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ABSTRACT

This thesis describes the synthesis and derivatization of narciclasine and pancratistatin. A detailed
description is given to the total formal synthesis of pancratistatin through a reductive transposition
approach and the total and semi-syntheses of 2-epi-narciclasine and its discovery as a new natural
product. The last part of this work focuses on the search for a divergent approach to access C-1narciclasine and C-1-pancratistatin derivatives from natural narciclasine. Experimental and
spectral data are provided for the new compounds.
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1. Introduction
Plant-derived medicaments have been used for healing purposes for millennia.1 However, it was
not until Serturner’s experiments with opium, that identification and isolation of natural
compounds became one of the main topics of study for organic chemists.2 Serturner is recognized
for his work on the isolation of morphine as a pure substance3 and research on its activity as a
biologically active molecule as well as its chemical reactivity.4 Since then, natural products have
become an interesting synthetic challenge for chemists. The aspiration to elucidate the structure of
a natural compound and confirm it with a synthetic molecule was one of the driving forces for the
organic chemistry and led to the expansion of the theoretical knowledge and development of
synthetic and analytical techniques in various branches of chemistry.
For the last couple of decades, natural products have been targeted as potential drug leads by the
pharmaceutical companies.5 The Amaryllidaceae plant family attracted attention for their antiinflammatory, antibacterial, and growth inhibitory activities.6 To this day, there are around 500
compounds isolated and identified from this family, and among them narciclasine (1) and
pancratistatin (2) are at the center of attention for their unique anticancer activities.7

Figure 1 Structure of narciclasine (1) and pancratistatin (2)
Multiple total syntheses and derivatizations provided a better look at the structure-activity
relationship (SAR) of these molecules, even though the exact mode of action has not yet been
1

determined.8 SAR studies were done on many synthetic derivatives of these compounds and it
revealed that modifications can be done in only a small region between the C-10 and C-1 positions
(Figure 1).
The work in this thesis will focus on few routes to synthesize pancratistatin 2, and analogues of
narciclasine and pancratistatin (compounds 7, 8, and 10) (Figure 2). First of all, a chemoenzymatic
total formal synthesis of pancratistatin 2 will be pursued from m-dibromobenzene 3. The key step
in the synthesis will be the installation of a C-10b stereocenter in compound 6 by the Myers
reductive transposition reaction.9 This will be demonstrated as a proof of concept for the
conversion of natural narciclasine (1) to pancratistatin (2). Then, the intermediate allylic alcohol 5
will be converted to C-2-epi-narciclasine (7) – identified as a new natural product after this
synthesis was accomplished. In the last part of this thesis, attempts to convert natural narciclasine
(1) to C-1 analogues of narciclasine and pancratistatin, 8 and 10 respectively, will be discussed.

2

Figure 2 Chemoenzymatic synthesis of pancratistatin (2) and conversion of narciclasine (1) to
phenantridones 7 and 9
Discussion of previous research in this field is provided in the next chapter.

3

2. Historical
This chapter will cover the historical background and achievements related to the topic of this
thesis. It will be divided into two parts: 2.1. Enzymatic dihydroxylation of arenes and 2.2.
Amaryllidaceae constituents. In the first part, the discovery, isolation, and mechanism of toluene
dioxygenase (TDO) will be discussed, as well as its application to the total synthesis of various
natural products. The second part will concentrate on the Amaryllidaceae constituents including
their discovery, biosynthesis, and biological activity. Attention will be paid to the selected
syntheses of narciclasine (1), pancratistatin (2), and their derivatization.
2.1.

Enzymatic dihydroxylation of arenes

Enzymatic reactions have been used by humans for millennia, from the fermentation of beverages
in ancient worlds10 to industrial biocatalysis today.11 The scientific advancement in the field started
from the discovery and isolation of the first enzyme by Payen and Persoz (1833).12 They were
working in a sugar factory with barley malt extracts when they isolated an unknown white
precipitate that catalyzed starch degradation to maltose. The solid was the enzyme that was named
diastase. This discovery lead Pasteur, Traube, Brown, and other scientists who followed in their
footsteps to investigate enzymes as useful tool for synthetic scientists. 13
Enzymes, responsible for the catalytic transfer of electrons from an electron donor to electron
acceptors, belong to a large class of oxidoreductases (EC 1).14 EC 1.14 is a subclass of enzymes
that act on two hydrogen donors (NADH or NADPH as one of them) and incorporates molecular
oxygen into one of the donors. Over 20 different enzymes belonging to this group are known as
aromatic 1,2-dioxygenases and the general transformation that they catalyze is shown in Scheme
1.15 The substrate scope for these enzymes is very broad. They can catalyze the dihydroxylation

4

of monocyclic arenes such as benzene and toluene (with various substitution patterns), as well as
more complex structures, such as biphenyls, naphtalenes, carbazoles, etc.15

Scheme 1 Substrate scope for the arene dihydroxylation with aromatic 1,2-dioxygenases15
In 1907 Stormer was first to report first example of bacterial metabolism of aromatic substrates.16,17
He showed that xylene and toluene are susceptible to bacterial decomposition with Bacillus
haxacarbovorum. A few years later, in 1914, Wagner demonstrated the quantitative metabolism
of toluene, xylene, benzene, and various aliphatic hydrocarbons by two strains of Bacterium
benzoli.

17,18

Later, various strains of bacteria were shown to oxidize toluene and its substituted

analogues.19,20,21,22 In 1961, Marr and Stone reported benzene oxidation with Pseudomonas
aeruginosa and Mycobacterium rhodochrous. They showed that bacterial oxidation is different
from mammalian oxidation and proposed the bacterial oxidation pathway via formation of 3,5cyclohexadiene-1,2-diol 14 (Scheme 2).23

Scheme 2 Benzene bacterial oxidation23
However, it was not until 1968 that the first stable 3,5-cyclohexene-1,2-diol 17 was isolated by
Gibson (Scheme 3).24 Microbial oxidation of fluoro-, chloro-, bromo- and iodobenzenes, and p-

5

chlorotoluene were studied with the soil bacterium Pseudomonas putida, that was grown on
toluene medium as the source of carbon.

Scheme 3 Enzymatic dihydroxylation of p-chlorotoluene (16)24
Sections 2.1.1 and 2.1.2 will discuss the historical development of enzymatic dihydroxylation with
toluene dioxygenase (TDO), the mechanism of catalysis, selectivity and substrate scope, and
application of this methodology in the synthesis of some natural compounds.
2.1.1.

Mechanism of catalysis and selectivity of toluene dioxygenase (TDO)

Catechol has been shown as an intermediate in benzene metabolism through sequential induction
experiments by few groups in the 1950s.23,25,26 Marr and Stone managed to detect catechol 15 by
chromatographic means.23 They proposed that catechol 15 forms through cyclohexadienediol 14.
The relative stereochemistry of the hydroxy groups was proposed to be trans and it was speculated
to arise from the intermediate epoxide 19.

Scheme 4 Bacterial oxidation pathway for benzene (13) proposed by Marr and Stone23
6

Marr and Stone drew the parallel for the metabolism of intermediate 19 from the information
known by at that time for naphthalene (24) metabolism.27 In 1953, Walker and Wiltshire grew
Gram-negative motile soil bacteria with naphthalene as the sole source of carbon.28 They showed
that trans-(1R,2R)-1,2-dihydronaphthalene-1,2-diol (26) was produced in the early stages of
naphthalene (24) bacterial oxidation and it could be isolated together with salicylic acid (27), a
product of its further metabolism (Scheme 5). Following these results researchers proposed that
trans-diol 26 formed from the intermediate epoxide 25. This hypothesis was also supported by the
findings of Booth in his studies of polycyclic compound metabolism.27,29 However, it was only in
1967 that Holtzman proved the formation of the epoxide.30 Liver microsomes where used for the
metabolism of naphthalene in air enriched with

18

O2. Mass spectrometric analysis of the diol

showed that only one of the oxygens in the hydroxyl groups was 18O, confirming formation of the
epoxide (Scheme 5).27,28,29

Scheme 5 Metabolism of naphthalene (24) by Gram-negative soil bacterium27,28,29
The first, more detailed, study of the early stages of benzene oxidation by Pseudomonas sp. was
done by Gibson in 1968.31 Toluene, various alkylbenzenes (alkyl = ethyl- to decyl-), naphthalene,
anthracene, and phenanthrene were subjected to oxidation with P. putida grown with toluene as
the source of carbon. Benzene, toluene, and ethylbenzene were oxidised at approximately similar
rate, where as other compounds showed either lower rates (isopropyl-, propyl- and butybenzenes)
or did not react at all (pentyl- to decylbenzenes and polycyclic hydrocarbons). More detailed study
of the extracts showed catechol (15) and 3-methylcatechol (32) to be intermediates in benzene and
7

toluene (28) degradation respectively (Scheme 6). To distinguish the relative stereochemistry of
the intermediate diol (29 or 31 and the formation of the epoxide 30), the cells were incubated with
synthetic cis-diol 29 and trans-diol 31. This experiment revealed that trans-diol 31 cannot be
metabolized further with P. putida, whereas cis-diol 29 was fully consumed and converted to
catechol 32.

Scheme 6 Degradation of benzene (13) and toluene (28) with P. putida31
This study by Gibson disproved formation of the epoxide and hence the previously proposed
pathway by Marr and Stone (Scheme 4).23 Further on, the absence of phenol and failure of P.
putida to metabolize it, showed that catechol is not formed through monohydroxylation of
benzene. Based on these results Gibson proposed a new pathway for the formation of the catechol
15 (Scheme 7). Cis-diol 34 formation can be explained through the fixation of molecular oxygen
to benzene (13) to form the exocyclic peroxide intermediate 33. NADP-dependent
dehydrogenation of the diol 34 led to the formation of the catechol (15).

8

Scheme 7 Benzene (13) metabolism pathway proposed by Gibson24
From these results and a similar study done by Taniuchi on kynurenic acid metabolism, Gibson
stated that the enzymes responsible for the initial oxidation of benzene and kynurenic acid are
similar.24,32 He predicted that for the proper action, the enzymes will require fairly complex system
to be present - NADH or NADH-generating system, iron-sulfur flavoprotein (FAD, reductase),
and an iron-sulfur oxygenase.15,24,32 Later, this was proven to be true and will be discussed later in
this chapter.
In the next publication Gibson reported fermentation of halobenzenes 35 and a more detailed study
of the metabolism of 3-chlorotoluene 16 (Scheme 3, Scheme 8). 24 The reaction with halobenzenes
35 provided only one product – corresponding cathechols 36. However, from the metabolism of
3-chlorotoluene 16 two separate products were isolated. Careful analysis of the most polar product
led to the identification of cis-diol 17, that was the first stable 3,5-cyclohaxadiene-1,2-diol that
was isolated. When compound 17 was incubated with the cell extract, cathechol 18 was isolated.
The authors showed that diol 17 can be isolated in small amounts from the wild strain of P.
putida.23 These results once again refuted the presence of an epoxide as a possible intermediate in
the bacterial metabolism of arenes with soil bacteria.
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Scheme 8 Bacterial metabolism of 3-chlorotoluene (16)23
In 1970, the isolation of the mutant strain of P. putida 39/D was accomplished (Scheme 9).33 This
strain lacked the enzyme responsible for the dehydrogenation of the unsaturated intermediate
(conversion of 38 to 39) and therefore allowed for the small accumulation of 3-methylcyclohexa3,5-diene-1,2-diol 38. Conversion of compound 37 to a rigid cycloadduct 40 (acetylation, DielsAlder reaction with maleic anhydride, and hydrogenation) allowed the authors to gather additional
proof for the relative stereochemistry of intermediate 38.

Scheme 9 Metabolism of toluene (37) with a mutant strain P. putida 39/D and conformation of
relative stereochemistry33
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The absolute stereochemistry of 3-methylcyclohexa-3,5-diene-1,2-diol 38 was determined a few
years later (Scheme 10).34 For that purpose, cis-diol 38 was subjected to catalytic hydrogenation
and yielded a mixture of two diastereomers 41 and 42. The stereochemistry in both compounds
was assigned by the NMR study of the coupling constants and a comparison of 42 with the
synthetic sample derived from 3-methylcyclohexene. Major isomer 41 was then treated with Jones
reagent to produce 2-methyladipic acid 43. Comparison of the optical rotation (𝛼𝐷 ) of the
synthetic sample and the literature value of (‒)-2-(R)-methyladipic acid 43 matched and allowed
the determination of the absolute stereochemistry of diol 38. These findings were also confirmed
by an X-ray study of the Diels-Alder adduct of the cyclohexadiene 38.35

Scheme 10 Determination of absolute stereochemistry of cis-diol 3834
A closer look at the enzymes responsible for the metabolism of arenes permitted the isolation,
identification, and detailed description of the multicomponent system responsible for the initial
dihydroxylation of arenes – toluene dioxygenase (TDO) (Scheme 11).33,34,35,36 TDO is not a single
protein, rather it is complex system consisting of three main components - reductase, ferredoxin,
and terminal dioxygenase.
Enzymatic dihydroxylation by TDO is accomplished in a sequence of few steps (Scheme 11).
Electrons from NADH are transferred to a ferredoxin reductase containing flavin adenine
11

dinucleotide (FAD), which passes electrons onto an iron-sulfur protein - ferredoxin. When
terminal dioxygenase, another non-heme Rieske iron-sulfur protein (ISPTOL), is reduced, it further
catalyzes the uptake of the O2 molecule for the oxidation of toluene 37. The active site in the
terminal Rieske dioxygenase contains a loosely bound mononuclear iron that is required for the
maintenance of the systems activity.37 It is predicted, that molecular oxygen is bound to this iron
and then is transferred to the arene with a facial selectivity.

Scheme 11 Toluene (37) oxidation with toluene dioxygenase (TDO)33-36
The precise mechanism of the arene dihydroxylation is not yet known. However, there have been
a few proposals of possible pathways for the formation of cis-cyclohexadienediols (Scheme
12).38,39,40,41,42,43 As discussed above, Gibson proposed the mechanism for the incorporation of both
atoms of molecular oxygen through the formation of dioxetane 44. This pathway is energetically
unfavorable, because it would require high energy singlet oxygen for the cycloaddition.24,39 More
likely, the arene undergoes [3+2]-cycloaddition of iron (V) peroxide, followed by reduction of the
O-O bond.40-43 This might occur in a stepwise manner through an intermediate 45, or in a concerted
manner forming intermediate 46. Iron (V) peroxide has been shown to be involved in the
naphthalene dioxygenase (NDO)-catalyzed dihydroxylation of indole, which is hypothesized to be
mechanistically similar to the TDO dihydroxylation of arenes.42
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Scheme 12 Mechanistic proposals for the enzymatic dihydroxylation of arenes38-42
Mechanistic and structural studies of the TDO system and determination of gene sequence of all
three if its components were done in order to develop a strain of Escherichia coli capable of
overexpressing TDO.44 This recombinant strain allowed for the easier scale-up, usage, and
application of enzymatic dihydroxylation in organic chemistry. This led to additional studies of
the regio-, enantio-, and chemoselectivity of the TDO reactions.
Regioselectivity of the enzymatic dihydroxylation can be controlled (Scheme 13). As discussed
previously, monosubstituted benzenes 28 selectively provide one enantiomer of corresponding
diol 29 when treated with a bacterial strain that can overexpresses TDO (E. coli JM109
pDTG601A). If the strain containing benzoate dioxygenase (BZDO) is used (Ralstonia eutropha
B9), regioselectivity is switched and ipso-diol 47 is produced.45
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Scheme 13 Regioselectivity of enzymatic dehydroxylation of monosubstituted arenes
Disubstituted benzenes (compounds 48, 51 and 54) can provide two unique isomeric products as
shown in Scheme 14. The selectivity of the reaction has been shown to depend on the size of the
substituents.46

Scheme 14 Enzymatic dihydroxylation of disubstituted arenes
In 1993 Boyd suggested a model for predicting the outcome of reactions involving substituted
arenes (Scheme 15).46 He subjected 10 unsymmetrical 1,4-disubstituted benzenes to enzymatic
dihydroxylation with P. putida UV4 and noticed a correlation between the difference in size of the
substituents and enantiomeric excess (ee, compound 58 vs. compound 59). In the case of
14

monosubstituted arenes 57 (when Rsmall = H), only one corresponding enantiomer (58) was
isolated, with the exception of fluorobenzene (the size difference of fluorine and hydrogen is not
large enough, 1.47 Å vs 1.2 Å, for the enzyme to be able to selectively differentiate47 between the
two species). For 1,4-disubstituted benzenes, the ee value was greater, when the difference in
substituent sizes was larger. In those instances, compound 58 was favored over its enantiomer 59.
Around the same time similar observations on regio- and stereoselectivity were made by Hudlicky
in his study of chlorostyrene fermentation.48

Scheme 15 Boyd’s rules for the enzymatic dihydroxylation of substituted arenes46
Since Boyd published his rules for predicting the outcome of TDO-catalyzed enzymatic
dihydroxylation, vast number of unique metabolites have been found, analysed, and isolated.49,50,51
The versatility of these metabolites and their usage as synthons in the total synthesis of natural
products will be discussed next.
Parallels in the mechanism of TDO and NDO (and benzoate dioxygenase BZDO) have been
noticed and discussed in a number of reviews but will not be discussed further in this thesis.38,53
2.1.2.

Application of diols in total synthesis

Until recently, enzymatic dihydroxylation did not have efficient chemical reaction equivalent for
the dearomative functionalization of arenes.52 However, the enzymatic procedure is still unique,
not only in the efficiency, but also in the versatility of the compounds that it provides (Figure
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3).38,50,51,53 The reaction is highly regio-, stereo-, and chemoselective and produces synthons with
a rare set of functionality. For example, the diene functionality can undergo various [4+2]
cycloaddition reactions in an easily controlled manner. The substitution pattern of the initial arene
not only influences the outcome of the microbial oxidation, but also allows the differentiation
between di- and trisubstituted alkenes in the product. In this case, a more accessible alkene can be
used in various transformation (dienophile in [4+2]-cycloaddition, cyclopropanation, epoxidation,
aziridination) reactions, dihydroxylations, or reductions. The cis-diol moiety grants access to
rearrangement reactions (Claisen rearrangement), oxidative cleavage of the C-C bond, or SN2-type
inversion of either of the hydroxyl groups (Mitsunobu reaction). The substituent in the substrate
for the fermentation adds further functionality to the product. For example, presence of the halide
permits the usage of the diol 60 in assorted coupling reactions (Heck, Negishi, Suzuki, Stille,
palladium catalyzed carbonylations).

Figure 3 Reactivity of cis-3-halocyclohexa-3,5-diene-1,2-diol (60)38
Multiple synthetic chemistry groups took the advantage of the functionality of the diols and
successfully applied them in the number of syntheses of natural products and their derivatives
(Table 1).38,50,51,53 Selected syntheses of natural products or their derivatives, pharmaceuticals or
industrially significant compounds will be discussed in more details in this section to better
illustrate the capacity of the enzymatic dihydroxylation and its applicability to the science of
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organic chemistry. Diol usage in the synthesis of narciclasine (1) and pancratistatin (2, or their
derivatives) will be discussed in the next section of this thesis (Sections 2.2.2. 2.2.3. ).
Table 1 Selected total syntheses of natural products and their derivatives from cyclohexa-3,5diene-1,2-diols
No.

Cis-diol

Target

Author (year)

Carbohydrates

Ley54

1.

(1987)
34
(±)-pinitol (61)

Ley55

2.

(1988)
34
Inositol-1,4,5-triphosphate IP3 (62)

Carless56

3.

(1989)
34
conduritols A (63) and D (64)
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Hudlicky57

4.

(1990)
65

(+)- and (‒)-pinitol (66 and 67)

Banwell58

5.

(2001)
38

6S-6C- and 6R-6C-methylmannose (68 and 69)

carba-β-L-gluco- and carba-β-D-idopyranose
(71 and 72)

6.

Boyd59
(2005)

70

carba-β-D-altro- and carba-α-Lgalactopyranose (73 and 74)
Prostaglandins and terpenes

Hudlicky60

7.

(1988)
38
prostaglandin E2α (PGE2α, 75)

18

Banwell61

8.

(1998)
38

(‒)-patchoulenone (76)

Banwell62

9.

(2002)
38

(‒)-hirsutene (77)

Banwell63

10.

(2008)
70

Platencin (78)

Alkaloids (narciclasine (1) and pancratistatin (2) and their derivatives excluded)

Banwell64

11.

(2007)
X = Cl (79), Br (65)

(+)-brunsvigine (80)

Hudlicky4b

12.

(2009)
81

(+)- and (‒)-codeine (82 and 83)

19

Banwell65

13.

(2009)
65

(+)-amabaline (84)

Hudlicky66

14.

(2016)
85
(+)-galanthamine (86) and (+)-narwedine (87)
Other natural products

Hudlicky67

15.

(1989)
88

(‒)-zeylena (89)

Hudlicky68

16.

(2013)
(90)
(+)-kibdelone A (91)

20

Banwell69

17.

(2016)
38

ent-radudiol (92) and entdeoxydihydrotsugicoline (93)

Hudlicky70

18.

(2018)

R = I (70), CH2OAc
(94)

Tetrodotoxin (95)

Fifteen years after the isolation of the first stable diol by Gibson, the industrial research group led
by Taylor reported the first application of cyclohexadienediols as starting materials in organic
chemistry (Scheme 16).24,31,71 They were interested in the polyphenylene 98 for its thermal
stability and electrical conductivity. At that time a few reactions that were used in of the synthesis
of compound 98 were either polycondensation (for example, Grignard type polycondensation of
1,4-dibromobenzene72) or polymerization (polymerization of 1,3-cyclohexadiene, followed by
aromatization73). However, polycondensation was providing only oligomers and harsh conditions
for aromatization of polycyclohexene in polymerization reaction led to the fracturing of the chain.
Neither or the methods was fit to be used for the formation of consistent fibers or films of
polyphenylene 98 required for analysis and application. The issue was solved with the help of P.
putida. Microbial dihydroxylation of benzene 13 lead to the formation of cyclohaxadienediol 14,
that was further derivatized to diester 96. Polymerization reactions using radical initiators yielded
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soluble high molecular weight polymers 97. This polymer 97 was easily manipulated to form
various films, coatings, or fibers. Following this, heating the sample to 140-240 °C allowed access
to the films, coatings, and fibers of polyphenylene 98. The authors also reported that
cyclohexadiene 96 can be copolymerized with vinyl and diene monomers.

Scheme 16 Taylor’s synthesis of polyphenylene 9871
Around the same time, in 1983, Gibson published a report on the biosynthesis of indigo (103) with
the recombinant E. coli HB101 containing over-expressed naphthalene dioxygenase (NDO).74 It
was shown that if the recombinant strain is grown with either tryptophan (99) or indole (100),
indigo (103) will be isolated in appreciable amounts. Gibson proposed a biosynthetic pathway for
this transformation (Scheme 17). Tryptophan (99) is converted to indole (100) by tryptophanase
and then undergoes enzymatic dihydroxylation with NDO to form cis-indole-2,3-dihydrodiol 101.
Elimination of a water molecule and exposure to air leads to dimerization and formation of the
indigo (103). This report showed the importance of studies of arene dihydroxylation and promoted
further research into the technology related to the expression of the recombinant DNR and its
application.
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Scheme 17 Biosynthesis of indigo (103) with recombinant strain E. coli HB10174
The next significant milestone in the application of cyclohexadiene diols was achieved by Steven
V. Ley.54 In 1987, he tackled a total synthesis of (±)-pinitol (61) and the key step in this synthesis
was microbial dihydroxylation of benzene (Scheme 18). The cis-diol moiety in compound 34 was
protected as dibenzoate 104 and subjected to epoxidation with m-CPBA. The major product from
the reaction, anti-epoxide 105, was used in acid catalyzed methanolysis to form cyclohexene 105.
Upjohn dihydroxylation of the alkene followed by the hydrolysis of benzoates finished first total
synthesis of racemic (±)-pinitol (61) in 6 steps and with a 35 % overall yield. Ley then applied a
similar strategy in the synthesis of myo-inositol-1,4,5-triphosphate 62 (IP3) – a molecule associated
with signal transfer in cells.55
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Scheme 18 Ley synthesis of (±)-pinitol (61)54
A few years later, in 1990, Hudlicky published the enantiodivergent synthesis of (+)-pinitol (66)
and (−)-pinitol (67) by taking advantage of the proenantiotopic plane of 3-bromocyclohexa-3,5diene-1,2-diol 65 (Scheme 19).57 Diol 65 was easily protected as rigid acetonide 107; this
permitted facial selectivity for the following steps. Regioselectivity was possible because of the
presence of a halogen substituent, which altered the electronic effects of the double bonds. For the
synthesis of (+)-pinitol 66, a more electron-rich and more accessible alkene underwent
dihydroxylation with OsO4 and NMO. Then vinylogous bromide 108 was subjected to the
reductive dehalogenation with LiAlH4, followed by the epoxidation with m-CPBA. Al2O3mediated nucleophilic opening of epoxide 109 with methanol and deprotection of acetonide
yielded (+)-pinitol (66). To access the other enantiomer – (−)-pinitol (67), the osmylation and
epoxidation step sequence was inverted. Compound 107 was first used to form the epoxide 110. It
was followed by epoxide opening under similar conditions as epoxide 109 and dehalogenation to
form alkene 111. Osmylation and acetonide deprotection provided the (−)-pinitol 67. Both
enantiomers were once again synthesized in 6 steps and in 25-30% yield.
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Scheme 19 Hudlicky's enantiodivergent synthesis of (+)-pinitol 66 and (-)-pinitol 6757
Cyclohexadiene diols have been efficiently used not only in the synthesis of various carbohydrates,
but also other natural products. One of the earlier examples would be polyoxygenated cyclohexene
derivative (−)-zeylena (89, Scheme 20).67 In this case, styrene was used as a substrate for
enzymatic dihydroxylation and provided triene 88. Attempts to perform Mitsunobu reaction on
this compound led to aromatization, therefore the authors had to protect alkene moiety. For this
purpose, diol 88 was subjected to hetero-Diels-Alder reaction with bis(2,2,2-trichloroethyl)
azodicarboxylate (TEAD) and yielded tetrahydrocinnoline 112. Selective protection of one
hydroxy group was achieved by a three step sequence: a) silylation of allylic alcohol, 2)
esterification of remaining hydroxy group followed by, 3) selective deprotection with n-Bu4NF.
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Then compound 113 underwent a Mitsunobu reaction with cinnamic acid as a nucleophile to form
diester 114. Zinc and copper promoted retro-Diel-Alder successfully recovered triene moiety in
compound 115, which at the elevated temperatures cyclized to form tricyclic frame 116.
Ozonolysis of the monosubstituted alkene with reductive work-up, reduction of the aldehyde with
NaBH4 and benzoylation of the primary alcohol allowed construction of diester 117. This
completed the formal total synthesis of (−)-zeylena (89), as the selective deprotection of the acetate
was reported previously by Ogawa.75

Scheme 20 Total formal synthesis of (−)-zeylena (89)67
Banwell’s group also is known for their work with diols. In 2008, they used acetonide protected
iodocyclohexadiene diol 118 in the total formal synthesis of platencin (78) – a new generation
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antibiotic (Scheme 21).63 Compound 118 was submitted to the Negishi coupling reaction with
iodide 119. The resulting triene 120 underwent intramolecular Diels-Alder reaction upon heating
and yielded a mixture of four diastereomers 121a/b (8 % yield) and 122a/b (89 %) with required
tricyclic nuclei for the natural product. Cycloadducts 122a/b were carried further through
deprotection of t-butyldimethylsilyl ether, hydrogenation of the remaining alkene, esterification of
alcohol and acetonide deprotection to yield compound 124. Combination of 4-acetamido-2,2,6,6tetramethylpiperidine 1-oxyl (4-AcNH-TEMPO) with p-toluene sulfonic acid allowed selective
oxidation of the less hindered hydroxy group and remaining alcohol was successfully converted to
benzoate 125. α-Oxobenzoate 125 was reduced to a ketone with SmI2 and Wittig reaction yielded
alkene 126. Benzoate saponification with potassium carbonate and 2-iodoxybenzoic acid (IBX)
oxidation lead to the synthesis of unsaturated ketone 127. Total formal synthesis was finished by
submitting ketone 127 to the dehydrogenation under known sequence of enolization with
trimethylamine and trimethylsilyl triflate, followed by oxidation with IBX and 4methoxypyridine-N-oxide (MPO) yielded a mixture of enones 128 (21 %) and 129 (64 %).76
Further elaboration of the enone 129 was successfully achieved by Nicolaou just prior to Banwell’s
publication of his approach in 2008.77
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Scheme 21 Banwell's total formal synthesis of platencin (78)63
Hudlicky’s approach to the total formal synthesis of tetrodotoxin (95) is one of the recent examples
of cyclohexadiene diol application in organic chemistry (Scheme 22).70 Diol 94 derived from
benzyl acetate was converted to Fukuyama’s and Sato’s intermediates 130 and 131 shortening
their synthesis of one of the most potent toxin.78 Fukuyama made compound 130 in 13 steps, where
diol 94 conversion took 6 steps (additional 15 steps to convert compound 130 to the tetrodotoxin).
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Ketone 131 was synthesized in 21 steps by Sato and in 9 steps by Hudlicky (additional 15 steps to
convert compound 131 to the tetrodotoxin).

Scheme 22 Hudlicky's total formal synthesis of tetrodotoxin (95) through Fukuyama's and Sato's
intermediates 130 and 13170
Synthesis of Fukuyama’s and Sato intermediates 130 and 131 diverged from compound 134
(Scheme 23 and Scheme 24). Chemoenzymatic dihydroxylation of benzyl acetate provided chiral
synthon 94, that gave compound 132 after acetonide protection of cis-diol moiety and
saponification of acetate (Scheme 23). Diene 132 was used in a hetero-Diels-Alder reaction with
singlet oxygen followed by Kornblum-DeLaMare rearrangement and yielded diol 133. Acetonide
protection of compound 133 gave quick access to the precursor 134 for both pathways. Wittig
olefination and carbamylation of resulting allylic alcohol 135 provided carbamate 136. Hünig’s
base (N,N-diisopropylethylamine) and trifluoroacetic anhydride (TFAA) induced [3,3]sigmatropic rearrangement of carbamate 136 to isocyanate, which upon treatment with lithium
tert-butoxide yielded Fukuyama’s intermediate 130.
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Scheme 23 Hudlicky's synthesis of Fukuyama's intermediate 13070
For the access to Sato’s intermediate 131, the alkene moiety in enone 134 had to be functionalised
(Scheme 24). Bromination of the enone 134 generated vinyl bromide 137 for the subsequent Stille
coupling. The resulting enone 138 was selectively reduced to allylic alcohol 139. Directed
epoxidation with m-CPBA under reflux and silylation with TMSCl provided compound 140.
Treatment with titanium tetrachloride led to the hydride shift to form ketone 141. Sato’s
intermediate 131 was finally accessed through the protecting group exchange. The trimethylsilyl
ether in ketone 141 was deprotected and reprotected as a methoxymethyl (MOM) ether 131.
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Scheme 24 Hudlicky's synthesis of Sato's intermediate 13170
Diols have been widely used by Hudlicky’s group in the synthesis of morphine and its
analogues.4b,79 The most recent example is the chemoenzymatic total synthesis of ent-oxycodone
(152, Scheme 25 and Scheme 26).80 Despite all of the attention that synthesis of the morphinans
have received from the organic chemistry community since their structure was determined, only a
few other articles have been published concerning the synthesis of oxycodone.81 In the 4th
generation synthesis of ent-oxycodone from Hudlicky’s group, diol 85 derived from phenethyl
acetate by microbial dihydroxylation was reduced with potassium azodicarboxylate (PAD). PAD
selectively reduces less substituted olefin and yields more the stable cis-cyclohexenediol 142.
Selective protection of more distal hydroxy group and subsequent Mitsunobu reaction with phenol
144 produces precursor 145 for the Heck coupling.
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Scheme 25 Chemoenzymatic synthesis of ent-oxicodone (152). Formation of the A-C-E
fragment.80
The alkene moiety in compound 146 is then transformed in 3 step sequence to ketone 147 (Scheme
26). Saponification of the side chain ester, oxidation, and methylation yields ester 148. When
acetal 148 was refluxed with aqueous trifluoroacetic acid, it produced a ketoaldehyde that reacted
with N-methylhydroxylamine to form key intermediate nitrone 149. The subsequent treatment of
nitrone 149 with samarium iodide led to the cyclization of the B ring and formation of the lactone
150. Catalytic reduction with Raney nickel promoted the formation of the lactam 151, which
underwent additional reduction to the tertiary amine. Deprotection of the remaining tertbutyldimethylsilyl ether and Dess-Martin oxidation completed the total synthesis of entoxycodone (151).
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Scheme 26 Chemoenzymatic total synthesis of ent-oxicodone (152)80
Hopefully, examples discussed here provide enough evidence for one to appreciate the versatility
and applicability of the enzymatic dihydroxylation and cis-cyclohexadienediols. In all cases shown
here, diols were used from the first step of the synthetic pathway and it allowed stereo- and
regiocontrol of the follow up reactions of complex and challenging natural products or their
derivatives without additional, often expensive, chiral reagents.
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2.2.

Amaryllidaceae constituents

This part of the thesis will be focused on narciclasine (1), pancratistatin (2) and their derivatives.
Significant milestones in their isolation, structure determination, and study of the biosynthetic
pathway will be discussed. Few selected syntheses of the for Amaryllidaceae constituents (1) and
(2) and their derivatives will be used to illustrate the challenges associated with these molecules.
A separate section will consider the only reported conversion of narciclasine (1) to pancratistatin
(2). The last part will consider biological activity studies and their influence on the syntheses of
derivatives.
2.2.1.

History, isolation and biosynthesis

According to Encyclopedia Britannica the Amaryllidaceae plant family contains 73 genera and at
least 1 600 different species of plants.82 Most of the common species can be found all over the
world, but the highest concentration is in tropical and subtropical regions. The earliest references
to the most common genus from this family – Narcissus dates back to the Ancient Greek and it
has been used as a remedy to treat tumours.83 Of course, more commonly these flowers were and
still are used as ornamental plants and they are known to speed the wilting of the other flowers in
the same vase.6
In 1967 Ceriotti was conducting a systematic study in an attempt to detect and isolate compounds
from Narcissus bulbs associated with the inhibition of the grow of the wheat grain radicles.84 This
study led to the isolation of the molecule that had strong antimitotic properties and was described
to have these properties:
a) Crystalline compound with a solubility in highly polar organic solvents, such as low
molecular mass alcohols, acetic acid, acetone;
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b) Intensive fluorescence in the UV;
c) Gave positive results in qualitative tests with iron (III) chloride, Folin-Ciocalteu phenol
reagent, sulfanilic acid, fast blue B and reacted with ferric cyanide/sodium carbonate
solution;
d) Tested negative with ninhydrin.
This molecule was named narciclasine. The structure elucidation study was published a year
later.85 A molecular formula of C14H13O7N was determined from mass spectrometry and elemental
analysis. Previously described qualitative analysis, IR and UV spectroscopy indicated carbonyl,
hydroxy and phenol groups present and a lack of basic properties usual for the alkaloids. Further
analysis of NMR spectra and additional reactivity studies led to the proposal of structure 153 (4).
Together with narciclasine another non-basic structurally related compound narciprimine was
isolated and Ceriotti proposed its structure 154 based on a similar study as in narciclasine case. It
was also shown that acid induced aromatization of narciclasine leads to the formation of
narciprimine.

Figure 4 Structure proposal for narciclasine and narciprimine by Ceriotti85
Around the same time Okamoto isolated a new plant-growth regulator from the bulbs of Lycoris
radiata.86 He named the compound lycoricidinol and proposed the structure 155 without the
indication of stereochemistry of the molecule (Figure 5). In this publication he described not only
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the biological test results but also physical and spectroscopic data and stated that lycoricidinol
(155) might be identical to narciclasine (153) isolated by Ceriotti.85

Figure 5 Lycoricidinol (155) structure according to Okamoto86
These molecules attracted the attention of Krohn around the same time and in 1970 a revision of
the narciprimine structure was published.87 For that purpose, Krohn executed the total synthesis of
compound 155 (Scheme 27). Condensation of bromobenzoic acid 156 and hydroxycyclohexenone
157 yielded coumarin 158. Functionalization of C-7 position was accomplished through a threestep sequence – nitration, Raney Ni-catalysed reduction to amine and then conversion of the
intermediate amine to diazonium salt and subsequent hydrolysis to the phenol 159. Coumarin 159
was heated in the enclosed tube with solution of ammonia in methanol and furnished isocarbostyril
160, that then underwent aromatization to biphenol 154 catalysed by palladium on carbon.
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Scheme 27 Synthesis of diphenol 15487
Careful comparison of the NMR spectra of synthetic sample of the diphenol 154 and natural
narciprimine proved that structure 154 is not of the natural product. Therefore, revision of the
analytical data of both samples proved that narciprimine has to have the structure of 161 (Figure
6). These results led to a more detailed examination of the data of natural narciclasine and Krohn
suggested composition 162 as possible variation.87

Figure 6 Revised structure of narciprimine (161) and suggested structure for narciclasine 16286
Narciprimine (161) structure was confirmed few months later by the brief synthesis (Scheme 28).88
The key step for the formation of the phenantridone backbone was selective radical cyclization of
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amide 163, which after dehydrogenation of benzoates yielded compound 161 with physical and
chemical properties identical to those of natural narciprimine.

Scheme 28 Synthesis of narciprimine 16188
The first proof for the correct structure of narciclasine (1) was published in 1972 by Immirzi, when
natural narciclasine (1) was acetylated and yielded tetraacetate 165. 89 This derivative formed
crystals suitable for X-ray analysis of the molecule (Scheme 29). This provided indisputable data
with properly assigned absolute stereochemistry of the molecule.

Scheme 29 Synthesis of narciclasine tetraacetate 165 and its X-ray structure from original
publication89
Independently from Immirzi, Krohn also continued his research on the structure elucidation of the
narciclasine (1) molecule and few months later published his results.89,90 One of the objectives of
his study was not only to determine the absolute stereochemistry but also to learn more about
chemical properties of this natural product. To be able to compare both diastereomers at C-2
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position of narciclasine (NMR study, comparison of coupling constant values), narciclasine (1)
was protected only as acetonide 166 (Scheme 30). Therefore, adding additional data against allcis-arrangement of hydroxy groups. In the case of the structure 162 two different acetonides 170
and 171 can be expected as products (Figure 7). Single acetonide formation hinted of the structure
1. The allylic alcohol 166 was subjected to the oxidation with manganese (II) oxide to get to the
enone intermediate 167. It was noticed that this enone is fairly unstable to both, acid and base,
conditions and even during chromatographical purification tended to rearrange into ketone 168
and undergo further decomposition. Krohn succeeded to synthesize only small amounts of
acetonide protected C-2 epimer 169 by reduction of the enone 167. Aluminum amalgam
regenerated the allylic alcohol 166, but sodium borohydride yielded 15 % of its epimer 169.

Scheme 30 Krohn's epimerization of narciclasine (1)89,90
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Figure 7 Expected products from acetonide protection reaction of compound 162
The authors reported that allylic alcohol 166 was also unstable, similar to the enone 167, although
decomposition products were not discussed.90 However, this instability, as well as low yields of
the compound, forced different modification of narciclasine (1) (Scheme 31). For that purpose,
narciclasine (1) was submitted to catalytic hydrogenation reaction and provided three different
compounds: trans-dihydronarciclasine 172, cis-dihydronarciclasine 174 and unexpected isonarciclasine 176. NMR analysis of the compounds 172 and 174 or their corresponding tetraacetates
173 and 175 did not provide anyinformaton about structure. But comparison of the data for the
tetraacetate 177 and synthetic derivatives of coumarin 178 and 179 of known and established
stereochemistry at C-2 position allowed for the proof of the structure of narciclasine (1).

Scheme 31 Krohn’s hydrogenation of narciclasine (1)90
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Figure 8 Coumarin derivatives 178 and 179
However, it is worth noting that even after this elaborate study of the structure elucidation was
completed, there was at least one publication that referred to narciclasine (1) as having the wrong
structure of 162, that might be linked with the initial structures suggested by Okamoto and Krohn.91
Almost two decades later, after the first isolation of narciclasine (1), Pettit reported isolation of yet
another constituent of Amaryllidaceae alkaloids – pancratistatin (2) from Hawaiian Pancratium
littorale.92 It was demonstrated that this compound can cause significant inhibitory effect to the
growth of murine P388 lymphocytic leukaemia cells. In contrast to the narciclasine (1) case, the
structure of pancratistatin (2) was proven by the X-ray structure in the first report.
Biosynthesis of the Amaryllidaceae alkaloids is still not fully understood. Multiple studies have
been done on this subject, however, they allowed the identification only of a few landmarks in the
biosynthetic pathway.6,93,94,95 It has been well established that the common intermediate for most
of the alkaloids of this group is O-methylnorbelladine (187), which then can undergo para-para,
para-ortho, and ortho-para oxidative couplings leading to different backbones of Amaryllidaceae
alkaloids (Figure 9). Phenylalanine (180) is converted to caffeic acid (181) by phenylalanine
ammonia lyase (PAL) and stepwise oxidation with monooxygenases. Further dehomologation
leads to 3,4-dihydroxybenzaldehyde (182), which reacts further with tyramine (184) (from tyrosine
(183) decarbonylation) to form Schiff base 185. Reductase and norbelladine 4’-O41

methyltransferase (N4OMT) furnishes the key intermediate O-methylnorbelladine (187). Paraortho oxidative coupling leads to the synthesis of galanthamine core structure. Ortho-para
coupling gives access to lycorine and alkaloids related to it. Para-para coupling furnishes crinine,
vittatine (190), haemanthamine, tazettine, and narciclasine (1) and pancratistatin (2) among other
compounds.

Figure 9 Biosynthesis of O-methylnorbelladine (187) and its para-para oxidative coupling95
Compound 188 undergoes subsequent cyclisation to 189 to form haemanthamine backbone
(Figure 10).95 Enone reduction and methyledioxy bridge formation is followed by hydroxylation
to give 11-hydroxyvittatine (191). A skeletal rearrangement similar to a retro-Prins reaction and
reduction results in a loss of the ethylene fragment. Oxidation and hydroxylation of the diol 194
supposedly furnishes narciclasine (1).
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Figure 10 Biosynthesis of narciclasine (1)95
Additional studies in this field are still needed while later steps in the biosynthesis of narciclasine
(1) are still only speculative. As for the pancratistatin (2), it is anticipated to undergo similar
pathway as narciclasine (1), however, it has not been officially proven.
2.2.2.

Selected total syntheses of narciclasine

Narciclasine (1) caught attention of the synthetic chemistry community only a few decades after
its isolation and structure determination. The first reports of the total synthesis were published in
the late 1990s by Rigby96 (1997), Hudlicky97 and Keck98 (1999). To this day there are nine total
syntheses reports published, with the shortest, a six step synthesis by Sarlah published just
recently104 (Table 2). In this section only a few selected syntheses will be discussed in more detail:
Rigby’s96, Hudlicky’s97, Yamamoto’s102, with the most recent being Sarlah’s103,104 synthesis.
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Table 2 Total syntheses of narciclasine (1)
No.

Author

Year

Step count

1.

Rigby96

1997

22

2.

Hudlicky97

1999

12

3.

Keck98

1999

12

4.

Rigby99

2000

24

5.

Yan100

2002

12

6.

Banwell101

2008

11

7.

Yamamoto102

2015

14

8.

Sarlah103

2017

10

9.

Sarlah104

2019

6

There are few general strategies that are applied in the construction of the phenantridone backbone
of narciclasine (1) as well as pancratistatin (2) (Figure 11). Usually, a synthesis is accomplished
in a convergent manner. Ring A (general structure 195) and ring C (general structure 196) are prefunctionalised or pre-set for further functionalization separately and then subjected to the various
coupling reactions. The main pathways that B ring is constructed are the formation of C-10a-C10b bond followed by the Pictet-Spengler or Bishler-Napieralski type reactions, or amidation of
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various conduramine derivatives (or their synthetic equivalence) and then formation of C-10a-C10b bond.

Figure 11 Retrosynthetic disconnection of narciclasine (1)
The synthetic strategy used by Rigby was based on the formation of the C-10a and C-10b bond in
a late-stage photocyclization reaction after the early amide bond formation.96,99 The key
intermediate 204 was synthesized from commercial compounds – methyl ester 197 and 2,3dihydroxybenzaldehyde 201 (Scheme 32). The chiral ring C was made as a racemic epoxide 198,
that underwent enzymatic resolution providing pure enantiomer 199. Ring A fragment 202 was
made from benzaldehyde 201 following the known chemistry.105 Compound 203 from lithiumhalogen exchange was then treated with isocynate 200 (from Curtius rearrangement of carboxylic
acid 199) forming the amide 204. Protecting group exchange followed by the photochemical
cyclization finished the construction of the backbone of phenantridone. Further functionalization
of the phenol 206 furnished compound 207, which after selective deprotection of C-1-tertbutyldimethylsilyl group, was dehydrated with Burgess reagent installing styrene functionality.
The global deprotection of the molecule lead to the first total synthesis of narciclasine (1). It is
worth noting, that in 2002 Rigby modified this synthesis and adapted it to yield pancratistatin (2)
in 22 steps.99
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Scheme 32 Rigby's synthesis of narciclasine (1)96,99
The next synthesis of the title compound was achieved and published in 1999 by Hudlicky97
(Scheme 33), just a few months before Keck revealed his approach98. A highly efficient
chemoenzymatic approach to narciclasine (1) allowed the installation of 3 out of 4 stereocenters
in the first 3 steps of the synthesis. 1,3-Dibromobenzene 3 was subjected to microbial oxidation
with a recombinant strain of the E. coli (discussed in the previous section) and yielded
dibromocyclohexadienediol 4. Subsequent protection of cis-diol moiety and nitroso-Diels-Alder
reaction furnished oxazine 208. Suzuki coupling with aromatic ring A, followed by the N-O bond
cleavage with molybdenum hexacarbonyl avoided the problem of over reduction of halide at the
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oxazine state. Selective 1,2-reduction of the enone 209 yielded allylic alcohol 5 with the wrong
stereochemistry at C-2 position (narciclasine (1) numbering). It was corrected with a Mitsunobu
inversion. Ring B closure was achieved with Bishler-Napieralski reaction conditions that were
adapted to more sensitive compounds by Banwell in 1995.106 Global deprotection of the
phenantridone 212 successfully finished synthesis of narciclasine (1) in 12 steps.

Scheme 33 Hudlicky's chemoenzymatic total synthesis of narciclasine (1)97
A similar strategy using a nitroso-Diels-Alder reaction for the assembly of the ring C was used in
2015.102 In his approach, Yamamoto used a late stage copper (I) catalysed enantioselective nitrosoDiels-Alder reaction (Scheme 34). Racemic cyclohexadiene rac-216 was prepared from the
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commercially available 1,4-cyclohaxadiene 213. Enone rac-214 was synthesized following
literature procedure and further developed into the key intermediate racemic diene rac-216.107 The
nitroso-Diels-Alder reaction between racemic cyclohexadiene rac-216 and pyridazine derivative
217 provided enantiomerically pure oxazine 218 through the kinetic resolution of racemate.
Further reduction of N-O bond and protecting group exchange yielded Hudlicky’s intermediate
210 and completed the formal total synthesis in 14 steps.

Scheme 34 Total formal synthesis of narciclasine (1) by Yamamoto102
A chemoenzymatic approach to the Amaryllidaceae alkaloids has been widely used because of its
ease, value and simplification of the procedures and reagents required to fulfill it. For decades after
the initial studies by Gibson, enzymatic dihydroxylation of the arenes did not have any equals.
However, in 2016 Sarlah published the results of a chemical dearomatization of the arenes using
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visible-light activation of heterocyclic arenophiles and further functionalizing of the unsaturated
intermediates.108 In 2017 this methodology was applied to the synthesis of racemic narciclasine
(1) in 10 steps (among other Amaryllidaceae alkaloids)103, but at the beginning of this year the
asymmetric synthesis of the narciclasine (1) was accomplished in 6 steps on a gram scale (Scheme
35).104 Light_promoted cycloaddition of the arenophile 211 to benzene 13 produced the tricyclic
intermediate 212, which was immediately submitted to a nickel_catalysed coupling with Grignard
reagent 213. Formation of the bromohydrin from cyclohexadiene 214 gave dibromide 215.
Upjohn’s dihydroxylation followed by the treatment of the intermediate diol with potassium
carbonate and acetonide protection of the cis-diol moiety furnished the key intermediate epoxide
216. When subjected to excess tert-butyllithium, epoxide 216 underwent the rearrangement to the
allylic alcohol as well as lithium-halogen exchange promoted addition to the urazole carbonyl
group closing the lactam of the ring B. Overall deprotection of the allylic alcohol 217 with
samarium iodide and acidic workup, completed an elegant, short, and the most efficient synthesis
of the narciclasine (1) to date.
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Scheme 35 Sarlah's total synthesis of narciclasine (1)104
2.2.3.

Selected total syntheses of pancratistatin

Over the years, pancratistatin (2) received much more attention from the synthetic community than
narciclasine (1). At least 17 approaches have been publicised since 1989 (Table 3). Here, only a
few selected synthesis will be discussed: Hudlicky’s,110 Magnus’,113 Rigby’s,99 Alonso’s119 and
Sato’s120. Pettit’s conversion of natural narciclasine (1) to pancratistatin (2) will be discussed
separately in the next section (2.2.4. ).114
Table 3 Total syntheses of pancratistatin (2)
No.

Author

Year

Step count

1.

Danishefsky109

1989

26

2.

Hudlicky110

1995

14

3.

Trost111

1995

15

50

4.

Haseltine112

1997

15

5.

Magnus113

1998

19

6.

Rigby99

2000

22

7.

Pettit*114

2001

10

8.

Kim115

2002

16

9.

Li116

2006

13

10.

Madsen117

2009

18

11.

Cho118

2011

16

12.

Alonso119

2012

14

13.

Sato120

2013

18

14.

Cho121

2013

13

15.

Ellmann122

2017

10

16.

Sarlah123

2017

7

17.

Sarlah104

2019

9

*Conversion from narciclasine (1)

The first synthesis of a racemic pancratistatin was accomplished by Danishefsky in 1989.109
However, it took six more years for the first enantioselective approach to be accomplished by
Hudlicky (Scheme 36).110 The synthesis started from the chemoenzymatic dihydroxylation of the
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bromobenzene, which provided a chiral starting material bromocyclohexadiene 65. Acetonide
protection of the cis-diol moiety lead to facial selectivity and halogen presence allowed selective
differentiation of the di- and trisubstituted alkene for the aziridination reaction. Radical
dehalogenation yielded aziridine 218. Cuprate generated from directed ortho-methylation of amide
219 followed by the addition of copper (I) cyanide was used to selectively open the aziridine in
SN2 manner and produced amide 220. Attempts to functionalize the alkene moiety at this stage
were unsuccessful, therefore protecting group exchange and conversion of amide functionality to
the ester 223 were neccessary. Acetonide deprotection minimized the steric hindrance and allowed
epoxidation reaction to be directed by free hydroxy group leading to the formation of epoxide 224.
When attempting to form trans-diol moiety at C-1 and C-2 positions catalytic amount of sodium
benzoate in water under reflux promoted not only diaxial attack at C-2, but also ring B closure and
when reaction was done in prolonged times (6 days) deprotection of phenol took place. Shorter
reaction time lead to isolation of the 7-benzyloxypancratistatin 225, that was easily converted to
pancratistatin (2) by hydrogenation over palladium on carbon. The synthesis of the molecule was
accomplished in 13 steps.
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Scheme 36 Hudlicky's synthesis of pancratistatin (2)110
In 1998, Magnus approached the synthesis of pancratistatin through β-azidonation of a prochiral
ketone (Scheme 37).

113

The synthesis of the ring A fragment started from o-vanillin 226. This

arene was brominated and subjected to Baeyer–Villiger oxidation to produce the catechol
intermediate, which was then alkylated and provided bromide 227. This sequence with some
modification to the procedure has been successfully used in other syntheses of Amaryllidaceae
alkaloids too. In this example, compound 227 has been used in lithium-halogen exchange and
coupled with ketone 228. It was followed, by dehydration, catalytic dehydrogenation and
deprotection sequence to form the key intermediate prochiral ketone 229. Enolation of this ketone
using chiral lithium amide as a base allowed to synthesise enantiomerically pure enol 230 that
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underwent β-azidonation reaction to form the azide 231. Reduction of the azide and methyl
carbamate protection set the scene for the first epoxidation. Reaction with m-CPBA lead to the
formation of m-chlorobenzoate 233, that had to be epimerised forming ketone 234. Further on,
enone 235 was formed through selenoxide formation and elimination sequence of the ketone 234,
preparing the functionality for the installation of the last 2 stereocenters. Treatment with m-CPBA
and selective reduction of ketone lead to the formation of the epoxide 236. Axial opening of the
compound under similar conditions as was used by Hudlicky and acetylation yielded tetraacetate
237, that was submitted to Bischler-Napieralski closure of ring B that produced two regioisomers
– phenantridone 238 being the major one. Deprotection of the acetates and methoxy group
successfully furnished pancratistatin (2).
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Scheme 37 Magnus' total synthesis of pancratistatin (2)113
Rigby’s approach to the narciclasine (1) through the hydrogen bond directed photocyclization was
already discussed here (Scheme 32).99 However, in the same publication he reported divergent
synthesis of pancratistatin (2) (Scheme 38). After the phenantridone backbone was assembled, he
continued to functionalize ring C in this manner. Phenol 206 was methylated to prevent the
hydrogen bond formation from interfering with further reactions. Inversion at C-1 position was
necessary to correct stereochemistry. That was achieved by deprotection of silyl ether and Dess55

Martin oxidation to the ketone 239, which upon standing at room temperature leads to the
unwanted epimerization of C-10b position to more stable cis-isomer. On the other hand, immediate
reduction with sodium borohydride and benzyl ether 240 formation stabilized the molecule.
Phenylselenide formation by the nucleophilic opening of the epoxide 240, oxidation and
elimination sequence yielded allylic alcohol 241. Upjohn’s dihydroxylation installed the
remaining cis-diol moiety in 242. Global deprotection furnished the pancratistatin (2). Even though
the syntheses were lengthy for both narciclasine (1) and pancratistatin (2) (24 and 22 steps
respectively), the divergent access to these molecules is convenient.

Scheme 38 Rigby's synthesis of pancratistatin (2)99
One of the more proficient approach to set the stereochemistry in ring C was accomplished by
Alonso in 2012 (Scheme 39).119 The aromatic α-nitro-α,β-enal 244 was constructed in 5 steps from
vanillin 243 by the known procedure. The key step in Alonso’s synthesis was enantioselective
annulation of the nitroenal 244 with commercially available dioxanone 245 using chiral
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pyrrolidine-derived catalyst. This one reaction set five out of six required stereocenters of
pancratistatin (2) as well as accomplished coupling of ring A and ring C. This was followed by the
manipulation of functional (nitro group converted to methyl carbamate) and protective groups lead
to the construction of triacetate 248. Further on, synthesis of pancratistatin (2) was finished in the
similar manner as was done by Magnus113 - Bischler-Napieralski closure of ring B and full
deprotection. It is worth noting, that Alonso, has used similarly powerful annulation method in his
synthesis of 7-deoxypancratistatin as well as tetrodotoxin (95).

Scheme 39 Alonso's synthesis of pancratistatin (2)119
Another interesting approach to the title compound was accomplished by Sato (Scheme 40).120
This example of the total formal synthesis of pancratistatin differs from the others discussed here,
in the manner in which asymmetry was induced. In the previous examples stereochemistry was
introduced either with the help of enzymes or by the usage of chiral reagents. Sato used a chiral
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pool to find the starting material. D-glucose 249 was converted into nitroalkene 252 in 5 steps.
Michael addition of the aryl cuprate of ring A fragment 227 to the nitroalkene 252 set the scene
for the key step – intramolecular Henry reaction of furanose derivative 253. Deprotection of
acetonide yielded nitroaldose 254, which was then submitted to the Henry reaction. NMR and Xray data of the intermediates showed that the outcome of this reaction is nitrotriol 255, which was
rationalised by analysis of the 6-member cyclic transition state 254-TS. From here on end, similar
strategy as discussed in Magnus approach113, was pursued and lead to finish this total formal
synthesis of pancratistatin 2 in 20 steps from D-glucose 249.

Scheme 40 Sato's total formal synthesis of pancratistatin (2)120

58

2.2.4.

Conversion of narciclasine to pancratistatin

One of the approaches used to access rare natural compounds is conversion of the more abundant
same class molecules to the required product or their derivative. This methodology has been widely
applied in the synthesis of various morphinans.124 This idea was also used in the conversion of
narciclasine (1) to pancratistatin (2). Narciclasine (1) can be isolated from more than 20 different
species from Amaryllidaceae family that are fairly common around the globe.6 Amounts of the
alkaloid isolated can vary from 1 mg/kg of fresh bulbs up to 200 mg/kg. Pancratistatin (2) on the
other hand can be isolated in 3-144 mg/kg from 10 species of the plants, that usually grows in more
tropical regions of the planet. The low abundancy of the compound restricts the biological activity
studies and development of potential drugs, so quick access to pancratistatin (2) and its derivatives
would accelerate the research. To this day, there was only one successful synthesis of pancratistatin
(2) by the means of conversion of natural narciclasine (1).
10 years after the isolation of pancratistatin (2), Pettit was already looking into the possibility to
use readily available narciclasine (1) as a starting material.125 In 1994 he approached this task
through the dihydroxylation/benzylic alcohol reduction sequence (Scheme 41). Narciclasine (1)
and it’s tetraacetate 257 was subjected to the dihydroxylation under Sharpless conditions. Usage
of both hydroquinine 4-chlorobenzoate and its diastereomer hydroquinidine 4-chlorobenzoate as
ligands did not had any influence for selectivity of the reaction. In all cases osmium tetroxide
approached the alkene from the β-face eventually forming 259. The dihydroxylation from the αside would lead to the correct stereochemistry at C-10b position that is not easily fixed otherwise.
However, all attempts to accomplish it failed as well as hydrogenolysis of the benzylic alcohol in
259.114
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Scheme 41 Dihydroxylation of narciclasine (1)125
In 2001 Pettit reported another approach to this conversion (Scheme 42).114 This time, instead of
dihydroxylation, strategy was based on the epoxidation of narciclasine (1). For that, narciclasine
(1) was first subjected to acetonide protection of cis-diol moiety at C-3 and C-4 positions, then
remaining allylic alcohol and phenol functionalities, where protected as acetates. mChloroperbenzoic acid in a buffered reaction mixture yielded exclusively only α-epoxide 261.
Catalytical hydrogenation followed by the saponification with potassium carbonate lead to the diol
262. In this manner C-10b position was installed correctly from the initial reaction. On the other
hand, C-1 hydroxy group had to be inverted. It was accomplished by treating cis-diol 262 with
thionyl chloride and oxidising the intermediate sulfite to the cyclic sulfate 263 with ruthenium
chloride and sodium periodate system. Cyclic sulfates have been known as an alternative
functionality for the epoxides.126 In this case, nucleophilic attack from in situ generated cesium
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benzoate with acidic work-up yielded the benzoate 264. Ester saponification completed the
conversion of narciclasine (1) to pancratistatin (2) in ten overall steps and with 3.6% yield.

Scheme 42 Pettit's conversion of narciclasine (1) to pancratistatin (2)114
2.2.5.

Biological activity evaluation (studies) and derivatization

One of the earliest usages of the extracts from various daffodils was reported in the Ancient
Greece. In his studies Hippocrates wrote about the effects of the oil of narcissus to the uterine
tumors.127 Since then the reports about the application of the extracts of the Amaryllidaceae plant
can be found around the world - from the China to Mexico. The historical perspective of medicinal
usage has been nicely and extensively represented by Fitzgerald in 1958.128 In the same publication
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he reported more selective study of the extracts to various types of tumors in mice. It was shown
that aqueous suspensions of the bulbs showed good antitumor activity against sarcoma 37 – one
of the most common mouse tumors that were used in the cancer research at the time. Later, interest
in the strong growth inhibition demonstrated by various Narcissus species lead to the isolation of
the narciclasine (1) (as discussed in Section 2.2.1. ).84 Ceriotti found that antimitotic activity
against cancer cells was closely related to this alkaloid.
Since then, narciclasine (1) and pancratistatin (2) have been reported to show antiviral in vitro
activity against various RNA-viruses such as flaviviruses, bunyaviruses, alphavirus, lentivirus, and
vaccinia virus (DNA-virus).129 Pancratistatin (2) and 7-deoxynarciclasine also have showed the
strong antiparasitic activity against the Encephalitozoon intestinalis, that can cause intestinal
infections in immunocompromised patients.130 McNulty demonstrated that narciclasine (1) can
inhibit human liver cytochrome CYP3A4 (largely responsible for the drug metabolism, so it’s
inhibition can lead to the accumulation of the drug in the organism), however, pancratistatin (2)
was inactive.131 Hydrogenated derivative of narciclasine (1), trans-dihydronarciclasine 270, also
lacked the inhibitory activity, showing that alkene bond at C-1-C-10b positions can have severe
affect for the activity against the liver cytochromes.132
Association between the structure and cytotoxic activity of narciclasine (1) and pancratistatin (2)
has been analysed before. In 1993 the primary in vitro screening done by Pettit in collaboration
with National Cancer Institute summed up the results of extensive study of Amaryllidaceae
congeners shown in Figure 12 against the wide panel of 60 different human tumor cell lines.133
Structure-activity relationship (SAR) analysis of these compounds showed that phenantridone 265,
7-deoxy-cis-dihydronarciclasine 267 and cis-dihydronarciclasine 268 were comparably inactive
(Table 4). On the other hand, the remaining five compounds provided easily reproducible results
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and high activities. From these results, few conclusions can be drawn. Position of the olefinic bond
and stereochemistry at C-10b position is important to the overall activity. Absence of the 7hydroxy group can lower the activity at least by tenfold.

Figure 12 Amaryllidaceae congeners (synthetic and natural) used in the 1993 Pettit’s study
against 60 human tumor cell lines
Table 4 Mean GI50 values from antitumor activity evaluation study133
Compound

Mean GI50 (×10-8 M)

Compare correlation coefficient

narciclasine (1)

1.55

0.90

pancratistatin (2)

9.12

1

265

1180

<0.6

266

14.5

0.90

63

267

9550

<0.6

268

380

<0.6

269

6.76

0.89

270

1.26

0.92

Wide array of synthetic and semisynthetic derivatives have been synthesized and their biological
activity studies have been accomplished with the aspiration to improve their bioavailability and
cytotoxic properties. These topics have been discussed in detail in multiple reviews concentrating
on the biological aspect alone or together with the synthetic strategies.6,8 Because of it, only a brief
summary will be provided here.
The attempts to change the functionalities in narciclasine (1) and pancratistatin (2) with
pharmacologically similar moieties in most cases were unsuccessful. More drastic modifications
of the ring A (e. g. displacement of the methylenedioxy bridge with methoxy equivalent
(compound 271)134, displacement of ring A with indole moiety (compound 272)135 or N-oxide
formation (compound 273)136), ring B (e. g. amide moiety was replaced with ester functionality
(compound 274)137, removal of the C-10a-C-10b bond (compound 275)138 or complete removal of
amide functionality (compound 276)139) or ring C modification (e. g. eliminating various hydroxy
groups (compounds 277-279)134,140) led to the decrease in the biological activity (Figure 13).

64

Figure 13 Synthetic analogues of narciclasine (1) and pancratistatin (2) with modifications on
ring A (271-273), ring B (274-276) and ring C (277-279)
On the other hand, there have been reports of the derivatives with the improved or at least
comparable activity to the natural alkaloids (1) and (2). For example, Pettit’s intermediate benzoate
264 from the semisynthesis of pancratistatin (discussed prior in 2.2.4. , Figure 14)114 showed well
increased activity compared to both narciclasine (1) and pancratistatin (2) against pancreas-a,
ovarian, CNS, lung-NSC, colon, prostate cancer cell lines (at least tenfold increase) and murine
leukemia P388 (comparable). Similar, although much larger library of C-1 nitrogenous derivatives
of pancratistatin, has been done by Marion in 2009 (Figure 14).141 Marion used Pettit’s
intermediate cyclic sulfate 263 and converted it to the azide 280, which after reduction yielded
amine 281 that was further functionalized to compounds 282-284 and 27 other amines, amides,
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sulfonamides, carbonates, carbamates. Biological activity in most of the compounds were either
maintained or improved. Benzamide 283 stood out and demonstrated better solubility in pH 7.2
buffer and antitumor activity higher than that of the benzoate 264.

Figure 14 C-1 pancratistatin analogues by Pettit114 and Marion141
Later, Hudlicky reported the chemoenzymatic synthesis of C-1-hydroxymethyl derivatives of
pancratistatin (compounds 285, 287 and 289) and 7-deoxypancratistatin (compounds 286 and 288,
Figure 15).142 Preliminary study against pancreatic, prostate, lung and breast cancer cell lines
showed lowered activity for the 7-deoxyisocarbostyrils 286 and 288, but more comparable IC50
values for the phenols 285 and 287. The benzoate 289 demonstrated the best cytotoxicity of C-1hydroxymethyl derivatives.
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Figure 15 Hudlicky's C-1-hydroxymethylderivatives of pancratistatin142
The solubility issue was addressed by Pettit.143 In a line of the experiments, narciclasine (1),
pancratistatin (2) and their various derivatives were converted to the number of the cyclic
pyridinium phosphates with the tetrabutylammonium dihydrogen phosphate, p-toluensulfonic acid
(p-TSA) and N,N'-dicyclohexylcarbodiimide (DCC) by heating it at 80 °C in pyridine. Ion
exchange reaction gave access to a wide variety of salts (e.g. Li+, Na+, Mg2+, Zn2+, quinine,
imidazole, etc.). Different methods were used to access non-cyclic phosphate salts, but the
synthesis was lengthy and with low yields. However, sodium phosphates 290-295 and others
derivates improved their water solubility (Figure 16). When these compounds were subjected to
the in vitro biological testing against small panel of the human cancer cell lines they showed similar
or slightly lower activity compared to the natural compounds. This might be explained with the
fact than this types of prodrugs in in vitro experiments might not be undergoing full
desphosphorylation to a parent compound. However, it can be expected that in vivo experiments
would give even better results.

67

Figure 16 Sodium phosphate salts of Amaryllidaceae congeners143
Good biological activity of the C-1 derivatives of pancratistatin 285, 287 and 289 done by
Hudlicky’s group stimulated further interest in the C-1 derivatives of narciclasine and
pancratistatin.142 This led to the research that will be discussed in the next section (3.4. )
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3. Discussion
3.1.

Introduction

Since their isolation and structure determination, narciclasine (1) and pancratistatin (2), have been
at the center of the attention for their unique biological activities discussed prior. However, low
abundancy, multistep preparation of the derivatives or prodrugs and difficult physical properties
are limiting the research and development of these molecules as potential anticancer medicine. In
this section, chemoenzymatic total formal synthesis of pancratistatin (2) will be described as the
model system for the conversion of narciclasine (1) to pancratistatin (2). The challenges of the
formation of the key olefin through Myers reductive transposition and its functionalization will be
discussed. The results of the chemoenzymatic synthesis of C-2-epi-narciclasine (7) and conversion
from natural narciclasine (1) will be also compared. In the last part, attempts to functionalize
natural narciclasine (1) at C-1 position or convert it to the C-1 derivatives of pancratistatin (2) will
be described.
3.2.

Total formal synthesis of pancratistatin
3.2.1.

Synthesis of the allylic alcohol

In the Hudlicky group a chemoenzymatic approach has been applied previously to the synthesis of
various Amaryllidaceae alkaloids and their derivatives (as described in the previous section). In
this synthesis the key substrate for the Myers reductive transposition – allylic alcohol 5 was
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synthesized in a convergent manner from 1,3-dibromobenzene 3 and o-vanillin 226 by adapting a
literature procedure.144

Figure 17 Convergent synthesis of allylic alcohol 5
Bromide 227 is available commercially, but it is fairly expensive (5 g – $2230 USD by AstaTech
Inc.).145 Alternatively, it can be synthesized by well established literature protocol from o-vanillin
in a three step sequence (Scheme 43).144,146 o-Vanillin 226 was brominated using elemental
bromine in acetic acid (90-95%). Then benzaldehyde 296 was subjected to Bayer-Villiger reaction
with 30% H2O2 in 2% NaOH solution. Acidic work-up yielded catechol 297 in 60-75% yield,
which was then subjected to the installation of methylenedioxy bridge with CH2I2, K2CO3 in DMF
and yielded bromide 227 (59-78%).

Scheme 43 Synthesis of the A ring
A chiral ring C fragment was synthesized from 1,3-dibromobenzene 3 (Scheme 44).
Chemoenzymatic dihydroxylation of the arene was done using recombinant strain of Escherichia
coli JM109 (pDTG601A) in 8 L reactor. It allows the access to the (1S,2S)-3,5-dibromocyclohexa70

3,5-diene-1,2-diol 4 in 0.5-0.8 g/L yield. 1,3-Dibromobenzene 3 is a complex substrate for the
chemoenzymatic dihydroxylation. The yields of this reaction (<1 g/L) tend to be lower than for
example dihydroxylation of bromobenzene, because this substrate and its products start to poison
the bacteria during the fermentation process. Despite that, it is still usable and applicable in total
synthesis. Because of low stability and tendency to aromatize and dimerize (through Diels-Alder
reaction), cis-diol 4 has to be immediately submitted to the following reactions. In a one-pot
procedure cis-diol is first protected as acetonide 298, and then submitted to nitroso Diels-Alder
reaction. Acetonide 298 over time tends to form dimers, so diene trapping with methyl
nitrosoformate has to be done without a delay. This sequence yields oxazine 208 in 45-70% yield
from crude diol 4. This intermediate is bench stable and can be stored for a longer period of time.

Scheme 44 Chemoenzymatic synthesis of the ring C
During the initial planning of the strategy for this synthesis, construction of the ring B was
envisioned through a Banwell modified Bischler-Napieralski reaction commonly used in the total
synthesis of isocarbostyrils as discussed in Sections 2.2.2. and 2.2.3.

147

In this protocol, triflic

anhydride (Tf2O) is used with 4-(N,N-dimethylamino)pyridine (DMAP) for the generation of
reactive intermediate isocyanate. Acidic conditions of this cyclization dictate that acetonide cannot
be used as protecting group and must be exchanged to acid stable protecting group, for example –
acetate or benzoate.
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In the approach to lower step count for the total synthesis of pancratistatin (2) alternative for
acetonide protection was tried (Scheme 45). Cyclohexadienediol 4 was submitted to acetate
protection under standard conditions with acetic anhydride, triethyl amine and 4-(N,N-dimethy-1amino)pyridine in dichloromethane. However, the evaluation of crude NMR spectra of the reaction
mixture showed that reaction produced only a mixture of aromatized compounds and none of the
desired compound 299. Reaction was repeated with Ac2O in pyridine. A crude sample for NMR
was taken out and pyridine was evaporated under high vacuum over night. Analysis of the spectra
showed that approximately 10 % of it was various aromatization by-products, but the rest was
diacetate 299. Attempts to isolate and characterise this intermediate were not successful; therefore,
crude mixture was subjected directly to nitroso Diels-Alder reaction. TLC analysis showed a full
consumption of diene 299 and NMR analysis of reaction mixture revealed that it contained only
12 % of the oxazine 300 and the remainder were unidentified aromatized by-products.

Scheme 45 Cyclohexadienediol 4 protection as acetates
Selectivity of the nitroso Diels-Alder reaction on the free diol was also investigated by NMR
analysis. When diol 4 was subjected to the [2+4] cycloaddition reaction, two diastereomeric
oxazines 301 and 302 were produced (Scheme 46). The ratio of diastereomers based on the 1H
NMR (300 MHz) was 8:1. For the confirmation that the major product from Diels-Alder reaction
was 301, the crude reaction mixture was treated with 2,2-dimethoxypropane (2,2-DMP) and a
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catalytic amount of p-toluensulfonic acid (p-TSA). It produced a mixture of two diastereomeric
acetonides 208 and 303 (8:1). The NMR spectrum of 208 prepared from the route showed in
Scheme 44 was matched with a crude spectrum of the diastereomeric mixture. It proved that
oxazine 208 was the major component in the mixture. This information was provided to Dr.
Mukund Ghavre, who optimized and characterized the synthesis of oxazine 300 and attempted to
use it in Suzuki coupling reactions.148 However, experiments described here, and the ones done by
Dr. Ghavre showed that the use of the acetonide as a protecting group stabilizes the molecule and
leads to cleaner and higher yielding reactions further on.

Scheme 46 Nitroso Diels-Alder reaction on the cyclohexadienediol 4
Following previous reports, rings A and C were submitted to one-pot sequence of lithiation, Suzuki
coupling and reduction of N-O bond in the oxazine (Scheme 47).144 Bromide 227 was treated with
t-butyl lithium (t-BuLi) at -78 °C for lithium-halogen exchange and the reaction was quenched
with trimethyl borate. After hydrolysis, reaction yielded boronic acid 304. Any attempt to purify
this compound was unsuccessful. Isolation of the boronic acid 304 leads to 10-30% yield of final
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enone 209 after three steps, whereas the use of the crude reaction mixture can yield up to 30-60%.
The yield of this reaction sequence was also influenced by the purification method of oxazine 208
and it was varying from 20 to 70%. The oxazine 208 can be nicely purified by crystallization from
crude reaction mixture from i-propanol to yield white shinny crystals with mp = 148-149 °C (iPrOH) [lit. 150-152 °C (EtOAc)]144; anal. calcd for C11H13Br2NO5: C, 33.11; H, 3.28; found C,
33.04; H, 3.35. When oxazine 208 is prepared in this manner, the yield of the coupling reaction is
usually 20-40%. In this case aromatized side products were detected in the filtrate. On the other
hand, when the crude Diels-Alder reaction mixture is subjected for purification by column
chromatography with deactivated or regular SiO2, the product has around 4-7 % of the unknown
impurity (based on 1H NMR data) and does not pass elemental analysis. However, Suzuki coupling
followed by N-O bond cleavage yields 50-70 % of enone 209. The exact reason for this is still not
identified and remains baffling.

Scheme 47 Synthesis of allylic alcohol 5
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Note: It was noticed that when Pd(PPh3)4 was added into the solution of crystalline oxazine in
benzene, palladium crashes out as black precipitate (elemental Pd) leading to low yields of the
following reactions. However, when solution is prepared with the oxazine purified by column
chromatography, solution stays yellow-light red, until it has been refluxed for 4-5 hours and all of
the starting material is consumed.
Stereoselective Luche reduction (CeCl3·7H2O, NaBH4 in MeOH) of the enone 209 provides allylic
alcohol 5 in good to excellent yields (75-90%). No formation of the other diastereomer at C-2
position was ever noticed.
3.2.2.

Myers reductive transposition

In the late 1980s Myers developed a procedure to synthesize allenes from propargyl alcohols.149
Propargyl alcohols were used in the Mitsunobu reaction with 2-nitrosobenzenesulfonohydrazide
(NBSH) as a nucleophile and gave access to unstable propargyl diazene intermediate that
underwent sigmatropic rearrangement to form the allene. Few years later he recognized the
necessity for a quick and reliable procedure for the stereoselective reductive 1,3-transposition of
allylic alcohols and adapted similar technique to fit the need.9
Initially, in this reaction allylic alcohols were treated with triphenyl phosphine (PPh3), diethyl
azodicarboxylate (DEAD) and 2-nitrosobenzenesulfonohydrazide (NBSH) as a nucleophile in the
Mitsunobu invertion step (Scheme 48, Figure 18). However, these conditions required lower
temperatures (-30 °C) to eliminate some of the side products (elimination reaction to form 1,3diene), precise control of reagent concentration and careful handling of NBSH reagent. This
problem was partially solved by Movosagghi, who condensed NBSH with acetone for the
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formation of 2-nitro-N’-(propan-2-ylidene)benzenesulfonohydrazide (IP-NBSH). 150 This reagent
has been shown to be more thermally stable and allowed better and easier control for the reaction.

Figure 18 Structure of 2-nitrosobenzenesulfonohydrazide (NBSH) and 2-nitro-N’-(propan-2ylidene)benzenesulfonohydrazide (IP-NBSH)

Scheme 48 Myers reductive transposition of allylic alcohols
Original conditions were applied to the allylic alcohol 5. The results were complex and only traces
of the product were detected. When NBSH was replaced with IP-NBSH, product 6 was formed in
fairly low yield (~30%, Scheme 49). The exchange from anhydrous toluene as a solvent to a
mixture of toluene/tetrahydrofuran increased the yield slightly. But the best result (~50% yield of
product 6) were achieved when only anhydrous tetrahydrofuran was used. However, the main issue
was isolation and purification of the product, especially the separation from diethyl hydrazine-1,2dicarboxylate (byproduct from DEAD).
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Scheme 49 Reductive transposition of allylic alcohol 5
This problem was addressed with a study of the effects of different phosphine and azadicarboxylate
sources (Table 5). When triphenylphosphine was replaced with tri-n-butylphosphine, no product
was formed neither with DEAD, nor TMAD as azadicarboxylate and change of the temperature
did not have any influence. Therefore, triphenylphosphine was used further on and only
azadicarboxylates differed. For the easier removal of hydrazinedicarboxylate from reaction
mixture, polymer supported DEAD reagent was used, but only traces of the product were detected.
Similar results were observed with water soluble dimethyl azodicarboxylate (DMEAD). Usage of
N,N,N′,N′-tetramethylazodicarboxamide (TMAD) only lead to the recovery of starting material 5.
Last, di-tert-butyl azodicarboxylate (DBAD) was used and provided surprisingly good results.
Even though the purification of product 6 still required two columns (first, with
ethylacetate:hexane mixtures as the eluent, and second, with dichloromethane:methanol), it was
isolated in 50-70% yields.
Table 5 Optimization of reductive transposition reaction on allylic alcohol 5
Phosphine

Azadicarboxylate

Temperature

Yield of olefin 6

PPh3

DEAD

0 °C to r.t

33-52%

77

Pn-Bu3

DEAD

-30 °C/0 °C to r.t Recovery of starting material

Pn-Bu3

TMAD

-30 °C/0 °C to r.t Recovery of starting material

DEAD
PPh3

Traces of product
0 °C to r.t

(polymer supported)

Recovery of starting material
Traces of product

PPh3

DMEAD

0 °C to r.t
Recovery of starting material

PPh3

TMAD

PPh3

DBAD

-30 °C/0 °C to r.t Recovery of starting material
0 °C to r.t

50-70%

It should to be noted, that none of the diastereomer at C-10b position was formed and that the
reaction was stereoselective as expected.
3.2.3.

Functionalization of the olefin moiety and completion of total formal

synthesis of pancratistatin
The initial synthetic strategy was to functionalize olefin 6 through the diastereoselective Sharpless
epoxidation to yield key intermediate epoxide 236 (Scheme 50). Then, following the strategy used
by Magnus in his synthesis of pancratistatin (Scheme 37), epoxide 236 could undergo axial SN2
opening at the C-1 position with acetate as a nucleophile to complete the installation of all required
stereocenters on the ring C (compound 308). After the protection of the remaining hydroxy groups,
compound 237 would be submitted to Bischler-Napieralski reaction to yield tetraacetate 238 with
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phenantridone backbone. Synthesis of this tetraacetate 237 would then conclude the formal total
synthesis of pancratistatin (2).

Scheme 50 Synthetic strategy for the functionalization of the olefin 6
To carry out this plan, acetonide in the olefin 6 had to be deprotected (Scheme 51, Table 6). Acetic
acid in THF and water mixture yielded 32% of diol 306, while acetonide was intact with
trifluoroacetic acid (TFA) in water and DCM. Catalytic amount of iodine in acetonitrile caused
full decomposition of starting material. Freshly activated Amberlyst-15 in tetrahydrofuran and
water mixture yielded diol 306 in 61% yield, while exchange of tetrahydrofuran to acetone
increased the yield to 65-70%. These conditions where used further on in the synthesis.

Scheme 51 Deprotection of acetonide 6
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Table 6 Condition for the deprotection of acetonide 6
Conditions

Yield of diol 306

AcOH/H2O/THF

32 %

TFA/H2O/DCM

Recovery of starting material

I2 (cat.) in MeCN

Decomposition of starting material

Amberslyt-15 in THF/H2O

61%

Amberslyt-15 in acetone/H2O 65-70%

Olefin 306 was further on subjected to various conditions for the epoxidation reaction (Scheme
52). However, none of the conditions listed in the Scheme 52 yielded desired product 236 and in
almost all of the cases starting material was recovered or reaction led to the decomposition. Same
set of conditions were applied to acetonide protected olefin 6, but no conversion was observed.
Similar issues with the epoxidation of the late stage intermediates in the total synthesis of
narciclasine (1) and its congeners were reported by McNulty’s group.151
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Scheme 52 Attempts to form epoxide 236
Because of the negative results from the direct epoxidation, indirect synthesis of the intermediate
through the formation of bromohydrine 310 was attempted (Scheme 53). Olefin 6 was treated with
N-bromosuccinimide (NBS) in t-butanol and water, but instead of bromohydrin 310 formation,
aromatic ring A reacted forming a mixture of mono- and di-bromo compounds 311 (58%) and 312
(7%). These results were supported by the report from Coleman.152 He reported that traditional
conditions for the formation of bromohydrins can be used to brominate highly electron-rich
aromatic systems. Three strong electron donating groups on aromatic ring A forms electron rich
system that is interfering and preventing functionalization of the ring C olefin by epoxidation as
well as bromohydrin formation.

81

Scheme 53 Bromination of alkene 6
Unsuccessful synthesis of epoxide 309 forced to search for the alternative route and led to the
cyclic sulfates. Cyclic sulfate functionality is known to be a versatile electrophile and to have
similar, and in some cases even higher, reactivity than epoxides. They have been used in the
synthesis of pancratistatin (2) before by Pettit.153 Therefore the synthetic strategy was modified to
include the cyclic sulfate 315 as the universal late stage intermediate (Scheme 54).
The common method for the formation of a cis-diol is Upjohn dihydroxylation. Alkene 6 was first
treated with catalytic amounts of osmium tetroxide in the presence of NMO. Reaction did not go
to the completion even after six days and diol 313 was isolated only in 50-60% yields. Attempt to
exchange osmium tetroxide with less toxic potassium osmate did not improve the outcome of the
reaction. Ruthenium chloride and sodium periodate were used as an alternative method for the
dihydroxylation only to lead to trace amounts of product and decomposition of starting material.
However, when equimolar amount of osmium tetroxide was used, traces of starting material were
still visible, but isolated product 313 yield increased to 80-93%. Following Pettit’s procedure, cisdiol 313 was later treated with thionyl chloride and then subjected to ruthenium chloride/sodium
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periodate oxidation to cyclic sulfate 315. This two-step sequence was not preferred because of the
toxicity of the reagents and sensitivity of the reaction. Therefore, diol 313 was deprotonated with
sodium hydride and the resulting alkoxide reacted with 1,1’-sulfonyldiimidazole (SDI) to form
desired cyclic sulfate 315 in 60-75% yield.

Scheme 54 Synthesis of cyclic sulfate 315
In an attempt to access Magnus intermediate tetraacetate 237 (Scheme 50), cyclic sulfate 315 was
heated at 70 °C in dimethylformamide with ammonium salts and reaction mixture was worked up
under the acidic conditions (Scheme 55). Ammonium acetate failed to open the cyclic sulfate,
stopping straightforward pathway to the Magnus intermediate tetraacetate 237. However,
ammonium bromide yielded bromohydrin 310 in 60 % yield. When reaction was done with
ammonium benzoate (slightly stronger nucleophile than acetate), followed by the stirring of
reaction mixture with dilute sulphuric acid, two diastereomers 317 and 318 were isolated.
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Nucleophilic attack at C-1 position of the cyclic sulfate 315 is energetically more favored than C2. This is supported by the fact that benzoate 317 was the major product (50-60 %), while only 1015 % of the benzoate 318 was isolated.

Scheme 55 Nucleophilic opening of cyclic sulfate 315
To finalize the total formal synthesis of pancratistatin, triol 317 was subjected to the acetate
protection to form triacetate 319 (Scheme 56). It was then submitted to mild Bishler-Napieralski
reaction to close the ring B lactam.147 Reaction yielded two regioisomers 320 and 321 in the ratio
9:1. Compound 320 was used in the total synthesis of pancratistatin (2) by Kim.115 Spectral and
analytical data of the triol 317 and triacetate 319 and phenantridone 320 was matched with the
reported data and it concluded the total formal synthesis of pancratistatin (2) from 1,3dibromobenzene 3 through Myers reductive transposition of allylic alcohol 5 in 14 steps (12
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operations). The results of this model study/total formal synthesis were summed up and published
in 2017.148

Scheme 56 Completion of total formal synthesis of pancratistatin (2)
3.2.4.

Nucleophilic openings of cyclic sulfate

The cyclic sulfate 315, which was used as an intermediate in the formal total synthesis of
pancratistatin (2), was envisioned as a universal intermediate for the divergent synthesis of C-1hydroxymethyl or C-1-aminomethylderivatives of pancratistatin (322 and 323 respectively,
Figure 19).
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Figure 19 Cyclic sulfate 315 derivatization
For this purpose, various conditions for nucleophilic substitution of C-1 position were investigated.
The cyclic sulfate 315 was subjected to commonly used nucleophilic opening conditions with KCN
in DMF at 80 °C.154 The reaction lead to mixtures of aromatized products without any sign of
desired product. Attempts to trap the intermediate hydroxynitrile were unsuccessful and lead to a
complex mixtures of decomposition products. Different, milder conditions for the hydrolysis of
sulfate was used, however to no avail (conditions that were tried: H2SO4, HCl, citric acid, p-TsOH,
Amberlyst-15, Dowex-50, SiO2, acetic acid, TFE, formic acid, H2O, NaOH, NH4Cl in various
concentrations and temperatures, reduction with Raney Ni, Urushibara Ni, NiCl2*6H2O with
NaBH4).
While nucleophilic opening experiments with the cyclic sulfate 315 were failing, it was
successfully converted to bromohydrin 310 by heating it with ammonium bromide in
dimethylformamide at 80 °C for 4 h and then hydrolysing it under acidic conditions (Scheme 57).
It was noticed, that by increasing the concentration of the sulphuric acid solution or prolonging
reaction time, undesired deprotection of acetonide took place and formed bromotriol 324. Lower
molarity solution with shorter time will yield acetonide protected bromohydrin 310, which after
the treatment with methanolic potassium hydroxide solution leads to the formation of the epoxide
309.
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Scheme 57 Cyclic sulfate 315 conversion to epoxide 309
Following literature procedures, epoxide 309 was subjected to various conditions for the formation
of cyanohydrin 325 (Table 7).

Table 7 Conditions for the nucleophilic opening of epoxide 309
Nr.

Conditions

Time

Result
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1.

TMSCN, LiClO4, THF, r.t

10 h

Starting material recovered
Starting material recovered, traces

2.

TMSCN, LiClO4, THF, reflux

96 h

of products (only on the small
scale)

3.

TMSCN, Ti(Oi-Pr)4 (cat.), MeCN, r.t

20 h

Starting material recovered

4.

TMSCN, Ti(Oi-Pr)4 (cat.), MeCN, reflux

32 h

Starting material recovered

5.

TMSCN, reflux

30 h

Starting material recovered

96 h

Starting material recovered

72 h

Starting material recovered

TMSCN, LiClO4, THF, 90 °C, sealed
6.
ampule
KCN, p-TSA, DMF, 40 °C for 15 min,
7.
then 80 °C
8.

KCN, MeCN, reflux

30 h

Starting material recovered

9.

KCN, DME, 18-crown-6, 85 °C, 1 atm

10 h

Starting material recovered

10.

KCN, DME, 18-crown-6, 150 °C, 7 atm

4.5 h

Starting material recovered

11.*

KCN, DME, 18-crown-6, 200 °C, 19 atm

1.5 h

Decomposition of compound

12.

TMSCN, LiClO4, THF, 185 °C, 19 atm

8h

Starting material recovered, on
TLC traces of by-product formation
*gradual increase in pressure.
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Multiple attempts at nucleophilic opening of epoxide failed or yielded only traces of product.
Starting material was consumed only under drastic conditions, when reaction where done in the
Anton Paar Monowave 50 apparatus. It allowed to gradually increase the temperature and pressure
in a controlled manner up to 200 °C and 19 bar. However, even though starting material was
consumed, no isolable products were detected.
The analysis of a 3D model of the epoxide 309 showed that C-1 position is highly hindered by the
ring A (C-2 position is hindered by acetonide protecting group (Figure 20); geometry optimization
done with ORCA). That would prevent direct nucleophilic attack at 180° angle and can explain
why epoxide 309 was highly unreactive. This problem might be solved if corresponding epoxide
could be formed from natural narciclasine (1) (or its synthetic analogue). Phenantridone backbone
is close to being flat and the C-1 position might be more susceptible for the 180° nucleophile
attack.

C-1

Figure 20 3D model of epoxide 309
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An alternative, although lengthy way to get to C-1 derivatives 322 and 323, would be to use an
activating group on C-1 hydroxyl in diol 313 and displace it with carbon nucleophile in the simple
SN2 manner (Figure 21). This approach is still under investigation in the Hudlicky group.

Figure 21 Alternative functionalization of the C-1 position
3.3.

Synthesis and discovery of C-2-epi-narciclasine

Synthesis of C-2-epi-narciclasine (7) was accomplished while collaborating with professor J.
McNulty at McMaster University. McNulty’s group was developing the protocol for the isolation
of natural narciclasine (1) from Narcissus pseudonarcissus bulbs. The optimized protocol
consisted of soaking the plant materials (fresh, cut up bulbs) in methanol for the 48 h, after
filtration and concentration, followed by dilution of the remaining mixture with water and
extraction with dichloromethane to get rid of the less polar components.155 This fraction was found
to contain galanthamine (86) and haemanthamine (327) (Figure 22). The remaining aqueous phase
was extracted with ethyl acetate/methanol mixture (9:1) and yielded crude narciclasine (1).
Chromatographic purification lead to isolation of what seemed to be one fraction by TLC.
However, NMR analysis revealed the presence of unknown contaminant, that did not match
previously reported Amayllidaceae alkaloids. It was proposed, that this unknown impurity might
be C-2-epimer of narciclasine (7). To prove this theory C-2-epi-narciclasine (7) became a target in
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the synthesis and it was achieved through two pathways: a) divergent chemoenzymatic total
synthesis from 1,3-dibromobenzene 3 and b) semisynthesis from natural narciclasine (1).

Figure 22 Amaryllidaceae alkaloids isolated and detected in Narcissus pseudonarcissus
3.3.1.

Chemoenzymatic synthesis of C-2-epi-narciclasine

Allylic alcohol 5 from the total formal synthesis of pancratistatin (2) (section 3.2. ) was subjected
to the hydrolysis of acetonide with hydrochloric acid (6M; Scheme 58). The product 328 was
isolated in 40-50 % yield when tetrahydrofuran was used as a solvent, but the addition of
dichloromethane helped to increase the yield to 85-95 %. Further on, triol 328 was protected as
triacetate

329

with

acetic

anhydride,

triethylamine

and

catalytic

amount

of

4-

dimethylaminopyridine (80-85 %). The resulting triacetate 329 was then subjected to the similar
ring B closure conditions as used previously – Banwell modified Bischler-Napieralski reaction
with triflic anhydride and 4-dimethylaminopyridine.147 Single regioisomer 330 was isolated in 4555 % yield.
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Scheme 58 Synthesis of triacetate 330
Global deprotection of phenantridone 330 was done in two sequences. First, removal of the 7methoxy group was accomplished with chlorotrimethylsilane (TMSCl) and potassium iodide to
yield phenol 331 and it was followed by saponification of the acetates with methanolic potassium
carbonate. Second, the sequence can be done in reversed order. Saponification of the acetates
yields C-2-epi-7-methoxynarciclasine 332, which is then subjected to the demethylation to yield
C-2-epi-narciclasine (7). Although the yields over two steps are comparable in both cases, primary
sequence is more advantageous. It can be done in one pot and in this manner avoid complicated
purification of the highly polar triol 332.
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Scheme 59 Deprotection of triacetate 330. Total synthesis of C-2-epi-narciclasine (7)
3.3.2.

Semisynthesis of C-2-epi-narciclasine from natural narciclasine

First attempt to invert the C-2 position in the natural narciclasine (1) was done through Mitsunobu
reaction. To limit possible side reactions with adjacent hydroxy groups (C-3/4), narciclasine (1)
was submitted to acetonide protection of cis-diol moiety (Scheme 60). Reaction yielded allylic
alcohol 166 as expected, but small amounts of unstable acetonide 333 also formed (observed in
the crude 1H NMR). Efforts to isolate and fully characterize this molecule failed, because of its
tendency to decompose (aromatize) during the concentration of the sample. However, it was
noticed that slow purification of the reaction mixture with deactivated silica (10 wt% water) leads
to partial hydrolysis of compound 333 back to allylic alcohol 166.
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Scheme 60 Acetonide protection of narciclasine (1)
Mitsunobu reaction with tributylphosphine and benzoic acid with the allylic alcohol 166 led to full
consumption of the starting material, but none of the targeted inversion product was isolated or
even detected (Scheme 61). Instead, elimination took place, most likely from the C-2alkoxyphosphonium intermediate and led to the formation and isolation of a 1:1 mixture of
phenantridone 334 and benzoic acid (1:1) in 30% yield.

Scheme 61 Attempted Mitsunobu reaction of narciclasine-3,4-acetonide 166
Oxidation/reduction pathway was an alternative to the Mitsunobu reaction. Krohn used this
approach when working on the structure determination study discussed prior (Scheme 30).90 The
allylic alcohol 166 was inert to Dess Martin or Swern oxidation conditions and MnO2 oxidation
provided unstable enone 167 (Scheme 62). All attempts to isolate this compound failed. The
94

following in situ reduction of enone 167 appeared to be highly unreproducible and compound 169
was successfully isolated in the small-scale reaction only once.

Scheme 62 Oxidation/reduction sequence
The instability of the enone 167 has been discussed by Mondon and Krohn in 1975.156 They
succeeded to isolate it only by crystallization and reported that any treatment under basic or acidic
conditions leads to isomerization of double bond to more stable and conjugated intermediate 168
(Scheme 30). Formation of the similar product was also observed by McNulty’s group in their
Mitsunobu reaction attempt.155 All of these results hinted, that electron resonance from the
phenolic hydroxy group (known to be chelating to the carbonyl) might be destabilizing the
molecule during the reaction and lead to the isomerization of alkene to energetically more favored
position 168. Plausible tautomerism structures are shown in Figure 23.
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Figure 23 Tautomerism structures of enone 167
This issue was addressed by treating a suspension of narciclasine (1) in ethanol with the ethereal
solution of diazomethane (Scheme 63). It was noticed, that because of the solubility issue of the
starting material, if this reaction is left to stir completely open (as usual for the diazo methane
reactions) only about 20-30 % of narciclasine (1) will react before the evaporation of the
diazomethane. However, it can be easily adjusted by carefully placing loose Teflon septa over the
reaction flask. In this case, reaction can lead to 75-85 % yields of the 7-methoxynarciclasine 338
(if pressure builds up, it pushes out the septa). When reaction is done on 7 mmol scale (~2.2 g), 58 % of dimethylated narciclasine 339 can be also isolated. Reaction analysis by TLC usually shows
5-6 additional impurities. This complicates purification and recovery of the unreacted starting
material and compounds 338 and 339. The crude 7-methoxynarciclasine (338) can be separated
from the narciclasine (1) by filtration of slightly concentrated reaction solution containing acetic
acid.
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Scheme 63 Methylation of narciclasine (1)
Acetonide protection usually done with a crude 7-methoxynarciclasine 338 and without bigger
issues produced allylic alcohol 340 (Scheme 64). MnO2 oxidation was unreliable and
irreproducible in the synthesis of the enone 341, but Dess Martin oxidation worked well. Starting
material 340 was consumed fully and formation of the enone 341 took place. Even though enone
341 was more stable than enone 167 isolation was still a problem. To overcome this, oxidation and
reduction sequence was done in one-pot. Enone 341 generated in situ was submitted to the 1,2reduction. Luche reduction conditions unexpectedly yielded a mixture of 340 and 342 in the ratio
of 6:1 favoring natural conformation at the C-2 carbon. Similar results were observed and reported
by Krohn in 1972 publication.90 Easily accessible S-CBS catalyst (Corey-Bakshi-Shibata
reduction157) selectively restored natural conformation at C-2 (340), where more sterically
hindered L-selectride selectively provided allylic alcohol 342. Acetonide deprotection with
hydrochloric acid and O-demethylation (as described in the total synthesis) furnished the 2-epinarciclasine (7, Figure 24).
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Scheme 64 Semisynthesis of C-2-epi-narciclasine (7)
2-epi-narciclasine (7)

narciclasine (1)

Figure 24 600 MHz NMR spectral outtakes for C-2 epimer (7) and natural narciclasine (1) (in
DMSO-d6)
3.3.3.

Analysis of extracts from Narcissus and Galanthus sp.

The sample of the synthetic C-2-epi-narciclasine (7) and natural narciclasine (1) and the crude
extracts from Narcissus pseudonarcissus (from Prof. J. McNulty (McMaster University), grown
in Canada) and European Galanthus sp. (from Dr. L. Cvak (TEVA, Opava, Czech Republic)) were
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provided to Dr. David Liscombe at Vineland Research and Innovation Centre for the UHPLC
analysis.
Extracts from both species were compared with the synthetic samples of narciclasine (1) and 2epi-narciclasine (7) (Figure 25, Figure 26 - reprinted with permission from J. Nat. Prod., 2018,
81, 1451-1459. Copyright 2018 American Chemical Society.). Not surprisingly, both of them
contained narciclasine (1). However, 2-epi-narciclasine (7) was found only in the extract from the
European Galanthus sp.. Prior to this study, 2-epi-narciclasine (7) has not been reported as the
natural product. This can be easily understood by comparing the abundancies of both compounds.
Relative content analysis of the Galanthus sp. showed that 2-epi-narciclasine (7) is 100 times less
abundant that narciclasine (1). It was determined that 2-epi-narciclasine (7) can be found only on
the sub-ppm level in this species, meaning less than 1 mg of compound in 1 kg of the bulbs.
Detection and isolation of such a small amount of the new compounds is still very difficult at this
time, but comparative detection with the synthetic sample simplified this process in the case of 2epi-narciclasine (7).
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Figure 25 Extracted ion chromatograms (m/z 306.0614) for narciclasine (1) (A and C) and 2epi-narciclasine (7) (B, D) from Canadian N. pseudonarcissus extracts (A, B) compared to the
synthetc standards (C, D)

Figure 26 Extracted ion chromatograms (m/z 306.0614) for narciclasine (1) (A, C) and 2-epinarciclasine (7) (B, D) from European Galanthus sp. extracts (A, B) compared to synthetic
standards (C, D).
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However, this compound proved not to be identical to a minor metabolite, whose constitution is
as-yet unidentified. Nonetheless, for the first time 2-epi-narciclasine (7) was identified as a trace
metabolite in an extract of the European Galanthus sp. and subsequently it was reported as a new
natural product from the Amaryllidaceae family. Because of the low abundancy in the Galanthus
sp. it was not possible to match the optical rotation data or precise analysis on the chiral support.
Therefor, absolute configuration of the molecule is assumed to be similar to the related lycoranes
(narciclasine (1) and pancratistatin (2)) for now. This data was summed up and publicised in
2018.155
3.4.

Derivatization of natural narciclasine

Narciclasine (1) and pancratistatin (2) has been a focus point of a few groups that aimed to improve
pharmacological properties of these molecules as was discussed in Section 2.2.5. The project
described here was done using natural narciclasine (1) as a starting material and is still ongoing.
3.4.1.

C-1 derivatives of narciclasine

There are three pathways that are under the investigation to derivatize narciclasine (1) to its or
pancratistatin C-1-derivatives (Figure 27). Pathway A was envisioned to use intramolecular
radical cyclization to access lactone 343 as an intermediate, which after hydrolysis would undergo
further functionalization. Pathway B would rely on the functionalization of the C-1 position
through the formation of kinetic enolization of ketone 344. Last, pathway C would utilize epoxide
345 in the nucleophilic opening at C-1 position followed by reduction of the resulting benzylic
alcohol. These strategies were created in the manner that would allow synthesis of both sets of
derivatives to be accessed in a highly sought out divergent manner.
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Figure 27 Narciclasine (1) derivatization strategies
3.4.1.1.

Intramolecular radical cyclization

Lactone 348 was envisioned to be synthesized following two methods (Figure 28). First, the allylic
alcohol 340 would undergo esterification reaction with haloacetic acid to give haloacetate 346.
Second method would be based on the success of Ueno-Stork cyclization of the bromoacetal
347.158
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Figure 28 Intramolecular radical cyclization
For the study of the radical cyclization of bromo- or iodoacetates to lactones, model study was
performed with the allylic alcohol 5 (Scheme 65). Acylation with haloacetyl bromide or haloacetyl
chloride under various conditions lead to the decomposition of starting material or complex
mixtures and poor yields of the desired products. On the other hand, Steglich esterification
conditions (haloacetic acid, EDS, DMAP in DCM) lead to the desired bromo- and iodoacetates
349 and 350. Sadly, various conditions for the radical cyclisation that were attempted (SmI2, AIBN
with tributyltin hydride, triphenyltin hydride, bistin compound, tris(trimethylsilyl)silane
(TTMSSH), TESH, at variating temperatures and reaction times) led either to reduction of halogen
to form 351, hydrolysis product 5 or recovery of starting material (349, 350). From these results it
is clear, that the formation of the radical is taking place, but it is more susceptible to be quenched
by the hydride than to undergo intramolecular cyclization.
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Scheme 65 Model study for the radical cyclization of haloacetates 349 and 350
Alternative route for the formation of lactone is through the Stork’s bromoacetal synthesis
(Scheme 66). Treatment of allylic alcohol 5 with ethyl vinyl ether and N-bromosuccinimide (NBS)
yielded bromoacetal 352. It was further subjected to similar set of radical cyclization conditions
as was used for the radical cyclization of haloacetates 349 and 350. However, only trace amounts
of desired lactol 353 were detected when AIBN with Bu3SnH was used. Effort to produce
appreciable amounts of this intermediate failed, cutting short the characterization of this compound
and further development of this route.
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Scheme 66 Model study for Ueno-Stork cyclization
Despite negative results from the model studies for the radical cyclizations, phenantridone 340
was subjected to Steglich esterification conditions with both bromo- and iodoacetic acid (Scheme
67). The use of bromoacetic acid led to the formation of bromoacetate 355. Reaction with
iodoacetic acid produced inseparable mixture of aromatized compounds. Radical cyclization under
various conditions yielded similar results to the model study – only dehalogenated ester 356 was
produced.
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Scheme 67 Steglich esterification of allylic alcohol 340
Stork’s acetal formation from allylic alcohol 340 with ethyl vinyl ether produce highly unstable
bromoacetal 347. Attemps to isolate, purify and characterize this molecule failed. Based on these
results and unsuccessful model study this route was abandoned.

Scheme 68 Stork’s acetal formation
3.4.1.2.

Kinetic enolate formation

After the failed radical cyclization attempt, focus was brought to the route depicted in Figure 29.
Following it, narciclasine (1) would be converted to intermediate alcohol 357 which would be
further oxidised to the key ketone 358. Formation of the kinetic enolate and its trapping would
give access to the C-1 functionalised ketones 360. Formation of the selenide 361 through
secondary enolation and its oxidation/elimination sequence would be used to access C-1
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narciclasine derivatives, while C-1 pancratistatin derivatives could be synthesized directly from
the ketone 360.

Figure 29 Unified approach towards C-1 derivatives of narciclasine and pancratistatin
The initial pathway was predicted on the results of the research done by Pettit159 and McNulty160
on the reduction of narciclasine (1) to cis- and trans-dihydronarciclasine. In their studies, they
were protecting narciclasine (1) as a tetraacetate 165. However, acetate on C-7 is more labile and
can contribute to the instability of these compounds. Also, the narciclasine tetraacetate 165 has
been reported to cause severe skin irritability.160 In attempt to minimize possible side reactions, C7-phenol was protected as methylether 338 and then triol 338 was protected as the triacetate 362
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that has been then subjected to the hydrogenation over palladium on carbon (10 % wt) in 1:1
dichloromethane and ethanol mixture (Scheme 69). It led to the formation of two diastereomeric,
hardly separable cis (363) and trans (364) products (only small portion of triacetate 364 was
isolated as pure individual compound). From crude NMR the ratio of both diastereomers was
established to be 1:5, later being the major component (compound 364). It was noticed, that the
outcome of this reaction was very sensitive to the ratio of the solvents. Loss of the more volatile
component from the solvent mixture can reverse or completely diminish facial selectivity of the
reaction.160

Scheme 69 Reduction of triacetate 362
Basic hydrolysis of triacetate 364 yields triol 365, which is then used crude in protection of cisdiol moiety as the acetonide 366 using 2,2-dimethoxypropane and p-toluensulfonic acid (Scheme
70).
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Scheme 70 Synthesis of alcohol 366
Dependency of the selectivity outcome on the solvent ratio in the reduction reaction, purification
and separation issues of diastereomers 363, 364 and later triol 365, forced the modification of the
synthesis of the alcohol 366. Narciclasine 1 can be easily converted to the allylic alcohol 340 as
described before. The remaining hydroxy group at C-2 then can be easily protected as the acetate
356 that is less troublesome in hydrogenation under conditions similar to the ones previously
described (Scheme 71). Reduction still yielded diastereomeric acetates 367 and 368 in 1:3 ratio.
Purification of allylic alcohol 366 from this route was easier, faster (timewise), and the overall
yield was higher (even with the lower selectivity).
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Scheme 71 Catalytic hydrogenation of styrene 356
Additional literature search led the reduction of narciclasine (1) with formic acid and triethylamine
over palladium on carbon while refluxing it in dichloromethane:ethanol mixture (1:1).161 Similar
conditions were applied on 7-methoxynarciclasine 338 and lead to a complex and difficult to purify
mixture (increase in polarity complicates purification process) (Scheme 72). Therefore, crude
mixture was subjected to 2,2-dimethoxypropane protection of cis-diol. Purification of the mixture
using column chromatography, led to the isolation of 3 products. The desired alcohol 366 was
isolated in 47 % yield and the cis product 369 was isolated in 20% yield. The last compound seems
to be isomerized olefin 370 (structure is suggested based on the previously reported data by
Pettit159). Similar results were achieved when procedure was modified and adapted to one pot
synthesis. Reduction was performed in dimethylformamide with palladium on carbon under
hydrogen atmosphere. When starting material was fully consumed, 2,2-dimethoxypropane and ptoluenesulfonic acid was added. This modification lead to access alcohol 366 in 40-50 % yields.
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Scheme 72 Catalytic hydrogenation of 7-methoxynarciclasine 338
The comparative results from the catalytic hydrogenation study are shown in the Figure 30 and
summarized here. In the Path A, triacetate 362 was subjected to the hydrogenation over palladium
on carbon in dichloromethane and ethanol mixture (1:1), which yielded a mixture of two
diastereomeric cis and trans (compound 364) products in ratio 1:5. This reaction appeared to be
extremely sensitive to the composition of the solvent mixture. Dichloromethane was necessary for
the facial selectivity of the reaction, however its volatility lead to variating yields and ratios of
isomers.160 Another drawback from this route was late stage handling of triol 365 – purification of
this compound was complicated by the increase in its polarity. In Path B, late stage handling of
the triol moiety was avoided by protecting cis diol as acetonide 340. Hydrogenation of the acetate
356 still led to diastereomeric cis and trans (compound 368) acetates in 1:3 ratio. Even though the
selectivity was lower, overall yield of alcohol 366 was increased. In the Path C, 7methoxynarciclasine 338 was reduced with formic acid and Pd/C under reflux in DCM:EtOH
mixture (1:1). Reaction produced highly polar mixture of at least 3 compounds (among them triol
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371) with low solubility in most of organic solvents. Therefore, crude mixture was subjected to
the acetonide protection of cis diol. The desired alcohol 366 was isolated in 47 % yield from the
first attempt. However, this procedure did not seem to be very reliable, and after setting more
batches the broad yield fluctuation was noticed. It led to the modification of reaction conditions
and its adaptation to one-pot procedure for the synthesis of alcohol 366. Hydrogenation of 7methoxynarciclasine 338 with palladium on carbon in dimethylformamide as a lone solvent under
1 atm of H2 and subsequent acetonide protection allowed quickest and most efficient access to
alcohol 366 (yields 40-50%), though chromatographic purification required careful increase in
polarity of the eluent in order to separate compounds 366, 369 and 370 (difference in Rf values is
small).

Figure 30 Hydrogenation of narciclasine (1) (summary)
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It has to be noted that, with a fresh palladium on carbon (10 % mol, Sigma Aldrich), the yield of
this reaction started to fluctuate again and increase in the yield of compound 370 (up to 60 %) and
decrease of both diastereomers 366 (down to 10-20 %) and 369 (traces) was noticed.
After the complicated and varying results from hydrogenation of the alkene, it was surprising when
following oxidation of the hydroxy group at C-2 position (alcohol 366) with Dess-Martin
periodinane yielded the key ketone 358 without any problems (Scheme 73). The reduction of
alkene in phenantridone backbone lead to the increase of tabletop stability of the compound and
easy isolation.

Scheme 73 Dess-Martin oxidation of alcohol 366
With ketone 366 at the hand, the search for appropriate enolization procedure is still on going. One
of the first reactions with ketone 358 at hand, it was interesting to see, how it would react under
the conditions for thermodynamic enolate formation with freshly prepared sodium methoxide and
ethyl formate (Scheme 74). As expected, thermodynamic enolate was formed (towards C-3).
However, unexpectedly ring C cleaved between C-2 – C-3 positions forming diester 371 as the
major product. Traces of what resembled structure of compound 372 were detected in the 1H NMR
spectrum.
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Scheme 74 Thermodynamic enolation of ketone 358
Attempt to form kinetic enolate followed next. Ketone 358 was subjected to LDA (Scheme 75).
The solution of LDA was warmed up from -80 °C to -60 °C for the addition of ketone. However,
ketone 358 was only sparingly soluble in aprotic solvents dichloromethane, tetrahydrofuran,
acetonitrile. So, if a solution of ketone is added, reaction becomes too dilute and only starting
material is recovered. However, when solid ketone was added to reaction mixture, surprisingly
none of kinetic enolate product was observed, but formation of the thermodynamic enolate product
can be detected. When reaction is quenched with methyl bromoacetate at -20 °C and wormed up
to r.t. for the work up, ketone 373 is observed as a major product by NMR study (reaction repeated
twice) confirming thermodynamic enolate (isolation and characterization is complicated by small
scale of the reaction). The alkylation of amide also took place.

Scheme 75 Enolization of the ketone 358 with LDA
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The attempts to do deuterium quench of the aliquot or whole reaction mixture did not yield
appreciable results (Scheme 76). If the reaction is quenched with D2O and reaction solvent is
removed, the protons of interest (at C-1 and C-3 positions) are overlapping with other signals from
the mixture and cannot be properly evaluated. Low solubility of starting ketone 358 forces to use
more dilute solutions which prevents 1H NMR in non-deuterated solvent (intensity of solvent peaks
quenches C-1 and C-3 proton signals). The deuterium NMR failed because of the same reason. 13C
NMR study of deuterium is not eligible due to low concentration and overlapping of peaks of
interest.

Scheme 76 Enolization of ketone 358 with D2O quench
To eliminate possibility for the alkylation at nitrogen in these reactions (as in compound 373)
amide had to be protected (Scheme 77). For this purpose, ketone 358 was subjected to protection
with Boc2O. However, instead of the desired imide formation, only enolization took place and it
was trapped forming enol carbonates 376 and 377 in 1:1 ratio. Even though the enol carbonates
are stable, they are inseparable by common chromatographic techniques.
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Scheme 77 Enolization of ketone 358 with Boc2O, Et3N and DMAP
Based on these results, ketone 358 was treated with chlorotrimethylsilane in the presence of
triethylamine to see if it would be possible to form stable silyl enol ethers (Scheme 78). The best
results from this reaction was partial consumption of starting material and formation the less stable
mixture of silyl enolates 378 and 379. The thermodynamic enolate in this case was favoured over
kinetic product. Because of the low conversion and disfavoured conversion this mixture hasn’t
been carried out further.

Scheme 78 Silyl enolate formation
Boc-enolate formation results clearly illustrated that that C-2 position has to be protected before
attempting to protect the amide. The easiest way to do it is using acetate either before or after the
hydrogenation of the olefin as is shown in Scheme 79. Because of the issues related to
hydrogenation of the alkene (discussed prior in this section), acetylation was done on alcohol 366
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yielding compound 368 in a more efficient manner. The crude mixture from hydrogenation of
narciclasine (1) and acetonide protection (mixture of compounds 366, 369 and 370) is acetylated
and purification of the desired compound is easier than that of the previous mixture.

Scheme 79 Synthesis of acetate 368
Amide 368 was then subjected to the formation of the imide 380 and following deprotection of the
acetate to yield alcohol 381 (Scheme 80). This alcohol will be used in the Dess-Martin oxidation
to yield ketone 382. Further on, enolization of this intermediate hopefully will provide quick route
to C-1 derivatives of pancratistatin and narciclasine.
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Scheme 80 Synthesis of ketone 382
The protection of the amide was also attempted on the protected narciclasine 356 in hopes that
electron withdrawing properties of the tert-butyl carbamate would help stabilize molecule and
allow to accomplish Mitsunobu reaction on the allylic alcohol 384 (Scheme 81). However,
carbamate formation weakened the amide bond and made it susceptible for the basic methanolysis
conditions used prior in total formal synthesis of pancratistatin (2). So instead of desired compound
384, ester 386 was isolated in 75 % yield.
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Scheme 81 Protection of the amide moiety
3.4.1.3.

Epoxidation

As an alternative route to the enolization approach and a way to avoid issues with hydrogenation
of olefin in narciclasine’s backbone, road to the functionalization of C-1 position was also
envisioned through the syn-epoxide 387 and anti-epoxide 388 (Figure 31). In this approach,
synthesis of both epoxides was tackled simultaneously.

Figure 31 Formation of cis- and trans-epoxides
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Formation of the syn-epoxide from on phenantridone backbone has been achieved and reported by
Pettit (Scheme 42).114 Following literature procedure, epoxide 387 was formed using mchloroperbenzoic acid in phosphate buffer (pH 8, 40 % yield, Scheme 82). However, ester 389
was also isolated in 35 % yield

Scheme 82 Formation of syn-epoxide 387 and its nucleophilic opening sequence
While synthesis of the syn-epoxide 387 is fairly uncomplicated and straight forward, formation of
the anti-epoxide 388 revealed different story. Because of the steric hindrance in fully protected
narciclasine 356, best route to anti-epoxide 388 is through the formation of the bromohydrin 392
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(Figure 32). Steric hindrance would direct formation of the bromonium ion from the β-side, which
would allow the hydroxide to attack from the α-side at C-1 position forming intermediate 392.

Figure 32 Formation of anti-epoxide 388 through bromohydrin intermediate 392
This task was tackled using N-bromoacetamide (NBA) in tetrahydrofuran and water mixture at 0
°C (Scheme 83). After 30 min at 0 °C TLC analysis showed full conversion of starting material
(356). When mixture was subjected to the purification 2 major compounds were isolated. Both of
them gave very similar IR (N-H and O-H, carbonyl), MS (all had molecular mass of 419.12, but
differed in the fragmentation pattern) spectra, but in proton NMR few significant differences were
noted. Molecular formula was established to be C20H21NO9, not containing a bromine atom.
Analysis of the NMR data helped to determine that two compounds that were isolated were enol
393 and its C-2 epimer 394. Structure and configuration of these compounds were determined by
careful 1D and 2D NMR analysis of the solutions in DMSO-d6 (Figure 33). In the main compound
393 protons at C-2 position were overlapping with two distinct methylenedioxy bridge protons at
6.17 ppm, but luckily had distinct coupling constant J = 3.7 Hz. In both cases N-H protons gave
doublet at around 5.4 ppm (J = 6.1 and 6.2 Hz respectively). Protons at C-3 and C-4 positions in
compound 393 was at 5.07 (d, J = 6.3 Hz) and 4.32 (dd, J = 9.4, 6.3 Hz) ppm. C-4a proton was at
3.75 (ddd, J = 9.5, 6.2, 3.5 Hz). From this data and Karplus equation it is clear that dihedral torsion
angle between C-2 proton and the one at C-3 has to be nearing 90° due to the lack of clear coupling.
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The distinct and strong coupling (J ~ 3.6 Hz) between C-2 with C-5 protons was unexpected, but
can be explained by 5JHH long range homoallylic coupling. Based on a few examples of this type
of coupling, 3.6 Hz coupling indicates the cis relation between these protons. Sadly, comparison
of the similar coupling for compound 394 protons was complicated by the overlap of the protons
in question (C-2 and C-4a).

Scheme 83 Attempted formation of the anti epoxide through bromohydrin intermediate
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393

394

Figure 33 1H NMR data for compound 393 and 394
The formation of these two compounds might be partially explained by the mechanism depicted
in Figure 34. Unstable bromohydrin 392 was formed by treating acetate 356 with Nbromoacetamide in the mixture of tetrahydrofuran and water. Bromohydrin had to undergo
deprotonation to displace bromine atom and form the epoxide 388. Then the epoxide 398 might
be undergoing either Meinwald-type rearrangement or a semipinacol rerearrangement (through the
formation of the benzylic cation) to form the ketone 397.162,163 However, in the later case there
would be the possibility of the 1,2-hydride shift not only from C-1 position but also from C-4a.
Neither of the pathways could be excluded at this point. But in either case, the route seems to lead
through the formation of ketone 397. Reaction mixture is slightly acidic (in situ formation of small
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amounts of hydrobromic acid), therefore ketone 397 can be protonated. Enolization can continue
by deprotonation of either the C-2 proton (red arrow) or C-10b (blue arrow). In the later case,
enolization would lead directly to the most stable conjugated enol 393. On the other hand,
deprotonation of C-2 position would lead to the formation of the unstable enol 399 that would
undergo fast tautomerization with a possibility of epimerization at C-2 position giving a mixture
of ketones 400 and 397. Repetitious cycle would lead to the energetically most favored products
– enols 393 and 394. Based on Le Chatelier's principle it would push the reaction to the completion
and full consumption of starting material.
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Figure 34 Mechanistic proposal for the formation of compounds 393 and 394
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3.4.2.

Synthesis of narciclasine derivate containing photo-croslinker

Professor Backman at Vanderbilt University has been doing studies related to identifying precise
targets of the mitochondrial-targeting molecules. This is usually achieved through the usage of
dual crosslinker 401 (Figure 35). Cells of interest are dosed with the compound containing this
moiety and undergoes photocrosslinking through the diazirine. It can then be followed by Huisgen
1,3-dipolar cycloaddition of the terminal alkyne to enrich the affinity to the target. Therefore, we
attempted selective esterification of C-2-hydroxy group in narciclasine (1) for similar study.

Figure 35 Dual crosslinker 401
With the intent to minimize possible esterification positions, narciclasine (1) was first protected
and used as acetonide 166 and then subjected to the Steglich esterification condition with diazirine
acid 402.164 Reaction went smoothly when reaction was done in the dark and excess of the acid
402 was used. Only trace amounts of undesired diester was detected. However, following
successful esterification of C-2 position, acid catalysed deprotection of cis-diol moiety was causing
decomposition of the material (formic acid, 2 M, 1 M and 0.5 M HCl, Amberlyst-15, Dowex 50W).
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Scheme 84 Steglich esterification of acetonide 166
To overcome this issue, unprotected narciclasine was subjected to the same conditions of
esterification. But because of the insolubility, dichloromethane had to be changed to
dimethylformamide as a solvent for the reaction. The order of the addition of the reagents in this
case was crucial. Desired ester 404 was isolated only when a solution of narciclasine (1) was
slowly added to the mixture of the diazirine acid 402, DCC and DMAP. Analysis of the reaction
mixture showed one main products, however, small amounts of what is predicted to be
regioisomers of 404 were detected in the crude 1H NMR and HRMS analysis.
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3.5.

Biological activity evaluation

Professor Bachmann have developed single cell assay to estimate biological effect from the
compounds to MV411 cell line.165 In this assay, five different markers are used to evaluate cell
stress: DNA damage repair (yH2AX), apoptosis (cleaves caspace CCasp3), mitosis (pHH3),
protein synthesis and growth (active translation marker p-S6) and total cellular DNA content. Ten
compounds were submitted for the testing (five compounds from the research work reported in
this thesis: 2-epi-narciclasine, benzoate 317, triol 328 and 7-methoxynarciclasine 338 and
dimethylnarciclasine 339; five compounds from the previous research in Hudlicky’s group
(compounds 285-287, 289 and 405), Figure 36, Appendix ).

Figure 36 Compounds for biological activity testing
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Leukemia cell line MV411 were treated overnight with four different dosages of each compound
(10, 1, 0.1 and 0.01 μM). Compounds 7, 286, 317, 328 and 405 were inactive towards all five
markers. Compound 289 showed strong effect on CCasp3 at 10 nM dose, whereas 285 was only
slightly active at 10 μM. None of the compounds showed activity towards the yH2AX (marker for
the DNA damage) or pHH3 (marker for mitosis). Benzoate 289 diminished p-S6 expression at 10
nM dose, but acetate 287 enhanced the expression at 100 nM concentration. Results for the total
content of the cellular DNA corresponded well with results for the p-S6 expression and therefore
compound 287 showed the increase, while the effect from 289 was negative at the same dosages.
In collaboration with professor Kornienko at Texas State University five compounds (compounds
285, 287, 289, 338 and 328) from the previous assay were submitted to the cytotoxicity study
against BE(2)-C human neuroblastoma cells and compared to narciclasine (1). Cells were treated
with these compounds at different concentrations for five days. The viability of the BE(2)-C cells
was decreased by all compounds, however at different concentrations (Figure 37, IC50 values for
these compounds are shown in Table 8).

Figure 37 Neurite outgrowth of the BE(2)-C cells after five day treatment
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Table 8 IC50 (μM) values against the human neuroblastoma cells BE(2)-C
IC50 (μM)
Compound
narciclasine (1)

R1

R2

R3

0.010

0.012

0.011

0.095

0.087

0.095

0.007

0.006

0.007

0.007

0.006

0.007

0.813

0.944

0.838

285

287

289

338
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>500

>500

>500

328
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4. Conclusion and future work

The Amaryllidaceae alkaloids narciclasine (1) and pancratistatin (2) continue to attract the
attention of synthetic organic chemist because of their strong biological activity against cancerous
cells. During the research presented in this thesis a new and efficient total formal synthesis of
pancratistatin (2) was accomplished using chemoenzymatic dihydroxylation of the 1,3dibromobenze, Myers reductive transposition and nucleophilic opening of cyclic sulfate as key
steps in the synthesis. 2-epi-Narciclasine (7) was synthesized in two ways. First, in a divergent
manner from the key allylic alcohol intermediate used in the total formal synthesis of pancratistatin
(2). Second, by conversion of natural narciclasine (1). This allowed first detection of this
compound in the extract of European Galanthus sp. and identification as a new natural product
from Amaryllidaceae group.
The last project described in this thesis was focused on the derivatization of natural narciclasine
(1). So far, the reactions with natural narciclasine (1) gave the insight into the nature of this
molecule and revealed few interesting issues. For once, wide amplitude of the yields of the olefin
reduction, the instability and complexity of the reaction mixtures from the attempts to modify the
backbone of the molecule, forces us to reconsider its applicability in the development of these
molecules as potential drugs. However, if it would be possible to overcome and solve these
problems, them the biological activity and selectivity against tumorous cells would allow access
to unique pharmaceuticals.
Further research should be continued on the study of the nucleophilic opening of syn-epoxide 387
(Scheme 85). If this conversion would be successfully achieved with a universal nucleophile, it
would be a quick route to access vide range of C-1 derivatives.
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Scheme 85 Nucleophilic opening of syn-epoxide 387
A closer look should be given to the formation of the unexpected 1-hydroxynarciclasine derivative
393 (Scheme 86). The alkylation of enol (compound 406) and following deprotection would give
new set of interesting 1-alkoxynarciclasine derivatives 407. Biological activity evaluation of these
compounds against various cancer cell lines would allow the comparison of the effects in between
the similar derivatives of pancratistatin. Selective hydrogenation of the alkene moiety in compound
406 would allow quick conversion of narciclasine (1) to pancratistatin (2) and plausible route for
the derivatization (compound 408).

133

Scheme 86 Conversion of enol 393 to 1-alkoxynarciclasine derivatives 403 and pancratistatin (2)
An interesting method to access the C-1 derivatives of pancratistatin (410) should be attempted
through the (3+2) cycloaddition/reduction sequence to form hydroxynitrile 409 from the olefin
intermediate 6. This approach of the alkene functionalization was previously successfully used by
professor Barriault in his synthesis of vinigrol.166 However, the study of stereo- and
regioselectivity should be done to determine the viability of this method.

Scheme 87 Hydroxynitrile 409 synthesis through [3+2]cycloaddition/reduction sequence
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5. Experimental Section
5.1.

General experimental details

Materials and Methods. All solvents were dried and distilled before usage. Reactions were done
in inert atmosphere (Ar or N2). All reagents were obtained from commercial sources. Before using,
all glassware was oven or flame dried. NMR analysis was carried out on Bruker Avance AV 300,
Bruker Avance III HD 400 Bruker Avance AV 600 digital NMR spectrometers running Topspin
2.1 and 3.5 software. Probes were equipped with gradients and VT (variable temperature)
accessories. Chemical shifts are given in δ, and coupling constants J are given in Hz. Melting
points were determined using a capillary melting point apparatus. Mass spectra (HRMS)
measurements were recorded using a LTQ Orbitrap XL and the molecular mass-associated ion was
determined by electrospray ionization, fast atom bombardment, or electron ionization. Infrared
spectra were recorded on an FT-IR spectrophotometer as neat and are reported in wave numbers
(cm−1). Flash grade 60 silica gel was used for column chromatography unless otherwise noted.
TLC was performed on silica gel 60 F254-coated aluminum sheets, stained with UV and cerium
ammonium molybdate (CAM, Hanessian's Stain) or KMnO4 solutions.
Experimental procedures for the compounds 328, 329, 330, 331, 332, 2-epi-narciclasine (7), 166,
334, 338, 340 and 342 are reprinted here with permission from J. Nat. Prod., 2018, 81, 1451-1459.
Copyright 2018 American Chemical Society.
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5.2.

Detailed experimental procedures

6-Bromo-4-methoxybenzo[d][1,3]dioxole (227)97

Diiodomethane (9.89 mL, 122 mmol) was added to a suspension of catechol 297 (17.92 g, 81.8
mmol) and oven-dried, ground K2CO3 (22.61 g, 163.6 mmol) in DMF (170 mL). The reaction
mixture was stirred at 100 °C for 2 h. After starting material was fully consumed, the reaction
mixture was diluted with H2O (900 mL). The solution was passed through a plug of Celite®, and
the resulting filtrate was extracted DCM (5 x 200 mL). The combined organic layers were dried
over Na2SO4, filtered and concentrated under reduced pressure. The resulting mixture was purified
by column chromatography [hexanes:EtOAc (9:1)] and yielded compound 13 as a white crystalline
solid (14.60 g, 77%).
227: Rf = 0.8 [hexanes:EtOAc (4:1)]; mp = 77-80 ºC (EtOAc) [lit. 80-82 ºC] ; 1H NMR (300 MHz,
CDCl3) δ 6.68 (m, 2H), 5.97 (s, 2H), 3.88 (s, 3H);

13

C NMR (75 MHz, CDCl3) δ 149.8, 144.5,

135.2, 113.6, 111.3, 106.5, 102.2, 57.1.
3,5-Dibromo-(1S,2S)-3,5-cyclohexadiene-1,2-diol (4)97

Escherichia coli JM109 (pDTG601A) was grown overnight at 35 °C with continuous shaking (150
rpm) in an enriched medium (9.6 g of K2HPO4, 8.4 g of KH2PO4, 3.0 g of (NH4)2SO4, 9.0 g of
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yeast extract, 60 mg of ampicillin, dissolved in 600 mL of distilled water). The preculture was then
transferred to a 12 L fermenter containing 8 L of medium adjusted to pH 7.0 (60.0 g of KH2PO4,
16.0 g of citric acid, 40.0 g of MgSO4, 9.6 mL of concentrated H2SO4, 9.6 mL of a 270.0 g/L
solution of ferric ammonium citrate, 16.0 mL of a trace metal solution, 0.7 mL of antifoam, 2.69
g of thiamine hydrochloride, and 800 mg of ampicillin), and the cells were grown for
approximately 26 h to an OD = 70 (λ = 660 nm). 1,3-Dibromobenzene (15 g, 0.32 mol) was added
in portions to the culture, and the diol production was checked every 20 min by measuring a
characteristic absorbance peak in the UV region (λ = 282 nm). After all metabolic activity ceased
(or no more diol formation was observed by UV), the fermentation was stopped, and the pH was
adjusted to 7.5 with NH4OH. The cells were separated from the broth by centrifugation at 7000
rpm for 20 min, and the resulting clear solution was saturated with sodium chloride and extracted
with EtOAc. The organic layer was dried over anhydrous MgSO4, and the solvent was removed
under reduced pressure. The crude product was purified by recrystallization (methylene
chloride/pentane) to yield diol 4 as a yellowish solid (6.3 g or 0.79 g/L). Because of its limted
stability this material was used quickly following its isolation.
4: Rf = 0.4 [hexanes:EtOAc (1:1)]; mp = 80-81 °C (DCM, pentanes) [lit. mp = 80-81 °C]; [α]20
𝐷
+21.0 (c 1.0, acetone); IR (CHCl3) 3255, 1588 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.43 (dd, J =
1.5, 0.9 Hz, 1H), 6.25 (dd, J= 4.2, 1.5 Hz, 1H), 4.41 (dd, J= 6.3, 4.2 Hz, 1H), 4.29 (dd, J=6.3, 0.9,
1H), 2.80 (bs, 2H); 13C NMR (75 MHz, CDCl3) δ 131.7, 130.3, 129.9, 114.9, 72.1, 71.0.
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1,8-Dibromo-11-carbomethoxy-4,4-dimethyl-(1R,2S,6S,7S)-3,5,10,11trioxaazatricyclo[5.2.2.02,6]-8-undecene (208)97

The solution of diol 4 (6.3 g, 23.5 mmol) and p-toluensulfonic acid (cat., tip of a spatula) in 2,2dimethoxypropane (63 mL) was mixed at room temperature until the full consumption of diol (5
h, vide TLC). The reaction mixture was cooled to 0 °C and was followed by the addition of water
(15 mL) NaIO4 (5.01 g, 23.5 mmol). The solution of methyl hydroxycarbamate (MocNHOH, 2.35
g, 25.85 mmol) in methanol (30 mL) was added dropwise. The reaction mixture was left to warm
up to room temperature and stir for 12 h at room temperature, then it was quenched with saturated
Na2S2O3 solution (25 mL) and volume of the mixture was reduced under vacuum. The aqueous
layer was extracted with DCM (3x250 mL), the organic layer was dried with MgSO4, filtered, and
the product was concentrated, dissolved in DCM (50 mL) and passed through a plug of silica. The
crude product was purified by column chromatography (gradient EtOAc:hexanes (9:1) to (4:1))
and 208 was obtained as white crystals (6.4 g, 68 %)
208: Rf = 0.6 [hexanes:EtOAc (4:1)]; mp = 148-149 °C (i-PrOH) [lit. 150-152 °C (EtOAc)]; 1H
NMR (300 MHz, CDCl3) δ 6.73-6.67 (m, 1H), 5.17 (dd, J = 4.3, 2.2 Hz, 1H), 4.70 (dd, J = 6.8,
4.3 Hz, 1H), 4.59 (dd, J = 6.9, 0.7 Hz, 1H), 3.84 (s, 3H), 1.42 (s, 3H), 1.35 (s, 3H); 13C NMR (75
MHz, CDCl3) δ 156.0, 132.7, 120.9, 112.3, 87.2, 81.3, 61.4, 54.5, 25.8, 25.6; anal. calcd for
C11H13Br2NO5: C, 33.11; H, 3.28; found C, 33.04; H, 3.35

138

Methyl ((3aS,4R,7aS)-7'-methoxy-2,2-dimethyl-7-oxo-3a,4,7,7a-tetrahydro-[5,5'bibenzo[d][1,3]dioxol]-4-yl)carbamate (209)97

Oxazine 208 (555.2 mg, 1.39 mmol) was dissolved in benzene (13.2 mL), the solution was
degassed with the flow of argon for 15 min, and 2 M solution of Na2CO3 (1,4 mL, 2.78 mmol),
and Pd(PPh3)4 (80 mg, 0.069 mmol) were added to the reaction mixture. Then a solution of (7methoxybenzo[d][1,3]dioxol-5-yl)boronic acid (crude mixture, 1.25 eq.) in 16 mL of ethanol was
added and the reaction mixture was refluxed for 16 h. It was then diluted with 7 mL of acetonitrile
and 7 mL of water and Mo(CO)6 (404 mg, 1.53 mmol) was added. The mixture was refluxed for
2 h, cooled down, and filtered through a plug of Celite and sand. The crude mixture was
concentrated and subjected to column chromatography [10 wt% deactivated silica gel, gradient
hexanes:EtOAc (4:1) to (1:1)]. The product was obtained as bright yellow foamy oil (326 mg, 60
%)
209: Rf = 0.6 [hexanes:EtOAc (1:1)]; [α]25
–127.3 (c 0.5, CHCl3) [lit. [α]26
–26.8 (c 1.1, CHCl3)];
𝐷
𝐷
1

H NMR (600 MHz, CDCl3) δ 6.85 (s, 1H), 6.79 (s, 1H), 6.45 (s, 1H), 6.03 (s, 2H), 5.26 (d, J =

7.5 Hz, 1H), 5.03 (d, J = 6.7 Hz, 1H), 4.67 (dd, J = 5.0, 2.2 Hz, 1H), 4.45 (d, J = 5.0 Hz, 1H),
3.91 (s, 3H), 3.69 (s, 3H), 1.41 (s, 3H), 1.33 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 195.6, 171.3,
156.3, 153.2, 149.8, 144.0, 138.2, 130.1, 124.0, 110.6, 107.7, 102.4, 101.1, 77.2, 73.6, 56.9, 52.9,
48.3, 27.6, 26.1.
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Methyl ((3aS,4R,7R,7aR)-7-hydroxy-7'-methoxy-2,2-dimethyl-3a,4,7,7a-tetrahydro-[5,5'bibenzo[d][1,3]dioxol]-4-yl)carbamate (5)97

The solution of enone 209 (50 mg, 0.13 mmol) in methanol (0.5 mL) was degassed with a stream
of argon for 15 min. After addition of cerium (III) chloride heptahydrate (71 mg, 0.19 mmol) the
reaction mixture was stirred for 20 min, then cooled to 0 °C and sodium borohydride (6 mg, 0.14
mmol) was added in 2 portions. Reaction mixture was allowed to warm up slowly to room
temperature and stirred for 3 h. The reaction mixture was diluted with 5 mL of EtOAc and the grey
precipitate was filtered through a plug of Celite. After concentration under reduced pressure the
product was purified by preparative TLC [hexanes:EtOAc (1:1)] to furnish 5 as a white foamy oil
(48 mg, 96 %).
5: Rf = 0.2 [hexanes:EtOAc (1:1)]; [α]24
–61.6 (c 0.8, CHCl3) [lit. [α]25
= –14.4 (c = 0.8, CHCl3)];
𝐷
𝐷
1

H NMR (600 MHz, CDCl3) δ 6.57 (m, 2H), 6.08 (s, 1H), 5.96 (s, 2H), 4.67 (dd, J = 10.6, 6.3 Hz,

3H), 4.55 (s, 1H), 4.41 (d, J = 10.2 Hz, 1H), 3.89 (s, 3H), 3.68 (s, 3H), 2.77 (d, J = 10.3 Hz, 1H),
1.34 (s, 3H), 1.30 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 156.6, 149.3, 143.7, 137.3, 135.4, 133.7,
130.8, 109.4, 105.7, 101.8, 100.1, 75.3, 66.7, 56.8, 52.6, 51.1, 29.8, 26.3, 24.8.
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Methyl ((3aS,4R,5R,7aR)-7'-methoxy-2,2-dimethyl-3a,4,5,7a-tetrahydro-[5,5'bibenzo[d][1,3]dioxol]-4-yl)carbamate (6)167

Allylic alcohol 5 (629 mg, 1. 60 mmol), triphenylphosphine (839 mg, 3.20 mmol), 2-nitro-N'(propan-2-ylidene)benzenesulfonohydrazide (IP-NBSH, 823 mg, 3.20 mmol) was charged into
Schlenk flask and kept under high vacuum for 1 h, then dissolved in tetrahydrofuran (6 mL).
Reaction mixture was cooled down to 0 °C and di-tert-butyl azadicarboxylate (DBAD, 737 mg,
3.20 mmol) solution in 3 mL of tetrahydrofuran was added dropwise. The reaction mixture was
allowed to warm up slowly to room temperature and stirred for 8 h. Reaction mixture was cooled
down to 0 °C and the mixture of 2,2,2-trifluoroethanol (3 mL) and water (3 mL) was added
dropwise and stirred for 16 h whereupon it was evaporated and submitted to two consecutive
chromatographical columns [10 wt% deactivated silica gel, hexanes:EtOAc (1:1), then
DCM:MeOH 100:1). Product was obtained as a white foamy glassy oil (345 mg, 64 %).
6: Rf = 0.1 [hexanes:EtOAc (1:1)]; [α]24
+14.3 (c 0.9, CHCl3); IR (neat) 3331, 2984, 2936, 1705,
𝐷
1607, 1524, 1475, 1071, 1048 cm-1, 1H NMR (600 MHz, CDCl3) δ 6.36 (s, 1H), 6.34 (s, 1H), 6.015.90 (m, 4H), 4.68 (m, 1H), 4.62 (m, 1H), 4.42 (m, 1H), 3.87 (s, 3H), 3.56 (s, 3H), 3.38 (s, 1H),
1.54 (s, 3H), 1.41 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 156.6, 149.0, 143.7, 136.3, 135.6, 134.3,
123.7, 109.8, 107.5, 102.3, 101.6, 72.6, 57.3, 56.7, 52.1, 28.4, 26.1.
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Methyl (1R,5R,6S)-5,6-dihydroxy-2-(7-methoxybenzo[d][1,3]dioxol-5-yl)cyclohex-3enylcarbamate (306)

Olefin 6 (0.19 mmol, 72 mg) was dissolved in 0.7 mL of tetrahydrofuran and 0.2 mL of water.
After addition of Amberlyst-15 (200 mg, prewashed), reaction mixture was vigorously stirred for
16 h at room temperature. Then the reaction mixture was filtered, concentrated under reduced
pressure and subjected to purification column chromatography (DCM:MeOH 100:1 to 20:1). Yield
40 mg, 62 %.
306: Rf = 0.4 [DCM:MeOH (15:1)]; IR (neat) 3447, 3317, 2945, 2911, 2846, 2791, 1689 cm-1; 1H
NMR (600 MHz, CD2Cl2) δ 6.38 (s, 1H), 6.35 (s, 1H), 5.96 – 5.92 (m, 3H), 5.72 (d, J = 9.8 Hz,
1H), 4.71 (s, 1H), 4.28 (s, 1H), 3.83 (s, 3H), 3.81 – 3.69 (m, 3H), 3.57 (s, 3H), 3.34 (s, 1H), 3.23
(d, J = 9.3 Hz, 1H), 2.62 (s, 1H);
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C NMR (150 MHz, CD2Cl2) δ 149.6, 144.2, 136.2, 134.9,

134.2, 127.2, 108.3, 102.5, 102.0, 73.6, 67.1, 57.1, 52.8, 49.7, 30.2; HRMS (EI) calcd for
C16H19O7N: 337.1160; found 337.1155; anal. calcd for C16H19O7N: C, 56.97; H, 5.68; found C,
56.76; H, 5.88.
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Methyl ((3aS,4R,5R,6S,7S,7aR)-6,7-dihydroxy-7'-methoxy-2,2-dimethyl-3a,4,5,6,7,7ahexahydro-[5,5'-bibenzo[d][1,3]dioxol]-4-yl)carbamate (313)

Olefin 6 (1.35 g, 3.579 mmol) was dissolved in 20 mL of acetone and 5 mL of water. Then OsO4
(250 mg, 0.9834 mmol) and N-methylmorpholine-N-oxide (NMO, 419 mg, 3.579 mmol) were
added. The reaction mixture was stirred at room temperature for 4 days, then quenched with
NaHSO3 saturated solution (20 mL). The reaction mixture was filtered through a plug of celite,
absorbed on deactivated silica and subjected to purification by column chromatography
(hexanes:EtOAc (1:2)). Diol 313 was isolated as a white foamy oil (785 mg, 53 %)
313: Rf = 0.1 [hexanes:EtOAc (1:2)], [α]25
–55.4 (c 0.5, CHCl3); IR (neat) 3369, 3082, 2952, 2918,
𝐷
2851, 1699, 1634 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.44 (s, 2H), 5.96 (s, 2H), 4.60 (s, 1H),
4.45-4.26 (m, 2H), 4.19 (s, 1H), 4.04-3.81 (m, 5H), 3.54 (s, 3H), 2.92 (s, 1H), 2.65 (s, 1H), 1.82
(s, 1H), 1.60 (s, 3H), 1.39 (s, 3H);

C NMR (150 MHz, CDCl3) δ 156.7, 149.4, 144.0, 134.8,
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132.1, 109.4, 101.7, 77.6, 76.6, 72.7, 69.5, 56.7, 55.1, 52.3, 48.3, 29.9, 28.1, 26.0; anal. calcd for
C19H25NO9: C, 55.47; H, 6.13; found C, 54.80; H, 6.44.
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Methyl ((3aS,4R,5R,5aS,8aS,8bR)-4-(7-methoxybenzo[d][1,3]dioxol-5-yl)-7,7-dimethyl-2,2dioxidohexahydro-[1,3]dioxolo[4',5':3,4]benzo[1,2-d][1,3,2]dioxathiol-5-yl)carbamate (315)

A suspension of sodium hydride (28 mg, 1.17 mmol) was added to a solution of diol 313 (150 mg,
0.37 mmol) in 10 mL of THF at 0 °C. The reaction mixture was stirred for 30 min, then slowly
allowed to warm up to room temperature. After 30 min the reaction mixture was cooled down to
0 °C, 1,1’-sulfonydiimidazole (144 mg, 0.73 mmol) was added, and reaction was allowed to slowly
warm up to room temperature and stir for 5 h. Then reaction mixture was quenched with 5 mL of
water and absorbed on deactivated silica for column chromatography [hexanes:EtOAc (2:1)]. The
cyclic sulfate 315 was isolated as white glassy foam (116 mg, 67 %)
315: Rf = 0.7 [hexanes:EtOAc (1:1)]; [α]24
–98.8 (c 0.4, CHCl3); IR (neat) 3333, 2988, 2942, 2851,
𝐷
1708, 1636, 1533, 1514, 1453, 1438, 1387, 1253, 1208, 1145, 1088, 1048 cm-1; 1H NMR (600
MHz, CDCl3) δ 6.40 (s, 1H), 5.98 (s, 1H), 5.27 (d, J = 3.1 Hz, 1H), 5.01 (dd, J = 10.4, 5.6 Hz,
1H), 4.70-4.60 (m, 1H), 4.51 (s, 1H), 4.44 (d, J = 92.7 Hz, 1H), 4.36 (s, 1H), 4.12 (q, J = 7.1 Hz,
1H), 3.89 (s, 2H), 3.57 (s, 2H), 3.25 (s, 1H), 1.60 (s, 3H), 1.41 (s, 3); 13C NMR (150 MHz, CDCl3)
δ 149.1, 144.0, 135.3, 129.1, 110.6, 102.9, 101.9, 95.1, 85.5, 80.9, 73.4, 60.5, 56.9, 52.5, 52.0,
46.9, 27.7, 25.8; HRMS (FAB MS ESI+) calcd for [C19H23NO11S+H]+: 474.1065, found:
474.1033; anal. calcd for C19H23NO11S: C 48.20, H 4.90, found C 48.27, H 5.08.
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(1R,2R,3S,4S,5R,6R)-2,3,4-Trihydroxy-6-(7-methoxybenzo[d][1,3]dioxol-5-yl)-5((methoxycarbonyl)amino)cyclohexyl benzoate (317) and (1R,2S,3S,4R,5R,6S)-2,3,6trihydroxy-5-(7-methoxybenzo[d][1,3]dioxol-5-yl)-4-((methoxycarbonyl)amino)cyclohexyl
benzoate (318)115
Cyclic sulfate 315 (50 mg, 0.11 mmol) and ammonium benzoate (35.3 mg, 0.26 mmol) were
dissolved in 1 mL of DMF and heated for 6 h at 70 °C. DMF removed in high vacuum at 70 °C.
Residual mixture dissolved in 1 mL of THF, and added 2 drops of H2O and 2 drops of concentrated
H2SO4. The mixture was stirred overnight at room temperature whereupon it was quenched with
5 mL of sat. solution of NaHCO3 and extracted with EtOAc (5 × 5 mL). Organic phases were dried
over Na2SO4, filtered and concentrated under reduced pressure. Benzoate 317 was isolated by
preparative TLC as a colourless glassy oil (29 mg, 57.8 %)

317: Rf = 0.4 [EA]; [α]24
+89.3 (c 1.0, CHCl3); 1H NMR (400 MHz, acetone-d6) δ 8.09 (d, J = 7.4
𝐷
Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.7 Hz, 2H), 6.63 (s, 1H), 6.46 (s, 1H), 6.05 (d, J =
9.6 Hz, 1H), 5.83 (d, J = 2.6 Hz, 1H), 5.40-5.31 (m, 1H), 5.20 (s, 1H), 4.79 (d, J = 4.0 Hz, 1H),
4.72 (dd, J = 21.9, 10.3 Hz, 1H), 4.25-4.09 (m, 1H), 4.07-3.93 (m, 1H), 3.74 (d, J = 7.7 Hz, 1H),
3.59 (s, 2H), 3.52 (d, J = 12.1 Hz, 1H), 3.46 (s, 1H); 13C NMR (100 MHz, acetone-d6) δ 164.5,
148.2, 143.0, 133.1, 132.7, 130.5, 129.4, 128.3, 108.1, 102.8, 100.7, 76.5, 73.3, 73.3, 71.6, 55.0,
50.5, 49.8, 45.9; HRMS (EI MS ESI+) calcd for [C23H25NO10+H]+: 475.1473, found: 475.1458.
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318: Rf = 0.4 [EA]; [α]25
+5.1 (c 1.0, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.14-8.04 (m, 2H),
𝐷
7.58 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 6.50 (s, 1H), 6.44 (s, 1H), 5.13 (dd, J = 9.8, 2.7
Hz, 1H), 4.63 (d, J = 7.5 Hz, 1H), 4.42 (s, J = 22.3, 12.1 Hz, 1H), 4.38 (t, J = 10.2 Hz, 1H), 4.184.00 (m, 2H), 3.96-3.75 (m, 4H), 3.57 (s, J = 24.5 Hz, 3H), 3.00 (s, 1H), 2.59 (t, J = 11.1 Hz, 1H),
1.91 (s, 1H); 13C NMR (150 MHz, CDCl3) δ 166.4, 158.6, 149.7, 144.0, 135.0, 133.5, 131.7, 130.1,
129.8, 128.6, 101.8, 76.0, 74.6, 71.1, 70.9, 56.8, 54.6, 52.8, 52.1, 29.9; HRMS (EI MS ESI+) calcd
for [C23H25NO10+H]+: 475.1473, found: 475.1486.
(1S,2S,3S,4R,5R,6R)-4-(Benzoyloxy)-5-(7-methoxybenzo[d][1,3]dioxol-5-yl)-6((methoxycarbonyl)amino)cyclohexane-1,2,3-triyl triacetate (319)115

Triethylamine (0.078 mL, 0.55 mmol), 4-dimethylaminopyridine (DMAP, cat. amount, 1 crystal)
and acetic anhydride (0.052 mL, 0.55 mmol) was added to a solution of triol 317 (26 mg, 0.055
mmol) in DCM (0.5 mL). After 1 h, the reaction mixture was concentrated under reduced pressure
and the crude product was purified on preparative TLC (hexanes:EtOAc (1:1)) to yield triacetate
319 as a colourless oil (27 mg, 80 %)
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319: Rf = 0.1 [hexanes:EtOAc (1:1)]; 1H NMR (600 MHz, CDCl3) δ 8.10 (d, J = 7.7 Hz, 1H), 7.60
(t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.4 Hz, 1H), 6.50 (s, 1H), 6.44 (s, 1H), 5.88 (s, 1H), 5.43 (s, 1H),
5.-5.25 (m, 1H), 5.24 (s, 1H), 4.91 (dd, J = 20.3, 10.0 Hz, 1H), 4.43 (d, J = 9.6 Hz, 1H), 3.59 (s,
1H), 3.55 (s, 2H), 3.31 (d, J = 12.1 Hz, 1H), 2.22 (s, J = 10.2 Hz, 2H), 2.04 (s, J = 15.4 Hz, 2H),
1.98 (s, 1H); 13C NMR (150 MHz, CDCl3) δ 169.5, 168.4, 164.4, 157.0, 148.9, 143.5, 134.7, 133.8,
130.1, 129.9, 129.5, 128.7, 107.7, 103.3, 101.6, 77.2, 72.5, 71.1, 68.8, 68.3, 56.1, 52.5, 48.4, 48.0,
21.1, 20.9, 20.8. HRMS (EI MS ESI+) calcd for [C29H31NO13]+: 601.1795, found: 601.1770.
(1R,2S,3S,4S,4aR,11bR)-1-(Benzoyloxy)-7-methoxy-6-oxo-1,2,3,4,4a,5,6,11b-octahydro[1,3]-dioxolo[4,5-j]phenanthridine-2,3,4-triyl triacetate (320)115

To the solution of triacetate 319 (25 mg, 0.042 mmol) and DMAP (25.4 mg, 0.21 mmol) in DCM
(2 mL) at 0 °C was added trifluoromethanesulfonic anhydride (56 µL, 0.33 mmol). The reaction
mixture was stirred at 3 °C for 18 h, then it was poured into saturated solution of NaHCO3 (5 mL)
and extracted with EtOAc (3 × 5 mL). The combined organic layers were washed with 0.5 M HCl
solution (4 mL), dried over Na2SO4, and concentrated under reduced pressure. This mixture was
dissolved in THF (2 mL) containing 2 M HCl (0.2 mL) and stirred at room temperature for 4 h.
The reaction mixture was poured into saturated solution of NaHCO3 (5 mL) and extracted with
EtOAc (3 × 10 mL). The combined organic layers were dried over Na2SO4 and concentrated under
reduced pressure. The crude product was purified by column chromatography [10 wt% deactivated
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silica gel, gradient hexanes:EtOAc 1:1 to EtOAc). Phenanthridone 320 was isolated as colourless
glassy oil (10 mg, 42 %).
320: Rf = 0.1 [hexanes:EtOAc (1:2)]; 1H NMR (600 MHz, CDCl3) δ 8.03-7.98 (m, 2H), 7.58 (t,
J = 7.4 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 6.42 (s, 1H), 6.07 (s, 1H), 5.94 (s, 1H), 5.80 (s, 1H), 5.49
(t, J = 3.0 Hz, 1H), 5.34 (t, J = 2.9 Hz, 1H), 5.22 (dd, J = 10.8, 3.5 Hz, 1H), 4.37 (dd, J = 12.5,
11.0 Hz, 1H), 4.05 (s, 3H), 3.49 (dd, J = 12.7, 2.0 Hz, 1H), 2.20 (s, 3H), 2.09 (s, 3H), 1.81 (s, 3H);
C NMR (150 MHz, CDCl3) δ 170.3, 169.4, 168.5, 165.0, 163.6, 152.6, 145.5, 137.7, 134.0,
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133.3, 130.1, 130.0, 129.0, 128.6, 115.7, 101.9, 99.2, 77.2, 71.8, 67.9, 66.9, 66.9, 61.0, 48.0, 40.7,
29.8, 21.0, 20.9, 20.6.
Methyl ((3aS,4R,5R,6R,7R,7aR)-6-bromo-7-hydroxy-7'-methoxy-2,2-dimethyl-3a,4,5,6,7,7ahexahydro-[5,5'-bibenzo[d][1,3]dioxol]-4-yl)carbamate (310)

Cyclic sulfate 315 (100 mg, 0.211 mmol) and KCN (2.3 eq. 48 mg, 0.486 mmol) was dissolved in
DMF (0.5 mL) and heated at 70 ℃ for 5 hours. Then DMF was removed under reduced pressure
(high vacuum) at 70 ℃ for 1 h and 50 ℃ for 10 hours. The reaction mixture was dissolved in 0.5
mL of THF, added 4 drops of water and 3 drops of concentrated H2SO4 and mixed for 5 hours.
The reaction was quenched with 5 mL of saturated solution of NaHCO3 and extracted with DCM
(4x5 mL). Organic phase was dried over MgSO4, filtered and concentrated under reduced pressure.
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Product was purified by preparative TLC [EtOAc:hexanes (1:1)]. Yielded 65 mg of bromohydrin
310.
310: Rf = 0.2 [EtOAc:hexanes (1:1)]; [α]24
–46.1 (c 0.18, CHCl3); IR (neat) 3334, 3132, 2956,
𝐷
2931, 2871, 1704, 1242 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.52 (s, 1H), 6.43 (d, J = 1.4 Hz, 1H),
5.95 (s, 3H), 4.65 (s, 1H), 4.50 (s, 1H), 4.47 – 4.36 (m, 1H), 4.35 – 4.30 (m, 1H), 4.27 – 4.20 (m,
1H), 4.18 (td, J = 2.9, 1.3 Hz, 1H), 3.88 (s, 3H), 3.59 (s, 3H), 3.33 (d, J = 11.7 Hz, 1H), 2.52 (d,
J = 4.1 Hz, 1H), 1.68 (s, 3H), 1.39 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 157.0, 148.7, 143.4,
134.6, 132.0, 109.9, 108.8, 103.4, 101.6, 78.3, 77.4, 71.4, 57.7, 56.7, 52.4, 52.0, 45.0, 27.9, 26.2;
HRMS (EI) calcd for C19H24O8NBr: 473.0680; found 473.0684.
Methyl ((3aS,4R,5R,5aS,6aS,6bS)-5-(7-methoxybenzo[d][1,3]dioxol-5-yl)-2,2dimethylhexahydrooxireno[2',3':3,4]benzo[1,2-d][1,3]dioxol-4-yl)carbamate (309)

Bromohydrin 310 (8 mg, 0.0169 mmol) was dissolved in the solution of K2CO3 (2.3 mg, 0.0169
mmol) in 0.3 mL of MeOH. Reaction stirred at room temperature for 1 hour. Then, reaction
mixture diluted with 0.4 mL DCM and purified with preparative TLC [EtOAc:hexanes (1:1)].
Gave 4.8 mg of epoxide 309.
309: Rf = 0.6 [EtOAc:hexanes (2:1)]; [α]23
+ 41.3 (c 1, CHCl3); IR (neat) 3332, 2987, 2937, 2918,
𝐷
2899, 2249, 1717, 1634 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.55 (d, J = 1.3 Hz, 1H), 6.51 (s, 1H),
5.95 (s, J = 5.1 Hz, 2H), 5.26 (s, 1H), 4.60 (d, J = 6.0 Hz, 1H), 4.22 – 4.12 (m, 2H), 3.90 (s, 3H),
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3.66 (s, J = 10.9 Hz, 3H), 3.57 – 3.50 (m, 1H), 3.46 (d, J = 3.4 Hz, 1H), 3.35 (s, 1H), 2.01 (s, 1H),
1.40 (s, J = 11.8 Hz, 3H), 1.29 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 156.3, 148.9, 143.5, 134.3,
133.4, 109.5, 108.6, 103.1, 103.0, 101.6, 99.8, 77.4, 74.3, 70.2, 56.9, 55.9, 52.7, 26.5, 24.5; HRMS
(EI) calcd for C19H23O8N: 393.1418; found 393.1414; anal. calcd for C19H23O8N: C 58.01, H 5.89,
found C 55.36, H 5.76.
Methyl (1R,4R,5R,6S)-4,5,6-Trihydroxy-2-(7-methoxybenzo[d][1,3]dioxol-5-yl)cyclohex-2enylcarbamate (328)

Allylic alcohol 5 (61 mg, 0.16 mmol) was dissolved in a mixture of DCM and THF (1:2, 3 mL)
and 6 M HCl (0.5 mL) was added dropwise at room temperature. The reaction mixture was stirred
for 15 min, quenched with a saturated solution of NaHCO3 (5 mL), and extracted with DCM (3×10
mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced pressure.
The triol was purified by column chromatography [DCM:MeOH (100:1 to 10:1)] and compound
328 was isolated by precipitation from CHCl3 as a white solid [52 mg (95%)]
328: Rf = 0.4 [DCM:MeOH (10:1)]; mp = 184-185 °C (MeOH); [α]23
–145 (c 0.3, MeCN); IR
𝐷
(neat) 3366, 2938, 2904, 2851, 1697, 1626 cm-1; 1H NMR (600 MHz, DMSO-d6) δ 7.01 (d, J =
9.8 Hz, 1H), 6.59 (d, J = 1.4 Hz, 1H), 6.56 (d, J = 1.5 Hz, 1H), 5.96 (s, 2H), 5.79-5.76 (m, 1H),
4.89 (d, J = 5.9 Hz, 1H), 4.73 (d, J = 4.4 Hz, 1H), 4.65 (d, J = 8.0 Hz, 1H), 4.63-4.58 (m, 1H),
4.14 (dt, J = 6.3, 2.9 Hz, 1H), 3.84 (t, J = 3.9 Hz, 1H), 3.79 (s, 3H), 3.63-3.57 (m, 1H), 3.45 (s,
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3H); 13C NMR (150 MHz, DMSO-d6) δ 156.9, 148.2, 142.7, 136.7, 134.1, 133.9, 128.8, 105.7,
101.1, 100.2, 72.8, 71.1, 67.7, 56.0, 52.3, 51.2; HRMS (EI) calcd for C16H19O8N: 353.1111; found
353.1102.
(1S,2R,3R,6R)-5-(7-Methoxybenzo[d][1,3]dioxol-5-yl)-6-(methoxycarbonylamino)cyclohex4-ene-1,2,3-triyl triacetate (329)

Triol 328 (362 mg, 1.03 mmol) was dissolved in DCM (12 mL) and the solution cooled to 0 °C.
Et3N (570 µL) and Ac2O (390 µL) were added dropwise. After addition of DMAP (cat., 4.2 mg),
the reaction flask was removed from the ice bath. After 10 min TLC (DCM:MeOH 10:1) showed
full consumption of starting material. The reaction mixture was quenched with H2O (15 mL), the
organic layer was separated, and the aqueous phase washed with DCM (4×10 mL). The combined
organic phases were washed with sat. NaCl solution (5 mL), dried over Na2SO4, filtered, and
concentrated. The crude product was purified by flash column chromatography [EtOAc:hexanes
(gradient 1:2 to 1:1.5)] to yield 412 mg (84%) of triacetate 329 as a white foamy oil.
329: Rf = 0.5 [EtOAc:hexanes (1:1)]; [α]22
–210 (c 1, CHCl3); IR (CHCl3) 3333, 2941, 2849, 1744,
𝐷
1722 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.54 (s, 1H), 6.51 (s, 1H), 5.95 (dd, J = 7.0, 1.4 Hz,
2H), 5.74 (dd, J = 3.5, 2.0 Hz, 1H), 5.70 (dd, J = 6.4, 2.8 Hz, 1H), 5.63-5.58 (m, 1H), 5.20 (dd, J
= 8.5, 1.2 Hz, 1H), 5.12 (t, J = 9.0 Hz, 1H), 4.66 (d, J = 10.0 Hz, 1H), 3.87 (s, 3H), 3.57 (s, 3H),
2.15 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 170.6, 170.5, 170.1, 157.0,
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148.9, 143.5, 140.2, 135.5, 132.0, 123.8, 106.2, 101.8, 101.1, 77.2, 71.8, 69.1, 68.0, 56.6, 52.5,
50.6, 21.0, 20.9×2; HRMS (EI) calcd for C22H25O11N: 479.1422; found 479.1427; anal. calcd for
C22H25O11N: C, 55.11; H, 5.26; found C, 55.15; H, 5.34.
(2R,3R,4S,4aR)-7-Methoxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridine2,3,4-triyl triacetate (330)

Triacetate 329 (21 mg, 0.044 mmol) was dissolved in DCM (1 mL) and DMAP (16 mg, 0.132
mmol, 3 eq.) was added. The reaction mixture was cooled to 0 °C and Tf2O (37 µL, 0.219 mmol,
5 eq.) was added dropwise. The mixture was stirred for 18 h at 3 °C, poured into a saturated
solution of NaHCO3 (5 mL), and extracted with EtOAc (3×10 mL). The organic layer was
concentrated under reduced pressure. The crude mixture was redissolved in THF (2 mL), 2 M HCl
(0.2 mL) was added, and the mixture was stirred at room temperature for 3 h. The reaction mixture
was poured into a saturated solution of NaHCO3 (5 mL), extracted with EtOAc (3×10 mL), dried
over Na2SO4, filtered, and concentrated. The crude product was purified by column
chromatography [EtOAc:hexanes (1:3 to 1:1)] to yield 31 mg (48%) of triacetate 330 as a
colorless oil.
330: Rf = 0.7 [EtOAc:hexanes (1:1)], [α]24
+7 (c 0.2, CHCl3); IR (neat) 2956, 2926, 2856, 1750,
𝐷
1669, 1239 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.78 (s, 1H), 6.06 (d, J = 1.1 Hz, 1H), 6.03 (d, J
= 1.1 Hz, 1H), 5.94 (s, 1H), 5.90 (s, 1H), 5.80 (dd, J = 6.1, 3.4 Hz, 1H), 5.75 – 5.72 (m, 1H), 5.08
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(dd, J = 9.1, 1.8 Hz, 1H), 4.58 (dt, J = 9.0, 2.8 Hz, 1H), 4.06 (s, 3H), 2.13 (s, 3H), 2.11 (s, 3H),
2.09 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 170.6, 170.3, 169.8, 163.0, 152.5, 144.9, 139.6, 132.3,
132.1, 120.1, 114.7, 102.2, 99.5, 72.8, 68.1, 67.8, 61.2, 50.7, 21.0, 20.9x2; HRMS (EI) calcd for
C21H21O10N: 447.1165; found 447.1156.
(2R,3R,4S,4aR)-7-Hydroxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridine2,3,4-triyl triacetate (331)

Phenantridone 330 (30 mg, 0.067 mmol) was dissolved in MeCN (3 mL) and a solution of TMSCl
in MeCN (0.5 M, 0.17 mL) and KI (12 mg, 0.072 mmol) were added. The reaction mixture was
heated at 60 °C for 1 h, cooled to 0 °C, and quenched with H2O (3 mL). The product was extracted
with EtOAc (3×5 mL), the organic phase dried over Na2SO4, filtered, and concentrated under
reduced pressure. Purification by flash column chromatography [DCM:MeOH (gradient 100:1 to
10:1)] yielded 15 mg (50%) of phenol 331.
331: Rf = 0.3 [DCM:MeOH (20:1)]; [α]21
–28 (c 0.2, CHCl3); IR (neat) 3308, 2923, 1749, 1675
𝐷
cm-1; 1H NMR (600 MHz, DMSO-d6) δ 13.19 (s, 1H), 8.91 (s, 1H), 6.94 (s, 1H), 6.14-6.09 (m,
3H), 5.88-5.85 (m, 1H), 5.59-5.55 (m, 1H), 5.17 (dd, J = 9.4, 1.7 Hz, 1H), 4.61 (dt, J = 9.1, 2.8
Hz, 1H), 2.07 (s, 3H), 2.03-2.00 (m, 6H); 13C NMR (150 MHz, DMSO-d6) δ 170.2, 170.1, 169.4,
169.1, 152.5, 144.8, 133.9, 130.5, 129.3, 121.6, 105.8, 102.3, 96.1, 71.5, 67.5, 67.4, 50.0, 21.0,
20.6, 20.5; HRMS (EI) calcd for C20H19O10N: 433.1009; found 433.1003.
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(2R,3R,4S,4aR)-2,3,4-Trihydroxy-7-methoxy-3,4,4a,5-tetrahydro-[1,3]dioxolo[4,5j]phenanthridin-6(2H)-one (2-epi-7-methoxynaciclasine 332)

Procedure from triacetate 331: A round bottom flask was charged with triacetate 331 (25 mg,
0.056 mmol), K2CO3 (23 mg, 0.17 mmol) and MeOH (3 mL). After stirring for 5 min, the reagents
dissolved, and the mixture became homogeneous. TLC analysis showed complete consumption of
the starting material. The reaction mixture was concentrated under reduced pressure and the
product was isolated by preparative TLC [DCM:MeOH (8:1)] to yield 332 as a white crystalline
solid (17 mg, 95%).
From acetonide 342: Acetonide 342 (5 mg, 0.014 mmol) was dissolved in a mixture of DCM and
THF (1:2, 0.5 mL) and 2 M HCl (0.3 mL) was added in the dropwise manner at 0 °C. After stirring
for 30 min, the reaction mixture was quenched with a saturated solution of NaHCO3 (3 mL) and
extracted with DCM (3×4 mL). The organic phase was dried over Na2SO4, filtered, and
concentrated under reduced pressure. The triol was purified by preparative TLC [DCM:MeOH
(8:1)]. The reaction yielded 2 mg (44%) of compound 332 as a white crystalline product.
332: Rf = 0.4 [DCM:MeOH (5:1)]; [α]24
+9 (c 0.1, CHCl3:MeOH 1:1); IR (neat) 3342, 2923, 2852,
𝐷
1651 cm-1; 1H NMR (600 MHz, acetone-d6) δ 6.87 (s, 1H), 6.11 (d, J = 0.9 Hz, 1H), 6.06 (d, J =
0.9 Hz, 1H), 6.00 (d, J = 1.4 Hz, 1H), 4.43 (d, J = 2.7 Hz, 1H), 4.33-4.27 (m, 1H), 4.11 (s, 1H),
3.91 (s, 3H), 3.73 (dd, J = 8.7, 1.7 Hz, 1H);
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C NMR (150 MHz, acetone-d6) δ 163.6, 153.0,
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145.2, 140.4, 134.3, 130.7, 126.2, 116.3, 103.1, 99.9, 74.1, 72.8, 68.8, 61.1, 52.9; HRMS (EI)
calcd for C15H15O7N: 321.0849; found 321.0849.
(2R,3R,4S,4aR)-2,3,4,7-Tetrahydroxy-3,4,4a,5-tetrahydro-[1,3]dioxolo[4,5-j]phenanthridin6(2H)-one (2-epi-narciclasine 7)

Procedure from Synthesized Intermediate 332: Triol 332 (20 mg, 0.062 mmol) was dissolved in
MeCN (2 mL) and a solution of TMSCl in MeCN (0.5 M, 0.16 mL) and KI (11 mg, 0.068 mmol)
were added. The reaction mixture was heated at 60 °C for 1 h, cooled to 0 °C, and quenched with
H2O (2 mL). The product was extracted with EtOAc (3×5 mL), the organic phase dried over
(Na2SO4), filtered, and concentrated under reduced pressure. Purification by flash column
chromatography [DCM:MeOH (30:1 to10:1)] yielded 11 mg (60%) of 2-epi-narciclasine (7).
Procedure from Synthesized Intermediate 331: Triacetate 331 (15 mg, 0.035 mmol) was dissolved
in MeOH (3 mL) and K2CO3 (20 mg, 0.14 mmol) was added at r. t. The reaction mixture was
stirred for 10 min until full consumption of starting material (TLC, DCM:MeOH 10:1). The
reaction mixture was quenched with HCl (2 M, 0.2 mL), diluted with H2O (10 mL), and the product
extracted with DCM (20 mL) over 16 h. The organic layer was dried over Na2SO4, filtered, and
concentrated on deactivated silica, and the product was purified by flash column chromatography
[DCM:MeOH (30:1 to 10:1)], to yield 7 mg (66%) of (7) as a white precipitate, 66%.
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7: Rf = 0.2 [DCM:MeOH (10:1)]; [α]21
+69 (c 0.1, i-PrOH); IR (neat) 3356, 2922, 2852, 1660,
𝐷
1632 cm-1; 1H NMR (600 MHz, DMSO-d6) δ 13.25 (s, 1H), 7.92 (s, 1H), 6.73 (s, 1H), 6.08 (d, J
= 5.2 Hz, 2H), 5.98 (s, 1H), 5.31 (s, 1H), 4.95 (s, 1H), 4.89 (d, J = 7.4 Hz, 1H), 4.29 (d, J = 2.1
Hz, 1H), 4.22 (dt, J = 8.5, 3.1 Hz, 1H), 3.89 (s, 1H), 3.64 (d, J = 8.6 Hz, 1H).; 13C NMR (150
MHz, DMSO-d6) δ 169.1, 152.4, 144.8, 133.3, 131.9, 127.8, 126.9, 105.6, 102.1, 95.5, 72.0, 71.7,
67.6, 53.2; HRMS (EI) calcd for C14H13O7N: 307.0692; found 307.0691.
(3aS,3bR,12S,12aR)-6,12-Dihydroxy-2,2-dimethyl-3b,4,12,12atetrahydrobis[1,3]dioxolo[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (166)114,156

Method A: Narciclasine (1) (10 mg, 0.032 mmol) was suspended in DCM (3 mL), and 2,2-DMP
(0.3 mL) added followed by addition of p-TSA (cat.). The mixture was stirred at room temperature
for 2 h. The reaction mixture was adsorbed on deactivated silica and purified by flash column
chromatography (EtOAc:hexanes 1:2 to 1:1). The product was isolated as a colorless oily solid, 8
mg, 71%.
Method B: Narciclasine (1) (230 mg, 0.75 mmol) was dissolved in DMF (4 mL). It was followed
by the addition of 2,2-DMP (0.5 mL) and few crystals of p-toluene sulfonic acid (anhydrous, cat.
amount) at r. t. The reaction mixture was stirred for 18 h. Pyridine (2 mL) followed by water (10
mL) was added to the suspension and the mixture stirred for 1 h at r. t. The precipitated product
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was collected using vacuum filtration, washed with water and dried at under high vacuum to give
an amorphous powder of acetonide 166.
166: Rf = 0.6 [EtOAc:hexanes (2:1)]; 1H NMR (600 MHz, DMSO-d6) δ 13.76 (s, 1H), 8.83 (s,
1H), 7.03 (s, 1H), 6.49 (t, J = 3.0 Hz, 1H), 6.07 (dd, J = 5.1, 0.8 Hz, 2H), 5.82 (s, 1H), 4.19-4.14
(m, 1H), 4.14-4.09 (m, 1H), 4.07 (t, J = 7.8 Hz, 1H), 3.97 (dd, J = 7.9, 6.2 Hz, 1H), 1.46 (s, 3H),
1.32 (s, 3H); 13C NMR (150 MHz, DMSO-d6) δ 167.7, 152.6, 145.2, 133.4, 128.9, 128.3, 126.0,
109.8, 104.3, 102.1, 94.3, 79.0, 78.5, 71.0, 54.6, 27.1, 24.8; HRMS (EI) calcd for C17H17O7N:
347.1005; found 347.1004.
(3aS,12aR)-6-Hydroxy-2,2-dimethyl-4,12a-dihydrobis[1,3]dioxolo[4,5-c:4',5'j]phenanthridin-5(3aH)-one mixture with benzoic acid (334)

Allylic alcohol 166 (15 mg, 0.043 mmol), PBu3 (17.5 mg, 0.086 mmol, 21.3 µL), and benzoic acid
(10.6 mg, 0.086 mmol) were suspended in THF (1 mL). It was followed by slow dropwise addition
of DEAD (15 mg, 0.086 mmol, 13.7 µL). The reaction mixture was stirred at room temperature
for 1.5 h (full consumption of starting material). The reaction mixture was adsorbed on deactivated
silica and purified by column chromatography (EtOAc:hexanes 1:4 to 2:3). The product was
isolated as a 1:1 mixture with benzoic acid, 6 mg, 30%.
334: Rf = 0.4 [EtOAc:hexanes (1:2)]; [α]23
–109 (c 0.05, CHCl3); 1H NMR (600 MHz, CDCl3) δ
𝐷
2H), 6.81-6.73 (m, 2H), 6.12 (d, J = 1.0 Hz, 2H), 6.05 (dd, J = 9.9, 4.5 Hz, 1H), 5.09 (d, J = 7.7
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Hz, 1H), 4.82 (dd, J = 7.6, 4.5 Hz, 1H), 1.51 (s, 3H), 1.36 (s, 3H); 13C NMR (150 MHz, CDCl3) δ
171.2, 165.8, 154.5, 144.6, 133.8, 132.8, 132.4, 131.6, 130.3, 129.6, 128.6, 122.9, 120.9, 108.6,
108.5, 102.6, 92.8, 71.3, 70.8, 27.2, 25.6; LRMS (ESI+) calcd for (C17H15O6N+Na): 352.1; found
352.0.
(2S,3R,4S,4aR)-2,3,4-Trihydroxy-7-methoxy-3,4,4a,5-tetrahydro-[1,3]dioxolo[4,5j]phenanthridin-6(2H)-one (338)85,97b

N-Nitroso-N-methyl urea (1.3 g, 13 mmol) was added portion wise to a cold (0 °C) mixture of
aqueous KOH solution (8 M, 4 mL) and Et2O (14 mL). The organic layer containing freshly
prepared diazomethane solution was decanted onto 2 g of cold KOH pellets, added to the
suspension of narciclasine (1) (100 mg, 0.325 mmol) in EtOH (17 mL) at 0 °C. The reaction flask
was covered with loose rubber septum and left to warm to room temperature and the mixture stirred
for 16 h. After full consumption of starting material (TLC, DCM:MeOH 10:1), the mixture was
stirred for another 16 h under atmospheric conditions and then quenched with the addition of
glacial acetic acid (1 mL). The reaction mixture was concentrated and used for acetonide formation
without further purification. The crude product was purified by column chromatography
(DCM:MeOH 10:1 to 5:1) to afford 338 ( 830 mg, 79%).
338: Rf = 0.1 [DCM:MeOH (10:1)]; mp = 208 °C, lit.2 206 °C; [α]23
+256 (c 0.7, CHCl3:MeOH
𝐷
1:1), lit.11b [α]26
+204 (c 0.3, DMSO); IR (neat) 3379, 2980, 2912, 1359, 1650, 1611, 1478 cm-1;
𝐷
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1

H NMR (600 MHz, DMSO-d6) δ 7.15 (s, 1H), 7.00 (s, 1H), 6.13 (d, J = 0.9 Hz, 1H), 6.11-6.09

(m, 1H), 6.07 (d, J = 0.9 Hz, 1H), 5.19 (d, J = 5.8 Hz, 1H), 5.15 (d, J = 5.5 Hz, 1H), 4.96 (d, J =
3.8 Hz, 1H), 4.04-3.99 (m, 2H), 3.84 (s, 3H), 3.77 (ddd, J = 7.8, 5.5, 2.0 Hz, 1H), 3.69-3.65 (m,
1H);

C NMR (150 MHz, DMSO-d6) δ 162.1, 151.4, 143.5, 139.2, 133.5, 131.3, 123.6, 115.3,
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102.0, 99.5, 72.5, 69.2, 69.2, 60.5, 52.6; HRMS (EI) calcd for C15H15O7N: 321.0849; found
321.0847.
(2S,3R,4S,4aR)-2,3,4-trihydroxy-7-methoxy-5-methyl-3,4,4a,5-tetrahydro-[1,3]dioxolo[4,5j]phenanthridin-6(2H)-one (339)

339: Rf = 0.5 [DCM:MeOH (10:1)]; [α]22
+140.04 (c 0.3 MeOH), IR (neat) 3359, 2982, 2942,
𝐷
2904, 2848, 1633, 1607 cm-1; 1H NMR (600 MHz, THF-d8) δ 6.79 (s, 1H), 6.00 (d, J = 1.1 Hz,
1H), 5.95 (d, J = 1.1 Hz, 1H), 5.94 – 5.91 (m, 1H), 4.21 – 4.16 (m, 1H), 4.04 – 3.99 (m, 2H), 3.98
– 3.94 (m, 1H), 3.93 – 3.89 (m, 2H), 3.87 (s, 3H), 3.77 (s, 3H), 3.76 – 3.72 (m, 1H).

13

C NMR

(150 MHz, THF-d8) δ 160.4, 152.3, 142.9, 140.2, 135.9, 134.3, 125.3, 113.1, 103.0, 100.1, 74.4,
73.5, 70.2, 60.8, 60.1, 52.8; HRMS (EI) calcd for C16H17O7N: 335.1000; found 335.1000.
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(2S,3R,4S,4aR)-2,3,4-Trihydroxy-7-methoxy-3,4,4a,5-tetrahydro-3,4-[a][2,2-dimethyl-1,3dioxolanyl]-[1,3]dioxolo[4,5-j]phenanthridin-6(2H)-one (340)156

7-Methoxynarciclasine 338 (22 mg, 0.07 mmol) was suspended in DCM (2 mL), 2,2-DMP (0.2
mL) was added, followed by the addition of a catalytic amount of p-TSA. The reaction mixture
was stirred at room temperature for 2 hours, adsorbed on deactivated silica, and purified by gravity
column chromatography [DCM:MeOH (100:1 to 30:1)] to afford 340 as a colorless oily solid, 17
mg, 68%.
340: Rf = 0.3 [DCM:MeOH (50:1)]; [α]24
+47.9 (c 0.5, CHCl3); IR (neat) 3338, 2988, 2923, 2853,
𝐷
1655, 1611, 1478 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.85 (s, 1H), 6.31-6.27 (m, 1H), 6.04-6.02
(m, 3H), 4.37 (m, 1H), 4.16-4.05 (m, 3H), 4.02 (s, 3H), 2.77 (d, J = 4.5 Hz, 1H), 1.51 (s, 3H), 1.38
(s, 3H); 13C NMR (150 MHz, CDCl3) δ 161.8, 152.5, 145.3, 139.8, 130.4, 128.2, 125.0, 113.7,
111.4, 102.1, 97.7, 79.8, 79.0, 72.9, 61.2, 55.6, 27.2, 25.0; HRMS (EI) calcd for C18H19O7N:
361.1162; found 361.1165.
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(2R,3R,4S,4aR)-2,3,4-Trihydroxy-7-methoxy-3,4,4a,5-tetrahydro-3,4-[a][2,2-dimethyl-1,3dioxolanyl]-[1,3]dioxolo[4,5-j]phenanthridin-6(2H)-one (342)

A solution of allylic alcohol 340 (15 mg, 0.042 mmol) in DCM (2 mL) was cooled to 0 °C and
Dess-Martin periodinane (20 mg, 0.045 mmol) added. The mixture was left to warm to room
temperature for 1.5 h. To the cooled reaction mixture (0 °C) L-selectride (1 M solution in THF,
0.2 mL) was added in a dropwise manner. The mixture was left to warm to room temperature.
After consumption of the intermediate enone 340 [TLC, DCM:MeOH (50:1)], the reaction mixture
was quenched with saturated NH4Cl solution (1 mL) and filtered through a plug of Celite.
Compound 342 was purified by column chromatography [DCM:MeOH (100:1 to 50:1)] (6 mg,
40%, yellow oil).
342: Rf = 0.3 [DCM:MeOH (50:1)]; [α]24
+119 (c 0.1, CHCl3:MeOH 92:8); IR (neat) 3306, 2924,
𝐷
2854, 1659, 1478 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.93 (s, 1H), 6.47 (dd, J = 5.9, 3.5 Hz, 1H),
6.04 (dd, J = 8.1, 1.3 Hz, 2H), 5.97 (s, 1H), 4.79 (ddd, J = 7.0, 3.5, 1.2 Hz, 1H), 4.68 (dd, J = 6.4,
4.6 Hz, 1H), 4.31 (dd, J = 8.3, 4.5 Hz, 1H), 4.27-4.19 (m, 1H), 4.03 (s, 3H), 2.70 (s, 1H), 1.57 (s,
3H), 1.42 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.6, 152.3, 145.2, 140.2, 134.8, 130.7, 120.1,
114.3, 112.1, 102.2, 98.3, 80.6, 73.4, 63.6 61.2, 54.9, 26.8, 24.8; HRMS (EI) calcd for C18H19O7N:
361.1162; found 361.1153.
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(3aS,4R,7R,7aR)-7'-methoxy-4-((methoxycarbonyl)amino)-2,2-dimethyl-3a,4,7,7atetrahydro-[5,5'-bibenzo[d][1,3]dioxol]-7-yl 2-bromoacetate (349) and (3aS,4R,7R,7aR)-7'methoxy-4-((methoxycarbonyl)amino)-2,2-dimethyl-3a,4,7,7a-tetrahydro-[5,5'bibenzo[d][1,3]dioxol]-7-yl 2-iodoacetate (350). General procedure.
Allylic alcohol 5 (100 mg, 0.254 mmol), halocarboxylic acid (0.28 mmol) and DMAP (2 mg,
0.0127 mmol) were dissolved in 5 mL of dry DCM and cooled down to 0 °C. Then EDS (58 mg,
0.28 mmol) was added in small portions. After stirring for 15 min at 0 °C, ice bath was removed
and reaction mixture was stirred for 1 h at r.t. Reaction mixture was washed 2×4 mL of H2O, then
4 mL of brine. Organic phase was dried with Na2SO4, filtered and concentrated. The product was
purified by column chromatography (EtOAc:hexanes 1:4 to 1:2). Reaction yielded 126 mg of
foamy oil.
(3aS,4R,7R,7aR)-7'-methoxy-4-((methoxycarbonyl)amino)-2,2-dimethyl-3a,4,7,7atetrahydro-[5,5'-bibenzo[d][1,3]dioxol]-7-yl 2-bromoacetate (349)

349: Rf = 0.2 [EtOAc:hexanes (1:2)×2]; IR (neat) 3316, 2987, 2938, 2908, 2251, 1718, 1699 cm; H NMR (300 MHz, CDCl3) δ 6.58 (d, J = 4.2 Hz, 2H), 6.02 – 5.95 (m, 3H), 5.64 – 5.56 (m,
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1H), 4.83 – 4.75 (m, 1H), 4.75 – 4.60 (m, 3H), 4.22 (s, 1H), 3.99 (d, J = 0.8 Hz, 1H), 3.90 (s, 3H),
3.69 (s, 3H), 1.33 (s, 6H).; 13C NMR (75 MHz, CDCl3) δ 167.3, 156.7, 149.4, 143.8, 138.9, 135.7,
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133.2, 125.1, 110.0, 105.9, 101.8, 100.2, 73.9, 71.3, 56.9, 41.1, 26.4, 25.9, 24.7; HRMS (EI) calcd
for C21H24O9NBr: 513.0629; found 513.0630.
(3aS,4R,7R,7aR)-7'-methoxy-4-((methoxycarbonyl)amino)-2,2-dimethyl-3a,4,7,7atetrahydro-[5,5'-bibenzo[d][1,3]dioxol]-7-yl 2-iodoacetate (350)

350: Rf = 0.2 [EtOAc:hexanes (1:2)×2]; IR (neat) 3322, 2987, 2938, 2906, 2843, 2252, 1719, 1701
cm-1; 1H NMR (600 MHz, CDCl3) δ 6.62 – 6.54 (m, 2H), 6.01 – 5.93 (m, 3H), 5.59 (d, J = 34.2
Hz, 1H), 4.79 (dd, J = 9.2, 5.9 Hz, 1H), 4.71 (s, 1H), 4.69 – 4.61 (m, 2H), 4.23 (s, 1H), 3.90 (s,
3H), 3.85 (dd, J = 26.5, 10.2 Hz, 1H), 3.69 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H).; 13C NMR (150
MHz, CDCl3) δ 169.0, 167.4, 156.7, 149.4, 139.0, 138.8, 135.7, 135.7, 125.1, 110.0, 105.8, 101.8,
100.2, 100.1, 73.9, 71.3, 71.0, 56.9, 41.1, 26.4, 26.4, 24.76; HRMS (EI) calcd for C21H24O9NI:
561.0490; found 561.0491.
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Methyl ((3aS,4R,7R,7aR)-7-(2-bromo-1-ethoxyethoxy)-7'-methoxy-2,2-dimethyl-3a,4,7,7atetrahydro-[5,5'-bibenzo[d][1,3]dioxol]-4-yl)carbamate (352)

Allylic alcohol 5 (100 mg, 0.254 mmol) and ethyl vinyl ether (0.1 mL) was dissolved in 5 mL of
DCM and solution cooled down to 0 °C. After portion wise addition of NBS (50 mg, 0.28 mmol),
ice bath was removed, and reaction was stirred at r.t. for 1 h. Then it was quenched with few drops
of saturated Na2SO3 solution (till yellow colour disappeared), washed with 2×4 mL of water.
Organic phase was dried over Na2SO4, filtered and concentrated. Product was purified by flash
column chromatography (EtOAc:hexanes 1:4 to 1:1). Yielded 130 mg of bromoacetal 352.
352: Rf = 0.3 [EtOAc:hexanes (1:1)]; 1H NMR (300 MHz, CDCl3) δ 6.58 (s, 2H), 6.15 (d, J = 6.6
Hz, 1H), 5.96 (s, 2H), 4.99 (q, J = 5.8 Hz, 1H), 4.82 – 4.46 (m, 5H), 3.89 (d, J = 1.4 Hz, 1H), 3.87
– 3.62 (m, 5H), 3.50 (ddd, J = 8.3, 5.8, 2.6 Hz, 2H), 1.32 (d, J = 3.5 Hz, 6H), 1.26 (td, J = 7.0, 2.9
Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 156.7, 149.3, 143.7, 138.0, 137.8, 135.5, 133.7, 133.6,
109.7, 105.7, 105.7, 101.8, 100.0, 72.2, 70.4, 56.9, 31.5, 31.4, 26.5, 24.7, 15.3; HRMS (EI) calcd
for C23H30O9NBr: 543.1098; found 543.1089.
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(3aS,3bR,12S,12aR)-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl 2-bromoacetate (355)

Solution of allylic alcohol 340 (60 mg, 0.166 mmol) and DMAP (1 mg, 0.0083 mmol) in 0.6 mL
of dry DCM was added to a solution of bromoacetic acid (25.4 mg, 0.183 mmol) in 0.6 mL of dry
DCM. Reaction mixture was cooled down to 0 °C and solution of DCC (37.8 mg, 0.183 mmol) in
0.6 mL of DCM was added dropwise. After 15 min reaction was removed from ice bath and stirred
at r.t. for 16 h. Reaction mixture was filtered through a plug of cotton and sand and concentrated.
Product was isolated by column chromatography (DCM:MeOH 100:1) to yield 63 mg of
bromoacetate 355.
355: Rf = 0.2 [DCM:MeOH (30:1)]; [α]24
+74.3 (c 0.8, CHCl3); IR (neat) 3374, 3205, 3072, 2987,
𝐷
2926, 2853, 1744, 1668 cm-1; 1H NMR NMR (600 MHz, CDCl3) δ 6.84 (s, 1H), 6.09 – 6.01 (m,
4H), 5.48 – 5.43 (m, 1H), 4.33 (dd, J = 7.4, 5.7 Hz, 1H), 4.19 – 4.10 (m, 2H), 4.03 (s, 3H), 4.00 –
3.93 (m, 2H), 1.51 (s, 3H), 1.39 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 166.1, 161.6, 152.5, 145.2,
140.1, 130.0, 129.8, 120.1, 113.9, 111.6, 102.3, 98.0, 78.9, 75.8, 75.3, 61.2, 55.1, 27.3, 25.8, 25.2;
HRMS (EI) calcd for C20H20O8NBr: 481.0367; found 481.0368.
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(3aS,3bR,12S,12aR)-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl acetate (356)

Compound was isolated from multiple attempts of radical cyclization and matched (TLC, 1H and
13

C NMR, HRMS) with the sample prepared as follows: Triethylamine (0.2 mL), acetic anhydride

(0.1 mL) and few crystals of DMP (cat.) was added to a solution of allylic alcohol 340 (69 mg,
0.19 mmol) in 2 mL of DCM at 0 °C. After addition of reagents was done, ice bath was removed,
and reaction stirred for 30 min at r.t. Reaction was quenched with diluted NHCO3 solution (aprox.
10%, 4 mL) and extracted with DCM (6×5 mL). Organic phase dried over Na2SO4, filtered and
concentrated under reduced pressure. Purification with flash column chromatography
(DCM:MeOH 300:1 to 50:1) yielded 47 mg of acetate 356 (colorless glassy oil).
356: Rf = 0.5 [DCM:MeOH (30:1)]; [α]23
+102.33 (c 0.25, CHCl3); IR (neat) 3269, 2989, 2935,
𝐷
2925, 2914, 1740, 1669, 1610 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.82 (s, 1H), 6.10 – 6.04 (m,
2H), 6.02 (dd, J = 5.3, 1.2 Hz, 2H), 5.41 – 5.32 (m, 1H), 4.30 (dd, J = 7.3, 5.6 Hz, 1H), 4.18 –
4.06 (m, 2H), 4.02 (s, 3H), 2.19 (s, 3H), 1.51 (s, 3H), 1.38 (s, 3H).; 13C NMR (75 MHz, CDCl3) δ
170.5, 161.7, 152.4, 145.2, 140.0, 130.0, 129.4, 121.5, 113.8, 111.4, 102.2, 98.0, 79.0, 75.5, 74.0,
61.2, 55.1, 27.3, 25.1, 21.3; HRMS (EI) calcd for C20H21O8N: 403.1262; found 403.1254; anal.
calcd for C20H21O8N: C, 59.55; H, 5.25; found C, 59.27; H, 5.49
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(2S,3R,4S,4aR)-7-methoxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5-j]phenanthridine2,3,4-triyl triacetate (362)

7-Methoxynarciclasine 338 (91 mg, 0.28 mmol) were suspended in 1 mL of pyridine and 0.3 mL
of acetic anhydride. Reaction stirred at r.t. for 16 h, then added 6 g of crushed ice and extracted
with 5×5 mL of DCM. Organic phase dried over Na2SO4, filtered and concentrated. The product
purified by flash column chromatography (DCM:MeOH 200:1 to 50:1) yielded 101 mg (70%) of
triacetate 362.
362: Rf = 0.4 [DMC:MeOH (30:1)]; [α]22
+101.89 (c 2.0, MeOH); IR (neat) 3337, 2924, 1750,
𝐷
1666 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.76 (s, 1H), 6.20 (s, 1H), 6.12 (dd, J = 4.4, 2.0 Hz,
1H), 6.06 – 6.00 (m, 2H), 5.43 (td, J = 2.6, 0.9 Hz, 1H), 5.32 (ddd, J = 4.6, 2.7, 1.2 Hz, 1H), 5.21
(dd, J = 9.0, 2.4 Hz, 1H), 4.53 – 4.47 (m, 1H), 4.04 (s, 3H), 2.12 (s, 3H), 2.11 (s, 3H), 2.07 (s,
3H); 13C NMR (75 MHz, CDCl3) δ 170.7, 169.9, 169.6, 163.0, 152.4, 144.9, 139.8, 136.0, 135.2,
132.2, 117.5, 114.8, 102.2, 99.6, 71.6, 68.6, 68.2, 61.1, 50.1, 29.8, 21.0, 21.0, 20.9; HRMS (EI)
calcd for C21H21O10N: 447.1163; found 447.1162.

167

(2S,3R,4S,4aR,11bS)-7-methoxy-6-oxo-1,2,3,4,4a,5,6,11b-octahydro-[1,3]dioxolo[4,5j]phenanthridine-2,3,4-triyl triacetate (364)155

Pd/C (6 mg, 10 % wt) was added to a degassed solution of triacetate 362 (13 mg, 0.03 mmol) in
dichloromethane and ethanol mixture (1 mL, 1:1) under the argon atmosphere. The reaction flask
was flushed with hydrogen gas and reaction stirred under hydrogen atmosphere for 2 h. After
addition of Celite (200 mg) reaction flask flushed with Ar. The reaction mixture was filtered,
concentrated and subjected to purification by flash column chromatography (DCM:MeOH 100:1
to 50:1) yielded 7 mg (53 %) of triacetate 364. Compound 363 was only observed in the NMR of
the crude reaction mixture, but its purification from the reaction mixture was unsuccessful.
363: Rf = 0.4 [DCM:MeOH (30:1)×2]; 1H NMR (600 MHz, CDCl3) δ 6.44 (s, 1H), 6.01 (d, J =
1.2 Hz, 1H), 5.98 (d, J = 1.2 Hz, 1H), 5.64 (s, 1H), 5.46 – 5.43 (m, 1H), 5.25 – 5.20 (m, 2H), 4.06
(s, 3H), 3.81 (t, J = 3.5 Hz, 1H), 3.17 – 3.11 (m, 1H), 2.17 – 2.13 (m, 4H), 2.02 (s, 3H), 2.01 (s,
3H), 1.95 – 1.84 (m, 1H); 13C NMR (600 MHz, CDCl3, spectra generated from 2D HSQC and
HMBC data) δ 170.3×2, 169.4, 152.1, 145.1, 137.6, 113.9, 102.1, 101.4, 69.8, 69.0, 68.4, 60.8,
52.5, 36.1, 20.9, 20.7×2; HRMS (EI) calcd for C21H23O10N: 449.1330; found 449.1326.
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(3aS,3bR,10bR,12S,12aR)-12-hydroxy-6-methoxy-2,2-dimethyl-3b,4,10b,11,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-5(3aH)-one (366)

Method A: K2CO3 (6 mg, 0.04 mmol) was added to the solution of triacetate 364 (5 mg, 0.01 mmol)
in MeOH (0.5 mL) at 0 °C. After 20 min, the ice bath was removed and the reaction mixture stirred
at room temperature for 30 min. TLC showed full consumption of starting material. Reaction
mixture was diluted with 5 mL of DCM, filtered through a cotton plug and concentrated under
reduced pressure. The crude triol 365 was redissolved in 1 mL of DCM, added 0.3 mL of 2,2-DMP
and one crystal of p-TSA (cat.). After 1 h TLC showed full consumption of the starting material.
The reaction mixture was concentrated and purified by preparative thin layer chromatography
(DCM:MeOH 50:1×2). The reaction yielded 2 mg of alcohol 366.
Method B: K2CO3 (10 mg, 0.074 mmol) was added to the solution of acetate 368 (27 mg, 0.07
mmol) in MeOH (1 mL) at room temperature. TLC after 30 min showed full consumption of
starting material. Reaction mixture was diluted with 10 mL of DCM, concentrated on the
deactivated silica and purified by flash column chromatography (DCM:MeOH 100:1 to 30:1).
Reaction yielded white amorphous solid (20 mg, 78%).
Method C: Et3N (0.6 mL, 4.3 mmol) and formic acid (0.15 mL, 4 mmol) was added to a suspension
of 7-methoxynarciclasine 338 (265 mg, 0.83 mmol) in a 1:1 mixture of DCM and EtOH (10 mL).
The reaction was heated at 80 °C for 20 h, cooled down and filtered through a plug of Celite,
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concentrated under reduced pressure. Then the crude reaction mixture was suspended in a 1:1
mixture of DCM and 2,2-DMP (30 mL), followed by the addition of few crystals of p-TSA (cat.).
The reaction stirred at room temperature for 3 h. After full consumption of the starting material,
the reaction mixture was concentrated and product purified by flash column chromatography
(DCM:MeOH:Acetone 100:1:1 to 30:1:1). Reaction yielded 145 mg of alcohol 366, 20 mg of
alcohol 370 and alcohol 369 was detected in a mixture together with compounds 366 and 370.
Method D: Pd/C (13 mg, 10 %wt) was added to a solution of 7-methoxynarciclasine (40 mg, 0.12
mmol) in DMF (1 mL). The reaction mixture was flushed with H2 gas, then left to stir at room
temperature for 16 h under H2 atmosphere. 2,2-DMP (0.5 mL) and few crystals of p-TSA (cat.)
was added to the reaction after flushing it with Ar. After 3 h of stirring, reaction mixture was
filtered through a plug of Celite, diluted with water (15 mL) and extracted with DCM (4×5 mL).
The combined organic layers were washed with 5 % LiCl solution (3 mL) and brine (3 mL), then
dried over Na2SO4, filtered and concentrated. Product was purified by flash column
chromatography (DCM:MeOH:Acetone 100:1:1 to 30:1:1). The reaction yielded 15 mg of alcohol
366 and 11 mg of a mixture of alcohols 369 and 370.
366: Rf = 0.15 [DCM:MeOH (30:1)]; [α]22
+1.26 (c 0.28, MeOH); IR (neat) 3351, 2980, 1651 cm𝐷
; H NMR (600 MHz, CDCl3) δ 6.47 (d, J = 0.6 Hz, 1H), 6.24 (s, 1H), 5.97 (dd, J = 14.1, 1.4 Hz,
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2H), 4.42 (dd, J = 5.4, 2.7 Hz, 1H), 4.24 (dd, J = 4.9, 2.3 Hz, 1H), 4.18 (dd, J = 8.4, 5.1 Hz, 1H),
4.04 (s, 3H), 3.27 (dd, J = 13.1, 8.4 Hz, 1H), 2.93 (td, J = 12.5, 3.2 Hz, 1H), 2.31 (dt, J = 13.7,
2.9 Hz, 1H), 1.96 (s, 1H), 1.73 (ddd, J = 14.0, 12.3, 3.2 Hz, 1H), 1.42 (s, 3H), 1.36 (s, 3H). 13C
NMR (150 MHz, CDCl3) δ 164.5, 152.1, 144.9, 138.4, 137.0, 115.5, 110.0, 101.8, 99.8, 77.2, 66.3,
60.9, 57.1, 33.2, 31.0, 28.3, 26.4. HRMS (EI) calcd for C18H21O7N: 363.1318; found 363.1319.
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370: Rf = 0.15 [DCM:MeOH (30:1)]; [α]22
+4.21 (c 0.21, MeOH); 1H NMR (600 MHz, DMSO𝐷
d6) δ 10.84 (s, 1H), 6.95 (s, 1H), 6.15 – 6.11 (m, 2H), 5.16 (d, J = 4.3 Hz, 1H), 4.88 (d, J = 6.0
Hz, 1H), 4.26 (t, J = 5.6 Hz, 1H), 4.12 – 4.01 (m, 1H), 3.86 (s, 4H), 2.69 (dd, J = 16.0, 3.9 Hz,
1H), 2.57 (dd, J = 16.0, 5.0 Hz, 1H), 1.35 (s, 3H), 1.20 (s, 3H).; 13C NMR (150 MHz, DMSO-d6)
δ 159.4, 152.4, 143.0, 137.8, 136.3, 131.8, 114.9, 108.9, 105.6, 102.1, 97.2, 76.3, 71.1, 65.6, 60.9,
27.9, 27.8, 26.1; HRMS (EI) calcd for C18H19O7N: 361.1156; found 361.1157.
(3aS,3bR,10bR,12S,12aR)-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,5,10b,11,12,12aoctahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl acetate (368)

Olefin 356 (47 mg, 0.117 mmol) and Pd/C (10 %, 11 mg) was charged into round bottom flask
and flushed with a stream of Ar (5 min), then H2. Mixture was suspended in DCM and EtOH
mixture (1:1, 8 mL) and stirred at r.t. under H2 atmosphere. After reaction was done (by TLC after
1 h) H2 was flushed out with Ar, then added 2 scoopulas of Celite and reaction mixture was filtered
through a plug of Celite. Filtrate was concentrated and yielded 55 mg of crude material. Mixture
was purified by flash column chromatography (DCM:MeOH 300:1 to 50:1) and yielded 2
fractions: trans 368 (32 mg, 68 %) and cis 367 (11 mg, 23.3 %). Total yield 43 mg, 91 %.
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368: Rf = 0.4 [DCM:MeOH (30:1)]; [α]24
+34.79 (c 1.3, CHCl3); IR (neat) 3336, 3101, 2983,
𝐷
2932, 1738, 1668, 1612 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.49 (s, 1H), 6.09 (s, 1H), 5.98 (dd,
J = 6.9, 1.3 Hz, 2H), 5.48 (d, J = 1.2 Hz, 1H), 4.17 – 4.08 (m, 2H), 4.05 (s, 3H), 3.33 (dd, J =
12.9, 7.6 Hz, 1H), 2.88 (td, J = 12.5, 3.1 Hz, 1H), 2.35 (dt, J = 14.4, 2.8 Hz, 1H), 2.09 (s, 3H),
1.87 – 1.73 (m, 1H), 1.44 (s, 3H), 1.36 (s, 3H).; 13C NMR (75 MHz, CDCl3) δ 169.7, 163.9, 152.1,
145.1, 137.4, 115.8, 110.3, 101.8, 99.7, 77.3, 77.2, 74.7, 68.3, 61.0, 56.8, 33.9, 28.4, 28.2, 26.5,
21.2.; HRMS (EI) calcd for C20H23O8N: 406.1452; found 406.1472.

367: Rf = 0.4 [DCM:MeOH (30:1)]; [α]22
+91.35 (c 0.2, 4 % of DMSO in MeOH); IR (neat) 3335,
𝐷
3099, 2983, 2931, 1738, 1668, 1610 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.70 (s, 1H), 6.48 (s,
1H), 6.03 – 5.93 (m, 2H), 5.07 – 4.91 (m, 1H), 4.46 – 4.34 (m, 1H), 4.22 (dd, J = 8.0, 5.1 Hz, 1H),
4.14 (s, 1H), 4.02 (s, 3H), 3.17 – 2.96 (m, 1H), 2.01 (s, 3H), 1.89 – 1.70 (m, 2H), 1.55 (s, 3H),
1.40 (s, 3H).; 13C NMR (75 MHz, CDCl3) δ 170.7, 170.5, 165.1, 152.3, 144.8, 138.7, 138.1, 114.7,
111.2, 109.6, 106.6, 102.8, 102.1, 101.9, 97.1, 76.6, 76.0, 73.7, 61.0, 50.9, 37.0, 30.7, 29.8, 28.1,
26.4, 21.3; HRMS (EI) calcd for for C20H23O8N: 406.1452; found 406.1452.
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(3aS,3bR,10bR,12aS)-6-methoxy-2,2-dimethyl-3a,3b,4,10b,11,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-5,12-dione (358)

Dess-Martin periodinane (71 mg, 0.17 mmol) was added to a solution of alcohol 366 (55 mg, 0.15
mmol) in DCM (5.5 mL) at 0 °C. The reaction mixed in the ice bath for 15 min, then for 1 h at
room temperature. The reaction mixture was diluted with 10 mL of DCM, washed with H2O (2×5
mL). Aqueous layer was backwashed with DCM (2×5 mL) and combined organic layer was dried
over MgSO4, filtered and concentrated under reduced pressure. Crude mixture was subjected to
flash column chromatography (DCM:MeOH 100:1 to 30:1) and yielded 40 mg of ketone 358
colourless glassy oil (65% yield).
358: Rf = 0.2 [DCM:MeOH (30:1)]; [α]22
+35.95 (c 0.953, MeOH); IR (neat) 3544, 3198, 3066,
𝐷
2990, 2925, 2854, 1734, 1667, 1608 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.36 (s, 1H), 6.08 (s,
1H), 6.01 (dd, J = 9.4, 1.2 Hz, 2H), 4.60 (d, J = 8.0 Hz, 1H), 4.52 (t, J = 7.9 Hz, 1H), 4.06 (s, 3H),
3.47 (dd, J = 13.1, 7.9 Hz, 1H), 3.34 – 3.19 (m, 1H), 3.12 (dd, J = 17.4, 6.5 Hz, 1H), 2.58 (dd, J
= 17.4, 11.1 Hz, 1H), 1.50 (s, 3H), 1.41 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 203.9, 163.2, 152.6,
145.3, 137.8, 136.3, 112.4, 102.0, 100.2, 79.6, 78.0, 61.0, 56.6, 40.9, 34.0, 27.2, 25.5; HRMS (EI)
calcd for C18H19O7N: 361.1156; found 361.1159.
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Methyl (S)-2-hydroxy-2-((7R,8R)-4-methoxy-8-(2-methoxy-2-oxoethyl)-5-oxo-5,6,7,8tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-7-yl)acetate (371)

Freshly prepared NaOMe (34 mg, 0.625 mmol) was added to a suspension of the ketone 358 (90
mg, 0.25 mmol) and ethyl formate (0.2 mL, 2.5 mmol) in methanol (3 mL) at 0 °C. The reaction
mixture was mixed for 3 h letting it slowly warm up to room temperature. Reaction mixture was
diluted with DCM (10 mL) and washed with water (2×4 mL) and brine (1×4), dried over Na2SO4,
filtered and concentrated. Product was purified by preparative thin layer chromatography
(DMC:MeOH 25:1). The reaction yielded 15 mg of compound 371 in a mixture with impurity
(20%).
371: Rf = 0.2 [DCM:MeOH (30:1)]; 1H NMR (600 MHz, CDCl3) δ 6.44 (s, 1H), 6.38 (s, 1H), 5.99
(d, J = 1.3 Hz, 1H), 5.97 (d, J = 1.3 Hz, 1H), 4.16 (d, J = 6.1 Hz, 1H), 4.02 (s, 3H), 3.73 (s, 3H),
3.68 (s, 3H), 3.42 (dd, J = 9.0, 5.4 Hz, 1H), 2.80 (dd, J = 16.5, 9.1 Hz, 1H), 2.54 (dd, J = 16.5,
5.4 Hz, 1H).; 13C NMR (151 MHz, CDCl3) δ 172.8, 171.9, 163.6, 152.2, 144.7, 137.6, 137.0,
114.2, 112.3, 103.0, 102.0, 101.8, 100.2, 73.1, 60.9, 56.6, 53.0, 52.1, 39.9, 37.0; HRMS (EI) calcd
for C17H19O9N: 381.3368; found 381.3366.

174

Dimethyl 2,2'-((3aS,3bR,10bR,12aS)-6-methoxy-2,2-dimethyl-5,12-dioxo-3a,3b,5,10b,11,12hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-4,12a-diyl)diacetate (373)

373: Rf = 0.3 [DCM:MeOH (30:1)]; IR (neat) 2953, 2923, 2853, 1741, 1655, 1614 cm-1; 1H NMR
(600 MHz, CDCl3) δ 6.46 (d, J = 0.8 Hz, 1H), 6.03 (d, J = 1.4 Hz, 1H), 6.00 (d, J = 1.3 Hz, 1H),
5.01 (d, J = 17.7 Hz, 1H), 4.62 (d, J = 8.4 Hz, 1H), 4.31 (d, J = J = 17.7 Hz, 1H), 4.03 (s, 3H),
3.90 (dd, J = 13.1, 8.4 Hz, 1H), 3.81 (d, J = 9.9 Hz, 1H), 3.72 (s, 3H), 3.68 (s, 3H), 3.23 (dd, J =
17.3, 5.0 Hz, 1H), 3.20 (d, J = 16.4 Hz, 1H), 2.96 (d, J = 16.4 Hz, 1H), 2.61 (dd, J = 17.3, 12.5
Hz, 1H), 1.44 (s, 3H), 1.40 (s, 3H); 13C (150 MHz, CDCl3) δ 202.5, 171.0, 170.7, 163.6, 152.4,
145.2, 138.1, 135.8, 115.1, 112.4, 102.0, 99.8, 83.8, 82.2, 61.1, 60.3, 52.4, 52.2, 45.0, 41.3, 40.3,
33.8, 28.9; HRMS (EI) calcd for C24H27O11N: 505.1589; found 505.1588.
tert-Butyl (3aS,3bR,10bR,12S,12aR)-12-acetoxy-6-methoxy-2,2-dimethyl-5-oxo3a,5,10b,11,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-4(3bH)carboxylate (380)
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Et3N (0.9 mL, 0.62 mmol), Boc2O (80 mg, 0.37 mmol) and DMAP (cat. few crystals) were added
to a solution of amide 368 (50 mg, 0.123 mmol) in 2.5 mL of DCM at 0 °C. Reaction stirred at 0
°C for 20 min, then it was warmed up to room temperature, then placed to reflux for 12 h. Reaction
mixture was cooled down to room temperature, then diluted with water (5 mL). It was extracted
with DCM (4×5 mL), then combined organic phase was washed with brine (1×2 mL), dried over
Na2SO4, filtered and concentrated. Product was purified with column chromatography
(DCM:MeOH 200:1 to 100:1), then mixture was subjected to second column (EtOAc:hexanes 1:7
to 1:2). 33 mg of product 380 was isolated (55 % yield).
380: Rf = 0.4 [EtOAc:hexanes (1:1)]; [α]22
+ 12.37 (c 0.4, CHCl3); IR (neat) 2982, 2929, 1752,
𝐷
1666, 1612, 1481 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.51 (s, 1H), 6.01 (d, J = 1.3 Hz, 1H), 5.99
(d, J = 1.3 Hz, 1H), 5.44 (dd, J = 6.1, 3.1 Hz, 1H), 4.58 (dd, J = 8.3, 5.2 Hz, 1H), 4.16 (dd, J =
4.9, 2.8 Hz, 1H), 4.04 (s, 3H), 3.69 (dd, J = 12.9, 8.3 Hz, 1H), 3.04 (td, J = 12.5, 3.3 Hz, 1H), 2.39
(dt, J = 14.4, 3.2 Hz, 1H), 2.10 (s, 3H), 1.92 – 1.85 (m, 1H), 1.57 (s, 9H), 1.48 (s, 3H), 1.34 (s,
3H); 13C NMR (150 MHz, CDCl3) δ 169.8, 162.0, 153.5, 152.4, 145.5, 137.8, 136.9, 115.1, 110.0,
101.9, 99.7, 84.2, 75.7, 74.8, 68.2, 61.1, 60.6, 33.3, 28.6, 28.3, 27.7, 26.7, 21.3; HRMS (EI) calcd
for C25H31O10N: 505.1942; found 505.1942; anal. calcd for C25H31O10N: C, 59.40; H, 6.18; found
C, 59.55; H, 6.42.
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tert-Butyl (3aS,3bR,10bR,12S,12aR)-12-hydroxy-6-methoxy-2,2-dimethyl-5-oxo3a,5,10b,11,12,12a-hexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-4(3bH)carboxylate (381)

K2CO3 (0.098 mmol, 13.5 mg, 2 eq.) was added to a solution of acetate 380 (25 mg, 0.049 mmol)
in 2 mL of methanol. Reaction stirred at room temperature until TLC analysis (EtOAc:hexanes
1:1) showed full consumption of starting material (50 min). Reaction mixture was diluted with 5
mL of dichloromethane and it was concentrated on deactivated SiO2 (10% of H2O). Product
purified with flash column chromatography (EtOAc:pentane 1:7 to 1:1). The reaction yielded 20
mg of colorless glassy alcohol 381 (88 %).
381: Rf = 0.1 [EtOAc:hexanes (1:1)]; IR (neat) 3426, 2981, 2926, 2853, 1755, 1644 cm-1; 1H NMR
(600 MHz, CDCl3) δ 6.52 (s, 1H), 6.00 – 5.95 (m, 2H), 4.60 (dd, J = 8.1, 5.5 Hz, 1H), 4.36 – 4.33
(m, 1H), 4.22 – 4.19 (m, 1H), 4.02 (s, 3H), 3.68 (dd, J = 13.0, 8.2 Hz, 1H), 3.12 (td, J = 12.4, 3.9
Hz, 1H), 2.38 – 2.30 (m, 2H), 2.29 – 2.21 (m, 1H), 1.90 – 1.83 (m, 1H), 1.56 (s, 9H), 1.47 (s, 3H),
1.35 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 162.2, 153.5, 152.4, 145.4, 137.8, 137.5, 114.8, 109.7,
101.9, 99.9, 84.1, 77.8, 77.2, 75.9, 66.4, 61.0, 60.5, 32.6, 31.5, 28.3, 27.7, 26.5; HRMS (EI) calcd
for C23H29O9N: 463.1837; found 463.1833.
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tert-Butyl (3aS,3bR,12S,12aR)-12-acetoxy-6-methoxy-2,2-dimethyl-5-oxo-3a,5,12,12atetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-4(3bH)-carboxylate (383)

Et3N (0.1 mL), Boc2O (44 mg, 0.02 mmol) and DMAP (cat. few crystals) were added to a solution
of amide 356 (40 mg, 0.01 mmol) in 2 mL of DCM at 0 °C. Reaction stirred at 0 °C for 20 min,
then it was warmed up to room temperature and placed for reflux for 15 h. Reaction mixture was
cooled down to room temperature, then diluted with water (5 mL). It was extracted with DCM
(4×5 mL), then combined organic phase was washed with brine (1×2 mL), dried over Na2SO4,
filtered and concentrated. Product was purified with column chromatography (DCM:MeOH 200:1
to 50:1). 23 mg of imide 383 was isolated (50 % yield).
383: Rf = 0.5 [DCM:MeOH (30:1)]; [α]22
+ 51.70 (c 1.15, CHCl3); IR (neat) 2984, 2935, 1745,
𝐷
1667, 1611 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.77 (s, 1H), 6.08 (t, J = 3.0 Hz, 1H), 6.02 (s,
2H), 5.43 – 5.34 (m, 1H), 4.91 – 4.83 (m, 1H), 4.28 – 4.17 (m, 2H), 4.02 (s, 3H), 2.20 (s, 3H), 1.57
(s, 9H), 1.52 (s, 3H), 1.34 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 170.6, 160.8, 153.2, 152.9, 144.8,
139.6, 133.2, 130.2, 129.5, 123.3, 114.6, 111.9, 102.2, 97.5, 83.8, 79.2, 76.0, 74.4, 61.1, 57.9, 27.9,
27.2, 25.2, 21.3; HRMS (EI) calcd for C25H29O10N: 503.1786; found 503.1781; anal. calcd for
C25H29O10N: C, 59.64; H, 5.81; found C, 56.29; H, 5.56 (unstable).
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Methyl (3'aS,4'R,7'S,7'aR)-4'-((tert-butoxycarbonyl)amino)-7'-hydroxy-7-methoxy-2',2'dimethyl-3'a,4',7',7'a-tetrahydro-[5,5'-bibenzo[d][1,3]dioxole]-6-carboxylate (386)

K2CO3 (54 mg, 0.4 mmol) was added to a solution of imide 383 (100 mg, 0.2 mmol) in 10 mL of
methanol. Reaction stirred at room temperature until TLC analysis (EtOAc:hexanes 1:1) showed
full consumption of starting material (1 h). Reaction mixture was diluted with 25 mL of
dichloromethane and it was concentrated on deactivated SiO2 (10% of H2O). Product purified with
flash column chromatography (EtOAc:pentane 1:7 to 1:1). The reaction yielded 90 mg of white
solid alcohol 386 (91 %).
386: Rf = 0.2 [EtOAc:hexanes (1:1)]; [α]22
-73.76 (c 0.9, CHCl3); IR (neat) 3378, 2979, 2933,
𝐷
2909, 1709, 1613 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.45 (s, 1H), 5.95 (s, 2H), 5.83 (d, J = 4.1
Hz, 1H), 5.35 (d, J = 9.1 Hz, 1H), 4.47 – 4.37 (m, 2H), 4.33 – 4.21 (m, 2H), 3.99 (s, 3H), 3.79 (s,
3H), 2.76 (s, 1H), 1.43 (s, 3H), 1.35 (s, 3H), 1.33 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 168.3,
155.7, 150.3, 140.9, 140.6, 136.1, 133.4, 129.0, 120.4, 109.1, 103.6, 101.7, 79.7, 78.7, 77.3, 60.4,
53.4, 52.5, 28.4, 26.9, 24.8; HRMS (EI) calcd for C24H31O10N: 493.1942; found 493.1939.
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(3aS,3bS,10bS,11aR,12R,12aS)-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,11a,12,12ahexahydro-5H-bis([1,3]dioxolo)[4,5-c:4',5'-j]oxireno[2,3-n]phenanthridin-12-yl acetate
(387)
(3aS,3bS,10bS,11S,12R,12aS)-12-acetoxy-10b-hydroxy-6-methoxy-2,2-dimethyl-5-oxo3a,3b,4,5,10b,11,12,12a-octahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-11-yl 3chlorobenzoate (389)

Phosphate buffer pH 8 (6 mL) and m-CPBA (158 mg, 0.92 mmol) was added to a solution of
acetate 356 (100 mg, 0.248 mmol) in 6 mL of DCM. Reaction was stirred at room temperature for
18 h. Reaction mixture was diluted with 10 mL of DCM and quenched with 6 mL of 5 % Na2S2O3
solution. Layers were separated and organic phase was washed with 5 % Na2S2O3 (2×6 mL), 5 %
Na2CO3 solution (3×6 mL), water (2×5 mL) and brine (1×3mL). Organic phase was dried over
Na2SO4, filtered and concentrated. Products were purified by column chromatography
(DCM:MeOH 200:1 to 30:1). Both white glassy amorphous solids. Yield of compound 387 – 40
%, compound 389 – 35 %.
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387: Rf = 0.1 [DCM:MeOH (30:1)]; [α]22
+ 144.88 (c 1.325, CHCl3); IR (neat) 3369, 2993, 2939,
𝐷
2850, 1746, 1679, 1614 cm-1; 1H NMR (600 MHz, CDCl3) δ 6.31 (s, 1H), 6.05 (d, J = 1.0 Hz, 1H),
6.01 (d, J = 1.0 Hz, 1H), 5.98 (s, 1H), 5.35 (d, J = 6.3 Hz, 1H), 4.43 – 4.37 (m, 1H), 4.29 (t, J =
8.1 Hz, 1H), 4.07 – 4.02 (m, 4H), 4.00 (d, J = 8.2 Hz, 1H), 2.21 (s, 3H), 1.46 (s, 3H), 1.33 (s, 3H);
C NMR (150 MHz, CDCl3) δ 170.8, 161.9, 152.5, 145.3, 140.4, 128.9, 118.8, 109.9, 102.4, 99.8,

13

76.2, 75.6, 74.2, 61.2, 58.4, 55.8, 53.7, 27.0, 24.3, 21.2; HRMS (EI) calcd for C20H21O9N:
419.1211; found 419.1211.

389: Rf = 0.05 [DCM:MeOH (30:1)]; [α]23
+ 60.72 (c 0.75, DMSO-d6); IR (neat) 3293, 3198,
𝐷
3065, 2925, 1855, 1750, 1727, 1671 cm-1; 1H NMR (300 MHz, DMSO-d6) δ 8.25 (t, J = 1.7 Hz,
1H), 8.12 (dt, J = 6.7, 1.2 Hz, 1H), 7.98 (s, 1H), 7.81 (ddd, J = 8.0, 2.1, 1.0 Hz, 1H), 7.63 (t, J =
7.9 Hz, 1H), 6.40 (s, 1H), 6.19 (d, J = 1.8 Hz, 1H), 6.08 (d, J = 0.5 Hz, 1H), 6.01 (d, J = 0.5 Hz,
1H), 5.77 (d, J = 6.2 Hz, 1H), 5.27 (dd, J = 8.7, 6.1 Hz, 1H), 4.61 – 4.45 (m, 2H), 3.94 – 3.82 (m,
4H), 1.82 (s, 3H), 1.38 (s, 3H), 1.31 (s, 3H); 13C NMR (75 MHz, DMSO-d6) δ 169.1, 164.6, 161.7,
150.6, 143.6, 138.7, 138.3, 133.9, 133.7, 131.0, 130.9, 129.5, 128.6, 116.9, 109.4, 102.1, 99.6,
75.5, 72.3, 71.3, 70.8, 68.5, 60.6, 55.4, 27.5, 25.3, 20.4; HRMS (EI) calcd for C27H26O11NCl:
575.1189; found 575.1189.
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(3aS,3bR,12R,12aS)-11-hydroxy-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl acetate (393) and
(3aS,3bR,12S,12aS)-11-hydroxy-6-methoxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl acetate (394)

N-bromoacetamide (77 mg, 0.56 mmol) was added to the solution of the acetate 356 (205 mg, 0.5
mmol) in water and THF mixture (1:3, 30 mL) at 0 °C. The reaction mixture was stirred vigorously
for 10 min in the ice bath, then 30 min at room temperature. The reaction mixture was quenched
with a slow addition of saturated solution of Na2S2O3 (1.5 ml) and concentrated to approximately
15 mL, then it was diluted with 15 mL of ice-cold water. Aqueous layer was extracted with DCM
(2×50 mL, 4×25 mL). The combined organic phase was washed with brine (1×10 mL), dried over
Na2SO4, filtered and concentrated under the reduced pressure. The products were isolated with
flash column chromatography (DCM:MeOH:Acetone 100:1:1 to 20:1:1). Isolated 98 mg of acetate
393 and 24 mg of acetate 394, both as white amorphous powder.
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393: Rf = 0.5 [DCM:MeOH:Acetone (20:1:1)]; [α]22
+30.29 (c 0.12, 4 % of DMSO in MeOH); IR
𝐷
(neat) 3429, 3177, 3071, 3037, 2983, 2961, 2948, 2880, 2841, 2361, 1723, 1662 cm-1; 1H NMR
(600 MHz, DMSO-d6) δ 11.25 (s, 1H), 6.92 (s, 1H), 6.18 (s, 1H), 6.17 (d, J = 3.7 Hz, 1H), 6.14
(s, 1H), 5.43 (d, J = 6.2 Hz, 1H), 5.06 (d, J = 6.3 Hz, 1H), 4.32 (dd, J = 9.4, 6.3 Hz, 1H), 3.86 (s,
3H), 3.75 (ddd, J = 9.5, 6.2, 3.5 Hz, 1H), 2.00 (s, 3H), 1.42 (s, 3H), 1.39 (s, 3H); 13C NMR (150
MHz, DMSO-d6) δ 170.5, 159.3, 152.7, 143.1, 138.2, 134.4, 134.2, 114.9, 109.5, 106.7, 102.4,
96.7, 75.1, 71.5, 69.3, 68.4, 60.9, 39.5, 27.9, 25.8, 20.9; HRMS (EI) calcd for C20H21O9N:
419.1211; found 419.1210.

394: Rf = 0.45 [DCM:MeOH:Acetone (20:1:1)]; [α]23
+22.39 (c 0.18, CHCl3); IR (neat) 3396,
𝐷
3211, 3093, 2989, 2945, 2907, 2360, 1728, 1647 cm-1; 1H NMR (300 MHz, DMSO-d6) δ 11.15 (s,
1H), 6.97 (s, 1H), 6.17 (d, J = 0.7 Hz, 1H), 6.16 (d, J = 0.7 Hz, 1H), 5.39 (d, J = 6.1 Hz, 1H), 5.03
(d, J = 6.0 Hz, 1H), 4.87 – 4.76 (m, 2H), 4.57 (dd, J = 9.6, 5.9 Hz, 1H), 3.87 (s, 3H), 2.13 (s, 3H),
1.38 (s, 6H); 13C NMR (75 MHz, DMSO- d6) δ 170.3, 159.4, 152.6, 142.9, 138.1, 134.9, 131.2,
115.2, 110.2, 109.8, 102.3, 97.5, 73.5, 72.2, 71.7, 63.1, 60.9, 39.5, 27.7, 26.0, 21.1; HRMS (EI)
calcd for C20H21O9N: 419.1211; found 419.1212.
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(3aS,3bR,12S,12aR)-6-hydroxy-2,2-dimethyl-5-oxo-3a,3b,4,5,12,12ahexahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridin-12-yl 3-(3-(but-3-yn-1-yl)-3Hdiazirin-3-yl)propanoate (403)

Allylic alcohol 166 (19 mg, 0.055 mmol) was suspended in 1 mL of DCM in 10 mL round bottom
flask covered with aluminum foil. DCC (12 mg, 0.06 mmol), 3-(3-(but-3-yn-1-yl)-3H-diazirin-3yl)propanoic acid (402) (10 mg, 0.06 mmol) and DMAP (5 mg, 0.04 mmol) was added to the
suspension. Reaction stirred at room temperature for 18 h. Then diluted with 10 mL of DCM and
organic phase washed with 10 % NH4Cl solution (1×5 mL), water (1×5 mL), and brine (1×2 mL).
organic phase was dried over Na2SO4, filtered and concentrated. Product was purified with flash
column chromatography (DCM:MeOH 100:1). Ester was isolated as white solid 19 mg (70 %
yield) (3 mg of starting material was recovered).
403: Rf = 0.2 [DCM:MeOH (50:1)]; [α]23
+ 54.07 (c 0.95, CHCl3); IR (neat) 3284, 3203, 3181,
𝐷
3084, 2989, 2923, 2858, 2791, 2680, 1739, 1674, 1625, 1597 cm-1; 1H NMR (600 MHz, CDCl3) δ
12.88 (s, 1H), 6.81 (s, 1H), 6.67 (s, 1H), 6.15 (s, 1H), 6.05 (s, 1H), 6.04 (s, 1H), 5.41 – 5.36 (m,
1H), 4.34 – 4.29 (m, 1H), 4.17 (d, J = 7.6 Hz, 1H), 4.12 (t, J = 7.9 Hz, 1H), 2.35 – 2.21 (m, 2H),
2.06 – 1.99 (m, 3H), 1.89 (ddq, J = 22.5, 15.0, 7.5 Hz, 2H), 1.69 (t, J = 7.4 Hz, 2H), 1.53 (s, 3H),
1.39 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 171.7, 167.8, 153.2, 146.2, 135.0, 128.4, 128.1, 121.4,
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111.8, 105.2, 102.6, 94.7, 82.7, 78.6, 75.4, 74.5, 69.5, 55.4, 32.3, 28.7, 28.1, 27.7, 27.3, 25.1, 13.4.;
HRMS (EI) calcd for C25H25O8N3: 495.1636; found 495.1638.
(2S,3S,4S,4aR)-3,4,7-trihydroxy-6-oxo-2,3,4,4a,5,6-hexahydro-[1,3]dioxolo[4,5j]phenanthridin-2-yl 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoate (404)

Solution of narciclasine (103 mg, 0.325 mmol) in 0.5 mL of DMF was slowly added in a dropwise
manner to a solution of 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (402, 18 mg, 0.1
mmol), DCC (27 mg, 0.13 mmol) and DMAP (cat.) at r.t. reaction mixed for 45 min in the dark
(reaction flask covered with aluminum foil). When no trace of the remaining diazirine acid was
seen (TLC analysis, DCM:MeOH 10:1), reaction mixture was concentrated under reduced
pressure. After triteration with methanol (4×5 mL), reaction mixture was subjected to flash column
chromatography (DMC:MeOH:Acetone 100:1:1 to 10:1:1). Fractions containing the main product
were concentrated and product was purified with preparative thin layer chromatography
(DMC:MeOH:Acetone 30:1:1×3). Reaction yielded 4 mg of compound 404 (8 % yield) as light
yellow glassy oil.
404: Rf = 0.6 [DCM:MeOH (10:1)]; 1H NMR (600 MHz, DMSO-d6) δ 13.27 (s, 1H), 8.61 (s, 1H),
6.88 (s, 1H), 6.09 (s, 2H), 5.40 (d, J = 5.9 Hz, 1H), 5.28 (d, J = 4.1 Hz, 1H), 5.03 (dd, J = 9.4, 2.1
Hz, 1H), 4.49 – 4.43 (m, 1H), 4.07 – 4.00 (m, 1H), 3.86 – 3.81 (m, 1H), 2.85 (t, J = 2.6 Hz, 1H),
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2.36 (ddd, J = 16.7, 9.4, 6.1 Hz, 1H), 2.24 – 2.14 (m, 1H), 2.02 (td, J = 7.3, 2.7 Hz, 2H), 1.79 –
1.68 (m, 3H), 1.62 (td, J = 7.3, 3.2 Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δ 171.7, 169.3, 152.4,
152.4, 144.9, 133.6, 131.7, 128.8, 124.6, 105.6, 102.1, 95.9, 83.2, 72.7, 71.8, 69.6, 68.8, 49.8, 31.3,
28.2, 27.3, 12.7; HRMS (EI) calcd for C22H21O8N3: 455.1323; found 455.1322.
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6. Selected spectra
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9. Appendix
9.1.

Appendix A: Results from the MV411 Cell Screening

NC: No Change

CCasp3: Apoptotic marker

+,++: increase

γH2AX: DNA damage marker

-,--: decrease

pHH3: Mitotic marker

ND:
Detected

Not

pS6: Translation marker
DNA: Total cellular DNA content.
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CCasp3 response. Staurosporine is positive control.

251

yH2AX response. Etoposide is positive control.

252

pHH3 response. Nocodazole is positive control.

253

pS6 response. Rapamycin is positive control.

254

DNA response. Aphidicolin is 25K peak positive control. Nocodazole is 50K peak positive
control.
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9.2.

Appendix B: Cytotoxicity Evaluation

Neurite outgrowth evaluation:
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Figure 38 IC50 (µM) for narciclasine (1)

Figure 39 IC50 (µM) for compound 285
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Figure 40 IC50 (µM) for compound 287

Figure 41 IC50 (µM) for compound 289
258

Figure 42 IC50 (µM) for compound 338

Figure 43 IC50 (µM) for compound 328
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