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ABSTRACT 

 
This thesis describes current progress towards the total synthesis of C1-homologues 

of the Amaryllidaceae alkaloid narciclasine (1), a powerful anticancer agent which suffers 

from a poor solubility profile. A 15-step chemoenzymatic total synthesis of C-1 

carboxymethyl narciclasine (248) was accomplished. A key step in this convergent 

synthesis is the formation of the C ring syn-diol moiety via the chemoenzymatic 

dihydroxylation of ortho-dibromobenzene to provide the corresponding cis-dihydrodiene 

diol as a single enantiomer, which constitutes an efficient method of generating chiral 

substrates from readily available commercial materials. The dense A ring functionalities 

are derived from another commercially available unit; ortho-vanillin, via previously 

established protocols. Further key steps involve a nitroso Diels-Alder reaction and an 

intramolecular Heck reaction. The C-1 homologue that was prepared, 248, was then tested 

for its biological activity against natural narciclasine as the positive control. Experimental 

and spectral data are provided for all novel compounds. 
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LIST OF ABBREVIATIONS 

 

1,2-DCE   1,2-dichloroethane 

1,2-DmE   1,2-dimethoxyethane 

2,2-DMP   2,2-dimethoxypropane  

(DHQD)PHAL  hydroquinidine 1,4-phthalazinediyl diether 

AcOH    acetic acid 

AIBN   2,2'-azobis(isobutyronitrile) 

Bn   benzyl  

BnOH    benzyl alcohol 

DBU   1,8-diazabicycloundec-7-ene 

DCM   dichloromethane 

DDQ    2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DEAD   diethyl azodicarboxylate 

DHP   2,3-dihydropyran 

DIBAL-H  diisobutylaluminium hydride 

DIPEA   N,N-diisopropylethylamine 

DMF    N,N-dimethylformamide 

DMP   Dess-Martin periodinane 

DMAP   4-dimethylaminopyridine 

DPPA   diphenylphosphoryl azide 

dppe   1,2-bis(diphenylphosphino)ethane 

EE   ethoxyethyl  

HBTU    benzotriazole-N,N,N,N-tetramethyluronium hexafluorophosphate  



 
 

IBX    2-iodoxybenzoic acid 

LAH   lithium aluminum hydride 

LDA   lithium diisopropylamide 

LHMDS  lithium bis(trimethylsilyl)amide 

LTMP    lithium tetramethylpiperidide 

mCPBA  m-chloroperoxybenzoic acid  

Me   methyl 

MeCN    acetonitrile 

MeOH   methanol 

MOM   methoxymethyl 

MOMCl  chloromethyl methyl ether 

Ms   methanesulfonate 

MTAD    4-methyl-1,2,4-triazoline-3,5-dione 

NaHMDS  sodium bis(trimethylsilyl)amide 

NBA    N-bromoacetamide  

NBS   N-Bromosuccinimide 

nBu   n-butyl 

nBuLi    n-butyllithium 

NMO   N-methylmorpholine N-oxide 

oDCB    1,2-dichlorobenzene 

nPr   n-propyl 

Ph   phenyl 

PMB   p-methoxylbenzyl 



 
 

pMBDMA  p-methoxybenzaldehyde dimethylacetal 

PMP   p-methoxyphenyl  

TBAF    tetra-n-butylammonium fluoride  

TBSCl   tert-butyl chlorodimethylsilane 

TBSOTf   tert-butyldimethylsilyl trifluoromethanesulfonate 

TCDI    thiocarbonyldiimidazole 

TDO    toluene dioxygenase 

Tf   trifluoromethylsulfonate 

TFA   trifluoroacetic acid 

TFAA   trifluoroacetic acid anhydride 

THF    tetrahydrofuran 

TMEDA   N,N,N',N'-tetramethylethylenediamine 

TMSBr  bromotrimethylsilane  

TPAP    tetrapropylammonium perruthenate 

Ts   p-toluenesulfonyl 

TsOH    p-toluenesulfonic acid 

UHP    urea hydrogen peroxide 
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1. Introduction: 

The main objective of this project is to expand the scope of synthetic approaches 

previously employed by members of the Hudlicky group towards the synthesis of C-1 

homologues of narciclasine, such as 6 (Figure 1). A unifying feature of these approaches 

by the Hudlicky group to obtain asymmetric syntheses of various target types is the use of 

the highly versatile chiral building blocks of type 2. This cis-cyclohexadiene diol 2 is 

obtained by microbial dihydroxylation of ortho-dibromobenzene via whole cell 

fermentation with a strain of E. coli JM109 (pDTG601A).1 Further manipulation of the 

dibromodiene diol 2 will lead to a chiral ring C precursor 3, and subsequent coupling to a 

ring A precursor 5 that is derived from ortho-vanillin (4), will afford a facile route to 

synthesize C-1 derivatives of narciclasine. Once synthesized, these products will be tested 

for their biological activities to determine their viability as potential pharmaceutical 

candidates. Herein, we report on our progress towards the asymmetric synthesis of novel 

C-1 homologues of narciclasine. 

Figure 1 Retrosynthesis of C-1 homologues of narciclasine, starting from enzymatic 

dihydroxylation of ortho-dibromobenzene. 
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2. Historical  

This chapter will provide a historical background relating to the topic of the 

research project described later in Chapter 3. It includes two main sections: 2.1. Aromatic 

dioxygenases and 2.2. Amaryllidaceae alkaloids. The former section will cover the 

discovery of aromatic dioxygenases and their wide-spread implementation in asymmetric 

synthesis. The latter section will discuss the history of Amaryllidaceae alkaloids with an 

emphasis on narciclasine (1). It will cover the initial discovery, structure identification, 

biosynthesis, and biological activity of narciclasine. It will also discuss the synthetic 

activity that followed as it relates to natural narciclasine as well as its unnatural analogues.   

2.1. Aromatic Dioxygenases 

2.1.1. Discovery of Aromatic Dioxygenases 

The study of the metabolism of aromatic compounds by soil bacteria began in 1908 

by Stormer, when he identified a strain of soil bacteria (Bacillus hexacarovorum2) that 

grew in toluene and xylene containing media. This observation was initially baffling to 

scientists since at the time aromatic compounds were not known to have a biosynthetic 

origin. In 1966, more than half a century later, the first report that confirmed the presence 

of small aromatic compounds in various samples of soil was published.3 It became apparent 

that microorganisms found in soil must have the ability to metabolize aromatic pollutants 

that are present in their environment, otherwise these compounds would have a detrimental 

effect on soil life.  

The mechanisms through which bacteria are able to metabolize aromatic 

compounds are better understood today largely due to the seminal work published by David 
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T. Gibson. In 1968, Gibson published his initial report that implicated cis-1,2-

dihydroxycyclohexa-3,5-diene 8 (cis-benzene dihydrodiol) as an intermediate in the 

catabolism of benzene by a Pseudomonas putida bacterial strain4 (Figure 2). This bacterial 

strain was shown to metabolize benzene (7), cis-benzene dihydrodiol (8) and catechol (9) 

at high rates – a fact that suggests that these are all active metabolites in the degradation of 

benzene. 

 

In that same year, Gibson studied the metabolism of p-chlorotoluene (11) by the 

same bacterium and established that (+)-cis-4-chloro-2,3-dihydroxy-1-methylcyclohexa-

4,6-diene (12, Figure 3) and 4-chloro-2,3-dihydroxy-1-methylbenzene (13) are two 

metabolites involved in its degradation.5 This constitutes the first instance in the literature 

wherein a strain of bacteria was shown to possess enzymes that are capable of metabolizing 

halogenated aromatic compounds.  

 

Figure 2 Catabolism of benzene by prokaryotic microorganisms. 
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It rapidly became apparent to Gibson that if a mutant strain of P. putida could be 

isolated, that contained the TDO enzyme but lacked the cis-dihydrodiol dehydrogenase 

enzyme, it could be used to accumulate gram amounts of chiral mono- and di-substituted 

cis-dihydrodiene diols. By 1970, Gibson was able to accomplish this task after successfully 

cultivating a mutant strain of P. putida (strain 39/D) in which the gene that regulates the 

cis-dihydrodiol dehydrogenase enzyme is suppressed.6 When this mutant strain was grown 

in media that contained toluene as the sole carbon source, cis-toluene dihydrodiol (15, 

Figure 4) accumulated in multigram scale [from 4g of toluene feed, 1.94g of the 

dihydrodiene diol was obtained (0.97 g /L of culture)].  

 

 

 

 The final major contribution of Gibson to the study of enzymatic dihydroxylations 

came in 1989 when he isolated the nucleotide sequences that encode for the enzymes that 

participate in the catabolism of arenes in the dihydrodiol pathway (Figure 2).7 These 

findings were used to engineer three clones of P. putida that are capable of overexpressing 

specific enzymes involved in the dihydrodiol pathway (Figure 5). The recombinant 

 Figure 3 Cyclic intermediates in the metabolism of para-chlorotoluene by wild type P. 

putida. 

 Figure 4 Dihydroxylation of toluene by mutant strain P. putida 39/D. 
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organism of interest to us, the one that contains the plasmid pDTG601, is capable of 

overexpressing TDO and incubation of this strain with toluene resulted in accumulation of 

cis-toluene dihydrodiol (15) at increased yields8  (3.0 g/L of culture).  

This strain of E. coli JM109 (pDTG601) has since been utilized for the production 

of over 450 types of cis-dihydrodiene diol metabolites, including the ortho-dibromodiene 

diol (2) used in project discussed in this thesis. Enzymatic dihydroxylation of aromatic 

compounds using this biocatalyst is a transformation that, until recently, did not have an 

efficient chemical equivalent.9  This dearomatization process represents a powerful 

synthetic strategy for the synthesis of gram amounts of various enantiomeric intermediates 

from readily available simple arenes.  

 

2.1.2. Applications in Asymmetric Natural Product Synthesis  

cis-Cyclohexadiene diols metabolites can undergo an array of chemical 

transformations and have been utilized as chiral building blocks in the syntheses of various 

natural product targets. Their utility can be attributed in part to their low molecular weight 

combined with a very dense range of functionalities (Figure 6). The most common 

Figure 5 Metabolism of toluene by recombinant strains of E. coli JM109. 
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application of the chiral cis-diol moiety in synthetic endeavors is as a directing group to 

control the stereochemistry in its periphery. This approach has been heavily exploited in 

synthesis of various cyclitols,10 conduritols,11 conduramines12 and  inositols13 (Table 1).  

 

Table 1 Selected total syntheses of natural products derived from cis-cyclohexadiene diols 

 

cis-Diol Target 
Author 

(year) 
Ref. 

 
(derived from 

indole)  

Gibson 

(1983) 
14 

 

 

ICI group 

(Taylor, 

1988) 

15 

 

 

Ley 

(1987) 
16 

 

 

Ley 

(1988) 
17 

 
 

Hudlicky 

(1989) 
18 
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Hudlicky 

(1995) 
19 

 

 

Banwell 

(2000) 
20 

  

Banwell 

(2002) 
21 

  

Banwell 

(2003) 
22 

  

Banwell 

(2007) 
23 

 

 

Hudlicky 

(2007) 
24 
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Hudlicky 

(2009) 
25 

 
 

Banwell 

(formal, 

2008) 

26 

  

Gonzalez 

(2009) 
27 

  

Banwell 

(2016) 
28 

 
 

Hudlicky 

(formal, 

2018) 

29 

 

 

Collins 

(formal, 

2019) 

30 
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Hudlicky 

(2021) 
31 

 

 

 

 

 

 

 

 

Hudlicky’s 1990 enantiodivergent synthesis of (+) and (-) pinitol shows that it is 

possible to access both enantiomers of a given target from a single enantiomeric building 

block.32 By adapting a synthetic strategy that considers the symmetry of the metabolite, 

and by carefully designing the sequence of chemical operations, both enantiomers of pinitol 

were obtained without the use of additional enantiomeric reagents. The vinyl bromide 

moiety, which leads to two electronically distinguishable olefins in 20, was also cleverly 

exploited by the application of regioselective epoxidation (26) or dihydroxylation (28)  in 

this enantiodivergent synthesis.  

 

Figure 6 Reactivity profile of bromodiene diol 20. 
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The first endeavor in the Hudlicky group involving a cis-cyclohexadiene diol dates 

back to 1988 with the publication of the formal synthesis of prostaglandin E2α.
33 By 

subjecting the acetonide protected cis-diol derived from toluene (30) to ozonolysis, and 

then to a Lewis acid catalyzed intramolecular aldol reaction, enone 32 was obtained in an 

overall yield of 45% (three steps from toluene). This enone can then be converted to 

prostaglandin E2α (33) by a known method.34 

 

 

Scheme 1 Hudlicky's 1990 enantiodivergent synthesis of (+) and (-) pinitol.32 
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 In regard to the diene moiety of the cis-diol metabolites discussed, this functional 

group has also been shown to undergo cycloaddition reactions with a high degree of facial- 

and regioselectivity. This is demonstrated in Hudlicky’s 2009 chemoenzymatic formal 

synthesis of oseltavimir 39 (Tamiflu).35 A hetero Diels-Alder reaction of cis-diol 34 with 

an acyl nitroso compound, followed by N-O bond reduction, afforded conduramine 35 at 

high yields with absolute regio- and stereochemistry. In six more steps Fang’s 

intermediate36 38 was obtained to complete the formal synthesis of 39.   

 

 

 

 

 

Figure 7 Hudlicky's 1988 formal synthesis of Prostaglandin E2α.33 

Figure 8 Hudlicky's 2009 formal synthesis of oseltamivir.35 
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The high versatility of cis-cyclohexadiene diols produced by the enzymatic 

dihydroxylation of small arenes forms the basis for the research discussed in this thesis. 

These metabolites have a rich history as useful synthetic building blocks in asymmetric 

synthesis, and the aforementioned examples represent only a few of many examples in 

literature for their usage in natural product synthesis. Many reviews are available that 

discuss synthetic endeavours that utilize cis-dihydrodiene diols in the syntheses of sugars, 

terpenes and various natural and unnatural products.37  

2.2. Amaryllidaceae Alkaloids  

2.2.1. Discovery, Characterization, and Biosynthesis 

Plants of the Amaryllidaceae family are herbaceous, flowering plants that grow in 

tropical and subtropical regions. These plants are well known for their ornamental and 

medicinal values. Records of the medicinal properties of the plants of the Amaryllidaceae 

family date back to ancient Greece during the lifetime of the renowned Greek physician 

Hippocrates of Kos (ca. 460-370 BC). Hippocrates recommended the use of oil extracts 

from the plant Narcissus poeticus L. for the treatment of uterine tumors.38 The systematic 

scientific study of the Amaryllidaceae alkaloids began in 1877 with the isolation of lycorine 

(Figure 9, 40) from N. poeticus L..39 Decades of synthetic activity followed directed 

towards the structural identification and synthesis of lycorine.40 In 1958 Fitzgerald41 

published his study confirming the anticancer properties exhibited by plant extracts 

containing this alkaloid and this, in turn, led to intensified scientific activity related to the 

Amaryllidaceae family. In fact, the naturally occurring Amaryllidaceae alkaloids, which 

include more than 500 identified members to date,42 are a family of compounds which 

possess a diverse array of biological properties such as antiproliferative, analgesic, 
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Figure 9 Structurally diverse alkaloids of the Amaryllidaceae family, originating from 

the common intermediate norbelladine (41). 

hypotensive, antibacterial, and antifungal activities.43 These compounds are found in the 

extracts of several plants belonging to the Narcissus species (daffodils) and are perhaps 

best recognized for their potent anticancer activity.   
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In 1967 in Italy, Ceriotti embarked on a systematic study of plant extracts from 

various Narcissus bulbs with the aim of identifying potential antigrowth factors. This 

investigation led to the discovery of a powerful antimitotic substance, which he named 

narciclasine (1). Depending on the variety of daffodil bulbs used, between 30 and 100 mg 

of this substance could be extracted from 1 kg of wet bulb plant matter. Following 

purification, crystals of this substance were described as white and of a long, rosette-like 

form with a melting point of 234-235 °C (EtOH/H2O). It was soluble in low molecular-

weight polar organic solvents such as methanol, ethanol, acetone, diethyl ether and acetic 

acid, but was insoluble in water and apolar organic solvents. This compound gave a strong 

yellow florescence when visualized under UV light. The compound was also tested with 

various indicators, and tested positive in qualitative tests with FeCl3, Folin-Ciocalteu’s 

phenol reagent, sulfanilic acid, and fast blue B. Ninhydrin and Dragendorff qualitative tests 

produced negative results. It also readily reduced ferric cyanide in sodium carbonate 

solutions. When assayed for its action on Escherichia coli HpR, bacterial growth inhibition 

was observed after 24 h at a concentration of 8 g/mL.  

Ceriotti continued his studies on this novel compound with marked antimitotic 

properties, with the next logical step being to establish the molecular structure of 

narciclasine.44 Elemental analysis and mass spectrometry studies led to a molecular 

formula of C14H13O7N. Unlike most alkaloids, the compound did not dissolve in weakly 

acidic solutions but readily dissolved in alkaline NaOH solutions. This fact, combined with 

the positive FeCl3 qualitative test, strongly indicated the presence of a phenol functional 

group in the compound. The IR absorption spectrum of narciclasine indicated the presence 

of a carbonyl group, hydroxy group(s) and a methylenedioxy group. Further NMR 
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spectroscopic, reactivity and degradation studies eventually led to the first proposed 

structure for narciclasine (52, Figure 10) by Ceriotti in 1968, a year following its initial 

isolation.  

 

 

 

 

Figure 10 Structure of narciclasine, initially proposed by Ceriotti in 1968.  

 

Also in 1968, the group of Okamoto45 in Japan isolated two compounds with plant-

growth regulation activities from the bulbs of Lycoris radiata herb (red spider lily, 

Amaryllidaceae family). The compounds were named lycoricidinol and lycoricidine [later 

recognized as narciclasine (1) and 7-deoxynarciclasine (54), respectively], and both 

exhibited antitumor activity when tested with Ehrlich carcinoma tumor models. Okamoto 

also carried out spectroscopy and degradation studies with the aim of establishing their 

structures, and correctly proposed the structures of narciclasine and lycoricidine (without 

assignment of stereochemistry, Figure 11). Okamoto noted that one of the compounds he 

isolated, lycoricidinol, appeared to be identical to the compound isolated by Ceriotti the 

previous year, narciclasine.  
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Figure 11 Okamoto's proposed structures for narciclasine and lycoricidine. 

 

 

 

 

 

 

Indisputable proof of the structure of narciclasine came in 1972,46 when Immirzi 

converted natural narciclasine to its tetraacetate derivative, and then obtained its X-ray 

crystal structure (Figure 12). This allowed the absolute stereochemistry to be assigned and 

provided some insight into the spatial configuration of the compound. The aromatic ring 

and the methylenedioxy bridge are essentially planar with torsional angles of less than 5°. 

Calculations of the torsional angles in the six-membered lactam ring B led to an assignment 

of a configuration that is most similar to a boat conformation. A similar analysis of the six-

membered cyclohexene ring C led to the assignment of the ring as having a distorted half-

chair conformation.  
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Figure 12 X-Ray structure of narciclasine tetraacetate confirming the absolute 

stereochemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

In 1984, nearly two decades after the initial isolation of narciclasine, Pettit47 

reported the isolation of another bioactive alkaloid that he named pancratistatin (55, Figure 

13), from the bulbs of Pancratium littorale. This compound was shown to significantly 

inhibit the growth of murine P388 lymphocytic and murine M5076 ovary sarcoma cancer 

cell lines. X-Ray structure analysis performed in the same study also confirmed the 

absolute structure of pancratistatin, strongly resembling that of natural narciclasine. 7-

deoxypancratistatin (56) was isolated by Ghosal shortly thereafter in 1989.48 The naturally 

occurring Amaryllidaceae constituents which are currently identified as having 

antiproliferative properties are the isocarbostyril alkaloids shown in Figure 13, the most 

notable of which is narciclasine (1).   
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Figure 13 Phenanthridone alkaloids of the Amaryllidaceae family with cytotoxic 

activities. 

 

 

 

 

 

 

 

The biosynthesis of narciclasine and of the Amaryllidaceae alkaloids is not fully 

understood and can vary widely according to the type of ring subgroup being 

produced.49,50,51,52 In the majority of cases a common intermediate in the biosynthesis of 

these alkaloids has been shown to be O-methylnorbelladine (62, Figure 14). The core of 

this central intermediate, imine 61, is formed from a condensation reaction between 

protocatechuic aldehyde (59) and tyramine (60) which are, in turn, derived from 

phenylalanine (57) and tyrosine (58), respectively.49  
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The key precursor O-methylnorbelladine undergoes different types of 

regioselective oxidative cyclizations (the major ones being para-para, para-ortho and 

ortho-para), which ultimately lead to the biosynthesis of a wide variety of alkaloids. The 

general pathway to narciclasine type alkaloids is believed to proceed via the para-para 

oxidative cyclization of 62 to form dienone 63 (Figure 15).49 This intermediate undergoes 

a Michael addition to yield noroxomaritidine (64). A series of successive steps involving 

the reduction of the enone moiety of noroxomaritidine, formation of the methylenedioxy 

bridge and a hydroxylation at C-11 eventually lead to the intermediate 11-hydroxyvittatine 

(66). It is believed that a retro-Prins reaction and an eventual loss of an ethylene fragment 

leads to diol 67. Successive oxidations of this diol 67 leads to the biosynthesis of 

narciclasine (1).  

Figure 14 Biosynthesis of O-methylnorbelladine (62). 
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Figure 15 Transformation of O-methylnorbelladine (62)  to narciclasine (1). 
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2.2.2. Biological Activity and Pharmacophore Studies 

The therapeutic potential of the isocarbostyril Amaryllidaceae alkaloids is broad. 

Narciclasine, pancratistatin and related analogues were evaluated for their antiviral 

activities against several RNA viruses.53 Narciclasine and pancratistatin showed in vitro 

antiviral activities against the three flaviviruses (Japanese encephalitis, yellow fever and 

dengue-4) as well as two bunyaviruses (Punta Toro and Rift Valley fever). It is worth 

noting, however, that these observations were made at concentrations within 10-fold of 

their respective cytotoxic concentrations, thus leading to lower therapeutic indices (ranging 

between 3 and 8). Other properties exhibited by narciclasine and its analogues involve 

antibacterial, antifungal, and antiparasitic properties,53 although the most studied activities 

of these natural products involve their anti-cancer properties.  

Narciclasine and its congeners display several different mechanisms of action 

against cancerous cells including apoptosis (programmed cell death), impaired cell 

proliferation, and decreased cell migration activity.54,55 Simultaneously, these compounds 

show little or no activity towards healthy cell lines, therefore presenting the possibility that 

these compounds could be developed into selective anticancer agents and prospective drug 

candidates. Naturally, the active pharmacophore and mechanism of action of these 

molecules attracted significant attention from the chemical and biological communities. 

Insight into the mode of action of narciclasine allows us to determine which modifications 

are appropriate to apply when designing a derivative. 

 The antitumor activity of narciclasine was reported by Ceriotti in his initial 1967 

report on its isolation, following its screening against sarcoma 180 cell line in mice.56 The 

murine P-388 lymphocytic leukemia cell line has been used as the initial screening bioassay 
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for many of the most potent Amaryllidaceae alkaloids. Narciclasine (1), lycoricidine (54), 

pancratistatin (55), and 7-deoxypancratistatin (56) have registered GI50 values as low as 

0.01 g/mL.57,58,59,60 The National Cancer Institute (NCI) funded a study conducted by 

Pettit, which included an in-depth investigation with diverse human tumor cell lines for 

different Amaryllidaceae alkaloids. The results are summarized in Table 2.  

 

Table 2 Human cancer cell line lymphocytic inhibitory activities of pancratistatin (55), 

narciclasine (1) and C1-benzoate pancratistatin (70) derivative.56-60 

 

The mechanism of action for these potent anti-cancer agents has been studied with 

narciclasine as a model. It has been suggested that the observed antiproliferative properties 

of narciclasine and its congeners are due to their potent ability to inhibit protein 

biosynthesis by eukaryotic ribosomes. In initial studies by Carrasco61 it was shown that 

narciclasine inhibited poly U-directed incorporation of l4C labeled phenylalanine in rabbit 

reticulocyte ribosomes. Narciclasine was also shown to inhibit association of 14C 

trichodermin (71) and 3H anisomycin (72), two known inhibitors of protein synthesis by 

eukaryotic ribosomes (Figure 16).  

isocarbostyril 
ED50 

(g/mL) 
GI50 (g/mL) 

 
leukemia 

P-388 

pancreas 

BXPC-3 

breast 

MCF-7 

lung NSC 

NCI-H460 

colon 

KM20L2 

prostate 

DU-145 

1, narciclasine 0.013 0.0035 0.0032 0.0084 0.0032 0.0032 

55, pancratistatin 0.017 0.02 0.023 0.032 0.025 0.015 

70, C1-benzoate 

pancratistatin 
0.0016 0.0019 0.00031 0.0001 0.00037 0.00021 
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Initial attempts to establish the cytotoxic pharmacophore of a selection of 

Amaryllidaceae alkaloids possessing anticancer activity relied on comparisons of activities 

of isocarbostyrils in the natural series versus the synthetic analogs (Table 3). In general, 

the alkaloids containing the C7 hydroxyl group are more potent by at least one order of 

magnitude compared to the non-hydroxylated analogues.58,62 Both cis- and trans- 

dihydronarciclasine (cis/trans ring B and C juncture) have been synthesized, with the trans-  

congener displaying significantly higher activity.63 The presence of a hydroxyl group on 

the C1 position in pancratistatin is also deleterious to activity by about a factor of 5-10 in 

comparison with narciclasine and trans-dihydronarciclasine. Derivatives containing the 

amide functionality of the B ring were shown to be far more potent compared to the 

synthetic amine derivatives.58 Esterification, inversion of stereochemistry, or the absence 

of any of the three hydroxyl groups at C2, C3, and C4 all resulted in lower activities of the 

resulting compounds.58 Eventually, a good representation of the activity of the molecule 

was established (Figure 17) and it is generally accepted that modifications to narciclasine 

and related compounds are restricted to the C1 and C10 positions. 

Figure 16 Known 60S ribosomal subunit binders trichodermin (71) and anisomycin (72). 



24 

 

 

 

 

 

 

The installation of lipophilic groups at the C1 position does not diminish activity. 

In fact, promising results were published by Pettit64 (Table 3) in 2001, showing the 

enhanced activity of benzoate (+)-70 obtained in 9 steps in roughly 3.6% yield from natural 

(+)-narciclasine as an intermediate in the synthesis of (+)-pancratistatin.  In a later paper 

published in 2011 by Hudlicky and Kornienko,65 several pancratistatin homologues were 

synthesized and their biological activity evaluated.  The study involved the synthesis and 

comparison of biological activities of C1 pancratistatin homologues to narciclasine. 

Narciclasine, on average, is about six times more active than pancratistatin (Table 3) and 

was used as a reference due to this fact, as well as its better bioavailability when compared 

to pancratistatin. C1-Hydroxymethyl and acetoxymethyl pancratistatin (74 and 76, 

respectively) were shown to be about ten times more potent than their 7-deoxy analogues, 

further supporting the importance of the C7 hydroxy group to the antiproliferative activity 

of the alkaloids. Furthermore, the acetoxy analogue 76 has nanomolar activity which nears 

that of narciclasine. This is further evidence that the presence of lipophilic substituents at 

the C1 position does not lead to reduced activity.  

Figure 17 Narciclasine as a model pharmacophore for Amaryllidaceae alkaloids. 
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Table 3 Activities of C1 pancratistatin analogs with narciclasine and pancratistatin as positive standards [IC50 (g/mL)].105
 

Analogue leukemia 

P388 

pancreas 

BxPC-3 

breast 

MCF-7 

CNS 

SF-268 

lung-NSC 

NCI-H460 

colon 

KM20L2 

prostate 

DU-145 

leukemia 

Jurkat 

neuroblastoma 

Shsy5y 
1 0.001 0.026 0.019 0.021 0.032 0.021 0.011   

55 0.039 0.028 0.032 0.017 0.048 0.062 0.016 0.163 0.163 

56 0.44    0.29 0.22    

70 0.0016 0.0019 0.00031 0.00055 0.0001 0.00037 0.00021   

73 0.029 0.046 0.034 0.059 0.043 0.051 0.040   

74  0.22 0.24  0.09  0.09   

75  0.19 0.65  0.09  0.26 1.615 1.615 

76  0.07 0.52  0.07  0.06   

77  0.11 0.29  0.11  0.37 0.183 0.183 

78 0.061 0.25 0.041 0.17 0.029 0.13 0.13   
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Figure 18 Analogues of narciclasine with reduced biological activities.66
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 In 2009 Marion104 published his approach towards the synthesis of C-1 aza-

derivatives of pancratistatin in the search for more bioactive derivatives possessing 

improved bioavailability profiles. Various nitrogenated C-1 derivatives were synthesized 

from the common C-1 azide intermediate 79. This intermediate was, in turn, synthesized 

from the SN2 attack of NaN3 on the cyclic sulfate 80, an intermediate in Pettit’s synthesis 

of the C-1 benzoate of pancratistatin (70). From this intermediate (79), various derivatives 

were synthesized, some of which are depicted in Figure 19. The triazole derivative 87 was 

synthesized via the cycloaddition reaction of 79 with phenylacetylene. However, the vast 

majority of the derivatives made from 79 were synthesized by the hydrogenolysis of the 

azide to a primary C-1 amine, followed by an acylation or a reductive amination reaction. 

The biological activities of Marion’s derivative were generally comparable or improved 

compared to natural pancratistatin. Of special note was the benzamide derivative 85, that 

exhibited the most potent activities with IC50 values of 8.7 nM and 4.7 nM against lung 

A549 and colon HCT 116 cell lines, respectively (fivefold more potent than narciclasine). 

This derivative was also more soluble than narciclasine by twofold in a pH 7.2 buffer. 

These findings provide a strong incentive for the analogous study and synthesis of C-1 

derivatives of narciclasine.   
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Figure 19 Marion's approach to nitrogenated C-1 pancratistatin analogues from Pettit's cyclic 

sulfate intermediate.103 
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2.2.3. Selected Total Syntheses of Narciclasine 

 

This section will provide a brief overview of the total syntheses of narciclasine 

published to date (Table 4). Although narciclasine was isolated in 1967 and was recognized 

for its biological activities since its discovery, the first total synthesis was not reported until 

1997 when Rigby prepared (+)-narciclasine in 22 steps (Figure 2). Since then, a total of 

nine total syntheses of narciclasine have been reported, which have been the topic of many 

reviews.67 The latest and shortest synthesis, Sarlah’s six-step stereoselective synthesis of 

(+)-narciclasine on gram-scale, was published in 2019.  

 

Table 4 Summary of total syntheses of narciclasine. 

Author Year Number of 

steps 

Optical 

isomer 

Rigby129 1997 22 (+) 

Hudlicky68 1999 12 (+) 

Keck69 1999 12 (+) 

Rigby70 2000 24 (+) 

Yan71 2002 12 (+) 

Banwell72 2008 11 (−) 

Yamamoto73 2015 14 (+) 

Sarlah74 2017 10 () 

Sarlah75 2019 6 (+) 
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Several approaches were applied for the total synthesis of narciclasine, but the most 

widely applied strategy is the use of a convergent synthesis. The A-ring and C-ring 

coupling precursors are synthesized separately and are pre-functionalized or are set for 

further derivatization upon their convergence. The construction of the B ring is then 

accomplished by one of two approaches; (1) formation of the C10a-C10b bond, followed 

by a Pictet-Spengler or Bischler-Napieralski reaction to form the amide bond or (2) 

formation of the amide bond via a condensation reaction of the A- and C-ring coupling 

precursors, followed by the formation of the C10a-C10b bond, typically via an 

intramolecular Heck reaction.  

 

 

 

The first enantioselective synthesis of narciclasine by Rigby involves the 

preparation of syn-epoxy silyl ether 90 from commercially available 3-cyclohexene-1-

carboxylic acid 88. To achieve this, a modification of the Berchtold sequence was used.76 

The A-ring fragment 94 was prepared in four steps from 2,3-dihydroxybenzaldehyde 92. 

In order to couple the two fragments together, the methyl ester 89 is converted to an 

isocyanate 91 and alkylated with 94 to form amide 95. After the installation of p-

methoxybenzyl group, a photochemical enamide cyclization was performed to achieve the 

Figure 20 Retrosynthetic approach to the narciclasine core. 
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complete narciclasine backbone in 96. Dihydroxylation with osmium tetroxide, followed 

by a series of deprotection steps led to the synthesis of narciclasine in 22 steps. 

 

Scheme 2 Rigby's 1997 enantioselective synthesis of narciclasine.76 Reagents and 

conditions: i. 1. NBS, AIBN, benzene, reflux; 2. AIBN,  nBu3SnH, benzene; 3. 1O2, rose 

bengal, hv; 4. RuCl2(PPh3)2, DCM; 5. NaOMe, MeOH; ii. 1. n-PrCOCl, TEA; 2. 

cholesterol esterase; 3. TBSCl, imidazole, DCM; 4. (i)LiOH, MeOH, H2O; iii. DPPA, 

TEA, benzene; iv. 1. CH2Br2, K2CO3, DMF; 2. mCPBA, 3. KOH, EtOH; 4. CF3CO2Ag, 

Br2; 5. ethyl vinyl ether, PPTS; v. nBuLi, THF, -78 °C, 91; vi. 1. PMBBr, NaH; 2. PPTS, 

MeOH; 3. hv, benzene; vii. 1. (PhSe)2, NaBH4; 2. NaH, AcCl; 3. OsO4, TMNO, tBuOH; 

4. TsOH, (CH3)2C(OMe)2; viii. 1. TBAF, THF; 2. Burgess reagent; 3. K2CO3, MeOH; 4. 

nBuLi, THF, O2; 5. TsOH. 
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Next was Hudlicky’s 1999 synthesis of narciclasine in 12 steps from meta-

dibromobenzene (98).77 Diene diol 99 was obtained via the chemoenzymatic 

dihydroxylation of 98 by whole-cell fermentation with E.coli JM109(pDTG601A),78 a 

unifying feature of many natural product syntheses published by the Hudlicky group. 99 

was then subjected to a hetero Diels-Alder reaction to form oxazine 100, which is then 

subjected to N-O bond cleavage by treatment with Mo(CO)6 to form enone 101. Suzuki 

coupling of said enone with boronic acid 105 yields enone 102, which contains the core 

carbon skeleton of narciclasine. Reduction of enone 102 proceedsed selectively from the 

-face due to the presence of the bulky acetonide group yielding an alcohol with the 

incorrect stereochemistry. This was corrected by a Mitsunobu reaction, which inverts the 

configuration of the alcohol at C2 to the correct stereochemistry of natural narciclasine. 

The final closure of ring B was achieved via a modified Bischler-Napieralski reaction first 

reported by Banwell.79 Removal of all protecting groups yields narciclasine in 12 steps.   

The third synthesis of narciclasine was reported in 1999 by Keck,69 who used a 

chiral starting material (106) to achieve chirality in the final product. A Corey-Fuchs 

reaction transforms aldehyde 107 to 109. This alkyne was then subjected to a key 

Sonogashira coupling with arene 113 to form the radical cyclization precursor 110.  The 

pivotal point of the synthesis was an intramolecular 6-exo radical cyclization between a 

radical generated from alkyne and oxime in 110. The endgame involved a final 

intramolecular cyclization to form ring B, removal of thiophenol and deprotection to form 

narciclasine in 12 steps. 
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Scheme 3 Hudlicky's 1999 enantioselective synthesis of narciclasine.77 Reagents and 

conditions: i. E. coli JM109 (pDTG601A); ii. 2,2-DMP, acetone, TsOH, rt then 

NH(OH)CO2Me, NaIO4, rt; iii. Mo(CO)6, MeCN, H2O, reflux; iv. 1. 2,2-DMP, TsOH; 2. 

105, Pd(PPh3)4, Na2CO3, benzene, reflux; v. NaBH4, CeCl3, MeOH; vi. PhCO2H, Bu3P, 

DEAD, THF, rt vii. 1. Dowex 50X8-100, MeOH, rt; 2. Ac2O, py, DMAP, rt; 3. Tf2O, 

DMAP, DCM, -10 °C; 4. Amberlyst A-21, MeOH, rt; 5. LiCl, DMF, 120 °C. 
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Scheme 4 Keck's 1999 enantioselective synthesis of narciclasine.69 Reagents and 

conditions: i. NaIO4, THF, H2O; ii. CBr4, PPh3, TEA, DCM, 0 °C, then -78  °C; iii. 1. L-

Selectride, THF, -78  °C; 2. BnONH2· HCl, py; 3. nBuLi, Et2O, -90 °C ; iv. Pd(OAc)2, CuI, 

TEA, PPh3, 113, THF, rt (dark); v. PhSH, benzene, hv (200W), rt; vi. 1. SmI2, THF, H2O; 

2. MeI, K2CO3, DMF; 3. Me3Al,  THF, -15  °C to 65 °C; vii. 1. SmI2, MeOH, THF; 2. 

TFA. 

 

A more recent synthesis of the unnatural (–)-narciclasine was published by 

Banwell72 in 2008, which hinged upon a key Suzuki-Miyaura cross-coupling of the A ring 

aromatic fragment 122 and aminocyclitol 118 C ring fragment. A concomitant amide bond 

formation fully formed the B ring. The synthesis began with the enzymatic dihydroxylation 

of bromobenzene to form the familiar diol 20. Acetalization, dihydroxylation and MOM 

protection afforded 114. Further manipulation to form 115, and treatment of 115 with 

trichloroacetonitrile affords acetimidate 116. Heating 116 under microwave irradiation 
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resulted in amide 117, representing a unique microwave-promoted Overman 

rearrangement. Cleavage of the amide produced the desired C-ring coupling precursor 118.  

 

The A-ring fragment was synthesized from piperonal 119 by its subjection to 

amidation to form the diethyl amide 120 necessary for directed ortho-metalation to install 

the phenol moiety in a regioselective fashion, which upon silyl ether protection gives 121.  

A second ortho-directed metalation installed an iodide functionality, which was further 

manipulated to give the final C-ring coupling precursor 122. The final step is the coupling 

Scheme 5 Banwell's 2008 enantioselective synthesis of (–)-narciclasine.72 Reagents and 

conditions: i. 1. p-MBDMA, TsOH; 2. OsO4, NMO; 3. MOMCl; ii. 1. DIBAL; 2. MOMCl; 3. 

DDQ; iii. Cl3CCN, DBU; iv. K2CO3, wave, 165 °C; v.  DIBAL; vi. NaCN, MnO2, Et2NH; vii. 1. 

sec-BuLi, TMEDA; 2. B(OCH3)3; 3. H2O2, AcOH; 4. TBSCl; viii. 1. sBuLi, TMEDA; 2. I2; 3. 

(CH3)3OBF4, Na2HPO4, 4. MOMCl; 5. pinacolatoborane, PdCl2, dppf, 30%; ix. 1. 118, Pd(PPh3)4, 

K2CO3, microwave; 2. TBSBr. 
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of 118 and 122 which was accomplished by a one pot reaction to carry out the Suzuki-

Miyaura coupling and amidation in a concomitant fashion and produce tetra-MOM-

protected narciclasine (not shown). After deprotection, the final product was obtained in 

11 steps and 7% overall yield.    

Most recently, in 2017 Sarlah74 and coworkers published their approach towards 

the synthesis of ( )- narciclasine in ten steps from bromobenzene as a starting material. 

The group opted for a different type of dearomative dihydroxylation than the more widely 

used microbial arene dioxygenase, which involved a functional group directed 

dihydroxylation by osmium tetroxide. In 2019, Sarlah75 published a second asymmetric 

approach to narciclasine that was accomplished in six-steps on gram scale. The first step is 

described as the dearomative trans-1,2-carboamination of benzene with MTAD and the A-

ring derived Grignard reagent 129 (Scheme 6) to afford bicyclic diene intermediate 125. 

Regio- and diastereoselective bromination with NBS followed by Upjohn dihydroxylation 

with immediate acetonide protection of the resulting syn-diol affords epoxide 127. 

Treatment of this epoxide with an excess of tBuLi base results in (1) Li-halogen exchange 

that initiates nucleophilic attack on the urazole carbonyl leading to the B ring lactam 

formation and (2) deprotonation at C10b leading to the formation of the allylic alcohol 

moiety of 128. Upon deprotection of this product with SmI2 and acidic workup narciclasine 

was obtained in six-steps on gram-scale. 
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Scheme 6 Sarlah's 2019 synthesis of racemic narciclasine.75 Reagents and conditions: i. 

visible light then; ii. 129, [Ni(acac)2], (R,R)-iPr-Phosferrox, Me2SO4; iii. NBS, H2O; iv. 1. 

OsO4, NMO then K2CO3; 2. TsOH, 2,2-DMP; v. tBuLi; vi. SmI2 then HCl (workup). 
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2.2.4. Synthesis of Amaryllidaceae Analogues and their Cytotoxic 

Activities 

 Examples of successful syntheses of C-1 analogues of (+)-narciclasine and 

pancratistatin have generally remained scarce, which only adds to the importance of 

establishing protocols for their convenient syntheses. The most promising derivatives 

synthesized thus far are Pettit’s C-1 benzoate (70) and Marion’s C-1 benzamide derivatives 

of pancratistatin, which exhibit anticancer activities surpassing that of both natural 

pancratistatin and the more active natural narciclasine. This proves that the installation of 

lipophilic groups at the C1 position is nondetrimental to the activity of the compound and, 

in certain cases, it could even enhance it. This section will provide a brief overview on the 

synthetic efforts related to narciclasine and pancratistatin analogues, with an emphasis on 

C-1 and/or bioactive derivatives.  

2.2.4.1 Semisynthetic Approaches from Natural Narciclasine 

Narciclasine has a high natural abundance when compared to other isocarbostyril 

constituents of the Amaryllidaceae family, especially in common perennials such as 

Narcissus pseudonarcissus and Narcissus poeticus. This, combined with the fact that 

narciclasine is the most potent isocarbostyril Amaryllidaceae alkaloid in terms of 

antiproliferative activity, led to intense synthetic efforts to derivatize natural narciclasine 

in the search for semisynthetic cytotoxic analogues. This section will outline a brief 

overview of these endeavors and provide some insight on the reactivity of natural 

narciclasine.     

 The first attempt at derivatization of the narciclasine core was published by 

Mondon80  in 1975 with the semisynthesis of 3,4-acetonide protected 2-epi-narciclasine 
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Scheme 7 Synthesis of acetonide protected 2-epi-narciclasine 131.80 Reagents and 

conditions: i. acetone, HC(OEt)3, TsOH, 74%; ii. 1. MnO2, THF, 87%; 2. NaBH4, EtOH. 

131 from natural narciclasine. This was accomplished in two operations, beginning with 

the formation of the acetonide moiety in 130. At the time, the selective acetonide formation 

at the C-3 and C-4 syn-diol strongly supported the presence of a C-2 hydroxy group in the 

opposite face. An oxidation of the allylic alcohol of 130 to an unstable enone (not shown) 

was followed by a reduction with NaBH4 to afford the product and regenerate some 

acetonide protected narciclasine.  

 

 

 

 

 

 

Mondon also reported the semisynthesis of other derivatives in the same study, 

some are shown in Figure 21, by installation of various protecting groups, hydrogenations, 

and/or isomerization reactions of natural narciclasine and its various protected derivatives. 

Many of the derivatives synthesized by Mondon were tested for their anticancer activities 

on several cell lines, with trans-dihydronarciclasine (132) exhibiting higher potency than 

that of natural narciclasine (Table 3). The improved activity of this derivative compared to 

narciclasine, and by extension pancratistatin, strongly suggests that the presence of a 

hydrophilic C-1 hydroxyl group in pancratistatin is deleterious to its cytotoxic activity. The 

opposite effect is observed when more lipophilic groups are installed at C-1, as in the case 

of Pettit’s and Marion’s C-1 derivatives discussed in section 2.2.2. Other derivatives such 
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Figure 21 The first semisynthetic derivatives of narciclasine synthesized by Mondon. 

as cis-dihydronarciclasine (133), iso-narciclasine (134) and C-7 methylated narciclasine 

(135) showed reduced potency compared to that of natural narciclasine.  

 

 

 

Perhaps the most exhaustive studies on the conversion of narciclasine to its 

analogues, both natural and synthetic, can be attributed to Pettit et al.62,64,81 Pettit studied 

the reduction of narciclasine to dihydronarciclasine in order to improve the selectivity 

towards the more potent trans-isomer as opposed to the inactive cis-isomer. Pettit 

postulated that the presence of an α-hydroxyl group at C-2 can be exploited to direct an 

allylic reduction to provide the desired trans-stereoisomer. Thus, acetonide-protected 

narciclasine was treated with Crabtree’s and Wilkinson’s hydrogenation catalysts in 

attempt to accomplish this task but was resistant to hydrogenations in all reported 

attempts.81b Other catalysts and conditions were screened, but the best selectivity was 

obtained with hydrogen gas and 8 mol% Pd/C catalyst on a 20 milligram scale (51:47 % 

yield, trans:cis). Scaling-up of the reaction led to reduced reproducibility; hydrogenation 

of 1 g of acetonide-protected narciclasine depreciated the selectivity towards of the desired 

isomer (30:62 % yield, trans:cis), and at 5 g only the cis-isomer was obtained.  
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Another venture that was undertaken by Pettit was the conversion of natural 

narciclasine to its less naturally abundant analogue pancratistatin,64,81b,c perhaps due to his 

group’s considerable involvement in the initial discovery and isolation of pancratistatin. 

This was another task that initially appeared to be readily executable but proved to be more 

challenging than anticipated. The structural alterations that needed to be performed in this 

conversion are the saturation of the olefin and a stereoselective hydroxylation at C-1 of 

narciclasine. Pettit postulated that this task can be achieved by a sequence beginning with 

a stereoselective dihydroxylation81b (Scheme 8), followed by hydrogenolysis of the 

resulting benzylic alcohol to obtain pancratistatin. The alternative route of dehydration of 

the benzylic alcohol followed by hydrogenation was not pursued due to the possibility of 

altering the C-1 stereochemistry. Pettit reported the successful stereoselective 

dihydroxylation of narciclasine (and its tri- and tetraacetate protected derivatives) under 

both Upjohn and Sharpless dihydroxylations protocols.81b To accomplish the C-10b 

benzylic deoxygenation Pettit chose to pursue a radical deoxygenation route to avoid the 

possibility of a dehydration reaction taking place. After successfully synthesizing 

thiocarbonate derivative 141, Pettit studied its radical reduction.81c Unfortunately, only 

10b-epi-narciclasine 142 was isolated under all reported attempts.  
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Scheme 8 Stereoselective dihydroxylation of narciclasine and its protected derivative, and 

synthesis of 10b-epi-nrciclasine 142.74 Reagents and conditions: i. OsO4, NMO, 

hydroquinone, DMF, H2O, 72%; ii. Ac2O, pyridine, 29%; iii. OsO4, NMO, (DHQD)PHAL, 

DMF, H2O, 85%; iv. TCDI, 2-butanone, 72%; v. Bu3SnH, AIBN, toluene, 50%. 
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In 2001 Pettit reported the successful 10-step relay synthesis of pancratistatin from 

narciclasine.64 Key steps in the synthetic sequence involved epoxidation of protected 

narciclasine to form epoxide 144, which was then hydrogenated to the corresponding 1,2-

syn-diol 145. Formation of cyclic sulfate 146 followed, which was then subjected to a 

regioselective nucleophilic opening at C-1 with cesium benzoate to afford the C-1 benzoate 

70. Saponification of intermediate 70 afforded pancratistatin (55) at an overall yield of 

3.6%. Intermediate 70 was tested for its cytotoxic activities and was discovered to be more 

potent than both pancratistatin and narciclasine (Table 3). Although not the primary target 

of this study, the discovery of the highly potent C-1 benzoate pancratistatin intermediate 

was essential for the understanding of the reactivity of these compounds when designing 

future analogues.  

 

Scheme 9 Pettit’s 2001 synthesis of pancratistatin from narciclasine via the cytotoxic C-1 

benzoate 70.27 Reagents and conditions: i. 1. 2,2-DMP, DMF, TsOH, 97%; 2. Ac2O, 

pyridine, 81%; ii. mCPBA, NaH2PO4, DCM, H2O, 52%; iii. H2, Pd/C, EtOAc, 28%; iv. 1. 

SOCl2, Et3N, THF; 2. RuCl3, NaOI4, MeCN, H2O, CCl4, 45%; v.1. PhCO2H, Cs2CO3, 

DMF; 2. H2SO4, H2O, THF, 74%; vi. K2CO3, MeOH, 75%. 
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As previously mentioned in Section 2.2.2., Marion repeated Pettit’s synthesis of 

cyclic sulfate 80, and likewise subjected it to regioselective nucleophilic opening at C-1. 

Instead of using cesium benzoate, Marion opted to use NaN3 as the nucleophile (Figure 

19).  The resulting C-1 azide was then further derivatized to access a large library of C-1 

nitrogenated derivatives (some are shown in Figure 19). This led to the discovery of more 

potent C-1 derivatives, namely the highly potent C-1 benzamide 85. Pettit’s and Marion’s 

combined success in the synthesis of C-1 derivatives of pancratistatin that exhibited 

stronger cytotoxic activities when tested compared to the natural Amaryllidaceae alkaloids 

provided an incentive for our group to synthesize analogous C-1 narciclasine derivatives 

by both semisynthesis (this section) and total synthesis (Chapter 3).  

In an attempt to functionalize narciclasine at C-1 Hudlicky envisioned the allylic 

oxidation of natural narciclasine to enone 147, which could then be subjected to a 

bromination/ dehydrobromination sequence to eventually install a C-1 vinyl bromide. The 

allylic oxidation was performed successfully with Dess-Martin periodinane,82 but the 

resulting enone 147 was unstable and immediately isomerized to ketone 148. In a different 

route that was pursued the direct bromination of Pettit’s protected narciclasine intermediate 

53 with N-bromoacetamide or N- bromosuccinimide was attempted. Surprisingly, under 

these conditions the C-1 enol 149 was obtained. Global deprotection of this intermediate 

afforded the C-1 hydroxynarciclasine derivative 150. As anticipated, the installation of a 

hydrophilic group at C-1 was detrimental to the cytotoxic activity, and the compound was 

inactive when tested against neuroblastoma (BE(2)-C) and lung  (H157 and A549) cancer 

cell lines. As a result, the latest efforts in the Hudlicky group to access more C-1 derivatives 

involve the triflation of the C-1 enol, with the end-goal of performing cross-coupling 
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reactions at C-1 (such as various Stille, Suzuki, Heck-Mizoroki reaction conditions).  

Although the C-1 triflate was obtained (not shown), all attempts to carry out cross-coupling 

reactions at C-1 to date were unsuccessful.  

 

 

 

 

 

  

Scheme 10 Formation and isomerization of unstable enone 147 and synthesis of 1-

hydroxynarciclasine.82 Reagents and conditions: i. 1. 2,2-DMP, TsOH; 2. Dess-Martin 

periodinane; ii. Ac2O, Et3N, DMAP, DCM, 66-90%; iii. NBA, THF:H2O (3:1), 70%; iv. 

3M HCl in THF, 0 °C, 14%. 
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2.2.4.2 Total Synthesis of Unnatural and Truncated Derivatives  

The earliest derivatives of narciclasine and its natural analogues were prepared 

through semisynthesis for the purpose of establishing the correct structures of the natural 

alkaloids, and to study the structure activity relationships. Few of the unnatural derivatives 

synthesized thus far had activities comparable to that of the natural products, but the highly 

potent C-1 benzoate pancratistatin derivative prepared by Pettit provides a strong incentive 

for the continued interest in unnatural Amaryllidaceae derivatives. Notable examples of 

other Amaryllidaceae analogues obtained by total synthesis can be found in Table 5, 

although only a selected few will be discussed in some detail in this section.  

Table 5 Total syntheses of notable derivatives of Amaryllidaceae alkaloids listed by date 

published. 

Author Target Year 

Seebach83 (±)-1-desoxy-2-lycorinone 1982 

Chapleur84 seco-structural analogues (+)-narciclasine/lycoricidine 1993 

Banwell85 C-ring analogues pancratistatin and lycoricidine 1994 

McNulty86 C-ring analogue (±)-dihydrolycoricidine  

 

1998 

Hudlicky87 Positional isomer 7-deoxypancratistatin  

 

2000 

McNulty88 C-ring analogue (+)-dihydrolycoricidine  

 

2001 

Hudlicky89 Positional isomer and truncated derivatives 7-deoxypancratistatin 2002 

Fessner90 B/C-ring analogues pancratistatin 2003 

Hudlicky91 A/C-ring analogues (+)-pancratistatin 2004 

Chapleur92 B-ring lactone analogues 7-methoxynarciclasine and lycoricidine 2004 

Hudlicky93 β-carbolin-1-one A-ring analogue (+)-pancratistatin 2004 
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 In 1996 Keck reported the total synthesis of ent-lycoricidine 156 that relied upon 

an unusual late-stage formation of the C10b-C4a bond via a radical cyclization reaction.114 

The same approach also provided the natural enantiomer, but Keck chose to initially pursue 

McNulty94 (±)-3-deoxydihydrolycoricidine 2005 

Hudlicky58,95 A/B ring deoxygenated analogues (+)-pancratistatin 2005 

Kornienko96 Truncated A/C-ring analogues lacking B-ring 2006 

DeShong97 (±)-3,4,7-trideoxypancratistatin  2006 

Alonso98 (±)-7-deoxy-2-epi-pancratistatin tetraacetate 2006 

Afarinkia99 A-ring analogue of (±)-3,4-diepi-trans-dihydrolycoricidine  2007 

Banwell100 C-ring analogues (−)-lycoricidine  2007 

Hudlicky101 7-deoxypancratistatin-1-carboxaldehyde and carboxylic acid  2008 

McNulty102 seco-pancratistatin structural analogues 2008 

Kornienko103 C-ring analogues  of (+)-pancratistatin 2009 

Marion104 C-1 analogues (+)-pancratistatin 2009 

Hudlicky105 C-1 homologues (+)-7-deoxypancratistatin 2010 

Hudlicky65,106 C-1 homologues (+)-pancratistatin 2011 

Gonzalez107 A-ring analogues of (+)-pancratistatin  2011 

Alonso108 (±)-7,9-dideoxypancratistatin  2013 

Hudlicky109 7-aza-nornarciclasineand corresponding N-oxide 2014 

Hudlicky110 10-aza-narciclasine 2015 

McNulty111 10b-aza-7-deoxy pancratistatin analogues 2018 

Hudlicky112 10-benzyloxyl narciclasine  2021 

Hudlicky113 1-methoxycarbonyl narciclasine (this work) 2022 
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the ent-enantiomer 156 in order to test it for its cytotoxic activity. The C ring coupling 

precursor was derived from ᴅ-lyxose (151) in six steps, beginning with its conversion to 

the known compound O-benzyl-3,4- isopropylidenexylopyranoside (not shown). Silylation 

of this product afforded 152, which was then converted to oxime 153 by a sequence 

beginning with a Luche reduction of 152 to a lactol that was treated with O-

benzylhydroxylamine hydrochloride. The terminal alkyne 154 was then synthesized by 

oxidation of 153 to an aldehyde (not shown) that was then subjected to a Corey-Fuchs 

reaction. Sonogashira coupling of this alkyne with bromopiperonal afforded 155. 

Oxidation of the aldehyde of 155 to a methyl ester proceeded the key radical cyclization 

step with thiophenol that establishes the completed C ring skeleton. Reductive cleavage of 

the benzyl group and the thiophenol (not shown) were accomplished with SmI2. Lactam 

formation and acetonide deprotection completed the synthesis to afford ent-lycoricidine in 

14-steps and an overall yield of 11.1%.   

 

 

 

 

 

  

Scheme 11 Keck's synthesis of ent-lycoricidine (156).114 Reagents and conditions: i. 1. 

BnOH, TsOH, 81%; 2. 2,2-DMP, acetone, TsOH, 90%; 3. TBSCl, imidazole, 95%; ii. 1. 

Li,NH3; 2. BnONH·HCl, pyridine, 93% (over 2 steps); iii. 1.TPAP,NMO, 4 Å MS; 2. CBr4, 

PPh3, Et3N, 55% (over 2 steps); 3. nBuLi, 91%; iv. Bromopiperonal, HF–pyridine, 88%; 

v. 1. MnO2, NaCN, HOAc, MeOH, 81%; 2. PhSH, C6H5CH3, 27 °C, hv, 91%; 3. SmI2, 

THF, 76%; 4. TFA,77%. 
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 Banwell72 employed cis-dihydrodiene diol 20 derived from bromobenzene as the 

chiral building block for the synthesis of several unnatural derivatives of narciclasine-type 

compounds. Although the use of 20 is reminiscent of Hudlicky’s 1999 total synthesis of 

narciclasine and other derivatives, the protocols applied are distinct. In this study Banwell 

reported the convergent total synthesis of ent-narciclasine starting from 168 from 20 and 

piperonal. The sequence began with the conversion of diol 20 to acetal 157, that was then 

subjected to an Upjohn cis-dihydroxylation reaction protocol. Following the protection of 

the resulting cis-diol with MOM-Cl, a regioselective DIBAL-H reduction of the acetate 

was carried out. Upon a second MOM-Cl protection of the resulting alcohol (not shown), 

vinyl bromide 159 was produced. Oxidative cleavage of the benzyl group followed, and 

the resulting alcohol was converted to acetimidate 160 by treatment with 

trichloroacetonitrile. This is the intermediate that was subjected to the key Overmann 

rearrangement reaction effected by treatment with K2CO3 under microwave irradiation to 

afford amide 161. Hydrolysis of this amide to provide amine 162 completes the synthesis 

of the C-ring coupling precursor.    
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The aromatic A-ring coupling precursor was synthesized from piperonal in nine 

operations that began with a Gilman oxidation to provide the diethylamide 164. This amide 

was then utilized in a regioselective directed ortho-metalation/borylation/oxidation 

sequence. Upon silyl protection of the resulting phenol (not shown), the tetrasubstituted 

aryl product 165 was obtained. At this point another directed ortho-metalation reaction was 

performed, this time with an iodine quench. Treatment of the resulting product with 

Meerwein’s salt in basic conditions resulted in methanolysis of the diethylamide with 

concomitant cleavage of the silyl group providing phenol iodide 166. The final 

transformations of this substrate prior to coupling with the C-ring fragment involved the 

phenol protection with MOM-Cl and a borylation with pinacolborane to give boronate ester 

167. With the two coupling precursors in hand, the key intermolecular Suzuki-Miyaura 

Scheme 12  Banwell's synthesis of C ring coupling precursor 162 in the total synthesis of 

ent-narciclasine.72 Reagents and conditions: i. p-MBDMA, TsOH, DCM; ii. 1. OsO4, NMO, 

acetone, H2O, 65% (2 steps); 2. MOMCl, NaH, DIPEA, THF, 75%; iii. 1. DIBAL-H, 

toluene, 84%; 2. MOMCl, NaH, Et3N, THF, 90%; iv. 1.DDQ, DCM, H2O, 95%; 2. Cl3CCN, 

DBU, DCM 3A M.S.; v. K2CO3, oDCB, wave, 165 °C, 78% (2 steps); vi. DIBAL-H, 

toluene, 89%.   
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cross-coupling reaction was performed that also results in simultaneous lactam formation 

in a one-pot operation. The final deprotection of the three methoxymethyl protecting 

groups to afford the final product, ent-narciclasine (168), was accomplished using with 

trimethylsilyl bromide.  Related efforts by Banwell also led to the synthesis several other 

narciclasine analogues (Figure 23).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 13 Banwell's synthesis of A ring coupling precursor 167, and completion of the 

synthesis of ent-narciclasine.72 Reagents and conditions: i.NaCN, MnO2, Et2NH, 58%; ii. 

1. sBuLi, TMEDA, THF; 2. B(OMe)3; 3. AcOH, H2O2, 90% (3 steps); 4. TBSCl, 

imidazole, DCM, 94%; iii. 1. sBuLi, TMEDA, THF; 2. I2, 90% (2 steps); 3. Et3OBF4, 

Na2HPO4, MeCN, 62%; iv. 1.MOMCl, NaH, THF, 99%; 2. Pinacolborane, Pd(OAc)2, 

CyJohnphos, MeCN, 54%; v. 1. 162, K2CO3, toluene, H2O, Pd(PPh3)4, wave, 63%; 2. 

TMSBr, DCM, 48%. 

Figure 22 Lycoricidine derivatives synthesized by Banwell. 
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After successfully designing a synthesis of natural narciclasine, the Hudlicky began 

efforts towards synthesizing related derivatives. The first aza-analogue of narciclasine was 

made in 2015 via a convergent synthesis involving a familiar conduramine 173 derived 

from bromo-diene diol 20, which was obtained by whole-cell fermentation of 

bromobenzene. The diene diol is subjected to a Hetero Diels-Alder (172) followed by 

oxazine opening to form the free amine 173.  

The synthesis of the A ring was more challenging and required a creative approach 

in order to synthesize the penta-substituted nicotinic acid derivative 178. A previously 

published procedure115 for synthesizing bromo pyridine 175 was used to access the 

substrate on gram scale from furfural (174). A sequence of directed ortho-

metalation/borylation/oxidation and then methylation furnished bromopyridine 177. Next, 

a clever use of the perhaps not so well-known halogen dance strategy116 was applied to 

isomerize the aryl - bromine bond of 177 constituting a unique example of the application 

of this methodology in modern organic synthesis.  A carboxylation reaction of the resulting 

bromide with carbon dioxide follows, and the acid is carried forward without purification 

in the next step – the acylation of the two A and C ring fragments 178 and 173. Boc-

protection follows to afford 180 due to possible catalyst poisoning by the amide nitrogen 

of 179. A high yielding intramolecular Heck reaction gave azaphenanthridone 181 in 58% 

yield.  A previously established protocol65,106 for methoxy deprotection with lithium 

chloride and acid-catalyzed acetonide removal furnished desired product 10-aza-

narciclasine (182). 
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Scheme 14 Hudlicky's 2015 synthesis of 10-aza-narciclasine.110 Reagents and conditions: i. E. 

coli JM109 (pDTG601A); ii. 1. 2,2-DMP, TsOH, rt; 2. NH(OH)Boc, NaIO4,MeOH, rt, 74%; iii. 

1.  Al(Hg), THF, H2O; 2. TBSCl, imidazole, DCM, 81%; 3. TFA, DCM; iv. 1. Br2; 2. HCl; 3. Br2; 

4. NH3SO3H; v. CH2Br2, K2CO3, CuO, DMF; vi. 1. LTMP, -78 °C; 2. B(OMe)3; 3. AcOH, UHP; 

4. CH2N2; vii. 1. LTMP, -80 °C, 2. CO2; viii. 173, HTBU, MeCN, DIPEA; ix. Boc2O, DMAP, 

MeCN; x. Pd(OAc)2; dppe; Ag3PO4, toluene, 95 °C; xi. 1. LiCl, DMF, 90 °C; 2. TBAF; (iii) TFA. 
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7-aza-Narciclasine (183), lacking the 7-hydroxyl group thought to be essential for 

the observed anticancer activity of the compounds,58,62 was also prepared and did not show 

any cytotoxic properties. 10-aza-Narciclasine (182), however, showed activity comparable 

to that of narciclasine - Table 1 summarizes the cytotoxic activity of 182 when tested using 

the human mammary carcinoma cell line (HCC1954) human leukemia cell line (Jurkat), or 

human pancreatic carcinoma cell line (PANC-1)  

 

 

 

 

Table 6 Results of biological testing and assessment of cytotoxicity of 10-aza-narciclasine 

(182) in cancer cell lines against natural narciclasine as the control (reported are IC50 

values, nM). 110 

  

 

 

 

 

 

 

 

 

 

Cancer Cell Line Narciclasine 10-aza-Narciclasine 

Breast cancer, 

HCC1954 
173.2 193.7 

95% confidence 

Interval 
134.0 - 223.8 132.8 - 282.5 

Leukemia 

(Jurkat) 
36.89 82.85 

95% confidence 

Interval 
33.13-41.07 71.89 - 95.48 

Pancreatic 

(PANC-1) 
271.9 1644 

95% confidence 

Interval 
229.3-322.3 1346-2010 

Figure 23 Hudlicky's 7-aza-narciclasine analogue. 
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Prior to the first successful synthesis of an aza-derivative of narciclasine, in 2010 

the group of Hudlicky published the synthesis of C1 hydroxymethyl-pancratistatin and C1 

acetoxymethyl-pancratistatin105 (74 and 76 respectively; Table 2). Starting from bromo-

dienediol 20, an acetonide protection followed by the Yamada-Jacobsen-Evans 

aziridination protocol117 afforded known aziridine 183. Radical dehalogenation to afford 

vinyl aziridine 184 was then carried out, and epoxidation with m-chloroperbenzoic acid 

yielded a mixture of diastereomeric epoxides 185 in a 3:1 ratio (major shown). The authors 

reported that recrystallization of the mixture from IPA may enrich the mixture by up to a 

ratio of 10:1. After fractional recrystallization, the major isomer was submitted to an 

epoxide opening with the alkynylalane, formed from alkyne 186. Selective reduction of the 

alkyne moiety to a cis-alkene was achieved upon treatment with borane and after isolation, 

alkene 187 was submitted to solid phase silica gel-catalyzed aziridine opening,118 affording 

cyclized product 188. Next was oxidative cleavage in order to produce dialdehyde 189. 

This transformation was achieved by sequential treatment with osmium tetroxide, 

reduction of the keto-alcohol with sodium borohydride, and cleavage of diol with sodium 

periodate. Dialdehyde 189 was not isolated but instead was allowed to undergo the 

cyclization to hemiaminal 190. The next step involved the oxidation of the hemiaminal to 

amide 191 in order to furnish the complete skeleton of the final product. This intermediate 

aldehyde 191 was used as a point of divergence to produce, via oxidation and deprotection, 

carboxylic acid 192 and methyl ester 193. Reduction of 191 with sodium borohydride and 

acetylation led to alcohol 75 and acetate 77, respectively. Two years after publishing the 

synthesis of 7-deoxypancratistatin homologues, Hudlicky published a revised synthesis 

which allows for the synthesis of 7-oxy analogues as well (Scheme 16).106  
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Scheme 15 Hudlicky's 2010 approach towards C-1 homologues of 7-

deoxypancratistatin.105 Reagents and conditions: i. E. coli JM109 (pDTG601A); ii. 1. 2,2-

DMP, TsOH, rt; 2. PhI=NTs, Cu(acac)2. MeCN, 52% (two steps); iii. nBu3SnH, THF, 70%; 

iv. mCPBA, 1,2-DCE, 96%; v. 1.  194, nBuLi, Me2AlCl, toluene; 2. TBSOTf, TEA, DCM, 

77%; vi. BH3, cyclohexene, THF, 76%; vii. SiO2, 120 °C, 52%; viii. 1. OsO4, NMO, DCM, 

89%; 2. NaBH4, dioxane, EtOH; 3. NaIO4, dioxane, H2O, 82%; ix. IBX, DMF, 61%; x. 1. 

NaBH4, EtOH, 85%; 2. Ac2O, DMAP, DCM, 81%; 3. Na/naphthalene, DME; 4. TBAF, 

THF, 74% (two steps); 5. HCl, MeOH; xi.1. mCPBA, NaH2PO4, H2O; 2. CH2N2, Et2O, 

83%; 3. Na/naphthalene, DME, 58%; 4. HCl, MeOH, 69%. 
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Scheme 16 Modification of the initial approach by Hudlicky to access analogues with the 

7-oxy functionality.106 Reagents and conditions: i. Me2SO4, K2CO3, acetone, reflux, 84%; 

ii. CBr4, PPh3, DCM, 79%; iii. nBuLi, THF, -78 °C, 82%. 
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3. Discussion - Synthesis of C-1 Homologues of Narciclasine: 

3.1. Introduction 

As pointed out in previous sections, narciclasine (1) and its derivatives have 

garnered scientific interest towards their synthesis in the hope of discovering new 

biologically active products. The limited availability of narciclasine from biological 

sources combined with lengthy synthetic methods for its chemical synthesis underscore the 

need for improved routes for its preparation, as well as the preparation of its derivatives. 

The compounds’ notoriously poor solubility profile also limits the study of the compound 

and its derivatives as potential anticancer agents. In this section, we discuss our efforts 

towards the chemoenzymatic synthesis of C1-methylester narciclasine (248) and related 

derivatives.  

 

3.2. Synthetic strategy  

The approach for the total synthesis of C1 analogues of narciclasine is heavily based 

on previous syntheses from the Hudlicky group. The synthetic strategy involves synthesis 

of the A- and C-ring coupling precursors separately, followed by their coupling to form the 

B ring last. The stereochemistry of the C-ring is determined via the whole-cell fermentation 

of ortho-dibromobenzene. The dense A-ring aromatic precursor is obtained by 

derivatization of ortho-vanillin based on previously published chemistry.  
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3.3. Synthesis of the A-Ring Coupling Precursor 

Aryl bromide 201 is a commercially available chemical, but it is relatively 

expensive ($743 for 1 g of the material sold by AstaTech Inc119). Alternatively, it can be 

prepared in three steps from ortho-vanillin using previously established protocols.120 

Bromination of ortho-vanillin with elemental bromine resulted in regioselective 

bromination, likely controlled by the phenol moiety of the substrate. The resultant aryl 

bromide 199 can be subjected to a Baeyer-Villiger oxidation reaction that oxidized the 

aldehyde moiety to a formate group, which is hydrolyzed upon acidic work-up to give 

catechol 200. The final transformation to obtain 201 is the formation of the methylenedioxy 

bridge and was achieved by treatment of the catechol 200 with diiodomethane. It is of note 

Figure 24 Retrosynthesis of C-1 homologues of narciclasine, starting from enzymatic 

dihydroxylation of ortho-dibromobenzene. 
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that the synthesis of substrate 201 can be done on multigram scale (ranging between 10-50 

gram batches).  

 

The next step is the installation of the final carbon that is needed in the A-ring 

coupling precursor. This was achieved by the treatment of the compound with SnCl4 and 

dichloromethyl methyl ether under Rieche-type formylation conditions. The resultant 

product mixture contains the regioisomeric aldehydes 202 and 203 in a 3:1 ratio. At this 

point the two isomers are separated by flash column chromatography, and the desired 

aldehyde 202 is subjected to a Pinnick oxidation. Finally, the resultant acid 204 was 

converted to an acid chloride 4 by treatment with (COCl)2 which was A-ring coupling 

precursor that will be used to make the amide bond of the target compounds.  

  

 

 

 

 

Scheme 17 Synthesis of aryl bromide 201 from ortho-vanillin. Reagents and conditions: i. 
Br2, NaOAc, HOAc; ii. H2O2, NaOH, H2O, 0-10 °C 50-80% (2 steps); iii. CH2I2, K2CO3, 

DMF 65-75%. 

 

Scheme 18 Synthesis of acid chloride 4 from aryl bromide 201. Reagents and conditions: 

i. Cl2CHOCH3, SnCl4, DCM, 75-90% (3:1); ii. NaH2PO4, NaClO2, 2-methyl-2-butene, 

tBuOH:H2O (5:1), 85-95%; iii. (COCl)2, DMF, DCM (not purified). 
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3.4. Synthesis of the C-Ring Coupling Precursor 

For the synthesis of ring C, diol 2 (which was obtained by a whole cell fermentation 

of o-dibromobenzene) was converted to its acetonide 205 by a reported protocol (Scheme 

19).5 Treatment of compound 205 with Moc - nitrosocarbamate (generated in situ by 

oxidation of MocNHOH) led to formation of oxazine 206 in 89% yield. The observed facial 

selectivity in the product 206 is attributed to the presence of the rigid acetonide group in 

the β-face of the compound that effectively blocks the dienophile approach from this 

direction.  Additionally, the regioselectivity of the Diels-Alder cycloaddition stems from 

the C-Br bond at C-2 that results in a highly polarized diene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 19 Enzymatic dihydroxylation of ortho-dibromobenzene and synthesis of oxazine 

206. Reagents: i. E. coli JM109(pDTG601A), 2.6-3.2 g/L; ii. 2,2-DMP, TsOH, DCM; ii. 

MocNHOH, NaIO4, MeOH, H2O, 89% (2-steps). 
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Next, we attempted to perform the coupling of oxazine 206 at the C-1 position to 

install the additional carbon to eventually obtain C-1 homologues of narciclasine. Despite 

the compound having two C-Br bonds (at C-1 and C-2) it was envisioned that the coupling 

could still be possible due to the increased reactivity of the sp2 C-1 carbon to oxidative 

addition to a Pd – catalyst, as opposed to the less reactive sp3 C-2 carbon. In order to 

perform this coupling, organostannane 208 was prepared according to a reported 

procedure.6 Tributyl hydride was treated with LDA (prepared in situ), and then reacted 

with paraformaldehyde to isolate alcohol 207 in 71% yield (Scheme 20). Protection of 

alcohol functionality in 207 with tert-butyldiphenylsilyl chloride provided organostannane 

208. 

 

 

Three reactions were attempted for the coupling of fragment 208 and oxazine 206 

(Scheme 21); vinylic debromination of 206 was observed in all cases. Both Pd(0) and Pd 

(II) catalysts were used for the coupling. The usage of CuI, which is generally suggested 

for Stille coupling, did not lead to formation of the desired product. 

 

 

 

 

 

Scheme 20 Preparation of organostannane 208. Reagents and conditions: i. LDA, THF, 0 

°C; ii. paraformaldehyde, THF, 0 °C, 70%  (2-steps); iii. TBDPSCl, Et3N, DMAP, DCM, 

rt, 92%. 
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Table 7 Attempts of Stille coupling with oxazine 206. 

Entry Reaction conditions 209 

1. PdCl2(PPh3)2, 1,4-dioxane, reflux, 14 h 80% 

2. Pd(PPh3)4, DMF, 90 ̊C, 2.5 h 65% 

3. Pd(PPh3)4, CuI (additive), DMF, 90 ̊C, 3 h not isolated 

 

Since the desired compound could not be obtained with bulkier organostannane 

208, benzoate ester was used as a protecting group for the alcohol 207 (Scheme 21). This 

also has the potential to reduce the step count in the synthesis, as the benzoate is part of 

target molecule. The coupling of organostannane 210 with oxazine 206 was found to be 

sluggish. The reaction provided 25% unreacted starting material 206 along with 60% 

debrominated compound 209 (Scheme 21).  

 

 

 

 

Scheme 21 Preparation of benzyl ester organostannane 210 and attempts of Stille coupling 

with oxazine 206. Reagents and conditions: i. BzCl, Et3N, DMAP, DCM, rt, 81%; ii. 

Bu3SnCH2OBz, Pd(PPh3)4, DMF, 100 °C, 6h. 
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Since the Stille coupling of oxazine 206 with organostannane 208 and 210 was 

unsuccessful, it was decided to prepare the conduramine 212 and then try to couple the C-

1 fragment. The N-O cleavage and reduction of Csp3-Br bond was affected with aluminum 

amalgam at moderate yields to obtain alcohol 211 (Scheme 22). The debromination of 

vinylic bromide is and unavoidable side product in this reaction leading to reduced yields. 

Silylation of alcohol functionality in compound 211 gave protected conduramine 212 in 

high yields. Different reaction conditions were tried for the coupling of C-1 fragment and 

compound 212 (Table 8). None of the conditions produced the desired compound, although 

the debromination could be suppressed under new reaction conditions (entry 2-4). 

 

 

 

 

 

 

 

 

 

Scheme 22 Synthesis of carbamate 212 from oxazine 206. Reagents and conditions: i. 

Al(Hg), THF:H2O (10:1), 0 °C to rt (35-50% yield); ii. TBSOTf, DMAP, Et3N, DCM, 0 

°C to rt (85-90% yield). 
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Table 8 Attempts of Stille coupling with vinyl bromide 212. 

 

Entry Reaction conditions 212 213 

1. 
TBDPSOCH2SnBu3, PdCl2(PPh3)2, 1,4-dioxane, 

reflux, 10 h 
- 72% 

2. 
TBDPSOCH2SnBu3, Pd2(dba)3, AsPh3, CuI, toluene, 

reflux, 16 h 
90% Not detected 

3. 
TBDPSOCH2SnBu3, Pd2(dba)3, AsPh3, CuI, NMP, 

100 ºC for 24 h then 130 ºC for 8 h 
72% 15% 

4. 
TBDPSOCH2SnBu3, Pd2(dba)3, AsPh3, LiCl, NMP, 

100 ºC, 48 h 
92% 5% 

Scheme 23 Synthesis of enone 215 and its Stille coupling with organostannane 208. 
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We then decided to prepare enone 214 from oxazine 206 and subject it to Stille 

coupling to achieve the homologation at C-1. The N-O bond cleavage of oxazine 206 with 

Mo(CO)6 was carried out to afford enone 214 in 62 % yield (Scheme 23). The coupling of 

enone 214 with benzoyl protected organotin reagent 210 did not work, however, the 

TBDPS protected organotin reagent 208 coupled with the enone 214 to give C-ring 

fragment 215 in 70% yield. This coupling also produced 20% debrominated enone. It is 

also of note that we attempted the carbamate acylation of this substrate (Table 9) to the A 

ring coupling partner but were never able to isolate the desired product. It was then 

determined that the carbamate deprotection will be carried out first to reveal a more 

nucleophilic primary amine.  

 

 

Table 9 Attempts of coupling acid chloride 4 with carbamate 215 (starting material was 

recovered in all cases). 

 

 
 

 

 

 

Entry Reaction conditions 

1. ZnCl2, 1,4-dioxane, reflux 

2. DMF, 80 ºC 

3. 204 + Ac2O, 90 ºC (acid 204 used instead of 4) 
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We also attempted the Heck coupling of aryl bromide 201 with enone 215 in the 

presence of Pd(OAc)2 (Scheme 24) based on literature precedence.121 Two choices of base 

and solvent were used in separate reactions (K2CO3/DMF and Et3N/CH3CN) and in both 

the cases only desilylated product 218 was isolated.  

For the synthesis of C-1 aminomethyl analogues of narciclasine, we envisioned the 

synthesis of a C fragment possessing a cyano-substituent at the C-1 position. This fragment 

was prepared by nucleophilic substitution of vinylic bromide 212 with cuprous cyanide 

according to literature protocol122 to afford vinylic cyanide 213 (Scheme 25). 

  

. 

 

 

 

Four conditions were attempted for the deprotection of the N-Moc group of enone 

215 (Table 10). Treatment of the compound with MeSiCl3, MeLi or L-Selectride failed to 

Scheme 24 Attempted Heck coupling of aryl bromide 201 with enone 215. Reagents and 

conditions: i. Pd(OAc)2, Et3N, CH3CN, 44%. 

Scheme 25 Synthesis of vinylic nitrile 219. Reagents and conditions: i. CuCN, NMP, 130 

°C, 30-45%. 



68 
 

produce the desired amine. Under the hydrolytic condition (entry 4) the Moc group was 

removed, however, TBDPS cleavage was observed as well. 

  

 

 

 

Table 10 Attempts at cleavage of N-Moc protecting group in carbamate 215. 

 

Entry Reaction conditions 

1. MeSiCl3, Et3N, THF, rt 

2. MeLi, THF, 0 ºC 

3.  L-Selectride, 0 ºC 

4.  NaOH, THF:H2O (4:1), rt to 45 ºC 

 

At this point it was determined that a change of strategy was necessary since all 

attempts at the coupling of the A and C ring coupling precursor were unsuccessful, nor 

were we able to perform the N-Moc carbamate deprotection that is likely necessary for this 

coupling to occur. We decided to prepare ring C fragment bearing an N-Cbz carbamate 

protecting group. For this purpose, benzyloxycarbonyl chloride 221 was reacted with in 

situ generated hydroxylamine to obtain CbzNHOH (222) in high yield (Scheme 26). This 

compound 222 was oxidized in situ to its nitroso derivative and reacted with acetonide 205 

in a nitroso Diels - Alder reaction to isolate oxazine 223 in good yields (Scheme x).  
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Scheme 26 Synthesis of CbzNHOH (222) and oxazine 223. Reagents and conditions: i. 

NH3OHCl, NaHCO3, Et2O, H2O, 0 °C, 90-95%; ii. 2,2-DMP, TsOH, DCM, rt; iii. 

CbzNHOH, NaIO4, H2O, MeOH, 0 °C to rt, 70-75%, (2-steps). 

 

 

As in the case of the Moc – protected oxazine 206, when Cbz – protected oxazine 

223 was subject to Stille conditions the desired product was never obtained (only the C-1 

debrominated oxazine was isolated as a product). It was then decided to undertake the 

synthesis of conduramine 225 in an analogous fashion to the synthesis of conduramine 212. 

The reduction of the N-O bond and the C2-Br bond occur simultaneously when the 

compound is treated with aluminum amalgam. The resultant conduramine 224 contains the 

necessary four carbon-heteroatom bonds of the C ring in the desired stereochemical 

configurations. As with oxazine 206, the product is obtained in modest yields due to the 

undesired competing reduction of the C1-Br bond. As was the case for conduramine 212, 

Stille coupling of conduramine 225 did not produce the desired product and only starting 

material and debrominated starting material were recovered. It should be noted that at this 

point an additional graduate student was assigned to the project and it was determined that 

two routes would be pursued towards the synthesis of C-1 homologues of narciclasine. The 

first (pursued by fellow a graduate student) involved reduction of oxazine 223 to an enone 

with Mo(CO)6 in an analogous manner to that of oxazine 206, followed by C-1 
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functionalization under Stille conditions with TBDPSOCH2SnBu3. The second (this work) 

involves the reduction of oxazine 223 to conduramine 224 (Scheme 27) with Al(Hg), and 

C-1 functionalization studies will follow (as Stille conditions do not lead to the coupled 

product, Scheme 27).  

 

  

Scheme 27 Synthesis of conduramine 225 from oxazine 223, and its attempted Stille 

coupling at C-1. Reagents and conditions: i. Al(Hg), THF:H2O (10:1), 0 °C to rt, 12-18 h, 

35 - 50%; ii. TBSCl, imidazole, DCM, reflux, 90-95%; iii. TBDPSOCH2SnBu3 (208), 

PdCl2(PPh3)2, 1,4-dioxane, 100 °C, 6 h, 56%. 
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The initial attempts at coupling the C-1 position involved application of the 

conditions previously used to form vinyl nitrile 212 to the analogous cyanation of 

compound 225. The vinyl nitrile was obtained under these conditions in poor yields and so 

other conditions were explored (Table 11).  The reduced yields of this reaction were likely 

due to the harsh conditions that are necessary to obtain the product (high temperatures, 

excess CuCN).  

 

  

 

 

 

Table 11 Synthesis of vinyl nitrile 228 with CuCN from vinyl bromide 225. 

 

 

 

Next, we decided to attempt the nitrile reduction of 228 to an aldehyde in order to 

obtain an intermediate that can be further converted to obtain both hydroxymethyl and 

aminomethyl C-1 derivatives. We initially planned on accomplishing this task by treatment 

of the compound with DIBAL but ran into an unexpected issue when the substrate 

Entry Conditions 225 (%) 228 (%) 

1 CuCN (3 equiv.), DCM, reflux, 50 C 80 Not observed 

2 CuCN (3 equiv.), NMP, reflux, 160 C 20 14 

4 CuCN (3 equiv.), Tol, reflux, 130 C 70 Not observed 

3 CuCN (3 equiv.), DMF, reflux, 160 C 25 22 

5 CuCN (10 equiv.), DMF, reflux, 160 C 25 25 

6 CuCN (10 equiv.), DMF, reflux, 130 C - 38 
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underwent an elimination reaction under reaction conditions (presumably via a 1,4-

conjugate attack of the hydride at C-10b) to obtain 229.   

 

 

 

 

 

 

 

 

We then turned our attention towards the N-Cbz deprotection of nitrile 228 to 

attempt its acylation with the A-ring coupling precursor and attempt the nitrile reduction 

once the C-10b position is substituted. We once again anticipated that this step would not 

be trivial due to the presence of other functional groups in the compound (TBS ether, C1-

C10b olefin) that are incompatible with typical hydrogenolysis or hydrolysis conditions 

used for Cbz cleavage. Since the next step involved acylation of the amine with the A-ring 

coupling precursor, we required a procedure that leaves the TBS protecting group intact. 

We were never able to selectively hydrolyze the N-Cbz protecting group – when treated 

with base at room temperature (5 equiv. LiOH, 48 h) the hydrolysis did not take place, but 

at slightly elevated temperature (Scheme 29) the nitrile and TBS – protecting group were 

hydrolyzed as well.  

 

Scheme 28 DIBAL reduction of nitrile 228 and proposed mechanism for the formation of 

compound 229. Reagents and conditions: i. DIBAL-H (1.1 equiv), toluene, -78 °C, 45%.  
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Taking into consideration that reduction of the nitrile 228 to an aldehyde was 

unsuccessful, and that during deprotection trials the nitrile is hydrolyzed to a carboxylate 

(Scheme 29), we realized it may be possible to shorten the synthetic route. If the nitrile 

functional group is hydrolyzed to a carboxylate, it may be possible to install a carboxylate 

directly from compound 225. To accomplish this, we implemented a palladium-catalyzed 

carbonylation protocol that was previously published by our group (Table 12).123  

 

 

 

 

 

Table 12 Carbonylation conditions for  the synthesis of methyl ester 231. 

Entry Conditions Solvent 231, % Yield 

1 Pd(OAc)2 [0.1 equiv.], PPh3 [0.2 equiv.] MeOH Not observed 

2 Pd(OAc)2 [0.1 equiv.], PPh3 [0.2 equiv.] MeOH:THF(1:9) < 5 

3 Pd(OAc)2 [1.2 equiv.], PPh3 [2.4 equiv.] MeOH:THF(1:9) 23 

4 Pd(OAc)2 [0.1 equiv.], PPh3 [0.2 equiv.] MeOH:DMF(1:9) 33 

5 Pd(OAc)2 [0.1 equiv.], PPh3 [0.2 equiv.] MeOH:DMF(1:1) 55 

6 Pd(OAc)2 [0.25 equiv.], PPh3 [0.5 equiv.] MeOH:DMF(1:1) 65-75 

Scheme 29 Hydrolysis of the N-Cbz group of 228 results in simultaneous hydrolysis of the 

nitrile and TBS - protecting group. Reagents and conditions: i. LiOH, EtOH, 35 °C, 24 h 

(43% yield). 
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We now had synthesized a C ring fragment (231) that had a methyl ester group at 

the C-1 position. We anticipated that a methyl ester group at the C-1 position of the final 

compound (248) could be further derivatized into other functional groups leading to more 

derivatives (for example - COOH, CH2OH, CH2OBz, etc.). Prior to the coupling of the A- 

and C-ring coupling precursors the final operation that we needed to perform was the N-

Cbz deprotection. As previously stated, thus far we were unable to perform this operation 

on 228 (or N-Moc analog of 219) nor were we able to perform the coupling without this 

deprotection step – thus it was essential that conditions that allow for the selective N-Cbz 

hydrogenolysis of 231 were established. We were very pleased to learn that this 

transformation can be accomplished by treatment of compound 231 with Et3SiH in the 

presence of stoichiometric PdCl2 to obtain amine 232. It is proposed that under these 

conditions a mild transfer hydrogenation reaction takes place that is tolerant of other 

functional groups in the compound (such as the olefin). 124  With the successful synthesis 

of both the A- and C-ring coupling precursors, the next step in the synthesis involves the 

convergence of the substrates to form the amide bond of the B ring of the final compound.  

 

 

 

 

 

 

 

 

Scheme 30 Carbamate deprotection of 231 by transfer hydrogenation. Reagents and 

conditions: i. Et3SiH, PdCl2, Et3N, DCM, rt, 15 min, 70-75%. 
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3.5. Coupling of the A- and C-ring precursors and Intramolecular Heck 

Reaction  

Upon successful N-Cbz deprotection of 231 we were able to obtain the substrate 

232 that could be coupled to the acid chloride 4. Purification of this compound was 

complicated by the fact that under acidic conditions and/or elevated temperatures the 

compound dimerized (via condensation of the free amine with the ester). Since the same 

also applies to the acid chloride 4 (which is easily hydrolyzed back to the acid in the 

presence of water) both compounds were coupled without purification. This is the reason 

for the wide range of yields that is observed for this coupling reaction.   

 

The final key reaction that is envisioned for this synthesis was the intramolecular 

Mizoroki-Heck coupling for the formation of the C10a-C10b bond. This will complete the 

synthesis of the B ring and the full carbon scaffold of the final product will be obtained. 

This approach is inspired by several earlier examples in the total synthesis of 

Amaryllidaceae alkaloids involving the late-stage C10a-C10b coupling (Table 13). 

 

Scheme 31 Carbamate deprotection of 231 and acylation of the resultant amine with the A 

ring acid chloride 4. Reagents and conditions: i. Et3SiH, PdCl2, Et3N, DCM, rt, 15 min; ii. 

4, pyridine, DMAP, DCM, rt, 24 h, 45-70%, (2-steps). 
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Table 13 Examples of late-stage C10a-C10b coupling in the total synthesis of 

Amaryllidaceae alkaloids. 

 

Group Year Strategy Target Ref. 

Ogawa 1991 intramolecular Heck lycoricidine 125 

Hudlicky 1992 intramolecular Heck lycoricidine 126 

Martin 1993 intramolecular Heck lycoricidine 127 

Weinreb 1993 intramolecular Heck lycoricidine 128 

Rigby 1997 photochemical cyclization narciclasine 129 

Yan 2002 nucleophilic epoxide opening narciclasine  

Yadav 2010 intramolecular Heck lycoricidine 130 

Hudlicky 2014 intramolecular Heck 10-aza-arciclasine  

Hudlicky 2014 intramolecular Heck 7-aza-narciclasine 131 

Yan 2019 intramolecular Heck lycoricidine 132 

 

As can be seen in Table 13, the majority of the approaches that relied on the late-

stage formation of the C10a-C10b bond utilized an intramolecular Mizoroki-Heck133 type 

palladium cross-coupling. The earliest examples of this are seen in Ogawa’s 1991 and 

Hudlicky’s 1992 syntheses of lycoricidine. The first notable exception is Rigby’s 1997 

Scheme 32 Proposed Mizoroki-Heck cyclization of 233. 
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synthesis of narciclasine that involved a key intramolecular aryl enamide photochemical 

cyclization to furnish the B ring. The second exception is Yan’s 2002 synthesis of 

narciclasine that involves an intramolecular nucleophilic arene-epoxide opening.  

The success of previous Heck cyclizations to form the phenanthridone backbone 

by many of the groups listed in Table 13 is surprising when the accepted mechanism of the 

Heck-Mizoroki is considered. Figure 25 illustrates this; following oxidative addition and 

migratory insertion, a Pd complex is obtained (235). At the conclusion of the catalytic 

cycle, Pd detaches from the substrate and the olefin is reformed via a β-hydride elimination. 

In the vast majority of the cases the β-hydride is located syn to the Pd metal allowing for a 

syn elimination, followed by a reductive elimination of the Pd complex (236) and the 

regeneration of the active catalyst.   

 

  

Figure 25 Final steps of a Mizoroki-Heck catalytic cycle.133 
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While the majority of the Heck coupling products reported in literature are formed 

in the mechanism discussed above, there are some cases found in literature that describe 

formal anti elimination.134 Figure 26 illustrates this – after oxidative addition and migratory 

insertion, a Pd – substrate complex such as 237 is formed. Due to the stereochemistry of 

the C-N bond, it is proposed that the syn addition of the alkene to Pd occurs from the α 

face of the compound. As a consequence, this will produce a Pd adduct (238) in which 

there are no syn protons relative to Pd. Since the only observed product is 240, it is 

proposed that the reasoning is the increased acidity of the benzylic proton. Since this type 

of abnormal Heck has been reported several times in the synthesis of narciclasine and its 

analogues, it is the method that we envisioned for the end-game of our synthesis.  

 

Table 14 summarizes the conditions that were applied to substrate 233 in the hopes 

to isolate the desired product 234. These conditions are based on Ogawa’s 1991 Heck 

conditions. Despite extensive efforts the desired product 234 was not observed. Instead, 

Figure 26 Predicted outcome of the Heck cyclization of 237. 
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the only Heck products isolated are diastereomers 241 and 242 that contain all the required 

carbons in the backbone of pancratistatin, but with the C10a-C10b bond in the incorrect 

configuration. The formation of these products which lack the required unsaturation of the 

C ring is still unexplained. The main side products that are isolated under most conditions 

that limit the yields of 241 and 242 are the debrominated starting material and the starting 

material at various stages of functional groups deprotection. 

 

Table 14 Summary of Heck conditions attempted on 233. 

 

 

Entry Base/Additive Solvent T (°C) %Yield dr(241:242) 

1 TlOAc DMF 130 9 1:1 

2 TlOAc toluene 110 21 1.5:1 

3 TlOAc anisole 130 11 1:1 

4 Ag3PO4 toluene 110 29 2:1 

5 Ag3PO4 DMF 130 19 1:1 

6 Ag3PO4, Et3N toluene 110 24 1.5:1 

7 Cs2CO3 toluene 110 25 1:1 

8 AgNO3 toluene 110 17 1:1 

9 AgNO3, Et3N toluene 110 10 1:1 
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Attempts were made to see if the formation of 241 and 242 proceeds via a Pd 

intermediate (following oxidative addition and transmetallation, resulting in a Pd complex 

in which there is a bond between Pd and C-1) that can be trapped with an electrophile. This 

is based on literature135 that suggests that Pd intermediates can be trapped with 

electrophiles such as the thiol silyl ether TIPS-SPh. Most attempts under various conditions 

of Heck in which this electrophile was present resulted in a complex mixture of products, 

none of which was the desired product. At lower temperatures the reaction does not 

proceed, and at higher temperatures decomposition of the A ring occurs before the Heck 

cyclization occurs. Various other conditions, mainly from Table 14, were applied without 

successful isolation of the desired product(s). 

Another route that was explored was the attempted alkylation at C-1 that exploits 

the increased acidity of the C-1 proton. Alkylation with a species such as Se2Ph2 or S2Ph2 

followed by oxidation and elimination could be used to generate the desired unsaturation. 

Attempted alkylation of the mixture of diastereomers 241 and 242 at C-1 by treatment with 

Scheme 33 Attempts to trap Pd-substrate complex formed during Heck cyclization with TIPS-

SPh. 
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base in the presence of Se2Ph2 resulted in elimination of the C2 silyl ether. None of the 

desired product was isolated. Similarly, replacement of the base NaHMDS with a bulkier 

LDA base also resulted in formation of 244, none of the desired product formed under 

these conditions.  

 

 

 

 

Since no reproducible conditions to perform the Heck closure on 233 were ever 

established, we decided to attempt the Boc – protection of 233 to form 245. This 

supposedly trivial reaction does not produce high yields of 245 under typical conditions 

(Boc2O, DMAP, DCM, reflux, 48 h, 20-40% yield). Surprisingly, under similar conditions 

the substitution of DCM with CH3CN as the solvent seemed to be the solution to this 

problem. It was actually this seemingly small discovery that eventually led to major 

progress in the total synthesis of C-1 derivatives of narciclasine.  

Scheme 34 Attempts to alkylate 241 and 242 at C-1 to eventually generate C10b-C1 

unsaturation. Reagents and conditions: i. Ph2Se2, NaHMDS, THF, 0°C, 2 h, 45%. 
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Within a few attempts of subjecting compound 245 to Heck conditions, the desired 

product 246 was obtained in relatively good yields (Scheme 36). It is still not known why 

the desired product, which contains the styrene double bond forms from 245 but not from 

233. It is suggested that perhaps the nitrogen of 233 poisons the catalyst, but that would 

contradict the observed formation of diastereomers 241 and 242.  

 

 

 

 

 

Once compound 246 was obtained, we were pleased to discover that previously 

published conditions for demethylation of 246 to reveal the phenol group can be applied to 

obtain 247 in good yields. An unexpected but welcomed surprise is the simultaneous loss 

of the Boc – protecting group of the amide. The final deprotection step, the one pot removal 

Scheme 36 Intramolecular Heck reaction of 245 proceeds cleanly to afford 246 in good 

yields. Reagents and conditions: i. Pd(OAc)2, dppe, Ag3PO4, toluene, 24 h, 130 °C, 42% 

(60% brsm). 
 

Scheme 35 Boc - protection of compound 233 to form imide 245. Reagents and conditions: 

i. Boc2O, DMAP, CH3CN, rt, 3 h, 79%. 
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of the C-2 silyl ether and C-3, C-4 acetonide moiety was performed by treating 247 with 

HCl in THF at rt (approximately 23 °C) to afford C-1 methoxycarbonyl narciclasine 248.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 37 Deprotection of 246 to afford the final compound; C-1 methoxycarbonyl 

narciclasine. Reagents and conditions: i. LiCl, DMF, 90 °C, 12 h, 79%; ii. HCl:THF (1:10), 

rt, 24 h, 67%. 
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3.6. Functionalization of C-10b of the A ring Coupling Precursor 

Another approach that was pursued  was based on previous syntheses of 

pancratistatin and narciclasine derivatives in which the A and C rings are first connected 

by establishment of the C10a-C10b bond via Suzuki coupling, followed by later closure of 

the B ring amide via a Bischler-Napieralski reaction. 

The synthesis of substrate 231 is discussed in Section 3.3, and it was proposed that 

this substrate may be functionalized at the C-10b position. If this is accomplished, 

intermolecular coupling of the A- and C-ring coupling precursors can be tested. This was 

appealing since, at the time, intramolecular Heck studies on 233 were unsuccessful.  

 Figure 29 indicates how we proposed the C-10b functionalization may be 

accomplished. The sequence begins with the epoxidation of the substrate 231; this should 

be readily accomplished with H2O2. We projected that the next step would be the most 

difficult to carry out – a reduction of the epoxide. This is a relatively unusual operation 

given that epoxides are typically cleaved to give 1,2-trans-diols or are isomerized to give 

Figure 27 Proposed synthesis of C-1 homologues of narciclasine via coupling of A and C ring 

coupling precursors to form C10a-C10b bond. 
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aldehydes or ketones. Literature suggests that this operation may be accomplished by 

subjecting the epoxide to either a Birch reduction136 (Li or Na metal, NH3) or by treatment 

with samarium diiodide (discussed further later in the chapter).137 If this is accomplished 

and a β-hydroxyester of type 251 is obtained, it was proposed that its oxidation will afford 

an enol of type 252 that can be readily triflated to give the desired substrate 249.  

 

The α,β-unsaturated methyl ester 231 was successfully converted to the 

corresponding epoxide 253 with hydrogen peroxide as the oxidizing agent. Initial attempts 

to reduce the epoxide 253 under Birch reduction conditions failed to produce the desired 

product(s). We also attempted to open the epoxide with a Lewis acid (AlCl3, TiCl3) but 

these attempts also failed to facilitate the desired transformation. The desired 

transformation did finally take place with the treatment of 253 with SmI2 to produce 254 

in moderate yields. This reaction was based on literature that suggests the radical reduction 

of the epoxide occurs in a manner as depicted in the scheme below.  

Figure 28 Proposed route to functionalize the C-10b position utilizing the C-1 ester moiety. 

route to functionalize the C-10b position utilizing the C-1 ester moiety. 
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Scheme 38 Synthesis of 254 via the epoxidation of the substrate 231, followed by its SmI2 

mediated reduction. Reagents: i. H2O2, MeOH, 3M NaOH, 0 °C, 47%; ii. SmI2 ( 6 equiv.), 

THF:H2O (19:1), -78 °C, 47% yield (83% brsm). 

Scheme 39 Proposed mechanism for the SmI2 mediated reduction of 253. 
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The next step, the oxidation of the resultant β-hydroxy ester to a β-keto ester is 

performed using Dess-Martin’s reagent, and the resultant β-enol ester is then immediately 

protected as a triflate. This is another bottleneck reaction which, thus far, has not shown to 

be a reliable method to synthesize triflate 249. 

 

 

 

 

 

 

  

Scheme 40 Oxidation and triflation of 254 to afford 249. Reagents: i.DMP, NaHCO3, 

DCM, 0 °C; ii. Tf2O, Et3N, 14% yield (50% recovered sm). 
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3.7. Biological Activity 

Once 1-methoxycarbonyl narciclasine (248) was obtained it was tested for its 

biological activity with the collaboration of Prof. Kornienko at Texas State University. The 

compound was tested at varying concentrations for its in vitro cytotoxic activity against 

adenocarcinoma lung cancer cell lines (A549), with natural narciclasine as the positive 

control. The activity of the derivative is evaluated in terms of the compounds’ inhibitory 

concentration (IC50), and the results are summarized in Figure 30. The narciclasine control 

assay showed potent activity with an IC50 of 20 nM against this cancer cell line. Compound 

248 was much less potent with an IC50 of 15.5 μM (Figure 30). It appears that the C-1 

substitution of narciclasine with a methyl ester group significantly reduces its activity but 

does not abolish it completely.  

  

Figure 29 Dose-dependent cytotoxic assay of 1-methoxycarbonyl narciclasine in a lung 

A549 cancer cell line. Cells were treated with the compounds at varying concentrations in 

96-well plates over 4 days, and the observed cell viability was measured using MTT assay. 

Shown in each figure is dose-dependent response to the indicated compound, with the 

dotted line signifying the IC50.  

 

 

Narciclasine (nM) C-1 carboxymethyl 

narciclasine (nM) 
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3.8. Conclusions and Future Work 

The Amaryllidaceae alkaloid narciclasine (1) is a powerful anticancer compound 

with a vast synthetic background. This work describes the successful total synthesis of the 

C-1 narciclasine analog, methyl ester 248. The synthesis relies on the use of the highly 

versatile chiral building block, diene diol 2, obtained by whole-cell fermentation of ortho-

dibromobenzene. A key Nitroso Diels-Alder reaction installs the C-2 and C-4a heteroatoms 

in the correct stereochemical configurations and allows for the synthesis of the C ring 

coupling precursor 232. The heavily substituted A ring coupling precursor 4 is readily 

synthesized from ortho-vanillin on multi gram scale.  

 The formation of diastereomers 241 and 242 from the Heck reaction of 233 is still 

unexplained. Several mechanisms could potentially explain the formation of the product – 

for example, if the cyclization is a radical type of cyclization, the formation of an 

intermediate such as 255 could explain the observed products. No literature precedence 

exists that suggests the formation of radicals under these conditions. Additionally, if a Pd-

substrate intermediate of type 256 is formed there are at least two ways that this complex 

could lead to the observed products – either by direct protonation, or by tautomerization 

followed by a protonation. Although some precedence exists to support this proposition, 

the reaction is performed under completely anhydrous / aprotic conditions.  

 



90 
 

  

Some progress was made towards the synthesis of triflate 249, although the final 

step in the sequence (the one-pot oxidation and triflation reaction) is still a bottleneck in 

this pathway. Although the DMP oxidation proceeds cleanly (as confirmed by TLC), the 

purification of the resultant enol is very low yielding. The one-pot conditions need to be 

optimized further to allow for the synthesis of 249 in larger scale.  

 Derivatization studies of the C-1 narciclasine derivative 248 are still ongoing. It 

was initially projected that a methyl ester moiety would be easily hydrolyzed to an acid or 

reduced to a primary alcohol. If a C-1 hydroxymethyl derivative is obtained, its acylation 

and/or benzoylation could lead to the synthesis of new C-1 narciclasine derivatives that can 

be directly compared to the C-1 analogues of pancratistatin derivatives that have been 

previously made. No conditions for the hydrolysis or reduction of 248 (or earlier 

intermediates such as 246, 247) have been established thus far.  

Figure 30 Proposed modes of product formation during the Heck cyclization of 233. 
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4. Experimental Data 

4.1. General Information 

 

All solvents were distilled and kept dry before usage. All reactions were done in 

inert atmosphere (Ar or N2) and at room temperature, unless otherwise stated. All reagents 

were obtained from commercial sources. Nuclear magnetic resonance (NMR) analyses 

were performed on Bruker Avance AV 300, Bruker Avance III HD 400 and Bruker Avance 

AV 600 digital NMR spectrometers, running Topspin 2.1 and 3.5 software. The probes are 

fitted with VT (variable temperature) and gradient equipment. Chemical shifts are given in 

δ, relative integral, multiplicity (singlet (s), doublet (d), triplet (t),  quartet (q), multiplet 

(m)) and coupling constants (J) in Hz. Melting points (m.p.) were measured in a capillary 

apparatus. Mass spectra (HRMS) measurements were determined on a LTQ Orbitrap XL. 

The molecular mass-associated ion was measured by electron ionization, electrospray 

ionization or fast atom bombardment. Infrared (IR) spectra were recorded on an FT-IR 

spectrophotometer as neat and are reported in wave numbers (cm−1) and intensity (broad 

(br), strong (s), medium (m), weak (w)). Column chromatography performed on flash grade 

60 silica gel. Thin-layer chromatography (TLC) was performed on silica gel 60 F254-

coated aluminum sheets. TLC plates were visualized using UV and stained with iodine, 

cerium ammonium molybdate (CAM), KMnO4 solutions, FeCl3 solutions, ninhydrin 

solutions or 2,4-dinitrophenylhydrazine (2,4-DNP) solutions. 

 

Experimental procedures for compounds 223-225, 231-233, 245-248 are reprinted here 

with permission from Molecules 2022, 27, 3809. Copyright 2022 Molecules. 
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4.2. Preparation and Characterization of Compounds 

5-Bromo-2-hydroxy-3-methoxybenzaldehyde (199): 

 

 

 

o-Vanillin (30 g, 0.20 mol) and sodium acetate (24.6 g, 0.30 mol) were stirred in 500 mL 

of glacial acetic acid.  A separate solution of bromine (10.8 mL, 0.21 mol) in 75 mL of 

glacial acetic acid was added dropwise to the stirred o-vanillin solution over 1 hr. The 

solution was allowed to stir at rt for 24 hr, then diluted with DCM and filtered through a 

plug of Celite. The filtrate was then concentrated under reduced pressure to a volume of 

200 mL. The residue was then washed with a saturated aqueous solution of sodium 

thiosulfate (100 mL) and the organic phase extracted with DCM (5 x 100 mL), dried with 

magnesium sulfate, and then concentrated under reduced pressure. The residue was 

purified by column chromatography [silica gel, EtOAc:hexanes (1:4)] to give the product 

199 (31.4 g, 68%) as a yellow solid.   

199: mp. = 116-118 ̊C (DCM), (lit1 119-122 ̊C, DCM); 1H NMR (400 MHz, CDCl3) δ 

11.15 (s, 1H), 9.77 (s, 1H), 7.56 (d, J = 1.8 Hz, 1H), 7.07 (d, J = 1.8 Hz, 1H), 3.88 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 193.3, 150.1, 149.0, 126.7, 122.5, 121.8, 112.2, 58.3. 

Spectroscopic data were in accord with literature.120 

5-Bromo-3-methoxybenzene-1,2-diol (200): 
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A stirred solution of aryl bromide 199 (10.5 g, 45.4 mmol) in 2% aqueous sodium 

hydroxide (200 mL) was cooled to 0 C. A separate solution was prepared by diluting 30% 

aqueous hydrogen peroxide (26 mL, 45.4 mmol) in 250 mL of distilled water, and this was 

added dropwise to the reaction vessel over 1 hr. Rm allowed to attain rt over 5 hrs, then 

acidified with 3M hydrochloric acid solution (200 mL). The product was extracted with 

DCM (5 x 200 mL). The combined organic layers were then washed with a saturated 

aqueous solution of sodium thiosulfate (400 mL), dried with anhydrous magnesium sulfate 

and concentrated under reduced pressure. The residue was purified by column 

chromatography [silica gel, EtOAc:hexanes (1:3)] to give the product 200 (5.5 g, 55%) as 

a white solid.  

200: mp. = 73-75 ̊C (EtOAc-hexanes), (lit1 75-76 ̊C, EtOAc-hexanes);  1H NMR (400 

MHz, CDCl3) δ ; 6.53 (1H, d, J = 1.8 Hz), 6.13 (1H, d, J = 1.8 Hz), 5.47 (1H, brs), 5.44 

(1H, brs), 3.90 (3H, s); 13C NMR (100 MHz, CDCl3) δ = 145.5, 144.9, 132.2, 114.8, 112.0, 

106.7, 57.1. 

Spectroscopic data were in accord with literature.120 

6-Bromo-4-methoxybenzo[d][1,3]dioxole (201): 

 

 

 

To a stirred solution of catechol 200 (5.1 g, 23.3 mmol) in dry DMF (60 mL) were added 

oven-dried potassium carbonate (4.8 g, 35.0 mmol) and diiodomethane (2.84 mL, 35.0 

mmol).  The reaction mixture was stirred at 90 C for 8 hrs until the catechol was fully 

consumed. After allowing rm to attain rt, it was diluted with distilled water (200 mL) and 
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filtered through a plug of Celite. The filtrate was then extracted with DCM (5 x 100 mL). 

The combined organic layers were dried with magnesium sulfate and concentrated under 

reduced pressure.  The residue was purified by column chromatography [silica gel, 

EtOAc:hexanes (1:9)] to give the product (3.6 g, 67%) as a yellow powder.  

201: mp. = 78-80 ̊C (EtOAc-hexanes), (lit2 80-82 ̊C, solvent not reported); 1H NMR (400 

MHz, CDCl3) δ 6.58 (m, 2H), 5.82 (s, 2H), 3.98 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

150.5, 145.8, 136.0, 113.0, 112.3, 106.9, 104.0, 58.2. 

Spectroscopic data were in accord with literature.120 

6-Bromo-4-methoxybenzo[1,3]dioxole-5-carbaldehyde (202)  

 

 

 

A stirred solution of 201 (6.29 g, 27.2 mmol) in CH2Cl2 (100 mL) was cooled under argon 

in a liquid N2-acetone bath. Dichloromethyl methyl ether (2.5 mL, 27.5 mmol) and SnCl4 

(5.6 mL, 47.6 mmol) were added, and the mixture was brought to room temperature over 

6 h. The mixture was washed with water (20 mL), HCl (2 M, 20 mL), and aqueous NaHCO3 

(saturated, 20 mL), dried, and concentrated under reduced pressure. The residue was eluted 

through a plug of silica gel with hexanes-ethyl acetate (4:1) to give a two-component 

mixture of aldehyde 202 and its regioisomer 203 in the ratio 4:1 in 89% (6.15 g) yield. The 

mixture was column chromatographed using hexanes-ethyl acetate (6:1) as eluent to give 

6-bromo-4-methoxybenzo[1,3]dioxole-5-carbaldehyde (202). 
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202: Rf = 0.4 [hexanes:EtOAc (2:1)], mp = 119-120 ̊C (EtOH), (lit2 120-122 ̊C, EtOH); 1H 

NMR (600 MHz, CDCl3) δ 10.23 (s, 1H), 6.85 (s, 1H), 6.05 (s, 2H), 4.08 (s, 3H); 13C NMR 

(150 MHz, CDCl3) δ 189.4, 153.6, 145.9, 136.9, 120.9, 118.9, 109.3, 102.5, 61.8. 

6-Bromo-4-methoxybenzo[d][1,3]dioxole-5-carboxylic acid (204) 

 

 

 

To a flask were added the aldehyde 202 (6.1 g, 13.9 mmol), 64.9 g of NaH2PO4 (20 equiv), 

10.6 g of NaClO2 (4 eq.), 9 mL of 2-methyl-2-butene (6 eq.), and t-BuOH/H2O (5:1, 100 

mL). After 12 h at rt, the reaction mixture was acidified to pH 2 with 3 N HCl (aq. 50 mL) 

and extracted with EtOAc (10 × 250 mL). The combined organic solution was washed with 

brine, dried over MgSO4 and evaporated under reduced pressure to give 4.9 g of the acid 

as a white solid in 77% yield.  

204: 1H NMR (600 MHz, CDCl3) δ 6.77 (s, 1H), 6.00 (s, 2H), 4.04 (s, 3H); 13C NMR (150 

MHz, CDCl3) δ 170.1, 151.1, 141.5, 136.3, 121.9, 111.2, 107.7, 102.2, 60.6. 

Methyl (3aS,4R,7aS)-6-bromo-2,2-dimethyl-7-oxo-3a,4,7,7a-

tetrahydrobenzo[d][1,3]dioxol-4-ylcarbamate (214) 

 

 

 

 

To the solution of oxazine 206 (0.63 g, 1.58 mmol) in dry acetonitrile (6 mL) 

molybdenumhexacarbonyl (0.46 g, 1.74 mmol) was added in a lot. The reaction mixture 
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was heated to reflux and maintained for 1 h (the completion of reaction was checked by 

TLC). The heterogeneous reaction mixture was allowed to cool to room temperature and 

was filtered through a pad of Celite®. The pad was washed with acetonitrile (2 × 20 mL). 

The combined organic phase was concentrated under reduced pressure, and the residue was 

purified by column chromatography [silica gel, hexanes:EtOAc, (1:1)] to provide enone 

214 as a colourless oil (0.313 g) in 62% yield. 

214: Rf = 0.3 [hexanes:EtOAc (2:1)]; mp = 128-130 ºC(diethylether); [α]
22
𝐷

 = −47.3 (c = 

1.0, CHCl3); IR (CHCl3) 3441, 3028, 1725, 1616, 1507, 1454, 1385, 1225, 1121, 1083 cm-

1; 1H NMR (600 MHz, CDCl3) δ 7.17 (d, J = 6.0 Hz, 1H), 5.21 (d, J = 6.0 Hz, 1H), 4.67 (s, 

1H), 4.55 (s, 1H), 4.50-4.48 (m, 1H), 3.70 (s, 3H), 1.40 (s, 3H), 1.38 (s, 3H); 13C NMR 

(150 MHz, CDCl3) δ 187.6, 156.2, 145.0, 124.6, 110.7, 75.3, 52.9, 50.0, 41.6, 27.5, 25.9; 

MS (EI) m/z (%) 319 (5), 261 (27), 232 (25), 182 (100), 150 (47), 85 (45), 59 (50); HRMS 

(EI) calcd for C11H14BrNO5: 319.0055. Found 319.0045. 

Methyl (3aS,4R,7aS)-6-((tert-butyldiphenylsilyloxy)methyl)-2,2-dimethyl-7-oxo-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-ylcarbamate (215) 

 

 

 

 

 

A solution of enone 214 (0.32 g, 0.98 mmol), Bu3SnCH2TBDPS (1.65 g, 2.95 mmol), and 

PdCl2(PPh3)2 (0.035 g, 0.049 mmol) in dry 1,4-dioxane (6 mL) was subjected to three 

cycles of freeze-pump-thaw. The reaction mixture was heated to reflux and maintained for 

6 h. After the complete conversion of the starting material (checked by TLC), the reaction 

mixture was cooled to rt and quenched with saturated NH4Cl solution (2 mL). The product 
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was extracted with EtOAc (3 × 10 mL), organic extract was washed with brine (5 mL), 

dried over Na2SO4 and concentrated. The residue was purified by column chromatography 

(SiO2, EtOAc:hexanes, 1:1) to obtain a colorless oil as the desired compound 215 in 78% 

yield. 

215: Rf = 0.5 [hexanes:EtOAc (1:1)]; [α]
22
𝐷

 = −36.5 (c = 1.0, CHCl3); IR (CHCl3) 3338, 

2927, 1721, 1701, 1679, 1523, 1233, 1112 cm-1; 1H NMR (600 MHz, CDCl3) δ 7.64-7.61 

(m, 4H), 7.44-7.36 (m, 6H), 6.85 (s, 1H), 4.83 (s, 1H), 4.59 (s, 1H), 4.51-4.42 (m, 3H), 

4.38 (s, 1H), 3.73 (s, 3H), 1.39 (s, 3H), 1.35 (s, 3H), 1.08 (s, 9H); 13C NMR (150 MHz, 

CDCl3) δ 193.7, 156.3, 139.1 (2C), 138.6, 135.6, 133.3, 130.1 (2C), 128.0 (2C), 110.4, 

74.9, 60.6, 27.6, 27.0 (3C), 26.0,  19.4; HRMS (EI) calcd for C28H35NO6Si: 509.2234. 

Found 509.2230. 

(3aS,4S,7R,7aS)-benzyl4,5-dibromo-2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

(epoxyimino)benzo[d][1,3]dioxole-8-carboxylate (223) 

 

To the solution of dibromo dienediol 2 (1.68 g, 6.2 mmol) in 2,2-DMP (40 mL) was added 

pTsOH (107 mg, 0.6 mmol). This mixture was allowed to stir at rt for approximately 2 h 

until a TLC analysis showed complete consumption of the starting material. At this point 

NaIO4 (2.65 g, 12.4 mmol) and H2O (10 mL) were added to the reaction mixture and the 

contents were cooled to 0 ̊C. A separate solution of benzyl hydroxycarbamate (CbzNHOH, 

1.55 g, 9.3 mmol) in MeOH (20 mL) was prepared and added dropwise to the reaction 
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mixture over a period of 30 min. The reaction mixture was left to warm up to room 

temperature and stirred for 16 h at room temperature, then it was quenched with a saturated 

NaHSO3 solution (20 mL) and the volume of the mixture was reduced by rotary 

evaporation. The aqueous layer was extracted with EtOAc (3 × 40 mL), the organic layers 

were combined and dried with Na2SO4, filtered, and the filtrate was concentrated by rotary 

evaporation. The crude product was purified by column chromatography [silica gel, 

EtOAc:Hex (1:3)] and to obtain 223 as colorless gel (1.9 g, 74 %). 

223: Rf = 0.6 [EtOAc:Hex (1:3)]; [𝛼]𝐷
23= −5.4 (c = 0.36, CHCl3); IR (neat, cm-1) 3030, 

2997, 1755, 1725, 1598, 1442, 1377, 1268, 1225, 1074; 1H NMR (300 MHz, CDCl3) δ 

7.39-7.30 (m, 5H), 6.69 (d, J = 6.1 Hz, 1H), 5.21 (s, 2H), 5.08 (dd, J = 6.4, 4.1 Hz, 1H), 

4.79 (d, J = 6.9 Hz, 1H), 4.56 (dd, J = 6.9, 4.0 Hz, 1H), 1.39 (s, 3H), 1.33 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ 157.3, 135.2, 131.3, 128.6 (2C), 128.5, 127.9 (2C), 122.1, 111.9, 93.8, 

82.3, 73.8, 68.7, 55.4, 25.8, 25.5. HRMS (EI) calcd for C16H14Br2NO5[M-CH3]
+: 457.9233. 

Found 457.9232; Anal. Calcd for C17H17Br2NO5: C, 42.97; H, 3.61. Found C, 43.19; H, 

3.85. 

Benzyl ((3aS,4R,7R,7aR)-6-bromo-7-hydroxy-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo [d][1,3]dioxol-4-yl)carbamate  (224) 

 

 

 

To a stirred solution of the oxazine 223 (43 mg, 0.09 mmol) in aqueous THF (THF:H2O, 

10:1, 1 mL) cooled to 0 °C was added aluminum amalgam (prepared from 20 mg, 0.72 

mmol, 8 equiv. of aluminum turnings after treatment with 1 M aq. KOH and 0.5% aq. 

HgCl2) over 3 days (2 equiv. at reaction start time, then another 2 equiv. every 24 h). After 
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each addition the reaction was allowed to attain rt and stirring was continued till next 

addition. After about 96 hrs, TLC analysis confirmed reaction completion. The reaction 

mixture was diluted with 2 mL of MeOH, stirred for 10 min, then filtered through Celite. 

The organic layer was dried with Na2SO4 and concentrated. The residue was purified by 

column chromatography [silica gel, EtOAc:Hex (1:2)] to afford the alcohol 22 as a 

colorless oil (23 mg, 40%). 

224: Rf = 0.5 [EtOAc:Hex (1:2)]; [𝛼]𝐷
23= −20.7 (c = 0.46, CHCl3); IR (neat, cm-1) 3334, 

2933, 1697, 1516, 1374, 1240, 1212, 1035; 1H NMR (300 MHz, CDCl3) δ 7.34 (s, 5H), 

6.33 (d, J = 6.1 Hz, 1H), 5.49 (d, J = 9.0 Hz, 1H), 5.09 (s, 2H), 4.50 (dd, J = 6.7, 2.5 Hz, 

1H), 4.43 – 4.30 (m, 3H), 3.41 (s, 1H), 1.40 (s, 3H), 1.31 (s, 3H). 13C NMR (75 MHz, 

CDCl3) δ 155.8, 136.2, 130.3, 128.7, 128.4 (2C), 128.3 (2C), 126.9, 108.9, 79.0, 75.9, 73.1, 

67.3, 50.9, 26.7, 24.6. HRMS (EI) calcd for C16H17BrNO5[M-CH3]
+: 382.0285. Found  

382.0280; Anal. Calcd for C17H20BrNO5: C, 51.27; H, 5.06. Found C, 51.50; H, 5.11. 

Benzyl ((3aS,4R,7R,7aS)-6-bromo-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (225) 

 

 

 

 

To a solution of alcohol 224 (402 mg, 1.0 mmol) in 10 mL of DCM were added imidazole 

(136 mg, 2.0 mmol) and TBSCl (452 mg, 3.0 mmol) at rt. After the complete consumption 

of the starting material was observed by TLC (approximately 24 h), the reaction mixture 

was quenched with a saturated aqueous solution of NH4Cl (10 mL) and extracted with DCM 
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(3 × 10 mL). The combined organic phases were dried over Na2SO4 and concentrated. The 

residual oil was purified by column chromatography [silica gel, EtOAc:Hex (1:4)] to afford 

the product 225 as a pale-yellow oil (439 mg, 86%).  

225: Rf = 0.6  [EtOAc:Hex (1:4)]; [𝛼]𝐷
22= −4.5 (c = 0.30, CHCl3); IR (neat, cm-1) 3398, 

2931, 1720, 1637, 1512, 1384, 1224, 1065;  1H NMR (300 MHz, CDCl3) δ 7.346 (s, 5H), δ 

6.50 (d, J = 6.5 Hz, 1H), δ 5.69 (d, J = 5.69 Hz, 1H), δ 5.11 (s, 1H), δ 4.55 (s, 1H), δ 4.36 

(s, 1H), δ 1.40 (s, 3H), δ  1.32 (s, 3H), δ  0.91 (s, 9H), δ 0.22 (s, 6H); 13C NMR (75 MHz, 

CDCl3) δ 155.7, 136.6, 131.6, 128.7, 128.3, 127.4, 109.0, 80.1, 74.7, 67.1, 49.6, 30.0, 26.6, 

25.9, 24.8, 18.1, -4.1, -4.8. HRMS (EI) calcd for C22H31BrNO5Si[M-CH3]
+: 496.1149. 

Found 496.1149. Anal. Calcd for C23H34BrNO5Si: C, 53.90; H, 6.69. Found C, 54.00; H, 

6.89. 

Benzyl ((3aS,4R,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)-6-cyano-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (228) 

 

 

 

 

To a stirred solution of vinyl bromide 225 (55 mg, 0.11 mmol) in 3 mL of dry NMP, CuCN 

(29.7 mg, 1.10 mmol) was added. The reaction was heated to reflux at 135 ºC and allowed 

to stir for 5 hr. After consumption of the vinyl bromide, the reaction mixture was allowed 

to cool to room temperature, and then quenched with 10 mL sat. Na2CO3 solution. This 

was extracted with EtOAc (20 mL × 3) and the organic layers combined and extracted once 

more with brine. The organic layer was dried over Na2SO4 and concentrated. The residue 
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was purified by column chromatography (SiO2, EtOAc:hexanes, 1:4) to obtain a colorless 

oil as the desired compound in 55% yield.  

228: Rf = 0.50  [silica gel, EtOAc:hexanes (1:4)]; [α]  = −25.3 (c = 0.10, CHCl3);  IR 

(CHCl3) 3341, 3033, 2952, 2927, 2855, 2225, 1724 cm-1; 1H NMR (400 MHz, CDCl3) δ 

7.334 (s, 5H), δ 6.90 (d, J = 10 Hz, 1H), δ 5.57 (d, J = 5.69 Hz, 1H), δ 5.10 (s, 1H), δ 4.53 

(s, 1H), δ 4.44 (s, 1H), δ 1.40 (s, 3H), δ  1.32 (s, 3H), δ  0.91 (s, 9H), δ 0.22 (s, 6H); 13C 

NMR (100 MHz, CDCl3) δ 146.0, 136.0, 128.5, 128.2, 128.0, 118.7, 117.0, 109.1, 78.0, 

68.1, 67.7, 67.1, 48.0,27.7, 26.3, 25.6, 24.2, 17.797, -4.8, -5.1.  HRMS (EI) calcd for 

C24H34N2O5Si: 458.2237. Found 458.2237.  

(3aS,4S,7R,7aS)-methyl 7-(((benzyloxy)carbonyl)amino)-4-((tert-

butyldimethylsilyl)oxy)-2,2-dimethyl-3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxole-5-

carboxylate (231) 

 

 

 

 

 

To an anhydrous stirred solution of the vinyl bromide 225 (137 mg, 0.27 mmol) in 

DMF:MeOH (1:1, 4 mL) were added  Pd(PPh3)4 (81 mg ,0.07 mmol) and distilled Et3N 

(0.08 mL, 0.54 mmol). The mixture was degassed with CO gas for 15 min and then a CO 

balloon was equipped to the top of the flask and it was heated to 65 °C for 24 h.  Once 

complete consumption of the starting material was observed by TLC analysis, the reaction 

mixture was allowed to cool to rt and then diluted with DCM and filtered through a plug 

of Celite. The resulting filtrate was extracted with a sat. solution of NH4Cl (5.0 mL) and 

washed with DCM (3 × 10 mL). The combined organic layers were dried over Na2SO4 and 
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concentrated. The residue was purified by column chromatography [silica gel, EtOAc:Hex 

(1:4)] to obtain the product 231 as a white solid (72 mg, 54%). 

231: Rf = 0.5 [silica gel, EtOAc:Hex (1:4)]; mp 77 °C (EtOAc); [𝛼]𝐷
22= −12.3 (c = 0.10, 

CHCl3);  IR (neat, cm-1)  3383, 3066, 3033, 2952, 2930, 2900, 2857, 1717, 1504; 1H NMR 

(300 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H), 5.77 (d, J = 10.3 Hz, 1H), 5.14 – 5.01 (m, 2H), 

4.79 (s, 1H), 4.75 – 4.64 (m, 1H), 4.48 (dt, J = 6.8, 4.3 Hz, 2H), 3.79 (s, 3H), 1.28 (d, J = 

2.5 Hz, 3H), 1.27 (s, 3H), 0.83 (s, 9H), 0.18 (s, 3H), 0.06 (s, 3H). 13C NMR (100 MHz, 

CDCl3) δ 166.08, 155.78, 140.94, 136.49, 135.63, 128.71, 128.29, 108.62, 87.95, 78.64, 

77.79, 77.37, 76.94, 72.73, 67.22, 64.88, 52.38, 47.23, 26.42, 26.00, 24.42, 18.17, -4.49, -

4.86. HRMS (EI) calcd for C25H37NO7Si: 491.2334. Found 491.2338.  

Methyl (3aS,4S,7R,7aS)-7-amino-4-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxole-5-carboxylate (232) 

 

 

 

 

Methyl ester 231 (26 mg, 0.05 mmol) and PdCl2 (18 mg, 0.10 mmol) were charged to an 

RBF equipped with a stir bar, and was heat dried under vacuum. Then 1.0 mL dry DCM 

added, as well as three drops of TEA (approx. 0.01 mL, 0.10 mmol) and lastly neat Et3SiH 

(1.0 mL, 6.0 mmol). Reaction mixture was allowed to stir for 15 minutes and then filtered 

through a plug of celite. The resulting organic solution was concentrated to dryness under 

reduced pressure, and the residue was purified by column chromatography (SiO2, 

EtOAc:hexanes, 1:4) to obtain 7 mg of the product (0.025 mmol) as a colorless oil in 50% 

yield. 
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232: Rf = 0.42 [silica gel, EtOAc:hexanes (1:1)]; IR (CHCl3) 3377, 3313, 2988, 2952, 2930, 

2857, 1718 cm-1; 1H NMR (600 MHz, CDCl3) δ 7.33 (s, 2H), 4.77 (s, 2H), 4.51 (s, 4H), 

3.78 (s, 6H), 3.56 (s, 2H), 3.49 (s, 1H), 1.31 (s, 7H), 1.28 (s, 6H), 0.85 (s, 19H), 0.18 (s, 

6H), 0.06 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 144.88, 132.58, 107.63, 79.38, 78.89, 

77.23, 77.02, 76.80, 64.67, 51.84, 49.19, 41.46, 26.27, 25.71, 24.11, 17.73, -4.79, -5.14. 

HRMS (EI) calcd for C17H31NO5Si: 357.1971, Found 358.2.  

(3aS,4S,7R,7aS)-7-amino-4-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo[d][1,3]dioxole-5-carbonitrile (228) 

 

 

 

 

The carbamate nitrile (20 mg, 0.045 mmol) and PdCl2 (17 mg, 0.09 mmol) were charged 

to an RBF equipped with a stir bar, and was heat dried under vacuum. Then 1.0 mL dry 

DCM added, as well as three drops of TEA (approx. 0.01 mL, 0.10 mmol) and lastly neat 

Et3SiH (1.0 mL, 6.0 mmol). Reaction mixture was allowed to stir for 15 minutes and then 

filtered through a plug of celite. The resulting organic solution was concentrated to dryness 

under reduced pressure, and the residue was purified by column chromatography (SiO2, 

EtOAc:hexanes, 1:4) to obtain 10 mg of the product (0.025 mmol) as a colorless oil in 55% 

yield. 

228: Rf = 0.30 [silica gel, EtOAc:hexanes (1:1)]; IR (CHCl3) 3374, 3304, 2987, 2928, 2856, 

2225 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.68 (s, 3H), 4.22 (d, J = 5.0 Hz, 6H), 4.09 (s, 

3H), 3.44 (s, 3H), 1.42 (s, 10H), 1.33 (s, 11H), 1.25 – 1.22 (m, 2H), 0.94 (s, 27H), 0.19 (s, 

8H), 0.18 (s, 9H). 13C NMR (150 MHz, CDCl3) δ 148.58, 118.12, 109.54, 79.78, 79.64, 
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69.97, 51.89, 26.92, 25.83, 24.60, 18.17, -4.62, -4.83. HRMS (EI) calcd for C16H28N2O3Si: 

324.1869, Found 324.1.  

Methyl (3aS,4S,7R,7aS)-7-(6-bromo-4-methoxybenzo[d][1,3]dioxole-5-

carboxamido)-4-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo[d][1,3]dioxole-5-carboxylate (233) 

 

 

 

 

 

Step A: Preparation of acid chloride 4 

To a flame-dried flask equipped with a stir bar was charged the acid 204 (509 mg, 1.85 

mmol). After dissolving the flask contents in DCM (16 mL), (COCl)2 was added (0.32 mL, 

3.7 mmol). Then a catalytic amount of DMF was added (approximately 5 drops) to the 

solution, and the reaction mixture was allowed to stir at rt for 3 h. Then the volume of the 

reaction mixture was reduced under rotary evaporator [which was equipped with a bubbler 

containing a 10% NaOH (aq.) solution] and the crude acid chloride 4 was then dried further 

under high vacuum. Used immediately in step C without further purification. 

Step B: Condensation of amine 232 with acid chloride 4 to afford compound 233 

The crude amine 232 (0.93 mmol) and DMAP (11 mg, 0.09 mmol) were charged to flame-

dried flask equipped with a stir bar. Then reaction mixture contents were dissolved in DCM 

(14.0 mL) and pyridine (0.23 mL, 2.8 mmol) was added. The reaction mixture was then 

cooled to 0 °C. A separate solution of the crude acid chloride 4 (1.85 mmol) in DCM (8.0 

mL) was prepared and added to reaction mixture over a period of 10 min. The reaction 
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mixture was then allowed to slowly warm to room temperature over 1 h and then stirred 

for another 12 h. Then the reaction mixture was concentrated and dried under high vacuum, 

and the residue purified by column chromatography [silica gel, EtOAc:Hex (1:1)] to obtain 

the product 233 as a pale-yellow oil (411 mg, 72%). 

233: Rf = 0.6 [silica gel, EtOAc:Hex (1:1)]; [𝛼]𝐷
22 = −28.0 (c = 0.30, CHCl3).  IR (neat, cm-

1) 3369, 2927, 2855, 1721, 1679,1504, 1468; 1H NMR (300 MHz, CDCl3) δ 6.70 (s, 1H), 

6.64 (d, J = 10.3 Hz, 1H), 6.02 (s, 1H), 5.96 (s, 2H), 5.26 (dd, J = 14.6, 4.5 Hz, 1H), 4.83 

(s, 1H), 4.66 (d, J = 6.9 Hz, 1H), 4.51 (d, J = 4.7 Hz, 1H), 3.99 (s, 3H), 3.82 (s, 3H), 1.33 

(s, 3H), 1.31 (s, 3H), 0.63 (s, 7H), 0.14 (s, 3H), 0.01 (s, 3H). 13C NMR (150 MHz, CDCl3) 

δ 165.9, 164.8, 150.4, 141.2, 140.4, 136.0, 135.8, 125.5, 111.3, 108.5, 107.2, 101.8, 78.4, 

76.5, 64.9, 60.4, 52.2, 45.4, 26.2, 25.3, 24.2, 17.5, -4.9, -5.0. HRMS (EI) Calcd for 

C26H36BrNO9Si: 613.1337, Found 613.1328.  

 

 

 

 

 

The amide 233 (35 mg, 0.057 mmol), Pd(OAc)2 (1 mg, 0.005 mmol), dppe (2 mg, 0.01 

mmol) and TlOAc (8 mg, 0.03 mmol) were charged to an RBF that was equipped with a 

stir bar and previously dried under vacuum. Then 1.0 mL dry toluene added, and the 

reaction was degassed with Ar for 15 min before heating to 90 °C for 3 h until TLC showed 

full consumption of sm. The mixture was then allowed to attain rt before being diluted with 
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dichloromethane (10.0 mL) and filtered through a plug of Celite. The filtrate was then 

washed with saturated aqueous ammonium chloride solution (10.0 mL) and the organic 

layer separated from the aqueous layer. The aqueous layer was then washed with 

dichloromethane (3 x 10.0 mL), and the combined organic layers were dried with 

magnesium sulfate and concentrated under reduced pressure. The residue was purified by 

column chromatography [silica gel, EtOAc:Hex (1:1)] to obtain 241 (4 mg, 13%) as a 

colorless oil and 242 (3 mg, 10%) as a colorless oil. 

Methyl (3aS,3bR,10bS,11R,12S,12aS)-12-((tert-butyldimethylsilyl)oxy)-6-methoxy-

2,2-dimethyl-5-oxo-3a,3b,4,5,10b,11,12,12a-octahydrobis([1,3]dioxolo)[4,5-c:4',5'-

j]phenanthridine-11-carboxylate (241) 

241: Rf  = 0.4 [silica gel, EtOAc:Hex (1:1)], [α]  = −33.5 (c = 0.13, CHCl3). IR 

(CHCl3, cm-1) 3359, 3003, 2956, 2825, 1721, 1681, 1503, 1202. 1H NMR (300 MHz, 

CDCl3) δ 7.34 – 7.25 (m, 1H), 6.69 (d, J = 6.2 Hz, 1H), 6.01 – 5.97 (s,2H), 5.93 (s, 1H), 

5.30 – 5.15 (m, 1H), 4.82 (d, J = 1.8 Hz, 1H), 4.62 (t, J = 6.1 Hz, 1H), 4.55 – 4.39 (m, 1H), 

3.98  (s, 3H), 3.80 (s, 3H), 1.31 (s, 3H), 1.27 (s, 3H), 0.62 (s, 9H), 0.18  (s, 3H), 0.03 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 174.56, 160.03, 152.91, 147.89, 142.36, 137.00, 

121.35, 113.06, 102.67, 101.50, 81.10, 80.13, 60.96, 59.36, 54.78, 52.52, 39.11, 30.19, 

26.53, 26.35, 26.01, 24.6, -4.50,-4.80. MS HRMS (EI) calcd. for C26H37NO9Si: 535.2238, 

Found: 535.2233.  

Methyl (3aS,3bR,10bS,11S,12S,12aS)-12-((tert-butyldimethylsilyl)oxy)-6-methoxy-

2,2-dimethyl-5-oxo-3a,3b,4,5,10b,11,12,12a-octahydrobis([1,3]dioxolo)[4,5-c:4',5'-

j]phenanthridine-11-carboxylate (242) 

242: Rf  = 0.4 [silica gel, EtOAc:Hex (1:1)]. [α]  =  −31.3 (c = 0.09, CHCl3). IR (CHCl3, 

cm-1) 3373, 3003, 2989, 1723, 1689, 1515, 1268. 1H NMR  (300 MHz, CDCl3) δ 7.46 (d, 
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J = 8.9 Hz, 1H), 6.63 (dt, J = 9.0, 5.9 Hz, 1H), 6.05 – 5.86 (s, 2H), 5.28 – 4.96 (m, 1H), 

5.04 (t, J = 7.6 Hz, 1H), 4.87 – 4.75 (m, 1H), 4.64 (d, J = 6.8 Hz, 1H), 4.49 (dd, J = 6.8, 

2.0 Hz, 1H), 3.95 (s, 3H), 3.80 (s, 3H), 1.30 (s, 3H), 1.28 (s, 3H), 0.61 (s, 9H), 0.07 (s, 3H), 

0.06 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 174.43, 161.03, 152.31, 146.05, 141.96, 

137.70, 123.05, 114.05, 102.02, 101.93, 83.20, 80.56, 61.07, 59.95, 54.23, 52.18, 38.56, 

30.29, 26.56, 25.89, 25.67, 24.6, -4.58,-4.63. MS HRMS (EI) calcd. for C26H37NO9Si: 

535.2238, Found: 535.2240. 

Methyl (3aS,4S,7R,7aS)-7-(6-bromo-N-(tert-butoxycarbonyl)-4-

methoxybenzo[d][1,3]dioxole-5-carboxamido)-4-((tert-butyldimethylsilyl)oxy)-2,2-

dimethyl-3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxole-5-carboxylate (245) 

 

 

 

 

 

The amide 233 (388 mg, 0.63 mmol), DMAP (158 mg, 1.29 mmol) and a stir bar were 

charged to a flame-dried RBF, then dissolved in dry MeCN (12 mL). Then, Boc2O (275 

mg, 1.26 mmol) was added. The reaction was left to stir at rt for 4 h before quenching with 

H2O (20 mL) and extracting with DCM (3 x 20 mL). The organic layers were then 

combined, dried with MgSO4 and concentrated to dryness under reduced pressure. The 

residue was purified by column chromatography [silica gel, EtOAc:Hex (1:2)] to obtain 

245 (338 mg, 75%) as a yellow oil.  
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245: Rf = 0.6 [silica gel, EtOAc:Hex (1:2)]. [α]D
22 = −60.4 (c = 0.45, CHCl3). IR (neat, cm-

1) 2986, 2956, 2934, 2859, 1729, 1679, 1623. 1H NMR (300 MHz, CDCl3) δ 6.72 (d, J = 

3 Hz, 1H), 6.62 (s, 1H), 5.97 (s, 2H), 5.52 (s, 1H), 4.78 (s, 1H), 4.57 (m, 1H), 4.30 (m, 1H), 

3.97 (s, 3H), 3.74 (s, 3H), 1.52 (m, 3H), 1.39 (m, 3H), 1.33 (m, 9H), 0.87 (s, 9H), 0.20 (s, 

3H), 0.13 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 166.5, 151.5, 150.1, 148.0, 137.7, 130.7, 

108.6, 107.4, 107.1, 102.0, 84.4, 82.2, 80.3, 76.7, 66.2, 64.0, 62.5, 60.4, 60.3, 54.5, 51.8, 

27.8, 26.4, 25.9, 18.1, -4.6, -5.0. HRMS (EI) Calcd for C31H44BrNO11Si: 713.1862, Found 

713.1878. 

 

 

 

 

 

4-(tert-butyl)-11-methyl(3aS,3bR,12S,12aS)-12-((tert-butyldimethylsilyl)oxy)-6-

methoxy-2,2-dimethyl-5-oxo-3a,5,12,12a-tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-

j]phenanthridine-4,11(3bH)-dicarboxylate (246) 

To a flame-dried flask were charged the substrate 245 (123 mg, 0.17 mmol), Pd(OAc)2 (10 

mg, 0.04 mmol), Ag3PO4 (214 mg, 0.51 mmol) and a stir bar. The reaction mixture contents 

were then dissolved in dry toluene (9 mL), and degassed with argon for 15 min. Then 1,2 

– bis (diphenylphosphino)ethane (14 mg, 0.03 mmol) was added, and reaction mixture 

heated to 130 °C for 16 h. After cooling to rt, the reaction mixture was filtered through a 

plug of Celite and then concentrated under reduced pressure. The residue was purified by 

 
 Mixture of rotamers. 
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column chromatography [silica gel, EtOAc:Hex (1:2)] to obtain 246 (44 mg, 40%, 61% 

brsm) as a colorless oil and 41 mg of recovered starting material 245.  

246: Rf = 0.4 [silica gel, EtOAc:Hex (1:2)]. [𝛼]𝐷
22 = 130.0 (c = 0.8, CHCl3). IR (neat, cm-

1) 2989, 2956, 2934, 2857, 1722, 1666, 1606. 1H NMR (400 MHz, CDCl3) δ 6.71 (s, 1H), 

6.03 (d, J = 1.4 Hz, 2H), 4.89 (d, J = 6.1 Hz, 1H), 4.58 – 4.54 (m, 1H), 4.08 – 4.04 (m, 2H), 

4.03 (s, 3H), 3.76 (s, 3H), 1.53 (s, 3H), 1.52 (s, 9H), 1.31 (s, 3H), 0.90 (s, 9H), 0.17 (s, 3H), 

0.14 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 168.1, 161.4, 152.7, 152.1, 144.4, 139.6, 

133.6, 129.7, 126.6, 118.3, 111.5, 102.4, 100.2, 83.1, 79.4, 79.0, 73.4, 61.4, 56.0, 52.5, 

28.1(3C) , 27.2, 25.8 (3), 25.1, 18.2, -4.3, -5.1. HRMS (EI) calcd for C27H34NO11Si [M-

C4H9]
+: 576.1896. Found  576.1905. 

Methyl (3aS,3bR,12S,12aS)-12-((tert-butyldimethylsilyl)oxy)-6-hydroxy-2,2-

dimethyl-5-oxo-3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-

j]phenanthridine-11-carboxylate (247) 

 

 

 

 

 

To a solution of the substrate 246 (28 mg, 0.044 mmol) in dry DMF (3 mL) was added 

LiCl (28 mg, 0.66 mmol). The reaction mixture contents were then subjected to three cycles 

of freeze-pump-thaw, before the mixture was heated to 90 °C for 12 h. The reaction mixture 

was then cooled to rt and filtered through a plug of Celite, then concentrated under reduced 

pressure. The residue was purified by column chromatography [silica gel, EtOAc:Hex 

(1:2)] to obtain 247 (18 mg, 80%) as a white solid.  
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247: Rf = 0.6 [silica gel, EtOAc:Hex (1:2)]; mp 260 °C (decomp., EtOAc); [𝛼]𝐷
22 = 38.4 (c 

= 0.85, CHCl3). IR (neat, cm-1) 3205, 3181, 3088, 3034, 2997, 2954, 2929, 2857, 1731, 

1672, 1620, 1599. 1H NMR (600 MHz, CDCl3) δ 13.06 (s, 1H), 6.57 (s, 1H), 6.31 (s, 1H), 

6.05 (s, 2H), 4.49 (d, J = 1 Hz, 1H), 4.17 (dd, J = 2, 1 Hz, 1H), 4.08 (dd, J = 2, 1 Hz, 1H), 

4.03 (d, J = 1 Hz, 1H), 3.82 (s, 3H), 1.51 (s, 3H), 1.36 (s, 3H), 0.91 (s, 9H), 0.18 (s, 3H), 

0.14 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 168.4, 167.4, 152.9, 146.7, 135.4, 132.2, 

126.9, 124.2, 111.5, 106.2, 102.7, 97.5, 79.1, 78.2, 73.5, 54.9, 52.7, 27.3, 25.8, 25.1, 18.1, 

-4.3, -5.2. HRMS (EI) calcd for C25H33NO9Si: 519.1919. Found  519.1923. 

Methyl (2S,3R,4S,4aR)-2,3,4,7-tetrahydroxy-6-oxo-2,3,4,4a,5,6-hexahydro-

[1,3]dioxolo[4,5-j]phenanthridine-1-carboxylate (248) 

 

 

 

 

 

 

To a solution of the substrate 247 (16 mg, 0.031 mmol) in THF (1 mL) that was cooled to 

0 °C was added conc. hydrochloric acid (0.1 mL, 1.1M). The reaction mixture was allowed 

to attain rt over 1 h and then the allowed to stir at rt for a further 36 h. The reaction mixture 

was then extracted with EtOAc (5 mL x 5) and the combined organic layers were dried 

with MgSO4 then concentrated under reduced pressure. The residue was purified by 

column chromatography [silica gel, MeOH:DCM (1:5)] to obtain 248 (6 mg, 55%) as a 

white solid.  

248: Rf = 0.6 [silica gel, MeOH:DCM (1:5)]; mp > 300 °C (decomp., EtOAc);  = 141.5 (c 

= 0.30, MeOH); IR [neat, cm-1] 3666, 3297, 3099, 2983, 2907, 2796, 2669, 2119, 1698, 
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1672, 1595, 1508; 1H NMR [400 MHz, (CD3)2CO] δ 12.91 (s, 1H), 7.39 (s, 1H), 6.29 (s, 

1H), 6.09 (dd, J = 7.5, 1.1 Hz, 2H), 4.78 (s, 2H), 4.65 (d, J = 3.0 Hz, 1H), 4.42 – 4.35 (m, 

1H), 4.05 (t, J = 3.0 Hz, 1H), 4.04 (s, 1H), 3.64 (s, 3H); 13C NMR [100 MHz, (CD3)2CO] 

δ 170.8, 169.9, 152.9, 146.5, 135.8, 132.6, 131.1, 130.3, 108.1, 103.5, 99.3, 73.7, 72.8, 

70.3, 54.7, 52.4; HRMS (EI) calcd. for C16H15NO9: 365.0741. Found 365.0749. 

Methyl (1aS,2R,2aS,5aS,6S,6aS)-6-(((benzyloxy)carbonyl)amino)-2-((tert-

butyldimethylsilyl)oxy)-4,4-dimethyltetrahydrooxireno[2',3':4,5]benzo[1,2-

d][1,3]dioxole-1a(2H)-carboxylate (253) 

 

 

 

 

The α,β-unsaturated methyl ester 231 (32 mg, 0.065 mmol) was stirred in methanol (1.0 

mL) at 0 °C. A separate solution of hydrogen peroxide (30%, 66 µL, 0.65 mmol) in 3M 

sodium hydroxide (65 µL, 0.20 mmol) was prepared and added to stirred methyl ester 

solution. After 30 min the rm was allowed to attain rt and then stirred for another 3 h. The 

reaction was quenched with 3 M hydrochloric acid until acidic (2.0 mL), then diluted with 

water (5.0 mL) and dichloromethane (5.0 mL). The organic and aqueous layers were then 

separated, and the aqueous layer was extracted with two additional portions of 

dichloromethane (2 x 5.0 mL). The combined organic layers were then washed with brine 

before drying over magnesium sulfate. The solvent was then removed under reduced 

pressure, and the residual oil was purified by flash column chromatography [silica gel, 

EtOAc:Hex (1:4)] to afford the epoxide as a colorless oil (11 mg, 69%). 
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253: Rf = 0.50 [silica gel, EtOAc:Hex (1:4)], [𝛼]𝐷
22 = −48.2 (c = 0.11, CHCl3), IR (CHCl3, 

cm-1) 3312, 3066, 3036, 2991, 2956, 2932, 2858, 1765, 1743, 1720, 1700, 1533, 1249, 

1102, 1H NMR (600 MHz, CDCl3) δ 7.38 – 7.31 (m, 5H), 5.16 (d, J = 12.0 Hz, 1H), 5.11 

(s, 1H), 5.09 (d, J = 12.2 Hz, 1H), 4.70 (d, J = 4.6 Hz, 1H), 4.14 (t, J = 7.9 Hz, 1H), 4.10 

(dd, J = 7.5, 4.6 Hz, 1H), 4.05 (t, J = 7.6 Hz, 1H), 3.76 (s, 3H), 3.51 (s, 1H), 1.45 (s, 3H), 

1.27 (s, 3H), 0.87 (s, 9H), 0.15 (s, 3H), 0.12 (s, 3H), 13C NMR (150 MHz, CDCl3) δ 167.8, 

156.2, 136.2, 128.6, 128.3, 128.2, 108.3, 79.5, 75.0, 71.8, 67.3, 60.7, 58.9, 52.7, 51.3, 27.1, 

25.8, 24.3, 18.1, -4.4, -5.4, MS (EI) m/z (%),450 (61), 342 (44), 234 (26), 91 (100), HRMS 

(EI) calcd. for C25H37NO8Si: 507.2288, Found: 507.2284. Anal. calcd. for C25H37NO8Si: 

C 59.15, H 7.35. Found: C 59.18, H 7.33. 

 Methyl (3aS,4S,5R,6R,7R,7aS)-7-(((benzyloxy)carbonyl)amino)-4-((tert-

butyldimethylsilyl)oxy)-6-hydroxy-2,2-dimethylhexahydrobenzo[d][1,3]dioxole-5-

carboxylate (254) 

 

 

 

 

A solution of epoxide 253 (49 mg, 0.1 mmol) in a mixture of tetrahydrofuran and water 

(9:1, 4.0 mL) was prepared and degassed with Ar for 15 min. This was followed by addition 

of SmI2 (0.1 M in THF, 4.0 mL, 0.4 mmol) to the stirred epoxide solution. The resultant 

mixture was stirred at room temperature for 1h before quenching with a saturated solution 

of sodium carbonate (5.0 mL). The resulting mixture was extracted with ethyl acetate (3 x 

10.0 mL), and the organic layers combined, dried with sodium sulfate, and concentrated 

under reduced pressure. The resulting residue was then purified by flash column 
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chromatography [silica gel, EtOAc:Hex (1:4)] to give the product as colorless oil (17 mg, 

35%) as well as the recovered epoxide (22 mg, 46%).  

254: Rf = 0.40 [silica gel, EtOAc:Hex (1:4)], [𝛼]𝐷
22 = −26.6 (c = 0.10, CHCl3), IR (CHCl3, 

cm-1) 3345, 2968, 2932, 2905, 2859, 1723, 1517, 1218, 1069, 1H NMR (300 MHz, CDCl3) 

δ 7.41 – 7.27 (m, 5H), 5.47 (d, J = 9.8 Hz, 1H), 5.17 (d, J = 12.2 Hz, 1H), 5.05 (d, J = 12.2 

Hz, 1H), 4.81 (d, J = 3.2 Hz, 1H), 4.35 (s, 1H), 4.23 – 4.16 (m, 1H), 4.14 (t, J = 4.2 Hz, 

1H), 3.83 (s, 1H), 3.76 (s, 3H), 2.87 (s, 1H), 1.59 (s, 3H), 1.39 (s, 3H), 0.85 (s, 9H), 0.17 

(s, 3H), 0.12 (s, 3H), 13C NMR (75 MHz, CDCl3) δ 170.8, 156.5, 136.6, 128.6, 128.1, 

128.0, 110.0, 76.0, 70.6, 70.3, 67.0, 55.4, 52.3, 45.8, 29.8, 28.2, 26.7, 25.7, 17.8, -4.7, -5.2, 

MS (EI) m/z (%), 408 (22), 344 (100), 286 (19), 254 (15), 243 (20), 225 (15), 211 (19), 

HRMS (EI) calcd. for C25H39NO8Si: 509.2439, Found: 509.2439. Anal. calcd. for 

C25H39NO8Si: C 58.92, H 7.71. Found: C 58.92, H 7.80. 

Methyl (7aS)-4,5-dibromo-2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

(epoxyimino)benzo[d] [1,3] dioxole-8-carboxylate (206) 

 

206: mp 122-123 °C (EtOH), Rf = 0.5 [EtOAc:Hex (1:2)], [𝛼]𝐷
23 = -2.1 (c = 0.10, CHCl3), 

IR (CHCl3, cm-1) 3030, 3014, 2997, 2959, 2937, 2855, 1755, 1725, 1598, 1442, 1268, 1074, 

1H NMR (300 MHz, CDCl3) δ 6.75 (d, J = 6.4 Hz, 1H), 5.10 (dd, J = 6.3, 4.1 Hz, 1H), 4.80 

(d, J = 6.8 Hz, 1H), 4.59 (dd, J = 6.8, 4.1 Hz, 1H), 3.81 (s, 3H), 1.40 (s, 3H), 1.34 (s, 3H), 

13C NMR (75 MHz, CDCl3) δ 158.0, 131.4, 122.4, 112.2,  93.9, 82.4, 74.0, 55.3, 54.4, 25.9, 

25.7, MS (EI) m/z (%), 384 (31), 260 (25), 253 (48), 251 (30), 174 (43), 172 (34), 85 (83), 
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59 (100), HRMS (EI) calcd. for C11H13Br2NO5: 396.9155. Found: 396.9167. Anal. calcd. 

for C11H13Br2NO5: C 33.11, H 3.28. Found: C 33.37, H 3.20.  

 Methyl ((3aS,4R,7R,7aR)-6-bromo-7-hydroxy-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo [d][1,3]dioxol-4-yl)carbamate (211) 

 

211: Rf = 0.3 [EtOAc:Hex (1:2)], [α]D
23= −8.8 (c = 0.20, CHCl3), IR  (CHCl3, cm-1) 

3692, 3598, 3440, 3022, 3012, 2994, 2959, 2928, 2855, 1720, 1513, 1234, 1062, 1H NMR 

(300 MHz, CDCl3) δ 6.33 (d, J = 6.0 Hz, 1H), 5.45 (d, J = 9.1 Hz, 1H), 4.51 (dd, J = 6.7, 

2.4 Hz, 1H), 4.37 (td, J = 7.4, 2.9 Hz, 2H), 4.33 – 4.27 (m, 1H), 3.67 (s, 3H), 1.40 (s, 3H), 

1.32 (s, 3H), 13C NMR (75 MHz, CDCl3) δ 156.5, 130.3, 126.9, 109.0, 79.1, 75.9, 73.1, 

52.6, 51.0, 26.7, 24.7, MS (EI) m/z (%), 236 (100), 234 (56), 223 (98), 221 (100), 161 (93), 

159 (86), 142 (78), 100 (66), 85 (75), 59 (86), HRMS (EI) calcd. for C10H13BrNO5 [M-

CH3]
+:305.9972. Found: 305.9968. Anal. calcd. for C11H16BrNO5: C 41.01, H 5.01. Found: 

C 41.28, H 5.26 

Methyl ((3aS,4R,7R,7aS)-6-bromo-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (212) 
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212: Rf = 0.6  [silica gel, EtOAc:Hex (1:4)], [𝛼]𝐷
23 = −4.7 (c = 0.13, CHCl3), IR (CHCl3, 

cm-1) 3690, 3398, 3020, 2994, 2956, 2931, 2859, 1720, 1512, 1224, 1065, 1H NMR (300 

MHz, CDCl3) δ 6.45 (d, J = 7.1 Hz, 1H), 5.53 (d, J = 10.1 Hz, 1H), 4.48 (td, J = 7.4, 3.6 

Hz, 1H), 4.45 – 4.37 (m, 2H), 4.33 (s, 1H), 3.64 (s, 3H), 1.37 (s, 3H), 1.29 (s, 3H), 0.92 (s, 

9H), 0.21 (s, 3H), 0.20 (s, 3H). 13C NMR  (75 MHz, CDCl3) δ 156.43, 131.40, 127.23, 

108.85, 80.00, 76.36, 74.58, 52.38, 49.46, 26.40, 25.76, 24.52, 17.95, -4.30, -4.96, MS 166 

(100), 132 (76), 89 (58), 77 (50), 73 (64), HRMS (EI) calcd. for C16H27BrNO5Si [M-CH3]
+: 

420.0836. Found: 420.0836. Anal. calcd. for C17H30BrNO5Si: C 46.79, H 6.93. Found: C 

46.93, H 7.12. 

 

4.3.  Cell Viability Assay 

Cell viability was measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) assay in lung adenocarcinoma cell line A549 (obtained from 

American Type Culture Collection). A549 cells were maintained in RPMI-1640 media 

supplemented with 10% FBS. For measuring the IC50 values of cell viability, 3,000 cells 

per well were plated into 96-well plate, and cells were treated with a serial of dilutions 

(from 500 µM to 0.32 nM) of individual compounds in triplicate for four days. After four 

days, cells were replaced with MTT reagent (at 0.25 mg/mL in culture media) in each well 

and incubated with cells for 2 h at 37 °C. Culture media was removed after microplates 

were spin at 2000 rpm for 5 minutes. DMSO was then used to dissolve the crystals formed 

in each 96 well. Optical density values at wavelength 570 nm and 630 nm were measured 

using SpectraMax 190 (Molecular Devices, San Jose, CA), and the difference in the two 
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optical density values was used to analyze the relative cell survival in each well. IC50 values 

were calculated using Graphpad Prism software.  
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5. Selected Spectra
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