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Abstract: Methoxycamalexins are close structural derivatives of the indolic phytoalexin
Camalexin, which is a well-known drug lead with an antiproliferative and antioxidant pro-
file. 6-methoxycamalexin, 7-methoxycamalexin, and 6,7-dimethoxycamalexin are natural
bioactive products, and there is significant interest in the development of efficient methods
for the synthesis of structurally related analogues. Herein, we describe an efficient and
high-yielding method for the synthesis of variously substituted hydroxy-, bezyloxy, and
methoxycamalexins. A set of methoxy-, hydroxy-, and benzyloxy-indoles were success-
fully amidoalkylated with N-acyliminium reagents derived in situ from the reaction of
thiazole or methylthiazoles with Troc chloride. Eleven novel N-acylated analogues were
synthesized, with yields ranging from 77% to 98%. Subsequent oxidative reactions with
o-chloranil or DDQ led to 10 novel oxy-camalexins in 62-98% yield. This two-step approach
allowed the synthesis of two 4,6-dimethoxy camalexins, which are difficult to obtain using
published methods. The structure of the obtained products was unequivocally determined
by 'H-, BC{'H}-, HSQC-NMR, FTIR, and HRMS spectral analyses. An in silico assay was
carried out on the obtained products to assess their general toxicity and physicochemical
properties, including their compliance with Lipinski’s rule of five. The results indicate that
all compounds have good potential to be developed as drugs or agrochemicals.

Keywords: camalexin; methoxycamalexins; thiazole; indole; multicomponent reactions;
N-acyliminium reagents; x-amidoalkylation; in silico study; RDKit; MolecularGraph

1. Introduction

Plants produce a variety of antimicrobial secondary metabolites as part of their defence
strategy against pathogens [1,2]. Examples include resveratrol, a stilbenoid synthesized
by grapevine (Vitis vinifera) during fungal infections [1,3], and sakuranetin, a flavonoid
induced in rice (Oryza sativa) under various stress conditions [2,4]. These compounds
highlight the importance of plant metabolites as the first line of defence [5].

Phytoalexins have diverse structures and play a key role in the defence mechanisms of
plants against various pathogens and pests [6-10]. The protective mechanism of action of
phytoalexins, including camalexins, involves the inhibition of bacterial and fungal growth
by disrupting cell membranes [11], induction of apoptosis in fungal cells, and impact on
signalling pathways responsible for pathogen resistance [7,12]. In inhibiting key enzymes
(catalase and oxiperoxidase), hydrogen peroxide is released, leading to an oxidative burst,
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which is a part of Systemic Acquired Resistance (SAR) [7,12,13]. This can be artificially
stimulated using chemical substances (natural or synthetic) or physical agents such as
electricity, ultrasound, and ultraviolet light. Such mechanisms allow the protection of
plants from adverse abiotic factors like extreme temperatures and drought, as well as from
pests (insects, mites, pathogens, viruses, and others). This approach in plant protection is
called the Induction of Systemic Resistance (ISR) [14-16]. The combination of ISR and SAR
can enhance protection against pathogens that are resistant to both pathways [17]. This is
the main mechanism by which plants defend themselves, and also a strategy that can be
applied in the development of new substances with fungicidal action.

The indole moiety finds wide application in medicinal chemistry [18], particularly in
the design of antitumor agents [19]. A number of indole derivatives have been approved
for clinical use [19]. Indole alkaloids belong to one of the largest classes of compounds
found in various natural sources [20]. Many plant species generate indole alkaloids, known
as phytoalexins [9,21]. They were first described by Miiller and Borger [22] and represent
specific chemical compounds that plants synthesize in response to infection or stress fac-
tors [9,23]. They are characterized by significant structural diversity [6] and exhibit a wide
range of biological properties—antimicrobial [7,24,25], antifungal [26-29], antiviral [29],
inhibitory [30-33], antioxidant [34], anti-inflammatory [35,36], antitumor [36—41], antipro-
liferative [41-43], and cytotoxic [44,45], along with other biological functions [8,23,37].

Camalexin is known to exhibit some toxicity towards plant cells, with a concentration
of 100 pg/mL being sufficient to induce cell death in suspension cultures. However, it is
not the primary cause of plant cell death during pathogenic infection [46].

The literature data indicate that some 5-substituted camalexins possess higher bio-
logical activity than camalexin itself [26,31,47], and their fungicidal effectiveness is highly
dependent on the structural modifications of camalexin [29]. Figure 1 visualizes natural
indole phytoalexins, structural analogues of camalexin (2-(1H-indol-3-yl)thiazole). Various
synthetic approaches have been developed for its synthesis [44,47-51].
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5-hydroxycamalexin ~ 6-methoxycamalexin 7-methoxycamalexin 6,7-dimethoxycamalexin

Figure 1. Natural indole phytoalexins.
These compounds have been isolated from plant sources [26,28,30], listed in Table 1.

Table 1. Sources of natural indole phytoalexins.

Natural Phytoalexins Isolated from
Camalexin Arabidopsis thaliana
and Camelina sativa (L.) [26]
5-hydroxycamalexin Metabolite in Rhizoctonia solani [30]
6-methoxycamalexin Capsella bursa-pastoris (L.) [26]
7-methoxycamalexin Neslia paniculata (L.) Desv. [28]
6,7-dimethoxycamalexin Neslia paniculata (L.) Desv. [28]

The biological activity of these compounds is highly dependent on the position and
type of substituents in their molecular structure [26,28,30]. Natural camalexins and their
structural analogues exhibit remarkable fungicidal activity, making them valuable for the
development of new antifungal agents [9,12].
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Several methods for the synthesis of methoxycamalexins have been published, with
the first reported by Ayer et al. in 1992, including the preparation of 5-methoxycamalexin
and 6-methoxycamalexin. One of the reactions proceeds for 43 h with 50% recovery
of the starting 5-methoxyindole [47]. Pedras et al. also synthesized various methoxy-
and dimethoxycamalexins, concluding that the presence of two methoxy groups leads to
reaction in the activated benzene ring. Thus, 4,6-dimethoxycamalexin (yield 50%) and
5,7-dimethoxycamalexin (yield 37%) were obtained. The remaining target dimethoxy
derivatives were synthesized using the Hantzsch reaction from the corresponding
dimethoxyindole-3-thiocarboxamides. Despite its effectiveness, the Hantzsch reaction is not
applicable for the synthesis of 4,6-dimethoxycamalexin and 5,7-dimethoxycamalexin [50].

Another method for the synthesis of methoxycamalexins involves the application of
the Suzuki reaction and requires an expensive catalyst—palladium-tetrakis (triphenylphos-
phine) [Pd (PPhs)4]. This method was developed by Tasch et al. and its utility was
demonstrated with the synthesis of 5-methoxycamalexin and 6-methoxycamalexin [49].
In the last decade, other alternative methods for the synthesis of variously substituted
camalexins have been proposed [29,51-53].

In our previous studies, we successfully synthesized camalexin, benzocamalexin, and
aza-camalexin using a combination of a-amidoalkylation and oxidation for heterocyclic
ring coupling. This method is versatile and has proven its reliability on a gram-scale
preparation of camalexin [51,52]. In continuation of this work, the current study is aimed
at expanding the scope of our method to variously oxygenated indole substrates in order
to provide access to novel oxy-camalexins.

Fusarium graminearum is a destructive fungal pathogen that threatens the production
and quality of wheat. Controlling it is of great importance to producers [54]. Therefore,
it is important to develop alternative methods and eco-friendly fungicidal agents with
low toxicity to plants that can provide effective control of Fusarium. Kong et al. presented
an extensive report on 5-methoxyindole, which is a cost-effective simplified melatonin
analogue (Figure 2).
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HN/Z< HaCO
HaCO HaCO
o >
V

5-methoxyindole Melatonin 5-methoxycamalexin

Figure 2. Antifungal agents [29,50,54].

This study shows that 5-methoxy-1H-indole (Figure 2) possesses higher antifungal
activity against Fusarium graminearum compared to melatonin. In addition, its mechanism
of action was also studied, and it was found that 5-methoxy-1H-indole inhibits the growth
of F. graminearum at concentrations > 2 mM. Through the release of H,O,, the normal
morphology of Fusarium graminearum is disrupted, and this leads to structural anomalies
in the hyphae and spores, resulting in cell death [54]. This study clearly reveals and
emphasizes the mechanism of the antifungal action of 5-methoxy-1H-indole.

Building on the high bioactivity of 5-substituted indole derivatives [29], the estab-
lished fungicidal action of 5-methoxyindole [54] and 5-methoxycamalexin [26,29,50], a
successful synthesis of novel oxy-camalexins would provide access to hybrid molecules
with potential agrochemical application and promising candidates for a new generation of
plant protection agents.
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2. Results and Discussion

2.1. Synthesis of Novel Analogues of Oxy-Camalexins by Multicomponent Amidoalkylation
of Oxy-Indoles

The amidoalkylation reaction is a synthetic tool used to generate new carbon—carbon
(C-C) bonds and to functionalize various heterocycles. This approach finds wide ap-
plication for synthetic modifications of heterocyclic compounds, including five- and six-
membered systems such as thiophenes, pyrroles, furans, and indoles [55]. The main classes
of amidoalkylating reagents, the synthetic pathways by which they are obtained, and
their reactivity towards various nucleophiles were thoroughly reviewed and described by
Mazurkiewicz et al. [56].

In our previous studies, it was found that N-acyl benzothiazolium reagents are less
reactive than N-acyl thiazolium reagents in x-amidoalkylation reactions with indoles. The
rapid release of hydrochloric acid leads to the decomposition of the target products. Control
over the reaction to ensure optimal conditions is achieved through the gradual addition of
triethylamine (Et3N). Conducting the reactions in the absence of EtzN leads to the formation
of triindolylmethane as the main product according to our previous investigations [51].

The present study expands the scope of the x-amidoalkylation reaction using
variously substituted oxy-indoles—4-, 5-, and 6-methoxyindoles, 4,6-dimethoxyindole,
5-hydroxyindole, and 4-benzyloxyindole (Scheme 1).
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Scheme 1. x —amidoalkylation of various oxy-indoles.

In the examined reactions, N-acyl-thiazolium reagents were successfully applied,
derived in situ by mixing thiazole/4-methylthiazole/4,5-dimethylthiazole (1a—c) with
2,2,2-trichloroethyl chloroformate (Troc-Cl, 2). 2,2,2-Trichloroethyl chloroformate was
preferred due to the faster reaction rate and higher yields of the target products, compared
to ethyl chloroformate.

The substituents in the thiazole ring influenced the reactivity of N-acyliminium
reagents. Methylated thiazoles showed slightly higher reaction rates, probably because of
the electron-donating properties of the methyl groups, which increase the nucleophilicity
of the nitrogen and stabilize the N-acyliminium ions, thus facilitating their formation. The
experimental results presented in (Table 2) show the difference in the reaction rate, depend-
ing on the thiazole used (la—c). Reactions with 4,5-dimethylthiazole proceeded generally
faster, within 10 to 30 min. The position of the methoxy group in the indole substrate did
not significantly affect the reaction time and the yield of the final products. The presence
of a second methoxy substituent in 4,6-dimethoxyindole, however, led to faster reaction,
with the reaction time not depending on the type of thiazole. In the amidoalkylation of
5-hydroxyindole, a second product was observed, leading to a decrease in the yield of 41
(77%). It is likely that a competing amidoalkylation reaction also occurs in the benzene ring
of indole because of the strong electron-donating properties of the OH group.
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Table 2. The reaction conditions and yields of compounds 4a-1, prepared according to Scheme 1.

Product R R R Reaction Yield, NI[)el-t lrtlg
4a-1 1 2 3 time, h Y% 22‘ !
4a CHj H 4-OCHjs 30 min 98 175-177
4b CHj CHj; 4-OCHj 20 min 97 191-193
4c H H 5-OCHz 40 min 93 1[6229‘]1*6*4
4d CH; H 5-OCHjs 30 min 96 122-124
4e CHj3 CHj 5-OCHjs 20 min 98 * 143-145
af H H 6-OCHj; 30 min 96 Oil
4g CHj CHj; 6-OCHj; 20 min 93 66—68
4,6- .
4h CH; H (OCHa), 10 min 92 171-173
. 4,6- .
4i CHj CHj (OCHj), 10 min 96 183-185
4j H H 4-BnO 30 min 97 54-56
4k CH; CHj; 4-BnO 30 min 93 141-143
41 CH; CHj; 5-OH 10 min 77 Oil

* Compound 4e was obtained on a larger scale (1.255 g) in 96% yield; ** compound was also synthesized in
cited work.

To determine the working scope and applicability of this two-step method, it was
necessary to test its feasibility for synthesis in larger amounts. For this purpose, we chose a
target product—2,2,2-trichloroethyl 5-methoxy-3- (thiazol-2-yl)-1H-indole-1-carboxylate
(4e), a synthetic analogue of 5-methoxycamalexin, which has proven fungicidal activity.
The reaction in this case was easily scaled up to 3 mmol and gave the product 4e in
96% yield (1.255 g). On this scale, the product was isolated by recrystallization, instead
of chromatography, thus confirming the efficiency of the method on a gram scale. The
reaction was followed by oxidative aromatization with an equimolar amount of o-chloranil
in acetonitrile, providing 5-methoxycamalexin (5e) in 90% yield (0.6975 g).

The structures of the obtained products were determined on the basis of their 'H-,
13C{'H}-, HSQC-NMR, FTIR, and HRMS spectra. The 'H-NMR spectra of the analyzed
compounds indicate singlets in the range of J = 6.80~7.35 ppm for the proton on the sp®
C-2 atom in the thiazole ring. The 1H-, BC{1H}-HSQC measurements confirmed the exact
location of these characteristic signals (see the Supplementary Materials section, HSQC-
NMR spectrum of 4c, Figure S11). Recording the proton NMR spectra of the N-acylated
products at room temperature in DMSO-dg resulted in the registration of highly broadened
signals, making their correct integration and subsequent interpretation impossible (see
the Supplementary Materials section, 'H-NMR spectrum of 4i, Figure S34). In the carbon
spectra recorded under these conditions, the absence of important characteristic signals
was also observed. To average out the rotamers observed in N-acylated oxy-camalexin
analogues and achieve adequate peak assignment and structure determination, the NMR
spectra were measured at 80 °C in DMSO-dg. Under these conditions, averaged signals
were successfully observed, fully corresponding to the expected ones, spectrally confirming
the analyzed structures of the newly synthesized products. Original spectra are available
in the Supplementary Materials section (Figures 5S1-596).

2.2. Synthesis of Oxy-Camalexins

In the next stage, the obtained N-acylated compounds 4a-1 were successfully ox-
idized with an equivalent amount of o-chloranil (2,3,5,6-tetrachloro-1,2-benzoquinone)
or DDQ (2,3-dichloro-5,6-dicyano-benzoquinone). The reaction conditions for oxidative
rearomatization were successfully optimized (Scheme 2).
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Scheme 2. Oxidative rearomatization reactions for obtaining oxy-camalexins 5a-1.

The optimization of reaction conditions for the synthesis of oxy-camalexins includes
varying the type and amount of solvent, as well as using different oxidizing reagents. The
oxidative reaction with o-chloranil (3,4,5,6-tetrachloro-1,2-benzoquinone) proceeded in
acetonitrile at room temperature for 10 to 40 min. Ten novel oxy-camalexins were obtained
with high yields ranging from 62% to 98%, presented in a general scheme (Scheme 2).

The oxidative rearomatization was also tested using the oxidant DDQ (2,3-dichloro-
5,6-dicyano-1,4-benzoquinone). The synthetic transformations of N-acyl methoxy-indoles
(4b and 4i) were carried out at room temperature in dichloromethane, using an equimolar
amount of the oxidizing agent (see Supplementary Materials, proposed mechanism of ox-
idative reaction, Scheme S1). The obtained products (5b and 5i) were isolated with approxi-
mately 10% higher yields compared to the reactions performed with o-chloranil (Table 3).
Despite the higher yields and reduced reaction time, the oxidizing agent o-chloranil was
preferred due to environmental considerations and the possibility of more efficient chro-
matographic separation and isolation of the obtained oxy-camalexins.

Table 3. Reaction conditions and yields of 5a-1, obtained according to Scheme 2.

Product Reaction Yield, Melting Point,
5a-1 Ri R R Time, h % "
5a (p2) CHj H 4-OCHjs 30 min 86 180-181
5b (p3) CHj CHj 4-OCHj 30 min 80/93 * 212-214
5¢ (p4) H H 5-OCHj3; 15 min 98 112-114 [29,47] **
5d (p5) CHj H 5-OCHj3; 30 min 90 Oil
5e (p6) CHj CHj 5-OCHj3 30 min 91 169-170
5f (p7) H H 6-OCHj; 30 min 78 161-163 [47] **
5g (p9) CHj; CH; 6-OCH; 20 min 91 163-165
5h (p11) CHj H 4,6- (OCH3), 30 min 68 167-169
5i (p12) CHj CH; 4,6- (OCH3), 30 min 70/80 * 188-190
5j (p13) H H 4-BnO 30 min 82 166-168
5k (p15) CHj CHj 4-BnO 30 min 90 168-170
51 (p18) CHj CH; 5-OH 40 min 62 233-235

* The reactions were carried out with DDQ in dichloromethane (CH,Cl,) for 10 min. at room temperature;
** compound was also synthesized in cited work.

3. In Silico QSAR Analysis
In Silico Predictions of Oxy-Camalexins Toxicity, LogP, and Various Other Parameters

In silico toxicology is dynamically developing as a field focused on assessing the
safety of chemical substances and predicting their toxicity [57]. The use of QSAR models
to evaluate the parameters of synthetic compounds significantly reduces experimental
tests with living organisms [58]. In silico analysis of synthetic compounds is essential for
biopharmaceutical properties and ecotoxicological studies [59,60]. By applying the in silico
machine learning method based on the nearest neighbour, implemented in the software
system Toxicity Estimation Software Tool (T.E.S.T.)—version 5.1.2. [61], the following
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properties of the compounds presented in Table 4 were successfully predicted: oral rat

LDsy, Tetrahymena pyriformis 1GCsy, Daphnia magna LCsy, and water solubility at 25 °C.

Table 4. In silico toxicity prediction for oral rat LDs, Tetrahymena pyriformis 1GCsy, Daphnia magna

LCsp, and water solubility at 25 °C, applying nearest neighbour in the T.E.S.T software tool.

T. pyriformis Daphnia magna Water Solubili
Compound MW, g/mol Oral RaLLDESO Iéagsgf(éls h) szo 48 hg) at25°C v

me/kg mg/L mg/L mg/L
pl 230.29 631.90 27.29 2.25 25.02
p2 24431 2133.02 7.60 1.71 11.34
p3 258.34 3723.13 8.03 1.81 11.99
p4 230.29 2010.54 27.29 2.25 22.13
p5 24431 2133.02 7.60 1.71 11.34
pé 258.34 3723.13 8.03 11.71 11.99
p7 230.29 2010.54 27.29 2.25 22.13
p8 244.31 2646.44 7.60 1.71 61.85
p9 258.34 2798.39 8.03 11.71 11.99
p10 260.31 2819.73 8.09 0.84 65.90
pll 274.34 3550.89 8.53 12.44 18.98
p12 288.37 3999.40 8.97 13.07 19.95
p13 306.38 2552.52 8.10 2.15 21.20
pl4 320.41 1519.66 6.53 2.24 22.17
p15 334.44 524.03 6.81 15.16 23.14
plé 216.26 1657.10 25.63 2.11 38.28
p17 230.29 1764.60 27.29 4.47 58.30
p18 244.31 2133.02 7.60 0.78 61.85

The predicted lower toxicity > 2000 mg/kg is indicated in bold.

The obtained predictive results for oral rat LD5q values in rats range from 524.03 mg/kg
to 3999.40 mg/kg. Compounds p2, p3, p5, p6, p8, p9, p10, p11, p12, p13, and p18 have
predictive results for oral rat LDsg > 2000 mg/kg, classifying them as compounds with low
toxicity (Table 4).

Daphnia magna is widely used in ecotoxicological studies. The acute toxicity test with
this species is standardized by the U.S. Environmental Protection Agency (EPA), REACH
(Registration, Evaluation, Authorization, and Restriction of Chemicals), and OECD Test
Guidelines [62-65]. All compounds have acute toxicity toward Daphnia magna between 0.78
and 15.16 mg/L, which means moderate toxicity towards this test organism (Table 4).

Compounds p1, p8, p10, p14, p16, and p17 were not synthesized in this work (see
Supplementary Materials, Table S1).

In previous in silico studies, Mounika et al. found that camalexin exhibits a good
balance between lipophilicity (LogP—3.17), low polar surface area (PSA—20.28 A?), and
molar refractivity (MR—59.4), suggesting its favourable properties for crossing cell mem-
branes and interacting with biomolecules. Additionally, all analyzed derivatives maintain
high gastrointestinal absorption (GI Absorption) and meet key pharmacokinetic crite-
ria [60]. The above establishes camalexin as a stable structural basis for the synthesis of
new analogues with improved biopharmacological characteristics. Building on the estab-
lished pharmacokinetic and physicochemical profile of this phytoalexin, the current study
aims to enhance these parameters through the synthesis and in silico QSAR evaluation of
novel analogues. As our main focus is on the potential applications of newly synthesized
oxy-camalexins in agriculture. In this regard, we used various predictive models to fore-
cast key physicochemical properties, including their compliance with Lipinski’s rule of
five. Lipinski’s rule of five has the following requirements for drug candidate molecules:
molecular weight (MW) < 500 Da, number of hydrogen bond acceptors < 10, number of
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hydrogen bond donors < 5, and octanol/water partition coefficient (LogP) < 5 [66-68]. All
tested molecules have molecular weight below 500 g/mol (Table 4). The octanol/water
coefficient logP (log ow) was calculated using several computational tools: Python program-
ming language and modules RDkit and PadelPy [69,70], EPI Suite [71,72], and VEGA [73]
(Table 5).

Table 5. Computational predictions of LogP, using different models.

Wildman & Crippen  Wildman & Crippen ~ Wildman & Crippen

Compound (RDKit) (PadelPy) Julia EPI Suite VEGA
pl 2.79 3.31 33 2.9 29
p2 3.09 3.8 3.6 3.45 3.45
p3 3.4 3.34 391 4 4
p4 2.79 3.31 3.3 29 29
p5 3.09 3.8 3.6 3.45 3.45
pé 34 3.34 3.91 4 4
p7 2.79 3.31 33 29 29
p8 3.09 3.8 3.6 3.45 3.45
p9 3.4 3.34 3.91 4 4
p10 2.79 3.32 3.3 3 3
pl1 31 3.81 3.61 3.53 3.53
p12 3.41 3.35 3.92 41 4.08
p13 4.36 4.85 4.87 4.6 4.61
pl4 4.87 411 4.87 49 454
p15 5.18 413 5.18 5.45 51
pl6 2.48 2.88 3 2.34 2.34
p17 2.79 3.37 33 2.9 29
p18 31 291 3.61 3.43 3.43

MolecularGraph.jl [74] was used to check if the tested molecules fall into the rule of
five (Lipinski’s rule of five). Most of them have HBD = 1, some of them (p14 and p15) =0,
and p16, p17, and p18 = 2, which also fell under the rule of five. All molecules have
HBA = 3, except p10, p11, and p12 = 4, which are also in accordance with the rule. The
calculated logP for all molecules was under 5 (in accordance with the rule) except for p15,
where all in silico tools established logP between 5.1 and 5.45. However, the logP calculated
with the Python language PadelPy module was 4.13. The number of rotatable bonds was
between 1 and 4. The results are presented in Table S2, Supplementary Materials.

MolecularGraph.jl [74] is a library in the Julia programming language, specialized
for cheminformatics and QSAR analysis. Julia language MolecularGraph.jl was used to
calculate atom hybridization in the tested molecules and the number of unpaired and
mi-electrons (Table S3, Supplementary Materials). There was no sp hybridization in the
molecules; the sp? hybridization was mostly 12, except p13, p14, and p15 = 18. The same
results were observed for the number of m-electrons. However, sp> hybridization was
diverse, ranging between 3 and 8. The number of unpaired electrons was 16-17-18 except
for p12, which had 20, p13 with 22, p14 with 23, and p15 with the highest number = 24
(Table S3).

In the present work, EPI Suite [71] was used to predict the ecotoxicological, physico-
chemical properties, and DTsg (half-life in days) [75]. The persistence of oxy-camalexins
in soil, water, and air was assessed (Table 6). EPI Suite shows that all molecules are non-
persistent in the air, moderately persistent in the water (except p16, which was found to
be non-persistent), moderately persistent in the soil (except p15, which was found to be
persistent in this medium), and persistent in the sediments (except p15, which was found
to be very persistent).
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Table 6. DT5q (half-life in days—EPI Suite).
Compound Air Water Soil Sediments

pl 0.05 37.5 75 337.5
p2 0.05 37.5 75 337.5
p3 0.05 37.5 75 337.5
p4 0.05 37.5 75 337.5
p5 0.05 37.5 75 337.5
po 0.05 37.5 75 337.5
p7 0.05 37.5 75 337.5
P8 0.05 37.5 75 337.5
P9 0.05 37.5 75 337.5
p10 0.05 37.5 75 337.5
pll 0.05 37.5 75 337.5
p12 0.05 37.5 75 337.5
p13 0.05 37.5 75 337.5
p14 0.3 37.5 75 337.5
p15 0.33 60 120 541.6
pleé 0.05 15 30 135

p17 0.05 37.5 75 337.5
p18 0.05 37.5 75 337.5

With the Rdkit module [76], we calculated various molecular descriptors of the tested
molecules (Table 7). Regarding the synthetic accessibility score (SA Score) [77] for all
molecules, this index was approximately 3, indicating good synthetic accessibility. p13
has the lowest value of 2.749. According to the values of the Natural Product-likeness
Score (NP_Score) [78], all molecules have negative values. The highest value (—0.24) was
for p16, and the lowest value was for p5 = —0.89. However, all of the values were in the
range of this index for synthetic compounds. The LabuteASA [79] descriptor represents
the solvent-accessible surface area (SASA) for molecules. The values ranged between 90.72
(p16) and 145.23 (p15). With RDKkit, we calculated three indexes, BertzCT, Avglpc, and
Balaban], showing the complexity of the molecules. [80-82]. The BertzCT index values
were approximately 580-600, but p13, p14, and p15 had values of 789, 822, and 858,
indicating more complex structures. The same results were achieved with the Avglpc index.
However, regarding the Balaban], these molecules had values 1.63-1.6,5 while the rest of
compoundshad values 2.03-2.16 (Table 7).

Table 7. Molecular descriptors (Python language, RDKit library).

Compound SA Score NP Score SPS BertzCT Avglpc Balaban]
pl 3.127 —0.6 12.93 527.17 2.95 2.16
p2 3.047 —0.76 12.94 581.83 2.93 2.13
p3 3.084 —0.67 12.94 603.98 2.93 213
p4 3.126 —0.73 12.93 527.17 2.95 2.09
p5 3.046 —0.89 12.94 581.83 2.93 2.07
pé 3.083 —0.79 12.94 603.98 2.92 2.07
p7 3.082 —0.59 12.93 527.17 2.95 2.04
p8 3.004 —0.76 12.94 581.83 2.95 2.03
p9 3.043 —0.67 12.94 603.98 292 2.03
p10 3.157 —0.35 12.66 582.75 3.04 213
pll 3.089 -05 12.68 638.05 3.02 2.12
p12 3.126 —0.44 12.7 660.8 3.01 2.12
p13 2.749 —0.74 12.45 789.31 3.22 1.64
pl4 3.079 —0.59 15.6 833.48 3.19 1.63

p15 3.139 —0.56 15.5 858.15 3.17 1.65
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Table 7. Cont.
Compound SA Score NP Score SPS BertzCT Avglpc Balaban]
p16 3.368 —0.24 13.2 512.97 2.82 2.13
p17 3.269 —0.43 13.18 567.47 2.83 2.1
p18 3.296 —0.36 13.7 589.46 2.82 2.11

The TPSA (topological polar surface area) [83] of the most of tested molecules was
between 34.48 and 36.22, except for p10, p11, and p12 (45.45) and p16, p16, and p18
(47.22 A?), which actually determine the excellent ability of molecules to permeate cells.
Molar refractivity (Mol MR) [84] varied between 63.98 and 98.8 and was in the range of
other drugs (between 40 and 130). The established Quantitative Estimate of Drug-Likeness
(QED) [85] was lowest for p15 and p14—0.65 and 0.68—and very high (0.96) for p11 and p12.
The rest of the molecules had values of approximately 0.8 (Table 8). The SPS score (Special
Score Descriptor), which evaluates the topological complexity of molecules, showed that
the tested structures were almost identical in this aspect, except p14 and p15, which had
higher score and, respectively, more complexity (Table 7).

Table 8. Molecular descriptors (Python language, RDKit library) *.

Fraction Max Min
Compound QED Csp3 Labute ASA Mol MR Estate Estate TPSA
p Index Index
pl 0.79 0.08 97.41 63.98 5.36 0.84 36.22
p2 0.81 0.15 103.77 68.71 5.4 0.84 36.22
p3 0.82 0.21 110.14 73.45 5.42 0.85 36.22
p4 0.79 0.08 97.41 63.98 5.21 0.84 36.22
p5 0.81 0.15 103.77 68.71 5.24 0.84 36.22
pé 0.82 0.21 110.14 73.45 5.26 0.84 36.22
p7 0.79 0.08 97.41 63.98 5.16 0.82 36.22
p8 0.81 0.15 103.77 68.71 5.18 0.83 36.22
p9 0.82 0.21 110.14 73.45 5.2 0.83 36.22
p10 0.85 0.15 108.88 70.53 5.42 0.73 45.45
pl1 0.96 0.21 115.25 75.27 5.45 0.74 45.45
pl2 0.96 0.26 121.61 80 5.48 0.74 45.45
p13 0.71 0.05 132.46 88.2 6.03 0.54 36.22
pl4 0.68 0.15 138.86 94.06 6.09 0.093 34.48
p15 0.65 0.2 145.23 98.8 6.12 0.087 34.48
pl6 0.79 0 90.72 59.09 9.42 0.25 47.22
p17 0.81 0.08 97.09 63.83 9.48 0.25 47.22
p18 0.83 0.15 103.45 68.56 9.53 0.26 47.22

* Continuation of the results presented in Table 7.

The computational models show that all compounds have good potential to be devel-
oped as drugs and pesticides according to their QED indexes with excellent permeability
into cells towards TPSA values. The QSAR analysis shows that with a few exceptions, the
molecules are likely to how no or low persistence in the environment, except, however,
sediments. All substances comply with Lipinski’s rule of five. The fraction Csp® descriptor
calculates the fraction of C atoms that are sp> hybridized, and the results show a lot more
variations towards the values of other molecular descriptors. Compounds p1, p4, and p7
have the same values of molecular descriptors listed in Table 8.

Although in silico tools and predictive models, such as RDKit, VEGA, and TE.S.T,,
are essential for early screening, they may not fully reflect the in vivo behaviour of the
molecules. In this regard, despite the predictive in silico results for ecotoxicity and im-
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portant physicochemical properties, additional experimental studies are necessary for an
accurate assessment of their safety and effective application as agrochemicals.

4. Materials and Methods

4.1. Chemistry
4.1.1. General Information

The starting materials, N-heterocycles (4-methylthiazole, 4,5-dimethylthiazole, thi-
azole), all differently substituted methoxy-, hydroxy-, and benzyloxyindoles, alkyl chlo-
roformate (2,2,2-trichloro ethyl chloroformate), and triethylamine, and all solvents were
obtained from commercial suppliers (Merck) and used without further purification. The
melting point of the synthesized compounds was determined on a Kruss M5000 melting
point metre (A.Kriiss Optronic GmbH, Hamburg, Germany). IR spectra were measured
on an ALPHA II FT-IR spectrometer (Bruker Optics GmbH, Ettlingen, Germany) in KBr
tablets or attenuated total reflection (ATR) accessories, with absorption frequencies given in
reverse centimetres (cm~1). High-resolution mass spectral measurements were performed
on a Bruker mass spectrometer. 1H-, BC{IH}-NMR spectra were measured on Bruker
Avance AV600 and Bruker Avance NEO AV400 spectrometers (Bruker, Billerica, MA, USA).
Deuterated dimethyl sulfoxide (DMSO-dg) or chloroform (CDCl3) was used as solvent.
Chemical shifts (6, ppm) were downfield from tetramethylsilane (TMS) as an internal stan-
dard, and J-constants were given in Hz. For convenient reaction monitoring—thin-layer
chromatography (TLC) plates—Merck Silica gel 60, 0.2 mm, and Al were applied. The alu-
minum oxide 90 active—neutral (0.063-0.200 mm) (Al,O3) or silica gel 60 (0.063-0.200 mm,
70-230 mesh ASTM)—were used for column chromatographic separation and purification.

4.1.2. General Procedure for the Synthesis of N-Acylated Oxy-Camalexin Analogues

2,2,2-trichloroethyl chloroformate (1.2 equiv.) was slowly added with magnetic stir-
ring to a solution of the corresponding thiazole/4-methylthiazole/4,5-dimethylthiazole
(1 mmol) in dry dichloromethane (CH,Cl,, 8 mL) at the temperature indicated in Table 2.
Immediately after that oxy-indole (1 equiv.) was added to the reaction mixture, gradually,
in the course of 15-40 min, triethylamine (Et3N, 1 equiv.) dissolved in dry dichloromethane
(2 mL) was added. The reaction mixture was stirred for the time and at the temperature
specified in Table 2. After the completion of the reaction (Monitored by TLC), the mixture
was transferred to a separatory funnel with dichloromethane (5-10 mL) and consecutively
extracted with equal volumes of aqueous HCl (8%) and Nay;COj3 (3%). The combined
organic layer was dried (NaySO;), and the solvent was removed under reduced pressure.
Analytically pure samples were obtained through recrystallization or column chromatogra-
phy on neutral aluminum oxide (Al,O3), using mixtures of diethyl ether/petroleum ether
as eluents.

The synthesis of product 4e was examined on a gram-scale scope, starting with
4,5-dimethylthiazole (3 mmol), Troc-Cl (3.6 mmol), and 5-methoxyindole (3 mmol). In
the course of the reaction, triethylamine (3 mmol) was slowly added dropwise. At this
scale, 1.255 g of the desired product was isolated by recrystallization with a mixture of
petroleum/diethyl ether (96% yield).

Compound 4a 2,2,2-trichloroethyl 2-(4-methoxy-1H-indol-3-yl)-4-methylthiazole-3
(2H)-carboxylate was isolated by recrystallization with a mixture of petroleum/diethyl
ether (1:1), yield of 98%, melting point (m.p.) = 175-177 °C, and molecular weight
(MW) =421.72 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-ds, 6 ppm, ] Hz): 2.50 (s, 3H, -CHj), 4.02 (s, 3H,
-OCHg), 498 (d, ] = 12.3, 1H, -COOCH,C (Cl)3), 5.11 (d, ] = 12.3, 1H, -COOCH,C (Cl)3),
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5.79 (brs, 1H, -CH), 6.66 (d, ] = 7.0, 1H, -CH), 7.08 (d, ] = 1.8, 1H, -CH), 7.12 (d, ] = 8.2, 1H,
-CH), 7.17 (t, ] = 7.6, 1H, -CH), 7.35 (s, 1H, *CH), 10.89 (s, 1H, -NH).

BC{IH}-NMR (150 MHz, 80 °C, DMSO-dg, § ppm): 16.7 (-CH3), 55.9 (OCH3), 64.2
(*CH), 75.1 (COOCH,C (Cl)3), 96.1 (COOCH,C (Cl)3), 100.3 (C-Ar), 104.5 (C-Ar), 105.6
(C-Ar), 115.1 (C-Ar), 116.6 (C-Ar), 119.7 (C-Ar), 123.0 (C-Ar), 131.1 (C-Ar), 138.9 (C-Ar),
151.9 (C=0), 154.3 (C-O).

1507, 1587; v (C-O)—1039, 1083, 1261; v (C-O-C)—1331; v (C-N)—814, 852, 1389; v (C-S-
C)—730.

HRMS m/z (ESI)Z caled for C16H15C13N2Na035+ [M + Na]+ 4429761, found 442.9764.

Compound 4b 2,2,2-trichloroethyl 2-(4-methoxy-1H-indol-3-yl)-4,5-dimethylthiazole-
3(2H)-carboxylate was isolated by recrystallization with a mixture of petroleum/diethyl
ether (8:1), yield of 97%, m.p. = 191-193 °C, and MW = 435.74 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-dg, 6 ppm, ] Hz): 2.04 (s, 3H, -CH3), 2.50 (s, 3H,
-CHj3), 4.10 (s, 3H, -OCHy), 5.04 (d, ] = 12.3, 1H, -COOCHC (Cl)3), 5.20 (d, ] = 12.3, 1H,
-COOCH,C (Cl)3),6.73(d, ] =7.6,1H,-CH), 7.13(d, ] =2.4,1H,-CH), 7.19(d, ] = 8.2, 1H,
-CH),7.24 (t,] =7.6, 1H,-CH), 7.31 (s, 1H, *CH), 10.94 (s, 1H, -NH).

BC{IH}-NMR (150 MHz, 80 °C, DMSO-dg, J ppm): 13.4 (-CH3), 14.2 (-CH3), 55.9
(OCH3), 62.5 (*CH), 75.0 (COOCH,C (Cl)3), 96.2 (COOCH,C (Cl)3), 100.3 (C-Ar), 105.6
(C-Ar), 114.4 (C-Ar), 115.3 (C-Ar), 116.6 (C-Ar), 119.6 (C-Ar), 123.0 (C-Ar), 124.5 (C-Ar),
138.9 (C-Ar), 152.1 (C=0), 154.3 (C-O).

1508, 1587; v (C-0)—1039, 1083, 1260; v (C-O-C)—1336; v (C-N)—837, 1399; v (C-5-C)—732.
HRMS m/z (ESI): caled for C17H;7CI3N>NaO3S* [M + Na]* 456.9918, found 456.9915.
Compound 4c 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-3-yl)thiazole-3 (2H)-carboxylate

was isolated and purified by column chromatography on neutral aluminum oxide (Al,O3)

with mixtures of petroleum/diethyl ether (1:1), yield of 93%, m.p. = 162-164 °C, and

MW = 407.69 g/mol.

TH-NMR (400 MHz, 80 °C, DMSO-d, § ppm, ] Hz): 3.77 (s, 3H, -OCHj), 4.83 (s, 2H,
-COOCH,C (Cl)3), 6.19 (d, ] = 4.8 Hz, 1H, -CH), 6.72 (d, ] = 4.8, 1H, -CH), 6.79 (dd, ?] = 8.8,
3] =25, 1H, -CH), 6.95 (s, 1H, *CH), 7.27-7.32 (m, 2H, -2xCH), 10.76 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 80 °C, DMSO-dg, § ppm): 56.1 (OCH3), 60.9 (*CH), 75.1
(COOCH,C (Cl)3), 95.9 (COOCH,C (Cl)3), 102.7 (C-Ar), 106.4 (C-Ar), 111.8 (C-Ar), 112.8
(C-Ar), 115.5 (C-Ar), 124.7 (C-Ar), 125.2 (C-Ar), 132.6 (C=0), 154.0 (C-O).

1484, 1578; v (C-0)—1035, 1066, 1129; v (C-O-C)—1287; v (C-N)—=879, 1400; v (C-5-C)—799.
HRMS m/z (ESI): caled for C15H13CI3N>NaO3S* [M + Na]* 428.9605, found 428.9609.
Compound 4d 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-3-yl)-4-methylthiazole-

3(2H)-carboxylate was isolated by recrystallization with petroleum ether, yield of 96%,

m.p. = 122-124 °C, and MW = 421.72 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-dg, & ppm, ] Hz): 2.50 (s, 3H, -CH3), 3.96 (s, 3H,
-OCHy), 5.01 (d, ] = 11.7, 1H, -COOCH,C (Cl)3), 5.12 (d, ] = 12.3, 1H, -COOCH,C (Cl)3),
6.13 (s, 1H, -CH), 6.97 (dd, ?] = 8.8, 3] = 2.4, 1H, -CH), 7.16 (s, 1H, *CH), 7.30 (s, 1H, -CH),
744(d,]=29,1H,-CH), 7.46 (d, ] = 8.8, 1H, -CH), 10.91 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 80 °C, DMSO-d¢, § ppm): 16.9 (CH3), 56.1 (OCH3), 63.1
(*CH), 75.2 (COOCH;C (Cl)3), 96.0 (COOCH,C (Cl)3), 102.3 (C-Ar), 105.5 (C-Ar), 112.0
(C-Ar), 112.9 (C-Ar), 116.1 (C-Ar), 124.3 (C-Ar), 125.1 (C-Ar), 130.7 (C-Ar), 132.6 (C-Ar),
151.9 (C=0), 154.1 (C-0O).

1485, 1539; v (C-0)—1035, 1083, 1290; v (C-O-C)—1305; v (C-N)—838, 1341; v (C-S-C)—795.
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HRMS m/z (ESI): caled for C1¢H15CI3N;NaO3S* [M + Na]*™ 442.9761, found 442.9764.

Compound 4e 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-3-yl1)-4,5-dimethylthiazole-
3(2H)-carboxylate was isolated by recrystallization with a mixture of petroleum/diethyl
ether (8:1), yield of 98%, m.p. = 143-145 °C, and MW = 435.74 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-dg, § ppm, ] Hz): 1.98 (s, 3H, -CHj3), 2.23 (s, 3H,
-CH3), 3.76 (s, 3H, -OCH3), 4.81 (d, ] = 12.3, 1H, -COOCH,C (Cl)3), 4.96 (d, ] = 12.3, 1H,
-COOCH,C (Cl)3), 6.77 (dd, 2] = 8.8, %] = 2.4, 1H, -CH), 6.85 (s, 1H, *CH), 7.01 (d, ] = 2.4, 1H,
-CH),7.24(d,] =24,1H,-CH), 7.27 (d, ] = 8.8, 1H, -CH), 10.70 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 80 °C, DMSO-dg, § ppm): 13.3 (-CH3), 14.3 (-CH3), 56.1
(OCHg3), 61.5 (*CH), 75.2 (COOCH,C (Cl)3), 96.1 (COOCH,C (Cl)3), 101.9 (C-Ar), 112.1
(C-Ar), 112.9 (C-Ar), 115.6 (C-Ar), 116.0 (C-Ar), 124.3 (C-Ar), 124.4 (C-Ar), 125.2 (C-Ar),
132.6 (C-Ar), 152.1 (C=0), 154.1 (C-O).

1531, 1581; v (C-O)—1026, 1063, 1280; v (C-O-C)—1337; v (C-N)—821, 842, 1395; v (C-S-
C)—732.
HRMS m/z (ESI): caled for C17H17CI3N>NaO3S* [M + Na]* 456.9918, found 456.9920.
Compound 4f 2,2,2-trichloroethyl 2-(6-methoxy-1H-indol-3-yl)thiazole-3(2H)-carboxylate
was isolated and purified by column chromatography on neutral aluminum oxide (Al,O3)
with mixtures of petroleum/diethyl ether (1:1), yield of 96%, oil, and MW = 407.69 g/mol.
TH-NMR (400 MHz, 80 °C, DMSO-d, § ppm, ] Hz): 3.78 (s, 3H, -OCHj), 4.82 (s, 2H,
-COOCH,C (Cl)3), 6.15 (d, ] = 4.7, 1H, -CH), 6.67-6.71 (m, 2H, -2xCH), 6.91 (d, ] = 2.3, 1H,
-CH), 6.92 (s, 1H, *CH), 7.15-7.26 (m, 1H, -CH), 7.49 (d, ] = 8.30, 1H, -CH), 10.69 (s, 1H).
BC{'H}-NMR (100 MHz, 80 °C, DMSO-dg, § ppm): 55.9 (OCHj3), 60.9 (*CH), 75.1
(COOCH;C (Cl)3), 95.9 (COOCH,;C (Cl)3), 106.5 (C-Ar), 109.7 (C-Ar), 110.2 (C-Ar), 115.7
(C-Ar), 119.1 (C-Ar), 120.2 (C-Ar), 120.6 (C-Ar), 122.9 (C-Ar), 123.3 (C-Ar), 138.2 (C=0),
156.5 (C-O).

1539; v (C-0)—1025, 1129, 1160; v (C-O-C)—1236; v (C-N)—830, 1408; v (C-5-C)—725.
HRMS m/z (ESI): caled for C15H13CI3N,NaO35+ [M + Na]* 428.9605, found 428.9608.
Compound 4g 2,2 2-trichloroethyl 2-(6-methoxy-1H-indol-3-yl1)-4,5-dimethylthiazole-

3(2H)-carboxylate was isolated and purified by column chromatography on neutral

aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (8:1), yield of 93%,

m.p. = 66-68 °C, and MW = 435.74 g /mol.

TH-NMR (400 MHz, 80 °C, DMSO-dg, § ppm, ] Hz): 1.96 (s, 3H, -CHj3), 2.20 (s, 3H,
-CHj3), 3.78 (s, 3H, -OCHy), 4.83 (d, ] = 12.3, 1H, -COOCHC (Cl)3), 497 (d, ] = 12.3, 1H,
-COOCH,C (Cl)3), 6.70 (dd, 2] = 8.7, %] = 2.3, 1H, -CH), 6.84 (s, 1H, *CH), 6.91 (d, ] = 2.2, 1H,
-CH),7.15(d, ] =2.5,1H, -CH), 7.39 (d, ] = 8.7, 1H, -CH), 10.65 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 80 °C, DMSO-dg, 6 ppm): 13.4 (-CH3), 14.3 (-CH3), 55.9
(OCH3), 61.5 (*CH), 75.1 (COOCH,C (Cl)3), 96.0 (COOCH,C (Cl)3), 96.1 (C-Ar), 109.7
(C-Ar), 115.6 (C-Ar), 116.1 (C-Ar), 119.3 (C-Ar), 119.9 (C-Ar), 122.4 (C-Ar), 124.3 (C-Ar),
138.3 (C-Ar), 152.1 (C=0), 156.4 (C-O).

1539; v (C-0)—1025, 1102, 1158; v (C-O-C)—1236; v (C-N)—824, 1408; v (C-S-C)—725.
HRMS m/z (ESI): caled for C17H17CI3N,>NaO3S* [M + Na]* 456.9918, found 456.9913.
Compound 4h 2,2 2-trichloroethyl 2-(4,6-dimethoxy-1H-indol-3-yl)-4-methylthiazole-

3(2H)-carboxylate: isolated by column chromatography on neutral aluminum oxide (Al,O3)

with mixtures of petroleum/diethyl ether (1:1), yield of 92%, m.p. = 171-173 °C, and

MW =451.74 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-dg, 6 ppm, ] Hz): 2.50 (s, 3H, -CH3), 3.93 (s, 3H,

-OCH3), 4.01 (s, 3H, -OCH3), 4.99 (d, | = 12.3, 1H, -COOCH,C (Cl)3), 5.12 (d, ] = 12.3, 1H,
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-COOCHS,C (Cl)3), 5.80 (s, 1H, -CH), 6.36 (d, ] = 1.7, 1H, -CH), 6.65 (d, ] = 2.4, 1H, -CH), 6.96
(d,] =24, 1H, -CH), 7.29 (s, 1H, *CH), 10.68 (s, 1H, -NH).

BBC{IH}-NMR (150 MHz, 80 °C, DMSO-dg, § ppm): 16.7 (-CH3), 55.9 (OCHs), 56.0
(OCHj,), 64.1 (*CH), 75.1 (COOCH,C (Cl)3), 88.6 (COOCH,C (Cl)3), 92.2 (C-Ar), 96.1 (C-Ar),
104.6 (C-Ar), 109.8 (C-Ar), 116.5 (C-Ar), 118.4 (C-Ar), 131.1 (C-Ar), 138.9 (C-Ar), 151.9
(C=0), 154.5 (C-0), 157.7 (C-O).

1539, 1586; v (C-0)—1036, 1091, 1263; v (C-O-C)—1325; v (C-N)—806, 827, 1399; v (C-S-
C)—717.

HRMS m/z (ESI): caled for C17H17CI3N;NaO4S* [M + Na]* 472.9867, found 472.9869.

Compound 4i 2,2,2-trichloroethyl 2-(4,6-dimethoxy-1H-indol-3-yl)-4,5-dimethylthiazole-
3(2H)-carboxylate was isolated and purified by column chromatography on neutral
aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (8:1), yield of 96%,
m.p. = 183-185 °C, and MW = 465.77 g/mol.

TH-NMR (600 MHz, 80 °C, DMSO-d, § ppm, | Hz): 2.05 (s, 3H, -CHj), 2.50 (s, 3H,
-CHg), 4.01 (s, 3H, -OCH3), 4.08 (s, 3H, -OCH3), 5.05 (d, ] = 12.3, 1H, -COOCH,C (Cl)3), 5.21
(d, ] =12.3, 1H, -COOCH,C (Cl)3), 6.43 (d, ] = 1.8, 1H, -CH), 6.72 (d, ] = 1.8, 1H, -CH), 7.01
(d, J=1.8,1H,-CH), 7.25 (s, 1H, *CH), 10.73 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 80 °C, DMSO-dg, 6 ppm): 13.5 (-CH3), 14.2 (-CH3), 55.9
(OCH3), 56.0 (OCH3), 62.5 (*CH), 75.0 (COOCH,C (Cl)3), 88.6 (COOCH,C (Cl)3), 92.2
(C-Ar), 96.2 (C-Ar), 109.9 (C-Ar), 114.5 (C-Ar), 116.6 (C-Ar), 118.3 (C-Ar), 124.5 (C-Ar), 138.9
(C-Ar), 152.1 (C=0), 154.5 (C-0O), 157.7 (C-O).

1512, 1592; v (C-0)—1036, 1090, 1270; v (C-O-C)—1323; v (C-N)—819, 1409; v (C-S-C)—720.
HRMS m/z (ESI): caled for C1gH19CI3N,NaO4S* [M + Na]* 487.0023, found 487.0027.
Compound 4j 2,2,2-trichloroethyl 2-(4- (benzyloxy)-1H-indol-3-yl)thiazole-3(2H)-

carboxylate was isolated and purified by column chromatography on neutral aluminum

oxide (Al,O3) with mixtures of petroleum/diethyl ether (4:1), yield of 97%, m.p. = 54-56 °C,
and MW = 483.79 g/mol.

TH-NMR (400 MHz, 80 °C, DMSO-dg, § ppm, ] Hz): 4.77-4.98 (m, 2H, -COOCH,C
(C1)3), 5.23 (s, 2H, -OCH,Ph), 5.92 (d, | = 4.1, 1H, -CH), 6.62 (dd, 21=7.0,% =15,1H, -CH),
6.70 (d, ] =4.6, 1H, -CH), 6.98-7.04 (m, 3H, -3xCH), 7.16 (s, 1H, *CH), 7.34 (t, ] = 7.3, 1H,
-CH), 742 (t,]=7.2,2H, -2xCH), 7.55 (d, | = 6.8, 2H, -2xCH), 10.84 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 80 °C, DMSO-dg, 6 ppm): 61.7 (*CH), 70.1 (CH,Ph), 75.0
(COOCH,C (Cl)3), 96.0 (COOCH,C (Cl)3), 101.4 (C-Ar), 105.7 (C-Ar), 105.8 (C-Ar), 115.0
(C-Ar), 116.6 (C-Ar), 120.0 (C-Ar), 120.9 (C-Ar), 123.0 (C-Ar), 127.9 (C-Ar), 128.1 (C-Ar),
128.8 (C-Ar), 137.8 (C-Ar), 138.9 (C=0), 141.8 (C-Ar), 142.5 (C-Ar), 153.2 (C-O).

1586; v (C-0)—1090, 1117, 1164; v (C-O-C)—1240; v (C-N)—879, 1400; v (C-S-C)—731.
HRMS m/z (ESI): caled for Co1H17CI3N,;NaO3S* [M + Na]* 504.9918, found 504.9920.
Compound 4k 2,2,2-trichloroethyl 2-(4-(benzyloxy)-1H-indol-3-yl)-4,5-dimethylthiazole-

3(2H)-carboxylate was isolated and purified by column chromatography on neutral

aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of 93%,

m.p. = 141-143 °C, and MW = 511.84 g/mol.

TH-NMR (400 MHz, 80 °C, DMSO-d, § ppm, | Hz): 1.81 (s, 3H, -CHj3), 2.28 (s, 3H,
-CH3),4.76 (d, ] = 12.2, 1H, -COOCH,C (Cl)3), 4.99 (d, ] = 12.2, 1H, -COOCH,C (Cl)3), 5.21
(s, 2H, -OCH,Ph), 6.61 (dd, 2] = 6.7, %] = 1.8, 1H, -CH), 6.93 (d, ] = 2.5, 1H, -CH), 6.96-7.06
(m, 2H, -2xCH), 7.13 (s, 1H, *CH), 7.34 (t, ] = 7.3, 1H, -CH), 7.41 (t, ] = 7.2, 2H, -2xCH), 7.55
(d, ] = 6.8, 2H, -2xCH), 10.77 (s, 1H, -NH).
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13C{IH}-NMR (100 MHz, 80 °C, DMSO-dg, § ppm): 13.4 (CH3), 14.1 (CH3), 62.5 (*CH),
70.1 (CH,Ph), 74.9 (COOCH,C (Cl)3), 96.1 (COOCH,C (Cl)3), 101.2 (C-Ar), 105.7 (C-Ar),
114.3 (C-Ar), 115.2 (C-Ar), 116.7 (C-Ar), 119.7 (C-Ar), 122.9 (C-Ar), 124.6 (C-Ar), 127.8
(C-Ar), 128.1 (C-Ar), 128.8 (C-Ar), 137.8 (C-Ar), 139.0 (C-Ar), 151.9 (C=0), 153.2 (C-O).

1541; v (C-0)—1092, 1135, 1191; v (C-O-C)—1226; v (C-N)—828, 1404; v (C-S-C)—736.
HRMS m/z (ESI): caled for Co3Hy1 ClsN,NaO3S* [M + Na]* 533.0231, found 533.0233.
Compound 41 2,2,2-trichloroethyl 2-(5-hydroxy-1H-indol-3-yl)-4,5-dimethylthiazole-

3(2H)-carboxylate was isolated and purified by column chromatography on silica gel with

mixtures of petroleum/diethyl ether (4:1), yield of 77%, oil, and MW = 421.72 g/mol.
TH-NMR (400 MHz, 80 °C, DMSO-dg, 6 ppm, | Hz): 1.97 (s, 3H, -CHj3), 2.22 (s, 3H,

-CH3), 4.82 (d, ] = 12.2, 1H, -COOCH,C (Cl)3), 4.97 (d, ] = 12.2, 1H, -COOCH,C (Cl)3), 6.65

(dd, 2] =8.7,%] = 2.4, 1H, -CH), 6.80 (s, 1H, *CH), 6.84 (d, ] = 2.4, 1H, -CH), 7.17 (d, ] = 9.3,

2H, -2xCH), 8.42 (s, 1H, -OH), 10.55 (s, 1H, -NH).
13C{'H}-NMR (100 MHz, 80 °C, DMSO-ds, 6 ppm): 13.4 (CH3), 14.4 (CH3), 61.6 (*CH),

75.1 (COOCH,C (Cl)3), 96.1 (COOCH,C (Cl)3), 103.9 (C-Ar), 112.4 (C-Ar), 112.5 (C-Ar),

115.2 (C-Ar), 115.5 (C-Ar), 123.9 (C-Ar), 124.3 (C-Ar), 125.5 (C-Ar), 132.0 (C-Ar), 151.2

(C=0), 152.1 (C-0).

1582; v (C-O)—1053, 1096, 1149; v (C-O-C)—1186, 1340; v (C-N)—801, 1399; v (C-S-C)—719.
HRMS m/z (ESI): caled for C14H15CI3N>NaO3S* [M + Na]* 442.9761, found 442.9760.

4.1.3. General Procedure for Oxidative Rearomatization of Compounds 4 to
Oxy-Camalexins 5

The corresponding N-acylated compound 4a-1 (0.5 mmol) was dissolved in acetonitrile
(CH3CN, 8 mL) or dichloromethane (CH,Cl,, 8 mL, for DDQ examples), and then the
corresponding oxidant o-chloranil (0.5 mmol) or DDQ (0.5 mmol) was added. Then, the
reaction mixture was magnetically stirred under the conditions specified in Table 3. After
the completion of the reaction (monitored by TLC), the solvent was evaporated under
reduced pressure, and the mixture was then dry-loaded onto neutral aluminum oxide
(AlyOg3) or silica gel. Chromatography on a short column with diethyl ether/petroleum as
the eluent gave oxy-camalexins in yields indicated in Table 3.

From compound 4e, synthesized on a gram-scale, 3 mmol was taken, and oxidative
rearomatization was carried out with an equimolar amount of o-chloranil in acetonitrile.
Here, the reaction was also found to work with an excellent yield of 90% for oxy-camalexin
5e (0.6975 g).

Oxidative rearomatization of compound 4a 2,2,2-trichloroethyl 2-(4-methoxy-1H-indol-
3-yl)-4-methylthiazole-3(2H)-carboxylate. The synthesized compound 5a 2-(4-methoxy-
1H-indol-3-yl)-4-methylthiazole was isolated and purified by column chromatography on
neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of
86%, m.p. = 180-181 °C, and MW = 244.31 g/mol.

TH-NMR (600 MHz, 25 °C, DMSO-dg, & ppm, ] Hz): 2.50 (s, 3H, -CH3), 4.03 (s, 3H,
-OCHy), 6.74 (d, ] = 7.6, 1H, -CH), 7.18 (d, ] = 8.2, 1H, -CH), 7.21 (brs, 1H, -CH), 7.23 (t,
J=7.6,1H, -CH), 8.00 (s, 1H, -CH), 11.81 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 25 °C, DMSO-dg, § ppm): 17.4 (-CH3), 55.1 (OCH3), 101.1
(C-Ar), 105.9 (C-Ar), 111.4 (C-Ar), 113.7 (C-Ar), 114.4 (C-Ar), 123.4 (C-Ar), 126.0 (C-Ar),
138.6 (C-Ar), 151.4 (C-Ar), 153.6 (C-O), 162.6 (S-C=N).

1589; v (C-0)—1109, 1252; v (C-O-C)—1325; v (C-N)—781, 1362; v (C-S-C)—737.
HRMS m/z (ESI): caled for C13H;1N,OS™ [M-H]~ 243.0598, found 243.0595.
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Oxidative rearomatization of compound 4b 2,2,2-trichloroethyl 2-(4-methoxy-1H-indol-
3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 5b 2-(4-methoxy-
1H-indol-3-yl)-4,5-dimethylthiazole was isolated and purified by column chromatography
on neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield
of 80%, m.p. = 212-214 °C, and MW = 258.34 g/mol.

TH-NMR (600 MHz, 25 °C, DMSO-dg, § ppm, ] Hz): 2.50 (s, 3H, -CH3), 2.58 (s, 3H,
-CH3),4.13 (s, 3H, -OCH3), 6.84 (d, ] =7.0, 1H, -CH), 7.27 (d,] = 7.6, 1H, -CH), 7.32 (t, = 7.6,
1H, -CH), 8.03 (d, ] = 2.9, 1H, -CH), 11.85 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 25 °C, DMSO-dg, § ppm): 11.2 (-CH3), 15.0 (-CH3), 55.1
(OCH3), 101.0 (C-Ar), 105.9 (C-Ar), 111.4 (C-Ar), 114.4 (C-Ar), 123.3 (C-Ar), 125.2 (C-Ar),
125.4 (C-Ar), 138.5 (C-Ar), 146.9 (C-Ar), 153.6 (C-O), 158.5 (S-C=N).

1589; v (C-0)—1093, 1252; v (C-O-C)—1326; v (C-N)—776, 1363; v (C-S-C)—723.

HRMS m/z (ESI): caled for C14H13N,OS™ [M-H] ™~ 257.0754, found 257.0757.

Oxidative rearomatization of compound 4c 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-
3-yl)thiazole-3(2H)-carboxylate. The synthesized compound 5¢ 2-(5-methoxy-1H-indol-3-
yl)thiazole was isolated and purified by column chromatography on neutral aluminum ox-
ide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of 98%, m.p. = 112-114 °C,
and MW = 230.29 g/mol.

TH-NMR (400 MHz, 25 °C, DMSO-d¢, 6 ppm, ] Hz): 3.82 (s, 3H, -OCH3), 6.87 (dd,
2] =8.7,2]=25,1H,-CH),7.38 (d,] = 9.5, 1H,-CH), 7.52 (d, ] = 3.3, 1H, -CH), 7.70 (d, ] = 3.0,
1H, -CH), 7.82 (d, ] = 3.4, 1H, -CH), 8.01 (d, ] = 2.8, 1H, -CH), 11.57 (s, 1H, -NH).

13C{IH}-NMR (100 MHz, 25 °C, DMSO-dg, § ppm): 55.8 (OCH3), 102.4 (C-Ar), 110.9
(C-Ar), 1129 (C-Ar), 113.3 (C-Ar), 116.3 (C-Ar), 125.2 (C-Ar), 127.3 (C-Ar), 132.0 (C-Ar),
143.0 (C-Ar), 155.1 (C-0), 163.6 (5-C=N).

(C-0)—1076, 1213; v (C-O-C)—1295; v (C-N)—805, 867; v (C-S-C)—715.

HRMS m/z (ESI): calcd for C1,H9gN,OS™ [M-H] ™ 229.0441, found 229.0444.

Oxidative rearomatization of compound 4d 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-
3-yl)-4-methylthiazole-3(2H)-carboxylate. The synthesized compound 5d 2-(5-methoxy-
1H-indol-3-yl)-4-methylthiazole was isolated and purified by column chromatography on
neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of
90%, oil, and MW = 244.31 g/mol.

TH-NMR (600 MHz, 25 °C, DMSO-dg, § ppm, | Hz): 2.50 (s, 3H, -CHj3), 3.89 (s, 3H,
-OCHj3), 6.95 (dd, 2] = 8.8,%] = 2.4, 1H, -CH), 7.14 (s, 1H, -CH), 7.46 (d, ] = 8.8, 1H, -CH),
7.73(d, ] =2.4,1H, -CH), 8.06 (s, 1H, -CH), 11.65 (s, 1H, -NH).

BC{'H}-NMR (150 MHz, 25 °C, DMSO-dg, 6 ppm): 17.5 (-CH3), 55.8 (OCH3), 102.6
(C-Ar), 110.5 (C-Ar), 111.0 (C-Ar), 112.6 (C-Ar), 113.3 (C-Ar), 125.2 (C-Ar), 127.0 (C-Ar),
132.0 (C-Ar), 155.0 (C-Ar), 160.0 (C-O), 162.6 (S-C=N).

1592; v (C-0)—1112, 1255; v (C-O-C)—1315; v (C-N)—803, 1363; v (C-S-C)—742.

HRMS m/z (ESI): calcd for C13H11N,OS™ [M-H]™ 243.0598, found 243.0599.

Oxidative rearomatization of compound 4e 2,2,2-trichloroethyl 2-(5-methoxy-1H-indol-
3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 5e 2-(5-methoxy-
1H-indol-3-yl)-4,5-dimethylthiazole was isolated and purified by column chromatography
on neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield
of 91%, m.p. = 169-170 °C, and MW = 258.34 g/mol.

TH-NMR (600 MHz, 25 °C, DMSO-d, 6 ppm, | Hz): 2.50 (s, 3H, -CHj), 2.54 (s, 3H,
-CHj3), 3.99 (s, 3H, -OCH3), 7.04 (dd, %] = 8.8, 3] = 2.4, 1H, -CH), 7.55 (d, ] = 8.8, 1H, -CH),
7.80 (d, ] =24, 1H,-CH), 8.07 (d,] = 2.9, 1H, -CH), 11.68 (s, 1H, -NH).
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BC{IH})-NMR (150 MHz, 25 °C, DMSO-de, § ppm): 11.3 (-CH3), 15.1 (-CH3), 55.8
(OCHjs), 102.5 (C-Ar), 111.0 (C-Ar), 112.6 (C-Ar), 113.3 (C-Ar), 122.2 (C-Ar), 125.1 (C-Ar),
126.4 (C-Ar), 132.0 (C-Ar), 147.6 (C-Ar), 154.9 (C-0), 158.8 (S-C=N).

1579; v (C-0)—1079, 1211; v (C-O-C)—1292; v (C-N)—801, 1313; v (C-S-C)—714.

HRMS m/z (ESI): caled for C14H13N,0S™ [M-H] ™ 257.0754, found 257.0750.

Oxidative rearomatization of compound 4f 2,2,2-trichloroethyl 2-(6-methoxy-1H-indol-
3-yl)thiazole-3(2H)-carboxylate. The synthesized compound 5f 2-(6-methoxy-1H-indol-3-
yl)thiazole was isolated and purified by column chromatography on neutral aluminum ox-
ide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of 78%, m.p. = 161-163 °C,
and MW = 230.29 g/mol.

TH-NMR (400 MHz, 25 °C, DMSO-ds, § ppm, ] Hz): 3.80 (s, 3H, -OCHj), 6.84 (dd,
2] =8.7,%]=23,1H,-CH), 6.97 (d, ] = 2.3, 1H,-CH), 7.51 (d, ] = 3.3, 1H, -CH), 7.79 (d, ] = 3.3,
1H, -CH), 7.92 (s, 1H, -CH), 8.05 (d, ] = 8.7, 1H, -CH), 11.48 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 25 °C, DMSO-dg, § ppm): 55.7 (OCH3), 95.4 (C-Ar), 111.1
(C-Ar), 111.2 (C-Ar), 116.5 (C-Ar), 119.0 (C-Ar), 121.3 (C-Ar), 125.5 (C-Ar), 137.8 (C-Ar),
143.0 (C-Ar), 156.6 (C-O), 163.5 (S-C=N).

(C-0)—1084, 1170; v (C-O-C)—1201; v (C-N)—801, 828; v (C-5-C)—727.

HRMS m/z (ESI): caled for C1,HgN,OS™ [M-H] ™ 229.0441, found 229.0447.

Oxidative rearomatization of compound 4g 2,2,2-trichloroethyl 2-(6-methoxy-1H-indol-
3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 5g 2-(6-methoxy-
1H-indol-3-yl1)-4,5-dimethylthiazole was isolated and purified by column chromatography
on neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield
of 91%, m.p. = 163-165 °C, and MW = 258.34 g/mol.

TH-NMR (400 MHz, 25 °C, DMSO-ds, § ppm, ] Hz): 2.30 (s, 3H, -CH3), 2.35 (s, 3H,
-CHj3), 3.79 (s, 3H, -OCHj), 6.81 (dd, 2] = 8.7, 3] = 2.4, 1H, -CH), 6.94 (d, ] = 2.3, 1H, -CH),
778(d,]=2.6,1H,-CH),7.99 (d, ] = 8.7, 1H, -CH), 11.38 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 25 °C, DMSO-dg, § ppm): 11.3 (CH3), 15.1 (CH3), 55.7
(OCH3), 95.3 (C-Ar), 111.0 (C-Ar), 111.2 (C-Ar), 119.0 (C-Ar), 121.4 (C-Ar), 122.4 (C-Ar),
124.6 (C-Ar), 137.8 (C-Ar), 147.7 (C-Ar), 156.6 (C-Ar), 158.8 (C-Ar).

1623; v (C-0)—1084, 1164; v (C-O-C)—1199; v (C-N)—795, 830; v (C-S-C)—746.

HRMS m/z (ESI): caled for C14H13N,0S™ [M-H] ™ 257.0754, found 257.0759.

Oxidative rearomatization of compound 4h 2,2 2-trichloroethyl 2-(4,6-dimethoxy-1H-
indol-3-yl)-4-methylthiazole-3(2H)-carboxylate. The synthesized compound 5h 2-(4,6-
dimethoxy-1H-indol-3-yl)-4-methylthiazole was isolated and purified by column chro-
matography on neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether
(1:1), yield of 68%, m.p. = 167-169 °C, and MW = 274.34 g/mol.

TH-NMR (600 MHz, 25 °C, DMSO-dg, & ppm, ] Hz): 2.50 (s, 3H, -CH3), 3.92 (s, 3H,
-OCHj), 4.01 (s, 3H, -OCHs), 6.41 (d, ] = 2.4, 1H, -CH), 6.68 (d, ] = 1.8, 1H, -CH), 7.20 (s, 1H,
-CH), 7.86 (d, ] = 2.4, 1H, -CH), 11.60 (s, 1H, -NH).

BC{IH}-NMR (150 MHz, 25 °C, DMSO-dg, § ppm): 17.4 (-CH3), 55.1 (OCH3), 55.7
(OCH3), 87.9 (C-Ar), 92.8 (C-Ar), 109.0 (C-Ar), 111.4 (C-Ar), 113.4 (C-Ar), 124.6 (C-Ar), 138.8
(C-Ar), 151.3 (C-O), 153.9 (C-Ar), 157.5 (S-C=N), 162.6 (C-O).

1587; v (C-0)—1113, 1160, 1201; v (C-O-C)—1330; v (C-N)—811, 1373; v (C-S-C)—725.
HRMS m/z (ESI): caled for C14H13N»0,S™ [M-H] ™ 273.0703, found 273.0705.
Oxidative rearomatization of compound 4i 2,2,2-trichloroethyl 2-(4,6-dimethoxy-1H-

indol-3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 5i 2-(4,6-
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dimethoxy-1H-indol-3-yl1)-4,5-dimethylthiazole was isolated and purified by column chro-
matography on neutral aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether
(1:1), yield of 70%, and m.p. = 188-190 °C, accompanied by decomposition and dark-
ening. The product is slightly soluble in DMSO-dg; NMR spectra were taken in CDCl3,
MW = 288.37 g/mol.

TH-NMR (600 MHz, 25 °C, CDCl3, 6 ppm, | Hz): 2.07 (s, 3H, -CH3), 2.19 (s, 3H, -CH3),
3.77 (s, 3H, -OCH3), 3.86 (s, 3H, -OCH3), 5.23 (s, 1H, -CH), 6.21 (d, ] = 1.8, 1H, -CH), 6.64 (d,
J=1.8,1H, -CH), 8.04 (brs, 1H, -NH).

BC{IH}-NMR (150 MHz, 25 °C, CDCl3, § ppm): 11.4 (2xCH3), 55.8 (2x OCH3), 96.4
(C-Ar), 100.4 (C-Ar), 110.8 (C-Ar), 127.4 (C-Ar), 128.4 (C-Ar), 129.6 (C-Ar), 137.0 (C-Ar),
154.1 (C-O), 156.8 (C-Ar), 164.5 (5-C=N), 170.0 (C-O).

1559; v (C-O)—1151, 1202; v (C-O-C)—1327; v (C-N)—795, 1384; v (C-S-C)—730.

HRMS m/z (ESI): caled for C15H15N»0,S™ [M-H] ™~ 287.0860, found 287.0864.

Oxidative rearomatization of compound 4j 2,2,2-trichloroethyl 2-(4- (benzyloxy)-1H-
indol-3-yl)thiazole-3(2H)-carboxylate. The synthesized compound 5j 2-(4-(benzyloxy)-
1H-indol-3-yl)thiazole was isolated and purified by column chromatography on neutral
aluminum oxide (Al,O3) with mixtures of petroleum/diethyl ether (1:1), yield of 82%,
m.p. = 166-168 °C, and MW = 306.38 g/mol.

TH-NMR (400 MHz, 25 °C, DMSO-ds, 6 ppm, | Hz): 5.30 (s, 2H, -OCH,Ph), 6.66 (dd,
2] =5.7,3] =3.0, 1H, -CH), 7.02-7.08 (m, 2H, -2x CH), 7.26-7.38 (m, 3H, -3xCH), 7.42-7.52
(m, 3H, -CH), 7.72 (d, ] = 3.3, 1H, -CH), 7.87 (s, 1H, -CH), 11.68 (s, 1H, -NH).

1BC{IH}-NMR (100 MHz, 25 °C, DMSO-dg, 6 ppm): 69.4 (CH,Ph), 102.5 (C-Ar), 106.0
(C-Ar), 111.1 (C-Ar), 114.8 (C-Ar), 119.2 (C-Ar), 123.3 (C-Ar), 126.4 (C-Ar), 128.1 (C-Ar),
128.2 (C-Ar), 128.7 (C-Ar), 137.5 (C-Ar), 138.8 (C-Ar), 142.3 (C-Ar), 152.5 (C-O), 163.2
(S-C=N).

1586; v (C-0)—1070, 1119; v (C-O-C)—1264, 1312; v (C-N)—756, 852, 926; v (C-5-C)—723.
HRMS m/z (ESI): caled for C13H13N,OS™ [M-H] ™ 305.0754, found 305.0759.
Oxidative rearomatization of compound 4k 2,2,2-trichloroethyl 2-(4- (benzyloxy)-

1H-indol-3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 5k

2-(4-(benzyloxy)-1H-indol-3-yl)-4,5-dimethylthiazole was isolated by recrystallization with

a mixture of petroleum/diethyl ether (1:1), yield of 90%, m.p. = 168-170 °C, and

MW =334.44 g/mol.

TH-NMR (400 MHz, 25 °C, DMSO-dg, 6 ppm, ] Hz): 2.20 (s, 3H, -CH3), 2.23 (s, 3H,
-CH3), 5.25 (s, 2H, -OCH,Ph), 6.60-6.69 (m, 1H, -CH), 7.03 (s, 1H, -CH), 7.04 (d, ] = 1.2,
1H, -CH), 7.29-7.39 (m, 3H, -3xCH), 7.47 (d, ] = 6.5, 2H, -2xCH), 7.74 (brs, 1H), 11.58 (s,
1H, -NH).

BC{'H}-NMR (100 MHz, 25 °C, DMSO-dg, 6 ppm): 11.1 (CH3), 14.9 (CH3), 69.6
(CH,Ph), 102.1 (C-Ar), 105.9 (C-Ar), 111.3 (C-Ar), 114.8 (C-Ar), 123.1 (C-Ar), 125.1 (C-Ar),
125.5 (C-Ar), 128.1 (C-Ar), 128.5 (C-Ar), 128.6 (C-Ar), 137.5 (C-Ar), 138.7 (C-Ar), 147.0
(C-Ar), 152.6 (C-O), 158.5 (S-C=N).

1560; v (C-0)—1070, 1119; v (C-O-C)—1240, 1324; v (C-N)—754, 781, 918; v (C-S-C)—711.
HRMS m/z (ESI): caled for CooHy7N,OS™ [M-H] ™ 333.1067, found 333.1069.
Oxidative rearomatization of compound 41 2,2,2-trichloroethyl 2-(5-hydroxy-1H-

indol-3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate. The synthesized compound 51 3-(4,5-

dimethylthiazol-2-yl)-1H-indol-5-0l was isolated by recrystallization with a mixture of

petroleum/diethyl ether (1:1), yield of 62%, m.p. = 233-235 °C, and MW = 244.31 g/mol.
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H-NMR (400 MHz, 25 °C, DMSO-ds, 6 ppm, | Hz): 2.30 (s, 3H, -CH3), 2.35 (s, 3H,
-CHjs), 6.70 (dd, 2] = 8.7, 3] = 2.4, 1H, -CH), 7.25 (d, ] = 8.6, 1H, -CH), 7.51 (d, ] = 2.6, 1H,
-CH), 7.80 (d, ] = 2.8, 1H, -CH), 8.92 (s, 1H, -OH), 11.33 (s, 1H, -NH).

BC{'H}-NMR (100 MHz, 25 °C, DMSO-d¢, § ppm): 11.3 (CH3), 15.1 (CHj), 104.8
(C-Ar), 110.5 (C-Ar), 112.9 (C-Ar), 121.9 (C-Ar), 125.4 (C-Ar), 126.1 (C-Ar), 131.3 (C-Ar),
147.5 (C-Ar), 152.4 (C-O), 159.1 (S-C=N).

1625; v (C-0)—1078, 1123; v (C-O-C)—1211, 1326; v (C-N)—807; v (C-5-C)—725.
HRMS m/z (ESI): calcd for C13H11N,OS™ [M-H]™ 243.0598, found 243.0595.

4.1.4. In Silico QSAR Analysis

To predict selected properties using in silico methods, computational analyses were
applied in this study using freely available software—T.E.S.T. (version 5.1.2). Table 4
presents data on the properties of newly synthesized oxy-camalexins. The T.E.S.T. software,
developed by the U.S. Environmental Protection Agency (EPA, Washington, DC), was
used to evaluate oral rat LDsg, Tetrahymena pyriformis 1GCsy, Daphnia magna LCs, and
water solubility at 25 °C [61], employing the nearest neighbour machine learning method.
The toxicological profile and physicochemical properties of oxy-camalexins were assessed.
Through the conducted in silico analysis, based on QSAR models and specialized soft-
ware tools such as EPI Suite [71,75], VEGA [73,75], RDKit [69,70,76], PadelPy [69,70,76],
and MolecularGraph,jl [74], key parameters were predicted, including the octanol/water
partition coefficient (LogP) [66-68], topological polar surface area (TPSA) [83], and quanti-
tative estimation of drug likeness (QED) [85], considering compliance with the Lipinski’s
rule of five. The obtained results are presented in Tables 5-8 and Tables S2 and S3 in the
Supplementary Materials.

5. Conclusions

Modifying the camalexin moiety by introducing alkyl substituents in the thiazole
ring, as well as varying the oxy groups in the indole ring, could significantly improve
the physicochemical and biological properties of the new analogues. This strategy could
expand the application possibilities of new camalexins in plant protection and the pharma-
ceutical industry.

This study presents an efficient two-step method for the synthesis of oxy-camalexins
through the amidoalkylation of various substituted methoxy-, 4,6-dimethoxy-, 5-hydroxy-
, and 4-benzyloxy-indoles with N-acylthiazolium reagents generated in situ, followed
by oxidative rearomatization with o-chloranil. Eleven new N-acylated analogues of the
natural 6-methoxycamalexin were synthesized with high yields (77-98%), and ten novel
oxy-camalexins with yields ranging from 62 to 98%.

The synthetic strategy used is characterized by cost-effectiveness, a fast rate, accessible
starting reagents, and scalability. Particularly significant is the successful synthesis of
2-(4,6-dimethoxy-1H-indol-3-yl)-4-methylthiazole and 2-(4,6-dimethoxy-1H-indol-3-y1)-4,5-
dimethylthiazole, which are difficult to synthesize using classical methods. The proven
fungicidal action of 5-methoxycamalexin motivated the synthesis of other 5-methoxy
analogues on a gram-scale. Thus, the synthesis of 2,2,2-trichloroethyl 2-(5-methoxy-1H-
indol-3-yl)-4,5-dimethylthiazole-3(2H)-carboxylate (4e) was successfully carried out on a
gram-scale with high yield (96%), confirming the efficiency of the proposed method. Scaling
up the process would ensure effective access to the necessary quantities of camalexins
for studying a wide range of biological properties with applications in agrochemistry
and medicine.
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The conducted in silico analyses for predicting the ecotoxicological and physico-
chemical properties of oxy-camalexins show that, with few exceptions, the synthesized
compounds meet the criteria of Lipinski’s rule of five and possess favourable drug potential,
including high cellular permeability. The T.E.S.T software tool classified compounds 5b, 5e,
5h, and 5i with the lowest toxicity. These predictions highlight their prospective applica-
tion as drug agents and bioactive molecules with potential use in the pharmaceutical and
agrochemical fields. Despite the available literature data and the results obtained through
in silico methods, final confirmation of activity requires additional in-depth analyses and
studies. The examined compounds provide a good lead for their further biological test-
ing. Therefore, our future scientific projects will focus on a thorough investigation of the
biological activity of these new molecules and their potential mechanism of action.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/molecules30092049 /s1: Figures $1-596. PDF—processed 'H-, 13C{'H)-
, HSQC-NMR, FTIR and ESI-HRMS spectra; Tables S1-53; Scheme S1—Proposed mechanism of
oxidative rearomatization with DDQ.
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