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I. INTRODUCTION 

Heterocyclic moieties are among the most common in a number of drugs with 

a wide range of therapeutic applications. Thiazole and benzothiazole are 

important pharmacophore nuclei in organic synthesis and medicinal chemistry [1]. 

The benzothiazole ring is classified as one of the „privileged moieties“ in the 

design and synthesis of biologically active compounds, anticancer agents, and a 

variety of pharmaceutical products [2]. In this context, Camalexin, 

benzocamalexin, and 2-ferrocenylbenzo[d]thiazole stand out as important 

antitumor compounds with high therapeutic potential and specific biological 

activity, Figure 1 [3, 4]. 

 
Figure 1. Compounds with antitumor activity. 

Interest in natural indole phytoalexins is growing, as compounds in this 

group possess a wide range of biological activities: antimicrobial, antifungal, 

antiviral, antioxidant, anti-inflammatory, enzyme-inhibitory, antitumor, 

antiproliferative, and cytotoxic effects. In addition to Camalexin, which was 

isolated from Arabidopsis thaliana and Camelina sativa, other methoxylated 

analogues have been identified in recent years, isolated from Capsella bursa-

pastoris and Neslia paniculata. Hydroxyl-containing camalexins have also been 

identified as key metabolites in pathogenic interactions (Figure 2). The 

significant structural diversity and biological activity of oxy-camalexins make 

them promising candidates for the development of new therapeutic compounds.  

 
Figure 2. Natural camalexins. 

In 2018, the research group proposed a new approach for the synthesis of 

the natural phytoalexin Camalexin and its analogues by introducing thiazole, 

imidazole, and benzothiazole into the pharmacophore indole fragment, using the 

α-amidoalkylation reaction and subsequent oxidative aromatization [5].  

This work is a natural extension of these studies, broadening the scope of 

the α-amidoalkylation reaction. The main focus of the dissertation is on the 

synthesis of new 2-aryl/heteroaryl thiazoles and benzothiazoles, natural 

camalexins, and their functionalized analogues with potential biological activity. 
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II. PURPOSE AND OBJECTIVES OF THE DISSERTATION  

 

The aim of this dissertation is to develop effective synthetic approaches for the 

transformation of 2-aryl/heteroaryl-thiazole and benzothiazole compounds to 

yield new functionalized analogues of natural and biologically active compounds.  

The following research objectives have been formulated: 

1. Investigation of the application scope of N-acyliminium reagents derived 

from thiazole, 4-methylthiazole, 4,5-dimethylthiazole, benzothiazole, and 

alkyl chloroformates in α-amidoalkylation reactions of aromatic compounds; 

2. Synthesis of novel N-acylated 2-aryl/heteroarylbenzothiazolines and 2-

heteroarylthiazolines; 

3. Oxidative transformations of 2-aryl/heteroarylthiazolines and 

benzothiazolines; 

4. Aldehyde group disclosure in reductive transformations of N-Troc-2-(3-

indolyl)-thiazolines; 

5. Chromatographic purification and spectral characterization of the obtained 

compounds. 

To achieve this objectives, variously substituted thiazoles and 

benzothiazoles were used, after activation as N-acyliminium reagents, in α-

amidoalkylation reactions. Various activated aromatic compounds – ferrocene, 

variously substituted oxy-indoles, phenols, and others – were selected as 

nucleophiles, as shown in Figure 3. 

 
Figure 3. Selected aromatic nucleophiles. 

 

Scheme 1. Retrosynthetic scheme for the preparation of biologically active compounds. 
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ІII. RESULTS AND DISCUSSION 

III. 1. Reactions for the amidoalkylation of ferrocene with N-acyliminium 

reagents derived from benzothiazole and alkyl chloroformates. 

The research is based on a newly developed “one-pot" synthetic approach, 

in which a wide range of aromatic nucleophiles are successfully amidoalkylated 

using in situ generated N-acyliminium reagents derived from azole or benzazole 

heterocyclic compounds. In recent years, the scope of this approach has been 

expanded, and the methodology has been successfully applied to the gram-scale 

synthesis of the biologically active compounds Camalexin and benzocamalexin 

via multicomponent indole amidoalkylation reactions followed by oxidative 

aromatization [5]. This approach has also been used to successfully synthesize new 

Quercetin, Thymol, and Carvacrol hybrid molecules. The synthesized compounds 

contain a pharmacophore with antitumor activity, which highlights the method’s 

potential practical application in medicinal chemistry. In this context, we focused 

our attention on investigating ferrocene as a nucleophile in α-amidoalkylation 

reactions using N-acyliminium reagents derived from thiazole, 4,5-

dimethylthiazole, imidazole, and benzothiazole. There are no data on the α-

amidoalkylation of ferrocene using N-acyliminium reagents derived from 

variously substituted azole and benzazole compounds.  

Building on the synthetic experience of our research group and the 

approaches published in the literature for the synthesis of ferrocene-substituted 

heterocyclic compounds, our focus was on investigating the possibility of 

applying a new approach based on „one-pot“ α-amidoalkylation. Initially, the 

ferroocene amidoalkylation reaction was tested using thiazole and 2,2,2-

trichloroethyl chloroformate (Troc-Cl) in 1,2-dichloroethane (C2H4Cl2). When the 

reaction was carried out at room temperature for 24 hours, no interaction was 

observed. This necessitated a search for suitable reaction conditions. When the 

reaction mixture was boiled for 2 hours, no difference in the reaction progress was 

observed. The same reaction conditions were also tested with the addition of 

imidazole, but this also failed to yield a result.  

In attempts to replace the alkyl chloroformate (Troc-Cl) used with acid 

chlorides, such as acetyl- and benzoyl chloride, no reaction was observed. Only 

upon the use of anhydrous AlCl₃, as a Lewis acid, was a reaction observed. 

Spectral data of the isolated product showed that under these conditions, the 

acylation reaction proceeds via the Friedel–Crafts mechanism, without the 

participation of thiazole. Using 4,5-dimethylthiazole (1c), acetylferrocene (3a) 

(62 %) and benzoylferrocene (3b) (72 %) were obtained in good yields (Scheme 

2).  

In attempts to replace the alkyl chloroformate (Troc-Cl) used with acid 

chlorides, such as acetyl and benzoyl chloride, no reaction was observed. Only 

upon the use of anhydrous AlCl₃, as a Lewis acid, the reaction proceeded in 

Friedel-Crafts manner. Spectral data of the isolated product showed that under 
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these conditions, the acylation reaction proceeds via the Friedel–Crafts 

mechanism, without the participation of thiazole. Using 4,5-dimethylthiazole 

(1c), acetylferrocene (3a) (62 %) and benzoylferrocene (3b) (72 %) were obtained 

in good yields (Scheme 2).  

 
Scheme 2. The attempts to perform the amidoalkylation of ferrocene in the presence of 

anhydrous AlCl₃. 

We continued our experiments on the amidoalkylation of ferrocene with N-

acyl iminium reagents generated in situ from benzothiazole. We investigated the 

reactivity of N-acyliminium ions derived from benzothiazole and the following 

acid chlorides: acetyl chloride, benzoyl chloride, and selected alkyl 

chloroformates–methyl chloroformate, ethyl chloroformate, and 2,2,2-

trichloroethyl chloroformate (Troc-Cl). We found that N-acyliminium reagents 

prepared using alkyl chloroformates are more effective for the amidoalkylation of 

ferrocene upon boiling in 1,2-dichloroethane. In the other cases, the reaction does 

not proceed (Scheme 3). When using equimolar amounts of the reactants under 

these conditions, two products are observed, one of which is basic. The reaction 

conditions are presented in Table 1. 

 
Scheme 3. α-Amidoalkylation of ferrocene and preparation of products (5a–c). 

 

The different reaction conditions are presented as Methods A and B. Under 

reaction conditions A: with a 1:1 molar ratio and a reaction time of 6 hours, 

compounds 5a–c were obtained after isolation and chromatographic purification 

in yields ranging from 49 % to 63 %. To direct the reaction toward the formation 

of monosubstituted products, a twofold excess of benzothiazole and the 
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corresponding alkyl chloroformate was used. The reaction time was also extended 

to 12 hours. Under these conditions, the expected increase in yields for 

compounds 5a (66 %) and 5b (65 %) was observed, while compound 5c was 

obtained in a yield of only 41 %. Here, a significant amount of the di-substituted 

product with ferrocene 6c was observed.  

Table 1. Yields for compounds (5a–c). 

Product 

(5a-c) 
R 

Yield, %  

Method A 

Yield, %  

Method B 

Temperature 

range, tт, °C 

a CH3 49 66 119–121 

b CH2CH3 56 65 129–131 

c CH2CCl3 63 41 130–132 

A: Ratio benzothiazole + ClCOOR : ferrocene = 1:1, reaction time 6 hours. 

B: Ratio benzothiazole + ClCOOR : ferrocene = 2:1, reaction time 12 hours. 
After the α-amidoalkylation reactions, single crystals of compound 5c 

(2,2,2-trichloroethyl 2-ferrocenyl-benzothiazole-3(2H)-carboxylate) were 

obtained, and single crystal X-ray diffraction was performed. The results 

confirmed the formation of a racemic mixture in the amidoalkylation reaction, 

which was also observed in previous studies. The structures of the two 

stereoisomers are shown in Figure 4. 

 
Figure 4. Racemic mixture, confirmed by X-ray diffraction analysis. 

The proposed reactions in Scheme 3, involving the amidoalkylation of 

ferrocene, represent a new strategy for the preparation of N-alkoxycarbonyl-2-

ferrocenyl-benzothiazoline compounds (5a–c). The type of acylating reagent used 

is key to their generation. The results show that, among the alkyl chloroformates 

tested, 2,2,2-trichloroethyl chloroformate generates the most reactive N-

acyliminium ion. When using an excess of the reagents (Table 1, reaction 

conditions – B), due to its high reactivity, a decrease in the yield of compound 5c 

is observed, with the formation of the diastereomeric product 6c. The di-

substituted product was identified by HPLC-MS analysis, but directing the 

reaction toward the formation of diastereoisomers, investigating the 

stereochemical course, and determining the yield are the subject of future studies. 

We can conclude that when acetyl and benzoyl chlorides are used in the presence 

of a Lewis acid catalyst, ketones are primarily formed, with the highest yields 

observed in reactions with 4,5-dimethylthiazole, while alkyl chloroformates are 

(R) (S) 
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more effective for the preparation of N-acylated 2-ferrocenylbenzothiazolines. 

When acetyl and benzoyl chloride are used, regardless of whether the heterocyclic 

system is 4,5-dimethylthiazole or benzothiazole, the main reaction product in both 

cases is a ketone (3a, 3b). Under these conditions, no formation of amidoalkylated 

ferrocene is observed. In contrast to the unsuccessful attempts with ferrocene, 

previous studies by our synthetic group have shown that N-acyliminium reagents 

derived from benzothiazole, benzothiazole, and acid chlorides (acetyl and benzoyl 

chloride) successfully amidoalkylate indole, pyrrole, and others [5]. 

This method provides an alternative route for the preparation of the 

antitumor agent 2-ferrocenyl-benzo[d]thiazole (11), previously synthesized via a 

condensation reaction between an aromatic aldehyde and 2-aminothiophenol, as 

described in the literature review. The synthetic approach now proposed allows 

for molecular hybridization and the direct formation of carbon-carbon (C-C) 

bonds via in situ generated N-acyliminium ions, which is one of the advantages 

of the approach. 

 

III. 2. Synthesis of precursors for the preparation of N-methylcamalexin and 

oxy-camalexins. 

Interest in camalexins, due to their physiological properties, has led to a 

search for accessible routes for their synthesis. The success of the group’s 

previously proposed approach for the preparation of Camalexin, benzocamalexin, 

and azacamalexin [5], suggests an extension involving the use of variously 

substituted oxy-indoles to obtain natural camalexins and their analogues, which 

are inaccessible by other methods. Building on these experiments, as well as our 

current work with ferrocene, we selected acyliminium reagents prepared in situ 

from thiazole, 2,2,2-trichloroethyl chloroformate (Troc-Cl), and ethyl 

chloroformate for the α-amidoalkylation of N-methylindole (Scheme 4). 

 
Scheme 4. α-Amidoalkylation reaction of N-methylindole to yield precursors of N-

methylcamalexin. 

The reactions proceed under mild reaction conditions. The α-

amidoalkylation reaction has been successfully demonstrated using the more 

economical ethyl chloroformate for the synthesis of compound 7b, which was 

obtained in 78 % yield. To determine the feasibility of the two-step approach, 
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experiments were conducted to scale up the reaction and produce the precursor in 

gram quantities. For this purpose, we selected the target product 2,2,2-

trichloroethyl 2-(1-methyl-1H-indol-3-yl)thiazole-3 (2H)-carboxylate 7a, due to 

the high reactivity of Troc-Cl and the reaction duration of 1 hour at temperatures 

ranging from -4 to 0 °C (Table 2). 

 

Table 2. Reaction conditions and yields of compounds (7a, b) obtained according 

to Scheme 4. 

Product 

(7) 
R 

Reaction 

conditions, T, h  
Yield, % tт, °C 

a CH2CCl3 -4–0 oC, 1  72* 137–139 

b CH2CH3 0–25 oC, 2 78 115–116 

* Compound 7a was obtained on a gram scale (2.256 g) with a 72 % yield. 

Attempts to isolate a pure product after recrystallization resulted in losses 

and low yield, which is why column chromatography using a stationary phase of 

neutral alumina (Al₂O₃) was employed, confirming the effectiveness of the α-

amidoalkylation reaction on a gram scale. Previous studies conducted by our 

synthetic group have shown that N-acylthiazole reagents used in α-

amidoalkylation reactions of indole lead to the rapid release of hydrogen chloride. 

This is one of the reasons why the target products decompose. That is why 

controlling the acidity of the reaction is crucial. To achieve optimal conditions 

and the synthesis of the target products, triethylamine (Et3N), acting as a hydrogen 

acceptor and previously dissolved in CH2Cl2, is added dropwise. Conducting the 

reactions in the absence of Et3N leads to the formation of triindolylmethane as the 

main product [5].  

These same previous studies found that the acquisition of 1H-NMR spectra 

of N-alkoxycarbonyl products at room temperature in deuterated dimethyl 

sulfoxide (DMSO-d6) resulted in the detection of highly broadened signals, 

making their correct integration and subsequent interpretation impossible. In 

carbon 13C{1H}-NMR spectra recorded under the same conditions show an 

absence of significant characteristic signals for the molecules. This is due to 

rotameric transformations in the alkoxycarbonyl group at room temperature. 

Optimal conditions were established for the acquisition of proton 1H- and carbon 
13C{1H}-NMR spectra, with the aim of increasing the rate of rotamer transitions 

and averaging the recorded signals. The appropriate conditions for their 

measurement have been determined to be spectral measurements at 80 °C in 

deuterated DMSO-d6 
[5]. 

The main objective was the structural identification of the compounds 

obtained (7a, b). In the proton 1H-NMR spectra of the analysed compounds, 

characteristic singlets are observed in the range δ = 6.87–7.19 ppm, corresponding 

to the proton bonded to the symmetric sp3 - C2 carbon atom in the thiazoline ring. 

The isolation of new oxy-camalexins from other plants in 2021 [6] also set the 
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direction for future research. In order to broaden the scope of the α-

amidoalkylation reaction, we specifically replaced the nucleophilic reagent with 

variously substituted commercial oxy-indoles. As noted in the literature review, 

known synthetic methods do not allow for the preparation of camalexins 

containing two methoxyl groups in their structure. The failure to obtain them is 

due to the increased nucleophilicity of the aromatic benzene ring in the indole and 

the occurrence of competing side reactions [7].   

The choice of Troc-Cl as an alkyl chloroformate is due to its high reactivity 

and its ability to generate variously substituted N-acylthiazolium intermediates. 

The electron-accepting character of the trichloroethyl group increases 

electrophilicity and facilitates the formation of reactive N-acylthiazolium salts, 

which participate in α-amidoalkylation reactions of variously substituted 

oxyindoles as nucleophilic reagents, (Scheme 5). As a result, a higher reaction 

rate and better yields of the target products are observed compared to other alkyl 

chloroformates, such as ethyl chloroformate. 

In the reactions studied, N-acylthiazolium reagents prepared in situ by 

mixing thiazole/4-methylthiazole/4,5-dimethylthiazole (1a–c) with 2,2,2-

trichloroethyl chloroformate (Troc-Cl) were successfully employed. The use of 

2,2,2-trichloroethyl chloroformate was preferred due to the faster reaction rate and 

higher yields of the target products compared to ethyl chloroformate.  

 
Scheme 5. Synthesis of precursors for the preparation of oxy-camalexins. 

 

The effect of substituents on the thiazole ring on the stability of N-

acyliminium reagents was investigated. The experimental results presented in 

Table 3 show a difference in reaction rate depending on the thiazole used (1a–c).  

Reactions with 4,5-dimethylthiazole generally proceed more rapidly, within 10 to 

30 minutes. This is likely due to the presence of electron-donating methyl groups, 

which increase the nucleophilicity of the nitrogen atom in the thiazole and 

stabilize the N-acyliminium ions, facilitating their formation. 

The resulting cationic intermediate is stabilized by the delocalization of the 

positive charge across the variously substituted thiazolium ring. The methyl 

groups at positions C4 and C5 exhibit an electron-donating inductive (+I) effect, 

which further stabilizes the system and facilitates the α-amidoalkylation reaction. 
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The canonical forms of the N-acylthiazolium cation derived from 4,5-

dimethylthiazole and (Troc-Cl) are presented in Scheme 6. 

 
Scheme 6. Canonical forms of N-acylthiazolium cation derived from 4,5-

dimethylthiazole and (Troc-Cl). 

The position of the methoxy group in indole does not significantly affect 

the reaction time or the yield of the final products. The presence of a second 

methoxy substituent in 4,6-dimethoxyindole resulted in a faster reaction. In the 

amidoalkylation of 5-hydroxyindole, a secondary product is observed, leading to 

a decrease in the yield of product 8l (77 %). A competitive reaction likely occurs 

in the benzene ring of 5-hydroxyindole, similar to other reactions involving 

phenolic compounds. 

 

Table 3. Reaction times and yields of compounds (8a–l) according to Scheme 5. 

Product 

(8) 
R1 R2 R3 

Reaction 

time, min. 

Yield,  

% 
tт, °C 

a  CH3 H 4-OCH3 30  98 175–177 

b  CH3 CH3 4-OCH3 20 97 191–193 

c  H H 5-OCH3 40 93 162–164 [8] 

d  CH3 H 5-OCH3 30 96 122–124 

e CH3 CH3 5-OCH3 20   98* 143–145 

f  H H 6-OCH3 30 96 Oil 

g  CH3 CH3 6-OCH3 20 93 66–68 

h  CH3 H 4,6-(OCH3)2 10  92 171–173 

i  CH3 CH3 4,6-(OCH3)2 10  96 183–185 

j  H H 4-BnO 30  97 54–56 

k  CH3 CH3 4-BnO 30  93 141–143 

l  CH3 CH3 5-OH 10  77 Oil 

* Compound 8e was obtained in gram quantities (1.255 g) with a 96 % yield. 

 

To determine the scope and applicability of this method, it was necessary 

to scale up the synthesis to gram quantities. For this purpose, we selected a target 

product - 2,2,2-trichloroethyl-2-(5-methoxy-1H-indol-3-yl)-4,5-

dimethylthiazole-3(2H)-carboxylate (8e), a precursor for the preparation of an 

analogue of 2-(5-methoxy-1H-indol-3-yl)thiazole (13c), which has proven 

fungicidal activity.   

In this case, the reaction was successfully scaled up, yielding compound 

(8e) in a high yield of 96 % (1.255 g). During this scale-up, conditions were 
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identified for isolating the product via recrystallization rather than column 

chromatography, which once again confirmed the method’s effectiveness on a 

gram scale.  

In addition to hydroxy- and methoxy-substituted indoles found in natural 

compounds or their analogues, this dissertation also includes 4-benzyloxyindole. 

The introduction of a benzyloxy group aims to expand the structural diversity of 

the studied substrates and to evaluate the influence of bulky substituents on the 

reaction mechanism. With this expansion of the scope of the approach, the 

applicability of the method to other nucleophilic reagents, including phenols and 

phenolic natural monoterpenoids, can be evaluated. The approach was also tested 

for phenolic nucleophilic reagents, such as resorcinol and thymol. Despite 

experiments conducted under various reaction conditions, the N-acylthiazoline 

reagents did not lead to the successful amidoalkylation of phenolic compounds. 

The probable reason for this is the lower reactivity and the inability to generate a 

stable N-acyliminium reagents derived from thiazoles. To overcome these 

limitations, the thiazoles were replaced with another heterocycle - imidazole. The 

imidazole ring is more basic and has a greater ability to stabilize the cationic 

intermediate by delocalizing the positive charge, generating more stable 1,3-

diacyliminium reagents. It also exhibits the ability to stabilize the cationic 

intermediate, making it more suitable for generating more reactive electrophilic 

1,3-diacyliminium reagents (Scheme 7). 

 
Scheme 7. Synthesis of bis(2,2,2-trichloroethyl)-2-(2,4-dihydroxyphenyl)-1H-

imidazole-1,3(2H)-dicarboxylate (9) via an α-amidoalkylation reaction; (i) imidazole (2 

mmol), dissolved in 10 mL CH₂Cl₂, Et₃N (2 mmol), 0–4 °C, Troc-Cl (2 mmol), 20 min; 

(ii) Troc-Cl (2 mmol), 0–4 °C, 20 min; (iii) resorcinol (1.5 mmol), 0–4 °C, 2 h. 

Following the successful application of the α-amidoalkylation reaction to 

resorcinol, the synthetic approach has been extended to other natural phenolic 

nucleophilic reagents. In a manner analogous to the methodology described 

above, the imidazole is initially activated via nitrogen acylation with Troc-Cl. In 

the next step, the natural monoterpenoid thymol participates in the reaction via 

electrophilic aromatic substitution, and the generated 1,3-diacyliminium reagent 

successfully amidoalkylates thymol. The amidoalkylation reaction proceeded 

under conditions similar to those applied to resorcinol, demonstrating the 

method’s applicability to a variety of phenolic nucleophiles. The compound 

bis(2,2,2-trichloroethyl)-2-(4-hydroxy-5-isopropyl-2-methylphenyl)-1H-
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imidazole-1,3(2H)-dicarboxylate (10) is successfully obtained in 65 % yield, as 

shown in Scheme 8. 

 

Scheme 8. Synthesis of bis(2,2,2-trichloroethyl)-2-(4-hydroxy-5-isopropyl-2-

methylphenyl)-1H-imidazole-1,3(2H)-dicarboxylate (10) via an α-amidoalkylation 

reaction; (i) imidazole (4 mmol), dissolved in 12 mL CH₂Cl₂, Et₃N (4 mmol), 0–4 °C, 

Troc-Cl (4 mmol), 20 min; (ii) Troc-Cl (4 mmol), 0–4 °C, 20 min; (iii) thymol (2 mmol), 

25 °C, 24 h. 

Experiments to isolate products from the amidoalkylation of resorcinol and 

thymol with variously substituted thiazoles were unsuccessful, whereas the use of 

imidazole and optimization of the conditions led to the successful isolation of 

compounds (9, 70 %; 10, 65 %) in good yields. 

The structures of all target products obtained were characterized by their 
1H-proton and 13C{1H}-carbon NMR spectra, using two-dimensional HSQC-

NMR techniques, Fourier transform infrared spectroscopy (FTIR), and high-

resolution mass spectrometry (HRMS). 

 

III. 3. Oxidative aromatization of N-acyl-2-(1-ferrocenyl)benzothiazolines. 

 

A review of the literature shows that the oxidative aromatization of 2-

substituted N-acylated heterocyclic compounds depends primarily on the type of 

heterocycle, but also on the acyl group and the substituent at the 2-position. There 

are no data in the literature on similar oxidative transformations with ferrocenyl-

benzothiazolines, but a wide range of methods for other synthetic transformations 

of ferrocene-containing heterocyclic compounds has been described. The studies 

found in the literature focus on the synthesis of new 4-ferrocenyl-1,2,3,4-

tetrahydroquinolines and 4-ferrocenylquinolines. These compounds are important 

because the quinoline core and its derivatives possess significant biological 

activity (antimalarial, antibacterial) and antioxidant properties, and the presence 

of a ferrocene moiety often enhances their pharmacological potential. The method 

described in the literature is a versatile and highly efficient approach for the 

synthesis of new 4-ferrocenyl-1,2,3,4-tetrahydroquinolines and 4-

ferrocenylquinolines. Using 2 equivalents of the oxidizing agent DDQ in toluene, 

the aromatization of the tetrahydroquinolines proceeds successfully, with the 

approach yielding high yields of the target products up to 93 %. [9]. 

Following the successful α-amidoalkylation of ferrocene and the synthesis 

of new N-acylated benzothiazolines, the next step involved synthetic 
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transformations through their oxidative aromatization. In the search for suitable 

conditions, the use of DDQ as a strong oxidizing agent for ferrocene-containing 

N-acylated heterocyclic compounds was tested for the first time. It was found that 

oxidative reactions proceed even at room temperature in C2H4Cl2 solvent and at 

an equimolar ratio of the reactants, but even after 24 hours, unreacted N-

alkoxycarbonyl-2-ferrocenylbenzothiazoline remains. The yields of the target 

compound (11) (which has demonstrated antitumor activity) remain low even 

after boiling the reaction mixture. Therefore, the reactions were carried out with 

a twofold excess of the oxidizing agent DDQ. Thus, maximum yields were 

obtained by conducting the oxidation reactions at room temperature in C2H4Cl2 

for 2 hours using 2 equivalents of DDQ. 

 
Scheme 9. Oxidative transformations of N-acyl-2-ferrocenylbenzothiazolines (5a–c). 

Table 4. Yields of 2-ferrocenylbenzo[d]thiazole (11), as shown in Scheme 9. 

 

Starting 

material (5) 
Yield (11), % tт, °C 

a 73 

120 – 122 b 66 

c 81 

 

The resulting precursors (5a–c) were successfully converted into the target 

2-ferrocenylbenzo[d]thiazole (11) in high yields ranging from 66 % to 81 % 

(Scheme 3, Table 1). As previously observed by other authors, the acyl group 

influences the reaction, the rate of which depends on its leaving ability. The results 

presented show that the yield of the target product (11) varies depending on the 

alkyl chloroformate used. Unlike the methyl and ethyl groups, the presence of 

electron-accepting Troc-Cl atoms likely facilitates oxidative aromatization. The 

subsequent oxidative transformation yields higher yields compared to the 

oxidative conversion of compounds 5a and 5b. The ethoxycarbonyl group in 

compound 5b is more difficult to cleave, and this may lead to side reactions during 

oxidative aromatization, which explains the lower yield of 66 %. 

The products obtained were purified by column chromatography and 

spectrally characterized by 1H-NMR, 13C-NMR, IR, and MS analyses. 
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III. 4. Oxidative transformations of 2-indolylthiazolines. Synthesis of the 

natural phytoalexin N-methylcamalexin and oxy-camalexins. 

 

The reactivity of 2-substituted N-acylthiazolines in oxidative aromatization 

reactions is significantly higher than that of similarly substituted 

benzothiazolines. In the oxidative aromatization to yield the phytoalexin N-

methylcamalexin, the previously established and published conditions were 

initially applied. The reaction conditions for oxidative aromatization were 

successfully optimized by varying the temperature, the ratio of reactants, and the 

type of oxidizing agent (Table 5). The oxidizing agent o-Chloranil was preferred 

due to environmental considerations and its potential for effective 

chromatographic purification and isolation of the desired camalexins. The starting 

precursors, N-acylated compounds 7a–b, were successfully oxidized with an 

equivalent amount of o-Chloranil (Scheme 10). The phytoalexin N-

methylcamalexin was obtained in quantitative yield. 

 
Scheme 10. Oxidative aromatization to yield N-methylcamalexin (12). 

 

Table 5. Yields for the natural N-methylcamalexin (12), as shown in Scheme 4. 

Starting 

material (7) 

o-Chloranil 

Yield (12), %  tт, °C 

a 86* [8] 
58–60 

b 99 

* The natural compound N-methylcamalexin (12) was synthesized on a gram scale 

(1.014 g) with a yield of 86 %. 

Optimizing the reaction conditions for the synthesis of the natural 

compound N-methylcamalexin (12) also involves changing the type and amount 

of the solvent. The following conditions have been determined as optimal for 

oxidative aromatization: Oxidizing agent o-Chloranil; Solvent acetonitrile; Room 

temperature; Reaction time – 30 minutes.  The phytoalexin N-methylcamalexin 

(12) was obtained in gram quantities from compound (7a) with a yield of 86 % 

(1.014 g, Scheme 4). The structure of the resulting aromatic compound (12) was 

confirmed by spectroscopic analysis. Following these successful oxidative 

rearomatizations, we proceeded to optimize the conditions and carry out further 

oxidative transformations for the synthesis of various oxy-camalexins. A series of 

experiments were conducted using equivalent amounts of the oxidizing agents o-

Chloranil and DDQ. Optimization of the reaction conditions for the synthesis of 
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oxy-camalexins involves changing the type and amount of solvent, as well as 

using different oxidizing reagents. The reaction conditions for oxidative 

rearomatization are presented in Scheme 11. 

 
Scheme 11. Oxidation reactions for the preparation of oxy-camalexins (13a–l). 

The oxidation reaction with o-Chloranil was carried out in acetonitrile at 

room temperature for 10 to 40 minutes. Ten new oxy-camalexins were obtained 

in high yields ranging from 62 % to 98 %, as shown in Scheme 11. For some of 

the reactions, oxidative aromatization was also tested with DDQ. The synthetic 

transformations of precursors (8b) and (8i) were carried out at room temperature 

in CH₂Cl₂, using an equimolar amount of the oxidizing agent. From the oxidation 

reactions conducted, we can conclude that the oxidizing agent influences the 

reaction time. Oxidation reactions with o-Chloranil proceed within a time range 

of 15–40 minutes, depending on the different substituents on the indole moiety. 

The electronic effects of the substituent on the indole fragment play a role; 

compound (13c) undergoes complete aromatization within 15 minutes. In 

contrast, for compound (13l), which contains a hydroxyl group, the reaction takes 

the longest time, 40 minutes. In contrast, reactions using DDQ significantly 

shorten the reaction time to 10 minutes. The resulting products (13b and 13i) were 

isolated with approximately a 10 % higher yield compared to the reactions 

conducted with o-Chloranil (Table 6). 

Table 6. Reaction conditions and yields of the compounds obtained (13a–

l), as shown in Scheme 11. 

Product 

(13a-l) 
R1 R2 R3 

Reaction 

time, min. 

Yield, 

% 
tт, °C 

a CH3 H 4-OCH3 30  86 180–181 

b CH3 CH3 4-OCH3 30  80(93)* 212–214 

c H H 5-OCH3 15  98 112–114 [8, 10] 

d CH3 H 5-OCH3 30  90 Oil 

e CH3 CH3 5-OCH3 30 91 169–170 

f H H 6-OCH3 30  78 161–163 [10] 

g CH3 CH3 6-OCH3 20 91 163–165 

h CH3 H 4,6-(OCH3)2 30 68 167–169 

i CH3 CH3 4,6-(OCH3)2 30  70(80)* 188–190 

j H H 4-BnO 30  82 166–168 

k CH3 CH3 4-BnO 30  90 168–170 
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l CH3 CH3 5-OH 40  62 233–235 

* With DDQ as the oxidizing agent in dichloromethane (CH2Cl2) for 10 minutes at room 

temperature. 

Despite the higher yield and shorter reaction time, the oxidizing agent o-

Chloranil was chosen for environmental reasons and because it allows for more 

efficient chromatographic separation and isolation of the resulting oxy-

camalexins. Scheme 12 proposes putative a mechanism for the oxidative reaction 

with DDQ.   

 
Figure 12. Proposed putative mechanism for oxidative aromatization with DDQ. 

 

The proposed mechanism of oxidative aromatization involves the use of the 

oxidizing agent DDQ, which abstracts a hydride anion from the C-atom at the 2-

position of the thiazoline ring (14), generating an iminium-type thiazoline cation, 

and the oxidizing agent is converted to its reduced hydroquinone form (DDQH2). 

The next key step is deacylation, in which the protecting group is removed from 

the N-atom via nucleophilic acyl substitution (SNAc), followed by enolization, 

which allows for the rearomatization of the ring. In this type of oxidative 

aromatization, thiazoline compounds are transformed into stable aromatic 

products, successfully yielding oxy-camalexins. 

The method has also proven effective when scaled up for synthesis in gram 

quantities. For this purpose, we selected compound 8e, 2,2,2-trichloroethyl 5-

methoxy-3-(thiazol-2-yl)-1H-indole-1-carboxylate. By performing oxidative 

aromatization of 8e, the final target product, 2-(5-methoxy-1H-indol-3-yl)-4,5-

dimethylthiazole (13e), was synthesized with a 90 % yield (0.6975 g).  

In conclusion, we can state that the main advantages of the developed two-

step approach for the synthesis of oxy-camalexins are its high efficiency, the use 

of readily available starting materials, and the high yields of the resulting 

compounds, ranging from 62 % to 98 %. Unlike the published approaches 

presented in the literature review, such as the Suzuki reaction, the synthetic 

approach we propose for the preparation of oxy-camalexins does not require the 

use of expensive catalysts. The method allows for scaling up and obtaining the 

quantities of target products required for subsequent studies. The approach has 

proven successful in yielding compounds that are inaccessible using methods 

reported in the literature, such as the Ayer method and the Hantzsch reaction. One 
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of the advantages and successes of the present work is the application of our 

proposed approach for the synthesis of N-methylcamalexin and hardly accessible 

analogues of Camalexin. We successfully obtained for the first time two 4,6-

dimethoxy camalexins-(2-(4,6-dimethoxy-1H-indol-3-yl)-4-methylthiazole and 

2-(4,6-dimethoxy-1H-indol-3-yl)-4,5-dimethylthiazole), for which no conditions 

for preparation have been found using the methods published in the literature.  

 

III. 5. Aldehyde group disclosure in reductive transformations of N-

Troc-2-(3-indolyl)-thiazolines. 

 

In 2018, a new approach for the synthesis of indole-3-carboxaldehydes [5], 

based on the use of N-Troc-2-(3-indolyl)-thiazolines and 1,3-diacylimidazoline 

intermediates as „masked formyl equivalents”. This type of reaction involves the 

reductive elimination of the acyl group (2,2,2-trichloroethoxycarbonyl) using 

activated zinc (Zn) and ammonium chloride (NH4Cl). For thiazoline compounds, 

the reaction proceeds upon heating in a mixture of methanol and water 

(MeOH/H₂O) for 3 hours, yielding yields in the range of 70 % – 74 %. Reductive 

transformations involving 1,3-diacylimidazoline compounds lead to an increase 

in yields up to 82 %. These studies have shown that the imidazoline ring is more 

stable and less prone to hydrolysis than its thiazoline analogues. This approach 

has the potential to be expanded and scaled up to yield a variety of formulated 

compounds containing reactive groups and electron-donating substituents in their 

structures, while avoiding the use of expensive catalysts or organometallic 

reagents. 

That is why, in this dissertation, our focus was on building upon the 

proposed approach for the formation of indoles; here, we successfully further 

develop the concept of using the N-Troc-thiazoline moiety as a masked formyl 

equivalent. In the present studies, we expanded the scope of the approach by 

investigating the reactivity of the previously obtained precursors for the synthesis 

of oxy-camalexins, N-methylcamalexin, as well as 1,3-diacylimidazolines 

containing a phenolic moiety in their structure. The investigated reductive 

transformations proceeded in the presence of activated Zn and NH₄Cl, and the 

reaction conditions were optimized. The initially used MeOH/H₂O mixture was 

replaced with an isopropanol and water system (i-PrOH/H₂O), which allowed the 

reaction to be carried out at a higher temperature, reaching the boiling point of the 

reaction mixture, which in turn increased the yields of the target products. 

The reductive transformations of the N-Troc-thiazoline moiety are shown 

in Scheme 13, and the reaction conditions and yields are shown in Table 7. 
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Scheme 13. Aldehyde group disclosure in reductive transformations of N-Troc-2-(3-

indolyl)-thiazolines. 

 

Table 7. Conditions for the synthesis and yields of variously substituted indole-

3-carbaldehydes. 

Starting 

material (8) 
R1 R2 R3 R4 R5 R6 

Yield    

(16/17), % 
tт, °C 

l CH
3
 CH

3
 H H OH H a 73  239–241 

c H H H H OCH
3
 H b 77  

177–179 
d CH

3
 H H H OCH

3
 H b 83  

i CH
3
 CH

3
 H OCH

3
 H OCH

3
 c 77  140–142 

a CH
3
 H H OCH

3
 H H d 69 153–155 

k CH
3
 CH

3
 H  BnO H H e 72 179–181 

7a H H CH H H H 75 Oil 

The reaction conditions for the preparation of indole-3-carbaldehydes are: 2 hours of 

boiling in i-PrOH/H₂O (10:2). 

To determine the scope of the method, variously substituted N-Troc-2-

indolylthiazolines containing electron-donating substituents - hydroxy (-OH), 

methoxy (-OCH₃), benzyloxy (-BnO), and an N-methyl group were used. The 

results obtained show that the method is applicable for the synthesis of variously 

substituted indole-3-carbaldehydes, including compounds containing sensitive 

functional groups, along with N-methylindole-3-carbaldehyde and, in particular, 

4,6-dimethoxy-1H-indole-3-carbaldehyde, which is obtained in trace amounts by 

the methods known to date. Pedras reports that the formation of 4,6-

dimethoxyindole yields the expected 4,6-dimethoxy-1H-indole-3-carbaldehyde 

(33 %), as well as an additional product of substitution with a formyl group at the 

C7 position (59 %). Similarly, the formylation of 5,7-dimethoxyindole led to the 

corresponding 5,7-dimethoxy-1H-indole-3-carbaldehyde (45 %), plus an 

additional product of substitution with a formyl group at the C4 position (30 %) 
[7]. The selective preparation of hardly accessible aldehydes is one of the main 

advantages of this synthetic transformation. 

 

III. 5.1. Aldehyde group disclosure in reductive transformations of 1,3-

bis(2,2,2-trichloroethoxycarbonyl)-2-phenyl-imidazolines. 
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Following the successful application of the method for the synthesis of 

variously substituted indole-3-carbaldehydes, the possibility of transforming 1,3-

diacylated imidazolines containing phenolic moieties in their structure was also 

investigated. For this purpose, compounds (9, 10) containing resorcinol and 

thymol in their structures, shown in Schemes 14 and 15, were selected. The 

transformations of such compounds are of particular interest due to the presence 

of hydroxyl groups, which may participate in additional reactions or lead to 

undesirable side reactions. The elimination of the formyl group in this case 

proceeds significantly more easily compared to thiazolines, with the 

corresponding aldehyde being obtained in higher yield (Scheme 14). 

 

Scheme 14. Aldehyde group disclosure in reductive transformations of bis(2,2,2-

trichloroethyl)-2-(2,4-dihydroxyphenyl)-1H-imidazole-1,3(2H)-dicarboxylate. 

Similarly, in compound (10), which contains a thymol moiety, the reaction 

proceeds efficiently, and 4-hydroxy-5-isopropyl-2-methylbenzaldehyde (19) is 

successfully obtained in a 93 % yield. 

 

Scheme 15. Aldehyde group disclosure in reductive transformations of bis(2,2,2-

trichloroethyl)-2-(4-hydroxy-5-isopropyl-2-methylphenyl)-1H-imidazole-1,3(2H)-

dicarboxylate. 

Table 8 presents the reaction conditions and yields for the synthesis of the 

target arylcarbaldehydes. The reactions proceed with good yields, indicating that 

the method is applicable to other substrates, such as the selected activated arenes 

containing two hydroxyl groups in their structure. Compound (19) is obtained in 

a higher yield of 93 %, in contrast to compound (18); the likely reason is the better 

solubility of the starting precursor. 
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Table 8. Yields of the aryl carbaldehydes obtained (18, 19). 

Starting 

material 
Product Yield, %  tт, °C 

9 18 85 136–138  

10 19 93 131–133 

 

In conclusion, we can summarize that this study has expanded the synthetic 

potential of the method proposed by Stremski et al. [5]. The method demonstrates 

good functionality, allowing the preparation of a variety of aldehydes containing 

electron-donating substituents - hydroxy, methoxy, benzyloxy, and N-methyl 

groups in their structures. It has been demonstrated that the developed approach 

is also applicable to synthetic transformations of precursors containing phenolic 

moieties, such as the obtained derivatives of resorcinol and thymol. The results 

obtained expand the synthetic potential of the method previously proposed by our 

synthetic group and confirm its applicability as a scalable approach for the 

synthesis of functionalized indole-3-carbaldehydes. Some of these represent 

important precursors for the preparation of biologically active heterocyclic 

compounds. A significant advantage in terms of its applicability is the production 

of 4,6-dimethoxyindole-3-carbaldehyde. The production of hard-to-obtain 

aldehydes both natural ones and those with important biological activity 

highlights the effectiveness and practical value of this approach. A major 

limitation of the method is the α-amidoalkylation reaction and the preparation of 

precursors for reductive transformations. Only a small portion of the successful 

experiments is presented in the dissertation. To date, amidoalkylation has 

proceeded successfully with activated arenes - hydroxybenzenes, phenolic 

terpenoids, N,N-dimethylaniline, and other variously substituted indoles and 

pyrroles. This significantly limits the scope of its applicability and necessitates 

the selection of starting nucleophilic reagents, as well as the optimization of 

reaction conditions. As a result, the scope of the method’s applicability remains 

limited. A subject for future research is the conduct of α-amidoalkylation 

reactions with other nucleophilic reagents that can undergo reductive 

transformations.  

All of the aldehydes obtained in this dissertation, presented in Figure 5, are 

known compounds described in the scientific literature. They are also 

commercially available from specialized suppliers of chemical reagents, which 

confirms their place among the known organic compounds. 
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Figure 5. Commercial aldehydes obtained. 

The structures and purity of all obtained compounds were confirmed by 

spectral methods. Unpublished spectral data are described in the dissertation, the 

signals for the proton 1H-NMR and carbon 13C-NMR spectra are reported and are 

presented in the experimental section. For the published compounds, all proton 
1H- and carbon 13C{1H}-NMR spectra, two-dimensional HSQC-NMR 

techniques, IR and HPLC-MS spectra are available in scientific publications and 

accompanying supplementary materials, which are open access. 
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IV. SUMMARY OF RESULTS AND CONCLUSIONS 

 

⦁ For the first time, α-amidoalkylation reactions of ferrocene with N-acyliminium 

reagents derived from benzothiazole and alkyl chloroformates were carried out. 3 

novel (SciFinder, Reaxys) ferrocene-containing hybrid molecules were 

successfully synthesized; 

 

⦁ The appropriate conditions for oxidative aromatization of N-acyl-2-(1-

ferrocenyl)benzothiazolines were established, with the preparation of the 

antitumor agent – 2-ferrocenyl-benzo[d]thiazole in yields of 66 % – 81 %; 

 

⦁ The appropriate conditions for α-amidoalkylation of hydroxy-, methoxy-, N-

methyl- and benzyloxyindoles with N-acyliminium reagents derived from 

thiazole/methyl thiazoles and alkyl chloroformates were established. 13 novel 

(SciFinder, Reaxys) N-acylated precursors of camalexins were synthesized; 

 

⦁ For the first time, the appropriate conditions for α-amidoalkylation of resorcinol 

and thymol with 1,3-diacyliminium reagents derived from imidazole and Troc-Cl 

have been established. 2 novel (SciFinder, Reaxys) imidazoline derivatives 

containing a phenolic fragment have been obtained; 

 

⦁ After oxidative aromatization of the corresponding thiazolines, 10 novel 

(SciFinder, Reaxys) oxy-camalexins have been obtained, including analogues of 

the difficult-to-access 2-(4,6-dimethoxy-1H-indol-3-yl)thiazole. The two-step 

synthetic approach is distinguished by high efficiency, use of available reagents 

and the possibility of scaling up; 

 

⦁ For the first time, an approach for the synthesis of natural N-methylcamalexin in 

gram quantities has been proposed; 

 

• The appropriate conditions for purification and isolation of all obtained products 

with preparative column chromatography on neutral alumina Al2O3 or silica gel 

have been found; 

 

⦁ Various 1H-indole-3-carbaldehydes were synthesized by revealing an aldehyde 

group during reductive transformations of N-Troc-2-(3-indolyl)-thiazolines with 

different substituents in the indole fragment. 6 differently substituted 1H-indole-

3-carbaldehydes were obtained with high yields in the range of 69 % – 83 %, 

among which the natural one - 5-hydroxy-1H-indole-3-carbaldehyde with 

important biological activity; 

 

⦁ The method was extended by revealing an aldehyde group during reductive 

transformations of 1,3-diacylimidazolines containing a phenol fragment in their 
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structure, allowing for the selective preparation of aromatic aldehydes with 

different substituents and sensitive functional groups; 

 

⦁ The scope of applicability of the method remains limited with respect to the α-

amidoalkylation reaction; 

 

⦁ As a result of the conducted research, 43 compounds were synthesized, of 

which 28 are new and not described in the literature (SciFinder, Reaxys); 

 

⦁ All newly synthesized compounds were spectrally characterized and structurally 

proven by – 1H-, 13C-NMR, FTIR spectra, HSQC-NMR and mass spectrometry 

(HRMS). Melting points were determined for solids. 
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of the Pharmacy Program, Medical University of Plovdiv. Presentation: 

Antimicrobial Activity of Natural and Synthetic Camalexins. Authors: M. 

Bachvarova, Y. Stremski, B. Goranov, Z. Denkova, S. Statkova-Abeghe, P. 

Angelov, I. Ivanov; 
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Candidates “Challenges in Chemistry,” Faculty of Chemistry, Paisii Hilendarski 
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(DUEcoS), contract D23-CF-001 on the topic: “Production of Phytoalexins and 

Their Analogues with Potential Applications in Plant Protection,” supervised by 

Assoc. Prof. Dr. Stela Statkova-Abeghe; 

 

5. 2025–2027 – National project No. BG16RFPR002-1.014-0007, Competence 

Center “Personalized Innovative Medicine (PERIMED-2),” funded under the 
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financed by the European Union. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

31 
 

VIII. REFERENCES 

 

[1] Ward, M.; O’Boyle, N.M. Analysis of the structural diversity of heterocycles 

amongst European medicines agency approved pharmaceuticals (2014-2023). 

RSC Med. Chem., 4540–4570, 2025. https://doi.org/10.1039/d5md00403a  

[2] Aayishamma, I.; Swamy, G.; Matada, P.; Pal, R.; Ghara, A.; Venkata, N.; Sai, 

S.; Kumaraswamy, B.; Hosamani, K. R.; Manjushree, B. V.; Haripriya, E. 

Benzothiazole a privileged scaffold for Cutting-Edges anticancer agents: 

Exploring drug design, structure-activity relationship, and docking studies. Eur. 

J. Med. Chem., 279, 116831, 2024. https://doi.org/10.1016/j.ejmech.2024.116831   

[3] Ranjan, A.; Sharma, D.; Srivastava, A.K.; Varma, A.; Jayadev, M.S.K.; Joshi, 

R.K. Evaluation of Anticancer Activity of Ferrocene Based Benzothiazole and β-

Ketooxothioacetal. J. Organomet. Chem., 979, 122500, 2022. 

https://doi.org/10.1016/j.jorganchem.2022.122500  

[4] Chripkova, M.; Zigo, F.; Mojžiš, J. Antiproliferative Effect of Indole 

Phytoalexins. Molecules, 21, 1–15, 2016. 

https://doi.org/10.3390/molecules21121626     

[5] Stremski, Y.; Statkova-Abeghe, S.; Angelov, P.; Ivanov, I. Synthesis of 

Camalexin and related analogues, J. Heterocycl. Chem., 55, 1589–1595, 2018. 

https://doi.org/10.1002/jhet.3192 

[6] Pedras, M.S.C.; Alavi, M.; Abdoli, A. Phytoalexins and Signalling 

Metabolites Produced in the Wild Crucifer Neslia Paniculata: Camalexins and 

Arabidopsides. ChemRxiv, 1–24, 2021. 

https://doi.org/10.26434/chemrxiv.14166866.v2    

[7] Pedras, M.S.C.; Abdoli, A. Methoxycamalexins and Related Compounds: 

Syntheses, Antifungal Activity and Inhibition of Brassinin Oxidase. Bioorganic 

Med. Chem., 26, 4461–4469, 2018. https://doi.org/10.1016/j.bmc.2018.07.030 

[8] Liao, A.; Li, L.; Wang, T.; Lu, A.; Wang, Z.; Wang, Q. Discovery of 

Phytoalexin Camalexin and Its Derivatives as Novel Antiviral and 

Antiphytopathogenic-Fungus Agents. J. Agric. Food Chem., 70, 2554–2563, 

2022. https://doi.org/10.1021/acs.jafc.1c07805  

[9] Minić, A.; Stevanović, D.; Vukićević, M.; Bogdanović, G.A.; D’hooghe, M.; 

Radulović, N.S.; Vukićević, R.D. Synthesis of Novel 4-Ferrocenyl-1,2,3,4-

tetrahydroquinolines and 4-Ferrocenylquinolines via α-Ferrocenyl Carbenium 

Ions as Key Intermediates. Tetrahedron, 73, 6268–6274, 2017. 

https://doi.org/10.1016/j.tet.2017.09.014  

[10] Ayer, W.A.; Craw, P.A.; Ma, Y.; Miao, S. Synthesis of camalexin and related 

phytoalexins. Tetrahedron, 48, 2919–2924, 1992. https://doi.org/10.1016/S0040-

4020(01)90973-1 

 

 

 

 

https://doi.org/10.1039/d5md00403a
https://doi.org/10.1016/j.ejmech.2024.116831
https://doi.org/10.1016/j.jorganchem.2022.122500
https://doi.org/10.3390/molecules21121626
https://doi.org/10.1002/jhet.3192
https://doi.org/10.26434/chemrxiv.14166866.v2
https://doi.org/10.1016/j.bmc.2018.07.030
https://doi.org/10.1021/acs.jafc.1c07805
https://doi.org/10.1016/j.tet.2017.09.014
https://doi.org/10.1016/S0040-4020(01)90973-1
https://doi.org/10.1016/S0040-4020(01)90973-1


 
 

32 
 

NOTES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


