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ABSTRACT

In drug-resistant phytopathogenic fungi, there has been extensive research on microbiological and antifungal
drug development. In this study, a novel series of cylopentapyrazole bearing a 1,2,3-thiadiazole ring 2a-e were
designed and synthesized according to the principle of combination of bioactive structures. Thus, we have
employed a [3 + 2] cycloaddition with 4-methyl-[1,2,3] thiadiazole-5-carboxylic acid hydrazones 1a-e and
cyclopentadiene ring. Novel synthesized compounds were identified with IR, 'H and '*C NMR, mass spectro-
metry and elemental analysis then, antifungal activities were assayed. Based on our study, a combination of the
compounds 1a and 2b possess remarkable antifungal activity against Botrytis cinerea AHU 9424 with 100%
inhibition. ECs, values were calculated by studying different doses in combinations with high inhibition rates.
The combination of 1a + 2b has an ECs, value at 6.37 and 13.85 ng/ml concentrations against B. cinerea and F.
culmorum, respectively. The combination of compound 1a + 2b, having a cylopentapyrazole ring on the 1,2,3-
thiadiazole backbone, shows promising fungicidal activity and deserves further development. Additionally, the
homology model of the CYP51 enzyme that belongs to Fusarium moniliforme was generated using CYP51B (PDB
ID: 6CR2), and molecular docking was performed using this homology model for each compound. The results of
this study clearly indicate that these novel compounds can be identified as promising lead compounds and
potential fungicidal agents in future.

Introduction In exploring new bioactive compounds, we considered that a com-
bination of cylopentapyrazole and 1,2,3-thiadiazole moieties would
Heterocycles have received notable attention in recent years for provide us novel entities with multiple biological activities.

their agricultural and medicinal properties. In agricultural research,
pyrazole derivatives are used as the active ingredients of insecticidal
[1,2], acaricidal [3-5], fungucidal [6,7], and antiviral agents [8,9].
Pyrazole-based drugs are also effective in the treatment of athero-
sclerosis [10], inflammatory bowel syndrome [11], and Alzheimer’s
Disease (AD). 1,2,3-thiadiazole compounds have versatile biological
activity, which possesses anti-inflammatory, antitumor, hypotensive,
antibacterial, and antiallergic applications [12-14]. Some of the re-
ported 1,2,3-thiadiazole compounds are considered as plant activators
[15-17]. Additionally, these synthons have frequently used in organic
synthesis [18] to develop druggable candidates.
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Pyrazolidines are conveniently synthesized with a [3 + 2] cycloaddi-
tion between hydrazones and alkenes [19-24]. Based on our literature
search so far, we apply the [3 + 2] cycloaddition of 4-methyl-[1,2,3]
thiadiazole-5-carboxylic acid hydrazones 1a-e with cyclopentadiene to
synthesize novel cyclopentapyrazoles with 1,2,3-thiadiazole moieties.
Plant diseases are very important factors in agricultural production
and phytopathogenic fungi of different genera, infect countless crops.
Particularly, some Fusarium species and Botrytis cinerea lead to very
important plant diseases that cause economical losses in agriculture
[25]. Fusarium and Botrytis species are especially pathogenic micro-
organisms against vegetables and fruits cultivated as food [26,27].
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Table 1
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Optimization of Reaction Conditions for the [3 + 2] cycloaddition reaction between hydrazone 1a and cyclopentadiene.”

N,
PhO. o 0.0 | °N
Py S o S
/\)\ @ il H o
N
HN’
1a 2a
Entry Solvent T (°C) NTPA (mol%) Time Yield” (%)
1 CH,Cl, Rt 5 24 h 48
2 CH,Cl, Rt 10 24 h 53
3 CH,Cl, Rt 20 24 h 59
4 CHCl3 Rt 10 24 h 67
5 DCE Rt 10 24 h 60
6 THF Rt 10 24 h 20
7 Toluene Rt 10 24 h 45
8 CH,Cl, Reflux 10 12h 62
9 CHCl; Reflux 10 12h 75
10 CH,Cl, Reflux 10 3h 73
11 CHCl3 Reflux 10 3h 84

2 Molar ratio of hydrazone 1a/cylopentadiene was 1.0:2.0.
b Isolated yield.

Therefore, especially the antifungal agents investigated in this study
aim to provide a solution to an important economic problem en-
countered in the production of vegetables and fruits. In recent years, the
efficiency of fungicides traditionally used to control plant diseases has
dramatically diminished. At the same time, improper use of conven-
tional fungicides such as dicarboximides and benzimidazoles have
caused an increase in drug resistance against fungal strains [28,29]. To
overcome this, the discovery of new antifungal agents which can re-
place the current therapeutic strategies is therefore very important.
Since it has been known that pyrazoles and 1,2,3-thiadiazoles show
decent activity against fungi, in this study we have investigated the an-
tifungal activity of newly synthesized compounds la-e and 2a-e for
Fusarium moniliforme NRRL 2374, Fusarium culmorum NRRL 3288,
Fusarium heterosporum DSM 62719, Botrytis cinerea AHU 9424 strains,
which are important plant pathogens. Furthermore, we determined their
binding mode using homology model of CYP51 enzyme so as to explore
their molecular interactions. The promising results of this study are
highlighted below, which can further be thoroughly investigated in order
to understand their mechanism as well as their toxicological behavior.

Results and discussion
Chemistry

All the target compounds 1a-e and 2a-e were synthesized according

to Scheme 1 [30-32]. The hydrazones 1la-e were reacted with cyclo-
pentadiene in the presence of N-triflylphosphoramide (NTPA) [33,34],
the targeted compounds 2a-e were obtained in 77-88% yields as a
mixture of two diastereomers [35].

A model reaction was used to determine the optimal reaction con-
ditions; we reacted the hydrazone 1a with cyclopentadiene in a [3 + 2]
cycloaddition setting. The catalyst loading, the role of different sol-
vents, reaction times and reaction temperatures were studied and the
results are shown in Table 1. Table 1, entry 1 shows that the reaction
started with 5 mol% NTPA at room temperature with 42% yield. Entry
2 investigates the catalyst loading as 10 mol% and the product 2a was
obtained with a higher reaction yield (53%). When the catalyst loading
was raised to 20%, the reaction yield had a slight increase (59%,
Table 1, entry 3). Therefore the optimal catalyst loading was de-
termined to be 10 mol% of NTPA as seen in Entry 2. Then, we wanted to
see the effect of the solvent. The [3 + 2] cycloaddition of 1a gave high
yields when chlorinated solvents were used. Tetrahydrofuran and to-
luene gave very low yields (Table 1, entries 6 and 7). Chloroform was
the best solvent among the chlorinated solvents (Table 1, entry 4).
Another factor we investigated in the reaction was the temperature.
Entries 8 and 9 show that the reactions were carried out at reflux
conditions for 12 h, respectively. There was a slight improvement in the
yield and side products were formed when we raise the reaction tem-
perature to reflux conditions. It was a pleasant finding when we con-
ducted the reaction time in much less time (3 h), which gives less
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Scheme 1. The synthetic route for the target compounds.
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Table 2 F. moniliforme
The substrate scope of [3 + 2] cycloaddition reaction between hydrazones 1a-e 120
and cyclopentadiene.
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Fig. 2. Mycelial growth % inhibition of chemicals against F. culmorum.

Table 3
Antifungal activity of the compounds 1a-e/2a-e and their combinations against F. moniliforme, F. culmorum, F. heterosporum, and B. cinerea.
Inhibition (%)
Compounds Concentrations F. moniliforme F. culmorum F. heterosporum Botrytis cinerea AHU
NRRL 2374 NRRL 3288 DSM 62719 9424
la 50 pg/ml - - 33434
1b 50 pg/ml 18429 - -
Ic 50 pg/ml 15+4.1 - -
1d 50 pg/ml 22432 - -
le 50 pg/ml 38439 - 30+1.7 26+1.6
2 50 pg/ml 5032 20216 51£22 2611
2b 50 pg/ml 53+2.7 - 524311 25+1.4
2c 50 pg/ml 49 £2 9+l 55425 47£1.9
2d 50 pg/ml 19436 - 27423
2e 50 pg/ml 42423 - 41 £2 26£1.5
la+2a 25 pg/ml +25 pg/ml 73 4.1 7518 25214 7518
la+2c 25 pg/ml +25 pg/ml 37433 67425 - 80 1.6
1at2b 25 pg/ml +25 pg/ml 4826 74431 - 100 £1
2at2¢ 25 pg/ml +25 pg/ml 4337 4438 3619 61423
2b+2e 25 pg/ml+25 pg/ml 34221 32224 242 69225
2c+2e 25 pg/ml +25 pg/ml 46429 42419 31423 5542.1
la+2a 12.5 pg/ml + 12.5 pg/ml 55+1.4 83+0.9 - 7542.9
la+2b 12.5 pg/ml + 12.5 pg/ml 39411 77417 - 73424
lat2c 12.5 pg/ml + 12.5 pg/ml 36:2.1 65413 - 62422
lat2a 6.25 pg/ml +6.25 pg/ml 34:1.9 7582 - 73418
lat2b 6.25 pg/ml + 6.25 ug/ml 34+3.1 66+1.5 - 66+1.3
lat2¢ 6.25 pg/ml + 6.25 pg/ml 30+1.4 6324 - 5542.1
Ketaconazole 50 pg/ml 931 100+0.6 100+0.4 5742
Cedriks 50 pg/ml 96+2 94 £1 912 90+3

*“_“ implies no inhibition at the studied concentration.
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Fig. 3. Mycelial growth % inhibition of chemicals against F. heterosporum.
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Fig. 4. Mycelial growth % inhibition of chemicals against B. cinerea.
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Fig. 5. ECg( values of combinations of most active compounds.

Table 4
ECs values of combinations of most active compounds.

Compounds F. moniliforme NRRL F. culmorum NRRL B. cinerea AHU
2374 3288 9424

la+2a 21.51 pg/ml 9.52 pg/ml 6.88 pg/ml

la+2b 63.72 pg/ml 13.85 pg/ml 6.37 pg/ml

la+2c 54.52 pg/ml 21.77 pg/ml 12.3 pg/ml

Control (Cedriks) 14.32 pg/ml 11.25 pg/ml 10.92 pg/ml

formation of undesired side product. The best performance was ob-
tained with 10 mol% of NTPA catalyst loading, 3 h of reaction time in
chloroform and reflux condition, giving 84% yield for 2a (Table 1,
entry 11). We also tried these conditions to the reactions involving
reactive hydrazones.

We were interested in the scope of the reaction in order to fully
understand its mechanism. Therefore, various hydrazones were syn-
thesized involving the aldehydes under standard reaction conditions.
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Hydrazones la-e derived from a saturated long-chain and branched
aldehydes yielded the corresponding cycloadducts 2a-e in good yields
(77-88%) with diastereomeric ratios ranged from 65:35 to 94:6 as
calculated by 'H NMR (Table 2). It was found out that the hydrazones
in our study were appropriate substrates for [3 + 2] cycloaddition.
Surprisingly, when we investigated the [3 + 2] cycloaddition reaction
with hydrazones derived from aromatic aldehydesand cyclopenta-
diene, we found that the reaction did not proceed well due to steric and
electronic reasons. Thus it is imperative to use less bulky and aliphatic
aldehydes to understand the mechanism which we are still in-
vestigating.

Antifungal activity

The antifungal effect of these novel compounds was tested with
mycelial growth rate method against Fusarium moniliforme NRRL 2374,
Fusarium culmorum NRRL 3288, Fusarium heterosporum DSM 62719,
Botrytis cinerea AHU 9424. The provided data were studied in triplicates
and the mean of the results was calculated by standard error. The re-
sults were compared to ketoconazole and Cedriks™ (Biological
funguside = Pseudomonas flourescens strain) which are current anti-
fungal drugs, as shown Table 3. The combination study of these novel
molecules with several strains are depicted in Figs. 1-5 respectively.

As seen in Table 3, compound 2a showed 51% and 52% mycelial
growth inhibition against F. moniliforme and F. heterosporum, respec-
tively. The compound 2b showed an efficacy over 50% for the same
strains. For 2¢, the inhibition against F. heterosporum strain was over
55%. After observing positive results then different combinations of
these novel compounds were studied to see synergetic effects and re-
sulted in greater and notable high inhibition values, demonstrating the
evidence for a synergetic effect. Especially with the combination of
la + 2a prominent antifungal activities against F. moniliforme and B.
cinerea strains were observed 73% and 75%, respectively. Furthermore,
the combination of 1a + 2c has a remarkable antifungal activity
against B. cinerea with 80% inhibition, while 1a + 2b combination
impressively yielded 100% inhibition and completely inhibited
the growth of B. cinerea. These results indicate that synergetic effect
of these novel cylopentylpyrazoles bearing 1,2,3-thiadiazole moiety
may provide to produce new scaffold offering potential antifungal ac-
tivity. Moreover, some representative compounds with good, ordinary
antifungal activity were selected to run dose dependent studies as in-
dicated in Table 3 and their EC5o values were then calculated by
studying three different concentrations. As the results are summarized
in Tables 3 and 4, the combinations of 1a + 2a, 1a + 2b and 1a + 2¢
showed prominent antifungal activities against three plant pathogens
(F. moniliforme, F. culmorum and B. cinerea) with ECso values between
6.37 ng/ml and 63.72 pg/ml. Among them, 1la + 2a and 1a + 2b
combination showed noticeable activity against B. cinerea (ECso values
of 6.88 pg/ml, and 6.37 pg/ml respectively). Surprisingly this inhibi-
tion was even superior then the activity of the commercial fungicide
Cedriks (10.12 pg/ml).

B. cinerea is also a fungus which is present in damp climates and
subtropical regions. It survives on many plants as a facultative parasite
and might cause diseases on the grapes, strawberries, squashes, and
lettuces. Especially, it infects and harms wine grapes and causes a sig-
nificant economic loss after harvesting the fruits. Therefore, it is ex-
tremely important to develop an effective fungicide agent against these
plant pathogens and especially compounds. 1a + 2a and 1a + 2c can
be used as possible lead compound combination for the development of
potential agrochemicals. Also, compounds 1la + 2a, 1la + 2b and
la + 2c showed ordinary activity against F. culmorum which is very
important plant pathogen, with the ECs, values 9.52 pg/ml, 13.85 pg/
ml, 21.77 pg/ml, respectively. Finally, 1a + 2a combination showed
noteworthy broad-spectrum antifungal bioactivity against most of the
tested fungi as indicated in Table 4.
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Table 5
Binding energies of ketoconazole, 1e-a, and 2a-e.

Compounds Binding energy (kcal/mol)
Ketoconazole —10.12 *+ 0.103
la -6.75 = 0.05
1b —6.38 = 0.015
1c -6.6 £ 0.024
1d -7.36 = 0.014
le —7.01 = 0.021
2a —8.64 + 0.096
2b —8.54 = 0.017
2c —8.86 + 0.053
2d —8.84 + 0.032
2e -9.05 + 0.139

Homology modelling and docking studies

Lanosterol 14 alpha-demethylase, CYP51, is a member of highly
conserved protein family that is ammeanable to the biosynthesis of
ergosterol, which is a crucial component that regulates the cell mem-
brane permeability of fungi [36]. So far, several inhibitors of these
enzymes have been used in different pathological conditions. These
inhibitors generally contain heterocyclic ring nitrogen atom that is
coordinated to heme iron in order to inhibit the enzymatic activity
[37-39]. From the light of the previous findings, our novel compounds
may inhibit the action of CYP51 enzymes to block the fungal activity in
the same manner. Although we have investigated four different fungi
species in vitro, we have only evaluated the possible binding effects of
our novel compounds in CYP51 of Fusarium moniliformeas a re-
presentative target due to the conserved structures of CYP51s. The
homology model of CYP51 enzyme which belongs to Fusarium mon-
iliforme was created using the ‘SWISS-MODEL’ tool [40]. Thereby, the
X-ray crystal structure of 14-alpha sterol demethylase (CYP51B)
from Neosartorya fumigata (PDB ID: 6CR2) [41] was utilized as a tem-
plate with %70 sequence similarity in the homology modeling [42].

With this in mind, the crystal structure of LFV-bound CYP51B was
redocked using ‘AutoDock Vina’ [43]. Root mean square deviation
(rmsd) with respect to the crystal conformation and energy of the best
pose were computed as 1.332 A and —10.2 kcal/mol, respectively.
Furthermore, the same ligand LFV was docked into the enzyme model.
The rmsd value of the best pose was calculated 1.117 A, and the binding
energy value was predicted as —12 kcal/mol. Also, the best pose of
ligand LFV from docking have similar interactions between ligand and
protein in the binding cavity. On the other hand, based on the structural
similarity between ligand LFV and ketoconazole, we decided to use this

Bioorganic Chemistry 95 (2020) 103509

enzyme as a model.

Most of the crystal structures of the CYP51 enzymes in the PDB
(Protein Data Bank) database are endowed with Fe coordinated ni-
trogen atom of the heterocyclic ring of ligand molecules [37-39]. Also,
when an inhibitor molecule is bound to an active site of the enzyme,
heme iron is found in Fe™® form [44]. Distance between Fe*> ion and
nitrogen of ligand was calculated as 2.8 A in the best pose, which has
minimal rmsd value with respect to the conformation of ligand LFV.
Henceforth, 2.8 A was determined as a cutoff value in the selection of
poses that were obtained from the molecular docking.

Novel compounds and ketoconazole have drawn using 2D Sketcher
tool of Maestro [45] and optimized. Afterward, the maximum count of
conformers was generated for each compound depending upon its
number of rotatable bond. Indeed, utmost 100 conformers were mini-
mized by means of ‘ConfGen’ [46]. Gasteiger charges and hydrogens
were added to the model protein, and also ligands were prepared using
AutoDockTools [47]. The %, y, z centers of grid box were determined
according to the center of mass of the crystal structure of the ligand
LFV, and the grid box dimensions were set as 30 x 22 x 22 A%. The
flexible ligand docking studies were performed using ‘AutoDock Vina’
by using Lamarckian genetic algorithm [43].

Consequently, the comparison of binding energies is in line with
gathered in vitro data that shows inhibition degrees of mycelial growth
as shown in Fig. 1. Generally, the binding energies of compounds 1a-e
were lower than compounds 2a-e as shown in Table 5. Particularly,
binding poses of compound 1d and compound 2e were represented in
Fig. 6.

According to the docking results, all the compounds interact with
the similar residues, specifically as hydrophobic cavity residues
(PHE212, PHE490, LEU489, ILE359, ALA291, TYR105, PHE217,
LEU108, MET290, TYR119, PHE113) and polar (THR109, SER488,
SER361, SER295) ones in the binding cavity. The interactions of com-
pound 1d and compound 2e were demonstrated in Fig. 7, which are the
best obtained poses in terms of binding energy. Moreover, when the
best poses of compounds were superimposed, thiadiazole groups, which
coordinate heme iron, were overlapped. Based on the same orientation
of compounds with ketoconazole, our novel compounds may have a
potential fungicidal effect.

Conclusions

In summary, a series of novel cylopentapyrazole bearing a 1,2,3-
thiadiazole ring have been synthesized by a [3 + 2] cycloaddition re-
action with 4-methyl-[1,2,3]thiadiazole-5-carboxylic acid hydrazones
and cyclopentadiene with NTPA %10 mol as a catalyst then their

Fig. 6. Binding poses of ketoconazole (green), compound 1d (blue), compound 2e (yellow), heme (purple), and Fe3* jon (red) in the binding cavity. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The representation of the interactions between ligand and residues in the binding cavity from (A) compound 1d and (B) compound 2e.

antifungal activity was evaluated against some phytopathogenic fungi
including F. moniliforme, F. heterosporum, F. culmorum, and B. cinerea.
Tested trial combinations of these novel compounds (1a + 2a, 1a + 2¢
and la + 2b) showed promising antifungal activities particularly
against F. moniliforme and B. cinerea with remarkable ECs, values.
Moreover, molecular modeling studies also supported our results pro-
viding the interactions between our molecules and targeted protein.
Therefore, in silico docking study also supports our experimental results
and demonstrates that these compounds may have reasonable potential
to display antifungal activity. In this study, the obtained results evi-
dently may provide industrial advantages especially with combinations
of the newly synthesized compounds that can be used as lead antifungal
agents. Therefore, these results can help the agricultural economy in the
world for the development of potential agrochemicals. More study
needs to be conducted in order to demonstrate these class of compounds
as anti-fungicide agents which will be reported in due course. Our on-
going efforts in order to increase the antifungal activity against these
strains by developing more analogs will be highlighted in future.
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Appendix A. Supplementary material

Experimental details, characterization data for all compounds and
copies of 'H NMR, '*C NMR and MS spectra for all products were in-
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