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ABSTRACT 

Discussed in this thesis is the synthesis of a C10-benzyloxy unnatural 

derivative of narciclasine. The described approach involves the use of 

homochiral cyclohexadiene diols, products of the biocatalytic transformation of 

aromatic compounds, as precursors to ring C, and of highly oxygenated aromatic 

molecules to construct ring A. The document also reports a detailed account of 

the protocols studied for the intramolecular formation of ring B. Experimental 

data and spectral data are provided for the novel compounds. 
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1. Introduction 

The discovery of the Amaryllidaceae alkaloids narciclasine (1) by 

Ceriotti1 in 1968, and pancratistatin (2) (Figure 1), by Pettit2 in 1984, has 

triggered the interest of the scientific community because of their appealing in 

vitro antineoplastic activity. However, their poor water solubility and their 

relative scarcity in nature have posed a significant obstacle to their preclinical 

and clinical development. 

  

 

 

  

Figure 1. Structures of narciclasine (1) and pancratistatin (2). 

In the past decades, many total syntheses of the parent compounds were 

developed, allowing access to them in larger amounts. As a consequence, crucial 

information about their mode of action, as well as of the minimum structural 

features required to maintain the activity, was gained. Some modifications 

introduced in the A or C ring have led to the identification of more active 

congeners. The work presented in this thesis discusses the synthesis and 

characterization of a C-10 analogue of narciclasine, namely 3, and the issues 

encountered in its production (Figure 2).  

  

 

 

  

Figure 2. C-10-benzyloxy-analogue of narciclasine. 
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The planned synthetic pathways is described in detail, focusing on crucial 

steps such as the aza-Diels–Alder reaction, performed to couple the A and C 

rings precursors, and the intramolecular Heck reaction, that allows for the 

formation of the molecular skeleton of narciclasine. Pharmacological tests 

conducted on the novel compound also offer additional information regarding 

the mode of action of such drug candidates. 
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2. Historical 

2.1. Amaryllidaceae alkaloids 

   2.1.1. Discovery and isolation  

Despite its modest size, the Amaryllidaceae family of plants is divided 

into three subfamilies of various species very different from each other, like 

onions (of the Allioideae subfamily), daffodils (of the Amaryllidoideae 

subfamily) and the African lily (of the Agapanthoideae subfamily).3 Flowers 

belonging to the Amaryllidoideae subfamily have been long known for their 

curative properties, as recorded in medical treatises by Hippocrates of Kos, an 

ancient Greek physician considered the progenitor of medical science, who 

recommended the use of daffodil oil to cure uterine cancer.4  

A systematic study of the chemical species responsible for these 

beneficial effects started in 1879, when the alkaloid lycorine (9, Figure 3), which 

exhibits a wide variety of biological activities,5 was isolated from N. 

Pseudonarcissus.6 Many other alkaloids have since been isolated from members 

of this family and one pharmaceutical drug, galantamine (10), isolated in the 

1950s7, is currently used worldwide to treat Alzheimer’s disease and dementia.  

The Amaryllidaceae alkaloids show various molecular structures. The 

structure of lycorine was elucidated in 1966 by Kuriyama and co-workers8 and 

contains an isoquinoline moiety, while galantamine exhibits similarities to the 

skeleton of opioids. The species of interest in this dissertation share an 

isocarbostyril motif (11) as common structural feature.  

  

 

  

Figure 3. Structures of lycorine (9), galantamine (10) and isocarbostyril (11). 
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The first isocarbostyril-containing molecule to be isolated was 

narciclasine (1) (Figure 4), in 1967.9 This alkaloid, which displays promising in 

vitro antimitotic activity, was met with huge interest from the scientific 

community, and the following year its structure was elucidated by Piozzi and 

Fuganti10, later revised and corrected in 1972.11 Narciclasine (1) is ubiquitous 

among many different species of Narcissus plants, while its congeners appear to 

be less commonly expressed: this is the case of 7-deoxynarciclasine 

(lycoricidine) (12), discovered in 196812 and mostly found in H. littoralis, and 

pancratistatin (2), first isolated by Pettit and co-workers from P. littorale in 1984. 

The 7-deoxy version of pancratistatin (13) was extracted from H. kalbreyeri in 

1989.13 

 

  

 

 

 

Figure 4. Narciclasine (1), pancratistatin (2) and their 7-deoxy versions. 

The alkaloid extraction and isolation methods may vary depending on the 

species and plant parts involved in the process. The most general procedure 

involves the maceration of fresh ground bulbs with organic solvents such as 

ethanol, methanol or dichloromethane for a variable amount of time (1 to 20 

days). The extracts are then treated accordingly to obtain the desired compounds 

in crystalline form. While the isolation mostly occurs from bulbs, other plant 

parts (roots, seeds), and in some cases insects (like the grasshopper B. magna), 

can also be used as a source of material.14 An optimized method for the isolation 

of narciclasine was developed by Evidente in 199115, taking advantage of the 

acidity of the amidic proton of the molecule: the air-dried ground material is 

extracted with aqueous NaOH. The extract is then filtered, acidified to pH 2 and 
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subjected to liquid-liquid extraction with ethyl acetate. The organic phases are 

then dried, concentrated and purified by column chromatography, and 

narciclasine is recrystallized from acetic acid. 

The studies of a biosynthetic pathway towards these compounds, started 

in the 1950s and the 1960s,16 have allowed for the identification, in recent years, 

of the intermediates and enzymes involved, and to establish a biosynthetic route 

common to various Amaryllidaceae plants,17 as depicted in Figure 5. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Biosynthetic pathway to the major Amaryllidaceae alkaloids.  
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The two precursors are L-phenylalanine 14 and L-tyrosine 15. By 

enzymatic means, the two amino acids are converted in protocatechuic aldehyde 

16 and tyramine 17, respectively. The subsequent coupling between these two 

molecules is catalyzed by the enzyme norbelladine synthase (NAS)18 that, after 

enzymatic reduction of a Schiff base,19 leads to norbelladine 18. An enzymatic 

methylation20 of molecule 18 affords the key precursor 4’-O-methylnorbelladine 

19, that has a central role in the biosynthesis of all the major types of 

Amaryllidaceae alkaloids. In fact, the following transformation is an oxidative 

coupling between the two phenolic portions of the molecule: different 

regioselectivity leads to the different classes of compounds. An ortho-para 

coupling results in intermediate 20, a precursor to galantamine-type alkaloids, 

while a para-ortho coupling followed by nucleophilic attack of the amine yields 

norpluvine 21, which is a precursor to lycorine-type compounds. Furthermore, a 

para-para coupling with a subsequent Michael addition of the amino center 

gives noroxomaritidine 22 which, as supported by radiolabeling experiments,21 

is directly involved in the biosynthesis of the isocarbostyril alkaloids.  

A seminal publication by Kilgore and co-workers22 identifies the enzymes 

responsible for such transformations as cytochrome P450 (CYP450) oxidases. In 

particular, the synthesis of noroxomaritidine 22 is catalyzed by CYP96T1, that 

also gives access to norpluvine 21 as minor product, while the CYP responsible 

for the ortho-para transformation is still unknown. Noroxomaritidine is obtained 

as an enantiomeric mixture (Figure 6), most likely by spontaneous chiralization 

of an achiral intermediate produced by CYP96T1. Reduction of the carbonyl 

moiety affords a mixture of normaritidine enantiomers that, depending on their 

stereochemistry, are later transformed into haemanthamine or crinine, and their 

related alkaloids19,22 (the latter including narciclasine).23 This important 

discovery offers an essential insight into the biosynthesis of both classes of 

compounds, and suggests that the suitable stereochemical induction of a common 

achiral intermediate could offer synthetic access to either type of alkaloids. 
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Figure 6. Synthesis of haemanthamine and crinine from normaritidine. 

   2.1.2 Selected syntheses 

     2.1.2.1 Total and formal syntheses of pancratistatin 

Pancratistatin is the Amaryllidaceae alkaloid that has attracted the most 

attention from the synthetic community, because of both its promising biological 

activity and its rarity compared to the other related compounds. The installation 

of the correct stereochemistry at the C-ring has also constituted a challenge that, 

as discussed in the present Section, has been faced in different ways by many 

research groups.  

The first total synthesis of pancratistatin (depicted in Scheme 1) was 

accomplished by Danishefsky24 in 1989, shortly after its isolation. For the 

construction of ring A, pyrogallol 23 was employed as a starting material. Further 

manipulation led to amide 24, precursor to iodide 25, that was obtained via 

iodolactonization and in which the molecular skeleton of the target compound is 

already outlined. At this point in the synthesis, the introduction of the alcohols 

on the C-ring was accomplished through a series of operations aimed at 

maintaining control over the stereochemical outcome, while the nitrogen was 

installed at the desired position by performing the Overman rearrangement on 
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compound 27. Final lactone to lactam conversion and global deprotection 

yielded pancratistatin (2) in 25 steps.  

 

Scheme 1. Danishefsky and Lee synthesis of pancratistatin. 

The first enantioselective synthesis of pancratistatin was performed by 

Hudlický,25 and the installation of the correct stereochemistry at the C-ring was 

accomplished by means of whole cell microbial oxidation. Cell cultures of 

Pseudomonas putida were employed to perform oxidative dearomatization on 

suitable substrates, in this case bromobenzene 29, to produce enantiomerically 

pure diene diol 30 (Scheme 2). This strategy, largely employed in Hudlický’s 

research group, will be discussed in more detail in Section 2.2. After protection 

of the diol in molecule 30 as an acetonide, aziridination of the more electron-rich 



9 

 

olefin allowed for the installation of the nitrogen moiety. Subsequent removal of 

the halide yielded the vinyl aziridine 31, which was further elaborated into 

compound 33 by reaction with the cuprate prepared in situ from the lithium salt 

of amide 32, precursor to ring A. At this stage, the backbone of the title 

compound was readily established in five steps. However, the transamidation 

step necessary for the cyclization of the B-ring did not proceed as expected, and 

many unpredicted obstacles, mainly due to the atropisomerism of intermediate 

33, were encountered. To circumvent the issue, epoxidation and diol 

deprotection of molecule 34 afforded oxirane 35 that, on heating in an aqueous 

solution of sodium benzoate, gave access to 2 in 13 steps.  

 

 

 

 

 

Scheme 2. Hudlický’s enantioselective synthesis of pancratistatin 

Since the first enantioselective synthesis of pancratistatin by Hudlický, 

many other research groups decided to take up the challenge and solve the 

stereochemistry issue using various strategies. These syntheses, together with 

some formal and racemic syntheses, are collected and carefully analyzed in a 
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2008 review by Manpadi and Kornienko,26 who also discuss the cost-

effectiveness and main features for each strategy.  

One stereoselective synthesis to be noted is one conducted by Trost’s 

research group27 in 1995 (Scheme 3). In this case, the stereochemistry at ring C 

was established early on in dicarbonate 36, obtained in six steps from p-

benzoquinone following Cambie’s procedure.28 Azide 37 was then subjected to 

a SN2’ reaction with the cuprate salt of intermediate 38, and in this way the 

backbone of pancratistatin is established in compound 39. The formation of 

isocyanate 40, followed by lithium-halogen exchange, causes the nucleophilic 

cyclization of the lactam ring. At this point, all the stereocenters are established 

with the correct configuration except for the alcohol at the C1 position. To 

address this problem, the protective groups of alcohols at C1 and C2 are replaced 

by a cyclic sulfate in molecule 41. Nucleophilic opening with cesium benzoate 

and subsequent global deprotection yields (+)-pancratistatin in 11 steps. 

 

 

 

 

 

 

  

  

Scheme 3. Trost’s enantioselective synthesis of pancratistatin 
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Of the many syntheses completed throughout the years, some of them 

deserve a special mention. In 2000, Rigby and co-workers29 accomplished the 

synthesis by an aryl enamide photocyclization as the key step. The following 

year, Pettit’s research group30 discovered a way to synthesize pancratistatin in a 

relay synthesis, in which the more accessible congener narciclasine is employed 

as a starting material. This approach and its legacy will be discussed in more 

detail in Section 2.1.3.1. A novel, interesting strategy was explored by Sato31 in 

2013: using a D-glucose-derived nitroalkene as a source of nitrogen and 

precursor to the C-ring of the final target, the stereoselective formation of the 

molecular backbone is obtained via an intramolecular Henry reaction. Inspired 

by this approach, Ellman and Potter32 used the same sugar-derived intermediate 

in their 2017 synthesis, part of which is reported below.  

 

Scheme 4. C-H activation step in Elmann’s pancratistatin synthesis  

As shown in Scheme 4, the precursor to ring A, molecule 43, is easily 

obtained from piperonyl chloride 42, by the initial formation of a pyrrolidine 

amide followed by the installation of a phenol group through a 

lithiation/boration/oxidation sequence. The glucose-derived nitroalkene 45 was 

produced in 5 steps by following the procedure outlined in Sato’s publication 

and, with both substrates in hand, an aromatic C-H activation step was 

performed. The conditions for the coupling required the presence of a Rh(III) 
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catalyst, and product 46 was obtained in a moderate yield and a high 

diastereomeric ratio, likely as a result of the steric hindrance caused by the TBS-

protected alcohol. 

  

 

  

 

Scheme 5. Completion of Ellman’s synthesis of pancratistatin 

The last steps of the synthesis are reported in Scheme 5. Treatment of 46 

with TFA allowed for the removal of the acetonide and silyl protective groups, 

and the furanose was then subjected to intramolecular Henry reaction and 

hydrogenation to obtain intermediate 47. The molecular backbone of 

pancratistatin was established and, at that point, what was left to do was to 

complete the closure of ring B. Treatment with Zn led to the reduction of the 

nitro group to an amine and the B-ring was formed by hydrogen bond-directed 

transamidation.   

One more stereoselective synthesis dating back to the same year was 

completed by Sarlah’s33 research group. This innovative approach allowed for 

the pancratistatin core to be accessed by dearomative functionalization of 

benzene, as depicted in Scheme 6. 
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Scheme 6. Sarlah’s synthesis of pancratistatin 

The major merit of this approach was the capability to access the 

molecular core of pancratistatin very early on. The photocatalyzed reaction 

between benzene 48 and the arenophile 4-methyl-1,2,4-triazoline-3,5,-dione 

(MTAD) 49 leads to the formation of intermediate 50. This, in presence of the 

commercially available Grignard reagent 51 and a nickel catalyst, gives diene 

52, produced on a multigram scale and with high enantioselectivity. The 

rationale behind this approach envisages the cycloadduct 50 being a substrate for 

the oxidative addition of the transition metal catalyst. This event would start the 

catalytic cycle culminating with the formation of the coupling product 52, 

obtained with a 98:2 e.r. thanks to the use of bidentate ligands, such as (R,R)-

iPr-Phosferrox II. In one step, a high level of complexity is already reached, with 

the construction of a skeleton having the nitrogen in place and the correct 

stereochemistry in the C-ring. Further elaboration of the olefins in compound 52 

and deprotection of the amine gives molecule 53, later subjected to a one-pot 

bromination-carbonyl insertion sequence to yield lactam 54 that corresponds to 

(+)-7-deoxypancratistatin, a plant-derived congener of pancratistatin expressing 
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a lesser biological activity. Cupration at C7 followed by oxidation gives 

pancratistatin (+)-2 in seven steps, concluding the shortest enantioselective 

synthesis to date. In the same year, the Sarlah research group reported also the 

synthesis of (+)-lycoricidine and (+)-narciclasine by the use of the same 

dearomatization approach.27b  

The latest formal total synthesis of pancratistatin was published in 2017 

by Hudlický’s34 research group. The final target of this pathway, as summarized 

in Scheme 7, is molecule 57, which is a key intermediate in Kim’s synthetic 

route35 to pancratistatin. Relying on the above mentioned Pettit’s relay synthesis 

approach from narciclasine, in Hudlický’s formal total synthesis target molecule 

57 is obtained after manipulation of compound 56. This, in turn, is the product 

of Myers’ reductive transposition36 of the advanced intermediate 55, analogous 

of natural compound 2-epi-narciclasine.  

 

 

Scheme 7. Summary of Hudlický’s formal total synthesis of pancratistatin 
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     2.1.2.2 Total and formal syntheses of lycoricidine 

Another component of the Amaryllidaceae family that has attracted a lot 

of synthetic attention is lycoricidine (12). Despite being of limited biological 

interest, the challenge posed by the construction of the isocarbostyril scaffold 

with the correct stereochemistry at the C-ring has been faced by many different 

research groups using a wide variety of strategies. 

The first synthesis of lycoricidine dates back to 1975 and it was performed 

by Ohta and Kimoto.37 The absolute configuration of the chiral centers of the 

molecule was still unknown at that point, therefore this synthesis was performed 

in the racemic manifold. 

 

Scheme 8. Ohta and Kimoto’s racemic synthesis of lycoricidine 
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The starting material was carbinol 55 (Scheme 8) that, after Diels–Alder 

cycloaddition of ethyl acrylate followed by elimination of the alcohol and ester 

hydrolysis, yielded acid 56. The acid was subjected to Curtius rearrangement, 

that allowed for the introduction of the nitrogen portion of the final product and 

to obtain the cyclized product 57 by treatment with boron trifluoride etherate. At 

this point, various oxidation operations were performed 

to install the remaining hydroxy groups on the C-ring, 

and compound 12 was obtained after global 

deprotection. Despite the absolute stereochemistry of 

the C-ring substituents being still unknown at the time, 

the synthesis of compound 61 (Figure 7) from 

sequential modification of intermediate 60, and through its subsequent 1H-NMR 

analysis, the α-axial configuration of the acetate at the C2 position was 

established. 

In 1982, Paulsen and Stubbe38 published the first enantioselective 

synthesis of lycoricidine. The starting material was the chiral pool derived 

aldehyde 62 (Scheme 9). Throughout the fairly short synthesis, the 

stereochemical information of the starting material, that contains all of the 

oxygens required for the C-ring, was maintained until the end. The carbonyl 

function served as a handle, that was manipulated to yield nitroolefin 63. 

Addition of the lithium derivative of compound 64 to the double bond produced 

intermediate 65 and this, upon treatment in a basic methanolic solution, 

underwent cyclization giving lactone 66 after reduction. From here, it was only 

one step away from 7-deoxypancratistatin (+)-13 and, after selective protection 

and elimination, lycoricidine (+)-12 was accessed. 
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Scheme 9. Paulsen and Stubbe’s synthesis of lycoricidine 

Since Paulsen and Stubbe’s publication, the chiron approach to the 

enantioselective synthesis of lycoricidine has been employed many times for the 

establishment of the molecule’s chiral centers, being the main strategy in the 

syntheses by Ogawa (1991)39, Shaw (2017)40 and Yan (2019)41. One notable 

application of the chiral pool synthetic approach was Yadav’s synthesis42 of 

2010, summarized in Scheme 10.  

The synthesis started from compound 67, obtained in five steps from D-

(+)-mannose. Opening of iodoether 67 in presence of allyl bromide, followed by 

Grubbs I-catalyzed intramolecular cross-metathesis yields an olefinic 

cyclohexane, later transformed in aziridine 68. Functionalization of the aziridine 

moiety with acid 69 furnished intermediate 70. Cleavage of the acetate in basic 

conditions and reaction with Dess-Martin periodinane gave access to enone 71 

after treatment with silica gel during the purification process. This method of 

elaboration of the aziridine ring was fortuitously discovered on that occasion, 

and was unprecedented at the time of the publication. Molecule 72, the product 

of reduction and protection of allylic ketone 71, was then subjected to ring 

closure using a well-established method already applied in other syntheses such 
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as Ogawa’s39 and Hudlický’s,43 and that is an intramolecular Heck cyclization. 

After global deprotection, the target compound (+)-12 was obtained. 

 

Scheme 10. Yadav’s synthesis of lycoricidine 

In addition to the syntheses already mentioned, another route that deserves 

to be acknowledged was developed by Padwa’s research group in 2005.44 The 

crucial step that allowed for the formation of the molecular skeleton of 

lycoricidine (compound 74, Scheme 11) was a Stille-IMDAF cycloaddition 

cascade. The acronym IMDAF refers to intramolecular Dies-Alder furan 

reaction.  

 

Scheme 11. Summary of Padwa’s synthesis of lycoricidine 
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     2.1.2.3 Total and formal syntheses of narciclasine 

Narciclasine, as already mentioned, is the member of the Amaryllidaceae 

family that was isolated first, and the one that possesses the highest biological 

activity. In addition, this compound is the most abundant and the easiest to 

isolate, being found in every plant species of the family. However, and maybe 

because of its more ready availability, narciclasine has attracted the least 

synthetic attention and only five total syntheses are known as of today. The first 

stereoselective synthesis, performed by Rigby and Mateo45 in 1997, is 

summarized in Scheme 12.  

 

 

 

 

 

 

 

Scheme 12. Rigby’s total synthesis of narciclasine 

The starting material for the C-ring is the olefinic ester 67, that was 

converted to epoxyalcohol 68. Kinetic resolution allowed for the isolation of the 

α-syn isomer, which was then transformed into isocyanate 69 after protection of 
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the alcohol function. The A-ring building block was bromide 71, obtained in 

three steps from aldehyde 70, and whose lithium salt added to the isocyanate to 

give the key intermediate 72. At this point, a photochemical cyclization led to 

compound 73, in which the molecular skeleton was established, and the 

subsequent installation of the remaining hydroxy groups yielded narciclasine 

(+)-1. The same photocyclization approach, as already mentioned in Section 

2.1.2.1., was used by the same group in a synthesis of pancratistatin published 

later.29 

The second approach to the isocarbostiryl compound was published by 

Hudlický and co-workers in 1999.46,47 In this convergent synthesis, the chirality 

in ring C was introduced by biocatalytic oxidative dearomatization of m-

dibromobenzene to give the diene diol 75 (Scheme 13), employing a method that 

has been also used in the syntheses of pancratistatin25 and lycoricidine43 and has 

become a signature protocol in Hudlický’s research group. 

 

 

 

 

 

 

 

 

Scheme 13. Hudlický’s total synthesis of narciclasine 

After diol protection and nitroso Diels-Alder cycloaddition to obtain 

oxazine 76, Suzuki coupling with boronic acid 77, followed by one-pot treatment 
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with Mo(CO)6, yields enone 78. Luche reduction gave access to the β-C2 

hydroxy functionality, which was epimerized to the correct α diastereomer via 

Mitsunobu reaction in benzoate 79. The final steps required the formation of the 

lactam ring by a modified version of the Bischler-Napieralski cyclization and, 

after global deprotection, the enantioselective synthesis of (+)-narciclasine 1 was 

accomplished in twelve steps. 

In the same year, another synthesis was published by Keck48 and co-

workers. In this case, the stereochemical issue was solved by turning to the chiral 

pool, as D-gulonolactone 81 constitutes the starting material for ring C (Scheme 

14). Lactone reduction and further manipulation gave alkynyl oxime 82. This 

building block was then connected to ester 83 via Sonogashira coupling, and the 

derivatized alkyne 84 was subjected to 6-exo radical cyclization in the presence 

of PhSH, to afford intermediate 85. Subsequent B-ring cyclization and 

deprotection yielded (+)-narciclasine 1 in twelve steps. The syntheses of the 

natural and ent version of lycoricidine are described in the same paper. 

 

 

 

 

 

 

 

 

Scheme 14. Keck’s total synthesis of narciclasine 
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Stepping into the new century, the first synthesis reported is by Elango 

and Yan49 in 2002. Consisting of nine steps, this synthetic route appears to be 

the shortest to date and it largely takes inspiration from the protocols commonly 

used by Hudlický’s research group, especially in the synthesis of ent-7-

deoxypancratistatin.50 The starting diene diol 86 was obtained by whole cell 

oxidative dearomatization of benzene and acetonide protection of the diol 

function (Scheme 15). Coupling with the nitroso compound 87, followed by N-

O bond reduction mediated by aluminum amalgam yields conduramine 88, 

which carries all the correct stereocenters for ring C. After protection of the 

amine and alcohol moiety, epoxidation through bromohydrine formation and 

coupling with carbamate 89, intermediate 90 was obtained, which was readily 

cyclized into compound 91 by Lewis acid-catalyzed epoxide opening. Benzylic 

oxidation and elimination gave protected narciclasine 92 that, after deprotection, 

yielded the title compound (+)-1.  

 

 

 

 

 

 

 

 

Scheme 15. Yan’s total synthesis of narciclasine 

After Yan’s 2002 publication, the attention of the synthetic community 

was focused on the production of derivatives of the compound (as discussed in 
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detail in the upcoming section). The latest total synthesis of narciclasine was 

reported, after fifteen years, by Sarlah in 2017,33 in a paper that also presents the 

synthesis of lycoricidine and was already discussed in section 2.1.2.1. 
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     2.1.2.4 Total and formal syntheses of 7-deoxypancratistatin 

The synthesis of the isocarbostyril alkaloid 7-deoxypancratistatin has 

been the object of interest throughout the decades in the same manner as the other 

congeners, in many occasions to expand the scope a developed synthetic method, 

or as an intermediate in the preparation of another compound. The first synthesis 

was accomplished in 198238 by Paulsen and Stubbe en route to the synthesis of 

lycoricidine, as already described in detail in Section 2.1.2.2, Scheme 9. Other 

notable syntheses are Hudlický’s51 in 1995 and 1996, with the application of a 

well-tested method previously seen25 in the synthesis of pancratistatin. In the 

same year, Keck published52 a radical cyclization approach to the same 

compound. A wide range of protocols was established as key steps in the 

preparation of 7-deoxypancratistatin: Chida’s53 synthesis (1996) is chiral pool-

based, Plumet54 (2000) relies on the nucleophilic opening of vinylsulfones, while 

a crucial step in Madsen’s route55 (2006) is a ring-closing metathesis and in 

Padwa’s56 (2007) is an intramolecular Diels-Alder furan cycloaddition. 

The first synthesis of 2010s is DeShong’s formal synthesis57 of 2012, in 

which the molecular backbone is formed by Hiyama coupling, and Sarlah’s33 

benzene catalytic desymmetrization approach (2017). The latest total synthesis 

of 7-deoxypancratistatin was published in 2018 by Pandey58 and co-workers, and 

is shown in Scheme 16.  

A very important role in this synthetic route was played by the starting 

material 93: synthesized in multigram amounts through a protocol59 previously 

established within the same research group, the bicyclic compound carried the 

nitrogen-containing functional group in the correct stereochemical 

configuration.  
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Formation of the enol triflate of 93 in basic condition, followed by Suzuki 

coupling with boronic acid 94 and other manipulations led to epoxide 95, in 

which the molecular scaffold is built. Epoxide opening, elimination and oxirane 

synthesis yield intermediate 96, in which the alcohol at the C1 carbon shows the 

undesired stereochemistry. To effect its epimerization, treatment with Dess-

Martin periodinane oxidizes it to a ketone that, through Luche reduction, gives 

the correct configuration in molecule 97. Alkene dihydroxylation and acetate 

protection yield compound 98 and, after B-ring closure and deprotection, 7-

deoxypancratistatin (+)-13 is obtained in 12 steps.  

 

Scheme 16. Pandey’s total synthesis of 7-deoxypancratistatin 
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   2.1.3 Syntheses of derivatives of Amaryllidaceae alkaloids 

The discovery of the isocarbostiryl family of the Amaryllidaceae alkaloids 

has opened a novel area of investigation both from a synthetic and a biological 

standpoint. The promising in vitro anticancer activity (discussed in detail in 

Section 2.1.4) and the unprecedented molecular structure offered new hopes for 

a potential application in medicine, as well as new challenges related to their 

laboratory preparation. However, the majority of the developed synthetic routes 

count an average of 15 steps, and are often plagued with laborious methods for 

the introduction of the correct stereochemistry at the C-ring. This factor, coupled 

with a fairly low overall yield that ranges from 2 to 7%, makes the scale-up to 

industrial amounts a somewhat arduous task. From a pharmacological 

perspective, one of the main obstacles to the preparation of marketable drugs 

containing these compounds is their very poor solubility in aqueous media, a 

problem that can be circumvented by preparing soluble prodrugs (phosphates, 

esters) with consequent elongation of the synthetic protocols.  

All these factors, together with the fact that the mechanism of action is 

still largely unexplained, lead chemists to the synthesis of derivatives and 

analogues of these compounds, looking for the minimal structural requirements 

necessary to retain the biological activity and opening, in this way, new areas of 

possibility to a simplification of the production process. A fundamental 

contribution in the quest for a pharmacophore was given by the efforts of Pettit 

and his research group, mainly based on the modification of the most abundant 

congener narciclasine and analyzed more closely in the next section. Other 

important endeavors, based upon work on syntheses, give access to unnatural 

derivatives of the isocarbostyril alkaloids that are, in some cases, able to show 

higher activity than their parent compound. These syntheses will be discussed in 

Section 2.1.3.2. 
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     2.1.3.1 Semi-synthesis from natural products 

As already mentioned, narciclasine is the isocarbostyril alkaloid that can 

be found in virtually every plant of the Amaryllidaceae family, making it more 

easily accessible compared to its congeners. As a consequence, this compound 

has been deemed the ideal candidate for the research of the minimal structural 

requirements to exert activity. The first modifications to the structural core of the 

molecule were performed by Mondon and Krohn60 in 1975. This work underlines 

the particular reactivity of narciclasine to specific reaction conditions, and lays 

down the basis for the careful synthetic design in the investigations conducted 

from then on.   

Among the first transformations performed by Mondon and Krohn is the 

protection of the syn diol as an acetonide, as shown in molecule 99 (Scheme 17). 

Except for some particular cases, this protection protocol for the cis alcohols at 

the C3 and C4 positions has become a standard procedure for most of the later 

syntheses. After the selective diol protection, the unprotected alcohol in position 

C2 is oxidized to the unstable ketone 100, that is reduced with NaBH4 to give a 

mixture of protected narciclasine 99 and 2-epi-narciclasine 101. 

 

Scheme 17. Synthesis of protected 2-epi-narciclasine 

A de novo synthesis of 2-epi-narciclasine was published by Hudlický and 

co-workers61 in 2018 by application of a well-established protocol, as 

summarized in Scheme 18. As stated in the same publication, this total synthesis 

precedes the isolation of 2-epi-narciclasine as a natural product.61 
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Scheme 18. Summary of Hudlický’s total synthesis of 2-epi-narciclasine 

The most extensive attempts in the conversion of narciclasine into other 

derivatives, both natural and unnatural, were carried out by Pettit. Studies on the 

saturation of the olefin portion of the molecule were performed62 in order to 

obtain trans-dihydronarciclasine 103 (Figure 8), a congener found in nature and 

exhibiting strong anticancer properties. To undertake the preparation of the 

compound, narciclasine was subjected to a wide variety of reduction protocols 

that are usually employed in the hydroxy-directed hydrogenation of allylic 

alcohols: in this case, the hydrogenation should occur from the α-side, thus 

affording the desired stereoisomer. For this purpose, reductions using 

Wilkinson’s catalyst and Crabtree’s catalyst were attempted, but no conversion 

was observed. The only suitable method was the conventional reduction protocol 

involving H2 gas with Pd/C as a catalyst. However, it was soon clear that the 

reaction outcome is strongly dependent on its scale, as well as on the solvent: 

when the transformation, exerted on 20 mg of narciclasine peracetate with an 8% 

mol catalyst loading and acetic acid as solvent, afforded a 51:44:2 ratio 65% of 

the protected version of the trans isomer 103, the cis isomer 104 and iso-

narciclasine 105 (Figure 8). Repeating the protocol on 1 g of narciclasine 

peracetate and increasing the Pd/C load to 10% mol, the product ratio of the 

103:104 products changed to 30:62, with no observed formation of 105. As the 

scale was increased to 5 g of narciclasine tetraacetate, only starting material was 

recovered. 
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Figure 8. Trans- and cis- dihydronarciclasine and iso-narciclasine  

Pettit’s research program also envisioned the transformation of 

narciclasine into a diverse range of analogues and related natural products other 

than its saturated versions. The main efforts were focused on the conversion of 

narciclasine to the least available isocarbostiryl congener pancratistatin. From a 

theoretical point of view, the modification appears to be simple, consisting of 

olefin saturation and stereoselective hydroxylation at the C1 position. However, 

the practical application proved to be quite more challenging. In the first 

attempts63 to install the alcohol function, the dihydroxylation of the double bond 

was performed to obtain 10b-R-hydroxy-pancratistatin 107 (Scheme 19). The 

oxidation was performed using both the Upjohn and the stereoselective Sharpless 

conditions, and it was found that the outcome was the same in both cases. The 

reaction is face-selective, being directed on the β-face by the cis-hydroxyls in C3 

and C4 both in their protected and deprotected version, thus leading to the 

synthesis of compound 107 and its triacetate 108. In a later publication,64 the 

reduction of the hydroxyl at the benzylic position was attempted by using a 

radical approach on cyclic thiocarbonate 109. Instead of the desired product, the 

C10b epimer of pancratistatin 110 was obtained.  
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Scheme 19. Dihydroxylation studies and synthesis of 10b-epi-pancratistatin 

The face-selective dihydroxylation of narciclasine was also attempted.65 

In the case of its acetonide protected version 99, it was found that in the presence 

of such a sterically demanding protective group, the selectivity switched to the 

α-face. The product, the acetonide protected 10b-S-1-epi-pancratistatin 111 

(Scheme 20), was obtained in a 2:1 ratio with the β-diastereomer. To afford the 

epimerization at C1, the opening of cyclic sulfate 112 was attempted using 

cesium benzoate but, unexpectedly, the SN2 reaction occurred at the C2 position, 

and 10b-S-1-epi-2-epi-pancratistatin 113 was obtained. 
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Scheme 20. Synthesis of 10b-S-hydroxy-1-epi-2-epi-pancratistatin 

The conversion of narciclasine to pancratistatin was accomplished by 

Pettit66 in 2001, through a relay synthesis, as depicted in Scheme 21. After initial 

protection of the hydroxy functionalities to obtain protected narciclasine 114, 

treatment with m-CPBA allowed epoxide to be accessed 115. As proved by X-

ray crystallography, the reaction is diastereoselective and the α-epoxide is the 

sole product. The olefin peroxidation is the key step for the introduction of the 

alcohol at the C1 position, that can easily be obtained by the opening of the 

oxirane functional group. 

Reduction of the epoxide with H2 gas gives the cis-diol 116 in a mixture 

with other products, with a 28% isolated yield after column chromatography. 

The installation of the C1 hydroxy group proved to be successful, although with 

the undesired stereochemistry. To effect its epimerization, the α-cyclic sulfate 

117 was prepared and subjected to nucleophilic opening with cesium benzoate. 

After deprotection, pancratistatin 2 was obtained in ten steps from narciclasine 

1. 
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Scheme 21. Relay synthesis of pancratistatin from narciclasine 

This relay sequence proved to be a valid method for the semi-synthesis of 

pancratistatin and structurally related derivatives, despite being low yielding 

overall. In particular, the cyclic sulfate opening is an efficient tool for the 

insertion of diverse functionalities at C1, to the point that it constitutes the crucial 

strategy in the synthesis of a library of nitrogenated C1 congeners, designed in 

2009 by Marion and co-workers67 from Pierre Fabre Laboratories. The cyclic 

sulfate 117 (Scheme 22), prepared as described in Pettit’s publication, was 

opened with sodium azide to give, after deprotection, 1-azidopancratistatin 118. 

Reduction of the azide offers access to amine 119, that can be then modified into 

a wide number of different amines and amides. 

 

 

 

 

Scheme 22. Marion’s synthesis of 1-amino-pancratistatin 
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It was found that the introduction of aliphatic substituents at the amine 

residue has a positive effect on the biological activity of the derivatives, as in the 

case of benzamide 120 that will be further discussed in Section 2.1.4. 

In Figure 9, a few more semisynthetic isocarbostyrils derived from 

naturally occurring compounds are presented.  

 

 

 

 

 

Figure 9. Semisynthetic derivatives 

Amines 122 and 123 derive from lycoricidine 12 and trans-

dihydrolycoricidine 121, respectively, and were prepared by Pettit68 after LiAlH4 

reduction of the lactam. Kiss and co-workers69 focused their attention on 

narciclasine and produced a series of 28 derivatives, including the 2-amino-

dihydronarciclasine congeners 124 and 125, and the variously substituted amides 

sharing the scaffold of 126. The libraries thereby assembled provided analogs 

showing both a higher and lower pharmacological potency compared to the 

parent compounds, offering in this way new data about the structure-activity 

relationships (SAR) of this class of molecules.  

Although being an easy and convenient tool for the insertion of a broad 

range of structural modifications in the molecule of interest, the semisynthetic 
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approaches find their limit when the introduction of significant structural 

changes is desired. To achieve this type of derivative, several total syntheses 

were designed and performed over the years, ensuring the possibility to create a 

large number of bioactive species with diverse properties. A selection of some 

of these synthetic strategies will be discussed in the upcoming section. 
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     2.1.3.2 Total syntheses of unnatural derivatives 

The numbering and nomenclature for the isocarbostyril alkaloids are 

shown in Figure 10.  

 

 

 

 

Figure 10. Numbering/nomenclature of isocarbostyril alkaloids 

As it is evident at a first glance, the main feature of this class of molecules 

is the presence of a significant number of oxygen-based functional groups, most 

of which are gathered on ring C, which also contains all the stereocenters. 

Furthermore, a phenolic hydroxy group is found in position 7 on ring A, the 

aromatic portion, connected to ring C through a lactam that constitutes ring B. 

To investigate the influence of these functionalities on the biological activity, 

several variously modified homologues have been synthesized. Two very 

exhaustive reviews by Hudlický70,71 provide a detailed description of the 

homologues synthesized throughout the past decades.  

The research on the pharmacophore led to the production of several 

derivatives modified at the C-ring. Among the first modifications explored, the 

full C-ring deoxygenation of pancratistatin was accomplished by Heathcock72 in 

1992. Amidation of piperonylic acid 127, followed by selective o-hydroxylation 

and TBS protection, yielded compound 128 (Scheme 23). Subsequent DoM 

afforded a lithium salt, that underwent a Michael-type 1,4-addition to nitro 

compound 129 to give adduct 130 as a racemic mixture. Epimerization to the 

trans isomer, followed by cyclization with s-BuLi and deprotection gave the 
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target molecule 132 in seven steps. This compound, synthesized as a precursor 

for the conversion to pancratistatin, was not subjected to any biological testing. 

 

 

 

 

 

Scheme 23. Heathcock synthesis of deoxygenated C-ring analogues 

In 1994, Banwell and co-workers73 developed a method to synthesize 

derivatives of lycoricidine and pancratistatin by functionalization of 

cyclopentadiene, as shown in Scheme 24.  
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Scheme 24. Banwell’s approach to lycoricidine and pancratistatin analogues 

Dihydroxylation of cyclopentadiene 133 mediated by Pb(OAc)4, followed 

by protection of the diol and addition of dibromocarbene yielded molecule 134. 

The rearrangement of this dibromocyclopropane in presence of AgOCN and 

methanol gave a mixture of bromides 135 and 136, which granted access to either 

one of the two isocarbostiryl compounds. Suzuki coupling with boronic acid 137 

gave aryl intermediates 138 and 139 in good yields. By protecting the diol of 

molecule 138 as a diacetate, 2-deoxylycoricidine 140 could be obtained in six 

steps after Bischler-Napieralski cyclization and subsequent full basic 

deprotection.  
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Borylation and hydroxylation of intermediate 139, whose 

stereoselectivity was determined by the steric hindrance caused by the ketal 

protective group, followed Bischler-Napieralski cyclization, provided the 

triacetate of the 7-deoxypancratistatin derivative 141 in six steps. This 

publication is also credited with having established a protocol for the formation 

of the B-ring, stemming from the studies conducted by Fodor and Nagubandi74
 

in 1979, that has been used as a standard method for several other syntheses ever 

since. 

A seminal research work for the synthesis of various C-ring analogs was 

accomplished by McNulty and co-workers,75 who identified in nitrostyrene 142 

a fundamental synthon for the introduction of many different structural changes. 

Reaction with bromobutyrate 143 (Scheme 25) yielded nitroaldehyde 144 after 

reduction. 

 

 

 

 

 

 

 

Scheme 25. McNulty`s synthesis of 2,3-dideoxy trans-dihydrolycoricidine 

Treatment of intermediate 144 with neutral alumina yielded 

nitrocyclohexane 145 after solid-phase condensation. Subsequent modification 

of the alcohol and nitro groups led to the formation of carbamate 146 that, upon 
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Bischler-Napieralski cyclization, led to deoxygenated analogue 147 in eight 

steps.  

Another C-ring derivative76 was obtained by performing a Diels-Alder 

reaction between nitrostyrene 142 and 1,3-butadiene precursor sulfolene 148 

(Scheme 26) which afforded, after reduction of the nitro group and carbamate 

protection, olefin 149. Subsequent treatment with m-CPBA afforded a mixture 

of α- and β-epoxides 150, that were then subjected to nucleophilic opening and 

protected as acetate 151. B-ring closure and deprotection provided 4-deoxy 

trans-dihydrolycoricidine 152 in seven steps. 

 

 

 

 

 

 

Scheme 26. McNulty`s synthesis of 4-deoxy trans-dihydrolycoricidine 

To complete the series of C-ring deoxygenated analogues, McNulty and 

co-workers77 subjected nitrostyrene 142 to a Diels-Alder reaction with 

Danishefsky’s diene 153, to obtain adduct 154 in a high exo selectivity (Scheme 

27). 
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Scheme 27. McNulty`s synthesis of 3-deoxy trans-dihydrolycoricidine 

Compound 154 was then further manipulated: the ketone function was 

reduced using sodium borohydride, and the resulting alcohol was epimerized and 

esterified via Mitsunobu conditions. Aluminum amalgam reduction of the nitro 

group and subsequent protection of the amine afforded carbamate 155 in good 

yield. The synthesis endgame envisaged the B-ring closure by means of a 

Bischler-Napieralski reaction that, upon deprotection, gave access to 3-deoxy 

trans-dihydrolycoricidine 157 in seven steps. 

More analogues of 7-deoxypancratistatin variously deoxygenated at the 

C-ring were synthesized by Hudlický and co-workers. Replicating the same 

chemistry already applied towards 7-deoxypancratistatin, the synthesis of the 

1,2-deoxy analogue was accomplished in 200478 and it is summarized in Scheme 

28. 
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Scheme 28. Hudlický’s synthesis of 1,2,7-trideoxypancratistatin 

Diol 30, obtained via enzymatic oxidative dearomatization, was protected 

as an acetonide and subjected to stereoselective aziridine formation at the more 

sterically available olefin. Subsequent radical dehalogenation afforded 

compound 158. Nucleophilic opening of the aziridine with cuprate 159 and acid-

mediated diol deprotection yielded intermediate 160 which, upon acetylation, 

olefin hydrogenation and ring B closure, led to the formation of molecule 161. 

Deacetylation in a methanolic solution of sodium methoxide gave the desired 

compound 162 in nine steps. 

None of the deoxygenated C-ring derivatives produced until this point 

showed higher anticancer activity than the parent compounds, but in 2011 

Hudlický and co-workers synthesized C1-homologues of pancratistatin79 that 

showed some promising in vitro activity. The synthesis is reported in Scheme 

29. 
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Scheme 29. Hudlický’s synthesis of C1-homologues of pancratistatin 

The synthesis started with the Lewis acid-catalyzed nucleophilic opening 

of the epoxide 164 by means of the lithium salt of acetylene 163, to obtain adduct 

165. Hydrogenation of the alkyne in presence of Lindlar catalyst in order to 

obtain a Z-olefin, followed by alcohol protection and aziridine opening delivered 

intermediate 166. Ozonolysis of the double bond and recrystallization yielded, 

after acylation, hemiaminal 167, which was readily converted to final compound 

168 upon oxidation of the alcohol function and full deprotection. Also free 

alcohol 169 and the benzoylated analogue 170 were obtained and tested, showing 

remarkable biological activity, as further explained in the upcoming section.  

All the findings resulting from the above syntheses review contributed to 

increasing the knowledge regarding the structural minimum that must be kept to 

maintain in vitro properties, and the research for a pharmacophore was then 

continued. 
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Different variations, other than deoxygenations, were also investigated. 

The synthesis of ent-7-deoxypancratistatin, accomplished by Hudlický50 and 

shown in Scheme 30, was still based on the oxidation of aromatic substrates by 

toluene dioxygenatse (TDO), an enzyme capable of performing regio- and 

stereoselective dihydroxylations depending on the size of the ring substituents. 

In this manner, whole-cell fermentation of p-bromoiodobenzene 171 gave diol 

172 as the only product, after reductive removal of iodine. An hetero-Diels-Alder 

reaction of diene 172 and Moc-hydroxylamine, using NaIO4 as oxidant, resulted 

in the formation of an oxazine intermediate (not shown) which, upon treatment 

with aluminum amalgam, underwent N-O bond reduction and afforded 

compound 173 as a mixture of enantiomers. Acetylation of the free alcohol and 

enzymatic kinetic resolution provided a substantially enantiopure compound, 

that was then subjected to aziridination and nucleophilic opening to obtain 

compound ent-160. Further manipulation of this intermediate led to the 

formation of the desired product ent-13 in thirteen steps.   

 

 

 

 

 

 

 

 

Scheme 30. Hudlický’s synthesis of ent-7-deoxypancratistatin 
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Subjecting this new species to biological testing, it was revealed that this 

unnatural compound showed an activity lower than the parent congener by one 

order of magnitude. Despite the undesirable outcome of the investigation, these 

results demonstrate the necessity of the hydroxy groups in the C-ring, thus 

closing the chapter of the deoxygenated analogues and opening the way to a large 

series of novel modifications.   

Investigations regarding variations at the B-ring were initiated by 

Chapleur, who synthesized80 open versions utilizing a chiral pool (Scheme 31).  

 

 

 

 

 

 

 

Scheme 31. Chapleur’s synthesis of B-ring open analogues 

Deprotection and bromination of sugar 174 yielded bromide 175. Basic 

halide elimination and diol reprotection could be performed in one step by adding 

an excess of sodium hydride, and so the exocyclic olefin 176 was afforded. The 

intermediate thus obtained was then subjected to Ferrier carbocyclization in 

presence of Hg(TFA)2 in aqueous acetone, and azide 177 was synthesized in 

moderate yields. The free alcohol was mesylated and subsequently eliminated in 

order to install the required double bond; Luche reduction of the enone, followed 

by Mitsunobu reaction, allowed the conversion of the carbonyl to the α-alcohol, 
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and reduction of the azide with LiAlH4 gave amine 178 as a precursor to the C-

ring of narciclasine-type Amaryllidaceae alkaloids. Acylation with carboxylic 

acid 180 and final diol deprotection delivered the lycoricidine analogue 179 

carrying an open B-ring. 

Another type of B-ring modification on narciclasine and lycoricidine81 

was introduced by the same group in 2004, as depicted in Scheme 32. Only the 

synthesis of the narciclasine derivative will be discussed here. This novel 

analogue does not carry any truncated portion and all the rings are preserved; 

however, the original lactam moiety is replaced by a lactone. 

 

 

  

 

 

 

 

 

Scheme 32. Chapleur’s synthesis of B-ring lactone analogues 

A coupling reaction between the lithium salt at the benzylic position of 

amide 181 and D-glucuronolactone 182 afforded compound 183, which carries 

two acetonide protected diols. The selective hydrolysis of one of the acetal rings, 

followed by the conversion of the resulting unprotected diol to aldehyde through 

Malaprade reaction and subsequent Knoevenagel condensation yielded an enone 

species (not shown), that was readily subjected to Luche reduction to give allylic 
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alcohol 184. The reaction was not stereoselective, therefore the alcohol was 

obtained as an epimeric mixture. Finally, acetate cleavage and exposure to acidic 

conditions led to the formation of lactones 185 and 186, epimers at C4, and both 

carrying a methoxylated phenol in C7. Both compounds, as well as the truncated 

analogue 179, showed a complete lack of anticancer activity. 

The presence of a lactone at the B-ring is also an essential feature of the 

analogues synthesized by Fessner and co-workers82 in 2003: in this case, the C-

ring cyclitol is also replaced by a carbohydrate ring, and the synthesis is reported 

in Scheme 33. 

 

 

 

 

 

 

 

Scheme 33. Fessner’s biocatalytic synthesis of carbohydrate analogues 

Fessner’s approach is biocatalytic, making use of enzyme-catalyzed 

operations for most of the synthetic steps. Whole-cell oxidation of naphthalene 

derivative 187 with a recombinant strain of E. coli, followed by ozonolysis gave 

dialdehyde 188. Enzymatic aldol reaction with phosphate 189 gave polyol 190 

that, by the intervention of a phosphatase, was dephosphorylated before 

undergoing ring closure under oxidative conditions. Pyranose 191 and furanose 

192 were obtained in a 1:1 mixture, and no procedure to selectively form 191 
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over 192 could be designed. In addition, the two derivatives did not show any 

anticancer activity. 

A more radical approach to the evaluation of the pharmacological role of 

the lactam moiety envisioned its opening or complete removal. Hudlický and co-

workers report, in 2002, the synthesis of truncated derivatives47 by applying the 

same strategy already established in the synthesis of 7-deoxypancratistatin50 

(Scheme 34). 

 

 

 

 

 

 

 

 

 

Scheme 34. Hudlický’s synthesis of truncated derivatives 

Cuprate 159 underwent Lewis acid-assisted coupling to aziridines 31 and 

158, to give adducts 193 and 160 containing, respectively, a p-toluensulfonyl- 

and a methoxycarbonyl-protected amino group attached to an oxygenated 

cyclohexene ring. Dihydroxylation of the olefin, followed by acetonide 

deprotection of the diol yielded compounds 194 a and b, that were obtained in a 
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highly stereoselective fashion. However, four of the six chiral centers introduced 

up to this point were removed by oxidative cleavage followed by reduction, and 

intermediates 195 a and b were afforded. At this point, the installation of a t-

butoxycarbonyl protective group on the tosyl-protected amine and one of the 

alcohol functions delivered compound 196, while amine deprotection led to 

molecule 197.  

Another case of substantial modification of the functional group at the 

C4a position is represented by the synthetic approaches of Kornienko, who 

developed a method83 to design analogues that completely lack a nitrogen-

containing functional group in favour of more oxygenated versions, as reported 

in Scheme 35. 

 

 

 

 

 

 

 

 

 

 

Scheme 35. Kornienko’s synthesis of open B-ring analogues 
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The synthesis started from D-xylose 198, a commercially available sugar 

that is selectively benzylated to compound 199. After acetal hydrolysis, the 

molecule is subjected to a first Wittig olefination, followed by Swern oxidation 

and a second Wittig reaction to install two olefins. Subsequently, the conjugate 

addition of aryl cuprate 200 to unsaturation α to the ester yielded intermediate 

201, obtained in a high stereoselectivity (50:1). Reduction of the ester moiety 

with lithium aluminum hydride, followed by Grieco olefination, granted access 

to compound 202, that was later cyclized by olefin metathesis using a 1st 

generation Grubbs catalyst. The newly synthesized molecule 203 was a crucial 

intermediate: removal of the benzyl groups gave compound 204, while 

dihydroxylation of the double bond afforded cyclitol 206. Furthermore, 

reduction of the olefin in 204 gave molecule 205, for a total of three unnatural 

derivatives resulting from a 12 steps synthesis. The use of diversely substituted 

aryl cuprates allowed for the formation of a small library; however, upon 

biological testing, it was noted that none of the analogues showed any activity.  

One last attempt towards ring B-modified species was McNulty and co-

workers’ synthesis84 of analogues carrying an open chain amide function. The 

synthetic strategy, that makes use of Evans stereoselective aldol coupling to 

install the required stereochemistry, is depicted in Scheme 36. 

 

 

  

 

 

 

 



50 

 

 

 

 

 

 

 

 

 

 

Scheme 36. McNulty’s synthesis of seco-derivatives 

Coupling between acid 208 and Evans auxiliary 207 afforded compound 

209, which was readily subjected to aldol reaction with chiral aldehyde 210 to 

provide intermediate 211. This intermediate contained all the necessary 

stereocenters in the correct configuration, and was obtained in a high 

stereoselectivity (95:5). At this point, the auxiliary group was removed with 

reductive conditions, and the resulting diol was protected as a benzylidene acetal,  

to obtain acetal 212. The acetal was then removed in presence of NBS, which 

allowed for the protection of one alcohol as a benzoyl ester and, at the same time, 

installed a bromide that was employed for the introduction of an azide. Reduction 

of the azide and subsequent O to N migration of the benzoyl moiety afforded 

compound 213. From here, depending on the deprotection conditions, it was 

possible to go towards compound 214, that still carries an acetonide protected 
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vicinal diol, or the fully deprotected molecule 215. Once again, after biological 

testing of these derivatives, no relevant activity was detected. 

As reported thus far, the majority of modifications introduced in the 

isocarbostyril skeleton regard mainly the B- and C- rings, while derivatizations 

at the A-ring are reported in just a few cases. The synthesis of a dideoxy analogue 

of pancratistatin was performed by Alonso85 in 2013, as summarized in Scheme 

37.   

 

 

 

 

 

 

 

 

Scheme 37. Alonso’s synthesis of 7,9-dideoxypancratistatin 

The synthesis began with the reaction between furfural 216 and 2-

nitropropenol to afford, under oxidative conditions, nitroenal 217. A subsequent 

[3+3] annulation with compound 218 led to the formation of intermediate 219, 

in which the precursor to ring C was established with the desired 

stereochemistry. After protection of the remaining unprotected alcohol, 
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reduction of the nitro group with Ni/Raney allowed for the introduction of the 

amine in C4a, that was then functionalized by reaction with acryloyl chloride in 

basic conditions to give compound 220. The subsequent intramolecular Diels-

Alder reaction was facilitated by the chlorination of the furan ring, and product 

221 carries a fully completed ring B and a substituted cyclohexene as precursor 

to ring A. After deprotection of the hydroxy groups, stereoselective reduction of 

the ketone in C2 and reprotection of the alcohols as acetates, followed by 

treatment with sodium methoxide allowed for aromatization of ring A as well as 

simultaneous removal of all protective groups, to obtain 7,9-

dideoxypancratistatin 222 in 11 steps. Biological testing of the title compound, 

as well as its phenol-functionalized version 223, did not show any activity. 

Among all the research groups involved in the study of the 

pharmacopohore of the isocarbostyril-containing Amaryllidaceae alkaloids, 

Hudlický’s research group has undoubtably been the most active with regard to 

the modification of the A ring, focusing in particular on the 

removal/modification of the methylene dioxy motif. The earliest report of this 

kind of derivatization78 aimed for the synthesis of 7,8-dideoxypancratistatin, by 

application of already established synthetic protocols. The use of 

enantiomerically pure intermediates involved in the syntheses of structurally 

related products, such as aziridine 158, was also required. Reaction of the azirane 

with the appropriate aryl cuprate and Bischler-Napieralski ring closure gave, 

after complete deprotection, the title compound 225, as summarized in Scheme 

38. Biological testing revealed that the compound showed an activity lower than 

the parent compound by two orders of magnitude.  

 

 

 

Scheme 38. Summary of Hudlický’s synthesis of 7,8-dideoxypancratistatin 
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In another attempt from the same group, the aromatic A-ring was 

completely removed and replaced with an indole function,86 as reported in 

Scheme 39. The rationale behind this choice was that, conducting modeling 

studies on the indole analogue, was established that the derivative would have 

an electrostatic potential surface very similar to the one of pancratistatin itself. 

 

 

 

 

 

 

Scheme 39. Hudlický’s synthesis of A-ring indole derivatives of pancratistatin 

Coupling between aziridine 31 and the methyl ester of 2-

indolecarboxylate 226 led, after saponification, to intermediate 227. The 

compound was then subjected to iodolactonization conditions to afford 

intermediate 228. Treatment with lithium methoxide accomplished the 

hydrolysis of the lactone and formation of a β-epoxide on the cyclohexene 

portion, and subsequent Boc protection of the amine gave methyl ester 229. 

Finally, absorption of the compound on silica gel and heating in the presence of 

water caused the cyclization of ring B and the opening of the epoxide, to yield 

the title compound 230. Unfortunately, biological testing revealed the lack of 

any activity. 

One more attempt in the production of A-ring derivatives consists in the 

replacement of the methylene dioxy moiety with two TMS groups in C8 and C9, 

as published87,88 by the same group in 2005 (Scheme 40).  
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Scheme 40. Hudlický’s synthesis of A-ring disilyl pancratistatin derivatives 

Aziridine 31 was subjected to nucleophilic opening employing TMS 

acetylene 231 in presence of aluminum trichloride. Dihydroxylation of the 

resulting enyne and subsequent formation of cyclic sulfate yielded molecule 232. 

Treatment with ammonium benzoate determined the introduction of the correct 

β-alcohol at C1, trans relatively to the hydroxyl at the C2 position, that was then 

protected as a silyl ether. Removal of the TMS group from the acetylene and 

installation of a propargyl side chain at the amine moiety yielded dialkyne 233, 

subsequently subjected to a cobalt-catalyzed [2+2+2] cycloaddition with 

bis(TMS)acetylene to construct the aromatic portion of cyclic amine 234. The 

TBS protective group of the C2 alcohol was replaced with a benzoate, and the 

oxidation of the benzylic carbon of compound 235 was effected by using 

ruthenium tetroxide, obtained in situ with RuCl3 and NaIO4. The product was 
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phenanthridone 236, that upon full deprotection delivered compound 237. Once 

again, molecule 237 was devoid of any anticancer activity. 

Further alterations to the A-ring called for the replacement of the benzene 

ring with an heteroaromatic cycle, more specifically a pyridine ring missing the 

methylene dioxy functionality. In 2014, the Hudlický group published89 the 

synthesis of 7-aza-nornarciclasine and its N-oxide, as reported in Scheme 41.  

 

 

 

 

 

 

 

 

 

Scheme 41. Hudlický’s synthesis of 7-aza-nornarciclasine and its N-oxide 

The synthesis started with the independent production of the A-ring and 

C-ring precursors. Directed ortho-metalation of picolinic acid 238 and 

subsequent treatment with iodine yielded in one step the lithium salt of the 

halogenated acid 239, which was used instead of the free acid because of its 

increased stability.89 Conduramine 241 was obtained through a slightly longer 

series of transformation from diol 30, that was first protected as an acetonide and 
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then immediately combined with the Boc-hydroxylamine in oxidative conditions 

to obtain oxazine 240, through a nitroso-Diels-Alder reaction. Reduction of the 

N-O bond with aluminum amalgam and subsequent amine deprotection afforded 

compound 241, at which point the two routes converged in the synthesis of amide 

242, obtained in moderate yield. The Boc reprotection of the nitrogen moiety 

was necessary for the following step, an intramolecular Heck reaction, that 

allowed for the formation of the molecular backbone of intermediate 243. Global 

deprotection led to the title compound 244 which, upon oxidation with mCPBA, 

delivered the N-oxide 245. Unfortunately, both products proved ineffective when 

tested for anticancer activity.  

One last derivative carrying an isosteric pyridine ring as the A-ring was 

synthesized by the same group90 in 2015, but this time the methylene dioxy 

moiety was maintained as well as the hydroxy group in C7, the nitrogen being 

placed in position 10 (Scheme 42). 
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Scheme 42. Hudlický’s synthesis of 10-aza-narciclasine 

The synthetic route was once again convergent. The construction of the 

C-ring building block 241 replicated the one already outlined in Scheme 40, 

while the assembly of the aromatic portion started from furfural 246 to give the 

halogenated dihydroxy pyridine 247 in one pot, following a procedure 

established in 1979.91 Methylene dioxy bridge formation and introduction of a 

methoxy group in position C4 of the pyridine ring yielded molecule 248, and 

subsequent halogen dance reaction followed by quenching with CO2 determined 

the formation of compound 249, building block for ring A. Reaction between the 

two precursors in the presence of HBTU, followed by Boc protection of the 

amide delivered intermediate 250, readily cyclized by means of an 

intramolecular Heck reaction. Global deprotection led to the final compound 

252, which showed to be the only A-ring derivative capable to exert in vitro 
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anticancer activity, albeit lower than the parent compound. This finding provides 

more evidence that the presence of the C7 hydroxy group is necessary for the 

molecule to maintain biological activity. 

The selection of syntheses presented up to this point demonstrate the 

attention that pancratistatin, narciclasine and their congeners received from the 

synthetic community, in a quest for the pharmacophore that would lead to the 

production of unnatural, more potent, derivatives. Although, as it is often the 

case, the research led to satisfactory results in only a few occasions, some of the 

most relevant findings will be reported in the following Section 2.1.4. 
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   2.1.4 Pharmacological testing 

     2.1.4.1. Mode of action and SAR studies 

The use of plants of the Amaryllidaceae family for medicinal purposes 

has been known and well established for centuries, in cultures very different and 

distant from each other. As already mentioned in section 2.1.1, some of the 

earliest recorded uses of the narcissus extract to treat uterine cancer dates back 

to the ancient Greece of Hippocrates,4 and plant decoctions are still used by 

healers of South African tribes such as Zulu and Sotho to treat a wide array of 

ailments.92 Furthermore, it was the study of the traditional medicine of the 

populations inhabiting the Caucasus Mountains that allowed for the 

identification of galantamine,93 nowadays a world-renown drug used to treat 

some of the symptoms of the Alzheimer disease.  

In 1958, while screening plant extracts for antimalarial activity, Fitzgerald 

and co-workers94 stumbled upon the antitumor effects of aqueous 

Amaryllidaceae bulbs extracts on mice cancer cells, and this study opened the 

way to the experiments conducted by Ceriotti in 1967.1 The isolation of the 

compound responsible for such activity, which was called narciclasine (1), was 

accomplished after noticing the inhibitory effect that some daffodil extracts 

seemed to have on plant growth. Further testing on murine sarcoma revealed its 

strong antimitotic activity and, since then, the interest for the potential medical 

use of narciclasine and its congener pancratistatin (2) has continued until today. 

The therapeutic potential of these compound appears very broad. In vitro 

testing has demonstrated95 efficacy against some RNA-based viruses such as 

bunyaviruses and flaviviruses (the latter responsible for diseases like yellow 

fever and dengue fever), while being ineffective towards lentiviruses (HIV-1) 

and DNA-based viruses like vaccinia viruses. Narciclasine is also capable to 

show some anti-inflammatory activity in cases of arthritis induced in rats,96 and 

can stop in vitro replication of bacteria Cryptococcus neoformans and Neisseria 

gonorrhoeae.66 In addition, pancratistatin and lycoricidine (12) have good 
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inhibitory effect on cultures of Encephalitozoon intestinalis, a microsporidium 

that causes opportunistic intestinal infections in immunocompromised patients.97 

The most prominent type of biological activity is, however, directed 

towards various kinds of cancer cell cultures. In 1993, Pettit and co-workers 

conducted biological testing98 on a panel of 60 human cancer cell lines of the 

National Cancer Institute, employing some natural compounds (1, 2, 12, Figure 

11) as well as some unnatural derivatives (103, 104, 105, 253, 254, Figure 11). 

 

 

 

 

 

 

 

 

 

Figure 11. Natural and artificial isocarbostyril alkaloids 

Of the many different cell lines comprised in the panel, the compounds 

seemed to be most effective against melanoma and some specific kinds of brain, 

lung and renal tumors, while being significantly less active towards other types. 

Mean GI50 calculations designated narciclasine 1, pancratistatin 2, trans-

dihydronarciclasine 103 and its 7-deoxy version 253 as the most potent 

compounds, with mean concentrations of, respectively, 15.5 nM, 91.2 nM, 12.6 

nM, 67.6 nM. Lycoricidine 12 showed moderate activity (14.5 nM), while 

isonarciclasine 105, cis-dihydronarciclasine 104 and its 7-deoxy version 254 

were found to be basically inactive. This study offered a portrait of the wide 

range of tumors that are vulnerable to these compounds, and furnished some 

preliminary information about some of the structural requirements necessary to 
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maintain the biological effect. These results laid the basis for the studies 

conducted by Kiss who, by synthesizing and testing a small library of 

semisynthetic derivatives of narciclasine, was able to conduct structure-activity 

relationship (SAR) studies69 and identify the minimal pharmacophore for the 

isocarbostyril alkaloids,99 as reported in Figure 12. 

 

 

 

 

 

Figure 12. SAR studies of narciclasine and isocarbostyril pharmacophore 

From the screening of the library of semisynthetic derivatives, it was 

found that any derivatization or modification of the lactam ring, the vicinal diols 

in C3 and C4 and the phenol in C7 (Figure 12,a, red circles) would lead to a 

marked decrease or total disappearance of the anticancer properties. The 

reduction of the double bond, its migration to the C10b-C4a position and any 

modification of the stereocenters of the C-ring, would have the same 

consequence, as reported by Pettit through his numerous semisynthetic efforts.62-

65 Esterifications at the C2 alcohol (Figure 12,a, yellow circle) provided 

compounds that, in some cases, showed lower active concentrations than the 

parent molecule, but with significantly reduced stability. Some more variations 

were then introduced via total syntheses and, while more evidence of unsuitable 

modifications could be collected (analogues without the methylene dioxy 

functionality at the A-ring were inactive86,87), it was also possible to identify a 

“bay area” (Figure 12,a, green circle) in which modifications are allowed. The 

information collected through these investigations also allowed for the 

identification of the structure of minimal pharmacophore (Figure 12,b), that 

carries all the structural requirements necessary to maintain a residual biological 
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activity. It can be noted that the C2, C3 and C4 alcohols, as well as the cyclic 

amide moiety, are required to activate any biological response.  

Derivatizations in the “bay area” of the molecule, which comprises 

positions C1 and C10, were accomplished by Hudlický79,90 and Marion67 and, 

upon biological testing, were met with a positive outcome. A selected collection 

of anticancer activity values for various derivatives will be presented and 

discussed in the next section. 

One of the most peculiar properties that was noticed while testing the 

biological activity is the tendency of narciclasine and pancratistatin to target 

almost exclusively the tumoral cells, while leaving the healthy fibroblasts 

relatively unaffected. This evidence raised questions about the reasons behind 

this selectivity, and regarding the mechanism of action on a molecular level. The 

earliest investigations on the mode of action of narciclasine were undertaken by 

Vazquez and co-workers. A series of experiments conducted in 1975 on the yeast 

Saccharomyces cerevisiae and rabbit reticulocytes, revealed that narciclasine 

exerts its cytotoxicity by inhibiting protein synthesis. The production of RNA 

was not found to be affected, therefore the molecular target is likely to be located 

on the ribosomes.100 To further prove their argument and to try and identify the 

ribosomal subunit directly affected, the same research group repeated the 

testing101 on a mutated strand of Saccharomyces cerevisiae, bearing a 

modification of the peptidyl transferase of the 60S subunit. This mutant version 

of the yeast is resistant to anisomycin and trichodermin (Figure 13), antibiotics 

that specifically bind to the modified enzyme. When narciclasine was tested 

against these cultures, the protein synthesis was unaffected and the cells showed 

cross-resistance, thus proving that narciclasine halts the protein production by 

inhibiting the transferase situated in the 60S ribosomal subunit.  
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Figure 13. Anisomicyn (255) and trichodermin (256) 

When biological testing was performed using a tritium-labeled version of 

narciclasine,102 additional evidence of its specific activity could be recorded and 

it was noticed how, while being effective on eukaryotic cells, protein production 

remained untouched on cell culture prokaryotes like Escherichia coli. This 

particular selectivity can be explained by the predisposition of narciclasine to 

induce peptide alterations in specific portions, that are codified by RNA 

sequences highly conserved within the eukaryote reign.103  

A 2014 study, conducted on Saccharomyces cerevisiae by the Max Planck 

institute and the University of Strasbourg,104 represents a turning point in the 

elucidation of the binding of narciclasine to its biological target. 

 

 

 

 

  

  

  

Figure 14. Binding of narciclasine to the 60S ribosomal subunit105 

The study investigates the interaction of a selected panel of eukaryotic 

ribosomal inhibitors at their binding sites, revealing that the majority of the 

compounds that have been tested target the peptidyl transferase center (PTC) at 

its A-site. In the case of narciclasine, the lactam hydrogen and the C-ring 
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alcohols form hydrogen bonds with the rRNA residues present at the enzymatic 

active site (Figure 14), thus locking the molecule in place and preventing the 

entrance of the aminoacyl-tRNA, with the consequence that the peptide synthesis 

is inhibited. These findings, that furnish definitive proof of the identity of the 

pharmacophore, are essential to fully understand the rationale behind the 

synthesis of C10-hydroxylated unnatural versions of narciclasine, as discussed 

in more detail in Section 3.2.  

Many studies have also been conducted in regards to the aforementioned 

selectivity towards human carcinoma compared to healthy fibroblasts. Numerous 

independent studies indicate that the in vitro toxicity of narciclasine and 

pancratistatin is about 250 times higher for cancerous cells than for somatic cells, 

including Pandey’s work of 2010106 which pinpoints the mitochondria as the 

starting point of the apoptotic process. The hypothesis is that when the alkaloid, 

in this case pancratistatin, is in the presence of a tumoral cell culture such as 

human leukemia, it is capable to interact with a specific protein that regulates the 

equilibrium of apoptosis/survival signals, thus leading to bursting of the tumoral 

mitochondria that are normally less stable than the healthy ones.  

Such observation was already noted by Kiss a few years before,107 with 

the specification that the apoptotic process needed a mitochondrial amplification 

event only in the case of human breast cancer, while when the target was prostate 

carcinoma no release of mitochondrial proapoptotic factors was observed. The 

leading role as the initiator of the programmed cell death was assigned to the 

capacity of the molecules of triggering the death receptor pathway, present in 

tumors but not in healthy fibroblasts. 

One more theory was promoted by Van Goietsenoven,108 who postulated 

that the apoptotic signal depended on the interaction of narciclasine with the 

ribosomal translation elongation factor eEF1A, associated to protein synthesis 

and generally overexpressed in cancerous cells. The study, supported by 

molecular docking models and binding assays on isolated human recombinant 

eEF1A, indicated that while low doses of narciclasine determined an impairment 
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in protein synthesis high enough to cause cytostasis, higher doses were able to 

induce cellular death.  

     2.1.4.2. Activity of natural and unnatural analogues 

In the following tables are reported the mean IC50/ED50/GI50 values for 

some of the natural and unnatural isocarbostyril analogues, grouped by site of 

modification (ring A, ring B, ring C). The activities of narciclasine, pancratistatin 

and lycoricidine will be enclosed in each table as reference. 

 

 

     

    

 

 

Entry Name of compound 

Mean 

IC50/ED50/GI50 

(µM) 

Ref. 

1 Narciclasine (1) 0.0155 98 

2 Pancratistatin (2) 0.0912 98 

3 Lycoricidine (12) 0.145 98 

4 
trans-

dihydronarciclasine 
0.0126 98 

5 cis-dihydronarciclasine 3.8 98 

6 (157) Inactive 77 

7 (120) 0.0087 67 

8 (168) 0.07 79 

9 (170) 0.03 79 

 

Table 1. Anticancer activity of C-ring analogues 
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Table 1 collects the average anticancer activity values for analogues 

bearing modification at the ring C. While hydrogenation of the double bond 

(entry 4) does not dramatically influence the activity, the variation of the 

stereochemical relations between B and C ring (entry 5) leads to its significant 

decline. Deoxygenated versions (entry 6, compound 157 lacking hydroxyl 

groups at C1, C3 and C7) are totally inactive, while modifications at the C1 

position of pancratistatin delivered some favourable results: when the alcohol is 

replaced by a benzylamine moiety (entry 7) the cytotoxicity is more pronounced 

than that of the parent compound, and the acetate ester of the homologated 

alcohol (entry 8) gives values intermediate between the ones of narciclasine and 

pancratistatin (entries 1 and 2). 

   

Entry Name of compound 

Mean 

IC50/ED50/GI50 

(µM) 

Ref. 

10 Narciclasine (1) 0.0155 98 

11 Pancratistatin (2) 0.0912 98 

12 Lycoricidine (12) 0.145 98 

13 (185) Inactive 80 

14 (191) Inactive 82 

15 (205) Inactive 83 

16 (206) Inactive 83 

17 (215) Inactive 84 

 

Table 2. Anticancer activity of B-ring analogues 
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The biological activities of the B-ring unnatural derivatives are 

summarized in Table 2. Certain analogues still maintain the tricyclic scaffold, 

but when the lactam ring is replaced by a lactone (entry 13), in one example with 

concomitant replacement of the C-ring with a carbohydrate residue (entry 14), 

the activity is absent even if the stereochemistry of the B/C junction is respected. 

In the cases in which the B-ring is completely lacking (entry 14) no activity was 

reported, even in presence of an α-alcohol (entry 15) or a β-benzamide in position 

C4 (entry 16). It is evident that the lactam function is an essential structural 

feature and needs to remain untouched in order to maintain any cytotoxic 

properties. 

 

 

    

 

  

Entry Name of compound 

Mean 

IC50/ED50/GI50 

(µM) 

Ref. 

18 Narciclasine (1) 0.0155 98 

19 Pancratistatin (2) 0.0912 98 

20 Lycoricidine (12) 0.145 98 

21 (223) Inactive 85 

22 (230) 60.1 86 

23 (237) Inactive 88 

24 (245) Inactive 89 

25 (252) 0.08 90 

 

Table 3. Anticancer activity of A-ring analogues 
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Table 3 collects the mean values for the anticancer properties of A-ring 

unnatural derivatives. The lack of the phenol in position C7, as already seen 

before, is responsible for a significant decrease in biological activity 

(lycoricidine, entry 3, is less active by one order of magnitude than its C7-

hydroxylated analogue narciclasine, entry 1), and when also the methylene dioxy 

bridge position C8-C9 is lacking the cytotoxicity is completely lost. This is the 

case for molecule 223 (entry 21, carboxybenzyl moiety in C8) and molecule 237 

(entry 23, two TMS groups at the C8 and C9 positions). Complete replacement 

of the benzene ring with an indole moiety (entry 22) caused a substantial loss of 

activity, and when the newly introduced ring is a pyridine with the nitrogen in 

position 7 (entry 24) the activity is entirely lost. However, compound 252 (entry 

25), an isostere of narciclasine carrying a nitrogen in position 10, showed 

antitumoral properties similar to the parent compound, thus opening the way to 

new promising possibilities of derivatization. 

Since their discovery, a lot has been revealed of the mode of action and 

the peculiar anticancer potency of the Amaryllidaceae isocarbostyril alkaloids, 

but the one real hurdle on the way to their development into a pharmaceutical is 

yet to be tackled, and that is their extremely low water solubility. In an attempt 

to solve the problem, Pettit and co-workers synthesized a library of cyclic 

phosphates109 forming sodium salts (Figure 15) but using also different other 

counterions (imidazole, Mg2+, Zn2+, etc.). Despite the water solubility being 

significantly ameliorated, the compounds showed an in vitro activity somewhat 

inferior to that of the parent molecules. This defect has been attributed to the 

incomplete cleavage of the phosphate groups from the prodrug in such a medium, 

and the hypothesis that in vivo testing would deliver more encouraging results 

was confirmed by a research conducted by Shnyder in 2008,110 in which the 

sodium salt of pancratistatin cyclic phosphate 258 was assayed on mice models 

of human colon adrenocarcinoma. When the mice were administered the prodrug 

at the maximum tolerated dose, a significant growth delay of the tumor could be 

observed. 
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Figure 15. Some sodium phosphate salts of Amaryllidaceae analogues 
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2.2. Oxidative dearomatization of arenes  

   2.2.1. Aromatic dioxygenases.  

Enzymes are fundamental constituents of any organism, being peptides 

able to act as biological catalysts for reactions that are necessary for life and 

survival. Enzymes like DNA-polymerase are responsible for the assembly of 

genetic material both in eukaryotes and in prokaryotes, and many others have a 

wide array of roles ranging from energy production to metabolization of 

nutrients. In 1833 Payen and Persoz, while working in a sugar factory, 

accidentally isolated a white powder capable to convert starch into maltose.111 

The substance, called diastase, is an enzyme that can be found in malt but also 

in milk and saliva, and it is the first enzyme ever isolated. Its discovery inspired 

a plethora of other scientists in deepening the knowledge in the field. Among 

these, it is important to mention Louis Pasteur, who recognized that lactose 

undergoes a type of fermentation112 similar to the one of beer or wine, indicating 

bacteria as responsible for such transformations and thus triggering further 

investigation about the “vital force” or “ferment” by which the conversion can 

be performed. Pasteur also conducted studies on the conversion of ethanol to 

acetic acid,113 attributed to a microorganism called Bacterium aceti (known 

today as Acetobacter aceti) that required the presence of atmospheric oxygen to 

grow and to effect the transformation. These findings inspired Brown’s 

investigation of 1886,114 who further explored the scope of this bacterial 

oxidation and discovered that it could be used to oxidize dextrose to gluconic 

acid and mannitol to fructose. The first use of the term “enzyme” is attributed to 

Kühne115 in his research report of 1877. 

A large group of enzymes is represented by the family of the 

oxidoreductases, capable of catalyzing oxidation-reduction reactions. They are 

identified under the code EC 1., and the subclass EC 1.14 gathers the 

oxidoreductases which require two hydrogen donors and are able to incorporate 

molecular oxygen in one of the donors.116 Of these enzymes, that always require 
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one molecule of NADH as hydrogen donor, about 20 are specific for aromatic 

substrates, and an example of a generic transformation is depicted in Scheme 43. 

 

 

 

 

 

Scheme 43. General scheme of reactions for aromatic oxidoreductases 

As it is possible to appreciate, these enzymes accept a very broad range 

of aromatic compounds, both mono- and bicyclic and carrying a wide variety of 

substituents. Aromatic oxygenases are common both in eukaryotes and 

prokaryotes, and were observed for the first time in bacteria that are able to digest 

compounds like benzene, toluene and xylene to furnish their catechol 

versions.117,118 The systematic study of this kind of enzyme and their mechanism 

of action was initiated by Marr and Stone in 1960119 who, following their 

findings, postulated that the oxidation pathway was different for prokaryotes and 

eukaryotes. A few years later, Gibson and co-workers confirmed the theory by 

observing the aromatic dihydroxylations performed by Pseudomonas putida.120 

In 1963, Sato demonstrated121 that in the urine of rabbits doused with benzene 

263 it was possible to find traces of trans-benzene glycol 265, a crucial 

intermediate in the production of catechol 266. The detection of cis-toluene 

glycol 268 in the extracts of P. putida by Gibson means that the mechanism of 

oxygen insertion must be different for mammalians and bacteria, formulating 

two hypothetical pathways for both transformations reported in Figure 16. 
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Figure 16. Eukaryotic and prokaryotic dioxygenation pathways 

The formation of the trans-benzene glycol intermediate 265 in eukaryotes 

would imply the initial production of epoxide 264, later opened by nucleophilic 

attack of water and aromatized to catechol 266 by another enzyme. In the 

prokaryotic case, cis-toluene glycol 268 is directly afforded after enzymatic 

oxidation, and later subjected to the action of other enzymes in order to achieve 

aromatization. The first series of cis-diol intermediates stable enough to be 

isolated was synthesised by Gibson in 1968,122 by utilizing as substrate mono 

halogenated versions of benzene and toluene such as p-chloro toluene 270 

(Figure 17), which gives diol 271 and catechol 272 as oxidation products. 

 

 

 

Figure 17. Enzymatic dihydroxylation of p-chloro toluene 

The quest for the transformation of these bacterial molecular machines 

into useful biosynthetic tools was then initiated. In fact, the possibility to isolate 

3,5-cyclohexene-1,2-cis-diols in a very high enantioselective fashion (> 98% er) 

is very attractive, considering their relevance as synthons and the significant 

difficulty of obtaining them through traditional synthetic chemistry. The first 

thing that needed to be done was to obtain a version of the bacteria that would 

not contain the enzymes responsible for the aromatization of the diol 

intermediate, thus Gibson and co-workers created the mutant Pseudomonas 
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putida 39/D (Pp 39/D)123 in 1970. In this way, it was possible to produce the cis-

diol intermediate in bulk preventing the full oxidation to catechol, but the use of 

toluene dioxygenase (TDO) to oxidize any substrate still required the 

concomitant presence of toluene or p-chloro toluene in order to trigger the 

expression of the enzyme. To solve this problem, Gibson identified the genes 

that codify for TDO and produced a plasmid that was introduced into a 

recombinant strain of E. coli124 (E. Coli JM109 (pDTG601)). In this system, the 

overexpression of TDO is dependent on the sugar β-isopropyl 

thiogalactopyranoside (IPTG) that, unlike toluene, is not a substrate for the 

enzyme, and contamination issues can be resolved. Furthermore, the capacity of 

E. coli cultures of growing at a higher rate than cultures of Pp 39/D allows for 

the multigram production of diversely substituted cis-diene diols.  

A method for the medium-scale preparation of diols was developed by 

Hudlický and Endoma, who reported a detailed description of the protocols in a 

2002 publication125 (Figure 18).  

 

 

 

Figure 18. Operation scheme for medium-scale preparation of diols126 

The process is carried out over three days and requires the use of a 

fermenter, as well as the preliminary sterilization of all the equipment used. On 

day one, the precultures of E. Coli JM109 (pDTG601), developed in agar plates 

two days prior, are inoculated into flasks containing a buffer solution and the 

growth medium, and placed into an orbital shaker for 12 hours In the meantime, 

the fermenter is refilled with water and growth medium, and then sterilized at 

120 °C for 20 minutes. On day two, the pH inside the fermenter is brought to 6.8, 

and the preculture broth is added and kept stirring. In the first phase, bacterial 

growth is induced by administering glucose, at a rate that is determined by 

monitoring the oxygen content dissolved in the broth, detected through the use 
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of an oxygen electrode: the oxygen content decreases as the bacteria grow and 

divide, and the oxygen levels can be kept constant by adjusting the rate of stirring 

and the pace of glucose addition. To monitor bacterial propagation, the changed 

of the optical density (OD) of the fermenter medium are observed, by measuring 

the UV absorbance at 640 nm of dilute samples of the medium collected at the 

very beginning and repeating the analysis every two hours. When the levels of 

OD reach fifteen times the levels measured at the beginning of the process, IPTG 

is added to induce the expression of the toluene dioxygenase. On day three, the 

pH is adjusted to 7 and the addition of the substrate can begin. The rate of 

addition and of transformation vary for each substrate, and the rate of addition 

must be carefully monitored to prevent cell death. The diols, products of the 

fermentation process, absorb in the UV-vis region, between 265 and 275 nm, and 

the absorption is monitored by collecting aliquots of the medium every 30 

minutes. As the UV absorbance attributed to the diol starts decreasing, the 

substrate addition is stopped and the broth is ready for harvesting. The pH of the 

broth is then increased to 7.6 and the material is centrifuged, to afford the 

separation of a supernatant and a cell residue, that is autoclaved before disposal. 

The supernatant is then subjected to liquid-liquid extraction using ethyl acetate, 

the recollected fractions are dried over Na2SO4 and concentrated, to afford a solid 

material that can be further purified by recrystallization from ethyl acetate-

hexane. Together with the accurate description of the protocol, the publication 

reports the conversion yields and addition rates for many aromatic substrates. 

The enzymatic dihydroxylation of aromatic substrates has, since then, 

become a staple methodology in the Hudlický group, and has inspired further 

investigations on E. Coli JM109 (pDTG601)127 as well as on the development of 

other recombinant species,128 thus enhancing the scope of biocatalysis in 

synthetic chemistry.  
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   2.2.2. Syntheses that include the use of diols 

The development of an easy, reliable and robust method to prepare highly 

complex synthons in a multigram scale certainly represents a significant 

advancement in synthetic chemistry, giving rapid access to enantiomerically 

pure cis-diols, whose preparation would be laborious and less efficient using 

traditional methods. Furthermore, it demonstrated the high potential of the use 

of biotechnology in organic synthesis, and contributed in widening the horizons 

of the chemical community. The earliest uses of diols in synthesis has been 

reported in Taylor’s synthesis of polymeric polyphenylene129 and Gibson’s 

synthesis of indigo (274),130 reported in Scheme 44.  

 

 

 

 

 

 

 

Scheme 44. Gibson’s synthesis of indigo 

The synthesis was performed using cultures of E. coli HB101, a 

recombinant strain expressing naphthalene dioxygenase of P. putida PpG7. 

When fed a medium rich in tryptophan 270, the aminoacid is converted to indole 

271. Then, the dioxygenase leads to the formation of diol 272, which undergoes 

spontaneous elimination of water to give allylic alcohol 273. Atmospheric 

oxygen promote its oxidation, giving indigo 274 as dimerization product. In this 

synthesis, the diol introduction is a way to gain the reactive allylic alcohol and 

the stereochemical information is completely lost in the final product. To see the 

first case in which the use of the diol is instrumental in the stereochemical 



76 

 

outcome of the target molecule we have to look into Ley’s synthesis of (+)-

pinitol131 of 1987, summarized in Scheme 45.  

 

 

 

Scheme 45. Summary of Ley’s synthesis of (+)-pinitol 

The synthesis starts from cis-benzene glycol 275, obtained by microbial 

oxidation of benzene using P. putida cultures. The steric hindrance caused by 

the benzoylated vicinal diol influences the stereochemistry of the hydroxyls 

introduced in later stages, starting with the preferential formation of α-epoxide 

276. Methanolysis of the oxirane yields compound 277, that then undergoes 

selective β-dihydroxylation using osmium tetroxide delivering, after complete 

deprotection, (+)-pinitol 278.  

The use of cyclohexadiene diols in entantioselective synthesis has been 

and is still now a prominent strategy in Hudlický’s research work. The first use 

of a toluene derivative dates back to the synthesis of prostaglandin E2132 (Scheme 

46). 

 

 

 

Scheme 46. Summary of Hudlický’s synthesis of prostaglandin E2 

By applying ozonolysis conditions on cis-toluene glycol 268, dicarbonyl 

279 is obtained. Intramolecular aldol cyclization leads to enone 280, that is later 

modified to obtain the target compound 281. The stereochemical information is 

here maintained and it is essential for the correct introduction of the other 

functionalities. 
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Shifting the attention to the diol portion of the molecule, it is possible to 

notice how these synthons can be also involved in cycloaddition reactions. In 

particular, the Diels-Alder reaction has been deeply investigated by Hudlický, 

for example in the synthesis of zeylena133 and the Amaryllidaceae alkaloids, as 

seen in the previous sections. The installation of the correct stereochemistry in 

the C-ring of the isocarbostyril alkaloids is accomplished through what has 

become a signature method, as reported in Scheme 47.  

 

 

 

Scheme 47. General scheme for preparation of conduramine-type compounds 

The discovery that acetonide protected diols 283 undergo a face- and 

regioselective Diels-Alder reaction with nitrosyl dienophiles gives access to 

oxazines 284, that upon reduction of the N-O bond yield conduramine 285. The 

final product is a very important building block for the synthesis of unnatural 

derivatives of the Amaryllidaceae alkaloids, and can also carry a bromide in 

position C5 for subsequent modifications. 

When the diol functionality is deprotected, the reactivity of the molecule 

towards [4+2] cyclizations changes radically, showing the opposite face 

selectivity, as can be seen in Banwell’s synthesis of (+)-armillarivin134 of 2013 

(Scheme 48). 

 

Scheme 48. Summary of Banwell’s synthesis of (+)-armillarivin 

The reaction between diol 268 and enone 286 yields, under ultra-high 

pressure, Diels-Alder adduct 287, which shows opposite face selectivity in 

comparison to oxazine 284 (Scheme 46). Further manipulation of the 

intermediate gives access to (+)-armillarivin 288. 
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Moving forward from the Diels-Alder cycloaddition, there is a discreet 

number of other reactions that these synthons have been involved with. Banwell 

made use of them as cross-coupling partners in the synthesis of epoxyquinol-

type compounds,135 while in Micalizio’s synthesis of phorbacin C136 the more 

hindered double bond is subjected, after some initial modifications, to reductive 

allylic transposition. In the case of Hudlický’s synthesis of oseltamivir137 the 

allylic transposition is oxidative, and in the synthesis of ent-oxycodone138 it is of 

fundamental importance to establish the stereochemistry of the molecule 

(Scheme 49).  

 

 

 

Scheme 49. Summary of Hudlický’s synthesis of ent-oxycodone  

Starting from diene diol 289, after initial reduction of the least sterically 

hindered double bond and selective alcohol protection, compound 290 is formed. 

The remaining alcohol function was subjected to Mitsunobu reaction with 2-

bromoisovanillin to obtain intermediate 291. After further elaboration, the target 

compound 292 was accessed. 

The extreme versatility of diols produced by variously derivatized 

aromatic starting material has been of great inspiration in the research presented 

in this thesis, through their conversion into highly stereoselective synthetic 

intermediates. A thorough account of the research work, the detailed 

experimental procedures and some conclusions and future outlook are reported 

in Chapters 3 to 5. 
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3. Results and Discussion 

3.1. Introduction 

Both because of their unique structure and their promising biological 

activity, the isocarbostiryl Amaryllidaceae alkaloid have been, since their 

discovery, worth of synthetic attention. However, their low abundancy, some 

unfavourable physical properties such as low water solubility and the long count 

of steps required for their synthesis has limited thus far their investigation as 

suitable anticancer drugs. In this Chapter, the chemoenzymatic total synthesis of 

10-benzyloxy-narciclasine (293) will be described, focusing on the production 

of the A and C-ring precursors and their connection and on the issues 

encountered while attempting to perform the final B-ring closure.  

3.2. Rationale and designed synthetic routes 

The minor attention addressed to narciclasine by the synthetic community 

is also reflected by the scarce number of unnatural derivatives that have been 

designed. In fact, after the library of semisynthetic analogues synthesized by 

Kiss69 in 2009, it was not until 2014 that the first total syntheses of unnatural 

derivatives of narciclasine were published by Hudlický89 and co-workers, 

namely of 7-aza-nornarciclasine 244 (Figure 19) and its N-oxide 245. A year 

later, the same group reported90 the synthesis of 10-aza-narciclasine 252. These 

are two examples of derivatization of the A-ring, and it is clear by the 

pharmacological testing that modifications in position 7 lead to a dramatic drop 

in the biological activity. However, when the variations were introduced in 

position 10, a remarkable amount of cytotoxicity towards some cancer cell lines 

was maintained. 
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Figure 19. Unnatural derivatives of narciclasine 

To further the scope of derivatization in such position, the introduction of 

an hydroxy functional group at the C10 position seemed appealing.  

 

 

 

 

Figure 20. Structure of narciclasine in its binding site and proposed analogues 

The figure shown above reports a close-up image of narciclasine bound 

to the A-site of the ribosomal peptidyl transferase center104 (Figure 20, a). A 

benzyloxy moiety, installed at the last available aromatic carbon (compound 293, 

Figure 20, b), would offer an additional point of π-stacking interaction with the 

rRNA. The removal of all the hydroxy protective groups of molecule 3 would 

give access to hydroquinone 294 and to its oxidized version quinone 295, two 

highly oxygenated molecules that contain additional sites of hydrogen bond 

formation with rRNA residues at the binding site. Furthermore, by selectively 

removing the benzyl ether of compound 3, the free C10-phenol can be used as a 

a) 
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handle to synthesize derivatives (such as esters, phosphates or carbonates) acting 

as prodrugs, with potentially increased water solubility.  

The next Sections of Chapter 3 will report a description of the syntheses 

of 10-benzyloxy-narciclasine 293. The efforts towards the design of a concise 

synthetic route consists in three distinct approaches, each employing inexpensive 

and commonly used compounds to construct ring A, that will be described in 

their entirety. The problems encountered along the way will be analyzed, as well 

as the strategies applied for their resolution.  
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   3.2.1. First generation – boronic acid route  

In Scheme 50 the first generation retrosynthetic approach to 10-hydroxy-

narciclasine is outlined. 

 

 

 

 

 

 

Scheme 50. First generation retrosynthetic approach 

The target compound 296, carrying a protective group a the C10 phenol, 

was predicted to be afforded by intramolecular cyclization of the open chain 

intermediate 297, using a Bischler-Napieralski cyclization under the version 

modified by Banwell.73  The synthesis of the cyclization precursor was envisaged 

by means of a Suzuki coupling between oxazine 76 and the boronic acid derived 

from boronate ester 299, the building blocks which constitute the two halves of 

the final compound. A nitroso-Diels-Alder reaction between hydroxamic acid 

298 and diol 75, obtained by stereoselective microbial dihydroxylation of m-

dibromo benezene, would afford the oxazine, while the boronic acid can be 

accessed by the progressive modification of the commercially available 2,3,4-

trimethoxy benzaldehyde 301. 

The first transformation was the selective 2,3-demethylation of substrate 

301 (Scheme 51), that was performed applying well known139 synthetic 

procedures. The reaction proceeded uneventfully as expected, and in a moderate 

yield of 77%.  
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Scheme 51. Synthesis of carbamate 300 

The following step was the alkylation of catechol 302 to form the 

methylene dioxy bridge in aldehyde 303, which was plagued by a poor yield 

never exceeding 35-40% after purification. Several different conditions have 

been tested, but no significant improvement was recorded. However, the only 

other compound that was isolated from this reaction was unreacted starting 

material, that was then resubmitted to the same conditions in order to synthesize 

more of the desired product. After the full selective alkylation of the hydroxy 

groups, the following functional group to be derivatized is the aldehyde in 

position 1, converted into phenol 304 as a result of a Dakin oxidation which 

proceeds in high yields. Subsequent treatment with N,N-dimethylcarbamoyl 

chloride in basic conditions afforded carbamate 300 in a good yield. 

With carbamate 300 in hand, the synthesis of boronic acid 299 was 

envisaged through the formation of intermediate 305, the product of directed 

ortho-metalation (DoM) assisted by the carbamate moiety (Scheme 52) The 

reaction between the nucleophilic lithium salt and trimethoxy borate was 

expected to yield the desired boronic acid upon aqueous work-up, that would 

constitute a key building block later subjected to Suzuki coupling. However, 

treatment of molecule 300 with n-BuLi followed by B(OMe)3 failed to give the 

expected product, giving back the free phenol 304 instead. 
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Scheme 52. Attempted synthesis of boronic acid via DoM  

A slight modification in the synthesis of the aromatic building block 

allowed for the installation of the boronic acid (Scheme 53). 

 

 

 

 

 

 

 

Scheme 53. Revised boronic acid synthesis and attempted Suzuki coupling  

To introduce the boronate functional group, the strategy was switched 

from DoM to lithium-halogen exchange; therefore, bromide 306 was formed 

selectively and, after installation of the benzyl group, exposed to t-butyl lithium 
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to effect the exchange. Freshly distilled trimethyl borate was then added and, 

after quenching with water, the solvent was removed and the crude boronic acid 

was directly used in the following step. However, the Suzuki coupling with 

oxazine 76 failed to provide the expected coupling adduct. The absence of any 

of the coupling product raised the question that the steric hindrance caused by 

the bulky benzyl protective group in position 10 might have a role in preventing 

the reaction from being effective. More hypotheses on this account will be 

discussed in Section 3.2.3. 

The introduction of the benzyl moiety at the C10 position is of high 

importance both on a synthetic and structure/function standpoint, as explained in 

Section 3.2. In addition, the installation of such a robust protective group early 

on in the synthesis is desirable. As a consequence, the failed attempts in the 

completion of the Suzuki coupling have prompted a change in the strategy, and 

a new route was designed. 
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   3.2.2. Second generation – benzoic acid route 

     3.2.2.1. From methyl gallate 

The retrosynthetic path for the second generation route is outlined in 

Scheme 54.  

 

 

 

 

 

 

 

 

 

Scheme 54. Second generation retrosynthetic approach 

The target compound 293, which at the C10 position possesses a benzyl 

ether, is envisaged to arise from intramolecular Heck cyclization of intermediate 

310. Bromide 310 can be accessed by acylation of amine 311, either in its 

protected or deprotected version. Amine 311 would be accessed after N-O bond 

reduction of oxazine 312, in turn the product of a nitroso-Diels-Alder reaction 

between acetonide protected diene diol 313, obtained by microbial 

dihydroxylation of bromobenzene, and hydroxamic acid 314, derived from di-

tert-butyl decarbonate. Benzoyl chloride 315 is a derivative of acid 316, the 

construction of which is predicted through a series of sequential modifications 

on commercially available methyl gallate 317. 

The synthesis of ring A (Scheme 55) began with the protection of the 

trihydroxy benzoate methyl ester as ethyl orthoformate 318, using triethyl 
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orthoformate and Amberlyst 15E. The reaction proved to be fairly high yielding, 

although requiring a reaction time of two days. The remaining free phenol was 

then treated with benzyl bromide in basic conditions to install the benzyl ether 

and, upon treatment with TsOH in MeOH, pyrocatechol 319 was isolated in good 

yield. 

 

 

 

 

 

 

 

Scheme 55. Synthesis of ester intermediate 322 

Regioselective ortho bromination of catechol 319 was afforded by using 

1,3-dibromo-5,5-dimethyl hydantoin (DBDMH) as a bromine source.140 The 

reaction needs to be carefully conducted by incremental addition of small 

portions of the reagent up to 0.5 equivalents to the starting material. When 

correctly performed, no overbromination products could be detected, the only 

product being the desired regioisomer. Alkylation of 320 to install the methylene 

dioxy bridge found in compound 321 was performed using the same conditions 

already reported in Section 3.2.1. and, surprisingly, the yield significantly 

improved when applied to this substrate. The next step is the conversion of the 

bromide moiety at C7 into a methoxy group, that is effected by treating the halide 

with NaOMe at reflux in MeOH in presence of copper powder. Long reaction 

times are required, namely one or two days, and subsequent treatment with 
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methyl iodide allows for the methylation of the C7 free phenol side product 

(structure not shown). The overall yield for this step is moderate, and gives 

access to key intermediate 322 in six steps. 

With ester 322 in hand, the halogenation of the last available aromatic 

position required the removal of the benzyl protective group by hydrogenation 

in presence of a palladium catalyst. Bromination of phenol 323 was then 

accomplished using standard reaction conditions (Scheme 56).  

 

 

 

 

 

 

 

 

 

Scheme 56. Synthesis of A ring building block 315 

After ester hydrolysis, performed in basic conditions, the phenol was 

again functionalized as a benzyl ether, chosen because of its tolerance to harsh 

reaction conditions. Subsequent preparation of the acyl chloride by reaction with 

oxalyl chloride in presence of catalytic DMF provides the building block of the 

aromatic portion of the target molecule in eleven steps and a 23% overall yield. 

In parallel to the synthesis of the A-ring, the construction of the amine-

containing cyclohexene that constitutes ring C was undertaken. The 

stereospecific installation of the vicinal diol functionalities of 30 was performed 

by bacterial oxidative dearomatization of bromobenzene 29 mediated by E. Coli 

JM109 (pDTG601) (as discussed in detail in Section 2.1). The protection of the 

diol as an acetonide provides a compound that contains a diene functionality 



89 

 

markedly reactive towards Diels-Alder reaction (Scheme 57), and that is 

immediately exposed to the hydroxamic acid derived from derived from di-tert-

butyl carbamate in oxidative conditions to afford oxazine 240. To accomplish 

the N-O bond cleavage, the compound was treated with aluminum amalgam in a 

mixture of THF and water, and the final TBS-protection of the free hydroxyl 

provided conduramine 327 in a 92% yield. 

 

 

 

 

 

 

 

 

Scheme 57. Synthesis of Boc-protected amine 327*  

The preparation of the unprotected conduramine was the next challenge. 

The application of published methods,89,90 which require treatment with 

anhydrous TFA in DCM, failed to provide the desired compound and gave a 

mixture of decomposition products instead (Scheme 58).  

 

 

* All fermentations and syntheses of diols were conducted by Dr. Mary Ann Endoma-Arias 
and Helen DeLa Paz 
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Scheme 58. Synthesis of conduramines 328 and 330 

The access to the required amine was then achieved by switching the 

protective group from t-butyl carbamate to benzyloxy carbamate 330, 

synthesized in an analogous way. By treating this novel carbamate using transfer 

hydrogenation conditions amine 328 was finally obtained. However, although no 

reduction of the double bond was detected, the conversion proved to be not very 

reproducible, giving the product in a variable range of yields. 

At this point of the synthesis the construction of ring A and C was 

completed, and the attempts were therefore focused on the final assembly of the 

target molecule. The projected route requires the coupling of the two molecular 

halves by acylation of the protected or unprotected conduramine, using an 

electrophile derived from the A-ring benzoic acid. The final steps would be an 

intramolecular Heck cyclization and global deprotection, as described in Scheme 

59. This strategy envisions the late stage closure of ring B in a manner which 

contrasts with the majority of synthetic pathways that have been published 

throughout the decades. In fact, for the most part, the C10a-C10b bond is 

generally established early on in the synthesis through various methods, the most 

commonly used being Suzuki coupling, before the final lactam ring formation.  
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Scheme 59. Projected synthesis completion 

The approaches towards the final cyclization step and the issues 

encountered throughout its completion will be discussed in Section 3.2.3. 

The first attempts of conduramine acylation were performed on the Cbz-

protected amine in presence of nBuLi, applying a protocol already published43 

by the Hudlický research group, but the reaction did not provide any of the 

desired product and gave ester 334 instead (Scheme 60,a). When the unprotected 

amine was subjected to the acyl chloride under basic conditions, the acylation 

failed again regardless of the used base being NaH or KH (Scheme 60, b).  

 

 

 

 

 

Scheme 60. Amine direct acylation attempts 
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Since the basic acylation of the amine proved to be unsuitable for the 

current case, other methods traditionally applied to the synthesis of peptides were 

tested. The mixed anhydride141 of the A-ring benzoic acid and isopropyl acid was 

prepared in a good yield, but its exposure to the amine did not provide any 

desired product (Scheme 61, a), giving back both unreacted coupling partners. 

Attempting the coupling in presence of the carbodiimide EDC, a coupling 

reagent commonly used142 in peptide synthesis, resulted in recovery of starting 

material (Scheme 61, b), and when HBTU143 was used in a replica of the 

conditions already established in the synthesis of derivatives of narciclasine,89,90 

the amide was isolated in only trace amounts. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 61. Testing of peptide synthesis conditions 

The synthetic approach described until this point demonstrated that, 

despite the successful production of the required coupling partners, their 

connection employing various established protocols of peptide crosslink failed 

to provide reasonable amounts of amide 333, the precursor to the crucial 
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cyclization step. Therefore, the investigation on another viable way to 

accomplish the formation of such compound was initiated, as it will be described 

in the following paragraph. 

     3.2.2.2. From 2,3,4-trihydroxy benzaldehyde 

The third approach to the target compound entailed the complete redesign 

of the synthesis of the benzoic acid intermediate, as depicted in Scheme 62. 

 

 

 

 

 

 

 

Scheme 62. Retrosynthetic scheme of the revised benzoic acid approach 

10-Benzyloxy narciclasine 293 was envisaged to be accessed through 

intramolecular Heck cyclization of molecule 336, obtained after N-O bond 

reductive cleavage of oxazine 337. The oxazine intermediate contains the fully 

functionalized ring A and the ring C masked in a bicyclic system, which are 

predicted to be connected through a nitroso-Diels-Alder reaction between the 

hydroxamic acid 338 and the acetonide protected diene diol 313. The A-ring 

coupling partner derives from carboxylic acid 316, in turn product of sequential 

functionalization of commercially available 2,3,4-trihydroxy benzaldehyde 339. 

The decision of modifying fully the synthetic route leading to the benzoic 

acid intermediate was taken to ensure an easier access to acyl chloride 315. 

Choosing methyl gallate as starting material has many advantages, since it 

already contains a carboxylic acid functionality derivatized as a methyl ester and 

leads the A-ring building block in moderate yields. However, the synthetic 



94 

 

pathway is significantly affected by its length, as well as by the fact that it relies 

on reactions that need to proceed for several days and that it requires redundant 

operations like the de-benzylation–bromination–re-benzylation sequence 

described in Scheme 55, Section 3.2.2.1. 

The key compound in the synthesis of ring A is phenol 304, an 

intermediate that was produced in a similar way also as part of the first generation 

approach, as summarized in Scheme 63. 

 

 

 

 

Scheme 63. Synthesis of phenol 304  

The first challenge resides in the selective methylation of the C4-phenol 

of molecule 339. To perform this transformation, a 2,3-borate ester was formed 

in situ by mixing the starting material and borax in water, applying a protocol 

developed by Pettit in the synthesis of combrestatins A-1 and B-1.144 The 

reaction can be followed by observing a significant increase of the solubility of 

the organic compound, that dissolves in the aqueous media giving a yellow 

solution. Addition of dimethyl sulfate afforded the desired monomethylated 

product 302 after several hours and an acidic work-up, accompanied by 

negligible amounts of the 2-methoxy regioisomer (structure not shown). The 

low-yielding formation of the methylene dioxy bridge of 303, obtained as 

already mentioned in the previous paragraphs, and Dakin oxidation of the 

aldehyde in presence of H2O2 and H2SO4 granted access to phenol 304 in three 

steps. 

At this point, the introduction of the carboxylic functional group is crucial. 

The direct ortho-carboxylation of the phenol was initially attempted by 

performing a Kolbe reaction on intermediate 340 (Scheme 64, a).  
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Scheme 64. Direct carboxylation attempts on phenol 304  

The Kolbe-Schmitt reaction145 was developed by Hermann Kolbe and 

Rudolf Schmitt in the late 1800’s, just a few decades after the discovery of 

salicylic acid, and represents the most suitable method to produce the drug on an 

industrial scale until today. The reaction requires particularly harsh conditions 

(high CO2 pressures, high temperature, strictly anhydrous conditions) that cannot 

be efficiently replicated using traditional laboratory equipment, and for this 

reason our attempts resulted in recovery of starting material. 

When the ortho-carboxylation was attempted by applying modified 

versions of the Kolbe reaction,146 with the use of strong bases in a carbon dioxide 

atmosphere (Scheme 64, b), the reaction failed again, and another method of 

introduction of the carboxylic functionality was sought for. One way to get 

around the problem envisions the introduction of a carbonyl moiety, that is then 

oxidized to its carboxylic acid version. Many formylation procedures are 

available in literature, and most of them require the presence of a free phenol 

moiety to install the carbonyl group ortho to the hydroxyl. In our case, the 

product would end up carrying a methoxy group at the C10 position instead of 

the desired benzyloxy group, calling for an exchange of protective groups, as 

described in Scheme 65. 
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Scheme 65. Predicted protective group exchange route 

Starting from phenol 304, the planned synthesis swapping the position of 

the methyl and benzyl groups would require 8 steps, thus adding a significant 

amount of redundant operations to the newly designed route and nullifying its 

advantages in comparison to the one already developed. A different strategy was 

therefore used (Scheme 66), and phenol 304 was initially brominated selectively 

in its ortho-position. Application of standard formylation procedures like 

Reimer-Tiemann (conditions b)147 and Duff (conditions c)148 led to no 

conversion, as expected by the lack of any free phenols. However, when the 

Rieche formylation was attempted (conditions d),149 the desired aldehyde 346 

was obtained in moderate yields (54%). Pinnick oxidation of the aldehyde 

provided the requisite acid 322 in 92% yield. 
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Scheme 66. Synthesis of acid 316 through a formylation approach 

The final modification in the synthesis of acid 316 took into consideration 

the electronic properties of the starting material and consisted, substantially, in a 

rearrangement in the order of the synthetic steps. (Scheme 66).  

 

 

 

 

 

 

 

Scheme 66. Improved synthesis of carboxylic acid 322 
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The first step was the bromination of trihydroxy benzaldehyde 339. 

Mono-bromide 347 appeared to be the main product. This expected result was 

due to the concomitant presence of the ortho-directing hydroxyl and the meta-

directing aldehyde functional groups, both activating position C10a towards the 

electrophilic aromatic substitution reaction relative to position 6a. The alkylation 

of the -OH para to the aldehyde was performed as before, using benzyl bromide 

as electrophile, and subsequent formation of the methylene dioxy bridge 

delivered compound 349 in yields comparable to the ones already reported. 

Dakin oxidation of intermediate 349 gave phenol 350, further functionalized into 

aldehyde 351 by means of Duff formylation. Methylation of the C7-hydroxy 

group and Pinnick oxidation of the aldehyde produced acid 316 in seven steps. 

Although the step count is the same as the route previously used, the selective 

formation of the phenol at C7 allows for the application of the Duff formylation 

protocol (using the milder acetic acid instead of trifluoroacetic acid), with a 

dramatic increase of the carbonylation yield step that leads to moderate overall 

yield.  

To complete the synthesis of the A-ring building block, carboxylic acid 

316 was converted into acyl chloride 315 that, by treatment with with 

hydroxylamine hydrochloride in basic conditions, delivered hydroxamic acid 

338 (Scheme 67) in good yields. 

 

 

 

  

Scheme 67. Synthesis of hydroxamic acid 338 

At this point, the introduction of the C-ring portion is required, and it was 

achieved by performing a nitroso-Diels-Alder reaction. Acting as diene is 

molecule 313, that already contains the correct stereochemical information for 
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two of the four chiral centers needed in that side of the molecule; the dienophile 

consists in the nitrosyl derivative of hydroxamic acid 338, obtained in situ by the 

use of an oxidant (Scheme 68). 

 

  

  

  

 

Scheme 68. Synthesis of oxazine 337 

The product of the reaction is oxazine 337, a tricyclic intermediate that 

contains all the requisite functional groups of the final compound. 

Inspired by the seminal work of Gibson, who developed a method to 

perform the biocatalyzed transformation of haloaromatic compounds into diene 

diols124 (as discussed in Section 2.2.1), Hudlický and co-workers started 

investigating the cycloaddition potential of such compounds.150 What was found 

is that 1-halo-1,3-diene diols of the type of molecule 313 were indeed capable of 

undergoing [4+2]-cycloaddition with a range of symmetrical and unsymmetrical 

dienophiles, spanning from ethyl propiolates to quinones. Reactions with in situ 

produced nitrosyl dienophiles from variously N-functionalized hydroxylamines 

on acetonide-protected bromodiols (Scheme 69), uniquely gave products 

showing the same stereo- and regiochemistry as molecule 353. The oxazine can 

then undergo reductive breakage of the N-O bond, to achieve the installation of 

the remaining two stereocenters with the desired configuration on molecule 354. 

 

 

Scheme 69. Synthesis and reduction of oxazines 
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The reasons for the regioselectivity of the reaction are to be reconducted 

to the HOMO character at the C4 position of the diene,150 that interacts with the 

LUMO of the nitrogen of the nitroso compound. The result is the formation of 

the so-called proximal product that, in the case of unsymmetrical hetero-Diels-

Alder reactions, indicates the product in which the atom with highest priority in 

the dienophile (in this case, the nitroso oxygen) is proximal to the center with 

highest priority in the diene (the C1 substituted carbon).151 As far as the 

stereoselectivity is concerned, the presence of the acetonide-protected vicinal 

diol at the C3-C4 positions cause steric hindrance on the top face of the 

cyclohexadiene, directing the cycloaddition towards the bottom face. In fact, 

when the diol portion of the molecule is deprotected, the facial selectivity for 

Diels-Alder reactions is switched to the top face. Examples of both kinds of 

transformation can are reported in the works of Hudlický133 and Banwell,134 as 

discussed more in detail in Section 2.2.2. 

This protocol became the privileged one in the Hudlický group for the 

construction of the C-ring portion in most Amaryllidaceae alkaloids syntheses, 

giving easy access to conduramines of the type of molecule 354 carrying 

different protective groups at the amine function. These amines, deprotected or 

still in form of carbamates, are then coupled with the acyl chloride of the A-ring 

fragment to form an amidic bond. The use of a nitrosyl compound having the A-

ring as N-substituent in a nitroso-Diels-Alder reaction has a successful precedent 

in Hudlický’s synthesis of lycoricidine,43 but the pathway was soon abandoned 

because of the impossibility to prevent the concomitant reduction of the aromatic 

bromide together with the N-O bond cleavage. The standard reduction 

procedure, developed by Keck in 1979,152 makes use of aluminum amalgam to 

attain the bond breakage, and when the protocol was applied to molecule 355 the 

major product was the debrominated compound 357 instead of the desired amide 

356 (Scheme 70, a). When the same conditions were applied to molecule 335, 

the desired product 336 was detected in traces with the main product being, as 

expected, the over-reduced analogue 352 (Scheme 70, b). The equivalents of 

aluminum foil employed in the transformation were then lowered, with a 
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subsequent slight improvement in the reaction outcome (Scheme 70, b). To 

further reduce the reaction rate of the aluminum, the foil was replaced by 

aluminum turnings which, added in a 10 equivalent excess and treated in the 

same fashion, led to the formation of the desired compound 336, although in 

moderate yields (Scheme 70, c) The other product in the mixture is the starting 

material, that can be purified and recycled through the same protocol to provide 

the cyclization precursor. 

 

 

  

  

  

 

  

 

 

Scheme 70. Tested conditions for N-O bond reduction of oxazines  

The endgame of the synthesis requires now the formation of the C10a-

C10b bond, with closure of the B ring and completion of the molecular skeleton. 

For these purposes, protective groups were installed on the free alcohol and the 
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secondary amide of molecule 336 to obtain the protected cyclization precursor 

360 (Scheme 71). 

 

 

 

Scheme 71. Protection of intermediate 336 

While the TBS-protection of the alcohol at C2 proceeded smoothly, the 

carbamate formation at the amide was somewhat problematic. The application 

of common conditions, which envisage the initial nucleophilic attack of the N-

group on Boc anhydride followed by deprotonation (usually achieved by Et3N 

and/or DMAP) did not lead to any conversion, not even when the reaction was 

conducted above room temperature. Therefore, to overcome the evidently poor 

nucleophilicity of the amide, the procedure was modified with the introduction 

of a stronger base, namely sodium hydride or n-butyl lithium, to obtain 

conversion to 360 in modest yield. Once again, the residual starting material can 

be re-subjected to the same transformation to gain more cyclization precursor. 

The production of intermediate 360 allowed for the final stage of the 

synthesis to begin: the focus was now centered on performing the final ring 

closure, in order to complete the molecular skeleton and attain the target 

compound. The tested pathways and the issues encountered along the way will 

be thoroughly discussed in the next Section. 
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   3.2.3. Cyclization approaches 

     3.2.3.1. Intramolecular Mizoroki-Heck reaction 

The endgame of the synthetic pathway calls for the formation of the final 

C10a-C10b bond (Scheme 72), to accomplish the closure of the B-ring and 

obtain the scaffold of the target product. 

 

 

 

Scheme 72. Envisaged final ring closure 

Earlier examples of late C10a-C10b coupling can be found in Ogawa’s 

1991 and Hudlický’s 1992 syntheses of lycoricidine, the final step being an 

intramolecular Mizoroki-Heck coupling, as well as in Rigby’s 1997 synthesis of 

narciclasine, in which the bond is formed by a photochemical ring closure (Table 

4). Yan’s 2002 narciclasine synthesis contains a nucleophilic epoxide opening to 

obtain a cyclic amine, subsequently oxidized to an amide. Including Martin’s 

and Weinreb’s approaches to lycoricidine, both dating back to 1993, the 

intramolecular Mizoroki-Heck reaction has been applied three more times by 

Yadav (2010), Hudlický (2014) and Yan (2019), making it the preferred way to 

perform such transformation 
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Table 4. Occurrence of late stage C10a-C10b bond formation  

The Mizoroki-Heck reaction was independently discovered by 

Mizoroki153 and Heck154 in the 1970’s. Since then, the coupling protocol has been 

widely employed to form C-C bonds in a broad arrange of inter- and 

intramolecular substrates, becoming such a useful synthetic tool to earn Heck a 

Nobel prize for its development in 2010.  

The Mizoroki-Heck reaction makes use of a palladium catalyst and, at the 

conclusion of the catalytic cycle, the Pd-ligand complex detaches from the 

substrate (Scheme 73, A) and the olefin is reformed by β-hydride elimination 

(Scheme 73, B). In the large majority of cases this last step, before the final 

reductive elimination of the Pd-ligand complex and reformation of the active 

catalyst (Scheme 73, C), requires that the β-hydride is syn to the complex itself. 

Year Author Technique Target Ref. 

1991 Ogawa Intramolecular Heck cyclization Lycoricidine 39 

1992 Hudlicky Intramolecular Heck cyclization Lycoricidine 43 

1993 Martin Intramolecular Heck cyclization Lycoricidine 140 

1993 Weinreb Intramolecular Heck cyclization Lycoricidine 141 

1997 Rigby Photochemical cyclization Narciclasine 45 

2002 Yan Nucleophilic epoxide opening Narciclasine 49 

2010 Yadav Intramolecular Heck cyclization Lycoricidine 42 

2014 Hudlicky Intramolecular Heck cyclization 
10-aza-

narciclasine 
90 

2014 Hudlicky Intramolecular Heck cyclization 
7-aza-

nornarciclasine 
88 

2019 Yan Intramolecular Heck cyclization Lycoricidine 40 
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Scheme 73. Final steps of a generic Mizoroki-Heck reaction 

While this mechanism can be used to describe most of the instances this 

particular coupling has been employed, some cases of formal anti-elimination 

have also been reported in literature, many of them (as previously reported in 

Table 5) involved in the synthesis of Amaryllidaceae alkaloids and their 

analogues. Scheme 74 shows how, after the oxidative addition step (362), the 

syn-addition of the alkene to the palladium adduct 362 would furnish 

intermediate 363. The steric hindrance caused by the bulky tert-butyl dimethyl 

silyl ether at the C2 position, causes the syn addition step to occur from the β 

face of the C ring. As a consequence, the palladium complex (PC) and the β-

hydrogen at the C10b position are trans with respect to each other (the 

conjugation of the resulting olefin to the aromatic ring seems to be determining 

in the reaction outcome, since compound 361b, the product of the elimination of 

the β-hydrogen at C2 was not observed).  
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Scheme 74. Predicted syn-addition step for 362 

Considering the significant number of times this so-called abnormal Heck 

reaction has been used in the synthesis of the Amaryllidaceae alkaloids, it 

appeared to be an attractive tool for the completion of the synthesis hereby 

discussed. 

The first conditions to be tested were based upon Hudlický’s 1992 

synthesis of lycoricidine.43 The procedure gets inspiration from Ogawa’s 

synthesis of the same alkaloid published one year prior,39 the most relevant 

difference being the use of anisole as solvent instead of DMF (Scheme 75).  

 

 

Scheme 75. Intramolecular Heck cyclization with average product yields 

When the intramolecular Heck cyclization was attempted on the 

cyclization intermediate 360, only a small amount of the desired cyclization 
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product 361 was detected. Some unreacted starting material could be found, but 

the main product was the debrominated compound 364. The variability of the 

yields of each product reflects the lack of robustness of this method. In an attempt 

to improve the yield of the target compound, the reaction was repeated several 

times introducing each time a different variable, or applying a novel protocol 

altogether.  

 

 

Entry Base Solvent T °C 361 (%) 

1 Tl(OAc) anisole 130  10-15 

2 Tl(OAc) DMF 130 / 

3 Tl(OAc) toluene 95 / 

4 Tl(OAc) CH3CN 80 / 

5 Ag3PO4 toluene 95 / 

6 Cs2CO3 toluene 95 / 

7 
Cs2CO3 + 

Ag3PO4 
toluene 95 / 

 

Table 5. Tested conditions for the intramolecular Heck cyclization 

Following the unsatisfying results of the first tested protocol (Table 5, 

entry 1), the reaction was repeated again using the same conditions except for 

the solvent. When the original conditions used by Ogawa were applied (entry 2) 

no conversion to the desired product was observed, and the same result was 

obtained when the solvent was changed to toluene (entry 3) or acetonitrile (entry 

4). It was therefore evident that, keeping constant any other condition, anisole 
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was the optimal solvent to perform this transformation, and so the investigation 

was directed towards the reactants.  

Another reaction protocol, taken from Hudlický’s synthesis of 10-aza-

narciclasine90 that involves a similar kind of intramolecular Heck cyclization, 

was also applied to the current case (entry 5). However, no conversion to the 

desired product was observed, not even when Ag3PO4 was replaced with another 

salt commonly used in Heck reactions such as Cs2CO3 (entry 6), or when the two 

salts were used in combination (entry 7). The problem was then approached from 

another angle, and the attention was focused on the elimination step.  

Other authors have advanced the hypothesis that the formal anti-hydride 

elimination happens through a conjugate-base elimination reaction (E1cB). 

Moving from the experiments conducted by Danheiser155 and, especially, 

Brown,156 Lautens’ synthesis of functionalized tetracycles157 also makes use of a 

Heck-type intramolecular cyclization as crucial step (Scheme 76). 

 

 

Scheme 76. Lautens’ Heck-type intramolecular cyclization 

Scheme 75 shows the crucial step in Lautens synthesis, underlining the 

presumed elimination mechanism. According to this theory, the presence of a 

medium-strong base is required so that, after the syn addition adduct is formed 

(366), the proton anti to the palladium complex can be abstracted. The anion thus 

formed determines the elimination of the palladium complex and the formation 

of the product, tetracycle 367. This hypothesis prompted also the screening of 

bases furnished with various basicity and steric features, pinpointing 1,4-

diazabicyclo[2,2,2]octane (DABCO) as the optimal one. Based on these findings 
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and presuming that also the case hereby investigated would follow the same 

mechanism, Lautens’ reaction conditions were reproduced, the only exception 

being the ligand, as dppe was still employed (Table 6, entry 8). The decision to 

use the bidentate ligand instead of (t-Bu)3PH.BF4, as per Lauten’s protocol, was 

based on the hypothesis that the bulky t-butyl chains of the ligand would cause 

steric hindrance with the benzyl group at the C10 position. The outcome was 

unsuccessful, even when the solvent was changed into anisole (entry 9).  

 

 

Entry Catalyst Base Solvent T °C 361 (%) 

8 Pd2(dba)3 DABCO 1,4-dioxane 105  / 

9 Pd(OAc)2 DABCO anisole 130 / 

10 Pd(OAc)2 Et3N CH3CN 80 / 

11 Pd(OAc)2 Et3N anisole 130 / 

12 Pd(OAc)2 TMEDA anisole 130 / 

13 Pd(OAc)2 DBU anisole 130 / 

 

Table 6. Screening of organic bases for Heck cyclization 

Other organic bases were tested, such as Et3N (entry 10, 11), TMEDA 

(entry 12) and DBU (entry 13), using anisole as solvent for the most part and 

acetonitrile in one instance (entry 10), but none of the attempted transformations 

were able to yield the desired cyclization product.  
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The last variable that has been examined was the phosphine ligand. The 

original procedure requires the use of 1,2-bis(diphenylphosphino)ethane, or 

dppe, a bidentate ligand commonly used in many palladium-catalyzed coupling 

reactions, and favouring a cationic pathway in the case of Heck reactions.158 

However, according to Amatore and Jutand,159 the preferred pathway for Heck 

reactions that make use of Pd(OAc)2 as catalyst, in presence of phosphine 

ligands, is anionic. It is postulated that, after the formation of complex 368 

between Pd(OAc) and the ligands (Scheme 77), an intramolecular reduction 

leads to the formation of the anionic species 370. 

 

Scheme 77. Amatore and Jutand proposed catalytic species 

If an excess of phosphine is present, up to two more molecules of ligand 

can add to the palladium complex at different rates. The fast addition of the first 

molecule leads to compound 371, considered to be the actual catalytic species, 

that is in equilibrium with complex 372 through the addition/elimination of the 

second molecule of ligand. Molecule 369, the by-product of the reductive 

elimination of complex 368, undergoes hydrolysis in presence of residual 

moisture to form phosphine oxide (O)PPh3, and the overall reaction equation is 

the one reported below. 

Pd(OAc)2 + 3PPh3 + H2O       Pd(PPh3)2(OAc)- + AcOH + (O)PPh3 + H+ (eq. 1) 

As it can be observed, the formation of the phosphine oxide is 

accompanied by the release of protons that, if not scavenged, have the potential 

to poison the catalytic species. Therefore, the presence of a base, namely Et3N, 

is always required.  
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Given the similarities between the case study and the situation described 

in this work, and having one more evidence supporting the significant role 

carried out by the base in the reaction mechanism, the efforts were now directed 

towards the repetition of the conditions used by Amatore and Jutand, replacing 

the bidentate ligand used until this point with the monodentate triphenyl 

phosphine (Table 7). 

 

 

 

Entry Base Solvent T °C 361 (%) 

14 Et3N  DMF 90 / 

15 Et3N anisole 130 / 

16 Et3N CH3CN 80 / 

17 Et3N 1,4-dioxane 105 / 

18 Tl(OAc) anisole 130 8 

19 TMEDA anisole 130 / 

20 DABCO anisole 130 / 

 

Table 7. Tested conditions for Heck cyclization using PPh3 as ligand 

Unfortunately, despite the promising premise, the use of triphenyl 

phosphine did not produce any noteworthy improvement in the reaction 

outcome. The role of triethylamine has been examined using different solvents 

(entries 14 to 17), and other organic bases have also been tested in anisole 

(entries 19 and 20), but the only case in which a partial conversion could be 
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detected was when, once again, Tl(OAc) was employed (entry 18). The use of 

Tl(I) salts as halide scavengers in the Heck reaction is well documented in 

literature, although their toxicity has prompted the use of alternative compounds 

like silver salts.160 More investigations are necessary in order to fully understand 

the beneficial role of Tl(OAc) in the studied case. 

The investigation of new methods to perform a palladium-catalyzed 

intramolecular cyclization were, at this point, interrupted, and the attention was 

diverged towards the synthetic potential of radical cyclization reactions. A 

description of such attempts and their results are reported in the next Section. 
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     3.2.3.2. Intramolecular radical cyclization 

The research for the optimal conditions to establish the C10a-C10b bond, 

hence closing the B ring and completing the molecular skeleton, moved towards 

the examination of atom-transfer radical cyclization (ATRC) conditions 

(Scheme 78). 

  

 

Scheme 78. Predicted ring closure through atom-transfer radical cyclization 

The transformation from the cyclization precursor 360 to the desired 

compound 361 would proceed through the formation of intermediate 373, 

product of ATRC, that would then undergo elimination of the halide to re-

establish the double bond.  

The atom-transfer radical cyclization protocol has been occasionally used 

in organic synthesis, especially in recent times. A transition metal is required, 

usually copper,161 but in some cases other metals are used and the reaction is 

assisted by photoactivation.162 Focusing on the use of copper salts, the reaction 

mechanism163 can be rationalized as shown in Scheme 79. 

 

 

 

 

  

 

Scheme 79. Proposed mechanism of copper-catalyzed ATRC 
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The transformation makes use of a copper(I) salt, with or without a ligand, 

that functions as an activator and initiates the reaction by forming a radical 

species in presence of halogenated precursors. The initiation is reversible and 

leads to the formation, together with the radical, of a copper(II) deactivator 

complex with the halide. After the cyclization event and the radical migration, 

the copper(II) complex transfers the halide to the cyclized product and the 

copper(I) activator complex is reformed. The use of a ligand, that generally 

consists in a bidentate organic base, is not necessary,164 although its presence 

allows the reaction to be conducted at milder conditions and on mono-

halogenated compounds.  

To test the potential of this kind of cyclization in the investigated case, 

some conditions with and without ligand were attempted (Table 8). The ligand 

of choice is N,N,N,N-tetramethyl ethylene diamine (TMEDA). 

 

 

Entry X Ligand Solvent 373 (%) 

1 Br / CH3CN / 

2 Br TMEDA CH3CN / 

3 Br TMEDA EtOH / 

4 Cl TMEDA CH3CN / 

5 I TMEDA CH3CN / 

 

Table 8. Attempted atom-transfer radical cyclization protocols 

The application of the radical cyclization protocols on precursor 360 was 

attempted by employing mostly copper bromide, but also chloride (entry 4) and 
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iodide (entry 5), and with (entry 2 to 5) or without (entry 1) the ligand. Every 

attempt failed, unfortunately, to provide the desired cyclization product 373, 

giving instead the debrominated product 364. The conversion appears to be 

rather total and fairly quick, given that the reaction is complete within two hours. 

This observations leads to the conclusion that the substrate interacts with the 

catalyst, and it is able to form a phenyl radical stabilized by the electron-donating 

substituents on the aromatic ring. This additional stabilization may be the reason 

why the cyclization does not proceed to completion and, upon quenching, the 

dehalogenated product is obtained instead.  

Besides the ATRC, another radical cyclization protocol was tested, which 

involved the use of SmI2 (Scheme 80). 

  

 

 

 

 

Scheme 80. Proposed mechanism for SmI2-mediated radical cyclization 

Samarium iodide-mediated Barbier reactions have been known and 

studied for a long time,165 and in 1990 Curran and co-workers reported166 a 

protocol for a SmI2-induced intramolecular radical cyclization of aryl halides. 

The presence of SmI2 determines the abstraction of the halide and formation of 

the radical species (II). After cyclization and radical migration, the formation of 

organosamarium III intermediate is proposed, that can be exposed to an 

electrophile, (an aldehyde or ketone, as in the Barbier reaction, or other species) 

leading to intermediate VI. Elimination of the electrophile would then allow for 

the formation of the alkene product. 
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Inspired by these findings, Curran’s protocol was applied to cyclization 

precursor 360 (Scheme 81). 

  

 

 

 

 

  

  

Scheme 81. Attempted ring closure using SmI2 

The protocol makes use of hexamethylphosphoramide (HMPA), that 

needs to be added in excess in order for it to form a complex with SmI2 and 

accelerate its reactivity. The addition of the electrophile of election, in this case 

diphenyl disulphide, was performed after the initial formation of the radical. 

Either way, compound 374 was never isolated and, as previously observed, the 

only detected product was the dehalogenated compound 364. Once again, it is 

safe to assume that the initial radical formation is followed by hydrogen transfer, 

a process faster than the cyclization event, that determines the termination of the 

radical before it can attack the double bond and accomplish the ring closure. 

The synthesis endgame and some considerations about the failed 

cyclization attempts are reported in Section 3.2.4. 
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  3.2.4. Synthesis endgame and steric considerations 

     3.2.4.1. Final deprotection 

With other final cyclization attempts failing to provide the required 

intermediate, the synthesis was continued applying the only protocol that proved 

able to establish the required C10a-C10b bond (Scheme 82).  

  

 

  

 

 

Scheme 82. Intramolecular Heck cyclization  

The low conversion yields, the concomitant formation of by-product 364 

as main product and the lack of overall robustness of the methodology made the 

progress of the synthetic pathway through its final steps particularly difficult and 

lengthy, especially for the impossibility of recovering the cyclization precursor 

360 by re-bromination of compound 364. Any attempt to re-install the halide in 

the right position was, in fact, prevented by the presence of the benzyl group at 

C10, making it necessary to invest a considerable amount of time and resources 

in synthesizing fresh intermediate 360. 

In order to obtain the final product, the deprotection of the phenol in C7 

has to be accomplished, as well as the removal of the acetonide and of the 

carbamate protective groups. To perform this task, compound 361 was exposed 

to the strong Lewis acid TMSI, produced in-situ by mixing TMSCl and KI in 

acetonitrile (Scheme 83). 
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Scheme 83. Final deprotection and 10-benzyloxy-narciclasine 293 formation 

The reaction called for a careful addition of 0.4 eq. of TMSCl, in order to 

prevent the formation of decomposition products detected on TLC (not isolated 

due to scarcity of material). The conversion is not full, starting material can still 

be detected in the reaction mixture, therefore it can be recycled to obtain more 

demethylated product. Exposure of the material to acidic conditions achieves the 

removal of the remaining protective groups, and yields 10-benzyloxy-

narciclasine 293 in a 58% yield. 
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     3.2.4.2. Steric considerations 

To rationalize the substantial lack of reactivity to most of the conditions 

attempted for the Heck closure, a steric hindrance argument might be presented 

(Figure 21). 

 

Figure 21. Steric interactions in the arylpalladium complex 

Figure 21 shows a 3D-model of the arylpalladium complex formed after 

the oxidative addition of the Pd(dppe) complex to the aryl-Br bond, namely the 

initial event of the Heck reaction. These preliminary experiments suggest that 

the formation of the complex itself can be made difficult by the rotation of the 

bulky benzyl protective group and, when the complex is finally formed, the 

orientation of the aromatic rings of the benzyl pendant and the ligand could lead 

to the stabilization of the complex by π-stacking. While π-metal interactions are 

generally beneficial to Heck reactions, the additional stabilization furnished to 

the intermediate depicted above might prevent the reaction to proceed past that 

point, giving back the dehalogenated product upon quenching of the reaction. 

The favourable effect of anisole in the reaction outcome is not yet understood, 

but past experiments43,90 have underlined how this kind of intramolecular Heck-

Model produced using Avogadro, optimized by applying GAFF force field. 

Color legend: C = grey; H = white; O = red; N = blue; Pd = green; P = orange;  

Br = brown; Si = light grey. 
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type cyclization appears to be very substrate-specific and difficult to reproduce. 

Some ideas for further investigations regarding the mechanism of these 

reactions, as well as some directions for the future development of the project, 

are discussed in Chapter 4.  

  3.2.5. Biological activity 

The biological activity of compound 293 was tested in collaboration with 

Prof. Kornienko, at Texas State University. The compound, together with 

narciclasine 1 used as reference and five more molecules (reported in Figure 22) 

synthesized by past members of the Hudlický’s group (Dr. Mukund Ghavre, Dr. 

Sergey Vshyvenko and Dr. Ringaile Lapinskaite), have been tested on cultures 

of BE(2)-C human neuroblastoma cells. 

 

 

 

 

 

 

 

 

Figure 22. Compounds for cytotoxicity testing 

Cells were exposed to the compound to be tested for five days, at different 

concentrations, and their cytotoxicity evaluated in terms of their inhibitory 

concentration (IC50). Every new species showed a lower or comparable activity 
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in respect to the parent compound narciclasine 1, and 10-benzyloxy-narciclasine 

293 proved to be significantly less cytotoxic. Figure 23 depicts the neurite 

outgrowth of the BE(2)-C cells after five days of treatment, and the IC50 values 

for each compound are reported in Table 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Neurite overgrowth of BE(2)-C cells after treatment 

  

Control Narciclasine 1 (8 nM) 

375 (0.2 µM) 169 (40 nM) 168 (1.6 nM) 

170 (1.6 nM) 293 (18 µM) 376 (>500 µM) 
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Compound 
IC50 (µM) 

R1 R2 R3 

Narciclasine (1) 0.010 0.012 0.011 

 

0.813 0.944 0.838 

 

0.095 0.087 0.095 

 

0.007 0.006 0.007 

 

0.007 0.006 0.007 

 

>500 >500 >500 

 

18.707 22.803 20.749 

 

Table 9. IC50 (µM) values of compounds tested on BE(2)-C cells 

The biological testing of compound 293 has revealed that its potency is 

significantly reduced in comparison to the parent compound narciclasine (1) and 
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several others unnatural derivatives subjected to the same experimental 

conditions. The results suggest that the installation of a bulky hydrophobic 

moiety, like a benzyl ether, at the C10 position do not favour the interactions at 

the molecular binding site, as hypothesized earlier in Section 3.2, resulting 

instead in a loss of potency. In the next Section, some suggestion for future 

directions for the project are discussed. 
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4. Conclusions and future work 

The Amaryllidaceae alkaloids narciclasine (1) and pancratistatin (2) are, 

several decades after their discovery, still at the center of synthetic chemists 

attention because of the challenges related to their synthesis, as well as the 

potential for the development of compounds furnished with improved activity 

profiles. The present work consists of a detailed investigation regarding the 

installation of hydroxylated functional groups at the C10-position of 

narciclasine, and was able to underline the limits inherent to the formation of the 

final C10a-C10b bond when sterically demanding groups are present at position 

C10. 

Regarding potential future directions that this research could take, further 

studies concerning the mechanism of the Heck-type cyclization of precursor 360 

could be conducted, including an attempt to isolate the arylpalladium complex 

377 in order to prove or disprove the hypothesis advanced in Section 3.2.4.2., 

regarding the reduced reactivity of the complex toward the reaction completion 

(Figure 24, a). Furthermore, the synthesis of precursors furnished with less 

hindering substituents in position C10, such as molecule 378 (Figure 24, b), 

would allow the practical effect of sterics in the Heck-type final cyclization to 

be studied, perhaps giving access to compound 379 that could then be 

transformed into C10-methoxy-narciclasine. A Suzuki coupling could afford the 

installation of the C10a-C10b bond early on (380), therefore new attempts could 

be made by using a stronger base, like s-BuLi, and more commonly employed 

directed metalation groups (DMG), such as N-diethyl carbamate or N-tert-butyl 

carbamate, both capable of stabilizing the aryllithium intermediate by 

coordination and prevent nucleophilic attack from the strong base thanks to their 

steric bulk. The subsequent closure of the B-ring can be achieved by means of a 

Bischler-Napieralski reaction (Figure 24, b). In this way, the problems connected 

to the late stage forming of that crucial bond could be avoided, and 10-hydroxy-

functionalized versions of narciclasine could be obtained in higher yields and in 

a more direct fashion. 
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Figure 24. Suggested future cyclization investigations  

Regarding the drug potential of the C10-hydroxylated-derivatives, 

evidence is available that the introduction of sterically demanding ethers at this 

position does not appear to have a beneficial effect on the biological activity. 

However, the possibility that different substituents in C10 (383) or that the free 

hydroquinone 294 (Figure 25) could present an improved activity profile, should 

prompt research in this direction. Some attempts have been made in order to 

exchange the substituent of the hydroxyl at the C10-position, or to obtain 

molecule 294, but no conclusive results could be collected, primarily because of 

the scarcity of available material obtained after several repetitions of the second 

half of the synthetic pathway. Therefore, it appears evident that the study of other 

derived from molecules of the type of compound 382 is subordinate to a more 

efficient way to obtain compound 382 itself. The examination of conditions to 

synthesize compound 294 would also furnish essential data regarding the 

stability of the compound as a hydroquinone compared to its oxidized version. 
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Figure 25. Envisioned functionalization at the C10-hydroxy position 

In conclusion, 7-benzyloxy narciclasine was prepared in 15 steps by 

following a linear synthetic scheme. The unavoidable problems related to the 

crucial Heck cyclization, a key reaction in the synthetic pathway, suggest that 

attempting a sequential modification of narciclasine itself would, perhaps, 

furnish a more cost-effective access to the target compound. 
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5. Experimental Section 

5.1 General experimental  

Materials and methods: all solvents were distilled and kept dry before 

usage, and all reactions were done in inert atmosphere (Ar or N2), unless 

otherwise stated. All reagents were obtained from commercial sources. Nuclear 

magnetic resonance (NMR) analyses performed 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. The probes are furnished with VT 

(variable temperature) and gradient equipments. Chemical shifts are given in δ, 

coupling constants (J) in Hz. Melting points (m.p.) were measured using a 

capillary apparatus. Mass spectra (HRMS) measurements were determined using 

a LTQ Orbitrap XL. The molecular mass-associated ion was measured by 

electron ionization, electrospray ionization or fast atom bombardment. Infrared 

(IR) spectra were recorded on an FT-IR spectrophotometer as neat, and are 

reported in wave numbers (cm−1). Column chromatography performed by using 

flash grade 60 silica gel. Thin layer chromatography (TLC) was performed on 

silica gel 60 F254-coated aluminum sheets. TLC plates were visualized using 

UV and stained using iodine, cerium ammonium molybdate (CAM), KMnO4 

solutions, FeCl3 solutions, ninhydrin solutions or 2,4-dinitrophenylhydrazine 

(2,4-DNP) solutions. 
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5.2 Detailed experimental procedures 

2,3-Dihydroxy-4-methoxybenzaldehyde (302) 

 

a) From 2,3,4-trimethoxybenzaldehyde139:   

2,3,4-trimethoxybenzaldehyde (5 g, 25 mmol) was dissolved in DCM (40 

ml) and the temperature was decreased to 0 °C. BCl3 (50 ml, 50 mmol, 2 eq.) 

was added dropwise and stirred at 0 °C for 30 min. The mixture was let to stir 

overnight (15 h) at room temperature. The reaction was quenched by adding 

water (20 ml), the mixture was then extracted using DCM (3 x 15 ml), the organic 

fractions were recollected, dried over MgSO4 and concentrated under vacuum. 

The crude product was recrystallized from hexane/ethyl acetate (1:1) to obtain 

the product as an off-yellow solid. 77 %. 

b) From 2,3,4-trihydroxybenzaldehyde144:  

2,3,4-trihydroxybenzaldehyde (10 g, 65 mmol) was suspended in distilled 

water (100 ml), borax (97.3 mmol, 19.6 g, 1.5 eq.) was added and stirred for 10 

minutes. To the orange solution, NaOH (71mmol, 2.8 g, 1.1eq.) was added and 

the mixture was stirred for 10 minutes. Dimethyl sulfate (71 mmol, 6.7 ml, 1.1 

eq.) was added dropwise and the reaction was let to stir overnight (15 h). The 

reaction was quenched by adding 6M HCl until acidity, the mixture was then 

extracted using EtOAc (3 x 20 ml), the recollected organic fractions were dried 

over MgSO4, the crude material was absorbed on silica gel and purified by FCC 

[Hex/EtOAc (3:1)]. The desired product is an off-yellow solid. Yield 56%. 

302: Rf = 0.26 [Hex/EtOAc (2:1)]; mp = 115-117 °C (Hex/EtOAc 1:1); 1H-NMR 

(300 MHz, CDCl3) δ 11.10 (bs, 1H), 9.74 (s, 1H), 7.13 (d, J = 8.7 Hz, 1H), 6.61 

(d, J = 8.7 Hz, 1H), 5.53 (bs, 1H), 3.97 (s, 3H); 13C-NMR (75 MHz, CDCl3) δ 
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195.2, 153.0, 149.0,  133.0, 1126.1, 116.1, 103.6, 56.3. The product matches the 

literature data.144 

4-Methoxy-2,3-methylenedioxybenzaldehyde (303)167 

 

The mixture of 2,3-dihydroxy-4-methoxybenzaldehyde (302, 26.3 g, 

156.4 mmol) and potassium carbonate (oven dried, 45.4 g, 329 mmol, 2.1 equiv) 

in DMF (105 ml) was stirred for 15 min at rt and dibromomethane (43.5 g, 17.6 

ml, 251 mmol, 1.6 eq.) was added. The mixture was heated at 95 °C (bath) for 4 

h, when TLC showed complete disappearance of s.m. The mixture was cooled 

in an ice bath and cold water was slowly added (total 300 ml) while stirring to 

separate solid product. The mixture was stirred for 1 h and the solid was filtered 

off and washed with aqueous methanol (30 ml MeOH + 50 ml water), then with 

water (2 x 30 ml). The product was dried on a hot plate at 35 °C. Yield 23.4 g 

(83%). 

303: Rf = 0.36 [Hex/EtOAc (4:1)]; mp = 82-84 °C (DCM); 1H-NMR (300 MHz, 

CDCl3) δ 9.98 (s, 1H), 7.30 (d, J = 8.7 Hz, 1H), 6.62 (d, J = 8.8 Hz, 1H), 6.13 (s, 

2H), 3.98 (s, 3H). The product matches the literature data. 167 

  



130 

 

4-Methoxy-2,3-methylenedioxy-phenol (304)168 

 

4-Methoxy-2,3-methylenedioxybenzaldehyde (303) (3 g, 17 mmol) was 

dissolved in MeOH (100 ml) and concentrated H2SO4 (2.5 ml). An ice bath was 

set up, and H2O2 30% in water (12 ml, 99 mmol, 6 eq.) was diluted in MeOH (50 

ml) and added dropwise to the stirring solution. The reaction was then conducted 

at room temperature for 8 h in open vessel. The reaction was quenched by adding 

NaHSO3 sat. sol. (20 ml), then MeOH was removed under vacuum, KOH 2M 

added until basicity and the basic aqueous solution was extracted with DCM (2 

x 15 ml) to remove any impurities. The aqueous layer was acidified by adding 

HCl 6M and then extracted using EtOAc (3 x 20 ml), to obtain the product as an 

off-white solid Yield 2.6 g (92%). 

304: Rf = 0.23 [Hex/EtOAc (4:1)]; mp = 102-105 °C (Hex/EtOAc); 1H-NMR 

(300 MHz, CDCl3) δ 6.43 (d, J = 9.0 Hz, 1H), 6.40 (d, J = 9.1 Hz, 1H), 5.97 (s, 

2H), 4.76 (bs, 1 H), 3.85 (s, 3H); 13C-NMR (75 MHz, CDCl3) δ 138.4, 136.3, 

135.4, 134.2, 110.1, 107.9, 101.8, 57.1. The product matches the literature 

data.168 

5-Bromo-7-methoxybenzo[d][1,3]dioxol-4-ol (306) 

 

Compound 304 (2.2 g, 13 mmol) was suspended in DCM (70 ml) and DBDMH 

(1.9 g, 6.5 mmol, 0.5 eq.) was added portion-wise. After the addition, the 

resulting orange mixture was allowed to react at room temperature overnight. 

The reaction was then quenched by adding NaHSO3 sat. sol. (15 ml), then the 
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mixture was extracted with DCM (3 x 10 ml). The collected organic fractions 

were then dried over MgSO4 and, after filtration and concentration, the product 

was obtained as an off-white solid. The crude material was used directly for the 

next step. Yield 3 g (92%). 

306: Rf = 0.35 [Hex/EtOAc (2:1)]; mp = 124-127 °C (Hex/EtOAc); 1H-NMR 

(300 MHz, CDCl3) δ 6.67 (s, 1H), 6.05 (s, 2H), 5.04 (bs, 1 H), 3.86 (s, 3H); 13C-

NMR (75 MHz, CDCl3) δ 150.6, 148.5, 135.7, 123.8, 114.6, 108.0, 103.0, 56.8. 

The product matches the literature data.169 

7-Methoxybenzo[d][1,3]dioxol-4-yl dimethylcarbamate (300) 

 

4-Methoxy-2,3-methylenedioxy-phenol (304) (1.5 g, 9.2 mmol) was 

dissolved in THF (20 ml) in a round bottomed flask, which was then placed in 

an ice bath. NaH (60% dispersion in mineral oil, 0.41 g, 10 mmol, 1.1 eq.) was 

washed with anhydrous THF (2 ml), the resulting solid was decanted and added 

to the reaction flask portion-wise. The mixture was stirred for 1h at 0 °C. 

Dimethylcarbamoyl chloride (0.96 ml, 10 mmol, 1.1 eq.) was then added 

dropwise, and the temperature was allowed to rise to room temperature. After 

1.5h, the reaction was quenched by adding a saturated solution of NaH4OH (10 

ml), the mixture was then subjected to liquid-liquid extraction (EtOAc, 3x10 ml) 

and the collected organic fractions were dried over MgSO4. After filtration of the 

drying agent and concentration, the crude product was purified by FCC 

(Hex/EtOAc 2:1), to afford the product as a pale orange solid. Yield 1.85 g 

(86%). 

300: Rf  = 0.63 [Hex/EtOAc (1:1)]; mp = 82 - 84°C (Hex/EtOAc); 1H NMR (300 

MHz, CDCl3) δ 10.04 (s, 1 H), 6.61 (d, J = 9 Hz, 1H), 6.47 (d, J = 9 Hz, 1H), 

6.01 (s, 2H), 3.88 (s, 3H), 3.09 (s, 1H), 3.01 (s, 1H); 13C-NMR (75 MHz, CDCl3) 
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δ 141.66, 140.12, 136.77, 129.07, 123.75, 116.22, 107.20, 102.17, 56.81, 36.89, 

36.49; IR (neat) 2913, 2837, 1711, 1644, 1614, 1441, 1299, 1019, 779, 666, 582 

cm-1; HRMS (EI) calcd for C16H13BrO5: 239.0794; found: 239.0801. 

4-(Benzyloxy)-5-bromo-7-methoxybenzo[d][1,3]dioxole (307) 

 

Compound 306 (1.5 g, 6 mmol) was dissolved in dry THF (40 ml). K2CO3 (1.7 

g, 12 mmol, 2 eq.) was added to the pale yellow solution and stirred for 10 min. 

BnBr (1.4 ml, 12 mmol, 2 eq.) was added dropwise, and the mixture was refluxed 

overnight. The reaction was quenched by adding water (10 ml), then the mixture 

was extracted with EtOAc (3 x 15 ml), the collected organic fractions were dried 

over MgSO4 and the solvent was removed under vacuum. The crude material was 

adsorbed on silica and purified by FCC [Hex/EtOAc (1:1)], and the product was 

obtained as a yellow solid. Yield 1.6 g (78%). 

307: Rf  = 0.66 [Hex/EtOAc (1:1)]; mp = 56 - 58°C (Hex/EtOAc); 1H NMR (300 

MHz, CDCl3) δ 7.52-7.41 (m, 5 H), 6.02 (s, 2H), 5.09 (s, 2H), 3.82 (s, 3H), 3.09 

(s, 1H), 3.01 (s, 1H); 13C-NMR (75 MHz, CDCl3) δ 140.9, 140.5, 139.3, 136.0, 

134.3, 130.5, 128.6, 128.0, 127.2, 123.4, 106.3, 60.5. The product matches the 

literature data.170 

General procedure for Suzuki coupling34 

Compound 307 (50 mg, 0.15 mmol) was dissolved in anhydrous THF (5 ml) and 

the temperature was lowered to -78 °C. Tert-butyl lithium (1.7 M in pentane, 0.1 

ml, 0.22 mmol, 1.5 eq.) was added dropwise, causing the solution to turn from 

pale yellow to dark red, and the mixture was allowed to stir at -78 °C for 1 h. 

B(OMe)3 (0.1 ml, 0.45 mmol, 3 eq.) was added, and the solution color faded back 

to yellow. The temperature was then allowed to slowly raise to 0 °C and H2O 

(0.5 ml) was added. After stirring for 30 min at 0 °C, the ice bath was removed 
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and the mixture was concentrated under vacuum. The crude material was then 

dissolved in EtOH (1.5 ml) and degassed using an Ar stream for 10 min. In 

another round bottomed flask, oxazine 76 (50 mg, 0.13 mmol) was dissolved in 

benzene (3 ml) to obtain a clear colorless solution. The solution was degassed 

for 15 min using an Ar flow, then 2M Na2CO3 (0.5 ml, previously degassed in 

the same manner as the solutions mentioned before) was added to the oxazine 

solution, followed by Pd(PPh3)4 (7 mg, 0.006 mmol, 0.05 eq.) and the mixture 

was stirred for 10 min. The ethanolic solution of the boronic acid was then added 

to the stirring mixture, and the color turned brown. The reaction was refluxed 

overnight. No conversion was observed. 

Methyl 5-hydroxy-3,4-(ethoxy)methylenedioxybenzoate (318)171 

 

Methyl gallate (20 g, 109 mmol) was dissolved in PhH (150 ml). Triethyl 

orthoformate (54 ml, 327 mmol, 3 eq.) was added dropwise in the presence of 

Amberlyst 15E (0.56 g) and the mixture was refluxed overnight (18 h). The 

material was then filtered through celite using EtOAc as solvent, the crude 

material was absorbed on silica and purified by FCC [Hex/EtOAc (2:1)] to yield 

the product as an off-grey solid. Yield 22 g (84%).  

318: Rf = 0.19 [Hex/EtOAc (4:1)]; mp = 90-92 °C (Hex/EtOAc); 1H-NMR (300 

MHz, CDCl3) δ 7.40 (d, J = 1.5 Hz, 1H), 7.19 (d, J = 1.5 Hz, 1H), 6.96 (s, 1H), 

5.62 (bs, 1H), 3.89 (s, 3H), 3.83-3.68 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H); 13C-NMR 

(75 MHz, CDCl3) δ 166.7, 147.1, 138.4, 137.0, 124.3, 120.1, 113.8, 102.9, 59.8, 

52.3, 14.8. 
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Methyl 3-benzyloxy-4,5-dihydroxybenzoate (319)171 

 

Orthoester 318 (22 g, 91.5 mmol) was dissolved in dry THF (100 ml). 

K2CO3 (25 g, 183 mmol, 2 eq.) was added to the colorless solution and stirred 

for 10 min. BnBr (22 ml, 183 mmol, 2 eq.) was added dropwise, then the reaction 

was refluxed for 11 h. The reaction was quenched by adding water (50 ml), then 

the mixture was extracted with EtOAc (3 x 25 ml), the solvent removed under 

vacuum and the crude material redissolved in MeOH (50 ml). HCl 2M (20 ml) 

was added and the solution was stirred overnight at room temperature. MeOH 

was removed under vacuum, the aqueous layer was extracted with EtOAc (3 x 

15 ml) and the recollected organic fractions were dried over MgSO4. The crude 

material was adsorbed on silica and purified by FCC [Hex/EtOAc (1:1)], and the 

product was obtained as a white solid. Yield 23 g (91 % over two steps).  

319: Rf = 0.36 [Hex/EtOAc (2:1)]; mp = 144-146 °C (EtOAc); 1H-NMR (300 

MHz, CDCl3) δ 7.46-7.37 (m, 5H), 7.36 (d, J = 1.8 Hz, 1H), 7.32 (d, J = 1.8 Hz, 

1H), 5.83 (bs, 2H), 5.37 (bs, 1H), 5.14 (s, 2H), 3.88 (s, 3H); 13C-NMR (75 MHz, 

CDCl3) δ 166.8, 145.6, 143.6, 137.0, 135.8, 128.8, 128.7, 128.2, 121.9, 111.2, 

106.1, 71.6, 52.1. 

Methyl 5-benzyloxy-2-bromo-3,4-methylenedioxybenzoate (321) 168 

 

Compound 319 (20 g, 73 mmol) was dissolved in DCM (250 ml), to afford 

a pale yellow solution. DBDMH (10 g, 37 mmol, 0.5 eq.) was added portion-

wise and, after the addition, the mixture was stirred for 5 h. The reaction was 

quenched by adding NaHSO3 sat. sol. (50 ml), the mixture was then extraceted 



135 

 

with DCM (3 x 20 ml), the collected organic fractions were dried over MgSO4 

and concentrated under vacuum. The crude material was then dissolved in dry 

DMF (250 ml), K2CO3 (23 g, 182 mmol, 2.5 eq.) was added and the mixture was 

stirred for 15 min. CH2Br2 (8 ml, 110 mmol) was added dropwise, and the 

reaction was conducted at 90 °C overnight. The mixture was then cooled down 

and extracted with EtOAc (3 x 50 ml). The collected organic fractions were dried 

over Na2SO4, then concentrated and absorbed on silica gel to be purified by FCC 

[Hex/EtOAc (5:1)], to give the product as a white solid. Yield 18 g (68%).  

321: Rf = 0.55 [Hex/EtOAc (2:1)]; mp = 80-81 °C (Hex/EtOAc); 1H-NMR (300 

MHz, CDCl3) δ 7.45-7.28 (m, 5H), 7.32 (s, 1H), 6.12 (s, 2H), 5.18 (s, 2H), 3.89 

(s, 3H); 13C-NMR (75 MHz, CDCl3) δ 165.4, 148.2, 141.1, 138.8, 135.9, 128.6, 

128.4, 127.7, 124.2, 114.7, 102.3, 94.7, 71.8, 52.3. The product matches the 

literature data.168 

Methyl 5-benzyloxy-2-methoxy-3,4-methylenedioxybenzoate (322) 

 

Bromoester 321 (28.1 g, 76.95 mmol) was added all at once to a stirred 

solution of sodium methoxide (from sodium (12.39 g, 540 mmol, 7 eq.) and 

absolute MeOH (308 ml)) at room temperature. Copper powder (150 mesh, 9.78 

g, 154 mmol, 2 eq.) was added, and the heterogeneous mixture was refluxed for 

3 days. The reaction mixture was cooled in an ice bath and water was added (100 

ml), then acidified by adding HCl 2M. MeOH was removed on rotavapor and the 

resulting slurry was extracted with EtOAc (3 x 100 ml). The combined organic 

layers were washed with water (200 ml), brine (2x 200 ml), dried over Na2SO4 

and concentrated in vacuo to leave a glassy residue (24.27 g). 

The residue was dissolved in dry DMF (225 ml), oven-dried K2CO3 (29.3 

g, 212 mmol, 2.75 eq.) was added and stirred until complete dissolution. Methyl 
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iodide (16.8 ml, 270 mmol, 3.5 eq.) was added to the resulting solution during 

30 min in 2 portions, and the mixture was stirred for 20 h at room temperature. 

The reaction was quenched by adding cold water (450 ml), the suspension was 

stirred for 3 h and the crystals were filtered off with suction and washed with 

sufficient water to render the filtrate neutral, then were dried overnight at 30 °C 

(23.4 g, 96 %). The solid was dissolved in ethyl acetate, absorbed on silica and 

purified by FCC [Hex/EtOAc (5:1)], to give the compound as a pale yellow solid. 

Yield 15.8 g (65% over two steps). 

322: Rf = 0.52 [Hex/EtOAc (1:1)]; mp = 101-103 °C (Hex/EtOAc); 1H-NMR 

(600 MHz, CDCl3) δ 7.43 (d, J = 7.3 Hz, J > 0 Hz, 2H), 7.38 (t, J = 7.6, 7.2, 1.5 

Hz, J > 0 Hz, 2H), 7.33 (t, J = 7.3, 1.5 Hz, 1H), 7.16 (s, 1H), 6.05 (s, 2H), 5.13 

(s, 2H), 3.94 (s, 3H), 3.87 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 165.8, 141.0, 

140.2, 139.5, 138.0, 136.4, 128.6, 128.2, 127.7, 117.4, 112.9, 102.5, 71.9, 61.0, 

52.1; IR (neat) 2941, 1697, 1428, 1335, 1252, 1037 cm-1; HRMS (EI) calcd for 

C17H16O6: 316.0947. Found: 316.0972. 

Methyl 5-hydroxy-2-methoxy-3,4-methylenedioxybenzoate (323) 

 

Benzyl ether 322 (15.6 g, 49.4 mmol) was suspended in methanol (225 

ml) under nitrogen and 10% Pd/C was added (1.5 g). The atmosphere was 

changed to hydrogen and the mixture was hydrogenated at slight overpressure 

(balloon) and r.t. until the hydrogen uptake had ceased (ca. 3 h). The catalyst was 

removed by a filtration through a short pad of celite, and the filtrate was 

concentrated in vacuo to give the product as a pale yellow solid. Yield 11 g (98%)  

323: Rf = 0.11 [Hex/EtOAc (4:1)]; mp = 106-108 °C (i-PrOH); 1H-NMR (600 

MHz, CDCl3) δ 7.12 (s, 1H), 6.04 (s, 2H), 5.91 (bs, 1H), 3.92 (s, 3H), 3.86 (s, 

3H); 13C NMR (150 MHz, CDCl3) δ 166.4, 139.9, 139.4, 138.6, 134.9, 117.2, 
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114.2, 102.5, 61.0, 52.3; IR (neat) 3328, 1692, 1636, 1464, 1431, 1345, 1248, 

1163, 1032 cm-1; HRMS (EI) calcd for C10H10O6: 226.0477. Found: 226.0489. 

Methyl 2-bromo-3-hydroxy-6-methoxy-4,5-methylenedioxybenzoate (324) 

 

Phenol 323 (10.64 g, 47.0 mmol) was dissolved in glacial acetic acid (100 

ml) under nitrogen. Bromine (15.0 g, 94.1 mmol, 2 equiv) was added during 2 

minutes to the cooled solution (ice+water) under stirring. After 2.5 h 1H-NMR 

spectrum showed the reaction to be complete. Excess of bromine was removed 

by suction, acetic acid on rotavap. 

The oily residue was taken up in chloroform (300 ml), the resulting 

solution was washed with water (150 ml), then with NaHCO3 solution (150 ml 

+ sat. NaHCO3, pH after shaking ca. 7.5) and finally with brine (50 ml). The 

solution was dried (Na2SO4) and evaporated in vacuo to leave a residue, which 

was suction chromatographed on flash silica gel in DCM/MeOH (50:1) mixture 

to give a product isolated as an off-white solid. Yield 11 g (92%). 

324: Rf = 0.34 [Hex/EtOAc (2:1)]; mp = 90-93 °C (i-PrOH); 1H-NMR (400 MHz, 

CDCl3) δ 6.05 (s, 2H), 5.30 (bs, 1H), 3.92 (s, 3H), 3.91 (s, 3H); 13C NMR (100 

MHz, CD3OD) δ 165.9, 138.4, 136.8, 135.6, 132.9, 122.4, 102.8, 100.8, 60.9, 

52.9; IR (neat) 3302, 2917, 2850, 1730, 1710, 1612, 1458, 1437, 1271, 1051, 

1028 cm-1; HRMS (EI) calcd for C9H7BrO6: 289.9426. Found: 289.9420. 
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2-Bromo-3-hydroxy-6-methoxy-4,5-methylenedioxybenzoic acid (325) 

 

Methyl ester 324 (17.5 g, 57.36 mmol) was dissolved in isopropanol (170 

ml) and aqueous KOH (24 ml 40% solution diluted to 100 ml with water, 4 eq.) 

was added. The mixture was stirred at 96 °C (bath), and the progress of 

hydrolysis was checked by TLC (DCM/MeOH 25:1). After 3 h the solution was 

cooled down in ice/water bath and concd. HCl was added to pH ca. 1-2. The 

separated solid was extracted with ethyl acetate (300, 150 and 50 ml), while the 

pH of the aqueous phase was kept at 1-2. The combined organic fractions were 

washed with brine/water (1:1, 50 ml), brine (120 ml) and dried overnight 

(Na2SO4). Evaporation of solvent afforded a white solid sufficiently pure for use 

in the next step. Yield 15.9 g (96%).  

325: Rf = 0.27 [DCM/MeOH/AcOH (25:1:0.6)]; mp = 174-176 °C (dec) 

(DCM/pentane); 1H-NMR (600MHz, CD3OD) δ 6.02 (s, 2H), 3.88 (s, 3H); 13C 

NMR (150 MHz, CD3OD) δ 169.5, 139.4, 138.6, 135.6, 135.4, 125.8, 103.8, 

101.4, 61.3; IR (neat) 3420, 2884, 1673, 1633, 1609, 1482, 1339, 1049, 1027, 

982, 946 cm-1; HRMS (EI) calcd for C9H7BrO6: 289.9426. Found: 289.9420; 

Anal. Calcd for C16H14BrNO6: C, 37.14; H, 2.42. Found C, 37.42; H, 2.57. 
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3-Benzyloxy-2-bromo-6-methoxy-4,5-methylenedioxybenzoic acid (316) 

 

a) From acid 325: 

 To a suspension of acid 325 (12.1 g, 41.6 mmol;) in 95% EtOH (120 ml) 

and H2O (5 ml) there was added solid NaOH (3.4 g, 85 mmol). A warm clear 

solution resulted (ca. 40 °C) into which was added dropwise BnBr (1/3 of 9.89 

ml, 83.1 mmol, 2 eq.). The mixture was inserted in bath 65 °C and ethanol was 

added (50 ml), followed by the remainder of BnBr which was added in three 

parts during 30 min. The stirred mixture was heated for 3.5 h at 82 °C (bath), 

NaOH (0.85 g, 21 mmol, 0.5 equiv) and BnBr (2.5 ml, 0.5 equiv) were added 

and heating was continued overnight. 

A sample of crude benzyl 3-benzyloxy-2-bromo-6-methoxy-4,5-

methylenedioxyben-zoate could be isolated by evaporation of a solution, 

dissolution in ether, brine wash, and evaporation after drying. A partially solid 

residue was also isolated, containing the benzyl ester according to NMR 

measurements. 

1H-NMR (300 MHz, CDCl3) δ 7.51-7.44 (m, 4H), 7.41-7.28 (m, 6H), 5.97 

(s, 2H), 5.38 (s, 2H), 5.14 (s, 2H), 3.89 (s, 3H); 13C-NMR (75 MHz, CDCl3) δ 

165.4, 140.9, 137.8, 137.0, 136.4, 135.3, 135.1, 128.5, 128.44, 128.38, 128.3, 

128.1, 127.6, 123.3, 106.1, 102.2, 74.7, 67.6, 60.5. 

40% KOH (17 ml) and H2O (60 ml) were added to the reaction mixture 

which was refluxed overnight. Most of the EtOH was distilled off, 40 ml of H2O 

was added and the solution was extracted once using EtOAc (100 ml). The 

aqueous phase was acidified with 2 M HCl to pH 1-2 (ca. 30 ml) and extracted 

twice with EtOAc (75 ml). The collected organic fractions were dried over 
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Na2SO4 and concentrated, to obtain the product as an off-white solid. Yield 14 

(90%). 

2) From aldehyde 345 

Aldehyde 345 (0.22g, 0.61 mmol) was dissolved in t-BuOH (20 ml) to 

gain a clear colorless solution. Sulfamic acid (1.7 g, 18 mmol, 30 eq.) was added 

and stirred for 10 min. A 5% aqueous solution of NaH2PO4 (10 ml) was dissolved 

was added to the reaction mixture. NaClO2 (0.25 g, 1.8 mmol, 3 eq.) was 

dissolved in the 5% NaH2PO4 aq. sol. (5 ml) and added to the reaction mixture. 

The bright yellow mixture was protected from light and stirred for 12 h at room 

temperature. The reaction was then quenched by adding a saturated solution of 

NaHSO3 (5 ml) and extracted with EtOAc (3x10 ml), the collected organic 

fractions were then dried over MgSO4 and concentrated, to obtain the product as 

a pale pink crystalline solid. 

1H-NMR (300 MHz, CD3OD) δ 7.49-7.43 (m, 2H), 7.38-7.27 (m, 3H), 

6.04 (s, 2H), 5.16 (s, 2H), 3.91 (s, 3H); 13C-NMR (75 MHz, CD3OD) δ 169.0, 

142.0, 139.6, 138.0, 137.7, 136.3, 129.5, 129.4, 129.3, 126.1, 105.8, 104.0, 75.6, 

61.1. IR (neat) 3313, 3011, 2963, 2854, 1702, 1682, 1430, 802; HRMS (EI) 

calcd. for C16H13BrO6: 379.9869. Found: 379.9852. 

3-Benzyloxy-2-bromo-6-methoxy-4,5-methylenedioxybenzoic acid chloride 

(352) 

 

The reaction was conducted under anhydrous conditions. The carboxylic 

acid 316 (2.84 g, 0.0075 mol) was dissolved in DCM (25 ml), then oxalyl 

chloride (1 ml, 0.011 mol) was added dropwise over 15 min, obtaining an orange 

suspension. After the addition of oxalyl chloride, 10 syringe drops of dry DMF 

were added to the mixture, which caused the suspension to turn into a deep 
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orange solution with a diffuse evolution of bubbles that lasted for 5 min. After 1 

h, the reaction mixture was subjected to vacuum concentration and the product 

was obtained as a brown solid (2.63 g, 91%).  

352: Rf = 0.49 [Hex/EtOAc (2:1)]; mp = 121-124 °C (DCM); 1H-NMR (300 

MHz, CDCl3) δ 7.38-7.42 (m, 5H), 5.93 (s, 2H), 5.08 (s, 2H), 3.83 (s, 3H); 13C-

NMR (75 MHz, CD3OD) δ 165.6, 141.7, 137.7, 136.1, 135.9, 134.9, 128.5, 

128.4, 128.2, 127.3, 104.2, 102.6, 74.8, 60.5; IR (neat) 3006-3092, 2902-2966, 

1788, 1621, 1482 cm-1; HRMS (EI) calcd for C16H12BrClO5: 397.9557. Found: 

397.9545. 

(3aS,4S,7R,7aS)-tert-butyl 2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

(epoxyimino)benzo[d][1,3]dioxole-8-carboxylate (240) 

 

Diol 30 (1.5 g, 8.2 mmol) was suspended in 2,2-DMP (5 ml), then p-TsOH 

(0.23 g, 1.2 mmol, 0.15 eq.) was added and a yellow solution was obtained. After 

4 h TLC showed full conversion of s.m., therefore the reaction flask was placed 

in an ice bath and H2O (2.4 ml) and NaIO4 (1.5 g, 7.2 mmol, 0.9 eq.) were added 

at once. A solution of t-butyl hydroxycarbamate (1.06 g, 7.9 mmol, 1.1 eq.) in 

DCM (15 ml) was added dropwise to the stirring mixture, which was allowed to 

warm up to room temperature and to react overnight (15 h). The reaction was 

quenched by adding a saturated solution of NaHSO3 (50 ml), then the mixture 

was extracted with DCM (3x20 ml), the collected organic fractions dried over 

MgSO4 and, after filtration, concentrated to obtain the crude product as a pale 

yellow semisolid. Yield 2.8 g (84%).  

240: Rf = 0.58 [Hex/EtOAc (3:1)]; mp = 154 - 156 °C (DCM); 1H-NMR (300 

MHz, CDCl3) δ 6.51 (m, 1H), 4.99 (m, 1H), 4.61 (m, 2H), 1.47 (s, 9H), 1.36 (s, 

3H), 1.34 (s, 3H). The product matches the literature data.89 
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tert-Butyl ((3aS,4R,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (327) 

 

Oxazine 240 (2.8 g, 10 mmol) was dissolved in a THF/H2O 10:1 mixture 

(100 ml) and the flask was placed in an ice bath. Al foil (9 g, 0.33 mol, 33 eq.) 

was shredded in strips and dipped in a 1M NaOH solution. After evolution of 

bubbles was observed, the strips were transferred to a 1% aqueous solution of 

HgCl2 and, after ca. 10 seconds, added to the reaction flask. The reaction was 

exothermic and accompanied by evolution of H2 gas. The mixture was allowed 

to warm to room temperature and the reaction was conducted for 8 h. The 

mixture was then filtered through celite using MeOH as solvent and, after 

concentration under vacuum, the crude product was dissolved in DCM (30 ml). 

Imidazole was added (0.82 g, 12 mmol, 2 eq.) and the mixture was stirred for 10 

min. TBSCl (1.8 g, 12 mmol, 2 eq.) was then added, the mixture became cloudy 

and white and the reaction was conducted at r.t. overnight. The reaction was then 

quenched by adding H2O (10 ml) and the mixture was extracted with DCM (3x15 

ml), the collected organic fractions were dried over MgSO4 and, after filtration 

and concentration of the organic layers, the resulting crude product was purified 

by FCC (Hex/EtOAc 1:1) to afford the product as a white semisolid. Yield 2.2 g 

(92%). 

327: Rf = 0.92 [Hex/EtOAc (3:1)]; [a]22
D− 0.78 (c = 0.7, CHCl3); 1H-NMR (300 

MHz, CDCl3) δ 5.75 (m, 1H), 5.50 (m, 1H), 4.71 (m, 1H), 4.22 (m, 1H), 3.85 

(m, 2H), 0.90 (s, 9H), 0.87 (s, 9H), 0.07 (m, 12 H); The product matches the 

literature data.89 
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(3aS,4R,7R,7aS)-Benzyl 4-bromo-2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

(epoxyimino)benzo[d][1,3]dioxole-8-carboxylate (329) 

 

 

Diol 30 (18.5 g, 0.12 mol) was suspended in 2,2-DMP (60 ml), then p-

TsOH (2.9 g, 1.2 mmol, 15 mmol, 0.15 eq.) was added and a pale orange solution 

was obtained. After 3 h TLC showed full conversion of s.m., therefore the 

reaction flask was placed in an ice bath and H2O (30 ml) and NaIO4 (19.3 g, 90 

mmol, 0.9 eq.) were added at once. A solution of benzyl hydroxycarbamate (19 

g, 0.11 mol, 1.1 eq.) in MeOH (190 ml) was added dropwise to the stirring 

mixture, which was allowed to warm up to room temperature and to react 

overnight (15 h). The reaction was quenched by adding a saturated solution of 

NaHSO3 (80 ml), then the mixture was extracted with DCM (3x60 ml), the 

collected organic fractions dried over MgSO4 and, after filtration, concentrated 

to obtain the crude product as a pale yellow semisolid. The crude material was 

subjected to the next step without any further purification. Yield 36.4 g (crude) 

(73%).  

329: Rf = 0.52 [Hex/EtOAc (2:1)]; 1H-NMR (300 MHz, CDCl3) δ 7.34 (m, 5H), 

6.51 (m, 1H), 6.37 (m, 1H), 5.20 (m, 2H), 5.06 (m, 1H), 4.61 (m, 2H), 1.36 (s, 

3H), 1.33 (s, 3H); IR (neat) 3061, 2991, 1750, 1611, 1482, 1272 cm-1
. The 

product matches the literature data.43  
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Benzyl ((3aS,4R,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (330) 

 

The crude material from the N-O reduction of compound 329 (8.7 g, 24 

mmol, not shown) was dissolved in DCM (90 ml), then imidazole was added (3.7 

g, 48 mmol, 2 eq.) and the mixture was stirred for 10 min. TBSCl (8.2 g, 48 

mmol, 2 eq.) was then added, the mixture became cloudy and white and the 

reaction was conducted at r.t. overnight. The reaction was then quenched by 

adding H2O (100 ml) and the mixture was extracted with DCM (3x50 ml), the 

collected organic fractions were dried over MgSO4 and, after filtration and 

concentration of the organic layers, the resulting crude product was purified by 

FCC (Hex/EtOAc 1:1) to afford the product as a yellow oil. Yield 7 g (64%). 

330: Rf = 0.35 [Hex/EtOAc (1:1)]; mp = 72-73 °C (Hex/EtOAc); 1H-NMR (300 

MHz, CDCl3) δ 7.39-7.28 (m, 5H), 6.02 (s, 2H), 5.52 (s, 1H), 5.10 (s, 2H), 4.31 

(m, 3H), 4.19 (m, 1H), 1.38 (s, 3H), 1.31 (s, 3H), 0.88 (s, 9H), 0.12 (s, 3H), 0.10 

(s, 3H); 13C-NMR (150 MHz, CD3OD) δ 155.8, 136.5, 132.3, 130.6, 128.4, 

127.9, 127.9, 108.4, 78.7, 67.2, 66.7, 48.2, 30.9, 26.4, 25.7, 24.4, 17.9, -4.8, -4.9. 

The product matches the literature data.43 
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(3aS,4R,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo[d][1,3]dioxol-4-amine (328) 

 

To a solution of Cbz-protected conduramine 330 (0.54 g, 0.0011 mol) in 

cyclohexene (30 ml) and EtOH (15 ml), 10% wt Pd/C (0.05 g) were added 

portion-wise and the resulting black mixture was let to stir at 80°C for 15 h. The 

mixture was then filtered through a pad of celite using EtOH as solvent, and the 

resulting clear solution was subjected to vacuum distillation to obtain a brown 

semisolid. This was then purified by column chromatography (Hex/EtOAc 5:1), 

obtaining the product as a pale yellow solid. Yield 0.105 g (32%). 

328: Rf (Hex/EtOAc 2:1) = 0.67. 1H-NMR (300MHz, CDCl3) δ 5.75 (dt; 9.6, 2.0 

Hz, 1 H), 5.61 (dt; 9.6, 2.0 Hz, 1 H), 4.15-4.20 (m, 1H), 4.09 (dd; J= 7.5, 4.8 Hz, 

1 H), 3.85 (dd; J= 7.2, 6.6 Hz, 1 H), 3.30 (dd; J= 5.5, 2.3 Hz, 1 H), 1.82 (s, 2H), 

1.39 (s, 3Hs), 1.31 (s, 3H), 0.87 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H). IR (neat) 

3334, 3312, 3280, 2930, 2870, 1669, 1477, 792. The product matches the 

literature data.43  

4-(Benzyloxy)-5-bromo-2,3-dihydroxybenzaldehyde (348) 

 

2,3.4-Trihydroxy benzaldehyde (339) (4 g, 26 mmol) was suspended in 

DCM (100 ml) and DBDMH (3.7 g, 13 mmol, 0.5 eq.) was added portion-wise. 

After the addition, the resulting orange mixture was allowed to react at room 

temperature overnight. The reaction was then quenched by adding NaHSO3 sat. 

sol. (30 ml), then the mixture was extracted with DCM (3 x 20 ml). The collected 
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organic fractions were then dried over MgSO4 and, after filtration and 

concentration, the product was obtained as an off-white solid. The crude material 

was dissolved in acetone (100 ml), borax (6.5 g, 17 mmol, 1 eq.) was added at 

once and the resulting suspension was stirred for 15 min. NaOH (0.72 g, 17 

mmol, 1 eq.) was added and the resulting green mixture was stirred for 10 min. 

BnBr (3 ml, 20 mmol, 1.2 eq.) was added dropwise, and the reaction was refluxed 

overnight. The reaction was quenched by adding 2M HCl (30 ml) and the mixture 

was extracted with EtOAc (3x20 ml). The collected organic fractions were then 

dried over Na2SO4 and, after filtration and concentration, the crude material was 

obtained as a yellow solid and directly subjected to the next step. Yield 6.5 g 

(crude) (78%). 

348: Rf = 0.37 [Hex/EtOAc (1:1)]; 1H-NMR (300 MHz, CDCl3) δ 11.19 (s, 1H), 

9.76 (s, 1H), 7.55 (m, 2H), 7.42 (m, 3H), 5.68 (s, 1H), 5.33 (s, 2H); 13C-NMR 

(75 MHz, CD3OD) δ 194.7, 147.5, 141.7, 138.4, 116.6, 112.3, 103.5, 101.0, 56.9; 

IR (neat) 3300, 3150, 2922, 1712, 1232, 846; HRMS (EI) calcd for 

C16H12BrClO5: 321.9841. Found: 321.9836 

7-(Benzyloxy)-6-bromobenzo[d][1,3]dioxole-4-carbaldehyde (349) 

 

Compound (348) (1.1 g, 3.5 mmol) was dissolved in DMF (30 ml), then 

K2CO3 (1 g, 7 mmol, 2 eq.) was added and the mixture was stirred for 10 min. 

CH2Br2 (0.61 ml, 8.7 mmol, 2.5 eq.) was added dropwise, and the resulting 

brown mixture was allowed to react overnight at 90 °C (bath). The reaction was 

then quenched with brine (10 ml) and the mixture was extracted with EtOAc 

(4x25 ml). The collected organic fractions were then dried over Na2SO4 and, 

after filtration and concentration, the crude material was purified by FCC 

(Hex/EtOAc 3:1). The product was obtained as a yellow solid. Yield 0.56 g 

(48%). 
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349: Rf = 0.32 [Hex/EtOAc (2:1)]; mp = 103-105 °C (Hex/EtOAc); 1H-NMR 

(300 MHz, CDCl3) δ 9.96 (s, 1H), 7.54 (s, 1H), 7.50 – 7.35 (m, 5H), 6.13 (s, 2H), 

5.47 (s, 2H); 13C-NMR (75 MHz, CD3OD) δ 187.0, 150.7, 147.4, 135.9, 128.7, 

128.4, 127.9, 123.5, 114.6, 109.9, 102.9 71.3; IR (neat) 3029, 2898, 2745, 1712, 

1441, 1258, 1092, 911, 784, 692 cm-1; HRMS (EI) calcd for C16H12BrClO5: 

333.9841. Found: 333.9858. 

7-(Benzyloxy)-6-bromobenzo[d][1,3]dioxol-4-ol (350) 

 

Compound (349) (0.44 g, 1.3 mmol) was suspended in MeOH (12 ml), 

H2SO4 (0.4 ml) and the resulting yellow solution was stirred for 10 min at 0 °C 

(bath). Hydrogen peroxide (30%, 1 ml, 8 mmol, 6 eq.) was diluted in MeOH (6 

ml) and added dropwise to the reaction mixture at 0 °C. After the addition, the 

ice bath  was removed and the reaction was conducted at r.t. overnight. NaHSO3 

sat. sol. (10 ml) was added to quench the reaction, the mixture was concentrated 

under vacuum and 2M KOH (20 ml) was added to the crude material. The 

solution was stirred for 20 min, then extracted with DCM (2x10 ml). The 

aqueous fractions were acidified with 2M HCl (25 ml) and extracted with EtOAc 

(3x15 ml).  The collected EtOAc organic fractions were then dried over Na2SO4 

and the product was isolated as a white solid. Yield 0.39 g (91%). 

350: Rf = 0.42 [Hex/EtOAc (1:1)]; mp = 103-105 °C (EtOAc); 1H-NMR (300 

MHz, CDCl3) δ 7.51 (m, 2H), 7.38 (m, 3H), 6.73 (s, 1H), 6.05 (s, 1H), 5.99 (s, 

2H), 5.15 (s, 2H); 13C-NMR (75 MHz, CD3OD) δ 137.2, 137.1, 137.0, 135.5, 

134.5, 128.5, 128.0, 127.7, 110.6, 110.2, 101.7, 72.3; IR (neat) 3300, 3056, 2978, 

1552, 870 cm-1; HRMS (EI) calcd for C16H12BrClO5: 321.9841. Found: 

321.9857. 
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7-(Benzyloxy)-6-bromo-4-hydroxybenzo[d][1,3]dioxole-5-carbaldehyde 

(351) 

 

Compound (350) (0.3 g, 0.8 mmol) was dissolved in AcOH (15 ml), then 

urotropine (0.23 g, 1.6 mmol, 2 eq.) was added and the solution was refluxed for 

2 h. The temperature was set to 50 °C, H2O (5 ml) was added and the mixture 

was stirred for 30 min. The mixture was then extracted with DCM (3x5 ml), the 

collected organic fractions were washed with NaHCO3 sat. sol. (2x5 ml) and the 

bicarbonate phases were extracted with EtOAc (2x5 ml). The collected DCM 

and EtOAc organic fractions were then dried over MgSO4 and, after 

concentration, the product was isolated as a yellow solid. Yield 0.26 g (89%). 

351: Rf = 0.62 [Hex/EtOAc (1:1)]; mp = 112-114 °C (DCM); 1H-NMR (300 

MHz, CDCl3) δ 9.66 (s, 1H), 7.47-7.36 (m, 5H), 6.78 (s, 1H), 6.17 (s, 2H), 5.14 

(s, 2H); 13C-NMR (75 MHz, CD3OD) δ 194.7, 150.7, 141.7, 136.8, 136.7, 136.1, 

135.5, 128.7, 128.4, 127.7, 115.4, 103.5, 72.4; IR (neat) 3300, 2896, 1710, 1699 

cm-1; HRMS (EI) calcd for C16H12BrClO5: 349.9790. Found: 349.9802. 

7-(Benzyloxy)-6-bromo-4-methoxybenzo[d][1,3]dioxole-5-carbaldehyde 

(345) 

 

Compound 351 (0.26 g, 0.74 mmol) was dissolved in dry THF (20 ml), 

the flask was placed in an ice bath and NaH (60% in mineral oil, 0.029 g, 0.74 

mmol, 1 eq.) was added portion-wise to the resulting orange solution, and stirred 

for 10 minutes. MeI (0.092 ml, 1.5 mmol, 2 eq.) was added dropwise, then the 
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reaction was refluxed overnight. The reaction was quenched by K2CO3 sat. sol. 

(10 ml), then the mixture was extracted with EtOAc (3 x 5 ml), the collected 

organic fractions were dried over MgSO4. After concentration, the crude material 

was adsorbed on silica, to be purified by FCC [Hex/EtOAc (2:1)]. The product 

was obtained as a yellow solid. 0.22 g, 82%. 

345: Rf  = 0.71 [Hex/EtOAc (2:1)]; mp = 117 - 119°C (DCM); 1H NMR (300 

MHz, CDCl3) δ 10.04 (s, 1 H), 7.50 – 7.35 (m, 5H), 6.09 (s, 2H), 5.16 (s, 2H), 

4.02 (s, 3H); 13C-NMR (75 MHz, CDCl3) δ 186.61, 134.73, 133.89, 130.27, 

129.85, 128.32, 103.75, 56.92, 29.99; IR (neat) 2953, 2919, 2850, 2655, 2547, 

1687, 1573, 1248, 896, 747, 718, 666, 542 cm-1; HRMS (EI) calcd for 

C16H13BrO5: 363.9946; found: 363.9969. 

7-(Benzyloxy)-6-bromo-N-hydroxy-4-methoxybenzo[d][1,3]dioxole-5-

carboxamide (338) 

 

Hydroxylamine hydrochloride (0.542 g, 7.8 mmol) and lithium carbonate 

(0.72 g, 9.7 mmol) were stirred in a mixture of H2O (2 ml) and Et2O (10 ml). 

After about 10 min, the temperature was brought to 0 °C and the acyl chloride 

352 (2.5 g, 6.5 mmol) was added portion-wise. The solution turned from clear 

and colorless to brown-orange and, as the temperature raised back to r.t., a 

diffuse bubbling could be observed. After 1 h, 15 ml of Et2O was added to the 

mixture in order to dilute the thick brown semisolid, then the mixture was 

extracted with EtOAc (4 x 15 ml), dried over Na2SO4 and concentrated under 

vacuum to obtain the product as a brown solid. Yield 1.8 g (70%). 

338: Rf = 0.19 [Hex/EtOAc (2:1)]; mp = 125-127 °C (i-PrOH); 1H-NMR 

(300MHz, CDCl3) δ 8.32 (bs 1H), 7.32-7.47 (m, 5H), 7.09 (bs 1H), 6.00 (s, 2H), 

5.13 (s, 2H), 3.94 (s, 3H); 13C NMR (150 MHz, acetone-d6) δ 206.3, 162.6, 141.7, 
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139.3, 138.4, 137.8, 135.9, 129.1, 107.8, 103.6, 75.1, 61.1; IR (neat) 3305, 3215, 

2953-3031, 2874, 1636, 1486, 1477 cm-1; HRMS (CI) calcd for C16H14BrNO6: 

395.0004. Found: 398.0064; Anal. Calcd for C16H14BrNO6: C, 48.50; H, 3.56. 

Found C, 48.32; H, 3.87. 

(7-(Benzyloxy)-6-bromo-4-methoxybenzo[d][1,3]dioxol-5-

yl)((3aS,4R,7R,7aS)-4-bromo-2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

(epoxyimino)benzo[d][1,3]dioxol-8-yl)methanone(7-(benzyloxy)-6-bromo-

4-methoxybenzo[d][1,3]dioxol-5-yl)((3aS,4R,7R,7aS)-4-bromo-2,2-

dimethyl-3a,4,7,7a-tetrahydro-4,7-(epoxyimino)benzo[d][1,3]dioxol-8-

yl)methanone (337) 

 

To a solution of diene diol 313 (0.154 g, 0.663 mmol), CuCl2 (0.124 g, 

0.922 mmol) and 2-ethyl-2-oxazoline (0.061 g, 0.615 mmol) in THF (4 ml), a 

solution of hydroxamic acid 338 (0.126 g, 0.363 mmol) in THF (1 ml) was added 

dropwise over 1 min at room temperature. The resulting solution was stirred at 

room temperature in air for 16 h. The completion of the reaction was confirmed 

by the disappearance of the starting material on TLC. The solvent was removed 

by evaporation and the crude product was purified by column chromatography 

[SiO2, Hex/EtOAc (1:1)] to afford the title compound (0.197 g, 87%) as a white 

crystalline solid. 

337: Rf = 0.32 [hexanes:EtOAc (1:1)]; mp = 68-70 °C (benzene/pentane 1:1); 

[α]
24
𝐷

 = –2.1 (c = 1.06, CHCl3); 1H NMR (600 MHz, acetone-d6, mixture of 

rotamers) δ 7.51 (t, J = 3.3 Hz, 2H), 7.38 (t, J = 3.3 Hz, 2H), 7.35 (d, J = 4.2 Hz, 

1H), 6.65-6.44 (m, 2H), 6.19-6.12 (m, 2H), 5.18 (s, 2H), 4.79-4.63 (m, 2H), 3.93-

3.86 (m, 3H), 1.35-1.30 (m, 6H); 13C NMR (150 THF-d8, mixture of rotamers) δ 

165.7, 141.6, 138.7, 138.1, 137.5, 136.0, 135.4, 135.0, 132.9, 132.2, 129.0, 

128.8, 128.7, 125.1, 111.8, 103.6, 103.5, 89.9, 82.2, 75.2, 75.0, 60.8, 60.4, 50.5, 
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50.3, 25.8, 25.6, 25.5; IR (CHCl3) 3008, 1658, 1610, 1448, 1421, 1377, 1262, 

1208, 1085, 1053, 1030, 985, 950 cm-1
; MS (EI) m/z (%) 625 (1). 366 (15), 363 

(100), 274 (8), 269 (13); HRMS (EI) calcd for C25H23NO8Br2: 624.9770, found: 

624.9774; Anal. Calcd for C25H23NO8Br2: C, 48.02, H 3.71, Found C 48.23, H 

3.83.  

7-(Benzyloxy)-6-bromo-N-((3aS,4R,7S,7aR)-7-hydroxy-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)-4-

methoxybenzo[d][1,3]dioxole-5-carboxamide (336) 

  

The oxazine 337 (0.05 g, 0.08 mmol) was dissolved in THF/H2O 10:1 (3.3 

ml), affording a clear solution. Aluminum turnings (0.022 g, 0.8 mmol) were 

treated in sequence with a 1M KOH and a 0.5% HgCl2 solution and, right after, 

were added to the stirring solution of 337. The reaction was let to stir at room 

temperature for 15 hours. The resulting viscous grey mixture was then filtered 

through a pad of celite using MeOH as solvent and the solution was subsequently 

evaporated under vacuum. The resulting pink oil was purified by 

chromatography (eluent: Hex/EtOAc 1:1) and the compound was isolated as a 

white solid (0.024 g, 54%) 

336: Rf  = 0.28 [Hex/EtOAc (1:1)]; m.p. = 103-105°C (i-PrOH); [α]
24
𝐷

 -38.838 (c 

0.485, CHCl3); IR (neat) 3349, 3065-3032, 2977-2852, 1638, 1516, 1445, 1421, 

1379, 1357, 1047 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.54 – 7.31 (m, 5H), 6.13 

(s, 2H), 5.88 (s, 2H), 5.18 (s, 2H), 4.66 (s, 1H), 4.49 (d, J = 6.7 Hz, 1H), 4.38 (d, 

J = 6.5 Hz, 2H), 4.20 (m, 2H), 3.96 (s, 3H), 1.46 (s, 3H), 1.38 (s, 3H); 13C NMR 

(600 MHz, CDCl3) δ 165.2, 140.8, 138.3, 137.0, 136.6, 131.2, 129.8, 128.6, 

128.4, 109.1, 106.6, 102.4, 78.9, 76.5, 74.8, 68.0, 61.1, 60.5, 49.6, 27.0, 24.9, 
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14.3; HRMS (EI) calcd for C25H26BrNO8: 547.0842, found 547.0824; Anal. 

Calcd for C25H26BrNO8: C, 54.76; H, 4.78; Found C, 55.01; H, 4.78 

7-(Benzyloxy)-6-bromo-N-((3aS,4R,7S,7aS)-7-((tert-

butyldimethylsilyl)oxy)-2,2-dimethyl-3a,4,7,7a-

tetrahydrobenzo[d][1,3]dioxol-4-yl)-4-methoxybenzo[d][1,3]dioxole-5-

carboxamide (359) 

 

The free alcohol 336 (0.153 g, 0.28 mmol) was dissolved in dry DCM (5 

ml), affording a clear solution. The temperature was then brought to 0 °C and 

Et3N (0.07 ml, 0.31 mmol) and TBSOTf (0.08 ml, 0.56 mmol) were added to the 

stirring solution. The ice bath was then removed and the reaction was allowed to 

stir overnight at room temperature. The reaction was then diluted with DCM and 

washed with 10% citric acid (1x3 ml), then the organic phase was dried over 

MgSO4 and concentrated under reduced pressure. The crude product was then 

purified by column chromatography (eluent: Hex/EtOAc 4:1) to afford the 

product as a colorless semisolid (0.032 g). 

359: Rf = 0.67 [Hex:EtOAc (2:1)]; [α]
22
𝐷

 -10.244 (c 2.4, CHCl3); 1H NMR (300 

MHz, CDCl3) δ 7.48 (d, J = 6.3 Hz, 2H), 7.41 – 7.28 (m, 3H), 6.57 (d, J = 9.6 

Hz, 1H), 6.17 (m, 2H), 5.99 – 5.92 (m, 2H), 5.09 (s, 1H), 4.96 – 4.87 (m, 1H), 

4.57 (dd, J = 6.9, 2.2 Hz, 1H), 4.36 (dd, J = 6.9, 1.7 Hz, 1H), 4.19 (dd, J = 5.1, 

2.3 Hz, 1H), 3.91 (s, 3H), 1.37 (s, 3H), 1.32 (s, 3H), 0.68 (s, 9H); 13C NMR (600 

MHz, CDCl3) δ 164.6, 140.6, 138.0, 136.9, 136.6, 135.3, 132.5, 130.9, 128.6, 

128.4, 128.3, 126.4, 108.4, 106.5, 102.2, 78.5, 76.8, 74.8, 66.4, 60.8, 45.8, 26.4-

24.5, 17.7; IR (neat) 3254, 3065, 3033, 2984, 2856, 1648, 1602, 1444, 1420, 

1358, 1250, 1049, 751, 695 cm-1; HRMS (EI) calcd for C31H40BrNO8Si: 
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661.1707; found 661.1698. anal. calcd for C31H40BrNO8Si: C, 56.19; H, 6.08; 

found C, 55.96; H, 6.09 

Tert-butyl (7-(benzyloxy)-6-bromo-4-methoxybenzo[d][1,3]dioxole-5-

carbonyl)((3aS,4R,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)-2,2-dimethyl-

3a,4,7,7a-tetrahydrobenzo[d][1,3]dioxol-4-yl)carbamate (360)

 

Compound 359 (30 mg, 0.05 mmol) was dissolved in dry THF (2 ml) to gain an 

off-white solution. The mixture was placed in an ice bath and NaH (60% in 

mineral oil, 2 mg, 1.1 eq.) was added. The mixture was stirred for 10 min, then 

Boc2O (16 mg, 1.5 eq.) was added, the ice bath was removed and the reaction 

was refluxed overnight. The mixture was then allowed to cool down to room 

temperature, H2O (1 ml) was added and the mixture was extracted with EtOAc 

(3 x 1 ml). The collected organic fractions were dried over MgSO4 and, after 

filtration, the crude material was absorbed on silica to be purified by FCC 

(Hex/EtOAc 3:1), to afford the product as a yellow semisolid. Yield 13 mg 

(35%). 

360: Rf = 0.92 [Hex:EtOAc (2:1)]; 1H NMR (300 MHz, CDCl3) δ 7.47 – 7.34 (m, 

5H), 6.14 (m, 2H), 6.04 (s, 2H), 5.22 (s, 2H), 5.09 (s, 1H), 4.82 (m, 1H), 4.45 

(dd, J = 7.2, 3.3 Hz, 1H), 4.36 (dd, J = 7.2, 2.7 Hz, 1H), 4.26 (m, 1H), 3.87 (s, 

3H), 1.34 (s, 3H), 1.28 (s, 3H), 0.92 (s, 18H), 0.15 (s, 6H); 13C NMR (75 MHz, 

CDCl3) δ 171.6, 166.1, 148.8, 143.5, 138.2, 131.2, 130.4, 128.5, 108.9, 102.2, 

100.8, 78.7, 67.6, 56.6, 48.8, 226.7, 24.6; IR (neat) 3012, 2922, 1648, 1638, 

1324, 1252, 1049, 866 cm-1
. 
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(3aS,3bR,12S,12aS)-benzyl 10-(benzyloxy)-12-((tert-

butyldimethylsilyl)oxy)-6-methoxy-2,2-dimethyl-5-oxo-3b,5,12,12a-

tetrahydrobis([1,3]dioxolo)[4,5-c:4',5'-j]phenanthridine-4(3aH)-

carboxylate (361) 

 

The reaction was performed in anhydrous conditions. The substrate 359 

(25 mg, 0.031 mmol) was dissolved in anhydrous anisole (1 ml), then the catalyst 

(1.9 mg, 0.0062 mmol) was added together with the additive (16 mg, 0.062 

mmol) and stirred for 5 min. The yellow solution was degassed with an Ar flow 

for 5 minutes, then dppe (4.8 mg, 0.012 mmol) was added and the mixture was 

refluxed at 130 °C for 12h. The reaction mixture was then cooled down and 

filtered through celite with EtOAc as solvent, and then subjected to preparative 

TLC using Hex/EtOAc 2:1 as eluent. The product was isolated as a yellow solid 

with a 15% yield (2.3 mg, 0.004 mmol). 

361: Rf  = 0.42 [Hex:EtOAc (2:1)]; mp 131-133 °C (DCM/pentane 1:1); [α]
24
𝐷

 -

62.378 (c 0.8, CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.39 – 7.35 (m, 5H), 6.62 

6.12 (m, 1H), 6.02(s, 2H), 4.81 (dd, J = 3.4, 1.3 Hz, 1H), 4.42 (m, 1H), 4.35 (dd, 

J = 6.9, 2.1 Hz, 1H), 4.26 (dd, J = 7.0, 3.3 Hz, 1H), 3.92 (s, 3H), 3.72 (bs, 1H), 

1.39 (s, 3H), 1.32 (s, 3H); 13C NMR (300 MHz, CDCl3) δ 166.1, 155.8, 138.8, 

138.4, 136.5, 136.1, 133.9, 132.3, 131.6, 131.3, 130.7, 111.5, 108.4, 106.7, 

102.4, 74.3, 73.2, 68.5, 67.3, 60.4, 53.1, 31.6, 29.7, 29.0, 26.5, 24.5, 22.6, 14.2, 

14.1, 11.4; IR (neat) 3348, 3063, 2921, 2852, 1657, 1609, 1210, 1153, 686 cm-1 

HRMS (EI) calcd for C31H39BrNO8Si: 581.2445; found 581.2467. 
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(2S,3R,4S,4aR)-11-(Benzyloxy)-2,3,4,7-tetrahydroxy-3,4,4a,5-tetrahydro-

[1,3]dioxolo[4,5-j]phenanthridin-6(2H)-one (293) 

 

 

 

The reaction was conducted in anhydrous conditions. The substrate 361 

(15 mg, 0.02 mol) was dissolved in acetonitrile (1 ml) to gain a pale yellow 

solution. TMSCl (5% in acetonitrile, 1.1 eq) was added dropwise followed by KI 

(1.1 eq) and the mixture was stirred at 60 °C for 2 h. The reaction was then 

quenched by adding HCl 6M and an extraction was performed using EtOAc (8x1 

ml). The collected organic fractions were dried over MgSO4, concentrated under 

reduced pressure and purified by column chromatography (DCM/MeOH 100:1) 

to obtain the product as a pale yellow solid (7 mg, 46%). 

293: Rf  = 0.23 [DCM/MeOH (70:1)]; [α]
24
𝐷

 –126.6 (c 0.4, DMSO); mp = 87 -  

89°C (DCM); IR (neat) 3323, 3054, 2982, 2938, 2901, 1638, 1549, 1237, 1044, 

708 cm-1; 1H NMR (300 MHz, DMSO-d6) δ 13.25 (s, 1H), 7.89 (s, 1H), 7.52 – 

7.28, (m, 5H), 6.16 (s, 1H), 6.08 (s, 2H), 5.49 – 5.24 (br s, 3H), 4.69 (s, 2H), 4.22 

(d, J= 3.2 Hz, 1H), 4.04 (s, 1H), 3.82 (d, J= 3.1 Hz, 1H), 3.72 (s, 1H); 13C NMR 

(150 MHz, DMSO-d6) δ 169.40, 152.82, 145.27, 138.48, 133.89, 132.58, 129.62, 

129.14, 128.79, 125.18, 106.00, 102.56, 96.31, 72.82, 69.58, 69.29, 53.35; 

HRMS (EI) calcd for C25H23NO9: 413.1111; found: 413.1027 

 

 

 

 

 



156 

 

6. Selected spectra 
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