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ABSTRACT: In search of new antifungal agrochemicals that could replace commercially available, aryl-2-mercaptobenzothia-
zoles were synthesized. They were prepared by two methodologies, using both photostimulated reaction and microwave assisted
reaction. These reactions took place without the use of metallic catalyst by a one-pot procedure with excellent yields (70—98%).
Synthesized compounds were evaluated for fungal growth inhibition against Botrytis cinerea. Most of the compounds have an
excellent antifungal activity, and three of these showed a superior inhibitory effect to commercial fungicide Triadimefon. ICs,
values observed for 2-(phenylthio)benzothiazole, 2-(2-chlorophenylthio)benzothiazole, and 2-(3-chlorophenyl thio)-
benzothiazole were 0.75, 0.69, and 0.65 ug mL™}, respectively.
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B INTRODUCTION acetone in the presence of K,COj;. Synthesized compounds
were found to be either weakly active or inactive against
Escherichia coli, Candida albicans, etc.'” Moreover, 2-arylbenzo-
thiazole scaffold has provided the inspiration for the discovery
of a number of new antitumor agents.”® Direct thiolation of
substituted benzothiazoles with thiophenol was performed
using N-heterocyclic carbene copper(I) complexes in moder-
ate-to-good yields.”' Another approach to prepare 2-thio-
substituted benzothiazoles starting from benzothiazoles, aryl
iodides, and sulfur by copper complex has been reported.”” It is
important to mention that activity against B. cinerea was not
tested for these products.

It is clear that compounds that have a benzothiazole ring are
important for biological activity." It is thus necessary to develop
simple and eco-friendly synthetic methods. The main goal of
this study was to carry out a new synthetic method to obtain
benzothiazole derivates and prove its activity against B. cinerea.
To obtain different derivates containing benzothiazole core, we
performed the arylation of 2-mercaptobenzothiazole using two
methodologies. In the first way, reactions were realized under
irradiation using DMSO as solvent. In the second way,
reactions were microwave assisted and water was the solvent
choice (Figure 2).

Compounds with benzothiazole ring such as 1-(1,3-benzothia-
zol-2-yl)-3-isopropylurea (Bentaluron), 4-chloro-3-methyl-1,3-
benzothiazol-2(3H)-one (Chlorobenthiazone), or 2-
(thiocyanomethylthio)benzothiazole (TCMTB) are widely
used as fungicides (Figure 1). 2-(Arylthio)benzothiazoles are
an important class of bioactive and industrially important
organic compounds." In agriculture, benzothiazoles are used for
control and prevention of phytopathogenic fungi found in soil,
which affect crops. Usually, to control fungus such as Botrytis
cinerea” in grapevine, 1-(4-chlorofenoxy)-3,3-dimethyl-1-(1H-
1,2/4-triazol-1-yl)butan-2-one (Triadimefon) is used (Figure
1).>* It is very important because grapes infections caused by B.
cinerea origin great losses for the wine industry.®

Recently, Keri et al. showed that the structural benzothiazole
ring plays an important role in medicinal chemistry.* These
compounds possess potential application as anticancer,’
antimicrobial,® anticonvulsant,” antiviral,® antitubercular,” anti-
malarial,'® antihelmintic,"* analgesic,12 antiinﬂammatory,13
antidiabetic,'* antifungal,15 antibacterial, antioxidant,16 etc.,
and soon have been successfully developed, marketed, and
extensively used in the clinic in preventing and treating various
types of diseases with low toxicity, high bioavailability, and
good biocompatibility and curative effects.

It is well-known that aryl halides can afford substitution B MATERIALS AND METHODS

products with different aryl thiolates at good yields by the Chemicals. 2-mercaptobenzothiazole, dihalobenzenes, iodoben-
unimolecular radical nucleophilic substitution (Spy1) mecha- zene, t-BuOK, K,CO;, and KOH were commercially available and
nism.” Aryldihalides and phenyl thiolate afforded monosub- used as received (Aldrich). Liquid ammonia was distilled under

stitution with retention of halide, monosubstitution with loss of nitrogen and metallic Na. It was used immediately after the distillation.
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Figure 1. Examples of fungicides structure.
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Figure 2. Methodologies employed for the arylation of 2-
mercaptobenzotiazole.

DMSO (Carlo Erba) was also distilled under nitrogen and stored in
molecular sieve 4 A (Aldrich). Potato glucose agar (PGA) and
Triadimefon were commercially available and used as received.
Distilled water was sterilized before their use.

Photostimulated Reactions of Dihalobenzenes with Benzo-
thiazole-2-thiolate lons in DMSO. The following procedure is
representative of these reactions. 2-Mercaptobenzothiazole (1.1
mmol) and #BuOK (1.1 mmol) were added to 8 mL of degassed
DMSO. Then, after 10 min when no more solid was present,
benzothiazole-2-thiolate ions were ready for use (characterized by a
yellow solution). Substrate (1.0 mmol) was added to the solution and
the reaction mixture irradiated for 180 min. The reaction was then
quenched by adding an excess of water. The solution was then
extracted with dichloromethane and water (25 mL). The organic
extract was analyzed by GC-MS, and the products were isolated by
column chromatography.

A similar procedure was carried out for reactions with substrate
excess, adding 1.0 mmol of 2-mercaptobenzothiazole and t-BuOK and
5.0 mmol of substrate. These reaction mixtures were irradiated for 30
min.

Microwave Assisted Reactions of Dihalobenzenes with
Benzothiazole-2-thiolate lons in Microwave Oven. 2-Mercapto-
benzothiazole (0.5 mmol) and KOH (0.5 mmol) was added to 2 mL
of water. Then, after 2 min when no more solid was present, the
benzothiazole-2-thiolate ions were ready for use (characterized by a
yellow solution). Substrate (0.6 mmol) was added to the solution and
the reaction mixture irradiated for 2—7 min. The solid was extracted
with dichloromethane. The organic extract was analyzed by GC-MS.

Data for 2-(Phenylthio)benzothiazole (2). The product was
isolated as yellow oil after column chromatography using dichlor-
omethane:petroleum ether (70:30). '"H NMR (400 MHz, CDCl,) &:
7.27-7.57 (m, SH), 7.62—7.82 (m, 3H), 7.90 (dd, J = 12.55 Hz, ] =
8.17 Hz, 1H). 3C NMR (100 MHz, CDCL,) ppm: 121.1, 121.5, 122.2,
124.7, 124.9, 126.5, 130.3, 130.8, 135.7, 135.9, 153.3. HRMS [MH]*
exact mass calculated for C,3H;,S,N, 244.0249; found, 244.0317.

Data for 1,4-Bis(2-Mercaptobenzothiazol)benzene (3). The
nucleophile excess was extracted from the reaction mixture by washing
with water. The product was isolated as a white solid after filtrating
and washing the precipitate with ethyl acetate; mp: 197.5-199.3 °C.
'H NMR (400 MHz, DMSO-d,) 6: 7.39 (td, ] = 8.14 Hz, ] = 1.15 Hg,
2H), 7.49 (td, ] = 8.22 Hz, ] = 1.27 Hz, 2H), 7.89 (ddd, ] = 8.17 Hz; |
= 1.00 Hz, ] = 0.54 Hz, 2H), 7.92 (s, 4H), 8.00 (ddd, ] = 8.05 Hz, ] =
1.17 Hz, J = 0.55 Hz, 2H). *C NMR (100 MHz, DMSO-d;) ppm:
1217, 1219, 125.0, 126.6, 132.1, 135.1, 135.5, 153.2. HRMS [MH]*
exact mass calculated for C,oH,;S,N,, 408.9962; found, 408.9986.

Data for 2-(4-Bromophenylthio)benzothiazole?® (4). The
product was isolated as white solid after column chromatography
using dichloromethane:petroleum ether (70:30); mp 55.6—56.8 °C.
'H NMR (400 MHz, CDCL,) &: 7.29 (ddd, ] = 7.97 Hz, ] = 7.37 Hz, |
= 1.21 Hz, 1H), 7.42 (ddd, J = 8.13 Hz, ] = 7.28 Hz, ] = 1.25 Hz, 1H),
7.56—7.64 (m, ] = 3.00 Hz; ] = 1.14 Hz, ] = 0.52 Hz, 4H), 7.69 (ddd, J
= 8.28 Hz, ] = 0.53 Hz, 1H), 7.89 (dd, ] = 8.28 Hz, ] = 0.53 Hz, 1H).
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3C NMR (100 MHz, CDCl;) ppm: 120.9, 122.1, 124.6, 1252, 126.3,
129.1, 133.1, 135.6, 136.5, 139.1, 153.81, 168.0. HRMS [MH]" exact
mass calculated for C;3;HgS,NBr, 321.9354; found, 321.9356.

Data for 2-(4-lodophenylthio)benzothiazole (5). The product
was isolated as yellow oil after column chromatography using
dichloromethane:petroleum ether (70:30). 'H NMR (400 MHyz,
CDCly) &: 7.28—7.32 (m, 1H), 7.40—7.45 (m. 3H), 7.56—7.78 (m,
2H), 7.80 (d, J = 8.12 Hz, 1H) 7.89 (dd, ] = 8.12 Hz, ] = 3.03 Hz, 1H).
3C NMR (100 MHz, CDCl;) ppm: 121.2, 122.5, 124.9, 126,7, 130.2,
130.3, 130.6, 135.7, 136.0, 136.9, 139.4, 154.1. HRMS [MH]" exact
mass calculated for C;3HyS,NI, 369.9221; found, 369.9239.

Data for 2-(2-Chlorophenylthio)benzothiazole (6). The
product was isolated as brown solid after column chromatography
using dichloromethane:petroleum ether (70:30). '"H NMR (400 MHg,
CDCl,) 5 (ppm): 7.28—7.34 (td, 1H, ] = 1.17 Hz, ] = 8.69 Hz), 7.34—
7.39 (dd, 1 H, overlapping, J = 1.23 Hz, ] = 8.38 Hz), 7.39—7.46 (tt,
2H, overlapping, ] = 1.23 Hz, ] = 8.01 Hz), 7.66—7.72 (dt, 1H, ] = 1.48
Hz, ] = 7.54 Hz), 7.73—7.78 (dt, 1H, ] = 8.26 Hz), 7.78—7.82 (dt, 1H,
J = 1.97 Hz), 7.89-7.95 (dt, 1H, J=8.14 Hz). *C NMR (100 MHz,
CDCl) (ppm): 12093, 122.27, 124.63, 12626, 128.6S, 129.73,
131.71, 131.87, 134.19, 135.87, 136.92, 153.87, 166.97. HRMS [MH]*
exact mass calculated for C;;HS,NCl, 277.9865; found, 277.9860.

Data for 2-(3-Chlorophenylthio)benzothiazole®* (7). The
product was isolated as colorless oil after column chromatography
using dichloromethane:petroleum ether (70:30). '"H NMR (400 MHg,
CDCL,) 8: 7.28—7.34 (J = 1.17 Hz, ] = 8.69 Hz, td, 1H), 7.37—7.44 (t,
1H, overlapping, ] = 7.77 Hz), 7.37—7.44 (dd, 1H, overlapping, ] =
1.23 Hz, ] = 8.38 Hz), 7.44—7.50 (tt, 1H, overlapping, ] = 1.23 Hz, ] =
8.01 Hz), 7.58—7.64 (dt, 1H, ] = 1.48 Hz, ] = 7.54 Hz), 7.68—7.72 (d,
1H, J = 8.26 Hz), 7.72—7.74 (t, 1H, ] = 1.97 Hz), 7.83—8.03 (d, 1H, J
= 8.14 Hz). ®*C NMR (100 MHz, CDCl;) ppm: 120.9, 122.3, 124.7,
126.3, 1304, 130.9, 131.9, 132.9, 134.5, 135.4, 135.7, 153.7. HRMS
[MH]" exact mass calculated for C,3H,S,NCI, 277.986S; found,
277.9860.

Data for 2-(4-Fluorophenilthio)benzothiazole (8). The prod-
uct was isolated as brownish solid after column chromatography using
dichloromethane:petroleum ether (70:30); mp 54.3—55.5 °C. 'H
NMR (400 MHz, CDCl,) 6: 7.11-7.21 (m, 2H), 7.22—7.31 (m, 1H),
7.40 (ddd, J = 8.65 Hz, ] = 7.30 Hz, ] = 1.20 Hz, 1H), 7.65 (d, ] = 8.17
Hz, 1H), 7.68—7.73 (m, 2H), 7.86 (d, ] = 8.17 Hz, 1H). 3C NMR
(100 MHz, CDCL,) ppm: 117.5, 117.7, 121.1, 1223, 124.7, 126.8,
135.9, 138.1, 138.2, 1542, 163.3, 165.8, 169.8. HRMS [MH]" exact
mass calculated for C ;HyS,NF, 262.0155; found, 262.0169.

Bioassays of Fungicidal Activities. Five bunches of botrytized
grape clusters (Vitis vinifera cv. Chardonnay) were randomly hand-
harvested in a vineyard in the district Barrancas, MaipQ, province
Mendoza (Argentina) in 2010. Solutions of compounds 2—8 were
prepared with ethanol and were sterilized by filtration with 0.2 ym
GHP HPLC filter membrane. Those solutions were each incorporated
into polystyrene Petri dishes which contained potato glucose agar
(PGA) and the required amount of water to reach the desired
concentration of each compound. Fungal growth in the presence of
each compound was evaluated at four concentrations (12.5, 25, 50,
and 100 yg mL™") in PGA. Then the culture media were allowed to
solidify. The final concentration of ethanol was 1.2% of the final
volume of media for all treatments and control. For this instance,
ethanol, water, PGA, and HPLC filters, membranes, and syringes were
previously sterilized by autoclave for 15 min at 120 °C. For each
analysis, three replicates were performed. Radial growth was measured
after incubation at 28 °C for 8 days in the dark. For all assays, the fungi
were cultured on PGA/water (positive control) and PGA/water/

DOI: 10.1021/acs jafc.5b00150
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ethanol (ethanol control). More details are included in the Supporting
Information.

B RESULTS AND DISCUSSION

Synthesis under Light Irradiation. The photostimulated
reaction of benzothiazole-2-thiolate anion with iodobenzene
afforded 60% yields of monosubstitution product (2) within
180 min (Table 1, entry 1, photostimulated reactions).
Photostimulated reaction between 2 mmol of 2-mercaptoben-
zothiazole and 1 mmol of p-diiodobenzene afforded mainly
65% yields of disubstitution product (3) within 180 min (Table
1, entry 2).

To decrease the formation of disubstitution product and to
produce monosubstitution product with retention of halide,
reactions were performed with different benzenedihalides using
a relation substrate:nucleophile (1:1). However, the best yields
were obtained using a relation substrate:nucleophile (S:1).
Thus, benzothiazole-2-thiolate ions reacted with p-bromoiodo-
benzene at a relation substrate:nucleophile (1:1) and (5:1),
affording 37% and 98% yields of monosubstitution product
with retention of bromine (4), respectively (Table 1, entry 3).
This reaction did not occur in the dark and was inhibited by p-
dinitrobenzene (p-DNB), a well-known inhibitor of Sgyl
reactions.'” These reactions and more details about the
optimization for p-bromoiodobenzene with 1 are included in
the Supporting Information.

Reaction of benzothiazole-2-thiolate anion with p-diiodo-
benzene in a relation (1:1) afforded disubstitution product
within 60 min, but by reducing the concentration of
benzothiazole-2-thiolate anion and reaction time (30 min),
25% yields of monosubstitution product with retention of
iodine (5) was obtained. The reaction performed in a relation
substrate:nucleophile (5:1) afforded 93% yields of 5 within 30
min (Table 1, entry 4).

Photostimulated reaction of o-chloroiodobenzene afforded
44% and 98% vyields of monosubstitution product with
retention of chloride (6) within 30 min (Table 1, entry S) at
a relation substrate:nucleophile (1:1) and (5:1), respectively.

Furthermore, benzothiazole-2-thiolate ions reacted with m-
chloroiodobenzene and p-fluoroiodobenzene, rendering 58%
(7) and 63% (8) yields, respectively, under irradiation during
180 min with a relation substrate:nucleophile (1:1) (Table 1,
entries 6 and 7). It has been observed that o-chloroiodobenzene
was less reactive than m-chloroiodobenzene, probably due to
hindering.

By contrast, p-dibromobenzene, p-chlorobromobenzene, or
m-clorobromobenzene did not react with benzothiazole-2-
thiolate ions under these reaction conditions (Table 1, entries
8—10). It is clear that those substrates with reduction potential
greater than —1.60 V* are able to initiate the reaction while
those with lower potential such as p-dibromobenzene, m-
chlorobromobenzene, and p-chlorobromobenzene remain
unreacted (see reduction potential in the Supporting
Information).

Synthesis under Microwave Radiation. As an alternative
to reaction initiation and in search of an environmentally
benign process, microwave irradiation was employed.*® Micro-
wave irradiation in polar solvents allows rapid heating to high
temperatures enabling short reaction times and often improved
yields.”” The solvent polarity affects the rate of a reaction
carried out in a microwave oven because polar molecules
absorb microwave causes heating of the substance through
frictional effects. It would follow that the rates at which a
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Table 1. Reactions of Arylhalides with 1: Comparison
between Light and Microwave Irradiation

S
' s hv or MW ©: S,
z + ©:|\I)_SH —_— N 7

I Base

\\X X _\X
Entry X Product Isolated Product (%) 1Cso
(Substrate recovered) ug mL!
ho/DMSO* MW/H,O'
S
i
1 H N @ 60 (34) 78 (20) 0.75
2
S
©:,>—s 1.03
N 65 (10) ;
2 pI° N
S0
S
S
@:,\1)—8 37 (50)° 1.93
3 p-Br Q 98 (nq)" 88 (nq)
4 Br
S
,\?—S 25 (68)° » 0.97
4 p-1 Q 93 (nq)" 72 (nqy
5 I
S, s o 44 (50) 0.69
5 0-Cl N @ 98 (nq)* 70 (nq)
6
S, 0.65
6  mCl @E,\?'S 58 (30) 81 (nq)
7 @'C'
S
@,\?'S 1.17
7 pF Q 63 (34) 18 (nq)
8 F
S
i
8 f N @ -(95) - (96) -
4 Br
s
° ¢ s SCONNCY) :
9
o]
S
10 h @: S - (98) -(95) .
N
o

7

“tert-BuOK and 1 concentrations were 13.7 X 107> M, substrate
concentration was 12.5 X 107> M. “Base and 1 concentrations were
275 X 1072 M, 18% of 5. “4% of 2 and 2% of 3. “Substrate
concentration was 62.5 X 107> M, reaction time was 30 min. nq: not
quantified. “Base and 1 concentrations were 7.5 X 107> M, reaction
time was 45 min, 4% of 2. fp-Dibromobenzene. £p-Chlorobromo-
benzene. "“m-Chlorobromobenzene. ‘KOH and 1 concentrations were
25 X 107> M, substrate concentration was 30 X 107> M, TBABr,
reaction time was 7 min. “Reaction time was 2 min.

solvent absorbs microwave radiation depends on its loss factor.
The larger the loss factor the greater the coupling with
microwaves. Thus, solvents such as water, methanol, DMF,

DOI: 10.1021/acs jafc.5b00150
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DMSO, etc, are all heated rapidly when irradiated with
microwaves.

Arylation of commercial fungicides were also studied in a
previous report, allowing the formation of new compounds
with potential fungicide activity under microwave irradiation.”
The synthesis of polyfluorinated 2-benzylthiobenzothiazole
derivatives under microwave radiation has been also reported.*
Recently, Pefiéfiory et al. reported that microwave irradiation
promotes a quick aromatic nucleophilic substitution by a
thermally induced electron transfer process to form new C—C
bonds by the coupling of aryl radicals and enolate
nucleophiles.*!

The reaction of 0.5 mmol of the benzothiazole-2-thiolate
anion with 0.6 mmol of iodobenzene in DMSO was made at
low and high temperatures (60, 90, 120 °C), short times (5—60
min), and different microwave radiation modes, but the
outcome was nucleophile decomposition in all conditions
assessed, which did not allow achievement of the desired
product (Table 2, entries 1 and 2).

Table 2. Optimization of 2? under Microwave Irradiation

! s
s MW @:,\?‘S
C L e 8
N Base
1 2

product yields” (substrate

entry conditions (time, min)® recovered)

1 DMSO, 60 °C (5—60)d decomposition

2 DMSO, 60—120 °C (5—60) decomposition
3 DMEF, 120 °C (20)¢/ 2, —(97)
4 DMF, 120 °C (20)% 2,5 (94)
5 DMEF, 120 °C (20)" 2,30 (65)
6 DMEF, 120 °C (20)" 2, 70 (24)
7 H,0/polyethylenglycol, 150 °C 2, — (95)
8 H,0, 90 °C (20)%eghik 2, — (96)
9 H,0, 120 °C (20)*F 2, 78 (20)
10  H,0, 120 °C (10)** 2, 78 (20)
11 H,0, 120 °C (7)** 2,75 (16)

“Base and 1 concentrations were 25 X 107> M. "Yields of isolated
products. “Dynamic mode and 150 W power was applied. “Pulsed
mode. “With K,COj as base. "With +-BuOK as base. $With 1 equiv of
KOH as base. "With 2 equiv of KOH. ‘With 3 equiv of KOH. 7200 W
power was applied. “With tetra-n-butylammonium bromide (TBABr).

Reaction of 2-mercaptobenzothiazole with iodobenzene in
DME at 120 °C using both K,COj; and -BuOK as base did not
occur (Table 2, entry 3). Nevertheless, using KOH as base, the
coupling reaction was observed (Table 2, entry 4). Moreover,
reaction yields were increased using excess of KOH, proving 30
and 70% yields of (2) (Table 2, entries S and 6). Thus, this
reaction was also carried out using a power of 200 W, and
similar results were observed. Under N,, no changes were
observed.

To find an environmental friendly procedure, the reaction
was performed in t-butanol, isopropyl alcohol, polyethylene
glycol, or acetonitrile, which did not allow achieving the desired
product. The reaction was also carried out using a solvent
mixture which did not allow achievement of the desired
product (Table 2, entry 7).

When the reaction was made using water as solvent at 90 °C
with different bases and other conditions, no product was
detected (Table 2, entry 8), while at 120 °C, the coupling
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reaction product was observed (Table 2, entries 9—11).
Reactions were efficient using solvents with loss factor between
0.1 and 0.2. The best product yields were obtained using water
as solvent at 120 °C under microwave irradiation for 7 min. So,
subsequent reactions were performed using this last condition.

Thus, the reaction of 1 with p-bromoiodobenzene, p-
diiodobenzene, o-chloroiodobenzene, m-chloroiodobenzene,
and p-fluoriodobenzene, rendered 88% (4), 72% (S), 70%
(6), 81% (7), and 18% (8) yields, respectively (Table 1, entries
3—7). Similar to photoestimulation, p-dibromobenzene, p-
chlorobromobenzene, and m-clorobromobenzene did not react
with 1 under these reaction conditions (Table 1, entries 8—10).

No disubstitution product was obtained from 2 mmol of
benzothiazole-2-thiolate anion and 1 mmol of p-diiodobenzene
using microwave irradiation because the nucleophile got
decomposed (Table 1, entry 2). It is very important to notice
that this reaction was efficient under photostimulation.

The use of microwave decreased reaction times considerably
in comparison to photostimulation. The synthetic procedure
reported here is simple and reproducible, and the products are
obtained in high yields using water as solvent. It is worthy of
mention that this novel process shows environmental and
economic advantages over previously reported protocols.

Bioassays of Fungicidal Activity against Botrytis
cinerea. B. cinerea is responsible for the gray mold disease
on more than 200 host plants. This necrotrophic ascomycete
displays the capacity to kill host cells through the production of
toxins, reactive oxygen species, and the induction of a plant-
produced oxidative burst.** It is well-known that Triadimefon
inhibits B. cinerea’s growth as well. Triadimefon is widely used
to control other fungal diseases. For this reason, it was used as
assay control.*?

Toxicity Test of Solvents on B. cinerea. Solvents used to
dissolve tested compounds needed to be nontoxic against B.
cinerea. Results showed that a solution of ethanol 1.2% final in
potato glucose agar (PGA) culture media did not exhibit
significant suppression on fungus growth (Figure 3, control
with ethanol).

B. cinerea Growth Inhibition Assay. In vitro fungal growth
inhibition assay modified from Huang et al. was performed.*®
Fungal growth in the presence of compounds 2—8 was
evaluated at four concentrations (12.5, 25, 50, and 100 ug
mL™") in PGA.** Results in Figure 3 show that all compounds
assayed exhibited strong antifungal activity against B. cinerea at
four concentrations.

Each treatment was performed in triplicate, and the effective
concentration 50 (ICs,), defined as the concentration required
to inhibit 50% of the fungal growth, was used to describe the
inhibitory activity of the compounds. ICs, of the target
compounds along with the standard drug for comparison are
summarized in Table 1.

By analyzing the graphs at 12.5 g mL™), it can be seen that
compounds 2, 3, 4, 6, and 7 inhibit fungal growth better than
Triadimefon. Apparently, the presence of a halogen, either Br, I,
or F, in the aromatic ring does not cause large effects in terms
of activity against B. cinerea. This can be seen if compounds 4,
5, and 8 are compared at 25 ug mL™".

Compounds 2, 6, and 7 are those that caused greater
inhibition in fungus growth at different concentrations than
Triadimefon (ICg, values: 0.75, 0.69, 0.65 vs 1.05 ug mL™").
Furthermore, it is easy to see that compounds 6 and 7 showed
three times more inhibition than Triadimefon at 25 ug mL™",
presenting the highest antifungal activity.

DOI: 10.1021/acs jafc.5b00150
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Figure 3. Botrytis cinerea growth inhibition assay of aryl-2-thiobenzothiazoles family at different concentrations. Radial growth areas were calculated
using the formula for the area of a circle (A = #*) (cm?). Different letters indicate significant differences (p < 0.05).

In conclusion, two alternative routes for the arylation of 2-
mercaptobenzothiazole have been evaluated. The first pathway
involved a photostimulated nucleophilic substitution, while the
second consisted in a microwave assisted reaction. Both
methodologies were shown to be complementary. Reactivity
of the family of dihalobenzene explained by their reduction
potentials was reported.

The synthetic procedures reported here are one-pot, reliable,
simple, and highly reproducible processes. These are also
energy efficient as they involves very short reaction times and in
high reaction yields. The methodology using water and
microwave irradiation is economical and eco-friendly. More-
over, thermal initiated Sgy1 reactions of dihalobenzene using
controlled microwave heating to promote the reaction were
reported.

All compounds assayed have an excellent growth inhibition
for B. cinerea in the conditions employed. Furthermore,
compounds 2, 6, and 7 inhibit fungal growth better than
Triadimefon. Thus, these compounds could be used as
alternative to Triadimefon for fungi control in plants. Further
toxicity, persistence, and structure—activity relationship studies
for those compounds are underway.
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