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SW1990   Human pancreatic cancer cell line 
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UV    Ultraviolet  

U937    Human leukemic monocyte lymphoma cells 

VIS    Visible light region  

Yb(OTF)3   ytterbium (III) triflate 

µL    Microlitre 
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µm    Micrometer or micron  

786-O    Hypotriploid renal cancer cell line 



                                                                                                       General remarks 

 

xi 

 

 Independent compound and reference numbering have been used for each chapter as 

well as for sections of the chapters. 

 

 All the reagents and solvents were purchased from commercial suppliers and used as 

such without further purification. 

 

 Solvents were distilled and dried following standard procedures prior to use. 

Petroleum ether used for column chromatography was of 60-80 °C boiling range. 

 

 Flash chromatography was carried out by CombiFlash®Rf 200i Isco Teledyne Inc., 

USA instrument equipped with UV detector and Evaporative light scattering detector 

(ELSD), 230-400 mesh silica gel Redisep® column and appropriate solvent system. 

 

 All reactions were monitored by TLC with 0.25 mm pre-coated E-Merck silica gel 

plates (60 F254) and TLC spots were made visible by exposing to UV light, Iodine 

adsorbed on silica gel or by immersion into a solution of phosphomolybdic acid 

(PMA), p-anisaldehyde or KMnO4 followed by heating with a heat gun for ~15sec. 

 

 NMR spectra were recorded on Bruker AV200 (200.13 MHz for 1H NMR and 50.03 

MHz for 13C NMR), AV 400 (400.13 MHz for 1H NMR and 100.61 MHz for 13C 

NMR), Jeol-400 (399.78 MHz for 1H NMR and 100.53 MHz for 13C NMR) and DRX 

500 (500.13 MHz for 1H NMR and 125.0376 MHz for 13C NMR) spectrometers. In 

experimental section for the sake of clarity 1H NMR were mentioned as recorded in 

200, 400 or 500 MHz and 13C NMR were mentioned as recorded in 50, 101, 126 

MHz. 

 

 Chemical shifts (δ) have been expressed in ppm units relative to tetramethylsilane 

(TMS) as an internal standard and coupling constants (J) were measured in Hertz. 

 

 The following abbreviations were used for 1H NMR: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet, brs = broad singlet, dd = doublet of doublet, dt = 

doublet of triplet, td = triplet of doublet and ddd = doublet of doublet of doublet. 

 

 All the reported melting points are uncorrected and were recorded using Buchi 

melting point apparatus (Buchi B-540). 

 

 Optical rotations were recorded on a JASCO P-1020 polarimeter at 589 nm (sodium 

D-line). Specific rotations [α]D are reported in deg/dm, and the concentration (c) is 

given in g/100 mL in the specific solvent. 
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 Structures and IUPAC nomenclature were generated using ChemBioDraw Ultra 15.1 

software. 

 

 Mass spectra were recorded on LC-MS/MS-TOF API QSTAR PULSAR 

spectrometer, samples introduced by fusion method using Electrospray Ionization 

Technique. 

 

 High-resolution mass spectra (HRMS) (ESI) were recorded on an Orbitrap 

(quadrupole plus ion trap) and TOF mass analyzer. 

 

 FTIR was recorded in a Bruker ALPHA-E FT-IR spectrometer. IR spectrum was 

recorded as a thin film by dissolving the samples in in chloroform.  

 

 Chiral HPLC was performed using Agilent 1260 Infinity normal phase HPLC unit 

(with 254 nm wavelength and 1 mL/min flow rate), HPLC Chemstation software, 

CHIRALART AMYLOSE SA column (250 x 4.6 mm, 5 µm) and 10% isopropanol in 

hexane as mobile phase. 
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1. Introduction:  

The present thesis is divided into three main chapters. Chapter 1 deals with the design and 

synthesis of glycoconjugates of natural products of medicinal importance. The 

glycoconjugates were synthesised via coupling of propargylated natural products and azido 

sugars employing [3+2] cycloaddition reaction. Other potent bioactive scaffolds were also 

synthesised via Glaser and Cadiot-Chodkiewicz coupling reactions. All of these synthesised 

analouges were tested for their biological activities. Chapter 2 presents C–alkylation of 

phenols employing Donor–Acceptor cyclopropanes as alkylating agents via transition-metal 

free conditions. Chapter 3 describes the isolation of secondary metabolites from microbial 

culture of Aspergillus terreus, a pathogenic fungus and also a prolific source of medicinally 

important secondary metabolites. Hence, we have undertaken the chemical examination of 

Aspergillus terreus for the isolation of bioactive secondary metabolites.  

2. Statement of the problem:  

Various processes such as solubility, stability and bioavailability of drugs in biological 

systems are quiet demanding now a days. Extensive use of marketed drugs rendered 

pathogens immune to host cell defense mechanism and helped the strain to slowly develop 

the resistance against certain drugs. Hence it is necessary to develop potent drugs with better 

efficacy and least toxicity via synthetic modifications of the parent drug molecules. Apart 

from this the isolation of new bioactives  from natural sources can also provide us with new 

chemical motifs with unique biochemistry and structural framework.  
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3. Objectives:  

Acoording to literature reports, various biological processes such as solubility, stability and 

bioavalability are resolved by the fusion of a carbohydrate scaffold to a natural product. 

Synthetic modification of parent drugs or new motifs isolated from natural sources is the key 

to reduce drug resistance of different pathogens. Development of new synthetic 

methodologies devoid of any transition-metal is of great importance. Discovery of new 

structural motifs or having diverse biological activity from different natural sources is of 

utmost important. Hence we have undertaken the isolation and structural elucidation of 

natural products from microbial culture.   

4. Methodology and Result: 

Chapter 1: Design and synthesis of potent bioactive scaffolds via  [3+2] cycloaddition, 

Glaser and Cadiot-Chodkiewicz coupling reactions  

 

Artemisinin (a sesquiterpene lactone endoperoxide obtained from the plant, Artemisia annua) 

is being clinicaly used as anti-malarial drug worldwide (Figure 1). It was discovered by Prof. 

Tu You You (Nobel prize, 2015, medicine).1-3 Artemisinin and its semi-synthetic derivatives, 

which are commonly used in malaria therapy have also shown potent anticancer activity. 

Artemisinin itself has displayed moderate anticancer activity against various cancer cell lines 

but some of its semi-synthetic derivatives including artemisinin hybrids have exhibited 

promising anticancer activities (Figure 1).4-6 Due to the extensive utility of the 

glycoconjugates in medicinal chemistry, we envisioned that synthesis of artemisinin based 

glycoconjugates may serve as potent anti-cancer molecules.  
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HL60 40 mM

OVCAR-

3

≥60 mM

A498 ≥60 mM

MCF7 ≥60 mM HL60 0.06 mM

OVCAR-

3

0.25 mM

A498 20 mM

MCF7 0.2 mM

HL60 0.04 mM

OVCAR-

3

0.2 mM

A498 6.5 mM

MCF7 0.06 mM

HeLa 0.82 µM

HCT116 1.73 µM

MDA-

MB-231

2.84 µM

 

Figure 1. Artemisinin and artemisinin based molecules as potent anti-cancer agents. 

In our present work we coupled propargylated dihydroartemisinin and azido sugar to furnish 

glycoconjugates of artemisinin by employing Cu(I) catalyzed click reaction as the bridging 

tool (Scheme 1).7, 10 In order to synthesise exclusive β−propargylated dihydroartemisnin 

(Scheme 1) we utilized the method developed by our group and β−sugar azides were 

prepared the following literature methods.8, 9  At present all the synthesised glycoconjugates 

of artemisinin are being assayed for their anticancer activity.   

 

Scheme 1. Synthesis artemisnin based glycoconjugates 
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Eugenol and isoeugenol being isolated from Eugenia caryoplyllata, Myristica fragrans, 

Syzygium aromaticum, Ocimum basilicum etc. and have shown antifungal activities against  

Aspergillus fumigatus with IC50 value of 1.9 mM (Figure 2).11 

 

 

 

 

Figure 2. Structure of eugenol and isoeugenol 

Therefore, design and synthesis of novel glycoconjugates was achieved by reacting 

propargylated eugenol  and isoeugenol with sugar azides under click reaction condition 

(Scheme 2). All the synthesised compounds have shown promising antifungal activity IC50 

values ranging from 5.42-15.18 µM against Aspergillus fumigatus compared to the parent 

molecules.12 

 

Scheme 2. Synthesis of eugenol/isoeugenol based glycoconjugates 

 

Acetylene based drugs such as capelin motivated us to design new antifungal compounds. 

Henceforth, we synthesised homo/hetero coupled eugenol/isoeugenol based acetylenic 

compounds employing Glasser and Cadiot-Chodkiewiz coupling reactions (Scheme 3). All 

synthesised compounds have shown good to moderate antifungal activity against Aspergillus 

fumigatus.13-15 
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Scheme 3. Synthesis of eugenol/isoeugenol based polyacetylene type compounds 

------------------------------------------------------------------------------------------------------------- 

Chapter 2: Cu catalyzed C−C bond forming reactions employing donor-accepter 

cyclopropanes   

 

Donor–Acceptor cyclopropanes have been extensively used in past few years to explore new 

entities for the synthesis of complex organic molecules. D–A cyclopropanes are reactive 

species due to the formation of dipolar ion or 1, 3-zwitterion intermediate in presence of 

Lewis/Brønsted acids. These dipolar ions are trapped by electrophiles, nucleophiles and 

dipolarophiles to furnish versatile products. D–A cyclopropanes have been used at different 

stages of total synthesis and semi-synthesis of natural and unnatural products. In general D–A 

cyclopropanes rendered cyclized product through ring opening annulation reaction, which 

plays a prominent role in the development of new reactive molecular entities.16, 17 However 

there are few reports in literature regarding Donor–Acceptor cyclopropanes ring opening  

reactions leading to C–alkylation.18    

Therefore, we envisioned a transition-metal free C–alkylation of phenols with Donor–

Acceptor cyclopropanes to furnish functionalized 1, 4-diphenylbutan-1-one derivatives, 

which are biologically important core of many plant based chalcones and synthetically 

available compounds (Scheme 4). 
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Scheme 4. Synthesis of functionalized 1, 4-diphenylbutan-1-one derivatives 

 

We optimised our reaction conditions with methane sulphonic acids as Brønsted acid at rt in 

dichloromethane employing p-cresol as phenol partner and EDG inserted D–A cyclopropanes 

with the product yield of 86%. 

After optimised reaction conditions in hand we explored substrate scope by reacting various 

phenols with D–A cyclopropanes surrogated with EDG, week EWG and strong EWG. We 

also elaborated our substrate scope with thiols and observed very good yields in all the cases.  

-------------------------------------------------------------------------------------------------------------- 

Chapter 3: Bioactives from Aspergillus terreus  

The discovery of penicillin by Alexander Fleming and streptomycin by Selman Waksman, 

has kindled the exploration of newer secondary metabolites from microbial cultures. 

Microorganisms are known as diverse source of natural products, many of which are 

medicinally important.19, 20 

We have undertaken isolation and structure elucidation of secondary metabolites from 

Aspergillus terreus. This particular species of genus Aspergillus has been a source of natural 

products with new motifs and biologically active compounds (Figure 3).21-26 
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Figure 3. Compounds isolated from Aspergillus terreus 

The strain was initially grown on PDA medium in a petri dish for 7 days and then it was 

directly inoculated into 500 mL in a Erlenmeyer flasks each containing 100 mL of the seed 

medium (agar-agar, dextrose). The crude lyophilized material obtained was extracted with 

EtOAc which on evaporation yielded 1.3 g of crude extract. This extract was 

chromatographed on flash chromatography using ethyl acetate-pet. ether as eluent to furnish 

three products (10 mg, 38 mg and 14 mg) which have been characterized by spectral data.  

 

5. Summary: 

1) Synthesis of artemisnin, eugenol and isoeugenol based glycoconjugates along with 

homo/hetero coupled eugenol and isoeugenol based acytelenic compound were achieved. 

All the eugenol based semi-synthetic derivatives were teasted against Aspergillus 

fumigatus and anticancer activity of artemisnin glycoconjugates are presently being 

pursued. 

2) Transition-metal free C–alkylation of phenols by employing D–A cyclopropanes as 

alkylating agents was achived using Brønsted acid.  

3) Secondary metabolites were isolated from Aspergillus terreus (microbial culture) and their 

structure elucidation is under process.  

 

6. Future directions:  
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1. We would like to extend out transition-metal free alkylation strategy to different scaffolds 

and along with the development of enantiosective reaction condition for ring opening of D–A 

cyclopropanes.  

2. We would like to isolate secondary metabolites in large scale for their synthetic 

modifications and study of anticancer activities.   
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1.1. Design and synthesis of potent anticancer artemisinin 

glycoconjugates 

1.1.1 Introduction 

The plant Artemisia annua L. is used as a remedy by Chinese people to treat malarial fever 

for years.1-3a,b Prof. Tu Youyou (Nobel Prize 2015, medicine) in 1972 first isolated and 

identified artemisinin (1) as the chemical constituent from this Chinese herb responsible to 

cure malaria.4 Artemisnin  (1) is principally a sesquiterpene lactone endoperoxide, which is 

being clinically used as an anti-malarial drug. 1,2,4-Trioxane motif present in artemisinin (1) 

is the necessary core for its antimalarial activity. Artemisinin (1) and its semi-synthetic 

derivatives (2-8) depicted in (Figure 1) are commonly used in malaria therapy in 

combination with other antimalarial drugs.1-3a,b  

 

Figure 1: Artemisinin (1) and its semi-synthetic derivatives (2-8) 
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Artemisinin (1), dihydroartemisinin (2) along with its semi-synthetic derivatives arteethers (4 

and 6) and artemethers (3 and 5) are oil-soluble and taken intramuscularly while water-based 

sodium artelinate (7) and artesunate (8) are taken orally to treat malaria.1-4 Artemisinin (1) 

and its semi-synthetic derivatives as well as some of the artemisinin-based hybrids (9-11) 

have also been reported to exhibit potent anticancer activities (Figure 2).5a-c 

HL60 40 mM

OVCAR-3 ≥60 mM

A498 ≥60 mM

MCF7 ≥60 mM

HL60 0.06 mM

OVCAR-3 0.25 mM

A498 20 mM

MCF7 0.2 mM

HL60 0.04 mM

OVCAR-3 0.2 mM

A498 6.5 mM

MCF7 0.06 mM

HeLa 0.82 µM

HCT116 1.73 µM

MDA-MB-

231

2.84 µM

 

Figure 2: Artemisinin and artemisinin-based molecules as potent anti-cancer agents 

The cytotoxicity of artemisinin 1 and its semi synthetic derivatives were first studied against 

Ehrlich ascites cancer cell line and till date these pharmacophore have been assayed against 

many other tumor cell lines. Among all the tumor cell lines studied, highest activities were 

found against leukemia cell lines whereas lower cytotoxicities were observed against lung 

cancer cells. In the case of deoxyartemisinin (13) where the endoperoxide linkage is replaced 

by an ether bond, anticancer activity was very mild thus underlying the peroxide assisted 

mechanism for cancer cells destruction. Deoxydihydroartemisinin derivative (16)  where 

endoperoxide linkage was absent displayed 50 times less cytotoxicity than dihydroartemisinin 

(2) and its semi-synthetic derivatives (14 and 15) against HL-60 cell line (where doxorubicin 

was used as a positive control) consequently indicating the role of endoperoxide linkage in 

cytotoxicity (Figure 3).5a-c Literature reports5a-c demonstrated that iron-activated artemisinin 

destroys cancer cells via forming highly alkylating carbon-centered radicals and reactive 

oxygen species (ROS) (Figure 3). It is proposed in the literature that endoperoxide bond is 

activated by ferrous ion which in turn generates carbon-centered radicals to destroy tumor 
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cells via apoptosis or necrosis pathway. Studies showed that activation of endoperoxide 

motifs in artemisnin (1) is due to free or protein confined ferrous ion (heme) (Figure 3). 

However, the involvement of endoperoxide linkage in cytotoxicity is still unclear unlike in 

malaria therapy where it is well defined with proper justification.5a-c  

 

Figure 3: The proposed endoperoxide bridge assisted mechanism of the artemisnin 1 and 

dihydroartemisinin (2) and its synthetic derivatives (14 and 15) along with 

deoxydihydroartemisinin derivative (16) for cancer cells destruction 

1.1.1.1 Glycoconjugates of natural products as new potent drugs 

Glycoconjugates are biologically significant molecules as they gravitate towards intra and 

extra cellular processes, i.e. cell-cell interaction and cell-matrix interaction. It has been 

significantly demonstrated in literature that coupling of carbohydrate scaffold with natural 

products accelerates their biological process like solubility, stability and bioactivity 

consequently improving bioactivities profusely as compared to parent compound. All these 

properties of glycoconjugates are attributed to hypervalent nature of sugar scaffolds which 

aids in drug delivery to the desired destination.6 The glycoconjugates of natural products are 

well documented in literature with their bioassays (Figure 4).6-11 Glycoconjugates of 
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isosteviol (I) (diterpenoid), with hexose and pentose sugars have shown cytotoxicity ranging 

from IC50 1.7−1.9 μM using anticancer drug doxorubicin with IC50 of 3.0 μM as positive 

control.7 Artemisinic acid based glycoconjugates (II) displayed mild cytotoxicity when 

assayed against MCF7 tumor cells.8 Glycoconjugates of 8-hydroxy quinolone (III) were 

assayed for their cytotoxicity against HCT 116 and MCF-7 cell lines displaying the IC50 

values in the range of 9 µM to 0.02 µM. These synthesised glycoconjugates of 8-hydroxy 

quinolone (III) have shown up to 72 % inhibition of β-1,4-galactosyltransferase exertion.9 

Noscapine, an alkaloid isolated from Papaver somniferum was conjugated with different 

carbohydrate scaffolds to furnish noscapine derived glycoconjugates (IV). 10 Glycosides and 

glycoconjugates of isoflavones (V) synthesised by various literature methods represent a new 

set of biologically important motifs.11 These reports from various authors inspired us to 

synthesise artemisinin based glycoconjugates.6-11 

 

Figure 4: Reported glycoconjugates of natural products 

1.1.2 Present work 

In view of the emerging importance of the glycoconjugates and artemisinin derivatives we 

opined that artemisinin based glycoconjugates could prove to be significant class of 

biologically active molecules. In our present work, we have coupled propargylated 

dihydroartemisinin 17a and azido sugars (S1-9) to furnish artemisinin derived 
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glycoconjugates employing Cu(I)-catalyzed click reaction as the coupling tool between 

artemisinin moiety and the carbohydrate scaffolds.12a,b,13a-d 

Initially, propargylation of dihydroartemisinin (2)14a,b was carried out by reacting it with 

propargyl alcohol in DCM as solvent. BF3.Et2O15 was added as a catalyst at 0 °C to this 

reaction mixture  and then it was stirred continuously at room temperature which resulted in 

the formation of diastereomeric mixture of β- and α-propargylated dihydroartemisinin (17) in 

the ratio of 4:1 (as evident from 1H NMR spectra). To accomplish stereoselective synthesis of 

β-propargylated dihydroartemisinin (17a) we employed the method previously developed in 

our group.16 According to the previous reports, there is role of nitrile to achieve this β-

stereoselectivity.17a,b In this regard, dihydroartemisinin (2) was dissolved in DCM followed 

by addition of propargyl alcohol, trichloroacetonitrile and 5% of TMSCl in DCM (catalytic 

amount) at ambient temperature to furnish the exclusive β-propargylated dihydroartemisinin 

(17a) in good yield (Scheme 1).  

 

Scheme 1: Synthesis of 12-O-propargylated dihydroartemisinin (17) 

Preparation of azido sugars were accomplished by following the literature methods and the 

data of all the synthesised azido sugars were in agreement with the published literature 

data.18a-d We have synthesised tetra-O-acetyl azido glucose (S1), tetra-O-acetyl azido 

galactose (S2), triacetyl azido rhamnose (S3), hepta-O-acetyl azido lactose (S4), hepta-O-

acetyl azido maltose (S5), tetra-O-benzoyl azido glucose (S6), triabenzoyl azido rhamnose 

(S7), 3-benzy 4,5 acetonide, acetyl azido furanose (S8) and 2,3,5,6-diacetonide azido 

furanose (S9) (Scheme 2). The stereochemistires of azido group were found to be β 

especially in case of hexose sugar azides as described in previous reports.6-11,18a-d 
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Scheme 2: Synthesis of sugar azides (S1-S9) 

The β-configurations of the sugar azides were also confirmed on the basis of their coupling 

constant in the 1H NMR spectra as their anomeric proton showed a doublet in the range of 

4.61–4.98 ppm with the value of coupling constant ranging from 8.5 Hz to 8.8 Hz. After the 

synthesis of starting materials, β-propargylated dihydroartemisinin (17a) and azido sugars 

(S1-9) were coupled via Click chemistry. We treated β-propargylated dihydroartemisinin 

(17a) with tetra-O-acetyl glucose azide (S1) in DCM using DIPEA as base and copper iodide 

(CuI) as catalyst to furnish desired glycoconjugate (18a) in good yield. Further, this reaction 

was extended to other synthesized azido sugars to obtain artemisinin derived glycoconjugates 

(18b-18i) in moderate to very good yields (Table 1).  
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Table 1: Substrate scopea,b 

a Reaction conditions: propargylated β-dihydroartemisinin (17a) (30 mg, 0.0929 mmol, 1 equiv.), azido sugars (S1-9) (0.1115 mmol, 1.2 

equiv.), DCM (3 mL), CuI (8.9 mg, 0.0465 mmol, 0.5 equiv.), and DIPEA (16 mL, 0.0929 mmol, 1.0 equiv.). b Isolated yield.  
 

The formation of triazoles was confirmed by the only proton present on triazole ring which 

appeared as a singlet in the range of 7.5-8.5 ppm, thus confirming the product formation. The 

characteristic peaks of artemisnin were also well marked in the aliphatic region of 1H NMR 

spectra. The triazoles were also found to be having β-orientations which was evident from the 

coupling constant of the anomeric proton in the 1H NMR spectra of the glycoconjugates (18a-

18i). It is pertinent to mention here that the highest yield was observed in case of hepta-O-

acetyl maltose glycoconjugate (18h) (86%), whereas in the case of hepta-O-acetyl lactose 

glycoconjugate (18f) (62%) yield was moderate. It was also noticed that the yields of 

benzoate protected sugars derived artemisinin glycoconjugates (18c and 18i) were low as 

compared to the acetyl protected sugars derived artemisinin glycoconjugates (18a, 18b 18d, 

18f and 18h). Reaction preceded slowly in case of pentose sugars (18g and 18i) i.e. 24 hours 

as compared to the hexose sugars (18a-18f and 18h) which took 14 hours to complete the 

reaction. The diacetonide furanose artemisinin glycoconjugate (18g) gave better yield (71%) 

than mono acetonide furanose sugar based artemisinin glycoconjugate (18i) (52%). Apart 
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from this all the artemisinin glycoconjugates (18-18i) furnished single diastereomers which is 

evident from their 1H NMR spectra. A postulated reaction mechanism for this coupling 

reaction is given below (Figure 5).12a,b,13a-d 

 

Figure 5: Plausible mechanism for formation of artemisinin glyconjugates 

1.1.3 Conclusions 

In summary, we have accomplished synthesis of artemisinin based glycoconjugates in very 

good to moderate yields by employing Huisgen’s 1,3-dipolar cycloaddition reactions between 

β-propargylated dihydroartemisinin and various sugar azides. We have synthesised 

exclusively β-propargylated dihydroartemisinin by utilizing method developed by our group. 

At present their anti-cancer activities are being pursued.  
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1.2.4 Experimental procedures 

General procedure for the reduction of artemisinin (1) to dihydroartemisinin (2): 

To a stirred solution of artemisinin (1)(3 g, 10.64 mmol) in methanol (30 mL), sodium 

borohydride (1.2 g, 31.92 mmol) was added at 0 °C over a period of 20 min in small 

quantities. After being stirred for an additional period of 1 h under the same reaction 

conditions, the mixture was neutralized with glacial acetic acid while the temperature was 

maintained at 0–5 °C with the pH adjusted to 6–7. Then the reaction mixture was 

concentrated under reduced pressure. The residue was poured into water (40 mL). The solid 

product formed was collected via filtration, washed with water and dried, furnishing 

compound 2 in 84% yield as a colourless solid whose spectral data was found to be identical 

to the reported data.8  

General procedure for the propargylation of dihydroartemisinin (17a): 

Compound 2 (100 mg, 0.35 mmol) was taken in a 50 mL round bottom flask and dissolved in 

dry DCM (3 mL) at room temperature. Then CCl3CN (0.5 mL, 5 mmol, 14.2 equiv.), 

propargyl alcohol (0.5 mL) and TMSCl (5% in CH2Cl2, 1.0 mL, 0.039 mmol) were added to 

the stirred solution, and the reaction mixture was stirred at room temperature. The completion 

of the reaction was monitored via TLC, then the reaction mixture was filtered through Celite 

and the filtrate was evaporated in vacuo. The residue was purified via flash chromatography 

using a RediSep column (silica gel, 12 g) with 5–15% EtOAc in petroleum ether and the pure 

product was obtained in 75% yield as a colourless solid. 

Artemisinin-12-β-O-propargyl (17a):  

 

Colourless solid (85 mg, 75%); m.p.: 106-108 1°C; Rf = 0.83 (40% ethyl acetate in petroleum 

ether); [α] D
25:+252.7 (c 2.5, CHCl3); 1H NMR (200 MHz, CDCl3) 𝜹H 5.42 (s, 1H), 4.98 (d, J 

= 3.5 Hz, 1H), 4.31 (d, J = 2.4 Hz, 2H), 2.76–2.57 (m, 1H), 2.46–2.29 (m, 2H), 2.11–2.02 (m, 
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1H), 1.82–1.68 (m, 2H), 1.65–1.56 (m, 2H), 1.56–1.36 (m, 6H), 1.33–1.21 (m, 2H), 0.94 (d, J 

= 2.7 Hz, 3H), 0.94 (d, J = 10.7 Hz, 3H); 13C NMR (50 MHz, CDCl3) 𝜹C 104.2, 100.6, 88.1, 

81.1, 79.8, 74.0, 55.0, 52.6, 44.4, 37.4, 36.4, 34.6, 30.6, 26.1, 24.7, 24.5, 20.3, 12.8; HRMS: 

m/z for C18H26O5Na (M + Na)+, calcd: 345.1283, found: 345.1345. 

General procedure for the coupling of azido sugar (S1-S9) with propargylated 

dihydroartemisinin (17a) 

To a stirred solution of 17a (30 mg, 0.0929 mmol) in anhydrous DCM (3 mL), azido sugar 

(S1-S9, 0.1115 mmol, 1.2 equiv.), CuI (8.9 mg, 0.0465 mmol, 0.5 equiv.) and DIPEA (16 

mL, 0.0929 mmol, 1.0 equiv.) were added, and the mixture was stirred at room temperature 

for 14–24 hours under an inert atmosphere. After the completion of the reaction (TLC), the 

reaction mixture was concentrated in vacuo to obtain the crude product, which was purified 

using silica gel (230–400) flash column chromatography (EtOAc/ pet. ether) to furnish the 

desired artemisinin glycoconjugate (18a-i). 

Compound 18a: 

 

Colourless solid (51 mg, 79%); m.p.: 170-172 1°C; [α] D
25 +44.2 (c 0.4, CHCl3); Rf = 0.19 

(40% ethyl acetate in petroleum ether); 1H NMR (200 MHz, CDCl3) 𝜹H 7.74 (s, 1H), 5.91–

5.85 (m, 1H), 5.48 (s, 1H), 5.46–5.39 (m, 2H), 4.93–4.83 (m, 2H), 4.77–4.65 (m, 1H), 4.29 

(d, J = 4.8 Hz, 1H), 4.19 (d, J = 2.0 Hz, 1H), 2.1–2.02 (m, 11H), 1.87 (s, 4H), 1.79–1.68 (m, 

2H), 1.64 1.60 (m, 3H), 1.46 (s, 4H), 1.27 (dd, J = 6.6, 10.2 Hz, 2H), 0.92 (dd, J = 6.8, 10.4 

Hz, 7H); 13C NMR (50 MHz, CDCl3) 𝜹C 170.5, 169.9, 169.4, 168.8, 153.2, 134.2, 120.7, 

104.2, 101.4, 88.0, 85.8, 81.2, 75.2, 72.7, 70.3, 67.7, 61.6, 61.2, 52.6, 44.4, 37.3, 36.5, 34.6, 

30.8, 26.2, 24.7, 24.4, 20.7, 20.5, 20.4, 20.1, 12.9, 4.5, 3.4; HRMS: m/z for C32H46O14N3 (M 

+ H)+, calcd: 696.2974, found: 696.2968; m/z for C32H45O14N3Na (M + Na)+, calcd: 

718.2794, found: 718.2787. 
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Compound 18b:  

 

Colourless solid (47 mg, 72%); m.p: 143-145 1°C; [α] D
25 +44.7 (c 0.4,CHCl3); Rf = 0.16 

(40% ethyl acetate in petroleum ether); 1H NMR (500 MHz, CDCl3) 𝜹H 7.79 (s, 1H), 5.84 (d, 

J = 9.2 Hz, 1H), 5.58–5.54 (m, 2H), 5.50 (s, 1H), 5.25 (dd, J =3.4, 10.3 Hz, 1H), 4.93 (d, J = 

12.6 Hz, 1H), 4.89 (d, J = 3.4 Hz, 1H), 4.70 (d, J = 12.6 Hz, 1H), 4.25–4.13 (m, 3H), 2.69–

2.62 (m, 1H), 2.38 (dt, J = 4.0, 14.0 Hz, 1H), 2.23 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.88 (s, 

3H), 1.80–1.71 (m, 2H), 1.64–1.59 (m, 4H), 1.46 (s, 3H), 1.25 (s, 4H), 0.95 (d, J = 6.5 Hz, 

3H), 0.88 (d, J = 7.2 Hz, 3H); 13C NMR (126 MHz, CDCl3) 𝜹C 169.8, 145.5, 121.0, 104.2, 

100.8, 88.1, 86.2, 81.2, 74.1, 70.8, 67.7, 66.9, 61.2, 60.6, 52.6, 44.4, 37.3, 36.4, 34.7, 30.7, 

29.7, 26.2, 24.7, 24.4, 20.7, 20.5, 20.4, 20.2, 12.9; HRMS: m/z for C32H46O14N3 (M + H)+, 

calcd: 696.2974, found: 696.2968; m/z for C32H45O14N3Na (M + Na)+, calcd: 718.2794, 

found: 718.2786.  

Compound 18c: 

 

Colourless solid (43 mg, 49%); m.p.: 156-158 1°C; [α] D
25

 +43.4 (c 0.5, CHCl3); Rf = 0.48 

(40% ethyl acetate in petroleum ether); 1H NMR (400 MHz, CDCl3) 𝜹H 8.03 (d, J = 7.9 Hz, 

2H), 7.98–7.90 (m, 3H), 7.83 (d, J = 7.3 Hz, 2H), 7.78 (d, J = 7.9 Hz, 2H), 7.63–7.50 (m, 

3H), 7.45 (d, J = 7.9 Hz, 2H), 7.43–7.28 (m, 7H), 6.29 (d, J = 9.8 Hz, 1H), 6.16–6.10 (m, 



Chapter 1: Section A 

 

Page | 12  

 

1H), 6.00–5.86 (m, 2H), 5.49 (s, 1H), 4.96–4.86 (m, 2H), 4.73–4.66 (m, 2H), 4.59–4.46 (m, 

2H), 2.70–2.58 (m, 1H), 2.39 (dt, J = 4.0, 13.9 Hz, 1H), 2.07 (s, 1H), 1.92–1.83 (m, 1H), 1.73 

(dd, J = 4.0, 7.6 Hz, 2H), 1.66–1.52 (m, 3H), 1.47 (s, 2H), 1.32–1.24 (m, 4H), 0.94 (d, J = 6.1 

Hz, 3H), 0.84 (d, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 166.0, 165.6, 165.1, 

164.7, 146.0, 133.7, 133.5, 133.3, 129.9, 129.8, 129.7, 129.3, 128.5, 128.4, 128.4, 127.9, 

120.8, 104.1, 101.6, 88.0, 86.1, 81.2, 75.5, 73.0, 71.0, 68.9, 62.7, 61.5, 60.4, 52.6, 44.4, 37.2, 

36.5, 34.6, 31.9, 30.8, 29.7, 26.2, 24.6, 24.4, 21.1, 20.4, 14.2, 12.9; HRMS: m/z for 

C52H54O14N3 (M + H)+, calcd: 944.3600, found: 944.3600; m/z for C52H53O14N3Na (M + 

Na)+, calcd: 966.3420, found: 966.3414. 

Compound 18d. 

 

Colourless solid (43 mg, 72%); m.p.: 152-154 1°C; [α] D
25

 +53.6 (c 0.6, CHCl3); Rf = 0.32 

(40% ethyl acetate in petroleum ether); 1H NMR (200 MHz, CDCl3) 𝜹H 7.72 (s, 1H), 6.15–

6.07 (m, 1H), 5.74–5.66 (m, 1H), 5.44 (s, 1H), 5.23–5.18 (m, 2H), 5.01–4.86 (m, 2H), 4.62 

(d, J = 12.5 Hz, 1H), 3.83 (dd, J = 6.3, 9.0 Hz, 1H), 2.67 (dt, J = 3.5, 7.2 Hz, 1H), 2.45–2.29 

(m, 1H), 2.09 (d, J = 2.7 Hz, 6H), 2.00 (s, 3 H), 1.95–1.80 (m, 2H), 1.80–1.64 (m, 4H), 1.63–

1.47 (m, 4 H), 1.45 (s, 4H), 1.36 (d, J = 6.1 Hz, 3H), 1.26 (s, 3H), 0.91 (dd, J = 6.6, 8.8 Hz, 

8H); 13C NMR (50 MHz, CDCl3) 𝜹C 208.0, 204.6, 165.6, 133.7, 133.4, 129.8, 128.9, 128.6, 

128.3, 71.6, 70.6, 70.0, 69.6, 56.3, 52.4, 45.4, 41.1, 34.4, 31.9, 30.3, 29.7, 22.7, 20.6, 20.1, 

17.9, 14.1, 11.0; HRMS: m/z for C30H44O12N3 (M + H)+, calcd: 638.2920, found: 638.2913.  
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Compound 18e: 

 

Colourless solid (47 mg, 61%); m.p.: 145-148 1°C; [α] D
25: –136.4 (c 0.17, CHCl3); Rf = 0.55 

(40% ethyl acetate in petroleum ether); 1H NMR (500 MHz, CDCl3) 𝜹H 8.06–7.94 (m, 4H), 

7.83–7.74 (m, 3H), 7.68–7.63 (m, 1H), 7.57–7.49 (m, 3H), 7.45–7.38 (m, 4H), 7.24 (t, J = 7.8 

Hz, 2H), 6.45 (brs, 1H), 6.20 (brs, 1H), 5.83–5.71 (m, 2H), 5.37–5.29 (m, 1H), 5.22–5.12 (m, 

1H), 4.71 (brs, 1H), 4.12 (q, J = 7.2 Hz, 4H), 2.50–2.42 (m, 1H), 2.37–2.29 (m, 1H), 2.19 

2.14 (m, 2H), 2.07–2.03 (m, 7H), 1.99 (s, 1H), 1.53 (d, J = 6.1 Hz, 4H), 1.42 (s, 5H), 0.61 (d, 

J = 7.2 Hz, 3H); 13C NMR (126 MHz, CDCl3) 𝜹C 171.2, 165.6, 165.4, 164.4, 134.0, 133.6, 

133.4, 129.8, 128.9, 128.8, 128.6, 128.3, 104.1, 101.4, 87.9, 87.5, 85.2, 81.0, 74.4, 71.7, 70.6, 

70.5, 70.0, 69.5, 68.6, 68.3, 61.4, 60.4, 52.5, 44.3, 37.2, 36.4, 34.5, 30.6, 29.7, 26.1, 24.6, 

24.1, 21.1, 20.3, 17.9, 14.2, 12.8; HRMS: m/z for C45H50O12N3 (M + H)+, calcd: 824.3389, 

found: 824.3384; m/z for C45H49O12N3Na (M + Na)+, calcd: 846.3208, found: 846.3196.  

Compound 18f: 

 

Colourless solid (57 mg, 62%); m.p.: 73-76 1°C; [α] D
25: –4.4 (c 0.66, CHCl3); Rf = 0.83 

(40% ethyl acetate in petroleum ether); 1H NMR (500 MHz, CDCl3) 𝜹H 7.67 (s, 1H), 5.85 (d, 
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J = 8.8Hz, 1H), 5.48 (s, 1H), 5.44–5.37 (m, 3H), 5.14 (dd, J = 8.0, 10.3 Hz, 1H), 4.98 (dd, J = 

3.4, 10.3 Hz, 1H), 4.95–4.87 (m, 2H), 4.68 (d, J = 12.6 Hz, 1H), 4.56–4.47 (m, 2H), 4.19–

4.08 (m, 6H), 4.00–3.86 (m, 4H), 2.65 (td, J = 4.0, 7.2Hz, 1H), 2.38 (dt, J = 3.8, 14.1 Hz, 

1H), 2.17 (s, 3H), 2.12 (s, 3H), 2.08 (s, 3H), 2.07 (d, J = 3.4Hz, 6H), 2.04 (s, 3H), 1.98 (s, 

3H), 1.86 (s, 4H), 1.45 (s, 3H), 1.26 (t, J = 7.1 Hz, 4H), 0.95 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 

7.2 Hz, 3H); 13C NMR (126 MHz, CDCl3) 𝜹C 171.1, 170.3, 170.2, 170.1, 170.0, 169.4, 169.1, 

145.6, 120.7, 116.4, 111.0, 104.1, 101.1, 101.1, 88.0, 85.5, 81.1, 75.9, 75.6, 72.6, 70.9, 70.8, 

70.5, 69.0, 66.6, 61.7, 61.0, 60.8, 60.4, 52.5, 44.3, 37.3, 36.4, 34.6, 30.7, 26.1, 24.6, 24.4, 

21.0, 20.8, 20.7, 20.6, 20.5, 20.3, 20.2, 14.2, 12.9; HRMS: m/z for C44H62O22N3 (M + H)+, 

calcd: 984.3819, found: 984.3806; m/z for C44H62O22N3Na (M + Na)+, calcd: 1006.3639, 

found: 1006.3624.  

Compound 18g: 

 

Colourless solid (40 mg, 71%); m.p.: 135-140 1°C; [α] D
25: +68.6 (c 0.4, CHCl3); Rf = 0.24 

(40% ethyl acetate in petroleum ether); 1H NMR (200 MHz, CDCl3) 𝜹H 7.82 (s, 1H), 6.09 (d, 

J = 3.4 Hz, 1H), 5.49 (s, 1H), 5.04–4.83 (m, 5H), 4.69 (d, J = 12.6 Hz, 1H), 4.56–4.44 (m, 

1H), 4.19–4.03 (m, 2H), 3.77 (dd, J = 3.5, 7.7 Hz, 1H), 2.66 (dd, J = 3.7, 7.8 Hz, 1H), 2.47–

2.30 (m, 1H), 2.16–1.96 (m, 2H), 1.82–1.66 (m, 4H), 1.55 (s, 3H), 1.46 (d, J = 2.3 Hz, 6H), 

1.40 (s, 3H), 1.35 (s, 3H), 1.25 (s, 3H), 0.95 (d, J = 5.9Hz, 3H), 0.89 (s, 3H); 13C NMR (50 

MHz, CDCl3) 𝜹C 113.8, 109.6, 104.2, 101.1, 88.8, 88.0, 81.1, 79.7, 79.2, 72.7, 66.9, 61.3, 

52.6, 44.4, 37.4, 36.4, 34.6, 30.8, 29.7, 27.0, 26.2, 25.5, 25.2, 24.7, 24.5, 24.1, 20.3, 13.0; 

HRMS: m/z for C30H46O10N3 (M + H)+, calcd: 608.3175, found: 608.3178; m/z for 

C30H45O10N3Na (M + Na)+, calcd: 630.2997, found: 630.2990.  
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Compound 18h.  

 

Colourless solid (78 mg, 86%); m.p.: 160-165 1°C; [α] D
25: +85.8 (c 1, CHCl3); Rf = 0.54 

(40% ethyl acetate in petroleum ether); 1H NMR (200 MHz, CDCl3) 𝜹H 7.65 (s, 1H), 5.90 (d, 

J = 9.2 Hz, 1H), 5.53–5.27 (m, 5H), 5.08 (t, J = 9.9 Hz, 1H), 4.98–4.84 (m, 3H), 4.76–4.60 

(m, 1H), 4.58–4.43 (m, 1H), 4.33– 4.08 (m, 4H), 4.06–3.91 (m, 2H), 2.65 (td, J = 3.8, 7.3 Hz, 

1H), 2.45–2.29 (m, 1H), 2.13 (d, J = 5.1 Hz, 6H), 2.07 (s, 3H), 2.04 (d, J = 1.1 Hz, 6H), 2.02 

(brs, 3H), 1.84 (s, 3H), 1.79–1.50 (m, 7H), 1.45 (s, 3H), 1.36–1.18 (m, 3H), 0.94 (d, J = 5.9 

Hz, 3H), 0.87 (d, J = 7.3 Hz, 3H); 13C NMR (50 MHz, CDCl3) 𝜹C 170.6, 170.3, 169.9, 169.4, 

169.1, 104.2, 101.3, 100.6, 95.9, 88.0, 81.1, 75.4, 75.2, 74.0, 72.4, 70.9, 70.0, 69.2, 68.8, 

68.0, 61.5, 55.0, 52.6, 44.4, 37.4, 37.3, 36.4, 34.6, 30.7, 29.7, 26.2, 24.7, 24.5, 20.8, 20.6, 

20.4, 20.1, 12.9; HRMS: m/z for C44H61O22N3Na (M + Na)+, calcd: 1006.3639, found: 

1006.3633. 

Compound 18i: 

 



Chapter 1: Section A 

 

Page | 16  

 

Yellow semi-solid (33 mg, 52%); [α] D
25: +79.2 (c 0.3, CHCl3); Rf = 0.43 (40% ethyl acetate 

in petroleum ether); 1H NMR (400 MHz, CDCl3) 𝜹H 7.56 (s, 1H), 7.37–7.28 (m, 5H), 5.96 (d, 

J = 3.7 Hz, 1H), 5.46 (s, 1H), 5.43–5.37 (m, 1H), 4.98–4.89 (m, 3H), 4.68–4.63 (m, 2H), 

4.61–4.55 (m, 2H), 4.43 (d, J = 11.6 Hz, 1H), 3.97 (dd, J = 2.7, 8.2 Hz, 1H), 3.91 (d, J = 3.1 

Hz, 1H), 2.69–2.61 (m, 1H), 2.37 (dt, J = 3.7, 14.0 Hz, 1H), 2.07–1.99 (m, 2H), 1.80–1.68 

(m, 3H), 1.59 (dd, J = 3.1, 12.8 Hz, 2H), 1.44 (s, 3H), 1.42 (s, 3H), 1.33 (s, 3H), 1.26 (brs, 

3H), 0.93 (d, J = 6.1 Hz, 3H), 0.87 (d, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 

221.6, 220.7, 218.5, 180.8, 169.5, 167.1, 163.0, 160.9, 150.2, 144.8, 143.5, 136.6, 132.3, 

128.7, 128.4, 128.3, 123.7, 123.3, 112.3, 105.1, 104.1, 101.4, 92.6, 88.0, 81.8, 81.1, 80.2, 

78.5, 77.8, 77.0, 72.1, 68.2, 63.9, 61.4, 52.6, 50.0, 45.4, 44.4, 37.3, 36.4, 34.6, 30.8, 29.7, 

26.7, 26.3, 26.2, 25.4, 24.7, 24.4, 20.8, 20.3, 13.0, 6.6; HRMS: m/z for C36H50O11N3 (M + 

H)+, calcd: 700.3440, found: 700.3432; m/z for C36H49O11N3 (M + Na)+, calcd: 722.3259, 

found: 722.3245. s 

 

 

 

 

 

 

 

 

 

 



Chapter 1: Section A 

 

Page | 17  

 

1.2.5 References:  

1. D. L. Klayman, Science, 1985, 228, 1049–1055.  

2. A. K. Bhattacharya and R. P. Sharma, Heterocycles, 1999, 51, 1681–1745.  

3. (a) S. R. Meshnick, T. E. Taylor and S. Kamchonwongpaisan, Microbial Rev., 1996, 

60, 301–315. (b) Q. Li, P. Weina and W. Milhous, Curr. Drug Ther., 2007, 2, 210–

223.  

4. Youyou Tu, Nature Medicine, 2011, 17, 1217-1220. 

5. (a) H. J. Woerdenbag, T. A. Moskal, N. Pras, T. M. Malingre´, F. S. El-Feraly, H. H. 

Kampinga and A. W. T. Konings, J. Nat. Prod., 1993, 56, 849–856. (b) A. E. Mercer, 

I. M. Copple, J. L. Maggs, P. M. O’Neill, and B. K. Park, J Biol Chem., 286, 987–

996. (c) A. E.Mercer, J. L. Maggs, X-M. Sun, G. M. Cohen, J. Chadwick, P. M. 

O’Neill and B. K. Park, J Biol Chem., 282, 9372–9382.  

6. Essentials of Glycobiology, ed. A. Varki, R. D. Cummings, J. D. Esko, H. H. Freeze, 

P. Stanley, C. R. Bertozzi, G. W. Hart and M. E. Etzler, Cold Spring Harbor 

Laboratory Press, 2nd edn, 2009.  

7. O. V. Andreeva, B. F. Garifullin, R. R. Sharipova, I. Yu. Strobykina, A. S. Sapunova, 

A. D. Voloshina, M. G. Belenok, A. B. Dobrynin, L. R. Khabibulina, and V. E. 

Kataev, J. Nat. Prod. 2020, 83, 2367−2380. 

8.  T. K. Kotammagari, S. Paul, G. K. Barik, M. K. Santra, A. K. Bhattacharya, Org. 

Biomol. Chem., 2020, 18, 2252–2263.  

9. M. Krawczyk, G. Pastuch-Gawołek, A. Pluta, K. Erfurt, A. Domi´ nski  and P. 

Kurcok, Molecules, 2019, 24, 4181.  

10. K. B. Mishra, R. C. Mishra  and V. K. Tiwari, RSC Adv., 2015, 5, 51779–51789.  

11. W. Szeja, G. Grynkiewicz and A. Rusin, Curr. Org. Chem., 2017, 21, 218-235.  

12. (a) R. Huisgen, Angew. Chem., Int. Ed., 1963, 2, 565–598. (b) R. Huisgen, Angew. 

Chem., Int. Ed., 1963, 2, 633–645.  

13. (a) C. W. Meldal, C. Tornoe and M. Meldal, J. Org. Chem., 2002, 67, 3057–3064. (b) 

V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew. Chem., Int. 

Ed., 2002, 41, 2596–2599. (c) B. C. Boren, S. Narayan, L. K. Rasmussen, L. Zhang, 

H. Zhao, Z. Lin, G. Jia and V. V. Fokin, J. Am. Chem. Soc., 2008, 130, 8923–8930. 

(d) B. T. Worell, J. A. Malik and V. V. Fokin, Science, 2013, 340, 457–460.  



Chapter 1: Section A 

 

Page | 18  

 

14. (a) A. Brossi, B. Venugopalan, L. D. Gerpe, H. J. C. Yeh, J. L. Flippen-Anderson, P. 

Buchs, X. D. Luo, W. Milhous and W. Peters, J. Med. Chem., 1988, 31, 645–650. (b) 

A. J. Lin and R. E. Miller, J. Med. Chem., 1995, 38, 764–770.   

15. R. K. Haynes, Curr. Top. Med. Chem., 2006, 6, 509–537.  

16. H. R. Chand and A. K. Bhattacharya, Asian J. Org. Chem., 2016, 5, 201–206. 

17. (a) R. R. Schmidt, M. Behrendt and A. Toepfer, Synlett, 1990, 694–696. (b) Y. D. 

Vankar, P. S. Vankar, M. Behrendt and R. R. Schmidt, Tetrahedron, 1991, 47, 9985–

9992.  

18. (a) B. H. M. Kuijpers, S. Groothuys, A. Keereweer, R. Bram, P. J. L. M. Quaedflieg, 

R. H. Blaauw, F. L. van Delft and F. P. J. T. Rutjes, Org. Lett., 2004, 6, 3123–3126 

and references cited therein. (b) S. Chittaboina, F. Xie and Q. Wang, Tetrahedron 

Lett., 2005, 46, 2331–2336. (c) R. M. Cicchillo and P. Norris, Carbohydr. Res., 2000, 

328, 431–434. (d) M. A. Maier, C. G. Yannopoulos, N. Mohamed, A. Roland, H. 

Fritz, V. Mohan, G. Just and M. Manoharan, Bioconjugate Chem., 2003, 14, 18–29.  

 

 

 

 

 

 

 

 

 

 

 



Chapter 1: Section A 

 

Page | 19  

 

1.2.6 Copies of NMR spectra  
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1.2. Design and synthesis of eugenol/isoeugenol glycoconjugates 

and other azole derivatives as potent antifungal  

1.2.1 Introduction 

Aspergillus fumigatus is a saprobic fungus that has harmonized itself with extreme climatic 

conditions, whilst this fungal strain also evolved its resistance against host cell defense 

mechanism and many marketed drugs. Over 1-4 million people are infected throughout the 

world from various forms of aspergillosis as per reported data.1a,b Asexual spores of 

Aspergillus like arthrospores, chlamydospores, and sporangiospores are habitually inhaled by 

us in our daily life. These spores are hazardous for people with a debilitated immune system 

and lurking pulmonary diseases like tuberculosis, lung cancer, asthma, pneumonia and other 

respiratory intricacies. Smaller conidial size of Aspergillus spp and their proficient adhesion 

to the host cell surface for sustenance increases its propagation deep inside the respiratory 

tract which puts people with underlying lung diseases and delicate immunology at a higher 

stake of getting lethal fungal infections. The surface proteins on its conidia provide it with 

camouflage from the host cell defense mechanism thus making it unrecognizable.1c Lately, 

studies have shown emergences of co-fungal infection cases of respiratory aspergillosis in 

19.6–33.3% of people forbearing COVID-19.2 

1.2.1.1 Development of resistance toward known antifungals 

In the recent past, this genus has shown resistance toward marketed antifungal drugs as well 

as host cell defence mechanisms.3 Common used antifungal drugs are designated into four 

main classes, polyenes, azoles, allylamines and echinocandins according to their action of 

mechanism and structure. Amphotericin B (Amp B), miconazole, ketoconazole, fluconazole, 

voriconazole, itraconazole, etc. are some of the marketed drugs (Figure 1). Mostly these 

drugs make fungal cell walls porous by affecting the biosynthesis of the fungal cell wall at 

different stages which in turn inhibits the further proliferation of fungal cells though some 

other drugs which may affect fungal cell wall components, nucleic acids, and microtubule 

biosynthesis.1c,4 Due to excessive usage of these pharmacophores renders A. fumigatus 

unresponsive to these above-mentioned classes of antifungals to some extent. Hence, there is 
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a compelling need to design and synthesize new antifungals with enhanced bioavailability 

and least toxicity.3 

 

Figure 1: Common antifungal drugs 

1.2.1.2 Secondary metabolites as potent antifungals 

Natural phenylpropanoid, eugenol (1a) is isolated from the plants like Myristica fragrans, 

Eugenia caryophyllata and Syzygium aromaticum etc. and also it is one of the main 

components of clove oil.5a Isoeugenol (1b) is isolated from Clarkia breweri and Ocimum 

basilicum etc.5b Eugenol (1a) and isoeugenol (1b) (Figure 2) hold analgesic, anti-

inflammatory, cardiovascular, anti-carcinogenic, antioxidant and antimutagenic properties. 

Eugenol (1a) itself exhibits local antiseptic and anaesthetic properties in dentistry.5c Eugenol 

(1a) /isoeugenol (1b) has shown antifungal activity at IC50 value of 1900 µM against A. 

fumigatus, respectively.1c,4b,5  

 

Figure 2: Structure of eugenol (1a) and isoeugenol (1b)  

Due to all the above properties and their wide range of adaptable uses, eugenol and 

isoeugenol (1a and 1b) have become potent candidates for the design and synthesis of potent 
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drugs. Structural alterations in potent drug motifs either isolated from natural products or 

synthesized can render existing drugs more efficient and less toxic.1c,6 It is well published7in 

the literature that adjoining sugar scaffolds to naturally occurring potent drug motifs enhances 

its bioavailability by aiding in its solubility, stability and permeability in the biological 

system. It is all attributed to the hyper-valent nature of carbohydrate scaffolds that guides the 

prodrug to reach the targeted site. Hence glycoconjugates of natural products are considered 

as preferred pharmacophores in drug delivery.7 Moreover, the insertion of triazole rings 

within the therapeutic compound assists in enhancing the bioactivity of antifungals. Hence, 

we opined synthesis of eugenol and isoeugenol (1a and 1b) based glycoconjugates and their 

structure modification to further improve their antifungal activities.8  

1.2.2 Present work 

1.2.2.1 Chemical modifications of eugenol 1a and isoeugenol 1b 

Herein, we report synthesis of eugenol (1a) /isoeugenol (1b) based glycoconjugates in 

addition to other structural modifications in order to study their antifungal properties. We 

treated eugenol (1a) and isoeugenol (2a) with propargyl bromide in acetone using potassium 

carbonate (K2CO3) as a base at ambient temperature which furnished eugenol/isoeugenol 

propargyls (2a and 2b) in good yields (Scheme 1).  

 

Scheme 1: Synthesis of propargylated eugenol/isoeugenol (2a/2b)  

Sugar azides or azido sugars (3a–f) (Scheme 2) were prepared as per previously published 

approaches and spectral data was found in agreement with the reported literature data.4,7,9 The 

β-orientation of the azido groups at anomeric position was confirmed by the coupling 
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constant (ranges from 8.5-8.88 Hz) of anomeric protons which appeared at 𝜹H 4.61–4.98 ppm 

in 1H NMR spectra and the data was compatible with the reported literature data.4b,7a,9 

 

Scheme 2: Synthesis of azido sugars (3a-f)  

Finally propargylated eugenol/isoeugenol (2a/2b) and azido sugars (3a-f) were coupled 

employing click chemistry in presence of catalytic amount of copper iodide and N,N-

diisopropylethylamine (DIPEA) as a base in dichloromethane (DCM) to furnish natural 

product based glycoconjugates (4a-j)  (Table 1) in good to excellent yields (65-81%).10 

Lactose azide showed better yields (4a and 4c) of glycoconjugate products than maltose azide 

(4b and 4d). Acetylated monosaccharides azides i.e. tetra-O-acetyl azido glucose, tetra-O-

acetyl azido galactose and triacetyl azido rhamnose furnish good yields of glycoconjugates 

(4e-4i). Tetra-O-benzoyl azido glucose (3f) also furnished isoeugenol glycoconjugate (4j) in 

good yield. All the eugenol/isoeugenol derived glycoconjugates were assayed for their 

antifungal activity against A. fumigatus. Among all the synthesized glycoconjugates, 

compound (4e) has shown promising antifungal activity with the IC50 value of 5.42 μM 

against A. fumigatus. Although, all other glycoconjugates did not show promising activities 

but they were multiple folds active than their parent compounds.  

We reduced the aliphatic double bond in eugenol (1a) to observe the role of this exo-

methylene double bond of eugenol (1a) in antifungal assays against A. fumigatus. In order to 

achieve this, the exo-methylene double was reduced by utilizing Pd–C/H2 to furnish euganol 

(5) in very good yield11 (Scheme 3). Upon reduction, the free–OH group of euganol was 
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treated with propargyl bromide, K2CO3 as a base in acetone to furnish propargylated euganol 

derivative (6).  

 

Table 1: Substrate scopea,b: 

 
a Reaction conditions: propargylated eugenol/isoeugenol (2a) or (2b) (30 mg, 0.1485 mmol, 1 equiv.), azido sugars (3a–f)  (0.1782 mmol, 

1.2 equiv.), DCM (3 mL), CuI (15.55 mg, 0.0816 mmol, 0.55 equiv.), and DIPEA (26 μL, 0.1485 mmol, 1.0 equiv.). b Isolated yield. 

 

We finally coupled compound (6) with previously synthesized tetra-O-acetyl azido glucose 

(3c) to afford glycoconjugate (7) (Scheme 3). Amid all these synthesized compounds of 

eugenol (1a) derivatives, only compound (5) displayed encouraging antifungal activity with 

an IC50 value of 9.39 μM.  

 

Scheme 3: Reduction of eugenol (1a) with subsequent glycoconjugation 
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Further deprotection of compounds (4e and 7) was taken up to study the role of acetyl groups 

present on sugar scaffolds on the antifungal activities. The acetyl groups were deprotected in 

presence of sodium methoxide in methanol to afford deprotected compounds (8 and 9) 

(Scheme 4).12 However, these deprotected motifs on antifungal assay against A. fumigatus 

displayed IC50 values above 25 μM.  

 

Scheme 4: Deprotection of compounds (4e and 7) 

We further utilized the free –OH group of eugenol (1a) to synthesize various derivatives apart 

from glycoconjugates. The free–OH group was protected using tert-butyldimethylsilyl 

chloride (TBDMS-Cl) in presence of imidazole and 4-dimethyl-aminopyridine (DMAP) as 

combined bases in DCM to yield compound (10) i.e. TBS protected eugenol (10). Compound 

(10) was then treated with AD-mix-β in a water–tert butanol solvent system to furnish 

dihydroxylated13 product (11) which was further subjected to tosylation. The tosylated 

compound (12) was used without any further purification to expedite azidation when treated 

with sodium azide (NaN3) in dimethylformamide (DMF) in the presence of a catalytic 

amount of tetrabutylammonium iodide (TBAI) to obtain compound (13) (Scheme 5). All 

these synthesized compounds were further evaluated for their antifungal activities against A. 

fumigatus but all the compounds showed IC50 values above 25 µM.  
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Scheme 5: Dihydroxylation of eugenol (1a) followed by azidation 

It is widely reported in the literature14 that dimers of therapeutic agents possess higher 

biological activities than their monomers. We were interested to synthesize some dimeric 

compounds and study their antifungal efficacies. In this regard, compound (13) was 

considered as the ideal candidate for the synthesis of dimeric analogues. Hence, we coupled 

azide compound (13) with propargylated analogue synthesized earlier employing click 

reaction to obtain compounds (14, 15and 16) (Scheme 6). Again all these compounds were 

tested against A.fumigatus for their antifungal efficacy. However, all the three dimeric 

compounds showed IC50 values above the range of 25 µM.  

 

Scheme 6: Synthesis of dimeric analogs (14-16) 
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1.2.2.2 Biological evaluations of synthesized compounds 

All the synthesized molecules along with their parent molecules were tested for their 

antifungal activities against A. fumigatus as per the Clinical and Laboratory Standards 

Institute (CLSI) protocol (Table 2).15 Eugenol (1a) and isoeugenol (1b) exhibited IC50 value 

of 1900 µM against A. fumigatus. All the synthesized glycoconjugates (4a-4j) had shown 

more than 100 folds better activities than the parent compounds. It could be attributed to the 

addition of sugar scaffolds to eugenol/isoeugenol along with a triazole bridge which might be 

increasing the antifungal potency.  

Table 2: IC50 values of compounds against A.fumigatus 

Compound codes IC50 values (µM) Compound codes IC50 values (µM) 

1a/1b 1900 5 9.39 

2a/2b ≥25 6 ≥25 

4a 14.47 7 ≥25 

4b 14.47 8 ≥25 

4c 14.47 9 ≥25 

4d 14.47 10 ≥25 

4e 5.42 11 ≥25 

4f 10.86 13 ≥25 

4g 12.08 14 ≥25 

4h 21.73 15 ≥25 

4i 10.86 16 ≥25 

4j 15.18 Amp B 1.08 
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Amidst all glucose conjugates of eugenol (4e), showed the IC50 value of 5.42 μM. It is 

notable that other glycoconjugates did not show any promising activities. We observed that 

glycoconjugate of C-4 epimer of glucose i.e. galactose (3d) was not active as potent 

antifungal as compared to glucose conjugate of eugenol (4e). Hence, it may be presumed that 

equatorial position of the –OH group is vital for biological interactions. However, when we 

coupled glucose with isoeugenol (4h) we did not notice any significant activity. It could be 

accounted due to non-terminal positioning of the double bond whereas; in active compound 

4e, a terminal double bond is present. 

To observe the role of terminal double bond, we reduced eugenol (1a) to euganol (5) and this 

reduced compound (5) exhibited an IC50 value of 9.39 μM (Table 2). Hence, we envisioned 

to couple compound 5 with glucose azide (3c). However, no substantial activity was recorded 

in this case. Antifungal activity assay of dimeric compounds (14-16) revealed their least 

potency (IC50 values above 25 µM).  Among the entire range of compounds assayed, we only 

compounds 4e and 5 were able to check the growth of A. fumigatus conidia and mycelium 

substantially with MIC values of 10.86 μM and 15.54 μM, respectively. MIC values for rest 

of the compounds were ranging above 20 µM therefore, they were not considered appropriate 

for further biological analysis. The MIC and IC50 values of original molecules (eugenol 1a 

and isoeugenol 1b) were 3800 μM and 1900 μM, respectively. Amphotericin B (Amp B) was 

used as positive control drug for the biological studies. It is evident from the data of MIC 

(10–20 μM) and IC50 values (5.42-21.73 μM) of synthesised compounds (2-15) that these 

possess higher antifungal potency as compared to the parent molecules (eugenol 1a and 

isoeugenol 1b, MIC values of 3800 μM).  

The most critical condition for evolution of any drug molecule is its selective virulence for 

fungal cells without altering mammalian cells. Herein we used L-132 cells, an epithelial cell 

line from the lungs of human embryo for cytotoxicity studies of compound 4e and 5 where 

FDA-approved antifungal agent Amp B was used as a standard drug.16 Both the compounds 

4e and 5 were found to be non-toxic on L-132 cells with IC50 value of 43.46 μM and 150.05 

μM, respectively. Whilst the cytotoxicity of the antifungal drug Amp B was in the range of 

5.4–10.82 μM.17 The CC50 (cytotoxic concentration-50) values for compounds 4e and 5 were 

calculated as 43.46 μM and 150.5 μM, respectively. The reported sub-lethal cytotoxicity of 

the antifungal drug Amp B was in the range of 5.4–10.82 μM.17 The selectivity index values 

for 4e and 5 were figured as 8.01 and 16.02, respectively,. Higher selectivity index 
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suppositionally indicates that drug will be more efficient and safer to apply as lower 

concentration of drug is needed to treat any kind of microbial infections. All the synthesised 

derivatives are theoretically safe to use in further studies due to their higher SI values as 

compared to the parent molecule eugenol (1a) for which SI values was 0.2 according to the 

reports.18 A study towards formation of the DHN-melanin, a factor imparting greenish-grey 

colour to the fungal conidia was also accomplished. Previous report suggests significant 

decrease in the formation of this protective coat in fungal conidia treated with isoeugenol 

(1b).19 Compound 4e and 5 were able to reduce the production of this particular melanin 

efficiently when compared to eugenol (1a) and Amp B (positive control). This reduction in 

DHN-melanin is a loss in cell defence factors in fungal cell wall as it alters the colonisation 

properties of conidia as well as their morphologies.20 This loss in melanin slackens down the 

glued conidia from each other. When fungal strain was treated with compound 4e and 5 we 

observed a smooth outer surface and decrease in conidia count via scanning electron 

microscopy (SEM) unlike untreated conidia which possess spinous surface and higher 

conidia count (Figure 3).  

 

Figure 3: SEM and TEM images displaying the conidial surface of A. fumigatus (a) Decrease 

in conidia count in analogue treated sample as compare to control; (b) analogue treated single 

conidia with smooth surface as compared to spinous conidial surface in untreated control; and 

(c) analogue treated single conidia with reduced melanin content and softer surface compared 

to control conidia showing protrusion and melanin deposition  
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Fungal biofilm transmits an extracellular matrix (ECM) to stick all mycelia hyphae together 

post colonization which provides a protective covering to the pathogen to flourish in within 

the host.21 ECM consists of polysaccharide, hydrophobic proteins and melanin is a necessary 

component to glue mycelia threads.22 The eradication of fungal biofilms was adequate at 

concentration ranges of 69.53–86.92 μM and 243.60–304.5 μM for 4e and 5, respectively. 

Along with this, ECM generated by fungal biofilm was also absent on surface. Meanwhile 

SEM analysis shows dense ECM accumulation on fungal surface with well interconnected 

hyphal network, whereas compound treated strains lesser hyphal arrangements with no ECM 

accumulations (Figure 4).  

 

Figure 4: SEM of A. fumigatus biofilm surface. (a) A. fumigatus biofilm; Yellow arrow 

indicates ECM embedded in the hyphal network; (b) Analogue 8 treated A. fumigatus without 

ECM Magnification at 1K x; Scale- 10 µm 

1.2.3 Conclusions 

Concisely, we have synthesised eugenol and isoeugenol based glycoconjugates via click 

coupling reaction and assayed all the novel glycoconjugates for their antifungal activities 

against A. fumigatus. Further derivatisation of eugenol was achieved by the functionalization 

of olefinic double bond. Promising antifungal activity was observed in case of glucose 

glycoconjugate of eugenol and reduced eugenol i.e. euganol amongst all the synthesised 

derivatives. Other than antifungal studies we have also conducted experiments regarding 

eradication of cell wall virulence factor in A. fumigatus like DHN- melanin, biofilm with 

ECM production via utilizing SEM and TEM visualisations. Fungal strain treated with most 
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active compounds showed encouraging reduction in DHN- melanin production and deceased 

ECM production by fungal biofilms.  
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1.2.4 Experimental procedures 

General Procedure for the propargylation of isoeugenol/eugenol: 

Compound 1a or 1b (5 g, 30.4506 mmol, 1 equiv.) was taken in a 250 mL round bottom 

flask and dissolved in acetone (20 mL) at room temperature under inert atmosphere. Then 

K2CO3 (6.3 g, 45.6759 mmol, 1.5 equiv.) and propargyl bromide (5.8 mL, 76.1266 mmol, 

2.5 equiv.) were added to the above-mentioned solution at room temperature. After reaction 

was completed (monitored by TLC) the reaction mixture was filtered over Celite bed and 

the filtrate was evaporated in vacuo to furnish a residue which was purified by flash 

chromatography using a RediSep column (SiO2, 12g) with EtOAc-petroleum ether mixture 

as eluent. 

4-Allyl-2-methoxy-1-(prop-2-yn-1-yloxy) benzene (2a): 

 

Yellow liquid (4.5 g, 73%); Rf 0.34 (5% ethyl acetate in petroleum ether);1H NMR (200 

MHz, CDCl3): 𝜹H 6.98–6.90 (m, 1H), 6.74–6.66 (m, 2H), 6.05–5.82 (m, 1H), 5.15–5.06 (m, 

1H), 5.03 (s, 1H), 4.70 (d, J = 2.4 Hz, 2H), 3.82 (s, 3H), 3.32 (d, J = 6.7 Hz, 2H), 2.48 (t, J = 

2.4 Hz, 1H); 13C NMR (50 MHz, CDCl3): 𝜹C 149.5, 145.0, 137.3, 134.1, 120.1, 115.6, 114.6, 

112.2, 78.7, 75.4, 56.8, 55.6, 39.6; LCMS: m/z 203.1 for C13H15O2 (M+H)+. 

(E)-2-Methoxy-4-(prop-1-en-1-yl)-1-(prop-2-yn-1-yloxy) benzene (2b): 

 

Colourless semisolid (4.6 g, 74%); Rf 0.34 (5% ethyl acetate in petroleum ether); 
1
H NMR 

(200 MHz, CDCl3): 𝜹H 6.99–6.81 (m, 3H), 6.41–6.25 (m, 1H), 6.22–6.03 (m, 1H), 4.75 (d, 

J = 2.4 Hz, 2H), 3.88 (s, 3H), 2.50 (t, J = 2.3 Hz, 1H), 1.87 (dd, J = 1.3, 6.4 Hz, 3H); 
13

C 

NMR (50 MHz, CDCl3): 𝜹C 149.7, 145.8, 132.6, 130.5, 124.4, 118.4, 114.6, 109.1, 78.6, 

75.6, 56.9, 55.8, 18.3; LCMS: m/z 203.1 for C13H15O2 (M+H)+. 

 



Chapter 1 Section B 

 

Page | 43  
 

General Procedure for the coupling of sugar azide with propargylated eugenol and 

isoeugenol: 

To a stirred solution of propargylated eugenol/isoeugenol ( 2a or 2b) (30 mg, 0.1485 

mmol, 1 equiv.) in DCM (3 mL) azido sugars (3a-f)  (0.1782 mmol, 1.2 equiv.), CuI (15.55 

mg, 0.0816 mmol, 0.55 equiv.) and DIPEA (26 μL, 0.1485 mmol, 1.0 equiv.) were added and 

stirred for 14-24 hours under an inert atmosphere at 25 °C. After completion of reaction 

(monitored by TLC) the reaction mixture was concentrated in vacuo to obtain crude, which 

was purified by flash chromatography using a RediSep column (SiO2, 12g) with EtOAc in 

petroleum ether to furnish desired eugenol/isoeugenol glycoconjugates (4a-j) . 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2 

(acetoxymethyl)-6-(4-((2-methoxy-4-((E)-prop-1-en-1-yl)phenoxy)methyl)-1H-1,2,3- 

triazol-1-yl)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 

(4a):  

 

Colourless solid (89.7 mg, 70%); m.p.: 85-87 ºC; Rf 0.13 (40% ethyl acetate in petroleum 

ether);
1
H NMR (400 MHz, CDCl3): 𝜹H 7.78 (s, 1H), 6.91–6.86 (m, 2H), 6.84–6.76 (m, 1H), 

6.30 (dd, J = 1.5, 15.3 Hz, 1H), 6.08 (dd, J = 6.5, 15.6 Hz, 1H), 5.83–5.76 (m, 1H), 5.39–5.33 

(m, 3H), 5.23 (s, 2H), 5.10 (dd, J = 8.0, 10.3 Hz, 1H), 4.95 (dd, J = 3.4, 10.3 Hz, 1H), 4.50 

(d, J = 7.6 Hz, 1H), 4.44 (d, J = 13.0 Hz, 1H), 4.15–4.04 (m, 3H), 3.93–3.86 (m, 3H), 3.85 

(s, 3H), 2.14 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.03 (s, 6H), 1.95 (s, 3H), 1.83 (dd, J = 1.5, 

6.9 Hz, 3H), 1.80 (s, 3H); 
13

C NMR (101 MHz,CDCl3): 𝜹C 170.5, 170.3, 170.2, 170.2, 169.6, 

169.2, 149.7, 146.6, 145.1, 132.4, 130.5, 124.5, 121.6, 118.7, 114.5, 109.1, 101.2, 85.6, 75.9, 

75.7, 72.7, 71.0, 70.9, 70.5, 69.1, 66.7, 63.2, 61.8, 60.9, 55.9, 20.9, 20.8, 20.7, 20.7, 20.6, 

20.2, 18.5; HRMS: m/z for C39H49O19N3Na (M+Na)+: calcd 886.2852, found 886.2847. 
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(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2- 

(acetoxymethyl)-6-(4-((2-methoxy-4-((E)-prop-1-en-1-yl)phenoxy)methyl)-1H-1,2,3- 

triazol-1-yl)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 

(4b): 

 

Colourless solid (87.2 mg, 68%); m.p.: 171-173 ºC; Rf 0.20 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (400 MHz, CDCl3): 𝜹H 7.86–7.76 (m, 1H), 6.97–6.87 (m, 2H), 6.86–6.76 (m, 

1H), 6.33 (dd, J = 1.3, 15.7 Hz, 1H), 6.22–6.02 (m, 1H), 5.90–5.77 (m, 1H), 5.47–5.34 (m, 

3H), 5.26 (s, 2H), 5.13 (dd, J = 7.7, 10.4 Hz, 1H), 5.04–4.93 (m, 1H), 4.61–4.36 (m, 2H), 

4.17–4.09 (m, 3H), 4.00–3.89 (m, 3H), 3.87 (s, 3H), 2.16 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 

2.06–2.04 (m, 6H), 1.97 (s, 3H), 1.86 (dd, J = 1.0, 6.4 Hz, 3H), 1.82 (s, 3H) ; 
13

C NMR 

(101 MHz, CDCl3): 𝜹C 170.3, 170.2, 170.1, 170.0, 169.5, 169.1, 149.7, 146.5, 145.0, 132.4, 

130.5, 124.3, 121.5, 118.6, 114.7, 109.3, 101.1, 85.5, 75.9, 75.6, 72.7, 70.9, 70.9, 70.5, 69.1, 

66.7, 63.2, 61.8, 60.9, 60.4, 55.9, 21.0, 20.7, 20.6, 20.4, 20.1, 18.4; HRMS: m/z for 

C39H49O19N3Na (M+Na)+: 886.2852, found 886.2847. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2- 

(acetoxymethyl)-6-(4-((4-allyl-2-methoxyphenoxy)methyl)-1H-1,2,3-triazol-1- 

yl)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 

(4c): 

 

Yellow solid (96 mg, 75%); m.p.: 73-75 ºC; Rf 0.22 (40% ethyl acetate in petroleum ether); 
1
H 

NMR (200 MHz, CDCl3): 𝜹H 7.85 (s, 1H), 6.92 (d, J = 8.1 Hz, 1H), 6.76–6.65 (m, 2H), 6.02–

5.82 (m, 2H), 5.46–5.34 (m, 3H), 5.24 (s, 2H), 5.15-5.05 (m, 2H), 5.05–4.98 (m, 2H), 4.61–
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4.43 (m, 2H), 4.13 (td, J = 3.5, 7.2 Hz, 3H), 4.01–3.93 (m, 3H), 3.85 (s, 3H), 3.32 (d, J = 6.6 

Hz, 2H), 2.16 (s, 3H), 2.10 (s, 3H), 2.08–2.02 (m, 10H), 1.97 (s, 3H), 1.82 (s, 3H); 
13

C 

NMR (50 MHz, CDCl3): 𝜹C 170.3, 170.2, 170.1, 170.0, 169.5, 169.1, 169.1, 149.6, 145.8, 

145.0, 137.4, 134.0, 121.6, 120.5, 115.7, 114.7, 112.4, 101.0, 85.3, 75.7, 75.6, 72.6, 70.9, 

70.8, 70.5, 69.0, 66.7, 63.2, 61.8, 60.9, 60.3, 55.8, 39.8, 21.0, 20.7, 20.6, 20.5, 20.1, 

14.1; HRMS: m/z for C39H51O19N3 (M+H)+: calcd 864.3033, found 864.3029; m/z for 

C39H49O19N3Na (M+Na)+: calcd 886.2852, found 886.2844. 

(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2- 

(acetoxymethyl)-6-(4-((4-allyl-2-methoxyphenoxy)methyl)-1H-1,2,3-triazol-1- 

yl)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 

(4d): 

 

Colourless solid (79 mg, 62%); m.p.: 136-138 ºC; Rf 0.26 (40% ethyl acetate in petroleum 

ether); 1H NMR (200MHz, CDCl3): 𝜹H 7.82 (s, 1H), 6.92 (d, J = 8.0 Hz, 1H), 6.77–6.64 (m, 

2H), 6.02–5.83 (m, 2H), 5.49–5.30 (m, 4H), 5.25 (s, 2H), 5.16–5.00 (m, 4H), 4.89 (dd, J = 

3.9, 10.5 Hz, 1H), 4.54–4.42 (m, 1H), 4.31–4.19 (m, 2H), 4.18–4.05 (m, 2H), 4.04–3.93 (m, 

2H), 3.85 (s, 3H), 3.33 (d, J = 6.7 Hz, 2H), 2.12 (d, J = 3.8 Hz, 6H), 2.07 (s, 3H), 2.05–2.01 

(m, 9H), 1.81 (s, 3H); 
13

C NMR (50MHz, CDCl3): 𝜹C 170.5, 170.5, 170.3, 169.9, 169.9, 

169.4, 169.1, 149.6, 145.8, 145.1, 137.5, 134.0, 121.5, 120.5, 115.7, 114.7, 112.4, 95.9, 85.2, 

75.2, 75.2, 72.4, 70.8, 70.0, 69.2, 68.7, 67.9, 63.3, 62.5, 61.5, 55.8, 39.8, 20.8, 20.7, 20.7, 

20.6, 20.1; HRMS: m/z for C39H50O19N3 (M+H)+: calcd 864.3033, found 864.3033; m/z 

for C39H49O19N3Na  (M+Na)+:calcd 886.2852; found 886.2847. 
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(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-((4-allyl-2-methoxyphenoxy)methyl)-1H-1,2,3- 

triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (4e): 

 

Colourless solid (69.1 mg, 81%); m.p.: 151-153 ºC; Rf 0.21 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (200 MHz, CDCl3): 𝜹H 7.88 (s, 1H), 6.93 (d, J = 8.0 Hz, 1H), 6.76–6.65 

(m, 2H), 6.03–5.84 (m, 2H), 5.52–5.35 (m, 2H), 5.30–5.18 (m, 3H), 5.13–5.07 (m, 1H), 5.03 

(s, 1H), 4.36–4.24 (m, 1H), 4.13 (dd, J = 1.9, 12.5 Hz, 1H), 4.06–3.94 (m, 1H), 3.86 (s, 3H), 

3.33 (d, J = 6.7 Hz, 2H), 2.08 (d, J = 3.3 Hz, 6H), 2.03 (s, 3H), 1.84 (s, 3H); 
13

C NMR (50 

MHz, CDCl3): 𝜹C 170.5, 169.9, 169.3, 168.8, 149.7, 145.9, 145.3, 137.5, 134.1, 121.4, 120.5, 

115.8, 114.8, 112.5, 85.7, 75.1, 72.7, 70.3, 67.7, 63.3, 61.6, 55.9, 39.8, 20.7, 20.5, 

20.1; HRMS: m/z for C27H33O11N3Na (M+Na)+: calcd 598.2007, found 598.2008. 

(2R,3S,4S,5R,6R)-2-(acetoxymethyl)-6-(4-((4-allyl-2-methoxyphenoxy)methyl)-1H-1,2,3- 

triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (4f): 

 

Colourless solid (55.4 mg, 65%); m.p.: 105-107 ºC; Rf 0.18 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (200MHz, CDCl3): 𝜹H 7.95 (s, 1H), 6.94 (d, J = 7.8 Hz, 1H), 6.76–6.65 (m, 

2H), 6.06–5.90 (m, 1H), 5.89–5.81 (m, 1H), 5.64–5.51 (m, 2H), 5.29–5.20 (m, 3H), 5.10 (d, 

J = 6.6 Hz, 1H), 5.04 (s, 1H), 4.28–4.09 (m, 3H), 3.87 (s, 3H), 3.33 (d, J = 6.7 Hz, 2H), 2.25–

2.17 (m, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.86 (s, 3H); 
13

C NMR (50 MHz, CDCl3): 𝜹C 170.4, 

170.0, 169.8, 169.0, 149.7, 145.9, 145.2, 137.5, 134.1, 121.5, 120.5, 115.8, 114.9, 112.4, 

86.2, 74.0, 70.9, 67.8, 66.9, 63.4, 61.3, 55.9, 39.8, 20.7, 20.5, 20.2; found 598.2007; m/z for 
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C27H33O11N3Na (M+Na)+: calcd 598.2006., found 598.2006. 

(3R,4R,5S,6S)-2-(4-((2-methoxy-4-((E)-prop-1-en-1-yl)phenoxy)methyl)-1H-1,2,3- 

triazol-1-yl)-6-methyltetrahydro-2H-pyran-3,4,5-triyl triacetate (4g): 

 

Colourless solid (57.6 mg, 75%); m.p.: 112-114 ºC; Rf 0.20 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (200 MHz, CDCl3): 𝜹H 7.86 (s, 1H), 6.98–6.77 (m, 3H), 6.40–6.24 (m, 1H), 

6.23–6.03 (m, 2H), 5.74–5.62 (m, 1H), 5.28 (s, 2H), 5.24–5.13 (m, 2H), 3.94–3.74 (m, 4H), 

2.09 (s, 3H), 1.98 (s, 3H), 1.92 (s, 3H), 1.85 (d, J = 6.3 Hz, 3H), 1.33 (d, J = 6.1 Hz, 3H); 

13
C NMR (50 MHz, CDCl3): 𝜹C 169.9, 169.2, 149.5, 146.5, 144.5, 132.2, 130.5, 124.3, 

121.9, 118.6, 114.1, 109.1, 84.7, 73.9, 70.7, 69.6, 69.2, 63.1, 55.8, 20.7, 20.5, 20.2, 18.4, 

17.5; HRMS: m/z for C25H32O9N3 (M+H)+: calcd 518.2133, found 518.2131. 

(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-((2-methoxy-4-((E)-prop-1-en-1- 

yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate 

(4h): 

 

Colourless solid (69.2 mg, 81%); m.p.: 181-183 ºC; Rf 0.25 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (400 MHz, CDCl3): 𝜹H 7.86 (s, 1H), 6.93–6.89 (m, 2H), 6.86–6.80 (m, 1H), 

6.33 (dd, J = 1.5, 15.8 Hz, 1H), 6.11 (qd, J = 6.6, 15.7 Hz, 1H), 5.89–5.85 (m, 1H), 5.47–

5.38 (m, 2H), 5.28–5.20 (m, 3H), 4.28 (dd, J = 5.1, 12.6 Hz, 1H), 4.14 (dd, J = 2.0, 12.6 Hz, 

1H), 4.02–3.96 (m, 1H), 3.89–3.87 (m, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.86 (dd, 

J = 1.5, 6.6 Hz, 3H), 1.84–1.82 (m, 3H); 
13

C NMR (101 MHz, CDCl3): 𝜹C 170.5, 169.9, 
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169.3, 168.8, 149.7, 146.5, 145.1, 132.4, 130.5, 124.4, 121.4, 118.6, 114.6, 109.1, 85.7, 75.1, 

72.7, 70.2, 67.7, 63.1, 61.5, 55.9, 20.7, 20.5, 20.5, 20.1, 18.4; HRMS: m/z for 

C27H33O11N3Na (M+Na)+:calcd 598.2007, found 598.2004. 

(2R,3S,4S,5R,6R)-2-(acetoxymethyl)-6-(4-((2-methoxy-4-((E)-prop-1-en-1- 

yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl 

triacetate (4i): 

 

Yellow solid (61.4 mg, 72%); m.p.: 105-107 ºC; Rf 0.18 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (400 MHz, CDCl3): 𝜹H 7.92 (s, 1H), 6.93–6.88 (m, 2H), 6.85–6.78 (m, 1H), 

6.31 (dd, J = 1.5, 15.3 Hz, 1H), 6.16–6.05 (m, 1H), 5.81 (d, J = 9.2 Hz, 1H), 5.58–5.51 (m, 

2H), 5.27–5.19 (m, 3H), 4.21–4.18 (m, 1H), 4.13 (dd, J = 6.5, 11.8 Hz, 2H), 3.87 (s, 3H), 2.20 

(s, 4H), 2.03 (s, 4H), 1.99 (s, 4H), 1.86–1.83 (m, 7H); 
13

C NMR (101 MHz, CDCl3): 𝜹C 

170.5, 170.1, 169.9, 169.1, 149.7, 146.7, 145.1, 132.4, 130.5, 124.5, 121.6, 118.7, 114.7, 

109.1, 86.3, 74.1, 70.9, 67.8, 66.9, 63.3, 61.3, 55.9, 20.8, 20.6, 20.3, 18.5; HRMS: m/z for 

C27H33O11N3Na (M+Na)+: calcd 598.2007, found 598.2002. 

(2R,3S,4S,5R,6R)-2-((benzoyloxy)methyl)-6-(4-((2-methoxy-4-((E)-prop-1-en-1- 

yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl 

tribenzoate (4j): 

 

Colourless solid (86.7 mg, 71%); m.p.: 130-132 ºC; Rf 0.20 (40% ethyl acetate in petroleum 

ether); 
1
H NMR (200 MHz, CDCl3): 𝜹H 8.02 (d, J = 8.5 Hz, 3H), 7.92 (d, J = 7.2 Hz, 2H), 
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7.81 (d, J = 7.2 Hz, 2H), 7.73 (d, J = 7.3 Hz, 2H), 7.60–7.46 (m, 2H), 7.45–7.35 (m, 5H), 

7.34–7.21 (m, 5H), 6.85 (d, J = 8.1 Hz, 2H), 6.80–6.69 (m, 1H), 6.38–6.24 (m, 2H), 6.20–

5.97 (m, 3H), 5.96–5.81 (m, 1H), 5.24 (s, 2H), 4.75–4.59 (m, 1H), 4.57–4.42 (m, 2H), 3.83 (s, 

3H), 1.85 (d, J = 5.8 Hz, 3H); 
13

C NMR (50 MHz, CDCl3): 𝜹C 166.1, 165.6, 165.1, 164.7, 

149.8, 146.7, 145.2, 133.7, 133.6, 133.5, 133.3, 132.3, 130.6, 129.8, 129.8, 129.4, 128.5, 

128.5, 128.4, 128.0, 124.2, 121.6, 118.7, 114.7, 109.3, 86.1, 75.5, 73.1, 71.0, 68.9, 63.3, 62.7, 

55.9, 18.4; HRMS: m/z for C47H42O11N3 (M+H)+: calcd 824.2814, found 824.2814. 

Synthesis of 5: 

Compound 1a was dissolved in anhydrous methanol under argon at 0 ºC. After dissolution 

of compound Pd/C was added in catalytic amount and reaction mixture was kept under H2 

atmosphere for 3 hours at 25 ºC. After completion of reaction (monitored by TLC) the 

reaction mixture was filtered over celite bed and concentrated in vacuo to obtain crude, 

which was purified by flash chromatography using a RediSep column (silica gel, 12g) with 

EtOAc in petroleum ether to furnish desired compound 5. 

2-Methoxy-4-propylphenol (5): 

 

Brown oil (183 mg, 84%); Rf 0.40 (40% ethyl acetate in petroleum ether); 
1
H NMR (200 

MHz, CDCl3): 𝜹H 6.89–6.76 (m, 1H), 6.72–6.58 (m, 2H), 5.65 (br. s., 1H), 3.90–3.79 (m, 3H), 

2.50 (t, J = 7.5 Hz, 2H), 1.60 (qd, J = 7.4, 14.9 Hz, 2H), 0.99–0.86 (m, 3H); 
13

C NMR (50 

MHz, CDCl3): 𝜹C 146.5, 143.6, 134.8, 121.1, 114.3, 111.2, 55.9, 37.8, 25.0, 13.9; HRMS: 

m/z for C10H13O2 (M+H)+: calcd 165.0910, found 165.0910.  

Synthesis of 6: 

Compound 5 (2 g, 12.0336 mmol, 1 equiv.) was dissolved in dry acetone (20 mL) at room 

temperature followed by addition of K2CO3 (2.5 g, 18.0504 mmol, 1.5 equiv.) and propargyl 

bromide (2.3 mL, 30.0842 mmol, 2.5 equiv.) at room temperature. After completion of 

reaction (monitored by TLC) reaction mixture was filtered through Celite bed and the 

filtrate was evaporated in vacuo. Residue was purified by flash chromatography using a 
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RediSep column (silica gel, 12g) with EtOAc in petroleum ether to furnish product (6). 

2-Methoxy-1-(prop-2-yn-1-yloxy)-4-propylbenzene: (6): 

 

Brown oil (1.8 g, 75%); Rf 0.33 (2% ethyl acetate in petroleum ether);
1
H NMR (200 MHz, 

CDCl3): 𝜹H 6.94 (d, J = 8.7 Hz, 1H), 6.74–6.65 (m, 2H), 4.72 (d, J = 2.3 Hz, 2H), 3.85 (s, 

3H), 2.59 2.45 (m, 3H), 1.72–1.52 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H); 
13

C NMR (50 MHz, 

CDCl3): 𝜹C 149.6, 146.4, 137.0, 121.0, 114.8, 112.4, 79.0, 75.5, 57.0, 55.8, 37.8, 24.7, 13.8; 

HRMS: m/z for C13H16O2Na (M+Na)+: calcd 227.1043, found 227.1043. 

Synthesis of compound 7: 

Compound 7 was synthesized by treating compound 6 and 3c according the general procedure 

for synthesizing compounds (4a-j).  

(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-((2-methoxy-4-propylphenoxy)methyl)-1H- 

1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (7): 

 

Yellowish liquid (80 mg, 63%); Rf 0.14 (40% ethyl acetate in petroleum ether); 
1
H NMR (400 

MHz, CDCl3): 𝜹H 7.87 (s, 1H), 6.89 (d, J = 8.1 Hz, 1H), 6.71–6.69 (m, 1H), 6.66 (dd, J = 1.6, 

8.1 Hz, 1H), 5.86 (d, J = 8.9 Hz, 1H), 5.47–5.36 (m, 2H), 5.27–5.19 (m, 3H), 4.25 (d, J = 5.0 

Hz, 1H), 4.15–4.09 (m, 1H), 3.85 (s, 3H), 2.53–2.47 (m, 2H), 2.06 (s, 3H), 2.05 (s, 3H), 

2.01 (s, 3H), 1.82 (s, 3H), 1.63–1.56 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H); 
13

C NMR (101 

MHz, CDCl3): 𝜹C 170.5, 169.9, 169.3, 168.8, 149.4, 145.4, 136.7, 120.3, 114.6, 112.3, 

85.6, 75.0, 72.6, 70.1, 67.6,  63.2,  61.5,  55.8,  37.6,  24.6,  20.6,  20.5,  20.4,  20.1,  

13.8;  HRMS:  m/z  for C27H36O11N3(M+H)+: calcd 578.2350, found 578.2347. 
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Procedure for the synthesis of compound 8 and 9 via deprotection of 4e and 7: 

Compound (4e or 7) (1.0 equiv.) was dissolved in MeOH (10 mL) at room temperature 

followed by addition of NaOMe (0.5 equiv.). After 2 hours of stirring, the reaction mixture 

was quenched with 10% HCl with the pH attains 7. The solvent was removed in vacuo to 

afford crude mixture which was purified using silica gel (230-400) flash column 

chromatography (MeOH/DCM) to furnish deprotected compound (8 or 9). 

(2R,3R,4S,5S,6R)-2-(4-((4-allyl-2-methoxyphenoxy) methyl)-1H-1,2,3-triazol-1-yl)-6- 

(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol (8): 

 

Colorless semisolid (76 %); Rf 0.06 (70% ethyl acetate in petroleum ether); 
1
H NMR (400 

MHz, Methanol-d4): 𝜹H 8.27 (s, 1H), 7.00 (d, J = 8.1 Hz, 1H), 6.83–6.81 (m, 1H), 6.73 (dd, 

J = 1.7, 8.2 Hz, 1H), 5.65 (d, J = 9.1 Hz, 1H), 5.16 (s, 2H), 5.12–5.03 (m, 2H), 3.98–3.88 

(m, 2H), 3.80 (s, 3H), 3.75 (s, 1H), 3.64–3.58 (m, 2H), 3.57–3.51 (m, 1H), 3.34 (d, J = 6.5 

Hz, 2H); 
13

C NMR (101 MHz, Methanol-d4): 𝜹C 151.3, 147.5, 145.4, 139.2, 135.7, 125.0, 

121.9, 116.4, 116.0, 114.1, 89.7, 81.2, 78.5, 74.1, 70.9, 63.9, 62.5, 56.5, 40.9; HRMS: m/z 

for C19H26O7N3(M+H)+: calcd 408.1766, found 408.1766. 

(2R,3S,4S,5R,6R)-2-(hydroxymethyl)-6-(4-((2-methoxy-4-propylphenoxy)methyl)-1H- 

1,2,3-triazol-1-yl)tetrahydro-2H-pyran-3,4,5-triol (9): 

 

Colorless semisolid (79 %); m.p.: 128-130 °C; Rf 0.06 (70% ethyl acetate in petroleum 

ether); 
1
H NMR (400 MHz, Methanol-d4): 𝜹H 8.25 (s, 1H), 6.95 (d, J = 8.1 Hz, 1H), 6.79 (d, 

J = 1.6 Hz, 1H), 6.69 (dd, J = 1.8, 8.1 Hz, 1H), 5.62 (d, J = 9.1 Hz, 1H), 5.13 (s, 2H), 3.95–
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3.85 (m, 2H), 3.79 (s, 3H), 3.73 (s, 1H), 3.62–3.55 (m, 2H), 3.55–3.48 (m, 1H), 2.52 (t, J = 

7.6 Hz, 2H), 1.67–1.56 (m, 2H), 1.15 (d, J = 6.1 Hz, 1H), 0.93 (t, J = 7.4 Hz, 3H); 
13

C NMR 

(101 MHz, Methanol-d4): 𝜹C 151.2, 147.2, 138.3, 125.0, 121.8, 116.4, 114.0, 89.7, 81.2, 

78.5, 74.1, 71.0, 64.0, 62.5, 56.5, 38.8, 26.0, 14.2; HRMS: m/z for C19H28O7N3(M+H)+: 

calcd 410.1922, found 410.1924. 

Procedure for the OTBDMS protection (10): 

Eugenol 1a (10 g, 60.9756 mmol, 1 equiv.) was dissolved in DCM (30 mL) and to this solution 

imidazole (4.6 g, 67.0731 mmol, 1.1 equiv.) DMAP (1.1 g, 9.1463 mmol, 0.15 equiv.) and 

TBDMSCl (10 g, 67.0731 mmol, 1.1 equiv.) were added sequentially and stirred for 12 

hours at 25 °C. After completion of reaction (monitored by TLC) the reaction mixture was 

concentrated in vacuo to obtain crude, which was purified using silica gel (230-400) flash 

column chromatography (EtOAc/pet.ether) to furnish the desired product 10. 

(4-allyl-2-methoxyphenoxy)(tert-butyl)dimethylsilane (10): 

 

Yellow oil (12.8 g, 77%); Rf 0.77 (10% ethyl acetate in petroleum ether); 1H NMR (200 

MHz, CDCl3): 𝜹H 6.68–6.57 (m, 1H), 6.55–6.43 (m, 2H), 5.92–5.70 (m, 1H), 4.93 (d, J = 4.9 

Hz, 1H), 4.87 (s, 1H), 3.62 (s, 3H), 3.16 (d, J = 6.6 Hz, 2H), 0.85 (s, 9H), 0.00 (s, 6H); 13C 

NMR (50 MHz, CDCl3): 𝜹C 150.8, 143.3, 137.8, 133.5, 120.8, 115.6, 112.6, 55.5, 40.0, 25.8, 

18.5, -4.6; HRMS: m/z for C16H25O2Si (M-H)+: calcd 277.1618, found 277.1617. 

Procedure for the dihydroxylation (11): 

To a solution of tert-butanol and water (total 120 mL, 1:1 v/v ratio) AD-mix β (22.4 g, 28.7769 

mmol, 1.0 equiv.) was added and resulting mixture was cooled to 0°C. Compound 10 (8 g, 

28.7769 mmol, 1.0 equiv.) was added to this slurry and reaction mixture was stirred 8 h at 

25°C. After completion of reaction (monitored by TLC) the reaction was quenched by 

addition of sodium sulphite (43 g). Then the reaction mixture was extracted with ethyl acetate 

(3X40 mL) and combined organic layers were washed with brine and dried over anhydrous 

sodium sulphate and concentrated in vacuo. Crude obtained was purified using silica gel 

(230-400) flash column chromatography (EtOAc/pet. ether) to furnish the desired product 
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11. 

(S)-3-(4-((tert-Butyldimethylsilyl)oxy)-3-methoxyphenyl)propane-1,2-diol (11): 

 

Yellow oil (6.3 g, 71%); Rf 0.02 (50% ethyl acetate in petroleum ether);
1
H NMR (200 MHz, 

CDCl3): 𝜹H 6.68–6.47 (m, 3H), 3.76 (d, J = 5.3 Hz, 1H), 3.64 (s, 3H), 3.52 (br. s., 1H), 3.38 

(d, J = 6.9 Hz, 1H), 2.62–2.48 (m, 2H), 2.12 (br. s., 2H), 0.89–0.80 (m, 9H), 0.03–0.05 (m, 

6H); 
13

C NMR (50 MHz, CDCl3): 𝜹C 151.0, 143.8, 131.0, 121.4, 121.0, 113.2, 73.0, 66.0, 

55.5, 39.6, 25.7, 18.5, -4.6; HRMS: m/z for C16H28O4SiNa (M+Na)+: calcd 335.1649, found 

335.1647. 

Synthesis of compound (13): 

Compound 11 (1 g, 3.2051 mmol, 1 equiv.) was dissolved in DCM (15 mL) and resulting 

solution was cooled to 0 °C. To this reaction mixture triethyl amine (431.62 µL, 3.2051 

mmol, 1 equiv.), DMAP (234 mg, 1.9230 mmol, 0.6 equiv.) and p-toluene sulfonyl chloride 

(730 mg, 3.8461 mmol, 1.2 equiv.) was added at 0°C. Reaction mixture was stirred for 10 h 

at 25 °C. After completion of reaction (monitored by TLC) the reaction mixture was diluted 

with DCM (20-30 mL) and washed with CuSO4, NaHSO4 and NaCl solutions subsequently. 

Organic layer was dried over anhydrous sodium sulphate and concentrated in vacuo to 

furnish tosylated product (12) which was directly used for next without further purification. 

A solution of monotosylate, TBAI (59 mg, 0.1602 mmol, 0.05 equiv.) and NaN3 (624.9 mg, 

9.6153 mmol, 3 equiv.) in DMF (10 mL) was heated at 95°C for 3-4 h. After completion of 

reaction (monitored by TLC) the reaction mixture was cooled at 0 °C and was diluted with 

water (20 mL). The aqueous layer was extracted three times with ethyl acetate (30 mL). 

Combined organic layers were dried over sodium sulphate and concentrated in vacuo to 

obtain crude, which was purified using silica gel (230-400) flash column chromatography 

(EtOAc/pet.ether) to furnish the desired product. 
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(S)-1-Azido-3-(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)propan-2-ol (13): 

 

Yellow oil (845 mg, 78%); Rf 0.05 (50% ethyl acetate in petroleum ether);1H NMR (200 

MHz, CDCl3): 𝜹H 6.68–6.45 (m, 3H), 3.88–3.73 (m, 1H), 3.64 (s, 3H), 3.23–3.02 (m, 2H), 

2.57 (d, J = 6.7 Hz, 2H), 0.84 (s, 9H), 0.00 (s, 6H); 13C NMR (50 MHz, CDCl3): 𝜹C 151.1, 

144.0, 130.3, 121.5, 121.1, 113.2, 71.8, 55.9, 55.5, 40.6, 25.7, 18.5, -4.6; HRMS: m/z for 

C16H27O3N3NaSi (M+Na)+: calcd 360.1714, found 360.1712. 

General procedure for the synthesis of compounds 14-16: 

Compound 14-16 were synthesized by treating compound 12 with compound 6, 2a and 

2b respectively, according the general procedure for synthesizing compounds 4a-j. 

(S)-1-(4-((tert-Butyldimethylsilyl)oxy)-3-methoxyphenyl)-3-(4-((2-methoxy-4- 

propylphenoxy)- methyl)-1H-1,2,3-triazol-1-yl)propan-2-ol (14): 

 

Colourless semisolid (112.8 mg, 85%); Rf 0.25 (40% ethyl acetate in petroleum ether); 
1
H 

NMR (200 MHz, CDCl3): 𝜹H 7.61 (s, 1H), 6.78 (d, J = 7.8 Hz, 1H), 6.66–6.60 (m, 1H), 6.59–

6.53 (m, 3H), 6.52–6.46 (m, 1H), 5.07 (s, 2H), 4.32 (d, J = 10.7 Hz, 1H), 4.09 (d, J = 9.3 Hz, 

2H), 3.65 (d, J = 8.8 Hz, 7H), 2.84 (br. s., 1H), 2.63–2.52 (m, 2H), 2.37 (t, J = 7.6 Hz, 2H), 

1.541.38 (m, 2H), 0.85 (s, 9H), 0.82–0.74 (m, 4H), 0.00 (s, 6H); 
13

C NMR (50 MHz, 

CDCl3): 𝜹C 151.1, 149.4, 145.6, 144.2, 144.0, 136.6, 130.0, 124.6, 121.5, 121.0, 120.4, 114.4, 

113.2, 112.3, 71.3, 63.3, 55.8, 55.5, 55.1, 40.6, 37.7, 25.7, 24.7, 18.4, 13.9, -4.6; HRMS: 

m/z for C29H44O5N3Si (M+H)+: calcd 542.3045, found 542.3044, m/z for C29H43O5N3NaSi 

(M+Na)+: calcd 564.2864, found 564.2859. 
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(S)-1-(4-((4-allyl-2-methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3-(4-((tert- 

butyldimethylsilyl)oxy)-3-methoxyphenyl)propan-2-ol (15): 

 

Yellowish semisolid (115.6 mg, 73%); Rf 0.14 (40% ethyl acetate in petroleum ether);
1
H 

NMR (200 MHz, CDCl3): 𝜹H 7.60 (s, 1H), 6.83–6.60 (m, 4H), 6.58–6.44 (m, 2H), 6.14 (s, 

1H), 6.05–5.86 (m, 1H), 5.10 (s, 2H), 4.37–4.25 (m, 1H), 4.19–4.01 (m, 2H), 3.70 (s, 3H), 

3.63 (s, 3H), 2.64-2.49 (m, 2H), 1.71 (d, J = 6.4 Hz, 3H), 0.85 (s, 9H), 0.00 (s, 6H); 
13

C NMR 

(50 MHz, CDCl3): 𝜹C 151.1, 149.6, 146.6, 144.0, 132.2, 130.5, 129.9, 124.6, 124.3, 121.5, 

121.1, 118.6, 114.3, 113.2, 109.0, 71.3, 63.1, 55.8, 55.5, 55.1, 40.6, 25.7, 18.4, -4.6; HRMS: 

m/z for C29H42O5N3Si (M+H)+: calcd 540.2888, found 540.2888, m/z for C29H41O5N3NaSi 

(M+Na)+: calcd 562.2708, found 562.2703. 

 

(S,E)-1-(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)-3-(4-((2-methoxy-4-(prop-1- 

en-1-yl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)propan-2-ol (16): 

 

Yellowish semisolid (97.2 mg, 73%); Rf 0.20 (40% ethyl acetate in petroleum ether); 
1
H 

NMR (200 MHz, CDCl3): 𝜹H 7.61 (s, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.67–6.45 (m, 5H), 5.79 

(tdd, J = 6.7, 10.2, 16.7 Hz, 1H), 5.07 (s, 2H), 4.99–4.92 (m, 1H), 4.88 (s, 1H), 4.32 (d, J 

= 10.9 Hz, 1H), 4.16–4.04 (m, 2H), 3.63 (s, 3H), 3.68 (s, 3H), 3.17 (d, J = 6.6 Hz, 2H), 

2.78 (brs, 1H), 2.69–2.47 (m, 2H), 0.84 (s, 9H), 0.00 (s, 6H); 
13

C NMR (50 MHz, CDCl3): 

𝜹C 151.1, 149.5, 145.9, 144.1, 144.0, 137.5, 133.8, 130.0, 124.5, 121.5, 121.0, 120.5, 115.8, 

114.5, 113.2, 112.3, 71.3, 63.3, 55.8, 55.5, 55.1, 40.6, 39.8, 25.7, 18.5, -4.6; HRMS: m/z for 
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C29H42O5N3Si (M+H)+: calcd 540.2888, found 540.2887, m/z for C29H41O5N3NaSi 

(M+Na)+: calcd 562.2708, found 562.2700. 

Biological Evaluation  

Fungal strain, culture maintenance and inoculum preparation.  

Aspergillus fumigatus (ATCC-46645) strain was a gift from Prof. Axel Brakhage, 

Department of Molecular and Applied Microbiology, Leibnitz Institute for Natural Product 

Research, and Infection Biology- HKI, Germany. It was maintained by subculturing on 

Czapek Dox Agar (CzA), grown at 28 ± 2°C for 5 days. The A. fumigatus spores were 

harvested in sterile phosphate buffered saline (1xPBS) supplemented with 0.05% Tween 20. 

The conidial suspension was adjusted to 10
6 conidia/mL (0.1 OD) at 530 nm wavelength, 

further diluted in Czapek Dox Broth (CzB;1:50 ratio) to adjust the final suspension to 5×104 

conidia/mL according to CLSI M38-A2 reference method (CLSI, 2008).  

In-vitro antifungal activity of synthesized analogues of compounds 1a and 1b.   

inimum inhibitory concentration (MIC) and IC50 was calculated according to the CLSI 

M38-A2 microbroth dilution method for filamentous fungi (CLSI, 2008). The experiment 

was carried out in triplicates in a 96-well polystyrene plate (Tarsons, India). All the twenty 

three synthesized analogues of compound 1a and 1b (compound 2a, 2b, 4a-j, 5-16), 

amphotericin B (Amp B) were dissolved in DMSO. Two-fold dilutions of synthesized 

analogues and parent compounds were prepared in growth media CzB. Prepared conidial 

suspension (100 µL) was added to each well except negative control. The plates were 

incubated statically for 5 days at 28 ± 2°C. The MIC and IC50 were defined as the lowest 

concentration of the compound, which completely inhibit the microbial growth and 50% 

inhibition of microbial growth, respectively (CLSI, 2008). The results were expressed in 

micromolar value. 

Assessment of cytotoxicity of synthetic analogues in normal lung epithelial cell line L-132. 

Cytotoxicity analysis of selected analogues, which showed antifungal results at lowest 

concentrations against A. fumigatus, was performed. The selected analogues 4e and 5 were 

taken forward for all experiments. 



Chapter 1 Section B 

 

Page | 57  
 

The lung epithelial normal cell line L-132 was procured from National Centre for Cell 

Science (NCCS), Pune, India. Cells were grown in T-25 vented neck flask in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 1% 

penicillin/ streptomycin and 1% L-glutamine in a humidified atmosphere of 5% CO2 and 

95% air at 37oC. L-132 cells were seeded at density 1 x 105 cells per well in 100 µl culture 

medium containing 10% FBS on 96 multi-well culture plates and incubated overnight for 

adherence. After that, the medium was removed, and cells were incubated in FBS free 

medium containing different concentrations of 4e and 5 and drug amp B for another 24 h. 

The wells containing media plus cells as positive control and only media as negative 

control. After 24 h, the reaction medium was removed, and the adhering cells washed with 

PBS. 100 µl of MTT solution (0.5g/L in 

medium) was added to each culture well and incubated for 4 h at 37oC. Next, MTT reaction 

medium was removed, and formazan blue was solubilised in 100 µl of DMSO. The 

formazan- blue formation absorbance was recorded at 570 nm using micro-plate reader 

(Cloud-Clone smart microplate reader, Model no. SMR-16.1). All experiments were 

performed in triplicates. The percentage relative cell viability was calculated as (A570 of 

treated samples/A570 of untreated samples) * 100 (Venkatraman et al. 2005). 

The selectivity index (SI) was determined by CC50/IC50 ratio against A. fumigatus. The SI is 

an indirect measure of the therapeutic window, and it can serve as a predictor of safety 

during in vivo trials for a given pathogen infection (Insuasty et al. 2019). (CC50 -cytotoxic 

concentration 50) 

In-silico screening of analogues for therapeutic activity.  

In-silico study was conducted to determine drug-likeness and health effect prediction profile 

of synthetic analogues 4e and 5. The structures of compounds were drawn manually using 

ChemSketch (Advanced Chemistry Development, inc., ACD/Labs, freeware 12.0, Toronto, 

Canada). Molecular property and drug likeness were analysed using online software ACD/I-

Lab version 4.5 and MolSoft LLC 3.5-0, San Diego, CA, respectively. The parameters 

deployed to predict the physicochemical properties of the compound and describe its 

disposition within the host organism are summarized in Table 3 (Lipinski et al., 2001). 

Evaluating the effect of the analogues on cell wall associated virulence factors in A. 

fumigatus. 
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A) Conidiation- The effect of selected analogues at their respective IC50 on fungal 

conidiation was estimated spectrophotometrically (CLSI 2008). One cubic centimeter of 

agar block containing treated and untreated fungal culture was excised from CzA media 

plate supplemented with IC50 using a sterile surgical blade and transferred to a sterile test 

tube. Phosphate buffer supplemented with 0.25% Tween-20 (5 mL) was added to each tube, 

shaken vigorously and absorbance was observed. The absorbance of treated (1b, 4e, 5, amp 

B), and positive control (untreated) samples of A. fumigatus conidia were measured at 

530nm using UV- Vis spectrophotometer. 

B) Melanin pigment- The isolation and estimation of cell wall associated melanin was 

performed at the calculated IC50 of analogues (4e and 5) and compound 1b treated conidia 

using the modified protocol of Kumar et al. (2011) and Gupta et al (2022). Briefly, in 12 

well tissue culture plate, 1 x 104 conidia with IC50 of analogues (4e and 5), 1b and AmpB 

was added and incubated at 28°C for 5 days. After incubation, conidia from treated as well as 

untreated culture were harvested using 1×PBS and centrifuged (5000 g) for 10 min, 

followed by washing twice with sterile distilled water. The conidia melanin was extracted 

with 1M NaOH (2 mL) and further autoclaved at 120°C for 20 mins. The autoclaved 

suspension was further centrifuged (5000 g) for 5 min to recover the supernatant containing 

the pigment. The alkaline pigmented supernatant was acidified to pH 2 with 7M HCl (2 mL) 

in a sealed glass vial and kept for 2 h at 100 °C. After cooling, precipitate was recovered by 

centrifugation (5000g; 10 min). Precipitate was suspended in 100 mM borate buffer and the 

extracted melanin was scanned by UV-Vis absorption spectrum between 250-800 nm on a 

UV-Vis spectrophotometer. 100 mM borate buffer was used as a blank. 

C) Scanning electron microscopy (SEM) and Transmission electron microscopy 

(TEM) of the treated A. fumigatus conidial surface  

Synthesized compounds (4e and 5) and compound 1b treated conidial surfaces of A. 

fumigatus were analysed by electron microscopy. For SEM, conidia were harvested, 

washed, and fixed in 4% glutaraldehyde in 1x PBS under vacuum for 24 hours. After 

washing, the cells were post-fixed with 1% osmium tetroxide for 60 min and dehydrated by 

passage through ethanol solutions of increasing concentration. The sample were then 

mounted on aluminium sheet and coated with gold-palladium alloy. The observations were 

made using a Zeiss SEM, MA EVO -18 Special Edition (Pihet, 2009). For TEM analysis, 

conidia were harvested, washed, and fixed overnight at room temperature with 2.5% 
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glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Conidia were incubated for 1.5 

h at 20°C in a solution of 4% formaldehyde and 1% glutaraldehyde in 0.1% PBS and then 

incubated in 2% osmium tetroxides for 1.5 h. Dehydration was accomplished by serial 

washings in graded ethanol solutions of 50-95% for 10 min, followed by two final washes 

in 100% ethanol for 15 min. The cells were embedded in Spurr's resin, sectioned onto nickel 

grids, and examined on a JEOL 2100F transmission electron microscope to obtain 

micrographs (Graham, 2007). 

The minimal biofilm-eradicating concentration (MBEC) of synthesized compounds (4e and 

5) on pre-formed A. fumigatus biofilm was calculated by performing MTT assay in a 96-well 

flat bottom microtiter plate with minor modifications (Sav et al., 2018). Briefly, conidia in 

RPMI + 2% glucose (100µL) were added to each well and incubated at 37 ºC for 24 h without 

agitation for biofilm formation. After 24 h, non-adherent conidia were removed by washing 

with 1× PBS and treated with synthesized compounds (4e and 5) and compound 1b. 

Microtiter plate was further incubated at 37 ºC statically for an additional 24 h. The wells 

with preformed biofilms (without any treatment) were considered as positive control. After 

24 h, the reaction medium was removed, and the fungal biofilm washed with PBS. 100 µl of 

MTT solution (0.5g/L in medium) was added to each well and incubated for 4 h at 37oC. 

Subsequently, MTT was removed, and formazan blue was solubilized in 100 µl of DMSO. 

The formazan-blue formation absorbance was recorded at 570 nm using micro-plate reader 

(Cloud-Clone smart microplate reader, Model no. SMR-16.1). 

Statistical analyses 

For the statistical analyses, one-way ANOVA was used, comparing the results of 

conidiation for compounds and isoeugenol treated culture with wild type, antifungal drug 

treated strain. All experiments were conducted in biological triplicates. All the statistics was 

performed using GraphPad Prism software 8.0.2.263 version and Microsoft Excel. p<0.05 

was considered statistically significant. 
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1.2.6 Copies of NMR spectra  
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1H NMR (CDCl3, 200 MHz) of 4c 
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1H NMR (CDCl3, 200 MHz) of 4e 

 

Wed1av2#202_11857.001.001.1r.esp

180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o

rm
a

liz
e

d
 I
n

te
n

s
ity

2
0
.1

3
2

0
.5

2
2

0
.6

8

3
9
.8

3

5
5
.8

9

6
1
.5

66
7
.6

9
7

0
.2

5
7

2
.7

3
7

5
.0

8
7

7
.0

7

8
5
.7

0

1
1
2

.4
6

1
1
4

.8
3

1
1
5

.7
5

1
2
0

.5
3

1
2
1

.3
8

1
3
4

.0
71
3
7

.5
0

1
4
5

.2
8

1
4
5

.8
6

1
4
9

.6
9

1
6
8

.8
4

1
6
9

.3
5

1
6
9

.9
4

1
7
0

.5
2

 

13C NMR (CDCl3, 50 MHz) of 4e 



Chapter 1 Section B 

 

Page | 70  
 

Mon1av2#050_11857.001.001.1r.esp

9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
o

rm
a

liz
e

d
 I
n

te
n

s
ity

3.173.142.993.122.163.253.100.931.162.992.051.250.792.151.070.99

0
.0

0

1
.8

62
.0

1
2

.0
5

2
.2

2

3
.3

2
3

.3
5

3
.8

7
4

.1
2

4
.1

6
4

.1
7

4
.2

1
4

.2
2

4
.2

4
4

.2
6

5
.0

4
5

.0
9

5
.2

6

5
.5

3
5

.5
5

5
.8

2
5

.8
7

5
.8

8
5

.9
3

5
.9

76
.6

8
6

.7
3

6
.9

2
6

.9
6

7
.2

7

7
.9

5
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1H NMR (CDCl3, 400 MHz) of 7 
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1.3. Design and synthesis of eugenol/isoeugenol based 

homo/hetero coupled products via Glaser and Cadiot-

Chodkiewicz coupling reactions 

1.3.1 Introduction 

Aspergillus fumigatus is an aerosol saprotrophic pathogen that has acclimatized itself to 

survive in adverse atmospheric conditions; hence it is capable of imposing serious health 

issues in humans.1 We often inhale spores of Aspergillus in daily life, but patients with 

incompetent immunology and lurking pulmonary diseases like tuberculosis, lung cancer, 

asthma, pneumonia, and other respiratory complications are most vulnerable to this situation. 

The small conidial size helps it to invade deep into the respiratory system reaching the alveoli 

and causing fatal invasive infections in immunocompromised hosts.2-4 Adhesion of these 

inhaled conidia to the epithelial cells of the respiratory system of the host assists in their 

nourishment and cell multiplication.5 Proteins on the conidial surface mask its recognition by 

the host immune system.6 Commonly known marketed drugs are amphotericin B (Amp B), 

nystatin, miconazole, ketoconazole, fluconazole, voriconazole, terbinafine, itraconazole, etc. 

(Figure 1).7  

 

Figure 1: Commonly known antifungal drugs (I-V) 
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Polyenes and allylamines are one of the major classes of antifungal drugs. Capillin, 

amphotericin B, terbinafine etc. are some of the reported antifungals which make fungal cell 

walls porous by inhibiting the enzyme secretion by fungal cell walls hence resulting in the 

death of fungal cells.7  

But over time this fungus strain has developed resistance against the cellular self-defense 

mechanism of host cells and extensively used marketed drugs. Hence, recognizing natural 

products as new antifungals is a crucial step in the development of potent antifungal agents 

with higher efficiency and lower cytotoxicity.8,9 Capillin, a conjugated ynone is one of the 

major components of the essential oil extracted from the capillaries of Artemisia monosperma 

and Artemisia dracunculus. It also possesses a 1,3-diyne motif and exhibited strong 

antifungal properties along with other biological potentials.10 To unfold new possibilities, we 

envisioned that symmetrical or unsymmetrical 1,3-diyne scaffolds could prove to be potent 

antifungals. Cu(I)-catalysed Glaser-Hay or Cadiot-Chodkiewicz coupling reactions can be 

utilized to synthesize 1,3-diynes derivatives.13,14 

1.3.1.1 Introduction to Glaser-Hay or Cadiot-Chodkiewicz 

coupling reactions 

The Glaser coupling is one of the oldest acetylene coupling reaction which is primarily 

catalysed via Cu(I) salts like copper chloride or copper bromide and an additional oxidant 

like oxygen (Figure 2).13 This reaction was first reported by Carl Andreas Glaser in 1869 

originally using ammonia as base and water and alcohol as solvent.13 Further modification of 

this reaction was shown in Elington reaction where two terminal alkynes of same kind were 

coupled by using stoichiometric amount Cu(OAc)2 in presense of a base.13 The most recent 

variant of Glaser coupling was Hay coupling uses catalytic amount of Cu(I) salt in presence 

of Oxygen (present in open air) oxidized Cu(I) to Cu(II) and TMEDA complex of copper(I) 

chloride activates the terminal alkynes.13 The Cadiot–Chodkiewicz coupling is a coupling 

reaction between a terminal alkyne and a haloalkyne catalyzed by a Cu(I) salt and an amine 

base to couple two different kind of terminal alkynes in good yields (Figure 2).14  
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Figure 2: Cu(I)-catalysed Glaser-Hay or Cadiot-Chodkiewicz coupling reactions 

1.3.1.2 Eugenol 1a and isoeugenol 1b as potent antifungals 

Eugenol (1a) and isoeugenol (1b) are isolated from the essential oil of the plants Syzygium 

aromaticum and Eugenia caryoplyllata and Myristica fragrans (Figure 3).11,12 Both 

compounds have shown antifungal activities against filamentous as well as non-filamentous 

A.fumigatus with an IC50 value of 1900 μM.11b These compounds deform the morphological 

features of the conidia and hyphae leading to easy rupture of fungal cell walls.9b The 

antifungal activity could be due to the aromatic nucleus or phenolic -OH group which may 

get involved in hydrogen bonding with the surface enzymes of the fungal cell wall. Here, we 

utilized propargylated of eugenol (2a), isoeugenol (2b), guaiacol (2c), vanillin (2d) and 

dihydrogenated eugenol or euganol (2e) (Figure 3) to synthesise corresponding symmetrical 

or unsymmetrical 1,3-diynes.  

 

Figure 3: . Eugenol (1a), isoeugenol (1b) and other phenolics (1c-e)  
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1.3.2 Present work 

1.3.2.1 Chemical modifications of phenolics (1c-e) 

In this regard, Glaser-Hay coupling reaction conditions met our need to synthesize 

symmetrical diynes.13 To synthesize homo diynes, we treated all phenolic compounds (1a-e) 

with propargyl bromide in presence of potassium carbonate (K2CO3) as a base in acetone as a 

solvent to afford propargylated phenolic derivatives (2a-e) (Scheme 1).  

 

Scheme 1: Synthesis of propargylated phenols (2a-e) 

After this, we applied Glaser-Hay coupling conditions to intra coupled all the compounds 

(2a-e) by reacting them in presence of a catalytic amount of copper iodide (CuI) and 

tetramethylethylenediamine (TMEDA) in acetonitrile which in turn furnished homo coupled 

products (3a-e) in good to excellent yields (Scheme 2). All these homo diynes (5a-j) were 

well characterized by their NMR spectra. In all the cases, acetylenic proton which appears at 

H 2.48 ppm (in compounds 2a-e) was found absent in the 1H NMR spectra of Glaser-Hay 

product.11b Further, for the synthesis of hetero-coupled products, we utilized Cadiot-

Chodkiewicz coupling reaction as this predominantly furnishes hetero-coupled product.14 
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Scheme 2: Synthesis of homo coupled products (3a-e)  

In order to synthesize hetero diynes, we brominated all the propargylated derivatives by 

applying N-bromosuccinamide (NBS) in presence of catalytic amount of silver nitrate 

(AgNO3) in acetone at ambient temperature to furnish compounds (4a-e). These all 

brominated compounds were used without any prior purification for the Cadiot-Chodkiewicz 

coupling. All the previously propargylated compounds (2a-e) were coupled with brominated 

ones (4a-e) in presence of catalytic amount of CuI, TMEDA as a base in acetonitrile as 

solvent at room temperature to provide unsymmetrical diynes (5a-j) in good to excellent 

yields (Scheme 3). All the hetero-coupled diynes were found to be in agreement with their 

assigned structure as evident from their 1H, 13C NMR spectra and HRMS. 

All the 1,3-diynes were assayed for their antifungal activities against A. fumigatus according 

to the Clinical and Laboratory Standards Institute (CLSI) protocol.15 Among all the 

compounds synthesized, only 3a was able to show promising antifungal data with an IC50 

value of 7.75 μM.  
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Scheme 2: Synthesis of hetero coupled products (5a-j) 

1.3.2.2 Structure-Activity-Relationship analysis  

It is apparent from the data presented in Table 1 that all the diynes (3a-e and 5a-j) have 

displayed many folds better antifungal activities against A. fumigatus than their monomeric 

units (2a-e).11b,20b Also the homocoupled dyne (3a) possessed better antifungal activity than 

its parent molecule eugenol (1a) (1900 μM). It is evident from the IC50 values of diyens, that 

conjugation has an important role to play for enhanced antifungal activities against A. 

fumigatus. In all the cases except for compound 3b and 3c, IC50 values range from 7.75 to 

17.85 μM for symmetrical and unsymmetrical diynes. Compounds containing an olefinic side 

chain were apparently more active than others.  

The CC50 (cytotoxic concentration-50) value of compound (3a) was evaluated at 62.16 μM 

for normal lung epithelial cell line L-132 using the antifungal drug Amp B as a positive 

control. It indicates low cytotoxicity of compound (3a). The sub-lethal cytotoxicity of Amp B 

reported was in the range of 5.4-10.82 μM.16 Further, the selectivity index (SI)17 of 

compound (3a) was calculated as 8.01 which was higher than that of the reported SI of 

eugenol (1a) i.e. 0.2 against non-filamentous fungi.18 
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Table 1: IC50 of synthesised compounds (2a-e, 3a-e, 5a-j) against A. fumigatus 

Compound 

codes 

IC50 values (µM) Compound codes IC50 values (µM) 

1a 1900 3d 16.52 

1b 1900 3e 15.38 

1c ≥25 5a 15.54 

1d ≥25 5b 16.01 

1e 9.39 5c 16.01 

2a ≥25 5d 17.25 

2b ≥25 5e 17.25 

2c ≥25 5f 15.46 

2d ≥25 5g 17.16 

2e ≥25 5h 17.85 

3a 7.75 5i 15.46 

3b 31.08 5j 15.93 

3c 38.81 Amp B 1.08 

Hence compound (3a) has a much better SI than the original compound. compound (3a) 

obeyed Lipinski’s rule19 of five with no violation (molecular weight is 402.18 g/mol, 4 

hydrogen bond acceptors, no hydrogen bond donor, LogP value 4.17, Topological Polar 

Surface Area (TPSA) is 36.92 Å.2-4 There was a considerable amount of reduction in the 

conidiation process when fungal strain was cultured in presence of compound (3a). It can be 

proved with reduced absorbance at 530 nm whereas, there was an acceleration in conidia 

formation in presence of eugenol (1a) and Amp B in comparison to the control.20b  

Ergosterol is a necessary content for maintaining fluidity, survival from outer impacts and 

development etc.20a The percentage of ergosterol at IC50 of eugenol (1a) and compound (3a) 

was not so prominent as compared to Amp B (drug control). But still, there was some amount 

of reduction in the ergosterol level in presence of compound (3a) (Figure 4).20b 
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Figure 4: Effect of eugenol (1a) , compound (3a) on the (A) production of A. fumigatus 

conidia and (B) ergosterol content in comparison to control, where control-untreated A. 

fumigatus; p< 0.05. 

Originally, untreated conidia surface is echinulated with round to oval shapes in maximum 

cases.21,20b The conidial surface of A. fumigatus was found with altered morphology i.e. 

smooth surface with the absence of spikes when treated with compound (3a) and these effects 

of compound (3a) on conidial surface elements (hydrophobin layer, dense melanin layer, 

polysaccharides, proteins and then plasma membrane) were reflected through SEM images 

(Figure 5). 

 

 

 

 

 

 

 

 

Figure 5: Scanning electron microscope images of resting conidia of A. fumigatus (A) 

control (B) compound (3a) treated. Scale bar- 1µm. 
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Antibiofilm activity of compound 3a was evaluated at IC50 of 62.16 μM and was visualized 

through confocal laser scanning microscopy (CLSM) (Figure 6). The fungal biofilm22 

component was stained with a fluorescence dye (calcofluor white), which showed dis-

coordinated fungal hyphae in presence of compound (3a).20b  

 

 

 

 

 

 

 

 
 

Figure 6: Aspergillus fumigatus biofilm eradication. Confocal laser scanning microscopy 

(CLSM) images of 48 h A. fumigatus biofilm on glass coverslips (A–C) control were stained 

with Calcofluor white dye depicting intense hyphal growth with ECM; (D–F) compound 3a 

treated biofilm possess disintegrated hyphae at 40× magnification. Scale Bar- 10 µm 

1.2.3 Conclusions 

In summary, we have synthesized symmetrical and unsymmetrical diynes by employing 

Glaser-Hay as well as Cadiot- Chodkiewicz coupling reactions, respectively. The homo diyne 

synthesized using propargylated eugenol (3a) has shown promising antifungal activity against 

A. fumigatus. Apart form the antifungal assays of synthesized compounds, we also carried out 

different studies like cytotoxicity, conidia formation, ergosterol biosynthesis and fungal 

biofilm formation. It considerably modified the surface of conidia along with significant 

decrease in the integrity of hyphae by eradicating biofilm upon treatment. It was also 

effective in case of ergosterol synthesis reduction.  
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1.2.4 Experimental procedures 

General Procedure for the propargylation of phenols: 

Appropriate phenol (1 equiv.) was dissolved in acetone (20 mL) at 25°C under inert 

atmosphere. After that, potassium carbonate K2CO3 (1.5 equiv.) and propargyl bromide (2.5 

equiv.) were added to the above-mentioned solution at 25°C. After completion of the reaction 

(TLC), the reaction mixture was evaporated in vacuo to obtain residue which was purified by 

flash chromatography using a RediSep column (SiO2, 12g) with EtOAc-petroleum ether 

mixture as eluent to furnish compound (2a-e). Spectral data of all the synthesized 

propargylated phenol were found to be consistent with the previous literature reports.11b,23 

General procedure for the Glasser coupling of propargylated phenols: 

Compounds (2a-e) (1 equiv.) were dissolved in acetonitrile (5 mL) and treated with catalytic 

amount (5 mol%) of copper iodide (CuI) and N,N,N,N-tetramethylethylenediamine (TMEDA) 

(1.2 equiv.). After completion of the reaction (TLC), the reaction mixture was evaporated to 

dryness to furnish a crude which was further purified via flash chromatography using a 

RediSep column (SiO2, 12g) with EtOAc-petroleum ether mixture as eluents to yield purified 

compounds (3a-e). 

1,6-Bis(4-allyl-2-methoxyphenoxy)hexa-2,4-diyne (3a):  

 

Brown liquid (722 mg, 72%); 1H NMR (200 MHz, CDCl3) 𝜹H 6.96-6.84 (m, 2H), 6.79-6.66 

(m, 4H), 6.07-5.85 (m, 2H), 5.17-5.07 (m, 2H), 5.04 (s, 2H), 4.83-4.71 (m, 4H), 3.85 (s, 6H), 

3.34 (d, J = 6.6 Hz, 4H); 13C NMR (50 MHz , CDCl3) 𝜹C 149.7, 145.0, 137.5, 134.6, 134.0, 

120.4, 115.9, 114.9, 112.4, 74.8, 71.3, 57.5, 56.9, 55.8, 39.9; HRMS: m/z for C26H27O4 

(M+H)+: calcd 403.1904, found 403.1899, m/z for C26H26O4Na  (M+Na)+: calcd 425.1723, 

found 425.1719. 
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1,6-Bis (2-methoxy-4-((E)-prop-1-en-1-yl) phenoxy) hexa-2,4-diyne (3b): 

 

Yellowish solid (830 mg, 83%); m.p.: 110-112 °C; Rf 0.3 (10% EtOAc in petroleum ether); 

1H NMR (400 MHz, CDCl3): 𝜹H  6.92-6.86 (m, 4H), 6.86-6.81 (m, 2H), 6.31 (d, J = 1.5 Hz, 

1H), 6.35 (d, J = 1.6 Hz, 1H), 6.18-6.06 (m, 2H), 4.82-4.73 (m, 4H), 3.86 (s, 6H), 1.86 (dd, J 

= 1.6, 6.6 Hz, 6H); 13C NMR (101 MHz, CDCl3): 𝜹C 164.8, 161.9, 148.4, 147.1, 133.4, 130.2, 

128.5, 127.2, 126.8, 124.0, 116.4, 114.5, 113.8, 55.5, 18.4; HRMS: m/z for C26H27O4 (M+)+: 

calcd 403.1904, found 403.1902.   

1,6-Bis (2-methoxyphenoxy) hexa-2,4-diyne (3c): 

 

Brown solid (780 mg, 78%); m.p.: 64-66 °C; Rf 0.65 (40% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 7.04-6.95 (m, 4H), 6.95-6.86 (m, 4H), 4.81 (s, 4H), 3.86 (s, 

6H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.7, 146.6, 122.6, 120.8, 114.7, 111.8, 74.7, 71.3, 

57.3, 55.8; HRMS: m/z for C20H19O4 (M+)+: calcd 323.1278, found 323.1277.   

4,4'-(Hexa-2,4-diyne-1,6-diylbis (oxy)) bis (3-methoxybenzaldehyde) (3d): 
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Off-white solid (800 mg, 80%); m.p.: 158-160 °C; Rf 0.31 (40% EtOAc in petroleum ether); 

1H NMR (400 MHz, CDCl3): 𝜹H  9.88 (s, 2H), 7.50-7.39 (m, 4H), 7.07 (d, J = 8.0 Hz, 2H), 

4.91 (s, 4H), 3.94 (s, 6H); 13C NMR (101 MHz, CDCl3): 𝜹C 190.9, 151.9, 150.0, 131.2, 126.2, 

112.7, 109.6,  74.0, 71.8, 57.0, 56.1; HRMS: m/z for C22H19O6 (M+)+: calcd 379.1176, found 

379.1170.  

1,6-Bis (2-methoxy-4-propylphenoxy) hexa-2,4-diyne (3e): 

 

Brown solid (760 mg, 76%); m.p.: 60-62 °C; Rf 0.2 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 6.89 (d, J = 8.0 Hz, 2H), 6.77-6.67 (m, 4H), 4.77 (s, 4H), 3.85 

(s, 6H), 2.59-2.49 (m, 4H), 1.66-1.60 (m, 4H), 0.94 (t, J = 7.3 Hz, 6H); 13C NMR (101 MHz, 

CDCl3): 𝜹C 149.5, 144.6, 137.3, 120.3, 114.9, 112.3, 74.9, 71.3, 57.6, 55.8, 37.7, 24.7, 13.8; 

HRMS: m/z for C26H31O4 (M+)+: calcd 407.2217, found 407.2216.   

General procedure for the bromination of propargylated phenols:   

Terminal alkynes 2a-e (1 equiv.) were dissolved in acetone (10-15 mL) and to this silver 

nitrate (5 mol%) and N-bromosuccinimide (1.2 equiv.) were added subsequently and stirred 

at room temperature for 3 h. After completion of the reaction, reaction mixture was diluted 

with dichloromethane (20 mL) and filtered through celite; the filtrate was concentrated to 

furnish compounds 4a-e which were used without further purification in the next step.  

General procedure for the Cadiot-Chodkiewicz coupling of propargylated phenols (2a-

e) with brominated derivatives (4a-e):  

Terminal alkynes (2a-e) (1 equiv.) and brominated propargyl (4a-e) (1.1 equiv.) in 

acetonitrile (10 mL) and afterwards TMEDA (1.5 equiv.) and copper iodide (5 mol %) were 

added in an inert atmosphere. The reaction mixture was stirred at room temperature for  3 h. 

After completion of the reaction (TLC), reacttion mixture was evaporated in vacuo and 
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further purified via flash chromatography using a RediSep column (SiO2, 12g) with EtOAc-

petroleum ether mixture as eluent to yield purified compounds (5a-j). 

(E)-4-allyl-2-methoxy-1-((6-(2-methoxy-4-(prop-1-en-1-yl) phenoxy) hexa-2,4-diyn-1-yl) 

oxy) benzene (5a): 

 

Brown solid (250 mg, 87%); m.p.: 103-105 °C; Rf 0.28 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H  6.93-6.87 (m, 3H), 6.86-6.82 (m, 1H), 6.76-6.65 (m, 2H), 6.33 

(dd, J = 1.4, 15.7 Hz, 1H), 6.12 (qd, J = 6.6, 15.7 Hz, 1H), 6.02-5.89 (m, 1H), 5.13-5.03 (m, 

2H), 4.78 (d, J = 3.4 Hz, 4H), 3.84 (s, 3H), 3.86 (s, 3H), 3.34 (d, J = 6.8 Hz, 2H), 1.86 (dd, J 

= 1.5, 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.8, 149.7, 145.7, 145.0, 137.5, 134.6, 

132.9, 130.5, 129.4, 126.0, 124.6, 121.3, 120.4, 118.5, 115.8, 115.0, 114.9, 114.4, 112.7, 

112.4, 109.1, 74.9, 74.8, 74.7, 74.7, 71.4, 71.4, 71.3, 71.3, 59.5, 58.9, 57.5, 57.5, 57.4, 56.1, 

55.8, 55.8, 39.9, 29.0, 18.4, 17.8, 14.7; HRMS: m/z for C26H27O4 (M+)+: calcd 403.1904, 

found 403.1898.   

(E)-3-methoxy-4-((6-(2-methoxy-4-(prop-1-en-1-yl) phenoxy) hexa-2,4-diyn-1-yl) oxy) 

benzaldehyde (5b): 

 

Brown solid (138 mg, 95%); m.p.: 110-112 °C; Rf 0.37 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H  9.87 (d, J = 1.1 Hz, 1H), 7.48-7.41 (m, 2H), 7.08 (d, J = 8.1 

Hz, 1H), 6.91-6.81 (m, 3H), 6.33 (d, J = 15.6 Hz, 1H), 6.18-6.07 (m, 1H), 4.91 (s, 2H), 4.79 

(s, 2H), 3.93 (s, 3H), 3.86 (s, 3H), 1.87 (d, J = 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3): 𝜹C 
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190.9, 151.9, 150.1, 149.8, 145.6, 133.0, 131.1, 130.4, 126.4, 124.7, 118.4, 114.8, 112.7, 

109.5, 109.1, 75.5, 73.3, 72.2, 71.0, 57.4, 57.1, 56.1, 55.8, 18.4; HRMS: m/z for C24H22O3Na 

(M+Na)+: calcd 413.1364, found 413.1358.   

4-((6-(4-Allyl-2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy)-3-methoxybenzaldehyde (5c):  

 

Yellowish solid (130 mg, 89%); m.p.: 106-108 °C; Rf 0.34 (10% EtOAc in petroleum ether); 

1H NMR (400 MHz, CDCl3): 𝜹H 9.88 (s, 1H), 7.48-7.42 (m, 2H), 7.08 (d, J = 8.4 Hz, 1H), 

6.90 (d, J = 8.4 Hz, 1H), 6.74-6.69 (m, 2H), 6.01-5.89 (m, 1H), 5.12-5.05 (m, 2H), 4.91 (s, 

2H), 4.78 (s, 2H), 3.94 (s, 3H), 3.85 (s, 3H), 3.34 (d, J = 6.1 Hz, 2H); 13C NMR (101 MHz, 

CDCl3): 𝜹C 190.9, 151.9, 150.0, 149.7, 144.9, 137.4, 134.7, 131.1, 126.4, 120.4, 115.9, 114.9, 

112.7, 112.4, 109.5, 75.6, 73.2, 72.2, 70.9, 57.5, 57.1, 56.1, 55.8, 39.9; HRMS: m/z for 

C24H23O5 (M+)+: calcd 391.1540, found 391.1537.   

(E)-2-methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy)-4-(prop-1-en-1-yl) 

benzene (5d):  

 

Brown solid (60 mg, 75%); m.p.: 68-70 °C; Rf 0.33 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 7.01-6.97 (m, 1 H), 6.94-6.86 (m, 4H), 6.86-6.83 (m, 1H), 6.34 

(dd, J = 1.6, 15.6 Hz, 1H), 6.12 (dd, J = 6.6, 15.7 Hz, 1H), 4.80 (d, J = 9.3 Hz, 4H), 3.86 (d, J 

= 1.9 Hz, 6H), 1.87 (dd, J = 1.6, 6.5 Hz, 3H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.7, 149.7, 

146.6, 145.7, 132.8, 130.5, 124.6, 122.6, 120.8, 118.5, 114.8, 111.9, 109.1, 74.7, 71.3, 57.4, 

57.3, 55.8, 55.8, 18.4; HRMS: m/z for C23H23O4 (M+)+: calcd 363.1591, found 363.1584.   
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4-Allyl-2-methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy) benzene (5e): 

 

Brown semisolid (200 mg, 77%); Rf 0.33 (10% EtOAc in petroleum ether); 1H NMR (400 

MHz, CDCl3): 𝜹H 7.02-6.95 (m, 2H), 6.93-6.86 (m, 3H), 6.73-6.69 (m, 2H), 5.95 (tdd, J = 

6.6, 10.3, 17.0 Hz, 1H), 5.12-5.04 (m, 2H), 4.77 (d, J = 11.4 Hz, 4H), 3.83 (s, 3H), 3.84 (s, 

3H), 3.33 (d, J = 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.8, 149.8, 146.7, 145.0, 

137.5, 134.6, 122.7, 120.9, 120.5, 115.9, 115.0, 114.9, 112.5, 112.0, 75.0, 74.9, 74.8, 74.8, 

71.4, 71.4, 71.4, 71.3, 57.6, 57.4, 55.9, 39.9; HRMS: m/z for C23H23O4Na (M+Na)+: calcd 

385.1415, found 385.1415.  

(E)-2-methoxy-1-((6-(2-methoxy-4-(prop-1-en-1-yl) phenoxy) hexa-2,4-diyn-1-yl) oxy)-4-

propylbenzene (5f): 

 

Yellowish solid (120 mg, 83%); m.p.: 60-62 °C; Rf 0.28 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 6.91-6.85 (m, 3H), 6.85-6.82 (m, 1H), 6.72-6.67 (m, 2H), 6.33 

(dd, J = 1.5, 16.0 Hz, 1H), 6.12 (dd, J = 6.5, 15.6 Hz, 1H), 4.77 (d, J = 5.3 Hz, 4H), 3.85 (s, 

3H), 3.84 (s, 3H), 2.55-2.47 (m, 2H), 1.86 (dd, J = 1.5, 6.1 Hz, 3H), 1.67-1.55 (m, 2H), 0.93 

(t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.8, 149.6, 145.8, 144.7, 137.4, 132.9, 

130.6, 124.7, 120.3, 118.6, 114.9, 114.9, 112.4, 109.1, 75.1, 75.0, 74.8, 74.7, 71.5, 71.4, 71.3, 

71.3, 57.6, 57.5, 55.9, 37.8, 24.8, 18.5, 13.9; HRMS: m/z for C26H29O4 (M+)+: calcd 

405.2060, found 405.2053.   
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2-Methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy)-4-propylbenzene (5g): 

 

Brown semisolid (50 mg, 64%); Rf 0.4 (10% EtOAc in petroleum ether); 1H NMR (400 MHz, 

CDCl3): 𝜹H 7.02-6.85 (m, 4H), 6.73-6.67 (m, 2H), 4.78 (d, J = 13.7 Hz, 4H), 3.84 (s, 4H), 

3.85 (s, 2H), 2.58-2.48 (m, 2H), 1.66-1.58 (m, 3H), 0.94 (t, J = 7.2 Hz, 3H); 13C NMR (101 

MHz, CDCl3): 𝜹C 149.8, 149.6, 146.7, 144.7, 137.4, 122.7, 120.9, 120.3, 115.0, 114.9, 112.4, 

112.0, 75.1, 75.0, 74.8, 74.7, 71.5, 71.4, 71.3, 71.3, 57.6, 57.4, 55.9, 55.9, 37.8, 24.8, 13.9; 

HRMS: m/z for C23H25O4 (M+)+: calcd 365.1747, found 365.1746.   

3-Methoxy-4-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy) benzaldehyde (5h): 

 

Yellowish solid (90 mg, 69%); m.p.: 85-87 °C; Rf 0.27 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 9.88 (s, 1H), 7.48-7.43 (m, 2H), 7.08 (d, J = 8.1 Hz, 1H), 7.02-

6.96 (m, 2H), 6.94-6.88 (m, 2H), 4.91 (s, 2H), 4.81 (s, 2H), 3.94 (s, 3H), 3.87 (s, 3H); 13C 

NMR (101 MHz, CDCl3): 𝜹C 190.9, 151.9, 150.0, 149.8, 146.6, 131.1, 126.4, 122.7, 120.8, 

114.8, 112.7, 111.9, 109.5, 75.4, 73.2, 72.2, 71.0, 57.3, 57.1, 56.1, 55.8; HRMS: m/z for 

C21H18O5 (M+)+: calcd 351.1227, found 351.1222, m/z for C21H18O5Na (M+Na)+: calcd 

373.1046, found 373.1035.  
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4-Allyl-2-methoxy-1-((6-(2-methoxy-4-propylphenoxy) hexa-2,4-diyn-1-yl) oxy) benzene 

(5i): 

 

Yellowish semisolid (120 mg, 83%); Rf 0.34 (10% EtOAc in petroleum ether); 1H NMR (400 

MHz, CDCl3): 𝜹H 6.92-6.86 (m, 2H), 6.74-6.67 (m, 4H), 6.00-5.89 (m, 1H), 5.12-5.03 (m, 

2H), 4.77-4.73 (m, 4H), 3.84 (s, 6H), 3.33 (d, J = 6.9 Hz, 2H), 2.57-2.48 (m, 2H), 1.62 (qd, J 

= 7.5, 14.9 Hz, 2H), 0.98-0.89 (m, 3H); 13C NMR (101 MHz, CDCl3): 𝜹C 149.8, 149.6, 145.0, 

144.7, 137.5, 137.4, 134.6, 120.5, 120.3, 115.9, 115.0, 115.0, 112.4, 112.4, 75.0, 74.9, 71.4, 

71.3, 57.6, 57.6, 55.9, 40.0, 37.8, 24.8, 14.0; HRMS: m/z for C26H28O4Na (M+Na)+:calcd 

427.2020, found 427.2012.   

3-Methoxy-4-((6-(2-methoxy-4-propylphenoxy) hexa-2,4-diyn-1-yl) oxy) benzaldehyde 

(5j):   

 

Yellowish solid (120 mg, 82%); m.p.: 58-60 °C; Rf 0.27 (10% EtOAc in petroleum ether); 1H 

NMR (400 MHz, CDCl3): 𝜹H 9.88 (s, 1H), 7.48-7.42 (m, 2H), 7.08 (d, J = 8.4 Hz, 1H), 6.88 

(d, J = 8.4 Hz, 1H), 6.73-6.68 (m, 2H), 4.91 (s, 2H), 4.77 (s, 2H), 3.94 (s, 3H), 3.85 (s, 3H), 

2.56-2.50 (m, 2H), 1.67-1.57 (m, 4H), 0.94 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3): 

𝜹C 190.9, 151.9, 150.0, 149.5, 144.6, 137.5, 131.1, 126.4, 120.2, 114.8, 112.7, 112.3, 109.5, 

75.8, 73.1, 72.3, 70.8, 57.5, 57.1, 56.1, 55.8, 37.7, 24.7, 13.8; HRMS: m/z for C24H24O5Na 

(M+Na)+: calcd 415.1516, found 415.1497.  

Biological Evaluation 
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In-vitro antifungal activity of synthesized compounds of 1a and 1b. Antifungal activity of 

synthesized compounds 3a-e and 5a-j against A. fumigatus was performed according to the 

CLSI M38-A2 microbroth dilution method for filamentous fungi (CLSI, 2016). Briefly, A. 

fumigatus ATCC-46645 strain was cultured on Czapek Dox broth/agar (CzB/CzA) and 

incubated at 28 ± 2°C for 5 days for conidiation. The conidia were harvested, and conidia/mL 

concentration was adjusted as per our previous published paper.11b Two-fold dilutions of 

synthesized compounds (3a-e and 5a-j) and eugenol 1a were carried out in triplicate using a 

96-well polystyrene plate (Tarsons, India), having growth media CzB. 100 µL of conidial 

suspension was added to each well except negative control. The wells which contain only 

inoculated broth, was kept as positive control and amphotericin B (Amp B) was used as drug 

control. The plates were incubated statically for 5 days at 28 ± 2°C. The MIC and IC50 values 

were calculated and expressed in micro molar. 

Cytotoxicity of compound 3a in normal lung epithelial cell line L-132 as well as in-silico 

screening for its therapeutic activity. Cytotoxicity analysis of compound 3a, which showed 

antifungal activity at lowest concentration among all tested compounds against A. fumigatus, 

was performed. The selected compound 3a was taken forward for all experiments. The lung 

epithelial normal cell line L-132 were grown, cultured as reported in the supplier’s guide 

which was provided by National Centre for Cell Science (NCCS), Pune, India. The MTT 

assay was applied as described in our previous studies.11b The CC50 and IC50 value of 

compound 3a was calculated from the graph of percentage viability against concentrations by 

applying regression analysis on GraphPad prism software 8.0.2.263 version. All experiments 

were performed in triplicates.  

The percentage relative cell viability (Venkatraman et al. 2005) was calculated as (where 

A570 = absorbance at wavelength 570) 

([𝐴570 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒]) ⁄ ([𝐴570 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒]) × 100 

The selectivity index (SI) was determined by CC50/IC50 ratio against A. fumigatus. The SI is 

an indirect measure of the therapeutic window and it can serve as a predictor of safety during 

in vivo trials for a given pathogen infection.24 (CC50 -cytotoxic concentration 50 where 50% 

cells were found to be dead) 
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In-silico study was conducted to determine drug-likeness and quantitative parameters of 

absorption, distribution, metabolism, excretion, and toxicity of compound 3a which was 

predicted by Swiss ADME program ((http://www.swissadme.ch/index.php). The parameters 

deployed to predict the physicochemical properties of the compound compound(molecular 

weight, hydrogen donor, hydrogen acceptor, LogP value and TPSA).25 

Effect of compound 3a on conidia production- One cubic centimeter of agar block 

containing treated and untreated fungal culture was excised from CzA media plate 

supplemented with IC50 of compound 1a, 3a and AmpB using a sterile surgical blade and 

transferred to a sterile test tube. 5 mL of phosphate buffered saline with 0.05% Tween 20 (1× 

PBST) was added to each tube, shaken vigorously to remove conidia. The absorbance of 

treated and untreated A. fumigatus conidia was measured at 530nm using UV-vis 

spectrophotometer (CLSI 2008). 

Biochemical estimation of ergosterol content- Fungal ergosterol content was isolated from 

compound 1a, 3a, Amp B treated A. fumigatus culture and compared with the control as 

described by.26 Briefly, fungal mycelia were harvested, washed with autoclaved distilled 

water, dried, and weighed. Alcoholic potassium hydroxide solution (25%, 3 mL) was added 

to each pellet in a test tube and vortexed it for 1 min. Test tubes were incubated at 85 ºC for 1 

h in boiling water bath. After cooling to room temperature, sterols were extracted in the 1:3 

ratio of water: n-octane mixture by a vigorous vortex for 3 min and then allowed to get 

separate in two phases. The octane layer was collected in screw capped test tube and stored at 

–20 ºC. For analysis, 200 µl of extracted sterol was mixed with 800 µL absolute ethanol and 

was spectrophotometrically measured at 281.5 nm and 230 nm. The conversion from optical 

density to ergosterol was calculated as follows: 

Ergosterol%= [(𝐴281.5/290 × 𝐹) ÷ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡] − [(𝐴230/518 × 𝐹) ÷

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡] 

F= ethanol dilution factor 

Scanning electron microscopy (SEM) of A. fumigatus conidial surface - Synthesized 

compound 3a treated and untreated conidia of A. fumigatus were harvested, washed, and 

fixed in 4% glutaraldehyde in 1x PBS under vacuum for 24 hours. After washing, the cells 

were post-fixed with 1% osmium tetroxide for 60 min and dehydrated by passage through 
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ethanol solutions of increasing concentration. The prepared sample were then mounted on 

aluminium sheet and coated with gold-palladium alloy. The observations were made using a 

Zeiss SEM, MA EVO -18 Special Edition.27,29 

Effect of compound 3a on A. fumigatus biofilm. The IC50 of biofilm eradication 

concentration of compound 3a on pre-formed A. fumigatus biofilm was calculated by 

performing MTT assay in a 96-well flat bottom microtiter plate. The MTT assay was applied 

according to our previous studies.11b Biofilm eradication property of compound 3a was 

analysed on fully grown A. fumigatus biofilm on 12-well polystyrene plate for 48 h. The 

biofilm was treated with IC50 of compound 3a for another 24 h.28,29 To visualise the effect of 

compound 3a in comparison to positive control (untreated), confocal laser scanning 

microscopy (CLSM) was performed, and samples were processed as described by 

Vijayaraghavan et al28 and viewed under Nikon Instruments A1 Confocal Laser Microscope 

Series with NIS elements C software, Japan. 

Statistical analyses 

For the statistical analyses, one-way ANOVA was used, comparing the results of conidiation, 

ergosterol for compound 3a with wild type untreated and Amp B treated strain. All 

experiments were conducted in biological triplicates. GraphPad Prism software 8.0.2.263 

version was used for all the statistics analysis and Microsoft Excel. p<0.05 was considered 

statistically significant. 
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1H NMR (CDCl3, 200 MHz) of 3a 
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13C NMR (CDCl3, 50 MHz) of 3a 
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1H NMR (CDCl3, 500 MHz) of 3b 
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13C NMR (CDCl3, 126 MHz) of 3b 
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1H NMR (CDCl3, 400 MHz) of 3c 
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13C NMR (CDCl3, 101 MHz) of 3c 
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1H NMR (CDCl3, 500 MHz) of 3d 

 

13C NMR (CDCl3, 126 MHz) of 3d 
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1H NMR (CDCl3, 400 MHz) of 5b 
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13C NMR (CDCl3, 101 MHz) of 5c 
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2. Cu-catalyzed C−C bond-forming reactions employing donor-

accepter cyclopropanes  

2.1 Introduction 

Functionalized 1,4-diphenyl butan-1-one or 1,3-diphenyl propane-1-one derivatives hold a 

basic framework of many biologically important plant-based chalcones and synthetically 

available compounds.1 This scaffolding is ambiguous to many naturally occurring flavonoids, 

chalcones, heterocyclic flavonoids, coumarins etc. with one atom shortage whereas, this 

substructure is present as it is in many synthetically available compounds.1 Each class of 

naturally occurring skeletons mentioned herein comprises numerous biologically active 

molecules and other applications.2-11 Some of the bioactive molecules have been portrayed in 

(Figure 1).  

 

Figure 1: Natural products containing 1,3-diphenyl propane-1-one or 1,4-diphenyl butane 

core 
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Compound (I) reported by Ma et al2 displayed cytotoxicity (IC50: 1.02 µM) along with 

sternforemost DOX resistance in MCF-7/DOX cells by suppressing P-glycoprotein 1. 

Remarkably, MY3 also improves the capability of DOX treatment in MCF-7 tumor 

xenografts.2 Compound (II) commonly known as raspberry ketone is a natural phenolic 

compound extracted primarily from red raspberries, cranberries, and blackberries and used in 

perfumes, cosmetics and as food additive.3 Aurones (III) are type of flavonoids which exists 

as diastereomers [(E)- and (Z)-configurations] and some of the derivatives of aurones are 

reported to be antifungals.4 Compound (IV) (Mycinolide IV), a macrocyclic molecule 

reported from Micromonospora griseorubida sp displayed antibiotic properties.5 Another 

macrolide (V) (+)-acutiphycin, extracted from the alga Oscillatoria acutissima exhibited an 

antineoplastic effect against murine cancer cells.6 Hemlock bark has high proportion of 

tannin (VI) (10-12%) used in collagen proteins binding in leather industries for water 

resistance and is less prone to decaying.7 A flavone eriodictyol (VII) isolated from 

Eriodictyon californicum, Millettia duchesnei, Eupatorium arnottianum  comprises bitter 

taste masking features.8 Ethyl acetate extract of Combretum griffithii stems resulted in the 

isolation of griffithanes F (VIII) which showed weak anticancer activity against KB, MCF-7 

and NCI-H187 cancer cell lines.9 Isolation of tetralones (IX-XI) has been reported in 

literature10 by various groups from Aristolochia spp.10 N-feruloyltyramine (XII), belongs to 

alkaloid class of natural products which is reported from Piper nigrum possesses antioxidant 

and anti-inflammatory properties as it is an inhibitor of COX-1 and COX-2.11  

2.1.1 Donor–Acceptor cyclopropane reactivity  

Donor–Acceptor (DA) cyclopropanes have been widely employed in the recent past for the 

synthesis of new molecular entities as well as for the synthesis of complex organic molecules. 

D–A cyclopropanes are easily cleaved due to their constrained three membered cyclic ring 

into dipolar ion or 1, 3-zwitterion intermediate in presence of Lewis/Brønsted acids. 

Afterward, these dipolar ions are attacked by electrophiles, nucleophiles and dipolarophiles to 

furnish functionalized products (Figure 2).1 The reactivity of these D–A cyclopropanes is 

attributed to the bond angle strain of their saturated three membered ring. Hence, D–A 

cyclopropane has been immensely reported to be utilized in inter and intramolecular 

annulation with substituted alkenes, alkynes and allenes in one of the synthetic steps for the 

synthesis of natural or unnatural products.1, 12 
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Figure 2: Generalized reactivity pattern of D–A cyclopropane 

2.1.2 Donor–Acceptor cyclopropane ring opening via heteroatom-

centered nucleophiles 

Donor–Acceptor cyclopropane cascade ring opening annulations has emerged in organic 

chemistry for the development of new chemical motifs for the construction of complex 

chemical architectures. However, there are limited reports in the literature on the Donor– 

Acceptor cyclopropane ring opening reactions. The very first report of nucleophilic ring 

opening of D–A cyclopropane was by Andre´ B. Charette and co-workers13 in presence of 

cesium carbonate at 65 °C using tetrahydrofuran as solvent (Scheme 1). Nevertheless, the 

ring-opening reaction was promoted via oxygen-centered nucleophiles thus furnishing 

heteroalkylated products in 90-95% enantiomeric excess.13a They further extended their work 

on amine nucleophiles using Ni(ClO4)2.6H2O as a Lewis acid catalyst.13b 

Scheme 1: Ring-opening reaction via oxygen-centered nucleophile by Andre´ B. Charette 

and co-workers13 

This work was further elaborated by Feng et al14 on phenols, carboxylic acids and thiols by 

using scandium (III) complex as a catalyst for asymmetric ring-opening reaction of D–A 

cyclopropyl ketones. In this reaction, catalytic asymmetric ring-opening of D-A 
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cyclopropanes with thiols, alcohols, or carboxylic acids have been reported (Scheme 2). In all 

the cases, heteroatom-containing nucleophiles are trapped by cleaved dipolar ions from D–A 

cyclopropanes to furnish O– or S–alkylated product.14 

 

Scheme 2: Asymmetric ring-opening reaction via heteroatom-centered nucleophile by Feng 

et al14 

2.1.3 Donor–Acceptor cyclopropane ring opening via carbon-

centered nucleophiles 

Donor–Acceptor cyclopropanes have been used as a source of alkylating agent for alkylation 

reactions and have been used to alkylate various types of substrates involving heteroatom so 

far.1,13,14  Earlier reports have generally shown heteroatom-centered alkylation (O, S or N–

alkylation) using Donor–Acceptor cyclopropanes as alkylating agents.13,14 There are fewer 

reports of C–alkylation via Donor–Acceptor cyclopropanes so far (Figure 3). D–A 

cyclopropanes assisted alkylation reaction catalyzed by Lewis acid follows a 

dearomatization/rearomatization pathway.1 

 

Figure 3: A general approach for C –alkylation via Donor–Acceptor cyclopropanes 

The carbon nucleophilic ring opening of cyclopropanes was primarily reported by Michael A. 

Kerr and co-workers15 using catalytic amount of ytterbium triflate under high pressure to 

afford Friedel-Craft adduct in 27-97% of yields (Scheme 3). Use of metal catalyst, high 
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pressure, longer reaction time and low yields of the C-alkylated products were the major 

limitations of the procedure.15 

 

Scheme 3: C-alkylation of indoles employing ytterbium triflate as Lewis acid by Michael A. 

Kerr and co-workers15 

Biju et al16 reported Friedel–Crafts-type addition of 2-naphthols to 2-substituted 

cyclopropane 1,1-dicarboxylates employing Sc(OTf)3 as Lewis acid along with the synthesis 

of naphthalene-fused cyclopentane in presence of Bi(OTf)3 as the Lewis acid  (Scheme 4). 

Though the yields of both the reactions were good to moderate however use of transition-

metal catalyst, longer reaction time and substrate scope limited to naphthol only curtails its 

synthetic utility.16 

 

Scheme 4: C-alkylation of 2-naphthols employing scandium triflate as Lewis acid by Biju et 

al16 

A much relatable approach was shown by Ghorai and co-workers17 by reacting 1,3,5 

trimethoxybenzene or N-methyl indoles employing Yb(OTf)3 as Lewis acid catalyst to afford 

ring opening of substituted D–A cyclopropane with good yields (Scheme 5). This 

advancement also furnished product in 95% of enantiomeric excess on reaction with 

enantiopure D–A cyclopropane and the reaction proceeds through the SN2-type reaction 

pathway.17   
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Scheme 5: C-alkylation of indoles and trimethoxybenzene employing ytterbium triflate as 

Lewis acid by Ghorai and co-workers17 

Moran et al18 proposed carbon-centered nucleophilic ring-opening reactions of D–A 

cyclopropanes with substituted arenes using 10 mol% of trifluoromethanesulfonic acid 

(TfOH) in 2M HFIP at moderately elevated temperature (40-50°C) to generate Friedel-Craft 

adducts in moderate to excellent yields (Scheme 6). In case of reaction with 2,6-dimehtyl 

phenol, product was obtained in low to moderate yields.18 Moran and co-workers18 generally 

utilized substituted arenes with blocked meta and para positions to produce ortho adducts 

hence restricting the substrate scope.  

 

Scheme 6: C-alkylation of trisubstitued or disubstituted arenes employing Brønsted acid 

catalyst by Moran et al18 

2.1.4 Conclusions 

Ring-opening reactions of D–A cyclopropanes have garnered attention of organic chemists 

for synthesizing Friedel-Craft alkylated adducts. D–A cyclopropanes actively take part in 

Friedel-Craft alkylation due to their reactivity pattern with nucleophiles in presence of Lewis 

or Brønsted acids which makes them easy competitors for alkylation. A wide range of D–A 

cyclopropanes have been studied with N,N-dimethylanilines, benzofuran, 2-naphthol, indoles 

etc for O–, N–, S– or C–alkylation.1,12-18 In the present decade, remarkable advancements in 
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C–alkylation via ring opening of D–A cyclopropanes have been made.1,12-18 However, there is 

still a lot of scope in terms of arenes scaffolds that can be alkylated using Donor–Acceptor 

cyclopropanes as alkylating partners. Apart from this, TM-free alkylation are yet to be fully 

explored using cheaper, safer, biodegradable materials and milder reaction conditions 

employing Donor–Acceptor cyclopropanes.  

2.2 Present work 

Herein we report Brønsted catalysed Friedel-Craft alkylation of phenols employing D–A 

cyclopropanes. Due to the presence of 1,4-diphenyl butan-1-one and 1,3-diphenyl propane-1-

one cores in various natural products and their biological significances prompted us to carry 

out synthesis of these kind of scaffolds using cheaper catalyst in higher yields. First, we 

synthesized chalcones by reacting various substituted benzaldehydes (1a-h) with 

acetophenone (2) using KOH as a base and MeOH as solvent in good yields following the 

literature methods19 (Scheme 7). Afterward, these chalcones (3a-h) were treated with TMSI 

in presence of NaH as a base and DMSO as a solvent in accordance with the literature 

reports19 to furnish cyclopropyl ketones (4a-h). We have achieved synthesis of cyclopropyl 

ketones containing EDGs, weak EWGs and strong EWGs.  

 

Scheme 7: Synthesis of various D–A cyclopropanes (4a-h) 

Initially, we treated p-cresol (5a) with cyclopropyl ketone (4a) in DCM using Cu(OAc)2 as a 

Lewis acid catalyst (Table 1) at room temperature in an open round bottom flask for 24 h. 

Even after 24 hours of stirring, no product formation was observed on TLC. Then we 
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performed the reaction with Bi(NO3)3.5H2O  as Lewis acid in DCM at room temperature, we 

observed product formation after 12 hours (TLC). The reaction mixture was dried in vacuo. 

Table 1: Optimization of the reaction conditions  

 

 

Entry Lewis/Brønsted 

acid (10 mol%) 

Time (h) Solvent Temperature 

(°C) 

Yield (%) 

1 Cu(OAc)2 24 DCM rt No reaction 

2 Bi(NO3)3.5H2O   12 DCM rt 70 

3 ZrCl4 24 DCM rt No reaction 

4 Mn(OAc)3 24 DCM rt No reaction 

5 Cu(OTf)2 4 DCM rt 84 

6 Cu(OTf)2 4 DCE 60 84 

7 Bi(OTf)3 10 DCM rt 79 

8 H2SO4 5 DCM rt Inseparable 

mix. 

9 TfOH 2 DCM rt Inseparable 

mix. 

10 MeSO3H 3 DCM rt 86 

11 MeSO3H 3 DCE 60 86 

12 MeSO3H 6 Acetone rt 75 

13 MeSO3H 4 Methanol rt 70 

14 AcOH 5 DCM rt Inseparable 

mix. 

15 No Catalyst 24 DCM rt No reaction 

 

The product formed was isolated by flash chromatography using RediSeppre-packed 

column (SiO2, 12g) and EtOAc-petroleum ether mixture as eluents to afford a pure 
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compound, which was found to be the desired product (6a) by NMR and mass spectrum. In 

case of reaction with metal salts i.e. Cu(OAc)2, ZrCl4 and Mn(OAc)3 as catalyst did not result 

in any product formation even after 24 hours of stirring while organic acids such as AcOH, 

TfOH and H2SO4 afforded an inseparable reaction mixture which could not be purified using 

available chromatographic techniques. When reactions were performed using Cu(OTf)2 and 

MeSO3H as acid catalysts at room temperature, the formation of desired alkylated product 

(6a) was observed in 84 and 86% in 4 and 3 hours, respectively. Increases in reaction 

temperature did not enhance product yield. However, in the case of Bi(OTf)3 and Bi(NO3)3, 

reactions proceeded at a slower rate and product yields were also comparatively lower than 

the reaction with MeSO3H and Cu(OTf)2 (Table 1). No trace amount of product formation 

was observed when the reaction was carried out in the absence of any acid catalyst. Cost 

effectiveness and biodegradable nature21 of Brønsted acid, MeSO3H over Cu(OTf)2 prompted 

us to use this as acid catalyst for further exploration of substrate scope.  

 

Figure 4: Various phenols studied for D–A cyclopropanes ring opening reactions 

With the optimized reaction condition in hand, we elaborated the substrate scope with various 

phenols (5a-q) (Figure 4) and D–A cyclopropanes (4a-h) (Scheme 7). A wide variety of 

phenols (5a-l) on reaction with various D–A cyclopropanes (4a-f) in presence of MeSO3H as 

Brønsted acid catalyst resulted in the formation of the product in moderate to very good 

yields (Table 2).  
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Table 2: Substrate scope with phenols 5a-la,b 

Reaction conditions: aPhenols (5a-l)  (1 equiv.), 4a-f (1.5 equiv.) and MeSO3H (10 mol%) in DCM (5 mL) at rt 

under open air, bYields are expressed in percentage with respect to phenols. 

 

It is pertinent to mention here that D–A cyclopropanes (4a-c) did not yield any product on 

reaction with phenols (5m-q).  Also, no product formation even in trace amount was 
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observed in case of reaction of D–A cyclopropanes (4g and 4h) with phenols (5a-q), 

respectively and the unreacted reactants were obtained as such.  

It was observed that alkylation of phenols took place at ortho-position in all the cases by the 

attack of ring-opened D–A cyclopropane adduct. It is pertinent to mention here that published 

literature reports15-18 also supports the formation of ortho-functionalized phenols. We opined 

it would be interesting to study the same reaction with ortho-position blocked phenols. Thus, 

we investigated this reaction with 2,6-dimethylphenol (7) as a substrate where both the ortho-

positions are blocked with D–A cyclopropanes (4a-c). Interestingly exclusively para-

functionalized products (8a-c) were obtained in good yields (Table 3).  

Table 3: Reaction with ortho-position blocked phenol 7a,b 

 

Reaction conditions: aPhenol (7) (1 equiv.), 4a-c (1.5 equiv.) and MeSO3H (10 mol%) in DCM (5 mL) at rt 

under open air, bYields are expressed in percentage with respect to phenol 7 

 

Further, the developed synthetic protocol was applied to various thiophenols (9a-c) and as 

expected reaction proceeded smoothly and ortho-substituted Friedel–Crafts adducts (10a-i) 

were formed in good yields (Table 4).  

 

 

Table 4: Reaction with thiophenols 9a-ca,b 
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Reaction conditions: aThiophenols (9a-c) (1 equiv.), 4a-e (1.5 equiv.) and MeSO3H (10 mol%) in DCM (5 mL) 

at rt under open air,  bYields are expressed in percentage with respect to thiophenol 

 

In order to examine the regioselectivity of –OH and –SH group, we applied optimized 

reaction condition to 4–hydroxy thiophenol (11). On reaction of D–A cyclopropane (4c) with 

4–hydroxy thiophenol (11) using MeSO3H as an acid catalyst, we obtained a product (12)  in 

79% yield. Nucleophilicity of thiol group is more than that of hydroxyl group, which resulted 

in the alkylation taking place ortho- to –SH group (Scheme 8).  

 

Scheme 8: Examination of the regioselectivity of –OH and –SH groups 
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It is presumed that the reaction leads through a dearomatization and rearomatization pathway 

in presence of methanesulfonic acid (MeSO3H) affording highly regioselective product in 

moderate to good yield. Based on previous literature reports,20 a plausible mechanism for this 

Brønsted acid catalysed reaction is depicted in Scheme 9. Methane sulphonic acid (MeSO3H) 

acts as an activating agent for cyclopropanes to produce intermediate A by protonation of the 

carbonyl group attached to the cyclopropane ring in preliminary stage. Protonation of 

carbonyl group leads to the polarization of C−C bond in D–A cyclopropane. Further ring 

opening of cyclopropane took place by Friedel Craft mechanism by phenols offering 

intermediate B which results in final alkylation product by subsequent proton transfer 

(Figure 4).20 

 

Scheme 9: Plausible mechanism  

2.2.1 Preliminary studies towards the enantioselective Friedel-

Crafts adducts  

Since we obtained racemic product on reaction of D-A cyclopropanes with phenol catalysed 

by MeSO3H, we opined that it would of interest to study this reaction for the enantioselective 

product formation by carrying out this presence of Lewis acid using chiral ligands. We used 

R-(-)-mandelic acid, (-)-quinine, L-(+) tartaric acid, R-BINOL and R-BINAP as chiral ligands 

and Cu(OTf)2 as Lewis acid (Table 5). In case of reaction with R-(-)-mandelic acid, L-(+) 
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tartaric acid and R-BINAP furnished the alkylated products (6q1-3). Each alkylated products 

(6q1-3) were subjected to chiral HPLC for the estimation of enantiomeric excess (ee). Chiral 

HPLC (using CHIRALART AMYLOSE SA and 10% isopropanol in hexane as eluent 

system) of product (6q-3) showed only 2.6% ee whereas products (6q1-2) did not show any 

ee. 

Table 5: Optimization of the enantioselective reaction conditions  

 

Entry Ligand (10 mol%) Time (hours) Product 

(Yields%) 

ee (%) 

1 R-(-)-Mandelic acid 3 h 6q-1 (80) No 

2 (-)-Quinine 24 h No reaction - 

3 L-(+) Tartaric acid 3 h 6q-2 (80) No 

4 R-BINOL 24 h No reaction - 

5 R-BINAP 3 h 6q-3 (80) 2.6 

2.3 Conclusions 

In conclusion, regioselective Brønsted acid catalyzed ring-opening reactions of D–A 

cyclopropanes with various phenols have been studied. The Friedel–Crafts-type adducts were 

synthesized by utilizing biodegradable21 MeSO3H as the Brønsted acid which lead to the 

functionalized phenylbutan–1–one motifs in moderate to good yields. Also, reaction of D–A 

cyclopropanes with ortho-position blocked phenols resulted in the formation of exclusive 

para-functionalized products. We have extended our developed synthetic protocol for 

reaction with thiophenols and obtained alkylated products in good yields. Our developed 
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synthetic protocol is cost effective, transition-metal and additives free, uses biodegradable 

acid catalyst, and is a versatile method for synthesis of these chemical frameworks.  
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1.4 Experimental procedures 

General Procedure for the synthesis of Chalcones (3a-3h): 

A dry round-bottom flask was charged with a mixture of acetophenone (2) (1.94 mL, 16.66 

mmol, 1.0 equiv.) and 4-methoxy benzaldehyde (1a) (2.492 mL, 18.326 mmol, 1.1 equiv.) 

dissolved in methanol (20 mL) at 0 ℃ and was vigorously stirred for 10 mins at same 

temperature. To this solution KOH (2.798 g, 49.98 mmol, 3 equiv.) was added while 

maintaining the temperature at 0℃ and then the reaction mixture was stirred at rt for 5 h. 

After completion of the reaction (monitored by TLC) aqueous HCL (2M) was added to the 

pH at 7 and was this reaction mixture was further diluted with DCM (30 mL). The resulting 

solution was extracted twice with DCM (30 mL) and washed with water. The organic layer 

obtained was dried over anhydrous sodium sulphate (Na2SO4), concentrated in vacuo to 

furnish a residue which was purified by flash chromatography using a RediSep column 

(SiO2, 12g) with EtOAc-petroleum ether mixture as eluent. The spectral data (1H and 13C) 

and yields of all the synthesized chalcones (3a-3h) were in agreement with the reported 

literature data.19  

General Procedure for the synthesis of D–A cyclopropyl ketones (4a-4h): 

To a stirred solution of trimethyl sulphoxonium iodide (1.02 g, 4.6218 mmol, 1.1 equiv.) 

and NaH (184.872 mg, 4.618 mmol, 1.1 equiv.) in DMSO (10 mL) chalcone (3a) (1 g, 

4.201 mmol, 1 equiv.) dissolved in DMSO (10 mL) was added slowly at 0℃ and were 

stirred at rt for 4 hours. After completion of the reaction (monitored by TLC) the reaction 

mixture was quenched with cold water and then extracted twice with diethyl ether (30-40 

mL). The organic layer was dried over anhydrous sodium sulphate (Na2SO4) and 

concentrated in vacuo to furnish a crude mixture which was further purified via flash 

chromatography using a RediSep column (SiO2, 12g) with EtOAc-petroleum ether mixture 

as eluent to afford desired compound (4a-4h). The physical and spectral data (1H and 13C) 

of all the synthesized cyclopropyl ketones (4a-4h) were consistent with those previously 

reported data.19  
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General Procedure for the functionalization of phenol with D–A cyclopropyl ketones 

(6a-6u): 

To a dry round bottom flask p-cresol (3) (29 mL, 0.277 mmol, 1 equiv.) and D–A 

cyclopropyl ketones (4a) (104.7 mg, 0.415 mmol, 1.5 equiv.) were dissolved in DCM (5 mL) 

at rt with a catalytic amount of MeSO3H (20 mol %) and the reaction mixture was stirred at rt 

for 3 h. After the completion of the reaction (monitored by TLC) the reaction mixture was 

reduced in vacuo to furnish crude compound mixture which was further purified by using 

flash chromatography using a RediSep column (SiO2, 12g) with EtOAc-petroleum ether 

mixture as eluent to afford desired compound.  

4-(2-hydroxy-5-methylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6a): 

 

Yellowish solid (80 mg, 80%); m.p.: 122-124 ºC; Rf 0.15 (20% ethyl acetate in petroleum 

ether); 1H NMR (400 MHz, CDCl3) 𝜹H 7.89 (dd, J = 8.4, 1.4 Hz, 2H), 7.54–7.48 (m, 1H), 

7.40 (dd, J = 8.3, 7.0 Hz, 2H), 7.24–7.20 (m, 2H), 7.18–7.13 (m, 1H), 6.85 (d, J = 8.7 Hz, 

2H), 6.77 (d, J = 8.1 Hz, 2H), 6.64 (s, 1H), 4.30–4.22 (m, 1H), 3.76 (s, 3H), 3.03–2.95 (m, 

2H), 2.41 (td, J = 15.2, 14.7, 7.9 Hz, 2H), 2.18 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 

201.43, 158.14, 151.65, 136.52, 134.35, 133.29, 130.75, 129.42, 129.33, 128.97, 128.50, 

128.25, 128.16, 128.13, 127.83, 116.06, 113.94, 55.14, 42.50, 36.29, 28.84, 20.65; m/z for 

C24H24O3Na (M + Na)+, calcd: 383.1622, found: 383.1615.  

4-(2-hydroxy-3-methylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6b): 
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Yellowish solid (78 mg, 78%); m.p.: 82-84 ºC; Rf 0.30 (20% ethyl acetate in petroleum 

ether); 1H NMR (400 MHz, CDCl3) 𝜹H 7.90 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.2 Hz, 1H), 7.44 

(t, J = 7.6 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 7.03 (s, 1H), 6.97 (d, J = 8.1 Hz, 1H), 6.87 (d, J 

= 8.5 Hz, 2H), 6.76 (d, J = 8.1 Hz, 1H), 5.92 (s, 1H), 3.90 (t, J = 7.8 Hz, 1H), 3.80 (s, 3H), 

2.97 (t, J = 7.4 Hz, 2H), 2.47 (dd, J = 14.9, 7.6 Hz, 2H), 2.25 (s, 3H); 13C NMR (101 MHz, 

CDCl3) 𝜹C 200.91, 157.78, 152.47, 137.10, 136.74, 136.48, 133.00, 130.30, 128.59, 128.44, 

128.00, 125.90, 123.98, 114.89, 113.83, 55.14, 48.83, 37.03, 30.22, 15.91; HRMS: m/z for 

C24H24O3 (M + H)+, calcd: 361.1803, found: 361.1797.  

4-(2-hydroxy-4-methylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6c): 

 

white solid (84 mg, 84%); m.p.: 149-152 ºC; Rf 0.18 (20% ethyl acetate in petroleum ether); 

1H NMR (500 MHz, CDCl3) 𝜹H 7.87 (d, J = 8.0 Hz, 2H), 7.54 (t, J = 6.8 Hz, 1H), 7.42 (t, J = 

7.4 Hz, 2H), 7.19 (d, J = 8.3 Hz, 1H), 7.12 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 8.3 Hz, 2H), 6.71 

(d, J = 8.3 Hz, 1H), 6.65 (s, 1H), 5.67 (s, 1H), 4.08 (t, J = 7.8 Hz, 1H), 3.77 (s, 3H), 3.03–

2.90 (m, 2H), 2.41 (dd, J = 14.9, 7.4 Hz, 2H), 2.19 (s, 3H); 13C NMR (126 MHz, CDCl3) 𝜹C 

200.69, 157.76, 153.88, 137.92, 136.84, 136.53, 134.44, 133.02, 128.97, 128.51, 128.02, 

127.47, 117.47, 113.77, 112.80, 55.19, 44.57, 36.92, 30.61, 19.84; m/z for C24H24O3Na (M + 

Na)+, calcd: 383.1622, found: 383.1623.  

4-(2-hydroxy-3,5-dimethylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6d): 
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Yellowish viscous liquid (80 mg, 80%); Rf 0.32 (20% ethyl acetate in petroleum ether); 1H 

NMR (400 MHz, CDCl3) 𝜹H 7.98–7.92 (m, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7 Hz, 

2H), 7.25 (d, J = 8.6 Hz, 2H), 6.92–6.88 (m, 2H), 6.84 (s, 1H), 6.73 (s, 1H), 6.60 (s, 1H), 

4.24 (dd, J = 9.9, 5.0 Hz, 1H), 3.82 (s, 3H), 3.08–2.99 (m, 2H), 2.46 (ddt, J = 11.0, 8.2, 5.6 

Hz, 1H), 2.36 (ddd, J = 15.2, 10.9, 5.6 Hz, 1H), 2.28 (s, 3H), 2.19 (s, 3H); 13C NMR (101 

MHz, CDCl3) 𝜹C 201.52, 158.29, 149.95, 136.52, 133.97, 133.40, 130.23, 129.58, 129.54, 

128.65, 128.56, 128.18, 125.79, 124.56, 114.03, 55.18, 42.89, 36.08, 28.73, 20.64, 16.19; 

HRMS: m/z for C25H26O3Na (M + Na)+, calcd: 397.1779, found: 397.1768.  

4-(4-hydroxybenzo[d][1,3]dioxol-5-yl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6e): 

 

Brown liquid (78 mg, 78%); Rf 0.12 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.98–7.91 (m, 2H), 7.59–7.53 (m, 1H), 7.44 (dd, J = 8.3, 7.1 Hz, 2H), 7.20 

(d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 6.51 (s, 1H), 6.36 (s, 1H), 5.83 (dd, J = 8.7, 1.5 

Hz, 2H), 4.17 (dd, J = 9.1, 5.8 Hz, 1H), 3.80 (s, 3H), 3.02 (dd, J = 6.8, 5.6 Hz, 2H), 2.40 – 

2.28 (m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 201.70, 136.43, 133.56, 129.47, 128.62, 

128.26, 114.14, 107.24, 100.86, 99.00, 77.00, 55.26, 42.31, 35.86, 28.80; HRMS: m/z for 

C24H22O5Na (M + Na)+, calcd: 413.1364, found: 413.1354.  

4-(2-hydroxy-5-methoxyphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6f): 

 

Brown liquid (63 mg, 69%); Rf 0.32 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.96–7.90 (m, 2H), 7.59–7.51 (m, 1H), 7.47–7.40 (m, 2H), 7.24–7.20 (m, 
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2H), 6.89–6.80 (m, 3H), 6.65 (dd, J = 8.7, 3.0 Hz, 1H), 6.52 (d, J = 3.0 Hz, 1H), 6.41 (s, 1H), 

4.23 (dd, J = 9.5, 5.5 Hz, 1H), 3.79 (s, 3H), 3.68 (s, 3H), 3.02 (t, J = 6.4 Hz, 2H), 2.38 – 2.30 

(m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 201.34, 158.38, 153.37, 148.00, 136.53, 133.71, 

133.42, 132.26, 129.51, 128.59, 128.20, 116.90, 114.16 (d, J = 11.9 Hz), 111.72, 66.80, 

55.61, 55.24, 42.85, 36.09; HRMS: m/z for C24H24O4 (M + H)+, calcd: 377.1747, found: 

377.1739.  

4-(2-hydroxy-3,6-dimethylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6g): 

 

white semisolid (79 mg, 86%); Rf 0.24 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.91–7.87 (m, 2H), 7.58–7.53 (m, 1H), 7.44 (t, J = 7.7 Hz, 2H), 7.17–7.12 

(m, 2H), 7.08 (s, 1H), 6.86–6.80 (m, 2H), 6.58 (s, 1H), 4.70 (s, 1H), 4.07 (t, J = 7.8 Hz, 1H), 

3.79 (s, 3H), 2.97 (dt, J = 8.0, 6.3 Hz, 2H), 2.46–2.38 (m, 2H), 2.25 (s, 3H), 2.19 (s, 3H); 13C 

NMR (101 MHz, CDCl3) 𝜹C 200.35, 157.77, 151.78, 136.94, 136.63, 135.17, 134.59, 132.94, 

129.01, 128.96, 128.50, 128.02, 120.87, 117.04, 113.76, 55.20, 44.53, 36.98, 30.61, 19.38, 

15.57; HRMS: m/z for C25H26O3Na (M + Na)+, calcd: 397.1774, found: 397.1767.  

4-(2-hydroxynaphthalen-1-yl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6h): 

 

Brown liquid (58 mg, 70%); Rf 0.21 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.95 (d, J = 7.0 Hz, 1H), 7.76 (d, J = 7.6 Hz, 3H), 7.68 (d, J = 8.8 Hz, 1H), 

7.49 (t, J = 7.4 Hz, 1H), 7.33 (dt, J = 12.1, 5.6 Hz, 6H), 7.09 (d, J = 8.7 Hz, 1H), 6.83 (d, J = 

8.6 Hz, 2H), 5.17–5.05 (m, 1H), 3.77 (s, 3H), 2.98–2.84 (m, 3H), 2.78–2.66 (m, 1H); 13C 
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NMR (126 MHz, CDCl3) 𝜹C 201.04, 158.08, 152.21, 136.68, 134.95, 133.01, 129.78, 128.97, 

128.81, 128.46, 128.43, 128.05, 126.39, 123.01, 121.78, 119.28, 114.13, 55.20, 38.91, 36.54, 

26.17; m/z for C27H24O3Na (M + Na)+, calcd: 419.1622, found: 419.1609.  

4-(2-hydroxy-6-methoxyphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (6i): 

 

white solid (53 mg, 59%); m.p.: 144-147 ºC; Rf 0.08 (20% ethyl acetate in petroleum ether); 

1H NMR (400 MHz, CDCl3) 𝜹H 7.97–7.90 (m, 2H), 7.60–7.53 (m, 1H), 7.44 (dd, J = 8.3, 7.1 

Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 7.05 (s, 1H), 6.91–6.85 (m, 2H), 6.77 (d, J = 8.5 Hz, 1H), 

6.50 (d, J = 2.6 Hz, 1H), 6.37 (dd, J = 8.5, 2.6 Hz, 1H), 4.15 (dd, J = 9.7, 5.1 Hz, 1H), 3.80 

(s, 3H), 3.75 (s, 3H), 3.07–2.99 (m, 2H), 2.48–2.25 (m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 

201.72, 159.27, 155.09, 136.49, 133.90, 133.52, 129.58, 128.61, 128.39, 128.24, 114.06, 

105.81, 102.29, 55.25, 42.27, 36.00, 28.77; HRMS: m/z for C24H24O4Na (M + Na)+, calcd: 

399.1572, found: 399.1572.  

4-(2-hydroxy-3-isopropyl-6-methylphenyl)-4-(3-methoxyphenyl)-1-phenylbutan-1-one 

(6j): 

 

white solid (71 mg, 88%); m.p.: 88-90 ºC; Rf 0.08 (20% ethyl acetate in petroleum ether); 1H 

NMR (500 MHz, CDCl3) 𝜹H 7.90–7.86 (m, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.7 Hz, 

2H), 7.20 (s, 1H), 7.12–7.07 (m, 4H), 6.54 (s, 1H), 4.92 (d, J = 5.7 Hz, 1H), 4.09 (t, J = 7.9 

Hz, 1H), 3.21 (dt, J = 13.8, 6.9 Hz, 1H), 3.04–2.89 (m, 2H), 2.45 (q, J = 7.6 Hz, 2H), 2.31 (s, 

3H), 2.16 (s, 3H), 1.28 (t, J = 7.2 Hz, 6H); 13C NMR (126 MHz, CDCl3) 𝜹C 200.55, 150.81, 
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141.48, 135.41, 134.79, 134.28, 132.94, 131.67, 129.04, 128.49, 128.03, 127.91, 124.49, 

117.48, 45.42, 37.06, 30.73, 27.09, 22.80, 22.66, 20.92, 19.25; HRMS: m/z for C27H30O3 (M - 

H)+, calcd: 401.2111, found: 401.2106.  

4-(2-Hydroxy-5-methoxyphenyl)-4-(3-methoxyphenyl)-1-phenylbutan-1-one (6k): 

 

Viscous liquid (50 mg, 55%); Rf 0.33 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.93 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.1 Hz, 1H), 7.44 (t, J = 7.3 Hz, 2H), 

7.21 (d, J = 7.8 Hz, 1H), 7.06 (s, 1H), 6.88 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 8.4 Hz, 1H), 6.50 

(s, 1H), 6.38 (d, J = 8.5 Hz, 1H), 4.17 (dd, J = 8.7, 4.9 Hz, 1H), 3.86–3.70 (m, 6H), 3.03 (s, 

2H), 2.37 (ddd, J = 14.6, 11.3, 6.3 Hz, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 201.69, 159.24, 

158.31, 155.06, 134.04, 133.47, 129.54, 128.59, 128.40, 128.22, 123.45, 114.05, 105.80, 

102.28, 55.22, 42.25, 36.06, 28.81; HRMS: m/z for C24H24O4 (M + H)+, calcd: 377.1747, 

found: 377.1739.  

4-(4-chlorophenyl)-4-(2-hydroxy-3-isopropyl-6-methylphenyl)-1-phenylbutan-1-one (6l): 

 

Viscous liquid (63 mg, 78%); Rf 0.28 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.85 (d, J = 7.6 Hz, 2H), 7.52 (t, J = 7.1 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 

7.21 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.8 Hz, 3H), 6.54 (s, 1H), 5.21 (s, 1H), 4.09 (t, J = 7.7 

Hz, 1H), 3.27–3.13 (m, 1H), 3.01–2.85 (m, 2H), 2.42 (dd, J = 14.8, 7.4 Hz, 2H), 2.09 (s, 3H), 

1.24 (t, J = 6.4 Hz, 6H); 13C NMR (101 MHz, CDCl3) 𝜹C 200.33, 151.15, 143.18, 136.78, 

134.77, 133.32, 133.11, 133.07, 131.97, 129.35, 128.64, 128.57, 128.53, 128.45, 127.98, 
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124.44, 117.60, 45.13, 36.75, 30.43, 27.06, 22.76, 22.64, 19.20; HRMS: m/z for C26H27O2Cl 

(M + H)+, calcd: 407.1778, found: 407.1785.  

4-(4-chlorophenyl)-4-(2-hydroxy-3,6-dimethylphenyl)-1-phenylbutan-1one (6m): 

 

white solid (70 mg, 76%); m.p.: 128-130 ºC; Rf 0.15 (20% ethyl acetate in petroleum ether); 

1H NMR (400 MHz, CDCl3) 𝜹H 7.85 (dd, J = 8.4, 1.4 Hz, 2H), 7.57–7.51 (m, 1H), 7.42 (ddd, 

J = 8.1, 6.7, 1.3 Hz, 2H), 7.25–7.20 (m, 2H), 7.16–7.11 (m, 2H), 7.03 (s, 1H), 6.56 (s, 1H), 

4.60 (s, 1H), 4.08 (t, J = 7.8 Hz, 1H), 2.94 (d, J = 5.5 Hz, 2H), 2.40 (d, J = 7.6 Hz, 2H), 2.22 

(s, 3H), 2.14 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 152.00, 143.16, 135.28, 133.65, 

133.05, 131.72, 129.39, 129.04, 128.55, 128.50, 127.98, 121.07, 117.15, 44.71, 36.72, 19.38, 

15.56; HRMS: m/z for C24H23O2ClNa (M + Na)+, calcd: 401.1284, found: 401.1276.  

4-(4-chlorophenyl)-4-(2-hydroxy-5-methoxyphenyl)-1-phenylbutan-1-one (6n): 

 

Viscous liquid (59 mg, 64%); Rf 0.24 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.93–7.88 (m, 2H), 7.57–7.52 (m, 1H), 7.44–7.40 (m, 2H), 7.26–7.24 (m, 

3H), 7.20–7.16 (m, 1H), 6.80 (d, J = 8.7 Hz, 1H), 6.64 (dd, J = 8.7, 3.1 Hz, 1H), 6.53 (d, J = 

3.0 Hz, 1H), 6.37 (s, 1H), 4.31 (dd, J = 9.0, 6.2 Hz, 1H), 3.68 (s, 3H), 2.99 (t, J = 6.7 Hz, 

2H), 2.45–2.35 (m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 201.07, 153.48, 147.81, 140.93, 

136.46, 133.44, 132.31, 131.50, 129.78, 128.68, 128.60, 128.15, 116.82, 114.16, 111.86, 

55.61, 42.77, 36.09, 28.55; HRMS: m/z for C23H21ClO3 (M + H)+, calcd: 381.1252, found: 

381.1245.  
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4-(4-chlorophenyl)-4-(2-hydroxy-3-methylphenyl)-1-phenylbutan-1-one (6o): 

 

semisolid (80 mg, 79%); Rf 0.35 (20% ethyl acetate in petroleum ether); 1H NMR (400 MHz, 

CDCl3) 𝜹H 7.87– 7.82 (m, 2H), 7.56–7.51 (m, 1H), 7.45–7.39 (m, 3H), 7.23 (d, J = 2.2 Hz, 

1H), 7.17 (d, J = 8.5 Hz, 2H), 6.97–6.91 (m, 2H), 6.70 (d, J = 8.1 Hz, 1H), 3.89 (t, J = 7.9 

Hz, 1H), 2.91 (dd, J = 8.0, 6.8 Hz, 2H), 2.42 (td, J = 7.9, 6.9 Hz, 2H), 2.20 (s, 3H); 13C NMR 

(101 MHz, CDCl3) 𝜹C 152.48, 143.50, 136.83, 135.88, 133.06, 131.88, 130.40, 129.87, 

129.08, 128.68, 128.60, 128.54, 128.50, 128.38, 128.17, 127.98, 127.95, 126.16, 123.98, 

115.00, 49.03, 36.78, 29.85, 15.87; HRMS: m/z for C23H21O2Cl (M + H)+, calcd: 365.1308, 

found: 365.1300.  

4-(3,4-dichlorophenyl)-4-(2-hydroxy-3-isopropyl-6-methylphenyl)-1-phenylbutan-1-one 

(6p): 

 

Viscous liquid (66 mg, 75%); Rf 0.43 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.88–7.83 (m, 2H), 7.57–7.52 (m, 1H), 7.43 (dd, J = 8.3, 7.0 Hz, 2H), 7.32 

(d, J = 8.3 Hz, 1H), 7.26 (s, 1H), 7.10 (s, 1H), 7.03 (dd, J = 8.4, 2.1 Hz, 1H), 6.54 (d, J = 0.8 

Hz, 1H), 4.75 (s, 1H), 4.10 (t, J = 7.8 Hz, 1H), 3.17 (p, J = 6.9 Hz, 1H), 3.02–2.84 (m, 2H), 

2.41 (q, J = 7.4 Hz, 2H), 2.12 (s, 3H), 1.28–1.24 (m, 6H); 13C NMR (101 MHz, CDCl3) 𝜹C 

145.16, 134.92, 133.12, 132.72, 130.28, 129.99, 128.59, 127.97, 127.41, 124.51, 117.71, 
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44.90, 36.53, 30.24, 27.13, 22.75, 22.64, 19.26; HRMS: m/z for C26H26O2Cl2 (M + H)+, calcd: 

441.1383 , found: 441.1370.  

4-(2-hydroxy-3-methylphenyl)-1-phenyl-4-(p-tolyl) butan-1-one (6q): 

 

semisolid (76 mg, 80%); Rf 0.33 (20% ethyl acetate in petroleum ether);1H NMR (400 MHz, 

CDCl3) 𝜹H 7.83 (dd, J = 8.4, 1.4 Hz, 2H), 7.52–7.47 (m, 1H), 7.37 (dd, J = 8.4, 7.0 Hz, 2H), 

7.15–7.11 (m, 2H), 7.07 (d, J = 7.9 Hz, 2H), 6.98 (d, J = 2.2 Hz, 1H), 6.92 (dd, J = 8.2, 2.3 

Hz, 1H), 6.69 (d, J = 8.1 Hz, 1H), 3.85 (t, J = 7.9 Hz, 1H), 2.91 (dd, J = 8.3, 6.7 Hz, 2H), 

2.47–2.38 (m, 2H), 2.28 (s, 3H), 2.18 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 152.42, 

141.88, 136.77, 136.47, 135.57, 132.98, 130.35, 129.14, 128.45, 128.42, 128.01, 127.55, 

125.99, 114.89, 77.00, 49.31, 37.08, 30.08, 20.90, 15.91; HRMS: m/z for C24H24O2Na (M + 

Na)+, calcd: 367.1673, found: 367.1684.  

4-(2-hydroxy-3,5-dimethylphenyl)-1-phenyl-4-(p-tolyl)butan-1-one (6r): 

 

white solid (73 mg, 83%); m.p.: 122-124 ºC; Rf 0.29 (20% ethyl acetate in petroleum ether); 

1H NMR (400 MHz, CDCl3) 𝜹H 7.89–7.82 (m, 2H), 7.55–7.50 (m, 1H), 7.45–7.37 (m, 2H), 

7.12–7.04 (m, 5H), 6.54 (s, 1H), 4.06 (t, J = 7.8 Hz, 1H), 2.94 (ddd, J = 8.2, 6.3, 4.1 Hz, 2H), 

2.45–2.35 (m, 2H), 2.29 (s, 3H), 2.21 (s, 3H), 2.16 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 

200.37, 151.78, 141.47, 135.46, 135.17, 134.49, 132.92, 129.07, 128.49, 128.02, 127.91, 
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120.87, 117.01, 44.95, 37.01, 30.52, 20.94, 19.41, 15.57; HRMS: m/z for C25H26O2Na (M + 

Na)+, calcd: 381.1830, found: 381.1831.  

4-(2-hydroxy-4,6-dimethylphenyl)-1,4-diphenylbutan-1-one (6s): 

 

white solid (73 mg, 86%); m.p.: 127-129 ºC; Rf 0.5 (20% ethyl acetate in petroleum ether); 1H 

NMR (400 MHz, CDCl3) 𝜹H 7.86 (dd, J = 8.4, 1.3 Hz, 2H), 7.55–7.50 (m, 1H), 7.41 (dd, J = 

8.3, 7.0 Hz, 2H), 7.34 (dt, J = 8.2, 1.1 Hz, 2H), 7.28 (dd, J = 8.5, 6.8 Hz, 2H), 7.21–7.16 (m, 

1H), 6.59–6.56 (m, 1H), 6.46 (d, J = 1.8 Hz, 1H), 4.94 (s, 1H), 4.54 (dd, J = 9.9, 6.1 Hz, 1H), 

3.00–2.94 (m, 2H), 2.78–2.68 (m, 1H), 2.66–2.55 (m, 1H), 2.22 (s, 6H); 13C NMR (101 MHz, 

CDCl3) 𝜹C 200.69, 154.34, 143.31, 138.02, 137.33, 136.86, 132.97, 128.52, 128.48, 128.07, 

127.49, 126.20, 125.62, 124.41, 115.75, 36.67, 25.90, 20.90, 20.81; HRMS: m/z for 

C24H24O2Na (M + Na)+, calcd: 367.1673, found: 367.1667.  

4-(2-hydroxyphenyl)-1,4-diphenylbutan-1-one (6t):  

 

white solid (80 mg, 80%); m.p.: 102-104 ºC; Rf 0.5 (20% ethyl acetate in petroleum ether); 1H 

NMR (400 MHz, CDCl3) 𝜹H 7.88–7.81 (m, 2H), 7.55–7.49 (m, 1H), 7.43–7.37 (m, 2H), 

7.30–7.22 (m, 4H), 7.11 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 5.43 (s, 1H), 3.94 (t, J 

= 8.0 Hz, 1H), 2.92 (dd, J = 8.2, 6.8 Hz, 2H), 2.46 (td, J = 8.0, 6.8 Hz, 2H); 13C NMR (101 

MHz, CDCl3) 𝜹C 200.61, 154.14, 144.72, 136.80, 136.47, 133.07, 128.93, 128.52, 128.03, 

127.76, 126.24, 115.39, 49.66, 36.96, 30.03; HRMS: m/z for C22H21O2 (M + H)+, calcd: 

317.1536, found: 317.1532.  
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4-(2-hydroxy-3-isopropyl-6-methylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one 

(6u): 

 

Viscous liquid (65 mg, 81%); Rf 0.34 (20% ethyl acetate in petroleum ether); 1H NMR (500 

MHz, CDCl3) 𝜹H 7.90 (dd, J = 8.4, 1.3 Hz, 2H), 7.59 – 7.53 (m, 1H), 7.45 (dd, J = 8.3, 7.2 

Hz, 2H), 7.20 (s, 1H), 7.15 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.59 – 6.55 (m, 1H), 

5.18 (s, 1H), 4.10 (t, J = 7.8 Hz, 1H), 3.80 (s, 3H), 3.24 (p, J = 6.9 Hz, 1H), 3.07 – 2.91 (m, 

2H), 2.45 (q, J = 7.6 Hz, 2H), 2.16 (s, 3H), 1.32 – 1.27 (m, 6H); 13C NMR (126 MHz, CDCl3) 

𝜹C 200.67, 157.78, 150.95, 136.95, 136.75, 134.79, 134.36, 133.03, 131.80, 129.02, 128.56, 

128.09, 124.46, 117.57, 113.81, 55.26, 45.06, 37.10, 30.89, 27.14, 22.88, 22.75, 19.29. 

HRMS: m/z for C27H30O3 (M - H)+, calcd: 401.2111, found: 401.2105.  

4-(3-hydroxy-2,4-dimethylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (8a): 

 

Viscous liquid (72 mg, 79%); Rf 0.32 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.89 (ddt, J = 6.7, 2.5, 1.3 Hz, 2H), 7.57 – 7.50 (m, 1H), 7.42 (td, J = 7.6, 

1.2 Hz, 2H), 7.26 – 7.20 (m, 2H), 6.93 – 6.84 (m, 4H), 5.07 (s, 1H), 3.87 (td, J = 7.8, 3.0 Hz, 

1H), 3.78 (d, J = 1.7 Hz, 3H), 2.95 (ddt, J = 7.7, 6.1, 3.0 Hz, 2H), 2.51 – 2.42 (m, 2H), 2.23 

(t, J = 3.1 Hz, 6H); 13C NMR (101 MHz, CDCl3) 𝜹C 158.05, 137.44, 137.07, 136.43, 133.16, 

133.14, 133.13, 128.81, 128.80, 128.66, 128.24, 128.22, 128.22, 127.97, 114.07, 114.05, 
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55.36, 49.15, 37.31, 30.47, 16.31, 16.29; HRMS: m/z for C25H26O3Na (M + Na)+, calcd: 

397.1779, found: 397.1788.   

4-(4-hydroxy-3,5-dimethylphenyl)-1-phenyl-4-(p-tolyl)butan-1-one (8b): 

 

Viscous liquid (67 mg, 77%); Rf 0.48 (20% ethyl acetate in petroleum ether);1H NMR (400 

MHz, CDCl3) 𝜹H 7.84 (dd, J = 8.0, 2.0 Hz, 2H), 7.52 – 7.46 (m, 1H), 7.41 – 7.35 (m, 2H), 

7.15 (dd, J = 8.3, 2.4 Hz, 2H), 7.07 (dd, J = 8.2, 2.0 Hz, 2H), 6.85 (d, J = 2.6 Hz, 2H), 4.76 

(s, 1H), 3.82 (td, J = 8.0, 2.4 Hz, 1H), 2.95 – 2.86 (m, 2H), 2.42 (qd, J = 7.7, 2.5 Hz, 2H), 

2.28 (d, J = 2.0 Hz, 3H), 2.20 – 2.15 (m, 6H); 13C NMR (101 MHz, ) 𝜹C 200.58, 150.74, 

142.15, 137.02, 136.27, 135.67, 133.02, 129.28, 128.56, 128.14, 127.94, 127.66, 123.18, 

49.54, 37.25, 30.23, 21.05, 16.16; HRMS: m/z for C25H26O2 (M + H)+, calcd: 359.2011, 

found: 359.2003.  

4-(4-hydroxy-3,5-dimethylphenyl)-1,4-diphenylbutan-1-one (8c): 

 

white solid (63 mg, 75%); m.p.: 102-104 ºC; Rf 0.4 (20% ethyl acetate in petroleum ether); 1H 

NMR (400 MHz, CDCl3) 𝜹H 7.88 – 7.78 (m, 2H), 7.46 (td, J = 7.5, 1.7 Hz, 1H), 7.34 (td, J = 

7.7, 7.1, 1.6 Hz, 2H), 7.25 (dt, J = 5.2, 3.0 Hz, 4H), 7.18 – 7.10 (m, 1H), 6.90 – 6.82 (m, 2H), 

3.91 – 3.81 (m, 1H), 2.96 – 2.84 (m, 2H), 2.50 – 2.39 (m, 2H), 2.21 – 2.12 (m, 6H); 13C NMR 

(101 MHz, CDCl3) 𝜹C 200.48, 145.00, 136.75, 135.73, 132.88, 128.39, 127.94, 127.79, 

127.61, 126.04, 123.15, 49.72, 37.00, 29.99, 16.03, 16.00; HRMS: m/z for C24H24O2 (M + 

H)+, calcd: 345.1854, found: 345.1855. 
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4-(2-mercaptophenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (10a): 

 

Viscous liquid (92 mg, 85%); Rf 0.68 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.87 (d, J = 7.7 Hz, 2H), 7.54 (t, J = 6.8 Hz, 1H), 7.43 (t, J = 7.0 Hz, 2H), 

7.30 (d, J = 7.6 Hz, 2H), 7.24–7.19 (m, 4H), 6.82 (d, J = 7.3 Hz, 2H), 4.28 (t, J = 7.2 Hz, 

1H), 3.79 (s, 3H), 3.02 (t, J = 6.9 Hz, 2H), 2.43 (dd, J = 14.0, 7.0 Hz, 1H), 2.33 (dt, J = 14.1, 

7.1 Hz, 1H); 13C NMR (101 MHz, CDCl3) 𝜹C 199.36, 158.75, 136.80, 134.81, 133.36, 

133.01, 132.28, 128.84, 128.69, 128.52, 127.96, 127.01, 113.87, 55.21, 52.02, 36.25, 30.63; 

HRMS: m/z for C23H22O2SNa (M + Na)+, calcd: 385.1238, found: 385.1231.  

4-(2-mercaptophenyl)-4-(3-methoxyphenyl)-1-phenylbutan-1-one (10b): 

 

Viscous liquid (81 mg, 75%); Rf 0.71 (20% ethyl acetate in petroleum ether);1H NMR (400 

MHz, CDCl3) 𝜹H 7.87–7.81 (m, 2H), 7.54–7.47 (m, 1H), 7.39 (dd, J = 8.4, 7.0 Hz, 2H), 7.32–

7.27 (m, 2H), 7.20–7.14 (m, 4H), 7.07 (d, J = 7.8 Hz, 2H), 4.28 (ddd, J = 8.4, 6.6, 1.7 Hz, 

1H), 3.00 (t, J = 7.2 Hz, 2H), 2.47–2.37 (m, 1H), 2.30 (s, 4H); 13C NMR (101 MHz, CDCl3) 

𝜹C 
13C NMR (101 MHz, ) δ 199.30, 138.27, 136.91, 136.73, 134.90, 132.96, 132.01, 129.17, 

128.66, 128.46, 127.91, 127.60, 126.90, 52.22, 36.20, 30.55, 21.03; HRMS: m/z for 

C23H22O2SNa (M + Na)+, calcd: 385.1211, found: 385.1230.   
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4-(2-mercaptophenyl)-1-phenyl-4-(p-tolyl) butan-1-one (10c): 

 

Viscous liquid (77 mg, 82%); Rf 0.75 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.85 (dd, J = 7.9, 2.4 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.40 (t, J = 7.6 Hz, 

2H), 7.33–7.27 (m, 2H), 7.21–7.15 (m, 4H), 7.08 (dd, J = 8.3, 2.7 Hz, 2H), 4.28 (dd, J = 6.0, 

2.7 Hz, 1H), 3.00 (td, J = 7.2, 2.5 Hz, 2H), 2.42 (dt, J = 14.2, 7.1 Hz, 1H), 2.37–2.28 (m, 4H); 

13C NMR (101 MHz, CDCl3) 𝜹C 138.29, 136.94, 136.76, 132.99, 132.04, 129.20, 128.69, 

128.49, 127.95, 127.62, 126.93, 52.25, 36.23, 30.58, 21.06; HRMS: m/z for C23H22OSNa (M 

+ Na)+, calcd: 369.1288, found: 369.1299.  

4-(2-mercaptophenyl)-1,4-diphenylbutan-1-one (10d): 

 

Viscous liquid (70 mg, 78%); Rf 0.6 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.93 (dd, J = 7.3, 1.8 Hz, 2H), 7.59 – 7.53 (m, 1H), 7.45 (dd, J = 8.5, 7.0 

Hz, 3H), 7.37 (ddd, J = 11.0, 7.3, 5.4 Hz, 6H), 7.30 – 7.22 (m, 4H), 4.41 (ddt, J = 8.1, 6.5, 2.6 

Hz, 1H), 3.09 (t, J = 7.2 Hz, 2H), 2.59 – 2.38 (m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 

199.31, 141.66, 136.88, 136.88, 133.17, 132.37, 128.88, 128.73, 128.67, 128.17, 128.09, 

127.94, 127.49, 127.22, 52.76, 36.34, 30.67; HRMS: m/z for C22H20OS (M + H)+, calcd: 

333.1313, found: 333.1311.  
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4-(4-chlorophenyl)-4-(2-mercapto-3-methylphenyl)-1-phenylbutan-1-one (10e): 

 

white solid (66 mg, 75%); m.p.: 71-73 ºC; Rf 0.6 (20% ethyl acetate in petroleum ether); 1H 

NMR (400 MHz, CDCl3) 𝜹H 7.94 – 7.87 (m, 2H), 7.61 – 7.54 (m, 1H), 7.50 – 7.43 (m, 2H), 

7.30 – 7.26 (m, 1H), 7.26 – 7.21 (m, 3H), 7.18 – 7.04 (m, 3H), 4.25 (dd, J = 8.3, 6.9 Hz, 1H), 

3.12 – 3.05 (m, 2H), 2.53 – 2.34 (m, 2H), 2.33 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 

199.14, 140.37, 133.55, 133.20, 132.96, 132.82, 130.31, 129.09, 129.09, 128.68, 128.65, 

128.00, 127.43, 126.38, 51.57, 36.20, 30.49, 20.70; HRMS: m/z for C23H20OClS (M - H)+, 

calcd: 379.0918, found: 379.0920.  

4-(2-mercapto-3-methylphenyl)-1-phenyl-4-(p-tolyl) butan-1-one (10f): 

 

Viscous liquid (71 mg, 81%); Rf 0.28 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.88 – 7.83 (m, 2H), 7.55 – 7.49 (m, 1H), 7.44 – 7.38 (m, 2H), 7.31 (dd, J = 

7.3, 1.8 Hz, 1H), 7.18 (d, J = 8.1 Hz, 2H), 7.14 – 7.11 (m, 1H), 7.08 (dt, J = 6.2, 1.1 Hz, 3H), 

4.24 (dd, J = 8.7, 6.4 Hz, 1H), 3.01 (dd, J = 7.7, 6.8 Hz, 2H), 2.49 – 2.33 (m, 2H), 2.31 (d, J 

= 3.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) 𝜹C 199.50, 139.73, 138.44, 136.91, 134.45, 

133.14, 132.20, 130.24, 129.35, 128.64, 128.09, 127.71, 127.00, 126.37, 51.73, 36.44, 30.78, 

21.21, 20.77; HRMS: m/z for C24H23OS (M - H)+, calcd: 359.1464, found: 359.1463.  
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4-(2-mercapto-3-methylphenyl)-4-(4-methoxyphenyl)-1-phenylbutan-1-one (10g): 

 

Viscous liquid (71 mg, 79%); Rf 0.42 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.89 – 7.83 (m, 2H), 7.56 – 7.49 (m, 1H), 7.45 – 7.38 (m, 2H), 7.30 (dd, J = 

7.3, 1.8 Hz, 1H), 7.18 (t, J = 7.9 Hz, 1H), 7.14 – 7.03 (m, 3H), 6.87 (dt, J = 7.8, 1.2 Hz, 1H), 

6.80 – 6.74 (m, 2H), 4.21 (dd, J = 8.6, 6.6 Hz, 1H), 3.73 (d, J = 0.6 Hz, 3H), 3.03 (t, J = 7.2 

Hz, 2H), 2.50 – 2.33 (m, 2H), 2.31 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 199.45, 139.96, 

136.89, 134.19, 133.17, 132.50, 130.26, 129.62, 128.66, 128.09, 127.19, 126.39, 120.22, 

113.23, 113.07, 52.15, 36.40, 30.65, 20.77; HRMS: m/z for C24H23O2S (M - H)+, calcd: 

375.1413, found: 375.1411.  

4-(2-mercapto-5-methylphenyl)-1-phenyl-4-(p-tolyl)butan-1-one (10h): 

 

Viscous liquid (75 mg, 86%); Rf 0.47 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.89 – 7.84 (m, 2H), 7.55 – 7.50 (m, 1H), 7.44 – 7.39 (m, 2H), 7.23 – 7.16 

(m, 4H), 7.10 (d, J = 8.0 Hz, 2H), 7.05 – 7.00 (m, 2H), 4.22 (dd, J = 8.6, 6.5 Hz, 1H), 3.01 (t, 

J = 7.3 Hz, 2H), 2.47 – 2.31 (m, 5H), 2.29 (s, 3H); 13C NMR (101 MHz, CDCl3) 𝜹C 199.54, 

138.62, 137.35, 137.01, 133.13, 133.00, 129.66, 129.33, 128.64, 128.12, 127.82, 52.90, 

36.46, 30.61, 21.25; HRMS: m/z for C24H23OS (M - H)+, calcd: 359.1464, found: 359.1462.  
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4-(4-chlorophenyl)-4-(2-mercapto-5-methylphenyl)-1-phenylbutan-1-one (10i):  

 

Viscous liquid (64 mg, 70%); Rf 0.44 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.89 – 7.84 (m, 2H), 7.57 – 7.50 (m, 1H), 7.46 – 7.39 (m, 2H), 7.24 – 7.20 

(m, 2H), 7.16 – 7.12 (m, 3H), 7.00 (dt, J = 7.8, 0.7 Hz, 2H), 4.17 (dd, J = 8.2, 7.1 Hz, 1H), 

3.03 (t, J = 7.2 Hz, 2H), 2.44 – 2.22 (m, 5H); 13C NMR (101 MHz, CDCl3) 𝜹C 199.26, 

140.53, 137.82, 136.83, 133.43, 133.25, 132.93, 130.25, 129.72, 129.25, 128.69, 128.08, 

52.67, 36.27, 30.26, 21.21; HRMS: m/z for C23H20OClS (M - H)+, calcd: 379.0918, found: 

379.0914.  

4-(5-hydroxy-2-mercaptophenyl)-1,4-diphenylbutan-1-one (12): 

 

Viscous liquid (66 mg, 79%); Rf 0.28 (20% ethyl acetate in petroleum ether); 1H NMR (400 

MHz, CDCl3) 𝜹H 7.89 – 7.83 (m, 2H), 7.56 – 7.49 (m, 1H), 7.44 – 7.38 (m, 2H), 7.24 (d, J = 

2.2 Hz, 1H), 7.23 – 7.20 (m, 1H), 7.17 (dd, J = 8.1, 1.6 Hz, 2H), 7.15 – 7.11 (m, 2H), 6.69 – 

6.63 (m, 2H), 5.36 – 5.27 (m, 1H), 4.08 (dd, J = 8.5, 6.8 Hz, 1H), 3.06 – 2.98 (m, 2H), 2.44 – 

2.24 (m, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 155.98, 141.64, 136.83, 136.38, 133.25, 

128.67, 128.52, 128.13, 127.95, 124.53, 115.89, 54.09, 36.50, 30.00; HRMS: m/z for 

C22H20O2S (M + H)+, calcd: 349.1262, found: 349.1256.  
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HPLC Methods: 

In our method pure racemic compound was analyzed to get retention time using Agilent 1260 

Infinity normal phase HPLC unit (with 254 nm wavelength and 1 mL/min flow rate),HPLC 

Chemstation software with CHIRALART AMYLOSE SA columns (250 x 4.6 mm, 5 µm) 

and 10% isopropanol in hexane as mobile phase. Then all the compounds synthesised via 

using chiral ligands were injected using same conditions to match the retention times and 

integrating the peaks elucidated the ee of synthesised compounds.  

Entry Ligands column Mobile phase  

(Isopropanol:Hexane) 

1 R(-) Mandelic 

acid 

CHIRALART 

AMYLOSE SA 

10:90 

2 L (+) Tartaric 

acid 

CHIRALART 

AMYLOSE SA 

10:90 

3 R-Binap CHIRALART 

AMYLOSE SA 

10:90 

4 No catalyst CHIRALART 

AMYLOSE SA 

10:90 
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2.6 Copies of NMR and spectra spectrum HPLC chromatogram: 

 
1H NMR (CDCl3, 400 MHz) of 6a 

 
13C NMR (CDCl3, 101 MHz) of 6a 



Chapter 2 

 

 

Page | 161  

 

 
1H NMR (CDCl3, 500 MHz) of 6b 

 
13C NMR (CDCl3, 101 MHz) of 6b 
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1H NMR (CDCl3, 400 MHz) of 6c 

 
13C NMR (CDCl3, 101 MHz) of 6c 
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1H NMR (CDCl3, 400 MHz) of 6d 

 
13C NMR (CDCl3, 101 MHz) of 6d 
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1H NMR (CDCl3, 500 MHz) of 6e 

 
13C NMR (CDCl3, 126 MHz) of 6e 
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1H NMR (CDCl3, 500 MHz) of 6f 

 
13C NMR (CDCl3, 126 MHz) of 6f 



Chapter 2 

 

 

Page | 166  

 

 
1H NMR (CDCl3, 500 MHz) of 6g 

 
13C NMR (CDCl3, 126 MHz) of 6g 
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1H NMR (CDCl3, 400 MHz) of 6h 

 
13C NMR (CDCl3, 101 MHz) of 6h 
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1H NMR (CDCl3, 400 MHz) of 6i 

 
13C NMR (CDCl3, 101 MHz) of 6i 
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1H NMR (CDCl3, 500 MHz) of 6j 

 
13C NMR (CDCl3, 126 MHz) of 6j 
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1H NMR (CDCl3, 400 MHz) of 6k 

 
13C NMR (CDCl3, 101 MHz) of 6k 
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1H NMR (CDCl3, 400 MHz) of 6l 

 
13C NMR (CDCl3, 101 MHz) of 6l 
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1H NMR (CDCl3, 400 MHz) of 6m 

 
13C NMR (CDCl3, 101 MHz) of 6m 
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1H NMR (CDCl3, 400 MHz) of 6n 

 
13C NMR (CDCl3, 101 MHz) of 6n 
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1H NMR (CDCl3, 400 MHz) of 6o 

 
13C NMR (CDCl3, 101 MHz) of 6o 
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1H NMR (CDCl3, 400 MHz) of 6p 

 
13C NMR (CDCl3, 101 MHz) of 6p 
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1H NMR (CDCl3, 400 MHz) of 6q 

 
13C NMR (CDCl3, 101 MHz) of 6q 
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1H NMR (CDCl3, 400 MHz) of 6r 

 
13C NMR (CDCl3, 101 MHz) of 6r 
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1H NMR (CDCl3, 400 MHz) of 6s 

 
13C NMR (CDCl3, 101 MHz) of 6s 
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1H NMR (CDCl3, 400 MHz) of 6t 

 
13C NMR (CDCl3, 101 MHz) of 6t 
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1H NMR (CDCl3, 500 MHz) of 6u  

 
13C NMR (CDCl3, 126 MHz) of 6u 
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1H NMR (CDCl3, 500 MHz) of 8a 

 
13C NMR (CDCl3, 126 MHz) of 8a 
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1H NMR (CDCl3, 500 MHz) of 8b 

 
13C NMR (CDCl3, 126 MHz) of 8b 
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1H NMR (CDCl3, 500 MHz) of 8c 

 
13C NMR (CDCl3, 126 MHz) of 8c 
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1H NMR (CDCl3, 400 MHz) of 10a 

 
13C NMR (CDCl3, 101 MHz) of 10a 
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1H NMR (CDCl3, 400 MHz) of 10b 

 
13C NMR (CDCl3, 101 MHz) of 10b 



Chapter 2 

 

 

Page | 186  

 

 
1H NMR (CDCl3, 400 MHz) of 10c 

 
13C NMR (CDCl3, 101 MHz) of 10c 
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1H NMR (CDCl3, 400 MHz) of 10d 

 
13C NMR (CDCl3, 101 MHz) of 10d 
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1H NMR (CDCl3, 400 MHz) of 10e 

 
13C NMR (CDCl3, 101 MHz) of 10e 
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1H NMR (CDCl3, 400 MHz) of 10f 

 
13C NMR (CDCl3, 101 MHz) of 10f 
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1H NMR (CDCl3, 400 MHz) of 10g 

 
13C NMR (CDCl3, 101 MHz) of 10g 
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1H NMR (CDCl3, 400 MHz) of 10h 

 
13C NMR (CDCl3, 101 MHz) of 10h 
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1H NMR (CDCl3, 400 MHz) of 10i 

 
13C NMR (CDCl3, 101 MHz) of 10i 
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1H NMR (CDCl3, 400 MHz) of 12 

 
13C NMR (CDCl3, 101 MHz) of 12 



Chapter 2 

 

 

Page | 194  

 

 

HPLC chromatogram of 6q3 



 

 

Chapter III 

Bioactives from 

Aspergillus terreus 
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3. Bioactives from Aspergillus terreus 

2.1 Introduction 

The discovery of penicillin by Alexander Fleming and streptomycin by Selman Waksman has 

evolved the extraction of microbial natural products.1 Microorganisms are rich source of 

natural products with unique structural framework and medicinally important properties.1 

Apart from this microbes are source of many commercial enzymes used for fermentation in 

food industries, water treatment, energy production, soil fertilization etc.2  

The genus Aspergillus comprises over 800 mould species and can habitat in acute to normal 

range of climatic conditions. Aspergillus is a genus of saprophytic fungus which was first 

discovered by Pier Antonio Micheli in 1920.3 These moulds are generally pathogenic in 

nature as they take nourishment from organic matter like animals/humans/plants. This 

peculiar genus belongs to kingdom fungi and division Ascomycota and majority of them 

reproduces asexually via producing conidium.3 Despite of their morbific nature many of these 

spp are of medicinal importance and a relevant source of natural products with new chemical 

entities.3 More than 3000 compounds have been isolated from the genus Aspergillus so far.4 

Recent reports3 showed isolation of natural products with unusual core motifs from this 

particular genus. Most of the compounds isolated from this genus were reported to be 

biologically active, with some of them displaying promising cytotoxicity against various 

human cancer cell lines (U937, K562, BGC-823, MOLT-4, Mcf7, and A549 etc. cell lines) as 

well as significant antimicrobial (against Escherichia coli, Bacillus subtilis, Micrococcus 

lysoleikticus and Gram-positive bacteria), antifungal (against Aspergillus niger) and antiviral 

(H1N1 and H3N2 influenza virus) activities.4,10,12,17 These new molecules with unique 

scaffolds provide vast variety of pharmacologically potent molecules.4 

Frequently extraction has been carried out on species like Aspergillus niger, A. flavipes, A. 

fumigatus, A. ochraceus and A. terreus etc. A. niger is reported5 to yield motifs like 

campyrones, naphthopyrones, quinones and coumarins etc. The fungus A. niger (CAFT160) 

obtained from the leaves of Z. lemairei and fermented in rice culture furnished six 

compounds, campyrones A-C (1-3) (Figure 1) together with citric acid, ergosterol, and 



Chapter 3 

 

 

Page | 196  

 

ergosterol peroxide, which were further bioassayed. The new compounds exhibited weak 

toxicity on brine shrimp larvae (Artemia salina).5 

 

Figure 1: Structures of campyrones A-C (1-3) isolated from A. niger (CAFT160) 

 

In 2007, Bouras and et al reported6 aurasperone G (4), from the culture extracts of A. niger 

(C-433) along with known compound aurasperone F (5) (Figure 2).  

 

Figure 2: Structures of aurasperone G and F (4 and 5) isolated from A. niger (C-433) 

 

Akiyama et al in 20037 reported dimeric naphthopyrones, asperpyrones A (6), B (7), and C 

(8), along with known compounds, fonsecinone A (9) and aurasperone A (10), from A. niger 

(JV-33-48) (Figure 3). Compounds 6, 9, and 10 showed inhibitory activity on Taq DNA 

polymerase. Naphthopyrones 6, 9 and 10 displayed low inhibition activity in the TRAP assay, 

while 7 and 8 did not exhibit promising activity at 100 µg/mL. The inhibition percentages of 

compounds 6, 9, and 10 were at 41%, 40%, and 52% respectively.  
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Figure 3: Structures of compounds 6-10 isolated from A. niger (JV-33-48) 

 

A. niger isolated from the Mediterranean sponge Axinella damicornis furnished eight 

secondary metabolites, out of which seven compounds (12-18) were new natural products 

(Figure 4).8 None of the isolated compound was able to inhibit the growth of brine shrimp or 

other assayed microorganisms cultured in the agar plate. However compound 15 inhibited the 

growth of neonate larvae of the plant pest insect Spodoptera littoralis when given an artificial 

diet. The given highest concentration of compound 15 i.e. 100 ppm, the average weight 

increase of the larvae over 7 days was reduced to 29% while the survival rate was 85% at 100 

ppm of compound 15. Bicoumanigrin A (12) displayed mediocre inhibition of cell growth of 

various leukemia and carcinoma cell lines. Bicoumanigrin A (12) (1-20 µg/mL) showed an 

average growth inhibition of up to 50% depending on the type of cell line taken for assay 

within a time period of 48 hours. However 15 was inactive at all concentrations tested, both 

13 and 14 have shown average value of cytotoxicity i.e. 50 µg/mL.8 
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Figure 4: Structures of compounds 11-18 isolated from A. niger isolated from the 

Mediterranean sponge Axinella damicornis 

 

A new category of merocytochalasan, cytochathiazines A−C (19−21) were found from 

coculture of Chaetomium globosum and A. flavipes by Zhang et al9a in 2018 (Figure 5). 

Compounds 19-20 are the new motifs of 2H-1,4-thiazine core from natural sources formed by 

the fusion of a dipeptide and a cytochalasan. Cytochalasans are commonly known fungi 

metabolites.9b Cytochalasans have a wide variety of biological activities9b as a consequence 

of alter in amino acid residues and polyketides involved in PKS-NRPS hybrid biosynthesis 

pathways. 

 

Figure 5: Structures of cytochathiazines A−C (19-21) isolated from coculture of 

Chaetomium globosum and A. flavipes  
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Flavimycins A (22) and B (23), (Figure 6) featuring dimeric 1, 3- dihydroisobenzofurans, 

were reported from A. flavipes with its inhibitory effects on peptide deformylase. Compounds 

22 and 23 are epimer and display tautomerism. Compounds 22 and 23 have inhibitory effects 

on Staphylococcus aureus peptide deformylase with IC50 values of 35.8 and 100.1 μM, 

respectively.10 

 

Figure 6: Structures of flavimycins A and B (22-23) isolated from A. flavipes  

 

A. flavipes originally obtained from soil yielded spiroquinazoline (24) and was found to be a 

substance P inhibitor. This isolated compound (24) contains a new spiro-carbon center 

(Figure 7). This culture also reported11 to give new natural product, benzodiazepinedione 

(25), (Figure 7) and known compounds containing acyl aszonalenin (27), N-benzoyl-L-

phenylalaninol, and seven diketopiperazines. Spiroquinazoline shows skelatal similarities to 

fumiquinazoline C (26) obtained from the marine fungus A. fumigatus, and also to the 

fiscalins, from the fungus Neosartorya fischeri which is also known to display substance P 

inhibitors activity.11 

 

Figure 7: Structures of compound 24-27 isolated from A. flavipes  
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An endophytic fungus A. ochraceus (EN-31) obtained from the marine brown alga 

Sargassum kjellmanianum was a source of 7-Nor-ergosterolide (28), and two new steroid 

derivatives (29 and 30) along with, nine already discovered steroids (Figure 8).12 Compound 

28 displayed cytotoxicity against NCI-H460, SMMC-7721 and SW1990 cell lines displaying 

IC50 values of 5.0, 7.0, and 28.0 μg/mL respectively. None of the newly isolated compounds 

28-30 have displayed antibacterial activities against Staphylococcus aureus and Escherichia 

coli and antifungal activity against A. niger.12 

 

Figure 8: Structures of compound 28-30 isolated from A. ochraceus (EN-31) 

 

Tan et al in 2018 reported13 isolation of new nitrobenzoyl sesquiterpenoids, insulicolide B 

(31), insulicolide C (33) and a new natural compound 14-O-acetylinsulicolide A (32) from 

the A. ochraceus (Jcma1F17) which is a marine-derived fungus (Figure 9). They also 

reported isolation of three known nitrobenzoyl sesquiterpenoids (34−36) and a 

sesquiterpenoid derivative (37) (Figure 9). 

 

Figure 9: Structures of compounds (31-37) isolated from A. ochraceus (Jcma1F17) 
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All of the nitrobenzoyl sesquiterpenoids (31−36) were evaluated for their cytotoxities against 

carcinoma cell lines, ACHN, OS-RC-2, and 786-O cells (Table-1). Insulicolide A (35) 

displayed the most promising activities, with IC50 values of 1.5, 1.5, and 0.89 μM against 

these cell lines respectively.13 

Table- 1: Cytotoxities of compounds (31−36) against ACHN, OS-RC-2, and 786-O cell lines 

Compound 
ACHN  OS-RC-2 786-O  

IC50  (µM) IC50  (µM) IC50  (µM) 

31 30 23 24 

32 4.1 5.3 2.3 

33 13 11 14 

34 11 8.2 4.3 

35 1.5 1.5 0.89 

36 25 30 20 

Sorafenib 3.4 7.0 4.9 

 

Glowr et al reported14 isolation of three new metabolites with diketopiperazine framework 

38−40 from the extract of A. ochraceus (NRRL 3519) (Figure 10).14 When assayed against 

lepidopteran crop pest Helicoverpa zea, these isolated compounds (38−40) exhibited weak 

reduction in weight gain.14,15 

 

Figure 10: Structures of compounds (38-40) isolated from A. ochraceus (NRRL 3519)  
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Terretonin (47), a toxic compound from A. terreus was reported15 along with already known 

toxins citrinin (41) and patulin (42) and other metabolites including terreic acid (43), 

quadrone (44), aspterreic acid (45), and aspergillide B (46) (Figure 11).16 

 

Figure 11: Structures of compound (41-47) isolated from A. terreus 

 

Butyrolactone I 3-sulfate (48) and butyrolactone I 4′′-sulfate (49) (Figure 12) were reported16 

from A. terreus containing an unexplored sulfate moiety along with known butyrolactone I 

(50) (Figure 12). These reported compounds were examined on CDK1/cyclin B, CDK5/p25, 

DYRK1A, CK1 and GSK-3α/β kinases. Compounds 49 and 50 were also assayed for their 

cytotoxic and antiproliferative activities. Butyrolactone I 3-sulfate (48) displayed inhibitory 

activity against CDK1/cyclin B and CDK5/p25, however it was found to be 15–30 fold less 

active than butyrolactone I (50). Likewise, butyrolactone I 3-sulfate (48) exhibited moderate 

cytotoxicity only against HeLa cells (CC50 80.7 μM).17  

 

Figure 12: Structures of butyrolactones (48-50) isolated from A. terreus 
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He et al reported18 isolation of a cyclic tetrapeptide, asperterrestide A (51) from the marine-

derived fungus A. terreus (SCSGAF0162) which was found to be cytotoxic and antiviral 

(Figure 13). They also reported isolation of a new alkaloid, terremide C (52), and a new 

aromatic butenolide, aspernolide E (53), along with previously reported compounds. 

Compound 51 (Figure 13) was assayed for cytotoxicity against human leukemic monocyte 

lymphoma U937, erythroid leukemic K562, gastric carcinoma BGC- 823, acute 

lymphoblastic leukemia MOLT-4, breast adenocarcinoma MCF-7, and lung carcinoma A549 

cell lines and showed  IC50 values of 1.9, 4.9, 3.5, 1.8, 5.0, and 3.6 nM, respectively.  Only 

compound 51 was tested for its antiviral activity. Compound 51 was tested against influenza 

virus strain A/WSN/33 (H1N1) (an M2-resistant strain) and strain A/Hong Kong/8/68(H3N2) 

(an M2-sensitive strain) and it showed IC50 values of 20.2 and 0.41 μM, respectively against 

H1N1 and H3N2.18 

 

Figure 13: Structures of compounds (51-53) isolated from A. terreus (SCSGAF0162) 

 

A new nor-neolignan, asperjinone (54) along with terrein (55) and twelve other known 

compounds (Figure 14) were isolated from A. terreus by Liao et al.19 Terrein (55) displayed 

dominant cytotoxicity against breast cancer MCF-7 cells and it also inhibited growth of 

ABCG2-expressing breast cancer cells. The IC50 value of terrein (55) was more effective than 

that of paclitaxel (0.1 μM) against breast cancer MCF-7 cells i.e. 1.1 nM. Other compound 

isolated was almost inactive, showing values at 100 μM. Terrein (55) also exhibited good 

cytotoxicity against PANC-1 cells (IC50 value, 9.8 μM) and HepG2 cells (IC50 value, 66.8 

nM). 
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Figure 14: Structures of asperjinone (54) and terrein (55) isolated from A. terreus  

 

Extraction of A. terreus (No.GX7-3B), an endosymbiont fungus of mangrove furnished 

thiophene compound (56) along with anhydrojavanicin (57), 8-O-methylbostrycoidin (58), 8-

O-methyljavanicin (59), botryosphaerone D (60), 6-ethyl-5-hydroxy-3,7-dimethoxy-

naphthoquinone (61), 3β,5α-dihydroxy-(22E,24R)-ergosta-7,22-dien-6-one (62), 3β,5α,14α-

trihydroxy-(22E,24R)-ergosta-7, 22-dien-6-one (63), NGA0187 (64) and beauvericin (65) 

(Figure 15). Compounds 57, 58, 64 and 65 exhibited IC50 values 2.01, 6.71, 1.89, and 3.09 

μM, respectively when assayed against α-acetylcholinesterase (AChE) and compounds 62 

and 65 were strong to moderately cytotoxic against various cancer cell lines as shown with 

IC50 values respectively, MCF-7 (4.98 and 2.02 μM), A549 (1.95 and 0.82 μM), Hela (0.68 

and 1.14 μM), and KB (1.50 and 1.10 μM).20  

 

Figure 15: Structures of compounds (56-65) isolated from A. terreus (GX7-3B) 
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3.2 Present work 

On perceiving the significance of natural product isolation from microbial culture, we 

initiated isolation of secondary metabolites from Aspergillus terreus. We obtained the crude 

EtOAc extract of A. terreus from Biochemical Sciences Division, CSIR-National Chemical 

Laboratory (CSIR-NCL), Pune. Initially, the strain was grown on potato dextrose agar 

medium (PDA) in petri dish which was then inoculated into a 500 mL of Erlenmeyer flasks 

each containing 100 mL of the seed medium (agar-agar, dextrose). The crude lyophilized 

material obtained was extracted with EtOAc which on evaporation yielded 1.3 g of crude 

extract. This extract was further fractionized into three fractions via flash chromatography 

using ethyl acetate-pet ether as eluents. The individual fractions were further purified by 

using flash chromatography (CombiFlash Rf 200i equipped with UV/VIS and ELSD 

(Isco Teledyne Inc., USA) using RediSeppre-packed column (SiO2) using ethyl acetate-

pet ether as mobile phase. We have isolated three major compounds 66-68. On rigorous 

examination of the spectral data (1D, 2D NMR and FTIR) and their mass spectrum, the 

isolated compounds were identified as 2,5,6-trihydroxy-3-methylcyclohex-2-ene-1,4-dione 

(66; 10 mg), phenyl acetic acid (67; 38 mg) and 4-(1,2-dihydroxyethyl)-5-methylfuran-

2(3H)-one (68; 15 mg) (Figure 16).  



Chapter 3 

 

 

Page | 206  

 

 

 

 

Figure 16: pictorial depiction of isolation processes and structure isolated compounds 

 

Compound 66 possess a quinone core motif as previously isolated compounds (56-61) from 

A. terreus GX7-3B. Quinones are common oxidizing agents in biological system hence play 

an important role in living system for example vitamin K, a naphthoquinone takes part in 

coagulation of blood (Figure 17), ubiquinone-10, a benzoquinone is used in respiratory 

devices and plastoquinone takes part in redox reaction of photosynthesis process (Figure 

17).21 
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Figure 17: Acton mechanism cycle of vitamin K and structure of vitamin K1, K2, and K3.  

 

The Heteronuclear Multiple Bond Correlation (HMBC), NOESY and coupling constants of 

H-2/H-3 via 1D and 2D NMR for the compound 66 is depicted in Figure 18. The coupling 

constants between protons H-2/H-3 (J = 3.56 Hz) designates that diol are cis to each other as 

shown in 3D model (drawn using Chem 3D 15.1) of compound 66 (Figure 18). Although 

stereo of both the –OH groups is still unclear but we propose that both the –OH groups are 

above the plane as we compared compound 66 with the reported15 compound 43. In the FTIR 

spectrum of compound 66, we have observed O–H stretching of hydroxyl groups at 3443 cm-

1, 3391 cm-1 and the C=O stretching of carbonyl groups at 1698 cm-1 and 1649 cm-1. 
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Figure 18: HMBC (arrows), NOE and dihedral angle correlations (dotted lines) and 3D 

structure (drawn using Chem 3D 15.1) of the compound 66. 

 

Compound 67 was identified as phenyl acetic acid. Compound 68 also showed resemblances 

to patulin15 (42) and other butyrolactone type of secondary metabolites isolated from A. 

terreus. The HMBC and NOESY correlation for the compound 68 is depicted in Figure 19. 

Values from In the FTIR spectrum of compound 68, we observed O–H stretching of hydroxyl 

group at 3225 cm-1 and the C=O stretching of carbonyl group at 1648 cm-1.  

 

Figure 19. HMBC correlations (arrow), NOESY (dotted lines) and 3D structure (drawn using 

Chem 3D 15.1) of the compound 68.  
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3.3 Conclusion: 

In summary we have undertaken isolation of secondary metabolites from A. terreus and we 

have isolated three secondary metabolites. All the three compounds isolated have shown 

structural resemblance to previously isolated natural products from A. terreus The structure 

of these compounds were elucidated using 1D, 2D NMR, FTIR, mass spectroscopy. In future 

we will isolate the compounds in large quantities to synthesize some of the analogues, which 

will be assayed for their biological activities.  
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3.4 Experimental procedures 

General Information; Flash chromatography was performed with CombiFlash Rf 200i 

equipped with UV/VIS and ELSD (Isco Teledyne Inc., USA) using RediSeppre-

packed column (SiO2). 
1
H NMR spectra were recorded on a Bruker 400 or 500 MHz 

spectrometer and 
13

C NMR spectra were recorded at  100 or 125 MHz, respectively. 

Chemical shifts are reported as δ values (ppm) relative to residual solvent peak of 

CDCl3 and methanol-D4. HRMS (ESI) were recorded on an Orbitrap (quadrupole plus ion 

trap) and TOF mass analyzer. Petroleum ether and ethyl acetate were distilled by 

usual methods. FTIR was recorded in Bruker ALPHA-E FT-IR spectrometer. The 

catalytic hydrogenation was performed in stainless steel Amar pressure reactor using 

glass vial inside the reactor. 

General procedure for isolation of natural products (66-68): 

At CSIR-National Chemical Laboratory (NCL), Pune initially this strain was grown on potato 

dextrose agar medium (PDA) medium in a Petri dish for 7 days then directly inoculated into 

500 mL of in Erlenmeyer flasks each containing 100 mL of the seed medium (agar-agar, 

dextrose). Subsequently amplified fermentation was carried out in 1L Erlenmeyer flasks and 

the crude lyophilized material obtained was extracted with EtOAc which yielded 1.3 g of 

crude extract We obtained this crud ethyl acetate extract (1.3 g) from biochemical sciences 

division, CSIR-National Chemical Laboratory (CSIR-NCL), Pune. The crude material was 

further purified via CombiFlash Rf 200i equipped with UV/VIS and ELSD (Isco 

Teledyne Inc., USA) using RediSeppre-packed column (SiO2) using EtOAc-Pet ether as 

eluent to isolate compound 66 (10 mg, 0.76%), 67 (38 mg, 2.9%) and 68 (15 mg; 1.15%).  

Compound 66 
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Yellow solid; Rf = 0.53 (40% ethyl acetate in petroleum ether); IR (CHCl3) (cm-1) 3443, 

3391, 2965, 2924, 1698, 1649; 1H NMR (400 MHz, CDCl3) 𝜹H 6.83 (s, 1H), 3.92 – 3.87 (m, 

2H), 1.95 (s, 3H), 1.62 (s, 2H); 13C NMR (101 MHz, CDCl3) 𝜹C 190.72, 187.52, 151.87, 

120.41, 77.03, 53.82, 51.59, 8.80; HRMS: m/z for C7H7O5 (M - H)+, calcd: 173.0450, found: 

173.0457.  

Compound 67: 

 

White solid; Rf = 0.46 (40% ethyl acetate in petroleum ether); IR (CHCl3) (cm-1) 3028, 1694; 

1H NMR (500 MHz, Methanol-d4) 𝜹H 6.78 (s, 5H), 2.59 (s, 2H); 13C NMR (126 MHz, 

Methanol-d4) 𝜹C 166.68, 133.80, 28.41. HRMS: m/z for C8H7O2 (M - H)+, calcd: 137.0602, 

found: 137.0599.  

Compound 68 

 

Yellow solid; Rf = 0.15 (40% ethyl acetate in petroleum ether); IR (CHCl3) (cm-1) 3225, 

2924, 1648; 1H NMR (500 MHz, Methanol-d4) 𝜹H 1H NMR δ 4.50 (s, 1H), 3.64 (dd, J = 3.8, 

1.3 Hz, 1H), 3.40 (dd, J = 3.7, 1.2 Hz, 1H), 2.59 (s, 2H), 1.69 (s, 3H); 13C NMR (126 MHz, 

Methanol-d4) 𝜹C 174.80, 107.78, 64.99, 28.44, 6.00; HRMS: m/z for C7H9O4 (M - H)+, calcd: 

157.0495, found: 157.0495.  
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3.6 Copies of NMR spectra  
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DEPT (135) NMR (CDCl3, 101MHz) of Compound 66 

 

  
HMBC of Compound 66 

 

1 

7 

6 

5 

7 2 
3 



Chapter 3 

 

 

Page | 216  

 

 
HSQC of Compound 66 
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FT-IR spectra of compound 66 

 

 

9 8 7 6 5 4 3 2 1 0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.885.00

6
.7

6

5
.0

7

3
.3

1

2
.5

7

 

O-H  

C-H  

C=O  



Chapter 3 

 

 

Page | 218  

 

1H NMR (Methanol-d4, 400 MHz) of Compound 67 

180 160 140 120 100 80 60 40 20 0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1
6
8

.2
0

1
3
5

.3
2

4
9
.1

5

2
9
.9

4

 
13C NMR (Methanol-d4, 101MHz) of Compound 67 

 

 
FT-IR spectra of compound 67 

 

O-H  

C=O  



Chapter 3 

 

 

Page | 219  

 

 

 
1H NMR (Methanol-d4, 500 MHz) of Compound 68 
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antifungals from medicinal plants, eugenol and isoeugenol isolated from the plant 

Myristica fragrance have shown promising antifungal activities. In order to enhance the 

bioactivities, we have undertaken design and synthesis of glycoconjugates of eugenol and 

isoeugenol utilizing click chemistry. The Cu(I) catalysed click reaction between 

propargylated eugenol/isoegugenol and several azido-sugars furnished the glycoconjugates 

in good yields. All the synthesized molecules were assayed for their antifungal activities. 
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Design and synthesis of eugenol/isoeugenol
glycoconjugates and other analogues as
antifungal agents against Aspergillus fumigatus†

Lakshmi Goswami,‡ab Lovely Gupta,‡c Sayantan Paul,ab Maansi Vermani,c

Pooja Vijayaraghavan*c and Asish K. Bhattacharya *ab

Glycoconjugates are biologically significant molecules as they tend to serve a wide range of intra- and

extra-cellular processes depending on their size and complexity. The secondary metabolites of the plant

Myristica fragrans, eugenol and isoeugenol, have shown antifungal activities (IC50 1900 μM). Therefore, we

envisioned that glycoconjugates based on these two scaffolds could prove to be potent antifungal agents.

Triazole-containing compounds have shown prominent activities as antifungal agents. Based on this, we

opined that a Cu(I) catalyzed click reaction could serve as the bridging tool between a eugenol/isoeugenol

moiety and sugars to synthesize eugenol/isoeugenol based glycoconjugates. In our present work, we have

coupled propargylated eugenol/isoeugenol and azido sugar to furnish eugenol/isoeugenol based

glycoconjugates. In another approach, we have carried out hydroxylation of the double bond of eugenol

and subsequent azidation of a primary alcohol followed by intramolecular coupling reactions leading to

various other analogues. All the synthesized compounds were assayed against an opportunistic pathogenic

fungus, Aspergillus fumigatus. Among the synthesized compounds, two analogues have exhibited

significant antifungal activities with IC50 values of 5.42 and 9.39 μM, respectively. The study suggested that

these two analogues inhibit cell wall-associated melanin hydrophobicity along with the number of conidia.

The synthesized compounds were found to be non-cytotoxic to an untransformed cell line.

Introduction

Aspergillus infections pose a significant threat to immune-
compromised, organ transplant, neutropenic, and cancer
patients and especially in patients having underlying lung
diseases including asthma, tuberculosis, and chronic
obstructive pulmonary disease. Multiple forms of aspergillosis
have been estimated to affect about 1–4 million people
worldwide, with more than 90 percent mortality rate.1 Recent
studies have reported the incidence of invasive pulmonary
aspergillosis in 19.6–33.3% of COVID-19 patients.2,3 The
higher mortality rate of Aspergillus infections has been
attributed to the virulence of the pathogen, delay in specific
diagnosis, variable drug bioavailability, toxicity, and

development of resistance towards drugs.4 Aspergillus
fumigatus is the most common Aspergillus species implicated
in respiratory infections.4 It exhibits polygenic factors
contributing to its virulence which include its small conidial
size, biofilm formation, melanin layer, cell surface adhesion
molecules, nutrient uptake that contributes towards
protection during oxidative stress, and immunological
inertness against the host killing mechanism.5 As the
majority of virulence factors are associated with the fungal
cell surface, it is a favourable target for the development of
antifungal drugs. Subsequently, the increased incidence of
fungal infections is also attributed to the availability of less
toxic and efficient antifungal drugs. In the same regard, the
matter of concern is the limited spectrum of efficacious
antifungal drugs, which are not completely effective for the
eradication of fungi. Amphotericin B (Amp B), itraconazole,
fluconazole, voriconazole, ketoconazole, terbinafine,
miconazole, etc. are available for the treatment of a wide array
of fungal infections (Fig. 1). The majority of these antifungal
drugs target cell membrane biosynthesis either at the final
stage or by binding to the intermediary compound of its
biosynthesis.6 There are a few other antifungal drugs
targeting fungal cell wall components, nucleic acids, and
microtubule biosynthesis. The toxicity associated with current
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antifungal drugs and the emergence of resistance have
enthused an urgent need to improve existing antimicrobial
scaffolds to develop novel antifungals. Hence, these
antifungals have also been structurally modified to enhance
their therapeutic index. Eugenol 1 and isoeugenol 2 are
naturally occurring phenolic monoterpenes belonging to the
phenylpropanoid group and have been traditionally isolated
from Eugenia caryophyllata, Myristica fragrans, and Syzygium
aromaticum (Fig. 2).7

Isoeugenol 2 is produced by a range of plants such as the
Petunia flower, Clarkia breweri, and Ocimum basilicum.7

Eugenol and isoeugenol have demonstrated analgesic,
antioxidant, anti-inflammatory, anti-carcinogenic, anti-
mutagenic, and even insect repellent properties.8 Besides,
both of these compounds have been reported to exhibit
antimicrobial activity.9 Eugenol 1 and isoeugenol 2 interfere
with microbial membrane functions (membrane binding and
permeability alteration) or suppress virulence factors
including toxins, enzymes, the melanin biosynthesis pathway,
hydrophobins, and formation of biofilms.10–12 They also
induce the generation of H2O2 and increase the free Ca2+

concentration in the cytoplasm. Structural modifications in
available drugs as well as naturally active lead moieties are
conducted to enhance the drug efficacy and reduce their side
effects. Alkylation of drug scaffolds has resulted in derivatives
with promising antifungal activity. For example, 2,4-difluoro-
2-(1H-1,2,4-triazol-1-yl) acetophenone compounds with linear
C5–C8 alkyl chains13 and n-alkylated ebsulfur derivatives with
a linear C5 alkyl chain displayed enhanced antifungal activity
against Aspergillus species.14 In addition, aminoglycosides
(kanamycin B and tobramycin) with linear C12 and C14 alkyl
chains displayed significant antifungal activities. It has also
been reported that the conjugation of a carbohydrate scaffold

to naturally occurring bioactive molecules has led to
enhanced bioactivity and manifestation of superior biological
properties such as solubility, stability, and bioactivity
compared to the parent molecule.15–17 Therefore,
glycoconjugates of bioactive natural products can be ideal
candidates for efficacious therapeutic agents. The
hypervalent nature of sugar assists the drug molecule to
reach target cells, thus playing a major role in the drug
delivery system. In addition, the incorporation of the 1,2,4-
triazole ring with therapeutically active compounds aids in
the development of new antifungal agents.18,19

Results and discussion

We report herein the design and synthesis of novel
glycoconjugates of eugenol 1 and isoeugenol 2 incorporating
the 1,2,4-triazole ring and other derivatives and evaluated the
antifungal activities of all the synthesised derivatives against
A. fumigatus specifically targeting various cell wall associated
virulence factors.

Synthesis and characterization of the synthesized compounds

When we treated eugenol 1 and isoeugenol 2 with propargyl
bromide in acetone in the presence of potassium carbonate
(K2CO3) as base at room temperature, we obtained
propargylated products 3 and 4, respectively (Scheme 1).

Azido sugars 5a–f (Fig. 3) were synthesized as per reported
literature methods and their spectral data were found to be
consistent with the reported literature data.15,20,21 The
stereochemistries of the anomeric configurations of the azido
sugars 5a–f were assigned as the β-configurations on the
basis of comparison with reported data20 as well as their
coupling constants in the 1H NMR (nuclear magnetic
resonance) spectra. In general, the anomeric proton of the
azido sugars appeared as a doublet integrated to one proton
at 4.61–4.98 ppm in the 1H NMR spectra with a coupling
constant in the range of 8.5–8.8 Hz, which unequivocally
proves that the azide groups are β-oriented.15,20

After synthesizing propargylated eugenol 3, isoeugenol 4,
and azido sugars 5a–f, synthesis of eugenol and isoeugenol
derived glycoconjugates was initiated utilizing click chemistry
(Table 1).21–24 Propargylated eugenol 3, isoeugenol 4, and azido
sugars 5a–f on reaction in the presence of catalytic amounts of
copper iodide (CuI) and N,N-diisopropylethylamine (DIPEA) as

Fig. 2 Chemical structures of eugenol 1 and isoeugenol 2.
Scheme 1 Synthesis of propargylated derivatives of eugenol 1 and
isoeugenol 2.

Fig. 1 Clinically used antifungal drugs.
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base in dichloromethane (DCM) afforded glycoconjugates (6a–j)
in good to very good yields. Slightly better yields of
glycoconjugates were obtained in the case of reactions with
lactose azide (6a and 6e) than those with maltose azide (6b and
6f). Azides of monosaccharides also furnished glycoconjugates
(6c, d, and g–j) in good yields (Table 1). Azido glucose 5c
furnished glycoconjugates (6c and 6i) in higher yields (81%,
respectively) than glycoconjugates (6d and 6j) furnished by
azido galactose 5d. Benzoate protected azido galactose (5f) also
furnished glycoconjugate 6h in good yield. Compound 6i
returned an IC50 value of 5.42 μM against A. fumigatus.

Furthermore, to explore the role of the exo-methylene
double bond present in eugenol 1 in the antifungal activity,

we reduced the exo-methylene double bond by using Pd–C/H2

to yield the reduced product, euganol 7 (ref. 25) (Scheme 2).
The free –OH group of compound 7 was propargylated with
propargyl bromide to afford compound 8. We then coupled
compound 8 with 5c to provide compound 9. Among
compounds 7, 8, and 9, compound 7 gave an IC50 value of
9.39 μM against A. fumigatus.

We further deprotected the acetyl groups present in
compounds 6i and 9 in order to find out the role of the
protecting group of sugar (Scheme 3).26 Compounds 10 and
11 were obtained after deprotection of acetyl groups present
in compounds 6i and 9. However, the IC50 values of
compounds 10 and 11 were found to be greater than 25 μM.

Fig. 3 Structures of the azido sugars (5a–f) used for the synthesis of glycoconjugates.

Table 1 Substrate scopea,b

a Reaction conditions: propargylated eugenol/isoeugenol 3 or 4 (30 mg, 0.1485 mmol, 1 equiv.), azido sugars 5a–f (0.1782 mmol, 1.2 equiv.),
DCM (3 ml), CuI (15.55 mg, 0.0816 mmol, 0.55 equiv.), and DIPEA (26 μl, 0.1485 mmol, 1.0 equiv.). b Isolated yield.
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In order to synthesize more analogues other than
glycoconjugates, the free –OH group of eugenol 1 was
protected as OTBS by treating 1 with tert-butyldimethylsilyl
chloride (TBDMS-Cl) in the presence of a combination of
imidazole and 4-dimethyl-aminopyridine (DMAP) as bases in
DCM to furnish compound 12. Compound 12 was subjected
to dihydroxylation27 using AD-mix-β in a water–tert butanol
solvent system to obtain compound 13 in which the primary
hydroxyl group was treated with tosyl chloride only to
facilitate azidation upon treatment with sodium azide (NaN3)
in dimethylformamide (DMF) in the presence of a catalytic
amount of tetrabutylammonium iodide (TBAI) to furnish
compound 14 (Scheme 4).

It is well established that often dimers of biologically
active molecules exhibit higher activity than the monomeric
unit.28,29 With compound 14 at hand, we envisaged to
synthesize dimeric compounds. In this regard, we treated
compound 14 with compounds 8, 3, and 4 via a click reaction
to afford compounds 15, 16, and 17, respectively (Scheme 5).

Biological evaluation of all the synthesized compounds

Eugenol 1, isoeugenol 2, and all the synthesized molecules
(3, 4, 6a–j, and 7–17) were assayed for their anti-fungal
activities against A. fumigatus. Preliminary data are furnished
in Table 2.

As shown in Table 2, eugenol 1 demonstrated an IC50

value of 1900 μM against A. fumigatus. Conjugation of the
glucose moiety with eugenol along with the azole group
(compound 6i) increases the activity, as exhibited by the IC50

value of 5.42 μM. It is pertinent to mention here that the
other sugars did not yield any notable activities. Galactose,
which is the epimer of glucose having a different
stereochemistry at C-4 than glucose, was also found to be less
effective when linked to eugenol 1 which led us to believe
that glucose, having all the OH bonds in equatorial positions,
could be playing a pivotal role in terms of cellular
interaction; however, when we coupled glucose with
isoeugenol (compound 6c) we did not observe any significant
activity. These observations envisaged us to look for the SAR
associated with the position of the double bond as well and
its presence. The non-activity of the isoeugenol–glucose
conjugate 6c can be explained on the basis of non-terminal
positioning of the double bond, whereas the eugenol–glucose
conjugate 6i was found to be active with the terminal double
bond. When we reduced the double bond of eugenol 1, the
reduced eugenol 7 was found to exhibit an IC50 value of 9.39
μM. Inspired by this revelation we coupled compound 7 with
glucose azide 5c. However, we did not observe any activity.
We also assayed the dimeric compounds (15–17) with each of
them returning an IC50 value greater than 25 μM.

The antifungal potency of the synthesized compounds of
eugenol and isoeugenol (compounds 3, 4, 6a–j, and 7–17)
against A. fumigatus was calculated using the micro-broth
dilution assay as per the Clinical and Laboratory Standards

Scheme 3 Deacetylation of compounds 6i and 9.

Scheme 4 Dihydroxylation followed by azidation of eugenol 1.

Scheme 5 Synthesis of dimeric compounds.

Scheme 2 Reduction of the double bond present in eugenol 1 and
subsequent glyconjugation.
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Institute (CLSI) protocol.30 Amongst the synthesised
compounds, only 6i and 7 inhibited the conidial as well as
mycelial growth of A. fumigatus at significantly low MIC values
i.e. 10.86 μM and 15.54 μM, respectively. The remaining
compounds showed MIC >20 μM and, therefore, they were not
considered for further experiments. The MIC and IC50 of both
parent molecules (eugenol 1 and isoeugenol 2) were 3800 μM
and 1900 μM, respectively. The MIC values of the drug control
Amp B and itraconazole were 0.216 μM and 0.552 μM,
respectively. The positive control showed A. fumigatus conidia
with a characteristic greenish-grey color, whereas in compound-
treated colonies white pigment-less conidia were visualized at
IC50. The compounds exhibited MIC values ranging from 10–20
μM compared with the MIC value of 3800 μM of the parent
molecules, indicating the higher antifungal potency of the
compounds (more than 100-fold).

The crucial parameter for developing any antifungal
molecule is its selective toxicity for fungal cells over
mammalian cells. L-132 was referred to as an excellent cell
line for cytotoxicity analysis.31 It consists of normal epithelial
cells derived from human embryonic lungs. Hence, the
compounds (6i and 7) were tested against the normal lung
epithelial cell line L-132 along with the FDA-approved
antifungal agent Amp B as a positive control. Cytotoxicity
screening revealed that compounds were non-toxic on the

untransformed cell line (compound 6i up to 43.46 μM and
compound 7 up to 152.32 μM).

The concentration range selected for cytotoxicity covered the
antifungal activity against A. fumigatus. The CC50 (cytotoxic
concentration-50) values for compounds 6i and 7 were
calculated as 43.46 μM and 150.5 μM. The reported sub-lethal
cytotoxicity of the antifungal drug Amp B was in the range of
5.4–10.82 μM.32 The selectivity index (SI) values for 6i and 7
were calculated as 8.01 and 16.02, respectively. The compounds
with a higher SI are considered to be promising drug candidates
as the concentration of the compounds required to induce
antimicrobial activity is lower than that that which induces
cytotoxicity in host cells. The SI of eugenol was reported to be
0.2 against non-filamentous fungi.33 By comparison, the SI
values of the compounds tested were higher than the reported
value for eugenol. Therefore, our results indicate that the
compounds are safe and can be further investigated as
promising antifungal molecules. The magnitude of the
biological activity of an active molecule, in terms of specific
interactions with the molecular target, along with drug-related
side effects is strongly influenced by its pharmacokinetics
properties. The compounds (6i and 7) were screened through
Lipinski's rule of five for oral bioavailability, health effects,
maximum passive adsorption, and central nervous system
(CNS) activity.

In silico prediction of the physico-chemical and
pharmacokinetic properties of the two synthesised compounds
(6i and 7) is summarized in Table 3. Compound 7 had a lower
molecular weight of 164.12 g mol−1 possibly enhancing its
absorption. Log−1P values of the two compounds (6i and 7) were
less than 5. The in silico analysis of the compounds revealed
that compound 7 conformed with all the listed parameters
whereas compound 6i violated four physico-chemical
properties. It is worth mentioning here that compound 7
complied with all the parameters of Lipinski's rule for oral
bioavailability (30–70%). Compound 6i, on the other hand,
violated three parameters according to Lipinski's rule, which
might suggest poor oral bioavailability (<30%). Further, we
studied the topological polar surface area (TPSA) of the active
compounds 6i and 7. The TPSA value was less than 150 for 7,
but 6i has a little higher value of TPSA. As can be seen in

Table 2 IC50 values of compounds 3, 4, 6a–j, and 7–17 against A.
fumigatus

Compound codes IC50 values Compound codes IC50 values

1 1900 μM 6j 10.86 μM
2 1900 μM 7 9.39 μM
3 >25 μM 8 >25 μM
4 >25 μM 9 > 25 μM
6a 14.47 μM 10 >25 μM
6b 14.47 μM 11 >25 μM
6c 21.73 μM 12 >25 μM
6d 10.86 μM 13 >25 μM
6e 14.47 μM 14 >25 μM
6f 14.47 μM 15 >25 μM
6g 12.08 μM 16 >25 μM
6h 15.18 μM 17 >25 μM
6i 5. 42 μM Amp B 1.08 μM

Table 3 In silico prediction of the physico-chemical and pharmacokinetic properties of compounds 6i and 7

S. no. Property Criterion

In silico analysis

Compound 6i Compound 7

1. Molecular weight (g mol−1) <500 575.21 164.12
2. Hydrogen donor <5 0 0
3. Hydrogen acceptor <10 13 1
4. LogP (lipophilicity) <5 4.17 4.32
5. Rotational bonds <10.0 15 3
6. Topological polar surface area (TPSA) <140 Å2 163.6 Å2 9.23 Å2

7. Log S (solubility) — −4.54 −3.58
8. Oral bioavailability — <30% 30–70%
9. Drug likeness score — −0.55 −0.81

Lipinski violations 2 0
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Table 3, compound 7 has TPSA values under the threshold of
140 Å, which might suggest good intestinal absorption and
better CNS penetration, but not compound 6i. The synthesized
compounds (6i and 7) meet the criteria of drug likeness with
scores of −0.81 and −0.55 for 7 and 6i, respectively.

In order to determine the conidia formation in the
presence of compound treatment, A. fumigatus was cultured
at IC50. Consequently, the reduction in absorbance at 530 nm
was significant which corresponds to the decrease in conidia
formation on treatment with compounds 6i and 7; whereas
in the case of eugenol and Amp B, there was an increase in
conidia production compared to the positive control (Fig. 4; p
< 0.005). No effect on hyphae formation was observed in any
of the samples except the Amp B treated sample. The key
regulator of the conidiation pathway, which has been well
studied in Aspergillus nidulans as well as in A. fumigatus, is
the transcription factor BrlA. It was observed that the ΔbrlA
mutant was unable to form conidia, and it depicted increased
hyphal growth34 and exhibited widespread transcriptional
dysregulation of genes linked to conidiation, growth, and
virulence. Molecular analysis is further warranted to gain
insight into the target exposure of compounds.

Further, we carried out studies directed at the formation of
DHN-melanin, a cell wall-associated parameter in A. fumigatus,
which imparts a greenish-grey colour to the conidia. The
formation of DHN-melanin is a fungal protective mechanism
against diverse environmental factors such as UV radiation,
oxidising agents, and extremes of temperatures. Since the
compound-treated A. fumigatus conidia were pigment-less
(albino), the melanin was extracted from the compound-treated
as well as untreated control A. fumigatus conidia. Similar results
were reported in our previously published paper showing a
significant decrease in DHN-melanin in A. fumigatus in the
presence of isoeugenol.12

A significant reduction in the melanin content of 6i and 7
treated conidia with reference to eugenol and the positive
control was observed. According to Kumar et al.,35 the
absorption spectra showed characteristic absorption peaks in
the UV region ranging from 265–290 nm, but not in the visible

region. The overall characteristic absorption peak was observed
at 275 nm (see ESI† Fig. S1). The optical densities at 275 nm
were 1.126, 0.399, 0.295, and 0.176 in the positive control and
compound 2, 6i, and 7 treated conidia, respectively. Targeting
the melanin biosynthesis process in A. fumigatus could be a
potential strategy for antimicrobial drug development. The
white colour of A. fumigatus conidia appears due to mutations
in the pksP/alb1 gene, encoding a polyketide synthase required
for conidial pigmentation. Pigment-less conidia were found to
be less virulent than wild type strains of A. fumigatus in murine
models of disseminated aspergillosis, possibly due to an
increased susceptibility to phagocytosis and reactive oxygen
species (ROS).36 In addition, the defect in the melanin
biosynthesis pathway could contribute to the marked loss of
adherence properties of the conidia.

The cell wall of A. fumigatus conidia consists of a
hydrophobin layer, a dense melanin layer, and a plasma
membrane.37 According to Aimanianda et al.,38 conidia are
normally round, but oval shapes were observed in rodlet
mutants, which is responsible for hydrophobicity.
Consequently, the conidial cell surface morphology was
analysed and compared at IC50 via scanning electron
microscopy (SEM). Compound-treated conidia revealed a
smooth conidial surface with the absence of protrusions and a
decrease in the number of conidia (Fig. 5a), whereas untreated
conidia possess a dense number of conidia with an echinulate
surface (Fig. 5b). Correspondingly, transmission electron

Fig. 4 Effect of isoeugenol and the compounds (6i and 7) on the
production of A. fumigatus conidia. Control – untreated A. fumigatus; p
< 0.005 statistically.

Fig. 5 SEM and TEM visualisations of the conidial surface of A.
fumigatus: (a) reduction in the number of conidia in the compound-
treated sample compared to the control; (b) compound-treated single
conidium revealed loss of protrusions and a smooth surface compared
to the echinulate conidial surface in the untreated control; (c)
compound-treated single conidium showing loss of protrusions as well
as the electron dense melanin layer of the conidial cell wall compared
to control conidia showing protrusions and melanin deposition.
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microscopy (TEM) analysis supported the presence of
protrusions in untreated conidia as observed in SEM, whereas
compound-treated conidial sections revealed a protrusionless
outer surface with a visible clear inner surface indicating the
absence of a melanin layer (Fig. 5c). Besides, there was
accumulation of cytoplasmic content in wild type conidia,
which was reduced in compound-treated conidia probably due
to the alteration in the membrane, leading to leakage of cellular
contents.

Fungal biofilms are very intricate structures, which provide a
protective environment for a pathogen to thrive in hostile
surroundings.39 This complex structure helps in developing
resistance to antimicrobial agents. The signature proof of
biofilm formation of a pathogen is the extracellular matrix
(ECM) that is produced by the biofilm within 24 h of its
colonisation in vitro as well as in vivo, in the case of A. fumigatus.
In the A. fumigatus biofilm, ECM is a key component for
colonisation by gluing together mycelial threads and is
composed of polysaccharides (glucans and galactomannan),
some hydrophobic proteins, and melanin.40 In contrast to other
species, it lacks β-(1,3) glucan and chitin.

In the present study, the eradication of A. fumigatus biofilms
was assessed under exposure to the synthesised compounds of
eugenol. Compounds 6i and 7 eradicated preformed fungal
biofilms effectively at concentration ranges of 69.53–86.92 μM
and 243.60–304.5 μM, respectively. At the same concentrations,
the surface morphology of fungal biofilms showed the complete
absence of ECM on the hyphae. Meanwhile, in the present
study, the biofilm eradication concentration was higher than
that of the planktonic culture and greater than the CC50 of the
compounds. Despite that, the compounds effectively worked to
eliminate the formed ECM, which linked the hyphae to cause
infection and were responsible for its stability as well. Under
SEM analysis, the positive control of the A. fumigatus biofilm
surface displayed a highly coordinated network of hyphal
structures with dense ECM accumulation (Fig. 6a), whereas in
compound-treated ones only hyphae were observed
(Fig. 6b and c).

Conclusions

In summary, we have accomplished the design and synthesis
of eugenol and isoeugenol derived glycoconjugates and

investigated their antifungal activity against A. fumigatus. A
small library of diverse molecules have been synthesised with
various sugar moieties attached to the eugenol and
isoeugenol core via click chemistry. Other analogues were
also synthesized by functionalization of the olefinic group
present in eugenol. It is pertinent to mention here that the
glycoconjugates of eugenol were found to exhibit significant
antifungal activities amongst all the synthesized compounds.
It is presumed that these studies regarding the antifungal
activity of eugenol and isoeugenol and related compounds
could lead the way for designing future drug-like candidates.
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Design and Synthesis of 1,3-Diynes as Potent Antifungal
Agents against Aspergillus fumigatus
Lakshmi Goswami+,[a, b] Lovely Gupta+,[c] Sayantan Paul,[a, b] Pooja Vijayaraghavan,*[c] and
Asish K. Bhattacharya*[a, b]

Eugenol and isoeugenol, secondary metabolites isolated from
the plant Myristica fragrans have displayed antifungal activities
against Aspergillus fumigatus (IC50 1900 μM). Compounds having
conjugated unsaturation have been of great use as antifungals
i. e. amphotericin B, nystatin and terbinafine etc. Hence, in the
present study, we have designed and synthesised 1,3-diynes by
utilizing Glaser-Hay and Cadiot-Chodkiewicz coupling reactions
to furnish possible antifungal agents. Synthesis of 1,6-diphenox-
yhexa-2,4-diyne derivatives was achieved by Cu(I) catalysed
coupling of propargylated eugenol, isoeugenol, guaiacol,
vanillin and dihydrogenated eugenol or eugenol in good to
excellent yields. All the synthesized compounds were evaluated
against pathogenic fungus A. fumigatus. Among all the

synthesized compounds, one of the compounds was found to
be exhibiting promising antifungal activity with IC50 value of
7.75 μM thereby suggesting that this type of scaffold could
pave the way for developing new antifungal agents. The most
active compound was found to be low cytotoxic when assayed
against L-132 cancer cell line. Effect of the most active
compound on ergosterol biosynthesis has also been studied.
Also, the most active compound exhibited significant anti-
biofilm activity although the concentration was found to be
higher than its anti-fungal activity. Morphological changes in
the biofilm were remarkable under confocal laser scanning
microscopy.

Introduction

Aspergillus fumigatus is an airborne opportunistic fungus which
is adapted to survive in a wide range of climatic conditions and
poses a serious health threat to humans.[1] Breathing spores of
Aspergillus is common in day-to-day life for us, but it could be
life-threatening for individuals with incapacitated immunology
or pulmonary diseases like tuberculosis, lung cancer, asthma,
pneumonia, and other respiratory complications. Its favourable
conidial size makes it efficient to invade deep inside the
respiratory system reaching to the alveoli resulting in lethal
infection in patients with underlying lung diseases and
susceptible immune system.[2] The efficient and unique adhe-
sion of conidia to host cell also assist in its binding, nutrition
uptake and proliferation on the surface of host cell.[3] Its conidia
possess surface proteins which masks its recognition by host
immune response.[4]

Over the time, this pathogen has developed resistance
against cellular self-defence mechanism of humans and
specially to known antifungal drugs. Nowadays readily available
antifungals in market are amphotericin B (Amp B), nystatin,
miconazole, ketoconazole, fluconazole, voriconazole, terbina-
fine, itraconazole, etc. (Figure 1). These drugs have been widely
categorized into four major classes i. e. polyenes, azoles, allyl-
amines, echinocandins depending on their mode of action and
chemical framework.[5] Polyenes and allylamines work either
making fungal cell wall more porous or inhibit the enzyme
secretion by the fungal cell wall needed for normal functioning.
Extensive use of these drugs renders A. fumigatus immune to
certain classes of antifungals. Hence, it is of utmost importance
to develop new potent antifungal drugs with better efficacy,
least toxicity and enhanced bioavailability.[6] We opined 1,3-
diyne scaffolds could affect the functioning of the cell wall of A.
fumigatus. Symmetrical or unsymmetrical 1,3-diynes could be
synthesized by utilizing Cu(I)-catalysed Glaser-Hay or Cadiot-
Chodkiewicz coupling reactions, respectively.
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Eugenol 1a and isoeugenol 1b are the naturally occurring
phenylpropanoids and has been traditionally isolated from the
plants Syzygium aromaticum and Eugenia caryoplyllata, Myristica
fragrans (Figure 2).[7] Eugenol and isoeugenol have shown
antifungal activities against A. fumigatus with IC50 value of
1900 μM.[7b] Both compounds exhibited antifungal activity
against filamentous as well as non-filamentous fungi.[7c] The
antifungal activity of these compounds may cause severe
damage to the fungal membrane and cell walls, leading to
morphological deformations and collapse and deterioration of
conidia and/or hyphae.[7d] The antifungal activity can be
attributed due to the presence of an aromatic nucleus and a
phenolic OH group which is known to be reactive and to form
hydrogen bonds with active sites of target enzymes. Hence, we
utilized propargylated derivatives of eugenol, isoeugenol and
other phenolics for the synthesis of 1,3-diynes.

Results and Discussion

In order to synthesize homo or symmetric diynes, we opined to
employ Glaser-Hay coupling reaction conditions.[8] To begin
with; we treated eugenol 1a, isoeugenol 1b, guaiacol 1c,
vanillin 1d and dihydrogenated eugenol or eugenol 1e with
propargyl bromide in presence of base, potassium carbonate
(K2CO3) in acetone as solvent to furnish propargylated com-
pounds 2a-e (Scheme 1).

These propargylated compounds 2a-e were treated in
presence with catalytic amount of copper iodide (CuI) and
tetramethylethylenediamine (TMEDA) in acetonitrile to furnish
homo coupled products 3a-e via Glaser-Hay coupling in good
to excellent yield (Scheme 2). The homo coupled 1,3-diynes
were characterized from their corresponding NMR spectra. In 1H
NMR spectrum of 3a, the absence of acetylenic proton of 2a
(δH 2.48 ppm)[7b] indicates the coupling of two units of
propargylated eugenol 2a. All the synthesized products were
identified by their 1H, 13C NMR spectra and HRMS.

However, to avoid the formation of homo or symmetric
dienynes during the synthesis of hetero or unsymmetric
dienynes, we opined to employ Cadiot-Chodkiewicz coupling
reaction.[9] At first the propargylated compounds 2a-e were
brominated using N-bromosuccinamide (NBS) in presence of
5 mol% of silver nitrate (AgNO3) in acetone at room temper-
ature to furnish compound 4a-e which were used as such
without further purification in the next step. These brominated
compounds 4a-e were treated with propargylated eugenol,
isoeugenol, guaiacol, vanillin and eugenol (2a-e) individually in
presence of catalytic amount of CuI, TMEDA as base in
acetonitrile as solvent to obtain hetero or unsymmetric diynes
5a-j in good to excellent yields (Scheme 3). All the hetero
coupled products were identified by their 1H, 13C NMR spectra
and HRMS.

All the synthesized intermediates (2a-e) and 1,3-diynes (3a-
e and 5a-j) were subjected to antifungal activities against A.
fumigatus. The antifungal potency of the synthesized com-
pounds (2a-e, 3a-e and 5a-j) was calculated using the micro-
broth dilution assay as per the Clinical and Laboratory Stand-
ards Institute (CLSI) protocol.[10] The IC50 value of all the
synthesised compounds and drug control amphotericin B (Amp

Figure 2. Eugenol (1a), isoeugenol (1b) and other phenolics (1c-e) utilized
for the synthesis of 1,3-diynes.

Scheme 1. Synthesis of propargylated phenols 2a-e.

Scheme 2. Synthesis of homo coupled products 3a-e. Scheme 3. Synthesis of hetero coupled products 5a-j.
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B) are summarised in the Table 1. Among all the synthesized
compounds assayed, only compound 3a showed lowest IC50

value, i. e. 7.75 μM, respectively whereas calculated IC50 value of
all other compounds were found to be at twice the values of
compound 3a against A. fumigatus.

Structure-activity-relationship analysis

It is evident from antifungal activity of all the synthesized
compounds summarized in Table 1, in general diynes (3a-e and
5a-j) have shown greater activity than their corresponding
monomers (2a-e). Homo-coupled diyne 3a exhibited several
times greater activity as (IC50 7.75 μM) as compared to the
parent compound, eugenol 1a (IC50 1900 μM).[7b] The antifungal
activity data of homo- and hetero-coupled diynes (3a-e and
5a-j) suggests that conjugation has profound effect against A.
fumigatus as evident from Table 1 barring two compounds (3b
and 3c). Other synthesized diynes also proved to be moderately
active against A. fumigatus. In general, the activity ranges from
7.75 μM to 17.85 μM except compounds 3b and 3c with phenol
containing an olefinic side chain furnished better activities than
the rest.

Cell cytotoxicity of compound 3a was analysed against
normal lung epithelial cell line L-132 along with FDA-approved
antifungal drug Amp B as a drug control. The CC50 (cytotoxic
concentration-50) value for compound 3a was calculated as
62.16 μM indicating that the fraction is low cytotoxic. The
concentration range selected for cytotoxicity comprised anti-
fungal activity against A. fumigatus. The CC50 of 3a on L-132 cell
line was determined four times higher than the MIC value of it
against A. fumigatus. The sub-lethal cytotoxicity of Amp B
reported was in the range of 5.4-10.82 μM.[11]

The selectivity index (SI) was calculated to evaluate the
toxicity of the compounds studied against normal cells and to
predict their therapeutic potential.[12] The SI for compound 3a
was determined as 8.01, which indicates that it could be a
potential antifungal agent. According to literature,[13] reported
SI of eugenol (1a) was 0.2 against non-filamentous fungi. It
should be emphasised that compound 3a has greater selectiv-
ity than that of unmodified eugenol 1a.

In-silico ADMET prediction studies are a central component
of pharmaceutical research and drug discovery, as it provides
helpful guidance in the early evaluation of the in-vivo efficiency
and safety of a drug.[14] The magnitude of the biological activity
of an active molecule, in terms of specific interactions with the
molecular target, along with the drug-related side effects, are
strongly influenced by its pharmacokinetics properties.[15] The
active compound 3a was screened through Lipinski’s rule of
five for oral bioavailability by predicting its physico-chemical
and pharmacokinetic properties via in-silico approach. In result,
compound 3a was found to follow Lipinski’s rule of five with no
violation; molecular weight is 402.18 g/mol, 4 hydrogen bond
acceptors, no hydrogen bond donor, LogP value 4.17 which is
less than 5, Topological Polar Surface Area (TPSA) is 36.92 Å2.

The oral bioavailability radar of compound 3a was
generated via Swiss ADME predictor (Figure 3) demonstrating
six physiochemical properties, flexibility, lipophilicity, saturation,
size, polarity and solubility and compound 3a follows drug-like
properties.

Conidiation is an effective proliferation approach that helps
the fungus to escape from unfavourable conditions. To
determine the conidiation process in the presence of com-
pound 3a, fungal strain was cultured at IC50 of it. Consequently,
the reduction in absorbance at 530 nm was significant which
corresponds to the decrease in conidia formation on treatment
with compounds 3a. Simultaneously, there was an increase in
conidia production when A. fumigatus treated with eugenol 1a
and Amp B in comparison to control (Figure 4A; p <0.05).

Ergosterol is major fungal sterol, which is present in the cell
membrane and therefore involved in cell membrane integrity,
fluidity and fungal survival and development.[17] The key
enzymes involved in ergosterol biosynthesis have been poten-
tial targets for antifungal drugs. Amp B target site is ergosterol
in fungal cell membrane,[18] hence ergosterol content was
analysed on treating with the compound 3a and eugenol 1a in
comparison with control and Amp B (drug control). Ergosterol
content quantification indicated that there is no such difference
in the percentage of ergosterol at IC50 of eugenol 1a and
compound 3a in comparison to control, whereas Amp B
showed marked decrease in ergosterol content (Figure 4B). But

Table 1. IC50 values of compounds 2a-e, 3a-e, and 5a-j against A.
fumigatus.

Compd IC50 [μM] Compd IC50 [μM]

1a 1900 3d 16.52
1b 1900 3e 15.38
1c �25 5a 15.54
1d �25 5b 16.01
1e 9.39 5c 16.01
2a �25 5d 17.25
2b �25 5e 17.25
2c �25 5f 15.46
2d �25 5 g 17.16
2e �25 5 h 17.85
3a 7.75 5i 15.46
3b 31.08 5j 15.93
3c 38.81 Amp B 1.08

Figure 3. The oral bioavailability radar of compound 3a using Swiss ADME
predictor. The six physiochemical properties taken into account to consider
a molecule as drug-like are flexibility (FLEX), lipophilicity (LIPO), saturation
(INSATU), size (SIZE), polarity (POLAR) and solubility (INSOLU).
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still reduction in the ergosterol level was observed in presence
of compound 3a.

The conidial surface of A. fumigatus consists of hydrophobin
layer, dense melanin layer, polysaccharides and proteins then
plasma membrane.[19] According to Aimanianda et al.[4] conidia
are generally round, but oval shapes were observed in rodlet
mutants which is responsible for hydrophobicity. The effect of
compound 3a on conidial cell surface morphology was
visualised via SEM. Results revealed that cell surface morphol-
ogy of compound 3a treated conidia was completely different
to that of resting conidia. Compound 3a treated conidia
appeared smooth with absence of protrusions (Figure 5B)
whereas untreated conidia possess echinulate surface (Fig-
ure 5A), suggesting that compound 3a significantly interacted
with the conidial surface proteins and altered its surface
characteristics.

Fungal biofilms are complex, highly coordinated network of
hyphal structures, coated with extracellular matrix (ECM). For
treatment of A. fumigatus biofilms, higher dosage of antifungal
and in combinations were given as therapy for better
penetration into the fungal cells.[20]

The 24 h grown biofilms were more rigid, complex structure,
where high level of antifungal drug resistance was observed.
Under such conditions, compound 3a showed significant anti-
biofilm activity at IC50 of 62.16 μM, which was found to be
higher than its anti-fungal activity. Notable morphological
changes in the biofilm were observed under confocal laser
scanning microscopy (CLSM). Component of biofilm was stained

with fluorochrome dye (calcofluor white), in result there was
disintegrated hyphae observed in presence of compound 3a
(Figure 6D� F). Figure 6A indicated compact hyphal growth of A.
fumigatus biofilm, which was grown on glass coverslip for 48 h,
whereas compound 3a effectively eradicated the biofilm within
24 h of its treatment. It has been reported[21] that isoeugenol
also exhibits similar results when visualised under CLSM but at
high concentration which is 156 μg/mL.

Conclusion

Herein, we report design and synthesis of dienynes based
potent antifungal agent employing Glaser as well as Cadiot-
Chodkiewicz coupling reactions. Glaser reactions was utilised
for synthesizing homo coupled product while Cadiot-Chodkie-
wicz coupling furnished hetero coupled product. The eugenol
dimeric 1,3-diyne product 3a have shown the best activity
among all the synthesized compound. Apart for carrying out
the antifungal activities of synthesized compounds, we

performed the cytotoxicity, conidia formation, ergosterol
biosynthesis and fungal biofilm formation studies of compound
3a. It was observed that compound 3a considerably reduce the
conidia formation. It effectively interacted with the conidial
surface proteins and altered the surface characteristics, also
significantly eradicated the biofilm upon treatment. Moreover,
compound 3a was found to be decreasing the ergosterol level
when acted upon.

Experimental Section

General information

All melting points were recorded on a Büchi melting point
apparatus in open capillaries and are uncorrected. Flash chroma-
tography was performed with CombiFlash Rf 200i equipped with
UV/VIS and ELSD (Isco Teledyne Inc., USA) using RediSep®pre-
packed column (SiO2).

1H NMR spectra were recorded on a Bruker

Figure 4. Effect of eugenol 1a, compound 3a on the (A) production of A.
fumigatus conidia and (B) ergosterol content in comparison to control, where
control-untreated A. fumigatus; p<0.05.

Figure 5. Scanning electron microscope images of resting conidia of A.
fumigatus (A) control (B) compound 3a treated. Scale bar- 1 μm.

Figure 6. Aspergillus fumigatus biofilm eradication. Confocal laser scanning
microscopy (CLSM) images of 48 h A. fumigatus biofilm on glass coverslips
(A� C) control were stained with Calcofluor white dye depicting intense
hyphal growth with ECM; (D� F) compound 3a treated biofilm possess
disintegrated hyphae at 40× magnification. Scale Bar- 10 μm
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200, 400 or 500 MHz spectrometer and 13C NMR spectra were
recorded at 50, 100 or 125 MHz, respectively. Chemical shifts are
reported as δ values (ppm) relative to residual solvent peak of
CDCl3. HRMS (ESI) were recorded on an Orbitrap (quadrupole plus
ion trap) and TOF mass analyzer. Petroleum ether and ethyl acetate
were distilled by usual methods. All the starting materials and dried
solvent were purchased and used without further drying.

General procedure for the propargylation of phenols

Appropriate phenol (1 equiv.) was dissolved in acetone (20 mL) at
25 °C under inert atmosphere. After that, potassium carbonate
K2CO3 (1.5 equiv.) and propargyl bromide (2.5 equiv.) were added to
the above-mentioned solution at 25 °C. After completion of the
reaction (TLC), the reaction mixture was evaporated in vacuo to
obtain residue which was purified by flash chromatography using a
RediSep column (SiO2, 12 g) with EtOAc-petroleum ether mixture as
eluent to furnish compound 2a-e. Spectral data of all the
synthesized propargylated phenol were found to be consistent
with the previous literature reports.[7b,22]

General procedure for the Glasser coupling of propargylated
phenols

Compounds 2a-e (1 equiv.) were dissolved in acetonitrile (5 mL)
and treated with catalytic amount (5 mol%) of copper iodide (CuI)
and N,N,N,N-tetramethylethylenediamine (TMEDA) (1.2 equiv.). After
completion of the reaction (TLC), the reaction mixture was
evaporated to dryness to furnish a crude which was further purified
via flash chromatography using a RediSep column (SiO2, 12 g) with
EtOAc-petroleum ether mixture as eluents to yield purified
compounds 3a-e.

1,6-Bis(4-allyl-2-methoxyphenoxy)hexa-2,4-diyne (3a)

Brown liquid (722 mg, 72%); 1H NMR (200 MHz, CDCl3) δH 6.96-6.84
(m, 2H), 6.79-6.66 (m, 4H), 6.07-5.85 (m, 2H), 5.17-5.07 (m, 2H), 5.04
(s, 2H), 4.83-4.71 (m, 4H), 3.85 (s, 6H), 3.34 (d, J=6.6 Hz, 4H); 13C
NMR (50 MHz, CDCl3) δC 149.7, 145.0, 137.5, 134.6, 134.0, 120.4,
115.9, 114.9, 112.4, 75.7, 74.8, 71.3, 57.5, 56.9, 55.8, 39.9, 29.7;
HRMS: m/z for C26H27O4 (M+H)+ : calcd 403.1904, found 403.1899,
m/z for C26H26O4Na (M+Na)+ : calcd 425.1723, found 425.1719.

1,6-Bis (2-methoxy-4-((E)-prop-1-en-1-yl) phenoxy) hexa-
2,4-diyne (3b)

Yellowish solid (830 mg, 83%); m.p.: 110–112 °C; Rf 0.3 (10% EtOAc
in petroleum ether); 1H NMR (400 MHz, CDCl3): δH 6.92-6.86 (m, 4H),
6.86-6.81 (m, 2H), 6.31 (d, J=1.5 Hz, 1H), 6.35 (d, J=1.6 Hz, 1H),
6.18-6.06 (m, 2H), 4.82-4.73 (m, 4H), 3.86 (s, 6H), 1.86 (dd, J=1.6,
6.6 Hz, 6H); 13C NMR (101 MHz, CDCl3): δC 164.8, 161.9, 148.4, 147.1,
133.4, 130.2, 128.5, 127.2, 126.8, 124.0, 116.4, 114.5, 113.8, 77.1,
55.5; HRMS: m/z for C26H27O4 (M+)+ : calcd 403.1904, found
403.1902.

1,6-Bis (2-methoxyphenoxy) hexa-2,4-diyne (3c)

Brown solid (780 mg, 78%); m.p.: 64–66 °C; Rf 0.65 (40% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 7.04-6.95 (m, 4H),
6.95-6.86 (m, 4H), 4.81 (s, 4H), 3.86 (s, 6H); 13C NMR (101 MHz,
CDCl3): δC 149.7, 146.6, 122.6, 120.8, 114.7, 111.8, 77.1, 74.7, 71.3,
57.3, 55.8; HRMS: m/z for C20H19O4 (M+)+ : calcd 323.1278, found
323.1277.

4,4’-(Hexa-2,4-diyne-1,6-diylbis (oxy)) bis
(3-methoxybenzaldehyde) (3d)

Off-white solid (800 mg, 80%); m.p.: 158–160 °C; Rf 0.31 (40% EtOAc
in petroleum ether); 1H NMR (400 MHz, CDCl3): δH 9.88 (s, 2H), 7.50-
7.39 (m, 4H), 7.07 (d, J=8.0 Hz, 2H), 4.91 (s, 4H), 3.94 (s, 6H); 13C
NMR (101 MHz, CDCl3): δC 190.9, 151.9, 150.0, 131.2, 126.2, 112.7,
109.6, 77.3, 77.0, 76.7, 74.0, 71.8, 57.0, 56.1; HRMS: m/z for C22H19O6

(M+)+ : calcd 379.1176, found 379.1170.

1,6-Bis (2-methoxy-4-propylphenoxy) hexa-2,4-diyne (3e)

Brown solid (760 mg, 76%); m.p.: 60–62 °C; Rf 0.2 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 6.89 (d, J=8.0 Hz,
2H), 6.77-6.67 (m, 4H), 4.77 (s, 4H), 3.85 (s, 6H), 2.59-2.49 (m, 4H),
1.66-1.60 (m, 4H), 0.94 (t, J=7.3 Hz, 6H); 13C NMR (101 MHz, CDCl3):
δC 149.5, 144.6, 137.3, 120.3, 114.9, 112.3, 74.9, 71.3, 57.6, 55.8, 37.7,
24.7, 13.8; HRMS: m/z for C26H31O4 (M+)+ : calcd 407.2217, found
407.2216.

General procedure for the bromination of propargylated
phenols

Terminal alkynes 2a-e (1 equiv.) were dissolved in acetone (10-
15 mL) and to this silver nitrate (5 mol%) and N-bromosuccinimide
(1.2 equiv.) were added subsequently and stirred at room temper-
ature for 3 h. After completion of the reaction, reaction mixture was
diluted with dichloromethane (20 mL) and filtered through celite;
the filtrate was concentrated to furnish compounds 4a-e which
were used without further purification in the next step.

General procedure for the Cadiot-Chodkiewicz coupling of
propargylated phenols 2a-e with brominated derivatives 4a-
e

Terminal alkynes 2a-e (1 equiv.) and brominated propargyl 4a-e
(1.1 equiv.) in acetonitrile (10 mL) and afterwards TMEDA
(1.5 equiv.) and copper iodide (5 mol%) were added in an inert
atmosphere. The reaction mixture was stirred at room temperature
for 3 h. After completion of the reaction (TLC), reaction mixture was
evaporated in vacuo and further purified via flash chromatography
using a RediSep column (SiO2, 12 g) with EtOAc-petroleum ether
mixture as eluent to yield purified compounds 5a-j.

(E)-4-allyl-2-methoxy-1-((6-(2-methoxy-4-(prop-1-en-1-yl)
phenoxy) hexa-2,4-diyn-1-yl) oxy) benzene (5a)

Brown solid (250 mg, 87%); m.p.: 103–105 °C; Rf 0.28 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 6.93-6.87 (m, 3H),
6.86-6.82 (m, 1H), 6.76-6.65 (m, 2H), 6.33 (dd, J=1.4, 15.7 Hz, 1H),
6.12 (qd, J=6.6, 15.7 Hz, 1H), 6.02-5.89 (m, 1H), 5.13-5.03 (m, 2H),
4.78 (d, J=3.4 Hz, 4H), 3.84 (s, 3H), 3.86 (s, 3H), 3.34 (d, J=6.8 Hz,
2H), 1.86 (dd, J=1.5, 6.6 Hz, 3H); 13C NMR (101 MHz, CDCl3): δC

149.8, 149.7, 145.7, 145.0, 137.5, 134.6, 132.9, 130.5, 129.4, 126.0,
124.6, 121.3, 120.4, 118.5, 115.8, 115.0, 114.9, 114.4, 112.7, 112.4,
109.1, 77.3, 77.1, 74.9, 74.8, 74.7, 74.7, 71.4, 71.4, 71.3, 71.3, 59.5,
58.9, 57.5, 57.5, 57.4, 56.1, 55.8, 55.8, 39.9, 29.0, 18.4, 17.8, 14.7;
HRMS: m/z for C26H27O4 (M+)+ : calcd 403.1904, found 403.1898.

(E)-3-methoxy-4-((6-(2-methoxy-4-(prop-1-en-1-yl) phenoxy)
hexa-2,4-diyn-1-yl) oxy) benzaldehyde (5b)

Brown solid (138 mg, 95%); m.p.: 110–112 °C; Rf 0.37 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 9.87 (d, J=1.1 Hz,
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1H), 7.48-7.41 (m, 2H), 7.08 (d, J=8.1 Hz, 1H), 6.91-6.81 (m, 3H), 6.33
(d, J=15.6 Hz, 1H), 6.18-6.07 (m, 1H), 4.91 (s, 2H), 4.79 (s, 2H), 3.93
(s, 3H), 3.86 (s, 3H), 1.87 (d, J=6.6 Hz, 3H); 13C NMR (101 MHz,
CDCl3): δC 190.9, 151.9, 150.1, 149.8, 145.6, 133.0, 131.1, 130.4, 126.4,
124.7, 118.4, 114.8, 112.7, 109.5, 109.1, 77.0, 75.5, 73.3, 72.2, 71.0,
57.4, 57.1, 56.1, 55.8, 18.4; HRMS: m/z for C24H22O3Na (M+Na)+ :
calcd 413.1364, found 413.1358.

4-((6-(4-Allyl-2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy)-
3-methoxybenzaldehyde (5c)

Yellowish solid (130 mg, 89%); m.p.: 106–108 °C; Rf 0.34 (10% EtOAc
in petroleum ether); 1H NMR (400 MHz, CDCl3): δH 9.88 (s, 1H), 7.48-
7.42 (m, 2H), 7.08 (d, J=8.4 Hz, 1H), 6.90 (d, J=8.4 Hz, 1H), 6.74-
6.69 (m, 2H), 6.01-5.89 (m, 1H), 5.12-5.05 (m, 2H), 4.91 (s, 2H), 4.78
(s, 2H), 3.94 (s, 3H), 3.85 (s, 3H), 3.34 (d, J=6.1 Hz, 2H); 13C NMR
(101 MHz, CDCl3): δC 190.9, 151.9, 150.0, 149.7, 144.9, 137.4, 134.7,
131.1, 126.4, 120.4, 115.9, 114.9, 112.7, 112.4, 109.5, 77.2, 77.0, 75.6,
73.2, 72.2, 70.9, 57.5, 57.1, 56.1, 55.8, 39.9; HRMS: m/z for C24H23O5

(M+)+ : calcd 391.1540, found 391.1537.

(E)-2-methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl)
oxy)-4-(prop-1-en-1-yl) benzene (5d)

Brown solid (60 mg, 75%); m.p.: 68–70 °C; Rf 0.33 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 7.01-6.97 (m, 1 H),
6.94-6.86 (m, 4H), 6.86-6.83 (m, 1H), 6.34 (dd, J=1.6, 15.6 Hz, 1H),
6.12 (dd, J=6.6, 15.7 Hz, 1H), 4.80 (d, J=9.3 Hz, 4H), 3.86 (d, J=
1.9 Hz, 6H), 1.87 (dd, J=1.6, 6.5 Hz, 3H); 13C NMR (101 MHz, CDCl3):
δC 149.7, 149.7, 146.6, 145.7, 132.8, 130.5, 124.6, 122.6, 120.8, 118.5,
114.8, 111.9, 109.1, 74.7, 71.3, 57.4, 57.3, 55.8, 55.8, 18.4; HRMS: m/z
for C23H23O4 (M+)+ : calcd 363.1591, found 363.1584.

4-Allyl-2-methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-
1-yl) oxy) benzene (5e)

Brown semisolid (200 mg, 77%); Rf 0.33 (10% EtOAc in petroleum
ether); 1H NMR (400 MHz, CDCl3): δH 7.02-6.95 (m, 2H), 6.93-6.86 (m,
3H), 6.73-6.69 (m, 2H), 5.95 (tdd, J=6.6, 10.3, 17.0 Hz, 1H), 5.12-5.04
(m, 2H), 4.77 (d, J=11.4 Hz, 4H), 3.83 (s, 3H), 3.84 (s, 3H), 3.33 (d, J=
6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3): δC 149.8, 149.8, 146.7, 145.0,
137.5, 134.6, 122.7, 120.9, 120.5, 115.9, 115.0, 114.9, 112.5, 112.0,
77.2, 75.0, 74.9, 74.8, 74.8, 71.4, 71.4, 71.4, 71.3, 57.6, 57.4, 55.9, 39.9;
HRMS: m/z for C23H23O4Na (M+Na)+ : calcd 385.1415, found
385.1415.

(E)-2-methoxy-1-((6-(2-methoxy-4-(prop-1-en-1-yl) phenoxy)
hexa-2,4-diyn-1-yl) oxy)-4-propylbenzene (5 f)

Yellowish solid (120 mg, 83%); m.p.: 60–62 °C; Rf 0.28 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 6.91-6.85 (m, 3H),
6.85-6.82 (m, 1H), 6.72-6.67 (m, 2H), 6.33 (dd, J=1.5, 16.0 Hz, 1H),
6.12 (dd, J=6.5, 15.6 Hz, 1H), 4.77 (d, J=5.3 Hz, 4H), 3.85 (s, 3H),
3.84 (s, 3H), 2.55-2.47 (m, 2H), 1.86 (dd, J=1.5, 6.1 Hz, 3H), 1.67-1.55
(m, 2H), 0.93 (t, J=7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3): δC 149.8,
149.6, 145.8, 144.7, 137.4, 132.9, 130.6, 124.7, 120.3, 118.6, 114.9,
114.9, 112.4, 109.1, 77.2, 75.1, 75.0, 74.8, 74.7, 71.5, 71.4, 71.3, 71.3,
57.6, 57.5, 55.9, 37.8, 24.8, 18.5, 13.9; HRMS: m/z for C26H29O4 (M+)+ :
calcd 405.2060, found 405.2053.

2-Methoxy-1-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl)
oxy)-4-propylbenzene (5g)

Brown semisolid (50 mg, 64%); Rf 0.4 (10% EtOAc in petroleum
ether); 1H NMR (400 MHz, CDCl3): δH 7.02-6.85 (m, 4H), 6.73-6.67 (m,
2H), 4.78 (d, J=13.7 Hz, 4H), 3.84 (s, 4H), 3.85 (s, 2H), 2.58-2.48 (m,
2H), 1.66-1.58 (m, 3H), 0.94 (t, J=7.2 Hz, 3H); 13C NMR (101 MHz,
CDCl3): δC 149.8, 149.6, 146.7, 144.7, 137.4, 122.7, 120.9, 120.3, 115.0,
114.9, 112.4, 112.0, 77.2, 75.1, 75.0, 74.8, 74.7, 71.5, 71.4, 71.3, 71.3,
57.6, 57.4, 55.9, 55.9, 37.8, 24.8, 13.9; HRMS: m/z for C23H25O4 (M+)+ :
calcd 365.1747, found 365.1746.

3-Methoxy-4-((6-(2-methoxyphenoxy) hexa-2,4-diyn-1-yl) oxy)
benzaldehyde (5h)

Yellowish solid (90 mg, 69%); m.p.: 85–87 °C; Rf 0.27 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 9.88 (s, 1H), 7.48-
7.43 (m, 2H), 7.08 (d, J=8.1 Hz, 1H), 7.02-6.96 (m, 2H), 6.94-6.88 (m,
2H), 4.91 (s, 2H), 4.81 (s, 2H), 3.94 (s, 3H), 3.87 (s, 3H); 13C NMR
(101 MHz, CDCl3): δC 190.9, 151.9, 150.0, 149.8, 146.6, 131.1, 126.4,
122.7, 120.8, 114.8, 112.7, 111.9, 109.5, 77.0, 75.4, 73.2, 72.2, 71.0,
57.3, 57.1, 56.1, 55.8; HRMS: m/z for C21H18O5 (M+)+ : calcd
351.1227, found 351.1222, m/z for C21H18O5Na (M+Na)+ : calcd
373.1046, found 373.1035.

4-Allyl-2-methoxy-1-((6-(2-methoxy-4-propylphenoxy) hexa-
2,4-diyn-1-yl) oxy) benzene (5 i)

Yellowish semisolid (120 mg, 83%); Rf 0.34 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 6.92-6.86 (m, 2H),
6.74-6.67 (m, 4H), 6.00-5.89 (m, 1H), 5.12-5.03 (m, 2H), 4.77-4.73 (m,
4H), 3.84 (s, 6H), 3.33 (d, J=6.9 Hz, 2H), 2.57-2.48 (m, 2H), 1.62 (qd,
J=7.5, 14.9 Hz, 2H), 0.98-0.89 (m, 3H); 13C NMR (101 MHz, CDCl3): δC

149.8, 149.6, 145.0, 144.7, 137.5, 137.4, 134.6, 120.5, 120.3, 115.9,
115.0, 115.0, 112.4, 112.4, 77.2, 75.0, 74.9, 71.4, 71.3, 57.6, 57.6, 55.9,
40.0, 37.8, 24.8, 14.0; HRMS: m/z for C26H28O4Na (M+Na)+ :calcd
427.2020, found 427.2012.

3-Methoxy-4-((6-(2-methoxy-4-propylphenoxy) hexa-2,4-diyn-
1-yl) oxy) benzaldehyde (5 j)

Yellowish solid (120 mg, 82%); m.p.: 58–60 °C; Rf 0.27 (10% EtOAc in
petroleum ether); 1H NMR (400 MHz, CDCl3): δH 9.88 (s, 1H), 7.48-
7.42 (m, 2H), 7.08 (d, J=8.4 Hz, 1H), 6.88 (d, J=8.4 Hz, 1H), 6.73-
6.68 (m, 2H), 4.91 (s, 2H), 4.77 (s, 2H), 3.94 (s, 3H), 3.85 (s, 3H), 2.56-
2.50 (m, 2H), 1.67-1.57 (m, 4H), 0.94 (t, J=7.2 Hz, 3H); 13C NMR
(101 MHz, CDCl3): δC 190.9, 151.9, 150.0, 149.5, 144.6, 137.5, 131.1,
126.4, 120.2, 114.8, 112.7, 112.3, 109.5, 77.2, 77.0, 75.8, 73.1, 72.3,
70.8, 57.5, 57.1, 56.1, 55.8, 37.7, 24.7, 13.8; HRMS: m/z for C24H24O5Na
(M+Na)+ : calcd 415.1516, found 415.1497.

Biological evaluation

In-vitro antifungal activity of synthesized compounds of 1a and
1b. Antifungal activity of synthesized compounds 3a-e and 5a-j
against A. fumigatus was performed according to the CLSI M38-A2
microbroth dilution method for filamentous fungi (CLSI, 2016).
Briefly, A. fumigatus ATCC-46645 strain was cultured on Czapek Dox
broth/agar (CzB/CzA) and incubated at 28�2°C for 5 days for
conidiation. The conidia were harvested, and conidia/ml concen-
tration was adjusted as per our previous published paper.[7b] Two-
fold dilutions of synthesized compounds (3a-e and 5a-j) and
eugenol 1a were carried out in triplicate using a 96-well
polystyrene plate (Tarsons, India), having growth media CzB. 100 μL
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of conidial suspension was added to each well except negative
control. The wells which contain only inoculated broth, was kept as
positive control and amphotericin B (Amp B) was used as drug
control. The plates were incubated statically for 5 days at 28�2°C.
The MIC and IC50 values were calculated and expressed in micro
molar.

Cytotoxicity of compound 3a in normal lung epithelial cell line L-
132as well as in-silico screening for its therapeutic activity.
Cytotoxicity analysis of compound 3a, which showed antifungal
activity at lowest concentration among all tested compounds
against A. fumigatus, was performed. The selected compound 3a
was taken forward for all experiments. The lung epithelial normal
cell line L-132 were grown, cultured as reported in the supplier’s
guide which was provided by National Centre for Cell Science
(NCCS), Pune, India. The MTT assay was applied as described in our
previous studies.[7b] The CC50 and IC50 value of compound 3a was
calculated from the graph of percentage viability against concen-
trations by applying regression analysis on GraphPad prism
software 8.0.2.263 version. All experiments were performed in
triplicates.

The percentage relative cell viability (Venkatraman et al. 2005) was
calculated as:

ð½A570 of treated sample�Þ=ð½A570 of untreated sample�Þ � 100

where A570=absorbance at wavelength 570 nm.

The selectivity index (SI) was determined by CC50/IC50 ratio against
A. fumigatus. The SI is an indirect measure of the therapeutic
window and it can serve as a predictor of safety during in vivo trials
for a given pathogen infection.[23] (CC50 -cytotoxic concentration 50
where 50% cells were found to be dead)

In-silico study was conducted to determine drug-likeness and
quantitative parameters of absorption, distribution, metabolism,
excretion, and toxicity of compound 3a which was predicted by
Swiss ADME program ((http://www.swissadme.ch/index.php). The
parameters deployed to predict the physicochemical properties of
the compound (Molecular weight, hydrogen donor, hydrogen
acceptor, LogP value, TPSA).[24]

Effect of compound 3a on conidia production- One cubic
centimeter of agar block containing treated and untreated fungal
culture was excised from CzA media plate supplemented with IC50

of compound 1a, 3a and AmpB using a sterile surgical blade and
transferred to a sterile test tube. 5 ml of phosphate buffered saline
with 0.05% Tween 20 (1× PBST) was added to each tube, shaken
vigorously to remove conidia. The absorbance of treated and
untreated A. fumigatus conidia was measured at 530 nm using UV-
vis spectrophotometer (CLSI 2008).

Biochemical estimation of ergosterol content- Fungal ergosterol
content was isolated from compound 1a, 3a, Amp B treated A.
fumigatus culture and compared with the control as described
by.[25] Briefly, fungal mycelia were harvested, washed with auto-
claved distilled water, dried, and weighed. Alcoholic potassium
hydroxide solution (25%, 3 mL) was added to each pellet in a test
tube and vortexed it for 1 min. Test tubes were incubated at 85 °C
for 1 h in boiling water bath. After cooling to room temperature,
sterols were extracted in the 1 :3 ratio of water: n-octane mixture
by a vigorous vortex for 3 min and then allowed to get separate in
two phases. The octane layer was collected in screw capped test
tube and stored at –20 °C. For analysis, 200 μl of extracted sterol
was mixed with 800 μL absolute ethanol and was spectrophoto-
metrically measured at 281.5 nm and 230 nm. The conversion from
optical density to ergosterol was calculated as follows:

Ergosterol % ¼ ½ðA281:5=290� FÞ�

weight of pellet� � ½ðA230=518� FÞ � weight of pellet�

in which F is the ethanol dilution factor.

Scanning electron microscopy (SEM) of A. fumigatus conidial
surface - Synthesized compound 3a treated and untreated conidia
of A. fumigatus were harvested, washed, and fixed in 4%
glutaraldehyde in 1x PBS under vacuum for 24 hours. After
washing, the cells were post-fixed with 1% osmium tetroxide for
60 min and dehydrated by passage through ethanol solutions of
increasing concentration. The prepared sample were then mounted
on aluminium sheet and coated with gold-palladium alloy. The
observations were made using a Zeiss SEM, MA EVO � 18 Special
Edition.[21,26]

Effect of compound 3a on A. fumigatus biofilm. The IC50 of biofilm
eradication concentration of compound 3a on pre-formed A.
fumigatus biofilm was calculated by performing MTT assay in a 96-
well flat bottom microtiter plate. The MTT assay was applied
according to our previous studies.[7b] Biofilm eradication property of
compound 3a was analysed on fully grown A. fumigatus biofilm on
12-well polystyrene plate for 48 h. The biofilm was treated with IC50

of compound 3a for another 24 h.[21,27] To visualise the effect of
compound 3a in comparison to positive control (untreated),
confocal laser scanning microscopy (CLSM) was performed, and
samples were processed as described by Gupta et al[21] and viewed
under Nikon Instruments A1 Confocal Laser Microscope Series with
NIS elements C software, Japan.

Statistical analyses

For the statistical analyses, one-way ANOVA was used, comparing
the results of conidiation, ergosterol for compound 3a with wild
type untreated and Amp B treated strain. All experiments were
conducted in biological triplicates. GraphPad Prism software
8.0.2.263 version was used for all the statistics analysis and
Microsoft Excel. p<0.05 was considered statistically significant.
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