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Abstract 

Anthracimycin (9) is a macrocyclic natural product isolated from a Streptomyces strain 

(CNH365) collected off the coast of Santa Barbara (USA) in 2013. Anthracimycin (9) displayed 

potent antibiotic activity against a panel of important bacterial strains, including MRSA (ATCC 

12709, MIC 0.0625 g/mL) and B. anthracis (UM23C1-1, MIC 0.031 g/mL) through an as 

yet undetermined mechanism of action. Additionally, 9 is also a novel mTOR inhibitor, 

suppressing proliferation of cancer stem cells in hepatocellular carcinoma cell lines. 

Anthracimycin (9) possesses a highly rigid, 14-membered macrocyclic structure, bearing a 

1,3-E,Z-diene fragment, a hydrogen bonded 1,3-dicarbonyl motif and an appended trans-decalin 

ring system. The complex molecular architecture, potent biological activity and unknown mode 

of action makes 9 an interesting target for chemical synthesis and presents a unique chemical 

scaffold for drug discovery. 

It was envisaged that 9 could be assembled from three key intermediates; phosphonate (S)-84, 

ester 86 and decalin fragment 243. These fragments could be unified sequentially by an aldol 

reaction, vinylogous Horner-Wittig reaction and macrolactonisation. An IMDA cycloaddition 

was selected as an efficient method of constructing 243, and the synthesis and IMDA reactivity 

of four distinct precursors, namely ester (R)-199, aldehyde 99, ketone 226 and chiral auxiliary-

bearing 242 were investigated. Precursor 242, bearing an Evans oxazolidinone auxiliary was 

reacted successfully to afford an IMDA adduct possessing the same stereochemical 

configuration as the natural product (9). 

 

Function-oriented synthesis (FOS) studies towards structurally simplified analogues of 9 were 

conducted, whereby the trans-decalin ring system of 9 was replaced with cyclohexene fragments 

obtained through a Diels-Alder cycloaddition reaction. These fragments enabled investigation 

of methods required for constructing the macrocycle of 9. In particular, a Mukaiyama aldol 

reaction of aldehyde 334a with bis-silyl enol ether 346 was envisaged to construct the 
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tricarbonyl motif (strategy A). The subsequent vinylogous Horner-Wittig reaction of aldehyde 

362a and phosphonate (S)-84 proved problematic, thus the order of fragment coupling was 

revised. Strategy B emphasised 1,3-E,Z-diene synthesis prior to tricarbonyl installation, through 

the vinylogous Horner-Wittig reaction. Subsequent enolate alkylation of ketone 396a with acid 

chloride 428 delivered late-stage intermediate 386a, however, the final macrocyclisation step 

ultimately proved unsuccessful. 

 

Given the problematic macrocyclisation, an alternative coupling strategy involving an 

intramolecular Stille coupling was attempted on linear fragment 444, which was assembled 

through coupling of carboxylic acid 445 and amine 446. Gratifyingly, 444 underwent smooth 

macrocyclisation to provide 14-membered macrocycle 443, bearing resemblance to 

anthracimycin (9) through the configuration of the 1,3-E,Z-diene unit and an appended aromatic 

ring in place of the trans-decalin ring system.  

 

These studies served as a proof-of-concept for this coupling strategy towards simplified 

analogues of 9 and will inform the end game strategy in the ongoing total synthesis of 9. 
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 Antibiotic Resistance and the Need for New Antibiotics 

According to the World Health Organisation (WHO), the term antibiotic resistance refers to the 

ability of bacteria to change how they respond to antibiotic drugs, thus evading their therapeutic 

action.[1] Some members of the infecting bacterial population will already possess genes 

conferring resistance to antibiotic drugs, through either random mutation of their own genome, 

or by horizontal transfer from an already-resistant microorganism.[2] Following treatment with 

antibiotics, the majority of the bacterial population are killed, however, the resistant members 

survive. Thus resistance-imparting genes are evolutionarily selected for in the subsequent 

generation, giving rise to a new generation of largely resistant microbes. Over time, the 

population of resistant microbes grows and renders previously-effective antibiotic agents 

redundant. 

Microbes acquire resistance to antibiotics via a plethora of mechanisms, including enzymic 

inactivation of antibiotics (e.g. -lactamases), enhanced rate of drug efflux from the cell, 

reduced antibiotic uptake, amplification or mutation of the antibiotic target, reduced dependence 

on the cellular target and biofilm formation.[2] Through these mechanisms, resistance to new 

antibiotics is typically observed within 30 years of their clinical deployment (Figure 1). 

 

Figure 1 Timeline of antibiotic deployment and the evolution of antibiotic resistance (adapted from Ventola et. al.)[3] 

A key driver for antibiotic resistance is the overuse of antibiotics for livestock, especially in 

crowded factory farms.[4] At least 30 different antibiotics are used in these settings, and chronic 

and repeated exposure to these antibiotics promotes proliferation of resistant bacteria. According 
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to the Centre for Disease Control and Protection (CDC), urgent drug-resistant threats include 

Clostridium difficile, carbapenem-resistant Enterobacteriaceae and Neisseria gonorrhoeae, 

while those considered a serious threat include vancomycin-resistant Enterococcus, multi drug-

resistant (MDR) Pseudomonas aeruginosa, drug-resistant Streptococcus pneumoniae, drug-

resistant Mycobacterium tuberculosis (TB) and methicillin-resistant Staphylococcus aureus 

(MRSA). The emergence of carbapenemase-producing Enterobacteriacae (CPE) is of particular 

concern, since carbapenems are considered a last-resort antibiotic. 

There is consensus among scientists that we are heading towards a ‘post-antibiotic’ world.[5] As 

of 2017, infectious diseases were the second highest killer worldwide (and third highest in 

developed nations), resulting in 17 million deaths per year from bacterial infections.[2] Drug 

resistant bacteria are responsible for 25,000 deaths per year in Europe. In the US, 19,000 deaths 

and 360,000 hospitalisations were attributed to MRSA infections, accompanied by a $3-4 billion 

healthcare cost. In 2014, 10% of S. aureus infections in New Zealand were MRSA, although in 

a global sense, New Zealand still has relatively low rates of antimicrobial resistance.[6]  

Following decades of protection from microbial infections since the discovery of penicillin in 

1929, the rise of drug-resistant microorganisms has outpaced the rate of new antibiotic 

development.[7] The 2018 antimicrobial resistance (AMR) benchmark report evaluated the 

outputs of 30 companies in the space of AMR, selected from large pharmaceutical companies, 

generic medicine manufacturers and biotech companies.[8] This report revealed that while half 

of the companies were making efforts to track AMR though surveillance programs, only eight 

companies actively set limits on the quantities of antibiotics that could be released into the 

environment. Additionally, there were 28 antibiotics in late-stage development for high-priority 

pathogens, although only two of these were accompanied by plans to ensure their strategic usage 

following market release. In particular, there is an urgent need for new antibiotics from different 

classes (i.e. with new mechanisms of action), since only six of the 32 antibiotic approvals 

between 2000 and 2015 were from new classes.[9]  

 The Need for New Classes of Antibiotics and the Role of Academia 

The golden era of antibiotic discovery spanned the mid 1940’s to 1960’s and provided humanity 

with a plethora of important ‘legacy’ antibiotic scaffolds, namely -lactams, chloramphenicols, 

tetracyclines, aminoglycosides, glycopeptides and macrolides (Figure 2).[5] Many of these 
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natural product-derived compounds are suffering from reduced effectiveness due to AMR, 

however, Wright and co-workers argue that there is much value left to be extracted from natural 

products, through re-purposing ‘legacy’ antibiotics and investigating new antibiotic leads.[10] 

Wuest and co-workers suggest that despite their structural complexity and difficulty of 

synthesis, natural product scaffolds should not be overlooked when searching for novel drug 

scaffolds.[11] Natural product total synthesis is a direct and valuable method for accessing 

antibiotic compounds that have the potential to avoid known bacterial resistance mechanisms. 

Regarding academic laboratories contributing to drug discovery, Silber and co-workers 

encourage research groups to concentrate their effort on unprecedented targets and avoid ‘copy-

cat’ therapeutics.[12] Therefore, it is here where academia can continue to benefit antimicrobial 

research and development, through early stage investigation of novel antimicrobial scaffolds 

derived from natural products. 

 

Figure 2 Legacy antibiotics discovered during the ‘golden era’ of antibiotic discovery (1940’s – 1960’s). 

 Natural Products in Drug Discovery 

Natural product scaffolds have been refined over millions of years of evolution to interact with 

cellular targets with high selectivity, and as such they are excellent sources of inspiration for 

drug discovery.[10] This is evidenced by the high ligand-target specificity and selectivity that is 

observed for bioactive macrocyclic compounds. Analysis of sources of new FDA-approved 

drugs from 1981 to 2014 revealed that un-altered natural products comprised 4% of the FDA 

approved drugs in this time period, while natural product derivatives, synthetic mimics of 
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natural products and natural product pharmacophore-inspired compounds made up 21%, 11% 

and 14%, respectively.[13] Natural products play a large role in combatting infectious diseases, 

and the majority of antibiotic drugs are derived from natural products of microbial origin.[10]  

Macrocycles consist of a ring of 12 or more atoms and represent the middle ground between 

small molecule entities and biologics.[14] This class of compounds comprise approximately 3% 

of the more than 100,000 known natural product secondary metabolites[15] and  macrolactone 

structures are present in 26 drugs approved by the U.S. Food and Drug Administration (FDA).[16] 

These include, but are not limited to fidaxomycin (1) (antibiotic), telithromycin (2) (antibiotic) 

and rapamycin (3) (immunosuppressive) (Figure 3). It is worth noting that approximately half 

of small-molecule drugs are derived from or inspired by naturally-occurring compounds, while 

the majority of macrocyclic drugs are either identical to, or closely derived from natural 

products. This is because macrocyclic natural products typically display high binding affinity, 

and thus require little-to-no modification for use as therapeutics.[15] 

 

Figure 3 FDA-approved macrolactone drugs fidaxomycin (1), telithromycin (2) and rapamycin (3). 

 Chemistry and Biology of Macrocycles 

Intracellular targets previously deemed ‘undruggable’ due to their complex three dimensional 

topologies are increasingly being explored as potential therapeutic targets.[17] For instance, 

protein-protein interactions (PPIs) are biological targets which require therapeutics with greater 

complexity than conventional small molecule drugs for effective binding.[18] This is due to the 

binding elements of PPIs typically being spread over a larger area than those of a tight binding 

pocket. Schreiber argues that reference to drug compounds merely as ‘inhibitors of biochemical 

activity’ oversimplifies the often complicated and intricate alterations in the cell when these 

compounds bind to proteins.[19] One key consequence of protein binding is a subsequent change 



  Chapter 1: Introduction 

 

7 

 

in how the protein interacts with other cellular components (i.e. the interactome) and thus 

reflects a change in the cellular communication network. This concept is especially important 

when considering macrocycles binding to cellular targets, and increased interest in these novel 

drug targets has led to a rise in research surrounding macrocyclic drug scaffolds which are 

capable of targeting large binding surfaces.[20]  

The key binding elements of the macrocycle constitute part of the overall cyclic structure, which 

confers a degree of structural preorganization, such that important functional groups can interact 

across extended binding sites without a major entropic loss on binding.[14] Macrocyclic 

structures therefore reflect a compromise between structural preorganisation and sufficient 

flexibility to mould to a target site and maximise binding interactions.[21] This confers both 

selectivity and potency at their sites of action. Despite typically having molecular weights above 

that defined in Lipinski’s rule of five,[22,23] macrocycles can be found to possess favourable drug-

like physicochemical and pharmacokinetic properties such as good solubility, lipophilicity, 

metabolic stability and bioavailability. 

Historically, computational modelling of macrocyclic structures was considered challenging 

due to the large number of rotatable bonds, coupled with the conformational restrictions of the 

macrocyclic structure.[24] This arrangement affords a highly complex scaffold, whereby 

alteration of one C-C dihedral angle results in a ‘domino effect’, altering adjacent C-C bonds 

and ultimately resulting in a variety of possible 3D conformations. However, advances in 

computational modelling techniques now enables scientists to confidently predict bioactive 

conformations and binding modes of macrocycles.[21,25,26] Edge-on binding modes, typified by 

cyclosporine bound to cylcophillin (Figure 4A), involve a flattened macrocyclic structure, which 

maximises binding contacts with the protein target. Meanwhile, ‘face-on’ modes, exemplified 

by pectenotoxin-2 bound to actin (Figure 4B) exploit neighbouring pockets by projecting 

substituents inside to maximise binding interactions. Small macrocycles, such as macbecin, 

typically adopt a compact binding mode inside a tight binding pocket (Figure 4C).  
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Figure 4 The different binding modes displayed by (A) cyclosporine, (B) pectenotoxin-2 and (C) macbecin (taken with 

permission from Yudin et. al.).[21] 

Any historical concerns about the synthetic tractability of macrocycles have been addressed by 

modern diversity-oriented synthesis platforms. Diversity-oriented synthesis (DOS)[27] is an 

approach used for rapidly synthesising libraries of macrocyclic scaffolds, and DOS 

methodology is continuously being developed.[28–30] DOS strategies enable the synthesis of large 

macrocyclic libraries through a build-couple-cyclise (B/C/C) sequence, where functionalised 

building blocks are synthesised (built) before being coupled together and finally cyclised (Figure 

5A). By varying the building blocks and linkers, a vast array of compounds can be accessed in 

this manner which occupy a wide chemical space (Figure 5B). These strategies typically rely on 

robust chemical transformations for macrocycle formation, such as ring closing olefin 

metathesis, copper-catalysed alkyne-azide cycloaddition (Click) reactions, amide couplings and 

esterifications.[31] This improves the synthetic tractability of these macrocyclic structures, but 

often comes with a compromise to the structural complexity of natural product-like scaffolds. 

 

Figure 5 A) A B/C/C strategy for constructing macrocyclic compounds. B) A DOS approach to a macrocyclic library, 

covering a wide range of chemical space (adapted from Spring et. al.).[30] 

Currently, virtual libraries include thousands of structurally complex macrocycles, readily 

accessible for screening.[32] These can be used in conjunction with validated crystal structures 

for docking and mapping of binding sites, as well as probing the nature of PPIs. These 
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techniques contribute to an overall greater understanding of the chemistry of macrocycles, 

which are distinct to traditional small-molecule drugs. In summary, macrocycles possess 

numerous qualities which make them ideal candidates for probing previously poorly-druggable 

targets, and as such, macrocyclisation is being increasingly regarded as a useful technique for 

accessing novel chemical space.[33]  

 Streptomyces – A Source of Clinically Important Natural Products 

Actinobacteria are a phylum of Gram-positive bacteria, of which Streptomyces is the largest 

genus, containing over 500 distinct species.[34,35] This array of microorganisms are responsible 

for producing a wide range of secondary metabolites; many possessing interesting bioactivity 

including antifungal, antiparasitic and immunosuppressant activity. In particular, Streptomyces 

is the largest producer of antibacterial pharmaceuticals, including tetracycline (4) (S. rimosus 

and S. aureofaciens), streptomycin (5) (S. griseus), and daptomycin (6) (S. rseosporus) 

(Figure 6). 

 

Figure 6 Structures of tetracycline (4), streptomycin (5) and daptomycin (6), produced by Streptomyces. 

Polyketides are an important class of secondary metabolites produced by Streptomyces. Their 

biosynthesis is a complicated process involving polyketide synthases (PKS) which catalyse the 

sequential condensation of malonyl-CoA derived building blocks. These enzymes can be 

classified as type 1, type 2 or type 3, depending on structural and functional features.  

Type 1 PKSs are large, modular proteins, where each module consists of multiple domains - 

each responsible for catalysing a discrete chemical transformation on the elongating polyketide 

chain. These domains include (but are not limited to) ketoreductases (which reduce ketones to 
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alcohols), dehydratases (which dehydrates alcohols to alkenes), methyl transferases (responsible 

for incorporation of methyl groups on the linear chain) and acyl carrier proteins (ACP, 

responsible for transferring the polyketide chain between modules). Type 2 PKSs consist of an 

aggregate of monofunctional proteins, while type 3 PKSs differ from both type 1 and 2 through 

lack of any acyl carrier protein domains. PKS subtypes can be further classified as cis- and 

trans-acyltransferase (cis- and trans-AT) clusters, which differ in their mechanisms for 

transferring intermediates along the molecular assembly line. Cis-AT clusters possess domains 

which select the initial polyketide substrate, while trans-AT clusters lack these domains. After 

the polyketide chain has been transferred between the necessary domains via the ACP, the 

product is released from the PKS through cleavage of the thioester linkage by a thioesterase. 

Here, the secondary metabolite may undergo further modification by post-PKS enzymes.  

Type 1 PKSs are responsible for the synthesis of macrocyclic polyketides, also known as 

macrolides (Figure 7).[36] Macrolides produced by Streptomyces in this manner can range in ring 

size, highlighted by 31-membered rapamycin (3), 16-membered spiramycin (7), 12-membered 

methymycin (8) and 14-membererd anthracimycin (9). 

 

Figure 7 Structures of rapamycin (3), spiramycin (7), methymycin (8) and streptomycin (9), produced by Streptomyces. 

 Anthracimycin 

 Isolation 

In 2013, Fenical and co-workers observed substantial antibiotic activity from a Streptomyces 

strain (CNH365) against B. anthracis and MRSA.[37] This strain, which had been isolated from 

marine sediments off the coast of Santa Barbara (USA), was subjected to fractionation and 

yielded a solid compound possessing a molecular formula of C25H32O4 as determined by high 

resolution electron spray ionisation mass spectrometry (HR-ESI-MS) analysis. This compound, 
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named anthracimycin (9), was found to possess a tricyclic structure (Figure 8A), and a 2D 

rotating frame nuclear Overhauser effect spectroscopy (ROESY) NMR experiment revealed a 

cis-configuration for the macrocyclic ring junction and a trans-configured decalin ring system. 

Meanwhile, the presence of nine methine 13C NMR signals in the alkene region indicated a 

highly unsaturated structure. X-ray crystallography was used to unambiguously assign the 

structure of anthracimycin, including the stereochemical configuration of all seven chiral 

centres. Additionally, this revealed a 1,3-dicarbonyl which undergoes keto-enol tautomerisation 

via an intramolecular hydrogen-bond. This tautomerisation was shown to be rapid, manifesting 

as a proton in the crystal structure equidistant to the two oxygen atoms involved.  

 

Figure 8 A) Chemical structure and X-ray structure of anthracimycin (9), [37] B) Structure of anthracimycin B (10). 

Anthracimycin (9) was in-fact first isolated in 1995 by MerLion Pharma from Streptomyces sp. 

T676.[38] This compound was discovered during high-throughput screening and was initially 

named N1097 (unpublished).[38] In 2018, Reyes and co-workers reported the isolation of 9, as 

well as a congener, anthracimycin B (10), from an extract of Streptomyces cyanofuscatus 

(Figure 8B).[39] Anthracimycin B (10) only differs from anthracimycin (9) in the lack of the C2 

methyl substituent. Despite the 14-membered macrocyclic carbon skeleton, anthracimycin (9) 

and anthracimycin B (10) bear little similarity to other members of the macrolide class of 

antibiotics, which are typically highly saturated and feature pendant carbohydrate moieties. 

 Biosynthesis 

The biosynthetic gene cluster responsible for the synthesis of anthracimycin from Streptomyces 

sp. T676 was identified and reported by Wilkinson and co-workers in 2015.[38] The 53253 base 

pairs cluster contains nine genes (atcA to atcI) of which four (atcC to atcF) comprise a trans-

AT PKS. Subsequent heterologous expression of this gene cluster in Streptomyces coelicolor 

resulted in successful production of anthracimycin, thus corroborating the cluster identification. 
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Concurrently, Jungmann and co-workers identified the analogous gene cluster responsible for 

the production of anthracimycin in Streptomyces sp. CNH365 (Scheme 1).[40] Since the 

structural arrangement of these highlighted clusters is identical in both strains, while 

neighbouring loci vary drastically, this further corroborated the successful identification of the 

biosynthetic genes for anthracimycin production. The atcC gene encodes an acyltransferase, 

while genes atcD to atcF encode modules responsible for functionalising the elongating 

polyketide chain, commencing from malonyl CoA (11). 

It was proposed that the decalin ring system of anthracimycin likely arises from a spontaneous 

[4+2] cycloaddition whilst still bound to the trans-AT PKS enzyme, rather than by a dedicated 

‘Diels-Alderase’ enzyme, which have been identified previously.[41–43] This hypothesis was in 

response to the absence of genes encoding post-PKS enzymes that could have mediated the 

cyclisation. It is suggested that installation of the chiral C21 hydroxyl group and C16 methyl 

group preorganises the PKS-bound cyclisation precursor 12, and this rigidity imparted by the 

bound PKS is expected to determine the stereochemistry of the cycloaddition adduct (13).  

Additionally, in 2015, Harunari and co-workers reported 13C-labeling experiments to investigate 

the biosynthetic origins of anthracimycin.[44] This study involved a feeding experiment using 

labelled L-[methyl-13C]methionine, which suggested that the C23, C24 and C25 methyl groups 

originate from methionine, instead of methylmalonate as expected in actinobacteria 

biosynthesis. Typically, fungal PKS undergo methyl branching through C-methylation of 

methionine, and there are only several examples[45–48] of actinobacteria adopting the same 

strategy. 
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Scheme 1 Proposed biosynthetic pathway for anthracimycin (9) in Streptomyces CNH365 (adapted from Jungmann et. al.).[40]  

Anthracimycin B (10), which lacks the C2 methyl substituent present in 9 is suspected to arise 

from a malfunctioning methyl transferase in module 10.[39] 

Characterising and understanding the biosynthetic machinery for 9 has enabled preliminary 

bioengineering of novel analogues.  In 2018, Ng and co-workers conducted a genome sequence 

similarity search of alternative organisms capable of producing anthracimycin.[49] 

N. kunsanensis, a non-Streptomyces organism, was selected as a suitable candidate and 

heterologous expression of the biosynthetic gene cluster of anthracimycin in this organism 

resulted in production of both anthracimycin (9) and a novel analogue - anthracimycin B11-

2619 (14) (Figure 9). This analogue was structurally similar to anthracimycin, although it lacked 

a methyl substituent at C2 and bore an additional (R)-methyl group at C8 of the decalin ring 

system.  

 

Figure 9 Structures of anthracimycin (9) and anthracimycin B11-2619 (14). 
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 Bioactivity 

Preliminary biological evaluation of anthracimycin was completed by Fenical and co-workers, 

shortly following its isolation and structural determination.[37] Anthracimycin showed activity 

against both B. anthracis (UM23C1-1, MIC 0.031 g/mL) and MRSA (ATCC 12709, MIC 

0.0625 g/mL) in broth microdilution assays (Table 1). Anthracimycin showed moderate 

activity against other Gram-positive microorganisms (streptococci, enterococci and 

staphylococci) but no activity was seen in Gram-negative genera. Metabolic labelling 

experiments revealed that anthracimycin elicited interruption of DNA and RNA synthesis 

through a mechanism other than DNA intercalation. However, the precise mechanism of action 

of anthracimycin remains undetermined. 

Further biological studies were reported by Nizet and co-workers in 2014 which included a 

larger panel of bacterial Gram-positive and Gram-negative strains.[50] Anthracimycin was 

potently active against methicillin-susceptible and vancomycin-resistant strains of S. aureus. 

Killing kinetic studies demonstrated rapid bactericidal activity (>4-log kill in 3 hours) at 

concentrations >5 times the MIC, and MRSA growth inhibition at concentrations 1/16 times the 

MIC. Bactericidal activity was reduced when exposed to 20% human serum. Additionally, 

anthracimycin was found to be minimally toxic to human carcinoma cells (HeLa CCL-2, IC50 = 

70 mg/L).  
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Table 1 MIC values of anthracimycin (9) against various bacterial strains. 

Pathogen (Strain) MIC (mg/L) 

MRSA Sanger 252 (USA200) 0.063 

 TCH1516 (USA300) 0.125/16 

 UAMS1182 (USA300) 0.125 

 ATCC 33591 0.125 

 NRS70 (ST5) 0.08 

 NRS192 (ST1) 0.16 

 VRSA-PA 0.125 

 VRSA-MI 0.25 

Other S. aureus UAMS1 0.125/8 

 RN4220 0.125/32 

 Newman 0.16 

Non-S. aureus E. faecalis isolate 6981 0.125 

 B. anthracis (UM23C1-1) 0.03 

 B. anthracis (Sterne) 0.03 

 S. pneumoniae (ATCC 51916) 0.25 

 P. aeruginosa (ATCC 27853) >64 

 K. pneumoniae (ATCC 700603) >64 

 A. baumannii (ATCC 17978) >64 

/ = MIC in presence of 20% human serum 

It is worth noting that Reyes and co-workers tested anthracimycin (9) against a strain of 

M. tuberculosis (H37Ra), with 9 displaying appreciable activity (MIC 1-2 M).[39] 

A dichlorinated analogue of anthracimycin (15) was synthesised by Fenical and co-workers 

through treatment of 9 with N-chlorosuccinimide (NCS) (Scheme 2).[37] Dichloro-anthracimycin 

(15) showed similar activity against Gram-positive species, while displaying improved activity 

against Gram-negative microorganisms E. coli (32 g/mL versus >256 g/mL) and P. 

aeruginosa (32 g/mL versus >256 g/mL) – suggesting that C4 dichlorination confers an 

improved ability to cross the cell wall of Gram-negative species.  
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Scheme 2 Synthesis of dichloro-anthracimycin 15 from anthracimycin (9). 

In 2017, Kaneko and co-workers discovered that anthracimycin suppressed mTOR signalling 

and was an effective suppressor of hepatocellular carcinoma proliferation.[51] Anthracimycin 

inhibited the phosphorylation of p70 S6 kinase without directly affecting mTOR 

phosphorylation. However, the mechanisms associated with anthracimycin suppression of 

mTOR signalling remain unclear and should be elucidated in future studies. 

 Chlorotonil A 

 Isolation 

In 2008, while analysing strains of S. cellulosum for secondary metabolites by HPLC-MS, the 

presence of a chlorine-containing metabolite was observed from strain So ce1525.[52] Jansen and 

co-workers worked to elucidate the chemical structure of the white crystalline compound, and 

through a combination of 2D NMR techniques and X-ray crystallography, the structure of 

chlorotonil A (16) was elucidated (Figure 10). The chemical structure of 16 possesses an almost 

identical carbon framework to that of anthracimycin (9), however 16 features an additional 

methyl group (relative to anthracimycin) at C8, as well as a gem-dichloro motif at C4 which 

disrupts the keto-enol tautomerism observed in anthracimycin (9). Additionally, 16 possesses 

the opposite stereoconfiguration at all chiral centres.  

 

Figure 10 Chemical structure and crystal structure of chlorotonil A (16).[52] 
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The near identical carbon frameworks of anthracimycin (9) and chlorotonil A (16) is rather 

extraordinary, since the production of secondary metabolites with similar carbon frameworks 

by actinobacteria and myxobacteria is extremely rare.[44]  

 Biosynthesis  

The 2015 report by Jungmann and co-workers also detailed the gene cluster responsible for the 

production of chlorotonil A from S. cellulosum 1525 (Scheme 3).[40] The gene clusters 

responsible for production of anthracimycin and chlorotonil A are very similar, with the 

chlorotonil A biosynthetic cluster possessing an additional methyl transferase and halogenase. 

This accounts for the fact that chlorotonil A possesses a near identical chemical framework to 

that of anthracimycin, with the inclusion of an additional C8 methyl substituent on the decalin 

ring and a C4 gem-dichloride motif. 

As with anthracimycin, it was proposed that while still bound to the PKS enzyme, a spontaneous 

[4+2] cycloaddition constructs the decalin ring system with the opposite stereochemical 

configuration to that of anthracimycin. This is rationalised by the fact that C21 and C16 possess 

opposite stereochemistry to that seen in the precursor to anthracimycin, and this preorganised, 

PKS-bound cyclisation precursor 17, therefore dictates the stereochemistry of cycloaddition 

adduct 18. Further chain elongation culminates in macrocyclisation and concomitant release 

from the PKS to afford macrocycle 19, which is modified by additional halogenase and methyl 

transferase enzymes to install the C4 dichloride motif and C2 methyl substituent. 

Chlorotonil B (20) was also produced in these studies, which differs from chlorotonil A by one 

chlorine atom at C4 (Scheme 3). The proposed biosynthetic pathway of this congener diverges 

from that of chlorotonil A following macrolactonisation, where action of a halogenase enzyme 

incorporates one chlorine atom at C4 instead of two for chlorotonil A. Two additional congeners, 

chlorotonil C (21) and chlorotonil C2 (22) were also produced during the course of these studies. 

It was rationalised that these congeners likely arise due to a malfunctioning methyltransferase 

in module seven. This results in omission of the C10 methyl substituent, which could have 

afforded a polyketide product suitable for C9-C10 alkene reduction by an external hydrogenase 

enzyme. 
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Scheme 3 Proposed biosynthetic pathway for chlorotonil A, B, C and C2 (adapted from Jungmann et. al.).[40] 

 Bioactivity  

Chlorotonil A (16) was tested against both clinical isolates and laboratory strains of Plasmodium 

falciparum and displayed potent anti-malarial activity with IC50 values ranging from 4 – 32 

nM.[53] Chlorotonil A (16) was found to be active against all stages of intraerythocytic parasite 

development, as well as displaying a rapid onset of activity, desirable oral availability and low 

toxicity. Chlorotonil A (16) also demonstrated potent activity against Gram positive bacterial 

strains, including M. luteus (DSM-1790, MIC 0.25 M), B. subtilis (DSM-10, MIC ≤0.006 M) 

and S. aureus (Newman, MIC 0.012 M).[40] Like anthracimycin, the mechanism of action for 

chlorotonil A remains undetermined. 
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 Compiled SAR of Anthracimycin and Chlorotonil A Congeners 

Biological data of all known anthracimycin and chlorotonil A-related natural products was 

compiled in order to conduct a preliminary structure-activity-relationship (SAR) study, which 

is summarised below in Table 2. 

 

 



 

 

Table 2 SAR of anthracimycin (9), chlorotonil A (16) and congeners (20-22). 

  

 

anthracimycin (9) 
 

anthracimycin B (10) 

 

anthracimycin B11-2619 (14) dichloro-anthracimycin (15) chlorotonil A (16) chlorotonil B (20) 
 

chlorotonil C (21) chlorotonil C2 (22) 

Organism Strain g/mL g/mL g/mL g/mL g/mL g/mL g/mL g/mL 

MRSA MRSA ATCC 33591 0.125  0.125      

 MRSA MB5393 <0.03 0.125-0.25       

Other S. 

aureus 

Newman 0.16    0.006 >3.2 3.2 1.6 

MSSA ATCC 29213 <0.03 4-8       

S. aureus ATCC 13709 0.0625   0.125     

Gram 

positive 

S. Pneumoniae ATCC 51916 0.25   0.25     

S. Pneumoniae DSM-20566     0.0125 >3.2 >3.2 >3.2 

E.  faecalis ATCC 29212 0.125  8 0.5 >3.2 >3.2 >3.2 >3.2 

E.  faecalis VANS 

CL144492 

<0.03 0.25-0.5       

B. anthracis (UM23C1-1) 0.03125   0.0625     

M. Luteus DSM-1790     0.0125 >3.2 >3.2 1.6 

B. subtilis DSM-10     <0.003 >3.2 >3.2 1.6 

Gram 

negative 

E. Coli MCR106 imp >128   16     

E. Coli MG1655 tolC >128   >128     

E. Coli tolC deficient     >3.2 >3.2 >3.2 >3.2 

E. Coli DSM-1116     >3.2 >3.2 >3.2 >3.2 

Gram 

negative 

(cont.) 

E. Coli ATCC 25922  >16 >128      

H. influenza ATCC 31517 

KO 

4   4     

Burkholderia thailandensis 
E264 KO 

>256   32     

P. aeruginosa (ATCC 
27835) 

>64  >128      

Other M. tuberculosis (H37Ra) 1-2 >16       
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 C4 Dichlorination 

The effect of dichlorination at C4 on the anthracimycin scaffold was highlighted through 

comparison of the antibacterial activity of anthracimycin (9) alongside a C4 dichlorinated 

analogue (16).[37] Anthracimycin displayed potent antibacterial activity against MRSA (ATCC 

13709, MIC 0.0625 g/mL) and B. anthracis (UM23C1-1, MIC 0.03125 g/mL), although, this 

activity was diminished against a panel of Gram-negative pathogens, including E. coli, H. 

influenza and P. aeruginosa. Meanwhile, the C4 dichlorinated analogue displayed largely 

comparable activity against the same Gram-positive strains (MRSA ATCC 13709, MIC 0.125 

g/mL, B. anthracis UM23C1-1, MIC 0.0625 g/mL), yet proved more active against 

Gram-negative pathogens E. coli (MCR106 imp, MIC 16 g/mL) and H. influenza 

(ATCC31517, MIC 32 g/mL). This suggested that the C4 dichloride motif may impart 

favourable properties for traversing the cell membrane of Gram-negative pathogens. 

Additionally, removal of the hydrogen-bonded 1,3-dicarbonyl unit is not obliteratory for 

antibiotic activity. 

 C2 Demethylation 

Anthracimycin B (10) differs from the anthracimycin scaffold through loss of a methyl 

substituent at C2. Anthracimycin B  (10) displays activity against MRSA (MB5393, MIC 0.125) 

and E. faecalis (CL144492, MIC 0.125).[39] This subtle structural modification is therefore 

detrimental, although not obliteratory, to its antibiotic activity. 

 Decalin Methylation at C8 

The structure of anthracimycin BII-2619 (14) differs from that of anthracimycin (9) through 

lack of a C2 methyl substituent and introduction of a chiral (R)-methyl substituent at C8. Both 

compounds displayed antibacterial activity against MRSA (ATCC33591, MIC 0.06 g/mL for 

anthracimycin, 0.125 g/mL for anthracimycin B11-2619), however, anthracimycin B11-2619 

displayed lower activity against other Gram-positive bacteria tested (B. subtilis and E. faecalis). 

Both compounds lacked activity against Gram-negative strains (E. coli and P. aeruginosa).[49] 

Therefore, this methyl-shift appears detrimental for antibacterial activity. 
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 Decalin Saturation and C4 Chlorination 

The antibacterial properties of chlorotonil A (16) were assessed alongside a panel of congeners 

(20-22).[40] Chlorotonil B lacks one C4 chlorine atom relative to chlorotonil A (16) and therefore 

displays rapid keto-enol tautomerism of the tricarbonyl motif. Similarly, chlorotonil C (21) 

features omission of one C4 chlorine atom, as well as having a C9-C10 saturated decalin ring 

system, therefore lacking the trisubstituted alkene motif seen in the parent natural product (16). 

Meanwhile, chlorotonil C2 (22) lacks any chlorine atoms as well as the C2 methyl substituent. 

Additionally, chlorotonil C2 (22) possesses a C9-C10 saturated decalin ring system, similar to 

chlorotonil C (21). The congeners of chlorotonil A (16) were largely inactive against a panel of 

Gram positive and negative pathogens, although chlorotonil C2 (22) displayed weak activity 

against strains of S. aureus (Newman, MIC 1.6 g/mL), M. luteus (DSM-1790, MIC 1.6 g/mL) 

and B. subtilis (DSM-10, MIC 1.6 g/mL). Therefore, deviations to the C4 dichloride motif and 

saturation of the decalin ring system of chlorotonil A (16) appear detrimental to biological 

activity. 

 Summary 

In summary, the compiled SAR profile of anthracimycin (9) and chlorotonil A (16) suggests 

that modifications to the core structure are poorly tolerated (Figure 11). In the case of chlorotonil 

A congeners (20-22), removal of the one chloride atom from the dichloride motif essentially 

abolishes activity. Both chlorotonil C (21) and C2 (22) possess a modified decalin ring system, 

however, the effect of this modification on overall bioactivity is unclear since the seemingly 

critical dichloride motif is also absent in these congeners. Removal of the C2 methyl substituent 

of anthracimycin (9) is somewhat tolerated, however, the addition of the C8 methyl substituent 

appears detrimental for antibiotic activity. The dichloride motif appears important for 

penetrating the cell membrane of Gram-negative pathogens. 
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Figure 11 Summarised SAR profile for anthracimycin (9), chlorotonil A (16) and related congeners (20-22). 

Taken together, the compiled biological evaluation of congeners of both anthracimycin (9) and 

chlorotonil A (16) suggested that even minor alterations to the decalin ring system resulted in 

diminished activity. Hence, it was clear that successful synthesis of the decalin fragment present 

in anthracimycin should be a priority. 

 Synthesis of Decalin Motifs in Natural Products 

The C9-C10 unsaturated decalin ring system present in anthracimycin (9) is rarely seen in 

nature, and thus few synthetic methods exist for its construction. The synthesis of this key 

fragment was therefore anticipated to be difficult, in part due to the inherent challenge of setting 

five contiguous chiral centres in the correct stereoconfiguration. Several examples of natural 

products containing similar unsaturated decalin motifs include chlorotonil A (16), decalpenic 

acid (23) and streptosetin A (24), of which only chlorotonil A has been synthesised to date and 

will be discussed later (Figure 12).  

 

Figure 12 Natural products possessing a C9-10 unsaturated decalin ring motif. 

 Methods for Constructing Decalin Ring Systems 

A number of disconnections can be utilised for the construction of decalin ring systems, 

categorised as either type one or type two disconnections, depending on the order of forging the 
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bicyclic ring system (Figure 13).[54] Type one disconnections involve functionalisation of a 

cyclohexane fragment, followed by bicycle formation, whereas type two disconnections 

construct the bicyclic structure in a single step from an acyclic precursor. 

 

Figure 13 Type one and two disconnections useful for the synthesis of decalin ring systems. 

A type 1A disconnection was used by Anderson and co-workers, whereby treatment of allylic 

silane 25 with titanium tetrachloride instigated an intramolecular Hosomi-Sakurai reaction to 

forge the cis-decalin ring system of 6′-hydroxyarenarol (26) as a single diastereomer (Scheme 

4A).[55] Type 1B and 1E disconnections typically employ radical-mediated cyclisation reactions, 

typified by Carreira and co-worker’s total synthesis of ent-crotogoudin (27), whereby 

cyclopropane 28 was treated with samarium iodide to instigate a cyclopropane-

opening/annulation/elimination sequence to construct 27 with high diastereoselectivity (7.7:1) 

(Scheme 4B).[56] Zhang and co-workers utilised a type 1C disconnection in their synthesis of 

tricycle 29, which involved a [4+2] Diels-Alder cycloaddition of enone 30 and diene 31, 

followed by an intramolecular carbocyclization (Scheme 4C).[57] A thermal 

6-π electrocyclization reaction of 32 was employed by Williams and co-workers in their 

synthesis of the cis-hydroxydecalin core of a family of 19-nor-clerodane natural products 

(Scheme 4D).[58] This example of a type 1D disconnection furnished the bicyclic core (33) as a 

single diastereomer in quantitiative yield. Canesi and co-workers employed a type 2A 

disconnection to access functionalised decalin ring system (34), whereby phenol 35 was reacted 

with PhI(OAc)2 in hexafluoroisopropanol (HFIP) (Scheme 4E).[59] These conditions initiated a 

diastereoselective polycyclization reaction, whereby an ‘aromatic ring umpolung’ generated a 

reactive electrophilic intermediate which reacted with neighbouring π-bonds to forge the 

tricyclic scaffold. 
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Scheme 4 Selected syntheses of decalin ring systems. 

 Intramolecular Diels-Alder Cycloadditions for Constructing Decalin 

Ring Systems 

The intramolecular Diels-Alder (IMDA) reaction is an example of a type 2B disconnection, and 

is a particularly powerful method for constructing decalin ring systems as it is capable of 

selectively setting four contiguous stereocentres in a single step (Scheme 5).[54] This method 

relies on the construction of a suitable linear IMDA precursor, bearing both a 1,3-diene motif 

and an activated dienophile (typically an ,-unsaturated carbonyl group). Since seminal papers 

by Roush and co-workers in the 1980’s,[60,61] this method continues to find use in total 

synthesis.[62]  
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Scheme 5 General mechanism for an intramolecular Diels-Alder [4+2] cycloaddition. 

 Total Synthesis of (+)-Apiosporamide (Williams et. al. 2005) 

In 2005, Williams and co-workers reported the total synthesis of (+)-apiosporamide (36), a 

natural product that displayed potent activity against fungal and bacterial strains, including 

B. subtilis and S. aureus (Scheme 6).[63] Their synthesis featured an IMDA reaction, which was 

used to access the trans-decalin ring fragment in 7 steps from chiral pool staring material 

(−)-citronellol (37). Methyl enone dienophile 38 was prepared through oxidation and Seyferth 

Gilbert homologation with phosphonate 39, followed by oxidative cleavage of the alkene motif 

of 40. Horner-Wadsworth-Emmons (HWE) reaction of the resulting aldehyde using 

phosphonate 41 delivered enone 38. Meanwhile, the diene unit was constructed through 

hydrozirconation and iodination of the alkyne motif of 38, followed by a cross-coupling reaction 

of the resultant vinyl iodide with an organozinc reagent, delivering the (E,E)-1,3-diene in 74% 

yield. The IMDA reaction of 42 proceeded in 72% yield with excellent facial control, likely due 

to the influence of the chiral C12 methyl group. It is believed that the preference for an equatorial 

configuration at C12 during the IMDA transition state heavily enforces the facial selectivity of 

the reaction. Subsequent treatment of IMDA adduct 43 with lithium hexamethyldisilazane 

(LiHMDS), followed by the Mander reagent elaborated the methyl ketone functionality into 

adduct 44, possessing a 1,3-dicarbonyl unit, which was elaborated to natural product 36. 
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Scheme 6 Williams and co-workers total synthesis of (+)-apiosporamide (36).[63]  

 Total Synthesis of Myceliothermophins A-E (Uchiro et. al. 2012) 

Myceliothermophins A-E are part of a family of diastereomeric natural products which display 

antitumor activity against a panel of human cancer cell lines.[64] In particular, C21-S compounds 

45-46 display potent antitumor activity, while their epimers 47-48 are much less active, 

suggesting that the C21 stereochemical configuration is critical for the antitumor activity. 

Uchiro and co-workers reported the total synthesis of myceliothermophins A-E (45-49) in 2012 

(Scheme 7).[65] To install the key trans-decalin ring system, an IMDA of a citronellal-derived 

precursor was envisaged. The construction of linear IMDA precursor 50 involved a HWE 

reaction between aldehyde 51 and phosphonate 52 to install the dienophile component of 53, 

while the (E,E)-1,3-diene was synthesised through a Suzuki coupling of vinyl iodide 54 and 

vinyl boronic ester 55. The IMDA reaction of precursor 50 provided fragment 56 in 60% yield 

as a single isomer i.e. with perfect facial selectivity. Again, the facial selectivity was controlled 

by the preference for the C8 methyl substituent to adopt an equatorial configuration during the 

IMDA transition state. Myceliothermophins A-E were subsequently obtained via a divergent 

synthesis from common IMDA adduct 56. 
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Scheme 7 Uchiro and co-workers total synthesis of myceliothermophin A-E (45-49).[65] 

 Total Synthesis of (+)-Himgaline (Evans et. al. 2012) 

To obtain high IMDA facial selectivity without the need for an equatorial methyl substituent on 

the IMDA precursor, an IMDA precursor bearing a chiral auxiliary can be used. Evans’ 

oxazolidinones are one such auxiliary which can be employed to enhance facial selectivity of 

the Diels-Alder reaction.[66,67] It is proposed that the benzyl substituent on the oxazolidinone can 

π-stack with the alkene of the dienophile, thus effectively blocking one face of the dienophile to 

promote cycloaddition at the alternative face (Scheme 8A). In 2012, Evans and co-workers 

exemplified this approach in their synthesis of the polycyclic natural products himandridine, 

enantiomeric (+)-GB13 and (+)-himgaline (Scheme 8B).[68] Their approach hinged on a highly 

diasteroselective chiral auxiliary-mediated IMDA reaction to forge the decalin ring system. 

Treatment of IMDA precursor 57 with dimethyl aluminium chloride at low temperature afforded 

trans-adduct 58 in 81% yield as a single isomer, which was further elaborated to the natural 

products. 
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Scheme 8 A) Mechanism for the auxiliary-mediated IMDA reaction using Evans’ oxazolidinone. B) Key auxiliary-mediated 

IMDA reaction of Evans and co-workers total synthesis of ent-himgaline and ent-GB13.[68] 

 Total Synthesis of (+)-UCS1025A (Kan et. al. 2012) 

While the use of Evans oxazolidinone auxiliaries in IMDA reactions are prevalent in the 

literature, alternative auxiliaries also exist, including Oppolzer’s sultam auxiliary. Seminal 

studies by Oppolzer and co-workers proposed that chelation between the Lewis acid, sulfone 

and carbonyl groups affects the topology of the transition state and directs diene cycloaddition 

to the less hindered face (Scheme 9A).[69] In 2012, Kan and co-workers reported an approach to 

the decalin ring motif of (+)-UCS1025A, an alkaloid natural product displaying antitumor 

activity (Scheme 9B). This approach involved the synthesis of IMDA precursor 59, bearing a 

chiral Oppolzer’s sultam auxiliary which delivered adduct 60 in 80% yield as a single isomer.[70]  

 

Scheme 9 Key auxiliary-mediated IMDA reaction of Kan and co-workers total synthesis of (+)-UCS1025A.[70] 
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 Total Synthesis of (+)-Tubelactomicin A (Tatsuta et. al. 2006) 

In 2006, Tatsuta and co-workers reported the total synthesis of (+)-tubelactomicin A (61), a 

macrolide natural product possessing antitubercular activity (Scheme 10).[71] Phosphonate 62 

was accessed from chiral pool starting material (S)-citronellol (63) in twelve steps, and this was 

used in an HWE reaction with aldehyde 64 to access IMDA precursor 65. Precursor 65 was 

subjected to thermally-promoted IMDA conditions (130 °C in xylenes) to synthesise adduct 66 

as a single isomer. This adduct was elaborated further to vinyl iodide 67, which was used in a 

Suzuki cross-coupling reaction with vinyl boronic acid 68. Removal of the silyl ester 

functionality provided carboxylic acid 69, which underwent Shiina macrolactonisation to afford 

the macrocyclic 70. Subsequent para-methoxybenzyl ether removal, alcohol oxidation and 

methoxymethyl ether deprotection afforded the natural product (+)-tubelactomicin A (61). 

 

Scheme 10 Tatsuta and co-workers total synthesis of (+)-tubelactomicin A (61).[71] 

 Total Synthesis of Chlorotonil A (Rahn et. al. 2008) 

In 2008, Rahn and co-workers reported the first and only total synthesis of chlorotonil A (16) 

(Scheme 11).[72] Their synthesis required the construction of the Z-trisubstituted alkene through 
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a Still-Gennari olefination of chiral aldehyde 71 with phosphonate 72 (Scheme 11). Z-Enoate 

73 was transformed to homologated aldehyde 74 through reduction, allylic chlorination, SN2 

cyanide displacement and subsequent DIBAL reduction. It is noteworthy that no alkene 

migration was observed and -unsaturated aldehyde was isolated exclusively. Vinyl dibromide 

75 was then accessed through an olefination reaction using carbon tetrabromide and 

triphenylphosphine. Meanwhile, vinyl boronic ester coupling partner 76 was obtained through 

a Grubbs olefination metathesis of alkene 77 and vinyl boronic ester 78. Boronic ester 76 and 

dibromide 75 were coupled in a Suzuki reaction to afford 1,3-diene 77, and subsequent silyl 

deprotection, Dess-Martin oxidation and Wittig olefination with stabilised ylide 78 afforded 

IMDA precursor 79.  

 

Scheme 11 Rahn and co-workers’ synthesis of IMDA precursor 79.[72] 

A halogen-directed IMDA reaction was envisaged to construct the trans-decalin ring system, 

whereby BF3·OEt2–mediated PMB removal and subsequent transesterification would afford 

macrocyclic intermediate 80. The subsequent transannular Diels-Alder reaction was anticipated 

to be highly diastereoselective, with the endo I transition favoured through steric repulsion of 

the C-9 bromide and the C4-C5 alkene in the endo II transitions state. Indeed, treatment of 

IMDA precursor 79 with BF3·OEt2 at 0 °C, followed by heating to 85 °C afforded desired adduct 

80a in good yield and excellent diastereocontrol (81a:81b = 14:1). To confirm the directing role 

of the C9 bromide substituent, IMDA precursor 79 was treated with sodium amalgam to remove 

the bromide substituent prior to IMDA reaction (Scheme 12). When precursor 82 was exposed 

to the same IMDA reaction conditions (BF3·OEt2 in toluene at 85 °C), a mixture of three IMDA 
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adducts (exo II:endo II:endo I = 3:1:1) was isolated, therefore highlighting the important 

directing effect of the C9 bromide substituent. 

 

Scheme 12 Intramolecular transannular Diels-Alder reaction reported by Rahn and co-workers, highlighting the importance of 

the C9 bromide substituent for obtaining excellent diastereoselectivity.[72] 

Continuing with the total synthesis, removal of the bromide substituent of 81a, followed by 

lactone opening, esterification and oxidation afforded aldehyde 83, which, when reacted with 

allylic phosphonate 84 provided E,Z-diene 85 in 55% yield as a 3:1 (E,Z/E,E) mixture (Scheme 

13). Importantly, no elimination of the allylic para-methoxybenzyl (PMB) ether substituent (i.e. 

to afford a conjugated triene) was observed. Reaction of this advanced fragment with the 

dienolate derived from ethyl-2-methyl acetoacetate (86) afforded tricarbonyl 87. This was 

subsequently treated with BF3
.OEt2 which mediated a one-pot 

PMB-deprotection-macrolactonisation to afford macrocyclic 88. Treatment with 

N-chlorosuccinimide afforded the natural product (16). 
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Scheme 13 Synthetic elaboration of tricyclic intermediate 81a to chlorotonil A (16).[72] 

 Synthesis of the Decalin Core of Anthracimycin (Lodovici, 

unpublished, 2019) 

In 2019, a doctoral thesis from the University of York was submitted, detailing a synthesis of 

the decalin fragment of anthracimycin (Scheme 14).[73] To date, this work remains unpublished, 

although accessible from the York library database. The synthesis involved a type 1C 

disconnection of the decalin core, whereby cyclohexanone 89 was subjected to a Diels-Alder 

cycloaddition with diene 90, affording cis-decalin ring system 91 in 85% yield. This fragment 

was epimerised to the trans-decalin system using diethylaluminium chloride, followed by 

reduction using Raney-Nickel to install the trisubstituted alkene motif in 92. Oxidation to 

cyclohexenone 93 proceeded in 63% yield, and a subsequent Hosomi-Sakurai 1,4-addition with 

allylic silane 94 was employed to install the sidechain in 95a-b as a 2:1 mixture of inseparable 

diastereomers, of which only the stereochemistry of the major adduct could be assigned. This 

inseparable mixture of cyclohexanones 95a-b was converted to vinyl triflates, before 

undergoing palladium-mediated reduction to afford cyclohexenes 96a-b. Selective 

dihydroxylation of the terminal alkenes of 96a-b was carried out using bis(pinacolato)diboron 

(B2pin2), trans-hexanediol and cesium carbonate, and subsequent oxidative diol cleavage using 

sodium periodate afforded aldehydes 97a-b, representing the decalin core of anthracimcyin (9), 

albeit as an inseparable 2:1 mixture of diastereomers. 
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Scheme 14 Synthesis of the trans-decalin core of anthracimycin (9) by Lodovici and co-workers. 
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 Research Aims 

Anthracimycin (9) is a 14-membered macrolide natural product that displays potent antibiotic 

activity against a panel of clinically relevant pathogens, including methicillin-susceptible S. 

aureus, MRSA and VRSA. More recently, anthracimycin has been found to display activity 

against M. tuberculosis, and has also been shown to act as a novel mTOR inhibitor. Despite this 

fascinating bioactivity profile, its mechanism of action is yet to be elucidated and has yet to 

succumb to total synthesis. Anthracimycin is a chemically unique natural product, sharing 

structural similarities with only one other isolated natural product. Key structural features of 

anthracimycin include the trans-decalin ring system, the unusual 1,3,5-tricarbonyl functionality 

and the rigid 14-membered macrocycle. The assembly of these structural elements represents a 

sizeable synthetic challenge. 

The complex architecture, promising biological activity and unknown mode of action makes 

anthracimycin an interesting target for chemical synthesis and provides a unique chemical 

scaffold for drug discovery. The development of synthetic methodology for constructing this 

unique molecular framework would provide an immensely valuable tool for more thorough 

biological investigation of this compound and its mechanism of action. As such, we envisaged 

that 9 could be assembled from three key intermediates; phosphonate 84, decalin fragment 98 

and commercially available ester 86 (Scheme 14). These fragments could be unified sequentially 

by an aldol reaction, Z-selective vinylogous Horner Wittig reaction and a macrolactonisation. 

Advanced decalin fragment 98 possesses five contiguous stereocentres, and an IMDA 

cycloaddition of tetraene 99 should pose the most efficient means of generating this complexity. 

 

Scheme 15 Retrosynthetic analysis of anthracimycin (9). 
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 Retrosynthetic Analysis of Decalin Fragment 98 

Decalin 98 was identified as a core fragment required for our synthetic strategy towards 

anthracimycin (9) and an intramolecular Diels-Alder (IMDA) cycloaddition was identified as 

the most efficient method for constructing this fragment (Scheme 16). Hence, our first synthetic 

challenge was to establish a route towards a suitable IMDA precursor, such as 99. 

 

Scheme 16 Retrosynthetic analysis for 9, including the key IMDA reaction of 99 to access decalin fragment 98. 

The α,β-unsaturated aldehyde motif of tetraene 99 could be installed by a deprotection, oxidation 

and Wittig olefination sequence of triene 100 (Scheme 17). To access triene 100, a Suzuki 

coupling of vinyl boronic ester 101 and vinyl halide 102 (strategy A) was envisaged. This 

proposed strategy benefitted from established literature methods for accessing similar 

compounds, with Rahn and co-workers 2008 synthesis of chlorotonil A in particular providing 

our initial inspiration.[72] In particular, the enantiomer of vinyl boronic ester 101 was synthesised 

in their 2008 report,[72] hence, a strategy to access novel vinyl halide 102 was our primary focus. 

 

Scheme 17 Retrosynthetic analysis of IMDA precursor 99. 

 Strategy A: Synthetic Studies Towards Vinyl Halide 102 

 Retrosynthetic Analysis of Vinyl halide 102 

A Takai olefination[74] of β,γ-unsaturated aldehyde 103 was expected to provide access to vinyl 

halide 102 (Scheme 18), since previous evidence from Rahn and co-workers suggested this 

aldehyde should be resistant to olefin migration.[72] It was envisaged that aldehyde 103 could be 
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synthesised by a one-carbon homologation sequence from α,β-unsaturated aldehyde 104. The 

trisubstituted Z-alkene motif could be constructed through a Z-selective olefination of protected 

aldehyde 105. 

 

Scheme 18 Retrosynthetic analysis of vinyl halide 102. 

 Proposed Synthesis of Aldehyde 103 

While strategy A was inspired by the synthetic route of Rahn and co-workers, their synthesis of 

aldehyde 106 relied on the use of toxic sodium cyanide, as well as requiring multiple steps to 

transform -unsaturated ester 107 into β,γ-unsaturated aldehyde 106 (Scheme 19A). We 

anticipated that a more efficient homologation sequence could be employed to access desired 

β,γ-unsaturated aldehyde 103. From the outset, the trisubstituted Z-alkene of the decalin 

fragment was anticipated to be a challenging structural motif to synthesise, hence efforts 

focussed on constructing this early in the synthesis. Z-Selective olefinations using either 

Still-Gennari[75] or Ando-Touchard[76] phosphonates are the most common method for 

constructing Z-trisubstituted alkene motifs that possess an -carbonyl.[77,78] Indeed, the reaction 

of Still-Gennari phosphonate 108 with chiral aldehyde 109 was used in Rahn and co-workers’ 

total synthesis of chlorotonil A.[72] However, we elected to instead use an HWE reaction of 

Ando-Touchard phosphonate 110 and aldehyde 105, due to several reasons which will be 

discussed in section 2.2.3 (Scheme 19B). It was envisaged that the four-step homologation 

sequence employed by Rahn involving sodium cyanide could be reduced to only two steps, 

namely a DIBAL-mediated ester reduction of ester 111 followed by a Wittig homologation 

using (methoxymethyl)triphenylphosphonium chloride (112) with an aqueous acidic work-up. 
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Scheme 19 A) Rahn and co-workers’ synthesis of aldehyde 106. B) Proposed synthetic route to aldehyde 103. 

 Synthesis of Z-Enoate 111  

The synthesis of ester 111 commenced with mono para-methoxybenzyl (PMB) protection of 

1,3-propanediol (113) using a literature method which employed excess diol (3-5 equivalents) 

to minimise competing formation of the diprotected diol (Scheme 20).[79] This afforded mono-

protected diol 114 in 85% yield, which was then subjected to Swern oxidation, proceeding 

smoothly to deliver aldehyde 105 in 88% yield.[80] With ample aldehyde 105 in hand, attention 

next turned to a method for constructing Z-ester 111. 

 

Scheme 20 Synthesis of aldehyde 105. 

A Z-selective Horner-Wadsworth-Emmons (HWE) reaction was then chosen to construct the Z-

trisubstituted alkene motif. This reaction involves the treatment of a -carbonyl phosphonate 

115 with base, thereby generating an -carbanion 116 (Scheme 21).[81] The addition of this 

carbanion to the reacting aldehyde is the rate-limiting step for the reaction, whereby 

anti-addition is strongly favoured due to steric effects. Formation of cis- and trans-

oxaphosphetanes 117 and 118 is comparatively more rapid, and the subsequent cycloelimination 

is irreversible, yielding either Z- or E-olefins, respectively. The formation of intermediates 119 

and 120 is reversible, and the equilibrium position of these intermediates governs the 

stereoselectivity of the reaction.  
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Scheme 21 General reaction mechanism for the Horner-Wadsworth-Emmons reaction. 

For the construction of the Z-trisubstituted alkene motif, we elected to use an Ando-Touchard[82] 

phosphonate in favour of the Still-Gennari[75] phosphonate used by Rahn and co-workers.[72] 

The key difference between these protocols lies in the choice of phosphonate reagent and in 

particular the substituents at phosphorous. In E-selective HWE reactions, the electron-donating 

diethyl substituents enhance the reactivity of the phosphonate, thus promoting reaction with the 

aldehyde and the formation of the trans-oxaphosphetane which subsequently undergoes 

cycloelimination to afford E-alkenes.[83] Meanwhile, electron-withdrawing substituents at 

phosphorous render the phosphonate less reactive, decreasing the rate of reaction with the 

aldehyde. In this case, the sterically favoured erythro alkoxide is formed, which cyclises to 

afford the cis-oxaphosphetane and subsequently rapidly decomposes to the Z-olefin. In 

particular, Still-Gennari phosphonates possess trifluoroethyl substituents at phosphorous, which 

selectively afford Z-alkene products if strongly chelating conditions (such as 18-crown-6 and 

potassium hexamethyldisilazane) are used.[75] Later, Ando and Touchard demonstrated that the 

use of bulky aryl substituents at phosphorous could deliver comparable (and in some cases 

greater) Z-selectivity without the need for such strongly-chelating reagents (Scheme 22).[82] In 

this case, the erythro product is favoured over threo as the transition state is less congested, and 

therefore more thermodynamically stable, leading to predominant formation of the Z-alkene 

product. Additionally, Ando-Touchard phosphonates benefit from simple synthesis and 

purification, and are often bench-stable for much longer periods of time in comparison to their 

trifluoroethyl-substituted counterparts. 
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Scheme 22 Origin of Z-selectivity from Ando-Touchard phosphonates. 

Having selected a suitable phosphonate reagent, tolyl-substituted phosphonate 110 was 

synthesised in two steps from commercially available triethyl phosphonopropionate (121) 

(Scheme 23).[84] Phosphonate 121 was heated to 75 °C overnight in the presence of PCl5, and 

vacuum distillation (100 °C, 139 mbar) served to purify the dichlorophosphonate intermediate 

through removal of POCl3. The resulting crude oil was suspended in toluene, followed by 

addition of triethylamine and ortho-cresol, to deliver phosphonate 110 in 29% yield over two 

steps.  However, this procedure was able to be optimised by altering the equivalents of base 

used and the reaction time itself. While literature procedures called for 3-4 equivalents of 

triethylamine, a larger excess (6 equivalents) was found to improve the reaction, through 

ensuring complete quenching of the residual POCl3. Additionally, leaving the reaction for a 

longer period of time than literature methods (16 hours versus 2 hours) seemed to improve the 

yield to 47% over two steps, delivering phosphonate 110 in gram quantities. With phosphonate 

110 in hand, the HWE reaction of aldehyde 105 was investigated. Phosphonate 110 was treated 

with sodium hydride at 0 °C, followed by cooling to −78 °C after 30 minutes and the addition 

of aldehyde 105 dropwise. Leaving the reaction to slowly warm to room temperature over 10 

hours afforded α,β-unsaturated ester 111 in 92% yield as a 13:1 mixture of Z/E alkenes. The 

Z-configuration of the olefin was assigned based on a 2D nuclear Overhauser effect NMR 

experiment (NOESY), whereby a strong through-space correlation was observed between the 

C3 olefinic proton and the C2-methyl protons.  
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Scheme 23 Synthesis of α,β-unsaturated ester 111. 

 Synthetic Studies Towards Aldehyde 103 

A partial reduction of α,β-unsaturated ester 111 using DIBAL-H was initially investigated, 

however, this protocol often afforded mixtures of unreacted ester 111, desired aldehyde 104 and 

alcohol 122. Therefore, the more operationally-simple and scalable protocol involving reduction 

of ester 111 to alcohol 122 using excess DIBAL-H, followed by subsequent allylic MnO2 

oxidation was used to furnish aldehyde 104 in 70% yield over two steps (Scheme 24). Aldehyde 

104 was then used in a Wittig reaction with commercially available phosphonium 112 and 

lithium hexamethyldisilazane (LiHMDS) to afford enol ether 123 in 72% yield as an 

inconsequential mixture of E- and Z-alkenes.  

 

Scheme 24 Synthesis of enol ether 123. 

Next, a range of acidic conditions were trialled to affect the hydrolysis of enol ether 123. 

Treatment of enol ether 123 with a 1M HCl/THF mixture resulted in enol-ether cleavage, and 

subsequent alkene migration to afford undesired -unsaturated aldehyde 124 (Table 3, entry 

1). Attention next turned to the use of buffers, with pH 3, pH 4 and pH 5 acetate buffer systems 

being investigated (Table 3, entries 2-4). However, no β,γ-unsaturated aldehyde 103 was 

observed, with undesired α,β-unsaturated aldehyde 124 being the only product of hydrolysis in 

every case. Enol ether 123 was also treated with silica gel in dichloromethane (Table 3, entry 

5). The slightly acidic nature of the silica gel effected enol ether hydrolysis and subsequent 

alkene migration to, yet again, afford isomerised alkene 124. This was somewhat surprsising 
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given no olefin migration was observed by Rahn and co-workers for a structurally similar 

β,γ-unsaturated aldehyde.[72] 

Table 3 Acid-mediated enol ether hydrolysis conditions. 

 

Entry Conditions Result (% Yield) 

1 2M HCl/THF (1:3) 124 (97%) 

2 pH 3 acetate buffer/THF (1:1) 124a 

3 pH 4 acetate buffer/THF (1:1) 124a 

4 pH 5 acetate buffer/THF (1:1) 124a 

5 SiO2/CH2Cl2 124a 

 a 
Yield not obtained, as crude 1H NMR showed exclusive formation of undesired aldehyde 124. 

Enol ether 123 was also observed to convert to undesired aldehyde 124 when left at room 

temperature for several days in chloroform-d6, due to the slightly acidic nature of chloroform-d6. 

To rationalise this transformation to undesired aldehyde 124, we proposed that initial methyl 

enol ether hydrolysis occurred as expected, via acetal formation and subsequent elimination of 

methanol to afford desired -unsaturated aldehyde 103 (Scheme 25). Unfortunately, the  

position to the newly generated aldehyde is acidic, and the aqueous acidic reaction media could 

facilitate enol formation, providing enol 125. Keto-enol tautomerism of enol 125 would then be 

accompanied by migration of the adjacent olefin to a new -position to furnish 124. 

 

Scheme 25 Proposed mechanism for formation of undesired aldehyde 124 during acid-mediated hydrolysis of enol ether 123. 
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Due to the instability of 103 to extremely mild acidic conditions, our initial synthetic strategy A 

no longer seemed viable, hence an alternative route towards a suitable IMDA precursor was 

explored.  

 Summary of Studies Towards Aldehyde 103 

The investigation of a one-carbon homologation strategy commenced with the establishment of 

a scalable route to access Ando-Touchard phosphonate 110 (Scheme 26). Following reaction 

optimisation, a protocol capable of delivering gram-quantities of this key reagent was 

developed. This phosphonate was then used in a Z-selective olefination reaction with aldehyde 

105 to construct the Z-trisubstituted alkene. The subsequent reduction-oxidation-Wittig reaction 

sequence proceeded smoothly, affording enol-ether 123 in high yield. Disappointingly, the 

subsequent acid-catalysed hydrolysis reaction proved unproductive, affording undesired -

unsaturated aldehyde 124 in favour of desired -unsaturated aldehyde 103. Extensive 

screening of mildly acidic reaction conditions failed to prevent this isomerism, thus a new route 

to install the Z-trisubstituted alkene was sought. 

 

Scheme 26 Summary of unsuccessful studies towards aldehyde 103. 
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  Strategy B: Copper-Catalysed Alkyne Addition 

Unperturbed by the difficulties encountered in strategy A, an alternative route to skipped triene 

100 was devised to avoid acid sensitive aldehyde 103. 

 Retrosynthetic Analysis of Skipped Triene 100 

It was thought that triene 100 could be accessed by disconnection of the diene unit through the 

C3-C4 alkene (strategy B), rather than the C4-C5 bond (Scheme 27). It was envisaged that this 

could proceed through Julia-Kocienski olefination of -unsaturated aldehyde 126 and a 

suitable coupling partner such as sulfone 127. Reversal of the reactive functionalities of the 

coupling partners – embodied by literature aldehyde 128 and allylic sulfone 129 – was also 

briefly considered. However, a report by Lei and co-workers in 2016 compared the reaction 

between an allylic sulfone and an aliphatic aldehyde to that between an allylic aldehyde and an 

aliphatic sulfone.[85] The latter provided superior E/Z-selectivity (93:7 versus 3:1), and so it was 

decided that investigation of allylic aldehyde 126 and aliphatic sulfone 127 should be prioritised.   

 

Scheme 27 Retrosynthetic analysis of triene 100. 

Strategy B required access to α,β-unsaturated aldehyde 126 which was thought to be achievable 

using compounds we had previously established access to, such as ester 111, of which multi-

gram quantities had already been stockpiled. Aldehyde 126 was deemed accessible from alcohol 

130 via anti propargylic reduction,[86] which could in-turn be accessed by a copper-mediated 

coupling[87] of propargyl alcohol (131) and allyl halide 132 (Scheme 28). Halide 132 could be 

accessed from α,β-unsaturated ester 111, whose synthesis was previously detailed in section 

2.2.3. 
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Scheme 28 Retrosynthetic analysis of α,β-unsaturated aldehyde 126. 

 Synthesis of Alkyne 130 

The proposed strategy to access aldehyde 126 was inspired by the work of Srikanth and 

co-workers detailing their 2010 synthesis of the C8-C20 fragment of (−)-dactyolide and 

(−)-zampanolide (Scheme 29A).[88] They reported the transformation of -unsaturated ester 

133 to allylic bromide 134 using a high yielding DIBAL reduction-bromination sequence. A 

subsequent copper-catalysed coupling between bromide 134 and propargyl alcohol (131) was 

employed to generate propargylic alcohol 135, which underwent anti-reduction with lithium 

aluminium hydride to afford allylic alcohol 136. It was anticipated that an analogous sequence 

could be employed to afford alkyne 130, which should then provide access to aldehyde 126 

through oxidation of the allylic alcohol (Scheme 29B) 

 

Scheme 29 A) Copper-catalysed addition of propargyl acohol (131) to allylic bromide 134 by Srikanth and co-workers.[88] B) 

Proposed synthesis of aldehyde 126 through copper catalysed addition of propargyl alcohol (131) to allylic bromide 132. 

In an early paper from Grushin and co-workers, a plausible mechanism for the alkynylation of 

allylic halides using copper was proposed (Scheme 30).[89] Formation of cuprate 137, aided by 

the solubilizing ability of quaternary ammonium salts, precedes reaction with terminal alkyne 

131 in the presence of base. The allylic bromide coupling partner 132 then undergoes oxidative 
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addition with acetylenyl halocuprate 137. The resulting Cu(III) complex 138, which is expected 

to be highly unstable, then undergoes reductive elimination to generate the desired product 130.  

 

Scheme 30 Postulated mechanism for copper-catalysed alkynylation of allylic bromide 132 (adapted from Grushin et. al.).[89] 

Ester 111 was subjected to the envisaged DIBAL-H reduction and bromination with 

phosphorous tribromide in diethyl ether, which pleasingly afforded allylic bromide 132 in 76% 

yield over two steps (Scheme 31). Unfortunately, bromination in diethylether ultimately proved 

irreproducible, with reaction yields varying from 40% to 70%. Hence, a solvent screen was 

required to optimise this step. Bromination in dichloromethane afforded allylic bromide 132 in 

39% yield, however upon switching the reaction solvent to THF, the desired bromide 132 was 

delivered in a reliable 80-90% yield. With allyl bromide 132 in hand, attention turned to the 

copper catalysed alkyne addition.  

Following the procedure reported by Srikanth and co-workers,[88] the coupling of allyl bromide 

132 with propargyl alcohol (131) was accomplished using potassium carbonate, sodium iodide, 

copper iodide and triethylamine. This protocol afforded a complex mixture of desired adduct 

130, isomeric product 139 and undesired adduct 140 in 43% combined yield and 1:24:4 ratio. 

Alkynes 130 and 139 proved inseparable, while alkyne 140 could be separated by column 

chromatography for characterisation by NMR spectroscopy.  
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Scheme 31 Attempted coupling of vinyl bromide 132 with propargyl alcohol (131). 

The structure of by-product 140 was elucidated based on the observation of methylene proton 

resonances at  4.81 ppm and  4.93 ppm in the 1H NMR spectrum, corresponding to protons 

H6a and H6b. Additionally, the presence of a new resonance at  3.28 ppm corresponded to 

methylene protons H4. Meanwhile, the structure of isomer 139 was assigned from a 2D NOESY 

NMR experiment, whereby a diagnostic nOe correlation between H6 and H4 was observed. 

Meanwhile, desired adduct 130 was isolated as the minor product, and was assigned from an 

NOE correlation between H4 and the C5-methyl protons (Figure 14).  

 

Figure 14 2D NOESY spectrum of inseparable alcohols 130 and 139, highlighting the key through-space correlations. 

This reaction proceeds through initial generation of the copper acetylide, facilitated by the 

presence base, and oxidative addition occurs to generate σ-allyl complex 141 (Scheme 32). 
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When R is electron withdrawing, reductive elimination occurs rapidly to generate SN2′ product 

140.[90] Similar cases of -alkylation was reported in an early paper by Mignani and co-workers, 

albeit in small quantities.[91] However, if R is electron donating (as is the case for substrate 132), 

equilibration with π-allyl complex 142 takes place. This intermediate will rearrange to form 

other σ-allyl complexs which undergo reductive elimination to form SN2 alkylation product 130 

and undesired regioisomer 139. 

 

Scheme 32 Proposed mechanism for formation of 139 and 140. 

Eager to optimise the reaction, the solvent was substituted for diethyl ether, based on a procedure 

reported by Hodgson and co-workers,[92] and resulted in an improved combined yield of adducts 

130, 139 and 140 (82%), however the unfavourable ratio of products remained unaltered. 

Substitution of sodium iodide for tetrabutylammonium iodide (TBAI)[93] resulted in a similar 

yield (86%) with an improved ratio of 1:6:2 (130:139:140). Conducting the reaction in 

acetonitrile using TBAI afforded a comparable ratio of products, but in a much lower combined 

yield (25%). Thus, despite attempts to modify the regioselectivity of this transformation, isomer 

139 was isolated as the major adduct in all cases, and an alternative approach was sought.  
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 Summary of Studies Towards Alkyne 130 

A second route towards installing the requisite Z-trisubstituted alkene involved accessing allyl 

bromide 132 through a DIBAL reduction of ester 11, followed by bromination using 

phosphorous tribromide (Scheme 33). Disappointingly, the subsequent copper acetylide 

addition was plagued with poor regioselectivity, affording a complex mixture of Z- and E-

alkenes 130 and 139, along with undesired SN2′ alkylation product 140. Despite extensive 

screening of reaction conditions, these regioselectivity issues were not able to be mitigated.  

 

Scheme 33 Summary of unsuccessful strategy towards alkyne 130. 

 Strategy C: Cross-coupling and Olefin Metathesis Approach 

Having encountered difficulties in establishing the requisite Z-geometry of the trisubstituted 

alkene, we were yet again compelled to design another synthetic strategy to access aldehyde 

126. We felt the utility of our -unsaturated ester fragment had been exhausted, and so a 

complete redesign of our synthetic strategy towards aldehyde 126 was sought.  

 Retrosynthetic Analysis of Aldehyde 126 

An alternative strategy towards aldehyde 126 was envisaged, employing an olefin methathesis 

between crotanaldehyde (143) and skipped-diene 144 (Scheme 34). Skipped-diene 144 could be 

constructed via a Stille cross-coupling between allyltributyl stannane (145) and vinyl bromide 

146. It was expected that vinyl bromide 146 could be generated via a two-step bromination and 

decarboxylative elimination procedure of α,β-unsaturated acid 147. This method for generating 

vinyl halide 146 would build on previous experience in functionalising and synthesising 

-carbonyl trisubstituted alkenes – albeit with reversed alkene geometry. 
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Scheme 34 Alternative retrosynthetic analysis of α,β-unsaturated aldehyde 126. 

In 2005, Jeffery and co-workers reported the synthesis of the putative structure of 

tridachiahydropyrone, which involved a base-mediated decarboxylative anti-elimination of 

dibromo acid 148, affording Z-vinyl bromide 149 stereospecifically and in good yield (Scheme 

35).[94] It was thought that Z-vinyl bromide 146 could be accessed using similar methodology, 

whereby acid 147, accessed from aldehyde 105 through an HWE reaction and subsequent ester 

hydrolysis, could be converted to dibromo acid 150. Subsequent base-mediated decarboxylative 

anti-elimination would deliver vinyl bromide 146 (Scheme 20B). 

 

Scheme 35 A) Key decarboxylative elimination reaction featured in the synthesis of the putative structure of 

tridachiahydropyrone by Jeffery and co-workers.[94] B) Proposed route to vinyl bromide 146. 

 Synthesis of Vinyl Halide 146 via a Decarboxylative Elimination 

Approach 

Swern oxidation of PMB-protected alcohol 114 proceeded smoothly,[80] and crude aldehyde 105 

was reacted with commercially available triethyl-2-phosphonopropionate (151) in an 

E-selective HWE reaction (Scheme 36). As detailed previously, the electron-donating nature of 

the ethoxy substituents at phosphorous govern the E-selectivity of the reaction. Ester 152 was 

obtained in 75% yield over two steps with high E-selectivity (E:Z 8:1). Ester 152 underwent 

smooth hydrolysis using lithium hydroxide monohydrate in THF/MeOH/H2O (2:1:1) at 50 °C 

to afford carboxylic acid 147 in excellent yield (96%). 
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Scheme 36 Synthesis of α,β-unsaturated acid 147. 

Disappointingly, difficulty was encountered in the subsequent bromination step to access 

dibromide 150. Treatment of acid 147 with bromine in dichloromethane at −78 °C appeared to 

result in preferential bromination of the PMB protecting group (Figure 15A). This was 

evidenced by dramatic changes in the 1H NMR spectral shifts assigned to the aromatic protons 

of the PMB group (Figure 15B). In particular, the 1H NMR spectrum of starting material acid 

147 possessed two distinct resonances for the aromatic protons, whereas three distinct 

resonances were observed for the brominated product, suggesting a loss in symmetry of the 

aromatic substitution pattern. Meanwhile, the resonances for the vinylic (H3) proton remained 

unchanged, suggesting bromination of that alkene motif was unsuccessful. 

 

Figure 15 A) Unsuccessful synthesis of dibromide 150. B) Comparison of the 1H NMR spectra of starting material acid 147 

(red) and an undesired bromination product (blue). 

Due to the unintended reactivity of the PMB protecting group, an alternative protecting group 

was required. A tert-butyldimethylsilyl ether (TBS) was chosen due to its relative inertness and 
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ease of protection/deprotection.  To this end, mono-protection of 1,3-propanediol (113) was 

conducted using sodium hydride and TBS-chloride (Scheme 37A).[95] This reaction proved 

higher yielding than the analogous PMB-protection detailed previously, affording mono 

silyl-protected diol 153 in 94% yield. Swern oxidation again proceeded smoothly,[96] and crude 

aldehyde 154 was reacted with triethyl-2-phosphonopropionate 151 and sodium hydride in an 

E-selective HWE reaction, providing ester 155 in 74% yield over two steps (4:1 E:Z). 

Disappointingly, hydrolysis of ester 155 provided low amounts of acid 156, with diene 157 

being isolated in most cases, resulting from the elimination of the silyloxy group (Scheme 37B). 

To circumvent this issue, ester 155 was subjected to DIBAL reduction[97] and allylic MnO2 

oxidation[98,99] to yield aldehyde 158, which underwent a Pinnick oxidation[100] to afford acid 

156 in 63% yield over three steps.  

 

Scheme 37 A) Synthesis of carboxylic acid 156. B) Formation of undesired carboxylic acid 157. 

With TBS-protected acid 156 in hand, 156 was treated with bromine to afford dibromide (±)-159 

in 84% yield (Scheme 38).[101] Following a procedure reported by Mestdagh and co-workers,[102] 

treatment of TBS-protected dibromide (±)-159 with potassium carbonate in butanone afforded 

vinyl bromide 160 in 71% yield. 2D NOESY spectroscopy confirmed the cis geometry of the 

alkene, with a correlation observed between the vinylic H3 proton and the C4 methyl protons.   
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Scheme 38 Synthesis of Z-vinyl bromide 160. 

Bromination of the alkene of (E)-156 occurs stereospecifically with anti-selectivity, proceeding 

through bromonium ion 161 (Scheme 39). The subsequent  base-mediated decarboxylative 

elimination step also proceeds in an anti-fashion, hence a rotation around the central bond is 

required to achieve this arrangement.[102] Elimination of carbon dioxide and bromide through an 

E2 mechanism affords the desired cis-olefin. 

 

Scheme 39 Proposed mechanism for anti bromination, followed by decarboxylative elimination step (adapted from Mestdagh 

et. al.).[102] 

With the small quantity of vinyl bromide 160 obtained from the decarboxylative elimination 

sequence, a preliminary Stille coupling (discussed later in section 2.5.2) with allyl 

tributylstannane was attempted. To this end, vinyl bromide 160 was reacted with allyl 

tributylstannane (145), tris(dibenzylideneacetone)dipalladium(0) (20 mol%) and 

triphenylphosphine in dimethylformamide (DMF) at 40 °C (Figure 16A). Due to the similar 

polarities of staring material 160, desired product 162 and allyl tributylstannane (145), this 

reaction was difficult to monitor by TLC. The reaction was halted after stirring for 14 hours, 

and analysis of the crude 1H NMR spectrum revealed a 1:1 mixture of starting material 160 and 

desired product 162, alongside additional unreacted allyl tributylstannane (145) (Figure 16B). 
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Figure 16 A) Stille reaction of vinyl bromide 160. B) Overlay of 1H NMR spectrum of vinyl bromide 160 (blue) and crude 
1H NMR spectrum of the Stille reaction of vinyl bromide 160 with allyltributyl stannane (145) (green). 

While this result was encouraging, we lacked sufficient quantities of vinyl bromide 160 to 

continue the route. The overall yield of 26% over 8 steps meant that the practicality of this route 

was in question. Therefore, an alternative route was sought to generate a suitable Z-vinyl halide. 

 Synthesis of Trisubstituted Z-Vinyl Halides via Stork-Zhao Olefination 

In 1989, Stork and Zhao reported a protocol for the stereoselective synthesis of 

Z-1-iodo-1-alkenes.[103] Named the Stork-Zhao olefination, this Z-selective olefination reaction 

yields a Z-trisubstituted vinyl iodide from an aldehyde. Iodomethyl triphenylphosphonium 

iodide (163), prepared from ethyl triphenylphosphonium iodide (164) using either 

n-butyllithium or sodium hexamethyldisilazane (NaHMDS) and iodine, is treated with another 

equivalent of NaHMDS to generate iodo ylide 165 in situ. Iodo ylide 165 was then shown to 

react with a range of aldehydes in good yield (72-96%) with high Z-selectivity (Scheme 40A). 

This transformation was most notably employed in the large-scale synthesis of anticancer agent 

(+)-discodermalide (166) (Scheme 40B) and proved a highly efficient method for constructing 

the requisite Z-trisubstituted alkene unit.[104] 
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Scheme 40 A) First example of the Stork-Zhao olefination in 1989. B) Use of the Stork-Zhao olefination in the synthesis of 

(+)-discodermalide (166).[104] 

The reaction of iodo-ylide 165 and aldehydes can form syn or anti oxaphosphetanes, and the 

mixture of oxaphosphetanes are able to equilibrate, due to the reversibility of the reaction 

(Scheme 41). However, unstabilised ylides possessing electron-donating groups favour 

formation of the syn-oxaphosphetane, which then undergoes cycloelimination to afford the 

desired Z-olefin. Meanwhile, stabilised ylides possessing electron-withdrawing groups form 

anti-oxaphosphetanes which decompose to provide E-olefins. 

 

Scheme 41 General mechanism of the Stork-Zhao olefination. 

It was envisaged that this reaction could deliver vinyl iodide 166 in a single step from aldehyde 

154, as opposed to six steps through the previously detailed route. Additionally, the Stork-Zhao 

olefination has been performed on a large scale in the literature, which was an important 

consideration, since a low yield could be tolerated, providing the reaction could still yield 

sufficient material to proceed. 

Investigation of the Stork-Zhao olefination commenced using aldehyde 154, with our first 

attempt at this reaction following a literature procedure (protocol A).[105] A solution of ethyl 

triphenylphosphonium bromide salt in THF was treated with n-butyllithium at 0 °C (Table 4, 
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entry 1). After 20 minutes, the deep orange solution was added via cannula to a cooled solution 

of iodine in THF at −78 °C. Following an incubation period of 30 minutes, the reaction mixture 

was warmed to −20 °C and NaHMDS (1.0 M in THF) was added, generating the reactive 

iodo-ylide in situ evidenced by the reaction mixture turning a deep-red colour.  After 20 minutes 

at −20 °C, a solution of aldehyde 154 in THF was added. The reaction mixture was then allowed 

to warm to room temperature slowly, followed by quenching with saturated aqueous sodium 

bicarbonate after 2 hours at room temperature. Gratifyingly, desired iodo alkene 166 was 

isolated in 32% yield as a mixture of Z/E isomers (9:1). Purification of the reaction product from 

triphenylphosphine oxide (generated in the reaction as a by-product) was initially challenging, 

however, recrystallizing the by-product using petroleum ether-diethyl ether, followed by 

removal of the desired product oil via pipette and subsequent column chromatography was 

found to be the best purification method. While this initial yield appeared to be comparable to 

literature reported yields[105], it was anticipated that the Z/E selectivity could be improved by 

maintaining the reaction at lower temperature following cannula of ylide 165 to the iodine/THF 

solution.[106] Moving forward, a slightly modified procedure was adopted (protocol B), wherein 

following incubation of the initial ylide in iodine/THF, NaHMDS was added at −78 °C (Table 

4, entry 2). A reaction mixture colour change from brown to deep red indicated that formation 

of the secondary ylide had been successful, and aldehyde 154 was added to the mixture after 20 

minutes at −78 °C. The reaction was allowed to warm to room temperature slowly over 3-5 

hours, and was worked up in accordance with protocol A. This resulted in a slightly lower yield 

of iodo alkene 166 (20%), however none of the undesired E-isomer was observed by 1H NMR. 

Cautious of light-mediated degradation of the iodo-ylide intermediate, the reaction was 

repeated, but conducted in the dark by covering the reaction vessel with aluminium foil, (Table 

4, entry 3). Pleasingly, this afforded a slight improvement in the yield (33%) and thus all 

subsequent reactions were conducted in the dark. In order to simplify the reaction protocol 

through use of only a single base, as per a report by Mickel and co-workers,[104] the initial 

deprotonation of ethyl triphenylphosphonium bromide was conducted using NaHMDS (Table 

4, entry 4).[104] However, this resulted in a significant decrease in the yield of 166 to 8%. 

Substitution of NaHMDS for LiHMDS resulted in a moderate reaction yield of 23% (Table 4, 

entry 5). On occasion, appreciable quantities of inseparable des-iodo olefin 167 was observed 

in the 1H NMR of the crude reaction product. The undesired formation of des-iodo olefin 167 

was suspected to be due to inconsistencies with the speed of addition of phosphorane 168 to the 
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iodine/THF solution. Rapid addition of phosphorane 168 was thought to be responsible for the 

unsuccessful in situ formation of iodo-phosphonium 164, and as such, addition of a second 

equivalent of base merely reformed phosphorane 168 (Scheme 42). Reaction with aldehyde 154 

results in the formation of des-iodo olefin 167. 

 

Scheme 42 Proposed mechanism for the formation of undesired des-iodo olefin 167. 

Therefore, extra care was taken to ensure slow addition of phosphorane 168 to the iodine/THF 

mixture, increasing from 20 minutes to 1 hour (Table 4, entry 6). This procedure appeared to 

remedy the issue, affording desired iodoalkene 166 in 42% yield with high Z-selectivity, 

marking a significant improvement, even on a much larger scale (2.6 grams, entry 6 versus 0.9 

grams, entry 5). While this was a pleasing result, there appeared to be a mass imbalance with 

respect to the starting material 154 and recovered product 166. The apparent loss of starting 

material was suspected to be due to the undesired formation of epoxide 169 and methyl ketone 

170 by-products, which are known for this transformation if trace quantities of water are present 

(Scheme 43).[107,108] Following the reaction of aldehyde 154 and iodo-ylide 165, betaine 

intermediate 171 could form, as betaine intermediates are known to form during Wittig reactions 

in the presence of lithium salts.[109] Subsequent epoxide formation is followed by reaction with 

trace water present in the reaction, and it is conceivable that oxiranyl anion 172 could convert 

to either epoxide 169 or methyl ketone 170 (although the latter transformation is not fully 

understood).[108]  
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Scheme 43 Formation of epoxide 160 and methyl ketone 170 during the Stork-Zhao olefination. 

Epoxide 160 was never clearly observed or isolated in any of the Stork-Zhao olefinations 

attempted, however, methyl ketone 170 was observed in several reaction attempts (in one 

instance isolated in 14% yield). There appeared to be no discernible correlation between the 

reaction conditions used and when this by-product formed. It was suspected that trace water in 

the reaction may be responsible for the mass imbalance and low overall reaction yield. However, 

addition of powdered 4Å molecular sieves to the reaction also failed to provide any meaningful 

improvement to the reaction yield (Table 4, entry 7).[110] 

An alternative work-up procedure was trialled, as it was reported that this suppressed the 

formation of by-products 169 and 170.[106] This procedure involved quenching the reaction 

mixture with 1.1 equivalents of saturated aqueous ammonium chloride (with respect to the total 

equivalents of base used in the reaction), followed by partial concentration in vacuo, addition of 

excess hexane and filtration of the mixture through Celite®. While, this resulted in a cleaner 

crude 1H NMR spectrum, disappointingly, this did not translate to an improved reaction yield 

(40%) (Table 4, entry 8).  

Reversion back to the previous aqueous work-up and subsequent reaction attempts eventually 

resulted in an optimised reaction yield of 51% with complete Z-selectivity, even when conducted 

on 3.0 gram scale (Table 4, entry 9). It is noteworthy that this yield is higher than any reported 

yields in the literature for a similar transformation.[104,105] 
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Table 4 Optimisation of the Stork-Zhao olefination of aldehyde 154. 

 

Entry Scale Conditions Yield Z:E 

1 0.9 g n-BuLi then NaHMDSa,c 32% 9:1 

2 0.6 g n-BuLi then NaHMDSb 20% 1:0 

3 0.9 g n-BuLi then NaHMDSb,d 33% 1:0 

4 0.7 g NaHMDS then NaHMDSb,d 8% 1:0 

5 2.0 g n-BuLi then LiHMDSb,d 23% 1:0 

6 2.6 g n-BuLi then NaHMDSb,d,e 42% 16:1 

7 1.0 g n-BuLi then NaHMDSb,d,f 40% 1:0 

8 1.0 g n-BuLi then NaHMDSb,d,g 40% 1.0 

9 3.0 g n-BuLi then NaHMDSb,d 51% 1:0 

a Protocol A = Add base to iodophosphonium 164 at −20 °C, b Protocol B = Add base to iodophosphonium 164 at −78 °C, c Followed literature 

procedure, d Reaction conducted in the dark, e Slow cannula addition over 1 hour (versus 20 minutes), f Addition of powdered 4Å molecular 

sieves to the reaction, g Stoichiometric saturated aqueous ammonium chloride work-up. 
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 Summary of Synthetic Approaches to Vinyl Halides 160 and 166 

In summary, a redesigned synthetic strategy to the Z-trisubstituted alkene motif involved 

investigation of two separate routes to a Z-trisubstituted vinyl halide (Scheme 44). The first 

hinged on a decarboxylative dehalogenation reaction. PMB-protected -unsaturated acid 147 

was accessed in four steps from 1,3-propanediol (113). Disappointingly, bromination of this 

compound resulted in undesired bromination of the aromatic protecting group. Silyl-protected 

acid 156 was accessed in an analogous reaction sequence, albeit through an inefficient ester 

reduction, alcohol oxidation and aldehyde oxidation protocol due to the problematic ester 

hydrolysis step. Gratifyingly, bromination of acid 147 proceeded smoothly and following 

treatment with base, the desired decarboxylative dehalogenation reaction was effected, affording 

Z-vinyl bromide 160 in 26% overall yield over 8 steps. At this stage a preliminary Stille coupling 

with allyl tributylstannane (145) was investigated, delivering desired alkene 162 alongside 

unreacted starting material (160). The high step-count of this route warranted a new synthetic 

strategy to access a suitable vinyl halide fragment. To this end, a Stork-Zhao olefination was 

investigated, and following extensive reaction optimisation, this protocol delivered vinyl iodide 

166 on gram scale in a 43% overall yield over three synthetic steps, thus marking a significant 

improvement over the previous route. 

 

Scheme 44 A) Decarboxylative dehalogenation strategy to access vinyl bromide 160. B) Stork-Zhao olefination route to 

access vinyl iodide 166. 
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 Synthesis of -Unsaturated Aldehyde 126 

 Strategic Considerations 

With vinyl iodide 166 in hand, attention turned to elaboration of this building block to 

-unsaturated aldehyde 126. It was anticipated that exposure of the skipped diene system to 

acid or base could instigate undesired olefin migration to form the more stable conjugated 

1,3-diene product 173 (Scheme 45). 

 

Scheme 45 Anticipated olefin migration upon exposing aldehyde 126 to acid and base. 

We therefore set out to design a synthetic route to -unsaturated aldehyde 126 that bypassed 

the need for treatment with acid or base. In 2014, Glaus and co-workers accessed skipped diene 

174 using a Stille coupling between vinyl iodide 175 and allyl tributylstannane (145), followed 

by a ring closing metathesis (RCM) of the newly formed allyl group to afford skipped triene 

176 during their synthesis of ripostatin B (Scheme 46A).[111] Meanwhile, in 2016, Laschat and 

co-workers utilised a Grignard addition to aldehyde 177 to access compounds 178 and 179, 

bearing an allyl substituent later used in a Grubbs olefin metathesis with crotonaldehyde 

(143).[112] This method effectively introduced the -unsaturated aldehyde motif of 180 and 

181 under pH neutral conditions in high yield with excellent E/Z selectivity (Scheme 46B).[113]  
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Scheme 46 A) Use of a Stille reaction and subsequent ring-closing metathesis to access a skipped triene system. B) The 

construction of an allylic synthetic handle and subsequent olefin metathesis with crotonaldehyde (143) to construct an 

−unsaturated aldehyde motif (highlighted in blue). 

These considerations inspired our synthetic strategy towards -unsaturated aldehyde 126, as 

it was anticipated that a Stille reaction[114] with vinyl iodide 166 could be used to introduce an 

allylic handle, which would then participate in an olefin metathesis with crotonaldehyde (143) 

to afford the desired aldehyde 126 under pH-netural conditions (Scheme 47). 

 

Scheme 47 Proposed route to aldehyde 126, using a Stille coupling and subsequent olefin metathesis. 

 The Stille Reaction 

The Stille reaction is a highly versatile method for constructing carbon-carbon bonds through 

the palladium-catalysed coupling of organostannanes and halides (or pseudohalides).[114] This 

powerful cross-coupling reaction has seen extensive use in natural product total synthesis and 

has recently been thoroughly reviewed.[115] This reaction proceeds through initial oxidative 

insertion of a vinyl halide into a suitable Pd0 source to generate a PdII intermediate, which then 

undergoes transmetallation with an allyl/alkenyl/aryl stannane. (Scheme 48).[116] Reductive 

elimination then expels the desired coupled product and regenerates the Pd0 catalyst. 



 Chapter 2: Synthetic Studies Towards Anthracimycin 

 

66 

 

 

Scheme 48 General mechanism for the Stille reaction (adapted from Espinet et. al.).[116] 

With vinyl iodide 166 in hand, a Stille coupling reaction was investigated to install the allylic 

handle for olefin metathesis (Scheme 49). Coupling of allyl tributylstannane (145) to vinyl 

iodide 166 using a catalytic system of tris(dibenzylideneacetone)dipalladium(0) (5 mol%) and 

tri-tert-butylphosphonium tetrafluoroborate in dimethylformamide at 110 °C proceeded 

smoothly to afford skipped diene 144, albeit alongside inseparable tin by-products and unreacted 

allyl tributylstannane (145). Nevertheless, it was anticipated that impure alkene 144 could be 

used in the next step without concern (discussed below in section 2.5.3). 

 

Scheme 49 Synthesis of alkene 144 via Stille coupling. 

 The Olefin Metathesis Reaction 

Olefin metathesis is a powerful method for the sequential cleavage and reformation of carbon-

carbon double bonds which has seen extensive use in natural product total synthesis.[117,118] This 

reaction, for which Robert H. Grubbs, Richard R. Schrock and Yves Chauvin were jointly 

awarded the 2005 chemistry Nobel prize, has seen immense development regarding the 

available ruthenium, molybdenum and tungsten-based catalysts capable of carrying out the 

reaction (Figure 17A). The generally accepted mechanism for olefin metathesis, proposed by 

Hérisson and Chauvin,[119] involves a [2+2] cycloaddition between a transition metal alkylidene 

182 and the substrate olefin 183 (Figure 17B). Substrate interaction with the d-orbitals of the 

metal catalyst promote this reaction, as the activation energy of a direct [2+2] cycloaddition 
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between two alkenes is unfeasibly high. The resulting metallocyclobutane intermediate 184 then 

undergoes cycloelimination to generate an ethene by-product 185 and alkylidene 186. 

Alkylidene 186 then reacts with another alkene coupling partner (187) to form a second 

metallocyclobutane intermediate (188), which once again undergoes cycloelimination to 

generate the desired cross-metathesis product 189 and regenerate the catalyst for subsequent 

reaction cycles. 

 

Figure 17 A) Catalysts used in olefin metathesis reactions. B) General reaction mechanism for olefin metathesis. 

Having achieved the desired cross-coupling between vinyl halide 166 and allyl tributylstannane 

(145), our focus turned to investigating the olefin metathesis reaction. Due to the inability to 

separate skipped diene 144 from the unreacted allyltributylstannane, the subsequent olefin 

metathesis reaction was conducted on semi-pure compound. In 2003, Grubbs and co-workers 

characterised a wide range of olefins and their general reactivity under cross metathesis reaction 

conditions.[120] Type one olefins undergo rapid homodimerization and include terminal olefins, 

allylic halides and styrenes. Meanwhile, acrylates are an example of a type two olefin, which 

exhibits slow homodimerization. Type three olefins olefins display no homodimerisation. A 

selective cross metathesis can be expected when olefins of different types (i.e. different 

reactivities) are paired. Consultation of olefin types reported by Grubbs and co-workers[120] 

revealed that allyl stannanes only undergo cross metathesis with use of Schrock molybdenum 

catalysts,[121] and are largely inert to ruthenium Grubbs catalysts.[120] Meanwhile, consideration 

of the olefin types of the two desired reaction partners suggested that allylic compound 144 (a 

type one olefin) and crotonaldehyde (143) (a type two olefin) should partake in selective cross 

metathesis.  
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Indeed, allylic compound 144 was reacted with three equivalents of crotonaldehyde (143) using 

Grubbs 2nd generation catalyst (5 mol%) in dichloromethane at 50 °C, which pleasingly 

generated α,β-unsaturated aldehyde 126 in 60% yield over two steps (Scheme 50). The large 

difference in polarity between aldehyde 126 and allyl tributylstannane (145) rendered the 

separation of these two species by flash column chromatography facile. 

 

Scheme 50 Synthesis of α,β-unsaturated aldehyde 126. 

 The Tamao-Kumada-Corriu Reaction 

At this stage, it was anticipated that an alternative cross-coupling reaction of vinyl iodide 166 

could be employed to eliminate the inseparable allyl tributylstannane that carried through to the 

subsequent olefin metathesis. The Tamao-Kumada-Corriu palladium(0)-mediated 

coupling[122,123] uses a Grignard reagent instead of an organostannane, thus eliminating the 

requirement for toxic tin reagents and by-products. Additionally, any unreacted Grignard 

reagent is quenched in the aqueous reaction workup, thus preventing unreacted reagent from 

carrying through to the subsequent step. This coupling procedure, reported independently by 

both Corriu and Kumada in 1972, works in an analogous fashion to the Stille coupling, whereby 

a nickel or palladium catalyst can be used to effect the union of a Grignard reagent with an 

organic halide.  

 Synthesis of Aldehyde 126 via the Tamao-Kumada-Corriu coupling 

With vinyl iodide 166 in hand, the Tamao-Kumada-Corriu could be investigated. Allyl 

magnesium chloride was added to a mixture of vinyl iodide 166 and [1,1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II)  (10 mol%) in diethyl ether (Scheme 

51). To our delight, the reaction proceeded cleanly, and the product was subjected to the 

subsequent olefin metathesis with no apparent detriment to the yield over two steps. With 

aldehyde 126 in hand, attention next turned to the envisaged Julia-Kocienski olefination. 
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Scheme 51 Improved synthesis of α,β-unsaturated aldehyde 126 through a Tamao-Kumada-Corriu cross-coupling reaction, 

and envisaged Julia-Kocienski coupling of aldehyde 136 and sulfone 127. 

 Synthesis of Sulfone (±)-127 

 Synthesis of Model Racemic Sulfone (±)-127 

With α,β-unsaturated aldehyde 126 in hand, attention then focussed on the synthesis of 

complementary sulfone coupling partner 127[124] to investigate the Julia-Kocienski olefination. 

A racemic synthesis of 127 was initially pursued in an effort to conserve expensive chiral pool 

starting material during Julia-Kocienski olefination reaction optimisation.  

2-Methyl-1,3-propanediol 190 underwent mono-PMB protection using conditions detailed 

previously (see section 2.2.3), to afford mono-PMB protected diol 191 in a moderate 60% yield 

(Scheme 52A).[125] Alcohol 191 was subjected to a Mitsunobu reaction with 1-phenyl-1H-

tetrazole-5-thiol (192) using diisopropyl azodicarboxylate (DIAD) (193) to afford thioether 194. 

This reaction proceeds through nucleophilic attack of DIAD (193) by triphenylphosphine, 

followed by deprotonation of thiol 192 by betaine intermediate 195 (Scheme 52B). Intermediate 

196 deprotonates alcohol 191, which generates phosphonium 197 and hydrazine by-product 

198. At this stage, deprotonated thiol 193 attacks phosphonium 197 to afford desired sulphide 

194 and triphenylphosphine oxide. Purification of the desired product sulfide 194 proved 

difficult due to co-elution with hydrazine by-product 198, with pure sulfide 194 obtained in 30% 

yield. Nonetheless, this reaction delivered sufficient material to probe the subsequent oxidation 

reaction, and sulfide 194 was treated with meta-chloroperoxybenzoic acid to afford sulfone 

coupling partner (±)-127 in 79% yield. 
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Scheme 52 A) Synthesis of model sulfone (±)-127. B) Reaction mechanism for the Mitsunobu coupling of alcohol 191 and 

thiol 192. 

 The Julia-Kocienski Olefination 

With access to both aldehyde 126 and sulfone (±)-127 in hand, the Julia Kocienski olefination 

reaction was our next focus.  

 Introduction to the Julia-Kocienski Olefination 

The Julia-Kocienski olefination is recognised as a key carbon-carbon bond-forming method, 

and is often preferred over classical olefination reactions (including Wittig and HWE reactions) 

due to its functional group tolerance and high selectivity.[126] First reported by Marc Julia in 

1973, the classical Julia olefination involved the reaction of an aldehyde and a lithiated sulfone 

in the presence of acetic anhydride (Scheme 53A). Following formation of an acyloxy sulfone, 

sodium amalgam was employed as a single electron reductant to facilitate sulfone elimination 

and generate the E-alkene product. This process was shown to proceed via an intermediate vinyl 

sulfone by Keck and co-workers in 1995. However, poor functional group tolerance rendered 

the classical Julia olefination impractical in many situations, and modifications were sought to 

address this concern. The introduction of heteroarylsulfones (especially benzothiazolylsulfones) 

by Sylvester Julia in 1991 enabled the development of a one-pot olefination, whereby the 

intermediate -alkoxysulfone undergoes a Smiles rearrangement[127] to expel sulfur dioxide and 
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hydroxybenzothiazole to provide E or Z-alkene products, depending on the reaction conditions 

employed (Scheme 53B).[128] 

 

Scheme 53 A) General mechanisms for the classical Julia olefination and the modified Julia Kocienski reaction.[126] B) 

Mechanism for the modified Julia-Kocienski reaction.[128] 

The ability of lithiated benzothiazolyl sulfones to self-condense is occasionally problematic in 

this modified Julia olefination, although this can be overcome in the case of reactive aldehyde 

coupling partners by employing a Barbier-type coupling protocol,[85] involving pre-stirring 

sulfone and aldehyde coupling partners together, prior to base treatment. Alternatively, this can 

be avoided through the use of other heteroaryl sulfones, in particular phenyl tetrazole sulfones, 

which have become common place in Julia olefination reactions in the literature. These 

particular sulfones often provide excellent E-selectivity that is dependent on both the solvent 

and the counterion. 1-Phenyl-1H-tetrazol-5-yl (PT) sulfones are not susceptible to self-

condensation, and thus can be preactivated through base treatment prior to aldehyde addition, 

which is advantageous for base-sensitive aldehydes.  

The stereochemical outcome of the reaction is largely influenced by the mode of sulfone attack 

(Scheme 54). Formation of anti- or syn- alkoxide intermediates afford E- or Z- olefin products, 

respectively. Steric hindrance imparted by the phenyl substituent of PT sulfones acts to improve 

E-selectivity through destabilisation of the syn transition state. Careful consideration of reaction 

conditions is important, as the solvent and base employed can also influence cis/trans 
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selectivity. Smaller counterions (e.g. lithium) in conjunction with nonpolar solvents favour a 

closed transition state and can improve Z-selectivity, while larger counterions (e.g. potassium) 

and polar solvents disfavour chelation and promote an open transition state, often resulting in 

enhanced E-selectivity. 

 

Scheme 54 Stereochemical considerations of the Julia-Kocienski olefination. 

 Julia-Kocienski Olefination of Aldehyde 126 and Sulfone (±)-127 

With both coupling partners 126 and (±)-127 in hand, the key Julia-Kocienski reaction could be 

investigated (Scheme 55). Following standard literature protocols,[129] sulfone (±)-127 was 

treated with either LiHMDS or KHMDS at 0 °C, and after 30 min, the reaction mixture was 

cooled to −78 °C and aldehyde 126 in THF was added dropwise. Following warming to room 

temperature, no desired product or recovered starting materials were observed in either case. 

Switching to a Barbier-type protocol,[85] whereby LiHMDS was added to a mixture of aldehyde 

126 and sulfone (±)-127  at −78 °C, followed by gradual warming to 0 °C afforded the desired 

triene (±)-100 in 66% yield (E:Z 5:1). It was reasoned that lithiated sulfone (±)-127 was 

unstable, hence lithiation in the presence of aldehyde 126 was beneficial for promoting reaction 

prior to degradation.  

 

Scheme 55 Synthesis of skipped triene (±)-100 through a Julia-Kocienski olefination of sulfone (±)-127 and aldehyde 126. 
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 Elaboration to IMDA Precursor (±)-199 

 Synthesis of -Unsaturated Ester (±)-199 

With skipped triene (±)-100 in hand, we set out to investigate the final three steps required to 

access an IMDA precursor. In 2008, Rahn and co-workers reported the total synthesis of 

chlorotonil A,[72] in which a very similar intermediate to 199 was synthesised, possessing a C7 

bromide substituent and chiral C2-(R) and C10-(S) methyl groups (Scheme 56A). Their reported 

synthetic sequence involved silyl group removal of triene 79, Dess-Martin oxidation of alcohol 

200 and Wittig reaction of aldehyde 201 with stabilised ylide 78 to afford IMDA precursor 79.  

We therefore anticipated we could employ the same conditions to elaborate triene (±)-100 to 

ester 199. To this end, triene (±)-100 was treated with HF·pyridine in THF to afford alcohol 

(±)-202 which was used in the next step without purification (Scheme 56B). Upon treatment of 

(±)-202 with DMP, aldehyde (±)-203 was obtained, as evidenced by the crude 1H NMR 

spectrum. The subsequent Wittig reaction of crude aldehyde (±)-203 with ethyl 

(triphenylphosphoranylidene)acetate (78) appeared to form (±)-199 cleanly by TLC analysis, 

although the reaction proved low yielding following purification of (±)-199 (34% over two 

steps), presumably due to the instability of intermediate aldehyde (±)-203. The analogous 

oxidation and Wittig reactions were much higher yielding for Rahn and co-workers,[72] and we 

suspected that the methyl group at C2 aids the stability of aldehyde (±)-203, thus preventing 

decomposition through pathways involving alkene migration.  

 

Scheme 56 A) Synthesis of IMDA precursor 79 by Rahn and co-workers. B) Synthesis of IMDA precursor (±)-199. 
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In order to address the low yielding Wittig step towards IMDA precursor (±)-199, an alternative 

Horner-Wadsworth-Emmons (HWE) reaction was trialled with aldehyde (±)-203. Importantly, 

conditions reported by Masumune and Roush[130] were employed, whereby lithium chloride is 

used as an additive to activate the triethyl phosphonoacetate (204) through lithium chelation. 

This renders the -position of the phosphonate more acidic, enabling the use of weak bases such 

as 1,8-diazabicyclo[5.4.0]undec-7-ene rather than stronger bases such as sodium hydride. The 

reaction of aldehyde (±)-203 and triethyl phosphonoacetate (204) in the presence of DBU and 

lithium chloride proved sluggish, affording what initially appeared to be desired -unsaturated 

ester (±)-199 in 55% yield after 3 hours (Scheme 42). Analysis of the 1H NMR and 2D COSY 

NMR spectra indicated that olefin migration had taken place, and the product was in fact -

unsaturated ester 205 (Scheme 57).  

 

Scheme 57 Synthesis of undesired ester 205. 

This was evidenced by key differences in the 1H NMR spectrum compared to desired ester 

(±)-199. In particular, these included a change in the splitting of the resonance corresponding to 

H5 (from a triplet in (±)-199 to a doublet in 205) and the appearance of a new doublet at 

 3.10 ppm, corresponding to the H2 methylene in undesired ester 205 (Figure 18A). 2D COSY 

NMR spectroscopy was used to verify the new H2-H5 arrangement (Figure 18B). 
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Figure 18 A) Overlaid 1H NMR spectra of desired ester (±)-199 (blue) and undesired ester 205 (red), with key proton shifts 

highlighted. B) 2D COSY spectrum of undesired ester 205, indicating key through-bond correlations. 

This result suggested that following successful olefination under HWE conditions, the presence 

of base triggered an undesired olefin migration to the more thermodynamically stable 

conjugated 1,3-diene system of 205 (Scheme 58). It was therefore concluded that an olefination 

reaction requiring base would be unsuitable to access enoate (±)-199, and that our previous 

method involving a Wittig reaction was the only practical way to construct enoate (±)-199. 

 

Scheme 58 Formation of undesired -unsaturated ester 205 through base-mediated olefin migration. 
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At this stage, it was decided to apply our developed synthetic route to a chiral sulfone coupling 

partner, in order to access an enantiopure IMDA precursor. There would be eight possible 

diastereomers from the IMDA reaction of racemic precursor (±)-199, and it was anticipated that 

the resultant NMR specta would be too complicated to interpret. Additionally, the effect of the 

chiral C12 methyl substituent was to be a key focus for these investigations, and so access to 

the natural (R)-C12 configuration was important. 

 Synthesis of Chiral Sulfone (S)-127 

Having validated the synthetic route towards a suitable IMDA precursor, an analogous route 

was carried out to synthesise chiral sulfone (S)-127 (Scheme 59). Chiral sulfone (S)-127 was 

prepared from chiral pool starting material (S)-methyl 3-hydroxy-2-methylpropionate (206), 

commencing with a PMB protection.[131] For this transformation, PMB-acetimidate was 

employed, as this enables PMB-etherification to occur under mild acid catalysis, rather than 

using stoichiometric strong base (e.g. sodium hydride) as previously employed. This method is 

adopted when protecting a substrate that is sensitive to base, such as the enolisable alpha chiral 

centre of ester 206. PMB protection was followed by ester reduction using lithium aluminium 

hydride to afford alcohol (S)-191 in excellent yield.[131] Mitsunobu coupling of alcohol (S)-191 

and thiol 192 was first attempted using conditions validated on our racemic model sulfone. Once 

again, the use of DIAD resulted in purification issues, with sulfide (S)-194 proving difficult to 

separate from the reduced hydrazine by-product of DIAD using flash column chromatography. 

However, use of an alternative coupling agent, namely di-2-methoxyethyl azodicarboxylate 

(DMEAD)[132] provided the desired product (S)-194 in 95% yield and circumvented purification 

issues due to the high polarity of the reduced hydrazine by-product. Sulfide oxidation using 

m-CPBA proceeded smoothly to afford chiral sulfone (S)-127 in 84% yield. 

 

Scheme 59 Synthesis of sulfone (S)-127. 
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 Synthesis of Chiral -Unsaturated Ester (R)-199 

With chiral sulfone (S)-127 in hand, attention turned to the synthesis of chiral -unsaturated 

ester (R)-199 (Scheme 60). Use of the previously detailed reaction conditions (see section 2.8.1) 

provided triene (R)-100 in 78% yield and improved E/Z selectivity (9:1 E/Z). The subsequent 

silyl deprotection step was initially conducted using HF·pyridine, although on several occasions, 

large amounts of triene (R)-100 degraded under these harsh reaction conditions. The exact 

reason for this was unclear, however switching to the use of tetrabutylammonium fluoride 

(TBAF) to effect this transformation was found to be more reliable, with the reaction proceeding 

in 81% yield. Attempts to subject crude alcohol (R)-202 to DMP oxidation conditions resulted 

in degradation, and after much troubleshooting, it was found that purification of alcohol (R)-202 

via column chromatography prior to oxidation was essential to obtain aldehyde (R)-203 in 

sufficient yields. Subsequent oxidation of alcohol (R)-202 with DMP then afforded aldehyde 

(R)-203, however, it was found to be unstable, with degradation occurring during column 

chromatography and low yields of (R)-203 were obtained. Hence, it was necessary to use 

aldehyde (R)-203 crude in the subsequent Wittig reaction. Nonetheless, (R)-199 was synthesised 

from alcohol (R)-202 in 34% yield over two steps. 

 

Scheme 60 Synthesis of IMDA precursor (R)-199. 

 Summary of the Synthesis of IMDA precursor (R)-199 

In summary, a Kumada cross-coupling reaction, followed by Grubbs olefin metathesis was used 

to transform vinyl iodide 166 to aldehyde 126 (Scheme 61). Meanwhile, sulfone (±)-127 was 

accessed in four steps from commercially available 2-methyl-1,3-propanediol (190). Sulfone 
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(±)-127 and aldehyde 126 were coupled in a Julia-Kocienski olefination to access racemic 

skipped triene (±)-100, which was further elaborated into IMDA precursor (±)-199 through a 

silyl deprotection, oxidation and Wittig reaction sequence. Validation of this synthetic route 

enabled its application to chiral IMDA precursor (R)-199. Chiral pool Roche ester (206) was 

transformed to the analogous chiral sulfone (R)-127 in four steps. The subsequent 

Julia-Kocienski olefination proceeded smoothly, allowing access to IMDA precursor (R)-199 in 

an analogous three steps. 

 

Scheme 61 Summary of the synthesis of A) chiral IMDA precursor (±)-199 and B) chiral IMDA precursor (R)-199. 

 Diels-Alder Reactivity of -Unsaturated Ester (R)-199 

 Diastereoselectivity Considerations for the IMDA Reaction 

Having established access to -unsaturated ester (R)-199, our focus turned to the key IMDA 

reaction required to construct the decalin fragment of anthracimycin (9).  

Consideration of both the facial selectivity and endo/exo reactivity modes affords four possible 

modes of cycloaddition proceeding through four distinct transition states (TS) (Scheme 62). In 

this particular case, cycloaddition at the C2-Si face through an endo-transition state was required 

to access fragment 207, possessing the same stereochemical configuration present in 

anthracimycin (9). It was unclear whether the chiral methyl substituent at C12 or rigidifying C5-

6 alkene unit would impart sufficient facial bias to the cycloaddition, as Diels-Alder reactions 

of substrates containing these elements are scarce in the literature. 
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Scheme 62 Possible transition states for the intramolecular Diels-Alder reaction of (R)-199. 

Lewis acid catalysts and low reaction temperatures are often employed to facilitate endo-

reactivity, as endo transition states benefit from secondary orbital overlap when the electron 

withdrawing substituent of the dienophile is positioned directly under (TS1) or over (TS2) the 

1,3-diene unit.[133] Meanwhile, exo-reactivity is typically promoted by high reaction 

temperatures, wherein the steric repulsion between the electron withdrawing substituent of the 

dienophile and the crowded dienophile-diene overlap governs the stereochemical outcome of 

the reaction. For IMDA reactions, endo-transition states yield trans-decalin adducts, while exo-

transition states afford cis-decalins.  

 IMDA investigations of -Unsaturated Ester (R)-199 

With IMDA precursor (R)-199 in hand, the investigation of IMDA reaction conditions could 

commence. It was decided that the first set of conditions should follow the protocol described 

by Rahn and co-workers,[72] whereby a dilute solution of the IMDA precursor in toluene was 

treated with BF3.OEt2 at 0 °C to affect PMB ether deprotection, followed by heating the reaction 

to 85 °C to affect a transannular intramolecular Diels-Alder cycloaddition (detailed previously 

in section 1.9.8). 

This protocol was replicated using a dilute solution of (R)-199 in toluene with BF3·OEt2 at 0 °C 

(Table 5, entry 1). A new, more polar product was observed by TLC, which was believed to be 

indicative of successful PMB-removal. Disappointingly, heating the reaction to 85 °C resulted 

in extensive degradation and no sign of adducts 207 or 209 were observed in the crude 1H NMR 
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spectrum. At this point it was decided to trial standard low-temperature Diels-Alder conditions, 

whereby a dilute solution of ester (R)-199 in dichloromethane was treated with BF3·OEt2 at 

−78 °C (Table 5, entry 2). In this case, no reactivity was observed until the reaction was warmed 

to 0 °C, at which point two new reaction products were observed. Following purification and 

isolation, the crude product mixture was established to contain PMB-deprotected 208, and upon 

inspection of the 1H NMR and 2D COSY spectra, the other products appeared to possess 

migrated olefins. This finding was disconcerting, as it appeared that the migration of internal 

olefins to more stabilised positions would be favoured over the desired Diels-Alder reaction 

pathway. Treatment of the isolated sample of deprotected precursor 208 with BF3·OEt2 in 

toluene, followed by heating to 85 °C resulted in extensive degradation, with no sign of expected 

tricyclic adduct 209. Switching the Lewis acid to Et2AlCl and using both toluene (Table 5, 

entry 3) and dichloromethane (Table 5, entry 4) as solvents at −78 °C, followed by warming to 

room temperature also failed to effect Diels-Alder cycloaddition, and merely returned unreacted 

starting material. 

Table 5 IMDA reaction conditions trialled for ester (R)-199. 

 

Entry Catalyst Solvent Temperature Result 

1 BF3·OEt2
a CH2Cl2 0 °C to 85 °Cc Degradation 

2 BF3·OEt2
b CH2Cl2 −78 °C to 0 °C 208 (15%) 

3 Et2AlClb CH2Cl2 −78 °C to rtd No reactione 

4 Et2AlClb toluene −78 °C to rtd No reactione 

a Reaction performed on 8 milligram scale (0.015 M), b Reaction performed on 15 milligram scale (0.03 M), c Reaction run for 3 h at 85 °C, 

d Reaction warmed from −78 °C to room temperature over 14 h. e Signs of degradation of (R)-199 after ~3 h at room temperature. 

At this stage, we surmised that ester (R)-199 was unreactive at low temperature, and as such, 

the likelihood of successful endo-selective IMDA proceeding was low. Therefore, a more 

reactive IMDA precursor was sought. 
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 Synthesis of -Unsaturated Aldehyde 99 

Given that IMDA precursor (R)-199 appeared unreactive under the kinetic conditions required 

to affect endo-cycloaddition, it was reasoned that a more electron withdrawing substituent on 

the dienophile of the IMDA precursor could improve the Diels-Alder reactivity. 

As such, an aldehyde substituent was sought to replace the ester in (R)-199 (Scheme 63). To this 

end, reduction of ester (R)-199 was initially trialled using LiAlH4, however this appeared to 

degrade the staring material. Fortunately however, use of DIBAL smoothly effected reduction 

of ester (R)-199 to provide alcohol 210.  Subjecting crude alcohol 210 to allylic oxidation using 

manganese (IV) oxide failed to afford desired aldehyde 99, with only starting material alcohol 

210 recovered. Instead, treatment of the crude reduction product with DMP pleasingly afforded 

desired aldehyde 99 in 73% yield over two steps.  

 

Scheme 63 Synthesis of aldehyde 99. 

 IMDA Investigations of -Unsaturated Aldehyde 99 

With new IMDA precursor 99 in hand, IMDA investigations could commence. Following a 

literature protocol described by Uchiro and co-workers,[65] a dilute solution of aldehyde 99 in 

dichloromethane was treated with catalytic BF3·OEt2 at −78 °C (Table 6, entry 1). After stirring 

for 1 hour at −78 °C, TLC analysis revealed a complex mixture of products, thus indicating 

extensive degradation of the starting material. Analysis of the 1H NMR spectrum of the crude 

product corroborated this conclusion. Changing the Lewis acid catalyst to Me2AlCl returned 

unreacted starting material at −78 °C, while resulting in extensive degradation after warming 

the reaction to 0 °C (Table 6, entry 2). As such the reaction was repeated with Me2AlCl addition 

at −78 °C, followed by warming to −40 °C (Table 6, entry 3). Frustratingly, a familiar pattern 

of starting material degradation was observed, indicating that the starting material (99) was 

sensitive to strong Lewis acids even at low temperatures. Use of the mild Lewis acid scandium 

triflate in dichloromethane disappointingly also only afforded degradation of starting material 
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99 (Table 6, entry 4). Due to the suspected instability of aldehyde 99 in the presence of Lewis 

acids, a thermal IMDA reaction was investigated, whereby a dilute solution of aldehyde 99 in 

toluene was heated to 100 °C (Table 6, entry 5). TLC analysis indicated formation of new 

products, however upon isolation, those products appeared to only be degradation products, with 

no indication of formation of the desired cycloadduct 98 by 1H NMR analysis. 

Table 6 IMDA reaction attempts with aldehyde 99. 

 

Entry Catalyst Solvent Temperature Result 

1 BF3·OEt2
a CH2Cl2 −78 °C Degradation 

2 Me2AlClb CH2Cl2
c −78 °C to 0 °C Degradation 

3 Me2AlClb CH2Cl2
d −78 °C to −40 °C Degradation 

4 Sc(OTf)3
b CH2Cl2

e 0 °C to rt Degradation 

5 - Toluenee 100 °C Degradation 

a Reaction performed on 6 milligram scale (0.018 M), b Reaction performed on 3 milligram scale (0.005 M), c Reaction slowly warmed from 

−78 °C to 0 °C over 8 h, d Reaction commenced at −78 °C, warmed to −40 °C after 1 h and held at −40 °C for 5 h. e Reaction run for 3 h 

Once again, a change in strategy was required, since aldehyde 99 appeared to be unstable under 

all of the IMDA reaction conditions trialled. Use of organocatalysis is a validated method to 

construct decalin ring systems through an IMDA reaction.[134] In particular, the MacMillan 

research group has pioneered reactions of activated IMDA precursors through reversible 

iminium ion formation from the reaction of an amine catalyst and an -unsaturated 

aldehyde.[135] This lowering of the LUMO of the dienophile without the requirement for lone-

pair coordination facilitates smooth cycloaddition, and through use of a chiral amine catalyst, a 

significant degree of enantiocontrol can be obtained. A 2005 report showcased this methodology 

towards natural product solanapyrone D through construction of the decalin ring system 

(Scheme 64A).  Through use of chiral amine catalyst 211 with aldehyde 212, decalin adduct 213 

was afforded in good yield and with high endo:exo selectivity (>20:1) and enantiocontrol 

(90% e.e.).[134] This reaction proceeds through condensation of amine catalyst 211 with the 

aldehyde functionality of 212, forming highly electrophilic iminium intermediate 214 (Scheme 

64B). The subsequent IMDA reaction proceeds stereoselectively, with the chiral benzyl 

substituent on the imidazolidinone ring blocking one face of the dienophile component.  
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Hydrolysis of iminium cycloaddition adduct 215 liberates the desired cycloadduct 213 and 

regenerates amine 211 which then re-enters the catalytic cycle. 

 

Scheme 64 A) Use of an organocatalysed IMDA reaction in the synthesis of Solanapyrone D.[134] B) Catalytic cycle for the 

organocatalyzed IMDA reaction. 

A powerful feature of this methodology is the ability to control which enantiomer is obtained 

through careful selection of the chiral amine catalyst. In 2015, Healy and co-workers reported 

the selective synthesis of two diastereomers of JBIR-22 (216), which ultimately enabled 

structural elucidation and assignment of the absolute stereochemical configuration of the natural 

product (Scheme 65).[136] This was achieved through a diastereoselective organocatalyzed 

IMDA reaction of precursor 212, using either (R,R)- or (S,S)-imidazolidinone catalyst to afford 

adducts 213a and 213b, respectively. Further elaboration towards the natural product 216 and 

diastereomer 217 was conducted, that ultimately aided stereochemical assignment of the natural 

product.  
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Scheme 65 Use of chiral amine catalysts to access the decalin fragment of JBIR-22 (216), as well as diastereomer 217.[136] 

In 2015, Lacoske and co-workers reported synthetic studies towards maklamicin (218), whereby 

an organocatalyzed IMDA reaction was used to construct the trans-decalin framework, albeit 

bearing the opposite stereoconfiguration to the natural product (Scheme 66). Use of 

imidazolidinone catalyst (S,S)-211 facilitated smooth cycloaddition of aldehyde 219, providing 

adduct 220 in 60% yield as a single isomer.[137] In their case, use of enantiomeric amine catalyst 

(R,R)-211 was unable to reverse the inherent substrate selectivity, which was attributed to the 

C4 methyl substituent prohibiting the iminium intermediate from adopting the required 

conformation for imparting the desired facial selectivity.  

 

Scheme 66 Synthesis of a trans-decalin fragment through an organocatalyzed IMDA reaction.[137] 

With these considerations in mind, an initial organocatalyzed IMDA reaction was carried out, 

whereby a dilute solution of aldehyde 99 was treated with monohydrochloride-catalyst 221 in 

acetonitrile at room temperature (Table 7, entry 1). No reaction was observed after stirring for 

14 hours at room temperature. Meanwhile, use of TFA-organocatalyst 222 afforded a new, more 

polar product as indicated by TLC, which was identified by 1H NMR spectroscopy as olefin-
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isomerised product 223 (Table 7, entry 2). Reverting to amine catalyst 221 and switching the 

solvent system from acetonitrile to an ethanol/water mixture returned starting material and a 

new, less polar product as indicated by TLC, which was proved to be an unidentifiable 

degradation product (Table 7, entry 3). Treatment of aldehyde 99 with L-proline methyl ester 

(224) in methanol/water again afforded a more polar product, identical to that observed from 

the reaction with TFA-organocatalyst 222 (Table 7, entry 4). 

Table 7 Organocatalysed IMDA attempts using aldehyde 99. 

 

Entry Catalyst Solvent Temperature Result 

1 221 MeCN 0 °C to rt No reaction  

2 222 MeCN 0 °C to rt Isomerised product 223 

3 221 EtOH/H2O 0 °C to rt Recovered 99 + degradation 

4 224 MeOH/H2O 0 °C to rt Isomerised product 223 

All reactions performed on 3 milligram scale (0.005 M) and run for 14 h. 

The structure of 223 was assigned through changes in the diagnostic 1H NMR chemical shifts 

of starting material 99, including a change in the splitting of the shift pertaining to the C1 

aldehyde (from a doublet in 99 to a doublet of doublets in 223) and C5 alkene (from a triplet in 

99 to a doublet in 223) (Scheme 67A). A plausible mechanism for the formation of isomerised 

223 involves initial iminium generation following reaction of aldehyde 99 with amine catalyst 

222 (Scheme 67B). The skipped diene system across C3-C5 renders the C4 position highly 

sensitive to both acidic and basic conditions, and it is likely that this system will rearrange to 

provide a more stable, conjugated system, as in enamine 225. Hydrolysis of the enamine then 

affords isomerised aldehyde 99.  



 Chapter 2: Synthetic Studies Towards Anthracimycin 

 

86 

 

 

Scheme 67 A) 1H NMR spectra of starting material aldehyde 99 (red) and isomerised product 223 (blue). B) Plausible 

mechanism for olefin migration during the attempted organocatalysed IMDA reaction attempt. 

We attributed this unproductive reactivity to the highly unstable skipped-di/triene arrangement 

of aldehyde 99, which likely initiates decomposition pathways through isomerisation of its 

various olefins. At this stage, a new IMDA precursor that would be more reactive than ester 

precursor 199, while more stable than aldehyde 99 was sought. 

 Synthesis of -Unsaturated Enone 226 

A third IMDA substrate, -unsaturated enone 226 was anticipated to be more reactive than 

ester (R)-199, due to the enhanced electron-withdrawing character of the enone functionality. 

Additionally, enone 226 was expected to be more stable than aldehyde 99, through its 

comparatively lower electron-withdrawing nature. Methyl enone precursor 226 was synthesised 

from alcohol (R)-202 using a Dess-Martin oxidation, followed by a Wittig reaction with crude 

aldehyde (R)-203 and (triphenylphosphoranylidene)-2-propanone (227) in dichloromethane 

which pleasingly afforded desired enone 226 in 34% yield over two steps (Scheme 68). 

 

Scheme 68 Synthesis of enone 226. 
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It was unclear why the seemingly innocuous deprotection-oxidation-Wittig sequence was low 

yielding. TBAF-mediated silyl deprotection was shown to proceed smoothly in high yield 

(81%), and the crude 1H NMR spectrum immediately obtained following Dess-Martin oxidation 

appeared to show relatively clean formation of aldehyde (R)-203. Addition of solid sodium 

bicarbonate to the Dess-Martin oxidation in order to buffer the slightly acidic reaction conditions 

did not appear to improve the yield significantly. We suspected that the instability of aldehyde 

(R)-203 over the course of the Wittig reaction (12 hours) was the source of the low overall yield. 

Hence, a number of one-pot oxidation-Wittig procedures were trialled in order to circumvent 

the suspected competing aldehyde degradation. These included adding phosphorane 227 to the 

Dess-Martin oxidation reaction once TLC analysis indicated complete conversion to aldehyde 

(R)-203. This, however, failed to improve the yield of the reaction. Additionally, conducting 

Dess-Martin,[138] Parikh-Doering[139] and Ley oxidation[140–143] reactions in the presence of 

phosphorane 227 were investigated, however, in all cases, product formation was lower than the 

initial sequential Dess-Martin oxidation-Wittig sequence adopted. Disappointed but undeterred, 

sufficient access to enone 226 enabled investigation of the subsequent IMDA reaction. 

 IMDA Investigations of -Unsaturated Enone 226 

With enone 226 in hand, Diels-Alder investigations could commence. Once again, consideration 

of the two possible modes of endo-cycloaddition affords two potential adducts, with the endo II 

transition state, involving C2-Si face addition delivering the correct stereochemical 

configuration for the natural product (Scheme 69). 

 

Scheme 69 Possible endo reactivity modes for enone 226. 

A dilute solution of enone 226 in toluene at −78 °C was treated with BF3·OEt2 (1 equivalent). 

At this point, a colour change was observed from pale yellow to vibrant red. The reaction was 

warmed from −78 °C to room temperature over approximately 2 hours. During this time, the red 

reaction colour faded to pale yellow, at which point TLC analysis indicated the formation of a 
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new, less polar product. Purification of the crude reaction mixture afforded a single 

cycloaddition adduct in 79% yield (Scheme 70). As the product was isolated as an oil, use of X-

ray crystallography to determine the stereochemical configuration was unfeasible without 

further chemical derivatisation being performed. Therefore, analysis of the 2D NOESY NMR 

spectrum was used to determine the stereochemical configuration.  

 

Scheme 70 IMDA reaction of enone 226. 

 Stereochemical Investigation of the IMDA Adduct 

Analysis of the 2D NOESY spectrum of the IMDA adduct revealed correlations between H1 

and H2, and between H1 and H4a (Figure 19, green box), suggesting that all three of these 

protons reside on the same face of the decalin ring system. Meanwhile, a strong NOESY 

correlation between C1'Me protons and H8a indicated that these two reside on the same face of 

the decalin ring system (Figure 19, red box). Coupling constants of key protons corroborated 

this assignment (J1,2 = 6.8 Hz, J1,8a = 11.5 Hz), although overlapping multiplets pertaining to 

H8a and H4a rendered this particular coupling constant inconclusive. The resolution of the 

NOESY spectrum from  1.8 - 2.2 ppm is poor, due to the overlapping multiplets corresponding 

to H4a, Ha5, Hb5, H1' and H-8a. However, it is likely that NOESY cross peaks in this region are 

pertaining to H4a and Ha5, as it is implausible that H1, H2, H4a and H8a all reside on the same 

face of the decalin ring. Therefore, the NOESY correlations between H1, H2 and H4a together 

with the absence of a correlation between H4a and H8a indicated the presence of a trans-decalin 

ring system, and therefore the product of an endo-IMDA reaction. This conclusion affords two 

potential IMDA adducts, 228 and 229, as the products of an endo-cycloaddition from either the 

bottom face (endo I) or top face (endo II) of the diene, respectively. Meanwhile, the NOESY 

correlation between C1'Me protons and H8a could conceivably exist in either endo adduct, as 

the C1'Me substituent and H8a reside on the same face of the decalin ring system. As such, we 

were unable to conclusively assign the IMDA adduct as either the endo I (228) or endo II (229) 

adduct from the NOESY spectrum alone. 
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Figure 19 2D NOESY spectrum of the IMDA adduct from the IMDA reaction of enone 226. 

 Repeated IMDA Reactions of Enone 226 

The same IMDA reaction conditions were repeated on a larger scale (15 mg versus 5 mg), 

whereby a dilute solution of enone 226 in toluene at −78 °C was treated with BF3·OEt2 

(1 equivalent), followed by warming the reaction to room temperature. The same colour changes 

(i.e. from pale yellow to vibrant red to pale yellow) were observed, and once again, TLC analysis 

indicated the formation of the same product as the previous attempt. However, purification of 

the crude reaction mixture this time afforded an inseparable mixture of two cycloaddition 

adducts in 60% yield (Scheme 71A). Integration of the chemical shifts pertaining to the H3 and 

H4 alkenes revealed a 3.5:1 ratio, whereby the major isomer was the sole diastereomer isolated 

in the previous reaction attempt (Scheme 71B). Based on the initial IMDA reaction, the isolation 

of a secondary diastereomer was unanticipated, however it was expected that analysis of a 

NOESY spectrum of the inseparable mixture of major and minor IMDA adducts would enable 

assignment of the endo I and endo II isomers. 
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Scheme 71 A) IMDA reaction of enone 226. B) 1H NMR of mixture of adducts 228 and 229. 

A 2D NOESY NMR experiment was run on the inseparable mixture of diastereomers, and the 

spectrum was analysed in an attempt to assign the stereochemical configuration of the major 

and minor adducts. For the minor adduct, NOESY correlations were observed between H1, H2 

and H4a, and this was therefore concluded to be the undesired endo I isomer (Figure 20).   

NOESY correlations between the chiral C1' methyl substituent was expected to play a major 

role in the stereochemical assignment of adducts 228 and 229, since the stereochemical 

configuration of this centre was set prior to cycloaddition. Indeed, the major adduct appeared to 

display a NOESY correlation between C1'Me protons and H8a (Figure 20, green box), whereas 

a similar correlation was not observed for the minor adduct (Figure 20, red box). 
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Figure 20 2D NOESY spectrum of a mixture of adducts 228 and 229 from the IMDA reaction of enone 226. 

Since this C1'Me to H8a correlation could plausibly be observed in either endo adduct (due to 

the C1'Me substituent and H8a residing on the same face of the decalin ring), a Chem3D® 

molecular dynamics simulation (20 fs) was conducted on energy minimised structures (Figure 

21). Importantly, the average interatomic distance between the C1'Me substituent protons and 

H8a was calculated over the course of the simulation. Due to the flexibility of the alkyl 

appendage bearing the C1'Me substituent, it was expected that the average distance between 

these two key substituents could be used to suggest why this NOESY correlation might be 

stronger in the major adduct than the minor adduct. 

Molecular dynamics simulations using Chem3D® revealed that the average distance between 

H8a and C1'Me protons was lower for the endo I adduct (i.e. addition from the bottom face of 

the diene) than for the endo II adduct (i.e. addition from the top face of the diene). Since the 

average distance between C1'Me and H8a for endo I is shorter, it is likely that this manifests as 

a stronger NOESY correlation in the NOESY spectrum. This therefore suggested that the major 

adduct was the product of an endo I cycloaddition, with the C1'Me substituent projecting 
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underneath the decalin ring system, and was therefore the diastereomer possessing the undesired 

stereoconfiguration. 

 

Figure 21 Average distances between C1'Me and H8a in energy minimised structures of adducts 228 and 229.  

  

 Optimisation of the IMDA Reaction of Enone 226 

Our initial IMDA reaction employed BF3·OEt2 at −78 °C, followed by reaction warming to 

room temperature over 2 hours to afford a single isomer in 79% yield (Table 8, entry 1). 

Confoundingly, repeating these conditions afforded a 3.5:1 inseparable mixture of adducts 228 

and 229, and the initial result could not be reproduced. Slowly warming a dilute solution of 

enone 226 and BF3·OEt2 in toluene from −78 °C to room temperature provided a 3.5:1 mixture 

of cycloadducts in 54% yield on a 13 mg scale (Table 8, entry 2). However, then conducting the 

reaction on a larger scale (70 mg), both the reaction yield and d.r. decreased (Table 8, entry 3). 

At this stage, it was decided to trial alternative Lewis acid catalysts in an attempt to guage the 

effect on the inherent facial selectivity of the IMDA reaction. Therefore, a dilute solution of 

enone 226 in toluene at −78 °C was treated with titanium tetrachloride (1 equivalent) (Table 8, 

entry 4). Following addition of the Lewis acid, the reaction turned a dark brown colour, and 

subsequent analysis by TLC suggested extensive degradation of the starting material had 
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occurred. Changing the Lewis acid once again to Me2AlCl in toluene provided a 2.4:1 ratio of 

cycloadducts 228 and 229 in 65% yield (Table 8, entry 5). Meanwhile, the same reaction 

conducted in dichloromethane returned unreacted starting material (Table 8, entry 6). Curiously, 

conducting the reaction in toluene at −40 °C resulted in a lower reaction yield with comparable 

d.r. (Table 8, entry 7) while replacing Me2AlCl with Et2AlCl resulted in a reduced yield (65% 

to 37%) (Table 8, entry 8). 

Table 8 Conditions trialled for the IMDA reaction of enone 226. 

 

Reaction run in toluene and commenced at −78 °C then warmed to room temperature over 14 hour unless otherwise stated. 
aCH2Cl2 used as solvent, bReaction commenced at −78 °C then warmed to room temperature immediately, c10-20 mg reaction 

scale, d70 mg reaction scale.  

Despite extensive reaction condition screening, the diastereoselectivity could not be altered to 

favour the desired product 229, and as such, an alternative IMDA strategy was sought. 

 Summary of IMDA Investigations with (R)-199, 99 and 226 

In summary, three different IMDA precursors ((R)-199, 99 and 226) were synthesised and 

investigated in IMDA reactions (Scheme 72). Enoate precursor (R)-199, similar to that reported 

by Rahn and co-workers,[72] failed to display any desired Diels-Alder reactivity, with starting 

material returned unless the reaction was heated, in which case decomposition of (R)-199  

occurred. A second, more reactive IMDA precursor, namely enal 99 was synthesised and trialled 

in a range of Lewis acid-catalysed, thermal and organocatalytic IMDA reactions. No desired 

adducts were isolated in any case, with decomposition of the starting material observed in most 

Entry Lewis Acid (equiv.) Temperature Result 228:229 

1 BF3·OEt2 (1) −78 °C → rtb 79%c 1:0 

2 BF3·OEt2 (1) −78 °C → rt 54%c 3.5:1 

3 BF3·OEt2 (1) −78 °C → rt 12%d 2.5:1 

4 TiCl4 (1) −78 °C → rt Decomp. - 

5 Me2AlCl (3) −78 °C → rt 65%c 2.5:1 

6 Me2AlCla (3) −78 °C → rt n.r. - 

7 Me2AlCl (3) −40 °C 15%c 2:1 

8 Et2AlCl (3) −78 °C → rt 37%c 3:1 
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cases. Enone 226, a third IMDA precursor was then synthesised in analogous fashion. This 

precursor underwent smooth IMDA cycloaddition under multiple conditions. However, the 

diastereoselectivity of the reaction was poor in most cases. Analysis of a 2D NOESY spectra of 

the inseparable mixture of adducts 228 and 229 suggested that the major isomer was the product 

of an endo I cycloaddition, providing the opposite stereochemical configuration to that present 

in the natural product (9). 

 

Scheme 72 Summary of IMDA reactions of precursors (R)-199, 99 and 226. 

 Chiral-Auxiliary Approach 

 Chiral-Auxiliaries in IMDA Reactions 

While the undesired facial selectivity observed from the IMDA reaction of enone precursor 226 

proved disappointing, we remained optimistic that the challenge of accessing a decalin fragment 

possessing the desired stereochemical configuration was not insurmountable. Chiral Evans 

oxazolidinone auxiliaries are capable of controlling the facial selectivity of intramolecular 

Diels-Alder reactions, as reported in seminal papers in 1984 and 1988 by Evans and co-

workers.[66,67] The rationale for their effectiveness involves chelation of the aluminium-based 

Lewis acid at the imide carbonyls (see previous section 1.9.5) (Scheme 73). π-Stacking between 

the phenyl ring of the auxiliary and the dienophile blocks one face of the dienophile, therefore 
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favouring addition of the diene from one face. When conducted at low temperature under Lewis 

acid catalysis, endo-adducts can be expected to result in trans-fused adducts, with high 

diastereoselectivity and enantioselectivity. 

 

Scheme 73 The use of Evans’ oxazolidinone chiral auxiliaries to construct trans-decalin ring systems,[66,67] 

Evans and co-workers accessed the decalin fragment of GB13 and (+)-himgaline through the 

intramolecular Diels-Alder reaction of triene 230, which bore a chiral Evans oxazolidinone 

auxiliary (Scheme 74A).[68] IMDA precursor 230 was accessed through an HWE reaction of 

aldehyde 231 and phosphonate 232, possessing an (S)-benzyl oxazolidnone motif. 

Cycloaddition of 230 proceeded smoothly using dimethylaluminium chloride, affording decalin 

fragment 233 in 81% yield as a single isomer. Meanwhile, Winterer and co-workers reported 

the synthesis of IMDA precursor 234 through a Wittig reaction of aldehyde 235 with 

phosphorane 236 (Scheme 74B). Unlike the HWE reaction, this Wittig method uses a stabilised 

ylide and therefore does not require additional base. The IMDA reaction of precursor 234 

afforded decalin 237 as a single isomer possessing the opposite stereochemistry to Evans’ 

decalin system, due to the incorporation of the (R)-benzyl oxazolidinone motif.[144] Importantly, 

chiral benzyl oxazolidinone auxiliaries have been employed to reverse the inherent facial bias 

of IMDA precursors. This was evidenced in studies by Evans and co-workers in 1993, whereby 

an IMDA precursor bearing a chiral benzyl oxazolidinone auxiliary (238) underwent smooth 

cycloaddition in the presence of dimethylaluminium chloride to afford endo adduct 239 (Scheme 

74C). Replacement of the benzyl auxiliary with achiral oxazolidinone (240) resulted in 

predomiant formation of the opposite endo isomer 241 through a complete reversal of the IMDA 

facial selectivity.[145] 
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Scheme 74 A) Chiral auxiliary-mediated IMDA reactions employed by the research groups of Evans and B) Winterer. C) 

Reversal of inherent facial selectivity of IMDA precursors using the chiral benzyl oxazolidinone auxiliary.  

It was envisaged that this method of facial control could be employed to reverse the inherent 

facial preference of the previously investigated IMDA precursor (Scheme 75). In the case of 

anthracimycin (9), use of the (S)-4-benzyloxazolidin-2-one motif in IMDA precursor 242 would 

block the C2-Re face of the dienophile, encouraging addition at the C2-Si face, thus delivering 

cycloaddition adduct 243 with the desired stereochemical configuration. 

 

Scheme 75 Proposed chiral auxiliary strategy to access the decalin fragment of anthracimycin (9). 

Previous attempts to access −unsaturated ester (R)-199 through a base-mediated HWE 

reaction were hampered due to an undesired base-mediated olefin migration (see section 2.8.1), 

and it was anticipated that use of phosphonate 232 would result in similar complications. 
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Therefore, it was decided to construct IMDA precursor 242 through Wittig reaction of aldehyde 

(R)-203 with stabilised ylide 244 thereby eliminating the requirement for additional base 

(Scheme 76). 

 

Scheme 76 Rationale for selecting a phorphorane to attach the chiral auxiliary over a HWE reaction, due to the anticipated 

sensitivity of tetraene 242 to base. 

 Synthesis of (S)-4-Benzyloxazolidin-2-one Phosphorane 244 

The synthesis of a suitable phosphorane reagent commenced with the acylation of (S)-4-benzyl-

2-oxazolidinone (245) with bromoacetyl bromide using n-butyllithium which afforded acetyl 

bromide 246, which was subjected to alkylation with triphenylphosphine by heating a solution 

of bromide 246 and triphenylphosphine to reflux (Scheme 77). The resulting crystalline salt 247 

was then treated with 1M aqueous sodium hydroxide to provide desired phosphorane 244 

reagent in 67% yield over two steps, which matched literature reported 1H NMR data.[146] 

 

Scheme 77 Synthesis of phosphorane 244 
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 Synthesis of Oxazolidinone IMDA Precursor 242  

The synthesis of IMDA precursor 242 relied on an analogous sequence to that conducted 

previously (section 2.9.5), whereby alcohol (R)-202 was subjected to Dess-Martin oxidation, 

and the crude aldehyde was redissolved in dichloromethane and treated with an excess of 

phosphorane 244 (Scheme 78). This procedure afforded IMDA precursor 242 in 39% yield over 

two steps, as an inseparable 3:2 mixture of E:Z isomers. Although photoisomerism procedures 

for equilibrating E/Z mixtures of alkenes to exclusively E-alkenes are known,[137] these were not 

attempted due to the expected isomerism of the Z-trisubstituted alkene in the IMDA precursor. 

Therefore, the IMDA reaction was attempted on the E/Z-mixture. 

 

Scheme 78 Synthesis of IMDA precursor 242. 

 Chiral Auxilliary-Controlled IMDA Reaction of 242 

With precursor 242 in hand, the IMDA reaction could be investigated. Treatment of a dilute 

solution of precursor 242 in toluene with dimethylaluminium chloride (1.0 M in cyclohexane) 

at −78 °C resulted in an intense reaction colour change, changing from pale yellow to deep red. 

Following slow warming to room temperature over 14 hours, TLC analysis indicated the 

formation of a new, less polar product which, following purification, afforded a 4:1 mixture of 

diastereomeric adducts 248 and 243 in 24% combined yield (Scheme 79). While this yield 

initially seemed disappointing, unreacted Z-242 was recovered to afford a yield of 48% based 

on recovered starting material (brsm). Importantly, repeated reaction attempts resulted in 

identical diastereomeric ratios (4:1), suggesting that this chiral auxiliary approach results in an 

appreciable degree of facial control. With adducts 248 and 243 in hand, 2D NOESY analysis 

was employed to determine the stereochemical configuration of the reaction products. 
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Scheme 79 Synthesis of IMDA adducts 248 and 243. 

 Stereochemical Investigation of Adducts 248 and 243 

A 2D NOESY NMR experiment of the inseparable mixture of diastereomers was employed in 

an attempt to assign the relative stereochemistry of the major and minor adducts (Figure 22). 

NOESY correlations were observed between H1, H2 and H4a, in both the major and minor 

adduct. This suggested that these three protons reside on the same face of the decalin ring 

system, and so the adducts were concluded to comprise trans-decalin ring systems resulting 

from an endo-cycloaddition. Coupling constants of key protons corroborated this assignment 

(J1,2 = 6.5 Hz, J1,8a = 11.5 Hz), although overlapping multiplets pertaining to H8a and H4a once 

again rendered this particular coupling constant inconclusive. 

 

Figure 22 2D NOESY spectrum of a mixture of adducts from the IMDA reaction of precursor 242. 

Once again, NOESY correlations between the chiral C2 methyl substituent was expected to play 

a major role in the stereochemical assignment of the adducts, since the stereochemical 

configuration of this centre was set prior to cycloaddition. Indeed, the major adduct appeared to 
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display a strong NOESY correlation between C1'-Me protons and H-8a, whereas a similar 

correlation was not observed for the minor adduct. Assignment of the stereochemical 

configuration of methyl ketone adducts 228 and 229 was previously aided by a Chem3D® 

molecular dynamics simulation, which calculated the average distance between H-8a and 

C1'-Me protons during a short (20 fs) simulation (see section 2.9.7).  A similar simulation was 

conducted on energy minimised structures of endo adducts 248 and 243 (Figure 23). However, 

in this instance, there appeared to be no clear adduct wherein the average H-8a to C1'-Me 

distance was significantly shorter than the other. Therefore, this method was deemed 

inconclusive for distinguishing between the two adducts.  

 

Figure 23 Average distances between C1'-Me and H8a in energy minimised structures of adducts 248 and 243.     

It was therefore reasoned that since an (S)-4-benzyloxazolidin-2-one motif was used, this should 

selectively afford the endo II adduct, bearing the desired stereochemical configuration. 

Adducts 248 and 243 was isolated as an amorphous solid, and recrystallization from ethyl 

acetate afforded a needle-like crystal, which was sufficient for X-ray crystallography. 

Gratifyingly, the purported stereochemical configuration of 243 was unambiguously confirmed 

by X-ray crystallography, which revealed that the major adduct possessed the same 

stereochemical configuration as the natural product anthracimycin (Figure 24). Importantly, this 
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was the expected major product of an IMDA reaction bearing an (S)-4-benzyl-2-oxazolidinone 

auxiliary (see previous Scheme 75). 

 

Figure 24 XRD crystal structure of adduct 243. 

 Summary of IMDA Investigations of Precursor 242 

In summary, an IMDA precursor bearing a chiral Evans oxazolidinone auxiliary (242) was 

synthesised by Dess-Martin oxidation of alcohol (R)-202, followed by Wittig reaction with 

phosphorane 244 (Scheme 80). The inseparable 3:2 mixture of E/Z isomers of 242 was subjected 

to reaction with dimethylaluminium chloride at low temperature, which facilitated IMDA 

cycloaddition to afford adducts 248 and 243 as an inseparable 1:4 mixture. 2D NOESY spectrum 

analysis proved ambiguous, however X-ray crystallography was used to assign the 

stereochemistry of the major adduct (243), which was pleasingly found to possess the same 

stereochemical configuration as that seen in the natural product 9. Importantly, this advanced 

fragment could be used in the total synthesis of anthracimycin (9), through elaboration of both 

the 4-methoxy benzyloxy (PMB) and oxazolidinone-bearing sidechains. 

 

Scheme 80 Synthesis and reactivity of IMDA precursor 242. 



 Chapter 2: Synthetic Studies Towards Anthracimycin 

 

102 

 

 Future Work Towards the Total Synthesis of Anthracimycin 

In the present work, a synthetic route to access the decalin fragment of anthracimycin (9) has 

been established. Future work should include optimisation of the route to this key fragment, 

possibly using a Wittig/olefin metathesis sequence between alkene 249 and acrylate 250 to 

install the (S)-4-benzyloxazolidin-2-one substituent with high E-selectivity (Scheme 81). Since 

the Z-isomer does not appear to react under the established IMDA conditions, this improved E-

selectivity would translate to an improved IMDA reaction yield. 

Through improved access to decalin fragment 243, the total synthesis of anthracimycin (9) could 

be attempted, as advanced fragment 243 could be elaborated through both the 4-methoxy 

benzyloxy (PMB) and oxazolidinone-bearing sidechains. Firstly, removal of the Evans 

oxazolidinone auxiliary could be completed using LiOH/H2O2, followed by methylation of the 

resultant carboxylic acid to afford ester 251. Removal of the PMB group, followed by alcohol 

oxidation would deliver aldehyde 252, and subsequent Stork-Zhao olefination would provide 

Z-vinyl iodide 253. From here, addition of dienolate 254 could install the tricarbonyl unit of 

255. Hydrolysis of the ester motif, followed by esterification with vinyl stanane 256 would 

deliver advanced fragment 257, and intramolecular Stille coupling would furnish anthracimycin 

(9). 
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Scheme 81 Proposed synthetic route to complete the total synthesis of anthracimycin (9) using successfully synthesised 

decalin 243. 
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 Structural Simplification of Macrolide Natural Products 

A survey of FDA drug approvals between 1981 and 2014 which revealed that 4% of the FDA 

approved drugs were unmodified natural products, while drug scaffolds inspired by natural 

products comprised 47%.[13] The value of natural product scaffolds in drug discovery programs 

owes to the evolution of their structures over thousands of years to perfectly complement their 

biological target, thus conveying potency and target selectivity that would be challenging to 

replicate de novo.[147] However, structural analogues of natural products are significantly more 

prevalent in the market than the parent natural products, since natural products themselves 

seldom possess the desirable pharmacokinetic properties required for their therapeutic use in 

humans. Additionally, natural product synthesis is both time and labour intensive, often 

requiring many years to access mere milligram quantities of the final product. While total 

synthesis remains a worthwhile pursuit for the development of novel synthetic methodology, it 

is a sluggish process that is poorly equipped for delivering useful quantities of clinically relevant 

molecules in a timely fashion. Hence, analogues of natural products which retain the majority 

of the parent molecule’s complexity, whilst being more synthetically tractable, are highly sought 

after.  

Natural product simplification is a term increasingly used in the literature and has been the topic 

of several recent reviews.[148–152] Different simplification strategies exist and have been 

extensively reviewed, including diverted total synthesis (DTS),[27,153] diversity oriented 

synthesis (DOS)[154,155,30,156], biology oriented synthesis (BIOS)[157] and function-oriented 

synthesis (FOS).[158–160] The common goal of these strategies is to reduce both the time and 

labour of natural product synthesis by prioritizing structural simplification of the targets in 

question. 

Macrocyclic polyketide (macrolide) natural products are prime candidates for structural 

simplification (Figure 1). As secondary metabolites, they typically display potent biological 

activity, including anti-cancer, antibiotic and immunotherapeutic activity.[152] This trait is 

reflected by the prevalence of pharmaceuticals inspired by macrolide scaffolds.[13,16] Despite the 

clinical relevance of macrolide natural products, their chemical structures are often complex, 

bearing multiple stereogenic centres which require laborious synthetic sequences to access mere 

milligram quantities of the final product. Additionally, much of the structural complexity of 

these molecules is nonessential for conferring their therapeutic activity. Structural simplification 
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of these important scaffolds enables structure-activity relationship (SAR) studies, through 

removal/truncation of structural motifs that are unnecessary for biological activity. In turn, these 

structurally-simplified analogues are more readily synthesized to deliver useful quantities of 

clinically relevant molecules for further biological evaluation. 

 Function-Oriented Synthesis (FOS) 

 Natural Product Simplification Through FOS 

Function-oriented synthesis, coined by Wender and co-workers in 2008, recognizes that the 

structures of complex natural products often contain redundant elements which bear little to no 

effect on the resulting therapeutic activity.[158]  Therefore, FOS aims to retain or enhance the 

biological activity of a complex natural product through structural simplification of the parent 

scaffold. In doing so, information regarding the structural requirements for biological activity is 

generated through SAR studies, while providing bioactive chemical tools for further biological 

evaluation. Additionally, this addresses the issue of poor synthetic supply which affects most 

complex natural products. This is particularly important for clinical candidates which require an 

ample supply of the compound for clinical trials. The structural simplification of the natural 

product halichondrin B into anticancer therapeutic eribulin mesylate (Halaven®) is an 

exemplary case for this (Figure 25). Halichondrin B (258) is a macrolide natural product isolated 

in 1986 from the marine sponge Halichondria okadai[161] and was selected for preclinical 

development in 1992 due to its potent in vitro and in vivo anticancer activity. In the same year, 

258 was the subject of an impressive total synthesis by Kishi and co-workers.[162] Clinical 

development of this compound was, however, impeded due to limited quantities available from 

natural source. Extensive synthetic and biological studies by Kishi and co-workers, involving 

the synthesis of over 200 structural analogues, showed that the highly complex left hand 

polycyclic ether fragment could be removed with minimal impact on the biological activity, 

providing simplified macrocycle NSC 707839 Eribulin (259).[163] This marked a dramatic 

improvement for accessing meaningful quantities of material to support clinical trials. Halaven® 

(259) is now a clinically used anticancer agent, having gained FDA approval in 2016.  
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Figure 25 Truncation of the polycyclic ether fragment of halichondin B (258) results in retained anticancer activity in clinical 

agent Eribulin (259). 

FOS considers the target-specific function of molecules, and can thus be used to reduce 

undesired toxicity (due to off-target effects), while also substituting sensitive structural motifs 

with more biologically stable isosteres to improve pharmacokinetic performance. The 

development of atorvastatin (Lipitor®, 260), an FDA approved drug for cardiovascular disease, 

is an exemplary FOS case study (Figure 26).[164] Mevastatin (261), isolated from Penicillium 

brevicompactum in 1976 was identified as a potent inhibitor of 3-hydroxy-3-methylglutaryl-

coenzyme A reductase (HMGR) in rat models. As this enzyme is involved in cholesterol 

production, this sparked the development of mevastatin and related compounds as therapeutics 

for cardiovascular disease.[165] However, development was halted in 1980 due to toxicity 

concerns, and a new chemical scaffold which retained the potent HMGR inhibitory activity 

whilst mitigating the undesired toxicity was highly sought after. Ultimately, the cholesterol 

lowering activity of 261 was maintained through the structurally simplified scaffold of 260, and 

Lipitor® is now a widely used cholesterol-lowering medication, having gained FDA approval in 

1996. Key to this thesis is the fact that the structurally complex decalin motif – containing four 

stereocentres – was replaced with a more simplified hydrophobic structure without loss of 

activity. 

 

Figure 26 The function of mevastatin (261) was retained in simplified analogue atorvastatin (260). 
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 Conformational Considerations for Macrolides 

The preference for bulky substituents on a cyclohexane ring to adopt an equatorial orientation 

in favour of an axial orientation is an example of how steric minimization (through mitigating 

gauche interactions) can influence the molecule’s preferred conformation. This effect is vastly 

more complicated when considering macrocyclic compounds, as they are flexible and exist in 

solution not only as the target-binding conformation, but as an ensemble of many low energy 

conformations. Bond geometries of macrocyclic structures tend to deviate from idealized 

situations as non-covalent transannular interactions (e.g. hydrogen bonding and hydrophobic 

interactions) may be present. In particular, the high degree of sp3-chiral centres and sp2-

hybridized carbons in macrolide natural products influence the lowest energy conformation of 

the molecule in question through either direct involvement in target binding, or through 

imparting steric and electronic effects that restrict the number of potential low-energy 

conformations. Alteration of one dihedral angle can propagate throughout the cyclic structure, 

resulting in a vastly different overall 3D conformation, a phenomenon which was recently 

reviewed by Yudin and co-workers.[166] Conventional SAR studies often neglect the impact of 

structural modifications on the conformational preferences of macrocyclic molecules, instead 

searching for direct changes to the target-ligand binding contacts, a concept reviewed 

extensively by Taylor and co-workers.[167]  

A recent publication by Taylor and co-workers reporting a structural analogue of (−)-dactylolide 

(262), a tubulin-binding macrolide natural product, acts as a cautionary tale in the area of natural 

product simplification.[168] NMR studies by Taylor and co-workers characterized the 

conformational preferences of (−)-dactylolide, revealing that the molecule interconverts 

between three key conformations, one of which closely resembled the tubulin-bound 

conformation.[169] Previous SAR studies by Altmann and co-workers revealed that the C13 

exocyclic methylene was nonessential for the reported bioactivity of (−)-dactylolide (Scheme 

82A).[170] Computational molecular modeling suggested that the C17 methyl substituent had a 

large effect on the rigidity of the western hemisphere of the molecule. However, installation of 

the C16-C17 trisubstituted alkene was highlighted as a synthetic hurdle in the total synthesis of 

262. Therefore, a synthetic route towards novel analogue 263 was devised, whereby both the 

C17 methyl and C13 methylene substituents were omitted. The synthesis of analogue 263 

involved esterification of acid 264 and alcohol 265 using the Yamaguchi conditions, followed 

by subsequent silyl ether removal and Dess-Martin oxidation to afford aldehyde 266 (Scheme 
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82B). This was reacted in an intramolecular HWE reaction to forge the macrocyclic core 

scaffold. Subsequent PMB removal and Dess-Martin oxidation afforded analogue 263. 

However, this simplified analogue exhibited dramatically reduced antiproliferative activity in 

human cancer cell lines (A549 lung cancer cell line; >30 M for analogue 263 versus 950 nM 

for 262). It was therefore rationalized that a seemingly minor modification in the macrocyclic 

scaffold resulted in a sharp increase in the torsional flexibility in the macrocycle and thus a large 

change in the overall 3D conformation of the molecule.  

 

Scheme 82 A) Structural simplification of (-)-dactylolide (262) by Taylor and co-workers. B) Key steps in the synthesis of 

simplified analogue 263. 

In summary, during the design of simplified analogues of macrocyclic natural products, the 

effect of the modification on the overall 3D conformation of the analogue must be considered. 

Structural modifications can be made to either the macrocycle itself, or to substituents appended 

to the core scaffold. The following sections detail various case studies in this ever-growing area. 

 Simplification of the Macrocyclic Core of Macrolide Natural Products 

 Trienomycin A 

Trienomycin A (267) is a member of the trienomycin family of polyketide natural products and 

displays potent in vitro cytotoxicity against a panel of cancer cell lines including L-5178Y 

murine leukemia (IC50 0.01 g/mL). The molecular structure contains an (E,E,E)-triene unit, as 
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well as four stereocentres, and has been synthesized by Smith and co-workers (1995-96, 31 steps 

LLS)[171,172] and more recently by Krische and co-workers (2013, 16 steps LLS).[173] However, 

the issue of poor natural supply and challenging chemical synthesis has rendered 267 an 

underexplored, yet promising anti-cancer drug candidate. The overall 3D conformation of 

structural analogues was considered when Blagg and co-workers designed novel, simplified 

analogues of the parent natural product.[174] Low-energy conformations using SYBYL modeling 

software afforded a range of simplified analogues, including 268, which omitted three of the 

four stereocentres and two of the three E-olefins (Scheme 83A). Additionally, the Z-geometry 

of the C15 olefin was inverted, while the phenol substituent was methylated. 

Simplified analogue 268 was accessed through Wittig reaction of phosphonium 269 with methyl 

ketone 270 (Scheme 83B). Alkene 271 was afforded as an inseparable mixture of E/Z isomers, 

and was submitted to silyl ether removal, followed by a Mitsunobu reaction with acid 272. Here, 

the desired E-isomer (E-273) was separated and subjected to the subsequent ring closing olefin 

metathesis to afford analogue 268. These seemingly drastic structural modifications with respect 

to the parent natural product in fact had minimal effect on the overall 3D conformation. Indeed, 

biological evaluation of analogue 268 revealed similar cytotoxic activity in HeLa cervical cancer 

cell lines (IC50 470 nM for 268 versus 128 nM for 267) to the parent compound. More 

importantly, this analogue was accessible in a mere 13 steps, providing gram-quantities of this 

key analogue in addition to a robust platform for accessing structurally similar analogues. The 

fact that analogue 268 possesses a considerably more flexible macrocyclic scaffold seems to 

indicate that the mechanism of action for trienomycin A relies predominantly on binding of the 

N-acylated -alanine sidechain, rather than molecular recognition of the macrocycle. 
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Scheme 83 A) Structural simplification of trienomycin A (267) by Blagg and co-workers. B) Key steps in the synthesis of 

simplified analogue 268. 

 (+)-Spongistatin 1 

The spongistatins are a family of nine macrolide natural products which display potent cytotoxic 

activity, with (+)-spongistatin 1 (274) showing particularly potent activity against the NCI panel 

of human cancer cell lines (IC50 0.12 nM).[175–177] The inability to obtain meaningful quantities 

of 274 from natural sources, coupled with the sheer challenge of synthesizing 274 warranted the 

evaluation of structurally simplified analogues. Smith and co-workers hypothesized that the 

western fragment of 274 comprised the pharmacophore, while the eastern perimeter was largely 

necessary for supporting the correct conformation of the western fragment (Scheme 84A).[178] 

In particular, the C37-C39 dihedral angles between the E and F rings was anticipated to be 

critical for the biological activity of 274, and so a simplified replacement linker unit for the 

eastern fragment was sought.  
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Scheme 84 A) Structural simplification of (+)-spongistatin (274) by Smith and co-workers. B) Key steps in the synthesis of 

simplified analogue 275. 

Molecular modeling was employed to evaluate the conformational preferences for both 274 and 

a range of potential analogues, and ultimately, analogue 275 was selected, which should adopt 

a similar 3D conformation to the parent natural product. Analogue 275 was accessed through 

Wittig olefination of phosphonium 276 and aldehyde 277, with subsequent silyl ether removal 

to afford intermediate 278 (Scheme 84B). Yamaguchi macrolactionisation, followed by global 

deprotection provided analogue 275. Gratifyingly, biological evaluation corroborated their 

initial hypothesis, with analogue 275 displaying nanomolar potency against a panel of cancer 

cell lines. From this study, Smith and co-workers proposed that as a general rule, the 

pharmacophoric elements of a complex natural product are likely to exist in conformationally 

rigid sections of the molecule, while more flexible regions are optional for replacement by 

simplified linkers. 
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 Pectenotoxin 2 (PTX2) 

Pectenotoxin 2 (PTX2) (279) is a member of the pectenotoxin family of  polycyclic ether 

macrolides.[179]  PTX2 displays potent anticancer activity, and has been demonstrated to bind to 

a unique site on G-actin, resulting in microtubule destabilisation. In 2017, Micalizio and co-

workers reported preliminary results from a function-oriented approach to designing analogues 

of pectenotoxin 2.[180] It was known that the G/H-ring system was crucial for activity, and 

computational docking studies suggested that replacement of the structurally complex and acid-

sensitive C1-C26 fragment with a simpler scaffold, such as the aromatic linker of anlogue 280, 

may afford PTX2 analogues with comparable biological profiles, whilst being vastly more 

synthetically accessible (Scheme 85A). 

 

Scheme 85 Structural simplification of pectenotoxin 2 (279) by Micalizio and co-workers. B) Key fragments accessed in the 

synthesis of simplified analogue 280. 

The core of their synthetic efforts towards analogue 280 centred around construction of the G 

and H rings (Scheme 85B). Commencing from chiral furan building block 281, tethered G and 

H ring fragment 282 was constructed in 15 steps. Meanwhile, a simplified aromatic linker unit 

(283), which would serve to replace the C1-C26 portion of the natural product, was accessed in 

13 steps from 1,3-bis(bromomethyl)benzene (284). The two fragments were coupled through a 

Sonagashira cross-coupling, followed by a Yamaguchi macrolactonisation to afford PTX2 
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analogue 280. However, despite the successful synthesis of analogue 280, no observable growth 

inhibition was observed at concentrations up to 10 M. Micalizio and co-workers concluded 

that the simplification strategy, despite support from molecular modeling experiments, involved 

structural changes that appeared too drastic to retain the potent activity of the parent molecule. 

Instead, future analogues would retain more of the structural complexity seen in the natural 

product. 

 Simplification of Macrocyclic Substituents of Macrolide Natural 

Products 

 Bryostatin 1 

Bryostatin 1 (285), isolated in 1982 is a structurally complex macrolide natural product which 

displays bioactivity in a range of clinical indications, including cancer immunotherapy, 

Alzheimer’s disease and HIV/AIDS.[181,182] Attempts to obtain bryostatin from its natural 

source, Bugula neritina, is only achievable in 0.00014% yield, rendering natural product 

accessibility by this method unfeasible. Synthetic access to bryostatin is a daunting challenge, 

however in 2017, Wender and co-workers reported a scalable synthesis of bryostatin 1, through 

a synthetic sequence comprising 29 total steps (longest linear sequence of 19 steps) and the 

possibility of delivering gram-quantities of the natural product. Despite this impressive feat, 

simplification of the structurally-complex natural product was deemed important for 

establishing an SAR profile. Wender and co-workers identified bryostatin as a prime candidate 

for a FOS design strategy, rationalizing that the pharmacophore actually only included a small 

fragment of the natural product scaffold, and was therefore likely to contain unnecessary 

features that could be omitted or replaced with simpler fragments. Recently, the development of 

second-generation bryostatin analogues by Wender and co-workers yielded structurally-

simplified analogue 286, possessing a salicylate moiety in favour of the A/B ring system 

(Scheme 86A).[183] 
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Scheme 86 Structural simplification of bryostatin 1 (285) by Wender and co-workers. B) Key fragments accessed in the 

synthesis of simplified analogue 286. 

Simplified analogue 286 was accessed through coupling of fragments 287 and 288 using N,N′-

dicyclohexylcarbodiimide (DCC) (Scheme 86B). Ester 289 was subjected to Sharpless 

asymmetric dihydroxylation, followed by methyl ether cleavage and silyl ether protection of the 

primary alcohol to afford 290. Removal of the benzyl ester, followed by an intramolecular 

Mitsunobu reaction and a final silyl ether removal afforded analogue 286. This analogue 

displays potent PKC binding (Ki = 24 nM), in concentrations comparable to the parent natural 

product (Ki = 1.0 nM). Wender and co-workers rationalized that the necessary intramolecular 

hydrogen bonding network previously detailed for natural product 285 is mirrored in analogue 

286, through interaction of the C3 ether linkage and the C19 hydroxyl group. Importantly, 

analogue 286 was synthesized in a mere 23 total steps, rendering it a promising lead compound 

for future studies. 

 Peloruside A 

Peloruside A (291), isolated in 2000 from the marine sponge Mycale hentscheli is a cytotoxic, 

16-membered macrolide, which acts as a microtubule stabilizing agent similar to paclitaxel. 

However, pelouruside A binds at a site distinct to that of the taxanes, and thus can be used 

synergistically with paclitaxel and epothilones.  Preclinical trials involving peloruside A have 

typically subsided due to supply limitations, as despite six reported total syntheses of peloruside 
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A, these have only delivered limited quantities of the natural product. Van der Eycken and co-

workers have patented a novel compound pelofen (292), based on the peloruside scaffold 

whereby the functionalized pyranose ring was substituted for an aromatic ring (Scheme 87A). 

This simplified structure displays impressive microtubule stabilizing activity, although details 

regarding the complete biological evaluation of this promising lead candidate is yet to be 

published. Key features of the synthesis of analogue 292 include an aldol reaction of ketone 293 

and aldehyde 294 to afford compound 295, which underwent Evans-Tishchenko reduction, 

hydroxy methylation, ester reduction and PMB removal to afford alcohol 296 (Scheme 87B). 

Selective oxidation of the primary alcohol of 296 to a carboxylic acid, followed by Yamaguchi 

macrolactonisation and global deprotection afforded pelofen (292). 

 

Scheme 87 Structural simplification of (+)-peloruside (291). B) Key fragments accessed in the synthesis of simplified pelofen 

(292). 
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 Superstolide A 

Superstolide A (297), isolated from the marine sponge Neosiphonia superstes in 1994, exhibits 

nanomolar antiproliferative activity against several tumor cell lines (IC50 4.8 to 64 nM).[184] It 

consists of a 16-membered macrolactone with a fused cis-decalin ring system. The decalin ring 

is highly functionalized, while the macrolactone core appears to be exceptionally rigid due to 

the high degree of unsaturation. Isolation from natural sources is difficult due to the deep sea 

environment of N. superstes and affords a mere 0.003% yield of 297. The poor availability of 

this interesting bioactive compound has hampered mechanism of action studies and any 

potential clinical evaluation. In 2008, Roush and co-workers reported the total synthesis of 

superstolide A, although this route was unable to provide significant quantities of the natural 

product, due to the structural complexity of the target molecule.[185] In 2013, Jin and coworkers 

reported the synthesis and biological evaluation of a simplified analogue (298) based on the 

natural product scaffold (Scheme 88A).[186] They recognized the significant synthetic challenge 

posed by the highly functionalized decalin ring system, and rationalized that this motif may only 

be necessary for imparting conformational rigidity on the macrolactone core, thus keeping it in 

a favourable 3D conformation for target binding. Thus, the decalin ring system was substituted 

for a simplified cyclohexene ring. The synthesis of analogue 298 featured a key Suzuki coupling 

of dibromide 299 and vinyl boronic ester 300 to afford adduct 301 in 70% yield (Scheme 88B). 

A Negishi coupling between vinyl bromide 301 and dimethyl zinc was followed by silyl ether 

removal, alkyne hydrostanylation, regioselective esterification of acid 302 and a subsequent 

isomerism step to afford compound 303. Stannane 303 then underwent an intramolecular Stille 

cross-coupling to furnish the macrocyclic core of 298. Impressively, this simplified analogue 

proved more potent than the parent natural product in a tumor cell proliferation assay (IC50 7.24 

nM for 298, versus 64 nM for 297).  It also displayed activity against a panel of human tumor 

cell lines, thus reinforcing the hypothesis that the macrolactone core is the key pharmacophore 

required for target binding.  
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Scheme 88 Structural simplification of superstolide A (297) by Chen and co-workers. B) Key fragments accessed in the 

synthesis of simplified analogue 298. 
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 Simplification of Anthracimycin 

Having considered the previous case studies in FOS-inspired structural simplification of 

macrolide natural products, it was reasoned that an FOS approach to analogues of anthracimycin 

would be beneficial for improving the supply of bioactive compounds for further biological 

investigation, as well as enabling SAR studies to elucidate the pharmacophore.  

The previous case studies highlighted the difficulty in modifying to the macrocyclic core whilst 

mitigating dramatic torsional alterations, while the replacement of complex macrocycle 

appendages with simplified surrogates (e.g. phenyl or cyclohexene rings) appears to be a more 

successful approach. Inspired by the superstolide A analogue (298) reported by Roush and 

co-workers, we reasoned that a similar strategy could be applied to anthracimycin (9), through 

replacement of the challenging trans-decalin ring system with a simplified cyclohexene ring 

(Figure 27). This fragment should impart the same torsional constraints on the north-east region 

of the molecule and would reveal whether the decalin ring fragment was required to confer the 

reported biological activity. 

 

Figure 27 Proposed FOS strategy towards anthracimycin analogues. 
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 Function-Oriented Synthesis of Structural Analogues of the Decalin 

Fragment of Anthracimycin 

 Introduction  

A simplified analogue (298) of macrocyclic natural product superstolide A (297) was 

successfully accessed by Chen and co-workers through a function-oriented synthesis (FOS) 

approach involving truncation of the highly functionalised decalin ring system (Scheme 

89A).[186] In their case, it was determined that the natural macrocyclic structure (green) should 

be retained, in order to individually assess the effect of the simplification of the decalin ring 

system (blue). Ultimately, simplified analogue 298 displayed more potent anti-proliferative 

activity than the parent natural product (7.54 nM for 298 versus 64 nM for 297). Inspired by 

Chen and co-workers’ approach, anthracimycin (9) was thought to be an excellent candidate for 

similar studies. Through replacement of the complex decalin ring system of 9 (blue), with the 

simplified cyclohexene ring of 299 (blue), the importance of this complex motif could be 

assessed (Scheme 89B). Retention of other important macrocyclic features (i.e. C2, C16 and 

C21 chirality, the E,Z-diene motif and the tricarbonyl fragment would ensure that any changes 

in antibiotic activity could be solely attributed to the omission of the  decalin ring system. 

Additionally, cyclohexene 300 should be more synthetically tractable than previously 

synthesised 243, thus providing ample quantities of a suitable fragment with which to investigate 

methodology to construct the other structural motifs of 9.  

 

Scheme 89 A) FOS approach to a potent superstolide A analogue (298) by Chen and co-workers.[186] B) Proposed FOS 

approach to anthracimycin analogue 299, through structural simplification of the decalin ring system. 

With a suitable decalin ring surrogate in mind, a synthetic route towards functionalised 

cyclohexene 300 was devised. 
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 The Intermolecular [4+2] Diels-Alder Cycloaddition 

The Diels-Alder [4+2] cycloaddition is a widely-used method of constructing functionalised 

cyclohexene rings through the pericyclic reaction of a conjugated 1,3-diene and an alkenic 

dienophile (commonly bearing an activating electron-withdrawing substituent) (Figure 28A). 

The Diels-Alder reaction is a concerted reaction proceeding through a cyclic transition state and 

requires consideration of the frontier molecular orbitals (FMOs) of the reactants and their 

respective orbital symmetries. A normal electron demand Diels-Alder reaction between an 

electron deficient dienophile and an electron rich diene involves interaction of the highest 

occupied molecular orbital (HOMO) of the diene and the lowest unoccupied molecular orbital 

(LUMO) of the dienophile (Figure 28B). Electron withdrawing groups of the dienophile lower 

the energy of the LUMO, thus reducing the HOMO-LUMO energy gap and promoting Diels-

Alder reactivity. In a similar fashion, Lewis acid catalysts are often employed to coordinate to 

the dienophile and increase its electrophilicity, hence improving the Diels-Alder reactivity. 

Meanwhile, an inverse demand Diels-Alder reaction employs an electron rich dienophile and an 

electron deficient diene, and requires interaction of the LUMO of the diene and the HOMO of 

the dienophile (Figure 28C). 

 

Figure 28 A) General mechanism for the Diels-Alder reaction. B) Frontier molecular orbital (FMO) considerations for normal 

demand Diels-Alder reactions. C) Frontier molecular orbital (FMO) considerations for inverse demand Diels-Alder reactions. 

The Diels-Alder reaction is stereospecific, with the stereochemistry of the reactants being 

retained in the product. Therefore, use of an E-dienophile affords adducts bearing anti proton 

geometry across the C1-C2 bond, while use of a Z-dienophile provides adducts possessing 

H1-H2 syn proton geometry (Scheme 90). Without any facial control, diene addition can occur 

at either face of the dienophile, giving rise to two enantiomeric products. Therefore, an important 

feature of this reaction is the ability to control the configuration across the C1-C2 bond through 

the choice of reaction conditions and use of either an E- or Z-dienophile. 
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Scheme 90 General reaction schematic for the Diels-Alder cycloaddition of E- or Z-dienophiles. 

Use of cyclic dienes such as cyclopentadiene (301) result in stereocentres formed at the ends of 

the newly formed sigma bond, giving rise to endo- and exo-isomers, depending on the 

orientation of the reactants. The endo transition state features placement of the 

electron-withdrawing group over or under the diene, enabling favourable secondary orbital 

overlap and giving rise to the kinetic product (Scheme 91A). Meanwhile, the exo-transition state 

projects the electron withdrawing group away from the diene, reducing steric interactions but 

also any secondary orbital overlap. The exo-adduct is therefore thermodynamically favoured. In 

the absence of facial control, addition at either top or bottom face of the dienophile, along with 

the two possible transition states (endo vs. exo) gives rise to four possible reaction products 

(Scheme 91B). 

 

Scheme 91 A) Endo and exo transition states, highlighting secondary orbital overlap in the former. B) Four possible reaction 

products from the Diels-Alder reaction with cyclopentadiene (301). 

Representative examples of intermolecular Diels-Alder reactions from the literature include Liu 

and co-workers’ reaction of dual-activated dienophile 302 with a range of dienes - namely 2,3-

dimethyl-1,3-butadiene (303), isoprene (304), and cyclopentadiene (301), under Lewis acid 

catalyzed conditions to afford cycloadducts 305, 306 and 307a-b, respectively, in high yield 

(Scheme 92A).[187] Meanwhile in 2008, Maimone and co-workers reported a concise route to 

vinigrol (308), featuring a Lewis acid-catalysed Diels-Alder reaction of silyloxy diene 309 and 

ester dienophile 310 (Scheme 92B).[188] In 2010, Ishihata and co-workers reported synthetic 

studies towards quadrone (311), an antitumor sesquiterpenoid natural product, involving a 
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thermally-promoted Diels-Alder reaction of ester dienophile 312 with 1,3-butadiene (313) 

(Scheme 92C).[189] 

 

Scheme 92 Representative examples of Diels-Alder reactions. 

 Use of the Diels-Alder Reaction to Access Cyclohexene 300 

In the present work, it was envisaged that the stereospecific nature of the Diels-Alder reaction 

would be exploited to access a cyclohexene fragment possessing the same C1-C2 bond 

configuration as the decalin fragment of anthracimycin (9), through use of a functionalised 

Z-dienophile (Scheme 93A). Reaction of Z-dienophile 314 with 1,3-butadiene (313) would 

afford adducts 300 and 315 as products of cycloaddition at the bottom and top face of the 

dienophile, respectively. Adduct 300 possesses a comparable syn H1-H2 proton orientation to 

previously synthesised decalin fragment 243, and could be further elaborated to macrocyclic 

analogue 316, closely resembling anthracimycin (9). Meanwhile, adduct 315 is effectively 

inverted across the C1-C2 bond, and while methods do exist for controlling the facial selectivity 

of Diels-Alder reactions,[190] it was reasoned that adduct 315, bearing the ‘unnatural’ proton 

geometry could be used to access an additional macrocyclic analogue (317), whereby the effect 

of the C1-C2 configuration on bioactivity could be assessed. Inspection of energy minimised 

Chem3D® models of anthracimycin (9) and analogues 316 and 317 revealed that the 

conformation of the macrocyclic core of analogue 316 appeared to closely match that of 

anthracimycin (9) (Scheme 93B). Meanwhile, the 3D model of analogue 317 suggested that 

despite the inverted syn H6-H12 proton geometry, the macrocyclic core also resembled the 

natural conformation.  
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Scheme 93 A) Diels-Alder cycloaddition of Z-dienophile 314, giving rise to H1-H2 syn-adducts 300 and 315 and further 

elaboration to macrocyclic analogues 316 and 317. B) Energy minimised Chem3D® models of anthracimycin (9) and 

analogues 316 and 317. 

Similarly, it was reasoned that Diels-Alder reaction of E-dienophile 318 with 1,3-butadiene 

(313) would provide adducts 319 and 320 bearing anti H1-H2 proton geometry (Scheme 94A). 

Further elaboration to macrocyclic analogues 321 and 322 would complete a small library of 

structural analogues of anthracimycin (9) which could be used to study the effect of the H6-H11 

dihedral angle on the biological activity. Inspection of energy minimised Chem3D® models of 

anthracimycin (9) and analogues 321 and 322 revealed that the macrocyclic conformation of 

both analogues appeared to closely match that of anthracimycin (9) (Scheme 94B). 



 Chapter 4: Synthetic Studies Towards Structural Analogues of Anthracimycin 

 

128 

 

Scheme 94 A) Diels-Alder cycloaddition of E-dienophile 318 with 1,3-butadiene (313), giving rise to H1-H2 anti-adducts 319 

and 320, and subsequent elaboration to macrocyclic analogues 321 and 322 B) Energy minimised Chem3D® models of 

anthracimycin (9) and analogues 321 and 322. 

 Retrosynthetic Analysis of Anthracimycin Analogues 316, 317, 321 and 

322 

Macrocyclic analogue 316 could be accessed via a late-stage macrolactonisation and vinylogous 

Horner-Wittig olefination of phosphonate 84 and keto ester 323 (Scheme 95A). It was 

rationalised that the C-2 methyl substituent could be epimerised to the natural configuration 

once the macrocyclic structure had been formed.[72] Therefore, the tertiary C-2 centre of keto 

ester 323 could be introduced ignoring stereocontrol via Weiler dianion addition[191] of 

commercially available ester 86 with ester 300. Cyclohexene 300, possessing a H1-H2 dihedral 

angle similar to that of anthracimycin (9) could be accessed through a Diels-Alder reaction of 

Z-dienophile 314 and diene 313. Additionally, alternative syn H1-H2 analogue 317 would be 

synthesised using the analogous sequence (not shown). Meanwhile, access to analogues 321 and 

322, bearing anti H1-H2 proton configuration would proceed through an analogous strategy 
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using cyclohexene fragments 319 and 320, as products of the Diels-Alder reaction of 

E-dienophile 318 and diene 313 (Scheme 95B).  

 

Scheme 95 A) Retrosynthetic analysis for analogue 316 based on the scaffold of anthracimycin (9). B) Analogous 

retrosynthetic analysis for macrocyclic analogues 321 and 322, bearing anti H1-H2 proton geometry through use of E-

dienophile 318. 

 Diels-Alder Strategy Towards Cyclohexene Fragments 

 Practical Considerations 

Investigations commenced with the selection of an appropriately functionalised dienophile with 

which to conduct preliminary Diels-Alder investigations. H1-H2 syn-adducts 300 and 315, 

accessible from a Diels-Alder reaction with Z-dienophile (±)-314, bear the greatest resemblance 

to the natural decalin fragment of anthracimycin (9), due to the similarity of the H1-H2 dihedral 

angle. However, the synthesis of a Z-dienophile necessitated a Z-selective olefination reaction 

of aldehyde (±)-324, which required the synthesis of a specialised phosphonate reagent bearing 

electron withdrawing substituents at phosphorous (Scheme 96A). Meanwhile, H1-H2 

anti-adducts 319 and 320, bearing less similarity to the natural H1-H2 proton configuration, 

could be accessed through the Diels-Alder reaction of E-dienophile (±)-318, which could be 

synthesised using commercially available phosphonate reagent 204 (Scheme 96B). With these 

ideas in mind, it was decided to pursue E-dienophile (±)-318 for preliminary Diels-Alder 

investigations. Additionally, it was decided to conduct preliminary investigations using a 

dienophile lacking stereocontrol at C4, in an effort to conserve costly chiral starting material.  
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Scheme 96 Consideration of the commercial availability of phosphonate reagents required to access E- and Z-dienophiles. 

From the outset of our investigations, it was unclear whether the choice of C-5 hydroxyl 

protecting group would influence the Diels-Alder reaction. Therefore, it was decided to 

investigate two different protecting groups, tert-butyldimethylsilyl (TBS) and 

para-methoxybenzyl (PMB), in parallel.  

 Synthesis and Diels-Alder Reactivity of Model Dienophiles (±)-318a-b  

The synthesis of ester dienophiles (±)-318a-b commenced with mono protection of 

2-methyl-1,3-propanediol (190) with either TBS- or PMB-protecting groups according to 

literature procedures, proceeding in 52% and 60% yield, respectively (Scheme 97).[125,192] 

Alcohols (±)-325 and (±)-191 were subjected to standard Swern oxidation conditions,[131,193] and 

the resultant crude aldehydes (±)-324a-b were used in an HWE reaction with commercially 

available triethylphosphonoacetate (204). This provided α,β-unsaturated esters (±)-318a-b 

exclusively as the E-isomers in good yield over two steps, with all spectroscopic data matching 

literature reported values.[193,194]  

 

Scheme 97 Synthesis of ester dienophiles (±)-318a-b. 
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With ester dienophiles (±)-318a-b in hand, preliminary Diels-Alder investigations commenced. 

A range of dienes with varying reactivities were selected for these investigations, namely 

silyloxydiene 326, cyclopentadiene (301) and 2,3-dimethyl-1,3-butadiene (303) (Table 9). 

Treatment of a mixture of TBS-protected dienophile (±)-318a and excess silyloxydiene 326 (10 

equivalents) with BF3·OEt2 at −78 °C resulted in removal of the TBS protecting group to afford 

327, with no desired adduct formation (Table 9, entry 1). Meanwhile, treatment of dienophile 

(±)-318a and excess 2,3-dimethyl-1,3-butadiene (303) (10 equivalents) with Et2AlCl at −78°C 

returned unreacted starting material (±)-318a (Table 9, entry 2). With Lewis acid catalysis 

failing to promote Diels-Alder reactivity, thermal conditions were next investigated. Reaction 

of dienophile (±)-318a and excess silyloxydiene 326 or 2,3-dimethyl-1,3-butadiene (303) in 

toluene at 100 °C returned unreacted starting material (±)-318a (Table 9, entries 3 and 4, 

respectively). Use of cyclopentadiene (301) under the same conditions afforded trace quantities 

of adduct 328a (Table 9, entry 5) as detected by high resolution mass spectrometry [ESI 

(M+Na+), found 361.2158]. 

Meanwhile, investigations into the Diels-Alder reactivity of PMB-protected dienophile 

(±)-318b proved equally unproductive. Treatment of a mixture of dienophile (±)-318b and 

excess 2,3-dimethyl-1,3-butadiene (303) with Et2AlCl at −78 °C failed to afford any 

cycloaddition adducts, and subsequent heating of the reaction mixture to 80 °C resulted in 

removal of the PMB group (Table 9, entry 6). When the reaction was repeated using fewer 

equivalents of Lewis acid and an increased reaction temperature (100 °C), extensive dienophile 

degradation was observed (Table 9, entry 7). Switching the diene to cyclopentadiene (301) failed 

to provide any desired Diels-Alder adducts and unreacted starting material was returned under 

similar conditions (Table 9, entry 8).  However, reaction of dienophile (±)-318b with 

cyclopentadiene (301) in toluene at 100 °C afforded trace quantities of adduct 328b (Table 9, 

entry 9) which was detected by high resolution mass spectrometry [ESI (M+Na+), found 

367.1871]. 
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Table 9 Diels-Alder investigations of ester dienophiles (±)-318a-b 

 

Entry Dienophile Diene Lewis Acid (eq.) Temp Result (% Yield) 

1 (±)-318a 326 BF3·OEt2 (1.1) −78 °C to rta,c 327f 

2 (±)-318a 303 Et2AlCl (1.2) −78 °C to rta,c NR 

3 (±)-318a 301 - 100 °Cb,d NR 

4 (±)-318a 303 - 100 °Cb,d NR 

5 (±)-318a 301 - 100 °Cb,d (±)-328a (trace) 

6 (±)-318b 303 Et2AlCl (6) −78 °C to 80 °Cb,e 327 (42%) 

7 (±)-318b 303 Et2AlCl (1.5) 100 °Cb,d Degradation 

8 (±)-318b 301 Et2AlCl (2.5) -78°C to rta,c NR 

9 (±)-318b 301 - 100 °Cb,d (±)-328b (trace) 

a CH2Cl2 used as solvent, b Toluene used as solvent, c Reaction commenced at −78 °C and warmed to rt after 1 h, d Reaction run 

for 14 h at 100 °C, e Reaction commenced at −78 °C, warmed to rt after 1 h then stirred at 80 °C for 5 h. f Observed by crude 

1H NMR and yield not recorded, NR = no reaction. 

These preliminary Diels-Alder investigations highlighted the unreactive nature of ester 

dienophiles (±)-318a-b, and it was clear that a more reactive dienophile would be required to 

access cycloaddition products. Increasing the electron-withdrawing nature of the substituents on 

the dienophile improves Diels-Alder reactivity through increased polarization of the dienophilic 

alkene, resulting in effective lowering of the HOMO-LUMO energy difference.[195] Therefore, 

a more electrophilic aldehyde substituent was sought to increase the reactivity of the dienophile 

in Diels-Alder reactions. 

 Synthesis and Diels-Alder Reactivity of Aldehyde Dienophiles 

(±)-329a-b 

Esters (±)-318a-b were converted to α,β-unsaturated aldehydes (±)-329a-b via DIBAL-H 

reduction and subsequent allylic alcohol oxidation using manganese(IV) oxide oxidation 

(Scheme 98).[193] This sequence provided TBS-protected dienophile (±)-329a and PMB-
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protected dienophile (±)-329b in 42% and 56% un-optimised yield over two steps, respectively, 

with all spectroscopic data matching literature reported values.[193,196]  

 

Scheme 98 Synthesis of aldehyde dienophiles (±)-329a-b. 

With ample quantities of dienophiles (±)-329a-b in hand, model Diels-Alder studies could 

commence. Treatment of a mixture of PMB-protected dienophile (±)-329b and excess 

cyclopentadiene (301) with Et2AlCl at −78 °C resulted in the formation of a new, less polar 

product, as observed by TLC (Table 10, entry 1). Gratifyingly, upon purification, this new 

product was found to be the desired Diels-Alder adduct (±)-330b and was afforded in 64% yield 

as a mixture of four diastereomers. Subjecting aldehyde (±)-329b to the same reaction 

conditions with either 2,3-dimethyl-1,3-butadiene (303) or isoprene (304), however, failed to 

afford any desired cycloadducts, with degradation of dienophile (±)-329b observed instead 

(Table 10, entries 2 and 3). Wary of Lewis acid mediated degradation of (±)-329b, a thermally-

promoted Diels-Alder reaction was attempted with dienophile (±)-329b and 2,3-dimethyl-1,3-

butadiene (303), however, heating the reaction mixture to 100 °C in toluene only returned 

unreacted starting material (Table 10, entry 4). Scandium triflate was also investigated as a 

milder Lewis acid catalyst in an attempt to minimise degradation of dienophile (±)-329b. 

However, treating a mixture of dienophile (±)-329b and cyclopentadiene (301) with scandium 

triflate (1.5 eq.) resulted in sluggish formation of adduct (±)-330b over 3 days, accompanied by 

degradation of the dienophile as determined from the crude 1H NMR spectrum (Table 10, 

entry 5).  

Meanwhile, treatment of a mixture of TBS-protected dienophile (±)-329a and excess 

cyclopentadiene (301) with Et2AlCl at −78 °C pleasingly afforded Diels-Alder adduct (±)-330a 

in 45% yield (Table 10, entry 6). Gratifyingly, employing the same reaction conditions using 

either 2,3-dimethyl-1,3-butadiene (303) or isoprene (304) afforded desired adducts (±)-331a and 

(±)-332a (Table 10, entries 7 and 8), as determined by the crude 1H NMR spectrum and HRMS. 
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Table 10 Diels-Alder investigations of aldehyde dienophiles (±)-329a-b. 

 

Entry Dienophile Diene Lewis Acid (eq.) Temp Result (% Yield) 

1 (±)-329b 301 Et2AlCl (2) -78°C to rtb (±)-330b (64%) 

2 (±)-329b 303 Et2AlCl (1.5) -78°C to rtb Degradation 

3 (±)-329b 304 Et2AlCl (1.5) -78°C to rtb Degradation 

4 (±)-329b 303 - 100 °Ca,c NR 

5 (±)-329b 301 Sc(OTf)3 (1.5) -78°C to rtb 10d 

6 (±)-329a 301 Et2AlCl (2) -78°C to rtb (±)-330a (45%) 

7 (±)-329a 303 Et2AlCl (2) -78°C to rtb (±)-331ad 

8 (±)-329a 304 Et2AlCl (2) -78°C to rtb (±)-332ad 

CH2Cl2 used as solvent unless otherwise stated, a Toluene used as solvent, b Reaction commenced at −78 °C and warmed to rt 

after 1 h, c Reaction run for 14 h at 100 °C, d Observed by crude 1H NMR and yield not recorded, NR = no reaction. 

Diels-Alder adducts (±)-330a-b were isolated as inseparable mixtures of four diastereomers. 

These diastereomers, presumed to be endo-adducts due to the kinetic reaction conditions 

employed (i.e. low temperature under Lewis acid catalysis), are generated in this reaction 

resulting from addition to either the C2-Si or C2-Re face of the dienophile with either C4-R or 

C4-S configuration (Scheme 99). 

 

Scheme 99 Adducts 330a-d from the Diels-alder reaction of enals (±)-329a-b and cyclopentadiene (301). 
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Having achieved the desired Diels-Alder reactivity of dienes with the (±)-C4 model dienophiles 

(±)-329a-b, the synthesis of a chiral TBS-protected dienophile, namely (R)-329a was sought to 

continue synthetic studies. This would match the C16 chirality of the natural product 9, while 

also simplifying structural assignments using 1H NMR and 13C NMR through reducing the 

number of diastereomeric endo products from four to two. 

 Synthesis and Diels-Alder Reactivity of Chiral Dienophile (R)-329a 

The synthesis of chiral aldehyde dienophile (R)-329a commenced with TBS protection of 

commercially available methyl (S)-(+)-3-hydroxy-2-methylpropionate (206), proceeding in 

quantitative yield (Scheme 100).[197] Reduction of ester 333 using excess DIBAL-H, followed 

by Swern oxidation and HWE reaction with phosphonate 204 provided α,β-unsaturated ester 

(R)-318a in 54% yield over three steps. A protocol developed by Masamune and Roush was 

employed, whereby lithium chloride is used as an additive to enable the use of weaker organic 

bases such as DBU to generate the ylide in situ.[130] This is due chelation of lithium to the 

1,3-dicarbonyl of the phosphonate reagent, thus rendering the -carbon more acidic, and this 

method is commonly used for sensitive aldehyde substrates bearing easily-epimerised -chiral 

centres. Ester (R)-318a was then subjected to DIBAL-H reduction, followed by allylic oxidation 

using manganese(IV) oxide to afford chiral α,β-unsaturated aldehyde (R)-329a  in 78% over two 

steps. It is noteworthy that NMR spectroscopic data for aldehyde (R)-329a  matched literature 

reported values, however no optical rotation ([α]D20) data has been previously reported for this 

compound.[196] 

 

Scheme 100 Synthesis of chiral aldehyde dienophile (R)-329 

Chiral dienophile (R)-329a was then treated with Et2AlCl at 0 °C in the presence of excess 

cyclopentadiene (301), to afford the desired Diels-Alder adducts 334a-b in 76% yield (Figure 

29A). Analysis of the 1H NMR spectrum revealed an inseparable mixture of two major endo-
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isomers 334a-b (blue) and two minor endo-isomers 334c-d (red) in a ratio of 5:1 (major:minor) 

(Figure 29B).  

 

Figure 29 A) Synthesis of Diels-Alder adducts 334a-d. B) 1H NMR spectrum of diasteromeric adducts 334a-d. 

These four adducts were assigned as endo-isomers through NOESY correlations between H-1 

and the bridgehead protons of the newly formed cyclohexene ring. It was rationalised that, 

despite the adoption of an HWE protocol specifically designed for base-sensitive aldehydes, 

DBU-mediated C2 epimerisation of aldehyde (R)-324a likely still occurred during the HWE 

reaction, enabling the formation of undesired minor adducts 334a-b (Scheme 101). 
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Scheme 101 Plausible mechanism for DBU-mediated epimerisation of aldehyde (R)-324a, leading to four Diels-Alder 

adducts. 

The reactivity of dienophile (R)-329a with 2,3-dimethyl-1,3-butadiene (303) was also 

investigated. Under the same reaction conditions, no progress was observed by TLC until the 

reaction was warmed to room temperature. After 3 hours, diastereomeric adducts 335a-b were 

isolated in 11% yield (brsm), alongside a mixture of unreacted dienophile (R)-329a and 

desilylated dienophile 336. (Scheme 102). Repeated experiments were comparably sluggish and 

provided low reaction yields. It was therefore rationalised that the forcing conditions required 

for sufficient activation of dienophile (R)-329a in order to react with 2,3-dimethyl-1,3-butadiene 

(303) induced competing degradation of dienophile (R)-329a. 

 

Scheme 102 Synthesis of Diels-Alder adducts 335a-b. 

This discrepancy in Diels-Alder reactivity between cyclopentadiene (301) and 2,3-dimethyl-

1,3-butadiene (303) can be rationalised by the necessity for the diene to adopt an s-cis 

conformation in order to partake in a Diels-Alder reaction (Scheme 103). Cyclopentadiene (301) 

is locked in the s-cis conformation, and as such, readily partakes in Diels-Alder reactions with 

sufficiently activated dienophiles, whereas acyclic dienes such as 2,3-dimethyl-1,3-butadiene 

(303) and 1,3-butadiene (313) must adopt the s-cis conformation in situ. The s-cis conformation 

is often higher energy than the alternative s-trans conformation due to steric hindrance. 

Meanwhile, 2,3-dimethyl-1,3-butadiene (303) is more electron rich than 1,3-butadiene (313) 

due to the electron-donating methyl substituents, and as such is more reactive in Diels-Alder 
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reactions. Hence, the poor reactivity observed using 2,3-dimethyl-1,3-butadiene (303) suggested 

1,3-butadiene would be likely to be completely unreactive with dienophile (R)-329a. 

 

Scheme 103 Diels-Alder reactivities of cyclopentadiene (301), 1,3-dimethyl-1,3-butadiene (303) and 1,3-butadiene (313). 

With desired C2-C3-anti adducts 334a-b and 335a-b in hand, attention turned to the synthesis 

of C2-C3-syn adducts 337a-b. This would require access to Z-enal dienophile 338 through a 

Z-selective olefination of aldehyde (R)-324 and a specialised phosphonate reagent, namely 

phosphonate 339 (Scheme 104).  

 

Scheme 104 Proposed synthesis of Z-enal dienophile 338 and C2-C3 syn-adducts 337a-b. 

 Synthesis and Diels-Alder Reactivity of Chiral Z-Enal Dienophile 338  

The construction Z-dienophile 338 required a Z-selective olefination reaction, which in turn 

necessitated the synthesis of specialised phosphonate reagent 339. Common phosphonate 

reagents employed for Z-selective olefinations are either Still Gennari[198] or Ando-Touchard 

phosphonates,[76] possessing either trifluoroethyl substituents or aryl substituents at 

phosphorous, respectively. The origin of the Z-selectivity for this transformation has been 

detailed previously (see Section 2.2.3), and it was decided that an Ando-Touchard type 

phosphonate would be synthesised, due to their reported long-term stability and high 

Z-selectivities in HWE reactions with a range of aldehydes. 

The synthesis of phosphonate 339 commenced with treatment of phosphorous trichloride with 

2-tert-butylphenol in the presence of imidazole (Scheme 105).[199] Quenching the reaction with 

one equivalent of water afforded phosphite 340 in 97% yield, which required prolonged freeze 

drying in order to remove residual water. Reaction of phosphite 340 with ethylbromoacetate and 
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triethylamine afforded desired phosphonate 339 in 14% yield. Despite numerous optimisation 

attempts, in particular using varying equivalents (1.0 to 3.0) and types of bases (DBU, sodium 

hydride, Cs2CO3), no further improvements to the yield were possible. Nevertheless, sufficient 

quantities of phosphonate 339 could be obtained in order to attempt the Z-selective HWE 

reaction.  

 

Scheme 105 Synthesis of phosphonate 339 

With phosphonate 339 in hand, attention next turned to its use in the synthesis of Z-dienophile 

338. Phosphonate 339 was treated with sodium hydride at 0 °C, followed by cooling to −78 °C 

and addition of aldehyde (R)-324, which delivered enoate 341 in 48% yield (Scheme 106). The 

formation of Z-enoate 341 was evidenced by the observation of new 1H NMR resonances at 

𝛿 6.10 ppm and 𝛿 5.76 ppm possessing coupling constants indicative of an Z-olefin (J = 11.6 

Hz). Treatment of enoate 341 with excess DIBAL-H facilitated ester reduction, and the resulting 

crude allylic alcohol 342 was oxidised using manganese(IV) oxide to afford desired Z-enal 

dienophile 338 in 61% yield over two steps. 

 

Scheme 106 Synthesis of Z-enal 338. 

With Z-dienophile 338 in hand, a Diels-Alder reaction was attempted using the conditions 

previously established for E-dienophile (R)-329a. A mixture of Z-dienophile 338 and excess 

cyclopentadiene (301) in dichloromethane was treated with Et2AlCl at −78 °C (Scheme 107). 

Curiously, an inseparable mixture of four diastereomeric adducts were obtained in 70% yield. 

Overlaying the 1H NMR spectrum with that of known anti-adducts 334a-b revealed a mixture 
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of anti-adducts 334a-b and syn-adducts 337a-b (3:1). It was rationalised that upon exposure of 

Z-enal 338 to Et2AlCl, a substantial amount of Z-to-E olefin isomerism took place prior to Diels-

Alder cycloaddition, thus affording a mixture of syn and anti-adducts. Gratifyingly, this 

isomerism could be largely mitigated by conducting the reaction in toluene instead of 

dichloromethane, whereby a 3:1 mixture of syn:anti adducts was isolated in comparable yield. 

 

Scheme 107 Diels-Alder reactions of enal 338 and cyclopentadiene (301). 

 Summary of Construction of Cyclohexenes 334a-b, 335a-b and 337a-b 

In summary, a strategy towards cyclohexene fragments as replacements for the complex decalin 

ring system of anthracimycin (9) was devised and carried out (Scheme 108). Model Diels-Alder 

studies commenced with the synthesis of racemic ester dienophiles (±)-318a-b from 2-methyl-

1,3-propanediol (±)-190. Investigation of a range of Lewis acid-catalysed and 

thermally-promoted Diels-Alder reactions with several dienes proved unproductive. Conversion 

of ester dienophiles (±)-318a-b to enal dienophiles (±)-329a-b resulted in improved Diels-Alder 

reactivity using cyclopentadiene (301) as the diene, with desired cycloadducts (±)-330a-b 

delivered in good yields. Having demonstrated desired Diels-Alder reactivity with model 

racemic dienophiles, chiral E-dienophile (R)-329a was synthesised and reacted with both 

cyclopentadiene and 2,3-dimethyl-1,3-butadiene, affording desired anti-adducts 334a-b and 

335a-b in good yield. Meanwhile, a Z-selective HWE reaction was used to access Z-dienophile 

338, which underwent a Diels-Alder reaction with cyclopentadiene (301) to afford desired syn-

adducts 337a-b.  
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Scheme 108 Summary of Diels-Alder studies towards adducts 334a-b, 335a-b, and 337a-b. 

 Construction of the Tricarbonyl Fragment of Anthracimycin Analogues  

 Literature Precedence for Alkylation of Aldehydes 

With cyclohexene fragments 334a-b, 335a-b, and 337a-b in hand, attention turned to the 

installation of the tricarbonyl unit of representative analogue 343 (Scheme 109). Construction 

of such motifs in the literature typically involve alkylation using a nucleophile derived from a 

-keto ester. Aldol reactions of dianions derived from -keto esters, were first reported in 

1971,[191] and typically involve the in situ generation of dienolate 344 from ethyl acetoacetate 

(345) through sequential addition of two equivalents of base. In this fashion, Clarke and co-

workers accessed a range of alkylation products in quantitative yields through reaction of 

dianion 344 with benzaldehyde, hexanal, propionaldehyde and octanal (Scheme 109A).[200] In 

an alternative approach, Dickschat and co-workers’ synthetic strategy towards 2-pyrone 

compounds involved the synthesis of bis-silyl enol ether 346 (Scheme 109B). Under Lewis acid 
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catalysis, bis-silyl enol ether 346 underwent Mukaiyama aldol addition with aldehyde 347, 

affording 348 in 68% yield.[201] Subsequent oxidation using DMP afforded the desired 

tricarbonyl 349 in good yield. It was envisaged that alkylation of aldehyde 337b using dianion 

254, synthesised in situ from commercially available ester 86, followed by oxidation of the 

resultant alcohol would be a suitable means for constructing the tricarbonyl fragment of 343 

(Scheme 109C). 

 

Scheme 109 A) Aldol reaction of dianion 344. B) Mukaiyama Aldol reaction of bis-silyl enol ether 346 and aldehyde 347, 

and subsequent oxidation to afford tricarbonyl 349. C) Envisaged Aldol reaction of dianion 254, derived from keto ester 86, 

and aldehyde 337b to construct the tricarbonyl fragment of analogue 343. 

 Dianion Alkylation Attempts with Adducts 334a-b 

Alkylation studies commenced using the inseparable mixture of anti-adducts 334a-b, due to the 

comparatively precious nature of syn-adducts 337a-b. Following a slightly modified literature 

protocol,[202] commercially available ethyl 2-methylacetoacetate (86) was added to a solution of 

sodium hydride dissolved in THF at 0 °C. After 10 min, gas evolution had ceased, and the 

reaction mixture was cooled to −10 °C. n-Butyllithium was added and after a further 10 min, it 

was anticipated that formation of dianion 254 was likely complete, and the reaction was cooled 

to −78 °C. At this stage, aldehydes 334a-b dissolved in THF, was added dropwise and the 
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reaction was stirred for 1.5 h before quenching with sat. aq. ammonium chloride. This reaction 

mostly returned unreacted starting material (Table 11 entry 1), although HRMS analysis of a 

polar fraction separated via column chromatography revealed trace quantities of the desired 

alkylated adducts 350a-b. Encouraged and optimistic that the reaction could be further 

optimised to deliver alkylated adducts 350a-b in good yield, it was proposed that the low 

reaction yield reaction could be attributed to insufficient time for dianion formation, prior to 

aldehyde addition. Therefore the incubation period was extended from 10 min to 30 min (Table 

11, entry 2). However, despite the longer time for dianion generation, this failed to yield any 

desired product. A third attempt, involved increasing the equivalents of dienolate from two to 

five, as well as the base incubation time (two hours compared to 30 minutes). Additionally, the 

mineral oil was removed from the sodium hydride using successive pentane washes (Table 11, 

entry 3). Despite these alterations, only starting material 334a-b was recovered. It was thought 

that aldehydes 334a-b may simply be unreactive at low temperatures, so aldehydes 334a-b were 

added to five equivalents of dianion 254 at 0 °C (instead of −78 °C) which also failed to affect 

desired alkylation (Table 11, entry 4). In an attempt to promote reactivity, aldehydes 334a-b 

were added to dianion 254 at 0°C, followed by heating the reaction to 70 °C (Table 11, entry 5). 

TLC analysis indicated complete consumption of aldehydes 334a-b, however, only 

decomposition was observed in the crude 1H NMR spectrum. Lastly, alkylation was attempted 

using adducts 335a-b (Table 11, entry 6), in case the poor reactivity was attributed specifically 

to the stereochemistry of adducts 334a-b.  Disappointingly, under the same reaction conditions, 

this also failed to provide any desired adducts. 
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Table 11 Dienolate alkylation attempts. 

 

Entry Enolate Eq. Conditions Result 

1 2 NaH (0 °C, 10 min), n-BuLi (−10 °C, 

10 min), 334a-b (−78 °C) 

350a-b (trace) 

2 2 NaH (0 °C, 15 min), n-BuLi (−10 °C, 

30 min), 334a-b (−78 °C) 

Recovered 334a-b 

3 5a NaH (0 °C, 1 h), n-BuLi (−10 °C, 2 h), 

334a-b (−78 °C) 

Recovered 334a-b 

4 5a NaH (0 °C, 15 min), n-BuLi (−10 °C, 

30 min), 334a-b (0 °C) 

Recovered 334a-b 

6 5a NaH (0 °C, 15 min), n-BuLi (−10 °C, 

30 min), 334a-b (0 °C to 70 °C) 

Degradation 

7 5a NaH (0 °C, 15 min), n-BuLi (−10 °C, 

30 min), 335a-b (−78 °C) 

Recovered 335a-b 

a NaH washed with pentane 

Taken together, these results suggested that aldehydes 334a-b and 335a-b were simply 

unreactive under the trialled reaction conditions, and that Lewis acid activation of the aldehyde 

may improve reactivity. As such, attentions turned to an alternative Lewis acid-mediated 

Mukaiyama aldol reaction. It was also decided to salvage our valuable syn-adducts 337a-b and 

trial an alternative alkylation protocol on anti-adducts 334a-b instead. 

 Mukaiyama Aldol Addition to Adducts 334a-b and 337a-b 

Following unsuccessful alkylation of aldehydes 334a-b and 335a-b using dianion 254, an 

alternative Mukaiyama aldol method using bis-silyl enol ether 346 was investigated. The 

Mukaiyama aldol reaction, first reported by Mukaiyama and co-workers in 1973,[203] involves 

the Lewis acid catalysed addition of a silyl enolate to an aldehyde (Scheme 110).[204–206] A new 

carbon-carbon bond is formed in the reaction which affords enantiomeric -hydroxy carbonyl 
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products – the ratio of which can be altered through employing chiral catalysts.[207] This 

powerful methodology has been used extensively in the total synthesis of natural products.[208]  

 

Scheme 110 General mechanism for the Mukaiyama aldol reaction. 

A highly relevant 2002 report from Uda and co-workers contrasted the use of both of the 

aforementioned methods for tricarbonyl unit construction in their total syntheses of 

solanapyrones D and E.[209] Initially, carboxylic acid 351 was converted to acyl imidazole 352, 

which due to stability concerns, was subjected directly to an alkylation using dienolate 353, 

derived from ethyl acetoacetate (354) (Scheme 111). This reaction provided tricarbonyl 355 in 

45% yield over three steps, although the latter alkylation step ultimately proved irreproducible. 

Therefore, an alternative strategy was employed involving the oxidation of alcohol 356, 

followed by addition of bis-silyl enol ether 357 to the resultant aldehyde 358 to deliver 

tricarbonyl 355 in high yield after a subsequent oxidation step. The latter procedure proved more 

reliable and was ultimately used in the synthesis of solanapyrones D and E. 

 

Scheme 111 The total synthesis of solanapyrones D and E by Uda and co-workers.[209] 

For our investigations, bis-silyl enol ether 346 was synthesised from ethyl 2-methylacetoacetate 

(86), through a two-step literature procedure.[210] Treatment of ester 86 with triethylamine and 

trimethylsilyl chloride afforded mono-silyl enol ether 359. The crude product was treated with 

lithium diisopropyl amide (LDA) and a second equivalent of trimethylsilyl chloride to generate 
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bis-silyl enol ether 346 (Scheme 112). This product could not be purified by column 

chromatography due to the hydrolytic instability of silyl enol ethers and as such required fresh 

preparation prior to its use as crude material. 

 

Scheme 112 Synthesis of bis-silyl enol ether 346. 

With bis-silyl enol ether 346 in hand, a mixture of aldehydes 334a-b and bis-silyl enol ether 346 

in dichloromethane was treated with BF3.OEt2 at –78 °C (Scheme 113A).[211] The reaction was 

immediately warmed to 0 °C following Lewis acid addition, which resulted in the formation of 

a new, polar product by TLC analysis. Gratifyingly, the new product, obtained in 49% yield, 

was determined to be desilylated adducts 360a-b as a complex mixture of diastereomers by 

1H NMR spectroscopy. It is unclear whether desilylation occurs prior to or following 

Mukaiyama aldol reaction. The complex mixture of diatereomers can be rationalised since two 

new racemic centres are installed on an initial mixture of two diastereomers from the preceding 

Diels-Alder reaction, affording eight potential diastereomeric products. Repeating these reaction 

conditions resulted in yields ranging from 47% to 58%. Meanwhile, syn-adducts 337a-b were 

also subjected to the same conditions to afford adducts 361a-b in 97% yield (Scheme 113B). 

 

Scheme 113 A) Mukaiyama aldol reaction of aldehydes 334a-b with bis-silyl enol ether 346. B) Mukaiyama aldol reaction of 

aldehydes 337a-b with bissilylenol ether 346. 
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 Oxidation of Mukaiyama Aldol Addition Products 360a-b and 361a-b 

Although unanticipated, the removal of the silyloxy protecting group was deemed acceptable, 

since removal of this group would otherwise be required immediately following Mukaiyama 

aldol reaction to elaborate the E,Z-diene fragment.  With diols 360a-b in hand, it was anticipated 

that treatment with excess oxidant could facilitate oxidation of both the primary and secondary 

alcohol groups of diols 360a-b. Indeed, oxidation to aldehydes 362a-b appeared to proceed 

smoothly using 4 equivalents of DMP, affording a new product in quantitative yield (Scheme 

114A). High resolution mass spectrometry identified a molecular ion at m/z 343.1514, 

corresponding to desired aldehydes 362a-b. This compound was difficult to purify by column 

chromatography, and despite repeated purification attempts, clean 1H NMR spectra were 

difficult to obtain. However, the appearance of new 1H NMR resonances from  9.75-9.55 ppm 

and sharp singlets at  5.50 ppm were observed, due to the presence of the C2′′ aldehyde and C-

4′ enol functionalities, respectively (Scheme 114B). Additionally, the disappearance of the 

chemical shifts pertaining to the 2′′-methylene and 5′-methine suggested that oxidation had 

occurred at both of these sites. 

 

 

Scheme 114 A) Synthesis of aldehydes 362a-b. B) Overlaid 1H NMR spectra of diols 360a-b and aldehydes 362a-b. 
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Similar treatment of syn-adducts 361a-b with 4 equivalents of DMP resulted in a complex 

mixture of products, as indicated by both TLC analysis and crude 1H NMR. High resolution 

mass spectrometry identified a molecular ion at m/z 343.1511, corresponding to desired 

aldehydes 363a-b, however, the complex mixture suggested that by-product formation or 

decomposition had occurred. It is plausible that in the case of syn-adducts 363a-b, an 

intramolecular aldol reaction from the C-4′ enol to the C-2′′ aldehyde can occur, given the close 

proximity of these two reactive functionalities, and aldol product 364 would possess the same 

mass as the desired aldehyde product. 

 

Scheme 115 Plausible mechanism for the intramolecular aldol reaction of syn-adducts 361a-b. 

Despite the disappointing decomposition of syn-adducts 363a-b, the analogous oxidation of 

anti-adducts 360a-b proceeded smoothly and in excellent yield. Thus, armed with sufficient 

1H NMR and HRMS evidence to indicate the successful formation of aldehydes 362a-b, 

attention turned to construction of the E,Z-1,3-diene fragment.  

 Methods for Constructing (E,Z)-1,3-Dienes. 

With aldehydes 362a-b in hand, attention next turned to the construction of the E/Z-diene motif. 

Several methods exist for the construction of (E,Z)-1,3-dienes, typically involving olefination 

or transition metal-catalysed cross coupling reactions. Goswami and co-workers’ 2017 total 

synthesis of pestalotioprolide G involved esterification of alcohol 365 with carboxylic acid 366, 

followed by an intramolecular Heck reaction of 367 to simultaneously construct the E,Z-diene 

motif and the 14-membered macrocyclic ring system (Scheme 116A).[212]  

Another strategy relying on a palladium-catalysed cross coupling includes Britton and 

co-workers reported the total synthesis of ascospiroketal A, whereby a Sonagashira coupling 

reaction of vinyl iodide 368 and propargylic compound 369 was followed by a syn-selective 

alkyne reduction to afford coupled product 370 possessing the desired E,Z-diene motif (Scheme 

116B).[213] In an alternative strategy, Gennari and co-workers reported the synthesis of the C1-
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9 fragment of dictyostatin in 2008, which utilised two different phosphonate reagents, namely 

ethoxy-phosphonate 371 and trifluroethoxy-phosphonate 372, in sequential HWE reactions with 

aldehydes 373 and 374, respectively, to construct the E- and Z-alkenes of fragment 375 with 

extremely high selectivity (E:Z >100:1, then E:Z <1:100) (Scheme 116C).[214]  

 

Scheme 116 Various methods for constructing (E,Z)-1,3-dienes. 

In 1999, Roush and co-workers reported the development of a vinylogous HWE reaction 

towards Damavaricin D, whereby oxidation of 376, followed by reaction with allylic 

phosphonate 377 was used to construct the E,Z-diene unit of 378 in 60% yield with moderate 

E/Z:E/E selectivity (4:1) (Scheme 117A).[215] A similar approach was adopted by Rahn and co-

workers during their 2008 total synthesis of chlorotonil A.[72] Aldehyde 83 was reacted with 

allylic phosphonate 84, providing E,Z-diene 85 in 55% yield with moderate E/Z:E/E selectivity 

(3:1) (Scheme 117B). 
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Scheme 117 Use of the vinylogous Horner-Wittig reaction for constructing (E,Z)-1,3-dienes by A) Roush and co-workers and 

B) Rahn and co-workers. 

At this stage, it was decided to explore the vinylogous Horner-Wittig reaction of aldehydes 

362a-b and phosphonate (S)-84, analogous to the strategy reported by Rahn and co-workers, 

albeit, bearing the opposite phosphonate C4 stereochemistry (Scheme 118). 

 

Scheme 118 Envisaged Horner-Wittig reaction of aldehydes 362a-b and phosphonate (S)-84 to construct the E/Z-diene 

fragment of analogue 343. 

 Synthesis of Phosphonate (S)-84 

Phosphonate (S)-84, enantiomeric to that reported by Rahn and co-workers, was synthesised 

according to the reported methods.[72] Methyl (R)-2-hydroxypropanoate (379) was protected 

using freshly prepared para-methoxybenzyl acetimidate, proceeding in quantitative yield 

(Scheme 119). Ester 380 was reduced using lithium aluminium hydride, to afford 381 in 71% 

yield. Alcohol 381 was subjected to a Swern oxidation, and crude aldehyde 382 was then 

submitted directly to a Wittig reaction with the ylide derived from base-treatment of methyl 

triphenylphosphonium bromide, affording alkene 383 in 58% yield over two steps. Meanwhile, 

tris(2,2,2-trifluoroethyl) phosphite (384) was reacted with allyl bromide in an Arbuzov 

reaction,[216] affording allyl phosphonate 385 in 89% yield. Allyl phosphonate 385 and alkene 
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383 were then coupled via olefin metathesis using Grubbs’ second-generation catalyst to provide 

desired allylic phosphonate (S)-84 in 60% yield, as determined by comparison literature with 

literature reported spectroscopic data.[72]   

 

Scheme 119 Synthesis of phosphonate (S)-84. 

With phosphonate (S)-84 in hand, attention turned to its use in constructing the E/Z-diene unit 

of compound 386 through a Horner-Wittig reaction with aldehydes 362a-b. 

 Vinylogous Horner-Wittig Olefination Reaction with Aldehydes 362a-b 

With both coupling partners 362a-b and (S)-84 in hand, the key Z-selective vinylogous Horner-

Wittig reaction was investigated. Following Rahn’s procedure, phosphonate (S)-84 (1.2 equiv.) 

was treated with KHMDS in diethyl ether at −78 °C. Following a 30 minute incubation period, 

aldehydes 362a-b were added, and after 1.5 hours TLC analysis indicated that starting material 

362a-b had been consumed. The reaction was then quenched at −78 °C with the addition of sat. 

aq. ammonium chloride (Table 12, entry 1), however, no desired product was observed by 

1H NMR or HRMS, and only unreacted phosphonate (S)-84 was recovered. A second attempt 

involved reducing the incubation period to 10 minutes, and warming the reaction to room 

temperature following addition of aldehydes 362a-b (Table 12, entry 2). Despite TLC analysis 

once again indicating complete consumption of aldehydes 362a-b, the reaction once again 

proved fruitless, with starting material decomposition occurring rather than product formation. 

Importantly, a HRMS spectrum of the crude reaction mixture revealed molecular ion at 

m/z (Na+) 325.1405, corresponding to a molecular formula of C18H22O4, consistent with enone 

387. A third reaction attempt involved substituting the reaction solvent for THF and the base for 

LiHMDS (Table 12, entry 3). Disappointingly, a familiar pattern of aldehyde consumption and 

phosphonate recovery was seen with no desired adduct formation. 
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Table 12 Olefination attempts using aldehydes 362a-b and phosphonate (S)-84. 

 

Entry Conditions Result 

1 KHMDS, Et2O, −78 °C to rta,c Recovered Phosphonate (S)-84 

2 KHMDS, Et2O, −78 °C to rtb,c Trace 387 

3 LiHMDS, THF, 0 °C to rtb,c Decomposition 

a Phosphonate (S)-84 and base prestirred for 30 min prior to aldehyde addition, b Phosphonate (S)-84 and base pre-stirred for 

10 min prior to aldehyde addition. c Reactions were run until TLC indicated complete consumption of aldehyde 362a-b (~1.5 h). 

Regarding the undesired formation of enone 387, it is conceivable that under basic conditions, 

the C4′ enol of aldehydes 362a-b is capable of undergoing an intramolecular aldol reaction onto 

the C2′′ aldehyde (Scheme 120). The cyclised product of this reaction is then prone to 

base-mediated dehydration, yielding enone 387. It is possible that this undesired reaction 

pathway is responsible for the observed consumption of aldehydes 362a-b. 

 

Scheme 120 Plausible mechanism for the formation of enone 386. 

Considering the ramifications of this result, it was conceivable that the acidic nature of the C4′ 

position of compounds 362a-b complicate the olefination reaction at C2′′, thus it was reasoned 

that the order of macrocycle assembly would need to involve construction of the E,Z-diene motif 

prior to installation of the tricarbonyl unit. To illustrate this concept, analogue 343 can be 

considered to be comprised of three key fragments (Scheme 121, blue, red and green), 

constructed through the sequential coupling of fragments 1, 2 and 3. Our initial strategy of 

coupling fragments 1 and 2, before fragment 3 proved unsuccessful, hence, our revised synthetic 

strategy would emphasise installation of the E/Z-diene unit  (fragment 2) prior to tricarbonyl 

installation (fragment 3).  
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Scheme 121 Consideration of the order for coupling fragments 1-3 

 Summary of Alkylation of Aldehydes 334a-b and 337a-b 

In summary, alkylation of adducts 334a-b and 335a-b using dianion 254 proved unsuccessful, 

with unreacted starting material recovered in all cases. Concluding that aldehydes 334a-b and 

335a-b were too unreactive under the given alkylation conditions, a Lewis acid-mediated 

Mukaiyama aldol reaction of aldehydes 334a-b and 337a-b with bis-silyl enol ether 346 was 

investigated (Scheme 122). Gratifyingly, one-pot Mukaiyama aldol/silyl deprotection was 

observed, affording desired desilylated adducts 360a-b and 361a-b in a single step. Subsequent 

double oxidation of both the primary and secondary alcohols of 360a-b proceeded smoothly 

using DMP to afford aldehydes 362a-b, while similar treatment of 361a-b resulted in 

decomposition. Determined to continue, phosphonate (S)-84 was synthesised and used to 

investigate construction of the E,Z-diene fragment. Disappointingly, Horner-Wittig reaction of 

aldehydes 362a-b with phosphonate (S)-84 proved ultimately unsuccessful, necessitating 

revision of our overall synthetic strategy. 
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Scheme 122 Summary of alkylation attempts on Diels-Alder adducts 334a-b, 335a-b and 337a-b, and subsequent 

unsuccessful olefination reaction of phosphonate (S)-84 and aldehydes 362a-b. 

 Alternative Strategy Towards Cyclohexene Fragments 

 Revised Synthetic Strategy 

Given the difficulty of installing the E/Z-diene unit of 386 in the presence of the tricarbonyl 

motif, it was rationalised that constructing the E/Z-diene motif prior to installing the tricarbonyl 

unit would mitigate these complications. Since a vinylogous Horner-Wittig olefination was 

planned for the E/Z-diene construction, this revised strategy would require modification of the 

C1′ aldehyde functionality of Diels-alder adducts 334a-b, since selective olefination of the C2′′ 

aldehyde in the presence of the C1′ aldehyde of 388 would likely be problematic (Scheme 

123A). Nitrile adduct 389 could be accessed from a Diels-Alder reaction of -unsaturated 

nitrile 390, and the nitrile functionality would remain unreactive while the E,Z-diene motif was 

constructed using a vinylogous Horner-Wittig olefination at the C2′′ aldehyde (Scheme 123B). 

From here, DIBAL-H reduction of the nitrile would reveal the ‘masked aldehyde’ functionality 

which would be a suitable synthetic handle for the construction of the tricarbonyl unit through 

a Mukaiyama aldol reaction of the bis-silyl enol ether 346 detailed previously. 
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Scheme 123 A) Practical considerations of the proposed route towards analogues. B) New retrosynthetic analysis for 

advanced fragment 386, involving a Diels-Alder cycloaddition of nitrile dienophile 390. 

 Synthesis and Diels-Alder Reactivity of Nitrile Dienophile 390 

Wittig reaction of known aldehyde (R)-324 and commercially available phosphorane 391 

afforded nitrile 390 in 77% yield as an inseparable 6:1 mixture of E:Z isomers (Scheme 124). 

This was evidenced by new 1H NMR signals at 𝛿 6.71 ppm and 𝛿 5.36 ppm possessing coupling 

constants indicative of an E-olefin (J = 16.5 Hz), alongside a minor component exhibiting a 

resonance at 𝛿 6.38 ppm possessing coupling constants indicative of a Z-olefin (J = 11.0 Hz). 

The E/Z-selectivity was deemed unimportant for preliminary screening of Diels-Alder 

conditions. 

 

Scheme 124 Synthesis of nitrile dienophile 390. 

With nitrile dienophile 390 in hand, attention next turned to investigation of the Diels-Alder 

reactivity. Nitrile 390 was treated with Me2AlCl in the presence of excess 2,3-dimethyl-1,3-

butadiene (303) at 0 °C (Table 13, entry 1). This reaction only returned unreacted starting 

material, alongside minor amounts of 390 decomposition. Meanwhile, an analogous reaction 

with cyclopentadiene (301) instead proved similarly unproductive, with a mixture of 390 
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decomposition and unreacted 390 returned (Table 13, entry 2). Use of stronger Lewis acid 

BF3·OEt2 also failed to generate desired adducts with either diene (Table 13, entries 3 and 4). 

Use of TiCl4 with cyclopentadiene (301) merely afforded 392 as a result of desilylation of nitrile 

390 (Table 13, entry 5). A thermally-promoted reaction of nitrile 390 and cyclopentadiene (301) 

was attempted, whereby the mixture in toluene was heated to 130 °C overnight (Table 13, entry 

6). In this instance, no desired reactivity was observed, with unreacted starting material 

recovered yet again. Meanwhile, heating a neat sample of nitrile 390 in the presence of either 

cyclopentadiene (301) (Table 13, entry 7) or 2,3-dimethyl-1,3-butadiene (303) (Table 13, entry 

8) generated complex mixtures of products, however, the desired Diels-Alder adducts did not 

appear to be present.  

Table 13 Diels-Alder reactivity of nitrile dienophile 390. 

 

Entry Diene Lewis Acid Temp Solvent Result 

1 303 Me2AlCla 0°C to rtb CH2Cl2 NRc 

2 301 Me2AlCla 0°C to rtb CH2Cl2 NRc 

3 303 BF3·OEt2
a 0°C to rtb CH2Cl2 NRc 

4 301 BF3·OEt2
a 0°C to rtb CH2Cl2 NRc 

5 301 TiCl4
a −78 °C to 0 °C CH2Cl2 392 

6 301 - 130 °C Toluene NR 

7 303 - 180 °C neat Complex mixture 

8 301 - 180 °C neat Complex mixture 

a One equivalent of Lewis acid used. 
b
 Reaction run for 1 h at 0 °C then warmed to rt for 3 h. 

c
 Desilylation of 390 observed 

after warming to rt. NR = no reaction 

The seemingly unreactive nature of nitrile 390 was disappointing and as such, an alternative 

dienophile was sought. 

 Revised Synthetic Strategy using Enone Dienophiles 393 and 394 

Given the disappointing Diels-Alder reactivity of nitrile dienophile 390, a new dienophile was 

sought. E-Enone dienophile 393 was selected, as following a Diels-Alder reaction, it was 

reasoned that the methyl ketone functionality would remain unreactive while the C2′′ aldehyde 

could be elaborated through the vinylogous Horner-Wittig olefination. This approach would, 
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however, require a new retrosynthetic disconnection of the tricarbonyl fragment, due to the 

change in the reactive site from C5′ to C4′. Disconnection through the C3′-C4′ bond of the 

hydrogen-bonded 1,3-dicarbonyl would correspond to an enolate addition to a suitable carbonyl 

coupling partner (Scheme 125A). Acid chloride 395, derived from diethyl methylmalonate, was 

selected as this coupling partner. Meanwhile, diene 396 was anticipated to be accessed via the 

previously mentioned vinylogous Horner-Wittig reaction of allyl phosphonate (S)-84 and Diels-

Alder adduct 397. Adduct 397 could in turn be accessed from a Diels-Alder reaction of E-enone 

393 and cyclopentadiene (301). Meanwhile, macrocyclic analogue 343, bearing similar syn H6-

H11 proton configuration to anthracicmycin (9), could be synthesised from syn-adduct 398, 

which could be accessed from a Diels-Alder reaction with Z-dienophile 394 (Scheme 125B). 

 

Scheme 125 New retrosynthetic analysis of macrocyclic analogues featuring a Diels-Alder of E-enone 393 or Z-enone 394. 

 Synthesis and Diels-Alder Reactivity of −Enone Dienophile 393 

Analogous to the synthesis of previously mentioned -unsaturated nitrile 390, Wittig reaction 

of known aldehyde (R)-324 and commercially available phosphorane 227 was employed for the 

synthesis of E-enone 393 in 65% yield (Scheme 126). The 1H NMR spectrum exhibited two 

new resonances at 𝛿 6.78 ppm and 𝛿 6.08 ppm possessing coupling constants indicative of an 

E-olefin (J = 16.2 Hz) with no indication of the Z-isomer. Importantly, the use of stabilised ylide 

227 eliminated the requirement for base in the olefination reaction, thereby avoiding potential 

epimerisation of aldehyde (R)-324, as seen previously in these studies (see section 4.2.4). 
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Scheme 126 Synthesis of enone dienophile 393. 

With enone 393 in hand, the Diels-Alder reaction could be investigated. Treatment of enone 393 

with Me2AlCl in the presence of excess cyclopentadiene (301) at −78 °C resulted in formation 

of a new, less polar product, as indicated by TLC. Pleasingly, following purification, the new 

product was found to be desired cycloadducts 399a-b in 88% yield as a 1:1 mixture of 

diastereomers (Scheme 127A). This was evidenced by loss of the 1H NMR signals 

corresponding to alkene protons H-3 and H-4 of enone 393 and the formation of new signals 

with a doublet of doublet splitting pattern, corresponding to H-5 and H-6 in the Diels-Alder 

adduct. 2D NOESY NMR analysis revealed through space correlations between H-2 and the 

newly formed bridgehead protons, suggesting the formation of two endo-adducts (Scheme 

127B). This conclusion is supported by the choice of reaction conditions employed (i.e. low 

temperature and Lewis acid catalysis) which typically favour endo-adduct formation. 

Importantly, diastereomers 399a-b proved separable by column chromatography, and NOESY 

analysis of the purified adducts enabled their structural elucidation through a key NOE signal 

between H-4 and the 1′ methyl substituent (Scheme 127B). 

 

Scheme 127 A) Synthesis of Diels-Alder anti-adducts 399a-b. B) Key NOESY correlations of adducts 399a-b. 
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With anti-adducts 399a-b in hand, it was decided to pursue the synthesis of the corresponding 

syn-adducts, which necessitated the synthesis of Z-enone 394. 

 Attempted Synthesis of Z-enone 394 via Z-Selective Olefination 

Our initial strategy for constructing Z-enone 394 involved a Z-selective olefination of known 

aldehyde (R)-324. This required the synthesis of a specialised phosphonate reagent capable of 

controlling the E/Z-selectivity of the reaction. Still-Gennari[198] and Ando-Touchard[76] 

phosphonates are commonly employed in Z-selective olefinations, and it was decided that the 

synthesis and investigation of both types of phosphonates would be pursued. 

 Synthesis of Phosphonates 400 and 401  

The synthesis of Still-Gennari phosphonate 400 followed a literature protocol, commencing with 

the treatment of commercially available phosphonate 402 with trimethylsilyl bromide (TMSBr), 

affording bis-silyloxy phosphonate 403 (Scheme 128).[217] The crude product was subsequently 

treated with oxalyl chloride and a catalytic quantity dimethyl formamide to form crude 

dichlorophosphonate 404, which was subsequently treated with trifluoroethanol and pyridine in 

toluene. Heating the reaction mixture to 50 °C overnight afforded the desired Still-Gennari 

phosphonate 400 in 50% yield over three steps.  

Meanwhile, Ando-Touchard phosphonate 401 was synthesised in parallel from 

dichlorophosphonate 404, which was treated with ortho-cresol instead to afford phosphonate 

401 in 36% over three steps.  

 

Scheme 128 Synthesis of phosphonates 400 and 401. 

With both phosphonate reagents 400 and 401 in hand, the subsequent Z-selective olefination of 

aldehyde (R)-324 was investigated. 
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 Reactivity of Phosphonate 400  

For the investigation of the key Z-selective olefination of aldehyde (R)-324, a standard literature 

protocol was initially adopted.[218,219] This involved treatment of Still-Gennari phosphonate 400 

with KHMDS in THF at −78 °C in the presence of 18-crown-6 (Table 14, entry 1). 18-Crown-6 

is an additive commonly employed in Z-selective olefinations due to its ability to chelate 

potassium ions, preventing their interaction with oxaphosphetane intermediates and improving 

the overall Z-selectivity.[198] Addition of chiral aldehyde (R)-324 after 20 minutes, followed by 

slow reaction warming to room temperature overnight failed to afford any desired product, with 

unreacted phosphonate 400 recovered instead. A second attempt involved premixing 

phosphonate 400, aldehyde (R)-324 and 18-crown-6 at −78 °C prior to base addition, however, 

this resulted in aldehyde (R)-324 decomposition and returned phosphonate 400  (Table 14, 

entry 2).  

At this stage, in order to preserve valuable chiral aldehyde (R)-324 during reaction optimisation, 

achiral aldehyde 154 was used instead. Repeating the conditions described in entry 1 with model 

aldehyde 154 afforded a trace quantity of product 405 (Table 14, entry 3). In an attempt to 

further improve the reactivity, this reaction was repeated, however aldehyde 154 was added to 

the base/phosphonate/18-crown-6 mixture at 0 °C instead of −78 °C (Table 14, entry 4). 

Disappointingly, this failed to provide any desired product with decomposition of aldehyde 154 

observed by crude 1H NMR. Postulating that water contamination was responsible for 

quenching the KHMDS prior to phosphonate deprotonation, a reaction employing powdered 4Å 

molecular sieves was trialled, but this once again failed to afford more than trace quantities of 

product (Table 14, entry 5). Removal of the 18-crown-6 additive resulted in successful 

formation of an olefination product in 50% yield, however, only the E-isomer was isolated 

(Table 14, entry 6). These reaction conditions were trialled on chiral aldehyde (R)-324, both at 

−78 °C and 0 °C, however, no desired enone was isolated, and only unreacted phosphonate 400 

was recovered (Table 14, entries 7 and 8). Substituting tetrahydrofuran with diethyl ether as the 

reaction solvent resulted in olefination of (R)-324, albeit as a 1:1 E:Z mixture of 393/394 in 

merely 10% yield (Table 14, entry 9). This was evidenced by overlaying the 1H NMR spectrum 

with one of pure E-enone 393 synthesised previously (Figure 30). A second reaction in diethyl 

ether in the presence of 18-crown-6 disappointingly failed to improve the reaction yield or E/Z 

selectivity (Table 14, entry 10). 
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Table 14 Reactivity of phosphonate 400 with aldehydes (R)-324 and 154. 

 

Entry Aldehyde Solvent Additive Temperature Result 

1 (R)-324a THF 18-crown-6 −78 °C to rtc  Recovered 400 

2 (R)-324b THF 18-crown-6 −78 °C to rtc  Recovered 400 

3 154a THF 18-crown-6 −78 °C to rtc  405 (trace)  

4 154a THF 18-crown-6 0 °C to rtd  Decomposition 

5 154a THF 18-crown-6, 

powdered 4Å MS 

−78 °C to rtc  405 (Trace) 

6 154a THF - −78 °C to rtc  E-isomer 50% 

7 (R)-324a THF - −78 °C to rtc  Recovered 400 

8 (R)-324a THF - 0 °C to rtd Recovered 400 

9 (R)-324b Et2O - −78 °C to rtc  394 (10%, 1:1 E:Z) 

10  (R)-324b Et2O 18-crown-6 −78 °C to rtc  394 (9%, 1:1 E:Z) 

a Phosphonate 400, additives and base prestirred before aldehyde addition.b Phosphonate 400, additives and aldehyde pre-stirred 

before base addition.c Reaction slowly warmed from −78 °C to rt over ~8 h.d Reaction immediately warmed from 0 °C to rt. 

 

Figure 30 A) Reaction of aldehyde (R)-324 and phosphonate 400, yielding a mixture of enones 394 and 393. B) Overlaid 

spectra of pure E-enone 393 (red) and a mixture (1:1) of 393 and 394 (blue). 

At this stage, alternative reaction conditions were sought. In 2005, Paterson and co-workers 

reported a total synthesis approach to (+)-discodermolide involving an olefination between 

aldehyde 406 and phosphonate 400 in a mixture of potassium carbonate, 18-crown-6 and HMPA 

in toluene. Z-olefin 407 was afforded in 89% yield and high Z:E-selectivity (95:5) (Scheme 

129).[220]  
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Scheme 129 Olefination conditions employed by Paterson and co-workers using phosphonate 400.[220] 

It was decided to investigate these reaction conditions, however, the highly carcinogenic nature 

of HMPA warranted prior investigation of a less-toxic co-solvent to determine its necessity. 

Thus, DMPU was employed instead of HMPA for our initial attempt. Stirring the 

aforementioned mixture of reagents, along with phosphonate 400 and PMB-protected aldehyde 

408 in toluene at 0 °C afforded enone 409 as a mixture of E- and Z-alkenes (E:Z 1.8:1), as 

determined by crude 1H NMR spectroscopy (Scheme 130). A secondary attempt using HMPA 

in place of DMPU failed to improve the E/Z selectivity any further (E:Z 1.3:1).  

 

Scheme 130 Unsuccessful olefination attempts using conditions reported by Paterson and co-workers. 

 Reactivity of Phosphonate 401 

Given the disappointing reactivity and selectivity of Still-Gennari phosphonate 400, it was 

decided to investigate the reactivity of Ando-Touchard phosphonate 401. Phosphonate 401 was 

treated with sodium hydride at 0 °C, before cooling to −78 °C after 20 minutes. Following 

addition of chiral aldehyde (R)-324 and slow reaction warming over 12 hours, enone 394 was 

isolated in 34% yield as a 1.5:1 Z:E mixture (Scheme 131). Rapid warming of the reaction 

following addition of aldehyde (R)-324 failed to improve the reaction yield or selectivity.  

 

Scheme 131 Synthesis of enone 394. 
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Since phosphonates 400 and 401 had failed to yield desired Z-olefins selectively, attention 

turned to an alternative method for accessing Z-enone 394. 

 Synthesis of Z-enone 394 via Lindlar Reduction of Alkyne 410 

Given the difficulty in accessing Z-enone 394 selectively through an olefination reaction, 

another strategy was required. A common method for constructing Z-alkenes in the literature is 

via catalytic hydrogenation of an alkyne.[221] Hydrogenation of alkynes is stereospecific, 

providing Z-alkenes proceeding through syn-addition. Lindlar catalyst, consisting of palladium 

(5%) deposited on calcium carbonate with a small quantity of lead acetate, is often employed 

for this transformation, although quinoline is often also used. The role of the lead and quinoline 

is to poison the palladium catalyst, such that only alkyne reduction occurs, and that further 

reduction to the alkene to the alkane is mitigated. Therefore, it was rationalised that Z-enone 

394 could be accessed from propargyl ketone 410 (Scheme 132). Propargyl ketone 410 was 

synthesised by Trost and co-workers in 2009 through a Corey-Fuchs reaction of aldehyde 

(R)-324 to afford dibromide 411, followed by treatment with n-butyllithium and Weinreb amide 

412.[222]  

 

Scheme 132 Revised retrosynthetic analysis of Z-enone 394. 

Propargyl ketone 410 was therefore accessed following the reported literature methods, with 

initial dibromo olefination of aldehyde (R)-324 using carbon tetrabromide and 

triphenylphosphine proceeding in 83% yield (Scheme 133). Dibromide 411 was subsequently 

treated with n-butyllithium, followed by addition of commercially available Weinreb amide 412 

to access propargyl ketone 410 in 95% yield. Subsequent partial reduction employing Lindlar 

catalyst and quinoline initially resulted in product mixtures of desired Z-olefin 394 alongside 

varying amounts over-reduced alkane 413. However, addition of ten equivalents of a sacrificial 

alkene (1-hexene) and careful reaction monitoring by TLC resulted in successful partial 

reduction, delivering Z-enone 394 in 90% yield. This was evidenced by two new vinylic 

1H NMR resonances at 𝛿 6.13 ppm and 𝛿 5.94 ppm possessing coupling constants indicative of 

a Z-olefin (J = 11.6 Hz). 
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Scheme 133 Synthesis of Z-enone 394. 

 Diels-Alder Reactivity of Z-enone 394 

Z-enone 394 was subjected to previously optimised Diels-Alder conditions developed for 

reaction of E-enone 393 with cyclopentadiene (301). Z-enone 394 was treated with Et2AlCl in 

the presence of cyclopentadiene in CH2Cl2 at 0 °C to afford a mixture of four diastereomeric 

adducts (Scheme 134). An 1H NMR spectrum overlay of known anti-adducts 399a-b revealed 

that Z- to E-enone isomerism was taking place in competition with Diels-Alder reaction with 

Z-enone 394, since anti-adducts 399a-b were observed alongside syn-adducts 414a-b, in a 1.5:1 

ratio. 

 

Scheme 134 Diels-Alder reaction of Z-enone 394. 

To assess the effect of reaction temperature on the observed Z/E-isomerism, another Diels-Alder 

reaction was trialled using Et2AlCl in CH2Cl2 at −78 °C (Scheme 135). After 1.5 hours, no Z-

enone 394 remained by TLC analysis, with major quantities of E-enone 393 and a minor amount 

of a new, less polar product observed. Quenching the reaction at −78 °C and subsequent analysis 

of the crude 1H NMR spectrum revealed that the new product formed was a mixture of 

diastereomeric syn-adducts 414a-b. This result suggested that the Diels-Alder reaction of 

Z-enone 394 takes place at −78 °C, while E-enone 393 remains unreactive. Disappointingly, the 

considerable quantity of E-enone 393 observed suggests that the rate of Z/E-isomerism is faster 

than the rate of Diels-Alder reactivity. 
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Scheme 135 Competing Z-enone Diels-Alder reactivity and Z-enone isomerism. 

Pleasingly, as in the case for Z-enal 338 (see section 4.2.5), substitution of the reaction solvent 

for toluene appeared to completely suppress isomerism of Z-dienophile 394, and syn-adducts 

414a-b were obtained in 87% yield as a separable mixture of two diastereomers (1:1) (Scheme 

136A). This was evidenced by loss of the 1H NMR resonances corresponding to vinylic protons 

H-3 and H-4 of Z-enone 394 and the formation of new resonances exhibiting a doublet of doublet 

splitting pattern, corresponding to H-5 and H-6 in the Diels-Alder adduct. 2D NOESY NMR 

analysis revealed through space correlations between H-2 and the newly formed bridgehead 

protons, suggesting the formation of two endo-adducts. Importantly, diastereomers 414a-b were 

separable by column chromatography, and NOESY analysis of the separated adducts enable 

their structural elucidation through a key NOE signal between H-4 and the 1′-methyl group 

(Scheme 136B). 

 

Scheme 136 A) Successful synthesis of syn-adducts 414a-b through substitution of the reaction solvent. B) Diagnostic NOE 

correlations for determining the stereochemistry of adducts 414a-b. 
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 Elaboration of Adducts 399a-b and 414a-b 

 Elaboration of Diels-Alder Adducts 399a-b and 414a-b  

With adducts 399a-b and 414a-b in hand, elaboration to aldehydes 397a-b and 398a-b was 

conducted. The removal of the TBS group of adducts 399a-b was affected using TBAF, 

affording alcohols 415a-b, and subsequent oxidation using DMP delivered desired aldehydes 

397a-b in 79% yield over two steps (Scheme 137). Conversion of syn-adducts 414a-b to 

alcohols 416a-b, followed by oxidation to aldehydes 398a-b proceeded smoothly using the same 

reaction sequence. Although Diels-Alder adducts 399a-b and 414a-b were separable by column 

chromatography, for convenience, this two-step reaction sequence was often conducted on the 

mixture of diastereomers (1:1), with separation by column chromatography carried out 

following the vinylogous Horner-Wittig reaction. 

 

Scheme 137 Synthesis of aldehydes 397a-b and 398a-b. 

 Z-Horner Wittig Reactions on Aldehydes 397a-b and 398a-b  

With both phosphonate (S)-84 and aldehydes 397a-b and 398a-b in hand, the Z-selective 

olefination could be attempted. Reaction conditions detailed by Rahn and co-workers[72] were 

initially considered, whereby phosphonate (R)-84 was treated with KHMDS at −78 °C, followed 

by addition of aldehyde 83 after 30 minutes to afford desired E,Z-diene 85 in  good yield with 

modest selectivity (3:1 E/Z:E/E) (Scheme 138A). However, further literature searching revealed 

a Master of Science thesis by Diba from the research group of Prof. Kalesse which included 

further studies using model aldehyde 324 and allylic phosphonate (R)-84.[223] These studies 

revealed the instability of phosphonate (R)-84 following prolonged exposure to base, and when 
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base incubation time was reduced to five minutes (from 30 minutes), higher selectivity and 

reaction yield was obtained, while using fewer equivalents of phosphonate (R)-84 (1.0 versus 

10 equivalents) was also effective (Scheme 138B).  

 

Scheme 138 A) Vinylogous Horner-Wittig reaction conditions reported by Rahn and co-workers.[72] B) Optimised reaction 

conditions developed by Diba and co-workers (unpublished). 

Applying these modified conditions to a mixture of anti-aldehydes 397a-b pleasingly afforded 

dienes 396a-b in 74% yield with high selectivity (10:1 E/Z:E/E) (Scheme 139A). Meanwhile, 

adopting the same reaction conditions with syn-aldehyde 398b resulted in a greatly improved 

yield (93%) and high selectivity (10:1 E/Z:E/E), with adduct 398a performing similarly well 

(67%, 6:1 E/Z:E/E) (Scheme 139B). 1H NMR alkene coupling constants of the newly formed 

E,Z-diene motif appeared to match those reported by Rahn and co-workers.[72] 

 

Scheme 139 Optimised vinylogous Horner-Wittig reaction conditions on aldehydes 396a-b and 398a-b 

With dienes 396a-b and 417a-b in hand, attention turned to construction of the tricarbonyl motif. 
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 Installation of the Tricarbonyl Unit 

 Literature Precedent for Tricarbonyl Unit Construction 

Following the successful construction the E,Z-1,3-diene units of 396a-b and 417a-b, attention 

turned to installing the tricarbonyl unit. In 2003, Trauner and co-workers reported a total 

synthesis of (±)-photodeoxytridachione, which featured a key coupling of the enolate of ketone 

418 and malonyl chloride 419 using LiHMDS to afford desired tricarbonyl 420 (Scheme 

140A).[224] The requirement for using excess base suggested that this reaction proceeds via 

formation of acyl ketene 421 in situ.[225] Meanwhile in an alternative approach by Anderson and 

co-workers, base treatment of  dioxinone 422, followed by addition of benzotriazole 423 

resulted in smooth alkylation, affording adduct 424 in 93% yield (Scheme 140B).[226] 

Additionally, several patents detailing the addition of enolates of ketones 425a-b to acyl 

benzotriazole 426 were found, affording afford tricarbonyl products 427a-b in varying yield 

(Scheme 140C).[227,228]  

 

Scheme 140 Literature examples of enolate additions to acid chlorides and acyl benzotriazoles. 

 Enolate Additions to Acid Chloride 428 

Acid chloride 428 was synthesisied from commercially available diethyl methylmalonate (429), 

which underwent mono-ester hydrolysis using potassium hydroxide to afford acid 430 in 98% 

yield (Scheme 141).[229] The crude acid was then converted to desired acid chloride 428 using 

oxalyl chloride and catalytic dimethyl formamide.[230] The hydrolytic instability of acid chloride 

428 necessitated its batch-wise synthesis from stock-piled acid 430 only when required. In order 
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to avoid reckless use of late-stage adducts 396a-b and 417a-b, a model enolate alkylation 

reaction was first attempted using cyclohexyl methyl ketone (431) in order to determine its 

reactivity. The protocol described by Trauner and co-workers was employed,[224] whereby 

ketone 431 was treated with excess LiHMDS (3 equivalents) at −78 °C, followed by addition of 

acid chloride 428 after 30 minutes, which gratifyingly afforded desired tricarbonyl 432, albeit 

in a modest 23% yield. 

 

Scheme 141 Synthesis of acid chloride 428 and subsequent enolate alkylation reaction with cyclohexyl methyl ketone (431). 

In an attempt to improve the yield of 432, a reaction with model ketone 431 was run employing 

only two equivalents of LiHMDS. In this case, no desired product was formed, with only 

unreacted ketone returned. Use of LDA also failed to improve the reaction yield, while 

individual treatment of model ketone 431 and acid chloride 428 with stoichiometric 

(1.0 equivalent) LiHMDS in separate flasks, followed by transfer of the enolate to the acyl 

ketene flask failed to afford any desired product, with only unreacted ketone 431 and malonic 

acid 430 observed. 

Despite the low yields observed from the model enolate alkylations, ketones 396a-b (1:1) were 

subjected to the enolate alkylation reaction with acid chloride 428 (Scheme 142A). After stirring 

for 3 hours, a new, slightly more polar product was observed by TLC analysis, which 

frustratingly proved inseparable from ketone starting material 396a-b. HRMS analysis revealed 

a molecular ion at m/z (Na+) 531.2700, corresponding to a molecular formula of C31H40O6, 

indicating successful formation of desired tricarbonyls 386a-b. This was corroborated by 

analysis of the 1H NMR spectrum, which showed a new resonance at  15.22 ppm, indicating 

the presence of a hydrogen bonded 1,3-dicarbonyl system (Scheme 142B). Similar resonances 

were observed in the 1H NMR spectra of both anthracimycin and a des-chloro chlorotonil A 

intermediate synthesised by Rahn and co-workers.[37,72] Repeated reaction attempts afforded 

similar results, whereby unreacted starting material 396a-b was obtained alongside desired 

product 386a-b. 
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Scheme 142 A) Enolate alkylation of ketones 396a-b to acid chloride 428. B) Overlaid 1H NMR spectra of ketones 396a-b 

(red) and alkylation product 386a-b (blue). 

Additional attempts to effect alkylation of ketones 396a-b with acid chloride 428 proved 

unreliable, with varying yields of a mixture of desired mono-alkylated 386a-b, unreacted 

starting material 396a-b and in some cases, bis-alkylated products, detected using HRMS 

[ESI (M+Na+), found 659.3155]. Following base-mediated acyl ketene formation from acid 

chloride 428, alkylation by the enolate of ketone 396a proceeds, affording desired 

mono-alkylated 386a (Scheme 143). However, the newly formed C4′ position is sufficiently 

nucleophilic to react with a second equivalent of the acyl ketene, resulting in the bis-alkylated 

product. 

 

Scheme 143 Plausible mechanism for the formation of bis-alkylated products. 
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The irreproducibility of this reaction necessitated investigation of alternative malonate-derived 

coupling partners, namely one where reduced quantities of base were required. 

 Addition to Acyl Benzotriazole 433 

At this stage it was rationalised that an alternative coupling partner should be investigated, 

namely acyl benzotriazole 433 (Scheme 144A). This was due to literature reports of high-

yielding enolate alkylations of acyl benzotriazoles using stoichiometric base, which should 

therefore circumvent problematic bis-alkylation. To this end, acyl benzotriazole 433 was 

synthesised from carboxylic acid 430 through reaction with thionyl chloride and 

1H-benzotriazole, delivering acyl benzotriazole 433 in 58% crude yield. With acyl benzotriazole 

433 in hand, a model enolate alkylation reaction could be trialled using ketone 431. Ketone 431 

was treated with LiHMDS (1.2 equivalents), followed by addition of benzotriazole 433 at 

−78 °C which pleasingly afforded desired tricabonyl 432 in 35% yield (improved from 23% 

using acid chloride 428) (Scheme 144B). Encouraged by this improved result, an enolate 

alkylation reaction using ketones 396a-b under the same reaction conditions was attempted 

(Scheme 144C). Disappointingly, only unreacted ketones 396a-b were recovered from this 

reaction. It is conceivable that steric congestion around the enolate of ketones 396a-b inhibits 

reaction with bulky acyl benzotriazole 433. 

 

Scheme 144 A) Synthesis of acyl benzotriazole 433. B) Model alkylation reaction of ketone 431 and acyl benzotriazole 433. 

C) Unsuccessful enolate alkylation of ketones 396a-b with acyl benzotriazole 433. 
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 Addition of Syn-Adducts 417a-b to Acid Chloride 428 

Given the unsuccessful alkylation of anti-adducts 396a-b with acyl benzotriazole 433, 

syn-adducts 417a-b were instead alkylated using the previously described protocol (i.e using 

acid chloride 428 and excess LiHMDS) (Scheme 145A). Frustratingly, the reaction was low 

yielding, and starting material 417a-b and desired tricarbonyl product 434a-b proved 

inseparable by column chromatography. However, HRMS analysis revealed a molecular ion at 

m/z (Na+) 531.2712, corresponding to a molecular formula of C31H40O6, indicating successful 

formation of desired alkylated products 434a-b, while 1H NMR analysis of the mixture indicated 

the presence of product 434a-b, since the presence of new ethyl ester methylene protons were 

observed at  4.16 ppm.  It is plausible that the added steric congestion around the reacting 

enolate of syn-adducts 417a-b was responsible for the reduced yield with respect to anti-adducts 

396a-b (10% for 417a-b versus 53% for 396a-b) (Scheme 145B). 

 

Scheme 145 A) Enolate alkylation of ketones 417a-b to acid chloride 428. B) Steric hindrance as a plausible explanation for 

the lower yield for the alkylation of syn-adducts 417a-b versus anti-adducts 396a-b. 

 Macrocyclisation Attempts 

 Attempted Macrocyclisation of Adducts 386a-b and 434a-b 

With tricarbonyl compounds 386a-b and 434a-b in hand, albeit as impure mixtures alongside 

starting material ketones 396a-b and 417a-b, the final cyclisation reaction was attempted. For 

this transformation, conditions reported by Rahn and co-workers were employed, whereby a 

one-pot PMB removal and transesterification afforded the desired macrolactone structure 
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(Scheme 146A).[72] As such, dilute solutions of adducts 386a-b and 434a-b in toluene were 

treated with BF3·OEt2 at 0 °C (Scheme 146B). Immediately, the initially clear solutions turned 

dark brown, and TLC analysis of both reactions after five minutes appeared to show PMB 

removal through the formation of a new, highly UV-active product. However, no other new 

product formation was observed TLC analysis, despite full consumption of the starting material. 

1H NMR of the crude materials showed extensive decomposition, and HRMS analysis of the 

crude reaction mixtures was unable to detect any desired products 435a-b or 343a-b. 

 

Scheme 146 A) Successful macrocyclisation reported by Rahn and co-workers. B) Unsuccessful macrocyclisation attempts of 

precursors 386a-b and 434a-b. 

Given the discrepancy between these findings those reported by Rahn and co-workers, it would 

appear that the configuration of the C6-C15 bond of cyclisation precursor 87 with respect to that 

of the C1-C2 bond of precursors 386a-b and 434a-b is at least in part responsible for difference 

in results. It is plausible that BF3·OEt2-mediated PMB removal is rapid, and the resultant allylic 

alcohol product would likely be unstable and susceptible to Lewis acid-mediated allylic 

rearrangements, resulting in decomposition. In the case of intermediate 87, close proximity of 

the two appendages due to the syn H6-H15 configuration may result in rapid ‘trapping’ of the 

allylic alcohol intermediate following PMB removal. Meanwhile, in the case of precursors 386a-

b in particular, the added separation of the two appendages due to the anti H1-H2 configuration 

could favour decomposition over macrocyclisation.  
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 PMB Removal Attempts 

Disappointed that a one pot PMB removal/macrolactonisation procedure no longer seemed 

feasible, it was envisaged that removal of the PMB group to give the corresponding free alcohols 

could enable macrolactonisation in the subsequent step. PMB deprotection of adducts 386a-b 

and 434a-b was initially trialled using pH 7-buffered and non-buffered DDQ systems, as this is 

a standard method for PMB removal (Scheme 147A).[231] Disappointingly, this resulted in 

extensive decomposition observed by 1H NMR spectroscopy, and no sign of the desired free 

alcohols. This result was not totally surprising, given the number of competing sites for DDQ-

mediated oxidation on molecules 434a-b. DDQ oxidises positions that result in the most stable 

cationic intermediate, which is generally allylic and benzylic positions due to resonance 

stabilisation by the neighbouring alkene or oxygen atom, respectively. There are four allylic 

positions on molecule 434a which could be oxidised instead of the desired benzylic position, 

and this fact likely lead to the extensive decomposition observed by 1H NMR analysis (Scheme 

147B). 

 

Scheme 147 A) Unsuccessful PMB removal of adducts 434a-b using DDQ. B) Competing sites for oxidation by DDQ 

(highlighted in red). 

Alternative PMB removal conditions were also trialled on adducts 386a-b and 434a-b, including 

both AlMe3/dimethyl sulfide[232] and MgBr·OEt2/dimethyl sulfide. Both reaction conditions 

lead to extensive decomposition of 386a-b and 434a-b, as determined by 1H NMR spectroscopy 

and HRMS, with no sign of the desired free alcohols. Interestingly, use of mild 

MgBr·OEt2/dimethyl sulfide[233] on adducts 434a-b resulted in the formation of a new, less polar 

spot by TLC. HRMS analysis of the crude reaction mixtures showed no sign of the desired 

alcohols, although a molecular ion at m/z (Na+) 393.2961, corresponding to a molecular formula 

of C23H30O4, or dehydrated trienes 436a-b, was detected (Scheme 148A). Undesired by-product 

436a-b was proposed to form through initial coordination of oxaphilic magnesium to the oxygen 

of the PMB-ether unit, followed by C-O bond cleavage through SN2 attack of dimethyl sulfide 
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at the benzylic position (Scheme 148B). Hydrolysis of the resultant product provides an allylic 

alcohol, which appears highly unstable and prone to Lewis acid-mediated dehydration, 

providing stable 1,3,5-triene 436a-b. 

 

Scheme 148 A) Unsuccessful PMB-deprotection attempts of precursors 434a-b. B) Plausible mechanism for formation of 

triene 436a-b. 

 Attempts to Effect Removal of the PMB Group from Ketones 396a-b 

Curious as to whether the PMB group could be removed prior to enolate alkylation, a mixture 

of ketones 396a-b were subjected to PMB-removal conditions. Treatment of a mixture of 

ketones 396a-b with DDQ (buffered to pH 7) at 0 °C resulted in decomposition of the starting 

materials (Scheme 149). Reviewing the literature revealed that PMB removal using DDQ in the 

presence of a 1,3-diene system can be problematic. In particular, this was noted by Smith and 

co-workers’ during their synthesis of mandelalide macrolides, wherein it was proposed that 

competing oxidation of the 1,3-diene motif resulted in decomposition.[234]  

Meanwhile, treatment of ketones 396a-b with BF3·OEt2 at 0 °C also resulted in extensive 

decomposition of the starting materials. 
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Scheme 149 Unsuccessful PMB-deprotection attempts of ketones 396a-b. 

These findings suggested that removal of the PMB group from either alkylated adducts 386a-b 

and 434a-b, or 396a-b was problematic due to the competing sites for DDQ-mediated oxidation, 

and the readiness for the desired allylic alcohol product to undergo hydrolysis to form trienes 

436a-b. This therefore suggested that the route was unlikely to successfully deliver desired 

macrocyclic analogues, and a new synthetic strategy was required. 

 Summary of End-Game Manipulations 

In summary, cyclohexene fragments 399a-b and 414a-b, bearing anti- and syn-H1-H2 proton 

geometry, respectively, were synthesised through Diels-Alder reactions of E-enone 393 or 

Z-enone 394 (Scheme 150). The E,Z-1,3-diene fragment was then constructed through a 

vinylogous Horner-Wittig reaction of aldehydes 399a-b and 414a-b with phosphonate (S)-84. 

Alkylation 396a-b and 417a-b with acid chloride 428 was employed to construct the tricarbonyl 

fragment, albeit as complex mixtures. Disappointingly, the final PMB 

removal/transesterification reaction failed to afford macrocyclic compounds 343a-b and 

435a-b. 
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Scheme 150 Summary of synthetic studies towards syructural analogues of anthracimycin (9) (for clarity, some diastereomers 

were omitted from the summary scheme). 

 Synthetic Studies Towards an Aromatic Decalin Surrogate 

 Revised Macrocyclisation Strategy 

Having encountered difficulty in both the final macrolactonisation step of the previous analogue 

series, as well as the removal of the PMB group from the E,Z-1,3-diene unit, it was decided an 

alternative route to construct both the 14-membered macrocyclic ring system and the E,Z-1,3-

diene system should be explored. The intramolecular Stille coupling has been used to this effect 

in natural product total synthesis with great success.[235] In particular, Toshima and co-workers 

employed an intramolecular Stille reaction of compound 437 to construct the macrocyclic core 

(438) of concanolide A in 1998 (Scheme 151A).[236] A similar strategy was employed more 

recently (2013) by Taylor and co-workers using an intramolecular Stille coupling of compound 

439 to furnish the macrocyclic scaffold of upenamide (440) (Scheme 151B).[237] Key to the 

present work, an intramolecular Stille reaction of 441 was used by Smith and co-workers in 

1998 to simultaneously construct the E,Z-1,3-diene system and 24-membered ring structure of  

macrocycle 442 (Scheme 151C).[238] 



 Chapter 4: Synthetic Studies Towards Structural Analogues of Anthracimycin 

 

178 

 

Scheme 151 Selected examples of the intramolecular Stille coupling reaction to construct macrocyclic natural product 

scaffolds. 

It was envisaged that an intramolecular Stille coupling could be employed to access a 

14-membered macrocyclic scaffold similar to that of anthracimycin (9), and so new macrocyclic 

target was devised which would enable preliminary investigations of this new disconnection. It 

was deemed of paramount importance to target a structurally simplified analogue that could be 

synthesised in rapid fashion, through use of use robust methodology and ultimately enable 

investigation of the key intramolecular Stille coupling reaction. As such, structural 

simplification of the anthracimycin (9) scaffold through substitution of the decalin ring system 

for a phenyl ring, removal of the C12 methyl substituent and substitution of the C1-C3 diketone 

unit for a lactam functionality provided a new synthetic target, namely analogue 443, which 

would be accessible through an intramolecular Stille reaction of 444 (Figure 31).  

 

Figure 31 Chemical structure of anthracimycin (9) alongside macrocyclic target 443, to be accessed via an intramolecular 

Stille coupling of precursor 444. 
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 Retrosynthetic Analysis of Aromatic Macrocycle 443 

Macrocycle 443 could be accessed by intramolecular Stille coupling of vinyl stanane 444, which 

in turn could be accessed by an amide coupling of carboxylic acid 445 and amine 446 (Scheme 

152). Carboxylic acid 445 could be accessed through a Stork-Zhao olefination of aldehyde 447, 

while ester 446 could be accessed from condensation of commercially available Fmoc--alanine 

(448) and literature stannane 449. 

 

Scheme 152 Retrosynthetic analysis of aromatic analogue 443. 

 Synthesis of Carboxylic Acid 445. 

The synthesis of carboxylic acid 445 commenced with methylation of 2-iodo-benzoic acid (450) 

using sulfuric acid in methanol under reflux, following a literature protocol (Scheme 153).[239] 

This procedure delivered methyl ester 451 in quantitative yield. Next, a Stille reaction of ester 

451 and allyltributyl stannane (145) using catalytic tetrakis(triphenylphosphine)palladium(0) 

(10 mol%) was carried out according to a literature procedure,[240] to deliver desired alkene 452. 

The subsequent ozonolysis reaction[241] of alkene 452 was performed and following reductive 

workup using triphenylphosphine, aldehyde 447 was afforded in 79% yield over two steps. 

 

Scheme 153 Synthesis of aldehyde 447. 

With aldehyde 447 in hand, we turned our synthetic attention to the Stork-Zhao olefination, 

which required phosphonium salt 453. As such, 453 was prepared via literature methods, 

whereby diiodomethane and triphenylphosphine were heated to reflux in toluene overnight 

(Scheme 154A).[242] The precipitate was filtered and underwent prolonged freeze drying to afford 

desired phosphonium reagent 453 in 78% yield. With aldehyde 447 and phosphonium 453 in 
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hand, the Stork-Zhao reaction was attempted, whereby a solution of salt 453 in THF was treated 

with NaHMDS at 0 °C, followed by cooling to −78 °C prior to aldehyde addition (Scheme 

154B).[242] Following gradual reaction warming to room temperature, formation of a new, less 

polar product was observed by TLC analysis. Following purification by flash chromatography, 

Z-vinyl iodide 454 was obtained in 69% yield, as evidenced by new 1H NMR chemical 

resonances in the vinylic region ( 6.31 to 6.42 ppm) possessing coupling constants indicative 

of a Z-olefin (J = 7.5 Hz). Having constructed the desired the vinyl iodide motif, the final ester 

hydrolysis step was attempted. Disappointingly, treatment of ester 454 with 1M NaOH in 

ethanol failed to afford desired acid 445, with only degradation of the starting material being 

observed. 

 

Scheme 154 A) Synthesis of phosphonium salt 453. B) Attempted synthesis of carboxylic acid 445. 

At this stage, it was decided that an alternative strategy to reveal the acid functionality was 

needed, given the sensitivity of the benzylic position to base treatment. Surveying the literature 

revealed a report by Maier and co-workers, whereby a closely related analogue of desired acid 

445 was reported.[243] The reported sequence commenced from alkene 455, undergoing 

ozonolysis to afford aldehyde 456 and subsequent Takai olefination to provide E-vinyl iodide 

457 (Scheme 155). Importantly, the tert-butyl ester group of vinyl iodide 457 was then removed 

using trifluoroacetic acid to afford carboxylic acid 458 in high yield. 

 

Scheme 155 Synthesis of carboxylic acid 458 by Maier and co-workers.[243] 

It was therefore decided that a tert-butyl group would be a more judicious choice of protecting 

group in our studies, and so stockpiled methyl ester 452 was treated with 1M aqueous NaOH in 



 Chapter 4: Synthetic Studies Towards Structural Analogues of Anthracimycin 

 

181 

ethanol (Scheme 156). The crude carboxylic acid product was esterified using O-tert-butyl-

N,N′-diisopropylisourea (459), delivering tert-butyl ester 460 in 46% unoptimized yield over 

two steps. Next alkene 460 was subjected to the same ozonolysis conditions detailed previously, 

affording aldehyde 461 in 71% yield. The subsequent Stork-Zhao olefination with phosphonium 

453 proceeded smoothly under the same conditions detailed previously, delivering Z-vinyl 

iodide 462 in 72% yield, exclusively as the Z-isomer. With iodide 462 in hand, the final TFA-

mediated ester cleavage was attempted. Treatment of ester 462 with TFA cleanly afforded the 

desired acid 445 in 67% yield.  

 

Scheme 156 Synthesis of carboxylic acid 445. 

 Synthesis of Amine 446. 

Meanwhile, amine 446 was prepared by research colleague John McGowan, whereby 

(S)-(−)-3-butyn-2-ol (463) was subjected to standard hydrostannylation conditions using 

tributyltin hydride and catalytic (1 mol%)  tetrakis(triphenylphosphine)palladium(0) to afford 

vinyl stannane 449 in 49% yield (Scheme 157). Allylic alcohol 449 was then coupled with 

Fmoc-β-alanine (448) under Steglich esterification conditions using 

N,N'-dicyclohexylcarbodiimide (DCC) and DMAP, affording ester 464 in 91% yield. Final 

Fmoc removal was achieved using diethylamine to provide the right-hand coupling fragment 

446 in quantitative yield.   

 

Scheme 157 Synthesis of amine 446, performed by John McGowan. 
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 Coupling of Carboxylic Acid 445 and Amine 446. 

With acid 445 and amine 446 in hand, the two fragments were coupled using the coupling agent 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) to deliver desired amide 444 in a 

modest 25% yield, together with truncated ester 465 (Scheme 158A). The formation of 

by-product 465 can be rationalised by cleavage of the ester motif of 446 by DMAP (Scheme 

158B). This affords allylic alcohol 449 which is coupled to carboxylic acid 445 following 

activation by EDCI. While this result was sub-optimal, sufficient quantity of desired amide 444 

was obtained to attempt the subsequent Stille reaction. 

 

Scheme 158 A) Synthesis of amide 444 and ester by-product 465. B) Plausible mechanism for the formation of by-product 

465. 

 Intramolecular Stille Reaction of Precursor 444. 

Despite the modest yield, sufficient amide 444 was obtained to enable investigation of the final 

intramolecular Stille reaction. As such, a dilute solution of amide 444 

tris(dibenzylideneacetone)dipalladium(0), triphenylarsine, lithium chloride and DIPEA in THF 

was stirred at room temperature for 14 hours (Scheme 159A). The dilute nature of the reaction 

rendered TLC analysis challenging, however desired macrolactone 443 was pleasingly isolated 

in quantitative yield. This was evidenced by the disappearance of the vinyl stannane proton 

resonances, and the presence of four distinct resonances in the vinylic region ( 5.0-6.5 ppm) 

assigned to the newly constructed E,Z-1,3-diene system, as evidenced by coupling constants 

(J = 15.2, 11.1 Hz) (Scheme 159B). Additionally, a 2D COSY NMR experiment revealed 

through-bond correlations between H-9 and H-10 to indicate successful macrocycle formation. 
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Interestingly, the H-3, H-4 and H-12 diastereotopic methylene signals were dramatically split 

by approximately  1 ppm, suggesting the presence of a highly rigidified macrocyclic cyclic 

structure. 

 

Scheme 159 A) Synthesis of macrocyclic 443. B) 1H NMR spectrum of macrocyclic 443, indicating key chemical shifts. 

Gratifyingly, the structure of macrolactone 443 could be unambiguously assigned by X-ray 

crystallography (Figure 32). When analysed alongside the crystal structure of anthracimycin (9), 

the E,Z-diene motif shows good alignment, while the aromatic amide section appears twisted 

from the natural configuration – likely due to the altered ring junction dihedral angle. 

 

Figure 32 Crystal structures of analogue 443 and anthracimycin (9).[37] 
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 Biological Evaluation of Macrolactone 443 

Preliminary biological evaluation of macrolactone 443 was performed by research colleague 

Alan Cameron. The antibacterial activity of 443 was assessed against S. aureus (ATCC 29213), 

however, no activity was observed in the test concentration range (MIC ≥ 128 M). By 

comparison, anthracimycin (9) was found to display potent activity against S. aureus (ATCC 

13709, MIC 0.0625 g/mL). 

Similarly, macrolactone 443 was evaluated for cytotoxicity against leukemia (HL-60) and breast 

cancer (MDA-MB-231) cell lines but was found to be inactive in the test concentration range 

(IC50 ≥ 64 M). By comparison, anthracimycin (9) was found to display minimal cytotoxic 

activity against carcinoma cell lines (HeLa CCL-2, IC50 70 mg/L). 

It was therefore concluded that the omission of the C2 and C16 methyl substituents as well as 

the tricarbonyl motif of the natural product appears highly detrimental to both the antibiotic and 

cytotoxic activity. Future analogue design should aim to retain these key features in order to 

critically assess the effect of decalin ring system substitution on biological activity. 

 Summary of Aromatic Analogue Studies and Future Work 

In summary, aldehyde 461 was synthesized from 2-iodobenzoic acid (450), and was subjected 

to Stork-Zhao olefination conditions with phosphonium 453 to install a Z-vinyl iodide handle, 

followed by TFA-mediated ester cleavage to provide carboxylic acid 445 (Scheme 160). Amine 

446 was prepared by a research colleague through a sequence involving hydrostannylation of 

alkyne 463, followed by esterification with acid 448 and subsequent Fmoc removal. Acid 445 

was then coupled with amine 446 to afford linear 444, which was submitted to intramolecular 

Stille coupling conditions. Gratifyingly, this afforded desired macrocyclic analogue 443 in 

excellent yield, thus validating this synthetic strategy towards 14-membered macrocycles.  
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Scheme 160 Summary of the synthesis of macrocyclic analogue 443. 

Disappointingly, macrocyclic analogue 443 displayed no observable antibiotic or cytotoxic 

activity, therefore suggesting that the structural simplifications of macrocycle 443 with respect 

to the natural product (9) were too drastic. Therefore, future aromatic analogue design should 

aim to access analogues bearing greater resemblance to 9, such as the C2 and C16 methyl 

substituents and the tricarbonyl motif, as these features may be crucial for the potent biological 

activity displayed by 1 (Figure 33). 

 

Figure 33 Potential targets for future analogue studies, bearing greater similarity to anthracimcyin (9). 

 Summary and Outlook 

Taken together, the synthetic investigations detailed herein should be applicable to access 

previously described analogues of 9, namely macrocycle 343 (Scheme 161). Previously 

described aldehyde 341b (see section 4.6.1) could undergo Stork-Zhao olefination with 

phosphonium 453 to access Z-vinyl iodide 466.  Given the difficulties encountered with enolate 

alkylations of malonyl chloride 428 (see section 4.7.2), an aldol reaction with ketone 466 and 

aldehyde (±)-324a, followed by oxidation would likely deliver compound 467 with ease. Silyl 
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group removal and oxidation would afford carboxylic acid 468, which could partake in a 

condensation reaction with allylic alcohol 449 to provide linear 450. From here, the 

intramolecular Stille reaction could be employed to construct both the E,Z-diene motif and 

14-membered macrocycle in the final step. Biological evaluation of analogue 343 would enable 

investigations into the necessity of the trans-decalin ring system of 9 (blue), and substitution of 

this complex fragment would expedite future analogue synthesis. 

 

Scheme 161 Revision of the proposed synthetic route to analogue 343, utilising key transformations investigated in these 

studies. 

Importantly, these synthetic investigations also demonstrated the suitability of a late stage 

intramolecular Stille coupling towards the total synthesis of anthracimycin (9) (Scheme 162). 

From previously described decalin fragment 243 (see section 2.10.4), functional group 

manipulations would afford aldehyde 451, which could undergo Stork-Zhao olefination with 

phosphonium 453 to install the Z-vinyl halide handle of 452. Subsequent Mukaiyama aldol 

reaction with bis-silyl enol ether 346 (see section 4.3.3) could then be used to construct the 

tricarbonyl motif of 453. This transformation would be followed by coupling to vinyl stanane 

449 to afford linear fragment 454, which could then be converted to the natural product (9) using 

the intramolecular Stille coupling. 
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Scheme 162 Proposed synthetic route to anthracimycin (9) utilising key transformations investigated in these studies. 

Taken together, the synthetic studies reported herein will be used to inform the total synthesis 

of 9 which is an ongoing project in our research group. 
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General Information 

All reactions were carried out in flame- or oven-dried glassware under a dry nitrogen atmosphere 

unless otherwise stated. CH2Cl2, (CH3)2CO, DMF, THF CH3CN and Et2O were obtained from 

a solvent purifier from LC Technology Systems. Triethylamine was distilled from calcium 

hydride. All other reagents were used as received unless otherwise noted. Yields refer to 

chromatographically and spectroscopically (1H NMR) homogenous materials, unless otherwise 

stated. Reactions performed at low temperature were either cooled with an acetone/dry ice bath 

to reach −78 °C, or acetone/brine/dry ice bath to reach -30 °C, or a water ice bath to reach 0 °C. 

Flash chromatography was carried out using 0.063-0.1 mm silica gel with the required solvent 

system. TLC was carried out using 0.2 mm Kieselgel F254 (Merck) silica plates and compounds 

were visualised using UV irradiation at 365 nM and/or staining with vanillin in methanolic 

sulphuric acid or potassium permanganate and potassium carbonate in aqueous sodium 

hydroxide. Melting points were measured with a Kofler hot-stage apparatus and are uncorrected. 

NMR spectra were recorded as indicated on the Bruker DRX-400 spectrometer operating at 400 

MHz for 1H nuclei, 100 MHz for 13C nuclei and 282 MHz for 19F nuclei. All chemical shifts are 

reported in ppm relative to tetramethylsilane (δ = 0 for 1H NMR) and CDCl3 (δ = 77.0 for 13C 

NMR). 1H NMR data is reported as chemical shift, relative integral, multiplicity (s, singlet; d, 

doublet; t, triplet; q, quartet; dd, doublet of doublets; m, multiplet), coupling constant (J, Hz), 

and assignment, Assignments were made with the aid of COSY, NOESY and HSQC 

experiments where required. High resolution mass spectra were recorded using a VG-70SE 

spectrometer at a nominal accelerating voltage of 70 eV or on a Bruker micrOTOF-Q II mass 

spectrometer. 
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3-((4-Methoxybenzyl)oxy)propan-1-ol, 114 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 3.45 g, 86.7 mmol) in 

THF (47 mL) was added 2-methyl-1,3-propanediol (113) (10.6 g, 0.139 mol) in THF (13 mL) 

at 0 °C. The resultant mixture was stirred for 30 min at 0 °C before TBAI (2.91 g, 7.88 mmol) 

was added followed by 4-methoxybenzyl chloride (12.3 g, 78.8 mmol) in THF (10 mL). The 

mixture was stirred for 18 h before the reaction was quenched with sat. aq. NH4Cl (50 mL). The 

mixture was extracted with EtOAc (3 × 40 mL) and the combined organic extracts were washed 

with brine (120 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 

crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 114 (9.17 g, 34%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 7.25 (d, J = 8.3 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 4.45 

(s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.77 (t, J = 5.6 Hz, 2H, H-1), 3.64 (t, J = 5.8 Hz, 2H, 

H-3), 1.85 (ap, J = 5.7 Hz, 2H, H-2), 1.63 (br. s, 1H, -OH); δC (100 MHz; CDCl3): δ 159.4 (C, 

Ar), 130.3 (C, Ar), 129.4 (2 × CH, Ar), 114.0 (2 × CH, Ar), 73.1 (CH2, -OCH2Ar), 69.3 (CH2, 

C-3), 62.2 (CH2, C-1), 55.4 (CH3, -OCH3), 32.2 (CH2, C-2). The spectroscopic data is in 

agreement with existing literature.[244] 

3-((4-Methoxybenzyl)oxy)propanal, 105 

 

To a stirred solution of DMSO (1.08 mL, 0.015 mmol) in CH2Cl2 (23 mL) was added oxalyl 

chloride (0.66 mL, 7.64 mmol) dropwise at −78 °C. The resultant mixture was stirred at −78 °C 

for a further 30 min before alcohol 114 (1.00 g, 5.10 mmol) in CH2Cl2 (4 mL) was added 

dropwise. The resultant mixture was stirred at −78 °C for a further 1 h before NEt3 (3.20 mL, 

0.023 mmol) was added and the reaction was warmed to rt. The reaction was then quenched 
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with brine (30 mL) and stirred for 5 min. The mixture was extracted with CH2Cl2 (3 × 30 mL) 

and the combined organic extracts were washed with brine (30 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compound 105 (869 mg, 88%) as a 

colourless oil. 

δH (400 MHz; CDCl3): δ 9.79 (t, J = 1.8 Hz, 1H, H-1), 7.25 (d, J = 8.9 Hz, 2H, Ar-H), 6.88 (d, 

J = 8.6 Hz, 2H, Ar-H), 4.46 (s, 2H, -OCH2Ar), 3.85 – 3.69 (m, 5H, -OCH3, H-3), 2.68 (td, J = 

6.1, 1.8 Hz, 2H, H-2); δC (100 MHz; CDCl3): δ 201.3 (CH, C-1), 159.5 (C, Ar), 130.1 (C, Ar), 

129.5 (2 × CH, Ar), 114.0 (2 × CH, Ar), 73.1 (CH2, -OCH2Ar), 63.7 (CH2, C-3), 55.4 (CH3, -

OCH3), 44.0 (CH2, C-2). The spectroscopic data is in agreement with existing literature.[245] 

Ethyl 2-(bis(o-tolyloxy)phosphoryl)propanoate, 110 

 

To neat triethyl-2-phosphonopropionate (121) (5.0 g, 21.0 mmol) was added PCl5 (10.9 g, 52.0 

mmol) portionwise at 0 °C. When the exothermic reaction was complete, the reaction was heated 

to 75 °C for 18 h. The resulting crude mixture was distilled (100 °C, 130 mbar) to give the pure 

dichloro phosphonate, which was dissolved in toluene (20 mL) and treated with a solution of 

ortho-cresol (5.42 mL, 52.0 mmol) and NEt3 (17.6 mL, 0.19 mol) in toluene (30 mL) at 0 °C. 

The resultant mixture was stirred for 1 h before the mixture was filtered. The filtrate was diluted 

with EtOAc (40 mL) and washed with 1M NaOH (50 mL), sat. aq. NH4Cl (50 mL), brine (50 

mL) and dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue 

was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 

110 (3.60 g, 47% over two steps) as a colourless oil.  

δH (400 MHz; CDCl3): δ 7.34 – 7.27 (m, 2H, Ar-H), 7.19 – 6.97 (m, 6H, Ar-H), 4.26 – 4.16 (m, 

2H, -OCH2CH3), 3.43 (dq, J = 23.8, 7.3 Hz, 1H, H-2), 2.25 (s, 3H, ArCH3), 2.22 (s, 3H, ArCH3), 

1.69 (dd, J = 19.2, 7.3 Hz, 3H, H-3), 1.25 (t, J = 7.1 Hz, 3H, -OCH2CH3); δC (100 MHz; CDCl3): 
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δ 169.0 (C, C-1), 149.3 (2 × C, Ar), 131.5 (2 × CH, Ar), 129.4 (2 × C, Ar), 127.2 (2 × CH, Ar), 

125.2 (2 × CH, Ar), 120.4 (2 × CH, Ar), 62.0 (CH2, -OCH2CH3), 40.25 (d, J = 136.3 Hz, C-2), 

16.5 (2 × CH3, ArCH3), 14.2 (CH3, -OCH2CH3), 12.1 (CH3, C-3). The spectroscopic data is in 

agreement with existing literature.[84] 

Ethyl (Z)-5-((4-methoxybenzyl)oxy)-2-methylpent-2-enoate, 111 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 217 mg, 5.43 mmol) in 

THF (65 mL) was added phosphonate 110 (1.71 g, 4.71 mmol) in THF (23 mL) at 0 °C. The 

resultant mixture was stirred for 30 min at 0 °C before aldehyde 105 (704 mg, 3.62 mmol) in 

THF (23 mL) was added. The reaction was stirred for 18 h before the reaction was quenched 

with sat. aq. NH4Cl (50 mL). The mixture was extracted with EtOAc (3 × 30 mL) and the 

combined organic extracts were washed with brine (60 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 19:1) to afford title compound 111 (930 mg, 92%, E/Z 1:13) as a 

colourless oil. 

νmax(neat)/cm-1 2956, 2857, 1711, 1613, 1513, 1456, 1371, 1246, 1210, 1144, 1098, 1035, 821; 

δH (400 MHz; CDCl3): δ 7.26 (d, J = 8.7 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 6.05 – 

5.96 (m, 1H, H-3), 4.45 (s, 2H, -OCH2Ar), 4.19 (q, J = 7.1 Hz, 2H, -OCH2CH3), 3.81 (s, 3H, -

OCH3), 3.52 (t, J = 6.5 Hz, 2H, H-5), 2.77 (q, J = 6.5 Hz, 1.9H, H-4), 2.48 (q, J = 7.4 Hz, 0.1H, 

H-4*), 1.91 (d, J = 1.4 Hz, 2.8H, 2-CH3), 1.87 – 1.82 (m, 0.2H, 2-CH3*), 1.29 (t, J = 7.1 Hz, 

3H, -OCH2CH3); δC (100 MHz; CDCl3): δ 168.1 (C, C-1), 159.3 (C, Ar), 139.4 (CH, C-3), 130.7 

(C, Ar), 129.4 (CH, Ar), 128.8 (C, C-2), 113.9 (CH, Ar), 72.6 (CH2, -OCH2Ar), 69.4 (CH2, C-

5), 68.5 (CH2, C-5*), 60.3 (CH2, -OCH2CH3), 55.4 (CH3, -OCH3), 30.3 (CH2, C-4), 29.6 (CH2, 

-C-4*), 20.8 (CH3, 2-CH3), 14.4 (CH3, -OCH2CH3); HRMS (ESI+) calcd for C16H22O4Na 

[M + Na]+ 301.1410, found 301.1405. * denotes minor E-isomer 



  Experimental 

 

194 

 

(Z)-5-((4-Methoxybenzyl)oxy)-2-methylpent-2-enal, 104 

 

To a stirred solution of ester 111 (141 mg, 0.51 mmol) in CH2Cl2 (3.5 mL) was added DIBAL-H 

(1.0 M in toluene, 1.90 mL, 1.52 mmol) dropwise at −78 °C. The resultant mixture was warmed 

to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (10 mL). The 

reaction was then quenched with sequential addition of H2O (0.02 mL), 1M NaOH (0.02 mL), 

H2O (0.05 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant mixture 

was stirred for a further 15 min at rt, before the mixture was filtered and concentrated in vacuo 

to afford crude alcohol 122 which was submitted directly to the next step without further 

purification. 

To a stirred solution of the crude alcohol 122 in n-hexane (5 mL) was added MnO2 (1.15 g, 13.2 

mmol) and the resultant mixture was stirred for 18 h at rt. The reaction mixture was filtered over 

Celite® and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound 104 (80.1 mg, 68% over two steps) as a 

colourless oil. 

νmax(neat)/cm-1 2858, 1673, 1612, 1512, 1356, 1301, 1246, 1173, 1088, 1032, 817; δH 

(400 MHz; CDCl3): δ 10.13 (s, 0.8H, H-1), 9.41 (s, 0.2H, H-1*), 7.29 – 7.19 (m, 2H, Ar-H), 

6.92 – 6.83 (m, 2H, Ar-H), 6.54 (ddt, J = 8.0, 6.7, 1.4 Hz, 1H, H-3), 4.46 (d, J = 4.5 Hz, 2H, -

OCH2Ar), 3.81 (s, 3H, -OCH3), 3.66 – 3.48 (m, 2H, H-5), 2.85 (dtd, J = 7.9, 6.3, 1.4 Hz, 1.7H, 

H-4), 2.67 – 2.58 (m, 0.3H, H-4*), 1.79 (d, J = 1.3 Hz, 2.3H, 2-CH3), 1.75 (d, J = 1.1 Hz, 0.7H, 

2-CH3*); δC (100 MHz; CDCl3): δ 195.2 (CH, C-1*), 191.4 (CH, C-1), 159.4 (C, Ar), 151.1 

(CH, C-3*), 145.6 (CH, C-3), 137.5 (C, Ar), 130.2 (C, C-2), 129.4 (2 × CH, Ar), 114.0 (2 × CH, 

Ar), 72.9 (CH2, -OCH2Ar), 68.8 (CH2, C-5), 68.0 (CH2, C-5*), 55.4 (CH3, -OCH3), 29.8 (CH2, 

C-4*), 27.5 (CH2, C-4), 16.6 (CH3, 2-CH3), 9.5 (CH3, 2-CH3*); HRMS (ESI+) calcd for 

C14H18O3Na [M + Na]+ 257.1148, found 257.1149. * denotes minor E-isomer 
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(3Z)-1-((4-Methoxybenzyl)oxy)-6-methoxy-4-methylhexa-3,5-diene, 123a, and 

(3E)- 1-((4-Methoxybenzyl)oxy)-6-methoxy-4-methylhexa-3,5-diene, 123b 

 

To a stirred solution of (methoxymethyl)triphenylphosphonium chloride (188 mg, 0.55 mmol) 

in THF (3 mL) was added LiHMDS (0.6 M in THF, 0.46 mL, 0.27 mmol) at −78 °C. The 

resultant mixture was warmed to 0 °C for 10 min, then cooled to −78 °C. Aldehyde 104 (3:1 

Z:E, 32.1 mg, 0.14 mmol) in THF (0.55 mL) was added. The reaction was stirred for 15 h before 

the reaction was quenched with sat. aq. NH4Cl (5 mL). The mixture was extracted with EtOAc 

(3 × 5 mL) and the combined organic extracts were washed with brine (20 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 19:1) to afford an inseparable mixture of title 

compounds 123a-b (25.8 mg, 72%) as a colourless oil and an inconsequential mixture of E/Z-

isomers. (For clarity, resonances for 123a-b are reported separately). 

123a; 

δH (400 MHz; CDCl3): δ 7.30 – 7.20 (m, 2H, Ar-H), 6.91 – 6.84 (m, 2H, Ar-H), 6.59 (d, J = 

12.7 Hz, 0.6H, H-6E), 5.90 – 5.80 (m, 1H, H-5E, H-6Z), 5.09 (t, J = 7.2 Hz, 1H, H-3), 5.01 (d, J 

= 7.1 Hz, 0.4H, H-5Z), 4.46 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.61 (s, 3H, 6-OCH3), 3.45 

(q, J = 7.3 Hz, 2H, H-1), 2.47 – 2.39 (m, 2H, H-2), 1.96 (s, 1.2H, 4-CH3Z), 1.78 (s, 1.8H, 4-

CH3E); δC (100 MHz; CDCl3): δ 159.3 (C, Ar), 149.3 (CH, C-6Z), 147.2 (CH, C-6E), 131.2 (C, 

ArZ), 130.8 (C, ArE), 129.4 (2 × CH, Ar), 123.3 (CH, C-3E), 121.8 (CH, C-3Z), 113.9 (2 × CH, 

Ar), 103.8 (CH, C-5Z), 103.5 (CH, C-5Z), 72.7 (CH2, -OCH2Ar), 69.8 (CH2, C-1), 60.3 (CH3, 6-

OCH3Z), 56.7 (CH3, 6-OCH3E), 55.4 (CH3, -OCH3), 29.2 (CH2, C-2E), 28.4 (CH2, C-2Z), 23.9 
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(CH3, 4-CH3E), 20.8 (CH3, 4-CH3Z). HRMS (ESI+) calcd for C16H22O3Na [M + Na]+ 285.1461, 

found 285.1450. 

123b; 

δH (400 MHz; CDCl3): δ 7.30 – 7.20 (m, 2H, Ar-H), 6.91 – 6.84 (m, 2H, Ar-H), 6.52 (d, J = 

12.8 Hz, 0.5H, H-6E), 5.77 (d, J = 7.1 Hz, 0.5H, H-6Z), 5.58 (d, J = 12.8 Hz, 0.5H, H-5E), 5.53 

– 5.45 (m, 0.5H, H-3E), 5.27 (t, J = 7.2 Hz, 0.5H, H-3Z), 4.76 (d, J = 7.2 Hz, 0.5H, H-5Z), 4.46 

(s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.60 (s, 3H, -OCH3), 3.45 (q, J = 7.3 Hz, 2H, H-1), 2.47 

– 2.39 (m, 2H, H-2), 1.89 (s, 1.5H, 4-CH3E), 1.71 (s, 1.5H, 4-CH3Z); δC (100 MHz; CDCl3): 

159.2 (C, Ar), 147.0 (CH, C-6Z), 145.6 (CH, C-6E), 132.6 (C, ArZ), 130.8 (C, ArE), 129.4 (2 × 

CH, Ar), 124.4 (CH, C-3E), 122.9 (CH, C-3Z), 113.9 (2 × CH, Ar), 110.5 (CH, C-5Z), 109.9 (CH, 

C-5E), 72.7 (CH2, -OCH2Ar), 69.8 (CH2, C-1), 60.4 (CH3, 6-OCH3Z), 56.5 (CH3, 6-OCH3E), 

55.4 (CH3, -OCH3), 28.9 (CH2, C-2Z), 28.8 (CH2, C-2E), 16.6 (CH3, 4-CH3Z), 12.9 (CH3, 4-

CH3E). 

(E)-6-((4-Methoxybenzyl)oxy)-3-methylhex-2-enal, 124 

 

To a stirred solution of enol ether 123 (23.2 mg, 0.088 mmol) in THF (5 mL) was added 1M HCl 

(0.02 mL) at rt. The resultant mixture was stirred for 15 h before the reaction was quenched with 

sat. aq. NaHCO3 (2 mL). The mixture was extracted with EtOAc (3 × 5 mL) and the combined 

organic extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 19:1) to afford title compound 124 (20.4 mg, 97%, E/Z 3:2) as a colourless oil. 

νmax(neat)/cm-1 2937, 2857, 1669, 1612, 1513, 1142, 1301, 1246, 1173, 1098, 1033, 819; δH 

(400 MHz; CDCl3): δ 9.98 (d, J = 8.1 Hz, 0.6H, H-1), 9.96 (d, J = 8.2 Hz, 0.4H, H-1*), 7.29 – 
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7.18 (m, 2H, Ar-H), 6.91 – 6.82 (m, 2H, Ar-H), 5.90 (d, J = 6.2 Hz, 0.4H, H-2*), 5.89 – 5.86 

(m, 0.6H, H-2), 4.42 (s, 1.2H, -OCH2Ar), 4.41 (s, 0.8H, -OCH2Ar*), 3.81 (s, 3H, -OCH3), 3.45 

(t, J = 6.2 Hz, 2H, H-6), 2.72 – 2.63 (m, 0.8H, H-4*), 2.34 – 2.25 (m, 1.2H, H-4), 2.16 (d, J = 

1.2 Hz, 1.8H, 3-CH3), 1.97 (d, J = 1.3 Hz, 1.2H, 3-CH3*), 1.87 – 1.73 (m, 2H, H-5); 

δC (100 MHz; CDCl3): δ 191.4 (CH, C-1), 191.1 (CH, C-1*), 163.7 (C, C-3), 159.4 (C, Ar), 

130.5 (C, Ar), 129.4 (2 × CH, Ar), 129.1 (CH, C-2*), 127.5 (CH, C-2), 114.0 (2 × CH, Ar), 72.8 

(CH2, -OCH2Ar), 69.1 (CH2, C-6), 68.7 (CH2, C-6*), 55.4 (CH3, -OCH3), 37.4 (CH2, C-4), 29.3 

(CH2, C-4*), 28.6 (CH2, C-5*), 27.4 (CH2, C-5), 25.0 (CH3, 3-CH3*), 17.7 (CH3, 3-CH3); 

HRMS (ESI+) calcd for C15H20O3Na [M + Na]+ 271.1305, found 271.1298. * denotes minor 

isomer. The spectroscopic data is in agreement with existing literature.[246]  

(Z)-1-((4-Methoxybenzyl)oxy)-5-bromo-4-methylpent-3-ene, 132 

 

To a stirred solution of alcohol 122 (121 mg, 0.51 mmol) in THF (5 mL) was added phosphorous 

tribromide (0.99 mL, 0.20 mmol) at 0 °C. The resultant mixture was stirred for 3 h before the 

mixture was diluted with Et2O (5 mL) and transferred to a separating funnel containing sat. aq. 

NaHCO3 (10 mL). The mixture was extracted with EtOAc (3 × 5 mL) and the combined organic 

extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compound 132 (123 mg, 80%) as a colourless oil.  

νmax(neat)/cm-1 2856, 1613, 1513, 1302, 1245, 1207, 1173, 1097, 1036, 820; δH (400 MHz; 

CDCl3): δ 7.26 (d, J = 8.6 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 5.43 (t, J = 7.3 Hz, 

1H, H-3), 4.45 (s, 2H, -OCH2Ar), 3.98 (s, 2H, H-5), 3.81 (s, 3H, -OCH3), 3.48 (t, J = 6.8 Hz, 

2H, H-1), 2.38 (q, J = 7.0 Hz, 2H, H-2), 1.85 (s, 3H, 4-CH3); δC (100 MHz; CDCl3): δ 159.3 (C, 

Ar), 133.6 (C, Ar), 130.6 (C, C-4), 129.4 (2 × CH, Ar), 127.8 (CH, C-3), 113.9 (2 × CH, Ar), 

72.8 (CH2, -OCH2Ar), 69.0 (CH2, C-1), 55.4 (CH3, -OCH3), 32.3 (CH2, C-5), 28.9 (CH2, C-2), 

22.1 (CH3, 4-CH3); HRMS (ESI+) calcd for C14H19BrO2Na [M + Na]+ 321.0461, found 

321.0461. 
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(Z)-8-((4-Methoxybenzyl)oxy)-5-methyloct-5-en-2-yn-1-ol, 130, and 

(E)-8-((4-Methoxybenzyl)oxy)-5-methyloct-5-en-2-yn-1-ol, 139 

 

To a degassed solution of dried K2CO3 (12.9 mg, 0.09 mmol), dried NaI (14.0 mg, 0.09 mmol) 

and dried CuI (8.9 mg, 0.05 mmol) in Et2O (0.4 mL) was added propargyl alcohol (3 L, 0.05 

mmol) and a solution of bromide 132 (14.0 mg, 0.047 mmol) in Et2O (0.2 mL). The resultant 

mixture was stirred for 1 h before the reaction was cooled to 0 °C and NEt3 (0.02 mL, 0.14 

mmol) was added. The resultant mixture was stirred for 18 h before the mixture was diluted 

with Et2O (4 mL) and 1M HCl (4 mL). The mixture was extracted with Et2O (3 × 5 mL) and the 

combined organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford an inseparable mixture of title compounds 130, 132 and 

140 (1:8:3, 10.5 mg, 82%) as a colourless oil.  

130/ 132 mixture; 

δH (400 MHz; CDCl3): δ 7.26 (d, J = 8.6 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 5.42 (t, 

J = 7.1 Hz, 0.9H, H-6), 5.24 (t, J = 6.5 Hz, 0.1H, H-6*), 4.45 (s, 2H, -OCH2Ar), 4.27 (d, J = 5.8 

Hz, 1.7H, H-1), 4.22 (d, J = 5.9 Hz, 0.3H, H-1*), 3.80 (s, 3H, -OCH3), 3.45 (t, J = 7.1 Hz, 2H, 

H-8), 2.96 (s, 0.2H, H-4*), 2.92 (s, 1.8H, H-4), 2.34 (q, J = 6.9 Hz, 2H, H-7), 1.69 (s, 3H, 5-

CH3); δC (100 MHz; CDCl3): δ 159.3 (C, Ar), 131.9 (C, C-5), 130.7 (C, Ar), 129.4 (2 × CH, 

Ar), 122.9 (CH, C-6), 122.3 (CH, C-6*), 113.9 (2 × CH, Ar), 83.9 (C, C-3), 80.6 (C, C-2), 72.7 

(CH2, -OCH2Ar), 69.6 (CH2, C-8), 55.4 (CH3, -OCH3), 51.6 (CH2, C-1), 31.1 (CH2, C-4*), 29.0 

(CH2, C-4), 28.9 (CH2, C-7), 16.3 (CH3, 5-CH3); HRMS (ESI+) calcd for C17H22O3Na 

[M + Na]+ 297.1461, found 297.1450. * denotes minor isomer. 
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140; 

νmax(neat)/cm-1 3401, 2919, 2856, 1613, 1513, 1302, 1249, 1174, 1089, 1033, 820; δH 

(400 MHz; CDCl3): δ 7.27 (d, J = 7.1 Hz, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 4.93 (s, 

1H, 5-CH2a), 4.82 (s, 1H, 5-CH2b), 4.50 – 4.35 (m, 2H, -OCH2Ar), 4.25 (s, 2H, H-1), 3.81 (s, 

3H, -OCH3), 3.63 – 3.45 (m, 2H, H-2′), 3.33 – 3.19 (m, 1H, H-4), 1.95 – 1.74 (m, 5H, H-1′, H-

6); δC (100 MHz; CDCl3): δ 159.4 (C, Ar), 144.2 (C, C-5), 130.8 (C, Ar), 129.6 (2 × CH, Ar), 

114.0 (2 × CH, Ar), 112.4 (CH2, 5-CH2), 87.1 (C, C-3), 81.2 (C, C-2), 72.9 (CH2, -OCH2Ar), 

67.7 (CH2, C-2′), 55.5 (CH3, -OCH3), 51.6 (CH2, C-1), 36.4 (CH, C-4), 33.9 (CH2, C-1′), 19.9 

(CH3, C-6); HRMS (ESI+) calcd for C17H22O3Na [M + Na]+ 297.1461, found 297.1459. 

Ethyl (E)-5-((4-methoxybenzyl)oxy)-2-methylpent-2-enoate, 152 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 301 mg, 7.52 mmol) in 

THF (11 mL) was added triethyl 2-phosphonopropionate (1.56 mL, 7.29 mmol) at 0 °C. The 

resultant mixture was stirred for 30 min at 0 °C before aldehyde 105 (442 mg, 13.7 mmol) in 

THF (3 mL) was added. The reaction was stirred for a further 3 h before the reaction was 

quenched with sat. aq. NH4Cl (20 mL). The mixture was extracted with EtOAc (3 × 20mL) and 

the combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound 152 (488 mg, 75%, E:Z 8:1) as a 

colourless oil. 

δH (400 MHz; CDCl3): δ 7.31 – 7.20 (m, 2H, Ar-H), 6.88 (d, J = 8.6 Hz, 2H, Ar-H), 6.82 – 6.68 

(m, 0.88H, H-3), 6.05 – 5.96 (m, 0.12H, H-3*), 4.46 (s, 2H, -OCH2Ar), 4.19 (q, J = 7.1 Hz, 

2H, -OCH2CH3), 3.81 (s, 3H, -OCH3), 3.53 (t, J = 6.8 Hz, 2H, H-5), 2.84 – 2.70 (m, 0.2H, H-

4*), 2.48 (q, J = 6.7 Hz, 1.8H, H-4), 1.93 – 1.87 (m, 0.3H, 2-CH3*), 1.87 – 1.80 (m, 2.7H, 2-

CH3), 1.29 (t, J = 7.1 Hz, 3H, -OCH2CH3); δC (100 MHz; CDCl3): δ 168.1 (C, C-1), 159.4 (C, 

Ar), 138.4 (CH, C-3), 130.5 (C, Ar), 129.6 (C, C-2), 129.4 (2 × CH, Ar), 114.0 (2 × CH, Ar), 



  Experimental 

 

200 

 

72.8 (CH2, -OCH2Ar), 68.5 (CH2, C-5), 60.6 (CH2, -OCH2CH3), 55.4 (CH3, -OCH3), 29.6 (CH2, 

C-4), 14.4 (CH3, -OCH2CH3), 12.7 (CH3, 2-CH3). * denotes minor Z-isomer. The spectroscopic 

data is in agreement with existing literature.[244] 

 (E)-5-((4-Methoxybenzyl)oxy)-2-methylpent-2-enoic acid, 147 

 

To a stirred solution of ester 152 (440 mg, 1.58 mmol, E:Z 8:1) in a mixture of THF:MeOH:H2O 

(2:1:1, 16 mL) was added LiOH·H2O (166 mg, 3.96 mmol) at rt. The mixture was stirred at 50 

°C for 3.5 h before the mixture was acidified to pH 3 using 1M HCl. The mixture was extracted 

with EtOAc (3 × 30 mL) and the combined organic extracts were washed with brine (30 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether-EtOAc 19:1) to afford title compound 147 

(131 mg, 33%, E:Z 6:1) as a colourless oil 

νmax(neat)/cm-1 2860, 1684, 1644, 1613, 1513, 1421, 1247, 1174, 1098, 1035, 819; δH 

(400 MHz; CDCl3): δ 7.26 (t, J = 4.3 Hz, 2H, Ar-H), 6.97 – 6.91 (m, 0.85H, H-3), 6.88 (d, J = 

8.6 Hz, 2H, Ar-H), 6.11 – 6.04 (m, 0.15H, H-3*), 4.46 (s, 2H, -OCH2Ar), 3.81 (s, 3H, -OCH3), 

3.55 (t, J = 6.7 Hz, 2H, H-5), 2.73 (q, J = 6.8 Hz, 0.3H, H-4*), 2.51 (q, J = 6.9 Hz, 1.7H, H-4), 

1.95 – 1.90 (m, 0.4H, 2-CH3*), 1.87 – 1.83 (m, 2.6H, 2-CH3); δC (100 MHz; CDCl3): δ 172.8 

(C, C-1), 159.4 (C, Ar), 141.5 (CH, C-3), 130.4 (C, Ar), 129.4 (2 × CH, Ar), 128.7 (C, C-2), 

114.0 (2 × CH, Ar), 72.9 (CH2, -OCH2Ar), 68.7 (CH2, C-5*), 68.3 (CH2, C-5), 55.4 (CH3, -

OCH3), 30.4 (CH2, C-4*), 29.8 (CH2, C-4), 20.7 (CH3, 2-CH3*), 12.4 (CH3, 2-CH3); HRMS 

(ESI+) calcd for C14H18O4Na [M + Na]+ 273.1097, found 273.1091. * denotes minor Z-isomer 
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3-((tert-Butyldimethylsilyl)oxy)propan-1-ol, 153 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 2.10 g, 52.6 mmol) in 

THF (90 mL) was added 1,3-propanediol (113) (11.3 mL, 157 mmol) in THF (10 mL) at 0 °C. 

The resultant mixture was stirred for 45 min before tert-butyldimethylsilyl chloride (7.80 g, 52.6 

mmol) was added. The mixture was stirred for 2 h before the reaction was quenched with sat. 

aq. NaHCO3 (50 mL). The mixture was extracted with EtOAc (3 × 40 mL) and the combined 

organic extracts were washed with brine (120 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 4:1) to afford title compound 153 (9.39 g, 94%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 3.85 – 3.78 (m, 4H, H-1, H-3), 2.57 (br. s, 1H, OH), 1.79 – 1.75 (m, 

2H, H-2), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.07 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): 

δ 63.1 (CH2, C-1), 62.6 (CH2, C-3), 34.3 (CH2, C-2), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.3 (C, 

Si(CH3)2C(CH3)3), −5.4 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic data is in agreement 

with existing literature.[95] 

Ethyl (E)-5-((tert-butyldimethylsilyl)oxy)-2-methylpent-2-enoate, 155 

 

To a stirred solution of DMSO (1.12 mL, 15.8 mmol) in CH2Cl2 (24 mL) was added oxalyl 

chloride (0.68 mL, 7.88 mmol) dropwise at −78 °C. The resultant mixture was stirred at −78 °C 

for a further 30 min before alcohol 153 (1.00 g, 5.25 mmol) in CH2Cl2 (3 mL) was added 

dropwise. The resultant mixture was stirred at −78 °C for a further 1 h before NEt3 (3.30 mL, 

23.6 mmol) was added and the reaction was warmed to rt. The reaction was then quenched with 

brine (30 mL) and stirred for 5 min. The mixture was extracted with CH2Cl2 (3×30 mL) and the 
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combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo to afford crude aldehyde 154 which was submitted directly 

to the next step without further purification.  

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 673 mg, 16.8 mmol) in 

THF (23 mL) at 0 °C was added triethyl 2-phosphonopropionate (3.89 g, 16.3 mmol). The 

resultant mixture was stirred for 30 min at 0 °C before crude aldehyde 154 (961 mg, 5.10 mmol) 

in THF (5 mL) was added. The mixture was stirred for a further 3 h before the reaction was 

quenched with sat. aq. NH4Cl (20 mL). The mixture was extracted with EtOAc (3 × 20mL) and 

the combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound 155 (1.06 g, 74% over 2 step, E/Z 8:1) as 

a colourless oil. 

δH (400 MHz; CDCl3): δ 6.75 (td, J = 7.2, 1.5 Hz, 1H, H-3), 4.16 (q, J = 7.5 Hz, 2H, -OCH2CH3), 

3.68 (t, J = 6.6 Hz, 2H, H-5), 2.39 (q, J = 7.1 Hz, 2H, H-4), 1.84 (s, 3H, 2-CH3), 1.27 (t, J = 7.1 

Hz, 3H, -OCH2CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 6H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3):  δ 168.2 (C, C-1), 138.6 (CH, C-3), 129.4 (C, C-2), 61.9 (CH2, C-5), 60.6 

(CH2, -OCH2CH3), 32.6 (CH2, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.5  (C, 

Si(CH3)2C(CH3)3), 14.4 (CH3, -OCH2CH3), 12.7 (CH3, 2-CH3)  −5.4 (2 × CH3, 

Si(CH3)2C(CH3)3). The spectroscopic data is in agreement with existing literature.[247] 

(E)-5-((tert-Butyldimethylsilyl)oxy)-2-methylpent-2-enoic acid, 156, and 

(E)-2-Methylpenta-2,4-dienoic acid, 157 

 

To a stirred solution of ester 155 (610 mg, 2.24 mmol) in a mixture of THF:MeOH:H2O (2:1:1, 

40 mL) was added LiOH·H2O (234 mg, 5.60 mmol) at rt. The resultant mixture was heated to 

50 °C for 3 h before the reaction was acidified to pH 2 with 1M HCl. The mixture was extracted 
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with EtOAc (3 × 30 mL) and the combined organic extracts were washed with brine (40 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether-EtOAc 4:1) to afford title compound 156 

(36.3 mg, 7%) as a colourless oil and by-product 157 (13.6 mg, 5 %) as a crystalline solid. 

156: 

δH (400 MHz; CDCl3): δ 6.93 (tq, J = 7.4, 1.4 Hz, 1H, H-3), 3.72 (t, J = 6.6 Hz, 2H, H-5), 2.48 

– 2.37 (m, 2H, H-4), 1.87 – 1.84 (m, 2-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.06 (s, 6H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 173.1 (C, C-1), 141.7 (CH, C-3), 128.6 (C, C-2), 

61.7 (CH2, C-5), 32.8 (CH2, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 

12.4 (CH3, 2-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic data is in agreement 

with existing literature.[248] 

157: 

mp 62 - 66 °C; νmax(neat)/cm-1 2928, 2595, 1675, 1427, 1382, 1272, 1116, 987, 760; δH 

(400 MHz; CDCl3): δ 7.31 – 7.26 (m, 1H, H-3), 6.68 (ddd, J = 16.8, 11.3, 10.1 Hz, 1H, H-4), 

5.70 – 5.57 (m, 1H, Ha-5), 5.57 – 5.47 (m, 1H, Hb-5), 1.97 (d, J = 1.4 Hz, 3H, 2-CH3); Due to 

the minor quantity of acid 157, a conclusive 13C NMR could not be obtained; HRMS (ESI+) 

calcd for C6H7O2Na [M + Na]+ 111.0452, found 111.0450. The spectroscopic data is in 

agreement with existing literature.[249] 

(E)-5-((tert-Butyldimethylsilyl)oxy)-2-methylpent-2-enal, 158 

 

To a stirred solution of ester 155 (1.95 g, 7.163 mmol) in Et2O (37 mL) was added DIBAL-H 

(1.0 M in toluene, 21.5 mL, 21.5 mmol) dropwise at −78 °C. The resultant mixture was warmed 

to rt and stirred for a further 1 h before being cooled to 0 °C and quenched with MeOH (8.7 

mL). The mixture was diluted with Et2O (10 mL) and sat. aq. Rochelle’e salt (30 mL) and stirred 
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vigorously for 1 h. The mixture was extracted with Et2O (3 × 30mL) and the combined organic 

extracts were washed with brine (40 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to afford the crude alcohol product which was submitted directly to the 

next step without further purification. 

To a stirred solution of the crude alcohol (1.35 g, 5.87 mmol) in n-hexane (35 mL) was added 

MnO2 (10.2 g, 117 mmol) and the resultant mixture was stirred for 18 h at rt. The reaction 

mixture was filtered over Celite® and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 158 (1.0 g, 61% 

over two steps) as a colourless oil. 

δH (400 MHz; CDCl3): δ 9.42 (s, 1H, H-1), 6.54 (tq, J = 7.4, 1.3 Hz, 1H, H-3), 3.78 (t, J = 6.5 

Hz, 2H, H-5), 2.54 (dq, J = 6.5, 1.0 Hz, 2H, H-4), 1.76 (s, 3H, 2-CH3), 0.89 (s, 9H, 

Si(CH3)2C(CH3)3), 0.06 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 195.4 (CH, C-1), 

151.4 (CH, C-3), 140.7 (C, C-2), 61.5 (CH2, C-5), 32.8 (CH2, C-4), 26.0 (3 × CH3, 

Si(CH3)2C(CH3)3), 18.4  (C, Si(CH3)2C(CH3)3), 9.5 (CH3, 2-CH3), −5.2 (2 × CH3, 

Si(CH3)2C(CH3)3). The spectroscopic data is in agreement with existing literature.[250] 

(E)-5-((tert-Butyldimethylsilyl)oxy)-2-methylpent-2-enoic acid, 156 

 

To a stirred solution of aldehyde 158 (144 mg, 0.63 mmol) in a mixture of t-BuOH:H2O (7:3, 

10 mL) was added 2-methyl-butene (0.33 mL, 3.16 mmol), sodium phosphate monobasic 

dihydrate (482 mg, 3.09 mmol) and NaClO2 (228 mg, 2.52 mmol) at rt. The reaction was stirred 

for 3 h before quenching with sat. aq. Na2S2O3 (10 mL). The mixture was extracted with EtOAc 

(3 × 30 mL) and the combined organic extracts were washed with brine (40 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compound 156 (151 mg, 98%) as a 

colourless oil.  
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δH (400 MHz; CDCl3): δ 6.93 (tq, J = 7.4, 1.4 Hz, 1H, H-3), 3.72 (t, J = 6.6 Hz, 2H, H-5), 2.48 

– 2.37 (m, 2H, H-4), 1.86 (s, 3H, 2-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.06 (s, 6H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 173.1 (C, C-1), 141.7 (CH, C-3), 128.6 (C, C-2), 

61.7 (CH2, C-5), 32.8 (CH2, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 

12.4 (CH3, 2-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic data is in agreement 

with existing literature.[248] 

2,3-Dibromo-5-((tert-butyldimethylsilyl)oxy)-2-methylpentanoic acid, 159 

 

To a stirred solution of acid 156 (50.0 mg, 0.21 mmol) in CH2Cl2 (1 mL) was added bromine 

(0.02 mL, 0.41 mmol) dropwise at −78 °C. The reaction was stirred for 1 h before quenching 

with sat. aq. Na2S2O3 (2 mL). The mixture was extracted with EtOAc (3 × 3 mL) and the 

combined organic extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (±)-159 (69.1 mg, 84%) as a colourless 

oil.  

νmax(neat)/cm-1 2929,1718, 1471, 1381, 1249, 1104, 1054, 930, 826; δH (400 MHz; CDCl3): δ 

4.87 (d, J = 10.9 Hz, 1H, H-3), 3.96 – 3.76 (m, 2H, H-5), 2.70 – 2.54 (m, 1H, Ha-4), 1.98 (s, 3H, 

2-CH3), 1.85 (td, J = 11.2, 3.9 Hz, 1H, Hb-4), 0.92 (s, 9H, Si(CH3)2C(CH3)3), 0.10 (s, 6H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 174.4 (C, C-1), 60.2 (CH2, C-5), 54.8 (CH, C-3), 

36.5 (CH2, C-4), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 22.1 (CH3, 2-CH3), 18.4 (C, 

Si(CH3)2C(CH3)3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for 

C12H24Br2O3SiNa [M + Na]+ 424.9754, found 424.9747. 
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(Z)-1-((tert-Butyldimethylsilyl)oxy)-4-bromopent-3-ene, 160 

 

To a stirred solution of dibromide 159 (101 mg, 0.25 mmol) in butanone (3 mL) was added 

K2CO3 (76.2 mg, 0.55 mmol) at rt. The mixture was stirred for 1 h before diluting with H2O (2 

mL) and extracting with Et2O (3 × 3 mL) and the combined organic extracts were washed with 

brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 19:1) to afford title 

compound 160 (49.7 mg, 71%) as a colourless oil 

νmax(neat)/cm-1 2955, 2923, 2857, 1472, 1255, 1217, 1100, 1048, 1007, 833, 776; δH (400 MHz; 

CDCl3): δ 5.68 (dt, J = 6.8, 3.4 Hz, 1H, H-3), 3.65 (t, J = 6.7 Hz, 2H, H-1), 2.41 – 2.31 (m, 2H, 

H-2), 2.28 (s, 3H, H-5), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.06 (s, 6H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3): δ 125.8 (CH, C-3), 123.8 (C, C-4), 61.8 (CH2, C-1), 35.4 (CH2, C-4), 

29.0 (CH3, C-5), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), −5.1 (2 × CH3, 

Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C11H23BrOSiNa [M + Na]+ 301.0594, found 

301.0592. 

3-((tert-Butyldimethylsilyl)oxy)propan-1-ol, 153 

 

To a stirred solution of sodium hydride (2.10 g, 52.6 mmol) in THF (90 mL) was added 

1,3-propanediol (113) (12.0 g, 158 mmol) dropwise over 10 min at 0 °C. The mixture was stirred 

for 45 min, then tert-butyldimethylsilyl chloride (7.80 g, 52.6 mmol) was added portion wise 

over 10 min. The resultant mixture was stirred at 0 °C for a further 1 h then allowed to warm to 

rt over 18 h. The reaction was then quenched with sat. aq. NaHCO3 (100 mL) and stirred for 5 
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min. The mixture was extracted with Et2O (3 × 100 mL) and the combined organic extracts were 

washed with brine (300 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 

The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford 

title compound 153 (9.39 g, 94%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 3.85 – 3.78 (m, 4H, H-1, H-3), 2.57 (br. s, 1H, OH), 1.77 (ap, J = 5.6 

Hz, 2H, H-2), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.07 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; 

CDCl3): δ 63.1 (CH2, C-3), 62.6 (CH2, C-1), 34.4 (CH2, C-2), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 

18.3 (C, Si(CH3)2C(CH3)3), −5.3 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic data is in 

agreement with existing literature.[251] 

3-((tert-Butyldimethylsilyl)oxy)propanal, 154 

 

To a stirred solution of DMSO (4.67 mL, 65.8 mmol) in CH2Cl2 (70 mL) was added oxalyl 

chloride (3.77 mL, 43.9 mmol) dropwise at −78 °C. The resultant mixture was stirred at −78 °C 

for 30 min before alcohol 153 (4.18 g, 21.9 mmol) in CH2Cl2 (10 mL) was added dropwise. The 

resultant mixture was stirred at −78 °C for a further 1 h before NEt3 (13.8 mL, 98.7 mmol) was 

added and the reaction was warmed to rt. The reaction was then quenched with brine (100 mL) 

and stirred for 5 min. The mixture was extracted with CH2Cl2 (3 × 100 mL) and the combined 

organic extracts were washed with brine (100 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compound 154 (3.72 g, 90%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 9.80 (t, J = 2.0 Hz, 1H, H-1), 3.99 (t, J = 6.1 Hz, 2H, H-3), 2.60 (t, J 

= 6.1 Hz, 2H, H-2), 0.88 (s, 9H, Si(CH3)2C(CH3)3), 0.06 (s, 6H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3): δ 202.2 (CH, C-1), 57.6 (CH2, C-3), 46.7 (CH2, C-2), 26.0 (3 × CH3, 

Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), −5.3 (2 × CH3, Si(CH3)2C(CH3)3). The 

spectroscopic data is in agreement with existing literature.[251] 
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 (Z)-1-((tert-Butyldimethylsilyl)oxy)-4-iodopent-3-ene, 166 

 

To a stirred solution of ethyltriphenylphosphonium bromide (7.10 g, 19.1 mmol) in THF (75 

mL) was added n-butyllithium (1.2 M in cyclohexane, 16.3 mL, 19.1 mmol) dropwise at 0 °C. 

The resultant mixture was stirred at 0 °C for a further 30 min before slowly transferring via 

cannula to a stirred solution of iodine (4.85 g, 19.1 mmol) in THF (75 mL) at −78 °C. The 

resultant mixture was stirred at −78 °C for 1 h before NaHMDS (1.0 M in THF, 19.5 mL, 17.5 

mmol) was added. The resultant mixture was stirred at −78 °C for 30 min before aldehyde 154 

(3.0 g, 15.9 mmol) in THF (15 mL) was added. The reaction was stirred for 3 h then was allowed 

to warm to rt and quenched with sat. aq. NaHCO3 (150 mL). The organic phase was washed 

with sat. aq. Na2S2O3 (150 mL), brine (150 mL) and dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (pentane-Et2O 

19:1) to afford title compound 166 (2.64 g, 51%) as a colourless oil. 

νmax(neat)/cm-1 2955, 1715, 1256, 1100, 912, 837, 776, 739; δH (400 MHz; CDCl3): δ 5.50 (td, 

J = 6.7, 1.5 Hz, 1H, H-3), 3.65 (t, J = 6.7 Hz, 2H, H-1), 2.51 (s, 3H, H-5), 2.35-2.26 (m, 2H, H-

2), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.06 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 

132.4 (CH, C-3), 102.5 (C, C-4), 61.8 (CH2, C-1), 40.3 (CH3, C-5), 33.8 (CH2, C-2), 26.1 (3 × 

CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), −5.1 (2 × CH3, Si(CH3)2C(CH3)3). HRMS 

(ESI+) calcd for C11H23IOSiNa [M + Na]+ 349.0455, found 349.0450. 

(Z)-1-((tert-Butyldimethylsilyl)oxy)-4-methylhepta-3,6-diene, 144 

 

To a stirred solution of iodide 166 (1.0 g, 3.07 mmol) in degassed Et2O (50 mL) was added 

PdCl2(dppf) (250 mg, 0.31 mmol) followed by allylmagnesium chloride (1.5 M in Et2O, 6.13 
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mL, 9.19 mmol) dropwise at 0 °C. The resultant mixture was stirred at 0 °C for 30 min then 

allowed to slowly warm to rt over 18 h. The reaction was then diluted with Et2O (30 mL) and 

quenched with H2O (50 mL) at 0 °C. The mixture was extracted with Et2O (3 × 30 mL) and the 

combined organic extracts were washed with brine (100 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was passed through a short plug of SiO2 

(pentane-Et2O EtOAc 9:1) before semi-pure title compound 144 was submitted directly to the 

next step. 

νmax(neat)/cm-1 2985, 1464, 1256, 1099, 911, 835, 775; δH (400 MHz; CDCl3): δ 5.81 – 5.66 (m, 

1H, H-6), 5.20 (t, J = 7.3 Hz, 1H, H-3), 5.10 – 4.91 (m, 2H, H-7), 3.58 (t, J = 7.2 Hz, 2H, H-1), 

2.77 (d, J = 6.3 Hz, 2H, H-5), 2.25 – 2.22 (m, 2H, H-2), 1.68 (s, 3H, 4-CH3), 0.89 (s, 9H, 

Si(CH3)2C(CH3)3), 0.05 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 136.2 (CH, C-6), 

135.1 (C, C-4), 122.1 (CH, C-3), 115.3 (CH2, C-7), 63.4 (CH2, C-1), 36.7 (CH2, C-5), 31.9 (CH2, 

C-2), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 23.6 (CH3, 4-CH3), 18.6 (C, Si(CH3)2C(CH3)3), −5.1 (2 

× CH3, Si(CH3)2C(CH3)3). HRMS (ESI+) calcd for C14H28OSiNa [M + Na]+ 263.1802, found 

263.1792. 

(2E,5Z)-8-((tert-Butyldimethylsilyl)oxy)-5-methylocta-2,5-dienal, 126 

 

To a stirred solution of alkene 144 (1.19 g, 4.93 mmol) in degassed CH2Cl2 (30 mL) was added 

freshly distilled crotonaldehyde (1.23 mL, 14.8 mmol) followed by Grubbs 2nd Generation 

catalyst (209 mg, 0.25 mmol) at rt. The resultant mixture was heated to 50 °C and stirred for 18 

h before being concentrated in vacuo. The crude residue was purified by flash chromatography 

(pentane-Et2O 9:1) to afford title compound 126 (518 mg, 63% over 2 steps) as a colourless oil. 

νmax(neat)/cm-1 1717, 1362, 1234, 913, 742, 705; δH (400 MHz; CDCl3): δ 9.53 (d, J = 7.9 Hz, 

1H, H-1), 6.78 (dt, J = 15.5, 6.6 Hz, 1H, H-3), 6.12 (dd, J = 15.6, 7.9 Hz, 1H, H-2), 5.34 (t, J = 

7.0 Hz, 1H, H-6), 3.60 (t, J = 6.8 Hz, 2H, H-8), 3.05 (d, J = 6.5 Hz, 2H, H-4), 2.22 (aq, J = 7.0 

Hz, 1H, H-7), 1.72 (s, 3H, 5-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 6H, 
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Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 194.0 (CH, C-1), 156.0 (H, C-3), 133.5 (CH, C-2), 

132.3 (C, C-5), 124.8 (CH, C-6), 63.0 (CH2, C-8), 35.7 (CH2, C-4), 32.0 (CH2, C-7), 26.1 (3 × 

CH3, Si(CH3)2C(CH3)3), 23.7 (CH3, 5-CH3), 18.5 (C, Si(CH3)2C(CH3)3), −5.1 (2 × CH3, 

Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C15H28O2SiNa [M + Na]+ 291.1751, found 

291.1759. 

Methyl (S)-3-((4-methoxybenzyl)oxy)-2-methylpropanoate, S1 

 

To a stirred solution of NaH (60% dispersion in mineral oil, 217 mg, 5.42 mmol) in Et2O (10 

mL) was added 4-methoxybenzyl alcohol (3.00 g, 21.7 mmol) at 0 °C. The resultant mixture 

was stirred for 30 min at rt then cooled to 0 °C and trichloroacetonitrile (2.40 mL, 23.9 mmol) 

was added. The resulting mixture was allowed to warm to rt then stirred for 1 h at rt before the 

reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted with Et2O (3 × 10 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo to give crude PMB acetimidate, which was used directly in the next step without further 

purification. 

To a stirred solution of methyl (S)-(+)-3-hydroxy-2-methylpropionate (206) (1.80 g, 15.2 mmol) 

and freshly prepared PMB acetimidate (6.46 g, 22.9 mmol) in CH2Cl2 (40 mL) was added (1R)-

(–)-10-camphorsulfonic acid (354 mg, 1.52 mmol) at rt. The resultant mixture was stirred at rt 

for 18 h. The reaction was then quenched with sat. aq. NaHCO3 (40 mL) and extracted with 

CH2Cl2 (3 × 40 mL) and the combined organic extracts were washed with brine (100 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound S1 (3.90 g, quant. 

yield) as a colourless oil. 

[α]D
24 +4.6 (c 0.13 in CHCl3); δH (400 MHz; CDCl3): δ 7.27 – 7.19 (m, 2H, Ar-H), 6.87 (d, J = 

8.7 Hz, 2H, Ar-H), 4.45 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.69 (s, 3H, -CO2CH3), 3.63 

(dd, J = 9.2, 7.3 Hz, 1H, Ha-3), 3.46 (dd, J = 9.2, 6.0 Hz, 1H, Hb-3), 2.82 – 2.70 (m, 1H, H-2), 

1.17 (d, J = 7.1 Hz, 3H, 2-CH3); δC (100 MHz; CDCl3):  δ 175.5 (C, C-1), 159.3 (C, Ar), 130.4 
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(C, Ar), 129.3 (2 × CH, Ar), 113.9 (2 × CH, Ar), 72.9 (CH2, C-3), 71.8 (CH2, -OCH2Ar), 55.4 

(CH3, -OCH3), 51.8 (CH3, -CO2CH3), 40.3 (CH, C-2), 14.2 (CH3, 2-CH3). The spectroscopic 

data is in agreement with existing literature.[131] 

3-((4-Methoxybenzyl)oxy)-2-methylpropan-1-ol, 191 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 1.38 g, 0.034 mol) in 

THF (20 mL) was added 2-methyl-1,3-propanediol (190) (8.38 g, 0.043 mol) in THF (10 mL) 

at 0 °C. The resultant mixture was stirred for 30 min at 0 °C before TBAI (1.15 g, 0.005 mol) 

was added followed by 4-methoxybenzyl chloride (4.90 g, 0.031 mol) in THF (10 mL). The 

reaction was stirred for 18 h before the reaction was quenched with sat. aq. NH4Cl (50 mL). The 

mixture was extracted with EtOAc (3 × 30 mL) and the combined organic extracts were washed 

with brine (60 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 191 (3.95 g, 60%) as a colourless oil. 

(R)-3-((4-Methoxybenzyl)oxy)-2-methylpropan-1-ol, (S)-191  

 

To a stirred solution of LiAlH4 (1.51g, 39.8 mmol) in THF (90 mL) at 0 °C was added a solution 

of ester S1 (3.95 g, 16.6 mmol) in THF (10 mL) dropwise. The resultant mixture was warmed 

to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (50 mL). The 

reaction was then quenched with sequential addition of H2O (1.6 mL), 1M NaOH (1.6 mL), H2O 

(4.8 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant mixture was 

stirred for a further 15 min at rt then filtered and concentrated in vacuo. The crude residue was 
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purified by flash chromatography (pentane-Et2O 9:1) to afford title compound (S)-191 (3.31 g, 

95%) as a colourless oil. 

[α]D
24 +17.5 (c 0.16 in CHCl3); δH (400 MHz; CDCl3): δ 7.27 – 7.20 (m, 2H, Ar-H), 6.88 (d, J 

= 8.7 Hz, 2H, Ar-H), 4.45 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.65 – 3.55 (m, 2H, H-1), 

3.52 (dd, J = 9.1, 4.6 Hz, 1H, Ha-3), 3.43 – 3.34 (m, 1H, Hb-3), 2.57 (br. s, 1H, OH), 2.13 – 1.99 

(m, 1H, H-2), 0.87 (d, J = 7.0 Hz, 3H, 2-CH3); δC (100 MHz; CDCl3):  δ 159.4 (C, Ar), 130.3 

(C, Ar), 129.4 (2 × CH, Ar), 114.0 (2 × CH, Ar), 75.3 (CH2, C-3), 73.2 (CH2, -OCH2Ar), 68.1 

(CH2, C-1), 55.4 (CH3, -OCH3), 35.7 (CH, C-2), 13.6 (CH3, 2-CH3); The spectroscopic data is 

in agreement with existing literature.[131] 

(S)-5-((3-((4-Methoxybenzyl)oxy)-2-methylpropyl)thio)-1-phenyl-1H-tetrazole, (S)-194 

 

To a stirred solution of alcohol (S)-191 (1.71 g, 8.11 mmol), triphenylphosphine (3.19 g, 12.2 

mmol) and 1-phenyl-1H-tetrazole-5-thiol (1.73 g, 9.73 mmol) in THF (100 mL) was added di-

2-methoxyethyl azidocarboxylate (2.28 g, 9.73 mmol) at 0 °C. The resultant mixture was stirred 

at rt for a further 18 h. The reaction was then quenched with H2O (100 mL) and extracted with 

EtOAc (3 × 100 mL) and the combined organic extracts were washed with brine (100 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound (S)-194 (3.01g, 

quant. yield) as a colourless oil. 

[α]D
24 −16.4 (c 0.11 in CHCl3); νmax(neat)/cm-1 2857, 1612, 1598, 1513, 1500, 1462, 1387, 1246, 

1089, 1035, 911, 824, 760, 733, 669; δH (400 MHz; CDCl3): δ 7.60 – 7.48 (m, 5H, Ar-H), 7.29 

– 7.18 (m, 2H, Ar-H), 6.86 (d, J = 8.7 Hz, 2H, Ar-H), 4.43 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -

OCH3), 3.54 (dd, J = 12.9, 6.4 Hz, 1H, Ha-3), 3.45 (dd, J = 9.4, 5.1 Hz, 1H, Hb-3), 3.41 – 3.35 

(m, 2H, H-1), 2.32 – 2.24 (m, 1H, H-2), 1.08 (d, J = 6.8 Hz, 3H, 2-CH3); δC (100 MHz; CDCl3):  

δ 159.3 (C, Ar), 154.9 (C, -SCN2-), 133.9 (C, Ar), 130.7 (CH, Ar), 130.2 (C, Ar), 129.9 (2 × 
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CH, Ar), 129.4 (2 × CH, Ar), 124.0 (2 × CH, Ar), 113.9 (2 × CH, Ar), 73.3 (CH2, C-3), 72.9 

(CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 37.4 (CH2, C-1), 33.7 (CH, C-2), 16.7 (CH3, 2-CH3); 

HRMS (ESI+) calcd for C19H22N4O2SNa [M + Na]+ 393.1356, found 393.1349. 

(S)-5-((3-((4-Methoxybenzyl)oxy)-2-methylpropyl)sulfonyl)-1-phenyl-1H-tetrazole, (S)-

127 

 

To a stirred solution of sulphide (S)-194 (190 mg, 0.51 mmol) in CH2Cl2 (10 mL) was added 

3-chloroperbenzoic acid (574 mg, 2.56 mmol) at 0 °C. The resultant mixture was stirred at rt for 

a further 18 h. The reaction was then quenched with 1M NaOH (20 mL) and extracted with 

CH2Cl2 (3 × 10 mL) and the combined organic extracts were washed with brine (30 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound (S)-127 (176 mg, 

85%) as a colourless oil. 

[α]D
24 −1.4 (c 0.29 in CHCl3); νmax(neat)/cm-1 2939, 2863, 1612, 1513, 1498, 1462, 1337, 1247, 

1151, 1092, 1034, 912, 763, 738; δH (400 MHz; CDCl3): δ 7.67 – 7.50 (m, 5H, Ar-H), 7.22 (d, 

J = 8.8 Hz, 2H, Ar-H), 6.88 (d, J = 8.7 Hz, 2H, Ar-H), 4.40 (ABq, ∆δAB = 0.01, JAB = 11.5 Hz, 

2H, -OCH2Ar), 4.03 (dd, J = 14.7, 5.0 Hz, 1H, Ha-1), 3.80 (s, 3H, -OCH3), 3.60 – 3.45 (m, 2H, 

Hb-1, Ha-2), 3.34 (dd, J = 9.4, 6.4 Hz, 1H, Hb-2), 2.65 – 2.53 (m, 1H, H-2), 1.18 (d, J = 6.9 Hz, 

3H, 2-CH3); δC (100 MHz; CDCl3):  δ 159.5 (C, Ar), 154.2 (C, -SCN2-), 133.1 (C, Ar), 131.6 

(CH, Ar), 130.0 (C, Ar), 129.8 (2 × CH, Ar), 129.5 (2 × CH, Ar), 125.4 (2 × CH, Ar), 114.0 (2 

× CH, Ar), 72.9 (CH2, C-3), 62.0 (CH2, -OCH2Ar), 59.2 (CH2, C-1), 55.4 (CH3, -OCH3), 29.5 

(CH, C-2), 17.3 (CH3, 2-CH3); HRMS (ESI+) calcd for C19H22N4O4SNa [M + Na]+ 425.1254, 

found 425.1242. 
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(R,3Z,6E,8E)-1-((tert-Butyldimethylsilyl)oxy)-11-((4-methoxybenzyl)oxy)-4,10-

dimethylundeca-3,6,8-triene, 127 

 

To a stirred solution of aldehyde 126 (150 mg, 0.56 mmol) and sulfone 127 (270 mg, 0.67 mmol) 

in THF (10 mL) was added LiHMDS (0.85 M in THF, 0.85 mL, 0.73 mmol) dropwise at −78 

°C. The resultant mixture was stirred at −78 °C for 20 min then allowed to warm to rt over 3 h. 

The reaction was then quenched with sat. aq. NH4Cl (20 mL). The mixture was extracted with 

Et2O (3 × 30 mL) and the combined organic extracts were washed with brine (90 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 100 (194 mg, 78%) 

as a colourless oil. 

[α]D
24 −3.8 (c 0.08 in CHCl3); νmax(neat)/cm-1 2957, 2930, 2859, 1613, 1513, 1463, 1248, 1097, 

1039, 989, 911, 835, 776, 737; δH (400 MHz; CDCl3): δ 7.25 (d, J = 7.3 Hz, 2H, Ar-H), 6.87 (d, 

J = 8.7 Hz, 2H, Ar-H), 6.09–5.96 (m, 2H, H-7, H-8), 5.56−5.50 (m, 2H, H-6, H-9), 5.19 (t, J = 

7.6 Hz, 1H, H-3), 4.44 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.58 (t, J = 7.2 Hz, 2H, H-1), 

3.38 – 3.18 (m, 2H, H-11), 2.78 (d, J = 6.8 Hz, 2H, H-5), 2.54 – 2.43 (m, 1H, H-10), 2.24 (aq, 

J = 8.3 Hz, 2H, H-2), 1.68 (d, J = 1.3 Hz, 3H, 4-CH3), 1.03 (d, J = 6.8 Hz, 3H, 10-CH3), 0.89 

(s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 159.2 (C, 

Ar), 135.5 (C, C-4), 134.9 (CH, C-9), 131.3 (CH, C-8), 130.8 (C, Ar), 130.2 (CH, C-7), 129.9 

(CH, C-6), 129.3 (2 × CH, Ar), 121.9 (CH, C-3), 113.9 (2 × CH, Ar), 75.1 (CH2, C-11), 72.8 

(CH2, -OCH2Ar), 63.4 (CH2, C-1), 55.4 (CH3, -OCH3), 37.0 (CH, C-10), 35.4 (CH2, C-15), 31.9 

(CH2, C-2), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 23.7 (CH3, 4-CH3), 18.6 (C, Si(CH3)2C(CH3)3), 

17.2 (CH3, 10-CH3), −5.1 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C27H44O3SiNa 

[M + Na]+ 467.2952, found 467.2951. 
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(R,3Z,6E,8E)-11-((4-Methoxybenzyl)oxy)-4,10-dimethylundeca-3,6,8-trien-1-ol, 202 

 

To a stirred solution of triene 202 (421 mg, 0.94 mmol) in THF (20 mL) was added 

tetrabutylammonium fluoride solution (1.0 M in THF, 2.84 mL, 2.84 mmol) dropwise at 0 °C. 

The resultant mixture was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. The 

reaction was then quenched with H2O (20 mL) and the mixture was extracted with EtOAc (3 × 

20 mL) and the combined organic extracts were washed with brine (30 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compound 100 (253 mg, 81%) as a 

colourless oil. 

[α]D
25 +2.0 (c 0.15 in CHCl3); νmax(neat)/cm-1 2873, 1612, 1512, 1441, 1375, 1302, 1246, 1034, 

987, 822; δH (400 MHz; CDCl3): δ 7.25 (d, J = 8.7 Hz, 2H, Ar-H), 6.87 (d, J = 8.7 Hz, 2H, Ar-

H), 6.10 – 5.96 (m, 2H, H-7, H-8), 5.60 – 5.46 (m, 2H, H-6, H-9), 5.20 (t, J = 7.3 Hz, 1H, H-3), 

4.44 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.61 (t, J = 6.5 Hz, 2H, H-1), 3.37 – 3.19 (m, 2H, 

H-11), 2.80 (d, J = 6.7 Hz, 2H, H-5), 2.50 (ap, J = 6.7 Hz, 1H, H-10), 2.29 (dt, J = 7.6, 7.1 Hz, 

2H, H-2), 1.71 (d, J = 1.3 Hz, 3H, 4-CH3), 1.03 (d, J = 6.8 Hz, 3H, 10-CH3); δC (100 MHz; 

CDCl3):  δ 159.2 (C, Ar), 137.0 (C, C-4), 135.1 (CH, C-9), 131.4 (CH, C-8), 130.8 (CH, C-7), 

129.8 (CH, C-6), 129.3 (2 × CH, Ar), 121.5 (CH, C-3), 113.8 (2 × CH, Ar), 75.0 (CH2, C-11), 

72.7 (CH2, -OCH2Ar), 62.6 (CH2, C-1), 55.4 (CH3, -OCH3), 36.9 (CH, C-10), 35.3 (CH2, C-5), 

31.6 (CH2, C-2), 23.8 (CH3, 4-CH3), 17.2 (CH3, 10-CH3); HRMS (ESI+) calcd for C21H30O3Na 

[M + Na]+ 353.2087, found 353.2083. 
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(R,3Z,6E,8E)-11-((4-Methoxybenzyl)oxy)-4,10-dimethylundeca-3,6,8-trienal, 203 

 

To a stirred solution of alcohol 202 (50.0 mg, 0.15 mmol) and NaHCO3 (128 mg, 1.52 mmol) 

in CH2Cl2 (5 mL) was added Dess-Martin periodane (226 mg, 0.53 mmol) in three portions at 0 

°C. The resultant mixture was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. 

The reaction was then quenched with sat. aq. NaHCO3 (5 mL) and sat. aq. Na2S2O3 (5 mL) and 

stirred vigorously for 20 min. The mixture was extracted with CH2Cl2 (3 × 20 mL) and the 

combined organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound 203 (31.5 mg, 60%) as a colourless oil. 

[α]D
25 +3.0 (c 0.1 in CHCl3); νmax(neat)/cm-1 2921, 2852, 1512, 1458, 1258, 1015, 801, 758, 736; 

δH (400 MHz; CDCl3): δ 9.64 (t, J = 2.0 Hz, 1H, H-1), 7.25 (d, J = 7.3 Hz, 2H, Ar-H), 6.87 (d, 

J = 8.7 Hz, 2H, Ar-H), 6.10 – 5.95 (m, 2H, H-7, H-8), 5.61 – 5.44 (m, 2H, H-6, H-9), 5.38 (t, J 

= 7.3 Hz, 1H, H-3), 4.44 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.37 – 3.20 (m, 2H, H-11), 

3.15 (d, J = 7.3 Hz, 2H, H-2), 2.78 (d, J = 6.6 Hz, 2H, H-5), 2.56 – 2.54 (m, 1H, H-10), 1.77 (s, 

3H, 4-CH3), 1.03 (d, J = 6.8 Hz, 3H, 10-CH3); δC (100 MHz; CDCl3):  δ 200.1 (CH, C-1), 159.2 

(C, Ar), 139.7 (C, C-4), 135.6 (CH, C-9), 131.8 (CH, C-8), 130.8 (C, Ar), 129.6 (CH, C-7), 

129.3 (2 × CH, Ar), 128.7 (CH, C-6), 114.4 (CH, C-3), 113.9 (2 × CH, Ar), 75.0 (CH2, C-11), 

72.7 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 43.3 (CH2, C-2), 37.0 (CH, C-10), 35.6 (CH2, C-5), 

23.8 (CH3, 4-CH3), 17.2 (CH3, 10-CH3);  HRMS (ESI+) calcd for C21H28O3Na [M + Na]+ 

351.1931, found 351.1919. 
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Ethyl (R,2E,5Z,8E,10E)-13-((4-methoxybenzyl)oxy)-6,12-dimethyltrideca-2,5,8,10-

tetraenoate, 199 

 

To a stirred solution of aldehyde 203 (18.0 mg, 0.05 mmol) in CH2Cl2 (2 mL) was added 

(carbethoxymethylene)triphenylphosphorane (38.1 mg, 0.11 mmol) at 0 °C. The resultant 

mixture was warmed to rt and stirred for 18 h before the reaction was concentrated in vacuo. 

The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford 

title compound 199 (11.7 mg, 54%) as a colourless oil. 

[α]D
21 −1.2 (c 1.30 in CHCl3); νmax(neat)/cm-1 2980, 1716, 1653, 1614, 1421, 1272, 1249, 1085, 

1037, 959, 756; δH (400 MHz; CDCl3): δ 7.25 (d, J = 8.0 Hz, 2H, Ar-H), 6.94 (dt, J = 15.6, 6.3 

Hz, 1H, H-3), 6.87 (d, J = 8.7 Hz, 2H, Ar-H), 6.09 – 5.95 (m, 2H, H-9, H-10), 5.81 (dt, J = 15.6, 

1.8 Hz, 1H, H-2), 5.59 – 5.44 (m, 2H, H-8, H-11), 5.21 (t, J = 7.8 Hz, 1H, H-5), 4.44 (s, 2H, -

OCH2Ar), 4.18 (q, J = 7.1 Hz, 2H, -OCH2CH3), 3.80 (s, 3H, -OCH3), 3.38 – 3.20 (m, 2H, H-

13), 2.90 (at, J = 6.6 Hz, 2H, H-4), 2.76 (d, J = 6.8 Hz, 2H, H-7), 2.50 (ap, J = 6.7 Hz, 1H, H-

12), 1.71 (s, 3H, 6-CH3), 1.28 (t, J = 7.1 Hz, 3H, -OCH2CH3), 1.03 (d, J = 6.8 Hz, 3H, 12-CH3). 

δC (100 MHz; CDCl3):  δ 166.9 (C, C-1), 159.2 (C, Ar), 147.7 (CH, C-3), 136.8 (C, C-6), 135.3 

(CH, C-11), 131.6 (C, C-10), 130.8 (C, Ar), 129.7 (CH, C-9), 129.3 (3 × CH, C-8, 2 × Ar), 121.4 

(CH, C-2), 120.4 (CH, C-5), 113.9 (2 × CH, Ar), 75.0 (CH2, C-13), 72.8 (CH2, -OCH2Ar), 60.3 

(CH2, -OCH2CH3), 55.4 (CH3, -OCH3), 37.0 (CH, C-12), 35.2 (CH2, C-7), 30.8 (CH2, C-4), 23.7 

(CH3, 6-CH3), 17.2 (CH3, 12-CH3), 14.4 (CH3, -OCH2CH3); HRMS (ESI+) calcd for 

C25H34O4Na [M + Na]+ 421.2348, found 421.2349. 

  



  Experimental 

 

218 

 

(R,2E,5Z,8E,10E)-13-((4-Methoxybenzyl)oxy)-6,12-dimethyltrideca-2,5,8,10-tetraenal, 99 

 

To a stirred solution of ester 199 (10.0 mg, 0.03 mmol) in CH2Cl2 (1 mL) was added DIBAL-H 

(0.9 M in toluene, 0.09 ml, 0.08 mmol) dropwise at 0 °C. The resultant mixture was warmed to 

rt and stirred for 3 h then cooled to 0 °C and diluted with Et2O (2 mL). The reaction was then 

quenched with sequential addition of H2O (3 L), 1 M aq. NaOH (3 L), H2O (8 L) and stirred 

for 15 min. Anhydrous MgSO4 was added and the resultant mixture was stirred for a further 15 

min at rt before the mixture was filtered and concentrated in vacuo to give crude alcohol 210, 

which was used directly in the next step without further purification. 

To a stirred solution the crude alcohol 210 in CH2Cl2 (1 mL) was added Dess-Martin periodane 

(21.2 mg, 0.05 mmol) at 0 °C and the resultant mixture was warmed to rt and stirred for 1 h. 

The reaction was then quenched with sat. aq. NaHCO3 (5 mL) and sat. aq. Na2S2O3 (5 mL) and 

stirred vigorously for 20 min. The mixture was extracted with CH2Cl2 (3 × 20 mL) and the 

combined organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 4:1) to afford title compound 99 (6.5 mg, 73% over two steps) as a 

colourless oil. 

[α]D
20 −3.1 (c 0.26 in CHCl3); νmax(neat)/cm-1 2961, 1718, 1647, 1365, 1270, 1175, 1035, 990, 

755; δH (400 MHz; CDCl3): δ 9.51 (d, J = 7.9 Hz, 1H, H-1), 7.25 (d, J = 8.1 Hz, 2H, Ar-H), 

6.87 (d, J = 8.7 Hz, 2H, Ar-H), 6.81 (dt, J = 15.6, 6.2 Hz, 1H, H-3), 6.18 – 6.06 (m, 1H, H-2), 

6.06 – 5.96 (m, 2H, H-9, H-10), 5.58 − 5.46 (m, 2H, H-8, H-11), 5.24 (t, J = 8.0 Hz, 1H, H-5), 

4.44 (s, 2H, -OCH2Ar), 3.80 (s, 3H, -OCH3), 3.39 – 3.20 (m, 2H, H-13), 3.03 (t, J = 7.4 Hz, 2H, 

H-4), 2.78 (d, J = 6.7 Hz, 2H, H-7), 2.50 (ap, J = 6.9 Hz, 1H, H-12), 1.74 (s, 3H, 6-CH3), 1.03 

(d, J = 6.8 Hz, 3H, 12-CH3); δC (100 MHz; CDCl3):  δ 194.1 (CH, C-1), 159.3 (C, Ar), 157.2 

(CH, C-3), 137.7 (C, C-6), 135.6 (CH, C-11), 133.0 (CH, C-10), 131.8 (CH, C-9), 130.8 (C, 

Ar), 129.6 (CH, C-2), 129.3 (2 × CH, Ar), 129.0 (CH, C-8), 119.7 (CH, C-5), 113.9 (2 × CH, 
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Ar), 75.0 (CH2, C-13), 72.8 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 37.0 (CH, C-12), 35.3 (CH2, 

C-7), 31.1 (CH2, C-4), 23.8 (CH3, 6-CH3), 17.2 (CH3, 12-CH3);  HRMS (ESI+) calcd for 

C23H30O3Na [M + Na]+ 377.2081, found 377.2080. 

(R,3E,6Z,9E,11E)-14-((4-Methoxybenzyl)oxy)-7,13-dimethyltetradeca-3,6,9,11-tetraen-2-

one, 226 

 

To a stirred solution of aldehyde 203 (30.0 mg, 0.09 mmol) in THF (5 mL) was added 

1-(triphenylphosphoranylidene)-2-propanone (87.2 mg, 0.27 mmol) at 0 °C. The resultant 

mixture was warmed to rt and stirred for 18 h before the reaction was concentrated in vacuo. 

The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford 

title compound 226 (18.2 mg, 45%) as a colourless oil. 

[α]D
22 +2.0 (c 0.05 in CHCl3); νmax(neat)/cm-1 2930, 2853, 1674, 1613, 1513, 1456, 1360, 1302, 

1248, 1173, 1090, 1036, 990, 821; δH (400 MHz; CDCl3): δ 7.28 – 7.21 (m, 2H, Ar-H), 6.87 (d, 

J = 8.7 Hz, 2H, Ar-H), 6.76 (dt, J = 15.9, 6.3 Hz, 1H, H-4), 6.09 – 5.96 (m, 3H, H-3, H-10, H-

11), 5.60 – 5.45 (m, 2H, H-9, H-12), 5.22 (t, J = 7.7 Hz, 1H, H-6), 4.44 (s, 2H, -OCH2Ar), 3.80 

(s, 3H, -OCH3), 3.37 – 3.22 (m, 2H, H-14), 2.93 (t, J = 6.8 Hz, 2H, H-5), 2.77 (d, J = 6.7 Hz, 

2H, H-8), 2.50 (dt, J = 13.6, 6.8 Hz, 1H, H-13), 2.23 (s, 3H, H-1), 1.72 (s, 3H, 6-CH3), 1.03 (d, 

J = 6.8 Hz, 3H, 13-CH3); δC (100 MHz; CDCl3):  δ 198.9 (C, C-2), 159.2 (C, Ar), 146.9 (CH, 

C-4), 137.1 (C, C-7), 135.4 (CH, C-12), 131.7 (CH, C-11), 131.3 (CH, C-3), 130.8 (C, Ar), 

129.7 (CH, C-10), 129.3 (2 × CH, Ar), 129.2 (CH, C-9), 120.4 (CH, C-6), 113.9 (2 × CH, Ar), 

75.0 (CH2, C-14), 72.7 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 37.0 (CH, C-13), 35.2 (CH2, C-

8), 31.0 (CH2, C-5), 27.0 (CH3, C-1), 23.7 (CH3, 8-CH3), 17.2 (CH3, 13-CH3); HRMS (ESI+) 

calcd for C24H32O3Na [M + Na]+ 391.2244, found 391.2230. 
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1-((1S,2S,4aS,8aR)-2-((R)-2′-((4-Methoxybenzyl)oxy)propan-1′-yl)-6-methyl-1,2,4a,5,8,8a-

hexahydronaphthalen-1-yl)ethan-1′′-one, 228, and 

1-((1R,2R,4aR,8aS)-2-((R)-2′-((4-Methoxybenzyl)oxy)propan-1′-yl)-6-methyl-

1,2,4a,5,8,8a-hexahydronaphthalen-1-yl)ethan-1′′-one, 229 

 

To a stirred solution of tetraene 226 (13.0 mg, 0.04 mmol) in toluene (1 mL) was added 

BF3·OEt2 (4 L, 0.04 mmol) at −78 °C. The mixture was stirred for 3 h before warming to rt. 

After a further 2 h the mixture was quenched with sat. aq. NH4Cl (2 mL) and diluted with EtOAc 

(3 mL). The aqueous phase was extracted with EtOAc (2 x 2 mL) and the combined organic 

extracts were washed with brine (5 mL), dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. Purification by flash chromatography (petroleum ether/EtOAc 9:1) afforded title 

compounds 228 and 229 (7 mg, 54%, 4:1 mixture of diastereomers) as a colourless oil. 

νmax(neat)/cm-1 2917, 1709, 1613, 1514, 1248, 1170, 1092, 1040, 818; δH (400 MHz; CDCl3): δ 

7.24 (d, J = 8.8 Hz, 2H, Ar-H), 6.88 (d, J = 8.8 Hz, 2H, Ar-H), 5.77 – 5.68 (m, 0.2H, H-3*), 

5.67 (d, J = 10.1 Hz, 0.8H, H-4), 5.59 (d, J = 10.0 Hz, 0.2H, H-4*), 5.57 – 5.48 (m, 0.8H, H-3), 

5.34 (d, J = 5.0 Hz, 1H, H-7), 4.48 – 4.28 (m, 2H, -OCH2Ar), 3.81 (s, 3H, -OCH3), 3.49 (dd, J 

= 9.3, 4.5 Hz, 0.2H, Ha-2′*), 3.27 (t, J = 9.2 Hz, 0.8H, Ha-2′), 3.19 – 3.11 (m, 1.2H, Hb-2′), 3.05 

– 2.98 (m, 0.8H, H-2), 2.80 (dd, J = 11.5, 6.7 Hz, 1H, H-1), 2.66 – 2.63 (m, 0.2H, H-2*), 2.37 

(d, J = 14.7 Hz, 1H, Ha-8), 2.15 (s, 3H, H-2′′), 2.05 – 1.89 (m, 2H, H-4a, Ha-5), 1.86 – 1.67 (m, 

3H, H-8a, H-1′′ and Hb-5), 1.65 (s, 3H, 8-CH3), 1.43 – 1.32 (m, 1H, Hb-8), 1.04 (d, J = 6.9 Hz, 

0.8H, 1′-CH3*), 0.75 (d, J = 6.8 Hz, 2.2H, 1′-CH3); δC (100 MHz; CDCl3):  δ 210.5 (2 × C, C-

1′′ and C-1′′*), 159.2 (2 × C, Ar), 133.7 (2 × C, C-6 and C-6′*), 133.1 (CH, C-4), 132.1 (CH, C-

4*), 130.8 (2 × C, Ar), 129.2 (2 × CH, Ar), 125.8 (CH, C-3*), 124.3 (CH, C-3), 121.4 (2 × CH, 

C-7, C-7*), 113.9 (2 × CH, Ar), 73.9 (2 × CH2, C-2′ and C-2′*), 72.7 (2 × CH2, -OCH2Ar), 56.8 

(2 × CH, C-1 and C-1*), 55.4 (2 × CH3, -OCH3), 40.5 (CH, C-2*), 37.7 (2 × CH, C-4a and C-
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4a*), 37.4 (2 × CH2, C-5 and C-5*), 36.2 (CH, C-2), 34.6 (2 × CH, C-1′ and C-1′*), 33.8 (2 × 

CH2, C-8a and C-8a*), 31.3 (2 × CH3, C-2′′ and C-2′′*), 31.2 (CH2, C-8), 29.9 (CH2, C-8*) 23.5 

(CH3, 6-CH3), 17.9 (CH3, 6-CH3*), 13.9 (2 × CH3, 1′-CH3 and 1′-CH3*); HRMS (ESI+) calcd 

for C24H32O3Na [M + Na]+ 391.2228; found 391.2244. * denotes minor isomer. 

(S)-4-Benzyl-3-(2-bromoacetyl)oxazolidin-2-one, 246 

 

To a stirred solution of (S)-4-benzyl-2-oxazolidinone (245) (1.00 g, 5.64 mmol) in THF (23 mL) 

was added n-butyllithium (1.8 M in cyclohexane, 3.2 mL, 5.70 mmol) at −78 °C. After 10 min, 

bromoacetyl bromide (0.50 mL, 5.70 mmol) was added and the mixture was stirred at −78 °C 

for 10 min before warming to rt and stirring for a further 1.5 h then quenching with sat. aq. 

NH4Cl. The phases were separated and the aqueous phase was extracted with EtOAc (3 × 20 

mL). The combined organic extracts were washed with brine (100 mL), dried over anhydrous 

sodium sulfate, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1 to 1:1) to afford title compound 246 (1.08 g, 64%) 

as a clear oil. 

[α]D
20 +46.9 (c 0.55 in CHCl3); δH (400 MHz; CDCl3): δ 7.42 – 7.28 (m, 3H, Ar-H), 7.28 – 7.21 

(m, 2H, Ar-H), 4.74 (ddt, J = 9.5, 7.7, 3.2 Hz, 1H, H-4), 4.63 – 4.49 (m, 2H, H-5), 4.34 – 4.21 

(m, 2H, H-2′′), 3.35 (dd, J = 13.5, 3.3 Hz, 1H, Ha-1′), 2.85 (dd, J = 13.5, 9.5 Hz, 1H, Hb-1′); 

δC (100 MHz; CDCl3): δ 165.9 (C, C-1′′), 153.0 (C, C-2), 134.8 (C, Ar), 129.4 (2 × CH, Ar), 

129.0 (2 × CH, Ar), 127.5 (CH, Ar), 66.7 (CH2, C-5), 55.4 (CH2, C-4), 37.4 (CH2, C-1′), 28.4 

(CH2, C-2′′). The spectroscopic data is in agreement with existing literature.[252] 
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(S)-4-Benzyl-3-(2-(triphenyl-5-phosphaneylidene)acetyl)oxazolidin-2-one, 244 

 

A stirred solution of bromide 246 (1.12 g, 3.69 mmol) and triphenylphosphine (1.16 g, 4.43 

mmol) in THF (14 mL) was heated to reflux for 2 h, before the mixture was cooled to rt and 

allowed to stand at 0 °C for 2 h. The precipitated crude phosphonium 247 was filtered and 

resuspended in CH2Cl2/H2O (1:1, 20 mL) and the mixture was adjusted to pH 8 using aqueous 

1M NaOH. The phases were separated and the aqueous phase was extracted with CH2Cl2 (3 × 

20 mL). The combined organic extracts were dried over anhydrous sodium sulfate, filtered and 

concentrated in vacuo to give crude phosphorane 244 (1.19 g, 67% over two steps) which was 

submitted directly to the next step without further purification. 

[α]D
20 +26.8 (c 1.17 in CHCl3); δH (400 MHz; CDCl3): δ 7.81 – 7.21 (m, 20H), 5.36 – 5.28 (m, 

0.3H), 4.88 – 4.74 (m, 1.7H), 4.16 – 4.01 (m, 2H), 3.31 (dd, J = 13.3, 3.2 Hz, 1H), 2.88 (dd, J = 

13.3, 9.1 Hz, 1H); The spectroscopic data is in agreement with existing literature.[253] 
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(S)-4-Benzyl-3-((R,2E,5Z,8E,10E)-13-((4-methoxybenzyl)oxy)-6,12-dimethyltrideca-

2,5,8,10-tetraenoyl)oxazolidin-2-one (242) 

 

To a stirred solution of alcohol 202 (30.0 mg, 0.09 mmol) and NaHCO3 (76.7 mg, 0.913 mmol) 

in CH2Cl2 (10 mL) was added Dess-Martin periodane (77.5 mg, 0.182 mmol) in three portions 

at 0 °C. The resultant mixture was stirred at 0 °C for a further 30 min then allowed to warm to 

rt over 3 h. The reaction was then quenched with sat. aq. NaHCO3 (10 mL) and sat. aq. Na2S2O3 

(10 mL) and stirred vigorously for 20 min. The mixture was extracted with CH2Cl2 (3 × 20 mL) 

and the combined organic extracts were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo to give crude aldehyde 203 which was used directly 

in the next step without further purification. 

To a stirred solution of crude aldehyde 203 in CH2Cl2 (10 mL) was added (S)-4-benzyl-3-(2-

(triphenyl-5-phosphaneylidene)acetyl)oxazolidin-2-one (244) (130 mg, 0.273 mmol) at 0 °C. 

The resultant mixture was warmed to rt and stirred for a further 18 h before the reaction was 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compound 242 (18.7 mg, 39% over two steps, E:Z 3:2) as a 

colourless oil. 

νmax(neat)/cm-1 2926, 2852, 1780, 1697, 1514, 1385, 1248, 1100, 993, 756; δH (400 MHz; 

CDCl3): δ 7.38 – 7.19 (m, 9.6H, 9 × Ar-H, H-2), 7.15 (dt, J = 15.3, 6.3 Hz, 0.6H, H-3), 7.02 (dt, 

J = 11.5, 1.8 Hz, 0.4H, H-2*), 6.91 – 6.80 (m, 2H, Ar-H), 6.32 (dt, J = 11.6, 7.4 Hz, 0.4H, H-

3*), 6.11 – 5.96 (m, 2H, H-9, H-10), 5.62 – 5.45 (m, 2H, H-8, H-11), 5.32 – 5.20 (m, 1H, H-5), 

4.72 (ddd, J = 12.9, 7.0, 3.3 Hz, 1H, H-2’), 4.44 (s, 2H, -OCH2Ar), 4.22 – 4.09 (m, 2H, H-1’), 

3.80 (s, 3H, -OCH3), 3.41 (t, J = 7.4 Hz, 0.8H, H-4*), 3.34 (dt, J = 11.1, 4.7 Hz, 1H, Ha-1), 3.29 
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– 3.21 (m, 2H, Hb-1, Ha-3’), 3.01 (t, J = 6.8 Hz, 1.2H, H-4), 2.86 – 2.73 (m, 3H, H-7, Hb-3’), 

2.54 – 2.46 (m, 1H, H-12), 1.75 – 1.70 (m, 3H, 6-CH3), 1.06 – 1.00 (m, 3H, 12-CH3); 

δC (100 MHz; CDCl3):  δ 165.3 (C, C-1), 164.9 (C, C-1*), 159.2 (C, Ar), 153.5 (C, -NCO2-), 

153.4 (C, -NCO2-*), 150.4 (CH, C-3), 150.0 (CH, C-3*), 137.0 (C, C-6), 136.2 (C, Ar), 135.5 

(CH, C-11, C-11*), 135.3 (CH, C-10), 135.1 (CH, C-10*), 131.6 (CH, C-9), 131.5 (CH, C-9*), 

130.8 (CH, C-8), 129.7 (CH, C-8*), 129.6 (2 × CH2, Ar-H), 129.3 (2 × CH2, Ar-H), 129.1 (2 × 

CH2, Ar-H), 127.4 (CH, Ar-H), 121.9 (CH, C-5*), 120.5 (CH, C-5), 120.3 (CH, C-2), 118.7 (CH, 

C-2*), 113.9 (2 × CH2, Ar-H), 75.0 (CH2, C-13, C-13*), 72.7 (CH2, -OCH2Ar), 66.28 (CH2, C-

1’), 66.21 (CH2, C-1’*), 55.5 (CH3, -OCH3), 55.4 (CH3, -OCH3*), 38.1 (CH2, C-3’), 38.1 (CH2, 

C-3’*), 37.0 (CH, C-12), 35.4 (CH2, C-7), 35.3 (CH2, C-7*), 31.4 (CH2, C-4), 29.1 (CH2, C-4*), 

23.7 (CH3, 8-CH3), 23.6 (CH3, 8-CH3*), 17.2 (CH3, 12-CH3, 12-CH3*); HRMS (ESI+) calcd for 

C33H39NaO5 [M + Na]+ 552.2720; found 552.2715. * denotes minor Z-isomer 

(S)-4-Benzyl-3-((1R,2R,4aR,8aS)-2-((R)-1-((4-methoxybenzyl)oxy)propan-2-yl)-6-methyl-

1,2,4a,5,8,8a-hexahydronaphthalene-1-carbonyl)oxazolidin-2-one, 243, and 

(S)-4-Benzyl-3-((1S,2S,4aS,8aR)-2-((R)-1-((4-methoxybenzyl)oxy)propan-2-yl)-6-methyl-

1,2,4a,5,8,8a-hexahydronaphthalene-1-carbonyl)oxazolidin-2-one, 248 

 

To a stirred solution of tetraene 242 (17.0 mg, 0.03 mmol) in toluene (2 mL) was added Me2AlCl 

(0.9 M in heptane, 0.04 mL, 0.03 mmol) at −78 °C. The mixture was stirred for 3 h before 

warming to rt. After a further 2 h the mixture was quenched with sat. aq. NH4Cl and diluted 

with EtOAc. The aqueous phase was extracted with EtOAc (2 × 3 mL) and the combined organic 

extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. Purification by flash chromatography (petroleum ether/EtOAc 9:1) 
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afforded recovered Z-242 (4.1 mg) and title compounds 243 and 248 (4.0 mg, 24% (48% brsm), 

4:1 mixture of diastereomers) as an amorphous solid.   

νmax(neat)/cm-1 2926, 2852, 1780, 1697, 1514, 1385, 1248, 1100; δH (400 MHz; CDCl3): δ 7.32 

– 7.19 (m, 5H, Ar-H), 7.15 – 7.10 (m, 2H, Ar-H), 6.90 – 6.82 (m, 2H, Ar-H), 5.92 – 5.85 (m, 

0.2H, H-3*), 5.68 (d, J = 10.1 Hz, 0.8H, H-4), 5.58 – 5.52 (ddd, J = 10.2, 4.7, 2.2 Hz, 1H, H-3, 

H-4*), 5.39 – 5.30 (m, 0.8H, H-7), 5.22 – 5.17 (m, 0.2H, H-7*), 4.72 – 4.60 (m, 1H, H-2′′), 4.49 

– 4.32 (m, 2H, -OCH2Ar), 4.13 – 4.04 (m, 1H, Ha-1′′), 3.98 (dd, J = 9.0, 2.9 Hz, 1H, Hb-1′′), 

3.88 (dd, J = 11.5, 6.5 Hz, 1H, H-1), 3.81 (s, 2.4H, -OCH3), 3.77 (s, 0.6H, -OCH3*), 3.53 (dd, J 

= 9.3, 4.5 Hz, 0.2H, Ha-2′*), 3.41 – 3.26 (m, 2H, Hb-2′, Ha-3′′), 3.26 – 3.18 (m, 1.8H, Ha-2′, H-

2), 2.53 (dd, J = 13.1, 10.6 Hz, 0.2H, Hb-3′′*), 2.40 (dd, J = 13.2, 10.7 Hz, 0.8H, Hb-3′′), 2.36 – 

2.24 (m, 1H, Ha-8), 2.12 – 1.94 (m, 3H, Ha-5, H-4a, H-8a), 1.91 – 1.76 (m, 2H, Hb-5, H-1′), 1.67 

(s, 2.4H, 6-CH3), 1.63 (s, 0.6H, 6-CH3*), 1.51 – 1.46 (m, 1H, Hb-8), 1.09 (d, J = 6.9 Hz, 0.6H, 

1′-CH3*), 0.89 (d, J = 6.9 Hz, 1.4H, 1′-CH3); δC (100 MHz; CDCl3): δ 173.7 (C, 1-C(O)-), 159.7 

(C, Ar), 153.7 (C, -NC(O)O-), 135.9 (C, Ar), 134.0 (C, C-6), 132.3 (CH, C-4), 131.0 (C, Ar), 

129.6 (2 × CH, Ar), 129.4 (2 × CH, Ar), 129.0 (2 × CH, Ar), 127.3 (CH, Ar), 124.7 (CH, C-3), 

121.0 (CH, C-7), 113.9 (2 × CH, Ar), 74.6 (CH2, C-2′), 72.8 (CH2, -OCH2Ar), 66.0 (CH2, C-

1′′), 55.5 (CH, C-2′′), 55.4 (CH3, -OCH3), 48.5 (CH, C-1), 38.2 (CH2, C-3′′), 37.5 (CH2, C-6), 

36.0 (CH, C-2), 35.0 (CH, C-8a), 34.1 (CH, C-1′), 30.5 (CH2, C-6), 29.9 (CH, C-4a), 23.5 (CH3, 

6-CH3), 14.9 (CH3, 1′-CH3); HRMS (ESI+) calcd for C33H39NaO5 [M + Na]+ 552.2720; found 

552.2706. * denotes minor isomer. 

3-((4-Methoxybenzyl)oxy)-2-methylpropanal, (±)-324b 

 

To a stirred solution of DMSO (3.15 mL, 0.044 mol) in CH2Cl2 (50 mL) was added oxalyl 

chloride (2.54 mL, 0.030 mol) dropwise at −78 °C. The resultant mixture was stirred at −78 °C 

for a further 30 min before alcohol 191 (3.11 g, 0.015 mmol) in CH2Cl2 (20 mL) was added 

dropwise. The resultant mixture was stirred at −78 °C for a further 1 h before NEt3 (10.3 mL, 

0.074 mol) was added and the reaction was warmed to rt. The reaction was then quenched with 
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brine (80 mL) and stirred for 5 min. The mixture was extracted with CH2Cl2 (3 × 60 mL) and 

the combined organic extracts were washed with brine (80 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (±)-324b (2.60 g, 84%) as a colourless 

oil. 

δH (400 MHz; CDCl3): δ 9.71 (d, J = 1.6 Hz, 1H, H-1), 7.30 – 7.20 (m, 2H, Ar-H), 6.91 – 6.82 

(m, 2H, Ar-H), 4.46 (s, 2H, -OCH2Ar), 3.81 (s, 3H, -OCH3), 3.71 – 3.53 (m, 2H, H-3), 2.69 – 

2.60 (m, 1H, H-2), 1.12 (d, J = 7.1 Hz, 3H, 2-CH3); δC (100 MHz; CDCl3): δ 204.1 (CH, C-1), 

159.4 (C, Ar), 130.1 (C, Ar), 129.4 (2 × CH, Ar), 114.0 (2 × CH, Ar), 73.1 (CH2, C-3), 70.0 

(CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 46.9 (CH, C-2), 10.9 (CH3, 2-CH3). The spectroscopic 

data is in agreement with existing literature.[193] 

Ethyl (E)-5-((4-methoxybenzyl)oxy)-4-methylpent-2-enoate, (±)-318b 

 

To a stirred solution of triethylphosphonoacetate (2.97 mL, 0.015 mol) and LiCl (636 mg, 0.015 

mol) in CH3CN (70 mL) was added DBU (1.88 mL, 0.013 mol) at 0 °C. The resultant mixture 

was stirred for 30 min at 0 °C before aldehyde (±)-324b (2.60 g, 0.012 mol) in CH3CN (30 mL) 

was added. The reaction was stirred for a further 4 h before the reaction was quenched with sat. 

aq. NH4Cl (50 mL). The mixture was extracted with EtOAc (3 × 50 mL) and the combined 

organic extracts were washed with brine (100 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compound (±)-318b (2.78 g, 91%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 7.28 – 7.17 (m, 2H, Ar-H), 6.94 (dd, J = 15.8, 7.1 Hz, 1H, H-3), 6.89 

– 6.83 (m, 2H, Ar-H), 5.85 (dd, J = 15.8, 1.4 Hz, 1H, H-2), 4.44 (s, 2H, -OCH2Ar), 4.19 (q, J = 

7.1 Hz, 2H, -OCH2CH3), 3.80 (s, 3H, -OCH3), 3.43 – 3.18 (m, 2H, H-5), 2.69 – 2.60 (m, 1H, 

H-4), 1.29 (t, J = 7.1 Hz, 3H, -OCH2CH3), 1.08 (d, J = 6.8 Hz, 3H, 4-CH3); δC (100 MHz; 
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CDCl3): δ 166.8 (C, C-1), 159.3 (C, Ar), 151.3 (CH, C-3), 130.4 (C, Ar), 129.3 (2 × CH, Ar), 

121.1 (CH, C-2), 113.9 (2 × CH, Ar), 73.8 (CH2, C-5), 72.9 (CH2, -OCH2Ar), 60.3 (CH2, -

OCH2CH3), 55.4 (CH3, -OCH3), 36.9 (CH, C-4), 16.2 (CH3, 4-CH3), 14.4 (CH3, -OCH2CH3). 

The spectroscopic data is in agreement with existing literature.[193] 

(E)-5-((4-Methoxybenzyl)oxy)-4-methylpent-2-enal, (±)-329b 

 

 

To a stirred solution of ester (±)-318b (320 mg, 1.15 mmol) in Et2O (7.6 mL) was added DIBAL-

H (0.9 M in toluene, 3.83 mL, 3.45 mmol) dropwise at −78 °C. The resultant mixture was 

warmed to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (10 mL). 

The reaction was then quenched with sequential addition of H2O (0.14 mL), 1M NaOH (0.14 

mL), H2O (0.35 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant 

mixture was stirred for a further 15 min at rt, before the mixture was filtered and concentrated 

in vacuo to afford the crude alcohol product which was submitted directly to the next step 

without further purification. 

To a stirred solution of the crude alcohol (216 mg, 0.914 mmol) in n-hexane (9 mL) was added 

MnO2 (1.58 g, 18.3 mmol) at rt and the resultant mixture was stirred for 18 h. The reaction 

mixture was filtered over Celite® and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound (±)-329b (142 mg, 

66%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 9.51 (d, J = 7.8 Hz, 1H, H-1), 7.25 (d, J = 11.7 Hz, 2H, Ar-H), 6.90 – 

6.86 (m, 2H, Ar-H), 6.86 – 6.81 (m, 1H, H-3), 6.14 (ddd, J = 15.8, 7.8, 1.4 Hz, 1H, H-2), 4.45 

(s, 2H, -OCH2Ar), 3.81 (s, 3H, -OCH3), 3.48 – 3.32 (m, 2H, H-5), 2.83 – 2.72 (m, 1H, H-4), 

1.12 (d, J = 6.9 Hz, 3H, 4-CH3); δC (100 MHz; CDCl3): δ 194.3 (CH, C-1), 160.9 (CH, C-3), 

159.5 (C, Ar), 132.3 (CH, C-2), 130.2 (C, Ar), 129.4 (2 × CH, Ar), 114.0 (2 × CH, Ar), 73.5 
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(CH2, C-5), 73.0 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 37.3 (CH, C-4), 16.0 (CH3, 4-CH3). The 

spectroscopic data is in agreement with existing literature.[193] 

Methyl (S)-3-((tert-butyldimethylsilyl)oxy)-2-methylpropanoate, 333 

 

To a stirred solution of methyl (S)-(+)-3-hydroxy-2-methylpropionate (204) (720 mg, 6.09 

mmol) and imidazole (539 mg, 7.92 mmol) in CH2Cl2 (61 mL) was added 

tert-butyldimethylsilyl chloride (1.10 g, 7.32 mmol) in three portions at 0 °C. The resultant 

mixture was stirred at 0 °C for a further 1 h then allowed to warm to rt over 18 h. The reaction 

was then quenched with sat. aq. NaHCO3 (50 mL) and stirred for 5 min. The mixture was 

extracted with CH2Cl2 (3 × 50 mL) and the combined organic extracts were washed with brine 

(100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue 

was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 

333 (1.42 g, quant. yield) as a colourless oil. 

[α]D
20 +18.9 (c 0.27 in CHCl3); δH (400 MHz; CDCl3): δ 3.77 (dd, J = 9.7, 6.9 Hz, 1H, Ha-3), 

3.68 – 3.62 (m, 4H, Hb-3, -OCH3), 2.71 – 2.58 (m, 1H, H-2), 1.14 (d, J = 7.0 Hz, 3H, 2-CH3), 

0.87 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3): δ 175.6 

(C, C-1), 65.4 (CH2, CH-3), 51.6 (CH3, -OCH3), 42.7 (CH, C-2), 25.9 (3 × CH3, 

Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 13.6 (CH3, 2-CH3), −5.3 (2 × CH3, 

Si(CH3)2C(CH3)3). The spectroscopic data is in agreement with existing literature.[254] 
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3-((tert-Butyldimethylsilyl)oxy)-2-methylpropan-1-ol, (±)-325 

 

To a stirred solution of 2-methyl-1,3-propanediol (190) (2.00 g, 0.022 mol) and imidazole (2.99 

g, 0.044 mmol) in CH2Cl2 (60 mL) was added tert-butyldimethylsilyl chloride (3.68 g, 0.024 

mmol) at 0 °C. The resultant mixture was stirred for 15 h before the reaction was quenched with 

sat. aq. NaHCO3 (80 mL). The mixture was extracted with CH2Cl2 (3 × 50 mL) and the 

combined organic extracts were washed with brine (60 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 19:1) to afford title compound (±)-325 (2.36 g, 52%) as a colourless 

oil. 

(R)-3-((tert-Butyldimethylsilyl)oxy)-2-methylpropan-1-ol, (R)-325 

 

To a stirred solution of ester 333 (1.67 g, 7.19 mmol) in Et2O (60 mL) was added DIBAL-H 

(0.9M in toluene, 20.0 mL, 18.0 mmol) dropwise at −78 °C. The resultant mixture was warmed 

to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (30 mL). The 

reaction was then quenched with sequential addition of H2O (0.7 mL), 1M NaOH (0.7 mL), H2O 

(1.8 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant mixture was 

stirred for a further 15 min at rt then filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (pentane-Et2O 9:1) to afford title compound (R)-325 (1.63 g, 

quant. yield) as a colourless oil. 

[α]D
20 +12.3 (c 0.16 in CHCl3); δH (400 MHz; CDCl3): δ 3.74 (dd, J = 9.9, 4.5 Hz, 1H, Ha-3), 3.65 – 

3.59 (m, 2H, H-1), 3.54 (dd, J = 9.9, 8.0 Hz, 1H, Hb-3), 2.00 – 1.88 (m, 1H, H-2), 0.90 (s, 9H, 

Si(CH3)2C(CH3)3), 0.84 (d, J = 7.0 Hz, 3H, 2-CH3), 0.07 (s, 6H, Si(CH3)2C(CH3)3); 
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δC (100 MHz; CDCl3): δ 68.9 (CH2, C-1), 68.5 (CH2, C-3), 37.2 (CH, C-2), 26.0 (3 × CH3, 

Si(CH3)2C(CH3)3), 18.3 (C, Si(CH3)2C(CH3)3), 13.2 (CH3, 2-CH3), −5.4 (2 × CH3, 

Si(CH3)2C(CH3)3). The spectroscopic data is in agreement with existing literature.[254] 

3-((tert-Butyldimethylsilyl)oxy)-2-methylpropanal, (±)-324 

 

To a stirred solution of DMSO (1.04 mL, 14.7 mmol) in CH2Cl2 (20 mL) was added oxalyl 

chloride (0.84 mL, 9.78 mmol) dropwise at −78 °C. The resultant mixture was stirred at −78 °C 

for a further 30 min before alcohol (±)-325 (1.00 g, 4.89 mmol) in CH2Cl2 (10 mL) was added 

dropwise. The resultant mixture was stirred at −78 °C for a further 1 h before NEt3 (3.07 mL, 

22.0 mmol) was added and the reaction was warmed to rt. The reaction was then quenched with 

brine (30 mL) and stirred for 5 min. The mixture was extracted with CH2Cl2 (3 × 30 mL) and 

the combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (±)-324a (669 mg, 68%) as a colourless 

oil. 

(S)-3-((tert-Butyldimethylsilyl)oxy)-2-methylpropanal, (R)-324  

 

To a stirred solution of alcohol (R)-325 (100 mg, 0.49 mmol) in CH2Cl2 (10 mL) was added 

Dess-Martin periodane (419 mg, 0.99 mmol) at 0 °C. The resultant mixture was warmed to rt 

and stirred for a further 3 h before the reaction was diluted with CH2Cl2 (10 mL) then quenched 

with sat. aq. NaHCO3 (10 mL) and sat. aq. Na2S2O3 (10 mL) and stirred vigorously for 20 min. 

The mixture was extracted with CH2Cl2 (3 × 10 mL) and the combined organic extracts were 

washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
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The crude residue was purified by flash chromatography (pentane-Et2O 9:1) to afford title 

compound (R)-324 (91.2 mg, 91%) as a colourless oil. 

[α]D
20 +38.1 (c 0.16 in CHCl3); δH (400 MHz; CDCl3): δ 9.74 (s, 1H, H-1), 3.83 (qd, J = 10.2, 

5.8 Hz, 2H, H-3), 2.60 – 2.46 (m, 1H, H-2), 1.10 (s, 3H, 2-CH3), 0.88 (s, 9H, Si(CH3)2C(CH3)3), 

0.05 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 204.8 (CH, C-1), 63.6 (CH2, CH-3), 

49.0 (CH, C-2), 25.9 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 10.4 (CH3, 2-

CH3), −5.36 (CH3, Si(CH3)2C(CH3)3), −5.39 (CH3, Si(CH3)2C(CH3)3). The spectroscopic data 

is in agreement with existing literature.[255] 

Ethyl (E)-5-((tert-butyldimethylsilyl)oxy)-4-methylpent-2-enoate, (±)-318a 

 

To a stirred solution of triethylphosphonoacetate (0.786 mL, 3.96 mmol) and LiCl (168 mg, 

3.96 mmol) in CH3CN (27 mL) was added DBU (0.818 mL, 3.47 mmol) at 0 °C. The resultant 

mixture was stirred for 30 min at 0 °C before aldehyde (±)-324a 669 mg, 3.30 mmol) in CH3CN 

(3 mL) was added. The reaction was stirred for a further 2 h before the reaction was quenched 

with sat. aq. NH4Cl (20 mL). The mixture was extracted with EtOAc (3 × 20 mL) and the 

combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (±)-318a (568 mg, 63%) as a colourless 

oil. 
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Ethyl (R,E)-5-((tert-butyldimethylsilyl)oxy)-4-methylpent-2-enoate, (R)-318a 

 

To a stirred solution of triethylphosphonoacetate (388 mg, 1.73 mmol) and LiCl (73 mg, 1.73 

mmol) in MeCN (12 mL) was added DBU (0.22 mL, 1.48 mmol) at 0 °C. The resultant mixture 

was stirred for 30 min before a solution of aldehyde (R)-324 (250 mg, 1.24 mmol) in MeCN (3 

mL) was added. The reaction was warmed to rt and stirred for a further 2 h before quenching 

with sat. aq. NH4Cl (10 mL). The mixture was extracted with EtOAc (3 × 10 mL) and the 

combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (R)-318a (193 mg, 57%) as a colourless 

oil. 

[α]D
20 +19.5 (c 0.19 in CHCl3); δH (400 MHz; CDCl3): δ 6.93 (dd, J = 15.8, 7.2 Hz, 1H, H-3), 

5.83 (dd, J = 15.8, 1.4 Hz, 1H, H-2), 4.19 (q, J = 7.1 Hz, 2H, -OCH2CH3), 3.58 – 3.46 (m, 2H, 

H-5), 2.55 – 2.42 (m, 1H, H-4), 1.29 (t, J = 7.1 Hz, 3H, -OCH2CH3), 1.05 (d, J = 6.8 Hz, 3H, 4-

CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 

166.9 (C, C-1), 151.5 (CH, C-3), 121.1 (CH, C-2), 67.1 (CH2, C-5), 60.3 (CH2, -OCH2CH3), 

39.3 (CH, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 15.7 (CH3, 4-

CH3), 14.4 (CH3, -OCH2CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3); The spectroscopic data is in 

agreement with existing literature.[194] 
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(E)-5-((tert-Butyldimethylsilyl)oxy)-4-methylpent-2-enal, (±)-318a 

 

To a stirred solution of ester (±)-318a (77 mg, 0.283 mmol) in Et2O (5 mL) was added DIBAL-

H (0.8 M in toluene, 1.06 mL, 0.848 mmol) dropwise at −78 °C. The resultant mixture was 

warmed to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (10 mL). 

The reaction was then quenched with sequential addition of H2O (0.03 mL), 1M NaOH (0.03 

mL), H2O (0.09 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant 

mixture was stirred for a further 15 min at rt then filtered and concentrated in vacuo to afford 

the crude alcohol product which was submitted directly to the next step without further 

purification.  

To a stirred solution of the crude alcohol in n-hexane (5 mL) was added MnO2 (272 g, 3.13 

mmol) and the resultant mixture was stirred for 18 h at rt. The reaction mixture was filtered over 

Celite® and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (±)-329a (27.1 mg, 42% over two steps) 

as a colourless oil. 

(R,E)-5-((tert-Butyldimethylsilyl)oxy)-4-methylpent-2-enal, (R)-329a 

 

To a stirred solution of ester (R)-318a (127 mg, 0.466 mmol) in Et2O (10 mL) was added 

DIBAL-H (0.8M in toluene, 1.75 mL, 1.40 mmol) dropwise at −78 °C. The resultant mixture 

was warmed to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (10 

mL). The reaction was then quenched with sequential addition of H2O (0.07 mL), 1M NaOH 
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(0.07 mL), H2O (0.18 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the 

resultant mixture was stirred for a further 15 min at rt then filtered and concentrated in vacuo to 

afford the crude alcohol product which was submitted directly to the next step without further 

purification. 

To a stirred solution of the crude alcohol in n-hexane (5 mL) was added MnO2 (770 mg, 10.9 

mmol) and the resultant mixture was stirred for 18 h at rt. The reaction mixture was filtered over 

Celite® and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound (R)-329a (87 mg, 81% over 2 steps) as a 

colourless oil. 

[α]D
20 +24.0 (c 0.05 in CHCl3); δH (400 MHz; CDCl3): δ 9.52 (d, J = 7.8 Hz, 1H, H-1), 6.85 

(dd, J = 15.8, 6.9 Hz, 1H, H-3), 6.19–6.04 (m, 1H, H-2), 3.65 – 3.49 (m, 2H, H-5), 2.72–2.54 

(m, 1H, H-4), 1.10 (d, J = 6.8 Hz, 3H, 2-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 6H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 194.4 (CH, C-1), 161.2 (CH, C-3), 132.4 (CH, C-

2), 66.9 (CH2, CH-5), 39.7 (CH, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 (C, 

Si(CH3)2C(CH3)3), 15.5 (CH3, 4-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic 

data is in agreement with existing literature.[196] 

(1R,2S,3R,4S)-3-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 334a, and 

(1S,2R,3S,4R)-3-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 334b 

 

To a stirred solution of enal (R)-329a (86.7 mg, 0.379 mmol) and cyclopentadiene (250 mg, 

3.79 mmol) in CH2Cl2 (10 mL) was added Me2AlCl (0.9 M in heptane, 0.42 mL, 0.379 mmol) 

at 0 °C. The mixture was stirred for 3 h before warming to rt. The reaction was then quenched 

with sat. aq. NaHCO3 (20 mL) and the mixture was extracted with Et2O (3 × 20 mL) and the 
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combined organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compounds 334a-b (77.1 mg, 69%) as a colourless 

oil. 

νmax(neat)/cm-1 2957, 2858, 1720, 1472, 1252, 1095, 776, 720; δH (400 MHz; CDCl3): δ 9.78 

(d, J = 2.8 Hz, 0.2H, 2-CHOδ), 9.36 (d, J = 3.5 Hz, 0.5H, 2-CHO), 9.34 (d, J = 3.3 Hz, 0.3H, 2-

CHO*), 6.26 (dt, J = 5.9, 3.3 Hz, 0.85H, H-5), 6.20 (dd, J = 5.7, 3.0 Hz, 0.15H, H-5δ), 6.15 (dd, 

J = 5.5, 2.8 Hz, 0.15H, H-6δ), 6.06 (dt, J = 5.7, 2.8 Hz, 0.85H, H-6), 3.69 – 3.36 (m, 2H, H-1′), 

3.17 – 3.08 (m, 0.85H, H-1), 3.06 – 3.00 (m, 0.15H, H-1δ), 2.99 (s, 0.15H, H-4δ), 2.94 (dd, J = 

2.8, 1.4 Hz, 0.48H, H-4), 2.87 (dd, J = 2.9, 1.3 Hz, 0.32H, H-4*), 2.63 (q, J = 3.4 Hz, 0.6H, H-

2), 2.54 (q, J = 3.5 Hz, 0.4H, H-2*), 1.60 – 1.36 (m, 4H, H-3, H-2′, 1-CH2-4), 1.04 (d, J = 6.3 

Hz, 1.3H, 2′-CH3*), 0.93 (d, J = 6.4 Hz, 1.7H, 2′-CH3), 0.89 (s, 6H, Si(CH3)2C(CH3)3), 0.87 (s, 

3H, Si(CH3)2C(CH3)3*), 0.05 (d, J = 2.0 Hz, 4H, Si(CH3)2C(CH3)3), 0.01 (d, J = 1.9 Hz, 2H, 

Si(CH3)2C(CH3)3*); δC (100 MHz; CDCl3):  δ 205.4 (CH, 2-CHO, 2-CHO*), 204.3 (CH, 2-

CHOδ), 139.0 (CH, C-5), 138.9 (CH, C-5*), 136.4 (CH, C-5δ), 136.2 (CH, C-6δ), 133.2 (CH, C-

6*), 133.2 (CH, C-6), 67.2 (CH2, C-1′), 67.1 (CH2, C-1′*), 58.2 (CH, C-2), 46.9 (CH2, -7-CH2-

4), 46.7 (CH2, -7-CH2-4*), 45.9 (CH, C-4δ), 45.6 (CH, C-4*), 45.3 (CH, C-4), 45.2 (CH, C-1), 

45.0 (CH, C-3*), 44.9 (CH, C-3), 40.4 (CH, C-2′*), 40.2 (CH, C-2′), 39.9 (CH, C-2′ δ), 26.1 (3 

× CH3, Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 16.9 (CH3, 2′-CH3*), 16.6 (CH3, 2′-CH3), 

−5.3 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C17H30O2SiNa [M + Na]+ 371.1907, 

found 317.1909. *denotes other major isomer. δdenotes minor isomer. 
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(1R,6S)-6-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)-3,4-dimethylcyclohex-3-ene-

1-carbaldehyde, 335a, and (1S,6R)-6-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)-

3,4-dimethylcyclohex-3-ene-1-carbaldehyde, 335b 

 

To a stirred solution of enal (R)-329a (50.0 mg, 0.219 mmol) and 2,3-dimethl-1,3-butadiene 

(45.6 mg, 0.876 mmol) in CH2Cl2 (4 mL) was added Me2AlCl (0.9 M in heptane, 0.24 mL, 

0.219 mmol) at 0 °C. The mixture was stirred for 3 h before warming to rt. The reaction was 

then quenched with sat. aq. NaHCO3 (10 mL) and the mixture was extracted with Et2O (3 ×10 

mL) and the combined organic extracts were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1) to afford unreacted aldehyde (R)-329a (9.5 mg) 

alongside title compounds 335a-b (6.1 mg, 9%, 11% brsm, 335a:335b 2:1) as a colourless oil. 

νmax(neat)/cm-1 2914, 1715, 1561, 1267, 1223, 1086, 834, 742, 705; δH (400 MHz; CDCl3): δ 

9.64 (d, J = 2.8 Hz, 0.6H, 6-CHO), 9.56 (d, J = 4.0 Hz, 0.4H, 6-CHO*), 3.63 – 3.36 (m, 2H, H-

1′), 2.58 – 2.50 (m, 0.6H, H-6), 2.50 – 2.41 (m, 0.4H, H-6*), 2.25 – 2.14 (m, 1H, Ha-5, Ha-5*), 

2.11 – 2.01 (m, 1H, H-1), 2.01 – 1.89 (m, 2.6H, H-2, Hb-5), 1.88 – 1.81 (m, 0.4H, Hb-5*), 1.73 

(dt, J = 12.0, 6.2 Hz, 1H, H-2′), 1.65 – 1.62 (m, 3H, H-3), 1.62 – 1.58 (m, 3H, H-4), 0.94 (d, J 

= 6.9 Hz, 1.75H, 2′-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.83 (d, J = 6.9 Hz, 1.25H, 2′-CH3*), 

0.03 (s, 6H, Si(CH3)2C(CH3)3)); δC (100 MHz; CDCl3): δ 205.7 (CH, 6-CHO), 205.4 (CH, 6-

CHO*), 125.2 (C, C-4*), 125.2 (C, C-4), 123.0 (C, C-3), 122.7 (C, C-3*), 66.4 (CH2, C-2′*), 

65.7 (CH2, C-2′), 49.8 (CH, C-6*), 49.5 (CH, C-6), 36.1 (CH, C-1), 34.6 (CH, C-1*), 32.2 (CH2, 

C-2), 30.8 (CH2, C-2*), 30.1 (CH2, C-5), 30.0 (CH2, C-5*), 26.10 (3 × CH3, Si(CH3)2C(CH3)3), 

26.07 (3 × CH3, Si(CH3)2C(CH3)3*), 19.3 (CH3, 3-CH3), 18.9 (CH3, 4-CH3), 18.5 (C, 

Si(CH3)2C(CH3)3), 15.3 (CH3, 1′-CH3) , 11.6 (CH3, 1′-CH3*), −5.3 (2 × CH3, Si(CH3)2C(CH3)3); 

HRMS (ESI+) calcd for C18H34O2SiNa [M + Na]+ 333.2220, found 333.2222. *denotes minor 

isomer. 
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Ethyl 2-(bis(2-(tert-butyl)phenoxy)phosphoryl)acetate, 339 

 

To a stirred solution of imidazole (2.35 g, 34.5 mmol) in CH2Cl2 (23 mL) was added 

phosphorous trichloride (1.00 mL, 11.4 mmol) and ortho-tert-butyl phenol (3.52 mL, 22.9 

mmol) at 0 °C. The resultant mixture was stirred for 30 min before the reaction was quenched 

by addition of H2O (0.22 mL, 11.4 mmol). The salt was filtered and the filtrate concentrated in 

vacuo (freeze dried) to afford crude title compound 340 (3.97 g, 97%) as an amorphous solid 

which was submitted directly to the next step without further purification. 

To a stirred solution of phosphite 340 (1.42 g, 4.10 mmol) and NaI (123 mg, 0.820 mmol) in 

CH3CN (18 mL) was added DBU (0.735 mL, 4.92 mmol) and ethyl bromoacetate (0.5 mL, 4.51 

mmol) at 0 °C. The resultant mixture was was stirred for 18 h before the reaction was diluted 

with EtOAc and H2O. The mixture was extracted with EtOAc (3 × 15 mL) and the combined 

organic extracts were washed with sat. aq. NH4Cl (20 mL), brine (20 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1) to afford title compound 339 (256 mg, 14%) as a 

colourless oil. 

δH (400 MHz; CDCl3): δ 7.68 (dt, J = 8.1, 1.2 Hz, 2H, Ar-H), 7.36 (dt, J = 7.8, 1.7 Hz, 2H, Ar-

H), 7.18 – 7.12 (m, 2H, Ar-H), 7.08 (td, J = 7.5 Hz, 2H, Ar-H), 4.12 (q, J = 7.1 Hz, 2H, -

OCH2CH3), 3.36 (d, J = 21.7 Hz, 2H, H-2), 1.37 (s, 18H, -C(CH3)6), 1.15 (t, J = 7.2 Hz, 

3H, -OCH2CH3); δC (100 MHz; CDCl3): δ 186.8 (C, C-1), 150.3 (2 × C, Ar), 139.3 (2 × C, Ar), 

127.8 (2 × CH, Ar), 127.5 (2 × CH, Ar), 124.8 (2 × CH, Ar), 119.8 (2 × CH, Ar), 62.2 (CH2, -

OCH2CH3), 36.5 (C, -C(CH3)6), 34.8 (CH2, C-2), 30.2 (6 × CH3, -C(CH3)6), 14.0(CH3, -

OCH2CH3). The spectroscopic data were in agreement with those reported in the literature.[82] 
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Ethyl (R,Z)-5-((tert-butyldimethylsilyl)oxy)-4-methylpent-2-enoate, 341 

 

To a stirred solution of sodium hydride (60% dispersion in mineral oil, 22.0 mg, 0.92 mmol) in 

THF (17 mL) was added phosphonate 339 (201 mg, 0.99 mmol) at 0 °C. The resultant mixture 

was stirred for 30 min at 0 °C before aldehyde (R)-324 (331 mg, 0.77 mmol) in THF (3 mL) 

was added. The reaction was stirred for a further 3 h before the reaction was quenched with sat. 

aq. NH4Cl (20 mL). The mixture was extracted with EtOAc (3 × 10mL) and the combined 

organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compound 341 (100 mg, 48%) as a colourless oil. 

[α]D
20 −2.1 (c 0.14 in CHCl3); νmax(neat)/cm-1 2930, 2858, 1721, 1645, 1472, 1417, 1256, 1096, 

1031, 909, 837, 776, 734; δH (400 MHz; CDCl3): δ 6.10 (dd, J = 11.6, 9.8 Hz, 1H, H-3), 5.76 

(dd, J = 11.6, 1.0 Hz, 1H, H-2), 4.17 (q, J = 7.1 Hz, 2H, -OCH2CH3), 3.69–3.57 (m, 1H, H-4), 

3.53 (d, J = 5.8 Hz, 2H, H-5), 1.28 (t, J = 7.1 Hz, 3H, -OCH2CH3), 1.03 (d, J = 6.7 Hz, 3H, 4-

CH3), 0.88 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 

166.4 (C, C-1), 152.9 (CH, C-3), 119.7 (CH, C-2), 67.4 (CH2, C-5), 60.0 (CH2, -OCH2CH3), 

35.7 (CH, C-4), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 16.7 (CH3, 4-

CH3), 14.4 (CH3, -OCH2CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for 

C14H28O3SiNa [M + Na]+ 295.1700, found 295.1691. 
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 (R,Z)-5-((tert-Butyldimethylsilyl)oxy)-4-methylpent-2-enal, 338 

 

To a stirred solution of ester 341 (130 mg, 0.48 mmol) in Et2O (10 mL) was added DIBAL-H 

(0.9 M in toluene, 1.59 mL, 1.44 mmol) dropwise at −78 °C. The resultant mixture was warmed 

to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (5 mL). The 

reaction was then quenched with sequential addition of H2O (0.07 mL), 1M NaOH (0.07 mL), 

H2O (0.18mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant mixture 

was stirred for a further 15 min at rt then filtered and concentrated in vacuo to afford crude 

alcohol 342 which was submitted directly to the next step without purification. 

To a stirred solution of crude alcohol 342 in n-hexane (5 mL) was added MnO2 (770 mg, 8.86 

mmol) and the resultant mixture was stirred for 18 h at rt. The reaction mixture was filtered over 

Celite® and concentrated in vacuo. The crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 9:1) to afford title compound 448 (91.5 mg, 84% over 2 steps) as a 

colourless oil. 

[α]D
20 −21.3 (c 0.16 in CHCl3); νmax(neat)/cm-1 2955, 2930, 2858, 1682, 1472, 1362, 1257, 1102, 

837, 777, 741; δH (400 MHz; CDCl3): δ 10.04 (d, J = 8.4 Hz, 1H, H-1), 6.45 – 6.38 (m, 1H, H-

3), 5.98 (dd, J = 11.2, 9.1 Hz, 1H, H-2), 3.61 (dd, J = 9.7, 5.2 Hz, 1H, Ha-5), 3.46 (dd, J = 9.7, 

7.4 Hz, 1H, Hb-5), 3.41 – 3.30 (m, 1H, H-4), 1.08 (d, J = 6.6 Hz, 3H, 4-CH3), 0.87 (s, 9H, 

Si(CH3)2C(CH3)3), 0.03 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 191.7 (CH, C-1), 

155.7 (CH, C-3), 130.6 (CH, C-2), 67.1 (CH2, C-5), 35.5 (CH, C-4), 26.0 (3 × CH3, 

Si(CH3)2C(CH3)3), 18.4 (Si(CH3)2C(CH3)3), 17.1 (CH3, 4-CH3), −5.3 (2 × CH3, 

Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C12H24O2SiNa [M + Na]+ 251.1738, found 

251.1444. 
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(1R,2S,3S,4S)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 337a, and 

(1S,2R,3R,4R)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 337b 

 

To a stirred solution of aldehyde 338 (91.5 mg, 0.40 mmol) and freshly cracked cyclopentadiene 

(264 mg, 4.0 mmol) in toluene (10 mL) was added Me2AlCl (0.9 M in cyclohexane, 0.45 mL, 

0.40 mmol) at −78 °C. The resultant mixture was warmed to rt after 3 h and stirred for a further 

2 h before the reaction was quenched with sat. aq. NH4Cl (5 mL). The mixture was extracted 

with Et2O (3 × 5 mL) and the combined organic extracts were washed with brine (20 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

flash chromatography (petroleum ether-EtOAc 19:1) to afford title compounds 337a-b (84.6 

mg, 70%, 337a:337b 1:1) as a colourless oil. 

νmax(neat)/cm-1 2955, 2929, 1782, 1711, 1463, 1361, 1252, 1084, 1017, 830, 774, 730; δH 

(400 MHz; CDCl3): δ 9.39 (d, J = 5.9 Hz, 0.5H, 2-CHO), 9.37 (d, J = 6.0 Hz, 0.5H, 2-CHO*), 

6.34 – 6.29 (m, 1H, H-5), 6.29 – 6.23 (m, 1H, H-6), 3.64 – 3.38 (m, 1.5H, H-1'), 3.24 (dd, J = 

10.1, 6.6 Hz, 0.5H, H-1'*), 3.08 – 3.03 (m, 1H, H-4), 3.03 – 2.99 (m, 1H, H-1), 2.89 – 2.80 (m, 

1H, H-2), 2.37 – 2.20 (m, 1H, H-3), 1.53 – 1.49 (m, 1H, H-2'), 1.38 – 1.32 (m, 2H, 1-CH2-4), 

0.99 (d, J = 6.6 Hz, 3H, 2'-CH3), 0.88 – 0.85 (s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 3H, 

Si(CH3)2C(CH3)3), 0.00 (s, 3H, Si(CH3)2C(CH3)3*); δC (100 MHz; CDCl3):  δ 208.5 (CH, C-1), 

208.1 (CH, C-1*), 136.4 (CH, C-5), 136.0 (CH, C-5*), 134.8 (CH, C-6), 134.4 (CH, C-6*), 

67.43 (CH2, C-1'), 67.37 (CH2, C-1'*), 55.1 (CH, C-2), 54.7 (CH, C-2*), 50.1 (CH2, 1-CH2-4), 

50.0 (CH2, 1-CH2-4*), 49.8 (CH, C-3), 48.2 (CH, C-1), 48.0 (CH, C-3*) 47.9 (CH, C-1*), 46.2 

(CH, C-4), 46.0 (CH, C-4*), 35.5 (CH, C-2'), 35.0 (CH, C-2'*), 26.1 (3 × CH3, 

Si(CH3)2C(CH3)3), 26.1 (3 × CH3, Si(CH3)2C(CH3)3*), 18.5 (C, Si(CH3)2C(CH3)3), 17.4 (CH3, 

2'-CH3), 17.1 (CH3, 2'-CH3*), −5.28 (2 × CH3, Si(CH3)2C(CH3)3), −5.32 (2 × CH3, 
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Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C17H30O2SiNa [M + Na]+ 317.1907, found 

317.1917. 

(E)-1-Ethoxy-1,3-trimethylsilyloxy-2-methylbuta-1,3-diene-1,3-diol, 346 

 

To a stirred solution of ethyl 2-methylacetoacetate (86) (600 mg, 4.16 mmol) in n-hexane (16 

mL) was added NEt3 (0.87 mL, 6.24 mmol) and trimethylsilyl chloride (0.79 mL, 6.24 mmol) 

at rt. The resultant mixture was stirred for 14 h then filtered over Celite® and concentrated in 

vacuo to afford crude ester 359 which was submitted directly to the next step without further 

purification. 

δH (400 MHz; CDCl3): δ 4.15 (q, J = 7.1 Hz, 2H, -OCH2CH3), 2.27 (q, J = 1.3 Hz, 3H, 2-CH3), 

1.76 (q, J = 1.3 Hz, 3H, H-4), 1.28 (t, J = 7.1 Hz, 3H, -OCH2CH3), 0.24 (s, 9H, -Si(CH3)3). The 

spectroscopic data is in agreement with existing literature reports.[210]  

To a stirred solution of diisopropylamine (0.47 mL, 3.36 mmol) in THF (8.5 mL) was added n-

butyllithium (1.6 M in cyclohexane, 2.29 mL, 3.66 mmol) at −78 °C. After stirring for 10 min, 

crude ester 359 dissolved in THF (1.5 mL) was added, and after a further 15 min, trimethylsilyl 

chloride (0.58 mL, 4.58 mmol) was added. After 15 min, the reaction mixture was warmed to rt 

and stirred for 1 h. The resultant mixture was then filtered over Celite® and concentrated in 

vacuo to afford crude title compound 346 which was submitted directly to the next step without 

further purification. 
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Ethyl 5'-hydroxy-5'-((1R,2S,3S,4S)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 361a, and 

Ethyl 5'-hydroxy-5'-((1S,2R,3R,4R)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 361b 

 

To a stirred solution of aldehydes 337a-b (20 mg, 0.068 mmol) and bis-silyl enol ether 346 (58.8 

mg, 0.203 mmol) in CH2Cl2 (2.5 mL) was added BF3·OEt2 (0.017 mL, 0.068 mmol) at −78 °C. 

The resultant mixture was stirred for 5 min before warming to rt and stirring for a further 30 

min. The reaction was quenched with NEt3 (0.5 mL) and diluted with H2O (4 mL) and CH2Cl2 

(4 mL). The mixture was extracted with CH2Cl2 (3 × 5 mL) and the combined organic extracts 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 2:1) 

to afford title compounds 361a-b (21.4 mg, 97%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 6.37 – 5.84 (m, 2H, H-5, H-6), 4.26 – 4.11 (m, 2H, -OCH2CH3), 3.68 

– 3.37 (m, 4H, H-2'', H-5', H-2'), 3.07 – 2.51 (m, 4H, H-1, H-4, H-4'), 2.18 – 1.81 (m, 2H, H-2, 

H-1''), 1.58 – 1.50 (m, 1H, 1-CH2a-4), 1.44 – 1.17 (m, 8H, H-3, 2'-CH3, 1-CH2b-4, -OCH2CH3), 

1.09 (d, J = 4.8 Hz, 1.5H, 1''-CH3), 0.88 (d, J = 7.1 Hz, 1.5H, 1''-CH3); δC (100 MHz; CDCl3):  

δ 207.8 (C, C-3'), 170.3 (C, C-1'), 140.0 (CH, C-5), 132.9 (CH, C-6), 73.5 (CH, C-5'), 67.2 (CH2, 

C-2''), 61.8 (CH2, -OCH2CH3), 53.6 (CH, C-2'), 49.4 (CH, C-2), 48.1 (CH2, C-4'), 46.9 (CH2, 1-

CH2-4), 44.8 (CH, C-1), 43.8 (CH, C-4), 40.7 (CH, C-3), 39.3 (CH, C-1''), 14.3 (CH3, -

OCH2CH3), 14.2 (CH3, 1''-CH3), 12.7 (CH3, 2'-CH3). HRMS (ESI+) calcd for C18H28O5Na 

[M + Na]+ 347.1829, found 347.1835. For clarity, only the major diastereomer was assigned. 



  Experimental 

 

243 

 

Ethyl 5'-hydroxy-5'-((1R,2S,3R,4S)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 360a, and 

Ethyl 5'-hydroxy-5'-((1S,2R,3S,4R)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 360b 

 

To a stirred solution of aldehydes 334a-b (20 mg, 0.068 mmol) and bis-silyl enol ether 364 (58.8 

mg, 0.203 mmol) in CH2Cl2 (2.5 mL) was added BF3·OEt2 (0.017 mL, 0.068 mmol) at −78 °C. 

The resultant mixture was stirred for 5 min before warming to rt and stirring for a further 30 

min. The reaction was quenched with NEt3 (0.5 mL) and diluted with H2O (4 mL) and CH2Cl2 

(4 mL). The mixture was extracted with CH2Cl2 (3 × 5 mL) and the combined organic extracts 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 2:1) 

to afford title compounds 360a-b (12.7 mg, 58%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 6.34 – 5.83 (m, 2H, H-5, H-6), 4.26 – 4.07 (m, 2H, -OCH2CH3), 3.62 

– 3.36 (m, 4H, H-2'', H-5', H-2'), 3.04 – 2.48 (m, 4H, H-1, H-4, H-4'), 1.98 – 1.60 (m, 2H, H-2, 

H-1''), 1.60 – 1.48 (m, 1H, 1-CH2a-4), 1.47 – 1.15 (m, 8H, H-3, 2'-CH3, 1-CH2b-4, -OCH2CH3), 

1.09 (d, J = 6.6 Hz, 1.5H, 1''-CH3), 0.88 (d, J = 7.1 Hz, 1.5H, 1''-CH3); δC (100 MHz; CDCl3): 

δ 206.8 (C, C-3'), 169.3 (C, C-1'), 139.0 (CH, C-5), 131.9 (CH, C-6), 72.6 (CH, C-5'), 66.3 (CH2, 

C-2''), 60.8 (CH2, -OCH2CH3), 52.6 (CH, C-2'), 47.1 (CH, C-2), 45.9 (CH2, C-4'), 45.7 (CH2, 1-

CH2-4), 44.4 (CH, C-1), 43.8 (CH, C-4), 42.8 (CH, C-3), 38.3 (CH, C-1''), 13.3 (CH3, -

OCH2CH3), 13.2 (CH3, 1''-CH3), 11.7 (CH3, 2'-CH3); HRMS (ESI+) calcd for C18H28O5Na 

[M + Na]+ 347.1829, found 347.1836. For clarity, only the major diastereomer was assigned. 
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Ethyl (Z)-5'-hydroxy-2'-methyl-3'-oxo-5'-((1R,2S,3S,4S)-3-((R)-2''-oxopropan-1''-

yl)bicyclo[2.2.1]hept-5-en-2-yl)pent-4'-enoate, 362a, and 

Ethyl (Z)-5'-hydroxy-2'-methyl-3'-oxo-5'-((1S,2R,3R,4R)-3-((R)-2''-oxopropan-1'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)pent-4'-enoate, 362b  

 

To a stirred solution of alcohols 360a-b (27.0 mg, 0.083 mmol) in CH2Cl2 (2 mL) was added 

Dess-Martin periodane (141 mg, 0.333 mmol) in three portions at 0 °C. The resultant mixture 

was stirred at 0 °C for a further 30 min then allowed to warm to r.t over 3 h. The reaction was 

then quenched with sat. aq. NaHCO3 (5 mL) and sat. aq. Na2S2O3 (5 mL) and stirred vigorously 

for 20 min. The mixture was extracted with CH2Cl2 (3 × 10 mL) and the combined organic 

extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 1:1) to afford title compounds 362a-b (12.9 mg, 48%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 15.24 – 15.12 (m, 1H, -OH), 9.68 – 9.31 (m, 1H, H-2''), 6.31 – 5.87 

(m, 2H, H-5, H-6), 5.60 (s, 0.5H, H-4'), 5.56 (s, 0.5H, H-4'), 4.19 (q, J = 7.1 Hz, 2H, -OCH2CH3), 

3.39 – 3.28 (m, 1H, H-2'), 3.18 – 2.53 (m, 3H, H-1, H-4, H-2), 2.36 – 2.18 (m, 1H, H-1''), 2.06 

– 1.89 (m, 1H, H-3), 1.60 – 0.99 (m, 11H, 1''-CH3, 2'-CH3, 1-CH2-4, -OCH2CH3); δC (100 MHz; 

CDCl3): δ 211.9 (CH, C-2''), 204.5 (C, C-3'), 204.2 (C, C-5'), 171.0 (C, C-1'), 138.4 (CH, C-5), 

133.9 (CH, C-6), 97.8 (CH, C-4'), 61.5 (CH2, -OCH2CH3), 52.4 (CH, C-1), 51.7 (CH, C-1''), 

51.5 (CH, C-2'), 47.3 (CH2, 1-CH2-4), 46.2 (CH, C-4), 44.9 (CH, C-2), 43.7 (CH, C-3), 14.3 

(CH3, -OCH2CH3), 14.2 (CH3, 1''-CH3), 13.7 (CH3, 2'-CH3); HRMS (ESI+) calcd for 

C18H24O5Na [M + Na]+ 343.1516, found 343.1514. 
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Methyl (R)-2-((4-methoxybenzyl)oxy)propanoate, 380 

 

To a stirred solution of sodium hydride (217 mg, 5.43 mmol) in Et2O (10 mL) was added 

4-methoxybenzyl alcohol (3.00 g, 21.7 mmol) at 0 °C. The resulting mixture was stirred rt for 

30 min before cooling to 0 °C. Trichloroacetonitrile (2.40 mL, 23.9 mmol) was added dropwise 

and the resulting mixture was stirred for 1.5 h at rt before the mixture was quenched by addition 

of sat. aq. NaHCO3 (10 mL). The mixture was extracted with Et2O (3 × 20 mL) and the combined 

organic extracts were washed with brine (100 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to afford crude PMB acetimidate which was submitted directly to the next 

step without further purification.   

To a stirred solution of methyl (R)-(+)-lactate (379) (1.50 g, 14.4 mmol) and freshly prepared 

PMB acetimidate (6.10 g, 21.6 mmol) in CH2Cl2 (90 mL) was added (1R)-(–)-10-

camphorsulfonic acid (334 mg, 1.44 mmol). The resultant mixture was stirred at rt for a further 

18 h. The reaction was then quenched with sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 

(3 × 50 mL) and the combined organic extracts were washed with brine (100 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1) to afford title compound 380 (3.25 g, quant.) as 

a colourless oil. 

[α]D
20 +34.6 (c 0.08 in CHCl3); δH (400 MHz; CDCl3): δ 7.29 (d, J = 8.8 Hz, 2H, Ar-H), 6.88 

(d, J = 8.7 Hz, 2H, Ar-H), 4.62 (d, J = 11.3 Hz, 1H, -OCH2aAr), 4.39 (d, J = 11.3 Hz, 1H, -

OCH2bAr), 4.05 (q, J = 6.9 Hz, 1H, H-2), 3.80 (s, 3H, -OCH3), 3.75 (s, 3H, 1-OCH3), 1.42 (d, J 

= 6.9 Hz, 3H, H-3); δC (100 MHz; CDCl3):  δ 174.0 (C, C-1), 159.5 (C, Ar), 129.8 (2 × CH, Ar), 

129.7 (C, Ar), 114.0 (2 × CH, Ar), 73.8 (CH, C-2), 71.8 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 

52.0 (CH3, 1-OCH3), 18.9 (CH3, C-3). The spectroscopic data is in agreement with existing 

literature.[256]  
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(R)-2-((4-Methoxybenzyl)oxy)propan-1-ol, 381 

 

To a stirred solution of LiAlH4 (1.03 g, 27.2 mmol) in THF (74 mL) was added a solution of 

ester 380 (2.03 g, 9.05 mmol) in THF (10 mL) dropwise at 0 °C. The resultant mixture was 

warmed to rt and stirred for a further 3 h before cooling to 0 °C and diluting with Et2O (40 mL). 

The reaction was then quenched with sequential addition of H2O (1.03 mL), 1M NaOH (1.03 

mL), H2O (3.09 mL) and stirred for 15 min. Anhydrous MgSO4 was added and the resultant 

mixture was stirred for a further 15 min at rt then filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 381 (1.27 g, 71%) as a colourless oil. 

[α]D
20 −40.0 (c 0.08 in CHCl3); δH (400 MHz; CDCl3): δ 7.27 (d, J = 9.0 Hz, 2H, Ar-H), 6.89 

(d, J = 8.7 Hz, 1H, Ar-H), 4.59 (d, J = 11.2 Hz, 1H, -OCH2aAr), 4.42 (d, J = 11.2 Hz, 1H, -

OCH2bAr), 3.80 (s, 3H, -OCH3), 3.70 – 3.53 (m, 2H, H-1), 3.51 – 3.45 (m, 1H, H-2), 2.04 (br. 

s, 1H, OH), 1.17 (d, J = 6.2 Hz, 3H, H-3); δC (100 MHz; CDCl3):  δ 159.4 (C, Ar), 130.7 (C, 

Ar), 129.5 (2 × CH, Ar), 114.0 (2 × CH, Ar), 75.3 (CH, C-2), 70.6 (CH2, -OCH2Ar), 66.5 (CH2, 

C-1), 55.4 (CH3, -OCH3), 16.0 (CH3, C-3); The spectroscopic data is in agreement with existing 

literature reports.[72] 

(R)-2-((4-Methoxybenzyl)oxy)but-3-ene, 383 

 

To a stirred solution of DMSO (0.423 mL, 5.96 mmol) in CH2Cl2 (18 mL) was added oxalyl 

chloride (0.341 mL, 3.97 mmol) dropwise at −78 °C. The resultant mixture was stirred for a 

further 30 min before alcohol 381 (390 mg, 1.99 mmol) in CH2Cl2 (2 mL) was added dropwise. 
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The resultant mixture was stirred for a further 1 h before NEt3 (1.24 mL, 8.94 mmol) was added 

and the reaction was warmed to rt. The reaction was then quenched with brine (20 mL) and 

stirred for 5 min. The mixture was extracted with CH2Cl2 (3 × 20 mL) and the combined organic 

extracts were washed with brine (40 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to afford crude aldehyde 382 which was submitted directly to the next 

step without further purification.   

To a stirred solution of methyltriphenylphosphonium bromide (1.42 g, 3.98 mmol) in THF (18 

mL) was added n-butyllithium (1.75 M in cyclohexane, 2.27 mL, 3.98 mmol) dropwise at 0 °C. 

The resultant mixture was stirred at 0 °C for a further 30 min before cooling to −78 °C and 

adding a solution of crude aldehyde 382 in THF (2 mL). The resultant mixture was warmed to 

rt and stirred for 3 h before quenching with sat. aq. NH4Cl (20 mL). The mixture was extracted 

with Et2O (3 × 20 mL) and the combined organic extracts were washed with brine (40 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether-Et2O 9:1) to afford title compound 383 (178 

mg, 47% over two steps) as a colourless oil. 

[α]D
20 +26.3 (c 0.16 in CHCl3); δH (400 MHz; CDCl3): δ 7.30 – 7.20 (m, 2H, Ar-H), 6.87 (d, J 

= 8.7 Hz, 1H, Ar-H), 5.79 (ddd, J = 17.5, 10.3, 7.3 Hz, 2H, H-4), 5.27 – 5.08 (m, 1H, H-3), 4.50 

(d, J = 11.5 Hz, 1H, -OCH2aAr), 4.32 (d, J = 11.5 Hz, 1H, -OCH2bAr), 3.95 – 3.84 (m, 1H, H-

2), 3.80 (s, 3H, -OCH3), 1.27 (d, J = 6.4 Hz, 3H, H-1); δC (100 MHz; CDCl3):  δ 159.2 (C, Ar), 

140.5 (CH, C-3), 131.0 (C, Ar), 129.4 (2 × CH, Ar), 116.1 (CH2, C-4), 113.9 (2 × CH, Ar), 76.0 

(CH, C-2), 69.7 (CH2, -OCH2Ar), 55.4 (CH3, -OCH3), 21.5 (CH3, C-1); The spectroscopic data 

is in agreement with existing literature.[72] 

Bis(2,2,2-trifluoroethyl) allylphosphonate, 385 

 

A mixture of tris(2,2,2-trifuoro ethyl)phosphite (384) (2.40 g, 7.32 mmol), allyl bromide (1.27 

mL, 14.6 mmol) and TBAI (135 mg, 0.366 mmol) was heated to 150 °C in a sealed vessel for 

24 h. The reaction mixture was concentrated in vacuo and the crude residue was purified by 
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flash chromatography (petroleum ether-EtOAc 4:1) to afford title compound 385 (1.54 g, 74%) 

as a colourless oil. 

δH (400 MHz; CDCl3): δ 5.84 – 5.69 (m, 1H, H-2), 5.38 – 5.25 (m, 2H, H-3), 4.43 – 4.32 (m, 

4H, -OCH2CF3), 2.79 (ddt, J = 22.8 Hz, 7.4, 1.2 Hz, 2H, H-1); δC (100 MHz; CDCl3):  δ 124.9 

(d, J = 12.2 Hz, C-2), 122.5 (qd, J = 277.4, 7.7 Hz, 2 × -OCH2CF3) 122.1 (d, J = 15.2 Hz, C-3), 

62.4 (qd, J = 38.0, 6.3 Hz, 2 × -OCH2CF3), 31.4 (d, J = 141.3 Hz, C-1); The spectroscopic data 

is in agreement with existing literature.[72] 

Bis(2,2,2-trifluoroethyl) (R,E)-(4-((4-methoxybenzyl)oxy)pent-2-en-1-yl)phosphonate, (S)-

84 

 

To a stirred solution of alkene 383 (84 mg, 0.43 mmol) and phosphonate 385 (188 mg, 0.66 

mmol) in degassed CH2Cl2 (5 mL) was added Grubbs 2nd Generation catalyst (18.6 mg, 0.021 

mmol) at rt. The resultant mixture was stirred at 50 °C for 18 h then concentrated in vacuo. The 

crude residue was purified by flash chromatography (pentane-Et2O EtOAc 9:1) to afford title 

compound (S)-84 (117 mg, 60%) as a colourless oil. 

[α]D
20 +26.2 (c 0.37 in CHCl3); νmax(neat)/cm-1 2972, 1625, 1160, 1409, 1379, 1128, 951, 816; 

δH (400 MHz; CDCl3): δ 7.24 (d, J = 8.8 Hz, 2H, Ar-H), 6.87 (d, J = 8.7 Hz, 2H, Ar-H), 5.76 – 

5.51 (m, 2H, H-2, H-3), 4.50 – 4.24 (m, 5H, -OCH2CF3, -OCH2Ar), 3.98 – 3.87 (m, 1H, H-4), 

3.80 (s, 3H, -OCH3), 2.79 (dd, J = 22.2, 7.0 Hz, 2H, H-1), 1.25 (d, J = 6.4 Hz, 3H, H-5); 

δC (100 MHz; CDCl3):  δ 159.2 (C, Ar), 139.7 (d, J = 14.8 Hz, CH, C-2), 130.7 (C, Ar), 129.3 

(2 × CH, Ar), 124.1 (qd, J = 270.0, 8.1 Hz, 2 ×  CF3, -OCH2CF3), 118.5 (d, J = 12.1 Hz, CH, C-

3), 113.9 (2 × CH, Ar), 74.6 (CH, C-4), 69.8 (CH2, -OCH2Ar), 62.5 (qdd, J = 38.1, 7.3, 4.4 Hz, 

2 × CH2, -OCH2CF3), 55.3 (CH3, -OCH3), 29.3 (d, J = 141.3 Hz, CH2, C-1), 21.3 (d, J = 3.3 Hz, 

CH3, C-5). The spectroscopic data is in agreement with existing literature.[72] 

  



  Experimental 

 

249 

 

(R,E)-1-((tert-Butyldimethylsilyl)oxy)-2-methylpent-3-enenitrile, 390 

 

To a stirred solution of aldehyde (R)-324 (200 mg, 0.99 mmol) in CH2Cl2 (3.3 mL) was added 

(triphenylphosphoranylidene)acetonitrile (391) (328 mg, 1.09 mmol) at 0 °C. The resultant 

mixture was warmed to rt and stirred for a further 18 h then concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 390 (171 mg, 77%, E/Z = 6:1) as a colourless oil. 

[α]D
20 +18.2 (c 0.11 in CHCl3); νmax(neat)/cm-1 2956, 2930, 2858, 2225, 1634, 1472, 1255, 1100, 

1028, 837, 814, 777, 668; δH (400 MHz; CDCl3): δ 6.71 (dd, J = 16.5, 7.1 Hz, 0.88H, H-3), 6.38 

(dd, J = 11.0, 10.0 Hz, 0.12H, H-3*), 5.36 (d, J = 18.0 Hz, 1H, H-4), 3.65–3.40 (m, 2H, H-1), 

3.01–2.88 (m, 0.13H, H-2*), 2.57–2.40 (m, 0.87H, H-2), 1.07 (d, J = 6.8 Hz, 0.35H, 2-CH3*), 

1.04 (d, J = 6.8 Hz, 2.65H, 2-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 6H, 

Si(CH3)2C(CH3)3). δC (100 MHz; CDCl3):  δ 158.7 (CH, C-3), 117.9 (C, C-5), 99.7 (CH, C-4), 

66.6 (CH2, CH-1), 40.5 (CH, C-2), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, 

Si(CH3)2C(CH3)3), 15.3 (CH3, 2-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd 

for C12H23NOSiNa [M + Na]+ 248.1441, found 248.1437. * denotes minor Z-isomer. 
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(R,E)-1-((tert-Butyldimethylsilyl)oxy)-2-methylhex-3-en-5-one, 393 

 

To a stirred solution of aldehyde (R)-324 (200 mg, 0.99 mmol) in CH2Cl2 (3.3 mL) was added 

1-(triphenylphosphoranylidene)-2-propanone (227) (346 mg, 1.09 mmol) at 0 °C. The resultant 

mixture was warmed to rt and stirred for a further 18 h then concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 393 (157 mg, 65%) as a colourless oil.  

[α]D
20 +26.4 (c 0.11 in CHCl3); δH (400 MHz; CDCl3): δ 6.78 (dd, J = 16.2, 7.1 Hz, 1H, H-3), 

6.08 (d, J = 17.4 Hz, 1H, H-4), 3.62 – 3.46 (m, 2H, H-1), 2.57 – 2.46 (m, 1H, H-2), 2.25 (s, 3H, 

H-6), 1.06 (d, J = 6.8 Hz, 3H, 2-CH3), 0.89 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 6H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 199.1 (C, C-5), 150.9 (CH, C-3), 131.0 (CH, C-4), 

67.2 (CH2, CH-1), 39.6 (CH, C-2), 27.0 (CH3, C-6), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, 

Si(CH3)2C(CH3)3), 15.8 (CH3, 2-CH3), −5.1 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic 

data is in agreement with existing literature.[257] 
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1-((1R,2S,3R,4S)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 399a, and 

1-((1S,2R,3S,4R)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 399b 

 

To a stirred solution of ketone 393 (40 mg, 0.16 mmol) and cyclopentadiene (109 mg, 1.64 

mmol) in CH2Cl2 (4 mL) was added Me2AlCl (0.9 M in heptane, 0.183 mL, 0.164 mmol) at 0 

°C. The mixture was stirred for 3 h before warming to rt. The reaction was then quenched with 

sat. aq. NH4Cl (5 mL) and the mixture was extracted with Et2O (3 × 20 mL) and the combined 

organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compounds 399a-b (49.8 mg, 88%) as a colourless oil. 

399a;  

[α]D
20 –33.7 (c 0.19 in CHCl3); νmax(neat)/cm-1 2971, 1729, 1370, 1218, 775; δH (400 MHz; 

CDCl3): δ 6.24 (dd, J = 5.6, 3.2 Hz, 1H, H-5), 5.83 (dd, J = 5.7, 2.7 Hz, 1H, H-6), 3.70 (dd, J = 

9.9, 4.3 Hz, 1H, Ha-1′), 3.41 (dd, J = 9.9, 6.8 Hz, 1H, Hb-1′), 3.20-3.14 (m, 1H, H-1), 2.85 (dd, 

J = 3.0, 1.4 Hz, 1H, H-4), 2.73-2.68 (m, 1H, H-2), 2.14 (s, 3H, H-2′′), 1.71 (ddd, J = 10.3, 4.7, 

1.7 Hz, 1H, H-3), 1.55 (dt, J = 8.4, 1.5 Hz, 1H, 1-CH2a-4), 1.50-1.40 (m, 2H, H-2, 1-CH2b-4), 

0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.87 (d, J = 1.7 Hz, 3H, 2-CH3), 0.05 (s, 6H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3):  δ 208.9 (C, C-1′′), 139.4 (CH, C-5), 131.9 (CH, C-6), 67.6 (CH2, C-1′), 

58.3 (CH, C-2), 47.4 (CH2, 1-CH2-4), 46.7 (CH2, C-1), 45.3 (CH, C-4), 44.4 (CH, C-3), 40.4 

(CH, C-2′), 29.3 (CH3, C-2′′), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 

17.1 (CH3, 2′-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C18H32O2SiNa 

[M + Na]+ 331.2064, found 331.2066. 
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399b;  

[α]D
20 –5.5 (c 0.22 in CHCl3); νmax(neat)/cm-1 2957, 2929, 2857, 1711, 1472, 1334, 1252, 1088, 

907, 835, 775, 720; δH (400 MHz; CDCl3): δ 6.24 (dd, J = 5.6, 3.3 Hz, 1H, H-5), 5.85 (dd, J = 

5.7, 2.7 Hz, 1H, H-6), 3.46 (dd, J = 10.1, 4.7 Hz, 1H, Ha-1′), 3.30 (dd, J = 10.1, 7.1 Hz, 1H, Hb-

1′), 3.19 – 3.12 (m, 1H, H-1), 2.83-2.79 (m, 2H, H-4, H-2), 2.12 (s, 3H, H-2′′), 1.60 (ddd, J = 

10.1, 4.6, 1.6 Hz, 1H, H-3), 1.54 (dt, J = 8.4, 1.4 Hz, 1H, 1-CH2a-4), 1.51 – 1.45 (m, 1H, H-2′), 

1.45 – 1.40 (m, 1H, 1-CH2b-4), 1.00 (d, J = 6.5 Hz, 3H, 2′-CH3), 0.87 (s, 9H, Si(CH3)2C(CH3)3), 

0.02 (s, 3H, Si(CH3)2C(CH3)3), 0.01 (s, 3H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 209.0 

(C, C-1′′), 139.2 (CH, C-5), 132.1 (CH, C-6), 68.1 (CH2, C-1′), 58.3 (CH, C-2), 47.1 (CH2, 1-

CH2-4), 46.8 (CH2, C-1), 45.2 (CH, C-4), 44.3 (CH, C-3), 40.8 (CH, C-2′), 29.3 (CH3, C-2′′), 

26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 16.7 (CH3, 2′-CH3), −5.2 (2 × 

CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C18H32O2SiNa [M + Na]+ 331.2064, found 

331.2055. 

1-((1R,2S,3R,4S)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-

one, 415a, and 

1-((1S,2R,3S,4R)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-

one, 415b,  

 

To a stirred solution of silyl ethers 399a-b (78.0 mg, 0.253 mmol) in THF (4 mL) at 0 °C was 

added tetrabutylammonium fluoride solution (1.0 M in THF, 0.252 mL, 0.506 mmol) dropwise. 

The resultant mixture was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. The 

reaction was then quenched with H2O (4 mL) and the mixture was extracted with Et2O (3 × 4 

mL) and the combined organic extracts were washed with brine (10 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compounds 415a-b (46.3 mg, 94%) 

as a colourless oil. 
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415a;  

νmax(neat)/cm-1 3393, 2969, 1740, 1366, 1217, 1022; δH (400 MHz; CDCl3): δ 6.28 (dd, J = 5.6, 

3.3 Hz, 1H, H-5), 5.95 (dd, J = 5.7, 2.7 Hz, 1H, H-6), 3.59 – 3.42 (m, 2H, H-1′), 3.31 – 3.24 (m, 

1H, H-1), 2.84 – 2.77 (m, 1H, H-4), 2.73 (br. s, 1H, -OH), 2.66 – 2.60 (m, 1H, H-2), 2.19 (s, 

3H, H-2′′), 1.70 (ddd, J = 11.2, 4.5, 1.5 Hz, 1H, H-3), 1.56 – 1.44 (m, 2H, 1-CH2-4), 1.40 – 1.30 

(m, 1H, H-2′), 1.12 (d, J = 6.7 Hz, 3H, 2′-CH3); δC (100 MHz; CDCl3): δ 211.7 (C, C-1′′), 140.1 

(CH, C-5), 131.9 (CH, C-6), 67.1 (CH2, C-1′), 59.1 (CH, C-2), 47.0 (CH2, 1-CH2-4), 46.2 (CH2, 

C-1), 44.9 (CH, C-4), 44.2 (CH, C-3), 40.2 (CH, C-2′), 28.9 (CH3, C-2′′), 16.8 (CH3, 2′-CH3); 

HRMS (ESI+) calcd for C12H18O2Na [M + Na]+ 217.1199, found 217.1200. 

415b;  

δH (400 MHz; CDCl3): δ 6.31 (dd, J = 5.7, 3.2 Hz, 1H, H-5), 5.87 (dd, J = 5.7, 2.7 Hz, 1H, H-

6), 3.52 – 3.44 (m, 2H, H-1′), 3.26 – 3.20 (m, 1H, H-1), 2.77 – 2.70 (m, 1H, H-4), 2.66 (dd, J = 

4.9, 3.6 Hz, 1H, H-2), 2.32  (br. s, 1H, -OH), 2.19 (s, 3H, H-2′′), 1.91 (ddd, J = 8.2, 4.9, 1.7 Hz, 

1H, H-3), 1.77 – 1.67 (m, 1H, H-2′), 1.60 – 1.56 (m, 1H, 1-CH2a-4), 1.50 – 1.44 (m, 1H, 1-CH2b-

4), 0.86 (d, J = 6.8 Hz, 3H, 2′-CH3); δC (100 MHz; CDCl3):  δ 210.2 (C, C-1′′), 140.4 (CH, C-

5), 131.7 (CH, C-6), 67.4 (CH2, C-1′), 56.2 (CH, C-2), 47.6 (CH2, 1-CH2-4), 46.4 (CH2, C-1), 

45.9 (CH, C-4), 42.8 (CH, C-3), 39.4 (CH, C-2′), 29.1 (CH3, C-2′′), 15.3 (CH3, 2′-CH3); HRMS 

(ESI+) calcd for C12H18O2Na [M + Na]+ 217.1210, found 217.1202. 
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(R)-2'-((1S,2R,3S,4R)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 397a, and 

(R)-2'-((1R,2S,3R,4S)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 397b, 

 

To a stirred solution of alcohols 415a-b (45.0 mg, 0.231 mmol) in CH2Cl2 (5 mL) at 0 °C was 

added Dess-Martin periodane (196 mg, 0.463 mmol) in three portions. The resultant mixture 

was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. The reaction was then 

quenched with sat. aq. NaHCO3 (4 mL) and sat. aq. Na2S2O3 (4 mL) and stirred vigorously for 

20 min. The mixture was extracted with CH2Cl2 (3 × 8 mL) and the combined organic extracts 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) 

to afford title compounds 397a-b (39.1 mg, 88%) as a colourless oil 

397a;  

δH (400 MHz; CDCl3): δ 6.28 (dd, J = 5.6, 3.3 Hz, 1H, H-5), 5.95 (dd, J = 5.7, 2.7 Hz, 1H, H-

6), 3.59 – 3.42 (m, 2H, H-1′), 3.31 – 3.24 (m, 1H, H-1), 2.84 – 2.77 (m, 1H, H-4), 2.73 (br. s, 

1H, -OH), 2.66 – 2.60 (m, 1H, H-2), 2.19 (s, 3H, H-2′′), 1.70 (ddd, J = 11.2, 4.5, 1.5 Hz, 1H, H-

3), 1.56 – 1.44 (m, 2H, 1-CH2-4), 1.40 – 1.30 (m, 1H, H-2′), 1.12 (d, J = 6.7 Hz, 3H, 2′-CH3); 

δC (100 MHz; CDCl3): δ 211.7 (C, C-1′′), 140.1 (CH, C-5), 131.9 (CH, C-6), 67.1 (CH2, C-1′), 

59.1 (CH, C-2), 47.0 (CH2, 1-CH2-4), 46.2 (CH2, C-1), 44.9 (CH, C-4), 44.2 (CH, C-3), 40.2 

(CH, C-2′), 28.9 (CH3, C-2′′), 16.8 (CH3, 2′-CH3); HRMS (ESI+) calcd for C12H18O2Na 

[M + Na]+ 215.1043, found 215.1038. 

397b; 

νmax(neat)/cm-1 2970, 1710, 1455, 1356, 1218, 908, 728; δH (400 MHz; CDCl3): δ 9.59 (d, J = 

3.4 Hz, 1H, H-1′), 6.28 (dd, J = 5.7, 3.2 Hz, 1H, H-6), 5.88 (dd, J = 5.7, 2.8 Hz, 1H, H-5), 3.31 

– 3.16 (m, 1H, H-4), 2.70 – 2.62 (m, 2H, H-1, H-3), 2.21 – 2.16 (m, 4H, H-2′′, H-2), 1.59 – 1.50 
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(m, 3H, 1-CH2-4, H-2′), 1.06 (d, J = 6.7 Hz, 3H, 2′-CH3); δC (100 MHz; CDCl3):  δ 207.7 (C, 

C-1′′), 204.6 (CH, C-1′), 139.2 (CH, C-6), 132.1 (CH, C-5), 57.3 (CH, C-3), 51.1 (CH2, 4-CH2-

1), 47.3 (CH2, C-4), 46.6 (CH, C-1), 46.0 (CH, C-2), 41.5 (CH, C-2′), 29.1 (CH3, C-2′′), 13.6 

(CH3, 2′-CH3); HRMS (ESI+) calcd for C12H16O2Na [M + Na]+ 215.1043, found 215.1043. 

1-((1R,2S,3S,4S)-3-((2'S,3'Z,5'E,7'S)-7-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 396a, and 

1-((1S,2R,3R,4R)-3-((2'S,3'Z,5'E,7'S)-7'-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 396b 

 

To a stirred solution of phosphonate (R)-84(54.1 mg, 0.120 mmol) in THF (2 mL) at −78 °C 

was added KHMDS (0.9 M in THF, 0.134 mL, 0.120 mmol) dropwise. The resultant mixture 

was stirred for 10 min then a solution of aldehydes 397a-b (21.0 mg, 0.109 mmol) in THF (1 

mL) was added. After 15 min, the reaction was quenched with sat. aq. NH4Cl (3 mL). The 

mixture was extracted with Et2O (3 × 5 mL) and the combined organic extracts were washed 

with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compounds 396a-b (30.7 mg, 74%) as a colourless oil. 

396a;  

[α]D
20 +7.4 (c 0.71 in CHCl3); νmax(neat)/cm-1 2969, 1709, 1613, 1514, 1456, 1302, 1248, 1072, 

1036, 993, 823, 721; δH (400 MHz; CDCl3): δ 7.25 – 7.22 (m, 2H, Ar-H), 6.89 – 6.84 (m, 2H, 

Ar-H), 6.27 (dd, J = 5.6, 3.3 Hz, 1H, H-5), 6.06 (dd, J = 14.4, 10.2 Hz, 1H, H-5′), 5.99 (dd, J = 

14.6, 10.5 Hz, 1H, H-4′), 5.85 (dd, J = 5.6, 2.7 Hz, 1H, H-6), 5.55 – 5.40 (m, 2H, H-3′, H-6′), 
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4.46 (d, J = 11.5 Hz, 1H, -OCH2aAr), 4.28 (d, J = 11.4 Hz, 1H, -OCH2bAr), 3.94 – 3.85 (m, 1H, 

H-7′), 3.80 (s, 3H, -OCH3), 3.14 (s, 1H, H-1), 2.78 – 2.74 (m, 1H, H-4), 2.65 – 2.60 (m, 1H, H-

2), 2.07 (s, 3H, H-2′′), 2.02 – 1.90 (m, 1H, H-2′), 1.73 (ddd, J = 10.3, 4.6, 1.6 Hz, 1H, H-3), 1.57 

– 1.52 (m, 1H, 1-CH2a-4), 1.52 – 1.46 (m, 1H, 1-CH2b-4), 1.25 (d, J = 6.3 Hz, 3H, H-8′), 1.11 

(d, J = 6.5 Hz, 3H, 2′-CH3); δC (100 MHz; CDCl3):  δ 208.9 (C, C-1′′), 159.2 (C, Ar), 140.1 

(CH, C-3′), 139.2 (CH, C-5), 133.7 (CH, C-6′), 132.4 (CH, C-6), 131.9 (CH, C-5′), 131.1 (C, 

Ar), 129.4 (2 × CH, Ar), 128.5 (CH, C-4′), 113.9 (2 × CH, Ar), 75.3 (CH, C-7′), 69.7 (CH2, -

OCH2Ar), 58.4 (CH, C-2), 55.4 (CH3, -OCH3), 47.5 (CH2, 1-CH2-4), 47.4 (CH, C-3), 46.8 (CH, 

C-1), 45.3 (CH, C-4), 42.8 (CH, C-2′), 29.5 (CH3, C-2′′), 21.8 (CH3, C-8′), 20.3 (CH3, 2′-CH3); 

HRMS (ESI+) calcd for C25H32O3Na [M + Na]+ 403.2244, found 403.2244. 

396b;  

[α]D
20 +30.0 (c 0.05 in CHCl3); νmax(neat)/cm-1 2969, 2923, 1709, 1613, 1513, 1456, 1247, 1174, 

1035, 993, 822, 721; δH (400 MHz; CDCl3): δ 7.28 – 7.24 (m, 2H, Ar-H), 6.90 – 6.84 (m, 2H, 

Ar-H), 6.25 (dd, J = 5.7, 3.2 Hz, 1H, H-5), 6.16 (dd, J = 15.3, 10.4 Hz, 1H, H-5′), 6.01 (dd, J = 

15.1, 10.3 Hz, 1H, H-4′), 5.85 (dd, J = 5.7, 2.7 Hz, 1H, H-6), 5.60 – 5.50 (m, 2H, H3′, H-6′), 

4.49 (d, J = 11.5 Hz, 1H, -OCH2aAr), 4.31 (d, J = 11.5 Hz, 1H, -OCH2bAr), 3.94 (p, J = 7.1 Hz, 

1H, H-7′), 3.80 (s, 3H, -OCH3), 3.23 – 3.18 (m, 1H, H-1), 2.73 – 2.69 (m, 1H, H-4), 2.64 – 2.60 

(m, 1H, H-2), 2.16 (s, 3H, H-2′′), 2.03 – 1.94 (m, 1H, H-2′), 1.73 (ddd, J = 10.3, 4.5, 1.6 Hz, 

1H, H-3), 1.58 – 1.53 (m, 1H, 1-CH2a-4), 1.44 (dd, J = 8.5, 1.8 Hz, 1H, 1-CH2b-4), 1.29 (d, J = 

6.4 Hz, 3H, H-8′), 0.98 (d, J = 6.7 Hz, 3H, 2′-CH3); δC (100 MHz; CDCl3):  δ 208.7 (C, C-1′′), 

159.2 (C, Ar), 139.8 (CH, C-3′), 139.7 (CH, C-5), 133.6 (CH, C-6′), 132.0 (CH, C-6), 131.9 

(CH, C-5′), 131.1 (C, Ar), 129.4 (2 × CH, Ar), 128.9 (CH, C-4′), 113.9 (2 × CH, Ar), 75.4 (CH, 

C-7′), 69.7 (CH2, -OCH2Ar), 58.6 (CH, C-2), 55.4 (CH3, -OCH3) 47.1 (CH2, 1-CH2-4), 46.9 

(CH, C-3), 46.8 (CH, C-1), 45.9 (CH, C-4), 42.7 (CH, C-2′), 29.3 (CH3, C-2′′), 21.8 (CH3, C-

8′), 20.5 (CH3, 2′-CH3); HRMS (ESI+) calcd for C25H32O3Na [M + Na]+ 403.2244, found 

403.2232. 
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3-Ethoxy-2-methyl-3-oxopropanoic acid, 430 

 

To a stirred solution of diethyl methyl malonate (429) (3.00 g, 17.2 mmol) in EtOH (32 mL) 

was added potassium hydroxide (1.16 g, 20.7 mmol) at rt. The resultant mixture was stirred for 

14 h before the mixture was acidified to pH 2 with 1M HCl. The mixture was extracted with 

EtOAc (3 × 10 mL) and the combined organic extracts were washed with brine (30 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo to afford crude title compound 430 

(2.46 g, 98%) as a colourless oil. 

δH (400 MHz; CDCl3): δ 4.22 (q, J = 6.9 Hz, 2H, -OCH2CH3), 3.48 (q, J = 7.3 Hz, 1H, H-2), 

1.46 (d, J = 7.3 Hz, 3H, 2-CH3), 1.29 (t, J = 7.1 Hz, 3H, -OCH2CH3); δC (100 MHz; CDCl3): δ 

175.4 (C, C-1), 170.2 (C, C-3),  61.9 (CH2, -OCH2CH3), 45.9 (CH, C-2), 14.1 (CH3, 2-CH3), 

13.8 (CH3, -OCH2CH3). The spectroscopic data is in agreement with existing literature.[229] 

Ethyl 3-chloro-2-methyl-3-oxopropanoate, 428 

 

To a stirred carboxylic acid 430 (2.96 g, 18.0 mmol) in CH2Cl2 (30 mL) was added oxalyl 

chloride (4.44 mL, 51.7 mmol) and DMF (0.04 mL, 0.517 mmol) at 0 °C and the resultant 

mixture was stirred at rt for 14 h. The reaction mixture was concentrated in vacuo to afford crude 

title compound 428 which was used without further purification. 

δH (400 MHz; CDCl3): δ 4.31 – 4.21 (m, 2H, -OCH2CH3), 3.84 (q, J = 7.2 Hz, 1H, H-2), 1.53 

(d, J = 7.2 Hz, 3H, 2-CH3), 1.31 (t, J = 7.1 Hz, 3H, -OCH2CH3); δC (100 MHz; CDCl3): δ 170.9 

(C, C-3), 167.6 (C, C-1), 62.5 (CH2, -OCH2CH3), 57.2 (CH, C-2), 14.2 (CH3, -OCH2CH3), 14.1 

(CH3, 2-CH3). 
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Ethyl 3-(1H-benzo[d][1,2,3]triazol-1-yl)-2-methyl-3-oxopropanoate, 433 

 

To a stirred solution of 1H-benzotriazole (733 mg, 6.16 mmol) in CH2Cl2 (8 mL) was added 

thionyl chloride (0.15 mL, 2.05 mmol) at rt. After 30 min, carboxylic acid 430 (300 mg, 2.05 

mmol) dissolved in CH2Cl2 (3.5 mL) was added and the reaction was left to stir for 15 h. The 

reaction mixture was then filtered over Celite® and the filtrate was concentrated in vacuo before 

redissolving in petroleum-ether/Et2O (1:1, 20 mL). The organic phase was washed with 1M 

NaOH (2 × 20 mL), brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo to afford crude title product 433 (370 mg, 73%) as an amorphous solid. 

νmax(neat)/cm-1 1737, 1728, 1451, 1366, 1217, 951, 749; δH (400 MHz; CDCl3): δ 8.31 (dt, J = 

8.3, 0.9 Hz, 1H, Ar-H), 8.13 (dt, J = 8.3, 0.9 Hz, 1H, Ar-H), 7.69 (ddd, J = 8.2, 7.1, 1.0 Hz, 1H, 

Ar-H), 7.53 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H, Ar-H), 4.92 (q, J = 7.3 Hz, 1H, H-2), 4.20 (q, J = 7.1 

Hz, 2H, -OCH2CH3), 1.71 (d, J = 7.3 Hz, 3H, 2-CH3), 1.20 (t, J = 7.1 Hz, 3H, -OCH2CH3); 

δC (100 MHz; CDCl3):  δ 169.7 (C, C-1), 169.0 (C, C-3), 146.4 (C, Ar), 131.3 (C, Ar), 130.8 

(CH, Ar), 126.6 (CH, Ar), 120.4 (CH, Ar), 114.6 (CH, Ar), 62.1 (CH2, -OCH2CH3), 46.7 (CH, 

C-2), 14.1 (CH3, 2-CH3), 13.7 (CH3, -OCH2CH3); HRMS (ESI+) calcd for C12H13N3O3Na 

[M + Na]+ 270.0849, found 270.0858. 
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Ethyl (Z)-5-cyclohexyl-5-hydroxy-2-methyl-3-oxopent-4-enoate, 432 

 

Method A; 

To a stirred solution of acetylcyclohexane (60 mg, 0.475 mmol) in THF (8 mL) was added 

LiHMDS (0.64 M in THF, 2.23 mL, 1.43 mmol) at −78 °C. The resultant mixture was stirred 

for 45 min before malonyl chloride 428 (118 mg, 0.713 mmol) in THF (2 mL) was added 

dropwise. The reaction was stirred for 2 h before warming to rt. The reaction was quenched by 

addition of sat. aq. NH4Cl (10 mL) and extracted with EtOAc (3 × 10 mL) and the combined 

organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 4:1) to afford title compound 432 (28.1 mg, 23%) as a colourless oil. 

Method B; 

To a stirred solution of acetylcyclohexane (25 mg, 0.20 mmol) in THF (2 mL) was added 

LiHMDS (0.85 M in THF, 0.28 mL, 0.24 mmol) at −78 °C. The resultant mixture was stirred 

for 45 min before benzotriazole 433 (98 mg, 0.40 mmol) in THF (1 mL) was added dropwise. 

The reaction was stirred for 2 h before warming to rt. The reaction was quenched by addition of 

sat. aq. NH4Cl (5 mL) and extracted with EtOAc (3 × 5 mL) and the combined organic extracts 

were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 4:1) 

to afford title compound 432 (17 mg, 33%) as a colourless oil. 
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νmax(neat)/cm-1 2926, 2854, 1738, 1599, 1451, 1307, 1259, 1182, 1085, 1030, 918, 796, 783; δH 

(400 MHz; CDCl3): δ 5.57 (s, 1H, H-4), 4.23 – 4.12 (m, 2H, -OCH2CH3), 3.38 (q, J = 7.2 Hz, 

1H, H-2), 2.17 (td, J = 11.3, 3.3 Hz, 1H, H-1′), 1.91 – 1.64 (m, 5H, c-hexyl), 1.39 (d, J = 7.2 

Hz, 3H, 2-CH3), 1.36 – 1.27 (m, 5H, c-hexyl), 1.28 – 1.23 (m, 3H, -OCH2CH3). δC (100 MHz; 

CDCl3): δ 194.5 (C, C-3), 192.7 (C, C-5), 170.1 (C, C-1), 95.4 (CH, C-4), 60.4 (CH2, -

OCH2CH3), 48.9 (CH, C-2), 45.0 (CH, C-1′), 28.7 (2 × CH2, C-2′, C-6′), 24.92 (CH, C-4′), 24.89 

(2 × CH2, C-3′, C-5′), 13.2 (CH3, 2-CH3), 13.1 (CH3, -OCH2CH3); HRMS (ESI+) calcd for 

C14H22O4Na [M + Na]+ 277.1410, found 277.1406. 

Ethyl (Z)-5'-hydroxy-5'-((1R,2S,3S,4S)-3-((2''S,3''Z,5''E,7''S)-7''-((4-

methoxybenzyl)oxy)octa-3'',5''-dien-2''-yl)bicyclo[2.2.1]hept-5-en-2-yl)-2'-methyl-3'-

oxopent-4'-enoate, 386a, and Ethyl (Z)-5'-hydroxy-5'-((1S,2R,3R,4R)-3-

((2''S,3''Z,5''E,7''S)-7''-((4-methoxybenzyl)oxy)octa-3'',5''-dien-2''-yl)bicyclo[2.2.1]hept-

5-en-2-yl)-2'-methyl-3'-oxopent-4'-enoate, 386b 

To a stirred solution of ketones 397a-b (7.0 mg, 0.018 mmol) in THF (1.5 mL) was added 

LiHMDS (0.64 M in THF, 0.086 mL, 0.055 mmol) dropwise at −78 °C. The resultant mixture 

was stirred for 45 min then a solution of acid chloride 428 (4.5 mg, 0.027 mmol) in THF (0.5 

mL) was added. After 1 h, the reaction mixture was warmed to rt and quenched with sat. aq. 

NH4Cl (4 mL). The mixture was extracted with Et2O (3 × 4 mL) and the combined organic 

extracts were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compounds 386a-b contaminated with recovered ketones 397a-

b (5.0 mg, 53%) as a colourless oil. 

Due to the complex mixture, 1H NMR and 13C NMR spectral data is not reported. 

HRMS (ESI+) calcd for C31H40O6Na [M + Na]+ 531.2717, found 531.2700. 
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(R)-4((tert-Butyldimethylsilyl)oxy)-4,4-dibromo-2-methylbut-3-ene, 441 

 

To a stirred solution of aldehyde (R)-324 (150 mg, 0.741 mmol) and triphenylphosphine (1.56 g, 

5.93 mmol) in CH2Cl2 (20 mL) was added carbon tetrabromide (983 mg, 2.96 mmol) at 0 °C. 

The resultant mixture was stirred for 3 h before petroleum ether (60 mL) was added and left to 

stir for 1 h. The mixture was filtered through Celite® and concentrated in vacuo. The crude 

residue was purified by flash chromatography (pentane-Et2O 9:1) to afford title compound 411 

(220 mg, 83%) as a colourless oil. 

 [α]D
20 −11.2 (c 0.42 in CHCl3); δH (400 MHz; CDCl3): δ 6.27 (d, J = 9.2 Hz, 1H, H-3), 3.51 

(dd, J = 5.8, 1.5 Hz, 2H, H-1), 2.69 – 2.55 (m, 1H, H-2), 1.02 (d, J = 6.8 Hz, 3H, 2-CH3), 0.90 

(s, 9H, Si(CH3)2C(CH3)3), 0.05 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 141.6 (CH, 

C-3), 88.6 (C, C-4), 66.2 (CH2, C-1), 41.2 (CH, C-2), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 

(Si(CH3)2C(CH3)3), 15.6 (CH3, 2-CH3), −5.22 (CH3, Si(CH3)2C(CH3)3), −5.25 (CH3, 

Si(CH3)2C(CH3)3); The spectroscopic data is in agreement with existing literature.[258]  

(R)-6-((tert-Butyldimethylsilyl)oxy)-5-methylhex-3-yn-2-one, 410 

 

To a stirred solution of dibromide 411 (330 mg, 0.921 mmol) in THF (9 mL) was added 

n-butyllithium (1.85 M in cyclohexane, 1.50 mL, 2.76 mmol) dropwise at 0 °C. The resultant 

mixture was stirred at 0 °C for a further 1 h before adding N-methyl-N-methoxyacetamide (237 

mg, 0.244 mL). The resultant mixture was warmed to rt and stirred for 3 h before quenching 

with sat. aq. NH4Cl (10 mL). The mixture was extracted with Et2O (3 × 10 mL) and the combined 

organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 
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concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-Et2O 9:1) to afford title compound 410 (222 mg, quant.) as a colourless oil. 

[α]D
20 +14.2 (c 0.19 in CHCl3); δH (400 MHz; CDCl3): δ 3.69 (dd, J = 9.6, 6.0 Hz, 1H, Ha-6), 

3.54 (dd, J = 9.6, 7.1 Hz, 1H, Hb-6), 2.75 (td, J = 7.0, 6.1 Hz, 1H, H-5), 2.32 (s, 3H, H-1), 1.22 

(d, J = 7.0 Hz, 3H, 5-CH3), 0.90 (s, 9H, Si(CH3)2C(CH3)3), 0.07 (s, 6H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3):  δ 185.0 (C, C-2), 95.6 (C, C-4), 82.0 (C, C-3), 66.4 (CH2, C-6), 32.9 

(CH3, C-1), 29.6 (CH, C-5), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 16.4 

(CH3, 5-CH3), −5.2 (2 × CH3, Si(CH3)2C(CH3)3). The spectroscopic data is in agreement with 

existing literature.[222] 

(R,Z)-6-((tert-Butyldimethylsilyl)oxy)-5-methylhex-3-en-2-one, 394 

 

A solution of alkyne 410 (50.0 mg, 0.208 mmol), quinoline (0.027 mL, 0.228 mmol), 1-hexene 

(0.4 mL, 1.04 mmol) and Lindlar catalyst (20% w/w, 10.0 mg) in toluene (8 mL) was stirred 

vigorously at rt under a H2 atmosphere for 1 h. The mixture was filtered through Celite® and 

concentrated in vacuo.  The crude residue was purified by flash chromatography (pentane-Et2O 

9:1) to afford title compound 394 (45.4 mg, 90%) as a colourless oil. 

[α]D
20 −9.0 (c 0.1 in CHCl3); νmax(neat)/cm-1 2956, 1697, 1176, 1096, 834, 775, 734; δH 

(400 MHz; CDCl3): δ 6.13 (d, J = 11.5 Hz, 1H, H-3), 5.94 (dd, J = 11.6, 9.4 Hz, 1H, H-4), 3.60 

– 3.52 (m, 1H, H-5), 3.54 – 3.47 (m, 2H, H-6), 2.21 (s, 3H, H-1), 1.01 (d, J = 6.5 Hz, 3H, 5-

CH3), 0.87 (s, 9H, Si(CH3)2C(CH3)3), 0.04 (s, 3H, Si(CH3)2C(CH3)3), 0.02 (s, 3H, 

Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  δ 199.3 (C, C-2), 151.0 (CH, C-4), 127.1 (CH, C-3), 

67.5 (CH2, C-6), 35.8 (CH, C-5), 31.7 (CH3, C-1), 26.0 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, 

Si(CH3)2C(CH3)3), 16.6 (CH3, 5-CH3), −5.2 (CH3, 2 × Si(CH3)2C(CH3)3); HRMS (ESI+) calcd 

for C13H26O2SiNa [M + Na]+ 265.1594, found 265.1596. 
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1-((1R,2S,3S,4S)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 414a and 

1-((1S,2R,3R,4R)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 414b 

 

 

To a stirred solution of ketone 394 (63.0 mg, 0.260 mmol) and cyclopentadiene (171 mg, 2.60 

mmol) in toluene (5 mL) was added Et2AlCl (0.9 M in heptane, 0.289 mL, 0.259 mmol) at −78 

°C. The mixture was stirred for 3 h before warming to rt. The reaction was then quenched with 

sat. aq. NH4Cl (5 mL) and the mixture was extracted with Et2O (3 × 20 mL) and the combined 

organic extracts were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether-EtOAc 9:1) to afford title compounds 414a-b (76.4 mg, 96%) as a colourless oil.  

414a; 

[α]D
20 –40.3 (c 0.18 in CHCl3); νmax(neat)/cm-1 2955, 2927, 1707, 1473, 1335, 1255, 1087, 905, 

775; δH (400 MHz; CDCl3): δ 6.23 (dd, J = 5.7, 3.0 Hz, 1H, H-5), 5.99 (dd, J = 5.7, 3.0 Hz, 1H, 

H-6), 3.35 – 3.20 (m, 2H, Ha-1', H-8), 3.06 (dd, J = 10.0, 5.6 Hz, 1H, Hb-1'), 3.03 – 3.00 (m, 1H, 

H-1), 2.93 – 2.88 (m, 1H, H-4), 2.28 – 2.18 (m, 3H, H-3, H-2''), 1.78 – 1.65 (m, 1H, H-2'), 1.41 

(dt, J = 8.3, 2.1 Hz, 1H, 1-CH2a-4), 1.30 (d, J = 8.2 Hz, 1H, 1-CH2b-4), 0.92 (d, J = 6.8 Hz, 3H, 

2'-CH3), 0.87 (s, 9H, Si(CH3)2C(CH3)3), -0.01 (s, 6H, Si(CH3)2C(CH3)3); δC (100 MHz; CDCl3):  

δ 210.3 (C, C-1''), 135.2 (CH, C-5), 134.7 (CH, C-6), 68.0 (CH2, C-1'), 53.0 (CH, C-2), 49.3 

(CH2, 1-CH2-4), 49.0 (CH, C-3), 48.2 (CH, C-1), 46.8 (CH, C-4), 34.6 (CH, C-2'), 33.3 (CH3, 

C-2''), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.5 (C, Si(CH3)2C(CH3)3), 17.1 (CH3, 2'-CH3), −5.2 

(2 × CH3, Si(CH3)2C(CH3)3); HRMS (ESI+) calcd for C18H32O2SiNa [M + Na]+ 331.2064, 

found 331.2075. 
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414b; 

[α]D
20 –29.3 (c 0.15 in CHCl3); νmax(neat)/cm-1 2956, 2930, 1708, 1476, 1330, 1088, 914, 836, 

772; δH (400 MHz; CDCl3): δ 6.21 (dd, J = 5.6, 2.9 Hz, 1H, H-5), 5.98 (dd, J = 5.7, 3.0 Hz, 1H, 

H-6), 3.56 – 3.42 (m, 2H, H-1'), 3.31 (dd, J = 9.2, 3.2 Hz, 1H, H-2), 3.02 – 2.95 (m, 1H, H-1), 

2.95 – 2.88 (m, 1H, H-4), 2.30 – 2.17 (m, 4H, H-3, H-2''), 1.68 – 1.56 (m, 1H, H-2'), 1.42 – 1.38 

(m, 1H, 1-CH2a-4), 1.30 (dt, J = 8.2, 1.4 Hz, 1H, 1-CH2b-4), 0.89 (s, 9H, Si(CH3)2C(CH3)3),), 

0.69 (d, J = 6.4 Hz, 3H, 2'-CH3), 0.04 (s, 3H, Si(CH3)2C(CH3)3), 0.03 (s, 3H, Si(CH3)2C(CH3)3); 

δC (100 MHz; CDCl3):  δ 210.4 (C, C-1''), 135.4 (CH, C-5), 134.4 (CH, C-6), 67.3 (CH2, C-1'), 

52.5 (CH, C-2), 51.8 (CH, C-3), 49.5 (CH2, 1-CH2-4), 47.8 (CH, C-1), 46.6 (CH, C-4), 34.5 

(CH, C-2'), 33.5 (CH3, C-2''), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 18.4 (C, Si(CH3)2C(CH3)3), 

18.3 (CH3, 2'-CH3), −5.3 (2 × CH3, Si(CH3)2C(CH3)3). 

1-((1R,2S,3S,4S)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1-one, 

416a, and, 

1-((1S,2R,3R,4R)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-

one, 416b 

 

To a stirred solution of silyl ethers 414a-b (49.0 mg, 0.159 mmol) in THF (4 mL) at 0 °C was 

added tetrabutylammonium fluoride solution (1.0 M in THF, 0.318 mL, 0.318 mmol) dropwise. 

The resultant mixture was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. The 

reaction was then quenched with H2O (4 mL) and the mixture was extracted with Et2O (3 × 5 

mL) and the combined organic extracts were washed with brine (15 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compounds 416a-b (27.0 mg, 88%) 

as a colourless oil. 

416a; 
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νmax(neat)/cm-1 3390, 2968, 1739, 1367, 1215, 1020; δH (400 MHz; CDCl3): δ 6.23 (dd, J = 5.7, 

3.1 Hz, 1H, H-5), 6.13 (dd, J = 5.7, 2.8 Hz, 1H, H-6), 3.40 – 3.36 (m, 2H, H-1'), 3.05 – 2.98 (m, 

1H, H-1), 2.95 – 2.86 (m, 1H, H-4), 2.35 – 2.28 (m, 1H, H-2), 2.26 (s, 3H, H-2''), 2.14 (br. s, 

1H, -OH), 2.04 (dd, J = 4.8, 1.5 Hz, 1H, H-3), 1.45 – 1.38 (m, 1H, 1-CH2a-4), 1.34 (dt, J = 8.6, 

1.5 Hz, 1H, 1-CH2b-4), 1.03 – 0.95 (m, 4H, H-2, 2'-CH3); δC (100 MHz; CDCl3):  δ 211.7 (C, 

C-1''), 136.6 (CH, C-5), 135.5 (CH, C-6), 67.5 (CH2, C-1'), 58.7 (CH, C-2), 47.3 (CH, C-3), 

46.7 (CH2, 1-CH2-4), 44.7 (CH, C-1), 44.5 (CH, C-4), 40.0 (CH, C-2'), 29.4 (CH3, C-2''), 16.3 

(CH3, 2'-CH3); HRMS (ESI+) calcd for C12H18O2Na [M + Na]+ 217.1199, found 217.1197. 

416b; 

δH (400 MHz; CDCl3): δ 6.23 (dd, J = 5.6, 3.0 Hz, 1H, H-5), 6.14 (dd, J = 5.7, 2.8 Hz, 1H, H-

6), 3.67 (dd, J = 10.6, 4.2 Hz, 1H, Ha-1'), 3.45 (dd, J = 10.6, 7.0 Hz, 1H, Hb-1'), 2.90 – 2.85 (m, 

2H, H-1, H-4), 2.33 (ddd, J = 11.0, 4.8, 3.4 Hz, 1H, H-2), 2.26 (s, 3H, H-2''), 2.05 (dd, J = 4.7, 

1.2 Hz, 1H, H-3), 1.49 (dt, J = 8.6, 1.5 Hz, 1H, 1-CH2a-4), 1.35 (dq, J = 8.6, 1.7 Hz, 1H, 1-CH2b-

4), 1.12 – 1.01 (m, 1H, H-2'), 0.82 (d, J = 6.7 Hz, 3H, 2'-CH3); δC (100 MHz; CDCl3):  δ 210.1 

(C, C-1''), 136.4 (CH, C-5), 135.9 (CH, C-6), 67.1 (CH2, C-1'), 58.0 (CH, C-2), 47.5 (CH, C-3), 

46.6 (CH2, 1-CH2-4), 45.7 (CH, C-1), 44.5 (CH, C-4), 39.7 (CH, C-2'), 30.0 (CH3, C-2''), 16.5 

(CH3, 2'-CH3). 
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(R)-2-((1S,2S,3S,4R)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 398a, and 

(R)-2-((1R,2R,3R,4S)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 398b 

 

To a stirred solution of alcohols 416a-b (14.0 mg, 0.072 mmol) in CH2Cl2 (3 mL) was added 

Dess-Martin periodane (61.1 mg, 0.144 mmol) in three portions at 0 °C. The resultant mixture 

was stirred at 0 °C for 30 min then allowed to warm to rt over 3 h. The reaction was then 

quenched with sat. aq. NaHCO3 (3 mL) and sat. aq. Na2S2O3 (3 mL) and stirred vigorously for 

20 min. The mixture was extracted with CH2Cl2 (3 × 5 mL) and the combined organic extracts 

were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) 

to afford title compounds 398a-b (8.0 mg, 58%) as a colourless oil. 

398a;  

νmax(neat)/cm-1 2972, 1714, 1453, 1350, 909, 730; δH (400 MHz; CDCl3): δ 9.46 (d, J = 2.5 Hz, 

1H, H-1'), 6.27 (dd, J = 5.7, 3.1 Hz, 1H, H-6), 6.11 (dd, J = 5.7, 2.8 Hz, 1H, H-5), 2.96 – 2.93 

(m, 1H, H-4), 2.90 – 2.87 (m, 1H, H-1), 2.57 (dt, J = 11.2, 3.9 Hz, 1H, H-3), 2.23 (s, 3H, H-2''), 

2.11 (dd, J = 4.5, 1.3 Hz, 1H, H-2), 1.78 (ddd, J = 11.2, 7.1, 2.5 Hz, 1H, H-2'), 1.57 (d, J = 8.7 

Hz, 1H, 1-CH2a-4), 1.38 (dq, J = 8.7, 1.7 Hz, 1H, 1-CH2b-4), 1.16 (d, J = 7.1 Hz, 3H, 2'-CH3); 

δC (100 MHz; CDCl3):  δ 209.3 (C, C-1''), 205.1 (CH, C-1'), 137.6 (CH, C-6), 135.0 (CH, C-5), 

57.1 (CH, C-3), 51.4 (CH2, 1-CH2-4), 47.5 (CH, C-4), 45.6 (CH, C-1), 44.0 (CH, C-2'), 42.9 

(CH, C-2), 30.2 (CH3, C-2''), 13.2 (CH3, 2'-CH3); HRMS (ESI+) calcd for C12H18O2Na 

[M + Na]+ 215.1043, found 215.1042. 

398b;  

δH (400 MHz; CDCl3): δ 9.61 (d, J = 3.4 Hz, 1H, H-1'), 6.27 (dd, J = 5.7, 3.1 Hz, 1H, H-6), 6.14 

(dd, J = 5.7, 2.9 Hz, 1H, H-5), 2.98 – 2.92 (m, 1H, H-4), 2.92 – 2.84 (m, 1H, H-1), 2.70 (ddd, J 
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= 11.1, 4.7, 3.3 Hz, 1H, H-3), 2.27 (s, 3H, H-2''), 2.09 (dd, J = 4.7, 1.4 Hz, 1H, H-2), 1.82 (ddq, 

J = 13.8, 6.9, 3.5 Hz, 1H, H-2'), 1.53 – 1.46 (m, 1H, 1-CH2a-4), 1.45 – 1.35 (m, 1H, 1-CH2b-4), 

0.97 (d, J = 6.9 Hz, 3H, 2'-CH3); δC (100 MHz; CDCl3):  δ 208.9 (C, C-1''), 204.4 (CH, C-1'), 

136.8 (CH, C-6), 135.9 (CH, C-5), 57.0 (CH, C-3), 50.4 (CH2, 1-CH2-4), 47.3 (CH, C-4), 46.7 

(CH, C-1), 44.6 (CH, C-2'), 43.6 (CH, C-2), 29.8 (CH3, C-2''), 13.6 (CH3, 2'-CH3). 

1-((1R,2S,3R,4S)-3-((2'S,3'Z,5'E,7'S)-7'-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 417a 

 

To a stirred solution of phosphonate (R)-84 (15.4 mg, 0.034 mmol) in THF (2 mL) at −78 °C 

was added KHMDS (0.58 M in THF, 0.059 mL, 0.034 mmol) dropwise. The resultant mixture 

was stirred for 10 min then a solution of aldehyde 398a (6.0 mg, 0.031 mmol) in THF (0.5 mL) 

was added. After 15 min, the reaction was quenched with sat. aq. NH4Cl (5 mL). The mixture 

was extracted with Et2O (3 × 5 mL) and the combined organic extracts were washed with brine 

(10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue 

was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 

417a (8.0 mg, 67%) as a colourless oil. 

[α]D
20 +56.5 (c 0.06 in CHCl3); νmax(neat)/cm-1 2970, 2870, 1705, 1513, 1247, 1174, 993, 824; 

δH (400 MHz; CDCl3): δ 7.23 (d, J = 8.7 Hz, 2H, Ar-H), 6.90 – 6.83 (m, 2H, Ar-H), 6.24 (dd, J 

= 5.7, 3.1 Hz, 1H, H-6), 6.14 (dd, J = 5.6, 2.8 Hz, 1H, H-5), 6.04 (dd, J = 15.2, 10.3 Hz, 1H, H-

5'), 5.91 (dd, J = 15.0, 10.4 Hz, 1H, H-4'), 5.49 (dd, J = 15.2, 7.8 Hz, 1H, H-6'), 5.40 (dd, J = 

15.0, 9.2 Hz, 1H, H-3'), 4.45 (d, J = 11.5 Hz, 1H, -OCH2aAr), 4.27 (d, J = 11.5 Hz, 1H, -

OCH2bAr), 3.89 (dt, J = 12.5, 6.5 Hz, 1H, H-7'), 3.80 (s, 3H, -OCH3), 2.93 – 2.87 (m, 1H, H-4), 

2.83 – 2.78 (m, 1H, H-1), 2.28 – 2.24 (m, 1H, H-3), 2.13 (s, 3H, H-2''), 2.02 – 1.97 (m, 1H, H-

2), 1.56 – 1.45 (m, 2H, H-9, 1-CH2a-4), 1.40 – 1.36 (m, 1H, 1-CH2b-4), 1.24 (d, J = 6.4 Hz, 3H, 

H-8'), 1.03 (d, J = 6.6 Hz, 3H, 2'-CH3); δC (100 MHz; CDCl3):  δ 210.8 (C, C-1''), 159.2 (C, Ar), 
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140.2 (CH, C-3'), 136.9 (CH, C-6), 135.5 (CH, C-5), 133.8 (CH, C-6'), 131.8 (CH, C-5'), 131.0 

(C, Ar), 129.4 (2 × CH, Ar), 128.5 (CH, C-4'), 116.3 (unidentified solvent impurity), 113.9 (2 × 

CH, Ar), 75.3 (CH, C-7'), 69.7 (CH2, -OCH2Ar), 57.6 (CH, C-2), 55.4 (CH3, -OCH3), 49.2 (CH, 

C-3), 47.5 (CH, C-1), 46.6 (CH2, 1-CH2-4), 44.3 (CH, C-4), 42.3 (CH, C-2'), 30.5 (CH3, C-2''), 

29.9 (unidentified solvent impurity), 21.8 (CH3, C-8'), 19.6 (CH3, 2'-CH3); HRMS (ESI+) calcd 

for C25H32O3Na [M + Na]+ 403.2244, found 403.2235. 

1-((1R,2S,3R,4S)-3-((2'S,3'Z,5'E,7'S)-7'-((4-methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 417b 

 

To a stirred solution of phosphonate (R)-84 (9.5 mg, 0.021 mmol) in THF (1.5 mL) at −78 °C 

was added KHMDS (1.0 M in THF, 0.021 mL, 0.021 mmol) dropwise. The resultant mixture 

was stirred for 10 min then a solution of aldehyde 398b (3.7 mg, 0.019 mmol) in THF (0.5 mL) 

was added. After 15 min, the reaction was quenched with sat. aq. NH4Cl (2 mL). The mixture 

was extracted with Et2O (3 × 3 mL) and the combined organic extracts were washed with brine 

(10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue 

was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title compound 

417b (6.8 mg, 93%) as a colourless oil. 

[α]D20 −15.9 (c 0.07 in CHCl3); νmax(neat)/cm-1 2971, 1706, 1519, 1366, 1247, 828; δH 

(400 MHz; CDCl3): δ 7.28 – 7.20 (m, 2H, Ar-H), 6.89 – 6.81 (m, 2H, Ar-H), 6.25 – 6.08 (m, 

3H, H-5, H-6, H-5'), 5.96 (dd, J = 15.2, 10.3 Hz, 1H, H-4'), 5.59 (dd, J = 15.2, 8.8 Hz, 1H, H-

3'), 5.53 (dd, J = 15.3, 7.8 Hz, 1H, H-6'),  4.49 (d, J = 11.5 Hz, 1H, -OCH2aAr), 4.31 (d, J = 11.5 

Hz, 1H, -OCH2bAr), 3.98 – 3.89 (m, 1H, H-7'), 3.80 (s, 3H, -OCH3), 2.92 – 2.87 (m, 1H, H-1), 

2.82 – 2.75 (s, 1H, H-4), 2.33 (ddd, J = 11.1, 4.6, 3.4 Hz, 1H, H-3), 2.26 (s, 3H, H-2''), 2.05 – 

1.97 (m, 1H, H-2), 1.48 (d, J = 8.6 Hz, 1H, 1-CH2a-4), 1.35 – 1.22 (m, 4H, 1-CH2b-4, H-8'), 0.88 

(d, J = 6.7 Hz, 3H, 2'-CH3); δC (100 MHz; CDCl3):  δ 210.0 (C, C-1''), 159.2 (C, Ar), 139.5 (CH, 
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C-3'), 136.3 (CH, C-6), 136.2 (CH, H-5), 133.5 (CH,C-6'), 132.1 (CH, C-5'), 131.1 (C, Ar), 

129.4 (2 × CH, Ar), 128.3 (CH, C-4'), 113.9 (2 × CH, Ar), 75.4 (CH, C-7'), 69.7 (CH2, -OCH2Ar), 

57.9 (CH, C-2), 55.4 (CH3, -OCH3), 48.9 (CH, C-3), 48.1 (CH, C-1) 46.4 (CH2, 1-CH2-4), 45.2 

(CH, C-4), 41.7 (CH, C-2'), 30.1 (CH3, C-2''), 21.8 (CH3, C-8'), 20.1 (CH3, 2'-CH3); HRMS 

(ESI+) calcd for C25H32O3Na [M + Na]+ 403.2244, found 403.2241. 

Ethyl (Z)-5'-hydroxy-5'-((1R,2S,3R,4S)-3-((2''S,3''Z,5''E,7''S)-7''-((4-

methoxybenzyl)oxy)octa-3'',5''-dien-2''-yl)bicyclo[2.2.1]hept-5-en-2-yl)-2'-methyl-3'-

oxopent-4-enoate, 434a, and Ethyl (Z)-5'-hydroxy-5'-((1S,2R,3S,4R)-3-

((2''S,3''Z,5''E,7''S)-7''-((4-methoxybenzyl)oxy)octa-3'',5''-dien-2''-yl)bicyclo[2.2.1]hept-

5-en-2-yl)-2'-methyl-3'-oxopent-4'-enoate, 434b 

 

To a stirred solution of ketones 417a-b (8.0 mg, 0.021 mmol) in THF (1.5 mL) at −78 °C was 

added LiHMDS (0.90 M in THF, 0.070 mL, 0.063 mmol) dropwise. The resultant mixture was 

stirred for 45 min then a solution of acid chloride 428 (5.2 mg, 0.031 mmol) in THF (0.5 mL) 

was added. After 1 h, the reaction mixture was warmed to rt and quenched with sat. aq. NH4Cl 

(5 mL). The mixture was extracted with Et2O (3 × 5 mL) and the combined organic extracts 

were washed with brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) 

to afford title compound 434a-b (1.1 mg, 10%) contaminated with recovered ketones 417a-b as 

a colourless oil.  

Due to the complex mixture, 1H NMR and 13C NMR spectral data is not reported. 

HRMS (ESI+) calcd for C31H40O6Na [M + Na]+ 531.2171, found 531.2701. 
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Methyl 2-iodobenzoate, 451 

 

A mixture of 2-iodobenzoic acid (450) (2.0 g, 8.06 mmol) and conc. sulfuric acid (5.1 mL) 

dissolved in methanol (40 mL) was heated to reflux and stirred for 14 h. The mixture was then 

cooled to rt, concentrated in vacuo, diluted with EtOAc (50 mL), washed with sat. aq. NaHCO3 

(3 × 30 mL) and brine (100 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo to afford title compound 451 (2.10 g, quant.) as a colourless oil. 

δH (400 MHz; CDCl3): δ 7.99 (dd, J = 8.0, 1.0 Hz, 1H, H-3), 7.80 (dd, J = 7.8, 1.7 Hz, 1H, H-

4), 7.43 – 7.37 (m, 1H, H-6), 7.15 (ddd, J = 7.9, 7.4, 1.7 Hz, 1H, H-5), 3.93 (s, 3H, -OCH3); 

δC (100 MHz; CDCl3):  δ 167.1 (C, -CO2CH3), 141.5 (CH, C-3), 135.3 (C, C-1), 132.8 (CH, C-

4), 131.1 (CH, C-6), 128.0 (CH, C-5), 94.2 (C, C-2), 52.6 (CH3, -CO2CH3). The spectroscopic 

data is in agreement with existing literature.[239] 

Methyl 2-allylbenzoate, 452 

 

To a stirred solution of iodide 451 (580 mg, 2.21 mmol) and Pd(PPh3)4 (128 mg, 0.11 mmol) in 

degassed DMF (2 mL) was added allyltributyl stannane (879 mg, 2.66 mmol) and the resultant 

mixture was stirred at 120 °C for 14 h then allowed to cool to rt. The reaction mixture was then 

filtered over Celite®, washed with 1M HCl (2 × 5 mL), brine (10 mL), dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 19:1) to afford title compound 452 (515 mg) as a 

colourless oil alongside inseparable triphenylphosphine. 
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δH (400 MHz; CDCl3): δ 7.91 – 7.84 (m, 1H, H-6), 7.48 – 7.40 (m, 1H, H-4), 7.36 – 7.26 (m, 

2H, H-3, H-5), 6.01 (ddt, J = 16.8, 10.2, 6.5 Hz, 1H, H-2′), 5.08 – 4.98 (m, 2H, H-3′), 3.89 (s, 

3H, -OCH3), 3.76 (dt, J = 6.4, 1.4 Hz, 2H, H-1′); δC (100 MHz; CDCl3):  δ 168.2 (C, -CO2CH3), 

141.7 (C, C-2), 137.5 (CH, 2′), 132.2 (CH, C-4), 131.1 (CH, C-6), 130.7 (C, C-1), 129.8 (CH, 

C-5), 126.3 (CH, C-3), 115.7 (CH2, C-3′), 52.1 (CH3, -CO2CH3), 38.5 (CH2, C-1′). The 

spectroscopic data is in agreement with existing literature.[240] 

Methyl 2-(2′-oxoethyl)benzoate, 447 

 

Ozone was bubbled through a solution of alkene 452 (70 mg, 0.397 mmol) in CH2Cl2 (35 mL) 

for 1 h at −78 °C. Oxygen was then bubbled through the solution for 30 min, before nitrogen 

gas was bubbled through for 5 min. Triphenylphosphine (1.04 g, 3.97 mmol) was then added 

and the mixture was allowed to warm to rt over 5 h. The solvent was removed in vacuo and the 

crude residue was purified by flash chromatography (petroleum ether-EtOAc 19:1) to afford 

title compound 447 (56 mg, 79% over two steps) as a colourless oil. 

νmax(neat)/cm-1 2978, 1708, 1601, 1367, 1283, 1082, 850; δH (400 MHz; CDCl3): δ 9.78 (t, J = 

1.3 Hz, 1H, H-2′), 8.06 (dd, J = 7.8, 1.4 Hz, 1H, H-6), 7.51 (td, J = 7.5, 1.5 Hz, 1H, H-4), 7.38 

(td, J = 7.7, 1.3 Hz, 1H, H-3), 7.23 (ddq, J = 7.6, 1.2, 0.6 Hz, 1H, H-5), 4.06 (s, 2H, H-1′), 3.87 

(s, 3H, -OCH3); δC (100 MHz; CDCl3):  δ 199.2 (CH, C-2′), 167.4 (C, -CO2CH3), 135.1 (C, C-

2), 132.9 (CH, C-4), 132.7 (CH, C-6), 131.3 (CH, C-5), 129.5 (C, C-1), 127.8 (CH, C-3), 52.2 

(CH3, -CO2CH3), 49.7 (CH2, C-1′); HRMS (ESI+) calcd for C10H10O3Na [M + Na]+ 201.0522, 

found 201.0527. 
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Methyl (Z)-2-(3′-iodoallyl)benzoate, 454 

 

To a stirred solution of iodonium 453 (518 mg, 0.976 mmol) in THF (8 mL) was added 

NaHMDS (0.86 M in THF, 1.08 mL, 0.928 mmol) dropwise at 0 °C. The resultant mixture was 

stirred for 10 min at rt, before cooling to −78 °C. A solution of aldehyde 447 (87 mg, 0.488 

mmol) in THF (2 mL) was added and the mixture was allowed to warm to rt over 5 h. The 

reaction was quenched with sat. aq. NH4Cl (10 mL) and the mixture was extracted with Et2O (3 

× 20 mL) and the combined organic extracts were washed with brine (20 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1) to afford title compound 454 (101 mg, 69%) as a 

colourless oil. 

νmax(neat)/cm-1 2971, 2950, 1719, 1600, 1434, 1263, 1078, 750; δH (400 MHz; CDCl3): δ 7.92 

(dd, J = 7.8, 1.4 Hz, 1H, H-6), 7.45 (td, J = 7.5, 1.5 Hz, 1H, H-4), 7.38 – 7.33 (m, 1H, H-3), 

7.30 (td, J = 7.6, 1.4 Hz, 1H, H-5), 6.40 (dt, J = 7.3, 6.6 Hz, 1H, H-2′), 6.33 (dt, J = 7.3, 1.4 Hz, 

1H, H-3′), 3.91 (s, 3H, -OCH3), 3.85 (dd, J = 6.6, 1.2 Hz, 2H, H-1′); δC (100 MHz; CDCl3):  δ 

168.0 (C, -CO2CH3), 140.3 (C, C-2), 140.2 (CH, C-2′), 132.5 (CH, C-4), 131.0 (2 × CH, C-3, 

C-6), 129.6 (C, C-1), 126.7 (CH, C-5), 83.1 (CH, C-3′), 52.3 (CH3, -CO2CH3), 39.9 (CH2, C-1′);  

HRMS (ESI+) calcd for C11H11IO2Na [M + Na]+ 324.9698, found 324.9692. 



  Experimental 

 

273 

 

tert-Butyl 2-allylbenzoate, 460 

 

To a stirred solution of methyl ester 452 (457 mg, 2.59 mmol) in EtOH (20 mL) was added 1M 

NaOH (20 mL) at rt and the resultant mixture was stirred at rt for 14 h. The reaction mixture 

was concentrated in vacuo, diluted with Et2O (50 mL), acidified to pH 2 using 1M HCl, extracted 

with EtOAc (3 × 30 mL), washed with brine (100 mL), dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo to afford the crude carboxylic acid product which was submitted 

directly in the next step without further purification. 

To a stirred solution of the crude carboxylic acid product in CH2Cl2 (10 mL) was added 

O-tert-butyl N,N-diisopropylisourea  (0.8 M in CH2Cl2, 9.71 mL, 7.77 mmol) at rt and the 

resultant mixture was stirred at rt for 14 h. The reaction mixture was quenched with H2O (50 

mL), then filtered over Celite®. The filtrate was extracted with CH2Cl2 (2 × 30 mL), washed 

with brine (100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 

crude residue was purified by flash chromatography (petroleum ether-EtOAc 9:1) to afford title 

compound 460 (262 mg, 46% over two steps) as a colourless oil. 

νmax(neat)/cm-1 2979, 2932, 1714, 1602, 1368, 1293, 1256, 1073, 1100, 741; δH (400 MHz; 

CDCl3): δ 7.78 (dd, J = 8.2, 1.5 Hz, 1H, H-6), 7.43 – 7.36 (m, 1H, H-4), 7.34 – 7.29 (m, 1H, 

H-3), 7.26 – 7.21 (m, 1H, H-5), 6.02 (ddt, J = 16.7, 10.2, 6.4 Hz, 1H, H-2′), 5.09 – 4.92 (m, 2H, 

H-3′), 3.74 – 3.69 (m, 2H, H-1′), 1.59 (s, 9H, -OC(CH3)3); δC (100 MHz; CDCl3):  δ 167.4 (C, -

CO2C(CH3)3), 140.7 (C, C-2), 137.7 (CH, 2′), 132.1 (C, C-1), 131.5 (CH, C-4), 130.9 (CH, C-6), 

130.4 (CH, C-5), 126.2 (CH, C-3), 115.7 (CH2, C-3′), 81.4 (C, -CO2C(CH3)3), 38.5 (CH2, C-1′), 

28.4 (CH3, -CO2C(CH3)3); HRMS (ESI+) calcd for C14H18O2Na [M + Na]+ 241.1199, found 

241.1199. 
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tert-Butyl 2-(2′-oxoethyl)benzoate, 461 

 

Ozone was bubbled through a solution of alkene 460 (200 mg, 0.916 mmol) in CH2Cl2 (35 mL) 

for 1 h at −78 °C. Oxygen was then bubbled through the solution for 30 min, before nitrogen 

gas was bubbled through for 5 min. Triphenylphosphine (1.20 g, 4.58 mmol) was then added 

and the mixture was allowed to warm to rt over 5 h. The solvent was removed in vacuo and the 

crude residue was purified by flash chromatography (petroleum ether-EtOAc 19:1) to afford 

title compound 461 (142 mg, 71%) as a colourless oil. 

νmax(neat)/cm-1 2979, 1707, 1602, 1578, 1369, 1281, 1083, 849; δH (400 MHz; CDCl3): δ 9.77 

(t, J = 1.3 Hz, 1H, H-2′), 7.97 (dd, J = 7.8, 1.4 Hz, 1H, H-6), 7.46 (td, J = 7.5, 1.5 Hz, 1H, H-4), 

7.35 (td, J = 7.6, 1.3 Hz, 1H, H-3), 7.19 (ddd, J = 7.6, 1.3, 0.5 Hz, 1H, H-5), 4.04 (d, J = 1.2 Hz, 

2H, H-1′), 1.56 (s, 9H, -OC(CH3)3); δC (100 MHz; CDCl3):  δ 199.5 (CH, C-2′), 166.4 (C, -

CO2C(CH3)3), 134.3 (C, C-2), 132.4 (CH, C-4), 132.2 (CH, C-6), 131.6 (C, C-1), 131.1 (CH, C-

5), 127.6 (CH, C-3), 81.8 (C, -CO2C(CH3)3), 49.6 (CH2, C-1′), 28.2 (CH3, -CO2C(CH3)3); 

HRMS (ESI+) calcd for C13H16O3Na [M + Na]+ 243.0992, found 243.0987. 

tert-Butyl (Z)-2-(3′-iodoallyl)benzoate, 462 

 

To a stirred solution of phosphonium 453 (577 mg, 1.09 mmol) in THF (25 mL) was added 

NaHMDS (0.86 M in THF, 1.20 mL, 1.03 mmol) dropwise at 0 °C. The resultant mixture was 

stirred for 10 min at rt, before cooling to −78 °C. A solution of aldehyde 461 (120 mg, 0.544 



  Experimental 

 

275 

 

mmol) in THF (5 mL) was added and the mixture was allowed to warm to rt over 5 h. The 

reaction was quenched with sat. aq. NH4Cl (10 mL) and the mixture was extracted with Et2O (3 

× 20 mL) and the combined organic extracts were washed with brine (20 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 9:1) to afford title compound 462 (134 mg, 72%) as a 

colourless oil. 

νmax(neat)/cm-1 2925, 1713, 1368, 1277, 1132, 1077, 744; δH (400 MHz; CDCl3): δ 7.82 (dd, J 

= 7.8, 1.4 Hz, 1H, H-6), 7.41 (td, J = 7.5, 1.5 Hz, 1H, H-4), 7.34 – 7.27 (m, 2H, H-3, H-5), 6.42 

(dt, J = 7.3, 6.6 Hz, 1H, H-2′), 6.32 (dt, J = 7.3, 1.5 Hz, 1H, H-3′), 3.81 (dd, J = 6.6, 1.4 Hz, 2H, 

H-1′), 1.60 (s, 9H, -OC(CH3)3); δC (100 MHz; CDCl3):  δ 167.2 (C, -CO2C(CH3)3), 140.4 (CH, 

C-2′), 139.5 (C, C-2), 131.9 (C, C-1), 131.8 (CH, C-4), 130.7 (CH, C-3), 130.7 (CH, C-6), 126.6 

(CH, C-5), 83.0 (CH, C-3′), 81.7 (C, -CO2C(CH3)3), 39.8 (CH2, C-1′) 28.4 (CH3, -CO2C(CH3)3); 

HRMS (ESI+) calcd for C14H17IO2Na [M + Na]+ 367.0165, found 367.0165. 

(Z)-2-(3′-Iodoallyl)benzoic acid, 445 

 

To a stirred solution of tert-butyl ester 462 (15 mg, 0.043 mmol) in CH2Cl2 (5 mL) was added 

trifluoroacetic acid (0.8 mL) at 0 °C and the resultant mixture was stirred 2 h before the reaction 

mixture was concentrated in vacuo and the crude residue was purified by flash chromatography 

(petroleum ether-EtOAc 2:1) to afford title compound 445 (8 mg, 67%) as an amorphous solid. 

νmax(neat)/cm-1 2921, 1677, 1573, 1413, 1273, 1079, 637, 657; δH (400 MHz; CDCl3): δ 8.09 

(dd, J = 7.9, 1.4 Hz, 1H, H-6), 7.52 (td, J = 7.6, 1.5 Hz, 1H, H-4), 7.43 – 7.39 (m, 1H, H-3), 

7.35 (td, J = 7.7, 1.3 Hz, 1H, H-5), 6.47 – 6.40 (m, 1H, H-2′), 6.35 (dt, J = 7.4, 1.3 Hz, 1H, H-

3′), 3.94 (dd, J = 6.7, 1.0 Hz, 2H, H-1′); δC (100 MHz; CDCl3):  δ 172.4 (C, -CO2H), 141.5 (CH, 

C-2), 139.9 (CH, C-2′), 133.5 (CH, C-4), 132.0 (CH, C-6), 131.3 (CH, C-3), 128.1 (C, C-1), 

126.9 (CH, C-5), 83.4 (CH, C-3′), 39.9 (CH2, C-1′); HRMS (ESI+) calcd for C10H9IO2Na 

[M + Na]+ 310.9539, found 310.9540.  
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(R,E)-4-(Tributylstannyl)but-3-en-2-ol, 449 

 

To a stirred solution of (R)-but-3-yn-2-ol (463) (300 mg, 4.28 mmol) and Pd(PPh3)4 (49 mg, 

0.042 mmol) in THF (29 mL) was added Bu3SnH (1.47 mL, 5.56 mmol) at −78 °C and the 

resultant mixture was stirred for 2 h before the reaction mixture was concentrated in vacuo. The 

crude residue was purified by flash chromatography (petroleum ether-EtOAc 50:1) to afford 

title compound 449 (751 mg, 49%) as an amorphous solid. 

[α]D
20 +3.0 (c 0.27 in CHCl3); δH (400 MHz; CDCl3): δ 6.20 – 5.94 (m, 2H, H-3, H-4), 4.31 – 

4.20 (m, 1H, H-2), 1.62 – 1.40 (m, 6H, -Sn((CH2)3CH3)3), 1.40 – 1.23 (m, 12H, H-1, -

Sn((CH2)3CH3)3), 0.99 – 0.80 (m, 12H, -Sn((CH2)3CH3)3); δC (100 MHz; CDCl3):  δ 152.2 (CH, 

C-3), 126.7 (CH, C-4), 71.5 (CH, C-2), 29.2 (3 × CH2, -Sn((CH2)3CH3)3), 27.4 

(3 × CH2, -Sn((CH2)3CH3)3), 23.3 (CH3, C-1), 13.8 (3 × CH2, -Sn((CH2)3CH3)3), 9.6 (3 

× CH3, -Sn((CH2)3CH3)3). The spectroscopic data is in agreement with existing literature 

reports.[259] 

(R,E)-4-(Tributylstannyl)but-3-en-2-yl 3'-((((9H-fluoren-9-yl)methoxy)carbonyl)amino) 

propanoate, 464 

 

To a stirred solution of alcohol 449 (350 mg, 0.970 mmol) and DCC (399 mg, 1.94 mmol) in 

CH2Cl2 (6.8 mL) was added DMAP (24 mg, 0.19 mmol) and the resultant mixture was stirred 
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at rt for 3 h before the reaction mixture was concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether-EtOAc 50:1) to afford title compound 464 

(578 mg, 91%) as an amorphous solid. 

[α]D
20 +29.8 (c 0.56 in CHCl3); νmax(neat)/cm-1 3456, 2791, 1737, 1729, 1370, 1218, 740; δH 

(400 MHz; CDCl3): δ 7.76 (d, J = 7.5 Hz, 2H, Ar-H), 7.58 (d, J = 7.5 Hz, 2H, Ar-H), 7.40 (t, J 

= 7.3 Hz, 2H, Ar-H), 7.31 (td, J = 7.5, 1.0 Hz, 2H, Ar-H), 6.26 – 5.81 (m, 2H, H-3, H-4), 5.43 

– 5.26 (m, 1H, H-2), 4.38 (d, J = 7.0 Hz, 2H, H-1′′), 4.21 (t, J = 6.9 Hz, 1H, H-2′′), 3.54 – 3.41 

(m, 2H, H-3′), 2.57 (t, J = 5.8 Hz, 2H, H-2′), 1.53 – 1.41 (m, 6H, -Sn((CH2)3CH3)3), 1.34 – 1.18 

(m, 12H, 2-CH3, -Sn((CH2)3CH3)3), 0.97 – 0.78 (m, 12H, -Sn((CH2)3CH3)3); δC (100 MHz; 

CDCl3):  δ 171.8 (C, C-1′), 156.4 (C, -OC(O)N-), 146.7 (2 × C, Ar), 144.1 (2 × C, Ar), 141.4 

(CH, C-3), 130.3 (CH, C-4), 127.8 (2 × CH, Ar), 127.2 (2 × CH, Ar), 125.2 (2 × CH, Ar), 120.1 

(2 × CH, Ar), 73.9 (CH, C-2), 66.9 (CH2, C-1′′), 47.4 (CH, C-2′′), 36.8 (CH2, C-3′), 34.9 (CH2, 

C-2′), 29.2 (3 × CH2, -Sn((CH2)3CH3)3), 27.3 (3 × CH2, -Sn((CH2)3CH3)3), 20.2 (CH3, 2-CH3), 

13.8 (3 × CH2, -Sn((CH2)3CH3)3), 9.6 (3 × CH3, -Sn((CH2)3CH3)3); HRMS (ESI+) calcd for 

C34H49NO4SnNa [M + Na]+ 678.2584, found 678.2586. 

(R,E)-4-(Tributylstannyl)but-3-en-2-yl 3'-aminopropanoate, 446 

 

To a stirred solution of ester 464 (20 mg, 0.03 mmol) in CH2Cl2 (0.045 mL) was added 

diethylamine (0.14 mL, 1.31 mmol) at rt and the resultant mixture was stirred at rt for 2 h. The 

reaction mixture was diluted with toluene (0.22 mL) and concentrated in vacuo. The crude 

residue was purified by flash chromatography (CH2Cl2-MeOH 9:1 with 2% NEt3) to afford title 

compound 446 (13 mg, quant.) as an amorphous solid. 

[α]D
20 +39.1 (c 0.9 in CHCl3); νmax(neat)/cm-1 3499, 2957, 2872, 1733, 1465, 1184, 988; δH 

(400 MHz; CDCl3): δ 6.30 – 5.75 (m, 2H, H-3, H-4), 5.40 – 5.27 (m,1H, H-2), 3.04 – 2.96 (m, 

2H, H-3′), 2.50 (t, J = 6.2 Hz, 2H, H-2′), 2.02 (br. s, 2H, NH2), 1.55 – 1.40 (m, 
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6H, -Sn((CH2)3CH3)3), 1.39 – 1.17 (m, 12H, 2-CH3, -Sn((CH2)3CH3)3), 1.01 – 0.73 (m, 

12H, -Sn((CH2)3CH3)3); δC (100 MHz; CDCl3):  δ 172.0 (C, C-1′), 146.9 (CH, C-3), 130.0 (CH, 

C-4), 73.4 (CH, C-2), 38.0 (CH2, C-3′), 29.2 (3 × CH2, -Sn((CH2)3CH3)3), 27.4 

(3 × CH2, -Sn((CH2)3CH3)3), 20.2 (CH3, 2-CH3), 13.8 (3 × CH2, -Sn((CH2)3CH3)3), 9.6 

(3 × CH3, -Sn((CH2)3CH3)3); HRMS (ESI+) calcd for C19H40NO2Sn+ [M + H]+ 434.2079, found 

434.2071. 

(R,E)-4''-(Tributylstannyl)but-3''-en-2''-yl 2'''-(2'-((Z)-3'-

iodoallyl)benzamido)propanoate, 444, and 

(R,E)-4-(Tributylstannyl)but-3-en-2-yl 2-((Z)-3-iodoallyl)benzoate, 465 

 

To a stirred solution of carboxylic acid 445 (39 mg, 0.135 mmol), amine 446 (39 mg, 0.09 

mmol) and DMAP (20.9 mg, 0.171 mmol) in CH2Cl2 (2 mL) was added EDCI (25.9 mg, 0.135 

mmol) at rt and the resultant mixture was stirred at rt for 14 h. The reaction mixture was poured 

onto H2O (5 mL), extracted with EtOAc (3 × 5 mL), washed with brine (10 mL), dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

chromatography (petroleum ether-EtOAc 4:1) to afford title compounds 444 (20 mg, 31%) as a 

colourless oil, alongside by-product 465 (10 mg, 18%) as a colourless oil. 

444; 

[α]D
20 +20.8 (c 1.68 in CHCl3); νmax(neat)/cm-1 3300, 2956, 2925, 1733, 1642, 1533, 1181, 987, 

749, 659; δH (400 MHz; CDCl3): δ 7.39 – 7.28 (m, 3H, H-3′′′, H-4′′′, H-6′′′), 7.25 – 7.20 (m, 1H, 

H-5′′′), 6.46 (t, J = 5.3 Hz, 1H, NH), 6.43 – 6.35 (m, 1H, H-2′), 6.32 (dt, J = 7.3, 1.4 Hz, 1H, H-

3′), 6.21 – 5.88 (m, 2H, H-3′′, H-4′′), 5.38 – 5.24 (m, 1H, H-2′′), 3.78 – 3.68 (m, 2H, H-3), 3.65 

(dd, J = 6.7, 1.2 Hz, 2H, H-1′), 2.70 – 2.63 (m, 2H, H-2), 1.53 – 1.39 (m, 6H, -Sn((CH2)3CH3)3), 
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1.36 – 1.19 (m, 12H, 2′′-CH3, -Sn((CH2)3CH3)3), 0.94 – 0.81 (m, 12H, -Sn((CH2)3CH3)3); 

δC (100 MHz; CDCl3):  δ 172.1 (C, C-1), 169.7 (C, -C(O)NH-), 146.6 (CH, C-3′′), 140.2 (CH, 

C-2′), 137.1 (C, C-2′′′), 136.2 (C, C-1′′′), 130.4 (2 × CH, C-4′′, C-4′′′), 130.4 (CH, C-5′′′), 127.1 

(CH, C-6′′′), 126.8 (CH, C-3′′′), 83.3 (CH, C-3′), 74.0 (CH, C-2′′), 38.8 (CH2, C-1′), 35.5 (CH2, 

C-3), 34.4 (CH2, C-1), 29.2 (3 × CH2, -Sn((CH2)3CH3)3), 27.3 (3 × CH2, -Sn((CH2)3CH3)3), 20.2 

(CH3, 2′′-CH3), 13.8 (3 × CH2, -Sn((CH2)3CH3)3), 9.6 (3 × CH3, -Sn((CH2)3CH3)3); HRMS 

(ESI+) calcd for C29H46INO3SnNa [M + Na]+ 726.1442, found 726.1433. 

465; 

[α]D
20 +9.6 (c 1.2 in CHCl3); νmax(neat)/cm-1 2927, 1717, 1257, 1072, ; δH (400 MHz; CDCl3): 

δ 7.93 (dd, J = 7.8, 1.3 Hz, 1H, H-6), 7.43 (dd, J = 7.5, 1.5 Hz, 1H, H-4), 7.38 – 7.33 (m, 1H, 

H-3), 7.30 (td, J = 7.7, 1.3 Hz, 1H, H-5), 6.47 – 6.37 (m, 1H, H-2′), 6.32 – 5.98 (m, 3H, H-3′, 

H-3′′, H-4′′), 5.58 – 5.42 (m, 1H, H-2′′), 3.85 (d, J = 8.0 Hz, 2H, H-1′), 1.54 – 1.40 (m, 12H, -

Sn((CH2)3CH3)3), 1.36 – 1.19 (m, 9H, 2′′-CH3, -Sn((CH2)3CH3)3), 0.94 – 0.79 (m, 9H, -

Sn((CH2)3CH3)3); δC (100 MHz; CDCl3):  δ 165.9 (C, -CO2-), 145.9 (CH, C-3′′), 139.3 (CH, C-

2′), 139.1 (C, C-2), 131.2 (CH, C-4′′), 129.9 (CH, C-4), 129.8 (CH, C-6), 129.38 (C, C-1), 

129.34 (CH, C-5), 125.7 (CH, C-3), 82.0 (CH, C-3′), 73.1 (CH, C-2′′), 38.8 (CH2, C-1′), 28.2 

(3 × CH2, -Sn((CH2)3CH3)3), 26.4 (3 × CH2, -Sn((CH2)3CH3)3), 19.3 (CH3, 2′′-CH3), 12.8 

(3 × CH2, -Sn((CH2)3CH3)3), 8.6 (3 × CH3, -Sn((CH2)3CH3)3); HRMS (ESI+) calcd for 

C26H41INO2SnNa [M + Na]+ 655.1070, found 655.1043. 
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(R,8E,10Z)-7-Methyl-3,4,7,12-tetrahydro-1H-benzo[g][1]oxa[5]azacyclotetradecine-

1,5(2H)-dione, 443 

 

To a mixture of Pd2(dba)3 (2.3 mg, 0.003 mmol), dried LiCl (3.3 mg, 0.077 mmol), AsPh3 (3.1 

mg, 0.01 mmol), and DIPEA (9 L, 0.051 mmol) in degassed THF (12 mL) was added iodide 

444 (18 mg, 3.07 mmol) and the resultant mixture was stirred at rt for 14 h. The reaction mixture 

was quenched with H2O (10 mL), extracted with EtOAc (3 × 10 mL), washed with brine (10 

mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether-EtOAc 2:1) to afford title compound 443 

(8.5 mg, quant.) as an amorphous solid. 

[α]D
20 –111.4 (c 0.07 in CHCl3); νmax(neat)/cm-1 3294, 2923, 2852, 1733, 1646, 1534, 1371, 

1187, 744; δH (400 MHz; CDCl3): δ 7.36 – 7.30 (m, 1H, H-1′), 7.28 – 7.26 (m, 2H, H-3′, H-4′), 

7.18 – 7.13 (m, 1H, H-2′), 6.30 (dddd, J = 15.2, 11.1, 1.9, 0.9 Hz, 1H, H-9), 6.24 – 6.17 (m, 1H, 

NH), 6.03 – 5.94 (m, 1H, H-10), 5.90 – 5.80 (m, 1H, H-11), 5.65 (dd, J = 15.2, 2.9 Hz, 1H, H-

8), 5.53 – 5.43 (m, 1H, H-7), 4.08 – 3.94 (m, 2H, Ha-12, Ha-3), 3.46 (dddd, J = 13.4, 11.4, 5.0, 

3.3 Hz, 1H, Hb-3), 3.36 – 3.24 (m, 2H, Hb-12, Ha-4), 2.62 (ddd, J = 17.0, 4.3, 3.3 Hz, 1H, Hb-

4), 1.33 (d, J = 6.8 Hz, 3H, 7-CH3); δC (100 MHz; CDCl3):  δ 171.6 (C, C-5), 171.2 (C, C-1), 

139.2 (C, C-12a), 135.9 (C, C-1a), 132.7 (CH, C-8), 130.5 (CH, C-3′), 130.2 (CH, C-11), 130.1 

(CH, C-2′), 128.0 (CH, C-10), 127.3 (CH, C-1′), 125.9 (CH, C-4′), 122.4 (CH, C-9), 70.0 (CH, 

C-7), 36.7 (CH2, C-3), 33.9 (CH2, C-4), 29.9 (CH2, C-12), 20.3 (CH3, 7-CH3); HRMS (ESI+) 

calcd for C17H19NO3Na [M + Na]+ 308.1257, found 308.1248. 
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Biological Testing Protocols 

Bacterial minimum inhibitory concentration (MIC) assay 

MIC assay was performed with S. aureus (ATCC 29213) in accordance with the CLSI document 

M100-S16CLSI microdilution protocol, using polypropylene 96-well plates.[260] After 

incubation with a series of two-fold compound dilutions for 18 h, the MIC was determined by 

visual inspection. Amoxicillin was employed as a positive control (MIC = 8 μM). The assay 

was performed in triplicate. 

In vitro cell cytotoxicity assay 

HL-60 and MDA-MB-231 cells were seeded at a density of 12,500 and 5,000 cells/well 

respectively in 90 μL of culture medium, consisting of DMEM, high glucose, GlutaMax (Gibco, 

Life Technologies, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum and 

penicillin-streptomycin 100 U/mL (Gibco, Life Technologies). Cells were incubated for 18 h at 

37 oC in a 5 % CO2
 atmosphere before adding compound 443 in 90 uL of media as a two-fold 

dilution series up to 64 µM prepared in a separate plate. The plates were then incubated a further 

48 h before adding 10 μL of alamarBlue cell viability reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) and incubating a further 14 h. Viability was determined by absorbance 

measurement at 570 nm with a background wavelength of 600 nm on a SpectraMax iD3 multi-

mode microplate reader (Molecular Devices, San Jose, CA, USA). Paclitaxel was used as a 

positive control. A column of untreated growth controls and unseeded negative control wells 

were included on each plate. IC50 values were determined from three separate experiments with 

the test compounds assayed in triplicate within each experiment. 
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Ethyl (Z)-5-((4-methoxybenzyl)oxy)-2-methylpent-2-enoate, 111 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(Z)-5-((4-methoxybenzyl)oxy)-2-methylpent-2-enal, 104 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(3Z)-1-((4-Methoxybenzyl)oxy)-6-methoxy-4-methylhexa-3,5-diene, 123a-b  

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 

 



  Appendix A 

287 

(E)-6-((4-Methoxybenzyl)oxy)-3-methylhex-2-enal, 124 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(Z)-1-((4-Methoxybenzyl)oxy)-5-bromo-4-methylpent-3-ene, 132 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(Z)-8-((4-Methoxybenzyl)oxy)-5-methyloct-5-en-2-yn-1-ol, 130, and 

(E)-8-((4-Methoxybenzyl)oxy)-5-methyloct-5-en-2-yn-1-ol, 139 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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4-(2-((4-Methoxybenzyl)oxy)ethyl)-5-methylhex-5-en-2-yn-1-ol, 140 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(E)-5-((4-Methoxybenzyl)oxy)-2-methylpent-2-enoic acid, 147 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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2,3-Dibromo-5-((tert-butyldimethylsilyl)oxy)-2-methylpentanoic acid, (±)-159 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(Z)-1-((tert-Butyldimethylsilyl)oxy)-4-bromopent-3-ene, 160 

1H NMR (400 MHz, CDCl3);  

 

 

13C NMR (100 MHz, CDCl3); 
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 (Z)-1-((tert-Butyldimethylsilyl)oxy)-4-iodopent-3-ene, 166 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(Z)-1-((tert-Butyldimethylsilyl)oxy)-4-methylhepta-3,6-diene, 144 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 

 



  Appendix A 

296 

(2E,5Z)-8-((tert-Butyldimethylsilyl)oxy)-5-methylocta-2,5-dienal, 126 

1H NMR (400 MHz, CDCl3);  

 

 

13C NMR (100 MHz, CDCl3); 
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(S)-5-((3-((4-Methoxybenzyl)oxy)-2-methylpropyl)thio)-1-phenyl-1H-tetrazole, (S)-194 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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 (S)-5-((3-((4-Methoxybenzyl)oxy)-2-methylpropyl)sulfonyl)-1-phenyl-1H-tetrazole, (S)-

127  

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,3Z,6E,8E)-8-((tert-butyldimethylsilyl)oxy)-11-((4-methoxybenzyl)oxy)-4,10-

dimethylundeca-3,6,8-triene, 127  

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,3Z,6E,8E)-11-((4-Methoxybenzyl)oxy)-4,10-dimethylundeca-3,6,8-trien-1-ol, 202 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,3Z,6E,8E)-11-((4-Methoxybenzyl)oxy)-4,10-dimethylundeca-3,6,8-trienal, 203 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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Ethyl (R,2E,5Z,8E,10E)-13-((4-methoxybenzyl)oxy)-6,12-dimethyltrideca-2,5,8,10-

tetraenoate, 199 

1H NMR (400 MHz, CDCl3);  

  

13C NMR (100 MHz, CDCl3); 
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(R,2E,5Z,8E,10E)-13-((4-Methoxybenzyl)oxy)-6,12-dimethyltrideca-2,5,8,10-tetraenal, 99 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,3E,6Z,9E,11E)-14-((4-Methoxybenzyl)oxy)-7,13-dimethyltetradeca-3,6,9,11-tetraen-2-

one, 226 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2S,4aS,8aR)-2-((R)-1-((4-methoxybenzyl)oxy)propan-2-yl)-6-methyl-1,2,4a,5,8,8a-

hexahydronaphthalen-1-yl)ethan-1-one, 228 and, 1-((1R,2R,4aR,8aS)-2-((R)-2′-((4-

Methoxybenzyl)oxy)propan-1′-yl)-6-methyl-1,2,4a,5,8,8a-hexahydronaphthalen-1-

yl)ethan-1′′-one, 229 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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2D NOESY Spectra for 228 and 229 

 

 

* denotes minor isomer 
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(S)-4-benzyl-3-((R,2E,5Z,8E,10E)-13-((4-methoxybenzyl)oxy)-6,12-dimethyltrideca-

2,5,8,10-tetraenoyl)oxazolidin-2-one, 242 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(S)-4-Benzyl-3-((1R,2R,4aR,8aS)-2-((R)-1-((4-methoxybenzyl)oxy)propan-2-yl)-6-methyl-

1,2,4a,5,8,8a-hexahydronaphthalene-1-carbonyl)oxazolidin-2-one, 243, and (S)-4-Benzyl-

3-((1S,2S,4aS,8aR)-2-((R)-1-((4-methoxybenzyl)oxy)propan-2-yl)-6-methyl-1,2,4a,5,8,8a-

hexahydronaphthalene-1-carbonyl)oxazolidin-2-one, 248 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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2D NOESY Spectra for 248 and 243 

 

* denotes minor isomer 
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(1R,2S,3R,4S)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 334a, and 

(1S,2R,3S,4R)-3-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 334b 

1H NMR (400 MHz, CDCl3);   

 

13C NMR (100 MHz, CDCl3); 
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2D NOESY Spectra for 334a and 334b 

 

* denotes minor isomer 
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(1R,6S)-6-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)-3,4-dimethylcyclohex-3-ene-

1-carbaldehyde, 335a, and 

(1S,6R)-6-((R)-1′-((tert-Butyldimethylsilyl)oxy)propan-2′-yl)-3,4-dimethylcyclohex-3-ene-

1-carbaldehyde, 335b 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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Ethyl (R,Z)-5-((tert-butyldimethylsilyl)oxy)-4-methylpent-2-enoate, 341 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,Z)-5-((tert-Butyldimethylsilyl)oxy)-4-methylpent-2-enal, 338 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(1R,2S,3S,4S)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)bicyclo[2.2.1]hept-5-ene-

2-carbaldehyde, 337a, and 

(1S,2R,3R,4R)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)bicyclo[2.2.1]hept-5-

ene-2-carbaldehyde, 337b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3);
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Ethyl 5'-hydroxy-5'-((1R,2S,3S,4S)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 361a, and 

Ethyl 5'-hydroxy-5'-((1S,2R,3R,4R)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 361b 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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Ethyl 5'-hydroxy-5'-((1R,2S,3R,4S)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 334a, and 

Ethyl 5'-hydroxy-5'-((1S,2R,3S,4R)-3-((R)-2''-hydroxypropan-1''-yl)bicyclo[2.2.1]hept-5-

en-2-yl)-2'-methyl-3'-oxopentanoate, 334b,  

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3);
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Ethyl (Z)-5'-hydroxy-2'-methyl-3'-oxo-5'-((1R,2S,3S,4S)-3-((R)-2''-oxopropan-1''-

yl)bicyclo[2.2.1]hept-5-en-2-yl)pent-4'-enoate, 362a, and 

Ethyl (Z)-5'-hydroxy-2'-methyl-3'-oxo-5'-((1S,2R,3R,4R)-3-((R)-2''-oxopropan-1'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)pent-4'-enoate, 362b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3);
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(R,E)-1-((tert-Butyldimethylsilyl)oxy)-2-methylpent-3-enenitrile, 390 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,E)-1-((tert-Butyldimethylsilyl)oxy)-2-methylhex-3-en-5-one, 393 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1R,2S,3R,4S)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 399a 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2R,3S,4R)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 399b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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2D NOESY Spectra for 399a-b 
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1-((1R,2S,3R,4S)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-

one, 415a 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2R,3S,4R)-3-((R)-1'-Hydroxypropan-2-yl)bicyclo[2.2.1]hept-5-en-2'-yl)ethan-1''-

one, 415b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R)-2-((1S,2R,3S,4R)-3-Acetylbicyclo[2.2.1]hept-5-en-2'-yl)propanal, 397a 

1H NMR (400 MHz, CDCl3);  

 

 

13C NMR (100 MHz, CDCl3); 
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(R)-2-((1R,2S,3R,4S)-3-Acetylbicyclo[2.2.1]hept-5-en-2'-yl)propanal, 397b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1R,2S,3S,4S)-3-((2'S,3'Z,5'E,7'S)-7-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 396a 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2R,3R,4R)-3-((2'S,3'Z,5'E,7'S)-7'-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 396b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,Z)-6-((tert-Butyldimethylsilyl)oxy)-5-methylhex-3-en-2-one, 394 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1R,2S,3S,4S)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)bicyclo[2.2.1]hept-5-

en-2-yl)ethan-1-one, 414a 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2R,3R,4R)-3-((R)-1'-((tert-Butyldimethylsilyl)oxy)propan-2'-yl)bicyclo[2.2.1]hept-

5-en-2-yl)ethan-1''-one, 414b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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2D NOESY Spectra for 414a-b 

 

*NOESY Spectrum of 414a-b combined (only 414b resonances highlighted) 
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1-((1R,2S,3S,4S)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1-one, 

416a 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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1-((1S,2R,3R,4R)-3-((R)-1'-Hydroxypropan-2'-yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-

one, 416b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R)-2-((1S,2S,3S,4R)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 398a 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R)-2-((1R,2R,3R,4S)-3-Acetylbicyclo[2.2.1]hept-5-en-2-yl)propanal, 398b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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1-((1R,2S,3R,4S)-3-((2'S,3'Z,5'E,7'S)-7'-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 417a 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 

 



  Appendix A 

339 

1-((1R,2S,3R,4S)-3-((2'S,3'Z,5'E,7'S)-7'-((4-Methoxybenzyl)oxy)octa-3',5'-dien-2'-

yl)bicyclo[2.2.1]hept-5-en-2-yl)ethan-1''-one, 417b 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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Ethyl 3-(1H-benzo[d][1,2,3]triazol-1-yl)-2-methyl-3-oxopropanoate, 433 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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Ethyl (Z)-5-cyclohexyl-5-hydroxy-2-methyl-3-oxopent-4-enoate, 432 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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Methyl 2-(2′-oxoethyl)benzoate, 447 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 

 



  Appendix A 

343 

Methyl (Z)-2-(3′-iodoallyl)benzoate, 454 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 

 



  Appendix A 

344 

tert-Butyl 2-allylbenzoate, 460 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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tert-Butyl 2-(2′-oxoethyl)benzoate, 461 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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tert-Butyl (Z)-2-(3′-iodoallyl)benzoate, 462 

1H NMR (400 MHz, CDCl3); 

 

13C NMR (100 MHz, CDCl3); 
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(Z)-2-(3′-iodoallyl)benzoic acid, 445 

1H NMR (400 MHz, CDCl3);   

 

13C NMR (100 MHz, CDCl3); 
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(R,E)-4-(tributylstannyl)but-3-en-2-yl 3'-((((9H-fluoren-9-yl)methoxy)carbonyl)amino) 

propanoate, 464 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,E)-4-(tributylstannyl)but-3-en-2-yl 3'-aminopropanoate, 446 

1H NMR (400 MHz, CDCl3);  

 

 

13C NMR (100 MHz, CDCl3); 
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(R,E)-4''-(tributylstannyl)but-3''-en-2''-yl 2'''-(2'-((Z)-3'-

iodoallyl)benzamido)propanoate, 444 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,E)-4''-(tributylstannyl)but-3''-en-2''-yl 2-((Z)-3'-iodoallyl)benzoate, 464 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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(R,8E,10Z)-7-methyl-3,4,7,12-tetrahydro-1H-benzo[g][1]oxa[5]azacyclotetradecine-

1,5(2H)-dione, 443 

1H NMR (400 MHz, CDCl3);  

 

13C NMR (100 MHz, CDCl3); 
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Data for X-ray crystal structure of IMDA adduct 243 

Identification code                    jlf854 

Empirical formula                    C35 H38 N O5 

 Formula weight                       552.66 

 Temperature                          373(2) K 

 Wavelength                           1.54184 A 

 Crystal system, space group         Triclinic,  P 1 

 Unit cell dimensions                a = 9.1302(3) A   alpha = 108.986(4) deg. 

                                           b = 9.1578(5) A    beta = 98.417(3) deg. 

                                           c = 10.2260(4) A   gamma = 114.037(4) deg. 

 Volume                               698.83(6) A^3 

 Z, Calculated density            1,  1.313 Mg/m^3 

 Absorption coefficient              0.696 mm^-1 

 F(000)                               295 

 Crystal size                         0.240 x 0.220 x 0.120 mm 

 Theta range for data collection     4.832 to 74.170 deg. 

 Limiting indices                    -11<=h<=11, -11<=k<=11, -12<=l<=12 

 Reflections collected / unique      17014 / 5147 [R(int) = 0.0595] 

 Completeness to theta =    67.684    99.8 % 
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 Refinement method                   Full-matrix least-squares on F^2 

Data / restraints / parameters      5147 / 3 / 357 

Goodness-of-fit on F^2              1.107 

 Final R indices [I>2sigma(I)]       R1 = 0.0460, wR2 = 0.1208 

 R indices (all data)                 R1 = 0.0473, wR2 = 0.1225 

 Absolute structure parameter        -0.17(12) 

 Extinction coefficient               n/a 

 Largest diff. peak and hole         0.386 and -0.342 e.A^-3 
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Atomic coordinates ( x 10^4) and equivalent isotropic displacement parameters (A^2 x 10^3) 

for jlf854. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 

         x                  y               z              U(eq) 

C(1)         9092(4)       2887(4)       9755(4)       34(1) 

C(2)         8778(3)       4295(4)       8231(3)       24(1) 

C(3)         8770(3)       3024(4)       7032(3)       25(1) 

C(4)         8606(3)       3169(4)       5709(3)       26(1) 

C(5)         8616(3)       5700(4)       8096(3)       27(1) 

C(6)         8498(3)       5842(4)       6782(3)       26(1) 

C(7)         8498(3)       4580(4)       5564(3)       25(1) 

C(8)         8417(4)       4741(4)       4146(3)       29(1) 

C(9)         6749(3)       4908(4)       2272(3)       25(1) 

C(10)        5248(3)       5206(4)       1897(3)       24(1) 

C(11)        4537(4)       4541(5)        247(3)       33(1) 

C(12)        5767(3)       7182(4)       2815(3)       23(1) 

C(13)        6467(4)       8303(4)       2031(3)       30(1) 

C(14)        5872(4)       9278(4)       1694(4)       31(1) 

C(15)        4354(3)       9367(4)       2036(3)       25(1) 

C(16)        3310(4)       9585(4)        869(3)       28(1) 

C(17)        1736(3)       9548(4)       1179(3)       24(1) 

C(18)         946(4)      10391(4)        496(3)       28(1) 

C(19)        1107(3)       8817(4)       2035(3)       24(1) 

C(20)        1794(3)       7914(4)       2735(3)       22(1) 

C(21)        3237(3)       7730(4)       2235(3)       21(1) 

C(22)        4380(3)       7536(4)       3356(3)       20(1) 

C(23)        3375(3)       6132(4)       3817(3)       20(1) 

C(24)        5567(3)       7640(4)       6302(3)       25(1) 

C(25)        3992(4)       5920(4)       7315(4)       37(1) 

C(26)        3196(3)       4900(4)       5671(3)       24(1) 

C(27)        3574(3)       3378(4)       5018(3)       24(1) 

C(28)        3055(3)       2068(4)       5674(3)       22(1) 

C(29)        1362(3)       1088(4)       5566(3)       26(1) 

C(30)         903(4)       -121(4)       6160(3)       30(1) 

C(31)        2117(4)       -403(4)       6872(3)       30(1) 

C(32)        3797(4)        562(4)       6985(3)       27(1) 

C(33)        4259(3)       1782(4)       6396(3)       25(1) 

N               4048(3)       6304(3)       5211(2)       22(1) 

O(1)         8877(3)       4265(3)       9569(2)       31(1) 

O(2)         6993(2)       4949(3)       3688(2)       27(1) 

O(3)         2011(2)       4836(3)       3040(2)       25(1) 
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O(4)         5612(3)       7390(3)       7531(2)       33(1) 

O(5)         6711(2)       8847(3)       6244(2)       29(1) 

 

Bond lengths [A] and angles [deg] for jlf854. 

            C(1)-O(1)                     1.420(4) 

            C(1)-H(1A)                    0.9600 

            C(1)-H(1B)                    0.9600 

            C(1)-H(1C)                    0.9600 

            C(2)-O(1)                     1.368(3) 

            C(2)-C(3)                     1.386(4) 

            C(2)-C(5)                     1.400(4) 

            C(3)-C(4)                     1.395(4) 

            C(3)-H(3)                     0.9300 

            C(4)-C(7)                     1.388(4) 

            C(4)-H(4)                     0.9300 

            C(5)-C(6)                     1.385(4) 

            C(5)-H(5)                     0.9300 

            C(6)-C(7)                     1.396(4) 

            C(6)-H(6)                     0.9300 

            C(7)-C(8)                     1.499(4) 

            C(8)-O(2)                     1.424(3) 

            C(8)-H(8A)                    0.9700 

            C(8)-H(8B)                    0.9700 

            C(9)-O(2)                     1.419(3) 

            C(9)-C(10)                    1.522(3) 

            C(9)-H(9A)                    0.9700 

            C(9)-H(9B)                    0.9700 

            C(10)-C(11)                   1.527(4) 

            C(10)-C(12)                   1.564(4) 

            C(10)-H(10)                   0.9800 

            C(11)-H(11A)                  0.9600 

            C(11)-H(11B)                  0.9600 

            C(11)-H(11C)                  0.9600 

            C(12)-C(13)                   1.503(4) 

            C(12)-C(22)                   1.562(3) 

            C(12)-H(12)                   0.9800 

            C(13)-C(14)                   1.323(4) 

            C(13)-H(13)                   0.9300 

            C(14)-C(15)                   1.505(4) 

            C(14)-H(14)                   0.9300 

             C(29)-C(30)                   1.381(4) 

            C(29)-H(29)                   0.9300 

            C(30)-C(31)                   1.395(4) 

            C(15)-C(21)                   1.531(3) 

            C(15)-C(16)                   1.533(4) 

            C(15)-H(15)                   0.9800 

            C(16)-C(17)                   1.506(4) 

            C(16)-H(16A)                  0.9700 

            C(16)-H(16B)                  0.9700 

            C(17)-C(19)                   1.326(4) 

            C(17)-C(18)                   1.504(3) 

            C(18)-H(18A)                  0.9600 

            C(18)-H(18B)                  0.9600 

            C(18)-H(18C)                  0.9600 

            C(19)-C(20)                   1.505(4) 

            C(19)-H(19)                   0.9300 

            C(20)-C(21)                   1.532(3) 

            C(20)-H(20A)                  0.9700 

            C(20)-H(20B)                  0.9700 

            C(21)-C(22)                   1.539(3) 

            C(21)-H(21)                   0.9800 

            C(22)-C(23)                   1.509(4) 

            C(22)-H(22)                   0.9800 

            C(23)-O(3)                    1.218(3) 

            C(23)-N                       1.397(3) 

            C(24)-O(5)                    1.199(4) 

            C(24)-O(4)                    1.347(3) 

            C(24)-N                       1.394(4) 

            C(25)-O(4)                    1.462(4) 

            C(25)-C(26)                   1.515(4) 

            C(25)-H(25)                   0.9300 

            C(26)-N                       1.472(3) 

            C(26)-C(27)                   1.537(4) 

            C(26)-H(26)                   0.9800 

            C(27)-C(28)                   1.506(3) 

           C(27)-H(27A)                  0.9700 

            C(27)-H(27B)                  0.9700 

            C(28)-C(33)                   1.394(4) 

            C(28)-C(29)                   1.400(4) 

           C(10)-C(11)-H(11C)          109.5 

            H(11A)-C(11)-H(11C)         109.5 

            H(11B)-C(11)-H(11C)         109.5 
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            C(30)-H(30)                   0.9300 

            C(31)-C(32)                   1.388(4) 

            C(31)-H(31)                   0.9300 

            C(32)-C(33)                   1.385(4) 

            C(32)-H(32)                   0.9300 

            C(33)-H(33)                   0.9300 

             O(1)-C(1)-H(1A)             109.5 

            O(1)-C(1)-H(1B)             109.5 

            H(1A)-C(1)-H(1B)            109.5 

            O(1)-C(1)-H(1C)             109.5 

            H(1A)-C(1)-H(1C)            109.5 

            H(1B)-C(1)-H(1C)            109.5 

            O(1)-C(2)-C(3)              124.7(2) 

            O(1)-C(2)-C(5)              115.6(3) 

            C(3)-C(2)-C(5)              119.6(2) 

            C(2)-C(3)-C(4)              119.4(2) 

            C(2)-C(3)-H(3)              120.3 

            C(4)-C(3)-H(3)              120.3 

            C(7)-C(4)-C(3)              121.9(3) 

            C(7)-C(4)-H(4)              119.1 

            C(3)-C(4)-H(4)              119.1 

            C(6)-C(5)-C(2)              120.0(3) 

            C(6)-C(5)-H(5)              120.0 

            C(2)-C(5)-H(5)              120.0 

            C(5)-C(6)-C(7)              121.2(3) 

            C(5)-C(6)-H(6)              119.4 

            C(7)-C(6)-H(6)              119.4 

            C(4)-C(7)-C(6)              117.9(3) 

            C(4)-C(7)-C(8)              120.3(3) 

            C(6)-C(7)-C(8)              121.8(3) 

            O(2)-C(8)-C(7)              109.6(2) 

            O(2)-C(8)-H(8A)             109.7 

            C(7)-C(8)-H(8A)             109.7 

            O(2)-C(8)-H(8B)             109.7 

            C(7)-C(8)-H(8B)             109.7 

            H(8A)-C(8)-H(8B)            108.2 

            O(2)-C(9)-C(10)             108.2(2) 

            O(2)-C(9)-H(9A)             110.1 

            C(10)-C(9)-H(9A)            110.1 

            O(2)-C(9)-H(9B)             110.1 

            C(10)-C(9)-H(9B)            110.1 

            H(9A)-C(9)-H(9B)            108.4 

            C(9)-C(10)-C(11)            110.2(2) 

            C(9)-C(10)-C(12)            109.6(2) 

            C(11)-C(10)-C(12)           115.1(2) 

            C(9)-C(10)-H(10)            107.2 

            C(13)-C(12)-C(22)           109.3(2) 

            C(13)-C(12)-C(10)           111.6(2) 

            C(22)-C(12)-C(10)           116.4(2) 

            C(13)-C(12)-H(12)           106.3 

            C(22)-C(12)-H(12)           106.3 

            C(10)-C(12)-H(12)           106.3 

            C(14)-C(13)-C(12)           125.6(3) 

            C(14)-C(13)-H(13)           117.2 

            C(12)-C(13)-H(13)           117.2 

            C(13)-C(14)-C(15)           123.3(3) 

            C(13)-C(14)-H(14)           118.4 

            C(15)-C(14)-H(14)           118.4 

            C(14)-C(15)-C(21)           110.6(2) 

            C(14)-C(15)-C(16)           112.4(2) 

            C(21)-C(15)-C(16)           110.3(2) 

            C(14)-C(15)-H(15)           107.8 

            C(21)-C(15)-H(15)           107.8 

            C(16)-C(15)-H(15)           107.8 

            C(17)-C(16)-C(15)           111.5(2) 

            C(17)-C(16)-H(16A)          109.3 

            C(15)-C(16)-H(16A)          109.3 

            C(17)-C(16)-H(16B)          109.3 

            C(15)-C(16)-H(16B)          109.3 

            H(16A)-C(16)-H(16B)         108.0 

            C(19)-C(17)-C(18)           122.4(2) 

            C(19)-C(17)-C(16)           120.6(2) 

            C(18)-C(17)-C(16)           117.1(2) 

            C(17)-C(18)-H(18A)          109.5 

            C(17)-C(18)-H(18B)          109.5 

            H(18A)-C(18)-H(18B)         109.5 

            C(17)-C(18)-H(18C)          109.5 

            H(18A)-C(18)-H(18C)         109.5 

            H(18B)-C(18)-H(18C)         109.5 

            C(17)-C(19)-C(20)           125.8(2) 

            C(17)-C(19)-H(19)           117.1 

            C(20)-C(19)-H(19)           117.1 

            C(19)-C(20)-C(21)           112.9(2) 

            C(19)-C(20)-H(20A)          109.0 

            C(21)-C(20)-H(20A)          109.0 

            C(19)-C(20)-H(20B)          109.0 

            C(21)-C(20)-H(20B)          109.0 

            H(20A)-C(20)-H(20B)         107.8 

            C(15)-C(21)-C(20)           110.3(2) 

            C(15)-C(21)-C(22)           107.5(2) 

            C(20)-C(21)-C(22)           111.8(2) 

            C(15)-C(21)-H(21)           109.0 



  Appendix B 

360 

            C(11)-C(10)-H(10)           107.2 

            C(12)-C(10)-H(10)           107.2 

            C(10)-C(11)-H(11A)          109.5 

            C(10)-C(11)-H(11B)          109.5 

            H(11A)-C(11)-H(11B)         109.5 

            C(21)-C(22)-H(22)           107.1 

            C(12)-C(22)-H(22)           107.1 

            O(3)-C(23)-N                117.5(2) 

            O(3)-C(23)-C(22)            124.0(2) 

            N-C(23)-C(22)               118.5(2) 

            O(5)-C(24)-O(4)             122.0(3) 

            O(5)-C(24)-N                129.1(3) 

            O(4)-C(24)-N                108.9(2) 

            O(4)-C(25)-C(26)            104.4(2) 

            O(4)-C(25)-H(25)            127.8 

            C(26)-C(25)-H(25)           127.8 

            N-C(26)-C(25)               100.4(2) 

            N-C(26)-C(27)               110.2(2) 

            C(25)-C(26)-C(27)           113.9(2) 

            N-C(26)-H(26)               110.6 

            C(25)-C(26)-H(26)           110.6 

            C(27)-C(26)-H(26)           110.6 

            C(28)-C(27)-C(26)           113.5(2) 

            C(28)-C(27)-H(27A)          108.9 

            C(26)-C(27)-H(27A)          108.9 

            C(28)-C(27)-H(27B)          108.9 

            C(26)-C(27)-H(27B)          108.9  

            H(27A)-C(27)-H(27B)         107.7 

            C(33)-C(28)-C(29)           118.0(2) 

 

            C(20)-C(21)-H(21)           109.1 

            C(22)-C(21)-H(21)           109.0 

            C(23)-C(22)-C(21)           112.3(2) 

            C(23)-C(22)-C(12)           110.0(2) 

            C(21)-C(22)-C(12)           112.9(2) 

            C(23)-C(22)-H(22)           107.1 

            C(33)-C(28)-C(27)           120.4(2) 

            C(29)-C(28)-C(27)           121.6(2) 

            C(30)-C(29)-C(28)           120.9(3) 

            C(30)-C(29)-H(29)           119.5 

            C(28)-C(29)-H(29)           119.5 

            C(29)-C(30)-C(31)           120.5(3) 

            C(29)-C(30)-H(30)           119.7 

            C(31)-C(30)-H(30)           119.7 

            C(32)-C(31)-C(30)           118.9(3) 

            C(32)-C(31)-H(31)           120.5 

            C(30)-C(31)-H(31)           120.5 

            C(33)-C(32)-C(31)           120.5(2) 

            C(33)-C(32)-H(32)           119.8 

            C(31)-C(32)-H(32)           119.8 

            C(32)-C(33)-C(28)           121.1(2) 

            C(32)-C(33)-H(33)           119.5 

            C(28)-C(33)-H(33)           119.5 

            C(24)-N-C(23)               129.0(2) 

            C(24)-N-C(26)               110.0(2) 

            C(23)-N-C(26)               120.8(2) 

            C(2)-O(1)-C(1)              117.1(2) 

            C(9)-O(2)-C(8)              111.81(19) 

            C(24)-O(4)-C(25)            109.7(2) 
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Anisotropic displacement parameters (A^2 x 10^3) for jlf854. The anisotropic displacement 

factor exponent takes the form: -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ] 

   U11        U22        U33        U23        U13                  U12 

   C(1)      35(2)       35(2)      31(2)     19(2)       3(1)      16(1) 

    C(2)     18(2)      28(2)      26(2)      14(1)       1(1)       9(1) 

    C(3)     20(2)      29(2)      34(2)      17(1)       8(1)      16(1) 

    C(4)     21(2)      32(2)      32(2)      16(1)      10(1)      17(1) 

    C(5)     24(2)      24(2)      29(2)      10(1)       3(1)      11(1) 

    C(6)     20(2)      26(2)      33(2)      16(1)       5(1)      10(1) 

    C(7)     16(2)      34(2)      33(2)      19(1)      10(1)      15(1) 

    C(8)     24(2)      43(2)      37(2)      26(2)      16(1)      23(1) 

    C(9)     25(2)      38(2)      29(2)      21(1)      14(1)      22(1) 

    C(10)    20(2)      32(2)      26(2)      16(1)       8(1)      16(1) 

    C(11)    35(2)      46(2)      26(2)      16(2)      11(1)      26(2) 

    C(12)    16(2)      30(2)      31(2)      18(1)       9(1)      14(1) 

    C(13)    20(2)      41(2)      42(2)      27(2)      17(1)      18(1) 

    C(14)    24(2)      41(2)      44(2)      32(2)      19(1)      18(1) 

    C(15)    20(2)      31(2)      30(2)      19(1)       8(1)      14(1) 

    C(16)    28(2)      37(2)      36(2)      26(2)      15(1)      21(1) 

    C(17)    20(2)      26(2)      28(2)      12(1)       4(1)      13(1) 

    C(18)    28(2)      32(2)      31(2)      17(1)       7(1)      18(1) 

    C(19)    17(2)      28(2)      27(2)      11(1)       4(1)      13(1) 

    C(20)    18(2)      26(2)      25(2)      13(1)       7(1)      12(1) 

    C(21)    18(2)      26(2)      23(2)      14(1)       7(1)      12(1) 

    C(22)    16(2)      25(2)      24(2)      13(1)       6(1)      12(1) 

    C(23)    18(2)      25(2)      23(2)      12(1)       8(1)      13(1) 

    C(24)    27(2)      26(2)      23(2)      11(1)       4(1)      15(1) 

    C(25)    53(2)      33(2)      26(2)      17(2)      17(1)      19(2) 

    C(26)    25(2)      28(2)      27(2)      18(1)      11(1)      15(1) 

    C(27)    23(2)      27(2)      29(2)      16(1)      13(1)      14(1) 

    C(28)    21(2)      24(2)      24(2)      10(1)       9(1)      12(1) 

    C(29)    22(2)      33(2)      35(2)      20(1)      14(1)      19(1) 

    C(30)    26(2)      34(2)      42(2)      22(2)      18(1)      18(1) 

    C(31)    38(2)      33(2)      30(2)      20(1)      17(1)      20(2) 

    C(32)    27(2)      29(2)      27(2)      11(1)       4(1)      17(1) 

    C(33)    20(2)      26(2)      27(2)      10(1)       7(1)      12(1) 

    N        21(2)      25(2)      22(2)      13(1)       7(1)      12(1) 

    O(1)     37(2)      32(2)      26(2)      14(1)       4(1)      18(1) 

    O(2)     24(2)      43(2)      32(2)      24(1)      14(1)      23(1) 

    O(3)     19(1)      27(2)      30(2)      14(1)       7(1)      11(1) 

    O(4)     42(2)      30(2)      24(2)      13(1)       4(1)      16(1) 

    O(5)     24(1)      28(2)      30(2)      12(1)       2(1)      10(1) 
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Data for X-ray crystal structure of macrocycle adduct 443 

Identification code                 jlf_1124 

Empirical formula                   C17 H19 N O3 

Formula weight                      285.33 

Temperature                         100(2) K 

Wavelength                          1.54184 A 

Crystal system, space group        Orthorhombic,  P 21 21 21 

Unit cell dimensions                a = 4.9654(4) A   alpha = 90 deg. 

                                          b = 10.8105(12) A    beta = 90 deg. 

                                          c = 28.198(3) A   gamma = 90 deg. 

Volume                              1513.6(3) A^3 

Z, Calculated density               4,  1.252 Mg/m^3 

Absorption coefficient             0.694 mm^-1 

F(000)                              608 

Crystal size                        0.120 x 0.050 x 0.010 mm 

Theta range for data collection    6.240 to 68.230 deg. 

Limiting indices                    -5<=h<=5, -13<=k<=11, -33<=l<=31 

Reflections collected / unique     8060 / 2754 [R(int) = 0.0961] 

Completeness to theta =   67.684    99.8 % 
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Refinement method                   Full-matrix least-squares on F^2 

Data / restraints / parameters      2754 / 0 / 207 

Goodness-of-fit on F^2             0.981 

Final R indices [I>2sigma(I)]       R1 = 0.0536, wR2 = 0.1120 

R indices (all data)                 R1 = 0.0773, wR2 = 0.1225 

Absolute structure parameter        -0.2(4) 

Extinction coefficient               n/a 

Largest diff. peak and hole        0.190 and -0.211 e.A^-3 
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Atomic coordinates ( x 10^4) and equivalent isotropic displacement parameters (A^2 x 10^3) 

for jlf_1124. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

                               x                 y                 z              U(eq) 

          C(1)          743(8)       5282(4)       7148(1)       24(1) 

          C(2)          991(8)       4665(4)       7579(1)       30(1) 

          C(3)         2720(9)       5062(4)       7932(2)       33(1) 

          C(4)         4305(9)       6104(4)       7860(1)       31(1) 

          C(5)         4102(7)       6736(4)       7439(1)       27(1) 

          C(6)         2324(7)       6355(4)       7083(1)       23(1) 

          C(7)         2009(7)       7154(4)       6654(1)       22(1) 

          C(8)         4273(8)       8301(4)       6024(1)       25(1) 

          C(9)         3195(8)       7706(4)       5574(1)       25(1) 

          C(10)        4703(8)       6552(4)       5450(1)       24(1) 

          C(11)        4346(9)       4603(4)       5056(2)       32(1) 

          C(12)        3293(10)      4207(5)       4582(2)       38(1) 

          C(13)        3543(9)       3770(5)       5455(2)       35(1) 

          C(14)        1993(9)       4067(5)       5825(2)       30(1) 

          C(15)        1412(9)       3218(5)       6212(2)       35(1) 

          C(16)         110(9)       3487(5)       6613(2)       35(1) 

          C(17)        -988(8)       4727(4)       6762(2)       30(1) 

          N            4264(6)       7472(3)       6426(1)       23(1) 

          O(1)         -238(5)       7533(3)       6523(1)       27(1) 

          O(2)         6919(5)       6281(3)       5594(1)       32(1) 

          O(3)         3296(5)       5837(3)       5142(1)       27(1) 

Bond lengths [A] and angles [deg] for jlf_1124. 

            C(1)-C(2)                     1.391(6) 

            C(1)-C(6)                     1.412(6) 

            C(1)-C(17)                    1.512(6) 

            C(2)-C(3)                     1.384(6) 

            C(2)-H(2)                     0.9300 

            C(3)-C(4)                     1.390(7) 

            C(3)-H(3)                     0.9300 

            C(4)-C(5)                     1.374(6) 

            C(4)-H(4)                     0.9300 

            C(5)-C(6)                     1.398(5) 

            C(5)-H(5)                     0.9300 

            C(6)-C(7)                     1.495(6) 

            C(7)-O(1)                     1.245(5) 

            C(7)-N                        1.336(5) 

            C(8)-N                        1.446(5) 

            C(8)-C(9)                     1.521(6) 

            C(8)-H(8A)                    0.9700 

            C(11)-C(12)                   1.498(6) 

            C(11)-H(11)                   1.09(5) 

            C(12)-H(12A)                  0.9600 

            C(12)-H(12B)                  0.9600 

            C(12)-H(12C)                  0.9600 

            C(13)-C(14)                   1.336(6) 

            C(13)-H(13)                   0.95(6) 

            C(14)-C(15)                   1.456(7) 

            C(14)-H(14)                   0.96(5) 

            C(15)-C(16)                   1.334(6) 

            C(15)-H(15)                   1.00(5) 

            C(16)-C(17)                   1.507(7) 

            C(16)-H(16)                   0.9300 

            C(17)-H(17A)                  0.9700 

            C(17)-H(17B)                  0.9700 

            N-H(0)                        0.8600 

             C(2)-C(1)-C(6)              117.2(4) 
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            C(8)-H(8B)                    0.9700 

            C(9)-C(10)                    1.496(6) 

            C(9)-H(9A)                    0.9700 

            C(9)-H(9B)                    0.9700 

            C(10)-O(2)                    1.209(5) 

            C(10)-O(3)                    1.357(5) 

            C(11)-O(3)                    1.452(5) 

            C(11)-C(13)                   1.494(7) 

            C(4)-C(3)-H(3)              120.1 

            C(5)-C(4)-C(3)              119.2(4) 

            C(5)-C(4)-H(4)              120.4 

            C(3)-C(4)-H(4)              120.4 

            C(4)-C(5)-C(6)              121.4(4) 

            C(4)-C(5)-H(5)              119.3 

            C(6)-C(5)-H(5)              119.3 

            C(5)-C(6)-C(1)              120.0(4) 

            C(5)-C(6)-C(7)              118.4(4) 

            C(1)-C(6)-C(7)              121.4(3) 

            O(1)-C(7)-N                 121.5(3) 

            O(1)-C(7)-C(6)              121.7(3) 

            N-C(7)-C(6)                 116.8(3) 

            N-C(8)-C(9)                 113.1(3) 

            N-C(8)-H(8A)                109.0 

            C(9)-C(8)-H(8A)             109.0 

            N-C(8)-H(8B)                109.0 

            C(9)-C(8)-H(8B)             109.0 

            H(8A)-C(8)-H(8B)            107.8 

            C(10)-C(9)-C(8)             111.7(3) 

            C(10)-C(9)-H(9A)            109.3 

            C(8)-C(9)-H(9A)             109.3 

            C(10)-C(9)-H(9B)            109.3 

            C(8)-C(9)-H(9B)             109.3 

            H(9A)-C(9)-H(9B)            107.9 

            O(2)-C(10)-O(3)             123.1(4) 

            O(2)-C(10)-C(9)             125.4(4) 

            O(3)-C(10)-C(9)             111.5(3) 

            O(3)-C(11)-C(13)            109.4(3) 

            O(3)-C(11)-C(12)            106.6(3) 

            C(13)-C(11)-C(12)           114.0(4) 

 

            C(2)-C(1)-C(17)             119.2(4) 

            C(6)-C(1)-C(17)             123.3(4) 

            C(3)-C(2)-C(1)              122.4(4) 

            C(3)-C(2)-H(2)              118.8 

            C(1)-C(2)-H(2)              118.8 

            C(2)-C(3)-C(4)              119.8(4) 

            C(2)-C(3)-H(3)              120.1 

            C(12)-C(11)-H(11)           114(2) 

            O(3)-C(11)-H(11)            106(3) 

            C(13)-C(11)-H(11)           107(2) 

            C(11)-C(12)-H(12A)          109.5 

            C(11)-C(12)-H(12B)          109.5 

            H(12A)-C(12)-H(12B)         109.5 

            C(11)-C(12)-H(12C)          109.5 

            H(12A)-C(12)-H(12C)         109.5 

            H(12B)-C(12)-H(12C)         109.5 

            C(14)-C(13)-C(11)           126.6(5) 

            C(14)-C(13)-H(13)           120(3) 

            C(11)-C(13)-H(13)           113(3) 

            C(13)-C(14)-C(15)           123.2(5) 

            C(13)-C(14)-H(14)           120(3) 

            C(15)-C(14)-H(14)           117(3) 

            C(16)-C(15)-C(14)           126.4(5) 

            C(16)-C(15)-H(15)           116(3) 

            C(14)-C(15)-H(15)           117(3) 

            C(15)-C(16)-C(17)           127.3(4) 

            C(15)-C(16)-H(16)           116.4 

            C(17)-C(16)-H(16)           116.3 

            C(16)-C(17)-C(1)            110.4(4) 

            C(16)-C(17)-H(17A)          109.6 

            C(1)-C(17)-H(17A)           109.6 

            C(16)-C(17)-H(17B)          109.6 

            C(1)-C(17)-H(17B)           109.6 

            H(17A)-C(17)-H(17B)         108.1 

            C(7)-N-C(8)                 122.7(3) 

            C(7)-N-H(0)                 118.7 

            C(8)-N-H(0)                 118.7 

            C(10)-O(3)-C(11)            116.4(3) 
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Anisotropic displacement parameters (A^2 x 10^3) for jlf_1124. The anisotropic displacement 

factor exponent takes the form: -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ] 

                U11        U22        U33        U23        U13      U12 

    C(1)     19(2)      26(2)      29(2)       0(2)       4(2)       1(2) 

    C(2)     29(2)      28(2)      34(2)       3(2)       1(2)      -1(2) 

    C(3)     35(2)      34(3)      28(2)       4(2)       0(2)       4(2) 

    C(4)     29(2)      38(3)      26(2)      -1(2)      -3(2)       4(2) 

    C(5)     15(2)      32(2)      34(2)       0(2)       0(2)       1(2) 

    C(6)     13(2)      32(2)      24(2)       1(2)       0(2)       3(2) 

    C(7)     14(2)      29(2)      23(2)      -6(2)       2(2)       0(2) 

    C(8)     16(2)      31(3)      30(2)       2(2)      -1(2)      -2(2) 

    C(9)     17(2)      30(2)      27(2)       4(2)      -1(2)       2(2) 

    C(10)    20(2)      31(3)      23(2)       4(2)       1(2)       1(2) 

    C(11)    30(2)      30(3)      37(2)      -1(2)       6(2)       3(2) 

    C(12)    41(2)      32(3)      40(2)      -3(2)       6(2)      -1(2) 

    C(13)    34(3)      33(3)      40(2)      -1(2)       0(2)       4(2) 

    C(14)    26(2)      30(3)      34(2)       0(2)       0(2)       2(2) 

    C(15)    36(3)      30(3)      38(3)       1(2)      -4(2)       1(2) 

    C(16)    34(2)      36(3)      34(2)       1(2)      -1(2)      -6(2) 

    C(17)    21(2)      34(3)      35(2)       2(2)       1(2)      -3(2) 

    N        11(1)      32(2)      26(2)       2(2)      -1(1)       1(2) 

    O(1)     12(1)      38(2)      33(1)       3(2)      -2(1)       2(1) 

    O(2)     16(1)      43(2)      36(2)       0(2)       1(1)       3(1) 

    O(3)     22(1)      30(2)      29(1)      -3(1)       0(1)       1(1) 
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