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Abstract

Syntheses of tetrahydroepoxy, O‐allylic, O‐prenylic, and O‐propargylic tetra-

fluoronaphthalene derivatives, starting from 1‐bromo‐2,3,4,5,6‐pentafluorobenzene,
are reported here for the first time. The O‐substituted tetrafluoronaphthalene deri-

vatives were designed and also synthesized via a one‐pot nucleophilic substitution

reaction in excellent yields, whereas the tetrafluorotetrahydroepoxynaphthalene

derivate was synthesized via a reduction reaction in excellent yield. The chemical

structures of all the synthesized molecules were characterized by nuclear magnetic

resonance, infrared spectroscopy, and high‐resolution mass spectrometry techniques.

In this study, a series of novel tetrafluoronaphthalene derivatives (2, 2a, 4–6) was

tested toward several enzymes including α‐glucosidase, acetylcholinesterase (AChE),

and human carbonic anhydrase I and II (hCA I/II). The tetrafluoronaphthalene deri-

vatives 2, 2a, and 4–6 showed IC50 and Ki values in the range of 0.83–1.27 and

0.71–1.09 nM against hCA I, 1.26–1.85 and 1.45–5.31 nM against hCA II,

39.02–56.01 and 20.53–56.76 nM against AChE, and 15.27–34.12 and

22.58–30.45 nM against α‐glucosidase, respectively. Molecular docking calculations

were made to determine the biological activity values of the tetrafluoronaphthalene

derivatives against the enzymes. After the calculations, ADME/T analysis was per-

formed to examine the effects on human metabolism. Finally, these compounds had

antidiabetic and anticholinesterase potentials.
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1 | INTRODUCTION

Fluorine atom is a small atom in size with very high electronegativity.

Fluorine atoms bonded to carbon (C–F) have unique properties in

organic chemistry.[1] The presence of a fluorine atom in a compound

can efficiently affect pKa, intrinsic potency, conformation, metabolic

pathways, and pharmacokinetic and membrane permeability prop-

erties.[2] Organic compounds containing a fluorine atom influence the

properties of a compound like absorption, distribution, excretion, and

metabolism.[3] Fluorine is also often used to improve metabolic

stability by blocking metabolically labile regions. Also, fluorine

can balance biochemical properties like lipophilicity and basicity, and

raise binding affinity to the target protein.[1,3] Fluoroaromatic ske-

letons are of interest in a variety of fields, such as physical and

synthetic chemistry, environmental search, and biological tests

(Figure 1).[4] Due to their unique biological and chemical properties,

they are utilized in agrochemicals, bioactive components, optoelec-

tronics, high‐performance materials, and liquid crystalline

materials.[5‐10] They are also important building blocks for the

synthesis of organofluorine‐derived drugs (Figure 1).[11,12] In
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2003, according to data of the World Drug Index (WDI), 128

fluorinated pharmaceutical compounds having US trade names were

reported.[1] For all these reasons, organic fluorine compounds have

been receiving a great deal of attention from scientists in recent

years.[13]

However, aromatic compounds containing the propargyl

functional group are of considerable interest in the medicinal and

analytical fields, and have long been recognized as mechanism‐based
inhibitors of CYPs.[14] They also function as a key pharmacophoric

unit in acetylenic antibiotics, and these functional groups have been

reported to contribute in enhancing lipophilicity.[15] In addition,

prenylation and allylation are very interesting reactions, because

they increase the lipophilic character and biological activity as

compared with the unsubstituted derivates.[16,17]

CA helps maintain acid–base homeostasis, regulate pH, and

fluid balance. CA Inhibitors are used to treat glaucoma, the ex-

cessive build up of water in the eyes. AZA given at 7–10 mg/kg

three times daily causes self‐limiting hyperchloremic metabolic

acidosis, mild‐to‐moderate hypokalemia, and mild hypocalcemia

in dogs.[18,19] Acetylcholinesterase (AChE) is an enzyme present

in cholinergic neurons and its key role is the rapid breakdown of

the neurotransmitter acetylcholine (ACh) released throughout

neurotransmission. The level of the active site of AChE is a 20‐Å
length gorge that includes a catalytic anionic site and a periph-

eral anionic binding site.[20,21] In addition, AChE inhibitor com-

pounds modulate ACh hydrolysis and also play an important role

in diagnosing the cholinergic tone.[22,23] Type‐2 diabetes mellitus

(T2DM) is one of the most popular metabolic diseases in the

world and is defined by hyperglycemia. α‐Glucosidase enzymes

are in the nutritive system that hydrolyzes carbohydrate mole-

cules into glucose molecules.[24,25] One strategy that has been

developed to treat T2DM is the inhibition of α‐glucosidase en-

zyme using synthetic drugs.[26,27]

In recent studies, theoretical studies have become very

common because theoretical calculations provide both time and

financial gains.[28‐30] Among the theoretical calculations made,

the most used method is molecular docking. Biological activity

values of molecules against enzyme proteins were calculated by

the molecular docking program. The enzymes used for calcula-

tions are human carbonic anhydrase isoenzyme I (hCA I) (PDB ID:

3LXE),[31] human carbonic anhydrase isoenzyme II (hCA II) (PDB

ID: 5AML),[32] AChE (PDB ID: 4M0E),[33] and α‐glucosidase (PDB

ID: 1R47).[34] After calculating the biological activities of the

molecules, ADME/T (absorption, distribution, metabolism, ex-

cretion/toxicity) calculations were made for the use of the mo-

lecules as drugs.

However, tetrafluoronaphthalene derivatives containing O‐
propargyl, O‐allyl, and O‐prenyl groups are not common, and not much

attention has been focused on these compounds in the literature.

Therefore, we decided to synthesize new tetrafluoronaphthalene‐based
bioactive compounds that contain the important scaffolds for enzyme

inhibition, namely tetrafluoronaphthalene and tetrahydroepoxy, O‐allylic,
O‐prenylic, orO‐propargylic units. With the above considerations in mind,

as a part of biologically and pharmaceutically active units, here we re-

ported on the synthesis and characterization of O‐allylic, O‐prenylic, and
O‐propargylic tetrafluoronaphthalene derivatives. In addition, it was

aimed to investigate their effects on some important enzymes.

2 | RESULTS AND DISCUSSIONS

2.1 | Chemistry

Here, 5,6,7,8‐tetrafluoronaphthalen‐1‐ol (3) was synthesized in two

steps from 1‐bromo‐2,3,4,5,6‐pentafluorobenzene (1) with the addi-

tion of furan via Diels–Alder cycloaddition reaction and acid‐
catalyzed aromatization reaction according to a previously reported

method (Scheme 1).[35] Also, 5,6,7,8‐tetrafluoro‐1,2,3,4‐tetrahydro‐
1,4‐epoxynaphthalene was synthesized via reduction with hydrazine

monohydrate of the compound 2 in EtOH in the presence of O2 gas

(Scheme 1).

The O‐substituted tetrafluoronaphthalene derivatives 4–6 were

synthesized via the nucleophilic substitution reaction of 5,6,7,8‐
tetrafluoronaphthalen‐1‐ol (3) with the propargyl, allyl‐, and prenyl

bromide in the presence of K2CO3 in dry acetone at reflux under a

nitrogen atmosphere (Scheme 2).

F IGURE 1 Bioactive molecules containing multifluoroaryl group
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2.2 | Bioactivity results

The enzyme inhibitory effects of all the new tetrafluoronaphthalene

derivatives (2, 2a, 4–6) were investigated against hCA I, hCA II

as well as AChE, and α‐glucosidase using the previous

methods. The inhibitory activities were compared with standard

compounds (Table 1 and Figure 2). The following results were

recorded.

CA inhibitor compounds (CAIs) can be grouped into two major

classes: some inhibitor compounds that bind to the active site co-

ordinating the catalytic zinc ion, like primary sulfonamide compounds

and their isosteres (sulfamides and sulfamates), xanthates, and di-

thiocarbamates, and inhibitor compounds that bind to the active site

without interacting with the metal ion.[36,37] Compounds belonging

to this second group can either be anchored to the zinc‐bound water

molecule, as reported for polyamines and phenols, or bind in differ-

ent regions of the active site observed for lacosamide and coumar-

in.[38,39] Indeed, some inhibitor compounds like carboxylic acids can

show both the binding modes, depending on their chemical struc-

ture.[40] The target novel tetrafluoronaphthalene derivatives (2, 2a,

4–6) were screened for their potentials against the two cytosolic

hCA isoforms, namely hCA I and hCA II, using acetazolamide

(AZA) as a standard. The inhibition modes and Ki constants of the

new tetrafluoronaphthalene derivatives (2, 2a, 4–6) were calculated

from Lineweaver–Burk[41] graphs, as explained previously.[42,43]

The new tetrafluoronaphthalene derivatives (2, 2a, 4–6) showed

nanomolar ranges against hCA I with Ki values between 0.71 ± 0.15

and 1.09 ± 0.17 nM (Table 1). Indeed, compound 6 had the best

SCHEME 1 Synthesis of the
tetrafluoronaphthalene derivatives 2, 2a,
and 3

SCHEME 2 Synthesis of O‐allylic, O‐prenylic, and O‐propargylic tetrafluoronaphthalene derivatives 4–6
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inhibition effect (Ki: 0.71 ± 0.15 nM). AZA exhibited a Ki value of

2.47 ± 0.80 nM for cytosolic hCA I isoenzyme (Ki‐AZA/Ki‐6: 3.47). The

results clearly displayed that the novel tetrafluoronaphthalene de-

rivatives (2, 2a, 4–6) had an effective inhibition profile than that of

AZA against hCA I isoform (Table 1 and Figure 2). Regarding the

inhibition effects against hCA II, the tested novel tetra-

fluoronaphthalene derivatives (2, 2a, 4–6) demonstrated a simi-

lar inhibition potency with Ki values ranging from 1.45 ± 0.14 to

5.31 ± 1.52 nM. However, AZA as control had a Ki value of

4.02 ± 0.92 nM against hCA II. As can be seen in Table 1, compound 5

had the greatest selectivity against hCA II isoenzyme. Indeed, it had a

maximum inhibition profile and can be used for the treatment of

glaucoma after advanced examinations (Ki‐AZA/Ki‐5: 2.77) (Table 1).

Furthermore, recently, CA inhibitors were shown to be of potential

use in the management of cerebral ischemia, neuropathic pain, and

arthritis, which are conditions for which this class of pharmacologic

agents was previously considered inappropriate.[44] However, the

attentive search for novel classes of compounds with efficacy and

selectivity for the different isoforms involved in these quite diverse

conditions resulted in proof‐of‐concept studies, which have

suggested that all catalytically active hCA isoforms may be con-

sidered as interesting drug targets.[45,46]

Cholinergic neurotransmission plays a key role in impaired

cognitive function in Alzheimer's disease (AD) and adult‐onset de-

mentia disorders. Treatments to counteract amyloid accumulation,

tau hyperphosphorylation, and immunotherapy have been re-

commended, but they failed to produce effects and were therefore

discontinued in Phase II or III clinical trials.[47,48] At present, en-

hancement of cholinergic neurotransmission still represents the main

approach to symptomatic treatment of cognitive and behavioral

symptoms of mild and moderate stages of AD. In line with this

therapeutic strategy, various molecules like linopirdine, an agent that

increases hippocampus ACh release, muscarinic ACh receptor ago-

nists like xanomeline, and AChE inhibitor compounds like tacrine and

physostigmine were used.[49,50] These cholinergic enzyme inhibition

results are reported in Table 1. The novel tetrafluoronaphthalene

derivatives (2, 2a, 4–6) had Ki values ranging from 20.53 ± 3.82 to

56.76 ± 11.12 nM for AChE (Table 1), whereas TAC had a Ki value of

56.72 ± 13.76 nM against the indicated AChE enzyme. It could be

seen from the table that all novel molecules demonstrated marked

TABLE 1 The enzyme inhibition results of novel tetrafluoronaphthalene derivatives (2, 2a, 4–6) against human carbonic anhydrase
isoenzymes I and II (hCA I and II), acetylcholinesterase (AChE), and α‐Gly enzymes

IC50 (nM) Ki values (nM)
Compounds hCA I r2 hCA II r2 AChE r2 α‐Gly r2 hCA I hCA II AChE α‐Gly

2 1.27 0.9627 1.85 0.9923 39.02 0.9528 24.95 0.9626 1.02 ± 0.22 4.37 ± 0.80 20.53 ± 3.82 24.35 ± 2.74

2a 1.02 0.9916 1.76 0.9986 56.01 0.9824 15.27 0.9892 1.09 ± 0.17 3.37 ± 0.70 22.72 ± 6.52 22.58 ± 6.28

4 0.95 0.9889 1.52 0.9690 50.23 0.9518 30.41 0.9472 0.88 ± 0.07 5.31 ± 1.52 22.86 ± 4.73 26.51 ± 6.76

5 0.83 0.9627 1.26 0.9962 45.71 0.9025 34.12 0.9673 0.82 ± 0.24 1.45 ± 0.14 36.77 ± 4.87 30.45 ± 7.73

6 0.98 0.9782 1.38 0.9827 42.16 0.9488 31.88 0.9902 0.71 ± 0.15 2.01 ± 0.55 56.76 ± 11.12 29.88 ± 5.76

AZAa 1.48 0.9622 2.32 0.9340 – – – – 2.47 ± 0.80 4.02 ± 0.92 – –

TACa – – – – 98.28 0.9817 – – – – 56.72 ± 13.76 –

ACRa – – – – – – 48.13 0.9690 – – – 51.48 ± 3.93

Abbreviations: AChE, acetylcholinesterase; ACR, acarbose; AZA, acetazolamide; hCA I, human carbonic anhydrase isoenzyme I; hCA II, human carbonic

anhydrase isoenzyme II; TAC, tacrine; α‐Gly, α‐glucosidase.
aStandard compounds.

F IGURE 2 Determination of Lineweaver–Burk graphs for excellent inhibitors of human carbonic anhydrase isoenzymes I and II (hCA I and
II), acetylcholinesterase (AChE), and α‐glucosidase (α‐Gly)
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inhibitory effects against both cholinesterase with Ki values ranging

in sub‐nanomolar ranges; however, compound 2 showed a perfect

inhibition effect against AChE (Ki: 20.53 ± 3.82 nM; Ki‐TAC/Ki‐2: 2.88)

(Table 1).

Finally, for the α‐glucosidase, the novel tetrafluoronaphthalene

derivatives (2, 2a, 4–6) showed Ki values between 22.58 ± 6.28

and 30.45 ± 7.73 nM (Table 1). The results demonstrated that

compound 2 had effective α‐glucosidase inhibition effects than that

of acarbose (ACR, Ki: 51.48 ± 3.93 nM) as a standard α‐glucosidase
inhibitor. Also, highly effective Ki values were calculated for com-

pound 2a (Ki: 22.58 ± 6.28 nM). Inhibitors of this enzyme delay the

breakdown of carbohydrate molecules in the small intestine and di-

minish the postprandial blood glucose excursion; hence, inhibition of

glucosidase enzyme has an important effect on polysaccharide

metabolism, cellular interaction, and glycoprotein processing, widen-

ing opportunities for the discovery of new therapeutic factors

against diseases like obesity, viral infection, diabetes, and metastatic

cancer.[51]

Indeed, AG as a glucosidase located in the brush border of the small

intestine is able to selectively hydrolyze terminal (1→ 4)‐linked
α‐glucose residues (disaccharides or starch) to release a single

α‐glucose molecule.[52]

2.3 | Molecular docking

Molecular docking calculations were made to compare the bio-

logical activities of molecules. With these calculations, many

F IGURE 3 Presentation of interactions of the compound 5 with human carbonic anhydrase isoenzyme I enzyme

F IGURE 4 Presentation of interactions of the compound 5 with human carbonic anhydrase isoenzyme II enzyme
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parameters were obtained to compare enzymes against protein

biological activities. Each obtained parameter gave information

about the different chemical properties of the molecules. The

parameter used to compare biological activity between these

parameters is the docking score. If the numerical value of this

parameter of a molecule is more negative than other molecules,

the biological activity of this molecule is higher than others.[53]

The most important factor affecting the numerical value of this

parameter is chemical interactions between molecules and pro-

teins. As the chemical interactions between molecules and pro-

teins increase, the biological activities of the molecules

increase.[54] These interactions include hydrogen bonds, polar

and hydrophobic interactions, π–π interactions, and halogen in-

teractions.[55‐61] The interaction of enzymes with the molecule

with the highest biological activity is shown in Figures 3‐6.

Other parameters obtained from the interactions of molecules

against enzymes are given in Table 2. Among other parameters, Glide

ligand efficiency, Glide ecoul, and Glide emodel are the parameters

obtained as a result of chemical interactions of molecules.[62] How-

ever, other parameters obtained are Glide energy, Glide einternal,

and Glide posenum parameters that occur from the pose formed

between enzymes and molecules.[63]

After comparing the biological activity of tetrafluoronaphthalene

derivatives against protein of enzymes, ADME/T analysis was con-

ducted to theoretically predict the effects and responses of tetra-

fluoronaphthalene derivatives on human metabolism. As a result of

this theoretical analysis, many parameters have been obtained and

these parameters are given in Table 3. The first parameter among

these parameters is the solute molecular weight, which requires the

molecule to have a specific molecular weight. Another parameter is

F IGURE 5 Presentation of interactions of the compound 2 with acetylcholinesterase enzyme

F IGURE 6 Presentation of interactions of the compound 2a with α‐glucosidase enzyme

6 of 12 | ERDOĞAN ET AL.



PISA, also known as solute total SASA. This parameter is the π

(carbon and attached hydrogen) component of the SASA. Another

parameter is QP polarizability, which is the predicted polarizability in

cubic angstroms. Another important parameter is the QPlogHERG,

which is the numerical value of the estimated IC50 value when HERG

K channels are blocked. The next parameter is QPPCaco, which is the

Caco‐2 cell permeability at the gut–blood barrier for inactive

transport. Another parameter is the QPlogBB, which is the coeffi-

cient of the brain–blood barrier of an orally administered drug. The

next parameter is human oral absorption, which is the predicted

qualitative human oral absorption: 1, 2, or 3 for low, medium, or

high.[64‐66]

Among all ADME/T parameters, the two most important para-

meters are the Rule of Five and the Rule of Three. The Rule of

Five[67,68] and Rule of Three[69] parameters are more important than

any other parameter. The numerical value of these two parameters is

expected to be zero. The Rule of Five parameter, also known as

Lipinski's rule of five, is Pfizer's fifth rule. The rules are as follows: mol

MW<500, QPlog P o/w < 5, donorHB ≤ 5, accptHB ≤ 10. However, the

rule of three parameter is known as Jorgensen's rule of three. The

three rules are as follows: QPlog S > −5.7, QPPCaco > 22 nm/s,

#primary metabolites < 7. If the numerical value of the rule of three

parameter is zero, this molecule can be used orally as a drug. The last

and another important parameter is Jm, which is the predicted

TABLE 2 Numerical values of the docking parameters of molecule against enzymes

hCA I

Docking

score

Glide

ligand

efficiency

Glide

hbond

Glide

evdw

Glide

ecoul

Glide

emodel

Glide

energy

Glide

einternal

Glide

posenum

2 −4.95 −0.33 −0.32 −21.21 −4.01 −33.43 −25.22 0.00 290

2a −4.95 −0.33 −0.32 −21.29 −4.12 −33.70 −25.41 0.00 374

4 −4.10 −0.23 0.00 −29.15 −0.23 −37.57 −29.38 0.32 293

5 −5.83 −0.21 0.00 −26.81 −1.46 −34.87 −28.26 0.95 290

6 −4.56 −0.23 0.00 −28.22 −2.95 −39.14 −31.16 2.33 36

hCA II Docking score

Glide ligand

efficiency

Glide

hbond Glide evdw

Glide

ecoul

Glide

emodel

Glide

energy

Glide

einternal Glide posenum

2 −4.58 −0.31 0.00 −18.61 −4.17 −30.08 −22.79 0.00 117

2a −5.40 −0.36 −0.32 −17.23 −4.37 −29.85 −21.60 0.00 325

4 −3.29 −0.18 0.00 −27.58 −0.77 −34.35 −28.34 0.16 366

5 −5.70 −0.21 0.00 −22.25 −3.11 −30.71 −25.36 1.14 131

6 −4.43 −0.22 0.00 −29.61 −0.64 −34.31 −30.25 6.98 105

AChE

Docking

score

Glide

ligand

efficiency

Glide

hbond

Glide

evdw

Glide

ecoul

Glide

emodel

Glide

energy

Glide

einternal

Glide

posenum

2 −6.36 −0.41 0.00 −23.33 −0.35 −32.26 −23.68 0.00 53

2a −6.21 −0.41 0.00 −20.57 −1.73 −30.66 −22.31 0.00 355

4 −5.80 −0.32 0.00 −26.24 −3.61 −40.57 −29.85 0.46 383

5 −6.16 −0.34 0.00 −25.00 −3.06 −38.65 −28.06 1.20 269

6 −6.35 −0.32 −0.03 −22.72 −5.13 −38.92 −27.85 0.95 86

α‐Gly
Docking

score

Glide

ligand

efficiency

Glide

hbond

Glide

evdw

Glide

ecoul

Glide

emodel

Glide

energy

Glide

einternal

Glide

posenum

2 −3.99 −0.27 −0.17 −15.99 −2.46 −22.95 −18.45 0.00 262

2a −4.03 −0.27 −0.18 −15.93 −2.91 −23.53 −18.84 0.00 319

4 −3.52 −0.20 0.00 −21.41 −2.13 −29.06 −23.54 0.26 300

5 −3.28 −0.18 0.00 −22.14 −0.65 −27.73 −22.79 0.22 74

6 −3.81 −0.19 0.00 −22.84 −1.92 −30.39 −24.77 1.18 27

Abbreviations: AChE, acetylcholinesterase; ACR, acarbose; AZA, acetazolamide; hCA I, human carbonic anhydrase isoenzyme I; hCA II, human carbonic

anhydrase isoenzyme II; TAC, tacrine; α‐Gly, α‐glucosidase.
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maximum transdermal transport rate, Kp ×MW× S (μg/cm2/h). Kp and

S are obtained from the aqueous solubility and skin permeability,

QPlog Kp and QPlog S. These parameters are the numerical values of a

theoretical parameter calculated for the application of molecules that

can be drugs to the skin.

3 | CONCLUSION

In conclusion, we designed, synthesized, and characterized biologi-

cally important novel tetrafluoronaphthalene derivatives that con-

tain the important scaffolds for enzyme inhibition, namely

TABLE 3 ADME properties of the
compounds

2 2a 4 5 6 Reference range

mol_MW 216 218 254 256 284 130 to 725

Dipole (D) 3.5 3.6 6.2 6.0 6.7 1.0 to 12.5

SASA 353 360 454 454 522 300 to 1000

FOSA 53 155 82 102 198 0 to 750

FISA 0 0 0 0 0 7 to 330

PISA 137 44 225 213 179 0 to 450

WPSA 162 161 148 139 145 0 to 175

Volume (Å3) 570 588 739 752 875 500 to 2000

donorHB 0 0 0.5 0 0 0 to 6

accptHB 2 2 1 1 1 2.0 to 20.0

glob (sphere = 1) 0.9 0.9 0.9 0.9 0.8 0.75 to 0.95

QPpolrz (Å3) 18.0 17.8 23.6 24.1 28.6 13.0 to 70.0

QPlogPC16 3.8 3.3 5.7 5.8 6.6 4.0 to 18.0

QPlogPoct 7.0 6.8 9.4 8.8 10.3 8.0 to 35.0

QPlogPw 3.2 2.6 3.2 2.4 2.3 4.0 to 45.0

QPlogPo/w 3.4 3.2 5.1 5.0 5.7 −2.0 to 6.5

QPlogS −2.3 −2.5 −4.9 −5.0 −6.3 −6.5 to 0.5

CIQPlogS −2.3 −2.5 −4.9 −5.0 −6.3 −6.5 to 0.5

QPlogHERG −3.1 −2.7 −4.7 −4.5 −4.8 a

QPPCaco (nm/s) 9906 9906 9906 9906 9906 b

QPlogBB −0.5 −0.3 0.0 0.1 0.2 −3.0 to 1.2

QPPMDCK (nm/s) 10,000 10,000 10,000 10,000 10,000 b

QPlogKp (Kp in cm/h) −1.0 −1.4 −0.4 −0.5 −0.6

IP (eV) 10.5 10.5 9.0 9.0 9.0 7.9‐10.5

EA (eV) 1.1 1.1 1.5 1.5 1.4 −0.9 to 1.7

#metab 3 3 2 2 4 1 to 8

QPlogKhsa −0.2 −0.1 0.4 0.5 0.8 −1.5 to 1.5

Human oral absor. 3 3 3 3 1 ‐

Per. human oral absor. 100 100 100 100 100 c

PSA 10.1 9.9 6.0 4.6 5.6 7 to 200

Rule of Five 0 0 1 1 1 Maximum is 4

Rule of Three 0 0 0 0 1 Maximum is 3

Jm 101.5 31.4 1.3 0.8 0.0 ‐

aConcern below −5.
ba < 25 is poor and a > 500 is great.
cb < 25 is poor and b > 80 is high.
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tetrahydroepoxy, O‐allylic, O‐prenylic, and O‐propargylic units, and

tetrafluoronaphthalene skeleton. However, these novel tetra-

fluoronaphthalene derivatives (2, 2a, 4–6) were recorded to have

anticholinesterase and antidiabetic properties; also, they are appro-

priate for future significant drug searches. These new compounds

had antidiabetic and anticholinesterase potentials. Biological activ-

ities of tetrafluoronaphthalene derivatives against enzymes were

compared. Afterward, a theoretical ADME/T analysis of these mo-

lecules was performed. As a result of these analyses, it was examined

with many parameters. When the numerical values of the obtained

parameters are examined, it is perceived that they may be studied as

active and effective new drugs in future in vivo and in vitro studies.

4 | EXPERIMENTAL

4.1 | Chemistry

4.1.1 | General

All reactions were carried out under nitrogen and monitored by thin‐
layer chromatography (TLC) method, and spots were visualized by UV

irradiation. All solvents were dried and distilled before use. Melting

points are uncorrected. IR spectra were recorded on a PerkinElmer FTIR

spectrometer. The one‐ and two‐dimensional 1H and 13C nuclear mag-

netic resonance (NMR) spectra (see the Supporting Information) were

recorded on a Bruker‐400 spectrometer using tetramethylsilane as the

internal standard. All spectra were recorded at 25°C, and coupling con-

stants (J values) are given in hertz (Hz). Chemical shifts are given in parts

per million (ppm). Mass spectra were recorded on a 6530 Accurate‐Mass

Q‐TOF‐LC/MS from Agilent Technologies. TLC was performed on silica

gel 60 HF254 aluminum plates (Fluka).

The InChI codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.1.2 | Synthetic procedure for the preparation of
compounds 2, 2a, 3–6

5,6,7,8‐Tetrafluoro‐1,4‐dihydro‐1,4‐epoxynaphthalene (2)

5,6,7,8‐Tetrafluoro‐1,4‐dihydro‐1,4‐epoxynaphthalene (2) was synthe-

sized according to a previously reported method in the literature.[35]

Yield 92%, white crystals, M.p. 61–63°C, (lit.[35] sublimed 80–90°C), 1H

NMR (400MHz, CDCl3): δ=7.08 (s, 2H), 6.02 (s, 2H). 13C NMR

(100MHz, CDCl3): δ=142.69 (s), 142.32 (dt, J=10.5, 4.2Hz),

140.12–139.64 (m), 138–136.76 (m), 130.39 (dd, J=14.5, 8.4Hz), 80.09

(s). 19F NMR (376MHz, CDCl3): δ=−143.04 (m), −157.20 (m).

5,6,7,8‐Tetrafluoro‐1,2,3,4‐tetrahydro‐1,4‐epoxynaphthalene (2a)

In a round‐bottom flask, 5,6,7,8‐tetrafluoro‐1,4‐dihydro‐1,
4‐epoxynaphthalene (2) (0.30 g, 1.39 mmol) and EtOH (30ml) were

added. To this mixture, NH2–NH2·H2O (0.277, 5.55mmol) was ad-

ded, and the reaction was completed under an atmosphere of O2 gas.

The mixture was stirred at 40°C for 15 h and monitored by TLC. On

completion of the reaction, the solvent was removed with a rotary

evaporator and the crude product was extracted with EtOAc, and

the organic phases were dried (Na2SO4), filtered, and evaporated.

After evaporation of the solvent and purification by column

chromatography on silica gel by eluting with n‐hexane/EtOAc of

increasing polarity, 5,6,7,8‐tetrafluoro‐1,2,3,4‐tetrahydro‐1,4‐
epoxynaphthalene (2a) (0.295 g, yield 97% in n‐hexane/EtOAc 85:15)

was obtained as a brown solid. M.p. 63–65°C, 1H NMR (400MHz,

CDCl3): δ = 5.67 (d, J = 1.2 Hz, 2H), 1.13–2.10 (m, AAʹ of AAʹBBʹ,

2H), 1.48–1.42 (m, BBʹ of AAʹBBʹ, 2H). HRMS (Q‐TOF): m/z

[M (C10H6F4O)–C1F4O1]
+ calcd. for C9H11: 119.0860; found:

119.0771.

5,6,7,8‐Tetrafluoronaphthalen‐1‐ol (3)
5,6,7,8‐Tetrafluoronaphthalen‐1‐ol (3) was synthesized according to

a previously reported method in the literature.[21] Yield 97%, white

solid: M.p. 126°C (lit.[16] M.p. 126–127°C). 1H NMR (400MHz,

CDCl3): δ = 7.64 (d, J = 8.5, 1H), 7.47 (t, J = 8.1, 1H), 7.05 (d, J = 7.7,

1H), 6.5 (s, 1H, –OH).

1,2,3,4‐Tetrafluoro‐5‐(prop‐2‐yn‐1‐yloxy)naphthalene (4)

To 5,6,7,8‐tetrafluoronaphthalen‐1‐ol (3) (0.500 g, 2.52mmol) in acetone

(40ml), K2CO3 (0.697 g, 5.05mmol) and propargylbromide (0.230ml,

3.03mmol) were added. Themixture was refluxed for 15 h at 60°C under

an N2 atm. Then, the solvent was evaporated with a rotary evaporator

and the crude product was diluted in cold water (50ml). The aqueous

mixture was extracted with EtOAc (3 ×30ml), and the organic layers

were dried (Na2SO4), filtered, and evaporated. The crude product was

purified via 1,2,3,4‐tetrafluoro‐5‐(prop‐2‐yn‐1‐yloxy)naphthalene (4)

(546mg, 85%). White solid: mp 70–72°C. IR (cm−1) νmax 3311, 2931,

2875, 2139, 1942, 1835, 1727, 1663, 1601, 1523, 1485, 1411, 1388,

1273, 1238, 1130, 1090, 1026, 976, 964, 888, 841, 792, 764, 746, 701.
1H NMR (400MHz, CDCl3): δ=7.65 (d, J=8.5Hz, 1H), 7.50 (t, J=8.1Hz,

1H), 7.09 (d, J=7.7Hz, 1H), 4.87 (d, J=2.2Hz, 2H), 2.56 (t, J=2.2Hz,

1H). HRMS (Q‐TOF): m/z [M]+ calcd. for C13H6F4O: 254.03548; found:

254.03434.

5‐(Allyloxy)‐1,2,3,4‐tetrafluoronaphthalene (5)

To 5,6,7,8‐tetrafluoronaphthalen‐1‐ol (3) (0.50 g, 2.52mmol) in acetone

(40ml), K2CO3 (0.697 g, 5.05mmol) and allylbromide (0.262ml,

3.03mmol) were added. The reaction mixture was refluxed for 15 h at

60°C under an N2 atm. Then, the solvent was evaporated with a rotary

evaporator and the crude product was diluted in cold water (50ml). The

mixture was extracted with EtOAc (3 ×30ml), and the organic layers

were dried (Na2SO4), filtered, and evaporated. The crude product was

purified via column chromatography on silica gel (75 g) by eluting with

25% EtOAc/n‐hexane to give 5‐(allyloxy)‐1,2,3,4‐tetrafluoronaphthalene
(5) (583mg, 90%). White solid: mp 50–52°C. IR (cm−1) νmax 3096, 2994,

2917, 2868, 1935, 1836, 1665, 1605, 1523, 1487, 1472, 1411, 1367,

1271, 1247, 1128, 1094, 1021, 971, 935, 886, 843, 792, 746, 701. 1H

NMR (400MHz, CDCl3): δ=7.62 (d, J=8.4Hz, 1H), 7.45

(t, J=8.1Hz, 1H), 6.89 (d, J=7.7Hz, 1H), 6.19–6.08 (m, 1H), 5.59 (d,
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J=17.3Hz, 1H), 5.37 (d, J=10.6Hz, 1H), 4.69 (d, J=1.5Hz, 2H). HRMS

(Q‐TOF): m/z [M]+ calcd. for C13H8F4O: 256.05113, 257.05448; found:

256.04960, 257.0533.

1,2,3,4‐Tetrafluoro‐5‐[(3‐methylbut‐2‐en‐1‐yl)oxy]naphthalene (6)

To 5,6,7,8‐tetrafluoronaphthalen‐1‐ol (3) (0.50 g, 2.52mmol) in acetone

(40ml), K2CO3 (0.697 g, 5.05mmol) and prenyl bromide

(0.350ml, 3.03mmol) were added. The reaction mixture was refluxed for

15h at 60°C under an N2 atm. Then, the solvent was evaporated with a

rotary evaporator and the crude product was diluted in cold water

(50ml). The mixture was extracted with EtOAc (3 ×30ml), and the or-

ganic layers were dried (Na2SO4), filtered, and evaporated.

The crude product was purified via column chromatography on silica gel

(75 g) by eluting with 25% EtOAc/n‐hexane to give 1,2,3,4‐tetrafluoro‐5‐
[(3‐methylbut‐2‐en‐1‐yl)oxy]naphthalene (6) (635mg, 88%). White solid:

mp 52–54°C. IR (cm−1) νmax 2991, 2966, 2938, 2916, 2871, 1931, 1833,

1661, 1608, 1526, 1488, 1471, 1413, 1365, 1323, 1274, 1237, 1199,

1178, 1133, 1094, 1024, 965, 888, 785, 764, 746, 699. 1H NMR

(400MHz, CDCl3): δ=7.55 (d, J=8.4Hz, 1H), 7.45 (t, J=8.1Hz, 1H), 6.92

(d, J=7.7Hz, 1H), 5.58 (t, J=6.3Hz, 1H), 4.68 (d, J=6.3Hz, 2H), 1.84 (s,

3H), 1.79 (s, 3H). HRMS (Q‐TOF): m/z [M−H]+ calcd. for C15H11F4O:

283.07460, 284.07796; found: 283.07121, 284.07934.

4.2 | Bioactivity studies

In the present work, hCA I and II isoenzymes were purified by

Sepharose‐4B‐L‐tyrosine‐sulfanilamide affinity column chromato-

graphy, CA isoenzymes' activity was determined according to the

spectrophotometric method of Verpoorte et al.,[70] and p‐nitrophenyl
acetate (PNF) was used as a substrate for these isoenzymes.[71,72]

For determination of inhibition kinetics of novel tetra-

fluoronaphthalene derivatives (2, 2a, 4–6), activity (%) and tetra-

fluoronaphthalene graphs were drawn. From these graphs, half

maximal inhibitor concentrations (IC50) for novel coumarin‐1,2,3‐
triazole‐acetamide hybrids were determined. Also, for Ki values,

three different concentrations of novel tetrafluoronaphthalene de-

rivatives (2, 2a, 4–6) were used. Then, Lineweaver–Burk[41] graphs

were drawn according to these measurements. Ki values of novel

tetrafluoronaphthalene derivatives (2, 2a, 4–6) were determined

from Lineweaver–Burk graphs, as previously described.[73,74] The

protein estimation was done by using Bradford's[75] method in which

bovine serum albumin is used as a standard protein. The inhibitory

effect of novel tetrafluoronaphthalene derivatives (2, 2a, 4–6) on

AChE activity was determined according to the spectrophotometric

method of Ellman et al.[76] In this study, 5,5ʹ‐dithio‐bis(2‐nitro‐
benzoic)acid (DTNB) was used for the estimation of the AChE en-

zyme activity. Briefly, 100 µl of buffer solution (pH 8.0, Tris/HCl,

1.0M) and diverse concentration of sample solutions (30–300 µl)

dissolved in deionized water were added to 50 µl of AChE enzyme

solution (5.32 × 10−3 EU). Then, the mixtures were incubated for

10min at 20°C. Finally, 50 µl of DTNB (0.5 mM and 25ml) of sub-

strate and acetylthiocholine iodide were added to incubated

mixtures. Also, the reactions were initiated by the addition of 50 µl of

acetylthiocholine iodide. The activity of AChE was evaluated spec-

trophotometrically at a wavelength of 412 nm.[77,78] The inhibitory

effect of novel compounds on α‐glycosidase enzyme activity was

determined using p‐nitrophenyl‐D‐glycopyranoside (p‐NPG) sub-

strate, according to the assay of Tao et al.[79] First, 200 µl of phos-

phate buffer was mixed with 40 µl of the homogenate solution in

phosphate buffer (0.15 U/ml, pH 7.4). Also, 50 µl of p‐NPG in phos-

phate buffer (5 mM, pH 7.4) after preincubation was added and again

incubated at 30°C. The absorbances were spectrophotometrically

measured at 405 nm according to previous studies.[80,81] The control

activity was performed first for the IC50 study (only enzyme, buffer,

substrate, and purified water were used), and then activity mea-

surements were made at five different inhibitory concentrations. The

last IC50 graph was drawn and then the IC50 value was calculated. In

addition, we chose three of the five inhibitor concentrations we

studied at IC50 for the Ki study, and then we created a table. Fur-

thermore, activities at different substrate concentrations and dif-

ferent inhibitor concentrations were measured, and Ki graph was

plotted (Ki values were calculated as inhibition was competitive or

noncompetitive).

4.3 | Docking calculations

With theoretical calculations, preliminary information about the

biological activities of molecules is gained. To obtain this information,

calculations consisting of many stages should be made. First, the

molecules are optimized using the Gaussian software program.[82]

Files with *.sdf extension are created from the optimized structures

obtained. Afterward, molecular docking calculations will be made

using Maestro Molecular modeling platform (version 2020‐4) by the

Schrödinger program. In this program, the enzymatic proteins will be

prepared first. The protein preparation module[83,84] was used for

this. With this module, after the water molecules in the proteins

were removed, the active sites of the enzyme proteins were de-

termined. The protein molecules in this active area are given free-

dom of movement, thus facilitating their interaction. The LigPrep

module[85,86] is then used to prepare the molecules for calculations.

Then, calculations are made with the Glide ligand docking module[87]

to interact with molecules and enzymes. Interactions will be ex-

amined with this module. ADME/T calculations are made to examine

the use of molecules with high interactions as drugs. The Qik‐prop
module[88,89] of the Schrödinger software was used for ADME/T

analysis. These calculations are used to predict how drug molecules

will act and react in human metabolism.
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