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ABSTRACT 

This thesis describes two projects:  

• cis-Diene bromo diol obtained from the microbial oxidation of bromobenzene was 

used as a substrate for lipase-catalyzed acylation and epoxidation reactions. The 

model studies showed that the regiochemistry of the acylation is solvent dependent. 

The chemoenzymatic epoxidation followed the expected regiochemistry when 

compared to the chemical epoxidation with m-CPBA, but with the unexpected 

formation of bromoconduritol-C, an important intermediate whose electrochemical 

reduction led to the short synthesis of (-)-conduritol-C. 

• A detailed description is given to the studies of conversion of natural narciclasine 

to its C-1 enol derivative, followed by the attempted conversion of this material to 

its triflate, in order to conduct cross-coupling at the C-1 position. However, it 

resulted in a triflate at C-6 that was successfully coupled with several 

functionalities. All compounds were fully deprotected and subjected to evaluation 

of biological activity. Only one derivative showed moderate activity as compared 

to those of narciclasine and pancratistatin.  

Spectral and physical data are provided for all new compounds. 
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1. Introduction 

Biocatalysis relies on the use of whole cells or isolated enzymes and the 

predisposition of enzymes to control the environment of the reaction, rather than the 

reaction itself to provide outstanding enantio-, stereo- and regioselectivities in fewer steps 

than traditional chemical protocols can offer. Organic chemists have applied biocatalysis 

in a variety of syntheses, including those of natural products.  

In the first part of this thesis, I will present a sequential biotransformation study 

applied to bromocyclohexadiene diol (1), which is obtained in high yields (>9 g/L) from 

the enzymatic dihydroxylation of bromobenzene (Figure 1).1 This study is designed 

following principles of green chemistry, such as the use of catalysis and the design of less 

hazardous chemical syntheses.2 Diol 1 will be submitted as a substrate for investigation of 

lipase-catalyzed acylation under mild conditions using Amano PS lipase immobilized in 

diatomite and for chemoenzymatic epoxidation using Candida antarctica lipase (CAL), 

followed by electrochemical reduction of the halide. The results of each of these sub-

studies will be discussed, along with a short greener synthesis of (-)-conduritol C (2). 

The second part of this thesis will focus on unnatural derivatives of narciclasine (3), 

a member of the cytotoxic Amaryllidaceae alkaloid family.3,4 I will present approaches to 

the semi-synthesis of C-1 narciclasine analogues from narciclasine through cross-coupling 

(Figure 1). The effects of protecting groups on the reactivity of 3 upon standard conditions, 

resulting synthetic routes to derivatives, and their biological evaluation will be reported 

and discussed. 

 
Figure 1. Structure of (-)-conduritol C (2) and narciclasine (3). Planned transformations are shown.  
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2. Historical Background 

2.1. Biocatalysis 

“Organic Chemist's Ode:5  

Lord, I fall upon my knees  

And pray that all my syntheses 

 May no longer be inferior  

To those conducted by bacteria.6” 
 

Enzymes have been employed unknowingly for a wide variety of chemical 

processes for centuries, starting with its most classical application on the production of 

fermented beverages, with records stating that herbal wines, fermented rice and millet 

beverages were consumed in China from the early Neolithic period (7000 BCE).7 The 

production of fermented beverages and dairy has been reported in ancient Egypt (3200 

BCE), where farmers put fresh milk in clay pots, and leave it undisturbed in a warm, dark 

place until the cream rises and the milk coagulates.8  

For the successful production of Egyptian herbal wines, the jars were sealed from 

air, and turpentine (terebinth) tree resin (Pistacia terebinthus) was added to the wine to 

serve as a flavoring agent, but unbeknownst to the brewers, turpentine resin acts as a growth 

inhibitor of acetic acid bacteria (Acetobacter), which are responsible for converting ethanol 

to acetic acid.9,10 Although unaware of the existence of bacteria and yeasts, which were 

studied much later in the 1800s, farmers and brewers learned through empirical observation 

how to control the fermentation process, prevent the conversion of wine to vinegar, and 

that air exposure and temperature control were key parameters to the process.11 

The 1800s were defined by the remarkable breakthroughs in the understanding of 

microorganisms. Concepts such as “spontaneous generation” and “vital force” were proved 

wrong by experiments performed by biologists and chemists. This successful marriage 

carried over the years more discoveries that would further establish modern science, 

including the field of enzymology. Studies on starch hydrolysis done by Kirchhoff, Payen 

and Persoz led to the discovery of α-amylase and diastase.12 The term “enzyme” (in yeast) 

would come only in 1877 by Kuhne,13 after “ferment” was used as an umbrella term to 

describe both whole-cell organism (yeast cells) and the action of its cellular contents. Later, 
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the suffix “ase” (from diastase) was recommended for enzyme nomenclature. Scientists 

started to intentionally use microorganisms for chemical transformations, as one of the 

earliest examples was done by Brown in 1886, by adding ethanol, propanol, and mannitol 

to a culture of Acetobacter (Bacterium) aceti (Pasteur 1864) Beijerinck 189814. He 

observed the oxidation of the substrates to their corresponding carboxylic acids, while 

mannitol was converted intro fructose.15,16 

Now that enzymes 

were in vogue, significant 

progress on enzyme research 

was achieved over the 

following century (Figure 2). 

The kinetics of reactions 

catalyzed by enzymes were 

studied even before the 

nature of enzymes was finally 

determined. Based on the 

empirical observation that 

enzyme reactions were 

reversible, Michaelis and 

Menten developed a 

mechanism to describe the 

two-step process that involves the formation of an enzyme-substrate (ES) intermediate.17  

  Later, Briggs and Haldane presented a modification to the Michaelis-Menten 

mechanism, in which a steady-state approximation was applied to [ES].18 That is achieved 

when the enzyme is saturated in the presence of a large excess of substrate, thus the 

equilibrium concentration of [ES] is quickly achieved and is kept constant during the 

reaction, satisfying the condition for steady-state approximation. The [ES] formation was 

initially just a kinetic concept, but it was first directly observed by  Stern while monitoring 

the reaction of liver catalase with HOOEt using spectroscopy.12,19 He described the 

disappearance of the enzyme spectrum while two new absorption bands appeared, then 

Figure 2. Timeline of major developments in biocatalysis. 
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after a few minutes, the intensity of the new absorption bands decreased and simultaneously 

the absorption band for enzyme reappeared. He attributed the spectrum of the intermediate 

species to be a combination of the enzyme with the substrate [ES].19 

The theory of enzyme kinetics and its notations were standardized by Cleland in 

1963.20–22 This provided a systematic common language to present enzyme kinetic data, 

avoiding the variety of notations found in enzyme kinetic literature. Researchers now could 

relate kinetic data with reaction mechanisms in a more uniform way. 

Another key development in the timeline of enzymology was the recognition of the 

protein nature of enzymes. Before any extensive research was done on the topic, it was 

believed by most that enzymes were proteins because of the many similar properties 

between enzymes and proteins, such as water solubility, inactivation/denaturation at higher 

temperatures and strong acid/bases.23 However, this changed after Willstätter affirmed the 

opposite in 1926, that enzymes were not proteins, because of inconclusive results obtained 

from Willstätter’s purification method.24,25 This view was held for a few years by 

Willstätter, Waldschmidt-Leitz,26,27 Rohdewald28 and others.27 

Such a conclusion created a strong disagreement in the community, and this was 

rebutted in 1926 by Sumner after his crystallization of urease from jack beans.29 Supported 

by his studies along with his peer Northrop’s studies on enzyme crystallization, Sumner 

published a review that challenged the general consensus that enzymes were not proteins,23 

but his idea was first met with skepticism and ridicule, to be only accepted after he won 

the Nobel Prize in 1946 “for his discovery that enzymes can be crystallized” and urease 

was the first protein to be crystallized.30 Because of the discovery and establishment of 

milder methods for enzyme purifications, more research groups were able to report new 

enzymes, pushing for further discoveries in enzymology.  

A third aspect that was studied was the mechanism behind enzyme specificity and 

stereoselectivity. The “lock and key” model was the standard since it was created by 

Fischer in 1894,31 who stated that an enzyme and substrate must fit each other like a lock 

and key in order for the reaction to be catalyzed. This implied that the structure of the active 

site of an enzyme was rigid and complementary to a substrate.  
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Other influential researchers tried to propose their own theories, for example,  

Willstätter had his take on the carrier (Träger) theory while assuming that enzymes were 

not proteins; Westheimer used radiolabelling to study the stereospecificity of hydride 

transfers;32 and antibody research done by Pauling33 soon started to reveal the concept of 

protein motion, which anticipated the idea that active sites could display subtle motion to 

accommodate the transition state structure of a substrate. Observed anomalies would 

eventually lead to revision of the standard model, and Koshland proposed the theory of 

“induced-fit” in 1958.34 He wrote in his first publication of the topic “The deficiency of any 

template model is simply that it is only a mechanical analogy and, since we are making 

chemicals and not automobiles, that it has to be translated into chemical terms.”34 

Koshland’s view was that a fit occurred only after a change in shape of the enzyme 

structure had been induced by the substrate. However, the induced fit theory did not 

concern the regulation of enzyme activity by a metabolic signal or even the mechanism for 

allosteric enzymes, only the specificity of enzyme action in the active site. Allosteric 

enzymes are “enzymes which contain regions to which small, regulatory molecules 

(effector) may bind in addition to and separate from substrate binding sites.”35 In 1966, 

Koshland’s model was updated to “Koshland-Nemethy-Filmer”36 induced fit for allosteric 

proteins, along with the proposal of a competing model called the “Monod-Wyman-

Changeux”37,38 model. Both kinetic theories are accepted and present in modern literature. 

By 1955, the number of enzymes reported was so large that their organization into 

classes became necessary, and two groups of enzymologists tried to solve this issue. The 

first classification scheme was led by Hoffmann-Ostenhof39 and the second group was led 

by Dixon and Webb. While both groups classified enzymes in three broad categories, 

Hoffmann-Ostenhof used a system based on the number of molecules involved in the 

biocatalytic reaction and Dixon and Webb split the classified enzymes based on the type 

of reaction that was catalysed.40 Only later in the second edition of “Enzymes” by Dixon 

and Webb that enzymes were categorized in the standard six classes that are used to this 

day.41 They are oxidoreductase (EC 1), transferase (EC 2), hydrolase (EC 3), lyase (EC 4), 

isomerase (EC 5) and ligase (EC 6). 



6 
 

Only after major milestones were achieved in the latter half of the 20th century 

(Figure 2) did biocatalysis start to attract the organic synthetic community. In the 1970s, 

lipases and oxidoreductases were introduced for the synthesis of chiral building blocks. 

Then, with the use of molecular biology, wild-type enzymes could be cloned, manipulated, 

and expressed to produce new enzymes, with better stability, stereoselectivity, substrate 

tolerance and improved catalytic activity.   

The following subsections will cover the enzymes that were used for the 

development of this research project: lipases and toluene dioxygenases, members of two 

distinct classes of enzymes. 

2.1.1. Lipases 

Lipases   (triacylglycerol hydrolases, EC 3.1.1.3) were observed as early as in 1901 

in Serratia marcescens, Pseudomonas aeruginosa and Pseudomonas fluorescens.42 In 

1856, Bernard first discovered a “fat splitting enzyme”,43 i.e. lipase, in pancreatic juice as 

an enzyme that hydrolysed insoluble oil droplets and converted them to soluble products. 

Lipases have traditionally been obtained from animal pancreas in crude mixture with other 

hydrolases (pancreatin) or as a purified grade. Lipases differ greatly depending both on 

their origins (which can be bacterial, fungal, mammalian, etc.) and their structures, and 

they can catalyse the hydrolysis, or synthesis, of a wide range of carboxylic esters to release 

organic acids and glycerol.44 They all show specific activity towards glyceridic substrates. 

Most lipases follow a common hydrolysis mechanism, and when water is replaced 

by other nucleophiles the result of this reaction is a transesterification.45 The lipase protein 

structure usually comprises an α/β hydrolase fold, which is a common feature of hydrolytic 

enzymes indicating their common evolutionary origin.46 They all have a catalytic triad 

consisting of an acid, base, and nucleophile present in their active site. Histidine is 

completely conserved as the base, while generally serine is the nucleophile, and aspartate 

acts as the acid. Lipases also possess an oxyanion hole in the active site, a hydrogen 

bonding network that stabilizes negatively charged oxyanion intermediates. 

Lipases are mainly used for the resolution of racemic alcohols and carboxylic acids 

because only one enantiomer may be hydrolyzed or acylated in the active site to the 
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corresponding ester. Common acyl donors that are used are vinyl esters, anhydrides or 

diketenes.47 

A more recent application of lipases is for catalytic epoxidations, discovered later 

in 1990.48 Lipases can be applied for generating peroxycarboxylic acids in organic solvents 

directly from the corresponding carboxylic acid and hydrogen peroxide (Scheme 1)49. 

Additionally, the peroxycarboxylic acids formed under these mild reaction conditions can 

be further applied for epoxidation of alkenes. This method of epoxidation is considered 

attractive because the epoxidation of alkenes can be performed using carboxylic acids in 

catalytic amounts.  

 

Scheme 1. Lipase-mediated epoxidation of alkenes.48 

2.1.2. Toluene dioxygenase 

Toluene dioxygenase (EC 1.14.12.11) was first reported by Gibson in his studies 

about the microbial oxidative degradation of arenes by Pseudomonas putida.50–53 Gibson 

isolated a cis-hydroxy intermediate, thereby disproving the initial mechanistic theory that 

the oxidation intermediate would be an epoxide followed by formation of a trans-hydroxy 

intermediate.50 The issue with this cis-diol substrate was its obtention, since most of it 

would be further metabolized to catechol. To bypass this, a mutant strain of P. putida 39/D 

was developed and the cis-diol was obtained in larger quantities for characterization 

(Scheme 2).  



8 
 

 

Scheme 2. Oxidation of toluene by P. putida and isolated TDO on P. putida mutant strain.1,52 

Seeking more insight about the mechanism of 

microbial oxidation, studies were done by using isotope 

labeling with 18O2 (Scheme 3).53 It was then defined that 

both atoms of molecular oxygen are incorporated into the 

arene substrate. During the following years more pieces to 

this mechanism puzzle were obtained, but one of the biggest contributions was achieved 

only after the dawn of the era of genome sequencing, with the sequencing of TDO by 

Gibson and the use of an engineered Escherichia coli (E. coli JM 109 pDTG601) to 

overexpress the enzyme and further metabolize substituted arenes to their corresponding 

cis-diols.54 This recombinant E. coli is still used in whole-cell fermentations today, and it 

was pivotal to the development of the research presented in this thesis.  

TDO was described as having three units: a reductase, a ferredoxin, and a Rieske 

iron dioxygenase.55–57 However, even after half a century of studies on this topic, not a 

single mechanism of the enzymatic dihydroxylation has yet reached unanimity in the 

community.58 Analysis of similar dioxygenases59,60 has shown that oxygen is activated by 

binding to the central iron of the dioxygenase unit in a side-on fashion after the substrate 

is bound to the active site, but the uncertainties start during the redox processes with the 

iron complexes.58–61  

Both enzymes were incorporated in academic and industrial settings, and a few of 

their applications will be presented in the following subsection. 

 

 

Scheme 3. Incorporation of 18O 

in the microbial oxidation of 

benzene.50 
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2.1.3. Selected examples in organic synthesis 

2.1.3.1. Use of lipases 

If one enzyme were to be picked to represent the use of biocatalysts in the industry, 

lipases would be the best candidate for the role. Lipases are responsible for 30% of all 

biotransformations reported to produce food, detergents, oil processing and syntheses of 

chiral intermediates.44 Lipases are considered to be versatile because they are thermally 

stable, maintain catalytic activity in hydrophobic media, can be commercially obtained, are 

relatively inexpensive, do not need cofactors and they accept a broad range of substrates. 

Commercial lipases can also be found in free or immobilized form. Immobilization often 

provides the advantage of maintaining or increasing catalytic activity in organic solvents 

compared to the non-immobilised enzyme.62 

The largest application of lipases in industry is for enzymatic kinetic resolution 

(EKR) of chiral building blocks. Examples in commercial syntheses includes pregabalin 

12 (by Pzifer, Scheme 4)63 and (R)-1-phenylethylamine 13a (ChiPros® by BASF, Scheme 

5)64 both of which involved the use of commercially available lipases.65  

 

Scheme 4. Chemoenzymatic synthesis of Pregabalin (Lyrica©).63 

 

Scheme 5. Enzymatic kinetic resolution of phenylethylamine by BASF64 and racemization of 13a.66 
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By 2004, multiple BASF plants produced chiral amines on the tonne scale per 

year.67 Both amine and amide are readily isolated, and a methodology for dynamic kinetic 

resolution of chiral amines using a racemizing Ru catalyst was later developed by 

Bäckvall,66 which has the important advantage of enabling full conversion and high 

enantioselectivity. 

The use of lipases for EKR is also present in total synthesis. On a recent total 

synthesis of (-)-galanthamine 19,68 a tetracyclic alkaloid member of the Amaryllidaceae 

family, EKR with Pseudomonas sp. Amano AK20 lipase acylated the desired enantiomer 

17 in excellent yield, while the undesired enantiomer 16a was inverted under Mitsunobu 

reaction conditions. The propargyl alcohol 17 was later used in a Mitsunobu coupling to 

support part of the C-ring backbone 18 (Scheme 6).  

 

Scheme 6. EKR of 16 used on the total synthesis of (-)-galanthamine.68 

Lipase acrylic resin from Candida antarctica (Novozyme 435) was used for EKR 

on a 40 g scale of a racemic mixture of allylic alcohol 20 to provide the desired 

enantioenriched allylic alcohol 20a for further use in the construction of a pentacyclic 

intermediate 22 for the total synthesis of arcutinidine 23, a member of the C20-diterpenoid 

alkaloids family (Scheme 7).69  
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Scheme 7. EKR of 20 used on the total synthesis of arcutinidine.69 

Unfortunately, there are not many reported examples of total synthesis using 

chemoenzymatic epoxidation mediated by lipases, because the main focus is still on 

methodology studies. Dudding reported the total synthesis of the mosquito oviposition 

pheromone 26 (MOP) using CALB immobilized on Immobead 150 to mediate the 

Prilezhaev oxidation of the olefin 24 (Scheme 8).70 Because of the stability of the 

immobilized lipase, the reported procedure could be repeated up to three times with no 

apparent loss of activity. 

 

Scheme 8. Synthesis of MOP with chemoenzymatic epoxidation as key-step.70 

For the case of oxidoreductases, there has been an expanding application of 

chemoenzymatic redox processes in industrial organic synthesis over the last decade, 

which can be measured by the number of patents applications increasing. Out of 547 

biocatalysis-based patent applications filled between 2000 and 2015, only 10% involved 

hydrolases, while 68% were based on oxidoreductases.65 

A major difference between oxidoreductases (and other redox enzymes) and lipases 

(and other hydrolases) is that the former requires redox cofactors. For most of redox 

enzymes, nicotinamide adenine dinucleotide (NADH) and its respective phosphate 

(NADPH) are required, while flavins (FMN, FAD) and pyrroloquinoline quinone (PQQ) 
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are rare. This characteristic plays an important role on how to apply the use of 

oxidoreductases in large-scale industrial processes, since these cofactors are relatively 

unstable and expensive to use in stoichiometric quantities.44  

One strategy to recycle the cofactor in situ is by using an opposite redox co-

substrate, i.e. if using a ketoreductase (KRED) for enantioselective reduction of prochiral 

ketones, then a large excess of a cheap alcohol co-substrate (isopropanol) can be used for 

its oxidation and further recovery of NADPH.65 The second strategy is to use microbial 

whole cells, because the microorganism will be responsible to provide the necessary 

catalytic machinery for its metabolism, including cofactor regeneration and stabilization of 

enzymes under harsh reaction conditions.71  

The design of new whole-cell biocatalysts provided by metabolic engineering and 

synthetic biology is responsible for novel economically feasible biocatalysis. An incredible 

biocatalytic cascade for the stereoselective synthesis of islatravir 29 (51% yield) was 

recently published by Merck using five evolved enzymes and four wild-types as auxiliary 

enzymes.72 An oxidoreductase (galactose oxidase) from Fusarium graminearum had 34 

amino acid changes and a total of 12 rounds of evolution for its optimization.  

 

Scheme 9. Evolved galactose oxidase (GOaseRd13BB) from F. graminearum used on the total synthesis of 

Islatravir.72 

2.1.3.2. Use of oxidoreductases 

The class of oxidoreductases includes several biocatalysts such as dehydrogenases, 

monooxygenases, dioxygenases, oxidases, peroxidases, etc.44 Several reactions can be 

catalyzed by oxidoreductases: oxidation of hydroxyl, aldehydes; oxidation of primary and 

secondary amines; hydroxylation of aromatic or nonactivated carbon atoms; 

dehydrogenation of C-C single bonds; heteroatom oxygenation; Baeyer-Villiger oxidation; 

and C=C epoxidation.73 On the reduction aspect of oxidoreductases, they can reduce groups 

such as aldehydes, ketones, carboxylic acids, and C=C and C≡C bonds.  
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TDO is a remarkable enzyme because of the nature of the chemical transformation 

that it performs. The conversion of aromatics to nonaromatic molecules is a challenging 

reaction because of the high energetic stability of aromatic ring systems. This conversion, 

along with high regio- and enantioselectivity for a variety of substrates, is another feat that 

has not been matched by chemists.74 The closest biomimetic study reported so far is the 

work by Que, on the dihydroxylation of naphthalene.75 The resulting cis-diol metabolites 

are versatile building blocks for organic synthesis, because they can be further used with 

enantioselective manipulations that are crucial for the synthesis of natural products (Figure 

3).1 

 
Figure 3. Manipulations of diene cis-diols (R ≠ H).1  

One of the earliest examples of enantioselective synthesis using cis-diols obtained 

from microbial oxidation was the synthesis of prostanoid synthons and the formal synthesis 

of prostaglandin E2 (PGE2α) by Hudlicky.76 The synthon 34 was obtained previously by a 

convergent synthesis by Johnson with 39% overall yield after 7 steps,77 while the 

enantioselective synthesis of 34 was obtained with an overall yield of 45% in three 

operations from toluene. 

 

Scheme 10. Enantioselective synthesis of PGE2α synthon 34.76 
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Many other examples of the use of cis-diols in synthesis has been reported and 

organized over extensive reviews78,79 and book chapters.1,80 

2.2. Conduritols  

Conduritols (5-cyclohexene-1,2,3,4-tetrols) were first isolated by Kübler from the 

Marsdenia condurango vine as unsaturated cyclic alcohols,81 and nowadays it is 

considered a cyclitol. Its structure was established by Dangschat and Fischer82 using the 

same oxidation methodology with KMnO4 and Pb(OAc)4 that was employed for the 

structure elucidation of shikimic acid, another important compound in the cyclitol family.83 

The configuration of the first conduritol (conduritol A, 35) was determined, and based on 

that, the six possible diastereomers were labelled A to F (Figure 4).84,85 

 

Figure 4. Conduritol isomers. 

Although the isolation of conduritols happened in the early 1900s, only in the latter 

half of the century did multiple research groups begin working on the synthesis of each 

diastereomer, with multiple syntheses being initially racemic.86–88 The primary starting 

material that was used for such syntheses were sugars89–91 or other cyclitols, such as 

inositol.88,92,93  Cis-diols soon made it to this research field with the synthesis of (-)-

laminitol starting with toluene94 and synthesis of (-)-conduritol C starting with 

chlorobenzene (Scheme 11),95 both reported by Carless.79,94–96 

 

Scheme 11. Total synthesis of (-)-conduritol C by Carless.95 

Ogasawara’s group is the only group to this date that has reported a convergent 

route to the synthesis of all six conduritols from a common chiral intermediate: 

oxabicyclo[3.2.1]octane.97,98 Out of the six diastereomers, conduritol A and its analogues 
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are the most studied for its biological activity on modulating insulin,99,100 followed by the 

activity of conduritol epoxides and aminoconduritols on the inhibition of glycosidase.86   

For organic chemists, the value of conduritols and its analogues come from their 

use as building blocks in the synthesis of other biologically important compounds. 

Conduritol E 38 was used as a starting material by Burke and Lambert towards the 

synthesis of the C-1 – C-4 segment of the macrolide halichondrin B 45 (Scheme 12).101 

Their rationale for using 38 was to take advantage of the C2 symmetry around the olefin in 

an oxidative cleavage step to further obtain the core 44.101 

 

Scheme 12. Synthesis of 45 using 38 as starting material.101 

Synthetic intermediates with similar configurations as conduritols represent valid 

examples of application of conduritols in organic synthesis. Banwell applied a 

methodology combining cis-diols and bromo-conduritol F derivative 46 to furnish the side-

chain on the synthesis of ent-bengamide E 47.102  

 

Scheme 13. Chemoenzymatic synthesis of 47.102 

Kornienko’s group reported an approach for the synthesis of pancratistatin 

backbone, another important member of the Amaryllidaceae alkaloids, showcasing their 

methodology with ring-closing metathesis (RCM) for the synthesis of conduritol related 

structures (Scheme 14).103–105 This synthesis proved to be robust, providing multigram 

quantities of compounds 50a-d that could be further used for the synthesis of 51 and aryl 

analogues.  Later, the biological evaluation of these compounds was published for further 
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understanding of the structure-activity relationship (SAR) since these compounds lacked 

the presence of the B ring but retained the same stereochemistry as the natural product.106 

 

Scheme 14. Ring-closing metathesis approach to the synthesis of conduritol aryl derivatives.105,106  

Hudlicky and Olivo published a short synthesis of (+)-lycoricidine 54 using 

conduramine A 53 as the synthon for the C-ring synthesis (Scheme 15).107,108 The synthon 

is obtained through synthesis of the oxazine 52 followed by reductive cleavage of the N-O 

bond to maintain the syn configuration between C-1 and C-4.108,109 

 

Scheme 15. Short synthesis of (+)-lycoricidine through conduramine A 53. 

As the presented topics start to intertwine, a review of the Amaryllidaceae alkaloids 

will be presented next. 

 

 

 

 

 



17 
 

2.3. Amaryllidaceae alkaloids 

2.3.1. History, discovery, and isolation 

For botanists, the Amaryllidaceae family of plants can be described using many 

terms, such as “bulbous, perennial, terrestrial, (…) leaves are annual, (…) flowers are large, 

sessile or pedicellate”,110 but for organic chemists a short description suffices: “rich in 

family-specific alkaloids”.110 With 357 alkaloids catalogued (as of 2016)111 and 14 

different scaffolds found, this class of natural products have been targeted by organic 

synthetic chemists since 1975.112 

Among this plant family, the genus Narcissus and its representatives have left a 

mark in history. Narcissus poeticus (poet’s daffodil) is a type species that was described 

by Linnaeus in Species plantarum in 1753,113 but it also had been described in Greek 

mythology as the flower that bloomed where the vain Greek character Narcissus died.114 

Its medicinal application in ancient Greece was linked to the treatment of uterine tumours, 

what could later be justified by the presence of 0.12g of narciclasine 3 per kg of fresh bulbs 

of N. poeticus.115,116  As a matter of fact, the yellow daffodil (N. jonquilla) flower is the 

symbol used by the Canadian Cancer Society (CCS), but its meaning is not related to the 

antineoplastic alkaloids, instead its significance is related to the fact that daffodils are 

resilient flowers.117  

However, plants of the Amaryllidaceae family are known to be 

double-edged swords because of their toxicity, having strong emetic 

activity when ingested and inhibiting the growth of nearby plants.118–

120 The antigrowth activity is explained by the ability of some 

Amaryllidaceae alkaloids, for example lycorine (55), to suppress cell 

division and cell elongation.121 Lycorine has the status of being the first 

Amaryllidaceae alkaloid to be isolated under the name of “narcissia” 

by Gerrard in 1877,122 but its structure and absolute configuration was 

only elucidated almost nine decades later.123–125 Following the 

isocarbostyril scaffold (56) (Figure 5), more alkaloids were isolated and identified as potent 

cytotoxic agents, such as narciclasine (3),115,126 lycoricidine (54),127 and pancratistatin 

Figure 5. Lycorine and 

isocarbostyril scaffold. 
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(51).116 Synthetic alkaloids were soon produced by leading research groups in the field and 

later identified in plant sources, e.g. trans-dihydronarciclasine (57),128,129 2-epi-

narciclasine (58)130 (Scheme 16). 

 

Scheme 16. Synthetic/natural analogues of narciclasine 3. 

The biosynthesis of Amaryllidaceae alkaloids was extensively studied in the early 

1970s by Fuganti,131–134 and a common precursor to the biosynthesis of the isocarbostyril 

alkaloids was identified as O-methylnorbelladine (59). This intermediate is synthesized by 

the condensation reaction of a decarboxylated tyrosine (60) (tyramine (61)) with a 

protocatechuic aldehyde (62). Reduction and methylation of the Schiff base 63 leads to the 

synthesis of 59 (Scheme 17).120 

 

Scheme 17. Biosynthetic route to O-methylnorbelladine 59.120,135 

From 59, three different oxidative coupling dispositions lead to a wide array of 

alkaloids (Scheme 18).135  
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Scheme 18. Oxidative couplings of 59.135 

The para-ortho’ coupling of 59 forms an unstable dienone 62 that rearranges 

spontaneously to form the ether bridge characteristic of the galanthamine (19) backbone.136 

The para-para’ oxidative coupling is responsible for providing dienone 63, which is further 

converted through Michael addition to yield intermediate 64, later followed by elimination 

of two carbon atoms (Scheme 19).132 This route provides the correct skeleton for the 

synthesis of narciclasine (3) and other important intermediates, e.g. vittatine (65), 

haemanthamine, tazettine, crinine.120,135  

 

Scheme 19. Biosynthesis of 3 by para-para’ oxidative coupling route.120,132,135 

Ortho-para’ oxidative coupling of 59 yields the intermediate dienone 67 (Scheme 

18). Similar to the para-para’ mechanism, a Michael addition on the amino group closes 

the B-ring, followed by an allylic oxidation of the C-ring and closure of the methylenedioxy 
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bridge forms lycorine.137 Unfortunately, most of the enzymes involved in the biosynthetic 

process have not been characterized yet.138,139 

In a collaboration between Pettit, Boyd and Meerow,140 it was discovered that 

narciclasine (3) exhibited the most potent activity for cell growth inhibition in vitro with 

diverse tumor cell lines with a mean GI50 of 0.016 mM, followed by pancratistatin (51) 

with a GI50 of 0.091 mM, and lycoricidine (54) with a GI50 of 0.15 mM. For in vivo studies 

using mouse models, narciclasine showed to be a modest cytostatic agent against 

melanoma, glioblastomas and apoptosis-resistant brain metastases.141 Because of such 

findings, narciclasine (3), pancratistatin (51) and lycoricidine (54) were synthetic targets 

for several research groups. The next section will cover selected synthesis of 3, followed 

by a section about the synthesis of selected analogues. 

2.3.2. Selected syntheses of narciclasine 

The first group able to “cross the finishing line” was Ohta and Kimoto with the 

racemic synthesis of lycoricidine,112 followed by a gap of 14 years until a renaissance on 

the topic was caused by studies provided by Pettit and collaborators from the National 

Cancer Institute,140 and Danishefsky’s total synthesis of racemate pancratistatin (51).142 

The 1990s flourished with attempts of convergent syntheses143–145 and the initial syntheses 

of narciclasine (3) were published by Rigby,146,147 Hudlicky148 and Keck,149 and there are 

several other published total syntheses of narciclasine (Table 1). 

Table 1. Total syntheses of 3. * = presented in this thesis. 

Principal Investigator Year 

Longest linear sequence 

and 

overall yield 

Reference 

Rigby* 1997 23, 0.15% 146,147 

Hudlicky* 1999 12, 0.7% 148 

Keck 1999 12, 26% 149 

Yan 2002 9, 19% 150 

Banwell 2008 11, 7% 151 

Sarlah 2017 10, 3% 152 

Sarlah* 2019 6, 25% 153 
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Rigby’s research program was focused on developing novel methodology that 

could be later applied to total synthesis, and one of the main strategies used in the first total 

synthesis of narciclasine was the use of photochemistry for the cyclization of the main 

intermediate 77. A common motif amidst all syntheses is the independent functionalization 

of the A-ring and the C-ring, and in Rigby’s synthesis the A-ring fragment was obtained 

from 2,3-dihydroxybenzaldehyde 68 in 4 steps (Scheme 20).146 The author mention how 

critical the choice of using ethoxy ethyl ether as the protecting group for the phenol group 

in 70 was because of its stability during the halogen-lithium exchange step.147 

 

Scheme 20. A-ring synthesis by Rigby.146,147 

The C-ring was synthesized from carboxylate 71 to yield a racemic epoxide 73 that 

underwent enzymatic resolution with cholesterol esterase using a modified Berchtold 

sequence (Scheme 21).154 

 

Scheme 21. C-ring synthesis by Rigby.146,154 

The vinyl isocyanate derivative of 75155 was then combined with the A ring 70 and 

Rigby mentions the use of the hydrogen bonding between the phenol and the neighboring 

carbonyl group to restrict a possible rotation from the A-ring during the photocyclization 

(Scheme 22).147 The obtained phenanthridone core 77 had the correct stereochemistry for 

the synthesis of 51, which was indeed obtained and reported in a following publication 

from Rigby’s group.147 C-3-C-4 unsaturation was installed and used in the Upjohn 

dihydroxylation to obtain the cis-diol that was protected as an acetonide 80, and the alkene 
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at C-1 was obtained by dehydration using Burgess reagent.146 The deprotection steps were 

done using a methodology published by Williams for the removal of -PMB group156 and 

acid hydrolysis of the acetonide moiety to obtain 3.146,147  

 
Scheme 22. End-game steps for the synthesis of 3 by Rigby.146,147,156 

Hudlicky’s research program was heavily based on the use of cis-diols obtained 

from microbial oxidation (as shown in section 2.1.2.), so to no one’s surprise, cis-diols 

were used as the key starting material for the chemoenzymatic synthesis of 3 in 1999.148 

The cis-diol metabolite 81 of 1,3-dibromobenzene was unknown at the time the synthesis 

was envisioned on paper, but it was successfully obtained from microbial oxidation with a 

yield of 4 g.L-1 (Scheme 23).148,157,158 Synthesis and reduction of oxazine 82 led to the C-

ring conduramine 83, similar to the synthesis of 53 presented previously in Scheme 15.108 

Suzuki coupling connected A-ring 84 and C-ring 83 with 45% yield, and the B-ring was 

closed by a modified Bischler-Napieralski method.145,159 



23 
 

 
Scheme 23. Chemoenzymatic synthesis of 3 by Hudlicky.148 

The most recent syntheses of 3 have been developed by Sarlah’s group152,153 

applying their own dearomative carboamination reaction (Scheme 24).160,161 

 
Scheme 24. dearomative carboamination developed by Sarlah's group.160 

The following synthesis of 3 could be considered a second-generation synthesis by 

Sarlah because his group described many improvements on the original methodology152 to 

be able to generate this synthesis without a glovebox and in gram-scale (Scheme 25).153,160 

The photochemical cycloaddition of 88 to benzene 87 was achieved with an air-stable NiII 

catalyst, followed by coupling with Grignard adduct 92 to yield the A-ring-C-ring 

intermediate 93. Functionalization of the C-ring was done by synthesis of the bromohydrin 

94 and acetonide-protected cis-diol 95 by Upjohn dihydroxylation. The closure of the B-

ring was initiated by epoxide isomerization and benzamide formation promoted by slow 

addition of t-BuLi. Global deprotection of the allylic alcohol 96 led to obtainment of 8 g of 54 

and cupration with (TMP)2Cu(CN)Li2 followed by oxidation162 yielded 3 in gram-scale.153 
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Scheme 25. Gram-scale synthesis of lycoricidine (54) and narciclasine (3) by Sarlah.153 

2.3.3. Biological activity and selected syntheses of narciclasine 

analogues 

Narciclasine (3) and other members of the Amaryllidaceae alkaloids have shown 

biological activity over centuries as described in folk medicine, but the mechanisms of 

action in tumorous cells first started to be investigated in the latter half of the 20th century. 

Fitzgerald was the first to indicate the anti-tumor activity of aqueous extracts of the bulbs 

from species in the Amaryllidaceae family,163 but Ceriotti was the one responsible for 

linking the anti-tumor activity to 3, classifying it as an antimitotic compound.118  

Vázquez and collaborators are responsible for multiple early studies about the 

mechanism of action of 3.164–168 Their initial study was conducted in Ehrlich cells and 

Saccharomyces cerevisiae and determined that 3 can interact with the eukaryotic large 

ribosomal subunit and inhibit protein synthesis by blocking the peptide elongation process, 

similar to compounds trichodermin and anisomycin.164 A following study reinforced this 

hypothesis by using a mutant strain of S. cerevisiae with an altered peptidyl transferase 

centre at the large ribosomal subunit that displayed resistance to narciclasine.168 By 

blocking the protein biosynthesis, narciclasine (3) effectively inhibits cell growth. 

Although Pettit and the National Cancer Institute (NCI) had reported the cytotoxic 

activity of 3 against cancer cells in the 1990s,140 studies about the underlying mechanism 

of action began in 2007. Kiss and collaborators reported the apoptosis-mediated cytotoxic 
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effects of 3 in human cancer cells, resulting from triggering the activation of programmed 

cell death, but normal fibroblasts were not affected by 3.169 Later, it was observed that 3 

was also responsible for rigidifying the actin cytoskeleton of tumorous cells, causing the 

impairment of both cell proliferation (cytokinesis) and its migration.170  

In a series of publications,141,171,172 Kiss and Van Goietsenoven studied in more 

detail how 3 would induce stress response inside the biomachinery of tumor cells.  An 

initial study was conducted in gliomas, more specifically glioblastoma cells, which are 

considered the most difficult-to-treat brain tumors.171 Glioblastomas are notorious for their 

high migration ability and resistance to apoptosis, so what could be observed upon 

treatment with 3 on glioblastoma cells?  

Narciclasine (3) confirmed anti-glioblastoma activity on mice when they were 

treated orally with 3, and further investigation provided data showing that 3 targets cofilin 

phosphorylation, which is an important process in the mechanism of mitosis, and that could 

explain the decrease of the rate of mitosis in glioblastoma cells.171  

When using melanoma cells, the previous authors discovered another target of 3, 

the eukaryotic translation elongation factor (eEF1A).172 This protein delivers all 

aminoacyl-tRNAs to ribosomes (important for protein biosynthesis), and participates in the 

organization the cytoskeleton. Therefore, the interference on eEF1A can trigger defects on 

cell morphology, cell migration and apoptosis. Because of the observed overexpression of 

eEF1A by melanoma cells, ovarian, breast, lung and liver cancers, this protein could be 

classified as an oncogene and could explain the selectivity of narciclasine towards tumor 

cells.172 

More recently, narciclasine (3) and other alkaloids have been the subject of drug 

repurposing studies as antiviral drugs because of the global pandemic of coronavirus 

disease 2019 (COVID-19). Docking studies showed that 3 could display high binding 

affinity with COVID-19 main protease (Mpro), which could inhibit the replication 

process.173 Another study assessed if 3 could reverse the inhibition of angiotensin-

converting enzyme 2 (ACE2) responsible for lung injury, it was reported that 3 could 

significantly reverse the inhibition of ACE2 in HCC515 lung cells and reduce lung injury, 

but only in early treatment.174 Huang and collaborators applied bioinformatics to identify 
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effective drugs that could mimic the response from the interferon system (IFN), responsible 

for the first-line defense against viral infections.175 This is relevant in the case of COVID-

19 infections because IFN type-I fails to respond to the infection, and 3 was capable of 

inducing a response similar to IFN-1 in silico and in vitro.175  

Banwell’s group recently presented a review about the 

ability of these alkaloids to inhibit RNA viruses.176 Another 

interesting point that is presented in this review is 3’s SAR against 

RNA viruses,176 which is similar to 3’s SAR studies for antitumor 

activity (Figure 6).170 The SAR was determined after analysis of the 

biological activity of a collection of synthetic derivatives of 3. 

Selected synthetic analogues are shown in Figure 7.   

 
Figure 7. Selected analogues and references: 97,177 98,178 99,179 100,180 101,181 102,182 103,106 104,183 

105,140 106,184 107,185 108.186 

To summarize, the removal of C-7 hydroxyl or methylene-dioxy bridge in the A-

ring lowers the activity of 3, while modifications on the C-10 position are unpredictable, 

showing activity in aza-compound 99,179 but poor activity in 10-benzyloxy-narciclasine 

Figure 6. Summary of 

known SAR of 3. 
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(100).180 All reported modifications of the B-ring (truncated ring, modification of the 

lactam moiety) seems to inactivate 3. The C-ring appears to be more forgiving for 

modifications, and that is reflected by the high number of synthetic analogues that have 

been reported. However, changes at positions C-2, C-3 and C-4 are typically accompanied 

by decrease of activity, while the C-1 position is another unpredictable region but with very 

promising representatives, such as the series of potent C-1 homologues of pancratistatin 

(51) published by Hudlicky and Vshyvenko,187 and the C-1 benzoate analogue 107, which 

showed greater activity against selected cell lines than both 3 and 51.185 Marion patented a 

series of C-1 nitrogenated analogues of 51, with one of the most active compound having 

a flat lipophilic substituent benzamide 108.186 

As shown in Figure 7, most of the studied analogues are related to pancratistatin, 

rather than narciclasine. Extensive detail about the synthesis of unnatural analogues was 

published by Hudlicky and Ghavre.3 Most of the syntheses of these analogues are total 

syntheses, while the focus of this thesis was on the semi-synthesis of analogues starting 

with 3. Therefore, the total synthesis of C-10-aza-narciclasine (99) (Scheme 26) and the 

semi-synthesis of 2-epi-narciclasine (58) were selected to be further commented on. It is 

also worth mentioning that 58 has not been sent for biological testing yet.  

Construction of the C-ring followed the chemistry that had been established in the 

group,107 but it was mentioned by Vshyvenko the necessity of deprotecting the 

conduramine 110 with trifluoroacetic acid (TFA) for further coupling between 111 and 

116. The A-ring construction began with furfuraldehyde 112 and the C-10-aza moiety was 

installed following a published methodology,188 and directed ortho-metalation 

(DoM)/borylation/oxidation/methylation sequence led to 115. The “halogen dance” was 

done by reverse slow addition of LiTMP, quenched with CO2, and intermediate 116 was 

not isolated and further used for the HBTU coupling to generate the main A-ring/C-ring 

backbone, but this time coupled through the amide moiety.  
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Scheme 26. Total synthesis of C-10-aza-narciclasine 99 by Vshyvenko.179 

The intramolecular Heck reaction was performed with 58% yield using conditions 

reported in the synthesis of truncated C-7-aza analogue, also studied by Vshyvenko.189 

Deprotection steps furnished the final analogue 99.179 

Lapinskaite published the total and the semi-synthesis of 58 (Scheme 27).130 

Although the semi-synthesis seems short, it was nonetheless faced with difficulties. 

Attempts on Mitsunobu inversion of the allylic alcohol did not yield the C-2 epimer, instead 

the allylic alcohol was eliminated to yield a dienamine. The route had to be redesigned for 

an oxidation/reduction sequence, and initially the methodology that was tried was one 

published by Mondon and Krohn128 to do it on the free C-7 phenol, but again, this proved 

to be unsuccessful.  The free C-7 phenol had to be selectively protected, so 3 was treated 

with diazomethane to yield C-7 methoxy compound, which was protected as an acetonide 

119. The C-2 position could now be oxidized with Dess-Martin periodinane (DMP) 

followed by reduction with L-Selectride in one-pot with 50% yield. Two deprotection steps 

were necessary because of the C-7 methoxy group, but 58 was obtained with an overall 

yield of 4% after 5 steps.130  
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Scheme 27. Semi-synthesis of 2-epi-narciclasine 58.130 

Because of the lack of a general route for the synthesis of biologically relevant C-

1 derivatives of narciclasine based on semi-synthesis, members of the Hudlicky group have 

researched novel routes to accomplish such a task. My contributions to this research project 

will be presented and discussed in detail in Part B of the Discussion. 
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3. Discussion – Part A 

Excerpts, figures, and tables were published in Tetrahedron190 and the authors have 

the right to re-use it under the Elsevier’s author rights section.191 

3.1. Introduction 

For more than 30 years, arene cis-dihydrodiols obtained from the whole-cell 

fermentation of arenes by E. coli JM109 (pDTG601A)54 have been used as building blocks 

in natural product synthesis. The enantiopure diols have been converted to morphine 

derivatives, cyclitols, sesquiterpenes, the cytotoxic Amaryllidaceae alkaloids, and other 

complex natural products. This biooxidation process has proven to be scalable and efficient 

within green chemistry metrics, and it represents a good example of how biocatalysis can 

be utilized as a potentially sustainable tool in organic synthesis.74 

Biocatalysis relies on the use of whole microorganisms or isolated enzymes and the 

tendency of enzymes to control the environment of the reaction rather than the reaction 

itself to provide outstanding enantio-, stereo- and regioselectivities in fewer steps than 

traditional chemical strategies.44 By investigating and adding unconventional methods (e.g. 

biocatalysis, preparative electro-chemistry)192 to previously known synthetic routes 

unexpected results can be attained and shorter synthetic routes can be achieved.  

With this reasoning we considered sequential biotransformations applied to one of 

the ubiquitously used cis-diols, namely bromocyclohexadiene diol (1), which is obtained 

in high yields (>9 g/L) from the dihydroxylation of bromobenzene. This compound was 

submitted as a substrate for investigation of lipase-catalyzed acylation under mild 

conditions using Amano PS lipase immobilized in diatomite and for chemoenzymatic 

epoxidation using Candida antarctica lipase (CAL) (Scheme 28). Each of these studies 

provided valuable results and added new options to the repertoire of reactions that could 

be applied to the homochiral diols such as 1.190 
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Scheme 28. Lipase-mediated reactions applied in this work.190 

In the following sections I will report the results of chemoenzymatic acylation of 

diols in organic media and a short synthesis of (-)-conduritol C by a chemoenzymatic 

cascade followed by electrochemical reduction of a vinyl bromide. The lipase-catalyzed 

acylation was also extended to acylation of 3.190 

3.2. Lipase-catalyzed acylation of 1 

3.2.1. Initial tests and product characterization 

Several lipases were initially selected for the chemoenzymatic acylation of 1 

(Scheme 29): lipases from porcine pancreas type II (PPL, 100 – 400 U/mg); Rhizopus 

oryzae, immobilized on Immobead 150 (150Ro, 367 U/g); Pseudomonas fluorescens 

(AmanoPF, 20,000 U/g); lipases from Burkholderia cepacia (AmanoPS, 30,000 U/g; 

AmanoIM, 500 U/g; AmanoSD, 30,000 U/g); immobilized in diatomite (AmanoPS-d, 500 

U/g);  lipase B Candida antarctica immobilized on Immobead 150, recombinant, from 

Aspergillus oryzae (CALB, 2370 U/g). 

 

Scheme 29. Model acylation reaction of 1 catalyzed by a range of lipases. 

It is a good measure to assess the activity of the starting lipases before starting the 

acylation studies on the main substrate 1, therefore a model transesterification study was 



32 
 

conducted using citronellol (127) as a substrate (Scheme 30). A blank reaction (without 

lipases) was performed as a control reaction. The results are presented in Table 2. 

 

Scheme 30. Model study for transesterification of 127. 

Table 2. Conversion values for the esterification of citronellol. Calculated by 1H-NMR. 

Lipase Conversion to 128 (%) 

PPL 12 

CALB >95 

Amano IM >95 

Amano PS 28 

Amano PS – diatomite >95 

Amano PF >95 

Rhizopus oryzae – Immobead 150 34 

Amano SD 53 

Blank reaction - 

Full conversion to citronellyl acetate 128 was achieved using CALB, Amano IM, 

Amano PS - diatomite and Amano PF.  For the remaining lipases, the conversion values 

were compared to similar methodologies published in the literature and only Amano SD 

matched.193 PPL194 and Amano PS195 had lower conversion values, and no methodology 

was found for the lipase from Rhizopus oryzae to be used as a comparative standard. The 

lipases were deemed to have retained their activities, with some precaution on the lipases 

that demonstrated lower conversion values. Nevertheless, all lipases were used on the 

initial screening for the transesterification of 1 (Scheme 29).  

When testing the eight starting lipases for the transesterification of 1 (Scheme 29), 

three of them showed small conversion values after 24 h: Amano IM (4%), Amano PF 

(5%), Amano PS - diatomite (3%) and no reaction was observed for the remaining five 

(Table 3).  
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Table 3. Reaction conditions: (1) (0.5 mmol), selected lipases (10 mg), vinyl acetate (1.5 mmol), 

acetonitrile (10 mL), 24 h, 35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase Overall Conv. (%) 

PPL - 

CALB - 

Amano IM 4 

Amano PS - 

Amano PS – diatomite 3 

Amano PF 5 

Rhizopus oryzae – Immobead 150 - 

Amano SD - 

For the evaluation of the effect of reaction time in the initial screening, one of the 

most active lipases was picked with another two inactive lipases from the previous test and 

the reaction was repeated in 48 h and 96 h. The lipases PPL and CALB did not react even 

after 96 h, and a small increase in the overall conversion was observed for the Amano IM 

(Table 4). 

Table 4. Reaction conditions: (1) (0.5 mmol), selected lipases (10 mg), vinyl acetate (1.5 mmol), 

acetonitrile (10 mL), 35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase Time (h) Overall Conv. (%) 

PPL 
48 - 

96 - 

CALB  
48 - 

96 - 

Amano IM 
48 9 

96 13 

Since longer reaction time was judged to not change the overall conversion of 

inactive lipases, the next step was to evaluate the effect of the mass of lipases added and 

the acyl donor, increasing the mass of selected lipases from 10 mg to 20 mg and the 

equivalents of vinyl acetate from 3 to 6 (Table 5). 
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Table 5. Reaction conditions: (1) (0.5 mmol), selected lipases (20 mg), vinyl acetate, acetonitrile (10 mL), 

96 h, 35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase Vinyl acetate (mmol) Overall Conv. (%) 

Amano IM 
1.5 18 

3.0 27 

Amano PS – diatomite 
1.5 20 

3.0 24 

Amano PF 
1.5 9 

3.0 7 

A significant increase in the overall conversion was observed for the three selected 

lipases, showing a proportional dependence between the mass of lipases and vinyl acetate 

present in the reaction. In the initial studies, only the overall conversion of the reaction was 

calculated because it was hard to determine the selectivity of the reaction using only 1H-

NMR, but it was possible to observe that there was the formation of different mono- and 

di-acylated products. A HPLC methodology developed for similar compounds was found 

in the literature and briefly tested using a C18 column,196 but it proved to be difficult to 

obtain a good separation. 

Since the overall conversions were low, it was decided to increase the amount of 

lipase charged to the reaction mixture, similar to the amount used in the citronellol study 

(Scheme 30). New batches of reactions were set, with changes in different parameters 

(mass of lipases, solvent, volume of solvent, amount of acyl donor, temperature) to achieve 

better conversion values for the mono- or di-acylated product.  

To better understand the effect of biocompatibility of a few organic solvents in the 

acylation reaction, solvents were selected with different logarithm of the partition 

coefficient (log P).44 Acetonitrile (MeCN) (log P = -0.33) was the initial standard and 

methyl tert-butyl ether (MTBE) (log P = 1.24) and n-hexane (log P = 3.5) were selected as 

the new solvents for this test (Table 6). 
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Table 6. Reaction conditions: (1) (0.5 mmol), selected lipases (100 mg), vinyl acetate (1.5 mmol), selected 

solvents (10 mL), 24h, 35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase Solvent Overall Conv. (%) 

CALB 

MeCN <5 

MTBE <5 

n-hexane:DMSO (10:1) <5 

Amano IM 

MeCN 42 

MTBE 54 

n-hexane:DMSO (10:1) <5 

Amano PS  

- diatomite 

MeCN 40 

MTBE 70 

n-hexane:DMSO (10:1) <5 

Amano PF 

MeCN 27 

MTBE 50 

n-hexane:DMSO (10:1) <5 

From these experiments, two facts were observed. First, the solubility of the 

substrate 1 plays a major role in the reaction and when n-hexane is used as the reaction 

solvent, no desired product is obtained because 1 is not soluble in n-hexane. Based on that, 

a mixture of n-hexane with DMSO as a co-solvent had to be used to solubilize the substrate 

1 and after spotting the reaction mixture on a TLC, only starting material was observed. 

Second, when using MTBE as the reaction solvent, a considerable increase in the overall 

conversion was observed and MTBE was chosen as the reaction solvent for the further 

experiments.  

During attempts of purifying compounds 123 and 124 with column 

chromatography constant co-elution of both products was noticed, even when the 1H-NMR 

of crude reaction mixture showed the presence of 123 as a major product. It is possible that 

the acyl group migrates from C-2 to C-3 when being purified. The migration of the acetyl 

group happens in columns packed with deactivated silica or deactivated alumina. It was 

considered necessary to synthesize a chemical standard for 123, so a short methodology 

developed by Schapiro197 was adapted and performed (Scheme 32). 
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Scheme 31. Synthesis of C-2 acetate bromo diene diol (123). 

The synthesis went well until the last crucial deprotection step on the TBS-protected 

C-2 acetate bromo diene diol (130) to yield 123. No desired product was obtained using 

standard conditions with TBAF, and the reaction yielded only aromatic products, as they 

were identified via 1H-NMR (degradation products). The synthetic route presented in 

Scheme 31 was repeated more carefully, but still no desired product was obtained. 

Another strategy to ascertain the stereoselectivity of the chemoenzymatic reaction 

was to add one extra synthetic step with a protecting group before purification of the 

products 123 or 124. By using TBSCl in the mixture obtained from the chemoenzymatic 

acylation, the only protected and acylated product that can be obtained is 130 from 123, 

since TBSCl is unable to attack the hydroxyl group at C-2 because of steric hindrance. For 

this study, three combined reaction mixtures (1 (0.5 mmol), vinyl acetate (1.5 mmol), 

AmPS-d (100 mg), MeCN (5.0 mL), 24h, 35 °C, 150 rpm) with an observed 5:1 ratio of 

123 to 125 were submitted to the TBS protection and 130 was isolated as the major product.  

 

Scheme 32. TBS protection of a mixture of 123, 125 and 126. 

In the following experiments, the mass of lipase and vinyl acetate was increased 

two-fold and the reactions were set up with a controlled temperature of 30 °C to determine 

the effect of the temperature in the decomposition of the substrate 1, which is known to be 

unstable, undergoing Diels-Alder reaction or aromatization in high temperatures (Table 7).  
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Table 7. Reaction conditions: (1) (0.5 mmol), selected lipases, vinyl acetate, MTBE (10 mL), 24h, 30 °C, 

150 rpm. Calculated by 1H-NMR. 

Lipase 
Amount 

(mg) 

Vinyl acetate 

(mmol) 

Conv. to 

(123) 

Conv. to 

(124) 

ratio 

123/124 

Amano IM 

100 
1.5 46 44 1.06 

3.0 43 36 1.22 

200 
1.5 47 52 0.80 

3.0 54 58 0.86 

Amano PS  

- diatomite 

100 
1.5 29 28 1.04 

3.0 58 49 1.46 

200 
1.5 26 32 0.74 

3.0 27 57 0.28 

Amano PF 

100 
1.5 40 27 1.79 

3.0 34 18 2.41 

200 
1.5 20 14 1.47 

3.0 71 58 1.83 

Based on the previous studies using T = 30 °C the formation of degradation 

products (aromatic) was still being detected; therefore, the next studies were conducted 

with T = 35 °C and smaller molar equivalents of vinyl acetate was used to measure the 

effect in the regioselectivity (Table 8). 

Table 8. Reaction conditions: (1) (0.5 mmol), selected lipases (100 mg), vinyl acetate, MTBE (10 mL), 

24h, 35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase 
Vinyl Acetate 

(mmol) 
Conv. to (123) Conv. to (124) 

ratio 

123/124 

Amano IM 
0.5 48 53 0.82 

1.0 81 79 1.09 

Amano PS  

– diatomite 

0.5 73 73 1.00 

1.0 82 81 1.09 

Amano PF 
0.5 30 16 2.20 

1.0 45 24 2.62 

 The most recent experiments were performed in a concentrated medium, using 100 

mg of Amano PS immobilized in diatomite and only 5 mL of MTBE. The results are shown 
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in Table 9, and it was observed for the first time the full consumption of the starting 

material 1. 

Table 9. Reaction conditions: (1) (0.5 mmol), selected lipase (100 mg), vinyl acetate, MTBE (5 mL), 24h, 

35 °C, 150 rpm. Calculated by 1H-NMR. 

Lipase 
Vinyl acetate 

(mmol) 
Conv. to (123) Conv. to (124) Conv. to (125) 

Amano PS 

 - diatomite 

0.5 >95 >95 20 

1.0 >95 >95 46 

3.2.2. Late-stage improvements 

After the initial screening of lipases and standard conditions previously discussed, many 

variables were tested in order to improve the selectivity and conversion of the products 

from the chemoenzymatic acetylation of bromodiene diol 1. In the later stage of this 

project, new conditions were tested in order to use narciclasine (3) as a potential substrate. 

The tested variables and its results are discussed below. 

From the eight lipases available in the laboratory inventory, three of them showed 

promising activity towards the acetylation of 1: Amano Lipase PS-IM (AmIM), Amano 

Lipase from Pseudomonas fluorescens (AmPF) and Amano Lipase PS immobilized on 

diatomite (AmPS-d). Their activity was tested with fixed reaction conditions for each 

component, with exception of vinyl acetate (Table 10).  

Table 10. Reaction conditions: 1 (0.5 mmol), vinyl acetate (variable), lipase (100 mg), Methyl tert-butyl 

ether (MTBE) (5 mL), 24h, 35 °C, 150 rpm. Conversion values calculated with 1H-NMR. 

Lipase 
Vinyl acetate 

(mmol) 

Overall 

conversion 
123 124 125 

AmanoIM 

0.5 92% 49% 39% 12% 

1.0 >95% 48% 32% 20% 

1.5 >95% 49% 33% 18% 

3.0 >95% 49% 31% 20% 

AmanoPF 

0.5 61% 72% 28% - 

1.0 76% 73% 27% - 

1.5 78% 74% 26% - 

3.0 83% 72% 28% - 

AmanoPS-d 

0.5 >95% 49% 32% 19% 

1.0 >95% 39% 21% 40% 

1.5 >95% 49% 32% 19% 

3.0 >95% 50% 31% 19% 
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 AmIM and AmPS-d showed similar results, but AmIM is less selective and less 

sensitive to variation of the concentration of vinyl acetate. AmPS-d promoted total 

consumption of starting material 1 in all concentrations of vinyl acetate and is more 

sensitive to the use of 2 equivalents (1.0 mmol). AmPF has the best selectivity towards 

formation of 123, but without total consumption of starting material. AmPS-d was selected 

for further studies. 

With AmPS-d fixed, the effect of the solvent was studied. Acetonitrile (MeCN) (log 

P = -0.33) and methyl tert-butyl ether (MTBE) (log P = 1.24) were previously used in the 

initial screenings, so they were tested again. A new solvent system of 4:1 mixture of n-

hexane (log P = 3.5) tetrahydrofuran (THF) (log P = 0.46) was selected. An increase in 

selectivity towards the acetylation of 1 was observed by changing the solvent from MTBE 

(less selective) to MeCN (selective towards acetylation of the most hindered product 123) 

(Table 11). The solvent system n-hexane:THF 4:1 is very sensitive to the variation of 

concentration of vinyl acetate and has a lower selectivity compared to the other two solvent 

systems. Because of the different selectivity, MeCN and MTBE were used in further 

experiments. 

Table 11. Reaction conditions: 1 (0.5 mmol), vinyl acetate (variable), AmPS-d (100 mg), solvent (variable) 

(5.0 mL), 24h, 35 °C, 150 rpm. Conversion values calculated with 1H-NMR. 

Solvent 
Vinyl acetate 

(mmol) 

Overall 

conversion 
123 124 125 

MTBE 

0.5 >95% 49% 32% 19% 

1.0 >95% 39% 21% 40% 

1.5 >95% 49% 32% 19% 

3.0 >95% 50% 31% 19% 

MeCN 

0.5 46% 83% 17% - 

1.0 51% 84% 16% - 

1.5 58% 84% 16% - 

3.0 56% 84% 16% - 

n-hexane:THF 

4:1 

0.5 20% 45% 55% - 

1.0 93% 50% 38% 12% 

1.5 92% 49% 39% 12% 

3.0 >95% 49% 31% 19% 

The concentrated reaction mixture of MTBE and 1.5 mmol of vinyl acetate was 

resubmitted to the shaker with a new load of lipases, vinyl acetate and solvent in order to 
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evaluate the use of the monoacetates as substrates to further push the reaction to formation 

of diacetate 125. The results are shown in Table 12. The monoacetate 124 seems to be the 

main substrate for the formation of 125, since the lipase has a preference in acylating the 

hydroxyl group at the C-2. 

Table 12. Mono-acetylated products used as substrate for the chemoenzymatic acylation. Reaction 

conditions: vinyl acetate (1 mmol), AmPS-d (100 mg), solvent (MTBE) (5.0 mL), 150 rpm. Conversion 

values calculated with 1H-NMR. 

Mixture of 123+124 Time Temperature 123 124 125 

93 mg 
24 h 

35 °C 
55% 15% 30% 

48 h 41% 13% 46% 

Another temperature test was performed using a low temperature of 20 °C and a 

high of 45 °C. The reactions at 20 °C were monitored by TLC and after 24 h, only starting 

material was detected. After 48 h, the reactions were removed from the shaker and it was 

observed that for the reactions using MTBE as a solvent, the overall conversion was 75% 

without formation of diacetate 125 and for reactions running in MeCN, the overall 

conversion decreased to 46%. In both cases, the use of 1.0 mmol of substrate 1 decreases 

the overall conversion, suggesting an inhibition of the lipase. Again, running the reactions 

at lower temperature did not increase the stability of the substrate.The reactions at 45 °C 

were monitored at 8 h and 24 h. Overall conversion for the system with MTBE was 81 – 

85% with low formation of diacetate 125. The reactions run with MeCN were the most 

affected ones, having an overall conversion of 17% after 24 h. The standard temperature 

for the next studies was set to 35 °C.  

Table 13. Effect of the temperature and concentration of 1 in the chemoenzymatic acetylation of 1. 

Reaction conditions: 1 (variable), vinyl acetate (1 mmol), AmPS-d (100 mg), solvent (variable) (5.0 mL), 

150 rpm. Conversion values calculated with 1H-NMR. 

1 

(mmol) 
Solvent Time Temperature 1 123 124 125 

0.5 
MTBE 

48 h 20 °C 

25% 46% 28% - 

1.0 39% 39% 22% - 

0.5 
MeCN 

54% 39% 7% - 

1.0 62% 31% 7% - 

0.5 

MTBE 
8 h 

45 °C 

19% 40% 33% 8% 

24 h 15% 35% 39% 11% 

MeCN 
8 h 71% 23% 6% - 

24 h 83% 12% 5% - 



41 
 

Other minor parameters were studied in accordance with current trends in the 

literature. The use of a biphasic system was tested using organic solvent and a citric 

acid/Na2HPO4 buffer solution (pH = 7.0) but no significant increase in the conversion 

values for the products 123, 124 and 125 was observed. The effect of ionic liquids was 

tested with the use of 1-Butyl-3-methylimidazolium chloride (BMIm-Cl) as a co-solvent 

(4:1), but no conversion for any of the products was observed.198 

The previous reactions were performed using 5 mL of solvent, so another parameter 

that could be tested was the use of a more concentrated system. The reaction scale was 

reduced to 2.5 mL of solvent (Table 14). 

Table 14. Reaction conditions: 1 (0.5 mmol), vinyl acetate (variable), AmPS-d (100 mg), solvent (variable) 

(2.5 mL), 24h, 35 °C, 150 rpm. Conversion values calculated with 1H-NMR. 

Vinyl acetate 

(mmol) 
Solvent 

Volume 

(mL) 
1 123 124 125 

0.5 

MTBE 2.5 

40% 32% 28% - 

1.0 4% 39% 30% 27% 

1.5 - 48% 16% 36% 

3.0 - 49% 16% 35% 

0.5 

MeCN 2.5 

60% 30% 10% - 

1.0 35% 49% 16% - 

1.5 32% 52% 16% - 

3.0 23% 58% 15% 4% 

The conversion values show a dependence in the concentration of vinyl acetate for 

both systems, in special for MTBE. In the previous study, using MTBE as the solvent 

increases the conversion for the diacetate product 125 with complete consumption of 

starting material 1 within the range of concentration of vinyl acetate. With 2.5 mL of 

MTBE, the addition of minimum 1.0 mmol of vinyl acetate was necessary. Similar results 

are observed for MeCN, with a sharp increase in the conversion values from 0.5 mmol to 

1.0 mmol. A slight decrease of selectivity towards the formation of compound 123 was 

noticed. Overall, the 5 mL solvent system is considered the best in terms of consumption 

of starting material and selectivity.  

All the studies were done so far using vinyl acetate as the acyl donor, so a second 

acyl donor was chosen for a new study: vinyl benzoate. The acyl donor was tested 
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following the best conditions found for vinyl acetate. After 24h of reaction time, no 

conversion for any of the possible benzoate derivatives was detected and only starting 

material and vinyl benzoate were recovered. 

An acyl migration study was performed by filtering and concentrating the crude 

product obtained from the chemoenzymatic acylation in MeCN and submitting it with a 

fresh load of solvent. After a period of 24h, acyl migration was observed as there was a 

11% conversion from 123 to 124. However, further acyl migration studies using imidazole 

or other suitable bases were not performed. 

Before starting the tests using 3 as a substrate for the chemoenzymatic acylation, it 

was necessary to evaluate the use of DMSO or dimethylformamide (DMF) (log P = -0.829) 

as co-solvents in the model studies, since these solvents are capable of solubilizing 

narciclasine. Using the two standard MTBE/MeCN conditions, no conversion to any 

desired product was obtained with DMSO as a co-solvent. However, small conversions 

with DMF were observed. The conversions are showed in Table 3. 

Table 15. Reaction conditions: 1 (0.5 mmol), vinyl acetate (variable), AmPS-d (100 mg), solvent (variable) 

(5 mL), 24h, 35 °C, 150 rpm. Conversion values calculated with 1H-NMR. 

Vinyl acetate (mmol) Solvent 1 123 124 125 

1.0 
MTBE:DMSO 

4:1 
>95% - - - 

1.5 
MeCN:DMSO 

4:1 
>95% - - - 

1.0 
MTBE:DMF 

4:1 
70% 22% 8% - 

1.5 
MeCN:DMF 

4:1 
61% 29% 10% - 

 In an attempt to increase the conversion rates, a new round of experiments was set 

with a large excess of vinyl acetate to determine its effect with concentrated reaction 

mixtures (2.5 mL) and with standard reaction mixtures with co-solvents. Based on studies 

by Klibanov, ethylene glycol (EG) was picked as another co-solvent for tests because of 

its ability of mimicking the activating effect of water through hydrogen bonds.199 The 

conversion values are presented in Table 16. 
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Table 16. Effect of concentration of vinyl acetate and the use of DMF and EG as co-solvents. Reaction 

conditions: 1 (0.5 mmol), vinyl acetate (5 mmol), AmPS-d (100 mg), solvent (variable), 24h, 35 °C, 150 

rpm. Conversion values calculated with 1H-NMR. 

Solvent Volume 1 123 124 125 

MTBE 
2.5 mL 

- 49 30 21 

MeCN 41 47 12 - 

MeCN:DMF 

4:1 

5 mL 

62 28 10 - 

MeCN:EG 

4:1 
100 - - - 

MTBE:DMF 

4:1 
63 26 11 - 

MTBE:EG 

4:1 
100 - - - 

Using ethylene glycol presented the same practical problems as when DMSO was 

used, and only starting material was recovered. Also, no significant increase in the 

conversion values were observed with the excess of vinyl acetate. 

Two reactions were set up with 50 mg of 3 each using the solvent system 

MTBE:DMF and MeCN:DMF. The reaction conditions were kept similar, but with longer 

reaction time of 72h. TLC of the reactions shows higher spots compared to the standard. 

The two reaction mixtures were combined and the products were purified through column 

chromatography and characterized with 1H-NMR, and early results shows that the lipase 

Amano PS – immobilized in diatomite has a selectivity in acetylating the C-2 position of 

narciclasine and small amounts of products 132 and 133 were also detected (Scheme 33).  

 

Scheme 33. Chemoenzymatic acylation of narciclasine 3. 

The observed selectivity could be related to the allylic nature of the C-2 position, 

similar to both allylic alcohols present in the model study with bromodiene diol. No 
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acylation occurred at the phenolic alcohol at C-7 position, presumably because of the strong 

H-bond with the neighboring amide. 

3.3. Lipase-catalyzed epoxidation of 1 

Diol 1 was tested as a potential substrate for a chemoenzymatic epoxidation. 

Chemoenzymatic epoxidations catalyzed by lipases are known to promote the generation 

of a peracid in situ through a cascade reaction, minimizing hazardous risks of handling 

peracids in stoichiometric ratios (Scheme 1 and 34). Following a previously reported 

epoxidation methodology with 127,200 a few parameters were tested in a similar way to the 

acylation study.  

 

Scheme 34. Chemoenzymatic epoxidation of citronellol.200 

 

Scheme 35. Chemoenzymatic epoxidation of 1. 

Candida antarctica lipase (CAL) and lipase-B (CALB) were selected for the 

epoxidations and the initial tests showed that the organic solvent and temperature are key 

parameters for improving the conversion values. The amount of lipase, type of solvent and 

temperature of the system were first tested, and the conversion values are presented in 

Table 17.  
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Table 17. Effect of type of lipase, concentration of substrate (mmol), type of solvent (5 mL), temperature, 

and ratio of UHP/octanoic acid (mmol). Reaction time for all entries was 24 h. **Full consumption of 1, 

but without formation of 135. Conversion values calculated by 1H-NMR. 

Lipase Mass 1 Solvent UHP 
Oct. 

Acid 
Temperature 

Overall 

Conversion to 

135 

CAL 
10 1.0 MeCN 2.5 1.0 20 °C 

20% 

CALB 24% 

CAL 

10 

0.5 

MeCN 

1.0 0.5 35 °C 

25% 

20 9% 

10 
MTBE 

** 

20 ** 

CALB 20 0.5 MTBE 1.0 0.5 35 °C 16% 

The main problem with the work-up of the samples, compared to the acylation 

project, is the low volatility of octanoic acid present in the reaction mixture. Surprisingly, 

epoxide 135 was not observed in the crude product (via 1H-NMR) after full consumption 

of starting material, and the initial purification attempts would yield complex 

unrecognizable mixtures. 

To have a better understanding of the stereoselectivity, 1 was acetonide-protected 

to yield 136 and following the procedure from Hudlicky,201 136 was epoxidized chemically 

with m-CPBA. The diacetate derivative 125 was produced to be further epoxidized in 

similar fashion, and products 137, 138 and 139 were purified for obtention of a 1H-NMR 

spectrum to be used as a standard for the chemoenzymatic epoxidations (Scheme 36). 

 

Scheme 36. Standard Prilezhaev reaction on 1 

136 was further used as substrate for the chemoenzymatic epoxidation using the 

previously reported conditions (Scheme 37).  



46 
 

 
Scheme 37. Chemoenzymatic epoxidation of 137 and formation of anti-epoxide 137. 

Table 18. Analysis of different lipase and its amount in chemoenzymatic epoxidation. Reaction conditions: 

136 (0.5 mmol), octanoic acid (0.5 mmol), UHP (1.0 mmol), lipase (10-20 mg), solvent (variable) (5 mL), 

24h, 35 °C, 150 rpm. Conversion values calculated with 1H-NMR. 

Lipase Mass (mg) Solvent Overall conversion to 137 

CAL 10 
MeCN 20% 

MTBE 35% 

CALB 20 
MeCN <5% 

MTBE 22% 

A 35% conversion was observed for the anti-epoxide 137, formed as a result of the 

steric hindrance of the acetonide moiety. Epoxide 137 is stable and was purified by column 

chromatography without issues. The diacetate 125 was used in two different approaches to 

the synthesis of epoxides. By using standard methods with m-CPBA, a 2:1 mixture of anti- 

and syn-epoxides 138 and 139 was obtained, with compound 139 quickly decomposing. 

When the chemoenzymatic epoxidation of 125 was performed, 19% conversion was 

observed for 138, while no conversion was observed for 139. 

Returning to the epoxidation studies on diol 1, multiple attempts were performed 

of chemical and chemoenzymatic epoxidation to isolate and characterize the elusive 

epoxide, and it was suspected that it could be a syn epoxide since it was not stable. One of 

the approaches that lead to this conclusion was the one-pot epoxidation and acetonide 

protection performed in 1. The bromodiene diol 1 was solubilized in 2,2-DMP, followed 

by addition of m-CPBA. The reaction was monitored with TLC, and a catalytic amount of 

p-TSA was added to promote the acetonide protection in the presence of the expected syn 

epoxide 135a. However, one of the obtained products was compound 140, suggesting the 

formation of an epoxide that opens easily with small amounts of water and/or acidic 

conditions (Scheme 38). 
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Scheme 38. One-pot epoxidation and protection of 1. 

The chemoenzymatic epoxidation was repeated with its standard conditions but 

changing the work-up. The crude product was purified through column chromatography 

and spots that were present on the baseline of the TLC were lifted with a highly polar eluent 

mixture. A bromocyclohexene-tetraol 126 was obtained and its 1H-NMR and 13C-NMR 

data were compared to the literature, matching with the stereochemistry of (-)-conduritol 

C (Scheme 39). 

 
Scheme 39. Formation of tetraol 126 during chemoenzymatic epoxidation of 1. 

 Following the procedure developed in the group,202 preparative electrochemistry 

was used for reduction of the vinyl bromide. Cyclic voltammetry showed a reduction peak 

at -3.0 V, and after 1 hour of continuous voltage, the reaction mixture turned brown and 

the crude product was concentrated with the electrolyte. Unfortunately, the mixture could 

not be separated, but TLC showed full consumption of starting material. A second round 

of preparative electrochemistry was performed with a smaller amount of Et4N[Br]-. The 

reaction was left stirring for one hour at -3.0V until formation of a precipitate was observed. 

The reaction mixture was concentrated and extracted with warm EtOAc, and 1H-NMR 

showed the presence of starting material.  

After failed attempts of performing the preparative electrochemistry in small scale, 

Claeboe’s lab notebook was used to look for more accurate notes and procedure and a few 

things were noticed, mostly the difference in reaction scale and the work-up strategies. To 

repeat the experiments, it was necessary to make enough starting material 126 in large 

scale.203 The procedure was successfully adapted using recrystallized NBS (Scheme 40) 

and the main intermediate 126 was obtained after 4 steps with 21% overall yield. 
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Scheme 40. Large-scale synthesis of tetraol 126. 

After changing the charge carrier from Et4N[Br]- to Bu4N[BF4]
- and the solvent 

from MeCN to THF, the electrochemical reaction proceeds with 54% yield and without 

corrosion of the electrodes as observed when MeCN was used (Scheme 41). 

 

Scheme 41. Preparative electrochemistry of 126. 

 And with that, the chemoenzymatic acylation and epoxidation project was 

concluded and published in Tetrahedron under “Goulart Stollmaier, J.; Hudlický, T. 

Sequential Enzymatic and Electrochemical Functionalization of 

Bromocyclohexadienediols: Application to the Synthesis of (−)-Conduritol C. Tetrahedron 

2020, 76 (7), 130924.” 
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4. Discussion – Part B 

Excerpts, figures, and tables have been published204 in Molecules (MDPI) and the 

authors have the right to re-use it under open access Creative Common CC BY license.205 

4.1. Introduction 

Narciclasine (3) and pancratistatin (51), have been among the most studied 

constituents of the Amaryllidaceae family of alkaloids since their isolation in 1967 and in 

1984, respectively. Their unique anti-tumor activities have led not only to many synthetic 

approaches but also to investigations of unnatural derivatives with the focus on providing 

more bioavailable compounds.  

The minimum pharmacophore for the Amaryllidaceae alkaloids has been suggested 

and changes in structure are allowed in the “northwest bay region”, the space outside C-1 

and C-10. Many derivatives of pancratistatin have been made and tested and some of the 

unnatural derivatives showed enhanced biological activities, namely the pancratistatin C-1 

benzoate reported by Pettit and the C-1 methylbenzoyl compounds reported by Hudlicky 

(both with nanomolar activity). These findings provided further impetus to continue this 

research with pancratistatin as well as with narciclasine. There are not as many unnatural 

derivatives reported for the latter alkaloid 3 compared to the volume of research with 

pancratistatin.  

The preparation of unnatural derivatives of pancratistatin or narciclasine is arduous 

and represents essentially a total synthesis effort. For this reason, members of the Hudlicky 

group have recently embarked on a program seeking to convert natural narciclasine, 

available by extraction from daffodil bulbs to its C-1 derivatives as it seems more effective 

than pursuing a rather long total synthesis of each compound. In this chapter I will report 

a summary of the group efforts and my personal contribution on the synthesis of several 

derivatives prepared by cross-coupling, along with some interesting and unique reactivity 

of narciclasine. The results of initial biological evaluations are provided for the new 

derivatives. 
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4.2. Synthesis of narciclasine analogues 

4.2.1. Brief projects 

4.2.1.1. Myers’ reductive transposition 

Based on the model study published by Dr. Ringaile Lapinskaite,206 who at the time 

was a PhD candidate in the Hudlicky group, studies were performed under her supervision 

on the synthesis of 120130 (Scheme 42) to be further used in the Myers’ reductive 

transposition reaction on the closed B-ring. 

 

Scheme 42. Synthesis of allylic alcohol 5 from natural narciclasine. 

The Myers’ transposition was published as a method to synthesize allenes  from 

allylic alcohols (Scheme 43) through the use of a Mitsunobu reaction followed by warming 

of the reaction mixture to promote the sigmatropic elimination of N2.
207 The first 

publication used 2-nitrosobenzenesulfonohydrazide (NBSH)208 (144) as the nucleophile in 

the Mitsunobu reaction, but this step was very limited to specific conditions such as the 

type of solvent, the use of low temperature and the concentration of substrates.209  

 
Scheme 43. General scheme for the Myers reductive transposition published in 1996.207 

Movasagghi, was responsible for condensing NBSH with acetone for the formation 

of 2-nitro-N’-(propan-2-ylidene)benzenesulfonohydrazide (IP-NBSH) (149), which 

provided a greater thermal stability when compared to that of NBSH.209 This was expected 

to provide flexibility for the Mitsunobu reaction while offering equally rapid thermal 
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fragmentation. The same reagent was used by Lapinskaite to promote the Myers’ 

transposition of allylic alcohol 148 to yield olefin 150 stereoselectively (Scheme 44).  

 
Scheme 44. Reductive transposition of 148.206,210 

When similar conditions were applied to the “closed-case” 120, the expected 

product 152 was not isolated and TLC of the reaction showed the presence of starting 

material even after 4 days (Scheme 45). The aim of this project was to provide a conversion 

of narciclasine 3 to pancratistatin 51. This project was later abandoned, most likely because 

of the lack of promising results and the overall low yielding synthesis of 120.  

 
Scheme 45. Reductive transposition of 120. 

4.2.1.2. Friedel-Crafts acylation 

Dr. Nikola Topolovčan was tasked to work on model studies on the 

functionalization of the C-1 double bond, and one of the main strategies was to attempt 

intermolecular Friedel-Crafts acylation at the C-10 position that could be further used for 

the synthesis of C-1 to C-10 cyclized analogues. After observing Topolovčan’s first 

experiments on the intermolecular Friedel-Crafts acylation at the C-10 position of 

acetonide-protected narciclasine, no desired product was observed. It was suggested the 

necessity of protecting the C-7 and the C-2 positions to increase solubility of the substrate, 

so compound 153 was synthesized to be used as a candidate for the proposed acylation 

reaction (Scheme 46). 
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Scheme 46. Synthesis of 153 and Friedel-Crafts acylation. 

The initial reaction yielded starting material and no desired products were obtained 

even after heating the reaction to reflux. Based on those results, a new methodology was 

looked in the literature for the Friedel-Crafts reaction of electron-rich arenes and one that 

was selected was with hexafluoro-2-propanol (HFIP)211 as a solvent (Scheme 47).  

 

Scheme 47. Fridel-Crafts acylation of 153 with HFIP. 

After this last experiment no desired product was observed and most of the starting 

material was recovered, followed by isolation of a product of deprotection of the acetonide 

group and traces of a product that suggests the acylation on the amide position. It was then 

decided to cancel this project and change the focus to mainly work with the synthesis of 

intermediates for cross-coupling reactions at C-1 position.  

4.2.2. Cross-coupling approaches to C-1 analogues 

4.2.2.1. Initial route and alterations to the synthesis of C-1 enol 

Following Lapinskaite’s approach to the synthesis of C-1 hydroxy-narciclasine,210 

the mixture of C-2 epimers 156a and 156b were made (Scheme 48), and 156a was used as 

starting material for the first trials of installing a coupling group. 
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Scheme 48. Enolization of 153. 

The first coupling group that was suggested in the literature was triflate,212 so two 

approaches were tried using different triflating agents. Comin’s reagent (157) was available 

in the laboratory, and it is described in the literature as a “mild triflating agent for the 

synthesis of vinyl triflates”, but following a standard procedure from the literature, only 

starting material was recovered from the reaction (Scheme 49). The rationale that was 

derived from this result is that Comin’s reagent may be too bulky and sterically hindered 

to attack the C-1 position. 

 

Scheme 49. Use of 157 in the synthesis attempt of C-1 triflate-narciclasine. 

The second strategy was to use triflic anhydride, known to be a smaller and more 

reactive reagent, but with caution because of its reactivity. The anhydride was carefully 

distilled and added to a flame dried Schlenk flask with the reaction mixture. The reaction 

was monitored with TLC and there was the appearance of new UV active spots, and the 

major product was characterized as 158, product of deprotection of the C-2 acetate (Scheme 

50). The other spots on the TLC showed unidentified decomposition products.  
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Scheme 50. Use of triflic anhydride in the synthesis attempt of C-1 triflate-narciclasine. 

Another coupling group that was considered are the mesylates, derived from 

methanesulfonyl chloride (MsCl). MsCl was employed with the use of DMAP, but 

preliminary observations with TLC showed only the presence of starting material in the 

reaction mixture. Those results may point to another problematic aspect in all reactions, 

which is the low solubility of the substrate in the solvent.  

A flaw on the “C-7 methoxy” synthetic route (3 to 156a/b) was its overall yield of 

13% after 4 steps, including protection of the C-7 and C-2 alcohols with different protecting 

groups, which would later increase the step count for deprotection steps. The route was 

changed following a similar approach described by Pettit, using acetates to protect both 

hydroxyl groups. The acylation of 3 yields the series of acylated products 160, 161 and 162 

(Scheme 51). The diacetate 161 and triacetate 162 were both used in an initial attempt for 

the synthesis of the C1-hydroxy narciclasine.  

 

Scheme 51. Protection sequence to yield the acylated series. 

Surprisingly, 162 did not react with N-bromoacetamide (NBA) in the way it was 

expected, and trace amounts of a brominated product were isolated. 161 when reacted with 

NBA in small scale yields the expected product 163a and trace amounts of the C2-epimer 

163b, so N-bromosuccinimide (NBS) was used in similar conditions and it was observed 

an increase in yield to 46% (Scheme 3). The overall yield of this route is 26% and includes 
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fewer purification steps when compared to the C-7 methoxy route. The suggested 

mechanism is presented in Figure 8, followed by the suggested keto-enol tautomerization 

in Figure 9. 

 

Scheme 52. Tested enolization conditions. 

 

Figure 8. Suggested mechanism for the formation of C-1 enol. 



56 
 

 
Figure 9. Suggested general mechanism for the formation of C-1 enol C-2 epimers through keto-enol 

tautomerization. 

163a was further used in attempts of installing a coupling group using mesyl 

chloride and tosyl chloride. The new methodology that was approached used DMF as 

solvent and K2CO3 as a weak base to observe if the C1-hydroxy is nucleophilic enough to 

attack the mesyl/tosyl chlorides. After a few hours at 50 °C, the reaction with mesyl 

chloride showed on TLC the consumption of the starting material but with spots underneath 

it. Characterization of those spots were not possible because of the scale of the reaction, 

but it was assumed that these compounds are deprotected compounds based on 163a. The 

reaction with tosyl chloride returned only starting material (Scheme 53). 

 

Scheme 53. Reactions with MsCl and TsCl on 163a. 

 A stronger base was employed in an attempt towards completion of the reaction. 

The tosylation reaction was set up again with KH and KH with 18-crown-6 ether (Scheme 

54). Tosylated product 164 was finally obtained but with low yield, while the conditions 

with 18-crown-6 ether proved initially to be too harsh. 
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Scheme 54. Tosylation of 163a. 

4.2.2.2. Study of secondary routes 

Because of the initial hurdles in the cross-coupling project, a side-project was 

designed using the synthesis of a known epoxide and its opening with different 

nucleophiles to yield C-1 analogues. For the opening of the epoxide, initial tests were run 

with KCN and 18-crown-6 ether. However, this mild reaction condition promoted the 

deprotection of C-7 acetate, but with recovery of starting material (Scheme 55).  

 

Scheme 55. Epoxidation and opening attempt with KCN. 

The reaction was set up again in with the same conditions as a “standard” reaction 

for comparison to a second reaction that was set using LiClO4. Both were brought to reflux 

and the standard reaction yielded the same compounds (Scheme 56). The second reaction 

yielded the unexpected C-1 enol C-2 nitrile 167, most likely the product of a SN2 reaction. 
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Scheme 56. Attempts on epoxide opening. 

With the aid of Ravzan Simionescu, it came to my attention that the following 

reaction for the synthesis of C-1 enol (Scheme 52) gives the C-2 epimer as a major product, 

the opposite result when compared to previous synthesis using C-7 methoxy 

narciclasine.210 The misassignment was pointed out by the homoallylic coupling 5J in 1H-

NMR.  To avoid the formation of the epimer 163b, an alternative route was repeated using 

the methodology tested by Lapinskaite and Jared Thomson for epoxide-opening with a 

Lewis acid. However, this strategy was not reliable because the opening of the epoxide was 

reported to be low-yielding and the synthesis of 165 needs to be done in multiple small-

scale batches. If the epoxidation is performed with more than 250 mg of starting material, 

the yield considerably declines. 

A strategy to use Stork’s enamine synthesis was attempted using the oxo-acetonide 

narciclasine derived from Mondon’s methodology.128 For the first attempt, trace amounts 

of the oxo-acetonide narciclasine 6 were detected through 1H-NMR comparing with the 

data from the original publication (Scheme 57). 

 

Scheme 57. Oxidation of 159. 

The second attempt using commercial MnO2 proved to be unsuccessful and starting 

material was fully recovered. This oxidation step has proved to be very elusive, as 

mentioned by previously published work.130 A one-pot methodology was attempted with a 

different oxidizing agent to promote the formation of 168 in situ followed by bromination.  
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Scheme 4. One-pot attempt of oxidation and bromination of 159. 

For the one-pot methodology, it was observed that there was slow formation of a 

second compound that has a different conjugated system, what could indicate the formation 

of 168. It was decided to proceed with the bromination step and a solution of Br2 in DCM 

was added to the reaction mixture, followed by addition of base to induce the 

dehydrobromination. However, it seems that 159 is sensitive to the addition of elemental 

Br2. No starting material was recovered, only derivatives of DMP.  

A way to try to overcome the instability of compounds similar to 168 was to reduce 

the conjugated olefin. The reduction step was adapted from Kiss,170 and the reaction 

initially provided 169 with similar stereochemistry at the B-ring junction as 51 with 30% 

yield, but with formation of multiple by-products (Scheme 58). This reaction is 

unfortunately not reliable, and the yields are not reproducible. 

 

Scheme 58. Reduction of 159. 

  Another side project was the synthesis of the C-1 ether using an α-bromo ester. A 

mixture of the epimers 163a and 163b was exposed to methyl bromoacetate and a 

combination of crown ether and KH in 1,2-DME, a solvent that is similar in structure to 

the crown ether. Both epimers reacted similarly to yield a mixture of products 172a and 

172b (Scheme 59). The reaction was repeated using isolated starting materials, but the 

epimerization occurs in solution so a mixture of 172a and 172b is obtained even when 

starting with pure enol.  
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Scheme 59. Alkylation of C-1 enol narciclasine. 

Because of the low yield on the alkylation reaction and the difficulty to separate the 

products, this side-project was cancelled, and the focus was aimed back at the synthesis of 

cross-coupling substrates.  

4.2.2.3. Insertion of pseudo-halide groups at C-1 

A series of conditions were tested using tosyl and triflyl sources, KH and 18-crown-

6 ether (Scheme 60). All attempts were unsuccessful at installing a pseudo-halide group at 

C-1.  

 

Scheme 60. Different attempts on the synthesis of C-1 cross-croupling substrates. 

Based on the methodologies that have been tried without success, new approaches 

have been reviewed213 and the tosylations were repeated using LiCl with two other organic 

bases (Scheme 61). The desired tosylated product was obtained with moderate yield. The 
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same methodology was once again applied to another attempt on the synthesis of C-1 

triflate with Comin’s reagent, but no triflated product was obtained. 

 

Scheme 61. Tosylation with Manabe’s methodology. 

The mixture of C-1 enol epimers were submitted to acylation under regular 

conditions and the product obtained was initially believed to be the unexpected acetamide 

(Scheme 62). Upon 1H-NMR analysis, it was noticed that the mixture yields a single 

acetamide product with the correct stereochemistry at C-2.  

 

Scheme 62. New imide C-1 enol route. 

The compound was then submitted to two conditions that were successful with low 

to moderate yields with the previous C-1 enol substrate. Tosylation and alkylation of C-1 

enol proceeded with higher yields than its predecessors (Scheme 63).  
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Scheme 63. Synthesis of 174 and 175 with known conditions. 

With the synthesis of C-1 tosylate imide verified, the next step was to look for cross-

coupling conditions with similar substrates in the literature. The most promising ones found 

were the use of tosylates and Buchwald precatalysts for Suzuki-Miyaura cross-coupling 

reaction.214 A model study was repeated following the reference and the expected product 

was obtained in moderate yield (Scheme 64). 

 
Scheme 64. Methodology route by Buchwald.214 

Similar conditions were applied to substrate 174, but in dilute media. The reaction 

was left running overnight because after 2 hours under reflux, only SM was detected by 

TLC. Initially, only trace amounts of a deprotected SM were observed by 1H-NMR, but 

not enough for a full characterization (Scheme 65).  
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Scheme 65. Suzuki-Miyaura cross-coupling reaction with 174. 

The reaction was repeated using less solvent and in small HPLC vials (Scheme 66). 

The deprotected product 8 was obtained as the main product. The conditions promoted the 

cleavage of the tosyl group to regenerate the enol moiety, and it proceeds without further 

coupling to the vinylboronic acid pinacol ester. It was believed that the bulkiness of the 

BrettPhos ligand may be the culprit of this reaction not going to completion. 

 
Scheme 66. Suzuki-Miyaura cross-coupling reaction with 1743 in concentrated media. 

The synthesis of C-1 triflate had been previously attempted multiple times but 

always failed when using triflic anhydride or Comin’s reagent as the triflyl source. It was 

decided to try a methodology using triflyl chloride in a similar manner as tosyl chloride for 

the tosylation. The triflation with triflyl chloride applied to the known conditions for the 

tosylation yielded the C-7 deprotected product 179, and a faint spot of 180 was observed 

on TLC but not isolated after purification through flash column chromatography (Scheme 

67). By using KH and 18-crown-6 ether, similar to the alkylation methodology, the C-1 

triflate imide product 180 was obtained, although in low yield. 
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Scheme 67. Synthesis of C-1 triflate imide 180. 

Before going any further with the imide route, there was the possibility that such 

protecting group would be difficult to remove later in the deprotection stage. A procedure 

in the literature215 was adapted for 173 and the fully deprotected C-1 enol narciclasine 181 

was obtained, along with an unknown by-product 182 (Scheme 68). Compound 181 is 

extremely polar, and its purification has proved to be difficult. Compound 182 could be the 

C-2 epimer, but it was not possible to obtain enough data for characterization. 

 

Scheme 68. Global deprotection of 173. 

Four different attempts were performed for this reaction to try to improve the yield. 

The reaction proceeds with full consumption of starting material, so the main issue is in 

the workup procedure because of the polarity of the product. In the first attempt, the 

reaction mixture was neutralized with a saturated solution of NaHCO3 and the product was 

extracted from the aqueous phase with CHCl3:MeOH 3:1. After purifying through flash 

column chromatography with 10% deactivated silica gel, 3 mg of 181 (20% yield) and 2 

mg of 182 were obtained. The second attempt was similar to the first, except there was no 

liquid extraction and the neutral aqueous phase was partially removed in reduced pressure. 

From that, a solid was collected and purified to yield 16 mg of a mixture of 181 and 182 
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(overall yield 36%). The third attempt was performed without neutralizing the THF:HCl 

solution, toluene was added in the flask and the solvent was removed under reduced 

pressure coupled with a NaHCO3 bubbler. 22 mg of crude product was obtained from this 

method (>95% yield, 3:1 mixture in 1H-NMR), but when hot methanol was added in the 

crude product to recrystallize it, the crude product reacted to yield an unknown methylated 

compound. The fourth attempt used a continuous extraction setup with a mixture of 

DCM:MeOH 10:1 to try to recover the product, but it did not work.  

The only viable way of collecting the product so far is by removing the solvent and 

water under reduced pressure coupled with a bubbler filled with a saturated solution of 

NaHCO3 and purifying it by flash column chromatography.  

Another way to obtain 181 in fewer steps is though the C-1 enol synthesis using 

narciclasine tetraacetate (peracetate) (Scheme 69) 

 

Scheme 69. Synthesis of C-1 enol tetraacetate 184a/b. 

The global deprotection of C-1 enol tetraacetate 184a (Scheme 70) was later 

accomplished by Thomson using similar conditions as the one that I have described 

previously.  

At this point, Dr. Mary Ann Endomas-Arias was recruited to the C-1 cross-coupling 

project, and she reported in her research the copper-free Sonogashira cross-coupling of her 

triflate substrate with phenylacetylene, so the same conditions were used for the similar 

substrate 180. The reaction proceeded very quickly to yield the expected product 185 and 

with full consumption of starting material (Scheme 70).  

 

Scheme 70. Sonogashira cross-coupling reaction of triflate 180. 
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The methodology was applied to tosylate 174 and the tosylate proved to react 

slowly when compared to the triflate, yielding a 2:1 mixture of starting material and 

product (Scheme 71). However, they both have the same Rf, with different colour under 

short-wave and long-wave UV lamp, and its separation through column chromatography 

was not possible.  

 

Scheme 71. Sonogashira cross-coupling reaction of tosylate 174. 

The Sonogashira cross-coupling was repeated with standard literature conditions 

with Pd tetrakis (Pd(PPh3)4) and CuI cocatalyst and a great improvement in conversion to 

the phenyl acetylene product 185 was observed, along with the formation of the C7-

deprotected product 186 (Scheme 72).  

 

Scheme 72. Sonogashira cross-coupling of C-1 tosylate 174. 

The tosylate 174 was tested in more cross-coupling reactions to validate it as a 

suitable substrate for cross-coupling reactions, because the C-1 tosylate was generally more 

easily obtained than the C-1 triflate. Unfortunately, the reactions with tosylate returned 

starting material only (Scheme 73). So far, the only successful application of the tosylate 

was in the Sonogashira cross-coupling with phenylacetylene. 
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Scheme 73. Attempts to establish different cross-coupling groups on C-1 tosylate 174. 

Endomas-Arias optimized a route to what she described as a “C-1 triflate solvate” 

187. This route was repeated by Thomson and myself to generate a large batch of material 

in order to finish the project (Scheme 74). 

 

Scheme 74. Endomas-Arias’ optimized route to C-1 triflate 187. 

When the first batch of triflate was made, it was immediately pushed to the 

synthesis of C-1 vinyl compound (Scheme 75) and tested with standard conditions for 

hydroboration, osmylation, and epoxidation to see if further functionalization was possible 

(Scheme 76).  

 

Scheme 75. Synthesis of C-1 vinyl analogue 188. 
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Scheme 76. Functionalization studies on 188. 

While osmylation and hydroboration did not work, epoxidation was succesful and 

yielded both isomers of the epoxide 189a/b. For the synthesis of new derivatives, the 

standard condition for Sonogashira cross-coupling reaction with TMS-acetylene was again 

tested, this time using the triflate intermediate instead of tosylate intermediate. 

Unfortunately, only starting material was collected. 

4.2.2.4. Structural revaluation and discovery of C-6 analogues series 

Upon comparison of the experimental data with Endomas-Arias, some irregularities 

were noticed. Some compounds have the exact same experimental data, but different 

structures have been proposed. The first case was the structure of the imide 12, which had 

the same data as the Prévost product obtained by Endomas-Arias 13 (Figure 10). 

 

Figure 10. Structures of imide 173 and Prévost product 190. 
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By running 1H-15N NMR HSQC and HMBC experiments, it was determined that 

the imide 173 had been misassigned and it is indeed the acetate 190. The structure of enol 

acetate 190 is consistent with the experimental data and would explain how the 

stereochemistry at C-2 has been “fixed” and “locked” since the presence of an acetate 

would stop the keto-enol tautomerization and inversion of the stereochemistry at C-2. 

However, the “imide” 173 has been extensively used to make tosylates 174 and 

triflates 180 (Scheme 77), which raised the question about the structure of such compounds. 

The tosylate has not been made through Endomas-Arias’ route, but the triflate had, and the 

data matches between the two compounds.  

 

Scheme 77. Synthetic route that was performed with “imide” 173 leading to phenylacetylene product 185, 

and reviewed route with acetate 190. 

Upon inspection of the product obtained from the first step of the optimized route, 

it was noticed that its data matched the enol acetate 190. Between the project researchers, 

three different methodologies have been applied to yield 190 (Scheme 78). 
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Scheme 78. Synthesis of enol acetate 13 by different conditions. 

The synthesis of the triflate was repeated without modifications, and the data for 

the obtained triflate was compared with the data previously reported. Additional 1H-15N 

NMR HSQC and HMBC experiments were done on the triflate, showing the absence of -

NH and a large change on δN chemical shift from 150 ppm (amide) to 315 ppm (nitrogen-

like pyridine). What was also concerning was the presence of three acetate groups without 

change in their chemical shift, indicating that their chemical environment had not changed. 

Upon inspection on IR, the characteristic band for lactams was absent (~1670 cm-1). The 

proposed C-1 triflate solvate 187 could not be the correct product. Two options for the 

correct structure were considered: the triflimide 191 or triflyl imidate 192 (Figure 11). 

 

Figure 11. Proposed structures for the triflation product. 

Triflimide 191 was the first one to be considered, but it would lead to more 

inconsistencies along the synthesis, the main one would be C-N cross-coupling. Despite 

not knowing precisely where the triflyl group would end up on the molecule, the cross-

coupling conditions (Sonogashira, Suzuki) were still working, although in low to moderate 

yield. C-N cross-couplings of that nature have not been reported in the literature, and this 

scenario would not fit in Buchwald-Hartwig cross-coupling conditions.216,217 

Even if such novel C-N cross-coupling was happening, another data disagreement 

was observed, this time with the MS reports. For example, upon Sonogashira cross-
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coupling of the triflate, the obtained molecular weight was confirmed to be 573.1619. 

Therefore, product 18 originating from triflyl imidate 192 has the structure most likely to 

fit the data (Figure 12). The MS/EI reports showing the difference in MW of exactly one 

oxygen between “C-N cross-coupling” products to “triflyl imidate” products were 

observed in other cross-coupling reactions. 

 

Figure 12. Proposed structures for the triflation product that match the MS data. 

The synthesis of the vinyl cross-coupling product 188/195 was a game-changer in 

the elucidation process. Upon analysis with 1H-15N NMR HMBC, two correlation signals 

were observed: N-H(4b) and N-H(vinyl) (Figure 13).  

 

Figure 13. Structure of C-6 vinyl 195. 

A correlation signal between the vinylic proton and nitrogen could only occur in 

two situations: if it was directly bonded to nitrogen, or if it was at C-6. The latter scenario 

is the most likely to be the correct one. The main findings are summarized in Scheme 79. 
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Scheme 79. The unexpected synthesis of C-6 triflate from narciclasine. 

The synthesis of C-6 cross-coupling compounds were repeated using Endomas-

Arias’ methodology, but this time taking into consideration the corrected structures 

(Scheme 80). 

 

 

Scheme 80. Cross-coupling of C-6 triflate narciclasine. 

It was noticed that the use of Na2CO3 would promote the deprotection of some of 

the acyl groups, so by using anhydrous conditions and an organic base, these routes were 

further improved (Scheme 81). 
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Scheme 81. Improved routes for cross-coupling of C-6 triflate narciclasine. 

Standard conditions were first used by Dr. Endomas to obtain the deprotected 

product 197 and products 198 and 199 were later done by myself (Scheme 82 and 83). The 

compounds were obtained in moderate yields and were further recrystallized for full 

characterization and were shipped as samples for biological testing.  

 

Scheme 82. Deprotection of C-6 “phenyl” analogue series. 

However, the standard conditions showed in Scheme 82 promoted the cyclization 

of the C-6 vinyl 195 after two steps (Scheme 83). It is believed that the deprotection of 195 
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would yield a α,β-unsaturated imine that could later undergo intramolecular Michael 

addition to yield dihydropyran 199. 

 
Scheme 83. Unexpected cyclization of 27 under deprotection conditions. 

4.2.2.5. Biological testing 

The four deprotected compounds 181, 197-199 (Figure 14) together with 

narciclasine 3 and pancratistatin 51 controls were subjected to biological evaluation. The 

results are shown in Table 19. 

 

Figure 14. Structures of biologically evaluated C-1/C-6 narciclasine analogues. 

Table 19. Results of biological evaluation.  

Compound 
IC50, µMa 

BE(2)-Cb H157c A549d 

3 0.036 0.033 0.061 

51 0.285 0.173 0.527 

198 5.42 5.37 21.9 

197 112.4 113.0 26.6 

181 >500 >500 >500 

199 >500 >500 >500 

a Concentration required to reduce the viability of cells by 50% after 4 days of treatment with the indicated compounds 

relative to a DMSO control, as determined by the MTT assay. b Human neuroblastoma cell line ATCC CRL-2268. c 

Human lung squamous cell carcinoma ATCC CRL-5802. d Human lung adenocarcinoma cell line ATCC CCL-185. 
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Kornienko’s group used three in vitro cancer models – neuroblastoma BE(2)-C, 

lung squamous cell carcinoma H157 and lung adenocarcinoma cells A549. As expected, 

narciclasine 3 and pancratistatin 51 controls showed good nanomolar activity against all 

cancer cell lines. Out of the synthesized compounds, only phenyl derivative 198 showed 

moderate single digit micromolar activity against BE(2)-C and H157 cells. 

Phenylacetylene derivative 197 also displayed activity, albeit of significantly diminished 

potency, and most likely through a different mode of action due to marked structural 

differences. Surprisingly, enol 181 failed to register any pronounced activity against any 

of the cell lines. Although structurally 181 resembles both 1 and 2, stability of such enol 

functionality in a biological medium is an important consideration. Overall, B-ring lactam 

appears to be an important part of the cytotoxic pharmacophore and the removal of the 

lactamic carbonyl has a deleterious effect on activity, although it does not abolish it 

altogether.   

The unusual chemistry of narciclasine and the efforts to obtain these new analogues, 

along with their biological activity, have been submitted to publication on the Special Issue 

"A Tribute to Design and Strategy in Organic Synthesis in Honour of Stephen Hanessian" 

on Molecules under the title “Conversion of Natural Narciclasine to Its C-1 and C-6 

Derivatives and Their Antitumor Activity Evaluation: Some Unusual Chemistry of 

Narciclasine”.204 

4.2.2.6. pKa studies and C-1 triflate synthesis 

The mixture of C-1 enol C-2 epimers 23a/23b was titrated with one equivalent of 

NaOH solution in the presence of phenolphthalein to determine the titration end point 

(Scheme 15). After analysis by TLC, it was observed a streak with starting material and 

other decomposition products, but no salt was noticed. The reason for obtaining the salt 

was to further react it with TfCl to obtain the C-1 triflate. 

 

Scheme 15. Titration of C-1 enol with NaOH. 
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Two sets of kinetic and thermodynamic conditions were done with LDA or KH as 

bases for the pKa study of the C-1 enol/lactam 163a/b. While using LDA as base, both 

kinetic and thermodynamic conditions promoted disproportionation and transesterification 

without the formation of methylated products (Scheme 84). 

 

Scheme 84. pKa studies with LDA. 

When the combination of KH/18-crown-6 ether and DME were used, both kinetic 

and thermodynamic conditions promoted formation of small amount of a methylated 

product 200 at the lactam (Scheme 85). 



77 
 

 

Scheme 85. pKa studies with KH/18-c-6. 

It was determined that the lactam had to be protected before the enolization process 

to avoid competition between the acidic proton in the lactam with the acidic proton from 

the enol. The following reactions were performed to see the compatibility of three different 

protecting groups with the B-ring lactam (Tables 19 and 20). 

 

Table 20. Conditions for the protection group studies for diacetate-acetonide narciclasine. 

Protecting group Conditions Yield (%) 

-CBZ CbzCl, NEt3, DCM SM 

-CBZ CbzCl, NaH, THF SM 

-FMOC FmocCl, NEt3, DCM SM 

-FMOC FmocCl, NaH, THF SM 

-BOC Boc2O, NEt3, DMAP, DCM 39 (202) 
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Table 21. Conditions for the protection group studies for tetraacetate narciclasine. 

Protecting group Conditions Yield (%) 

-CBZ CbzCl, NEt3, DCM Trace 

-CBZ CbzCl, NaH, THF Trace 

-FMOC FmocCl, NEt3, DCM SM 

-FMOC FmocCl, NaH, THF 5 (203) 

-BOC Boc2O, NEt3, DMAP, DCM 23 (204) 

 

Boc was the most successful protecting group for the B-ring lactam, while Fmoc 

showed small conversions with 183. Before trying to promote the enolization of the Boc 

protected substrate, another attempt of enolization was done using triacetate acetonide 

narciclasine (Scheme 86), a by-product obtained upon the acylation of acetonide 

narciclasine.  

 

Scheme 86. Synthesis of C-1/C-10b bromohydrin narciclasine. 

The bromohydrin 205 was obtained and an alternative mechanism for this substrate 

was designed considering a possible entrapment of water by the imide, which leads to the 

nucleophilic attack of water through the bottom face of the C-ring (Figure 15). 
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Figure 15. Proposed mechanism for formation of bromohydrin 205. 

N-Boc diacetate-acetonide narciclasine was further reacted with NBS to obtain the 

C-1 enol 206a and as expected, the C-2 epimer 206b was obtained too. The mixture of C-

2 epimers was submitted for triflation using standard conditions with Tf2O and the C-1 

triflate was finally obtained successfully, although with low yield (Scheme 87).  

 

Scheme 87. Synthesis of C-1 triflate 207. 

A few attempts of Sonogashira cross-coupling were performed with the new C-1 

triflate 207 because these conditions showed to be reliable when working with the C-6 

analogue series. However, only starting material was obtained from the reaction mixture 

(Scheme 88). Thomson tried multiple cross-coupling conditions, but without success in 

obtaining a C-1 analogue. 
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Scheme 88. Sonogashira cross-coupling studies of 207. 

It may be a problem of steric hindrance with the C-ring and the acetonide group, so 

a new route with the tetraacetate 183 was designed to make the C-1 triflate (Scheme 89). 

 

Scheme 89. Planned C-1 triflate tetraacetate narciclasine route. 

When repeating the standard enolization conditions on the tetraacetate substrate, 

the formation of bromohydrin 208 was observed, but in very low yield (2% yield) (Scheme 

90).  

 

Scheme 90. Initial attempt on enolization of 204. 

The reaction was very sluggish too, so it was repeated with excess NBS and for a 

longer reaction time. Instead of obtaining the previous product 7, a product without the Boc 

group, but with an extra acetate group was obtained. It was determined that product 209 

was another bromohydrin species, but in a pentaacetate form (Scheme 91). These reactions 

proved to be not reproducible. 
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Scheme 91. Second attempt on enolization of 203. 

 A different route was designed by swapping synthetic operations. By trying to 

repeat standard conditions on the C-1 enol tetraacetate 184a/b, full consumption of starting 

material was observed and two main products were identified. Compound 210 showed to 

be promising, however, it loses the C-7 acetate group which can be an issue on later steps 

and when this reaction was repeated, 210 was not obtained, showing that is an 

irreproducible reaction. Compound 211 is a transesterification product and is the main 

product (Scheme 92).  

 
Scheme 92. N-Boc protection of 184a/b. 

When the reaction was performed with KH as base, the reaction seemed more 

sluggish when compared to previous one. A strategy that I pursued was to use the 

combination of FmocCl and KH to perform the protection of the lactam, since that had 

worked in the tetraacetate narciclasine (Table 21). Surprisingly, compound 212 was 

obtained (Scheme 93). The reaction is very slow, so it was decided to repeat it for a longer 

period and with a large excess of base (3 eq.). The addition of excess base proved to be 

detrimental to the reaction, as it was observed through TLC that the product decomposed 

overtime.  
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Scheme 93. Fmoc protection of 184a with KH/18-c-6 system. 

Compound 212 was further functionalized to 213 and it led to a novel C-1 triflate 

route that could address the steric hindrance on the C-ring caused by the acetonide group 

at C-3 and C-4.  

 

Scheme 94. Synthesis of C-1 triflate 213. 
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5. Conclusion and future work 

During the first part of this research work, the chemoenzymatic acylation and 

epoxidation were performed under mild conditions. It was observed that the organic 

medium had the greatest influence on conversions and selectivity. For the acylation 

reactions the regioselectivity was initially considered to be influenced only by the lipase, 

but it was later shown that some migration of the acetyl groups occurred in solution and/or 

during purification by chromatography. For the epoxidation of the free diol, the release of 

water in the catalytic cascade reaction performed by the lipase is sufficient to promote 

opening of the epoxide and formation of the bromo conduritol, but in low yield. The same 

effect is not observed when the diol moiety is protected, and the reaction follows the 

stereochemistry expected from standard chemical epoxidations. The overall yield starting 

from bromodiene diol 1 is 7%, but there is opportunity to improve the yield of the 

chemoenzymatic epoxidation, as the standard conditions can be revaluated and enhanced. 

Regardless, an old methodology for preparative electrochemistry of conduritol derivatives 

was adapted for bromo-conduritol C and updated for greener standards.  

 During the second part of this research work, it was attempted to synthesize C-1 

derivatives of narciclasine whose biological activity could be compared with those of the 

corresponding C-1 unnatural derivatives of pancratistatin. Unfortunately, because of the 

reactivity of the B-ring after the C-1 enol moiety is installed, the cross-couplings happened 

at the C-6 position. Nonetheless, the new obtained analogues were sent for biological 

testing and are significant additions to the SAR database. The C-1 triflate was made with 

an adapted route, but this intermediate did not undergo any successful cross-coupling. 

Whether this failure reflects electronic or stereochemical constrains on the C-ring is not 

clear at this time and effort should be put to continue a new route with different protecting 

groups on the C-ring.  
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6. Experimental 

(1S,2S)-3-Bromocyclohexa-3,5-diene-1,2-diol (1)218 

 

For full details on the medium-scale fermentation of arene diols, please consult ref.158  

On day one, the 15 L bioreactor Biostat C was set-up following an internal protocol, filled 

with culture medium (KH2PO4 (60 g), citric acid (16 g), MgSO4*7H2O (40 g), trace metal 

solution (16 mL), conc. H2SO4 (9.6 mL), anti-foam (20 drops) and ferric ammonium citrate 

(9.6 mL, 270 g.L-1) in 8 L water) and sterilized at 120°C for 20 min. For the initial growth 

of E. coli JM109, a broth was made containing K2HPO4 (9.6 g), KH2PO4 (8.4 g), 

(NH4)2SO4 (3 g) and yeast extract (9 g) in 600 mL of distilled water and divided into two 

3 L fernbachs and autoclaved. Secondary solutions of glucose (18 g in 30 mL of distilled 

water), and MgSO4*7H2O (1.2 g in 30 mL of distilled water) were prepared and autoclaved. 

When the broth had reached room temperature, a freshly prepared ampicillin solution (60 

mg in 6mL of autoclaved H2O), glucose solution and MgSO4 solution were split and added 

into each fernbach, followed by addition of 1 mL of a pre-culture of E. coli JM109 that was 

stored in a cryovial. The fernbachs were placed in an orbital shaker overnight (35°C, 

150rpm). On day two, the culture medium in the bioreactor had its pH adjusted to 6.8 with 

a base flask filled with NH4OH. Thiamine hydrochloride (2.69 g in 8 mL of autoclaved 

water) and ampicillin (800 mg in 8 mL of autoclaved water) were added to the bioreactor, 

followed by the transfer of the inoculum. An initial sample was taken as a blank for the 

optical density measurement (OD600), and samples were taken every 2 h. After depletion 

of the glucose from the initial pre-culture, a high-concentration glucose solution (720 g/L) 

was added continuously with an increasing rate. Feeding and airflow were constantly 

monitored and controlled to achieve an optimum pO2 value of 20%. When the OD of the 

medium reached 15 times that of the blank, which usually happens at the end of the second 

day, IPTG (80 mg) was added to induce the overexpression of TDO. On the third day, the 

pH was adjusted to 7.2 and bromobenzene 122 (35 g/h) was fed continuously until 

noticeable cell-death. The final pH is adjusted to 7.8 and the broth was centrifuged 



85 
 

(7000rpm, 5min, 20°C). The supernatant liquid was extracted 3 times with one-third of its 

volume of EtOAc and the residue of cell material was autoclaved and discarded. The 

combined organic layers were dried over MgSO4, filtered and the solvent was evaporated 

under reduced pressure. The grey solid was recrystallized with EtOAc/pentane to remove 

residual catechol by-product. Yields are variable (7 to 11 g of diol 1 per liter of broth). 

1: Rf  = 0.3 [Hex/EtOAc (1:2)]; m.p. 88-89°C (EtOAc/pentane), lit.218 91-94°C (EtOAc);  

[α]
D

21 = 20.5 (c = 0.53, MeOH), lit.218 [α]
D

21 = 20 (c = 0.6, MeOH); IR (neat) νmax/cm-1: 

3344, 3055, 1244, 1090, 986.3, 652.2; 1H NMR (400 MHz, CDCl3) δ 6.38 (d, J = 5.8 Hz, 

1H), 5.96 (dd, J = 9.5, 3.5 Hz, 1H), 5.85 (ddd, J = 9.6, 5.8, 1.5 Hz, 1H), 4.49 (s, 1H), 4.29 

(t, J = 6.4 Hz, 1H), 2.39 (s, 1H), 2.30 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 129.35, 

126.98, 126.06, 123.93, 72.50, 69.19; LRMS (ESI+) m/z 214.9 [M+Na]. The spectral data 

were matched and are in agreement with the literature data.218 

(1S,6S)-2-Bromo-6-hydroxycyclohexa-2,4-dien-1-yl acetate (123) 

 

(1S,6S)-5-Bromo-6-hydroxycyclohexa-2,4-dien-1-yl acetate (124) 

 

(1S,2S)-3-Bromocyclohexa-3,5-diene-1,2-diyl diacetate (125) 

 

Method A: In a typical chemoenzymatic acylation reaction, a mixture of bromodiene diol 

1 (95 mg, 0.5 mmol), vinyl acetate (0.15 mL, 1.5 mmol) and AmanoPS-d (100 mg) in 

methyl tert-butyl ether (5 mL), or acetonitrile (5 mL) was stirred at 150 rpm, at 35 °C, for 

24 h. The crude mixture was filtered to remove the catalyst and concentrated in vacuo to 
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afford a mixture of 123 and 124 (and 125 when specified) as a yellow oil. 123 and 124 

cannot be separated because of acyl migration. 

Method B for 125: Diene diol 1 (2.0 g, 0.01 mol) was solubilized in dichloromethane (15 

mL) and cooled to 0 °C. Triethylamine (4 mL, 0.03 mmol), 4-dimethylaminopyridine 

(DMAP, cat. amount, 3 crystals) was added to the solution, followed by dropwise addition 

of acetic anhydride (3 mL, 0.03 mmol). After 1 h, the reaction mixture was quenched with 

NaHCO3 (15 mL) and extracted with dichloromethane (3x15 mL). The organic phases were 

combined and dried over MgSO4, filtered, and concentrated in vacuo. The residue was 

purified by column chromatography on deactivated silica gel (10%) (hexanes:EtOAc (6:1)) 

to yield diacetate 125 as a yellow oil (1.8 g, 6.5 mmol, 65 %). 

123: Rf  = 0.2 [Hex/EtOAc (4:1)]; 1H NMR (300 MHz, CDCl3) δ 6.51 (dd, J = 5.5, 1.1 

Hz, 1H), 5.93 – 5.86 (m, 2H), 5.59 (d, J = 6.7 Hz, 1H), 4.68 (dt, J = 6.7, 2.0 Hz, 1H), 

2.16 (s, 3H). 

124: Rf  = 0.2 [hexane/EtOAc (4:1)]; 1H NMR (300 MHz, CDCl3) δ 6.39 (dd, J = 5.2, 0.9 

Hz, 1H), 5.94 – 5.80 (m, 2H), 5.48 (ddd, J = 6.2, 3.0, 0.9 Hz, 1H), 4.43 (d, J = 6.2 Hz, 

1H), 2.11 (s, 3H). 

125: Rf  = 0.5 [hexane/EtOAc (4:1)];  [α]
D

21 = -71.78 (c = 1.0, MeCN); IR (neat) νmax/cm-1: 

1739 (s, -CO-O-), 1369 (s, -O-CO-CH3), 1208 (s, -C-O-), 734 (s, C-Br); 1H NMR (300 

MHz, CDCl3) δ 6.55 (dd, J = 5.7, 0.6 Hz, 1H), 5.97 (ddd, J = 9.5, 5.8, 1.6 Hz, 1H), 5.84 

(ddt, J = 9.6, 2.4, 0.7 Hz, 1H), 5.73 – 5.70 (m, 2H), 2.11 (s, 3H), 2.06 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δ 170.21, 170.12, 129.56, 125.63, 124.98, 120.32, 70.03, 69.04, 20.89, 

20.80. LRMS (EI) m/z (%) 273.90 (M+, 1), 189.84 (41), 171.84 (100), 152.95 (35), 110.93 

(35); HRMS (EI) calcd for C10H11BrO4(M
+): 273.983/275.9815, found 

273.9830/275.9730. 
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(1S,6S)-2-Bromo-6-((tert-butyldimethylsilyl)oxy)cyclohexa-2,4-dien-1-ol (129) 

 

Imidazole (200 mg, 2.9 mmol) and TBSCl (450 mg, 3.0 mmol) were added to a 

magnetically stirred cold (0 °C) solution of diol 1 (500 mg, 2.6 mmol) in DMF (10 mL) 

and maintained under an atmosphere of nitrogen. After 16 h the reaction mixture was 

diluted with Et2O (20 mL) and washed with brine (3x15 mL). The combined organic 

extracts were then dried with MgSO4, filtered, and concentrated in vacuo to give a pale-

yellow oil. The crude product was purified by flash column chromatography on 10% 

deactivated silica gel (hexane:EtOAc (6:1 → 4:1)) to yield 129 as an oil (363 mg, 1.17 

mmol, 45%). 

129: Rf  = 0.3 [Hex/EtOAc (4:1)]; [α]
D

21
= 44.60 (c = 0.5, MeCN); IR (neat) νmax/cm-1: 3548 

(w, -O-H), 2952 and 2856 (m, -CH3), 1059 and 834 (s, Si-O), 776 (s, C-Br);  1H NMR (300 

MHz, CDCl3) δ 6.37 (dd, J = 4.1, 2.5 Hz, 1H), 5.78 (d, J = 3.7 Hz, 2H), 4.57 (d, J = 6.3 

Hz, 1H), 4.14 (dd, J = 6.2, 4.6 Hz, 1H), 2.77 (d, J = 4.7 Hz, 1H), 0.92 (s, 9H), 0.13 (s, 6H); 

13C NMR (75 MHz, CDCl3) δ 129.65, 127.10, 125.64, 123.57, 77.16, 72.80, 70.75, 26.04, 

25.90, 18.30, -4.40, -4.71; LRMS (EI) m/z (%) 304.11 (M+, 1), 231.01 (60), 172.00 (18), 

153.07 (15), 75.07 (100); HRMS (EI) calcd for C12H21BrO2Si(M+): 304.0489/306.0468, 

found 304.0492/306.0454.  

 

(1S,6S)-2-Bromo-6-((tert-butyldimethylsilyl)oxy)cyclohexa-2,4-dien-1-yl acetate 

(130) 

 

A similar procedure was repeated using a crude mixture of 123, 124 and 125 (285 mg) 

from a chemoenzymatic acylation solubilized in DMF (10 mL). The solution was cooled 

to 0 °C and imidazole (200 mg, 2.9 mmol) and TBSCl (400 mg, 2.6 mmol) were added. 

After 16 h the reaction mixture was diluted with Et2O (20 mL) and washed with brine (3x15 
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mL). The combined organic extracts were then dried with MgSO4, filtered and concentrated 

in vacuo to give a pale-yellow oil. The crude product was purified by flash column 

chromatography on deactivated silica gel (10%) (hexane:EtOAc (10:1 → 4:1)) to yield 130 

as an oil (125 mg, 0.36 mmol).  

130: Rf  = 0.8 [Hex/EtOAc (4:1)]; [α]
D

25
= -81.03 (c 1.0, MeCN); IR (neat) νmax/cm-1: 2927 

and 2855 (m, -CH3), 1736 (s, -CO-O-), 1222 (s, -C-O-), 1119 and 827 (s, Si-O), 784 (s, C-

Br); 1H NMR (300 MHz, CDCl3) δ 6.49 (dd, J = 4.1, 2.5 Hz, 1H), 5.82 (d, J = 3.3 Hz, 2H), 

5.56 (d, J = 6.8 Hz, 1H), 4.68 (d, J = 6.8 Hz, 1H), 2.10 (s, 3H), 0.89 (s, 9H), 0.12 (s, 3H), 

0.09 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 170.17, 131.78, 129.89, 122.46, 120.31, 72.17, 

70.01, 25.84, 20.96, 18.29, -4.88, -5.02; LRMS (EI) m/z (%) 346.01 (M+, 1), 230.95 (30), 

228.94 (46), 149.03 (18), 117.04 (100), 75.08 (24); HRMS (EI) calcd for 

C14H23BrO3Si(M+): 346.0594/348.0574, found 346.0594/348.0573;  

 

(2S,3S,4S,4aR)-3,4,7-Trihydroxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-

j]phenanthridin-2-yl acetate (131)170 

 

Two reaction mixtures were prepared with 3 (50 mg, 0.16 mmol) each, the first with 0.10 

mL (1.0 mmol) of vinyl acetate and 5 mL of MTBE:DMF (4:1) and the second with 0.15 

mL of vinyl acetate and 5 mL of MeCN:DMF (4:1). Both had 100 mg of lipase as the 

biocatalyst. Both reactions were stirred at 150 rpm, at 35 °C, for 72 h. The reaction mixtures 

were combined and concentrated under reduced pressure, and its crude product was 

purified by flash column chromatography on 10% deactivated silica gel (DCM:MeOH 

(50:1 → 30:1)) to obtain the title compound 131 (20 mg, 17%) as a pale-yellow solid. 

131: Rf = 0.2 [DCM/MeOH (10:1)]; IR (neat) νmax/cm-1: 3214, 2924, 1671, 1087; 1H NMR 

(300 MHz, DMSO-d6) δ 13.17 (s, 1H), 8.01 (s, 1H), 6.86 (s, 1H), 6.10 (dd, J = 4.2, 2.5 Hz, 

1H), 6.06 (d, J = 1.2 Hz, 2H), 5.48 (d, J = 4.1 Hz, 1H), 5.33 (d, J = 5.4 Hz, 1H), 5.17 (ddd, 
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J = 4.4, 2.9, 1.3 Hz, 1H), 4.22 (d, J = 8.2 Hz, 1H), 3.78 – 3.65 (m, 2H), 2.00 (s, 3H); 13C 

NMR (75 MHz, DMSO-d6) δ 169.68, 168.92, 152.43, 144.88, 133.97, 133.32, 131.25, 

119.32, 105.78, 102.27, 96.19, 71.00, 69.25, 69.14, 52.76, 20.83. LRMS (ESI+/-) m/z 350.0 

[M+H]+, 372.0 [M+Na]+. The spectral data were matched and agree with the literature 

data.170  

 

(1R,2S,3S,4S)-5-Bromocyclohex-5-ene-1,2,3,4-tetraol (126)203 

 

Method A: In a typical chemoenzymatic epoxidation reaction, a mixture of substrate 1 (0.5 

mmol)), urea-hydrogen peroxide (UHP) (94 mg, 1.0 mmol), octanoic acid (80 µL, 0.5 

mmol) and Candida antarctica lipase (CAL) (10 mg) in methyl tert-butyl ether (5 mL) was 

stirred at 150 rpm, at 35 °C, for 24 h. The crude mixture was filtered for removal of the 

catalyst and concentrated in vacuo and further analyzed by 1H-NMR. 

The crude mixture of 6 batches using substrate 1 was combined and filtered for removal of 

the catalyst, and the flasks were washed with MeOH to remove product residues and 

combined with the MTBE filtrate and concentrated in vacuo. The obtained white crude 

product was adsorbed in 24% deactivated silica gel and purified by flash column 

chromatography (EtOAc:Hex:MeOH 8:1:1) to yield tetrol as a white solid (88 mg, 13%). 

Method B: A solution of 141 (17.9 mg, 0.08 mmol) in MeOH (0.4 mL) under argon 

atmosphere was stirred magnetically and Dowex 50 resin (65 mg) was added. Reaction 

was left running overnight and progress was checked by TLC (EtOAc/Hex/MeOH 8:1:1). 

When the reaction was finished the resin was removed by gravity filtration and washed 

with MeOH. The combined organic phases were evaporated under reduced pressure 

yielding the crude product. The crude product was purified by column chromatography 

(EtOAc/Hex/MeOH 8:1:1) and recrystallized (EtOAc) leading to the white crystalline 

product (9.6 mg, 0.04 mmol, 53%). 

126: Rf = 0.2 [EtOAc/Hex/MeOH (8:1:1)]; m.p. 128-131°C (MeOH), lit.203 131-132°C 

(MeOH); [α]
D

22
= -64.53 (c = 0.5, MeOH); lit.203 [α]

D

20
= -50 (c = 0.01, MeOH); IR νmax/cm-
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1: 3322, 1641, 1406, 1032, 702 cm-1; 1H NMR (600 MHz, MeOD) δ 6.09 – 6.06 (m, 1H), 

4.24 (dt, J = 6.5, 2.4 Hz, 1H), 4.20 – 4.17 (m, 1H), 4.06 (dd, J = 3.7, 2.0 Hz, 1H), 3.61 (dd, 

J = 6.8, 1.9 Hz, 1H).; 13C NMR (151 MHz, MeOD) δ 133.04, 127.66, 75.47, 73.10, 72.84, 

71.53; LRMS (ESI+/-) m/z 242 [M+NH4]
+, 246.9 [M+Na]+, 262.9 [M+K]+. The spectral 

data were matched and agree with the literature data.203 

 

(3aS,7aS)-4-Bromo-2,2-dimethyl-3a,7a-dihydrobenzo[d][1,3]dioxole (136)219  

 

Diol 1 (2 g, 0.01 mol) was suspended in DCM (10 mL), and 2,2-DMP (5 mL, 0.04 mol) 

was added followed by addition of a catalytic amount of p-TSA. The reaction mixture was 

left stirring for 4 h at room temperature and the consumption of starting material was 

checked with TLC (hexane:EtOAc (4:1)). The reaction was quenched with NaHCO3 and 

extracted with DCM. The combined organic phases were dried with MgSO4 and 

concentrated on the rotary evaporator. The residue was adsorbed on deactivated silica gel 

(10%), and purified by column chromatography (hexane:EtOAc (8:1)) to afford 136 as a 

colorless oil (1.43 g, 5.9 mmol, 59%). This compound quickly dimerizes and must be used 

immediately. Otherwise, it is necessary to keep it stored as a dilute solution in the freezer 

(-13 °C).  

136: Rf = 0.65 [Hex/EtOAc (4:1)]; [α]
D

21 
= 77.08 (c = 1.5, MeCN), 

lit.219 [α]
D

25
= 45 (c = 0.7, 𝐶𝐻𝐶𝑙3); IR (CDCl3) νmax/cm-1: 2988, 1372, 1032, 724.2, 630.4; 

1H NMR (300 MHz, CDCl3) δ 6.34 (d, J = 6.1 Hz, 1H), 5.97 (d, J = 9.5 Hz, 1H), 5.87 (dd, 

J = 9.6, 6.0 Hz, 1H), 4.72 (d, J = 1.7 Hz, 2H), 1.44 (s, 2H), 1.43 (s, 3H). 13C NMR (75 

MHz, CDCl3) δ 125.90, 124.77, 124.53, 124.22, 106.34, 76.01, 72.60, 26.84, 25.08. LRMS 

(ESI+) m/z 253 [M+Na]+. The spectral data were matched and agree with the literature 

data.219 
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3aS,5aR,6aR,6bS)-4-Bromo-2,2-dimethyl-3a,5a,6a,6b 

tetrahydrooxireno[2',3':3,4]benzo[1,2-d][1,3]dioxole (137)220 

 

Method A: In a typical chemoenzymatic epoxidation reaction, a mixture of substrate 136 

(0.5 mmol)), urea-hydrogen peroxide (UHP) (94 mg, 1.0 mmol), octanoic acid (80 µL, 0.5 

mmol) and Candida antarctica lipase (CAL) (10 mg) in methyl tert-butyl ether (5 mL) was 

stirred at 150 rpm, at 35 °C, for 24 h. The crude mixture was filtered for removal of the 

catalyst and concentrated in vacuo and further analyzed by 1H-NMR. 

Method B: 75 mg (0.43 mmol) of recrystallized m-CPBA was added to a cold solution of 

136 (100 mg, 0.43 mmol) in DCM (5 mL) and left stirring overnight. TLC showed the 

presence of starting material, so another 35 mg of m-CPBA was added to the cold reaction 

mixture. After 3 h, the reaction was quenched with NaHCO3, extracted with DCM and the 

combined organic phases were dried with MgSO4 and concentrated. The residue was 

purified by flash column chromatography with deactivated silica gel (10%) (hexane/EtOAc 

8:1) to yield 137 as a colorless oil (80 mg, 0.32 mmol, 75%). 

137: Rf = 0.6 [Hex/EtOAc (4:1)]; [α]
D

21 = 95.6 (c = 0.70, MeCN), lit.221 

[α]
D

21
= 103.8 (c = 0.53, MeOH); IR (neat) νmax/cm-1: 2921, 1736, 1070; 1H NMR (300 

MHz, CDCl3) δ 6.47 (dd, J = 4.4, 1.1 Hz, 1H), 4.86 (ddd, J = 6.8, 1.8, 1.1 Hz, 1H), 4.41 

(dd, J = 6.8, 0.9 Hz, 1H), 3.58 (dd, J = 3.7, 1.9 Hz, 1H), 3.34 – 3.30 (m, 1H), 1.45 (s, 3H), 

1.43 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 130.01, 126.61, 111.54, 74.24, 72.74, 49.59, 

48.42, 27.63, 26.12. LRMS (ESI+) m/z 247.0/249.0 [M+H]+ The spectral data were 

matched and are in agreement with the literature data.221  
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(1R,2S,3S,6R)-4-Bromo-7-oxabicyclo[4.1.0]hept-4-ene-2,3-diyl diacetate (138) 

 

(1S,2S,3S,6S)-4-Bromo-7-oxabicyclo[4.1.0]hept-4-ene-2,3-diyl diacetate (139) 

 

80 mg (0.46 mmol) of recrystallized m-CPBA was added to a cold solution of diacetate 

125 (114 mg, 0.46 mmol) in DCM (5 mL) and left stirring overnight. The reaction was 

quenched with NaHCO3, extracted with DCM and the combined organic phases were dried 

over MgSO4, filtered and concentrated. The residue was purified by flash column 

chromatography with 10% deactivated silica gel (hexane/EtOAc 8:1) to yield 138 as an 

opaque oil (28 mg, 21%) and 139 as a yellow solid (14 mg, 10%). Compound 139 is 

unstable and quickly decomposes even when kept in the freezer (-15 °C). 

138: Rf  = 0.7 [Hex/EtOAc (4:1)]; [α]
D

21 
= 112.8 (c = 0.6, MeCN); IR νmax/cm-1: 1742 (s, -

CO-O-), 1210 (s, -C-O-C-), 896 (w, C-Br); 1H NMR (300 MHz, CDCl3) δ 6.55 (dd, J = 

4.3, 2.5 Hz, 1H), 5.79 (ddd, J = 4.9, 3.0, 0.5 Hz, 1H), 5.49 (dd, J = 4.9, 2.5 Hz, 1H), 3.48 

(t, J = 3.5 Hz, 1H), 3.37 (t, J = 3.8 Hz, 1H), 2.07 (s, 3H), 2.06 (s, 3H).13C NMR (75 MHz, 

CDCl3) δ 170.14, 169.31, 127.34, 125.82, 66.86, 66.27, 50.87, 48.33, 20.83, 20.64. LRMS 

(EI) m/z 247.89 (M+, 5%), 218.89 (33), 205.87 (40), 189.86 (65), 158.86 (100), 126.95 

(35), 108.95 (65); HRMS (EI) calcd for C8H9O4Br (M-CH2CO)+
 247.9679/249.9658; found 

247.9677/249.9655. 

139: Rf = 0.7 [Hex/EtOAc (4:1)]; m.p. 47-49 °C (EtOAc/pentane) (decomp) 

[α]
D

21 = -230.4 (c = 0.6, MeCN); IR νmax/cm-1: 1743 (s, -CO-O-), 1229 (s, -C-O-C-), 897 

(w, C-Br); 1H NMR (300 MHz, CDCl3) δ 6.65 (d, J = 4.4 Hz, 1H), 5.82 (dd, J = 5.5, 2.0 

Hz, 1H), 5.42 (dd, J = 5.5, 1.2 Hz, 1H), 3.59 – 3.54 (m, 1H), 3.46 (t, J = 4.4 Hz, 1H), 2.15 

(s, 3H), 2.08 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 170.75, 169.97, 131.45, 123.59, 70.30, 

68.90, 53.34, 48.20, 20.88, 20.71. LRMS (EI) m/z (%) 247.89 (M+, 2), 220.89 (20), 205.87 
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(10), 189.86 (25), 168.97 (100), 158.87 (40), 126.95 (35), 108.95 (83); HRMS (EI) calcd 

for C8H9O4Br (M-CH2CO)+
 247.9679/249.9658; found 247.9681/249.9662. 

 

(3aR,4R,5S,7aS)-4,7-Dibromo-2,2-dimethyl-3a,4,5,7a-

tetrahydrobenzo[d][1,3]dioxole-5-ol (141)222 

 

Acetonide-protected diol (136) (288 mg, 1.25 mmol) was dissolved in a mixture of DME 

and H2O (6.6 mL, ratio 1:1) and cooled in an ice-salt bath to -5°C. The reaction mixture 

was protected from light before NBS (306 mg, 1.7 mmol) was added. After addition of 

NBS the reaction mixture turned bright yellow. The reaction mixture was left under 

magnetic stirring at 0 °C and the progress was checked by TLC every hour. After 3 h the 

reaction was complete, and it was quenched with saturated Na2S2O3 solution (5 mL) until 

a colour change from yellow to white was observed. Product was extracted from the 

mixture with DCM (3 x 5 mL) and then the combined organic layers were washed with 

brine (5 mL) before dried over MgSO4 and the solvent got evaporated under reduced 

pressure. The crude product was adsorbed in 10 % deactivated silica gel and purified by 

flash column chromatography (Hex:EtOAc/9:1). The combined product fractions were 

concentrated under reduced pressure to yield the white crystalline product 141 (184.7 mg, 

0.56 mmol, 44.8%).  

141: Rf = 0.3 [Hex/EtOAc (4:1)]; m.p. 65-72 °C (EtOAc/pentane), lit.222 69-70°C;  

[α]
D

21 = 13.07 (c = 1.0, 𝐶𝐻𝐶𝑙3), lit.222 [α]
D

28 = 13.8 (c = 1.0, 𝐶𝐻𝐶𝑙3); IR (neat) νmax/cm-1: 

2986, 1373, 1233, 1044, 846; 1H NMR (300 MHz, CDCl3) δ 6.36 (d, J = 4.9 Hz, 1H), 4.68 

(d, J = 5.2 Hz, 1H), 4.61 (td, J = 5.1, 1.6 Hz, 1H), 4.34 – 4.25 (m, 2H), 2.94 (d, J = 8.9 Hz, 

1H), 1.53 (s, 3H), 1.42 (s, 3H); 13C NMR (75 MHz, CDCl3) 131.00, 124.12, 112.24, 78.14, 

76.41, 70.81, 48.31, 28.04, 26.55; LRMS (ESI+) m/z 269 [M+Na]+. The spectral data were 

matched and agree with the literature data.222 
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(3aS,4S,5R,7aS)-7-Bromo-2,2-dimethyl-3a,4,5,7a-tetrahydrobenzo[d][1,3]dioxole-

4,5-diol (142)222 

 

A solution of 141 (111 mg, 0.34 mmol) in DME (1.7 mL) was cooled in an ice-salt bath to 

-5°C and KOH solution (10%, 0.8 mL, 0.8 mmol) was slowly added. Solution turned to 

turquoise colour and then yellow. After 2 h the ice bath was removed, and the reaction 

mixture was brought to reflux overnight. The reaction mixture was quenched with sat. 

NH4Cl solution (2 mL), extracted with EtOAc (3 x 5 mL), dried over MgSO4, filtered and 

the solvent was evaporated under reduced pressure. The crude product was purified by 

column chromatography (Hex/EtOAc 2:1) leading to a white solid 142 (35 mg, 0.14 mmol, 

41.2%) 

142: Rf = 0.2 [Hex/EtOAc (4:1)]; m.p. 126-128 °C (EtOAc), lit.222 131-132 °C; 

[α]
D

22 = -15.91 (c = 0.40, 𝑀𝑒𝑂𝐻), lit.222 [α]
D

28 
= -19.18 (c = 1.13, 𝑀𝑒𝑂𝐻); IR (neat) 

νmax/cm-1: 3390, 2930, 1375, 1228, 1042, 906, 730;  1H NMR (300 MHz, CDCl3) δ 6.13 (d, 

J = 1.8 Hz, 1H), 4.65 (dd, J = 5.2, 1.9 Hz, 1H), 4.53 (dd, J = 5.2, 2.5 Hz, 1H), 4.37 (d, J = 

8.1 Hz, 1H), 3.71 (d, J = 7.2 Hz, 1H), 3.28 (s, 2H), 1.41 (s, 6H); 13C NMR (101 MHz, 

CDCl3) δ 132.29, 123.13, 111.02, 78.65, 76.69, 73.63, 70.25, 27.45, 26.47; LRMS (ESI+) 

m/z 289 [M+Na]+. The spectral data were matched and agree with the literature data.222 

 

(1R,2R,3S,4R)-cyclohex-5-ene-1,2,3,4-tetrol (2) [(-)-conduritol C]201,218  

 

A 0.1 M solution of the charge carrier nBu4NBF4 (TBATFB) in 10mL of THF was added 

to the IKA ElectraSyn vial. The solution was purged with an argon stream for 10min. 

Compound 126 (40 mg, 0.17 mmol) was added in the vial and the vial was closed with the 

three-electrode scheme. The CV was done to obtain the reduction potential (-2.9 V) and 
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the CV electrode was changed to the glassy carbon electrode. The mixture was electrolyzed 

with constant voltage for 4 h with the polarity being alternated every 5 min. Upon 

completion of the reaction, the solvent was evaporated, and the resulting green solid was 

adsorbed in 10% deactivated silica gel and purified by flash column chromatography 

(EtOAc to remove most of the charge carrier and EtOAc:MeOH 8:1) to yield (-)-conduritol 

C 2 (14 mg, 54%) as a white solid. 

2: Rf = 0.3 [Hex/EtOAc (1:2)]; m.p. 120-125 °C (MeOH/Hexane), lit.221 128-131 °C 

(MeOH/Et2O)  [α]
D

21 = -141.13 (c = 0.2, MeOH)*, lit.203 [α]
D

20 = -205 (c = 0.2, MeOH); IR 

νmax/cm-1: 3336 (br, -OH), 2968, 1638, 1018; 1H NMR (300 MHz, MeOD) δ 5.65 (dt, J = 

10.3, 2.0 Hz, 1H), 5.56 (ddd, J = 10.2, 3.5, 1.8 Hz, 1H), 4.27 (dd, J = 4.5, 2.3 Hz, 1H), 4.26 

– 4.20 (m, 1H), 4.02 (dt, J = 3.5, 1.8 Hz, 1H), 3.53 (dd, J = 7.4, 2.0 Hz, 1H); 13C NMR (75 

MHz, MeOD) δ 130.84, 130.11, 76.20, 74.05, 70.65, 69.57. LRMS (ESI+/-) m/z 144.9 [M-

H]- *Small amounts of charge carrier still present in the sample. The spectral data were 

matched and are in agreement with the literature data.223 

 

(3aS,3bR,12S,12aR)-6,12-Dihydroxy-2,2-dimethyl-3b,4,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (159) 

 

Narciclasine 3 (515 mg, 1.67 mmol) was solubilized in DMF (5 mL) under inert conditions 

and 2,2-DMP (1 mL, 8.16 mmol) was added, followed by a catalytic amount of p-TSA. 

The solution was left stirring overnight at room temperature and on the next day there was 

the presence of a white precipitate. The reaction was quenched with pyridine (1 mL, 12.4 

mmol) and water (5 mL), left it stirring for one extra hour and the mixture was filtered 

through vacuum filtration. 159 was collected as a white solid and used without further 

purification (530 mg, 1.53 mmol, 91% yield). 

159: Rf = 0.8 [DCM:MeOH (5:1)]; m.p. 270 °C (DMF) (decomp.), lit.130 270 - 274 °C; 

𝛼𝐷
22 = −30.16 (𝑐 = 0.45, 𝐷𝑀𝐹), lit.130 𝛼𝐷

20 = −33 (𝑐 = 0.35, 𝑇𝐻𝐹); 1H NMR (300 
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MHz, DMSO) δ 13.74 (s, 1H), 8.79 (s, 1H), 7.00 (s, 1H), 6.47 (s, 1H), 6.06 (d, J = 1.6 Hz, 

2H), 5.81 (d, J = 5.7 Hz, 1H), 4.09 (ddt, J = 27.8, 13.3, 5.2 Hz, 4H), 1.46 (s, 3H), 1.32 (s, 

3H); 13C NMR (75 MHz, DMSO) δ 167.65, 152.55, 145.22, 133.35, 128.89, 128.25, 

125.93, 109.83, 104.27, 102.05, 94.22, 79.01, 78.46, 71.03, 54.63, 27.07, 24.80; LRMS 

(EI) m/z (%) 347.10 (M+, 23), 271.06 (25), 247.09 (100), 242.09 (41), 157.11 (23), 57.64 

(24); HRMS (EI) calcd for C17H17NO7 347.1005; found 347.1002. The spectral data were 

matched and are in agreement with the literature data.130 

 

(3aS,3bR,12S,12aR)-6-Hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl acetate (160) 

 

(3aS,3bR,12S,12aR)-2,2-Dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (161) 

 

(3aS,3bR,12S,12aR)-4-Acetyl-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (162) 

 

Acetonide-narciclasine 159 (460 mg, 1.32 mmol) was flushed with the Schlenk technique 

and suspended in DCM (10 mL). The reaction mixture was cooled to 0 °C in an ice-bath 

and triethylamine (1.3 mL, 9.32 mmol) was added, followed by addition of acetic 

anhydride (0.4 mL, 4.24 mmol) and a catalytic amount of recrystalized DMAP. The 
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reaction was left stirring overnight and the formation of the products was confirmed by 

TLC. The solution was quenched with a saturated solution of NH4Cl (10 mL) and extracted 

with DCM (3x10 mL). The organic layers were combined and dried over MgSO4 and 

adsorbed on 10% deactivated silica gel. Products were purified through flash column 

chromatography (DCM:MeOH 150:1 to 100:1). Monoacetate 160 (100 mg, 0.25 mmol, 

19% yield) was obtained as a white solid, diacetate 161 (246 mg, 0.57 mmol, 43% yield) 

was collected as a pale-yellow foam solid and the triacetate 162 (10 mg, 0.02 mmol, 1% 

yield) was obtained as an oil. 

160: Rf = 0.7 [DCM:MeOH (30:1)]; m.p. 244 °C (from Hex/MeOH) (decomp.), lit.128 248 

°C; 𝛼𝐷
21 = 84.29 (𝑐 = 0.75, 𝐶𝐻𝐶𝑙3), lit.128 𝛼𝐷

20 = 85 (𝑐 = 0.6, 𝐶𝐻𝐶𝑙3); IR (neat) νmax/cm-

1: 3078 (br, -OH), 2983 (w, -CH3), 2916 (w, -OCH3), 1745 (s, -CO-O-), 1676 (-CO-N- 

lactam); 1H NMR (300 MHz, CDCl3) δ 12.87 (s, 1H), 6.66 (s, 1H), 6.50 (s, 1H), 6.12 (t, J 

= 2.5 Hz, 1H), 6.05 (q, J = 1.4 Hz, 2H), 5.38 (dt, J = 5.5, 2.5 Hz, 1H), 4.32 (dd, J = 7.5, 5.6 

Hz, 1H), 4.23 – 4.06 (m, 2H), 2.21 (s, 3H), 1.54 (s, 3H), 1.40 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ 170.47, 167.72, 153.21, 146.27, 134.99, 128.24, 128.12, 121.73, 111.82, 105.19, 

102.62, 94.70, 78.65, 77.16, 75.48, 74.17, 55.42, 27.28, 25.08, 21.28; LRMS (EI) m/z (%) 

389.19 (M+, 85), 331.13 (100), 289.08 (89), 271.07 (54), 155.17 (53), 141.15 (58), 127.12 

(60), 113.10 (63), 99.10 (62), 85.90 (68), 71.07 (54); HRMS (EI) calcd for C19H19O8N: 

389.1105. Found 389.1108. The spectral data were matched and are in agreement with the 

literature data.128 

161: Rf = 0.5 [DCM:MeOH (30:1)]; m.p. 125-128 °C (from Hex/MeOH), lit.224 130-132 

°C; 𝛼𝐷
21 = 87.10 (𝑐 = 1.1, 𝐶𝐻𝐶𝑙3), lit.224 𝛼𝐷

24 = 60 (𝑐 = 0.91, 𝑀𝑒𝑂𝐻); IR (neat) νmax/cm-

1: 1771 and 1741 (s, -CO-O-), 1666 (s, -CO-N- lactam); 1H NMR (300 MHz, CDCl3) δ 

6.89 (s, 1H), 6.17 (s, 1H), 6.06 (t, J = 2.7 Hz, 1H), 6.00 (d, J = 0.8 Hz, 2H), 5.34 – 5.29 (m, 

1H), 4.24 (dd, J = 7.5, 5.6 Hz, 1H), 4.05 (dd, J = 14.4, 7.1 Hz, 2H), 2.31 (s, 3H), 2.13 (s, 

3H), 1.45 (s, 3H), 1.32 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 170.23, 169.02, 160.80, 

152.30, 141.31, 133.95, 129.48, 128.58, 121.88, 113.40, 111.28, 103.03, 100.02, 78.64, 

75.22, 73.77, 55.04, 27.08, 24.92, 21.05, 20.84; LRMS (EI) m/z (%) 431.22 (M+, 23), 

389.17 (96), 331.11 (91), 289.09 (65), 169.21 (55), 155.20 (70), 141.19 (69), 127.16 (80), 

113.15 (84), 99.14 (87), 85.14 (100), 71.15 (90), 57.11 (64); HRMS (EI+) calcd for 
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C21H21O9N: 431.1211. Found 431.1209. The spectral data were matched and are in 

agreement with the literature data.128,224
 

162: Rf = 0.7 [DCM:MeOH (30:1)]; 𝛼𝐷
21 = 247.65 (𝑐 = 0.15, 𝑀𝑒𝑂𝐻); IR (neat) νmax/cm-

1: 2989 (w, -CH3), 2922 (w, -OCH3), 1776 and 1743 (s, -CO-O-), 1691 (s, -CO-N- lactam); 

1H NMR (300 MHz, CDCl3) δ 6.93 (s, 1H), 6.10 (q, J = 1.2 Hz, 2H), 6.06 (t, J = 2.9 Hz, 

1H), 5.58 – 5.50 (m, 1H), 5.47 (ddd, J = 8.6, 2.7, 1.6 Hz, 1H), 4.24 (dd, J = 7.9, 6.3 Hz, 

1H), 3.91 (t, J = 8.2 Hz, 1H), 2.45 (s, 3H), 2.40 (s, 3H), 2.20 (s, 4H), 1.58 (s, 3H), 1.33 (s, 

3H); 13C NMR (75 MHz, CDCl3) δ 170.87, 170.52, 169.13, 163.66, 153.77, 141.45, 133.57, 

131.42, 130.28, 125.41, 115.74, 112.74, 103.45, 100.22, 79.90, 76.58, 74.72, 53.75, 26.97, 

25.83, 25.45, 21.26, 20.96; LRMS (EI) m/z (%) 473.25 (M+, 5), 441.38 (23), 373.13 (29), 

169.21 (47) 155.20 (61), 153.18 (100), 141.19 (58), 127.16 (68), 99.14 (69), 85.14 (68), 

71.15 (55); HRMS (EI+) calcd for C23H23O10N: 473.1316. Found 473.1318.  

 

(3aS,3bR,12R,12aS)-11-Hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (163a) 

 

(3aS,3bR,12S,12aS)-11-Hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (163b) 

 

Diacetate-acetonide narciclasine 161 (287 mg, 0.66 mmol) was solubilized in a 3:1 mixture 

of THF:H2O (10 mL) and cooled to 0 °C in an ice-salt bath, and recrystallized NBS (142 

mg, 0.80 mmol) was added in the solution and the colourless solution turned yellow. The 

reaction was left stirring in the dark and at 0 °C for 30 minutes and quenched with 1 mL of 

a saturated solution of Na2SO3 (or NaS2O3). The yellow colour fades, and the reaction 
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mixture is concentrated under reduced pressure to remove THF, while the remaining solid 

product with the aqueous solution is diluted with DCM (10 mL) and extracted with DCM 

(3x10 mL). The combined organic layers are dried over MgSO4, filtered, and concentrated 

to yield 200 mg (0.44 mmol, 66% yield) of a mixture of C-1 enol (C-2 epimer) 163b as a 

white foam solid and C-1 enol 163a as a film with a 2:1 ratio. Note: these compounds 

epimerize in solution.   

163a: Rf = 0.2 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
21 = 20.65 (𝑐 = 0.15, 𝑀𝑒𝑂𝐻); IR 

(neat) νmax/cm-1: 3310 (br, -OH), 2985 (w, -CH3), 2926 (w, -OCH3), 1742 (s, -CO-O-), 

1660 (s, -CO-N- lactam); 1H NMR (600 MHz, Acetone) δ 10.22 (s, 1H), 7.18 (s, 1H), 6.21 

(d, J = 2.4 Hz, 2H), 5.20 (d, J = 6.2 Hz, 1H), 5.11 (dd, J = 6.9, 3.3 Hz, 1H), 5.03 (dd, J = 

9.7, 3.2 Hz, 1H), 4.73 (dd, J = 9.7, 6.2 Hz, 1H), 4.58 (d, J = 5.3 Hz, 1H), 2.30 (s, 3H), 2.13 

(s, 3H), 1.42 (s, 3H), 1.39 (s, 3H); 13C NMR (151 MHz, Acetone) δ 170.84, 169.09, 154.02, 

140.52, 135.81, 133.77, 115.96, 111.34, 104.21, 100.44, 74.71, 73.85, 73.02, 65.05, 64.94, 

28.10, 26.16, 21.09, 20.94; LRMS (EI) m/z (%) 447.00 (M+, 5), 405.99 (26), 344.96 (100), 

326.96 (53), 311.92 (34), 286.92 (65), 258.91 (35). HRMS (EI) calcd for C21H21NO10 

447.1160; found 447.1162; Elemental analysis found C, 55.18; H, 5.14; and C, 54.35; H, 

4.84; calculated for C21H21NO10: C, 56.38, H, 4.73%. 

163b: Rf = 0.3 [DCM:MeOH:Acetone (20:1:1)]; 𝛼𝐷
21 = 11.45 (𝑐 = 0.35, 𝑀𝑒𝑂𝐻);  m.p. 

decomposes to a yellow oil at 179-181 °C (from DCM). IR (neat) νmax/cm-1: 3275 (br, -

OH), 2985 (w, -CH3), 2937 (w, -OCH3), 1734 (s, -CO-O-), 1663 (s, -CO-N- lactam); 1H 

NMR (600 MHz, DMSO) δ 11.44 (s, 1H), 7.08 (s, 1H), 6.24 (s, 1H), 6.21 (d, J = 4.7 Hz, 

2H), 5.48 (d, J = 6.3 Hz, 1H), 5.09 (d, J = 6.4 Hz, 1H), 4.35 (dd, J = 9.3, 6.4 Hz, 1H), 3.78 

(ddd, J = 9.6, 6.3, 3.5 Hz, 1H), 2.30 (s, 3H), 2.01 (s, 3H), 1.43 (s, 3H), 1.40 (s, 3H); 13C 

NMR (151 MHz, DMSO) δ 170.58, 168.51, 159.32, 152.77, 139.21, 134.49, 133.94, 

132.03, 114.18, 109.63, 107.13, 103.40, 98.80, 75.21, 71.56, 69.22, 68.22, 39.52, 27.93, 

25.87, 20.86, 20.73; LRMS (EI) m/z (%) 447.15 (M+, 15), 405.15 (72), 345.11 (100), 

287.09 (95), 174.14 (54), 149.09 (31), 60.55 (18); HRMS (EI) calcd for C21H21NO10 

447.1160; found 447.1163; Elemental analysis found C, 55.25; H, 5.05; and C, 54.46; H, 

4.89; calculated for C21H21NO10: C, 56.38, H, 4.73%.  
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(3aS,3bR,12R,12aS)-11-Hydroxy-2,2-dimethyl-5-(tosyloxy)-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (164a) 

 

(3aS,3bR,12S,12aS)-11-Hydroxy-2,2-dimethyl-5-(tosyloxy)-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (164b) 

 

To a flame dried Schlenk flask, a dry solution of a mixture of C-1 enol and its C-2 epimer 

163a/b (20 mg, 0.04 mmol) was transferred to a rbf, solubilized in dry DCM (1 mL) and 

cooled to 0 °C. LiCl (9 mg, 0.21 mmol) and TsCl (12 mg, 0.06 mmol), n-methyl imidazole 

(5 µL, 0.06 mmol) and triethylamine (5 µL, 0.06 mmol) were successively added at 0 °C 

under argon. The mixture was left stirring for one hour in the ice bath and lifted to stir at 

room temperature. There seems to be a slow progress in the reaction after stirring for one 

hour at room temperature. The reaction was diluted with 2 mL of DCM and left stirring 

overnight. The reaction mixture was filtered through a plug of celite and purified by flash 

column chromatography with 10% deactivated silica gel (DCM:MeOH:Acetone 100:1:1 -

> 60:1:1). Products 164a and 164b were obtained as an inseparable 1:2 mixture (25% 

yield). 

164a: Rf = 0.7 [DCM:MeOH:Acetone (20:1:1)]; IR (neat) νmax/cm-1: 2869 (w, -CH3), 1602 

(s, -CO-N- lactam), 1455 (m, -SO2-O-), 810.6 (m, para-substituted benzene ring);  1H NMR 

(400 MHz, DMSO) δ 8.06 (d, J = 8.5 Hz, 2H), 8.02 (s, 1H), 7.47 (d, J = 8.5 Hz, 2H), 6.36 

(dd, J = 11.2, 5.8 Hz, 2H), 5.79 (d, J = 6.6 Hz, 1H), 5.19 – 5.17 (m, 1H), 4.93 (dd, J = 10.0, 

3.3 Hz, 1H), 4.65 (dd, J = 10.0, 6.1 Hz, 1H), 2.48 (s, 3H), 2.44 (s, 3H), 2.16 (s, 3H), 1.48 

(s, 3H), 1.39 (s, 3H). 13C NMR (151 MHz, DMSO) δ 170.15, 168.60, 153.15, 151.09, 

145.62, 141.27, 140.20, 136.51, 133.44, 129.89, 129.68, 125.35, 122.10, 110.75, 110.56, 
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104.09, 98.99, 75.00, 73.17, 72.41, 63.41, 27.63, 25.93, 21.01, 20.70, 20.17. LRMS (EI) 

m/z (%) 601.0 (M+, 5), 405.13 (45), 345.08 (48), 327.07 (46), 312.05 (44), 287.04 (90), 

111.11 (100); HRMS (EI) calcd for C28H27NO12S 601.1248; found 601.1251. 

164b: Rf = 0.7 [DCM:MeOH:Acetone (20:1:1)]; IR (neat) νmax/cm-1: 2869 (w, -CH3), 1602 

(s, -CO-N- lactam), 1455 (m, -SO2-O-), 810.6 (m, para-substituted benzene ring);  1H NMR 

(400 MHz, DMSO) δ 8.06 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.38 (s, 1H), 6.47 

(d, J = 3.6 Hz, 1H), 6.36 (dd, J = 11.4, 5.6 Hz, 2H), 5.56 (d, J = 6.3 Hz, 1H), 5.16 (d, J = 

6.5 Hz, 1H), 4.44 (dd, J = 9.4, 6.5 Hz, 1H), 3.84 (ddd, J = 9.6, 6.3, 3.4 Hz, 1H), 2.48 (s, 

3H), 2.44 (s, 3H), 2.01 (s, 3H), 1.50 (s, 3H), 1.44 (s, 3H). 13C NMR (151 MHz, DMSO) δ 

170.29, 168.63, 153.31, 151.65, 145.66, 142.81, 141.38, 136.30, 133.37, 129.75, 129.57, 

125.52, 122.10, 109.51, 109.15, 104.23, 98.29, 74.76, 69.19, 68.10, 63.41, 27.84, 25.77, 

21.18, 20.70, 20.17. LRMS (EI) m/z (%) 601.0 (M+, 5), 405.13 (45), 345.08 (48), 327.07 

(46), 312.05 (44), 287.04 (90), 111.11 (100); HRMS (EI) calcd for C28H27NO12S 601.1248; 

found 601.1251. 

 

(3aS,3bS,10bS,11aR,12R,12aS)-2,2-Dimethyl-5-oxo-3a,3b,4,11a,12,12a-hexahydro-

5H-bis([1,3]dioxolo)[4,5-c:4',5'-j]oxireno[2,3-n]phenanthridine-6,12-diyl diacetate 

(165)224  

 

Diacetate 161 (250 mg, 0.58 mmol) was solubilized in DCM (15 mL) and an equal volume 

of phosphate buffer (pH = 8.0) was added in the solution. The biphasic system was cooled 

to 0 °C and recrystalized mCPBA (350 mg, 2.02 mmol) was added and the reaction was 

left stirring overnight. The reaction was quenched with a saturated solution of Na2S2O3 (15 

mL), transferred to a separatory funnel and further washed with NaHCO3 and extracted 

with DCM (3x15 mL). The combined organic layers were dried over MgSO4, concentrated, 

and adsorbed on 10% deactivated silica gel. The product was purified through flash column 
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chromatography (n-hex:EA 1:1). Epoxide 165 was obtained (130 mg, 0.29 mmol, 50% 

yield) as a white solid.  

165: Rf = 0.3 [Hex/EtOAc (1:1)] m.p. 212-214 °C (Acetone), lit.224 224 - 225 °C; 𝛼𝐷
21 =

134.28 (𝑐 = 0.75, 𝐶𝐻𝐶𝑙3); lit.224 𝛼𝐷
21 = 138 (𝑐 = 1.06, 𝐷𝐶𝑀);  1H NMR (300 MHz, 

CDCl3) δ 6.46 (s, 1H), 6.10 (dd, J = 4.9, 2.3 Hz, 2H), 5.90 (s, 1H), 5.36 (d, J = 6.1 Hz, 1H), 

4.41 (dd, J = 7.9, 6.1 Hz, 1H), 4.30 (t, J = 8.1 Hz, 1H), 4.10 – 3.95 (m, 2H), 2.38 (s, 3H), 

2.23 (s, 3H), 1.46 (s, 3H), 1.35 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 170.76, 169.06, 

161.57, 152.68, 128.63, 118.83, 110.05, 103.43, 102.26, 75.93, 75.66, 74.27, 58.37, 55.25, 

53.65, 27.05, 24.41, 21.24, 21.00; LRMS (ESI+) m/z 448.2 [MH+], 470.2 [M+Na]+, 486.1 

[M+K]+; LRMS (EI) m/z (%) 447.11 (M+, 5), 405.08 (100), 345.05 (13), 327.05 (14), 

287.03 (21), 258.04 (12), 234.05 (35); HRMS (EI) calculated for C21H21NO10 447.1160; 

found 447.1164. The spectral data were matched and are in agreement with the literature 

data.224 

 

(3aS,3bR,12S,12aR)-12-Cyano-11-hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-6-yl acetate (167) 

 

The epoxide 165 (25 mg, 0.05 mmol) was suspended in a 9:1 mixture of MeCN:DCM (2 

mL) under argon and KCN (10 mg, 0.15 mmol) was added to the reaction mixture, followed 

by LiClO4 (18 mg, 0.17 mmol). The reaction was left stirring overnight and no progress 

was observed via TLC. The reaction was brought to reflux for 4 hours, filtered on a celite 

plug and concentrated under reduced pressure. The crude product was adsorbed on 10% 

deactivated silica gel and purified through flash column chromatography 

(DCM:MeOH:Acetone 100:1:1 to 20:1:1). Product 167 was obtained as a colourless film 

(5 mg, 0.01 mmol, 22% yield). 

167: Rf = 0.4 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
20 = −6.53 (𝑐 = 0.15, 𝐷𝐶𝑀); IR (neat) 

νmax/cm-1: 3198, 3090, 2925, 2241, 1775, 1658, 1483, 1207, 1028, 873.3; 1H NMR (600 
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MHz, Acetone) δ 10.36 (s, 1H), 7.25 (s, 1H), 6.26 (dd, J = 5.0, 0.9 Hz, 2H), 5.35 (d, J = 

4.5 Hz, 1H), 5.26 (d, J = 6.4 Hz, 1H), 4.49 (d, J = 5.4 Hz, 2H), 4.48 (d, J = 8.5 Hz, 2H), 

4.09 – 4.03 (m, 1H), 2.31 (s, 3H), 1.45 (s, 3H), 1.42 (s, 3H); 13C NMR (151 MHz, Acetone) 

δ 169.07, 160.03, 154.42, 140.96, 134.53, 134.27, 134.08, 118.48, 115.91, 111.30, 105.01, 

104.51, 100.08, 77.81, 72.89, 69.33, 33.69, 28.28, 26.00, 20.92; LRMS (EI) m/z (%) 414.06 

(M+, 10), 372.03 (80), 314.02 (20), 194.11 (20), 149.09 (39), 121.08 (57), 85.36 (54), 71.45 

(84), 57.64 (100);  HRMS (EI) calculated for C20H18N2O8 414.1058; found 414.1058. 

 

(3aS,3bR,10bR,12S,12aR)-6,12-Dihydroxy-2,2-dimethyl-3b,4,10b,11,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (169)128 

 

(3aS,3bR,10bS,12S,12aR)-6,12-Dihydroxy-2,2-dimethyl-3b,4,10b,11,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (170)128 

 

(3aS,12S,12aR)-6,12-Dihydroxy-2,2-dimethyl-4,11,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (171) 

 

Acetonide-narciclasine 159 (100 mg, 0.29 mmol) and 10% Pd/C (100 mg) were transferred 

to a rbf and purged with the Schlenk technique. DCM (15 mL) and absolute ethanol (15 

mL) were added in the flask, followed by addition of formic acid (55 µL, 1.46 mmol) and 

triethylamine (200 μL, 1.43 mmol). The reaction mixture was stirred for 4h under reflux 

and filtered on a plug of celite. The crude product was adsorbed on 10% deactivated silica 
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gel and purified by flash column chromatography. (DCM:MeOH 120:1 -> 80:1). 30 mg of 

169 was obtained as a pale-yellow solid (0.08 mmol, 30%), 18 mg of 170 as a pale-yellow 

solid (0.05 mmol, 17% yield) and 8 mg of 171 as a pale-yellow film (0.02 mmol, 8% yield). 

169: Rf = 0.4 [DCM/MeOH (30:1)]; m.p. 259-260 °C (from MeOH), lit.128 262-263 °C; 

𝛼𝐷
21 = −53.33 (𝑐 = 0.5, 𝑀𝑒𝑂𝐻); lit.128 𝛼𝐷

20 = −45.5 (𝑐 = 0.38, 𝑇𝐻𝐹); IR (neat) νmax/cm-

1: 3297, 2926, 1617, 1380, 1218, 798.8, 721.5; 1H NMR (400 MHz, DMSO) δ 13.17 (s, 

1H), 8.59 (s, 1H), 6.54 (s, 1H), 6.04 (d, J = 14.5 Hz, 2H), 5.29 (d, J = 3.8 Hz, 1H), 4.15 (t, 

J = 12.9 Hz, 3H), 3.26 (dd, J = 13.5, 7.5 Hz, 1H), 2.97 – 2.72 (m, 1H), 2.32 (d, J = 13.7 

Hz, 1H), 1.60 – 1.50 (m, 1H), 1.39 (s, 3H), 1.32 (s, 3H); 13C NMR (101 MHz, DMSO) δ 

293.16, 275.74, 269.15, 260.95, 255.64, 232.14, 230.54, 225.44, 220.56, 200.60, 199.57, 

188.16, 181.25, 163.15, 155.32, 153.24, 151.74, 149.98. LRMS (ESI+) m/z 350.1 [MH+]. 

HRMS (EI) calcd for C17H19NO7 349.1156; found 349.1151. The spectral data were 

matched and are in agreement with the literature data.225 

170: Rf = 0.2 [DCM:MeOH (30:1)]; m.p. 248-250 °C (from MeOH), lit.128 260 °C; 𝛼𝐷
21 =

59.16 (𝑐 = 0.4, 𝑀𝑒𝑂𝐻); lit.128 𝛼𝐷
21 = 54.8 (𝑐 = 0.37, 𝑇𝐻𝐹); IR (neat) νmax/cm-1:  3289, 

2925, 1672, 1465, 1341, 1222, 1070; 1H NMR (400 MHz, DMSO) δ 12.77 (s, 1H), 8.30 (s, 

1H), 6.58 (s, 1H), 6.04 (dd, J = 4.9, 0.9 Hz, 2H), 4.97 (d, J = 5.7 Hz, 1H), 4.32 (dd, J = 5.1, 

1.9 Hz, 1H), 4.06 (d, J = 2.1 Hz, 1H), 3.86 – 3.75 (m, 1H), 3.69 – 3.52 (m, 1H), 3.04 (dt, J 

= 6.6, 3.1 Hz, 1H), 1.53 (dt, J = 12.6, 4.0 Hz, 2H), 1.45 (s, 3H), 1.29 (s, 3H); 13C NMR 

(101 MHz, DMSO) δ 169.64, 152.12, 144.96, 138.59, 132.09, 107.72, 105.79, 101.86, 

99.59, 79.15, 75.42, 69.82, 51.05, 39.52, 35.20, 34.65, 28.19, 26.44; LRMS (EI) m/z 349.16 

(M+, 5%), 153.26 (31), 84.24 (100), 66.31 (95), 57.41 (23); HRMS (EI) calcd for 

C17H19NO7 349.1156; found 349.1155. The spectral data were matched and are in 

agreement with the literature data.225 

171: Rf = 0.3 [DCM/MeOH (30:1)]; 𝛼𝐷
21 = 2.31 (𝑐 = 0.10, 𝑀𝑒𝑂𝐻); IR (neat) νmax/cm-1:  

3298, 2925, 1673, 1468, 1357, 1222, 1081; 1H NMR (300 MHz, DMSO) δ 13.76 (s, 1H), 

11.76 (s, 1H), 6.77 (s, 1H), 6.13 (d, J = 3.1 Hz, 2H), 5.20 (d, J = 4.4 Hz, 1H), 4.93 (d, J = 

6.0 Hz, 1H), 4.31 (t, J = 5.5 Hz, 1H), 4.10 (t, J = 4.3 Hz, 1H), 2.67 (qd, J = 16.2, 4.1 Hz, 

2H), 1.36 (s, 3H), 1.20 (s, 3H); 13C NMR (150 MHz, DMSO) δ 165.37, 153.54, 143.81, 
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134.78, 131.13, 130.95, 109.01, 108.96, 107.83, 102.09, 93.12, 76.08, 70.96, 65.23, 27.66, 

27.42, 26.01; LRMS (EI) m/z (%) 347.20 (M+, 25), 155.23 (55), 153.22 (100), 141.22 (61), 

127.20 (64), 125.19 (70), 111.17 (69), 99.16 (72), 85.13 (66), 71.13 (57);  HRMS (EI) 

calculated for C17H17NO7 347.1000; found 347.1001. The spectral data were matched and 

are in agreement with the literature data.128 

 

(3aS,3bR,12R,12aS)-11-Hydroxy-4-(2-methoxy-2-oxoethyl)-2,2-dimethyl-5-oxo-

3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl 

diacetate (172a) 

 

(3aS,3bR,12S,12aS)-11-Hydroxy-4-(2-methoxy-2-oxoethyl)-2,2-dimethyl-5-oxo-

3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl 

diacetate (172b) 

 

To a flame dried Schlenk flask, a dry solution of a mixture of C-1 enol and its C-2 epimer 

(37 mg, 0.08 mmol) was transferred to a rbf, solubilized in 1,2-DME (2 mL) and cooled to 

0 °C under argon. The other reagents were added in the following order: methyl 

bromoacetate (0.2 mL, 2.11 mmol), 18-crown-6 ether (cat. amount) and KH (tip of spatula, 

in oil). The reaction was clear and colourless and was left stirring in the ice bath for 30 

min. TLC showed progress of the reaction, so the flask was lifted, and the solution had 

turned cloudy white. The reaction was left stirring for another hour at room temperature 

and filtered through a plug of celite and washed with DCM. The crude product was purified 
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with prep-TLC with a solvent system of DCM:MeOH:Acetone (40:1:1). 7 mg of 172a 

(0.01 mmol) was obtained as a film and 8 mg of 172b (0.01 mmol) was obtained as a film. 

Combined yield of 36%. 

172a: Rf = 0.4 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
21 = 24.02 (𝑐 = 0.10, 𝑀𝑒𝑂𝐻); IR 

(neat) νmax/cm-1: 3421 (w, -OH), 2956 (w, -CH3), 2924 (w, -OCH3), 1739 (s, -CO-O-), 1659 

(s, -CO-N- lactam); 1H NMR (600 MHz, DMSO) δ 7.23 (s, 1H), 6.28 – 6.24 (m, 2H), 5.26 

(d, J = 5.9 Hz, 1H), 4.98 – 4.92 (m, 2H), 4.88 (dd, J = 10.3, 3.4 Hz, 1H), 4.77 (d, J = 17.5 

Hz, 1H), 4.63 (dd, J = 10.3, 5.8 Hz, 1H), 3.65 (s, 3H), 2.30 (s, 4H), 2.14 (s, 3H), 1.39 (s, 

3H), 1.36 (s, 3H); 13C NMR (151 MHz, DMSO) δ 170.28, 168.53, 168.35, 158.75, 153.00, 

139.79, 133.28, 131.98, 131.63, 113.64, 112.91, 109.94, 103.55, 99.89, 72.33, 72.29, 

71.46, 63.42, 52.11, 44.97,  27.61, 25.96, 21.02, 20.68;  LRMS (EI) m/z (%) 519.00 (M+, 

22), 477.00 (100), 416.96 (84), 398.96 (32), 358.94 (37), 60.05 (14); HRMS (EI) calcd for 

C24H25NO12 519.1371; found 519.1368. 

172b: Rf = 0.4 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
21 = 10.98 (𝑐 = 0.10, 𝑀𝑒𝑂𝐻); IR 

(neat) νmax/cm-1: 3350 (w, -OH), 2927 (w, -OCH3), 1736 (s, -CO-O-), 1650 (s, -CO-N- 

lactam); 1H NMR (300 MHz, DMSO) δ 7.13 (s, 1H), 6.27 (d, J = 11.1 Hz, 2H), 5.52 (d, J 

= 6.2 Hz, 1H), 5.29 (d, J = 6.2 Hz, 1H), 4.97 (d, J = 17.5 Hz, 1H), 4.78 (d, J = 17.4 Hz, 

1H), 4.38 (dd, J = 9.9, 6.1 Hz, 1H), 3.82 (ddd, J = 9.8, 6.1, 3.6 Hz, 1H), 3.66 (s, 2H), 2.30 

(s, 3H), 2.04 (s, 4H), 1.40 (s, 7H); 13C NMR (151 MHz, DMSO) δ 170.48, 168.40, 168.33, 

158.68, 153.14, 139.92, 134.83, 132.83, 131.83, 113.40, 109.56, 109.49, 103.66, 98.89, 

75.16, 71.28, 68.53, 68.22, 52.11, 45.12, 27.88, 25.85, 20.82, 20.63; LRMS m/z (%) (EI) 

519.16 (M+, 13), 477.13 (66), 417.08 (37), 375.21 (74), 359.00 (26) 291.17 (33), 111.10 

(39), 97.09 (42), 85.07 (41), 60.00 (100); HRMS (EI) calculated for C24H25NO12 519.1371; 

found 519.1373. 
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(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate 

(173/190) 

 

Method A: To a flame dried Schlenk flask, a dry solution of a mixture of C-1 enol and its 

C-2 epimer (25 mg, 0.05 mmol) was transferred to a round-bottom flask, solubilized in dry 

DCM (1 mL) and cooled to 0 °C. LiCl (18 mg, 0.42 mmol) and Comin’s reagent (26 mg, 

0.06 mmol), n-methyl imidazole (10 µL, 0.12 mmol) and triethylamine (10 µL, 0.12 mmol) 

were successively added at 0 °C under argon. The mixture was left stirring for one hour in 

the ice bath and lifted to stir at room temperature. The reaction was diluted with 2 mL of 

DCM and left stirring overnight. The reaction mixture was filtered through a plug of celite 

and purified by flash column chromatography with 10% deactivated silica gel 

(DCM:MeOH:Acetone 100:1:1 -> 20:1:1). 9 mg of title compound (0.02 mmol) was 

obtained as a white solid (36%). 

Method B: A dry solution of a mixture of C-1 enol and its C-2 epimer (75 mg, 0.16 mmol) 

was transferred to a rbf, solubilized in dry DCM (2 mL) and cooled to 0 °C. Triethylamine 

(50 µL, 0.32 mmol) was added, followed by acetic anhydride (30 µL, 0.32 mmol) and a 

catalytic amount of recrystallized DMAP. The reaction mixture was left stirring in the ice 

bath for one hour and the TLC showed full consumption of starting material. The reaction 

mixture was concentrated and purified by flash column chromatography with with 10% 

deactivated silica gel (DCM:MeOH 120:1 -> 50:1:1). 55 mg of title compound (0.11 mmol) 

was obtained as a white solid (68%). 

173/190: Rf = 0.8 [DCM/MeOH/Acetone (20:1:1)]; m.p. 171-173 °C (Hex/EtOAc); 𝛼𝐷
21 =

88.10 (𝑐 = 0.50, 𝑀𝑒𝑂𝐻);  IR (neat) νmax/cm-1: 3196 (w, -OH), 2988 (w, -CH3), 1771 and 

1739 (s, -CO-O-), 1657 (s, -CO-N- lactam); 1H NMR (600 MHz, DMSO) δ 11.66 (s, 1H), 

6.77 (s, 1H), 6.34 (d, J = 3.7 Hz, 1H), 6.26 (s, 1H), 6.22 (s, 1H), 5.19 (d, J = 6.1 Hz, 1H), 

5.03 (dd, J = 9.8, 3.5 Hz, 1H), 4.61 (dd, J = 9.8, 6.1 Hz, 1H), 2.31 (s, 3H), 2.08 (s, 3H), 
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2.05 (s, 3H), 1.40 (d, J = 2.3 Hz, 6H); 13C NMR (151 MHz, DMSO) δ 170.71, 169.86, 

168.45, 159.26, 152.99, 139.52, 134.30, 133.33, 132.13, 114.32, 110.45, 105.73, 103.56, 

98.18, 71.94, 71.45, 71.04, 64.77, 27.62, 25.86, 20.70, 20.52, 20.45; LRMS (EI) m/z (%) 

489.20 (M+, 9), 447.15 (29), 327.07 (17), 194.05 (30), 153.12 (33), 98.99 (79). 83.93 (100), 

55.91 (55); HRMS (EI+) calcd for C23H23O11N: 489.1266. Found 489.1261; Elemental 

analysis found C, 49.98; H, 4.27; and C, 55.84; H, 5.38; calculated for C23H23NO11: C, 

56.44, H, 4.74%. 

 

(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-(tosyloxy)-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate (174) 

 

To a flame dried Schlenk flask, a dry solution of compound 173/190 (66 mg, 0.13 mmol) 

was transferred to a rbf, solubilized in dry DCM (3 mL) and cooled to -5 °C. LiCl (54 mg, 

1.27 mmol) and TsCl (74 mg, 0.38 mmol), n-methyl imidazole (30 µL, 0.36 mmol) and 

triethylamine (30 µL, 0.21 mmol) were successively added at -5 °C under argon. The 

mixture was left stirring for 2 hours in the ice bath and the reaction progress was monitored 

through the consumption of SM on the TLC (DCM:MeOH 30:1). The reaction mixture was 

diluted with DCM and filtered through a plug of celite. The organic phase was concentrated 

and the crude product was adsorbed in 10% deactivated silica gel and purified by flash 

column chromatography (DCM:MeOH 200:1). 63 mg of title compound 174 (0.025 mmol, 

72% yield) was obtained as a white foamy solid. 

174: Rf = 0.7 [DCM/MeOH (30:1)]; m.p. 195-198 °C (from hexane/ethyl acetate); 𝛼𝐷
21 =

42.98 (𝑐 = 0.35, 𝑀𝑒𝑂𝐻);  IR (neat) νmax/cm-1: 2987 (w, -CH3), 2924 (w, -OCH3), 1780 

and 1742 (m, s, -CO-O-); 1H NMR (600 MHz, DMSO) δ 8.04 (d, J = 8.4 Hz, 2H), 7.47 (d, 

J = 8.1 Hz, 2H), 7.07 (s, 1H), 6.60 (d, J = 3.5 Hz, 1H), 6.38 (s, 1H), 6.34 (s, 1H), 5.22 (d, 

J = 6.2 Hz, 1H), 5.10 (dd, J = 9.9, 3.4 Hz, 1H), 4.67 (dd, J = 9.9, 6.2 Hz, 1H), 2.47 (s, 3H), 

2.43 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H); 13C NMR (151 MHz, DMSO) δ 170.35, 169.77, 
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168.59, 153.69, 152.02, 145.79, 142.18, 141.73, 136.05, 133.29, 129.71, 129.64, 125.69, 

120.74, 110.76, 110.04, 104.44, 97.73, 74.71, 72.23, 71.03, 64.71, 27.54, 25.83, 21.20, 

20.55, 20.33, 20.16; LRMS (EI) m/z (%) 643.36 (M+, 5), 601.22 (100), 537.16 (15), 501.05 

(20), 441.04 (20), 329.02 (24), 286.97 (24), 270.96 (18). HRMS (EI) calcd for 

C30H29O13NS: 643.1354. Found 643.1349; Elemental analysis found C, 51.15; H, 4.21; and 

C, 52.77; H, 4.36; calculated for C30H29NO13S: C, 55.99, H, 4.54%. 

 

(3aS,3bR,12R,12aS)-4-(2-Methoxy-2-oxoethyl)-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate (175) 

 

To a flame dried Schlenk flask, 173/190 (36 mg, 0.07 mmol) was transferred to a rbf, 

solubilized in dry 1,2-DME (1 mL), and cooled to 0 °C. Methyl bromoacetate (0.2 mL, 2 

mmol), recrystallized 18-crown-6 ether (catalytic amount) and KH (30% in oil, one drop) 

were successively added at 0 °C under argon. The mixture was left stirring for 2 hours in 

the ice bath and a white cloudy precipitate was observed in the reaction mixture. The 

reaction progress was observed through the quick consumption of SM appointed on the 

TLC (DCM:MeOH 30:1). The reaction mixture was diluted with DCM and was filtered 

through a plug of celite, and 54 mg of crude product was obtained. The crude solid was 

purified by flash column chromatography with 10% deactivated silica gel (DCM:MeOH 

200:1). 16 mg of title compound 175 (0.03 mmol, 38%) was obtained as a white film.  

175: Rf = 0.3 [DCM/MeOH (30:1)]; 𝛼𝐷
21 = 24.02 (𝑐 = 0.10, 𝑀𝑒𝑂𝐻); IR (neat) νmax/cm-1: 

2989 (w, -CH3), 2926 (w, -OCH3), 1740 (s, -CO-O-), 1664 (s, -CO-N- lactam); 1H NMR 

(600 MHz, DMSO) δ 6.82 (s, 1H), 6.41 (d, J = 3.4 Hz, 1H), 6.29 (s, J = 23.9 Hz, 1H), 6.25 

(s, 1H), 5.41 (d, J = 5.9 Hz, 1H), 5.06 (dd, J = 10.2, 3.3 Hz, 1H), 4.97 (d, J = 17.5 Hz, 1H), 

4.80 (d, J = 17.5 Hz, 1H), 4.66 (dd, J = 10.2, 6.0 Hz, 1H), 3.67 (s, 3H), 2.31 (s, 3H), 2.11 

(s, 3H), 2.05 (s, 3H), 1.41 (s, 3H), 1.38 (s, 4H); 13C NMR (151 MHz, DMSO) δ 170.70, 
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169.86, 168.33, 158.61, 153.38, 140.26, 134.70, 132.23, 131.96, 113.51, 110.47, 108.18, 

103.86, 98.35, 72.03, 71.17, 70.18, 65.15, 52.21, 45.14, 27.52, 25.79, 20.62, 20.51, 20.43; 

LRMS (EI) m/z (%) 561.31 (M+, 30), 519.25 (87), 194.06 (100), 153.13 (73), 127.10 (52), 

111.07 (55), 99.08 (49), 85.07 (62), 71.05 (52); HRMS (EI) calcd for C26H27O13N: 

561.1477. Found 561.1477. 

 

3,4,5,6-Tetrahydro-[1,1'-biphenyl]-2-yl 4-methylbenzenesulfonate (177) 

 

In a 25 mL Schlenk flask under magnetic stirring and argon atmosphere was added 2-

phenylcyclohexanone 176 (261 mg, 1.5 mmol) and THF (5 mL) to give a colourless 

solution. The solution was cooled to -20 °C in an acetone/IPA/dry ice bath, and potassium 

tert-butoxide (1.0 M solution in THF, 1.65 mL, 1.65 mmol) was added dropwise to give a 

yellow solution. The solution was left stirring and warmed up to -5 °C for 1 hour and then 

at room temperature for 30 min. The solution was again cooled to -15 °C, and tosic 

anhydride (538 mg, 1.65 mmol) was added at once. The resulting mixture was stirred at -

15 °C to -5 °C for 1.5 hours, quenched with a sat. solution of NaHCO3 (2 mL), diluted with 

MTBE (10 mL) and the organic phase was washed with water (4 x 10 mL), dried over 

MgSO4 and concentrated to yield an orange oil. The flask was stored in the freezer 

overnight and a white solid precipitated in the flask. The white solid was recrystalized in 

n-hexane and 320 mg (0.97 mmol, 65% yield) of the title compound was obtained. 

177: m.p. 70-71 °C (from n-hexane), lit.226 72-73 °C; IR (neat) νmax/cm-1: 2983 (w, -CH3), 

1369 and 1192 (s, -O-SO2-), 1051 (s, -S=O), 884 (m, para-disubstituted), 776 and 697 (s, 

m, monosubstituted); 1H NMR (300 MHz, CDCl3) δ 7.29 (d, J = 8.3 Hz, 2H), 7.18 – 7.06 

(m, 4H), 7.01 (d, J = 8.1 Hz, 3H), 2.56 (dq, J = 6.3, 3.0 Hz, 2H), 2.36 (s, 3H), 2.31 (tt, J = 

5.4, 2.4 Hz, 2H), 1.97 – 1.58 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 143.43, 129.27, 

128.28, 127.88, 126.81, 30.81, 29.01, 23.21, 22.81, 22.55, 21.71; LRMS (EI) m/z (%) 

328.20 (M+, 14), 173.10 (100), 145.12 (34), 85.11 (24), 71.09 (24); HRMS (EI+) calcd for 
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C19H20O3S: 328.1128. Found 328.1128. The spectral data were matched and are in 

agreement with the literature data.227,228 

 

 

6-Allyl-2,3,4,5-tetrahydro-1,1'-biphenyl (178) 

 

The tosylate substrate 177 (155 mg, 0.47 mmol) was transferred to an oven-dried rbf 

attached to a condenser under argon atmosphere. Tert-amyl alcohol (2 mL) was added but 

the substrate did no solubilize right away. The remaining reagents were added in the 

following order: Pd(OAc)2 (3 mg), BrettPhos (14 mg), Vinylboronic acid pinacol ester (187 

µL) and K3PO4 (318 mg). The reaction mixture was warmed up and brought to reflux (110 

°C). The colour changed from light yellow to intense earth-orange. The reaction mixture 

was stirred for 2 hours under reflux, lifted from the oil bath, and cooled down to room 

temperature. The mixture was filtered through a celite plug and washed with n-hexane. The 

dark orange solution was concentrated in the rotavap. A dark orange oil was obtained and 

purified by flash column chromatography (silica gel, n-hexane). 57 mg (0.28 mmol, 61% 

yield) was obtained of the title compound as an oil. 

178: IR (neat) νmax/cm-1: 2926 (m, -CH3), 1636 (w, -C=C-), 1489 (m, -CH2-), 993 and 908 

(s, s, -RCH=CH2), 759 and 700 (monosubstituted); 1H NMR (300 MHz, CDCl3) δ 7.31 (t, 

J = 7.7 Hz, 2H), 7.24 – 7.20 (m, 1H), 7.16 – 7.11 (m, 2H), 5.83 – 5.64 (m, 1H), 4.98 (d, J 

= 1.4 Hz, 1H), 4.98 – 4.89 (m, 1H), 2.62 (d, J = 6.5 Hz, 2H), 2.31 – 2.21 (m, 2H), 2.09 (d, 

J = 2.7 Hz, 2H), 1.79 – 1.62 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 144.33, 137.48, 134.32, 

130.92, 128.32, 128.13, 126.21, 115.21, 39.03, 32.49, 28.86, 23.61, 23.20. LRMS (EI) m/z 

(%) 198.19 (M+, 87), 183.16 (100), 155.13 (29), 141.12 (36), 129.10 (44); HRMS (EI+) 

calcd for C15H18: 198.1403. Found 198.1401. The spectral data were matched and are in 

agreement with the literature data.214 
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(3aS,3bR,12R,12aS)-6-Hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-11,12-diyl diacetate (179) 

 

Method A: The fully protected tosylate 174 (25 mg, 0.038 mmol) was transferred to a small 

vial with a teflon cap, and Pd(OAc)2 (3 mg), BrettPhos (14 mg) and K3PO4 (8 mg) were 

added into the vial. The solid reagents were flushed under argon and solubilized in t-amyl 

alcohol (0.1 mL). The vinylboronic acid pinacol ester (7 µL) was the last one added in the 

vial, and the vial was placed in an oil bath with an argon inlet and warmed to 95 °C. The 

reaction was left stirring for two hours and mostly starting material was observed in the 

TLC. The reaction went from orange to black as it heated up. An excess of boronic acid 

was added and the vial was left stirring under reflux overnight. The contents of the vial 

were filtered through a plug of celite, and the organic phase was concentrated. The crude 

product was adsorbed in 10% deactivated silica gel and purified by flash column 

chromatography (DCM:MeOH 200:1 -> 150:1). The title compound was obtained as a 

solid (8 mg, 0.02 mmol, 46% yield). 

Method B: To a flame-dried Schlenk flask was added a solution of 173/190 (30 mg, 0.06 

mmol) in dry DCM (1 mL) and the system was cooled to 0 °C in an ice-salt bath. LiCl (27 

mg, 0.6 mmol) was added at once, followed by n-methylimidazole (15 µL, 0.18 mmol) and 

triethylamine (15 µL, 0.10 mmol) and lastly the solution of triflyl chloride (3.63M in DCM, 

50 µL, 0.18 mmol) was added dropwise into the mixture. After 1h30, the progress of the 

reaction was observed by TLC and a faint shadow over SM was noticed. The reaction was 

lifted from the ice bath and left stirring overnight. The reaction mixture was dilued with 

DCM and filtered through a plug of celite, and the organic phase was concentrated. The 

crude product was adsorbed in 10% deactivated silica gel and purified by flash column 

chromatography (DCM:MeOH 200:1 -> 150:1). The title compound was obtained as a 

solid (8 mg, 0.02 mmol, 29% yield) along with recovered starting material (10 mg, 43% 

yield brsm). 
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Method C:  

Thermodynamic: A mixture of C-1 enol C-2 epimers (50 mg, 0.11 mmol) were solubilized 

in THF (2 mL) and transferred to a Schlenk flask, cooled to -10 °C and LDA (0.10 mL, 

1.06 M in THF, 0.11 mmol) was added dropwise to it. The solution was left stirring for 1 

hour at -10 °C, then warmed up to 0 °C for the addition of MeI (7 µL, 0.11 mmol). After 

that, the reaction mixture was left stirring for another 1 hour at room temp. and 

concentrated to dryness in the highvac, then it was diluted with DCM (2 mL) and filtered 

through a plug of celite. The organic phase was concentrated, adsorbed on 10% deactivated 

silica gel and purified by flash column chromatography (DCM:MeOH:Acetone 150:1:1 to 

40:1:1) to yield products 179 (2 mg, 0.004 mmol, 3%), 190 (2 mg, 0.004 mmol, 3%) and 

200 (4 mg, 0.009 mmol, 8%) and starting material (30 mg, 0.066 mmol). 

Kinetic: LDA (0.10 mL, 1.06 M in THF, 0.11 mmol) was diluted in THF (1 mL) in a 

Schlenk flask, cooled to -78 °C and a mixture of C-1 enol C-2 epimers (50 mg, 0.11 mmol), 

previously solubilized in THF (1 mL), was added dropwise to it. The solution was left 

stirring for 1 hour at -78 °C, then warmed up to -40 °C for the addition of MeI (7 µL, 0.11 

mmol). After that, the reaction mixture was left stirring for another 1 hour at -40 °C and 

concentrated to dryness in the highvac, then it was diluted with DCM (2 mL) and filtered 

through a plug of celite. The organic phase was concentrated, adsorbed on 10% deactivated 

silica gel and purified by flash column chromatography (DCM:MeOH:Acetone 150:1:1 to 

40:1:1) to yield products 179 (2 mg, 0.004 mmol, 3%), 190 (2 mg, 0.004 mmol, 3%) and 

200 (4 mg, 0.009 mmol, 8%) and starting material (30 mg, 0.066 mmol). 

179: Rf = 0.4 [DCM/MeOH (30:1)]; m.p. 199-201 °C (from CHCl3/MeOH); 𝛼𝐷
22 =

60.36 (𝑐 = 0.40, 𝐶𝐻𝐶𝑙3/𝑀𝑒𝑂𝐻 1: 1); IR (neat) νmax/cm-1: 3089 (br, -OH), 2924 (s, -CH3), 

2857 (m, -OCH3), 1740 (s, -CO-O-), 1680 (s, -CO-N- lactam); 1H NMR (600 MHz, 

DMSO) δ 13.32 (s, 1H), 12.34 (s, 1H), 6.43 (s, 1H), 6.31 (d, J = 3.5 Hz, 1H), 6.18 (s, 1H), 

6.14 (s, 1H), 5.23 (d, J = 6.0 Hz, 1H), 5.01 (dd, J = 9.8, 3.4 Hz, 1H), 4.62 (dd, J = 9.8, 6.0 

Hz, 1H), 2.07 (s, 3H), 2.04 (s, 3H), 1.41 (s, 6H); 13C NMR (151 MHz, DMSO) δ 170.60, 

169.91, 165.87, 153.99, 143.98, 133.10, 132.46, 132.08, 110.53, 108.53, 108.24, 102.65, 

92.28, 71.92, 71.48, 70.94, 64.39, 39.52, 27.62, 25.83, 20.52, 20.42; LRMS (EI) m/z (%) 

447.16 (M+, 17), 296.32 (63), 153.16 (95), 125.13 (80), 111.11 (91), 99.11 (96), 85.08 (98), 
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71.08 (100), 57.05 (86); HRMS (EI) calcd for C21H21NO10: 447.1160. Found 447.1166. 

Elemental analysis found: C, 56.14; H, 4.93. Calc. for C21H21NO10: C, 56.38; H, 4.73%. 

 

(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-(((trifluoromethyl)sulfonyl)oxy)-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate 

(180/192) 

 

Method A: Enol acetate 173/190 (30 mg, 0.06 mmol) was charged into a flame dried 

Schlenk flask, solubilized in dry 1,2-DME (1 mL) and cooled to -5 °C in an ice-salt bath. 

Recrystallized 18-crown-6 ether (catalytic amount) and KH (30% in oil, one drop) were 

added at -5 °C under argon and the reaction mixture turned yellow. A solution of TfCl 

(3.63M in DCM, 50 µL, 0.18 mmol) was added in the reaction mixture and the colour 

changed to a bright yellow. The mixture was left stirring for 2 hours in the ice-salt bath. 

The reaction progress was observed through TLC (DCM:MeOH 30:1) and new spots were 

observed but starting material was still present. The reaction mixture was diluted with 

DCM and was filtered through a plug of celite, the organic phase was collected and 

concentrated in the rotavap. The crude product was purified by flash column 

chromatography with 10% deactivated silica gel (DCM:MeOH 200:1). 6 mg of title 

compound 180/192 (0.03 mmol, 16% yield) was obtained as a film and 18 mg of starting 

material was recovered. (brsm 39%) 

Method B: NBS (124 mg, 0.70 mmol) was added to a stirred solution of NAR acetonide 

diacetate 161 (150 mg, 0.35 mmol) in THF/HOAc (2 mL/2 mL). The reaction mixture was 

stirred for 20 mins, and then it was carefully diluted with EtOAc/satd. NaHCO3 (15 mL/15 

mL). When the gas evolution has ceased, the layers were separated. The aqueous layer was 

further extracted with EtOAc (2 x 10 mL). The combined organic layers were washed with 

5% aq. Na2S2O3 (2 x 10 mL), then brine (10 mL), dried over anhydrous MgSO4, filtered 

and concentrated to afford a crude solid residue of enol acetic acid solvate that was used as 

is in the next step.  To the crude product from the previous step dissolved in DCM (3 mL) 
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at 0 °C was added pyridine (226 mL, 2.80 mmol) and Tf2O (235 mL, 1.40 mmol). The 

reaction mixture was stirred at this temperature for 3 h, after which was quenched by the 

addition of 10% aq. citric acid solution (5 mL). The reaction mixture was diluted with 

DCM (20 mL) and water (5 mL). The layers were separated, and the organic layer was 

further washed with 10% aq. citric acid solution (2 x 5 mL) and brine (5 mL). The organic 

layer was dried over MgSO4, filtered, and concentrated to afford a residue that was 

chromatographed on silica gel using hexanes/EtOAc as eluent (2:1 to 1:1) to afford the 

enol triflate product 180/192 as a pale-yellow oil (135 mg, 60.3% yield).  

180/192: Rf = 0.6 [DCM/MeOH 30:1)]; 𝛼𝐷
21 = 15.85 (𝑐 = 0.20, 𝑀𝑒𝑂𝐻); IR (neat) 

νmax/cm-1: 2926 (w, -CH3), 1750 (s, -CO-O-), 1170 (m, C-F); 1H NMR (600 MHz, DMSO) 

δ 7.20 (s, 1H), 6.70 (d, J = 3.6 Hz, 1H), 6.45 (s, 1H), 6.40 (s, 1H), 5.39 (d, J = 6.1 Hz, 1H), 

5.21 (dd, J = 9.8, 3.5 Hz, 1H), 4.74 (dd, J = 9.8, 6.1 Hz, 1H), 2.44 (s, 3H), 2.10 (s, 3H), 

2.08 (s, 3H), 1.44 (s, 3H), 1.40 (s, 3H); 13C NMR (151 MHz, DMSO) δ 170.32, 169.69, 

167.99, 154.43, 142.40, 137.06, 124.60, 123.71, 111.35, 110.32, 104.94, 98.24, 74.77, 

72.37, 70.73, 64.67, 27.50, 25.93, 20.54, 20.33, 20.06; 19F NMR (565 MHz, DMSO) δ -

71.20; LRMS (EI) m/z (%) 621 (M+, 5), 579 (100), 419 (42), 286 (47), 251 (40), 165 (48), 

151 (56); HRMS (EI) calcd for C24H22NO13F3S: 621.0758. Found 621.0761. 

 

(2R,3S,4S,4aR)-1,2,3,4,7-Pentahydroxy-3,4,4a,5-tetrahydro-[1,3]dioxolo[4,5-

j]phenanthridin-6(2H)-one (181) 

 

173/190 (22 mg, 0.04 mmol) was transferred to a rbf and solubilized in THF (1 mL). With 

a glass pipette, 0.25 mL of conc. HCl was added dropwise to the solution at room 

temperature. The reaction mixture was left stirring magnetically overnight and a yellow 

colour was observed. The reaction was neutralized with a sat. solution of NaHCO3 to pH = 

7.0 (solution turned to a light purple colour), concentrated to remove the THF and the 

aqueous phase was extracted with CHCl3:MeOH 3:1 (4 x 5 mL). The combined organic 
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phases were dried over MgSO4, concentrated to yield 29 mg of crude product, and absorbed 

in 10% deactivated silica gel to be further purified by flash column chromatography 

(DCM:MeOH 10:1). 3 mg of title compound was obtained as a white solid (20%). 

181: Rf = 0.2 [CHCl3/MeOH (4:1)]; 𝛼𝐷
21 = −47.2 (𝑐 = 0.50, 𝐷𝑀𝐹); IR (neat) νmax/cm-1: 

3301 (br, free -OH), 2927 and 2858 (s, m, -CH-), 1672 (s, -CO-N- lactam); 1H NMR (400 

MHz, DMSO) δ 13.55 (s, 1H), 11.59 (s, 1H), 6.85 (s, 1H), 6.13 (s, 2H), 5.11 (d, J = 5.1 

Hz, 1H), 4.89 (d, J = 5.6 Hz, 1H), 4.72 (d, J = 5.2 Hz, 1H), 4.67 (d, J = 5.6 Hz, 1H), 4.46 

(dd, J = 5.0, 3.4 Hz, 1H), 3.83 – 3.79 (m, 2H); 13C NMR (101 MHz, DMSO) δ 165.82, 

153.39, 143.41, 135.35, 134.81, 130.90, 112.59, 108.07, 102.06, 94.02, 67.72, 67.37, 

67.19, 65.35; LRMS (ESI-) m/z 322 [MH+], 346 [MNa+]. 

 

(2S,3R,4S,4aR)-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridine-

2,3,4,7-tetrayl tetraacetate (183)229 

 

To a stirred solution of narciclasine 3 (500 mg, 1.63 mmol) in pyridine (3 mL) was added 

acetic anhydride (6 mL). After stirring overnight at room temperature, ice (50 mL) was 

added, and the mixture was extracted with CH2Cl2 (3 × 20 mL). The combined extract was 

dried, filtered, and evaporated under reduced pressure to afford the title compound 183 as 

a white solid (510 mg, 1.00 mmol, 61%)  

183: Rf = 0.5 (20:1 DCM:MeOH); m.p.: 235°C, lit.229 229-231°C. 𝛼𝐷
21 = 218.5 (𝑐 =

1.67, 𝐶𝐻𝐶𝑙3);  lit.229 𝛼𝐷
24 = 229 (𝑐 = 0.33, 𝐶𝐻𝐶𝑙3); IR (neat) ν:  3380, 3294, 2921, 2231. 

1742, 1731, 1695, 1666, 1505, 1481 cm-1.  1H NMR (300 MHz, Acetone) δ 7.19 (s, 1H), 

6.32 (ddd, J = 4.9, 2.4, 1.0 Hz, 1H), 6.20 (dd, J = 5.8, 1.0 Hz, 2H), 5.45 (td, J = 2.6, 1.0 

Hz, 1H), 5.38 (ddd, J = 4.9, 2.8, 1.3 Hz, 1H), 5.16 (dd, J = 9.0, 2.5 Hz, 1H), 4.63 (ddd, J = 

9.0, 2.4, 1.3 Hz, 1H), 2.26 (s, 3H), 2.10 (d, J = 2.5 Hz, 6H), 2.06 (s, 2H). 13C NMR (75 

MHz, Acetone) δ 206.16, 172.47, 170.98, 170.25, 170.00, 168.92, 162.62, 153.14, 142.49, 
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135.37, 135.34, 134.66, 132.60, 119.30, 116.07, 104.27, 102.65, 72.11, 72.09, 69.06, 

68.58, 50.84, 50.73, 30.61, 30.35, 30.10, 29.84, 29.58, 29.33, 29.07, 21.05, 20.84, 20.76, 

20.62, 20.53. LRMS (EI) m/z (%) 475.18 (M+, 1), 433.22 (20), 313.13 (35), 271.10 (100), 

109.13 (14), 65.05 (40); HRMS (EI) calcd for C22H21O11N: 475.1115, Found: 475.1113.  

 

(2R,3S,4S,4aR)-1-Hydroxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-

j]phenanthridine-2,3,4,7-tetrayl tetraacetate (184a) 

 

Tetraacetate narciclasine 183 (800 mg, 1.68 mmol) was solubilized in a 3:1 mixture of 

THF:H2O (15 mL) and cooled to 0 °C in an ice-salt bath, and recrystallized NBS (420 mg, 

2.35 mmol) was added in the solution and the colourless solution turned yellow. The 

reaction was left stirring at 0 °C for 1 hour and quenched with 5 mL of a saturated solution 

of Na2SO3 (or NaS2O3). The yellow colour fades, and the reaction mixture is concentrated 

under reduced pressure to remove THF, while the remaining solid product with the aqueous 

solution is diluted with DCM (10 mL) and extracted with DCM (3x10 mL). The combined 

organic layers are dried over MgSO4, filtered, and concentrated to yield 540 mg (1.09 

mmol, 65% yield, 87% yield brsm) of 184a as a pale-yellow solid. 

184a: Rf = 0.3 [DCM:MeOH:Acetone (20:1:1)]; m.p. 145-148 °C (from DCM/MeOH); 

𝛼𝐷
21 = 118.984 (𝑐 = 0.50, 𝐷𝐶𝑀);  IR (neat) νmax/cm-1: 3311 (br, -OH), 2979 (w, -CH3), 

2923 (w, -OCH3), 1735 (s, -CO-O-), 1661 (s, -CO-N- lactam); 1H NMR (400 MHz, 

Acetone) δ 10.22 (s, 1H), 7.12 (s, 1H), 6.54 (d, J = 4.1 Hz, 1H), 6.23 (dd, J = 8.0, 0.6 Hz, 

2H), 6.06 (d, J = 4.4 Hz, 1H), 5.40 (dd, J = 11.2, 4.4 Hz, 1H), 4.71 (d, J = 5.4 Hz, 1H), 

4.40 (dd, J = 11.1, 4.3 Hz, 1H), 2.29 (s, 3H), 2.09 (s, 3H), 2.06 (s, J = 2.8 Hz, 3H), 1.99 (s, 

3H). 13C NMR (101 MHz, Acetone) δ 171.44, 170.82, 170.62, 169.13, 154.27, 141.04, 

135.20, 133.88, 116.25, 110.72, 109.68, 104.43, 100.07, 68.88, 68.29, 67.82, 66.17, 66.06, 

29.84, 21.03, 20.91, 20.80, 20.74. LRMS (EI) m/z (%) 491.28 (M+, 2), 352.25 (30), 296.20 
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(100), 286.92 (42), 270.93 (27), 193.97 (15); HRMS (EI) calcd for C22H21NO12: 491.1058. 

Found 491.1062. 

 

(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-(phenylethynyl)-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate 

(185/194) 

 

Method A: C-6 triflate narciclasine 180/192 (12 mg, 0.019 mmol) was transferred to a 1.5 

mL HPLC vial with a Teflon cap and solubilized in dry DMF (0.25 mL). Pd(PPh3)2Cl2 (2.6 

mg, 19 mol%), phenylacetylene (3 µL, 0.028 mmol) and triethylamine (10 µL, 0.066 

mmol) were added into the vial. The system was heated to 75 °C for 30 minutes and full 

consumption of starting material was observed in the TLC (DCM:MeOH 40:1). The 

reaction mixture was lifted from the oil bath and left to cool to room temperature, diluted 

with 1 mL of a 5% aqueous solution of LiCl and extracted with EtOAc (5 x 1 mL). The 

combined organic phases were collected and concentrated in the rotavap. The crude 

product was purified by flash column chromatography with 10% deactivated silica gel 

(DCM:MeOH 200:1). 5 mg of title compound (0.008 mmol, 45%) was obtained as a yellow 

film. 

Method B: C-6 tosylate narciclasine 174 (20 mg, 0.031 mmol) was transferred to a 1.5 mL 

HPLC vial with a Teflon cap and solubilized in dry DMF (0.25 mL). Pd(PPh3)2Cl2 (2.6 mg, 

12 mol%), phenylacetylene (5 µL, 0.046 mmol) and triethylamine (14 µL, 0.093 mmol) 

were added into the vial. The system was heated to 80 °C for 30 minutes and the catalyst 

turned black. The reaction mixture was lifted from the oil bath and left to cool to room 

temperature, diluted with 1 mL of a 5% aqueous solution of LiCl and extracted with EtOAc 

(5 x 1 mL). The combined organic phases were collected and concentrated in the rotavap. 
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22 mg of a mixture of starting material and the title compound was obtained and through 

1H-NMR it was determined the mixture was in a 2:1 ratio of starting material and product. 

185/194: Rf = 0.8 [Hexane/EtOAc (1:2)]; 𝛼𝐷
21 = 26.67 (𝑐 = 0.25, 𝐷𝐶𝑀); IR (neat) 

νmax/cm-1: 2927 (w, -CH3), 2212 (-C≡C-), 1780 and 1744 (s, -CO-O-); 1H NMR (600 MHz, 

DMSO) δ 7.72 – 7.67 (m, 2H), 7.52 (dd, J = 5.1, 1.9 Hz, 3H), 7.12 (s, 1H), 6.70 (d, J = 3.6 

Hz, 1H), 6.39 (s, 1H), 6.34 (s, 1H), 5.49 (d, J = 6.1 Hz, 1H), 5.17 (dd, J = 10.0, 3.4 Hz, 

1H), 4.74 (dd, J = 10.0, 6.1 Hz, 1H), 2.26 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H), 1.47 (s, 3H), 

1.41 (s, 3H); 13C NMR (151 MHz, DMSO) δ 170.37, 169.87, 168.29, 152.95, 145.28, 

141.21, 138.59, 133.30, 131.63, 129.85, 129.06, 126.36, 121.24, 121.01, 120.05, 110.00, 

104.30, 97.25, 92.58, 88.83, 75.38, 72.36, 71.06, 65.05, 27.63, 25.93, 20.57, 20.49, 20.37; 

LRMS (EI) m/z (%) 573.06 (M+, 16), 531.01 (15), 370.88 (21), 296.14 (35), 261.89 (35), 

197.00 (29), 182.97 (43), 168.98 (44), 154.93 (83), 152.96 (88), 126.95 (71), 124.93 (79), 

110.91 (100); HRMS (EI) calcd for C31H27NO10: 573.1629. Found 573.1619. 

 

(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-vinyl-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate 

(188/195) 

 

To a stirred solution of triflate 180/192(30 mg, 0.048 mmol) in dioxane (0.5 mL) was added 

potassium vinyl trifluoroborate (8 mg, 0.057 mmol), Pd(PPh3)4 (4 mg, 0.003 mmol), and 

Na2CO3 (18 mg, 0.166 mmol) followed by H2O (0.13 mL). The reaction mixture was 

heated to 85 °C for 1 h. It was then cooled to RT and diluted with water (1 mL) and EtOAc 

(10 mL). The layers were separated and the aqueous was further extracted with EtOAc (2 

x 10 mL). The organic layers were combined, dried over MgSO4, filtered and concentrated 

to afford a residue that was chromatographed on 10% deactivated silica gel using 

DCM:MeOH as eluent (200:1) to afford the diene product 188/195 as a light yellow film 

(5 mg, 0.010 mmol, 20% yield). 
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188/195: Rf = 0.3 [DCM/MeOH 30:1)]; 𝛼𝐷
21 = 79.61 (𝑐 = 0.65, 𝐷𝐶𝑀); IR (neat) νmax/cm-

1: 2990 and 2922 (w, -CH3), 1783 and 1746 (s, -CO-O-); 1626 (w, -C=N-/-C=C-); 1H NMR 

(600 MHz, Acetone) δ 7.65 (dd, J = 16.8, 10.7 Hz, 1H), 7.19 (s, 1H), 6.77 (d, J = 3.5 Hz, 

1H), 6.30 (dd, J = 13.4, 0.5 Hz, 2H), 6.20 (dd, J = 16.8, 2.4 Hz, 1H), 5.67 – 5.58 (m, 1H), 

5.47 (d, J = 6.0 Hz, 1H), 5.27 (dd, J = 10.0, 3.5 Hz, 1H), 4.78 (dd, J = 10.0, 6.0 Hz, 1H), 

2.44 (s, 3H), 2.09 (s, 3H), 2.08 (s, 3H), 1.49 (s, 3H), 1.43 (s, 3H); 13C NMR (151 MHz, 

Acetone) δ 171.23, 170.73, 168.21, 155.14, 153.50, 145.82, 142.11, 136.94, 135.03, 

128.93, 121.61, 121.36, 119.18, 111.01, 104.70, 98.28, 77.43, 73.99, 72.52, 66.47, 28.29, 

26.36, 20.78, 20.71, 20.63; 15N NMR (61 MHz, Acetone) δ 302.43; LRMS (EI) m/z (%) 

499(40), 457(55), 298(30), 297(75), 193(50), 149(100), 122(55), 121(35), 82(35), 71(35); 

HRMS (EI) calcd for C25H25O10N 499.1473, found 499.1474. 

 

(3aS,3bR,12R,12aS)-2,2-Dimethyl-5-phenyl-3a,3b,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,11,12-triyl triacetate (196) 

 

Method A: To a stirred solution of triflate 180/192 (77 mg, 0.123 mmol) in dioxane (1 mL) 

was added phenylboronic acid (18 mg, 0.147 mmol), Pd(PPh3)4 (8 mg, 0.006 mmol), and 

Na2CO3 (43 mg, 0.40 mmol) followed by H2O (0.25 mL). The reaction mixture was heated 

to 85 °C for 4 h. It was then cooled to RT and diluted with water (10 mL) and extracted 

with DCM (4 x 10 mL). The organic layers were combined, dried over MgSO4, filtered and 

concentrated to afford a residue that was chromatographed on 10% deactivated silica gel 

using DCM:MeOH as eluent (200:1) to afford the product 196 as a light yellow solid (3 

mg, 0.005 mmol, 5% yield). 

Method B: To a stirred solution of triflate 180/192 (60 mg, 0.096 mmol) in dioxane (1.0 

mL) was added phenylboronic acid (17 mg, 0.139 mmol), Pd(PPh3)4 (8 mg, 0.006 mmol), 

and NEt3 (20 µL, 0.143 mmol). The reaction mixture was heated to 85 °C for 2 h. It was 
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then cooled to RT and filtered through a plug of celite and washed with DCM. The organic 

filtrate was concentrated to afford a residue that was adsorbed on 10% deactivated silica 

gel and purified by flash column chromatography using DCM:MeOH as eluent (220:1 to 

200:1) to afford the phenyl coupling as a white solid (32 mg, 60% yield). 

196: Rf = 0.3 [DCM:MeOH (100:1)]; m.p. 270-272 °C (MeOH/pentane); 𝛼𝐷
21 =

32.87 (𝑐 = 0.5, 𝐷𝐶𝑀); IR (neat) v 2927, 1778, 1743, 1462, 1216, 1173, 1045 cm-1; 1H 

NMR (600 MHz, Acetone) δ 7.54 – 7.49 (m, 3H), 7.45 (d, J = 6.6 Hz, 2H), 7.27 (s, 1H), 

6.85 (d, J = 3.5 Hz, 1H), 6.30 (s, 2H), 6.28 (s, 1H), 5.47 (d, J = 6.0 Hz, 1H), 5.30 (dd, J = 

10.0, 3.5 Hz, 1H), 4.80 (dd, J = 10.0, 6.0 Hz, 1H), 2.12 (s, 3H), 2.09 (d, J = 5.7 Hz, 3H), 

1.45 (s, 3H), 1.42 (s, 3H); 13C NMR (151 MHz, Acetone) δ 171.26, 170.75, 167.99, 159.03, 

153.88, 145.33, 143.46, 141.93, 135.17, 128.75, 128.55, 121.28, 119.14, 111.05, 104.71, 

98.29, 77.33, 73.96, 72.54, 66.49, 54.96, 28.25, 26.25, 20.78, 20.65, 19.28; LRMS (EI) m/z 

(%) 549.18 (41), 507.14 (50), 277.06 (35), 153.09 (100), 111.10 (65), 85.11 (54), 71.12 

(45), 57.09 (40); HRMS (EI) calcd for C29H27O10N 549.1629, found 549.1629. 

 

(2R,3S,4S,4aR)-6-Phenyl-2,3,4,4a-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridine-

1,2,3,4,7-pentaol (198) 

 

To a stirred solution of Suzuki product 196 (40 mg, 0.072 mmol) in MeOH (4 mL) was 

added K2CO3 (40 mg, 0.29 mmol). The reaction mixture was stirred at RT for 2 h, then the 

reaction was filtered through a cotton plug. To the filtrate was added 3M HCl (1.5 mL, 4.8 

mmol). After stirring at RT for 4 h, it was concentrated and the crude product was adsorbed 

on 10% deactivated silica gel and chromatographed on 10% deactivated silica gel using 

CHCl3/MeOH (10:1) as eluent to afford the desired product as a yellow solid (18 mg, 60% 

yield over 2 steps).  
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198: Rf = 0.4 [CHCl3/MeOH (4:1)]; m.p. 183-185 °C (decomp, MeOH); 𝛼𝐷
21 =

61.64 (𝑐 = 0.3, 𝐷𝑀𝐹); IR (neat) νmax/cm-1 3288, 2924, 2855, 1624, 1579, 1454, 1375, 

1091, 1040; 1H NMR (400 MHz, DMSO) δ 9.82 (s, 1H), 7.36 (d, J = 3.0 Hz, 5H), 7.19 (s, 

1H), 6.14 (d, J = 3.9 Hz, 2H), 5.04 (dd, J = 12.8, 5.1 Hz, 3H), 4.78 – 4.68 (m, 1H), 4.66 (d, 

J = 1.2 Hz, 1H), 4.51 – 4.46 (m, 1H), 3.98 (s, 2H); 13C NMR (101 MHz, DMSO) δ 157.33, 

151.22, 146.61, 144.15, 135.47, 135.37, 133.29, 128.79, 126.68, 123.35, 116.07, 101.59, 

93.25, 71.76, 68.28, 66.18; LRMS (EI) m/z (%) 277.05 (33), 262.06 (60), 119.08 (85), 

118.08 (100); HRMS (EI) calcd for C20H17O7N 383.1000, found 383.0989. 

 

(7aR,8S,9S,10R)-5,6,7a,8,9,10-Hexahydro-[1,3]dioxolo[4,5-j]pyrano[4,3,2-

gh]phenanthridine-8,9,10,11-tetraol (199) 

 

To a stirred solution of 195 (37 mg, 0.075 mmol) in MeOH (3 mL) was added K2CO3 (37 

mg, 0.26 mmol). The reaction mixture was stirred at RT overnight (18 h), then the reaction 

was filtered through a cotton plug. To the filtrate was added 3M HCl (1.5 mL, 4.8 mmol). 

After stirring at RT for 3 h, the reaction mixture was concentrated, and the crude product 

was adsorbed on 10% deactivated silica gel and chromatographed on 10% deactivated 

silica gel using CHCl3:MeOH (10:1 to 6:1) as eluent to afford the product as an orange 

solid. The product was further recrystallized in methanol to obtain a white solid (15 mg, 

0.045 mmol, 60% yield over 2 steps).  

199: Rf = 0.3 [CHCl3/MeOH (4:1)]; m.p. 230 °C (decomp, MeOH); 𝛼𝐷
21 =

−1.636 (𝑐 = 0.13, 𝐷𝑀𝑆𝑂);  IR (neat) νmax/cm-1 3350, 2925, 1697, 1658, 1459, 1243, 

1097, 1031; 1H NMR (600 MHz, DMSO) δ 7.15 (s, 1H), 6.18 (s, 2H), 5.08 (d, J = 4.7 Hz, 

1H), 5.02 (s, 1H), 4.99 (d, J = 5.5 Hz, 1H), 4.73 – 4.68 (m, 1H), 4.66 (s, 1H), 4.52 (dd, J = 

9.1, 3.9 Hz, 2H), 4.49 (d, J = 2.7 Hz, 1H), 3.94 (s, 2H), 3.24 (dd, J = 7.1, 5.5 Hz, 2H); 13C 

NMR (151 MHz, DMSO) δ 152.24, 152.11, 147.66, 134.93, 132.88, 131.31, 123.50, 

114.13, 102.19, 94.19, 71.82, 68.24, 68.07, 67.01, 65.92, 31.76. LRMS (EI) m/z (%) 333.07 
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(10), 281.11 (10), 157.05 (15), 84.07 (100), 66.05 (47), 60.05 (26); HRMS (EI) calcd for 

C16H15O7N, 333.0843 found 333.0847. 

 

(3aS,3bR,12S,12aS)-11-hydroxy-2,2,4-trimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (201) 

 

Thermodynamic: A mixture of C-1 enol C-2 epimers 163a/b (50 mg, 0.11 mmol) were 

solubilized in DME (1 mL) and transferred to a Schlenk flask, cooled to -10 °C and 18-

crown-6 ether (one crystal), KH (5 mg, dry, 0.12 mmol) was added to it. The solution 

colour changed from colourless to pink, and it was left stirring for 1 hour at -10 °C, then 

warmed up to 0 °C for the addition of MeI (7 µL, 0.11 mmol). After that, the reaction 

mixture was left stirring for another 1 hour at room temp. and it was quenched with a sat. 

solution of NH4Cl (1 mL), extracted with DCM (3 x 3 mL) and the combined organic layers 

were dried over MgSO4, filtered and concentrated. The crude product was adsorbed on 

10% deactivated silica gel and purified by flash column chromatography 

(DCM:MeOH:Acetone 150:1:1 to 40:1:1) to yield product 201 (4 mg, 0.004 mmol) and 

starting material. 

Kinetic: 18-crown-6 ether (one crystal), KH (5 mg, dry, 0.12 mmol) was solubilized in 

DME (1 mL) in a Schlenk flask, cooled to -58 °C and a mixture of C-1 enol C-2 epimers 

163a/b (50 mg, 0.11 mmol) was added as a solid to the solution. The reaction mixture was 

left stirring for 1 hour at -58 °C, then warmed up to -40 °C for the addition of MeI (7 µL, 

0.11 mmol). After that, the reaction mixture was left stirring for another 1 hour at -40 °C 

and it was quenched with a sat. solution of NH4Cl (1 mL), extracted with DCM (3 x 3 mL) 

and the combined organic layers were dried over MgSO4, filtered and concentrated. The 

crude product was adsorbed on 10% deactivated silica gel and purified by flash column 

chromatography (DCM:MeOH:Acetone 150:1:1 to 40:1:1) to yield product 201 (4 mg, 

0.004 mmol) and starting material. 
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201: Rf = 0.5 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
21 = 12.85 (𝑐 = 0.2, 𝐷𝐶𝑀);  IR (neat) 

νmax/cm-1: 3430 (w, -OH), 2983 and 2926 (w, -CH3), 1785, 1728 (s, -CO-O-), 1667 (s, -

CO-N- lactam); 1H NMR (600 MHz, Acetone) δ 7.21 (s, 1H), 6.44 (d, J = 3.6 Hz, 1H), 

6.22 (dd, J = 10.4, 0.9 Hz, 2H), 5.42 (d, J = 5.9 Hz, 1H), 4.58 (d, J = 5.4 Hz, 1H), 4.51 

(dd, J = 9.9, 5.9 Hz, 1H), 4.14 – 3.97 (m, 1H), 3.64 (s, 3H), 2.34 (s, 3H), 2.03 (s, 3H), 

1.51 (s, 3H), 1.49 (s, 3H); 13C NMR (151 MHz, Acetone) δ 171.25, 169.16, 160.32, 

153.96, 140.93, 136.75, 134.13, 133.60, 115.19, 110.84, 110.22, 104.29, 99.71, 76.89, 

76.85, 73.12, 70.01, 69.90, 69.63, 31.09, 29.84, 28.57, 26.49, 20.99. LRMS (EI) m/z (%) 

461.20 (M+, 5), 419.19 (65), 359.10 (90), 296.34 (16), 273.07 (66), 153.13 (63), 1270.12 

(63), 113. 09 (75), 111.07 (100); HRMS (EI+) calculated for C22H23O10N: 461.1316. 

Found 461.1317 

 

(3aS,3bR,12S,12aR)-4-(Tert-butoxycarbonyl)-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12a-

hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl diacetate (202) 

 

A dry solution of acetonide diacetate narciclasine (443 mg, 1.02 mmol) was transferred to 

a rbf, solubilized in dry DCM (15 mL) and cooled to 0 °C. Triethylamine (0.8 mL, 5.73 

mmol) was added, followed by di-tert-butyl dicarbonate (340 mg, 1.55 mmol) and a 

catalytic amount of recrystallized DMAP. The reaction mixture was left stirring in the ice 

bath and warmed up to room temp. overnight. The reaction mixture turned pale yellow to 

coral colour and was quenched with a sat. solution of NH4Cl (15 mL), transferred to a 

separatory funnel, organic layer was separated, and the aqueous layer was extracted with 

DCM (3 x 15 mL). The organic layers were combined, dried over MgSO4, filtered, and 

concentrated to yield an orange oil as crude product. The crude product was adsorbed on 

silica gel and purified by flash column chromatography (DCM:MeOH 240:1 -> 200:1). 

214 mg of title compound (0.40 mmol, 39%) was obtained as an oil.  
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202: Rf = 0.4 [DCM/MeOH (30:1)]; 𝛼𝐷
22 = 26.29 (𝑐 = 1.25, 𝑀𝑒𝑂𝐻);  IR (neat) νmax/cm-

1: 2988 (w, -CH3), 1749 (s, -CO-O-), 1667 (s, -CO-N- lactam); 1483, 1371, 1235, 1153. 1H 

NMR (600 MHz, Acetone) δ 7.25 (s, 1H), 6.53 (t, J = 2.8 Hz, 1H), 6.17 (d, J = 2.0 Hz, 

2H), 5.44 (dd, J = 3.9, 2.4 Hz, 1H), 4.86 (dt, J = 7.2, 2.7, 2.1 Hz, 1H), 4.37 (dd, J = 7.8, 

6.8 Hz, 1H), 4.24 (t, J = 8.1 Hz, 1H), 2.28 (s, 3H), 2.15 (s, 3H), 1.55 (s, 9H), 1.48 (s, 3H), 

1.35 (s, 3H).; 13C NMR (151 MHz, Acetone) δ 170.49, 168.87, 160.42, 153.92, 142.34, 

134.63, 130.50, 128.88, 125.31, 114.29, 112.35, 104.44, 100.55, 83.72, 79.98, 76.76, 

74.82, 58.72, 27.91, 27.29, 25.36, 20.98, 20.78.; LRMS (EI) m/z (%) 531.17 (5), 389.04 

(38), 331.01 (85), 289.00 (100), 270.99 (67), 247.00 (80), 241.99 (51), 57.08 (94); HRMS 

(EI) calcd for C26H29O11N 531.1735, found 531.1733. 

 

(2S,3R,4S,4aR)-5-(Tert-butoxycarbonyl)-6-oxo-2,3,4,4a,5,6-hexahydro-

[1,3]dioxolo[4,5-j]phenanthridine-2,3,4,7-tetrayl tetraacetate (204) 

 

A dry solution of tetraacetate narciclasine (250 mg, 0.52 mmol) was transferred to a rbf, 

solubilized in dry DCM (7 mL) and cooled to 0 °C. Triethylamine (0.37 mL, 2.63 mmol) 

was added, followed by di-tert-butyl dicarbonate (172 mg, 0.78 mmol) and a catalytic 

amount of recrystallized DMAP. The reaction mixture was left stirring in the ice bath and 

warmed up to room temp. overnight. The reaction mixture turned pale yellow and was 

quenched with a sat. solution of NH4Cl (10 mL), transferred to a separatory funnel, organic 

layer was separated, and the aqueous layer was extracted with DCM (3 x 10 mL). The 

organic layers were combined, dried over MgSO4, filtered and concentrated to yield a 

yellow oil as crude product. The crude was adsorbed on silica gel and purified by flash 

column chromatography (DCM:MeOH 240:1 -> 200:1). 70 mg of title compound (0.12 

mmol, 23%) was obtained as a white solid foam. 
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204: Rf = 0.4 [DCM:MeOH (30:1)]; 𝛼𝐷
21 = 182.30 (𝑐 = 0.4, 𝑀𝑒𝑂𝐻); m.p. 95-98 °C 

(DCM); IR (neat) νmax/cm-1 2986, 2940, 1751, 1672, 1237, 1045; 1H NMR (600 MHz, 

Acetone) δ 7.14 (s, 1H), 6.28 (dd, J = 3.3, 1.7 Hz, 1H), 6.22 (d, J = 9.0 Hz, 2H), 5.67 (dd, 

J = 4.6, 2.6 Hz, 1H), 5.61 – 5.58 (m, 1H), 5.26 (dd, J = 6.4, 2.7 Hz, 1H), 4.66 (dt, J = 4.7, 

1.6 Hz, 1H), 2.28 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H), 1.54 (s, 9H); 13C NMR 

(151 MHz, Acetone) δ 170.37, 170.33, 169.99, 168.73, 162.36, 154.02, 153.33, 142.49, 

134.60, 134.36, 132.73, 124.85, 114.87, 104.57, 102.68, 85.24, 69.45, 69.07, 68.42, 56.99, 

27.78, 20.93, 20.77, 20.70, 20.63. LRMS (EI) m/z (%) 575.08 (M+, 1), 432.92 (60), 312.91 

(100), 270.90 (95), 254.90 (35); HRMS (EI) calcd for C27H29O13N 575.1633, found 

575.1634. 

 

(3aS,3bS,10bS,11S,12R,12aS)-10b-Bromo-2,2-dimethyl-5-oxo-

3a,3b,4,5,10b,11,12,12a-octahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-

6,11,12-triyl triacetate (205) 

 

Triacetate-acetonide narciclasine (110 mg, 0.23 mmol) was solubilized in 3:1 mixture of 

THF:H2O (3 mL/1 mL) and cooled to 0 °C in an ice-salt bath. Recrystallized NBS (63 mg, 

0.35 mmol) was added in the solution and the colourless solution turned yellow. The 

reaction was left stirring at 0 °C for 30 minutes and at room temp. for 15 min and quenched 

with 2 mL of a saturated solution of NaS2O3. The yellow colour faded, and the reaction 

mixture was concentrated in the rotavap to remove THF, while the remaining solid product 

with the aqueous solution was diluted with DCM (5 mL) and extracted with DCM (4 x 5 

mL). The combined organic layers were dried over MgSO4, filtered, and concentrated to 

yield the crude product as white foam solid. The crude product was adsorbed in 10% 

deactivated silica gel and purified by column chromatography (DCM:MeOH:Acetone 

200:1:1) to afford 205 as a white film (31 mg, 0.054 mmol, 25% yield). 
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205: Rf = 0.7 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
20 = −85.66 (𝑐 = 0.5, 𝐷𝐶𝑀);  IR (neat) 

νmax/cm-1: 3297 (br, -OH), 2990 (w, -CH3), 2940 (w, -OCH3), 1753 (m, -CO-O-), 1695 (s, 

-CO-N- lactam);  1H NMR (600 MHz, Acetone) δ 7.25 (s, 1H), 6.26 (d, J = 0.6 Hz, 1H), 

6.22 (d, J = 0.6 Hz, 1H), 5.79 (t, J = 3.4 Hz, 1H), 5.56 (d, J = 9.3 Hz, 1H), 5.45 (s, 1H), 

5.26 (d, J = 3.7 Hz, 1H), 4.10 (dd, J = 9.3, 5.7 Hz, 1H), 4.05 (dd, J = 5.3, 2.7 Hz, 1H), 2.52 

(s, 3H), 2.32 (s, 3H), 1.96 (s, 3H), 1.55 (s, 3H), 1.23 (s, 3H). 13C NMR (151 MHz, Acetone) 

δ 172.51, 169.20, 168.95, 162.88, 153.51, 141.91, 136.21, 135.05, 117.85, 110.71, 105.31, 

104.72, 78.23, 76.89, 72.52, 70.71, 57.14, 54.92, 27.44, 27.41, 26.19, 20.77. LRMS (ESI+) 

m/z 570.1/572.1 [MH+], 592.1/594.1 [MNa+], 608.0/610.1 [MK+]. 

 

(3aS,3bR,12R,12aS)-4-(Tert-butoxycarbonyl)-11-hydroxy-2,2-dimethyl-5-oxo-

3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl 

diacetate (206a) 

 

(3aS,3bR,12S,12aS)-4-(Tert-butoxycarbonyl)-11-hydroxy-2,2-dimethyl-5-oxo-

3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-6,12-diyl 

diacetate (206b) 

 

Diacetate-acetonide-boc narciclasine (50 mg, 0.09 mmol) was solubilized in a 3:1 mixture 

of THF:H2O (1.5/0.5 mL) and cooled to 0 °C in an ice-salt bath. Recrystallized NBS (22 

mg, 0.12 mmol) was added in the solution and the colourless solution turned yellow. The 

reaction was left stirring at 0 °C for 1h30 and quenched with 1 mL of a saturated solution 

of NaS2O3. The yellow colour fades, and the reaction mixture is concentrated in the rotavap 

to remove THF, while the remaining solid product with the aqueous solution is diluted with 



128 
 

water (5 mL) and DCM (5 mL), and extracted with DCM (3x10 mL). The combined 

organic layers are dried over MgSO4, filtered, and concentrated to a white foam solid as a 

crude product. The crude product was adsorbed on 10% deactivated silica gel and purified 

by column chromatography with 10% silica gel (DCM:MeOH 200:1 -> 180:1). Products 

25a (8 mg, 0.014 mmol, 15% yield) and 25b (20 mg, 0.036 mmol, 39%) were obtained as 

white film on a 1:2.5 ratio.  

206a: Rf = 0.2 [DCM:MeOH (30:1)]; 𝛼𝐷
21 = −50.60 (𝑐 = 0.15, 𝐷𝐶𝑀); IR (neat) νmax/cm-

1: 3431 (br, -OH), 2985 (w, -CH3), 2932 (w, -OCH3), 1769 (s, -CO-O-), 1670 (s, -CO-N- 

lactam), 1487, 1372, 1251, 1080, 1045; 1H NMR (600 MHz, Acetone) δ 7.24 (s, 1H), 6.26 

(d, J = 5.5 Hz, 2H), 5.40 (d, J = 6.4 Hz, 1H), 5.23 – 5.14 (m, 1H), 5.05 (dd, J = 9.9, 3.0 Hz, 

1H), 4.78 (dd, J = 9.8, 6.4 Hz, 1H), 4.69 (d, J = 5.5 Hz, 1H), 2.32 (s, 3H), 2.13 (s, 3H), 

1.60 (s, 9H), 1.45 (s, 3H), 1.39 (s, 3H). 13C NMR (151 MHz, Acetone) δ 178.87, 171.26, 

169.02, 158.93, 154.81, 150.88, 141.35, 134.28, 133.87, 133.38, 115.08, 111.29, 109.91, 

104.66, 100.60, 86.42, 76.54, 71.70, 70.70, 69.00, 28.19, 27.68, 25.80, 20.91, 20.82; LRMS 

(EI) m/z (%) 547.08 (M+, 1), 404.94 (25), 344.93 (20), 117.96 (100); HRMS (EI) calcd for 

C26H29O12N 547.1684, found 547.1677. 

206b: Rf = 0.2 [DCM:MeOH (30:1)]; 𝛼𝐷
21 = −20.92 (𝑐 = 0.60, 𝐷𝐶𝑀);  IR (neat) νmax/cm-

1: 3416 (br, -OH), 2988 (w, -CH3), 2938 (w, -OCH3), 1770 and 1715 (s, -CO-O-), 1671 (s, 

-CO-N- lactam), 1488, 1372, 1220, 1045; 1H NMR (400 MHz, Acetone) δ 7.28 (s, 1H), 

6.44 (d, J = 3.5 Hz, 1H), 6.26 (dd, J = 8.8, 0.7 Hz, 2H), 5.43 (d, J = 6.8 Hz, 1H), 4.67 (d, J 

= 5.6 Hz, 1H), 4.56 (dd, J = 9.4, 6.8 Hz, 1H), 4.01 (ddd, J = 9.2, 5.6, 3.4 Hz, 1H), 2.33 (s, 

3H), 2.05 (s, 3H), 1.60 (s, 9H), 1.47 (s, 3H), 1.41 (s, 3H); 13C NMR (151 MHz, Acetone) δ 

178.87, 171.26, 169.02, 158.93, 154.81, 150.88, 141.35, 134.28, 133.87, 133.38, 115.08, 

111.29, 109.91, 104.66, 100.60, 86.42, 76.58, 71.70, 70.81, 69.00, 28.19, 27.68, 25.80, 

20.91, 20.82; LRMS (EI) m/z (%) 547.09 (M+, 10), 405.00 (90), 345.00 (80), 286.97 (35), 

194.03 (84), 153.12 (45), 149.02 (43), 99.01 (100), 56.05 (96); HRMS (EI) calcd for 

C26H29O12N 547.1684, found 547.1673. 
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(3aS,3bR,12R,12aS)-4-(Tert-butoxycarbonyl)-2,2-dimethyl-5-oxo-11-

(((trifluoromethyl)sulfonyl)oxy)-3a,3b,4,5,12,12a-hexahydrobis([1,3]dioxolo)[4,5-

c:4',5'-j]phenanthridine-6,12-diyl diacetate (207) 

 

To a mixture of C-1 enol C-2 epimers (357 mg, 0.67 mmol) dissolved in DCM (7 mL) at 0 

°C was added pyridine (420 µL, 5.20 mmol) and Tf2O (430 µL, 2.56 mmol). The reaction 

mixture slowly turned yellow and then orange, and it was left stirring in the ice-salt bath 

for 1 h. Later, consumption of starting material was checked by TLC and full consumption 

was confirmed. The reaction mixture was quenched by addition of 10% aq. citric acid 

solution (20 mL). The layers were separated, and the organic layer was further washed with 

10% aq. citric acid solution (2 x 10 mL) and brine (5 mL). The organic layer was dried 

over MgSO4, filtered, and concentrated to afford a residue that was chromatographed on 

silica gel (DCM:MeOH 230:1 -> 200:1) to afford the C-1 triflate product 26 as a yellow 

film (77 mg, 0.11 mmol,  16% yield).  

207: Rf = 0.9 [DCM:MeOH (30:1)]; 𝛼𝐷
20 = 13.74 (𝑐 = 1.0, 𝐷𝐶𝑀);  IR (neat) νmax/cm-1 

2990, 2941, 1769, 1677, 1595; 1H NMR (600 MHz, Acetone) δ 7.10 (s, 1H), 6.78 (d, J = 

3.4 Hz, 1H), 6.28 (dd, J = 11.4, 1.0 Hz, 2H), 5.68 (d, J = 6.7 Hz, 1H), 5.42 (dd, J = 9.6, 3.3 

Hz, 1H), 4.98 (dd, J = 9.6, 6.7 Hz, 1H), 2.33 (s, 3H), 2.14 (s, 3H), 1.60 (s, 9H), 1.56 (s, 

3H), 1.47 (s, 3H); 13C NMR (151 MHz, Acetone) δ 170.89, 169.00, 158.66, 155.07, 150.57, 

141.78, 133.99, 133.38, 132.54, 115.24, 113.05, 108.62, 104.93, 100.24, 87.53, 86.96, 

73.11, 72.09, 66.18, 27.64, 27.51, 25.66, 20.78, 20.55; 19F NMR (377 MHz, Acetone) δ -

75.74; 15N NMR (61 MHz, Acetone) δ 181.5; LRMS (ESI+) m/z 679.1 [MH+]. 
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(1S,2S,3S,4S,4aS,11bS)-11b-Bromo-5-(tert-butoxycarbonyl)-1-hydroxy-6-oxo-

1,2,3,4,4a,5,6,11b-octahydro-[1,3]dioxolo[4,5-j]phenanthridine-2,3,4,7-tetrayl 

tetraacetate (208) 

 

Tetraacetate N-boc narciclasine 204 (150 mg, 0.26 mmol) was solubilized in a 3:1 mixture 

of THF:H2O (4 mL) and cooled to 0 °C in an ice-salt bath. Recrystallized NBS (65 mg, 

0.36 mmol) was added in the solution and the colourless solution turned yellow. The 

reaction was left stirring at 0 °C for 30 minutes and for 1 hour at room temp. The reaction 

mixture was quenched with 1 mL of a saturated solution of Na2S2O3. The yellow colour 

fades, and the reaction mixture is concentrated in the rotavap to remove THF, while the 

remaining solid product with the aqueous solution is diluted with DCM (10 mL) and 

extracted with DCM (3x10 mL). The combined organic layers are dried over MgSO4, 

filtered, and concentrated to yield the crude product. The crude product was adsorbed on 

10% deactivated silica gel and purified by flash column chromatography (DCM:MeOH 

200:1 to 180:1) to yield 5 mg (0.007 mmol, 2% yield) of the bromohydrin 7 as a colourless 

film. 

208: Rf = 0.1 [DCM:MeOH (30:1)]; 𝛼𝐷
22 = −25.09 (𝑐 = 0.25, 𝐷𝐶𝑀); IR (neat) νmax/cm-1: 

3373 (w, -OH), 2984 and 2928 (w, -CH3), 1751 (s, -CO-O-), 1697 (s, -CO-N- lactam); 1H 

NMR (600 MHz, Acetone) δ 7.21 (s, 1H), 6.28 (dd, J = 8.7, 0.9 Hz, 2H), 5.89 (d, J = 11.3 

Hz, 1H), 5.73 (s, 1H), 5.58 (t, J = 2.2 Hz, 1H), 5.47 (s, 1H), 5.06 (d, J = 9.0 Hz, 2H), 2.54 

(s, 3H), 2.15 (s, 3H), 1.92 (s, 3H), 1.90 (s, 3H), 1.55 (s, 9H). 13C NMR (151 MHz, Acetone) 

δ 172.89, 170.16, 169.99, 169.02, 162.02, 153.49, 151.19, 136.52, 135.79, 117.64, 104.96, 

104.89, 84.25, 71.86, 71.56, 69.96, 69.66, 53.93, 52.02, 27.82, 27.48, 20.95, 20.45. LRMS 

(ESI+) m/z 672 [MH+], 689 [MNH4
+], 694 [MNa+], 710 [MK+] 
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(1S,2S,3S,4S,4aS,11bS)-5-Acetyl-11b-bromo-1-hydroxy-6-oxo-1,2,3,4,4a,5,6,11b-

octahydro-[1,3]dioxolo[4,5-j]phenanthridine-2,3,4,7-tetrayl tetraacetate (209) 

 

Tetraacetate N-boc narciclasine 6 (442 mg, 0.76 mmol) was solubilized in a 3:1 mixture of 

THF:H2O (12 mL). Recrystallized NBS (191 mg, 1.05 mmol) was added in the solution at 

room temp. and the colourless solution turned yellow. The reaction was left stirring 3 hours 

at room temp. and slow progression was observed by TLC. Another portion of NBS (191, 

1.05 mmol) was added, and the reaction was left stirring overnight. The reaction mixture 

was quenched with 2 mL of a saturated solution of Na2S2O3. The yellow colour fades, and 

the reaction mixture is concentrated in the rotavap to remove THF, while the remaining 

solid product with the aqueous solution is diluted with DCM (20 mL) and extracted with 

DCM (4x20 mL). The combined organic layers are dried over MgSO4, filtered, and 

concentrated to yield the crude product. The crude product was adsorbed on silica gel and 

purified by flash column chromatography (DCM:MeOH 200:1 to 180:1) to yield 76 mg 

(0.12 mmol, 15% yield) of the bromohydrin 209 as a colourless film. 

209: Rf = 0.3 [DCM:MeOH:Acetone (20:1:1)]; 𝛼𝐷
21 = −56.74 (𝑐 = 1.25, 𝐷𝐶𝑀); IR (neat) 

νmax/cm-1: 3440 (w, -OH), 2989 and 2926 (w, -CH3), 1749 (s, -CO-O-), 1697 (s, -CO-N- 

lactam); 1H NMR (600 MHz, Acetone) δ 7.21 (s, 1H), 6.25 (dd, J = 13.7, 0.8 Hz, 2H), 5.87 

(d, J = 11.4 Hz, 1H), 5.67 (s, 1H), 5.58 (t, J = 2.4 Hz, 1H), 5.47 (s, 1H), 5.09 (dd, J = 11.4, 

3.6 Hz, 1H), 5.06 – 5.03 (m, 1H), 2.52 (s, 3H), 2.30 (s, 3H), 2.15 (s, 3H), 1.92 (s, 3H), 1.90 

(s, 3H). 13C NMR (151 MHz, Acetone) δ 172.96, 170.15, 170.08, 168.99, 168.42, 161.97, 

153.30, 142.28, 136.57, 136.52, 135.57, 117.40, 105.03, 105.02, 104.79, 71.84, 71.53, 

70.00, 69.54, 54.11, 52.04, 27.50, 20.96, 20.65, 20.46. LRMS (EI) m/z (%) 613.00 (M+, 1), 

570.95 (25), 528.92 (100), 450.99 (16), 390.99 (20), 329.97 (16), 287.95 (35), 269.93 (32); 

HRMS (EI+) calculated for C24H24O13NBr: 613.0426/615.0405. Found 613.0432/615.0384 
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(2R,3S,4S,4aR)-6-((((9H-Fluoren-9-yl)methoxy)carbonyl)oxy)-1-hydroxy-2,3,4,4a-

tetrahydro-[1,3]dioxolo[4,5-j]phenanthridine-2,3,4,7-tetrayl tetraacetate (212) 

 

To an oven-dried Schlenk flask, the following were added at 0 °C: C-1 enol tetraacetate 

184a (100 mg, 0.20 mmol) solubilized in 1,2-DME (4 mL), Fmoc chloride (78 mg, 0.30 

mmol), 18-crown-6 ether (cat. amount) and KH (oil-free, 12 mg, 0.30 mmol). The reaction 

mixture turned to a pale-yellow colour and it was left stirring in the ice-bath for one hour. 

TLC showed no progress of the reaction, so it was lifted from the ice-bath. Reaction 

mixture was left stirring at room temperature for another 4 hours and filtered through a 

plug of celite. The celite cake was washed with DCM and the organic phase was dried over 

MgSO4, filtered, and concentrated to yield a crude oil, which was adsorbed in silica gel and 

purified by column chromatography (DCM:MeOH 40:1). Compound 212 was obtained as 

a white film (40 mg, 0.056 mmol, 28% yield). 

212: Rf = 0.4 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
20 = 94.72 (𝑐 = 0.15, 𝐷𝐶𝑀);  IR (neat) 

νmax/cm-1: 3473 (w, -OH), 2920 (w, -CH3), 1743 (s, -CO-O-), 1211, 1046;  1H NMR (600 

MHz, Acetone) δ 7.81 (d, J = 7.6 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.64 (dd, J = 15.4, 7.4 

Hz, 2H), 7.45 (t, J = 7.5 Hz, 1H), 7.39 (s, 1H), 7.38 – 7.30 (m, 3H), 6.85 (d, J = 4.1 Hz, 

1H), 6.35 (d, J = 8.1 Hz, 2H), 6.27 (d, J = 4.2 Hz, 1H), 5.55 (dd, J = 11.4, 4.2 Hz, 1H), 

4.84 (d, J = 5.2 Hz, 2H), 4.82 (d, J = 5.4 Hz, 1H), 4.59 – 4.52 (m, 1H), 4.35 (t, J = 5.2 Hz, 

1H), 2.13 (s, 3H), 2.08 (s, 3H), 2.02 (s, 3H), 2.02 (s, 3H); 13C NMR (151 MHz, Acetone) 

δ 171.22, 170.62, 170.37, 168.73, 154.69, 153.47, 152.43, 144.17, 144.14, 142.65, 142.24, 

142.22, 138.01, 128.73, 128.58, 128.08, 128.01, 127.07, 125.61, 125.58, 124.58, 120.97, 

120.89, 120.81, 114.09, 105.10, 99.14, 71.03, 70.94, 69.69, 68.19, 66.34, 47.42, 21.00, 

20.78, 20.67, 20.08; 15N NMR (61 MHz, Acetone) δ 278.55; LRMS (EI) m/z (%) 713.01 

(M+, 1), 448.86 (33), 370.83 (45), 328.82 (100), 312.81 (39); HRMS (EI+) calculated for 

C37H31O14N: 713.1739. Found 713.1736. 
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(2R,3S,4S,4aR)-6-((((9H-Fluoren-9-yl)methoxy)carbonyl)oxy)-1-

(((trifluoromethyl)sulfonyl)oxy)-2,3,4,4a-tetrahydro-[1,3]dioxolo[4,5-

j]phenanthridine-2,3,4,7-tetrayl tetraacetate (213) 

 

To an oven dried Schlenk flask, Fmoc substrate 212 (44 mg, 0.061 mmol) was solubilized 

in DCM (1 mL) and cooled to 0 °C, followed by addition of pyridine (5 µL, 0.064 mmol) 

and triflic anhydride (10 µL, 0.064mmol). The reaction mixture turned to a pale-yellow 

colour and it was left stirring in the ice-bath for two hours. The reaction mixture was then 

dried in the high-vac and the crude product was adsorbed on silica gel and purified by flash 

column chromatography (DCM:MeOH 100:1). Compound 213 was obtained as a white 

film (4 mg, 0.005 mmol, 8% yield). 

213: Rf = 0.6 [DCM/MeOH/Acetone (20:1:1)]; 𝛼𝐷
20 = 82.64 (𝑐 = 0.20, 𝐷𝐶𝑀);  IR (neat) 

νmax/cm-1:2926 (w, -CH3), 1756 (s, -CO-O-), 1212; 1H NMR (600 MHz, Acetone) δ 7.81 

(d, J = 7.6 Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.66 (dd, J = 14.8, 7.5 Hz, 2H), 7.46 (t, J = 

7.5 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 7.34 (dt, J = 15.2, 7.5 Hz, 2H), 7.23 (s, J = 3.4 Hz, 

1H), 7.20 (d, J = 3.8 Hz, 1H), 6.39 (d, J = 10.2 Hz, 2H), 6.35 (d, J = 4.1 Hz, 1H), 5.86 (dd, 

J = 11.5, 4.1 Hz, 1H), 5.80 (dd, J = 11.5, 3.8 Hz, 1H), 4.88 (d, J = 5.0 Hz, 2H), 4.36 (t, J = 

4.9 Hz, 1H), 2.24 (s, 2H), 2.10 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H); 13C NMR (151 MHz, 

Acetone) δ 170.94, 170.32, 169.78, 168.70, 155.16, 153.98, 152.20, 144.19, 144.18, 

143.18, 143.07, 142.26, 142.23, 137.48, 128.72, 128.55, 128.09, 128.02, 127.23, 125.58, 

125.53, 122.79, 120.87, 120.79, 114.28, 105.40, 98.72, 81.85, 71.06, 70.54, 69.24, 66.69, 

65.83, 54.96, 47.45, 20.63, 20.49, 20.39, 20.06. 19F NMR (565 MHz, Acetone) δ -75.90. 

LRMS (ESI) m/z 846.1 [M+H]+, 868.1 [M+Na]+, 884.1 [M+K]+. 

 

  



134 
 

7. Selected spectra 
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