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1. Introduction
The emergence and spreading of drug-resistant pathogens with newer resistance mechanisms, are leading to antimicrobial 
resistance, which threatens existing drugs’ ability to treat common infections. Invention of the new chemical entities to 
deal with resistant bacteria and fungi has become one of the major challenges in the research areas of antibacterial and 
antifungal discovery. This is prompting academics to come up with novel and potent antibacterial as well as antifungal 
therapeutic agents [1]. 

The active heterocyclic compounds are one of the main topics of interest for medicinal chemists as it is proven to display 
various pharmacological activities. Heterocyclic compounds containing nitrogen, oxygen, and sulphur belonging to five 
or six membered heterocycles have gained enormous significance, due to their interesting and diverse clinical applications 
in the field of medicinal chemistry [2]. Oxazoles are the five membered heterocycles containing nitrogen and oxygen with 
wide range of pharmacological properties. Benzoxazole belongs to the class of heterocycles, containing a bicyclic structure 
in which the oxazole moiety is fused with the aryl ring. Benzoxazole and their derivatives are important scaffolds often 
found in the various drugs and pharmaceutically relevant compounds [3]. They exhibit wider range of biological activities 
like antifungal [4], antituberculosis [5], anticancer [6], antiinflammatory-analgesic [7], antitumor [8], and antibacterial [9]. 
Increasing applications of benzoxazole derivatives have intrigued many researchers to come up with several benzoxazole 
derivatives and their evaluation as pharmaceutical agents [10].

Among the benzoxazole derivatives, the 2-substituted benzoxazole has always attracted many researchers owing to 
its diverse applications in medicinal chemistry [11]. These 2-substituted benzoxazole containing scaffolds demonstrated 
various pharmacological activities such as antiviral [12], antimicrobial [13], and anticancer [14], properties. Recently, we 
have demonstrated the antimycobacterial potential of 2-substituted benzoxazole sulphonamides [15].

Knowledge on the mechanism of action and target identification in early stage of the drug discovery process provides 
distinctive benefits. Identifying a drug’s mode of action (MOA) could increase the probability of success of clinical trials 
[16]. Molecular docking technique plays a key role in identifying a drug’s mode of action. In the molecular docking 
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studies, small molecules are docked into the receptor targets in order to predict bioactive confirmation of the ligand and 
its orientation inside a target binding site [17]. 

 Over the years, scaffold hopping has been a common medicinal chemistry approach in finding effective inhibitors 
including DNA gyrase. Using this approach, bicyclic ring structures like benzimidazole, benzothiazole [18, 19, 20], and 
benzoxazole [21] have been tested as inhibitors of DNA gyrase (Figure 1). Particularly Oksuzoglu et al. synthesized 
antibacterial 2-benzyl substituted benzoxazole derivatives. Antibacterial potentials of these compounds were linked to 
DNA topoisomerase II inhibitors with significant IC50 values [22].

DNA gyrase is an essential enzyme and a part of topoisomerase which is responsible for catalysing the changes to DNA 
topology. The existence of DNA gyrase in all bacteria and absence of the same in higher eukaryotes makes it an attractive 
drug target for antibacterial studies [23]. 

Having the initial understanding on benzoxazole derivatives and utilising the interplay of conventional techniques of 
structure-based design and docking, in the present work, we have synthesized a small library of 2-phenyl-1,3-benzoxazoles 
(compounds 1-14) and N-phenyl-1,3-benzoxazol-2-amine (compounds 15-26) (Figure 2.) These compounds were 
evaluated for their antimicrobial properties. Further based on the biological outcome, structure activity relationship 
(SAR) was established. Molecular modelling and docking simulation studies were executed to get the insights on potent 
antimicrobial action of the synthesized derivatives, in the binding sites of DNA gyrase of E. coli.

Targeted compounds were synthesized using an environmentally benign process. 2-phenyl substituted benzoxazole 
(compounds 1-14) were synthesized using green catalyst “fly ash” and N-phenyl-1,3-benzoxazol-2-amine derivatives 
(compounds 15-26) were synthesized utilising less expensive, I2-mediated oxidative cyclodesulfurization.

2. Materials and methods
2.1. General information
All reagents and solvents were purchased from commercial sources and used without further purification. Analytical grade 
solvents were utilised in this work and used as received. All the reactions were carried out using magnetic stirring, using 
appropriate conditions, and using oven-dried glassware. Reactions were monitored by thin layer chromatography (TLC) 
using TLC silica gel plates and visualizing agent as UV light. Reaction products have been purified either by recrystallization 
in analytical grade ethanol or by column chromatography using Merck silica gel (230–400 flash). Bruker supercon magnet 
avance DRX-300 spectrometer was utilised for NMR spectra recording. 300 MHz spectrometer was used for 1H NMR 
and 100 MHz for 13C NMR recording in deuterated solvents with TMS as an internal reference standard. Chemical shifts 
δ have been given in ppm, and coupling constant J in Hz. Recorded multiplicities are shown as follows: singlet (s), doublet 
(d), triplet (t), broad singlet (br s), and multiplet (m). Mass spectra were taken in either ESI positive or negative ion mode. 
Characterization of all compounds was done by TLC, 1H NMR and 13C NMR, IR and MS.
2.2. General experimental method for the synthesis of substituted 2-aryl benzoxazoles (compounds 1-14)

Step 1: Preparation of preheated fly ash (PHFA)

Figure 1: Known inhibitors of DNA gyrase containing benzoxazole, benzimidazole, 

benzothiazole moiety 

 

 

Figure 2: Compound library of 2- phenyl and N-phenyl benzoxazole based scaffolds 

Figure 1. Known inhibitors of DNA gyrase containing benzoxazole, benzimidazole, and benzothiazole moiety.

Figure 2. Compound library of 2-phenyl and N-phenyl 
benzoxazole-based scaffolds.
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The fly-ash obtained from commercial source was heated in hot air oven up to a temperature of 110 °C for 2 h. Heating 
process helps to avoid colloidal formation during the reaction due to demoisturization. Thus, obtained activated form of 
fly ash was directly used for the next step. 

Step 2: Common procedure for synthesis of compounds 1-14
Appropriate mixture of an aldehyde (1.1 mmol) (1), o-aminophenol (2) (1.0 mmol) and preheated fly-ash (0.5g) were 

taken in 50 mL of RB flask under nitrogen. The mixture was stirred at 111 °C in the presence of 20 mL of toluene. After 
the reaction completion by TLC (starting material disappearance), the reaction mass was cooled to room temperature. 
Reaction mixture was filtered using hyflow bed and washed with ethyl acetate to remove the catalyst. Combined organic 
layer was evaporated under reduced pressure. The crude material was purified using either column chromatography ethyl 
acetate: hexane (1:9) or recrystallization with ethanol to isolate the pure product (compounds 1-14) in 70%–85% yields.
2.3. Common experimental procedure for the synthesis of substituted N-phenyl-1,3-benzoxazol-2-amine derivatives 
(compounds 15-26)
To a prestirred solution of aminophenol (4, 1 mmol) in THF (5 mL), corresponding isothiocyanate (5, 1.1 mmol) was 
added slowly at the room temperature. After the absence of the aminophenol (as indicated by TLC), iodine (0.6 mmol) and 
K2CO3 (1.1 mmol) were added in sequence. The reaction mixture was stirred at ambient temperature, until TLC indicates 
the disappearance of the in situ generated intermediate D (Scheme 2). After the completion of the reaction, it was quenched 
with aqueous 5% Na2S2O3 solution (5 mL), and diluted with brine (10 mL) solution. Reaction mass was then extracted 
with ethyl acetate (20 mL* 2). The pooled organic layers were dried over anhydrous sodium sulphate, concentrated under 
vacuum which was further purified either by recrystallization or by silica gel column chromatography using a mixture of 
ethyl acetate/hexane (2:8) as the eluent to afford the product (compounds 15-26) ranging from 65% to 89% yields.

Compounds characterization data can be found in supporting information.
2.4. Antimicrobial studies
Whole-cell growth inhibition assay was used for antimicrobial screening. All the microbial strains were obtained from the 
microbial type culture collection and gene bank (MTCC), Chandigarh, India. All the synthesized benzoxazole derivatives 
were screened to check their in vitro antibacterial potential. Based on their clinical and pharmacological importance of 
the strains, compounds were screened against gram-positive (Streptococcus Pyogenes and Staphylococcus aureus), gram-
negative (Pseudomonas aeruginosa and Escherichia Coli) and two fungal strains (Aspergillus clavatus and Candida albicans) 
by means of agar diffusion method [24]. 
2.4.1. Antibacterial activity
Using spread plate technique, all the bacterial strains were cultured on YEPD or nutrient agar at 37 °C. Bacterial strains 
were maintained on nutrient agar slants at 4 °C. Different concentrations of the test compounds (5, 25, and 50 μg/mL) 
along with standard drug cefixime (positive control) were prepared to execute antimicrobial sensitivity. Compound 
susceptibility was measured for different strains of bacteria on the basis of zone of inhibition diameter in comparison with 
the standard drug [25]. Initial results indicated that 5 μg/mL produced less desired inhibitory effect and the dose of 50 ug/
mL showed more effective antimicrobial action of substance than the desired. Hence, 25 μg/mL dose was used further for 
the present research work. The dilutions (25 μg/mL) of benzoxazole derivatives and positive control drug were prepared 
in DMSO and double-distilled water using tubes of nutrient agar. Mueller-Hinton sterile (MHA) agar plates were seeded 
with different bacterial strains (108 cfu) and incubated at 37 °C for 18 to 24 h and the zones of growth inhibition around 
the disks were calculated.
2.4.2. Antifungal activity	
Screening of antifungal compounds was carried out against A. clavatus and C. albicans using agar disk diffusion method. 
Stock of fungal strain cultures were allowed to incubate for 24 h at 37 °C and then at refrigeration storage of 4 °C. The yeasts 
were grown in sabouraud dextrose agar (SDA) and the molds were grown on PDA media at 28 °C. Zone of inhibition was 
measured in the similar way as in the case of antibacterial activity after 48 to 96 h using griseofulvin (standard drug) (25 
μg/mL) as a positive control. 

In both the cases, the microorganism species sensitivities to the test and control sets were determined by assessing the 
sizes of inhibitory zones (the diameter of disk) around the disks on the agar surface, and values of <8 mm were considered 
not active.
2.4.3. Minimum inhibitory concentration (MIC) [26]
The benzoxazole derivatives which demonstrated the antimicrobial (bacterial and fungal strains) activity were later taken 
for minimal inhibitory concentration (MIC50) determination. All four bacterial strains and two fungal strains were grown 
in nutrient broth for 6 h. Next, 100 µL of 106 cells/mL was cultured in nutrient broth tubes containing several concentrations 
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(0.5–50 µg/mL) of selected benzoxazole derivatives. After incubation of 24 h at 37 °C, MIC value was determined for each 
sample, using optical density (OD) reading in the spectrophotometer (620 nm). Obtained reading was matched with 
control sample data of noninoculated blank nutrient broth.
2.5. Docking simulations
Molecular docking studies were carried out in order to understand the possible ligand-receptor intermolecular 
interactions. Novel benzoxazole derivatives were subjected to dock in the active site of DNA gyrase enzyme using a fully 
automatic docking tool, Surflex-Dock module, available on Sybyl X-2.0 version (Tripos Inc.) [27]. Binding affinities were 
estimated for all the compounds using the docked module. Utilising the molecular docking simulations, theoretical 
binding mode for all the 26 ligands at the chlorobiocin binding site was examined. To start with docking procedure, 
X-ray crystal structure of DNA gyrase, E. coli 24 kDa domain in complex with clorobiocin [28] (http://www. rcsb.org; 
PDB code: 1KZN; resolution 2.30A) was downloaded from the protein data bank in PDB format. Before using the protein 
structure for docking simulations, all water molecules were removed. In the pdb file, mislabelled atom types were adjusted; 
consequently, angles of proline F were anchored at 70° side chain amides and checked to maximize possible hydrogen 
bonding. Essential hydrogens were added and side chains were tested for close van der Waals contacts. The model was 
tested for conformational glitches using the ProTable module from Sybyl. Ramachandran plot of the backbone torsion 
angles psi and phi, the location of exposed nonpolar residues/buried polar residues and local geometry were inspected. 
Using Kollman united force field with dielectric constant set at 4.0 and nonbonding cut-off set at 9.0, the protein was 
exposed to energy minimization following gradient termination of the Powell method of 3000 iterations. Using tripos force 
field and Gasteiger charge with nonbonding cut-off set at 9.0 and the dielectric constant set at 4.0, energy minimization 
for all the synthesized derivatives and standard chlorobiocin, were carried out by Powell method for 3000 repetitions. In 
order to favour the binding affinity, in sybyl software using the surflex-dock programme, all the synthesized compounds 
were docked to DNA gyrase subunit A (PDB code: 1KZN) by incremental construction approach of building the structure 
in the active site. In order to have the final conclusion, various scoring functions were considered. All the docked ligands 
were graded based on the single consensus score (C-score).

3. Result and discussion
3.1. Chemistry
The literature reveals that there are generally two types of reactions used to construct 2-aryl benzoxazoles (compounds 
1-14). One method involves transition metal catalysed intramolecular cyclisation of o-haloanilides [29], another is the 
condensation of 2-aminophenol with either aromatic aldehyde [30], or carboxylic acid derivatives [31] under strong 
oxidative conditions. These methods often suffer from many drawbacks such as the use of strongly acidic conditions, use 
of toxic catalysts, longer reaction time, lower product yield, use of solvent and reagents in large excess. To overcome these 
drawbacks, major efforts have been made for the development of environmentally benign new synthetic strategies with 
lesser impact on the environment. Tremendous progress has been made in synthesis of benzoxazoles by condensation 
method, but still there is a scope for development of environmentally benign synthetic approach by using highly efficient 
catalysts. Herein we report, environmentally benign synthesis of 2-phenyl substituted benzoxazoles (compounds 1-14) 
starting from 2-amino phenol and substituted aldehydes using green catalyst “fly ash”. (Scheme 1). In order to check the 
feasibility of the planned reaction methodologies, we have explored a variety of substituted aldehydes and amino phenol 
handles containing both electron-withdrawing and electron donating functional groups. 

Scheme 1 describes the synthetic outlines for novel 2-substituted benzoxazole derivatives (compounds 1-14). Detailed 
synthetic procedures of 2-phenyl substituted benzoxazole derivatives (1-14) can be found in the materials and methods 
section.
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Compounds synthesized under Scheme 1 are shown below with reaction time (h) and yield (%) data. (Table 1)
Synthetic procedure for N-phenyl-1,3-benzoxazol-2-amine derivatives involves in situ I2-mediated oxidative 

cyclodesulfurization (Scheme 2). In the literature, there are various approaches for the synthesis of N-phenyl-1,3-
benzoxazol-2-amine derivatives (compounds 15-26). One of the common methodology to synthesise N-phenyl-1,3-
benzoxazol-2-amine derivatives involve the cyclodesulfurization reaction of in situ generated monothioureas by the 
reaction of bis-nucleophiles such as aminophenol or O-phenylenediamine derivatives. Most common desulfurization 
reagents used in the past were BOP reagent [32], 1,10-(ethane-1,2-diyl) dipyridinium bistribromide (EDPBT) [33], 
hypervalent iodine(III) reagents [34], TsCl/NaOH [35], polymer-supported carbodiimide [36], LiOH/H2O2 [37], and 

HgO [38]. Most of these methodologies encounter one or other limitations such as high cost reagents or use of highly 
toxic reagents. Some conversions demand harsh reaction conditions or long reaction times with low chemo selectivity 
and yields. Herein, we describe synthesis of N-phenyl-1,3-benzoxazol-2-amine derivatives utilising less expensive and 
I2-mediated oxidative cyclodesulfurization. In order to check the feasibility of the planned reaction methodologies, we 
have explored a variety of substituted isothiocyanate, aminophenol handles containing both electron-withdrawing and 
electron-donating functional groups. 

Table 1. Compounds synthesized under Scheme 1.
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Synthetic outlines for the synthesis of substituted N-phenyl-1,3-benzoxazol-2-amine derivatives are shown in Scheme 
2 (compounds 15-26). Detailed synthetic procedures of 2-N-phenyl substituted benzoxazole derivatives (15-26) are given 
in the materials and methods section.

Compounds synthesized under Scheme 2 are shown below with reaction time (h) and yield (%) data (Table 2).
The current methodology brings several advantages such as use of an environmentally benign process and single step 

synthesis with good yields (70% to 80%). All the 2-substituted benzoxazole derivatives 1-26 from both the series were 
found to be air and light stable.
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Table 2. Compounds synthesized under Scheme 2.
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3.2. Proposed mechanism
3.2.1. Synthesis of 2-Aryl benzoxazoles (compounds 1-14)
Mechanistic aspects of synthesising 2-aryl benzoxazole (C) using environmentally benign process are outlined in Figure 
3. Fly ash is a by-product, resulting from the combustion of pulverized coal in the form of fine powder. It is a waste air-
pollutant. Fly ash is composed of many chemical species [39]. Main contents of the fly ash are oxides of metals, namely 
MgO, CaO, Fe2O3, SiO2, Al2O3, and insoluble residues [40]. Waste fly ash can be converted into its activated form by heating 
in a hot air oven for 2 h at 110 °C. The chemical residues, such as oxides of mixed metals (MgO, CaO, Fe2O3, SiO2, and 
Al2O3), are present in the fly ash, which enhances the catalytic activity. The proposed general reaction mechanism is shown 
in Figure 3. The preheated fly ash in all probability acts as a solid catalyst which assists in the activation of aldehyde and 
the subsequent dehydration to form an intermediate imine (A). In the presence of O-hydroxyl group, intermediate imine 
(A) will undergo cyclization to produce 2-substituted-2, 3-dihydro-benzoxazole (B), which will finally get converted to the 
required 2-Aryl benzoxazole (C) via aerial oxidation. Literature supports similar mechanism for this type of condensation 
in the presence of other catalysts [41, 42, 43]. 
3.2.2. Synthesis of N-phenyl-1,3-benzoxazol-2-amine derivatives (compounds 15-26)
Mechanistic aspects of synthesising 2-Amino-aryl benzoxazole (E) utilising environmentally benign process is explained 
in Figure 4. Application of molecular iodine in organic synthesis has increased considerably due to its eco-friendly nature 
and numerous advantages associated with it [44]. Recently, synthesis of 1, 3, 4-oxadiazoles was reported by Pengfei et al. 
via I2-mediated oxidative intramolecular C−O bond formation [45, 46].

A plausible reaction mechanism for the formation of N-phenyl-substituted benzoxazol-2-amine (E) is shown below 
(Figure 4) [44]. The base-promoted oxidative iodination of intermediate D generates an iodide intermediate D1. Base 
promoted cyclization of D1, will form a new C−O bond intermediate (D2). Finally, the subsequent regeneration of I2 and 
elemental sulphur affords the amino aryl benzoxazole (E) (Scheme 2).
3.3. Antimicrobial activity	
In the current research, overall twenty six benzoxazole derivatives from 2-aryl benzoxazoles (14 compounds) and N-phenyl-
1,3-benzoxazol-2-amine scaffolds (12 compounds) were screened for their in vitro antifungal and antibacterial potential. 

 

Figure 3: Plausible mechanism for fly ash catalysed benzoxazole formation  
 

 

Figure 4: Plausible mechanism for I2‑‑base mediated oxidative C−O benzoxazole 

formation  

Figure 3. Plausible mechanism for fly ash-catalysed benzoxazole formation. 

Figure 4. Plausible mechanism for I2‑base mediated oxidative C−O benzoxazole formation. 
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Cefixime and griseofulvin were taken as a positive control standard for antibacterial and antifungal studies, respectively. 
Antimicrobial activity of all the compounds from series 1 and 2 were carried out at the predetermined concentration of 25 
µg/mL. Summarised antimicrobial study results were collated in Table 3 and Figures 5 and 6.

Table 3. Antibacterial and antifungal activity of samples zone of inhibition in mm) and in percentage.

Compound
details

Zone of inhibition in mm and percentage @ 25 µg/mL

S.A
mm

S.A
%

S.P
mm

S.P
%

E.C
mm

E.C
%

P.A
mm

P. A
%

C.A
mm

C. A
%

A.C
mm

A.C
%

Gram-positive bacteria Gram-negative bacteria Fungal strains
  2-phenyl benzoxazole scaffold  
Sample -1 15 54% 17 69% 10 40% 15 55% 21 68% 21 68%
Sample -2 20 72% 15 61% 12 50% 16 62% 23 73% 22 70%
Sample -3 16 58% 11 47% 15 63% 17 67% 24 78% 23 73%
Sample -4 20 72% 18 73% 17 61% 18 71% 20 64% 21 68%
Sample -5 19 63% 18 68% 15 61% 13 56% 21 68% 20 64%
Sample -6 14 51% 15 60% 13 55% 16 62% 22 70% 18 55%
Sample -7 19 66% 16 65% 18 63% 18 71% 23 73% 19 59%
Sample -8 16 58% 18 73% 18 63% 13 51% 21 68% 17 52%
Sample -9 17 61% 13 51% 17 61% 16 62% 22 70% 18 55%
Sample -10 13 54% 11 50% 7 35% 12 50% 21 68% 21 68%
Sample -11 12 50% 21 82% 17 61% 16 62% 20 64% 22 70%
Sample -12 19 68% 19 76% 19 66% 13 51% 19 61% 20 64%
Sample -13 14 49% 14 60% 15 70% 18 71% 21 68% 19 59%
Sample -14 18 63% 16 65% 18 72% 13 51% 20 64% 21 68%
  2-N-phenyl benzoxazole scaffold  
Sample -15 17 61% 18 73% 16 60% 16 62% 21 68% 23 73%
Sample -16 15 53% 17 67% 19 76% 14 50% 22 70% 22 70%
Sample -17 19 66% 16 65% 16 65% 17 67% 20 64% 21 68%
Sample -18 21 81% 19 82% 20 85% 22 76% 19 61% 20 64%
Sample -19 20 72% 12 47% 19 77% 14 60% 21 68% 19 59%
Sample -20 18 63% 15 61% 17 69% 15 59% 23 73% 17 52%
Sample -21 23 80% 22 85% 22 90% 20 72% 22 70% 19 59%
Sample -22 21 78% 19 76% 20 80% 17 67% 21 68% 21 68%
Sample -23 16 58% 20 79% 16 66% 12 47% 20 64% 20 64%
Sample -24 14 50% 17 69% 17 69% 18 71% 19 61% 21 68%
Sample -25 19 66% 16 65% 18 73% 13 51% 22 70% 18 55%
Sample -26 21 78% 17 69% 19 78% 12 47% 21 68% 22 70%
  Positive controls  

Cefixime
22   19   18   20          
29   26   25   28          
33   35   36   37          

Griseofulvin 
                34   35  
                47   43  
                52   55  

CA: Candida albicans; AC: Aspergillus Clavatus. SA: Staphylococcus aureus; SP: Streptococcus pyrogenes; EA: Escherichia coli; PA: 
Pseudomonas aeruinosa. 
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3.3.1. Antibacterial activity-Short SAR
All the test compounds from both the series viz. 2-phenyl benzoxazole and 2-Amino phenyl benzoxazoles showed 
significant antibacterial activity. Among the tested samples, compounds from 2-amino phenyl benzoxazole series showed 
higher antibacterial potential than 2-phenyl benzoxazole scaffold. Compound-18 showed higher antibacterial activity 
against Staphylococcus aureus (81% inhibition at 25 µg/mL). Both compound-18 and compound-21 showed potent activity 
against Streptococcus pyogenes (82%, inhibition) and staphylococcus aureus (85% inhibition). Compound-21 showed the 
highest antibacterial activity against Escherichia coli with 90 % of inhibition of growth. Observed inhibition of compound 
21 against pseudomonas aeruginosa is 72%. 

The compound 1 from aryl benzoxazole series showed moderate E. coli activity. In order to boost the E. coli activity, 
NH group was inserted between the phenyl and benzoxazole ring. To our surprise, the compound 18 containing 
an “F” substituent at phenyl ring has shown improved E. coli activity. Introduction of a methyl group at 7th position 
(compound-21) further boosted the activity against E. coli (Figure 7). Observed biological activities are consistent with the 
molecular docking studies and consensus score function calculated using surflex docking.

With encouraging results from the disk diffusion studies, two active compounds were evaluated for MIC assay, in order 
to find the lowest concentration capable of inhibiting the bacterial growth. The MIC values are provided in the Table 4. 
Both the compounds demonstrated the potential antimicrobial profiles against gram-negative strains (P. aeruginosa and E. 
coli) with MICs (approximately 1 µg mL−1)
3.3.2. Antifungal activity
All the test samples from both the series viz. 2-phenyl benzoxazole and 2-amino phenyl benzoxazole series showed 
significant antifungal activity. Among them, compound-2, 3, and 20 showed good antifungal activity against Candida 

 

 

Figure 5: Graphical illustration of in vitro toxicity effect of all compounds against 

bacteria 

 

Figure 6: Graphical illustration of in vitro toxicity effect of all compounds against fungi 

Figure 5. Graphical illustration of in vitro toxicity effect of all compounds against bacteria.

Figure 6. Graphical illustration of in vitro toxicity effect of all compounds against fungi.
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albicans with percentage inhibition of >70%. Furthermore, these compounds showed good antifungal activity against 
Aspergillus clavatus with >70% or higher percentage inhibition. 

With encouraging results from the disk diffusion studies, five active compounds were evaluated for MIC assay in order 
to find the lowest concentration, capable of inhibiting the fungal growth. The MIC values are provided in Table 5. Most of 
the compounds demonstrated the potential antimicrobial profiles against Aspergillus clavatus and Candida albicans with 
MICs (approximately 1 µg mL−1)
3.4. Molecular docking studies
In order to get the insights on mechanism of antimicrobial activities of the synthesized benzoxazole derivatives, the docking 
studies and molecular modelling were performed. For the molecular docking studies, X-ray crystal structure of PDB code: 
1KZN; resolution 2.30 Å- DNA gyrase E. coli 24 kDa domain in complex with clorobiocin was utilised with the help of 
sybyl-X software’s surflex-dock programme. Clorobiocin is an amino coumarin antibiotic which acts by inhibiting the 
DNA gyrase enzyme. Binding mode and the “H” bond interactions displayed by clorobiocin is shown in Figures 8A–8C). 

Figure 7: Co-relation of E.Coli In-Vitro biological activity and surflex docking results for 

benzoxazole derivatives (Short SAR) Table 4. Minimum inhibitory concentrations (MIC50) of two benzoxazole derivatives against four 
bacteria.

Compounds
MIC50 (µg/mL)

S. aureus S. pyogenes E. coli P. aeruginosa

Compound-18 15.3  ± 04 16.1 ± 02 16.5 ± 07 16.6 ± 04
Compound-21 15.2 ± 03 14.8 ± 05 13.2 ± 01 18.7 ± 05
Cefixime 0.9 ± 0.05 0.8 ± 0.06 1 ± 0.03 0.9 ± 0.04

Figure 7. Correlation of E. coli in vitro biological activity and surflex docking results for benzoxazole derivatives (Short SAR).

Table 5. Minimum inhibitory concentrations (MIC50) of two benzoxazole 
derivatives against two Fungi.

Compounds
MIC50 (µg/mL)

C. albicans A. clavatus

Compound-2 17 ± 0.4 NA
Compound-3 16 ± 0.3 17 ± 0.3
Compound-11 NA 17 ± 0.2
Compound-20 15 ± 0.1 NA
Compound-26 NA 16 ± 0.3
Griseofulvin 1.5 ± 0.2 1.3 ± 0.2
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Chlorobiocin has displayed key hydrogen bonding interactions of ASN46 (1.72 Å; 2.29 Å; 2.67 Å), ASP73 (2.04Å; 3.72 Å), 
and ARG136 (2.49 Å; 1.91 Å; 2.52 Å).

The binding mode of all the ligands docked in the active site of the enzyme is shown in Figures 8A and 8B. Expected 
binding energies of the compounds calculated using surflex-dock programme are recorded in Table 6. As per the docking 
study, all the ligands from both the series have shown very good docking score with respect to E. coli.

Docking poses of each of the ligands were analysed for the key interactions with the protein. For the majority of the 
compounds, hydrophobic and hydrophilic interactions at active sites of the protein were conserved (ASN46 amino acid 
residue). Figures 9A and 9B represent docked view of all the compounds at the active site of the DNA gyrase enzyme. Out 
of all the compounds under investigation, compounds 21 and 18 showed interesting docking outcomes. 

Figures 10A–10C and Figures 11A–11C represent the 3D views for the compounds 21 and 18, respectively, when 
docked in the chlorobiocin binding site. The outcome shows that the compounds are well integrated into the binding 
pocket as in the case of chlorobiocin.

As shown in Figures 10A–10C), at the active site of the enzyme (PDB ID: 1KZN), compound 21 was involved in the 
two key hydrogen bonding interactions. Hydrogen atom of the amino group in the 2nd position of benzoxazole ring 
(NH-Ar) and oxygen atom of ASN46 (N-H-----O-ASN46, 2.30 Å) creates a hydrogen bonding interaction. Docked view 
also showed additional interaction of hydrogen atom of THR165 (N-----H-THR165, 2.23 Å) with nitrogen atom (N) of 
benzoxazole ring.

As portrayed in Figures 11A–11C, compound 18 at the active site of the enzyme (PDB ID: 1KZN) also exhibited similar 
pattern of two hydrogen bonding interactions. Hydrogen atom of amino group present on the 2nd position of benzoxazole 
ring (NH-Ar) and oxygen atom of ASN46 (N-H-----O-ASN46, 2.44 Å) makes a hydrogen bonding interaction. Another 
interaction came from hydrogen atom of THR165 (N-----H-THR165, 2.25 Å) with nitrogen atom (N) of benzoxazole ring.

Figures 12A and 12B signify the additional hydrophilic and hydrophobic amino acids encircled around the studied 
compounds 21 and 18. 
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Figure 8. Docked vision of chlorobiocin at the active site of the enzyme PDB: 1KZN.
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All the compounds showed a consensus score in the range of 6.50–1.86. Consensus score indicates the summation of 
all the forces of interface between the protein and ligands calculated via surflex dock program. These scores signify that the 
molecules are favourably binding to the protein in comparison to the reference chlorobiocin (Table 6). We anticipate the 

Table 6. Surflex docking score (kcal/mol) of the derivatives.

Compounds C scorea Crash scoreb Polar scorec D scored PMF scoree G scoref Chem scoreg

Chlorobiocin ligand 12.14 –1.21 5.33 –189.513 –76.407 –135.711 –34.514

21 6.50 –1.16 1.07 –110.684 –10.157 –179.958 –26.970

26 6.37 –1.21 1.04 –109.258 –14.587 –191.905 –26.152

24 6.31 –1.21 1.03 –113.284 –13.841 –187.995 –26.039

20 6.22 –1.21 1.04 –103.153 –14.226 –182.568 –25.451

18 5.97 –1.12 1.06 –107.177 –11.794 –168.904 –25.606

11 5.76 –0.47 0.04 –95.768 –16.959 –183.261 –21.980

10 5.38 –0.36 0.00 –98.595 –9.572 –169.014 –21.588

14 5.33 –0.52 0.68 –94.879 –22.125 –174.047 –21.997

5 5.16 –0.54 0.00 –106.419 0.342 –172.461 –24.350

4 5.15 –0.81 0.77 –99.238 –14.442 –157.338 –24.249

22 5.13 –1.40 0.00 –102.502 –20.543 –168.249 –19.687

19 4.94 –0.34 1.13 –84.180 –35.500 –124.692 –18.652

25 4.92 –0.48 0.00 –98.863 –30.642 –173.096 –19.423

17 4.49 –1.43 1.01 –121.605 –17.512 –190.037 –27.384

1 4.31 –1.24 0.97 –110.563 –9.570 –167.539 –27.727

16 4.29 –0.55 0.00 –119.135 –12.203 –184.250 –22.019

8 4.20 –0.46 0.00 –107.520 –11.136 –167.965 –24.504

6 4.11 –1.48 0.10 –121.917 –10.342 –211.169 –25.214

15 4.06 –1.51 0.71 –127.579 –14.871 –201.069 –28.226

7 3.97 –1.63 0.90 –114.840 –6.916 –171.135 –26.125

12 3.91 –0.43 0.04 –76.655 –23.335 –164.867 –17.523

9 3.51 –0.60 0.00 –68.726 –18.233 –151.434 –16.096

23 3.44 –1.19 0.00 –96.530 5.867 –149.220 –22.389

2 2.96 –0.31 0.68 –60.627 –33.274 –132.683 –16.842

13 2.15 –1.01 0.01 –76.943 –32.598 –153.307 –17.537

3 1.86 –0.97 0.03 –74.997 –31.224 –157.151 –17.272

a Consensus score (CScore) integrates a number of general scoring functions for grading the affinity of ligands bound to the active site 
of a receptor and reports the output of total score.
b Crash score demonstrates the unfitting penetration into the binding site. Crash scores close to 0 are encouraging. Negative numbers 
specify penetration.
c Polar score indicates the influence of the polar interactions to the total score. The polar score may be valuable for excluding docking 
results that make no hydrogen bonds.
d D-score used for van der Waals interactions and charge between the ligand and the protein. 
e PMF (potential of mean force) score indicates the Helmholtz free energies of relations for protein-ligand atom pairs .
f G-score shows hydrogen bonding, internal (ligand-ligand), and complex (ligand-protein) energies. 
g Chem-score facts for lipophilic contact, H-bonding and rotational entropy, alongside with an intercept term.
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key hydrogen bond interaction of these benzoxazole moieties with ASN46 amino acid residue may be accountable for the 
consistent antibacterial activity as referred to clorobiocin.
4. Conclusion
Synthesis, biological activity and molecular docking studies of two distinct benzoxazole scaffolds are reported in this 
research work. Eco-friendly synthetic methodologies were utilised for the synthesis of both the scaffolds with quantitative 
yield. All synthesized benzoxazole derivatives demonstrated substantial antibacterial activity against Staphylococcus 
aureus, Streptococcus Pyogenes, P. Aeruginosa, and E. coli at 25 μg/mL. Furthermore, these compounds showed remarkable 
antifungal activities against Aspergillus clavatus and Candida albicans in comparison to the standard griseofulvin. 
Specifically, the compounds 18 and compound 21 displayed significant antimicrobial potential. Molecular docking studies 
were executed, to understand the basis of potential antimicrobial activity. Docking experiments revealed that these 
compounds are interacting in a similar fashion to the known DNA gyrase inhibitor chlorobiocin. Hence, we conclude that 
benzoxazole derivatives from 2-amino phenyl benzoxazole scaffolds could serve as suitable DNA gyrase inhibitors and 
may be developed as novel classes of potent antibiotic agents.

 

 

 

Figure 9: All the compounds at the active site of the enzyme PDB ID: 1KZN- docked view 
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Figure 10: Interface of compound 21 at the binding site of the enzyme (PDB ID: 1KZN) 

   

A 

B 

C 

A 

B 

Figure 9. All the compounds at the active site of the enzyme PDB ID: 1KZN- docked view.

Figure 10. Interface of compound 21 at the binding site of the enzyme (PDB ID: 1KZN).
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Figure 12: A) Hydrophobic amino acids encircled to compounds 21 (green colour) and 18 

(cyan colour). B) Hydrophilic amino acids encircled to compounds 21 and 18. 
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Figure 11: Interface of compound 18 at the binding site of the enzyme (PDB ID: 1KZN) 
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Figure 11. Interface of compound 18 at the binding site of the enzyme (PDB ID: 1KZN).

Figure 12. A) Hydrophobic amino acids encircled to compounds 21 (green colour) and 18 (cyan colour). B) Hydrophilic 
amino acids encircled to compounds 21 and 18.

References

1.	 McCarthy MW, Baker T, Satlin MJ, Walsh TJ. Antibacterial and antifungal agents: The challenges of antimicrobial-resistant infections in 
immunocompromised hosts. Management of Infections in the Immunocompromised Host 2018; 297-315. https://doi.org/10.1007/978-3-
319-77674-3_15



SHANBHAG et al. / Turk J Chem

277

2.	 Sadek B, Fahelelbom KM. Synthesis, characterization, and antimicrobial evaluation of oxadiazole congeners. Molecules 2011; 16 (6): 4339-
4347. https://doi.org/10.3390/molecules16064339

3.	 Uddin K, Naimmohd J, Kumar A. Biological potential of benzoxazole derivatives: An updated review. Asian Journal of Pharmaceutical 
and Clinical Research 2020; 13 (8): 28-41. https://doi.org/10.22159/ajpcr.2020.v13i8.37958

4.	 Lingling F, Luo Z, Yang C, Guo B, Miao J et al. Design and synthesis of small molecular 2-aminobenzoxazoles as potential antifungal 
agents against phytopathogenic fungi. Molecular Diversity 2021; 26 (2): 981-992. https://doi.org/10.1007/s11030-021-10213-7

5.	 Moraski GC, Chang M, Villegas-Estrada A, Franzblau SG, Möllmann U et al. Structure–activity relationship of new anti-tuberculosis 
agents derived from oxazoline and oxazole benzyl esters. European Journal of Medicinal Chemistry 2010; 45 (5): 1703-1716. https://doi.
org/10.1016/j.ejmech.2009.12.074

6.	 Kuzu B, Hepokur C, Alagoz MA, Burmaoglu S, Algul O. Synthesis, biological evaluation and in silico studies of some 2‐substituted 
benzoxazole derivatives as potential anticancer agents to breast cancer. ChemistrySelect 2022; 7 (1): e202103559. https://doi.org/10.1002/
slct.202103559

7.	 Salgın-Gökşen U, Gökhan-Kelekçi N, Göktaş Ö, Köysal Y, Kılıç E et al. 1-acylthiosemicarbazides, 1,2,4-triazole-5(4h)-thiones, 
1,3,4-thiadiazoles and hydrazones containing 5-methyl-2-benzoxazolinones: Synthesis, analgesic-anti-inflammatory and antimicrobial 
activities. Bioorganic & Medicinal Chemistry 2007; 15 (17): 5738-5751. https://doi.org/10.1016/j.bmc.2007.06.006

8.	 Perron-Sierra FM, Pierré A, Burbridge M, Guilbaud N. Novel Bicyclic oxazolone derivatives as anti-angiogenic agents. Bioorganic & 
Medicinal Chemistry Letters 2002; 12 (11):1463-1466. https://doi.org/10.1016/S0960-894X(02)00197-X 

9.	 Roy RS, Kelleher NL, Milne JC, Walsh CT. In vivo processing and antibiotic activity of microcin B17 analogs with varying ring content and 
altered bisheterocyclic sites. Chemistry &amp; Biology 1999; 6 (5): 305-318. https://doi.org/10.1016/s1074-5521(99)80076-3

10.	 Sheng C, Che X, Wang W, Wang S, Cao Y et al. Design and synthesis of antifungal benzoheterocyclic derivatives by scaffold hopping. 
European Journal of Medicinal Chemistry 2011; 46 (5): 1706-1712. https://doi.org/10.1016/j.ejmech.2011.01.075

11.	 Zilifdar Foto F, Foto E, Ertan-Bolelli T, Yildiz I. Biological activity and ADME/tox prediction of some 2-substituted benzoxazole derivatives. 
Bioorganic Chemistry 2022; 123: 105756. https://doi.org/10.1016/j.bioorg.2022.105756

12.	 Krishna Cheerala VS, Ghanta P, Neelakantan SC. Design, synthesis and in silico screening of benzoxazole–thiazolidinone hybrids as 
potential inhibitors of SARS-COV-2 proteases. RSC Advances 2021; 11 (62): 39328-39342. https://doi.org/10.1039/D1RA07504G

13.	 Rodrigues M, Sharath BS, Bennehalli B, Vagdevi HM. Synthesis, biological evaluation and molecular docking studies of heterocycle 
encompassed benzoxazole derivatives as antimicrobial agents. Materials Today: Proceedings 2022; 49: 849-853. https://doi.org/10.1016/j.
matpr.2021.05.671

14.	 Omar A-M, AboulWafa OM, El-Shoukrofy MS, Amr ME. Benzoxazole derivatives as new generation of anti-breast cancer agents. 
Bioorganic Chemistry 2020; 96: 103593. https://doi.org/10.1016/j.bioorg.2020.103593

15.	 Chundawat NS, Shanbhag GS, Chauhan NP. Chemical synthesis and molecular modeling of novel substituted N-1,3-benzoxazol-2yl 
benzene sulfonamides as inhibitors of inha enzyme and mycobacterium tuberculosis growth. Journal of the Iranian Chemical Society 
2020; 18 (4): 903-920. https://doi.org/10.1007/s13738-020-02080-0

16.	 Davis RL. Mechanism of action and target identification: A matter of timing in drug discovery. iScience 2020; 23 (9): 101487. https://doi.
org/10.1016/j.isci.2020.101487

17.	 Ferreira L, dos Santos R, Oliva G, Andricopulo A. Molecular docking and structure-based drug design strategies. Molecules 2015; 20 (7): 
13384-13421. https://doi.org/10.3390/molecules200713384

18.	 Charifson, Paul S, Anne-Laure Grillot, Trudy H. Grossman, Jonathan D. Parsons, Michael Badia, et al. Novel dual-targeting benzimidazole 
urea inhibitors of DNA gyrase and topoisomerase IV possessing potent antibacterial activity: Intelligent design and evolution through the 
judicious use of structure-guided design and stucture−activity relationships. Journal of Medicinal Chemistry 2008; 51 (17): 5243-5263. 
https://doi.org/10.1021/jm800318d

19.	 Haydon DJ, Czaplewski LG, Palmer NJ, Mitchell DR, Atherall JF et al. Antibacterial compositions. Patent WO2007148093 A1, December 
2007. 

20.	 Axford LC, Agarwal PK, Anderson KH, Andrau LN, Atherall J et al. Design, synthesis and biological evaluation of α-substituted 
isonipecotic acid benzothiazole analogues as potent bacterial type II topoisomerase inhibitors. Bioorganic & Medicinal Chemistry Letters 
2013; 23 (24): 6598-6603. https://doi.org/10.1016/j.bmcl.2013.10.058

21.	 Reddy GM, Kumari AK, Reddy VH, Garcia JR. Novel pyranopyrazole derivatives comprising a benzoxazole core as antimicrobial inhibitors: 
Design, synthesis, microbial resistance and machine aided results. Bioorganic Chemistry 2020;100:103908. https://doi.org/10.1016/j.
bioorg.2020.103908

22.	 Oksuzoglu, E, Tekiner-Gulbas B, Alper S, Temiz-Arpaci O, Ertan T et al., Some benzoxazoles and benzimidazoles as DNA topoisomerase I 
and II inhibitors. Journal of Enzyme Inhibition and Medicinal Chemistry 2008; 23 (1): 37-42. https://doi.org/10.1080/14756360701342516

https://doi.org/10.3390/molecules16064339
https://doi.org/10.22159/ajpcr.2020.v13i8.37958
https://doi.org/10.1007/s11030-021-10213-7
https://doi.org/10.1016/j.ejmech.2009.12.074
https://doi.org/10.1016/j.ejmech.2009.12.074
https://doi.org/10.1002/slct.202103559
https://doi.org/10.1002/slct.202103559
https://doi.org/10.1016/j.bmc.2007.06.006
https://doi.org/10.1016/S0960-894X(02)00197-X
https://doi.org/10.1016/j.ejmech.2011.01.075
https://doi.org/10.1016/j.bioorg.2022.105756
https://doi.org/10.1039/D1RA07504G
https://doi.org/10.1016/j.matpr.2021.05.671
https://doi.org/10.1016/j.matpr.2021.05.671
https://doi.org/10.1016/j.bioorg.2020.103593
https://doi.org/10.1007/s13738-020-02080-0
https://doi.org/10.1016/j.isci.2020.101487
https://doi.org/10.1016/j.isci.2020.101487
https://doi.org/10.3390/molecules200713384
https://doi.org/10.1021/jm800318d
https://doi.org/10.1016/j.bmcl.2013.10.058
https://doi.org/10.1016/j.bioorg.2020.103908
https://doi.org/10.1016/j.bioorg.2020.103908
https://doi.org/10.1080/14756360701342516


SHANBHAG et al. / Turk J Chem

278

23.	 Heddle J, Maxwell A. Quinolone-binding pocket of DNA gyrase: Role of Gyrb. Antimicrobial Agents and Chemotherapy 2002; 46 (6): 
1805-1815. https://doi.org/10.1128/AAC.46.6.1805-1815.2002

24.	 Rios JL, Recio MC, Villar A. Screening methods for natural products with antimicrobial activity: A review of the literature. Journal of 
Ethnopharmacology 1988; 23 (2-3): 127-149. https://doi.org/10.1016/0378-8741(88)90001-3

25.	 Alzoreky NS, Nakahara K. Antibacterial activity of extracts from some edible plants commonly consumed in Asia. International Journal 
of Food Microbiology 2003; 80 (3): 223-230. https://doi.org/10.1016/S0168-1605(02)00169-1

26.	 McCracken WA, Cowsan RA. Clinical and Oral Microbiology; Hemispher Publishing Corporation: New York, 512, 1983. 

27.	 Tripos International (2012) Sybyl-X 2.0, Tripos International, St. Louis, MO, USA.

28.	 Lafitte D, Lamour V, Tsvetkov PO, Makarov AA, Klich M et al. DNA gyrase interaction with coumarin-based inhibitors:  the role of the 
hydroxybenzoate isopentenyl moiety and the 5‘-methyl group of the NOVIOSE. Biochemistry 2002; 41 (23): 7217-7223. https://doi.
org/10.1021/bi0159837

29.	 Evindar G, Batey RA. Parallel synthesis of a library of benzoxazoles and benzothiazoles using ligand-accelerated copper-catalyzed 
cyclizations of ortho-halobenzanilides. The Journal of Organic Chemistry 2006; 71 (5): 1802-1808. https://doi.org/10.1021/jo051927q

30.	 Moghaddam M, Ghasem Rezanejade Bardajee F, Ismaili H, Dokht Taimoory SM. Facile and efficient one‐pot protocol for the synthesis 
of benzoxazole and benzothiazole derivatives using molecular iodine as catalyst. Synthetic Communications 2006; 36 (17): 2543-2548. 
https://doi.org/10.1080/00397910600781448

31.	 Patil SS, Bobade VD. Simple and efficient one-pot synthesis of 2-substituted benzoxazole and benzothiazole. Synthetic Communications 
2009; 40 (2): 206-212. https://doi.org/10.1080/00397910902906602

32.	 Wan Z-K, Ousman EF, Papaioannou N, Saiah E. Phosphonium-mediated cyclization of N-(2-aminophenyl)thioureas: Efficient synthesis 
of 2-aminobenzimidazoles. Tetrahedron Letters 2011; 52 (32): 4149-4152. https://doi.org/10.1016/j.tetlet.2011.05.146

33.	 Yella R, Patel BK. One-pot synthesis of five and six membered N, O, S-heterocycles using a ditribromide reagent. Journal of Combinatorial 
Chemistry 2010; 12 (5): 754-763. https://doi.org/10.1021/cc100124q

34.	 Ghosh H, Yella R, Nath J, Patel BK. Desulfurization mediated by hypervalent iodine(iii): A novel strategy for the construction of 
Heterocycles. European Journal of Organic Chemistry 2008; (36): 6189-6196. https://doi.org/10.1002/ejoc.200800901

35.	 Heinelt U, Schultheis D, Jäger S, Lindenmaier M, Pollex A, Beckmann HS. A convenient method for the synthesis of 2-amino substituted 
aza-heterocycles from N,n′-disubstituted thioureas using TSCl/NaOH. Tetrahedron 2004; 60 (44): 9883-9888. https://doi.org/10.1016/j.
tet.2004.08.031

36.	 Cee VJ, Downing NS. A one-pot method for the synthesis of 2-aminobenzimidazoles and related heterocycles. Tetrahedron Letters 2006; 
47 (22): 3747-3750. https://doi.org/10.1016/j.tetlet.2006.03.112

37.	 Tian Z, Plata DJ, Wittenberger SJ, Bhatia AV. A general synthesis of N-aryl- and N-alkyl-2-aminobenzoxazoles. Tetrahedron Letters 2005; 
46 (48): 8341-8343. https://doi.org/10.1016/j.tetlet.2005.09.177

38.	 Perkins JJ, Zartman AE, Meissner RS. Synthesis of 2-(alkylamino)benzimidazoles. Tetrahedron Letters 1999; 40 (6): 1103-1106. https://
doi.org/10.1016/S0040-4039(98)02592-1

39.	 Thirunarayanan G, Mayavel P, Thirumurthy K. Fly-ash:H2SO4 catalyzed solvent free efficient synthesis of some aryl chalcones under 
microwave irradiation. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2012; 91: 18-22. https://doi.org/10.1016/j.
saa.2012.01.054

40.	 Alterary SS, Marei NH. Fly ash properties, characterization, and applications: A Review. Journal of King Saud University - Science 2021; 
33 (6): 101536. https://doi.org/10.1016/j.jksus.2021.101536

41.	 Madhusudana Reddy MB, Nizam A, Pasha MA. Zn(OAc)2 • 2h2O-catalyzed, simple, and clean procedure for the synthesis of 2-substituted 
benzoxazoles using a grindstone method. Synthetic Communications 2011; 41 (12): 1838-1842. https://doi.org/10.1080/00397911.2010.49
3260

42.	 Ranganathan A, Vijayakumar S, Sakthinathan SP, Kamalakkannan D, Ranganathan K et al. Preheated fly-ash catalyzed aldol condensation: 
Efficient synthesis of chalcones and antimicrobial activities of some 3-Thienyl Chalcones. Journal of the Chilean Chemical Society 2013; 
58 (2): 1684-1690. http://dx.doi.org/10.4067/S0717-97072013000200008 

43.	 Rajput JK, Kaur G. Silicotungstic acid catalysed Claisen Schmidt condensation reaction: An efficient protocol for synthesis of 1, 3-Diaryl-
2-propenones. Tetrahedron Letters 2012; 53 (6): 646-649. https://doi.org/10.1016/j.tetlet.2011.11.109 

44.	 Jadhav PM, Rode AB, Kótai L, Pawar RP, Tekale SU. Revisiting applications of molecular iodine in organic synthesis. New Journal of 
Chemistry 2021; 45 (36): 16389-16425. https://doi.org/10.1039/D1NJ02560K

45.	 Niu P, Kang J, Tian X, Song L, Liu H et al. Synthesis of 2-amino-1, 3, 4-oxadiazoles and 2-amino-1, 3, 4-thiadiazoles via sequential 
condensation and I2-mediated oxidative C–O/C–S bond formation. The Journal of Organic Chemistry 2014; 80 (2): 1018-1024. https://
doi.org/10.1021/jo502518c

https://doi.org/10.1128/AAC.46.6.1805-1815.2002
https://doi.org/10.1016/0378-8741(88)90001-3
https://doi.org/10.1016/S0168-1605(02)00169-1
https://doi.org/10.1021/bi0159837
https://doi.org/10.1021/bi0159837
https://doi.org/10.1021/jo051927q
https://doi.org/10.1080/00397910600781448
https://doi.org/10.1080/00397910902906602
https://doi.org/10.1016/j.tetlet.2011.05.146
https://doi.org/10.1021/cc100124q
https://doi.org/10.1002/ejoc.200800901
https://doi.org/10.1016/j.tet.2004.08.031
https://doi.org/10.1016/j.tet.2004.08.031
https://doi.org/10.1016/j.tetlet.2006.03.112
https://doi.org/10.1016/j.tetlet.2005.09.177
https://doi.org/10.1016/S0040-4039(98)02592-1
https://doi.org/10.1016/S0040-4039(98)02592-1
https://doi.org/10.1016/j.saa.2012.01.054
https://doi.org/10.1016/j.saa.2012.01.054
https://doi.org/10.1016/j.jksus.2021.101536
https://doi.org/10.1080/00397911.2010.493260
https://doi.org/10.1080/00397911.2010.493260
https://doi.org/10.1016/j.tetlet.2011.11.109
https://doi.org/10.1039/D1NJ02560K
https://doi.org/10.1021/jo502518c
https://doi.org/10.1021/jo502518c


SHANBHAG et al. / Turk J Chem

279

46.	 Yadav VK, Srivastava VP, Yadav LD. Iodide catalyzed synthesis of 2-aminobenzoxazoles via oxidative cyclodesulfurization of phenolic 
thioureas with hydrogen peroxide. Tetrahedron Letters 2018; 59 (3): 252-255. https://doi.org/10.1016/j.tetlet.2017.12.019

47.	 Haydl AM, Hartwig JF. Palladium-catalyzed methylation of aryl, heteroaryl, and vinyl boronate esters. Organic Letters 2019; 21 (5): 1337-
1341. https://doi.org/10.1021/acs.orglett.9b00025

48.	 Nguyen LA, Dang TD, Ngo QA, Nguyen TB. Sulfur-promoted synthesis of benzoxazoles from 2-aminophenols and aldehydes. European 
Journal of Organic Chemistry 2020; (25): 3818-3821. https://doi.org/10.1002/ejoc.202000523

49.	 Liu J, Hoover JM. Cobalt-catalyzed aerobic oxidative cyclization of 2-aminophenols with Isonitriles: 2-aminophenol enabled O2 activation 
by cobalt(ii). Organic Letters 2019; 21 (12): 4510-4514. https://doi.org/10.1021/acs.orglett.9b01384

50.	 Yuki M, Matsumoto N, Miyata M, Kitamura Y, Kakusawa N et al., “One-pot reaction for the synthesis of N-substituted 2-aminobenzoxazoles 
using triphenylbismuth dichloride as cyclodesulfurization reagent.” Journal of Organometallic Chemistry 2018; 859: 18-23. https://doi.
org/10.1016/j.jorganchem.2018.01.041

51.	 Zhang Y, Ji M. Iodine promoted one-pot synthesis of 2-aryl benzoxazoles from amidoximes via oxidative cyclization and ring contraction. 
European Journal of Organic Chemistry 2019; (45): 7506-7510. https://doi.org/10.1002/ejoc.201901468

https://doi.org/10.1016/j.tetlet.2017.12.019
https://doi.org/10.1021/acs.orglett.9b00025
https://doi.org/10.1002/ejoc.202000523
https://doi.org/10.1021/acs.orglett.9b01384
https://doi.org/10.1016/j.jorganchem.2018.01.041
https://doi.org/10.1016/j.jorganchem.2018.01.041
https://doi.org/10.1002/ejoc.201901468


SHANBHAG et al. / Turk J Chem

1

Supporting Information Summary
Following details in support of current research will be found in supporting information.
Characterization of synthesised compounds
5, 7-dichloro-2-phenylbenzo[d]oxazole (1) 
TLC (SiO2): Rf = 0.45 (hexane: EtOAc = 10:1). Brown solid, yield=85%, MP: 112–115 °C. FTIR (KBr): 835, 850, 1098, 1242, 1597, 

3209 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 7.66–7.63 (m, 2H), 7.58 (d, 1H), 7.53 (d, 1H), 7.10–7.04 (m, 2H). MS: m/z [M + H] + calcd 
for C13H7Cl2NO [M + H] + 263.9903, found 264.0609.

5, 7-dichloro-2-(p-tolyl) benzo[d]oxazole (2) 
TLC (SiO2): Rf = 0.46 (hexane: EtOAc = 10:1). Brown solid, yield=87%, MP: 117–120 °C. FTIR (KBr): 838, 860, 1097, 1244, 1598, 

3207 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 8.09–8.06 (m, 2H), 7.95 (d, 1H), 7.46-7.43(m, 2H), 7.38 (d, 1H), 2.29 (s, 3H). MS: m/z [M 
+ H] + calcd for C14H9Cl2NO [M + H] + 279.1325, found 280.1506

5, 7-dichloro-2-(2, 6-dichlorophenyl) benzo[d]oxazole (3)
TLC (SiO2): Rf = 0.41 (hexane: EtOAc = 10:1). Brown solid, yield=76%, MP: 124–126 °C. FTIR (KBr): 836, 867, 1098, 1245, 1598, 

3210 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 7.91 (d, 1H), 7.65–7.61 (m, 2H), 7.50 (t, 1H), 7.26 (d, 1H). MS: m/z [M + H] + calcd for 
C13H5Cl4NO [M + H] + 332.9954, found 333.9801

7-methyl-2-phenylbenzo[d]oxazole (4) [51]
TLC (SiO2): Rf = 0.42 (hexane: EtOAc = 10:1). Light yellow solid, yield=88%, MP: 85–87 °C (lit. 81–83 °C). FTIR (KBr): 835, 1094, 

1243, 1597, 3200 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 8.30 (s, 2H), 7.65 (d, 1H), 7.55–7.52 (m, 3H), 7.28 (d, 1H), 7.14 (d, 1H), 2.64 
(s, 3H). MS: m/z [M + H] + calcd for C14H11NO [M + H] + 209.08, found 210.1713.

7-methyl-2-(p-tolyl) benzo[d]oxazole (5) [47]
TLC (SiO2): Rf = 0.41 (hexane: EtOAc = 10:1). Yellow solid, yield=82%, MP: 90–95 °C (lit. 88–90 °C). FTIR (KBr): 833, 1097, 1248, 

1599, 3210 cm–1. 1H-NMR (400 MHz, DMSO-d6): δ = 8.18–8.22 (m, 2 H), 7.59 (d, 1 H), 7.33-7.36 (m, 2 H), 7.24 (dd, 1 H), 7.15 (dd, 1 
H), 2.60 (s, 3 H), 2.45 (s, 3 H) ppm. MS: m/z [M + H] + calcd for C15H13NO [M + H] + 223.28, found 224.2920.

2-(2, 6-dichlorophenyl)-7-methylbenzo[d]oxazole (6)
TLC (SiO2): Rf = 0.45 (hexane: EtOAc = 10:1). Yellow solid, yield=80%, MP: 114–117 °C. FTIR (KBr): 835, 864, 1093, 1246, 1592, 

3201 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 7.97–7.95 (m, 1H), 7.64-7.60 (m, 2H), 7.49 (t, 1H), 7.27–7.16 (m, 2H), 2.37 (s, 3H). MS: 
m/z [M + H] + calcd for C14H9Cl2NO [M + H] + 279.1332, found 280.0710

7-bromo-2-phenylbenzo[d]oxazole (7) [51]
TLC (SiO2): Rf = 0.44 (hexane: EtOAc = 10:1). White solid, yield=86% yield. MP: 117–119 °C (lit. 115–116 °C). FTIR (KBr): 690, 835, 

1095, 1245, 1598, 3205 cm–1. 1H NMR (400 MHz, DMSO-d6): δ= 8.35-8.30 (m, 2H), 7.59–7.53 (m, 5H), 7.28–7.21 (m, 1H); MS: m/z [M 
+ H] + calcd for C13H8BrNO [M + H] + 275.1265, found 278.0558.

7-bromo-2-(p-tolyl) benzo[d]oxazole (8)
TLC (SiO2): Rf = 0.43 (hexane: EtOAc = 10:1). Yellow solid, yield=81%, MP: 117–119 °C. FTIR (KBr): 670, 835, 1092, 1243, 1593, 

3210 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 7.96–7.95 (m, 2H), 7.82–7.79 (m, 1H), 7.50-7.48 (m, 2H), 7.39–7.31 (m, 2H), 2.31 (s, 3H). 
MS: m/z [M + H] + calcd for C14H10BrNO [M + H] + 286.9912, found 286.9865

7-bromo-2-(2, 6-dichlorophenyl) benzo[d]oxazole (9)
TLC (SiO2): Rf = 0.47 (hexane: EtOAc = 10:1). Yellow solid, yield=78%, MP: 125–129 °C. FTIR (KBr): 678, 836, 864, 1095, 1246, 

1597, 3210 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 7.96–7.94 (m, 1H), 7.65-7.52 (m, 3H), 7.40-7.30 (m, 2H). MS: m/z [M + H] + calcd 
for C13H6BrCl2NO [M + H] + 343.0014, found 344.0916

2-phenylbenzo[d]oxazole (10) [48]
TLC (SiO2): Rf = 0.47 (hexane: EtOAc = 10:1). Solid, Yield = 80%, MP = 110–112 °C (lit. 111–113 °C). FTIR (KBr): 836, 1095, 

1242, 1598, 3208 cm–1. 1H NMR (400 MHz, DMSO-d6) δ 8.29–8.25 (m, 2H), 7.83–7.79 (m, 1H), 7.64–7.58 (m, 1H), 7.55–7.53 (m, 3H), 
7.38–7.35 (m, 2H). MS: m/z [M + H] + for C13H9NO 195.2253 found 196.1821.

2-(p-tolyl) benzo[d]oxazole (11) [48]
TLC (SiO2): Rf = 0.44 (hexane: EtOAc = 10:1). White solid, Yield=76%. MP: 113–115 °C (lit. 112–114 °C). FTIR (KBr): 837, 1098, 

1243, 1599, 3207 cm–1. 1H NMR (400 MHz, DMSO-d6): δ= 8.17–8.15 (m, 2H), 7.78-7.76 (m, 1H), 7.59–7.57 (m, 1H), 7.37–7.35 (m, 4H), 
2.45 (s, 3H); MS: m/z (ESI) calcd for C14H11NO [M + H] + 209.2523, found 211.9318.

2-(2, 6-dichlorophenyl) benzo[d]oxazole (12)
TLC (SiO2): Rf = 0.48 (hexane: EtOAc = 10:1). Yellow solid, yield=83%, MP: 115–119 °C. FTIR (KBr): 837, 865, 1093, 1247, 1598, 

3205 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.20–8.17 (m, 2 H), 7.65–7.52 (m, 3H), 7.41–7.35 (m, 2H). MS: m/z [M + H] + calcd for 
C13H7Cl2NO [M + H] + 264.1132, found 266.0421.

5, 7-dichloro-2-(4-chlorophenyl) benzo[d]oxazole (13)
TLC (SiO2): Rf = 0.50 (hexane: EtOAc = 10:1). Yellow solid, yield=87%, MP: 118–121 °C. FTIR (KBr): 834, 868, 1095, 1248, 1599, 

3210 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.02 (d, 1H), 7.97–7.76 (m, 2H), 7.83–7.79 (m, 2H), 7.29(d, 1H). MS: m/z [M + H] + calcd 
for C13H6Cl3NO [M + H] + 298.5532, found 298.1216.

2-(4-Chlorophenyl) benzoxazole (14) [48]
TLC (SiO2): Rf = 0.46 (hexane: EtOAc = 10:1). White solid, yield=85%, mp 145–148 °C (Lit. 144–145 °C); FTIR (KBr): 832, 1093, 

1244, 1596, 3110 cm–1. 1H NMR (400 MHz, DMSO-d6): δ 8.23-8.20 (m, 2H), 7.79–7.75 (m, 1H), 7.61–7.58 (m, 1H), 7.53–7.52 (m, 2H), 
7.40–7.37 (m, 2H). MS: m/z [M + H] + calcd for C13H9NOCl: 230.0363; found: 230.0370.
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5, 7-dichloro-N-(4-fluorophenyl) benzo[d]oxazol-2-amine (15)
TLC (SiO2): Rf = 0.48 (Hexane‒CH2Cl2 = 8:2). Brown solid; yield=68%, mp 169–172 °C. FTIR (KBr): 650, 746, 1100, 1271, 1507, 

1575, 1600, 1622, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.12(S, 1H), 7.82 (s, 1H), 7.65–7.55 (m, 2H), 7.48 (d, 1H), 7.37 (d, 
1H), 7.28–7.22 (m, 2H), 7.19–7.08 (m, 3H). MS: m/z [M + H] + calcd for C13H7Cl2FN2O: 297.1112; found 297.1015.

5, 7-dichloro-N-(4-methoxyphenyl) benzo[d]oxazol-2-amine (16)
TLC (SiO2): Rf = 0.38 (Hexane‒CH2Cl2 = 8:2). Light yellow solid; yield=86%, mp 148–150 °C. FTIR (KBr): 650, 746, 1270, 1510, 

1573, 1620, 1622, 1650, 2820, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.65 (s, 1H), 7.58 (d, 1H), 7.29-7.23 (m, 3H), 6.67-6.63 (m, 
2H), 3.74 (s, 3H). MS: m/z [M + H] + calcd for C14H10Cl2N2O2: 309.1532; found 309.1021.

5, 7-dichloro-N-phenylbenzo[d]oxazol-2-amine (17)
TLC (SiO2): Rf = 0.41 (Hexane‒CH2Cl2 = 8:2). Brown solid, yield=76%, mp 159–160 °C. FTIR (KBr): 650, 746, 1271, 1504, 1573, 

1610, 1622, 1647, 3049 cm-1. 1 H NMR (400 MHz, DMSO-d6): δ 7.95 (s, 1H), 7.58 (d, 1H), 7.53 (d, 1H), 7.49–7.46 (m, 2H), 7.28–7.20(m, 
2H), 7.03–6.90 (m, 1H). MS: m/z [M + H] + calcd for C13H8Cl2N2O: 279.1243 Found: 281.0023.

N-(4-fluorophenyl) benzo[d]oxazol-2-amine (18) [49]
TLC (SiO2): Rf = 0.47 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=88%, mp 168–170 °C (Lit.167-169 °C). FTIR (KBr): 746, 1100, 

1271, 1504, 1573, 1600, 1622, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 7.82 (s, 1H), 7.65–7.55 (m, 2H), 7.48 (d, 1H), 7.37 (d, 
1H), 7.28–7.22 (m, 2H), 7.19–7.08 (m, 3H). MS: m/z [M + H] + calcd for C13H10FN2O: 228.2372; found 229.1662

N-(4-methoxyphenyl) benzo[d]oxazol-2-amine (19) [49]
TLC (SiO2): Rf = 0.39 (Hexane‒CH2Cl2 = 8:2). Light yellow solid; yield=80%, mp 138–140 °C (Lit. 137-139 oC). FTIR (KBr): 746, 

1270, 1504, 1573, 1620, 1622, 1650, 2820, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.79 (s, 1H), 7.55–7.48 (m, 2H), 7.42 (d, 1H), 
7.31 (d, 1H), 7.20 (m, 1H), 7.08 (m, 1H), 6.97–6.90 (m, 2H), 3.82 (s, 3H). MS: m/z [M + H] + calcd for C14H13N2O2: 240.2662; found 
242.1664.

N-phenylbenzo[d]oxazol-2-amine (20) [33]
TLC (SiO2): Rf = 0.42 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=83%, mp 125–129 °C. FTIR (KBr): 746, 1270, 1504, 1573, 1625, 

1622, 1650, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ = 7.39–7.22 (m, 5 H). MS: m/z [M + H] + calcd for C13H10N2O: 210.2454; found 
210.1814.

N-(4-fluorophenyl)-7-methylbenzo[d]oxazol-2-amine (21)
TLC (SiO2): Rf = 0.43 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=84%, mp 164–167 °C. FTIR (KBr): 746, 1100, 1271, 1504, 1575, 

1600, 1630, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 7.82 (s, 1H), 7.65–7.63 (m, 2H), 7.47–7.44 (m, 1H), 7.38–7.36 (m, 1H), 
7.07–6.99 (m, 3H), 2.20 (s, 3H). MS: m/z [M + H] + calcd for C14H11FN2O: 242.2532; found 243.3721.

N-(4-methoxyphenyl)-7-methylbenzo[d]oxazol-2-amine (22)
TLC (SiO2): Rf = 0.38 (Hexane‒CH2Cl2 = 8:2). Light yellow solid; yield=78%, mp 145–147 °C. FTIR (KBr): 746, 1270, 1504, 1573, 

1610, 1622, 1650, 2820, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.50 (s, 1H), 7.48–7.44 (m, 1H), 7.39–7.36 (m, 1H), 7.26–7.23 
(m, 2H), 7.10–7.04 (m, 1H), 6.63–6.61 (m, 2H), 3.74 (s, 3H), 2.20 (s, 3H). MS: m/z [M + H] + calcd for C15H14N2O2: 254.2921; found 
254.2720.

7-methyl-N-phenylbenzo[d]oxazol-2-amine (23) [50]
TLC (SiO2): Rf = 0.45 (Hexane‒CH2Cl2 = 8:2). Pale brown solid, yield=83%, mp 164–167 °C (Lit. m.p. 163-166 OC). FTIR (KBr): 746, 

1271, 1504, 1573, 1600, 1622, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 7.62 (d, 1H), 7.43-7.32 (m, 3H), 7.18–7.11 (m, 2H), 
6.97 (d, 1H), 2.47 (s, 3H). MS: m/z [M + H] + calcd for C14H12N2O: 224.0951. Found: 224.0854.

7-bromo-N-(4-fluorophenyl) benzo[d]oxazol-2-amine (24)
TLC (SiO2): Rf = 0.48 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=86%, mp 171–172 °C. FTIR (KBr): 660, 749, 1100, 1271, 1504, 

1573, 1600, 1622, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 7.83 (s, 1H), 7.65–7.63 (m, 2H), 7.57–7.56 (m, 1H), 7.49–7.37 (m, 
2H), 7. 05–7.02 (m, 2H). MS: m/z [M + H] + calcd for C13H8BrFN2O: 305.9823; found 305.9820.

7-bromo-N-(4-methoxyphenyl) benzo[d]oxazol-2-amine (25)
TLC (SiO2): Rf = 0.40 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=82%, mp 148–150 °C. FTIR (KBr): 655, 746, 1270, 1504, 1573, 

1610, 1622, 1650, 2820, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 8.48 (s, 1H), 7.60 –7.56 (m, 1H), 7.49-7.36 (m, 2H), 7.26–7.24 (m, 
2H), 6.65-6.62 (m, 2H), 3.74 (s, 3H). MS: m/z [M + H] + calcd for C14H11BrN2O2: 319.1642; found 321.0813.

7-bromo-N-phenylbenzo[d]oxazol-2-amine (26)
TLC (SiO2): Rf = 0.50 (Hexane‒CH2Cl2 = 8:2). Yellow solid; yield=77%, mp 169–171 °C. FTIR (KBr): 660, 749, 1100, 1271, 1504, 

1573, 1600, 1622, 1647, 3049 cm–1. 1 H NMR (400 MHz, DMSO-d6): δ 7.80 (s, 1H), 7.56–7.53 (m, 1H), 7.50-7.36 (m, 4H), 7.28–7.26 (m, 
2H), 7. 05–7.02 (m, 1H). MS: m/z [M + H] + calcd for C13H9BrN2O: 289.1399; found 289.0932.


