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ABSTRACT: The semisynthesis of 15 new thymol derivatives was achieved through Williamson synthesis and copper-catalyzed
azide−alkyne cycloaddition (CuAAC) approaches. The reaction of CuAAC using the “Click Chemistry” strategy, in the presence of
an alkynyl thymol derivative and commercial or prepared azides, provided nine thymol derivatives under microwave irradiation. This
procedure reduces reaction time and cost. All molecular entities were elucidated by 1H and 13C NMR, IR, and HRMS data. These
derivatives were evaluated in vitro for their fungicidal activity against Fusarium solani sp. Among the nine triazolic thymol derivatives
obtained, seven of them were found to have moderated antifungal activity. In contrast, naphthoquinone/thymol hybrid ether 2b
displayed activity comparable with that of the commercial fungicide thiabendazole. The structure−activity relationship for the most
active compound 2b was discussed, and the mode of action was predicted by a possible binding to the fungic ergosterol and
interference of osmotic balance of K+ into the extracellular medium.
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■ INTRODUCTION

Agricultural inputs, such as fungicides, have been applied and
grown significantly in organic farming for the management and
control of fungal diseases, especially as a “green revolution”
technology.1 Plant fungal pathogens have relevant impacts on a
wide range of crops since several phytopathogenic fungi release
prejudicial mycotoxins to animal and human health.2−4 Thus,
controlling fungal diseases is essential to keep higher
agricultural productivity and minimize monetary losses.1

Considering the need to develop new fungicides with novel
molecular frameworks and mechanisms of action, the agro-
chemical industry has successfully produced and filled this
profitable market. However, continuous resistance to com-
mercially available agrochemicals is an intrinsic event related to
the application of fungicides. Moreover, more rigorous
environmental and toxicological regulations have been broadly
introduced worldwide. Thus, research and development
toward a novel approach for safer and more effective fungicides
in comparison to available agrochemicals remain important.1

Terpenoids reveal a broad and potent class of natural
products with a remarkable role in the enzyme systems of
plants and highlight an important biological activity against
several pests.5 Furthermore, semisynthesis using these natural
products as scaffolds has been reported to improve biological
activities.6−9 Thymol is a naturally occurring phenolic
monoterpenoid, well-known biocide, and major compound of
the oils of thyme (Thymus vulgaris L.) and oregano (Origanum
vulgare L.). Derivatives of this natural product are easily
observed in Asteraceae plants, particularly in Senecioneae,

Eupatorieae, Inuleae and Helenieae tribes.10−13 Several works
have highlighted its biological activities like antimutagenic,14,15

anthelmintic,16−19 antiseptic;20 gastro protective activity
against several strains of Helicobacter pylori.21,22 In addition,
thymol has interesting antitumor properties and is an effective
fungicide, particularly against fluconazole-resistant strains, and
it has inhibitory activity against plants’ pathogenic fungi.12,23

The mode of thymol action against fungi is due to its ability to
modify the hyphal structure and hyphal agglomeration,
promoting reduction in hyphal diameters and lysis of hyphal
wall. Moreover, antifungal activity is related to hydrophobicity
and hence the capacity to pass through the fungal cell
membrane, further affecting pH homeostasis and disturbing
the cell structures.24,25

During the past decades, 1,2,4-triazolic compounds have
demonstrated large peculiar biological activities such as
pesticidal and antifungal. Successful representatives of this
large class of fungicides include tebuconazole, tebuconazole,
flutriafol, hexaconazole, and cyproconazole.26−29 The Bayer
company initially launched triadimefon (Bayleton) in 1973,
and after that, several other triazoles were developed. The
longevity of these heterocyclic fungicides is due to the high-
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efficiency, broad-spectrum, and slowly developing resistance,
resulting in a decreased sensitivity to their mode of action as
demethylation inhibitors. The isomeric 1,2,3-1H-triazole
heterocyclic is a well well-established and elegant pharmaco-
phore in medicinal chemistry which has been introduced as a
linker into a large library of molecules with important
biological properties. Novel and improved lead compounds
have continuously been designed by molecular hybridization
through coupling with 1,2,3-1H-triazole.30 Reports highlight
1,2,3-triazole as anticancer, antifungal, antibacterial, antituber-
culosis, and antiviral agents. Indeed, there are already drugs in
which the 1,2,3-triazole ring is present, for example, cefatrizine
(antibiotic), tazobactum (antibacterial), and carboxyamido-
triazol (anticancer).31−34

Black pepper (Piper nigrum L.) is a high-value-added
product for the agroindustry worldwide. Vietnam stands out
as the largest producer and exporter, followed by India, Brazil,
and Indonesia. Numerous diseases that are caused by viruses,
fungi, algae, and nematodes affect the black pepper crop.35

However, fungal diseases present the greater impact in black
pepper crop losses, specifically the root rot (Nectria
hematococca Berk & Br. f. sp. piperis Albuq., anamorph
Fusarium solani Mart. (Sacc.) f. sp. Piperis Albuq.), which is
responsible for reducing the useful life of a crop from 12 years
to 5 or 6 years.36 In terms of dollars, this means perhaps $10
million dollars a year.
Fusarium solani (Mart.) Sacc. f. sp. piperis Albuq. naturally

inhabits soils and survives both in the plant and in the soil’s
organic matter, as a saprophyte. This fungus belongs to the
phylum Ascomycota, class Ascomycetes, order Hypocreales,
and family Hypocreaceae. The control usually applied for F.
solani f. sp. piperis is focused on prevention, such as the use of
seedlings of a high phytosanitary standard, field monitoring,
identification, and eradication of symptomatic plants.36,37

Nevertheless, because of the absence of useful agrochemicals
or commercial cultivars resistant to the disease, a further search
for novel and safer molecular entities is necessary to lead to an
improvement of potency and duration of action and decreasing
their toxic effects.
In connection with the aforementioned terms, the present

investigation was concerned with performing the preparation
of 15 thymol derivatives comprising triazole pharmacophore
and/or substituted aromatic rings, both promising biologically
active to achieve potential fungicidal agents against Fusarium
solani sp. The newly prepared compounds structural assign-

ments were elucidated on the basis of 1H and 13C NMR
spectra, IR, and mass spectra. Compounds 2a−f were
synthesized by Williamson synthesis, while 3d−3l were
prepared under microwave irradiation by the CuAAC reaction
between of O-propargyl thymol derivative 2a and commercials
or prepared azides. All tested compounds, with the exception
of 3e and 3k, showed a moderate MIC (minimum inhibitory
concentration) value of 57 μg mL−1, in comparison with
thiabendazole, although more active than tebuconazole
(absence of activity). Hybrid compound 2b displayed in vitro
fungitoxicity comparable to that of the commercial fungicide
thiabendazole against Fusarium solani sp.
As supported by references, it is important to emphasize that

the use of thymol as scaffold for antifungal activity against
Fusarium species is quite promising.38−40 In relation to the
phenolic hydroxyl and its importance for biological properties
of thymol, in this study, we investigated the substitution of this
portion by a triazol nucleus with well-established biological
properties and also known in medicinal chemistry for its
application as a bioisosteric ring of acid groups. Therefore, the
expectations, by coupling thymol and triazole rings, are to
improve the potency of this natural product against Fusarium
solani and maintain the physicochemical and electronic
properties of this scaffold.

■ EXPERIMENTAL SECTION
Analytical grade solvents with purity higher than 99.5% were
purchased from Synth (Saõ Paulo, Brazil). Thymol, dimethylforma-
mide (DMF), acetone, azides, bromides, potassium carbonate, sodium
ascorbate, copper sulfate, propargyl bromide solution (80 wt % in
toluene, containing 0.3% of magnesium as a stabilizer), and
deuterated solvents were purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). Microwave reactions were conducted using a CEM
Discover Synthesis Unit (CEM Corp., Matthews, U.S.A.). The
instrument consists of a continuous focused microwave power
delivery system with operator-selectable power output from 0 to
300 W. Reactions were performed in glass vessels (capacity 10 mL)
sealed with a septum. Column chromatography (CC) was carried out
using stationary phase silica gel 60 (70−230 mesh, Merck
(Darmstadt, Germany)) and silica gel 60 ACC (6−35 μm,
Chromagel-SDS), respectively, and mixtures of hexane and ethyl
acetate were used as eluent. For thin-layer chromatography (TLC),
silica gel F254 was used as a stationary phase, and plates were 20 cm
× 20 cm × 0.20 mm. NMR (nuclear magnetic resonance) spectra
were recovered on a Varian 400 MHz instrument (Palo Alto, U.S.A.)
using deuterated chloroform (CDCl3) or deuterated dimethyl
sulfoxide (DMSO-d6) as solvent and tetramethylsilane (TMS) as

Scheme 1. Synthesis of Thymol-O-alkylated Derivatives
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the internal standard. The chemical shift (δ) is in ppm, and J values
are in Hertz (Hz). High-resolution mass spectra were obtained with a
Bruker Daltonics micrOTOF QII/ESI-TOF (Billerica, U.S.A.) by
direct injection of the compound dissolved in methanol. This
provided an unambiguous molecular formula assignment for singly
charged molecular ions, such as [M + H]+ or [M − H]− and [M +
Na]+, and also DBE (double-bound equivalents) values. The infrared
(IR) spectrum was recorded on a Bruker Tensor 27 FT-IR
Spectrometer (Bremen, Germany) scanning from 4000 to 500 cm−1.
General Procedure for the Synthesis of Thymol Ethers. A

reaction solution of thymol (1) (0.05 g; 3.3 mmol) and potassium
carbonate (K2CO3) (5 mmol) in acetone (4 mL) was stirred at 0 °C
for 20 min. Hereafter, alkyl or aryl halides, such as propargyl bromide
(33 mmol) and 2,3-dichloro-1,4-naphthoquinone (5 mmol), were
added to the reaction mixture and stirred at room temperature for 4 h,
leading to compounds 2a and 2b, respectively. After the solvent
evaporated, the residues were purified by column chromatography
using silica gel 60 (70−230) mesh as stationary phase and
hexane:ethyl acetate or hexane:ether as eluent (Scheme 1).41,42

Synthesis of the Azide Compounds. In a 100 mL round-
bottom flask containing commercial bromide (g, h, and i) (1 equiv),
in 10 mL of acetone at 0 °C, NaN3 (1.5 equiv) dissolved in water was
slowly added. The reaction mixture was stirred at room temperature
for 3 h. Then, acetone was evaporated under vacuum, and the residue
was extracted with an ethyl acetate/water partition. After the organic
solvent was subjected to rotary evaporation under pressure, the
compounds j, k, and l were obtained (Scheme 2).43

General Procedure for the Synthesis of Triazolic Thymol
Derivatives 3d−3l. Microwave-assisted click reaction in the
presence of Cu(I)/Na ascorbate, to generate the copper(I) catalyst
in situ was performed, and in a solution DMF (2 mL), in a microwave
reactor vessel (10 mL), was added 2a (0.05 g; 0.27 mmol),
commercial azide (1.08 mmol), copper(II) sulfate 0.1 M (81 μL;
0.0081 mmol), and sodium ascorbate (5.2 mg; 0.027 mmol). The
reaction mixture was placed in a microwave reactor, 150 W, heated at
70 °C for 10 min, and then cooled to room temperature. After
evaporation of the solvent, the residual solid containing the triazolic
thymol derivatives were purified by silica gel chromatographic column
[ethyl acetate−hexane 7:3 (v/v)].44−46

Susceptibility Testing. The susceptibility test was performed for
the new compounds 2a−f and 3d−l according to the CLSI (Clinical
and Laboratory Standards Institute) reference protocol M38-A2
(CLSI 2008) for Fusarium solani ATCC 40099.47 The concentrations
ranged from 115 μg mL−1 to 0.1. The commercial pesticides
thiabendazole and tebuconazole were included in the test. The
inoculum was prepared by the spectrophotometric method (530 nm
and OD 0.15 to 0.17) to obtain a final concentration between 0.4 ×
104 CFU/mL and 5 × 104 CFU/mL. The lowest concentration that
resulted in complete inhibition of the microorganism growth
compared to the control (microorganism without the drug) was
considered MIC (minimum inhibitory concentration). The MIC were
determined after 48 h of incubation at 35 °C by visual reading with a

reading mirror aid. The results were validated with the strain A.
fumigatus ATCC 40014. The experiments were performed in
duplicate.

Minimum Fungicidal Concentration. The minimum fungicidal
concentration was performed according to Espinel-Ingroff et al.
2002.48 Briefly, the minimum fungicidal concentration (MFC) was
determined by transferring 20 μL from each well-considered MIC that
demonstrated complete inhibition (100% or a clear optical well) and
2× MIC (discrete fungal growth) in potato dextrose agate plates. The
contents of the wells were not agitated before the application of the
specified volumes. The plates were incubated at 35 °C until growth
was observed in the growth control subculture (growth of the
microorganism in the absence of drug) before 48 h. An MFC was the
lowest concentration of drugs that did not grow or had fewer than
three colonies (approximately 99 to 99.5% of death activity).

Cytotoxicity Assay. The cytotoxicity assay was performed for 2b,
since it was the compound with the best antifungal activity. A
colorimetric MTT assay was proposed by Mosmann.49 Briefly, L929
fibroblast cells, H1c1c7 hepatocyte cells, and Hacat keratinocyte cells
were added to the 96-well microplate at a final concentration of 7 ×
105 cells/mL, followed by incubation within 18 h. After the incubation
period, the cells were exposed to different concentrations of
naphthoquinone thymol (1 μg mL−1, 10 μg mL−1 and 100 μg
mL−1) and incubated for a further 24 h. Then 0.1 mL of MTT (1 mg
mL−1) was added to the microplate and incubated for a further 2 h.
Next, 0.1 mL of DMSO was added to dissolve the formazan crystals.
The purple formazan absorbance, proportional to the number of
viable cells, was measured at 595 nm using a microplate reader
(Molecular Devices, Spectra Max 190, Sunnyvale, CA). The
experiments were performed in triplicate.

■ RESULTS AND DISCUSSION
Chemistry. The synthetic route designed to achieve thymol

derivatives 2a−f and 3d−l is outlined in Schemes 1 and 3. The

synthesis began with the Williamson method applied to
commercially available thymol (1) and alkyl/aryl halides in
basic medium (K2CO3), in acetone at room temperature, to
give ethers derivatives 2a−f. This classic method occurs
initially with deprotonation of phenolic hydroxyl in 1, followed
by the nucleophilic attack to halides. These steps proceeded in
good yield and can be conducted on a multigram scale mainly
for 2a−c compounds (Table 1). The pivotal intermediate 6-O-

Scheme 2. (a) Sodium Azide, Acetone/Water, 0°C, r.t

Scheme 3. Azide Compounds d−l, Sodium Ascorbate,
Copper(II) Sulfate, Dimethylformamide, MW 70 °C, 10
min
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propargyl thymol 2a was obtained as the precursor of triazole
derivatives 3d−l, and strategically speaking, a noteworthy
perspective must be given to compound 2b because it is easily
obtained, in one step, with the molecular hybridization
approach. This useful concept in medicinal chemistry employs
a combination of pharmacophoric portions of bioactive
compounds with improved affinity and efficacy.
The greatest synthetic success encountered during our

efforts was fabricating nine triazole heterocyclic compounds’
thymol derivatives. In brief, the facile one-pot CuAAC
methodology was used to prepare 3d−l, through Huisgen’s
1,3-dipolar cycloaddition between alkyne and azide, which can
be performed in water with an organic cosolvent. The
microwave-assisted technique had become a landmark and
substantial contribution to mantain the environment by
decreasing the waste as well, as it gives a useful internal heat
transfer that shortens the reaction time and increases the rate
of reaction and yield.50−53

O-Propargyl thymol (2a) was then used to optimize the 1,3-
dipolar cycloaddition with 4 molar equiv of azides’ derivatives,
under microwave conditions to shorten reaction times, in the
presence of CuSO4/sodium ascorbate in DMF to yield the
triazole derivatives. The solids obtained were washed with
water/ethyl acetate, and the organic phase was dried in a rotary
evaporator. The crude products were purified by column
chromatography using hexane:ethyl acetate or hexane:ether as
eluent to afford the desired compounds (Table 2).
During the procedure to prepare the triazol derivatives, the

following conditions were tested: changing temperature, 70 or
80 °C; ratio of azide reagents, 3 and 4 molar equiv; and time,
10, 15, and 20 min. The complete consumption of compound
2a was observed only using the ratio of 4 molar equiv, under
microwave conditions, which made the purification easier and
faster. However, using this ratio, some yields were not
satisfactory.
Spectral data of the 15 successful derivatives prepared were

confirmed from 1H NMR, 13C NMR, FTIR, and HRMS. The
1H NMR spectrum exhibited four sets of aromatic hydrogen
signals characteristic of the expected moiety of 1. In addition,
isopropyl and methyl hydrogens of the natural product also
appeared at δ 1.12−1.25 (CH3-8 and CH3-9) as a doublet and
2.11−2.34 (CH3-10) as a singlet in 2a−f, while δ 0.94−1.08
(CH3-8 and CH3-9) and 2.20−2.26 (CH3-10) appeared in
3d−l. Furthermore, the methylenic group (CH2−1″), in whole
derivatives except 2b, is shown in the range δ 4.69−5.64 as a
singlet (doublet for 2a), and the substituent signals are in
agreement with the nature of an aromatic moiety. The
hydrogen of the triazole ring appears in the range δ 7.98−
9.05 as a singlet and plays a crucial role in identifying of thymol
triazolic derivatives 3d−l.
Infrared spectroscopy confirmed the presence of character-

istic absorption bands for the derivatives prepared. The IR
spectra showed the following for compounds 2: two bands
related to the ether group linked to CC bond at 1246 and
1029 cm−1 (2a), 1237 and 1073 cm−1 (2b), 1257 and 1052
cm−1 (2d), 1239 and 1048 cm−1 (2e), and 1254 and 1034
cm−1 (2f). An absorption band at 2119 cm−1 verified
compound 2a and corresponded to the triple bond C−C,
while 720 cm−1 was detected to the C−Cl bond for compound
2b. Two vibration bands were observed at 1502 and 1330
cm−1 and related to the nitro group (compound 2d), and two
bands at 1315 and 1150 cm−1 corresponded to the sulfonyl
group (compound 2f). In the IR spectra for compounds 3, the

characteristic absorption bands for azide scaffold were revealed
at 2102 cm−1 (3d−f and 3k) and 2106 cm−1 (3h and 3i), and
for compound 3l, the corresponding band appeared at 2108
cm−1.
Mass spectrometry analysis validated the structure of the

examined derivatives (Tables 1 and 2).
Fungicidal Activity. All the target compounds were

screened for their inhibitory activity against Fusarium solani
ATCC 40099. Fusarium species show reduced sensitivity to
azole compounds because of an intrinsic resistance as observed
in previous works.48,54 The low sensitivity is reflected in
susceptibility assays characterized by high minimum inhibitory
concentration values or absence of activity observed for the
compound tebuconazole (Table 3), a triazole pesticide

commonly used in crops. The new triazolic compounds 3d−
l described here in this work are present in structural groups
such as halogenated, carboxylic acid, and nitro with broad
biological properties. The Fusarium strain showed moderate
sensitivity to the new triazole compounds, characterized by the
MIC 57 μg/mL. The literature reports that triazole
compounds with alkyl chains and/or aromatic substituents
containing halogenated radical have important antimicrobial
activities, and therefore, they have been widely used in
medicinal chemistry research to produce molecules with
specificity to the target enzyme, potency, and a broad spectrum
of action.55 The compound thiabendazole is a benzimidazole
that acts as an inhibitor of nuclear division by binding to the
tubulin protein. Its mechanism of action different from triazole
compounds explains the lower MIC value observed for the
Fusairum strain in the present work.56

In this study, most azole compounds tested showed a
moderate MIC, 57 μg mL−1, or low sensitivity, in comparison
with thiabendazole, 7 μg mL−1, although they are more active
than tebuconazole (absence of activity), which leads to an
important perspective of molecular hybridization by coupling

Table 3. Antifungal Activity for New Compounds and
Commercial Pesticides against Fusarium solani ATCC
40099a

Fusarium solani ATCC 40099

entry MIC (μg mL−1)

2a -b

2b 14
2c -
2d -
2e -
2f -
3d 57
3e -
3f 57
3g 57
3h 57
3i 57
3j 57
3k -
3l 57

thiabendazole 7
tebuconazole -

aResults were validated with strain A. fumigatus ATCC 40014 and
showed MIC values of 115 μg mL−1 for all compounds tested. b-
absence of activity.
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triazole and natural products’ scaffolds toward to an antifungal
synergism. This concept can be corroborated with a simple
structure activity relationship based on the MIC result for
compounds 2d and 3l because, although both present the nitro
group, only the triazole derivative showed an inhibition.
Strengthening the concept of synergism from the coupling

between natural products scaffold, the MIC result observed for
the most active compound 2b, thymol/naphthoquinone
hybrid, 14 μg mL−1, deeply illustrates the importance of the
mentioned since presented as an inhibitor quite similar to
thiabendazole (Table 3). This promising compound has great
potential as an agrochemical because of the facile and low-cost
synthesis even with similar potency to control. In addition
azole compounds have fungistatic activity for most filamentous
fungi, as evidenced by the MFC test in this study. The
microorganism returned to growth after not being in contact
with the azole drug. However, fungicidal activity was observed
for compound 2b and thiabendazole (Table 4), and the
fungicidal action makes the use of these compounds more
attractive. They reduce the possibility of resistance develop-
ment over time.

Since agricultural fungicides are dispersed in the environ-
ment and promote acute effects on human organisms because
of long-term exposure,57 the MTT bioassay was performed to
evaluate the cytotoxic effect of compound 2b against human
cells by determining the IC50 value, as expressed in Table 5.

Compound 2b revealed a cytotoxic effect for hepatocytes
(H1c1c7, IC50 7.2 ± 3.4), fibroblasts (L929, IC50 4.0 ± 0.3),
and keratinocytes (Hacat, 19.0 ± 6.0). This result is
comparable to the obtained by Portis et al. (2015), who
evaluated the cytotoxic profile of Tebuconazole, which can be
harmful to the health of individuals who handle this product.58

However, the MTT assay performed in this study is not
conclusive to assess the cytotoxic profile of compound 2b.
Further insight into the mode of action of the hybrid

compound 2b can be predicted from thymol and naphthoqui-
none antifungal mode of action as an isolated nucleus. The
literature describes that thymol antifungal properties are not
related to the biosynthetic pathways of the cell wall. In
contrast, the MIC value of thymol against C. albicans increased

8 times in the presence of exogenous ergosterol concluding
that thymol appears to bind to the ergosterol in the membrane,
increasing ion permeability and occurring cell death.59

Concerning the naphthoquinone nucleus, a recent study
revealed that it did not interfere with the fungal cell wall
synthesis in the presence of sorbitol as osmotic support
because the synthetic naphthoquinones MIC value did not
change, and the addition of free exogenous ergosterol showed
that the MIC of the naphthoquinone derivatives against C.
albicans ATCC 36232 did not change in the presence of
different concentrations of exogenous ergosterol because it is
unable to induce changes in the fungal membrane. In contrast,
a potassium efflux test was conducted to evaluate whether
synthetic naphthoquinones interfere with the osmotic balance
of C. albicans (ATCC 36232), which revealed that the efflux of
K+ into the extracellular medium increased with the
naphthoquinones treatment.60

Through our synthetic efforts, we investigated the antifungal
activity of semisynthetic thymol derivatives against Fusarium
solani. We have shown that the proposed synthetic methods,
Williamson and CuAAC, were quite plausible. It was
discovered that most triazolic derivatives revealed moderated
MIC against Fusarium solani sp. compared with the control
thiabendazole and in contrast with the low sensitivity broadly
encountered for azoles, such as tebuconazole assayed herein.
The further discovery showed 2b as a promising antifungal
agent against Fusarium solani with MIC similar to the positive
control. We have also provided a possible mode of action
supporting the interesting antifungal activity of the hydrid
ether 2b. Therefore, our results indicate that the thmyol is a
potential building block for further chemical investigations
toward new agrochemicals applied to the root rot fungal
disease occasioned by Fusarium solani.
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Farmaceûticas, Universidade Vila Velha, 29103-900 Vila
Velha, Espirito Santo, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.0c07439

Author Contributions
#V.L. and P.A.B.M. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This study was funded by the Coordenaca̧õ de Aperfeico̧a-
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