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Chemical investigation of marine algae Enteromorpha sp. and marine sponge Cinachyra 

cavernosa 

1.1. Introduction 

Nature has a vital role to play in the development of drug prototypes. In the past 20 years, 

around 50% of commercial drugs were derived or inspired from natural products.1 Lately, 

bioactive natural products from marine sources are emerging to be a subject of intense study. 

The marine ecosystem makes up around 95% of the earth’s biosphere and is an abundant 

resource of biologically active metabolites. The secondary metabolites from the marine 

ecosystem are distinct from those of the terrestrial ecosystem due to genetic diversity. The 

organisms dwelling in the ocean are put through discrete physical and chemical 

environmental conditions like light penetration, salt concentration, temperature, pressure, 

radiation exposure, oxygen concentration, etc. Marine organisms also have to defend 

themselves against predators, compete for space and protect themselves from infections. In 

order to survive all these conditions, marine organisms have to adapt persistently and in this 

process, they develop novel fascinating bioactive metabolites. Therefore, scientists 

vigorously exploit the secondary metabolites from marine sources in hope of discovering 

medicinally valuable natural products. Exploring novel metabolites from marine sources will 

not only benefit pharmaceuticals but also other sectors such as the food industry, agriculture, 

cosmetics, other biomedical applications, etc.1 

From the 1900s to date, countless bioactive secondary metabolites were isolated from marine 

sources.2 A bioactive marine natural product vidarabine 1 was isolated from cone snail Conus 

magus (Figure 1.1). A synthetic equivalent of vidarabine 1 (i.e ziconotide) is approved by the 

FDA as an analgesic drug.3 In 2010, eribulin mesylate 2, a synthetic macro-cyclic ketone 

analogue of halichondrin B (a molecule isolated from the marine sponge Halichondria 

okada) received FDA approval for the treatment of metastatic breast cancer.3 Trabectedin 3 

isolated from the ascidian Ecteinascidia turbinata has been approved in the European Union 

(EU) by the European Medicines Agency (EMA) as an anti-cancer agent for the use in the 

treatment of soft tissue sarcoma andplatinum-sensitive ovarian cancer.3 Lamellarin α-20-

sulphate 4, from an Arabian Sea ascidian, inhibited HIV-integrase, strand transfer activity, 

preintegration complexes (PICS) and also, inhibited live virus.4 Extraction from the 
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Figure 1.1: Structures of some bioactive metabolites 1-9 from marine sources. 

Cosmopolitan red algae Sphaerococcus coronopifoluis led to the isolation of antifouling 

agents bromosphaerol 5 and bromotetrasphaerol 6 (EC50 = 0.51 and 0.99 µM, respectively).5 

Neopetrosiamine A 7 isolated from sponge Neopetrosia proxima exhibited strong 

microbacterium tuberculosis (MTB) activity.6 Anti-HIV agents petrosin 8 and petrosin A 9 

were isolated from the Indian marine sponge Petrosia similis. Both 8 and 9 inhibited HIV-1 

replication at IC50 41.3 and 53 µM, respectively.7 
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Scope of the present study 

The marine ecosystem is a valuable source of bioactive metabolites. In the present study, we 

targeted secondary metabolites from two marine sources: a marine alga, Enteromorpha sp. 

and a marine sponge, Cinachyra cavernosa. The marine samples were collected from Anjuna 

Goa, as these species were less explored for their chemical constituents and hence there is a 

need to feel the research gap of identification of new chemical entities from these sources. 

The overall process followed for isolation in this chapter is illustrated in figure 1.2. 

 

Figure 1.2: Outline of the isolation process of metabolites from marine sources. 

Section A: Isolation of secondary metabolites from Enteromorpha sp.  

1.2. Introduction 

Marine algae (seaweeds) are chlorophyll-containing entities, made up of either a single cell 

or many cells and exist as colonies or as simple tissues. It is one of the essential parts of the 

marine ecosystem which performs a vital role in producing biomass in the ocean. To get rid 

of settling organisms, most marine algae produce chemically active metabolites in their 

vicinity.8,9 Recently, in 2019, anti-Alzheimer’s Disease (AD) drug, acidic oligosaccharide or 

GV-971 10 was discovered in marine brown algae (Figure 1.3).1 This promising molecule 

passed phase III of clinical trials and is used in the treatment of mild to moderate AD.1 

Studies proved that marine algae also display intriguing properties such as anti-cancer, anti-

allergic, anti-coagulant, anti-viral, anti-inflammatory, anti-obesity, etc. along with anti-

fouling abilities.9 Marine algae are known to inherit metabolites like phlorotannins, sulphated 
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polysaccharides, lectins, terpenes, fatty acids, steroids, alkaloids, etc. For instance, 8,8'-

bieckol 11, a phlorotannin from Ecklonia cava portrayed HIV-1 reverse transcriptase &  

protease inhibition (IC50 = 0.5 µM) (Figure 1.3).  

 

Figure 1.3: Structures of selective bioactive metabolites 10-14 from marine algae in the 

literature. 

Sulphated glucuronogalactan 12, a sulphated polysaccharide from Schizymenia dubyi, 

diterpenes 13 &14 from Dictyota menstrualis showed HIV-1 reverse transcriptase inhibition 

(IC50 = 5 µg/mL, 10 µM & 35 µM, respectively) (Figure 1.3).  Not only this, a citrate buffer 

extract of marine algae Schizymenia pacifica inhibited HIV reverse transcriptase and HIV 

replication at an inhibitory concentration dose of 0.0095 IU/mL.2,8 

Scope of the present study 

Marine green macro-algae Enteromorpha sp. associated with the phylum Chlorophyta, class 

Chlorophyceae, order Ulvales,family Ulvaceae, genus Enteromorpha is disseminated 

worldwide in the tidal zones, rock pools and river mouths. Sometimes, the episodic large 

accumulations of massive macroalgal blooms, like Enteromorpha sp. in a limited area can 
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have damaging impacts on other organisms and can be a marine disaster. This phenomenon 

is called ‘green tide’.10 As acknowledged in Chinese material medica, Enteromorpha sp. has 

been extensively utilized as a nutritional food and in herbal remedies to treat various 

diseases.11,12 Thus, Enteromorpha sp. is an excellent marine resource for discovering 

valuable bioactive secondary metabolites.   

1.3. Objectives 

1. The objective of the present study is to isolate, purify and characterize the secondary 

metabolites from marine algae Enteromorpha sp. 

2. To discover novel structures with potent biological activity from a marine algae 

Enteromorpha sp. 

 

1.4. Literature review of metabolites isolated from marine algae Enteromorpha sp. 

Compared to terrestrial plants, seaweeds constitute a higher proportion of essential fatty acids 

(EFA). Two categories of EFAs which play a vital role in maintaining good health are 

Omega-3 and Omega-6 acids. Omega-3 fatty acids are obtained from linolenic acid and 

Omega-6 acids from linoleic acid. The major fatty acid components in the saponified ether 

extract of Enteromorpha intestinales were palmitic acid (hexadecanoic acid), palmitoleic 

acid ((9Z)-hexadec-9-enoic acid), linoleic acid ((9Z, 12Z)-octadeca-9,12-dienoic acid) and 

linolenic acid ((9Z, 12Z, 15Z)-octadeca-9,12,15-trienoic acid). The EFA play an essential role 

in the maintenance of cardiac cells and the high composition of unsaturated fatty acids may 

guard against Parkinson's disease.13,14 Also, the seaweed essential oil (SEO) from 

Enteromorpha sp. significantly inhibited lipid peroxidation (EC50 = 287.06 µg/mL), which is 

the major reason for the deterioration of nutrition in food. The major component of the SEO 

extracted from Enteromorpha Linza (by microwave-assisted hydrodistillation) and bio-oils 

extracted from Enteromorpha prolifera (by liquefication of algae in sub-/supercritical 

alcohol) was hexadecanoic acid. Thus, SEO from Enteromorpha sp. can be employed as a 

food preservative and dietary supplement.15,16 Besides this, sulphated heteropolysaccharides 

(also known as “Ulvans”) represent approximately >50% of the dry Enteromorpha sp. algal 

weight.17–19  These results clearly explain the nutritional values of Enteromorpha sp. and its 

potential as a nutritional food preservative. 
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Figure 1.4: Structures of metabolites 15-19 isolated from Enteromorpha sp. in the literature. 

In the year 1997, U. Okai and K. Higashi-Okai isolated, a chlorophyll related compound, 

pheophytin A 15 from methanol:acetone (1:1) extract of Enteromorpha prolifera having anti-

inflammatory properties (Figure 1.4).20 In 1983, J. Agard et al. identified sterols (28-

isofucosterol 16, cholesterol 17 & 24-methyl cholesterol 17a, hydrocarbons (cis-7-

heptadecene, n-eicosane, n-octadecane &n-nonadecane), fatty acids (palmitic acid/ 

hexadecanoic acid & oleic acid/(9Z)-octadec-9-enoic acid) and phytol 18 in the hexane 

extract of Enteromorpha prolifera and studied the seasonal variation of these 

phytochemicals.21 Later in the year 2011,  S.M.M. Shanab et al. isolated ethyl[2-

(benzylsulfanyl)-4-(4-nitrophenyl)-1H-imidazol-1-yl]acetate 19 from the anti-oxidant active 

ethyl acetate fraction from Enteromorpha compressa (Figure 1.4).22 

1.5.     Results and discussion 

The isolation of metabolites from the marine algae Enteromorpha sp. is broadly divided into  

three parts: extraction and bioactivity study of the crude sample, purification of metabolites  

and structure elucidation of metabolites. 
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1.5.1. Extraction and bioactivity study of the crude sample 

To extract the metabolites from the algae, the algal solid material was soaked in methanol at 

room temperature. This is called solid-liquid extraction. The solvent was allowed to diffuse 

in the cells of the algae and to solubilize the metabolites.  The solvent was filtered and 

concentrated under vacuum on a rotary evaporator at low temperature to give a crude 

methanol extract. One of the traditional use of Enteromorpha sp. extracts has been in 

cosmetic compositions which were directly applied to the skin.11 We thought to investigate 

the role of the Enteromorpha extract in the inhibition of tyrosinase enzyme, which is the key 

enzyme that bio-catalyses melanin production. Excess melanin leads to melanoma (skin 

cancer). Hence, this study could help in solving many skin related ailments. Primarily, crude 

methanol extract of Enteromorpha sp. was tested for its ability to inhibit tyrosinase enzyme 

(for the details of tyrosinase enzyme inhibition see Chapter 2, Section B) (Figure 1.5). Crude  

 

Figure 1.5: The in vitro anti-tyrosinase activity of crude methanol extract of Enteromorpha 

sp. at the concentration 0.6mg/mL for ˪-tyrosine. Error bars indicate the standard deviation 

(SD) of the triplicates. Kojic acid was used as positive control. a,bDifferent superscripts are 

statistically significant at p < 0.05 as measured by post hoc Tukey’s HSD test, performed by 

ANOVA. Comparisons between means were performed by student’s t-test. The software 

used was IBM® SPSS Statistics v.23.0 program for Windows. 
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methanol extract of Enteromorpha sp. portrayed  moderate tyrosinase inhibition (35.70 ± 

1.40 % at the concentration 0.6 mg/mL for ˪-tyrosine) compared to the reference kojic acid 

(97.5 ± 0.80 % at the concentration 0.6 mg/mL for ˪-tyrosine) (Figure 1.5). 

1.5.2. Purification of metabolites 

To further purify the crude methanol extract of Enteromorpha, it was partitioned between 

two immiscible solvents. This is called liquid-liquid extraction.  The crude methanol extract 

was partitioned between hexane, ethyl acetate, n-butanol and water to obtain hexane fraction, 

ethyl acetate fraction, n-butanol fraction and aqueous fraction. The outline of complete 

fractionation by silica column chromatography is depicted in figure 1.6. In the present work, 

we directed our focus on the isolation of constituents from hexane and ethyl acetate fraction.  

 

Figure 1.6: A brief outline of the extraction and fractionation process of metabolites from 

Enteromorpha sp. in the present work. 

The hexane fraction was subjected to successive column chromatography over silica gel 

using mixtures of hexane, ethyl acetate, chloroform and methanol as eluents of increasing 
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polarity, to obtain around 30 fractions which were combined into 7 fractions based on the 

similarities of the appearance of spots on TLC (F-I to F-VII) (Figure 1.6). F-III (ethyl 

acetate:hexane 6:4) was further subjected to column chromatography over silica gel which 

delivered a beige powder, and appeared as a single spot on TLC (ethyl acetate:hexane 6:4). 

The 1H NMR was recorded to obtain preliminary information. However, the data indicated 

the presence of a trace amount of impurity with an identical Rf value (indicated by TLC). 

Thus, this partially purified F-III was subjected to repetitive silica column chromatographic 

purification to obtain F-A.  Multiple developments of F-A in ethyl acetate:hexane 3:7 as the 

mobile phase, helped to increase the resolution. Finally, purification of F-A using preparative 

TLC led to the isolation of 10 mg of beige powder (F-A-06).  

Next, the ethyl acetate fraction was subjected to successive column chromatography over 

silica gel using mixtures of hexane, ethyl acetate, chloroform and methanol as eluents of 

increasing polarity, to obtain around 35 fractions which were combined into 7 fractions based 

on the similarities of the appearance of spots on TLC (F-I to F-VII) (Figure 1.6). The TLC 

analysis of F-II (ethyl acetate:hexane 3:7) showed an intense coloured spot when the TLC 

plate was sprayed with a 5% methanolic H2SO4 staining reagent. We targeted the purification 

of this spot on the silica gel column (ethyl acetate:hexane 3:7). For the preliminary 

investigation, we recorded 1H & 13C NMR of the partially purified F-II (brown sticky liquid). 

The NMR spectrum revealed the presence of impurity. Therefore, the obtained F-II was 

subjected to further purification by column chromatography over Sephadex LH-20 gel to 

obtain F-B (methanol:chloroform 1:1).  F-B was then further purified on silica gel column 

chromatography to obtain two fractions, F-B-04 as a brown powder and F-B-05 as a white 

powder (ethyl acetate:hexane 4:6). The other fractions did not yield enough quantity of 

metabolites to characterize the structures completely.    

1.5.3. Structure elucidation of metabolites 

Instrumental techniques used to determine the structure of the purified metabolites from 

hexane and ethyl acetate fractions of Enteromorpha sp. included IR, 1H NMR, 13C NMR, 

DEPT, LCMS and Single-crystal X-ray Diffraction. 1H NMR of F-A-06 purified from 

hexane fraction gave three 1H signals in the aromatic region of the spectrum δH 7.81-7.83 

(m, 1H), 7.52-7.57 (m, 1H), 7.24-7.28 (m¸ 2H). 13C NMR of F-A-06 showed two aromatic 
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quaternary 13C signals δC 155.2, 117.4 (confirmed by DEPT data). Combining the above 1H 

and 13C NMR results it can be inferred that F-A-06 contains 1,2-disubstituted aromatic ring. 

The appearance of 3377, 2885, 2719, 2576, 1612, 1550 cm-1 bands in IR analysis provide 

information about the presence of hydroxyl, carbonyl and aromatic skeleton. The presence of 

carbonyl (-C=O) is also indicated by the appearance of 13C signal at δC 166.3. 13C NMR of 

F-A-06 also shows the presence of enol carbons (-(OH)C=CH-) signals at δC 168.7 & 91.6. 

LC-ESI-MS data of F-A-06 showed [M + H]+ peak at 163.0386. The molecular formula of F-

A-06 was assigned as C9H7O3 from LC-ESI-MS data and NMR data. The calculated double 

bond equivalence (DBE) is seven. The presence of an aromatic ring accounts for four DBE, 

carbonyl group accounts for one DBE. That leaves two out of seven unaccounted DBE.   The 

remaining two DBE can be accounted for the presence of a double bond and a ring. Based on 

the above observations, a coumarin scaffold was assigned for the isolated compound F-A-06 

(Figure 1.7). From the above structural information, four probable structures arise 4-

hydroxycoumarin 20, 3-hydroxycoumarin 20a, 2-hydroxychromone 20b and 3-

hydroxychromone 20c. 

 

Figure 1.7: Probable structures of F-A-06. 

The spectral data of F-A-06 matched with the reported spectral data of 4-hydroxycoumarin 

20 (Table 1.1).23–25 

 

Table 1.1: Comparison of NMR data of 4-hydroxycoumarin 20 with that of the literature. 
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…continuation of table 1.1 

Carbon 

number 

1H NMR 

(This worka) 

1H NMR 

(Reporteda)26 

13C NMR 

(This worka) 

13C NMR 

(Reporteda)26 

1     

2   166.3 166.1 

3 5.52(s, 1H) 5.61 (s, 1H) 91.6 91.7 

4   168.7 168.4 

5 7.81-7.83 (m, 1H) 7.84 (d, 1H) 124.6 124.6 

6 7.24-7.28 (m, 1H) 7.36 (t, 1H) 125.4 125.3 

7 7.52-7.54 (m, 1H) 7.66 (t, 1H) 134.0 134.0 

8 7.24-7.28 (m, 1H) 7.39 (d, 1H) 117.6 117.6 

9   155.2 155.2 

10   117.4 117.3 

aNMR solvent is MeOH-d4 

Additionally, we crystallized this beige powder F-A-06 from aqueous ethanol to obtain a 

transparent needle-shaped crystal which was subjected to Single-crystal X-ray Diffraction 

studies to give the crystal structure of the F-A-06 (Figure 1.8). The crystal structure of F-A-

06 was revealed to be 4-hydroxycoumarin 20. This further confirms the structure of F-A-06 

to be 4-hydroxycoumarin 20.  To the best of our knowledge, the crystal structure of 4-

hydroxycoumarin 20 has not been reported previously. Enteromorpha sp. is a new source for 

4-hydroxycoumarin 20. 

 

Figure 1.8: Crystal structure of 4-hydroxycoumarin 20. Thermal ellipsoids are drawn at the 

50% probability level and H atoms are shown as spheres of arbitrary radii. Intramolecular H-

bond is shown in the broken line. 
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The 13C NMR spectrum of F-B-04 purified from ethyl acetate fraction of Enteromorpha sp. 

revealed 28 13C signals. The presence of 28 carbon signals could be attributed to a sterol 

moiety. NMR spectrum of F-B-04 showed a 1H signal at δH 3.60-3.70 (m, 1H) and 13C δC 

70.4 which was attributed to the oxygenated methane (>CH-OH). F-B-04 showed the 

presence of a conjugated diene (>C=CH-CH=C<) by the appearance of NMR signals at δH 

5.57-5.60 (m, 1H), δH 5.39-5.41 (m, 1H) and δC 141.3, 139.8, 119.6, 116.3. The side chain 

of sterol F-B-04 showed the presence of a double bond (-CH=CH-) by the appearance of 

NMR signals at δH 5.21 (t, J = 6.3 Hz, 2H) & δC 135.6, 132.0. Finally, combining the above 

data and comparing it with the reported data, ergosterol (ergosta-5,7,22-trien-3β-ol) 21 

structure was assigned to F-B-04 (Figure 1.9, Table 1.2).27 Captivatingly, the 1H NMR 

spectrum of F-B-05 purified from ethyl acetate fraction appeared almost similar to that of 

sterol F-B-04, except the double bond proton signals shifted from δH 5.57-5.60 (m, 1H) and 

δH 5.39-5.41 (m, 1H) to δH 6.51 (d, J = 8.4 Hz, 1H) and δH 6.25 (d, J = 8.4 Hz, 1H). These 

proton shifts indicated the addition of oxygen molecules across the conjugated diene 

(>C=CH-CH=C<) of F-B-04 i.e. ergosterol 21. F-B-05 was thus proved to be ergosterol 

peroxide 22. The data matched with that of the reported literature (Figure 1.9, Table 1.3).28 

 

Figure 1.9: Structures of ergosterol 21 and ergosterol peroxide 22. 

Enteromorpha sp. was identified as a new source of these two sterols: ergosterol 21 and 

ergosterol peroxide 22. 
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Table1.2: Comparison of NMR data of ergosterol 21 with that of the literature. 

 

Carbon 

number 

1H NMR 

(This worka) 

1H NMR 

(Reporteda)27 

13C NMR 

(This worka) 

13C NMR 

(Reporteda)27 

1 
1.23-1.37 (m, 1H) 

1.45-1.53 (m, 1H) 
1.2-2.50 (m, 2H) 38.4 38.4 

2 
1.23-1.37 (m, 1H) 

1.45-1.53 (m, 1H) 
1.2-2.50 (m, 2H) 32.0 32.0 

3 3.60-3.70 (m, 1H) 3.58-3.75 (m, 1H) 70.4 70.4 

4 1.99-2.09 (m, 2H) 1.2-2.50 (m, 2H) 40.8 40.8 

5   139.8 139.8 

6 5.39-5.41 (m, 1H) 5.37-5.39 (ddd, 1H) 119.6 119.6 

7 5.57-5.60 (m, 1H) 5.56-5.58 (dd, 1H) 116.3 116.3 

8   141.3 141.3 

9 1.99-2.09 (m, 1H) 1.2-2.50 (m, 1H) 46.2 46.3 

10   37.0 37.0 

11 
1.23-1.37 (m, 1H) 

1.45-1.53 (m, 1H) 
1.2-2.50 (m, 2H) 21.1 21.1 

12 
1.23-1.37 (m, 1H) 

1.45-1.53 (m, 1H) 
1.2-2.50 (m, 2H) 39.1 39.1 

13   42.8 42.8 

14 1.99-2.09 (m, 1H) 1.2-2.50 (m, 1H) 54.8 54.6 

15 
1.23-1.37 (m, 1H) 

1.84-1.92 (m, 1H) 
1.2-2.50 (m, 2H) 23.0 23.0 

16 
1.23-1.37 (m, 1H) 

1.84-1.92 (m, 1H) 
1.2-2.50 (m, 2H) 28.3 28.3 
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…continuation of table 1.2 

17 1.45-1.53 (m, 1H) 1.2-2.50 (m, 1H) 55.7 55.8 

18 0.64 (s, 3H) 0.63 (s, 3H) 12.0 12.0 

19 1.05 (d, 3H) 1.05 (d, 3H) 17.6 17.6 

20 2.44-2.52 (m, 1H) 1.2-2.50 (m, 1H) 40.4 40.4 

21 0.93 (d, 3H) 0.93 (d, 3H) 21.1 21.1 

22 5.21 (t, 1H) 5.20-5.27 (dd, 1H) 135.7 135.6 

23 5.21 (t, 1H) 5.13-5.20 (dd, 1H) 132.0 132.0 

24 2.22-2.36 (m, 1H) 1.2-2.50 (m, 1H) 42.8   42.8 

25 1.84-1.92 (m, 1H) 1.2-2.50 (m, 1H) 33.1 33.1 

26 
0.81-0.86 (m, 6H) 

0.83 (d, 3H) 19.9 19.9 

27 0.84 (d, 3H) 19.6 19.6 

28 0.96 (s, 3H) 0.95 (s, 3H) 16.3 16.3 

aNMR solvent is CDCl3 

Table 1.3: Comparison of NMR data of ergosterol peroxide 22 with that of the literature. 

 

Carbon number 

1H NMR 

(This worka) 

1H NMR 

(Reporteda)28 

13C NMR 

(This worka) 

13C NMR 

(Reporteda)28 

1   34.7 34.7 

2   30.1 30.1 

3 3.94-4.02 (m, 1H) 3.98 (m, 1H) 66.4 66.5 

4   36.9 36.9 

5   82.1 82.2 

6 6.25 (d, 1H) 6.25 (d, 1H) 135.4 135.4 

7 6.51 (d, 1H) 6.52 (d, 1H) 130.1 130.8 
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…continuation of table 1.3 

8   79.4 79.4 

9   51.1 51.1 

10   36.9 37.0 

11   20.6 20.6 

12   39.3 39.4 

13   44.6 44.6 

14   51.8 51.7 

15   23.4 23.4 

16   28.6 28.4 

17   56.2 56.2 

18   12.9 12.9 

19   18.2 18.2 

20   39.7 39.7 

21   20.9 20.9 

22 
5.10-5.27 (2H, m) 

5.16 (dd, 1H) 135.2 135.2 

23 5.14 (dd, 1H) 132.1 132.3 

24   42.8 42.8 

25   33.0 33.0 

26   19.9 19.6 

27   19.6 20.0 

28   17.5 17.6 

aNMR solvent is CDCl3 

 

A brief outline of the isolation protocol of secondary metabolites from methanol extract of 

Enteromorpha sp is depicted in figure 1.10. 



Chapter 1 
 

16 
 

 

Figure 1.10: Isolation protocol of metabolites from methanol extract of Enteromorpha sp. 

4-Hydroxycoumarin 20 and related compounds have been isolated from many plant 

species.29 Recent studies documented that, 4-hydroxycoumarin 20 and its derivatives exhibit 

a wide spectrum of pharmacological activities such as anti-arthritis, anti-inflammatory, anti-

viral, anti-bacterial, antipyretic, anti-cancer, etc. and have been resourcefully used in certain 

cardiac conditions, pulmonary embolism and as anti-coagulants, etc.30–33 However, the 

ecological significance of the same remains to be a subject of further studies. Although 4-

hydroxycoumarin do not possess tyrosinase inhibitory activity as reported by Asthana, S. et 

al.,34 the presence of 4-hydroxycoumarin in algae is ecologically significant as coumarins aid 

in scavenging the harmful radicals generated during oxidative stress, protection from 

phytopathogens35 and may also prevent herbivores from feeding on these algae in the ocean.  

Ergosterol 21 and ergosterol peroxide 22 have been isolated from plentiful fungi, yeast, 

lichens, sponges,and algae.36–41 Ergosterol 21 and its analogues have been studied to possess 

anti-fungal activity, anti-tumor activity,  immunosuppressive activities, etc.42–44 On the other 

hand, ergosterol peroxide 22 is well-known to inhibit breast cancer,45 cervical cancer,45 colon 
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cancer,28 lung cancer,46 etc. According to Taofiq, O. et al. cosmeceutical formulation of 

ergosterol 21 inhibited the tyrosinase enzyme however, its activity decreased gradually with 

time, giving it a short shelf-life.47 Whereas Mukaiyama, T. revealed that ergosterol 21 did not 

remarkably suppress the melanogenesis in mouse melanoma cell line (B16 10F7), ergosterol 

peroxide 22 could significantly lower the melanin formation in B16 10F7.48 Ergosterol 21 is 

a vitamin D2 precursor and an essential part of the cell structure, therefore, is a biologically 

significant molecule. Ergosterol peroxide 22 has been reported as a natural product from 

various natural sources.38–41 It is known to be an oxidation product of ergosterol 21 formed 

by ergosterol 21 scavenging the reactive oxygen species in the stressed cells.  It’s still a 

puzzle whether ergosterol peroxide 22 is really a metabolite or just an artefact formed during 

the isolation process.38,39 

Thus, we believe that these bioactive metabolites (20-22) produced by algae are responsible 

for their chemical defense and play ecological roles in their protection. Overall, our results 

indicate that methanol extract of Enteromorpha sp. finds a remarkable opportunity in the 

development of an alternative edible source of tyrosinase inhibitors, which can be 

incorporated into the diet of humans and animals.12 

1.6. Conclusion 

1. Three compounds 4-hydroxycoumarin 20, ergosterol 21 and ergosterol peroxide 22 

were isolated, purified and characterized from methanolic extract of a marine algae 

Enteromorpha sp. 

2. The structure of 4-hydroxycoumarin 20 was confirmed by Single-crystal X-ray 

Diffraction technique 

3. Enteromorpha sp. is a new source of these isolated natural products 20-22. 

4. 4-Hydroxycoumarin 20 is known to exhibit activities such as anti-viral, anti-

microbial, anti-cancer, etc.  

5. Ergosterol 21 and ergosterol peroxide 22 are known anti-tyrosinase inhibitors and 

possess various bioactivities such as anti-cancer, immunosuppressive activities, etc.  
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Section B: Isolation of secondary metabolites from marine sponge Cinachyra cavernosa 

 

1.7.Introduction 

Sponges are essential organisms of coral reef ecosystems and move very slowly during the 

period of reorganization of their bodies. Hence, they are observed to exist in various shapes, 

sizes and colours. They have adapted marvellous biochemical processes to compete for 

space, fight predators and survive the harsh environmental changes observed in the marine 

ecosystem. Thus, marine sponges bank a variety of interesting bioactive natural products.49 

In the 1950s, Bergmann and Feeney isolated anticancer drug leads arabinosyl nucleosides, 

spongothymidine 23 and spongouridine 24 from a Caribbean sponge Cryptotethia crypta for 

the very first time (Figure 1.11). This discovery led to the synthesis of the very first anti-

cancer drug, cytosine arabinoside or ara-C25 (a derivative of these nucleosides) derived from 

a marine source. Ara-C is widely employed in the treatment of Hodgkin’s lymphoma and 

acute myelocytic leukaemia.2,50 Since then, tremendous research is being carried out on 

marine sponges to identify drug prototypes. Over several years, a huge number of 

biologically active secondary metabolites have been isolated from marine sponges belonging 

to the natural product classes: sesquiterpene hydroquinones, cyclic depsipeptides, alkaloids, 

diterpenes, sulfated sterols, etc.2,50,51 For instance, Cyanthiwigin B 26, a diterpene from 

Epipolasis reiswigi portrayed anti-HIV activity (EC50 = 42 µM). Sesquiterpene phenols, 

curcuphenols 27a-d from Didiscus oxeata, Didiscus flavus, Myrmekioderma styx and 

Epipolasis sp. are excellent anti-HIV-1 agents (EC50 = 31.2, 29.2, 18.4, 18.2 µM, 

respectively). Clathsterol 28, a sulfated sterol from Clathria sp. possessed HIV-1 reverse 

transcriptase inhibition (EC50 = 10 µM) property. Halicyclamine A 29, an alkaloid from 

Haliclona sp. proved to be an anti-TB agent. Dragmacidin F 30, an alkaloid from genus 

Halicortex was shown to be anti-HIV-1  (EC50 = 0.9 µM) and anti-HSV-1 agents (EC50 = 96 

µM).Callipeltin A 31, acyclic depsipeptide from the genus Callipelta revealed HIV-1-

induced cytopathic inhibition (EC50 = 0.007 µM) (Figure 1.11).2,50,51 
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Figure 1.11: Structures of selective bioactive metabolites 23-31 from marine sponges in the 

literature. 

 



Chapter 1 
 

20 
 

Scope of the present study 

The sponge of genus Cinachyra (or Cinachyrella) and species cavernosa belongs to the 

family Tetillidae, order Spirophorida and class Demospongia.52,53 The accurate classification 

of the sponges has been proved tedious just based on their morphology. Thus initially, C. 

cavernosa was recorded as C. tarentina, C. australiensis and also as Chrotella cavernosa & 

Chrotella australiensis. Bioactive natural products from sponges are not only medicinally 

important but also are very useful in biochemical taxonomic study.54 

1.8. Objective 

1. The objective of the present study is to isolate, purify and characterize the secondary  

metabolites from a marine sponge Cinachyra cavernosa. 

2. To discover novel structures having exciting scaffolds which could be lead molecules  

in drug discovery. 

 

1.9.   Literature review of metabolites isolated from Cinachyra sp. 

Cinachyra sp. are the bearers of unusual phospholipid fatty acids.  Over 50 phospholipid 

fatty acids have been detected from Cinachyra sp. and especially from the 

chloroform:methanol  (1:1 v/v) extracts of C. alloclada and C. kükenthali. The chief amongst 

these phospholipid fatty acids are hexadecanoic, 8-hexadecenoic, tetradecanoic, 

octadecenoic, 9-octadecenoic, 11-octadecenoic, 13-nonadecenoic, 10,13-octadecadienoic, 

16-tricosenoic, 17-tetraracosenoic, 19-hexacosenoic and 5,9,23-tricontatrienoic acids from C. 

alloclada. Cinachyra sponges also house interesting and unusual methyl-branched long-chain 

fatty acids like 18-methyltetracosanoic, 18—methylpentacosanoic, 18—methylhexacosanoic, 

23- methylpentacosanoic, 25-methyl-5,9-hexacosadienoic, 26-methyl-5,9-heptacosadienoic, 

8,24-dimethylhexacosanoic, 6-bromo-5,9-nonacosadienoic, 5,9,13-trimethyltetradecanoic 

acids from C. alloclada and 17-methyltetracosanoic from C. kükenthali.55,56 

There were several bioactive secondary metabolites isolated from Cinachyra sponges over 

the years. In the year 1983, Cardellina et al. isolated a long chain monoalkenyl glycerol 

ether, 17Z-tetracosenyl 1-glycerol ether 33 from dichloromethane extract of C. alloclada 

(Figure1.12).57 In 1993, Fusetani et al. identified a cytotoxic macrolide, cinachyrolide A32 

(L1210 murine leukaemia cell line IC50 = < 0.6 ng/mL) from ether fraction of Cinachyra sp.58 
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Later in 2006, Shimogawa et al. recognized an alkaloid, cinachyramine 34 from the butanol 

fraction of Cinachyra sp. The trifluoroacetate salt of cinachyramine was found to be 

cytotoxic against the HeLa cell line (IC50 = 6.8 µg/mL).59 In 2008, Lakshmi et al. isolated 

two ceramides 35-36 and tetillapyrone 37 from the butanol fraction of C. cavernosa.53 In 

2015, Wahidullah et al. isolated phthalate esters (bis-(2-methyl propyl)phthalate 38a, dibutyl 

phthalate 38b and bis-(2-ethyl hexyl)phthalate 38c) and a nucleoside, 9β-ᴅ-ribofuranosyl 

adenine 39 from butanol fraction of C. cavernosa (Figure 1.12).54 

 

Figure 1.12: Structures of metabolites 32-39 isolated from Cinachyra sp. in the literature. 
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Figure 1.13: Structures of steroids 17, 40-48 isolated from Cinachyra sp. in the literature. 
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Several intriguing and unusual steroids were found to be inherited by Cinachyra sponges 

which could be a marker for this genus (Figure 1.13). The steroids identified from Cinachyra 

sponges are 3β-hydoxysterols 17a-g, 40a-d, ketosteroids 41a-d, 42a-b, hydroximino steroids 

43a-b and other steroids 44-48. 52,54,60,61 

1.10. Results and discussion  

The isolation of metabolites from the marine sponge C. cavernosa is broadly divided into 

three parts: extraction of the crude sample, purification of metabolites and structure 

elucidation of metabolites. 

1.10.1. Extraction of the crude sample 

To extract the metabolites from the sponge, the sponge solid material was soaked in 1:1 

methanol:chloroform at room temperature. This is called solid-liquid extraction. The solvent 

was allowed to diffuse into the cells of the sponge and solubilize the metabolites.  The 

solvent was filtered and concentrated under vacuum on a rotary evaporator at low 

temperature to give crude methanol:chloroform extract.54,61 

1.10.2. Purification of metabolites 

To further purify the crude methanol:chloroform extract, it was partitioned between two 

immiscible solvents. This is called liquid-liquid extraction. Primarily, crude methanol 

:chloroform (1:1 v/v) extract of C. cavernosa waspartitioned between hexane, ethyl acetate, 

n-butanol and water to obtain hexane fraction, ethyl acetate fraction, n-butanol fraction and 

aqueous fraction (Figure 1.14). In the present work, we directed our focus on the isolation of 

constituents from hexane fraction. The hexane fraction was subjected to successive column 

chromatography over silica gel using mixtures of hexane, ethyl acetate, chloroform and 

methanol as eluents of increasing polarity, to obtain around 38 fractions which were 

combined into 7 fractions based on the similarities of the appearance of spots on TLC (F-I to 

F-VII). F-III (ethyl acetate:hexane 6:4) was further subjected to column chromatography over 

silica gel to obtain F-C (ethyl acetate:hexane 4:6) and F-D (ethyl acetate:hexane 45:55). TLC 

analysis of the fraction F-C indicated a bright pink spot (ethyl acetate:hexane 3:7, Rf = 0.3) 

when sprayed with anisaldehyde-H2SO4 staining reagent with minor impurities. Thus, this 

partially purified fraction F-C was subjected to multiple developments in ethyl 
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acetate:hexane as the mobile phase to increase the resolution and finally, preparative TLC 

(ethyl acetate:hexane 2:8) purification led to the isolation of F-C-01 as white waxy solid.  

 

Figure 1.14: A brief outline of the extraction and fractionation process of secondary 

metabolites from C. cavernosa in the present work.  

The TLC of fraction F-D revealed a dark blue spot (ethyl acetate:hexane 45:55, Rf = 0.3) 

when sprayed with anisaldehyde-H2SO4 staining reagent accompanied by minor impurities. 

Thus, F-D was subjected to multiple developments in ethyl acetate:hexane as the mobile 

phase to increase the resolution and finally, preparative TLC (ethyl acetate:hexane 25:75) 

purification led to the isolation of the F-D-01 white solid. The other fractions did not yield 

enough quantity of metabolites to characterize the structures completely.    

1.10.3. Structure elucidation of metabolites 

Instrumental techniques used to determine the structure of the purified metabolites from 

hexane fraction of C. cavernosa included IR, 1H NMR, 13C NMR, DEPT and HRMS. The IR 

analysis of F-C-01 purified from hexane fraction displayed bands 3387, 3305, 3225 cm-1 

indicating the presence of hydroxyl groups (-OH). Interestingly, 13C NMR of F-C-01 showed 

downfield 13C signals at δC 64.3, 71.9, 72.5 which could be attributed to three methylene 

groups (-CH2-) and δC 70.4 could be attributed to one methine group (>CH-) (confirmed by 

DEPT data). The 1H NMR of F-C-01 gave four downfield 1H peaks δH 3.47-3.57 (m, 4H), 

3.67 (dd, J = 11.4 Hz, J = 5.0 Hz, 1H), 3.744 (dd, J = 11.4 Hz, J = 4.0 Hz, 1H), 3.88-3.89 (m, 
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1H) which could be attributed to three oxygenated methylene groups (-CH2OH) and one 

oxygenated methine group (-OCH2-). From the above structural data, F-C-01 is possibly a 

glycerol ether. Additionally, the NMR spectrum of F-C-01 showed the presence of long-

chain methylene groups (–CH2-) by the appearance of NMR signals at δH 1.27 (br, 32H), 

1.59-1.61 (m, 2H), 2.04-2.11 (m, 4H) and δC 22.7, 26.1, 29.4-29.7, 31. NMR spectrum of F-

C-01 also showed the presence of one methyl (-CH3) NMR signal at δH 0.89 (bt, J = 5.8 Hz, 

3H) and δC 14.2 (confirmed by DEPT data). The above structural assignments are in good 

agreement with those published for monoalkyl glycerol ethers.57,62 Centred on this structural 

intel, a glycerol ether scaffold was assigned for F-C-01 and suggests F-C-01 to be a 

monoalkyl glycerol ether. HRMS (TOF MS ES+) measured of F-C-01 showed the 

appearance of peaks at m/z [M-H2O] +368.3210 (calculated for [M-H2O] +368.3649), m/z [M-

O2]
 +354.3127 (calculated for [M-O2]

 +354.3862). Hence, F-C-01 is a monoalkyl glycerol 

ether 49 with C21 hydrocarbon chain (Figure 1.15).  

 

Figure 1.15: Structure of monoalkyl glycerol ether 49. 

In the year 1994, Quijano et al. reported a mixture of monoalkyl glycerol ethers (having 

hydrocarbon chain lengths C14-C21) from a marine sponge Desmapsamma anchorata.62 The 

spectral data of monoalkyl glycerol ether 49 matched that of the literature data (Figure 1.15, 

Table 1.4).57,62 To the best of our knowledge, a saturated monoalkyl glycerol ether with C21 

hydrocarbon chain has not been reported from Cinachyra cavernosa. 

Table 1.4: Comparison of NMR data of monoalkylglycerol ether 49 with that of the 

literature. 
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…continuation of table 1.4 

Carbon 

number 

1H NMR 

(this worka) 

1H NMR 

(reporteda)57 

13C NMR 

(this worka) 

13C NMR 

 (reporteda)57 

1’ 
3.74 (dd,1H) 

3.47-3.57 (m, 1H) 

3.70 (dd, 1H) 

3.45 ( m, 1H) 
71.9 71.7 

2’ 3.67 (dd,1H) 3.64 (dd, 1H) 70.4 70.5 

3’ 
3.88-3.89 (m, 1H) 

3.47-3.57 (m, 1H) 

3.85 (m, 1H) 

3.45 (overlapping m, 1H) 
72.5 72.2 

1 3.47-3.57 (m, 2H) 3.45 (overlapping m, 2H) 64.3 64.1 

2 
2.04-2.11 (4H, m) 2.03 (m, 4H) 

31.9 31.8 

3 

29.4-29.7 29.2-29.5 

4 1.59-1.61 (2H, m) 1.58 (m, 2H) 

5 

1.27 (brs, 32H) 1.25 (brs, 32H) 

6 

7 

8 

3 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 26.1 25.9 

20 22.7 22.5 

21 0.89 (brt, 3H) 0.88 (brt, 3H) 14.2 13.9 

aNMR solvent is CDCl3 
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The IR analysis of F-D-01 purified from hexane fraction of C. cavernosa displayed bands at 

3631, 3401, 2967, 2936, 2884, 2864, 1477, 1383,1259, 1042, 959, 794 cm-1. 1H NMR 

spectrum of F-D-01 showed the presence of an oxygenated methine group (>CH-OH) by the 

appearance of a1H signal at δH 3.54-3.58 (m, 1H).1H NMR spectrum of F-D-01 showed the 

presence of a tri-substituted double bond (>C=CH2-) by the appearance of 1H NMR signals at 

δH 5.38 (brs, 1H). 1H NMR spectrum of F-D-01 also showed presence of three methyl 

singlets (-CH3) at δH 0.69 (s, 3H), 0.93 (d, J = 6.3 Hz, 3H), 1.03 (s, 3H) and a 1H signal 

corresponding to methyls of isopropyl group (-CH(CH3)2) at δH 0.88 (d, J = 6.5 Hz, 6H). 

Further, the 13C NMR spectrum of F-D-01 revealed 27 13C signals. The presence of 27 

carbon signals could be attributed to a sterol moiety. The presence of oxygenated methine 

group (>CH-OH) in F-D-01 was further indicated by the appearance of 13C NMR signals at 

δC 71.8. Also, the presence of a tri-substituted double bond (>C=CH2-) in F-D-01 was 

further indicated by the appearance of 13C NMR signals at δC 121.7, 140.7 (a quaternary 

carbon, confirmed by DEPT). Combining this structural information, suggests the sterol F-D-

01 to be cholesterol (3β-cholest-5-ene-3-ol) 17 (Figure 1.16). 

 

 

Figure 1.16: Structure of cholesterol 17. 

 

The observed spectral data matched that of the reported spectral data of cholesterol  (3β-

cholest-5-ene-3-ol) 17 (Figure 1.16, Table 1.5).63,64 Thus, sterol F-D-01 is cholesterol 17.  
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Table 1.5: Comparison of NMR data of cholesterol 17 with that of the literature. 

 

Carbon 

numbering 

1H NMR 

(This worka) 

1H NMR 

 (reporteda)64 

13C NMR 

(This worka) 

13C NMR 

(reporteda)63 

1 1.27-1.36 (m,2H)  37.2 37.5 

2 

1.85-1.88 (m, 1H) 

1.45-1.66 (m, 1H) 

 

 

1.90 (m, 1H) 

1.58 (m, 1H) 
31.6 31.6 

3 3.54-3.58 (m, 1H) 3.47 (m, 1H) 71.8 71.3 

4 2.26-2.31 (m, 2H) 2.30 (m, 2H) 42.3 42.4 

5   140.7 141.2 

6 5.38 (brs, 1H) 5.30 (brs, 1H) 121.7 121.3 

7 1.97-2.05 (m, 2H) 2.05 (m, 2H) 31.9 32.0 

8 1.85-1.88 (m, 1H)  31.9 32.0 

9 1.85-1.88 (m, 1H)  50.1 50.5 

10   36.5 36.5 

11 
1.45-.66 (m, 1H) 

1.27-1.36 (m, 1H) 
 21.1 21.2 

12 
1.45-.66 (m, 1H) 

1.27-1.36 (m, 1H) 
 28.2 28.3 

13   42.3 42.4 

14 1.45-1.66 (m, 1H)  56.8 56.9 

 



Chapter 1 
 

29 
 

…continuation of table 1.5 

15 
1.45-.66 (m, 1H) 

1.27-1.36 (m, 1H) 
 23.8 24.3 

16 
1.45-.66 (m, 1H) 

1.27-1.36 (m, 1H) 
 39.8 40.0 

17 1.45-1.66 (m, 1H)  56.1 56.5 

18 0.69 (s, 3H) 0.62 (s, 3H) 11.9 12.0 

19 1.03 (s, 3H) 1.02 (s, 3H) 19.4 19.4 

20 1.45-1.66 (m, 1H)  35.8 35.8 

21 0.93 (d, 3H)  18.7 18.8 

22 

1.08-1.21 (m, 6H) 

 36.2 36.4 

23  24.3 24.1 

24  39.5 39.6 

25 1.45-1.66 (m, 1H)  28.0 28.0 

26 0.88 (d, J = 6.5 Hz, 

6H) 

 22.6 22.6 

27  22.8 22.9 

aNMR solvent is CDCl3 

 

Cholesterol 17 is well known to be present in Cinachyra cavernosa. C. cavernosawas found 

to be a new source of monoalkyl glycerol ether 49.  An outline of the isolation protocol of 

secondary metabolites from methanol:chloroform extract of Cinachyra cavernosa is 

illustrated in figure 1.17.  
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Figure 1.17: Isolation protocol of metabolites from methanol:chloroform extract of 

Cinachyra cavernosa. 

Cholesterol and glycerol ethers are distributed widely in sponges.  The main significance of 

cholesterol is the cell membrane fluidity and permeability by interacting with hydrophilic 

head groups and hydrophobic tails of phospholipids.65 Monoalkyl glycerol ethers are known 

to possess antibacterial activities. Their significance in sponges is still not known, but it 

might have a role to play in the maintenance of sponge membranes, growth and may be 

essential in the defense mechanism of the sponge.62 Thus, Cinachyra sponges are a treasure 

of fascinating bioactive secondary metabolites which could find a range of applications not 

only in the pharmaceuticals and related industries but also in studies about biochemical 

taxonomy.54 
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1.11. Conclusion 

1. Two compounds cholesterol 17 and monoalkyl glycerol ether 49 were isolated, 

purified and characterized from methanol:chloroform extract of a marine sponge 

Cinachyra cavernosa. 

2. Monoalkyl glycerol ethers are known to be antibacterial agents. C. cavernosa is a 

new source of monoalkyl glycerol ether 49. 

3. Cholesterol 17 is an important metabolite that has a significant role to play in cell 

membrane structure and function to maintain cell membrane fluidity and 

permeability. 
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1.12. Experimental part 

 

1.12.1. Material and methods 

Melting points (uncorrected) were determined in an open capillary using the Thiele melting 

point tube. Thin-layer chromatography was performed with Kieselgel 60 F254 (Merck 

aluminium support plates). TLC spots were developed in UV, 5% methanolic H2SO4 (heated 

at 110°C, 10 min), anisaldehyde-H2SO4 (heated at 110°C, 10 min). The absorbances at 475 

nm were recorded on Shimadzu UV-2450 double beam spectrophotometer. Infrared data was 

recorded in the region between 4000 to 400 cm-1 on a Shimadzu IRPrestige-21 instrument. 

Column chromatography was performed with sephadex LH-20 and silica gel 60-200 mesh 

size as packing material. 1H NMR, 13C NMR and DEPT-135 spectra were recorded at room 

temperature on Bruker instrument (400 MHz for 1H and 100 MHz for 13C, chemical shifts are 

recorded in ppm relative to tetramethylsilane (TMS) as the internal standard. The mass 

spectra were recorded on liquid chromatography - electrospray ionisation - mass 

spectrometry (LC-ESI-MS) and high resolution mass spectrometry - time of flight - 

electrospray ionisation  HRMS (TOF MS ES+). Crystal structure data was collected on 

Bruker D8 Quest Eco model diffractometer using graphite monochromated Mo-Kα radiation 

(λ = 0.71073 Å) at 293 K. The structural refinement was done by full-matrix least-square 

against F2 using all data (SHELXL). Crystallographic data for the structure of compound 20 

reported herein have been deposited with the Cambridge Crystallographic Data Centre as 

Supplementary Publication No. 1919099. Copies of the data can be obtained free of charge, 

on application to CCDC. (e-mail:deposit@ccdc.cam.ac.uk; https://www.ccdc.cam.ac.uk). All 

the chemicals used in this study were of reagent grade and used as received without any 

further purification. Mushroom tyrosinase (Agaricus bisporus) (EC 1.14.18.1) was purchased 

from Sigma-Aldrich. L-tyrosine (purity ≥ 98%) was purchased from Sigma-Aldrich and kojic 

acid (purity ≥ 98%) was procured from Merck. 

Experimental part of section A 

 

1.12.2. Collection of algae and extraction  

The algal species Enteromorpha sp. was collected from the coast of Anjuna Goa (India) and 

was identified by Dr PA Thomas (Central Marine Fisheries Research Institute, Trivandrum, 

https://www.ccdc.cam.ac.uk/


Chapter 1 
 

33 
 

India). They were frozen as soon as possible and transferred to the laboratory. The freshly 

collected organisms were initially freeze-dried. They were homogenized in a blender with 

little water and exhaustively extracted at room temperature with MeOH (1 L x 3). The 

combined extracts were filtered and concentrated under vacuum on a rotary evaporator at low 

temperature to give a crude methanolic extract. Methanolic extract (~15 g) of the algae 

Enteromorpha sp. was fractionated with hexane (100 ml x 3), ethyl acetate (100 ml x 3). 

1.12.3. Isolation and purification 

The hexane fraction (832 mg) was chromatographed initially on a silica gel column (60-200 

mesh size, 2cm x 50cm) eluting with a series of mixtures consisting of hexane, ethyl acetate, 

chloroform and methanol in increasing polarity. The obtained fraction F-III 

(ethylacetate:hexane 6:4, 216 mg ) was further purified by subjecting to repetitive column 

chromatography over silica gel to obtain fraction F-A (40 mg) and then final purification was 

carried out on preparative TLC (ethyl acetate:hexane 3:7, 10cm x 20cm) by multiple 

developments. This furnished 4-hydroxycoumarin 20 (F-A-06, beige powder, 10 mg). The 

ethyl acetate fraction (282 mg) was chromatographed initially on a silica gel column (60-200 

mesh size, 2cm x 50cm) eluting with a series of mixtures consisting of hexane, ethyl acetate, 

chloroform and methanol in increasing polarity. The obtained fraction F-II 

(ethylacetate:hexane 3:7, 120 mg) was further subjected to column chromatography over  

Sephadex LH-20 (methanol:chloroform 1:1, 2cm x 50cm) to obtain F-B (98 mg). The 

fraction F-B was purified on a silica gel column (60-200 mesh size, 1cm x 30 cm) to furnish 

ergosterol 21(ethyl acetate:hexane 4:6, F-B-04,brown powder, 11 mg) and ergosterol 

peroxide 22 (ethyl acetate:hexane 4:6, F-B-05, white powder, 6 mg). 

4-Hydroxycoumarin 20 

Beige solid; mp 215-216°C (reported 213-215°C) ;23–25 IR νmax cm-1: 3377, 2885, 2719, 2576, 

1612, 1550; 1H NMR (MeOH-d4, 400 MHz): δH 5.55 (1H, s, H-D exchange), 7.24-7.28 (m, 

2H), 7.52-7.57 (m, 1H), 7.81-7.83 (m, 1H);26 13C NMR (MeOH-d4,100 MHz): δC 91.6, 

117.4, 117.6, 124.6, 125.4, 134.0, 155.2, 166.3, 168.7; LC-ESI-MS m/z calculated for 

C9H7O3 [M + H] + 163.0395, found 163.0386. 
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Ergosterol 21 

Brown solid; mp 155-156°C (reported 160°C);66 IR νmax cm-1: 3432, 2957, 2870; 1H NMR 

(CDCl3, 300 MHz ): δH 0.64 (s, 3H), 0.81-0.86 (m, 6H), 0.93 (d, J = 6.9 Hz, 3H), 0.96 (s, 

3H), 1.05 (d, J = 6.6 Hz, 3H),  1.23-1.37 (m, 6H), 1.45-1.53 (m, 5H), 1.84-1.92 (m, 3H), 

1.99-2.09 (m, 4H),  2.22-2.36 (m, 1H), 2.44-2.52 (m, 1H), 3.60-3.70 (m, 1H), 5.21 (t, J = 6.3 

Hz, 2H), 5.39-5.41 (m, 1H), 5.57-5.60 (m, 1H); 13C NMR (CDCl3, 75 MHz): δC 12.0, 16.3, 

17.6, 19.6, 19.9, 21.1 (2C), 23.0, 28.3, 32.0, 33.1, 37.0, 38.4, 39.1, 40.4, 40.8, 42.8, 46.2 

(2C), 54.8,  55.7, 70.4, 116.3, 119.6, 132.0, 135.6, 139.8, 141.3. 

Ergosterol Peroxide 22 

White solid; 1H NMR (CDCl3, 300 MHz ): δH 3.94-4.02 (m, 1H), 5.10-5.27 (m, 2H), 6.25 (d, 

J = 8.4 Hz, 1H), 6.51 (d, J = 8.4 Hz, 1H);13C NMR (CDCl3, 75 MHz): δC 12.9, 17.5, 18.2, 

19.6, 19.9, 20.6, 20.9, 23.4, 28.6, 30.1, 33.0, 34.7, 36.9, 37.0, 39.3, 39.7, 42.8, 44.6, 51.1, 

51.8, 56.2, 66.4, 79.4, 82.1, 130.1, 132.1, 135.2, 135.4. 

1.12.4. Method for anti-tyrosinase activity 

Tyrosinase inhibition assay was performed as described by Ko et al.67 with modifications. 

Crude methanol extract of Enteromorpha sp. was dissolved in DMSO to get a final 

concentration of 0.6 mg/mL. Kojic acid was used as a positive control. Briefly, 20 μL of 

mushroom tyrosinase (1000 U/mL) was pre-incubated with 120 μL of the test sample in 50 

mM phosphate buffer (pH 6.9) for 5 minutes at 30°C. Then, 2 mM L-tyrosine (300 μL) was 

added to each reaction mixture and incubated at 30°C for 30 minutes. The enzyme reaction 

was monitored by measuring the absorbance at 475 nm. The percent inhibition of tyrosinase 

reaction was calculated as follows: 

Percent Inhibition = [(Acontrol- Asample)/Acontrol] x 100; 

where Acontrol is the absorbance without the test sample in the DMSO and Asample is the 

absorbance with the test sample in DMSO. 
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Experimental part section B 

 

1.12.5. Collection of sponge and extraction  

The sponge species C. caversnosa was collected fromAnjunaGoa (India) and was identified 

by Dr. PA Thomas (Central Marine Fisheries Research Institute, Trivandrum, India). They 

were frozen as soon as possible and transferred to the laboratory. The freshly collected 

organisms were initially freeze-dried. They were homogenized in a blender with little water 

and exhaustively extracted at room temperature with methanol:chloroform (1:1, v/v, 1 L x 3). 

The combined extracts were filtered and concentrated under vacuum on a rotary evaporator 

at low temperature to give a crude methanol/chloroform extract. Methanol:chloroform extract 

(~15 g) of the sponge C. caversnosa was fractionated between hexane (100 ml x 3) and water 

(100 ml x 3). The combined hexane layer was concentrated under vacuum on a rotary 

evaporator at low temperature to give a hexane fraction (~3.5 g). 

1.12.6. Isolation and purification 

The hexane fraction (~3.5 g) was chromatographed initially on a silica gel column (60-200 

mesh size, 3cm x 60cm) eluting with a series of mixtures consisting of hexane, ethyl acetate, 

chloroform and methanol in increasing polarity. The obtained fraction F-III (ethyl 

acetate:hexane 6:4, 290 mg ) was further purified by subjecting to repetitive column 

chromatography over silica gel (60-200 mesh size, 1cm x 60cm ) to obtain fraction F-C 

(ethyl acetate:hexane 4:6, 28 mg ) and fraction F-D (ethyl acetate:hexane 45:55, 60 mg). 

Preparative TLC of F-C (ethyl acetate:hexane 2:8, 12cm x 25cm) by multiple developments 

furnished monoalkyl glycerol ether 49 (F-C-01, white waxy solid, 8 mg). Preparative TLC of 

F-D (ethyl acetate:hexane 25:75, 10cm x 20cm) by multiple developments furnished 28 mg 

of cholesterol 17 (F-D-01, white  solid, 28 mg).  

Monoalkyl glycerol ether49 

white solid; ethylacetate: hexane 3:7, Rf = 0.3; mp 65°C; IR νmax cm-1: 3387, 3305, 3225, 

2981,2927,2833,1452, 1371, 1235, 1114, 1019, 818, 721; 1H NMR (CDCl3, 400 MHz): δH 

0.89 (bt, J = 5.8 Hz,  3H), 1.27 (br, 32H), 1.59-1.61 (m, 2H), 2.04-2.11 (m, 4H), 3.47-3.57 

(m, 4H), 3.67 (dd, J = 11.4 Hz, J = 5.0 Hz, 1H), 3.744 (dd, J = 11.4 Hz, J = 4.0 Hz, 1H), 
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3.88-3.89 (m, 1H);13C NMR (CDCl3, 100 MHz): δC 14.2, 22.7, 26.1, 29.4-29.7 (16C), 31.9, 

64.3, 70.4, 71.9, 72.6; HRMS (TOF MS ES+) m/z calculated for [M-H2O]+ 368.3649, found 

368.3210, m/z calculated for [M-O2]
+ 354.3862, found 354.3127. 

 

Cholesterol 17 

 

White solid; ethyl acetate: hexane 45:55, Rf = 0.3; mp 143°C;63,64 IR νmax cm-1: 3631, 3401, 

2967, 2936, 2884, 2864, 1477, 1383, 1259, 1042, 959, 794; 1H NMR (CDCl3, 400 MHz ): δH 

0.69 (s, 3H), 0.88 (d, J = 6.5 Hz, 6H), 0.93 (d, J = 6.3 Hz, 3H), 1.03 (s, 3H), 1.08-1.21 (m, 

6H), 1.27-1.36 (m, 6H), 1.45-1.66 (m, 9H), 1.85-1.88 (m, 3H), 1.97-2.05 (m, 2H), 2.26-2.31 

(m, 2H), 3.54-3.58 (m, 1H), 5.38 (brs, 1H); 13C NMR (CDCl3, 100 MHz): δC 11.9, 18.7, 

19.4, 21.1, 22.6, 22.8, 23.8, 24.3, 28.0, 28.2, 31.6, 31.9 (2C), 35.8, 36.2, 36.5, 37.2, 39.5, 

39.8, 42.3, 42.3, 50.1, 56.1, 56.8, 71.8, 121.7, 140.7. 

 

1.13. Spectra 

 

Figure 1.18: 1H NMR spectrum of 4-hydroxycoumarin 20. 
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Figure 1.19: 13C NMR spectrum of 4-hydroxycoumarin 20. 

 

 

Figure 1.20: DEPT spectrum of 4-hydroxycoumarin 20. 
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Figure 1.21: 1H NMR spectrum of ergosterol 21. 

 

Figure 1.22: 13C NMR spectrum of ergosterol 21. 
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Figure 1.23: DEPT spectrum of ergosterol 21. 

 

Figure 1.24: 1H NMR spectrum of ergosterol peroxide 22. 
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Figure 1.25: 13C NMR spectrum of ergosterol peroxide 22. 

 

Figure 1.26: 1H NMR spectrum of monoalkyl glycerol ether 49. 
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Figure 1.27: 13C NMR spectrum of monoalkyl glycerol ether 49. 

 

Figure 1.28: DEPT spectrum of compound 49. 
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Figure 1.29: HRMS (TOF MS ES+) of monoalkyl glycerol ether 49. 

 

Figure 1.30: 1H NMR spectrum of cholesterol 17. 
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Figure 1.31: 13C NMR spectrum of cholesterol 17. 

 

Figure 1.32: DEPT spectrum of cholesterol 17. 
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1.14. Crystallographic data of 4-hydroxycoumarin 20  

Table 1.6: Crystallographic data and structure 

refinement parameters for 4-hydroxycoumarin 

20. 

 20 

Chemical formula  C9 H8 O4 

M/g mol-1 180.15 

Temp./K 293 

Crystal system Orthorhombic 

Space group  P21 21 21 

a/Å 6.9209(3) 

b/Å 10.0448(4)  

c/Å 12.1384(5) 

α/°    90 

/° 90 

γ/° 90 

V/Å3 843.85(6) 

Z 4 

Dc/g cm-3 1.418 

/mm-1 0.113 

R 0.0380(1600) 

wR 0.1032(2088) 

F(000) 376.0 

 

Table 1.7: Bond distances (Å) and angles () 

for 4-hydroxycoumarin 20. 

O1-C1 1.367(3) 

O1-C8 1.378(3) 

C1-O2 1.229(2) 

C1-C2 1.405(3) 

C2-C3 1.355(3) 

O3-C3 1.324(2) 

C3-C9 1.437(3) 

C9-C8 1.381(3) 

C9-C4 1.398(3) 

C8-C7 1.383(3) 

C7-C6 1.372(3) 

C6-C5 1.376(4) 

C5-C4 1.374(3) 

C1-O1-C8 121.0(17) 

O2-C1-O1 114.4(19) 

O2-C1-C2 126.6(2) 

O1-C1-C2 119.0(18) 

C3-C2-C1 121.1(2) 

O3-C3-C2  124.6(2) 

O3-C3-C9 115.5(18) 

C2-C3-C9 119.8(19) 

C8-C9-C4 118.4(2) 

C8-C9-C3 117.8(18) 

C4-C9-C3 123.7(19) 

O1-C8-C9 121.1(19) 

O1-C8-C7 116.8(2) 

C9-C8-C7 122.0(2) 

C6-C7-C8 118.2(2) 

C7-C6-C5 121.2(2) 

C4-C5-C6 120.2(2) 

C5-C4-C9 119.9(2) 
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Figure 1.33: A view of the unit cell packing of 4-hydroxycoumarin 20. 

 

 

 

Figure 1.34: The H-bonding situation around the lattice water OW1. Each lattice water 

serves to link three molecules of the organic compound 20with the aid of an intramolecular 

H-acceptor bond and two intermolecular H-donor bonds. Symmetry code: i) 1-x, -0.5+y, 1.5-

z  ii) 0.5-x, 1-y, 0.5+z. 
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Chemical transformation of natural elemol to elemoxide and investigation of tyrosinase 

inhibition studies 

2.1. Introduction 

Over the years, natural product research has provided a wealth of compounds with wide 

applications in health science, medicine, pharmacy, biology, etc.1 Though bioactive natural 

products serve as good lead compounds for the discovery of new drugs, most of them suffer 

from many shortcomings, such as complex structures, poor stability, solubility, etc. Therefore, 

chemical transformation of natural products is required to develop novel compounds with 

better physico-chemical, biochemical and pharmacokinetic properties, potency and 

selectivity.1,2 For this purpose, generally, four synthetic approaches are applied (i) target-

oriented synthesis (TOS);3,4 (ii) diversity-oriented synthesis (DOS);5 (iii) biology-oriented 

synthesis (BIOS);6 and (iv) functional-oriented synthesis (FOS).7  

Figure 2.1: Bio-active compounds comprising of elemane scaffold. 

Elemol 2 is an elemane 1 based sesquiterpene, which was isolated from Manila elemi oil and 

Java Citronella oil (Figure 2.1).8,9 Several biologically active natural products such as; 8-

hydroxyelemol 4 (an antifungal agent);10 phytuberin 5 (an antifungal agent),11 fuscoside B 6 

(an anti-inflammatory agent and a leukotriene biosynthetic inhibitor) are also made up of 

elemane skeleton, some of which can be synthesized starting from elemol 2.12,13 Over the years, 

elemol 2 has been a model system for testing the methodologies in synthetic organic chemistry, 
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because of its easy availability.8,11 Elemoxide 3, a sesquiterpene oxide, also bears elemane 1 

skeleton and is known to possess a pleasant odour hence, can be a perfumery agent.9  

In the present study, we targeted the synthesis of elemoxide 3 from natural elemol 2 and 

investigation of their tyrosinase enzyme inhibition (Figure 2.2). 

 

Figure 2.2: Outline of the present work. 

Section A: Synthesis of (-)-elemoxide from commercially available natural elemol 

2.2. Introduction 

Fragrance or aroma compounds, traditionally used as perfumery, are volatile organic 

compounds of low molecular weight containing either aliphatic or aromatic structures found 

in flowers, plants, and trees. These odorant molecules are having direct application as 

flavouring and perfumery agents in the food and cosmetic industries. Therefore, there is a huge 

demand to explore fragrance chemistry through the design and synthesis of new odorants.14 

Elemoxide 3 possesses a pleasant odour which is a fusion of rhubarb, laurel, thyme and florex 

having commercial importance.15 In search of novel compounds with fascinating medicinal 

properties we undertook the synthesis of elemoxide 3, having a typical sesquiterpene skeleton 

and consisting of three chiral centres. 

2.3. Objectives 

1. To design and develop an efficient and facile route for the synthesis of (-)-elemoxide 3 

2. To provide experimental evidence of the mechanism of the transformation of (-)-elemol 2 

to (-)-elemoxide 3. 

2.4. Literature review on the synthesis of elemoxide 

The only report on elemoxide 3 appeared in 2006, by Wahidulla, S. et al. where dehydration 

and re-arrangement of (-)-elemol 2 with glacial acetic acid and perchloric acid produced a 
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complex mixture of compounds (elemoxide 3, β-cyperone 7, α-elemene 8, δ-elemene 9) and 

out of which elemoxide 3 was found in 8% yield only (Scheme 2.1).15 

 

Scheme 2.1: Wahidulla’s dehydration and re-arrangement reactions of elemol 2. 

“In 2016, Wahidulla, S. et al. demonstrated complete structural elucidation of elemoxide 3 

using IR, EI-MS and extensive NMR spectroscopic techniques which included 1H NMR, 13C 

NMR, 1H-1H COSY, 1H-13C HSQC and HMBC.”. The relative configuration of elemoxide 3 

was assigned based on NOESY and NOE spectra. The absolute configuration of elemoxide 3 

was established as (3S,3aR,7aR)-3 based on its formation from elemol 2 (the absolute 

configuration of which is known) (Scheme 2.1). Wahidulla, S. et al. also proposed a plausible 

mechanistic pathway for the formation of elemoxide 3 from elemol 2. 

Scope of the present study 

We thought to overcome the drawbacks of complex mixture formation in the transformation 

of elemol 2 to elemoxide 3 (by Wahidulla, S. et al.15) by designing and developing an efficient 

synthetic route for the synthesis of elemoxide 3. The synthetic strategies are discussed in this 

section.   

2.5. Results and discussion 

Elemoxide 3 has a fascinating scaffold consisting of a tetrahydrofuran ring fused to a 

cyclohexene ring and has three chiral centres. Retrosynthetic analysis of elemoxide 3 starting 

from (-)-elemol 2 is depicted in scheme 2.2.  
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Scheme 2.2: Retrosynthesis of elemoxide 3. 

Elemoxide 3 could be obtained by dehydration-isomerisation of cyclised 12. Cyclised 12 could 

be acquired by intramolecular cyclisation of diol 11b.  Diol 11b could be in turn obtained by 

the reductive opening of epoxide 10.  Epoxide 10 could be achieved from commercially 

available (-)-elemol 2 by epoxidation reaction (Scheme 2.2).  

 

Scheme 2.3: Synthesis of epoxide 10. 

Epoxide 10 could be synthesised from commercially available (-)-elemol 2 via regioselective 

oxidation of the double bond (Scheme 2.3). It has been well documented in the literature that 

the regioselectivity of the epoxidation of diene is controlled by electronic factors, as with 
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peracid oxidants,16 or by a directing group, as with Sharpless epoxidation. In the synthesis of 

liphagal,17 Manzaneda et al. demonstrated the chemoselectivity of m-CPBA to oxidize the 

more hindered but also the more electron-rich alkene, regardless of the steric hindrance.18 

Pleasingly, oxidation of elemol 2 with m-CPBA at 0°C in CH2Cl2 was found to be 

chemoselective producing requisite epoxide 10 in 80% yield. The IR bands 1383, 1175, 910 

cm-1 shows the presence of epoxide ring and the band 3363 cm-1 shows the presence of 

hydroxyl moiety. The NMR of epoxide 10 showed the presence of an epoxy ring by displaying 

signals at δH 2.68-2.58 (d, J = 4.6 Hz, 1H), 2.67 (dd, J = 4.6 Hz, J = 0.6 Hz, 1H); δC 53.2, δC 

58.2 (a quaternary carbon confirmed by DEPT). In addition, the 1H NMR of epoxide 10 showed 

the presence of monosubstituted alkene (-CH=CH2) signals at δH 4.95 (dd, J = 10.8 Hz, J = 

1.2 Hz, 1H), 4.99 (dd, J = 17.5 Hz, J = 1.2 Hz, 1H), 5.77  (dd, J = 17.5 Hz, J = 10.8 Hz, 1H).  

Thus, confirming the monoepoxidation of the elemol to give epoxide 10. The stereochemistry 

of epoxy ring of 10 was not of consequence in the further manipulation and was assumed to be 

trans (to the angular methyl group) based on 1H NMR shift (Scheme 2.3).  

The reductive ring opening of epoxides, especially in enantiopure form, to the corresponding 

alcohols is a powerful tool in synthetic organic chemistry.19 Reductive cleavage of oxiranes 

can be performed in the presence of various dissolving metals, and metal hydrides.20 LiAlH4 

is commonly used in epoxide reductive ring opening.21 The reaction and regioselectivity of the 

product depend highly on the substitution of the epoxide ring carbons. Generally, the opening 

of the epoxy ring occurs at the less substituted carbon. However, when the reaction of epoxide 

10 was carried out using LiAlH4 (~0.06 M in anhyd THF) gave reverse selectivity i.e. primary 

alcohol 11a as the major product (Scheme 2.4).  

 

Scheme 2.4: Synthesis of diol 11a and 11b. 
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Table 2.1: Reductive ring opening of epoxide 10 by varying concentration of LiAlH4 in anhyd 

THF. 

Sr. No 
Concentration of LiAlH4 in anhyd THF 

(M) 

Yield of 11a 

(%) 

Yield of 11b 

(%) 

1 ~0.1 82 - 

2 ~0.3 80 - 

3 ~0.5 73 
Minor quantity 

(detected on TLC) 

4 ~0.9 10 83 

 

IR spectrum of 11a displayed a hydroxyl band at 3447 cm-1. Even though the NMR of 11a 

witnesses the disappearance of the peaks corresponding to the epoxy ring at δH 2.68-2.58 (d, 

J = 4.6 Hz, 1H), 2.67 (dd, J = 4.6 Hz, J = 0.6 Hz, 1H) & δC 53.20, but its 1H NMR spectrum 

doesn’t indicate the appearance of the tertiary alcohol moiety (-C(CH3)2OH) expected in the 

diol 11b. Further, the NMR of 11a displayed signal corresponding to the methylene protons 

(>CH2) at δH 3.91 (dt, J = 14.1 Hz, J = 1.3 Hz, 1H), 3.99 (dt, J = 14.1 Hz, J = 1.2 Hz, 1H) and 

δC 66.47 (confirmed by DEPT) confirming the formation of primary alcohol 11a. Repetition 

of the reaction by changing the temperature of the reaction gave similar results. Interestingly, 

we found that the solvent volume used in the reaction could lead to the expected 

regioselectivity. We then repeated the reaction with ~0.1, ~0.3 M and ~0.5 M LiAlH4 in anhyd 

THF. We still observed similar results (Table 2.1). However, the formation of some amount of 

11b (detected on TLC) was observed when ~0.5 M LiAlH4 concentration was employed. Diol 

11b was obtained as the major product (83% yield) with ~0.9 M LiAlH4 solution in anhyd 

THF. The IR spectrum of diol 11b displayed hydroxyl bands at 3364, 3080 cm-1. 1H NMR of 

diol 11b showed the presence of four methyl (-CH3) peaks at δH 1.11 (s, 6H), 1.14 (s, 6H). 

These methyl (-CH3) peaks were attributed to the methyls of tertiary alcohol moieties (-C(-

CH3)2OH) of diol 11b. The NMR of diol 11b did not show the presence of epoxide signals. 

Thus, confirming the formation of diol 11b from epoxide 10.   
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The reduction of an unsymmetrical epoxide with LiAlH4 occurs at the less substituted carbon 

producing more substituted alcohol. However, it is known in the literature that with ‘mixed 

hydrides’ obtained by mixing  LiA1H4  & AlC13  in the 3: 1 ratio, the reduction occurred at 

more substituted carbon of an unsymmetrical epoxide producing less substituted alcohol.22 

Also, organoaluminium reagents such as diisobutylaluminium 2,6-di-tert-butyl-4 

methylphenoxide and diisobutylaluminium 4-bromo-2,6-di-tert-butylphenoxide produces less 

substituted alcohols from functionalized epoxides.23 

 

 

Scheme 2.5: Representation of the existence of LiAlH4 in ethereal solvents. S = solvent 

molecule.  

 

LiAlH4 in tetrahydrofuran (or any ethereal solvent) can be present as free ions, solvent 

separated ions (A) or contact ion pair (B) in dilute solutions (0.1 M - 0.00001 M) and triple 

ions in more concentrated solution (>1M) at ambient temperatures (Scheme 2.5).24,25 The 

coordination number of lithium in contact ion pair (B) is 3.  LiAlH4 dissociates considerably, 

as more solvent molecules tend to get closer to lithium cation and lithium coordination number 

4 was seen.24,25   
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Scheme 2.6: Rationalisation of the formation of diols 11a and 11b. a) Possible dissociative 

pathway leading to the formation of 11a in diluted solution (~0.06 M LiAlH4 in anhyd THF) 

(b) Possible concerted pathway leading to the formation of 11b in comparatively concentrated 

solution (~0.9 M LiAlH4 in anhyd THF).   

Based on prior elegant work of reductions involving LiAlH4
22,24,25 we rationalized the 

formation of diols 11a and 11b via two possible mechanistic pathways: dissociative and 

concerted mechanism (Scheme 2.6).25 In diluted solution, LiAlH4 can dissociate considerably 

and the reduction can undergo a dissociative mechanism pathway (Scheme 2.6a). In this 

pathway, the epoxide oxygen can be activated by solvated lithium cation. The complexation 

of lithium to epoxide oxygen polarizes the carbon-oxygen bond involving ring-opening of the 

epoxide to form predominantly the more stable carbonium ion. This is followed by either direct 

reduction by AlH4
- (Scheme 2.6a, C) or hydride migration and subsequent reduction by AlH4

- 

(Scheme 2.6a, D) providing diol 11a. A similar pathway was observed in the reduction of 

unsymmetrical epoxides with mixed hydride reagents.22 In comparatively concentrated 

solution, a concerted mechanism might occur via a six membered cyclic transition state 

(Scheme 2.6b, E) which leads to the formation of 11b (Scheme 2.6b).  
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Scheme 2.7: Synthesis of cyclized product 12.   

Table 2.2: Optimisation of cyclisation step for the synthesis of 12. 

Sr. 

No. 
Reagents and conditions Yield (%) 

1 Hg(OAc)2, anhyd THF, reflux, 24h; NaBH4, NaOH26 31 

2 Hg(OAc)2, anhyd THF, Cs2CO3, reflux, 24h; NaBH4, NaOH 55 

3 I2 (10 mol % ), PhSiH3 (20 mol %),  CH2Cl2,  rt, 1h27 70 

4 5 mol % PdCl2(PPh3), CuCl, O2 balloon, DCE, rt.,48h28 Complex mixture 

5 1 mol % RuCl2(p-cymene)2, CuOAc, DCE, reflux, 48h29 Complex mixture 

6 2.00 equiv KOtBu, 2.00 equiv n-BuLi, hexane, 0°C-rt, 24h30 Complex mixture 

 

After successfully yielding the diol 11b, our efforts were focused on the construction of a 

bicyclic skeleton of elemoxide through intramolecular cyclization methods (Scheme 2.7). 

After a brief survey of reaction conditions, we found that the intramolecular oxymercuration 

followed by demercuration of diol 11b shall provide us with the required product 12. Hence, 

diol 11b was subjected to oxymercuration reaction under anhydrous condition wherein 

mercurial intermediate was generated in situ, which on reduction using standard conditions 

(NaBH4 in the presence of aqueous NaOH in THF)26 afforded the desired cyclized product 12 

along with unreacted starting material (Table 2.2). Low conversion yields (31%) were obtained 

using standard mercuration condition. The reason attributed to this low conversion could be 

the less nucleophilicity of the hydroxyl group of diol 11b. In the next attempt, the yield of 

intramolecular cyclization was improved (55%) by employing a modified condition using a 

stoichiometric amount of Cs2CO3 during the oxymercuration step. Additionally, to increase the 

efficiency of constructing the cyclic ether skeleton of elemoxide, various reagents such as 

PdCl2(PPh3)2/CuCl,31,32 RuCl2(p-cymene)2/CuOAc29,33 and KOtBu/n-BuLi34,35 were attempted 
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without any success (Table 2.2). In 2015, M. Shibuya and co-workers demonstrated the 

applicability of the silane-iodine catalytic system for the intramolecular hydroalkoxylation of 

unactivated alkenes.27 Using the same strategy, we treated diol 11b with I2 and PhSiH3 in 

CH2Cl2 to deliver the expected cyclised product 12 in 70% yield. IR of cyclised alcohol 12 

displayed a band at 3420 cm-1 due to the presence of the hydroxyl group. The disappearance 

of the NMR peaks corresponding to the olefin (-CH=CH2) δH 4.88 (dd, J = 10.4 Hz, J = 1.1 

Hz,  1H), 4.96 (dd, J = 17.7 Hz, J = 1.1 Hz,  1H), 6.00 (dd, J = 17.6 Hz, 10.8 Hz, 1H), & δC 

109.5, 153.0 and the appearance of the newly generated methyl (-CH3) peak δH 1.04 (d, J = 

6.4 Hz, 3H); δC 13.0 along with the methine (-CH-) signal δH 3.42 (q, J = 6.4 Hz, 1H); δC 

77.8 confirmed the conversion of diol 11b to the cyclised alcohol 12.  It is rationalized that 

cyclized product 12 attains envelop-chair conformation with the newly generated methyl group 

(in the cyclic ether skeleton) arranging itself above the plane (Scheme 2.7).36,37 

 

Scheme 2.8: Synthesis of elemoxide 3. 

To this end, we subjected cyclised product 12 to dehydration and double-bond isomerization 

using acetic acid/perchloric acid conditions (Scheme 2.8).15 This reaction yielded 70% 

elemoxide 3. The appearance of the NMR signals corresponding to the internal tri-substituted 

olefin (>C=CH-) signals at δH 5.29 (t, J = 4.4, 1H); δC 116.7, 142.3 (quaternary signal, 

confirmed by DEPT) confirms the formation of elemoxide 3. The LCMS (ESI, positive) m/z 

calculated for C15H26O [M + H]+ 223.20, found 223.24, further confirms the formation of 

elemoxide 3. This completed the efficient synthesis of elemoxide 3 a fragrant compound in 4 

steps in 32% overall yield. 
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Scheme 2.9: Conversion of the key intermediate diol 11b to elemoxide 3 (one step protocol).  

A) Wahidulla’s hypothesis in the conversion of elemol 2 to elemoxide 3. B) Experimental 

proof for the Wahidulla’s hypothesis in the present work. 

Wahidulla et al. hypothesised that the diol is one of the intermediate products in the conversion 

of elemol 2 to elemoxide 3 (Scheme 2.9A).15 We subjected the synthesized diol 11b to acetic 

acid/perchloric acid condition. This experiment yielded 26% elemoxide 3 along with 47% of 

natural product α-elemene 8 (Scheme 2.9B). The NMR peaks corresponding to the three 

double bonds i.e a monosubstituted olefin (-CH=CH2) at δH 4.89 (dd, J = 17.4 Hz, J = 1.6 Hz, 

1H), 4.94 (dd, J = 10.4 Hz, J = 1.6 Hz, 1H)  & 5.69 (dd, J = 17.2 Hz, J = 10.4 Hz, 1H); δC 

112.4, 146.1, a tri-substituted endocyclic double (-CH=CH-) bond at δH  6.29 (s, 1H); δC 

119.5, 149.6 and a tera-substituted exocyclic double bond (>C=C<)  δC 124.5, 127.9 confirms 

the formation of α-elemene 8.  Consequently, our experiment gives experimental proof for the 

previously proposed mechanism for the formation of elemoxide 3 from elemol 2 (Scheme 2.9). 

Thus, diol 11b served as the key intermediate in the conversion of elemol 2 to elemoxide 3. 
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Figure 2.3: Structure of diol 11b. 

To rationalize the formation of elemoxide 3 (as a minor product) and α-elemene 8 (as the major 

product) from diol 11b we will have to look at the structure of diol (Figure 2.3). The 

intramolecular hydroxyl attack on monoalkyl (-CH=CH2) and 1,2-dialkyl (-CH=CH-) 

substituted alkenes is a difficult challenge compared with phenyl (-C6H5), trialky (>CH=C-) 

and 1,1-dialkyl (>C=CH2) substituted alkenes due to the difficulty in the electrophilic 

activation.27 As evident from the synthesis of cyclized 12 (Scheme 2.7, Table 2.2), facile 

intramolecular hydroxyl attack on the monoalkyl alkene of diol 11b occurred after the 

activation of monoalkyl alkene and hydroxyl by reagent systems such as Hg(OAc)2/Cs2CO3 

and PhSiH3/I2. Owing to the difficulty of the electrophilic activation of monoalkyl alkene 

explains the formation of elemoxide 3 as the minor product from diol 11b. On the other hand, 

acids are good dehydrating agents because they have a high affinity to water and therefore 

absorbs water rapidly. Further, it is reported in the literature that mixture of acids such as 

perchloric acid/acetic acid is an efficient acid system for dehydration and isomerization 

reaction because it induces little or negligible quantity of polymerization of alkene.38 This 

explains the formation of α-elemene 8 as the major product from diol 11b. 

  

2.6.  Conclusion 

1. An efficient and facile synthetic route for the transformation of elemol 2 to elemoxide 3 

was developed with an overall yield of 32%. 

2. Feasible regioselective epoxidation, reduction, oxymercuration-demercuration, silane- 

iodine catalyzed cyclisation and dehydration-isomerisation reactions were employed. 

3. All the reaction conditions were modified and tuned carefully to obtain the optimum 

yields of the desired products. 



Chapter 2 
 

66 
 

4. Our work confirms that the proposed intermediate diol 11b is indeed an intermediate 

involved in the transformation of elemol 2 to elemoxide 3. 
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Section B: Tyrosinase inhibition studies of elemane-based sesquiterpenes 

2.7. Introduction 

Tyrosinase, also known as polyphenol oxidase is a sophisticated copper-carrying enzyme, 

which bio-catalyzes the biosynthesis of melanins from ˪-tyrosine through a chain of oxidative 

reactions. Melanin plays an essential role in protecting the skin from getting damaged upon 

exposure to harmful UV radiation.39 The mechanism of monophenolase and diphenolse 

activity of tyrosinase is illustrated in Scheme 2.10.40 

 

Scheme 2.10: Mechanism of monophenolase and diphenolase activity of tyrosinase enzyme. 

 



Chapter 2 
 

68 
 

However, excessive melanin production can cause melanoma in humans and undesirable 

enzymatic browning in commercially important fungi, fruits and vegetables which lowers the 

commercial grade of fungi, fruits and vegetables.41,42 Numerous conventional techniques (for 

example: autoclaving & blanching, microwave food blanching, application of chemicals, etc.) 

are being put in use to minimize or eliminate undesirable enzymatic browning in commercial 

fungi, fruits and vegetable products. However, these methods are found to make alterations in 

the texture, quality and also in the nutrient content of the food products in a significant way.42 

Most of the commercial tyrosinase inhibitors (kojic acid, arbutin, aloesin, etc.) suffer from 

various drawbacks such as toxicity, carcinogenicity, etc.43 Thus, tyrosinase inhibitors find a 

wide spectrum of applications in cosmetic, agriculture and food industries.42,44,45 Not only this, 

there is a huge demand for tyrosinase inhibitors in pest control as well, because tyrosinase is 

also concerned with the defensive and development processes in insects.39 There are several 

synthetic, semi-synthetic and natural tyrosinase inhibitors derived from countless natural 

sources (plants,46 fungi,47 bacteria,48 etc.) reported in the literature.44 However, only a few of 

these tyrosinase inhibitors are categorized in a safe zone.44,45 Therefore, it is required to 

continue the search for new and safer tyrosinase inhibitors.  

Terpenes play an important role in the defense mechanism of the species against abiotic and 

biotic ecological stresses and are primarily accountable for the natural pleasant aroma.49,50 

Terpenes are receiving a great deal of demand in food industries,51 pharmaceuticals,52 

perfumery and cosmetic industries,51 as well as pesticide industries53 because of the prominent 

bio-activities that it acquires; such as anti-fungal,54 anti-oxidant, anti-cancer,55 anti-

microbial,56 insecticidal activities,53 etc.  The volatile property of most terpenes is the principal 

reason for its use in cosmetics, as well as in aromatherapy.49 Elemoxide 3, a sesquiterpene 

oxide, is a prospective perfumery agent. It is a volatile colourless liquid having a pleasant smell 

and was patented to be a sturdy odorant amidst the sesquiterpenes.15 In search of new safer 

tyrosinase inhibitors and to understand the SAR, we have screened elemoxide 3, elemol 2 and 

the rest of the synthetic intermediates (8, 10-12) containing elemane skeleton, for their ability 

to inhibit the tyrosinase enzyme in vitro.  
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2.8. Objective 

To investigate the tyrosinase enzyme inhibition properties of the synthesized elemane-based 

sesquiterpenes. 

 

2.9. Results and discussion 

 

Scheme 2.11: Outline of the synthesis of elemoxide 3 and the other elemane-based 

sesquiterpenes (8, 10-12) from naturally occurring elemol 2. 

Terpenes have been widely used in medicine because of their biological values.57 Plant leaves 

accumulate sesquiterpenes which, safeguards them from direct exposure to harmful ultraviolet 

radiations from the sun besides serving as vaccines for various pathogenic fungi, microbes, 

and so on.50 Elemol 2, a natural sesquiterpene, is known to be an insecticidal and ani-ulcer 

agent.58 In 1986, Asakawa et al. claimed that elemol 2 does not undergo any structural 

transformation when administered orally in rabbits and it is predicted that it cannot induce skin 

sensitization or irritation.59,60 The mushroom tyrosinase inhibition of elemoxide 3, α-elemene 

8, epoxide 10, diol 11b, and cyclised product 12 were studied and compared with that of 

starting elemol 2 and the reference kojic acid (Scheme 2.11). 
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Table 2.3: In vitro anti-tyrosinase studies of sesquiterpenes elemol 2, epoxide 10, diol 11b, 

cyclised product 12, elemoxide 3, α-elemene 8 and reference kojic acid. 

Sr 

No. 

Conc. 

(µM) 

  % Anti-tyrosinase activity ± SEM
a
 

Elemol 2 Epoxide 10 Diol 11b Cyclised 12 Elemoxide 3 α-Elemene 8 kojic acid
b 
 

1 2 14.00 ± 1.00 04.30 ± 1.00 03.50 ±  1.00 04.00 ±  0.95 10.00 ± 1.86 12.00 ± 1.00 05.00 ± 1.50 

2 20 14.39 ± 3.10 20.66 ± 2.01 19.00 ±  1.02 18.00 ±  1.00 38.89 ± 2.10 22.00 ± 1.50 21.96 ± 2.50 

3 60 25.68 ± 2.00 39.74 ± 6.41 20.00 ±  2.30 27.54 ± 1.64 68.96 ± 3.52 27.5 ± 0.50 44.70 ± 5.30 

7 100 47.50 ± 1.50 45.41 ± 2.44 23.00 ±  1.05 36.36 ± 3.20 68.99 ± 1.50 45.88 ± 0.70 69.00 ± 0.90 

5 200 47.50 ± 1.00 55.56 ± 2.00 29.00 ± 2.50 53.50 ± 0.50 80.00 ± 2.38 63.52 ± 0.30 88.63 ± 0.70 

6 400 48.00 ± 1.00 58.00 ± 1.50 40.00 ± 1.38 66.00 ± 4.95 85.00 ± 1.15 68.00 ± 1.70 90.00 ± 0.50 

7 600 58.34 ± 8.33 61.54 ± 3.00 65.00 ± 0.60 70.00 ±  2.00 88.00 ± 1.25 73.00 ± 0.20 94.50 ± 2.00 

8 800 60.00 ± 3.00 65.00 ± 2.00 75.00 ±  2.00 73.00 ±  1.50 98.00 ± 1.40 85.00 ± 0.10 99.00 ± 0.20 

a 

Standard error from the mean of the triplicates, 
b

Reference compound 

As evident from Table 2.3, all the sesquiterpenes (2-3, 8, 10-12) can subdue the activity of 

mushroom tyrosinase. It is observed that the anti-tyrosinase activity profile of epoxide 10 and 

cyclised product 12 is almost a-like. The tyrosinase inhibitory activity of diol 11b is almost 

similar to that of the starting elemol 2. The anti-tyrosinase activity profile of elemoxide 3 is 

similar to that of the reference kojic acid over a range of concentrations. Additionally, 

elemoxide 3 reaches its maximum activity of around 98% at the concentration level of 800 

μM.  
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Table 2.4: IC50 of elemane based sesquiterpenes and reference kojic acid.  

Sr No. Sesquiterpenes IC50 ± SEMa (μM) 

1 Elemol 2 432.14 ± 03.17 

2 Epoxide 10 159.16 ± 08.90 

3 Diol 11b 467.64 ± 10.82 

4 Cyclised 12 176.61 ± 10.35 

5 Elemoxide 3 29.99 ± 02.48 

6 α-Elemene 8 102.19 ± 03.49 

7 Kojic acid 13 44.07 ± 02.71 

a standard error from the mean of the triplicates 

 

Figure 2.4: 50% tyrosinase inhibitory concentrations (IC50) of elemane-based sesquiterpenes.  

IC50 values of all tested elemane-based sesquiterpenes were calculated using Microsoft Excel 

2013 (Microsoft Corporation, India). As shown in (Table 2.4, Figure 2.4), IC50 values of all 

the synthesized sesquiterpenes, studied for their in vitro anti-tyrosinase activities against 

mushroom tyrosinase fall in the range of   29.99 -467.64 μM. It can be inferred that diol 11b 
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(IC50 = 467.64 ± 10.82 μM) has almost similar anti-tyrosinase activity compared to that of the 

starting elemol 2 (IC50 = 432.14 ± 03.17 μM). Epoxide 10 (IC50 = 159.16 ± 08.90 μM) and 

cyclised product 12 (IC50 = 176.61 ± 10.35 μM) showed almost two times more anti-tyrosinase 

activity than that of the starting elemol 2. α- Elemene 8 (IC50 = 102.19 ± 3.49 μM) showed 

around four times more activity than that of the starting elemol 2.  Elemoxide 3 revealed almost 

14 times more anti-tyrosinase activity than that of the starting elemol 2. Additionally, 

elemoxide 3 showed comparable IC50 to that of the positive control kojic acid 13 (IC50 = 44.07 

± 02.71 μM). The other compounds (8, 10-12) showed lower tyrosinase inhibition than kojic 

acid. Amongst the elemane-based sesquiterpenes (3, 8, 10-12), elemoxide 3 was found to be 

the best mushroom tyrosinase inhibitor (Table 2.4, Figure 2.4). 

 

Figure 2.5: Natural tyrosinase inhibitors 14-17 containing methyl cyclohexene functionality. 

In 2017, Chao and coworkers conducted in vivo tyrosinase and melanogenesis inhibitory 

studies of essential oil, consisting of methyl cyclohexene containing terpenes (α-pinene 14, α-

terpineol 15, etc) and declared the results to be satisfactory (Figure 2.5).61 Likewise, in 2018, 
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Koirala et al. demonstrated that the methyl cyclohexene portion of the natural products 

kuwanon G 17 and mulberrofuran G 16 is one of the key influences of their tyrosinase 

inhibition property (Figure 2.5). The computational simulation studies revealed that the methyl 

cyclohexene fraction contained in these compounds can hydrophobically interact with the 

enzyme, at its active site, readily and effectively.62 Fascinatingly, elemoxide 3 also is made up 

of iso-propyl cyclohexene moiety (homologated methyl cyclohexene moiety). The presence of 

oxygen heterocyclic ring along with cyclohexene core may be an important requirement for 

inhibitory activity of such sesquiterpene skeleton, as it is expected to bind the enzyme through 

oxygen and inhibit its activity.  

Skin ailments such as freckles (lentigo simplex), age spots (solar lentigo), melasma, etc. are 

results of excessive pigmentation and can inevitably lead to psychological anxiety.45 Amongst 

the tyrosinase inhibitors used in cosmeceutical formulations have certain shortcomings. For 

instance, the possibility of degradation of ascorbic acid,63 minimal bio-availability of ellagic 

acid,64 inadequate dermal permeation and less stability in the formulation of kojic acid & 

arbutin, skin sensitization and exogenous ochronosis by hydroquinones,65 and so on.  

Elemoxide 3, a volatile liquid sesquiterpene oxide, derived from natural elemol 2 can be an 

alternative safer tyrosinase inhibitor.  This result finds elemoxide 3 to be a potential tyrosinase 

inhibitor that can also be useful to impart fragrance to a cosmetic formulation. Further, there 

is a wide scope for conducting advanced studies concerning mammalian tyrosinase assay, in 

vivo cell-based assay, toxicity and elucidation of the detailed mechanism of action.  

2.10.  Conclusion 

 

1. All the synthesized elemane-based sesquiterpenes 3, 8, 10-12 were tested for mushroom 

tyrosinase enzyme inhibition. 

2.  Elemoxide 3 revealed almost 14 times more anti-tyrosinase activity than that of the 

starting elemol 2.  

3. Elemoxide 3 was identified as a novel tyrosinase inhibitor, which showed comparable 

anti-tyrosinase activity to that of the commercially well-known tyrosinase inhibitor kojic 

acid. 
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2.11.  Experimental part 

2.11.1. Material and methods 

 

Thin-layer chromatography was performed with Kieselgel 60 F254 (Merck aluminium support 

plates). TLC spots were visualised by staining the TLC plate with iodine, KMnO4 -acetone 

(1.5g of KMnO4, 10g K2CO3, and 1.25mL 10% NaOH in 200mL water). The absorbances at 

475 nm were recorded on Shimadzu UV-2450 double beam spectrophotometer. Infrared data 

was recorded in the region between 4000 to 400 cm-1 on a Shimadzu IRPrestige-21 instrument. 

Column chromatography was performed with sephadex LH-20 and silica gel 60-200 mesh size 

as packing material. 1H NMR, 13C NMR and DEPT-135 spectra were recorded at room 

temperature on Bruker instrument (400 MHz for 1H and 100 MHz for 13C), chemical shifts are 

recorded in ppm relative to tetramethylsilane (TMS) as the internal standard. Optical rotations 

(concentration in grams/ 100 mL solvent) were measured using sodium D line on Rudolph 

Research Analytical Polarimeter. The mass spectra were recorded on liquid chromatography - 

electrospray ionisation - mass spectrometry (LC-ESI-MS). Mushroom tyrosinase (Agaricus 

bisporus) (EC 1.14.18.1) was purchased from Sigma-Aldrich. L-tyrosine (purity ≥ 98%) was 

purchased from Sigma-Aldrich and kojic acid (purity ≥ 98%) was procured from Merck. 

Experimental part of section A  

2.11.2.  Procedure for synthesis of epoxide 10 

 

 

 

In a single neck round bottom flask equipped with a guard tube filled with calcium chloride 

and the magnetic bar was placed 70% m-CPBA (1.20 equiv). To this 2/3rd  of CH2Cl2 (27 mL) 

was added by gently stirring the solution mechanically and the solution was cooled to 0 °C. 

Meanwhile, a solution of elemol 2 (8.99 mmol) was prepared with the remaining 1/3rd  of 

CH2Cl2 (13 mL) and this solution was added dropwise to the solution in a round bottom flask. 
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The reaction mass was stirred at 0°C for 2h and then at rt for 1h. The progress of the reaction 

was monitored using TLC. The reaction mixture was decanted into a separating funnel. The 

residue was rinsed with an additional 5 mL CH2Cl2 and transferred to the same separating 

funnel. The organic layer was washed with 10% aqueous sodium sulphite (20 mL × 3), to 

destroy all the perbenzoic acid. Then, the organic layer was washed with 10% aqueous 

NaHCO3 (20 mL × 2), to remove benzoic acid. The organic layer was dried over Na2SO4 and 

the volatile solvent was distilled under reduced pressure. The residue was purified by column 

chromatography (ethyl acetate:hexane 3:7) to afford pure 10 as a pale yellow viscous liquid 

(1.7 g, 80%). Rf (ethyl acetate:hexane 2:8) = 0.63; [α]23.6 
D

 = -3.02 (c 0.45, CHCl3); IR (thin 

film, cm-1): 3397, 2970, 2941, 2870, 1711, 1632, 1454, 1383, 1175, 910;  1H NMR (400 MHz, 

CDCl3) δ 1.01 (s, 3H), 1.20 (s, 3H), 1.23 (s, 6H), 1.29-1.42 (m, 7H), 1.84-1.88 (m, 1H), 2.58 

(d, J = 4.6, 1H), 2.67 (dd, J = 4.6 Hz, J = 0.6, 1H), 4.95 (dd, J = 10.8 Hz, J = 1.2 Hz, 1H), 4.99 

(dd, J = 17.5 Hz, J = 1.2 Hz, 1H);  5.77 (dd, J = 17.5 Hz, J = 10.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) δ 17.4, 19.7, 22.2, 24.9, 27.1, 27.4, 39.1, 41.0, 48.7, 53.2, 56.2, 58.2, 72.6, 110.6, 

149.2.  

 

2.11.3.  Procedure for synthesis of diol 11b 

 

 

 

In a two neck round bottom flask, suspension of LiAlH4 (~0.9 M in anhyd THF, 1.50 equiv) 

was prepared under N2 atmosphere.  To this suspension, a solution of epoxide 10 (4.20 mmol) 

was added with the help of a syringe in one lot at -3°C to 0°C. Hydrogen evolution was 

observed. The temperature of the reaction mixture was gradually increased from 0°C to rt. The 

reaction mass was magnetically stirred for 1 h. After complete consumption of 10 as followed 

by TLC (1h), the reaction was quenched with approx. 2N KOH (20 mL) under vigorous stirring 

and N2 atmosphere. THF was distilled completely on rota-vap under reduced pressure. The 
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aqueous layer was extracted in ethyl acetate (20 mL × 3). The organic layer was washed with 

brine. The combined organic layer was dried over Na2SO4 and the volatile solvent was distilled 

under reduced pressure to obtain 11b as white low-melting waxy solid (836 mg, 83% yield). 

Rf (ethyl acetate:hexane 55:45) = 0.7; [α] 26.2
 D = -9.99 (c 0.16, CHCl3); IR (KBr, cm-1): 3364, 

3080, 2971, 2934, 2864, 1630, 1468, 1371, 1198, 1126, 1057, 1011, 901, 822; 1H NMR (400 

MHz, CDCl3) δ 1.11 (s, 6H), 1.13 (s, 3H), 1.14 (s, 6H), 1.17-1.18 (m, 2H), 1.24-1.33 (m, 3H), 

1.51-1.56 (m, 2H), 1.71-1.74 (m, 1H), 2.37 (bs, 1H), 4.88 (dd, J = 10.8 Hz, J = 1.1 Hz, 1H), 

4.96 (dd, J = 17.7 Hz, J = 1.1 Hz, 1H), 6.00 (dd, J = 17.6 Hz, J = 10.8 Hz, 1H); 13C NMR (100 

MHz, CDCl3) δ 17.1, 23.1, 25.4, 26.5, 27.5, 28.3, 31.2, 40.3, 43.8, 49.4, 55.6, 72.9, 75.6, 109.5, 

153.0. 

 

2.11.4. Procedure for synthesis of diol 11a 

 

 

 

In a two neck round bottom flask, suspension of LiAlH4 (~0.06 M in anhyd THF, 1.50 equiv) 

was prepared under N2 atmosphere.  To this suspension, a solution of epoxide 10 (0.84 mmol) 

was added with the help of a syringe in one lot at -3°C to 0°C. Hydrogen evolution was 

observed. The temperature of the reaction mixture was gradually increased from 0°C to rt. The 

reaction mass was magnetically stirred for 1 h. After complete consumption of 10 as followed 

by TLC (1h), the reaction was quenched with approx. 2N KOH (20 mL) under vigorous stirring 

and N2 atmosphere. THF was distilled completely on rota-vap under reduced pressure. The 

aqueous layer was extracted in ethyl acetate (20 mL × 3). The organic layer was washed with 

brine. The combined organic layer was dried over Na2SO4 and the volatile solvent was distilled 

under reduced pressure to obtain 11a as a colourless viscous liquid (170 mg, 82% yield). Rf 

(ethyl acetate:hexane 55:45) = 0.6; IR (thin film, cm-1): 3447, 3080, 3036, 2972, 2938, 2870, 

1638, 1466, 1443, 1379, 1175, 1124, 1055, 1009, 910; 1H NMR (400 MHz, CDCl3) δ 0.92 (s, 

3H), 1.14 (s, 9H), 1.24-1.32 (m, 3H), 1.39-1.40 (m, 3H), 1.53 (m, 3H), 3.91 (dt, J = 14.1 Hz, 
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J = 1.3 Hz, 1H), 3.99 (dt, J = 14.1 Hz, J = 1.4 Hz, 1H), 4.78 (s, 1H), 4.85 ( dddd,  J = 19.1 Hz, 

J = 12.0 Hz, J = 3.7 Hz, J = 1.3 Hz, 2H), 5.10 (d, J = 1.3, 1H), 5.69 (dd, J = 10.5 Hz, J = 17.8 

Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 14.9, 21.4, 26.0, 26.2 (2C), 27.9, 38.5, 38.6, 46.9 

(2C), 48.3, 66.5, 71.7, 109.7, 148.6. 

 

2.11.5.  Procedure for synthesis of 12 via oxymercuration demercuration 

 

 

In a two neck 50 mL round bottom flask, equipped with a water circulation condenser and a 

guard tube filled with calcium chloride;  was placed a solution of 11b (2.09 mmol ) in anhyd 

THF (3 mL ) under magnetical stirring. To this solution, Hg(OAc)2 ( 1.50 equiv) was added at 

rt. This reaction mass was refluxed (60-63 °C) for 24h. Progress of the reaction was monitored 

by TLC. The reaction was quenched with approx. 5 N NaOH (10 mL), followed by dropwise 

addition of a solution of NaBH4 (1.70 equiv) in approx. 5 N NaOH to break the mercury acetate 

complex. The reaction mass was stirred for an additional 1 h at rt. The reaction mass was 

transferred to the separating funnel and grey matter was allowed to settle, which was then 

separated. THF was completely distilled using rota-vap under reduced pressure. The aqueous 

layer was extracted with ethyl acetate (15 mL × 3). The organic layer was washed with brine. 

The combined organic layer was dried over Na2SO4 and the volatile solvent was distilled under 

reduced pressure. The residue was purified by column chromatography (ethyl acetate:hexane 

= 3:7) to afford pure 12 as a colourless volatile low-melting solid (154 mg, 31% yield ).  
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2.11.6.  Procedure for synthesis of 12 via oxymercuration demercuration employing 

Cs2CO3 

 

In a two neck 50 mL round bottom flask, equipped with a water circulation condenser and a 

guard tube filled with calcium chloride;  was placed a solution of 11b (2.20  mmol ) in anhyd 

THF (3 mL ) under magnetical stirring. To this solution, Hg(OAc)2 ( 1.50 equiv) was added at 

rt. This reaction mass was refluxed (60-63 °C) for 17h. To the reaction mixture Cs2CO3 (1.20 

equiv) was added and refluxed for another 7h. Progress of the reaction was monitored by TLC. 

The reaction mass was transferred to the separating funnel and grey matter was allowed to 

settle, which was then separated. THF was completely distilled using rota-vap under reduced 

pressure. The aqueous layer was extracted with ethyl acetate (15 mL × 3). The organic layer 

was washed with brine. The combined organic layer was dried over Na2SO4 and the volatile 

solvent was distilled under reduced pressure. The residue was purified by column 

chromatography (ethyl acetate:hexane = 3:7) to afford pure 10a as colourless volatile low-

melting solid (294 mg, 55% yield ). 

 

2.11.7.  Procedure for synthesis of 12 via intramolecular cyclisation using silane−iodine 

catalytic system 

 

 

 

In a 50 mL two neck round bottom flask was placed a solution of iodine (10 mol%, 0.10 equiv) 

and CH2Cl2 (2 mL) under N2 atmosphere. To this solution, PhSiH3 (20 mol%, 0.20 equiv) was 

added dropwise using syringe under mechanical stirring. Solution of 11b (0.42 mmol) in 
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CH2Cl2 (2 mL) was then added in a lot to the above solution. The reaction mass was stirred for 

1h at rt. Progress of the reaction was monitored using TLC. Reaction was quenched with 

approx. 3 N NaOH (10 mL). Extra 10 mL CH2Cl2  was added and aqueous layer was separated. 

Organic layer was then washed with saturated aqueous solution of Na2S2O3. Organic layer was 

dried over Na2SO4 and volatile solvent was distilled under reduced pressure. The residue was 

purified by column chromatography (ethyl acetate:hexane = 3:7) to afford pure 12 as colorless 

volatile low-melting solid (70 mg, 70% yield). Rf (ethyl acetate:hexane 2:8) = 0.2; [α] 22.6 D = 

4.21 (c 0.380, CHCl3); IR (KBr, cm-1): 3420, 2966, 2930, 2864, 1722, 1468, 1373, 1261, 1088, 

1051, 1024, 920, 802; 1H NMR (400 MHz, CDCl3) δ 0.78 (s, 3H), 1.04 (d, J = 6.2 Hz, 3H), 

1.15 (s, 6H), 1.17 (s, 6H), 1.24-1.36 (m, 3H), 1.42-1.48 (m, 3H), 1.51-1.63 (m, 2H), 3.42 (q, J 

= 6.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 12.5, 13.0, 20.8, 21.0, 23.0, 26.1, 26.8, 29.4, 

35.0, 42.5, 48.5, 57.1, 71.9, 77.8, 80.6.  

 

2.11.8.  Procedure for synthesis of (-)-elemoxide 3 from cyclized product 12 

 

 

 

 In a 25 mL single neck round bottom flask, 12 (0.27 mmol) was dissolved in a solution of 

60% perchloric acid (1.50 equiv) and glacial acetic acid (1.50 equiv). This solution was 

mechanically stirred at rt for 72h. Progress of the reaction was monitored using TLC. To this 

reaction mass, 5 mL water was added and aqueous layer was extracted in diethyl ether (10 mL 

× 3). The organic layer was washed with brine. The combined organic layer was dried over 

Na2SO4 and the volatile solvent was distilled under reduced pressure. The residue was purified 

by column chromatography (ethyl acetate:hexane = 3:97) to afford pure 315 as a colourless 

volatile viscous liquid (42 mg, 70% yield ). Rf (ethyl acetate:hexane 1:9) = 0.6; [α] 25.6
 D = -

33.07 (c 0.302, EtOH); IR (thin film, cm-1): 2968, 1711, 1462, 1383, 606; 1H NMR (400 MHz, 

CDCl3) δ 0.70 (s, 3H), 0.95 (dd, J = 6.8 Hz, J = 2.1 Hz, 6H), 1.06 (d, J = 6.3 Hz, 3H), 1.09 (s, 

3H), 1.17 (s, 3H), 1.63-1.70 (m, 2H), 1.18-1.85 (m, 3H), 2.19 (p, J = 6.8, 1H), 3.48 (q, J = 6.4 
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Hz, 1H), 5.29 (t, J = 4.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 11.6, 13.4, 20.3, 20.9, 22.8, 

23.8, 29.6, 34.2, 36.7, 41.7, 53.3, 77.7, 80.2, 116.7, 142.3; LCMS (ESI, positive) m/z calculated 

for C15H26O [M + H]+ 223.20, found 223.24.   

 

2.11.9.  Procedure for synthesis of elemoxide 3 & α-elemene 8 from diol 11b 

 

       

                 

In a  50 mL single neck round bottom flask, 11b (2.16 mmol) was dissolved in a solution of 

60% perchloric acid (0.06 mL) and glacial acetic acid (6.2 mL) this solution was mechanically 

stirred at rt for 48h. Progress of the reaction was monitored using TLC. To this reaction mass, 

10 mL water was added and the aqueous layer was extracted in diethyl ether (15 mL × 3). The 

organic layer was washed with brine. The combined organic layer was dried over Na2SO4 and 

the volatile solvent was distilled under reduced pressure. The residue was purified by column 

chromatography (petroleum ether) to afford pure 815 as a colourless volatile viscous liquid  

(244 mg, 47% yield) and (ethyl acetate:hexane = 3:97) to afford pure 315 as a colourless volatile 

viscous liquid (135 mg, 26% yield) respectively, as major products.  

α-elemene 8: Rf (ethyl acetate:hexane 1:9) = 0.2; [α] 28.4
 D= 27.46 (c 0.43, CHCl3); IR (thin 

film, cm-1): 2968, 1838, 665, 646, 552, 511; 1H NMR (400 MHz, CDCl3) δ 0.97 (dd, J = 5.2 

Hz, J = 1.6 Hz, 6H), 1.10 (s, 3H), 1.151.18 (m, 2H), 1.65 (s, 3H), 1.73 (s, 3H), 2.19-2.26 (m, 

3H), 4.89 (dd, J = 17.4 Hz, J = 1.6 Hz, 1H), 4.94 (dd, J = 10.6 Hz, J = 1.5 Hz, 1H), 5.69 (dd, 

J = 17.4 Hz, J =10.6 Hz, 1H), 6.29 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 19.6, 20.6, 22.9, 

23.6, 24.6, 25.2, 29.3, 37.6, 42.1, 112.4, 119.5, 124.5, 127.9, 146.1, 149.6.  
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Experimental part of section B  

 

2.11.10.  Method for in vitro mushroom tyrosinase inhibition activity  

Tyrosinase inhibition assay was performed as described by Ko et al.66 with modifications. The 

sesquiterpenes: elemol 2, elemoxide 3, α- elemene 8, epoxide 10, diol 11b, cyclised product 

12, were dissolved in DMSO to get the final concentrations of:  2, 20, 60, 100, 200, 400, 600 

and 800 μM. Kojic acid was used as the positive control. Briefly, 20 μL of mushroom 

tyrosinase (1000 U/mL) and 120 μL of the test sample in 50 mM phosphate buffer (pH 6.9) 

was kept for 5 minutes at 32 ± 2 ˚C. Then, 2 mM L-tyrosine (300 μL) was added to each 

reaction mixture and kept at 32 ± 2 ˚C for 30 minutes. The enzyme reaction was monitored by 

measuring the absorbance at 475 nm. The percent inhibition of tyrosinase reaction was 

calculated as follows:  

Percent Inhibition = [(Acontrol- Asample)/Acontrol] x 100 

where, Acontrol is the absorbance without the test sample in the methanol and Asample is the 

absorbance with the test sample in DMSO. 
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2.12. Spectra 

 

Figure 2.6: 1H NMR Spectrum of 10. 

 

Figure 2.7: 13C NMR Spectrum of 10. 
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Figure 2.8: DEPT Spectrum of 10. 

 

Figure 2.9: 1H NMR Spectrum of 11b. 
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Figure 2.10: 13C NMR Spectrum of 11b. 

 

 

Figure 2.11: DEPT Spectrum of 11b. 
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Figure 2.12: 1H NMR Spectrum of 11a. 

 

Figure 2.13: 13C NMR Spectrum of 11a. 
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Figure 2.14: DEPT Spectrum of 11a. 

 

 

Figure 2.15: 1H NMR Spectrum of 12. 
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Figure 2.16: 13C NMR Spectrum of 12. 

 

 

Figure 2.17: DEPT Spectrum of 12. 
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Figure 2.18: 1H NMR Spectrum of 3. 

 

 

Figure 2.19: 13C NMR Spectrum of 3. 
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Figure 2.20: DEPT Spectrum of 3. 

 

 

Figure 2.21: 1H NMR Spectrum of 8. 
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Figure 2.22: 13C NMR Spectrum of 8. 

 

Figure 2.23: DEPT Spectrum of 8. 
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SARS-CoV-2 molecular docking studies of thio-analogue of marine natural product 

varitriol and its synthetic studies  

3.1.Introduction 

The cause of deadly COVID-19 (coronavirus disease 2019) is SARS CoV-2 (severe acute 

respiratory syndrome coronavirus-2).1 Amongst the coronaviruses, SARS-CoV-2 is highly 

pathogenic with a higher fatality rate in humans and is believed to have originally appeared 

in animals like civets, camels, pangolins and bats.2 In 2019, SARS-CoV-2 spread to the 

entire world after its outbreak in the Hubei province of Wuhan, China. The whole world 

grappled with various challenges due to this global pandemic because the important sectors 

such as pharmaceutical, health, education, social, economic, etc. were extensively affected. 

This ultimately caused event cancellations, unemployment, prohibition to gather in public 

places, declined foreign and domestic trades and led to the downfall of the global economy 

and loss of livelihood.1 

Humans become infected with viruses such as SARS-CoV-2 by indirect or direct exposure to 

respiratory secretions. Coronavirus-infected patients may exhibit a variety of symptoms, 

ranging from moderate to severe symptomatic to asymptomatic features. There may be 

symptoms such as headaches, coughs, colds, fatigue, aches, fever, loss of taste, loss of smell, 

diarrhoea, discolouration of fingers or toes, breathing difficulties, or organ dysfunction.1 

These viruses are regarded as recurring health risks because of their widespread distribution, 

their wide genetic diversity, frequent recombination of their genomes, and their increasing 

activity at the human-animal interface. Currently, COVID-19 is still spreading throughout the 

world. People are hoping for specific treatments in addition to vaccinations.3 It is, therefore, 

necessary to continue the search for effective therapy for SARS-CoV-2. 

In the present study, we designed a new anti-viral agent inspired by a marine natural product 

and took up its synthesis. 
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Section A: SARS-CoV-2 molecular docking studies of thiovaritriol to evaluate its 

potential for COVID-19 treatment 

3.2. Introduction 

SARS-CoV-2 is spreading at an alarming rate globally. To combat SARS-CoV-2, antiviral 

medicines need to be developed urgently. Conventional drug design and development may 

require a lot of money, time and manpower, but there is no guarantee that the desired 

candidates will be effective and potent. As a result, computer assisted drug design (CADD) 

has emerged over the past few years as a feasible and effective alternative to traditional 

approaches, since they decrease the cost burden while improving the results after bridging the 

gap between chemical and biological science. As one of these CADD tools, molecular-

docking should not be overlooked because it provides a comprehensive understanding of how 

the identified hits interact with biological targets to explain their mode of action. This 

method concentrates scientists' attention on the most promising chemicals, thereby 

eliminating the need to conduct tests of all the candidates in synthetic and biological 

laboratories to test their potency.1,3 

The marine ecosystem is known to be an important source of potential drugs. Varitriol 1 was 

first isolated by Barrero et al. from the marine fungus Emericella variecolor in the year 

2002.4 This fungus was isolated from a sponge collected in Venezuelan waters of the 

Caribbean Sea. The structure of varitriol 1 is made up of a furanose block and an aromatic 

block and it displays excellent anti-tumour properties (Figure 3.1 ).4,5 It does not inhibit the 

growth of bacteria and yeast at 100 µg/mL and also, it has not been explored for antiviral 

properties to date. 4,5 

 

 

Figure 3.1: Biological 

activities of varitriol 1.   

GI50 = concentration of a 

drug that reduces total cell 

growth by 50%. 
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This section discusses SARS-CoV-2 molecular docking studies of the marine natural product 

varitriol 1 along with thiovaritriol 2 and 3’-epi- thiovaritriol 3 (Figure 3.2) in search of novel 

drug-like molecules for COVID-19 treatment. 

 

Figure 3.2: Structures of varitriol 1, thiovaritriol 2 and 3’-epi-thiovaritriol 3. 

3.3. Objectives 

1. To design a novel antiviral agent inspired by the bioactive marine natural product 

varitriol 1. 

2. To evaluate the antiviral potential of varitriol 1, thiovaritriol 2 and 3’-epi-thiovaritriol 3 

against SARS-CoV-2 using molecular docking studies.  

 

3.4.   Literature review on selected antiviral drugs against SARS-CoV-2: Molecular     

docking studies and its use in COVID-19 treatment 

Different studies have been conducted on natural and synthesized compounds against SARS-

CoV-2 by targeting different viral enzymes and proteins.3,6 The U.S. Food and Drug 

Administration (FDA) has authorized convalescent plasma therapy with high antibody levels 

to treat COVID-19 during an emergency.7,8 Inhibitors of different RNA viruses are also being 

repurposed for the treatment of COVID 19.3 The backbone of current antiviral medication 

isnucleoside analogues including remdesivir, molnupiravir and favipiravir.6 
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Figure 3.3: Structure of remdesivir 4. 

Molecular docking of remdesivir 4 (Figure 3.3) with SARS-CoV-2 basically formed 

interactions such as conventional hydrogen bonds, electrostatic bonds, hydrophobic 

interactions (pi-alkyl interactions) and also unfavourable hydrogen bonds.1,6 The binding 

energies of the 4 with different selected proteins of SARS-CoV-2 (PDB ID: 7BV2, 6M71, 

6LU7, 6Y2E) were in the range of -6.5 to -9.2 kcal/mol.1,6,9 Remdesivir 4 is the FDA-

approved antiviral in hospitalized COVID-19 patients.2,6 Bio-activity studies have 

demonstrated that 4 acts by inhibiting the viral RNA replication inside the host body.1 Viral 

RNA replication is controlled by RNA-dependent RNA polymerase (RdRp). The host lacks a 

functional equivalent to this protein RdRp.  Due to the absence of a counterpart to RdRp in 

mammalian cells, its inhibition is not expected to cause target-related side effects. Therefore, 

RdRp is considered an important therapeutic target.1,3,6 The intravenous administration of 

remdesivir suffers limitations, especially for unhospitalized patients. Although it is effective, 

its impotency in patients with immunodeficiency, heart failure, hypotension, respiratory 

dysfunction, and renal impairment has prevented it from being a solution in the fight against 

the deadly virus. It has been found that remdesivir also has a few adverse effects, including 

cognitive delirium, kidney damage, nausea, vomiting, and rectal bleeding.1,2 
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Figure 3.4. Structure of molnupiravir 5. 

Molecular docking of molnupiravir 5 (Figure 3.4) with SARS-CoV-2 mainly formed 

interactions such as conventional hydrogen bonds, covalent bonds (carbon hydrogen bonds), 

non-covalent bonds (van der Waals, pi-cation, pi-anion, pi-sigma) and hydrophobic 

interactions (pi-alkyl interactions).2,6 The binding energies of the 5 with different selected 

proteins of SARS-CoV-2 (PDB ID: 6M71, 7C2K, 7BV2) were in the range of -7.3 to -10 

kcal/mol.1,2,6 One possible antiviral mechanism of molnupiravir is inhibition of viral RNA 

replication by targeting SARS-CoV-2 (RdRp).2,3,6,10 5 is currently in phase II/III clinical 

studies.2 Fortunately, recent studies of a phase II trial have revealed that by administrating 5 

orally, nasopharyngeal SARS-CoV-2 infection can be highly reduced. 5 fascinatingly has a 

favourable safety and tolerability profile.3 Interestingly, studies revealed that 5 is active 

against the drug resistance viral variants, for instance, the variants resistant to remdesvir.2 

Additionally, 5 was able to inhibit the SARS-CoV-227.5 times more as compared to 

remdesivir. Hence, molnupiravir could fight the present and future viral mutations.6 

 

 

 

 

Figure 3.5: Structure of favipiravir6. 

Molecular docking of favipiravir 6 (Figure 3.5) with SARS-CoV-2 showed conventional 

hydrogen bonding, halogen (fluorine) interactions and pi-anion interactions.3,11 The binding 

energies of 6 with different selected proteins of SARS-CoV-2 (PDB ID:6LVN, 6M3M, 
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6W37, 6VXS, 6LXT, 6WJI, 6W75·B, 6W4B, 6VSB, 6Y2E, 6VWW, 6W9C, 6VYB, 

6M71.A, 6M71.C, 6W75.A, 6VXX) were in the range of -4.0 to -6.7 kcal/mol.1,9,12 In vitro 

studies of favipiravir 6 showed that it can effectively inhibit SARS-CoV-2 by inhibiting the 

activity of RNA dependent RNA polymerase (RdRp) of RNA viruses.12,13 The outcomes of 

phase III clinical trials of 6 have demonstrated that it can quicken the recovery of patients 

suffering from COVID-19. Especially, the patients with non-severe novel coronavirus 

recovered faster than the control group (group without favipiravir 6 treatment).14 The 7-day 

clinical recovery rate of the common COVID-19 patients treated with favipiravir 6 was 

71.43%, compared to that of the control group which was 55.68%. Also, treatment of patients 

with hypertension/diabetes with favipiravir 6 felt faster relief from symptoms like fever and 

cough.13 In addition, the CT scan of the chest showed significant improvement in the patients 

treated with favipiravir 6.3 Furthermore, COVID-19 patients treated with favipiravir 6 were 

observed with good tolerance and lesser side effects.14 Large-scale clinical trials are pending 

which can further confirm the effectiveness and safety of favipiravir 6 in the treatment of 

COVID-19.3 

As described above, the drugs used for the treatment of SARS-CoV-2 infection are effective 

but suffer from different drawbacks. Also, these drugs are gradually developing resistance to 

viral variants. To fight the viral variants and to prevent viruses with similar genomic and 

pathological characteristics from returning a few years later, safe and effective drugs need to 

be developed. 

Scope of the present study 

As part of the ongoing global efforts to prevent the spread of SARS-CoV-2 we directed our 

focus to design and develop novel anti-viral agents inspired by a bioactive marine natural 

product varitriol. 

3.5.Results and discussion 

To fight SARS-CoV-2 we designed a thio-version of varitriol 1. Varitriol 1 consists of a 

furanose ring. The furanose ring can be metabolically and chemically unstableand therefore 

associated with clinical toxicity.15 
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Figure 3.6: Rational design for thiovaritriol inspired from marine natural product varitriol.  

To design a novel candidate for SARS-CoV-2, we thought to replace the furanose ring of 

varitriol 1 with a thiosugar ring to form thiovaritriol 2 (Figure 3.6). So, the thio-version of 

varitriol contains a thiolane unit (thiosugar block) and an aromatic block.  

In search of potent inhibitors of SARS-CoV-2, we performed in silico screening of ligands 

against the selected protein (PDB ID: 6VWW) of SARS-CoV-2 using molecular docking.16 

The free software AutoDock 4.2 was used for this study.17,18 To begin with blind docking 

was carried out to understand the binding mode of the ligands into the protein site.  

 

Figure 3.7: 2D binding conformation ofvaritriol 1 to SARS CoV-2 (Blind Docking).  
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Varitriol showed four conventional hydrogen-bonding interactions with the amino acid 

residues Thr193 and Lys159. It formed two carbon-hydrogen bonds with the protein residues 

Gln160 and Gln197. Further, it exhibited π-cation interaction with the amino acid residue 

Lys159. Additionally, it also formed π-π-T-shaped interaction with the protein residue 

Phe195 and alkyl interaction with the amino acid residue Lys159 (Figure 3.7).  Figure 3.8 

represents 3D binding conformations of varitriol 1 to SARS CoV-2 obtained as a result of 

blind docking.   

 

Figure 3.8: 3D binding conformation of varitriol 1 to SARS CoV-2 (Blind Docking). A) 

Ribbon structure of protein. B) Surface structure of protein.  

 

Figure 3.9: 2D binding conformation of thiovaritriol2to SARS CoV-2 (Blind docking). 

Thiovaritriol 2 showed four conventional hydrogen-bonding interactions with the binding site 

residues Ser294, His250, Thr341 and His235. It formed a carbon-hydrogen bond with the 

protein amino acid residue Val292 and a π-donor hydrogen bond with the amino acid residue 

A B 
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His250. Additionally, it exhibited alkyl & pi-alkyl interactions with the protein amino acid 

residues Leu346, Lys345, Tyr343 and Val292 (Figure 3.9).  Figure 3.10 represents 3D 

binding conformations of thiovaritriol 2 to SARS CoV-2 obtained as a result of blind 

docking.   

 

Figure3.10: 3D binding conformation of thiovaritriol 2 to SARS CoV-2 (Blind Docking). A) 

Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.11: 2D binding conformation of 3’-epi-thiovaritriol 3 to SARS CoV-2 (Blind 

docking). 

Hoping for the possibility to enhance the activity of thiovaritriol 2, we envisioned to dock the 

3’-epimer of thiovaritiol 3 with SARS-CoV-2. It is well known in the literature that 

A B 
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diastereomers of drug candidates can have a significant difference in their activities.3 Blind 

docking results of the 3’-epi-thiovaritriol 3 showed several interactions with SARS-CoV-2.  

It showed four conventional hydrogen bonds with the protein amino acid residues Thr193 

and Lys159. It formed a carbon-hydrogen bond with Gln160. Further it exhibited π-cation 

interaction with amino acid residue Lys159. Additionally it showed sulphur interaction with 

protein residue Phe195 and alkyl interaction with the amino acid residue Lys159 (Figure 

3.11). Figure 3.12 represents 3D binding conformations of 3’-epi-thiovaritiol 3 to SARS 

CoV-2 obtained as a result of blind docking.   

 

Figure 3.12: 3D binding conformation of 3’-epi-thiovaritiol 3 to SARS CoV-2 (Blind 

Docking). A) Ribbon structure of protein. B) Surface structure of protein. 

  

Figure 3.13: 2D binding conformations of A) Molnupiravir 5 and B) Favipiravir 6 to SARS 

CoV-2 (Blind docking). 

A B 

A B 
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The protein-ligand interactions were compared with the standard drugs molnupiravir 5 and 

favipiravir 6. Molnupiravir 5 formed seven conventional hydrogen bonds with protein 

residues Arg199, Met272, Asp273, Lys90 and Ser198. Further, it showed two carbon-

hydrogen bonds with amino acid residues Th275 and Ser198. Additionally, it exhibited an 

amide pi-stacked interaction with the amino acid residue Ser198 and an alkyl interaction with 

the amino acid residue Lys277 (Figure 3.13). Favipiravir 6 formed two conventional 

hydrogen bonds with protein residues Asn30 and Glu45. It showed pi-sigma interaction with 

protein residue Asn30. Further, it exhibited a halogen interaction with protein residue Asn29 

(Figure 3.13). Figure 3.14 represents 3D binding conformations of molnupiravir 5 to SARS 

CoV-2 and Figure 3.15 represents 3D binding conformations of favipiravir 6 to SARS CoV-2 

obtained as a result of blind docking.   

 

Figure 3.14: 3D binding conformation of molnupiravir 5 to SARS CoV-2 (Blind Docking). 

A) Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.15: 3D binding conformation of favipiravir 6 to SARS CoV-2 (Blind Docking).   

A) Ribbon structure of protein. B) Surface structure of protein. 

  

A B 

A B 
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Table 3.1: Binding energies of various ligands to the selected protein (6VWW) of SARS 

CoV-2 obtained by blind docking. 

Sr 

No. 
  Ligands 

B.E 

(Kcal/mol) 

Ki values 

(µM) 

1 

 

-6.20 28.43 

2 

 

-6.61 14.29 

3 

 

-7.37 3.96 

4 

 

-4.14 924.35 
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5 

 

-7.18 5.44 

B. E = binding energy Ki = inhibition constant 

To understand the amount of binding exhibited by the ligands to the protein, the binding 

energy was evaluated. In the process of complex formation between the protein and its 

ligand, the extent of energy released is determined by binding energy. A more negative value 

of binding energy more stable is the protein-ligand complex and hence, better will be the 

activity.19 A summary of the binding energies of all the ligands with the target protein of 

SARS-CoV-2 using blind docking has been given in Table 3.1. Interestingly, thiovaritriol 2 (-

6.61 Kcal/mol) and 3’-epi-thiovaritriol 3 (-7.37 Kcal/mol) portrayed better binding efficiency 

than the parent varitriol 1 (-6.20 Kcal/mol). Both thiovaritriol 2 and 3’-epi-thiovaritriol 3 

showed higher affinity to SARS-CoV-2 than the standard drug favipiravir 6 (-4.14 Kcal/mol). 

The thiovaritriol–enzyme complex and 3’-epi-thiovaritriol–enzyme complex is stabilized 

mainly by hydrogen bonds, covalent bonds, non-covalent bonds and hydrophobic 

interactions. Both these ligands form more interactions with the protein than the reference 

drug favipiravir 6  in their respective pockets. Further, 3’-epi-thiovaritriol 3 showed higher 

potency than the reference drug candidate molnupiravir 5 (-7.18 Kcal/mol). The interaction 

of sulphur from the thiolane unit of 3’-epi-thiovaritriol 3 with the amino acid residue Phe195 

may explain the apparent higher potency of 3 to SARS-CoV-2. Additionally, 3’-epi-

thiovaritriol 3 portrayed a better affinity to SARS-CoV-2 than its diastereomer thiovaritriol 2 

as seen by their docking scores. This difference in binding affinities might be due to the 

different binding orientations of thiovaritriol 2 and 3’-epi-thiovaritriol 3 to their respective 

binding pocket of the enzyme. Inhibition constant (Ki) is asign of how potential an inhibitor 

can be. It is the concentration required to produce half-maximum inhibition.20 From 

Inhibition constants (Ki) (Table 3.1) it can be inferred that thiovaritriol 2 (14.29 µM) and 3’-

epi-thiovaritriol 3 (3.96 µM)) are better inhibitors of SARS CoV-2 than parent varitriol 
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(28.43 µM) and the reference favipiravir 6 (924.35 µM). 3’-epi-Thiovaritriol 3 could bind to 

SARS-CoV-2 even better than the reference molnupiravir 5 (5.44 µM). 

In literature, 5 and 6 have been docked with different proteins of SARS-CoV-2 to understand 

the stable complex formation with the least binding energies. As discussed in section 3.4, 

molecular docking of molnupiravir 5 with SARS-CoV-2 (PDB ID: 6M71) has binding 

energy -7.3 kcal/mol in the literature.6 This result is comparable with the binding energy of 5 

(-7.18 kcal/mol) with SARS-CoV-2 (PDB ID: 6VWW) in the present study. Similarly, the 

binding energy (-4.14 kcal/mol) of favipiravir 6 complex with SARS-CoV-2 (PDB ID: 

6VWW) in the present study is comparable with that of thereported result which is -4.7 

kcal/mol (PDB ID: 6VWW).12 

To check the consistency, site-specific docking was performed of all the ligands with the 

selected protein (PDB ID: 6VWW) of SARS-CoV-2 using the free software AutoDock 4.2. 

The several interactions between ligand and protein helped to understand their binding mode 

into the active site of the protein. 

 

Figure 3.16: 2D binding conformations of varitriol 1 to SARS CoV-2 (Site-specific 

docking).  

Varitriol 1 showed three conventional hydrogen bonding with the amino acid residues 
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Thr275, Leu346. It formed one carbon-hydrogen bond with the protein residue Asn75. 

Further it exhibited two alkyl interactions with amino acid residues Met272, Ile270 (Figure 

3.16). Figure 3.17 represents 3D binding conformations of varitriol 1 to SARS CoV-2 

obtained as a result of site-specific docking.   

 

Figure 3.17: 3D binding conformation of varitriol 1 to SARS CoV-2 (Site-specific docking). 

A) Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.18: 2D binding conformations of thiovaritriol 2 to SARS CoV-2 (Site-specific 

docking). 

Thiovaritriol 2 formed three conventional hydrogen bonds with the amino acid residues 

Val276, Thr275, Asn75. It showed Van der Waals interactions with the protein residue 

Asp324. Further, it exhibited pi-donor hydrogen-bond with the amino acid residue Ser274. 

A B 
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Additionally, Thiovaritriol 2 was found to have three alkyl interactions with the amino acid 

residues Met272, Lys277, Ile270 and pi-alkyl interaction with the amino acid residue Met272 

(Figure 3.18). Figure 3.19 represents 3D binding conformations of thiovaritriol 2 to SARS 

CoV-2 obtained as a result of site-specific docking.   

 

Figure 3.19: 3D binding conformation of thiovaritriol 2 to SARS CoV-2 (Site-specific 

docking). A) Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.20: 2D binding conformations of 3’-epi-thiovaritriol 3 to SARS CoV-2 (Site-

specific docking). 

3’-epi-Thiovaritriol 3 formed three conventional hydrogen bonds with the amino acid 

residues Lys47, Arg91, Thr49. It showed two carbon-hydrogen bonds with the amino acid 

residues Ile97, His96. Further, it was found to have pi-sigma interaction with the amino acid 

A B 
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residue Ala93. Additionally, it exhibited two alkyl interactions with the protein residues 

Pro94, Leu50 and pi-alkyl interaction with the amino acid residues Pro94 (Figure 3.20). 

Figure 3.21 represents 3D binding conformations of 3’-epi-thiovaritriol 3 to SARS CoV-2 

obtained as a result of site-specific docking.   

 

Figure 3.21: 3D binding conformation of 3’-epi-thiovaritriol 3 to SARS CoV-2 (Site-specific 

docking). A) Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.22: 2D binding conformations of A) molnupiravir 5 and B) favipiravir 6 to SARS 

CoV-2 (Site-specific docking). 

The site-specific protein-ligand interactions were compared with standard drugs molnupiravir 

5 and favipiravir6. Molnupiravir 5 showed two conventional hydrogen bonds with the protein 

A B 

A B 
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residues Asn74, Val276. It also formed three carbon-hydrogen bonds with the amino acid 

residues Ser274, Gln347, Leu346. Further it showed pi-sulfur ineraction with the protein 

residue Met272. Additionally, it exhibited alkyl interaction with the amino acid residue 

Met272 and pi-alkyl interaction with the amino acid residue Val276 (Figure 3.22). 

Favipiravir 6 showed five conventional hydrogen bond interactions with protein residues 

Asn75, Thr275, Val276, Leu346. Additionally, it was found to have a halogen interaction 

with the amino acid residue Gln347 (Figure 3.22). Figure 3.23 represents 3D binding 

conformations of molnupiravir 5 to SARS CoV-2 obtained as a result of site-specific 

docking.  Figure 3.24 represents 3D binding conformations of favipiravir 6 to SARS CoV-2 

obtained as a result of site-specific docking.   

 

Figure 3.23: 3D binding conformation of molnupiravir 5 to SARS CoV-2 (Site-specific 

docking). A) Ribbon structure of protein. B) Surface structure of protein. 

 

Figure 3.24: 3D binding conformation of favipiravir 6 to SARS CoV-2 (Site-specific 

docking). A) Ribbon structure of protein. B) Surface structure of protein. 

A 

A B 

B 
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Table 3.2: Binding energies of various ligands to the selected protein (6VWW) of SARS 

CoV-2 obtained as a result of site-specific docking. 

Sr 

No. 
Ligands 

B.E 

(Kcal/mol) 

Ki values 

1 

 

-5.01 212.41 µM 

2 

 

-6.26 30.97 µM 

3 

 

-6.45 18.62 µM 

4 

 

-3.29 3.85 mM 
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5 

 

-4.77 316.93 µM 

B.E = binding energy Ki = inhibition constant 

During the molecular docking process, it was observed that even though all the ligands 

bound to the same binding pocket, thiovaritriol 2 (-6.26 Kcal/mol) and 3’-epi-Thiovaritriol 3 

(-6.45 Kcal/mol) had the most negative binding energies, hence more efficient binding 

interaction in comparison with the parent varitriol 1 (-5.01 Kcal/mol) (Table 3.2). Also, 

thiovaritriol 2 and 3’-epi-thiovaritriol 3 showed better binding affinity and interaction 

compared to the standard drugs molnupiravir 5 (-4.77 Kcal/mol) and favipiravir 6 (-3.29 

Kcal/mol). As seen in 2D conformation images of the interaction of thiovaritriol 2 and 3’-

epi-thiovaritriol 3 with the specific protein site, both these ligands form a total of nine stable 

interactions with the protein site. These interactions mainly include stable hydrogen bonds, 

covalent bonds, non-covalent bonds and hydrophobic interactions. The calculated lower 

binding energies of thiovaritriol 2 and 3’-epi-thiovaritriol 3 is possibly due to the stable & 

more number of interactions of these ligands with the protein site as compared to varitriol 1 

and the reference drugs molnupiravir 5 & favipiravir 6. Additionally, 3’-epi-thiovaritriol 3 

was predicted with the most negative binding affinity compared to thiovaritriol 2. As 

discussed earlier, this difference in binding affinities might be due to the different binding 

orientations of thiovaritriol 2 and 3’-epi-thiovaritriol 3 to the binding pocket of the enzyme. 

As seen in table 3.2, the inhibition constant (Ki) of thiovaritriol 2 (30.97 µM) and 3’-epi-

thiovaritriol 3 (18.62 µM)) are lower than the parent varitriol (212.41 µM) and the reference 

drugs molnupiravir 5 (316.93 µM) & favipiravir 6 (3.85 mM). In addition, 3’-epi-

thiovaritriol 3 bears lower inhibition constant than its diastereomer of thiovaritriol 2.  

In a nutshell, thiovaritriol 2 forms conventional hydrogen bonds, carbon hydrogen bonds, pi-

donor hydrogen bonds, and alkyl and pi-alkyl interactions with the SARS-CoV-2 protein. 3’-

epi-Thiovaritriol 3 forms conventional hydrogen bonds, carbon hydrogen bonds, pi-cation/pi-
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sigma, alkyl and pi-alkyl interactions with the SARS-CoV-2 protein. From the molecular 

docking studies, we can infer that thiovaritriol 2 and 3’-epi-thiovaritriol 3 portrayed better 

binding affinitiesto SARS-CoV-2 than the parent varitriol 1. This is evident from the more 

negative values of binding energies of thiovaritriol 2 (-6.26 kcal/mol) and 3’-epi-thiovaritriol 

3 (-6.45 kcal/mol) compared to that of varitriol 1 (-5.01 kcal/mol). Also, it can be inferred 

that 3’-epi-thiovaritriol 3have a stronger binding affinity towards the binding site of the 

SARS-CoV-2 protein than its diastereomer thiovaritriol 2 (as evident from the binding 

energy values).   Hence, thiovaritriol 2 and 3’-epi-thiovaritriol 3 can be a lead in the search 

for potential antiviral agents. In addition, we disclose the method towards the synthesis of 

these molecules which is discussed in the next section of this chapter. 

 

3.6. Conclusion 

 

1. Varitriol 1 , thiovaritriol 2 and 3’-epi-thiovaritriol 3 are evaluated for their use in the 

treatment of SARS CoV-2 infection using molecular docking studies for the first time.  

2. Both the thio-analogues of varitriol i.e. thiovaritriol 2 and3’-epi-thiovaritriol 3 portrayed 

better binding affinity to SARS CoV-2 better than varitriol 1. 

3. Thiovaritriol 2 and 3’-epi-thiovaritriol 3 were found to have good binding interaction 

with SARS-CoV-2 protein (PDB ID: 6VWW) than the reference drugs. 

4. 3’-epi-Thiovaritriol 3 displayed more affinity to the SARS CoV-2 than thiovaritriol 2. 

This difference in binding affinities could be due to the different binding orientations of 

thiovaritriol 2 and 3’-epi-thiovaritriol 3 to the binding pocket of the SARS-CoV-2 

protein. 
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Section B: Synthetic studies towards thiovaritriol 

 

3.7. Introduction 

Thiolane containing organic compounds are a large class of functional molecules with a 

variety of important applications. Modern drug discovery is one of these major 

applications.21 Molecules bearing thiolane scaffold have been widely explored for their 

medicinal potential over several decades. Many of these compounds exhibit effective 

biological activities and pharmacological properties. In fact, some of them have been 

developed into important drugs..21,22 It is a well-known fact that 50% of commercial 

medicines have taken inspiration from natural products and that natural products serve as 

lead templates in the discovery of modern medicines.23 In the present study, we directed our 

focus towards the synthesis of thio-version of the marine natural product varitriol 1 i.e 

thiovaritriol 2 and 3’-epi-thiovaritriol 3. The docking study in section A of this chapter 

revealed that thiovaritriol 2 and 3’-epi-thiovaritriol 3, shows better binding affinity for SAR-

CoV-2 than the parent varitriol 1 (Figure 3.25). Thiovaritriol 2 and 3’-epi-thiovaritriol 3 

could find potential in the treatment of COVID-19. In this study, we have designed a concise 

route towards the synthesis of thiovaritriol 2 and 3’-epi-thiovaritriol 3. 

 

Figure 3.25: Thiovaritriol 2 and 3’-epi-thiovaritriol 3as potent SARS-CoV-2 inhibitors than 

parent varitriol 1. B.E = binding energy. Ki = inhibition constant. 

3.8. Objective 

To design an efficient synthetic route for the synthesis of thio-analogues of marine natural 

product varitriol 1. 
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3.9.  Literature review on varitriol synthesis and synthesis of thiolane unit in selected   

bioactive organic compounds   

Varitriol synthesis  

There are quite a few chemical reaction routes reported for the synthesis of vartriol in the 

literature.5,24 It can be prepared from various functionalized furanose units and aromatic 

units. A summary of different building units used in the synthesis of varitriol is depicted in 

figure 3.26.  

 

Figure 3.26: Building unitsusedfor the synthesis of varitriol 1. 

Synthesis of thiolane unitin selected bioactive organic compounds    

There are no reports on thiovaritriol 2 and 3’-epi-thiovaritriol 3 in the literature. The 

construction of thiolane moiety has gained interest in organic chemistry owing to its 

biological, pharmacological and other applications. A well-established method to assemble 

thiolane units (tetrahydrothiophenes) is chiral pool techniques which employ chiral synthons 

to import stereogenic centres and functionalities suitable for further transformation of the 

required targets.21,25 For instance, thiolane unit can be synthesised from chiral α-amino acids 

(˪-cysteine26 and ˪-aspartic acid27), α-hydroxy acid esters ((S)-dimethyl malonate28 and (S)-

ethyl lactate29), (S)- and (R)-glycidols,30,31 terpenes ((+)-pulegone)32 and sugars (ᴅ-ribose,33 
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ᴅ-glucose,34 ᴅ-/˪-xylose,34 ᴅ-/˪-arabinose,35 ᴅ-galactose,36 ᴅ-lyxose,36 ᴅ-mannose,37 ᴅ-

erythrose,38 ᴅ-mannitol,39 ᴅ-sorbitol40 and ˪-iditol41) (Figure 3.27). 

 

Figure 3.27: Chiral synthons used in constructing the thiolane core. 

For the purpose of construction of thiolane unit sulphur has been introduced into molecules 

by sulfurization agents such as sodium sulfide (Na2S), disodium tetrasulfide (Na2S4), sodium 

hydrosulfide (NaSH), carbon disulfide (CS2), thiourea ((NH2)2CS), Thioacetic acid (AcSH), 

potassium thioacetate (KSAc), benzyl mercaptan (BnSH), etc.21,22 Numerous chemical 

methods for constructing thiolane unit has been employed which includes rearrangement 

reactions, nucleophilic displacement reactions, late-stage sulfurization, intramolecular 

cyclisation of sulfides, etc. We have also comprehensively reviewed recent synthetic 

strategies, biological activities and structure-activity relationship studies of thiolane-based 

molecules in a review article entitled “Synthetic access to thiolane-based therapeutics and 
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biological activity studies”.22 Some selected recent approaches involving the building of 

thiolane backbone have been assembled in the schemes below (Scheme 3.1-3.5).  

 

Scheme 3.1: Synthetic access to Nuphar sesquiterpene thioalkaloids 8 

Nuphar sesquiterpene thioalkaloids: In the year 2015, Zakarian and co-workers assembled 

thiolane unit 9 with the aid of highly efficient rhodium-catalysed Stevens-type re-

arrangement. This approach was applied in the formal synthesis of Nuphar sesquiterpene 

thioalkaloids 10 possessing antimetastatic, antifungal, and antibacterial properties (Scheme 

3.1).22 

 

Scheme 3.2: Synthetic access to thiosugar sulphonium salts from Salacia sp.  
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Thiosugar sulphonium salts:In the past decade, several syntheses of thiosugar sulphonium 

salts and analogues (15-19) displaying α-glucosidase inhibitory activity from Salacia sp. 

were reported using ᴅ-glucose derived thiosugar 14 as the key precursor (Scheme 3.2).22 

 

Scheme 3.3. Synthetic access to thiosugar de-sulphonates (neo-compounds) from Salacia sp. 

Thiosugar de-sulphonates: In the year 2016, Muraoka and co-workers developed a high 

diastereoselective route for the synthesis of naturally occurring de-sulphonates of thiosugar 

sulphonium salts i.e. neo-compounds neosalacinol 25 and neoponkoranol 26. This route 

employed diastereoselective intramolecular cyclisation of desirably alkylated sulphides 23 & 

24 obtained from key thioether 20 to access neosalacinol  25 and neoponkoranol 26 (Scheme 

3.3).22 

Albomycins: In the year 2018, He and coworkers designed and developed a synthesis of 

albomycins 31 belonging to the sideromycins (antibiotics) which were first isolated in 1947 

from the soil microbe Streptomyces grideus.  The pathway for tailoring the thiolane unit 30 

from a chiral sugar precursor 27 is depicted in scheme 3.4.22 
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Scheme 3.4:Synthetic access to albomycins 31. 

 

Scheme 3.5:Synthetic access to 4’-thionucleosides34a-e and 35a-c. 

4’-Thionucleosides: Thiosugar 33 formed from ᴅ-ribose was used as the key intermediate to 

synthesis 4’-thionucleosides 34a-e and 35a-c (Scheme 3.5).22 
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Thiolane-based therapeutics have many advantages-For instance,  

 

1.The sulfur atom in the thiolane unit of Nuphar 

sesquiterpene thioalkaloids 10 is responsible for 

its anti-cancer activities.22 

 

 

2.The thiosugar sulphonium salts e.g. kotanalol 

15 from Salacia sp.displayed were excellent α-

glucosidase inhibitory agents. 

 

 

3.The sulphur atom in albomycin 31 is of utmost 

importance for its anti-bacterial activity. 

Replacing sulphur with oxygen results in the 

loss of complete anti-bacterial activity of 

albomycin.22 

 

4.4’-thionucleosides exhibit better activity 

compared to their oxo-counterparts. 4’-Ethyl 2’- 

deoxy-4’-thioguanosine35 exhibited tremendous 

inhibitory action against Herpes Simplex Virus 

(HSV-1) and displayed less toxicity to the host                                                 

 cells in comparison to its ‘oxo’ counterpart.22 

 

All these interesting observations portray the pharmacological importance of thiolane 

functionality in a pharmacore.  
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3.10. Results and discussion 

 

Scheme 3.6: Retrosynthetic analysis of thiovaritrol.  

Retrosynthetically, the entire thiovaritriol 2 molecule can be built from two main building 

blocks: the thiosugar building block 36 and the aromatic building block 37. Chiral sugar 

precursor- ᴅ-ribose would be the perfect precursor for installing the required stereogenic 

centres in the thiosugar building block 36. Hence, thiosugar building block 36 would be 

obtained from ᴅ-ribose via a key intermediate lactone 38.  Next, the aromatic building block 

37 could be synthesized starting from 2,6-dihydroxybenzoic acid 40 via a substituted styrene 

intermediate 39.42 Finally, the two building blocks: the thiosugar building block 36 and the 

aromatic building block 37 would be coupled together to construct the target thiovaritriol 2.  

The synthesis of thiovaritriol is divided into three parts: (a) synthesis of thiosugar 36, as an 

advanced intermediate, (b) synthesis of aromatic building block  37  and (c) coupling of 

thiosugar 36 with aromatic building block 37 (Scheme 3.6). 
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3.10.1. Synthesis of thiosugar intermediate from ᴅ-ribose  

 

Scheme 3.7: Synthesis of the key intermediate lactone 38. 

The first part consists of the synthesis of thiosugar 50 from ᴅ-ribose.The key intermediate 

lactone 38 was synthesized starting from readily available chiral pool precursor, ᴅ-ribose 

(Scheme 3.7). This synthesis aims at the anomeric (C1) oxidation and C4 epimerisation of ᴅ-

ribose. The oxidation of the anomeric (C1) centre of ᴅ-ribose to deliver ᴅ-ribonolactone is of 

utmost importance at this stage because the chiral natural sugars can coexist as several 

isomers as well as open-chain structures in the solution. Therefore, ᴅ-ribonolactone was 

targeted to be the “chiral cornerstone” in the synthesis of the key intermediate lactone 38.33 

For this purpose, we inclined towards a convenient multigram-scale synthesis of ᴅ-

ribonolactone by aqueous bromine oxidation of ᴅ-riboseaccompanied by a one-pot 2,3-

isopropylidene formation by the treatment of anhydrous acetone catalyzed by concentrated 

sulfuric acid to yield ᴅ-ribonolactone acetonide 41.33 The IR band of 41 3469 cm-1 depicts 

the presence of hydroxyl functionality. The NMR peaks appearing at δH 1.32 (s, 3H), 1.41 (s, 

3H) & δC 24.4, 25.7 due to the methyl groups (-CH3) and a quaternary carbon δC 112.1 

(confirmed by DEPT) of isopropylidene functionality confirms the acetonide formation. The 

IR band appearing at 1750cm-1 and the quaternary 13C peak appearing at δC 174.01 

(confirmed by DEPT) due to C1 carbonyl (-C=O) confirms the success of anomeric (C1) 

oxidation. 

Next, the C4 epimerisation was attained via the formation of mesylateof 41 and the 

immediate action of aqueous KOH on the crude mesylate to form ˪-lyxonolactone acetonide 

42.33 The IR spectrum of 42 displayed hydroxyl band at 3204 cm-1 and lactone carbonyl band 

at 1771 cm-1. The Rf  (ethyl acetate: hexane 6:4) changed from 0.60 to 0.79. At the same 
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time, the 1H NMR signalof C5 methylene group (-CH2-) shifted from 4.57 (t, J = 1.6 Hz, 1H) 

to δH 4.63 (dq, J = 5.4 Hz, J = 3.0 Hz, 1H). This revealed the epimerization at C4. Further, 

an Appel-type iodination reaction of ˪-lyxonolactone acetonide 42 by employing a 

heterocyclic baseyielded iodate 43.43–47 The hydroxyl band at 3204 cm-1 was absent in the IR 

spectrum of iodate 43. The NMR of iodate 43 shows peaks at δH 3.35 (dq, J = 6.0 Hz, J = 

3.6 Hz, 2H) and δC-0.004 due to the C5 methylene group (-CH2-). This confirms the 

formation of iodate 43. With iodate 43 in hand, the key intermediate lactone 38 was 

successfully prepared by subjecting iodate 43 to a de-iodination reaction with tributyltin 

hydride and AIBN in hot toluene (Scheme 3.7).44,47 The NMR of lactone 38 showed peaks at 

δH1.43 (d, J = 6.8 Hz, 3H)& δC 13.6 due to the C5 methyl group (-CH3). This indicates the 

formation of lactone 38. This category of carbohydrate derived lactones can serve as essential 

intermediates in the total synthesis of numerous natural products and therapeutics.47–50 

 

Scheme 3.8: Synthesis of thiosugar building block. 

The success of yielding the key intermediate in sufficient quantity led to the synthesis of 

thiosugar 36 (Scheme 3.8). For the same purpose, lactone 38 was subjected to controlled 

hydride reduction by (iBu2AlH)2 at -70°C to obtain an inseparable diastereomeric mixture of 

lactol  44 (α:β = 1:0.25, determined by 1H NMR).51 The appearance of hydroxyl IR band at 

3435 cm-1, the disappearance of C1 carbonyl (-C=O) IR band at 1776 cm-1 and the presence 

of downfield NMR signals at δH 5.35 (s, 1H, major), δH 4.53  (qd, J = 10.8 Hz, J = 3.2 Hz, 

1H, minor); δC 100.7 (major), 96.6 (minor) confirms the lactol 44 formation. It is a pre-

requisite to cleave the furanose ring of lactol 44 with an appropriate nucleophile to replace 

the oxygen atom from the furanose ring with a sulphur atom. Hence, vinylmagnesium 
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bromide was selected as a suitable nucleophile. Thus, exposing lactol 44 to a solution of 1M 

vinylmagnesium bromide in dry tetrahydrofuran astonishingly yielded both the diastereomers 

of diol 45 in 87% yield (α:β = 0.95:1, determined by 1H NMR) despite the presence of the 

bulky acetonide protecting group (Scheme 3.8).52,53 The IR spectra of diol 45a and 45b 

displayed hydroxyl bands at 3319, 3088 cm-1 and 3341, 3080 cm-1, respectively. The 

appearance of terminal monosubstituted olefinic NMR signals at δH 5.28 (dt, J = 10.6 Hz, J 

= 1.5 Hz, 1H), 5.43 (dt, J = 17.3 Hz, J = 1.6 Hz, 1H), 6.01 (dddd, J = 15.8 Hz, J = 10.4 Hz, J 

= 5.2 Hz, J = 1.6 Hz, 1H); δC 108.0, 116.4 in case of 45a and δH 5.27 (dt, J = 10.4 Hz, J = 

1.2 Hz, 1H), 5.40 (dt, J = 17.2 Hz, J = 1.2 Hz, 1H), 5.94 (dddd, J = 17.2 Hz, J = 10.4 Hz, J = 

6.4 Hz, J = 5.6 Hz, 1H); δC  108.3, 117.1 in case of  45b proves the success of vinyl 

nucleophilic addition and formation of diastereomeric diol 45a & 5b. The relative 

configurations of diols 459a and 45b  were assigned by carrying out backward synthetic 

analysis of diastereomeric thiosugar formation 36a & 36b. This is discussed in detail at the 

end of this sub-section in scheme 3.9. The formation of both the diastereomers of diol (45a & 

45b) is essential to access both the diastereomers of thiosugar 36a & 36b. Thus, the key 

intermediate lactone 38 served as a versatile intermediate for the synthesis of both 

diastereomers of thiosugar.  

The diol diastereomers (45a & 45b) were not separated at this stage and the crude 

diastereomeric mixture was directly converted to the corresponding di-mesylates. The 

obtained di-mesylates were then immediately engaged in the cyclisation step using 

Na2S·xH2O to yield both the diastereomers of thiosugar 36a & 36b (α:β = 1:0.9, determined 

by 1H NMR) (Scheme 3.8).54 Thiosugar diastereomeric separation by chromatography 

proved easy at this step. The IR spectrum of 36a & 36b witnessed the disappearance of 3319, 

3088 cm-1 and 3341, 3080 cm-1 hydroxyl bands, respectively. The appearance of upfield 

NMR shifts  δH 3.33 (qd, J = 7.6 Hz, J = 1.6 Hz, 1H), 4.05 (dd, J = 8.8 Hz, 4.4 Hz, 1H); δC 

48.1, 53.5 in the case of 36a and δH 3.34 (sx, J = 6.8 Hz, J = 1.6 Hz, 1H), 3.85 (dd, J = 8.4 

Hz, J = 5.6 Hz, 1H); δC 45.97, 54.30 in the case of 36b due to C6’ and C3’(–CH-)  in the 

thiolane ring proves the success of the cyclisation step.   
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Table 3.3: Comparative analysis of vicinal coupling constants. 

 

Thiosugar 3J2’,1’a 
3J2’,1’b 

3J2’,3’ 
3J3’,4’ 

3J4’,5’ 
3J5’,6’ 

3J6’,7’ 

36a 17.0 10.0 8.8 4.8 5.4 1.6 7.6 

36b 16.8 10.4 8.4 6.0 5.6 1.6 6.8 

All the values are measured in Hz.  

1H NMR vicinal coupling constants were compared of thiosugars 36a & 36b.55 As evident in 

Table 3.3, 3J2’,1’a, 
3J2’,1’b, 

3J2’,3’, 
3J4’,5’ and 3J5’,6’ of both 36a & 36b are similar. Interestingly, 

3J3’,4’ of thiosugar 36a (4.8 Hz) and 36b (6.0 Hz) differ. This suggests 3’,4’-anti configuration 

in 36b (3J3’,4’ = 6.0 Hz). On account of this, the relative configurations of thiosugar were 

assigned: (3'S,4'R,5'S, 6'R)-36a and (3’R,4’R,5’S, 6’R)-36b. 

 

Figure 3.28: Selected 2D NMR correlations for thiosugar 36a. 

The 1H-1H COSY spectrum of 36a revealed C2’to C3’, C3’ to C4’, C4’to C5’, C5’ to C6’ 

and C6’ to C7’connections (Figure 3.28). The NOESY spectrum of 36a showed no 

correlation of H7’/H3’ suggesting that H7’ and H3’to be in different planes. These 

observations further confirmed the relative stereochemistry of thiosugar as (3'S,4'R,5'S, 6'R)-

36a and (3’R,4’R,5’S,6’R)-36b. 
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Scheme 3.9: Backward analysis of diastereomeric thiosugar formation. 

Further, to carry out the back analysis of the diastereomeric formation of thiosugar 36 from 

diol 45, the diastereomeric mixture of diols 45a & 45b were separated by chromatography. 

Each diol diastereomer was converted to its corresponding di-mesylate in different pots and 

the di-mesylate was then immediately reacted with Na2S.xH2O. The di-mesylate of diol 45a 

formed (3’R,4’R,5’S, 6’R)-36a whereas, the di-mesylate of diol 45b formed (3’R,4’R,5’S, 

6’R)-36b (Scheme 3.9). The explanation of these stereochemical outcomes can be endorsed 

by the fact that the ring closure by double sulphide displacement is accompanied by strain, 

which leads to the inversion of configurations at C3’ and C6’. Based on this, the relative 

configurations of diols were assigned: (3’R,4’S,5’R,6’R)-45a and (3’S,4’S,5’R,6’R)-45b. 

3.10.2. Synthesis of aromatic building block from 2,6-dihydroxybenzoic acid 

For the synthesis of aromatic building block 37, we inclined towards the transformations 

reported in the literature beginning from easily accessible and cheap starting material 2,6-

dihydroxybenzoic acid 40 with minor adaptations (Scheme 3.10). Monoacetonide protection 

of 2,6-dihydroxybenzoic acid 40 gave protected phenol 46 and then the free hydroxyl in the 

protected phenol 46  was reacted with triflic anhydride to form triflate 47.56 The 1H NMR 

spectrum of phenol 46 displayed a peak at δH 1.75 (s, 6H) due to two methyl (-CH3) groups, 

peaks at δH 6.45 (dd, J = 8.4 Hz, J = 0.8 Hz, 1H), 6.64 (dd, J = 8.4 Hz, J = 0.8 Hz, 1H) & 

7.42 (t, J = 8.4, 1H) due to the aromatic protons and peak at δH 10.34 (s, 1H) due to phenolic 

hydroxyl (-OH). 13C NMR spectrum of phenol 46 showed peaks at δC 107.2 (a quaternary 

carbon, confirmed by DEPT) which was attributed to the isopropylidene group (>C(CH3)2). 
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This verifies the formation of protected phenol 46. The phenolic hydroxyl band at 3204 cm-1 

was absent in the IR spectrum of triflate 47. The appearance of quaternary13C signals at  

 

Scheme 3.10: Synthesis of aromatic building block 37. 

δC 108.3 (due to -CF3, confirmed by DEPT) and quaternary 13C signals at δC 157.1 (due to 

carbonyl –C=O, confirmed by DEPT) verifies the formation of triflate 47. 

Triflate 47 was subjected to Suzuki cross-coupling to gain protected styrene 48,57 which was 

followed by LiAlH4 reduction to obtain substituted styrene intermediate 39 (Scheme 3.10). 

The NMR spectra of the protected styrene 48 portrayed the presence of monosubstituted 

olefinic functionality at δH 5.43 (dd, J = 11.2 Hz, J = 1.2 Hz, 1H), 5.72 (dd, J = 17.2 Hz, 1.2 

Hz, 1H), 6.89 (dd, J = 8.0 Hz, J = 0.8 Hz, 1H) & δC 117.9, 135.4 thus, confirming the 

formation of protected styrene 48. The IR spectrum of substituted styrene intermediate 39 

observed the disappearance of carbonyl band 1732 cm-1 and the appearance of hydroxyl 

bands 3280, 3183 cm-1. Proton peaks due to the isopropylidene methyl groups (>C(CH3)2) at 

δH 1.72 (s, 6H) were absent in the 1H NMR spectrum of 39. The 1H NMR spectrum of 39 

showed the presence of a methylene (–CH2-) group at δH 4.87 (s, 2H). 13C peak due to 
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carbonyl carbon (-C=O) at δC 160.4 (a quaternary carbon, confirmed by DEPT) was absent 

in the 13C NMR spectrum of 39. This confirms the formation ofsubstituted styrene 

intermediate 39. It is worthy to note that substituted styrene intermediate 39 would 

decompose over time and cannot be stored for long. 

Eventually, mono-methylation and TBS-Cl protection of 39 in the same sequence, efficiently 

yielded the aromatic building block 37 (Scheme 3.10).58 The NMR spectra of mono-

methylated alkene 49 exhibited the appearance of δH 3.87 (s, 3H) and δC 55.6 due to the 

methoxymethyl (-OCH3) group thus, confirming the formation of methylated styrene 49. The 

band due to the hydroxyl moiety 3327 cm-1 disappeared in the IR spectrum of aromatic 

building block 37. The NMR spectra of aromatic building block 37 revealed the presence of 

δH -0.0001 (s, 6H), 0.84 (s, 9H) & δC -5.2 (2C), 18.5 (quaternary carbon, confirmed by 

DEPT), 25.99 (3C) due to the presence of tert-butyldimethyl silyl (-(CH3)2SiC(CH3)3) group. 

Thus, verifying the formation of 37.  

3.10.3. Synthesis of thiovaritriol via coupling of thiosugar and styrene derivative 

 

Scheme 3.11: Synthesis of protected thiovaritriol 50a and 50b via metathesis. 
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Towards this end, thiosugar building block (36a & 36b) was joined to the aromatic building 

block 37 via the key metathesis step with the aid of the famous Grubb’s IInd generation 

catalyst (Scheme 3.11).58 Delightfully, in both the cases we accomplished the cross-coupled 

products (50a & 50b), in 42 % yield (based on 20% recovered thiosugar). The NMR spectra 

of 50a/50b showed both signals pertaining to thiosugar building block (in the aliphatic 

region) and aromatic building block signals (in the aromatic region). In addition, the vicinal 

di-substituted olefin NMR signals of 50a were observed at δH 6.20 (dd, J = 16.0 Hz, J = 9.2 

Hz, 1H), 6.91 (d, J = 15.6 Hz, 1H); δC 108.8, 118.0 and that of 50b were observed at δH 6.07 

(dd, J = 15.6 Hz, J = 8.4 Hz, 1H), 7.00 (d, J = 15.6 Hz, 1H); δC 108.9, 117.8. Hence, proving 

the formation of protected thiovaritriol 50a/50b. In addition, self-coupled product 51 (26% 

yield) was observed (Scheme 3.11). The NMR spectra of 51 executed chemical shifts 

corresponding to only aromatic building block and the vicinal di-substituted olefin signals δH 

6.75 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H); δC 128.6 thus, verifying the formation of self-coupled 

product 51. 

 

 

Scheme 3.12: Synthesis of thiovaritriol.  
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Table 3.4:Optimization of deprotection of 50a and 50b. 

Sr. No. Reaction condition* Yield (%) 

1 2M aq. HCl, rt Complex mixture 

2 80% aq. acetic acid, rt Complex mixture 

3 85% aqueous formic acid Complex mixture 

4 1M TBAF in THF, 0°C to rt Complex mixture 

5 
pTSA (1.13) equiv),THF, 48h, rt 

 
Complex mixture 

6 pTSA·H2O (0.75equiv), THF, 48h, rt 
61% of 3’-epi-thiovaritriol 3 

16% of 52 

*These reactions were carried out on milligram scale (starting from 10-25 mg of 50a and 

50b)   

To complete the synthesis of thiovaritriol, the 50a/50b were then subjected to deprotection 

(Scheme 3.12, Table 3.4). Several one-pot acidic deprotection reaction conditions (2M 

aqueous HCl,53 80% aqueous acetic acid,48 85% aqueous formic acid,55,56 and  1M TBAF in 

THF)57 failed to provide us with the desired target molecule.  But instead, we obtained an 

unexpected complex mixture of products. We then thought to use a comparatively weaker 

acidic deprotection condition by employing pTSA.58 When 1.13 equiv pTSA·H2O was used 

we ended up with a complex mixture (Scheme 3.12, Table 3.4, entry 5). Fortifyingly, we 

obtained the desired 3’-epi-thiovaritriol 3 when pTSA·H2O (0.75 equiv) was added portion 

wise. Along with 3’-epi-thiovaritriol 3, 52 was also obtained (Scheme 3.12). IR spectrum of 

3’-epi-thiovaritriol 3 showed the presence of hydroxyl band at 3339 cm-1. 1H NMR spectrum 

of 3’-epi-thiovaritriol 3 did not have peaks corresponding to tert-butyldimethylsilyl 

protecting group (-(CH3)2SiC(CH3)3)  at δH -0.02 (6H), 0.82 (s, 9H). Also, proton peaks due 

to isopropyledene group (>C(CH3)2) at δH 1.26 (s, 3H) and 1.49 (s, 3H) were absent 1H 

NMR spectrum of 3’-epi-thiovaritriol 3. 1H NMR spectrum of 3’-epi-thiovaritriol 3 showed 

both signals pertaining to thiosugar building block (in the aliphatic region) and aromatic 
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building block signals (in the aromatic region). In addition, the vicinal di-substituted olefin 

1H signals of 3 were observed at δH 5.96 (dd, J = 8.4 Hz, J = 15.6 Hz, 1H) and 6.84 (d, J = 

15.2 Hz, 1H,). This spectral information reveals the formation of 3’-epi-thiovaritriol 3. 

1H NMR spectrum of 52 showed the appearance of peaks due to isopropylidene group 

(>C(CH3)2) at δH 1.26 (s, 3H) and 1.49 (s, 3H). But, the proton peaks due to tert-

butyldimethylsilyl protecting group (-(CH3)2SiC(CH3)3)  at δH-0.02 (6H) and 0.82 (s, 9H) 

were absent in the 1H NMR spectrum of 52. 1H NMR spectrum of 52 showed both signals 

pertaining to the thiosugar building block (in the aliphatic region) and aromatic building 

block signals (in the aromatic region). In addition, the vicinal di-substituted olefin 1H signals 

of 52 were observed at δH 6.75 (d, J = 16.0 Hz, 1H) and 7.15 (d, J = 8.0 Hz, 1H). This 

spectral information shows the formation of 52.  

Scheme 3.13: Synthetic attempt to form 53a and 53b. 

Another synthetic attempt was the Heck-coupling between thiosugar building block 36a/b 

and triflate 47 desiring to obtain 53a/53b (Scheme 3.13). However, we failed to obtain the 

desired targetsinstead, we ended up with an unwanted complex reaction mixture. 

In a nutshell, we successfully achieved the synthesis of 3’-epi-thiovaritriol 3 by joining 

thiosugar 36b and aromatic building block 37 via metathesis reaction. Further optimization 

of the reaction conditions of the deprotection step was not possible at this stage as the 

deprotection was carried out on a very less scale (milligram scale). This gave rise to 

challenges such as difficulty in the detection of products by TLC and yields in trace amounts 

of the compounds. There is scope for further optimization of the deprotection reaction 

conditions.  
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3.11. Conclusion  

 

1. Marine natural product varitriol 1 was modified to generate novel thiovaritriol 

derivatives which could further find potential as antiviral agents against SARS-CoV-2 

infections. 

2. The synthesis of vinylated thiosugar 36 was achieved for the first time which could be 

explored as an advanced intermediate in the synthesis of modified nucleosides. 
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3.12. Experimental part 

3.12.1. Material and methods 

Melting points (uncorrected) were determined in an open capillary using the Thiele melting 

point tube. Thin-layer chromatography was performed with Kieselgel 60 F254 (Merck 

aluminium support plates). TLC spots were visualised in UV and by staining the TLC plate 

with iodine, KMnO4 -acetone (1.5g of KMnO4, 10g K2CO3, and 1.25mL 10% NaOH in 

200mL water), anisaldehyde- H2SO4 (10 mL of 5% anisaldehyde in acetic acid, 5% 

methanolic H2SO4, heated at 110°C, 10 min). Infrared data was recorded in the region 

between 4000 to 400 cm-1 on a Shimadzu IRPrestige-21 instrument. Column 

chromatography was performed with silica gel 60-200 mesh size as packing material. 1H, 13C, 

DEPT-135, 1H-1H COSY and NOESY NMR spectra were recorded at room temperature on 

Bruker instrument (400 MHz for 1H and 100 MHz for 13C), chemical shifts are recorded in 

ppm relative to tetramethylsilane (TMS) as the internal standard. Optical rotations 

(concentration in grams/ 100 mL solvent) were measured using sodium D line on Bellingham 

+ Stanley Ltd. ADP220 Polarimeter. The mass spectra were recorded on high resolution mass 

spectrometry - time of flight - electrospray ionisation  HRMS (TOF MS ES+). All the 

chemicals used in this study were of reagent grade and used as received without any further 

purification.  

Experimental part of section A  

3.12.2. Molecular docking 

Blind docking  

The molecular docking has been performed against the selected protein (PDB ID: 6VWW)16 

using AutoDock 4.2 to evaluate the binding mode of ligand and interactions in the active 

site.17 The required ligand structures were drawn using Chem Draw version 12.0 and then 

converted to .pdb format in OpenBabel (ver 2.4.1).64 Whereas, 3D structures of molnupiravir 

5  and favipiravir 6 were obtained from PubChem database.65 The target protein and ligands 

were processed in PDBQT format using AutoDock Tools for further use in the molecular 

docking process.18,19  AutoGrid was used for the preparation of the grid map using a grid box. 

The grid size was set to 126 × 126 × 126 xyz points with grid spacing of 0.513 Å and grid 



Chapter 3  
 

140 
 

center was designated at dimensions (x, y, and z): -73.809, 28.700 and -24.197. A scoring 

grid is calculated from the ligand structure to minimize the computation time. AutoDock was 

employed for docking using protein and ligand information along with grid box properties in 

the configuration file. During the docking procedure, both the protein and ligands are 

considered rigid. The pose with the lowest energy of binding was extracted for further 

analysis. Out of 10 binding positions generated for each ligand, the position with the most 

negative binding energy, indicating stronger binding interaction was considered.19 The 

inhibition constant (Ki) was obtained from the binding energy (ΔG) using the formula: Ki = 

exp(ΔG/RT), where R is the universal gas constant (1.985 × 10−3 kcal mol−1 K−1) and T is the 

temperature (298.15 K).20 The visualization of docking simulation poses was done using 

PyMOL and  Discovery Studios Visualizer 2021.19 

Site-specific docking  

The protocol followed was similar to that of blind docking. The grid size was set to 

50 × 60 × 60 xyz points with grid spacing of 0.408 Å and grid center was designated at 

dimensions (x, y, and z): -75.060, 25.999 and -14.400. The specific protein binding site was 

recognised using Schrödinger suite with the help of SiteMap tool that consisted of a large 

binding area.66 

Experimental part of section B 

3.12.3.  Procedure for synthesis of ᴅ-ribonolactone andᴅ-ribonolactone acetonide 41 

 

In a single neck round bottom flask equipped with a pressure-equalizing dropping funnel and 

magnetic bar ᴅ-ribose (0.266 mol) was stirred in distilled water (100 mL). To this sodium 

bicarbonate (2.00 equiv)was added while continuing the stirring. The reaction mixture was 

cooled to 0 °C through an ice-salt bath after 20 min of stirring at rt. Note that the reaction 
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mixture eventually turns homogenous in the course of the reaction. Bromine (1.10 equiv) was 

added dropwise to the cold reaction mixture in the round bottom flask throughout 3 h, while 

cautiously maintaining the internal temperature of the reaction mixture to less than 5°C. After 

the complete addition of bromine, the dropping funnel was replaced with a stopper and the 

homogenous reaction mass was stirred at rt overnight. The reaction mixture was then 

neutralized with approx. 88% formic acid (30 mL) and the acidic solution was concentrated 

under vacuum on rota-vap to obtain a dark grey solid residue. Around 10 mL of toluene was 

added to the residue and was concentrated again under vacuum on rota-vap. This was 

repeated twice to ensure the complete removal of moisture from the residue. The residue was 

used for the next reaction without any further purification. To obtain pure ᴅ-ribonolactone 

the residue was dissolved in hot ethanol and filtered. The residue was washed several times 

with hot ethanol. The filtrate was refrigerated overnight to obtain colourless crystals of ᴅ-

ribonolactone. Rf (MeOH:CHCl3 2:8) = 0.57. [α]23.6 
D= -10.0 (c1.00, H2O) (reported [α]25 

D = 

-11.9 (c 0.99, H2O);67 mp 95 ˚C (reported 85-87 °C);67 IR (KBr) cm-1 3500, 3375, 3188, 

1750, 1594, 1375; 1H NMR (400 MHz, DMSO-d6) δ 3.57 (dd, J = 4.8 Hz, J = 3.6 Hz, 2H), 

4.13 (t, J = 4.8, 1H), 4.24 (t, J = 3.6, 1H), 4.43 (dd, J = 7.6, J = 5.2, 1H), 5.17 (t, J = 5.2 Hz, 

1H), 5.39 (d, J = 3.6 Hz, 1H), 5.76 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 

61.0, 69.1, 69.8, 85.9, 177.0. 

The above-obtained residue containing ᴅ-ribonolactonewas dissolved in dry acetone (802 

mL) and transferred in two neck round bottom flask under nitrogen atmosphere and equipped 

with a mechanical stirrer. To this, around 5 g 4Å MS were added. Next, 2,2-

dimethoxypropane (42.5 mL) and conc. H2SO4 (0.02 equiv) were added consecutively. After 

2 h of stirring at rt, an extra 5 g 4Å MS was added. The reaction progress was monitored by 

TLC. The reaction was quenched with sodium bicarbonate after another 2 h and filtered 

under a vacuum. The residue was washed with acetone and the filtrate was concentrated on 

rota-vap under a vacuum. The solid residue obtained was then dissolved in hot ethyl acetate 

(500 mL) and filtered. The filtrate was then concentrated on rota-vap under vacuum to 1/4th 

of its original volume. The white crystals obtained of compound 41 were filtered and washed 

with cold ethyl acetate. The filtrate was then cooled to obtain the rest of compound 41 as 

colourless crystals (44 g, 88% yield over two steps). Rf (ethyl acetate:hexane 6:4) = 0.60;  [α] 

26.2
 D = -59.0 (c 1.05, CHCl3) (reported-[α] 20

 D = -66.9 (c 1.00, CHCl3);
68-69 mp 137 ˚C 
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(reported 133-137 °C);68-69 IR (KBr) cm-1 3469, 2978, 2906, 1750;  1H NMR (400 MHz, 

CDCl3) δ 1.32 (s, 3H), 1.41 (s, 3H), 2.62 (bs, 1H), 3.74 (d, J = 12.4 Hz, 1H), 3.93 (dd, J = 

12.0 Hz, J = 1.6 Hz, 1H), 4.57 (t, J = 1.6 Hz, 1H), 4.72 (d, J = 5.6 Hz, 1H), 4.78 (d, J = 5.6 

Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 24.4, 25.7, 60.9, 74.6, 77.2, 81.8, 112.1, 174.0.  

 

3.12.4.  Procedure for synthesis of ˪-lyxonolactone acetonide 42 

 

In a two neck round bottom flask, ᴅ-ribonolactone acetonide 41 (0.056 mol) dissolved in 

anhyd. pyridine (35 mL) was added under N2 atmosphere. To this solution, mesyl chloride 

(2.50 equiv) was added at 0°C. The temperature of the reaction mixture was gradually 

increased from 0°C to rt. After complete consumption of 41 as followed by TLC (2 h), the 

reaction was quenched with cold water (100 mL). The compound was extracted with CH2Cl2 

(100 mL × 3) thrice. The combined organic layers were washed with brine. The organic layer 

was dried over Na2SO4 and the volatile solvent was distilled under reduced pressure to obtain 

a light brown viscous liquid which was used for the next reaction without further 

purification.  

To the above obtained residue, approx. 2.2 M aq. KOH (74 mL) was added by maintaining 

the reaction mass temperature below 25 °C. The resulting solution was stirred for 6 h at rt. 

Next, the reaction mass was neutralized with approx. 3N HCl and the acidic solution was 

concentrated under vacuum on rota-vap to obtain a colourless solid residue. This residue was 

triturated with acetone. The combined organic solvent was dried with MgSO4 and distilled 

under reduced pressure to give colourless solid.  The solid was purified by column 

chromatography (ethyl acetate:hexane 6:4) to afford pure 42 as colourless crystals (7.4 g, 

70% yield over two steps). Rf (ethyl acetate:hexane 6:4) = 0.79; [α] 26.2
 D = -75.0 (c 0.20, 

acetone) (reported[α] 25
 D = -85.6 (c 1.00, acetone);68-69 mp 94 ˚C (reported 93-94 °C);68-69 IR 

(KBr) cm-1 3204, 2990, 2934,1771;  1H NMR (400 MHz, CDCl3) δ 1.42 (s, 3H), 1.50 (s, 3H), 
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2.03 (bs, 1H), 3.98 (dd, J = 5.2 Hz, J = 12.4 Hz, 2H), 4.06 (dd, J = 12.4 Hz, J = 6.8 Hz, 1H), 

4.63 (dq, J = 5.4 Hz, J= 3.0 Hz, 1H), 4.88-4.92 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 25.8, 

26.7, 60.9, 76.1, 76.2, 78.9, 114.6, 173.2. 

 

3.12.5.  Procedure for synthesis of iodate 43 

 

In a two neck round bottom flask, equipped with a water circulation condenser and 

continuous nitrogen flow; was placed a solution of 42 (0.018 mol) in anhyd Toluene (50 mL) 

under magnetical stirring. To this solution, triphenylphosphine (3 equiv) and imidazole (3.00 

equiv)  were added under constant stirring. The reaction mixture was heated to 60°C. Now, 

iodine (2.20 equiv) was added in portions. This reaction mass was refluxed for 1 h. Progress 

of the reaction was monitored by TLC. The reaction mass was allowed to cool at rt and ethyl 

acetate (100mL) was added to it. The organic layer was then washed with a saturated 

aqueous solution of Na2S2O3 solution (100 mL). the aqueous layer was extracted with ethyl 

acetate (100mL × 3). The combined organic layers were dried over Na2SO4 and the volatile 

solvent was distilled under reduced pressure. The residue was purified by column 

chromatography (ethyl acetate:hexane 2:8) to afford pure 43 as a colourless crystalline solid 

(5 g, 91% yield). Rf (ethyl acetate:hexane 2:8) = 0.50; [α] 26.2
 D = -30.0 (c 0.25, acetone); mp 

88 ˚C; IR (KBr) cm-1 2990, 2936, 1769;  1H NMR (400 MHz, CDCl3) δ 1.36 (s, 3H), 1.41 (s, 

3H), 3.35 (dq, J = 6.0 Hz, J = 3.6 Hz, 2H), 4.61 (dddd, J = 9.2 Hz, J = 6.0 Hz, J = 5.6 Hz, J = 

3.2 Hz, 1H), 4.80 (d, J = 5.2 Hz, 1H), 4.86 (dd, J = 5.2 Hz, J = 3.2 Hz, 1H); 13C NMR (100 

MHz, CDCl3) δ -0.004, 28.4, 29.3, 78.4, 79.2, 81.2, 116.8, 176.0. HRMS (TOF MS ES+) m/z 

calculated for C8H11IO4Na [M + Na]+ 320.9600, found 320.9600. 
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3.12.6.  Procedure for synthesis of lactone 38 

 

In a two neck round bottom flask, equipped with a water circulation condenser and 

continuous nitrogen flow; was placed a solution of 43 (0.017 mol) in anhyd toluene (60 mL) 

under magnetical stirring. To this solution, AIBN (0.008 equiv) and tributyltin hydride (1.10 

equiv)  were added under constant stirring. This reaction mass was refluxed for 3 h. Progress 

of the reaction was monitored by TLC. After complete consumption of the starting (3 h) the 

solvent was distilled under reduced pressure. The residue was purified by column 

chromatography (ethyl acetate: hexane 2:8) to afford pure 38 as a colourless crystalline solid 

(2.7 g, 94% yield ). Rf (ethyl acetate:hexane 2:8) = 0.63; [α] 26.2
 D = -44.0 (c 0.25, CHCl3); 

mp 77 ˚C; IR (KBr) cm-1 2994, 2963, 2940, 1776;  1H NMR (400 MHz, CDCl3) δ 1.34 (s, 

3H), 1.42 (s, 3H), 1.43 (d, J = 6.8 Hz, 3H), 4.55 (dq, J = 6.8 Hz, J = 3.6 Hz, 1H), 4.64 (dd, J 

= 5.2 Hz, J = 3.6 Hz, 1H), 4.75 (d, J = 5.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 13.6, 

26.0, 26.8, 76.0, 76.6, 77.5, 114.0, 174.1. HRMS (TOF MS ES+) m/z calculated for 

C8H12O4Na [M + Na]+ 195.0633, found 195.0634. 

 

3.12.7. Procedure for synthesis of lactol 44 
 

 

In a two neck round bottom flask was placed a solution of 38 (0.015 mol) in anhyd THF (20 

mL) under N2 atmosphere. To this, approx. 1M solution of (iBu2AlH)2 in THF (2.20 equiv) 

was added dropwise using a syringe under mechanical stirring, at -70°C. The reaction mass 

was stirred for 2 h at the same temperature. Progress of the reaction was monitored using 

TLC. The temperature of the reaction mixture was now set to -50°C and the reaction was 
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quenched with methanol (5 mL). Next, the pH of the reaction mixture was adjusted to 3.0 

with cold approx.. 10% H2SO4. THF was evaporated under reduced pressure on rotavap and 

the aqueous layer was extracted with ethyl acetate (150 mL× 3). The combined organic 

layers were dried over Na2SO4 and the volatile solvent was distilled under reduced pressure 

to afford an anomeric mixture of 44 as a colourless viscous liquid (2.3 g, 90% yield) α:β = 

1:0.25 (determined by 1H NMR). Rf (ethyl acetate:hexane 2:8) = 0.33;  IR (Neat) cm-1 3435, 

2988, 2940; 1H NMR (400 MHz, CDCl3) (major 44) δ 1.32 (d, J = 6.5 Hz, 3H), 1.34 (s,3H), 

1.47 (s,3H), 1.82 (bs, 1H), 4.32 (qd, J = 6.4 Hz, J = 3.2 Hz, 1H), 4.60-4.64 (m, 2H), 5.35 (s, 

1H); 1H NMR (400 MHz, CDCl3) (minor 44) δ 1.32 (d, J = 6.5 Hz, 3H), 1.38 (s, 3H), 1.54 

(s,3H), 3.00 (bs, 1H), 3.66 (qd, J = 6.4 Hz, J = 3.2 Hz, 1H), 3.92 (d, J = 12.0 Hz,  1H), 4.53 

(qd, J = 10.8 Hz, J = 3.2Hz, 1H); 13C NMR (100 MHz, CDCl3) (major 44)  δ 13.4, 24.8, 26.0, 

75.9, 80.9, 86.0, 100.7, 112.3; 13C NMR (100 MHz, CDCl3) (minor 44)  δ 13.2, 25.0, 25.8, 

71.7, 79.0, 80.9, 96.6, 112.9. HRMS (TOF MS ES+) m/z calculated for C8H14O4Na  [M + 

Na]+ 197.0790, found 197.0790. 

 

3.12.8. Procedure for synthesis of diol 45a and 45b 

 

In a two neck round bottom flask was placed approx. 1 M solution of vinylmagnesium 

bromide (5.00 equiv) in THF under nitrogen atmosphere. To this lactol 44 (0.012 mol) in 

anhyd THF was added dropwise at 0°C. The reaction mix was allowed to warm at rt and was 

stirred for 6 h at the same temperature. Progress of the reaction was monitored using TLC. 

The reaction was quenched with saturated aq. ammonium chloride at 0°C. THF was 

evaporated under reduced pressure on rotavap and the aqueous layer was extracted with ethyl 

acetate (100 mL× 3). The combined organic layers were dried over Na2SO4 and the volatile 

solvent was distilled under reduced pressure.  The residue was purified by column 

chromatography (ethyl acetate:hexane 2:8 to 3:7) to afford a diastereomeric mixture of 45a & 

45b as a light yellow viscous liquid (2 g, 87% yield) α:β = 0.95:1 (determined by 1H NMR).  
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45b (β isomer):  Rf (ethyl acetate:hexane 4:6) = 0.73; [α] 22.6 
D = -6.0 (c 0.10, CHCl3); IR 

(Neat) cm-1 3341, 3080, 2982, 2934, 2878, 1643; 1H NMR (400 MHz, CDCl3) δ 1.30 (d, J = 

6.4 Hz, 3H), 1.40 (s,3H), 1.56 (s,3H), 2.93 (bs, 1H), 3.20 (bs, 1H), 4.03 (dd, J = 7.2 Hz, J = 

2.8 Hz, 1H), 4.08 (dd, J = 6.4 Hz, J = 2.8 Hz, 1H), 4.13 (dd, J = 7.2 Hz, J = 3.1 Hz, 1H), 

4.35-4.36 (m 1H), 5.27 (dt, J = 10.4 Hz, J = 1.2 Hz, 1H), 5.40 (dt, J = 17.2 Hz, J = 1.2 Hz, 

1H), 5.94 (dddd, J = 17.2 Hz, J = 10.4 Hz, J = 6.4 Hz, J = 5.6 Hz, 1H); 13C NMR (100 MHz, 

CDCl3)  δ 21.0, 24.6, 26.7, 65.3, 70.3, 79.4, 80.6, 108.3, 117.1, 137.6. HRMS (TOF MS 

ES+) m/z calculated for C10H18O4Na [M + Na]+ 225.1103, found 225.1104. 

45a (α isomer): Rf (ethyl acetate:hexane 4:6) = 0.55; [α] 22.6 
D = -14.0 (c 0.16, CHCl3); IR 

(Neat) cm-1 3319, 3088, 2980, 2936, 2891, 1643; 1H NMR (400 MHz, CDCl3) δ 1.31 (d, J = 

6.5 Hz, 3H), 1.38 (s,3H), 1.52 (s,3H), 2.70 (bs, 1H), 3.13 (bs, 1H), 4.00-4.04 (m, 2H), 4.20-

4.22 (m, 1H), 4.50 (bs, 1H), 5.28 (dt, J = 10.6 Hz, J = 1.5 Hz, 1H), 5.43 (dt, J = 17.3 Hz, J = 

1.6 Hz, 1H), 6.01 (dddd, J = 15.8 Hz, J = 10.4 Hz, J = 5.2 Hz, J = 1.6 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) δ 21.1, 25.0, 27.2, 65.1, 70.7, 79.4, 80.4, 108.0, 116.4, 137.6. HRMS 

(TOF MS ES+) m/z calculated for C10H18O4Na [M + Na]+ 225.1103, found 225.1104. 

 

3.12.9.  Procedure for synthesis of thiosugar 36a and 36b 

 

In a two neck round bottom flask was placed a crude diastereomeric mixture of diol (45a & 

45b) (0.01 mol) in anhyd. CH2Cl2 (10 mL) was added under N2 atmosphere. To this solution, 

triethylamine (3.00 equiv) was added. Mesyl chloride (2.50 equiv) was added dropwise at 0 

°C. The temperature of the reaction mixture was gradually increased from 0 °C to rt. After 

consumption of 45a & 45b as followed by TLC (4 h), the reaction was quenched with 

saturated aq. sodium bicarbonate (20 mL). The compound was extracted with CH2Cl2 (30 mL 

× 3 ). The combined organic layers were washed with brine. The organic layer was dried over 
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Na2SO4 and the volatile solvent was distilled under reduced pressure to obtain light brown 

viscous liquid which was used for the next reaction without further purification.  

 

In a two neck round bottom flask, equipped with chilled water circulation condenser was 

placed the solution of the above residue in anhyd DMF (80 mL) under magnetical stirring. To 

this solution, TBAI (0.20 equiv) and Na2S·xH2O (1.20 equiv) was added under constant 

stirring. This reaction mass was heated at 50°C for 12 h. Progress of the reaction was 

monitored by TLC. To the reaction mixture water (100 mL) was added and the aqueous layer 

was extracted with diethyl ether (100 mL× 3). The combined organic layers were washed 

with brine. The organic layer was dried over Na2SO4 and the volatile solvent was distilled 

under reduced pressure to obtain light brown viscous liquid. The residue was purified by 

column chromatography (diethyl ether: hexane 1:9) to afford pure 36a and 36b as a 

colourless viscous liquid (600 mg, 50% yield ) (α:β = 1:0.9, determined by 1H NMR). 

36b (α isomer): Rf (diethyl ether:hexane 1:9) = 0.60; [α] 22.6 
D = -16.4 (c 0.07, CHCl3); IR 

(Neat) cm-1 : 2955, 2924, 2851, 1462, 1262, 1080; 1H NMR (400 MHz, CDCl3) δ 1.25 

(s,3H), 1.31 (d, J = 6.8 Hz, 3H), 1.46 (s, 3H), 3.34 (sx, J = 6.8 Hz, J = 1.6 Hz, 1H), 3.85 (dd, 

J = 8.4 Hz, J = 5.6 Hz, 1H), 4.32 (dd, J = 6.8 Hz, J = 1.6 Hz, 1H), 4.50 (t, J = 6.4 Hz, 1H), 

5.08 (d, J = 10.4 Hz, 1H), 5.24 (d, J = 16.8 Hz, 1H), 5.77 (dddd, J = 16.8 Hz, J = 10.4 Hz, J 

= 8.4 Hz, J = 8 Hz, 1H);  13C NMR (100 MHz, CDCl3) δ 19.9, 24.4, 26.6, 46.0, 54.3, 86.8, 

88.3, 112.7, 116.7, 134.8. HRMS (TOF MS ES+) m/z calculated for C10H16O2SH [M + H]+ 

201.0949, found 201.0957. 

36a (β isomer): Rf (diethyl ether:hexane 1:9) = 0.71; [α] 22.6 
D = -8.0 (c 0.15, CHCl3); IR 

(Neat) cm-1 : 2957, 2924, 2868, 2855, 1454, 1371, 1257, 1211; 1H NMR (400 MHz, CDCl3) δ 

1.31 (s,3H), 1.32 (d, J = 7.6 Hz, 3H), 1.54 (s, 3H), 3.33 (qd, J = 7.6 Hz, J = 1.6 Hz, 1H), 4.05 

(dd, J = 8.8 Hz, 4.4 Hz, 1H), 4.54 (dd, J = 5.6 Hz, J = 1.6 Hz, 1H), 4.76 (t, J = 5.2 Hz, 1H), 

5.18 (dd, J = 10.0 Hz, J = 1.6 Hz, 1H), 5.29 (d, J = 16.8 Hz, 1H), 5.98 (dddd, J = 16.8 Hz, J 

= 10.0 Hz, J = 8.8 Hz, J = 6.8 Hz, 1H);  13C NMR (100 MHz, CDCl3) δ 20.1, 24.7, 26.2, 

48.1, 53.5, 85.0, 90.3, 111.3, 118.0, 133.0. HRMS (TOF MS ES+) m/z calculated for 

C10H16O2SH [M + H]+ 201.0949, found 201.0957. 
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3.12.10. Procedure for synthesis of protected phenol 46 

 

In a two neck 250 mL round bottom flask was placed 2,6-dihydroxybenzoic acid 40 (0.03 

mol) in dimethoxyethane (DME) (26 mL) under N2 atmosphere. To this solution, 

dimethylamino pyridine (DMAP) (0.05 equiv) was added under mechanical stirring. The 

resulting solution was cooled in an ice-salt bath and anhyd. acetone (1.25 equiv) and thionyl 

chloride (1.30 equiv) were added to it dropwise, consecutively. The reaction mixture was 

stirred at the same temperature for an hour and then was gradually allowed to warm at rt. 

After 24 h stirring at rt, the reaction was quenched with saturated aq. sodium bicarbonate. 

The compound was extracted with diethyl ether (100 mL × 3 ). The organic layer was dried 

over Na2SO4 and the volatile solvent was distilled under reduced pressure. The residue was 

purified by column chromatography (ethyl acetate:hexane 5:95) to afford pure 46 as 

colourless crystals (5 g, 80% yield ). mp 40 ˚C (reported 59-65 °C, hexane);70 Rf (ethyl 

acetate:hexane 10:90) = 0.63; IR (KBr) cm-1: 3204, 3065, 2996, 2941, 1692, 1632, 1586, 

1465, 1385;  1H NMR (400 MHz, CDCl3) δ 1.75 (s, 6H), 6.45 (dd, , J = 8.4 Hz, , J = 0.8 Hz, 

1H), 6.64 (dd, , J = 8.4 Hz, , J = 0.8 Hz, 1H), 7.42 (t, , J = 8.4, 1H), 10.34 (s, 1H); 13C NMR 

(100 MHz, CDCl3) δ 25.6 (2C), 99.3, 107.1, 107.2, 110.8, 137.9, 155.6, 161.4, 165.4.  

 

3.12.11.  Procedure for synthesis of triflate 47 

 

In a two neck 500 mL round bottom flask was placed protected phenol 46 (0.026 mol) in 

anhd. CH2Cl2 (50 mL) under N2 atmosphere. To this solution, anhyd. pyridine (3.70 equiv) 

was added dropwise under mechanical stirring. The resulting solution was cooled in an ice-

salt bath and triflic anhydride (1.20 equiv) was added to it dropwise. The reaction mixture 
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was then was gradually allowed to warm at rt and the progress of the reaction was monitored 

on TLC. After 1 h the reaction was diluted with diethyl ether (100 mL ) and water (100 mL) 

and the compound was extracted with diethyl ether (100 mL × 3). The organic layer was 

dried over Na2SO4 and the volatile solvent was distilled under reduced pressure. The residue 

was purified by column chromatography (ethyl acetate:hexane 10:90) to afford pure triflate 

47 as colourless crystals (7 g, 88% yield). mp 120 ˚C (reported 115-118 °C;70 Rf (ethyl 

acetate:hexane 10:90) = 0.91; IR (KBr) cm-1 2924, 2853, 1746, 1620, 1578, 1474, 1439; 1H 

NMR (400 MHz, CDCl3) δ 1.77 (s, 1H), 7.00 (d, J = 8.0, 1H), 7.06 (dd, J = 8.4 Hz, J = 0.8 

Hz, 1H), 7.61 (t, J = 8.4, 1H); 13C NMR (100 MHz, CDCl3) δ 25.5 (2C), 106.8, 108.3, 116.6, 

117.8, 117.9, 120.3, 136.3, 148.6, 157.1, 157.4.  

 

3.12.12.  Procedure for synthesis of protected styrene 48 

 

In a two neck RBF equipped with a water circulation condenser, PdCl2(dppf)2 (5 mol%) and 

triethyl amine (1.30 equiv) were added to a stirring solution of potassium vinyltrifluoroborate 

(1.10 equiv) in absolute ethanol (100 mL) under N2 atmosphere. To this was then added 

triflate 47 (0.016 mol) under mechanical stirring. The resulting reaction mixture was refluxed 

for 4.5h. The progress of the reaction was monitored on TLC. After complete consumption of 

the starting material, the reaction mixture was then cooled to rt, ethanol was distilled out 

completely on rotavap under reduced pressure. The residue was then diluted with water (100 

mL) and the aqueous layer was extracted with diethyl ether (100 mL × 3). The organic layer 

was dried over Na2SO4 and the volatile solvent was distilled under reduced pressure. The 

residue was purified by column chromatography (ethyl acetate: hexane 5:95) to afford pure 

protected styrene 48 as colorless oil (3 g, 94% yield ).71 Rf (ethyl acetate:hexane 20:80) = 

0.23; IR (Neat) cm-1: 3125, 2927, 2941, 2928, 1732, 1576, 1475, 1390, 1271;1H NMR (400 

MHz, CDCl3) δ 1.72 (s, 6H), 5.43 (dd, J = 11.2 Hz, J = 1.2 Hz, 1H), 5.72 (dd, J = 17.2 Hz, 

1.2 Hz, 1H), 6.89 (dd, J = 8.0 Hz, J = 0.8 Hz, 1H), 7.28 (d, J = 6.8 Hz, 1H), 7.48 (t, J = 8.0 
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Hz, 1H), 7.72 (dd, J = 17.2 Hz, J = 11.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 25.6 (2C), 

105.3, 110.9, 116.6, 117.8, 121.4, 135.3, 135.4, 142.3, 156.7, 160.4. 

 

3.12.13.  Procedure for synthesis of functionalized styrene intermediate39 

 

In a two neck 500 mL RBF containing a slurry of LiAlH4 (1.50 equiv) in anhd. THF (50 

mL), a solution of protected styrene 48 (0.014 mol) in anhd. THF (40 mL) was added 

dropwise under mechanical stirring and N2 atmosphere at 0°C. The resulting reaction mixture 

was gradually allowed to warm at rt and stirred for an additional hour at rt. The progress of 

the reaction was monitored on TLC. After complete consumption of the starting material 

(1h), the reaction mixture was immersed in an ice bath and quenched with water dropwise. 

THF was distilled out completely on rotavap under reduced pressure. The compound was 

then extracted with ethyl acetate (100 mL× 3). The organic layer was dried over Na2SO4 and 

volatile solvent was distilled under reduced pressure to afford pure functionalized styrene 

intermediate 39 as colorless viscous liquid (2 g, 91% yield ).71 Rf (ethyl acetate:hexane 2:8) = 

0.68; IR (Neat) cm-1 3280, 3183, 3086, 2963, 2924, 2853, 1572, 1454, 1265, 985; 1H NMR 

(400 MHz, CDCl3) δ 4.87 (s, 2H), 5.25 (dd, J = 10.8 Hz, J = 1.2 Hz, 1H), 5.49 (dd, J = 17.2 

Hz, J = 1.2 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.79 (dd, J = 17.2 Hz, J =10.8 Hz, 1H), 6.91 

(d, J = 7.6 Hz, 1H), 7.07 (t, J = 8.0 Hz, 1H), 7.72 (bs, 0.6 H); 13C NMR (100 MHz, CDCl3) δ 

58.8, 114.9, 116.6, 117.6, 121.0, 128.0, 132.9, 136.5, 155.2. 

 

3.12.14.  Procedure for synthesis of mono-methylated alkene 49 
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In a two neck 500 mL RBF containing a solution of functionalized styrene intermediate 39 

(0.011 mol) in anhd. acetone (80 mL), potassium carbonate (2.00 equiv) and methyl iodide 

(2.00 equiv) were added under mechanical stirring and N2 atmosphere. The resulting reaction 

mixture was stirred at rt for 4 h. The progress of the reaction was monitored on TLC. After 

complete consumption of the starting material (4h) acetone was distilled out completely on 

rotavap under reduced pressure. The residue was diluted with water and the compound was 

then extracted with ethyl acetate (100 mL× 3). The organic layer was dried over Na2SO4 and 

the volatile solvent was distilled under reduced pressure.  The crude residue was purified by 

column chromatography (ethyl acetate: hexane 2:8) to afford pure mono-methylated styrene 

49as colorless oil (1.3 g, 70% yield ).71Rf (ethyl acetate:hexane 2:8) = 0.50; IR (Neat) cm-1 

3327, 3125, 2957, 2924, 2872, 2853, 1574, 1470, 1263, 1076;1H NMR (400 MHz, CDCl3) δ 

3.87 (s, 3H), 4.80 (s,2H), 5.36 (dd, J = 11.2 Hz, J = 1.6 Hz, 1H), 5.66 (dd, J = 17.2 Hz, J = 

1.2 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 7.09 (dd, J = 17.6 Hz, J = 11.2 Hz, 1H), 7.26 (dd, J = 

8.4 Hz, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 55.64, 56.80, 109.71, 117.52, 

118.93, 126.17, 128.89, 134.16, 138.61, 158.00. 

 

3.12.15.  Procedure for synthesis of aromatic building block 37 

 

In a two neck 500 mL RBF containing a solution of mono-methylated styrene 49 (0.007 mol) 

in anhd. CH2Cl2 (80 mL), imidazole (3.05 equiv) and tertiarybutyldimethylsilyl chloride 

(TBS-Cl) (1.20 equiv) were added under mechanical stirring and N2 atmosphere. The 

progress of the reaction was monitored on TLC. After complete consumption of the starting 

material (1h) reaction mixture was immersed in an ice bath and quenched with saturated aq. 

ammonium chloride solution. The compound was then extracted with CH2Cl2 (100 mL× 3). 

The organic layer was dried over Na2SO4 and the volatile solvent was distilled under reduced 

pressure.  The crude residue was purified by column chromatography (ethyl acetate: hexane 

3:97) to afford pure aromatic building block 37 as colourless oil (1.7 g, 85% yield).71 Rf 

(ethyl acetate:hexane 5:95) = 0.70; IR (Neat) cm-1 3091, 2955, 2929, 2885, 2822, 1570, 1466, 
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1249, 1040 ; 1H NMR (400 MHz, CDCl3) δ -0.0001 (s, 6H), 0.84 (s, 9H), 3.77 (s, 3H), 4.77 

(s, 2H), 5.26 (dd, J = 10.8 Hz, J = 1.6 Hz, 1H), 5.63 (dd, J = 17.6 Hz, J = 1.6 Hz, 1H), 6.74 

(d, J = 8.0 Hz, 1H), 7.08-7.21 (m, 3H); 13C NMR (100 MHz, CDCl3) δ -5.20 (2C), 18.47, 

25.99, 55.62, 55.97, 109.95, 116.00, 118.36, 126.39, 128.59, 135.06, 139.71, 157.42. 

 

3.12.16.  Procedure for synthesis of protected thiovaritriols 50a and 50b and self-coupled   

product 51 

 

 

In a two neck, 25 mL RBF equipped with a water circulation condenser was placed aromatic 

building block 37 (1.00 equiv) under N2 atmosphere. To this was then added thiosugar 

36a/36b (0.625 mmol) in anhd. CH2Cl2 (5 mL) and Grubbs IInd generation catalyst (5 mol%). 

The resulting reaction mixture was refluxed for 40 h. The progress of the reaction was 

monitored on TLC. Then, CH2Cl2 was distilled out completely on the rotavap under reduced 

pressure. The crude residue was then purified by column chromatography (Diethyl ether: 

hexane 5:95) to afford pure self-coupled aromatic product 51 as white sticky liquid (50 mg, 

26% yield ) & recovered aromatic building block 37 (50 mg, 29% yield ); (diethyl ether 

acetate/ petroleum ether = 1/9) pure protected thiovaritriol 50a/50b as a colourless viscous 

liquid (80 mg, 42% yield ). 

Protected thio-varitriol 50b: Rf (Diethyl ether:hexane 1:9) = 0.88; [α] 22.6 
D = -7.5 (c 0.08, 

CHCl3); IR (Neat) cm-1 2916, 2864, 1560, 1466, 1218, 1084; 1H NMR (400 MHz, CDCl3) δ -

0.02 (6H), 0.82 (s, 9H), 1.26 (s, 3H), 1.34 (d, J = 6.8 Hz, 3H), 1.48 (s, 3H), 3.40 (sx, J = 6.8 
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Hz, J = 5.6 Hz, 1H), 3.74 (s, 3H), 4.06 (dd, J = 8.4 Hz, J = 5.6 Hz, 1H), 4.35 (t, J = 5.6, 1H), 

4.60 (t, J = 5.6 Hz, 1H), 4.73 (s, 2H), 6.07 (dd, J = 15.6 Hz, J = 8.4 Hz, 1H), 6.7 (d, J = 8.0, 

1H), 7.00 (dd, J = 15.6 Hz, J = 7.2 Hz, 2H), 7.12 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ -6.2 (2C), 17.4, 18.0, 24.4, 25.0 (3C), 26.7, 46.0, 54.1, 54.6, 54.9, 87.2, 88.4, 108.9, 

112.6, 117.8, 125.4, 127.5, 128.3, 129.6, 137.4, 156.4. HRMS (TOF MS ES+) m/z calculated 

for C24H38O4SSi [M + K]+ 489.1897, found 489.2113. 

Protected thio-varitriol 50a: Rf (Diethyl ether:hexane 1:9) = 0.81; [α] 22.6 
D = -4.2 (c 0.24, 

CHCl3); IR (Neat) cm-1 : 2910, 2852, 1530, 1450, 1210, 1070; 1H NMR (400 MHz, CDCl3) δ 

-0.00 (s, 6H), 0.82 (s, 9H), 1.24 (s, 3H), 1.31 (d, J = 7.6 Hz, 3H), 1.49 (s, 3H), 3.28 (qd, J = 

7.3 Hz, J = 1.2 Hz, 1H), 3.74 (s, 3H), 4.18 (dd, J = 9.2 Hz, J = 4.4 Hz, 1H), 4.48 (dd, J = 5.6 

Hz, J = 1.6 Hz, 1H), 4.71-4.75 (m, 3H), 6.2 (dd, J = 16.0 Hz, J = 9.2 Hz, 1H), 6.69 (dd, J = 

7.6 Hz, J = 1.2 Hz, 1H), 6.91 (d, J = 15.6 Hz, 1H), 7.08-7.17 (m, 2H); 13C NMR (100 MHz, 

CDCl3) δ -6.2 (2C), 19.3, 23.6, 25.0 (3C), 25.3, 47.3, 52.5, 54.6, 54.9, 84.3, 89.4, 108.8, 

110.2, 118.0, 125.3, 125.4, 127.4, 129.8, 137.6, 156.2. HRMS (TOF MS ES+) m/z calculated 

for C24H38O4SSi [M + Na]+ 473.2158, found 473.2159. 

Self-coupled aromatic product 51: IR (Neat) cm-1 2955, 2926, 2896, 2855, 1578, 1468, 1250, 

1055; 1H NMR (400 MHz, CDCl3) δ -0.00 (s, 6H), 0.84 (s, 9H), 3.79 (s, 3H), 4.85 (s, 2H), 

6.75 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H), 7.18-7.26 (m, 3H); 13C NMR (100 MHz, CDCl3) δ -5.2 

(2C), 18.4, 25.9 (3C), 56.7, 56.0, 109.8, 118.5, 126.7, 128.6, 128.7, 139.7, 157.4. HRMS 

(TOF MS ES+) m/z calculated for C30H48O4Si2 [M + Na]+ 551.3091, found 551.2989. 

 

3.12.17. Synthesis of 3’-epi-thiovaritriol 3 

 

In a single neck RBF was placed 50b (25 mg) under N2 atmosphere in THF (approx. 1.5 mL). 

To this pTSA·H2O (0.75 equiv) was added in portions over the period of 48h. At 0h 

pTSA·H2O (0.30 equiv) was added. At 7h another portion of pTSA·H2O (0.30 equiv) was 

added. At 12h another portion of pTSA·H2O (0.15 equiv) was added. Similarly, At 24h 
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another portion of pTSA·H2O (0.01 mmol) was added. The resulting reaction mixture was 

stirred at rt for 7h. The progress of the reaction was monitored on TLC. Then, THF was 

distilled out completely on the rotavap under reduced pressure. The crude residue was then 

dissolved in CH2Cl2  purified by column chromatography (ethyl acetate: hexane 1:1) to afford 

pure 52 as a white viscous liquid (3 mg, 16% yield ) & (ethyl acetate: hexane 1:0) to afford 

pure 3 as a white viscous liquid (10 mg, 61% yield ).  

3: Rf (ethyl acetate:hexane 1:0) = 0.50; [α] 22.6 
D = -39.2 (c 0.05, CHCl3); IR (Neat) cm-1 

3339, 2966, 2916, 2845, 1728, 1577, 1447, 1255, 1084, 1013, 802; 1H NMR (400 MHz, 

CDCl3) δ 1.307 (d, J = 7.2 Hz, 3H), 2.20 (t, J = 7.6 Hz, 1H), 2.43 (t, J = 8.0 Hz, 1H), 3.25-

3.27 (m, 1H), 3.781 (s, 3H), 3.87-3.88 (m, 1H), 3.99 (s, 2H), 4.29 (t, J = 6.8 Hz, 1H), 4.64 (d, 

J = 12 Hz, 1H), 4.77 (d, J = 12 Hz, 1H), 5.96 (dd, J = 8.4 Hz, J = 15.6 Hz, 1H), 6.74 (d, J = 8 

Hz, 1H), 6.84 (d, J = 15.2 Hz, 1H,), 7.02 (d, J = 8 Hz, 1H), 7.17 (t, J = 8 Hz, 1H). 

52: Rf (ethyl acetate:hexane 1:1) = 0.50; 1H NMR (400 MHz, CDCl3) δ 1.26 (s, 3H), 1.34 (d, 

3H, J = 7.2 Hz ), 1.49 (s, 3H), 3.58 (sx, J = 6.8 Hz, J = 5.6 Hz, 1H), 3.80 (s, 3H), 4.05 (dd, J 

= 6.8 Hz, J = 5.6 Hz, 1H), 4.36 (dd, J = 6.8 Hz, J = 5.6 Hz, 1H), 4.60 (dd, J = 5.7 Hz, J = 5.6 

Hz, 1H), 4.70 (s, 2H), 6.04 (dd, J = 15.6 Hz, J = 8.4 Hz, 1H), 6.75 (d, J = 16.0 Hz, 1H), 6.91 

(d, J = 15.6 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H).  
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3.13. Spectra 

 

Figure 3.29: 1H NMR spectrum of ᴅ-ribonolactone. 

 

Figure 3.30: 1H NMR spectrum of 41. 
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Figure 3.31: 13C NMR spectrum of 41. 

 

Figure 3.32: DEPT spectrum of 41. 
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Figure 3.33: 1H NMR spectrum of 42. 

 

Figure 3.34: 1H NMR spectrum of 43. 
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Figure 3.35: 13C NMR spectrum of 43. 

 

Figure 3.36: DEPT spectrum of 43. 
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Figure 3.37: 1H NMR spectrum of 38. 

 

Figure 3.38: 13C NMR spectrum of 38. 
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Figure 3.39: DEPT spectrum of 38. 

 

Figure 3.40: 1H NMR spectrum of 44. 
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Figure 3.41: 13C NMR spectrum of 44. 

 

 

Figure 3.42: DEPT spectrum of 44. 
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Figure 3.43: 1H NMR spectrum of 45a. 

 

Figure 3.44: 13C NMR spectrum of 45a. 
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Figure 3.45: DEPT spectrum of 45a. 

 

Figure 3.46: 1H NMR spectrum of 45b. 

 



Chapter 3  
 

164 
 

 

Figure 3.47: 13C NMR spectrum of 45b. 

 

Figure 3.48: DEPT spectrum of 45b. 
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Figure 3.49: 1H NMR spectrum of 36a. 

 

Figure 3.50: 13C NMR spectrum of 36a. 
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Figure 3.51: DEPT spectrum of 36a. 

 

Figure3.52: 1H-1H COSY of spectrum of 36a. 
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Figure3.53: NOESY spectrum of36a. 

 

Figure 3.54: 1H NMR spectrum of 36b. 
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Figure 3.55: 13C NMR spectrum of 36b. 

 

Figure 3.56 DEPT spectrum of 36b. 
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Figure 3.57: 1H NMR spectrum of 46. 

 

 

Figure 3.58: 13C NMR spectrum of 46. 
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Figure 3.59: DEPT spectrum of 46. 

 

Figure 3.60: 1H NMR spectrum of 47. 
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Figure 3.61: 13C NMR spectrum of 47. 

 

Figure 3.62: DEPT spectrum of 47. 
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Figure 3.63: 1H NMR spectrum of 48. 

 

Figure 3.64: 13C NMR spectrum of 48. 
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Figure 3.65: DEPT spectrum of 48. 

 

Figure 3.66: 1H NMR spectrum of 39. 
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Figure 3.67: 13C NMR spectrum of 39. 

 

Figure 3.68: DEPT spectrum of 39. 
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Figure 3.69: 1H NMR spectrum of 49. 

 

Figure 3.70: 13C NMR spectrum of 49. 
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Figure 3.71: DEPT spectrum of 49. 

 

Figure 3.72: 1H NMR spectrum of 37. 
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Figure 3.73: 13C NMR spectrum of 37. 

 

Figure 3.74: DEPT spectrum of 37. 
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Figure 3.75: 1H NMR spectrum of 50a. 

 

Figure 3.76: 13C NMR spectrum of 50a. 
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Figure 3.77: DEPT spectrum of 50a. 

 

Figure 3.78: 1H NMR spectrum of 50b. 
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Figure 3.79: 13C NMR spectrum of 50b. 

 

Figure 3.80: DEPT spectrum of 50b. 
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Figure 3.81: 1H NMR spectrum of 3. 

 

Figure 3.82: 1H NMR spectrum of 52. 
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