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a b s t r a c t 

This study was designed to synthesize hybridizing molecules from ciprofloxacin and norfloxacin by en- 

hancing their biological activity with tetrazoles. The synthesized compounds were investigated in the 

interaction with the target enzyme of fluoroquinolones (DNA gyrase) and COVID-19 main protease us- 

ing molecular similarity, molecular docking, and QSAR studies. A QSAR study was carried out to explore 

the antibacterial activity of our compounds over Staphylococcus aureus a QSAR study, using descriptors 

obtained from the docking with DNA gyrase, in combination with steric type descriptors, was done ob- 

taining suitable statistical parameters ( R 2 = 87 . 00 , Q 

2 
LMO = 71 . 67 , and Q 

2 
EXT = 73 . 49 ) to support our results. 

The binding interaction of our compounds with CoV-2-Mpro was done by molecular docking and were 

compared with different covalent and non-covalent inhibitors of this enzyme. For the docking studies we 

used several crystallographic structures of the CoV-2-Mpro. The interaction energy values and binding 

mode with several key residues, by our compounds, support the capability of them to be CoV-2-Mpro 

inhibitors. The characterization of the compounds was completed using FT-IR, 1 H-NMR, 13 C-NMR, 19 F- 

NMR and HRMS spectroscopic methods. The results showed that compounds 1, 4, 5, 10 and 12 had the 

potential to be further studied as new antibacterial and antiviral compounds 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

One of the challenges in pharmaceutical research is the devel- 

pment of multi-target drugs, which involves the incorporation of 

wo or more pharmacophores into a single molecule [ 1 , 2 ]. Com-

utational tools, such as in silico molecular docking, and combi- 

atorial chemistry, can be applied to make the discovery process 

asier. The SARS-CoV-2 pandemic is significantly affecting human 

ealth and severely restricting human activities, and thus, it is ur- 

ent to search for drugs to combat SARS-Cov-2, also named COVID- 

9. No effective drugs are commercially available; however, there 
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re some examples of heterocyclic compounds such as chloroquine, 

emdesivir, nelfinavir, which are being used for the treatment of 

OVID-19 with moderate effectiveness [3–5] and recently, Pfizer’s 

rug paxlovid, has significantly reduced hospitalization and death 

 6 , 7 ]. Several potential drug targets have been identified, for ex- 

mple, viral proteases such as main and papain-like proteases [4–

] . This work; explores drug derivatives that can act by inhibiting 

wo conventional targets simultaneously. 

Many of the current drugs currently being used to treat COVID- 

9 are immune system modulators [8] . In the search for anti-SARS 

edications, the main goal is to keep the response to new species 

nd mutations, where the key target enzymes in coronaviruses 

eveal some sequence similarities. The genome of SARS-CoV-2 is 

ased on + ssRNA of approximately 32,0 0 0 base pairs [8] . During

he intracellular life cycle, coronaviruses express and replicate their 

enomic RNA to produce full-length copies incorporated into newly 

https://doi.org/10.1016/j.molstruc.2022.134507
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reated viral particles. Among the enzymes involved in replication 

nd transcription, NSP5 is the main protease (Mpro) involved prin- 

ipally in the assembly process of the polyprotein in charge of RNA 

ranslation. In addition, NSP5 acts in the post-translational mod- 

fication of viral proteins via ADP ribose phosphatase [ 7 , 8 ]. The

pro and the SARS-CoV counterpart possess 96% sequence homol- 

gy, and their volumes and electrostatic profiles are highly homo- 

eneous [9] . Thus, a specific inhibitor towards this enzyme would 

ignificantly influence the replication cycle of coronaviruses even 

n future mammalian variants. As indicated, Mpro is an attractive 

arget for anti-COVID drug development [ 8 , 9 ]. 

New reports about the 3D structure of SARS-CoV-2 Mpro 

eveal a complex dimer consisting of two protomers com- 

osed of 306 residues in three domains: residues 8-101 are in 

hymotrypsin-like domain I, residues 102-184 and residues 201- 

03 are in picornavirus 3C protease-like domain II and glob- 

lar cluster domain III, respectively. Domains I and II connect 

ith domain III by a loop of residues 185-200 consisting of 

ve helices α. Mpro has a substrate-recognition pocket that is 

ighly conserved among all coronaviruses, located between do- 

ains I and II. The substrate-recognition pocket contains a base 

air with charged residues, such as the nucleophilic sulfur of 

ys145 and the imidazole ring of Hist 41 as a general base. 

hus, inhibition of the function of one of these residues will 

inder the enzymatic activity of CoV-2Mpro and the infectious 

rocess [ 10 , 11 ]. 

Several crystallographic structures of Mpro reveal that this 

ocket could serve as a drug target for the design of broad- 

pectrum inhibitors. Inhibitors used in MERS-Co-V 3CL protease 

hown with piperidine remarkable interactions with Cys148, which 

s equivalent to Cys145 in SARS-Co-V-2, which supports the use 

f this site for drug development. Computational studies can de- 

ermine which drugs are most effective in the target site [10–12] . 

everal lists of drugs have been published, and many are candi- 

ates for in vivo testing, even for clinical trials. Among the sug- 

ested drugs are antibiotics with reported efficacy in secondary 

nfections, such as fluoroquinolones, tetracycline, and macrolides 

13] . For this reason, using computational studies to analyze FDA- 

pproved drugs is a logical method to examine COVID-19. 

Fluoroquinolones have been used for the treatment of several 

ypes of infections. They are considered a broad-spectrum antibi- 

tic with activity against infections in the prostate [14] , urinary 

kin [15] , intra-abdomen [16] , and bone and joints [17] . In addition,

uoroquinolones have exhibited atypical activity such as antituber- 

ular [18] , antimalarial [19] and anticancer [ 20 , 21 ]. Some deriva-

ives have demonstrated antiviral activity against single-stranded 

NA viruses such as zika, dengue, hepatitis C and rhinovirus [ 22 , 

3 ], although the mechanism of action is not fully understood. 

n the other hand, tetrazoles have been used as isosteres for cis- 

mide bond peptide mimics and exhibit good resistance to bio- 

ogical degradation, reduced secondary drug effects and improved 

harmacological properties. Quinolone tetrazole hybrids are a new 

ype of pharmacophores in development for drug-resistant bacteria 

nd are a possible alternative for treating COVID-19. 

A large number of fluoroquinolones have been tested in vitro 

gainst SARS-CoV-2. The FDA approved enoxacin and levofloxacin 

s positive antiviral control, which showed to be better SARS- 

oV-2 inhibitors compared with arbidol. Furthermore, molecular 

ocking studies identified enoxacin, ciprofloxacin and moxifloxacin 

s possible SARS-CoV-2 inhibitors [24] . Studies on the pharma- 

okinetic properties, anti-inflammatory activity and binding to- 

ards SARS-CoV-2 protease of levofloxacin and moxifloxacin have 

llowed its use for the treatment of COVID-19 pneumonia [3] . 

iven that SARS-CoV-2 and MERS-CoV are both single-stranded, 

t seems probable that ciprofloxacin, levofloxacin and moxifloxacin 

ay suppress the replication of both beta-coronaviruses [25] . 
2 
Several fluoroquinolone derivatives have been used in silico 

tudies as inhibitors due to their interaction with COVID-19 Mpro. 

n silico studies, such as molecular docking and molecular dy- 

amics techniques, have demonstrated that several fluoroquinolone 

erivatives strongly bind to COVID-19 Mpro. For the analysis, 

hloroquine and nelfinavir were used as positive controls. The re- 

ults presented by Marciniec [12] demonstrated that ciprofloxacin 

nd moxifloxacin bind more strongly than the native ligand. Even 

n comparison with positive controls, the tested fluoroquinolones 

ave a more significant number of protein interactions. 

Quinolones are essential synthetic drug classes used for treat- 

ng community- or hospital-acquired infectious diseases like uri- 

ary tract, respiratory, gastrointestinal, chronic osteomyelitis, and 

exually transmitted infections [ 26 , 27 ]. Quinolones successfully in- 

ibit the replication of DNA and functionally exert their effect by 

nhibiting two types of bacterial topoisomerases II, namely DNA 

yrase and topoisomerase IV [28] . Moreover, some derivatives of 

he fluoroquinolone (FQs) family exhibited antiproliferative activ- 

ty [ 29 , 30 ]. For instance, ciprofloxacin (CP) showed antiprolifera- 

ive and apoptosis-inducing activities on prostate and bladder can- 

er cells [ 31 , 32 ]. In addition, fleroxacin, ofloxacin and levofloxacin 

ere also revealed to inhibit the growth of transitional cell bladder 

arcinoma cell lines [20] . 

In the present work, we have investigated the synthesis, char- 

cterization and molecular docking of 12 new fluoroquinolone 

erivatives with a tetrazole moiety. The syntheses were performed 

hrough fluoroquinolone scaffolds using the Ugi reaction to in- 

orporate the tetrazole moiety and generate a compound library. 

ocking studies were performed to understand the binding mech- 

nism using the protein receptor for DNA gyrase S aureus and 

OVID-19 main protease. Our research is based upon the hypoth- 

sis that the tetrazole and the fluoroquinolone moieties will act 

s topoisomerase and main protease Covid-19 inhibitors. Binding 

ffinities and the orientation of the docked hybrid derivatives, lig- 

nd efficiency (LE) and hydrogen bonding energies were used to 

valuate the binding modes. The potential antibacterial activity 

minimal inhibitory concentration (MIC) − of new fluoroquinolone 

erivatives was evaluated by means of a QSAR approximation, us- 

ng commercial drugs and compounds previously synthesized by 

hauhan [33] . Furthermore, crystal structures of CoV-2-Mpro co- 

rystallized with covalent and non-covalent inhibitors were used 

o evaluate the potential antiviral activity of CoV-2-Mpro. The in- 

ibition study was focused on the analysis of intramolecular in- 

eractions of our derivatives with selected amino acids (aa) of 

oV-2-Mpro: Leu27, His41, Met49, Cys145, His164, Met165, Arg188, 

ln189 and Gln 192. The selection was based on the fact that these 

mino acids have several interaction profiles of CoV-2-Mpro with 

nhibitors. 

. Results and discussion 

.1. Synthesis 

The conventional method of synthesizing tetrazoles is a 1,3- 

ipolar cycloaddition of an azide (sodium azide, hydrazoic acid or 

rimethylsilyl azide) to imidoyl chlorides, amides, thioamides, ni- 

riles, isocyanates and ketene imines as starting materials [ 34 , 35 ]. 

rönsted or Lewis acids were used to activate the substrates, or 

hase-transfer conditions were used [36–38] . However, many of 

hese reported methods suffer from one or more of the follow- 

ng drawbacks: use of toxic or explosive reagents, a stoichiomet- 

ic amount of metal catalyst or inorganic salt, long reaction times, 

arsh reaction conditions, high temperatures or poor selectivity. 

The synthesis of 1,5-disubstituted tetrazoles has been reported 

y the Ugi-azide reaction using four components simultaneously: 

n aldehyde or ketone, an amine, trimethylsilyl azide and an iso- 



J. Cardoso-Ortiz, S. Leyva-Ramos, K.M. Baines et al. Journal of Molecular Structure 1274 (2023) 134507 

Fig. 1. Molecular structures of the synthesized quinolones. 

c  

e

t

f

F

d

t

f

H

t

4

3

c

2

p

(

w

r

r

I

p

a

t

C

a

v

l

t

2

e

l

t

c

p

5

k

t

f

t

g

H

h

M

b

6

t

H

i

yanide synthesis [ 34 , 35 , 39 ]. This general, concise, novel strat-

gy can also use Aldo/keto-acids/esters in the Ugi-azide reac- 

ion to access many new scaffolds [39] . The synthetic routes 

or ciprofloxacin or norfloxacin-tetrazole hybrids are depicted in 

ig. 1 . The structures of the synthesized compounds were eluci- 

ated based on their spectroscopic analysis. The 13 C-NMR spec- 

ra of derivatives revealed a signal at 156.06-151.53 ppm, typical 

or the tetrazole ring, which was assigned with the use of 13 C- 1 H 

SQC and HMBC experiments. The piperazine methylene or me- 

hine bridge in the 13 C-NMR spectra exhibited a signal at 64.10- 

9.54 ppm. The methylene or methine hydrogens were found at 

.96 and 5.63-3.69 ppm, respectively, and the assignments were 

onfirmed by HSQC. 

.2. Selection and construction of molecules 

All the synthesized molecules exist as zwitterions by their 

rotonation state at physiological pH (7.4) and racemic mixture 

where appropriate). 

The commercially available fluoroquinolones shown in Fig. 2 

ere utilized as reference compounds to study the potential bacte- 

icidal activity of these quinolone-tetrazole derivatives. The bacte- 

icidal activity value against Staphylococcus aureus is the Minimum 

nhibitory Concentration (MIC) available for the reference com- 

ounds ( Table 1 ) [40–43] . All these molecules were constructed 

nd evaluated as zwitterions for the same reasons as for the syn- 

hesized quinolones ( vide supra ). 

In addition, we selected seven molecules synthesized by K. 

hauhan et al. in 2014, based on the norfloxacin structure with 
3

 tetrazole moiety incorporated ( Fig. 3 ); in this work, they pre- 

iously synthesized Compound 10 [33] . These molecules were se- 

ected based on their MIC value and the structural similarities that 

hey share with our synthesized tetrazole-fluoroquinolones. 

.3. Molecular docking over DNA gyrase 

Table S1 gives the interaction energy value (MolDock Score) of 

ach compound with the DNA gyrase. Also, each fluoroquinolone’s 

igand efficiency (LE) is shown, corresponding to the coefficient of 

he interaction energy per number of atoms in the molecule (ex- 

luding hydrogen atoms). As can be seen from the results, 12 dis- 

lays the highest MolDock Score of -258.04 kcal/mol, with 1 and 

 being below a slight difference in their values. Compared to the 

nown fluoroquinolones, 1, 4, 5, 10 and 12 show a better interac- 

ion profile. Most of the synthesized compounds are predicted to 

orm strong hydrogen bonding interactions between Arg458D and 

he tetrazole moiety, as well as the Arg122A and the carboxylate 

roup ( Fig. 4 ). 

Indeed, from Table S1, almost all new compounds exhibit strong 

-bonding interactions, with compounds 1, 4, 7 and 10 having the 

ighest total HBond energy values, which correlates well with their 

olDock Score values. The hydrogen bonds for 1, 4, 7 and 10 range 

etween calculated values of –16.4 and –15.3 kcal/mol. For 2, 3, 5, 

 , and 9 , the hydrogen bonds are not as strong when compared 

o those of the compounds 1, 4, 7 and 10 , having calculated total 

Bond values between -9.1 and -5.4 kcal/mol; however, the exist- 

ng hydrogen bonds impart necessary stabilization to the complex. 
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Fig. 2. Commercial bactericidal fluoroquinolone drugs were used as references in this study. 
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Because of the missing linker and the tetrazole moiety in the 

nown fluoroquinolones (CFX to TFX), no extra hydrogen bonding 

s possible with the Arg residue. Hence, low energy interactions 

re observed, which correlates with their MolDock score values. On 

he other hand, weak hydrogen bonding interactions are predicted 

or 11 and the rest of the known fluoroquinolones with calculated 

alues below -4.0 kcal/mol. Also, weak hydrogen bonds are seen 

etween the amine protons of the nitrogenous bases with the car- 

onyl group for some fluoroquinolones ( 9 and 11 ). Stabilizing π- π
nteractions between the aromatic nitrogenous bases with the aro- 

atic moiety of the fluoroquinolones are seen in all compounds. 

hese interactions are well explored for various known compounds 

hat intercalate within the DNA [44–46] . However, most available 

uoroquinolones ( CFX to TFX ) exhibit higher LE values than the 

ew compounds 1-12 , suggesting better occupancy at the DNA site 

ue to less torsional strain in their structures. 

Oxygen atoms in the synthesized fluoroquinolones have differ- 

nt energy contributions to the total energy interaction between 

he ligand and the receptor than Chauhan reported previously. In 

able S2, the calculated total (E Total ) and electrostatic energy (E Elec ) 

alues for the oxygen atoms (O 

1 ), which contribute the most to the 

nteraction energy of the complex, are shown. Compounds 4, 6 and 

 display higher E Total values (-21.20, -21.62 and -21.26 kcal/mol, 

espectively), while compounds 1, 10 and 12 have predicted val- 
4 
es of -20.98 and -20.89 kcal/mol, slightly less when compared to 

hose of 4, 6 and 7 . Values above -15 kcal/mol are seen for com-

ounds 8 and 11 , while the rest have values below -14.7 kcal/mol. 

he observed results for 4, 6 and 7 are their preference to coor- 

inate the divalent cation to enhance the energy interactions. For 

he rest of the molecules, coordination to the Mg 2 + is not pre- 

erred, perhaps due to steric repulsion of the ligand with adjacent 

esidues. 

Compound 5 is predicted to have poor interactions with 

g 2 + , while compound 9 does not display any interaction as the 

olecule is docked. Hence, the coordination site of fluoroquinolone 

s far from the cation. The poor predicted ability to coordinate 

g 2 + is compensated with strong to medium hydrogen bonds and 

lectrostatic interactions with positively charged residues, espe- 

ially with Arg122A, as seen in Fig. 4 . Furthermore, no predicted 

ydrogen bonding is caught between the tetrazole ring and the 

rg458D in compound 9 , which is low values for this molecule. 

t is noteworthy to mention that compound 5 has an exception- 

lly low E Total value, although MolDock and LE values are among 

he highest of all. On the other hand, 9 has the lowest E Total value,

hich correlates well with its low MolDock and LE values. 

Notably, the high predicted MolDock, LE and HBond energy val- 

es correspond to the ( R ) stereoisomers. These results may arise 

ue to steric hindrance between the ligand and the pocket. While 



J. Cardoso-Ortiz, S. Leyva-Ramos, K.M. Baines et al. Journal of Molecular Structure 1274 (2023) 134507 

Table 1 

E int �V �V 2 S3 K and MIC values for fluoroquinolone derivatives. 

Molecule 

E int 

(kcal/atom) 

�V 

( ̊A 3 ) 

�V 2 

( ̊A 3 ) S3 K

MIC

(μg/mL) 

1 -255.09 187.22 35051.33 4.535 –

2 -182.03 234.15 54826.22 4.679 –

3 -202.12 269.87 72829.82 5.11 –

4 -253.94 269.46 72608.69 5.11 –

5 -255.56 316.18 99969.79 5.273 –

6 -245.68 282.65 79891.02 5.273 –

7 -244.44 171.74 29494.63 4.56 –

8 -229.45 224.89 50575.51 4.685 –

9 -212.93 258.3 66718.89 5.124 –

10 -251.86 253.37 64196.36 5.124 0.39 

11 -182.36 306.76 94101.70 5.272 –

12 -258.04 302.32 91397.38 5.272 –

13 -288.46 251.53 63267.34 5.101 1.56 

14 -295.77 339.74 115423.27 6.167 1.56 

15 -268.76 236.66 56007.96 4.865 0.78 

16 -255.32 261.96 68623.04 5.327 0.78 

17 -260.05 308.82 95369.79 5.356 1.56 

18 -256.6 283.96 80633.28 5.324 1.56 

19 -220.73 263.3 69326.89 5.069 0.78 

TSF -245.38 88.15 7770.42 3.369 0.1 

CFX -151.16 59.63 3555.74 2.822 0.5 

TFX -222.39 49.28 2428.52 2.84 0.125 

GFX -205.29 83.71 7007.36 3.05 0.25 

LFX -189.19 71.26 5077.99 2.747 0.125 

MFX -198.77 117.15 13724.12 3.161 0.6 

LMF -199.73 60.46 3655.41 3.026 0.2 

NFX -192.34 55.18 3044.83 2.843 0.39 

PFX -177.99 57.77 3337.37 3.071 0.5 

SFX -221.08 97.88 9580.49 3.23 0.125 

SIT -228.22 94.17 8867.99 2.787 0.5 

TFX -200.56 99.02 9804.96 3.008 0.6 
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he ( R ) isomers are arranged in such a way as to minimize steric

ffects, the ( S ) isomers exhibit significant steric effects with the 

rg458D residues that destabilize the formed complex. For exam- 

le, compound 9 has the ( S ) stereochemistry. Although hydrogen 

ond interactions between the tetrazole ring and Arg458D residue 

re observed in most cases, some other favourable interactions 

enerate a stronger interaction for some compounds. For exam- 

le, in compounds 6 and 12 , intramolecular π- π type interactions 

etween aromatic rings of the ligand are only favoured when the 

tereochemistry of the chiral carbon is ( R ). This configuration also 

llows Van der Waals type interactions between the piperazine 

ing and the hydrophobic chain fragment of Arg458D. In com- 

ounds 2 and 3 , the absence of the second aromatic ring leads to 

ignificant steric effects that arise due to the lack of π- π interac- 

ions, making the molecule adopt a conformation that destabilizes 

he resulting complex. 

For compounds 1, 4, 7 and 10, the repulsions with nearby 

esidues are minimized since the aromatic ring in their structures 

s pointing toward the solvent. At the same time, the tert-butyl 

roup is assembled to prevent other conformational forms that 

ay cause steric clashing with the residues and the nitrogenous 

ases. Some of these conformations are only achieved when the 

tereochemistry is ( R ) and not ( S ), as in compounds 4 and 10 .

o substantial differences between the cyclopropyl and the ethyl 

roups at the nitrogen are observed. 

Two of the reported compounds by Chauhan et al. [33] have 

he N -tert-butyl-tetrazole moiety incorporating a phenyl and a 4F- 

henyl group between the piperazin-1-yl group and the tetrazole, 

espectively. These compounds exhibit the most potent antibacte- 

ial activity with MIC values of 0.78 μ/mL. Replacement of hydro- 

en with fluorine at the para position does not decrease its an- 

ibacterial activity. However, substituting the phenyl ring with an- 

ther group increases the MIC values, suggesting possible steric 

indrance or poor stabilizing interactions. Because of the similarity 
5

ith the compounds of this study, it is suggested that compounds 

 to 12 should exhibit good to excellent bioactivity. 

The compounds reported by Chauhan et al. were investigated 

s a racemic mixture. No mention of the stereochemistry nor the 

ffects of using the mixture and the possible interactions within 

he protein are explained. According to our results, the ( R ) iso- 

ers should exhibit more significant interactions within the en- 

yme than the ( S ) isomers. To further support this proposal, we 

erformed molecular docking experiments of selected ( R )/( S ) iso- 

ers of compounds 13 to 19 . From the results, the ( R ) isomers

 Fig. 5 ) are predicted to form strong hydrogen bonding interactions 

rom the tetrazole moiety of all compounds with the Arg458D 

esidue of the protein. In contrast, for the ( S ) isomers, these in- 

eractions are too far to be formed. 

Also, the carboxylate moiety of the fluoroquinolones interacts 

trongly with the Arg122A residue through hydrogen bonds. Fur- 

hermore, these fluoroquinolones are predicted to coordinate with 

he Mg 2 + through the lone pairs of the oxygen atoms ( Fig. 6 ). All

hese results agree with the molecular docking of 1 to 12 . The sup- 

lementary data section gives all the interaction energy values ob- 

ained from the molecular docking studies (Table S3). 

.4. QSAR of quinolone-tetrazole derivatives 

MIC experiments depend on the compound’s pharmacodynam- 

cs and pharmacokinetics; the former can be covered by the molec- 

lar docking study (interaction energy), and the latter can be ap- 

roached using molecular descriptors related to the pharmacoki- 

etics of the compounds, such as logP, logS, molecular volume, etc. 

herefore, it is unsurprising that a correlation between the docking 

nd the MIC results was not obtained. Consequently, to achieve a 

orrelation between the MIC and the structure of the quinolone- 

etrazole derivatives, a QSAR study was done. 
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Fig. 3. 2D representation of the quinolone-tetrazole derivatives synthesized by K. Chauhan et al . [33] . 
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In Eq. 1 , the best mathematical model that exceeds all statistical 

arameters and provides a great biological description is displayed. 

IC = 0 . 0 026 [ E int ] − 0 . 0 0 013 [ �V ] + 0 . 0 0 0 03 

[
�V 

2 
]

− 0 . 55806 [ S3 K ] + 2 . 343 (1) 

 = 19 R 

2 = 83 . 54 s = 0 . 22 F = 18 Rn = 0 . 0 ( −0 . 24 ) (2)

 

2 = 74 . 68 �Q = 0 . 03 ( −0 . 005 ) Q 

2 
ext = 71 . 33 (3)

The significant factors that influence the antibacterial activity of 

he quinolones are E int , which corresponds to the MolDock Score, 

3 K which states for the Kier alpha-modified shape indices and 

V, which represents the difference in volume compared with a 

emplate structure ( Fig. 7 ) and is calculated using Eq. 4 . 

V = V x − V 0 (4) 

S3 K is a topological descriptor defined in terms of the num- 

er of graph vertices and the number of paths with length k equal 

o three in an H-depleted molecular graph [47] . These descrip- 

ors evaluate the molecular shape, even considering the different 

hape contributions of heteroatoms and hybridization states. The 

3K index encodes information about the centrality of branching. 

he α parameter used to calculate the Kier shape indices is de- 

ived from the ratio of the covalent radius R i of the i th atom rela-

ive to the sp 

3 carbon atom. This descriptor fits exceptionally well 

n our study since fluoroquinolones are structurally related, and 

ome differences between them are the number or type of halo- 

en atoms. In this exact point, some of the compounds differ in 

he molecular cycle bind to the fluoroquinolone template. For these 

easons, S3K is an excellent element for our QSAR model. Accord- 

ng to our model, fluoroquinolones are better antibacterial agents 

minor MIC) if they possess greater values of S3K, like for our new 

uoroquinolone derivative. 

E int can be related to the pharmacodynamics of the compounds 

nd, according to the coefficient symbol in the QSAR equation [48] , 
6 
f a quinolone derivative has a greater E int value (negative), this 

ompound will be more active against S. aureus . 

Additionally, �V is a molecular descriptor that can be related 

o the pharmacodynamics and pharmacokinetics of the compounds 

ince molecular volume is related to the antibacterial activity of 

uoroquinolones in many works, especially by H. Koga and M. Ohta 

 49 , 50 ]. Based on this work, many others have identified the im-

ortance of the molecular volume and size of the quinolone deriva- 

ives to their antibacterial activity. Chauhan et al. also observed this 

elationship through a CoMFA and CoMSIA analysis [33] . 

In our QSAR results, increasing the quinolone template’s molec- 

lar volume ( Fig. 7 ), increases the antibacterial activity of the com- 

ound. Nevertheless, the quadratic term of the �V descriptor has a 

ositive and a small coefficient value, indicating that by increasing 

he molecular volume beyond some point ( �V 0 = 99 . 03 Å
3 
, con- 

idering only �V in the equation), the antibacterial activity will be 

egatively affected. QSAR approximations of this type were estab- 

ished and explained by Hansch and Fujita [51–53] . 

Because the synthesized molecules in this work ( 1-12 ) have a 

reater volume and number of atoms compared to the commercial 

uoroquinolones, our data, combined with the data by Chauhan 

t al. , who studied structurally related compounds, covers an ex- 

ensive range of values for the volume of the molecules. We now 

ave molecular values that can be interpolated in the QSAR. All 

alues of the molecular descriptors present in the QSAR are shown 

n Table 1 . 

It is evident in Table 1 that commercial fluoroquinolones pos- 

ess lower E int values (more positive), in some cases lower than 

190 kcal/mol (for example, PFX, CFX , and NFX ). In addition, some 

f these compounds have �V values lower than the �V o value, 

ollowing their high antibacterial activity. Therefore, an adequate 

ombination of descriptors values may indicate of antibacterial ac- 

ivity in fluoroquinolones. From this perspective, fluoroquinolones 

resented in this work ( 1-12 ) may be potent antibacterial agents. 

or this reason, we predicted the MIC value of fluoroquinolones 

 1-12 ) using the QSAR model. To validate the predictive ability of 
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Fig. 4. 3D structure representation of the complex formed by the fluoroquinolone-DNA-gyrase. 2D schematic representations of compounds 1, 4, 7, 10 and 12 , displaying the 

most relevant interactions. Dotted lines = hydrogen bonds; dashed pink = π–π interactions; grey dotted bonds = hydrophobic interactions. 

7 
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Fig. 5. 3D structure representation of the complex formed by the fluoroquinolone-DNA-gyrase. 2D schematic representation of 5, 6 and 9 , displaying the most relevant 

interactions. Dotted lines = hydrogen bonds; pink dashed = π–π interactions. 
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he model, four different experiments ( Fig. 8 ) were performed. In 

ach experiment, the MIC value of an external set of molecules 

30%) was predicted and adequate prediction results were obtained 

 Q 

2 
ext > 60 ). 

The experimental (Y), calculated (Y cal ) and predicted (Y pred ) MIC 

alues are displayed in Table 2 . The absolute value of the differ- 

nces between each Y cal and Y pred with Y, represented by the re s cal 

nd re s pred terms respectively, are shown. In addition, the standard 

eviation of error in calculation ( SDEC ) and standard deviation er- 

or in prediction ( SDEP ) are displayed. 

As indicated in Table 2 , LFX, TFX, 18 and 19 have greater 

esidua l pred . The predictive ability of the QSAR model is shown in 

ig. 8 . According to the values of R 

2 and considering the size and

ature of this system, the QSAR model provides a good description 
8 
nd predictive ability (based on its Q 

2 
LMO 

and Q 

2 
EXT 

values). Also, 

olecular descriptors ( E int , S3 K, and �V ) presented in the model 

an be used to explain the antibacterial activity of fluoroquinolones 

ased on their pharmacodynamics and pharmacokinetics. 

We used the 4-quinolone structure as a reference to analyze the 

ffect of the structural modifications for each compound through 

he electron density map, polar surface area (PSA) value, and 

he molecular volume variations for each one [51] . The electro- 

tatic potential maps of commercial fluoroquinolones show that an 

lectron-rich region (colored red) is concentrated over the carbonyl 

nd carboxylate ion (ketoacid group), and the electron-deficient 

one (colored blue) is located over the ring containing the quater- 

ary nitrogen. Also, a neutral site is displayed (yellow-green) over 

he quinolone base structure (Fig. S1). 
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Fig. 6. 3D structure representation of the complex formed by the fluoroquinolone- 

DNA-gyrase of compounds 13 to 19. Only the ( R ) isomers of the fluoroquinolones 

are displayed, with the nitrogen of tetrazole in light green and the carboxylate oxy- 

gens in red. 

Fig. 7. Template structure of quinolone derivatives. An equation to obtain �V . V x 
and V 0 state for the molecular volume of compound X+ and the molecular volume 

of the scaffold structure, respectively. 
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Fig. 8. Linear correlation of Y pred vs Y of four experiments. Blue colored points represent

set. The R 2 , R 2 
adj 

, Q 2 LMO , and Q 2 EXT values are indicated. 

9 
Similar features were noted in the MEP map analysis of the syn- 

hesized fluoroquinolones. Negative, positive and zero MEP values 

ones were located over the ketoacid group, quaternary nitrogen, 

nd the quinolone moieties of the compounds, respectively (Fig. 

2). Nevertheless, an increase in the MEP values of the neutral 

EP zones is noted, primarily over the hydrophobic substituents of 

he tetrazole ring (phenyl or methyl). Regarding PSA and molecu- 

ar volume values, the synthesized compounds showed higher PSA 

alues (87.48 Å 

2 to 92.32 Å 

2 ) compared to the commercial drugs 

52.64 Å 

2 to 80.64 Å 

2 ). In addition, the synthesized compounds 

ossess a higher molecular volume (461.16 Å 

3 to 590.12 Å 

3 ) (Ta- 

le S4). 

Analysis of the molecular descriptors and the MIC values of the 

ommercial drugs revealed that the most active compounds ( TSF 

nd SFX ) have the highest PSA values: 80.39 Å 

2 and 80.64 Å 

2 , re-

pectively. Drugs with low activity (with higher MIC) had a lower 

alue for the PSA: for example, PFX, TFX and MFX have PSA values 

f 52.64, 70.86 and 66.72 Å 

2 , respectively. Some commercial drugs 

howed an average molecular volume (concerning all the analyzed 

ompounds) and had a higher activity with lower MIC values. For 

xample, the most active compound ( TSF , MIC of 0.1 μg/mL) has a 

olume of 362.09 Å 

3 , and the compound with the highest volume 

 MFX , V = 391.09 Å 

3 ) has a MIC value of 0.6 μg/mL. NFX has the

owest volume, 329.12 Å 

3 , and its MIC value is 0.39 μg/mL. These 

rugs are derived from CFX , and analysis of the structural relation- 

hip between these two compounds revealed that having groups 

hat increase the molecular volume benefits the biological activity 

showing lower MIC values). 

However, it was also noted that these groups must include spe- 

ific atoms, such as nitrogen and halogens (F and Cl), because in 

ompounds where nonpolar groups (-CH 3 , -CH 2 ) were added, in 

ome cases, their volume increases as does their MIC value (for 

xample see MFX and TFX ). Other structural features that nega- 

ively affected bactericidal activity include adding rotatable bonds. 

or instance, GFX (MIC = 0.25 μg/mL) has a cyclopropyl group at- 
 the molecules of the training set and yellow-colored points represent the external 
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Table 2 

Experimental (Y), calculated (Y cal ) and predicted (Y pred ) MIC values of fluoro- 

quinolones are shown. Calculated and predicted residual values ( re s cal and re s pred ) 

are also given. standard deviation of error in calculation ( SDEC ) and standard devi- 

ation error in prediction ( SDEP ) are displayed. 

Molecule Y Y cal Y pred re s cal re s pred SDEC SDEP

1 – – 0.18 – – – –

2 – – 0.87 – – – –

3 – – 1.12 – – – –

4 – – 0.97 – – – –

5 – – 1.69 – – – –

6 – – 1.12 – – – –

7 – – 0.03 – – – –

8 – – 0.62 – – – –

9 – – 0.90 – – – –

10 0.39 0.76 0.86 0.37 0.47 

11 – – 1.71 – – – –

12 – – 1.43 – – – –

13 1.56 – – – – – –

14 1.56 1.62 1.72 0.06 0.16 0.43 1.25 

15 0.78 0.61 0.55 -0.17 -0.23 -0.9 -1.22 

16 0.78 0.77 0.77 -0.01 -0.01 -0.06 -0.08 

17 1.56 1.55 1.55 -0.01 -0.01 -0.04 -0.07 

18 1.56 1.13 1.06 -0.43 -0.5 -2.1 -2.47 

19 0.78 1.02 1.14 0.24 0.36 1.35 1.99 

TSF 0.1 0.05 0.02 -0.05 -0.08 -0.29 -0.46 

CLIN 0.5 0.44 0.4 -0.06 -0.1 -0.35 -0.6 

CFX 0.13 0.28 0.32 0.15 0.2 0.79 1.01 

GFX 0.25 0.31 0.31 0.06 0.06 0.28 0.3 

LFX 0.13 0.46 0.53 0.34 0.4 1.67 1.98 

MFX 0.6 0.46 0.42 -0.14 -0.18 -0.7 -0.92 

LMF 0.2 0.24 0.24 0.04 0.04 0.18 0.22 

NFX 0.39 0.34 0.33 -0.05 -0.06 -0.24 -0.29 

PFX 0.5 0.26 0.17 -0.24 -0.33 -1.28 -1.75 

SFX 0.13 0.24 0.26 0.12 0.13 0.57 0.65 

SIT 0.5 0.45 0.42 -0.05 -0.08 -0.28 -0.46 

TFX 0.6 0.43 0.4 -0.1 -0.2 -0.85 -1.01 
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Table 3 

Interaction energy values (kcal/mol) of the co-crystallized inhibitors with specific 

aa of CoV-2-Mpro. 

aa 6lu7 7l0d 6m2n 6w63 

Leu27 -1.99 -4.51 -0.33 -3.67 

His41 -13.34 -21.09 -24.23 -19.72 

Met49 -5.85 -8.18 -13.18 -7.21 

Cys145 16.15 -8.81 -7.61 -7.22 

His164 -11.25 -3.59 -6.52 -4.93 

Met165 -21.02 -10.38 -7.94 -12.34 

Arg188 -5.38 -4.47 -3.72 -4.38 

Gln189 -26.68 -5.04 -3.17 -8.21 

Gln192 -4.64 
∗Phe140 -8.89 -4.26 -5.27 
∗Leu141 -9.58 -7.61 -1.41 -7.79 
∗Asn142 -14.02 -18 -8.41 -15.24 
∗Gly143 -10.62 -9.78 -7.68 -7.99 
∗Ser144 -6.3 -2.65 -2.19 -3.27 
∗Glu166 -28.62 -18.61 -6.59 -27.03 

MDSG -190.68 -145.75 -80.05 -142.69 

HBtot -18.43 -11.05 -10.08 -8.42 

LE -3.89 -4.56 -4.00 -4.20 

∗ Additional aa considered for these inhibitors. 
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ached to the nitrogen of its quinolone structure, and when it is 

hanged to an ethyl group, such as in NFX , its MIC value increases

0.39 μg / mL). Molecules with several rotatable bonds can adopt 

ifferent geometries, some of which can be unfavorable for biolog- 

cal activity [54] . For this reason, one of the most common struc- 

ural modifications is the rigidification of flexible molecules. 

.5. Molecular docking with COVID-19 main protease 

To evaluate the potential antiviral activity of the 

uoroquinolone-tetrazole derivatives as inhibitors of CoV-2-MPro, 

e used four crystal structures of CoV-2-MPro co-crystallized 

ith two types of inhibitors ( Fig. 9 ), a covalent inhibitor for 6lu7 

11] and a non-covalent inhibitor for 6m2n [54] , 6w63 [55] and 

l0d [56] . Using previous results on noncovalent inhibitors [ 57 , 

8 ] and combining these results with information regarding 

he catalytic mechanism of CoV-2-MPro [59] and the inhibition 

echanism of a covalent inhibitor [60] , the analysis of the inter- 

olecular interaction of our compounds ( 1-12 ) with the following 

a of CoV-2-MPro: Leu27, His41, Met49, Cys145, His164, Met165, 

rg188, Gln 189 and Gln 192 was set as a starting point ( Fig. 9 ).

hese aa are conserved in many of the interaction profiles of 

oV-2-MPro with inhibitors or their substrate. 

In addition to the interaction as mentioned earlier parameters, 

he interaction profiles of all the ligands co-crystallized with CoV- 

-MPro in the crystal complexes were used for the docking calcu- 

ations ( Fig. 10 ). These include 6lu7 (peptide-like inhibitor), 6m2n 

baicalein, flavonoid-type compound), 6w63 (designed inhibitor) 

nd 7l0d (designed inhibitor). The selection of these crystal struc- 

ures of CoV-2-MPro was based on the co-crystallized ligands (dif- 

erent sizes and types) since a better analysis of the inductive ef- 
10 
ect can be done. Furthermore, more and different initial confor- 

ations of CoV-2-MPro can be explored. 

From Fig. 10 , shows that the noncovalent inhibitors interact 

trongly by means of hydrogen bonds with the aa located near the 

atalytic dyad: Phe140, Leu141, Asn142, Gly143 and Ser144. Also, 

 high energy interaction value occurs with Glu166. These six in- 

eractions are present in the four co-crystallized inhibitors, with 

he except for 6m2n , where the interaction with Phe140 is absent 

 Table 4 ). The interactions of the inhibitors with the aa were also 

stablished as necessary in previous research [55–58] . 

The inhibitors, regardless of their structural differences, share 

ommon interaction profiles. It is worth mentioning that enzyme 

nhibition in other studies ( Table 2 ) is involved in the interaction of 

ve aa: Phe140, Leu141, Asn142, Gly143, Ser144 and Glu166. From 

able 3 shows that these inhibitors interact strongly with specific 

a, such as His41, Met165, Asn142 and Glu166. 

Molecular docking studies of CFX and NFX with the four crystal 

tructures of CoV-2-MPro were examined to analyze the effect of 

he structural modifications of CFX and NFX on the interactions 

ith CoV-2-MPro. 

From Fig. 11 , we can observe that CFX and NFX can bind dif- 

erently to CoV-2-Mpro based on their conformations. The struc- 

ural rigidity and small size of the quinolone allow for the binding 

ersatility of CFX and NFX . In addition, these compound’s electro- 

tatic features (zwitterion) of these compounds facilitate their dif- 

erent binding motifs with other residues. Table 4 lists the interac- 

ion energy values of CFX and NFX with CoV-2-Mpro according to 

ts conformation in a given crystal structure. 

In addition to the aa that interacts with the co-crystallized in- 

ibitors, the interactions of CFX and NFX with Arg188, Gln189 and 

ln192 of CoV-2-Mpro need to be considered ( Table 3 ). These aa 

re in the loop in the S4 region of the catalytic site. According to 

he crystal conformation of the enzyme, CFX and NFX will bind 

n different orientations, especially in the crystals 7l0d, 6m2n , and 

w63 , in which the carboxylate moiety is pointing towards the S2 

nd S4 regions ( Fig. 11 ). 

The binding of the tetrazole-fluoroquinolones to the catalytic 

avity of CoV-2-Mpro was analyzed. From the calculations, we de- 

ected two extra aa must be included in the energy interaction 

rofile: Leu167 and Pro168 ( Table 4 ). The interaction energy pa- 

ameters for tetrazole-fluoroquinolones ( 1-12 ) with each crystal 

tructure of CoV-2-Mpro are given in the Supplementary materi- 

ls (Table S5-S8). From these results, we selected 5 and 8 as the 

est candidates to be inhibitors of CoV-2-Mpro. Table 5 shows the 
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Fig. 9. Structural alignment of CoV-2-MPro crystals: 6lu7 (yellow), 6m2n (blue), 6w63 (cyan) and 7l0d (grey). Leu27, His41, Met49, Cys145, His164, Met165, Arg188, Gln189 

and Gln 192 are shown in stick representation. 

Table 4 

Interaction energy values (kcal/mol) of specific aa of CoV-2-Mpro and fluoroquinolone templates, CFX and 

NFX . 

aa CFX NFX 

6lu7 7l0d 6m2n 6w63 6lu7 7l0d 6m2n 6w63 

Leu27 – – – – – – – –

His41 -5.48 -16.44 -16.17 -31.73 -4.55 -17.09 -18.33 -28.32 

Met49 -2.23 -10.32 -8.82 -13.01 -2.46 -9.13 -13.67 -12.63 

Phe140 -0.32 – -3.24 – -0.32 – -1.86 -0.41 

Leu141 -3.54 – -4.05 -3.93 -3.03 – -2.97 -5.01 

Asn142 -8.04 – -11.85 -12.21 -5.64 – -11.74 -10.20 

Gly143 -6 – -1.27 -4.32 -4.21 – -4.66 -3.33 

Ser144 -6.65 – -1.55 -4.68 -5.96 – -5.57 -4.86 

Cys145 -9.11 – -4.87 -3.86 -7.87 – -11.01 -5.51 

His164 -7.48 -2.43 -8.41 -6.09 -7.98 -3.22 -8.35 -6.40 

Met165 -23.88 -12.32 -19.66 -5.48 -24.95 -11.86 -21.01 -11.78 

Glu166 -19.75 -5.78 -20.18 -4.23 -18.02 -5.85 -8.08 -18.20 

Arg188 -5.55 -14.55 -9.27 -7.10 -6.48 -16.54 -5.77 -7.03 

Gln189 -17.91 -16.42 -21.41 -10.67 -19.88 -15.059 -9.03 -12.43 

Gln192 -0.65 -9.18 – – -3.08 -11.24 – –

MDSG -117.11 -102.49 -125.63 -126.39 -118.64 -102.82 -119.88 -133.19 

HBtot -13.87 -5 -8.05 -7.72 -12.89 -5.52 -14.44 -16.15 

LE -4.88 -4.27 -5.23 -5.27 -5.16 -4.47 -5.21 -5.79 

11
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Fig. 10. Non-covalent interactions of different inhibitors with CoV-2-Mpro. A) 6lu7 , b) 7l0d , c) 6m2n , and d) 6w63 . Surface plots of amino acid lipophilicity, the Kyte-Doolittle 

scale. 

12 
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Fig. 11. Molecular docking and non-covalent interactions of CFX and NFX with different crystal structures of CoV-2-Mpro. a) 6lu7 , b) 7l0d , c) 6m2n , and d) 6w63 . Surface 

plots of amino acid lipophilicity on the Kyte-Doolittle scale. 

13 
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Table 5 

Interaction energy values (kcal/mol) of specific aa of CoV-2-Mpro and fluoroquinolone templates, 8 and 5 . 

aa 8 5 

6lu7 7l0d 6m2n 6w63 6lu7 7l0d 6m2n 6w63 

Leu27 -9.76 -2.40 -4.91 – -1.58 -1.00 -1.79 -0.78 

His41 -8.27 -15.46 -5.41 -3.96 -13.60 -15.63 -6.13 -20.29 

Met49 -2.97 -1.62 -0.58 – 8.13 -2.78 -4.08 -12.42 

Phe140 – – – -7.46 – -2.35 -5.72 -1.64 

Leu141 -1.80 -1.45 -2.23 -9.89 – -6.45 -5.53 -4.76 

Asn142 -14.31 -19.35 -15.98 -19.45 -11.16 -15.12 -25.52 -14.93 

Gly143 -10.44 -12.27 -12.45 -10.63 -5.94 -10.12 -6.28 -5.71 

Ser144 -8.00 -0.57 -6.88 -6.14 -0.63 -3.35 -5.17 -4.04 

Cys145 -15.99 -7.07 -15.00 -11.45 -7.18 -0.73 -15.54 -7.02 

His164 -4.66 -2.05 -5.18 -2.27 -4.49 -7.21 4.79 -7.04 

Met165 -19.31 -11.37 -16.90 -18.82 -14.10 -16.66 -22.50 -15.24 

Glu166 -10.55 -21.25 -14.84 -24.23 -10.12 -30.24 -22.53 -18.77 

Leu167 -10.68 -9.21 -7.84 -2.95 -6.03 -9.18 -4.25 -6.50 

Pro168 -8.91 -19.02 -12.54 -14.29 -2.24 -20.95 -6.13 -13.99 

Arg188 -1.10 -0.51 -2.33 -3.21 2.76 -2.26 -1.13 -2.32 

Gln189 -27.40 -4.14 -16.31 -23.53 -26.24 -14.96 -20.73 -22.35 

Gln192 -12.43 – -14.08 -1.17 -6.70 -2.11 -7.63 -7.51 

MDSG -159.54 -128.33 -155.64 -156.18 -112.29 -164.55 -167.24 -167.30 

HBtot -25.65 -10.13 -15.10 -13.09 -3.86 -11.05 -16.46 -10.97 

LE -4.31 -3.47 -4.21 -4.22 -2.55 -3.74 -3.80 -3.80 
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ost essential residual/molecule energy interactions of the cat- 

lytic pocket residues with the fluoroquinolone-tetrazole deriva- 

ives 8 and 5 . 

The interaction analysis reveals that the molecules with higher 

ffinity exhibit three interactions with the binding site: the first 

s the possibility of a hydrogen bond between the carboxylate and 

he amino group of Gln192. The second is the possibility of a hy- 

rogen bond between the carbonyl oxygen of the fluoroquinolone 

nd the amino group of Thr190. However, the most important non- 

ovalent interactions are the hydrogen bonds between the tetra- 

ole ring and Phe140, Leu141, Asn142, Gly143, Ser144 and Cys145, 

s shown in Fig. 12 , an effect that can be inferred as a probable

nhibitory activity of CoV-2-MPro. 

The R enantiomer facilitates the interaction between the tetra- 

ole ring and Cys145; however, in compounds with S chirality, the 

henyl substituent is closer to Cys145 but without any strong non- 

ovalent interaction, and the tetrazole ring is further away from 

nteracting with the opposite area of the catalytic site; however, 

ithout any strong interactions. The results of the in silico interac- 

ion also revealed that the change from cyclopropyl to ethyl on the 

uinolone nitrogen does not play an important role in the bind- 

ng affinity ( Fig. 11 ) in the catalytic site (as was observed for the

inding with the S. aureus gyrase). Thus, the docking parameters 

f 1, 2, 3, 4, 5 and 6 are similar to those of 7, 8, 9, 10, 11 , and 12 ,

espectively. 

From Fig. 12 , in all the positions of 8, the tetrazole interacts 

ith the Cys145 and an aa near it, such as Ser144, Gly143, Asn142 

nd Leu141. The high capacity of the tetrazole ring to form HBs 

s due to the nitrogen atoms (HBA), which allows this molecule 

o interact strongly ( ≈50 kcal/mol) with the catalytic loop of CoV- 

-Mpro. In addition, the dimethyl phenyl group binds in the hy- 

rophobic region of the catalytic pocket (over S1 and S1’). 

The zwitterionic state of these molecules increases the stability 

f the interaction by forming strong HBs between the ammonium 

HBD) and the carboxylate groups (HBA). The carboxylate group is 

rientated to the opposite side of the catalytic site. In fact, in most 

f the positions. This group is exposed to the solvent in most of 

he positions, except in the 6lu7 crystal, where it binds in a buried 

onformation interacting by HB with Gln192. 

In Fig. 13 , we can see that the molecular structure of 5 , espe-

ially the fragment where the tetrazole is located, fits into the cat- 

lytic cavity of CoV-2-Mpro. Also, tetrazole’s hydrophobic charac- 

er and planarity contribute to stabilizing the binding. The tetra- 
14 
ole interacts with aa located in loop S1’ (Phe140, Leu141, Asn142, 

ly143, Ser 144 and Cys145) and forms HBs with Cys145. These 

nteractions explain the high interaction energy value with this aa, 

ith an average value of 10.2 kcal/mol for 8 and –10 kcal/mol for 

 . 

The strong energy interaction obtained by 5 and 8 tetrazole- 

uoroquinolone derivatives and CoV-2-Mpro, and their potential 

nhibitory activity, and therefore, possible antiviral SARS CoV-2 ac- 

ivity, can be supported by the experimental biological evaluation 

one by other groups [59–64] using similar compounds. As can 

e seen in Fig. 14 , some of the experimentally reported inhibitors 

ave a piperazine ring, a bicyclic aromatic ring, or a diphenyl 

ethyl fragment, similar to the tetrazole-fluoroquinolones in this 

tudy. 

Molecular size is also similar between the tetrazole- 

uoroquinolones and some reported inhibitors, especially mani- 

ipine and lercanidipine. Furthermore, some reported inhibitors 

ave a five-membered heterocyclic ring, such as imidazole or 

uran ring, interacting with the aa near Cys145 using HBs. These 

ata follow the interactions between the tetrazole ring of the 

uoroquinolones and this region. 

Finally, we analyzed the pharmacokinetic properties of our 

ompounds through of the SwissADME server, and the results are 

isplayed in Table S5X. The results indicate that 7 is the most 

romising candidate considering its pharmacokinetics properties, 

pecifically, the non-toxicity compared to to CYP enzymes. Never- 

heless, 10, 11 and 12 show increased bioavailability, even more, 

ignificant than the bioavailability of commercial fluoroquinolones. 

aking these results and the excellent interaction energy values, we 

an consider fluoroquinolones with a tetrazole moiety promising 

andidates for in vitro inhibition experiments. 

. Conclusion 

The hybridization of fluoroquinolones with tetrazoles represents 

 strategy to develop new biologically active compounds with po- 

ential therapeutic applications. The results of the molecular dock- 

ng studies identified the structural features that can influence the 

inding affinity of the compounds to the enzymes: the volume, the 

ypes of interactions, including hydrophilic and hydrophobic inter- 

ctions, as well as hydrogen bonding and the stereochemistry of 

he C-7 substituent on the fluoroquinolone scaffold. 
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Fig. 12. Molecular docking and non-covalent interactions of 8 with different crystal structures of CoV-2-Mpro. A) 6lu7 , b) 7l0d , c) 6m2n , and d) 6w63 . Hydrogen bond 

interactions are shown as cyan dashed lines. Surface plots of amino acid lipophilicity, the Kyte-Doolittle scale. 

15 
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Fig. 13. Molecular docking and non-covalent interactions of 5 with different crystal structures of CoV-2-Mpro. A) 6lu7 , b) 7l0d , c) 6m2n , and d) 6w63 . Hydrogen bond 

interactions are shown as cyan dashed lines. Surface plots of amino acid lipophilicity, the Kyte-Doolittle scale. 
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Fig. 14. Molecules are used as inhibitors of CoV-2-Mpro [59–64] . Similar molecular fragments are highlighted in red color. 
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The design strategy adopted for the new series of compounds 

as to introduce different groups at position 7 of the quinolone 

ucleus since substitution at that location was found to affect po- 

ency, bioavailability, and physicochemical properties as well as 

ffinity to DNA gyrase (Gram-negative bacteria) and/or Topoiso- 

erase IV (Gram-positive bacteria) [ 65 , 66 ]. In addition, introduc- 

ng an aryl group at the piperazine moiety of the fluoroquinolone 

hifted the activity from antibacterial to antiviral and anticancer 

 66 , 67 ]. 

Some electronic properties, such as the molecular electrostatic 

otential (MEP), polar surface area (PSA) and molecular volume, 

ere calculated to realize the structure-activity relationship (SAR) 

f the hybrid compounds. The electrostatic potential maps of the 

ompounds in Figs. S1, S2 and S3 show that an electron-rich 

egion (colored red) is concentrated over the carbonyl and car- 

oxylate ion (ketoacid group). The electron-deficient zone (colored 

lue) is located over the ring with the quaternary nitrogen, and 

 neutral site (yellow-green) is situated over the quinolone base 

tructure. 

Molecular docking studies were carried out to understand the 

inding mechanism of the newly synthesized compounds with the 

rotein receptor (DNA gyrase of S aureus and Covid-19 main pro- 

ease). The score, ligand efficiency (LE) and hydrogen bond energy 

ormed in the active site of the protein receptor are used to pre- 

ict the binding modes, the binding affinities, and the orientation 

f the docked hybrid derivatives. All the tested compounds have an 

ffinity for the DNA gyrase, with a MolDock Score between -258.04 

o -182.03 kcal/mol. The most potent compound is 12 ; other com- 

ounds with scores in a similar range are 1, 4, 5 and 10 . Derivati-

ation of the ciprofloxacin and norfloxacin molecules leads to com- 

ounds with better affinities for the DNA gyrase enzyme, consider- 

ng the potentially more extensive surface contact. 

The docking study also showed that the compounds ligated 

o the magnesium ion via the C-3 carboxylic group and C-4 car- 

onyl functionalities also have existing interactions with the active 

ite of the gyrase enzyme through hydrogen bonding with amino 

cid residues (Arg458D, Arg122A), intermolecular π-stacking with 

ucleotide bases through the quinolone moiety and the tetrazole 

oiety. π- π interactions are prevalent when the stereochemistry 

f the chiral carbon is R. Furthermore, compounds 6 and 12 pro- 

ote additional Van der Waals interactions with gyrase amino 

cids. The results demonstrated that tetrazole moiety improves bi- 
o

17 
logical activity due to the high electron density of the nitrogen 

toms in the tetrazole ring. 

In our compounds, the structural components added to the flu- 

roquinolone main structure, increase the interaction energy with 

he CoV-2-Mpro, specially the tetrazole moiety that makes many 

ydrogen bonds within the catalytic site, and promotes the orien- 

ation of the phenyl and alkyl components to the lipophilic regions. 

he similarity in the binding mode and the energy interaction with 

rucial residues of our compounds, compared to approved CoV-2- 

pro inhibitors, support our hypothesis to propose our compounds 

particularly 5 and 8 ) as CoV-2-Mpro inhibitors. 

. Methods and materials 

.1. Experimental section 

General. Norfloxacin and ciprofloxacin were obtained in phar- 

aceutical dosage form, and thus, purification was required before 

he reaction. The remaining reagents were commercially available 

nd were used without further purification. The IR spectra were 

ecorded on a Nicolet model iS10FT-IR spectrometer in ATR mode. 
 H-, 13 C-, and 

19 F- NMR spectra were recorded on Varian Inova 600 

I600) spectrometer using tetramethylsilane (TMS) as an external 

tandard. The chemical shift is on the δ scale, and coupling con- 

tants (J) are in hertz. 

Mass spectra analysis was performed using a Thermo Scientific 

FS (Double Focusing Sector). All samples were analyzed by Elec- 

ronic Impact (EI) as suspended solids in a capillary tube filled 

ith acetone. The DFS equipment works in the range of 0-1200 

/z. High-resolution mass spectrometry (HRMS) was also per- 

ormed to confirm the elemental composition of the synthesized 

roducts. 

Synthesis of 7-(4-((1-( tert -butyl)-1 H -tetrazol-5- 

l)methyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 1 ). 

General procedure for the synthesis of 1 . As depicted in Fig. 15 ,

he synthetic pathway leading to the quinolone derivatives is quite 

imilar. 100 mg (0.302 mmol) of ciprofloxacin (CFX) was placed 

n a flask with 6 mL of MeOH. The mixture was heated to 75-80 

C under constant stirring; once it was completely dissolved, 54.4 

g (0.604 mmol) of paraformaldehyde was added to the flask with 

ne drop of 10% HCl. The mixture was stirred until all the solvent 
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Fig. 15. General procedure for synthesis of fluoroquinolone-tetrazole hybrids. 
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vaporated. The reaction product was re - dissolved in MeOH, then 

2.6 mg (0.392 mmol) of tert-butyl isocyanide and 45.2 mg (0.392 

mol) of trimethylsilyl azide were added to the flask at a tem- 

erature of 45-50 °C. The resulting mixture was heated (80-85 °C) 

or 3 h. The final product was washed and rinsed with cold water 

nd then recrystallized with acetone. Ivory solid; yield 30 % mp 

10 °C (decomposition). ATR FT-IR (cm 

−1 ): 2828 (C-H aliph), 1725 

C = O acid), 1630 (C = O ketone), 1464 (C = C Ar), 1494, 1389, 1337

C-(CH 3 ) 3 ), 1262 (C-O), 1011 (C-F), 940, 888 (2RC = CR-H), 804 (C-H

op). 1 H NMR (600 MHz, DMSO- d6, δ ppm): δ 15.20 (s, 1H), 8.66 

s, 1H), 7.92 (d, J = 12.0 Hz, 1H), 7.56 (d, J = 6.0 Hz, 1H), 4.00

s, 2H), 3.82 (br s, 1H), 3.36 (br s, 4H), 2.65 (br s, 4H), 1.75 (s,

H), 1.31 (m, 2H), 1.17 (m, 2H). 13 C NMR (151 MHz, DMSO- d6, δ
pm) δ 176.78, 166.33, 151.53, 148.43, 139.59, 111.45, 111.30, 107.17, 

06.98, 62.27, 52.42, 51.46, 49.72, 36.31, 29.35, 28.93, 8.00. 19 F 

MR (376 MHz, DMSO- d6, δ ppm): δ -121.44. ESI-MS C 23 H 28 FN 7 O 3 

 m/z ): 469.25 [M] + ; HRMS: calc.: 469.2237 (M 

+ ); exp.: 469.2219 

M 

+ ). COSY (DMSO- d6, δ ppm) 3 J H,H (3.79, 1.28), (3.29, 2.62). HSQC 

DMSO- d6, δ ppm) 1 J C,H (8.63, 148.88), (7.87, 111.31), (7.54, 106.34), 

3.96, 51.47), (3.78, 36.34), (3.29, 48.71), (2.62, 52.44), (1.72, 29.36), 

1.27, 7.97), (1.27, 7.97), (1.14, 8.02). HMBC (DMSO- d6, δ ppm) J C,H 

5.31 (132.52), 8.63 (176.73, 166.33, 139.59, 36.97), 7.89 (154.61, 

45.45, 139.55), 7.54 (119.10, 139.61, 145.45, 152.54), 3.97 (151.52, 

2.42), 1.72 (52.27, 29.36). 

Synthesis of 1-cyclopropyl-7-(4-((1-(2,6-dimethylphenyl)- 

 H -tetrazol-5-yl)methyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 2 ) 

For the synthesis of 2 , 100 mg (0.302 mmol) of ciprofloxacin 

 CFX ) was placed in a flask along with 6 mL of MeOH. The mix-

ure was heated to 75-80 °C under constant stirring; once it was 

ompletely dissolved, 54.4 mg (0.604 mmol) of paraformaldehyde 

as added to the flask with one drop of HCl (10%). The mix- 

ure was stirred until all the solvent was evaporated. The reaction 

roduct was re - dissolved in MeOH, then 51.5 mg (0.392 mmol) 
18 
f 2,6-dimethylphenyl isocyanide and 45.2 mg (0.392 mmol) of 

rimethylsilyl azide were added to the flask keeping the temper- 

ture at 45-50 °C. The resulting mixture was heated (80-85 °C) for 

 h. The final product was washed and rinsed with cold water be- 

ore recrystallizing with acetone. Ivory solid; yield 29 % mp 160 

C (decomposition). ATR FT-IR (cm 

−1 ): 30 6 6 (C-H arom), 2838 (C- 

 aliph), 1725 (C = O acid), 1625 (C = O ketone), 1541 (C = C), 1493

C = C Ar), 1467, 1338, 1301, 1258 (C-O), 1130, 1004 (Ar-F), 942, 807 

2RC = CR-H), 781 (C-H oop). 1 H NMR (600 MHz, DMSO- d6, δ ppm): 

5.16 (s, 1H), 8.62 (s, 1H), 7.86 (d, J = 12.0 Hz, 1H), 7.47 (dd 1H),

.44 (d, J = 6.0 Hz, 1H),7.33 (d, J = 6.0 Hz, 2H), 3.77 (m, 1H),

.71 (s, 2H), 3.16 (4H) 1.90 (s, 6H), 1.26 (m, 2H), 1.13 (m, 2H). 13 C

MR (151 MHz, DMSO- d6 ) 194.15, 176.74, 153.57, 148.43, 135.77, 

31.39, 129.12, 111.46, 107.15, 106.84, 52.63, 4 9.61, 4 9.54, 40.36, 

0.22, 40.08, 39.94, 39.80, 39.66, 39.52, 36.29, 31.12, 17.35, 7.98. 19 F 

MR (564 MHz, DMSO- d 6): -121.46. ESI-MS C 27 H 28 FN 7 O 3 ( m/z ):

17.17 [M] + ; HRMS: calc.: 517.2237 (M 

+ ); exp.: 517.2222 (M 

+ ). 
OSY (DMSO- d6, δ ppm) 3 J H,H (2.57, 3.16), 4 J H,H (7.33, 1.90). HSQC 

DMSO- d6, δ ppm) 1 J C,H (3.70, 49.56), (3.16, 49.05), (2.57, 49.70), 

2.56, 52.66), (1.89, 17.91), (1.89, 17.35), (1.89, 16.78), (1.89, 16.21). 

MBC (DMSO- d6, δ ppm) J C,H 8.61 (176.77, 166.42, 139.57, 36.30), 

.49 (152.47), 7.44 (135.76), 7.32(132.05, 17.29), 7.31(129.11), 3.70 

153.56, 52.63), 3.16(145.17), 1.89 (135.75, 132.09, 129.12). 

Synthesis of 7-(4-((1-( tert -butyl)-1 H -tetrazol-5- 

l)(phenyl)methyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo- 

,4-dihydroquinoline-3-carboxylic acid ( 3, 4 ) 

A methodology similar to that used for the synthezing 1 was 

mployed to obtain 3, 4 ; however, instead of paraformaldehyde, 

.332 mmol (35.2 mg) of benzaldehyde was added to the mix- 

ure under the same conditions. Ivory solid; yield 44 % mp 220 °C 

decomposition). ATR FT-IR (cm 

−1 ): 3044 (C-H arom), 2815 (C-H 

liph), 1729 (C = O acid), 1615 (C = O ketone), 1588 (C = C), 1474 (C = C

r), 1450, 1376 (C-(CH 3 ) 3 ), 1282, 1258 (C-O), 1141, 1008 (Ar-F), 

33, 832 (2RC = CR-H), 804, 722 (C-H oop). 1 H NMR (600 MHz, 
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MSO- d6, δ ppm): 8.62 (s, 1H), 7.86 (d, J = 12.0 Hz, 1H), 7.83

d, J = 6.0 Hz, 1H), 7.50 (d, J = 12.0 Hz, 2H), 7.37 (dd, J = 6.0

z y J = 12.0 Hz, 2H), 7.32 (dd, J = 6.0 Hz y J = 12.0 Hz, 1H),

.63 (s, 1H), 3.80 (m, 1H), 3.27 (m, 2H), 3.21 (m, 2H), 2.87 (m, 

H), 1.64 (s, 9H), 1.27 (m, 2H), 1.14 (m, 2H). 13 C NMR (151 MHz,

MSO- d6, δ ppm) 176.76, 166.37, 154.43, 154.26, 152.61, 148.36, 

46.11, 145.4 8, 139.6 8, 135.80, 130.12, 128.82, 118.82, 118.76, 111.40, 

07.12, 106.51, 63.18, 62.03, 51.12, 51.09, 50.18, 49.52, 45.76, 39.97, 

6.27, 30.01, 7.98. 19 F NMR (56 4 MHz, DMSO- d6, δ ppm): -121.6 4. 

SI-MS C 29 H 32 FN 7 O 3 ( m/z ): 545.24 [M] + ; HRMS: calc.: 545.2550

M 

+ ); exp.: 545.2552 (M 

+ ). COSY (DMSO- d6, δ ppm) 2 J H,H (1.27, 

.15), 3 J H,H δ (7.50, 7.37), (7.39, 7.32), (7.39, 7.50), (7.36, 7.32), (7.36, 

.50), (3.80, 1.28), (3.78, 1.15), (3.21, 2.87), (2.56, 2.85), (2.57, 3.25), 

1.28, 3.8), (1.26, 3.74), (1.14, 3.78), (1.30, 1.15) 4 J H,H (8.63, 3.80), 

5.62, 7.50), (2.86, 2.56). HMBC (DMSO- d6, δ ppm) J C,H 8.62 (176.75, 

66.36, 139.61, 107.04, 36.28), 7.86 (152.62), 7.85 (176.74, 152.62, 

45.80, 139.63), 7.84 (154.29), 7.50 (154.28, 146.08, 139.62, 130.09, 

28.72, 118.91, 63.18), 7.37 (135.80, 130.11), 5.63 (154.43, 135.81, 

30.12, 49.53), 3.26 (50.01), 3.22 (45.73), 3.20 (51.10), 2.86 (45.77, 

9.61, 51.11), 2.56 (49.62), 1.64 (30.01, 62.04), 1.28 (8.04, 36.26), 

.14 (36.26). 

Synthesis of 1-cyclopropyl-7-(4-((1-(2,6-dimethylphenyl)-1 H - 

etrazol-5-yl)(phenyl)methyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 5, 6 ) 

A methodology similar to that used for the synthesizing 2 was 

mployed to obtain 5, 6 ; however, instead of paraformaldehyde, 

.332 mmol (35.2 mg) of benzaldehyde was added to the mixture 

nder the same conditions. Ivory solid; yield 25 % mp 190 °C (de- 

omposition). ATR FT-IR (cm 

−1 ): 3060 (C-H arom) 2841 (C-H aliph), 

727 (C = O acid), 1611 (C = O ketone), 1588 (C = C), 1494 (C = C Ar),

450, 1383, 1332, 1285, 1252 (C-O), 1142, 1007 (Ar-F), 937, 891, 

32 (2RC = CR-H), 728 (C-H oop). 1 H NMR (600 MHz, DMSO- d6, δ
pm): 8.62 (s, 1H), 7.85 (d, J = 12.0 Hz, 1H), 7.50 (d, J = 6.0 Hz,

H), 7.46 (dd, J = 6.0 Hz y J = 12.0 Hz, 1H), 7.38 (d, J = 6.0 Hz,

H), 7.30-7.31 (m, 3H), 7.17-7.15 (m, 3H), 4.57 (s, 1H), 3.80 (m, 1H), 

.21 (t, J = 6.0 Hz, 4H), 2.64 (d, J = 6.0 Hz, 2H), 2.60 (d, J = 6.0 Hz,

H), 1.98 (s, 3H), 1.27 (m, 2H), 1.14 (m, 2H), 1.04 (s, 3H). 13 C NMR

151 MHz, DMSO- d6, δ ppm) 176.75, 166.38, 156.05, 155.62, 152.65, 

51.45, 148.36, 146.17, 139.68, 139.56, 136.16, 135.33, 134.72, 131.65, 

31.43, 129.66, 129.44, 129.19, 129.09, 119.16, 118.77, 111.40, 111.25, 

07.16, 107.12, 106.53, 64.10, 51.10, 50.42, 49.81, 45.76, 39.96, 36.27, 

7.50, 16.35, 7.99. 19 F NMR (564 MHz, DMSO- d6, δ ppm): -121.61. 

SI-MS C 33 H 32 FN 7 O 3 ( m/z ): 593.25 [M] + ; HRMS: calc.: 593.2550

M 

+ ); exp.: 593.2562 (M 

+ ). COSY (DMSO- d6, δ ppm) 3 J H,H (3.80, 

.28), (3.17, 2.57), (1.27, 3.79), (1.14, 3.78), 4 J H,H (8.62, 3.79), (7.38, 

.98), (7.38, 1.04), (7.14, 1.94), (7.14, 1.04), (4.57, 7.15), 6 J H,H (1.04, 

.98). HMBC (DMSO- d6, δ ppm) J C,H 8.62 (176.75, 166.36, 139.63, 

07.13, 36.31), 7.86 (152.62, 146.18), 7.85 (176.76, 146.15, 139.61), 

.50 (154.28, 176.72, 146.15, 139.65, 118.87), 7.51 (152.61), 7.45 

135.31), 7.38 (131.39), 7.30 (134.70, 129.69), 7.15 (131.41, 64.19), 

.57 (134.70, 129.6 6, 56.0 6, 50.44), 3.22 (51.11, 45.77), 2.88 (45.82, 

5.75), 2.64 (50.44), 2.60 (50.17), 1.98 (135.33, 131.43, 129.42), 1.28 

8.01), 1.27 (36.23), 1.15 (36.23), 1.14 (7.82), 1.04 (136.16, 131.40, 

29.22). 

General procedure for the synthesis of 7-(4-((1-( tert -butyl)- 

 H -tetrazol-5-yl)methyl)piperazin-1-yl)-1-ethyl-6-fluoro-4-oxo- 

,4-dihydroquinoline-3-carboxylic acid (7) 

As depicted in Fig. 15 , the synthetic pathway leading to the re- 

aining quinolone derivatives is quite similar. To obtain compound 

 , 100 mg (0.313 mmol) of norfloxacin ( NFX ) was placed in a flask

long with 6 mL of MeOH. The mixture was heated to 75-80 °C 

nder constant stirring; once it was completely dissolved, 56.4 mg 

0.626 mmol) of paraformaldehyde was added to the flask with 

ne drop of HCl 10%. The mixture was stirred until the solvent 

as evaporated. The reaction product was re-dissolved with MeOH, 

hen 33.8 mg (0.407 mmol) of tert-butyl isocyanide and 46.9 mg 
19 
0.407 mmol) of trimethylsilyl azide were added to the flask at a 

emperature of 45-50 °C. The resulting mixture was heated (80-85 

C) for 3 h. The final product was washed and rinsed with cold 

ater before being recrystallizing with acetone. Ivory solid; yield 

9 % mp 240 °C (decomposition). ATR FT-IR (cm 

−1 ): 2820 (C-H 

liph), 1721 (C = O acid), 1624 (C = O ketone), 1463 (C = C Ar), 1442,

269 (C-O), 1019 (C-F), 874 (2RC = CR-H), 787, 758, 700 (C-H oop). 
 H NMR (600 MHz, DMSO- d6, δ ppm): 15.30, (s, 1H), 8.91 (s, 1H), 

.89 (d, J = 12.0 Hz, 1H), 7.56 (d, J = 6.0 Hz, 1H), 4.55 (q, J = 6.0

z, 2H), 3.96 (s, 2H), 3.28 (br s, 4H), 2.60 (t, J = 6.0 Hz, 4H), 1.72

s, 9H), 1.37 (t, J = 6.0 Hz, 3H). 13 C NMR (151 MHz, DMSO- d6, δ
pm): 176.60, 166.47, 154.17, 152.51, 151.53, 148.91, 145.70, 137.64, 

19.82, 111.67, 111.52, 107.57, 106.49, 62.25, 52.46, 51.50, 49.82, 

 9.78, 4 9.46, 40.05, 29.36, 14.80. 19 F NMR (376 MHz, DMSO- d6, δ
pm): -121.33. ESI-MS C 22 H 28 FN 7 O 3 ( m/z ): 457.26 [M] + ; HRMS:

alc.: 457.2237 (M 

+ ); exp.: 457.2240 (M 

+ ). COSY (DMSO- d6, δ ppm) 
 J H,H (4.55, 1.37), (3.30, 2.70), (3.28, 2.60), 5 J H,H (7.90, 7.15).). HSQC 

DMSO- d6, δ ppm) 1 J C,H (8.90, 148.94), (7.87, 11.55), (7.15, 106.51), 

4.54, 4 9.4 8), (3.95, 51.4 9), (3.28, 4 9.81), (2.60, 52.46), (1.72, 29.34), 

1.37, 14.83). HMBC (DMSO- d6, δ ppm) J C,H 8.91 (176.59, 166.51, 

39.61, 4 9.4 8), 7.89 (176.56, 152.50, 145.63, 137.63) 7.15 (176.52, 

54.16, 152.48, 145.70, 137.62, 119.81), 4.55 (148.96, 137.60, 14.84), 

.96 (151.53, 52.45) 3.32 (52.07), 2.60 (51.32, 52.47, 49.79), 1.37 

4 9.4 8). 

Synthesis of 7-(4-((1-(2,6-dimethylphenyl)-1 H -tetrazol- 

-yl)methyl)piperazin-1-yl)-1-ethyl-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 8 ) 

For the synthesis of 8 , 100 mg (0.313 mmol) of norfloxacin 

 NFX ) were placed in a flask along with 6 mL of MeOH. The mix-

ure was heated to 75-80 °C under constant stirring; once it was 

ompletely dissolved, 56.4 mg (0.626 mmol) of paraformaldehyde 

as added to the flask with one drop of HCl (10%). The mix- 

ure was stirred until the solvent was evaporated. The reaction 

roduct was re-dissolved in MeOH, then 53.4 mg (0.407 mmol) 

f 2,6-dimethyl phenyl isocyanide with 46.9 mg (0.407 mmol) of 

rimethylsilyl azide were added to the flask keeping the tempera- 

ure at 45-50 °C. The resulting mixture was heated (80-85 °C) for 3 

. The final product was washed and rinsed with cold water before 

eing recrystallizing with acetone. Ivory solid; yield 46 %; mp 240 

C (decomposition). ATR FT-IR (cm 

−1 ): 3058 (C-H arom), 2837 (C- 

 aliph), 1726 (C = O acid), 1625 (C = O ketone), 1540 (C = C), 1497

C = C Ar), 1466, 1383, 1340, 1300, 1248 (C-O), 1197, 1131, 1093, 

042, 1004 (Ar-F), 955, 933, 816, 806 ( 2 RC = CR-H), 784, 626 (C-H

op). 1 H NMR (600 MHz, DMSO- d6, δ ppm): 15.30 (s, 1H), 8.91 

s, 1H), 7.87 (d, J = 12.0 Hz, 1H), 7.45 (dd, J = 6.0 Hz y J = 12.0

z,1H), 7.32 (d, J = 6.0 Hz, 2H), 7.10 (d, J = 6.0 Hz, 1H), 4.54

q, J = 6.0 Hz, 2H), 3.69 (s, 2H), 3.17 (br s, 4H), 2.65 (br s, 4H),

.90 (s, 6H), 1.36 (t, J = 6.0 Hz, 3H). 13 C NMR (151 MHz, DMSO-

6, δ ppm) 176.56, 166.52, 154.05, 153.56, 152.40, 148.95, 145.57, 

37.60, 135.78, 132.08, 131.39, 129.12, 119.76, 119.71, 111.68, 111.53, 

07.51, 106.35, 52.69, 49.72, 49.68, 49.54, 49.47, 17.33, 14.80. 19 F 

MR (564 MHz, DMSO- d6, δ ppm): -121.31. ESI-MS C 26 H 28 FN 7 O 3 

 m/z ): 505.19 [M] + ; HRMS: calc.: 505.2237 (M 

+ ); exp.: 505.2252 

M 

+ ). COSY (DMSO- d6, δ ppm) 3 J H,H (7.43, 7.32), (4.54, 1.36), (2.55, 

.16), 4 J H,H (7.33, 1.90), (1.89, 7.32). HSQC (DMSO- d6, δ ppm) 1 J C,H 

8.90, 148.95), (7.85, 115.54), (7.44, 131.38), (7.31, 129.13), (7.10, 

06.36), (4.53, 49.47), (3.69, 49.54), (3.16, 49.70), (2.55, 52.68), 

1.89, 17.34), (1.36, 14.80). HMBC (DMSO- d6, δ ppm) J C,H 8.90 

176.54, 166.48, 139.57, 49.38), 7.45 (135.75), 7.33 (132.00, 17.21), 

.32 (131.95, 17.21), 7.10 (152.36), 4.53 (148.88, 137.55, 14.64), 3.69 

153.52, 52.61), 1.89 (135.73, 132.03, 129.08), 1.35 (49.41). 

Synthesis of 7-(4-((1-( tert -butyl)-1 H -tetrazol-5- 

l)(phenyl)methyl)piperazin-1-yl)-1-ethyl-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 9, 10 ) 

A methodology similar to that used for the synthesis of 7 was 

mployed to obtain 9, 10 ; however, instead of paraformaldehyde, 
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.344 mmol (36.6 mg) of benzaldehyde was added to the mix- 

ure under the same conditions. Ivory solid; yield 34 % mp 200 

C (decomposition). ATR FT-IR (cm 

−1 ): 3044 (C-H arom) 2836 (C- 

 aliph), 1723 (C = O acid), 1628 (C = O ketone), 1520 (C = C), 1478

C = C Ar), 1453, 1377 (C-(CH 3 ) 3 ), 1263 (C-O), 1110, 1009 (Ar-F),

39, 831 (R 2 C = CR-H), 804, 753, 744, 698 (C-H oop). 1 H NMR

600 MHz, DMSO- d6, δ ppm): 15.29 (s, 1H), 8.90 (s, 1H), 7.86 (d, 

 = 12.0 Hz, 1H), 7.50 (d, J = 12 Hz, 2H), 7.37 (dd, J = 6.0 Hz,

H), 7.32 (dd, J = 6.0 Hz y J = 12.0 Hz, 1H), 7.12 (d, J = 6.0

z, 1H), 5.62 (s, 1H), 4.53 (q, J = 6.0 Hz, 2H), 3.25 (t, J = 6.0

z, 4H), 2.83 (q, J = 6.0 Hz, J = 6.0 Hz, 2H), 2.55 (q, 2H), 1.64

s, 9H), 1.34 (t, J = 6.0 Hz, 3H). 13 C NMR (151 MHz, DMSO-

6, δ ppm) 176.60, 166.52, 154.43, 148.97, 145.89, 137.57, 135.79, 

30.12, 128.80, 128.71, 119.80, 111.46, 107.50, 106.58, 63.16, 62.03, 

0.28, 50.25, 49.53, 49.49, 39.96, 30.00, 14.75. 19 F NMR (564 MHz, 

MSO- d6, δ ppm): -121.51. ESI-MS C 28 H 32 FN 7 O 3 ( m/z ): 533.22 

M] + ; HRMS: calc.: 533.2550 (M 

+ ); exp.: 533.2563 (M 

+ ). COSY 

DMSO- d6, δ ppm) 3 J H,H (4.52, 1.34), (3.25, 2.56), (3.25, 2.82). HSQC 

DMSO- d6, δ ppm) 1 J C,H (8.90, 148.98), (7.87, 109.78), (7.49, 130.12), 

7.36, 128.78), (7.32, 128.74), (7.12, 106.54), (5.62, 62.71), (5.62, 

3.61), (4.52, 49.94), (3.25, 50.26), (3.25, 49.79), (2.83, 49.55), 

2.55, 49.95), (1.64, 30.47), (1.64, 30.01), (1.64, 25.54), (1.34, 14.76). 

MBC (DMSO- d6, δ ppm) J C,H 8.90 (176.57, 166.52, 137.58, 49.50), 

.50 (63.17), 7.87 (152.54, 145.82), 7.86 (137.57), 7.32 (130.16), 

.13 (152.51, 137.56), 7.12 (154.12, 145.81, 119.77), 5.62 (154.43, 

35.79, 130.12, 4 9.51), 4.53 (14 8.97, 137.57), 4.52 (14.76), 3.25 

145.97, 50.25), 2.83 (49.47), 2.55 (50.38), 1.64 (62.04, 30.00), 1.34 

4 9.4 9). 

Synthesis of 7-(4-((1-(2,6-dimethylphenyl)-1 H -tetrazol-5- 

l)(phenyl)methyl)piperazin-1-yl)-1-ethyl-6-fluoro-4-oxo-1,4- 

ihydroquinoline-3-carboxylic acid ( 11, 12 ) 

A methodology similar to that used for the synthesis of 8 was 

mployed to obtain 11, 12 ; however, instead of paraformaldehyde, 

.344 mmol (36.6 mg) of benzaldehyde was added to the mix- 

ure under the same conditions. Ivory solid; yield 21 % mp 210 °C 

decomposition). ATR FT-IR (cm 

−1 ): 3060 (C-H arom), 2828 (C-H 

liph), 1720 (C = O acid), 1625 (C = O ketone), 1609 (C = C) 1539 and

505 (C = C Ar), 1476 (C = C Ar), 14 4 4, 1362, 1298, 1268, 1250 (C-

), 1198, 1139, 1130, 1007 (Ar-F), 933, 896, 780 ( 2 RC = CR-H), 747,

98 (C-H oop). 1 H NMR (600 MHz, DMSO- d6, δ ppm): 15.29 (s, 

H), 8.90 (s, 1H), 7.86 (d, J = 18.0 Hz, 1H), 7.45 (dd, J = 6.0

z, J = 12.0 Hz, 1H), 7.38 (d, J = 6.0 Hz, 1H), 7.31-7.28 (m, 3H),

.16-7.14 (m, 3H), 7.12 (d, J = 6.0 Hz, 1H), 4.56 (s, 1H) 4.53 (q,

 = 6.0 Hz, 2H), 3.27 (br s, 4H), 2.61 y 2.58 (m, 4H), 1.98 (s,

H), 1.35 (t, J = 6.0 Hz, 3H), 1.04 (s, 3H). 13 C NMR (151 MHz,

MSO- d6, δ ppm) 176.57, 16 6.53, 156.0 6, 154.13, 152.47, 148.96, 

45.73, 145.67, 137.56, 3800 136.15, 135.34, 134.71, 131.65, 131.41, 

29.65, 129.44, 129.19, 129.07, 119.82, 119.77, 111.47, 107.49, 106.52, 

4.06, 50.41, 49.92, 49.89, 49.52, 39.93, 17.48, 16.36, 14.76. 19 F 

MR (564 MHz, DMSO- d6, δ ppm): -121.48. ESI-MS C 32 H 32 FN 7 O 3 

 m/z ): 581.28 [M] + ; HRMS: calc.: 581.2550 (M 

+ ); exp.: 581.2554 

M 

+ ). COSY (DMSO- d6, δ ppm) 3 J H,H (4.52, 1.35), (2.59, 3.27), 
 J H,H (8.89, 4.53), (7.16, 4.55), (7.38, 1.04), (7.38, 1.04), (7.16, 1.98), 

7.14, 1.04). HSQC (DMSO- d6, δ ppm) 1 J C,H (8.89, 148.94), (7.85, 

11.56), (7.36, 129.43), (7.44, 131.65), (7.29, 129.12), (7.15, 129.65), 

7.14, 129.15), (7.11, 106.52), (4.54, 64.07), (4.51, 49.52), (3.26, 

9.89), (2.59, 50.42), (1.97, 17.47), (1.34, 14.75), (1.03, 16.34). HMBC 

DMSO- d6, δ ppm) J C,H 8.90 (176.58, 166.53, 137.56, 108.33, 49.52), 

.89 (152.48), 7.85 (176.54, 137.57), 7.84 (154.12), 7.45 (136.14), 7.36 

129.21, 131.39, 17.47), 7.30 (131.39, 134.69, 129.68), 7.16 (131.40, 

29.25), 7.15 (64.11, 16.36), 7.13 (152.45, 119.79), 7.12 (176.64, 

54.11, 145,69, 137.57), 4.56 (156.06, 134.70, 129.65, 50.42), 4.52 

148.97, 137.54, 14.75), 3.27 (50.13), 2.61 (50.31), 2.57 (50.20), 

.98 (135.34, 131.42, 129.41), 1.35 (49.52), 1.04 (136.15, 131.39, 

29.22). 
20 
. Computational details 

.1. Conformational analysis and geometry optimization 

A systematic conformational analysis using the MMFFaq force 

eld was performed [68] to obtain the most stable conformer of 

ach zwitterionic fluoroquinolone. Then, an equilibrium geome- 

ry optimization, without symmetric restrictions, using the semi- 

mpirical quantum-mechanic level of theory with the Parametric 

ethod 6 (PM6) approximation was done [69] . A vibrational fre- 

uency analysis was performed to validate the molecular geometry 

s a minimum on the potential energy surface. All the calculations 

ere carried out using Spartan’18 [70] . 

.2. MEP and SPR analysis 

Density Functional Theory (DFT) single-point energy calcula- 

ions were performed using the M06 hybrid functional [71] and 

he 6-311 + G 

∗∗ basis set [72] for all the fluoroquinolones. From 

hese calculations, the molecular electrostatic potential (MEP) was 

apped onto an iso-density surface (0.002 e −/ ̊A 

3 ) for each fluoro- 

uinolone. MEP maps are used to study the molecular size and lo- 

ation of electron-rich and electron-deficient zones in a compound 

eries [73] . All the calculations and molecular graphics were done 

n SPARTAN’18. 

.2. Molecular docking with DNA gyrase 

We evaluated the interaction of the synthesized compounds 

ith the DNA-gyrase of S. aureus. We compared the results with 

he commercial fluoroquinolones to study the potential ability of 

he hybrids as topoisomerase poisons. For this purpose, all new 

etrazole derivatives and the known fluoroquinolones, were docked 

nto the DNA gyrase/DNA structure from S. aureus (PDB:5CDQ) [74] . 

lectrostatic partial charge types were used for all the ligands in 

his study. The search algorithm used was MolDock SE with a num- 

er of 15 runs, 3500 iterations and a population of 150. MolDock 

core GRID was used as the scoring function with a radius of 13 ̊A

or the search sphere. 

Flexible docking was performed using parameters mentioned 

bove. All the residues with a distance of 6 ̊A from the binding site 

f the fluoroquinolones were set as flexible; for this purpose, only 

esidues with two or more torsions were considered (Torsion type 

TT) = 5, with 0.5 of strength; TT = 4, with 0.6 of strength; TT = 3

ith 0.7 of strength and TT = 2 with 0.8 of strength; for all TT,

olerance of 1). The methodology for the docking experiments was 

alidated by reproducing the Moxifloxacin co-crystallized ligand 

onformation in 5CDQ with an RMSD value of 0.414 (Supplemen- 

ary material Fig. S4). Docking studies were carried out in Molegro 

irtual Docker 6.0 [75] . 

.3. QSAR construction 

A QSAR study was performed to define the chemical character- 

stics of fluoroquinolones related to their antibacterial activity on 

. aureus . For this purpose, we used the interaction energy results 

btained from our molecular docking as descriptors: E int , and LE . 

hese descriptors have been used to understand and predict the 

iological activity of compounds [ 74 , 75 ]. Also, the physicochemical 

roperties of the compounds ( 1-12 ), such as diffusion in aqueous 

olvents, 1-octanol-water partition coefficient ( MlogP ) and aque- 

us solubility calculation (LogS) [76] , were also calculated. Molec- 

lar volume was employed as a molecular descriptor (V). Using 

hese values, we obtained additional molecular descriptors, includ- 

ng �V, corresponding to the molecular volume difference com- 
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ared to an established template ( Fig. 7 ). Finally, some topologi- 

al and constitutional descriptors were calculated, those previously 

sed in other works with similar structures [77] . 

QSAR model construction was done using a multiple linear re- 

ression techniques, employing the Excel Office program; molecu- 

ar descriptors were used as independent variables ( X). For the de- 

endent variable ( Y ), we used the experimental MIC. QSAR model 

alidation was based on the value of its squared multiple correla- 

ion coefficient ( R 2 ), explained variance in prediction obtained by 

he leave many out technique ( Q 

2 
LMO 

), standard deviation ( s ), and

isher function ( F ) [78] . Additionally, overfitting ( R N ) and, to guar-

ntee its future predictive ability, the asymptotic Q 

2 rule and the 

xternal validation technique (Q 

2 
ext ) were applied [ 76 , 78 ]. 

.4. Molecular docking with COVID-19 main protease 

The details of the selection of the crystal structures used in this 

ork are described in the results section. To validate our dock- 

ng method, we reproduced the crystal conformation of the co- 

rystallized compound in the four crystals enzymes (Supplemen- 

ary materials Figs. S6-S9) using the search algorithm MolDock Op- 

imizer: 50 runs, 40 0 0 iterations and a population of 200, and 

olDock Score GRID function with a search sphere of 15 ̊A radius 

ver the catalytic site. After the rigid docking, a flexible docking 

pproach was made considering all the residues of the catalytic 

ite (using the same consideration for DNA/gyrase docking) 
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