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AcOH acetic acid 

AcCl acetyl chloride 

Ac2O acetic anhydride 

Å angstrom 

Ar aryl 

MeCN acetonitrile 

Bn benzyl 

Boc tertiary-butyloxycarbonyl 

Br bromo 

brs broad singlet 

Bu butyl 

t-Bu tertiary-butyl 

calcd. Calculated 

cm-1 1/centimeter 

C–C carbon-carbon 

C–H carbon-hydrogen 

C–N carbon-nitrogen 

C–O carbon-oxygen 

CH2Cl2 Dichloromethane 

CHCl3 Chloroform 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 



 
 

Abbreviations 

 
 

DMAP 4-dimethyl aminopyridine 

DMF N,N-dimethylformamide 

DMSO dimethylsulphoxide 

DMSO-d6 deutriated dimethylsulphoxide 

dd doublet of doublet 

d doublet (in NMR) or day(s) (in Scheme) 

Et ethyl 

EtOAc ethyl acetate 

EtOH ethanol 

equiv equivalent 

g gram(s) 

h hour(s) 

Hz hertz 

IR infrared 

J coupling constant (in NMR) 

mass (ESI+) electron spray ionization mass spectroscopy 

min minute(s) 

m multiplet 

mL milliliter(s) 

mmol millimole(s) 

mp melting point 

m/z mass to charge ratio 



 
 

Abbreviations 

 
 

Me methyl 

MHz megahertz 

N normality 

nM nanomolar(s) 

NMR nuclear magnetic resonance 

Ph phenyl 

ppm parts per million 

Pr propyl 

q quartet 

Rf retention factor 

rt room temperature 

s singlet 

SN nucleophilic substitution 

sec secondary 

t triplet 

tert tertiary 

THF tetrahydrofuran 

TFA trifluroacetic acid 

TLC thin layer chromatography 

UV ultraviolet 

v/v volume by volume 

wt/v weight by volume 
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o
C degree celsius 

µM micromolar 

mg  Milligram  

µmol Micromolar  

in vitro                                         Outside a living organism 

in vivo                                          Inside a living organism 

 



 
 

General Remarks 

 All reagents, starting materials, and solvents were obtained from 

commercial suppliers and used as such without further purification. 

Solvents were dried using standard protocols or through MBRAUN (MB 

SPS-800) solvent purification system (SPS).  

 All reactions were carried out in oven-dried glassware under a positive 

pressure of argon or nitrogen unless otherwise mentioned with magnetic 

stirring.  

 Air sensitive reagents and solutions were transferred via syringe or cannula 

and were introduced to the apparatus via rubber septa.  

 Progress of reactions were monitored by thin layer chromatography (TLC) 

with 0.25 mm pre-coated silica gel plates (60 F254). Visualization was 

accomplished with either UV light, Iodine adsorbed on silica gel or by 

immersion in ethanolic solution of phosphomolybdic acid (PMA), p-

anisaldehyde, 2,4-DNP, KMnO4, Ninhydrin solution followed by heating 

with a heat gun for ~15 sec. 

 Column chromatography was performed on silica gel (100-200 or 230-400 

mesh size).  

 Melting points of solids were measured using scientific melting point 

apparatus (Buchi 565). 

 Deuterated solvents for NMR spectroscopic analyses were used as received.  

 All 1H NMR, 13C NMR spectra were obtained using a 200 MHz, 400 MHz, 

500 MHz spectrometer. Coupling constants were measured in Hertz. The 

following abbreviations were used to explain the multiplicities: s = singlet, 

d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.  

 HRMS (ESI) were recorded on ORBITRAP mass analyzer (Thermo 

Scientific, QExactive).  

 Infrared (IR) spectra were recorded on a FT-IR spectrometer as a thin film.  

 Optical rotation values were recorded on P-2000 polarimeter at 589 nm. 

 Chemical nomenclature (IUPAC) and structures were generated using 

Chem Bio Draw Ultra.  
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1. Introduction and Statement of Problem 

Parasitic diseases pose considerable threat in the global health concern accounting for more than 

one million casualties worldwide. Among the wide variety of parasitic diseases, malaria, caused by 

Plasmodium falciparum, remains as the most prevalent one with an estimate of 228 million cases 

worldwide in 2018 with a death of more than 4,00,000. Though several anti-malarial drugs have 

emerged throughout the timeline, most of them are discontinued owing to the emerging scenario of 

parasitic resistance. Artemisinin-based combination therapies (ACTs) are recommended by WHO 

as the first and second line treatment for P. falciparum malaria as well as for chloroquine-resistant 

P. vivax malaria. But cases of ACT resistant malarial parasite have been reported in several 

countries, as a result of which development of new and novel antimalarial lead molecule is crucial. 

In this context, Cladosporin, a fungal secondary metabolite isolated from Cladosporium 

cladosporioides and Aspergillus flavus, exhibits potent anti-plasmodial activity through targeting 

parasite cytosolic lysyl-tRNA synthetase (PfKRS), an enzyme central to protein biosynthesis. 

Besides, the molecule is >100 selective towards parasitic PfKRS over human KRS (HsKRS). 

Having such impressive anti-malarial potency with excellent parasitic selectivity, cladosporin 

surely holds a promising potential in the domain of anti-malarial drug development. 

2. Objectives 

 

a) Identifying the role of specific stereoisomeric conformation in the drug potency of 

cladosporin scaffold against P. falciparum. 

b) Developing a modified synthetic protocol for accessing gram scale quantities of cladosporin 

for in-depth pharmacokinetic (PK) studies. 

c) Synthesis and biological evaluation of cladosporin inspired library of compounds towards 

“lead identification”.  

d) Synthesis of twelve membered macrocyclic natural products (Resorcyclic Acid Lactones) 

structurally related to cladosporin. 

 

3. Methodology 

The thesis is divided into two major chapters. Initial part (Section A) of Chapter 1 mainly deals 

with an introduction to cladosporin, a potent and selective anti-malarial natural product isolated 

from Cladosporium cladosporioides and Aspergillus flavus. Following introduction, the chapter 
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further discusses a divergent synthetic route to access all the possible stereoisomers of cladosporin. 

Through in depth biological evaluations including enzymatic and cell based assays and X-ray co-

crystals, the crucial role of stereochemistry in anti-malarial drug potency has been deciphered in 

molecular level. Section B of this chapter deals with an efficient and modified synthetic route to 

access multi gram scale of Cladosporin. Section C further deals with the synthesis of analogue 

library around cladosporin scaffold, their biological evaluation, lead optimization and co-

crystallization. In Chapter 2, deals with the synthesis of Cladosporin related macrocyclic natural 

products, specifically twelve membered Resorcyclic Acid Lactones or RAL12. 

Chapter 1: Section A: Synthesis of entire stereoisomeric set of anti-malarial natural product 

cladosporin, their biological evaluation, and co-crystallization. 

Cladosporin, an antifungal antibiotic and plant growth regulator 

isolated from Cladosporium cladosporioides and Aspergillus 

flavus in 19711,2 is a chiral isocoumarin based scaffold that 

exhibited promising and selective (>100 folds in Plasmodium 

falciparum over humans) anti-plasmodial activity in nano molar 

range against both liver and blood stage Plasmodium falciparum. 

To decipher the role of chirality in anti-malarial potency of 

cladosporin, we planned to synthesized all the possible stereoisomers of the same and screen them 

in vitro against Plasmodium falciparum and Homo sapiens KRS enzyme (PfKRS and HsKRS) 

along with in vivo parasite inhibition assay. The synthesized stereoisomers of cladosporin were 

further co-crystallized with PfKRS and the XRD analysis of the same revealed the structural bases 

of enzymatic binding of the isomers. 

Herein, we developed a novel divergent synthetic route (Figure 1, 2, 3) to access all possible 

stereoisomers of the three chiral centered anti-malarial natural product cladosporin using chiral 

propylene oxide as the chiral source and assessed their inhibitory potency through parasite-, 

enzyme- and cell-based assays. 

 

Synthesis 

 

 

Figure 1. Synthesis of diastereomeric mixture of fragment A.  

 

Cladosporin
EC50 : 40 nM (Plasmodium falciparum)

>100 fold selective towards PfKRS over HsKRS

Cladosporin
EC50 : 40 nM (Plasmodium falciparum)

>100 fold selective towards PfKRS over HsKRS
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Figure 2. Synthesis of Cladosporin (CLADO-1) and three of its stereoisomers. 
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Figure 3: Synthesis of four stereoisomers of cladosporin form (R)-propylene oxide. 

On the basis of drug-binding characteristics of the eight cladologs, we were able to assign CLADO-

1 (cladosporin) and CLADO-5 as strong binders to PfKRS, CLADO-2, CLADO-3, CLADO-7 as 

moderate binders, CLADO-6 and CLADO-8 as poor; whereas all the eight stereoisomers 

demonstrated pretty weak binding with HsKRS indicating a high selectivity towards parasitic 

protein thus demonstrating a high selectivity index. Enzymatic and parasitic assays reflected similar 

trends in IC50 and EC50 values as well. The IC50 range for the best (CLADO-1) to poorest 

stereoisomer (CLADO-8) spanned a striking ∼500- fold difference, which is pretty intriguing and 

interesting considering the fact that CALDO-1 and CLADO-8 are enantiomers of each other. To 

explore the structural basis of cladolog selectivity in a molecular level, we undertook the co-

crystallization of six stereoisomers. After thorough analysis of the diffraction data we concluded on 

steric grounds that an R stereochemistry is necessary at C3 and C10 of the active cladosporin 

scaffold for retaining its anti-malarial potency; whereas stereochemistry at C14 is not a key 

detrimental factor for potency. Compilation and correlation of all the biological data led us to 

successfully categorize the entire stereochemical library of cladosporin in three different groups as 

depicted in figure 4. 

 

 

Figure 4. Summary of work and categorical distribution of cladologs. 
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Chapter 1: Section B: Gram scale synthesis of cladosporin 

Cladosporin, a secondary metabolite isolated from fungal sources was found to exhibit selective 

nano-molar activity against malarial parasite, Plasmodium falciparum by inhibiting parasitic 

protein biosynthesis. In addition, this natural product has a broad range of bioactivities including, 

anti-parasitic, anti-fungal2, anti-bacterial3 as well as plant growth inhibition1,4. However, the 

quantities available from the natural sources are limited. To access sufficient quantities of 

cladosporin, we have developed a scalable synthetic route for the same. Gram-scale operations, 

Mitsunobu inversion to convert undesired alcohol to required one and palladium-catalyzed carbon 

monoxide insertion reaction to form six-membered lactone ring are the highlights of the present 

work. Now we have more than two grams of material in hand which is sufficient for further profiling 

such as in-depth assessment of the pharmacokinetics and pharmacodynamics. Furthermore, the 

synthetic protocol described herein is amiable for further scale up.  

 
Figure 5: Gram scale synthesis of cladosporin. 

 

Chapter 1: Section C: Design, Synthesis, Biological Evaluation of lysyl tRNA 

synthetase (KRS) Inhibitors based on Cladosporin Scaffold towards Identification of 

Antimalarial Leads 

Cladosporin, an antifungal and antiparasitic natural products has proven to be a valuable target for 

the development of new and novel antimalarials. As no systematic SAR (Structure Activity 

Relationship) studies on this natural product have been reported in the literature so far, a proper and 

in depth assessment of the molecule is necessary for the identification of novel antimalarial leads. 

Hence, we planned to access a broad class of analogue library around cladosporin scaffold and 

screen them all in relevant biological assays so as to have an in depth understanding of its related 

SAR and develop a new lead that can be taken forward for the development of new antimalarials. 

All the possible and planned variation around the scaffold for a systematic SAR study has been 

depicted in figure 6.  

 

 

 

Fragment A Fragment B

MITSUNOBU INVERSION CO INSERTION

GRAM CLALES

1.45 grams2 grams

Highlights 

▌ Mitsunobu inversion 

▌ CO insertion 

▌ Gram-scale synthesis 
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Figure 6. Possible modification around cladosporin scaffold. 

 

Following the possible variations as depicted in figure 6, we generated a vast library of analogues 

around cladosporin scaffold. The structural modifications that has been incorporated in the active 

Cladosporin scaffold are depicted in the following figures. 

 

 
Figure 7a. Analogues with variations in isocoumarin moiety. 

We also generated several analogues by modifying the THP moiety in the scaffold.  

 
Figure 7b. Analogues with variations in THP moiety. 

We also did some major changes in the core structure of cladosporin through multi-parameter 

modification and combination as follows. 

 

 
Figure 7c. Other modifications and combinations. 

 

After close scrutiny of the co-crystal structure of cladosporin with PfKRS we deciphered a 

promising possibility of introduction of hydroxyl group in the linker carbon of cladosporin scaffold. 

As a part of which we initially synthesized racemic (diastereomeric mixture) version of the hydroxy 

analogue (CL-1) of cladosporin which turned out to be promisingly potent (IC50: 0.17 M; EC50: 

0.1 M). This interesting observation intrigued us to synthesized chiral pure version of the 

concerned analogue. As a part of our plan, we synthesized both the diastereomers of the concerned 

analogue in chiral pure form (Figure 8). Biological profiling revealed CL-2 to be the potent isomer 

due to extra hydrogen bonding interaction of the added –OH group with the active site residues. 

Besides, this analogues, CL-2 is metabolically more stable than cladosporin as evident from liver 

microsomal stability experiment.  

Tetrahydropyran

Linker

Dihydroisocoumarin

Variation in dihydroisocoumarin moiety

Other modifications and combinations

Variation in tetrahydropyran moiety

Modification of linker

THIS WORK
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Herein we generated a vast library (~30 compounds) of related analogues of cladosporin, and 

following in depth anti-malarial screening, we came up with CL-2 as an active lead which can now 

be further modified towards new anti-malarials. 

 

 
Figure 8. Analogues with –OH functionality at the linker carbon. 

 

Chapter 2: Total Synthesis of Cladosporin related twelve membered macrocyclic natural 

products 

Naturally occurring macrolides usually have significant and diverse bioactivities, which have 

potentially provided small-molecule entities for developing clinical drugs.5 Moreover,  macrolides 

possessing lactone core fused to resorcinol fragment usually exhibited a wide spectrum of biological 

properties, including anti-tumour, anti-bacterial, anti-malarial activities6,7 In this context, we 

selected four, twelve membered macrolides (Figure 9), namely, Peniciminolide A, Peniciminolide 

B, (R)-Resorcyclide and (R)-Dihydroresorcyclide. All these natural products holds an in-depth 

structural similarity with Cladosporin as depicted in figure 10. 

 

Figure 9. Structures of targeted macrocyclic natural products. 

 
    

Figure 10. Structural similarity of Peniciminolide A with Cladosporin.  

 

Acyl-Oxygen cleavage

(Breaking the lactone) C-O cleavage

(Breaking the THP)

Oxidation of -OH

Macrolactonization
Introduction of
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CLADOSPORIN

PENICIMINOLIDE A

Structural Similarity
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As a part of our work, we have accomplished the first total synthesis of Peniciminolide A in nine 

linear steps with moderate to high yields in each step. Exceptional low yield was observed in the 

final AlI3 mediated exhaustive demethylation step owing to the formation of several unwanted by-

products. 

After synthesizing Peniciminolide A, we further hydrogenated the olefin functionality in the 

macrocyclic natural product which afforded yet another similar natural product, (R)-

dihydroresorcyclide, a resorcinol-fused twelve-membered macrolide isolated from the fermentation 

extracts of an endophyte Acremonium zeae.8 Synthesis of other macrocyclic natural products are 

ongoing. 

4. Summary 

  a)  We developed a divergent synthetic route for accessing all the stereoisomers of potent anti-

malarial natural product cladosporin and assessed their inhibitory potency through parasite-, 

enzyme- and cell-based assays. X-ray diffraction study of co-crystals of the stereoisomers with 

PfKRS further gave an insight about the structural bases of enzymatic binding of the isomers. 

b)   We further utilized a modified synthetic protocol to access >2 grams of Cladosporin. 

c)   In this work, we have studied the Structural Activity Relationship (SAR) of a broad library of 

analogues, designed and synthesized based on Cladosporin scaffold, in anti-malarial potency. 

In this exercise, we identified a lead compound (CL-2) having similar potency to that of 

cladosporin with an increased metabolic stability. The Pf KRS-CL-2 co-crystal structure reveals 

new features of enzyme drug interactions. 

d)  Total synthesis of peniciminolide A and (R)-dihydroresorcyclide was accomplished. These 

macrocycles have an in-depth structural similarity with cladosporin. 

5. Future directions 

To accomplish the synthesis of other twelve membered Resorcyclic Acid Lactone (RAL12) having 

structure compliance with cladosporin. 
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1.1.1. Introduction 

Natural products possess unique and diverse structural features with intricate carbon 

skeletons, which in turn makes them a validated starting point for medicinal chemistry 

and drug discovery program as well.1 Besides, natural products have several advantages 

over synthetic drug like molecule which includes the presence of larger fraction of sp3-

hybridized bridge-head atoms as compared to its synthetic congeners and a lower 

nitrogen content and higher oxygen content on an average.2,3 Considering these 

advantages, significant efforts have been devoted by medicinal chemists over the past 

few decades in developing drugs that target well known and crucial diseases like cancer, 

cholesterol, diabetes etc. Sufficient funding have also been contributed towards the 

successful discovery of several blockbuster drugs in the past years.4 

In this context, parasitic infections hold a special mention with more than a million 

deaths occurring worldwide per year.5 Among the broad variety of parasitic infections, 

malarial happens to be a major one with 229 million cases globaly including ~4,00,000 

deaths.5 Since, the origin and emergence of malarial, several treatment regimens have 

been developed with time that significantly reduced the number of active malaria cases. 

Several drugs have been developed for serving the purpose of treatment as well. In the 

present times, malaria appears to be a pretty well controlled disease with a variety of 

in-hand available and affordable treatment options. Like many other infectious 

diseases, discovery of antimalarial drugs has been immensely benefited from nature and 

its natural resources. 

One of the most prominent anti-malarial scaffolds derived from nature is quinoline 

extracted from the bark of Cinchona sp. also known as “fever tree”.6 In the course of 

time this scaffold inspired the development of several anti-malarial drugs as well 

(Figure 1). While developing new antimalarial compound based on quinoline scaffold, 

Bayer led to the discovery of one of the most popular and important quinoline based 

anti-malarial compound, chloroquine. In 1947 chloroquine entered clinical practice and 

turned out to be the most widely used anti-malarial until 1970s, in spite of having a 

poor therapeutic index. A decade later, first resistant P. falciparum were identified 
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leading to ineffectiveness of the same.6 Following this several synthetic approaches 

have been adopted to produce derivatives of the same so as to tackle the issue of 

parasitic resistance (Figure 1). 

 

Figure 1. Structures of synthetic quinolines. 

Febrifugine is yet another natural product, isolated from Chinese herb Dichroa 

febrifuga Lour, and was identified to have promising potency in the treatment of 

malarial infection.7 But alongside, severe liver toxicity, complemented with 

gastrointestinal irritation were evident in humans and various animal models. Till then, 

several medicinal chemistry approaches have been adopted to modify the core structure 

of the active natural product so as to deliver an optimized scaffolds with enhanced 

therapeutic index. In the 1960s halofuginone, a synthetic derivative of febrifugine was 

discovered by the U. S. Army Medical Research Command, which exhibited enhanced 

anti-malarial activity with a better safety window (increased therapeutic index). The 

core scaffold of febrifugine showed inherent toxicity owing to the spontaneous 
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isomerization of the core to isofebrifugine through a potential reactive intermediate as 

depicted in figure 2. 

 

Figure 2. Isomerization and modifications of febrifugine. 

To stop the isomerization process, removal of the methylene group between the 

carbonyl functionality and the piperidine moiety has turned out to be effective. Besides 

the piperidine moiety is also susceptible for further modifications like ring contraction 

to pyrrolidine and alkylation of the free hydroxyl group to form corresponding ethers. 

These efforts in turn afforded analogues of the same with increased efficacy. Alongside, 

combination of all these significant modifications further furnished analogues with 

excellent in vivo efficacy against P. falciparum infected Aotus monkeys (Figure 2). 

Alongside the antimalarials discussed so far, several other unique chemical scaffolds 

appeared in the timeline (Figure 3). In the quest for synthetic anti-malarials that can 
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satisfy the existing and increasing demand of anti-malarial agents, Paul Ehrlich came 

up with the discovery of methylene blue in the late 19th century.8 This compound could 

be manufactured in large quantities which successfully overcame the paucity of  

 

Figure 3. Other anti-malarial scaffolds in the pipeline. 

quinine isolated from natural sources at that point of time. Proguanil, a pyrimidine 

derivative, emerged as an antimalarial drug during the time of World War II.9 Owing 

to the success of Proguanil in this aspect, further study was conducted on this scaffold 

which led the development of Pyrimethamine.9 Sulfones and sulfonamides were later 

used in combination with other mono-therapies to tackle the phenomenon of emerging 

resistance. Apart from these, the development of anti-malarials from antibiotics also 

holds significant advantages owing to their well-known and understood mechanism of 

action and well-defined pharmacokinetics and toxicological profiles.10 In the present 

scenario, artemisinin prevails as the most modern anti-malarial treatment. Artemisinin 

based combination therapies (ACTs) are endorsed by the World Health Organisation to 

treat malarial infection caused by P. falciparum as well as chloroquine-resistant P. 

vivax. Unfortunately, partial resistance to artemisinin appeared likely before 2001, and 
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the widespread deployment of ACTs with cases of partial artemisinin resistance being 

confirmed in five countries.11 In this concern, the World Health Organization (WHO) 

says “The geographic scope of the problem could widen quickly and have important 

public health consequences: the spread or independent emergence of partner drug 

resistance or multidrug resistance globally could pose a public health threat, as no 

alternative anti-malarial medicine is available at present with the same level of efficacy 

and tolerability as ACTs.”.11 Hence the need for a new and novel anti-malarial drug is 

of adequate importance and definitely holds a global urgency. 

1.1.1.1. An introduction to cladosporin 

Cladosporin, an anti-fungal antibiotic and a plant growth regulator, isolated from 

Cladosporium cladosporioides and Aspergillus flavus in 197112, 13 is a chiral complex 

isocoumarin based scaffold which happens to be a promising lead molecule with potent 

anti-malarial activity against both blood and liver stage Plasmodium falciparum (Pf). 

Protein bio-synthesis is a process which is significantly crucial for the sustenance of 

life form. Several enzymes and cellular bio-mechanics are involved in this process of 

protein translation or protein bio-synthesis. One of such crucial enzyme involved in this 

process is Lysyl-tRNA synthetase or KRS. KRS is a class of enzyme responsible for 

the attachment of specific amino acid to the cognate tRNA. Cladosporin is found to 

target the parasite cytosolic lysyl-tRNA synthetase (PfKRS), an enzyme crucial for 

parasitic protein translation, hence terminating the process of protein biosynthesis.14, 15, 

16, 17 The active scaffold of the natural product consists of a 6,8-dihydroxylisocoumarin 

ring linked to tetrahydropyran moiety bearing a methyl functional group. The 

dihydroxylisocoumarin effectively mimics adenosine moiety of the natural substrate 

ATP and the tetrahydropyran moiety binds to the ribose recognizing site of PfKRS and 

thus leading to a competitive inhibition of enzyme activity (Figure 4).15 Apart from 

PfKRS, cladosporin is also found to inhibit KRSs from sevarl other species, which 

includes helminth parasites like Schistosoma mansoni (Sm) and Loa loa (Ll).18 

Cladosporin further exhibits an intriguing selectivity ( more than 100 folds) for the 

parasite lysyl-tRNA synthetase over human enzyme. This species specific selectivity 
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of cladosporin has been formerly assigned through comprehensive sequence alignment, 

where the residues ser346 and val329 present in the active site of the target enzyme 

happen to be crucial for accommodating the methyl moiety of THP ring.15 

 

Figure 4. Structure and mode of action of cladosporin. 

Potent anti-malarial activity, excuisite parasitic selectivity and a novel mode of action 

undoubtedly makes cladosporin an intriguing scaffold for the development of new anti-

malarials. To date, one total synthesis by She et al. in 201319 followed by a formal 

synthesis by Mohapatra et. al20 in the same year has been documented in the literature. 

Apart from the reports on total synthesis, no proper medicinal chemistry or drug 

development approach (including Structure Activity Relationship (SAR) study) has yet 

been conducted on this active anti-malarial scaffold till date. Hence, exploring this 

molecule on the grounds of medicinal chemistry and drug discovery can be fruitful in 

the context of new and novel anti-malarial drug development. 
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1.1.1.2. Highlights of reported synthesis of cladosporin 

 

Figure 5. Reported syntheses of cladosporin. 

Till date one total synthesis by She et al.19 followed by a formal synthesis of cladosporin 

by Mohapatra et al.20 has been documented in the literature (Figure 5). She et. al 

envisioned the synthesis of cladosporin in a eight-step linear sequence using oxa-Pictet-

Spengler reaction as key step.19 The elegant synthesis of cladsoporin began with 

compound 1.2 which was synthesized from commercially available starting material. 

In the same year, Mohapatra et. al published an elegant formal stereoselective synthesis 

of cladosporin using cross-metathesis and iodocyclization reaction to access the trans-

2,6-disubstituted dihydropyran ring system and an Alder–Rickert reaction to construct 

the aromatic ring.20  Mohapatra et. al adopted an eight-step synthetic sequence starting 

with commercially available homoallylic alcohol 1.5 which upon cross metathesis 

followed by iodocyclization afforded THP fragment 1.6 in a diastereospecific fashion, 

which was further converted to 1.7 in a three-step sequence. Alder–Rickert reaction of 
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1.7 with commercially available compound 1.8 followed by relevant functional group 

incorporation and interconversion afforded the final cladosporin precursor 1.10 (Figure 

5). 

1.1.1.3. Highlights of reported synthesis of isocladosporin 

 

Figure 6. Reported syntheses of isocladosporin. 
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Several groups have also reported the synthesis of yet another similar natural product, 

isocladosoproin which has been isolated from the same fungal source (Cladosporium 

cladosporioides) as that of cladosporin. Isocladosporin happens to be a stereoisomer of 

cladosproin with an R-stereochemistry at C14 centre unlike cladosporin which possess 

an S-stereochemistry. Hence, synthetic approach towards the same are worth 

mentioning. Till date three total syntheses of isocladosporin have been documented in 

the literature.19, 21, 22 The first synthesis appeared from She et al. where they have 

utilized a ten-step liner assymetric synthetic sequence to access the natural product 

using oxa-Pictet-Spengler reaction as the key step.19 Following this Mohapatra et al. 

reported the total synthesis of isocladosporin and 3-epi-isocladosporin in a nine-step 

linear synthetic sequence.21 The synthesis commenced with compound 2.5 which was 

synthesized from allylic alcohol 2.4 using previously developed protocol in his group. 

Subba Reddy et al. further reported an elegant synthesis of isocladosporin using a 

twelve-step linear synthetic sequence where Alder-Rikert reaction and assymetric 

propargylation are the key highlights of the synthesis (Figure 6).22 

Considering the promising anti-malarial potency, parasitic selectivity and novel mode 

of action of cladosporin, it surely holds a strong foundation for the development of new 

and novel anti-malarial drug. Till date no in depth biological profiling or systematic 

structure activity relationship (SAR) studies have been thoroughly conducted on this 

potent NP. Owing to these facts, we planned to conduct a thorough systematic 

medicinal chemistry program on this active anti-malarial scaffold. 

“Chirality” or in simple terms, the spacial arrangements and orientations of atoms of a 

molecule in three dimensional (3D) space manifests significant and curtail effects in 

the pharmacological properties of a drug. Ever since the invention of chirality in 

chemistry by Louis Pasteur, its significance in biology and pharmaceutical sciences has 

been repeatedly emphasized. The role of chiral chemistry and enantiomeric seperation 

was further emphasized with the award of 2001 Nobel Prize in chemistry to Sharpless, 

Noyori and Knowles for the development of new synthetic methodologies using chiral 

catalyst to furnish single enantiomeric product. Most natural products appear in the 
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nature as unique enantiomeric configuration and more than 50% of the approved human 

drugs are chiral pure entities. Although there are many drugs that are administered as 

racemates of equimolar enantiomers. This can in turn be severe and may exhibit serious 

side effects as well.23, 24 Despite having identical chemical connectivity of all the sets 

of atoms, different stereoisomers of a drug display significant  differences in vital 

properties like pharmacokinetics, pharmacology, metabolism and toxicology.25 

Considering these crucial differences, it is not surprising that different stereoisomers of 

the same drug display stereoselective toxicity as well, as evident from the examples of 

thalidomide26 and pain killer ibuprofen.27 In view of  the pivotal role of chirality in drug 

like properties of a molecule, we planned to conduct a thorough investigation of the 

role of “specific stereoisomeric configuration in the drug potency of cladosporin 

scaffold against malarial parasite”. From a structural stand point, cladosporin clearly 

indicates the presence of three chiral centres in the scaffold, and hence 2n (n = 3), i.e.; 

eight stereoisomers are possible for the same (Figure 7). 

 

Figure 7. Stereoisomeric possibility of cladosporin scaffold. 

Considering the above facts we objectified our work as per the following points. 

 Development of a novel divergent synthetic route to access all possible 

stereoisomers (called as “cladologs” herefrom) of cladosporin. 

 Identification, purification and thorough characterization of all the cladologs 

using spectroscopic, spectrometric and crystallographic tools. 

 Biological evaluation of the entire set of stereoisomers (cladologs) in enzyme- 

and cell-based parasitic inhibition assay to assess the role of 

chirality/stereochemistry in anti-malarial potency. 

 Deciphering the structural basis of cladolog-PfKRS binding, through analysis 

of X-ray co-crystal structures of the stereoisomers with target enzyme PfKRS. 
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1.1.2. Results and discussion 

We envisioned the synthesis of cladosporin and seven of its stereoisomers from two 

key fragments using cross metathesis reaction, which was followed by relevant 

functional group interconversion (Scheme 1). Fragment A can be synthesized from 

propylene oxide of appropriate chirality, whereas fragment B can be obtained following 

standard reaction protocol. 

 

Scheme 1. Retrosynthetic scheme of cladosporin and its stereoisomers. 

 

1.1.2.1. Synthesis of key fragment A from (S)-propylene oxide 

Our synthesis started with (S)-propylene oxide as the chiral source which was converted 

to its corresponding TBS ether 2.1 following reported procedure.28 One-pot ozonolysis 

of compound 2.1 followed by Wittig reaction with 2.5 (synthesized from chloroacetone 

in two steps) furnished α,β-unsaturated ketone 2.2 in 47% yield which was the subjected 

to Luche reduction condition (CeCl3·7H2O and NaBH4) to afford 1:1 diastereomeric 

mixture (by NMR) of allylic alcohol 2.3 with a yield of 88%. Reaction of alcohol 2.3 

with tetra-n-butylammonium fluoride (TBAF) afforded diol 2.4 in 85% yield which 

was subjected to palladium-catalyzed intramolecular Tsuji−Trost type cyclization to 

furnish key fragment A as a 1:1 mixture of diastereomers (Scheme 2). Owing to the 

high volatility of the fragment, purification through column chromatography was 

deliberately avoided. Although, the formation of the compound was confirmed using 

High Resolution Mass Spectrometry (HRMS) where an [M+H]+ 141.1274 was cleanly 

noticeable. 
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Scheme 2. Synthesis of key fragment A. 

1.1.2.2. Synthesis of key fragment B 

Synthesis of fragment B commenced with commercially available starting material 1-

bromo-3,5-dimethoxybenzene 3.1 which upon lithium-halogen exchange using nBuLi 

followed by quenching the generated anion with triisopropyl borate furnished 

corresponding boronic ester which was in turn hydrolyzed using aq. HCl to give the 

required boronic acid derivative 3.2. Microwave irradiated Suzuki cross coupling 

reaction was conducted between boronic acid fragment 3.2 and allyl bromide in 

presence of Pd2(dba)3 to afford allyl fragment 3.3. Subsequent formylation (following 

Vilsmeier Haack protocol) followed by Pinnick oxidation led to the formation of 

aromatic acid 3.5 which was then esterified in presence of K2CO3 and methyl iodide to 

afford key fragment B (Scheme 3).  
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Scheme 3. Synthesis of key fragment B. 

After synthesizing both the key fragments (fragment A and B) they were treated with 

Grubbs’ 2nd generation catalyst (2.5 mol %) in CH2Cl2 to undergo cross metathesis 

reaction which led to the formation of compound 4.1a and 4.1b in 53% yield.29 Both 

the diastereomers were cleanly separated using column chromatography. It is worth 

mentioning here that the equivalence of the key fragments and the mode of addition of 

the Grubbs’ catalyst is significantly crucial for the reaction. After several attempts to 

improve the yield of the reaction we came up with an optimized protocol where 1 

equivalent of fragment B and 2.5 equivalent of fragment A were used. The optimized 

equivalence of starting materials manifested in a considerable improvement of the 

yield. Besides, the nature of addition of the Grubbs’ catalyst also contributed to the 

yield enhancement. An overall of 2.5 mol% of Grubbs’ catalyst was added 

consecutively in two equal portions in a time gap of 12 h. After initial addition of the 

catalyst, the conversion process gets sluggish after 10-12 h of reaction time. Fresh 

catalyst loading after 12 h was found to assist the reaction to reach completion with 

complete consumption of the limiting reagent (fragment B).  The formation of the 

products 4.1a was confirmed by the disappearance of terminal olefinic pattern and 

appearance of new olefinic peaks at 5.73-7.60 ppm in 1H NMR along with singlet 

methyl ester peak at 3.85 ppm. 
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Scheme 4. Synthesis of cladosporin and three of its stereoisomers from (S)-propylene 

oxide. 
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Besides the presence of single proton peaks at 4.32 ppm and 3.87 ppm corresponding 

to oxygen attached proton in the THP moiety further confirms the success of cross 

metathesis reaction. Similar spectral pattern was also noticed in the case of 4.1b. The 

formation of the 4.1a and 4.1b was further confirmed through HRMS which showed an 

m/z peak of [M + H]+ at 335.1839. After thoroughly characterizing both the 

diastereomers, they were separately treated with osmium tetroxide mediated 

dihydroxylation protocol in presence of NMO as a co-oxidant in a mixture of acetone 

and water, to furnish corresponding diols. While monitoring the reaction progress using 

thin layer chromatography (TLC), a new polar spot corresponding to the required diol 

was moticed. After quenching the reaction with saturated aqueous Na2SO3, 

disappearance of the polar spot was observed with a simultaneous appearance of a new 

spot which was more polar in nature as per TLC study. The final polar spot thus 

obtained was carefully isolated and thoroughly characterized. After interpreting the 

spectral data of the product, we deciphered that the diol intermediate got lactonized in 

situ to afford hydroxy-lactone intermediate 4.2a with a diastereomeric ratio (dr) of 3:2 

and 4.2b with 1:1 diastereomeric ratio as per NMR spectral data.  

To figure out whether the quenching reagent, Na2SO3 is leading to an in situ 

lactonization, we set up a control experiment where we quenched a separate batch of 

the same reaction with only water. Owing to our surprise, similar phenomenon of in 

situ lactonization was observed in this case as well. This clearly rules out the possibility 

of Na2SO3 facilitating the lactonization process. Probably, a change in polarity of the 

reaction mixture on adition of excess water was driving the lactonization phenomenon. 

The formation of lactonized product was further evident from the appearance of NMR 

peak corresponding to lactone attached proton at 4.68 - 4.39 ppm for compound 4.2a. 

Identical spectral trend was also noticed in case of the other diastereomeric compound 

4.2b.  

Following this, the hydroxy compound 4.2a was converted to corresponding xanthate 

ester to furnish compound 4.3a and 4.4a with 78% yield. It was fortuitous that we were 

able to separated both the diastereomers (4.3a and 4.4a) using flash chromatography. 
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Hydroxy compound 4.2b was also converted to its corresponding xanthate esters 4.3b 

and 4.4b with a yield of 70% following identical procedure. The incorporation of 

xanthate functionality was further confirmed through 1H NMR spectra where 

appearance of sulfur attached methyl protons at 2.56 ppm and 2.57 ppm corresponding 

to compounds 4.3a and 4.4a respectively was noticeable. The appearance of m/z peak 

at 427.1230 for [M + H]+ in HRMS further confirmed the formation of the required 

product. Similar spectral observation was also persistent in 4.3b and 4.4b. 

The four diastereomeric xanthates thus obtained were separately subjected to 

Barton−McCombie reaction to furnish compounds 4.5a, 4.6a, 4.5b, and 4.6b in 

moderate yields (∼60%). The formation of product was confirmed by NMR spectral 

analysis where the disappearance of proton peaks at ~6.00 ppm corresponding to 

xanthate attached proton and at ~2.5 ppm corresponding to sulfur attached methyl 

protons was observed. Besides the appearance of m/z peak at 321.1691 corresponding 

to [M + H]+ further confirms the product formation. After complete characterization of 

all the chiral pure precursors, they were subjected to aluminum triiodide-mediated 

exhaustive demethylation30 to furnish cladosporin (CLADO-1) and three of its 

stereoisomers, i.e.; CLADO-2, 3 and 4 (Scheme 4). The use of completely dry benzene 

as the reaction solvent and maintaining the reaction temperature between 5-7 °C is 

significantly crucial for a better yield of the reaction. Among the four synthesized 

stereoisomers, spectral data for cladosporin (CLADO-1) are available in the literature19 

which is in complete agreement with our synthesized compound CLADO-1. Besides, 

the spectral data (1H NMR and 13C NMR) of all these compounds (CLADO-1, 2, 3 and 

4) are in complete agreement with the assigned structures.19, 20 

1.1.2.3. Synthesis of key fragment A’ from (R)-propylene oxide 

After successfully synthesizing and thoroughly characterizing cladosporin and three of 

its stereoisomers (CLADO-1, 2, 3 and 4) we directed our efforts toward the synthesis 

of the remaining four stereoisomers. For the same, we synthesized fragment A’ starting 

from  (R)-propylene oxide, following similar procedure as depicted in scheme 5. 
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Starting from (R)-propylene oxide as the chiral source, through relevant functional 

group incorporation and organic transformations we synthesized the required fragment 

A’ as 1:1 diastereomeric mixture (Scheme 5). 

 

Scheme 5. Synthesis of Fragment A’. 

After synthesizing fragment A’, it was further forwarded following similar procedure 

as depicted in scheme 4 to access the rest of the four stereoisomers of cladosporin 

(CLADO-5, 6, 8, and 8) (Scheme 6). As these four stereoisomers maintain an exact 

enantiomeric relationship with the previously synthesized stereoisomers (CLADO-1, 

2, 3 and 4) from (S)-propylene oxide, the 1H and 13C NMR spectral data were in 

complete co-relation with each other. Besides, the absolute stereochemistry of this four 

isomers (CLADO-5, 6, 7 and 8) were also determined using single crystal X-ray 

diffraction (Figure 8), thus leaving no space for structural and functional ambiguity. 

Besides, NMR spectral data of CLADO-5 and CLADO-6 were in complete agreement 

with reported data. 1H and 13C NMR spectra of selected compounds are provided at the 

end of this chapter. 
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Scheme 6. Synthesis of four stereoisomers of cladosporin from (R)-propylene oxide. 
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Figure 8.  Single crystal structure (ORTEP) of CLADO-5, 6, 7 and 8. 

 

Figure 9. Structures of the eight stereoisomers of cladosporin. 
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In collaboration with Prof. Bifulco from the University of Salerno, we developed a 

methodological approach based on the comparision of QM (quantum mechanics) 

calculated set of NMR data with experimentally obtained set (Table 1), that can assist 

the correct assignment of a group of stereoisomners.31 

CLADO-1 

(in CDCl3) 
CLADO-2 

(in CDCl3) 
CLADO-3 

(in MeOD) 
CLADO-4 

(in MeOD) 

169.9 170.0 171.7 171.7 

164.3 164.4 166.4 166.4 

163.1 163.0 165.8 165.8 

141.8 141.6 143.6 143.7 

106.7 106.7 108.1 108.0 

102.0 102.0 102.3 102.3 

101.5 101.6 101.8 101.7 

76.3 76.6 78.0 77.6 

68.0 67.4 75.5 75.3 

66.6 67.2 75.2 74.8 

39.3 37.3 42.2 43.0 

33.6 32.6 34.5 34.6 

30.9 31.5 33.8 34.5 

29.7 29.8 32.5 33.1 

18.9 19.7 24.7 24.8 

18.1 18.1 22.6 22.5 

Table 1. 13C NMR values (in ppm) of all cladologs. 
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1.1.2.4. Biological assessment of synthesized cladologs (In collaboration 

with Dr. Amit Sharma, ICGEB, New Delhi and Dr. Dhanasekaran Shanmugam, CSIR-

NCL, Pune) 

1.1.2.4.1. Thermal shift assay (TSA): 

All the synthesized cladologs were initially screened under thermal shift assay                                   

(TSA) so as to  decipher the extent of their thermodynamic binding with PfKRS (Figure 

10). A higher magnitude of Tm (obtained from TSA) indicates a strong enzyme-drug 

complex in a comparative scenario. Our TSA data for cladolog-PfKRS complexes 

reflected a thermal shift range of ∼7.9 to 17.3 °C, with a striking Tm value of 17.3 

and 16.2 °C for CLADO-1 and CLADO-5, respectively (Figure 10b, Table 2). Based 

on the TSA data of the eight cladologs, we successfully assigned CLADO-1 and 

CLADO-5 as strong binders to PfKRS, CLADO-2, CLADO-3 and CLADO-7 as 

moderate binders and CLADO-4, CLADO-6 and CLADO-8 as poor (Table 2). It was 

quite fascinating and striking to see such spectrum of low to high binding affinity of 

cladologs with target enzyme PfKRS. After collecting similar data on HsKRS we 

observed a very low magnitude of thermal shifts  with a range of ∼0.14−1.1 °C, 

indicating a retainment of overall selectivity for all the cladologs against human KRS 

(Figure 10a and 10b). 

 

Figure 10a. Thermal shift assay of cladologs with PfKRS and HsKRS. 
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Figure 10b. Thermal shift profiles of PfKRS and HsKRS at 2 μM and 4 μM, 

respectively, in the presence of L-lysine. 

 

1.1.2.4.2. Aminoacylation assay (enzyme inhibition assay): 

The classification of the eight synthesized cladologs in to three distinct classes of 

potency intrigued us to conduct further studies on the same. As a part of which, we 

addressed the enzyme inhibition activity of all the cladologs in both Plasmodium 

falciparum (PfKRS) as well as human counterpart (HsKRS) through standard 

aminoacylation assays. The obtained IC50 values for eight cladologs showed a trend 

similar to thermal shift data (Figure 10b, Table 2). CLADO-1 and CLADO-5 reflected 

highest inhibition potency with IC50 values of 0.125 μM and 0.29 μM respectively 

against PfKRS. CLADO-2, CLADO-3 and CLADO-7 turned out to be moderately 

active with IC50 values ranging from ∼4 to 7 μM. CLADO-4, CLADO-6 and CLADO-

8 displayed an IC50 range of ∼21 to 50 μM (Figure 11a, Table 2) indicating poor enzyme 

inhibitory potency. It was very intriguing to see a striking difference of ∼500 fold in 

the IC50 values between the best (CLADO-1) and the poorest stereoisomer (CALDO-

8). 

To assess the target specificity of the cladologs, we determined the IC50 values against 

HsKRS as well. All the synthesized stereoisomers (cladologs) essentially turned out to 

be inert (Figure 11a). These data sets further provided us with a possibility to evaluate 
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the selectivity indices of each cladolog, wherein CLADO-5 (3R, 10R, and 14R) with a 

score of ∼965 turned out to be even better than cladosporin (CLADO-1) (3R, 10R, and 

14S), which had a score of ∼840 (Figure 12b). 

 

 

Figure 11. (a) Aminoacylation activity inhibition assays of synthesized cladologs. (b) 

Linear regression: thermal shift (Tm) versus log10 IC50 obtained through the data 

collected from enzyme, thermal shift and parasite inhibition assays. 

 

1.1.2.4.3. Parasite growth inhibition assay: 

The observed thermal shift profile and IC50 values reflected a consistent trend of anti-

malarial potency in the cladolog series, thus provided us with a firm ground to evaluate 

the corresponding EC50 values through parasite growth inhibition assays using in vitro 

P. falciparum cultures (Figure 12a). To our surprise, the experimental EC50 values of 

the entire stereoisomeric set were in accordance to the observed thermal shift and 

enzyme inhibition profile. CLADO-1 and CLADO-5 outperformed the rest with an 

EC50 value of 0.04 M and 0.27 M respectively. CLADO-2, CLADO-3 and 
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CLADO-7 demonstrated moderate potency in their EC50 values ranging from 1.1 M 

to 1.6 M. On the other hand, CLADO-4, CLADO-6 and CLADO-8 turned out to be 

the least potent ones (Figure 13, Table 2). 

 

 

Figure 12. (a) Blood stage P. falciparum growth inhibition assays of the synthesized 

cladologs. (b) Selectivity profile (scattered plots). 
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Figure 13. (a) Linear regression plot: thermal shift (Tm) versus log10 EC50 obtained 

through the data collected from enzyme and cell-based assays for malaria parasites. 

(b) Linear regression plot: log10 IC50 and log10 EC50 for malarial parasites. 

All the data sets and observations from these assays led us to classify the entire 

stereochemical library of cladosporin (cladologs) in to three distinct categories.  

 Class A: Most potent (CLADO-1 and CLADO-5) 

 Class B: Moderately potent (CLADO-2, CLADO-3 and CLADO-7) 

 Class C: Non-potent (CLADO-4, CLADO-6 and CLADO-8) 

(The above categorical distribution of the set of isomers is also depicted in Table 2) 

It is noteworthy to observe that the most potent isomer CLADO-1 and least potent 

CLADO-8 maintain an exact enantiomeric relationship with each other with exactly 

opposite chirality at all the positions of C3, C10 and C14 (Figure 9). It is also 

noteworthy to observe that CLADO-1 and CALDO-5 are the most potent compounds 

in the cladolog series despite change in the stereochemistry of C14 center which clearly 

makes the absolute stereochemistry at C14 center as a non-detrimental factor for anti-

malarial potency. All other cladologs, namely CLADO-2, CLADO-3, CLADO-4, 

CLADO-6, CLADO-7, CLADO-8 have stereoisomeric modifications at C3/C10 or 

both (Figure 9). Therefore, it is very evident that these stereochemical differences are 

crucial in determining the drug potency of the synthesized stereoisomers (cladoslogs) 

against Plasmodium falciparum. 
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 Compounds 

Plasmodium falciparum Human 

IC50 (M) EC50 (M) Tm IC50 (M) Tm 

Class 

A 

 

CLADO-1 
0.12 ± 0.0 ~0.04 17.3 ± 0.5 105 ± 2 1.3 

 

CLADO-5 
0.29 ± 0.00 0.27 ± 0.0 16.2 ± 0.5 >100 1.0 

Class 

B 

 

CLADO-2 
4.64 ± 0.5 1.6 ± 0.1 14.3 ± 1.0 >100 0.5 

 

CLADO-3 
5.8 ± 0.2 1.1 ± 0.1 15.6 ± 1.0 >100 0.1 

 

CLADO-7 
7.25 ± 0.5 1.15 ± 0.0 13.5 ± 1.0 >100 1.1 

Class 

C 

 

CLADO-4 
29.0 ± 4 >2 11.4 ± 1.0 >100 1.1 

 

CLADO-6 
21.3 ± 2 >2 11.8 ± 0.4 >100 0.3 

 

CLADO-8 
50.0 ± 5 >2 7.9 ± 1.0 >100 -0.9 

Table 2. Classification of Cladologs. 

1.1.2.5. Structural bases for cladolog-KRS binding 

Through successfully assessment of anti-malarial potency of all the stereoisomers of 

cladosporin through enzyme and cell based assay, we demonstrated significant and 

crucial dependency of potency on the chirality of the isomers. Being intrigued with this, 

we further planned to decipher the structural bases of cladolog engagement with PfKRS 

through X-ray co-crystals of selected cladologs with the target enzyme PfKRS. 

Previously, the co-crystal structure of CLADO-1 (cladosporin) with PfKRS have been 

determined and analyzed in the literature.15, 16, 17 To further investigate the structural 

the cladolog selectivity on structural basis, we tried to co-crystallize six stereoisomers 

(CLADO-2, CLADO-3, CLADO-4, CLADO-5, CLADO-6 and CLADO-7) and an 

enantiomer (CLADO-8) with PfKRS in presence of L-lysine. We successfully obtained 

co-crystals of all the compounds except for CLADO-8. PfKRS-CLADO-2/5/6/7  
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Figure 14. Co-crystal structures of the eight stereoisomers of cladosporin with 

PfKRS. 

complex cocrystals, difracted at ∼3 Å resolution, whereas PfKRS-CLADO-3/4 co-

crystals, showed comparably poor difraction with >3.5 Å resolution. A clear electron 

density was observed for both L-lysine and the specific cladologs (CLADO-2/5/6/7; 

Figures 14) On the other hand, in the case of CLADO-3 and CLADO-4 no electron 

densities were observed for either Lys or the cladologs. The models were refined for 

PfKRS-CLADO-2/5/6/7 co-crystals and superimposed on PfKRS-CLADO-1 for 

further in depth analyses (Figure 15). 

All five cladologs were found to have similar binding modes (Figure 15). In each 

isomers, the aromatic dihydroisocoumarin moiety of the cladolog stacks between the 

residues Arg559 and Phe342̀(Figures 14, 15). As the chiral center at C3 of the 

dihydroisocoumarin moiety sterically clashes into the the carbon atoms of Phe343 and 

guanidium group of Arg559, an R-stereochemistry is most suitable for this center 

(Figure 15). Moreover, the C10 position also seems to favour an R-configuration, as 

apparant from the structural data of PfKRS bound CLADO-1, CLADO-2 and 

CLADO-1 

CLADO-2 

CLADO-6 

CLADO-5 

CLADO-7 
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CLADO-5 (Figures 14, 15, 16a). In  the case of C14 center, scereochemistry is not a 

defining factor for potency as both R- and -S configurations are favorable. 

 

Figure 15. Structural comparision among the most potent cladolog (CLADO-1, 

CLADO-5) and other co-crystal structures of (CLADO-2, CLADO-6, CLADO-7). 

In the above figure (Figure 15) the chiral centers of the superimposed cladologs are 

indicated with an arrow. For C3 chiral center the interacting side chain residues of Arg 

559 and Phe 342 are shown. For C10 stereocenter the residue Glu500 is depicted and 

for C14, side chain residues of Ser 344, Arg 330 and Glu346 are shown. In CLADO-1 

and CLADO-5 (3R), the C3 H atom is more accessible to Phe342 as compared to 

CLADO-2 and CLADO-6 (3S). C10 H atom in CLADO-7 (10S) as compared to 

CLADO-1 and CLADO-5  (3R) stacks proximately to Glu500 side chain. As compared 

to CLADO-5, CLADO-6 and CLADO-7, C14 H atom in CLADO-1 is adjacent to 

Arg330. 

The cladologs with S-configurations at positions C3/C10 (CLADO-4 and CLADO-8) 

and at C10/C14 (CLADO-3) are not conformationally favorable on steric grounds. The 

presentation of the THP ring in the active site of PfKRS is affected by the  
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stereoisomeric alterations at either C3/C10/C14 or its combination (Figure 14). In 

comparison to the most potent cladologs (CLADO-1 and CLADO-5) the binding of 

CLADO-2, CLADO-6 and CLADO-7 to the active site of PfKRS induced rotameric 

rearrangements of amino acid side chain of Phe342, Arg559, and Glu500 (Figure 15). 

Furthermore, it was also noted that the atomic arrangement at C10 is pivotal for 

cladolog binding, since out of four cladologs (CLADO-3, CLADO-4, CLADO-7 and 

CLADO-8) having S conformation at C10, only one (CLADO-7) was successfully 

crystallized, while two failed (CLADO-3 and CLADO-4). Besides, it appears that 

stereoisomeric alterations at C14 alone (CLADO-5) are not crucial for potency as both 

isomers (natural S and synthetic R) are highly potent (CLADO-1 and CLADO-5). 

Hence, this analysis concludes that both R-C3 and R-C10 might serve as key 

enantiomeric determinants in enzyme inhibition. 

 

 

Figure 16. (a) Cladolog-induced rotameric changes in PfKRS side chains. Molecule 

surfaces for L-lysine and CLADO-1 are as in the published crystal structure of 

PfKRS-K-CLADO-1.21 

12

(a) 
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Figure 16. (b) Simulated annealing omit maps are shown for cladologs and L-lysine 

in the new PfKRS-K-cladolog complexes. 

1.1.3. Conclusions from stereochemical structure activity relationship 

(S-SAR) studies 

After thorough biological screening of all the eight possible stereoisomers of 

cladosporin in cell based and enzyme based assay we classified the entire 

stereoisomeric set in to three discrete categories comprising of most potent (CLADO-

1 and CLADO-5), moderately potent (CLADO-2, CLADO-3 and CLADO-7) and 

non-potent (CLAD-4, CLADO-6 and CLADO-8). The structural bases of PfKRS-

cladolog binding was also deciphered through X-ray analysis of co-crystals of selected 

cladologs and PfKRS. The overall conclusion of the following studies are as follows. 

 An “R” stereochemistry at C3 center of cladosporin scaffold in crucial for its 

anti-malarial potency. 
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 An “R” stereochemistry at C10 center is also vital for bio-activity. 

 The stereochemistry at C14 center is not a detrimental factor for exhibiting anti-

malarial activity. 

Conclusions from stereochemical SAR are also depicted in Figure 17. 

 

Figure 17. Conclusions from stereochemical Structure Activity Relationship. 

In summary, we have developed a novel divergent synthetic route for accessing all the 

possible stereoisomers of cladosporin. Similar synthetic approach can also be applied 

to access stereoisomeric sets of bio-active natural products and synthetic molecule with 

multiple chiral centers, which will in turn be valuable for Stereochemical Structure 

Activity Relationship (S-SAR) studies. This work also highlights the possibility of fine 

tuning the relevant functional groups in a bio-active molecule to produce large number 

of closely related analogues around the active scaffold. Such advancements will 

eventually pave a way for better understanding and application of stereochemical 

attributes in drug discovery and medicinal chemistry programs. These in turn can 

deliver more potent and selective lead molecules for drug development. We have 

demonstrated that enantioselectivity within KRS-cladologs serves as a key facet for 

these compounds as anti-malarial agents. Besides, our exploration further provides a 

striking example of the importance of chiral awareness in drug discovery and 

development. This work also lays the foundation of a promising scope for cladologs for 

the development of lead molecules against KRSs of other eukaryotic parasites where 

the active site residue is conserved.15, 16, 18 
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1.1.4. Experimental section 

Synthesis of eight isomers of cladosporin 

(S,E)-8-((tert-butyldimethylsilyl)oxy)non-3-en-2-one (2.2) 

 

A solution of compound 2.1 (18 g, 78.809 mmol) in 500 mL of CH2Cl2 was stirred at -

78 oC as ozone was passed through the same. Once blue colour was observed oxygen 

was passed to remove the excess ozone until the solution became colourless.  Triphenyl 

phosphine (30.9 g, 118.188 mmol) was added and the reaction mixture was allowed to 

reach room temperature and stirred for an additional 12 h. The resulting solution of 

aldehyde was cooled to 0oC and 1-(triphenyl-l5-phosphanylidene)propan-2-one 2.5 

(62.723 g, 197.021 mmol) was added portion wise in one pot and left to stir for 16 h. 

The resultant solution was concentrated under vacuo and filtered through silica and 

forwarded to next step without further purification. 

 (8S,E)-8-((tert-butyldimethylsilyl)oxy)non-3-en-2-ol (2.3): 

 

To a solution of 2.2 (10 g, 36.968 mmol) in CH2Cl2 (150 mL) and CH3OH (50 mL) (3:1 

v/v) was added CeCl3.7H2O (16.5 g, 44.362 mmol) at 0 oC and stirred for 30 minutes. 

NaBH4 (1.5 g, 40.667 mmol) was added portion wise to the stirring solution at the same 

temperature and the reaction mixture was allowed to reach room temperature and stirred 

for 12 h. Reaction mixture was cooled to 0 °C and saturated aqueous solution of sodium 

potassium tartarate (50 mL) was added to the reaction flask and stirred for 15 mins 

followed by evaporation of CH3OH and CH2Cl2 under vacuo. To the remaining aqueous 

mixture was added 1N HCl (100 mL) and extracted with ethyl acetate. The collected 

organic parts were dried over sodium sulphate, concentrated under vacuo and purified 

through column chromatography (silica gel 230-400 mesh 10% ethyl acetate – pet 
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ether) to afford compound 2.3 (8.9 g, 88 %) as a colourless oil (1:1 diastereomeric 

mixture).  

IR υmax(film): cm-1 1728, 3431, 2938, 1250;   

1H NMR (400 MHz, CDCl3): δ 5.62 (dd, J = 14.2, 7.6 Hz, 1H), 5.51 (dd, J = 15.4, 6.5 

Hz, 1H), 4.26 (q, J = 6.3 Hz, 1H), 3.82 – 3.74 (m, 1H), 2.01 (dd, J = 13.3, 6.6 Hz, 2H), 

1.42 (tdd, J = 18.0, 8.7, 4.1 Hz, 4H), 1.26 (d, J = 6.0 Hz, 3H), 1.12 (d, J = 6.0 Hz, 4H), 

0.89 (s, 9H), 0.05 (s, 6H). 

13C NMR (100 MHz, CDCl3): δ 134.2, 131.0, 68.9, 68.4, 39.1, 32.1, 25.9, 25.3, 23.8, 

23.4, 18.1, -4.4, -4.7. 

HRMS calculated for C15H32O2Si [M + Na]+ 295.2062, observed 295.2064. 

 (8S,E)-non-3-ene-2,8-diol (2.4): 

 

To a solution of compound 2.3 (8.9 g, 32.660 mmol) in THF (50 mL) was added 

tetrabutylammonium fluoride solution (1 M in THF) (65 mL, 65.32 mmol) at 0 oC.  

After stirring for 12 h at room temperature reaction mixture was cooled to 0 °C saturated 

aqueous NH4Cl (40 mL) was added to the same extracted with excess ethyl acetate 

several times. The collected organic layers were dried over sodium sulphate, 

concentrated under vacuo and purified via column chromatography (silica gel 230-400 

mesh 50% ethyl acetate – pet ether) to give compound 2.4 (4.4 g, 85 %) as a pale-yellow 

oil (1:1 diastereomeric mixture);  

IR υmax(film): cm-11719, 3020, 1217, 1369; 

1H NMR (400MHz, CDCl3): δ 5.65 – 5.48 (m, 1H), 5.50 (dd, J = 15.4, 6.4 Hz, 1H), 

4.23 (dd, J = 12.5, 6.2 Hz, 1H), 3.79 – 3.66 (m, 1H), 2.11 (s, 2H), 2.03 – 2.00 (m, 2H), 

1.47 – 1.40 (m, 4H), 1.23 (d, J = 6.3 Hz, 3H), 1.17 (d, J = 6.1 Hz, 4H). 



 
 

 
 

Chapter 1 (Section A): Synthesis of Entire Stereoisomeric Set of Anti-
malarial Natural Product Cladosporin, their Biological Evaluation and 

Co-crystalization 

34 
 

13C NMR (100 MHz, CDCl3): δ 134.5, 130.5, 68.8, 67.9, 67.8, 38.6, 31.9, 31.9, 25.2, 

23.4, 23.4. 

HRMS calculated for C9H18O2 [M + Na]+ 181.1198, observed 181.1199. 

Fragment A: 

 

Bis(acetonitrile)dichloropalladium(II) (0.72 g, 2.78 mmol) was added to a solution of 

compound 2.4 (4.4 g, 27.806 mmol) in THF at 0 oC and stirred for 30 mins at the same 

temperature. After completion of the reaction which was monitored through TLC, 

resultant reaction mixture was filtered through a pad of celite to furnish fragment A and 

concentrated via rotary evaporation at low temperature to afford a colourless oil (1:1 

diastereomeric mixture) which was forwarded to next step without further purification.  

HRMS calculated for C9H17O [M + H]+141.1274, observed 141.1269. 

methyl 2,4-dimethoxy-6-((E)-3-((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)allyl)benzoate (4.1a) and methyl 2,4-dimethoxy-6-((E)-3-((2S,6S)-6-

methyltetrahydro-2H-pyran-2-yl)allyl)benzoate (4.1b) 

 

A solution of fragment B (2.0 g, 8.465 mmol) in CH2Cl2 (50 mL) was degassed with 

argon for 15 minutes. Solution of fragment A in CH2Cl2 was added in the same followed 

by addition of 5 mol% of the Grubbs’2nd generation catalyst. The reaction mixture was 

stirred at room temperature for 36 h. It was then filtered through a short pad of celite 

and concentrated under reduced pressure to remove excess CH2Cl2 and. Careful 

purification by silica gel chromatography (silica gel 230-400 mesh 25 % ethyl acetate 



 
 

 
 

Chapter 1 (Section A): Synthesis of Entire Stereoisomeric Set of Anti-
malarial Natural Product Cladosporin, their Biological Evaluation and 

Co-crystalization 

35 
 

– pet ether) allowed the separation of two diastereomers 4.1a (0.570g) and 4.1b 

(0.540g) with a combined yield of 53 %.  

Compound 4.1a  

[α]25
D = -5.09 (c = 1.6, CHCl3);  

IR υmax(film): cm-11712, 1215, 3020, 1604;  

1H NMR (400 MHz, CDCl3): δ 6.34 (s, 2H), 5.74 – 5.61 (m, 2H), 4.33 (d, J = 4.2 Hz, 

1H), 3.88 (s, 1H), 3.86 (s, 3H), 3.79 (s, 6H), 3.35 (d, J = 5.7 Hz, 2H), 1.70 (dd, J = 12.0, 

4.7 Hz, 1H), 1.62 – 1.60 (m, 3H), 1.53 – 1.51 (m, 1H), 1.27 (dd, J = 15.6, 7.5 Hz, 1H), 

1.15 (d, J = 6.3 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 168.5, 161.5, 158.2, 140.6, 132.4, 129.6, 116.2, 106.0, 

96.6, 71.7, 67.1, 55.9, 55.3, 52.0, 36.8, 32.2, 29.4, 20.6, 18.6 

HRMS calculated for C19H27O5 [M + H]+ 335.1853, observed 335.1839.  

Compound 4.1b: 

[α]25
D = -3.14 (c = 1.6, CHCl3); IR υmax(film): cm-11782, 1214, 1332, 3020;  

1H NMR (400 MHz, CDCl3): δ 6.33 (s, 2H), 5.76 – 5.69 (m, 1H), 5.55 (dd, J = 15.2, 

6.5 Hz, 1H), 3.86 (s, 3H), 3.80 (d, J = 0.5 Hz, 7H), 3.46 (td, J = 10.9, 5.7 Hz, 1H), 3.33 

(d, J = 6.6 Hz, 2H), 1.83 – 1.79 (m, 1H), 1.59 – 1.45 (m, 4H), 1.29 (dd, J = 11.7, 3.8 

Hz, 1H), 1.18 (d, J = 6.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 168.4, 161.5, 158.2, 140.5, 133.3, 128.9, 116.2, 106.1, 

96.5, 78.0, 73.7, 55.9, 55.3, 52.0, 36.8, 33.0, 31.4, 23.5, 22.2 

HRMS calculated for C19H27O5 [M + H]+ 335.1853, observed 335.1840. 
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3-(hydroxy((2R,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl)-6,8-

dimethoxyisochroman-1-one (4.2a): 

 

To a solution of compound 4.1a (0.714 g, 2.135 mmol) in acetone (12 mL) and water 

(6 mL) was added 4-Methylmorpholine N-oxide (0.749 g, 6.405 mmol) followed by 

the careful addition of catalytic amount of 2.5 % OsO4 (tert-butanol solution) at 0 oC. 

After stirring for 12 h at room temperature saturated aqueous solution of Na2SO3 (15 

mL) was added and further stirred for 6 h at room temperature. Excess acetone was 

removed under vacuo and the remaining aqueous part was extracted with ethyl acetate 

(3 x 30 mL). The combined organic parts were dried over sodium sulphate and 

concentrated under vacuo. Purification through column chromatography (silica gel 100-

200 mesh 10% ethyl acetate – pet ether) afforded compound 4.2a (0.382 g) (3:2 

diastereomeric mixture) as colourless oil with a yield of 53%;  

IR υmax(film): cm-1 3021, 1722, 1599, 1217;  

1H NMR (400 MHz,  CDCl3): δ 6.39 (s, 1H), 6.33 (s, 1H), 4.69 – 4.40 (m, 1H), 4.13 – 

3.98 (m, 1H), 3.91 – 3.90 (m, 4H), 3.85 (s, 3H), 3.69 – 3.55 (m, 1H), 3.35 – 3.21 (m, 

1H), 2.75 - 2.65 (m, 1H), 2.33 (br. s, 1H), 1.87 - 1.63 (m, 4H), 1.56 - 1.51 (m, 1H), 1.35 

- 1.32 (m, 1H), 1.25 – 1.16 (m, 3H).  

13C NMR (100 MHz , CDCl3): δ 164.5, 164.4, 163.1, 163.0, 162.3, 162.2, 144.2, 144.1, 

106.6, 104.0, 103.9, 97.7, 76.8, 75.8, 73.5, 73.1, 68.9, 68.8, 68.6, 68.4, 56.1, 55.5, 31.8, 

31.1, 30.7, 30.0, 27.0, 26.6, 18.7, 18.1, 17.8 

HRMS calculated for C18H25O6 [M + H]+ 337.1646, observed 337.1635. 
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3-(hydroxy((2S,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl)-6,8-

dimethoxyisochroman-1-one (4.2b):  

 

Compound 8.2b (0.432 g) with a yield of 60 % was synthesized as 1:1 diastereomeric 

mixture from compound 8.1b using similar procedure for the synthesis of compound 

8.2a.  

IR υmax(film): cm-1 3021, 2403, 1721, 1601, 1216; 

1H NMR (400MHz ,CDCl3): δ 6.40 (s, 1 H), 6.34 (s, 1 H), 4.77 – 4.44 (m, 1H), 3.91 

(d, J = 5.5 Hz, 3H), 3.86 (s, 3H), 3.75 – 3.71 (m, 1H), 3.59 - 3.25 (m, 3H), 2.76 - 2.64 

(m, 1H), 2.12 – 1.79 (m, 3H), 1.62 - 1.49 (m, 2 H), 1.41 – 1.32 (m, 1H), 1.18 – 1.09 (m, 

3 H). 

13C NMR (100MHz, CDCl3): δ 164.5, 164.4, 163.0, 162.2, 144.4, 144.2, 106.7, 104.0, 

103.9, 97.7, 76.5, 76.3, 76.0, 75.5, 75.1, 74.5, 74.1, 73.9, 56.1, 55.5, 33.3, 33.0, 31.7, 

31.1, 28.1, 26.7, 23.1, 23.0, 22.1, 22.0 

HRMS calculated for C18H25O6 [M + H]+ 337.1646, observed 337.1632.  

 

O-((S)-((S)-6,8-dimethoxy-1-oxoisochroman-3-yl)((2R,6S)-6-methyltetrahydro-

2H-pyran-2-yl)methyl) S-methyl carbonodithioate (4.3a) and O-((R)-((R)-6,8-

dimethoxy-1-oxoisochroman-3-yl)((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl) S-methyl carbonodithioate (4.4a):  
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To a solution of 4.2a (0.382 g, 1.136 mmol) (1:1 diastereomeric mixture) in THF (30 

mL) was added LiHMDS (1 M in THF) (1.2 mL) at 0 oC. After 15 minutes CS2 (137 

µl, 2.271 mmol) was added, which was followed by the addition of CH3I (283 µl, 4.542 

mmol). After stirring the reaction mixture for 12 h, H2O (10 mL) was added to the same 

and extracted with ethyl acetate. The combined organic layers were dried over sodium 

sulphate and concentrated under vacuo. Purification through flash chromatography 

28% ethyl acetate – pet ether gave clean separation of the two diastereomers 4.3a (0.227 

g) and 4.4a (0.151 g) as  foamy solids with an overall yield of 78%.  

Compound 4.3a:  

[α]25
D= + 15.99 (c = 1.6, CHCl3);  

IR υmax(film): cm-1 3024, 1640, 1430, 1217, 766;   

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.30 (s, 1H), 6.20 (d, J = 9.6 Hz, 1H), 4.87 

(d, J = 11.7 Hz, 1H), 4.42 (dd, J = 11.7, 5.3 Hz, 1H), 3.92 (s, 4H), 3.84 (s, 3H), 3.00 

(dd, J = 15.8, 12.6 Hz, 1H), 2.75 (dd, J = 16.0, 2.4 Hz, 1H), 2.57 (s, 3H), 1.69 – 1.66 

(m, 4H), 1.35 (dt, J = 12.6, 7.3 Hz, 2H), 1.21 (d, J = 6.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 217.2, 164.4, 163.0, 161.9, 143.5, 106.9, 103.8, 97.9, 

80.6,  74.2, 68.6, 66.9, 56.1, 55.5, 31.7, 30.9, 26.1, 19.2, 18.2 

HRMS calculated for C20H27O6S2 [M + H]+ 427.1244, observed 427.1230. 

Compound 4.4a:  

[α]25
D= -18.78 (c = 1.5, CHCl3); υmax(film): cm-1 3025, 1639, 1431, 1218, 769;  

1H NMR (400 MHz, CDCl3): δ 6.40 (s, 1H), 6.31 (s, 1H), 6.22 (dd, J = 6.8, 3.3 Hz, 

1H), 4.71 – 4.67 (m, 1H), 4.35 (dd, J = 10.5, 6.7 Hz, 1H), 4.05 (d, J = 3.1 Hz, 1H), 3.91 

(s, 3H), 3.85 (s, 3H), 3.09 (dd, J = 16.0, 11.6 Hz, 1H), 2.90 – 2.80 (m, 1H), 2.58 (s, 3H), 

1.71 (dt, J = 16.6, 10.1 Hz, 2H), 1.62 – 1.57 (m, 2H), 1.30 – 1.25 (m, 2H), 1.17 (d, J = 

6.4 Hz, 3H). 
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13C NMR (100 MHz, CDCl3): δ 217.2, 164.5, 163.1, 161.6, 143.3, 106.7, 103.9, 98.0, 

82.1, 75.4, 69.5, 68.5, 56.2, 55.6, 31.5, 30.6, 26.5, 19.0, 18.9, 18.4;  

HRMS calculated for C20H27O6S2 [M + H]+427.1244, observed 427.1231. 

O-((R)-((R)-6,8-dimethoxy-1-oxoisochroman-3-yl)((2S,6S)-6-methyltetrahydro-

2H-pyran-2-yl)methyl) S-methyl carbonodithioate (4.3b) and O-((S)-((S)-6,8-

dimethoxy-1-oxoisochroman-3-yl)((2S,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl) S-methyl carbonodithioate (4.4b): 

 

Compound 4.3b (0.195 g) and 4.4b (0.190 g) with an overall yield of 70% was 

synthesized from compound 4.2b as a semi solid by following similar procedure for the 

synthesis of compound 4.3a and 4.4a. 

Compound 4.3b: 

[α]25
D = +95.92 (c = 0.6, CHCl3);  

IR υmax(film): cm-13023, 1640, 1431, 1218, 768;  

1H NMR (400 MHz, CDCl3): δ 6.40 (s, 1H), 6.32 (s, 1H), 6.01 (t, J = 4.6 Hz, 1H), 4.77 

(dt, J = 11.3, 3.0 Hz, 1H), 3.96 – 3.86 (m, 4H), 3.86 (s, 3H), 3.45 (dd, J = 10.4, 5.7 Hz, 

1H), 3.14 (dd, J = 16.1, 11.5 Hz, 1H), 2.87 (dd, J = 16.2, 2.4 Hz, 1H), 2.58 (s, 3H), 1.87 

– 1.83 (m, 1H), 1.67 – 1.63 (m, 2H), 1.57 – 1.49 (m, 1H), 1.40 (ddd, J = 15.3, 12.6, 3.3 

Hz, 1H), 1.20 (dd, J = 11.0, 3.4 Hz, 1H), 1.13 (d, J = 6.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 217.1, 164.5, 163.1, 161.7, 143.4, 106.8, 103.9, 97.9, 

83.0,  75.8, 75.0, 74.3, 56.2, 55.6, 32.9, 31.5, 26.7, 23.2, 22.0, 19.0 

HRMS calculated for C20H27O6S2 [M + H]+427.1244, observed 427.1228.  
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Compound 4.4b:  

[α]25
D = -146.8 (c = 0.5, CHCl3);  

IR υmax(film): cm-1 3022, 1640, 1430, 1217, 768;  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.29 (s, 1H), 5.97 (d, J = 9.4 Hz, 1H), 4.95 

(d, J = 11.7 Hz, 1H), 4.09 (t, J = 10.1 Hz, 1H), 3.93 (s, 3H), 3.84 (s, 3H), 3.52 (dd, J = 

10.6, 5.8 Hz, 1H), 3.02 – 2.95 (m, 1H), 2.77 – 2.73 (m, 1H), 2.57 (s, 3H), 1.83 (d, J = 

12.9 Hz, 1H), 1.56 (ddd, J = 23.7, 16.4, 12.1 Hz, 3H), 1.20 – 1.17 (m, 2H), 1.12 (d, J = 

6.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 217.3, 164.5, 163.0, 162.3, 143.6, 106.9, 103.8, 97.9, 

82.6,  74.0, 73.3, 56.2, 55.5, 33.2, 31.6, 27.5, 22.8, 22.0, 19.3 

HRMS calculated for C20H27O6S2 [M + H]+ 427.1244, observed 427.1230. 

(R)-6,8-dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-pyran-2 

yl)methyl)isochroman-1-one (4.5a):  

 

Compound 4.3a (0.227 g, 0.532 mmol) was dissolved in toluene which was followed 

by the addition of AIBN (8.7 mg, 0.053 mmol) and tributyltin hydride (430 µl, 1.596 

mmol). The reaction mixture was stirred at 95oC for 4 h. After completion of the 

reaction toluene was evaporated under vacuo and the crude was purified by column 

chromatography which afforded compound 4.5a (0.106 mg) as a foamy solid with 62 

% yield.  

[α]25
D = +36.76 (c = 1.5, CHCl3);  

IR υmax(film): cm-13014, 2852, 1713, 1599, 1220;  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.29 (s, 1H), 4.57 (dd, J = 10.9, 8.7 Hz, 

1H), 4.07 (t, J = 8.2 Hz, 1H), 3.91 (s, 4H), 3.85 (s, 3H), 2.84 (ddd, J = 18.3, 15.9, 7.0 
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Hz, 2H), 1.85 (dtd, J = 16.3, 14.2, 2.6 Hz, 2H), 1.72 – 1.56 (m, 4H), 1.31 (dd, J = 15.6, 

7.4 Hz, 2H), 1.19 (d, J = 6.5 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 164.3, 163.0, 162.8, 144.0, 107.1, 103.8, 97.7, 74.4, 

67.6, 66.1, 56.1, 55.5, 39.6, 35.5, 31.0, 30.8, 18.8, 18.2. 

HRMS calculated for C18H25O5 [M + H]+321.1697, observed 321.1691.  

(S)-6,8-dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-pyran-2 

yl)methyl)isochroman-1-one (4.6a):  

 

Compound 4.6a (69 mg) with a yield of 61 % was synthesized as a semi solid from 

compound 4.4a using similar procedure for the synthesis of compound 4.5a.  

[α]25
D = -10.88 (c = 1.8, CHCl3);  

IR υmax(film): cm-1 3015, 2853, 1709, 1599, 1219;  

1H NMR (400 MHz,  CDCl3): δ 6.40 (s, 1H), 6.31 (s, 1H), 4.55 - 4.49 (m, 1 H), 4.04 

(dd, J = 4.3, 9.2 Hz, 1H), 3.92 (s, 4H), 3.86 (s, 3H), 2.97 - 2.88 (m, 2H), 2.41 - 2.34 (m, 

1H), 1.74 - 1.61 (m, 5H), 1.36 - 1.29 (m, 2 H), 1.16 (d, J = 6.1 Hz, 3 H).  

13C NMR (100 MHz, CDCl3): δ 164.3, 163.1, 162.7, 144.0, 107.0, 103.9, 97.8, 74.6, 

66.9, 66.9, 56.1, 55.5, 37.5, 34.3, 31.4, 29.9, 19.7, 18.2; 

HRMS calculated for C18H25O5 [M + H]+321.1697, observed 321.1690; 

(R)-6,8-dimethoxy-3-(((2S,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (4.5b):  
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Compound 4.5b (88 mg) with a yield of 60% was synthesized from compound 4.3b as 

a foamy solid using similar procedure for the synthesis of 4.5a and 4.6a.  

[α]25
D = +78.26 (c = 1.0, CHCl3); 

IR υmax(film): cm-1 3015, 2931, 1704, 1598, 1218;  

1H NMR (400 MHz, CDCl3): δ 6.40 (s, 1H), 6.32 (s, 1H), 4.57 (qd, J = 6.4, 2.9 Hz, 

1H), 3.92 (s, 3H), 3.86 (s, 3H), 3.64 (dt, J = 11.1, 5.7 Hz, 1H), 3.46 – 3.40 (m, 1H), 

2.98 (dd, J = 16.0, 11.3 Hz, 1H), 2.84 (dd, J = 16.1, 2.6 Hz, 1H), 2.10 (dt, J = 14.0, 7.0 

Hz, 1H), 1.83 – 1.73 (m, 2H), 1.64 – 1.50 (m, 4H), 1.28 – 1.18 (m, 3H), 1.14 (d, J = 6.2 

Hz, 4H). 

13C NMR (100 MHz, CDCl3): δ 164.3, 163.1, 162.8, 144.1, 107.0, 103.9, 97.7, 74.4, 

73.8, 73.4, 56.1, 55.5, 40.8, 34.7, 33.1, 30.9, 23.5, 22.2.  

HRMS calculated for C18H24O5Na [M + Na]+ 343.1516, observed 343.1510. 

(S)-6,8-dimethoxy-3-(((2S,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (4.6b):  

 

Compound 4.6b (83 mg) with a yield of 58% was synthesized as a yellowish oil from 

compound 4.4b following similar procedure for the synthesis of compound 4.5a, 4.6a 

and 4.5b.  

[α]25
D = -121.78 (c = 0.3, CHCl3);  

IR υmax(film): cm-13015, 2931, 1704, 1598, 1218;  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.28 (s, 1H), 4.69 - 4.64 (m, 1H), 3.91 (s, 

3H), 3.84 (s, 3H), 3.70 (t, J = 10.7 Hz, 1H), 3.46 - 3.39 (m, 1H), 2.90 - 2.75 (m, 2H), 
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1.88 - 1.77 (m, 2H), 1.72 - 1.66 (m, 2H), 1.57 - 1.51 (m, 3H), 1.19 - 1.16 (m, 1H), 1.11 

(d, J = 6.1 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 164.3, 163.0, 144.2, 107.1, 103.8, 97.7, 73.8, 73.7, 

73.0, 56.1, 55.5, 41.7, 35.5, 33.2, 31.6, 23.6, 22.1;  

HRMS calculated for C18H24O5Na [M + Na]+ 343.1516, observed 343.1510.  

 

Cladosporin (CLADO-1):  

 

A suspension of Alluminium powder (106 mg, 0.331 mmol) in dry benzene (5 mL) was 

treated with I2 (1.3 g, 5.293 mmol) under argon, and the violet mixture was stirred under 

reflux for 30 min until the violet colour disappeared. After the mixture was cooled to 0 

°C, few crystals of TBAI (10.6 mg, 0.033 mmol) and phloroglucinol (208.6 mg, 1.654 

mmol) were added before a solution of compound 4.5a (106 mg, 0.331 mmol) in dry 

benzene (3 mL) was added in one portion. The resulting green-brown suspension was 

stirred for 30 min at 5 °C before saturated Na2S2O3 solution (8 mL) and ethyl acetate 

(8 mL) were added. After separation of the layers, the aqueous phase was extracted with 

ethyl acetate. The combined organic layers were washed with brine, dried over Na2SO4, 

filtered, and concentrated in vacuo. Purification by column chromatography to afford 

cladosporin (CLADO-1) (0.052 g) as a white solid with a yield of 54 %.  

Melting point: 171-173 °C;  

[α]25
D = -15.75 (c = 0.6, EtOH);  

IR υmax(film): cm-1 3416, 3022, 1656, 1218;  
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1H NMR (400 MHz, CDCl3): δ 11.09 (s, 1H), 6.30 (s, 1H), 6.17 (s, 1H), 4.68 (t, J = 9.8 

Hz, 1H), 4.12 (s, 1H), 4.01 (s, 1H), 2.90 - 2.77 (m, 2H), 2.00 - 1.94 (m, 1H), 1.87 - 1.82 

(m, 1H), 1.72 - 1.64 (m, 4H), 1.37-1.35 (m, 2H), 1.24 (d, J = 6.7 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 169.9, 164.3, 163.1, 141.8, 106.7, 102.0, 101.5, 76.3, 

68.0, 66.6, 39.3, 33.6, 30.9, 29.7, 18.9, 18.1;   

HRMS calculated for C16H21O5 [M + H]+ 293.1384, observed 293.1379. 

(S)-6,8-dihydroxy-3-(((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-2):  

 

CLADO-2 (0.031 g) with a yield of 49% was synthesized as a white solid from 

compound 4.6a following similar procedure for the synthesis of CLADO-1.  

Melting point: 134-138 °C  

[α]25
D = -100.7 (c = 0.5, CHCl3);  

IR υmax(film): cm-1 3413, 3023, 1657, 1218;  

1H NMR (400 MHz, CDCl3): δ 11.12 (s, 1H), 7.20 (br. s.; 1H), 6.32 (s, 1H), 6.18 (s, 

1H), 4.68 (s, 1H), 4.10 (s, 1H), 3.96 (s.; 1H), 2.93 - 2.92 (m, 2H), 2.44 - 2.36 (m, 1H), 

1.83 - 1.70 (m, 5H), 1.40 - 1.34 (m, 2H), 1.20 (d, J = 6.1 Hz, 3H);  

13C NMR (100 MHz, CDCl3): δ 170.0, 164.4, 163.0, 141.6, 106.7, 102.0, 101.6, 76.6, 

67.4, 67.2, 37.3, 32.6, 31.4, 29.8, 19.7, 18.1;  

HRMS calculated for C16H21O5 [M + H]+ 293.1384, observed 293.1379.  

 



 
 

 
 

Chapter 1 (Section A): Synthesis of Entire Stereoisomeric Set of Anti-
malarial Natural Product Cladosporin, their Biological Evaluation and 

Co-crystalization 

45 
 

(R)-6,8-dihydroxy-3-(((2S,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-3):  

 

CLADO-3 (0.043 g) was synthesized with a yield of 57 % as a white solid from 

compound 4.5b using similar procedure for the synthesis of CLADO-1 and CLADO-

2.  

Melting point: 194-199 °C;  

[α]25
D = +46.44 (c = 0.5, EtOH);  

IR υmax(film): cm-1 3416, 3022, 1656, 1218;  

1H NMR (400 MHz, CD3OD): δ 6.23 (s, 1H), 6.20 (s, 1H), 4.72 - 4.68 (m, 1H), 3.61 

(s, 1H), 3.50 - 3.46 (m, 1H), 2.97 - 2.86 (m, 2H), 2.07 - 2.00 (m, 1H), 1.84 - 1.77 (m, 

2H), 1.67 - 1.53 (m, 3H), 1.28 - 1.18 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H);  

13C NMR (101MHz , CD3OD): δ 171.7, 166.4, 165.8, 143.6, 108.1, 102.3, 101.8, 78.0, 

75.5, 75.2, 42.2, 34.5, 33.8, 32.5, 24.7, 22.6. 

HRMS calculated for C16H21O5 [M + H]+293.1384, observed 293.1379. 

(S)-6,8-dihydroxy-3-(((2S,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-4):  

 

CLADO-4 (0.037 g) was synthesized from compound 4.4b with a yield of 49% as a 

white solid using similar procedure for the synthesis of CLADO-1, CLADO-2 and 

CLADO-3.  
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Melting point: 154-157 °C;  

[α]25
D = -5.0 (c = 0.4, CHCl3);  

IR υmax(film): cm-13422, 3020, 1659, 1630, 1216;  

1H NMR (400 MHz, CD3OD): δ 6.21 (s, 1H), 6.20 (s, 1H), 4.77 - 4.71 (m, 1H), 3.69 - 

3.64 (m, 1H), 3.52 - 3.45 (m, 1H), 2.94 - 2.81 (m, 2H), 1.91 - 1.72 (m, 4H), 1.61 – 1.55 

(m, 3H),  1.22 – 1.17 (dd, J = 4.3, 11.6Hz, 1H), 1.14 (d, J = 6.7 Hz, 3H).  

13C NMR (100 MHz, CD3OD): δ 171.7, 166.4, 165.8, 143.7, 108.0, 102.3, 101.7, 77.6, 

75.3, 74.8, 43.0, 34.6, 34.5, 33.1, 24.8, 22.5.  

HRMS calculated for C16H21O5[M + H]+ 293.1384, observed 293.1382. 

(R,E)-8-((tert-butyldimethylsilyl)oxy)non-3-en-2-one (5.2): 

 

Compound 5.2 was synthesized from compound 5.1 as a colourless liquid by following 

similar procedure for the synthesis of 2.2. The compound was filtered through silica 

and forwarded to next step without further characterization. 

(8R,E)-8-((tert-butyldimethylsilyl)oxy)non-3-en-2-ol (5.3):  

 

The compound 5.3 (8 g, 82%) was synthesized (1:1 diastereomeric mixture) from 

compound 5.2 as a white colourless oil by following similar procedure for the synthesis 

of compound 2.3.  

1H NMR (200 MHz, CDCl3) δ 5.70 – 5.44 (m, 2H), 4.29 – 4.23 (m, 1H), 3.78 (dd, J = 

11.6, 5.7 Hz, 1H), 2.01 (q, J = 6.6 Hz, 1H), 1.61 (s, 1H), 1.49 – 1.34 (m, 4H), 1.25 (d, 

J = 6.3 Hz, 2H), 1.11 (d, J = 6.1 Hz, 2H), 0.88 (s, 9H), 0.04 (s, 6H).  
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(8R,E)-non-3-ene-2,8-diol (5.4): 

 

The compound 5.4 (3.7 g, 87%) was synthesized from compound 5.3 as a colourless oil 

by following similar procedure for the synthesis of compound 2.3.  

1H NMR (200 MHz, CDCl3) δ 5.70 – 5.45 (m, 2H), 4.25 (p, J = 6.1 Hz, 1H), 3.79 (dd, 

J = 11.8, 5.9 Hz, 1H), 2.05 – 2.02 (m, 2H), 1.61 (s, 2H), 1.49 – 1.40 (m, 4H), 1.24 (d, 

J = 6.3 Hz, 3H), 1.18 (d, J = 6.2 Hz, 3H). 

Fragment A’:  

 

Fragment A’ was synthesized from compound 5.4 as a pale yellow oil by following 

similar procedure for the synthesis of fragment A.  

Methyl 2,4-dimethoxy-6-((E)-3-((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)allyl)benzoate (6.1a) and methyl 2,4-dimethoxy-6-((E)-3-((2S,6R)-6-

methyltetrahydro-2H-pyran-2-yl)allyl)benzoate (6.1b):  

 

The compound 6.1a (0.55 g) and 6.1b (0.52 mg) was synthesized with an overall yield 

of 53% from fragment A’ and fragment B as a yellowish oil by following similar 

procedure for the synthesis of compound 4.1a and 4.1b. 
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Compound 6.1a:  

1H NMR (200 MHz , CDCl3): δ 6.33 (s, 2H), 5.80 – 5.66 (m, 1H), 5.53 (dd, J = 6.1, 

15.5 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 7H), 3.51 - 3.42 (m, 1H), 3.32 (d, J = 6.3 Hz, 2H), 

1.82 – 1.76 (m, 1H), 1.61 - 1.25 (m, 5H), 1.17 (d, J = 6.2 Hz, 3H). 

Compound 6.1b:  

1H NMR (200 MHz, CDCl3) δ 6.33 (s, 1H), 5.70 – 5.65 (m, 2H), 4.33 (q, J = 3.7 Hz, 

1H), 3.86 (s, 4H), 3.79 (s, 3H), 3.35 (d, J = 4.3 Hz, 2H), 2.41 (dt, J = 11.3, 7.2 Hz, 1H), 

1.68 – 1.54 (m, 5H), 1.15 (d, J = 6.4 Hz, 3H). 

3-(hydroxy((2R,6R)-6-methyltetrahydro-2H-pyran-2-yl)methyl)-6,8-

dimethoxyisochroman-1-one (6.2a):  

 

The compound 6.2a (0.389 g, 50%) was synthesized from compound 6.1a as a foamy 

solid by following similar procedure for the synthesis of compound 4.2a.  

1H NMR (400 MHz, CDCl3): δ 6.39 (s.; 1H), 6.33 (s.; 1H), 4.76 – 4.43 (m, 1H), 3.91 

(d, J = 5.5 Hz, 3H), 3.85 (s, 3H), 3.74 – 3.70 (m, 1H), 3.58 – 3.24 (m, 3H), 2.75 - 2.63 

(m, 1H), 2.11 – 1.94 (m, 1H), 1.85 – 1.78 (m, 2H), 1.61 - 1.48 (m, 2H), 1.40 – 1.31 (m, 

1H), 1.17 – 1.08 (m, 3H). 

3-(hydroxy((2S,6R)-6-methyltetrahydro-2H-pyran-2-yl)methyl)-6,8-

dimethoxyisochroman-1-one (6.2b):  
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Compound 6.2b (0.397 g, 57%) was synthesized from compound 6.1b as a yellowish 

oil by following similar procedure for the synthesis of compound 4.2b.  

1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H), 6.32 (s, 1H), 4.68 – 4.39 (m, 1H), 4.12 – 

3.97 (m, 1H), 3.89 (d, J = 3.9 Hz, 4H), 3.84 (s, 3H), 3.68 – 3.54 (m, 1H), 3.34 - 3.20 

(m, 1H), 2.74 - 2.64 (m, 1H), 2.32 (br. s, 1H), 1.86 - 1.82 (m, 1H), 1.72 – 1.62 (m, 3H), 

1.55 - 1.50 (m, 1H), 1.34 - 1.31 (m, 1H), 1.24 – 1.15 (m, 3H). 

O-((S)-((S)-6,8-dimethoxy-1-oxoisochroman-3-yl)((2R,6R)-6-methyltetrahydro-

2H-pyran-2-yl)methyl) S-methyl carbonodithioate (6.3a) and O-((R)-((R)-6,8-

dimethoxy-1-oxoisochroman-3-yl)((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl) S-methyl carbonodithioate (6.4a): 

 

The compound 6.3a (0.187 g) and 6.4a (0.18 g) was synthesized with a yield of 73% 

from compound 6.2a as foamy solids by following similar procedure for the synthesis 

of compound 4.3a and 4.4a.  

Compound 6.3a:  

1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H), 6.28 (s, 1H), 5.96 (d, J = 9.2 Hz, 1H), 4.94 

(d, J = 11.6Hz, 1H), 4.08 (t, J = 10.1 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 3H), 3.58 – 3.45 

(m, 1H), 3.01 - 2.94 (m, 1H), 2.76 - 2.72 (m, 1H), 2.56 (s, 3H), 1.82 (d, J = 12.8 Hz, 

1H), 1.67 - 1.40 (m, 4H), 1.19 - 1.16 (m, 1H), 1.11 (d, J = 5.5 Hz, 3H). 

Compound 6.4a:  

1H NMR (400 MHz, CDCl3) δ 6.39 (s, 1H), 6.31 (s, 1H), 6.00 (t, J = 4.6 Hz, 1H), 4.76 

(dt, J = 11.3, 3.0 Hz, 1H), 3.90 (s, 4H), 3.85 (s, 3H), 3.44 (dd, J = 10.4, 5.7 Hz, 1H), 

3.13 (dd, J = 16.1, 11.5 Hz, 1H), 2.86 (dd, J = 16.2, 2.4 Hz, 1H), 2.57 (s, 3H), 1.86 – 

1.82 (m, 1H), 1.66 – 1.35 (m, 4H), 1.21 – 1.17 (m, 1H), 1.12 (d, J = 6.1 Hz, 3H). 
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O-((R)-((R)-6,8-dimethoxy-1-oxoisochroman-3-yl)((2S,6R)-6-methyltetrahydro-

2H-pyran-2-yl)methyl) S-methyl carbonodithioate (6.3b) and O-((S)-((S)-6,8-

dimethoxy-1-oxoisochroman-3-yl)((2S,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl) S-methyl carbonodithioate (6.4b):  

 

The compound 6.3b (0.215 g) and 6.4b (0.135 g) was synthesized from compound 6.2b 

with 70% yield as foamy solids by following similar procedure for the synthesis of 4.3b 

and 4.4b.  

Compound 6.3b:  

1H NMR (500 MHz, CDCl3): δ  6.39 (s, 1H), 6.31 (s, 1H), 6.21 (dd, J = 3.4, 6.9 Hz, 

1H), 4.68 (td, J = 2.8, 11.6Hz, 1H), 4.36 - 4.32 (m, 1H), 4.05 - 4.04 (m, 1H), 3.91 (s, 

3H), 3.84 (s, 3H), 3.09 (dd, J = 11.8, 16.0 Hz, 1H), 2.87 (dd, J = 2.3, 16.0 Hz, 1H), 2.57 

(s, 3H), 1.74 - 1.66 (m, 3H), 1.60 - 1.55 (m, 2H), 1.35 - 1.30 (m, 1H), 1.17 (d, J = 6.5 

Hz, 3H). 

Compound 6.4b:  

1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H), 6.29 (s, 1H), 6.19 (d, J = 9.8 Hz, 1H), 4.86 

(d, J = 11.6Hz, 1H), 4.44 - 4.39 (m, 1H), 3.91 (s, 4H), 3.83 (s, 3H), 2.99 (dd, J = 12.5, 

15.6Hz, 1H), 2.74 (dd, J = 2.4, 15.9 Hz, 1H), 2.56 (s, 3H), 1.68 - 1.65 (m, 4H), 1.40 - 

1.30 (m, 2H), 1.20 (d, J = 6.7 Hz, 3H). 

(R)-6,8-dimethoxy-3-(((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (6.5a):  
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The compound 6.5a (0.087 g, 64%) was synthesized from compound 6.3a as a 

yellowish oil by following similar procedure for the synthesis of compound 4.5a.  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.28 (s, 1H), 4.69 - 4.64 (m, 1H), 3.91 (s, 

3H), 3.84 (s, 3H), 3.70 (t, J = 10.7 Hz, 1H), 3.45 - 3.41 (m, 1H), 2.90 - 2.75 (m, 2H), 

1.89 - 1.77 (m, 2H), 1.72 - 1.66 (m, 2H), 1.57 - 1.47 (m, 3H), 1.19 - 1.16 (m, 1H), 1.10 

(d, J = 6.1 Hz, 3H).  

(S)-6,8-dimethoxy-3-(((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (6.6a): 

 

The compound 6.6a (0.079 g, 60%) was synthesized from compound 6.4a as a foamy 

solid by following similar procedure for the synthesis of 4.6a.  

 (R)-6,8-dimethoxy-3-(((2S,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (6.5b): 

 

The compound 6.5b (0.103 g, 57%) was synthesized from compound 6.3b as a semi 

solid by following similar procedure for the synthesis of compound 4.5b.  

1H NMR (400 MHz ,CDCl3): δ  6.39 (s, 1H), 6.31 (s, 1H), 4.55 - 4.52 (m, 1H), 4.04 – 

4.03 (m, 1H), 3.91 (s, 3H), 3.85 (s, 3H), 2.96 - 2.81 (m, 2H), 2.41 - 2.34 (m, 1H), 1.72 

– 1.66 (m, 4H), 1.36 - 1.28 (m, 3H), 1.15 (d, J = 6.1 Hz, 3H). 
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(S)-6,8-dimethoxy-3-(((2S,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (6.6b):  

 

The compound 6.6b (0.087 g, 60%) was synthesized from compound 6.4b as a white 

solid by following similar procedure for the synthesis of 4.6b.  

 

(R)-6,8-dihydroxy-3-(((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-5):  

 

CLADO-5 (0.034 g, 51%) was synthesized from compound 6.5a as a white solid by 

following similar procedure for the synthesis of CLADO-1.  

Melting point: 155-158 °C;  

[α]25D = +5.6 (c = 0.4, CHCl3);   

1H NMR (400 MHz, CD3OD):  d 6.21 (s, 1H), 6.20 (s, 1H), 4.74 (t, J = 9.8 Hz, 1H), 

3.69 - 3.64 (m, 1H), 3.49 – 3.46 (m, 1H), 2.93 - 2.81 (m, 2H), 1.91 - 1.73 (m, 3H), 1.60 

(d, J = 10.4 Hz, 3H), 1.29 – 1.18 (m, 2H), 1.14 (d, J = 6.1 Hz, 3H). 

(S)-6,8-dihydroxy-3-(((2R,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-6):  
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CLADO-6 (0.017 g, 53%) was synthesized from compound 6.6aa as a white solid by 

following similar procedure for the synthesis of CLADO-2.  

Melting point: 195-197 °C;   

[α]25D = -45.23 (c = 0.5, EtOH);  

1H NMR (400 MHz, CD3OD):  d 6.23 (s, 1H), 6.20 (s, 1H), 4.74 - 4.67 (m, 1H), 3.63 - 

3.58 (m, 1H), 3.52 – 3.46 (m, 1H), 2.98 - 2.86 (m, 2H), 2.07 – 2.00 (m, 1H), 1.84 - 1.77 

(m, 2H), 1.67 - 1.53 (m, 3H), 1.28 - 1.18 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H). 

(R)-6,8-dihydroxy-3-(((2S,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-7):  

 

CLADO-7 (0.021 g, 55%) was synthesized from compound 6.5b as a white solid by 

following similar procedure for the synthesis of CLADO-3.  

Melting point: 135-139 °C;  

[α]25D = +104.19 (c = 0.2, CHCl3);  

1H NMR (400 MHz, CDCl3): δ 11.11 (s, 1H), 6.31 (s, 1H), 6.17 (s, 1H), 4.68 - 4.65 (m, 

1H), 4.09 – 4.08 (m, 1H), 3.95 (s, 1H), 2.92 – 2.81 (m, 2H), 2.46 - 2.35 (m, 1H), 1.76 - 

1.69 (m, 5H), 1.41 - 1.30 (m, 2H), 1.19 (d, J = 6.1 Hz, 3H). 

(S)-6,8-dihydroxy-3-(((2S,6R)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (CLADO-8):  
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CLADO-8 (0.023 g, 43%) was synthesized from compound 6.6b as a white solid by 

following similar procedure for the synthesis of CLADO-4. 

Melting point: 174-177 °C;  

[α]25D = +16.57 (c = 0.5, EtOH);   

1H NMR (400 MHz, CDCl3): δ 11.06 (s, 1H), 6.29 (s, 1H), 6.15 (s, 1H), 4.69 (t, J = 9.8 

Hz, 1H), 4.12 (s, 1H), 4.01 (s, 1H), 2.88 - 2.75 (m, 2H), 1.99 - 1.94 (m, 1H), 1.87 - 1.81 

(m, 1H), 1.69 - 1.63 (m, 4H), 1.36 – 1.34 (m, 2H), 1.23 (d, J = 6.7 Hz, 3H). 

Single crystal X- ray diffraction: 

X-ray intensity data measurements of compounds CLADO-5, CLADO-6, CLADO-

7 and CLADO-8 were carried out on a Bruker D8 VENTURE Kappa Duo PHOTON 

II CPAD diffractometer equipped with Incoatech multilayer mirrors optics. The 

intensity measurements were carried out at 100(2) K temperature with Mo micro-

focus sealed tube diffraction source (MoK= 0.71073 Å) on compounds CLADO-6, 

CLADO-7 and CLADO-8 whereas for compound CLADO-5 the Cu micro-focus 

sealed tube diffraction source (CuK= 1.54178 Å) was used. The X-ray generator 

was operated at 50 kV and 1.1 mA (for Cu source) and 50 kV and 1.4 mA (for Mo 

source). A preliminary set of cell constants and an orientation matrix were 

calculated from three sets of 36 frames for compounds CLADO-6, CLADO-7 and 

CLADO-8 whereas two sets of 40 frames for compound CLADO-5. Data were 

collected with  scan width of 0.5° at different settings of   and 2 with a frame 

time of 10-20 secs (depending on the diffraction power of the crystal) keeping the 

sample-to-detector distance fixed at 5.00 cm.  The X-ray data collection was 

monitored by APEX3 program.32 All the data were corrected for Lorentzian, 

polarization and absorption effects using SAINT and SADABS programs.32 

SHELX-97 was used for structure solution and full matrix least-squares refinement 

on F2.33 All the hydrogen atoms were placed in a geomerically idalized positions 

and constrained to ride on its parent atoms An ORTEP III34 view of compounds was 
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drawn with 50% probability displacement ellipsoids and H atoms are shown as small 

spheres of arbitrary radii.  

Crystal data of CLADO-5: 

C16H20O5, M = 292.32, colorless needle, 0.24 x 0.08 x 0.05 mm3, orthorhombic, 

chiral space group P212121, a = 7.5165(16) Å, b = 8.0959(17) Å, c = 24.661(9) Å, 

V = 1500.7(7) Å3, Z = 4, T = 100(2) K, 2max= 144°, Dcalc (g cm–3) = 1.294, F(000) 

= 624,  (mm-1) = 0.792, 25100 reflections collected, 2929 unique reflections (Rint 

= 0.0342, Rsig = 0.0215), 2901 observed  (I > 2 (I)) reflections, multi-scan 

absorption correction, Tmin = 0.833, Tmax = 0.961, 193 refined parameters, Good of 

Fit = S = 1.110, R1 = 0.0307, wR2 = 0.0788 (all data R = 0.0310, wR2 = 0.0785),  

maximum and minimum residual electron densities; Δmax = 0.230, Δmin= -0.160 

(e Å-3). The absolute configuration for compound CLADO-5 was established by the 

structure determination of a compound containing a chiral reference molecule of 

known absolute configuration and confirmed by anomalous dispersion effects in 

diffraction measurements on the crystal (Flack parameter, 0.05(4)). The single 

crystal X-ray diffraction data analysis clearly established that our synthesize 

compound has R, R, and R, configurations at C8, C11, and C15 positions 

respectively for compound CLADO-5. 

 

Figure 1: ORTEP diagram of CLADO-5. 
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Crystal data of CLADO-6: 

C16H20O5, M = 292.32, colorless needle, 0.27 x 0.09 x 0.07 mm3, monoclinic, chiral 

space group P21, a = 7.7904(6) Å, b = 11.4929(11) Å, c = 16.2869(15) Å,  = 

103.739(3), V = 1416.5(2) Å3, Z = 4, T = 100(2) K, 2max= 50°, Dcalc (g cm–3) = 

1.371, F(000) = 624,  (mm-1) = 0.101, 14984 reflections collected, 4894 unique 

reflections (Rint = 0.0519, Rsig = 0.0549), 4416 observed  (I > 2 (I)) reflections, 

multi-scan absorption correction, Tmin = 0.973, Tmax = 0.993, 386 refined parameters, 

Good of Fit = S = 1.049, R1 = 0.0389, wR2 = 0.0784 (all data R = 0.0457, wR2 = 

0.0808),  maximum and minimum residual electron densities; Δmax = 0.235, Δmin= 

-0.178 (e Å-3). 

 

Figure 2: ORTEP diagram of CLADO-6. 

Crystal data of CLADO-7: 

C16H20O5, M = 292.32, colorless needle, 0.15 x 0.07 x 0.03 mm3, orthombic, chiral 

space group P212121,  a = 6.9288(8) Å, b = 7.9172(9) Å, c = 52.844(6) Å, V = 

2898.9(6) Å3, Z = 4, T = 100(2) K, 2max= 52.8°, Dcalc (g cm–3) = 1.340, F(000) = 

1248,  (mm-1) = 0.099, 39126 reflections collected, 5904 unique reflections (Rint = 

0.1157, Rsig = 0.1067), 4006 observed  (I > 2 (I)) reflections, multi-scan absorption 

correction, Tmin = 0.985, Tmax = 0.997, 431 refined parameters, no of restraints = 

108, Good of Fit = S = 1.163, R1 = 0.1018, wR2 = 0.1704 (all data R = 0.1524, wR2 
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= 0.1864),  maximum and minimum residual electron densities; Δmax = 0.331, 

Δmin= -0.342 (e Å-3). 

 

Figure 3: ORTEP diagram of CLADO-7. 

Crystal data of CLADO-8: 

C16H20O5, M = 292.32, colorless plate, 0.33 x 0.11 x 0.05 mm3, tetragonal, chiral 

space group P43212,  a = 8.0784(3) Å, c = 45.237(2) Å, V = 2952.2(3) Å3, Z = 8, T 

= 100(2) K, 2max= 56°, Dcalc (g cm–3) = 1.315, F(000) = 1248,  (mm-1) = 0.097, 

58733 reflections collected, 3539 unique reflections (Rint = 0.0234, Rsig = 0.0087), 

3519 observed  (I > 2 (I)) reflections, multi-scan absorption correction, Tmin = 

0.969, Tmax = 0.995, 193 refined parameters, Good of Fit = S = 1.084, R1 = 0.0301, 

wR2 = 0.0803 (all data R = 0.0303, wR2 = 0.0805),  maximum and minimum residual 

electron densities; Δmax = 0.289, Δmin= -0.136 (e Å-3). The absolute configuration 

was established by the structure determination of a compound containing a chiral 

reference molecule of known absolute configuration and confirmed by anomalous 

dispersion effects in diffraction measurements on the crystal (Flack parameter, 

0.09(10)). The single crystal X-ray diffraction data analysis clearly established that 

our synthesize compound has S, S, and R, configurations at C8, C11, and C15 

positions respectively for compound CLADO-8. 
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Figure 4: ORTEP diagram of CLADO-8. 

 

Biological assay (in collaboration with Dr. Amit Sharma, ICGEB, New Delhi and  

Dr. Dhanasekaran Shanmugam, CSIR-NCL, Pune) 

Detailed experimental procedure for protein expressions and purifications, thermal 

shift assays, aminoacylation assays, P. falciparum culture and co-crystallization could 

be found at J. Med. Chem. 2018, 61, 5664-5678. 

Data collection and structure determination of KRS-cladolog complexes.  

X-ray diffraction data were collected using multiple beam-lines at Diamond Light 

Source (DLS) and Synchrotron SOLEIL at 100 K with 0.1° increments per image, for 

a total of 3600 images. The data were auto-processed using X-ray Detector Software 

(XDS)/XSCALE,35 diffraction integration for advanced light sources.36 The structures 

were solved by molecular replacement in PHASER using PfKRS-apo structure (PDB 

code: 4TWA) as the template. All models were initially refined using REFMAC537 and 

completed with phenix.refine in PHENIX.38 Cladologs and water molecules were 

added into the electron density maps using COOT.39 X-ray refinement restraint 

parameters were generated for cladologs using COOT34 and Sketcher program in 

CCP4 Suite.40 The quality of the final models and bound ligands was verified using 

composite simulated annealing omit (SA-omit) maps. The occupancies of bound 

ligands and alternate conformations of protein residues were refined and confirmed 

using omit maps. The final model quality was analyzed using MolProbity.41 Statistics 

for data collection and structure refinements are given in Table 3. All structural 
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superposition and preparation of figures was done using UCSF Chimera42 and PyMOL 

(http://www.pymol.org). 
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1.2.1. Introduction 

Pharmacokinetics (PK) and pharmacodynamics (PD) play a key role in determining the 

therapeutic potential and toxicological profile of any drug. Hence assessment of the 

same becomes crucial in a drug development program. Besides, a throrough profiling 

of a bio-active scaffold required several in vivo studies which demands adequate 

amount of the active material. The paucity of NPs from natural sources seldom poses a 

challenge in this aspect. Hence development of advanced synthetic protocols to access 

bio-active NPs becomes a necessary task. In the context of anti-malarial drug 

development, natural product cladosporin holds a promising potential.1. 2 Details 

regarding the anti-malarial potency of cladosporin has been thoroughly described in the 

previous section of the thesis (Chapter 1, Section I).  

 

Figure 1. Spectrum of cladosporin bio-activity. 

Cladosporin is found to inhibit PfKRS, an enzyme central to protein bio-synthesis in 

plasmodium falciparum, thus leading to parasitic death.2 Apart from PfKRS, 

cladosporin is also known to inhibit KRSs from other species, which includes helminth 

parasites such as Loa loa (Ll) and Schistosomamansoni (Sm).3 Besides anti-malarial 

potency, cladosporin is also found to exhibit a broad spectrum of biological activities 

like antifungal,1 insecticidal, plant growth inhibition4, 5 and antibacterial,6 as well as 
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anti-inflammatory activity (Figure 1).7 Considering the promising anti-malarial 

potential of cladsoporin we initially developed a divergent synthetic route for the 

synthesis of all  the possible eight stereoisomers (cladologs) of cladsoproin.8 In 

collaboration with Sharma et al.; we successfully deciphered the stereochemical basis 

of cladologs’ interaction with PfKRS through cladolog-PfKRS co-crystallization.8 The 

impressive anti-malarial profile and a broad spectrum of bio-activity of cladsoporin 

undoubtedly make it a promising scaffold for further development. In-depth biological 

assessment and proper quantification of its PK/PD properties through in vivo studies 

requires an adequate quantity of the natural product (cladosporin) which has limited 

access from natural sources. Hence the development of a scalable synthetic route for 

the same is worth exploring.  

Till date, one asymmetric total synthesis9 followed by a formal synthesis10 of 

cladsoporin are documented in the literature, following which, we further developed a 

divergent route to access its entire stereoisomeric set (Figure 2).8 The first total 

synthesis of cladosporin was published by She et al. in the year 2012 where they utilized 

Hydrolytic Kinetic Resolution (HKR) using (S,S)-CoII-salen catalyst.9 Kinetic 

resolution techniques like HKR  lead to the oxidation of one specific stereoisomer from 

the diastereoisomeric mixture of epoxide to its corresponding chiral diol leaving the 

unreacted isomer of the epoxide as such. But in techniques like this one has to encounter 

an inevitable loss of 50% of the concerned material with undesired chirality (Figure 2). 

In the following year, 2013 one formal synthesis of cladosporin appeared in the 

literature from Mohapatra et al.10 In this elegant synthesis, the use of Hoveyda Grubbs’ 

catalyst at a very early stage makes it less cost-effective for gram scale operations. 

Besides, the use of AD-mix-for asymmetric dihydroxylation also leads to a decrease 

in cost-effectiveness considering the bulk amount of AD-mix-required for a gram 

scale operation (Figure 2). In the year 2018, we published an elegant divergent route 

for synthesizing all the possible stereoisomers of cladosporin.8 Considering the highly 

divergent nature of the scheme, and diastereoisomeric separations encountered, it is 

very unlikely to be amenable for scale-up (Figure 2). 
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Figure 2. Reported synthetic approaches towards cladosporin. 

1.2.2. Results and discussion 

Considering the above facts, we needed an optimized route that can furnish sufficient 

quantities of the active natural product for further biological profiling and relevant 

studies. We also needed the synthetic route to be efficient in respect to production cost, 

synthetic efforts, and time consumption. Considering the requirements, herein we 

discuss a modified approach to access cladosporin in “gram-scale” (Scheme 1).  
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1.2.2.1. Synthesis of key alcohol fragment 

Our synthesis commenced with the known intermediate 1.3 (prepared through a 

reported protocol9) which was subjected to epoxidation using mCPBA reagent to 

furnish its corresponding epoxide (fragment B) as an inseparable diastereomeric 

mixture (1:1 dr). The formation of epoxide was confirmed through analysis of the 1H 

NMR spectrum where the appearance of a multiplet at 3.99-3.88 ppm for two protons 

is visible. Besides, the presence of m/z peak at 179.1040 correspondings to [M+Na]+ in 

HRMS further confirms the formation of the required compound. The epoxide thus 

obtained, on Grignard reaction with commercially available 1-bromo-3,5-

dimethoxybenzene (fragment A) gave a 1:1 diastereomeric mixture of alcohols (1.4 and 

1.5) with an excellent overall yield of 86% (Table 1).  

 

Scheme 1. Synthesis of key alcohol fragment. 

1.2.2.2. Optimization of Grignard reaction 

Generation of Grignard reagent from commercially available 1-bromo-3,5-

dimethoxybenzene (fragment A) was initially conducted under 1 M concentration. The 

addition of the concerned electrophile (fragment B) in presence of CuI did not lead to 

the formation of required alcohol 1.4 and 1.5; instead, two major products B and C 

were isolated where a major amount of fragment A got dimerized to form compound 

B along with debromination to afford compound C.  It is worth mentioning that 

maintaining a low concentration of Grignard reagent (< 0.5 M) is a key factor for a 
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successful generation of the Grignard reagent. Higher concentrations of Grignard 

reagent results in an unrequired dimerized product (Table 1). 

The diastereoisomeric mixture of alcohols 1.4 and 1.5 was effectively separated using 

simple silica gel column chromatography to obtain multigram quantities of each in a 

single batch operation. 

 

Concentration 
% yield 

A B C 

~ 1M very low 65 23 

less than 0.5 M 86 7 12 

Table 1. Optimization of Grignard reaction. 

 

Figure 3. Difference in 1H NMR splitting in compound 2 and 3. 

In this context, we made interesting observations while analyzing 1H NMR data of 

compound 1.4 and 1.5. The nature and chemical shifts of all the concerned protons for 

both the diastereomers were identical except the benzylic protons which showed a 

major difference, especially in the splitting pattern. Compound 1.4 showed a clean 

doublet at 2.72 ppm whereas an AB quartet pattern was observed for the benzylic 

protons of compound 1.5. To understand the significant difference in the 1H NMR 
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spectra we generated the energy minimized conformer for both diastereomers (1.4 and 

1.5) using Gaussian. Unlike compound 1.4, compound 1.5 was found to exhibit 

hydrogen bonding between the secondary alcohol functionality and the tetrahydropyran 

(THP) oxygen. This H-bonding interaction inevitably leads to a more constrained 

conformational rigidity in the case of compound 1.5 which in turn might have 

manifested in an AB quartet type splitting for the benzylic protons (Figure 3). 

  

Scheme 2. Mitsunobu inversion of compound 1.5. 

Compound 1.4 holds the required stereochemical arrangements for the synthesis of 

cladosporin. Hence, to utilize the undesired diastereomer, compound 1.5 was subjected 

to Mitsunobu reaction followed by ester hydrolysis which led to the complete inversion 
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of the secondary alcohol center in 1.5 to furnish the required diastereomeric alcohol 1.4 

in good yields (Scheme 2). After having multi-gram quantities of the required alcohol 

1.4 our next task was to effectively construct the lactone moiety, which after several 

trials, was planned to be synthesized using palladium catalyzed carbon monoxide 

insertion reaction. As per the plan, compound 1.4 was converted to its corresponding 

iodo compound 3.1 using N-iodosuccinimide (NIS) and catalytic pTSA in chloroform. 

The iodo-compound 3.1 was treated with Pd(PPh3)2Cl2, potassium carbonate, and 1,10-

phenanthroline in presence in DMF at 100 °C under a blanket of carbon monoxide to 

obtain the desired compound 3.2 in 70% yield.11 After complete characterization and 

confirmation of compound 3.2, we subjected the same to aluminium triiodide mediated 

exhaustive demethylation12 to afford cladosporin in more than two gram scale (Scheme 

3). The spectral data of the synthesized natural product was in complete accordance 

with the documented values in literature.9, 10 Besides, the structure and relative 

stereochemistry of the synthesized compound was further confirmed by single-crystal  

X-ray diffraction analysis for an unambiguous assignment of its stereocenters. 

 

 

Scheme 3. Gram scale synthesis of cladosporin. 

Herein, we would also like to document a few attempts that were initially tried to 

construct the six-membered lactone moiety (Scheme 4).  For the same, alcohol 1.4 was 

treated with N-bromosuccinimide (NBS) in CH2Cl2 to afford bromo-compound 3.1 in 

excellent yield. In this context, it is worth mentioning that the addition of an exact 1 

equivalent of NBS is crucial to avoid the di-bromination of the starting material. 
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Besides, maintaining a temperature of 0 °C and a high dilution of the reaction also 

assists in avoiding unwanted di-bromination. The obtained bromo compound 4.1 was 

then treated with nBuLi, LiHMDS to generate the corresponding dianion which was in 

turn quenched with electrophiles like carboxydiimidazole (CDI), triphosgene, methyl 

chloroformate, and ethyl chloroformate which did not lead to any fruitful result 

(Scheme 4). Besides, we also tried to construct the lactone moiety through copper 

insertion in the carbon-halogen bond followed by protodecupration (copper-mediated 

tandem cyanation-lactonization).13 For the same we treated bromo compound 4.1 with 

CuCN in DMF at 140 °C for 12 hours, which led to the formation of the required lactone 

2.2 with a decent yield of 60%. But the same was not reproducible when conducted in 

a single batch gram scale operation. 

 

Scheme 4. Alternatives towards lactonization. 

1.2.3. Conclusion 

We have accomplished a scalable synthesis for potent anti-malarial natural product 

cladosporin. Gram-scale operations, Mitsunobu inversion to convert undesired alcohol 

to required one, and palladium-catalyzed carbon monoxide insertion reaction to 

construct six-membered lactone ring are the highlights of the work discussed herein. 
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Presently we have more than two grams of cladosporin which is sufficient enough for 

a proper and an in-depth assessment of its pharmacokinetics and pharmacodynamics.  

1.2.4. Experimental section 

(2S,6R)-2-methyl-6-(oxiran-2-ylmethyl)tetrahydro-2H-pyran (fragment B).  

 

To a solution of compound 1.3 (3.5 g, 24.96 mmol) in CH2Cl2 (35 mL) at 0 °C was 

added 55% mCPBA (11.6 g, 67.246 mmol) in one portion. The reaction mixture was 

warmed to room temperature and stirred for 12 h. After completion, the reaction 

mixture was quenched with a saturated solution of Na2S2O3 followed by a saturated 

solution of NaHCO3 and extracted with CH2Cl2 (25 mL x 3). The organic layer was 

dried over anhydrous Na2SO4, filtered, and concentrated under vacuo to give a yellow 

oil which was purified by column chromatography on (SiO2, pet ether/ ethyl acetate 9:1) 

to afford the corresponding diastereomeric mixture (1:1) of epoxide as a colorless oil  

(fragment B) (3.45 g, 88%): 

IR (film) max = cm-1 2931, 1444, 1380, 1038 cm-1.  

1H NMR (400 MHz, CDCl3): δ  3.99 – 3.88 (m, 2H), 3.03 – 3.00 (m, 1H), 2.75 (dt, J = 

12.1, 4.5 Hz, 1H), 2.47 (ddd, J = 8.0, 4.9, 2.7 Hz, 1H), 2.02 – 1.91 (m, 1H), 1.67 – 1.64 

(m, 4H), 1.55 – 1.42 (m, 1H), 1.36 – 1.29 (m, 2H), 1.17 (m, 3H, diastereomeric mixture) 

ppm.  

13C NMR (100 MHz, CDCl3): δ = 68.9, 68.6, 67.3, 50.2, 50.0, 47.3, 46.9, 36.9, 36.3, 

31.5, 30.5, 30.0, 19.6, 18.4 ppm.  

HRMS (ESI) m/z: [M + Na]+calcd. for C9 H16O2Na 179.1043, found 179.1040. 

(R)-1-(3,5-dimethoxyphenyl)-3-((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)propan-2-ol (compound 1.4) & (3-((S)-2-hydroxy-3-((2R,6S)-6-
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methyltetrahydro-2H-pyran-2-yl)propyl)-5-methoxyphenoxy)methylium 

(compound 1.5). 

 

To an oven-dried two-neck round-bottomed flask equipped with a magnetic stir bar was 

added activated magnesium metal (2.34 g, 97.379 mmol) under argon atmosphere. THF 

(200 mL) was added followed by the addition of a pinch of I2 and was stirred vigorously 

for 30 min. 1-bromo-3,5-dimethoxy benzene (fragment A) (20.59 g, 94.853 mmol) 

dissolved in THF (50 mL) was added dropwise to the stirring solution. The onset of 

exothermic reaction was characterized by decolorization of I2. The resulting mixture 

was stirred for 2 h. The freshly prepared Grignard reagent was cooled to -30 °C 

followed by the addition of Copper (I) iodide (1.05 g, 25 mol%). A solution of fragment 

B (3.45 g, 22.084 mmol) in THF (15 mL) was added dropwise and left to stir for 16 h 

at -30°C. The reaction mixture was quenched with saturated aqueous NH4Cl (30 mL) 

and extracted with diethyl ether (30 mL x 3). The combined organic layers were dried 

over anhydrous Na2SO4 and concentrated under vacuo. The resulting mixture of 

diastereomers thus obtained as yellowish oil was purified and separated by column 

chromatography (SiO2, pet ether/ ethyl acetate 8:2)  to afford corresponding alcohols 

1.4 (2.67 g) and 1.5 (2.93 g) as yellowish oil with an overall yield of 86%.  

Compound 1.4:  

IR (film) max =  cm-1 3422, 2933, 1594, 1147 cm-1.  

 [α]D
25 = −20.3 (c = 0.6, CHCl3).

  

1H NMR (400 MHz, CDCl3): δ = 6.38 (d, J = 1.9 Hz, 2H), 6.33 (d, J = 1.9 Hz, 1H), 

4.08 (m, 2H), 3.96 (dd, J = 11.6, 4.9 Hz, 1H), 3.77 (s, 6H), 2.78 (s, 1H), 2.71 (d, J = 6.6 

Hz, 2H), 1.85 (ddd, J = 14.2, 9.3, 2.7 Hz, 1H), 1.64 (m, 4H), 1.47 (ddd, J = 14.3, 8.6, 

3.2 Hz, 1H), 1.39 – 1.30 (m, 2H), 1.20 (d, J = 6.6 Hz, 3H) ppm.  
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13C NMR (100 MHz, CDCl3): δ = 160.7, 141.2, 107.3, 98.2, 69.6, 67.6, 55.2, 44.3, 

39.6, 30.8, 30.5, 18.7, 18.3 ppm.  

HRMS (ESI) m/z: [M + Na]+calcd for C17 H26O4Na+ 317.1723, found 317.1716. 

Compound 1.5:  

IR (film) max = cm-1 3458, 2934, 1594, 1147 cm-1;  

[α]D
25 = −12.2 (c = 2.7, CHCl3);  

1H NMR (500 MHz, CDCl3) δ 6.38 (d, J = 1.7 Hz, 2H), 6.32 (s, 1H), 4.04 (ddd, J = 

12.2, 10.3, 3.8 Hz, 2H), 3.94 (dd, J = 10.2, 7.9 Hz, 1H), 3.77 (s, 6H), 2.79 (dd, J = 13.4, 

6.5 Hz, 1H), 2.59 (dd, J = 13.4, 6.6 Hz, 1H), 1.78 – 1.57 (m, 5H), 1.45 – 1.42 (m, 1H), 

1.34 – 1.29 (m, 2H), 1.20 (d, J = 6.6 Hz, 3H);  

13C NMR (125 MHz, CDCl3) δ 160.7, 141.1, 107.4, 98.1, 73.3, 71.8, 67.7, 55.2, 44.2, 

39.4, 31.1, 30.6, 18.8, 18.1;  

HRMS (ESI)m/z: [M + Na]+calcd for C17 H26O4Na 317.1723, found 317.1716. 

Mitsunobu Inversion of compound 1.5 to compound 1.4.  

Compound 1.5 (2.93 g, 9.953 mmol) was dissolved in THF (25 mL) followed by the 

addition of triphenylphosphine (5.2 g, 19.825 mmol), 4-nitrobenzoic acid (1.97 g, 

11.789 mmol) at 0 °C. A solution of diisopropyl azodicarboxylate (DIAD) (4.02 mL, 

19.301 mmol) in THF (15 mL) was added dropwise to the stirring solution. The reaction 

mixture was allowed to warm to room temperature and stirred overnight. The solvent 

was removed under rotary evaporation and the crude was forwarded without further 

purification.  

To a methanolic solution of this ester (3.6 g, 8.664 mmol) was added K2CO3 (2.4 g, 

17.329 mmol) and stirred at room temperature for 4 h. After completion of the reaction, 

methanol was removed under vacuo and the product was extracted with ethyl acetate 

(20 mL x 3). The combined organic layers were dried over anhydrous Na2CO3 and 

concentrated under reduced pressure. The crude thus obtained was purified through 

column chromatography to afford compound 2 as a yellowish oil (2.45 g, 83% in two 
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steps). The spectral data of the product is in complete agreement with compound 1.4 

synthesized in the Grignard reaction step. 

(R)-1-(2-iodo-3,5-dimethoxyphenyl)-3-((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)propan-2-ol (compound 2.1).  

 

To a solution of compound 1.4 (5.12 g, 17.391 mmol) in CHCl3 (20 mL) was added 

catalytic pTSA followed by the addition of N-iodosuccinimide (4.3 g, 19.130 mmol). 

The reaction mixture was heated at 55 °C for 16 h. After completion of reaction, the 

reaction mixture was quenched with saturated aqueous NaHCO3 (35 mL) and extracted 

with CH2Cl2 (20 mL x 3). The collected organic fractions were dried over anhydrous 

Na2SO4 and concentrated under vacuo to afford a brown sticky compound 2.1 which 

was forwarded to the next step without further purification and characterization. 

(R)-6,8-dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (compound 2.2).  

 

Compound 2.1 (7.04 g, 16.750 mmol) was dissolved in DMF (35 mL) followed by the 

addition of K2CO3 (4.6 g, 33.5 mmol), 1,10-phenanthroline (1.5 g, 8.375 mmol) and 

Pd(PPh3)2Cl2 (1.2 g, 1.71 mmol). The mixture was stirred for 5 min, purged with carbon 

monoxide, and stirred at 100 °C under carbon monoxide for 12 h. After completion of 

reaction, the reaction mixture was extracted with ethyl acetate (20 mL x 3). The 

collected organic layers were dried over anhydrous Na2SO4 and concentrated under 

vacuo to afford a brown sticky mass which was purified by column chromatography 

(SiO2, pet ether/ ethyl acetate 1:1)  to furnish lactone 2.2 as a foamy solid (3.75 g, 70%). 

IR (film) max = cm-1 2932, 1713, 1601, 1159, 1077 cm-1.  
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[α]D
25 = +36.76 (c = 1.2, CHCl3).

  

1H NMR (400 MHz, CDCl3): δ = 6.38 (s, 1H), 6.28 (s, 1H), 4.56 (dd, J = 11.0, 8.7 Hz, 

1H), 4.06 (t, J = 8.3 Hz, 1H), 3.92 (s, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 2.91 – 2.77 (m, 

2H), 1.91 – 1.80 (m, 2H), 1.69 – 1.60 (m, 4H), 1.33 – 1.27 (m, 2H), 1.18 (d, J = 6.5 Hz, 

3H) ppm.  

13C NMR (100 MHz, CDCl3): δ = 164.3, 163.0, 162.8, 144.0, 107.1, 103.8, 97.7, 74.4, 

67.6, 66.1, 56.1, 55.5, 39.6, 35.5, 31.0, 30.8, 18.8, 18.2 ppm.  

HRMS (ESI)m/z[M + Na]+calcd for C18H24O5Na+ 343.1516, found 343.1508. 

Cladosporin.  

 

A suspension of Al powder (15.9 g, 588.889 mmol) in dry benzene (65 mL) was treated 

with I2 (55.5 g, 201.706 mmol) under Ar and the violet mixture was stirred under reflux 

for 30 min until the color had changed to a colorless mixture. After the mixture was 

cooled to 6 °C, a few crystals of TBAI (177.8 mg, 0.551 mmol) and phloroglucinol (7.4 

g, 58.524 mmol) were added before a solution of lactone 2.2 (3.75 g, 11.705 mmol) in 

dry benzene (12 mL) was added in one portion. The resulting green-brown suspension 

was stirred for 30 min at 6 °C before saturated Na2S2O3 solution (20 mL) and ethyl 

acetate (45 mL) were added. After separation of the layers, the aqueous phase was 

extracted with ethyl acetate (35 mL x 3). The combined organic layers were washed 

with brine, dried over Na2SO4, filtered, and concentrated under vacuo. Purification by 

column chromatography (SiO2, pet ether/ ethyl acetate 17:3) afforded cladosporin (2.1 

g, 62%) as a white solid.  

Melting point: 172-173 °C.  

IR (film) max = cm-1 3416, 3022, 1656, 1218 cm-1.  

[α] D
25 = −15.24 (c = 0.5, EtOH).  
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1H NMR (400 MHz, CDCl3): δ = 11.08 (s, 1H), 6.29 (s, 1H), 6.16 (s, 1H), 4.68 (t, J = 

9.5 Hz, 1H), 4.11 (s, 1H), 4.00 (s, 1H), 2.89 – 2.76 (m, 2H), 1.99 – 1.93 (m, 1H), 1.86 

– 1.81 (m, 1H), 1.71 – 1.63 (m, 4H), 1.36 – 1.34 (m, 2H), 1.23 (d, J = 6.5 Hz, 3H) ppm.  

13C NMR (100 MHz, CDCl3): δ = 169.9, 164.3, 163.0, 141.8, 106.7, 102.0, 101.6, 76.3, 

68.0, 66.5, 39.3, 33.6, 30.9, 18.9, 18.1 ppm.  

HRMS (ESI)m/z [M + H]+calcd for C16H21O5
+ 293.1384, found 293.1379. 

(R)-1-(2-bromo-3,5-dimethoxyphenyl)-3-((2R,6S)-6-methyltetrahydro-2H-pyran-

2-yl)propan-2-ol (compound  3.1). 

 

 To a solution of compound 1.4 (5.1 g, 17.391 mmol) in CH2Cl2 (300 mL) was added 

N-bromosuccinimide (3.1 g, 17.391 mmol) at 0 °C and stirred for 1 h at the same 

temperature. The reaction mixture was quenched with saturated aqueous NaHCO3 (55 

mL) and extracted with CH2Cl2 (50 mL x 3). The collected organic fractions were dried 

over anhydrous Na2SO4 and concentrated under vacuoto afford a yellowish sticky mass 

(compound 3.1) which was forwarded to next step without further purification. 

X-ray crystal structure of cladosporin (ORTEP diagram)  

X-ray intensity data measurements of all sulphonamides were carried out on a Bruker 

D8 VENTURE Kappa Duo PHOTON II CPAD diffractometer equipped with Incoatech 

multilayer mirrors optics. The intensity measurements were carried out with Mo micro-

focus sealed tube diffraction source (Cu-Kα = 1.543 Å) at 100(2) K temperature. The 

X-ray generator was operated at 50 kV and 1.4 mA. A preliminary set of cell constants 

and an orientation matrix were calculated from two sets of 20 frames. Data were 

collected with  scan width of 0.5° at different settings of  and 2 with a frame time 

of 40 seconds keeping the sample–to-detector distance fixed at 4.00 cm. The X-ray data 

collection was monitored by APEX3 program (Bruker, 2016). All the data were 

corrected for Lorentzian, polarization and absorption effects using SAINT and 
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SADABS programs (Bruker, 2016). SHELX-97 was used for structure solution and full 

matrix least-squares refinement on F2. Molecular diagrams were generated using 

ORTEP-33 and Mercury programs. Geometrical calculations were performed using 

SHELXTL and PLATON. All the hydrogen atoms were placed in geometrically 

idealized position and constrained to ride on their parent atoms. An ORTEP III view of 

both compounds were drawn with 50% probability displacement ellipsoids and H–

atoms are shown as small spheres of arbitrary radii. 

 

Figure 4. ORTEP diagram of cladosporin. 

Crystallographic data for cladosporin (C16H20O5): M = 292.32, Crystal dimensions 

0.440 x 0.230 x 0.120 mm3,Orthorhombic , space group P212121, a = 8.5341(7) Å, b 

= 11.6093(10) Å, c = 14.2508(12) Å,  = 90°  =90°  = 90°, V = 1411.9(2) Å3, Z = 4, 

calcd = 1.375 Mg/m3, µ (Cu-K) = 0.842 mm-1, F(000) = 624, 2max = 77.493, T 

= 100(2) K, 28190 reflections collected, 2796 unique reflections (R(int) = 0.0336), 2796 

observed (I > 2 (I)) reflections, multi-scan absorption correction, Tmin = 0.793, Tmax 

= 0.904, refined parameters, No. of restraints 0, S = 0.753, R1 = 0.0282, wR2 = 

0.095(all data R1 = 0.0287, wR2 = 0.0945), maximum and minimum residual electron 

densities; Δmax = 0.272, Δmin= -0.218 (eÅ-3 ). Crystallographic data for compound 

intermediate deposited with the Cambridge Crystallographic Data Centre as 

supplementary publication no CCDC 1862372. 
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1.3.1 Introduction 

Protein bio-synthesis is a core biological process which is crucial for the maintainance 

of life form. From the perspective of drug development and medicinal chemistry, 

proteins as enzymes have been a popular class of drug targets for several marketed 

drugs. In this context, aminoacyl-tRNA synthetases (AARSs), a specific class of 

enzymes responsible for the covalent attachment of specific amino acids to their 

cognate tRNAs,1 deserves special mention. This pivotal role of AARSs in protein bio-

synthesis has made them an interesting drug target in present times.  For instance, 

popular antibacterial drug Mupirocin, used for treating Staphylococcus aureus 

infections, acts through the inhibition of isoleucyl-tRNA synthetase (IleRS) of gram-

positive bacteria.2, 3 Likewise, Indolmycin was discovered to be highly selective against 

prokaryotic tryptophanyl (TrpRS) and targets human pathogens like Helicobacter 

pylori and Staphylococcus aureus.4, 5, 6 Halofuginone, a halogen derivative of natural 

product febrifugine further acts on prolyl tRNA synthetase (ProRS)7, 8 Its piperidine 

ring occupies the amino-acid pocket whereas its quinazolinone part colonizes the 3’ end 

of the tRNA  binding pocket. The drug is FDA approved to treat coccidiosis in poultry 

caused by Eimeria tenella and cryptosporidioisis in cattle caused by Cryptosporidium 

parvum. Due to its mammalian toxicity it could not be used as an antimalarial drug 

(Figure 1).9, 10 

In this very context of anti-malarial drug discovery, cladosporin deserves a special 

mention. It is a potent anti-malarial natural product that targets parasitic cytosolic lysyl 

tRNA synthetase or PfKRS (a class of aminoacyl-tRNA synthetase) in Plasmodium 

falciparum, which happens to be one of the prominent causative pathogen of malaria, 

and hence terminating the protein bio-synthesis process inside the parasite, thus leading 

to parasitic death.11, 12, 13 Speaking on structural basis, cladosporin, an anti-fungal 

antibiotic and plant growth regulator isolated form Cladosporin cladosporioides and 

Aspergillus flavus in 1971,14, 15  is a complex chiral molecule bearing a 6,8-dihydroxyl 

isocoumarin ring joined to tetrahydropyran group with a methyl moiety, which together 

mimics the adenosine moiety of ATP (natural substrate of PfKRS) and thereby inhibits 
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the enzyme by competing with ATP.12, 13 This specific enzyme inactivation leads to the 

termination of parasitic protein bio-synthesis and leads to parasitic death. More 

interestingly, cladosporin restricts parasitic growth in both liver and blood stage 

infection with activity in nano-molar range. Besides, it demonstrates an impressive 

selectivity of >100 folds for parasitic KRS (PfKRS) over human counterpart 

(HsKRS).12, 13 This excuisite species specific selectivity of cladosporin has been 

attributed to residues val329 and ser346 which seem to be sterically crucial for 

accommodating the methyl moiety of THP ring in case of Plasmodium falciparum.12, 13 

Apart from malarial cladosporin has also proved to be effective by targeting KRSs of 

several other species like Cryptosporidium parvum, Loa loa and Schistosoma 

mansoni.16, 17 

 

Figure 1. Aminoacyl-tRNA synthetases (AARSs) as drug targets. 

Inspite of having such impressive biological profile, cladosporin is not compliant to be 

developed as a drug lead owing to its low bio-availability and high metabolic instability. 

As efforts to increase the metabolic stability of cladosporin research has been ongoing 

along with peer reviewed publications from our group and other groups around the 

world where it has been demonstrated how proposed inhibitors inspired from 

cladosporin targets the universal conserved ATP pocket.18 As a part of our previous 



 
 

 
 

Chapter 1 (Section C): Design, Synthesis, Biological Evaluation of Lysyl 
tRNA synthetase (KRS) Inhibitors based on Cladosporin Scaffold 

towards Indentification of Antimalarial Leads 

106 
 

work, we have deciphered the effect of stereochemical modifications of cladosporin 

scaffolds on its anti-malarial potency, where we have synthesized all the possible 

stereoisomers of cladosporin and evaluated their anti-plasmodial potency through 

enzyme and cell based assays. 19 Our study revealed that out of three chiral centers of 

cladosporin, two are prerequisite for anti-malarial action. 19 (Chapter 1, Section A) 

In this very section of the thesis, we will be discussing the Structural Activity 

Relationship (SAR) studies on a broad library of compounds which were designed and 

synthesized based on cladosporin core scaffold, so as to come up with a potent and 

modified anti-malarial lead with enhanced drug-like properties. The entire library of 

analogues was tested in vitro against Plasmodium falciparum and Homo sapiense KRS 

enzyme (PfKRS and HsKRS) along with in vivo parasite inhibition assay. Besides, the 

metabolic stability of selected potent compounds were also tested in human and liver 

microsomes. The top lead compound CL-2 was further studied for interaction with its 

target KRS wherein the PfKRS-CL-2 co-crystal structure revealed new features of 

enzyme-drug interaction. This work hence provides a valuable lead compound with 

enhanced metabolically stability, equal selectivity and potenct as that of cladosporin. 

1.3.2. Synthesis of analogue library around cladosporin scaffold 

After gaining valuable information from high-resolution X-ray data from co-crystal of 

cladosporin and PfKRS,15, 19 we synthesized a library of compunds by varing different 

substitutions around the cladosporin core structure. All the variations are grouped in to 

four categories (Figure 2). Major structural variations have been incorporated in the 

aromatic dihydroisocoumarin moiety and the tetrahydropyran counterpart of the natural 

product. Functional group variations have also been conducted in the methylene 

functionality of the linker. Besides, related analogues with major variations, 

modifications and combinations have also been highlighted herein. (Figure 2). 
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Figure 2. Planned variations around cladosporin scaffold. 

1.3.2.1. Modification at linker 

Hydrogen bonding interaction is one of the crucial interaction that defines the binding 

of a drug molecule with the target protein (enzyme). In this context, the importance of 

hydroxyl (-OH) functionality is of crucial significance. This very functional group can 

engage into relevant hydrogen bonding interaction within the active site of the target 

protein/enzyme. This interaction in turn can result in a better binding of the drug 

molecule to the target enzyme which can eventually lead to an increased therapeutic 

efficiency. Alongside, the inherent polarity of the –OH group can further increase the 

hydrophlicity or aqueous solubility of the molecule leading to an improved bio-

availability. Based on this hypothesis, we envisioned to introduce an extra –OH 

functionality in the linker region of the natural product so as to have an increased 

hydrophilicity and an enhanced binding of the same with the active site of the parasitic 

target enzyme (PfKRS). 

 

Scheme 1. Synthesis of racemic hydroxyl-cladosporin (CL-1). 
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Initially we planned to synthesize racemic version of the planned analogue (CL-1, 

inseparable mixture of diastereomers). Our synthesis started with diastereomeric 

mixture of compound 1.1 and 1.2,19 which upon exhaustive demethylation furnished 

CL-1 as a mixture of diastereomer (Scheme 1). 

 

Scheme 2. Synthesis of both diastereomers (CL-2 and CL-3) of CL-1. 

Biological evaluation of the racemic hydroxy cladosporin through enzymatic and cell-

based assay revealed impressive potency (explained in results and discussion) as 

compared to cladosporin. The impressive activity of the analogue (CL-1) intrigued us 

to synthesize both the diastereomers (CL-2 and CL-3) of CL-1 in chiral pure forms 

(Scheme 2). For this purpose, we treated dimethoxy protected racemic hydroxy-

cladosporin (compound 1.1 and 1.2) with acetic anhydride and Et3N which led to the 

acetylation of the secondary –OH group. While monitoring the progress of reaction 

through TLC, we found a clean separation of the diastereoisomers under 50% 

EtOAc/pet ether mobile phase. Both the acetylated diastereomers were then cleanly 

separated through column chromatography. After successful separation, both the 

isomers were characterized completely using NMR and IR spectroscopy along with 

HRMS. The appearance of a singlet peak at 2.07 ppm and 2.13 ppm in the 1H NMR 

spectrum of compound 2.1 and 2.2 respectively further confirmed a succesfull 
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acetylation. Besides the presence of mass peak at 379.1751 corresponding to [M+H]+ 

further supports the success of the reaction. Having synthesized these chiral pure 

diastereomers, they were deacetylated using K2CO3 and methanol, followed by AlI3 

mediated exhaustive demethylation to afford both the diastereomers of hydroxy-

cladosporin (CL-2 and CL-3) in chiral pure form (Scheme 2). 

To, further strengthen our hypothesis and experimental data of correlation, between 

hydrogen bonding and potency of the compound, we planned to synthesize an analogue 

(CL-4) where the linker –OH group is protected with an acetate functionality. This will 

in turn nullify the possibility of any hydrogen bonding interaction between the 

concerned analogue and active site of PfKRS. As a part of our synthesis, we took 

previously synthesized compound 2.1 and subjected the same to AlI3 mediated 

exhaustive demethylation which in turn furnished the final analogue CL-2. The 

diasappearance of the peaks at 3.91 ppm and 3.84 ppm in the 1H NMR of CL-4  

corresponding to the two aromatic methoxy functionality confirmed a succesfull 

demethylation. Besides the appearance of peaks at 11.05 ppm and 7.11 ppm in the 1H 

NMR spectrum corresponting to the phenolic –OH groups also confirms the formation 

of the required product. Presence of [M+H]+ peak at 351.1438 in HRMS also adds to 

the succesfull formation of CL-4 (Scheme 3).  

 

Scheme 3. Synthesis of CL-4. 

1.3.2.2. Modifications at dihydroisocoumarin moiety 

As mentioned earlier, -OH functional group is of significance importance in the context 

of medicinal chemistry and drug development, as this polar functional group can 

efficiently engage itself in relevant and crucial hydrogen bonding interaction in the 

active site of the biological target. In this case, cladosporin consists of two phenolic –
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OH groups meta to each other. To decipher, whether these –OH groups are responsible 

for active hydrogen bonding interaction within the active site of PfKRS, we 

successfully synthesized analogues where both the –OH groups remain protected as 

methyl ethers so as to nullify any possible hydrogen bonding interaction within the 

active site of PfKRS. We also synthesized analogues where only C6-OH group remains 

selectively protected. As a part of synthesis, we utilized dimethoxy protected analogues 

and treated the same with AlCl3 in tolune, which led to selective demethylation of C8-

OMe group to furnish 6-methoxy analogues of cladosporin. (Scheme 4) 

 

Scheme 4. Synthesis of hydroxyl group protected analogues. 

As discussed earlier (Chapter 1, Section A), we have synthesized all the eight possible 

stereoisomers of cladosporin, and in depth biological evaluation of the entire 

stereoisomeric set led to the identification of two active sctreochemical scaffold 

(cladosporin/CLADO-1 and isocladosporin/CLADO-5) that exhibited promising anti-

malarial potency against Plasmodium falciparum.19 In the present work, we analysed 

the effect of halogen substitution in the aromatic counter part of the two active 

stereoisomers. For the same, we treated isocladosporin (CLADO-5) with bromine in 

CH2Cl2 at 0 °C for 2 h  which furnished di-bromo analogue CL-13 in good yield. The 

loss of aromatic protons in the region of 6.00 ppm to 6.5 ppm in 1H NMR spectrum 

confirmed the di-bromo substitution. Besides, other relevant peaks in the 1H and 13C 

NMR spectrum were also in accordance with the structure of CL-13 (Scheme 5). 
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We further envisioned to decipher the role of chloride substitution in the aromatic 

counter part of the active scaffold. Treatment of cladosporin (CLADO-1) with SOCl2 

in THF at -30 °C led to regioselective chlorination of the same to afford CL-14 (Scheme 

5). The disappearance of one of the two aromatic protons in the 1H NMR confirmed the 

the mono-substitution. Besides, other relevant peaks in 1H and 13C NMR further 

comfirmed the structure of the chlorinated analogue (CL-14). 

 

Scheme 5. Synthesis of halogenated analogues, CL-13 and CL-14. 

The core structure of cladosporin consists of a dihydroisocoumarin moiety which bears 

a lactone core. Now, looking from a medicinal chemistry perpective, lactone functional 

group is often labile in biological conditions, as it can readily get hydrolysed by specific 

classes of enzymes present in the biological system.20 This metabolic instability might 

often lead to a reduced efficacy as well. Hence, we planned to switch the lactone 

functionality with corresponding lactam as the later is comparatively more stable as 

compared to the lactone congener. As a part of synthesis, we commenced with a known 

alcohol intermediate 6.121 which was converted to corresponding mesylated 

intermediate using triethylamine and methanesulfonyl chloride in presence of catalytic 

DMAP.22 The obtained mesylated intermediate was then subjected to SN2 reaction with 

sodium azide in DMF to afford azide intermediate 6.223 with a complete inversion of 

stereochemistry at the azide attached carbon. Intermediate 6.2 was then further 

subjected to Vilsmeier Haack reaction with DMF and POCl3 to obtain required 

aldehyde 6.3 which was in turn treated with NaH2PO4 and NaClO2 in DMSO and water 

(Pinnick oxidation) to afford acid intermediate 6.4. The next step was to incorporate the 



 
 

 
 

Chapter 1 (Section C): Design, Synthesis, Biological Evaluation of Lysyl 
tRNA synthetase (KRS) Inhibitors based on Cladosporin Scaffold 

towards Indentification of Antimalarial Leads 

112 
 

lactam functionality in the core scaffold. Staudinger ligation24 reaction on the same led 

to the conversion of azide to amine followed by one-pot amide coupling leading to the 

formation of the final precursor 6.5. 1H and 13C NMR spectra were in complete 

correlation with the assigmed structure of the intermediate. Beside the presence of mass 

peak of 320.1856 corresponding to [M+H]+ further supports the formation of 6.5. The 

next task was to demethylate the aromatic methoxy (-OMe) groups, which was achieved 

through AlI3 mediated exhaustive demethylation to furnish aza-cladosporin (CL-12). 

The disappearance of 1H NMR peaks at 3.92-3.83 ppm corresponding to the aromatic 

–OMe group in CL-12 confirmes a succesfull demethylation. Besides appearance of 

mass peak at 314.1363 corresponding to [M+Na]+ further confirmes the formation of 

CL-12 (Scheme 6). 

 

Scheme 6. Synthesis of aza-cladosporin (CL-12). 

Hybridization of bio-active molecules is a powerfull and efficient technique in drug 

discovery and is often used to target a variety of diseases.25 Based on this concept we 

designed a hybrid analogue of two potent anti-malarial natural products, namely 

cladosporin and febrifugine (mentioned in Introduction) where the quinazoline moiety 

of febrifugine is fused with the tetrahydropyran moiety of cladosporin (Scheme 7). 

Our synthesis commenced with known THP fragment 8.121 (synthesized from (S)-

propylene oxide through relevant functional group interconversion) which was 

converted to its corresponding aldehyde 8.2 through ozonolysis, followed by 
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condensation with 2-aminobenzoic acid and formamide in PEG-400 to afford the 

required hybrid analogue CL-11 (Scheme 8). The presence of 1H NMR peak at 8.26-

7.44 and 3.81-3.55 ppm corresponding to aromatic protons and oxygen attached protons 

in the THP counterpart respectively confirms the formation of the desired product. 

Besides a doublet at 1.28 ppm corresponding to the methyl group of THP moiety further 

adds to the structural confirmation. 

 

Scheme 7. Hybrid analogue of febrifugine and cladosporin. 

 

Scheme 8. Synthesis of hybrid analogue (CL-11). 

1.3.2.3. Modifications at tetrahydropyran moiety 

As a part of our analogue synthesis, we planned to incorporate structural variations in 

the tetrahydropyran moiety of cladosporin as well. In this context, we initially planned 

to decipher the role of the methyl group residing on C-14 of the tetrahydropyran (THP) 

moiety of cladosporin. Besides generating an analogue, it will also lead to a simplified 

cladosporin core structure by eliminating one among the three chiral centers present in 

the natural product.  
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As a part of synthesis, the diol compound 9.1 was synthesized from 3,4-dihydro-2H-

pyran following reported protocol26 which was selectively tosylated using TsCl and 

Et3N to furnish corresponding tosylated intermediate. In this step, to ensure mono-

tosylation, 0.9 equivalent of TsCl was added and the reaction mixture was monitered 

frequently through thin layer chromatography (TLC). After accessing the mono-

tosylated intermediate, treatment of the same with NaH in THF led to the formation of  

 

Scheme 9. Synthesis of des-methyl cladosporin (CL-15). 

required THP fragment 9.2, which was further subjected to cross metathesis with 

fragment 9.3 (synthesized following reported protocol19) to furnish compound 9.4. The 

presence of peaks at 5.76-5.50 ppm in the 1H NMR corresponding to alkene 

functionality confirms a successful cross metathesis. Besides, the presence of mass peak 

at 343.1516 in HRMS corresponding to [M+Na]+ further adds up to the structural 

confirmation. The obtained intermediate 9.4 was then subjected to OsO4 mediated 
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dihydroxylation and quenching with aq. Na2SO3 led to an  in situ lactonization of the 

diol to afford compound 9.5. Presence of 1H NMR peak at 4.71 ppm corresponding to 

the proton attached to the lactone functionality, and HRMS peak at 323.1489 

corresponding to [M+H]+ confirms the product formation. Compound 9.5 thus 

obtained, was further converted to its corresponding xanthate ester using KHMDS, CS2 

and MeI to afford diastereomers 9.6a and 9.6b which were separated through careful 

column chromatography with 9.6a being the major isomer. In our previous work while 

synthesizing the entire stereoisomeric set of cladosporin, we performed similar 

reactions to synthesize xanthate esters where the trans diastereomer was formed as the 

major product.19 Hence, tentatively considering 9.6a (major diastereomer) as the 

required trans isomer, we subjected the same to Barton McCombie reaction to afford 

final precursor 9.7, which was in turn subjected to AlI3 mediated exhaustive 

demethylation19 to furnish the required analogue CL-15 as enantiomeric mixture 

(Scheme 9). 

To identify the role of tetrahydropyran ring in the antimalarial potency of cladosporin 

we planned to modify and replace the same with hetero atom containing six membered 

rings, namely piperazine and 4,4-dimethyl-1,4-azasilinane (Scheme 10). For this 

purpose, we initially synthesized iodolactone 10.2 from known acid intermediate 

10.1.27 The next step was to knock out the iodo functionality, for which we tried few 

conditions which did not lead to any fruitful results (Table 1). 

 

Choice of base Reaction condition Yield of product 

K2CO3 DMF, rt No reaction progress 

K2CO3 DMF, 80 °C No reaction progress 

Cs2CO3 DMF, 130 °C, Microwave ~26% 

Et3N AcN, 150 °C, Microwave ~67% 

Table 1. Optimization of iodo-displacement reaction (SN2). 
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Finally, treatment of iodolactone 10.2 and the required nucleophile with Et3N and 

heating the same at 150 °C under microwave irradiation furnished the the required 

intermediate 10.3 and 10.4. Exhaustive demethylation of the same using AlI3 afforded 

the analogues CL-16 and CL-17. (Scheme 10). The presence of lactone attached proton 

peak at 5.19 ppm, and nitrogen attached proton peak at 3.73-3.38 ppm in 1H NMR 

spectrum confirmed the formation of CL-17. The presence of lactone attached proton 

at 5.20 ppm, and nitrogen attached proton at 3.51 ppm confirmed the formation of CL-

16 as well. Besides the appearance of silicon attached methyl peaks at 0.18 ppm and 

0.12 ppm in the 1H NMR further contributes to the structural confirmation of CL-16. 

Scheme 10. Synthesis of CL-16 and CL-17. 

We also wanted to notice the effect in anti-malarial potency of cladosporin after 

complete replacement of its tetrahydropyran (THP) moiety. For the same we planned 

to replace the THP moiety with an eight carbon, saturated, aliphatic long chain. Our 

synthesis started with known epoxide 11.2 which was reacted with Grignard reagent 

generated from 1-bromo-3,5-dimethoxybenzene (11.1) in presence of CuI to furnish 

alcohol 11.3. The presence of three aromatic proton peaks at 6.37-6.34 pmm and seven 

protons corresponding to one –OH attached proton and two aromatic –OMe at 3.82-

3.73 ppm confirmed the formation of alcohol 11.3. Besides the presence of HRMS peak 

at 295.2268 corresponding to [M+H]+ further confirmed a succesfull Grignard reaction. 

The obtained alcohol 11.3 was further treated with trimethyl orthoformate in presence 

of pTSA followed by Jones oxidation to afford precursor 11.4. AlI3 mediated 

exhaustive demethylation of compound 11.4 afforded the final analogue CL-18 

(Scheme 11). The presence of 1H NMR peak at 11.15 ppm and 6.70 ppm corresponding 
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to aromatic hydroxyl (-OH) groups and lactone attached proton at 4.51 ppm confirmed 

the formation of CL-18. 

 

Scheme 11. Synthesis of CL-18. 

1.3.2.4. Other modifications 

After all the systematic structural and functional tweakings in the core structure of 

cladosporin, we planned to incorporate some major changes in the same by replacing 

the dihydroisocoumarin moiety with similar counterparts like chromen and isochromen. 

Besides, the simple methylene linker was also replaced by an amide bond and the THP 

moiety was switched with aromatic and aliphatic counterparts. 

 

Scheme 12. Synthesis of analogues with chromen moiety. 
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As a part of our plan, we first synthesized chromen carboxylic acid 12.1 in gram scale 

using known protocol28 starting from 4-fluoro phenol and 

dimethylacetylenedicarboxylate. Without further purification of the acid intermediate 

12.1, it was then coupled directly with different amines  namely, n-pentylamine, 

tetrahydrofurfurylamine and 2-thiophenemethylamine in presence of PyBOP and Et3N 

to furnish the following analogues as depicted in scheme 12. 

We also synthesized an analogue structurally similar to CL-22 but without the aromatic 

halogen (fluorine). This analogue was synthesized to decipher whether the aromatic 

fluorine atom has any significant role in the anti-plasmodial activity of the analogue. 

For synthesizing the same, we initially synthesized acid fragment 13.1 starting from 2-

hydrozyacetophenon and diethyl oxalate in presence of freshly prepared sodium 

ethoxide29. The required acid 13.1 was then coupled with n-pentylamine using similar 

protocol to afford CL-23 (Scheme 13). The presence of four aromatic protons was 

evident from the appeareance of four proton peaks at 7.5 ppm to 8.5 ppm in the 1H 

NMR spectrum. Besides the appearance of HRMS  peak at 260.1281 corresponding to 

[M+H]+ further confirms the formation of the required product. 

 

Scheme 13. Synthesis of CL-23. 

Following the line, we also synthesized few analogues where the isocoumarin moiety 

has been replaced with isochromen. For the same we initially synthesized isochromen 

acid 14.1 using synthetic protocol documented in the literature30. After having 

synthesized the required acid fragment in gram scale starting from 2-methylbenzoic 



 
 

 
 

Chapter 1 (Section C): Design, Synthesis, Biological Evaluation of Lysyl 
tRNA synthetase (KRS) Inhibitors based on Cladosporin Scaffold 

towards Indentification of Antimalarial Leads 

119 
 

acid and dimethyl carbonate as the starting materials we coupled the same with amines, 

namely, n-pentylamine and cyclohexanemethylamine in the presence of PyBOP and 

Et3N to access the following analogues as depicted in scheme 14. 

 

Scheme 14. Synthesis of CL-24 and CL-19. 

As a part of analogue synthesis, we next planned to replace the tetrahydropyran (THP) 

moiety of cladosporin with aliphatic substitutions as well as aromatic and substituted 

aromatic counterparts. For the following purpose we adopted a novel palladium 

catalyzed C-H activation protocol31 (Scheme 15) where Pd(II)-catalyzed ortho-

alkylation of benzoic acids with both terminal and internal epoxides affords 3,4-

dihydroisocoumarins in one step. As per the optimized protocol we used potassium 

acetate as base along with tert-ac-leucine-OH as ligand, Pd(OAc)2 as the catalyst and 

hexafluoro-2-propanol (HFIP) as the solvent. In this case we prepared several 

substituted epoxides following reported procedure32 which were subjected to the above-

mentioned C-H activation protocol to furnish the following analogues as demonstrated 

in scheme 15.  

Mechanism of C-H activation: Mechanistically speaking, the potassium salt of 

benzoic acid 16.1 undergoes C-H cleavage in the presence of Pd(II) catalyst to form 
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weakly co-ordinated arylpalladium intermediate 16.2 which in turn reacts with the 

epoxide 16.3 via redox neutral SN2 ring opening process to generate intermediate 16.4 

which upon subsequent protonation and catalyst regeneration gives free alcol 

intermediate 16.5 which readily gets lactonized to afford the required lactone analogues 

(Scheme 16).31 

 

Scheme 15. Synthesis of analogues with modified and replaced THP moiety. 

 

Scheme 16. Catalytic cycle of C-H activation.31 
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Figure 3. Chemical structures of the synthesized compounds that form cladosporin 

inspired library. 
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1.3.3. Biological assessment of synthesized analogues  

(in collaboration with Dr. Amit Sharma, ICGEB, New Delhi) 

1.3.3.1. Structure activity relationship (SAR) study 

To investigate the activity and target specificity, all the synthesized analogues were 

screened under relevant biological assays. We initially performed thermal shift assay 

(TSA) to explore the compound-induced stabilization of the target proteins, PfKRS as 

well as its human counter-part, HsKRS, which was followed by aminoacylation assays 

to understand the enzymatic inhibition activity of PfKRS and HsKRS, and to calculate 

the half-maximal inhibitory concentration (IC50) of the synthesized compounds. PfKRS 

and HsKRS efficiently catalysed aminoacylation reaction which was quantitatively 

measured by the amount of pyrophosphate released. Bio-Mol reagent was used to study 

the amount of pyrophosphate released. We further investigated the in vitro dose 

dependent cell-based parasite growth inhibition assays in presence of the synthesized 

analogues to calculate the half-maximal effective concentration (EC50). 

Among the analogues with modifications at linker, CL-1 (diastereomeric mixture) was 

found to bind to PfKRS tightly with a shift of ~14.5˚C in TSA, similar to that of 

cladosporin (Figure 5b). PfKRS enzyme and parasite growth inhibition assays for CL-

1 also showed an impressive activity (IC50 value of 0.17 M and EC50 value of 0.1 M) 

in consistence to the TSA results. Such promising activity of this compound (CL-1) 

intrigued us to resolve its structural interactions with PfKRS via co-crystallization with 

L-lysine. The crystal diffracted at 2.6 Å resolution and was solved by molecular 

replacement using PfKRS-L-lysine-CL as a template (PDB: 4PG3). A clear electron 

density was observed for one of the diastereomers of CL-1 (named CL-2 in the current 

series) bound to the adenosine pocket of PfKRS (Figure 4). This promted us to 

synthesize both the diastereomers of CL-1 (CL-2 and CL-3) in chiral pure form and 

independently assess their potency. CL-2 was found to bind to PfKRS tightly, similar 

to  cladosporin and CL-1, with a thermal shift of 14.5 ˚C, whereas the other 

diastereomer CL-3 displayed a weaker binding with a thermal shift of 9.6 ˚C. Similar 

results were also obtained in the ATP hydrolysis assay where CL-2 and CL-3 showed 
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an IC50  value of 0.1 µM and 5.0 µM respectively. Similarly, the EC50 values for CL-2 

and CL-3 were 0.08 µM and 4.0 µM respectively (Table 2) thus concluding 

diastereomer CL-3 to be a moderate inhibitor (Table 2). The experimental data thus 

suggests CL-2 to be potent and better than the diastereomeric mixture CL-1 (and 

comparable to cladosporin). On the other hand, CL-4, where the linker hydroxyl group 

is protected as acetate functionality, turned out to be a moderate inhibitor of PfKRS 

with an IC50 of 3.2 µM and EC50 of 4.3 µM (Figure 5d). Hence, the biological data 

clearly suggests that the linker hydroxyl in CL-2 adds to the potency of the compound.  

 

Figure 4. Crystal structure of PfKRS+CL-2+L-Lys (PDB ID 6M0T). (a) A close-up 

view of the binding pockets of PfKRS (grey cartoon) with ligands. CL-2 (yellow) in 

the adenosine pocket and L-Lys (purple) are shown in ball-and-stick with mesh. 

Zoomed view shows the bound CL-2 (yellow) with hydrogen bond interactions (dashed 

line) and the distances (Å) are marked. The important hydrogen bond interaction 

between CL-2 and protein residue Glu500 is marked in red. The water molecule (orange 

sphere) involved in the interaction is also shown. (b) Surface representation of active 

site pocket of PfKRS with CL-2 and L-Lys. (c) Simulated annealing omit (SA-omit) 

map countered at 1 б level for CL-2 and L-Lys. 
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Compounds with modifications at dihydroisocoumarin moiety were also studied 

(Figure 2 and 3). CL-5, 6, 7 and 8 where both the phenolic hydroxyl groups are 

protected as methyl ethers turned out to inactive in TSA, enzyme and parasitic 

inhibition assay (Table 3) suggesting the significant and crucial importance of the 

phenolic hydroxyl groups in anti-malarial potency. CL-10 with only one of the 

hydroxyl groups (C6-OH) protected showed weak inhibition with an IC50 of 3.6 µM 

and an EC50 of 5.5 µM (Figure 5d) whereas its diastereomer CL-9 was inactive (Table 

3). CL-13 and 14 with halogen (Cl and Br) incorporation in the dihydroisocoumarin 

moiety showed no inhibitory activity in enzyme or parasite inhibition assays (Table 3), 

hence suggesting a loss in anti-malarial activity on incorporation of halogen. On the 

other hand, the lactam incorporated analogue CL-12 showed moderate inhibition with 

an IC50 of 3.0 µM and an EC50 of 2.5 µM (Figure 5d). Unfortunately, the hybrid 

analogue of cladosporin and febrifugine (CL-11), was surprisingly found to be inactive 

with no enzyme and parasite inhibition (Table 3). 

Analogues with modifications at tetrahydropyran ring were also studied (Figure 2 and 

3).  CL-16, 17 and 18 turned out to be inactive with no enzyme and parasite inhibition 

(Ttable 3), thus suggesting the importance of the tetrahydropyran moiety in anti-

plasmodial activity of cladosporin. CL-15, where the methyl functionality in 

tetrahydropyran ring was removed, was moderately active with thermal shift of 13.2 

˚C, IC50 and an EC50 value of 1.5 µM and 1.2 µM respectively. This compound turned 

out to be the second best among the synthesized library of analogues (Figure 5d). 

The set of analogues (CL-19 to CL-24) with major modifications and combinations  

were effectively found to be inert after experimental assessment (Table 3) except for 

CL-22 and CL-23 which showed moderate enzyme and parasite inhibition with IC50 of 

2.0 µM and 3.1 µM respectively and an EC50 of 4.3 µM each (Figure 5d). Both 

analogues are structurally similar except for the presence of fluorine in the phenyl ring 

(at C-7) of CL-22, indicating no prominent role of fluorine. Compounds synthesized 

through C-H activation (CL-25 to 28) were found to be effectively inert as well (Table 

3).  
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Figure 5. (a) Structures of potent compounds like cladosporin, diastereomer CL-1 and 

its chirally pure enantiomers CL-2, CL-3 and CL-15. (b) Protein thermal shift profiles 

of PfKRS and HsKRS (at 2 μM protein respectively) in the presence of 2 mM L-lysine 

for the potent compounds in our library.  (c) Aminoacylation activity inhibition assays 

and blood stage Plasmodium falciparum growth inhibition assays in presence of 

cladosporin, CL-1 and its potent enantiomer CL-2. For aminoacylation assays the 

concentration for compound ranged from 10 to 0.01μM and for parasite inhibition 

assays it ranged from 1 to 0.0078 μM. (d) Same for CL-3, CL-4, CL-10, CL-12, CL-
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15, CL-22 and CL-23. For aminoacylation assays the concentration for compounds 

ranged from 100 to 0.01 μM and for parasite inhibition assays it ranged from 10 to 

0.078 μM. (e) Metabolic stability using liver microsomes from human (HLM) and mice 

(MLM) along with cLogP, cLogD at pH 7.0 and cLogS values for CL-2, cladosporin, 

and isocladosporin. (f) Selectivity profile (scatter plots) for each active compound 

based on enzyme selectivity index and parasite inhibition. 

Conclusions from Structure Activity Relationship (SAR) study 

After thorough and in depth analysis of the structure activity relationships, CL-2 was 

identified to be the most potent compound among the entire set with a thermal shift of 

14.5 °C, IC50 value of 0.1 M and an EC50 of 0.08M (Figure 5b and 5c, Table 3). CL-

15, on the other hand, turned out to be the second best with a thermal shift profile of 

13.2 °C, an IC50 and EC50 values of 1.5 and 1.2 M respectively (Figure 5b and 5d, 

Table 3). The other moderately active compounds among the synthesized library were 

CL-3, CL-4, CL-10, CL-12, CL-22 and CL-23 with thermal shifts ranging from 5.8 - 

9.9 ˚C, IC50 of 2 - 5.0 µM and EC50 ranging from 2.5 - 5.5 µM (Figure 5d). 

 

Figure 6. Parasytic growth inhibition assay for CL-5, CL-6 and CL-21 indicating a 

different cellular target. 

While analsyzing these sets of data, we found out that though CL-5, CL-6, and CL-21 

did not bind to or inhibit PfKRS, they did lead to a weak parasitic inhibition with EC50 

values in the range of 2.1- 6.0 µM suggesting possible alternate cellular targets (Figure 

6). Finally, after the assessment of selectivity indices for each inhibitor based on the 



 
 

 
 

Chapter 1 (Section C): Design, Synthesis, Biological Evaluation of Lysyl 
tRNA synthetase (KRS) Inhibitors based on Cladosporin Scaffold 

towards Indentification of Antimalarial Leads 

127 
 

above data, compound CL-2 with a value of ~1000 scored better than the 

diastereomeric mixture CL-1 which had a value of ~588 (Figure 5f).  

Table 2. Potency of diastereomeric mixture CL-1 and its chirally pure versions CL-2 

and CL-3.  (NB- No Binding) 

1.3.3.2. In vitro pharmacokinetics  

To evaluate the metabolic stability of cladosporin, isocladosporin and our best 

compound CL-2,  in vivo clearance was investigated using liver microsomes from 

human (HLM) and mice (MLM). The test compounds were incubated for one hour with 

microsomes in the presence and absence of the cofactor NADPH and the reaction was 

quenched by the addition of ice-cold acetonitrile containing an internal standard. The 

disappearance of the test compounds with time was monitored using LC-MS/MS. The 

experimental values suggests CL-2 to be more metabolically stable that cladosporin 

and isocladosporin (Figure 5e). 

Other physicochemical properties (cLogP, cLogD, cLogS) were also calculated for the 

entire set of synthesized analogues along with cladosporin and isocladosporin. Among 

Compounds Structure 
Tm (°C) 

Plasmodium falciparum 

(Pf) 

Pf Hs IC50 (M) EC50 (M) 

CL-1 

 

14.8 NB 0.17 0.1 

CL-2 

 

14.5 NB 0.1 0.08 

CL-3 

 

9.6 NB 5.4 4.0 
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the entire set compounds, CL-2 reflected an increase in hydrophilicity with a cLogP 

and cLogD value of 1.68 and -1.99 respectively whereas both cladosporin and 

isocladosporin showed a cLogP of 2.47 and cLogD of 3.25 (Figure 5e, Table 3).  In 

case of CL-2, a cLogS value of -1.99 was observed as compared to cladosporin with a 

cLogS of -2.93, indicating an increased hydrophilicity of CL-2 which might possibly 

lead to a better bio-availability of the active compound (Figure 5e, Table 3). 

1.3.3.3. Structural interactions in the CL-2-KRS complex 

Identical structure were observed for CL-2 and cladosporin bound PfKRS enzymes  

with a root-mean-square deviation (RMSD) of 0.7 Å. Both the molecules bind to the 

adenosine binding pocket and the surrounding waters are mostly conserved. Both the 

structures showed well-defined electron density for a disulphide bond (Cys517–

Cys540).  

 

Figure 7. The superimposition of CL-2 bound structure (PfKRS+CL-2+L-Lys; PDB 

ID 6M0T) onto cladosporin (CL) bound structure (PfKRS+CL+L-Lys; PDB ID 4PG3). 

In both structures, the heterocyclic ring in the dihydroisocoumarin moiety and 

tetrahydropyran ring of the bound ligands CL and CL-2 adopt half-chair and chair 

conformations. The additional OH group present in the linker of ligand CL-2 makes 
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hydrogen bond interactions with Glu500 when compared to cladosporin (shown as 

dashed line). The conserved water molecule (orange sphere) present in both structures 

are shown. 

Similar to cladosporin, the isocoumarin moiety of CL-2 stacks between the side chain 

of Phe342, His338, and Arg559 and the two hydroxyl groups form hydrogen bonds 

with the side chain of Glu332 and Asn339. The carbonyl group on the other hand forms 

H-bond with the highly coordinated water, just like with cladosporin. The THP ring of 

ligand CL-2 accommodates itself in the ribose recognizing pocket of PfKRS formed by 

the side chains of Arg330, Ser344, and Asn503, identical to cladosporin (Figure 4 and 

7). CL-2 has an extra hydroxyl group at the linker region as compared to cladosporin. 

This extra –OH group forms a strong hydrogen bond with the side chain of Glu500 

creating a new interaction between drug and the protein. 

1.3.4. Conclusion 

The entire library of compounds were synthesized using a variety of chemical reactions 

including strategical functional group incorporation and interconversion. All the 

analogues thus synthesized were purified and characterized, leaving no structural and 

functional ambiguity. The enzyme-based binding and enzyme/cell-based inhibition 

assays along with in vitro pharmacokinetics studies led us to identify a potent lead 

compound for further development. We resolved the co-crystal structure of the most 

potent compound CL-2 and show that it forms an additional hydrogen bond in the 

PfKRS active site. This study provides new insights on how even the slightest 

stereochemical or functional modification can play an important role in potency of the 

compound. Such advances will pave the way for more potent and selective lead 

molecules in future. 
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Compound 

ΔTm (C) 

(KRS) 
Pf 

cLog 

Pa 

cLog 

Db 

(pH 7) 

cLog 

Sa 

H-bonda 

Pf Hs 
IC50 

(M) 

EC50 

(M) 
Donor Acceptor 

 
Cladosporin 

14.5 2.0 0.06 0.06 2.47 3.25 -2.93 2 5 

 
Isocladosporin 

16.2 1.0 0.27 0.29 2.47 3.25 -2.93 2 5 

CL-1 

14.8 NB 0.17 0.1 1.68 2.56 -1.99 3 6 

 
CL-2 

14.5 NB 0.1 0.08 1.68 2.56 -1.99 3 6 

 
CL-3 

9.6 NB 5.0 4.0 1.68 2.56 -1.99 3 6 

 
CL-4 

7.8 NB 3.2 4.3 2.13 3.00 -2.62 2 7 

 
CL-5 

1.6 NB NI 2.4 3.52 2.9 -4.32 0 5 

 
CL-6 

NB NB NI 2.1 3.52 2.9 -4.32 0 5 

 
CL-7 

NB NB NI NI 3.52 2.9 -4.32 0 5 
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CL-8 

NB NB NI NI 3.52 2.9 -4.32 0 5 

 
CL-9 

6.0 NB NI NI 2.99 3.4 -3.62 1 5 

 
CL-10 

8.2 NB 3.6 5.5 2.99 3.4 -3.62 1 5 

 
CL-11 

NB NB NI NI 3.50 2.17 -4.70 1 3 

 
CL-12 

5.8 NB 3.0 2.5 2.15 2.49 -3.24 3 4 

 
CL-13 

NB NB NI NI 3.81 3.7 -4.51 2 5 

 
CL-14 

6.0 NB NI NI 3.10 2.58 -3.53 2 5 

 
CL-15 

13.2 3.0 1.5 1.2 2.39 2.83 -2.78 2 5 

 
CL-16 

NB NB NI NI 1.01 1.62 -3.18 2 5 

 
CL-17 

2.5 NB NI NI 1.91 1.6 -2.60 2 5 

 
CL-18 

NB NB NI NI 4.05 5.45 -4.69 2 4 

 
CL-19 

7.0 NB NI NI 3.57 3.21 -5.45 1 3 

 
CL-20 

3.3 NB NI NI 3.11 1.28 -4.91 1 5 
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CL-21 

7.2 NB NI NI 4.51 2.49 -6.07 1 4 

 
CL-22 

9.9 2.39 2.0 4.3 3.88 2.63 -5.90 1 4 

 
CL-23 

9.9 NB 3.1 4.3 3.45 2.48 -5.62 1 3 

 
CL-24 

1.3 NB NI NI 3.45 2.87 -5.62 1 3 

 
CL-25 

NB NB NI NI 3.43 3.52 -5.29 0 3 

 
CL-26 

NB NB NI NI 4.05 4.12 -5.90 0 3 

 
CL-27 

NB NB NI NI 4.09 4.29 -6.11 0 3 

 
CL-28 

NB NB NI NI 1.82 1.19 -2.41 1 3 

*NB- No Binding, NI- No Inhibition, CL- Cladosporin, ICLA- Isocladosporin 
a calculated using SwissADME b calculated using ChemAxon LogD Predictor 

 

Table 3. Compiled data of synthesized analogues. 
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1.3.5. Experimental section 

Synthesis of compound (R)-((R)-6,8-dimethoxy-1-oxoisochroman-3-yl)((2R,6S)-6-

methyltetrahydro-2H-pyran-2-yl)methyl acetate (2.1) and (S)-((S)-6,8-dimethoxy-

1-oxoisochroman-3-yl)((2R,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl 

acetate(2.2) 

 

Inseparable diastereomeric mixture (0.17 g, 0.505 mmol) of compound 1.1 and 1.2 was 

dissolved in dry CH2Cl2 (25 mL) and cooled to 0 °C. Triethylamine (0.14 ml, 1.01 

mmol) was added followed by the addition of acetic anhydride (0.113 mL, 1.16 mmol). 

Catalytic DMAP (5 mg) was added to the reaction mixture and was stirred at room 

temperature for 12 h. After completion of the reaction, it was further diluted with 

CH2Cl2 (10 mL) and washed thoroughly with H2O (10 mL x 3). The combined organic 

layers were dried over Na2SO4 and concentrated under vacuo. The obtained 

diastereomeric mixture was purified and separated using column chromatography to 

afford compound 2.1 (0.05 g) and compound 2.2 (0.035 g) with an overall yield of 75%. 

Compound 2.1:  

[α]25
D = +67.4  (c 0.7, CHCl3).  

IR υmax (film): cm-1 1228, 1602, 1729, 2938.  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.29 (s, 1H), 5.14 (d, J = 9.6 Hz, 1H), 

4.76 (d, J = 11.7 Hz, 1H), 4.21 (t, J = 8.2 Hz, 1H), 3.91 (s, 3H), 3.91 (overlap, 1H), 

3.84 (s, 3H), 2.95 – 2.88 (m, 1H), 2.69 (d, J = 15.9 Hz, 1H), 2.07 (s, 3H), 1.65 (dd, J = 

13.1, 8.0 Hz, 4H), 1.29 (dd, J = 18.1, 11.3 Hz, 2H), 1.19 (d, J = 6.2 Hz, 3H). 
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13C NMR (100 MHz, CDCl3): δ 170.6, 164.4, 163.0, 162.0, 143.5, 107.0, 103.8, 97.8, 

73.9, 72.5, 68.4, 66.7, 56.1, 55.5, 31.7, 30.8, 26.4, 20.7, 19.0, 17.8.  

HRMS calculated for C20H26O7 [M + H]+ 379.1752, observed 379.1751. 

Compound 2.2:  

[α]25
D = -71.3  (c 0.5, CHCl3).  

IR υmax (film): cm-1 1229, 1603, 1730, 2939.  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.29 (s, 1H), 5.26 – 5.23 (m, 1H), 4.58 – 

4.55 (m, 1H), 4.12 (s, 1H), 4.03 (s, 1H), 3.90 (s, 3H), 3.85 (s, 3H), 3.01 (dd, J = 15.7, 

11.6 Hz, 1H), 2.78 (d, J = 16.0 Hz, 1H), 2.13 (s, 3H), 1.72 – 1.65 (m, 3H), 1.48 – 1.42 

(m, 1H), 1.35 – 1.29 (m, 2H), 1.18 (d, J = 6.4 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 170.9, 164.5, 163.2, 161.7, 143.2, 106.7, 103.9, 97.8, 

75.3, 73.5, 69.0, 68.2, 56.2, 55.5, 31.3, 30.4, 26.5, 20.9, 18.6, 18.2.  

HRMS calculated for C20H26O7 [M + H]+ 379.1755, observed 379.1751. 

Synthesis of compound (R)-3-((R)-hydroxy((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)-6,8-dimethoxyisochroman-1-one (2.3) 

 

K2CO3 (0.037 mg, 0.264 mmol) was added to a methanolic solution of compound 2.1 

(0.05 g, 0.132 mmol) at 0 °C. The reaction mixture was then warmed to room 

temperature and stirred for 6 h. After completion of the reaction, methanol was removed 

using rotary evaporation, following which it was diluted with ethyl acetate (15 mL) and 

washed with saturated aqueous NaHCO3 solution (10 mL x 3). The collected organic 

layers were further washed with H2O (15 mL x 3), brine (15 mL), then dried over 
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Na2SO4 and concentrated under vacuo to afford compound 2.3 which was forwarded as 

such without further purification.  

Synthesis of (R)-6,8-dihydroxy-3-((R)-hydroxy((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-2) 

 

A suspension of aluminium powder (0.11 g, 4.09 mmol) in dry benzene (5 mL) was 

treated with I2 (0.39 g, 1.52 mmol) under argon, and the violet mixture was stirred under 

reflux for 30 min until the violet color disappeared. After the mixture was cooled to 0 

°C, few crystals of TBAI (0.002 g, 0.01 mmol) and phloroglucinol (0.06 g, 0.476 mmol) 

were added before a solution of compound 2.3 (0.032 mg, 0.095 mmol) in dry benzene 

(3 mL) was added in one portion. The resulting green-brown suspension was stirred for 

30 min at 5 °C before saturated Na2S2O3 solution (8 mL) and ethyl acetate (8 mL) were 

added. After separation of the layers, the aqueous phase was extracted with ethyl 

acetate. The combined organic layers were washed with brine, dried over Na2SO4, 

filtered, and concentrated in vacuo. Purification by column chromatography afforded 

CL-2 (0.015 g) in 51% yield. 

[α]28
D = +1.5 (c 0.9, MeOH).  

IR υmax (film): cm-1 1247, 1642, 2934, 3300.  

1H NMR (400 MHz, MeOD) δ 6.25 (s, 1H), 6.20 (d, J = 2.1 Hz, 1H), 4.76 (ddd, J = 

13.1, 3.0, 1.5 Hz, 1H), 3.98 (ddd, J = 9.8, 5.7, 4.2 Hz, 1H), 3.88 (ddd, J = 9.0, 6.1, 2.7 

Hz, 1H), 3.74 (d, J = 9.5 Hz, 1H), 3.32 – 3.24 (m, 1H), 2.72 (dd, J = 16.4, 3.0 Hz, 1H), 

1.81 (dt, J = 7.8, 4.1 Hz, 1H), 1.75 – 1.62 (m, 4H), 1.36 – 1.28 (m, 1H), 1.17 (d, J = 6.4 

Hz, 3H).  
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13C NMR (100 MHz, MeOD) δ 171.7, 166.3, 165.7, 144.2, 108.0, 102.1, 101.7, 79.0, 

72.2, 70.8, 69.5, 32.7, 30.7, 27.5, 20.1, 19.1 

HRMS calculated for C16H21O6 [M + H]+ 309.1334, observed 309.1333. 

Synthesis of compound (S)-3-((S)-hydroxy((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)-6,8-dimethoxyisochroman-1-one (2.4) 

 

Compound 2.4 was synthesized using similar procedure as that of compound 2.3. 

Synthesis of (S)-6,8-dihydroxy-3-((S)-hydroxy((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-3) 

 

CL-3 was synthesized using similar procedure as that of CL-2. 

[α]28
D  = -34.25 (c 0.6, MeOH).  

IR υmax (film): cm-1 1244, 1635, 2935, 3311.  

1H NMR (400 MHz, MeOD) δ 6.23 (s, 1H), 6.19 (d, J = 1.6 Hz, 1H), 4.89 – 4.58 (m, 

1H), 4.09 (dt, J = 14.3, 5.3 Hz, 1H), 3.99 – 3.95 (m, 1H), 3.70 (dd, J = 6.1, 4.1 Hz, 1H), 

3.19 (dd, J = 16.3, 12.6 Hz, 1H), 2.79 (dd, J = 16.5, 3.0 Hz, 1H), 1.78 – 1.65 (m, 3H), 

1.64 – 1.57 (m, 2H), 1.38 (dd, J = 13.2, 4.7 Hz, 1H), 1.26 (d, J = 6.6 Hz, 3H).  

13C NMR (100 MHz, MeOD): δ 171.5, 166.4, 165.7, 143.8, 108.0, 102.2, 101.6, 80.9, 

74.3, 71.4, 69.7, 31.7, 30.6, 27.8, 19.2, 18.6.  

HRMS calculated for C16H21O6 [M + H]+ 309.1334, observed 309.1333. 
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Synthesis of (R)-((R)-6,8-dihydroxy-1-oxoisochroman-3-yl)((2R,6S)-6-

methyltetrahydro-2H-pyran-2-yl)methyl acetate (CL-4) 

 

CL-4 was synthesized using similar procedure as that of CL-2. 

[α]25
D = +9.4  (c 0.6, CHCl3).  

IR υmax (film): cm-1 1234, 1633, 1743, 2931.  

1H NMR (400 MHz, CDCl3): δ 11.05 (s, 1H), 7.11 (s, 1H), 6.31 (d, J = 1.3 Hz, 1H), 

6.20 (s, 1H), 5.21 (dd, J = 9.7, 1.4 Hz, 1H), 4.98 – 4.94 (m, 1H), 4.20 – 4.16 (m, 1H), 

3.94 (dd, J = 6.2, 3.8 Hz, 1H), 2.94 – 2.78 (m, 2H), 2.04 (s, 3H), 1.70 – 1.60 (m, 4H), 

1.36 – 1.30 (m, 2H), 1.21 (d, J = 6.5 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 171.0, 169.3, 164.2, 163.0, 141.1, 106.8, 101.9, 101.6, 

75.4, 72.6, 68.6, 66.9, 30.8, 29.8, 26.2, 20.6, 19.2, 17.8.  

HRMS calculated for C18H23O7 [M + H]+ 351.1440, observed 351.1438. 

Synthesis of CL-5, CL-6, CL-7, CL-8 

All these compounds have been synthesized using literature protocol.19 

Synthesis of (S)-8-hydroxy-6-methoxy-3-(((2R,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-9) 

 

Compound CL-5 (0.05 g, 0.163 mmol) was dissolved in dry toluene (8 ml) under argon 

following which anhydrous AlCl3 (0.039 g, 0.294 mmol) was added to the same at 0 

°C. The reaction mixture was stirred for 12h at room temperature. After completion of 

the reaction as monitored by TLC, the reaction was quenched with ice cold water and 

extracted with ethyl acetate (15 mL x 3). The combined organic layers were dried over 
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Na2SO4 and concentrated under vacuo. Purification through column chromatography 

afforded CL-9 as a foamy solid (0.029 g) in 58% yield. 

[α]25
D = -5.4 (c 0.5, CHCl3).  

IR υmax (film): cm-1 1248, 1665, 2851, 2930.   

1H NMR (400 MHz, CDCl3): δ 11.22 (s, 1H), 6.36 (s, 1H), 6.26 (s, 1H), 4.73 (td, J = 

10.1, 6.1 Hz, 1H), 3.82 (s, 3H), 3.63 – 3.57 (m, 1H), 3.43 (dd, J = 10.7, 5.3 Hz, 1H), 

2.93 (ddd, J = 19.6, 16.3, 7.4 Hz, 2H), 2.12 (dt, J = 14.0, 6.9 Hz, 1H), 1.84 – 1.78 (m, 

2H), 1.63 – 1.48 (m, 4H), 1.20 (s, 1H), 1.14 (d, J = 6.1 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 169.9, 165.8, 164.5, 141.2, 106.2, 101.8, 99.4, 76.4, 

73.9, 73.3, 55.5, 40.9, 33.1, 32.9, 31.1, 23.5, 22.14.  

HRMS calculated for C17H23O5 [M + H]+ 307.1545, observed 307.1540. 

Synthesis of (R)-8-hydroxy-6-methoxy-3-(((2R,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-10) 

 

The concerned compound CL-10 was synthesized using similar protocol as that of CL-

9. 

[α]25
D = +48.90 (c, CHCl3).  

IR υmax (film): cm-1 1374, 1665, 1743, 2852, 2931.  

1H NMR (400 MHz, CDCl3): δ 11.22 (s, 1H), 7.26 (s, 1H), 6.35 (d, J = 1.5 Hz, 1H), 

6.23 (s, 1H), 4.83 (td, J = 9.8, 2.7 Hz, 1H), 3.81 (s, 3H), 3.69 (t, J = 10.6 Hz, 1H), 3.48 

– 3.42 (m, 1H), 2.86 (d, J = 7.3 Hz, 2H), 1.89 – 1.75 (m, 4H), 1.57 (dd, J = 16.6, 6.2 

Hz, 4H), 1.13 (d, J = 6.2 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 169.9, 165.8, 164.5, 141.2, 106.1, 101.8, 99.4, 75.9, 

73.7, 72.9, 55.5, 42.0, 33.8, 33.2, 31.7, 23.5, 22.1.  
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HRMS calculated for C17H23O5 [M + H]+ 307.1545, observed 307.1540. 

Synthesis of (R)-5,7-dibromo-6,8-dihydroxy-3-(((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-13) 

 

Br2 was added dropwise to a solution of isocladosporin (0.015 g, 0.051 mmol) in 

CH2Cl2 (10 mL) at 0 °C. Following which the reaction mixture was quenched with 

Na2S2O3 and extracted with CH2Cl2 (10 mL x 3). The combined organic layers were 

dried over Na2SO4 and concentrated under vacuo to furnish CL-13 (0.017 g) in 73% 

yield. 

[α]25
D = +11.8  (c 0.7, CHCl3).  

IR υmax (film): cm-1 1645, 1822, 2920, 3330.  

1H NMR (400 MHz, MeOD): δ 4.86 – 4.74 (m, 1H), 3.64 (t, J = 10.4 Hz, 1H), 3.48 – 

3.45 (m, 1H), 3.32 (overlap, 1H), 2.80 (dd, J = 17.1, 11.6 Hz, 1H), 1.96 – 1.90 (m, 1H), 

1.85 – 1.78 (m, 2H), 1.59 (d, J = 10.4 Hz, 3H), 1.23 – 1.20 (m, 2H), 1.14 (d, J = 6.1 Hz, 

3H).  

13C NMR (100 MHz, MeOD): δ 170.94, 161.2, 159.4, 141.0, 103.8, 102.8, 98.5, 77.5, 

75.3, 74.9, 42.9, 35.4, 34.5, 33.0, 24.8, 22.6. 

Synthesis of (R)-5-chloro-6,8-dihydroxy-3-(((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (CL-14) 

 

Cladosporin (0.05 g, 0.171 mmol) was dissolved in THF (5 mL) and cooled to -30°C. 

SOCl2 (18 mL, 0.257 mmol) was added at the same temperature and stirred for 6 h. 
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After completion of the reaction as monitored by TLC, the reaction mixture was diluted 

with ethyl acetate (15 mL) and washed with saturated aqueous solution of NaHCO3 (10 

mL x 3). The combined organic layers were dried over Na2SO4 and concentrated under 

vacuo. Purification through column chromatography afforded CL-14 (0.034 g) in 61% 

yield. 

[α]25
D = +17.2 (c 1.2, CHCl3).  

IR υmax (film): cm-1 1246, 1662, 1793, 2930. 

1H NMR (400 MHz, CDCl3): δ 11.19 (s, 1H), 6.91 (s, 1H), 6.53 (s, 1H), 4.72 (ddt, J = 

12.1, 8.9, 3.3 Hz, 1H), 4.12 (td, J = 7.4, 3.6 Hz, 1H), 3.98 – 3.95(m, 1H), 3.19 (dd, J = 

17.0, 3.4 Hz, 1H), 2.79 (dd, J = 17.0, 11.8 Hz, 1H), 2.04 (ddd, J = 14.0, 10.5, 3.4 Hz, 

1H), 1.85 (ddd, J = 14.7, 8.9, 2.6 Hz, 1H), 1.73 – 1.62 (m, 4H), 1.34 (dd, J = 14.1, 6.6 

Hz, 2H), 1.22 (d, J = 6.4 Hz, 4H).  

13C NMR (100 MHz, CDCl3): δ 169.3, 162.7, 158.1, 138.1, 109.9, 102.7, 102.7, 75.8, 

67.7, 66.3, 39.2, 31.3, 30.9, 30.8, 19.0, 18.2.  

Synthesis of compound (2R,6S)-2-((R)-2-azido-3-(3,5-dimethoxyphenyl)propyl)-6-

methyltetrahydro-2H-pyran (6.2) 

 

Compound 6.1 (0.5 g, 1.69 mmol) was dissolved in CH2Cl2 (12 mL) and cooled to 0 

°C, following which Et3N (0.47 mL, 3.4 mmol) was added at the same temperature. 

After 15 mins methanesulfonyl chloride (0.2 mL, 2.55 mmol) and cat. DMAP (10 mg) 

was added to the same. The reaction mixture was allowed to reach room temperature 

and was stirred for 6 h. Upon completion of the reaction as monitored by TLC, it was 

diluted with DCM (10 mL x 3) and washed with saturated aqueous solution of NaHCO3 

(7 mL x 3). The combined organic layers were dried over Na2SO4, concentrated under 

vacuo and forwarded to next step without further purification. The obtained mesylated 

compound was dissolved in dry DMF (6 mL), following which NaN3 (0.55 g, 8.483 
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mmol) was added to the same and stirred at 65 °C for 12 h. The reaction mixture was 

diluted with ethyl acetate (18 mL) and washed with ice. The organic layer was dried 

over Na2SO4, concentrated under vacuo and forwarded as such without further 

purification. 

Synthesis of compound 2-((R)-2-azido-3-((2R,6S)-6-methyltetrahydro-2H-pyran-

2-yl)propyl)-4,6-dimethoxybenzoic acid (6.4) 

 

POCl3 (0.476 mL, 5.09 mmol) was added dropwise to an ice cold solution of the 

obtained azide intermediate 6.2 in DMF (7 ml). The reaction mixture was heated at 65 

°C for 12 h. After completion of the reaction as monitored by TLC, the reaction mixture 

was poured in to ice and saturated aqueous solution of NaHCO3 was added until basic. 

The reaction mixture was then extracted with ethyl acetate (15 mL x 2) was washed 

with ice. The organic layers were dried over Na2SO4, concentrated under vacuo to 

afford formylated intermediate which was forwarded to next step without further 

purification. The obtained formylated intermediate (0.679 g, 1.688 mmol) was 

dissolved in DMSO (20 mL) and cooled to 5-7 °C followed by addition of aqueous 

solution (5 ml) of NaH2PO4 (0.506 g, 4.22 mmol) at the same temperature. 2-methyl-

2-butene (15 mL) was added to the reaction mixture, following which aqueous solution 

(5 mL) of NaClO2 (0.382 g, 4.22 mmol) was added dropwise and left to stir at room 

temperature for 12 h. The reaction mixture was diluted with saturated aqueous NaHCO3 

until basic and washed with ethyl acetate (10 mL x 3). The collected aqueous layers 

were combined, acidified with 1N HCl and extracted with ethyl acetate (10 mL x 3). 

The organic layer thus obtained was dried over Na2SO4 and concentrated under vacuo 

to afford acid 9 which was used in next step as such. 
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Synthesis of compound (R)-6,8-dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)-3,4-dihydroisoquinolin-1(2H)-one (6.5) 

 

DIPEA (0.738 ml, 4.238 mmol) was added to a solution of acid 6.4 (0.706 g, 1.695 

mmol) in THF (10 mL) at 0 °C followed by the addition of EDC.HCl (0.65 g mg, 3.39 

mmol) and HOBT (0.458 g, 3.39 mmol). After 15 minutes triphenylphosphine (0.667 

g, 2.543 mmol) was added to the reaction mixture and was left to stir for 12 h at room 

temperature. The reaction mixture was then diluted with ethyl acetate (10 mL x 2) and 

washed with 1N HCl followed by saturated aqueous NaHCO3. The combined organic 

layers were dried over Na2SO4, concentrated under vacuo and purified by column 

chromatography to afford compound 6.5 (0.094 g) in 17% yield in 5 steps. 

[α]25
D = -22.81 (1.5, CHCl3).  

IR υmax (film): cm-1 1297, 1605, 1654, 1932.  

1H NMR (400 MHz, CDCl3): δ 6.38 (d, J = 2.2 Hz, 1H), 6.28 (d, J = 2.2 Hz, 1H), 6.12 

(s, 1H), 3.99 – 3.95 (m, 1H), 3.92 – 3.86 (m, 4H), 3.83 (s, 3H), 3.76 (ddd, J = 10.1, 7.9, 

3.9 Hz, 1H), 2.98 (dd, J = 15.3, 4.6 Hz, 1H), 2.70 (dd, J = 15.3, 8.1 Hz, 1H), 1.79 – 

1.66 (m, 4H), 1.59 – 1.53 (m, 2H), 1.33 – 1.26 (m, 2H), 1.19 (d, J = 6.6 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 164.6, 163.0, 161.8, 142.6, 110.5, 104.4, 97.5, 67.7, 

66.9, 56.1, 55.3, 47.0, 38.5, 36.6, 30.6, 30.5, 18.6, 18.2.  

HRMS calculated for C18H26O4N [M + H]+ 320.1861, observed 320.1856. 

Synthesis of (R)-6,8-dihydroxy-3-(((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)methyl)-3,4-dihydroisoquinolin-1(2H)-one (CL-12) 
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A suspension of aluminium powder (0.365 g, 13.54 mmol) in dry benzene (5 mL) was 

treated with I2 (1.2 g, 4.71 mmol) under argon, and the violet mixture was stirred under 

reflux for 30 min until the violet color disappeared. After the mixture was cooled to 0 

°C, few crystals of TBAI (7.7 mg, 0.029 mmol) and phloroglucinol (0.186 g, 1.47 

mmol) were added before a solution of compound 6.5 (0.094 g, 0.294 mmol) in dry 

benzene (3 mL) was added in one portion. The resulting green-brown suspension was 

stirred for 30 min at 5 °C before saturated Na2S2O3 solution (8 mL) and ethyl acetate 

(8 mL) were added. After separation of the layers, the aqueous phase was extracted with 

ethyl acetate. The combined organic layers were washed with brine, dried over Na2SO4, 

filtered, and concentrated in vacuo. Purification by column chromatography afforded 

CL-12 in 52% yield. 

[α]25
D = -25.1  (c 1.5, CHCl3).  

IR υmax (film): cm-1 1295, 1653, 1346, 1643, 3416.  

1H NMR (400 MHz, MeOD): δ 6.18 (d, J = 2.2 Hz, 1H), 6.13 (d, J = 2.3 Hz, 1H), 4.03 

– 3.92 (m, 2H), 3.76 (tt, J = 8.2, 5.1 Hz, 1H), 3.00 (dd, J = 15.7, 5.1 Hz, 1H), 2.73 (dd, 

J = 15.7, 7.9 Hz, 1H), 1.96 (ddd, J = 14.4, 9.4, 5.1 Hz, 1H), 1.71 – 1.59 (m, 5H), 1.37 

– 1.31 (m, 2H), 1.22 (d, J = 6.5 Hz, 3H).  

13C NMR (100 MHz, MeOD): δ 171.4, 164.6, 164.4, 142.2, 107.7, 104.4, 101.9, 69.5, 

68.5, 38.7, 35.0, 32.6, 31.2, 19.8, 19.3.  

HRMS calculated for C16H21O4NNa [M + Na]+ 314.1360, observed 314.1363. 

Synthesis of compound 2-((2R,6S)-6-methyltetrahydro-2H-pyran-2-

yl)acetaldehyde (8.2) 

 

Compound 8.1 (0.18 g, 1.3 mmol) was dissolved in a mixture of 3:1 CH2Cl2 : MeOH 

(20 mL) and the solution was then cooled to -78 °C. Solid NaHCO3 (1.0 g) was added 
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then ozone was bubbled until the solution turned blue. Argon was bubbled till complete 

disappearance of blue color, then dimethyl sulphide (x mL) was added and the mixture 

allowed to warm to room temperature and stirred for 16 h. The solvent and excess Me2S 

were removed in vacuo and the residue was taken up with CH2Cl2 (3 x 10 mL). The 

solution was then filtered and concentrated in vacuo to afford aldehyde 8.2 which was 

forwarded to next step without further purification. 

Synthesis of 2-(((2R,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl)quinazolin-

4(3H)-one (CL-11) 

 

Anthranilic acid (0.231 g, 1.69 mmol), formamide (67 mL, 1.69 mmol) and compound 

8.2 (0.12 g, 0.845 mmol) was dissolved in PEG-400 (8 mL) and was stirred at 130 °C 

for 12 h. The reaction mixture was then cooled to room temperature and diluted with 

ethyl acetate (15 mL), following which it was washed with H2O. The combined organic 

layers were dried over Na2SO4, concentrated under vacuo and purified through column 

chromatography to afford CL-11 (0.156 g) in 72% yield as a foamy solid. 

[α]25
D = -0.4  (c 0.5, CHCl3).  

IR υmax (film): cm-1 1257, 1613, 1657, 2853, 2917.  

1H NMR (400 MHz, CDCl3): δ 10.3 (s, 1H), 8.26 (d, J = 7.4 Hz, 1H), 7.74 – 7.70 (m, 

1H), 7.63 (d, J = 8.1 Hz, 1H), 7.44 (t, J = 7.4 Hz, 1H), 3.81 – 3.77 (m, 1H), 3.55 (dd, J 

= 10.8, 4.8 Hz, 1H), 2.91 – 2.81 (m, 2H), 1.86 – 1.83 (m, 1H), 1.67 – 1.50 (m, 4H), 1.41 

– 1.33 (m, 1H), 1.28 (d, J = 6.1 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 161.6, 154.8, 148.8, 134.4, 126.9, 126.4, 121.4, 75.6, 

74.6, 41.6, 32.7, 30.8, 23.2, 22.1 
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Synthesis of compound 2-vinyltetrahydro-2H-pyran (9.2) 

 

Triethylamine (2.1 mL, 15.00 mmol) was added to a solution of diol 5 (1.5 g, 11.52 

mmol) in CH2Cl2 (30 mL) at 0 °C. After 15 minutes methanesulfonyl chloride (0.8 ml, 

10.37 mmol) was added to the same followed by the addition of catalytic DMAP (15 

mg). The reaction mixture was warmed to room temperature and stirred for 12 h. After 

completion of the reaction it was diluted with DCM (15 mL) and washed with saturated 

aqueous NaHCO3. The combined organic layers were washed with brine, dried over 

Na2SO4, filtered, and concentrated in vacuo to afford corresponding mesylated 

compound which was forwarded to next step without further purification. The obtained 

mesylated compound was dissolved in dry THF (35 mL) and NaH (~55%) (0.654 g, 

14.98 mmol) was added at 0 °C. The reaction mixture was warmed to room temperature 

and stirred for 12 h. After completion of the reaction as monitored by TLC, the reaction 

mass cooled to 0 °C was quenched with saturated aqueous NH4Cl solution (15 mL). 

The reaction mixture was then extracted with diethyl ether (15 mL x 3) dried over 

Na2SO4 and the resultant reaction mixture was filtered through a pad of celite and 

concentrated via rotary evaporation at low temperature to afford compound 9.2. 

Synthesis of compound methyl (E)-2,4-dimethoxy-6-(3-(tetrahydro-2H-pyran-2-

yl)allyl)benzoate (9.4) 

 

A solution of compound 9.2 (0.831 g, 7.41 mmol) in CH2Cl2 (50 mL) was degassed 

with argon for 15 min. Solution of Compound 9.3 (0.7 g, 2.96 mmol) in CH2Cl2 was 

added in the same followed by addition of 5 mol % of the Grubbs’ second generation 

catalyst. The reaction mixture was stirred at room temperature for 36 h. It was then 

filtered through a short pad of Celite and concentrated under reduced pressure to 

remove excess CH2Cl2. The crude thus obtained was purified through column 

chromatography to afford compound 9.4 (0.322 g) in 34 % yield. 
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IR υmax (film): cm-1 1458, 1600, 1722, 2935.  

1H NMR (400 MHz, CDCl3): δ 6.32 (s, 2H), 5.76 – 5.69 (m, 1H), 5.50 (dd, J = 15.4, 

5.9 Hz, 1H), 3.97 (d, J = 9.4 Hz, 1H), 3.85 (s, 3H), 3.85-3.72 (m, 7H), 3.44 (t, J = 11.2 

Hz, 1H), 3.31 (d, J = 6.4 Hz, 2H), 1.83 – 1.81 (m, 1H), 1.61 (dd, J = 24.6, 12.1 Hz, 2H), 

1.50 (dd, J = 16.3, 7.7 Hz, 2H), 1.36 (dd, J = 23.1, 11.6 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 168.4, 161.5, 158.2, 140.5, 133.1, 128.9, 116.1, 106.1, 

96.5, 77.9, 68.3, 55.9, 55.3, 52.0, 36.7, 32.0, 25.8, 23.3.  

HRMS calculated for C18H24O5Na [M + Na]+ 343.1517, observed 3343.1516. 

Synthesis of compound 3-(hydroxy(tetrahydro-2H-pyran-2-yl)methyl)-6,8-

dimethoxyisochroman-1-one (9.5) 

 

To a solution of compound 9.4 (0.322 g, 1.005 mmol) in acetone (12 mL) and water (6 

mL) was added 4-methylmorpholine N-oxide (0.353 g, 3.015 mmol) followed by the 

careful addition of catalytic amount of 2.5% OsO4 (tert-butanol solution) at 0 °C. After 

stirring for 12 h at room temperature saturated aqueous solution of Na2SO3 (15 mL) 

was added and further stirred for 6 h at room temperature. Excess acetone was removed 

under vacuo, and the remaining aqueous part was extracted with ethyl acetate (3 × 20 

mL). The combined organic parts were dried over sodium sulfate and concentrated 

under vacuo. Purification through column chromatography afforded compound 9.5 

(0.181 g) in 56 % yield.  

IR υmax (film): cm-1 1247, 1374, 1662, 2929.  

1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.33 (s, 1H), 4.71 (d, J = 12.9 Hz, 1H), 

3.92-3.89 (m, 4H), 3.86-3.80 (m, 4H), 3.52 (t, J = 9.3 Hz, 1H), 3.44 – 3.28 (m, 3H), 

2.66 – 2.62 (m, 1H), 2.04 – 1.88 (m, 3H), 1.37 – 1.25 (m, 3H).  
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13C NMR (100 MHz, CDCl3): δ 164.6, 163.1, 162.5, 144.3, 106.6, 104.0, 97.7, 76.1, 

75.6, 75.1, 68.5, 56.16, 55.6, 31.7, 28.6, 26.1, 22.9. HRMS calculated for C17H23O6 [M 

+ H]+ 323.1493, observed 31323.1489. 

Synthesis of compound O-((6,8-dimethoxy-1-oxoisochroman-3-yl)(tetrahydro-2H-

pyran-2-yl)methyl) S-methyl carbonodithioate (9.6a) 

 

To a solution of compound 9.5 (0.181 g, 0.561 mmol) in THF (20 mL) was added 

KHMDS (1 M in THF) (0.7 mL, 0.73 mmol) at 0 °C. After 15 min CS2 (68 ml, 1.12 

mmol) was added, which was followed by the addition of CH3I (105 mL, 1.68 mmol). 

After stirring the reaction mixture for 12 h, H2O (10 mL) was added to the same and 

extracted with ethyl acetate. The combined organic layers were dried over Na2SO4 and 

concentrated under vacuo. Purification through flash chromatography gave clean 

separation of the two diastereomer 18a (0.095 g) and 18b (0.056 g) as foamy solids with 

an overall yield of 71% and 9.6a as the major diastereomer. 

IR υmax (film): cm-1 1210, 1598, 1722, 2937.  

1H NMR (400 MHz, CDCl3): δ 6.38 (d, J = 2.2 Hz, 1H), 6.28 (d, J = 1.9 Hz, 1H), 5.96 

(dd, J = 9.2, 1.5 Hz, 1H), 4.89 (ddd, J = 12.3, 2.8, 1.5 Hz, 1H), 4.02 (ddd, J = 11.2, 7.0, 

2.1 Hz, 1H), 3.91 (s, 4H), 3.83 (s, 3H), 3.48 (td, J = 11.1, 3.8 Hz, 1H), 3.00 – 2.93 (m, 

1H), 2.72 (dd, J = 16.2, 2.8 Hz, 1H), 2.56 (s, 3H), 1.85 – 1.82 (m, 1H), 1.57 – 1.45 (m, 

3H), 1.30 (ddd, J = 12.6, 10.5, 3.5 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 217.3, 164.4, 163.0, 162.2, 143.6, 106.9, 103.8, 97.9, 

82.5, 74.1, 73.5, 68.5, 56.1, 55.5, 31.6, 28.0, 25.9, 22.6, 19.3.  

HRMS calculated for C19H25O6S2 [M + Na]+ 413.1087, observed 413.1087. 
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Synthesis of compound 6,8-dimethoxy-3-((tetrahydro-2H-pyran-2-

yl)methyl)isochroman-1-one (9.7) 

 

Compound 9.6a (0.095 g, 0.23 mmol) was dissolved in toluene (12 mL) which was 

followed by the addition of AIBN (3.8 mg, 0.023 mmol) and tributyltin hydride (0.186 

mL, 0.69 mmol). The reaction mixture was stirred at 95 °C for 4 h. After completion of 

the reaction as monitored by TLC, it was washed with brine (15 ml x 3) and then with 

30% aqueous KF (30 mL) solution to precipitate the unwanted tin impurities. The solid 

precipitate was filtered off and the process was repeated five times. The obtained 

organic layers were washed with water (20 mL x 3) and dried over Na2SO4 and 

concentrated under vacuo to obtain the final product which was forwarded as such. 

Synthesis of 6,8-dihydroxy-3-((tetrahydro-2H-pyran-2-yl)methyl)isochroman-1-

one (CL-15) 

 

CL-15 was synthesized using similar protocol as that of CL-2. 

IR υmax (film): cm-1 1251, 1636, 2856, 2930. 

1H NMR (400 MHz, CDCl3): δ 11.07 (s, 1H), 7.83 (s, 1H), 6.30 (s, 1H), 6.09 (s, 1H), 

4.76 (t, J = 10.0 Hz, 1H), 4.01 (d, J = 10.6 Hz, 1H), 3.74 (t, J = 10.1 Hz, 1H), 3.51 (t, J 

= 9.1 Hz, 1H), 2.85 – 2.78 (m, 1H), 2.62 (d, J = 15.8 Hz, 1H), 1.92 – 1.86 (m, 2H), 1.74 

– 1.68 (m, 1H), 1.62 – 1.57 (m, 3H), 1.37 – 1.24 (m, 2H).  

13C NMR (100 MHz, CDCl3): δ 169.9, 164.4, 163.3, 141.7, 106.4, 102.2, 101.5, 75.7, 

73.8, 68.7, 41.7, 33.6, 32.0, 25.8, 23.2.  

HRMS calculated for C15H19O5 [M + H]+ 279.1230, observed 279.1227.  
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Synthesis of compound 3-(iodomethyl)-6,8-dimethoxyisochroman-1-one (10.2) 

 

Acid 10.1 (2.5 g, 11.25 mmol) was dissolved in THF (18 mL) and cooled to 0 °C, 

following which NaHCO3 (1.89 g, 22.5 mmol) and I2 (3.43 g, 13.5 mmol) was added 

one after the other. The reaction mixture was stirred for 12 h at room temperature. After 

complete consumption of the starting material, the reaction mass was diluted with ethyl 

acetate (20 mL) and washed with saturated aqueous NH4Cl solution (10 mL x 3). The 

combined organic layers were dried over Na2SO4, concentrated under vacuo and 

forwarded as such without further purification. 

Synthesis of compound 6,8-dimethoxy-3-(piperidin-1-ylmethyl)isochroman-1-one 

(10.3) 

 

Compound 10.2 (0.2 g, 0.574 mmol) and piperidine (113 ml, 1.15 mmol) was dissolved 

in acetonitrile (7 mL) following which triethylamine (0.2 ml, 1.44 mmol) was added 

the reaction mixture was heated at 150 °C under micro wave irradiation. After complete 

conversion of the starting material, the reaction mixture was diluted with ethyl acetate 

(20 mL) and washed thoroughly with H2O (15 mL x 4). The collected organic layers 

were washed with brine, dried over Na2SO4 and concentrated under vacuo. The crude 

was passed through a short pad of silica to afford compound 10.3 which was forwarded 

to next step without further purification. 

Synthesis of compound 3-((4,4-dimethyl-1,4-azasilinan-1-yl)methyl)-6,8-

dimethoxyisochroman-1-one (10.4) 

 

Compound 10.4 was synthesized following similar procedure as that of compound 10.3. 
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Synthesis of 3-((4,4-dimethyl-1,4-azasilinan-1-yl)methyl)-6,8-

dihydroxyisochroman-1-one (CL-16) 

 

CL-16 was synthesized following similar procedure as that of CL-2. 

IR υmax (film): cm-1 1245, 1669, 1821, 3651, 3771.  

1H NMR (400 MHz, DMSO-d6): δ 10.87 (s, 1H), 10.13 (s, 1H), 6.30 (s, 1H), 6.26 (s, 

1H), 5.20 (d, J = 6.8 Hz, 1H), 3.59 – 3.39 (m, 6H), 2.96 (d, J = 7.1 Hz, 2H), 1.17 – 0.96 

(m, 4H), 0.18 (s, 3H), 0.12 (s, 3H).  

13C NMR (100 MHz, DMSO-d6): δ 167.9, 164.8, 163.4, 141.0, 107.1, 101.2, 100.0, 

73.1, 56.7, 52.3, 51.3, 30.2, 9.5, -3.3, -4.3.  

HRMS calculated for C16H24NSi [M + H]+ 322.1476, observed 322.1469. 

Synthesis of 6,8-dimethoxy-3-(piperidin-1-ylmethyl)isochroman-1-one (CL-17) 

 

CL-17 was synthesized following similar procedure as that of CL-2. 

IR υmax (film): cm-1 1241, 1622, 1671, 2658, 3138.  

1H NMR (400 MHz, DMSO-d6): δ 10.87 (s, 1H), 9.83 (s, 1H), 6.30 (s, 1H), 6.25 (s, 

1H), 5.21 – 5.17 (m, 1H), 3.73 – 3.43 (m, 6H), 2.96 – 2.94 (m, 2H), 1.80 – 1.68 (m, 

5H), 1.39 (s, 1H). 

13C NMR (100 MHz, DMSO-d6): δ 167.8, 164.8, 163.4, 140.9, 107.1, 101.2, 100.0, 

72.6, 58.1, 53.6, 51.9, 29.9, 22.2, 22.1, 21.1.  

HRMS calculated for C15H20O4N [M + H]+ 278.1389, observed 278.1387. 
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Synthesis of compound 1-(3,5-dimethoxyphenyl)decan-2-ol (11.3) 

 

To an oven dried two neck round bottomed flask equipped with a magnetic stir bar was 

added activated magnesium metal (1.00 g, 42.27 mmol) under argon atmosphere. THF 

(100 mL) was added followed by the addition of a pinch of I2 and was stirred vigorously 

for 30 min. 1-bromo-3,5-dimethoxy benzene (11.1) (8.33 g, 38.4 mmol) dissolved in 

THF (30 mL) was added drop wise to the stirring solution. The onset of exothermic 

reaction was characterized by decolorization of I2. The resulting mixture was stirred for 

2 h. The freshly prepared Grignard reagent was cooled to -30 °C followed by the 

addition of Copper (I) iodide (0.366 g, 1.92 mol%). Solution of epoxide 11.2 (1.5 g, 9.6 

mmol) in THF (10 mL) was added drop wise and left to stir for 16 h at -30°C. The 

reaction mixture was quenched with saturated aqueous NH4Cl (30 mL) and extracted 

with diethyl ether (30 mL x 3). The combined organic layers were dried over anhydrous 

Na2SO4, and concentrated under vacuo. The resulting mixture thus obtained as 

yellowish oil was purified by column chromatography to afford corresponding alcohols 

11.3 (2.5 g) as yellowish oil with an overall yield of 87%. 

IR υmax (film): cm-1 1154, 1463, 1600, 2853, 2925.  

1H NMR (400 MHz, CDCl3): δ 6.37 (d, J = 2.2 Hz, 2H), 6.35-6.34 (m, 1H), 3.82 – 3.73 

(m, 7H), 2.77 (dd, J = 13.5, 4.0 Hz, 1H), 2.57 (dd, J = 13.5, 8.6 Hz, 1H), 1.58 – 1.50 

(m, 4H), 1.36 – 1.27 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 160.9, 141.0, 107.3, 98.4, 72.5, 55.3, 44.4, 36.9, 31.9, 

29.7, 29.6, 29.3, 25.8, 22.7, 14.1.  

HRMS calculated for C18H31O3 [M + H]+ 295.2265, observed 295.2268. 
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Synthesis of compound 6,8-dimethoxy-3-octylisochroman-1-one (11.4) 

 

To a solution of compound 11.3 (1.00 g, 3.396 mmol) and trimethyl orthoformate (8 

mL) in DCM (15 mL) was added pTSA (58 mg, 0.34 mmol). After being stirred for 1 

h, the reaction mixture was quenched with addition of saturated aqueous NaHCO3 

solution, and the resulting mixture was diluted with Et2O (20 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O. The combined organic layers 

were dried over anhydrous Na2SO4 and concentrated in vacuo to obtain a brownish 

oil.To a cooled (0 °C) solution of the obtained brownish oil in acetone (12 mL) was 

added 3.0 M Jones oxidant (2.4 mL). The reaction mixture was then warmed to room 

temperature and stirred for 1 h. After quenching by addition of water, the resulting 

mixture was diluted with ethyl acetate (20 mL). The layers were separated, and the 

aqueous layer was further extracted with ethyl acetate (15 mL). The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated under vacuo. The residue 

was purified by column chromatography to afford compound 11.4 as a brownish oil. 

IR υmax (film): cm-1 1235, 1599, 1719, 2926.  

1H NMR (400 MHz, CDCl3): δ 6.39 (d, J = 2.2 Hz, 1H), 6.29 (d, J = 2.1 Hz, 1H), 4.33 

(tdd, J = 10.8, 5.2, 3.2 Hz, 1H), 3.91 (s, 3H), 3.85 (s, 3H), 2.82 (qd, J = 16.0, 7.1 Hz, 

2H), 1.82 (dddd, J = 12.3, 10.1, 7.4, 4.9 Hz, 1H), 1.68 – 1.59 (m, 1H), 1.56 – 1.47 (m, 

1H), 1.40 (ddd, J = 18.3, 10.4, 5.4 Hz, 1H), 1.28 – 1.26 (m, 10H), 0.87 (t, J = 6.9 Hz, 

3H).  

13C NMR (100 MHz, CDCl3): δ 164.3, 163.1, 162.8, 144.0, 107.1, 103.8, 97.7, 77.3, 

56.1, 55.5, 34.9, 34.7, 31.8, 29.4, 29.4, 29.2, 24.9, 22.6, 14.1.  

HRMS calculated for C19H29O4 [M + H]+ 321.2063, observed 321.2060. 
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Synthesis of 6,8-dihydroxy-3-octylisochroman-1-one (CL-18) 

 

CL-18 was synthesized following similar procedure as that of CL-2. 

IR υmax (film): cm-1 1249, 1632, 2856, 2923, 3243.  

1H NMR (400 MHz, CDCl3): δ 11.15 (s, 1H), 6.70 (s, 1H), 6.33 (s, 1H), 6.22 (s, 1H), 

4.51 (ddt, J = 10.2, 7.4, 5.0 Hz, 1H), 2.91 – 2.79 (m, 2H), 1.90 – 1.81 (m, 1H), 1.73 – 

1.64 (m, 1H), 1.56 – 1.49 (m, 1H), 1.44 – 1.39 (m, 1H), 1.31 – 1.26 (m, 10H), 0.88 (t, 

J = 6.8 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 170.3, 164.3, 162.8, 141.8, 106.7, 101.9, 101.7, 79.4, 

34.7, 33.1, 31.8, 29.4, 29.3, 29.2, 24.8, 22.6, 14.0.  

HRMS calculated for C17H25O4 [M + H]+ 293.1750, observed 293.1747. 

General procedure for the synthesis of 6-fluoro-4-oxo-N-((tetrahydrofuran-2-

yl)methyl)-4H-chromene-2-carboxamide (CL-20), 6-fluoro-4-oxo-N-(thiophen-2-

ylmethyl)-4H-chromene-2-carboxamide (CL-21) and 6-fluoro-4-oxo-N-pentyl-4H-

chromene-2-carboxamide (CL-22) 

 

Chromen carboxylic acid 12.1 was dissolved in dry DMF following which 

triethylamine (1.5 equivalent) was added at 0 °C. Corresponding amine (1.3 equivalent) 

was added to the reaction which was followed by dropwise addition a solution of 

PyBOP (2.0 equivalent) in DCM at the same temperature. The reaction mixture was 

allowed to stir at room temperature for 12 h. After completion of reaction, it was diluted 

with ethyl acetate and washed with ice to remove the excess DMF. The ethyl acetate 

layer thus obtained was further washed with 1N HCl, saturated aqueous NaHCO3 and 
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water. The collected organic layer was dried over Na2SO4, concentrated under vacuo 

and purified through column chromatography to afford the final amide analogue (CL-

20, CL-21 and CL-22). 

CL-22:  

IR υmax (film): cm-1 1469, 1645, 2935, 3314.  

1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 3.1 Hz, 1H), 7.54 (dd, J = 9.2, 4.1 Hz, 

1H), 7.46 (ddd, J = 9.2, 7.5, 3.1 Hz, 1H), 7.15 (s, 1H), 6.91 (s, 1H), 3.48 (dd, J = 14.0, 

6.5 Hz, 2H), 1.66 (p, J = 7.4 Hz, 2H), 1.37 (dq, J = 7.2, 3.7 Hz, 4H), 0.96 – 0.81 (m, 

3H).  

13C NMR (125 MHz, CDCl3): δ 177.4, 160.9, 158.9, 155.0, 151.4, 125.6, 125.5, 122.8, 

122.6, 120.2, 120.1, 111.3, 111.2, 111.0, 40.1, 29.1, 29.0, 22.3, 13.9.  

HRMS calculated for C15H17O3NF [M + H]+ 278.1192, observed 278.1187. 

CL-20:  

IR υmax (film): cm-1 1079, 1504, 1672, 2925.  

1H NMR (400 MHz, CDCl3): δ 7.85 (dd, J = 8.0, 2.9 Hz, 1H), 7.57 (dd, J = 9.1, 4.0 

Hz, 1H), 7.48 – 7.43 (m, 1H), 7.15 (s, 1H), 4.11 – 4.07 (m, 1H), 3.93 (dd, J = 14.8, 6.9 

Hz, 1H), 3.82 (dd, J = 14.4, 6.9 Hz, 2H), 3.37 – 3.31 (m, 1H), 2.08 (dt, J = 12.5, 6.7 

Hz, 1H), 1.96 (dt, J = 13.7, 6.9 Hz, 2H), 1.61 (td, J = 15.5, 7.6 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 177.4, 161.1, 159.1, 158.7, 154.9, 151.4, 125.6, 122.9, 

122.6, 120.4, 120.3, 111.4, 111.2, 110.9, 68.3, 43.7, 28.8, 25.8.  

HRMS calculated for C15H14O4NF [M + H]+ 291.0914, observed 291.0910. 

CL-21:  

IR υmax (film): cm-1 1521, 1641, 2924, 3306.  
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1H NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 3.0 Hz, 1H), 7.52 (dd, J = 9.2, 4.1 

Hz, 1H), 7.47 – 7.42 (m, 1H), 7.29 (dd, J = 5.2, 1.0 Hz, 1H), 7.22 (s, 1H), 7.18 (s, 1H), 

7.10 (d, J = 3.2 Hz, 1H), 7.00 (dd, J = 5.1, 3.4 Hz, 1H), 4.85 (d, J = 5.6 Hz, 2H).  

13C NMR (100 MHz, CDCl3): δ 177.2, 161.2, 158.7, 154.6, 151.4, 139.1, 127.2, 127.0, 

126.0, 125.6, 125.6, 122.9, 122.7, 120.3, 120.2, 111.6, 111.2, 111.0, 38.6.  

HRMS calculated for C15H11O3NFS [M + H]+ 304.0442, observed 304.0438. 

Synthesis of 4-oxo-N-pentyl-4H-chromene-2-carboxamide (CL-23) 

 

After synthesizing acid fragment 13.1 using known protocol it was further coupled with 

n-pentylamine following similar procedure as that of CL-20, CL-21 and CL-22 to 

afford CL-23. 

1H NMR (400 MHz, CDCl3): δ 8.20 (dd, J = 8.0, 1.6 Hz, 1H), 7.73 (ddd, J = 8.7, 7.2, 

1.7 Hz, 1H), 7.53 – 7.51 (m, 1H), 7.47 – 7.42 (m, 1H), 7.16 (d, J = 1.2 Hz, 1H), 7.02 

(s, 1H), 3.49 (dd, J = 13.9, 6.7 Hz, 2H), 1.67 (p, J = 7.3 Hz, 2H), 1.38 (td, J = 7.1, 3.6 

Hz, 4H), 0.92 (t, J = 7.0 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 178.2, 159.1, 155.2, 154.8, 134.5, 126.0, 125.9, 124.3, 

118.0, 112.0, 40.0, 29.1, 29.0, 22.3, 13.9.  

HRMS calculated for C15H18O3N [M + H]+ 260.1284, observed 260.1281. 

General procedure for the synthesis of 1-oxo-N-pentyl-1H-isochromene-3-

carboxamide (CL-19) and N-(cyclohexylmethyl)-1-oxo-1H-isochromene-3-

carboxamide (CL-24) 
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CL-19 and CL-24 was synthesized using similar protocol as that of CL-20, CL-21 and 

CL-22. 

CL-24:  

IR υmax (film): cm-1 1465, 1644, 1713, 1940, 3314.  

1H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 8.1 Hz, 1H), 7.78 (dd, J = 10.9, 4.2 Hz, 

1H), 7.61 (t, J = 8.2 Hz, 2H), 7.49 (s, 1H), 6.93 (s, 1H), 3.44 (dd, J = 13.7, 6.8 Hz, 2H), 

1.65 – 1.58 (m, 2H), 1.37 – 1.34 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H).  

13C NMR (100 MHz, CDCl3): δ 160.8, 159.1, 145.9, 135.8, 135.4, 130.0, 130.0, 127.6, 

121.9, 108.6, 39.7, 29.1, 29.0, 22.3, 13.9.  

HRMS calculated for C15H18O3N [M + H]+ 260.1284, observed 260.1281 

CL-19:  

IR υmax (film): cm-1 1527, 1667, 1734, 2919, 3372.  

1H NMR (400 MHz, CDCl3): δ 8.32 (d, J = 7.8 Hz, 1H), 7.79 (td, J = 7.6, 1.3 Hz, 1H), 

7.64 – 7.60 (m, 2H), 7.50 (s, 1H), 6.96 (s, 1H), 3.29 (t, J = 6.6 Hz, 2H), 1.80 – 1.54 (m, 

6H), 1.30 – 1.15 (m, 3H), 1.04 – 0.95 (m, 2H).  

13C NMR (100 MHz, CDCl3): δ 160.8, 159.2, 145.9, 135.8, 135.4, 130.0, 130.0, 127.6, 

121.9, 108.6, 45.9, 37.9, 30.8, 26.3, 25.7.  

HRMS calculated for C17H20O3N [M + H]+ 286.1439, observed 286.1438. 

General procedure of CH-activation  

 

Benzoic acid (1.0 equivalent) and required epoxide (2.0 equivalent) was dissolved in 

HFIP in an oven dried sealed tube. tert-ac-leucine-OH (5 mol%), KOAc (1.0 
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equivalent) and Pd(OAc)2 (2.5 mol %) was added sequentially and the reaction mixture 

was heated at 80 °C for 24 h. The reaction mass was diluted with ethyl acetate and 

washed with saturated NH4Cl solution three times. The combined organic layers were 

washed with brine, dries over Na2SO4 and concentrated under vacuo. Purification using 

column chromatography afforded the final products as foamy solids. 

3-(phenoxymethyl)isochroman-1-one (CL-25): 

 

IR υmax(film): cm-1 1235, 1494, 1598, 1722, 2928. 

 1H NMR (400 MHz, CDCl3): δ 8.12 (d, J = 7.7 Hz, 1H), 7.57 (t, J = 7.4 Hz, 1H), 7.42 

(t, J = 7.6 Hz, 1H), 7.31 (t, J = 6.7 Hz, 3H), 7.01 – 6.92 (m, 3H), 4.91 (dt, J = 10.3, 4.5 

Hz, 1H), 4.31 (dd, J = 9.9, 4.5 Hz, 1H), 4.22 (dd, J = 9.9, 5.9 Hz, 1H), 3.28 (dd, J = 

16.2, 11.3 Hz, 1H), 3.14 (dd, J = 16.4, 3.3 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 164.7, 158.1, 138.4, 134.0, 130.4, 129.6, 127.8, 127.6, 

124.9, 121.4, 114.5, 76.1, 68.6, 30.2. 

HRMS calculated for C16H15O3 [M + H]+ 255.1014, observed 255.1016. 

3-((4-chlorophenoxy)methyl)isochroman-1-one (CL-26):  

 

IR υmax (film): cm-1 1235, 1490, 1721, 2930.  

1H NMR (400 MHz, CDCl3): δ 8.14 (dd, J = 7.8, 0.9 Hz, 1H), 7.59 (td, J = 7.5, 1.3 Hz, 

1H), 7.44 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 7.6 Hz, 1H), 7.29 – 7.27 (m, 1H), 7.27 – 7.24 
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(m, 1H), 6.90 – 6.88 (m, 1H), 6.87 – 6.86 (m, 1H), 4.91 (dtd, J = 11.4, 4.9, 3.5 Hz, 1H), 

4.28 (dd, J = 10.0, 4.6 Hz, 1H), 4.22 (dd, J = 10.0, 5.4 Hz, 1H), 3.30 (dd, J = 16.4, 11.5 

Hz, 1H), 3.12 (dd, J = 16.4, 3.4 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 164.6, 156.8, 138.3, 134.0, 130.4, 129.4, 127.9, 127.6, 

126.3, 124.8, 115.8, 76.0, 69.0, 30.0.  

HRMS calculated for C16H14O3Cl [M + H]+ 289.0629, observed 289.0626. 

3-((4-bromophenoxy)methyl)isochroman-1-one (CL-27): 

 

IR υmax (film): cm-1 1235, 1493, 1722, 2931.  

1H NMR (400 MHz, CDCl3): δ 8.12 (dd, J = 7.8, 1.1 Hz, 1H), 7.57 (td, J = 7.5, 1.4 Hz, 

1H), 7.44 – 7.38 (m, 3H), 7.30 (d, J = 7.4 Hz, 1H), 6.83 – 6.79 (m, 2H), 4.92 – 4.86 (m, 

1H), 4.23 (ddd, J = 15.4, 9.9, 5.0 Hz, 2H), 3.28 (dd, J = 16.4, 11.4 Hz, 1H), 3.10 (dd, J 

= 16.4, 3.4 Hz, 1H).  

13C NMR (100 MHz, CDCl3): δ 164.6, 157.2, 138.3, 134.0, 132.4, 130.4, 127.9, 127.6, 

124.8, 116.3, 113.7, 76.0, 69.0, 30.0.  

HRMS calculated for C16H14O3Br [M + H]+ 333.0126, observed 333.0121. 

3-(hydroxymethyl)isochroman-1-one (CL-28):  

 

IR υmax (film): cm-1 1279, 1713, 2931, 3421.  
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1H NMR (400 MHz, CDCl3): δ 8.09 (d, J = 7.4 Hz, 1H), 7.55 (td, J = 7.4, 1.1 Hz, 1H), 

7.40 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 9.1 Hz, 1H), 4.68 – 4.62 (m, 1H), 3.97 (dd, J = 

12.2, 2.9 Hz, 1H), 3.85 (dd, J = 12.2, 5.0 Hz, 1H), 3.23 (dd, J = 16.4, 12.4 Hz, 1H), 

2.86 (dd, J = 16.4, 3.1 Hz, 1H), 2.46 (s, 1H).  

13C NMR (100 MHz, CDCl3): δ 165.2, 138.8, 134.0, 130.3, 127.7, 127.6, 124.7, 79.0, 

64.2, 29.1.  

HRMS calculated for C10H11O3 [M + H]+ 179.0701, observed 179.0703. 

Biological Assay 

(in collaboration with Dr. Amit Sharma, ICGEB, New Delhi, India) 

Detailed experimental procedure for protein expressions and purifications, thermal 

shift assays, aminoacylation assays, P. falciparum culture and co-crystallization could 

be found at J. Med. Chem. 2018, 61, 5664-5678. 

Crystallization: 

Highly pure PfKRS was stored at 15 mg ml-1 -80 °C.  Before crystallization, 0.5 mM 

inhibitors along with 2 mM L-Lys were added to 13 mg ml-1 protein solutions and 

incubated at 4 °C for 30 min. The PfKRS+CL-1+L-Lys crystals were obtained using 

hanging-drop vapour diffusion method at 20 °C. Initial screenings were carried out 

using nano-drop dispensing robot Mosquito (TTP Labtech) and the droplet size was a 

mixture of 100 nl of PfKRS+CL-1+L-Lys complex and 100 nl of well solutions from 

commercial crystal screens (Hampton Research and Molecular Dimensions). The 

crystallization drops were equilibrated against 75/100 mL well reservoir solutions using 

commercially available Morpheus screening reagents from Molecular Dimensions Ltd. 

Data collection and structure determination  

X-ray diffraction data were collected using beam-line I02 at Diamond Light Source 

(DLS), United Kingdom at a wavelength of 0.9688 Å. The data were processed by the 

xia2 auto-processing pipeline using DIALS32, 33for integration.  The initial model for 
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PfKRS-L-Lys-CL-2 was determined by the molecular-replacement (MR) method using 

Phaser34 with PDB entry 4PG3 as the template. The structure was further refined by 

iterative cycles of refinement with Refmac35 and Phenix36 and model building with 

COOT37. The stereo-chemical quality of the model was analysed using MolProbity38. 

The atomic coordinates and structural factors have been deposited into Protein Data 

Bank with accession code 6M0T. All structural superposition and preparation of figures 

was done using UCSF Chimera and PyMOL (http://www.pymol.org). 

In vitro pharmacokinetics 

The objective of the study was to evaluate the metabolic stability of test compounds in 

liver microsomes from human (HLM) and mice (MLM). This was accomplished by 

incubating test compounds with microsomes and monitoring disappearance with time 

using LC-MS/MS. Verapamil in HLM and imipramine in MLM were run as positive 

controls. 

A microsomal mix (microsomes and Kphos buffer) was prepared at concentration of 

0.357 mg mL-1 in 2 mL tubes.  To this microsomal mix 1.6 µL (1 mM) of test compound 

and positive control were spiked, from this mix 70 µL was transferred to 96 well plate 

and pre-incubated in a 37 oC water bath for 5 min. After pre-incubation zero-minute 

time point reaction was stopped using 100 µL of ice-cold acetonitrile containing 

internal standard, to this 30 µL of NADPH (3.33 mM in Kphos buffer) was added. For 

60 min time point reaction was initiated by addition of 30 µL of NADPH (3.33 mM in 

Kphos buffer) and incubated at 37 oC for 60 min, incubation reaction was stopped with 

100 µL of ice-cold acetonitrile containing internal standard (glipizide). The plates were 

centrifuged at 4000 RPM for 15 min and 100 µL aliquots were submitted for analysis 

by LC-MS/MS. Samples were monitored for parent compound disappearance in MRM 

mode using LC-MS/MS. The peak area ratios of analyte versus internal standard were 

used to calculate the % remaining at the end of 1 h in presence NADPH. Metabolic 

stability of positive control compounds verapamil for HLM and imipramine for MLM 

used in the experiment was consistent with literature values. The above in vitro 

http://www.pymol.org/
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pharmacokinetic studies have been conducted in collaboration with Sai Life Sciences 

Limited. 
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2.1. Introduction 

Fungal secondary metabolites are of significant synthetic interest and are often 

considered as privileged scaffolds in identification of lead molecules in medicinal 

chemistry and drug discovery program.1 Fungal secondary metabolites can be 

categorized in to four main classes, namely, polyketides, terpenoids, shikimic acid 

derived compounds, and non-ribosomal peptides. Besides, hybrid metabolites, 

composed of fused scaffolds from different classes are also prevalent, as in the case of 

meroterpinoides (fusion of terpenes and polyketides).2 Specifically speaking, fungal 

polyketides demonstrate one of the most structurally diverse classes of natural product 

which includes simple aromatic metabolites as well as complex macrocyclic lactones.3-

7 Among these fungal polyketide secondary metabolites, benzenediol lactone (BDL) 

represents a growing class of compounds consisting of 1,3-benzenediol moiety bridged 

by a macrocyclic lactone.8 This class of compounds represents a rich scaffold for 

structural variations, which are mainly reflected in the different degrees of unsaturation 

and positioning of oxidation in the macrolactone ring. The BDL family of natural 

products can further be categorized into resorcylic acid lactones (RALs) and 

dihydroxyphenylacetic acid lactones (DALs) based on the substituted resorcinol 

fragment fused to α, β-, and β, γ-positions of the macrolactone ring (Figure 1). 

 

Figure 1. Broad categorical distribution of fungal secondary metabolites. 
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Resorcyclic acid lactones (RALs), a specific class of compounds belonging to the BDL 

family, consists of a substituted resorcinol fragment fused with the macrolactone 

(Figure 1).9, 10 This specific class of compounds reflects a broad spectrum of biological 

activity which includes anti-tumor, anti-bacterial, anti-malarial activities11, 8 and are 

produced by a variety of fungal strains, such as Lasiodiplodia theobromae, Penicillium 

sp.; Syncephalastrum racemosum, Pyrenophora teres, and Acremonium zeae.12 Though 

several efforts have been invested in synthesizing twelve membered RALs (RAL12), no 

synthetic reports on total synthesis have been documented for penicimenolide family 

of RAL12 isolated from Penicillium sp. (NO. SYP-F-7919) in 2016.12 

Figure 2. Structures of RAL12 class of natural products. 

2.1.1. Structural similarity between cladosporin and (R)-penicimenolide A 

Following close scrutiny of the structural features of anti-malarial natural product 

cladosporin (discussed in Chapter 1) and (R)-penicimenolide A (2a) (RAL12), we 

identified an underlying and interesting structural similarity between the two (Figure 

3). A hypothetical acyl-oxygen cleavage of the lactone functionality of cladosporin 

converts the same to acid intermediate 3a. Oxidation of the homobenzylic alcohol 

functionality in 3a leads to intermediate 3b, following which a C-O cleavage of the 

tetrahydropyran (THP) moiety in 3b converts the same to intermediate 3c. A 

hypothetical macrolactonization of 3c could further generate the twelve membered 

macrolactone 3d followed by the introduction of ,-unsaturation to obtain (R)-

penicimenolide A. Hence, we could observe a close structural compliance between 
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cladosporin and (R)-penicimenolide A through hypothetical bond breaking and making 

as well as functional group interconversion and incorporation (Figure 3). 

Figure 3. Structural similarity between cladosporin and  (R)-penicimenolide A. 

As mentioned earlier, no reports on the total synthesis of penicimenolide family of 

natural products have been documented in the literature to date except few synthetic 

approaches to related molecules. After identifying an interesting structural similarity 

between cladosporin and (R)-penicimenolide A (2a), we planned to accomplish the total 

synthesis of (R)-penicimenolide A (2a) for the first time along with two other RALs 

namely, (R)-dihydroresorcyclide (2g) and (R)-trans-resorcyclide (2h). The reported 

synthetic approach for related natural products are mentioned below (Figure 4 and 5). 

2.1.2. Selected previous synthesis of related compounds 

The first total synthesis of trans-resorcyclide  was reported by Couladouros et al. in the 

year 2004. An unique eight-step linear synthesis has been utilized in this case where 

ring-closing metathesis and Stille carbonylative coupling were the key highlights13 

(Figure 4).  Following this, Miller et al. reported a nine-step formal synthesis of trans-

resorcyclide in the year 2007.14 The synthesis highlights an elegant bio-inspired Acyl-

Anion Equivalen Macrocyclization reaction as the key step in constructing the 

macrocyclic core (Figure 4). 
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Figure 4. Reported synthesis of trans-resorcyclide. 

Another report on the total synthesis of trans-resorcyclide appeared in the literature by 

Dai et al. in the year 2018, featuring a palladium-catalyzed macrocyclic Stille 

carbonylation as the key step in constructing the required macrocycle.15 The synthesis 
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started with bromo compound 4.12, which was converted to required vinylstannane 

4.13 in four steps. On the other hand, required acid chloride 4.15 was synthesized from 

commercially available starting material 4.14 in five step sequence. The desired Stille 

carbonylation precursor 4.16 was obtained through coupling of intermediates 4.13 and 

4.15. Palladium-catalyzed macrocyclic Stille carbonylation reaction on 4.15 followed 

by debenzylation furnished (R)-trans-resorcyclide (Figure 4). 

 

Figure 5. Reported synthesis of dihydroresorcyclide. 

In the year 2013, Guo et al. reported an efficient synthesis of (S)-dihydroresorcyclide 

in nine linear steps from commercially available orcinol monohydrate using 

esterification, carbonylation, and ring-closing metathesis (RCM) as the key steps.16 

Ring closing metathesis was used as the key step in constructing the core macrocyclic 

scaffold (Figure 4). Following the synthesis of (S)-dihydroresorcyclide in 2013, Guo et 
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al. published yet another total synthesis of both (R)- and (S)-dihydroresorcyclide in an 

attempt to confirm the absolute stereochemistry of the molecule (Figure 4).17 In this 

effort, the absolute configuration of the natural product was revised from an S 

stereochemistry to R based on specific rotation values. Besides, (R)-version of the 

natural product was found to be a novel highly specific PTP1B inhibitor with an IC50 

value of 17.06 μM. 

2.2. Results and discussion 

Herein, we report the first total synthesis of (R)-penicimenolide A (2a), where we have 

used Ring Closing Metathesis (RCM) as the key step for constructing the macrocycle. 

Besides, we also did achieve the total synthesis of two other RAL12 namely, (R)-

dihydroresorcyclide (2g) and (R)-trans-resorcyclide (2h) (Figure 2). The strategy for 

synthesis discussed herein is amenable for further modifications to generate analogues 

of similar scaffold for a systematic structure activity relationship (SAR) study. 

2.2.1. Retrosynthetic analysis of (R)-penicimenolide A , (R)-dihydroresorcyclide  

and (R)-trans-resorcyclide 

Retrosynthetically, we envisioned the synthesis of (R)-penicimenolide A (2a), (R)-

dihydroresorcyclide (2g) and (R)-trans-resorcyclide (2h), from the common 

macrocyclic intermediate 1.1. Demethylation of macrocycle 1.1 would afford (R)-

penicimenolide A (2a). Hydrogenation of compound 1.1 followed by demethylation of 

the saturated macrocycle 1.2 will furnish (R)-dihydroresorcyclide (2g). Lastly, olefin 

migration on macrocycle 1.1 followed by similar demethylation would in turn afford 

(R)-trans-resorcyclide (2h). Common macrocyclic intermediate 1.1 was planned to be 

procured from key fragments A, B and C through relevant functional group 

incorporation and interconversion (Scheme 1). The key macrolactone 1.1 was in turn 

planned to be synthesized using RCM as the key step (Scheme 1). 
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Scheme 1. Retrosynthetic analisys of (R)-penicimenolide A (2.1) (R)-trans-

resorcyclide (2.8) and (R)-dihydroresorcyclide (2.7). 

2.2.2. Total synthesis of (R)-penicimenolide A 

(R)-penicimenolide A (2a) is a twelve membered resorcyclic acid lactone (RAL12) 

isolated from Penicillium sp. (NO. SYP-F-7919), a fungus obtained from the 

rhizosphere soil of Panax notoginseng collected from the Yunnan province of China.12 
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Our synthesis commenced with the epoxide fragment B which was synthesized using a 

documented procedure from the literature,18 where racemic epichlorohydrin (2.1) was 

opened using vinyl magnesium bromide followed by an intramolecular SN2 reaction to 

furnish fragment B. The epoxide fragment B was then further opened using Grignard 

reagent generated from commercially available 1-bromo-3,5-dimethoxybenzene 

(Fragment A) to afford alcohol intermediate 2.2 which was confirmed by the presence 

of 1H NMR peak at 3.88 ppm corresponding to –OH attached proton. Besides, the 

presence of 1H NMR peak at 3.78 ppm corresponding to the methoxy groups also 

supports the product formation. The secondary hydroxyl group in 2.2 was protected 

with acetate functionality to afford intermediate 2.3 which was forwarded as such 

without any purification. Vilsmeier Haack reaction on compound 2.3 followed by 

Pinnick oxidation furnished the required acid fragment 2.4 (Scheme 3). 

 

Scheme 2. Synthesis of acid fragment 2.4. 

We planned to utilize Steglich easterification reaction to couple acid 2.4 with (R)-hex-

5-en-2-ol (Fragment C) for which we adopted standard  reaction protocol using 

EDC.HCl and DMAP in CH2Cl2, but were unable to obtain the desired ester 3.5. As an 

alternative, we performed Mitsunobu reaction on acid 2.4 in presence of (S)-hex-5-en-

2-ol (Fragment C’) to afford RCM precursor 3.5 as a diastereomeric mixture. The 

presence of two aromatic protons peaks at around 6.36 - 6.33 ppm, olefinic protons at 

5.89 – 4.97 ppm with terminal olefinic pattern confirms the formation of the required 
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product. Fragment C and Fragment C’ used in this case were synthesized using reported 

procedure from Grignard reaction of allyl magnesium bromide and propylene oxide of 

appropriate chirality.19 Grubbs’ II mediated RCM of compound 3.5 in refluxing CH2Cl2 

furnished macrocycle intermediate 3.6. The appearance of a multiplet pattern at 5.64 – 

4.93 ppm corresponding to two alkene protons, one proton attached to the lactone 

functionality, and one attached to the acetate functionality confirms the success of the 

reaction. Besides, the disappearance of terminal olefinic pattern at 5.88 – 5.69 ppm in 

the 1H NMR further supports the product formation. 

Scheme 3. Total synthesis of (R)-penicimenolide A (2a). 

The removal of the acetate functionality in macrocycle 3.6 was achieved using K2CO3 

in methanol, which was followed by Dess-Martin periodinane mediated oxidation of 

the secondary alcohol to afford chiral pure macrocycle 1.1. The presence of 1H NMR 

peak at 6.35 ppm corresponding to two aromatic protons, multiplet pattern of two 

olefinic protons at 5.57 – 5.43 ppm, and one proton attached to lactone functionality at 

5.22 – 2.15 ppm confirms the formation of the required compound 1.1. Besides the 

presence of 1H NMR peak at 4.16 and 3.17 ppm characteristic to benzylic protons also 

adds up to the success of the reaction. The 1,3-phenolic methoxy groups in 1.1 were 

demethylated using AlI3 mediated exhaustive demethylation, where the crude product 

was carefully purified through careful column chromatography (30% ethyl 

acetate/CHCl3) to furnish (R)-penicimenolide A (2a) (Scheme 3). The reason behind an 
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exceptional low yield of demethylation reaction in this case could possibly cited to the 

formation of unwanted biproducts. All the spectral data of the synthesized (R)-

penicimenolide A (2a) are in complete agreement with the documented data in the 

literature.12 

2.2.3. Total synthesis of (R)-dihydroresorcyclide 

(R)-dihydroresorcyclide (2g), a phytotoxic resorcinol-fused twelve-membered 

macrolide belonging to the class of RAL12 fungal polyketide, was isolated from the 

fermentation extracts of an endophyte Acremonium zeae by Poling et al.20 After 

successfully synthesizing (R)-penicimenolide A (2a), we further planned to utilize the 

common macrocycle intermediate 1.1 to access (R)-dihydroresorcyclide (2g) as well. 

For this purpose, we hydrogenated the macrocycle 1.1 under hydrogen atmosphere 

(balloon) in presence of 10% Pd/C to afford saturated macrocycle 1.2. Disappearance 

of the olefinic proton peaks in 1H NMR of the same confirms the formation of the 

required saturated macrocycle 1.2. Besides the presence of a triplet in the 1H NMR at 

2.43 ppm corresponding to -protons adjacent to the keto functionality furthers add up 

to the success of the reaction. The presence of doublets in the 1H NMR at 4.12 ppm and 

3.55 ppm corresponding to benzylic methylene protons were also observed. Compound 

1.2 was further subjected to AlI3 mediated exhaustive demethylation to furnish (R)-

dihydroresorcyclide (2g) in moderate yields (Scheme 4). The disappearance of the 1H 

NMR peak corresponding to the phenolic methoxy groups confirms a successful 

demethylation. Besides, all the spectral data of the synthesized compound are in 

complete agreement with the documented data in the literature.16,  17 

 

Scheme 4. Total synthesis of (R)-dihydroresorcyclide (2g). 

2.2.4. Total synthesis of (R)-trans-resorcyclide 
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(R)-trans-resorcyclide (2h) is a naturally occurring macrolide and a plant growth 

inhibitor isolated from different Penicillium sp.21 Structurally, this specific RAL12 

features an -unsaturated keto functionality as a part of the macrocycle ring system. 

For a ready access to the natural product, we initially planned to utilize the common 

macrocycle intermediate 1.1, and migrate the -olefin in the same to -unsaturated 

keto functionality (1.3), followed by AlI3 mediated exhaustive demethylation, to access 

(R)-trans-resorcyclide (Scheme 5). 

 

Scheme 5. Planned synthetic scheme to access (R)-trans-resorcyclide (2h) from 

common macrocycle intermediate 1.1. 

2.2.4.1. Efforts towards olefin migration: 

In an effort towards the synthesis of (R)-trans-resorcyclide (2h), we envisioned an 

initial olefin migration reaction on common macrocycle 1.1 to access the required -

unsaturated keto functionality in the macrocyclic scaffold. As a part of our efforts, we 

initially tried base mediated olefin migration on common macrocycle 1.1. Our initial 

choice of base for the same was 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), which was 

reacted with the substrate 1.1 in presence of acetonitrile solvent at room temperature. 

While monitoring the progress of reaction through thin layer chromatography (TLC), 

we did not observe any migrated product even after 12 h of reaction time. We even tried 

the same reaction condition with an elevated temperature of 80 °C for 12 h but were 

unable to obtain the required migrated product 1.3. Next, we changed our choice of the 

base from DBU to Lithium diisopropylamide (LDA). In this case, we used freshly 

prepared LDA from diisopropylamine and nBuLi (1.6 M in THF) and conducted the 

migration reaction in THF at -78 °C for 12 h, but we were unable to obtain the required 

product. We further warmed the reaction mixture to room temperature which led to the 
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decomposition of the starting material 1.1 as observed in TLC analysis. We also tried 

the olefin migration reaction using LiHMDS (1.0 M in THF) in THF as a solvent but 

did not observe any fruitful result. Being unable to obtain the required migrated product 

1.3 though bases mediated migration condition we planned to utilize Lewis acid like 

BF3.OEt2 in THF for the same. In this case, as well, we did not observe any reaction 

progress (TLC analysis) even after 12 h of reaction time at room temperature. 

Table 1. Conditions for olefin migration. 

We next planned to use Rhodium (III) chloride (RhCl3) as a reagent for the required 

olefin migration. Initially, we used ethanol as a solvent in reflux conditions for 12 h, 

but did not observe any progress in the reaction. We further changed the choice of 

solvent from polar protic (EtOH) to moderately polar aprotic solvent like THF, but 

could not obtain the required macrocycle (1.3) with -unsaturated keto functionality. 

We also used non-polar aprotic solvent like toluene and refluxed the reaction mixture 

at 112 °C with RhCl3 for 12 h but were unable to observe the desired result. In this case, 

we further purified the reaction mixture and spectral analysis (NMR) of the same 

revealed the presence of starting material 1.1 which was evident from the presence of 

olefinic proton peaks at 5.32 – 5.49 ppm corresponding to -olefin in the 1H NMR 

spectrum (400 MHz, CD3OD). All the conditions adopted for the required olefin 

migration are listed in table 1. 

Entry Reaction Condition Observation 

1 DBU, ACN, rt, 12 h No migration 

2 DBU, ACN, 80 °C, 12 h No migration 

3 LDA, THF, -78 °C, 12 h No migration 

4 LDA, THF, -78 °C – rt,12 h Compound decomposed 

5 LiHMDS, THF, 0 °C – rt, 12 h No migration 

6 RhCl3, EtOH, reflux, 12 h No migration 

7 RhCl3, THF, reflux, 12 h No migration 

8 RhCl3, toluene, reflux, 12 h No migration 

9 BF3.OEt2, THF, rt, 12 h No migration 
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After getting no fruitful results of olefin migration in the macrocycle 1.1, the reason for 

which could be cited to a possibly more stable -olefin than the required -

unsaturated ketone in a constrained macrocyclic conformer, we planned to pre-conduct 

the migration reaction in an open chain macrocycle precursor 6.1 followed by RCM to 

afford the required macrocycle 1.3 which upon exhaustive demethylation will afford 

the required natural product (R)-trans-resorcyclide (2h) (Scheme 6). 

 

Scheme 6. Planned synthetic scheme to (R)-trans-resorcyclide (2h). 

As a part of our synthesis, we used racemic epichlorohydrin (2.1) to synthesize the acid 

intermediate 2.4 utilizing identical protocol as described in scheme 2. Compound 2.4 

was coupled with alcohol 7.1 under Mitsunobu reaction condition to afford diene 7.2. 

Alcohol 7.1 used in this case was synthesized via the opening of (S)-propylene oxide 

(7.5) using Grignard reagent generated from commercially available 4-bromo-1-butene 

(7.6). Acetate functionality in compound 7.2 was deprotected using K2CO3 in methanol 

and to obtained alcohol 7.3 which was forwarded for Dess-martin periodinane mediated 

oxidation. Characterization of the acquired product revealed the formation of stable six-

membered lactone 7.4 (Scheme 7) instead of required compound 6.1. The presence of 

1H NMR peak at 5.92 – 5.81 ppm and 5.19 – 5.13 ppm corresponding to one and two 

olefinic protons respectively confirms the presence of a single terminal olefin. Besides, 

a 1H NMR peak at 4.44 – 4.37 ppm corresponding to a single proton next to the lactone 

functionality further confirms the structure of 7.4. The unexpected formation of 

compound 7.4 could be cited to a facile intra-molecular nucleophilic attack of the 
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secondary hydroxyl (-OH) group in 7.3 on the lactone functionality to form stable six-

membered lactone 7.4 (Scheme 7). 

 

Scheme 7. Unwanted formation of lactone 12.4 through intra-molecular lactonization. 

2.2.4.3. Revision of the retrosynthetic scheme for (R)-trans-resorcyclide (2h) 

After identifying the unwanted formation of lactone 7.4, we revised the entire 

retrosynthetic scheme for (R)-trans-resorcyclide (2h) and envisioned the same to be 

synthesized from diene 8.1 which in turn can be procured from acid intermediate 8.2. 

Acid 8.2 was further planned to be synthesized from alcohol 8.3 which could be 

obtained from commercially available 2-vinyloxirane (8.4) and 1-bromo-3,5-

dimethoxybenzene (fragment A) (Scheme 8).  

Reaction of commercially available 2-vinyloxirane (8.4) with Grignard reagent 

generated from fragment A was conducted to access key alcohol fragment 8.3. 

Spectroscopic analysis (1H and 13C) of the obtained product revealed the formation of 

primary alcohol 9.1. The presence of two protons corresponding to the internal olefin 

was evident from the appearance of a multiplet pattern at 5.82 – 5.65 ppm in the 1H 

NMR spectrum. 
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Scheme 8. Revised retrosynthetic scheme for (R)-trans-resorcyclide (2h). 

Besides the presence of two doublets at 4.10 and 3.31 ppm in the 1H NMR peak 

corresponds to the two methylene (-CH2-) groups in 9.1. The plausible explanation for 

the same could be cited to the formation of a soft nucleophilic centre in compound 9.2 

which in turn led to a preferred attack on the terminal olefinic functionality of epoxide 

8.4 which happens to be a soft electrophilic site. Besides, the coordination of Cu(I) to 

the epoxide functionality in 8.4 might have further facilitated the nucleophilic attack 

(Scheme 9).   

 

Scheme 9. Formation of compound 9.1 and its plausible mechanism. 

Following this observation, we synthesized the required alcohol 8.3 using documented 

procedure in the literature22 starting from 3,5-dimethoxybenzaldehyde (10.1). The 
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presence of a terminal olefinic pattern in the 1H NMR with three olefinic protons 

appearing at 5.93, 5.27 and 5.13 ppm confirmed the structure of alcohol 8.3. Alcohol 

8.3 thus obtained was converted to its corresponding acetate intermediate 10.3, which 

was then subjected to Vilsmeier Haack reaction followed by Pinnick oxidation to 

furnish acid 8.2. After thorough work-up, the synthesized acid fragment 8.2 was 

forwarded as such for further reaction. Mitsunobu reaction of 8.2 with alcohol 7.1 

afforded the formation of macrocycle precursor 8.1. The presence of two aromatic 

protons peaks at around 6.36 - 6.33 ppm, olefinic protons at 5.85 – 4.93 with terminal 

olefinic patter confirms the formation of the required product. Compound 8.1 was then 

subjected to Grubbs’ II mediated RCM in refluxing CH2Cl2 to afford macrocycle 10.4 

as a diastereomeric mixture. The presence of a 1H NMR peak at 5.72 – 4.94 ppm 

corresponding to two olefinic protons, one proton adjacent to lactone, and one adjacent 

to acetate functionality confirmed a successful RCM.  

 

Scheme 10. Synthesis of compound required macrocycle 1.3. 

The acetate functionality in 10.4 was then deprotected using K2CO3 in methanol 

followed by Dess-Martin Periodinane mediated oxidation to furnish compound 1.3. The 

appearance of 1H NMR peak at 6.89 ppm and 5.92 ppm corresponding to the olefinic 
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protons  and  to the keto functionality respectively confirmed the presence of  

unsaturation in the macrocyclic ring system.  

After having the required precursor 1.3, we subjected the same to AlI3 mediated 

exhaustive demethylation but were unable to access the required natural product 2h.  

Hence, we masked the olefin through the formation of selenide intermediate 11.113 

which was then subjected to AlI3 mediated exhaustive demethylation followed by 

oxidation of the selenide and one-pot elimination to furnished (R)-trans-resorcyclide 

(2h) in excellent yield (Scheme 11). All the spectral data of the synthesized natural 

product are in complete accordance with values documented in the literature. 

 

Scheme 11. Synthesis of (R)-trans-resorcyclide (2h). 

2.3. Conclusion 

In this work, we have achieved the first total synthesis of a twelve membered RAL 

(RAL12), (R)-penicimenolide A (2a). We have further achieved the synthesis of two 

more similar classes of macrocyclic natural products namely, (R)-dihydroresorcyclide 

(2g) and (R)-trans- resorcyclide (2h). In the synthesis of these natural products, we have 

utilized RCM as the key step in the construction of the core macrocycle. All the 

intermediates and final products have been thoroughly characterized using NMR, IR, 

and HRMS, and the 1H and 13C NMR spectrum of the natural products are in complete 

agreement with the documented values in the literature. Besides the synthetic scheme 
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discussed herein is amenable to further modifications to access a library of analogues 

around the core macrocyclic scaffold. 

2.4. Experimental section 

Synthesis of 2-allyloxirane (Fragment B) 

 

Fragment B has been synthesized from racemic epichlorohydrin using reported 

protocol. 

Synthesis of compound 1-(3,5-dimethoxyphenyl)pent-4-en-2-ol (2.2) 

 

To an oven dried two-neck round-bottomed flask equipped with a magnetic stir bar was 

added activated magnesium metal (2.95 g, 121.26 mmol) under argon atmosphere. THF 

(200 mL) was added followed by the addition of a pinch of I2 and was stirred vigorously 

for 30 min. 1-bromo-3,5-dimethoxy benzene (fragment A) (23.22 g, 107 mmol) 

dissolved in THF (20 mL) was added dropwise to the stirring solution. The onset of 

exothermic reaction was characterized by decolorization of I2. The resulting mixture 

was stirred for 2 h. The freshly prepared Grignard reagent was cooled to -30 °C 

followed by the addition of Copper (I) iodide (2.72 g, 20 mol %). Solution of fragment 

B (6.00 g, 71.33 mmol) in THF (10 mL) was added dropwise and left to stir for 16 h at 

-30°C. The reaction mixture was quenched with saturated aqueous NH4Cl (30 mL) and 

extracted with diethyl ether (30 mL x 3). The combined organic layers were dried over 

anhydrous Na2SO4, and concentrated under vacuo. The resulting mixture of 

diastereomers thus obtained as yellowish oil was purified and separated by column 

chromatography (SiO2, ethyl acetate/pet ether 1:4)  to afford corresponding alcohols 2.2 

(13.64 g) as a yellowish oil with an overall yield of 86%.  

IR (film) max: cm-1
 2925, 1596, 1459, 1201, 1149 
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1H NMR (400 MHz, CDCl3) δ 6.38 (d, J = 2.3 Hz, 2H), 6.35 (t, J = 2.3 Hz, 1H), 5.88 

– 5.83 (m, 1H), 5.17 (dd, J = 7.4, 1.4 Hz, 1H), 5.14 (t, J = 1.1 Hz, 1H), 3.88 (dt, J = 

14.6, 7.3 Hz, 1H), 3.78 (s, 6H), 2.76 (dd, J = 13.5, 4.7 Hz, 1H), 2.65 (dd, J = 13.5, 8.1 

Hz, 1H), 2.36 – 2.31 (m, 1H), 2.27 – 2.22 (m, 1H) 

13C NMR (100 MHz, CDCl3) δ 160.9, 140.7, 134.6, 118.1, 107.4, 98.5, 71.5, 55.3, 43.6, 

41.2 

HRMS (ESI) calcd. for C13H19O3 [M+H]+: 223.1334; found: 223.1333. 

Synthesis of compound 1-(3,5-dimethoxyphenyl)pent-4-en-2-yl acetate (2.3) 

 

To a solution of compound 2.2 (13.64 g, 61.36 mmol) in CH2Cl2 (50 mL) was added 

triethylamine (12.8 mL, 92.04 mmol) at 0 °C following acetic anhydride (8.7 mL, 92.04 

mmol) was added at the same temperature. Catalytic DMAP was added to the reaction 

mixture and stirred for 1 h at room temperature. After complete conversion of the 

starting material, the reaction mixture was washed with saturated aqueous NaHCO3 (30 

mL x 3). The collected organic layers were washed with brine (30 mL x 2), extracted 

with CH2Cl2 (20 mL x 3) and dried over anhydrous Na2SO4. Excess solvent was then 

removed through rotary evaporation to afford compound 2.3 (15.2 g) as a pale yellow 

oil which was forwarded to next step without further purification. 

Synthesis of compound 2-(2-acetoxypent-4-en-1-yl)-4,6-dimethoxybenzoic acid 

(2.4) 
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POCl3 (10.7 mL, 115.01 mmol) was added dropwise to an ice-cold solution of 

compound 2.3 (15.2 g, 57.51 mmol) in DMF (10 mL). The brown reaction mixture was 

stirred at room temperature for 4 h following which it was poured in-to crushed ice and 

the resulting mixture was diluted with ethyl acetate (30 mL) followed by addition of a 

saturated aqueous solution of sodium acetate until basic. The entire reaction mixture 

was then washed with cold water (30 mL x 3) to remove excess DMF. The collected 

organic layers were then dried over anhydrous Na2SO4 and concentrated under vacuo 

to afford a brown oil which was forwarded to next step without further purification. 

The obtained formylated intermediate (16.3 mg, 55.76 mmol) was dissolved in DMSO 

(30 mL) and cooled to 0 °C. NaH2PO4 (16.72 g, 139.4 mmol) in water (15 mL), was 

added to the reaction mixture followed by the addition of 2-methyl-2-butene (29.5 mL, 

278.79 mmol). Following which, NaClO2 (12.6 g, 139.4 mmol) was dissolved in water 

(15 mL) and added dropwise at 0 °C. The reaction mixture was allowed to reach room 

temperature and was stirred for 5 h. Upon completion of the reaction as monitored by 

TLC, a saturated solution of NaHCO3 was added to the reaction mixture at 0 °C until 

basic. The reaction mixture was then washed with ethyl acetate (40 mL x 3) and the 

collected aqueous layers were acidified with 2 N HCl. The acidified mixture was then 

extracted with ethyl acetate (30 mL x 3) and the collected organic fractions were dried 

over anhydrous Na2SO4 to furnish acid fragment 2.4 (11 g) as a yellow oil which used 

for next step without further purification. 

Synthesis of compound (R)-hex-5-en-2-yl 2-(2-acetoxypent-4-en-1-yl)-4,6-

dimethoxybenzoate (3.5) (Mitsunobu inversion of secondary alcohol) 

 

Acid fragment 2.4 (10 g, 32.43 mmol) and alcohol key fragment C (3.57 g, 35.68 mmol) 

was dissolved in THF (40 mL) followed by the addition of triphenylphosphine (17.01 

g, 64.87 mmol) at 0 °C. A solution of DIAD (7.64 mL, 38.92 mmol) in THF (10 mL) 
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was then added dropwise to the reaction mixture at the same temperature, following 

which, the mixture was allowed to reach room temperature and was stirred for 12 h. 

After completion of the reaction, the mixture was extracted with ethyl acetate (40 mL 

x 3) and the collected organic layers were dried over anhydrous Na2SO4. The excess 

solvent was then removed via rotary evaporation and the crude reaction mixture was 

purified through column chromatography (SiO2, ethyl acetate/ pet ether 3:22) to afford 

compound 3.5 (7.85 g) in 62% yield as pale yellow oil. 

IR (film) max : cm-1 2932, 1725, 1597, 1238, 1036  

1H NMR (diastereomeric mixture) (400 MHz, CDCl3) δ 6.36 (d, J = 2.1 Hz, 1H), 6.33 

(d, J = 2.2 Hz, 1H), 5.89 – 5.69 (m, 2H), 5.16 (dddd, J = 9.7, 7.7, 5.5, 2.5 Hz, 2H), 5.09 

– 4.97 (m, 4H), 3.79 (s, 3H), 3.77 (s, 3H), 2.91 – 2.77 (m, 2H), 2.39 – 2.25 (m, 2H), 

2.24 – 2.12 (m, 1H), 1.97 (s, 3H), 1.86 – 1.76 (m, 1H), 1.73 – 1.60 (m, 2H), 1.35 (dd, J 

= 6.2, 3.9 Hz, 3H)  

13C NMR (diastereomeric mixture) (100 MHz, CDCl3) δ 170.4, 167.6, 161.1, 158.0, 

137.9, 137.5, 133.5, 117.9, 114.9, 106.3, 97.1, 73.3, 71.4, 71.4, 55.7, 55.4, 38.6, 38.4, 

37.5, 37.4, 35.2, 29.6, 21.1, 20.0 

HRMS (ESI) calcd. for C22H31O6 [M+H]+: 391.2120; found: 391.2119. 

Synthesis of compound (3R,E)-12,14-dimethoxy-3-methyl-1-oxo-3,4,5,8,9,10-

hexahydro-1H-benzo[c][1]oxacyclododecin-9-yl acetate (3.6) (Ring closing 

metathesis) 

 

A dilute solution of macrocycle precursor 3.5 (500 mg, 1.255 mmol) in CH2Cl2 (450 

mL) was degassed with argon for 15 mins. Grubbs’ II catalyst (10 mol %) was then 

added and the reaction mixture was refluxed under argon for 30 mins. After completion 
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of the reaction as monitored by TLC, the mixture was then concentrated under vaccuo 

and purified through careful column chromatography (SiO2, ethyl acetate/ pet ether 1:9) 

to furnish macrocycle 3.6 (diastereomeric mixture) (0.3 g) with a yield of 65% as pale 

brown oil. 

IR (film) max : cm-1 2924, 1720, 1598, 1245, 1027 

1H NMR (diastereomeric mixture) (400 MHz, CDCl3) δ 6.57 – 6.32 (m, 2H), 5.45 – 

4.94 (m, 4H), 3.81 – 3.77 (m, 6H), 3.12 – 2.75 (m, 2H), 2.40 – 2.24 (m, 2H), 2.10 – 

2.08 (m, 3H), 2.05 – 1.68 (m, 4H), 1.34 – 1.32 (m, 3H) 

13C NMR (diastereomeric mixture) (100 MHz, CDCl3) δ 170.1, 167.5, 160.8, 158.3, 

137.4, 135.4, 122.8, 121.2, 118.7, 108.9, 107.3, 105.1, 97.1, 73.8, 72.9, 56.0, 55.9, 55.2, 

35.1, 34.2, 33.5, 31.5, 29.7, 21.5, 21.0 

HRMS (ESI) calcd. for C20H27O6 [M+H]+: 363.1801; found: 363.1806. 

Synthesis of compound (R,E)-12,14-dimethoxy-3-methyl-3,4,5,8-tetrahydro-1H-

benzo[c][1]oxacyclododecine-1,9(10H)-dione (1.1) 

 

To a solution of diastereomeric mixture of macrocycle 3.6 (0.9 g, 2.48 mmol) in MeOH 

(30 mL) was added K2CO3 (514.8 mg, 3.72 mmol) at 0 °C. The reaction mixture was 

then allowed to reach room temperature and stirred for an additional 1 h. After 

completion of reaction, the same was diluted and extracted with ethyl acetate (40 mL x 

3). The collected organic layers were then dried over anhydrous Na2SO4. The excess 

solvent was removed via rotary evaporation and the crude reaction mixture (780 mg) 

was used for further reaction. 

The obtained acetate deprotected intermediate (780 mg, 2.43 mmol) was dissolved in 

CH2Cl2 (35 mL) which was followed by the addition of Dess-Martin periodinane (3.1 
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mg, 7.304 mmol) at 0 °C. The reaction mixture was allowed to stir for 4 h at room 

temperature. After attaining reaction completion, a saturated aqueous solution of 

NaHCO3 (30 mL) was added to the reaction mixture at 0 °C and was stirred for 15 mins. 

The reaction mixture was then extracted with CH2Cl2 (20 mL x 3) and the collected 

organic layers were dried over anhydrous Na2SO4. Purification through column 

chromatography (SiO2, ethyl acetate/ pet ether 1:9) afforded the key macrocycle 1.1 (0.5 

g) with 63% yield (in two steps) as a foamy solid. 

[]26
D -125.5 (c 1.6, CHCl3) 

IR (film) max : cm-1 2929, 1710, 1597, 1276, 1156  

1H NMR (400 MHz, CDCl3) δ 6.35 (dd, J = 6.2, 2.2 Hz, 2H), 5.57 – 5.43 (m, 2H), 5.22 

– 5.15 (m, 1H), 4.16 (d, J = 15.1 Hz, 1H), 3.79 (s, 2H), 3.77 (s, 1H), 3.37 (d, J = 15.2 

Hz, 1H), 2.96 (d, J = 5.6 Hz, 2H), 2.40 – 2.34 (m, 1H), 2.24 – 2.14 (m, 1H), 1.89 – 1.71 

(m, 2H), 1.33 (d, J = 6.3 Hz, 2H) 

13C NMR (100 MHz, CDCl3) δ 206.4, 167.7, 161.2, 158.2, 137.4, 133.3, 120.0, 117.8, 

106.5, 97.8, 73.0, 55.8, 55.4, 45.7, 44.5, 33.7, 31.3, 21.0 

HRMS (ESI) calcd. for C18H23O6 [M+H]+: 319.1545; found: 319.1543. 

Synthesis of (R)-penicimenolide A (2a) 

 

A suspension of aluminum powder (50 mg, 0.16 mmol) in dry benzene (4 mL) was 

treated with I2 (637.8 mg, 2.51 mmol) under argon, and the violet mixture was stirred 

under reflux for 30 min until the color disappeared. After the mixture was cooled to 0 

°C, few crystals of TBAI and phloroglucinol (297 mg, 2.36 mmol) were added before 

a solution of compound 1.1 (99 mg, 0.78 mmol) in dry benzene (2 mL) was added in 

one portion. The resulting green-brown suspension was stirred for 30 min at 5 °C before 
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saturated Na2S2O3 solution (10 mL) and ethyl acetate (15 mL) were added. After 

separation of the layers, the aqueous phase was extracted with ethyl acetate (15 mL x 

3). The combined organic layers were washed with brine, dried over Na2SO4, filtered, 

and concentrated in vacuo. Purification by column chromatography (SiO2, ethyl acetate/ 

CHCl3 3:7) afforded (R)-penicimenolide A (2a) (15 mg) with a yield of 34%  as a white 

solid. 

[]26
D  +65.3 (c 0.4, MeOH)  

IR (film) max : cm-1 3346, 2923, 1703, 1633, 1260  

1H NMR (400 MHz, MeOD) δ 6.24 (dd, J = 3.2, 1.7 Hz, 1H), 6.13 (d, J = 2.5 Hz, 1H), 

5.58 (dt, J = 15.7, 6.5 Hz, 2H), 5.38 (pd, J = 6.5, 2.3 Hz, 1H), 4.38 (d, J = 17.1 Hz, 1H), 

3.99 (d, J = 17.1 Hz, 1H), 3.00 (d, J = 6.1 Hz, 2H), 2.48 – 2.37 (m, 1H), 2.22 (dddd, J 

= 8.4, 4.4, 3.2, 2.2 Hz, 1H), 2.01 – 1.93 (m, 1H), 1.85 (dddd, J = 15.3, 7.5, 6.5, 3.2 Hz, 

1H), 1.35 (d, J = 6.5 Hz, 3H)  

13C NMR (100 MHz, MeOD) δ 208.0, 172.1, 165.2, 163.0, 139.0, 138.3, 122.3, 113.6, 

107.7, 102.9, 74.6, 47.2, 46.1, 34.5, 29.5, 19.1 

HRMS (ESI) calcd. for C16H19O5 [M+H]+: 291.1232; found: 291.1231. 

Synthesis of compound (R)-12,14-dimethoxy-3-methyl-3,4,5,6,7,8-hexahydro-1H-

benzo[c][1]oxacyclododecine-1,9(10H)-dione (1.2)  

 

A solution of macrocycle 1.1 (50 mg, 0.16 mmol) in EtOH (10 mL) was degassed with 

argon for 10 mins, following with Pd/C (10 mol %) was added to the same. The reaction 

mixture was stirred under H2 for 5 h, following which it was filtered through a bed of 

celite and the filtrate was concentrated under vacuo to afford saturated macrocycle 

1.2(49 mg). 
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[]26
D -0.8 (c 1.0, CHCl3)  

IR (film) max : cm-1 2933, 1714, 1599, 1457, 1272  

1H NMR (400 MHz, CDCl3) δ 6.39 (d, J = 2.2 Hz, 1H), 6.29 (d, J = 2.2 Hz, 1H), 5.29 

– 5.22 (m, 1H), 4.12 (d, J = 17.2 Hz, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.55 (d, J = 17.2 

Hz, 1H), 2.43 (t, J = 6.4 Hz, 2H), 1.84 – 1.64 (m, 3H), 1.61 – 1.49 (m, 2H), 1.45 – 1.32 

(m, 3H), 1.29 (d, J = 6.4 Hz, 3H) 

13C NMR (100 MHz, CDCl3) δ 208.3, 168.0, 161.3, 158.3, 133.9, 117.9, 107.8, 97.8, 

72.3, 56.0, 55.6, 47.5, 41.5, 32.9, 27.2, 22.9, 22.5, 20.2  

HRMS (ESI) calcd. for C18H25O5 [M+H]+: 321.1702; found: 321.1708. 

Synthesis of (R)-dihydroresorcyclide (2g) 

 

(R)-dihydroresorcyclide (2g) was synthesized using similar procedure as that of (R)-

penicimenolide A (2a). 

[]26
D +9.3 (c 0.3, MeOH)  

IR (film) max : cm-1 2930, 1640, 1453, 1258  

1H NMR (400 MHz, MeOD) δ 6.25 (d, J = 2.5 Hz, 1H), 6.11 (d, J = 2.5 Hz, 1H), 5.12 

(pd, J = 6.2, 3.0 Hz, 1H), 4.70 (d, J = 18.7 Hz, 1H), 3.80 (d, J = 18.7 Hz, 1H), 2.72 – 

2.66 (m, 1H), 2.38 – 2.31 (m, 1H), 2.07 – 1.97 (m, 1H), 1.84 – 1.78 (m, 1H), 1.69 – 

1.59 (m, 2H), 1.56 – 1.45 (m, 4H), 1.30 (d, J = 6.3 Hz, 3H)  

13C NMR (100 MHz, MeOD) δ 211.7, 172.4, 166.6, 163.8, 140.2, 113.7, 106.6, 102.9, 

74.5, 51.7, 42.5, 32.7, 28.2, 22.2, 19.4  
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HRMS (ESI) calcd. for C16H21O5 [M+H]+: 293.1389; found: 293.1393. 

Synthesis of compound (R)-hept-6-en-2-yl 2-(2-acetoxypent-4-en-1-yl)-4,6-

dimethoxybenzoate (7.2) 

 

Compound 7.2 was synthesized using similar protocol as that of compound 3.5. 

 

Synthesis of compound 3-allyl-6,8-dimethoxyisochroman-1-one (7.4) 

 

Compound 7.4 was synthesized using similar protocol as that of compound 1.1. 

IR (film) max : cm-1 1709, 1594, 1460, 1226, 1082  

1H NMR (400 MHz, CDCl3) δ 6.39 (d, J = 2.2 Hz, 1H), 6.29 (d, J = 2.2 Hz, 1H), 5.92 

– 5.81 (m, 1H), 5.19 – 5.13 (m, 2H), 4.44 – 4.37 (m, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 

2.83 (qd, J = 16.1, 7.1 Hz, 2H), 2.64 – 2.57 (m, 1H), 2.45 (dt, J = 14.3, 7.1 Hz, 1H)  

13C NMR (100 MHz, CDCl3) δ 164.4, 163.1, 162.6, 143.7, 132.6, 118.6, 106.9, 103.9, 

97.8, 76.4, 56.1, 55.5, 38.9, 34.1  

HRMS (ESI) calcd. for C14H17O4 [M+H]+: 249.1126; found: 249.1127. 
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Synthesis of compound (E)-4-(3,5-dimethoxyphenyl)but-2-en-1-ol (9.1) 

 

Compound 9.1 was synthesized using similar protocol as that of compound 2.2. 

IR (film) max : cm-1 2940, 2838, 1595, 1458, 1148 

1H NMR (400 MHz, CDCl3) δ 6.34 (d, J = 2.2 Hz, 2H), 6.31 (t, J = 2.2 Hz, 1H), 5.82 

(m, J = 7.5, 6.6, 0.9 Hz, 1H), 5.73 – 5.65 (m, 1H), 4.10 (d, J = 5.7 Hz, 1H), 3.77 (s, 

6H), 3.31 (d, J = 6.6 Hz, 2H), 1.91 (bs, 1H) 

3C NMR (100 MHz, CDCl3) δ 160.8, 142.4, 131.0, 130.5, 106.6, 98.0, 63.3, 55.2, 

38.8 

HRMS (ESI) calcd. for C12H17O3 [M+H]+: 209.1177; found: 209.1179. 

Synthesis of compound 1-(3,5-dimethoxyphenyl)but-3-en-2-ol (8.3) 

 

Compound 8.3 was synthesized using documented procedure in the literature. 

IR (film) max : cm-1 
 3463, 2939, 1596, 1459 

1H NMR (400 MHz, CDCl3) δ 6.39 (d, J = 2.3 Hz, 2H), 6.35 (t, J = 2.3 Hz, 1H), 5.93 

(ddd, J = 17.2, 10.5, 5.7 Hz, 1H), 5.27 (dt, J = 17.2, 1.4 Hz, 1H), 5.13 (dt, J = 10.5, 1.3 

Hz, 1H), 4.37 – 4.32 (m, 1H), 3.78 (s, 6H), 2.82 (dd, J = 13.5, 4.9 Hz, 1H), 2.71 (dd, J 

= 13.5, 8.2 Hz, 1H), 1.89 (bs, 1H)  

13C NMR (100 MHz, CDCl3) δ 160.8, 140.0, 114.9, 107.5, 98.5, 73.3, 55.2, 44.1  
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HRMS (ESI) calcd. for C12H17O3 [M+H]+: 209.1177; found: 209.1169. 

Synthesis of compound 1-(3,5-dimethoxyphenyl)but-3-en-2-yl acetate (10.3) 

 

Compound 10.3 was synthesized using similar protocol as that of compound 2.3. 

Synthesis of compound 2-(2-acetoxybut-3-en-1-yl)-4,6-dimethoxybenzoic acid 

(8.2) 

 

Compound 8.2 was synthesized using similar protocol as that of compound 2.4. 

Synthesis of compound (R)-hept-6-en-2-yl 2-(2-acetoxybut-3-en-1-yl)-4,6-

dimethoxybenzoate (8.1) 

 

Compound 8.1 was synthesized using similar protocol as that of compound 3.5. 

IR (film) max : cm-1 2935, 1723, 1599, 1233  

1H NMR (diastereomeric mixture) (400 MHz, CDCl3) δ 6.36 – 6.33 (m, 2H), 5.85 – 

5.75 (m, 2H), 5.50 – 5.44 (m, 1H), 5.24 – 5.13 (m, 2H), 5.03 – 4.93 (m, 3H), 3.79 (s, 

3H), 3.76 (s, 3H), 2.91 (dddd, J = 17.7, 14.0, 11.6, 7.0 Hz, 2H), 2.11 – 2.01 (m, 2H), 
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2.01 – 2.00 (s, overlap, 3H), 1.74 – 1.66 (m, 2H), 1.60 – 1.49 (m, 2H), 1.33 (dd, J = 6.3, 

3.2 Hz, 3H)  

13C NMR (diastereomeric mixture) (100 MHz, CDCl3) δ 170.0, 167.6, 161.0, 158.0, 

138.5, 136.9, 135.8, 135.7, 117.0, 116.9, 114.6, 106.6, 97.1, 74.5, 71.8, 55.7, 55.7, 55.3, 

38.0, 38.0, 35.4, 33.5, 24.6, 21.1, 20.1, 20.0 

HRMS (ESI) calcd. for C22H30O6Na [M+Na]+: 413.1940; found: 413.1945. 

Synthesis of compound (3R,E)-12,14-dimethoxy-3-methyl-1-oxo-3,4,5,6,9,10-

hexahydro-1H-benzo[c][1]oxacyclododecin-9-yl acetate (10.4) 

 

Compound 10.4 was synthesized using similar protocol as that of compound 3.6. 

IR (film) max : cm-1 2935, 1718, 1597, 1238  

1H NMR (diastereomeric mixture) (400 MHz, CDCl3) δ 6.47 – 6.29 (m, 2H), 5.84 – 

4.94 (m, 4H), 3.81 – 3.77 (m, 6H), 3.24 (dd, J = 13.2, 7.1 Hz, 1H), 2.85 (ddd, J = 15.6, 

14.2, 2.6 Hz, 1H), 2.11 - 2.04 (m, 3H), 1.92 – 1.52 (m, 6H), 1.32 – 1.30 (m, 2H).  

13C NMR (diastereomeric mixture) (100 MHz, CDCl3) δ 170.3, 170.1, 168.4, 168.1, 

161.3, 160.7, 158.3, 158.1, 133.4, 130.2, 127.6, 127.4, 108.9, 107.0, 97.8, 97.3, 74.9, 

74.1, 71.5, 71.3, 56.1, 56.0, 55.4, 55.3, 39.3, 37.9, 32.1, 30.3, 30.0, 21.4, 21.3, 21.2, 

21.1 

HRMS (ESI) calcd. for C20H26O6Na [M+Na]+: 385.1627; found: 385.1622. 
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Synthesis of compound (R,E)-12,14-dimethoxy-3-methyl-3,4,5,6-tetrahydro-1H-

benzo[c][1]oxacyclododecine-1,9(10H)-dione (1.3) 

 

Compound 1.3 was synthesized using similar protocol as that of compound 1.1. 

[]26
D -39.1 (c 0.5, CHCl3)  

IR (film) max : cm-1 2929, 1707, 1597, 1284  

1H NMR (400 MHz, CDCl3) δ 6.89 (ddd, J = 16.1, 8.8, 5.7 Hz, 1H), 6.54 (d, J = 2.2 

Hz, 1H), 6.34 (d, J = 2.2 Hz, 1H), 5.92 (d, J = 16.2 Hz, 1H), 5.22 – 5.17 (m, 1H), 4.59 

(d, J = 12.1 Hz, 1H), 3.80 (s, 3H), 3.76 (s, 3H), 3.28 (d, J = 12.2 Hz, 1H), 2.31 – 2.25 

(m, 2H), 1.91 – 1.66 (m, 4H), 1.36 (d, J = 6.3 Hz, 3H)  

13C NMR (100 MHz, CDCl3) δ 199.1, 168.8, 161.5, 158.4, 150.2, 134.6, 130.8, 117.5, 

106.5, 98.0, 72.4, 55.9, 55.5, 42.6, 34.0, 31.8, 24.7, 20.5  

HRMS (ESI) calcd. for C18H22O5 [M+Na]+: 341.1365; found: 341.1362. 

Synthesis of compound (3R)-12,14-dimethoxy-3-methyl-7-(phenylselanyl)-

3,4,5,6,7,8-hexahydro-1H-benzo[c][1]oxacyclododecine-1,9(10H)-dione (11.1) 

 

To a stirred solution of diphenyl diselenide (666.7 mg, 2.14 mmol) in EtOH (5 mL), 

NaBH4 (268.7 mg, 7.10 mmol) was added at 0 °C under argon. After decolorization of 

the reaction mixture, AcOH (528 L, 9.24 mmol) and a solution of enone compound 

1.3 (170 mg, 0.53 mmol) in THF (10) was added and the reaction mixture was stirred 

for 10 mins at room temperature. After completion of reaction, as monitored by TLC, 
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the mixture was extracted with ethyl acetate (15 mL x 3) and the combined organic 

layers were dried over Na2SO4 and concentrated under vacuo. Purification through 

column chromatography (SiO2 ethyl acetate/pet ether 1:4) afforded selenide 

intermediate 11.1 (231 mg) with a yield of 84% as a foamy solid. 

IR (film) max : cm-1 2929, 1707, 1667, 1597, 1284  

1H NMR (diastereomeric mixture) (400 MHz, CDCl3) δ 7.57 – 7.52 (m, 2H), 7.30 – 

7.26 (m, 3H), 6.39 (t, J = 2.1 Hz, 1H), 6.24 (dd, J = 12.0, 2.2 Hz, 1H), 5.34 – 5.13 (m, 

1H), 4.04 (dd, J = 17.6, 14.2 Hz, 1H), 3.96 – 3.91 (m, 1H), 3.80 – 3.78 (m, 6H), 3.55 

(d, J = 17.9 Hz, 1H), 2.89 (ddd, J = 24.3, 15.1, 10.4 Hz, 1H), 2.66 (ddd, J = 18.8, 15.2, 

3.8 Hz, 1H), 1.88 – 1.77 (m, 1H), 1.74 – 1.65 (m, 3H), 1.56 – 1.41 (m, 2H), 1.28 (dd, J 

= 6.4, 1.7 Hz, 3H)  

13C NMR (diastereomeric mixture) (100 MHz, CDCl3) δ 205.7, 205.6, 168.0, 167.4, 

161.4, 161.2, 158.7, 158.0, 135.0, 133.9, 133.6, 133.2, 129.3, 129.2, 127.9, 127.5, 

117.7, 117.2, 107.8, 97.9, 97.7, 72.3, 71.5, 56.0, 55.8, 55.4, 48.8, 48.5, 46.8, 38.5, 37.2, 

34.2, 33.8, 23.2, 20.8, 19.4  

HRMS (ESI) calcd. for C24H28O5SeNa [M+Na]+: 341.1365; found: 341.136Synthesis 

of compound (R)-trans-resorcyclide (2h) 

 

 

The initial exhaustive demethylation step of compound 11.1 was conducted using 

similar procedure as that of compound (R)-penicimenolide A (2a). 

To a solution of the obtained demethylated intermediate (50 mg, 0.11 mmol) in THF 

(15 mL) was added AcOH (6 L) followed by the addition of 30% aqueous H2O2 (32 

L, 0.2820 mmol). After 2 h the reaction mixture was washed with saturated aqueous 

NaHCO3 and extracted with diethyl ether (10 mL x 3). The combined organic layers 
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were dried over anhydrous Na2SO4 and concentrated under vacuo. Purification through 

column chromatography (SiO2 ethyl acetate/pet ether 1:9) afforded (R)-trans-

resorcyclide (2h) (18 mg) with a yield of 54% (in two steps) as a white solid. 

[]26
D +42.4 (c 0.4, MeOH)  

IR (film) max : cm-1 2927, 1714, 1598, 1459  

1H NMR (400 MHz, CDCl3) δ 6.99 – 6.92 (m, 1H), 6.31 (d, J = 2.1 Hz, 1H), 6.22 (d, 

J = 2.2 Hz, 1H), 5.94 (d, J = 16.1 Hz, 1H), 5.17 – 5.11 (m, 1H), 4.43 (d, J = 12.7 Hz, 

1H), 3.32 (d, J = 12.5 Hz, 1H), 2.28 (dt, J = 16.8, 8.1 Hz, 2H), 1.93 – 1.65 (m, 4H), 

1.35 (d, J = 6.3 Hz, 3H)  

13C NMR (100 MHz, CDCl3) δ 201.8, 171.1, 161.1, 158.9, 152.1, 136.4, 131.3, 114.8, 

110.4, 102.6, 73.7, 44.2, 35.0, 32.6, 25.5, 20.7 

HRMS (ESI) calcd. for C16H19O5 [M+H]+: 291.1232; found: 291.1229. 
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The work incorporated in this thesis is mainly focused on “Medicinal chemistry” and “Total 

synthesis”. Herein we have developed a unique and divergent synthetic scheme to access all the 

possible stereoisomers of a potent anti-malarial natural product, cladosporin and assessed their 

inhibitory potency through parasite-, enzyme- and cell-based assays. Based on the scores from 

biological assays, we categorized the entire set of stereoisomers in to three different potency classes, 

two of them (including cladosporin) being the most potent ones. X-ray diffraction study of co-crystals 

of the stereoisomers with target protein, PfKRS further gave an insight about the structural bases of 

enzymatic binding of the isomers. This exercise collectively helped us to decipher the role of 

stereochemical modifications on anti-malarial potency of cladosporin. 

Natural products are mostly procured in substantial low quantities from natural sources, which often 

hinders, and sometimes, even eliminates the possibility of in depth biological assessment (mainly in 

vivo). Hence, we adopted a modified synthetic protocol to access more than two grams of cladosporin 

in a single batch process. Besides, the scheme adopted herein is amenable to further scale-up. 

In the later part of this work, we have studied a systematic structure activity relationship (SAR) of a 

library of analogues, designed and synthesized based on cladosporin scaffold in anti-malarial potency 

through parasite-, enzyme- and cell-based assays. In this effort, we identified a lead compound (CL-

2) having similar potency to that of cladosporin, but with improved drug-like properties (increased 

metabolic stability and hydrophilicity). Besides, the co-crystal structure of the most active compound 

(CL-2) with target protein PfKRS reveals new features of enzyme drug interactions. 

Lastly, we have accomplished the total synthesis of three bio-active twelve membered resorcyclic 

acid lactones (RAL12) namely (R)-penicimenolide A, (R)-dihydroresorcyclide and (R)-trans-

resorcyclide. These natural products bear an interesting structural compliance with cladosporin.                     
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ABSTRACT: The dependence of drug potency on diastereomeric configurations is a key facet. Using a novel general divergent
synthetic route for a three-chiral center antimalarial natural product cladosporin, we built its complete library of stereoisomers
(cladologs) and assessed their inhibitory potential using parasite-, enzyme-, and structure-based assays. We show that potency is
manifest via tetrahyropyran ring conformations that are housed in the ribose binding pocket of parasite lysyl tRNA synthetase
(KRS). Strikingly, drug potency between top and worst enantiomers varied 500-fold, and structures of KRS-cladolog complexes
reveal that alterations at C3 and C10 are detrimental to drug potency whereas changes at C3 are sensed by rotameric flipping of
glutamate 332. Given that scores of antimalarial and anti-infective drugs contain chiral centers, this work provides a new
foundation for focusing on inhibitor stereochemistry as a facet of antimicrobial drug development.

■ INTRODUCTION

Since the discovery of chirality in chemistry by Louis Pasteur,
its significance in biology and in the pharmaceutical industry
has been repeatedly emphasized. Chirality of natural biomole-
cules underpins molecular biology, while >50% of the marketed
human drugs are chiral products, although many are adminis-
tered as racemates of equimolar enantiomers. Intriguingly,
artificial compounds may have chiral centers, but most natural
small molecules appear in a solitary enantiomeric configuration.
The pivotal role of chiral chemistry and separation of enan-
tiomers was further highlighted with the recognition of 2001
Nobel Prize in Chemistry to Knowles, Sharpless, and Noyori
for devising methodologies in asymmetric synthesis using chiral
catalysts that lead to single enantiomers of high value in

pharmaceutical industry. A racemic formulation of a chiral drug
molecule may be futile and can even cause undesired side
effects.1,8 Along these lines, natural products (often produced in
chirally pure form) have been serving as a priceless resource for
the development of chiral drugs.2 From a structural biology
perspective, stereoisomers of drugs display differences in prop-
erties like pharmacology, toxicology, pharmacokinetics, and
metabolism, despite possessing the same chemical connectivity
of atoms.3 Therefore, in chiral drug synthesis, significant efforts
are devoted to chiral separation.3 Given the potentially crucial dif-
ferences in pharmacodynamics and pharmacokinetics between

Received: April 10, 2018
Published: May 21, 2018

Article

pubs.acs.org/jmcCite This: J. Med. Chem. 2018, 61, 5664−5678

© 2018 American Chemical Society 5664 DOI: 10.1021/acs.jmedchem.8b00565
J. Med. Chem. 2018, 61, 5664−5678

D
o
w

n
lo

ad
ed

 v
ia

 U
N

IV
 O

F
 S

U
S

S
E

X
 o

n
 J

u
ly

 1
3
, 
2
0
1
8
 a

t 
0
8
:1

6
:4

7
 (

U
T

C
).

 
S

ee
 h

tt
p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.
 

pubs.acs.org/jmc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.8b00565
http://dx.doi.org/10.1021/acs.jmedchem.8b00565


diastereomers, it is not surprising that they display stereo-
selective toxicity; thalidomide4 and the pain killer ibuprofen5

serve as examples of this. Cladosporin, an antifungal antibi-
otic and plant growth regulator isolated from Cladosporium
cladosporioides and Aspergillus f lavus in 1971,6,7 is a chirally
complex isocoumarin-based scaffold. It is a potential lead
molecule with potent antimalarial activity against both liver and
blood stage Plasmodium falciparum (Pf) and is known to target
the parasite cytosolic lysyl-tRNA synthetase and terminating
protein biosynthesis.9−11 The active scaffold is composed of a
6,8-dihydroxylisocoumarin ring joined to tetrahydropyran
group with a methyl moiety, which together mimics an adeno-
sine moiety and thereby inhibits enzyme activity by competing
with ATP.10 Apart from PfKRS, cladosporin in known to
inhibit KRSs from other species, including helminth parasites
such as Loa loa (Ll) and Schistosoma mansoni (Sm).12

Cladosporin (12) displays exquisite selectivity for the parasite
lysyl-tRNA synthetase over human enzyme. This species spe-
cific selectivity of cladosporin has been previously described
through comprehensive sequence alignment, where the resi-
dues val329 and ser346 seem to be sterically crucial for accom-
modating the methyl moiety of THP ring.10 The structural
features of compound 12 clearly indicate the presence of three
stereocenters, and therefore 2n (n = 3) i.e., eight, stereoisomers
are possible (Figure 1). To date, only one asymmetric total

synthesis of cladosporin13 has been achieved which was fol-
lowed by another report of formal syntheses.14 Here, we have
developed a general chemical synthesis route to synthetically
access all the eight possible stereoisomers of compound 12.
These eight cladologs were evaluated in enzyme- and cell-based
inhibition assays. In addition, the structural basis for engage-
ment of five of the eight cladologs was addressed via X-ray
structures for cocrystal with the target enzyme PfKRS.

■ SYNTHESIS OF EIGHT STEREOISOMERS OF
CLADOSPORIN (12)

We synthesized cladosporin (12) (Figure 1) and its isomers from
fragment A and fragment B using cross metathesis protocol fol-
lowed by relevant functional group interconversions (Scheme 1).
Fragment A can be synthesized from an appropriate chiral pro-
pylene oxide, and fragment B can be obtained using known

protocols.15 Our synthesis commenced with (S)-propylene oxide
as the chiral source which was converted to its TBS ether 1 using
reported procedure.16 As per the plan, compound 1 was then sub-
jected to one-pot ozonolysis and Wittig reaction with 2 to give
α,β-unsaturated ketone 3 in 47% yield which was further reduced
under Luche condition (CeCl3·7H2O and NaBH4) to give 1:1
diastereomeric mixture (by NMR) of an allylic alcohol 4 in 88%
yield. Alcohol 4 was then treated with tetra-n-butylammonium
fluoride to give diol 5 in 85% yield. Palladium-catalyzed
intramolecular Tsuji−Trost type cyclization of the same afforded
key fragment A as a 1:1 mixture of diastereomers. At this stage,
cross metathesis17 of fragment A and fragment B was achieved by
using 2.5 mol % of Grubbs’II catalyst in DCM to afford
compounds 6a and 6b in 53% yield which were cleanly separated
by column chromatography. Both compounds 6a and 6b were
subjected to dihydroxylation conditions, independently, to have
corresponding diols. However, to our surprise, the intermediate
diols were in situ lactonized under the reaction conditions to
furnish lactones 7a and 7b with a diastereomeric ratio of 3:2 and
1:1, respectively. The free hydroxy of compound 7a was then
converted to its xanthate ester to afford diastereomeric mixture of
compounds 8a and 9a with a yield of 78% which was then
separated using flash chromatography. Following similar
procedure, we also obtained xanthate esters 8b and 9b in 70%
yield. Each of the four diastereomeric xanthates was separately
subjected to Barton−McCombie condition to give compounds
10a, 11a, 10b, and 11b in moderate yields (∼60%). Finally, all
the phenolic hydroxy groups were liberated using aluminum
triiodide-mediated exhaustive demethylation18 to furnish clado-
sporin (compound 12) and three of its stereoisomers, i.e., com-
pound 13, compound 14, and compound 15 (Scheme 2).
Among these, compound 12, i.e., cladosporin, is a known com-
pound for which spectral data are available in the literature.13 The
spectral data (1H NMR and 13C NMR) of all these four com-
pounds (compound 12, 13, 14, and 15) are in full agreement
with the assigned structures (Figure 3). The remaining four
stereoisomers were synthesized by repeating the above syn-
thetic sequence from (R)-propylene oxide as the chiral build-
ing block (Scheme 3). The structures of compound 16, com-
pound 17, compound 18, and compound 19 synthesized from
(R)-propylene oxide were confirmed by using single crystal X-ray
diffraction (Figures 2 and 3). Besides, spectral data (1H and
13C NMR) of these four stereoisomers are also in complete agree-
ment with the spectral data of their corresponding enantiomers
(compound 12 to compound 15) synthesized from (S)-propylene
oxide (Figure 3).
Spectral data of compound 16 and compound 17 are also in

complete agreement with reported data13,19,20 (Figure 3).

■ ASSESSMENT OF CLADOLOG POTENCY USING
THERMAL SHIFT AND CELL- AND ENZYME-BASED
ASSAYS

Enzyme-drug binding assays were performed to assess the
potency of cladolog interactions with both P. falciparum KRS

Figure 1. Structure of cladosporin.

Scheme 1. General Retrosynthetic Scheme of Cladosporin
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Scheme 2. Synthesis of Cladosporin (12) and Three of Its Stereoisomers (Compounds 13−15) from (S)-Propylene Oxide
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Scheme 3. Synthesis of Compounds 16−19 from (R)-Propylene Oxide
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(PfKRS) and its human counterpart Hs-KRS. These assays
have been developed earlier to discriminate between strong and
weak binders of KRS.10−12 Our data indicate that cladolog-
PfKRS complexes showed thermal shift values which ranged
from ∼7.9 to 17.3 °C, with a noticeable ΔTm of 17.3 and 16.2 °C
for compound 12 and compound 16, respectively (Figure 4c).
On the basis of drug-binding characteristics of the eight
cladologs, we were able to assign compound 12 and compound
16 as strong binders to PfKRS, compound 13, compound 14,
compound 18 as moderate binders, and compound 15, com-
pound 17, compound 19 as poor (Figure 4c). This spectrum
of high to low potency interactions of cladologs with
PfKRS was striking, and when identical data were collected
on Hs-KRS, we observed very low/poor overall thermal shifts

(range of ∼0.14−1.1 °C (Figure 4c) indicating that the clado-
logs retained their overall selectivity against the human KRS. The
stratification of the eight cladologs into three discernible potency
classes encouraged us to conduct further mechanistic studies.
We then addressed the ability of cladologs to inhibit the
enzymatic activity of Pf/Hs-KRSs in standard aminoacylation
assays (Figure 4a). The evaluation of IC50 values for the eight
cladologs revealed a trend consistent with that previously seen
in thermal shift profiles (Figure 4d). Compound 12 and com-
pound 16 displayed highest potency of inhibition (IC50 values of
0.125 μM and 0.29 μM against PfKRS), while compounds 13, 3,
and 7 showed moderate activity with IC50 values ranging
from ∼4 to 7 μM. Compounds 15, 6, and 8 exhibited very
poor activity with IC50 values ranging from ∼21 to 50 μM
(Figure 4a,d). The IC50 range for the best (compound 12) to
poorest stereoisomer (compound 19) spanned a striking ∼500-
fold difference of their IC50 values (Figure 4b). To determine
specificity, we assessed the IC50 values for Hs-KRS alongside,
and all cladologs were found to be essentially inert (Figure 4b).
These data also provided a window for assessing the selectivity
indices for each cladolog (Figure 4g), wherein compound 16
(3R, 10R, and 14R) with a value of ∼965 scored even better
than the originally assessed conformation for compound 12
(3R, 10R, and 14S), which had a value of ∼840. In compound
16, the THP ring is in cis geometry and displays ∼200-fold dif-
ference when compared to compound 19. The consistent trends
observed for antimalarial potency within the cladolog series
provided grounds to assess the same in parasite growth inhibition
assays using in vitro P. falciparum cultures (Figure 4b). Once
again, the observed EC50 values were consistent with the
observations from thermal shift and enzyme inhibition assays
(Figure 4e,f). The EC50 value ranged from 0.04 to >2 μM from
best to worst, i.e., a 50-fold difference. Compounds 12 and 16
outperformed other enantiomers in their potency over the least
potent ones, i.e., compounds 15, 17, and 19 (Figure 4b).
Hence, together these above assays allowed us to classify the
eight cladologs as class A (most potent, compounds 12, 16),
class B (moderately potent, compounds 13, 14, and 18), and
class C (nonpotent, compounds 15, 17, and 19) (Table 1).
Note that compound 12 (best) and compound 19 (worst) have
opposite chirality in all three positions of 3, 10, and 14 (Figure 3).
It is also noteworthy that both compound 16 (14R) and
compound 12 (14S) are the most potent compounds within
cladologs despite changes in the C14 configuration (Figure 3).
All other cladologs, i.e., compounds 13 (3S), 14 (10S), 15 (3S,
10S), 17 (3S, 14R), 18 (10S, 14R), 19 (3S, 10S, 14R), have
stereoisomeric modifications at C3 or C10 or both (Figure 3).
Therefore, it is apparent that these diastereomeric differences
govern differential drug potency.

■ STRUCTURAL BASES FOR CLADOLOG-KRS
BINDING

Previously, groups have determined the cocrystal structure
of PfKRS with compound 12.10,11,25 To further explore the
structural basis of cladolog selectivity, we undertook the
cocrystallization of six stereoisomers (compounds 13, 14, 15,
16, 17, 18) and one enantiomer (compound 19) with PfKRS
and L-lysine. We were successful in obtaining cocrystals for all
compounds except for compound 19. For PfKRS-compound
13/16/17/18 complex crystals, the diffractions were around
∼3 Å resolution, while for PfKRS-compound 14/15 crystals,
the diffraction was poor (>3.5 Å resolution). A clear electron
density was observed for both L-lysine and the specific

Figure 2. ORTEP diagrams of stereoisomers (compounds 16−19)
based on their crystal structures.

Figure 3. Chemical structures of the eight stereoisomers of
cladosporin (12). The color used for each cladolog is mostly
conserved in subsequent graphs and figures.
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cladologs (compound 13/16/17/18; Figures 5, 6) and no
electron densities were observed for either L-Lys or the drug for
compound 14/15. The models were refined for PfKRS-
compound 13/16/17/18 drug complexes and superimposed
on PfKRS-compound 12 for further structural analyses (Figure 6).
The binding modes for all five cladologs were similar (Figure 6).
In each, the isocoumarin ring of the drug stacks between Phe342
and ̀ Arg559 (Figures 5, 6). As the chiral center (C3) in the
isocumarin moiety sterically bumps into carbon atoms (CE2) of
Phe343 and the guanidum group of Arg559, an R-configuration
is most favorable for this center (Figure 6). Both S- and
R-configurations are favorable at C14 chiral center but again
only R-configuration is favorable at C10 position, as evident
from structural data for PfKRS bound compounds 12, 13,
and 16 (Figures 5, 6, 7b). The side chain of PfKRS Glu332
adopts two conformations when the R-configuration of C3 is
present (compounds 12, 13, 17; Figure 7b). The cladologs
with S-configurations at positions C3/C10 (compounds 15
and 19) and at C10/C14 (compound 14) are not sterically

favorable. All cladologs have stereoisomeric alterations at
either C3/C10/C14 or its combination; these affect the presen-
tation of the THP ring (Figure 5). Amino acid side chain
rotameric rearrangements for Phe342, Arg559, and Glu500
(Figure 6) were observed when compounds 13, 17, and 18
were bound in comparison to the most potent cladologs com-
pounds 12 and 16. Furthermore, it is noteworthy, that the
atomic arrangement at C10 is pivotal for cladolog binding, since
out of four cladologs (compounds 14, 15, 18, 19) having
S conformation at C10, only one crystallized (compound 18),
while two failed to bind to PfKRS (compounds 14, 15).
Moreover, it appears that stereomeric modifications at C14
alone (compound 16) are not crucial for potency as both its
conformations (natural S and synthetic R) are highly potent
(compounds 12 and 16). Therefore, peripheral yet crucial
changes accommodate different drug scaffolds in its R confor-
mation (Figure 6). Hence, this analysis substantiates that both
R-C3 and R-C10 may serve as key enantiomeric determinants
in enzyme inhibition.

Figure 4. (a) Aminoacylation activity inhibition assays in the presence of cladologs 12−19. (b) Blood stage Plasmodium falciparum growth inhibition
assays in the presence of compounds 12−19. (c) Protein thermal shift profiles of PfKRS and Hs-KRS (at 2 μM and 4 μM, respectively) in the
presence of L-lysine. (d) Linear regression plot between thermal shift (ΔTm) and log10 IC50 obtained through enzyme thermal shift and inhibition
assays. (e) Linear regression plot between thermal shift (ΔTm) and log10 EC50 obtained through enzyme and cell-based assays for malaria parasites.
(f) Linear regression plot between log10 IC50 and log10 EC50 for malarial parasites, using equation Y = mX + c. (g) Selectivity profile (scatter plots) for
each cladolog.
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■ RESULTS AND DISCUSSION

The isocoumarin-based fungal metabolite compound 12 is
synthesized in nature as a pure enantiomeric entity with an
absolute configuration of 3R, 10R, 14S.9−11 But to interrogate
role of its stereochemistry in antimalarial potency, we decided
to undertake synthesis and assessment of eight stereoisomers.
The cladologs consisted of two enantiomeric sets, each set
containing four isomers. Given that the adoption of appropriate
asymmetric synthetic routes for all eight isomers independently
would have given the desired products but at a high cost, we
devised a novel strategy for their synthesis via a single general
route. Use of chiral starting material ((S)-propylene oxide) and
incorporation of stereochemical divergence in two key chemical
steps provided us with four stereoisomers (compounds 12, 13,
14, 15). The remaining four (compounds 16, 17, 18, 19) were
synthesized by replacing the chiral starting material (S)-propylene
oxide with (R)-propylene oxide and then following the entire syn-
thetic sequence as for (S)-propylene oxide (Figure 8). The eight
cladologs delivered by this stereodivergent route are func-
tionally similar but spatially different, which made their individ-
ual characterization and stereochemical structure confirmation/
assignment a very challenging task. Taking the knowledge of
stereochemical transformations into consideration, scrutiny of
the recorded NMR spectra led us to successfully assign the
stereochemical outcomes for the divergent synthetic sequences
adopted. We observed complete agreement of the recorded
NMR data for this enantiomeric series. The assigned absolute
structures of four compounds 16, 17, 18, and 19 arising from
(R)-propylene oxide were further confirmed unambiguously
using single crystal X-ray structures. This type of divergent
strategies can be developed and applied for the efficient delivery
of an entire stereoisomeric set of a given bioactive natural prod-
uct, and that would be valuable for stereostructure−activity
relationship (S-SAR) studies. This achievement also highlights
the possibility of fine-tuning of relevant functional groups
within the starting materials and intermediates to produce a
larger number of closely related analogues. Such advances will
eventually pave the way toward better application of stereo-
chemical attributes in therapeutic and drug safety studies and
may ultimately deliver more potent and selective lead mole-
cules. We have shown that enantioselectivity within KRS-
cladologs plays a key role in tuning the potency of these

compounds as effective antimalarial agents. Our explorations of
the stereoisomeric configurations within eight cladologs using
binding-, enzyme-, cell-, and structure-based probes provide a
striking example of the value of chiral awareness in drug
development (Figure 8). The eight cladalogs fall into three
potency classes (A, B, and C), and their drug-like properties
remain consistent when accessed via binding-, activity-, and
cell-based analysis. The structural rationale for selective inhibi-
tory potential of class A over other cladolog classes seems to
rest on the criticality of chiral positions at C3, C10, and C14.
This work hence lays a foundation for tailoring cladologs for
the development of leads against KRSs from other eukaryotic
parasites where active site residues are conserved.10−12 The
remarkable discovery of cladosporin (compound 12) as a nano-
molar range drug that targets the malarial lysyl-tRNA synthe-
tase9,21,28 and subsequent related studies on Loa loa and
Schistosoma mansoni12 relied on the active configuration of
compound 12 with absolute stereochemistry of 3R, 10R, 14S.
This work now reveals how fortuitous it was to have identified
the fungal metabolite cladosporin (compound 12) as a possible
lead against malaria. Aside from compound 16, all other enan-
tiomers of compound 12 would likely have been rejected due to
lack of potency in killing parasites in acceptable ranges used in
high throughput phenotypic screenings (Figure 8). The justi-
fied attention on compound 12 therefore rests on its absolute
stereoisomeric configuration, and most variations centered on
its chiral centers seem to possess moderate to poor antimalarial
activity.
Apart from compound 12, there are several other currently

used antimalarial drugs that have not yet been viewed in this
present stereochemical perspective. Therefore, investigations
centered on stereochemical screening will underpin stereo-
structure−activity relationship (S-SAR) and may assist in lead
optimization. For instance, mefloquine, a chiral antimalarial
agent with two chiral centers, is manufactured and marketed as
a racemate of (11R, 12S) and (11S, 12R) enantiomers.22 Studies
indicate that plasma concentration of mefloquine (−)-enantiomer
(11R, 12S) is higher as compared to the (+)-enantiomer (11S,
12R) as a result of which the former has a shorter half-life than
the other.8,22 Data suggest that the mefloquine (+)-enantiomer
is responsible for treating malaria, whereas the (−)-enantiomer
binds to the adenosine receptor in the central nervous system
leading to psychotic effects.8,22,23 In this context, Hall et al. had
accomplished the asymmetric synthesis of all four stereoisomers
of mefloquine and showed that out of the four isomers three
(11R, 12S), (11S, 12R), and (11S, 12S) are active against
Plasmodium falciparum.24

■ CONCLUSION

In short, identification of key chiral attributes in a pathogen
drug discovery routine is therefore critical, as exemplified by
our analyses. More significantly, the synthesis and production
of all eight dissymmetric versions of compound 12, as described
in this work, will now allow rapid tinkering with the optimum
scaffolds for enhancing the drug-like properties of these moie-
ties. The extension of studies with compound 12 based enzyme
inhibition to other eukaryotic parasite where KRS active sites
are conserved is also feasible, especially in context of neglected
tropical diseases.12,26−31 Our overall message of the centrality of
chiral awareness in modern drug development will be valuable
in efforts focused on drugging pressing infectious disease
problems.

Table 1. Classification of Cladologs
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■ EXPERIMENTAL SECTION

General. All reactions were carried out in oven-dried glassware
under a positive pressure of argon or nitrogen, unless otherwise
mentioned, with magnetic stirring. Air sensitive reagents and solutions
were transferred via syringe or cannula and were introduced to the
apparatus via rubber septa. All reagents, starting materials, and solvents
were obtained from commercial suppliers and used as such without
further purification. Reactions were monitored by thin layer
chromatography (TLC) with 0.25 mm precoated silica gel plates
(60 F254). Visualization was accomplished with either UV light, iodine
adsorbed on silica gel, or immersion in ethanolic solution of

phosphomolybdic acid (PMA), p-anisaldehyde, 2,4-DNP, KMnO4

followed by heating with a heat gun for ∼15 s. Column chro-
matography was performed on silica gel (100−200 or 230−400 mesh
size). Deuterated solvents for NMR spectroscopic analyses were used
as received. All 1H NMR, 13C NMR spectra were obtained using a
400 MHz, 500 MHz spectrometer. Coupling constants were measured
in hertz. All chemical shifts were quoted in ppm, relative to TMS,
using the residual solvent peak as a reference standard. The following
abbreviations were used to explain the multiplicities: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.
HRMS (ESI) were recorded on ORBITRAP mass analyzer (Thermo
Scientific, QExactive). Mass spectra were measured with ESI ionization

Figure 5. Two views for each cocrystal structure of PfKRS with a respective cladolog (compounds 12, 13, 16, 17, and 18). The mechanistically
relevant binding modes are displayed; i.e., Arg559, Phe342, His338, Glu332, Arg330 stack with the isocoumarin ring, and Glu500, Glu346, Ser344
accommodate the THP fragment. Each cladolog along with relevant protein side chain residues are shown as sticks. PDB codes of compounds 12,
13, 16, 17, and 18 are 4HO2,11 5ZH5, 5ZH2, 5ZH3, and 5ZH4, respectively.
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in MSQ LCMS mass spectrometer. Infrared (IR) spectra were
recorded on a FT-IR spectrometer as a thin film. Chemical nomen-
clature was generated using Chembiodraw Ultra 14.0. Melting points
of solids were measured in melting point apparatus (Buchi 565).
Optical rotation values were recorded on P-2000 polarimeter at 589 nm.
All chemicals were used as received. THF, DCM, toluene, diethyl ether
were used from SPS. All reactions under standard conditions were
monitored by thin-layer chromatography (TLC) on gel F254 plates.
The silica gel (200−300 meshes) was used for column chromatog-
raphy, and the distillation range of petroleum was 60−90 °C. 1H and
13C NMR spectral data were reported in ppm relative to tetra-
methylsilane (TMS) as internal standard. High-resolution mass spectra
(HRMS) were recorded using a Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer. Purity of products was deter-
mined by reverse phase HPLC analysis using Agilent Technologies
1200 series. Column: ZORBAX Eclipse XBD-C-18 (4.6 mm × 250 mm,
5 μm). Flow rate 1.00 mL/min, UV 254 nm; using mobile phases,
method 70/30 CH3CN/H2O for 10 min. Purity of all the final com-
pounds is >95% as determined by the above method.
1. (S,E)-8-((tert-Butyldimethylsilyl)oxy)non-3-en-2-one (3).

A solution of compound 1 (18 g, 78.809 mmol) in 500 mL of
CH2Cl2 was stirred at −78 °C as ozone was passed through the same.
Once blue color was observed, oxygen was passed to remove the
excess ozone until the solution became colorless. Triphenylphosphine
(30.9 g, 118.188 mmol) was added, and the reaction mixture
was allowed to reach room temperature and stirred for an additional
12 h. The resulting solution of aldehyde was cooled to 0 °C and
1-(triphenyl-l5-phosphanylidene)propan-2-one 2 (62.723 g, 197.021
mmol) was added portionwise in one pot and left to stir for 16 h.
The resultant solution was concentrated under vacuo and filtered
through silica and forwarded to next step without further purification.
2. (8S,E)-8-((tert-Butyldimethylsilyl)oxy)non-3-en-2-ol (4).

To a solution of 3 (10 g, 36.968 mmol) in CH2Cl2 (150 mL) and
CH3OH (50 mL) (3:1 v/v) was added CeCl3·7H2O (16.5 g,
44.362 mmol) at 0 °C and stirred for 30 min. NaBH4 (1.5 g,
40.667 mmol) was added portionwise to the stirring solution at the
same temperature, and the reaction mixture was allowed to reach room
temperature and stirred for 12 h. Reaction mixture was cooled to 0 °C,
and saturated aqueous solution of sodium potassium tartarate (50 mL)
was added to the reaction flask and stirred for 15 min followed by
evaporation of CH3OH and CH2Cl2 under vacuo. To the remaining

aqueous mixture was added 1 N HCl (100 mL) and extracted with
ethyl acetate. The collected organic parts were dried over sodium
sulfate, concentrated under vacuo, and purified through column
chromatography (silica gel 230−400 mesh 10% ethyl acetate−pet
ether) to afford compound 5 (8.9 g, 88%) as a colorless oil (1:1
diastereomeric mixture). IR υmax(film): cm

−1 1728, 3431, 2938, 1250.
1H NMR (400 MHz, CDCl3): δ 5.65−5.58 (m, 1H), 5.53−5.47
(m, 1H), 4.27−4.22 (m, 1H), 3.79−3.75 (m, 1H), 2.03−2.00 (m, 2H),
1.44−1.37(m, 4H), 1.25 (d, J = 6.4 Hz, 3H), 1.11 (d, J = 5.9 Hz, 3H),
0.88 (s, 9H), 0.04 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 134.2,
130.9, 68.9, 68.4, 39.1, 32.1, 25.9, 25.3, 23.8, 23.4, 18.1, −4.4, −4.7.
HRMS calculated for C15H32O2Si [M + Na]+ 295.2062, observed
295.2064.

3. (8S,E)-Non-3-ene-2,8-diol (5). To a solution of compound 4
(8.9 g, 32.660 mmol) in THF (50 mL) was added tetrabutylammo-
nium fluoride solution (1 M in THF) (65 mL, 65.32 mmol) at 0 °C.
After stirring for 12 h at room temperature, reaction mixture was
cooled to 0 °C, saturated aqueous NH4Cl (40 mL) was added to the
same and extracted with excess ethyl acetate several times. The
collected organic layers were dried over sodium sulfate, concentrated
under vacuo, and purified via column chromatography (silica gel 230−
400 mesh, 50% ethyl acetate−pet ether) to give compound 5 (4.4 g,
85%) as a pale-yellow oil (1:1 diastereomeric mixture). IR υmax(film):
cm−11719, 3020, 1217, 1369. 1H NMR (400 MHz, CDCl3): δ 5.62−
5.57 (m, 1H), 5.52−5.47 (m, 1H), 4.23 (t, J = 6.4 Hz, 1H), 3.79−3.75
(m, 1H), 2.10 (br s, 2H), 2.01 (d, J = 6.1 Hz, 2H), 1.50−1.39 (m, 4H),
1.23 (d, J = 6.1 Hz, 3H), 1.16 (d, J = 6.1 Hz, 3H). 13C NMR
(100 MHz, CDCl3): δ 134.5, 130.5, 68.8, 67.9, 38.6, 31.9, 25.2, 23.4,
23.4. HRMS calculated for C9H18O2 [M + Na]+ 181.1198, observed
181.1199.

4. Fragment A. Bis(acetonitrile)dichloropalladium(II) (0.72 g,
2.78 mmol) was added to a solution of compound 5 (4.4 g, 27.806 mmol)
in THF at 0 °C and stirred for 30 min at the same temperature. After
completion of the reaction which was monitored through TLC, resul-
tant reaction mixture was filtered through a pad of Celite and concen-
trated via rotary evaporation at low temperature to afford fragment A
as a colorless oil (1:1 diastereomeric mixture) which was forwarded to
next step without further purification. HRMS calculated for C9H17O
[M + H]+141.1274, observed 141.1269.

5. Methyl 2,4-Dimethoxy-6-((E)-3-((2R,6S)-6-methyl-
tetrahydro-2H-pyran-2-yl)allyl)benzoate (6a) and Methyl 2,4-
Dimethoxy-6-((E)-3-((2S,6S)-6-methyltetrahydro-2H-pyran-2-
yl)allyl)benzoate (6b). A solution of fragment B (2.0 g, 8.465 mmol)
in CH2Cl2 (50 mL) was degassed with argon for 15 min. Solution of
fragment A in CH2Cl2 was added in the same followed by addition of
5 mol % of the Grubbs’ second generation catalyst. The reaction
mixture was stirred at room temperature for 36 h. It was then filtered
through a short pad of Celite and concentrated under reduced pres-
sure to remove excess CH2Cl2. Careful purification by silica gel chro-
matography (silica gel 230−400 mesh, 25% ethyl acetate−pet ether)
allowed the separation of two diastereomers 6a (0.570g) and 6b
(0.540g) with a combined yield of 53%.

Compound 6a. [α]25D −5.09 (c 1.6, CHCl3). IR υmax(film):
cm−11712, 1215, 3020, 1604. 1H NMR (400 MHz, CDCl3): δ 6.32
(s, 2H), 5.73−5.60 (m, 2H), 4.32 (d, J = 3.9 Hz, 1H), 3.87 (s, 1H),
3.85 (s, 3H), 3.78 (s, 6H), 3.34 (d, J = 5.9 Hz, 2H), 1.74−1.67
(m, 1H), 1.61−1.59 (m, 3H), 1.53−1.50 (m, 1H), 1.31−1.23 (m, 1H),
1.14 (d, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.5,
161.5, 158.2, 140.6, 132.5, 129.6, 116.2, 106.0, 96.6, 71.7, 67.1, 55.9,
55.3, 52.0, 36.8, 32.2, 29.4, 20.6, 18.6. HRMS calculated for C19H27O5

[M + H]+ 335.1853, observed 335.1839.
Compound 6b. [α]25D −3.14 (c 1.6, CHCl3). IR υmax(film):

cm−11782, 1214, 1332, 3020. 1H NMR (400 MHz, CDCl3): δ 6.32
(s, 2H), 5.74−5.68 (m, 1H), 5.54 (dd, J = 6.4, 15.2 Hz, 1H), 3.84
(s, 3H), 3.79 (m, 7H), 3.49−3.43 (m, 1H), 3.32 (d, J = 6.4 Hz, 2H),
1.81−1.78 (m, 1H), 1.58−1.47 (m, 4H), 1.28 (dd, J = 3.7, 11.5 Hz,
1H), 1.17 (d, J = 6.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.4,
161.5, 158.2, 140.5, 133.3, 128.9, 116.2, 106.1, 96.5, 78.0, 73.7, 55.9,
55.3, 52.0, 36.8, 33.0, 31.4, 23.5, 22.2. HRMS calculated for C19H27O5

[M + H]+ 335.1853, observed 335.1840.

Figure 6. Structural analogy among most potent cladologs
(compounds 12 and 16) and other cocrystallized ones (compounds
13, 17, and 18). The cladologs are superimposed and their chiral
centers indicated with an arrow. For C3 the interacting residues of Arg
559 and Phe 342 are shown; for C10 the residue Glu500 is shown, and
for C14 residues Glu346, Ser 344, and Arg 330 are shown. In com-
pound 12/16 (3R), C3 H atom is more accessible to Phe342 as
compared to compounds 13 and 17 (3S). C10 H atom in compound
18 (10S) as compared to compounds 12 and 16 (3R) stacks proxi-
mately to Glu500 side chain. As compared to compound 16/17/18,
C14 H atom in compound 12 is adjacent to Arg330.
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6. 3-(Hydroxy((2R,6S)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl)-6,8-dimethoxyisochroman-1-one (7a). To a solution of
compound 6a (0.714 g, 2.135 mmol) in acetone (12 mL) and water
(6 mL) was added 4-methylmorpholine N-oxide (0.749 g, 6.405 mmol)
followed by the careful addition of catalytic amount of 2.5% OsO4

(tert-butanol solution) at 0 °C. After stirring for 12 h at room tempera-
ture saturated aqueous solution of Na2SO3 (15 mL) was added and
further stirred for 6 h at room temperature. Excess acetone was
removed under vacuo, and the remaining aqueous part was extracted
with ethyl acetate (3 × 30 mL). The combined organic parts were
dried over sodium sulfate and concentrated under vacuo. Purification
through column chromatography (silica gel 100−200 mesh 10% ethyl
acetate−pet ether) afforded compound 7a (0.382 g) (3:2 diastereo-
meric mixture) as colorless oil with a yield of 53%. IR υmax(film): cm

−1

3021, 1722, 1599, 1217. 1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H),
6.31 (s, 1H), 4.68−4.39 (m, 1H), 4.12−3.97 (m, 1H), 3.90−3.89
(m, 3H), 3.86 (s, 1H), 3.84 (s, 3H), 3.68−3.54 (m, 1H), 3.34−3.20
(m, 1H), 2.75−2.64 (m, 1H), 2.32 (br s, 1H), 1.86−1.82 (m, 1H),
1.70−1.62 (m, 3H), 1.55−1.49 (m, 1H), 1.34−1.31 (m, 1H), 1.24−
1.15 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 164.5, 164.4, 163.1,
163.0, 162.3, 144.2, 144.1, 106.6, 104.0, 97.7, 76.7, 75.8, 73.1, 68.9,
68.8, 68.6, 68.4, 56.1, 55.5, 31.8, 31.1, 30.7, 30.0, 27.0, 26.6, 18.7, 18.1,

17.8. HRMS calculated for C18H25O6 [M + H]+ 337.1646, observed
337.1635.

7. 3-(Hydroxy((2S,6S)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl)-6,8-dimethoxyisochroman-1-one (7b). Compound 7b
(0.432 g) with a yield of 60% was synthesized as 1:1 diastereomeric
mixture from compound 6b using similar procedure for the synthesis
of compound 7a. IR υmax(film): cm

−1 3021, 2403, 1721, 1601, 1216.
1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1 H), 6.33 (s, 1 H), 4.76−4.43
(m, 1H), 3.91 (d, J = 5.5 Hz, 3H), 3.85 (s, 3H), 3.74−3.41 (m, 3H),
3.36−3.24 (m, 1H), 2.75−2.63 (m, 1H), 2.11−1.94 (m, 1H), 1.85−1.78
(m, 2H), 1.61−1.52 (m, 2H), 1.40−1.31 (m, 1H), 1.17−1.08 (m, 3H).
13C NMR (100 MHz, CDCl3): δ 164.5, 164.4, 163.1, 163.0, 162.5,
162.2, 144.4, 144.2, 106.7, 106.7, 104.0, 103.9, 97.7, 76.5, 76.0, 75.5,
74.5, 74.1, 73.9, 56.1, 55.5, 33.3, 33.0, 31.7, 31.1, 28.1, 26.7, 23.1, 23.0,
22.1. HRMS calculated for C18H25O6 [M + H]+ 337.1646, observed
337.1632.

8. O-((S)-((S)-6,8-Dimethoxy-1-oxoisochroman-3-yl)((2R,6S)-
6-methyltetrahydro-2H-pyran-2-yl)methyl) S-Methyl Carbon-
odithioate (9a) and O-((R)-((R)-6,8-Dimethoxy-1-oxoisochro-
man-3-yl)((2R,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl)
S-Methyl Carbonodithioate (8a). To a solution of 7a (0.382 g,
1.136 mmol) (1:1 diastereomeric mixture) in THF (30 mL) was
added LiHMDS (1 M in THF) (1.2 mL) at 0 °C. After 15 min CS2

Figure 7. (a) Cladolog-induced rotameric changes in PfKRS side chains. Molecule surfaces for L-lysine and compound 12 are as in the published crystal
structure of PfKRS-K-compound 12.11 (b) Simulated annealing omit maps are shown for cladologs and L-lysine in the new PfKRS-K-cladolog complexes.
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(137 μL, 2.271 mmol) was added, which was followed by the addition
of CH3I (283 μL, 4.542 mmol). After stirring the reaction mixture for
12 h, H2O (10 mL) was added to the same and extracted with ethyl
acetate. The combined organic layers were dried over sodium sulfate
and concentrated under vacuo. Purification through flash chromatog-
raphy 28% ethyl acetate−pet ether gave clean separation of the two
diastereomers 8a (0.227 g) and 9a (0.151 g) as foamy solids with an
overall yield of 78%.
Compound 8a. [α]25D +15.99 (c 1.6, CHCl3). IR υmax(film): cm

−1

3024, 1640, 1430, 1217, 766. 1H NMR (400 MHz, CDCl3): δ 6.38
(s, 1H), 6.29 (s, 1H), 6.19 (d, J = 9.8 Hz, 1H), 4.86 (d, J = 11.6 Hz,
1H), 4.43−4.39 (m, 1H), 3.91 (s, 4H), 3.83 (s, 3H), 2.99 (dd, J = 12.5,
15.6 Hz, 1H), 2.74 (dd, J = 2.4, 15.9 Hz, 1H), 2.56 (s, 3H), 1.68−1.65
(m, 4H), 1.38−1.30 (m, 2H), 1.20 (d, J = 6.7 Hz, 3H). 13C NMR
(100 MHz, CDCl3): δ 217.2, 164.4, 163.0, 161.9, 143.5, 106.9, 103.8,
97.9, 80.6, 74.2, 68.6, 66.9, 56.1, 55.5, 31.7, 30.9, 26.1, 19.2, 18.2.
HRMS calculated for C20H27O6S2 [M + H]+ 427.1244, observed
427.1230.
Compound 9a. [α]25D −18.78 (c 1.5, CHCl3). IR υmax(film): cm

−1

3025, 1639, 1431, 1218, 769. 1H NMR (400 MHz, CDCl3): δ 6.39
(s, 1H), 6.31 (s, 1H), 6.21 (dd, J = 3.1, 6.7 Hz, 1H), 4.68 (td, J = 2.8,
11.4 Hz, 1H), 4.36−4.32 (m, 1H), 4.04−4.02 (m, 1H), 3.90 (s, 3H),
3.84 (s, 3H), 3.08 (dd, J = 11.6, 15.9 Hz, 1H), 2.89−2.80 (m, 1H),
2.57 (s, 3H), 1.71 (dd, J = 4.3, 7.9 Hz, 2H), 1.61−1.54 (m, 2H), 1.40−
1.28 (m, 2H), 1.16 (d, J = 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3):
δ 217.2, 164.5, 163.1, 161.6, 143.3, 106.7, 103.9, 98.0, 82.1, 75.4, 69.5,
68.5, 56.2, 55.6, 31.5, 30.6, 26.5, 19.0, 18.9, 18.4. HRMS calculated for
C20H27O6S2 [M + H]+ 427.1244, observed 427.1231.
9. O-((R)-((R)-6,8-Dimethoxy-1-oxoisochroman-3-yl)((2S,6S)-

6-methyltetrahydro-2H-pyran-2-yl)methyl) S-Methyl Carbon-
odithioate (8b) and O-((S)-((S)-6,8-Dimethoxy-1-oxoisochro-
man-3-yl)((2S,6S)-6-methyltetrahydro-2H-pyran-2-yl)methyl)
S-Methyl Carbonodithioate (9b). Compounds 8b (0.195 g) and 9b
(0.190 g) with an overall yield of 70% was synthesized from com-
pound 7b as a semisolid by following similar procedure for the syn-
thesis of compounds 8a and 9a.
Compound 8b. [α]25D +95.92 (c 0.6, CHCl3). IR υmax(film): cm

−1

3023, 1640, 1431, 1218, 768. 1H NMR (400 MHz, CDCl3): δ 6.39
(s, 1H), 6.31 (s, 1H), 6.00 (t, J = 4.9 Hz, 1H), 4.76 (td, J = 3.3, 11.1 Hz,
1H), 3.94 (d, J = 5.5 Hz, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 3.47−3.40
(m, 1H), 3.13 (dd, J = 11.3, 16.2 Hz, 1H), 2.86 (dd, J = 2.4, 16.5 Hz,
1H), 2.57 (s, 3H), 1.86−1.82 (m, 1H), 1.66−1.62 (m, 2H), 1.56−1.51
(m, 1H), 1.44−1.37 (m, 1H), 1.19 (dd, J = 3.7, 11.0 Hz, 1H), 1.12
(d, J = 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 217.1, 164.5,

163.1, 161.7, 143.4, 106.8, 103.9, 97.9, 83.0, 75.8, 75.0, 74.3, 56.2, 55.6,
32.9, 31.5, 26.7, 23.2, 22.1, 19.1. HRMS calculated for C20H27O6S2
[M + H]+ 427.1244, observed 427.1228.

Compound 9b. [α]25D −146.8 (c 0.5, CHCl3). IR υmax(film): cm
−1

3022, 1640, 1430, 1217, 768. 1H NMR (400 MHz, CDCl3): δ 6.38
(s, 1H), 6.28 (s, 1H), 5.96 (d, J = 9.2 Hz, 1H), 4.94 (d, J = 11.6 Hz,
1H), 4.08 (t, J = 10.1 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 3H), 3.51 (dd, J =
5.8, 10.7 Hz, 1H), 3.01−2.94 (m, 1H), 2.76−2.71 (m, 1H), 2.56
(s, 3H), 1.82 (d, J = 12.8 Hz, 1H), 1.62−1.47 (m, 4H), 1.20−1.16
(m, 1H), 1.11 (d, J = 5.5 Hz, 3H). 13C NMR (100 MHz, CDCl3):
δ 217.3, 164.5, 163.2, 162.3, 143.7, 106.9, 103.8, 103.8, 97.9, 82.6, 74.0,
73.3, 56.2, 55.5, 33.2, 31.6, 27.5, 22.8, 22.0, 19.3. HRMS calculated for
C20H27O6S2 [M + H]+ 427.1244, observed 427.1230.

10. (R)-6,8-Dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (10a). Compound 8a
(0.227 g, 0.532 mmol) was dissolved in toluene which was followed
by the addition of AIBN (8.7 mg, 0.053 mmol) and tributyltin hydride
(430 μL, 1.596 mmol). The reaction mixture was stirred at 95 °C for
4 h. After completion of the reaction toluene was evaporated under
vacuo and the crude was purified by column chromatography which
afforded compound 10a (0.106 mg) as a foamy solid with 62% yield.
[α]25D +36.76 (c 1.5, CHCl3). IR υmax(film): cm

−13014, 2852, 1713,
1599, 1220. 1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H), 6.28
(s, 1H), 4.58−4.53 (m, 1H), 4.06 (t, J = 8.2 Hz, 1H), 3.92 (s, 1H),
3.90 (s, 3H), 3.84 (s, 3H), 2.91−2.77 (m, 2H), 1.88−1.80 (m, 2H),
1.73−1.62 (m, 4H), 1.33−1.27 (m, 2H), 1.18 (d, J = 6.1 Hz, 3H).
13C NMR (100 MHz, CDCl3): δ 164.3, 163.0, 162.8, 144.0, 107.1, 103.8,
97.7, 77.4, 76.7, 66.1, 56.1, 55.5, 39.6, 35.5, 31.0, 30.8, 18.8, 18.2. HRMS
calculated for C18H25O5 [M + H]+ 321.1697, observed 321.1691.

11. (S)-6,8-Dimethoxy-3-(((2R,6S)-6-methyltetrahydro-2H-
pyran-2 yl)methyl)isochroman-1-one (11a). Compound 11a
(69 mg) with a yield of 61% was synthesized as a semisolid from
compound 9a using similar procedure for the synthesis of compound
10a. [α]25D −10.88 (c 1.8, CHCl3). IR υmax(film): cm

−1 3015, 2853,
1709, 1599, 1219. 1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.30
(s, 1H), 4.55−4.48 (m, 1 H), 4.03 (dd, J = 4.3, 9.2 Hz, 1H), 3.91
(s, 3H), 3.85 (s, 3H), 2.96−2.87 (m, 2H), 2.40−2.33 (m, 1H), 1.73−
1.60 (m, 5H), 1.40−1.28 (m, 3 H), 1.15 (d, J = 6.1 Hz, 3 H).
13C NMR (100 MHz, CDCl3): δ 164.3, 163.1, 162.7, 144.0, 107.0, 103.9,
97.8, 74.6, 66.9, 56.1, 55.5, 37.5, 34.3, 31.5, 29.9, 19.7, 18.2. HRMS
calculated for C18H25O5 [M + H]+ 321.1697, observed 321.1690.

12. (R)-6,8-Dimethoxy-3-(((2S,6S)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (10b). Compound 10b
(88 mg) with a yield of 60% was synthesized from compound 8b as

Figure 8. Overview of cladolog potency.
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a foamy solid using similar procedure for the synthesis of 10a and 11a.
[α]25D +78.26 (c 1.0, CHCl3). IR υmax(film): cm

−1 3015, 2931, 1704,
1598, 1218. 1H NMR (400 MHz, CDCl3): δ 6.39 (s, 1H), 6.31
(s, 1H), 4.59−4.52 (m, 1H), 3.91 (s, 3H), 3.85 (s, 3H), 3.63 (td, J =
5.5, 11.0 Hz, 1H), 3.46−3.39 (m, 1H), 3.00−2.81(m, 2H), 2.09 (dt,
J = 7.0, 14.0 Hz, 1H), 1.82−1.72 (m, 2H), 1.63−1.44 (m, 4H), 1.21−
1.17 (m, 1H), 1.13 (d, J = 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3):
δ 164.3, 163.1, 162.8, 144.1, 107.0, 103.9, 97.7, 74.4, 73.8, 73.5, 56.1,
55.5, 40.8, 34.7, 33.2, 31.0, 23.5, 22.2. HRMS calculated for
C18H24O5Na [M + Na]+ 343.1516, observed 343.1510.
13. (S)-6,8-Dimethoxy-3-(((2S,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (11b). Compound 11b
(83 mg) with a yield of 58% was synthesized as a yellowish oil from
compound 9b following similar procedure for the synthesis of com-
pounds 10a, 11a, and 10b. [α]25D −121.78 (c 0.3, CHCl3). IR υmax(film):
cm−13015, 2931, 1704, 1598, 1218. 1H NMR (400 MHz, CDCl3):
δ 6.39 (s, 1H), 6.28 (s, 1H), 4.69−4.64 (m, 1H), 3.91 (s, 3H), 3.84
(s, 3H), 3.70 (t, J = 10.7 Hz, 1H), 3.46−3.39 (m, 1H), 2.90−2.75
(m, 2H), 1.88−1.77 (m, 2H), 1.72−1.66 (m, 2H), 1.57−1.51 (m, 3H),
1.19−1.16 (m, 1H), 1.11 (d, J = 6.1 Hz, 3H). 13C NMR (100 MHz,
CDCl3): δ 164.3, 163.0, 144.1, 107.1, 103.8, 97.7, 73.8, 73.7, 73.0, 56.1,
55.5, 41.7, 35.5, 33.2, 31.6, 23.6, 22.1. HRMS calculated for
C18H24O5Na [M + Na]+ 343.1516, observed 343.1510.
14. Cladosporin (Compound 12). A suspension of aluminum

powder (106 mg, 0.331 mmol) in dry benzene (5 mL) was treated
with I2 (1.3 g, 5.293 mmol) under argon, and the violet mixture was
stirred under reflux for 30 min until the violet color disappeared. After
the mixture was cooled to 0 °C, few crystals of TBAI (10.6 mg,
0.033 mmol) and phloroglucinol (208.6 mg, 1.654 mmol) were added
before a solution of compound 10a (106 mg, 0.331 mmol) in dry
benzene (3 mL) was added in one portion. The resulting green-brown
suspension was stirred for 30 min at 5 °C before saturated Na2S2O3

solution (8 mL) and ethyl acetate (8 mL) were added. After separation
of the layers, the aqueous phase was extracted with ethyl acetate. The
combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. Purification by column chro-
matography afforded cladosporin (compound 12) (0.052 g) as a white
solid with a yield of 54%. Melting point: 171−173 °C. [α]25D −15.75
(c 0.6, EtOH). IR υmax(film): cm

−1 3416, 3022, 1656, 1218. 1H NMR
(400 MHz, CDCl3): δ 11.06 (s, 1H), 7.47 (br s, 1H), 6.29 (s, 1H),
6.16 (s, 1H), 4.68 (t, J = 9.8 Hz, 1H), 4.12 (s, 1H), 4.01 (s, 1H), 2.89−
2.75 (m, 2H), 2.00−1.94 (m, 1H), 1.87−1.81 (m, 1H), 1.70−1.63
(m, 4H), 1.35 (d, J = 6.1 Hz, 2H), 1.23 (d, J = 6.7 Hz, 3H). 13C NMR
(100 MHz, CDCl3): δ 169.9, 164.3, 163.1, 141.8, 106.7, 102.0, 101.5,
76.3, 68.0, 66.6, 39.3, 33.6, 30.9, 18.9, 18.1. HRMS calculated for
C16H21O5 [M + H]+ 293.1384, observed 293.1379.
15. (S)-6,8-Dihydroxy-3-(((2R,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (Compound 13). Com-
pound 13 (0.031 g) with a yield of 49% was synthesized as a white
solid from compound 11a following similar procedure for the syn-
thesis of compound 12. Melting point: 134−138 °C. [α]25D −100.7
(c 0.5, CHCl3). IR υmax(film): cm

−1 3413, 3023, 1657, 1218. 1H NMR
(400 MHz, CDCl3): δ 11.11 (s, 1H), 7.19 (br s, 1H), 6.31 (s, 1H),
6.17 (s, 1H), 4.67 (s, 1H), 4.14−4.09 (m, 1H), 3.95 (s, 1H), 2.92−
2.91 (m, 2H), 2.43 (br s, 1H), 1.83−1.69 (m, 5H), 1.39−1.33
(m, 2H), 1.20 (d, J = 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3):
δ 170.0, 164.4, 163.0, 141.6, 106.7, 102.0, 101.6, 76.6, 67.4, 67.2, 37.3,
32.6, 31.5, 29.8, 19.7, 18.1. HRMS calculated for C16H21O5 [M + H]+

293.1384, observed 293.1379.
16. (R)-6,8-Dihydroxy-3-(((2S,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (Compound 14). Com-
pound 14 (0.043 g) was synthesized with a yield of 57% as a white
solid from compound 10b using similar procedure for the synthesis of
compound 12 and compound 13. Melting point: 194−199 °C. [α]25D
+46.44 (c 0.5, EtOH). IR υmax(film): cm

−1 3416, 3022, 1656, 1218.
1H NMR (400 MHz, CD3OD): δ 6.23 (s, 1H), 6.20 (s, 1H), 4.74−4.67
(m, 1H), 3.63−3.58 (m, 1H), 3.52−3.46 (m, 1H), 2.97−2.86 (m, 2H),
2.07−2.00 (m, 1H), 1.84−1.77 (m, 2H), 1.67−1.53 (m, 3H), 1.28−
1.18 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz,
CD3OD): δ 171.7, 166.4, 165.8, 143.6, 108.1, 102.3, 101.8, 78.0, 75.5,

75.2, 42.2, 34.5, 33.8, 32.5, 24.7, 22.6. HRMS calculated for C16H21O5

[M + H]+ 293.1384, observed 293.1379.
17. (S)-6,8-Dihydroxy-3-(((2S,6S)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (Compound 15). Com-
pound 15 (0.037 g) was synthesized from compound 11b with a yield
of 49% as a white solid using similar procedure for the synthesis of
compound 12, compound 13, and compound 14. Melting point: 154−
157 °C. [α]25D −5.0 (c 0.4, CHCl3). IR υmax(film): cm

−13422, 3020,
1659, 1630, 1216. 1H NMR (400 MHz, CD3OD): δ 6.21 (s, 1H), 6.20
(s, 1H), 4.77−4.71 (m, 1H), 3.69−3.64 (m, 1H), 3.52−3.45 (m, 1H),
2.94−2.84 (m, 2H), 1.92−1.72 (m, 4H), 1.61−1.58 (m, 3H), 1.22−
1.17 (dd, J = 4.3, 11.6 Hz, 1H), 1.14 (d, J = 6.7 Hz, 3H). 13C NMR
(100 MHz, CD3OD): δ 171.7, 166.4, 165.8, 143.7, 108.0, 102.3, 101.7,
77.6, 75.3, 74.8, 43.0, 34.6, 34.5, 33.1, 24.8, 22.5. HRMS calculated for
C16H21O5 [M + H]+ 293.1384, observed 293.1382.

18. (R,E)-8-((tert-Butyldimethylsilyl)oxy)non-3-en-2-one (R3).
Compound R3 was synthesized from compound R1 as a colorless
liquid by following similar procedure for the synthesis of 3. The com-
pound was filtered through silica and forwarded to next step without
further characterization.

19. (8R,E)-8-((tert-Butyldimethylsilyl)oxy)non-3-en-2-ol (R4).
The compound R4 (8 g, 82%) was synthesized (1:1 diastereomeric
mixture) from compound R3 as a white colorless oil by following simi-
lar procedure for the synthesis of compound 4. 1H NMR (200 MHz,
CDCl3): δ 5.67−5.52 (m, 2H), 4.26 (t, J = 5.9 Hz, 1H), 3.82−3.76
(m, 1H), 2.06−2.00 (m, 1H), 1.61 (s, 2H), 1.42−1.38 (m, 4H), 1.25
(d, J = 6.3 Hz, 3H), 1.11 (d, J = 6.1 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 6H).

20. (8R,E)-Non-3-ene-2,8-diol (R5). Compound R5 (3.7 g, 87%)
was synthesized from compound R4 as a colorless oil by following
similar procedure for the synthesis of compound 5. 1H NMR
(200 MHz, CDCl3): δ 5.70−5.45 (m, 2H), 4.28−4.19 (m, 1H), 3.83−
3.75 (m, 1H), 2.05−2.02 (m, 2H), 1.61 (br s, 2H), 1.49−1.40
(m, 4H), 1.24 (d, J = 6.3 Hz, 3H), 1.18 (d, J = 6.2 Hz, 3H).

21. Fragment A′. Fragment A′ was synthesized from compound
R5 as a pale yellow oil by following similar procedure for the synthesis
of fragment A.

22. Methyl 2,4-Dimethoxy-6-((E)-3-((2R,6R)-6-methyl-
tetrahydro-2H-pyran-2-yl)allyl)benzoate (R6a) and Methyl
2,4-Dimethoxy-6-((E)-3-((2S,6R)-6-methyltetrahydro-2H-pyran-
2-yl)allyl)benzoate (R6b). Compounds R6a (0.55 g) and R6b (0.52
mg) were synthesized with an overall yield of 53% from fragment A′
and fragment B as a yellowish oil by following similar procedure for
the synthesis of compounds 6a and 6b.

Compound R6a. 1H NMR (200 MHz, CDCl3): δ 6.33 (s, 2H),
5.73 (td, J = 6.4, 15.4 Hz, 1H), 5.53 (dd, J = 6.1, 15.5 Hz, 1H), 3.85
(s, 3H), 3.79 (s, 7H), 3.51−3.40 (m, 1H), 3.32 (d, J = 6.3 Hz, 2H),
1.80 (dt, J = 3.1, 6.0 Hz, 1H), 1.61−1.49 (m, 4H), 1.25 (s, 1H), 1.17
(d, J = 6.2 Hz, 3H).

Compound R6b. 1H NMR (200 MHz, CDCl3): δ 6.33 (s, 2H),
5.75−5.65 (m, 2H), 4.33 (q, J = 3.8 Hz, 1H), 3.86 (s, 3H), 3.79
(s, 7H), 3.35 (d, J = 4.9 Hz, 2H), 1.65−1.58 (m, 5H), 1.20 (s, 1H),
1.15 (d, J = 6.4 Hz, 3H).

23. 3-(Hydroxy((2R,6R)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl)-6,8-dimethoxyisochroman-1-one (R7a). Compound
R7a (0.389 g, 50%) was synthesized from compound R6a as a foamy
solid by following similar procedure for the synthesis of compound 7a.
1H NMR (400 MHz, CDCl3): δ 6.39 (br s, 1H), 6.33 (br s, 1H),
4.76−4.43 (m, 1H), 3.91 (d, J = 5.5 Hz, 3H), 3.85 (s, 3H), 3.74−3.28
(m, 4H), 2.75−2.63 (m, 1H), 2.11−1.94 (d, 1H), 1.85−1.82 (m, 1H),
1.61−1.48 (m, 3H), 1.24 (s, 1H), 1.17−1.08 (m, 3H).

24. 3-(Hydroxy((2S,6R)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl)-6,8-dimethoxyisochroman-1-one (R7b). Compound
R7b (0.397 g, 57%) was synthesized from compound R6b as a yellowish
oil by following similar procedure for the synthesis of compound 7b.
1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H), 6.31 (s, 1H), 4.66−4.39
(m, 1H), 4.12−3.97 (m, 1H), 3.89 (d, J = 3.9 Hz, 4H), 3.84 (s, 3H),
3.68−3.54 (m, 1H), 3.34−3.20 (m, 1H), 2.75−2.66 (m, 1H),
1.86−1.62 (m, 4H), 1.55−1.50 (m, 1H), 1.34−1.31 (m, 1H), 1.24−
1.15 (m, 3H).
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25. O-((S)-((S)-6,8-Dimethoxy-1-oxoisochroman-3-yl)-
((2R,6R)-6-methyltetrahydro-2H-pyran-2-yl)methyl) S-Methyl
Carbonodithioate (R9a) and O-((R)-((R)-6,8-Dimethoxy-1-oxoi-
sochroman-3-yl)((2R,6R)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl) S-Methyl Carbonodithioate (R8a). Compounds R8a
(0.187 g) and R9a (0.18 g) were synthesized with a yield of 73% from
compound R7a as foamy solids by following similar procedure for the
synthesis of compounds 8a and 9a.
Compound R8a. 1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H),

6.28 (s, 1H), 5.96 (d, J = 9.2 Hz, 1H), 4.94 (d, J = 11.6 Hz, 1H), 4.08
(t, J = 10.1 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 3H), 3.51 (dd, J = 5.8, 10.7
Hz, 1H), 3.01−2.94 (m, 1H), 2.76−2.71 (m, 1H), 2.56 (s, 3H), 1.82
(d, J = 12.8 Hz, 1H), 1.67−1.47 (m, 4H), 1.23−1.14 (m, 1H), 1.11
(d, J = 5.5 Hz, 3H).
Compound R9a. 1H NMR (400 MHz, CDCl3): δ 6.40 (s, 1H),

6.32 (s, 1H), 6.00 (t, J = 4.3 Hz, 1H), 4.77 (dd, J = 3.1, 11.0 Hz, 1H),
3.95 (s, 1H), 3.91 (s, 3H), 3.85 (s, 3H), 3.44 (dd, J = 5.8, 10.1 Hz,
1H), 3.14 (dd, J = 11.6, 15.9 Hz, 1H), 2.89−2.85 (m, 1H), 2.57
(s, 3H), 1.86−1.83 (s, 1H), 1.67−1.66 (m, 1H), 1.56−1.54 (m, 2H),
1.45−1.41 (m, 1H), 1.21−1.19 (s, 1H), 1.13 (d, J = 6.1 Hz, 3H).
26. O-((R)-((R)-6,8-Dimethoxy-1-oxoisochroman-3-yl)-

((2S,6R)-6-methyltetrahydro-2H-pyran-2-yl)methyl) S-Methyl
Carbonodithioate (R8b) and O-((S)-((S)-6,8-Dimethoxy-1-oxoi-
sochroman-3-yl)((2S,6R)-6-methyltetrahydro-2H-pyran-2-yl)-
methyl) S-Methyl Carbonodithioate (R9b). Compounds R8b
(0.215 g) and R9b (0.135 g) were synthesized from compound R7b
with 70% yield as foamy solids by following similar procedure for the
synthesis of 8b and 9b.
Compound R8a. 1H NMR (500 MHz, CDCl3): δ 6.39 (s, 1H),

6.31 (s, 1H), 6.21 (dd, J = 3.4, 6.9 Hz, 1H), 4.68 (td, J = 2.8, 11.6 Hz,
1H), 4.36−4.32 (m, 1H), 4.06−4.04 (m, 1H), 3.90 (s, 3H), 3.84
(s, 3H), 3.09 (dd, J = 11.8, 16.0 Hz, 1H), 2.87 (dd, J = 2.3, 16.0 Hz,
1H), 2.57 (s, 3H), 1.74−1.69 (m, 3H), 1.61−1.55 (m, 2H), 1.35−1.33
(m, 1H), 1.17 (d, J = 6.5 Hz, 3H).
Compound R9b. 1H NMR (400 MHz, CDCl3): δ 6.38 (s, 1H),

6.29 (s, 1H), 6.19 (d, J = 9.8 Hz, 1H), 4.86 (d, J = 11.6 Hz, 1H), 4.43−
4.39 (m, 1H), 3.91 (s, 4H), 3.83 (s, 3H), 2.99 (dd, J = 12.5, 15.6 Hz,
1H), 2.74 (dd, J = 2.4, 15.9 Hz, 1H), 2.56 (s, 3H), 1.68−1.65 (m, 4H),
1.34 (dd, J = 7.0, 10.7 Hz, 2H), 1.20 (d, J = 6.7 Hz, 3H).
27. (R)-6,8-Dimethoxy-3-(((2R,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (R10a). Compound R10a
(0.087 g, 64%) was synthesized from compound R8a as a yellowish oil
by following similar procedure for the synthesis of compound 10a.
1H NMR (400 MHz, CDCl3): δ 6.40 (s, 1H), 6.29 (s, 1H), 4.68 (t, J =
10.4 Hz, 1H), 3.92 (s, 3H), 3.85 (s, 3H), 3.71 (t, J = 10.7 Hz, 1H),
3.47−3.42 (m, 1H), 2.91−2.76 (m, 2H), 1.90−1.78 (m, 2H), 1.73−
1.66 (m, 2H), 1.55−1.49 (m, 3H), 1.18−1.16 (m, 1H), 1.12 (d, J =
6.1 Hz, 3H).
28. (S)-6,8-Dimethoxy-3-(((2R,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (R11a). Compound R11a
(0.079 g, 60%) was synthesized from compound R9a as a foamy solid
by following similar procedure for the synthesis of 11a. 1H NMR
(500 MHz, CDCl3): δ 6.40 (s, 1H), 6.32 (s, 1H), 4.57 (ddd, J = 3.2,
5.7, 8.6 Hz, 1H), 3.92 (s, 3H), 3.87 (s, 3H), 3.64 (td, J = 5.4, 11.0 Hz,
1H), 3.46−3.42 (m, 1H), 2.98 (dd, J = 11.4, 16.0 Hz, 1H), 2.85 (dd,
J = 2.7, 16.0 Hz, 1H), 2.13−2.04 (m, 1H), 1.83- 1.76 (m, 2H), 1.58−
1.49 (m, 4H), 1.21 (d, J = 8.8 Hz, 1H), 1.14 (d, J = 6.1 Hz, 3H).
29. (R)-6,8-Dimethoxy-3-(((2S,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (R10b). Compound R10b
(0.103 g, 57%) was synthesized from compound R8b as a semisolid by
following similar procedure for the synthesis of compound 10b. 1H
NMR (400 MHz, CDCl3): δ 6.41 (s, 1H), 6.32 (s, 1H), 4.56−4.53
(m, 1H), 4.05−4.04 (m, 1H), 3.92 (s, 3H), 3.86 (s, 3H), 2.97−2.91
(m, 2H), 2.39−2.35 (m, 1H), 1.73−1.67 (m, 5H), 1.37−1.31 (m, 2H),
1.16 (d, J = 6.1 Hz, 3H).
30. (S)-6,8-Dimethoxy-3-(((2S,6R)-6-methyltetrahydro-2H-

pyran-2-yl)methyl)isochroman-1-one (R11b). Compound R11b
(0.087 g, 60%) was synthesized from compound R9b as a white solid
by following similar procedure for the synthesis of 11b. 1H NMR
(400 MHz, CDCl3): δ 6.39 (s, 1H), 6.29 (s, 1H), 4.59−4.54 (m, 1H),
4.07 (t, J = 8.2 Hz, 1H), 3.93 (br s, 1H), 3.91 (s, 3H), 3.85 (s, 3H),

2.92−2.78 (m, 2H), 1.91−1.81 (m, 2H), 1.74−1.63 (m, 4H), 1.34−
1.28 (m, 2H), 1.19 (d, J = 6.1 Hz, 3H).

31. (R)-6,8-Dihydroxy-3-(((2R,6R)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (Compound 16). Com-
pound 16 (0.034 g, 51%) was synthesized from compound R10a as a
white solid by following similar procedure for the synthesis of
compound 12. Melting point: 155−158 °C. [α]25D +5.6 (c 0.4,
CHCl3);

1H NMR (400 MHz, CD3OD): δ 6.21 (s, 1H), 6.20 (s, 1H),
4.74 (t, J = 9.8 Hz, 1H), 3.69−3.64 (m, 1H), 3.48 (dd, J = 5.2, 9.5 Hz,
1H), 2.93−2.85 (m, 2H), 1.88−1.73 (m, 4H), 1.60 (d, J = 10.4 Hz,
3H), 1.19 (d, J = 13.4 Hz, 1H), 1.14 (d, J = 6.1 Hz, 3H).

32. (S)-6,8-Dihydroxy-3-(((2R,6R)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (17). The compound 17
(0.017 g, 53%) was synthesized from compound R11a as a white solid
by following similar procedure for the synthesis of compound 13.
Melting point: 195−197 °C. [α]25D −45.23 (c 0.5, EtOH). 1H NMR
(400 MHz, CD3OD): δ 6.23 (s, 1H), 6.20 (s, 1H), 4.72−4.67
(m, 1H), 3.61−3.58 (m, 1H), 3.48 (dd, J = 5.5, 10.4 Hz, 1H), 2.97−
2.90 (m, 2H), 2.07−2.00 (m, 1H), 1.84−1.77 (m, 2H), 1.67−1.53
(m, 3H), 1.28−1.18 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H).

33. (R)-6,8-Dihydroxy-3-(((2S,6R)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (Compound 18). Com-
pound 18 (0.021 g, 55%) was synthesized from compound R10b as a
white solid by following similar procedure for the synthesis of
compound 14. Melting point: 135−139 °C. [α]25D +104.19 (c 0.2,
CHCl3).

1H NMR (400 MHz, CDCl3): δ 11.12 (s, 1H), 6.32 (s, 1H),
6.18 (s, 1H), 4.69−4.66 (m, 1H), 4.10−4.09 (m, 1H), 3.96 (s, 1H),
2.93−2.91 (m, 2H), 2.47−2.36 (m, 1H), 1.78−1.70 (m, 5H), 1.42−
1.31 (m, 2H), 1.20 (d, J = 6.1 Hz, 3H).

34. (S)-6,8-Dihydroxy-3-(((2S,6R)-6-methyltetrahydro-2H-
pyran-2-yl)methyl)isochroman-1-one (Compound 19). Com-
pound 19 (0.023 g, 43%) was synthesized from compound R11b as a
white solid by following similar procedure for the synthesis of
compound 15. Melting point: 174−177 °C. [α]25D +16.57 (c 0.5,
EtOH). 1H NMR (400 MHz, CDCl3): δ 11.07 (br s, 1H), 6.30
(s, 1H), 6.17 (s, 1H), 4.69 (t, J = 9.8 Hz, 1H), 4.13 (br s, 1H), 4.02
(br s, 1H), 2.90−2.76 (m, 2H), 2.01−1.95 (m, 1H), 1.88−1.82 (m, 1H),
1.71−1.64 (m, 4H), 1.36 (d, J = 6.1 Hz, 2H), 1.24 (d, J = 6.7 Hz, 3H).
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a b s t r a c t

Cladosporin, a secondary metabolite isolated from fungal sources like Cladosporium cladosporioides and
Aspergillus flavus was found to exhibit selective nano-molar activity against malarial parasite
Plasmodium falciparum by inhibiting parasitic protein biosynthesis. In addition, this natural product
has a broad range of bioactivities including, antiparasitic, antifungal, antibacterial as well as plant growth
inhibition. However, it has limited availability from the natural sources for further development. Herein,
we report a modified and improved synthetic route which led us to produce this potent natural product
in a gram scale. Conversion of the undesired diastereomer to desired one via Mitsunobu inversion of sec-
ondary alcohol and carbon monoxide insertion reaction towards the construction of isocoumarin unit are
the key features of the present synthesis.

� 2019 Elsevier Ltd. All rights reserved.

Cladosporin, also known as asperentin is a secondary metabo-
lite found in diverse fungi including Cladosporium cladosporioides
[1] and Aspergillus flavus [2] with the first isolation documented
way back in 1971 by Scott and Walbeek [1]. Structurally it consists
of a THP ring (2,6-disubstituted tetrahydropyran) connected to an
isocoumarin moiety [1,3,4] (Fig. 1) whose complete stereochemical
elucidation was reported in 1981 by Springer et. al. [2] Cladosporin
was found to illustrate a broad spectrum of bio-activities (Fig. 1)
such as antifungal [1], insecticidal, plant growth inhibition [2,5]
and antibacterial [6], as well as anti-inflammatory activity [7].
While screening natural product library to identify inhibitors of
Plasmodium falciparum (Pf), which happens to be the causative
pathogen for malaria; Winzeler et al. identified cladosporin to dis-
play potent antiparasitic activity (�40 nM) against both blood and
liver stage proliferation of the pathogen by ceasing protein biosyn-
thesis in the parasitic cell through inhibition of cytosolic lysyl-
tRNA synthetase (PfKRS) [8,9]. Besides, cladosporin was found to
be >100 fold selective towards parasitic KRS as compared to human
enzyme (HsKRS) [9]. Apart from PfKRS, cladosporin is known to
inhibit KRSs from other species, including helminth parasites such
as Loa loa (Ll) and Schistosomamansoni (Sm) [10]. By considering the
promising potential of cladosporin, we have initiated a program
towards it. Recently, we have accomplished the synthesis of all
the possible eight stereoisomers (cladologs) of cladosporin and in
collaboration with Sharma et al. we successfully deciphered the

stereochemical bases of cladologs’ interaction with PfKRS through
cladolog-PfKRS co-crystallization [11]. These interesting findings
and impressive biological profile of cladosporin undoubtedly make
it a promising candidate towards the development of novel anti-
malarials. A proper bio-assessment towards drug development
demands adequate quantity of the lead compound (cladosporin),
which has limited access from natural sources. Hence development
of an efficient and scalable synthetic strategy is worth exploring. As
of today, one asymmetric total synthesis [4] followed by a formal
synthesis [3] of the natural product have been documented by
She et al. and Mohapatra et al. using independent and elegant
ways, respectively. Following that, we have documented a synthe-
sis of cladosporin, where we have adopted a strategy to access dif-
ferent isomers deliberately [11]. Although these synthetic routes to
access cladosporin were documented, there is a need for new route
which can provide sufficient material. Here we report a modified
approach to access cladosporin in ‘‘gram-scale”.

Our synthesis commenced with the known intermediate 1 (pre-
pared through a reported protocol) which was subjected to epoxi-
dation using mCPBA reagent to its corresponding epoxide
(fragment B) as an inseparable diastereomeric mixture. The epox-
ide thus obtained, on Grignard reaction with commercially avail-
able 1-bromo-3,5-dimethoxybenzene (fragment A) afforded 1:1
diastereomeric mixture of alcohols (2 and 3) with excellent overall
yield of 86%. It is worth mentioning that maintaining a low concen-
tration of Grignard reagent (<0.5 M) is crucial for the reaction.
Higher concentrations of Grignard reagent results in an unrequired
dimerization product [12]. Here, in this case, we were able to sep-
arate both the diastereomers (2 and 3) cleanly using simple silica
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gel column chromatography. In this context, we made interesting
observations while analyzing 1H NMR data of these isomers where
identical chemical shifts of all the concerned proton signals were

observed for both the compounds except the benzylic protons,
which showed significant chemical shift difference for both. This
difference in the 1HNMR pattern could probably be explained using

3 10

14

Fig. 1. Spectrum of Cladosporin bio-activities.

Scheme 1. Gram scale synthesis of cladosporin.
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energy minimized conformer of both the compounds using Gaus-
sian. Unlike compound 2, compound 3 was found to exhibit a
hydrogen bonding interaction between the secondary alcohol and
the tetrahydropyran oxygen which might be the probable cause
for a constrained conformation of compound 3 and this in turn
resulted in a separate splitting pattern for both the benzylic pro-
tons (Scheme 1). To make use of undesired diastereomer, com-
pound 3 was subjected to Mitsunobu reaction protocol followed
by ester hydrolysis which led to the complete inversion of the sec-
ondary alcohol center in 3 to afford the required diastereomeric
alcohol 2 in good yields. Next we focused to construct the
six-membered lactone present in the natural product which was
envisioned using palladium catalyzed carbon monoxide insertion
reaction. Accordingly, the alcohol 2 was converted to its
corresponding iodo-compound 4a in excellent yields by using N-
iodosuccinimide (NIS) and catalytic amount of pTSA in chloroform
solvent. The iodo-compound 4a was treated with Pd(PPh3)2Cl2,
potassium carbonate and 1,10-phenanthroline in presence in
DMF at 100 �C under blanket of carbon monoxide to obtain desired
compound 5 in 70% yield [14]. Demethylation of compound 5 was
achieved through aluminium triiodide mediated exhaustive
demethylation [15] to furnish the natural product cladosporin.
The spectral data of the synthesized compound was in complete
agreement with the reported data [3,4]. Besides, structure and rel-
ative stereochemistry of the synthesized compound was further
confirmed by single crystal X-ray diffraction analysis for an unam-
biguous assignment of its stereocenters. Herein, we would also like
to document alternate ways/attempts to form the six-membered
lactone ring of cladosporin, in particular using bromo compound
4b. Alcohol 2 upon treatment with N-bromo succunimide (NBS)
in CH2Cl2 afforded bromo compound 4b in excellent yield. The
bromo compound thus obtained treated with nBuLi, LiHMDS to
generate corresponding dianion which was subsequently
quenched with electrophiles like triphosgene, carboxydiimidazole
(CDI), methylchloroformate and ethyl chloroformate which did
not give any fruitful results(Scheme 2). We also tried to insert cop-
per in the carbon halogen bond followed by protodecupration to

furnish the required lactone [13]. Although we were successful in
obtaining the required product 5 in a moderate yield of 60%, we
were unable to reproduce comparable yields at higher scale. As
an alternative, we also prepared the required lactone 5 by follow-
ing She’s protocol [4].

In short, we have accomplished a scalable total synthesis of cla-
dosporin natural product. Gram-scale operations, Mitsunobu
inversion to convert undesired alcohol to required one and palla-
dium-catalyzed carbon monoxide insertion reaction to construct
six-membered lactone ring are the highlights of present work.
Now we have more than two grams of material in hand which is
sufficient for further profiling such as in-depth assessment of the
pharmacokinetics and pharmacodynamics.
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ABSTRACT: Quantum mechanical/nuclear magnetic resonance
(NMR) approaches are widely used for the configuration
assignment of organic compounds generally comparing one cluster
of experimentally determined data (e.g., 13C NMR chemical shifts)
with those predicted for all possible theoretical stereoisomers.
More than one set of experimental data, each related to a specific
stereoisomer, may occur in some cases, and the accurate
stereoassignments can be obtained by combining the experimental
and computed data. We introduce here a straightforward
methodology based on the simultaneous analysis, combination,
and comparison of all sets of experimental/calculated 13C chemical
shifts for aiding the correct configuration assignment of groups of
stereoisomers. The comparison of the differences between the
calculated/experimental chemical shifts instead of the shifts themselves led to the advantage of avoiding errors arising from
calibration procedures, reducing systematic errors, and highlighting the most diagnostic differences between calculated and
experimental data. This methodology was applied on a tetrad of synthesized cladosporin stereoisomers (cladologs) and further
corroborated on a tetrad of pochonicine stereoisomers, obtaining the correct correspondences between experimental and calculated
sets of data. The new MAEΔΔδ parameter, useful for indicating the best fit between sets of experimental and calculated data, is here
introduced for facilitating the stereochemical assignment of groups of stereoisomers.

■ INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is one of
the pivotal analytical tools used to determine key chemical
properties of organic compounds, for example, relative/
absolute configurations,1,2 and to provide further structural
information, for example, representative conformational
patterns of the investigated molecules.3 In this context, the
spectroscopic properties of organic compounds can be
proficiently predicted by accurate quantum chemical meth-
ods.1,4−7 Indeed, the integration of the information from
experimental and computational data can then be of
fundamental importance to solve different structural issues of
organic compounds. In the last decade, different studies were
performed with the combination of the information from
NMR spectroscopy (experimental part) and quantum
mechanical (QM) calculations (predicted part) (QM/NMR
integrated approach) for the successful elucidation of the
configurational patterns of organic compounds.1,4 Also, this
approach is helpful for the stereostructural assignment of
natural compounds, thus representing a reliable alternative,
faster and cheaper, to total synthesis.8 Also, the notable
advances in computer science nowadays allows the perform-
ance of accurate conformational sampling and QM calculations

even on desktop computers, thus facilitating the structural
elucidation process.
The QM/NMR integrated approach, successfully applied by

different research groups and us,9−14 is based on the
assumption that the possible theoretical stereoisomers show
different NMR features (e.g., 1H/13C chemical shifts and J
coupling constants). Once both the experimental and
predicted data are collected, their comparison may be
quantified using different factors, such as by the mean absolute
error (MAE),1 the corrected MAE,1 the root-mean-square
deviation (RMSD), and the correlation coefficient R and, as
reported in recent studies, by more challenging statistical
parameters, such as the DP4 parameter by Goodman15 and the
optimized DP4+ by Sarotti.16

Specifically, the general workflow for determining the
relative/absolute configurational pattern of an organic
compound relies on the following two main phases:1,4,17
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• generation of the ensembles of conformers to be
accounted for the subsequent prediction of the chemical
properties (e.g., 13C/1H NMR chemical shift and J
coupling constants). Generally, this step foresees
extensive conformational searches for all possible
theoretical stereoisomers by molecular mechanics
(MM) methods; subsequently, the sets of conformers
are geometry-optimized by QM methods, and the
contribution of each conformer to the final Boltzmann
population, according to the related computed energy, is
then computed;

• extraction of the values, computation of the Boltzmann-
weighted final set of data, and comparison with
experimental values. The computed sets of data for all
possible stereoisomers are generally compared with each
single set of experimental values using specific
quantitative parameters (e.g. MAE, DP4, and
DP4+)1,15,16 useful for predicting the correct relative
configurations (and in some cases, the absolute
configurations, when coupled to other methods) of the
case-study compound.

In particular, focusing on the last point, it is important to
note that this methodology allows to predict the most probable
stereoisomer as that featuring the best parameter value after
generating a ranking (e.g., the lowest MAE value or the highest
DP4+ probability). Using this approach, the results are
dramatically affected by the set of stereoisomers accounted
and the related sets of data: this means that if one of the
theoretical isomers is excluded from the investigation, the
application of this workflow anyway leads to a solution,
identifying the most probable isomer among the set of
accounted items. For the same reasons, if two (or more) sets of
experimental data related to different isomers are available, this
protocol could lead in principle to the identification of the
same most probable solution, namely, the isomer whose
computed data lead to the best ranked parameter values related
to both the sets of experimental values. Accordingly, the
assignment of the configurations of groups of stereoisomers
(e.g., pairs, triads etc.) performed by comparing one-by-one
each single set of experimental data to all sets of computed
data could likely lead to errors. Contrarily, we speculated that
accounting and comparing all sets of experimental/predicted
data at the same time might be convenient for a more robust
assignment.
Starting from these premises, in this study, we propose a

method for the configuration assignment of groups of
stereoisomers by accounting, combining, and comparing all
possible sets of experimental and predicted chemical shift
values in order to find the best match between the available
data. As a proof of concept, we report the application of this

methodology considering four synthesized cladosporin ster-
oisomers (cladologs), whose related sets of 13C NMR
experimental chemical shift values are available, and demon-
strating how this approach led to the identification of the
correct correspondences between experimental and calculated
sets of data.

■ RESULTS AND DISCUSSION
Comparing Experimental and Calculated Chemical

Shift Data for Cladologs. Cladosporin is a secondary
metabolite isolated from fungal sources18 bearing three
stereocenters and featuring 2R,9R,13S absolute configuration.
In 2018, Reddy et al. reported a divergent synthesis of all eight
possible stereoisomers based on the cladosporin 2D structure
(1, Chart 1) (cladologs); also, all 13C NMR chemical shift data
were assigned to each specific isomer.19 In the present study,
the four cladologs featuring different relative configurations
(1a−1d, Chart 1) were accounted, and then four sets of
experimental data were considered for the subsequent
comparison with the four calculated ones. Specifically, we
named the sets of calculated data for 1a−1d as calc_1a,
calc_1b, calc_1c, and calc_1d, respectively. For simplicity, the
sets of experimental data, assigned in the reference study19

(corroborated by comparison with already reported studies on
cladosporin and related analogues20,21), were named for 1a−
1d as exp_1a, exp_1b, exp_1c, and exp_1d, respectively.
Concerning the computation of the 13C chemical shift data,

after performing an extensive conformational search (see
computational details, Experimental Section), the ensembles of
sampled conformers were then submitted to a geometry and
energy optimization step at the density functional theory
(DFT) using the MPW1PW91/6-31g(d) functional/basis
set.22 Then, for each isomer, 13C NMR chemical shifts were
computed on the MPW1PW91/6-31g(d,p) level,22 considering
the influence of each conformer on the total Boltzmann
distribution taking into account the relative energies.
Once all experimental/calculated values were available, we

started employing a classic QM/NMR approach in order to
confirm the assignments for 1a−1d and test this methodology
when different experimental sets of data are available. Each
experimental set of data was separately compared in detail with
the four calculated ones; specifically, for each accounted atom,
the experimental and calculated chemical shits (δ) were
compared using the Δδ parameter

δ δ δΔ = | − |calc exp

where δcalc and δexp are the calculated and experimental
chemical shift values, respectively.
After calculating all Δδ values, the MAE values and DP4+

probabilities were computed for determining which calculated

Chart 1. Chemical Structures of 2D-Cladosporin (1) Reference Compound and of Cladologs 1a−1d
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set of data fits better with the experimental one. The MAE is
defined as the following

δ
=

∑ Δ
n

MAE
( )

Namely, it is the summation (∑) of the n computed absolute δ
error values (Δδ) normalized to the number of Δδ errors
considered (n)

The obtained data, and precisely the MAE values, high-
lighted uncertain results that questioned the reliability of this
procedure when multiple sets of experimental data are
accessible. Specifically, exp_1a set of experimental data,
assigned to compound 1a, showed the best fit with calc_1b,
featuring the lowest MAE values and highest DP4+ probability
among the obtained rankings, thus not in accordance with the
assignment reported in the reference study (Tables 1 and S1,

Table 1. 13C NMR MAE Values and DP4+ Probabilities Computed for the Three Functional/Basis Set Combinations
Accounted in This Study Related to Compounds 1a−1da

aThe correct/incorrect correspondence between experimental and calculated data are highlighted in green and orange, respectively. bB97-2/cc-
pVTZ functional/basis set combination cannot be set in the calculation of DP4+ probability.

Figure 1. Line graphs related to the (a) experimental and (b−d) calculated 13C chemical shift values belonging to compounds 1a−1d. In particular,
concerning the computed data, those related to all three functional/basis set combinations were reported: (a) MPW1PW91/6-31g(d,p); (b)
MPW1PW91/6-311+g(d,p); (c) B97-2/cc-pVTZ.
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Supporting Information). Moving to the exp_1b pattern of
experimental data, the lowest MAE value and highest DP4+
probability were found against calc_1b among the ranking, in
accordance with the starting assignment (Tables 1 and S2,
Supporting Information). The third set of experimental data
exp_1c fit with calc_1c, thus in agreement with the known
assignments (Tables 1 and S3, Supporting Information).
Finally, exp_1d set of experimental data, assigned to
compound 1d, showed the best DP4+ value with calc_1c,
again not in accordance with the assignment reported in the

reference study (Tables 1 and S4, Supporting Information).
Summarizing, the same calculated set of data calc_1b, related
to compound 1b, showed both the best MAE values and DP4+
probabilities among the related rankings when compared to
two different experimental sets of data (exp_1a and exp_1b)
originally assigned to two different compounds (specifically, 1a
and 1b). The same behavior was found with the calculated set
of data calc_1c, related to compound 1c, showing the best
MAE values and/or DP4+ probabilities among the related
rankings compared to exp_1c and exp_1d experimental sets of

Figure 2. Possible combination alignments when two, three, and four sets of experimental/calculated data are available.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.9b03129
J. Org. Chem. 2020, 85, 3297−3306

3300

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03129/suppl_file/jo9b03129_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03129/suppl_file/jo9b03129_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03129/suppl_file/jo9b03129_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03129/suppl_file/jo9b03129_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=fig2&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b03129?ref=pdf


data. The obtained results prompted us to perform further
calculations employing different levels of theory by the
combination of various DFT functional/basis sets in order to
obtain additional sets of computed 13C chemical shift data to
be compared with the experimental ones. However, both
expanding the basis set from 6-31g(d,p) to 6-311+g(d,p) on
the same MPW1PW91 level and considering the B97-2/cc-
pVTZ functional/basis set combination,23 the results did not
show a remarkable improvement and basically confirmed what
was obtained on the initial MPW1PW91/6-31g(d,p) level
(Tables 1, and S5−S12, Supporting Information). The analysis
of all these data highlighted that by comparing each
experimental set of data against the four calculated ones
separately, through the MAE and DP4+ rankings, the same
theoretical stereoisomer can be predicted as the most probable
one, and it is also the case if compared with different
experimental sets of data. In summary, following this approach,
we obtained ambiguous results that prompted us to find an
alternative method to solve this issue.
In particular, an accurate analysis of the experimental sets of

data and the corresponding sets of calculated ones accounting
the three employed functional/basis set combinations was
performed; the deep investigation and comparison of all data
highlighted the high similarity of the values (Figure 1), as
clearly indicated by the computed averaged RMSD considering
all investigated atoms for both the experimental and computed
data sets, prompting us to find an alternative methodology for
solving this stereochemical issue [averaged RMSD for
experimental data set = 1.542 ppm, min. RMSD = 0.112
ppm, max RMSD = 4.058 ppm; averaged RMSD for calculated
data set MPW1PW91/6-31g(d,p) = 0.932 ppm, min. RMSD =
0.011 ppm, max RMSD = 3.430 ppm; averaged RMSD for
calculated data set MPW1PW91/6-311+g(d,p) = 1.103 ppm,
min. RMSD = 0.062 ppm, max RMSD = 3.873 ppm; averaged
RMSD for calculated data set B97-2/cc-pVTZ = 0.938 ppm,
min. RMSD = 0.004 ppm, max RMSD = 3.430 ppm].
Comparing all Calculated/Experimental Data: the

MAEΔΔδ Parameter. Accordingly, we focused on managing
all available clusters of data in a different manner, specifically
combining all experimental and calculated sets of data at the
same time in order to achieve a more robust comparison
between all values. In this scenario, different methodologies
were proposed based on this concept, such as the computation
of the CP3 probability as proposed by Goodman.24

Specifically, this method is only applicable to pairs of
stereoisomers, making its use poorly suitable when more
stereoisomers must be considered. However, the CP3
approach highlighted the benefit in simultaneously accounting
and comparing all experimental/calculated chemical shifts:
specifically, aligned values drive the results toward the correct
assignment and, accordingly, disarranged data aid in excluding
incorrect stereoisomers.
In this study, we took advantage of the above concept,

introducing an approach applicable on all of the available
experimental/calculated sets of data. This methodology is
based on building all possible combination alignment schemes
between the experimental and calculated groups of values;
afterward, all accounted combination alignment schemes are
ranked accounting a specific parameter in order to propose the
best fit between experimental and calculated patterns. It is
inferable that increasing the number of accounted isomers
(e.g., moving from two to three to four isomers and so on), the
comparison of experimental/computed data becomes more

arduous because the number of possible combinations
increases. On the other hand, the availability of a large set of
comparable data should lead to a more confident and robust
assignment.
In more detail, the proposed methodology can be

summarized in the following steps:
(a) generate all possible experimental/calculated comparison

alignments between the sets of data. Specifically, a starting
fixed sequence is defined for the calculated sets used as a
reference since the stereochemistry related to each of them is
known a priori. Then, all possible sequences related to the
experimental set counterparts, for which the related stereo-
chemistry must be determined, are built.
For the most simple case, that is, two stereoisomers, we can

assume that two sets of calculated data, named A and B, and
two sets of experimental data, named 1 and 2, are available.
The possible comparison alignments are (Figure 2) as

follows:

1) AB/12: calculated sets A and B corresponding to
experimental 1 and 2, respectively;

2) AB/21: calculated sets A and B corresponding to
experimental 2 and 1, respectively.

Thus, as the number of experimental/calculated sets
increases, the number of comparison sequences increases.
Indeed, with three stereoisomers, three sets of calculated,
named A, B, and C, and three sets of experimental, named 1, 2,
and 3, will be accounted (Figure 1). The possible comparison
sequences then will be

1) ABC/123: calculated A, B, and C corresponding to
experimental 1, 2, and 3, respectively;

2) ABC/132: calculated A, B, and C corresponding to
experimental 1, 3, and 2, respectively;

3) ABC/213: calculated A, B, and C corresponding to
experimental 2, 1, and 3, respectively;

4) ABC/231: calculated A, B, and C corresponding to
experimental 2, 3, and 1, respectively;

5) ABC/321: calculated A, B, and C corresponding to
experimental 3, 2, and 1, respectively;

6) ABC/312: calculated A, B, and C corresponding to
experimental 3, 1, and 2, respectively;

Starting from the number of experimental/calculated sets of
data (n), the final number of comparison alignments (c) is then
computed with the following relation

= !c n (1)

Then, for 2, 3, and 4 sets of experimental/calculated data 2,
6, and 24 possible combinations will be taken into account
(Figure 2), respectively (eq 1).
(b) The differences between the chemical shift values

belonging to each possible pair of calculated sets of data
following the defined sequence are computed; then, the same
procedure is applied to the experimental sets of data following
the possible sequences (Figure 2). The obtained values will be
subsequently compared, as described in the following (c) point
(vide infra).
Specifically, for the above-reported case featuring two sets of

calculated data (A and B) and two sets of experimental data (1
and 2),

1) AB/12: for each accounted atom, the difference (Δ)
between each chemical shift (δ) belonging to the
calculated set A and the corresponding value belonging
to B is computed through the Δδcalc parameter:
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δ δ δΔ = −−calcA B calcA calcB

where δcalcA and δcalcB are the chemical shift values belonging to
A and B sets of calculated data, respectively.
In the same way, the procedure is applied to the

experimental sets, specifically computing Δδ between the
chemical shifts belonging to 1 and 2 sets of values

δ δ δΔ = −−1 2 1 2exp exp exp

where δexp1 and δexp2 are the chemical shift values belonging to
1 and 2 sets of experimental data, respectively. Afterward,
Δδcalc_A−B and Δδexp_1−2 values will be compared (vide infra,
(c) point).
It is important to note that, in this step, the differences

between the calculated (Δδcalc) and experimental (Δδexp)
chemical shifts of corresponding carbons are computed for the
subsequent comparison (vide infra), following the idea by
Belostotskii,25 Rodriǵuez,26 and Goodman,24 which high-
lighted the higher accuracy in comparing the differences
between the chemical shifts than the shifts themselves because
of the elimination of systematic errors.
(2) AB/21: again, Δδcalc_A−B group of values are computed

as reported above; contrarily, for the experimental sets of data,
the chemical shift differences are computed following the new
sequence, namely, between 2 and 1, and leading to Δδcalc_2−1
group of values. In this case, Δδcalc_A−B values will be then
compared with those from Δδexp_2−1 (vide infra, (c) point).
Moving to three calculated/experimental sets of data, for

each defined comparison alignment, three possible Δδcalc and
Δδexp sets of values can be computed after defining the
combination pairs (Figure 2). For instance, considering the
ABC/123 calculated/experimental comparison alignments, the
following Δδcalc and Δδexp sets of values can be defined for the
subsequent comparison

δ δ δ δ δ

δ

Δ Δ Δ Δ Δ

Δ

_ − _ − _ − _ − _ −

_ −

vs ; vs ;

vs

1 1 3 B C

2 3

calc A B exp 2 calc A C exp calc

exp

In general, starting from the number of calculated/
experimental sets of data (n), for each defined comparison
alignment, the related number of calculated/experimental Δδ
sets (NΔδ) to be accounted considering all possible pairs can be
computed with the following relation (eq 2)

∑= −δΔ
=

N k( 1)
k

n

1 (2)

Thus, for each of the 24 comparison alignments arising from
4 sets of experimental/calculated data (eq 1), 6 possible Δδcalc
and Δδexp sets of values can be computed after defining the
related combination pairs (eq 2).
It is important to note that, following this procedure, the

calculation of the differences between calculated chemical shift
data (Δδcalc) allows to avoid all systematic errors arising from
calibration procedures required for computing the chemical
shift data from shielding the tensor values [using trimethylsi-
lane (TMS) as the reference].
(c) Following the comparison alignments, the specific Δδcalc

and corresponding Δδexp group of values are then compared
atom by atom using the ΔΔδ parameter

δ δ δΔΔ = |Δ − Δ |calc exp

defined as the absolute difference between the Δδcalc and Δδexp
for each accounted atom.
In this way, the obtained ΔΔδ differences are employed for

detecting the similarities between calculated and experimental
sets of data and then for identifying the most promising
comparison alignment among all possibilities. Indeed, all
computed ΔΔδ values can be easily converted into a parameter
that quickly indicates the best comparison alignment among all
possibilities. In this study, we have defined the MAEΔΔδ
parameter

δ
=

∑ ΔΔ
δ

δ
ΔΔ

ΔΔn
MAE

( )

Table 2. 13C NMR MAEΔΔδ Values Related to the Accounted Comparison Alignments Considering calc_1a calc_1b calc_1c
calc_1d Fixed Sequence and All Possible 24 Combinations Considering exp_1a, exp_1b, exp_1c, and exp_1d Sets of Dataa

aThe correct comparison alignments are highlighted in green, showing their top-ranked positions also accounting different functional/basis set
combinations. bconsidering calc_1a calc_1b calc_1c and calc_1d starting fixed sequence related to the calculated sets of data.
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defined as the summation (∑) of the n computed Δδ absolute
error values (ΔΔδ) normalized to the number of ΔΔδ errors
considered (nΔΔδ).
Summarizing, for each possible experimental/calculated

comparison alignment, the related MAEΔΔδ value can be
computed; finally, the lowest MAEΔΔδ value among the
ranking indicated the best fit between each experimental and
calculated set of data.
Applying the Methodology on Cladosporine and

Pochonicine Stereoisomers. The reported workflow was
then applied to the four investigated cladologs (1a−1d). In
this case, with 4 available sets of experimental/calculated data,
24 possible comparison alignments were taken into account
(eq 1) for generating the related MAEΔΔδ values (Table 2).

The calculated sets of data arising from the different
combinations of functional/basis sets above reported were
accounted (Table 2) in order to evaluate the applicability of
the proposed procedure and to compare the results with those
previously obtained. For each employed level of theory, the
analysis of the data indicated that the lowest MAEΔΔδ value
obtained among the ranking of 24 possibilities was that related
to the calc_1a calc_1b calc_1c calc_1d/exp_1a exp_1b
exp_1c exp_1d comparison alignment (Table 2). On the
other hand, we also computed, for each of the 24 comparison
alignments, the average of the 4 possible MAE values obtained
from the comparison of the calculated and experimental
chemical shifts (see Table S13) instead of comparing the
differences of the shifts, as proposed by us.

Chart 2. Chemical Structures of the Four Accounted Pochonicine-Related Stereoisomers (2a−2d)

Table 3. 13C NMR MAE Values and DP4+ Probabilities Computed for the Three Functional/Basis Set Combinations
Accounted in This Study Related to Compounds 2a−2da

aThe correct/incorrect correspondence between experimental and calculated data are highlighted in green and orange, respectively. bB97-2/cc-
pVTZ functional/basis set combination cannot be set in the calculation of DP4+ probability.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.9b03129
J. Org. Chem. 2020, 85, 3297−3306

3303

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.9b03129/suppl_file/jo9b03129_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=cht2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=cht2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.9b03129?fig=tbl3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.9b03129?ref=pdf


In this case, we again obtained the correct comparison
alignment, but the comparison with the MAEΔΔδ data pointed
out for the latter more discrete values and better discriminating
power in identifying the correct correspondences between the
data sets (see Table S13). These results strongly confirmed the
applicability of the proposed methodology, highlighting with a
high level of confidence the correct stereochemical assignment
of groups of stereoisomers.
In order to further corroborate the proposed approach, we

investigated another tetrad of stereoisomers related to
pochonicine, a naturally occurring polyhydroxylated pyrrolizi-
dine from Pochonia suchlasporia var. suchlasporia TAMA 87. In
2013, Yu et al. reported the synthesis of eight stereoisomers of
pochonicine27 and, in this study, we accounted the four
stereoisomers with different relative configurations at C-1 and
C-3 while maintaining the 5R*,6R*,7S*,7aR* configurations.
In Chart 2, the four accounted stereoisomers related to
pochonicine (2a−2d) are depicted.
Following the same scheme above reported for cladologs, we

named the sets of calculated data for 2a−2d as calc_2a,
calc_2b, calc_2c, and calc_2d, respectively, and the sets of
experimental data, reported in the reference study27 (corrobo-
rated by comparison with further studies on pochonicine28,29),
were named for 2a−2d as exp_2a, exp_2b, exp_2c, and
exp_2d, respectively.
Again, employing the “classic” QM/NMR approach, the

correct correspondences between the four calculated and
experimental sets of data were not found considering the three
functional/basis set combinations (Tables 3 and S14−S25).
Conversely, the computation of the 24 MAEΔΔδ values related
to the comparison alignments considering calc_2a calc_2b
calc_2c calc_2d sequence highlighted exp_2a, exp_2b,
exp_2c, and exp_2d as the solution showing the lowest
MAEΔΔδ values for all three functional/basis sets employed
(Table 4), thus confirming the applicability of the proposed
approach.

■ CONCLUSIONS

In this study, we introduced an approach guiding the correct
assignment of groups of stereoisomers. This methodology is
based on building all possible comparison alignments between
a fixed sequence from the QM/NMR calculated sets of data
and all possible sequences arising from the combinations of the
experimental sets of data. For each comparison alignment, the
MAEΔΔδ value is computed, generating a final ranking from the
lowest to the highest value. Accordingly, the comparison
alignment featuring the lowest MAEΔΔδ value indicates the
best fit between each calculated and experimental set of value,
facilitating the assignment of groups of stereoisomers. We
validated this approach accounting four stereoisomers of
cladosporin (cladologs) and pochonicine, showing the correct
assignment of each set of experimental data to the specific
stereoisomer. The present approach is not limited by the
number of stereoisomers to be accounted, thus representing a
valuable tool for solving specific stereochemical issues.
Moreover, we inserted a dedicated tab on the website of our
research group (https://computorgchem.unisa.it) containing a
tool for the straightforward MAEΔΔδ computation starting
from calculated and experimental data sets as input files.

■ EXPERIMENTAL SECTION
Experimental 13C NMR Data. All experimental 13C NMR

chemical shift data related to compounds 1a−1d and 2a−2d were
retrieved from the related reference papers,19−21,27−29 as reported
above.

Computation of NMR Parameters. Three-dimensional starting
models of compounds 1a−1d and 2a−2d were built by Maestro
10.230 and optimized by MacroModel 10.231 with the OPLS force
field32 and the Polak-Ribier conjugate gradient algorithm (maximum
derivative less than 0.001 kcal/mol). Conformational search rounds
for the above-mentioned compounds were performed using Macro-
Model 10.230,31 on the empirical MM level. Specifically, Monte Carlo
multiple minimum and low mode conformational search methods
were first employed in order to explore the conformational space.
Furthermore, rounds of molecular dynamics simulations were
performed at 450, 600, 700, and 750 K, with a time step of 2.0 fs,
an equilibration time of 0.1 ns, and a simulation time of 10 ns. All

Table 4. 13C NMR MAEΔΔδ Values Related to the Accounted Comparison Alignments Considering calc_2a calc_2b calc_2c
calc_2d Fixed Sequence and all the Possible 24 Combinations Considering exp_2a, exp_2b, exp_2c, and exp_2d Sets of Dataa

aThe correct comparison alignments are highlighted in green, showing their top-ranked positions also accounting different functional/basis set
combinations. bConsidering calc_2a calc_2b calc_2c and calc_2d starting fixed sequence related to the calculated sets of data.
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produced conformers were then collected and analyzed in order to
discard the redundant ones. Specifically, the nonredundant con-
formers were selected by using the “redundant conformer
elimination” module of Macromodel 10.230 excluding those differing
more than 12.5 kJ/mol (3.0 kcal/mol) from the most energetically
favored conformation and setting a 0.1 Å RMSD minimum cutoff for
saving structures. The following reported QM calculations were
performed using Gaussian 09 software.33

The obtained conformers were geometry optimized on the QM
level by using the MPW1PW91 functional and the 6-31G(d) basis set.
After this step, the new geometries were visually inspected in order to
filter out further possible redundant conformers. Finally, the obtained
conformers were accounted for the subsequent computation of the
13C NMR chemical shifts using the MPW1PW91/6-31G(d,p),
MPW1PW91/6-311+G(d,p), B97-2/cc-pVTZ functionals/basis set
combinations (see Results and Discussion and Tables S1−S12, S14−
S25, Supporting Information). The final 13C NMR chemical shift data
were computed considering the influence of each conformer on the
total Boltzmann distribution and taking into account the relative
energies. Calibrations of calculated 13C chemical shifts were
performed following the multistandard approach.34,35 Benzene was
used as the reference compound for computing sp2 13C NMR
chemical shifts (excluding carbonyl carbons) in detail,34,35 whereas
TMS was used for computing sp3 13C chemical shift data.
The comparison of calculated and experimental data19 was

performed accounting Δδ, Δδcalc, Δδexp, ΔΔδ, MAE, and MAEΔΔδ
parameters, as reported in the Results and Discussion section.
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Abstract
A fungal metabolite, isocladosporin was isolated from natural fungus, Cladosporium cladosporioides in the mid of 90s. Due
to the lack of optical rotation of isolated natural product sample, the absolute configuration of the natural product remained
undetermined for more than two decades. Herein, we demonstrated an SAR study of enantiomers of isocladosporin in
herbicidal bio-assay against wheat coleoptile. Using this study as a comparative tool we further proposed the plausible
absolute configuration of natural isocladosporin for the first time. The assigned configuration was also supported through
biogenetic precursors.

Introduction

Isocladosporin, a fungal secondary metabolite was isolated
from the fungus Cladosporium cladosporioides way back in
1993 by Jackyno et al. [1]. This fungus also happens to be
the natural production source of potent antimalarial natural
product cladosporin [2]. Both the natural products feature a
2,6-disubstituted tetrahydropyran ring and a δ-valerolactone
fused to a 1,3-dihydroxybenzene ring [1, 3]. Unlike cla-
dosporin the 2,6-disubstituted tetrahydropyran ring in iso-
cladosporin bears a cis geometry [1, 3]. Initial isolation
report by Jackyno et al. documented two diastereomeric

structural possibility (1′ and 2′) of isocladosporin (Fig. 1)
through 2D NMR analysis [1]. As a matter of fact, in 2012
Zheng et al. successfully synthesized 2 and the enantiomer
3 of 1′ [3]. Correlation of NMR data and melting point
values of the two synthesized structures led them to con-
clude the relative stereochemistry of isocladosporin to be of
2 [3]. Absolute stereochemistry could not be deciphered
owing to the lack of optical rotation data in literature, which
in turn led to the possibility of two enantiomers (2 and 4),
one of which is likely to be the natural product, iso-
cladosporin. Here we determined the absolute configuration
of natural isocladosporin using biological assay and the
details are discussed in the present paper.

Results and discussions

Till date, three total syntheses of one of the possible enan-
tiomer 2 of the isocladosporin has been documented in the
literature. The first total synthesis appeared from She et al. in
the year 2012, where they synthesized 2 in a nine step
linear fashion starting from 3,5-dimethoxybenzaldehyde and
using Oxa-Pictet–Spengler reaction as a key step [3] (Fig. 2).
A second highly stereoselective synthesis of 2 was reported
by Reddy et al. in the following year 2013 [4].
They have highlighted a linear 12 step synthesis focusing on
oxa-Michael reaction, asymmetric propargylation, and
Alder–Rickerts reaction as the key steps. Following this, in
the year 2016, Mohapatra et al. came up with a convergent
linear synthesis of 2 in 10 linear steps with 28% overall yield

* M. V. Deshpande
mv.deshpande@ncl.res.in

* D. Srinivasa Reddy
ds.reddy@ncl.res.in

1 Division of Organic Chemistry, CSIR-National Chemical
Laboratory, Dr. Homi Bhabha Road, Pune 411008, India

2 Academy of Scientific and Innovative Research (AcSIR),
Ghaziabad 201002, India

3 Biochemical Sciences Division, CSIR-National Chemical
Laboratory, Dr. Homi Bhabha Road, Pune 411008, India

4 Present address: CSIR-Indian Institute of Intigrative medicine,
Canal Road, Jammu 180001, India

Supplementary information The online version of this article (https://
doi.org/10.1038/s41429-020-00391-1) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-020-00391-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-020-00391-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-020-00391-1&domain=pdf
http://orcid.org/0000-0003-3270-315X
http://orcid.org/0000-0003-3270-315X
http://orcid.org/0000-0003-3270-315X
http://orcid.org/0000-0003-3270-315X
http://orcid.org/0000-0003-3270-315X
mailto:mv.deshpande@ncl.res.in
mailto:ds.reddy@ncl.res.in
https://doi.org/10.1038/s41429-020-00391-1
https://doi.org/10.1038/s41429-020-00391-1


[5]. In a recent report from our group, we synthesized the
entire stereochemical library of cladosporin in order to
decipher the role of three dimensional molecular arrange-
ment on antimalarial potency [6]. In the process of doing so,
we synthesized both the possible enantiomers of iso-
cladosporin, which happens to be the stereoisomers of cla-
dosporin as well. We started our synthesis from
commercially available chiral (S)-propylene oxide to access
four stereoisomers and (R)-propylene oxide to access the rest
in a divergent fashion. Owing to the lack of documented
optical rotation for the natural isocladosporin, one could not
directly establish its absolute stereochemical structure. Since

we have successfully synthesized both the enantiomeric
possibility of isocladosporin, we planned to utilize etiolated
wheat coleoptile bio-assay as a structural guiding tool to
decipher the absolute stereochemistry of isocladosporin. But
before plunging in to the biological assay we wished to
ensure a maximum analytical and chiral purity of both the
synthesized enantiomeric structures 2 and 4 as well as
their immediate synthetic precursor 2a and 4a using
high performance liquid chromatography (HPLC). All
the compounds and their immediate intermediates were
found to be 99% chirally pure with analytical purity >98%
(Fig. 3).

Besides we did crystallize 2 and diffracted the same
under X-ray generated from Cu source, so as to elucidate
the absolute stereochemistry of the compound. The X-ray
crystallographic data was also in complete accordance with
the concerned structure [4]. Hence we could conclude an
unambiguous stereochemical assignment of the related
compounds on the basis of the in-depth characterization
data in our hand (1H and 13C NMR, analytical and chiral
HPLC, and single crystal XRD). Now, having a clear
structural confirmation we aimed to decipher the absolute
configuration of isocladosporin. Having no documented
reports on optical rotation of the natural product we planned
to take an assistance from biological assay for the purpose.
In the isolation report by Jackyno et al. isocladosporin was
found to inhibit the growth of etiolated wheat coleoptiles by
100% and 50% at concentrations 1000 and 100 μM,
respectively. So we opted to reproduce the entire bio-assay
on the two possible enantiomeric compounds of iso-
cladosporin (2 and 4). Surprisingly, among the enantiomeric
duo, compound 4 was found to actively inhibit the growth
of coleoptiles with an inhibition of 99.1% and 68.5% at
concentrations 1000 and 100 μM respectively, (Table 1,
Fig. S1). On the contrary, the other enantiomer 2 was
inactive or very less active (Table 1, Fig. S1). This obser-
vation led us to reasonably confirm 4 as the natural product,
isocladosporin, with stereochemistry 3S, 10S, 14S. Having
narrowed down the structural possibilities, we could further
justify our confirmation through biosynthetic pathways as
well (Fig. 4a) [7]. It is evident from the biosynthetic path-
way that cladosporin is synthesized from linear tetraketide
where the hydroxyl attached carbon (C-14) bears an S ste-
reochemistry which is faithfully carry forwarded and
retained in the natural product, cladosporin. Since iso-
cladosporin is also produced from the same natural fungal
source, it is reasonable to assume that the same hydroxyl
stereocentre will also be reflected in the tetrahydropyran
ring of isocladosporin. Now, in step 1 (Fig. 4a) the C-14
–OH does a Michael addition from the si face leading to an
R stereochemistry at C-10. This Michael addition can also
possibly occur from the opposite re face leading to the
formation of a cyclic tetraketide have cis tetrahydropyran

Fig. 1 Previous efforts toward structure determination of
isocladosporin

Fig. 2 Documented synthetic approaches toward isocladosporin
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(Fig. 4a) with an S stereochemistry at C-10. Now in step 2,
depending on the stereochemistry at C-10, the Highly
Reductive Polyketide Synthase (HR PKS) Cla2 might
generate the C-3 stereocentre with a reverse selectivity to
maintain the stable anti-relationship between C-10 and C-3.
This in turn will generate the C-3 center with an S stereo-
chemistry (Fig. 4a). This newly formed pentaketide frag-
ment will then undergo further biotransformations to give
rise to isocladosporin with a stereochemistry of 3S, 10S, 14S
(Fig. 4b). Hence, this biosynthetic considerations also pro-
vided a possible and reasonable support to our observation.

It is worth mentioning here that while elucidating the role
of stereochemistry on antimalarial potency, our group suc-
cessfully identified cladosporin and unnatural enantiomer of
isocladosporin (2) to be potent against Plasmodium falci-
parum. Like cladosporin, 2 also holds a selectivity of >100
folds toward parasitic enzyme (PfKRS) over that of human
enzyme (HsKRS). In short, both natural cladosporin and

unnatural isocladosporin holds a potential toward the
development of antimalarial leads with novel mode of
action. On the other side, natural enantiomer 4 seems to be
active for growth inhibition of certain plant fungal patho-
gens documented by Wang et al. [8].

Experimental section

General experimental procedures as well as experimental
details and complete characterization data for all the com-
pounds (2, 2a, 4, 4a) are previously reported from our
group [6].

Coleoptile bio-assay details

Coleoptiles bio-assay was carried out using wheat seeds as
described by García et al. [9]. For instance, ~10–12 Wheat
seeds (Triticumaestivum L.) were sown in pre-sterile Petri
plates (15 cm) and moistened with water. The seeds were
allowed to grow in the dark at 25 ± 1 °C for 3 days. Keeping
the shoots intact, roots and caryopses were removed and
shoots were placed in a Van der Weijguillotine [10]. The
apical 2 mm of shoots were cut off and discarded. The 5 mm
of further coleoptiles were performed under a green safe-
light [11]. Compounds were pre-dissolved in DMSO (0.1%)
and diluted in sterile phosphate-citrate buffer containing 2%
sucrose at pH 5.6 to the final bio-assay concentration (1.0,
0.1, and 0.01 mM).

The commercial herbicide Logran was used as positive
control at the same concentrations and under the same

Compound 4

Compound 2

Racemic mixture (Compound 2 and 
compound 4)

Compound 2a

Compound 4a

Racemic mixture (Compound 2a and 
compound 4a)

a) Chiral HPLC chromatogram of compound 2 and compound 4

b) Chiral HPLC chromatogram of compound 2a and compound 4a

Fig. 3 Chiral HPLC
chromatogram of 2, 4, 2a,
and 4a

Table 1 Percentage inhibition in wheat coleoptile bio-assay

Sr. no. Compound % Inhibition at

10 µM 100 µM 1000 µM

1. Natural isocladosporin
(unknown stereochemistry)

– 50 100

2. Compound 2
(synthetic; 3R, 10R, 14R)

0.9 14.4 29.7

3. Compound 4
(synthetic; 3S, 10S, 14S)

16.2 68.5 99.1

4. Logran 61.3 88.3 99.9

Herbicidal bio-assay of isocladosporin enantiomers and determination of its plausible absolute. . .



conditions as for test compounds [4, 12]. Buffered aqueous
solutions with DMSO and without any test compound were
used as a control blank for all the samples. For bio-assay, in
2 ml solution of each compound with said dilutions were
dispensed in test tubes and five coleoptiles were placed in
each test tube. The assay was performed in technical tri-
plicate. The tubes were rotated at 6 rpm for 24 h at 25 °C in
the dark. The coleoptiles’ length were measured and data
were presented as the percentage growth inhibition as
compared with the buffer control. All the details of X-ray
structure analysis including CIF file are available in our
previous publication (see ref. [6]). We would like to men-
tion that biosynthetic pathway is not the best option; it can
only give an additional support to wheat coleoptile bio-
assay in predicting stereochemistry of the natural
isocladosporin.
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Erratum 

The following is corrected based on reviewer’s suggestion. 

Chapter 1, Section B 

Page 88: The paragraph starting with “Herein, we would also like to document…gram 

scale operation” is repeated in the next page also. 
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