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Fluorescent 7-azaindole N-linked 1,2,3-triazole:
synthesis and study of antimicrobial, molecular
docking, ADME and DFT propertiest
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Two libraries of biologically essential and fluorescent 7-azaindole N-linked benzyl 1,2,3-triazole (4a—4i)
and 7-azaindole N-linked phenyl 1,2,3-triazole (4j—4q) hybrids have been designed and synthesized from
N-propargyl 7-azaindole, i.e., 1-prop-2-ynyl-1H-pyrrolo[2,3-b]pyridine (2) with benzyl azides (3a—3i) and
phenyl azides (3j—3q), respectively, via a Cu()-catalyzed alkyne azide cycloaddition (CuAAC) click
reaction. The structures of the synthesized hybrids were confirmed with the help of the IR, *H-NMR,
13C-NMR, and HRMS data. However, the structure of one of the solid crystalline compounds, 4f, was
finally supported by its single-crystal X-ray data. In vitro, antimicrobial activity results revealed that most
compounds exhibited superior efficacy towards Aspergillus compared to fluconazole. Compounds 4e,
4f, and 4g showed high potency against A. niger with MIC values of 0.0193, 0.0170, and 0.0187 pumol mL™%,
respectively. Compound 4f also showed increased activity against P. aeruginosa and E. coli (MIC:
0.0170 pmol mL™Y. The most promising compounds, 4d, 4f, and 4n, showed excellent binding energies of
—881, —876, and —879 kcal mol™ with a dynamic DNA site 14a-demethylase lanosterol enzyme
(PDB ID:1EA1). Chemical properties such as chemical potential (1), chemical hardness (), and electrophilicity
index (w) were studied by DFT at the B3LYP level with a 6-311G(d,p) basis set. All compounds excellently
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Introduction

Post-corona (COVID-19) effects have significantly threatened
immune-compromised people and corona-recovered patients.
Different complications are observed in COVID-19 patients,
such as severe respiratory syndromes due to invasive pulmonary
aspergillosis, also called COVID-19-associated pulmonary asper-
gillosis (CAPA), and other Aspergillus genus-based infections. The
rapid growth of Aspergillus infections leads to critical conditions
in infected patients with respiratory disorders. Unfortunately, in
many cases, diseases due to the Aspergillus genus are not diag-
nosed at the early stage due to its rapid growth, which leads to
severe respiratory impairment.' Sometimes, prolonged use of
steroids and other heavy antibiotic drugs during the treatment
of COVID-19 and other diseases causes loss of the immune
system. It weakens the defense mechanism of the body to fight
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pathogenic attacks, especially fungal attacks, which increases the
risk for similar and other severe fungal infections.> The most
commonly reported fungal infections in patients with COVID-19
include aspergillosis, candidiasis, and mucormycosis, also called
“black fungus”.®> The intensity of various infectious pathogenic
diseases, especially viral and fungal diseases, is increasing daily.
It was observed that these microbial infections are asymptomatic,
which slowly progress to active disease. The situation becomes
more complicated when some microbial strains resist any
drug(s). It alarms an immediate concern for developing some
new class of antimicrobial drugs to eliminate resistant microbial
strains with a different mode of action.* Our lab employed a
molecular hybridization approach for the development of new
chemicals with improved properties.” Molecular assimilation
involves a combination of two or more biologically significant
compounds to develop a new hybrid molecule with augmented
properties compared to the parent fragments.®

7-Azaindole (7-Al) is well-known for its chromophoric prop-
erties and is a basic 7-azatryptophan (7-ATph) unit. 7-ATph is a
non-natural amino acid. It has been used for the development
of synthetic peptides and bacterial proteins.” 7-Al is a better
substitute for tryptophan (Tph) and is used as an optical probe
for protein structure over most of the physiological pH range.®
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Fig.1 Designed 7-azaindole N-linked aryl 1,2,3-triazoles.

Although the charge transfer (m-n*) excited state of the 7-Al
dimer has traditionally been considered as a model for base
pairing in DNA® molecules, the double proton transfer proper-
ties of 7-Al in water and other protic solvents such as methanol
made it a suitable candidate for biological applications.'
Surprisingly, 7-AI moiety has not been given proper attention
for developing advanced antimicrobial drugs except for one
report for synthesizing only some derivatives with 4-Cl or 4-Br
substituted 7-Al, e.g., 1-((1-(4-substituted benzyl)-1H-1,2,3-triazl-
4-yl)methyl)-4-halo-1H-pyrolo[2,3-b]pyridine."" However, Michael P.
Clark and his group reported the development of a novel Al-based
compound, VX-787 (Fig. 1), which was a first-in-class, orally
bioavailable inhibitor of human influenza virus replication. It
offers treatment for seasonal and pandemic influenza with
essential advantages in care treatments, such as potency and
efficacy.’"® Benhamou et al. have utilized the fluorescence
properties of azoles for constructing a molecular tool as a
fluorescent probe to access detailed information about the site
of drug action via real-time imaging. For the last three decades,
azole-based antifungal drugs, especially fluconazole (FLC), as
shown in Fig. 1, have extensively been explored as a first-line
treatment drug for fatal fungal diseases. However, resistance to
azole drugs, especially for Candida and Aspergillus species, has
become a significant clinical concern.'® The much interesting
and fascinating properties of the 7-AI moiety motivated us to
utilize this moiety to construct some hybrid lead molecules.
The pharmacophoric properties of the five-membered 1,2,3-
triazole, such as its lipophilic character, aromatic stability, fair
dipole moment, and resistance to both acid and base hydro-
lysis, made it a suitable pharmacophoric candidate for the
development of medicinally important compounds.'”™*° Also,
the lipophilicity and H-bonding features of triazoles help them
associate and bind with biological targets such as DNA to
improve solubility and metabolic stability under physiological
conditions.”® The property of azoles to inhibit the antifungal
target lanosterol 14a-demethylase® and their broad spectrum
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of applications in medicine and materials science further add
new dimensions to their importance.*>* The important biological
applications of 1,4-disubstituted 1,2,3-triazoles include their
antifungal,” antibacterial,***” anticancer,”®*° antiviral,® anti-
tubercular,” anti-HIV,*'?> antidiabetic,®® anti-inflammatory,?*?*
antimalarial,”® antiallergic,*® and antioxidant properties.’”*® The
regioselectivity compromised thermal synthesis of 1,2,3-triazole
initially proposed by Huisgen®>*° was effortlessly modified and
improved by Sharpless and Meldal using a Cu(i)}-catalyst under the
name of “click chemistry,” which is also called the copper-catalyzed
alkyne-azide cycloaddition (CuAAC) reaction, and it got tremendous
recognition.*™*> The wide use of CuAAC led to its use up to the
biological level under “Bioorthogonal Chemistry” by Carolyn Ber-
tozzi, who recently shared a Nobel Prize in the field.**™*®

In the current scenario, using fluorescent bioactive mole-
cules for fluorescent labeling methods has become a vital tool
in medical and biological applications.'® The abovementioned
observations and our group’s research interest*®™"
us to synthesize 7-Al linked 1,2,3-triazole hybrid molecules as
fluorescent and antimicrobial agents. Herewith, we report the
synthesis of two libraries of biologically significant 7-azaindole
N-linked benzyl/phenyl appended 1,2,3-triazole hybrids via a
CuAAC-based click reaction as potential fluorescent antifungal
agents.

motivated

Results and discussion

For the synthesis of 7-azaindole N-linked benzyl 1,2,3-triazole
(4a-4i) hybrids as presented in Scheme 1, commercially available 7-
azaindole (1) was subjected to N-propargylation as per the reported
procedure,® with the help of propargyl bromide in the presence of
sodium hydride in dimethylformamide. The as-obtained N-pro-
pargyl 7-azaindole, ie., 1-prop-2-ynyl-1H-pyrrolo[2,3-b]pyridine (2),
was purified by column chromatography using an ethylacetate:
n-hexane (1:9 v/v) solution for eluting the pure compound in 80%

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Scheme 1 Synthesis of 7-azaindole linked benzyl 1,2,3-triazoles (4a—4i).

yield. Compound 2 was used as a dipolarophile to synthesize the
7-azaindole N-linked 1,2,3-triazole hybrids (4a-4q).

First, 7-azaindole N-linked benzyl 1,2,3-triazole (4a-4i) deriva-
tives were prepared using the CuAAC mediated click reactions
from in situ generated organic azides with N-propargyl 7-azaindole
(2) using CuSO,-5H,0 (5 mol%) and sodium ascorbate (10 mol%)
as a catalyst at room temperature. Organic azides were prepared as
per the reported method from benzyl halides (3a-3i).”® The desired
representative 1,2,3-triazole compound 4a was isolated in 97%
yield through a short silica gel band of column chromatography
using an ethyl acetate and n-hexane (3:7 v/v) solvent system for
elution. The synthesized compound 4a was thoroughly character-
ized with FTIR, 'H-NMR, *C-NMR, and ESI-MS data. The for-
mation of 1,2,3-triazole was ascertained by the disappearance of
the alkyne = C-H and C=C stretching bands at 3292 cm ' and
2121 cm™ ', respectively, and the appearance of a new character-
istic stretching band of 1,2,3-triazole due to =—C-H stretching at
Vnax 3119 em ™' in the FTIR spectrum of compound 4a. The
absorption bands at 1508 and 1306 cm ' due to the stretching
vibrations of -C—N and -C-N of the 7-azaindole moiety were
retained in compound 4a, which appeared initially in 7-azaindole
linked alkyne 2 at the exact wavenumber, i.e., 1508 and 1306 cm ™.

The "H-NMR spectrum of 4a showed all the proton signals
for eleven C-H signals of extended aromatic protons from ¢
6.45 to 8.30 ppm and the rest of four aliphatic proton signals as
singlets at ¢ 5.43 along with § 5.57 ppm for two CH, protons.
A sharp singlet signal at 6 7.41 ppm, which could be attributed
to the triazolyl proton, showed confirmation of the triazole ring
in the compound. The "*C-NMR spectrum of 4a showed all the
required seventeen carbon signals at § 147.40, 144.58, 143.05,
136.58, 129.41, 129.31, 129.18, 128.70, 128.53, 124.00, 120.60,
116.38, 100.22, 53.33, and 39.41 including two of the over-
lapped phenyl carbon signals at 6 129.319 (2C) and 128.533 (2C)
which were counted for two carbons.

The ESI mass spectrum of compound 4a exhibited a peak at
m/z 290.14 (M + H)", which is precisely similar to the calculated
value of (M + H)" of 290.14 and thus showed good agreement
with the molecular formula (C,,H,sNsH").

The final confirmation about the formation of 7-azaindole
N-linked aryl 1,2,3-triazole derivatives was authenticated after
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Fig. 2 ORTEP diagram of compound 4f (H-atoms omitted for more
clarity).

revealing the correct structural parameters of the anticipated
structure about one of the solid crystalline compounds with the
help of X-ray crystallographic data of 4f (recrystallized from a
solution of ethanol and chloroform). The crystal structure of
compound 4f and other details are given in Fig. 2 and Table SI-1
(ESIT). The X-ray crystallographic structure of compound 4f
(CCDC no. 2192737) crystallizes in a triclinic crystal system in
the P1 (2) space group. It was observed that two crystallogra-
phically independent molecular units were present in an asym-
metric unit of compound 4f, as shown in Fig. SI-1 (ESIY).
Before moving to various derivatization of 7-azaindole
N-linked benzyl 1,2,3-triazoles, efforts were made to improve
the yield of the reaction products by changing different solvent
systems such as ¢BuOH, H,O0, DMSO, THF, and DMF. The
reaction temperature was also optimised, as detailed in Table 1.
It was observed that the reaction did not complete in a single
solvent such as tBuOH, DMSO, THF, or H,O due to the solubility
issue of inorganic catalysts and an organic compound. Thus, a
minimum amount of H,O for the catalyst solubility in a suitable
solvent such as DMF for the solubility of the organic compound
was the best choice for the completion of the reaction. All other
derivatives of 7-azaindole N-linked benzyl 1,2,3-triazoles, ie.,
4b-4i, were synthesized and characterized with the help of the
same spectral pattern of bands and peaks in the FTIR, 'H-NMR,
3C-NMR, and ESI-MS data. The product reproducibility and

Table 1 Standardized reaction conditions for the reaction of 7-azaindole
N-linked alkyne 2 and in situ generated aryl azides with CuSO4-5H,0/Na-
ascorbate in some suitably selected solvent systems to form 1,2,3-triazole
4a”

S. no. Solvent(s) solution (v/v) Temperature (°C) Time (h) Yield” (%)

1 t-BuOH : H,O (1:1) 35 7 74
2 t-BuOH : H,O (8:2) 35 5.5 78
3 +-BuOH 35 24 ¢
4 DMSO: H,0 (1:1) 35 5 82
5 DMSO: H,O (8:2) 35 4 86
6 DMSO 35, 60 24 ¢
7 THF: H,O (1:1) 35 6 75
8 THF: H,O (8:2) 35 4.5 79
9 THF 35, 60 24 ¢
10  DMF:H,O0 (1:1) 35 5 88
11 DMF:H,O0 (8:2) 35 3 97
12 DMF 35 24 68
13 H,0 35, 60 24 c

¢ Reaction conditions: aryl azide and 7-azaindole N-linked alkyne 2
(1 mmol); CuSO,-5H,0 (10 mol%) and Na-ascorbate (20 mol%), rt, and
3-24 h. 7 Yield refers to purification by recrystallization. © No reaction.
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Table 2 Synthesis of 7-azaindole N-linked aryl 1,2,3-triazoles 4a—4q from
7-azaindole linked alkyne 2°

S.no. Compound PhCH,/Ph R Time (h)  Yield® (%)
1 4a PhCH, H 3 94
2 4b PhCH, 4-F 5 87
3 4c PhCH, 2-Cl 6 83
4 ad PhCH, 3-Cl 7 92
5 4e PhCH, 4-Cl 5 90
6 af PhCH, 4-Br 6 87
7 ag PhCH, 4NO, 4 80
8 4h PhCH, 4-Me 7 92
9 4i PhCH, 4-OMe 4 82
10 4j Ph H 3 84
11 4k Ph 4-F 6 85
12 41 Ph 2-Cl 5 92
13 4m Ph 3-Cl 6 85
14 4n Ph 4-Cl 4 84
15 40 Ph 4-Br 5 84
16 ap Ph 4NO, 1 83
17 4q Ph 4-OMe 4 80

“ 2 (1 mmol), 3a-q (1 mmol), sodium azide (1.2 mmol), CuSO,-5H,0 (10
mol%), Na- ascorbate (20 mol%), DMF: H,O (8:2 v/v ratio), rt (35 °C),
and 3-7 h. ? Yields refer to purification via column chromatography
using ethyl acetate : hexane with increased polarity gradient.

generalization of the reaction conditions were tested by extending
the scheme for the synthesis of other derivatives of 7-azaindole
N-linked benzyl 1,2,3-triazoles (4a-4i) in good to excellent yields
of 80-94%, as detailed in Table 2.

To extend the library of novel 7-azaindole N-linked aryl 1,2,3-
triazoles, we thought to synthesize phenyl azides from different
aniline derivatives using the reported diazotization and azida-
tion methods.>® Thus prepared phenyl azides (3j-q), as shown
in Scheme 2, were subjected to react with N-propargyl
7-azaindole (2) using CuSO,-5H,0 (5 mol%) and sodium ascorbate
(10 mol%) as a catalyst at room temperature for 1 to 6 h stirring to
yield pure 7-azaindole N-linked phenyl 1,2,3-triazole (4j-4q) in 80-
92% isolated yield after column chromatography. The library of
7-azaindole N-linked phenyl 1,2,3-triazoles (as detailed in Table 2,
entries 10-17) were efficiently synthesized and characterized by
following the similar spectral patterns of bands and signals in the
FTIR, 'H-NMR, *C-NMR, and ESI-MS data.
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Scheme 2 Synthesis of 7-azaindole N-linked phenyl 1,2,3-triazoles
(4j-4q).
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The representative compound of this series, 7-azaindole
N-linked phenyl 1,2,3-triazole 4j, obtained in 84% yield, was
successfully characterized using the FTIR, "H-NMR, *C-NMR, and
ESI-MS data. The disappearance of the alkyne =C-H and C=C
stretching bands at 3292 cm™" and 2121 cm™ ", respectively, and
the appearance of a new characteristic stretching band of =—=C-H at
Vinax 3144 cm ™" in the FTIR spectrum confirmed the formation of
the 1,2,3-triazole ring. The absorption bands at 1506 and
1300 cm ™" due to the stretching vibrations of -C—=N and -C-N
of the 7-azaindole moiety were observed nearly in the same region
as in 7-azaindole linked alkyne (2) at 1508 and 1306 cm ™.

The "H-NMR spectrum of compound 4j confirmed all eleven
aromatic protons from J 6.48 to 8.35 ppm integrating and showing
a sharp singlet signal at ¢ 5.68 ppm integrating two aliphatic
protons. A sharp singlet that appeared at 6 7.92 ppm was attributed
to the triazolyl proton, which confirmed triazole ring formation.

The "C-NMR spectrum of 4j showed all the indispensable
sixteen carbon signals at ¢ 147.08, 142.75, 136.87, 129.63,
129.05, 128.74, 128.05, 125.22, 120.81, 120.50, 116.01, 115.59,
100.35 and 39.54 including two of the overlapped phenyl
carbon signals at ¢ 129.638 (2C) and 120.506 (2C).

The ESI mass spectrum of compound 4j exhibited a peak at
miz 276.12 (M + H)", which is precisely similar to the calculated
value of (M + H)" as per the molecular formula (Cy6H;3NsH'):
276.12. Both theoretical and experimental m/z peaks due to (M
+H)" are in good agreement with each other.

Pharmacological study
Antibacterial activity study

All 7-azaindole N-linked aryl 1,2,3-triazoles 4a—q including the
precursor alkyne 2, as shown in Table 3, were screened for in vitro
antibacterial activity against gram (+) strains B. subtilis and S. aureus
and gram (—) strains E. coli and P. aeruginosa using the standard
serial dilution method. In this method, a solution of different
triazoles was prepared for stock using DMSO.> The triazole’s
minimum inhibitory concentration (MIC) was recorded in pmol mL ™"
From the activity data, it was observed that compound 4f and 4o,
containing a Br-substituted benzene ring with MIC values of
0.0170 pmol mL ™" (P. aeruginosa and E. coli) and 0.0177 ymol mL "
(B. subtilis and E. coli), respectively, showed significant results as
compared to 7-azaindole linked alkyne 2 with an MIC value of
0.0800 umol mL~". The bioactivity results revealed that the anti-
bacterial activity of 1,2,3-triazoles is nearly five times better than that
of the precursor alkyne. Further modifications can improve the
activity of triazoles in the moiety compared to the reference drug
ciprofloxacin. The SAR (structure-activity relationship) study showed
that all 7-azaindole linked 1,4 disubstituted 1,2,3-triazole moieties
reflected better potency than the alkyne, which confirmed that the
incorporation of the 1,2,3-triazole unit into 7-azaindole linked
alkyne 2 augmented the antibacterial activity to a better extent.

Evaluation of the antifungal activity

All the newly synthesized 7-azaindole linked 1,4 disubstituted
1,2,3-triazole moieties were subjected to in vitro antifungal

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 3 In vitro biological data of alkyne 2 and triazole hybrids 4a—4q,
MIC in pmol mL™12

S. no Compounds M. Wt. A B C D E F

1. 2 156.18 0.0800 0.0800 0.0800 0.0800 0.0800 0.0400
2. 4a 289.33 0.0432 0.0432 0.0432 0.0216 0.0216 0.0432
3. 4b 307.32 0.0407 0.0407 0.0407 0.0407 0.0814 0.0204
4. 4c 323.78 0.0386 0.0772 0.0193 0.0386 0.0772 0.0386
5. 4ad 323.78 0.0386 0.0193 0.0386 0.0386 0.0193 0.0386
6. 4e 323.78 0.0386 0.0772 0.0193 0.0386 0.0772 0.0193
7. af 368.23 0.0170 0.0340 0.0170 0.0679 0.0679 0.0170
8. 4ag 334.33 0.0374 0.0374 0.0187 0.0374 0.0748 0.0187
9. 4h 303.36 0.0412 0.0412 0.0206 0.0412 0.0412 0.0824
10. 4i 319.36 0.0391 0.0391 0.0196 0.0391 0.0783 0.0783
11.  4j 275.31 0.0454 0.0454 0.0227 0.0908 0.0908 0.0454
12. 4k 293.30 0.0426 0.0426 0.0426 0.0852 0.0426 0.0426
13. 4l 309.75 0.0202 0.0404 0.0404 0.0404 0.0807 0.0404
14. 4m 309.75 0.0807 0.0202 0.0404 0.0807 0.0807 0.0404
15. 4n 309.75 0.0202 0.0404 0.0404 0.0404 0.0404 0.0202
16. 4o 354.20 0.0353 0.0177 0.0177 0.0706 0.0706 0.0353
17. 4p 320.31 0.0390 0.0781 0.0195 0.0781 0.0781 0.0390
18. 4q 305.33 0.0409 0.0409 0.0205 0.0409 0.0819 0.0409

19. Ciprofloxacin 0.0094 0.0094 0.0094 0.0094 — —
20. Fluconazole — — — — 0.0408 0.0408

A: P. aeruginosa; B: B. subtilis; C: E. coli; D: S. aureus; E: C. albicans; and
F: A. niger.

activities using C. albicans and A. niger as fungal strains with
the help of the standard dilution method.>® The antifungal data
were recorded in terms of umol mL ™. As per the tested results,
compounds 4d and 4n having a Cl-moiety as an EWG on the
benzene ring with minimum inhibitory concentration (MIC)
values of 0.0193 and 0.0404 pmol mL ™", respectively, reflected
better activity for the C. albicans fungal strain as compared to
the reference drug fluconazole with an MIC value of 0.0408
pumol mL~*. The observations from the results indicated that
compound 4d (MIC: 0.0193 pumol mL™") reflected more than
two-fold superior antifungal activity compared to the reference
drug fluconazole (MIC: 0.0408 pmol mL~*). However, for the A.
niger fungal strain, almost all 1,2,3-triazole compounds (4b-4g
and 41-4q) except for 4a and 4h-4k compounds showed better
antifungal activity as compared to the standard reference drug
fluconazole (MIC: 0.0408 pmol mL ™). However, compound 4f
with an MIC value of 0.0170 pmol mL ™! was found to be more
influential among all 7-Al linked 1,2,3-triazoles against P.
aeruginosa and E. coli bacterial strains along with the A. niger
fungal strain. In addition, compounds 4d and 4n containing a
Cl-moiety on the benzene ring also exhibited better activity with
MIC values of 0.0193, 0.0193, and 0.0386 and 0.0202, 0.0404,
and 0.0202 pmol mL ™", for B. subtilis, C. albicans, and A. niger
and P. aeruginosa, C. albicans, and A. niger, respectively, as
compared to the reference antibacterial drug ciprofloxacin
(MIC: 0.0094 pmol mL™") and antifungal drug fluconazole
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(MIC: 0.0408 pmol mL™"). After reviewing the antifungal data
and their structure-activity relationship, an augmentation in
the biological activity was observed due to the incorporation or
linkage of the 7-azaindole moiety with different 1,2,3-triazole
units. Substantially, the test results revealed that compounds
4d and 4n are most potent against both fungal strains and can
be a better substitute for the pre-existing antifungal drug
fluconazole.

Fluorescence activity

The UV-Vis spectrum of 7-Al (1), 7-Al-linked alkyne (2), and
7-azaindole-linked aryl 1,2,3-triazoles (4a-4i), as shown in
Fig. SI-2 (ESIf), showed an absorbance peak from 265 to
285 nm which could be due to the presence of the 7-azaindole
moiety in MeOH (concentration 2.7-8.4 mmol). The fluores-
cence change in compounds 7-AI (1), 7-Al-linked alkyne (2), and
7-azaindole-linked aryl 1,2,3-triazoles (4a-4q) was checked
under UV light as shown in Fig. 3, which revealed that most
of the synthesized 1,2,3-triazoles appeared fluorescent under UV
light through naked eyes except for the 4-NO, (a well-known
fluorescence quencher)®” benzyl substituted 1,2,3-triazole 4g.
However, 7-Al-linked alkyne 2 seemed to be the most robust
fluorescent compound through naked eyes under UV light. Also,
a relative fluorescence intensity change in compounds 7-AI (1),
7-Al-linked alkyne (2), and 7-azaindole-linked aryl 1,2,3-triazoles
(4a-4q) in MeOH (concentration 2.7-8.4 mmol) with ., =
285 nm was monitored, as shown in Fig. 4. The relative
decreasing order in the fluorescence intensity change in com-
pounds 7-Al (1), 7-Al-linked alkyne (2), and 7-azaindole-linked
aryl 1,2,3-triazoles (4a-4q) as shown below revealed that com-
pound 4d having a 3-Cl benzyl-substituted 1,2,3-triazole with
799.1815 a.u. intensity is highly fluorescent with the least
intensity shared by compound 4p having a 4-NO, (a well-
known fluorescence quencher) phenyl-substituted 1,2,3-
triazole moiety.

Decreasing order of the fluorescence intensity of compounds
(1,2, and 4a-4q): 4d (799.1815) > 4c (781.8753) > 4f (774.9273) >
4h (763.4579) > 4i (754.3394) > 4b (750.0651) > 4a (737.9546) >
4e (619.8882) > 41(592.2746) > 4k (528.8380) > 2 (424.1054) > 4j
(311.8661) > 4n (306.0840) > 40 (298.9996) > 4q (284.8308) >
4m (279.5175) > 1 (08.3395) > 4g (07.3845) > 4p (05.8384).

Molecular docking

The studies of antimicrobial activity results revealed that the
incorporation of the 1,2,3-triazole moiety improved the anti-
fungal activities of almost all the synthesized triazoles more

Fig. 3 A naked eye-detectable fluorescence change in 7-Al (1), 7-Al-linked alkyne (2), and 7-azaindole-linked aryl 1,2,3-triazoles (4a—4q) under UV light.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 4 A relative fluorescence intensity change in compounds 7-Al (1),
7-Al-linked alkyne (2), and 7-azaindole-linked aryl 1,2,3-triazoles (4a—4q)
in MeOH (concentration 2.8—-8.4 mmol), with e, = 285 nm.

efficiently for both fungal strains than the antibacterial activities.
The docking simulations of the predecessor alkyne 2 and
7-azaindole N-linked triazoles (4a-4q) were studied by performing
molecular docking with an active site of the fungal enzyme DNA
gyrase lanosterol 14a-demethylase (PDB ID: 1EA1) by using soft-
ware Auto dock Vina open-source®®®' as shown in Table SI-2
(ESIT). The fungal enzyme 14a-demethylase (PDB ID: 1EA1) was
obtained from the RCSB protein data bank (https://www.rcsb.
org) in PDB format. CHEMSKETCH was used to draw 3D-
structures of the ligands at www.acdlabs.com, and SPDBV
software was used to perform their energy minimization.
AutoDockTools-1.5.7 software was used to prepare the ligands
and receptors in pdbqt format. During the preparation, water
molecules were removed, Gasteiger charges were included, and
only polar H-atoms were added. The results were visualized
using a Discovery studio visualizer.®?

PRO A:260
A:320

Interactions

! Conventional Hydrogen Bond
D Pi-Donor Hydrogen Bond

2

- Pi-Sigma
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In docking simulations, different conformations of the
hybrid molecules were obtained, and the energetically most
favorable docked structure was studied. It was evident that the
incorporation of a triazole unit into the alkyne 2 (with a dock-
ing score of —6.11 kcal mol™") showed improvement in the
docking score (—8.38 to —9.28 kcal mol ') as apparent from
7-azaindole N-linked triazoles (4a-4q). For reference, we have
considered the hybrid molecule 4d and its alkyne 2 possessing
binding energies of —8.81 and —6.11 keal mol ", respectively.
The alkyne 2 showed only one H-bond between the N-atom of
the pyridine ring and THR260 (Fig. 5). The pi-electron density of the
7-Al ring system interacted with ALA400 and PRO320. Additionally,
pi-Sigma interactions were observed with THR260. However, in the
case of triazole 4d, the N-atom present in the triazole ring is involved
in three donor hydrogen bond interactions with CYS394, VAL395,
and GLY396, denoted by a green-colored dotted line. The pi-orbitals
of the pyridine ring formed pi-alkyl interactions with LEU105,
LEU152, and ALA256. The chlorine-linked phenyl ring has inter-
acted with LEU100 and ALA256 through pi-alkyl and Sigma alkyl
bonds, respectively. The pi-orbitals of the triazole ring system also
formed pi-alkyl interactions with CYS394, VAL395, and ALA256. The
chlorine atom, present on the benzene ring, is involved in hydro-
phobic interactions with LEU100 and MET99. The pyrrole ring
system is also involved in pi-alkyl-type interactions with LEU100.
However, pi-Sigma interactions are formed between the pi-orbital
of the pyrrole ring and LEU105 and ALA256. All triazoles exhibited
various interactions; however, the dominant interactions for the
binding process are conventional hydrogen bonding with THR260,
CYS394, SER261, GLY72, ARG96, ARG326, VAL395, HIS259, HIS392,
and GLN72, as presented in Fig. SI-3, ESIT and listed in Table SI-2,
ESIL.t The smaller value of bond length and the more significant
negative value of the docking score are the leading indicators of
the stability of hybrid molecules. Hence, theoretical data
obtained through molecular docking seemed to agree with the
experimentally obtained data, i.e., biological activity testing. For
reference, the cartoon images of dipolarophile 2 and the more

Interactions

_ Conventional Hydrogen Bond

Pi-Cation

]
- Pi-Sigma

.
: Pi-Alkyl

4d

Fig. 5 2D images of alkyne 2 and 1,2,3-triazole hybrid 4d showing conventional H-bonding and other interactions with an active site of DNA 14a-

demethylase lanosterol fungal enzyme.
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Fig. 6 Cartoon images of 2 and 4d docked in the active site of DNA
gyrase lanosterol 14-o demethylase enzyme (PDBID:1EAL).

promising potent 1,2,3-triazole 4d docked in the active site of
DNA gyrase lanosterol 14-o. demethylase enzyme (PDBID:1EA1)
are shown in Fig. 6.

ADME prediction

The in silico ADME (Absorption, Distribution, Metabolism, and
Excretion) properties of all the newly synthesized 7-azaindole
linked 1,4 disubstituted 1,2,3 triazole hybrid molecules (4a-q)
were predicted by using the Molinspiration online software
(https://www.molinspiration.com/cgi-bin/properties) as shown
in Table SI-3 (ESIT). Here, we have studied various parameters
such as %Absorbance (%ABS), lipophilicity (miLogP), Total
Polar Surface Area (TPSA), Molecular Weight (MW), number
of H-bond acceptors, number of H-bond donors, etc. In addi-
tion to them, the number of violations to Lipinski’s rule of five
(Nyio)®® and the drug-likeness score were also ascertained,
which are helpful for the selection of a particular bio-active
compound from the library of synthesized compounds.®*°°
The drug-likeness property also helps to study various pharmaco-
kinetic properties such as absorption, distribution, metabolism,
and excretion of the synthesized drug/compound in human
beings. All the synthesized compounds 2 and 4a-q exhibited a
TPSA (Total Polar Surface Area) value of <160 A” (ie., 18-95 A?)
and also the absorption value in the favorable range, i.e. %ABS =
76.44 to 102.84, which was calculated using the mathematical
expression %ABS = 109 — (0.345 x TPSA).*’ It is observed from the
data that an orally active drug should follow at least four or more
points in Lipinski’s rule of five.**

According to Lipinski’s rule of five, an orally active drug
should satisfy these points:

(1) Molecular weight should be <500

(2) Octane-water partition coefficient <5

(3) No. of H-bond acceptors <10 and

(4) No. of H-bond donors <5.

The synthesized alkyne 2 and triazole compounds (4a-4q)
strictly adhere to the Lipinski’s rule with zero violation as is
observed from Table SI-3 (ESIt), wherein the molecular weight
of all the compounds lies in the range 156.17-368.24, i.e., less
than 500, which showed their easy absorption, diffusion, and
transportation from the human body. The miLogP value of all
compounds is also less than 5 (i.e., 1.49-3.48). The number of
hydrogen bond acceptor atoms, i.e., O and N atoms, lies in the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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range 2 to 8, ie., less than 10. Additionally, the number of
rotatable bonds is 1 to 5, ie., less than 10, indicating their
easily binding flexibility. Hence, all these parameters con-
firmed effective drug-like properties.

In general, if the bioactivity score (G protein-coupled recep-
tor (GPCR) ligand, a kinase inhibitor, ion channel modulator,
nuclear receptor ligand, protease inhibitor, and enzyme inhi-
bitor) of the synthesized compounds is > —0.5, then the drug is
biologically active, but if the score is <—0.5, then the drug is
not active. The bioactivity scores, as provided in Table SI-4
(ESIY), showed that alkyne 2 and triazole compounds 4a-4q are
active and confirmed their binding flexibilities.

DFT studies

The Density Functional Theory (DFT) method acts as a potent tool
for the interpretation of reactivity parameters of the synthesized
drug compounds,” invaluable information, complementary to
the experimental data, about molecular systems and processes.
Thus, to confirm the stability and the geometry optimization of
the proposed 7-azaindole linked 1,2,3-triazole hybrid molecule,
DFT calculations were carried out in the gas phase at the B3LYP 6-
311G(d,p) level by using the Gaussian09 program package.”*

According to the Frontier Molecular Orbital (FMO) theory,
the higher energy orbital HOMO (Highest Occupied Molecular
Orbital) and the lower energy orbital LUMO (Lowest Unoccu-
pied Molecular Orbital) participate in the bond formation
between the precursors (alkyne and azides). The energy gap between
these orbitals contributes to the bioactivity of the synthesized hybrid
molecules (4a-4q). With the help of this method, various energy
parameters such as energy gap, chemical potential, and chemical
hardness and chemical softness as represented by symbols Eyuyno-
Homos M, and n, respectively, were calculated using Koopman’s
theorem.”” Additionally, the electrophilicity index represented by
o was calculated using Robert G. Parr approximation.””>

The formulation is represented below to show the relation-
ships among these parameters as-

¢ i = (Enomo + ELumo)/2

¢ 11 = (ELumo — Enomo)/2

o w =2y

It is well known that the higher the energy band gap, the
harder the compound, and correspondingly, the lower the band
gap, the softer, towards the chemical reactivity, and less stable
the compound.”® % Hence, from our calculation data table, as
shown in Table SI-5 (ESIt), it was observed that the incorpora-
tion of the triazole unit into the alkyne considerably decreases
the bandgap energy (AELumo-nomo) Of the resultant triazoles
4a-4q (3.35-5.44 eV) except for compound 4f (5.44 eV) as
compared to the initial alkyne (5.11 eV). Also, compounds 4g
and 4p having -NO, as an EWG on the benzyl and phenyl rings
showed the least energy band gap, i.e., 3.35 eV. This indicates
that nitro as a functional group decreased the band gap and
favored the easy movement of electrons. Thus, it leads to the
softness and more reactivity of the compound. The electrophili-
city index () indicates the stabilization energy of the compound.
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Here, the computed data revealed that drugs 4g and 4p showed
high electrophilicity index values of 5.97 eV and 6.27 €V, respec-
tively, thus, supporting better results in correlation with the
experimental results.

Conclusions

Two new libraries of fluorescence-active 7-azaindole N-linked
benzyl 1,2,3-triazole (4a-4i) and 7-azaindole N-linked phenyl
1,2,3-triazole (4j-4q) hybrids have been designed and synthe-
sized via a Cu(i)-catalyzed alkyne-azide cycloaddition (CuAAC)
click reaction and successfully characterized using FT-IR, 'H-
NMR, "*C-NMR, and HRMS data. The structure of compound 4f
was finally supported by its single-crystal X-ray data. Com-
pounds 4d and 4n showed better antifungal activity against
C. albicans and A. niger (MIC: 0.0193, 0.0386, 0.0404, and
0.0202 pmol mL ™, respectively) with reference to the existing
drug fluconazole (MIC: 0.0408 pmol mL~"). Compound 4f was
found to be a suitable alternative to the existing antifungal drug
fluconazole for A. niger with the least MIC: 0.0170 wmol mL ™"
along with considerable antibacterial activity against P. aerugi-
nosa and E. coli (MIC: 0.0170 pmol mL™ ", each) for the
reference drug ciprofloxacin (MIC: 0.0094 pmol mL™"). The
most promising compounds 4d, 4f, and 4n showed good
binding energies of —8.81, —8.76, and —8.79 kcal mol " with
DNA 14o-demethylase lanosterol enzyme (PDB ID:1EA1) and
showed good agreement with the experimental and theoretical
results. The results of the studies on the DFT and ADME
properties reasonably supported the experimental results.
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