2JCF = 22.7 Hz), 103.5, 98.7. HRMS (APCI) m/z: calcd for 
C12H10FN4 [M + H]+: 229.0884, found 229.0887.

N-(3-fluorophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(3). White powder, yield 54%, mp 234  °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.83 (brs, 1H, NH, H-7), 9.49 
(s, 1H, NH), 8.34 (s, 1H, H-2), 8.05 (dd, J = 12.5, 5.9 Hz, 
1H, Ar–H), 7.62 (t, J = 7.2 Hz, 1H. Ar–H), 7.42–7.23 (m, 
2H, Ar–H, H-6), 6.88–6.73 (m, 2H, H-5, Ar–H).13C NMR 
(151 MHz, DMSO-d6) δ 162.2 (1JCF = 240.1 Hz) 153.2, 
150.9, 150.6, 142.4 (3JCF = 10.6 Hz), 129.9 (4JCF = 9.06 Hz) 
122.6, 115.5, 108.0 (2JCF = 21.1 Hz),106.5 (2JCF = 27.2 Hz), 
103.9, 98.7. HRMS (APCI) m/z: calcd for C12H10FN4 
[M + H]+: 229.0884, found: 229.0883.

N-(3 - ( t r i f l uoromethy l )phenyl ) -7 ,7a -d ihydro-
1H-pyrrolo[2,3-d]pyrimidin-4-amine (4). White powder, 
yield 28%, mp 232 °C. 1H NMR (600 MHz, DMSO-d6) δ 
11.86 (brs, 1H, NH, 7-H), 9.62 (s, 1H, NH), 8.40 (s, 1H, 
H-2), 8.30 (s, 1H, Ar–H), 8.24 (dd, J = 8.4, 2.2 Hz, 1H, 
Ar–H), 7.57 (t, J = 8.0 Hz, 1H, Ar–H), 7.33 (dd, J = 7.5, 
1.6 Hz, 1H, Ar–H), 7.30 (d, J = 3.5 Hz, 1H, H-6), 6.83 
(d, J = 3.4 Hz, 1H, H-5). 13C NMR (151 MHz, DMSO-
d6) δ 153.1, 151.0, 150.6, 141.4, 129.5 (2JCF = 32.8 Hz), 
124.4 (1JCF = 273.3  Hz), 129.7, 123.2, 122.8, 117.9 
(4JCF = 4.4 Hz),115.7 (3JCF = 4.5 Hz), 103.9, 98.6. HRMS 
(APCI) m/z: calcd for C13H10 F3N4 [M + H]+: 279.0852, 
found: 279.0861.

N-(3-chloro-4-fluorophenyl)-7H-pyrrolo[2,3-d]pyrimi-
din-4-amine (5). Grey powder, yield 49%, mp > 400 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.78 (br s, 1H, NH, H-7), 
9.42 (s, 1H, NH), 8.32 (s, 1H, H-2), 8.29 (dd, J = 6.9, 2.7 Hz, 
1H, Ar–H), 7.81-7.79 (m, 1H, Ar–H), 7.37 (t, J = 9.1 Hz, 
1H, Ar–H), 7.26 (dd, J = 3.4, 2.0 Hz, 1H, H-6), 6.77 (dd, 
J = 3.5, 1.5 Hz, 1H, H-5).13C NMR (151 MHz, DMSO-
d6) δ 153.1, 152.2 (1JCF = 237.1 Hz),150.9, 150.5, 137.8 
(4JCF = 3.0 Hz),122.5, 121.0, 119.9 (3JCF = 7.6 Hz), 118.7 
(2JCF = 18.2 Hz), 116.5 (2JCF = 21.1 Hz), 103.7, 98.5. HRMS 
(APCI) m/z: calcd for C12H9FClN4 [M + H]+: 263.0494, 
found: 263.0494.

N-(3-chlorophenyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (6). White powder, yield 50%, mp 227 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.82 (br s, 1H, NH, 7-H), 9.49 (s, 
1H, NH), 8.34 (s, 1H, H-2), 8.21 (s, 1H, Ar–H), 7.81 (dd, 
J = 8.2, 2.1 Hz, 1H, Ar–H), 7.35 (t, J = 8.1 Hz, 1H, Ar–H), 
7.28 (d, J = 3.5 Hz, 1H, Ar–H), 7.04 (dd, J = 7.8, 2.2 Hz, 1H, 
H-6), 6.82 (d, J = 3.4 Hz, 1H, H-5). 13C NMR (151 MHz, 
DMSO-d6) δ 153.2, 151.0, 150.7, 142.1, 132.9, 130.2, 122.7, 
121.4, 119.2, 118.2, 104.0, 98.8. HRMS (APCI) m/z: calcd 
for C12H10Cl N4 [M + H]+: 245.0589, found: 245.0589.

N-(2-chlorophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(7). White powder, yield 50%, mp: 219  °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.83 (br s, 1H, NH, H-7), 9.48 (s, 
1H, N–H), 8.34 (s, 1H, H-2), 8.22 (t, J = 2.1 Hz, 1H, Ar–H), 
7.81 (dd, J = 8.2, 2.1 Hz, 1H, Ar–H), 7.35 (t, J = 8.1 Hz, 
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1H, Ar–H), 7.27 (d, J = 3.5 Hz, 1H, Ar–H), 7.04(dd, J = 7.9, 
2.1 Hz, 1H, H-6), 6.83 (d, J = 3.4 Hz, 1H, H-5). 13C NMR 
(151 MHz, DMSO-d6) δ 153.1, 150.9, 150.6, 142.1, 132.9, 
130.1, 122.6, 121.3, 119.1, 118.1, 103.9, 98.7. HRMS 
(APCI) m/z: calcd for C12H10ClN4 [M + H]+: 245.0589, 
found: 245.0595.

N-(4-chlorophenyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (8). White powder, yield 50%, mp 227 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.80 (br s, 1H, NH, H-7), 9.42 (s, 
1H, NH), 8.30 (s, 1H, H-2), 7.96 (d, J = 8.9 Hz, 2H, Ar–H), 
7.38 (d, J = 8.9 Hz, 2H, Ar–H), 7.26 (dd, J = 3.5, 2.1 Hz, 
1H, H-6), 6.80 (dd, J = 3.5, 1.7 Hz, 1H, H-5). 13C NMR 
(151 MHz, DMSO-d6) δ 153.2, 150.9, 150.6, 139.5, 128.3, 
125.4, 122.4, 121.5, 103.8, 98.7. HRMS (APCI) m/z: calcd 
for C12H10ClN4 [M + H]+: 245.0589, found: 245.0576.

N-(3-bromophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(9). White powder, yield 55%, mp: 239  °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.82 (br s, 1H, NH), 9.45 (s, 
1H, NH, 8.33 (s, 1H, H-2), 8.32 (d, J = 2.0 Hz, 1H, Ar–H), 
7.94–7.83 (m, 1H, Ar–H), 7.31–7.26 (m, 2H, Ar–H), 7.17 (d, 
J = 8.0 Hz, 1H, H-6), 6.81 (dd, J = 3.5, 1.8 Hz, 1H, H-5) 13C 
NMR (151 MHz, DMSO-d6) δ 153.2, 150.9, 150.6, 142.3, 
130.5, 124.3, 122.7, 121.9, 121.4, 118.6, 103.9, 98.7. HRMS 
(APCI) m/z: calcd for C12H10BrN4 [M + H]+: 289.0883, 
found: 289.0059.

N-(4-bromophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(10). White powder, yield 44%, mp: 2392 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.79 (br s, 1H. NH, H-7), 9.45 
(s, 1H, NH), 8.29 (s, 1H, H-2), 7.91 (d, J = 8.6 Hz, 2H, 
Ar–H), 7.50 (d, J = 8.6 Hz, 2H, Ar–H), 7.25 (d, J = 5.7 Hz, 
1H, H-6), 6.81 (dd, J = 3.4, 1.9 Hz, 1H, H-5). 13C NMR 
(151 MHz, DMSO-d6) δ 153.2, 150.9, 150.7, 139.9, 131.3, 
122.5, 121.94, 113.4, 103.9, 98.8. HRMS (ESI +) m/z: calcd 
for C12H10BrN4 [M + H]+: 289.0083, found: 289.0053.

N-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (11). Brown powder, yield 86%, mp 249 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.74 (s, 1H, NH, H-7), 
9.32 (s, 1H, NH), 8.25 (s, 1H, H-2), 7.89 (d, J = 8.9 Hz, 2H, 
Ar–H), 7.37 (t, J = 8.0 Hz, 2H, Ar–H), 7.28–7.19 (m, 1H, 
Ar–H), 7.10 (d, J = 7.4 Hz, 1H, Ar–H), 7.11–7.00 (m, 2H, 
Ar–H), 6.99 (d, J = 7.8 Hz, 2H, H-6), 6.76 (d, J = 3.4 Hz, 
1H, H-5). 13C NMR (151 MHz, DMSO-d6) δ 157.7, 153.5, 
150.8, 150.8, 136.4, 129.9, 122.8, 122.1, 121.9, 119.4, 
117.6, 103.5, 98.7. HRMS (APCI) m/z: calcd for C18H15N4O 
[M + H]+: 303.1240, found:303.1232.

N-(3-nitrophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(12). Yellow powder, yield 63%, mp 359 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.86 (brs, 1H, NH, H-7), 9.74 
(s, 1H, NH), 8.97 (t, J = 2.2 Hz, 1H, Ar–H),), 8.38 (s, 1H, 
H-2), 8.37 (dd, J = 2.3, 0.9 Hz, 1H, Ar–H),), 7.84 (dd, 
J = 7.8, 1.9  Hz, 1H, Ar–H),), 7.62 (t, J = 8.2  Hz, 1H, 
Ar–H), 7.31 (d, J = 3.5 Hz, 1H, H-6), 6.84 (d, J = 3.4 Hz, 
1H, H-5). 13C NMR (151 MHz, DMSO-d6) δ 152.9, 151.0, 

150.4, 147.9, 141.8, 129.7, 125.4, 122.9, 115.9, 113.5, 
104.0, 98.5. HRMS (APCI) m/z: calcd for C12H10N5O2 
[M + H]+: 256.0829, found 256.0813.

N-(3-nitrophenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(13). Yellow powder, yield 31%, mp: 333 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.97 (br s, 1H, NH, H-7), 9.99 
(s, 1H, N–H), 8.43 (s, 1H, H-2), 8.27–821 (m, 4H, Ar–H), 
7.36 (d, J = 3.5 Hz, 1H, H-6), 6.89 (d, J = 3.5 Hz, 1H, H-5). 
13C NMR (151 MHz, DMSO-d6) δ 152.4, 151.4, 150.3, 
147.2, 140.6, 124.8, 123.4, 118.6, 104.7, 98.6. HRMS 
(APCI) m/z [M + H]+ calcd for C12H10N5O2 [M + H]+: 
256.0829, found: 256.0817.

N-(2-methoxy-4-nitrophenyl)-7H-pyrrolo[2,3-d]pyrimi-
din-4-amine (14). White powder, yield 50%, mp: 310 °C. 
1H NMR (600 MHz, DMSO-d6) δ 11.96 (br s, 1H, NH, 
H-7), 8.75 ( s, 1H, NH), 8.67 (d, J = 9.0 Hz, 1H, Ar–H), 
8.38 (s, 1H, H-2), 7.96 (dd, J = 8.9, 2.5 Hz, 1H, Ar–H), 
7.85 (d, J = 2.6 Hz, 1H, Ar–H), 7.35 (d, J = 3.5 Hz, 1H, 
H-6), 6.87 (d, J = 3.5 Hz, 1H, H-5), 4.03 (s, 3H, CH3). 
13C NMR (151 MHz, DMSO-d6) δ 152.4, 151.5, 150.4, 
148.8, 141.5, 135.7, 123.6, 119.8, 117.0, 105.8, 104.7, 
98.5, 56.5. HRMS (APCI) m/z: calcd for C13H12N5O3 
[M + H]+: 286.0935, found: 286.0920.

N-(4-morpholinophenyl)-7H-pyrrolo[2,3-d]pyrimi-
din-4-amine (15). Grey powder, yield 27%, mp > 400 °C. 
1H NMR (600 MHz, DMSO-d6) δ 11.50 (br s, 1H, NH, 
H-7), 8.97 (s, 1H, NH), 8.19 (s, 1H, H-2), 7.65 (d, 
J = 6.7 Hz, 2H, Ar–H), 7.13 (d, J = 3.4 Hz, 1H, H-6), 
6.93 (d, J = 9.0 Hz, 2H, Ar–H), 6.63 (d, J = 3.5 Hz, 1H, 
H-5), 3.85–3.64 (m, 4H, 2X CH2), 3.14–2.96 (m, 4H, 2X 
CH2). 13C NMR (151 MHz, DMSO-d6) δ 153.8, 150.7, 
150.6, 146.7, 132.4, 122.0, 121.3, 115.3, 103.0, 98.6, 65.9, 
49.0. HRMS (APCI) m/z: calcd for C16H18N5O M + H]+: 
296.1506, found: 296.1481.

N-benzyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (16). 
White powder, yield 34%, mp 207 °C. 1H NMR (600 MHz, 
DMSO-d6) δ 11.46 (s, 1H), 8.09 (s, 1H), 7.87 (t, J = 6.1 Hz, 
1H), 7.35 (d, J = 7.1 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 
(t, J = 7.3 Hz, 1H), 7.07 (dd, J = 3.5, 2.0 Hz, 1H), 6.58 
(dd, J = 3.5, 1.5 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) 
δ 155.9, 151.3, 150.2, 140.4, 128.1, 127.1, 126.5, 120.8, 
102.5, 98.5, 43.1. HRMS (APCI) m/z [M + H]+ calcd for 
C13H12N4 [M + H]+: 225.1135, found 225.1151.

N-(pyridin-3-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (17). Yellow powder, yield 34%, mp 260 °C 1H 
NMR (600 MHz, DMSO-d6) δ 11.54 (brs, 1H, NH, H-7), 
8.58 (d, J = 2.1 Hz, 1H, pyridyl), 8.44 (dd, J = 4.8, 1.6 Hz, 
1H, pyridyl), 8.11 (s, 1H, H-2), 7.98 (t, J = 6.1 Hz, 1H, NH), 
7.74 (dt, J = 7.9, 2.0 Hz, 1H, pyridyl), 7.33 (dd, J = 7.8, 
4.7 Hz, 1H, pyridyl), 7.09 (dd, J = 3.4, 2.2 Hz, 1H, H-6), 
6.56 (dd, J = 3.5, 1.7 Hz, 1H, H-5), 4.72 (d, J = 5.9 Hz, 2H, 
CH2). 13C NMR (151 MHz, DMSO-d6) δ 155.8, 151.3, 
150.2, 148.9, 147.9, 135.8, 135.1, 123.4, 121.1, 102.6, 98.5. 
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HRMS (ESI +) m/z [M + H]+ calcd for C12H12N5 [M + H]+: 
226.1101, found: 226.1091.

N-(pyridin-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (18). Yellow powder, yield 48%, mp 181 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.50 (brs, 1H, NH), 8.51 
(d, J = 4.8 Hz, 1H, pyridyl), 8.08 (s, 1H, pyridyl, 7.98 (t, 
J = 6.2 Hz, 1H, 1H, NH),), 7.70 (td, J = 7.7, 1.8 Hz, 1H, 
pyridy), 7.32 (d, J = 7.9 Hz, 1H, pyridyl), 7.23 (ddd, J = 7.5, 
4.8, 1.2 Hz, 1H), 7.09 (dd, J = 3.4, 2.0 Hz, 1H, H-6), 6.61 
(dd, J = 3.5, 1.6 Hz, 1H, H-5), 4.80 (d, J = 6.1 Hz, 2H, 
CH2). 13C NMR (151 MHz,) δ 159.6, 155.9, 151.3, 150.2, 
148.7, 136.5, 121.8, 120.9, 120.9, 102.6, 98.5, 45.2. HRMS 
(APCI) m/z: calcd for C12H12N5 [M + H]+: 226.1087, found 
226.1088.

N-(4-methylbenzyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (19). Brown powder, yield 34%, mp 200 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.48 (br s, 1H), 8.08 (s, 
1H, H-2), 7.87 (t, J = 6.0 Hz, 1H. NH), 7.30–7.17 (m, 2H, 
Ar–H), 7.11 (d, J = 7.9 Hz, 2H, Ar–H),), 7.06 (dd, J = 3.4, 
2.2 Hz, 1H, Ar–H),), 6.57 (dd, J = 3.4, 1.8 Hz, 1H, Ar–H),), 
4.66 (d, J = 6.0  Hz, 2H, CH2), 2.26 (s, 3H, CH2). 13C 
NMR (151 MHz, DMSO-d6) δ 155.9, 151.4, 150.2, 137.3, 
135.6, 128.8, 127.2, 120.8, 102.5, 98.6, 42.9, 20.7. HRMS 
(APCI) m/z: calcd for C14H15N4 [M + H]+: 239.1291, found: 
239.1310.

N-(4-chlorobenzyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(20). Yellow powder, yield 59%, mp 199  °C 1H NMR 
(600 MHz, DMSO-d6) δ 11.54 (br s, 1H, NH, 7-H), 8.09 (s, 
1H, H-2), 7.98 (t, J = 6.1 Hz, 1H, NH), 7.38 (s, 1H, Ar–H), 
7.38–7.27 (m, 3H, Ar–H), 7.10 (dd, J = 3.4, 2.2 Hz, 1H, 
H-6), 6.57 (dd, J = 3.5, 1.8 Hz, 1H, H-5), 4.71 (d, J = 6.1 Hz, 
2H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 155.9, 151.4, 
150.2, 143.2, 132.9, 130.2, 126.9, 126.6, 125.9, 121.1, 
102.6, 98.5, 42.3. HRMS (APCI) m/z: calcd for C13H12ClN4 
[M + H]+: 259.0745, found: 259.0735.

N-phenylethyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (21). 
White powder, yield 58%, mp 195 °C. 1H NMR (600 MHz, 
DMSO-d6) δ 11.46 (br s, 1H, NH), 8.11 (s, 1H, H-2), 7.48 
(t, J = 5.7 Hz 1H, NH), 7.32–7.23 (m, 4H, Ar–H), 7.21–7.16 
(m, 1H, Ar–H), 7.04 (dd, J = 3.4, 2.1 Hz, 1H, H-6), 6.52 
(dd, J = 3.4, 1.7 Hz, 1H, H-5), 3.70–3.63 (m, 2H, CH2), 
2.93–2.87 (m, 2H, CH2). 13C NMR (151 MHz, DMSO-d6) 
δ 156.0, 151.5, 150.1, 139.8, 128.7, 128.3, 126.0, 120.7, 
102.6, 98.5, 41.7, 35.4. HRMS (APCI) m/z: calcd for 
C14H15N4 [M + H]+: 239.1291, found: 239.1283.

N-(3-phenylpropyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(22). White powder, yield 37%, mp 144  °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.42 (br s, 1H, NH, H-7), 8.06 (s, 
1H, H-2), 7.41 (t, J = 5.6 Hz, 1H, NH), 7.27 (t, J = 7.5 Hz, 
2H, Ar–H), 7.23–7.20 (m, 2H, Ar–H), 7.16 (t, J = 7.2 Hz, 
1H, Ar–H), 7.04 (d, J = 3.4 Hz, 1H, H-6), 6.53 (d, J = 3.4 Hz, 
1H, H-5), 3.47–3.43 (m, 2H, CH2), 2.65 (t, J = 7.7 Hz, 2H, 
CH2), 1.89 (m, 2H, CH2).13C NMR (151 MHz, DMSO-d6) 

δ 156.3, 151.6, 150.1, 142.0, 128.8, 128.5 125.9, 120.9, 
102.6, 98.8, 39.2, 32.9, 31.2. HRMS (APCI) m/z: calcd for 
C15H17N4 [M + H]+: 253.1448, found: 253.1453.

N-(4-phenylbutyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine 
(23). Yellow powder, yield 49%, mp 128  °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.43 (br s, 1H, NH, H-7), 8.07 (s, 
1H, H-2), 7.35 (t, J = 5.7 Hz, 1H, N–H), 7.25 (t, J = 7.6 Hz, 
2H, Ar–H),), 7.19 (d, J = 6.8 Hz, 2H, Ar–H),), 7.15 (t, 
J = 7.3 Hz, 1H, Ar–H),), 7.03 (d, J = 3.4 Hz, 1H, H-6), 6.52 
(d, J = 3.4 Hz, 1H, H-5), 3.47 (q, J = 6.5 Hz, 2H), 2.61 (t, 
J = 7.3 Hz, 2H), 1.67–1.57 (m, 4H). 13C NMR (151 MHz, 
DMSO-d6) δ 156.2, 151.5, 150.0, 142.2, 128.4, 128.3, 
125.7, 120.6, 102.5, 98.6, 39.2, 34.9, 29.0, 28.6. HRMS 
(APCI) m/z: calcd for C16H19N4 [M + H]+: 267.1604, found 
267.1619.

N-(3-chlorophenethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (24). Grey powder, yield 66%, 163 °C. 1H NMR 
(600 MHz, DMSO-d6) δ 11.46 (br s, 1H, H-7), 8.11 (s, 1H, 
H-2), 7.48 (t, 5.9 Hz, 1H, NH), 7.34–7.33 (m, 1H, Ar–H), 
7.31 (d, J = 7.7 Hz, 1H, Ar–H), 7.25 (d, J = 9.0 Hz, 1H, 
Ar–H), 7.22 (d, J = 7.5 Hz, 1H, Ar–H), 7.05 (dd, J = 3.4, 
2.3 Hz, 1H, H-6),, 6.51 (dd, J = 3.4, 1.9 Hz, 1H), 3.68 
(q, J = 6.9  Hz, 2H), 2.93 (t, J = 7.3  Hz, 2H).13C NMR 
(151 MHz, DMSO-d6) δ 155.9, 151.4, 150.0, 148.6, 142.5, 
132.9, 130.1, 128.5, 127.5, 126.0, 120.7, 98.5, 48.6, 34.8. 
HRMS (APCI) m/z: calcd for C16H19N4 [M + H]+: 273.0902, 
found 273.0917.

N-isopentyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (25). 
Brown powder, yield 64%, mp 159 °C. 1H NMR (600 MHz, 
DMSO-d6) δ 11.42 (br s, 1H, NH, H-7), 8.07 (s, 1H, H-2), 
7.28 (t, J = 5.6 Hz, 1H, NH), 7.03 (dd, J = 3.4, 2.0 Hz, 
1H, H-6), 6.52 (dd, J = 3.3, 1.6 Hz, 1H, H-5), 3.50–3.44 
(m, 2H, CH2), 1.70–1.61 (m, J = 6.7 Hz, 1H, CH), 1.48 (q, 
J = 7.0 Hz, 2H, CH2), 0.92 (s, 3H, CH3), 0.90 (s, 3H, CH3). 
13C NMR (151 MHz, DMSO-d6) δ 156.2, 151.5, 150.0, 
120.6, 102.5, 98.6, 38.3, 38.2, 25.4, 22.6. HRMS (APCI) 
m/z [M + H]+ calcd for C11H17N4[M + H]+: 205.1448, found 
205.1452.

2-((2-((7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)ethyl)
amino)ethan-1-ol (26). White powder, yield 52,5%, mp 
161 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.46 (br s, 1H, 
NH, H-7), 8.09 (s, 1H, H-2),), 7.35 (t, J = 5.6 Hz, 1H, NH), 
7.05 (d, J = 3.4 Hz, 1H, H-6), 6.54 (d, J = 3.4 Hz, 1H, H-5), 
3.54 (q, J = 6.3 Hz, 2H, CH2), 3.46 (t, J = 5.7 Hz, 2H, CH2), 
3.18 ( br s, 1H, OH), 2.77 (t, J = 6.5 Hz, 2H, CH2), 2.63 (t, 
J = 5.7 Hz, 2H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 
156.2, 151.4, 150.1, 120.6, 102.5, 98.6, 60.4, 60.2, 51.6, 
48.8. HRMS (APCI) m/z: calcd for C10H16N5O [M + H]+: 
222.1349, found: 222.1368.

N-(3-isopropoxypropyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (27). Brown powder, yield 25%, mp 129 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.43 (brs, 1H, NH), 8.07 
(s, 1H, H-2), 7.35 (t, J = 5.7 Hz,1H, NH), 7.04 (dd, J = 3.4, 
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2.0  Hz, 1H, H-6), 6.51 (dd, J = 3.4, 1.6  Hz, 1H, H-5), 
3.53–3.47 (m, 3H, OCH2 and CH), 3.44 (t, J = 6.3 Hz, 2H, 
CH2), 1.79 (m, 2H, CH2), 1.08 (d, J = 6.1 Hz, 6H, 2 × CH3). 
13C NMR (151 MHz, DMSO-d6) δ 156.2, 151.5, 150.0, 
120.6, 102.5, 98.5, 70.60, 65.3, 37.4, 29.9, 22.1. HRMS 
(APCI) m/z: calcd for C12H19N4O [M + H]+: 235.1553, 
found: 235.1546.

N-(3-morpholinopropyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (28). Brown powder, yield 16%, mp: 170 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.44 (br s, 1H, NH, 7-H), 
8.07 (s, 1H, H-2), 7.36 (t, J = 5.6 Hz,1H), 7.04 (d, J = 3.4 Hz, 
1H, H-6), 6.51 (d, J = 3.4 Hz, 1H, H-5), 3.57 (t, J = 4.7 Hz, 
4H, 2 X CH2), 3.50–3.44 (m, 2H, CH2), 2.37–2.34 (m, 6H, 
3X CH2), 1.75 (m, 2H, CH2). 13C NMR (151 MHz, DMSO-
d6) δ 156.1, 151.5, 150.0, 120.6, 102.5, 98.5, 66.2, 56.2, 
53.4, 48.6, 26.1. HRMS (APCI) m/z [M + H]+ calcd for 
C13H20N5O [M + H]+: 261.1662, found: 262.1675.

4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)morpholine (29). 
Brown powder, yield 94%, mp 207 °C. 1H NMR (600 MHz, 
DMSO-d6) 1H NMR (600 MHz, DMSO-d6) δ 11.72 (br s, 
1H, NH, H-7), 8.16 (s, 1H, H-2), 7.20 (dd, J = 3.6, 2.3 Hz, 
1H, H-6), 6.62 (dd, J = 3.7, 1.7 Hz, 1H, H-5), 3.88–3.80 
(m, 4H, 2X OCH2), 3.74–3.67 (m, 4H, 2X CH2). 13C NMR 
(151 MHz, DMSO-d6) δ 156.6, 152.0, 150.4, 121.6, 102.3, 
100.8, 66.1, 45.5. HRMS (APCI) m/z: calcd for C10H13N4O 
[M + H]+: 205.1084, found: 205.1099.

N-(cyclohexylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (30). White powder, yield 87%, mp 179 °C. 1H 
NMR (600 MHz, DMSO-d6) δ 11.41 (br s, 1H, NH), 8.06 (s, 
1H, H-2), 7.33 (t, J = 5.6 Hz, 1H, NH), 7.02 (d, J = 3.4 Hz, 
1H, H-6), 6.55 (s, 1H, H-5), 3.29 (t, J = 6.4 Hz, 2H, CH2), 
1.71 (m, 4H, 2 × CH2), 1.63–1.58 (m, 2H, CH2), 1.63–1.58 
(m, 2H CH2), 1.16 (q, J = 12.8 Hz, 3H, CH and CH2), 0.93 
(q, J = 11.9 Hz, 2H, CH2). 13C NMR (151 MHz, DMSO-
d6) δ 156.3, 151.4, 150.0, 120.5, 102.4, 98.6, 46.2, 37.4, 
30.6, 26.2, 25.5. HRMS (APCI) m/z: calcd for C13H19N4 
[M + H]+: 231.1604, found: 231.1618.

N-cyclopentyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine (31). 
Brown powder, yield 46%, mp 157 °C 1H NMR (600 MHz, 
DMSO-d6) δ 11.28 (br s, 1H, NH, H-7), 8.08 (s, 1H, H-2), 
7.02 (d, J = 3.4  Hz, 1H, H-6), 6.58 (d, J = 3.4  Hz, 1H, 
H-5), 4.51–4.55 (m, 1H), 2.01–1.95 (m, 2H, CH2), 1.72 
(d, J = 3.8 Hz, 2H, CH2), 1.60–1.51 (m, 4H, 2X CH2). 13C 
NMR (151 MHz, DMSO-d6) δ 155.7, 151.2, 150.0, 120.2, 
102.3, 98.6, 51.4, 32.3, 23.4. HRMS (APCI) m/z: calcd for 
C11H15N4 [M + H]+: 203,1291, found: 203.1287.

Biological evaluation

In vitro antimycobacterial assay

In vitro antitubercular activity was evaluated essentially 
as described by Dube et al. (2021) [42]. A 10 mL culture 

of the test organism, Mtb pMSp12: GFP, was grown on a 
Middlebrook 7H9 enriched with 0.03% casitone, 0.4% glu-
cose, and 0.05% tyloxapol, to an optical density (0D600) 
of 0.6–0.7. The different concentration of the test com-
pounds was made up to 10 mM in DMSO, from which 
twofold serial dilutions were made and transferred to 
96-well plates, and 50 mL of the diluted Mtb culture was 
then added to each well. Rifampicin and 5% DMSO were 
used as a minimum growth control and maximum growth 
control, respectively. The microtitre plates were sealed and 
incubated at 37 °C with 5% CO2 and humidification. On 
day 14, fluorescence readings were determined at excita-
tion 485 nM; emission 520 nM using A SpecraMax i3x 
Plate reader: (Serial no. 36370 3271), Molecular Devices 
Corporation 1311 Orleans Drive Sunnyvale, California 
94,089. The Softmax ® Pro 6, 4-parameter curve fit pro-
tocol is used to generate a calculated MIC90. To generate 
a dose–response curve (% inhibition), the raw data were 
normalized to the minimum and maximum inhibition 
controls using the Levenberg–Marquardt damped least-
squares method, from which the minimum inhibitory con-
centration (MIC) MIC90 is calculated. The concentration 
at which growth inhibition was higher than 90% was taken 
as the MIC90.

Evaluation of cytotoxic activity

Cells were seeded at different densities, specifically, BJ-5ta 
at 1.8 × 104 cells/well and Vero at 3.0 × 103 cells/well and 
incubated for 24 h in 5% CO2 at 37 °C. Adherent cells were 
exposed to three concentrations (1, 5, and 10 µM) of the test 
compound BO126 (Mw 302.33 g/mol) dissolved in 0.15% 
DMSO and incubated for another 48 h. The compound was 
tested with 3 technical repeats, and 0.2% Triton X-100 (TX-
100), known to induce cell-apoptosis [43], was used as an 
experimental positive control (dead cell control). Thereafter, 
spent media and treatment were aspirated, and cells were 
rinsed twice with 100 µl PBS. This was followed by the 
addition of 200 µl MTT solution at a final concentration of 
0.5 mg/ml to each well according to the standard operation 
procedure and incubated for 4 h. To measure the effect of 
TX-100, at the end of the experiment, untreated cells were 
rinsed following the same method as other experimental 
groups and exposed to TX-100 for 15 min before the addi-
tion of MTT solution. At the end of the incubation period, 
MTT solution was removed and 200 µl of DMSO was added 
to solubilize the formed formazan crystals. Plates were then 
shaken for additional 15 min after a 1 h incubation, and 
absorbances were determined at 560 nm against the back-
ground signal at 630 nm.

Cell survival rate expressed relative to untreated cell con-
trol was calculated according to the following equation:
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where Δ Test sample = Test sample absorbance at 
560 nm –Test sample absorbance at 630 nm.

Δ Blank = DMSO blank at 560 nm–DMSO blank 630 nm.
Δ Control = Untreated cells at 560 nm–Untreated cells 

at 630 nm.
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