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Abstract 

This thesis describes the enantioselective total synthesis of the marine natural product 

heronapyrrole C (3). Heronapyrrole C was isolated from a Streptomyces sp. (CMB-M0423) from a 

shallow water sand sample collected off Heron Island (Australia) by Capon and co-workers. It 

belongs to the exceptionally rare family of nitropyrrole natural products, known examples of which 

are limited to the 3-nitropyrrole pyrrolomycin class of Streptomyces antibiotics. It is also one of the 

first documented examples of natural products bearing a 2-nitropyrrole functionality. 

Heronapyrroles A-C were found to display promising activity against the Gram-positive bacteria 

without cytotoxicity toward mammalian cell lines. 

Alkene 136 was initially identified as a key intermediate for the synthesis of heronapyrrole C. Two 

synthetic strategies were investigated in this work for construction of alkene 136. While strategy I 

using a transition metal catalysed coupling reaction of 137 and 138 failed to afford the desired 

alkene 136, the Julia-Kocienski olefination of aldehyde 186 and sulfone 187 afforded 

stereoisomeric mixtures of 136. The low efficiency encountered in preparation of sulfone 187 also 

limited further investigation of this strategy. 

 

A revised strategy was next developed, utilising key intermediate 255 for access to heronapyrrole 

C (3). Two key fragments, aldehyde 172 and sulfone 255 were synthesised using readily available 

starting materials. Aldehyde 172 was obtained from pyrrole 146 in 5 steps and sulfone 255 was 

prepared from geraniol 146 in 11 steps. Unification of the two fragments was achieved via a Julia-

Kocienski olefination. The key alkene intermediate 255 was converted into epoxide 274 by Shi 

epoxidation. The construction of the bis-THF scaffold was achieved by successive double TES 

deprotection and epoxide opening cyclisation. N-Protection of the 2-nitropyrrole motif was key to 

the successful synthesis of heronapyrrole C. The BOM group was initially used, but could not be 
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removed in the final step. A revised protecting group strategy using Boz group enabled the 

successful synthesis of heronapyrrole C (3).  

 

A more flexible unified synthetic strategy, designed for synthesis of all the heronapyrroles, was 

also investigated. The strategy hinged on convergent synthesis of the key intermediate, alkene 294, 

by a vinylation of iodide 299 with a suitable vinyl organometallic species (300). The iodide coupling 

partner 299 was successfully synthesised from 2-nitropyrrole 144. A successful model reaction 

between iodide 299 and vinyltributyltin indicated the viability of the vinylation strategy, however, 

the synthesis of coupling partner 300 needs further investigation. 
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1.1 The Challenge of Antibiotic Resistance 

Arise and prosperity of antibiotics 

Antibiotics are compounds produced by bacteria and fungi which are capable of killing, or 

inhibiting microbial species.[1] In fact, antibiotic phenomenon has long been known. Early in ancient 

Egypt, people already adopted the practice of applying a poultice of mouldy bread to treat infected 

wounds. But the first true antibiotic penicillin, was not discovered until 1928 by Scottish scientist 

Alexander Fleming who later won the Nobel prize for this discovery (Figure 1.1).[2, 3] More than a 

decade after its discovery, the application of penicillin as a therapeutic agent was developed by 

Australian Nobel laureate Howard Walter Florey, together with the German Nobel laureate Ernst 

Chain and the English biochemist Norman Heatley in the 1940s. [4] 

 

                              

Figure 1.1 Alexander Fleming and Penicillin 

 

The introduction of penicillin began the era of antibiotics. In the following decades since their 

introduction, antibiotics experienced a golden age. Numerous antibiotics have been developed and 

employed for a wide variety of purposes. Improvements in production provided cost effective 

compounds that encouraged non prescription uses.[2] As a result, infections once considered deadly 

could then be treated thus saving countless lives.  

Antibiotics resistance 

The discovery of antibiotics was a turning point in human history, however the successful use of 

any therapeutic agent is compromised by the potential development of tolerance or resistance to 

that compound.[5] This is particularly true for antibiotic agents. The use of antibiotics has rapidly 

been accompanied by the development of antibiotic resistance. Antibiotic resistance is the ability 

of a microorganism to withstand the effects of an antibiotic thus losing its therapeutic value. As a 

result, infections that were once thought to be controlled by antibiotics are returning in new leagues 

resistant to these therapies.[6] 
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Antibiotic resistance was initially noticed in the late 1930s when sulfonamide-resistant 

Streptoccoccus pyogenes emerged in military hospitals, where antibiotics were being extensively 

used.[7, 8] Penicillin-resistant Staphylococcus aureus was discovered in London civilian hospitals 

shortly after the introduction of penicillin in the 1940s.[9] Similarly, streptomycin resistant 

Mycobacterium Tuberculosis also emerged soon after the discovery of streptomycin, which was 

introduced in 1944 for the treatment of tuberculosis (TB).[10]  

 

 

Figure 1.2 Rapid development of antibiotic resistance.[5] 

 

Although drug resistance has been recognized and known, and despite many national and 

international reports, urging ways to curtail it, the problem continues to grow (Figure 1.2). Many 

of the bacterial pathogens associated with epidemics of human disease have evolved into multidrug-

resistant (MDR) forms, more colloquially, called superbugs. Such strains could pose severe clinical 

problems and even cost lives because all available drugs have failed. Notable global examples of 

MDR pathogens include hospital and community strains of Mycobacterium tuberculosis, 

Staphylococcus aureus, Enterococcus faecium, Enterobacter cloacae, Klebsiella pneumoniae, 

Acinetobacter baumanii and Pseudomonas aeruginosa et. al.[8, 11-13] 

Multidrug resistance M. tuberculosis is a major human pathogen found in both developing and 

developed nations and is responsible for the ill health of millions of people each year. While the 

discoveries of streptomycin and isoniazid provided vital treatments, resistance was rapidly 
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developed among mutant strains.[10]  Especially since the 1980s, a re-emergence of tuberculosis has 

occurred that is often multidrug resistant (MDR TB).[14] Although great efforts have been made and 

success was once achieved, for a variety of reasons, MDR TB continues to compromise TB therapy 

throughout the world. MDR strains resistant to four or more of the front-line treatments have 

appeared and spread rapidly in the last decade.[15, 16] Moreover, TB strains that are resistant to the 

second line of drugs also emerged as extensively drug resistant TB (XDR TB).[16] With the problem 

of XDR TB cases remaining unresolved in much of the world, more dangerous totally drug resistant 

strains (TDR), which are resistant to all second line drugs were discovered.[17]  Accelerated by 

HIV/AIDS epidemic, MDR TB causes 1.5 million deaths over the world annually and ranks as the 

second leading cause of death from an infectious disease.[18] 

Staphylococcus aureus is another major drug resistant pathogen, which can cause a wide variety of 

infections in humans. The widespread occurrence of penicillin resistant S. aureus epidemics began 

slowly in the late 1940s but gained in severity and attention in the late 1950s.[19] In 1959, the 

landmark discovery and introduction of methicillin (the first designer anti-resistance antibiotic 

which was later replaced by oxacillin due to significant kidney toxicity) was thought to be a sure 

defence against the penicillinases. However, just three years after its discovery, methicillin-resistant 

Staphylococcus aureus (MRSA) was detected in Britain,[20] and it is now common in hospitals. 

Since MRSA led to other multi-antibiotic-resistant variants, the acronym now denotes multidrug-

resistant S. aureus. As a result of extensive development of MRSA, plenty of S. aureus infections 

have been resistant to penicillin, methicillin, tetracycline and erythromycin, which left vancomycin 

as the only effective agent available at the time.[21] However, the first documented strain with 

complete resistance to vancomycin, termed vancomycin-resistant Staphylococcus aureus (VRSA) 

appeared in the United States in 2002. [22] Relatively recently, MRSA has moved outside the hospital 

and become a major community-acquired (CA) pathogen which is responsible for rapidly 

progressive fatal diseases, including necrotizing pneumonia, severe sepsis, and necrotizing 

fasciitis.[23] 

Antibiotic resistance has now become a serious global phenomenon. The number of resistant 

organisms, the geographic locations affected by drug resistance and the breadth of resistance in 

single organisms are unprecedented and mounting. A World Health Organization report released in 

April 2014, states, "this serious threat is no longer a prediction for the future. It is happening right 

now in every region of the world and has the potential to affect anyone, of any age, in any country. 

Antibiotic resistance–when bacteria change so antibiotics no longer work in people who need them 

to treat infections–is now a major threat to public health."[24] 
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Inadequate antibiotic pipeline 

While antibiotic resistance continues to spread, antibiotic development remains stagnant and the 

pipeline for antibiotics is now running dangerously low. Only two systemic antibacterial agents 

have been approved for use in humans by the U.S. FDA from 2008 through the current year. 

Compare that to sixteen that were approved from 1983 to 1987. In particular, no new classes of 

antibiotics to treat Gram-negative bacilli (GNB) have been developed for more than 50 years – 

amazingly, the fluoroquinolones developed in 1960s were the last new class of antibiotics to treat 

GNB (Figure 1.3).[25] 

 

 

Figure 1.3 Dates of discovery of distinct classes of antibacterial drugs[18] 

 

With the relative absence of new antimicrobials coming to market and with new threats arising from 

antibiotic resistant bacteria, the number of drug options leaves us perilously close to having none 

or only a single effective agent to treat some life-threatening infections.[13] This dangerous situation 

clearly indicates that we must redouble our efforts to intensify the search for new antibiotics, while 

protecting the efficacy of existing drugs.  
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1.2 Heronapyrroles and Nitropyrrolins: Isolation, Bioactivity and 

Biosynthesis 

From the discovery of the antibiotic properties of penicillin by Alexander Fleming in 1928, through 

the “golden age” of antibiotics and into the late twentieth century, natural products especially 

secondary metabolites of microorganisms remained powerful forces driving antimicrobial 

discovery, because of their unprecedented structural diversity and broad range of biological 

activity.[26] Actinomycetes, the richest terrestrial groups of bacteria in terms of the number and 

diversity of natural product structures, are common soil inhabitants with an unprecedented ability 

to produce clinically useful antibiotics. Over 50% of the microbial antibiotics discovered so far 

originate from actinomycete bacteria.[26] Recently, a series of 2-nitropyrrole natural products 

produced by marine actinomycetes were isolated by two independent research groups. [27-29] Their 

promising antibiotic activity and unique structure attracted our attention. 

In 2010, Capon and co-workers reported the isolation of three unique naturally occurring 2-

nitropyrroloterpenes named heronapyrroles A-C (Figur 1.4). These compounds are the secondary 

metabolites of a Streptomyces sp. (CMB-M0423), recovered from a shallow water sand sample 

obtained off Heron Island, Australia.[27]  

In 2014, Stark and co-workers predicted the existence of another 2-nitropyrroloterpene named 

heronapyrrole D and synthesized the proposed structure (Figure 1.4). Capon and co-workers 

confirmed the existence of heronapyrrole D as a natural product via comparing the synthetic sample 

with the isolated natural product produced by Streptomyces sp. (CMB-M0423).[28]  

 

 

Figure 1.4 Structure of heronapyrroles A-D. 
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Almost at the same time as the isolation of heronapyrroles A-C, Fenical and co-workers also 

reported their discovery of five 2-nitropyrroloterpenes, which are structurally related to 

heronapyrroles, named nitropyrrolins A-E (Figure 1.5). These compounds were discovered upon 

chemical analysis of a culture broth of MAR4 strain CNQ-509, isolated from a marine sediment 

sample collected off La Jolla, California.[29] 

 

 

Figure 1.5 Structure of nitropyrrolins A-E 

 

These nitropyrroloterpenes all feature the same heterocyclic core (2-nitro-4-farnesylpyrrole) with 

closely related levels of oxidative functionalization of the farnesyl side chain. Among these 

nitropyrrole natural products, heronapyrrole C is the most advanced structure with the farnesyl side 

chain fully elaborated to a bistetrahydrofurandiol (bis-THF-diol) motif (Figure 1.4). These 

compounds are noteworthy in that they belong to the exceptionally rare family of nitropyrrole 

natural products, known examples of which are only limited to the 3-nitropyrrole pyrrolomycin 

class of Streptomyces antibiotics (will be described in section 1.3). In addition, heronapyrrole A-C, 

together with the simultaneously reported nitropyrrolins A-E are the first documented examples of 

natural products bearing a 2-nitropyrrole functionality.[27, 28]  

Heronapyrroles displayed promising selective activity against the Gram-positive bacteria 

Staphylococcus aureus ATCC 9144 (IC50 0.6-1.1 μM) and Bacillus subtilis ATCC 6633 (IC50 1.1-

6.5 μM) with no cytotoxicity toward mammalian cell lines.[27] Nitropyrrolins also demonstrated 

various degrees of antibacterial activity.[29] The activity of nitroheterocycles against anaerobes is 

known to result from the reduction potential of the nitro group.[30] In essence, a short-lived reduction 

product, most probably the protonated one electron nitro radical anion, oxidizes DNA causing 

strand breaks and subsequent cell death.[30] 
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The proposed biosynthesis of heronapyrroles A-C and nitropyrolins A-B is outlined (Scheme 1. 1). 

In this pathway, aromatic substitution of pyrrole 10 by farnesyl pyrophosphate 11 provides ready 

access to the pyrroloterpene carbon framework 12 which, following nitration, oxidation, and 

nucleophilic ring opening of epoxide intermediates, with and without cascade cyclisation to 

polyethers, is capable of elaborating the full suite of heronapyrroles and nitropyrolins A-B.[27]  

 

 

Scheme 1.1 Biosynthesis of heronapyrroles A-C and nitropyrrolins A-B. 
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1.3 Antimicrobial Activity and Chemotherapeutic Value of 

Nitroheterocyclic Compounds 

Nitroheterocyclic compounds have been known for their antimicrobial activity since seven decades 

ago. With the first discovery of the antibacterial properties of nitrofurazone 16 in 1944,[31] 

investigations of related nitroheterocyclic systems have revealed valuable inhibitory activities 

against various pathogenic organisms and a variety of nitroheterocyclic antimicrobials with 

important chemotherapeutic value have been developed. Among these nitroheterocyclic 

compounds, nitrofurans, nitrothiazoles and nitroimidazoles emerged as highly effective 

chemotherapeutic agents in the treatment of all kinds of infectious diseases.[32] While nitropyrrole 

containing compounds did not receive much clinical application, they still demonstrated valuable 

antimicrobial activity. [33] 

1.3.1 Nitrofurans  

Nitrofurans possess not only antibacterial activity but also antifungal properties and they are also 

effective against various protozoan parasites such as coccidian and trichomonads. Members of this 

class of drugs include: nitrofuranzone (16), furazolidone (17), nitrofurantoin (18), nifurtimox (19), 

nifuroxazide (20), nifuratel (21) and so on (Figure 1.6).[34] 

 

 

Figure 1.6 Examples of nitrofuran drugs. 

 

Nitrofuranzone (16) was the first heterocyclic antibiotic used in human medicine. It was widely 

used for topical application on infected burns and skin infections[35] and saved numerous lives 

especially during the two world wars. 

Furazolidone (17), as a nitrofuran antibacterial, is marketed by Roberts Laboratories under the 

brand name Furoxone and by GlaxoSmithKline as Dependal-M. With a broad spectrum of activity 

against both Gram-positive and Gram-negative bacteria as well as protozoa, furazolidone has been 



Introduction 

9 

 

effectively used for oral treatment of cholera,[36] diarrhoea, enteritis, bacteremic salmonellosis and 

other diseases caused by bacteria or protozoan infections. [37, 38] 

Nitrofurantoin (18) is commonly used to treat infections of the urinary tract.[39]  The efficacy of 

nitrofurantoin (18) in treating urinary tract infections combined with a low rate of bacterial 

resistance makes it one of the first-line agents for treating uncomplicated urinary tract infections as 

recommended by the Infectious Diseases Society of America and the European Society for 

Microbiology and Infectious Diseases.[40] It is also one of the few drugs used during pregnancy to 

treat urinary tract infections.[41] 

Nifurtimox (19) is available for treatment of infectious diseases caused by trypanosomes including 

Chagas disease and sleeping sickness. It has been recommended as first-line treatment for second-

stage African trypanosomiasis.[42] Additionally, both nitrofurantoin (18) and nifurtimox (19) are 

listed on the World Health Organization's List of Essential Medicines. 

1.3.2 Nitroimidazoles  

The first natural nitroimidazole compound, azomycin was isolated by Maeda and co-workers in 

1953.[43] Azomycin (22) was later developed as an antiprotozoal and antibacterial agent.[44, 45] Since 

then plenty of nitroimidazole derivatives were developed to combat anaerobic bacterial, protozoa 

and parasitic infections. In addition to azomycin (22) other representative nitroimidazole drugs 

include: metronidazole (23), tinidazole (24), ornidazole (25), secnidazole (26) and ronidazole (27) 

(Figure 1.7). 

 

Figure 1.7 Examples of nitroimidazole drugs. 

 

Metronidazole (23) is the most commonly used nitroimidazole drug and the only nitroheterocyclic 

currently approved by the US Food and Drug Administration (FDA).[32] It is used particularly for 

treatment of anaerobic infections in gynaecological and colonic surgery.[46, 47] After its discovery in 

1959, metronidazole (23) has been one of the top 100 most prescribed drugs in the US and is among 
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the top ten most prescribed drugs used during pregnancy all over the world.[48] Due to its effective 

performance against Helicobacter pylori infections, metronidazole has been included in the World 

Health Organization's List of Essential Medicine.[32] 

Tinidazole (24) was developed in 1972. It is widely used throughout Europe and the developing 

world for treatment of a variety of amoebic and parasitic infections.[49-51] 

In addition, some nitroimidazole compounds were also found to be effective in the treatment of 

tuberculosis (Figure 1.8).[52, 53] Bicyclic nitroimidazole (CGT 17341(28)) has been described as a 

promising antituberculosis compound with significant activity in vitro and in vivo against strains of 

Mycobacterium tuberculosis.[54] Nitroimidazole analogues PA824 (29) and OPC67683 (30) are 

currently in clinical trials for their antituberculosis activity[55, 56] and PA824 (29) is being developed 

as a drug candidate by the Global Alliance for TB Drug Development.[57] 

 

 

Figure 1.8 Nitroimidazole compounds with antituberculosis activity 

 

1.3.3 Nitrothiazoles 

The nitrothiazoles are another class of biologically important nitroheterocyclic compounds. 

Representative nitrothiazole antibiotics include tenonitrozole (31), nitazoxanide (32), tizoxanide 

(33) and niridazole (34) (Figure 1.9). 

 

 

Figure 1.9 Examples of nitroimidazole drugs. 
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Nitazoxanide (32) is a synthetic nitrothiazolyl-salicylamide derivative with activity against 

anaerobic bacteria, protozoa and viruses.[58] It has been used as a prodrug of tizoxanide (33). 

Nitazoxanide (32) is a first-line choice for the treatment of diarrhoea and enteritis caused by 

Cryptosporidium parvum or Giardia lamblia infection in immunocompetent adults and children 

down to 12 months of age.[59, 60] 

Niridazole (34) is one of the most effective schistosomicide drugs used to treat schistosomiasis, the 

helmintic disease caused by certain flatworms from the genus Schistosoma.[61]  

1.3.4 Nitropyrroles  

Although nitropyrrole compounds have not received as much attention as nitrofurans or 

nitroimidazoles, they still demonstrated important bioactivities. The pyrrolomycins are one notable 

example (Figure 1.10). 

Most of the pyrolomycins can be considered derivatives of pyrrolomycin A (35), a nitrated 

dichloropyrrole that is typically linked to a substituted phenyl group. They demonstrated varying 

degrees of antibiotic activities. Pyrrolomycin A (35) and B (36) reported by Ezaki and co-workers 

in 1981 are the first documented naturally occurring nitropyrrole compounds.[33] Two years later 

pyrrolomycin E (37) was discovered by the same group.[62] Pyrrolomycin A (35) and B (36) are 

active against Gram-positive and Gram-negative bacteria and some genera of fungi. Pyrrolomycin 

E (37) showed weak anti-Gram-positive bacteria activity, and was active against some Gram-

negative bacteria. The first tricyclic member of the pyrrolomycin family, dioxapyrrolomycin (38), 

was reported by Carter and co-workers in 1987 and it is also the first chiral pyrrolomycin.[63] In 

2005, another two -nitropyrroles, pyrrolomycin G (39) and H (40), which demonstrated interesting 

antibiotic activity, were discovered by Carter and co-workers.[64] 

 

Figure 1.10 Structure of pyrrolomycins. 
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Inspired by the antibiotic activity of the pyrrolomycins and the antifungal activity of some iodine 

containing compounds,[65] Koyama and co-workers designed and synthesized some N-iodoalkylated 

nitropyrrole derivatives to study their antifungal activity (Figure 1.11).[66] Interestingly, N-

(iodopropargyl)pyrrolomycin A 41 and N-(triiodoallyl)pyrrolomycin A 42 exhibited antifungal 

activity exceeding the activity of the known antigungal agent clotrimazole (45) (Figure 1.11). N-

(triiodoallyl)nitropyrroles 43 and 44 also exhibited satisfactory antifungal activity. The structure-

activity relationship (SAR) analysis of the pyrrole detivatives against Candida albicans and 

Trichophyton mentagrophytes strains indicated the positive contribution of the nitro group and 

negative effect of the size of molecule.[66] 

 

 

Figure 1.11 Iodine containing nitropyrrole compounds. 

 

In addition, antimycobacterial activities of nitropyrroles were also described. During development 

of nitroheterocycles with potential antimycobacterial activities, Artico and co-workers for the first 

time tested a number of nitropyrrole derivatives 47-49 (Figure 1.12) against Mycobacterium 

tuberculosis.[67] These nitropyrrole derivatives were strictly related to pyrrolnitrin (46), an 

antifungal antibiotic isolated from Streptomyces pyrrocinia.[68] It has been found that the 

nitropyrrole analogues of pyrrolnitrin (46), where a chlorine atom in the pyrrole ring is replaced by 

a nitro group, showed appreciable antituberculosis activity. Their SAR studies correlated 

antimycobacterial potency with the presence of halogens on the phenyl ring and a nitro group on 

the pyrrole ring.  

 

 

Figure 1.12 Structure of pyrrolnitrin analogues. 
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Quite recently, Rane and co-workers conducted a series of studies on the antimicrobial and 

antitubercular activity of 4-nitropyrrole-based derivatives (Figure 1.13).[69, 70] In their research, 

twenty 4-nitropyrrole-thiosemicarbazides (50), twenty 4-nitropyrrole-semicarbazides (51) and over 

forty 4-nitropyrrole-oxadiazoles (52) were synthesized and tested. Most N-methylated derivatives 

showed promising antibacterial activity against S. aureus, B. subtilis, E. coli, MRSA and MSSA. 

Potent anti-tubercular activity was observed with a minimal inhibitory concentration value as low 

as 0.46 mg/mL. Equal antifungal activity (1.56 mg/mL) compared to standard amphotericin-B was 

shown by most of the compounds. The promising antibacterial, antifungal and anti-tubercular 

results of the synthesized 4-nitropyrrole compounds combined with their non-toxicity towards 

mammalian cells demontrated their potential to act as new leads for the development of new 

antimicrobial and antitubercular drugs with better spectrum and potency. 

 

 

Figure 1.13 4-nitropyrrole-based derivatives designed by Rane and co-workers. [69, 70] 
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1.4 Stereoselective Synthesis of Functionalized Tetrahydrofurans and Its 

Application In Natural Product Synthesis 

 

An attractive structural motif of heronapyrrole C is the two adjacent 2,5-disubstituted THF rings. 

Chiral THFs are a common structural fragment that is frequently encountered in a variety of 

biologically important natural products. Among these are the polyether triterpenes,[71] polyether 

antibiotics[72, 73] and the annonaceous acetogenins[74, 75]. 

Marine polyether triterpenes are squalene-derived polyethers, generally isolated from algae or 

sponges.[76]  Most polyether triterpene natural products contain THF ring systems, and typical 

examples include teurilene (53),[76] omaezakianol (54),[77] glabrescol (55)[78] and aurilol (56)[79] 

(Figure 1.14). 

 

 

Figure 1.14 Structures of typical polyether triterpene natural products. 

 

Polyether antibiotics represent a large group of natural, biologically active substances produced by 

Streptomyces spp.[80] They demonstrate a broad spectrum of bioactivity ranging from antibacterial, 

antifungal, antiparasitic, antiviral, and tumour cell cytotoxicity.[81] Representative examples of 

THF-containing polyether antibiotics include ionomycin (57)[80] kijimicin (59)[81] and CP-82009 

(58)[82] (Figure 1.15).  
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Figure 1.15 Examples of polyether antibiotics. 

 

Annonaceous acetogenins are a large family of plant derived compounds generally possessing one 

to three THF rings linked through a polyethylene chain to a terminal butenolide group. The 

examples of annonaceous acetogenins include annonin (60),[83] rolliniastatin (61)[84] and goniocin 

(62)[85] (Figure 1.16). 

 

Figure 1.16 Examples of annonaceous acetogenins. 

 

Given their ubiquitous existence in biologically important natural products and the challenges they 

pose for synthetic organic chemistry, the synthesis of chiral THF rings has been of particular interest 

to the synthetic community and a variety of methodologies have been developed. These 

methodologies mainly fall into three categories: transition metal oxo promoted oxidative cyclisation 

of 1,5-dienes or alkenyl alcohols; intramolecular epoxide opening reaction and intramolecular 

Williamson reactions.[86]  
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1.4.1 Transition Metal Oxo Promoted Oxidative Cyclisation 

The transition metal-oxo promoted oxidative cyclisation of 1,5-dienes to produce THFs was first 

discovered in the mid-1960s (Scheme 1.2).[87] This transformation is particularly powerful in that it 

generates a THF-diol system embodying four new stereogenic centers as a single diastereomer in a 

single operation. Since its original report, this transformation has received considerable attention 

with a number of metal oxidants, including permanganate, ruthenium, and osmium based species, 

now capable of accomplishing this type of cyclisation.[88, 89] 

 

 

Scheme 1.2 Stereoselective formation of cis-THF. 

 

Permanganate  

In 1965, Klein and Rojahn discovered that treatment of 1,5-hexadiene with KMnO4 under slightly 

alkaline conditions afforded cis-2,5-bis(hydroxymethyl) tetrahydrofuran.[87] The reaction proceeded 

in a stereospecific fashion with only cis-isomers being observed, which was highly attractive in the 

context of stereocontrolled synthesis of cis-THF rings-containing natural products.  

Two different mechanistic proposals were put forward (Scheme 1.3): Walba’s hypothesis featured 

a double Sharpless-type [2+2] cycloaddition, followed by alkyl migration, reductive elimination 

and finally manganese oxidation and hydrolysis to furnish the THF ring;[90] Baldwin proposed a 

double [3+2] cycloaddition type process.[91]  
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Walba’s proposed mechanism 

 

Baldwin’s proposed mechanism 

Scheme 1.3 Proposed mechanism of KMnO4 promoted THF formation. [91] 

The asymmetric version of this reaction was developed by Walba and co-workers through the 

introduction of a chiral auxiliary to the 1,5-diene system (Scheme 1.4).[92] The chiral auxiliary 

enabled enantioselective formation of the THF system by controlling the initial facial attack of the 

oxidant.[92] This modification combined with the high cis-stereoselectivity enabled the KMnO4 

promoted THF-forming process to be introduced as a key step in complex synthetic sequences.[92-

97]  The recently reported formal synthesis of ionomycin (57) by Kocienski and co-workers featuring 

an auxiliary-directed oxidative cyclisation of diene 65 with potassium permanganate to construct a 

THF ring and four stereogenic centres in a single operation indicated the high efficiency of this 

methodology (Scheme 1.4).[93]  

The synthesis was started from Neryl acetate 63, which was first converted into methyl ester 64 in 

eight steps. The carboxylic acid derived from hydrolysis of methyl ester 64 was activated by 

reaction with the Ghosez reagent (Me2C=C(Cl)NMe2). The activated ester reacted with the sodium 

salt of (1R,2S)-camphor-10,2-sultam to give the desired diene fragment 65 in 90% overall yield 

from methyl ester 64. Diene 65 with Oppolzer’s bornane-10,2-sultam auxiliary attached via an 

imide bond was oxidized to form enantiopure THF 66 with KMnO4 in 54% yield with a 7:1 

diastereomer ratio. THF 77 was then converted to sulfone 67 the key fragment for the synthesis of 

ionomycin 57, in six steps. 
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Ruthenium 

Use of ruthenium as a catalyst to produce THF rings was initially reported in 1981 by the Sharpless 

group.[98] In their report, treatment of geranyl acetate with a catalytic amount of RuO4 and a 

stoichiometric quantity of sodium metaperiodate in the biphasic solvent system CCl4/MeCN /H2O 

(2:2:3, v/v/v) gave a 3:1 mixture of cis-THF 68 and trans-THF 69 and a minor amount of cis-THF-

ketone 70 (18%). This procedure was later improved by Piccialli and co-workers using 

acetone/MeCN/H2O (3:3:1) as the solvent system.[99] The improved method afforded higher degree 

of stereoselectivity and minimized the amount of over oxidised product 68 (Scheme 1.5). 

 

Scheme 1.4 Reagents and conditions: i. a. NaOH (5.5 equiv), NaHCO3 (0.5 equiv), MeOH-

H2O, reflux, 2 h; b. Me2C=C(Cl)NMe2 (1.25 equiv), Et2O, 0 ˚C, 30 min; c. sodium salt of 

(1R,2S)-camphor-10,2-sultam (1.0 equiv), toluene, rt, 3.5 h, 90% (3 steps); ii. KMnO4 (2.0 

equiv), AcOH (2.2 equiv), pH 6 acetate buffer, acetone-H2O, -35 ˚C, 5 h, 54% (dr = 7:1). [93] 
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 In 2005, Stark and co-workers reported their further optimized conditions using an unusual 

THF/DCM (9:1) solvent system in the presence of 0.2% ruthenium (III) chloride and NaIO4 

supported on wet silica.[100] The new conditions provided better diastereometic ratio (cis-/trans-

THF ratio > 95:5) and generally high yield. Intensive studies on the polycyclisation of polyenes 

towards the syntheses of adjacent poly-THF rings using RuO2 have also been carried out by the 

Piccialli group.[101-104] 

The asymmetric variant of this reaction was reported in the synthesis of neodysiherbaine 74 

(Scheme 1.6).[105] Lygo and co-workers reported that the best conditions to effect the oxidative 

cyclisation for diene 71 was a combination of RuO2 and NaIO4 in an acetone/water/ethyl acetate 

mixture. The crude product from the oxidation was converted into lactone 72 in 81% overall yield 

by treatment with TsOH. The THF-lactone 72 was then readily converted into neodysiherbaine 74 

in seven steps.  

 

 

 

Another example of the synthetic application of the ruthenium-mediated process was reported in 

the one-step construction of the threo-cis-threo THF-diol core of cis-solamin 78 (Scheme 1.7).[106] 

The meso-THF-diol 76 was obtained in a remarkable 83% yield with a diastereomeric ratio of >98:2, 

upon oxidative cyclisation of the symmetric diene 75 using RuCl3/NaIO4 on wet silica. Subsequent 

Scheme 1.5 Comparative report on RuO4 promoted oxidative cyclisation of 1,5-dienes. 

Reagents and conditions: i. Sharpless conditions: RuCl3·(H2O)n, (2.2 mol%), NaIO4 (3.1 equiv), 

CCl4 : CH3CN : H2O (2 : 2 : 3), 0 °C, 15 min; [98]  Piccialli conditions: RuO2·2H2O, (4 mol%), 

NaIO4 (4.0 equiv), EtOAc : CH3CN : H2O (3 : 3 : 1), 0 °C, 4 min[99]. 

 

Scheme 1.6 Reagents and conditions: i. a. RuO2 (5 mol %), NaIO4 (2.5 equiv), 

acetone/H2O/EtOAc (1/1/2), rt, 30 min; b. TsOH (10 mol %), CHCl3, rt, 48 h, 81% overall.[105] 
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enzymatic desymmetrization with lipase Amano AK using vinyl acetate as the acylating agent, 

afforded enantiomerically pure acetate 77 in 81% yield. Five steps of further transformation led to 

the final cis-solamin 78. 

 

 

 

 

Osmium  

In 1998, Picialli and co-workers discovered that oxidative cyclisation of dienes to a cis-THF moiety 

can be accomplished by using catalytic amounts of OsO4 with excess NaIO4 as a co-oxidant in 

DMF.[107] 

Intensive studies towards OsO4 mediated oxidative cyclisation were later carried out by Donohoe 

and co-workers. In 2003, they reported an improved process using catalytic OsO4 and 

trimethylamine N-oxide (TMO) under acidic conditions.[108] Donohoe’s improved conditions 

provided access to structurally diverse tetrahydrofurans as single diastereoisomers in good to 

excellent yields.[108] 

The suggested mechanism for OsO4 catalysed oxidative cyclisation is shown in Scheme 1.8. The 

initial dihydroxylation of diene 78 yields an osmate ester 79, which is then oxidized to 

tetrahydrofuran 81 via transition state 80 before the osmium is reoxidized back to Os(VIII).[108] 

 

Scheme 1.7 Reagents and conditions: i. 0.2 mol% RuCl3, NaIO4 on wet silica, THF, 0 °C, 6 h, 

83% (>98:2 dr); ii. Lipase Amano AK, vinyl acetate, hexane, 60 °C, 5-7 d, 81%, > 99% ee. [106]  



Introduction 

21 

 

 

 

Although the improved process efficiently provided THFs with high cis selectivity, the products 

produced are still racemic, which is a major obstacle to the application of this methodology in 

synthesis. Attention therefore moved to the development of an asymmetric version of this reaction. 

In 2005, Donohoe and co-workers reported a two-step reaction sequence which allowed the 

formation of a THF ring system with complete control over both the relative and absolute 

stereochemistry.[109] In this work, 1,5-diene 78 was first oxidized to afford vicinal diol 82 in a regio- 

and stereoselective manner using Sharpless asymmetric dihydroxylation conditions (Scheme 1.9). 

The enantiopure vicinal diol 82 then formed a chelated asymmetric osmate ester 79 with OsO4 

under oxidative cyclisation conditions and afforded the THF diol 81. Since the stereochemical 

integrity of the vicinal diol remained during the cyclisation process, this two-step sequence allowed 

the formation of enantiopure THFs (Scheme 1.9).  

 

 

 

Scheme 1.8 Reagents and conditions: i. OsO4 (5 mol%), Me3NO (4 equiv), camphorsulfonic 

acid (6 equiv),CH2Cl2. [108]  

Scheme 1.9 Reagents and conditions: i. AD-mix-, tBuOH/H2O, 0 °C 87%, >95% ee; ii. OsO4 

(5 mol%), Me3NO (4 equiv), TFA (6 equiv), cyclohexene (5 quiv), acetone/H2O, rt. 83%, >95% 

ee. [109]  
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Although using chiral diols as precursors to the cyclization enabled the direct formation of 

enantiopure THFs, this methodology still has its limitations. In the reaction, an excess of a sacrificial 

alkene needs to be added to avoid the formation of dihydroxylation byproducts. This is because 

OsVI is an active catalyst for oxidative cyclisation, while OsVIII is more active to promote unwanted 

dihydroxylation of alkenes in the substrate and needs to be avoided. However, different from the 

diene cyclisation protocol which provides OsVI directly, the diol cyclisation route commences with 

OsVIII. Therefore, addition of an excess of a sacrificial alkene to the system becomes necessary so 

that it can be dihydroxylated in presence of the substrate to increase the concentration of OsVI in 

the reaction.[109] 

In 2008, Donohoe and co-workers discovered that pyridine-N-oxide (PNO) is very effective in 

reoxidising Os to the required VI oxidation state, in preference to Os(VIII), which can result in the 

dihydroxylation byproduct.[110] The use of PNO not only successfully avoided the inconvenience 

caused by the addition of a sacrificial alkene but also expanded the substrate spectrum.  

In 2009, a further improvement was made by Donohoe and co-workers through replacing TFA with 

a catalytic amount of a suitable Lewis acid, resulting in shorter reaction times and higher yields. 

The mildly acidic conditions are capable of tolerating a wide range of acid sensitive functional 

groups and once again expanded its application.[111] The OsO4 catalyzed oxidative cyclisation has 

become one of the most efficient tools for asymmetric construction of the cis-THF ring system.  

The synthesis of various biologically active natural products has been achieved using this 

methodology. [112, 113] In the total synthesis of (+)-cis-sylvaticin 86 reported in 2009 by Donohoe 

and co-workers, tetradecatetraene 83 was converted into key oxidative cyclisation precursor 84 in 

eight steps (Scheme 1.10). Bisacetonide precursor 84 underwent in situ double deprotection 

followed by oxidative cyclisation to afford bis-THF 85 as a single diastereoisomer in 76% yield. 

Nine steps of further transformations finally afforded (+)-cis-sylvaticin.[114] 
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More recently, the synthesis of the ABC ring system 91 of pectenotoxin-4 was achieved using this 

methodology as the key step (Scheme 1.10).[115] Alkyne 87 was converted into diene 88 in two steps. 

The cascade oxidative cyclisation of diene 88 catalysed by osmium enabled the one-pot 

construction of the bis-THF intermediate 90 in a highly stereoselective manner, further disclosing 

the synthetic relevance of this methodology for the synthesis of complex natural products and 

expanding its application.  

 

 

 

  

Scheme 1.10 Reagents and conditions: i. K2OsO2(OH)4 (5 mol%), PNO (4 equiv), Cu(OTf)2 (0.5 

equiv), citric acid, MeCN/H2O, 76%.[114]  

Scheme 1.11 Reagents and conditions: i. K2OsO2(OH)4 (5 mol%), PNO, Zn(OTf)2 (0.5 eq), citric 

acid, MeCN/H2O, 80 °C 69%.[115] 
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1.4.2 Intramolecular Epoxide Opening Reaction 

Intramolecular epoxide opening cyclisation is another well established method to form THF-rings 

stereoselectively. This strategy was first described by Kishi and co-workers in 1978[116] and is now 

frequently utilized in the construction of complex molecules containing THF ring systems. 

The reaction sequence usually involves two stages (Scheme 1.12): 1) asymmetric epoxidation of a 

bishomoallylic alcohol 91 to produce cyclisation precursor 92; 2) an epoxide opening/cyclisation 

reaction which can either happen concomitantly with the epoxidation process or results after 

formation of the epoxide intermediate in a separate step to form the THF ring system 93. 

 

 

Scheme 1.12 Intramolecular epoxide opening cyclisation. 

 

In this sequence, epoxidation of the bishomoallylic alcohol is usually the critical step, because two 

new sterogenic centres established at this stage directly determine the stereochemistry of the final 

THF ring. Efficient asymmetric epoxidations are normally catalysed by transition metal species 

such as VO(acac)2, or organocatalysts such as Shi ketone. [117, 118]  

 

Transition metals 

A variety of transition metal based catalysts are employed to achieve this transformation, among 

which vanadium is one of the most commonly used.[119] VO(acac)2 was the first and is still the most 

frequently used vanadium source to effect this oxidation-cyclisation sequence.[120, 121] It is often 

used in conjunction with an active oxygen species such as tbutyl hydroperoxide (TBHP) as a 

primary oxidant.[122-124] The advantages of VO(acac)2/TBHP mediated oxidative cyclization of 

bishomoallylic alcohols were well demonstrated in the total syntheis of teurilene 53 by Shirama et 

al (Scheme 1.13).[125, 126]  

A hydroxyl group directed epoxidation of the bishomoallylic alcohol 94 with VO(acac)2/TBHP 

produced an epoxyalcohol intermediate 95, which underwent direct intramolecular epoxide opening 

to yield the THF alcohol 96. THF alcohol 96 was then converted into homoallylic alcohol 97 in ten 

steps, which was transformed to THF-dimer alcohol 99 again by VO(acac)2/TBHP mediated 
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oxidative cyclisation via an epoxyalcohol intermediate 98. THF-dimer alcohol 99 was then 

converted to the natural product teurilene 53 after four further transformations.[125] 

 

 

 

A synthetic improvement of the total synthesis of teurilene 53 was also achieved by Shirama and 

co-workers by combining the formation of two THF rings into a one-pot procedure (Scheme 1.14). 

Treatment of the diene 100 with VO(acac)2/TBHP and a catalytic amount of acetic acid to accelerate 

the intramolecular epoxide opening resulted in the direct formation of the THF-dimer alcohol 99.[126] 

Scheme 1.13 Reagents and conditions: i. VO(acac)2, TBHP, CH2Cl2, rt, 77%; ii. VO(acac)2, 

TBHP, benzene, 50 °C, 53%.[125]  
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Besides VO(acac)2, cobalt(II) diketonates,[127] vanadium(V) Schiff base complexes,[128, 129] and 

rhenium(VII) oxo-complexes[130-132] have also been used to effect this transformation in some cases. 

Shi epoxidation mediated THF synthesis 

Since the mid-1990s, small non-metal organic catalysts have experienced significant development, 

and established their prominence in synthetic chemistry. In 1996, Shi and co-workers reported the 

discovery of fructose-derived ketone 101 as a highly effective chiral inducer for the epoxidation of 

trans-olefins and trisubstituted olefins (Scheme 1.15).[117, 118] After several years of further 

development, the Shi epoxidation has now become one of the most reliable methods for the 

asymmetric epoxidation of olefins and significantly promoted the synthesis of THF-containing 

natural products by providing asymmetric epoxyalcohol as cyclisation precursors. 

 

Scheme 1.15 Shi epoxidation. 

 

The reactive epoxidizing species in the oxidation process is believed to be dioxirane 102, which is 

a powerful epoxidation reagent. The dioxirane species are not indefinitely stable, but can be 

generated in situ by oxidation of a ketone 103 with potassium peroxymonosulfate (Oxone). The 

leaving group potential of the resulting sulphate 104, facilitates ring closure to achieve the dioxirane 

species 102. As the ketone 103 is regenerated in the reaction, only catalytic amounts are required 

(Scheme 1.16).[118, 133, 134] 

Scheme 14 Reagents and conditions: i. VO(acac)2, TBHP, AcOH, benzene, 47 °C, 25%.[126]   
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Scheme 1.16 Catalytic cycle of Shi epoxidation.[118] 

 

The stereochemistry of the epoxidation product with ketone 101 is highly predictable. A spiro 

transition state A is favored due to a stabilizing oxygen lone pair interaction with the π* orbital of 

the alkene, which cannot be achieved in the planar transition state B (Scheme 1.17). [118] 

 

 

Scheme 1.17 Predict stereochemistry of the epoxidation products. [118] 

 

Since fructose-derived ketone 101 is readily accessible and has proven to be a highly effective 

asymmetric epoxidation catalyst for a wide variety of olefins, Shi epoxidation has been widely used 

in the synthesis of various complex molecules especially natural products containing THF 

moieties.[135]  
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Using this strategy, synthesis of (+)-neroplofurol (105) was achieved in two steps and 60% overall 

yield from allylic alcohol 106 by Huo and co-workers (Scheme 1.18). It was reported that 

asymmetric dihydroxylation of bishomoallylic alcohol 106, followed by site- and stereoselective 

epoxidation with Shi’s ketone, and subsequent in situ cyclisation efficiently afforded (+)-

neroplofurol (105) in 60% overall yield.[136] 

 

 

 

When a substrate contains multiple alkenes, all double bonds can be simultaneously epoxidized 

with ketone 101 or its enantiomer, allowing the rapid construction of multiple THF rings via a 

cascade epoxide-opening cyclisation reaction. 

In the synthesis of enshuol (109) reported by Morimoto and co-workers, two THF rings were 

assembled at the same time via asymmetric bis-epoxidation of diene 110 and subsequent acid 

promoted cascade epoxide-opening cyclisation (Scheme 1.19).[137] 

 

 

 

Scheme 1.18. Synthesis of (+)-neroplofurol. Reagents and conditions: i. AD-mix-, tBuOH/H2O, 

0 °C, ii. ketone 101, Oxone®, TBAS, K2CO3, MeCN/DMM (1:2), Na2(EDTA)/Na2B4O7 buffer, 

0 °C, 60% over two steps; [125]  

Scheme 1.19 Synthesis of (+)-enshuol by Morimoto and co-workers.[137] Reagents and conditions: 

i. Ketone 101, Oxone®, TBAS, K2CO3, MeCN/DMM (1:2), Na2(EDTA)/Na2B4O7 buffer, 0 °C, 

74%, dr > 6:1; ii. CSA, CH2Cl2, 66%. 
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A tetra-THF formation reaction was also reported by Corey and co-workers as a key transformation 

in an efficient three-step synthesis of (+)-omaezakianol (54) from racemic chlorohydrin 114 

(Scheme 1.20). Tetraepoxide 115 was obtained with Shi epoxidation conditions and subsequent 

cascade epoxide-opening cyclisation led to penta-THF 116, which was converted to the final 

omaezakianol (54) via reduction with Na.[138]  

 

 

  

Scheme 1.20 Synthesis of (+)-omaezakianol. Reagents and conditions: i. Ketone 101, Oxone®, 

TBAS, K2CO3, MeCN/DMM (1:2), Na2(EDTA)/Na2B4O7 buffer, 0 °C; ii. CSA, acetone, 21%; 

iii. Na, ether, 76%.[138]  
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1.4.3 Intramolecular Williamson Reaction 

The Williamson reaction was developed by Alexander Williamson in 1850[139] and remains the 

simplest and most popular method for the preparation of ethers. The construction of oligo-THFs by 

an intramolecular Williamson reaction normally commences from a 1,4-diols. One of the alcohols 

is first converted to a leaving group (usually a tosylate or mesylate), then the two are reacted 

together to form a THF ring (Scheme 1.21). 

 

 

Scheme 1.21 Synthesis of THF via intramolecular Williamson Reaction. 

 

Compared to the transition metal oxo promoted oxidative cyclisation and epoxide-opening 

approach, the intramolecular Williamson reaction has not been used as frequently for the 

construction of THFs, but it still offers great potential to become a powerful tool for the synthesis 

of complex polyether compounds. 

In 1994, Koert and co-workers reported the synthesis of the enantiomerically pure THF-tetramer 

117 using a multiple intramolecular Williamson reaction (Scheme 1.22). Double Sharpless 

dihydroxylation of diene 118 gave tetraol 119. Tetratosylation and triple acidic acetonide cleavage 

led to hexahydroxytetratosylate 120, the key precursor for the multiple Williamson reaction. In the 

multiple Williamson reaction, all four THF rings were formed in a single step, in a stereocontrolled 

manner, to yield the THF-tetramer 117. [86]  

 

 

 

Scheme 1.22 i. AD-mix-, tBuOH/H2O, 0 to 20 °C, 98%; ii. 1) TsCl, pyridine, 2) AcOH, H2O, 

40 °C, 89%; iii. NaH, THF, 40 °C, 3 h, 55%.[86]  
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Corey and co-workers reported the total synthesis of (-)-glabrescol (55) using the a combination of 

the epoxide-opening approach and intramolecular Williamson strategy to construct the penta-THF 

scaffold (Scheme 1.23). Under Shi epoxidation conditions, polyene 121 was stereoselectively and 

simultaneously oxidized to penta-epoxide 122, which was converted to tetra-THF 123 via a cascade 

epoxide-opening cyclisation reaction. Tetra-THF 123 was subsequently converted into mesylate 

124 wich was converted into glabrescol via interamolecular Willamson reaction promoted by 

NaOAc (0.1 M solution in AcOH) in 31% overall yield.[140] 

 

 

  

Scheme 1.23 i. Ketone 101, Oxone®, TBAS, K2CO3, MeCN/DMM (1:2), Na2(EDTA)/Na2B4O7 

buffer, 0 °C;, 66%; ii. CSA,CH2Cl2,  44%; iii. MsCl, pyridine, DMAP, CH2Cl2, 50%; iv. 

NaOAc (0.1 M in AcOH), 12 h, 65%. 
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1.5 Previous Syntheses of Heronapyrroles 

A. Stark and co-workers’ total synthesis of their proposed structure and structural 

elucidation of natural heronapyrrole C 

At the outset of this project, no total synthesis of any heronapyrrole natural products had been 

reported. Capon and co-workers were only able to assign the absolute configurations at C-7(R) and 

C-15(S) of heronapyrrole A and the cis-geometry (ROESY) across one of the THF rings of 

heronapyrrole C (Scheme 1.24). None of other stereogenic centres, neither absolute nor relative 

stereochemistry, were established. According to the confirmed stereochemistry of heronapyrrole A, 

Capon and co-workers tentatively assigned 7R and 15S absolute configurations for heronapyrrole 

B and C based on biosynthetic grounds. 

 

Scheme 1.24 Stereochemistry of heronapyrroles. 

 

In 2012, Stark and co-workers reported the first total synthesis of their proposed structure of 

heronapyrrole C (Scheme 1.25).[141] Commercially available N-triisopropylsilyl protected 3-

bromopyrrole 125 was used as the starting material. Farnesylation followed by N-deprotection led 

to the nitration precursor 3-farnesylpyrrole 126. The subsequent nitration step turned out to be 

challenging. Attempted nitration under standard conditions (H2SO4/HNO3) produced the desired 

product only in minute amounts and led to significant problems during purification. After extensive 

screening, HNO3/Ac2O proved to be more reliable reaction conditions, but still provided low 

selectivity favouring the undesired regioisomer 127a (127a:127b = 1.3:1). However, the isomers 

were separable via standard flash chromotography. Boc protection of the nitrated farnesylpyrrole 

127b followed by Corey-Noe-Lin dihydroxylation provided the dienediol 129 with high regio- and 

stereoselectivity. Double asymmetric epoxidation using the (+)-Shi catalyst afforded the diepoxide 

130 in high yield and good diastereoselectivity. Since partial cyclisation occurred during the 

reaction work-up, the diepoxide 130 was used for the next step without purification. The key 
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epoxide–opening cascade reaction was catalysed by CSA (camphorsulfonic acid) and was then 

followed by Boc deprotection to afford stereoisomerically pure (-)-heronapyrrole C (3).  

 

 

All characterisation data of Stark’s synthetic sample matched the reported data for the natural 

heronapyrrole C except for the opposite sign of the optical rotation, indicating that they had 

synthesized the enantiomer of the natural product. The sterochemistry of natural (+)-heronapyrrole 

C was therefore determined to be 7R,8S,11R,12S,15S (Figure 1.17). 

 

 

Figure 1.17 (-)- and (+)-Heronapyrrole C 

 

Scheme 1.25 Reagents and conditions: i. geranyl bromide, tBuLi, THF, -78 °C; ii. TBAF, 

THF, rt; iii. AcONO2, EtNO2, 0 °C, 23% (3 steps); iv. Boc2O, DMAP, MeCN, rt, 91%; v. 

K2OSO4 (0.5 mol %), Corey ligand (1.0 mol %), K3Fe(CN)6, MeSO2NH2, K2CO3, 

tBuOH/H2O (1:1), 0 °C; vi. ketone 101, Oxone®, TBAS, K2CO3, MeCN/DMM (1:2), 

Na2(EDTA)/Na2B4O7 buffer, 0 °C; vii. CSA (10 mol %), toluene, rt, 60% (2 steps). [141] 
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B. Stark and Co-workers’ Total Synthesis of Heronapyrrole D 

In 2014, based on the biosynthesis of heronapyrrole A-C, Stark and co-workers predicted the 

existence of another heronapyrrole, heronapyrrole D and endeavoured to synthesized their proposed 

structure (Scheme 1.26).[28] The synthetic strategy was similar to their former synthesis of 

heronapyrrole C. The dienediol 129 was assembled in five steps from TIPS-protected 3-

bromopyrrole 125 using their previously established methodology. Asymmetric Shi epoxidation 

using substiochiometric amounts of Oxone® resulted in a mixture of mono-epoxides 132 and 133 

and bis-epoxide 131. Subsequent cyclisation of the epoxide mixture was effected with CSA in 

toluene. After N-deprotection with p-TsOH in H2O/MeCN, heronapyrrole D was finally obtained 

in 20% yield over three steps from dienediol 129.  

 

 

 

Through its detection and analysis in cultivations of CMB-0423, Capon and co-workers confirmed 

that heronapyrrole D was indeed a natural product and it possessed the structure and absolute 

configuration proposed by Stark and co-workers. [28]  

  

Scheme 1.26 Reagents and conditions: i. Ketone 101, Oxone®, TBAS, K2CO3, 

MeCN/DMM (1:2), Na2(EDTA)/Na2B4O7 buffer, 0 °C; ii. CSA (10 mol %), toluene, rt; 

iii. p-TsOH, MeCN, H2O, 50 °C, 20% over 3 steps. [28] 
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1.6 Aim of Present Research 

The heronapyrroles, with promising antibiotic activity, are the first documented natural products 

bearing a 2-nitropyrrole motif. Prior to this investigation, there was no reported total synthesis or 

synthetic studies towards any heronapyrroles. Among these unique nitropyrrole natural products, 

heronapyrrole C is particularly appealing with the farnesyl side chain fully elaborated to a bis-THF 

diol scaffold. Given its interesting chemical structure and promising antibiotic activity, we aimed 

to undertake the total synthesis of heronapyrrole C to enable unambiguous structural elucidation 

and initiate structure-activity studies of this promising antibiotic.  

In addition, the 4-substituted 2-nitropyrrole motif is little studied to date, and there are currently no 

robust synthetic methods to access molecular structures based on this subunit. The total synthesis 

of heronapyrrole C will allow the exploitation of the unique 2-nitropyrrole chemistry to expand its 

potential utility in other medicinal chemistry investigations.  
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1.7 Retrosynthetic Analysis of Heronapyrrole C 

The structure of heronapyrrole C consists of a 2-nitropyrrole motif and a bis-THF-diol scaffold 

attached at the 4-position of a 2-nitropyrrole ring (Scheme 1.27). Retrosynthetically, the bis-THF 

backbone could be constructed via a two-step epoxidation/intramolecular epoxide opening strategy 

or a transition metal catalysed concomitant oxidation/cyclisation consequence from diol 135. Diol 

135 could be accessible from 4-farnesyl-2-nitropyrrole 136 via Sharpless asymmetric 

dihydroxylation, therefore initial attention was directed to the synthesis of 4-farnesyl-2-nitropyrrole 

136. 

 

Scheme 1.27 Retrosynthesis based on palladium catalysed cross coupling. 

 
The only known approach for the synthesis of the key intermediate 136 was nitration of 3-

farnesylpyrrole 126.[29] In 2010, Fenical and co-workers reported the nitration of 3-farnesylpyrrole 

126 with nitric acid and acetic anhydride.[29] The nitration turned out to be low yielding and 

proceeded with poor regioselectivity, resulting in a mixture of 4-farnesyl-2-nitropyrrole 127a and 

3-farnesyl-2-nitropyrrole 127b with 1.7 :1 ratio, favouring the undesired product 127a. In spite of 

the previously reported low yield and poor selectivity, Stark and co-workers still used this strategy 

in their later reported total synthesis of heronapyrrole C.[141] After extensive screening of the 

nitration conditions, Stark and co-workers achieved slightly better selectivity (1.3:1), but the desired 

4-farnesyl-2-nitropyrrole 127b was still the minor product. 
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Given the reported poor yield and regioselectivity observed for the nitration of 3-farnesylpyrrole, 

we decided to introduce the nitro group before farnesylation and synthesize the key intermediate 

136 via farnesylation of nitropyrrole substrate 137 (Scheme 1.28). Such a flexible strategy would 

not only enable the construction of the key intermediate 136 required for total synthesis of 

heronapyrrole C, but also provide a practical method to prepare the unique 4-substituted-2-

nitropyrrole moiety to enable investigation of its potential utility in medicinal chemistry. 

 

  

Scheme 1.28 Nitration of farnesylpyrrole. 

a. Ac2O, HNO3 127a:127b (1.7 : 1) Fenical et al. [29] 

b. AcONO2, EtNO2 127a:127b (1.3 : 1) Stark et al. [141] 
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2.1 Synthesis Towards the Key Intermediate: 4-Farnesyl-2-nitropyrrole 

via a Transition Metal Catalysed Corss-Coupling Strategy 

Transition metal-catalyzed cross-coupling reactions have proven to be one of the most powerful 

methodologies for selective C-C bond formation. We initially planned to take advantage of this type 

of reaction to assemble the key intermediate: 4-farnesyl-2-nitropyrrole 136 for the total synthesis 

of heronapyrrole C (3) (Scheme 2.1.1). 

 

 

Scheme 2.1.29 Synthetic strategy for heronapyrrole C. 

2.1.1 Suzuki-Miyaura Coupling Strategy  

A. Suzuki-Miyaura Reaction 

Of the transition metal-catalyzed cross-coupling reactions, the Suzuki-Miyaura (SM) reaction, that 

is, the reaction between organoboron compounds and organic electrophiles catalyzed by palladium 

complexe (scheme 2.1.2), indisputably falls into one of the most widely applied methodologies for 

carbon-carbon (C-C) bond formation. [142-144] 

 

Scheme 2.1.2 Suzuki-Miyaura coupling reaction. 

 

The SM reaction was first disclosed in 1979 by Akira Suzuki, Norio Miyaura, and Yamada Kinji.[145] 

The full scope of this coupling reaction was realized soon after its discovery and has been well 

documented through the synthesis of biaryl compounds since the early 1980s.[146] The discovery of 

better catalysts and method development has broadened its possible applications enormously to 

include alkyl, alkenyl and alkynyl group and not just be restricted to using aryl groups.[142-144]  
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Employing allylboronates as substrates in palladium catalyzed allylation of aryls was first 

investigated by Hallberg and co-workers.[147] It has now become one of the most commonly used 

methods for introduction of allyl groups, with numerous successful catalytic allylation reactions of 

various aryl or heteroaryl halides reported (representative examples are listed in table 2.1.1). 

 

Table 2.1.1 Selected examples of Suzuki–Miyaura cross-coupling of allylboronates and aryl halides. 

 

Although 2-nitropyrrole chemistry has remained relatively unexplored, Schroeter and co-workers 

have reported using 2-nitropyrrole derivatives as electrophiles in palladium-catalyzed cross 

coupling reactions.[152] 4,5-Dibromo-2-nitropyrrole 141 reacted with various arylboronic acids via 

regioselective coupling reactions to form a series of aryl nitropyrrole compounds 142 and 143 using 

Pd2(dba)3 (dba = dibenzylideneacetone) and tri(2-furyl)phosphine in an unique solvent system of 

mesitylene or toluene with ethanol and water (5:1:1) (Scheme 2.1.3).[152]  

Entry Electrophile  Conditions Products  Yield 

1[148]   

 

Allyl-Bpin, CsF, 

Pd(PPh3)4, THF, 

reflux 
 

82% 

2[149]   

 
Prenyl-Bpin, 

Pd-PEPPSI-IPent, 

KOH, THF, reflux 

 

74% 

3[149]   

  

86% 

4[150]   

 

Prenyl-Bpin, 

[(allyl)PdCl]2. 

K3PO4, MeCN, 

70°C 
 

61% 

5[151]   

 

Geranyl-Bpin, 

Pd(dppf)Cl2, DMF,  

CsCO3, 70°C 

 

82% 
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Scheme 2.1.3 Suzuki coupling reactions of 4,5-dibromo-2-nitropyrrole and arylboronic acid.[152] 

 

These examples clearly indicated that a 4-bromo-2-nitropyrrole system could serve as an efficient 

electrophile in a palladium-catalyzed cross coupling reaction (Scheme 2.1.3).  

 

B. Using 4-Bromo-2-nitropyrrole Derivatives as Coupling Partners 

The initial synthetic strategy towards heronapyrrole C hinged on the formation of the key 

intermediate 4-farnesyl-2-nitropyrrole 136 via a SM coupling reaction of 4-bromo-2-nitropyrrole 

derivative 139 and allyl boron species 140 (Scheme 2.1.4). 

 

 

Scheme 2.1.4 Retrosynthesis of 4-farnesyl-2-nitropyrrole. 

 

B-1. Investigation of 2-Nitropyrrole N-Protection and Preparation of 4-Bromo-2-

nitropyrrole Derivatives as Coupling Partners 

In order to apply the SM strategy to the synthesis of key intermediate 4-farnesyl-2-nitropyrrole 136, 

the primary objective was to construct the novel coupling partner 4-bromo-2-nitropyrrole 139. First 

of all, 2-nitropyrrole 144 was prepared in 45% yield from pyrrole following reported procedures 

using AcONO2 (generated from nitric acid and acidic anhydride) as a nitration reagent in acetic 

anhydride.[153] 

As the feasibility and regioselectivity of subsequent tranformations of the pyrrole nucleus were 

expected to be dictated by the nature of the pyrrole N-substituent, a preliminary screen of suitable 

protecting groups was undertaken (Table 2.1.2). Electron withdrawing groups (Boc, Ts) were 
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readily installed to give 145a and 145b, respectively (Table 2.1.2, entries 1&2). Benzyl 

substituents; benzyl (Bn), 3,4-dimethoxybenzyl (DMB) and p-methoxybenzyl (PMB) were also 

appended in high yields (145c-145e, Table 2.1.2, entries 3-5). Unexpectedly, silylation (TES, TIPS) 

proved unsuccessful, using either silyl chlorides or triflates. Finally, the N-benzyloxymethyl (BOM) 

nitropyrrole (145f, Table 2.1.2, entry 6) was also prepared in excellent yield.  

 

 

Entry R Product Conditions Yield (%) 

1 Boc 145 a Boc2O, DMAP, MeCN 80 

2 Ts 145 b TsCl, Et3N, DCM, reflux 98 

3 Bn 145 c NaH, DMF, then BnCl 96 

4 PMB 145 d NaH, DMF, then PMBCl 94 

5 DMB 145 e NaH, DMF, then DMBCl 92 

6 BOM 145 f NaH, DMF, then BOMCl 90 

Table 2.1.1 Protection of 2-nitropyrrole. 
 

At the same time, conditions for deprotection were also screened as a precautionary measure. 

Problems were encountered in the removal of the N-benzyl substituents in 145c-145e. Attempted 

deprotection using a variety of reported conditions including hydrogenolysis with H2, and Pd/C in 

various solvent such as EtOH, EtOAc, THF or AcOH,[154-156] oxidation with DDQ,[157] AlCl3 in 

toluene or dichloroethane[158, 159] and H2SO4/CF3CO2H/PhOMe conditions[160] afforded none of the 

expected deprotected nitropyrrole 144. In contrast, deprotection of the N-Ts, N-Boc and N-BOM 

groups all proceeded smoothly, confirming 145a, 145b and 145f as candidates for further 

investigation. The Ts group was cleaved with TBAF in THF; Boc was deprotected with TFA and 

finally BOM was cleaved using AlCl3 in dichloromethane. 
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Entry R Substrates Coditions Yield (%) 

1 Boc 145 a TFA, DCM, 0°C to rt 90 

2 Ts 145 b TBAF, THF, reflux 96 

3 Bn 145 c Various conditions including: 

H2, Pd/C, in EtOH, EtOAc, 

THF or AcOH;  

DDQ, DCM, H2O;  

H2SO4, CF3CO2H, PhOMe;  

AlCl3 in toluene or DCM 

- 

4 PMB 145 d - 

5 DMB 145 e - 

6 BOM 145 f AlCl3, DCM, 0°C to rt 80 

Table 2.1.1 Deprotection of N-protected nitropyrrole. 

 

With a suitable protection strategy established, a series of nitropyrrole bromides were next prepared 

as coupling precursors. Bromination of 2-nitropyrrole with bromine in methanol afforded 4-bromo-

2-nitropyrrole 147 in excellent yield. Subsequent protection with TsCl, Boc and BOM provided N-

protected 4-bromo-2-nitropyrroles 148-150 with protecting groups with different electronic effects 

to investigate the key cross-coupling with allyl boron species (Scheme 2.1.5). 

 

 

Scheme 2.1.5 Reagents and conditions: i. HNO3, Ac2O, -50 °C, 50%; ii. Br2, MeOH, 0 °C 82%; 

iii. TsCl, Et3N, DCM, 40 °C, 95%; iv. NaH, DMF, 0 °C then BOM chloride 80%; v. Boc2O, 

DMAP, MeCN, rt, 75% 
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B-2. Preparation of Geranyl Pinacolboronate  

With nitropyrrole bromides 148-150 in hand, attention then shifted to the preparation of the allylic 

boron species as the other coupling partner. Allyl boranes and boronates are important intermediates 

in organic synthesis, being effective coupling partners in a range of cross-coupling reactions.[149-162] 

Among allyl boronic species, allyl pinacolborate (allyl-Bpin) reagents are frequently employed as 

they can be easily handled and are readily available. Therefore, we initially decided to use geranyl 

pinacolboronate 152 as a model coupling partner to investigate the coupling reactivity of the 

prepared 4-bromo-2-nitropyrrole derivatives. Various methods have been reported for the 

preparation of allyl-Bpin compounds, including the traditional nucleophilic trapping of a borate 

ester with an allyl Grignard [163, 164] and the recently developed direct borylation of allylic halides,[165] 

alcohols[166] or esters.[167, 168] 

The recently reported direct borylation of an allylic alcohol was chosen as synthetic strategy for 

geranyl-Bpin 152 as both the starting material and catalyst are commercially available and 

inexpensive and the reaction is easy to conduct. In accordance with the reported procedure,[166] a 

mixture of geraniol 151, B2Pin2, 5% of catalyst 153 and p-toluenesulfonic acid in degassed 

DMSO/MeOH was stirred at 50 °C overnight. After standard work-up and silica gel 

chromatography, geranyl pinacolboronate 152 was afforded as a colorless oil in 65% yield (Scheme 

2.1.6). 

 

 

 

The proposed mechanism for this transformation is shown in scheme 2.1.6. Decoordination of the 

catalyst 153 followed by transmetallation with B2Pin2 gives the palladium species 154. Subsequent 

reaction with a boron-activated allylic alcohol 155 then furnishes the geranyl pinacolboronate 152 

and returns the palladium catalyst for further transformations. The role of the p-TsOH is believed 

to be to promote formation of the boron-activated allylic alcohol 155 through transesterification 

(Scheme 2.1.7). [166] 

Scheme 2.1.6 Reagents and conditions: (BPin)2, 153, 5 mol%, TsOH, 

DMSO/MeOH (1:1), 50 °C, overnight, 65%. 
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Scheme 2.1.7 Mechanism for direct borylation of allylic alcohols.[166] 

 

B-3. Attempted SM Coupling Reactions Between 4-Bromo-2-nitropyrrole Derivatives 

and Geranyl-Bpin 

With both coupling partners in hand, investigation of the desired coupling reaction between 4-

bromo-2-nitropyrrole and geranyl Bpin was investigated. 

In 2005, Kotha and co-workers reported the allylation of a series of aromatic substrates using allyl-

Bpin in the presence of Pd(PPh3)4 and CsF.[148] This methodology was later frequently applied and 

proved to be reliable for the preparation of allylic aryls by other research groups.[169-172] The 

designed coupling reaction was therefore initially carried out using Kotha’s conditions. Geranyl-

Bpin and 4-bromo-2-nitropyrrole derivatives were treated with Pd(PPh3)4 and CsF in degassed THF 

and the reaction mixture was refluxed and monitored by TLC. Unfortunately, none of desired 

products were observed. Neither using careful freeze-pump-thaw cycles of the solvent to remove 

any oxygen in order to maintain the catalyst activity nor prolonged reaction times gave any 

improvement. Disappointingly, besides the recovered starting material, only debromination, 

deprotection and decomposition was observed (Table 2.1.3). 
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Entry R Conditions Results 

1 
H, BOM, Boc or 

Ts 
CsF, Pd(PPh3)4, THF, reflux a 

2 BOM, Boc CsF, Pd(PPh3)4, dioxane, 80°C-reflux a 

3 H, BOM, CsF, Pd(PPh3)4, DMF, 80-120°C a 

4 H, BOM, Boc Pd(PPh3)4, Cs2CO3, dioxane, 100 °C a 

5 H, BOM K3PO4, Pd(PPh3)4, DMF, 80-120°C a 

6 H or BOM Pd-PEPPSI-IPent, KOH, THF, reflux a 

7 H or BOM 
[(allyl)PdCl]2, 

tBuXPhos, K3PO4, 

MeCN, 70°C 
a 

8 
H, BOM, Boc or 

Ts 

Pd(dppf)Cl2, dppf, Cs2CO3, DMF, 80-

120 °C 
a 

9 H or BOM 
Pd2(dba)3, TFP, Cs2CO3, 

toluene/ethanol/water (5/1/1) 
a 

 

 

Considering Pd(PPh3)4 is both air and light sensitive, this could lead to complete or partial loss of 

its reactivity, thus leading to the failure of the attempted coupling reactions. We therefore decided 

to prepare the catalyst fresh to effect the coupling reactions. Following Coulson’s procedure,[173] a 

mixture of PdCl2 and PPh3 in DMSO under an argon atmosphere was heated to 140 °C. After 

complete dissolution, the reaction mixture was then stirred for further 15 min before the rapid 

addition of hydrazine hydrate. Upon complete addition of hydrazine hydrate, immediate cooling of 

the reaction mixture in a water bath led to crystallisation of tetrakis(triphenylphosphine) 

palladium(0) as a bright yellow solid. The freshly prepared catalyst was employed in the coupling 

Table 2.1.3 Attempted coupling reactions between geranyl pinacolboronate and 2-

nitropyrrole derivatives. a: Besides the recovered starting material, only debromination, 

deprotection or decomposition were observed. 
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reactions, with more careful operation and vigorous degassing process to maintain the activity of 

the Pd-catalyst. However, these adjustments were also unrewarding. (Table 2.1.3, entry 1) 

The use of other solvents such as dioxane and DMF was also investigated for the cross coupling. 

They again proved to be unsuccessful leading to either recovery of the starting materials or 

decomposition (entry 2, 3, Table 2.1.3). Various bases were examined next for their ability to 

promote the cross coupling reaction. Unfortunately, these attempts were also fruitless and did not 

deliver any of the desired product (entries 4&5, Table 2.1.3). 

 

 

Figure 2.1.18 Structure of tBuXPhos and Pd-PEPPSI-IPent. 

 

N-Heterocyclic carbene palladium complexes developed in 2005 by Organ and co-workers are 

widely used in various cross coupling reactions because of their high reactivity and stability.[174] 

Recently, catalytic allylation of aryl halides using Pd-PEPPSI-IPent was achieved with high 

regioselectivity and yield by Organ and co-workers.[149] However, when this catalyst system was 

applied to the designed coupling reaction, again no desired coupling product was observed (entry 

6, Table 2.1.3).  

Buchwald’s conditions using a combination of [(allyl)PdCl]2 and tBuXPhos was also tested. 

Unfortunately, it turned out to be unrewarding (entry 7, Table 2.1.3). Other catalyst systems such 

as Pd(dppf)Cl2 and Pd2(dba)3/TFP which proved to be successful in catalytic aryl allylations by 

other research groups were also attempted, however, they also failed to give any of the desired 

products (entry 8, 9, Table 2.1.3).  
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C. Using 4-Iodo-2-nitropyrrole Derivatives as Coupling Partner 

C-1. Overview 

In view of the disappointing results obtained above, we decided to replace the bromide of the 

nitropyrrole with the more reactive iodide 156 to attempt the key coupling reaction (Scheme 2.1.8). 

 

Scheme 2.1.8 Using 4-iodo-2-nitropyrrole derivatives as coupling partner. 

C-2. Iodination of 2-Nitropyrrole 

The key iodination was initially carried out by treatment of 2-nitropyrrole with NIS in 

dichloromethane at room temperature. However, disappointing regioselectivity was observed with 

a mixture of mono- and di-iodinated products (157:158 = 7:3 by 1H-NMR, Table 2.1.4, entry 1), 

which were not separable by thin-layer-chromatography (TLC). Use of lower temperature led to 

very low conversion (< 10%, Table 2.1.4, entry 2). Use of ther solvents such as acetonitrile afforded 

more of the diiodinated byproduct 158 (Table 2.1.4, entry 3). Other iodination methods (e.g. 

I2/CF3COOAg and NIS/CF3SO3H) were also attempted but did not give any further improvement 

(Table 2.1.4, entry 4&5).  

 

Entry Conditions 
Results 

157:158a 

1 NIS, DCM, rt 7:3 

2 NIS, DCM, 0 °C 
Overnight 

conversion<10% 

3 NIS, MeCN, rt 6:4 

4 I2, CF3COOAg, DCM,rt 6:4 

5 NIS, CF3SO3H, CHCl3, rt 7:3 

Table 2.1.4 Iodination of nitropyrrole. a: determined by 1H-NMR. 
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In 2010, Kimoto and co-workers reported the monoiodination of 159 at the 4-position affording 

iodide 160 by treating N-substituted 2-nitropyrrole 159 with NIS in acetonitrile in 83% yield 

(Scheme 2.1.9).[175] 

 

 

 

Inspired by this result, we inferred that N-protected-nitropyrroles could be regioselectively 

monoiodinated to afford desired 4-iodo-2-nitropyrrole derivatives. Therefore, 2-nitropyrrole was 

protected with BOM and Boc protecting group separately and both N-protected nitropyrroles were 

then treated with NIS in acetonitrile. While Boc-nitropyrrole 162 only returned starting material, 

BOM-nitropyrrole 161 gave the desired iodo-nitropyrrole 163 in 85% yield (Scheme 2.1.10). 

 

 

 

  

Scheme 2.1.9 Reagents and conditions: i. NIS, MeCN, 83%.[175] 

Scheme 2.1.10 Reagents and conditions: i. NaH, DMF, 0 °C then BOMCl, 0 °C to 

rt, 90%; ii. Boc2O, DMAP, MeCN, rt, 75%. iii. NIS, MeCN, rt, overnight, 85%. 
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C-3. Attempted SM Coupling Reactions Between 4-Iodo-2-nitropyrrole Derivatives 

and Geranyl-Bpin 

With 4-iodo-2-nitropyrrole 163 in hand, its reactivity in a palladium-catalysed coupling with 

geranyl pinacoboronate was subsequently investigated. 

Various selected reaction conditions, which proved to be efficient for palladium catalysed allylation 

of aromatic halides by other research groups, were investigated to effect the coupling reaction. 

However, disappointing results were observed (Table 2.1.5). Only recovered starting material, 

decomposed byproducts, and small amounts of deiodinated nitropyrrole were detected in the 

reaction mixtures.  

 

Entry Conditions Results 

1 Pd(PPh3)4, CsF, THF, reflux a 

2 Pd(PPh3)4, CsF, DMF, 80-120 °C a 

3 Pd(PPh3)4, Cs2CO3, dioxane, 100 °C a 

4 Pd(PPh3)4, K3PO4, DMF, 80-120 °C a 

5 Pd(dppf)Cl2, dppf, Cs2CO3, DMF, 80-120 °C a 

6 [(allyl)PdCl]2, K3PO4, MeCN, 70 °C a 

7 Pd-PEPPSI-IPent, KOH, THF, reflux a 

 

  

Table 2.1.5 a: Besides the recovered starting material, only deiodination or 

decomposition were observed. 
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D. Using More Reactive Borane Species to Effect the Coupling Reaction 

The catalytic cycle for the Suzuki coupling reaction consists of three steps: 1. oxidative addition; 2. 

transmetalation and 3. reductive elimination. [142-144] The oxidative addition of palladium into the 

halide-carbon (C-X) bond forms the organopalladium species 165. Reaction with base gives 

intermediate 166, which via transmetalation with the boronate complex 167 forms the 

organopalladium species 168. Reductive elimination of 168 affords the desired product 169 and 

regenerates the palladium catalyst which completes the catalytic cycle (Scheme 2.1.11). 

 

 

Scheme 2.1.11 Catalytic cycle of Suzuki coupling. 

 

During our investigation of coupling reactions between geranyl-Bpin and 4-halo-nitropyrrole 

derivatives, dehalogenation was observed in most cases, which indicated that the oxidative addition 

step tool place successfully. Therefore, the problem might be caused by the transmetalation step.  

Assuming that use of a more reactive borane species might facilitate the transmetalation step and 

promote the coupling reaction, we next decided to use potassium allyl trifluoroborate 170 to 

investigate the coupling reactivity of the nitropyrrole derivatives. 
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First of all, potassium allyltrifluoroborate 170 was prepared using the reported method (Scheme 

2.1.12).[176] Accordingly, allylmagnesium bromide was carefully added to a solution of 

trimethoxyborate in THF at –78 °C. The mixture was slowly warmed to 0 °C and treated with KHF2 

and water. The mixture was then stirred for 30 min and concentrated. The white solid was extracted 

with hot acetone. The extracts were filtered through a Celite pad and the filtrate was concentrated 

to afford a white solid, which was recrystallized in acetone/Et2O to afford the Potassium 

allyltrifluoroborate in 50% yield. 

 

 

 

With allyltrifluoroborate in hand, coupling reactions of 2-nitropyrrole derivatives 171 and 

potassium allyltrifluoroborate 170 were then carried out (Scheme 2.1.6). Various conditions 

including use of different bases, palladium sources, solvents, and reaction temperatures were 

attempted to effect the designed coupling reaction. However, all efforts failed to afford the desired 

product. Only recovery or degradation of the starting material was observed. 

 

 

Entry Conditions Results 

1 Pd(PPh3)4, Cs2CO3, dioxane, 80-100 °C a 

2 Pd(PPh3)4, K3PO4, DMF, 80-120 °C a 

3 Pd(dppf)Cl2, dppf, Cs2CO3, DMF, 80-120 °C a 

4 [(allyl)PdCl]2, K3PO4, MeCN, reflux a 

5 Pd-PEPPSI-IPent, KOH, THF, reflux a 

 

Scheme 2.1.12 Reagents and conditions: B(OMe)3 – 78 °C, then KHF2, H2O, 0 °C. 

54%i. NIS, MeCN, 83%. 

Table 2.1.6 a: Besides the recovered starting material, only deiodination 

or decomposition were observed.  

54%i. NIS, MeCN, 83%. 
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E. Preparation of Nitropyrrolyl Pinacolboronate as Coupling Partner 

Allylic aryls are also reported to be prepared via SM reaction of an arylboron species as nucleophile 

using an allyl derivative as the electrophile. Numerous successful examples of this type of reaction 

have been reported. [177] The aryl boron species used include aryl boronic acids, aryl pinacolborane 

and potassium aryl trifluoroborates. Representative examples are shown in table 2.1.7. 

 

 

entry Ar-BXn Allyl-Y Condition Product Yield 

1[161] 

 
 

K2CO3, Pd(OAc)2, 

Dioxane, 100°C 
 

96 

2[177] 

 
 

Cs2CO3, Pd(OAc)2, 

ligand, MeCN, rt 
 

83 

3[178] 

  

palladium complex, 

KF, MeOH, 70°C 
 

98 

4[179] 

 
 

CsCO3,  

DCM/H2O (10:1) 
 

94 

5[180] 

 

 

KOH, Pd(dppf)Cl2, 

H2O, THF, 60°C 

 

84 

Table 2.1.7 Selected examples of SM-coupling reactions of arylboron species and allyl derivatives. 

 

Inspired by these successful examples, we decided to revise our synthetic strategy by switching the 

nucleophile and electrophile used in the coupling reaction. More specifically, nitropyrrolylboron 

species 172 were used as the nucleophile and farnesyl derivatives 173 were used as the electrophile 

to effect the coupling reaction (Scheme 2.1.13).  
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Scheme 2.1.13 Revised retrosynthesis of 4-farnesyl-2-nitropyrrole. 

 

Attention therefore next focused on the preparation of nitropyrrolyl pinacolboronate 172. Several 

methods are available for the synthesis of aryl boronates or boronic acids. The most common 

method involves the reaction of a hard organometallic compound (i.e., lithium or magnesium) with 

a borate ester at low temperature.[181, 182] However, this methodology is limited by the functional 

group compatibility of these hard organometallic species. Therefore only mild borylation methods 

such as Miyaura borylation[183] and Ir-catalyzed C-H borylation[184-186] were considered. 

E-1. Miyaura Borylation 

In 1995, Miyaura and co-workers found that diboronyl esters such as B2pin2 underwent smooth 

cross-coupling reactions with aryl bromides, iodides, and triflates under palladium catalysis.[183] As 

the mild conditions are amenable to a wide scope of substrates and functionalities, this method has 

been widely used for the synthesis of arylboronic esters bearing various functional groups including 

esters, ketones and nitro aryls. Therefore, we initially decided to use Miyaura’s methodology to 

assemble the desired nitropyrrolylboron coupling partner (Scheme 2.1.14).  

 

Scheme 2.1.14 Miyaura borylation strategy. 

 

The borylation was first carried out with standard Miyaura borylation conditions involving B2pin2 

as the borane source, PdCl2(dppf) as the catalyst, with potassium acetate as the base in DMSO. 

However, the attempted coupling reactions failed to give any desired product (Table 2.1.8, entry 1). 

Various solvents such as DMF and dioxane were also examined, however the reaction were 

unsuccessful (Table 2.1.8, entry 2&3).  

Use of reaction conditions involving AcOK/Pd(dba)2/Ph3P in dioxane were reported to be more 

efficient for arylborylation, enabling use of a wider range of substrates and affording higher 

yields.[187] However, in our case, these conditions also failed to afford any of the desired 

pinacolboron product (Table 2.1.8, entry 4).  
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Buchwald and co-workers reported the borylation of aryl halides with pinacolborane in the presence 

of PdCl2(MeCN)/SPhos using triethylamine as a base.[188] This highly reactive catalyst system 

proved successful for the borylation of a range of aryl, heteroaryl, and vinyl chlorides. However, in 

our case, this method was also unsuitable for use with the nitropyrrole system (Table 2.1.8, entry 

5).  

 

Entry  Substance  Conditions  results 

1 
X = Br, R = H or Boc; 

X = I, R = BOM 

B2pin2, AcOK, PdCl2(dppf ), 

DMSO, 80-120°C 
a 

2 X = I, R = BOM 
B2pin2, AcOK, PdCl2(dppf ), 

dioxane, 80-120°C 
a 

3 X = I, R = BOM 
B2pin2, AcOK, Pd(dba)2, 

(Cy)3P, DMF, 80-120°C 
a 

4 X = I, R = BOM 
B2pin2, AcOK, Pd(dba)2, 

(Cy)3P, Dioxane, 80-100°C 
a 

5 X = I, R = BOM 
HBpin, PdCl2(MeCN)/SPhos, 

Et3N, dioxane, 80-100°C 
a 

6 X = I, R = BOM 
HBpin, NiCl(dppp), TBAI, 

dioxane, 80-100°C 
a 

 

Percec and co-workers reported the borylation of aryl halides with NiCl(dppp) as a catalyst[189, 190] 

and Murata and co-workers found that addition of tetrabutylammonium iodide further improved the 

reactivity of the reaction and broadened the scope of substrates. However, when this catalyst system 

was used for the borylation under investigation, disappointing results were obtained (Table 2.1.8, 

entry 6).  

Table 2.1.8 Attempted palladium catalysed borylation of 4-bromo or iodo 2-nitropyrrole. a. 

Besides the recovered starting material, only dehalogenation, deprotection or decomposition 

were observed. 
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E-2. Ir-catalyzed C-H Borylation 

Given the lack of success with the Miyaura borylation reaction, we next directed our efforts to 

synthesise the the nitropyrrolyl pinacolboronate 172 using an Ir-catalyzed C-H borylation strategy 

(Scheme 2.1.15). 

 

 

Scheme 2.1.15 Ir-catalyzed C-H borylation strategy. 

 

Recently, Ir-catalyzed C-H borylation has emerged as an efficient and atom economical method for 

functionalizing aromatic hydrocarbons.[184-186] C-H borylation of heterocycles has been well studied 

by Smith and co-workers. It was reported that Boc protected pyrroles can be selectively 

functionalized at C-H positions  to the pyrrole nitrogen (Table 2.1.9).[191, 192] 

 

 

Entry  Substance  Conditions  Products yield 

1 
 

THF, 55 °C, 13 h 

 

90% 

2 
 

THF, 60 °C, 6 h 

 

82% 

3 
 

Hexane, rt, 5 h 

 

75% 

Table 2.1.9 Selected examples of Ir-catalyzed C-H borylation of N-Boc protected pyrroles.[191, 192] 

 

In order to test the efficiency of the iridium catalyst system, the borylation of N-Boc protected 

pyrrole 174 was first attempted. As expected, the C-H borylation catalyzed by [Ir(OM)(COD)]2 

effectively produced the desired product 175 in 80% yield (Scheme 2.1.16). 
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Following the successful test reaction, borylation of N-Boc protected 2-nitropyrrole 162 was carried 

out using the same reaction conditions. However, no formation of the desired product 176 was 

observed (Scheme 2.1.17). Different solvents such as hexane and dioxane were also used in this 

investigation but these only resulted in deprotection, decomposition and minimal recovery of 

starting material. 

 

 

 

  

Scheme 2.1.16 Reagents and conditions: i. Boc2O, DMAP, MeCN, 75%. ii. HBPin, 

[Ir(OM)(COD)]2 (5 mol%), dtbpy (5 mol%), THF, rt to 50 °C, 80%. 

5% [Ir(OM)(COD)]2rt, overnight, 85%. 

 

Scheme 2.1.17 Attempted borylation of N-Boc protected 2-nitropyrrole. 

Reagents and conditions: i. Boc2O, DMAP, MeCN, 75%. ii. HBPin, [Ir(OM)(COD)]2 

(5 mol%), dtbpy (5 mol%), solvent (THF, hexane or dioxane), rt to 50 °C. 
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2.1.2 Stille Coupling Strategy 

A. Overview 

Given the constant frustration encountered in the attempted SM coupling reactions, we next directed 

our efforts to assemble the designed 4-farnesyl-2-nitorpyrrole intermediate via a Stille coupling 

reaction (Scheme 2.1.18). 

 

 

Scheme 2.1.18 Stille coupling Strategy. 

 

The Stille coupling is a Pd(0)-catalysed coupling reaction between an organostannane and an 

organic electrophile and is another well known method for C-C bond formation. The first examples 

of this type of reaction were disclosed during the period 1976–1977 by the research groups of 

Eaborn[193] and Kosugi,[194] but it was the extensive synthetic and mechanistic work carried out by 

Stille and co-workers in 1978 that made this reaction a standard method in organic synthesis.[195] 

Since organostannanes exhibit stability to both air and moisture and their use is compatible with 

sensitive functional groups, the Stille reaction has been employed as one of the most powerful 

synthetic methods in organic chemistry to perform intermolecular C-C bond formation in the past 

four decades.[196, 197]  

The most commonly accepted mechanism of the traditional Stille coupling can be subdivided into 

three key steps: oxidative addition, transmetallation and reductive elimination.[198] The active 

catalyst is assumed to be a Pd(0)L2 complex 177, that reacts with the organic electrophile R1X to 

give complex 178 (Scheme 2.1.19). The following transmetallation step involves the metal 

exchange between complex 165 and the organostannane species 179, that leads to the formation of 

complex 180. A fast trans to cis isomerisation of complex 180 followed by a reductive elimination 

yields the cross coupled product 181 and regenerates the active palladium(0) catalyst 177. The 

transmetallation step is believed to be the rate-determining step.[198]  
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Scheme 2.1.19 General catalytic cycle of the Stille cross-coupling reaction. 

 

The Stille reaction has been widely applied for introduction of allyl, geranyl or farnesyl groups into 

aryl compounds since its discovery and numerous successful allylation reactions of a wide variety 

of aryl or heteroaryl halides by cross-coupling reactions have been reported (selected examples are 

shown in Table 2.1.10). 

 

 

Entry Ar-X Condition Product 
Yield 

(%) 

1[199]   

 

Pd(dppf)Cl2, 

DMF, 100°C 
 

74 

2[200]   

 

Pd(PPh3)4, 

DMF, 90°C 
 

88 
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3[201]   

 

Pd(PPh3)4, 

DMF, 150°C 

 

76-88 

4[202]   

 

CsF, 

PdCl2(PPh3)2, 

DMF, 90°C 
 

94 

5[203]   

 

CsF, Pd2(dba)3, 

tBu3P, NMP, 

70°C 
 

84 

Table 2.1.10 Selected examples of Stille coupling of aryl halide and allylstanne compounds. 

 

B. Preparation of Geranyl Tributyltin as a Model Coupling Partner  

In order to test the viability of 4-iodo-2-nitropyrrole 163 as a substrate in the Stille coupling reaction, 

geranyl tributyltin 182 was first prepared as a model coupling partner. Following Bruckner’s one-

pot procedure,[204] geraniol was treated with nBuLi, followed by dropwise addition of 

methylsulfonyl chloride at -78 °C in THF. One equivalent of a THF solution of LiSnBu3 was then 

added at the same temperature. The resulting mixture was gradually warmed to room temperature 

and left overnight. Finally, geranyl tributyltin 182 was obtained in 85% yield after aqueous work 

up and purification by flash chromatography. (Scheme 2.1.20) 

 

 

Before conducting the desired coupling reaction, reactivity of the prepared geranyltributyltin 182 

and efficacy of the catalyst system was first tested by the coupling reaction of 2-iodonitrobenzene 

183 with geranyltributyltin 182. Stirring a mixture of 2-iodo-nitrobenzene 183, geranyltributyltin 

and Pd(dppf)Cl2 in degassed DMF at 80 °C overnight, successfully afforded the coupling product 

184 in 85% yield (Scheme 2.1.21). 

Scheme 2.1.20 Reagents and conditions: i. nBuLi, THF, -78 °C; MsCl, -78 °C; 

Bu3SnLi, then rt, overnight, 85%. 
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C. Attempted Stille Coupling Reactions of 2-Iodonitrobenzene and Geranyltributyltin 

Encouraged by the successful test reaction, Stille coupling using 4-iodo-2-nitropyrrole 163 as a 

substrate was next investigated (Table 2.1.11). 

 

Entry Condition Result 

1 Pd(dppf)Cl2, DMF, 70-150°C a 

2 Pd(PPh3)4, DMF, 90°C a 

3 LiCl, Pd(PPh3)4, dioxane, 90°C a 

4 CsF, PdCl2(PPh3)2, DMF, 90°C a 

5 CsF, Pd2(dba)3, 
tBu3P, NMP, 70°C a 

6 Pd2dba3, AsPh3, CuI, DMF, 80-100 °C a 

7 CsF, Pd2dba3, AsPh3, Cu(Tc), DMF, 100 °C a 

8 CsF, Pd(PPh3)4, AsPh3, CuI, DMF, 80-100 °C a 

Table 2.1.11: Attempted Stille coupling between iodo -2-nitropyrrole and geranyltributyltin.  

a: no desired product was observed. 

 

The successful model conditions established in the test reaction were applied to the coupling of 

iodide 163 and geranyltributyltin 182, but unfortunately, did not afford any desired product. 

Changing the catalyst to Pd(PPh3)4 did not help either (Table 2.1.11, entry 1&2).  

It was reported that LiCl or CsF could increase the rate of the transmetallation step and thereby 

accelerate the coupling reaction.[205] Both additives were used to promote the coupling reaction, 

however neither of them gave any improvement (Table 2.1.11, entry 3&4).  

Scheme 2.1.21 Reagents and conditions: i. Pd(dppf)Cl2, DMF, 80 °C, 85%.[169] 
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Fu's catalyst system (Pd2dba3/P
tBu3)[206] which was reported to be effective for Stille coupling was 

also attempted, but the reaction was unsuccessful (Table 2.1.11, entry 5).  

Jahnson and co-workers have combined the use of soft palladium ligands like AsPh3 with copper 

iodide as a co-catalyst for the particularly difficult Stille coupling of iodoenones with great 

success.[207] However, in our case, this catalyst system also turned out to be unsuccessful (Table 

2.1.11, entry 6).  

Baldwin reported that the combination of CuI and CsF can significantly enhance the Stille coupling 

reaction,[208] but these conditions failed to work on this nitropyrrole system. Copper(I) 

thiophenecarboxylate (CuTc) was reported to be more efficient towards the Sn/Cu transmetallation 

facilitating Stille coupling reaction,[209] but in our hands, none of the desired product was afforded 

in this case (Table 2.1.11, entry 7&8). 

2.1.3 Other Attempted Cross-Coupling Reactions  

Other allylmetallics which are compatible with nitro groups, including allyl zinc and allyl indium 

were also considered to effect the coupling reaction with 4-iodo-2-nitropyrrole(Table 2.1.22).  

 

 

Entry Substrates Conditions Results 

1 

 

Pd2(dba)3, sPhos, THF a 

2 Pd(dppf)Cl2, dppf, THF a 

3 Pd(PPh3)4, THF a 

4 

 

Pd2(dba)3, sPhos, THF a 

5 Pd(PPh3)4, THF a 

Table 2.1.22 Other attempted cross-coupling reactions. a. no desired product observed. 

 

Allyl zinc and indium reagents were prepared by treatment of allyl magnesium bromide with zinc 

chloride or indium chloride separately in THF. The allyl zinc or indium reagent was then treated 

with 4-iodo-2-nitropyrrole 163. Various catalyst systems were attempted, however no desired 

product was observed (Scheme 2.1.22). 
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Summary of the attempted synthesis of 4-farnesyl-2-nitropyrrole via a 

cross-coupling strategy 

In summary, a catalytic allylation strategy was examined for the construction of key intermediate 

4-farnesyl-2-nitropyrrole 136. A protecting group strategy for the nitropyrrole was first investigated 

and Ts, Boc and BOM were selected as suitable protecting groups. 4-Bromo-2-nitropyrroles with 

protecting groups with different electronic effects were successfully prepared as coupling partners. 

4-Iodo-nitropyrrole 163 was also prepared as an alternative coupling partner (Scheme 2.1.23). 

 

 

 

The Suzuki-Miyaura coupling strategy was first investigated. The combination of 4-bromo-2-

nitropyrrole 147-150 and allyl-Bpin 140 were initially considered as coupling partners (Scheme 

2.1.24).  

 

 

Scheme 2.1.24 SM cross-coupling strategy I. 

 

However, the attempted coupling reactions between the 4-bromo-2-nitropyrrole derivatives 147-

150 and model coupling partner geranyl-Bpin 152 failed to afford any desired product under various 

conditions including different palladium sources, bases, solvents, and reaction temperatures. 4-

Iodo-2-nitropyrrole 163 was next prepared and tested as a coupling substrate, however, the coupling 

reactions were unsuccessful. Potassium allyltrifluoroborate 170 was next applied to test the 

Scheme 2.1.23 Reagents and conditions: i. HNO3, Ac2O, -50 °C, 50%; ii. Br2, MeOH, 0 °C, 

82%; iii. For 148, TsCl, Et3N, DCM, 40 °C, 95%; iv. For 149, NaH, DMF, 0 °C then benzyl 

chloride 80%; v. For 150, Boc2O, DMAP, MeCN, rt, 75%. vi. NaH, DMF, 0 °C then BOMCl, 

0 °C to rt, 90%; vii. NIS, MeCN, rt, overnight, 85%. 
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coupling reactivity of the 4-halo-2-nitropyrrole, however no coupling reaction was observed 

(Scheme 2.1.25). 

 

 

Scheme 2.1.25 Attempted SM cross-coupling reactions. 

 

The reverse combination of reaction partners, using nitropyrrolylborate 172 as the nucleophile and 

farnesyl derivatives 173 as the electrophile was also considered (Scheme 2.1.26). 

 

 

Scheme 2.1.26 SM cross-coupling strategy II. 

However difficulties were encountered in the preparation of nitropyrrolylborate 172. Both Miyaura 

borylation and Ir-catalysed C-H borylation failed to afford the designed nitropyrrolylborate 

(Scheme 2.1.27). 

 

 

Scheme 2.1.27 Attempted borylation. 

 

Other coupling reactions including Stille, Negishi and allyl indium were also investigated, however, 

they all failed to provide the desired product (Scheme 2.1.28). 

 



Discussion 

67 

 

 

Scheme 2.1.28 Other attempted coupling reactions. 

 

In a later publication, Stark and co-workers also reported their failure to effect the farnesylation of 

nitropyrrole substrates.[210] They employed 4-iodo-2-nitropyrrole and N-Boc-4-iodo-2-nitropyrrole 

as substrates. Different combinations of oligoprenylboronic acid, pinacoesters, bases, palladium 

sources, solvents, and reaction temperatures were tested. Apart from Boc cleavage in some cases, 

no cross coupling was detectable. These results were in agreement with our research, which 

indicated that the 2-nitropyrrole system is extremely inert towards a palladium catalysed allylation 

reaction. Farnesylation of nitropyrrole deravative via a cross-coupling strategy was therefore 

deemed not suitable for the synthesis of heronapyrrole C. 
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2.2 Investigation of the Coupling Reactivity of 2-nitropyrrole 

Although difficulties were encountered in the catalytic allylation of the 2-nitropyrrole system, given 

the seldom explored chemistry of such compounds and their interesting biological activity, we were 

interested to investigate the coupling reactivity of this novel substrate with other coupling partners.  

Different types of coupling reactions including the SM reaction, the Stille reaction and the 

Sonogashira coupling reaction were investigated using N-BOM-4-iodo-2-nitropyrrole 163 as a 

substrate.  

 

 

entry RM condition Product Yield (%)  

a 

 

Pd(PPh3)4, 

K2CO3, 

DMF, 90°C 
 

82 

b 
 

Pd(PPh3)4, 

K2CO3, 

DMF, 90°C 
 

78 

c 

 

Pd(PPh3)4, 

K2CO3, 

DMF, 90°C 
 

70 

d  

Pd(dppf)Cl2, 

DMF, 80°C 
 

90 

e 
 

CuI, Et3N, 

Pd(PPh3)4Cl2 

60°C 
 

92 

Table 2.2.1 Investigation of the coupling reactivity of N-BOM-4-iodo-2-nitropyrrole 163. 
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Interestingly, SM coupling reactions using various aryl boronic acids with different electronic 

effects proceeded smoothly under similar conditions, affording biaryl coupled products in good 

yields (Table 2.2.1, entry a-c). Stille coupling using vinyl tributyltin catalysed by Pd(dppf)Cl2 in 

DMF also successfully afforded vinyl coupled product 185d in excellent 90% yield (Table 2.2.1, 

entry 4). Sonogashira reaction using 3-butyn-1-ol generated the desired alkyne 185e in 92% yield 

(Table 2.2.1, entry 5). 

In a later publication, Stark and co-workers also reported their investigation into the coupling 

reactivity of 2-nitropyrrole system (Scheme 2.2.1). N-Boc-4-iodo-2-nitropyrrole 186 was used as a 

substrate. Coupling reactions using aryl boronic acids or pinacolborane did not show any 

conversion. Only a Negishi reaction using phenylzinc chloride as the nucleophile gave the coupling 

product in a moderate 57%. Compared with the results in our research, these results also suggested 

that the electronic effect of the N-protecting group has a considerable influence on the coupling 

reactivity of the 2-nitropyrrole system. 

 

Scheme 2.2.1 cross coupling: Pd catalyst, base, R-B(OH)2, R-Bpin, R-ZnX. 
no conversion except for PhZnCl (57%).[210] 

In summary, although attempted catalytic allylation (sp2-sp3 coupling reaction) of the nitropyrrole 

system failed to afford the designed allylic products, N-BOM-4-iodo-2-nitropyrrole 163 still served 

as a reactive coupling partner in sp2-sp2 and sp2-sp coupling reactions. The coupling strategy using 

N-BOM-4-iodo-2-nitropyrrole 163 as a substrate could serve as a reliable approach to prepare the 

novel 4-substituted-2-nitropyrrole derivatives for further exploration in other medicinal chemistry 

investigations. 
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2.3 Synthesis Towards the Key Intermediate 4-farnesyl-2-nitropyrrole 

136 via a Julia-Kocienski Olefination Strategy 

2.3.1 Overview 

Given the lack of success in the attempted cross-coupling reactions, a new strategy was required to 

enable the synthesis of the key intermediate, 4-farnesyl-2-nitropyrrole 136.  

The initial aim of the new strategy was to take advantage of the Julia-Kocienski (J-K) olefination 

to install the olefin side chain via a C=C bond formation. The retrosynthetic analysis was thus 

initiated by the disconnection of the proximal double bond of the farnesyl side chain (Scheme 2.3.1). 

Such a disconnection would lead to two different combinations as the carbonyl could be fitted either 

on the nitropyrrole side or on the alkenyl chain. Considering an aldehyde functional group is more 

reactive than a ketone in this type of olefination reaction, aldehyde 186 and sulfone 187 were chosen 

as the key olefination coupling partners. 

 

 

 

Scheme 2.3.1 Modified retrosynthesis of 4-farnesyl-2-nitropyrrole 136. 
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2.3.2 Julia Olefination 

The Julia-Kocienski olefination,[211, 212] that is the unification of carbonyl compounds and heteroaryl 

sulfones is a powerful method for the construction of C=C bonds. Since the E/Z-selectivity of the 

olefin formation can be controlled by different combinations of base, solvent, and other reaction 

conditions, the Julia-Kocienski olefination has become a standard tool for the stereoselective 

construction of alkenes, and has been frequently used in the synthesis of complex natural products 

exhibiting a wide range of functional groups.[211, 212]  

The original Julia olefination was discovered by Marc Julia and Jean-Marc Paris, who for the first 

time disclosed the reductive elimination of -acyloxysulfones as an alkene forming step in 1973.[213] 

Extensive research conducted later by Lythgoe and Kocienski [214-216] further developed this 

methodology and enabled its pivotal application in the synthesis of various natural products.[217, 218] 

However, the classical Julia reaction procedure is still relatively cumbersome involving four distinct 

synthetic operations: metallation of a phenylsulfone 188, addition of metallate 189 to an aldehyde, 

acylation of the resulting lithium 190 and reductive elimination of -acyloxysulfone 191 to afford 

alkene 192 (Scheme 2.3.2). 

 

 

Scheme 2.3.2 The classical Julia Olefination reaction. 

 

The classical Julia olefination exhibits multiple synthetic weaknesses due to low tolerance of 

functional groups, multiple steps and the requirement for use of mercury reagents. Therefore, 

further modification of this methodology has been extensively studied.[219-221] Most viable 

improvements rely on the development of the aryl sulfones used in the olefination reaction.  

In 1991, Sylvester Julia, brother of Marc Julia found that replacement of the phenyl sulfone with 

benzothiazolyl (BT) sulfone 193 greatly altered the reaction pathway and simplified the olefination 

reaction to a one pot procedure (Scheme 2.3.3).[222] This one pot olefination is referred to as the 

modified Julia olefination. The alkene geometry of the product is dependent on the reaction 

conditions, which can provide either E- or Z-selective olefins or a mixture of both. 

 



Chapter 2 

72 

 

 

Scheme 2.3.3 Modified Julia Olefination. 

 

The mechanism of the modified Julia olefination involves the addition of carbanion 194 to a 

carbonyl group to form the intermediate -alkoxysulfone 195. Subsequent facile Smiles 

rearrangement[223] take place and spontaneous elimination of sulphur dioxide and lithiated 

benzthiazolone 198 directly lead to the desired olefin 192 (Scheme 2.3.4). 

 

 

Scheme 2.3.4 Mechanism for the modified Julia Olefination. 

 

A limitation to the use of benzothiazolyl sulfones is their inherent ability to undergo self-

condensation. One method to avoid this self-condensation is to apply Barbier conditions wherein 

the base is added to a mixture of the aldehyde and sulfone avoid the self-condensation to some 

extent by in situ metallation of the sulfone. However, complex aldehyde substrates may not be 

compatible with the Barbier protocol. 

The application of BT-sulfones in the Julia olefination promoted further investigation of other 

potential heteroaryl sulfones. Phenyltetrazolyl (PT, 200) sulfones, Pyridine-2-yl (PYR, 201) 

sulfones and 1-tert-butyl-1H-tetrazol-5-yl (TBT, 202) sulfones were successively developed as 

olefination partners providing useful levels of stereo-selectivity in certain cases (Figure 2.3.1).[224, 

225] Among these heteroaryl sulfones, PT-sulfone 200 disclosed by Kocienski and co-workers in 

1998 is so far the most efficient, especially in providing excellent yields of trans-selective 

alkenes.[226] This modified variant of the Julia approach, is referred to as the Julia-Kocienski 

olefination. 
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Figure 2.3.1 Sulfones used in the modified Julia olefination. 

 

A Julia-Kocienski olefination is normally carried out with LiHMDS, NaHMDS, or KHMDS as the 

base in either THF, DME, Et2O or toluene as the solvent. Different combinations of base and solvent 

can to some extent influence the E/Z-selectivity of the resulting olefin. To demonstrate the 

correlation between stereochemical results and olefination conditions, Kocienski and co-workers 

carried out a series of olefination experiments between simple hexaldehyde 203 and sulfone 204 

(Table 2.3.1, entry 12).[226]  

 

 

Entry Solvent M Yield (%) E : Z 

1 PhMe Li 55 57:43 

2 Na 80 59:41 

3 K 13 64:36 

4 Et2O Li 76 73:27 

5 Na 90 57:43 

6 K 30 72:28 

7 THF Li 97 75:25 

8 Na 89 76:24 

9 K 71 86:14 

10 DME Li 95 77:23 

11 Na 92 86:14 

12 K 71 94:6 

Table 2.3.1 Olefination of PT-sulfone and hexanyldehyde by Kocienski and co-workers.[226]  

 

The results indicated that trans selectivity increased with both solvent polarity and the 

electropositivity of the base counter cation. The combination of DME as solvent and KHMDS as 

base provided optimal conditions for the synthesis of E-alkene via a PT-sulfone (Entry 12). 
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The E/Z-selectivity is believed to be dictated by two different transition states (Scheme 2.3.5). A 

chelate forms with small counterions (Li) and nonpolar solvents, leading to a closed transition state 

whereas with larger counterions (K) and polar solvents, an open transition state becomes 

predominant.[212] These two different transition state models are responsible for the different 

stereoselectivity. While the chelated transition state gives Z-olefin, the non chelated one provides 

the E-olefin. Since PT sulfones do not favor the closed transition state due to the steric hindrance 

imparted by the phenyl substituent, they normally give better stereoselectivity favoring E-olefins. 

 

 

Scheme 2.3.5 Stereoselectivity explanation of J-K olefination. 
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2.3.3 Synthesis of Aldehyde 

In order to apply the Julia-Kocienski olefination strategy to synthesise the key intermediate 4-

farnesyl-nitropyrrole 136, the first objective was to construct the key aldehyde olefination partner 

186. We initially envisaged that aldehyde 186 would be available from the former prepared alkene 

185d (Scheme 2.3.7). 

 

 

Scheme 2.3.6 Retrosynthesis of the aldehyde 172. 

 

The traditional way to convert terminal alkenes to aldehydes is through a hydroboration/oxidation 

sequence. But the multi-step operation and tedious work-up procedures makes this sequence 

unappealling. Direct oxidation of alkenes to the corresponding ketones is a widely employed 

chemical process. The Wacker oxidation is a well-known method to generate methyl ketones from 

terminal alkenes using palladium catalyst,[227] but the direct transformation of alkenes to aldehydes 

is less well known. 

Recently, hypervalent iodine compounds were reported as efficient oxidants in the direct oxidation 

of alkenes to aldehydes in high yield and regioselectivity.[228-230] Diacetoxyiodobenzene [PhI(OAc)2] 

is one of the most accessible, stable and popular hypervalent iodine compounds which can be 

activated by either H2SO4, NaHSO4 or a Lewis acid and displays interesting oxidative activity.[230, 

231] In 2004, Yusubov and co-workers reported the oxidation of styrene 209 with PhI(OAc)2 in 

presence of 50% aqueous H2SO4 in acetonitrile, providing phenylacetaldehyde 210 in 80% yield 

(Scheme 2.3.7).[231] In 2009, they also reported the use of NaHSO4 to activate PhI(OAc)2 in solvent 

free conditions and achieved similar results (Scheme 2.3.7).[230] 

 

 

 

  

Scheme 2.3.7 Reagents and conditions: a. PhI(OAc)2, 50%, aq. H2SO4, 

MeCN, -20 °C, 80%; b. PhI(OAc)2, NaHSO4, grinding, rt, 86%. 
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The mechanism of this transformation is believed to be an oxidative rearrangement process 

(Scheme 2.3.9).[231] The reaction of PhI(OAc)2 with sulfuric acid gives hypervalent iodine derivative 

211. Oxidative addition of the hypervalent iodine derivative 211 to styrene 209 forms 

hydroxyiodine 212, which undergoes hydroxyl group migration to give intermediate 213. 

Subsequent rearrangement via spirointermediate 214 finally affords phenylacetaldehyde 210. 

 

 

Scheme 2.3.8 Mechanism for the oxidation of alkene 209 to aldehyde 210. 

 

We initially decided to use this convenient oxidation method to prepare the aldehyde coupling 

partner 186 directly from alkene 185d. According to Yusubov and co-workers’ reports, oxidation 

of alkene 185d was carried out with PhI(OAc)2/H2SO4 conditions. To our delight, treatment of 

BOM-protected vinylnitropyrrole 185d with 10% aqueous sulfuric acid in the presence of 

PhI(OAc)2 resulted in complete conversion in ten minutes and aldehyde 186 was afforded in 75% 

isolated yield (Scheme 2.3.10).  

 

 

 

The unstabilized aldehyde was labile, and the work-up procedure had significant influence on the 

reaction yield. Yusubov and co-workers circumvented this issue through isolating their products as 

the 2,4-dinitrophenylhydrazone deravatives by treatment of the resulting aldehyde with 2,4-

Scheme 2.3.9 Reagents and conditions: i. PhI(OAc)2, H2SO4 (10%, aqueous), 

MeCN, -20 °C, 75%. 
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dinitrophenylhydrazine.[230, 231] However, for our investigations, the free aldehyde was required for 

the following olefination reaction. The reaction mixture was therefore diluted with ethyl acetate, 

washed with diluted NaHCO3, brine, dried with Na2SO4 and concentrated in vacuo at low 

temperature. The crude product was purified by flash chromatography using a short column of silica 

gel. 

In parallel, N-Boc protected alkene 218 was also prepared as an alternative oxidation precursor 

(Scheme 2.3.11). Friedel-Crafts acetylation of 2-nitropyrrole 144 with acetyl chloride in a 

nitromethane/dichloromethane (1:1) mixture afforded methyl ketone 215 in over 80% yield. Methyl 

ketone 215 was then reduced with NaBH4 in methanol and the resulting alcohol 216 underwent 

smooth dehydration in DMSO upon heating at 160 °C to provide alkene 217 in 80% yield. 

Sequential Boc-protection with Boc anhydride in the presence of DMAP afforded of the desired 

alkene 218. 

 

 

 

The oxidation was carried out by treatment of alkene 218 with PhI(OAc)2 and 10% aqueous H2SO4 

at -20 °C. Aldehyde 219 was obtained but only in 25% yield together with several unidentified 

byproducts. (Scheme 2.3.12). 

 

 

 
 

Scheme 2.3.10 Reagents and conditions: i. AlCl3, acetyl chloride, 

MeNO2/DCM (1:1), 0 to 40 °C, 80%; ii. NaBH4, MeOH, 0 °C, 95%; iii. DMSO, 

160 °C, 80%; iv. Boc2O, DMAP, MeCN, rt, 75%. 

Scheme 2.3.11 Reagents and conditions: i. PhI(OAc)2, H2SO4 (10%, aqueous), 

MeCN, -20 ° C, 25%. 
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It was reasoned that the oxidation result is greatly influenced by the electronic nature of the alkene 

substrate. Mechanistically, oxidative addition of the hypervalent iodine derivative 211 to alkene 

218 forms hydroxyiodine 220, which undergoes hydroxyl migration to give iodonium intermediate 

221 (Scheme 2.3.12). At this stage, there are two possible pathways to carry on the reaction. In path 

way I, nucleophilic attack is initiated by the pyrrole ring, which results in a spiro intermediate 222. 

Subsequent rearrangement then affords the desired aldehyde 219. However in pathway II, 

nucleophilic attack is initiated by the hydroxyl group, which leads to the epoxide intermediate 223. 

Subsequent epoxide opening reaction then leads to diol 224. The electron withdrawing Boc group 

reduces the nucleophilicity of pyrrole ring, which slows down path way I that results in formation 

of the desired aldehyde 219. At the same time, pathway II dominates the reaction and leads to 

byproducts. Combined with the deprotection byproducts, a complex mixture is therefore formed. 

 

Scheme 2.3.12 Mechanism for oxidation of alkene 218. 
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2.3.4 Use of Phenyltetrazolyl Sulfone 187 as a Coupling Partner 

Following successful preparation of the aldehyde coupling partner, attention turned to the synthesis 

of the other olefination partner, sulfone 187. Sulfones required for the Julia olefination are generally 

synthesised via a two-step procedure: Firstly, reaction of 1-phenyl-1,2-dihydro-5H-tetrazole-5-

thione (PTSH) with either halides, tosylates or triflates via substitution or following a Mitsunobu 

type protocol directly from the alcohol to provide sulfide intermediate 226. Secondly, oxidation of 

the sulfide to give sulfone (Scheme 2.3.13).[211]  

 

 

Scheme 2.3.13 Synthetic strategy for the preparation of sulfone 187. 

 

In order to synthesise sulfone 187, alcohol 225 was first prepared from geraniol 151 according to 

reported procedure (Scheme 2.3.14).[232] Geraniol 151 was converted to bromide 227 with 

phosphorous tribromide in Et2O at –20 °C. Alkylation of ethyl acetoacetate with geranyl bromide 

227 in acetone resulted in acetoacetate 228, which underwent smooth decarboxylation in a mixture 

of methanol and aqueous potassium hydroxide to afford the desired methyl ketone 229 in 65% yield 

over three steps. Standard reduction of ketone 229 with NaBH4 afforded the desired alcohol 225 in 

95% yield. 

 

 

 

With alcohol 225 in hand, attention shifted towards the preparation of sulfide 226 via a Mitsunobu 

reaction. The Mitsunobu reaction uses a triphenylphosphine and azodicarboxylate to promote the 

conversion of an alcohol into a variety of functional groups (Scheme 2.3.15). The most frequently 

Scheme 2.3.14 Reagents and conditions: i. PBr3, Et2O, -20 °C; ii. K2CO3, ethyl 

acetoacetate, acetone, 65 °C; iii. KOH, H2O, MeOH, 80 °C, 65% over 3 steps; 

vi. NaBH4, MeOH, 0 °C, 95%. 
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used azodicarboxylates in Mitsunobu reactions include, diethyl azodicarboxylate (DEAD) and 

diisopropyl azodicarboxylate (DIAD).[233] Mechanistically, the reaction is initiated by nucleophilic 

attack of PPh3 on DIAD, producing a betaine intermediate 230. Betaine 230 deprotonates thiol 231 

to form the ion pair 232. Nucleophilic attack of ion pair 232 by the alcohol 233 forms the key 

oxyphosphonium ion 235 via intermediate 234. Attack of the thiol anion upon intermediate 235 

from the opposite side of C-O bonds lead to an inversion of the alcohol stereocentre and finally 

affords the desired product 236 and triphenylphosphine oxide.[234] 

 

 

Scheme 2.3.15 Mechanism for Mitsunobu reaction. 

 

According to the standard procedure,[233] alcohol 225, phenyltetrazole-5-thiol (PTSH), and 

triphenylphosphine were dissolved in tetrahydrofuran and cooled to 0 °C. Diisopropyl 

azodicarboxylate (DIAD) was added dropwise and the mixture was stirred at room temperature. 

Upon completion of the reaction, standard aqueous work-up and purification by flash 

chromatography was carried out to furnish sulfide 226 in 85% yield (Scheme 2.3.16). The product 

was fully characterized by HRMS, 1H NMR, 13C NMR and IR spectrum. 

 

 

 

With the successful preparation of sulfide 226 in hand, investigation into the oxidation of sulfide 

226 to sulfone 187 was next carried out. It was noted that the two trisubstituted double bonds in the 

sulfide 226 might be a potential problem for this transformation because of their sensitivity to 

Scheme 2.3.16 Reagents and conditions: i. PPh3, DIAD, PTSH, THF, 0 °C, 85%. 
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oxidants. However, a brief survey of the literature revealed several efficient methods for the 

selective oxidation of thioethers to sulfones in the presence of alkenes. Among these methods, the 

ammonium molybdate/H2O2 system was the most frequently used, especially for the synthesis of 

sulfones used to effect J-K olefinations.[235-238] We initially employed this oxidation system to effect 

the desired transformation. However, when sulfide 226 was treated with molybdate/H2O2 in THF, 

sulfone 187 was only obtained in low yields (< 5%, Table 2.3.3, entry 1). Decreasing the reaction 

temperature slowed the rate of reaction and did not improve the yield. Changing the solvent to either 

THF or MeCN did not make any improvements (Table 2.3.3, entry 2&3). Na2WO4/H2O2 was also 

reported as an effective combination for the chemoselective oxidation of heteroaryl thioethers in 

the presence of alkenes.[225, 239] However, these reagents were also ineffective (Table 2.3.3, entry 4). 

mCPBA was also used, however, this still resulted in side reactions without any desired product 

being isolated (Table 2.3.3, entry 5). Competing oxidation of the olefins or the nitrogen of the 

heterocyclic unit were considered to be problematic in this case. 

 

 

Entry Conditions Yield(%) 

1 NH4 molybdate/H2O2, MeOH, -10 to 0 °C  < 5 

2 NH4 molybdate/H2O2, THF, 0 °C  < 5 

3 NH4 molybdate/H2O2, MeCN, 0 °C 0 

4 Na2WO4/H2O2, MeOH, 0 °C  < 5 

5 mCPBA, CH2Cl2, -20 °C to 0 °C 0 

Table 2.3.2 Synthesis of sulfone 187 required for Julia olefination with 226. 

 

Despite the low efficiency of the oxidation step, a sufficient quantity of phenyltetrazolyl sulfone 

187 was obtained to perform a test olefination reaction. To our delight, when sulfone 187 and 

aldehyde 186 were treated with KHMDS in THF, a small amount of product 136 was obtained 

(Scheme 2.3.17). Analysis of the 1H NMR spectrum of the crude product indicated the formation 

of the desired olefin 136. However, further research could not be conducted because of the 

difficulties in obtaining sufficient amounts of sulfone 187 (Scheme 2.3.17). 
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2.3.5 Use of Benzothiazolyl Sulfone 237 as a Coupling Partner 

Although a benzothiazolyl sulfone is less effective than a phenyltetrazolyl sulfone in Julia 

olefination, it has been successfully used in the synthesis of some complex olefins.[26-28] Given the 

difficulties encountered in the oxidation of phenyltetrazolyl sulfide 226, we decided to investigate 

the viability of benzothiazolyl sulfone 237 as an alternative olefination partner to effect the desired 

olefination reaction.  

 

 

Scheme 2.3. 18 Use of benzothiazolyl sulfone 237 as a coupling partner. 

 

Benzothiazolyl sulfide 238 was prepared in 85% yield from alcohol 225 using the previously 

developed Mitsunobu reaction conditions. The subsequent oxidation reaction was carried out using 

Na2WO4 and H2O2 as oxidants in methanol. Fortunately, sulfone 237 was afforded in a pleasing 65% 

yield (Scheme 2.3.19). 

 

 

 

With both benzothiazolyl sulfone 237 and aldehyde 186 in hand, olefination was next attempted. A 

variety of conditions were screened, varying the base (LiHMDS, NaHMDS, or KHMDS) and 

solvent (THF, DME or Et2O). However, no desired product was detected with only recovery of 

sulfone 201 and decomposition of aldehyde 172 observed (Table 2.3.3). 

Scheme 2.3.17 Reagents and conditions: i. KHMDS, THF, -78 °C to rt. 

 

Scheme 2.3.19 Reagents and conditions: i. PPh3, DIAD, BTSH, THF, 0 °C, 

85%; ii. Na2WO4/H2O2, MeOH, 0 °C to rt, 65%. 
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Entry Conditions Results 

1 KHMDS, DME, -78 °C to rt a 

2 LiHMDS, DME, -78 °C to rt a 

3 KHMDS, THF, -78 °C to rt a 

4 NaHMDS, THF, -78 °C to rt a 

5 KHMDS, Et2O, -78 °C to rt a 

 

Due to lack of success of the olefination reaction using benzothiazolyl (BT) sulfone 237 as a 

substrate, it was suggested that the reason for the failed olefination might be because instead of 

performing a nucleophilic attack on the carbonyl group, the carbanion 239 generated from 

benzothiazolyl sulfone 237 deprotonated the  proton of the aldehyde 186, forming enolate 240 

thus returning benzothiazolyl sulfone 237 upon work-up (Scheme 2.3.20). It is possible that enolate 

240 either decomposed overnight or reformed aldehyde 186 after aqueous work-up.  

 

 

 

Table 2.3.3 Attempted olefination using BT-sulfone 237.  

a: only recovered sulfone 237 and decomposition was observed. 

Scheme 2.3.20 Proposed mechanism for the reaction between benzothiazolyl 

sulfone 237 and aldehyde 186. 
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Summary of Synthesis Towards the Key Intermediate 4-farnesyl-2-nitropyrrole 

via Julia-Kocienski Olefination 

Synthesis of the key intermediate 4-farnesyl-2-nitropyrrole 136 using a Julia olefination strategy 

(Scheme 2.3.20) was investigated and the details are summarised in this chapter.  

 

Scheme 2.3.21 Synthetic strategy for 4-fanasyl-2-nitropyrrole 136. 

 

Initial investigation began with the synthesis of aldehyde coupling partner 186 (Scheme 2.3.22). 

Stille coupling of BOM-protected iodide 163 with vinyltributyltin afforded alkene 185d, which was 

converted into aldehyde olefination partner 186 via direct anti-Markovnikov oxidation using 

PhI(OAc)2 in 75% yield. 

 

 

Preparation of Boc protected aldehyde 219 as an alternative olefination partner was also 

investigated. Friedel-Crafts acetylation of 2-nitropyrrole 144 afforded methyl ketone 215 in 80% 

yield, which was then reduced with NaBH4 to afford alcohol 216 in 95% yield. Dehydration of 

alcohol 216 in DMSO at 160 °C provided alkene 217 in 80% yield. Subsequent Boc-protection of 

alkene 217 afforded the desired alkene 218 in 75% yield. However, oxidation of alkene 218 using 

PhI(OAc)2 afforded Boc protected aldehyde 219 in only 25% yield. Given the low oxidation yield, 

aldehyde 219 was not chosen for the olefination reaction. 

 

Scheme 2.3.22 Reagents and conditions: i. Vinyltributyltin, Pd(dppf)Cl2, DMF, 

80 °C, overnight, 90%; ii. PhI(OAc)2, 10% aqueous H2SO4, MeCN, -20 °C, 75% . 
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Preparation of the olefination partner phenyltetrazolyl (PT) sulfone 187 via a Mitsunobu 

reaction/oxidation sequence from alcohol 225 was investigated (Scheme 2.3.23). Bromination of 

geraniol 151 with phosphorous tribromide afforded bromide 227. Alkylation of ethyl acetoacetate 

with geranyl bromide 227 provided acetoacetate 228, which underwent smooth decarboxylation in 

a mixture of methanol and aqueous potassium hydroxide to afford methyl ketone 229 in 65% yield 

over three steps. Standard reduction of ketone 229 with NaBH4 afforded the desired alcohol 225 in 

95% yield. The Mitsunobu reaction successfully afforded the desired sulfide 226 in 80% yield, 

however, the oxidation to the corresponding sulfone 187 was challenging. Various methods to effect 

oxidation of sulfide 226 afforded sulfone 187 in no more than 5% yield. 

Although the phenyltetrazolyl sulfone 187 was prepared in very low yield, the small amount of 

product obtained allowed us to perform a test olefination reaction. Pleasingly, upon treatment of 

sulfone 187 and aldehyde 186 with KHMDS in THF, the desired alkene product was detected by 

1H-NMR. However, no further study was conducted due to the poor efficiency of the oxidation 

reaction to form the phenyltetrazolyl sulfone 187 starting material (Scheme 2.3.23). Nevertheless, 

the successful olefination using phenyltetrazolyl sulfone 187 as a substrate indicated that the Julia-

Kocienski olefination reaction could be a feasible approach to assemble the side chain via a C=C 

bond formation. 

 

Scheme 2.3.23 Reagents and conditions: i. AlCl3, acetyl chloride, MeNO2/CH2Cl2 (1:1), 0 °C 

to 40 °C, 80%; ii. NaBH4, MeOH, 0 °C, 95%; iii. DMSO, 160 °C, 80%; iv. Boc2O, DMAP, 

MeCN, rt, 75%; v. PhI(OAc)2, 10% aqueous H2SO4, MeCN, -20 °C, 25%. 
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The disappointing oxidation results promoted us to investigate the alternative coupling partner 

benzothiazolyl (BT) sulfone 237, which was successfully prepared from alcohol 225. However, 

attempted olefination by reaction of sulfone 237 with aldehyde 186 was unsuccessful (Scheme 

2.3.23).  

  

Scheme 2.3.24 Reagents and conditions: i. PBr3, Et2O, -20 °C; ii. K2CO3, ethyl 

acetoacetate, Me2CO, 65 °C; iii. KOH, H2O, MeOH, 80 °C, 65%, over three steps; 

iv. NaBH4, MeOH, 0 °C, 95%; v. PPh3, PTSH, DIAD, THF, 0 °C, 85%; vi. 

Various oxidation conditions (Table 2.3.2), < 5%; vii. PPh3, DIAD, PTSH, THF, 

0 °C, 85%; viii. Na2WO4, H2O2, MeOH, 0 °C to rt, 65%; ix. 187, KHMDS, THF, 

-78 ºC to rt, alkene was detected by 1H-NMR; x. 237, different combination of 

base and solvent, no product was observed (Table 2.3.3).  
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2.4 Synthetic Investigation Towards the Proposed Structure of 

Heronapyrrole C 

2.4.1 Overview  

Our initial investigation towards the synthesis of 4-farnesyl-2-nitropyrrole 136 indicated that Julia-

Kocienski olefination could be a feasible approach to assemble the side chain via a C=C bond 

formation (Scheme 2.4.1). However, the low efficiency of the oxidation of sulfide 226 to the sulfone 

187 for subsequent olefination reaction posed a major hurdle for further investigation.  

 

 

Scheme 2.4.1 Synthesis of 136 via an olefination strategy. 

 

Since the competitive oxidation of the two olefins in the molecule was the major problem for the 

synthesis of sulfone 187, it was proposed that elaboration of these two double bonds to a THF-diol 

before oxidation of the sulfide could solve the problem. With this in mind, the synthetic strategy 

was modified (Scheme 2.4.2). It was envisaged that heronapyrrole C (3) could be assembled from 

the partially elaborated intermediate 241, which in turn could be assembled via a Julia-Kocienski 

olefination of aldehyde 186 with sulfone 242. Sulfone 242 should be available from THF diol 

precursor 243. 

 

 

Scheme 2.4.2 Modified olefination strategy. 



Chapter 2 

88 

 

At this stage, no total synthesis of the heronapyrroles had been reported and the only stereochemical 

information about the structure of heronapyrrole C was the C8-C11 cis-geometry across the THF 

ring proximal to the pyrrole motif. Neither the absolute nor the relative stereochemistry of other 

stereogenic centres was established. Based on the limited stereochemistry assigned to heronapyrrole 

A, combined with the proposed biosynthesis of heronapyrrole C, Capon and co-workers tentatively 

assigned 7S and 15R absolute configurations to heronapyrrole C. [67] 

According to Capon and co-workers’ hypothesis, there were four possibilities for the structure of 

heronapyrrole C: 3a, 3b, 3c and 3d (Figure 2.4.1).  

 

 

Figure 2.4.1 Possible stereochemistry for heronapyrrole C. 

 

The advantage of the modified convergent synthetic strategy was that it enabled stepwise 

construction of each THF ring and full control of the stereochemistry thus facilitating the synthesis 

of all the possible isomers.  
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After conducting an extensive literature search on the methods for asymmetric construction of THF 

rings (see Chapter One 1.4), it was noted that among all the possible structures, 3a was the most 

easily accessible one, in that the three distal stereogenic centers in structure 3a could be assembled 

easily from the previously prepared diene 229 via Donohoe’s dihydroxylation/oxidative cyclisation 

sequence (Scheme 2.4.3).[112] Upon consideration of the viability of a rapid investigation of the 

revised synthetic strategy, we chose to synthesise the easily accessible structure 3a first.  

 

 

Scheme 2.4.3 Retrosynthesis for proposed structure 3a. 
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2.4.2 Synthesis of Sulfone 204 

The synthesis of sulfone 241 therefore commenced with the preparation of the THF-diol 243 via a 

Sharpless dihydroxylation and an osmium catalysed oxidative cyclisation sequence as illustrated 

by Donohoe and co-workers (Scheme 2.4.4).[108-110] 

 

Scheme 2.4.4 Synthetic strategy for THF-diol 205. 

 

Sharpless asymmetric dihydroxylation is the osmium tetroxide catalysed dihydroxylation of alkenes 

in the presence of a chiral quinine ligand to form an enantiopure vicinal diol.[240] The reaction is 

normally carried out using a catalytic amount of osmium tetroxide, a chiral ligand and 

stoichiometric potassium ferricyanide as co-oxidant, in the presence of potassium carbonate and 

methanesulfonamide in tBuOH/H2O (1:1) biphasic solvent.[241]  

 

 

Scheme 2.4.5 Catalytic cycle for Sharpless dihydroxylation. 

http://en.wikipedia.org/wiki/Chirality_%28chemistry%29
http://en.wikipedia.org/wiki/Ligand
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The catalytic cycle of the Sharpless dihydroxylation begins with the formation of the osmium 

tetroxide-ligand complex 245 (Scheme 2.4.5). A [3+2]-cycloaddition with the alkene 246 gives the 

cyclic intermediate 247.[242] Basic hydrolysis liberates the diol 248 and the reduced osmate 249. 

Finally, the stoichiometric oxidant regenerates the osmium tetroxide-ligand complex 245. 

A variety of ligands have been developed in order to achieve high enantioselectivities using 

different substrates.[243] Among these ligands, (DHQ)2PHAL and (DHQD)2PHAL are the most 

general in their application (Figure 2.4.2). They have been observed to give especially good results 

for 1,1-disubstituted, trans-1,2-disubstituted and trisubstituted olefins.[243] 

 

 

Figure 2.4.2 Ligands commonly employed for the Sharpless asymmetric dihydroxylation.[241] 

 

The stereochemistry obtained with each ligand can be predicted by application of the so-called 

Sharpless mnemonic (Scheme 2.4.6). The substituents on the alkene are classified by their steric 

bulk as RL, RM and RS: the largest, the medium and the smallest substituents respectively. After 

orientation of the reacting alkene according to the mnemonic, it is indicated that use of DHQD 

derived ligands allows delivery of the hydroxyl groups from the top face, while use of DHQ derived 

ligands facilitates delivery of the hydroxyl groups from the bottom face.[243] 

 

Scheme 2.4.6 Prediction of the steroechemistry of Sharpless dihydroxylation products. 
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According to the mnemonic analysis, it was clear that (DHQD)2-PHAL was the ligand required for 

synthesis of the desired diol 244. The dihydroxylation was therefore carried out using 0.2 mol% 

OsO4 and 1 mol% of (DHQD)2-PHAL as catalyst, potassium ferricyanide as co-oxidant, in the 

presence of potassium carbonate and methanesulfonamide in tBuOH/H2O (1:1). Vicinal diol 244 

was obtained in 65% yield (Scheme 2.4.7). 

 

 

 

 

With diol 244 in hand, the osmium catalysed oxidative cyclisation was first attempted with Me3NO 

as co-oxidant in the presence of TFA in acetone/H2O (9:1). The THF-diol 243 was afforded in 30% 

yield (Table 2.4.1, entry 1). Addition of isoprene as a sacrificial alkene improved the yield to 

55%.[108] Further literature research indicated that milder conditions using pyridine-N-oxide (PNO), 

Zn(OTf)2 and citric acid in MeCN/H2O are better to effect the oxidative cyclisation (Chapter One, 

1.4).[109] The diol 244 was therefore treated with OsO4, PNO and Zn(OTf)2 in MeCN/H2O (2:1) at 

50 °C overnight. Pleasingly, THF 243 was afforded in 85% yield (d.r. = 8:1) (Table 2.4.1, entry 3).  

 

 

Entry Conditions Yield (%) 

1 OsO4, Me3NO, TFA, acetone/H2O (9:1) 30 

2 OsO4, Me3NO, TFA, isoprene, acetone/H2O (9:1) 55 

3 OsO4, PNO, Zn(OTf)2, citric acid, MeCN/H2O (2:1) 85 

Table 2.4.1 Synthesis of THF-diol 243. 

 

Following the successful construction of THF-ketone 243, preparation of sulfone 242 was next 

carried out (Scheme 2.4.8). Protection of THF- ketone 243 with TESCl in the presence of DMAP 

Scheme 2.4.7 Reagents and conditions: i. OsO4, 0.2 mol%, (DHQD)2-PHAL, 1 

mol%, K6Fe(CN)3, MeSO2NH2, tBuOH/H2O (1:1), 0 °C, 65%. 
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and imidazole in DMF afforded bis-silyl ether 252 in 80% yield, which was reduced with NaBH4 

to afford alcohol 252 in 95% yield. Subsequent Mitsunobu inversion using 1-phenyl-1,2-dihydro-

5H-tetrazole-5-thione (PTSH) in the presence of DIAD and triphenylphosphine in THF at 0 °C 

provided sulfide 253 in 80% yield. Finally oxidation of sulfide 253 to the desired sulfone 242 was 

achieved using mCPBA in 80% yield. 

 

 

 

  

Scheme 2.4.8 Reagents and conditions: i. TESCl, DMAP, imidazole, DMF, 0 °C to rt, 80%; ii. 

NaBH4, MeOH, 0 °C, 95%; iii. PTSH, DIAD, Ph3P, THF, 0 °C, 80%; iv. mCPBA, DCM, 0 °C 

to rt, 80%. 
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2.4.3 Investigation of the Olefination Reaction Between Aldehyde 186 and 

Sulfone 242 

Following the successful synthesis of sulfone 242, attention next turned to investigation of the key 

Julia-Kocienski olefination reaction (Table 2.4.2).  

 

Entry Conditions Yield (%) E:Z 

1 THF, LiHMDS  40 1:1 

2 THF, NaHMDS 65 1:1 

3 DME, LiHMDS 40 1:1 

4 DME, KHMDS 50 1:1 

5 DME, NaHMDS 60 1.1:1 

6 Et2O, KHMDS 35 1:1 

Table 2.4.2 Olefination of aldehyde 186 with sulfone 242. 

 

Olefination of aldehyde 186 with sulfone 242 was initially carried out by treatment of sulfone 242 

with LiHMDS in THF at -78 °C. After 20 min, aldehyde 186 was added as a solution in THF. The 

mixture was allowed to gradually warm to room temperature and stirred overnight. After standard 

work-up alkene 241 was obtained as a 1:1 mixture of Z and E isomers in 40% yield (Table 2.4.2, 

entry 1). Various combinations of base and solvent were examined to improve the stereoselectivity 

and yield (entry 2-6). The best result was obtained using the combination of THF as solvent and 

NaHMDS as a base, which resulted in a 1:1.1 mixture of Z and E isomers in 60% yield (entry 5). 

Although the stereoselectivity was not ideal, the Z and E isomers were readily separable by standard 

flash chromatography. 

With alkene 241 in hand, the remaining task was to construct the second THF ring and finish the 

synthesis of the proposed structure 3a (Scheme 2.4.9).  
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Scheme 2.4.9 Synthesis of proposed structure 3a. 

 

However, at this stage, Stark and co-workers published the total synthesis of their proposed 

structure of heronapyrrole C (3’) (Figure 2.4.3).[141] The analytical data reported for Stark’s 

synthetic sample including 1H-NMR and 13C-NMR data matched the reported data for natural 

heronapyrrole C (Table 2.4.4), except that the opposite sign was observed for the optical rotation 

{natural (+)-heronapyrrole C: [D]20 = +6.7, (c = 0.05, MeOH); Stark’s (-)-heronapyrrole C: [D]20 

= -7.6, (c = 2.3, MeOH)}. These results indicated that Stark and co-workers had in fact synthesised 

the enantiomer of the natural product. The absolute stereochemistry of the natural heronapyrrole C 

was therefore established to be 7R,8S,11R,12S,15S (Figure 2.4.3). In this context, it was realised 

that our proposed structure 3a was only a stereoisomer of heronapyrrole C rather than the actural 

structure of heronapyrrole C, therefore the synthetic target needed to be revised. 

 

 

Figure 2.4.3 Structure of Stark’s synthetic sample, natural heronapyrrole C, and our proposed structure 3a. 
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Positiona 

Natural 3 

1H NMR 

(600 MHz) 

Synthetic 3’ 

1H NMR 

(400 MHz) 

Natural 3 

13C NMR 

(125 MHz) 

Synthetic 3’ 

13C NMR 

(100 MHz) 

2  --- 138.3 138.6 

3 7.00, d,1.7 7.00, d, 1.8 111.9  

4  --- 125.7 126.0 

5 6.93, d, 1.7 6.93, d, 1.8 124.2 124.5 

6a 2.82, dd, 14.8, 1.9 2.82, dd, 14.6, 1.4 29.9 30.1 

6b 2.44, dd, 14.8, 10.4 2.44, dd, 14.8, 10.3   

7 3.59, dd, 10.4, 1.9 3.60, dd, 10.2, 1.8 78.6 78.9 

8 … --- 86.8 87.0 

9a 2.15, ddd, 12.8, 8.9, 4.3 2.17-2.11, m 35.0 35.1 

9b 1.67, m 1.69-1.60, m,   

10a 1.97, m 2.00-1.79, m 28.2 28.3 

10b 1.82, m 2.00-1.79, m   

11 4.02, dd, 8.6, 6.5 4.02, dd, 8.4, 6.6 85.9 86.1 

12 --- --- 86.0 86.2 

13a 1.95, m 2.00-1.79, m 34.6 34.8 

13b 1.63, m 1.69-1.60, m,   

14 1.88, m 2.00-1.79, m 27.3 27.5 

15 3.81, dd, 8.3, 7.1 3.81, dd, 8.1, 7.1 88.8 88.9 

16  --- 72.0 72.1 

17 1.17, s 1.16, s 26.0 26.1 

18 1.22, s 1.22, s 22.0 22.2 

19 1.21, s 1.21, s 25.0 25.1 

20 1.13, s 1.13, s 25.8 25.8 

Table 2.4. 3 1H and 13C NMR data for natural and Stark’s synthetic Heronapyrole C (3’). a: Carbon atoms 

assigned according to natural product numbering.1H and 13C NMR both conducted in CD3OD.[141] 
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Summary of Synthetic Study Towards the Proposed Structure of Heronapyrrole C 

The synthesis of the initially proposed structure of heronapyrrole C 3a was investigated in this 

section and the details are summarised (Scheme 2.4.10). Sharpless asymmetric dihydroxylation of 

ketone 229 followed by OsO4 catalysed oxidative cyclisation afforded THF-diol 243. Double TES 

protection followed by reduction of the methyl ketone resulted in the alcohol 252, which was 

converted into the desired sulfone 242 via a Mitsunobu reaction/oxidation sequence. Julia-

Kocienski olefination of aldehyde 186 with sulfone 242 was effected using various reaction 

conditions. The best result was obtained using NaHMDS as base and THF as solvent, which 

afforded 60% yield with a 1.1:1 ratio of E:Z isomers. Fortunately, the Z/E isomers were separable 

by flash chromatography. However, the reassignment of stereochemistry published by Stark and 

co-workers indicated that our proposed structure 3a was in fact a stereoisomer of heronapyrrole C, 

therefore our synthetic target needed to be revised. 

 

 

Although the structure that we had identified as a synthetic target turned out to be incorrect, our 

investigation proved the viability of the designed synthetic strategy and laid the foundations for the 

following total synthesis of heronapyrrole C. 

Scheme 2.4.10 Reagents and conditions: i. OsO4, 0.2 mol%, (DHQD)2-PHAL, 1 mol%, 

K6Fe(CN)3, MeSO2NH2, tBuOH/H2O (1:1), 0 °C, 65%; ii. OsO4, PNO, Zn(OTf)2, citric acid, 

MeCN/H2O (2:1), 85%; iii. TESCl, DMAP, imidazole, DMF, 0 °C to rt, 80%; iv. NaBH4, MeOH, 

0 °C, 95%; v. TPSH, DIAD, Ph3P, THF, 0 °C, 85%; vi. mCPBA, DCM, 0 °C to rt, 80%; vii. 

NaHMDS, THF, -78 °C to rt, 65% (E:Z = 1.1:1). 
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2.5 Synthesis of BOM-heronapyrrole C 

2.5.1 Overview 

With Stark’s reassignment of the stereochemistry of heronapyrrole C,[141] the structure of our 

synthetic target needed to be revised. Since our design of the synthetic strategy enabled the synthesis 

of all the possible isomers of heronapyrrole C, the previously established chemistry was still 

applicable to construct the revised structure. For the revised target, a sulfone olefination partner 255 

with the correct stereochemistry needed to be constructed (Scheme 2.5.1).  

 

 

Scheme 2.5.1 Synthetic strategy for the revised structure of heronapyrrole C. 
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2.5.2 Synthesis of Sulfone 216 

We initially planned to synthesise sulfone 255 from alcohol 256 which in turn could be prepared 

from alkene 257 via an oxymercuration-reduction reaction. [244] It was envisaged that alkene 257 

should be synthesised from epoxide 258, in turn prepared from commercially available geraniol 

151 via Sharpless dihydroxylation of a suitable mesylate intermediate 259. 

 

 

Scheme 2.5.2 Revised synthetic strategy for sulfone 255. 

 

Synthesis of sulfone 255 was therefore initiated from Sharpless asymmetric epoxidation of geraniol 

151 using THP, Ti(OiPr)4 and (-)-DIPT to provide epoxy alcohol 260 in 90% yield with 83% e.e. 

(Scheme 2.5.5).  

 

 

The enantiomeric excess of the epoxy alcohol 260 obtained by Sharpless asymmetric epoxidation 

was determined by 1H NMR analysis of the corresponding Mosher ester 261 (Scheme 2.5.5). 

Mosher ester 261 was prepared in 85% yield by treatment of epoxy alcohol 260 with (R)-(+)-α-

methoxy-α-trifluoromethylphenylacetic acid (MTPA), DCC and DMAP in dichloromethane. 

 

Scheme 2.5.3 Reagents and conditions: i. 1) Ti(OiPr)4, TBHP, (-)-DIPT, CH2Cl2, -20 °C, 

90%; ii. MsCl, Et3N, CH2Cl2, 0 °C, 85%. 
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An expansion of the 1H NMR spectrum of the Mosher ester 261 clearly showing the C2 epoxide 

protons is illustrated in Figure 2.5.1 (Figure 2.5.1). H2 resonated as a dd at 3.01, J = 4.9, 3.3 for 

the major diastereomer and at 3.04 J = 4.9, 3.2 for the minor diastereomer. Integration and 

comparison of each of the diastereomeric protons indicates that the ratio of major and minor 

diastereomers is 10.4:1 and the enantiomeric excess of the previous Sharpless asymmetric 

epoxidation step is therefore greater than 83%.  

 
Figure 2.5.1 1H NMR analysis of Mosher ester 261. 

 

With epoxy alcohol 260 in hand, subsequent mesylation of alcohol 260 using mesyl chloride and 

triethylamine afforded epoxy mesylate 259 in 85% yield (Scheme 2.5.6). The epoxy mesylate 259 

was then subjected to Sharpless dihydroxylation conditions using (DHQ)2PHAL as a ligand, at 

room temperature overnight. A dihydroxylation/epoxide transposition sequence beginning from 

259 was found to directly provide 258 in 80% yield, however 1H NMR analysis indicated that the 

product was contaminated with 8.3% of other undesired stereoisomers (Figure 2.2.2).  

Scheme 2.5.4 Reagents and conditions: i. (R)-(+)-MTPA, DCC, DMAP, CH2Cl2, rt, 85%. 

Major : Minor = 10.4 : 1 

e.e = 83% 
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An expansion of the 1H NMR spectrum of epoxide 258 clearly showing the C1, C2 and C6 protons 

of major and minor diastereoisomers is depicted in Figure 2.5.2. H2 resonates as a dd at 3.03, J = 

4.13, 3.18 for the major diastereomer and at  3.09, J = 4.21, 3.00, for the minor diastereomer. 

Integration ratio of major and minor diastereomeric protons is 100:9 indicating the epoxide 258 

obtained from one-pot dihydroxylation/epoxide transposition reaction was contaminated by 8.3% 

of the other undesired stereoisomer.  

The previous Sharpless asymmetric epoxidation of geraniol 151 resulted in two enantiomers (10.4:1) 

260 and 260’ which were converted to two enantiomeric mesylates 259 and 259’ for subsequent 

one-pot Sharpless dihydroxylation/epoxide transposition reaction (Scheme 2.5.5). The Sharpless 

dihydroxylation could produce two diasteromeric vicinal diols from each mesylate and afford four 

epoxide stereoisomers 258, 258’, 258a and 258a’ after epoxide transposition. These four 

stereoisomers should be two pairs of enantiomers. While the major peaks observed on the spectrum 

should be protons of the major product 258 and its enantiomer 258’, the minor peaks observed on 

Scheme 2.5.5 Reagents and conditions: i. MsCl, Et3N, CH2Cl2, 85%; ii. K2CO3, K3Fe(CN)6, 

(DHQ)2PHAL, OsO4, CH3SO2NH2, H2O/tBuOH (1:1), rt, overnight, 85%. 
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the spectrum could be protons of the minor enantiomer 258a and 258a’. The enantiomeric ratio of 

these compounds dictated by the Sharpless dihydroxylation step was not determined.  

 

Figure 2.5.2 1H NMR analysis of epoxide 258 obtained from one-pot procedure. 

 

As we required one enantiomerically pure intermediate for ongoing work, a stepwise synthesis of 

epoxide 258 was next investigated (Scheme 2.5.7). In this investigation, Sharpless asymmetric 

dihydroxylation of 259 was carried out at 0 °C instead of room temperature, to prevent the 

subsequent epoxide transposition. Upon complete consumption of the starting material, the reaction 

was quenched with sodium sulfide and extracted with ethyl acetate. The combined extracts were 

dried with sodium sulfate and concentrated to afford a crude diol product 262, which was dissolved 

in toluene and treated with CSA at 0 °C to form the tetrahydrofuran ring via opening the epoxide 

of 262 by the newly installed secondary alcohol. Instead of forming epoxide 258, mesylate 263 was 

obtained as a mixture containing approximately 8% of another stereoisomer. Pleasingly, the 

undesired stereoisomer could be separated by flash chromatography with isopropanol/hexane (1:3) 

as eluent. Overall, mesylate 263, containing the required trans-THF ring, was obtained as a single 

isomer in 75% yield from 259. The relative stereochemistry of mesylate 263 was confirmed by X-

ray crystallography (Figure 2.5.3).  

 

H-6 

H-1a 

H-1b 

H-2 
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Figure 2.5.3 X-ray structure of 263. 

 

In order to determine the enantiomeric purity of mesylate 263, the corresponding Mosher ester 264 

was prepared in 80% yield by treatment of THF-diol 263 with (R)-(+)-α-methoxy-α-

trifluoromethylphenylacetic acid (MTPA), DCC and DMAP in dichloromethane (Scheme 2.5.5). 

 

 

 

An expansion of the 1H NMR spectrum of the Mosher ester 264 clearly showing the C1 and C2 

protons is depicted in Figure 2.5.4, (Figure 2.5.4). None of any stereoisomeric protons was observed 

in the spectrum, which indicated that the mesylate 263 obtained after purification was 

enantiomerically pure with the limitation of 1H NMR determination.  

Scheme 2.5.6 Reagents and conditions: i. K2CO3, K3Fe(CN)6, (DHQ)2PHAL, OsO4, 

CH3SO2NH2, H2O/tBuOH (1:1), 0 °C, overnight; ii. toluene, CSA, 0 °C, 75% over 2 steps. 

Scheme 2.5.7 Reagents and conditions: i. (R)-(+)-MTPA, DCC, DMAP, CH2Cl2, rt, 80%. 
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Figure 2.5.4 1H NMR analysis of Mosher ester 264. 

 

With successful preparation of the enantiomerically pure epoxide precursor 263, synthesis of 

epoxide 258 was next carried out by treatment of 263 with potassium carbonate in methanol at 0 °C, 

leading to re-formation of the epoxide 258 in 80% yield (Scheme 2.5.8). TES protection of the 

tertiary hydroxyl group of epoxide 258 was achieved in 80% yield. Subsequent ring-opening of 

epoxide 265 with allyl magnesium bromide in the presence of copper (I) chloride afforded the 

alkene 266 in 80% yield. Silylation of the secondary alcohol, with TESCl then afforded alkene 257 

in 80% yield.  

H-1a 
H-1b H-2 
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In order to introduce the necessary sulfone unit, the terminal alkene need to be converted into a 

secondary alcohol. The oxymercuration-reduction reaction was chosen to complete this 

transformation. Oxymercuration-reduction reaction is a highly regioselective Markovnikov 

reaction to transform an alkene into the corresponding alcohol.[244] It can be fully described in four 

steps (Scheme 2.5.9). In the first step, the nucleophilic double bond attacks the mercuric acetate to 

form a mercurinium ion 267 and release an acetoxy ion. In the second step, the water molecule 

attacks the more substituted carbon of mercurinium ion 267, to form the protonated alcohol 268. In 

the third step, the negatively charged acetoxy ion that is expelled in the first step abstracts a proton 

from the water group of 268 to form the intermediate 269. In the last step, reduction of intermediate 

269 finally affords alcohol 270.[245] 

 

 

Scheme 2.5.9 Mechanism for oxymercuration of a terminal alkene. 

 

According to the standard procedure, oxymercuration was carried out by addition of the terminal 

alkene 257 to a yellow suspension of Hg(OAc)2 in THF and water. The mixture was stirred until 

the yellow colour disappeared, which indicated completion of the oxymercuration reaction. Sodium 

hydroxide solution was then added at 0 °C to neutralise the acetic acid produced in the reaction. 

Reductive demercuration with a solution of NaBH4 in 3 M NaOH afforded the desired alcohol 256 

in a pleasing 75% yield (Scheme 2.5.10). 

Scheme 2.5.8  Reagents and conditions: i. K2CO3, MeOH, 0 °C, 80%; ii. TESCl, imidazole, 

DMF, 0 °C to rt, 80%; iii. Allyl magnesium bromide, Et2O, CuCl, -20 °C, 80%; iv. TESCl, 

imidazole, DMF, 0 °C to rt, 85%. 
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Installation of the phenyltetrazole sulfide moiety was next achieved in 85% yield via a Mitsunobu 

reaction, using previously established conditions. Finally, oxidation of sulfide 272 using mCPBA 

at 0 °C in CH2Cl2 afforded the required olefination partner sulfone 255 in 75% yield (Scheme 

2.5.11). 

 

 

 

  

Scheme 2.5.10. Reagents and conditions:i. Hg(OAc)2, THF/H2O (1:1), rt; ii. 3M NaOH, 

NaBH4, 0 °C, 75%. 

Scheme 2.5.11  Reagents and conditions: i. 1-phenyl-1H-tetrazole-5-thiol (PTSH), Ph3P, 

DIAD, THF, 0 °C to rt, 85%; ii. mCPBA, CH2Cl2, 0 °C, 75%. 
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2.5.3 Olefination and Preparation of BOM-heronapyrrole C 

With sulfone 255 in hand, the Julia-Kocienski olefination of aldehyde 172 with sulfone 255 was 

next investigated (Scheme 2.5.12). According to the previously established conditions, sulfone 255 

was treated with NaHMDS in THF at -78 °C. After 20 min, aldehyde 172 was added as a THF 

solution. The reaction mixture was allowed to warm up to room temperature and stirred overnight. 

After standard work-up the alkene 254 was obtained as a 1.1:1 mixture of Z and E isomers in 60% 

yield, which proved separable by standard flash chromatography.  

 

 

 

With the alkene 254 in hand, our focus shifted towards the construction of the second THF ring, 

which was envisaged to be achieved via an epoxide opening reaction (Scheme 2.5.13). The epoxide 

274 would be obtained by Shi epoxidation of alkene 254. Upon analysis of the stereochemistry 

corresponding to the natural heronapyrrole C, it was clear that the two stereogenic centers 

embedded in the desired epoxide should be both R configured. Ketone 101 should therefore be the 

catalyst of choice in our planed Shi epoxidation. 

 

Scheme 2.5. 12 Reagents and conditions: i. NaHMDS, THF, -78 °C to rt, overnight, 

60% (E:Z=1.1:1). 
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Scheme 2.5.13 Synthetic strategy for heronapyrrole C. 

 

The catalyst ketone 101 was prepared in two steps from fructose 275 using the reported 

procedure.[117] Double acetonide protection of fructose 275 catalysed by concentrated H2SO4 in 

acetone afforded bisacetonide alcohol 276 in 60% yield, which was then oxidised with PDC to 

afford the catalyst, ketone 101 in 85% yield. 

 

 

 

With ketone 101 in hand, Shi epoxidation of alkene 254 was next carried out by treatment of alkene 

254 with oxone, tetrabutylammonium hydrogen sulfate (TBAS), ketone 101 and K2CO3 in 

MeCN/DME (1:2) (Scheme 2.5.15). Standard work-up and purification with flash chromatography 

afforded epoxide 274 in 82% yield.  

 

Scheme 2.5.14 Reagents and conditions: i. acetone, conc. H2SO4, 0 °C, 60%, 

ii. PDC, molecule sieve, CH2Cl2, 85%. 
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The diastereomeric ratio of the epoxidation step was determined by 1H NMR analysis. An 

expansion of the 1H NMR spectrum of epoxide 274 clearly showing the C11 and C15 protons is 

illustrated in Figure 2.5.5 (Figure 2.5.1). H11 resonates as a dd at 3.47, J = 4.9, 3.3 for the major 

diastereomer and at 3.37 J = 4.9, 3.2 for the minor diastereomer. Integration and comparison of 

each of the diastereomeric protons indicates the diastereomeric ratio of major and minor 

diastereomers is 13:1. 

 

 

Figure 2.5. 5 1H NMR analysis of epoxide 274. 

 

Following the successful preparation of epoxide 274, TES deprotection was then effected by 

treating a THF solution of the epoxide 274 with TBAF at room temperature overnight (Scheme 

Scheme 2.5.15 Reagents and conditions: i. ketone 101, Oxone®, K2CO3, nBu4NHSO4, 

MeCN/DME/buffer(Na2EDTA/Na2B4O7) (1:2:2), 0 °C, 82%. 

Major : Minor = 13 : 1 
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2.5.16). Since partial cyclisation of the deprotected epoxide intermediate was observed during 

work-up, the crude product was directly subjected to epoxide-opening cyclisation conditions using 

CSA as a catalyst, in toluene at 0 °C. With clean inversion of the quaternary center, BOM-

heronapyrrole 277 was obtained in 80% yield.  

 

 

 

 

  

Scheme 2.5.16 Reagents and conditions: i. TBAF, THF, 0 °C to rt; ii. CSA, toluene, 0 °C, 80% 

over two steps. 
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2.5.4 Attempted Deprotection of N-BOM Heronapyrrole C 

With the successful construction of the bis-THF diol motif, all that remained was to cleave the 

BOM protecting group to furnish the final natural product.  

A. Using Lewis Acid 

BOM deprotection was initially attempted with the previously established conditions, by treatment 

of a dichloromethane solution of BOM-heronapyrrole 277 with AlCl3 at 0 °C. Although these 

conditions proved to be successful for deprotection of N-BOM-2-nitropyrrole in the model system 

(see 2.1.1), it failed to give any of the desired product in this case (Table 2.5.1, entry 1). Increased 

reaction temperature only resulted in the decomposition of the starting material. Other solvents, 

such as dichloroethane, nitromethane or a mixture of both, did not give any improvement (entry 

2&3). Other Lewis acids such as SnCl4,[246] BBr3
[247] and BCl3

[248] were also investigated, however, 

they only resulted in decomposition or recovery of the starting material (entry 4-6). 

 

Entry Reaction conditions Result 

1 AlCl3, CH2Cl2, 0 °C to rt a 

2 AlCl3, DCE, 0 °C to rt a 

3 AlCl3, MeNO2, 0 °C to rt a 

4 SnCl4, CH2Cl2, 0 °C to rt b 

5 BBr3, CH2Cl2, –78 °C a 

6 BCl3, CH2Cl2, –78 °C a 

7 LiDTBB, THF, –78 °C to 0 °C a 

8 DDQ, MeCN, hv, rt to reflux b 

9 DDQ, CH2Cl2, reflux b 

Table 2.5.1 Attempted deprotection of BOM-heronapyrrole C. 

a. Decomposition b. Decomposition and recovery of starting material. 
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B. Using Lithium Di-tert-butylbiphenylide (LiDTBB) 

Given the lack of success in the attempted deprotection with Lewis acid, an alternative method was 

needed to complete the final transformation. Hydrogenolysis is the most frequently used method 

for the cleavage of BOM protecting groups. However, the previous investigation indicated that the 

2-nitropyrrole motif is very sensitive to hydrogenation conditions, which are therefore not 

applicable in this case. A review of the literature revealed that besides Lewis acid and 

hydrogenolysis conditions, there are not many reagents reported to effect the cleavage of the BOM 

protecting group from N-heterocycles. However, if we can remove the benzyl part of the BOM 

protecting group, the remaining CH2OH, should be cleaved under basic conditions (Scheme 2.5.17). 

 

 

Scheme 2.5.17 N-BOM deprotection strategy. 

 

Lithium di-tert-butylbiphenylide (LiDTBB) has been reported as an efficient reagent for the 

deprotection of benzyl ethers.[249] Successful examples of Bn and BOM cleavage have been reported 

in the synthesis of some highly complex molecules (Scheme 2.5.18).[250-252] 

 

 

Scheme 2.5.18 Representative examples for Bn and BOM deprotection using LiDTBB.[250-252] 
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To investigate the viability of this method, a THF solution of LiDTBB was first prepared by 

sonicating a solution of DTBB and lithium metal in anhydrous THF at 0 °C for four hours (Scheme 

2.5.19).  

 

 

Scheme 2.5.19 Preparation of LiDTBB. 

 

Attempted deprotection reaction was carried out by rapid addition of the green LiDTBB solution to 

a solution of BOM-heronapyrrole C in THF. Loss of the colour of the radical anion by the end of 

the addition suggested the consumption of the radical anion. However, after workup, a very 

complex mixture was obtained as indicated by 1H NMR analysis (Table 2.5.1, entry 7).  

C. Using DDQ 

DDQ has been reported to be a mild and effective reagent for oxidative debenzylation (Scheme 

2.5.20). Schreiber and co-workers successfully removed a benzyl ether with DDQ in anhydrous 

dichroromethane.[253] Toshima and co-workers also reported a photodeprotection method of benzyl 

ethers using DDQ in MeCN upon photo-irradiation using a long wavelength UV light.[254] However, 

in our hands, both conditions failed to provide the desired product (Table 2.5.1, entry 8-9). 

 

 

Scheme 2.5. 20 Representative examples for Bn deprotection using DDQ.[253-254] 
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Summary of Synthesis of N-BOM Heronapyrrole C 

Synthesis towards heronapyrrole C was investigated in this chapter and details are summarised 

below. The investigation started with preparation of epoxide 258 (Scheme 2.5.21). Sharpless 

asymmetric epoxidation of geraniol 151 followed by mesylation afforded mesylate 259, which was 

directly converted into epoxide 258 under Sharpless asymmetric dihydroxylation conditions at 

room temperature. However, the product was contaminated with up to 9% of the other isomer. Since 

the two isomeric was not separable, a step-wise strategy was investigated. Dihydroxylation at a low 

temperature, mesylate intermediate 263 were obtained as a single isomer after purification by flash 

chromatography. Reformation of the epoxide under basic conditions finally afforded 

enantiomerically pure epoxide 258.  

 

 

 

  

Scheme 2.5.21 Reagents and conditions: i. Ti(OiPr)4, TBHP, (-)-DIPT, CH2Cl2, -20 °C, 90%; 

ii. MsCl, Et3N, CH2Cl2, 0 °C, 85%; iii. K2CO3, K3Fe(CN)6, (DHQ)2PHAL, OsO4, 

CH3SO2NH2, H2O/tBuOH (1:1), rt, overnight, 85%; iv. K2CO3, K3Fe(CN)6, (DHQ)2PHAL, 

OsO4, CH3SO2NH2, H2O/tBuOH (1:1), 0 °C, overnight, v. CSA, toluene, 0 °C, 75% over two 

steps; vi. K2CO3, MeOH, 0 °C, 80%. 
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TES protection of epoxide 258 followed by epoxide opening with allyl magnesium bromide 

afforded alcohol 266 (Scheme 2.5.22). Protection of the secondary alcohol again with TESCl 

afforded alkene 257, which was converted into alcohol 256 via an oxymecuration-reduction 

reaction using mercury (II) acetate and NaBH4. Alcohol 256 was then converted to sulfide 272 via 

a Mitsunobu reaction. Sequential oxidation with mCPBA afforded the olefination partner sulfone 

255. 

 

 

 

Julia-Kocienski olefination of aldehyde 172 and sulfone 255 afforded the desired alkene 254, which 

was oxidised to epoxide 274 using the Shi epoxidation reaction (Scheme 2.5.23). Sequential double 

TES deprotection and epoxide opening reaction afforded BOM-heronapyrrole C 277. However, the 

final BOM deprotection turned out to be challenging; various attempted conditions disappointingly 

failed to remove the BOM protecting group. 

Scheme 2.5.22 Reagents and conditions: i. TESCl, imidazole, DMF, 0 °C to rt, 80%; ii. Allyl 

magnesium bromide, Et2O, CuCl, -20 °C, 80%; iii. TESCl, imidazole, DMF, 0 °C to rt, 85%; 

iv. Hg(OAc)2, THF/H2O (1:1), rt, then 3M NaOH, NaBH4, 0 °C, 75%; v. PTSH, Ph3P, DIAD, 

THF, 0 °C to rt, 85%. vi. mCPBA, CH2Cl2, 0 °C, 75%. 
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Scheme 2.5.23 Reagents and conditions: i. NaHMDS, THF, -78 °C to rt, 60% (E:Z=1.1:1); ii. 

ketone 101, Oxone, K2CO3, nBu4NHSO4, MeCN/DME/buffer (Na2EDTA/Na2B4O7), (1:2:2), 

0 °C, 80%; iii. TBAF, THF, 0 °C to rt; iv. CSA, toluene, 0 °C, 80% over two steps. 
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2.6 Revised Protecting Group Strategy and Synthesis of Heronapyrrole C 

2.6.1 Investigation of Protecting Group Strategy and Synthesis of the Aldehyde 

293 

Given the difficulties encountered in our attempts to cleave the BOM protecting group in the final 

step, a new protecting group strategy was required for the synthesis of heronapyrrole C (3). The 

previous investigations indicated that the electronic nature of the N-protecting group is key to the 

successful synthesis of heronapyrrole C (Scheme 2.6.1). Iodination of N-protected nitropyrrole 278 

to iodide 279, Stille coupling of iodide 279 and oxidation of alkene 280 to aldehyde 281 were all 

only successful when an electron donating N-protecting group was present. 

 

 

 

The 2-(trimethylsilyl)ethoxymethyl (SEM) group showed potential as a suitable candidate since it 

can be introduced using the same conditions as the BOM group and removed easily upon treatment 

with TBAF.[5] A preliminary investigation using SEM as a protecting group was therefore carried 

out. Pleasingly, the SEM group was appended successfully by the reaction of SEM chloride with 

the sodium salt of nitropyrrole in 80% yield. Furthermore, the test cleavage was also successful in 

92% yield using TBAF in THF (Scheme 2.6.2). 

 

 

 
 

Encouraged by the successful preliminary protection/deprotection investigations, synthesis of the 

corresponding aldehyde 285 was next carried out (Scheme 2.6.3). Iodination of N-SEM-2-

nitropyrrole 282 with NIS afforded iodide 283 in 85% yield. Subsequent Stille coupling with vinyl 

tributyltin afforded vinyl nitropyrrole 284 in 80% yield. However, unforeseen difficulties arose in 

Scheme 2.6.1 Reagents and conditions: a. NIS, MeCN, 40 °C, b. vinyltributyltin, 

Pd(dppf)Cl2, DMF; iii. PhI(OAc)2, 10% aqueous H2SO4, MeCN, -20 °C. 

Scheme 2.6.2 Reagents and conditions: a. NaH, DMF, SEMCl, 0 °C to rt. overnight, 85%, 

b. TBAF, THF, 0 °C to rt, 92%. 
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the oxidation of alkene 284 to aldehyde 285. Treatment of vinyl nitropyrrole 284 with PhI(OAc)2 

and H2SO4 (10% aqueous solution) in MeCN at -20 °C resulted in a deep red solution. TLC analysis 

indicated that a complex mixture was formed and it was concluded that the alkene 284 decomposed 

rapidly under the oxidation conditions employed. 

 

 

 
 

Given the difficulties encountered in the oxidation of alkene 284, a new protecting group was again 

required. In 1986, Dhanak reported the potential of pivaloyloxymethyl (POM) as a N-protecting 

group for both pyrroles and indoles.[255] Considering that POM has similar electronic effects to the 

BOM protecting group, we decided to investigate its viability as a protecting group for the synthesis 

of heronapyrrole C (3).  

The protection reaction was carried out by treatment of nitropyrrole 144 with sodium hydride in 

DMF at 0 °C, followed by the dropwise addition of POM-Cl 286 (Table 2.6.1). However, after 

stiring overnight at room temperature, no reaction was observed. Increasing the temperature to 

50 °C also did not facilitate formation of the desired product (entry 1). The addition of KI to increase 

the reactivity of chloromethyl pivalate by I/Cl exchange was also attempted, however, it also did 

not afford any of the desired N-protected pyrrole 287 (entry 2). 

 

 

Entry Conditions Results  

1 NaH, 237, DMF, 0 °C to 50 °C Sm 

2 NaH, NaI, 237, DMF, 0 °C to 50 °C Sm 

Table.2.6.1 Attempted protection of 144 with POMCl. Sm = Starting material. 

 

  

Scheme 2.6.3 Reagents and conditions: i. NIS, MeCN, rt, 85%; ii. Vinyltributyltin, Pd(dppf)Cl2, 

DMF, 80 °C, 80%; iii. PhI(OAc)2, 10% aqueous H2SO4, MeCN, -20 °C, decomposition. 
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The failure of the attempted protection reaction was attributed to the insufficient electrophilicity of 

the POM-Cl 286 towards nitropyrrole anion 288 (Scheme 2.6.4). It was hypothesised that a more 

electron withdrawing ester functionality might increase the reactivity of the corresponding chloride 

and facilitate the desired nucleophilic substitution. Based on this assumption, it was inferred that 

benzoyloxymethyl chloride (Boz-Cl) 289 might be more reactive than pivaloyloxymethyl chloride 

(POM-Cl) 286 towards anion 288 and therefore serve as a suitable protecting group for the 2-

nitropyrrole system (Scheme 2.6.4).  

 

 

Scheme 2.6.4 POM and Boz as potential protecting groups. 

 

Benzoyloxymethyl chloride was prepared in 50% yield by treatment of neat benzoyl chloride and 

paraformaldehyde with a catalytic amount of zinc chloride at 50 °C overnight (Scheme 2.6.5).[256] 

 

 

 

The protection was carried out by stirring a mixture of 2-nitropyrrole 144, benzoyloxymethyl 

chloride 289, sodium iodide and potassium carbonate in DMF at room temperature overnight. 

Pleasingly, the desired Boz-protected nitropyrrole 240 was obtained in quantitative yield (Scheme 

2.6.6). In order to further validate the use of Boz protecting group, a test deprotection was effected 

with 2M HCl in methanol and nitropyrrole 144 was returned in 95% yield. These results indicated 

that the Boz group could be an effective protecting group for the 2-nitropyrrole system. 

 

Scheme 2.6.5 Reagents and conditions: i. Paraformaldehyde, 50 °C. 
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With conditions for protection and deprotection in hand, attention turned to the conversion of N-

Boz-2-nitropyrrole 290 to the desired aldehyde 293 using the previously established chemistry 

(Scheme 2.6.7.) Iodination of N-Boz-2-nitropyrrole 290 with NIS in acetonitrile afforded 

iodonitropyrrole 291 in 80% yield. Stille coupling with vinyltributyltin using Pd(dppf)Cl2 as the 

catalyst in DMF afforded the vinylnitropyrrole 292 in 90% yield. Direct oxidation of 

vinylnitropyrrole 292 was effected with PhI(OAc)2 and 10% aqueous H2SO4 at -20 °C to afford  

aldehyde 293 in 50% yield, which was fully characterized by 1H NMR, 13C NMR, IR, and HRMS. 

 

 

 

  

Scheme 2.6.6 Reagents and conditions: a. BozCl, K2CO3, DMF, overnight, quant.; b. 2M 

HCl, MeOH, rt, 95%. 

Scheme 2.6.7 Reagents and conditions: i. NIS, MeCN, 40 °C, 85%; ii. vinyltributyltin, 

Pd(dppf)Cl2, DMF, 80 °C, 90%; iii. PhI(OAc)2, 10% aqueous H2SO4 , MeCN, -20 °C, 

50%. 
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2.6.2 Synthesis of Heronapyrrole C 

With aldehyde 244 in hand, olefination with sulfone 255 was carried out using NaHMDS in THF 

as a solvent (Scheme 2.6.8). Alkene 294 was obtained as a separable mixture of two stereoisomers 

in 19% yield (Z/E = 1:1.1). The desired E-294 was obtained in 10% yield after purification by flash 

chromatography. 

 

 

 

With alkene E-294 in hand, Shi epoxidation using the previously established conditions afforded 

epoxide 295 in 80% yield (d.r. > 12:1) (Scheme 2.5.9).  

 

 

 

The diastereomeric ratio of the epoxidation step was determined by 1H NMR analysis. An 

expansion of the 1H NMR spectrum of epoxide 295 clearly showing the C15 protons is illustrated 

in Figure 2.5.5 (Figure 2.6.1). H15 resonates as a dd at 3.47 (J = 4.9, 3.3) for the major 

diastereomer and at 3.37 (J = 4.9, 3.2) for the minor diastereomer. Integration and comparison of 

Scheme 2.6.8 Reagents and conditions: i. NaHMDS, THF, -78 °C to rt, 19% (Z/E = 1:1.1). 

Scheme 2.6.9 Reagents and conditions: i. ketone 110, Oxone, K2CO3, nBu4NHSO4, 

MeCN/DME/buffer(Na2EDTA/Na2B4O7, 1:2:2), 0 °C, 80%.  
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each of the diastereomeric protons indicates the diastereomeric ratio of major and minor 

diastereomers was 12:1.  

 
Figure 2.6.1 1H NMR analysis of epoxide 258. 

 

Subsequent TES deprotection of epoxide 258 was carried out using TBAF in THF (Scheme 2.6.10). 

The crude diol product 296 was directly treated with CSA in toluene at 0°C to effect the epoxide 

opening-cyclisation. After cyclisation was completed, as indicated by TLC, the mixture was 

concentrated in vacuo at 50 °C in a water-bath. Serendipitously, the Boz group was found to be 

cleaved during evaporation of the solvent. The N-Boz-deprotection was also attempted by heating 

the reaction mixture for 1 h after completion of the epoxide opening-cyclisation of diol 296. 

Pleasingly, the one pot cyclisation and N-deprotection successfully afforded heronapyrrole C (3) as 

a single isomer in 80% yield over three steps after purification by flash chromatography 

 

major : minor = 12 : 1 

H-15major 

H-15minor 
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The spectroscopic data (1H NMR, 13C NMR and HRMS analysis) for the synthetic material were in 

full agreement with those recorded for the natural product (Table 2.6.2, Figure 2.6.2). The optical 

rotation data of our synthetic heronapyrrole C also matched that of natural product {our synthetic 

sample: [D]20 = +7.8 (c 0.32, MeOH); lit. isolated (+)-heronapyrrol C: [D]20 = +6.7, (c = 0.05, 

MeOH)[141]; Stark (-)-heronapyrrole C: [D]20 = -7.6, (c = 2.3, MeOH)}. In addition, HPLC 

experiments were carried out to compare our synthetic sample and natural heronapyrrole C (3) in 

the laboratories of Prof. Dr. R. J. Capon at the University of Queensland (Australia) using an Agilent 

1100 HPLC system. The following conditions were used: Zorbax SB-C8 analytical HPLC column, 

5.8 μm, 150 × 4.6 mm, 1 mL/min gradient elution from 90 % H2O/MeCN to 100 % MeCN (with a 

constant 0.05 % formic acid/MeCN modifier) over 15 min, monitoring at 210, 254 and 360 nm). 

The synthetic compound was found to coelute with natural (+)-heronapyrrole C (Figure 2.5.3). 

 

 

  

Scheme 2.6.10 Reagents and conditions: i. TBAF, THF, 0 °C to rt; ii. CSA, toluene, 0 °C 1h; 

iii. 50 °C, 1 h, 80% over two steps. 
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Positiona 

Natural 3 

1H NMR 

(600 MHz) 

Synthetic 3 

1H NMR 

(400 MHz) 

 

(ppm) 

1 --- ---  

2 --- ---  

3 7.00, d,1.7 7.00, d, 1.8 0 

4 --- ---  

5 6.93, d, 1.7 6.93, d, 1.8 0 

6a 2.82, dd, 14.8, 1.9 2.82, dd, 14.6, 1.4 0 

6b 2.44, dd, 14.8, 10.4 2.44, dd, 14.8, 10.3 0 

7 3.59, dd, 10.4, 1.9 3.60, dd, 10.2, 1.8 0.01 

8 --- ---  

9a 2.15, ddd, 12.8, 8.9, 4.3 2.15, m 0 

9b 1.67, m 1.67, m, 0 

10a 1.97, m 1.97, m 0 

10b 1.82, m 1.82, m 0 

11 4.02, dd, 8.6, 6.5 4.02, dd, 8.4, 6.6 0 

12 --- ---  

13a 1.95, m 1.95, m 0 

13b 1.63, m 1.63, m, 0 

14 1.88, m 1.88, m 0 

15 3.81, dd, 8.3, 7.1 3.81, dd, 8.1, 7.1 0 

16 --- ---  

17 1.17, s 1.16, s -0.01 

18 1.22, s 1.22, s 0 

19 1.21, s 1.21, s 0 

20 1.13, s 1.13, s 0 

Table.2.5.1 1H NMR (methanol-d4) spectroscopic data comparison between natural and synthetic 

Heronapyrrole C (3). 
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Figure 2.5.2 1H NMR (methanol-d4) spectroscopic data of natural and synthetic Heronapyrole C (3). 
Annotation: The samples of natural and synthetic Heronapyrrole C were recorded on different NMR-

spectrometers (natural at 600 MHz; synthetic at 400 MHz). This is the reason for the slightly different 

appearance of some of the signals. 

Synthetic heronapyrrole C 

Natural sample 
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Figure 2.5.3 HPLC analysis of our synthetic sample and natural heronapyrrole C. 

  

Natural heronapyrrole C 

Synthetic heronapyrrole C 

  Co-injection 
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Overall Summary and Conclusion 

In summary, the total synthesis of heronapyrrole C (3) was achieved in 15 steps (longest linear 

sequence) from commercially available geraniol 151 (Schemes 2.6.8, 2.6.9 and 2.6.10). The key 

steps of the synthesis include Julia-Kocienski olefination of sulfone 255 with aldehyde 293, Shi 

epoxidation of alkene E-294 and a catalytic epoxide opening/THF formation reaction. The highly 

flexible convergent strategy enables the production of different analogues of heronapyrrole C (3). 

The synthesis also demonstrates use of a Boz protecting group for the first time for a pyrrole system. 

The successful synthetic route to heronapyrrole C (3) is summarised below. 

 

 

 

 

  

Scheme 2.6.8 Reagents and conditions: i. Ti(OiPr)4, TBHP, (-)-DIPT, CH2Cl2, -20 °C, 90%; 

ii. MsCl, Et3N, CH2Cl2, 0 °C, 85%; iii. K2CO3, K3Fe(CN)6, (DHQ)2PHAL, OsO4, 

CH3SO2NH2, H2O/tBuOH (1:1), 0 °C; iv. CSA, toluene, 0 °C, 75% over two steps; v. K2CO3, 

MeOH, 0 °C, 80%; vi. TESCl, imidazole, DMF, 0 °C to rt, 80%; vii. Et2O, CuCl, -20 °C, 

80%; viii. TESCl, imidazole, DMF, 0 °C to rt, 85%; ix. Hg(OAc)2, THF/H2O (1:1), rt, 3M 

NaOH, NaBH4, 0 °C, 75%; x. PTSH, Ph3P, DIAD, THF, 0 °C to rt, 85%; xi. mCPBA, CH2Cl2, 

0 °C, 75%. 
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Scheme 2.6.9 Reagents and conditions: i. Boz chloride, K2CO3, KI, DMF, rt, quant.; ii. 

NIS, MeCN, rt, 85%; iii. vinyltributyltin, Pd(dppf)Cl2, DMF, 80 °C, 90%; iv. PhI(OAc)2 

10% aqueous H2SO4, MeCN, -20 °C, 50%. 

Scheme 2.6.10 Reagents and conditions: i. NaHMDS, THF, -78 °C to rt, 20%; ii. Shi catalyst 

(ketone 110), Oxone®, K2CO3, nBu4NHSO4, MeCN/DME/buffer(Na2EDTA/Na2B4O7) (1:2:2), 

0 °C, 80%; iii. TBAF, THF, 0 °C to rt; iv. CSA, toluene, 0 °C, 1 h, then 60 °C, 1 h, 80% over 

two steps. 
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2.7 Second Generation Synthesis of Heronapyrroles and Future Work 

2.7.1 Overview 

Although the enantiomer of heronapyrrole C had already been synthesised by Stark and co-workers 

and the exact stereochemistry of natural heronapyrrole C was also confirmed by our total synthesis, 

both synthetic strategies have their inherent disadvantages. The problems were mostly encountered 

in the construction of the challenging 4-allyl-2-nitropyrrole core structure 298 (Scheme 2.7.1).  

 

Scheme 2.7.1 Previous strategies for synthesis of core structure 298. 

 

Specifically, Stark’s nitration of farnesylpyrrole turned out to be low yielding and proceeded with 

poor regioselectivity, resulting in a mixture of 4-farnesyl-2-nitropyrrole 127a and 3-farnesyl-2-

nitropyrrole 127b with 1.3:1 ratio, favouring the undesired product 127a. (Strategy I, Scheme 

2.7.2).[141]  

 

Scheme 2.7.2 Strategy I, Nitration of farnesylpyrrole 126. 

Our Julia-Kocienski olefination strategy successfully afforded the key intermediate 255 and enabled 

the total synthesis of heronapyrrole C (Strategy II, Scheme 2.7.3). However, the poor 
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stereoselectivity (Z:E = 1:1.1) and low yield (20%) encountered in the key Julia-Kocienski 

olefination step is less than ideal.  

 

Scheme 2.7.3 Strategy III, Julia-Kocienski olefination of aldehyde 172 and sulfone 255. 

 

A Palladium-catalysed allylation strategy was also investigated, however, various allyl 

organometallic species failed to afford the desired coupling products (Strategy III, Scheme 2.7.4).  

 

Scheme 2.7.4 Strategy III, Palladium-catalysed allylation strategy. 

 

In addition, these strategies are not flexible enough to allow the synthesis of other nitropyrrole 

natural products such as heronapyrrole A, B. In order to access most of the existing nitropyrrole 

natural products and effectively deliver sufficient amounts of synthetic samples to support later 

biological studies, we decided to develop a more flexible synthetic strategy to access the 

heronapyrroles.  

Given all the disadvantages of the existing strategies, we envisaged a new synthetic strategy to build 

the core structure 298, using a transition metal catalysed vinylation reaction between iodide 299 

and a suitable vinyl organometallic 300 (Strategy IV, Scheme 2.7.5). 

 

Scheme 2.7.5 The new synthetic strategy for heronapyrroles. 

The proposed vinylation strategy would be flexible enough to enable the synthesis of all the existing 

heronapyrroles. Based on the previously established chemistry, heronapyrrole C should be 
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accessible from alkene 294, which is also a doubly TES protected precursor for heronapyrrole D 

(Scheme 2.7.6). Alkene 294 is envisaged to be synthesised via a vinylation reaction between iodide 

299 and a suitable vinyl organometallic 300. 

 

 

Scheme 2.7.6 Revised retrosynthesis of heronapyrrole C and D using a vinyl organometallic. 

Both heronapyrrole A and B should be available from sulfone precursor 301 via a palladium 

catalysed desulfonation reaction (Scheme 2.7.7). Sulfone 301 could be synthesised from alkene 302 

which in turn should be accessible via a vinylation reaction between iodide 299 and a suitable vinyl 

organometallic 303. 

 

 

Scheme 2.7.7 Retrosynthesis of heronapyrrole A and B. 
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2.7.2 Transition Metal Catalysed Coupling of a Vinyl Organometallic Reagent and 

Benzyl Halide 

The vinylation reaction between a vinyl organometallic and a benzyl halide is a useful tactic to 

build complex allyl aromatic compounds. A variety of vinyl organometallic reagents have been 

developed for transition metal catalysed vinylation reactions. Among these organometallic reagents, 

vinylalanes and vinylstannanes are most frequently used because of their high efficiency and 

excellent functional group compatibility.  

A. Vinylalane 

Vinylalanes are readily available from alkynes via a carboalumination reaction with 

trimethylaluminium.[257] They have been widely used to couple with benzyl halides, catalysed by 

nickel or palladium systems to form allyl arenes.[258-260] The efficiency of this strategy has been well 

demonstrated by Lipshutz and co-workers in their synthesis of Coenzymes Qn 304 (Scheme 

2.7.8).[258] In their report, alkyne 305 was first converted into vinylalane 306 via carboalumination, 

using trimethylaluminium catalysed by zirconocene dichloride. The subsequent coupling reaction 

was carried out by treatment of a solution of vinylalane 306 in THF with a mixture of benzyl 

chloride 307 and Ni(PPh3)4. The allyl arenes were obtained in excellent yields. 

 

 

 

In order to investigate the generality of this coupling sequence, a series of vinylation reactions using 

different benzyl chlorides and vinylalanes were also conducted by Lipshutz and co-workers (Table 

2.7.1).[258] The results clearly indicated the high efficiency and good functional group compatibility 

of this coupling strategy. 

 

 

Scheme 2.7.8 Reagents and conditions: i. AlMe3 in hexane, dichloroethane, ZrCpCl2, 

0 °C; ii. Ni(PPh3)4, THF, 0 °C to rt. 
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Entry Benzyl halide Product Yield (%) 

1 

 
 

81 

2 
  

84 

3 

  

86 

4 
  

89 

Table 2.7.1 Coupling reactions of benzyl chlorides and vinylalanes by Lipshutz and co-workers. [258] 

 

B. Vinyltin 

Vinyltin has also been widely used in the vinylation of benzyl halides to generate allyl compounds. 

The representative examples listed in Table 2.7.2 indicate the high efficiency of this strategy in the 

construction of complex allyl compounds. 

 

Entry Benzylic halides Products Conditions Yield(%) 

1[261]  

 
 

Pd2(dba)3, 

NMP, 60 °C 
89 
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2[262]  

  

Pd2(dba)3, 

PhAs3, 

NMP, 65 °C 

78 

3[263]  

  

Pd2(dba)3, 

PhAs3, 

DMF, 30 °C 

80 

4[264]  
 

 

Pd2(dba)3, 

PhAs3, 

NMP, 60 °C 

94 

Table 2.7.2 Representative examples of vinylation of benzyl halides using vinyltin species. 

 

2.7.2 Synthesis of the 4-Iodomethyl-2-nitropyrrole 299 

In order to investigate the viability of the key vinylation reaction, the first objective was to 

synthesise the required nitropyrrolyl iodide coupling partner 299 (Scheme 2.7.9). We initially 

envisaged to synthesise iodide 299 from aldehyde 308 via an alcohol intermediate. The aldehyde 

304 should be available from nitropyrrole 144.  

 

 

Scheme 2.7.9 Retrosynthesis of iodide 299. 

The synthesis of iodide 299 began with the formylation of 2-nitropyrrole 144. The Vilsmeier-Haack 

reaction is one of the most commonly used methods for formylation of aromatic compounds[265] 

Vilsmeier-Haack formylation of pyrrole substrates has also been reported and representative 

examples are illustrated in Table 2.7.3.[266, 267] 
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Entry Substrates Products yield 

1[268]  

  

87 

2[269]  

 
 

91 

3[270]  

  

89 

4[271]  

 
 

75 

Table 2.7.3 Reported Vilsmeier-Haack formylation of pyrrole substrates. 

 

We initially decided to take advantage of this type of formylation to synthesise aldehyde 309. 

Accordingly, POCl3 was added to a stirred mixture of nitropyrrole 144 and DMF in 

dichloromethane. The reaction was refluxed and monitored by TLC, however, no desired product 

was observed (Scheme 2.7.10). Using dichloroethane (DCE) as solvent was also unsuccessful. 

 

 

Scheme 2.7.10 Reagents and conditions: i. POCl3, DMF, CH2Cl2 or DCE, 0°C to reflux. 

 

As illustrated in Scheme 2.7.7, the key step for the Vilsmeier-Haack formylation is a nucleophilic 

attack upon the iminium cation 310 generated from the reaction of POCl3  and DMF, by the 

nitropyrrole 144 (Scheme 2.7.11). The failure of the attempted formylation might be due to the 

strong electronic withdrawing effect of the 2-nitro group greatly decreasing the electronic density 

of the pyrrole ring thus, reducing its nucleophilicity. 
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Scheme 2.7.11 Proposed mechanism for the Vilsmeier-Haack formylation of 2-nitropyrrole 144. 

 

Aryl aldehydes are also available via a Friedel-Crafts type formylation, using dichloromethyl 

methyl ether (315) catalysed by a suitable Lewis acid such as AlCl3 or BF3. This strategy was very 

promising since the reactivity of nitropyrrole towards Friedel-Crafts conditions was demonstrated 

by our previous synthesis of 2-nitro-4-acetylpyrrole (185) via a Friedel-Crafts acylation using acetyl 

chloride in the presence of AlCl3 (Scheme 2.7.12).  

 

 

Scheme 2.7.12 Friedel-Crafts formylation strategy. 

 

The formylation was first attempted by treatment of a solution of 2-nitropyrrole 144 in 

dichloromethane with a solution of AlCl3 in nitromethane at 0 °C, followed by dropwise addition 

of dichloromethyl methyl ether (315) and stirring at 0 °C overnight. Aldehyde 306 was obtained, 

but only in a very low 10% yield (Table 2.7.4, Entry 1). Using TiCl4 or BF3.Et2O as Lewis acid 

afforded no desired product (Entries 2&3). Pleasingly, increasing the equivalents of AlCl3 and 

lowering temperature to -10 °C improved the yield to 30% (Entry 4). Using MeNO2 as single 

solvent combined with further increasing the equivalents of AlCl3 and dichloromethyl methyl ether 

(315) afforded aldehyde 309 in 55% yield (Entry 5). Finally, the best yield of 70% was obtained by 
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using 2.5 equivalents of both AlCl3 and dichloromethyl methyl ether (315) in MeNO2 at -35 °C 

(Entry 6). 

 

Entry  Lewis acid/ 

Equiv. 
Solvent 315 

(equiv.) 
T (°C) Yield (%) 

1 AlCl3, 1.5 DCM, MeNO2 1.5 0 10 

2 TiCl4, 1.5 DCM 1.5 0 0 

3 BF3,1.5 DCM 1.5 0 0 

4 AlCl3, 2.0 DCM, MeNO2 1.5 -10 30 

5 AlCl3, 2.5 MeNO2 2.0 -20 55 

6 AlCl3, 2.5 MeNO2 2.5 -35 70 

Table 2.7.4 Formylation of 2-nitropyrrole 144. 

 

With aldehyde 309 in hand, subsequent Boc protection was carried out under standard conditions 

using Boc anhydride and catalytic amount of DMAP in acetonitrile at room temperature. 

Interestingly, the reaction afforded regioisomer 316 as a major product, with only small amount of 

desired product 308 obtained (Table 2.7.5, Entry 1). A proposed mechanism for the production of 

the undesired 316 is shown in Scheme 2.7.13. N-Deprotonation of the pyrrole forms enolate 318, 

which attacks Boc anhydride and generates compound 316. 

 

Scheme 2.7.13 Proposed mechanism for formation of 317. 

 

Given the difficulties encountered, other alternative conditions were investigated. To our delight, 

treatment of aldehyde 309 with K2CO3 and Boc2O in DMF at room temperature led to clean 

formation of the desired product 308 without any detectable regioisomer 316 (Table 2.7.5, Entry 2). 

The reaction was very slow, however, with less than 30% conversion after 48 hours. Increasing the 

reaction temperature resulted in predominant formation of the regioisomer 316. Pleasingly, 
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increasing of the equivalents of Boc anhydride and K2CO3 successfully accelerated the reaction and 

retained the excellent regioselectivity (Entry 3). Finally, the reaction proceeded to completion 

overnight in 80% yield using 3.5 equivalents of both Boc anhydride and K2CO3 (Entry 4). 

 

 

Entry  base Solvent Boc2O(equiv) Yield (%)a 

1 DMAP MeCN 1.5 317 (50) 

2  K2CO3 DMF 1.5 317 (57)b 

3 K2CO3 DMF 2.0 316 (50) 

4 K2CO3 DMF 3.0 316 (80) 

 
 

With aldehyde 308 in hand, preparation of iodide 299 was next carried out (Scheme 2.7.14). 

Reduction of 308 with NaBH4 afforded alcohol 319 in 90% yield. Iodination using iodine and 

triphenylphosphine in dichloromethane furnished iodide 299 as a light yellow oil in 85% yield, 

which is stable in air at room temperature and can be purified by flash chromatography on silica 

gel. The NMR spectra exhibited two protons that resonated as a single peak at 4.22 ppm and a 

carbon resonated at -6.5 ppm indicated the presence of the iodomethyl group. Use of this reliable 

synthetic method enabled gram scale synthesis of iodide 299 and facilitated subsequent 

investigation of the transition metal-catalysed vinylation reaction. 

 

 

 

Table 2.7.5 Boc protection of aldehyde 309. a. reactions were carried out at rt; b. the 

reaction temperature was increased to 40 °C. 

Scheme 2.7.14 Reagents and conditions: i. NaBH4, MeOH, 90%; ii. I2, PPh3, CH2Cl2, 0 °C 

to rt, 85%. 
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2.7.3 Investigation of the Coupling Reactivity of Iodide 299 

With the successful preparation of the iodide 299 in hand, attention turned to investigation of the 

key vinylation reaction of iodide 299 with vinyl organometallic species (Scheme 2.7.15).  

 

 

Scheme 2.7.15 Construction of the 4-allyl-2-nitropyrrole core. 

 

Vinylalane was initially chosen to effect the desired vinylation reaction. To test the viability of this 

method, a model reaction was first carried out (Scheme 2.7.16). Carboalumination of the alkyne 

320 was effected with trimethyl aluminium (2.0 M in toluene) and a catalytic amount of Zr2Cp2Cl2 

in dichloroethane, to generate vinylalane 321. The coupling reaction of iodide 299 and vinylalane 

321 was attempted using Pd(PPh3)4 or freshly prepared Ni(PPh)4 in THF. Disappointingly, however, 

no desired product was observed in any of these reactions. 

 

 

Given the lack of success with the coupling reaction of organoalane 321 and iodide 299, use of a 

vinyltin to effect the vinylation reaction was next investigated. Commercially available vinyl 

tributyltin (323) was initially used to test the coupling reactivity of iodide 299 (Scheme 2.7.17). 

The coupling reaction was carried out by stirring a mixture of iodide 299, vinyl tributyltin (323) 

and catalytic amount of Pd2(dba)3 at 80 °C overnight. Pleasingly, 4-allyl-2-nitropyrrole 324 was 

obtained in 90% yield.  

 

Scheme 2.7.16 Reagents and conditions: i. AlMe3 in toluene, dichloroethane, ZrCpCl2, 

0 °C to rt; iii. Ni(PPh3)4, THF, 0 °C to rt. 



Chapter 2 

140 

 

 

 

 

To further confirm the viability of the Stille vinylation strategy, trisubstituted vinyltin 325 was also 

synthesised and the coupling with iodide 299 attempted (Scheme 2.7.18). Trisubstituted vinyltin 

325 was prepared in four steps from 2-propyn-1-ol (320). Carboalumination of 2-propyn-1-ol (320) 

using trimethylaluminium, followed by quenching with iodine in THF afforded allyl alcohol 327, 

which was protected as a TBS ether to afford iodide 328 in 54% yield over two steps. Iodide 328 

was treated with tBuLi and tributyltin chloride, the resulting product was treated with TBAF to 

afford the desired vinyltin 325 in 60% yield over two steps.  

The coupling reaction of iodide 299 with vinyltin 325 was effected with previously established 

conditions using Pd2(dba)3 as a catalyst. Pleasingly, 4-allyl-2-nitropyrrole 329 was also obtained in 

an excellent 85% yield. 

 

 

 

The successful vinylation of iodide 299 using both tributylvinyltin (323) and trisubstituted vinyltin 

325 provided promising results to construct the desired 4-allyl-2-nitropyrrole core 330, for the total 

synthesis of the heronapyrroles (Scheme 2.7.19). 

 

Scheme 2.7.19 Synthetic strategy for 4-allyl-2-nitropyrrole core 298. 

Scheme 2.7.17 Reagents and conditions: i. Pd2(dba)3, DMF, 80 °C, 90%. 

Scheme 2.7.18 Reagents and conditions: i. Me3Al in toluene, CH2Cl2, then I2 in THF -

20 °C; ii. TBSCl, imidazole, CH2Cl2, 0 °C, 54% over two steps; iii. tBuLi, Bu3SnCl, THF, 

-78 °C; iv. TBAF, THF 0 °C, 60% over two steps; v. Pd2(dba)3, DMF, 80 °C, 85%. 
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2.7.4 Towards Synthesis of the Vinyltin Coupling Partner 331 

With successful demonstration of the utility of the catalytic vinylation strategy, attention turned to 

the synthesis of vinyltributyltin 331 as the coupling partner required for synthesis of heronapyrrole 

C and D (Scheme 2.7. 20). We initially planned to synthesise vinylstanne 331 via an one-pot 

stannyl-cupration/methylation reaction from terminal alkyne 332,[272, 273] which in turn would be 

available from the formerly prepared epoxide 265. 

 

 

Scheme 2.7.20 Retrosynthesis for vinylstanne 331. 

 

The synthetic sequence started from previously prepared epoxide 265 (Scheme 2.7.21). Treatment 

of epoxide 265 with lithiated TMS-propyne at -30 °C provided TMS-alkyne 333 in 75% yield. 

Subsequent cleavage of the TMS group with TBAF at 0 °C in THF then afforded alkyne 334 in 90% 

yield. Protection of the secondary alcohol as a TES ether finally afforded the desired alkyne 332 in 

90% yield. 

 

 

 

With alkyne 332 in hand, the stannyl-cupration/methylation reaction was investigated. The reaction 

sequence normally involves addition of a stannylcuprate (e.g. 335) to an alkyne 334 to form a 

vinylcopper intermediate 336 , which reacts with methyl iodide to form a vinyl stannane 337 

(Scheme 2.7.22). 

 

Scheme 2.7.21 Reagents and conditions: i. 1-(Trimethylsilyl)propyne, nBuLi, THF, -30 °C, 

75%; ii. TBAF, THF, 0 °C, 90%; iii. TESCl, CH2Cl2, 0 °C, 90%. 
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Scheme 2.7.22 Stannyl-cupration/methylation sequence for synthesis of vinyltin species. 

 

The tributylstannylcuprate (335) was prepared as a yellow solution in THF following Lipshutz’s 

procedure[272, 273] using nBuLi, CuCN and Bu3SnH at -78 °C. Stannylcupration was carried out by 

the dropwise addition of HMPA followed by a THF solution of alkyne 332 at -78 °C to the freshly 

prepared tributylstannylcuprate solution (Scheme 2.7.23). The resulting stannylcuprate 

intermediate was then treated with methyl iodide. The reaction was repeated twice, however, 

unfortunately, no desired product was observed. 1H NMR analysis of the crude product indicated 

the existence of small amount of starting material and some unidentifiable byproducts.  

 

 

 

Vinyltin 331 could potentially also be synthesised using a two-step procedure (Scheme 2.7.24). 

Carboalumination/iodination of alkyne 332 should provide vinyl iodide 338, which should be 

readily converted into vinyltin 331 via a one-pot lithiation/stannylation reaction. However, this 

strategy has not yet been investigated in detail. 

 

 

  

Scheme 2.7.23 Reagents and conditions: i. CuCN, nBuLi, THF, -78 °C, then 

Bu3SnH, HMPA, 332, MeI, -78 °C to rt, no reaction. 

Scheme 2.7.24 Reagents and conditions: i. AlMe3 in toluene, dichloroethane, ZrCpCl2, 

0 °C to rt, then -30 °C, I2 in THF; ii. tBuLi, Bu3SnCl, Et2O. 
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Summary of Second Generation Synthesis of Heronapyrroles 

Synthetic work towards the second generation synthesis of heronapyrrole C and D are reported in 

this chapter. The strategy involved a proposed vinylation reaction between iodide 299 and a vinyl 

organometallic 300 to build the 4-allyl-2-nitropyrrole core 298 (Scheme 2.7.25).  

 

 

Scheme 2.7.25 Synthetic strategy for 4-allyl-2-nitropyrrole core (298). 

 

Iodide 299 was prepared from nitropyrrole 144 in four steps (Scheme 2.7.26). Formylation of 

nitropyrrole 144 was achieved using dichloromethyl methyl ether 315. Successive protection with 

Boc2O, reduction using NaBH4 and iodination using iodine and triphenylphosphine then afforded 

iodide 299 in excellent yield on useful scales. 

 

 

 

Following successful preparation of iodide 299, establishment of an efficient vinylation strategy 

was investigated (Scheme 2.7.27). While attempted coupling reaction of iodide 299 vinylalane with 

321 failed to afford the desired product, the Stille coupling reaction using vinyltributyltin 323 and 

trisubstituted vinyltin 325 provided the desired coupling products 324 and 329 in 90% and 85% 

yield respectively. These results clearly indicated that the Stille vinylation could serve as an 

efficient method to build the 4-allyl-2-nitropyrrole core 298 for the synthesis of the heronapyrroles. 

Scheme 2.7.26 Reagents and conditions: i. AlCl3, MeNO2, 315, -30 °C, 70%; ii. Boc2O, 

K2CO3, DMF, rt, 80%; iii. NaBH4, MeOH, 90%; iv. I2, PPh3, CH2Cl2, 0 °C to rt, 95%. 
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With successful establishment of the vinylation strategy, preparation of vinyltributyltin 331 as the 

coupling partner for synthesis of heronapyrrole C and D was next investigated (Scheme 2.7.28). 

Alkyne 334 was successfully prepared by opening of epoxide 265 using lithiated 1-TMSpropyne, 

TMS cleavage reaction of 333 using TBAF and protection of the secondary alcohol 334 using 

TESCl. However, the following stannylcupration/methylation sequence failed to afford the desired 

vinylstannane 331. 

 

 

 

  

Scheme 2.7.27 Reagents and conditions: i. Ni(PPh3)4, or (PPh3)4, 0 °C to rt; ii. Pd2(dba)3, 

DMF, 80 °C, 90%; iii. Pd2(dba)3, DMF, 80 °C, 85%. 

Scheme 2.7.28 Reagents and conditions: i. 1-(trimethylsilyl)propyne, nBuLi, THF, -30 °C, 

75%; ii. TBAF, THF, 0 °C, 90%; iii. TESCl, CH2Cl2, 0 °C, 90%; iv. CuCN, nBuLi, THF, -

78 °C, then Bu3SnH, 332, HMPA, MeI, -78 °C to rt, no reaction. 
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2.7.5 Future Work 

A. Synthesise vinyltin 267 and complete the second generation synthesis of heronapyrrole C and 

D. 

Given the difficulties encountered in the attempted stannylcupration/methylation reaction, we 

planned to use a two-step procedure as an alternative strategy to synthesise vinyltin 331 in our 

future work (Scheme 2.7.29). Carboalumination/iodination of alkyne 332 should provide vinyl 

iodide 338, which should be readily converted into vinyltin 331 via an one-pot 

lithiation/stannylation reaction. Since iodide 299 has been proven to be reactive in the Stille 

vinylation reaction, coupling reaction between iodide 299 and vinyltin 331 should afford the key 

intermediate 294. Double TES deprotection with TBAF and Boc deprotection with HCl (1 M) 

would afford heronapyrrole D (4). Heronapyrrole C should also be readily prepared from alkene 

294 using previously established Shi epoxidation followed by double TES deprotection, cyclisation 

and Boc deprotection.  

 

 

 

Scheme 2.7.29 Reagents and conditions: i. AlMe3, dichloroethane, ZrCpCl2, 0 °C to rt, 

then I2, -30 °C to rt; ii. tBuLi, Bu3SnCl, EtO2, -78 °C to rt; iii. Pd(dppf)Cl2 , DMF, 80 °C; 

iv. TBAF, 0 °C to rt, then HCl (1 M), 0 °C; v. Shi catalyst, Oxone®, K2CO3, nBu4NHSO4, 

MeCN/DME/buffer(Na2EDTA/Na2B4O7) (1:2:2), 0 °C; vi. TBAF, THF, 0 °C to rt; vii. 

CSA, toluene, 0 °C, then 50 °C. 
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B. Investigate the synthesis of heronapyrrole A and B.  

As described before, the new synthetic strategy was designed to be flexible enough to enable the 

synthesis of all the heronapyrroles. Our work will enable an investigation of the synthesis of 

heronapyrrole A and B. As illustrated below, dihydroxylation of geranyl sulfone 339 followed by 

protection of the resulting diol 340 with acetone should afford aceonide sulfone 341 (Scheme 

2.7.30). The following alkylation with 342 would provide vinyltin 343. According to our previouly 

established chemistry, Stille coupling reaction between iodide 299 and vinyltin 343 should afford 

the key intermediate 344. Selective dihydroxylation of the proximal double bond of 344 followed 

by the palladium-catalysed desulfonation of the resulting 345 and Boc deprotection would furnish 

heronapyrrole B (2).  

 

 

 

Heronapyrrole A sould also be accessible using the similar chemistry (Scheme 2.31). 

Scheme 2.7.30 Reagents and conditions: i. OsO4, 0.2 mol%, (DHQD)2-PHAL, 1 mol%, 

K6Fe(CN)3, MeSO2NH2, tBuOH/H2O (1:1), rt; ii acetone conc. H2SO4, 0 °C; iii, tBuOK, 

342, THF; to rt, iv. Pd2(dba)3 , DMF, 80 °C; v. OsO4, 0.2 mol%, (DHQ)2-PHAL, 1 mol%, 

K6Fe(CN)3, MeSO2NH2, tBuOH/H2O (1:1), rt; vi. Pd(dppf)Cl2, super-hydride®, 0 °C; vii. 

HCl (1 M), 0 °C. 
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Scheme 2.7.31 Reagents and conditions: i. TBSCl, imid., DCM, 0 °C; ii NaH, MeI, THF, 

0 °C; iii, tBuOK, 342, THF; iv. Pd2(dba)3 , DMF, 80 °C; v. OsO4, 0.2 mol%, (DHQ)2-PHAL, 

1 mol%, K6Fe(CN)3, MeSO2NH2, tBuOH/H2O (1:1), rt; vi. Pd(dppf)Cl2, super-hydride®, 

0 °C; vii. HCl (2 M), 0 °C to rt. 
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3.1 General Details 

Unless otherwise noted, all reactions were performed under an oxygen-free atmosphere of nitrogen 

or argon. Tetrahydrofuran and diethyl ether were freshly distilled over sodium/benzophenone ketyl. 

Dichloromethane, acetonitrile, methanol and dimethylsulfoxide were freshly distilled from calcium 

hydride. Toluene was freshly distilled over sodium. Triethylamine and diisopropylamine were 

freshly distilled from calcium hydride and stored over potassium hydroxide. All other reagents were 

used as received unless otherwise noted.  

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous materials, 

unless otherwise stated. Reactions performed at low temperature were cooled either with an 

acetone/dry ice bath to reach −78 °C or an ice/water bath to reach 0 °C. Reactions were monitored 

by thin-layer chromatography (TLC) carried out on E. Merck silica gel plates using UV light as 

visualizing agent and an ethanolic solution of vanillin and ammonium molybdate and heat as 

developing agents. Kieselgel S 63-100 μm (Riedel-de-Hahn) silica gel was used for flash 

chromatography. Preparatory TLC was carried out on 500 μm, 20 × 20 cm UniplateTM (Analtech) 

silica gel thin layer chromatography plates.  

NMR spectra were recorded at room temperature in CDCl3, CD3OD, (CD3)3CO, C6D6 or (CD3)SO 

solutions on either a Bruker DRX300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz 

for 13C nuclei or using a Bruker DRX-400 spectrometer operating at 400 MHz for 1H nuclei and 

100 MHz for 13C  nuclei. Chemical shifts are reported in parts per million (ppm) from 

tetramethylsiane (δ = 0) and were measure relative to the solvent in which the sample was analysed. 

Coupling constants, J, are reported in hertz (Hz). Multiplicities are reported as “s” (singlet), “br s” 

(broad singlet), “d” (doublet), “dd” (doublet of doublets), “ddd” (doublet of doublets of doublets), 

“t” (triplet) and “m” (multiplets). Where distinguishable from those due to a major rotamer or 

diastereomer, resonances due to minor rotamers or diastereomers are denoted by an asterix. Optical 

rotations were measured with an Autopol® IV automatic polarimeter, using the sodium-D line (589 

nm), with the concentration measured in grams per 100 mL. Infrared (IR) spectra were recorded on 

a Perkin Elmer Spectrum 100 FT-IR spectrometer using a diamond ATR sampling accessory. 

Melting points were determined on a Kofler hot-stage apparatus and are uncorrected. High-

resolution mass spectra (HRMS) were obtained using a VG70SE spectrometer or on a micrOTOF-

Q II mass spectrometer. 
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3.2 EXPERIMENTAL PROCEDURES 

2-Nitropyrrole (144) 

 

A cold solution (0-5°C) of nitric acid (4.3 mL, 65.7 mmol) in acetic anhydride (30 mL) was added 

dropwise over a period of 2 h to a solution of pyrrole (4.0 g, 59.7 mmol) in acetic anhydride (30 

mL) at –50 °C. After 1 h, the mixture was poured over ice/water and extracted with dichloromethane 

(4 × 200 mL). The combined organic extracts were washed with water and saturated sodium 

bicarbonate, dried over sodium sulfate solution, and concentrated in vacuo. The crude product was 

purified by flash column chromatography (hexanes/EtOAc 8:1) to afford the title compound (3.26 

g, 45%) as a light yellow solid. 

H (400 MHz, CDCl3):  9.68 (br s, 1H, NH), 7.26-7.13 (m, 1H, H-3), 7.0 (m, 1H, H-4), 6.34-

6.31(m, 1H, H-5); C (CDCl3, 100 MHz):  123.3, 111.5, 111.3, CNO2 was not observed.  

Spectroscopic data was consistent with that reported in the literature. [153] 

 

  



 

Experimental 

153 

 

2-Nitropyrrole protection/deprotection study 

 

Entry R Product Conditions Yield (%) 

1 Boc 145a Boc2O, DMAP, MeCN 80 

2 Ts 145b TsCl, Et3N, DCM, reflux 98 

3 Bn 145c NaH, DMF, then BnCl 96 

4 PMB 145d NaH, DMF, then PMBCl 94 

5 DMB 145e NaH, DMF, then DMBCl 92 

6 BOM 145f NaH, DMF, then BOMCl 90 

Table 2.1.1 Protection of 2-nitropyrrole. 

(A) Protection of 2-nitropyrroles 

1-Boc-2-nitropyrrole (145a) 

 

A mixture of 2-nitropyrrole 144 (90 mg, 0.80 mmol), di-tert-butyl dicarbonate (209 mg, 0.96 mmol), 

DMAP (19.5 mg, 0.12 mmol) in acetonitrile (1.5 mL) was stirred at r.t. overnight. The mixture was 

diluted with water (20 mL) and extracted with EtOAc (3 × 20 mL). The combined organic extracts 

were dried over sodium sulfate and concentrated in vacuo. The crude was purified by flash 

chromatography (hexanes/EtOAc 9:1) to afford the title compound (130 mg, 80%) as a colourless 

oil. 

vmax (neat)/cm–1: 2954, 1324, 1255, 1234, 1026, 7291; H (400 MHz, CDCl3):  7.26-7.25 (m, 1H, 

H-3), 7.08-7.06 (m, 1H, H-4), 6.22-6.20 (m, 1H, H-5), 1.58 (s, 9H, 3×CH3); C (100 MHz, CDCl3): 
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 147.0 (C=O), 126.8, 116.9, 109.5, 87.0, 27.5, CNO2 was not observed; m/z (ESI+) calcd for 

[C9H12N2NaO4]+ : 235.0689, found: 235.0695. 

1-p-Toluenesulfonyl-2-nitropyrrole (145b) 

 

A mixture of 2-nitropyrrole 144 (183 mg, 1.6 mmol), p-toluenesulfonyl chloride (286 mg, 1.6 mmol) 

and triethyl amine (303 mg, 3.0 mmol) in dichloromethane (10 mL) was refluxed for 1 h. The 

mixture was diluted with water (50 mL) and extracted with dichloromethane (3 × 50 mL). The 

combined organic extracts were dried over sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash column chromatography (hexanes/EtOAc 8:1) to afford the title 

compound (391 mg, 98%) as a brown solid.  

H (400 MHz, CDCl3):  7.91-7.89 (m, 2H, Ar-H), 7.73-7.72 (m, 1H, H-3), 7.38-7.36 (m, 2H, Ar-

H), 7.26-7.25 (m, 1H, H-4), 6.37-6.35 (m, 1H, H-5), 2.45 (s, 3H, CH3); C (100 MHz, CDCl3):  

146.1, 134.6, 129.8, 128.9, 128.7, 118.5, 109.7, 21.8, CNO2 was not observed;  

Spectroscopic data is consistent with that reported in the literature.[274] 

1-Benzyl-2-nitropyrrole (145c) 

 

To a solution of 2-nitropyrrole 144 (336 mg, 3.0 mmol) in DMF (4 mL) was added sodium hydride 

(144 mg, 3.6 mmol) portionwise at 0 °C. The reaction mixture was stirred for 20 min, and benzyl 

chloride (615 mg, 3.6 mmol) was added dropwise at 0 °C. The reaction mixture was warmed to r.t. 

and stirred overnight. The reaction mixture was diluted with water (50 mL) and extracted with 

EtOAc (3 × 50 mL). The combined organic extracts were dried over sodium sulfate and 

concentrated in vacuo. The crude product was purified by flash chromatography (hexanes/EtOAc 

10:1) to afford the title compound (582 mg, 96%) as a light yellow solid.  
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H (400 MHz, CDCl3):  7.35-7.28 (m, 3H, Ar-H), 7.28-7.25 (m, 1H, Ar-H), 7.13-7.11 (m, 2H, Ar-

H), 6.89 (t, 1H, J = 2.5 Hz, Ar-H), 6.23-6.22 (m, 1H, Ar-H), 5.55 (s, 2H, CH2); C (100 MHz, 

CDCl3):  136.1, 129.4, 128.9, 128.1, 127.1, 115.1, 108.8, 53.5, CNO2 was not observed;  

Spectroscopic data is consistent with that reported in the literature. [275] 

1-(p-Methoxybenzyl)-2-nitropyrrole (145d) 

 

A mixture of 2-nitropyrrole 144 (56 mg, 0.5 mmol), 4-methoxybenzyl chloride (117 mg, 0.8 mmol), 

potassium carbonate (276 mg, 2.0 mmol) in DMF (2 mL) was stirred at r.t. overnight. The mixture 

was directly subjected to flash chromatography (hexanes/EtOAc 8:1) to afford the title compound 

(109 mg, 94%) as a light yellow solid. 

m.p. 62.3-63.5 °C; vmax (neat)/cm–1: 2954, 1324, 1255, 1234, 1026, 729.H (400 MHz, CDCl3):  

7.25-7.23 (m, 1H, Ar-H), 7.13-7.09 (m, 2H, Ar-H), 6.88-6.84 (m, 3H, Ar-H), 6.21-6.19 (m, 1H, Ar-

H), 5.48 (s, 2H, H-6) 3.79 (s, 3H, CH3); C (100 MHz, CDCl3):  159.5 129.2, 128.9, 127.9, 115.1, 

114.3, 108.7, 55.3, 53.0, CNO2 was not observed; m/z (ESI+) calcd for [C12H12N2NaO3]+: 255.0740, 

found: 255.0749. 

1-(3,4-Dimethoxybenzyl)-2-nitropyrrole (145e) 

 

A mixture of 2-nitropyrrole 144 (22 mg, 0.2 mmol), 3,4-dimethoxybenzyl chloride (55.8 mg, 1.5 

mmol) and  potassium carbonate (110 mg, 0.8 mmol) in DMF (1 mL) was stirred at r.t. overnight. 

The mixture was directly subjected to flash chromatography (hexanes/EtOAc 8:1) to afford the title 

compound (50 mg, 92%) as a light yellow solid. 

m.p. 72.1-73.2 °C; vmax (neat)/cm–1: 2934, 1325, 1257, 1244, 1020, 739. H (400 MHz, CDCl3):  

7.24-7.23 (m, 1H, Ar-H), 6.86-6.85 (m, 1H, Ar-H), 6.81 (m, 1H, Ar-H), 6.71-6.69 (m, 2H, Ar-H), 

6.21-6.19 (m, 1H, Ar-H), 5.47 (s, 2H, H-6), 3.84 (s, 3H, CH3), 3.82 (s, 3H, CH3); C (100 MHz, 
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CDCl3):  149.3, 149.0, 137.5, 129.2, 128.4, 119.9, 115.1, 111.4, 110.8, 108.7, 55.9, 55.9, 53.3; m/z 

(ESI+) calcd. for [C13H14N2NaO4]+ : 285.0845 , found: 285.0851. 

1-Benzyloxymethyl-2-nitropyrrole (145f) 

 

To a solution of 2-nitropyrrole 144 (2.01 g, 17.9 mmol) in DMF (5 mL) was added sodium hydride 

(786 mg, 19.6 mmol, 60% dispersion in mineral oil) portionwise at 0 °C. After 20 min, 

benzyloxymethyl chloride (3.35 g, 21.4 mmol) was added dropwise at 0 °C. The reaction mixture 

was then warmed to r.t. and stirred overnight. The reaction mixture was diluted with water (100 

mL) and extracted with ethyl acetate (3 × 100 mL). The combined organic extracts were dried over 

sodium sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 10:1) to afford the title compound (3.76 g, 90%) as a light yellow solid. 

m.p. 49.3-51.6 °C; vmax (neat)/cm–1: 3137, 3110, 3032, 1523, 1455, 1320, 1277, 1254, 1141, 1076, 

1039, 732, 694;  (CDCl3, 400 MHz) 7.31-7.27 (m, 5H, Ar-H), 7.25-7.23 (m, 1H, H-3), 6.99 (t, 

1H, J = 2.4, Hz, H-5), 6.23-6.21 (m, 1H, H-4), 5.76 (s, 2H, H-6), 4.55 (s, 2H, H-7); C(100 MHz, 

CDCl3):  136.4, 128.8, 128.6, 128.2, 127.8, 115.6, 109.1, 77.7, 71.1, CNO2 was not observed; m/z 

(ESI+) calcd for [C12H12N2NaO3]+ : 255.0740 , found: 255.0749. 
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(B) Deprotection of N-protected nitropyrroles 

 

Entry R Substrates Coditions Yield (%) 

1 Boc 145 a TFA, DCM, 0°C to rt 90 

2 Ts 145 b TBAF, THF, reflux 96 

3 Bn 145 c Various conditions including: 

H2, Pd/C, in EtOH, EtOAc, 

THF or AcOH; 

DDQ, DCM, H2O; 

H2SO4, CF3CO2H, PhOMe; 

AlCl3 in toluene or DCM 

- 

4 PMB 145 d - 

5 DMB 145 e - 

6 BOM 145 f AlCl3, DCM, 0 °C to rt 80 

Table 2.1.1 Deprotection of N-protected nitropyrrole. 

 

To a solution of N-Boc-2-nitropyrrole (145 a) (42 mg, 0.2 mmol) in dichloromethane (3 mL), TFA 

(0.1 mL) was added and the reaction mixture was stirred at r.t. for 2 h. The solution was diluted 

with dichloromethane (30 mL), washed with NaHCO3 (30 mL, 1 M) and brine, dried over sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 8:1) to afford 2-nitropyrrole (20 mg, 90%). 

 

A solution of N-tosyl-2-nitropyrrole (145 b) (27 mg, 0.1 mmol), TBAF (0.2 mL, 1 M in THF, 0.2 

mmol), and THF (3 mL) was stirred at 60 °C for 2 h. The mixture was diluted with water (20 mL) 
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and extracted with ethyl acetate (3 × 20 mL). The combined organic extracts were washed with 

brine, dried over sodium sulfate and concentrated in vacuo. The crude product was purified by flash 

chromatography (hexanes/EtOAc 8:1) to afford 2-nitropyrrole (10 mg, 96%). 

 

To a solution of N-BOM-2-nitropyrrole (11a) (46 mg, 0.20 mmol) in dichloromethane (3 mL) was 

added AlCl3 (33 mg, 0.25 mmol) at 0 °C. The reaction mixture was stirred at r.t. for 1 h. The reaction 

mixture was diluted with water (20 mL) and extracted with dichloromethane (3 × 20 mL). The 

combined organic extracts were washed with brine, dried over sodium sulfate and concentrated in 

vacuo. The crude product was purified by flash chromatography (hexanes/EtOAc 8:1) to afford 2-

nitropyrrole (18 mg, 80%). 

4-Bromo-2-nitro-1H-pyrrole (147) 

 

A solution of bromine (106 mg, 0.67 mmol) in dichloromethane (2 mL), was added dropwise to a 

solution of 2-nitropyrrole 144 (68 mg, 0.61 mmol) at 0 °C. The mixture was stirred at 0 °C for 2 h. 

Upon completion, the reaction was quenched with sodium thiosulfate, extracted with ethyl acetate 

(3 × 20 mL). The combined organic extracts were washed with brine and dried over sodium sulfate 

and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 8:1) to afford 4-bromo-2-nitropyrrole as a pale solid (100 mg, 87%). 

m.p. 106.4-108.7 °C; νmax (neat)/cm–1: 3185, 3142, 1503, 1443, 1372, 1331, 1245, 1219, 1089, 967, 

911, 846, 701; (CDCl3, 400 MHz): 9.61 (br s, 1H, NH ), 7.15-7.14 (m, 1H, H-3), 6.99-6.98 

(m, 1H, H-5); C (CDCl3, 100 MHz): 122.4, 112.5, 99.0, CNO2 was not observed; m/z (ESI) 

calculated for [C4H3BrN2NaO2]+: 212.9270, found: 212.9272. 

4-Bromo-2-nitro-1-tosyl-1H-pyrrole (148) 
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A mixture of 4-bromo-2-nitropyrrole 147 (84 mg, 0.44 mmol), p-toluenesulfonyl chloride (100 mg, 

0.53 mmol) and triethyl amine (111 mg, 1.10 mmol) in dichloromethane (5 mL) was refluxed for 1 

h. The mixture was diluted with water (30 mL) and extracted with dichloromethane (3 × 30 mL). 

The combined organic extracts were dried over sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash column chromatography (hexanes/EtOAc 8:1) to afford the title 

compound (160 mg, 95%) as a brown solid.  

m.p. 110.6-113.7 °C; νmax (neat)/cm–1: 3141, 2919, 1503, 1437, 1362, 1175, 1054, 810, 739;  

(CDCl3, 300 MHz): 7.92 (d, J =8.3 Hz, 2H, Ar-H), 7.72 (d, J =2.4 Hz, 1H, H-3), 7.39 (d, J =8.3 

Hz, 2H, Ar-H), 7.23 (d, J =2.4 Hz, 1H, H-5), 2.46 (s, 3H, CH3); C (CDCl3, 75 MHz): 146.1, 

134.6, 129.8, 128.9, 128.7, 118.5, 109.7, 21.8, CNO2 was not observed; m/z (ESI) calculated for 

[C4H3BrN2NaO2]+: 266.2731, found: 266.2736.  

4-Bromo-2-nitro-1-benzyl-1H-pyrrole (149) 

  

To a solution of 4-bromo-2-nitropyrrole 147 (270 mg, 1.4 mmol) in DMF (5 mL) was added sodium 

hydride (62 mg, 1.5 mmol, 60% dispersion in mineral oil) portionwise at 0 °C. The reaction mixture 

was stirred for 30 min, and benzyloxymethyl chloride (313 mg, 1.8 mmol) was added dropwise at 

0 °C. The reaction mixture was warmed to r.t. and stirred overnight. The reaction mixture was 

diluted with water (50 mL) and extracted with EtOAc (3 × 50 mL). The combined organic extracts 

were dried over sodium sulfate and concentrated in vacuo. The crude product was purified by flash 

chromatography (hexanes/EtOAc 10:1) to afford the title compound (582 mg, 96%) as a light 

yellow solid. 

m.p. 60.3-62.7 °C; °C νmax (neat)/cm–1: 3129, 2840, 1721, 1515, 1447, 1332, 1258, 1156, 1117, 

1020, 922, 818, 721; (CDCl3, 300 MHz): 7.38-7.32 (m, 3H, Ar-H), 7.25 (d, J = 2.4 Hz, 1H, 

H-3), 7.19-7.14 (m, 2H, Ar-H), 6.84 (d, J =2.4 Hz, 1H, H-5), 5.52 (s, 2H, CH2); (CDCl3, 75 

MHz): 135.1, 129.1, 128.5, 128.2, 127.4, 116.1, 96.5, 53.8, CNO2 was not observed; m/z (ESI) 

calculated for [C11H9BrN2NaO2]+: 302.9740, found: 302.9728. 
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4-Bromo-2-nitro-1-Boc-1H-pyrrole (150) 

 

A mixture of 4-bromo-2-nitropyrrole 147 (90 mg, 0.80 mmol), di-tert-butyl dicarbonate (209 mg, 

0.96 mmol) and DMAP (19.5 mg, 0.12 mmol) in acetonitrile (1.5 mL) was stirred at room 

temperature overnight. The mixture was diluted with water (20 mL) and extracted with EtOAc (3 

× 20 mL). The combined organic extracts were washed with brine, dried over sodium sulfate and 

concentrated in vacuo. The crude product was purified by flash chromatography (hexanes/EtOAc 

9:1) to afford the title compound (130 mg, 75%) as a light yellow solid. 

m.p. 63.4-65.5 °C; νmax (neat)/cm–1: 3140, 3127, 1767, 1513, 1459, 1371, 1361, 1330, 1278, 1146, 

832, 807, 766;  (CDCl3, 400 MHz): 7.26 (d, J = 2.1 Hz, 1H, H-3), 7.00 (d, J = 2.1 Hz, 1H, H-

5), 1.57 (s, 9H, 3×CH3); C (CDCl3, 100 MHz):  145.7, 137.8 (weak, CNO2), 125.5, 117.9, 98.1, 

87.9, 27.4; m/z (ESI) calculated for [C9H11BrN2NaO4]+: 312.9794, found: 312.9790. 

(E)-2-(3,7-Dimethylocta-2,6-dien-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (152) 

 

To a solution of geraniol 151 (77 mg, 0.50 mmol) in anhydrous DMSO (1 mL) and anhydrous 

MeOH (1 mL) at room temperature was added TSOH (4.5 mg, 0.025 mmol), Di-μ-chlorobis[2-

[(dimethylamino)methyl]phenyl-C,N]dipalladium(II) 153 (7.0 mg, 0.0125 mmol) and 

bis(pinacolato)diboron (254mg, 1.00 mmol). The mixture was stirred at 50 °C overnight then cooled 

to room tempterature, diluted with water (15 mL) and extracted with Et2O (3 × 20 mL). The 

combined organic extracts were dried over sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash chromatography (hexanes/EtOAc 9:1) to afford the title compound 

(86 mg, 65%) as a colourless oil. 

 (CDCl3, 400 MHz):  5.27–5.24 (m, 1 H, H-6), 5.13–5.09 (m,1 H, H-2), 2.08–1.98 (m, 4 H), 

1.70–1.57 (m, 11 H, H-2 and 3×CH3), 1.25 (s,12 H，4×CH3).C (CDCl3, 100 MHz):  135.1, 

131.1, 124.4, 118.5, 83.0, 39.7, 26.8, 25.4, 24.7, 24.5, 17.7, 15.9.  

Spectroscopic data was consistent with that reported in the literature. [166] 
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Potassium alllyl trifluoroborate (170) 

 

Allylmagnesium bromide (5 mL, 1M solution in THF, 5.0 mmol) was added dropwise to a solution 

of trimethoxyborate (515 mg, 5.0 mmol) in diethyl ether (20 mL) at –78 °C and stirred for 3 h. The 

mixture was slowly warmed to 0 °C and 3N HCl (5 mL) was added. After ½ h, the organic layer 

was separated and dried over sodium sulfate and concentrated in vacuo. The residue was dissolved 

in methanol (15 mL) and KHF2 (1.56 g, 20 mmol) in water (3 mL) was added dropwise at 0 °C. 

After 1 h, the solvent was removed in vacuo. The solid was dissolved in acetone and filtrated. The 

solution was concentrated and the resulting solid was recrystallised from acetone/ether to afford the 

title compound (370 mg, 50%) as a white solid. 

H (400 MHz, CDCl3): (acetone-d6, 400 MHz) 6.04-5.88 (m, 1H), 4.63 (d, J = 17.0 Hz, 1H), 4.53 

(d, J = 9.9 Hz, 1H), 1.09 (br s, 2H). 

Spectroscopic data was consistent with that reported in the literature.[276] 

1-Benzyloxymethyl-2-nitro-4-iodopyrrole (163) 

 

A mixture of N-protected nitropyrrole 161 (100 mg, 0.43 mmol) and N-iodosuccinimide (145 mg, 

0.65 mmol) in acetonitrile (3 mL) was stirred in the dark overnight at 60 °C. The reaction was 

quenched with saturated sodium thiosulfate (2 mL), diluted with water (20 mL) and extracted with 

ethyl acetate (3 × 20 mL). The combined extracts were washed with brine, dried over sodium sulfate 

and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel 

(hexanes/EtOAc 10:1) to afford the title compound (135 mg, 87%) as a yellow solid.  

m.p. 82.5-83.5 °C; vmax (neat)/cm–1: 3136, 3107, 3034, 1523, 1465, 1337, 1267, 1088, 1051, 906, 

835, 743, 698, 603; H (400 MHz, CDCl3):   7.33-7.25 (m, 6H, Ar-H), 7.03 (d, J = 2.0 Hz, 1H, H-

5), 5.73 (s, 2H, H-6), 4.57 (s, 2H, H-7); C (100 MHz, CDCl3):  136.0, 132.4, 128.6, 128.4, 128.3, 

127.8, 121.5, 77.9, 71.5, 60.7, CNO2 was not observed; m/z (ESI+) calcd for [C12H11KN2O3]+ : 

396.9446 , found: 396.9440. 
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N-Boc-pyrrole (174) 

 

A mixture of pyrrole (54 mg, 0.80 mmol), Boc2O (209 mg, 0.96 mmol), DMAP (19.5 mg, 0.12 

mmol) in acetonitrile (2 mL) was stirred at room temperature overnight. The mixture was diluted 

with water (20 mL) and extracted with EtOAc (3 × 20 mL). The combined organic extracts were 

dried over sodium sulfate and concentrated in vacuo. The crude product was purified by flash 

chromatography (hexanes/EtOAc 9:1) to afford the title compound (104 mg, 78%) as a colourless 

oil. 

 (CDCl3, 400 MHz): 7.24 (t, J = 2.4 Hz, 2H, ArH), 6.22 (m, 1H, ArH), 1.60 (s, 9H, 3×CH3); 

C (CDCl3, 100 MHz): 149.1, 120.1, 112.0, 83.7, 28.1. 

Spectroscopic data was consistent with that reported in the literature. [277] 

tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrole-1-carboxylate (175) 

 

To a mixture of [Ir(OMe)(COD)] (10 mg, 0.0075 mmol, 3 mol%) and HBPin (480 mg, 3.75 mmol) 

was added a solution of dtbpy (8 mg, 0.015 mmol, 6 mol%) in THF (1 mL). The mixture was stirred 

for 2 minutes, and transferred to another flask which contained a solution of N-Boc pyrrole 174 

(500 mg, 3.0 mmol) in THF (3 mL). The resulting mixture was heated to 55 °C and stirred overnight. 

The mixture was concentrated in vacuo and purified by flash chromatography (hexanes/EtOAc 15:1) 

to afford the title compound (703 mg, 80%). 

 (CDCl3, 400 MHz): δ 7.62-7.61 (t, J = 1.7 Hz, 1 H, H-2), 7.24-7.23 (dd, J = 3.2, 2.1 Hz, 1H, H-

4), 6.45-6.44 (dd, J = 3.2, 1.5 Hz, 1 H, H-5), 1.56 (s, 9 H, 3×CH3), 1.30 (s, 12 H, 4×CH3); c (CDCl3, 

100 MHz): δ 148.6 (C=O), 128.8, 120.7, 116.2, 83.8, 83.3, 28.0, 24.8. 

Spectroscopic data was consistent with that reported in the literature. [192] 
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Geranyl tributyltin (169) 

 

To a solution of geraniol 151 (0. 50 g, 3. 20 mmol) in THF (6 mL) was added n-BuLi (1.6 M 

solution in hexane, 2.0 mL, 3.2. mmol) at −78 °C. The mixture was stirred for 20 min followed by 

the addition of MsCl (0.26 mL, 3.2 mmol). The mixture was stirred at −78 °C for 40 min followed 

by the addition of n-Bu3SnLi (0.54 M solution in THF) [prepared from i-Pr2NH (0.5 mL, 3.5 mmol), 

n-BuLi (1.6 M solution in hexane, 2.0 mL, 3.2 mmol), and Bu3SnH (0.94 g, 3.2 mmol) in THF (6 

mL) at 0 °C]. The resulting mixture was stirred at −78 °C for 2.5 h and allowed to warm to room 

temperature and stirred overnight. The mixture was quenched with H2O (20 mL). The resulting 

mixture was extracted with hexane (3× 20 mL), and the combined organic layers were washed with 

brine, dried over anhydrous Na2SO4, and concentrated. The residue was purified by flash 

chromatography (hexane/Et3N 100:1) to afford geranyl tributyltin (0.97 g, 21.0 mmol, 65%) as a 

colourless oil. 

 (400 MHz, CDCl3) δ 5.32 (m, 1H, H-6), 5.10 (m, 1H, H-2), 2.08–1.95 (m, 4H, H-4 and 5), 1.68 

(s, 3H, CH3), 1.66 (d, 2H, J = 9.2 Hz, H-1), 1.60 (s, 3H, CH3), 1.57 (s, 3H, CH3), 1.53–1.44 (m, 6H, 

nBu3), 1.34–1.25 (m, 6H, nBu3), 0.89 (t, 9H, J =7.6 Hz, nBu3), 0.85–0.81 (m, 6H, nBu3); c (100 

MHz, CDCl3) δ 131.3, 129.3, 124.8, 123.0, 40.0, 29.4, 27.6, 27.2, 25.9, 17.8, 15.8, 13.9, 10.7, 9.5; 

Spectroscopic data was consistent with that reported in the literature.[278]  

1-((Benzyloxy)methyl)-4-(2-methoxyphenyl)-2-nitro-1H-pyrrole (185a) 

 

To a degassed solution of iodide 163 (36 mg, 0.1 mmol) in DMF (1 mL) was added Pd(dppf)Cl2 

(2.5 mg, 0.005 mmol, 5 mol%), (2-methoxyphenyl)boronic acid (23 mg, 0.15 mmol) and CsCO3 

(38 mg, 0.2 mmol). The mixture was stirred at 90 °C overnight. The mixture was diluted with water 

(10 mL) extracted with ethyl acetate (3× 10 mL), and the combined organic layers were washed 

with brine, dried over anhydrous sodium sulfate, and concentrated in vacuo. The residue was 

purified by flash chromatography on silica gel (hexanes/EtOAc 9:1) to afford the title compound 

(27.7 mg, 82%) as a yellow oil. 
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νmax (neat)/cm–1:2935, 1465, 1358, 1304, 1203, 925, 736, 697;  (CDCl3, 400 MHz): δ 7.63 (d, J 

= 1.9 Hz, 1H, Ar-H), 7.56 (d, J = 2.0 Hz, 1H, Ar-H), 7.26-7.36 (m, 6H, Ar-H), 6.98-7.04 (m, 2H, 

Ar-H), 5.82 (s, 2H, CH2), 4.61 (s, 2H, CH2), 3.92 (s, 3H, CH3); c (100 MHz, CDCl3):  154.0, 

137.2, 136.5, 128.7, 128.6, 128.4, 128.2, 127.9, 127.8, 121.1, 121.0, 114.4, 111.3, 77.8, 71.0, 55.4, 

CNO2 was not observed; m/z (ESI) calculated for [C19H18N2NaO4]+: 361.1166, found: 361.1163. 

1-((Benzyloxy)methyl)-2-nitro-4-(p-tolyl)-1H-pyrrole (185b) 

 

To a solution of iodide 163 (36 mg, 0.1 mmol) in degassed DMF (1 mL) was added Pd(dppf)Cl2 

(2.5 mg, 0.005 mmol, 5 mol%), (4-methylphenyl)boronic acid (20 mg, 0.15 mmol) and CsCO3 (38 

mg, 0.2 mmol). The mixture was stirred at 90 °C overnight. The mixture was diluted with water (10 

mL) extracted with ethyl acetate (3× 10 mL). The combined organic layers were washed with brine, 

dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by flash 

chromatography on silica gel (hexanes/EtOAc 10:1) to afford the title compound (25.1 mg, 78%) 

νmax (neat)/cm–1: 3104, 2918, 1446, 1372, 1353, 1292, 1202, 1073, 1043, 812, 695, 734;  (CDCl3, 

400 MHz): δ 7.39 (d, J = 1.9 Hz, 1H, Ar-H), 7.27-7.3 (m, 7H, Ar-H), 7.20-7.24 (m, 3H, Ar-H), 5.82 

(s, 2H, CH2), 4.62 (s, 2H, CH2), 2.38 (s, 3H, CH3); c (100 MHz, CDCl3):  137.3, 136.4, 129.7, 

129.6, 128.6, 128.3, 127.8, 125.3, 125.1, 124.8, 112.4, 78.0, 71.3, 21.2, CNO2 was not observed; 

m/z (ESI) calculated for [C19H18N2NaO3]+: 345.3478, found: 345.3480. 

1-((Benzyloxy)methyl)-2-nitro-4-(2-nitrophenyl)-1H-pyrrole (185 c) 

 

To a solution of iodide 163 (36 mg, 0.1 mmol) in degassed DMF (1 mL) was added Pd(dppf)Cl2 

(2.5 mg, 0.005 mmol, 5 mol%), (2-nitrophenyl)boronic acid (20 mg, 0.15 mmol) and CsCO3 (38 

mg, 0.2 mmol). The mixture was stirred overnight at 90 °C. The mixture was diluted with water (10 

mL) extracted with ethyl acetate (3× 10 mL), and the combined organic layers were washed with 

brine, dried over anhydrous Na2SO4, and concentrated. The residue was purified by flash 
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chromatography on silica gel (hexanes/EtOAc 7:1) to afford the title compound (12.1 mg, 70%) as 

a yellow solid. 

m.p. 87.5-88.7 °C; νmax (neat)/cm–1: 3104, 2918, 1446, 1372, 1353, 1292, 1202, 1073, 1043, 812, 

734, 695;  (CDCl3, 400 MHz): δ 8.31 (t, J = 2.0 Hz, 1H, Ar-H), 8.164-8.11 (m, 1H, Ar-H), 7.81-

7.76 (m, 1H, Ar-H), 7.57 (t, J = 7.9 Hz, 1H, Ar-H), 7.54 (d, J = 2.5 Hz, 1H, Ar-H), 7.40-7.28 (m, 

6H, Ar-H), 5.85 (s, 2H, CH2), 4.66 (s, 2H, CH2).C (CDCl3, 100 MHz): 148.9, 138.1, 136.2, 134.4, 

131.0, 130.0, 128.7, 128.4, 127.8, 124.9, 122.6, 122.0, 112.0, 78.4, 71.8, C-2(CNO2) was not 

observed; m/z (ESI) calculated for [C19H18N2NaO3]+: 376.0910, found: 376.0914. 

1-Benzyloxymethyl-2-nitro-4-vinyl-pyrrole (185d) 

 

A mixture of iodide 163 (395 mg, 1.1 mmol), vinyltributyltin (385 mg, 1.2 mmol), Pd(dppf)Cl2 (8.0 

mg, 0.01 mmol) in DMF (2 mL) was stirred at 90 °C overnight. The mixture was directly subjected 

to flash chromatography (hexanes/EtOAc 10:1) to afford the title compound (250 mg, 90%) as a 

yellow oil.  

vmax (neat)/cm–1: 3121, 3031, 2898, 1459, 1342, 1289, 1087, 1075, 904, 836, 734, 696. H (400 MHz, 

CDCl3):  7.33-7.25 (m, 6H, Ar-H), 6.99 (d, J = 2.2 Hz, 1H, H-5); 6.50-6.43 (dd, J = 17.5, 10.9 Hz, 

1H, H-6), 5.74 (s, 2H, H-8), 5.55-5.51 (dd, J = 17.4, 1.0 Hz, 1H, H-7a), 5.19-5.16 (dd, J = 10.9, 1.0 

Hz, 1H, H-7b), 4.56 (s, 2H, H-9); C (100 MHz, CDCl3):  137.5 (weak, CNO2), 136.3, 128.6, 128.2, 

127.8, 127.5, 126.4, 123.0, 114.0, 111.9, 77.8, 71.2; m/z (ESI+) calcd for [C14H14N2NaO3]+: 

281.0898, found: 281.0901. 
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5-(1-((Benzyloxy)methyl)-5-nitro-1H-pyrrol-3-yl)pent-4-yn-1-ol (185e) 

 

To a solution of iodide 163 (90 mg, 0.25 mmol) in degassed DMF (0.5 mL) and triethyl amine (0.5 

mL) was added Pd(PPh3)2Cl2 (9 mg, 0.0125 mmol, 5 mol%) and CuI (1 mg, 0.0063 mmol, 2.5 

mol%). After 15 minutes, 4-pentyne-1-ol (32 mg, 0.38 mmol) was added and the mixture was stirred 

at room temperature for 2 h. The mixture was diluted with ether (20 mL), filtered through a celite 

plug, washed with brine (20 mL), dried over sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash chromatography (hexanes/EtOAc 7:1) to afford the title compound 

(56 mg, 72%) as a yellow oil. 

νmax (neat)/cm–1: 3303, 2920, 1432, 1322, 1276, 1033, 843, 665;  (CDCl3, 400 MHz): δ 7.38-7.27 

(m, 5H, Ar-H), 7.21 (d, J = 2.1 Hz, 1H, Ar-H), 7.06 (d, J = 2.1 Hz, 1H, Ar-H), 5.73 (s, 2H, CH2), 

4.56 (s, 2H, CH2), 3.79 (t, J = 6.0 Hz, 2H, H-10), 2.50 (t, J = 6.0 Hz, 2H, H-8), 1.87-1.80 (m, 2H, 

H-9);C (CDCl3, 100 MHz): 136.1, 130.6, 128.7, 128.3, 127.8, 117.5, 106.2, 90.2, 78.0, 72.7, 71.3, 

61.7, 31.3, 15.9, CNO2 was not observed; m/z (ESI) calculated for [C17H18N2NaO4]+: 337.1166, 

found: 337.1164. 

2-(1-((Benzyloxy)methyl)-5-nitro-1H-pyrrol-3-yl)acetaldehyde (186) 

 

Iodobenzene diacetate (246 mg, 0.76 mmol) was added to a solution of alkene 185d (188 mg, 0.73 

mmol) in acetonitrile (5 mL), followed by dropwise addition of sulfuric acid (0.2 mL, 5% aqueous 

solution) at – 30 °C. After 20 min, the reaction mixture was diluted with ethyl acetate (30 mL) and 

washed with saturated NaHCO3 and brine, dried over sodium sulfate and concentrated in vacuo. 

The crude product was purified by flash chromatography (hexanes/EtOAc 10:1) to afford the title 

compound (150 mg, 75%) as a brown oil.  

vmax (neat)/cm–1: 3123, 3032, 2870, 1723, 1457, 1362, 1298, 1075, 737, 697. H (CDCl3, 400 MHz) 

9.73-9.72 (t, 1 H, J = 1.5 Hz, CHO), 7.36-7.26 (m, 5 H, Ar-H), 7.13 (d, J = 2.17 Hz, 1 H, H-3), 
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6.96 (d, J = 2.17 Hz, 1 H, H-5), 5.74 (s, 1 H, H-8), 4.57 (s, 1 H, H-9), 3.58 (s, 1 H, H-6);C (100 

MHz, CDCl3):  197.8, 137.2 (weak, CNO2), 136.3, 128.6, 128.2, 128.0, 127.8, 115.8, 114.1, 77.8, 

71.2, 41.2; m/z (ESI+) calcd for [C14H14N2NaO4]+: 297.0846 , found: 297.0852. 

4-Acetyl-2-nitro-1H-pyrrole (215) 

 

A solution of AlCl3 (1.0 g, 7.5 mmol) in nitromethane (4 mL) was added dropwise to a solution of 

2-nitropyrrole 144 (560 mg, 5 mmol) in dichloromethane (10 mL) at 0 °C, followed by dropwise 

addition of acetyl chloride (588 mg, 7.5 mmol). The resulting mixture was then warmed up to room 

temperature and stirred for 2 h. The reaction mixture was poured into ice water (30 mL) and the 

mixture was extracted with ethyl acetate (3×30 mL). The combined organic extracts were dried 

over sodium sulfate and concentrated in vacuo. The crude product was purified by flash 

chromatography (hexanes/EtOAc 1:1) to afford the title compound (616 mg, 80%) as a brown solid. 

m.p. 153.4-155.5 °C; νmax (neat)/cm–1: 3115, 2972, 2880, 1652, 1537, 1447, 1352, 1304, 1235, 1134, 

869, 786;  (MeOD, 400 MHz): 7.88 (d, J = 1.5 Hz, 1H, H-3), 7.50 (d, J = 1.5 Hz, 1H, H-5), 

2.45 (s, 3H, CH3); C (MeOD, 100 MHz): 188.6, 137.3(weak, CNO2), 131.3, 123.7, 110.3, 24.1; 

m/z (ESI)calculated for [C6H6N2NaO3]+: 177.0271, found: 177.0265. 

1-(5-Nitro-1H-pyrrol-3-yl)ethanol (216) 

 

To a solution of ketone 215 (423 mg, 2.8 mmol) in methanol (10 mL) was added sodium 

borohydride (215 mg, 5.8 mmol) at 0 °C. The resulting mixture was stirred at 0 °C till complete 

consumption of the starting material as indicated by TLC. Then the reaction mixture was quenched 

with saturated ammonium chloride (1 mL), diluted with water (30 mL) and the mixture was 

extracted with ethyl acetate (3×30 mL). The combined organic extracts were dried over sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 1:2) to afford the title compound (415 mg, 80%) as a brown solid. 
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m.p. 132.4-135.6 °C; νmax (neat)/cm–1: 3421, 2983, 2837, 1508, 1455, 1242,1328, 1270, 1139, 1069, 

954, 883, 809, 655;  (MeOD, 400 MHz): 7.63 (d, J = 1.5 Hz, 1H, H-3), 6.57 (d, J = 2.3 Hz, 1H, 

H-5), 4.80 (q, J =6.5, 1H, H-6), 1.50 (d, J = 6.5 Hz, 3H, CH3); C (MeOD, 100 MHz): 138.9, 

138.0(weak, CNO2), 120.6, 101.3, 64.0, 23.1; m/z (ESI) calculated for [C6H8N2NaO3]+: 179.0427, 

found: 179.0422. 

2-Nitro-4-vinyl-1H-pyrrole (217) 

 

A solution of alcohol 216 (415 mg, 2.6 mmol) in DMSO (5 mL) was  heated to 160 °C for 2 h. 

Then the mixture was subjected to column chromatography directly (hexanes/EtOAc 8:1) to afford 

the title compound (383 mg, 80%) as a yellow solid. 

m.p. 92.6-95.4 °C; νmax (neat)/cm–1: 3321, 2973, 2837, 1644, 1508, 1455, 1328, 1242,1260, 1148, 

1055, 803, 642;  (CDCl3, 300 MHz): 9.62 (brs, 1H, NH), 7.20 (dd, J = 3.0, 2.0 Hz, 1H, H-3),  

6.98 (dd, J = 3.0, 2.0 Hz, 1H, H-5),  6.51 (dd, J = 17.7, 10.9 Hz, 1H, H-6), 5.55 (dd, J = 17.7, 1.0 

Hz, 1H, H-7a) 5.18 (dd, J = 10.9, 1.0 Hz, 1H, H-7b); C (CDCl3, 75 MHz): 137.9 (weak, CNO2), 

127.8, 125.8, 121.0, 113.9, 107.6; m/z (ESI) calculated for [C6H6N2NaO2]+: 161.0327, found: 

161.0330. 

N-Boc-2-nitro-4-vinyl-1H-pyrrole (218) 

 

A mixture of alkene 217 (110.4 mg, 0.80 mmol), Boc2O (209 mg, 0.96 mmol), DMAP (19.5 mg, 

0.12 mmol) in acetonitrile (1.5 mL) was stirred at r.t. overnight. The mixture was diluted with water 

(20 mL) and extracted with EtOAc (3 × 20 mL). The combined organic extracts were dried over 

sodium sulfate and concentrated in vacuo. The crude was purified by flash chromatography 

(hexanes/EtOAc 9:1) to afford the title compound (142.8 mg, 75%) as a yellow oil. 

νmax (neat)/cm–1: 3372, 2963, 2837, 1656, 1538, 1425, 1328, 1230, 1136, 1075, 853, 633;  (CDCl3, 

400 MHz): 7.21 (d, J = 2.0 Hz, 1H, H-3),  7.16 (d, J = 2.0 Hz, 1H, H-5), 6.46 (dd, J =17.7, 10.9 
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Hz, 1H, H-6), 5.55 (d, J = 17.7 Hz, 1H, H-7a) 5.23 (d, J = 10.9 Hz, 1H, H-7b), 1.57 (s, 9H, 3×CH3); 

C (CDCl3, 100 MHz): 146.8, 126.9, 123.7, 123.3, 115.2, 113.5, 87.0, 27.5, CNO2 was not 

observed; m/z (ESI) calculated for [C11H14N2NaO4]+: 261.2296, found: 261.2291. 

tert-Butyl 2-nitro-4-(2-oxoethyl)-1H-pyrrole-1-carboxylate (219) 

 

Iodobenzene diacetate (246 mg, 0.76 mmol) was added to a solution of alkene 218 (173 mg, 0.73 

mmol) in acetonitrile (5 mL), followed by dropwise addition of sulfuric acid (0.2 mL, 5% aqueous 

solution) at – 20 °C. After 20 min, the reaction mixture was diluted with ethyl acetate (30 mL) and 

washed with saturated NaHCO3 and brine, dried over sodium sulfate and concentrated in vacuo. 

The crude product was purified by flash chromatography (hexanes/EtOAc 10:1) to afford the title 

compound (55 mg, 30%) as a brown oil.  

vmax (neat)/cm–1: 3123, 3032, 2870, 1723, 1457, 1362, 1298, 1075, 737, 697. (CDCl3, 400 MHz): 

9.76 (t, J = 1.5 Hz, 1H, CHO), 7.22-7.21 (m, 1H, H-3), 7.00 (d, J = 2.0 Hz, 1H, H-5), 3.60 (s, 2H, 

H-6), 1.58 (s, 9H, 3×CH3); C (CDCl3, 100 MHz):  197.2, 146.6, 125.4, 117.3, 114.7, 87.2, 41.0, 

27.4, CNO2 was not observed; m/z (ESI) calculated for [C11H14N2NaO5]+: 277.0800, found: 

277.0796. 

(4E,8E)-Ethyl 2-acetyl-5,9, 13-trimethyltetradeca-4,8,12-trienoate (228) 

 

Phosphorous tribromide (1.35 g, 5.0 mmol) was added dropwise to a solution of geraniol 151 (1.54 

g, 10.0 mmol,) in Et2O (30 mL) at –20 °C. The reaction mixture was stirred for 1 h, during which 

time the temperature was allowed to warm slowly to 0 °C. Upon completion, the reaction mixture 

was quenched by the addition of ice-cold water (50 mL) and extracted with hexanes (3 × 50 mL). 

The combined organic layers were washed with saturated aqueous NaHCO3 (100 mL) and brine 

(100 mL), dried with sodium sulfate, filtered, and concentrated in vacuo. The crude geranyl bromide 

(1.87 g, 8.7 mmol), K2CO3 (1.8 g, 13.1 mmol), and ethyl acetoacetate (2.83 g, 21.7 mmol) were 

combined in acetone (30 mL) and refluxed for 6 h. The reaction mixture was cooled to 25 °C, 
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quenched with saturated aqueous NH4Cl (10 mL), poured into water (50 mL), and extracted with 

Et2O (3 × 50 mL). The combined organic layers were washed with brine, dried over sodium sulfate, 

and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 9:1) to afford the title compound (2.0 g, 75%) as a colourless oil. 

 (CDCl3, 400 MHz): 5.04-4.99 (m, 2H, H-5 and 9), 4.16 (q, J = 7.2 Hz, 2H, CO2CH2CH3), 3.41 

(t, J = 7.4 Hz, 1H, H-3), 2.53 (t, J = 7.5 Hz, 2H, H-4), 2.19 (s, 3H, H-1), 2.06-1.91 (m, 4H, H-7 and 

8), 1.64 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.56 (s, 3H, CH3) 1.24 (t, J = 7.2 Hz, 3H, CO2CH2CH3).C 

(CDCl3, 100 MHz):           



Spectroscopic data was consistent with that reported in the literature.[279] 

(E)-6,10-Dimethylundeca-5,9-dien-2-one (229) 

 

The alkylation product 228 (2.0 g, 7.5 mmol) was dissolved in MeOH (25 mL) and aqueous KOH 

(5 M 4.5 mL, 22.5 mmol) was added at room temperature. The mixture was refluxed at 80 °C for 2 

h with stirring, then cooled to 0 °C and quenched by slow addition of 1 M HCl (20 mL). The crude 

product was extracted into ethyl acetate (3 × 50 mL), and the combined organic layers were washed 

with saturated aqueous NaHCO3 and brine, dried over sodium sulphate and concentrated. 

Purification by flash column chromatography (hexanes:EtOAc, 15:1) afforded geranylacetone (1.2 

g, 84%) as a clear oil. 

 (CDCl3, 400 MHz): 5.10-5.05 (m, 2H, H-5 and 9), 2.47-2.43 (m, 2H, CH2), 2.30-2.22 (m, 2H, 

CH2), 2.13 (s, 3H, H-1), 2.09-2.01 (m, 2H, CH2), 2.00-1.93 (m, 2H, CH2), 1.67 (s, 3H, CH3), 1.61 

(s, 3H, CH3), 1.59 (s, 3H, CH3) C (CDCl3, 100 MHz): 208.8, 136.4, 131.4, 124.2, 122.5, 43.7, 

39.6, 29.9, 26.6, 25.7, 22.5, 17.7, 15.9.

Spectroscopic data was consistent with that reported in the literature. [279] 

(E)-6,10-Dimethylundeca-5,9-dien-2-ol (225) 
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To a solution of ketone 229 (543 mg, 2.8 mmol) in methanol (10 mL) was added sodium 

borohydride (215 mg, 5.8 mmol) at 0 °C. The resulting mixture was stirred at 0 °C till complete 

consumption of the starting material as indicated by TLC. Then the reaction mixture was quenched 

with saturated ammonium chloride (1 mL), diluted with water (30 mL) and the mixture was 

extracted with ethyl acetate (3×30 mL). The combined organic extracts were dried over sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 1:2) to afford the title compound (521 mg, 95%) as a colourless solid. 

 (CDCl3, 400 MHz): 5.09-5.05 (m, 2H, H-5 and 9), 4.22-4.13 (m, 1H, H-2), 2.21-1.85 (m, 11H, 

4×CH2 and 1×CH3), 1.68 (s, 3H, CH3), 1.64 (s, 3H, CH3), 1.60 (s, 3H, CH3); C (CDCl3, 100 MHz): 

136.5, 131.4, 124.2, 122.4, 42.9, 39.7, 30.2, 29.0, 28.1, 26.5, 25.7, 17.7, 16.2. 

Spectroscopic data was consistent with that reported in the literature. [280]  

(E)-5-((6,10-Dimethylundeca-5,9-dien-2-yl)thio)-1-phenyl-1H-tetrazole (226) 

 

To a solution of alcohol 225 (235 mg, 1.2 mmol), 1-phenyl-1H-tetrazole-5-thiol (324 mg, 1.8 mmol) 

and triphenylphosphine (412 mg, 1.6 mmol) in THF (5 mL) was added DIAD (317 mg, 1.6 mmol) 

dropwise at 0 °C. The mixture was allowed to warm naturally to room temperature with stirring. 

After 3 h, the mixture was diluted with water (30 mL) and extracted with dichloromethane (3 × 30 

mL). The combined organic extracts were dried over sodium sulfate, filtered and concentrated in 

vacuo. The crude product was purified with flash chromatography (hexane/EtOAc 20:1) to afford 

the title compound (540 mg, 85%) as a colourless oil. 

νmax (neat)/cm–1: 2922.0, 1497.9, 1451.4, 1072.1, 761.2, 689.3;  (CDCl3, 400 MHz): -7.52 

(m, 5H, Ar-H), 5.12-5.09 (m, 2H, H-5 and 9), 4.08-4.00 (m, 1H, H-2),  2.18-1.70 (m,  8H, 4×CH2), 

1.68 (s, 3H, CH3), 1.59 (s, 3H, CH3), 1.58 (s, 3H, CH3), 1.52 (d, J = 6.7 Hz, 3H, CH3); C (CDCl3, 

100 MHz): 154.0, 136.4, 133.8, 131.4, 130.0, 129.7, 124.2, 124.0, 122.7, 44.5, 39.6, 36.5, 26.6, 

25.6, 25.4, 21.5, 17.7, 16.0; m/z (ESI) calculated for [C20H28N4NaS]+: 379.1934, found: 379.1937. 
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(E)-5-((6,10-Dimethylundeca-5,9-dien-2-yl)thio)-1-phenyl-1H-tetrazole (187) 

 

To a mixture of sulfide 226 (178 mg, 0.5 mmol) and Na2WO4 in methanol (2.5 mL) was added 

H2O2 (0.17 mL, 30% aqueous, 5mmol) dropwise at 0 °C. After stirring at 0 °C for 2 h, the mixture 

was quenched with saturate Na2SO3, diluted with water (15 mL), extracted with dichloromethane 

(3×15 mL). The combined organic extracts were dried over sodium sulfate, filtered and 

concentrated in vacuo. The crude product was purified with flash chromatography (hexane/EtOAc 

15:1) to afford the title compound (6 mg, 3.5%) as a colourless oil. 

νmax (neat)/cm–1: 2922.4, 1497.7, 1334.1, 1148.8, 761.2, 687.2;  (CDCl3, 400 MHz): -7.56 

(m, 5H, Ar-H), 5.09-5.05 (m, 2H, H-5 and 9), 3.88-3.80 (m, 1H, H-2),  2.25-1.98 (m, 7H, CH2), 

1.71-1.69 (m, 1H, CH2), 1.67 (d, J = 1.0 Hz, 3H, CH3), 1.61 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.520 

(d, J = 7.0 Hz, 3H, CH3); C (CDCl3, 100 MHz): 152.8, 137.8, 133.1, 131.6, 131.4, 129.6, 125.4, 

124.0, 121.5, 60.7, 39.6, 28.4, 26.5, 25.7, 24.5, 17.7, 16.1, 12.6; m/z (ESI) calculated for 

[C20H28N4NaO2S]+: 411.1821, found: 411.1825. 

(E)-5-((6,10-Dimethylundeca-5,9-dien-2-yl)thio)-benzothiazole (328) 

 

To a solution of alcohol 225 (575 mg, 1.2 mmol), 1-phenyl-1H-tetrazole-5-thiol (324 mg, 1.8 mmol), 

triphenylphosphine (412 mg, 1.6 mmol) in THF (5 mL) was added DIAD (317 mg, 1.6 mmol) 

dropwise at 0 °C. The mixture was allowed to warm naturally to room temperature with stirring. 

After 3 h, the mixture was diluted with water (30 mL) and extracted with dichloromethane (3 × 30 

mL). The combined organic extracts were dried over sodium sulfate, filtered and concentrated in 

vacuo. The crude product was purified with flash chromatography (hexane/EtOAc 20:1) to afford 

the title compound (540 mg, 70%) as a colourless oil. 

νmax (neat)/cm–1: 2922.4, 1468.9, 1309.3, 834.8, 765.7, 689.6;  (CDCl3, 400 MHz): -7.84 

(m, 1H, Ar-H), 7.76-7.72 (m, 1H, Ar-H), 7.35-7.26 (m, 2H, Ar-H), 5.17-5.05 (m, 2H, H-5 and 9), 

4.01-3.91 (m, 1H, H-2), 2.24-2.15 (m, 2H, CH2), 2.11-2.01 (m, 2H, CH2), 2.02-1.94 (m, 2H, CH2), 
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1.91-1.69 (m, 2H, CH2), 1.67 (s, 3H, CH3), 1.60 (s, 3H, CH3), 1.59 (s, 3H, CH3), 1.52 (d, J = 6.7, 

3H, CH3), C (CDCl3, 100 MHz): 166.6, 153.5, 136.2, 133.8, 131.4, 128.4, 125.9, 124.2, 123.0, 

121.6, 120.8, 44.1, 39.7, 36.7, 26.6, 25.7, 25.5, 21.5, 17.7, 16.0; m/z (ESI) calculated for 

[C20H28N4NaS2]+: 368.1477, found: 368.1470. 

(E)-5-((6,10-Dimethylundeca-5,9-dien-2-yl)sulfonyl)-benzothiazole (327) 

 

To a mixture of sulfide 238 (172 mg, 0.5 mmol) and Na2WO4 (51 mg, 0.2 mmol) in methanol (2.5 

mL) was added H2O2 (0.17 mL, 30% aqueous, 5mmol) dropwise at 0 °C. After stirring at 0 °C for 

2 h, the mixture was quenched with saturate Na2SO3 (2 mL), diluted with water (15 mL), extracted 

with dichloromethane (3 × 15 mL). The combined organic extracts were dried over sodium sulfate, 

filtered and concentrated in vacuo. The crude product was purified with flash chromatography 

(hexane/EtOAc 15:1) to afford the title compound (123 mg, 65%) as a colourless oil. 

νmax (neat)/cm–1: 2922.1, 1470.9, 1319.3, 1142.0, 850.8, 760.9, 686.3;  (CDCl3, 400 MHz): 

.25-8.19 (m, 1H, Ar-H), 8.06-8.00 (m, 1H, Ar-H), 7.69-7.54 (m, 2H, Ar-H), 5.10-4.98 (m, 2H, 

H-5 and 9), 2.28-1.89 (m, 8H, 4×CH2), 1.66 (s, 3H, CH3), 1.58 (s, 3H, CH3), 1.57 (s, 3H, CH3), 1.45 

(d, J = 6.65, 3H, CH3), C (CDCl3, 100 MHz): 165.2, 152.9, 137.3, 136.9, 131.5, 127.9, 127.5, 125.5, 

124.0, 122.2, 121.9, 59.3, 39.6, 28.8, 26.5, 25.7, 24.6, 17.7, 16.1,12.9; m/z (ESI) calculated for 

[C20H28NNaO2S2]+: 401.1455, found: 40.1450. 

(R,E)-9,10-Dihydroxy-6,10-dimethylundec-5-en-2-one (244) 

 

To a mixture of K3Fe(CN)6 (9.87 g, 30 mmol) and K2CO3 (4.15 g, 30 mmol) in water (50 mL) and 

tBuOH (50 mL) was added (DHQD)PHAL (77 mg, 0.1 mmol, 1 mol%) and OsO4 (5 mg, 0.02 mmol, 

0.2 mol%). The mixture was stirred for 1 h and cooled with ice-bath. Then CH3SO2NH2 (0.95 g, 10 

mol) was added, followed by dropwise addition of ketone 229 (1.94 g, 10 mol). After stirring for 

20 h, the reaction was quenched with saturated Na2SO3, extracted with ethyl acetate (3 × 70 mL). 

The combined organic extracts were dried over sodium sulfate, filtered and concentrated in vacuo. 
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The crude product was purified with flash chromatography (hexane/EtOAc 4:1) to afford the title 

compound (1.2 g, 65%) as a colourless oil. 

D
20 = +1.4 (c 1.8, CHCl3);  (CDCl3, 400 MHz): 5.10 (td, J = 7.2, 1.0 Hz, 1H, H-5), 3.28 (ddd, 

J = 10.5, 4.5, 1.9 Hz, 1H, H-9), 2.57 (br d, J = 4.7 Hz, 1H, OH), 2.44 (t, J = 7.3, 2H, H-3), 2.39 (br 

s, 1H, OH), 2.26-2.16 (m, 3H, H-4 and H-7a), 2.10 (s, 3H, CH3), 2.05-1.98 (m, 1H, H-7b), 1.59 (s, 

3H, CH3), 1.57-1.49 (m, 1H, H-8a), 1.41-1.31 (m, 1H, H-8b), 1.16 (s, 3H, CH3), 1.12 (s, 3H, CH3); 

C (CDCl3, 100 MHz): 209.0, 136.2, 123.1, 78.0, 73.0, 43.6, 36.7, 29.9, 29.6, 26.4, 23.2, 22.4, 

15.9;  

Spectroscopic data was consistent with that reported in the literature. [281] 

(R)-5-Hydroxy-5-((2S,5R)-5-(2-hydroxypropan-2-yl)-2-methyltetrahydrofuran-2-yl)pentan-

2-one (243) 

 

A mixture of diol 244 (114 mg, 0.5 mmol), PNO (95 mg, 1 mmol), citric acid (68 mg, 0.33 mmol), 

OsO4 (1.3 mg, 0.005 mmol, 1 mol%) and zinc triflate (91 mg, 0.25 mmol) in acetonitrile (6 mL) 

and water (4 mL) was stirred at 50 °C overnight. The mixture was diluted with water (20 mL), 

extracted with ethyl acetate (3 × 25 mL). The combined organic extracts were dried over sodium 

sulfate, filtered and concentrated in vacuo. The crude product was purified with flash 

chromatography (hexane/EtOAc 4:1) to afford the title compound (97 mg, 85%) as a colourless oil. 

D
20 = +3.2 (c 1.6, CHCl3); νmax (neat)/cm–1: 3414, 2973, 2910, 1719, 1134, 1056, 936, 855;  

(CDCl3, 400 MHz): 3.82 (t, J = 7.36, 1H, H-9), 3.33 (dd, J = 10.4, 2.5, 1H, OH), 2.74-2.62 (m, 

1H, H-5), 2.14 (s, 3H, H-1), 2.08-1.58 (m, 8H, 4×CH2), 1.23 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.09 

(s, 3H, CH3); C (CDCl3, 100 MHz): 209.7, 85.6, 85.3, 76.7, 71.6, 40.5, 35.3, 30.0, 27.5, 26.7, 

25.8, 24.9, 21.5; (ESI) m/z calculated for [C13H24NaO4]+: 267.3170, found: 267.3166. 
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(R)-5-((2S,5R)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-one (251) 

 

To a solution of alcohol 243 (512 mg, 2.1 mmol) and imidazole (571 mg, 8.4 mmol) in DMF (3 

mL) was added triethylsilyl chloride (572 mg, 5.3 mmol) dropwise at 0 °C under nitrogen. The 

mixture was stirred at 0 °C for 1 h and then subjected to flash chromatography (hexanes/EtOAc 

50:1) to afford the title compound (790 mg, 80%) as colourless oil.  

D
20 = +2.4 (c 1.6, CHCl3); νmax (neat)/cm–1: 2973, 2910, 1721, 1075, 740, 698;  (CDCl3, 400 

MHz): 3.74 (t, J = 7.0 Hz, 1H, H-9), 3.49 (dd, J = 10.1, 2.58 Hz, H-5), 2.70-2.61 (m, 1H, H-3a), 

2.50-2.41 (m, 1H, H-3b), 2.14 (s, 3H, CH3), 1.93-1.86 (m, 2H, H-7), 1.74-1.65 (m, 1H, H-4a), 1.57-

1.45 (m, 3H, H-8 and H-4b), 1.22 (s, 3H, CH3), 1.12 (s, 3H, CH3),  1.06 (s, 3H, CH3), 0.97-0.92 (m, 

18, TES), 0.69-0.54 (m, 12H, TES); C (CDCl3, 100 MHz): 209.2, 86.5, 84.7, 78.7, 74.6, 40.8, 

34.5, 30.3, 29.9, 28.4, 27.7, 25.8, 24.4, 17.9, 7.07, 7.03, 6.8, 5.1; m/z (ESI) calculated for 

[C25H52NaO4Si2]+ 495.8387, found: 495.8379. 

(5R)-5-((2S,5R)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-ol (252) 

 

NaBH4 (91 mg, 2.4 mmol) was added portionwise to a solution of ketone 251 (755 mg, 1.6 mmol) 

in THF containing 5 drops of methanol at 0 °C. After 1 h, the reaction was quenched by saturate 

aqueous NH4Cl (2 mL) and diluted with water (25 mL). The resulting mixture was extracted with 

EtOAc (3 × 25 mL), the combined organic extracts were washed with brine, dried over sodium 

sulfate and concentrated in vacuo. Purification by flash chromatography (hexane/ EtOAc 1:1) 

afforded the title compound (720 mg, 95%) as a light yellow oil. 

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (CDCl3, 400 MHz): 

3.80-3.72 (m, 2H, H-9 and 5), 3.53-3.49 (m, 1H, H-2), 1.93-1.86 (m, 2H, CH2), 1.73-1.62 (m, 1H, 

CH2), 1.50-1.40 (m, 5H, CH2), 1.22 (s, 3H, CH3), 1.19 (d, J = 6.3 Hz, 3H, CH3), 1.13 (s, 3H, CH3), 
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1.07 (s, 3H, CH3),  0.97-0.92 (m, 18, TES), 0.69-0.54 (m, 12H, TES);C (100 MHz, CDCl3): 86.6, 

84.6, 79.9*, 79.5, 74.6, 68.4*, 68.0, 36.7*, 36.3, 34.5, 30.2*, 29.7, 28.4, 25.8, 24.4, 23.6, 18.2, 

18.1*, 7.1, 6.8*, 5.2; m/z (ESI+) calcd for [C25H54NaO4Si2]+ : 497.3453 , found: 497.3439. 

5-(((5R)-5-((2S,5R)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-yl)thio)-1-phenyl-1H-tetrazole (253) 

 

To a solution of alcohol 252 (575 mg, 1.2 mmol), 1-phenyl-1H-tetrazole-5-thiol (324 mg, 1.8 mmol), 

triphenylphosphine (412 mg, 1.6 mmol) in THF (5 mL) was added DIAD (317 mg, 1.6 mmol) 

dropwise at 0 °C. The mixture was allowed to warm naturally to room temperature with stirring. 

After 3 h, the mixture was diluted with water (30 mL) and extracted with dichloromethane (3 × 30 

mL). The combined organic extracts were dried over sodium sulfate, filtered and concentrated in 

vacuo. The crude product was purified with flash chromatography (hexane/EtOAc 20:1) to afford 

the title compound (540 mg, 70%) as a colourless oil.  

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (CDCl3, 400 MHz): 

763-7.51 (m, 5H, Ar-H), 4.10-4.00 (m, 1H, H-2), 3.76-3.69 (m, 1H, H-9), 3.53-3.45 (m, 1H, H-

5), 2.05-1.66 (m, 4H, 2×CH2), 1.52 (d, J = 6.8, 3H, H-1), 1.21, (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.05 

(s, 3H, CH3), 0.98-0.88 (m, 18H, SiEt3), 0.68-0.51 (m, 12H, SiEt3); C (100 MHz, CDCl3): 154.1, 

133.8, 130.0, 129.7, 124.0, 86.3, 84.7, 79.4, 79.2,* 74.6, 45.2*, 45.1, 34.4, 34.0, 33.8*, 31.3, 31.1*, 

28.4, 25.9, 24.4, 22.0*, 21.5, 18.5*, 18.4, 7.1, 7.0, 6.8, 5.2; m/z (ESI+) calcd for 

[C32H58KN4O3SSi2]+: 673.3400, found: 673.3399. 

5-(((5R)-5-((2S,5R)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-yl)sulfonyl)-1-phenyl-1H-tetrazole (242) 

 

To a solution of sulfite 253 (540 mg, 0.84 mmol) in dichloromethane (5 mL) was added NaHCO3 

(211 mg, 2.52 mmol) and mCBPA (434 mg, 2.52 mmol) at 0 °C. The mixture was stirred for 2 h. 

Upon completion, the mixture was diluted with dichloromethane (25 mL), washed with saturated 
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sodium bicarbonate solution (30 mL), dried over sodium sulfate, filtered and concentrated in vacuo. 

The crude product was purified by flash chromatography (hexane/EtOAc 20:1) to afford the title 

compound (530 mg, 95%) as colourless oil. 

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (CDCl3, 400 MHz): 

7.69-7.55 (m, 5H, Ar-H), 3.93-3.80 (m, 1H, H-2), 3.76-3.70 (m, 1H, H-9), 3.53-3.47 (m, 1H, H-

5), 2.40-2.28 (m, 1H, H-7a),  2.13-2.02 (m, H-7b), 1.95-1.82 (m, 2H, H-3), 1.67-1.44 (m, 7H, H-

1,4 and 8), 1.21 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.11* (s, 3H, CH3), 1.07 (s, 3H, CH3) , 1.06* (s, 

3H, CH3) (s), 0.98-0.87 (m, 18H, SiEt3), 0.67-0.52 (m, 12H, SiEt3); C (100 MHz, CDCl3):  152.8, 

133.2, 131.4, 129.6, 125.4, 86.2*, 86.1, 84.8*, 84.7, 79.3*, 79.0, 74.6, 61.4, 61.3*, 34.4, 30.7, 30.4, 

28.4, 26.1*, 25.8, 24.5, 24.4*, 18.5, 13.1, 13.0*, 7.09, 7.02*, 7.00*, 6.81, 5.13, 5.10*; m/z (ESI+) 

calcd for [C32H58N4NaO5SSi2]+ : 689.3559 , found: 689.3560. 

1-((Benzyloxy)methyl)-4-((R,Z)-3-methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan 

-2-yl)tetrahydrofuran-2-yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrole and 1-

((Benzyloxy)methyl) -4-((R,E)-3-methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan-

2-yl)tetrahydrofuran-2-yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrole (E- and Z-

241) 

 

To a solution of sulfone 242 (544 mg, 0.82 mmol) in THF (3.0 mL) was added NaHMDS (0.94 mL, 

1 M in THF, 0.94 mmol) at –78 °C. After the mixture was stirred at the same temperature for 15 

min, aldehyde 186 (225 mg, 0.82 mmol) in THF (2.0 mL) was added. The reaction mixture was 

naturally warmed to room temperature and stirred overnight. Then the reaction was quenched with 

saturated aqueous NH4Cl (2.0 mL) and diluted with water (20 mL). The mixture was extracted with 

EtOAc (3 × 20 mL). The combined extracts were washed with brine, dried over sodium sulfate, 

filtered and concentrated in vacuo. Purification by flash chromatography (hexane/EtOAc, 50:1) 

gave recovered sulfone (132 mg), Z isomer (114 mg, 20%) and E isomer (127 mg, 22%) as yellow 

oil.  

E isomer: [D]20 = –3.15 (c 4.06, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 

1301, 1075, 740, 698; H (CDCl3, 400 MHz): 7.38-7.26 (m, 5H, Ar-H), 7.07 (d, J = 2.04, 1H, H-



Chapter 3 

178 

 

3), 6.77 (d, J = 2.04, H-5), 5.71 (s, 2H, H-21), 5.26-5.19 (m, 1H, H-7), 4.55 (s, 2H, H-22), 3.74 (dd, 

J = 7.4, 5.7, 1H, H-15), 3.50 (dd, J = 9.8, 1.9, 1H, CH3), 3.14 (d, J = 7.2, 2H, H-6), 2.44-2.34 (m, 

1H, H-9a), 1.96-1.84 (m, 3H, H-9b and 14), 1.74 (m, 3H, H-17), 1.50-1.28 (m, 4H, H-10 and 13), 

1.22 (s, 3H, CH3), 1.18 (s, 3H, CH3), 1.06 (s, 3H, CH3), 0.98-0.87 (m, 18H, SiEt3), 0.72-0.52 (m, 

12H, SiEt3); C (100 MHz, CDCl3):  137.8, 136.6, 128.6, 128.1, 127.8, 126.9, 124.5, 121.7, 115.3, 

86.5, 84.6, 80.2, 77.5, 74.7, 71.0, 34.5, 32.7, 29.6, 28.4, 25.8, 24.9, 24.5, 23.5, 18.3, 7.1, 6.8, 5.2, 

CNO2 was not observed; m/z (ESI+) calcd for [C39H66KN2O6Si2]+ : 753.4091 , found: 753.4067. 

Z isomer: [D]20 = –0.85 (c 4.38, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 

1301, 1075, 740, 698; H (CDCl3, 400 MHz): 7.37-7.26 (m, 5H, Ar-H), 7.06 (d, J = 2.04, 1H, H-3), 

6.76 (d, J = 2.04, H-5), 5.71 (s, 2H, H-20), 5.31-5.23 (m, 1H, H-7), 4.55 (s, 2H, H-21), 3.74 (dd, J 

= 7.8, 60, 1H, H-15), 3.49 (dd, J = 9.8, 1.9, 1H, H-11), 3.13 (d, J = 7.2, 2H, H-6), 2.434-2.24 (m, 

1H, H-9a), 1.96-1.84 (m, 3H, H-9b and 14), 1.66 (s, 3H, CH3), 1.54-1.35 (m, 4H, H-10 and 13), 

1.22 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.07 (s, 3H, CH3), 0.98-0.87 (m, 18H, SiEt3), 0.72-0.52 (m, 

12H, SiEt3); C (100 MHz, CDCl3):  137.6, 136.4, 128.6, 128.1, 127.7, 126.9, 124.5, 121.2, 115.3, 

86.5, 84.6, 79.6, 77.3, 74.7, 71.0, 37.0, 34.5, 32.5, 28.4, 25.8, 25.1, 24.4, 18.3, 16.2, 7.1, 6.8, 5.3, 

CNO2 was not observed; m/z (ESI+) calcd for [C39H66KN2O6Si2]+ : 753.4091 , found: 753.4067.. 

((2R,3R)-3-Methyl-3-(4-methylpent-3-en-1-yl)oxiran-2-yl)methanol (260) 

 

A mixture of 4Å molecular sieves (2.00 g) and dichloromethane (50 mL) was cooled to –10 °C. D-

(-)-Diethyl tartrate (0.93 g, 4.5 mmol), titanium isopropoxide (0.85 g, 3.0 mmol) and tert-

butylhydroperoxide (5.5 M in decane, 10.9 mL, 60 mmol) were added sequentially. After 20 min, 

the mixture was cooled to –20 °C and geraniol 151 (4.62 g, 30 mmol) in dichloromethane (10 mL) 

was added dropwise over 15 min. After 1 h of stirring at –20 °C to –15 °C, the reaction was warmed 

to 0 °C, quenched with water (17 mL) and warmed to room temperature. Sodium hydroxide (4 mL, 

30% aqueous solution) was added and the mixture was stirred for 20 min and then filtered through 

a pad of Celite®. The organic phase was separated, and the aqueous phase was extracted with 

dichloromethane (2 × 20 mL). The combined organic extracts were dried over anhydrous sodium 

sulfate, filtered and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 3:1) to afford the title compound (5.0 g, 98%) as colourless oil.  

D
20 = +4.9 (c 3.1, CHCl3), [lit. D

20  = –5.2 (c 3.0, CHCl3)].5  (400 MHz, CDCl3):  5.11-5.06 

(m, 1H, H-6), 3.82 (dd, J = 12.0, 4.2 Hz, 1H, H-1), 3.70 (dd, J = 12.1, 6.9 Hz, 1H, H-1), 2.98 (dd, 

J = 6.8, 4.1 Hz, 1H, H-2), 2.11-2.06 (m, 2H, H-5), 1.77 (br s, 1H, OH), 1.72-1.65 (m, 4H, H-4a and 
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CH3), 1.61 (s, 3H, CH3), 1.51-1.44 (m, 1H H-4b and CH3), 1.30 (s, 3H, CH3); C (100 MHz, CDCl3): 

 132.1, 123.3, 62.9, 61.4, 61.2, 38.5, 25.6, 23.7, 17.6,16.7;  

Spectroscopic data is consistent with that reported in the literature. [282] 

 ((2R,3R)-3-Methyl-3-(4-methylpent-3-en-1-yl)oxiran-2-yl)methyl methanesulfonate (259) 

 

To a solution of epoxygenraniol 259 (4.0 g, 23.5 mmol) and triethylamine (2.8 g, 28.2 mmol) in 

dry dichloromethane (50 mL) was added methanesulfonyl chloride (2.95 g, 25.9 mmol) at 0 °C 

dropwise over 30 min. The solution was stirred for a further 20 min, then water (100 mL) was added. 

The mixture was extracted with dichloromethane (3 × 100 mL). The combined organic extracts 

were washed with 2 M HCl, saturated NaHCO3 and brine, dried over sodium sulfate and 

concentrated in vacuo. The crude product was purified by flash chromatography (hexanes/EtOAc 

5:1) to afford the title compound (5.9 g, 89%) as a colourless oil.  

D
20 = +11.5 (c 3.58, CHCl3), [lit. D

20  = –13.9 (c 4.08, CHCl3)][283].H (400 MHz, CDCl3):  

5.07 (t, J = 7.0 Hz, 1H, H-6), 4.42 (dd, J = 11.7, 4.1 Hz, 1H, H-1), 4.25 (dd, J = 11.7, 7.1 Hz, 1H, 

H-1), 3.09-3.07 (m, 4H, H-2 and CH3SO2), 2.12-2.05 (m, 2H, H-5), 1.71-1.66 (m, 4H, H-4a and 

CH3), 1.61 (s, 3H, CH3), 1.52-1.47 (m, 1H, H-4b), 1.33 (s, 3H, CH3); C (400 MHz, CDCl3):  132.5, 

123.0, 68.7, 61.1, 59.1, 38.1, 37.9, 25.6, 23.5, 17.7, 16.8; 

 Spectroscopic data is consistent with that reported in the literature.[283] 

(R)-2-Hydroxy-2-((2S,5S)-5-(2-hydroxypropan-2-yl)-2-methyltetrahydrofuran-2-yl)ethyl 

methanesulfonate (263) 

 

To a suspension of K3Fe(CN)6 (24.5 g, 74.5 mmol), K2CO3 (10.3 g, 74.5 mmol), (DHQ)PHAL (193 

mg, 0.27 mmol) in tert-butanol (120 mL) and water (120 mL) at 0 °C was added OsO4 (0.62 mL, 

40 mg/mL in tert-butanol, 0.099 mmol). The mixture was stirred at 0 °C for 10 min. Then 

methanesulfonamide (2.36 g, 24.8 mmol) was added followed by olefin 259 (7.0 g, 24.8 mmol) at 

0 °C. The mixture was stirred for 24 h at 0 ⁰C. The reaction was quenched at 0 ⁰C by addition of 
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sodium sulfite (35 g) and then warmed to room temperature and stirred for 1 h. The mixture was 

extracted with ethyl acetate (3 × 200 mL). The combined organic extracts were washed with brine, 

dried over sodium sulfate. The solvent was evaporated in vacuo. The residue was disloved in 

toluene (100 mL) and treated with CSA (1.16 g, 5 mmol) at 0 °C for 1 h. Then the mixture was 

filtered and concentrated in vacuo. The crude product was purified by chromatography (hexanes/i-

propanol 4:1) to afford the title compound (4.37 g, 65%) as a colourless oil.

m.p. 65.3-71.6 °C; D20 = –0.64 (c 3.06, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 

1367, 1301, 1075, 740, 698; H (400 MHz, CDCl3):  4.42 (dd, J = 10.88, 2.27 Hz, 1H, H-1a), 4.21 

(dd, J = 10.88, 8.01 Hz, 1H, H-1b), 3.86 (dd, J = 8.06. 2.18 Hz, 1H, H-2), 3.79 (dd, J = 9.04, 6.85 

Hz, 1H, H-6), 3.09 (s, 3H, CH3), 2.07-2.14 (m, 1H, H-4a), 1.86-1.92 (m, 2H, H-5), 1.73-1.67 (m, 

1H, H-4b), 1.22 (s, 3H, CH3), 1.20 (s, 3H, CH3), 1.35 (s, 3H, CH3);C (100 MHz, CDCl3):  87.4, 

83.7; 74.9, 71.4, 70.8, 37.6, 33.9, 27.4, 26.5, 23.9, 22.9; m/z (ESI+) calcd for [C11H22NaO6S]+: 

305.1029 , found: 305.1033. 

2-((2S,5S)-5-Methyl-5-((R)-oxiran-2-yl)tetrahydrofuran-2-yl)propan-2-ol (258) 

 

Mesylate 263 (1.37 g, 4.9 mmol) was added dropwise to a mixture of methanol (20 mL) and 

potassium carbonate (2.7 g, 19.5 mmol) at 0 °C. After 1 h, the mixture was filtered and the filtrate 

was concentrated in vacuo. The residue was dissolved in ethyl acetate (50 mL) and water (50 mL). 

The organic phase was separated, and the aqueous phase was extracted with ethyl acetate (2 × 50 

mL). The combined organic extracts were dried over sodium sulfate, filtered and concentrated in 

vacuo. The crude product was purified by flash chromatography (hexanes/EtOAc 2:1) to afford the 

title compound (745 mg, 82%) as colorless oil.  

D20 = +3.13 (c 2.58, benzene-d6), lit. D20 = +2.08 (c 2.40, CHCl3); vmax (neat)/cm–1: 3432, 

2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (400 MHz, C6D6):  3.64-3.60 (m, 1H, H-

6), 2.78 (dd, J = 4.1, 2.6 Hz, 1H, H-2), 2.25 (dd, J = 5.1 4.1 Hz, 1H, H-1a), 2.13 (dd, J = 5.1, 2.7 

Hz, 1H, H-1b) 2.02 (brs, 1H, OH), 1.75-1.64 (m, 1H, H-5a), 1.56-1.47 (m, 2H, H-5b and 4a), 1.20 

(s, 3H, CH3), 1.19 -1.14 (m, 1H, H-4b), 1.03 (s, 3H, CH3), 1.01 (s, 3H, CH3); C (100 MHz, C6D6): 

 87.2, 82.0, 70.6, 57.5, 43.4, 32.7, 27.9, 26.6, 25.2, 24.4;  

Spectroscopic data is consistent with that reported in the literature. [284] 
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Triethyl ((2-((2S,5S)-5-methyl-5-((R)-oxiran-2-yl)tetrahydrofuran-2-yl)propan-2-yl)oxy) 

silane (265) 

 

To a solution of epoxide 258 (497 mg, 2.7 mmol), imidazole (545 mg, 8.0 mmol), 4-

dimethylaminopyridine (325.7 mg, 2.67 mmol) in DMF (3 mL) was added triethylsilyl chloride 

(801 mg, 5.3 mmol) dropwise at 0 °C. The mixture was stirred at room temperature for 2 h and then 

directly subjected to flash column chromatography (hexane/EtOAc 40:1) to afford the title 

compound (750 mg, 94%) as a colourless oil.  

[D]20 = +4.50 (c 3.07, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 

740, 698;  (400 MHz, CDCl3):  3.71 (t, J = 7.32 Hz, 1H, H-6), 2.98 (dd, J = 4.02, 2.85 Hz, 1H, 

H-2), 2.72 (dd, J = 4.73, 3.91 Hz, 1H, H-1a), 2.57 (dd, J = 4.94, 2.47 Hz, 1H, H-1b), 1.96-1.83 (m, 

2H, H-5), 1.81-1.74 (m, 1H, H-4a), 1.61-1.54 (m, 1H, H-4b), 1.23 (s, 3H, CH3), 1.20 (s, 3H, CH3), 

1.18 (s, 3H, CH3), 0.94 (t, J = 7.98 Hz, 9H, Si(CH2CH3)3), 0.58 (q, J = 7.98 Hz, 6H, 

Si(CH2CH3)3);C (100 MHz, CDCl3):  87.6, 81.4, 74.2, 57.2, 44.1, 33.0, 27.9, 26.4, 25.4, 23.8, 

7.1, 6.8; m/z (ESI+) calcd for [C16H32NaO3Si]+: 323.2013, found: 323.2015. 

(R)-1-((2S,5S)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)pent-4-en-

1-ol (266) 

 

To a suspension of CuI (85 mg, 0.5 mmol) in THF (5 mL) at –30 °C was added allylmagnesium 

bromide (5 mL, 1 M in THF, 5.0 mmol), followed by epoxide 265 (750 mg, 2.5 mmol) dropwise. 

After 2 h, the reaction was quenched with saturated NH4Cl (5 mL), and extracted with ether (2 × 

30 mL). The organic extracts were dried over sodium sulfate, filtered and concentrated in vacuo. 

The crude product was purified by flash chromatography (hexanes/EtOAc 10:1) to afford the title 

compound (710 mg, 83%) as colorless oil.  

[D]20 = –8.67 (c 4.18, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 

740, 698; H (400 MHz, CDCl3):  5.90-5.80 (m, 1H, H-2), 5.08-5.02 (m, 1H, H-1a), 4.99-4.95 (m, 

1H, H-1b), 3.68 (dd, J = 9.88, 5.91 Hz, 1H, H-9), 3.50-3.53 (m, 1H, H-5), 2.39 (br s, 1H, OH), 2.38-
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2.30 (m, 1H, H-3a), 2.19-2.10 (m, 1H, H-3b), 2.07-1.99 (m, 1H, H-7a), 1.79-1.95 (m, 2H, H-8), 

1.55-1.47 (m, 2H, H-4), 1.45-1.33 (m, 1H, H-7b), 1.21 (s, 3H, CH3), 1.17 (s, 3H, CH3), 1.11 (s, 3H, 

CH3), 0.94 (t, J = 7.95 Hz, 9H, Si(CH2CH3)3), 0.58 (q, J = 7.95 Hz, 6H, Si(CH2CH3)3);C (100 

MHz, CDCl3):  138.8, 114.6, 88.7, 86.0, 76.1, 73.9, 30.98, 30.95, 30.93, 27.42, 26.7, 26.0, 23.9, 

7.1, 6.78; m/z (ESI+) calcd for [C19H38KO3Si]+: 381.2222 , found: 381.2210. 

Triethyl((2-((2S,5S)-5-methyl-5-((R)-1-((triethylsilyl)oxy)pent-4-en-1-yl)tetrahydrofuran-2-

yl)propan-2-yl)oxy)silane (257) 

 

To a solution of alcohol 266 (710 mg, 2.1 mmol) and imidazole (353 mg, 5.2 mmol) in DMF (3 

mL) was added triethylsilyl chloride (468 mg, 3.1 mmol) dropwise at 0 °C. The mixture was stirred 

at 0 °C for 1 h and then subjected to flash chromatography (hexanes/EtOAc 50:1) to afford the title 

compound (912 mg, 95%) as colourless oil.  

[D]20 = –1.85 (c 2.03, CHCl3); vmax (neat)/cm–1:  3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 

740, 698; H (400 MHz, CDCl3):  5.78-5.88 (m, 1H, H-2), 4.92-5.04 (m, 2H, H-1), 3.63 (m, 1H, 

H-9), 3.53 (m, 1H, H-5), 2.15-2.25 (m, 1H, H-7a), 2.02-2.11 (m, 1H, H-7b), 1.73-1.99 (m, 3H, H-

8 and H-3a), 1.64-1.73 (m, 1H, H-3b), 1.50-1.56 (m, 1H, H-4a), 1.34-1.43 (m, 1H, H-4b), 1.18 (s, 

3H, CH3), 1.16 (s, 3H, CH3), 1.07 (s, 3H, CH3), 0.92-0.98 (m, 18H, 2×Si(CH2CH3)3), 0.54-0.64 (m, 

12H, 2×Si(CH2CH3)3);C (100 MHz, CDCl3):  139.3, 114.1, 87.1, 85.8, 77.4, 74.1, 34.3, 33.1, 

30.9, 27.8, 26.4, 25.5, 22.6, 7.1, 6.8, 5.5; m/z (ESI+) calcd for [C25H52KO3Si2]+: 495.3087, found: 

495.3073. 

(5R)-5-((2S,5S)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-ol (256) 

 

To a bright yellow solution of Hg(OAc)2 (688 mg, 2.2 mmol) in water (2 mL) and THF (2 mL), 

was added olefin 257 (820 mg, 1.8 mmol). The resulting mixture was stirred at room temperature 

until the yellow colour disappeared (20 h). A 3 M solution of NaOH (2.2 mL) was then added at 
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0 °C. After 1 h, a solution of NaBH4 in 3 M NaOH (3.6 mL, 1.8 mmol) was added. After 1.5 h, the 

reaction was diluted with water (25 mL) and extracted with ether (3 × 25 mL). The combined 

organic extracts was dried over sodium sulfate, filtered, and concentrated in vacuo. The crude 

product was purified by flash column chromatography (hexanes/EtOAc 10:1) to afford the title 

compound (575 mg, 70%) as colorless oil.  

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (400 MHz, CDCl3): 

 3.73-3.81 (m, 1H, H-2), 3.62-3.66 (m, 1H, H-9), 3.55-3.57 (m, 1H, H-5), 1.32-1.99 (m, 8H, 

4×CH2), 1.19 (d, J = 2.9 Hz, 3H, H-1), 1.18 (s, 3H, CH3), 1.16 (s, 3H, CH3), 1.09*, 1.08 (s, 3H, 

CH3), 0.92-0.98 (m, 18H, 2×Si(CH2CH3)3), 0.54-0.65 (m, 12H, 2×Si(CH2CH3)3); C (100 MHz, 

CDCl3): 87.35*, 87.24, 86.19*, 86.05, 78.07,  77.54*, 74.03, 74.01*, 68.68, 67.92*, 36.36, 36.13*, 

35.13, 34.74, 30.20, 30.00*, 26.39, 26.30*, 25.64*, 25.58, 23.56*, 23.37, 22.46, 22.08*, 7.11, 7.09*, 

6.78, 5.46; m/z (ESI+) calcd for [C25H54NaO4Si2]+ : 497.3453 , found: 497.3439. 

5-(((5R)-5-((2S,5S)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-yl)thio)-1-phenyl-1H-tetrazole (272) 

 

To a solution of alcohol 256 (575 mg, 1.2 mmol), 1-phenyl-1H-tetrazole-5-thiol (324 mg, 1.8 mmol), 

triphenylphosphine (412 mg, 1.6 mmol) in THF (5 mL) was added DIAD (317 mg, 1.6 mmol) 

dropwise at 0 °C. The mixture was allowed to warm naturally to room temperature with stirring. 

After 3 h, the mixture was diluted with water (30 mL) and extracted with dichloromethane (3 × 30 

mL). The combined organic extracts were dried over sodium sulfate, filtered and concentrated in 

vacuo. The crude product was purified with flash chromatography (hexane/EtOAc 20:1) to afford 

the title compound (540 mg, 70%) as a colourless oil.  

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698; H (400 MHz, CDCl3): 

7.59-7.51 (m, 5H, Ar-H), 4.09-4.02 (m, 1H, H-9), 3.63-3.57 (m, 1H, H-5), 3.51-3.48 (m, 1H, H-

2), 1.95-1.70 (m, 6H, 3×CH2), 1.55-1.40 (m, 5H, H-1 and CH2), 1.17-1.13 (m, 6H, 2×CH3), 1.06 (s, 

3H, CH3), 0.96-0.91 (m, 18H, 2×Si(CH2CH3)3), 0.61-0.53 (m, 12H, 2×Si(CH2CH3)3);C (100 MHz, 

CDCl3):  154.18, 133.87, 130.02, 129.70, 124.04, 87.24, 87.19*, 85.72, 77.47, 74.01, 45.35*, 

45.23, 34.86, 33.59, 31.15*, 31.05, 27.79, 26.33, 25.59, 25.53*, 22.34, 21.76*, 21.54, 7.13, 7.08*, 

6.80, 5.45; m/z (ESI+) calcd for [C32H58KN4O3SSi2]+: 673.3400, found: 673.3399. 
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5-(((5R)-5-((2S,5S)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)-5-

((triethylsilyl)oxy)pentan-2-yl)sulfonyl)-1-phenyl-1H-tetrazole (255) 

 

To a solution of sulfite 255 (540 mg, 0.84 mmol) in dichloromethane (5 mL) was added NaHCO3 

(211 mg, 2.52 mmol) and m-CBPA (434 mg, 2.52 mmol) at 0 °C. The mixture was stirred for 2 h. 

The mixture was diluted with dichloromethane (25 mL), washed with saturated sodium bicarbonate 

solution (30 mL), dried over sodium sulfate, filtered and concentrated in vacuo. The crude product 

was purified by flash chromatography (hexane/EtOAc 20:1) to afford the title compound (530 mg, 

95%) as colourless oil.  

vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 740, 698;  (400 MHz, CDCl3): 

7.68-7.59 (m, 5H, Ar-H), 3.89-3.79 (m, 1H, H-9), 3.63-3.59 (m, 1H, H-5), 3.51-3.47 (m, 1H, H-

2), 2.28-2.12 (m, 1H, CH2), 1.93-1.63 (m, 5H, CH2), 1.59-1.38 (m, 2H, CH2), 1.49 (d, J = 6.40 Hz, 

3H, CH3), 1.17, 1.16* (s, 3H, CH3), 1.14, 1.13* (s, 3H, CH3), 1.07 (s, 3H, CH3), 0.96-0.91 (m, 18H, 

2×Si(CH2CH3)3), 0.61-0.54 (m, 12H, Si(CH2CH3)3); C (100 MHz, CDCl3) 152.8, 133.2, 131.4, 

129.6, 125.4, 87.3, 85.6*, 85.5, 77.6, 74.0, 61.5*, 61.6, 35.2*, 35.1, 30.7*, 30.4, 27.9*, 27.7, 26.3, 

25.8, 25.6, 25.5*, 22.1, 12.9*, 12.8, 7.1, 7.0*, 6.8, 5.4; m/z (ESI+) calcd for [C32H58N4NaO5SSi2]+ : 

689.3559 , found: 689.3560. 
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1-((Benzyloxy)methyl)-4-((R,Z)-3-methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan 

-2-yl)tetrahydrofuran-2-yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrole and 1-

((benzyloxy)methyl) -4-((R,E)-3-methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan-

2-yl)tetrahydrofuran-2-yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrole (E- and Z-

254) 

 

To a solution of sulfone 255 (544 mg, 0.82 mmol) in THF (3.0 mL) was added NaHMDS (0.94 mL, 

1 M in THF, 0.94 mmol) at –78 °C. After 15 min, a solution of aldehyde 172 (225 mg, 0.82 mmol) 

in THF (2.0 mL) was added. The reaction mixture was naturally warmed to room temperature and 

stirred overnight. Then the reaction was quenched with saturated aqueous NH4Cl (2.0 mL) and 

diluted with water (20 mL). The mixture was extracted with EtOAc (3 × 20 mL). The combined 

extracts were washed with brine, dried over sodium sulfate, filtered and concentrated in vacuo. 

Purification by flash chromatography (hexane/EtOAc, 50:1) gave recovered sulfone (132 mg), Z 

isomer (114 mg, 20%) and E isomer (127 mg, 22%) as yellow oil.  

For isomer Z-254: [D]20 = –0.85 (c 4.38, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 

1367, 1301, 1075, 740, 698; H (400 MHz, CDCl3):  7.36-7.27 (m, 5H, Ar-H),7.07 (d, J = 2.4 Hz, 

1H, H-3), 6.77 (d, J = 2.4 Hz, 1H, H-5), 5.71 (s, 2H, H-21), 5.24-5.20 (m, 1H, H-7),4.55 (s, 2H, H-

22),3.63 (dd, J = 6.14, 8.92 Hz, 1H, H-15), 3.51 (dd, J = 3.77, 7.32 Hz, 1H, H-11), 3.14 (d, J = 7.24 

Hz, 2H, H-6), 2.25-2.18 (m, 1H, H-9a), 2.09-2.02 (m, 1H, H-9b), 1.99-1.77 (m, 3H, H-14 and 13a), 

1.74 (d, J = 1.42 Hz, 3H, CH3), 1.72-1.63 (m, 1H, H-13b), 1.55-1.52 (m, 1H, H-10a), 1.40-1.31 (m, 

1H, H-10b), 1.17 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.07 (s, 3H, CH3), 0.98-0.92 (m, 18H, 

2×Si(CH2CH3)3), 0.64-0.54 (m, 12H, 2×Si(CH2CH3)3); C (100 MHz, CDCl3):  138.0, 136.9 (weak 

CNO2), 136.6, 128.6, 128.1, 127.8, 127.0, 124.6, 121.6, 115.3, 87.2, 85.8, 78.2, 77.6, 74.1, 71.0, 

34.6, 32.6, 29.5, 27.8, 26.4, 25.5, 25.0, 23.5, 22.5, 7.1, 6.8, 5.5; m/z (ESI+) calcd for 

[C39H66KN2O6Si2]+ : 753.4091 , found: 753.4067. 

For isomer E-254: [D]20 = –3.15 (c 4.06, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 

1367, 1301, 1075, 740, 698; H (400 MHz, CDCl3):  7.36-7.27 (m, 5H, Ar-H), 7.07 (d, J =7.24 Hz, 

1H, H-3), 6.76 (d, J = 7.17 Hz, 1H, H-5), 5.72 (s, 2H, H-20), 5.29-5.25 (m, 1H, H-7), 4.56 (s, 2H, 

H-21), 3.63 (dd, J = 6.1 Hz, 8.7, 1H, H-15), 3.51 (dd, J = 3.3 Hz, 7.8, 1H, H-11), 3.14 (d, J = 7.13 
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Hz, 2H, H-6), 2.22-2.15 (m, 1H, H-9a), 2.07-1.90 (m, 2H, H-9b), 1.86-1.69 (m, 3H, H-14a and 13), 

1.67 (s, 3H, CH3), 1.57-1.51 (m, 1H, H-10a), 1.45-1.35 (m, 1H,H-10b), 1.17 (s, 3H, CH3), 1.16 (s, 

3H, CH3), 1.08 (s, 3H, CH3), 0.99-0.92 (m, 18H, 2×Si(CH2CH3)3), 0.65-0.54 (m, 12H, 

2×Si(CH2CH3)3); C (100 MHz, CDCl3): 137.8, 136.9 (weak CNO2), 136.6, 128.6, 128.2, 127.8, 

127.0, 124.5, 121.0, 115.3, 87.2, 85.8, 77.8, 77.6, 74.1, 71.1, 36.8, 34.5, 32.3, 27.8, 26.5, 25.6, 25.1, 

22.6, 16.2, 7.1, 6.8, 5.6; m/z (ESI+) calcd for [C39H66KN2O6Si2]+: 753.4091 , found: 753.4102. 

1-((Benzyloxy)methyl)-4-(((2R,3R)-3-methyl-3-((R)-3-((2S,5S)-2-methyl-5-(2-((triethylsilyl) 

oxy)propan-2-yl)tetrahydrofuran-2-yl)-3-((triethylsilyl)oxy)propyl)oxiran-2-yl)methyl)-2-

nitro-1H-pyrrole (274) 

 

To a solution of alkene E-254 (210 mg, 0.297 mmol) in acetonitrile-dimethoxymethane (12 mL, 

1:2, v/v) was added buffer (8 mL, 0.05 M solution of Na2B4O7·10H2O in 4×10-4 M aqueous 

Na2(EDTA)), tetrabutylammonium hydrogen sulfate (15 mg, 0.044 mmol) and (-)-Shi diketal 

catalyst (92 mg, 0.356 mmol). The mixture was cooled to 0 °C with an ice bath. A solution of 

Oxone® (365 mg, 0.594 mmol) in aqueous Na2(EDTA) (4 × 10-4 M, 4 mL) and a solution of K2CO3 

(348 mg, 2.52 mmol) in water (4 mL) were added dropwise simultaneously but separately over 1.5 

h. The reaction mixture was stirred for 0.5 h and then extracted with EtOAc (3 × 30 mL). The 

combined organic extracts were dried over sodium sulfate, filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (hexanes/EtOAc 10:1) to afford the 

title compound (172 mg, 80%) as light yellow oil.  

[D]20 = +7.8 (c 5.32, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 

740, 698; H (400 MHz, CDCl3):  7.36-7.28 (m, 5H, Ar-H), 7.13 (d, J = 2.23, 1H, H-3), 6.90 (d, J 

= 2.26, 1H, H-5), 5.76-5.70 (m, 2H, H-21), 4.57 (s, 2H, H-22), 3.60 (dd, J = 5.95, 9.22, 1H, H-15), 

3.47 (dd, J = 3.73, 7.27, 1H, H-11), 2.88 (dd, J = 5.53, 6.71, 1H, H-7), 2.67-2.65 (m, 2H, H-6), 

1.97-1.74 (m, 4H, H-13 and 14), 1.69-1.61 (m, 1H, H-10a), 1.56-1.38 (m, 3H, H-9 and 10b), 1.34 

(s, 3H, CH3), 1.16 (s, 3H, CH3), 1.14 (s, 3H, CH3), 1.06 (s, 3H, CH3), 0.97-0.91 (m, 18H, 

2×Si(CH2CH3)3), 0.63-0.54 (m, 12H, 2×Si(CH2CH3)3);C (100 MHz, CDCl3):   137.1 (weak 

CNO2), 136.5, 128.6, 128.2, 127.8, 127.2, 120.6, 115.3, 87.2, 85.8, 77.8, 77.7, 74.1, 71.2, 62.6, 61.5, 



 

Experimental 

187 

 

35.6, 34.5, 29.7, 29.2, 27.7, 26.4, 25.6, 22.5, 16.9, 7.12, 7.10, 6.8, 5.5; m/z (ESI+) calcd for 

[C39H66N2NaO7Si2]+: 753.4301, found: 753.4295. 

N-BOM-Heronapyrrole C (277) 

 

To a solution of epoxide 274 (172 mg, 0.24 mmol) in THF (1 mL) was added TBAF (1.0 M in THF, 

0.72 mL, 0.72 mmol) dropwise at 0 °C. The mixture was stirred overnight at rt, diluted with EtOAc 

(15 mL) and washed with water (15 mL). The organic phase was dried over sodium sulfate, filtered 

and concentrated. The crude product was dissolved in toluene (7 mL) and CSA (25.5 mg, 0.11 

mmol) was added at 0 °C. After 1 h, the solvent was removed in vacuo and the residue was purified 

by flash column chromatography (hexanes/EtOAc 5:1) to afford the title compound (86.7 mg, 75%) 

as a yellow oil.  

[D]20 = +39.7 (c 6.08, CHCl3); vmax (neat)/cm–1: 3432, 2967, 2925, 2856, 1459, 1367, 1301, 1075, 

740, 698; H (400 MHz, CDCl3):  7.36-7.28 (m, 5H, Ar-H), 7.17 (d, J = 2.13 Hz, 1H, H-3), 6.98 

(d, J = 2.13 Hz, 1H, H-5), 5.74-5.68 (m, 2H, H-21), 4.54 (s, 2H, H-22), 4.02 (t, J = 7.3 Hz, 1H, H-

11), 3.79-3.73 (m, 2H, H-7 and 15), 2.59-2.55 (m, 1H, H- 6a), 2.45-2.39 (m, 1H, H-6b), 2.21-2.14 

(m, 1H, CH2), 2.01-1.69 (m, 6H, CH2), 1.57-1.50 (m, 1H, CH2), 1.29 (s, 3H, CH3), 1.23 (s, 3H, 

CH3), 1.21 (s, 3H, CH3), 1.11 (s, 3H, CH3); C (100 MHz, CDCl3):  136.6, 128.5, 128.4, 128.1, 

127.8, 122.2, 116.2, 88.2, 86.6, 85.3, 84.1, 77.6, 70.9, 70.5, 34.6, 31.0, 29.7, 29.5, 27.7, 27.6, 25.9, 

25.7, 24.5, 24.1, CNO2 was not observed; m/z (ESI+) calcd for [C27H38N2NaO7]+: 525.2571, found: 

525.2588. 

2-Nitro-1-((2-(triethylsilyl)ethoxy)methyl)-1H-pyrrole (282) 
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To a solution of 2-nitropyrrole 144 (336 mg, 3.0 mmol) in DMF (4 mL) was added sodium hydride 

(144 mg, 3.6 mmol, 60% dispersion in mineral oil) portionwise at 0 °C. The reaction mixture was 

stirred for 20 min, and SEM chloride (748 mg, 3.6 mmol) was added dropwise at 0 °C. Then the 

reaction mixture was warmed to room temperature and stirred overnight. The reaction mixture was 

diluted with water (50 mL) and extracted with EtOAc (3 × 50 mL). The combined organic extracts 

were dried over sodium sulfate and concentrated in vacuo. The crude product was purified by flash 

chromatography (hexanes/EtOAc 12:1) to afford the title compound (724 mg, 85%) as a light 

yellow oil. 

νmax (neat)/cm–1: 2953, 1527, 1464, 1346, 1247, 1083, 1038, 822, 739; H (CDCl3, 400 MHz): 

7.24-7.23 (m, 1H, H-5), 7.01 (t, J = 2.0 Hz, 1H, H-3), 6.23-6.21 (m, 1H, H-4), 5.69 (s, 2H, CH2), 

3.57 (t, J = 7.8 Hz, 2H, CH2), 0.91 (t, J = 7.8 Hz, 2H, CH2), 0.03 (s, 9H,TMS); C (CDCl3, 100 

MHz): 138.9 (weak, CNO2), 130.0, 117.0, 110.4, 79.9, 68.5, 19.3, 0.0; m/z (ESI+) calcd for 

[C13H24N2NaO3]+: 307.1454, found: 307.1450. 

4-Iodo-2-nitro-1-((2-(triethylsilyl)ethoxy)methyl)-1H-pyrrole (283) 

 

A mixture of nitropyrrole 282 (122 mg, 0.43 mmol) and N-iodosuccinimide (145 mg, 0.65 mmol) 

in acetonitrile (3 mL) was stirred in the dark overnight at 60 °C. Then the reaction was quenched 

with saturated sodium thiosulfate (2 mL), diluted with water (20 mL) and extracted with ethyl 

acetate (3 × 20 mL). The combined extracts were washed with brine, dried over sodium sulfate and 

concentrated in vacuo. The crude product was purified by flash chromatography on silica gel 

(hexanes/EtOAc 12:1) to afford the title compound (150 mg, 85%) as a yellow solid.  

νmax (neat)/cm–1: 2863, 1547, 1422, 1332, 1245, 1063, 1022, 872, 733; H (CDCl3, 400 MHz): 7.31 

(d, J = 2.0 Hz, 1H, H-3), 7.08 (d, J = 2.0 Hz, 1H, H-5), 5.67 (s, 2H, CH2), 3.59 (t, J = 8.3, 2H, CH2), 

0.93 (t, J = 8.3, 2H, CH2), 0.01 (s, 9H,TMS); C (CDCl3, 100 MHz): 139.5 (weak, CNO2); 133.6, 

122.8, 80.1, 69.0, 61.9, 19.3, 0.0; m/z (ESI+) calcd for [C13H23IN2NaO3]+ : 433.3131, 

found:.433.3123. 
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2-Nitro-1-((2-(triethylsilyl)ethoxy)methyl)-4-vinyl-1H-pyrrole (284) 

 

To a degassed solution of iodide 283 (150 mg, 0.4 mmol) in DMF (2 mL) was added vinyl tributyltin 

(142 mg, 0.45 mmol) and Pd(dppf)Cl2 (14 mg, 0.02 mmol, 5 mol%). The mixture was heated to 

80 °C and stirred overnight. The mixture was directly subjected to chromatography (hexanes/EtOAc 

15:1) to afford the title compound as a yellow oil (85 mg, 80%). 

νmax (neat)/cm–1: 2954, 1465, 1343, 1288, 1248, 1085, 832, 745; H (CDCl3, 400 MHz): 7.32 (d, 

J = 2 Hz, 1H, H-3), 7.04 (d, J = 2 Hz, 1H, H-5), 6.49 (dd, J = 17.7, 10.9, 1H, H-6), 5.68 (s, 2H, H-

8), 5.54 (dd, J = 17.5, 0.9, 1H, H-7a), 5.18 (dd, J = 10.9, 0.9, 1H, H-7b), 3.6 (t, J = 8.2 Hz, 2H, H-

9), 0.94 (t, J = 8.2 Hz, 2H, H-10), 0.00 (s, 6H, 3×CH3); C (CDCl3, 100 MHz): 129.1, 127.5, 124.3, 

115.2, 113.2, 79.8, 68.6, 15.0, 0.0, CNO2 was not observed; m/z (ESI+) calcd for 

[C12H20IN2NaO3Si]+:291.3741, found:.291.3737. 

Chloromethyl benzoate (289) 

 

To a mixture of paraformaldehyde (3.00 g) and anhydrous zinc chloride (2.0 mmol, 272 mg) was 

added dropwise benzoyl chloride (0.1 mol, 14.1 g). After completion of addition, the mixture was 

heated to 50-55 °C, stirred overnight and then directly subjected to flash chromatography 

(hexane/EtOAc 20:1) to afford the title compound (6.52 g, 38%) as colourless oil.  

H (400 MHz, CDCl3):  8.07-8.09 (m, 2H), 7.59-7.63 (m, 1H), 7.49-7.45 (m, 2H), 5.96 (s, 2H);  

Spectroscopic data is consistent with that reported in the literature.[285] 

1-Benzoyloxymethyl-2-nitropyrrole (290) 

 



Chapter 3 

190 

 

A mixture of 2-nitropyrrole 144 (1.12 g, 10.0 mmol), chloromethyl benzoyate (2.02 g, 11.0 mmol), 

sodium iodide (1.80 g, 12.0 mmol) and potassium carbonate (5.5 g, 40 mmol) in DMF (10 mL) was 

stirred overnight. The mixture was then poured into aqueous sodium chloride (150 mL, 50% 

solution) and extracted with ethyl acetate (3 × 150 mL). The combined organic extracts were 

washed with brine, dried over anhydrous sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash chromatography (hexanes/EtOAc 8:1) to afford the title compound 

(2.43 g, 100%) as a light yellow solid.  

m.p. 69.6-71.1 °C; vmax (neat)/cm–1: 3132, 1725, 1467, 1353, 1248, 1066, 708; H (400 MHz, 

CDCl3):  8.05-8.02 (m, 2H, Ar-H), 7.61-7.56 (m, 1H, H-5), 7.46-7.42 (m, 2H, Ar-H), 7.28-7.26 

(m, 1H, Ar-H), 7.22-7.21 (m, 1H, H-3), 6.50 (s, 2H, H-6), 6.25-6.24 (m, 1H, H-4); C (100 MHz, 

CDCl3):  165.7, 133.9, 131.3, 130.6, 130.0, 128.6, 115.9, 109.3, 69.9, CNO2 was not observed; 

m/z (ESI+) calcd for [C12H10N2NaO4]+ : 269.0532 , found: 269.0535. 

Deprotection 

  

A mixture of N-benzoyloxymethyl-2-nitropyrrole (290) (49 mg, 0.2 mmol), MeOH (1 mL) and HCl 

(4 M, 1 mL) was stirred at 40 °C for 1 h. The mixture was diluted with H2O (20 mL) and extracted 

with ethyl acetate (3 × 20 mL). The combined organic extracts were washed with brine, dried over 

sodium sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 8:1) to afford 2-nitropyrrole (10 mg, 95%). 

1-Benzoyloxymethyl-2-nitro-4-iodopyrrole (291) 

 

A mixture of N-protected 2-nitropyrrole 290 (2.0 g, 8.1 mmol) and N-iodosuccinimide (2.2 g, 9.8 

mmol) in acetonitrile (25 mL) was stirred at 60 °C in the dark overnight. Then the reaction was 

quenched with saturated sodium thiosulfate (20 mL), diluted with water (40 mL) and extracted with 

ethyl acetate (3×60 mL). The combined organic extracts were washed with brine, dried over Sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash chromatography 

(hexanes/EtOAc 8:1) to afford the title compound (2.43 g, 80%) as a light yellow solid.  
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m.p. 122.6-124.2 °C; vmax (neat)/cm–1: 3121, 1727, 1471, 1352, 1253, 1066, 707; H (400 MHz, 

CDCl3):  8.02-8.05 (m, 2H, Ar-H), 7.58-7.62 (m, 1H, Ar-H), 7.43-7.47 (m, 2H, Ar-H), 7.34 (d, J 

= 2.07 Hz, 1H, H-3), 7.29 (d, J = 2.07 Hz, 1H, H-5); 6.45 (s, 2H, H-6); C (100 MHz, CDCl3):  

165.6, 134.4, 134.1, 130.5, 130.1, 128.6, 121.7, 69.4, 61.0, CNO2 was not observed; m/z (ESI+) 

calcd for [C12H9IN2NaO4]+ : 394.9499 , found: 394.9507. 

1-Benzoyloxymethyl-2-nitro-4-vinyl-pyrrole (292) 

 

A mixture of iodide 291 (930 mg, 2.5 mmol), vinyltributyltin (950 mg, 3.0 mmol), Pd(dppf)Cl2 (8 

mg, 0.01mmol) in degassed DMF (2.5 mL) was stirred under nitrogen at 90 °C overnight. Then the 

mixture was directly subjected to flash chromatography (hexanes/EtOAc 10:1) to afford the title 

compound (571 mg, 84%) as a yellow solid.  

m.p. 101.3-103.9 °C; vmax (neat)/cm–1: 3125, 1724, 1468, 1352, 1258, 1084, 1066, 709; H (400 

MHz, CDCl3):  8.02-8.04 (m, 2H, Ar-H), 7.56-7.61 (m, 1H, Ar-H), 7.41-7.47 (m, 2H, Ar-H), 7.35 

(d, J = 2.41 Hz, 1H, H-3), 7.20 (d, J = 2.41 Hz, 1H, H-5), 6.42-6.49 (m, 1H, H-6), 6.46 (s, 2H), 5.55 

(d, J = 17.45 Hz, 1H, H-7a), 5.19 (dd, J = 11.01, 1.03 Hz, 1H, H-7b); C (100 MHz, CDCl3):   

165.7, 133.9, 130.1, 128.6, 128.1, 127.2, 123.2, 121.7, 114.5, 112.2, 69.9, CNO2 was not observed; 

m/z (ESI+) calcd for [C14H12N2NaO4]+: 295.0689, found: 295.0693. 

(2-Nitro-4-(2-oxoethyl)-1H-pyrrol-1-yl)methyl benzoate (293) 

 

Iodobenzene diacetate (246 mg, 0.76 mmol) was added to a solution of alkene 292 (198 mg, 0.73 

mmol) in acetonitrile (5 mL) at rt followed by addition of 5% sulfuric acid (0.1 mL). After stirred 

overnight, the reaction mixture was diluted with ethyl acetate (30 mL) and washed with saturated 

sodium bicarbonate and brine, dried over sodium sulfate and concentrated in vacuo. The crude was 

purified by flash chromatography (hexanes/EtOAc 1:1) to afford the title compound (99 mg, 45%) 

as brown oil.  
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vmax (neat)/cm–1: 3127, 1721, 1466, 1312, 1251, 1083, 1065, 707; H (400 MHz, CDCl3):  9.75 (t, 

J = 1.48 Hz, 1H, CHO), 8.04-8.02 (m, 2H, Ar-H), 7.61-7.57 (m, 1H, Ar-H), 7.46-7.42 (m, 2H, Ar-

H), 7.19-7.18 (m, 2H, H-3 and 5), 6.47 (s, 2H, H-8);C (100 MHz, CDCl3):  197.5, 165.8, 137.1 

(weak, CNO2), 140.0, 130.0, 129.6, 128.60, 128.56, 116.0, 114.4, 69.8, 41.2; m/z (ESI+) calcd for 

[C14H12N2KO5]+ : 327.0377, found: 327.0378. 

(4-((R,E)-3-Methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran 

-2-yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrol-1-yl)methyl benzoate and (4-

((R,Z)-3-Methyl-6-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-

yl)-6-((triethylsilyl)oxy)hex-2-en-1-yl)-2-nitro-1H-pyrrol-1-yl)methyl benzoate (E- and Z-294) 

 

To a solution of sulfone 255 (200 mg, 0.30 mmol) in THF (2 mL) was added NaHMDS (0.33 mL, 

1 M in THF, 0.33 mmol) dropwise at –78 °C. After 10 min, a solution of aldehyde 293 (86 mg, 0.3 

mmol) in THF (1 mL) was added. The mixture was then allowed to warm naturally to rt overnight 

by maintaining the flask dipped in the dry ice/acetone bath. The reaction was quenched with a 

saturated solution of NH4Cl (2 mL), diluted with water (20 mL) and extracted with EtOAc (3×25 

mL). The combined organic extracts were washed with brine, dried over sodium sulfate and 

concentrated in vacuo. Purification by flash chromatography (hexane/EtOAc, 50:1) gave recovered 

sulfone (68 mg), Z isomer (25 mg, 11%), E isomer (27 mg, 12%) and a mixture of unseparated Z/E 

isomer (10 mg) as yellow oil. 

For isomer E-295: [D]20 = –1.79 (c 4.76, CHCl3); vmax (neat)/cm–1: 2955, 2875, 1731, 1374, 1261, 

1086, 1066, 735, 713; H (400 MHz, CDCl3):  8.04-8.02 (m, 2H, Ar-H), 7.60-7.56 (m, 1H, Ar-H), 

7.46-7.42 (m, 2H, Ar-H), 7.10 (d, J = 2.17 Hz, 1H, H-3), 6.98 (d, J = 2.17 Hz, 1H, H-5), 6.43 (s, 

2H, H-21), 5.28-5.24 (m, 1H, H-7), 3.62 (dd, J = 8.96 Hz, 6.19, 2H, H-15), 3.50 (dd, J = 7.97, 3.34 

Hz, 1H, H-11), 3.14 (d, J = 7.08 Hz, 2H, H-6), 1.35-2.21 (m, 8H, H-9, 10, 13 and 14), 1.66 (s, 3H, 

CH3), 1.17 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.08 (s, 3H, CH3), 0.98- 0.92 (m, 18H, 2×Si(CH2CH3)3), 

0.64-0.54 m, 12H, 2×Si(CH2CH3)3); C (400 MHz, CDCl3):  165.7, 138.0, 138.8, 130.0, 128.8, 

128.5, 128.4, 124.7, 120.8, 115.7, 87.1, 85.8, 77.8, 74.1, 69.9, 36.8, 34.4, 32.3, 27.8, 26.5, 25.5, 

25.1, 22.6, 16.2, 7.1, 6.8, 5.6, CNO2 was not observed; m/z (ESI+) calcd for [C39H64KN2O7Si2]+: 

767.3884 , found: 767.3890.  
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For isomer Z-295: [D]20 = –0.79 (c 5.06, CHCl3); vmax (neat)/cm–1: 2955, 2875, 1731, 1374, 1261, 

1086, 1066, 735, 713; H (400 MHz, CDCl3):  8.02-8.05 (m, 2H, Ar-H), 7.56-7.60 (m, 1H, Ar-H), 

7.46-7.41 (m, 2H, Ar-H), 7.11 (d, J = 2.20, 1H, H-3), 6.98 (d, J = 2.20, 1H, H-5),6.43 (s, 2H, H-

21), 5.22 (t, J = 7.24, 1H, H-7), 3.62 (dd, J = 9.17, 6.08, 1H, H-15), 3.50 (dd, J = 7.39, 3.91, 1H, 

H-11),3.14 (d, J = 7.35, 2H, H-6), 2.16-2.24 (m, 1H, H-14a), 2.01-2.09 (m, 1H, H-14b), 1.83-1.95 

(m, 2H, H-9), 1.80-1.76 (m, 1H, H-13a), 1.74 (d, J = 1.08, 3H, CH3), 1.63-1.70 (m, 1H, H-13b), 

1.51-1.55 (m, 1H, H-10a), 1.30-1.39 (m, 1H, H-10b), 1.16 (s, 3H, CH3), 1.14 (s, 3H, CH3), 1.06 (s, 

3H, CH3), 0.92-0.98 (m, 18H, 2×Si(CH2CH3)3),0.53-0.65 (m, 12H, 2×Si(CH2CH3)3);C (100 MHz, 

CDCl3):  165.7, 138.2, 133.8, 130.0, 129.2, 128.5, 128.4, 124.8, 121.3, 115.7, 87.2, 85.8, 78.2, 

74.0, 69.9, 34.6, 32.6, 29.5, 27.8, 26.4, 25.5, 24.9, 23.5, 22.5, 7.1, 6.8, 5.5, CNO2 was not observed; 

m/z (ESI+) calcd for [C39H64NaN2O7Si2]+ : 751.4144 , found: 751.4166. 

(4-(((2R,3R)-3-Methyl-3-((R)-3-((2S,5S)-2-methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahy 

drofuran-2-yl)-3-((triethylsilyl)oxy)propyl)oxiran-2-yl)methyl)-2-nitro-1H-pyrrol-1-yl) 

methyl benzoate (295) 

 

To a solution of olefin E-295 (10 mg, 0.014 mmol) in acetonitrile-DMM (0.6 mL, 1:2, v/v) was 

added buffer (0.4.mL, 0.05 M solution of Na2B4O7·10H2O in 4 × 10-4 M aqueous Na2(EDTA)), 

tetrabutylammonium hydrogen sulfate (0.7 mg, 0.002 mmol), and (-)-Shi diketal catalyst (4.2 g, 

0.016 mmol). The mixture was cooled to 0 °C with an ice bath. A solution of Oxone® (16.8 mg, 

0.027 mmol) in aqueous Na2(EDTA) (4 × 10-4 M, 0.2 mL) and a solution of K2CO3 (16.1 mg, 5.8 

mmol) in water (0.2 mL) were added dropwise separately via syringe pumps over a period of 1 h. 

The reaction mixture was stirred for a further 1 h at 0 °C, diluted with water (10 mL), and extracted 

with EtOAc (3 × 10 mL). The combined organic extracts were washed with brine, dried over sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash column chromatography 

to afford the title compound (8.2 mg, 82 %) as a light yellow oil.  

[D]20 = +5.79 (c 4.08, CHCl3); vmax (neat)/cm–1: 2956, 2876, 1731, 1471, 1378, 1262, 1085, 719;,H 

(400 MHz, CDCl3):  8.05-8.02 (m, 2H, Ar-H), 7.61-7.56 (m, 1H, Ar-H), 7.46-7.42 (m, 2H, Ar-H), 

7.18 (d, J = 2.17 Hz, 1H, H-3), 7.11 (d, J = 2.17 Hz, 1H, H-5), 6.45 (s, 2H, H-21),3.60 (dd, J = 5.9, 

9.2, 1H, H-15), 3.47 (dd, 1H, J = 3.7, 7.3, H-11), 2.88 (t, J = 6.15 Hz, 1H, H-7), 2.67 (d, J = 6.15 



Chapter 3 

194 

 

Hz, 2H, H-6), 1.73-1.96 (m, 4H, H-13 and 14), 1.59-1.67 (m, 1H, H-10a), 1.38-1.53 (m, 3H, H-9 

and 10b), 1.33 (s, 3H, CH3), 1.16 (s, 3H, CH3), 1.14 (s, 3H, CH3), 1.05 (s, 3H, CH3), .091-0.96 (m, 

18H, 2×Si(CH2CH3)3), 0.53-0.62 (m, 12H, 2×Si(CH2CH3)3); C (100 MHz, CDCl3):  165.7, 136.9, 

133.8, 130.0, 128.8, 128.5, 120.7, 115.6, 87.2, 85.7, 77.3, 74.0, 69.9, 62.4, 61.5, 35.5, 34.5, 29.1, 

27.7, 26.4, 26.38, 25.5, 22.6, 16.9, 7.10, 7.07, 6.8, 5.4, CNO2 was not observed; m/z (ESI+) calcd 

for [C39H64N2NaO8Si2]+: 767.4077 , found: 767.4093. 

Heronapyrrole C, (+)-3 

 

To a solution of epoxide 295 (8.2 mg, 0.011 mmol) in THF (0.5 mL) was added TBAF (0.03 mL, 

1 M solution in THF, 0.03 mmol). The mixture was stirred overnight and then diluted with EtOAc 

(15 mL), and washed with water (15 mL). The organic extracts was separated, dried over sodium 

sulfate and concentrated in vacuo. The crude material was dissolved in toluene (0.5 mL) and CSA 

(2.55 mg, 0.011 mmol) added at 0 °C. After 1 h, the mixture was heated to 50 °C and stirred for 0.5 

h. The solvent was removed in vacuo. The crude product was purified by preparative TLC 

(hexane/EtOAc, 1:3) to afford the title compound (3.2 mg, 80%) as a light yellow oil.  

[D]20 = +7.8 (c 0.32, MeOH); lit. isolated (+)-heronapyrro C: [D]20 = +6.7, (c = 0.05, MeOH); 

Stark (-)-heronapyrrole C: [D]20 = -7.6, (c = 2.3, MeOH);[27]  vmax (neat)/cm–1: 3889, 2971, 2874, 

1454, 1348, 1271, 1147, 1271, 1147, 1071, 979, 887, 844, 775; H (400 MHz, CDCl3):  7.00 (d, J 

= 1.8 Hz, 1H, H-3), 6.93 (d, J = 1.8 Hz, 1H, H-5), 4.02 (dd, J = 8.4, 6.6 Hz, 1H, H-11), 3.81 (dd, J 

= 8.1, 7.1 Hz, 1H, H-15), 3.60 (dd, J = 10.2, 1.8 Hz, 1H, H-7), 2.82 (dd, J = 14.6, 1.4 Hz, 1H, H-

6a), 2.44 (dd, J = 14.8, 10.3 Hz, 1H, H-6b), 2.17-2.11 (m, 1H, H-9a), 2.00-1.79 (m, 5H, H-10, 13a 

and 14), 1.69-1.60 (m, 1H, H-13b), 1.220 (s, 3H, H-18), 1.215 (s, 3H, H-19), 1.16 (s, 3H, H-17), 

1.13 (s, 3H, H-20); C (100 MHz, MeOD-d6) 138.6, 126.0, 124.5, 112.2, 88.9, 87.0, 86.2, 86.1, 78.9, 

72.1, 35.1, 34.8, 30.1, 28.3, 27.5, 26.1, 25.8, 25.1, 22.2; m/z (ESI+) calcd for [C19H30N2NaO6] +: 

405.1996, found: 405.1987. 

  



 

Experimental 

195 

 

5-Nitro-1H-pyrrole-3-carbaldehyde (309) 

 

A solution of AlCl3 (3.99 g, 30 mmol) in nitromethane (10 mL) was added dropwise to a solution 

of 2-nitropyrrole 144 (1.12 g, 10 mmol) in nitromethane (20 mL) at –35 °C. After stirring for 10 

min, dichloromethylmethyl ether (3.45 g, 30 mmol) was added. The mixture was stirred overnight 

at –35 °C. The reaction mixture was poured to an ice/water (80 mL) mixture with stirring, extracted 

with EtOAc (3 × 80 mL), the combined organic extracts were washed with water and brine, dried 

over anhydrous sodium sulfate and concentrated in vacuo. Purification by flash chromatography 

(hexane/ EtOAc 1:1) afforded the title compound (0.91 g, 65%) as a light brown solid. 

m.p. 160-162 °C; H (DMSO, 400 MHz)  13.86 (brs, 1H, NH), 9.80 (s, 1H, CHO), 7.96 (d, J = 2.0 

Hz, 1H), 7.48 (d, J = 2.0 Hz, 1H); C (100 MHz,DMSO):186.0, 130.2, 125.9, 108.9, CNO2 was 

not observed; m/z (ESI) calculated for [C5H4N2NaO3]+ 163.0120 , found: 163.0124. 

tert-Butyl 4-formyl-2-nitro-1H-pyrrole-1-carboxylate (308) 

 

A mixture of aldehyde 309 (0.58 g, 4.2 mmol), Boc2O (3.62 g, 16.6 mmol) and K2CO3 (2.31 g, 16.8 

mmol) in DMF (8 mL) was stirred overnight at room temperature. The mixture was diluted with 

water (30 mL), extracted with EtOAc (3 × 30 mL). The combined organic extracts were washed 

with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. Purification by flash 

chromatography (hexane/ EtOAc 5:1) afforded the title compound (0.8 g, 80%) as a light yellow 

oil. 

m.p. 56.8-58.0 °C; νmax (neat)/cm–1: 3135, 1764, 1690, 1551, 1471, 1305, 1252, 1112, 809. H 

(CDCl3, 300 MHz): 9.84 (s, 1H, CHO ), 7.82 (d, J = 2.0 Hz, 1H, H-3), 7.38 (d, J = 2.0 Hz, 1H, 

H-5),  1.60 (s, 9H, 3×CH3); C (CDCl3, 75 MHz): 184.0, 145.8, 130.5, 124.4, 112.5, 88.9, 27.4, 

CNO2 was not observed; m/z (ESI) calculd. for [C10H12N2NaO5]+ : 263.0368, found: 263.0639. 
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tert-Butyl 4-(hydroxymethyl)-2-nitro-1H-pyrrole-1-carboxylate (319) 

 

NaBH4 (91 mg, 2.4 mmol) was added portionwise to a solution of aldehyde 308 (383 mg, 1.6 mmol) 

in THF (5 mL) and methanol (0.1 mL) at 0 °C. After 1 h, the reaction was quenched by saturate 

aqueous NH4Cl (2 mL) and diluted with water (20 mL). The resulting mixture was extracted with 

EtOAc (3 × 20 mL), the combined organic extracts were washed with brine, dried over anhydrous 

sodium sulfate and concentrated in vacuo. Purification by flash chromatography (hexane/ EtOAc 

1:1) afforded the title compound (370 mg, 96%) as a light yellow oil. 

νmax (neat)/cm–1: 3383, 2982, 1761, 1521, 1472, 1371, 1325, 1292, 1252, 1147, 1087, 1022, 838, 

809,768; H (CDCl3, 300 MHz): 7.24-7.23 (m, 1H, H-3), 7.07 (d, J = 2.0 Hz, 1H, H-5), 4.54 (s, 

2H, H-6), 1.78 (brs, 1H, OH), 1.57 (s, 9H, 3×CH3); C (CDCl3, 75 MHz): 124.5, 124.0, 

115.7, 87.1, 57.6, 27.4, CNO2 was not observed; m/z (ESI) calculd. for [C10H14N2NaO5]+ : 265.0795, 

found: 265.0796. 

tert-Butyl 4-(iodomethyl)-2-nitro-1H-pyrrole-1-carboxylate (299) 

 

Iodine (1.62 g, 6.4 mmol) was added to a solution of PPh3 (1.68 g, 6.4 mmol) in acetonitrile (4 mL) 

and dichloromethane (2 mL) portionwise at 0 °C. After 10 min, imidazole (326 mg, 4.8 mmol) was 

added, followed by a solution of alcohol 319 (370 mg, 1.6 mmol) in dichloromethane (0.5 mL) 

dropwise at 0 °C. The resulting mixture was warmed to room temperature and stirred for 3 h. The 

reaction was quenched by saturated Na2S2O3, diluted with water (20 mL) and extracted with EtOAc 

(3 × 20 mL). The combined organic extracts were washed with brine, dried over anhydrous sodium 

sulfate and concentrated in vacuo. Purification by flash chromatography (hexane/ EtOAc 10:1) 

afforded the title compound (0.8 g, 80%) as a light yellow oil. 

νmax (neat)/cm–1: 3141, 2983, 1753, 1522, 1473, 1386, 1368, 1302, 1254, 1124, 1149, 1089, 843, 

810, 762;H (CDCl3, 300 MHz): 7.27-7.26 (m, 1H, H-3), 7.05 (d, J = 2.0 Hz, 1H, H-5), 4.22 (s, 
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2H, H-6), 1.57 (s, 9H, 3×CH3); C (CDCl3, 75 MHz): 124.2, 122.8, 116.7, 87.4, 27.4, -6.5, 

CNO2 was not observed; m/z (ESI) calculd. for [C10H13IN2NaO4]+: 374.9812  , found: 374.9813. 

tert-Butyl 4-allyl-2-nitro-1H-pyrrole-1-carboxylate (324) 

 

To a degassed solution of iodide 299 (70 mg, 0.2 mmol), vinyltributyltin (76 mg, 0.24 mmol) in 

DMF (1 mL), was added Pd2(dba)3 (10 mg, 5 mol%). The mixture was heated to 80 °C and stirred 

overnight. Then the mixture was diluted with diethyl ether (15 mL), washed with 50% brine, dried 

over sodium sulfate and concentrated in vacuo. The crude product was purified with flash 

chromatography (hexane/ EtOAc 10:1) to afford the title compound (40 mg, 80%) as a light yellow 

oil. 

νmax (neat)/cm–1: 3341, 2965, 1723, 1564, 1453, 1334, 1302, 1254, 1129,  810, 762， 643;H 

(CDCl3, 300 MHz): 7.05-7.04 (m, 1H, H-3 ), 6.93 (d, J = 2.3 Hz, 1H, H-5), 5.95-5.82 (m, 1H, H-

7 ), 5.16-5.12 (m, 1H, H-8a ), 5.10-5.085 (m, 1H, H-8b ), 3.18 (d, J = 6.5 Hz, 2H, H-6), 1.60 (s, 9H, 

3×CH3); C (CDCl3, 75 MHz): 135.2, 124.2, 117.3, 116.8, 86.6, 30.7, 27.4; m/z (ESI) calculd. for 

[C12H16N2NaO4]+ 275.2562, found: 275.2557. 

(E)-1-(tert-Butyldimethylsiloxy)-3-iodo-2-methyl-2-propene (328) 

 

A solution of Me3Al (25 mL, 2M in toluene, 40 mmol) were added dropwise to a mixture of 

Cp2ZrCl2 (1.17 g, 4 mmol) in dry CH2Cl2 (30 mL). The solution was then cooled to 0 °C before a 

solution of propargylic alcohol (1.12 g, 22 mmol) in dry CH2Cl2 (20 mL) was added dropwise over 

30min. After stirred overnight, the mixture was cooled to -30 °C and a solution of iodine (7.60 g, 

30 mmol) in anhydrous THF (25 mL) was added slowly. Stirring was continued for additional 20 

min at -30°C before of a saturated NaHCO3 solution (5 mL) were carefully added (caution: heavy 

gas and he at development). Then the cooling bath was removed. After the gas development had 

ceased, another 40 mL of saturated NaHCO3 solution were added and the layers separated. The 

aqueous layer was extracted with ether (3×50 mL) and the combined organic layers were washed 

with saturated Na2S2O3 solution (3×50 mL), dried with sodium sulfate and concentrated in vacuo 
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to afford the crude vinyl iodide, which was dissolved in CH2Cl2 (50 mL), cooled to 0 °C and treated 

with TBSCl (3.61 g, 24 mmol) and imidazole (3.40 g, 50 mmol). The solution was warmed to room 

temperature and stirred overnight. The resulting solution was transferred to a separation funnel and 

washed with 5% aqueous HCl (2×50 mL), saturated NaHCO3 and brine, then dried over sodium 

sulfate and concentrated in vacuo. The crude product was purified by flash column chromatography 

(hexane/ Et2O 15:1) to afford the title compound (6.7 g, 54%) as a clear yellow oil.  

H (300 MHz, CDCl3): δ 6.20 (s, 1H, H-1), 4.14 (br s, 2H, H-3), 1.78 (s, 3H, CH3), δ 0.95 (s, 9H, 

SiC(CH3)3), 0.10 (s, 6H, Si(CH3)2); C (75 MHz, CDCl3) δ 147.0, 76.3, 67.1, 29.9, 26.1, 21.4, −5.2. 

Spectroscopic data was consistent with that reported in the literature. [286] 

(E)-3-(Tributylstannyl)-2-methylpropen-1-ol (325) 

 

A solution of TBS-protected vinyl iodide 328 (3.5 g, 11 mmol) in diethyl ether (50 mL) was cooled 

to −78 °C. To the cooled solution, 2.5 M nBuLi in hexanes (7.18 mL, 17.9 mmol) was added, 

followed immediately by addition of tributyltin chloride (4.87 mL, 17.9 mmol). After 3 h of stirring 

at low temperature, the solution was gradually warmed to room temperature over 1 h. The solution 

was quenched with H2O (8.00 mL). The organic layer was partitioned, washed with saturated 

aqueous NaHCO3, and brine, then dried over sodium sulfate and concentrated in vacuo. The crude 

product was disolved in dried THF (40mL) before treated with TBAF (12 mL, 12 mmol,1M inTHF) 

at 0 °C. After 10 min at 0 °C, the reaction mixture was warmed to rt, stirred for an additional 40 

min, and quenched with a saturated aqueous NH4Cl solution (3 mL). The resulting mixture was 

concentrated in vacuo and dissolved in ether (40 mL). The organic phase was washed with water 

dried over sodium sulfate, and concentrated. Purification by column chromatography on silica gel 

(hexane/ EtOAc 6:1) afforded the title compound (2.4 g, 60%).  

H (300 MHz, CDCl3) 5.80 (1H, s, H-1), 4.07 (2H, d, J = 4.2 Hz, H-3), 1.77 (3H, s, CH3), 1.46-

1.50 (6H, m, Bu3Sn), 1.27-1.33 (6H, m, Bu3Sn), 0.85-0.95 (15H, m, Bu3Sn); C (75 MHz, CDCl3) 

152.3, 120.7, 68.8, 29.2, 27.3, 21.3, 13.7, 10.0. 

Spectroscopic data was consistent with that reported in the literature.[287]  
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(E)-2-Methyl-4-(1-Boc-5-nitro-1H-pyrrol-3-yl)but-2-en-1-ol (329) 

 

To a degassed solution of iodide 299 (70 mg, 0.2 mmol), vinyl tributyltin (76 mg, 0.24 mmol) in 

DMF (1 mL) was added Pd2(dba)3 (10 mg, 5 mol%). The mixture was heated to 80 °C and stirred 

overnight. The mixture was diluted with diethyl ether (15 mL), washed with brine, dried over 

sodium sulfate and concentrated in vacuo. The crude product was purified with flash 

chromatography (hexane/ EtOAc 10:1) to afford the title compound (40 mg, 80%) as a light yellow 

oil. 

νmax (neat)/cm–1:  H (300 

MHz, CDCl3) 7.05-7.01 (m, 1 H, H-5), 6.92 (d, J = 2.3 Hz, 1H, H-3), 5.58-5.51 (m, 1H, H-7), 

4.06 (s, 2H, H-9), 3.19 (d, J = 7.45 Hz, 2H, H-6), 1.73 (s, 3H, CH3), 1.56 (s, 9H, Boc); C (75 MHz, 

CDCl3) 147.1, 137.1, 123.9, 121.8, 117.3, 86.7, 86.2, 27.5, 24.7, 13.7, CNO2 and C=O was not 

observed; m/z (ESI) calculd. for [C14H20N2NaO5]+ 319.1264, found: 319.1267. 

(R)-1-((2S,5S)-2-Methyl-5-(2-((triethylsilyl)oxy)propan-2-yl)tetrahydrofuran-2-yl)pent-4-yn-

1-ol (334) 

 

TMEDA (581 mg, 5 mol) and nBuLi (3.1 mL, 1.6 M in hexane, 5 mmol) was successively added to 

a solution of 1-(trimethylsilyl)propyne (555mg, 5 mmol) in anhydrous diethyl ether (20 mL) at -

20 °C. The reaction mixture was slowly warmed up to 0 °C over 2 h and then cooled to -30 °C. 

After dropwise addition of epoxide 265 (496 mg, 1.6 mmol) in diethyl ether (2 mL), the mixture 

was allowed to warm to 0 °C again and stirred for another 1 h. The reaction was then quenched 

with saturate aqueous NH4Cl (3 mL), diluted with water (30 mL) and extracted with diethyl ether 

(3×30 mL). The combined organic layers were washed with brine, dried over anhydrous sodium 

sulfate, and concentrated in vacuo. The crude product was dissolved in THF (5 mL) and treated 

with TBAF (5 mL, 1 M solution in THF, 1.3 mmol) at -10°C. After 1/2 h, the mixture was diluted 

with water and extracted with ethyl acetate (3×30 mL). The combined organic layers were washed 

with brine, dried over anhydrous sodium sulfate, and concentrated in vacuo. The crude product was 
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purified by column chromatography (hexane/EtOAc 30:1) to afford the title compound (367 mg, 

65% over two steps) as a colourless oil. 

D
18 = -10.75 (c 1.60, CHCl3); νmax (neat)/cm–1: 3460, 2958, 2876, 1458, 1381, 1237, 1171, 1002, 

721; H (CDCl3, 400 MHz): 3.68 (t, J = 7.1 Hz, 1H, H-9), 3.64-3.60 (m, 1H, OH), 3.38 (t, J = 1.5 

Hz, 1H, H-5), 2.0-2.25 (m, 2H, CH2), 2.11-1.94 (m, 2H, CH2), 1.93 (t, J = 2.64 Hz, 1H, H-1), 1.88-

1.77 (m, 2H, CH2), 1.66-1.38 (m, 3H, CH2), 1.30 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.14 (s, 3H, CH3), 

0.95 (t, J = 8.1 Hz, 9H, SiEt3), (q, J = 8.1 Hz, 6H, SiEt3); C (CDCl3, 100 MHz): 86.2, 85.5, 84.7, 

75.8, 74.7, 68.0, 31.2, 30.9, 27.4, 27.2, 27.1, 23.8, 15.8, 6.9, 6.5; m/z (ESI) calculd. for 

[C19H36NaO3Si]+: 363.2326, found: 363.2312. 

Triethyl((2-((2S,5S)-5-methyl-5-((R)-1-((triethylsilyl)oxy)pent-4-yn-1-yl)tetrahydrofuran-2-

yl)propan-2-yl)oxy)silane (332) 

 

To a mixture of alkyne 334 (340 mg, 1 mmol), imidazole (136 mg, 2.0 mmol), 4-

dimethylaminopyridine (24 mg, 0,2 mmol) in DMF (3 mL) was added triethylsilyl chloride (180 

mg, 1.2 mmol) dropwise at 0 °C. The mixture was warmed to room temperature and stirred for 2 h 

and then directly subjected to flash column chromatography (hexane/EtOAc 50:1) to afford the title 

compound (408 mg, 90%) as a colourless oil. 

D
18 = -7.43 (c 1.80, CHCl3); νmax (neat)/cm–1: 3460, 2958, 2876, 1458, 1381, 1237, 1171, 1002, 

721; H (CDCl3, 400 MHz): 3.73 (t, J = 7.1 Hz, 1H, H-9), 3.56 (dd, J = 7.5, 4.2 Hz, 1H, H-5), 

2.39-2.17 (m, 2H, CH2), 2.04-1.94 (m, 1H, CH2), 1.92 (t, J = 2.64 Hz, 1H, H-1), 1.87-1.56 (m, 5H, 

CH2), 1.180 (s, 3H, CH3), 1.14 (s, 3H, CH3), 1.09 (s, 3H, CH3), 0.99-0.89 (m, 18H, SiEt3), 0.66-

0.47 (m, 12H, SiEt3); C (CDCl3, 100 MHz):          

      ; m/z (ESI) calculd. for [C25H50NaO3Si2]+: 477.3196, found: 

477.3193. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 
  



 

 

 

 



Appendices 

 

203 

 

NMR Spectra 

 
13C NMR (CDCl3, 400 MHz) 

 

144 

144 

1H NMR (CDCl3, 400 MHz) 



Appendices 

204 

 

 

 

1H NMR (CDCl3, 400 MHz)  

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

145a 

145a 



Appendices 

 

205 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz)  
 

 

145d 

145d 



Appendices 

206 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

145e 

145e 



Appendices 

 

207 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

145f 

145f 



Appendices 

208 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

147 

147 



Appendices 

 

209 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

148 

148 



Appendices 

210 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

149 

149 



Appendices 

 

211 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

150 

150 



Appendices 

212 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 
1H NMR (CDCl3, 400 MHz) 

163 

163 



Appendices 

 

213 

 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

185d 

185d 



Appendices 

214 

 

 
1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
1H NMR (CDCl3, 400 MHz) 

185a 

185a 



Appendices 

 

215 

 

 
13C NMR (CDCl3, 400 MHz) 

  
1H NMR (CDCl3, 400 MHz) 

185b 

185b 



Appendices 

216 

 

 
13C NMR (CDCl3, 400 MHz) 

 
 

185c 

185c 



Appendices 

 

217 

 

1H NMR (CDCl3, 400 MHz)

 
13C NMR (CDCl3, 400 MHz) 

 
 

185e 

185e 



Appendices 

218 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

186 

186 



Appendices 

 

219 

 

1H NMR (MeOD, 400 MHz) 

 
13C NMR (MeOD, 400 MHz) 

 
 

215 

215 



Appendices 

220 

 

1H NMR (MeOD, 400 MHz) 

 
13C NMR (MeOD, 400 MHz) 

 
 

 

216 

216 



Appendices 

 

221 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

217 

217 



Appendices 

222 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

218 

218 



Appendices 

 

223 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

219 

219 



Appendices 

224 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

226 

226 



Appendices 

 

225 

 

 
1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 

187 

187 



Appendices 

226 

 

1H NMR (CDCl3, 400 MHz) 

13C NMR (CDCl3, 400 MHz)  

 
 

 

238 

238 



Appendices 

 

227 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

237 

237 



Appendices 

228 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

244 

244 



Appendices 

 

229 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

243 

243 



Appendices 

230 

 

 
1H NMR (CDCl3, 400 MHz) 
 

 
13C NMR (CDCl3, 400 MHz) 

 

251 

251 



Appendices 

 

231 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

252 

252 



Appendices 

232 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

253 

253 



Appendices 

 

233 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

242 

242 



Appendices 

234 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

241-E 

241-E 



Appendices 

 

235 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

241-Z 

241-Z 



Appendices 

236 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

263 

263 



Appendices 

 

237 

 

1H NMR (CD6, 400 MHz) 

 
13C NMR (CD6, 400 MHz) 

 
 

258 

258 



Appendices 

238 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

265 

265 



Appendices 

 

239 

 

1H NMR (CDCl3, 400 MHz) 

 
 
13C NMR (CDCl3, 400 MHz) 

 
 

266 

266 



Appendices 

240 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

 

257 

257 



Appendices 

 

241 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

256 

256 



Appendices 

242 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

 

272 

272 



Appendices 

 

243 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

255 

255 



Appendices 

244 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

Z-254 

Z-254 



Appendices 

 

245 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

E-254 

E-254 



Appendices 

246 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

274 

274 



Appendices 

 

247 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

277 

277 



Appendices 

248 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

282 

282 



Appendices 

 

249 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

283 

283 



Appendices 

250 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

   

284 

284 



Appendices 

 

251 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

290 

290 



Appendices 

252 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

291 

291 



Appendices 

 

253 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

292 

292 



Appendices 

254 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

293 

293 



Appendices 

 

255 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

E-294 

E-294 



Appendices 

256 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

 

Z-294 

Z-294 



Appendices 

 

257 

 

1H NMR (CDCl3, 400 MHz) 

 
13C NMR (CDCl3, 400 MHz) 

 
 

295 

295 



Appendices 

258 

 

1H NMR (CDCl3, 400 MHz)This work (+)-3 

 
1H NMR (CDCl3, 400 MHz) Isolated (+)-3 

 
 

 

 

 

3 



Appendices 

 

259 

 

1H NMR (CDCl3, 400 MHz) Stark (-)-3’ 

 
13C NMR (CDCl3, 400 MHz) This work (+)-3 

 
  

3 



Appendices 

260 

 

13C NMR (CDCl3, 400 MHz) Stark (-)-3’ 

 
 

 

 

HPLC 

 

HPLC-DAD-MS analysis was run using an Agilent 1100 series LC/MSD instrument. 

Conditions: HPLC-DAD-ESI ms (Zorbax C8, 5 m, 150 x 4.6 mm column) 1 mL/min gradient 

elution from 90% (H2O-MeCN) to 100% (MeCN) over 15 min with isocratic 0.05% HCO2H in 

MeCN. UV detection at 210, 254 and 360 nm. 
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