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Abstract 

Annotinolide C (26) is a lycopodium alkaloid which was isolated from the club moss Lycopodium 

annotinum, native to China, in 2016. Annotinolide C (26), along with the other natural products within 

the family, are the first lycopodium alkaloid to show inhibitory activity against amyloid beta aggregate 

formation (inhibitory ratio at 50 µM, annotinolide C (26): 36.1%); a key pathogenesis in the 

development of Alzheimer’s disease. Annotinolide C (26) possesses a highly complex caged structure 

comprised of a 7,8-seco-lycopodane-derived 8,5-lactone bridge and an α-tertiary amine centre (C-13). 

Additionally, annotinolide C (26) contains an unprecedented spirobutenolide motif rendering it unique 

in comparison to conventional lycopodium alkaloids. The complex molecular architecture of 

annotinolide C (26) makes it an attractive target for total synthesis. This thesis will describe the 

synthesis of core structure 149 and synthetic endeavours towards the elaboration of core 149 to 

annotinolide C (26).  

 

The synthetic strategy towards model core 149 hinged on construction of the tricyclic scaffold from an 

intramolecular furan addition of reactive iminium species 150, which in turn, would be generated in 

situ from hemiaminal 261. Initially, the synthesis of tricyclic cores 313a/b was achieved by the 

reduction of lactam 303, followed by the intramolecular cyclisation of resulting hemaiminal 308, giving 

the cycloadducts with pronounced diastereoselectivity for diastereomer (±)-313a (18:1, (±)-313a: (±)-

313b).   

 

With the successful construction of model cores 313a/b established, the furan iminium cyclisation was 

next extended to the synthesis of tricycle 359 possessing the requisite C5ꞌ-O synthetic handle for late 

stage manipulation. The furan iminium cyclisation using hemiaminal 357 provided tricycle 359 which 
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was subsequently used to access enone (±)-325 over four steps. Addition of diethyl malonate to enone 

(±)-325 provided diester (±)-371 and a concurrent Boc deprotection and epimerisation of the C-4aꞌ 

(blue) stereocentre of diester (±)-371 produced ketoamines 372a/b (dr = 3.5:1), with major diastereomer 

(±)-372a possessing the relative configuration of annotinolide C (26). The lactone bridge of advanced 

intermediate 373 was thought to have been assembled through a reduction/lactonisation sequence of 

ketoamines 372a/b, affording the requisite tetracyclic framework of the natural product. Unfortunately, 

due to lack of advanced material and time restrictions complete investigations of this pivotal step were 

prohibited. This approach provides a foundation for the total synthesis of annotinolide C (26), whereby 

further investigations of this synthetic route may allow for the elaboration of lactone 373 to the natural 

product. 
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1.1 Neurodegenerative Diseases 

During this modern age of advanced pharmaceuticals and drug discovery, effective treatments for 

neurodegenerative diseases such as Alzheimer’s disease, dementia and Parkinson’s disease have not 

thus far been achieved. Current medical treatments for these diseases are confined to symptomatic relief, 

while treatment of the underlying cause, by delaying or reversing cell damage, has remained 

unattainable.1 These complex neurological diseases are generally unpredictable, as the exact cause of 

the disease initiation within an individual is often unknown, but can result from environmental stressors, 

or genetic predisposition. With many ageing populations around the world, neurodegenerative diseases 

are expected to become a more pressing problem in the future, and as such, developing an understanding 

of the pathogenesis of these diseases has become crucial. While neurological diseases generally have 

common neuropathological collapse processes, where cell death occurs either in the brain or the spinal 

cord, resulting in functional (ataxia) or cognitive loss (dementia), the underlying cause of these 

anomalies is not understood.2  

1.2 Alzheimer’s Disease 

Alzheimer’s disease (AD) was first documented in 1906 by Alois Alzheimer, but it took many years 

before it was determined to be a cause of dementia and death.3 AD is typically diagnosed in elderly 

patients with varying symptoms that reflect the amount of accumulated neurological damage. The 

typical symptoms include confusion, inability to perform simple tasks and varying levels of memory 

loss. Later stages of AD are commonly characterised by personality and behavioural changes, loss of 

communication, and eventual inability for personal care.4 Though the symptoms of AD are usually 

observed at later stages of life, research into the pathogenesis of AD has found that neurodegeneration 

begins 20–30 years prior to the onset of symptoms.4 Although the cause of the onset of AD remains 

unclear, genetic and environmental stressors are believed to influence pathogenesis.5 There are multiple 

stages of AD resulting in a wide range of destructive carry-on effects, but the initial hallmarks of 

neurodegeneration observed in a patient are the accumulation of neuritic plaques outside of neurons, 

and fibrillary tangles inside of neurons; typically in areas of the brain associated with learning, memory, 

and behaviour.4,5 The accumulation of these structures has been correlated to the loss of neurons, 

resulting in impaired brain function. 
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1.2.1 Neuritic Plaques and Neurofibrillary Tangles 

Neurofibrillary tangles and neuritic plaques are two types of characteristic lesions associated with AD, 

but the cause of their formation and order of occurrence is unknown. Neurofibrillary tangles are made 

up of microtubules, which are tubulin-based structures that bind to other associated proteins, most 

commonly tau. Protein tau has 25 possible phosphorylation sites and correct phosphorylation of the 

protein by kinases stabilises the bound microtubules via binding interactions. An imbalance of this 

phosphorylation causes self-assembly of microtubule-associated protein tau and formation of new 

fibrillary tangles. The consequences of these tangles include loss of transport of important proteins and 

mitochondria along the microtubules, processes that are required for normal brain function.4–6 The 

accumulation of neurofibrillary tangles can be broken into six progressive “Braak” stages; as more 

intracellular fibrillar tangles are generated and spread throughout the brain, it foreshadows the cognitive 

decline.  

Neuritic plaques are an accumulation of insoluble extracellular amyloid deposits, caused from an 

imbalance in production and clearance of amyloid beta peptides.3–5 These amyloid deposits are protease 

resistant, therefore they cannot be cleared from the brain and catalyse further plaque formation.7 The 

consequences of these structures are debated, but they have been believed to cause astrocytosis, 

oxidative inflammation, and neurodegeneration.5 These stressors results in the production of free 

radicals that can cause impairment to macromolecules in the brain. This phenomenon is known as the 

amyloid cascade hypothesis, and has been believed to be one of the core factors in the pathogenesis of 

AD.6 There are currently no drugs that target neuritic plaques, leaving a large gap for research and 

development of new therapeutics for AD.  

1.2.2 The Cholinergic Hypothesis 

In patients with AD, various neurons are damaged due to the formation of neurofibrillary tangles and 

neuritic plaques, especially neurons that use glutamate and acetylcholine as transmitters, resulting in a 

decline of cholinergic transmission.4 Acetylcholine is an endogenous neurotransmitter required for 

cerebral cortex growth, cerebral blood flow, memory functions, and is stored in nerve endings.7 Once 

released it has a short half-life, being hydrolysed by the enzyme acetylcholinesterase, which is necessary 

to take the cholinergic neuron from an active to resting state.3 The cholinergic hypothesis states that AD 

is a state of acetylcholine deficiency, disrupting cholinergic transmissions in the brain which could lead 

to the development of early symptoms of AD.8 It is acknowledged that the acetylcholinergic system is 

not the only neurotransmitter system that is affected by AD. Other neurons disrupted by AD include 

those that produce serotonin or noradrenaline. Nevertheless, three of the five current drugs used to treat 

the symptoms of AD are acetylcholinesterase inhibitors, which prevent the cleavage of acetylcholine, 

thus, increasing its half-life and resulting in higher concentrations of the neurotransmitter to improve 

cognitive functions.9 Donepezil (1), rivastigmine (2) and galantamine (3) (Figure 1) are the current 
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frontline acetylcholinesterase inhibitors used to treat AD by binding to the enzyme’s active site either 

reversibly (donepezil (1)) or irreversibly (rivastigmine (2)).10,11 Galantamine (3) is an amaryllidaceae 

alkaloid that was isolated from the bulbs of the Caucasian snowdrop, Galanthus woronowi, in 1952 by 

Proskurnina and Yakovleva.12 Galantamine (3) has been explored as a therapeutic agent for a variety of 

conditions since its isolation but was not used to treat dementia symptoms until 1980,1 following the 

proposal of the cholinergic hypothesis in 1970. It took a further 20 years before galantamine (3) was 

first marketed as an AD drug in 2001.7,13 These current AD drugs (1-3) only relieve symptoms of the 

disease by temporarily increasing cholinergic transmissions. As such, there is a need for further 

understanding of the pathogenesis of AD, as well as effective treatments to halt or reverse the 

progression of the disease.  

 

Figure 1 Examples of Current AD drugs.7 
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1.3 The Lycopodium Alkaloids and their Medicinal Significance 

The lycopodium alkaloids are a large and diverse family of natural products, having been isolated in 

over 54 species of Lycopodium club mosses. A system was proposed by Ayer and Trifonov that sorts 

the family into four subclasses based on their hypothesised biogenetic origin, each named after a 

representative compound (lycodine (4), lycopodine (5), fawcettimine (6) and phlegmarine (7)), (Figure 

2).14 The lycopodium alkaloids contain quinolizidine, pyridine or piperidine type moieties within their 

fused polycyclic frameworks. A typical lycopodium alkaloid skeleton usually contains 16 carbons, 

while some contain up to 32 in dimeric compounds, and others contain less than 16 carbons as a result 

of a bond cleavage during their biosynthesis.15  

 

Figure 2 Representative skeletons of the four lycopodium subclasses.15 

The lycopodium alkaloids have been of great biological interest, having been investigated as 

therapeutics in relation to neurodegenerative diseases since the early 1980s.15,16 The focal points of 

biological testing and clinical trials of the lycopodium alkaloids have been members from the lycodine 

and lycopodine subclasses.3,17–20 Therefore, the focus of this section will be on outlining bioactive 

compounds within these subclasses. A comprehensive review on the pharmacology of the lycopodium 

alkaloids has been published by Omarsdottir et al.21    

1.3.1 The Lycodine Subclass 

In 2004, 26 of the known 201 lycopodium alkaloids were assigned to the lycodine subclass.15 A further 

14 lycodine alkaloids were then reported to have been isolated by Rinner prior to 2012, making the 

lycodines one of the smaller subclasses within the lycopodium alkaloids.22 The representative member 

of this group lycodine (4), was isolated from Lycopodium annotinum in 1958 by Anet and Eves.23 

Medicinal application of alkaloids from this subclass was not discovered until 30 years later. Chinese 

scientists in the early 1980’s were searching for new drug lead compounds by analysing ancient 

traditional herbal remedies. Huperzia serrata is a club moss species which has been used to treat bruises, 
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strains, swellings, and schizophrenia.21,24,25 From this traditional medicine, Liu isolated huperzine A (8) 

in 1986, followed by huperzine B (9) later that year (Figure 3).26 In 1988 mice were treated with 

huperzine A (8) to investigate how it affected their cognitive performance. It was found that mice had 

greater cognitive retention when dosed with 0.1–0.3mg/kg of huperzine A (8).27 Further testing showed 

huperzines A (8) and B (9) both exhibited anti-acetylcholinesterase (AChE) activity, with huperzine A 

(8) being more potent (IC50, huperzine A (8) = 72.4 ± 3.8 nM, huperzine B (9) = 19,300 ± 174 nM) due 

to its stronger affinity for the enzyme active site.28,29      

 

Figure 3 Structures of Lycodine (4), huperzine A (8) and huperzine B (9). 

Since the discovery of huperzine A (8) and B (9) the anti AChE activity exhibited by these compounds 

has gained a lot of attention, not only in China but also worldwide. Further studies of huperzine A (8) 

as a drug candidate for Alzheimer’s disease led to clinical trials including a phase four clinical trial in 

China. The results claimed that huperzine A (8) has only minor adverse effects and provides cognitive 

improvements in patients, including improved memory retention in the elderly and AD patients.7,15 In 

vivo and in vitro studies have shown huperzine A (8) to have comparable or superior inhibition of 

acetylcholinesterase (huperzine A (8), IC50 = 0.082 µM) in rat cortex to those drugs being currently 

used on the market, including donepezil (1), rivastigmine (2) and galantamine (3) (IC50 = 0.010, 181.39, 

1.995 µM, respectively).10,25,30 The effectiveness of huperzine A (8) has been linked to its selectivity for 

acetylcholinesterase, as well as a slow dissociation from the enzyme active site.24 A phase two clinical 

trial was also conducted in the United States over three months involving 26 patients, measuring the 

effectiveness of huperzine A (8) with a mental state examination. The authors observed an increase in 

the overall scores of these patients, with an improvement in their cognitive function with little side-

effects.31 In 1996 huperzine A (8) was marketed under the name “Shuang Yiping” in China for the 

symptomatic treatment of AD. Huperzine A (8) is also distributed as a dietary supplement powder in 

the United States for improved cognitive function.25,28  

1.3.2 The Lycopodine Subclass 

The lycopodines are the largest subclass of lycopodium alkaloids, being the most widely spread 

throughout the genus lycopodium. In 2004, 70 of the known 201 lycopodium alkaloids were 

lycopodines, and a further 21 were isolated prior to 2012.15,22 This subclass is represented by lycopodine 

(5), which possesses four six-membered rings, wherein rings A, B and C are fused, while ring D bridges 

ring A (Figure 4). Rings A and C comprise a quinolizidine nucleus. Located on ring B of lycopodine 

(5) is a carbonyl functionality at C-5, but other members of this subclass possess ketone moieties at 
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other positions. While all lycopodine-type alkaloids possess the general scaffold of lycopodine (5), there 

is wide structural diversity within this subclass of natural products, and as such, there is continued 

synthetic and biological interest in these alkaloids.15 

 

Figure 4 Structure of lycopodine (5). 

1.3.2.1 Structure Elucidation of Lycopodine (5) and Early Isolated Members 

The lycopodium alkaloids have been of great synthetic interest since the first isolation of lycopodine 

(5) from the moss Lycopodium complanatum, in 1881 by Bödeker (Scheme 1).32 However the structural 

elucidation of lycopodine (5) was not completed until 1961, when MacLean first proposed the structure 

using degradation studies.33 This was later corroborated by Wiesner in 1967 after completing the first 

synthesis of 12-epi-lycopodine (5b).32,34 Following Wiesner’s synthesis, the structure of lycopodine (5) 

was confirmed by two independent total syntheses from Ayer and Stork, both in 1968.35,36   

 

Scheme 1 Timeline of lycopodine (5) research. 

Other historically and structurally notable lycopodium alkaloids include annotinine (10), annotine (11), 

and lyconnotine (12) (Figure 5). Annotinine (10) and annotine (11) attracted a lot of attention from 

1940s-80s because of their unique lactone bridges (blue), being the only two lycopodium alkaloids out 

of 100 other members to bear the moiety at the time.37,38 The former was isolated in 1943 by Manske 

and Marion from Lycopodium annotinum L.,39 and the structure was determined in 1958 by Wiesner 

using degradation studies alongside Marion who used X-ray crystallography of annotinine bromohydrin 

(13).40,41 The synthesis of annotinine (10) was later achieved by Wiesner in 1969, who completed a 

racemic synthesis of the natural product, which will be covered in greater detail in section 1.4.2.1.42 

Annotine (11) was first isolated along with annotinine (10) by Manske and Marion in 1943,39 but was 
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named by Bertho and Stoll in 1952.43 The structure of annotine (11) was later determined in 1964 by 

MacLean using nuclear magnetic resonance (NMR) spectroscopy and degradation studies, which 

confirmed a similar lactone bridged system to that of annotinine (10).37,44,45 These structural studies 

concluded annotine (11) was an unique lycopodium alkaloid. Lyconnotine (12)46 is a minor alkaloid 

also isolated from Lycopodium annotinum L. Its structure and isolation were reported by Wiesner et al 

in 1964. Both annotine (11) and lyconnotine (12) contain unique hydrojulolidine skeletons that did not 

structurally fit into one of the representative subclasses, because their skeletons were not explained by 

the postulated biosynthesis at the time, unlike lycopodine (5) and annotinine (10).37,47 Since the isolation 

of annotinine (10), annotine (11), and lyconnotine (12) numerous bioactivity studies have been 

conducted, especially for AChE inhibition, although no notable biological activities have been reported 

to date.48 

 

Figure 5 Historically notable alkaloids annotinine (10), annotine (11) and lyconnotine (12).  

1.3.2.2 The Lannotinidines 

The lannotinidines form one of the many families of natural products within the lycopodium alkaloids 

and encompasses members from both the lycopodine and the fawcettimine subclasses (Figure 6). 

Lannotinidines A-G (14-23) were isolated in 2005 by Kobayashi and co-workers from the club moss 

species L. annotinumm var. acrifolium in Japan.49 Lannotinidines A-G (14-23) bear much similarity to 

annotinine (10) and annotine (11), particularly lannotinidines E (20) and F (21) which both contain a 

cyclobutane moiety that resembles that of natural product 10. Lannotinidines E-G (20-22) possess a 

lactone bridge, similar to annotinine (10) and annotine (11).49 Three further lannotinidines were isolated 

in 2009 by Kobayashi and co-workers (H-J, 15, 19 and 23) from the same species of club moss as 

lannotinidines A-G (14, 16-19 and 20-22) (Figure 6). Lannotinidines I (19) and J (15) have similar 

structures to lannotinidine C (17) and lannotinidine A (14), respectively. Lannotinidine H (23) has the 

lycopodine skeleton but also possesses an interesting enamide functionality at C-5 and acetonyl moiety 

at C-1.50 Lannotinidine B (16) is the only known compound of this family to have succumbed to total 

synthesis, which will be detailed in section 1.4.2.2.51 
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Figure 6 The lannotinidines (14-23).49,50 

Kobayashi and co-worker’s continued interest in the lycopodium alkaloids was driven by the interesting 

neurological activity displayed by many of these compounds, especially in relation to 

neurodegenerative diseases.49,50 The first group of lannotinidines isolated (14-23) were tested for their 

effect on neurotrophic factor synthesis in human 1321N1 astrocytoma cells by measuring nerve growth 

factor (NGF) mRNA expression. Neurotrophic factors are a group of biomolecules, typically peptides 

or small proteins, which maintain survival and function of neurons. A balance of neurotrophic factors 

is therefore important for healthy cognitive function.52 It was found that all lannotinidines (14-23) 

enhanced NGF mRNA expression to some degree, but lannotinidine B (16) was the most potent (NGF 

mRNA/β-actin = 2.227, 30 µg/mL against a control of 1.0, examined using a semiquantitative reverse 

transcription polymerase chain reaction method).53 Lannotinidines H-J (15, 19 and 23) showed no 

notable activities when tested for cytotoxicity against P388, L1210 murine leukaemia and KB human 

epidermoid carcinoma cells in vitro.50  

1.3.2.3 The Annotinolides 

Annotinolides A-E (24-28) were isolated from Lycopodium annotinum, native to China, in 2016 by 

Tang and co-workers (Figure 7).54 Shortly after this, Tang and co-workers isolated annotinolide F (29) 

from the same species of club moss. The structures of this family contain a 7,8-seco-lycopodane-derived 

8,5-lactone bridge, and other unique moieties amongst lycopodine alkaloids. Importantly, annotinolide 

A (24) contains a cyclopropane moiety (red), while annotinolide B (25) bears a cyclobutane structure 

that bridges C-12 and C-13 (orange). Annotinolide C (26) has an unprecedented spirobutenolide 
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functionality (blue) alongside a piperidine. Annotinolides D and E (27-28) have structures more similar 

to the classic lycopodium alkaloid annotine (11), and annotinolide F (29) is an isomer of lannotinidine 

G (22).54 To date, there are no previous syntheses of any members of any members of the annotinolide 

family reported. 

 

Figure 7 The annotinolides (24-29).54 

Annotinolides A-C (24-26) are the first lycopodium alkaloids that show inhibitory activity against 

amyloid beta aggregate formation, which has been suggested as key in the pathogenesis of AD. 

Annotinolides A-C (24-26) were tested using thioflavin T fluorescence, against epigallocatechin-3-

gallate as a positive control (inhibitory ratio: 86.6% at 10 μM) and all three natural products showed 

considerable inhibitory ratios at 50 µM (annotinolide A (24): 42.4%, annotinolide B (25): 38.1% and 

annotinolide C (26): 36.1%). However annotinolides A-C (24-26) showed no other notable bioactivity, 

testing negative for acetylcholinesterase inhibitory activity and neuroprotective activity.54 

1.4 Syntheses of Lycopodium Alkaloids  

1.4.1 Proposed Biosynthesis of the Lycopodium Alkaloids 

The first biosynthesis of the lycopodium alkaloids was proposed by Conroy in 1960, when only a few 

lycopodium alkaloids had been isolated (Scheme 2).55 Conroy postulated that an vinylogous aldol 

reaction of triketooctanoic acid 30 and subsequent incorporation of a nitrogen source into 31 produced 

lycopodine skeleton 32. This hypothesis could be translated to other lycopodium subclasses known at 

the time suggesting they were of polyketide origin.55 This hypothesis remained plausible until the 

isolation of more varied lycopodium skeletons, which could not be explained by this biosynthesis.47,56  
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Scheme 2 Earlier proposed biogenesis of lycopodium alkaloids by Conroy (1960).55  

Feeding experiments conducted by Spenser57–59 using 14C and 13C-labelled precursors in 1970 elucidated 

the currently accepted biosynthesis of lycopodium alkaloids. The starting point of this pathway is the 

decarboxylation of L-lysine 33 (by lysine decarboxylase), forming cardaverine 34, which undergoes 

oxidative deamination and cyclisation, forming piperideine 35, (Scheme 3). The condensation of 

malonyl-coenzyme A (CoA) by a ketosynthase type enzyme forms acetonedicarboxylic acid 36 or the 

bisCoA ester 37, which is subsequently added to piperideine 35 giving 38 or piperidylacetoacetyl-CoA 

39.60 This is followed by a second decarboxylation step, forming pelletierine (40), the first common 

intermediate in the biosynthetic pathway of the lycopodium alkaloids.15,57 Spenser’s feeding studies 

elucidated that only one molecule of labelled pelletierine (40) was incorporated into lycopodine (5), 

which suggested that 40 is coupled with 38, or derivatives thereof, and subsequent decarboxylation and 

cyclisation forms the second common intermediate of the biosynthetic pathway, phlegmarine (7) 

(Scheme 3). Phlegmarine (7) is the representative member for one of the four subclasses of lycopodium 

alkaloids.15 Cyclisation and oxidation of phlegmarine (7) is proposed to form lycodane (41), the 

tetracyclic skeleton that forms the diverging point for the remaining three subclasses.15 Oxidation of the 

piperidine of lycodane (41) to a pyridine forms lycodine (4). Alternatively, hydrolysis of the piperidine 

and a rearrangement resulting in loss of the nitrogen gives lycopodine (5) (Scheme 3). Finally, 

fawcettimine (6) is proposed to diverge from lycopodine (5), via oxidation to form lycodoline (42). 

Ring rearrangement of lycodoline (42) could form iminium 43, followed by hydration results in the 

formation fawcettimine (6).16,61    
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Scheme 3 Currently accepted biosynthesis of the four lycopodium subfamilies by Spenser (1970).57–59 

The lycodane (41) skeleton has been considered a common intermediate for the biosynthesis of many 

lycopodium alkaloids, thus, Tang and co-workers proposed in 2016 that lycodane (41) was also the 

biosynthetic precursor to the annotinolides (24)-(29) (Scheme 4).54 Tang proposed that lycodane (41) 

undergoes an oxidation and ring rearrangement to give acrifoline (44). Upon further oxidation and ring 

cleavage to give intermediate 45, the biosynthesis of the family diverges into two different pathways. 

It is proposed that common intermediate 45 could undergo an initial oxidation and successive 

dehydration, to form carbocation 46 which would undergo cyclopropanation between C-6 and C-12 to 

form 47. Reduction and subsequent lactonisation would result in the formation of annotinolide A (24).54 

On the other hand, annotinolide B (25) could be formed from lactonisation of common intermediate 45, 
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followed by alkylation of carbocation 49 at C-12 resulting from dehydration of 48 (Scheme 4). It is 

proposed that the biosynthesis of annotinolide C (26) commences via lactonisation and subsequent 

dehydration of common intermediate 45, resulting in the formation of lanotinidine G (22). Epoxidation 

and subsequent epoxide opening by the enolate of 50, forges ring D and delivers annotinolide D (27). 

Oxidation of annotinolide D could result in the formation of annotinolide E (28), and nucleophilic attack 

of the alcohol to the amide carbonyl carbon results in a C-N bond cleavage of 28, to afford the butenolide 

moiety and therefore annotinolide C (26).54 

 

Scheme 4 Proposed biosynthesis of annotinolides A-C (24-26)54 
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1.4.2 Chemical Syntheses of Lycopodium Alkaloids 

The synthetic history of the lycopodium alkaloids dates to the 1880s, with the first synthesis of 12-epi-

lycopodine (5a) completed in 1967 by Wiesner, followed by the total syntheses of lycopodine (5) by 

Stork (1968)35 and Ayer (1968)36 independently. Since then, there have been many milestone syntheses 

of lycopodium alkaloids, with lycopodine (5) being the most thoroughly investigated within the family. 

A comprehensive review of all lycopodine (5) syntheses has been previously published, and hence this 

section will aim to cover classic but still relevant syntheses, alongside recent modern syntheses of 

lycopodine (5) and other lycopodium alkaloids.22,62 

1.4.2.1 Earlier Synthetic Work pre-2000 

A. Total Synthesis of Lycopodine (±)-(5) (Ayer, 1968) 

The first total syntheses of racemic lycopodine (±)-(5) were achieved independently by Ayer and Stork 

in 1968, and their accounts were published back to back in the Journal of the Amercian Chemical 

Society.35,36 Ayer’s approach involved the early construction of core 52, which was then harnessed to 

achieve a late stage construction of ring D and thereby lycopodine (±)-(5), (Scheme 5).63  

 

Reagents and conditions: (a) (±)-58, THF; (b) H+, H2O; (c) t-BuOK, t-BuOH, reflux, 15 min; (d) SeO2, aq. 

dioxane; (e) hydrazine hydrate, ethylene glycol, 155 °C, 1 h.  

Scheme 5 Total synthesis of lycopodine (±)-(5) by Ayer.36 

The racemic synthesis commenced from readily available thallin (51) which was used to generate salt 

52 over three steps. 52 was treated with in situ generated Grignard reagent 58 and subsequent hydrolysis 

of the ketal group gave ketone (±)-53 in 90% yield.36 Epimerisation at C-4 and ether hydrolysis was 
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achieved via a four-step sequence to give separable C-15 epimers (±)-54a and (±)-54b in 20% and 30% 

yield, respectively. Alcohol (±)-54b was then transformed to lactam (±)-55 over four steps via an 

oxidation of the quinolizine moiety to reduce the nucleophilicity of the nitrogen. The installation of the 

carbonyl of the lactam therefore prevented an undesired intramolecular ring closure as a result of 

nucleophilic attack from the nitrogen at C-8. The key intramolecular cyclisation then proceeded via the 

ketone enolate of (±)-55 producing tetracycle (±)-56 in 36% yield. Tetracycle (±)-56 underwent a global 

reduction and oxidation sequence to form ketone (±)-57 in 88% yield over two steps. A final oxidation 

at C-5 of ketone (±)-57 commenced using selenium dioxide and subsequent Wolff- Kishner reduction 

at C-6 forged lycopodine (±)-(5) in 8% yield.36 Though the synthesis suffered from low yields, it 

remains one of the rare examples where there is a late stage construction of ring D.    

  



Chapter One: Introduction 

 

19 

B. Total Synthesis of Lycopodine (±)-(5) (Stork, 1968) 

Stork’s synthetic approach differed greatly from Ayer’s, beginning with the early construction of rings 

C and D, and later harnessed an intramolecular Pictet-Spengler-like cyclisation of lactam (±)-61a to 

forge ring B of the advanced intermediate (±)-63b (Scheme 6).35  

 

Reagents and conditions: (a) PTSA, ethanol; (b)LiAlH4; (c) MeMgI, CuCl2, ethanol, 0 °C; (d) pyrrolidine, PTSA, 

acrylamide, H2O dioxane, reflux, 4 h; (e) H3PO4, formic acid, rt, 20 h, (f) Zn dust, MeOH, 150 °C.  

Scheme 6 Total synthesis of lycopodine (±)-(5) by Stork.35 

The synthesis began with preparation of quinoline (±)-61 from 1,3-diketone (±)-59 (Scheme 6).35 

Formation of the vinylogous ethyl ester of 1,3-diketone (±)-59, subsequent reduction and cuprate 

addition at C-5 selectively gave adduct (±)-60 in 32% yield over 3 steps. The relative stereochemistry 

was confirmed via 1H NMR analysis of conjugate adduct (±)-60, verifying that the nucleophilic addition 

occurred at C-5 from the opposite face to the existing benzyl group directed by 1,3-diaxial interactions 

that disfavour syn attack. An aza-annulation was then used to install the quinolone system and ring C 

of lycopodine (±)-(5); this was achieved by refluxing ketone (±)-60 in dioxane with acrylamide and 

pyrrolidine affording separable regioisomers (±)-61a and (±)-61b in 25% combined yield. Quinolone 
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(±)-61a was subjected to cyclisation conditions of phosphoric acid and formic acid, which forged 

desired amide (±)-63b with ring D installed. It was predicted that quinoline (±)-61a would undergo a 

fast, reversible protonation of the enamide double bond, producing two possible epimeric iminiums (±)-

62a and (±)-62b. Iminium (±)-62b adopts a low energy chair conformation with the anisole group in 

the axial position and was able to complete the nucleophilic addition to give amide (±)-63b in 55% 

yield. Iminium (±)-62a is predicted to sit in a highly strained boat conformation for the anisole group 

to sit in the axial position and therefore corresponding amide (±)-63a was not observed. Amide (±)-63b 

was protected, and the anisole moiety was opened to keto ester (±)-64 over 6 steps. Upon deprotection 

of amine (±)-64 with zinc dust in MeOH spontaneous cyclisation occurred to yield lactam (±)-65. The 

racemic synthesis of lycopodine (±)-(5) was then completed from lactam (±)-65 via a late stage 

construction of ring A over two final steps.35  

       

C. Total Synthesis of Annotinine (10) (Wiesner, 1969) 

Wiesner completed the synthesis of annotinine (10) in 1969, harnessing an innovative photocatalysed 

addition of allene to core (±)-67 to install the cyclobutane moiety of the natural product (Scheme 7).42 

The synthesis began with an addition of acrylic acid to bicycle (±)-66, producing racemic tricycle (±)-

67 in good yield (Scheme 7). The key photocatalysed cycloaddition was conducted using mercury lamp 

irradiation in the presence of allene, producing cyclobutene (±)-69 as a single adduct in 54% yield. 

Fortunately, the single adduct obtained turned out to be the anticipated regioisomer and contained the 

desired relative stereochemistry as confirmed by analysis of IR and NMR spectra. The determination 

of the relative configuration at C-4 was deemed unimportant at the time, as it was likely to epimerise in 

later steps, though, it was proposed that the excited state intermediate (±)-68 likely sits in a more stable 

chair-like conformation due to the carbonium like character of the carbonyl α-position and the electron 

pair orbital β to the carbonyl carbon. This results in the axial electron pair orbital in a relative trans 

configuration to the adjacent hydrogen (H-4), therefore, suggesting excited intermediate (±)-68 contains 

the desired configuration at C-4. The resulting addition of allene to (±)-68 then occurs from the opposite 

face to H-4, (Scheme 7).  
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Reagents and conditions: (a) acrylic acid, neat, 135 °C, 2 h; (b) allene, mercury lamp irradiation, THF, –70 °C, 

20 h; (c) HOCH2CH2OH, PTSA, benzene, reflux; (d) PtO2, H2, ethanol, rt, 2 h; (e) PTSA, acetone, reflux. (f) 

NaBH4, THF, H2O (10:1), rt, 2 h; (g) MsCl, pyridine, rt, 15 h; (h) t-BuOK, DMSO, 70 °C, 15 h; (i) SeO2, acetic 

acid, H2O, reflux; (j) KOH 1% in MeOH, reflux, 5 h; (k) CrO3, pyridine, rt, 15 h; (l) KCN, NH4Cl, H2O, DMF, 

140 → 150 °C, 48 h, dr = 1:1; (m) H2SO4, MeOH, reflux, 48 h; (n) KOH 1% in MeOH, reflux; (o) brucine, MeOH, 

acetone, rt, 2 h, then 10% H2SO4, MeOH; (p) diazomethane; (q) PTSA, acetic anhydride, reflux, 6 h; (r) NaBH4, 

MeOH, THF; (s) KOH 1% in MeOH, reflux, 24 h; (t) PTSA, benzene, reflux, 3 d; (u) CCl4, NBS, visible light 

irradiation, reflux, 0.5 h; (v) 10% HBr, 100 °C; (w) Br2, acetone, NaHCO3, H2O, reflux, 4 h; (x) conc. HCl, PtO2, 

H2 (60 psi), MeOH, rt, 20 h, then NH3. 

Scheme 7 Total Synthesis of annotinine (10) by Wiesner.42 

Ketalisation of photo adduct (±)-69 and subsequent stereo-selective hydrogenation of the double bond, 

exclusively delivered product (±)-70 in 93% yield over two steps (Scheme 7). The carbonyl moiety was 

then unveiled to give ketolactam (±)-71, which was reduced, and the resulting alcohol was transformed 
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into olefin (±)-72 in 73% yield over three steps. After an oxidation sequence, the key α,β-unsaturated 

ketone (±)-73 underwent subsequent hydrocyanation and hydrolysis producing ester (±)-74 in 38% 

yield over two steps.42 The relative configuration at C-7 of (±)-74 was confirmed as it was found to be 

identical to the naturally derived optically pure ester 74 based on TLC, IR and mass spectrometry 

analysis. The absolute configuration of naturally derived enantiopure ester 74 had been rigorously 

proven and it was proposed to be the most stable configuration. Conversion of racemic ester (±)-74 to 

corresponding acid (±)-75, allowed the chemical resolution of optically pure acid 75 from racemic acid 

(±)-75 using brucine to selectively form a salt diastereomer with one enantiomer of the racemic acid 

(±)-75. The purified acid 75 was then transformed to optically pure ester 74 via esterification. The 

observed melting point and rotatory dispersion curve of synthetic ester 74 matched that of naturally 

derived ester 74 obtained from degradation studies of the natural product.  

Enol acetate 76 was then formed from ketone 74 and subsequent reduction and hydrolysis resulted in 

epimerisation at C-4, thereby furnishing hydroxy acids 77a and 77b as an inseparable diastereomeric 

mixture. The C-7 stereocentre of 77b was left unassigned because of the undesired cis relationship 

between H-4 and the C-5 hydroxyl group. Upon addition of p-toluene-sulfonic acid (PTSA) to the 

mixture of 77a and 77b, epimerisation of 77a at C-7 occurred to give the desired cis relationship 

between the C-5 and C-7 substituents, allowing 77a to undergo lactonisation to afford the desired 

lactone 78 in 38% yield. The undesired diastereomer 77b did not cyclise and was recovered unchanged. 

With the key lactone bridge assembled, the total synthesis of annotinine (10) was completed in four 

steps. Lactone 78 was transformed to annotinine bromohydrin (13) over a bromination and subsequent 

hydration step in 4% yield. Lastly annotinine bromohydrin (13) underwent epoxide formation and 

selective reduction of the amide carbonyl carbon which yielded annotinine (10) in 44% yield.42  
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D. Total Synthesis of Lycopodine (±)-(5) (Heathcock, 1978) 

A landmark synthesis in this family was disclosed by Heathcock in 1978 wherein the highly efficient 

synthesis of lycopodine (±)-(5) was achieved by employing a Mannich cyclisation reaction to form 

rings C and B, thereby forging the key tricycle (±)-84 in their synthesis (Scheme 8).64  

 

Reagents and conditions: (a) (COCl)2, benzene, reflux, 1 h; (b) Zn dust, 10% aq. HCl, 0 °C, 0.5 h; (c) lithium 

dimethallylcopper 86 (generated in situ), Et2O, –78 °C; (d) O3, MeOH, –78 °C; (e) HOCH2CH2OH, PTSA, 

benzene, reflux; (f) KOH, H2O, ethanol, reflux, 16 h; (g) ethyl chloroformate, Et3N, BnO(CH2)3NH2, THF, –10 

°C; (h) LiAlH4, THF, reflux, 16 h; (i) 3.2 M aq. HCl, MeOH, reflux, 14 d; (j) Pd, H2, H2O, ethanol; (k) t-BuOK, 

benzophenone, benzene, reflux, 0.5 h; (l) H2, Pt, ethanol. 

Scheme 8 Heathcock’s total synthesis of lycopodine (±)-(5).64 

Heathcock’s synthesis of lycopodine (±)-(5) began with construction of cyanodione (±)-81 over four 

steps from racemic diketone (±)-79.65 Diketone (±)-79 underwent chlorination followed by subsequent 

zinc dust reduction to furnish enone (±)-80 over two steps in 57% yield. Enone (±)-80 was subsequently 

coupled with in situ generated cuprate 86, followed by an ozonolytic cleavage of the alkene producing 

cyanodione (±)-81 in 56% yield over two steps. Cyanodione (±)-81 was isolated as a 1:1 mixture of C-

12 epimers, as nucleophilic attack occurred from the opposite face to the existing methyl group, to avoid 

unfavourable 1,3-diaxial interactions (Scheme 8). Cyanodione (±)-81 was transformed into secondary 

amine (±)-82 over four steps in 77% yield. With secondary amine (±)-82 in hand, the key Mannich 

cyclisation was investigated. Strongly acidic conditions (3.2 M HCl in methanol for 14 days) were 

required to remove both ketal protecting groups, yielding diketoamine intermediate (±)-83, which 

underwent a Mannich reaction cascade in a one-pot procedure constructing tricycle (±)-84. This 

transformation was only completed by reaction of one C-12 epimer of diketoamine (±)-83, selectively 
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producing anticipated tricycle (±)-84. The other unreacted diastereomer of diketoamine (±)-83 slowly 

underwent an epimerisation at C-12 to give the reactive conformer and subsequently tricyclic product 

(±)-84. With rings B, C and D installed, the racemic synthesis of lycopodine (±)-(5) was completed 

from tricycle (±)-84 over three steps. Debenzylation and Cannizzaro oxidation of the resultant alcohol 

resulted in a spontaneous aldol condensation of aldehyde (±)-85, constructing ring A. Hydrogenation 

of the resulting double bond at C3-C4 completed the synthesis of lycopodine (±)-(5) in 11 linear steps. 

This synthesis remains the most efficient and a benchmark in lycopodine (±)-(5) syntheses and 

continues to inspire subsequent syntheses of the natural product.64  
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E. Total Synthesis of Lycopodine (±)-(5) (Wenkert, 1984) 

Wenkert and co-workers disclosed their synthesis of lycopodine (±)-(5) in 1984, the only other 

approach, apart from Ayer’s, to conduct a late stage formation of ring D (Scheme 9).66–68  

 

Reagents and conditions: (a) HCl gas, MeOH, 0 °C → rt, 16 h; (b) NaH, DME, reflux, 5 h; (c) HCl gas, MeOH, 

0 °C → rt, 48 h; (d) LiAlH, Et2O; (e) 2-ethyl-2-litho-1,3-dithian, HMPA, THF, –78 °C, (f) pyridinium 

trifluoroacetate, DCC, DMSO; (g) HgCl2, HgO2, MeOH-H2O (9:1), reflux; (h) 10% HCl in EtOAc, reflux, 3.5 h; 

(i) Pd/C, H2 atm. press., EtOAc; (j) NaOMe, benzene, rt, 20 min; (k) HS(CH2)3SH, HCl gas, glacial AcOH, 1 h; 

(l) Raney Ni, ethanol, reflux, 18 h.   

Scheme 9 Wenkert’s total synthesis of lycopodine (±)-(5).66–68  

The synthesis began with the conversion of dimethyl quinolinate (87) to tetrahydropyridine 88 over 

three synthetic steps (Scheme 9). Tetrahydropyridine 88 underwent a subsequent one-pot acid catalysed 

ketal deprotection and Michael addition to afford a diastereomeric mixture (relative configurations 

undetermined) of bicycle (±)-89. Base catalysed Dieckmann condensation of bicycle (±)-89 and 

subsequent enol ether formation using methanolic hydrogen chloride gave key intermediate (±)-90 as 

three separable diastereomers (±)-90a-c (dr (±)-90a: (±)-90b: (±)-90c = 5:13:1). The desired 

diastereomer (±)-90a was isolated in 20% yield, and its relative stereochemistry was confirmed on the 
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basis of 1H and 13C NMR analysis. A reduction-oxidation sequence and conjugate addition of enol ether 

(±)-90a afforded diketo aldehyde (±)-91 in 24% over four steps. The key aldol condensation to forge 

ring D was then investigated and it was found that use of a 10% solution of hydrochloric acid in ethyl 

acetate initiated the aldol condensation of (±)-91 producing desired enone (±)-92 in 83% yield. 

Epimerisation at C-4 was also observed during this transformation to afford the desired relative 

stereochemistry of tetracycle (±)-92. Finally, Wenkert’s synthesis of lycopodine (±)-(5) was completed 

from enone (±)-92 in 34% yield over four steps via hydrogenation, isomerisation and reductive 

manipulations.66–68 Wenkert extended his methodology and used key intermediate (±)-90 to also 

complete the racemic syntheses of other lycopodium alkaloids including deacetylfawcettine (±)-(93), 

acetylfawcettine (±)-(94), and clavolonine (±)-(95).   
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1.4.2.2 Recent Progress towards the Total Synthesis of Lycopodium Alkaloids 

A. First Enantioselective Synthesis of Lycopodine (5) (Carter, 2008) 

The first enantioselective synthesis of lycopodine (–)-(5) was completed by Carter and co-workers in 

2008, over 125 years after the initial isolation by Bodeker.32 The synthesis was designed around a key 

diastereoselective intramolecular Michael addition of 101 to form ring D, which preceded a Heathcock 

inspired Mannich reaction used to forge ring B (Scheme 10).62  

 

Reagents and conditions: (a) allylMgBr, CuBr·DMS, LiCl, TMSCl, THF, –78 °C, 1.5 h; (b) Mg, MeOH, 0 °C, 3 

h; (c) NaSO2Ph, NaN3, DMF, H2O, rt, 6.5 h; (d) LiTMP, 97, THF, –78 °C, 1.5 h; (e) 105, 2nd Gen. Hoveyda-

Grubbs catalyst, CH2Cl2, rt, 2 h; (f) i-Pr2NH, i-PrOH/CH2Cl2 (4:1), rt, 13 h; (g) Ph3P, THF, reflux, 5 h; (h) 

TMSOTf, i-Pr2NEt, CH2Cl2, 0 °C, 5 h; 

Scheme 10 Synthesis of cyclisation precursor 103.62 

The synthesis started with construction of acyclic intermediate 97 from commercially available acyl 

sultam (96) (Scheme 10). Conjugate allylation of sultam 96 and subsequent reductive cleavage gave 

ester 97 in 85% yield over two steps. Meanwhile, azidosulfone 100 was prepared in one step from 

commercially available 1,4-dibromobutane 99 in 47% yield. Union of fragments 97 and 100 was 

achieved through an acylation reaction to give ketosulfone 98 as a mixture of diastereomers (dr 

unspecified) and subsequent cross metathesis of ketosulfone 98 with 3-pentene-2-one 105 gave 

intermediate 101, the precursor for the intramolecular Michael addition. Ketosulfone 101 was initially 

treated with diisopropylamine to test the preferential stereochemical outcome of the reaction, this led 
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to the formation of the desired product 102 as a single diastereomer, which was confirmed by X-ray 

crystallography. It was hypothesised by Carter and co-workers that transition state 104b was favoured 

over 104a, driven by the axial sulfone moiety at C-8, forcing the large substituent at C-7 to adopt an 

axial conformation trans to the sulfone moiety reducing steric hindrance. Following this, a one pot 

Staudinger reduction and silyl enol ether formation gave Mannich cyclisation precursor 103 in 82% 

yield.  

The key Mannich reaction of silyl enol ether 103, inspired by Heathcock’s synthesis, was attempted 

using three equivalents of zinc triflate in dichloroethane resulting in an unexpected 1,3-sulfone shift 

product 106 (Scheme 11). The 1,3-sulfone shift product 106 was hypothesised to have formed from 

interconversion of the imine to enamine in situ during the Mannich cascade, forming the tricyclic 

scaffold.62 This anomaly did not disrupt the synthesis, and the sulfone functionality was removed using 

sodium amalgam to give tricyclic amine 107. Finally, the enantioselective synthesis of lycopodine (–)-

(5) was completed in four steps from amine 107, in a similar method to Heathcock and co-workers. 

Carter’s optical rotation values of {[α]D= –23.2° (c = 0.22, ethanol)} were in close agreement with those 

reported by Douglas et al. {[α]D= –24.5° (c = 1.10, ethanol)},69 confirming the absolute configuration 

proposed for the natural product (–)-(5). 

 

Reagents and conditions: (a) Zn(OTf)2, ClCH2CH2Cl, 96 °C, 16 h; (b) 5% Na/Hg, phosphate buffer, THF, H2O, 

–10 °C, 1 h; (c) ICH2CH2CH2OH, K2CO3, NaHCO3, acetone, reflux, 6 h; (d) t-BuOK, benzophenone, benzene, 

110 °C, 0.8 h; [(Ph3P)CuH]6, toluene, rt, 4 h. 

Scheme 11 Completion of the synthesis of lycopodine (–)-(5).62 
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B. Total Synthesis of Lannotinidine B (16) (Yao, 2012) 

The first enantioselective synthesis of lannotinidine B (–)-(16) was disclosed by Yao and co-workers in 

2012, seven years after its isolation by Kobayashi et al.49,51 Yao’s route employed an economic chemo- 

and stereoselective successive reductive amination cascade of tricarbonyl intermediate 113 to install the 

required tricyclic skeleton of lannotinidine B(–)-(16) (Scheme 12).  

 

Reagents and conditions: (a) n-Bu3P, 1,1′-binaphthol, 121, THF, rt, 96 h; (b) DMP, NaHCO3, CH2Cl2, 0 °C → rt, 

2 h; (c) 122, LiClO4, CH2Cl2, 0 °C → rt, 1 h, then 2 M aq. HCl, THF, rt, 3 h; (d) acrolein, DMF, Et3N, rt, 12 h; 

(e) benzylamine, NaBH(OAc)3, AcOH, ClCH2CH2Cl, –30 °C → rt, 48 h; (f) K2OsO2(OH)4, NMO, acetone/H2O, 

rt, 12 h; (g) NaIO4, THF/H2O, rt, 3 h; (h) H2 (3.5 atm), 10% Pd/C, MeOH, 110 °C, 5 h; (i) lithium naphthalide, 

THF, –78 °C, 15 min; (j) SmI2, THF/t-BuOH, rt, 10 min; (k) mCPBA, CH2Cl2, 0 °C → rt, 1 h. 

Scheme 12 Total synthesis of lannotinidine B (–)-(16) by Yao and co-workers.51 
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The synthesis commenced from enantiopure enone 108, which was treated with tri-n-butylphosphine, 

1,1′-binaphthol, and aldehyde 121 to give hydroxyketone 109 as an inseparable mixture of 

diastereomers in 83% yield, which were subsequently oxidised using Dess-Martin periodane to give 

diketone 110 (Scheme 12). Following this, a Mukaiyama−Michael addition with silane 122 yielded an 

inseparable tautomeric mixture of 1,3-diketone 111 and enone 112 (3:7 ratio, 90% yield). Installation 

of the quaternary carbon at C-12 was achieved through a Michael addition of 112 to acrolein in the 

presence of triethylamine, to afford triketone 113 in 81% yield. The cascading reductive aminations of 

triketone 113 could then be attempted and bicyclic amine 116 was isolated as a single diastereomer in 

87% yield (Scheme 12). It was hypothesised that the first amination proceeded at the most reactive 

aldehyde carbonyl (C-9) of triketone 113 to afford amine 114, which then underwent a second 

nucleophilic attack on the more structurally rigid and less sterically hindered C-13 ketone to yield imine 

115. The approach of the borohydride would occur from the less sterically hindered face of iminium 

115, resulting in desired bicyclic amine 116 as the sole product. Bicyclic amine 116 was then subjected 

to dihydroxylation and periodate cleavage to give aldehyde 117 in 87% yield over two steps. 

Debenzylation of 117 under forcing conditions resulted in reductive cyclisation affording tricyclic 

amine 118 in 73% yield, which possesses the seven membered ring of lannotinidine B (–)-(16) (Scheme 

12). The conversion of tricyclic amine 118 via a ketyl anion radical coupling between C-4 and C-5 to 

hydroxyketone 119 was next investigated. It was found that treatment of tricycle 118 with lithium 

naphthalide in tetrahydrofuran, under Gӧssinger conditions, afforded a mixture of hydroxyketone 119 

and cyclopentanone 120 in 63% and 17% yield respectively. Hydroxyketone 119 could be efficiently 

transformed into cyclopentanone 120 by treatment with samarium (II) diiodide in 94% yield. Oxidation 

of 120 completed the synthesis of lannotinidine B (–)-(16), which was conducted over 10 efficient linear 

steps with excellent chemo- and stereoselectivities.  
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C. Total Synthesis of Flabellidine (125) and Lycodine (4) (Takayama, 2014) 

Studies by Spenser and co-workers demonstrated that the addition of pelletierine (40) to 

piperidylacetone 38 followed by a decarboxylation/cyclisation sequence provided lycodane (41), a 

biosynthetic intermediate to three of the four lycopodium alkaloid families (Scheme 13a).58 Takayama 

and co-workers therefore proposed their biomimetic synthesis of the lycodine (–)-(4) and flabellidine 

(+)-(125) via lycodane skeleton 124, (Scheme 13b).70 They anticipated iminium 123 would undergo an 

intramolecular conjugate addition and subsequent Mannich-type reaction to forge the lycodane skeleton 

124 and thereby the natural products (4 and 125).  

 

Scheme 13 Proposed biomimetic strategy for the synthesis of lycodine (–)-(4) and flabellidine (+)-(125).70  

The synthetic route commenced with the construction of acyclic precursor 132 (Scheme 14). A Hosomi-

Sakurai allylation of enone 126 with allyltrimethylsilane, gave olefin 127 in excellent yield and 

stereoselectivity (92%, dr = 13.4:1). This synthetic step also installed the distinguishing lycopodium 

methyl group on C-3 of olefin 127. Following this, an ozonolytic cleavage of olefin 127 revealed 

aldehyde 128 and subsequent condensation with the enolate of ethyl acetate gave lactone 129 as a 

mixture of diastereomers at C-7 (1.2:1). Transformation of lactone 129 to bis-Weinreb amide 130 and 

protection of the secondary alcohol as a silyl-ether proceeded in 91% yield over two steps. 

Subsequently, a double alkynylation was used to incorporate alkynyl amine 136, forming 
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dialkynyldiketone 131 in 78% yield (Scheme 14). Reduction and dehydration of 131 gave diketone 132 

in 70% yield over two steps.70 

 

Reagents and conditions: (a) TiCl4, allyltrimethylsilane, CH2Cl2, –78 °C, 3 h; (b) O3, CH2Cl2, –78 °C, 1 h, then 

PPh3, –78 °C → rt, 1.5 h; (c) LDA, EtOAc, THF, –78 °C, 3 h; (d) HCl·NH(OMe)Me, AlMe3, CH2Cl2, –10 °C, 4 

h; (e) TESOTf, 2,6-lutidine, CH2Cl2, 0 °C, 1.5 h; (f) 136, i-PrMgCl, THF, rt, 6 h; (g) 10% Pd/C, H2, ethyl acetate, 

0 °C, 2 h; (h) HF·Pyridine, CH3CN, 0 °C, 1 h; (i) (+)-CSA, CH2Cl2, 50 °C, 1 h; (j) Pd(OH)2/C, H2 (1 atm), Boc2O, 

ethyl acetate:MeOH (2:1), rt, 21 h; (k) TFA, CH2Cl2, rt, 1 h; (l) AcCl, Et3N, THF, –78 °C, 3 h; (m) IBX, DMSO, 

45 °C, 4 h. 

Scheme 14. Total synthesis of flabellidine (125) and lycodine (4).70 

The key bioinspired cyclisation of diketone 132 proceeded with an excess of camphorsulfonic acid 

(CSA) to yield lycodine skeleton 134a along with diastereomer 134b, plausibly via ene-iminium 

intermediate 133a and 133b, in 61% total yield (Scheme 14). Although diastereomers 134a and 134b 

were inseparable, optimisation of the reaction conditions preferentially gave the desired product 134a 

in a 3:1 ratio. The mixture of 134a and 134b was then subjected to a one-pot debenzylation and 
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reprotection yielding Boc protected tricycles 135a and 135b as separable diastereomers in 55% and 

21% yields, respectively. Subsequent deprotection and oxidation of major tricycle 135a completed the 

shortest synthesis of lycodine (–)-(4) in 11 steps and 15% overall yield (Scheme 14). The first 

asymmetric total synthesis of flabellidine (+)-(125) was also completed via protecting group 

manipulations of 135a in 11 steps and an overall yield of 21%. The success of Takayama’s synthesis 

using the biomimetic inspired intramolecular conjugate addition and subsequent Mannich-type reaction 

supports the previously proposed biosynthesis of the lycopodium alkaloids.  
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D. Total Synthesis of Lycopodine (5) and Flabelliformine (145) (Takayama, 2018)  

Following the successful synthesis of flabellidine (+)-(125) and lycodine (–)-(4), Takayama and co-

workers conducted a similar biomimetic total synthesis of lycopodine (–)-(5) and the first asymmetric 

synthesis of flabelliformine (–)-(145) in 2018 (Scheme 15).71 It was envisioned that precursor 138 

would undergo a similar cyclisation cascade to their preceding synthesis, producing skeleton 143 that 

in turn, would be used to complete the total synthesis of lycopodine (–)-(5) and flabelliformine (–)-

(145).71       

 

Reagents and conditions: (a) TiCl4, allyltrimethylsilane, CH2Cl2, –78 °C; (b) n-BuLi, EtSH, THF, –78 °C; (c) 146, 

Zn, THF, 40 °C, then PdCl2(PPh3)2 (5 mol%), toluene, rt; (d) 147 Zn, THF, 55 °C, then PdCl2(PPh3)2 (5 mol%), 

toluene, rt; (e) Hoveyda-Grubbs 2nd catalyst, CH2Cl2, 40 °C; (f) MsOH, MeOH, 40 °C; (g) HBr, AcOH, MeOH, 

rt; (h) NaOH/H2O, MeOH; (i) t-BuOK, P(OEt)3, O2, DMSO, rt. 

Scheme 15 Total synthesis of lycopodine (–)-(5) and flabelliformine (–)-(145).71 
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The synthesis began with preparation of ketone 137 from commercially available crotonamide 126, 

which was completed over a three-step sequence in 67% yield (dr = 22:1) (Scheme 15). Meanwhile, 

thioester 139 was coupled with iodide 147 using Fukuyama conditions to give enone 140. Linear 

fragments 137 and 140 were coupled via a Grubbs cross metathesis using Hoveyda–Grubbs 2nd 

generation catalyst to produce cyclisation precursor 138 in 93% yield. The key biomimetic cyclisation 

cascade was then investigated, and a comprehensive screen of reaction conditions revealed that tricycle 

143a/b could be obtained from diketone 138 with methanesulfonic acid. Oxonium ions 141a and 141b 

were proposed as reactive intermediates participating in the intramolecular conjugate addition, which 

was followed a Mannich-type addition of imines 142a and 142b to provide tricycles 143a and 143b. 

The desired adduct was obtained in poor yield (11% yield) and alongside separable diastereomer 143b 

in 28% yield (Scheme 15). Treatment of tricycle 143a with hydrogen bromide and acetic acid in 

methanol gave crude bromide salt 144, which was treated with sodium hydroxide to afford lycopodine 

(–)-(5) in 80% yield. Lastly, hydroxylation of lycopodine (–)-(5) using oxygen, potassium-tert-

butoxide, and triethylphosphite in dimethyl sulfoxide completed the first asymmetric synthesis of 

flabelliformine (–)-(145) in 46% yield.71 Though the yield and diastereoselectivity of the key cyclisation 

cascade of diketone 138 affording tricycles 143a/b was disappointing, lycopodine skeleton 143a was 

obtained in sufficient quantities to successfully complete the biomimetic syntheses of lycopodine (–)-

(5) and the first enantioselective synthesis of flabelliformine (–)-(145).  
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1.4.3 Summary  

In summary, early lycopodium alkaloid contributions have built a strong foundation of knowledge 

around synthetic approaches towards the syntheses of these natural products allowing modern synthetic 

work in this area to flourish. Previous syntheses of lycopodine (5) have based the retrosynthetic route 

around the construction of ring B, which can be divided into two recurring approaches (Scheme 16). 

The first method disclosed by Stork (1968), used an intramolecular Pictet-Spengler cyclisation onto 

iminium precursor 61 located in ring C.35 Padwa (1997)72 and Mori (1998)73 both then used this 

approach in their syntheses of lycopodine (5). The Mannich reaction is another approach to construct 

ring B and has proven efficient in building multiple bonds and rings in a single step, often selectively 

producing a single diastereomer. Heathcock (1982) first reported this approach in his total synthesis of 

lycopodine (5) by using reactive intermediate 83, which underwent an intramolecular Mannich 

cyclisation (Scheme 16).64 This approach has been adapted into succeeding syntheses of lycopodine- 

type natural products, including the first enantioselective synthesis of lycopodine (5) by Carter (2008).62 

Takayama’s (2018) recent synthesis of lycopodine (5) adopted a biomimetic approach and bicycle 142a 

underwent a tandem conjugate addition/Mannich cyclisation reaction to forge rings B and D.71 Yao’s 

synthesis (2012) of lannotinidine B (16) begins with ring D and uses advanced intermediate 113 to 

efficiently install the tertiary amine centre and rings A and C via successive reductive aminations.51 
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Scheme 16 Summary of synthetic approaches towards lycopodium alkaloids.  

Ring D installation of lycopodine type skeletons poses a synthetic challenge as it bridges an alpha 

tertiary amine centre and bears the distinctive lycopodium methyl at C-15 (Scheme 16). Of the syntheses 

outlined ring D is often preinstalled within the starting material to circumvent this challenge. Ayer’s 

(1968) synthesis of lycopodine (5) is one of two examples where rings A, B, and C are installed early 

in the synthesis through core 148, followed by a late stage construction of ring D.36 Wenkert (1984) 

later disclosed his synthesis of lycopodine (5) which harnessed an aldol condensation of 91 to achieve 

his late stage construction of ring D.66 Wiesner’s (1969) synthesis of annotinine (10) takes a similar 

approach to Ayer’s and Wenkert’s synthesis of lycopodine (5), subjecting core 67 to a photocatalysed 

addition of allene to install the cyclobutane moiety (ring D).42  

The current syntheses of lycopodine type natural products have focused on alkaloids containing a 

tertiary amine and predominantly all carbon bridges. Lycopodine (5) has been the most thoroughly 

investigated natural product within the family, with the most common order of ring construction being 

D→C→B→A (Table 1.1). There have been 14 total syntheses of lycopodine (5) and the order of ring 

construction is summarised in Table 1.74 Within the last 20 years, isolated lycopodium alkaloids have 

comprised more varied structures, with the lannotinidines (14-23) and the annotinolides (24-29) being 
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prime examples of this. As more lycopodium alkaloids are isolated the need for new approaches towards 

more varied structures continues to grow.  

Table 1.1 Summary of previous syntheses of lycopodine (5a) and 12-epi-lycopodine (5b) 

 

Year Natural Product Author Ring Construction Strategy 

1967 12-epi-lycopodine (5b) Weisner34 D→C→B→A 

1968  Stork35 D→C→B→A 

1968  Ayer36 BC→A→D 

1978  Heathcock64 D→B→C→A 

1978  Kim75 D→C→B→A 

1982 (±)-Lycopodine (5a) Schuman76 D→C→B→A 

1982  Heathcock77 D→C→B→A 

1984  Wenkert66 C→A→B→D 

1985  Kraus78 D→B→C→A 

1997  Mori73 D→B→C→A 

1998  Grieco79 B→D→CA 

1998  Padwa72 Acyclic→CD→B→A 

2008  Carter62 D→C→B→A 

2016 (–)-Lycopodine (5a) She80 D→C→B→A 

2018  Takayama71 Acyclic→C→BD→A 
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1.5 Aims of the Current Research 

The lycopodium alkaloids provide a rich history of natural product discovery, interesting bioactivity 

and synthetic challenges, which continue to interest chemists today. Annotinolides A-C (24-26) not 

only exhibit unique bioactivity of potential utility in AD, being the first lycopodium alkaloids 

preventing the aggregation of amyloid beta peptides, but they also bear synthetically challenging motifs. 

Annotinolide C (26), in particular, contains a spirobutenolide moiety and a secondary amine, along with 

the 8,5-lactone bridge connected to an alpha tertiary amine centre, which is characteristic of 

annotinolides A-C (24-26), (Figure 8). To date, there has been no recorded synthesis of annotinolides 

A-C (24-26), leaving a void in the current literature for such an endeavour. 

The initial aim of this project was to develop an efficient synthesis of tricyclic core 149 (red) of 

annotinolide C (26), (Figure 8). The successful synthesis of core 149 in the study would not only provide 

a sound platform to achieve a stereoselective total synthesis of the more complicated natural product, 

but also deliver a series of synthetic derivatives that would enable structure-activity relationship studies 

(SARs) of the reported anti-aggregation properties.  

 

Figure 8 Annotinolides A-C (24-26).54 

  



 

 

  



 

 

 

 

 

 

 

Chapter Two 

Results & Discussion  

  



 

 

 



Chapter Two: Discussion 

 

43 

2.1 Retrosynthetic Analysis of Core 149  

The primary aim of this project was to synthesise the core structure 149 of annotinolide C (26), whereby 

synthetic analogues produced from the preliminary studies would allow for further SAR studies of the 

anti-aggregating properties reported for the natural product. It was anticipated that core 149 could be 

accessed via the intramolecular furan addition onto in situ generated iminium 150 (Scheme 17). This 

addition would conveniently establish two contiguous stereogenic centres of the core skeleton and also 

allow the installation of the butenolide moiety of annotinolide C (26). The required iminium 150 could 

be generated from furan-tethered enamine 151, which in turn would be available from alkylation of β-

substituted enamine 152 and furan 153.  

 

Scheme 17 Retrosynthetic analysis of core 149. 

2.1.1 Use of Iminium Ions as Activated Electrophiles in Nucleophilic Additions  

Previous work has suggested that the proposed furan iminium addition can be effectively harnessed for 

the synthesis of butenolide adducts and extended to the synthesis of natural products.81–84 The 

intermolecular addition of 2-substituted alkoxy and silyloxy furans to pyrrolinium type ions has been 

extensively studied and employed for the synthesis of a variety of alkaloid natural products.81,85,86 

Martin and co-workers disclosed their studies on the diastereoselectivity of the Mannich-type reaction 

in 1999, using decorated triisopropylsilyloxyfurans 156 and ethoxypyrollidine 154 as a precursor to 

iminium 155 to produce butenolide adducts 157a and 157b in good yields (Scheme 18A).86 It was 

observed that the major products 157a contained a anti relationship between the nitrogen and the oxygen 

of the butenolide, but this selectivity decreased when a methyl substituent was introduced onto any 

position of the furan nucleophiles 156. This methodology was then extended to the synthesis of natural 

product croomine (162), (Scheme 18B).86 Advanced acid 158 underwent decarbonylation producing 

iminium 159; subsequent addition of 2-triisopropylsilyloxyfuran 160 produced butenolide 161 in a 7:3 

ratio with its separable diastereomer. The synthesis of (+)-croomine (162) was then completed after a 

final stereoselective reduction of butenolide 161.  
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Reagents and Conditions: (a)BF3·OEt2, CH2Cl2, –78 °C; (b) POCl3, DMF, rt, 6 h; (c) 10% Pd/C, HCl/EtOH (10% 

HCl), H2 (1 atm), rt, 8 h.  

Scheme 18 Furan addition to pyrrolinium ions, by Martin and co-workers.86 

The capture of iminium ions intramolecularly with furans has also been extensively studied and 

employed in the synthesis of natural products (Scheme 19). Martin and co-workers studied the 

stereochemical outcome of the intramolecular addition of a 2-siloxyfuran by using hemiaminal 163 as 

a precursor to iminium 164 (Scheme 19 A).87 Treatment of 163 with diethylaluminium chloride 

produced spirobutenolide adducts 165a and 165b as a 8:1 diastereomeric mixture in a combined 72% 

yield. The major adduct 165a was found to possess a syn configuration between the nitrogen and the 

oxygen of the butenolide, which was the opposite selectivity to that found in their previous 

intermolecular studies. Funk and co-workers employed Boc-protected enamine 166 to undergo a 

conjugate addition which consequently generates iminium intermediate 167. Furan addition to iminium 

167 delivers furan adduct 168 in 80% yield (Scheme 19B).88 This result elegantly demonstrated the 

potential of enamines to react as both a nucleophile and an electrophile. Nishida and co-workers 

disclosed an intramolecular furan addition to hemiaminal 169, which proceeds via generation of 

iminium 170 in situ, that was consequently captured by the tethered-furan moiety to forge hemiacetal 

171 (Scheme 19C).89 The C-2 nitrogen and the C-3 oxygen of hemiacetal 171 were found to exclusively 

possess a syn relationship and subsequent oxidation of the hemiacetal moiety afforded spirobutenolide 

172 in 91% over two steps. 
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Regents and conditions: (a) Et2AlCl, MeCN, –20 °C, 12-16 h; (b) Sc(OTf)3, CH2Cl2, 0 °C, 0.5 h; (c) AcOH, 

toluene, rt, 72 h; (d) IBX, DMSO, 50 °C, 6 h.  

Scheme 19 Previously reported intramolecular addition of furans to iminiums.87–89  

2.1.2 Methods to Generate of Iminium Ions  

The addition of nucleophiles to iminium ions has been used as a powerful method for the generation of 

complex scaffolds, therefore, methods for the generation of iminium ions have been extensively 

reviewed.90–96 Iminium ions are highly reactive electrophiles that are generally formed in situ and 

subsequently, react with a variety of nucleophilic partners to produce α-substituted amines.90 A reactive 

iminium intermediate 174 can be generated from a variety of different precursors (Scheme 20). α-

Fragmentation of cyclic precursors such as 173, typically initiated by a Lewis or Bronsted acid, is the 

most widely applied method to generate iminiums 174 (Scheme 20A).90 The most common leaving 

group is a protonated hydroxyl but alkyloxy, aryloxy and acetoxy groups are among others that have 

been utilized. Iminium 174 can also be accessed via enamine 175, the delocalisation of the lone-pair of 

electrons on the nitrogen atom into the carbon-carbon double bond allows the facile formation of 

iminium 174. Additionally, the delocalisation of the nitrogen lone pair electrons into the carbon double 

bond during the iminium formation confers both nucleophilic and electrophilic properties to enamine 

175, making it a useful synthetic building block (Scheme 20B).97A less common method to generate 
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iminium 174 is the α-oxidation of, a tertiary amine 176, which can be conducted by a variety of 

electrochemical or catalytic methods (Scheme 20C).90,98        

 

Scheme 20 Strategies to generate iminium ions. 

The stability and reactivity of in situ generated iminiums can be altered depending on the electron 

withdrawing properties of the group on the nitrogen atom. Acyl, alkoxycarbonyl and sulfonyl groups 

(e.g 177 and 178) all have strong electron withdrawing affects, which increases the carbocationic 

character of the reactive iminium species, compared to an alkyl iminium (e.g 179), which is less reactive 

(Figure 9). Therefore, acyl, carbamate and sulfonate iminiums have been employed for iminium 

generation and widely reported in a variety of different reactions.90,93,96,97   

 

Figure 9 Different types of iminium ions.90 

Our retrosynthetic analysis of core structure 149 of annotinolide C (26), was based on the existing 

literature precedents for the intramolecular furan addition to iminiums such as 150, which could be 

generated in situ from enamine 151.81 To examine the viability of this proposed strategy, enamines 175 

needed to be prepared and employed as precursors for iminiums 174, in the hope that a successful 

intermolecular furan addition would produce α-substituted piperidines 180 (Scheme 21). Both Boc- and 

tosyl-protected enamines 181 and 182 were to be used as model precursors to probe the reactivity of 

iminium 174, in addition to investigating the use of furan nucleophiles (183-185) possessing varying 

reactivities. Studies of the reactivity of iminium species 174 and, therefore, the efficiency of the desired 

furan iminium addition reaction is the main focus of this chapter.  
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Scheme 21 Proposed plan for the furan addition to in situ generated iminiums 174.  
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2.2 Intermolecular Additions of Furan Nucleophiles to Iminiums  

To access iminium intermediates 174 to study the proposed furan addition, readily available precursors 

were required. Enamines 175 were our initial choice to generate iminiums 174, as they are well known 

building blocks used in synthesis (Scheme 22).91 The use of enamines 175 as iminium precursors is 

limited, therefore, we aimed to investigate the electrophilic nature of five- and six-membered enamines 

175 and their use to produce simple α,β-substituted piperidine adducts 186.91,97  

 

Scheme 22 Chemical reactivity of cyclic enamines 175.  

2.2.1 Synthesis of Enamines 

The preparation of enamines 175 would proceed via a dehydration reaction of intermediate hemiaminals 

189, which in turn, could be accessed via either 1) an oxidation of linear hydroxy-amines 187 and 

cyclisation of resulting aldehydes 188, or 2) a reduction of lactam precursors 190 (Scheme 23).99,100  

 

Scheme 23 Common synthetic routes to access enamine precursors 175.99,100 

The use of an oxidative cyclisation to synthesise enamines 181-195 from linear amino alcohols 191 and 

192 was initially investigated. Following literature procedure,101 amino alcohols 191 and 192 were first 

protected with a tert-butyloxycarbonyl (Boc) group to produce 193 and 194 in 70% and 77% yield, 

respectively (Scheme 24).  

 

Reagents and conditions: (a) Boc2O, CH2Cl2, rt, 18 h; 

Scheme 24 Synthesis of tert-butyloxycarbonyl protected alcohol 193 and 194. 
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Subsequent oxidation of alcohols 193 and 194 to intermediate aldehydes that then initiates 

intramolecular cyclisation and dehydration to enamines 195 and 181 was next investigated. Hu and co-

workers reported a one-pot oxidation, cyclisation and dehydration of Boc-protected hydroxyamines 

using Dess-Martin periodinane in the presence of pyridine, producing cyclic enamines in excellent 

yields.99 Thus, Hu and co-worker’s conditions were employed to effect the synthesis of enamine 181 

from 194. However, 1H NMR analysis of the crude adduct revealed the formation of a 1:1 mixture of 

hemiaminal 196 and enamine 181 (Scheme 25). As the use of Dess-Martin periodinane was 

unsuccessful to facilitate the completion of the reaction, it was postulated that employing a milder 

oxidant could provide a more desirable outcome. IBX and standard Parikh-Doering conditions were 

next used to effect oxidation of hydroxyamine 194; however, both oxidation conditions resulted in 

mixtures of hemiaminal 196 and Boc-protected enamine 181 being obtained, as well as a low mass 

recovery being observed.  

 

Reagents and conditions: (a) DMP, CH2Cl2/pyridine (1.5:1), 0°C → rt, 1 h. 

Scheme 25 Attempted synthesis of Boc-protected enamine 181.  

The one-pot reaction to effect the oxidation, cyclisation, dehydration sequence was quickly deemed 

impractical due to the incomplete conversion of hemiaminal 196 to Boc-protected enamine 181, 

alongside the low yields of 196 and 181 being isolated from the reaction. A robust procedure was 

required to produced large quantities of enamines 195 and 181, therefore, the alternative lactam 

reduction route utilising commercially available δ-valerolactam (197), was next investigated.    

δ-Valerolactam (197) was protected with a Boc or tosyl group, producing protected lactams 198 and 

199 in 81% and 97% yield, respectively (Scheme 26).102 The reduction and subsequent dehydration of 

lactams for the synthesis of corresponding enamines has been reported in the literature, including a one-

pot reduction and dehydration procedure disclosed by Yu and co-workers.100 This latter procedure was 

initially attempted on Boc-protected lactam 199 mediated by Super-Hydride for the reduction and 

subsequent addition of DIPEA, DMAP and TFAA to facilitate the required elimination. However, an 

unidentified intermediate was isolated, and upon extended reaction time no formation of Boc-protected 

enamine 181 was observed.  



Chapter Two: Discussion 

 

50 

 

Reagents and conditions: (a) nBuLi, p-toluenesulfonyl chloride, THF, –78 °C → rt, 2 h; (b) nBuLi, Boc2O, THF, 

–78 °C → rt, 2 h; (c) Super-hydride, toluene, –78 °C, 30 min, then DIPEA, DMAP, TFAA, –78 °C → rt, 2 h.  

Scheme 26 Attempted synthesis of Boc-protected enamine 181.  

Given the unsuccessful attempt to implementing Yu and co-worker’s one-pot reduction and dehydration 

procedure for the synthesis of Boc-protected enamine 181, it was decided to conduct the reduction and 

dehydration sequence in two separate steps. Thereby, Boc-protected lactam 199 was reduced with 

Super-Hydride in tetrahydrofuran at –78 °C producing Boc-protected hemiaminal 196 (Scheme 27).103 

Pleasingly, treatment of 196 with pyridinium p-toluenesulfonate in dichloromethane at room 

temperature afforded Boc-protected enamine 181 in 86% yield over two steps.104 The reduction 

conditions used for Boc-protected lactam 199 were next applied to tosyl-protected lactam 198; however, 

no formation of the desired hemiaminal 200 was observed, presumably due to the poor solubility of 

tosyl-protected lactam 198 in tetrahydrofuran and toluene. A screen of solvents systems revealed that 

dichloromethane was the optimal solvent for the reduction of tosyl-protected lactam 198, which was 

mediated by diisobutylaluminum hydride, producing tosyl-protected hemiaminal 200. Subsequent 

dehydration of 200 afforded tosyl-protected enamine 182 in 61% yield over two steps. The structures 

of six-membered enamines 181 and 182 were confirmed by comparison of their 1H and 13C NMR 

spectra with the reported literature values.103,105 

 

Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 1 h; (b) DIBAL-H, CH2Cl2, –78 °C, 0.5 h; (c) PPTS, 

CH2Cl2, rt, 18 h.    

Scheme 27 Synthesis of enamide derivatives 181 and 182. 

With a reliable route to six-membered enamines 181 and 182 established, the synthesis of five 

membered enamines 195 and 206 was expected to proceed in a similar fashion. 2-Pyrrolidone (201) 

was first protected with a Boc or tosyl group producing protected lactams 202 and 204 in good yields 

(Scheme 28).102 Yu and co-worker’s one-pot procedure, which was unsuccessful for the formation of 

six-membered enamine 181, was then attempted on five-membered Boc-protected lactam 202 which 

pleasingly afforded 195 via hemiaminal intermediate 203, in 56% yield.100 Dichloromethane was used 

as the solvent for the reduction of the five membered tosyl-protected lactam 204, due to its poor 



Chapter Two: Discussion 

 

51 

solubility in other solvents. Tosyl-protected lactam 204 was reduced yielding tosyl-protected 

hemiaminal 205. Subsequent dehydration of 205 proceeded in an analogous fashion to six-membered 

hemiaminal 200, providing five membered tosyl-protected enamine 206 in 80% yield over two steps.103 

The structure of five-membered enamines 195 and 206 were confirmed by comparison of their 1H and 

13C NMR spectra with the reported literature values.103,105  

 

Reagents and conditions: (a) Boc2O, DMAP, MeCN, rt, 24 h; (b) Super-Hydride, toluene, –78 °C, 30 min, then 

DIPEA, DMAP, TFAA, –78 °C → rt, 2 h; (c) LiHMDS, p-toluenesulfonyl chloride, THF, –78 °C → rt, 2 h; (d) 

DIBAL-H, CH2Cl2, –78 °C, 1 h; (e) TFAA, CH2Cl2, –78 °C, 8 h then NEt3, –78 °C → rt, 18 h.   

Scheme 28 Synthesis of five membered enamine derivatives 195 and 206. 

In summary, both five-membered enamines 195 and 206, as well as six-membered enamines 181 and 

182 were prepared from commercially available starting materials in good yields. Although literature 

procedures for the synthesis of these cyclic enamines have been previously reported, the poor 

reproducibility and low yields rendered the procedures impractical. Pleasingly, after an extensive 

optimisation robust and scalable syntheses of five- and six-membered enamines 181-182, 195 and 206 

were eventually achieved via a reduction and dehydration sequence.  
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2.2.2 Addition of Furans to Iminium Ions  

A. Use of Enamines 182 and 181 as Six-Membered Iminium Precursors 

With tosyl-protected enamine 182 and Boc-protected enamine 181 in hand, in situ generation of the 

corresponding iminiums and their use in the proposed furan addition, was next investigated. Literature 

precedents had successfully demonstrated the use of trifluoroacetic acid for acid-catalysed iminium 

generation from tosyl-protected enamines.104,106–108 In order to confirm the successful formation of 

iminium 207 from enamine 182, triethylsilane and allyltrimethylsilane were selected as model 

nucleophiles to capture the reactive iminium species intermolecularly. Thus, a mixture of tosyl-

protected enamine 182, and triethylsilane in dichloromethane at 0 °C was treated with trifluoroacetic 

acid (Scheme 29). 1H NMR analysis of the crude mixture revealed the disappearance of the olefinic 

protons of enamine 182 which indicated the successful capture of iminium 207 with triethylsilane to 

yield piperidine 208. The same conditions were applied for the nucleophilic addition of 

allyltrimethylsilane to iminium 207 and alkene 209 was obtained, its formation confirmed by 

observation of new alkene resonances in the 1H NMR spectrum of the crude product. The structures of 

piperidines 208 and 209 were confirmed by the agreement of their crude 1H NMR data with those 

reported in the literature.106,109    

 

Reagents and conditions: (a) TFA, triethylsilane, CH2Cl2, 0 °C → rt, 18 h; (b) TFA, allyltrimethylsilane, CH2Cl2, 

0 °C → rt, 18 h.   

Scheme 29 Nucleophilic addition to in situ generated iminium 207. 

Given the successful generation of iminium 207, the desired furan iminium addition using tosyl-

protected enamine 182 was next attempted. 2-Methylfuran (183) was selected as the nucleophile due to 

its ready availability and substitution at C-2 to avoid undesired dimerization products. Thus, enamine 

182 was treated with trifluoroacetic acid in the presence of excess 2-methylfuran (183) at 0° C in 

dichloromethane (Scheme 30). After 30 minutes, TLC analysis of the reaction mixture indicated the full 

consumption of starting enamine 182 and the formation of a new spot, which was unexpectedly more 

polar. 
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Reagents and conditions: TFA, CH2Cl2, 0 °C, 1 h.   

Scheme 30 Furan iminium addition using enamine 182. 

Structural analysis of the newly formed product by 1H NMR revealed the presence of an additional 

furan moiety, determined by the observed doubling of integrals for the aromatic furan proton signals. 

The observation of a new broad resonance at δ 4.29 ppm, which is diagnostic of an amine proton, 

suggested that the lactam structure no longer existed. These NMR data suggested that the structure of 

product 210 might be a result of a double addition of 2-methylfuran (183) to iminium 207, which was 

further corroborated by mass spectral analysis ([M+Na]+ m/z = 424.1553, found 424.1552). Furyl 

piperidine 210 was not observed based on the NMR spectroscopic analysis.  

The unexpected double addition of 2-methylfuran (183) using enamine 182 could be due to furan 

piperidine 211 being able to undergo a reversible ring opening to give oxonium 212, in the presence of 

the electron withdrawing tosyl protecting group (Scheme 31). The resulted oxonium 212 could be 

quickly quenched by another addition of 2-methylfuran (183) and subsequent aromatisation of 

intermediate 213 irreversibly forms double addition product 210.  

 

Scheme 31 Proposed mechanism for the formation of difuran product 210.  

Reducing the amount of 2-methylfuran (183) in the reaction to one equivalent in an attempt to prevent 

the formation of difuran 210 led to a mixture of difuran 210 and unreacted starting enamine 182. It was 

suspected that the use of trifluoroacetic acid for iminium generation, in combination with the electron 

withdrawing tosyl protecting group rendered the furan piperidine 211 too reactive and therefore, 

resulted in the undesired double addition product. Thus, to prevent the double addition of the 

nucleophile but also allow the facile formation of our required tosyl-protected iminium species, a range 
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of Lewis acids as milder alternatives to trifluoroacetic acid were screened to effect the desired 

transformation to yield furan adduct 211 (Table 2-1).  

Table 2-1 Acid catalysed addition of 2-methylfuran (183) using enamine 182.  

 

Entry Acid Resulta 

1 TFA 210 79% 

2 InCl3
b 182 57%, 211 19% 

3 LiBF4 182 65%, 211 15% 

4 PPTS 182 48%, 211 23% 

5 Sc(OTf)3
c 182 23%, 211 19%, 210 26% 

6 FeCl3 210 81% 

7 PTSA (2 eq.) 211 88% 

aIsolated yield; bReaction time of 24 h; cSolvent used acetonitrile.  

The original conditions using trifluoroacetic acid provided undesired difuran 210 in 79% yield (entry 

1, Table 2-1). Pleasingly, use of indium trichloride, lithium tetrafluoroborate and pyridinium p-

toluenesulfonate as milder alternatives to trifluoroacetic acid, resulted in the formation of desired furan 

adduct 211 (entry 2, 3 and 4), albeit in low yields, accompanied by unreacted enamine 182. Careful 

purification of furan adduct 211 by flash chromatography was required, as the starting enamine 182 had 

a similar Rf value, rendering their separation difficult. Examination of the HRMS and NMR data of 

furan adduct 211 confirmed its structure. The presence of a methine resonance as a doublet at δ 5.19 

ppm in the 1H NMR spectrum was assigned to H-2 of adduct 211. The observation of methine 

resonances as multiplets at δ 5.94–5.93 ppm and δ 5.79–5.78 ppm were assigned to H-3ꞌ and H-4ꞌ, 

respectively, of the furan motif. The structure of furan adduct 211 was further supported by mass 

analysis ([M+Na+] m/z = 342.1134, found 342.1140).  

Employing scandium triflate as a stronger Lewis acid in an attempt to increase the conversion of 

enamine 182 to furan adduct 211 proved unsuccessful, as a ~1:1:1 mixture of unreacted enamine 182, 

furan adduct 211 and undesired difuran 210 were formed in a combined 68% yield (entry 5, Table 2-

1). Unfortunately, treatment of enamine 182 and 2-methylfuran (183) with iron(III) chloride failed to 

provide desired adduct 211; instead, complete conversion of enamine 182 to undesired difuran 210 in 

81% yield was observed (entry 6). Given the use of pyridinium p-toluenesulfonate resulted in the best 
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ratio of desired furan adduct 211 to starting enamine 182 (entry 4), it was anticipated that utilising the 

stronger p-toluenesulfonic acid may improve the reaction outcome to selectively obtain desired furan 

adduct 211. Gratifyingly, it was found that use of two equivalents of p-toluenesulfonic acid hydrate led 

to complete conversion of enamine 182 to furan adduct 211 in 88% yield (entry 7).  

Satisfied with the successful furan iminium addition using tosyl-protected enamine 182, the optimised 

conditions (p-toluenesulfonic acid in dichloromethane) were then applied to the addition of 2-

methylfuran (183) using Boc-protected enamine 181. However, undesired difuran 215 was isolated in 

a low 18% yield, with the complete consumption of starting enamine 181. No formation of desired furan 

adduct was observed (Scheme 32). A milder Lewis acid such as indium trichloride, was then used to 

effect the desired furan iminium addition, which provided furan adduct 216 in 30% yield, with complete 

consumption of starting enamine 181. The low yield of adduct 216 from enamine 181 even after 

complete starting material consumption, in comparison to tosyl-protected enamine 182, might be due 

to the unstable nature of the in situ generated iminium 214.   

 

Reagents and conditions: (a) PTSA, CH2Cl2, –20 °C, 1 h; (b) InCl3, CH2Cl2, –20 °C, 0.5 h.  

Scheme 32 Furan addition to Boc-protected enamine 181. 

Next, the use of 2-(trimethylsiloxy)furan (185) as a γ-butenolide equivalent, which was required for the 

natural product, in the addition reaction to in situ generated six-membered iminiums 207 and 214, was 

investigated. The previously established conditions using p-toluenesulfonic acid hydrate for the furan 

iminium addition were inapplicable for the addition of 2-(trimethylsiloxy)furan (185), due to its rapid 

conversion to undesired furanone in the presence of water. Thus, scandium triflate was employed as the 

Lewis acid to catalyse the addition of 2-(trimethylsiloxy)furan (185) to tosyl-protected iminium 207 

resulting in butenolide adduct 217 in 15% yield together with unreacted enamine 182 (Scheme 33). The 

structure of butenolide adduct 217 was confirmed by its 1H and 13C NMR spectra, in combination with 

HRMS analysis. The addition of 2-(trimethylsiloxy)furan (185) using Boc-protected enamine 181 was 
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also attempted under analogous conditions; however, no formation of desired butenolide adduct 218 

was detected, based on the 1H NMR spectroscopic analysis of the crude mixture.  

 

Reagents and conditions: (a) Sc(OTf)3, CH2Cl2, –20 °C, 3.5 h.  

Scheme 33 Use of 2-(trimethylsiloxy)furan (185) in the iminium addition reaction.  

Lastly, 2-methoxyfuran (184) was also employed as an alternative γ-butenolide equivalent to 2-

(trimethylsiloxy)furan (185) for the furan iminium addition using tosyl-protected enamine 182. Despite 

extensive reaction optimisation based on the aforementioned furan iminium addition studies, the 

addition of 2-methoxyfuran (184) using enamine 182 proved unsuccessful, with no formation of 

butenolide adduct 217 observed (Scheme 34).  

 

Scheme 34 Attempted addition of 2-methoxyfuran (185) using enamine 182.  

In summary, tosyl-protected enamine 182 and Boc-protected enamine 181 were used as six-membered 

precursors for iminium intermediates, which were then reacted with 2-methylfuran (183), 2-

(trimethylsiloxy)furan (185) and 2-methoxyfuran (184) as nucleophiles in an attempt to generate the 

corresponding furan and butenolide adducts. Tosyl-protected enamine 182 was found to exhibit better 

iminium reactivity for the desired transformation, in comparison to Boc-protected enamine 181. 2-

Methylfuran (183) proved to be the most successful nucleophile, while 2-(trimethylsiloxy)furan (185) 

only underwent an addition using tosyl-protected enamine 182 as the iminium precursor.   
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B. Use of Enamines 206 and 195 as Five-Membered Iminium Precursors 

The reactivity of five-membered enamines 206 and 195 as iminium precursors was next investigated. 

The successful conditions developed for 182 and 181, were applied to effect the desired additions using 

analogous five-membered iminium ion precursors. Similar reactivity was observed for the five-

membered enamines 206 and 195 in comparison to the six-membered enamines, with furan adducts 219 

and 220 generated in 69% and 29% yields, respectively (Scheme 35). Analogously, the structure of 

furan adducts 219 and 220 were confirmed by examination of the 1H and 13C NMR spectra, alongside 

HMRS analysis. Like the six-membered enamines, 206 was revealed to be the better iminium precursor 

for the furan addition, compared to five-membered Boc-protected enamine 195.   

 

Reagents and conditions: (a) PTSA, CH2Cl2, 0 °C, 0.5 h; (b) InCl3, CH2Cl2, 0 °C, 1 h. 

Scheme 35 Furan iminium addition using five-membered enamines 206 and 195. 
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C. Use of β-Substituted Enamine 233 as the Iminium Precursor 

Having shown that the furan iminium addition using simple enamines 181, 182, 195 and 206 was 

feasible, attention now turned to application of this strategy for the construction of α,β-substituted core 

223, using suitable β-substituted enamine 221 as the iminium precursor to access α,β-substituted 

piperidine 222 (Scheme 36). A Tosyl-protected enamine 221 was selected for the proposed 

investigations due to its better stability observed in our previous studies, compared to the Boc-protected 

enamine (for more details see section 2.2.2). 

 

Scheme 36 Proposed furan iminium addition to β-substituted enamine 221. 

To facilitate the elaboration of the β-position of enamine 182, an aldehyde motif was selected to be 

introduced, which would allow for further construction of the β-substituted enamine precursor. Thus, 

enamine 182 was exposed to Vilsmeier–Haack reaction conditions following the reported method by 

Xia and co-workers,110 providing aldehyde 224 in 80% yield (Scheme 37). The successful installation 

of the carbonyl moiety of aldehyde 224 was confirmed by observation of an aldehyde proton at δ 9.27 

ppm in the 1H NMR spectrum. 

 

Reagents and conditions: (a) POCl3, DMF, CH2Cl2, 0 °C → rt, 2 h; (b) EtMgBr, Et2O, –78 °C → 0 °C, 2 h. 

Scheme 37 Synthesis of hydroxyenamine 225.  

Treatment of aldehyde 224 with the readily available Grignard reagent ethylmagnesium bromide 

provided hydroxyenamine 225 in excellent yield.111 No formation of a conjugate addition product was 

detected, which would have resulted from the addition of the Grignard reagent to the β-position of 

aldehyde 224.  

The use of 225 to generate an iminium species and therefore probe the reactivity with an appropriate 

nucleophile, was next considered. It was postulated that treatment of 225 with acid would result in γ-

elimination, thereby forming conjugated iminium 227 (Scheme 38). Both the α- and γ-position of 227 

could potentially be susceptible to nucleophilic attack, forming either α-adduct 228 or γ-adduct 229.    
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Scheme 38 Proposed formation of iminium 227 from hydroxyenamine 225.  

Brimble and co-workers reported their early findings in 2009 on the reactivity of β-methoxymethyl 

enamines 230, which underwent acid-catalysed iminium generation to form conjugated iminiums 231 

as the reactive intermediate (Scheme 39).112 Subsequent nucleophilic addition to conjugated iminiums 

231 was found to selectivity occur at the γ-position to provide adducts 232. This result suggests that a 

similar γ-addition could be applied to our enamine alcohol 225 to allow for the installation of a more 

complicated β-substituent to the enamine substrate.   

 

Reagents and conditions: (a) Sc(OTf)3, CH2Cl2, 0 °C, 2 h; (b) BF3·Et2O, CH2Cl2, –78 → 0 °C, 1 h. 

Scheme 39 γ-Addition to conjugated iminiums 231, by Brimble and co-workers.112  

Thus, previously prepared hydroxyenamine 225 was treated with allyltrimethylsilane in the presence of 

scandium triflate, producing β-substituted enamine 233 in 52% yield (Scheme 40).113 The identity of 

enamine adduct 233 was confirmed by 1H NMR spectroscopy and mass spectral analysis ([M+Na+] m/z 

= 342.1498, found 342.1500). The observation of the enamine methine resonance at δ 6.45 ppm in the 

1H NMR spectrum, in addition to the appearance of new olefinic resonances as multiplets at δ 5.66–

5.56 ppm and 4.94–4.86 ppm confirmed the successful formation of β-substituted enamine 233.  
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Reagents and conditions: (a) allyltrimethylsilane, Sc(OTf)3, MeCN, 0 °C, 1 h. 

Scheme 40 Synthesis of β-substituted enamine 233.  

Use of 233 for the proposed furan iminium addition to obtain desired α,β-substituted piperidine 235 

could next be investigated (Scheme 41). β-Substituted enamine 233 was treated with p-toluenesulfonic 

acid to effect the generation of iminium 234 in the presence of an excess of 2-methylfuran (183) as the 

nucleophile. However, no formation of α,β-substituted piperidine 235 was detected in the 1H NMR 

spectrum of the crude mixture, with only recovered β-substituted enamine 233 observed.  

 

Reagents and conditions: (a) PTSA, CH2Cl2, 0 °C → rt, 24 h.  

Scheme 41 Attempted intermolecular furan addition using β-substituted enamine 233. 

A similar unsuccessful result was reported by Overman and co-workers in 1990,114 where they were 

unable to use β-substituted enamine 236 as precursor to effect a nucleophilic addition of ethanol to 

iminium 237 to access α,β-substituted piperidine 238 (Scheme 42).  

 

Reagents and conditions: (a) anhydrous HCl, ethanol.  

Scheme 42 Attempted addition of ethanol using β-substituted enamine 236, by Overman and co-workers.114 

D. Attempted Intramolecular Furan Cyclisation using β-Substituted Enamine 248 

Suspecting that the unsuccessful result observed might be due to the low stability of the iminium 

generated from β-substituted enamine 233, we next decided to attempt the intramolecular variant of the 

addition to an iminium precursor with an appropriately installed β-substituent, which could be readily 

prepared from previously synthesised aldehyde 224. Sulikowski and co-workers demonstrated their 

successful synthesis of aminal 241 via an intramolecular cyclisation of β-substituted iminium 240, using 

hydroxy enamine 239 as the precursor (Scheme 43).115 In their investigations, β-substituted enamine 
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239 was treated with hydrochloric acid to generate iminium 240 in situ, which then underwent an 

intramolecular addition of the tethered hydroxyl moiety to afford hemiaminal 241 in 78% yield.  

 

Reagents and conditions: 0.1 M HCl in CH2Cl2-MeOH (20:1), rt, 5 min. 

Scheme 43 Intramolecular iminium addition from enamine 239, by Sulikowski and co-workers.115 

It was therefore anticipated that our previously prepared aldehyde 224 could be employed to synthesise 

the required furan-tethered enamine 242, which would then facilitate the investigation of the 

intramolecular cyclisation of the furan moiety onto the corresponding iminium 243, to provide α,β-

substituted core 244 (Scheme 44).  

 

Scheme 44 Proposed intramolecular cyclisation of iminium 243 to synthesise core 244.  

To this end, aldehyde 224 was reduced to the corresponding alcohol which was subsequently converted 

to β-methoxymethyl enamine 245 in an excellent yield over two steps (Scheme 45).94 Initially, 

vinyltrimethylsilane was employed for the addition to β-methoxymethyl enamine 245; however, 

treatment of 245 with vinyltrimethylsilane in the presence of scandium triflate did not provide desired 

alkene 246a, based on the 1H NMR analysis of the crude mixture.112 Alternatively, under acidic 

conditions, use of allyltrimethylsilane as the nucleophile in the addition successfully provided alkene 

246b in 61% yield. A subsequent hydroboration/oxidation116 and Appel117 reaction of alkene 246b 

afforded iodide 247 in 55% yield over two steps, which could then be employed for the coupling with 

furan nucleophiles, to access our desired furan-tethered enamine 248.87 
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Reagents and conditions: (a) NaBH4, MeOH, –78 °C, 1 h; (b) MeI, NaH (60% oil dispersion), THF, 0 °C → 45 

°C, 18 h; (c) vinyltrimethylsilane, Sc(OTf)3, MeCN, 0 °C → rt, 1.5 h; (d) allyltrimethylsilane, Sc(OTf)3, MeCN, 

0 °C → rt, 1.5 h; (e) 9-BBN, 30% aq. H2O2, 2 M aq. NaOH, THF, 0 °C → rt, 1.5 h; (f) I2, PPh3, imidazole, CH2Cl2, 

rt, 2 h; (g) nBuLi, THF, –78 °C, 1.5 h. 

Scheme 45 Synthesis of enamine 248.  

The addition of furan lithiates to alkyl halides has been extensively studied; however, there are limited 

examples employing 2-methoxyfuran (184).118–120 Thus, following a literature procedure,119 n-

butyllithium was added to 2-methoxyfuran (184) at –20 °C in tetrahydrofuran and the mixture was 

allowed to stir for 30 minutes before iodide 247 was added. Disappointingly, adduct 248 was isolated 

in a low 7% yield, along with recovered iodide 247. Examination of 1H NMR spectrum and HRMS 

analysis ([M+Na+] m/z = 412.1553, found 412.1551) confirmed the structure of 248. Although further 

optimisation was attempted to effect the successful deprotonation of 2-methoxyfuran (184), the reaction 

was found to be unreproducible on various scales, with 248 produced in 7% yield as the best outcome.  

Despite the small amount of adduct 248 being obtained, enough was isolated to preliminarily test its 

reactivity and the desired intramolecular cyclisation. Thus, 248 was treated with trifluoroacetic acid at 

–40 °C in dichloromethane (Scheme 46). TLC analysis of the reaction mixture after 10 minutes 

indicated the formation of a new polar spot and unreacted 248. Extending the reaction time with slow 

warming of the reaction mixture to room temperature led to the formation of a complex mixture. 

However, careful purification by flash chromatography allowed trace isolation of the newly formed 

product.  

 

Reagents and conditions: (a) TFA, CH2Cl2, –40 °C → rt, 20 min. 

Scheme 46 Attempted cyclisation of enamine 248. 
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HRMS analysis ([M+Na+] m/z = 430.1659, found 430.1662) of the newly formed product revealed that 

its molecular formula did not match the expected molecular formula for desired tricycle 250. The 

presence of the distinctive methine resonance at δ 6.43 ppm in the 1H NMR spectrum assigned to H-2, 

along with the HRMS analysis suggested that the cyclisation of 248 was not successful. Further 

examination of the 1H NMR and HRMS spectrum suggested dicarbonyl structure 249 as the newly 

formed product, presumably due to the facile acid catalysed ring opening of the methoxyfuran moiety, 

before the desired cyclisation could occur.121,122 Disappointingly, due to the unreproducible alkylation 

providing adduct 248, complete characterisation of proposed dicarbonyl 249 was unattainable.  

It was considered that the generation of the desired iminium of enamine 248 might have been 

unsuccessful during the attempted intramolecular furan addition, as a prolonged reaction time only led 

to degradation and ring opening of the methoxyfuran moiety. Given this unsuccessful result, in addition 

to the unreliable synthesis to access 248 in a practical manner, no further attempts were carried out to 

affect the required cyclisation of 248 at this point.  
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2.2.3 Summary 

In summary, enamines 206, 195, 182 and 181 were prepared from commercially available lactams 201 

and 197 in modest to good 32-83% overall yields over two or three steps (Scheme 47). Use of enamines 

206, 195, 182 and 181 as simple iminium precursors for the intermolecular furan addition proved most 

successful using 2-methylfuran (183) as the nucleophile, providing furan adducts 220, 219, 216 and 211 

in moderate to good yields. Tosyl-protected enamines 206 and 182 exhibited better stability for the 

desired transformation, in comparison to Boc-protected enamines 195 and 181.  

 

Reagents and conditions: (a) PTSA, CH2Cl2, –20° C, 0.5 h; (b) InCl3, CH2Cl2, –20° C, 0.5 h. 

Scheme 47 Use of enamines 206, 195, 182 and 181 as simple iminium precursors in the intermolecular furan 

addition. 

In order to construct the more complicated α,β-substituted piperidine skeleton of annotinolide C (26), 

the iminium addition at the α-position of a suitable β-substituted enamine precursor was also 

investigated. Aldehyde 224, which could be prepared readily from enamine 182, was employed as a 

common intermediate to access hydroxyenamine 225 and furan-tethered enamine 248 in moderate yield 

(Scheme 48). Hydroxyenamine 225 was able to generate the conjugated iminium in situ which 

underwent successful nucleophilic addition with allyltrimethylsilane to provide β-substituted enamine 

233 in 52% yield. However, use of resulting β-substituted enamine 233 to generate the corresponding 

iminium 234 to undergo an intermolecular addition with 2-methylfuran (183) proved difficult. Use of 

enamine 248 as a precursor to effect the intramolecular cyclisation of iminium 243 to access tricycle 

250, was also unsuccessful. At this point, the application of β-substituted enamines to generate reactive 

iminium species for the furan addition was carefully reconsidered. An alternative iminium precursor 

other than a β-substituted enamine, to install the desired α,β-substituted piperidine skeleton, was 

therefore required.  
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Reagents and conditions: (a) POCl3, DMF, CH2Cl2, 0 °C → rt, 2 h; (b) EtMgBr, Et2O, –78 °C → 0 °C, 2 h; (c) 

allyltrimethylsilane, Sc(OTf)3, MeCN, 0 °C, 1 h; (d) PTSA, CH2Cl2, –20° C, 24 h; (e) TFA, CH2Cl2, –40 °C → 

rt, 20 min.  

Scheme 48 Attempted inter- and intramolecular furan additions using β-substituted enamines 233 and 248.  
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2.3 Revised Intramolecular Cyclisation Strategy using Lactam 262 as an 

Iminium Precursor  

Our initial studies suggested that simple enamines 175 were able to produce reactive iminium 

intermediates 174 that underwent furan additions to provide α-substituted piperidines 254 (Scheme 49). 

However, the difficulties encountered using β-substituted enamines for the furan iminium addition to 

provide α,β-substituted piperidines 258, led us to consider that an alternative iminium precursor was 

required to effect the desired transformation. The presence of a β-substituent on enamines 255 rendered 

the carbon-carbon double bond more stable and it was postulated that its protonation to iminium 256 

was disfavoured, resulting in the fast reformation of enamine 255.123 Alternatively, literature has 

demonstrated the successful generation of iminiums 256 from α-substituted hemiaminals 260, which in 

turn can be accessed via lactam precursors 259 (for more details see Section 2.1). Thus, it was 

anticipated that a similar strategy could be implemented to attain our required β-substituted iminiums 

256 to further construct desired α,β-substitution of piperidine 258.  

 

Scheme 49 Revised strategy to generate β-substituted iminiums 256.  

Thus, our revised retrosynthesis is based on the premise that core structure 149 of annotinolide C (26) 

would still be accessed via an intramolecular cyclisation of iminium 150, which in turn would be 

generated in situ from an alternative iminium precursor, hemiaminal 261 (Scheme 50). Hemiaminal 261 

would be available via reduction of α-substituted lactam 262 which in turn, could be constructed via an 

α-alkylation of lactam 263 with furan-containing bromide 264. 
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Scheme-50 Revised retrosynthetic analysis of tricyclic core 149. 

 

2.4 Development of a Suitable Lactam Precursor to Construct Core 149  

To examine the use of hemiaminals as the alternative iminium precursors for our revised strategy, the 

synthesis of furan-tethered lactams 262 was first required (Scheme 51). It was proposed that α-

substituted lactams 262 could be accessed via alkylation of lactam 263 with furan-containing bromides 

264, which would be synthesised via lithiation of furans 266 and reaction with 1,3-dibromopropane 

(265). Both furan (266) and 2-methoxyfuran (184) were employed as nucleophiles to be tethered to 

lactams 262 for the subsequent intramolecular addition, as both had previously been reported in 

successful furan iminium additions to provide spirobutenolide adducts (Section 2.1.1).85,89,124  

 

Scheme 51 Proposed route to access lactam precursors 262. 

 

2.4.1 Synthesis of Furan Lactam 279 and Methoxyfuran Lactam 280  

The synthesis of furan tethered lactams 262 began with bromides 267 and methoxyfuran bromide 268 

(Scheme 52). The preparation of bromide 267 was first achieved following a literature procedure,125 

whereby the deprotonation of furan (266) with n-butyllithium followed by the addition of 1,3-

dibromopropane provided alkyl bromide 267 in 64% yield. The structure of 267 was confirmed by 
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comparison of the 1H and 13C NMR data with the reported values.125 In comparison, the similar 

deprotonation and alkylation using 2-methoxyfuran (184) had previously proved unreliable (for more 

details see Section 2.2.2), reflecting the highly reactive nature of 2-methoxyfuran (184). An extensive 

optimisation of reaction conditions was undertaken to effect the required deprotonation of 2-

methoxyfuran (184) and it was suspected that the deprotonation was greatly affected by the reaction 

temperature.119,120,122 Upon dropwise addition of n-butyllithium to a mixture of 2-methoxyfuran (184) 

and TMEDA126 at –78 °C in tetrahydrofuran, the mixture initially appeared bright red and then became 

a yellow coloured solution. The reaction temperature was then slightly raised, to ensure complete 

deprotonation of 2-methoxyfuran (184) had occurred. However, slow warming of the mixture was 

found to be necessary to avoid decomposition of the highly unstable methoxyfuran lithiate, whereby 

the reaction mixture would turn to a dark orange colour instead. Pleasingly, gradual warming of the 

reaction mixture to –40 °C over one hour effected clean deprotonation of 2-methoxyfuran (184) as 

indicated by the solution retaining a yellow colour. Subsequent addition of 1,3-dibromopropane 

afforded bromide 268 in 59% yield.      

 

Reagents and conditions: (a) nBuLi, 1,3-dibromopropane, THF, 0 °C, 3 h; (b) nBuLi, TMEDA, 1,3-

dibromopropane, THF, –78 °C → –40 °C → 0 °C, 3 h.  

Scheme 52 Synthesis of furan bromide 267 and methoxyfuran bromide 268. 

Following the syntheses of bromides 267 and 268, their use as electrophiles in the alkylation of tosyl-

protected lactam 198 was next examined. Initially, the alkylation of lactam 198 was attempted utilising 

lithium diisopropylamide to effect the α-deprotonation in tetrahydrofuran at –78 °C (Scheme 53). 

Subsequent addition of bromide 268 and TLC analysis of the reaction mixture indicated the formation 

of a new product spot along with starting lactam 198 and bromide 268, after an extended reaction time. 
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Reagents and conditions: (a) LDA, THF, –78 °C → 0 °C, 2 h.  

Scheme 53 Attempted α-alkylation of tosyl-protected lactam 198. 

Analysis of the newly formed product by 1H NMR spectroscopy indicated the presence of two new 

aromatic protons from the furan moiety resonating at δ 5.81 ppm and δ 4.98 ppm; however, the 

disappearance of the methyl resonance from the tosyl group suggested that the alkylation may have 

occurred at the methyl substituent of the tosyl group. Upon closer inspection of the NMR spectra, it was 

revealed that adduct 269 was the newly formed product from the reaction, instead of the required α-

substituted lactam 270. Although the deprotonation of the methyl proton of the tosyl protecting group 

271 over the α-position of the lactam seemed unlikely, there is precedence for this occurring, reported 

by Sun and co-workers.127 The p-toluenesulfonyl moiety has a stabilising effect on resulting methyl 

carbanion 272 via proposed resonance structures 273-274, thus, the alkylation preferentially proceeding 

at the methyl carbanion rather than the α-carbon of lactam 198, which lead to the formation of undesired 

adduct 269. 

To prevent the undesired deprotonation at the tosyl moiety of tosyl-protected lactam 198, lithium 

bis(trimethylsilyl)amide was investigated as an alternative non-nucleophilic base to effect the desired 

α-alkylation, while allyl bromide was selected as a model electrophile (Scheme 54).128,129 Accordingly, 

α-deprotonation of tosyl-protected lactam 198 employing lithium bis(trimethylsilyl)amide delivered 

allyl lactam 275 albeit in 20% yield, despite an extended reaction time of 24 hours. The structure of 

allyl lactam 275 was confirmed by comparison of the 1H and 13C NMR spectra with the reported 

literature values.130 The poor result obtained from the α-alkylation of lactam 198 was suspected to be a 

result of the electron withdrawing nature the tosyl protecting group, which rendered the resulting 

enolate significantly less nucleophilic to effect the required alkylation. Although allyl lactam 275 was 

isolated in 20% yield, the low yield of the reaction would make it difficult to generate practical amounts 
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of furan lactams 262 using tosyl-lactam 198 via α-alkylation, thus, an alternative strategy was 

attempted. 

 

Reagents and conditions: (a) LiHMDS, THF, –78 °C → rt, 2 h. 

Scheme 54 α-Alkylation of tosyl-protected lactam 198. 

There are a number of reported procedures for the successful preparation of α-substituted lactams using 

unprotected lactams, thus, it was then decided to attempt the α-alkylation using unprotected δ-

valerolactam (197).131–133 Following the reported procedure by Magnus and Rainey,132,133 δ-

valerolactam (197) was treated with two equivalents of n-butyllithium at –78 °C in tetrahydrofuran and 

subsequent addition of allyl bromide gratifyingly afforded allyl lactam 276 in a much improved 52% 

yield (Scheme 55). The structure of allyl lactam 276 was confirmed by comparison of the 1H and 13C 

NMR spectra with the reported literature values.133 During the reaction, the first equivalent of n-

butyllithium deprotonates the more acidic amide proton on lactam 197, and the subsequent equivalent 

of n-butyllithium deprotonates the α-proton to the amide carbonyl forming 277. The subsequent 

alkylation takes place α to the amide carbonyl carbon forming intermediate 278. The nitrogen of amide 

277 was temporarily masked by the additional equivalent of n-butyllithium via coordination with the 

lithium cation during the reaction. Upon aqueous quenching of the reaction, free amide 276 was 

regenerated with the desired alkylation having taken place at the α-position.  

 

Reagents and conditions: (a) nBuLi, THF, –78 °C → 0 °C, 2 h. 

Scheme 55 α-Alkylation using δ-valerolactam (197).  

Satisfied with the α-alkylation using δ-valerolactam (197), the same conditions were applied to the 

synthesis of the desired furan-tethered lactams (Scheme 56). Pleasingly, the alkylation of δ-

valerolactam (197) with bromides 267 and 268 using two equivalents of n-butyllithium delivered α-

substituted lactams 279 and 280 in 84% and 70% yield, respectively. The structures of furan lactam 279 
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and methoxyfuran lactam 280 were confirmed by examination of their 1H and 13C NMR spectra, in 

addition to HRMS analysis.  

 

Reagents and conditions: (a) nBuLi, THF, –78 °C → 0 °C, 2.5 h.  

Scheme 56 Synthesis of furan lactam 279 and methoxyfuran lactam 280.  

2.4.2 Attempted Cyclisation Using Furan Lactam 279 

With furan lactam 279 in hand, we next investigated its use as a precursor to generate hemiaminal 282 

(Scheme 57). Hemiaminal 282 would be accessed from lactam 281 for the subsequent generation of 

iminium 283 (via a facile dehydration), as a reactive intermediate in the intramolecular furan cyclisation 

to construct required tricyclic core 284.  

 

Scheme 57 Use of lactam 279 for the construction of tricyclic core 284. 

A. Using Tosyl-Protected Lactam 285 

Furan lactam 279 was initially protected with a tosyl group, to afford 285 in 81% yield, as tosyl-

protected iminiums had exhibited better stability in our earlier studies (Scheme 58).134 Following this 

plan, preparation of hemiaminal 286 via reduction of the carbonyl carbon of lactam 285 was attempted. 

Literature precedents suggested that an excess amount of reducing agent was required for the complete 

conversion of an α-substituted lactam to the corresponding hemiaminal.89,135 Thus, an excess quantity 

of Super-Hydride (1.75 equivalents) was used to effect the reduction of lactam 285 in tetrahydrofuran 

at –78 °C. TLC analysis of the reaction mixture after one hour indicated the complete consumption of 

starting lactam 285 and the formation of a new polar spot. Analysis of the 13C NMR spectrum of the 

crude product revealed the disappearance of the carbonyl carbon resonance as expected, along with the 

appearance of a new signal at δ 65.3 ppm, which was initially assigned to C-1 of hemiaminal 286. 
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However, examination of the HSQC spectrum revealed that the newly formed signal (δ 65.3 ppm) 

correlates to a resonance that integrates for two protons in the 1H NMR spectrum, as a methylene (CH2), 

rather than an expected methine (CH). Further analysis of the NMR spectral data in combination with 

mass spectral analysis ([M+Na+] m/z = 388.1553, found 388.1544) suggested the newly formed product 

was alcohol 287, that resulted from ring-opening and further reduction of hemiaminal 286.  

 

Reagents and conditions: (a) LiHMDS, p-toluenesulfonyl chloride, THF, –78 °C → 0 °C, 1.5 h; (b) Super-

Hydride, THF, –78 °C, 3 h.  

Scheme 58 Attempted reduction of tosyl-protected lactam 285.  

This result suggested that tosyl-protected hemiaminal 286 was susceptible to ring opening in the 

presence of an excess amount of the reducing reagent. Given that complete conversion of tosyl-

protected lactam 285 to alcohol 287 was observed with no detectable formation of desired hemiaminal 

286, it was considered difficult to attempt further optimisation of the desired reduction to isolate the 

required hemiaminal 286. Attempts to oxidise the undesired alcohol 287 under standard conditions (IBX 

and DMP) to aldehyde 288 to effect subsequent cyclisation to provide hemiaminal 286, also proved 

unsuccessful.   

B. Using Boc-Protected Lactam 289 

Given the undesired over-reduction of tosyl-protected lactam 285 to alcohol 287, a less electron-

withdrawing protecting group for furan lactam 279 was considered to be more suitable for the reduction 

process, whilst an electron-withdrawing protecting group was still required to facilitate the iminium 

generation for the required furan cyclisation reaction. Boc-protected lactams have been reported to 

successfully undergo reductions at the ring-carbonyl carbon to provide the corresponding hemiaminals, 

which were subsequently used to generate reactive iminium intermidates.89,136 To this end, furan lactam 

279 was deprotonated using lithium bis(trimethylsilyl)amide and subsequent protection with a Boc 

group afforded Boc-protected lactam 289 in 76% yield (Scheme 59).134 The analogous reduction of 

Boc-protected lactam 289 to access hemiaminal 290 could then be attempted. Accordingly, Boc-lactam 

289 was treated with Super-Hydride in tetrahydrofuran at –78 °C and TLC analysis of the reaction 

mixture after three hours revealed the complete consumption of starting lactam 289 along with the 

formation of a new more polar spot. Pleasingly, examination of the crude mixture by 1H NMR analysis 
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revealed the newly formed product to be the desired hemiaminal 290, which was further confirmed by 

mass spectral analysis ([M+Na+] m/z = 430.2200, found 430.2187). To prevent potential decomposition 

of hemiaminal 290 due to its low stability, the crude product was quickly filtered through a short plug 

of silica to remove residual lithium salts and then used immediately in the next step. 

 

Reagents and conditions: (a) Boc2O, LiHMDS, THF, –78 °C → rt, 1.5 h; (b) Super-Hydride, THF, –78 °C, 3 h.   

Scheme 59 Synthesis of Boc-protected hemiaminal 290.  

With access to hemiaminal 290 established, attention turned to the investigation of the key 

intramolecular furan cyclisation of corresponding iminium 291, to set the core of the natural product. 

Following a reported procedure by Nishida and co-workers,89 p-toluenesulfonic acid in acetone and 

water (10:1) at 0 °C was employed to effect the iminium generation of hemiaminal 290 (Scheme 60). 

Monitoring the reaction by TLC analysis showed complete consumption of hemiaminal 290 and the 

appearance a new nonpolar spot. However, examination of the 1H NMR spectrum of the purified 

product revealed a characteristic enamine methine resonance at δ 6.53 ppm, with three furan aromatic 

protons resonating at δ 7.29 ppm, 6.27 ppm, and 5.97 ppm, respectively, indicating that the cyclisation 

of the furan moiety was unsuccessful. Further NMR analysis in combination with mass spectral data 

([M+Na+] m/z = 314.1727, found 314.1732) indicated that enamine 292 was the newly formed product.  

 

Reagents and conditions: (a) PTSA, acetone-H2O (10:1), 0 °C → rt, 2 h.  

Scheme 60 Attempted intramolecular cyclisation using hemiaminal 290.  

Under the acid-catalysed cyclisation conditions, hemiaminal 290 generates highly reactive iminium 291 

via a facile dehydration of 294 and iminium 291 subsequently undergoes a fast, undesired deprotonation 

to give enamine 292. The fast formation of enamine 292 might occur before the desired cyclisation of 

the tethered furan could proceed, hence, tricycle 293 was not observed (Scheme 61). Alternative acids 

(Bi(OTf)3, PPTS) were also utilised in an attempt to effect the desired intramolecular furan addition 
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using hemiaminal 290; however, no formation of tricyclic 293 was detected and only undesired enamine 

292 was afforded under all attempted conditions.  

 

Scheme 61 Proposed tautomerisation or cyclisation mechanism of hemiaminal 290.  

Given the unsuccessful intramolecular iminium cyclisation using hemiaminal 290, it was postulated 

that installation of an additional substituent at C-3 of lactam 289 would saturate the C-3 position of the 

corresponding iminium and therefore prevent the formation of the corresponding enamine (Scheme 62). 

To this end, lactam 289 was deprotonated by lithium bis(trimethylsilyl)amide and subsequent treatment 

with methyl iodide produced 3-methyl lactam 295 in 68% yield. The reduction of 3-methyl lactam 295 

was mediated by Super-Hydride in tetrahydrofuran to cleanly afford hemiaminal 296 as a crude product, 

which was then used without further purification. The acidic conditions (p-toluenesulfonic acid in 

dichloromethane) were then applied to hemiaminal 296 to generate iminium 297 for the intramolecular 

cyclisation. Disappointingly, no formation of tricycle 298 was detected and only the starting 

hemiaminal 296 was recovered from the reaction.  

 

Reagents and conditions: (a) LiHMDS, MeI, THF, –78 °C → rt, 1.5 h; (b) Super-Hydride, THF, –78 °C, 3 h; (c) 

PTSA, dichloromethane, rt, 72 h. 

Scheme 62 Synthesis of 3-methyl lactam 295 and subsequent attempted cyclisation of iminium 297.  

At this point, it was considered necessary to confirm that iminium 297 was in fact being generated in 

situ from hemiaminal 296 and its subsequent capture by a nucleophile was a viable approach. In order 
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to establish the formation of iminium 297, 2-methylfuran (183) was selected as a nucleophile to effect 

an intermolecular addition. Hemiaminal 296 was therefore treated with 2-methylfuran (183) in the 

presence of p-toluenesulfonic acid in dichloromethane at 0 °C (Scheme 63). Examination of the NMR 

spectral data, along with mass analysis ([M+Na+] m/z = 410.2302, found 410.2297) of the crude reaction 

mixture revealed the formation of furan adduct 299 as a complicated mixture of diastereomers and 

rotamers. At this point, the ratio of diastereomers and rotamers in furan adduct 299 was not determined 

due to the complexities of the 1H NMR spectrum. The successful generation of iminium 297 was, 

however, confirmed by the formation of furan adduct 299 and the use of a hemiaminal as an iminium 

precursor for our proposed intramolecular furan cyclisation was still feasible. 

 

Reagents and conditions: (a) PTSA, CH2Cl2, 0 °C, 1 h.  

Scheme 63 Intermolecular furan addition using hemiaminal 296.  

In summary, using furan lactam 279 to yield hemiaminals as iminium precursors for the intramolecular 

furan cyclisation was investigated (Scheme 64). Initial studies using tosyl-protected furan lactam 285 

to provide corresponding hemiaminal 286 were unsuccessful, with only ring opened alcohol 287 being 

observed (Scheme 64A). Alternatively, use of Boc-protected lactam 289 successfully provided 

hemiaminal 290; however, subsequent generation of iminium 291 for the intramolecular cyclisation, 

was unsuccessful, with only facile deprotonation of iminium 291 to undesired enamine 292 being 

observed (Scheme 64B). In order to prevent the tautomerisation of iminium 291 to the corresponding 

enamine, installation of a C-3 substituent onto lactam 289 was undertaken and this allowed for the 

subsequent generation of iminium 297, which was confirmed by its intermolecular capture to give furan 

adduct 299. Unfortunately, the intramolecular capture of iminium 297 to construct the desired tricyclic 

core 298 proved difficult. It was therefore postulated that the tethered furan moiety of lactam 279 might 

not be nucleophilic enough to capture the reactive iminium intermediate. In order to effect the desired 

intramolecular cyclisation, our attention next turned to the use of the more nucleophilic methoxyfuran 

lactam 300, (Scheme 64C), hoping that it would be more reactive upon generation of iminium 302 via 

hemiaminal 301, thus enabling the synthesis of tricyclic core 149.  
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Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 3 h; (b) PTSA, acetone-H2O (10:1), 0 °C → rt, 2 h; 

(c) PTSA, acetone-H2O (10:1), 0 °C → rt, 72 h; (d) PTSA, CH2Cl2, 0 °C, 1 h.  

Scheme 64 Use of lactam 279 to provide hemiaminals for the generation of iminiums for the furan addition. 
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2.4.3 Construction of Simplified Core 313 using Lactam 280 

The previous intramolecular iminium cyclisation using furan lactam 279 was unsuccessful, it was 

therefore speculated that use of a more nucleophilic 2-methoxyfuran moiety instead of a furan in the 

iminium precursor would effect the desired cyclisation. Thus, previously prepared methoxyfuran lactam 

280 was next employed to prepare the required hemiaminal precursor 307 for the iminium cyclisation 

(Scheme 65). To circumvent the undesired opening of the lactam ring as observed for tosyl-protected 

lactam 285 in our earlier studies, both Boc and carboxybenzyl (Cbz) protections were employed for the 

protection of methoxyfuran lactam 280. Following standard methods134, Boc-protected lactam 303 and 

Cbz-protected lactam 304 were provided in good yields using Boc anhydride and benzyl chloroformate, 

respectively. The installation of an additional C-3 substituent to these lactams 303 and 304 was next 

examined in an attempt to prevent the undesired deprotonation of the corresponding iminium to an 

enamine, as previously encountered. Unfortunately, unlike the earlier successful C-3 alkylation of furan 

lactam 289, alkylation of methoxyfuran lactams 303 and 304 proved unsuccessful, with no formation 

of desired 3-methyl-lactams 305 and 306 observed.  

 

Reagents and conditions: (a) Boc2O, LiHMDS, THF, –78 °C → rt, 2 h; (b) CbzCl, LiHMDS, THF, –78 °C → 0 

°C, 3 h.  

Scheme 65 Attempted preparation of 3-methyl lactams 305 and 306.  

The unsuccessful C-3 alkylation of methoxyfuran lactams 303 and 304 made it challenging to avoid the 

enamine formation encountered previously; however, the extra C-3 substituent of hemiaminal 307 was 

not required given that the natural product does not exhibit substitution at that position. Despite the 

unsuccessful C-3 alkylation of lactams 303 and 304, we next decided to investigate the efficiency of 

the iminium cyclisation using the lactams 303 and 304, anticipating that the presence of the more 

nucleophilic methoxyfuran moiety would be sufficient to compete with the undesired deprotonation. 

The reduction of Boc-protected lactam 303 and Cbz-protected lactam 304 was conducted employing 

Super-Hydride (Scheme 66). Pleasingly, both Boc- and Cbz-protected hemiaminals 308 and 309 were 

successfully produced, with full consumption of starting lactams 303 and 304 as indicated by crude 1H 



Chapter Two: Discussion 

 

78 

NMR analysis. The crude hemiaminals 308 and 309 were then filtered through a short silica plug before 

being used immediately in the next step. 

 

Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 3 h. 

Scheme 66 Synthesis of hemaiaminols 308 and 309. 

With hemiaminals 308 and 309 in hand, attention now turned to their utilisation for the iminium 

cyclisation. Boc-protected hemiaminal 308 was treated with pyridinium p-toluenesulfonate (PPTS) in 

dichloromethane at room temperature to generate iminium 311 via facile dehydration of 310 (Scheme 

67). Monitoring the reaction by TLC analysis indicated the formation of two products and the complete 

consumption of hemiaminal 308 after one hour. Upon purification by flash chromatography, only one 

of the newly formed products was isolated and this was revealed after extensive NMR analysis (see 

section 2.4.3.A for details) to be the desired tricycle 313 as an inseparable mixture of three isomers in a 

combined 37% yield. Attempts to purify the second product proved difficult due to its instability upon 

exposure on silica gel. Further examination of the crude 1H NMR spectrum by comparing it with the 1H 

NMR spectrum of tricycle 313 revealed the second product as enamine 312 with a characteristic 

enamine methine resonance as a multiplet at δ 6.67–6.52 ppm. The observed enamine methine signal 

was assigned as H-2 of enamine 312 which would have formed via the undesired deprotonation of 

iminium 311, as encountered in our previous iminium studies. Comparison of the integrals of enamine 

312 to a methine signal of the butenolide motif of tricycle 313, indicted that enamine 312 and tricycle 

313 were formed as a 2:1 mixture from the iminium cyclisation. 
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Reagents and conditions: (a) PPTS, CH2Cl2, rt, 4 h.  

Scheme 67 Intramolecular cyclisation using hemiaminal 308 to synthesise tricyclic core 313.  

 

A. Structural Elucidation of Tricycle 313 

Although enamine 312 was formed during the iminium cyclisation, we were still pleased that 

installation of the more nucleophilic methoxyfuran moiety in hemiaminal 310 led to the formation of 

desired tricycle 313, albeit in 37% yield. Tricycle 313 was expected to be isolated as a mixture of 

diastereomers given that two additional stereocentres of tricyclic core 313 were generated during the 

iminium cyclisation. Closer inspection of the 1H NMR spectrum of tricyclic core 313 in deuterated 

chloroform (CDCl3) revealed three isomers (A-C) in a 9:2:1 ratio, determined by analysis of the 

integration pattern for H-4 (Figure 10). Furthermore, it was also considered that the presence of the 

bulky Boc protecting group in close proximity to the rigid tricyclic system could restrict the rotation of 

the amide bond, resulting in rotamers of tricyclic product 313. To determine the presence of any 

rotamers of tricycle 313 and simplify the NMR spectral data, variable temperature NMR (VT NMR) 

spectroscopy was employed.137   
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Figure 10 1H NMR spectrum of H-4 of the product mixture of tricyclic core 313.  

Deuterated dimethyl sulfoxide (DMSO-d6) was selected as the solvent for the VT NMR investigations 

due to its high boiling point and interestingly, the 1H NMR spectrum of tricyclic core 313 in DMSO-d6 

revealed a dramatic change in the integration patterns of tricyclic isomers A, B and C to 57:38:5, 

compared to the previous ratio of 75:17:8 (9:2:1) in CDCl3 (determined by the integration for H-4, 

highlighted blue), (Figure 11). While the integration value for isomer C remained similar, there was a 

significant change between isomers A and B. The observed change in the integration pattern for isomers 

A and B indicated that they were able to interconvert when dissolved in different solvents; a common 

phenomenon observed for conformational isomers (Figure 11).137,138 The slow interconversion of 

isomers A and B at room temperature provided resolved signals for each rotamer; as the temperature 

was increased to 77 °C the exchange rate between isomers A and B was accelerated from slow to 

medium resulting in the broadening of their resonances. A further temperature increase to 90 °C led to 

the fast exchange of tricyclic isomers A and B, which resulted in the union of their resonances for H-4 

and H-8aꞌ, suggesting that isomers A and B are rotamers of a single diastereomer. Meanwhile, it was 

noted that there was no significant variation for the integration of the resonances for tricyclic isomer C 

in comparison to those of isomers A and B at different temperatures, indicating its presence as a minor 

diastereomer in the isomeric mixture of tricycle 313. Therefore, VT NMR analysis indicated that two 

diastereomers of tricycle 313 were formed in a 11:1 mixture from intramolecular iminium cyclisation 

of hemiaminal 308, with the major diastereomer existing as a rotameric mixture of isomers A and B, 

observed together with isomer C as a minor diastereomer. 

Isomer A 

Isomer B  

Isomer C 

1H NMR (400 Hz, CDCl3) 

 
H-4 
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Figure 11 Variable temperature 1H NMR resonances of tricyclic core 313. 

Although NMR analysis suggested the formation of two diastereomers of tricycle 313 (isomers A and 

C) from the iminium cyclisation using hemiaminal 308, it was expected that up to four diastereomers 

(±)-313a-(±)-313d, each as a pair of enantiomers, could be formed given that two stereocentres are 

constructed during the reaction (Scheme 68). To further determine the relative configuration of the 

major diastereomer (isomers A/B) in comparison to the minor diastereomer (isomer C), a closer 

examination of the NMR spectroscopic data was next undertaken. A methine signal observed as a 

doublet resonating at δ 4.34 ppm was assigned to H-8aꞌ of major diastereomer A and exhibited a small 

vicinal coupling constant to H-4aꞌ of 6 Hz (J8aꞌ,4aꞌ). This small coupling constant reflects a small dihedral 

angle between H-8aꞌ and H-4aꞌ, suggesting that they are on the same side of the decahydroquinoline 

system, in a cis configuration.115,139 In the case of minor diastereomer C, the H-8aꞌ resonance overlaps 

with the H-8aꞌ signal of isomer A at δ 4.34 ppm, rendering the assignment of the relative configuration 

between C-8aꞌ and C-4aꞌ difficult. Pleasingly, examination of the 1H NMR spectrum of tricyclic core 

313 in DMSO-d6 at room temperature revealed the resolved H-8aꞌ signal of minor diastereomer C at δ 

4.15 ppm with a coupling constant of 5.6 Hz (J8aꞌ,4aꞌ), also suggesting a cis relationship between H-8aꞌ 

and H-4aꞌ for minor diastereomer C. The small coupling (J8aꞌ,4aꞌ) constants observed for diastereomers 

A and C indicate that they both possess a cis arrangement of their decahydroquinoline systems, which 

suggests their structures as either diastereomer (±)-313a or (±)-313b of the four possible diastereomers. 
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Reagents and conditions: (a) PPTS, CH2Cl2, rt, 4 h. 

Scheme 68 Possible diastereomers from the furan cyclisation using racemic hemiaminal 308.  

Furthermore, in terms of the relative configuration about the butenolide motif relative to the bicyclic 

system, analysis of the NOESY spectrum of tricycle 313 revealed an nOe correlation between the 

methine of the butenolide motif (H-3) at δ 7.49–7.47 ppm and H-8aꞌ at δ 4.34 ppm for major 

diastereomer A, indicating that the protons (H-3 and H-8aꞌ) are in close proximity (Figure 12). This 

suggests that the oxygen of the butenolide moiety and nitrogen atom from the piperidine ring are on the 

same face of the bicycle (i.e. C8aꞌ-N bond and C2-O bond are syn to each other). Unfortunately, H-3 and 

H-8aꞌ for minor diastereomer C overlap with the corresponding methine resonances (H-3 and H-8aꞌ) of 

the major diastereomer A at δ7.49–7.47 ppm and δ 4.34 ppm, respectively, rendering the analysis of 

minor isomer C difficult. It was therefore suggested that major diastereomer A was in fact diastereomer 

(±)-313a and given that minor diastereomer C also possesses a cis decahydroquinoline system, 

diastereomer (±)-313b is the only other plausible structure that is consistent with the NMR spectral 

analysis. The remaining two possible diastereomers (±)-313c and (±)-313d were not observed from the 

cyclisation based on the NMR analysis. The relative configuration between the C2-O and C8aꞌ-N bonds 

exhibited by major diastereomer (±)-313a, matches the desired relative stereochemistry required for the 

synthesis of annotinolide C (26). However, major diastereomer (±)-313a contains H-4aꞌ on the opposite 

face to the oxygen atom at C-2 with a relative configuration of 2S*,4aꞌR*, while annotinolide C (26) 

exhibits the opposite relative configuration (2S*,4aꞌS*). Thus, in order to access the decahydroquinoline 

system of annotinolide C (26) a trans-configuration is required between the bridged protons H-8aꞌ and 

H-4aꞌ.   

Collectively, these observations indicated that use of racemic hemiaminal 308 as the iminium precursor 

to effect the furan cyclisation resulted in the formation of two diastereoisomeric tricycles (±)-313a and 

(±)-313b in a 11:1 ratio (Figure 12). Detailed NMR analysis suggested that both diastereomers (±)-313a 

and (±)-313b have a cis arrangement between H-8aꞌ and H-4aꞌ of the bicyclic system. Furthermore, 

major product (±)-313a exhibited a syn relationship between the spirobutenolide oxygen and the 

nitrogen atom of the piperidine ring. 
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Figure 12 Key nOe correlations for the major tricycle (±)-313a (CDCl3). 

B. Proposed Mechanism for the Formation of Tricycles (±)-313a and (±)-313b 

The observed diastereoselectivity for the decahydroquinoline system was proposed to arise from the 

conformational preference of the iminium ring during the nucleophilic addition (Scheme 69). During 

the reaction, the six-membered iminium 311 adopts a twisted chair conformation for either (R)-311 or 

(S)-311, with the methoxyfuran side chain (the large substituent) adopting the equatorial position in 

order to minimise steric interactions.140–142 In the case of iminium (R)-311, the tethered methoxyfuran 

motif would attack the iminium carbon from either the α-face (path a) or β-face (path b) of the iminium 

ring. Both trajectories (a and b) allow for a trans diaxial alignment between the incoming nucleophile 

and the developing lone pair of electrons on the nitrogen atom for maximum orbital overlap for 

transition states 314 and 317.140,141,143 When the methoxyfuran moiety (nucleophile) attacks via the α-

face of the iminium ring (path a), the reaction proceeds through the lower-energy staggered chair 
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transition state 314, resulting in the cis arrangement between H-8aꞌ and H-4aꞌ in the developing tricycle. 

On the other hand, when the methoxyfuran moiety attacks from the β-face of the iminium ring (path b), 

boat-like transition state 317 is resultant, which would have lead to tricyclic products with H-4aꞌ and H-

8aꞌ in a trans-arrangement. The eclipsing interactions that develop when the reaction proceeds through 

transition state 317 renders this pathway (path b) kinetically disfavoured relative to that via chair 

transition state 314, therefore leading to the selective formation of tricyclic products (±)-313a and (±)-

313b with H-8aꞌ and H-4aꞌ cis to each other.141,143   

The diastereofacial selectivity with respect to the methoxyfuran (Re vs Si for the enantiomer illustrated 

Scheme 69) during the nucleophilic addition to form the spirobutenolide moiety with the C-2 

stereogenic centre, however, is less well defined.140 When the nucleophilic addition occurs via the Re 

face of the methoxyfuran moiety this results in close proximity of its aromatic π-system to the acyl 

iminium ion, as depicted in the transition state 315. The close proximity between the aromatic π-system 

of the methoxyfuran motif and the acyl iminium ion leads to a stabilising secondary orbital interaction 

enhancing the selectivity for major diastereomer (±)-313a.144 The Diels-Alder-like orientation of the 

methoxyfuran motif and the iminium moiety accounts for the stereoselectivity observed leading to 

formation of major diastereomer (±)-313a in comparison to (±)-313b, which in turn results from attack 

from the Si face of the methoxyfuran moiety proceeding via disfavoured transition state 316.144  
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Scheme 69 Proposed mechanism for the diastereoselective formation of tricycle (±)-313a and (±)-313b.  
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Although the resulting tricycle 313 from the iminium cyclisation exhibits the cis arrangement of its 

decahydroquinoline system, which different from the natural product, we were encouraged by the 

efficient construction of major diastereomer (±)-313a. Thus, we next sought to improve the formation 

of tricycle 313 relative to undesired enamine 312. Optimisation of the iminium cyclisation was 

undertaken employing different acids at various temperatures in the hope that a successful outcome 

would improve the yield of tricycle 313 and minimise the formation of undesired enamine 312 (Table 

2-2).  

Table 2-2: Optimisation of the iminium cyclisation using hemiaminal 308 to provide tricyclic core 313.  

 

Entry Acid Temp 
Crude Mixture of 

313/312c 

Isolated Yield of Tricycle 313 

(dr 313a:313bb) 

1 

PPTS 

rt 1:2 37%, (11:1) 

2 0 °C 1:1 47%, (6:1) 

3 –40 °C 1:1 42%, (3:1) 

4 
PTSA 0 °C 

3:1 50%, (12:1) 

5a 1:1 39%, (3:1)  

6 Bi(OTf)3 0 °C 1.5:1 55%, (18:1) 

areaction in acetone; bbased on the integration pattern from 1H NMR spectrum; cratio determined from the crude 

mixture by 1H NMR analysis; all reactions were conducted for 1–4 h.  

The previous conditions employing pyridinium p-toluenesulfonate at room temperature provided 

tricyclic core 313 as an 11:1 diastereomeric mixture in 37% yield (entry 1, Table 2-2). In an attempt to 

reduce the formation of enamine 312, conducting the iminium cyclisation at a lower temperature was 

initially investigated. Decreasing the temperature of a solution of hemiaminal 308 in dichloromethane 

to 0 °C followed by the addition of pyridinium p-toluenesulfonate led to improved formation of tricyclic 

core 313 relative to enamine 312 [(±)-313:312 = 1:1] and an increased 47% isolated yield (entry 2). 

Further lowering of the reaction temperature to –40 °C resulted in decreased diastereoselectivity for the 

reaction [(±)-313a:(±)-313b, 3:1] with no further improvement to the yield of tricycle 313 (entry 3). 

Use of, 0 °C therefore appeared to be an appropriate temperature to conduct the furan iminium 

cyclisation.  

We next explored the use of stronger acids as alternatives to PPTS, in an attempt to effect an improved 

formation of tricycle 313 relative to enamine 312. Employing the stronger p-toluenesulfonic acid 

resulted in increased formation of tricycle 313 relative to enamine 312 [313:312 = 3:1] with good 
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stereoselectivity [(±)-313a: (±)-313b, 12:1]; however, tricycle 313 was isolated in a moderate 50% yield 

(entry 4). Adopting acetone as a more coordinating solvent with p-toluenesulfonic acid led to decreased 

formation of tricycle 313 relative to enamine 312 [313:312 = 1:1] which was reflected by the lower 

isolated 39% yield (entry 5). Finally, employing the strong Lewis acid bismuth 

tris(trifluoromethanesulfonate), (BiOTf3) provided tricyclic core 313 in a similar relative amount to 

enamine 312 [(±)-313:312 = 1.5:1], but 313 was isolated in an improved 55% yield (entry 6). Pleased 

with the increased isolated yield of tricycle 313, the iminium cyclisation was next scaled up using the 

optimised conditions (BiOTf3, dichloromethane, 0 °C) and pleasingly, the diastereoselectivity of the 

reaction was improved to a 18:1 ratio of diastereomer (±)-313a to diastereomer (±)-313b. With access 

to practical amounts of tricyclic core 313 in hand, the stereochemistry of major diastereomer (±)-313a 

was unambiguously confirmed using X-ray crystallography, confirming our previous assignment based 

on NMR analysis (Figure 13). 

 

Figure 13 Representation of the crystal structure of (±)-313a, only one enantiomer is depicted.  
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C. Extension of the Iminium Cyclisation  

Satisfied with the iminium cyclisation using Boc-protected hemiaminal 308, removal of the Boc 

protecting group of tricycles 313a/b was next examined to probe the stability of the spirobutenolide 

motif under standard deprotection protocols.145 Accordingly, tricycles 313a/b were treated with 

trifluoroacetic acid in dichloromethane at room temperature, which provided secondary amine (±)-320 

in 80% yield (Scheme 70). Pleasingly, 1H NMR analysis of (±)-320 revealed its formation as a single 

diastereomer upon purification; the corresponding minor diastereomer was not observed.  

 

Reagents and conditions: (a) TFA, CH2Cl2, rt, 5h. 

Scheme 70 Synthesis of secondary amine (±)-320. 

The optimised cyclisation conditions were next applied to the Cbz-protected hemiaminal 309. However, 

use of bismuth tris(trifluoromethanesulfonate) to generate the corresponding iminium only resulted in 

Cbz-protected hemiaminal 309 being recovered. A stronger acid such as p-toluenesulfonic acid was 

therefore employed to generate the reactive iminium intermediate, which produced tricycle 321 as a 

69:19:11 inseparable mixture of diastereomers and rotamers (CDCl3, room temperature) in 53% yield 

(Scheme 71). The 1H NMR spectrum along with 2D NMR analysis was used to determine that a 9:1 

mixture of major diastereomer (±)-321a minor diastereomer (±)-321b had formed during the reaction. 

The stereochemical outcome from the cyclisation using Cbz-protected hemiaminal 309 was consistent 

with the observed stereochemical outcome using Boc-protected hemiaminal 308.  

 

Reagents and conditions: (a) PTSA, CH2Cl2, 0 °C, 1 h. 

Scheme 71 Synthesis of Cbz-protected tricyclic cores 321a/b. 
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2.4.4 Summary 

In summary, the use of furan lactams 289 and 295 and methoxyfuran lactams 303 and 304 as the 

precursors for the corresponding hemiaminals to effect the iminium cyclisation to the construct 

simplified core structure of annotinolide C (26) was investigated (Scheme 72). Early studies utilising 

furan hemiaminal 290, which was readily prepared from lactam 289, for the iminium cyclisation were 

unsuccessful (Scheme 72A). Furan-tethered iminium 291 underwent fast deprotonation which led to 

the undesired formation of enamine 292. Installation of the additional C-3 substituent of 3-methyl 

lactam 295 prevented the undesired tautomerisation of iminium 297 to the corresponding enamine; 

however, the subsequent cyclisation reaction was unsuccessful (Scheme 72B). These results suggested 

that a more nucleophilic furan moiety might be required for the tethered furan moiety to capture the 

reactive iminium intermediate. Use of methoxyfuran lactams 303 and 304 as more nucleophilic 

alternatives were next examined (Scheme 72C). Pleasingly, the use of Boc-protected methoxyfuran 

hemiaminal 308 was successful in providing tricyclic cores 313a/b in an optimised 55% yield as a 18:1 

mixture of diastereomers (±)-313a and (±)-313b. The resulting major diastereomer (±)-313a exhibited 

the desired syn relationship between the butenolide oxygen and the nitrogen atom of the piperidine ring, 

matching the relative configuration for annotinolide C (26). However, the undesired relative 

configuration at C-4aꞌ relative to the butenolide C-2 was observed. Similarly, use of Cbz-protected 

lactam 304 also successfully delivered the corresponding tricycles (±)-321a and (±)-321b, although, 

stronger acidic conditions were required (Scheme 72D). The Cbz-protected tricyclic core was afforded 

as a 7.6:1 mixture of diastereomers (±)-321a to (±)-321b, in 53% yield.  

The iminium cyclisation using hemiaminal 308 was sufficiently robust to be conducted on practical 

scales. Access to practical amounts of tricycles 313a/b facilitated the crystallisation of major 

diastereomer (±)-313a and its structure was unambiguously confirmed by X-ray crystallography 

(Scheme 72C). The initial successful studies leading to preparation of simplified tricycle (±)-313a 

allows this strategy to be applied to access a more advanced intermediate towards annotinolide C (26). 

It was also noted that the resulting tricycles 313a/b has a cis arrangement of its decahydroquinoline 

system which does not match the natural product. However, satisfied with the efficient construction of 

the simplified core (±)-313a, it was next decided to employ the developed method to construct the more 

advanced tricyclic core of the natural product. It was envisaged that an epimerisation of the C-4aꞌ 

stereocentre would enable installation of the required trans configuration of the decahydroquinoline 

system present in annotinolide C (26).   
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Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 3 h; (b) PTSA, acetone-H2O (10:1), 0 °C → rt, 2 h; 

(c) PTSA, acetone-H2O (10:1), 0 °C → rt, 72 h; (d) Bi(OTf)3, CH2Cl2, 0 °C, 1 h; (e) PTSA, CH2Cl2, 0 °C, 1 h.  

Scheme-72 Summary of the use of methoxyfuran lactams 303 and 304 for the construction of tricycles 313a/b 

and 312a/b. 
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2.5 Synthesis of Advanced Core (±)-323 of Annotinolide C (26)  

With access to tricyclic core (±)-313a secured, attention now turned to utilising the iminium cyclisation 

for the construction of advanced core (±)-323, possessing the desired relative configuration of 

annotinolide C (26) (Scheme 73). Unfortunately, the iminium cyclisation afforded major diastereomer 

(±)-313a with a cis arrangement of its decahydroquinoline system, which did not match the natural 

product. Thus, the installation of a carbonyl moiety at C-5ꞌ of proposed tricycle (±)-322 was anticipated 

to facilitate the epimerisation of the C-4aꞌ stereocentre while retaining the required syn configuration 

between the C2-O bond and the C8aꞌ-N bond. The C-5ꞌ carbonyl moiety of tricycle (±)-322 could also be 

employed as a synthetic handle for the installation of the 8,5-lactone bridge of the natural product, thus 

facilitating access to advanced core (±)-323.  

 

Scheme 73 Proposed advanced intermediate (±)-323 of annotinolide C (26). 

2.5.1 Retrosynthetic Analysis of Advanced Core (±)-323 

We envisioned that advanced core (±)-323 could be accessed via a reduction and subsequent 

lactonisation of diester (±)-324, which in turn would arise from a conjugate addition of malonate 326 

to enone (±)-325 (Scheme 74). An oxidation was proposed to provide enone (±)-325 from ketone (±)-

322 and both of these tricyclic intermediates (ketone (±)-322 and enone (±)-325) would be examined 

for the proposed epimerisation at C-4aꞌ to establish the desired trans configuration of the 

decahydroquinoline system. Ketone (±)-322 would be constructed via an oxidation and protecting group 

manipulation of tricycle (±)-327. The iminium cyclisation would afford tricycle (±)-327 using 

hemiaminal 328, which, in turn, is available via a reduction of lactam 329. Lactam 329 could be 

accessed through an aldol addition of δ-valerolactam (197) to aldehyde 330.  
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Scheme -74 Retrosynthetic analysis of advanced intermediate (±)-323.  

 

2.5.2 Synthesis of Furan Aldehydes 330 and 336 

A. Attempted Synthesis of Methoxyfuran Aldehyde 330 

A scalable and robust procedure was required to access aldehyde 330 as it was deemed as a key 

intermediate towards the synthesis of tricyclic core (±)-327. It was proposed that aldehyde 330 could 

be accessed directly from bromide 268 (bromide 268 prepared in Section 2.5.2) via a Kornblum 

oxidation (Scheme 2-75).146 Following a literature protocol,147 bromide 268 was treated with sodium 

iodide and sodium bicarbonate in refluxing dimethyl sulfoxide to effect an in situ Finkelstein reaction 

alongside the Kornblum oxidation. 1H NMR analysis of the crude mixture revealed the formation of 

aldehyde 330 in trace amounts, along with unidentifiable side products. The oxidation of the bromide 

moiety to a carbonyl carbon was confirmed via the appearance of a new aldehyde methine resonance at 

δ 9.80–9.79 ppm. It was postulated that the in situ Finkelstein reaction of bromide 268, occurring 

alongside the formation of alkoxysulfonium intermediate 331, was resulting in the formation of 

unidentified side products. The Kornblum oxidation of bromide 268 was therefore next conducted in 

the absence of sodium iodide in an attempt to effect the clean formation of aldehyde 330. 

Disappointingly, this resulted in decreased formation of desired aldehyde 330 and recovery of bromide 

268. Given that aldehyde 330 was unable to be produced in useful quantities, the direct oxidation of 

bromide 268 was deemed impractical. This was postulated to be a result of the instability of the 

methoxyfuran moiety under the Kornblum oxidation conditions, thus, we sought an alternative route to 

access the desired aldehyde moiety.   
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Reagents and conditions: (a) NaI, NaHCO3, DMSO, reflux, 3 h.  

Scheme 75 Attempted synthesis of methoxyfuran aldehyde 330. 

B. Synthesis of Furan Aldehyde 336 

The attempted oxidation of bromide 268 proved unsuccessful in accessing aldehyde 330, thus, we 

considered aldehyde 336 to be a more manageable target (Scheme 76). Aldehyde 336 is a known 

compound148 and its successful preparation would allow the investigation of the subsequent aldol 

reaction to δ-valerolactam (197), while a route towards aldehyde 330 could be established. Following 

a reported procedure,149 silyloxy iodide 333 was synthesised from commercially available bromide 332 

in 92% yield over two steps. n-Butyllithium was then used to effect the deprotonation of furan (266) 

and subsequent treatment with silyloxy iodide 333 provided silyloxy-furan 334 in quantitative yield.150 

Silyloxy furan 334 was deprotected smoothly using tetra-n-butylammonium fluoride (TBAF) in 

tetrahydrofuran to give furan alcohol 335 in quantitative yield, and subsequent oxidation of resulting 

alcohol 335 using Dess-Martin periodinane afforded aldehyde 336 in 93% yield.148 The 1H and 13C 

NMR spectral data of furan aldehyde 336 were in agreement with literature values.148  

 

Reagents and conditions: (a) TBSCl, imidazole, CH2Cl2, rt, 18 h; (b) NaI, acetone, reflux, 2 h; (c) nBuLi, THF, 0 

°C → rt, 3 h; (d) TBAF, THF, rt, 1 h; (e) DMP, NaHCO3, CH2Cl2, rt, 1 h.  

Scheme-76 Synthesis of furan aldehyde 336.  
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2.5.3 Attempted Synthesis of Tricyclic Core 348 using Furan Aldehyde 336 

With a route to furan aldehyde 336 established, attention turned to the aldol reaction of δ-valerolactam 

(197) to furan aldehyde 336. Initially, the reaction was probed adopting the established conditions for 

its α-alkylation (for more details see Section 2.4.1), and commercially available hydrocinnamaldehyde 

(337) was used as a model aldehyde (Scheme 77).132 Accordingly, δ-valerolactam (197) was treated 

with two equivalents of n-butyllithium in tetrahydrofuran at –78 °C and subsequent addition of 

hydrocinnamaldehyde (337) produced hydroxylactam 338 as a single diastereomer in 13% yield.  

 

Reagents and conditions: (a) nBuLi, THF, –78 °C, 2 h.  

Scheme 77 Synthesis of hydroxylactam 338.  

Encouraged by the aldol reaction of δ-valerolactam (197) to hydrocinnamaldehyde (337) forming 

hydroxylactam 338, the aldol reaction employing furan aldehyde 336 was next examined. The 

analogous aldol reaction of δ-valerolactam (197) to furan aldehyde 336 provided hydroxylactam 339 in 

40% yield (Scheme 78). Comparison of the crude 1H NMR spectrum with purified hydroxylactam 339 

revealed that only a single diastereomer was isolated via flash chromatography. This was a result of 

difficulties experienced during purification of hydroxylactam 339 due to its unexpectedly polarity, 

however, the relative stereochemistry at C-1ꞌꞌ of hydroxylactam 339 was deemed unimportant at this 

point and therefore was not assigned. The aldol reaction of δ-valerolactam (197) to furan aldehyde 336 

was not optimised as a sufficient amount of hydroxylactam 339 was produced; thus, the subsequent 

steps en route to tricycle 327 could be next investigated.  

 

Reagents and conditions: (a) nBuLi, THF, –78 °C, 2 h. 

Scheme 78 Aldol reaction using furan aldehyde 336 to afford hydroxylactam 339. 

Following the successful construction of hydroxylactam 339, the subsequent protection of its alcohol 

moiety was conducted utilising triisopropylsilyl trifluoromethanesulfonate and 2,6-lutidine in 

dichloromethane, providing silyloxy ether 340 in 28% yield (Scheme 79).151 Lastly, the amide moiety 

of silyloxy ether 340 was protected following standard methods134 using Boc anhydride, which afforded 

Boc-protected lactam 341 in 95% yield. With Boc-protected lactam 341 in hand, the proposed reduction 

of the amide carbonyl carbon to the corresponding hemiaminal 342 could be examined. Initially, Boc-
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protected lactam 341 was treated with Super-Hydride at –78 °C in tetrahydrofuran; however, TLC 

analysis of the reaction mixture revealed the presence of only the unreacted Boc-protected lactam 341 

after three hours. This was unexpected as Super-Hydride had previously been employed for the 

reduction of α-substituted lactams to produce hemiaminals in our earlier studies. Thus, we considered 

the use of an alternative reducing agent in a different solvent system to obtain the desired hemiaminal 

342. Diisobutylaluminium hydride was therefore employed to effect the reduction of Boc-protected 

lactam 341 in dichloromethane at –78 °C affording crude hemiaminal 342.152 The formation of 

hemiaminal 342 was confirmed by mass spectral analysis ([M+Na+] m/z = 504.3116, found 504.3113), 

and it was used without further purification.      

 

Reagents and conditions: (a) TIPSOTf, 2,6-lutidine, CH2Cl2, 0 °C → rt, 1 h; (b) Boc2O, LiHMDS, THF, –78 °C 

→ rt, 1 h; (c) DIBAL-H, CH2Cl2, –78 °C, 1 h.   

Scheme 79 Synthesis of hemiaminal 342. 

With hemianinol 342 in hand, its use as an iminium precursor for the subsequent furan cyclisation was 

next examined. Although the tethered furan moiety of hemiaminal 342 had previously proved to be 

insufficiently nucleophilic for the iminium cyclisation (see section 2.4.2), the resulting strain resulting 

from the large silyloxy substituent at C-1ꞌꞌ was of interest. The large silyloxy substituent may push the 

furan moiety in closer proximity to the electrophilic carbon (C-2), which was postulated to facilitate its 

cyclisation.153 Based on our previous investigations adopting different acids to effect the iminium 

cyclisation, PPTS was employed to generate iminium 344 from hemiaminal 342 (Scheme 80). TLC 

analysis of the reaction mixture showed the complete consumption of hemiaminal 342 with the 

formation of a new nonpolar spot. However, the new product was identified as diene 347 which was 

isolated in 44% yield. Analysis of the 1H NMR spectrum of diene 347 revealed two new olefinic 

resonances at δ 6.11 ppm and 5.57–5.52 ppm, which were assigned to H-1ꞌꞌ and H-2ꞌꞌ. Furthermore, a 

characteristic enamine methine resonance was observed as a multiplet at δ 6.93–6.78 ppm. The 

formation of diene 347 was further confirmed by mass analysis ([M+Na+] m/z = 312.1576, found 

312.1564). The unsuccessful formation of desired tricycle 348 was not unexpected as the fast 

deprotonation of iminium 344 to enamine 345 could have occurred before the furan moiety could 

participate in nucleophilic attack onto C-2 of reactive intermediate 344. Subsequent γ-elimination of 

the silyloxy group of enamine 345 via iminium 346 could thus yield diene 347. The undesired 
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deprotonation leading to the formation of diene 347 was also encountered in our previous studies and 

emphasised that the more nucleophilic methoxyfuran moiety was required to successfully construct 

tricycle 348. Thus, our attention returned to the synthesis of methoxyfuran aldehyde 330. 

 

Reagents and conditions: (a) PPTS, CH2Cl2, 0 °C → rt, 0.5 h.  

Scheme 80 Attempted cyclisation using hemiaminal 342.  
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2.5.4 Revised Synthesis of Methoxyfuran Aldehyde 330 

As the iminium cyclisation using furan-tethered hemiaminal 342 was found to be unproductive, the 

synthesis of aldehyde 330 was revisited. The methoxyfuran moiety had proved sufficiently reactive in 

our previous iminium cyclisation studies (see section 2.4.3), thus, the construction of advanced core 

327 hinged upon the preparation of aldehyde 330. Aldehyde 330 had previously only been observed in 

trace amounts from an attempted Kornblum oxidation of bromide 268, which was suspected to be a 

result of the instability of the methoxyfuran moiety under oxidative conditions (see section 2.5.2). An 

alternative approach to aldehyde 330 that did not involve an oxidative transformation was planned to 

enable its preparation in practical quantities. The synthesis of known α,β-unsaturated ester 349154 was 

therefore examined, and its successful preparation would provide access to 330 (Scheme 81).  

 

Reagents and conditions: (a) nBuLi, TMEDA, DMF, THF, –78 °C → 0 °C, 3 h; (b) 

methyl(triphenylphosphoranylidene)acetate, THF, reflux, 4 h. 

Scheme 81 Synthesis of α,β-unsaturated ester 349.154 

Following Yoshii and co-workers’ procedure,154 2-methoxyfuran (184) underwent a formylation at the 

C-5 position followed by a Wittig reaction with methyl(triphenylphosphoranylidene)acetate to provide 

α,β-unsaturated ester 349 in 72% yield over two steps. The structure of α,β-unsaturated ester 349 was 

confirmed by comparison of the 1H and 13C NMR spectra with the reported literature values.154 

Conjugate reduction to provide desired ester 350 was next investigated (Table 2-3). It was foreseen that 

this reduction step posed a potential issue, since over reduction of α,β-unsaturated ester 349 would result 

in saturation of the furan moiety. Initially, palladium on carbon (10 wt. %) was employed as the catalyst 

for the conjugate reduction of α,β-unsaturated ester 349 under an atmosphere of hydrogen (45 psi) in 

tetrahydrofuran. Inspection of the crude material by 1H NMR analysis revealed the disappearance of 

both the furan aromatic protons and the α,β-olefinic methine resonances, suggesting the formation of 

fully saturated ester 351 (entry 1, Table 2-3).155  
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Table 2-3: Optimisation of the conjugate reduction of α,β-unsaturated ester 349.  

 

Entry Catalyst Reductant Solvent Temp Time Resulta 

1 Pd/C 10%  H2, 45 psi THF rt 4 h 351 

2 Wilkinson’s 

catalyst 

H2, 50 psi THF rt 18 h 349 

3 H2, 70 psi THF 40 °C 18 h 351 

4 - Mg turnings MeOH rt 5 h Degradation 

5 - 
tosylhydrazine, 

NaOAc 
THF-H2O (1:1) reflux 

10 h-

24 h 
349:350 (1:1) 

6b Cu(I)Cl NaBH4 THF-MeOH (1:1) 0 °C 1 h 350, (84%)d 

7c Cu(I)Cl NaBH4 THF-MeOH (1:1) 0 °C 1 h 350, (60%)d 

aratio determined from 1HNMR analysis of the crude mixture; b0.5 mmol; c7 mmol; disolated yield. 

Given the observed over reduction of α,β-unsaturated ester 349 using palladium on carbon (10 wt. %), 

an alternative hydrogen transfer catalyst was next investigated. Wilkinson’s catalyst 

[chloridotris(triphenylphosphine)rhodium(I)] had been reported155 to selectively reduce the alkene bond 

in an α,β-unsaturated system in the presence of a furan moiety. Wilkinson’s catalyst was thus employed 

for the hydrogenation of α,β-unsaturated ester 349 and the reaction was conducted at room temperature 

under a hydrogen atmosphere (50 psi). Disappointingly, only unreacted 349 was recovered after 18 

hours (entry 2). Increasing the reaction temperature to 40 °C and the pressure to 70 psi resulted in over 

reduction of α,β-unsaturated ester 349 and no desired ester 350 was observed (entry 3).  

Considering the unsuccessful catalytic hydrogenations of α,β-unsaturated ester 349, a more appropriate 

approach for the selective reduction of the alkene moiety was sought. A reported protocol156 employing 

magnesium turnings in methanol at room temperature for the conjugate reduction of α,β-unsaturated 

systems in the presence of a furan moieties was next attempted. Disappointingly, this resulted in 

degradation of α,β-unsaturated ester 349 and no distinguishable product was observed (entry 4). 

Tosylhydrazide was next examined as a precursor for the generation of diimide in situ, which 

subsequently facilitates a metal free transfer-hydrogenation of carbon-carbon double bonds.157–159 

Pleasingly, this procedure provided partial conversion of α,β-unsaturated ester 349 to desired ester 350 

(349:350, 1:1), (entry 5). However, the amount of ester 350 obtained could not be improved despite an 

extended reaction time of 24 hours and use of an excess tosylhydrazide (10 equivalents). Gratifyingly, 

sodium borohydride in the presence of freshly prepared copper(I) chloride resulted in the complete 

conversion of 349 to ester 350 (entry 6).160 While the optimised conjugate reduction was manageable 

on a small scale (0.5 mmol), providing ester 350 in 84% yield, the large excess of sodium borohydride 
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and copper(I) chloride rendered scale-up problematic due to the difficulty of removing the boron and 

copper salts during work-up. Conducting the reaction on a larger scale (excess of 7 mmol) resulted in 

the formation ester 350 in a decreased 59% yield (entry 7). The conjugate reduction of α,β-unsaturated 

ester 349 was therefore performed on multiple small batches to overcome these difficulties.  

The reduction of ester 350 to aldehyde 330 using diisobutylaluminium hydride was postulated to require 

a low consistent temperature (–78 °C), which could be achieved by slow, dropwise addition of the 

reducing agent (Scheme 82). The controlled reaction temperature was anticipated to prevent the over-

reduction of ester 350 to undesired alcohol 352.161 Pleasingly, dropwise addition of 

diisobutylaluminium hydride to a solution of ester 350 in dichloromethane at –78 °C gave complete 

conversion of ester 350 to aldehyde 330. Trace formation of an additional product was also observed, 

suggested to be the corresponding alcohol 352 as determined by 1H NMR analysis of the crude mixture. 

Upon purification by flash chromatography, aldehyde 330 was delivered in 91% yield.  

 

Reagent and conditions: (a) DIBAL-H, CH2Cl2, –78 °C, 5 min.  

Scheme 82 Reduction of ester 350 to provide methoxyfuran aldehyde 330. 

 

2.5.5 Synthesis of Tricyclic Core 359 from Methoxyfuran Aldehyde 330 

With methoxyfuran aldehyde 330 in hand, the analogous aldol addition that was employed for the 

synthesis of hydroxylactam 339 (see section 2.5.3) could be next examined. Disappointingly, use of n-

butyllithium for the deprotonation of δ-valerolactam (197), followed by the addition of aldehyde 330, 

afforded hydroxylactam 353 in only 30% yield as an inseparable 2:1 mixture of diastereomers (Scheme 

83).133 The 2D NMR spectra of hydroxylactams 353 revealed that the H-1ꞌꞌ resonance for both 

diastereomers 353a and 353b overlapped with the signal of the methoxy moiety at δ 3.95–3.68 ppm, 

rendering assignment of the relative configuration difficult. However, the ratio of diastereomers 353a 

and 353b was deemed unimportant at this point, as their C-1ꞌꞌ stereocentres would be eliminated later 

in the sequence towards advanced core structure 323. Further attempts to improve the isolated yield of 

hydroxylactams 353a/b from the aldol addition by using an excess of aldehyde 330 and an increased 

reaction temperature of 0 °C proved unsuccessful. Frustratingly, the low yield of the reaction made this 

approach unviable, as practical quantities of hydroxylactams 353a/b were required to complete the 

synthesis of advanced core 323.  
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Reagents and conditions: (a) nBuLi, THF, –78 °C → 0 °C, 2 h.  

Scheme 83 Synthesis of hydroxylactams 353a/b.  

To improve the yield of the aldol addition, protection of δ-valerolactam (197) with a silyl group was 

next considered, as an electron donating group on the amide nitrogen was anticipated to increase the 

nucleophilicity of the amide enolate.162 Following a literature procedure,163 protection of δ-valerolactam 

(197) employing trimethylsilyl chloride (TMS-Cl) and triethylamine in toluene was attempted (Scheme 

84). 1H NMR analysis of an aliquot from the reaction mixture revealed that a 1:1 mixture of unprotected 

δ-valerolactam (197) and TMS-protected lactam 354 had formed. However, the formation of desired 

TMS-protected lactam 354 could not be improved, despite extended reaction times (18 hours). The 

moderate formation of TMS-protected lactam 354 during the reaction was postulated to be due to the 

unstable nature of the silyl amide bond which resulted in its facile conversion back to δ-valerolactam 

(197) when in contact with moisture, thus, rendering its isolation difficult.164  

 

Reagents and conditions: (a) TMS-Cl, Et3N, toluene, 50 °C, 5 h.  

Scheme 84 Attempted TMS protection of δ-valerolactam (197). 

It was thought that the in situ generation of TMS-protected lactam 354 for the subsequent aldol addition 

would overcome the difficulties encountered during its attempted isolation (Scheme 85).165 Following 

a reported procedure,132 δ-valerolactam (197) was protected with a TMS group using n-butyllithium in 

tetrahydrofuran at –78 °C. The subsequent α-deprotonation to the carbonyl carbon was then conducted 

with lithium diisopropylamide, followed by the addition of aldehyde 330. TLC analysis of the reaction 

mixture showed the formation of desired hydroxylactam 353a/b with near complete consumption of δ-

valerolactam (197) after one hour. Upon purification, hydroxylactams 353a/b were isolated in an 

improved 66% yield as a 2:1 inseparable mixture of diastereomers.  
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Reagents and conditions: (a) (i) nBuLi, TMSCl, THF, –78 °C → 0 °C, 2.75 h; (ii) LDA, 330, 0 °C → –78 °C, 

2.75 h.  

Scheme 85 Aldol addition affording hydroxylactams 353a/b.  

Satisfied with the aldol addition providing access to practical amounts of hydroxylactams 353a/b, 

subsequent protection of the alcohol groups was carried out using tert-butyldimethylsilyl 

trifluoromethanesulfonate and 2,6-lutidine in dichloromethane to afforded silyl ethers 355a/b (2:1 dr) 

in 40% yield (Scheme 86).151 TLC analysis of the reaction mixture indicated complete conversion of 

hydroxylactams 353a/b to silyl ethers 355a/b after three hours, but isolated yields of silyl ethers 355a/b 

were initially low (40% yield). Pleasingly, it was found that a slow, dropwise addition of tert-

butyldimethylsilyl trifluoromethanesulfonate enabled the yield to be improved to 61%. Amide 

protection proceeded uneventfully, affording Boc-protected lactams 356a/b (2:1 dr) in 74% yield, 

employing standard methods using Boc anhydride.134  

Lactams 356a/b were treated with Super-Hydride in tetrahydrofuran at –78 °C and the reaction was 

monitored by TLC analysis which revealed complete consumption of lactams 356a/b and formation of 

a single spot.89 Examination of the crude mixture by 1H NMR analysis and HRMS ([M+Na+] m/z = 

492.2752, found 492.2753) indicated the main products to be an isomeric mixture of desired 

hemiaminals 357a/b. To prevent potential decomposition of 357a/b, the crude product was quickly 

filtered through a short plug of silica to remove residual lithium salts and used immediately in the next 

step. 

 

Reagents and conditions: (a) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C → rt, 5 h; (b) Boc2O, LiHMDS, THF, –78 °C 

→ 0 °C, 0.5 h; (c) Super-Hydride, THF, –78 °C, 3 h.   

Scheme 86 Synthesis of hemiaminals 357a/b.  

With access to hemiaminals 357a/b secured, the subsequent iminium cyclisation to construct tricyclic 

core 359 could be investigated. The utilisation of the previously developed conditions (Bi(OTf)3 in 

dichloromethane at 0 °C) was thought to be inappropriate for the cyclisation using hemiaminals 357a/b. 
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While Bi(OTf)3 had proved successful in initiating the iminium cyclisation, its strong acidity risked 

undesired deprotection of the silyloxy groups of hemiaminals 357a/b. Thus, the milder acid PPTS was 

employed for the generation of iminium 358, in the hope that it would avoid undesired side reactions 

(Table 2-4).   

Table 2-4: Optimisation of the iminium cyclisation using hemiaminals 357a/b to provide tricycle 359. 

 

Entry Scale Temp. Addition of PPTS Yielda 

1c 25 mg 

0 °C 

One portion (neat) 13% 

2b 90 mg One portion (neat) 45% 

3b 350 mg One portion (neat) 22% 

4b 50 mg –20 °C One portion (neat) 28% 

5b 60 mg 
0 °C 

Dropwise 0.2 M solution 59% 

6b 250 mg Dropwise 0.2 M solution 52% 

aIsolated yield; breactions were run for a maximum of 20 minutes; creaction time 30 minutes.   

Initially, hemiaminals 357a/b were treated with PPTS to generate iminium 358 in dichloromethane at 

0 °C. TLC analysis of the reaction mixture indicated complete consumption of hemiaminals 357a/b 

with the formation of two new spots after 30 minutes (entry 1, Table 2-4). The two product spots were 

found to be inseparable following flash chromatography; however, extensive examination of the NMR 

spectroscopic data (see section 2.5.5.A) revealed the newly formed products to be isomeric mixtures of 

tricycle 359 in a combined, 13% yield. Pleasingly, no enamine side product was observed from the 

reaction as determined by 1H NMR analysis of the crude mixture and this was postulated to be the result 

of a Thorpe-Ingold type effect. The large silyloxy group at C-1ꞌꞌ of iminium 358 reduced the bond angle 

of the linking chain to the methoxyfuran moiety, resulting in closer proximity of the methoxyfuran 

moiety to the electrophilic carbon (C-2).153 This results in accelerated cyclisation of the methoxyfuran 

moiety relative to the undesired iminium deprotonation; hence, the corresponding enamine was not 

formed. Considering the iminium cyclisation using hemiaminals 357a/b was suspected to be a fast 

transformation, reaction times were decreased to 20 minutes to prevent possible degradation of tricycle 

359. Scaling up the reaction from 25 mg to 90 mg pleasingly provided tricycle 359 in 45% yield (entry 

2). Disappointingly, scaling up the reaction further to 350 mg provided tricycle 359 in only 22% yield 

(entry 3). In an attempt to improve the yield of tricycle 359, conducting the iminium cyclisation at a 

lower temperature was next investigated. Thus, a solution of hemiaminals 357a/b in dichloromethane 

was cooled to –20 °C before the addition of PPTS and this delivered tricycle 359 in a comparable 28% 
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yield (entry 4). A more controlled addition of PPTS to hemiaminals 357a/b was next attempted. Thus, 

a 0.2 molar solution of PPTS in dichloromethane was prepared and its dropwise addition to hemiaminals 

357a/b in dichloromethane at 0 °C afforded tricycle 359 in an improved 59% yield (entry 5). Pleasingly, 

this procedure was also found to be reproducible on practical scales, providing tricycle 359 in 

comparable yields when the reaction was scaled up from 60 mg to 250 mg (entry 6).  

A. Structural Elucidation of Tricycle 359 

Tricycle 359 was expected to be formed as a mixture of diastereomers and rotamers as previously 

encountered for simple core 313 (Scheme 87). Unsurprisingly, close inspection of the 1H and 13C NMR 

spectra of tricycle 359 revealed the presence of six isomers, thus, rendering assignment of the 

stereochemical outcome of the reaction particularly difficult. It was anticipated that four of the six 

isomers observed for tricycle 359 were in fact diastereomers, attributed to the existing C-5ꞌ stereocentre, 

along with the C-2 diastereomers formed during the iminium cyclisation. Rotamers of tricycle 359 were 

also postulated to be present, as previously determined for simple core 313 (see section 2.4.3.A). 

Although a complicated mixture of isomers was observed for tricycle 359, we could tentatively assign 

the resulting diastereomers from the reaction through careful analysis of the NMR spectra upon 

comparison with the diastereomers assigned to simple core 313 (see section 2.4.3). 

The relative configuration of the decahydroquinoline system was initially considered and the previous 

iminium cyclisation using hemaiminol (±)-308 had exclusively afforded tricyclic products containing a 

cis arrangement between H-4aꞌ and H-8aꞌ (Scheme 87A). This was also suspected to be the case for 

tricycle 359 and this was supported by the observation of a methine resonance of the major isomer 

appearing as a doublet at δ 4.33 ppm assigned to H-8aꞌ, which exhibited a small coupling constant to 

H-4aꞌ of 5.5 Hz (J8aꞌ,4aꞌ). The small coupling constant indicates a small dihedral angle between the H-8aꞌ 

and H-4aꞌ, suggesting that they are on the same face of the bicyclic system in a cis arrangement (Scheme 

87B). Unfortunately, the coupling constants for the other isomers were difficult to determine due to the 

complexity of the 1H NMR spectrum of tricycle 359 resulting in their H-8aꞌ resonances overlapping. 
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Reagents and conditions: (a) Bi(OTf)3, CH2Cl2, 0 °C, 1 h; (b) PPTS, CH2Cl2, 0 °C, 20 mins.  

Scheme 87 Iminium cyclisation for the synthesis of a) simple cores 313a/b and b) tricycle 359.  

Furthermore, the configuration about the butenolide motif relative to the decalin system of the major 

isomer of tricycle (±)-359 was expected to be in alignment with major diastereomer (±)-313a (i.e. C8aꞌ-

N bond and C2-O bond are syn to each other), (Figure 14). Close inspection of the NOESY spectrum of 

tricycle 359 revealed an nOe correlation between the methine proton of the butenolide motif (H-3) at δ 

7.45 ppm and H-8aꞌ at δ 4.33 ppm for the major isomer of tricycle (±)-359, indicating the protons (H-3 

and H-8aꞌ) are in close proximity. This suggests that the oxygen of the butenolide moiety and nitrogen 

atom from the piperidine ring on the same face of the bicycle in a syn configuration for the major isomer 

of tricycle (±)-359, as observed for the major diastereomer (±)-313a.  

 

Figure 14 Key nOe correlations for proposed major isomer of tricycle (±)-359. 

Based on the NMR spectral analysis and the stereochemical outcome of the previous iminium 

cyclisation, diastereomers (±)-359a–(±)-359d were proposed as plausible racemic products from the 

furan iminium cyclisation (Figure 15). Furthermore, the two major diastereomers of the mixture 

(proposed to be diastereomer (±)-359a and diastereomer (±)-359c) were considered to exist as rotameric 

mixtures, hence, six isomers were observed. Anticipated major diastereomers (±)-359a and (±)-359c 

exhibit the desired syn relationship between C8aꞌ-N bond and C2-O bond, which matches the relative 

configurations of major diastereomer (±)-313a of simple tricycles 313a/b and annotinolide C (26). 

Diastereomers (±)-359b and (±)-359d, which contain the opposite configuration at C-2 were also 

expected to be observed as minor products.  
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Figure 15 Proposed diastereomers of tricycle 359.  

Even though the diastereomers of tricycle 359 could be tentatively assigned, determining the ratio 

between diastereomers (±)-359a–(±)-359d was impractical. Despite the complex NMR spectra, the 

structure of diastereomer (±)-359c containing the desired syn configuration between the C8aꞌ-N bond 

and C2-O bond, was unambiguously confirmed by X-ray crystallography (Figure 16). While the 

structure of tricycle (±)-359c was confirmed unambiguously, we next sought to eliminate the C-5ꞌ 

stereocentre of tricycle 359 to simplify the NMR spectral data, allowing for the diastereoselectivity for 

the iminium cyclisation to be determined. 

 

 

Figure 16 Representation of the crystal structure of (±)-359c, only one enantiomer is depicted.  
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B. Synthesis of Ketone 322 

To eliminate the C-5ꞌ stereocentre of tricycle 359, a deprotection and oxidation sequence of the alcohol 

moiety was undertaken (Scheme 88). To this end, tricycle 359 as a mixture of isomers underwent a silyl 

deprotection mediated by tetra-n-butylammonium fluoride in tetrahydrofuran, affording alcohol 360 in 

91% yield.89   

 

Reagents and conditions: (a) TBAF, THF, 0 °C → rt, 5.5 h.  

Scheme 88 Deprotection of tricycle 359 to provide alcohol 360.  

The oxidation of alcohol 360 to ketone 322 was next examined; initially, a literature protocol89 was 

adopted and alcohol 360 was treated with Dess-Martin periodinane in dichloromethane at room 

temperature. TLC analysis of the reaction mixture indicated complete conversion of alcohol 360 to 

ketone 322 over a period of one hour (entry 1, Table 2-5). However, upon purification by flash 

chromatography, ketone 322 was delivered in a moderate 52% yield as an inseparable mixture of three 

isomers as determined by 1H NMR analysis. The oxidation of alcohol 360 was next attempted 

employing IBX in DMSO at 40 °C and ketone 322 was afforded in 55% yield (entry 2). At this point, 

it was considered that the acidity of the silica gel used for the purification of ketone 322 by flash 

chromatography may have resulted in its degradation leading to the moderate isolated yields. We 

therefore employed a procedure using IBX in refluxing ethyl acetate,166 as IBX is insoluble in ethyl 

acetate at room temperature and could be removed by filtration once the oxidation of alcohol 360 was 

complete. Accordingly, alcohol 360 was heated under reflux with IBX in ethyl acetate and TLC analysis 

of the reaction mixture indicated complete conversion of alcohol 360 to ketone 322 after one hour (entry 

3). The reaction mixture was subsequently filtered to remove residual IBX and iodosobenzoic acid 

(IBA), to provide crude ketone 322 in quantitative yield and in comparable purity to the material 

obtained after purification by flash chromatography.  

 

 

 

 

 

 



Chapter Two: Discussion 

 

107 

  Table 2-5: Oxidation of alcohol 360 to ketone 322. 

 

 

 

 

With ketone 322 in hand, examination of its 1H NMR spectrum revealed a 74:16:10 mixture of only 

three isomers, rendering its analysis more straightforward. Furthermore, two of the three isomers 

observed were thought to be diastereomers (±)-322a and (±)-322b, while the third isomer was suspected 

to be a rotamer of major diastereomer (±)-322a (Figure 17). Due to insufficient quantity of ketones 

322a/b, VT NMR analysis could not be employed to identify the rotameric isomer; however, 

comparison of its 1H NMR spectrum to the 1H NMR spectrum of simple core 313 was conducted 

instead. Major diastereomer (±)-313a of simple cores 313a/b had previously been determined to exist 

as a rotameric mixture using VT NMR analysis (for more details see section 2.4.3). The signals at δ 

7.32 ppm and 5.94 ppm in its 1H NMR spectrum (CDCl3, room temperature) were assigned as H-3 and 

H-4, respectively, of the rotamer of simple core (±)-313a. These olefinic signals (H-3 and H-4) of the 

rotamer of simple core (±)-313a were then compared to the 1H NMR spectrum (CDCl3, room 

temperature) of ketones 322a/b (Figure 17). The butenolide olefinic signals of ketones 322a/b 

resonating at δ 7.38 ppm and 6.12 ppm assigned to H-3 and H-4, respectively, revealed a closely aligned 

integration pattern to the H-3 and H-4 signals of the rotamer of simple core (±)-313a [δ 7.32 ppm (H-

3) and 5.94 ppm (H-4)]. Thus, we were able to tentatively assign these signals as H-3 and H-4 of the 

rotamer of ketone (±)-322a (highlighted blue), and similarly, the signals for minor diastereomer (±)-

322b (highlighted red) were also identified. Therefore, through comparison with the 1H NMR spectrum 

of simple cores 313a/b, ketones (±)-322a and (±)-322b were revealed to be present as a 9:1 mixture, 

together with the rotamer of major diastereomer (±)-322a that was also observed. 

 

 

 

 

Entry Oxidant Solvent Temperature Time Yield 

1 DMP CH2Cl2 rt 1 h 52% 

2 
IBX 

DMSO 40 °C 1.5 h 55% 

3 EtOAc reflux 1 h  quant (crude) 
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Figure 17 1H NMR spectra of simple cores 313a/b and ketones 322a/b, (CDCl3, room temperature).  

Having identified the rotamer of the major diastereomer in the 1H NMR spectrum of ketones 322a/b, 

the NMR spectral data could be further used to confirm the anticipated relative configurations of major 

diastereomer (±)-322a and minor diastereomer (±)-322b. The 1H NMR spectrum revealed a doublet at 

δ 4.71 ppm assigned to H-8aꞌ of major diastereomer (±)-322a with a small vicinal coupling constant of 

6.7 Hz (J8aꞌ,4aꞌ), reflecting a small dihedral angle between H-8aꞌ and H-4aꞌ. The observed small dihedral 

angle between H-8aꞌ and H-4aꞌ confirmed the proposed cis arrangement between the methine protons 

(H-8aꞌ and H-4aꞌ). The resonance for H-8aꞌ of (±)-322b overlapped with the H-8aꞌ signal of (±)-322a at 

δ 4.71 ppm, rendering analysis of the minor diastereomer difficult. However, (±)-322b was also 

tentatively assigned to exhibit a cis configuration between H-4aꞌ and H-8aꞌ, following the 

stereochemistry of the iminium cyclisation previously observed in section 2.4.3.A.  

The NOESY spectrum of ketones 322a/b revealed an nOe correlation between H-3 at δ 7.57 ppm and 

H-8aꞌ at δ 6.68 ppm of major diastereomer (±)-322a, which indicated that the methine protons (H-3 and 

H-8aꞌ) were in close proximity (Figure 18). This suggests a syn relationship between the oxygen atom 

of the butenolide motif at C-2 and the nitrogen atom of the piperidine ring. The relative configuration 

of 2S*,4aꞌR*,8aꞌS* was therefore confirmed for major diastereomer (±)-322a based on the NMR 

analysis, which was in alignment with the relative configuration of simple core (±)-313a and the X-ray 

structure of previously prepared tricycle 359. The H-3 and H-8aꞌ resonances for minor diastereomer 

(±)-322b unfortunately overlapped with the corresponding protons (H-3 and H-8aꞌ) of major 

diastereomer (±)-322a at δ 7.58–7.54 ppm and δ 4.71 ppm, respectively, therefore, its stereochemistry 

could not be assigned by NMR analysis. However, considering the formation of the cis-

decahydroquinoline system and comparison with minor diastereomer (±)-313b of simple core (±)-313, 

a 2R*,4aꞌR*,8aꞌS* relative configuration was tentatively assigned to minor diastereomer (±)-322b.   

Ketonse 322a/b 

Cores 313a/b 

Rotamer H-3 

 

(±)-322b H-4 

Rotamer H-3 

 

Rotamer H-4 

 

(±)-322b H-4 

Rotamer H-4 
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Figure 18 Key nOe correlation for ketone (±)-322a.  

Collectively, the NMR analysis of ketones 322a/b confirmed the anticipated relative configuration of 

major diastereomer (±)-322a, which was observed in a 9:1 mixture with proposed minor diastereomer 

(±)-322b. Although major diastereomer (±)-322a contains the desired syn relationship between the 

butenolide oxygen (C-2) and the nitrogen atom of the piperidine ring, it also exhibits the opposite 

relative configuration between H-4aꞌ and the butenolide oxygen atom (2S*,4aꞌR*) to annotinolide C 

(26). Thus, epimerisation of the C-4aꞌ stereocentre of ketone (±)-322a to install the desired 2S*,4aꞌS* 

relative configuration of the natural product was next investigated.    

2.5.6 Epimerisation Study of Ketones 322a/b 

With a robust synthesis of ketones 322a/b (9:1 dr) established, focus was directed to inverting the 

configuration of the C-4aꞌ stereocentres to provide ketone 4aꞌ-epi-(±)-322a that matched the relative 

configuration of annotinolide C (26) (Scheme 89). It was anticipated that an acid or base mediated 

epimerisation of the C-4aꞌ stereocentres of ketones 322a/b may provide the required trans 

decahydroquinoline system of the natural product.  

 

Scheme 89 Proposed epimerisation strategy of the C-4aꞌ stereocentres of ketones 322a/b.  

A. Attempted Base Mediated Epimerisation of Ketones 322a/b  

Initially, a base mediated epimerisation of the C-4aꞌ stereocentres of ketones 322a/b (dr = 9:1) was 

attempted, since formation of C-4aꞌ enolates 361a/b in situ and subsequent protonation via the opposite 

face would provide desired ketones 4aꞌ-epi-322a/b (Scheme 90). Thus, ketones 322a/b were treated 

with both DBU and alumina (activated basic), separately, at varying reaction temperatures (room 

temperature to 100 °C) to attempt the epimerisation of the C-4aꞌ stereocentres.167,168 Disappointingly, 

both basic conditions employed were unsuccessful in providing the desired ketone 4aꞌ-epi-(±)-322a and 

instead, ketones 322a/b were recovered unchanged after prolonged reaction times, as determined from 

the 1H NMR analysis of the crude material. 
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Reagents and conditions: (a) DBU, CH2Cl2, rt → 30 °C, 24 h; (b) alumina oxide (activated basic), toluene, 50 °C 

→ reflux, 48 h. 

Scheme 90 Attempted base mediated epimerisation of ketones 322a/b.  

The recovery of ketones 322a/b suggested that either (1)- protonation of C-4aꞌ enolates (±)-361a/b was 

occurring from the undesired Si face, reforming ketones 322a/b, or (2)- generation of C-4aꞌ enolates 

361a/b was not occurring. At this point, the latter appeared more likely as the C-4aꞌ position of ketones 

322a/b was more sterically congested relative to the C-6ꞌ position, thus, formation of the kinetically 

favoured C-6ꞌ enolates was suspected.169 To circumvent deprotonation at C-6ꞌ, the oxidation of ketones 

322a/b to install a C-6ꞌ, C-7ꞌ α,β-unsaturated system affording enone (±)-325 was next investigated 

(Scheme 91). It was anticipated that the addition of the alkene would facilitate the deprotonation and 

subsequent epimerisation of the C-4aꞌ stereocentre of enone (±)-325 to provide desired enone 4aꞌ-epi-

(±)-325. 

 

Scheme 91 Proposed synthesis of enone (±)-325 from ketones 322a/b. 

To access enone 325, the direct oxidation of previously prepared alcohol 360 was initially attempted 

with an excess of IBX in refluxing DMSO (Scheme 92).170,171 Upon inspection of the crude mixture by 

1H NMR analysis, a 2:1 mixture of ketones 322a/b and enone 325 was revealed. Use of a prolonged 

reaction time of 24 hours and increasing the equivalents of IBX did not improve the formation of enone 

325 relative to ketones 322a/b. Following this, the IBX oxidation was attempted on ketones 322a/b 

using the conditions previously described for the oxidation of alcohol 360. Disappointingly, the reaction 

did not proceed to completion, returning ketones 322a/b as the major component as an inseparable 

mixture with a small amount of desired enone 325 (2.5:1, respectively).    
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Reagents and conditions: (a) IBX, DMSO, 70 °C → 85 °C, 48 h.  

Scheme 92 Attempted oxidation of alcohol 360 and ketones 322a/b to enone 325.  

Given the limited success employing IBX for the formation of enone (±)-325, an alternative two-step 

selenoxide installation/elimination was next attempted (Scheme 93). Following a literature 

procedure,169 ketones 322a/b were deprotonated with lithium bis(trimethylsilyl)amide in 

tetrahydrofuran at –78 °C. The reaction was then warmed to –40 °C for one hour before the addition of 

phenylselenyl chloride. Examination of the crude 1H NMR spectrum revealed that the formation of 

seleno-adduct 362 had not proceeded cleanly. However, it has been reported that purification of the 

seleno-intermediate is unnecessary, thus, crude seleno-adduct 362 was used directly in the next step.172 

To effect the elimination of the seleno-substituent and install the desired enone functionality, crude 

seleno-adduct 362 was treated with hydrogen peroxide in the presence of pyridine in dichloromethane 

at 0 °C.169 Upon purification, enone (±)-325 was delivered in only 30% yield over two steps. 

Comparison of the 1H NMR spectrum of enone (±)-325 to ketones 322a/b revealed that minor 

diastereomer (±)-322b was lost during the two-step procedure. Similar to the aforementioned Boc-

protected tricyclic compounds, enone (±)-325 also exists as a rotameric mixture (4:1), as indicated by 

analysis of the 1H NMR spectrum (CDCl3, room temperature).  

 

Reagents and conditions: (a) SePhCl, LiHMDS, THF, –78 °C → –40 °C, 2 h; (b) 30% aq. H2O2, pyridine, 

CH2Cl2, 0 °C, 0.5 h.  

Scheme 93 Synthesis of enone (±)-325.  

With enone (±)-325 in hand, a base mediated epimerisation of its C-4aꞌ stereocentre was briefly 

examined (Scheme 94). Accordingly, enone (±)-325 was treated with DBU168 in dichloromethane which 

resulted in complete consumption of enone (±)-325 and formation of a new product as indicated by 

TLC analysis. Comparison of the 1H NMR spectrum of the purified product with that of enone (±)-325 

revealed that the signal assigned to H-8aꞌ resonated as a doublet at δ 5.18 ppm and possessed a small 
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coupling constant of 6.7 Hz (J8aꞌ,4aꞌ). This indicated that the newly formed product had retained the cis 

configuration of the decahydroquinoline system. Loss of the olefinic resonances (H-6ꞌ and H-7ꞌ) of 

enone (±)-325 was also observed for the newly formed product. Further examination of the NMR 

spectra and mass analysis ([M+Na+] m/z = 360.1418, found 360.1419) indicated the newly formed 

product to be alcohol (±)-363, resulting from an oxa-Michael type addition of water to the α,β-

unsaturated system of enone (±)-325.173 At this point, a base mediated epimerisation strategy involving 

deprotonation of ketone (±)-322 or enone (±)-325 at C-4aꞌ was deemed unsuitable to provide the desired 

trans-decahydroquinoline system of the natural product and was therefore abandoned.  

 

Reagents and conditions: DBU, CH2Cl2, 0 °C → rt, 4 h.  

Scheme 94 Attempted epimerisation of enone (±)-325. 

 

B. Acid-Mediated Epimerisation of Ketones 322a/b 

In 2013, Bonjoch and co-workers139 reported a successful acid-catalysed epimerisation of the C-4aꞌ 

stereocentre of cis-decahydroquinoline (±)-366 to yield the desired trans-decahydroquinoline (±)-367 

(Scheme 95). The authors initially conducted density-functional theory (DFT) calculations on the 

thermodynamic stability of different diastereomers of tosyl-protected decahydroquinolines (±)-364a/b 

and the corresponding methyl-protected decahydroquinolines (±)-365a/b (Scheme 95A). The DFT 

studies revealed that the cis configuration of tosyl-protected decahydroquinoline (±)-364a was more 

energetically favoured over trans-diastereomer (±)-364b. On the other hand, the trans configuration of 

methyl-protected decahydroquinoline (±)-365b was favoured over cis-diastereomer (±)-365a. Bonjoch 

and co-workers postulated that when the nitrogen lone pair electrons were not delocalised onto the N-

substituent as observed for methyl-protected decahydroquinolines (±)-365a/b, the relative stability of 

the decahydroquinoline system was strongly affected and trans-diastereomer (±)-365b became the most 

stable diastereomer. Therefore, Bonjoch and co-workers first conducted a tosyl deprotection of cis-

decahydroquinoline (±)-366 using lithium aluminium hydride before the epimerisation step (Scheme 

95B). A subsequent acid hydrolysis of the acetal group, utilising hydrochloric acid (HCl) concurrently 

effected the epimerisation of the C-4aꞌ stereocentre, providing trans-decahydroquinoline (±)-367 in 

61% yield over two steps.  
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Reagents and conditions: (a) LiAlH4, THF, 0 °C → reflux, 16 h; (b) 3 M HCl, 80 °C, 44 h.  

Scheme 95 a) DFT calculations on the stability of decahydroquinolines (±)-364a–(±)-365b; b) Epimerisation of 

cis-decahydroquinoline (±)-366 to provide trans-decahydroquinoline (±)-367, by Bonjoch and co-workers.139  

With this knowledge in hand, it was anticipated that a similar epimerisation of the C-4aꞌ stereocentre of 

ketones 322a/b could be achieved by removing the electron withdrawing Boc protecting group on the 

nitrogen. Following Bonjoch and co-workers’ protocol, we opted for an HCl-mediated Boc deprotection 

in order to concurrently effect the acid-mediated epimerisation at the C-4aꞌ stereocentre (Scheme 96). 

Accordingly, ketones 322a/b were treated with a solution of HCl (3 M EtOAc) at 0 °C and TLC analysis 

of the reaction mixture revealed the complete consumption of ketones 322a/b, alongside the formation 

of a new polar spot over one hour.174 The resulting hydrochloride salt was neutralised via a saturated 

aqueous sodium bicarbonate wash and NMR analysis of the crude mixture gratifyingly revealed the 

newly formed product to be tricyclic amine (±)-369 as a single diastereomer in 34% yield. Additionally, 

the corresponding amine of minor diastereomer (±)-322b was not observed.  

Further examination of the 1H NMR spectrum of tricyclic amine (±)-369 revealed the appearance of a 

new methine resonance as a doublet at δ 2.90 ppm assigned to H-8aꞌ, which exhibited a large vicinal 

coupling constant to H-4aꞌ of 11.2 Hz (J8aꞌ,4aꞌ), (Scheme 96). The large coupling constant observed for 

H-8aꞌ reflected that the dihedral angle to H-4aꞌ was approaching 180 degrees, thus, the methine protons 

(H-8aꞌ and H-4aꞌ) were now on opposite faces of the tricyclic system in a trans configuration, 

confirming that epimerisation of the C-4aꞌ stereocentre had taken place. This was facilitated by the 

proposed formation of enol (±)-368 upon addition of HCl and subsequent protonation on the Re face of 

the decahydroquinoline, providing the desired trans-configuration of tricyclic amine (±)-369. 

Pleasingly, the trans configuration of the decahydroquinoline system of tricyclic amine (±)-369 was 

unambiguously confirmed by X-ray crystallography. Having successfully employed ketones 322a/b to 

establish the desired trans-decahydroquinoline system of annotinolide C (26), the acid mediated 

epimerisation could next be extended to the synthesis of annotinolide C core (±)-323.     
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Reagents and conditions: (a) HCl (3 M EtOAc), 0 °C → rt, 1.5 h.  

Scheme 96 Representation of the crystal structure of amine (±)-369, only one enantiomer is depicted.  
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2.5.7 Final Elaboration to Advanced core (±)-373 of Annotinolide C (26)  

With a successful strategy to the desired trans-decahydroquinoline system of annotinolide C (26) 

secured, attention was turned to the construction of advanced intermediate (±)-373 (Scheme 97). While 

the acid catalysed epimerisation of ketone (±)-322a successfully afforded the desired trans-

decahydroquinoline system, the enone motif of previously prepared enone (±)-325 was required for the 

installation of the lactone bridge present in the natural product. As such, these epimerisation studies 

would need to be conducted following a conjugate addition to enone (±)-325 en route to advanced 

intermediate (±)-373. Therefore, a conjugate addition of diethyl malonate (±)-(370) to enone (±)-325 

would be first attempted to furnish diester (±)-371. Diester (±)-371 was then considered an appropriate 

intermediate for the acid catalysed epimerisation, having the required malonate functionality for the 

formation of the lactone bridge installed. Thus, a Boc deprotection and concurrent epimerisation of its 

C-4aꞌ stereocentre would be utilised to install the desired trans-decahydroquinoline system, providing 

ketoamine (±)-372. Subsequent reduction and lactonisation of ketoamine (±)-372 would effect 

construction of lactone (±)-373, an advanced intermediate containing the requisite tetracyclic ring 

system with the correct relative stereochemistry present in annotinolide C (26).  

 

Scheme 97 Proposed elaboration of enone (±)-325 to advanced intermediate (±)-373. 

The conjugate addition of diethyl malonate (370) to enone (±)-325 was examined and initially, it was 

not clear whether this would preferentially occur at C-7ꞌ of the enone motif or C-3 of the butenolide 

moiety. We previously observed the hydroxylation at C-7ꞌ of enone (±)-325 during the attempted DBU 

epimerisation of its C-4aꞌ stereocentre (see section 2.5.6), indicating that the C-7ꞌ position of the enone 

motif is more electrophilic than C-3 of the butenolide moiety. Additionally, in 2003, Winterfeldt and 

co-workers reported the preferred regioselective conjugate addition to an enone motif over a 

spirobutenolide moiety (Scheme 98).175 They demonstrated a conjugate addition of diethyl malonate 

(370) to dienone (±)-374, which selectively produced diester (±)-375 as a single diastereomer in 

quantitative yield.175  
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Reagents and conditions (a) NaH (60% oil dispersion), diethyl malonate, THF, 0 °C, 2.5 h.  

Scheme 98 Regioselective conjugate addition by Winterfeldt and co-workers.175 

Based on this literature precedents, we anticipated that the similar conjugate addition of diethyl 

malonate (370) to enone (±)-325 would proceed at the desired C-7ꞌ position of the enone motif in 

preference to the C-3 position of the butenolide moiety. To this end, diethyl malonate (370) was 

deprotonated with sodium hydride in tetrahydrofuran at 0 °C, and the resulting anion was added to a 

solution of enone (±)-325 in tetrahydrofuran (Scheme 99). The reaction was monitored by TLC analysis 

which revealed the slow consumption of enone (±)-325 and the appearance of a new, less polar spot. A 

total of six equivalents of the sodium malonate anion was required for the total consumption of enone 

(±)-325, which successfully provided diester (±)-371 as a single diastereomer in 61% yield. 

Examination of the 1H NMR spectrum of diester (±)-371 revealed the disappearance of the C-6ꞌ/C-7ꞌ 

olefinic resonances along with the retention of the butenolide olefinic signals (H-3 and H-4) at δ 7.59 

ppm and 6.04 ppm, respectively, thus, confirming the desired regioselectivity of the conjugate addition.  

 

Reagents and conditions: (a) NaH (60% oil dispersion), diethyl malonate, THF, 0 °C, 5 h. 

Scheme 99 Synthesis of diester (±)-371.  

The 2D NMR spectra of diester (±)-371 was next used to determine the diastereoselectivity of the 

conjugate addition. Examination of the NOESY spectrum revealed two nOe correlations between the 

methine signal of the malonate motif at δ 3.61 ppm; with H-8aꞌ at δ 5.0 ppm, along with a second 

separate nOe correlation between the methine signal of the malonate motif (δ 3.61 ppm) and H-3 at δ 

7.95 ppm (Scheme 100). The observed nOe correlations indicated that H-8aꞌ and H-3 were in close 

proximity to the malonate moiety of diester (±)-371, suggesting a trans-configuration between H-8aꞌ 

and H-7ꞌ as depicted by diastereomer (±)-371a. The absence of an nOe correlation between H-8aꞌ and 

H-7ꞌ further supported the trans-assignment. Pleasingly, possessing the required relative configuration 

present in annotinolide C (26). Diester (±)-371b containing the opposite relative configuration was not 
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observed based on the NMR data analysis. The formation of diester (±)-371a was postulated to result 

from selective attack on the cis-decahydroquinoline of enone (±)-325. The concaved shape of the cis-

decahydroquinoline allows the sodium malonate anion to approach from the more sterically accessible 

convex face via transition state 376. This approach is kinetically more favourable than attack from the 

concave face (progressing through transition state 377), thus, resulting in formation of the desired 

diester (±)-371a with pronounced diastereoselectivity.  

 

Scheme 100 Proposed diastereoselectivity of the conjugate addition affording diester (±)-371a.  

With access to diester (±)-371 established, subsequent acid catalysed epimerisation of its C-4aꞌ 

stereocentre to install the trans-decahydroquinoline system was next investigated. This was conducted 

employing the previously established Boc deprotection/epimerisation conditions. Thus, diester (±)-371 

was treated with 3 M HCl in ethyl acetate at 0 °C (Scheme 101). 1H NMR analysis of the crude mixture 

suggested the presence of desired hydrochloride salt (±)-378 as a mixture of C-4aꞌ diastereomers along 

with unidentified side products, rendering its spectrum complicated. The crude mixture was neutralised 

using a saturated aqueous bicarbonate solution wash and upon purification by flash chromatography, 

ketoamine (±)-372 was isolated as an inseparable 3.5:1 mixture of diastereomers (±)-372a and (±)-372b 

in a moderate, 44% yield. The desired trans-decahydroquinoline of major diastereomer (±)-372a was 

confirmed by the observation of a methine resonance as a doublet at δ 3.08 ppm assigned to H-8aꞌ, 

exhibiting a large coupling constant of 10.8 Hz (J8aꞌ,4aꞌ). The large coupling constant observed for H-8aꞌ 

strongly suggested that the methine protons (H-8aꞌ and H-4aꞌ) were on opposite faces of the tricyclic 

system in a trans-configuration. Although the mass recovery of ketoamines 372a/b was disappointing, 

sufficient material (5 mg) was isolated to attempt the next steps towards lactone (±)-373. 
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Reagents and conditions: (a) HCl (3 M EtOAc), 0 °C → rt, 1 h; (b) Sat. aq. NaHCO3. 

Scheme 101 Deprotection/epimerisation of diester (±)-371 to access ketoamines 372a/b.  

To progress ketoamines 372a/b towards annotinolide C (26), the envisaged reduction and lactonisation 

sequence to form the lactone bridge was next examined, with a focus on the stereoselective reduction 

at C-5ꞌ of ketone (±)-372a (Scheme 102). Delivery of hydride to the bottom face of ketoamine (±)-372a 

was required to afford the desired hydroxyamine (±)-379a with the hydroxyl moiety in an axial position 

which should undergo spontaneous lactonization to the nearby malonate motif affording lactone (±)-

373 (Scheme 102, blue). On the other hand, if the hydride source approached from the top face of 

ketoamine (±)-372a to afford hydroxyamine (±)-379b, the resulting alcohol would sit in the more stable 

equatorial position, and its distance from the malonate moiety would prevent lactonisation (Scheme 

102, red).42 Upon careful consideration, it appeared the axial malonate motif rendered the top face of 

ketoamine (±)-372a more sterically congested relative to the bottom face, thus, we anticipated an 

equatorial approach of a hydride source to provide the desired hydroxyamine (±)-379a as the favoured 

product.176,177   

 

Scheme 102 Proposed stereochemical outcome of the reduction of ketoamine (±)-372a. 

Ketoamines 372a/b were treated with sodium borohydride in methanol and tetrahydrofuran at –40 °C 

(Scheme 103).178 TLC analysis of the reaction mixture revealed complete consumption of ketoamines 

372a/b and the formation of a new, more polar spot after one hour, which was postulated to be 

corresponding alcohol 379. In an attempt to effect the desired lactonisation of suggested alcohol 379, 

the reaction was next warmed to room temperature for one hour. TLC analysis of this reaction mixture 

showed the consumption of the initial product and the formation of a new, more polar spot. 1H NMR 
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analysis of the crude mixture revealed a new methine resonance as a broad multiplet at δ 4.65–4.57 

ppm, which closely resembled the broad doublet of doublet of doublets methine resonance at δ 4.40 

ppm for H-5 of annotinolide C (26).54 Through this comparison, we proposed that the newly formed 

methine signal to be H-5ꞌ of lactone 373. Additionally, the signals at δ 7.56 ppm and 6.26 ppm, assigned 

to H-3 and H-4 of lactone 373, respectively, were in agreement with the reported values of H-11 and 

H-10 for annotinolide C (26). The formation of lactone 373 was further supported by mass spectral 

analysis ([M+Na+] m/z = 336.1442, found 336.1444). Disappointingly, attempts to purify lactone (±)-

373 from the crude mixture by flash column chromatography or preparative TLC for full 

characterisation led to its degradation on silica gel. Due to an unforeseen time constraint and the lack 

of sufficient advanced material, further attempts to isolate lactone 373 for its complete characterisation 

were unachievable. 

 

Reagents and conditions: (a) NaBH4, MeOH/THF (1:1), –40 °C → rt, 2 h.  

Scheme 103 Preliminary and tentative synthesis of lactone 373.  
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2.5.8 Summary of the Preliminary Synthesis of Advanced Intermediate 373 

In summary, the furan iminium cyclisation was extended to the synthesis of tricycle 359, and its use as 

a platform for the construction of advanced intermediate 373 of annotinolide C (26) was investigated 

(Scheme 104). Initially, lactam 356 were converted to hemiaminal 357, which in turn underwent 

iminium cyclisation, providing tricycle 359 as a complicated isomeric mixture in 59% yield (Scheme 

104A). To simplify the NMR spectra of tricycle 359 and determine the diastereoselectivty of the 

iminium cyclisation, tricycle 359 was converted to ketones 322a/b in 80% yield over two steps. 

Elimination of the C-5ꞌ stereocentre of tricycle 359 via synthesis of ketones 322a/b revealed a 9:1 

mixture of major diastereomer (±)-322a and minor diastereomer (±)-322b. Major diastereomer (±)-

322a was determined to exhibit the desired syn relationship between the butenolide oxygen and the 

nitrogen atom of the piperidine ring, pleasingly having the relative configuration matching annotinolide 

C (26). The iminium-mediated cyclisation, however, delivered the undesired configuration at C-4aꞌ 

relative to the butenolide motif (C-2ꞌ), therefore, an epimerisation study of the C-4aꞌ stereocentre was 

undertaken using ketones 322a/b as a model substrate. The use of a one-pot Boc deprotection and acid 

catalysed epimerisation of the C-4aꞌ stereocentre of ketones 322a/b provided tricyclic amine (±)-369 as 

a single diastereomer in 34% yield. Pleasingly, X-ray crystallography unambiguously confirmed that 

tricyclic amine (±)-369 possessed the same relative configuration as the natural product.  

Having secured a synthetic pathway to the desired trans-decahydroquinoline system using ketones 

322a/b, this strategy was next applied to the synthesis of advanced intermediate (±)-373 of annotinolide 

C (26) (Scheme 104B). Enone (±)-325 was successfully accessed from ketones 322a/b as a single 

diastereomer in 30% yield over two steps. A subsequent conjugate addition using diethyl malonate 

(370) to enone (±)-325 selectively afforded diester (±)-371 in 61% yield. Gratifyingly, diester (±)-371 

contained the relative configuration between H-7ꞌ and H-8aꞌ required for the natural product. Based on 

the previous successful acid catalysed epimerisation providing tricyclic amine (±)-369, the same one-

pot procedure was employed for the concurrent Boc deprotection and epimerisation of the C-4aꞌ 

stereocentre of diester (±)-371, providing ketoamines 372a/b as a 3.5:1 mixture of diastereomer 372a 

and diastereomer 372b. Major diastereomer (2S*,4aꞌS*,8aꞌS*7ꞌS*)-372a possessed the relative 

configuration matching the natural product. To progress ketoamine (±)-372a towards annotinolide C 

(26), a reduction/lactonisation sequence was attempted and tentatively delivered lactone 373. 

Unfortunately, attempts to isolate 373 for its complete characterisation were prohibited by lack of 

advanced material and time restrictions. However, these results lay a solid foundation towards the total 

synthesis of annotinolide C (26), whereby further investigation of this synthetic route may allow for the 

elaboration of lactone 373 to access annotinolide C (26).  
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Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 3 h; (b) PPTS, CH2Cl2, 0 °C, 20 mins; (c) TBAF, THF, 

0 °C → rt, 5.5 h; (d) IBX, EtOAc, reflux, 1 h; (e) 3 M HCl EtOAc, 0 °C → rt, 1.5 h then Sat. aq. NaHCO3; (f) 

SePhCl, LiHMDS, THF, –78 °C → –40 °C, 2 h; (g) 30% aq. H2O2, pyridine, CH2Cl2, 0 °C, 0.5 h; (h) NaH (60% 

oil dispersion), THF, 0 °C, 5 h; (i) HCl, (3 M EtOAc), 0 °C → rt, 1.5 h then Sat. aq. NaHCO3; (j) NaBH4, 

MeOH/THF (1:1), –40 °C → rt, 2 h.  

Scheme 104 Summary of the elaboration of ketone (±)-322a to access advanced intermediate 373. 
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2.6 Conclusions and future work 

2.6.1 Conclusions 

The present study involved two iminium-based approaches towards the synthesis of the core structure 

149 of annotinolide C (26), which was then used as a platform towards the total synthesis of the natural 

product (Scheme 105). The first strategy employed the construction of core 149 via an intramolecular 

furan cyclisation of reactive iminium intermediate 150, which could be generated from enamine 151. 

The use of enamines as iminium precursors was first probed by the synthesis of simple unsubstituted 

enamines 182 and 181, which were subsequently employed for the intermolecular furan addition, 

providing furan adducts 211 and 216 in moderate yields (Scheme 105A). To construct the more 

complicated α,β-substituted piperidine skeleton of annotinolide C (26), tosyl-protected enamine 182 

was further elaborated to provide β-substituted enamines 233 and 248, and their subsequent reactivity 

was investigated (Scheme 105B). An intermolecular furan addition using 2-methylfuran (183) to β-

substituted enamine 233 proved unsuccessful, furthermore, the intramolecular variant of furan addition 

using methoxyfuran enamine 248 as a precursor to iminium 252 also proved difficult. Unfortunately, 

the use of enamine 248 failed to provide the required α,β-substitution of the tricyclic core (±)-149. 

Despite these short comings, valuable findings were forthcoming including successful generation of 

iminium intermediates facilitated by electron withdrawing N-protecting groups (tosyl and Boc groups), 

alongside a Lewis acid screen which provided insight into the furan iminium addition.  
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Reagents and conditions: (a) PTSA, CH2Cl2, –20 °C, 1 h; (b) InCl3, CH2Cl2, –20 °C, 0.5 h; (c) PTSA, CH2Cl2, –

20° C, 24 h; (d) TFA, CH2Cl2, –40 °C → rt, 20 min. 

Scheme 105 Summary of the use of enamines as iminium precursors for the furan addition.  

The second strategy investigated the use of hemiaminals as iminium precursors to facilitate the furan 

cyclisation to provide core 149 (Scheme 106). Initially, use of furan lactam 289 successfully provided 

hemiaminal 290; however, subsequent generation of iminium 291 resulted in its fast deprotonation, 

affording undesired enamine 292 (Scheme 106A). The tethered furan moiety was determined to be 

insufficiently nucleophilic to participate in an addition to iminium 291, thus, the more reactive 

methoxyfuran 303 was next employed (Scheme 106B). Pleasingly, iminium generation from 

hemiaminal 308 was successful in providing tricyclic core 313 in 55% yield as an 18:1 mixture of 

diastereomers (±)-313a and (±)-313b. The major diastereomer (±)-313a was revealed to exhibit the 

same syn relationship between the C2-O bond and the C8aꞌ-N bond, as that of annotinolide C (26), but 

the undesired relative configuration at C-4aꞌ. Encouraged by the efficient construction of simple cores 

313a/b, we next sought to access advanced intermediate (±)-373 using the iminium cyclisation route, 

while installing the required relative configuration for the natural product. Using lactam 356, tricycle 

359 was constructed over two steps in 59% yield as a complex mixture of rotamers and diastereomers 

(Scheme 106C). The elimination of the C-5ꞌ stereocentre of tricycle 359 via its conversion to ketones 
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322a/b over two steps revealed a 9:1 mixture of major diastereomer (±)-322a and minor diastereomer 

(±)-322b. To progress ketones 322a/b towards advanced intermediate 373, a two-step oxidation was 

first undertaken to access enone (±)-325 which possesses the required synthetic handle for subsequent 

conjugate addition of the anion of diethyl malonate, affording diester (±)-371. Concurrent Boc 

deprotection and epimerisation of diester (±)-371 delivered ketoaminesa 372a/b as a 3.5:1 

diastereomeric mixture, with major diastereomer (2S*,4aꞌS*,8aꞌS*7ꞌS*)-372a containing the desired 

relative configuration for annotinolide C (26). Finally, a reduction/lactonisation sequence from 

ketoamines 372a/b was attempted to install the lactone bridge of the natural product and preliminary 

results suggested the successful formation of lactone 373.        

These investigations provide a foundation towards the total synthesis of annotinolide C (26), allowing 

for the preliminary construction of lactone 373 possessing the tetracyclic framework of the natural 

product. Unfortunately, optimisation of the reduction/lactonisation sequence and investigations towards 

an endgame strategy was prevented by limited advanced material alongside time and funding 

restrictions.  
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Reagents and conditions: (a) Super-Hydride, THF, –78 °C, 3 h; (b) PTSA, acetone-H2O (10:1), 0 °C → rt, 2 h; 

(c) Bi(OTf)3, CH2Cl2, 0 °C, 1 h; (d) PPTS, CH2Cl2, 0 °C, 20 mins; (e) TBAF, THF, 0 °C → rt, 5.5 h; (f) IBX, 

EtOAc, reflux, 1 h; (g) SePhCl, LiHMDS, THF, –78 °C → –40 °C, 2 h; (h) 30% aq. H2O2, pyridine, CH2Cl2, 0 

°C, 0.5 h; (i) NaH (60% oil dispersion), THF, 0 °C, 5 h; (j) HCl (3 M EtOAc), 0 °C → rt, 1.5 h then Sat. aq. 

NaHCO3; (k) NaBH4, MeOH/THF (1:1), –40 °C → rt, 2 h.  

Scheme 106 Summary of the preliminary synthesis of advanced intermediate 373 of annotinolide C (26).  
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2.6.2 Future Work 

The work reported herein provides a solid foundation for future endeavours towards the total synthesis 

of annotinolide C (26), alongside other structurally related members of the lycopodium family.  

A. Total Synthesis of Annotinolide C (±)-(26) 

It is anticipated that the approaches established in the current work can be adapted for the successful 

total synthesis of annotinolide C (26). Initially, the lactonisation/reduction sequence of ketoamine (±)-

372a will require further optimisation to establish the stereochemical outcome at C-15 of lactone (±)-

373, since this position will be utilised to install the five membered C-7/C-13 bridged ring (blue) of the 

natural product (Scheme 107). Installation of the C-15 methyl group, a hallmark substituent of the 

lycopodium alkaloids, will also be required to complete the total synthesis. Lactone (±)-373a possesses 

the C-15 ester functionality in a trans configuration relative to H-7, which is the required configuration 

to bridge the C-13 α-tertiary amine centre. On the other hand, lactone (±)-373b contains the opposite 

cis configuration of the ester moiety (C-15) relative to H-7. Although the relative stereochemistry of 

the C-15 centre of lactone (±)-373 was unable to be determined due to a lack of material in hand, it was 

postulated that both sets of diastereomers could be employed as advanced scaffolds towards the 

synthesis of the natural product.   

 

Scheme 107 Proposed diastereomers (±)-373a and (±)-373b of lactone (±)-373.  

Despite that lactone (±)-373 closely resembles annotinolide C (26), installation of the congested C-13 

α-tertiary amine centre, and thus completion of the natural product, is not anticipated to be a 
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straightforward task. If the lactone formed from the reduction/lactonisation sequence is diastereomer 

(±)-373a, it is envisioned that this could be converted to annotinolide C (±)-(26) via tetracyclic salt (±)-

380 (Scheme 108A). Thus, manipulation of the ester functionality of lactone (±)-373a to a primary 

halide group, followed by oxidation of the amine to its corresponding iminium species would give the 

requisite tetracyclic salt (±)-380.179,180 Tetracyclic salt (±)-380 could then be utilised for an 

intramolecular Barbier-type addition of C-14 to C-13 affording lactone (±)-381, which is anticipated to 

possess the required C-13 α-tertiary amine centre.181–183 With the halide moiety positioned on the 

concaved face of tetracyclic salt (±)-380, this results in its close proximity to C-13 which is proposed 

to direct the desired regioselectivity of the reaction. Subsequent deprotonation at C-15 of (±)-381 is 

postulated to facilitate the installation of the C-15 methyl group and provide annotinolide C (±)-

(26).184,185  

Alternatively, if lactone (±)-373b or a mixture of both diastereomers 373a/b are formed from the 

reduction/lactonisation sequence, an alternative strategy to annotinolide C (26) can be employed. An 

initial methylation at C-15 of lactone (±)-373 will scramble the stereochemistry at the C-15 position 

and provide the corresponding C-15 methyl lactone (Scheme 108B).184,185 Subsequent conversion of the 

ester moiety to a radical precursor, such as a thioate, alongside conversion of the amine moiety to an 

imine will provide cyclisation precursor (±)-382.186,187 Radical generation from imine (±)-382 provides 

intermediate (±)-383 possessing a radical on the C-15 gem dimethyl moiety, which is anticipated to 

participate in an intramolecular cyclisation to C-13,186,188,189 thus, completing the total synthesis of 

annotinolide C (±)-(26).  
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Scheme 108 a) Intramolecular Barbier type addition strategy for synthesis of annotinolide C (±)-(26); b) 

Intramolecular radical cyclisation strategy for synthesis of annotinolide C (±)-(26). 
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3.1 General Details 

All non-aqueous reactions and distillations were performed under an oxygen-free atmosphere of argon 

or nitrogen, dried by passage through a cylinder of anhydrous calcium chloride, in oven- or flamedried 

glassware, unless otherwise stated. Solvents were dried using a solvent purifier (LC technology Solution 

Inc. SP-1 Standalone Solvent Purifier System). Solvent used for extraction and purification by flash 

chromatography were used as received unless otherwise noted. Commercially available starting 

materials and reagents were used as received unless otherwise noted. The progress of reactions was 

monitored by analytical TLC using Merck 0.2 mm silica gel 60 F254 aluminium plates with 

visualisation by ultraviolet irradiation (254 nm) followed by staining with potassium permanganate 

solution or ethanolic solution of vanillin or ceric ammonium molybdate or ninhydrin. Separation of 

mixtures was performed by flash chromatography using silica gel (60, 230−400 mesh) with the denoted 

solvent system. Melting points were determined on a Kofler hot-stage apparatus. Infrared spectra were 

recorded neat over a diamond crystal on a Perkin Elmer® Spectrum 1000 Fourier Transform Infrared 

spectrometer. Values are expressed in wave numbers (cm-1) in the range of 4000 to 450 cm-1.  

NMR spectra were recorded at 21 °C in CDCl3, unless otherwise noted, on either a Bruker® DRX300 

spectrometer operating at 300 MHz for 1H nuclei and 75 MHz for 13C nuclei or on a Bruker® DRX400 

spectrometer operating at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei or on a Bruker® Avance 

III HD spectrometer operating at 500 MHz for 1H nuclei and 125 MHz for 13C nuclei. All chemical 

shifts are recorded in parts per million from tetramethylsilane (δ 0) measured relative to the chloroform 

reference peaks at δ 7.26 and δ 77.16 for 1H and 13C spectra, respectively. Coupling constants are 

reported in Hertz. 1H NMR spectra are reported as chemical shift in ppm, followed by relative integral, 

multiplicity (“s” singlet, “brs” broad singlet, “d” doublet, “dd” doublet of doublets, “ddd” doublet of 

doublet of doublets, “dddd” doublet of doublet of doublet of doublets”, “dt” doublet of triplets, “dq” 

doublet of quartets, “t” triplet, “td” triplet of doublets, “tt” triplet of triplets, “q” quartet, “quint.” 

quintuplet, “sext” sextet, “sept” septet, “m” multiplet, “brs” broad singlet), coupling constant where 

applicable and assignment. 13C NMR spectra are reported as chemical shift in ppm following by 

assignment showing the degree of hybridisation. Assignments were made with the aid of COSY, HSQC, 

HMBC, NOESY experiments. High resolution mass spectrometry (HRMS) was performed using a 

spectrometer operating at a nominal accelerating voltage of 70 eV or a TOF-Q mass spectrometer. 
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3.2 Experimental Procedures and Characterisation Data 

 

4-tert-Butoxycarbonylaminobutan-1-ol (193) 

 

To a stirred solution of 4-aminobutan-1-ol 191 (500 mg, 5.60 mmol) in CH2Cl2 (2.5 mL) at 0 °C, Boc 

anhydride (1.47 g, 6.7 mmol) was added and allowed to stir for 24 h. H2O (1 ml) was added and the 

separated aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 9:1) to give title compound 193 

(820 mg, 77%) as a colourless oil.  

1H NMR (400 MHz; CDCl3): δ 4.66 (1H, brs, NH), 3.66–3.63 (2H, m, H-1), 3.14–3.13 (2H, m, H-4), 

1.91 (1H, brs, OH), 1.59–1.54 (4H, m, H-3 and H-2), 1.42 (9H, s, C(CH3)3);  

13C NMR (100 MHz; CDCl3): δ 156.3 (C, C=O), 79.3 (C, C(CH3)3), 62.5 (CH2, C-1), 40.4 (CH2, C-4), 

29.8 (CH2, C-2), 28.5 (3 × CH3, C(CH3)3), 26.7 (CH2, C-3).  

The spectroscopic data were in agreement with literature values.190 
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5-tert-Butoxycarbonylaminopentan-1-ol (194) 

 

To a stirred solution of 5-aminopentan-1-ol 192 (1 g, 9.7 mmol) in CH2Cl2 (5 mL) at 0 °C, Boc 

anhydride (2.54 g, 11.6 mmol) was added and allowed to stir for 24 h. H2O (2 ml) was added and the 

separated aqueous layer was extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were 

washed with brine (10 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 9:1) to give title compound 194 

(1.38 mg, 77%) as a colourless oil.  

1H NMR (400 MHz; CDCl3): δ 4.57 (1H, brs, NH), 3.63 (2H, t, J = 6.5 Hz, H-1), 3.13–3.09 (2H, m, H-

5), 1.61–1.36 (15H, m, H-4, H-3, H-2 and C(CH3)3);  

13C NMR (100 MHz; CDCl3): δ 156.2 (C, C=O), 79.3 (C, C(CH3)3), 62.9 (CH2, C-1), 40.5 (CH2, C-5), 

32.4 (CH2, C-2), 29.9 (CH2, C-4), 28.5 (3 × CH3, C(CH3)3), 23.0 (CH2, C-3).  

The spectroscopic data were in agreement with literature values.101 

  



Chapter Three: Experimentals 

 

136 

1-(tert-butoxycarbonyl)-piperidin-2-one (199) 

 

To a stirred solution of piperidin-2-one (197) (2.3 g, 23.2 mmol) in THF (200 mL) at –78 °C, nBuLi 

(14 mL, 23.2 mmol, 1.6 M in hexanes) was added dropwise and stirred for 30 min. Boc2O (7.5 g, 

34.6 mmol) in THF (84 mL) was added dropwise and the reaction was warmed to rt and stirred for 1.5 

h. Saturated aqueous NH4Cl (25 mL) was added and the separated aqueous layer was further extracted 

with EtOAc (3 × 30 mL). The combined organic layers were washed with brine (20 mL), dried over 

anhydrous Na2SO4 and the solvent removed in vacuo. The crude product was purified by flash 

chromatography (6:1, pet. ether-EtOAc) to give title compound 199 (4.5 g, 97%) as a colourless oil.  

1H NMR (400 MHz; CDCl3): δ 3.66–3.63 (2H, m, H-6), 2.52–2.48 (2H, m, H-3), 1.82–1.80 (4H, m, H-

4 and H-5), 1.52 (9H, s, C(CH3)3); 

13C NMR (100 MHz; CDCl3): δ 171.4 (C, C-2), 153.0 (C, C=O), 82.9 (C, C(CH3)3), 46.4 (CH2, C-6), 

35.0 (CH2, C-3), 28.1 (3 × CH3, C(CH3)3), 23.0 (CH2, C-5), 20.6 (CH2, C-4).  

The spectroscopic data were in agreement with literature values.102 
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1-tosylpiperidin-2-one (198) 

 

To a stirred solution of piperidin-2-one (197) (2.3 g, 23.2 mmol) in THF (180 mL) at –78 °C, nBuLi 

(14 mL, 23.2 mmol, 1.6 M in hexanes) was added dropwise and stirred for 30 min. TsCl (4.9 g, 

25.5 mmol) in THF (72 mL) was added dropwise and the reaction was warmed to rt and stirred for 1.5 

h. Saturated aqueous NH4Cl (25 mL) was added and the separated aqueous layer was further extracted 

with EtOAc (3 × 30 mL). The combined organic layers were washed with brine (20 mL), dried over 

anhydrous Na2SO4 and the solvent removed in vacuo. The crude product was purified by flash 

chromatography (4:1, pet. ether-EtOAc) to give title compound 198 (4.76 g, 81%) as a white solid.  

1H NMR (400 MHz; CDCl3): δ 7.92–7.90 (2H, d, J = 9.3 Hz, 2 × ArH), 7.32–7.30 (2H, d, J = 8.2 Hz, 

2 × ArH), 3.91 (2H, t, J = 6.0 Hz, H-6), 2.43–2.40 (5H, m, H-3 and ArCH3), 1.93–1.87 (2H, m, H-4 or 

H-5), 1.81–1.76 (2H, m, H-4 or H-5);  

13C NMR (100 MHz; CDCl3): δ 172.5 (C, C-2), 147.0 (C, ArC), 138.3 (C, ArC), 130.6 (CH, 2 × ArCH), 

129.0 (CH, 2 × ArCH), 49.2 (CH2, C-6), 36.3 (CH2, C-3), 25.5 (CH2, C-5), 21.9 (CH3, ArCH3), 22.6 

(CH2, C-4).  

The spectroscopic data were in agreement with literature values.102 
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1-(tert-Butoxycarbonyl)-1,4,5,6-tetrahydropyridine (181) 

 

To a stirred solution of lactam 199 (4.5 g, 22.6 mmol) in THF (56 mL) at –78 °C, Super hydride (24.8 

mL, 1.0 M in THF) was added dropwise and stirred for 1 h. Water (10 mL) was added and the separated 

aqueous layer was further extracted with EtOAc (3 × 30 ml). The combined organic layers were washed 

with brine (15 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude 

residue was used without further purification.  

To the crude hemiaminal prepared above, in CH2Cl2 (127 mL) at rt was added PPTS (700 mg, 2.8 mmol) 

and was stirred for 18 h. Saturated aqueous NaHCO3 (30 mL) was added and the aqueous phase was 

extracted with CH2Cl2 (3 × 35 mL), the combined organic layers were washed with brine (30 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude product was purified with 

flash chromatography (EtOAc-pet. ether 9:1, Et3N 0.25%) to give title compound 181 (2.14 g, 92% over 

two steps) as a colourless oil.   

1H NMR (400 MHz, CDCl3): δ 6.85–6.70 (1H, m, H-2), 4.89–4.79 (1H, m, H-3), 3.55–3.54 (2H, m, H-

6), 2.04–2.00 (2H, m, H-4), 1.82–1.80 (2H, m, H-5), 1.48–1.47 (9H, m, C(CH3)3);  

 

13C NMR (100 MHz, CDCl3): δ 152.9 (C, C=O *), 152.5 (C, C=O), 125.8 (CH, C-2), 125.4 (CH, C-

2*), 105.7 (CH, C-3*), 105.3 (CH, C-3), 80.6 (C, C(CH3)3), 80.4 (C, C(CH3)3*), 42.7 (CH2, C-6*), 41.6 

(CH2, C-6), 28.5 (3 × CH3, C(CH3)3), 21.9 (CH2, C-4 and C-5), 21.6 (CH2, C-4* or C-5*), 21.5 (CH2, 

C-4* or C-5)*.   

   

* Denotes minor rotamer. 

The spectroscopic data were in agreement with literature values.191 
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1-tosyl-1,4,5,6-tetrahydropyridine (182) 

 

To a stirred solution of lactam 198 (4.8 g, 18.9 mmol) in CH2Cl2 (47 mL) at –78 °C, DIBAL-H (20.8 

mL, 1.0 M in toluene) was added dropwise and stirred for 1.5 h. Water (0.8 mL) followed by 1M 

aqueous solution of NaOH (0.8 mL) and a second portion of water (2 mL) added and stirred for 15 m. 

Anhydrous MgSO4 was added and the mixture stirred for 15 m; this was then filtered and the solvent 

removed in vacuo to give the crude hemiaminal which was used without further purification.  

To the crude hemiaminal prepared above, in CH2Cl2 (32 mL) at rt was added PPTS (704 mg, 2.8 mmol) 

and was stirred for 18 h. Saturated aqueous NaHCO3 (15 mL) was added and the aqueous phase was 

extracted with CH2Cl2 (3 × 15 mL), the combined organic layers were washed with brine (30 mL), dried 

over anhydrous Na2SO4, filtered and the solvent was removed in vacuo . The crude product was purified 

with flash chromatography (EtOAc-pet. ether 9:1, Et3N 0.25%) to give title compound 182 (0.59 g, 92% 

over two steps) as a white solid.   

1H NMR (400 MHz; CDCl3): δ 7.68–7.65 (2H, m, 2 × ArH), 7.30 (2H, d, J = 8.1 Hz, 2 × ArH), 6.64 

(1H, dt, J = 8.7, 2.0 Hz, H-2), 4.96 (1H, dt, J = 8.0, 4.3 Hz, H-3), 3.38–3.35 (2H, m, H-6), 2.42 (3H, s, 

ArCH3), 1.92–1.88 (2H, m, H-4), 1.61 (2H, quint., J = 5.8 Hz, H-5).   

13C NMR (100 MHz; CDCl3): δ 143.4 (C, C-Ar), 134.7 (C, C-Ar), 129.5 (CH, 2 × ArCH), 126.7 (CH, 

2 × ArCH), 124.7 (CH, C-2), 108.2 (CH, C-3), 43.6 (CH2, C-6), 21.2 (CH2, C-4), 20.6 (CH2 and CH3, 

CH2-5 and ArCH3).  

The spectroscopic data were in agreement with literature values.105 
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1-(tert-Butoxycarbonyl)-pyrrolidine-2-one (202) 

 

To a stirred solution of 2-pyrrolidone (201) (2 g, 23.5 mmol) in MeCN (40 mL) at rt, DMAP (0.72 g, 

5.87 mmol) was added. Boc2O (6.40 g, 29.4 mmol) in MeCN (9 mL) was added and the reaction was 

stirred for 18 h. H2O (10 mL) was added and the separated aqueous layer was further extracted with 

EtOAc (3 × 20 ml). The combined organic layers were washed with brine (15 mL), dried over anhydrous 

Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash chromatography 

(pet. ether-EtOAc, 4:1, 0.5% Et3N) to give title compound 202 (2.5 g, 57%) as a colourless oil.  

1H NMR (400 MHz, CDCl3): δ 3.73 (2H, t, J = 7.2 Hz, H-5), 2.49 (2H, t, J = 8.2 Hz, H-3), 1.98 (2H, 

quint., J = 7.6 Hz, H-4), 1.51 (9H, s, C(CH3)3);  

 

13C NMR (100 MHz, CDCl3): δ 174.4 (C, C-2), 150.4 (C, C=O), 82.9 (C, C(CH3)3), 46.6 (CH2, C-5), 

33.1 (CH2, C-3), 28.1 (3 × CH3, C(CH3)3), 17.5 (CH2, C-4).  

 

The spectroscopic data were in agreement with literature values.102 
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1-Tosylpyrrolidine-2-one (204) 

 

To a stirred solution of 2-pyrrolidone (201) (1 g, 11.7 mmol) in THF (90 mL) at –78 °C, freshly prepared 

LDA [nBuLi (8.39 mL, 14.69 mmol) and iPr2NH (1.98 mL, 14.10 mmol) in THF (17.8 mL)] was added 

and stirred for a further 30 min. TsCl (2.46 g, 12.9 mmol) in THF (28 mL) was added and the reaction 

was warmed to rt and stirred for 2 h. Saturated aqueous NH4Cl (30 mL) was added and the separated 

aqueous layer was further extracted with EtOAc (3 × 40 ml). The combined organic layers were washed 

with brine (30 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude 

residue was purified by flash chromatography (pet. ether-EtOAc, 2:1, 0.5% Et3N) to give title compound 

204 (1.88 g, 67%) as a white solid.  

1H NMR (400 MHz, CDCl3): δ 7.94–7.91 (2H, m, 2 × ArH), 7.33 (2H, d, J = 7.8 Hz, 2 × ArH), 3.91–

3.88 (2H, m, H-5), 2.45–2.41 (5H, m, H-3 and ArCH3), 2.11–2.03 (2H, m, H-4);   

 

13C NMR (100 MHz, CDCl3): δ 173.5 (C, C-2), 145.3 (C, ArC), 135.3 (C, ArC), 129.8 (CH, 2 × ArCH), 

128.2 (CH, 2 × ArCH), 47.4 (CH2, C-5), 32.4 (CH2, C-3), 21.8 (CH3, ArCH3), 18.3 (CH2, C-4).  

 

The spectroscopic data were in agreement with literature values.102 
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4,5-dihydro-1-tosyl-pyrrole (206) 

 

To a stirred solution of lactam 204 (0.34 g, 1.42 mmol) in CH2Cl2 (4 mL) at –78 °C, DIBAL-H (3.60 

mL, 1.0 M in toluene) was added dropwise and stirred for 1.5 h. Water (0.14 mL) followed by a 1M 

aqueous solution of NaOH (0.14 mL) and a second portion of water (0.35 mL) added and stirred for 15 

m. Anhydrous MgSO4 was added and the mixture stirred for 15 min; this was then filtered and the 

solvent removed in vacuo to give the crude hemiaminal which was used without further purification.  

To the crude hemiaminal prepared above, in CH2Cl2 (13 mL) at –78 °C was added TFAA (0.15 mL, 

1.06 mmol) and was stirred for 8 h. Et3N (0.74 mL, 5.3 mmol) was then added and the reaction was 

warmed to rt and stirred for 18 h before saturated aqueous NaHCO3 (5 mL) was added. The separated 

aqueous phase was extracted with CH2Cl2 (3 × 15 mL) and the combined organic layers were washed 

with brine (30 mL), dried over anhydrous Na2SO4 and the solvent removed in vacuo. The crude product 

was purified with flash chromatography (EtOAc-pet. ether 9:1, Et3N 0.25%) to give title compound 206 

(0.19 g, 80% over two steps) as a white solid.   

1H NMR (400 MHz; CDCl3): δ 7.67 (2H, dt, J = 8.4, 1.8 Hz, 2 × ArH), 7.33–7.30 (2H, m, 2 × ArH), 

6.37 (1H, quint., J = 2.2 Hz, H-2), 5.11 (1H, dt, J = 3.8, 2.7 Hz, H-3), 3.51–3.45 (2H, m, H-5), 2.46 

(2H, dt, J = 14.0, 2.3 Hz, H-4), 2.43 (3H, s, ArCH3);  

13C NMR (100 MHz; CDCl3): δ 143.9 (C, ArC), 133.0 (C, ArC), 130.9 (CH, C-2), 129.8 (CH, 2 × 

ArCH), 127.9 (CH, 2 × ArCH), 133.4 (CH, C-3), 47.3 (CH2, C-5), 29.7 (CH2, C-4), 21.7 (CH3, ArCH3).   

The spectroscopic data were in agreement with literature values.105 
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4,5-dihydro-1-(tert-butoxycarbonyl)-pyrrole (195) 

 

To a stirred solution of lactam 202 (0.35 g, 1.89 mmol) in toluene (6 mL) at –78 °C, Super Hydride 

(2.00 mL, 1.0 M in THF) was added dropwise and stirred for 0.5 h. DIPEA (1.88 mL, 10.77 mmol), 

followed by DMAP (4 mg, 0.038 mmol) and TFAA (0.32 mL, 2.27 mmoL) were added consecutively 

and the mixture was warmed to rt and stirred for a further 2 h. H2O (3 mL) was added and the separated 

aqueous phase was extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with 

brine (10 mL), dried over anhydrous Na2SO4 and the solvent removed in vacuo. The crude product was 

purified with flash chromatography (EtOAc-pet. ether 15:1, Et3N 0.25%) to give title compound 195 

(0.22 g, 69% over two steps) as a colourless oil.   

1H NMR (400 MHz; CDCl3): δ 6.59–6.45 (1H, m, H-2), 5.00–4.97 (1H, m, H-3), 3.74–3.69 (2H, m, H-

5), 2.64–2.62 (2H, m, H-4), 1.47 (9H, s, C(CH3)3);   

13C NMR (100 MHz; CDCl3): δ 152.4 (C, C=O*), 151.7 (C, C=O), 129.9 (CH, C-2), 107.6 (CH, C-3), 

80.1 (C, C(CH3)3), 45.4 (CH2, C-5*), 44.9 (CH2, C-5), 29.8 (CH2, C-4*), 28.8 (CH2, C-4), 28.5 (3 × 

CH3, C(CH3)3).  

*Denotes minor rotamer.  

The spectroscopic data were in agreement with literature values.192 
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5,5-bis(5-Methylfuran-2-yl)-1-tosyl-pentan-1-amine (210) 

 

To a stirred solution of enesulfonate 182 (50 mg, 0.21 mmol) in DCM (2.1 mL) at –20 °C, 

2- methylfuran (95 µL, 1.05 mmol) was added and allowed to stir for 5 min. TFA (70 µL, 0.84 mmol) 

was then added dropwise and the reaction was warmed to rt and stir for a further 2 h. Saturated aqueous 

NaHCO3 (1 mL) was added and the separated aqueous layer was extracted with DCM (3 × 4 mL). The 

combined organic layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent 

was removed in vacuo. The crude product was purified by flash chromatography (DCM-pet. ether, 4:1) 

to give title compound 210 (55 mg, 81%) as a colourless oil.  

IR vmax (neat): 3286, 2924, 2866, 1598, 1562, 1450, 1381, 1325, 1218, 1156, 1092; 

1H NMR (400 MHz; CDCl3): δ 7.73 (2H, d, J = 8.0 Hz, 2 × ArH), 7.29 (2H, d, J = 8.1 Hz, 2 × ArH), 

5.88 (2H, d, J = 3.5 Hz, 2 × H-3'), 5.85–5.84 (2H, m, 2 × H-4'), 4.44–4.37 (1H, m, NH), 3.84 (1H, t, J 

= 7.6 Hz, H-5), 2.93–2.88 (2H, m, H-1), 2.42 (3H, s, ArCH3), 2.24 (6H, s, 2 × CH3), 1.86 (2H, dd, J = 

15.9, 7.6 Hz, H-4), 1.49–1.42 (2H, m, H-2), 1.28–1.20 (2H, m, H-3);  

13C NMR (100 MHz; CDCl3): δ 153.7 (C, 2 × C-2'), 150.9 (C, 2 × C-5'), 143.5 (C, ArC), 137.1 (C, 

ArC), 129.8 (CH, 2 × ArCH), 127.3 (CH, 2 × ArCH), 106.4 (C, 2 × C-3'), 106.1 (C, 2 × C-4'), 38.9 

(CH, C-5), 43.2 (CH2, C-1), 32.5 (CH2, C-4), 29.5 (CH2, C-2), 24.5 (CH2, C-3), 21.7 (CH3, ArCH3), 

13.7 (2 × CH3);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C22H27NNaO4S 424.1553, found 424.1552.  
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2-(5-Methylfuran-2-yl)-1-tosyl-piperidine (211) 

 

To a stirred solution of enecarbamate 182 (50 mg, 0.21 mmol) in CH2Cl2 (1.5 mL) at –20 °C, methyfuran 

(0.057 mL, 0.63 mmol) was added and allowed to stir for 5 min. PTSA (0.091 g, 0.53 mmol) was added 

and the reaction was stirred for 30 min. Saturated aqueous NaHCO3 (0.5 ml) was added and the 

separated aqueous layer was extracted with CH2Cl2 (3 × 4 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and solvent was removed in vacuo. The crude 

product was purified by flash chromatography (CH2Cl2-pet. ether, 3:1) to give title compound 211 (59 

mg, 88%) as a colourless oil.  

IR vmax (neat): 2943, 1598, 1495, 1445, 1337, 1217, 1154, 1091, 1019; 

1H NMR (400 MHz; CDCl3): δ 7.61–7.60 (2H, m, 2 × ArH), 7.21–7.19 (2H, m, 2 × ArH), 5.94–5.93 

(1H, m, H-3'), 5.79-5.77 (1H, m, 4'), 5.19 (1H, d, J = 5.3 Hz, H-2), 3.75–3.72 (1H, m, Ha-6) 3.10-2.98 

(1H, m, Hb-6), 2.39 (3H, s, ArCH3), 2.08 (3H, s, CH3), 2.04-1.99 (1H, m, Ha-3), 1.85-1.76 (1H, m, Hb-

3), 1.62-1.47 (4H, m, H-4 and H-5); 

13C NMR (100 MHz; CDCl3): δ 151.4 (C, C-2ꞌ or C-5ꞌ), 151.2 (C, C-2ꞌ or C-5ꞌ), 142.7 (C, ArC), 137.3 

(C, ArC), 129.3 (CH, 2 × ArCH), 127.3 (CH, 2 × ArCH), 108.6 (CH, C-3'), 106.0 (CH, C-4'), 50.8 (CH, 

C-2), 42.3 (CH2, C-6), 28.9 (CH2, C-3), 25.2 (CH2, C-5), 21.6 (CH3, ArCH3), 19.6 (CH2, C-4), 13.5 

(CH3); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H21NNaO3S 342.1134, found 342.1140.  
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5,5-bis(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-amino-pentane (215) 

 

 

To a stirred solution of enecarbamate 181 (50 mg, 0.27 mmol) in CH2Cl2 (1.5 mL) at –20 °C, 

methylfuran (0.09 mL, 1.09 mmol) was added and allowed to stir for 5 min. PTSA (93 mg, 0.55 mmol) 

was added and the reaction was stirred for 1 h. Saturated aqueous NaHCO3 (0.5 ml) was added and the 

separated aqueous layer was extracted with CH2Cl2 (3 × 4 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 4:1) to give title compound 215 

(13 mg, 18%) as a colourless oil.  

IR vmax (neat ): 3355, 2929, 1701, 1564, 1513, 1453, 1365, 1248, 1171;  

1H NMR (400 MHz; CDCl3): δ 5.91 (2H, d, J = 3.0 Hz, 2 × H-3ꞌ), 5.854–5.845 (2H, m, 2 × H-4ꞌ), 4.50 

(1H, brs, NH), 3.90 (1H, t, J = 7.6 Hz, H-5), 3.11–3.06 (2H, m, H-1), 2.24 (6H, s, 2 × CH3), 1.97–1.91 

(2H, m, H-4), 1.52–1.43 (11H, m, H-2 and C(CH3)3), 1.34–1.25 (2H, m, H-3);  

13C NMR (100 MHz; CDCl3): δ 156.1 (C, C=O), 153.9 (C, 2 × C-2ꞌ), 150.8 (C, 2 × C-5ꞌ), 106.3 (CH, 

2 × C-3ꞌ), 106.1 (CH, 2 × C-4ꞌ), 79.2 (C, C(CH3)3), 40.6 (CH2, C-1), 39.0 (CH, C-5), 32.8 (CH2, C-4), 

29.9 (CH2, C-2), 28.6 (3 × CH3, C(CH3)3), 24.7 (CH2, C-3), 13.7 (CH3, 2 × CH3);   

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C20H29NNaO4 370.1989, found 370.1987.  
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2-(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-piperidine (216) 

 

 

To a stirred solution of enecarbamate 181 (50 mg, 0.27 mmol) in CH2Cl2 (1.5 mL) at –20 °C, 

methylfuran (0.95 mL, 1.09 mmol) was added and allowed to stir for 5 min. InCl3 (9 mg, 0.04 mmol) 

was added and the reaction was stirred for 0.5 h. Saturated aqueous NaHCO3 (0.5 ml) was added and 

the separated aqueous layer was extracted with CH2Cl2 (3 × 4 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 19:1) to give title compound 

216 (13 mg, 18%) as a colourless oil.  

IR vmax (neat): 2937, 2860, 1692, 1453, 1406, 1364, 1273, 1157;  

1H NMR (400 MHz; CDCl3): δ 5.95–5.94 (1H, m, H-3ꞌ), 5.88–5.87 (1H, m, H-4ꞌ), 5.32 (1H, d, J = 3.9 

Hz, H-2), 3.97 (1H, d, J = 13.5 Hz, Ha-6), 2.77 (1H, td, J = 19.3, 2.4 Hz, Hb-6), 2.25 (3H, s, CH3), 2.14–

2.10 (1H, m, Ha-3), 1.80–1.71 (1H, m, Hb-3), 1.64–1.57 (4H, m, H-4 and H-5), 1.47 (9H, s, C(CH3)3);  

13C NMR (100 MHz; CDCl3): δ 155.6 (C, C=O), 152.4 (C, C-2ꞌ), 151.1 (C, C-5ꞌ), 107.3 (CH, C-3ꞌ), 

106.0 (CH, C-4ꞌ), 79.7 (C, C(CH3)3), 49.4 (CH, C-2), 40.3 (CH2, C-6), 28.6 (3 × CH3, C(CH3)3), 27.5 

(CH2, C-3), 25.5 (CH2, C-4 or C-5), 20.1 (CH2, C-4 or C-5), 13.7 (CH3);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C15H23NNaO3 288.1570, found 288.1572.   
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5-(piperidin-1-tosyl-2-yl)furan-2(5H)-one (217) 

 

To a stirred solution of enamine 182 (26.5 mg, 0.11 mmol) and TMSfuran (56 µL, 0.33 mmol) in CH2Cl2 

(1.0 mL) at –20 °C, Bi(OTf)3 (7 mg, 0.01 mmol) was added and stirred for 3.5 h. Saturated aqueous 

NaHCO3 (0.5 mL) was added and the separated aqueous layer was further extracted with CH2Cl2 (3 × 

5 mL). The combined organic layers were washed with brine (3 mL), dried over anhydrous Na2SO4 and 

the solvent was removed in vacuo. The crude residue was purified by flash chromatography (pet. ether-

EtOAc, 4:1, 0.5% Et3N) to give title compound 217 (5 mg, 15%) as a white solid.  

IR vmax (neat): 2927, 2871, 1787, 1756, 1598, 1447, 1337, 1158, 1093;  

1H NMR (400 MHz, CDCl3): δ 7.73 (1H, dd, J = 5.7, 1.7 Hz, H-3ꞌ), 7.71–7.69 (2H, m, 2 × ArH), 7.32 

(2H, d, J = 8.2 Hz, 2 × ArH), 6.18 (1H, dd, J = 5.7, 1.7 Hz, H-4ꞌ), 5.27 (1H, dt, J = 9.0, 1.7 Hz, H-5ꞌ), 

3.97–3.93 (2H, m, H-2 and Ha-6), 3.23–3.15 (1H, m, Hb-6), 2.44 (3H, s, ArCH3), 1.90–1.86 (1H, m, Ha-

3), 1.61–1.49 (3H, m, H-4 and Ha-5), 1.30–1.21 (1H, m, Hb-3), 1.15–1.05 (1H, m, Hb-5);  

 

13C NMR (100 MHz, CDCl3): δ 172.8 (C, C-2ꞌ), 156.1 (CH, C-4ꞌ), 143.8 (C, ArC), 138.1 (C, ArC), 

130.1 (CH, 2 × ArCH), 127.0 (CH, 2 × ACrH), 121.7 (CH, C-3ꞌ), 80.7 (CH, C-5ꞌ), 54.8 (CH, C-2), 42.6 

(CH2, C-6), 24.4 (CH2, C-3), 23.6 (CH2, C-5), 21.7 (CH3, ArCH3), 18.8 (CH2, C-4);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H19NNaO4S 344.0927, found 344.0939. 
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2-(5-Methylfuran-2-yl)-1-tosyl-pyrrolidine (219) 

 

To a stirred solution of enecarbamate 206 (5 mg, 0.22 mmol) in CH2Cl2 (2.2 mL) at –20 °C, 2-

methylfuran (0.06 mL, 0.67 mmol) was added and stirred for 5 mins. PTSA (77 mg, 0.45 mmol) was 

then added and the reaction was stirred for a further 30 min. Saturated aqueous NaHCO3 (1 mL) was 

added and the separated aqueous was further extracted with CH2Cl2 (3 × 5 mL). The combined organic 

layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude product was purified by flash chromatography (CH2Cl2-pet. ether, 3:1) to give title 

compound 219 (41 mg, 60%) as a yellow oil. 

IR vmax (neat): 2952, 1598, 1448, 1343, 1158, 1095, 1021; 

1H NMR (400 MHz; CDCl3): δ 7.57 (2H, d, J = 8.0 Hz, 2 × ArH), 7.22 (2H, d, J = 8.0, 2 × ArH), 6.11 

(1H, d, J = 2.9 Hz, H-3'), 5.81 (1H, s, H-4'), 4.83–4.81 (1H, m, H-2), 3.50–3.39 (2H, m, H-5), 2.40 (3H, 

s, ArCH3), 2.11 (3H, s, CH3), 2.02–1.96 (2H, m, Ha-3, Ha-4), 1.94–1.87 (1H, m, Hb-3), 1.84–1.77 (1H, 

m, Hb-4);  

13C NMR (100 MHz; CDCl3): δ 152.8 (C, C-2'), 151.5 (C, C-4'), 143.0 (C, ArC), 135.9 (C, ArC), 129.5 

(CH, 2 × ArCH), 127.4 (CH, 2 × ArCH), 108.4 (CH, C-3'), 106.1 (CH, C-4'), 57.0 (CH, C-2), 48.5 

(CH2, C-5), 32.1 (CH2, C-3), 24.6 (CH2,C-4), 21.6 (CH3, ArCH3), 13.6 (CH3); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H19NNaO3S 328.0978, found 328.0981.  
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2-(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-pyrrolidine (220) 

 

To a stirred solution of enecarbamate 195 (40 mg, 0.24 mmol) in CH2Cl2 (2.3 mL) at –20 °C, 

methylfuran (0.085 mL, 0.95 mmol) was added and allowed to stir for 5 min. InCl3 (8 mg, 0.035 mmol) 

was added and the reaction was stirred for 0.5 h. Saturated aqueous NaHCO3 (0.5 ml) was added and 

the separated aqueous layer was extracted with CH2Cl2 (3 × 4 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 19:1) to give title compound 

220 (18.5 mg, 29%) as a colourless oil.  

IR vmax (neat): 2975, 2880, 1690, 1454, 1388, 1364, 1255, 1159;  

1H NMR (400 MHz; CDCl3): δ 5.92 (1H, brs, H-3ꞌ), 5.84–5.83 (1H, m, H-4ꞌ), 4.89–4.76 (1H, m, H-2), 

3.50–3.42 (2H, m, H-5), 2.23 (3H, s, CH3), 2.07–1.95 (3H, m, H-3 and Ha-4), 1.89–1.81 (1H, m, Hb-4), 

1.36 (9H, s, C(CH3)3);  

13C NMR (100 MHz; CDCl3): δ 154.6 (C, C=O and C-2ꞌ), 150.7 (C, C-5ꞌ), 106.1 (CH, C-3ꞌ), 105.9 (CH, 

C-4ꞌ), 79.4 (C, C(CH3)3), 54.8 (CH, C-2), 46.1 (CH2, C-5), 32.3 (CH2, C-3), 31.3 (CH2, C-3*), 28.7 (3 

× CH3, C(CH3)3), 24.1 (CH2, C-4*), 23.5 (CH2, C-4) 13.7 (CH3);   

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C14H21NNaO3 274.1414, found 274.1416. 

*denotes minor rotamer 
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1,4,5,6-Tetrahydropyridine-1-tosyl-3-carbaldehyde (224) 

 

To DMF (1.5 mL, 19.5 mmol) at 0 °C, POCl3 (1.82 mL, 19.5 mmol) was added dropwise and the 

solution was stirred for 5 min until the solution solidified. To the solid reagent enecarbamate 182 (770 

mg, 3.24 mmol) in CH2Cl2 (20 mL) was added and the mixture was then warmed to rt and stirred for a 

further 2 h. Ice cold H2O (40 mL) was added to the mixture followed by CH2Cl2 (40 mL) and a second 

portion of ice cold H2O (40 mL). The biphasic mixture was heated to boiling point and 2 M aqueous 

NaOH was added until a pH of 8 was reached. The separated aqueous phase was extracted with CH2Cl2 

(3 × 30 mL) and the combined organic fractions were washed with brine (30 mL), dried over anhydrous 

Na2SO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(CH2Cl2, 2.5% MeOH) to give title compound 224 (775 mg, 90%) as a dark orange solid.  

IR vmax (neat): 2942, 1669, 1623, 1403, 1358, 1269, 1165, 1063, 1005; 

1H NMR (400 MHz; CDCl3): δ 9.27 (1H, s, CHO), 7.71 (2H, d, J = 8.6 Hz, 2 × ArH), 7.65 (1H, m, H-

2), 7.36 (2H, d, J = 8.2 Hz, 2 × ArH), 3.48–3.45 (2H, m, H-6), 2.45 (3H, s, ArCH3), 2.21–2.17 (2H, m, 

H-4), 1.79–1.73 (2H, m, H-5); 

13C NMR (100 MHz; CDCl3): δ 190.2 (CH, CHO), 145.2 (C, ArC), 144.5 (C-2), 134.4 (C, ArC), 130.4 

(CH, 2 × ArCH), 127.3 (CH, 2 × ArCH), 121.3 (C, C-3), 44.6 (CH2, C-6), 21.9 (CH3, ArCH3), 20.2 

(CH2, C-4), 18.1 (CH2, C-5); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C13H15NNaO3S 288.0665, found 288.0667.  
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1-(1,4,5,6-tetrahydropyridin-3-yl)-1-tosyl-propan-1-ol (225) 

 

 

To a stirred solution of aldehyde 224 (50 mg, 0.188 mmol) in Et2O (1 mL) at –78 °C, ethyl magnesium 

bromide (0.13 mL, 0.38 mmol, 1.5 M in Et2O) was added dropwise and reaction was stirred for 30 min 

before being warmed to rt temperature and stirred for a further 2.5 h. Saturated aqueous NH4Cl (1 mL) 

was added and the separated aqueous layer was extracted with Et2O (3 × 5 mL). The combined organics 

extracts were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude product was filtered through a plug of silica (EtOAc) to give title compound 225 (0.56 

mg, quant.) as a colourless oil.  

IR vmax (neat): 2932, 2873, 1664, 1462, 1338, 1160, 1091, 814, 730; 

1H NMR (400 MHz; CDCl3): δ 7.65 (2H, d, J = 8.6 Hz, 2 × ArH), 7.29 (2H, d, J = 8.5 Hz, 2 × ArH), 

6.69 (1H, s, H-2), 3.93 (1H, t, J = 7.3 Hz, H-1ꞌ), 3.44–3.38 (1H, m, Ha-6), 3.27–3.21 (1H, m, Hb-6), 2.42 

(3H, s, ArCH3), 2.05–1.97 (1H, m, Ha-4), 1.86–1.79 (1H, m, Hb-4), 1.70–1.63 (2H, m, H-5), 1.61–1.48 

(2H, m, H-2ꞌ);  

13C NMR (100 MHz; CDCl3): δ 142.8 (C, ArC), 133.9 (C, ArC), 128.8 (CH, 2 × ArCH), 126.1 (CH, 2 

× ArCH), 121.2 (C, C-3), 121.0 (CH, C-2), 75.1 (CH, C-1ꞌ), 43.0 (CH2, C-6), 26.6 (CH2, C-2ꞌ), 20.6 

(CH3, ArCH3), 19.8 (CH2, C-5), 18.7 (CH2, C-4), 9.1 (CH3, C-3ꞌ);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C15H21NNaO3S 318.1134, found 318.1130. 
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3-(hex-3-en-1-yl)-1,4,5,6-1-tosyl-tetrahydropyridine (233) 

 

To a stirred solution of alcohol 225 (25 mg, 0.085 mmol) in MeCN (0.8 mL) at 0 °C, allyltrimethylsilane 

(0.05 mL, 0.3 mmol) was added. A solution of Sc(OTf)3 (8 mg, 0.02 mmol) in MeCH (0.2 mL) was 

added and the reaction was stirred for 1 h. Saturated aqueous NaHCO3 (0.5 ml) was added and the 

separated aqueous layer was extracted with EtOAc (3 × 5 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (pet. ether-EtOAc, 9:1) to give title compound 233 

(14 mg, 52%) as a colourless oil.  

IR vmax (neat): 3077, 2927, 1661, 1461, 1350, 1163, 1094, 964, 663.  

1H NMR (400 MHz; CDCl3): δ 7.66–7.64 (2H, m, 2 × ArH), 7.28 (2H, d, J = 8.1 Hz, 2 × ArH), 6.44 

(1H, s, H-2), 5.66–5.55 (1H, m, H-3ꞌ), 4.94–4.86 (2H, m, H-4ꞌ), 3.35–3.24 (2H, m, H-6), 2.41 (3H, s, 

ArCH3), 2.13–1.97 (2H, m, H-2ꞌ), 1.93–1.86 (1H, m, H-1ꞌ), 1.76–1.69 (1H, m, Ha-5), 1.57–1.51 (1H, 

m, Hb-5), 1.43–1.34 (1H, m, Ha-4), 1.29–1.20 (1H, m, Hb-4 and CH2CH3), 0.75 (3H, t, J = 7.5 Hz, 

CH2CH3);  

13C NMR (100 MHz; CDCl3): δ 143.5 (C, ArC), 137.4 (CH, C-3ꞌ), 135.0 (C, ArC), 129.6 (CH, 2 × 

ArCH), 127.3 (CH, 2 × ArCH), 122.7 (C, C-3), 121.2 (CH, C-2), 115.4 (CH2, C-4ꞌ), 46.8 (CH, C-1ꞌ), 

44.1 (CH2, C-6), 38.0 (CH2, C-2ꞌ), 29.8 (CH2, CH2CH3), 25.7 (CH2, C-4), 21.7 (CH3, ArCH3), 20.8 

(CH2, C-5), 12.1 (CH3, CH2CH3); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C18H25NNaO2S 342.1498, found 342.1500. 
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5-(Methoxymethyl)-1-tosyl-1,2,3,4-tetrahydropyridine (224) 

 

To a stirred solution of aldehyde 224 in (1.0 g, 3.77 mmol) in MeOH (60 mL) at –78 °C, NaBH4 (0.57 

g, 15.08 mmol) was added and the mixture was stirred for 1 h. H2O (20 mL) was added and the solvent 

was removed in vacuo. A second portion of water (20 mL) was added and the aqueous layer was 

extracted with CH2Cl2 (3 × 30 ml). The combined organic layers were washed with brine (20 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo to give the crude product which was 

used immediately.  

To a stirred solution of half of the above crude product (0.5 g, 1.9 mmol) in THF (25 mL) at 0 °C, NaH 

(60 % oil dispersion, 117 mg, 4.9 mmol) was added and stirred for 5 min. Methyl iodide (0.50 mL, 8.0 

mmol) was added and the mixture was heated to 45 °C and stirred for 19 h before cooling to rt. H2O 

(13 mL) was added and the separated aqueous layer was further extracted with EtOAc (3 × 20 ml). The 

combined organic layers were washed with H2O (20 mL), brine (20 mL), dried over anhydrous Na2SO4 

and the solvent was removed in vacuo. The crude product was purified by flash chromatography 

(CH2Cl2, 0.5% Et3N) to give title compound 245 (.53 g, 89%) as a white solid.  

IR vmax (neat ): 2925, 1737, 1668, 1448, 1350, 1254, 1161, 1091, 1023;  

1H NMR (400 MHz; CDCl3): δ 7.65 (2H, d, J = 8.7 Hz, 2 × ArH), 7.29 (2H, d, J = 7.8 Hz, 2 × ArH), 

6.71 (1H, s, H-1), 3.80 (2H, s, CH2OCH3), 3.35–3.32 (2H, m, H-6), 3.23 (3H, s, OCH3), 2.42 (3H, s, 

CH3), 1.94 (2H, t, J = 6.1 Hz, H-4), 1.71–1.65 (2H, m, H-5).  

13C NMR (100 MHz; CDCl3): δ 143.8 (C, ArC), 135.2 (C, ArC), 129.9 (CH, 2 × ArCH), 127.2 (CH, 2 

× ArCH), 123.6 (CH, C-2), 117.2 (C, C-3), 75.2 (OCH3), 57.3 (CH2OCH3), 43.8 (CH2, C-6), 22.7 (CH2, 

C-4), 21.7 (CH3, ArCH3), 20.9 (CH2, C-5);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C14H19NNaO3S 304.0978, found 304.0973.  
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3-(but-3-en-1-yl)-1-tosyl-1,4,5,6-tetrahydropyridine (246b) 

 

To a stirred solution of ether 245 (240 mg, 0.85 mmol) and trimethylallylsilane (0.35 mL, 2.12 mmol) 

in dry MeCN (6.5 mL) at –20 °C, Sc(OTf)3 (83.5 mg) in MeCN (1.5 mL) was added dropwise. The 

mixture was stirred for 20 min before being warmed to rt for 1 h. Saturated aqueous NaHCO3 (4 mL) 

was added and the separated aqueous layer was further extracted with EtOAc (3 × 10 mL). The 

combined organic layers were washed with brine (10 mL), dried over anhydrous Na2SO4 and the solvent 

removed in vacuo. The crude product was purified by flash chromatography (4:1, pet. ether:EtOAc, 

0.5% Et3N) to give title compound 246b (152 mg, 61%) as a colourless oil.  

IR vmax (neat): 2980, 2929, 1494, 1349, 1160, 1091, 907, 661; 

1H NMR (400 MHz, CDCl3): δ 7.65 (2H, dt, J = 8.5, 2.0 Hz, 2 × ArH), 7.29 (2H, d, J = 8.2 Hz, 2 × 

ArH), 6.46 (1H, s, H-2), 5.74 (1H, ddt, J = 17.0, 10.4, 6.6 Hz, H-2ꞌ), 5.01–4.92 (2H, m, H-1ꞌ), 3.31–

3.28 (2H, m, H-6), 2.42 (3H, s, ArCH3), 2.16–2.10 (2H, m, H-4ꞌ), 2.06–2.02 (2H, m, H-3ꞌ), 1.83 (2H, t, 

J = 6.5 Hz, H-4), 1.63–1.58 (2H, m, H-5);  

13C NMR (100 MHz, CDCl3): δ 143.5 (C, ArC), 138.1 (CH, C-2ꞌ), 135.2 (C, ArC), 129.7 (CH, 2 × 

ArCH), 127.2 (CH, 2 × ArCH), 120.6 (C, C-3), 120.2 (CH, C-2), 115.0 (CH2, C-1ꞌ), 43.7 (CH2, C-6), 

34.7 (CH2, C-3ꞌ), 32.1 (CH2, C-4ꞌ), 24.7 (CH2, C-4), 21.7 (CH3, ArCH3), 21.0 (CH2, C-5);   

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H21NNaO2S 314.1185, found 314.1182. 
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4-(1,4,5,6-tetrahydropyridin-3-yl)butan-1-ol (247-1) 

 

To a stirred solution of alkene 246b (130 mg, 0.45 mmol) in THF (4.5 mL) at 0 °C, 9BBN (217 mg, 

0.89 mmol) was added. The mixture was warmed to rt over 5min and stirred for 2 h. The resulting 

solution was then cooled to 0 °C and H2O2 (0.6 mL, 30% aqueous solution) followed by aqueous 

solution of NaOH (1.3 mL, 2 M) were added successively. The solution was stirred vigorously for 40 

min at rt before H2O (2 mL) was added. The separated aqueous layer was further extracted with Et2O 

(3 × 10 mL) and the combined organic layers were washed with brine (10 mL), dried over anhydrous 

Na2SO4 and the solvent removed in vacuo. The crude product was purified by flash chromatography 

(1:1, pet. ether:EtOAc, 0.5% Et3N) to give title compound 247-1 (127 mg, 92%) as a colourless oil.  

IR vmax (neat): 3377, 2930, 1493, 1341, 1205, 1160, 1092, 1065, 663;  

1H NMR (400 MHz, CDCl3): δ 7.62 (2H, d, J = 8.0 Hz, 2 × ArH), 7.27 (2H, d, J = 8.0 Hz, 2 × ArH), 

6.42 (1H, s, H-2), 3.62 (2H, t, J = 6.1 Hz, H-1ꞌ), 3.31–3.30 (2H, m, H-6), 2.41 (3H, s, ArCH3), 1.97 (2H, 

t, J = 7.1 Hz, H-4ꞌ), 1.82 (2H, t, J = 6.4 Hz, H-4), 1.63–1.57 (2H, m, H-5), 1.54–1.39 (4H, m, H-2ꞌ and 

H-3ꞌ);   

13C NMR (100 MHz, CDCl3): δ 143.5 (C, ArC), 135.1 (C, ArC), 129.7 (CH, 2 × ArCH), 127.1 (CH, 2 

× ArCH), 121.2 (C, C-3), 119.8 (CH, C-2), 62.7 (CH2, C-1ꞌ), 43.7 (CH2, C-6), 35.0 (CH2, C-4ꞌ), 32.2 

(CH2, C-2ꞌ), 24.5 (CH2, C-4), 23.9 (CH2, C-3ꞌ), 21.6 (CH3, ArCH3), 20.9 (CH2, C-5);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H23NNaO3S 332.1291, found 332.1294. 
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3-(1-iodobutyl)-1-tosyl-1,4,5,6-tetrahydropyridine (247) 

 

To a stirred solution of triphenylphosphine (95 mg, 0.36 mmol) and imidazole (24 mg, 0.36 mmol) in 

CH2Cl2 (0.75 mL) at 0 °C, I2 (92 mg, 0.36 mmol) was added portion wise and the resulting mixture was 

stirred for 20 min. Alcohol 247-1 (75 mg, 0.24 mmol) in CH2Cl2 (0.53 mL) was added dropwise and 

the resulting solution was warmed to rt and stirred for 2 h before saturated aqueous Na2S2O3 (0.75 mL) 

was added. The separated aqueous layer was further extracted with CH2Cl2 (3 × 5 mL) and the combined 

organic layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent removed 

in vacuo. The crude product was purified by flash chromatography (9:1, pet. ether:EtOAc, 0.5% Et3N) 

to give title compound 247 (61 mg, 60%) as a colourless oil.  

IR vmax (neat): 2930, 1493, 1348, 1305, 1212, 1162, 1092, 664;  

1H NMR (400 MHz, CDCl3): δ 7.65 (2H, dt, J = 8.6, 1.6 Hz, 2 × ArH), 7.33–7.30 (2H, m, 2 × ArH), 

6.45 (1H, s, H-2), 3.32–3.29 (2H, m, H-6), 3.17 (2H, t, J = 7.0 Hz, H-1ꞌ), 2.43 (3H, s, ArCH3), 1.98 (2H, 

t, J = 7.2 Hz, H-4ꞌ), 1.82 (2H, t, J = 6.2 Hz, H-4), 1.75 (2H, quint, J = 7.3 Hz, H-2ꞌ), 1.64–1.58 (2H, m, 

H-5), 1.51–1.43 (2H, m, H-3ꞌ);   

13C NMR (100 MHz, CDCl3): δ 143.6 (C, ArC), 135.1 (C, ArC), 129.8 (CH, 2 × ArCH), 127.2 (CH, 2 

× ArCH), 120.5 (C, C-3), 120.3 (CH, C-2), 43.7 (CH2, C-6), 34.3 (CH2, C-4ꞌ), 32.9 (CH2, C-2ꞌ), 28.6 

(CH2, C-3ꞌ), 24.5 (CH2, C-4), 21.7 (CH3, ArCH3), 21.0 (CH2, C-5), 6.8 (CH2, C-1ꞌ);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C16H22INNaO2S 442.0308, found 442.0307.  

  



Chapter Three: Experimentals 

 

158 

5-(4-(5-methoxyfuran-2-yl)butyl)-1-tosyl--1,4,5,6-tetrahydropyridine (248) 

 

To a stirred solution of 2-methoxyfuran (184) (330 µL, 0.35 mmol) in THF (0.5 mL) at –20 °C, n-BuLi 

(0.26 mL, 0.34 mmol, 1.3 M in cyclohexane) was added dropwise. The reaction was stirred for 30 min 

before a solution of iodide 247 (30 mg, 0.072 mmol) in THF (0.2 mL) was added and the reaction was 

stirred for 1 h. Saturated aqueous NH4Cl (0.5 mL) was added and the separated aqueous layer was 

further extracted with EtOAc (3 × 5 ml). The combined organic layers were washed with brine (5 mL), 

dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified 

by flash chromatography (4:1, pet. ether:EtOAc, 0.5% Et3N) to give title compound 248 (~4 mg, 14%) 

as colourless oil. 

IR vmax (neat): 2924, 2855, 2356, 1723, 1628, 1438, 1341, 1260, 1163, 1092.  

1H NMR (400 MHz, CDCl3): δ 7.64–7.62 (2H, m, 2 × ArCH), 7.28–7.26 (2H, m, 2 × ArCH), 6.44 (1H, 

s, H-2), 5.81–5.80 (1H, m, H-3ꞌ), 5.01 (1H, d, J = 3.0 Hz, H-4ꞌ), 3.81 (3H, s, OCH3), 3.30–3.28 (2H, m, 

H-6), 2.50–2.46 (2H, m, H-4ꞌꞌ), 2.40 (3H, s, ArCH3), 1.96 (2H, t, J = 7.2 Hz, H-1ꞌꞌ), 1.80 (2H, t, J = 6.5 

Hz, H-4), 1.62–1.48 (4H, m, H-5 and H-3ꞌꞌ), 1.43–1.36 (2H, m, H-2ꞌꞌ);  

Due to the irreproducibility of the reaction, an adequate 13C NMR was not obtained; 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C21H27NNaO4S 412.1553, found 412.1551.  
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2-(3-Bromopropyl)furan (267) 

 

To a stirred solution of furan (266) (5.3 mL, 73.5 mmol) in THF (70 mL) at 0 °C, n-BuLi (49.0 mL, 

73.5 mmol, 1.5 M in cyclohexane) was added dropwise. The reaction was stirred for 1 h at 0 °C before 

1,3-dibromopropane (9.31 mL, 91.8 mmol) was added. The reaction was warmed to rt and stirred for 2 

h before saturated aqueous NH4Cl (25 mL) was added. The separated aqueous layer was further 

extracted with Et2O (3 × 30 ml). The combined organic layers were washed with brine (25 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (pet. ether) and further distilled under reduced pressure (85 °C, 30 mbar) to give title 

compound 267 (8.9 g, 64%) as colourless liquid. 

1H NMR (400 MHz, CDCl3): δ 7.32–7.31 (1H, m, H-5ꞌ), 6.29 (1H, dd, J = 3.0, 2.0 Hz, H-4ꞌ), 6.05–6.04 

(1H, m, H-3ꞌ), 3.42 (2H, t, J = 6.5 Hz, H-1), 2.81 (2H, t, J = 7.2 Hz, H-3), 2.19 (2H, quint., J = 6.9 Hz, 

H-2);  

13C NMR (100 MHz, CDCl3): δ 154.3 (C, C-2ꞌ), 141.4 (CH, C-5ꞌ), 110.3 (CH, C-4ꞌ), 105.9 (CH, C-3ꞌ), 

33.0 (CH2, C-1), 31.2 (CH2, C-3), 26.5 (CH2, C-2).  

The spectroscopic data were in agreement with literature values.125  
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2-(3-Bromopropyl)-5-methoxyfuran (268) 

 

To a stirred solution of 2-methoxyfuran (184) (0.75 mL, 8.15 mmol) and TMEDA (1.22 mL, 8.15 

mmol) in THF (32 mL) at –78 °C, n-BuLi (5.44 mL, 8.15 mmol, 1.5 M in cyclohexane) was added 

dropwise. The reaction was warmed to –40 °C and stirred for 1 h, then cooled to –78 °C. 1,3–

dibromopropane (2.65 mL, 26.10 mmol) was added dropwise and the reaction was stirred for 1 h before 

being warmed to –40 °C and stirred for a further 1 h. Saturated aqueous NH4Cl (15 mL) was added and 

the separated aqueous layer was further extracted with Et2O (3 × 20 ml). The combined organic layers 

were washed with brine (30 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. 

The crude residue was purified by flash chromatography (pet. ether) and further distilled under reduced 

pressure (10 mmbar, 70 °C) to give title compound 268 (1.00 g, 56%) as colourless liquid. 

IR vmax (neat): 2939, 1617, 1590, 1437, 1374, 1259;  

1H NMR (400 MHz, CDCl3): δ 5.90–5.89 (1H, m, H-3'), 5.00 (1H, d, J = 3.0 Hz, H-4'), 3.81 (3H, s, 

OCH3), 3.41 (2H, t, J = 6.5 Hz, H-3), 2.71–2.66 (2H, m, H-1), 2.13 (2H, quint., J = 6.8 Hz, H-2);  

 

13C NMR (100 MHz, CDCl3): δ 160.8 (C, C-5), 144.1 (C, C-2'), 106.8 (CH, C-3'), 79.5 (CH, C-4'), 57.8 

(CH3, OCH3), 33.0 (CH2, C-3), 31.1 (CH2, C-2), 26.5 (CH2, C-1). 

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C8H11BrNaO2 240.9835, found 240.9826. 
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1-((4-(4-(5-methoxyfuran-2-yl)butyl)phenyl)sulfonyl)piperidin-2-one (269) 

 

To a stirred solution of freshly prepared LDA [nBuLi (2.5 mL, 3.2 mmol) and iPr2NH (0.43 mL, 3.1 

mmol) in THF (6 mL)] at –78 °C, a solution of lactam 198 (430 mg, 2.85 mmol) in THF (6 mL) was 

added and stirred for 1 h. Methoxyfuran bromide 268 (0.27 mL, 2.38 mmol) was then added neat 

dropwise and was allowed to stir for 10 min before being warmed to 0 °C for 45 min. Saturated aqueous 

NaHCO3 (5 mL) was added and the separated aqueous layer was further extracted with Et2O (3 × 10 

mL). The combined organic layers were washed with brine (10 mL), dried over anhydrous Na2SO4 and 

the solvent removed in vacuo. The crude product was purified by flash chromatography (2:1, pet. 

ether:EtOAc, 0.5% Et3N) to give title compound 269 (60 mg, 12%) as a pale yellow amorphous solid. 

IR vmax (neat): 2935, 2862, 1693, 1617, 1592, 1347, 1258, 1168, 686; 

1H NMR (400 MHz, CDCl3): δ 7.93–7.90 (2H, m, 2 × ArH), 7.31–7.28 (2H, m, 2 × ArH), 5.81–5.80 

(1H, m, H-3''), 4.98 (1H, d, J = 3.6 Hz, H-4''), 3.90 (2H, t, J = 6.0 Hz, H-6), 3.79 (3H, s, OCH3), 2.68 

(2H, t, J = 7.5 Hz, H-1ꞌ), 2.52 (2H, t, J = 6.5 Hz, H-4ꞌ), 2.43–2.40 (1H, m, H-3), 1.93–1.87 (2H, m, H-

5), 1.81–1.74 (2H, m, H-4), 1.71–1.59 (4H, m, H-2ꞌ and H-3ꞌ);  

13C NMR (100 MHz, CDCl3): δ 169.3 (C, C-2), 159.5 (C, C-5''), 127.9 (CH, 2 × ArCH), 127.8 (CH, 2 

× ArCH), 148.2 (C, ArC), 144.7 (C, C-2''), 135.5 (C, ArC), 104.8 (CH, C-3''), 78.4 (CH, C-4''), 56.8 (-

OCH3), 46.0 (CH2, C-6), 34.7 (CH2, C-1ꞌ), 29.4 (CH2, C-2ꞌ or C-3ꞌ), 26.7 (CH2, C-4ꞌ and C-2ꞌ or C-3ꞌ), 

33.2 (CH2, C-3), (CH2, C-5), 19.5 (CH2, C-4); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C20H25NNaO5S 414.1346, found 414.1351.  

  



Chapter Three: Experimentals 

 

162 

3-Allyl-1-tosylpiperidin-2-one (275) 

 

To a stirred solution of lactam 198 (100 mg, 0.40 mmol) in THF (1.6 mL) at –78 °C, LiHMDS (0.63 

mL, 0.47 mmol, 0.75 M in hexanes) was added dropwise and stirred for 1 h. Allylbromide (0.05 mL, 

0.51 mmol) was added and the reaction was stirred for 30 min before the reaction was warmed to 0 °C 

and stirred for 2 h. Saturated aqueous NH4Cl (0.5 mL) was added and the separated aqueous layer was 

further extracted with EtOAc (3 × 5 ml). The combined organic layers were washed with brine (5 mL), 

dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified 

by flash chromatography (pet. ether-EtOAc 4:1, 0.5% Et3N) to give title compound 275 (23 mg, 20%) 

as a colourless oil.  

IR vmax (neat): 2950, 1691, 1447, 1350, 1584, 1269, 1166, 1089.  

1H NMR (400 MHz, CDCl3): δ 7.91–7.88 (2H, m, 2 × ArH), 7.30 (2H, d, J = 8.1 Hz, 2 × ArH), 5.66–

5.61 (1H, m, H-2ꞌ), 5.02–4.96 (1H, m, Ha-3ꞌ), 4.98–4.96 (1H, m, Hb-3ꞌ), 4.00–3.95 (1H, m, Ha-6), 3.88–

3.82 (1H, m, Hb-6), 2.57–2.50 (1H, m, Ha-1ꞌ), 2.42–2.34 (4H, m, ArCH3 and H-3), 2.22–2.14 (1H, m, 

Hb-1ꞌ), 2.04–1.90 (2H, m, Ha-4 and Ha-5), 1.87–1.76 (1H, m, Hb-5), 1.54–1.43 (1H, m, Hb-4);    

13C NMR (100 MHz, CDCl3): δ 172.7 (C, C-2), 144.7 (C, ArC), 136.4 (C, ArC), 135.2 (CH, C-2ꞌ), 

129.4 (2 × CH, 2 × ArCH), 128.7 (2 × CH, 2 × ArCH), 117.7 (CH2, C-3ꞌ), 46.9 (CH2, C-6), 43.3 (CH, 

C-3), 35.3 (CH2, C-1ꞌ), 25.4 (CH2, C-4), 22.4 (CH2, C-5), 21.8 (CH3, ArCH3).  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C15H19NNaO3S 316.0978, found 316.0985. 
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3-Allylpiperidin-2-one (276) 

 

To a stirred solution of δ-Valerolactam (197) (70 mg, 0.71 mmol) in THF (1.7 mL) at –78 °C, n-BuLi 

(0.85 mL, 1.48 mmol, 1.75 M in cyclohexane) was added dropwise and the reaction was warmed to 0 

°C and stirred for 1 h. Allyl bromide (0.1 mL, 1.10 mmol) was added dropwise and the reaction was 

stirred for a 1 h. Saturated aqueous NH4Cl (0.5 mL) was added and the separated aqueous layer was 

further extracted with EtOAc (3 × 5 ml). The combined organic layers were washed with brine (5 mL), 

dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified 

by flash chromatography (CH2Cl2-EtOAc (1:1), 0.5% Et3N) to give title compound 276 (51 mg, 52%) 

as a white solid. 

1H NMR (400 MHz, CDCl3) δ 6.61 (1H, br s, NH), 5.80–5.70 (1H, m, H-2ꞌ), 5.07–5.00 (2H, m, H-3ꞌ), 

3.28–3.24 (2H, m, H-6), 2.67–2.61 (1H, m, Ha-4), 2.37–2.20 (2H, m, H-3 and Hb-4), 1.92–1.78 (2H, m, 

Ha-1ꞌ and Ha-5), 1,73–1.63 (1H, m, Hb-5), 1.56–1.48 (1H, m, Hb-1ꞌ);  

13C NMR (100 MHz, CDCl3) δ 174.6 (C, C-2), 136.3 (CH, C-2ꞌ), 116.9 (CH2, C-3ꞌ), 42.5 (CH2, C-6), 

40.7 (CH, C-3), 36.0 (CH2, C-4), 25.8 (CH2, C-1ꞌ), 21.4 (CH2, C-5). 

The spectroscopic data were in agreement with literature values.193 
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3-(3-(furan-2-yl)propyl)piperidin-2-one (279) 

 

To a stirred solution of piperidin-2-one (197) (500 mg, 5.04 mmol) in THF (11.5 mL) at –78 °C, nBuLi 

(7.00 mL, 10.6 mmol, 1.5 M in hexanes) was added dropwise. The solution was warmed to 0 °C and 

stirred for 1 h. Furan 267 (1.14 g, 6.05 mmol) was added neat dropwise and was further stirred for 1.5 

h at 0 °C before saturated aqueous NH4Cl (5 mL) was added. The separated aqueous layer was further 

extracted with CH2Cl2 (3 × 15 mL) and the combined organic layers were washed with brine (10 mL), 

dried over anhydrous Na2SO4 and the solvent removed in vacuo. The crude product was purified by 

flash chromatography (2:1, EtOAc:CH2Cl2) to give title compound 279 (588 mg, 84%) as a white solid.  

IR vmax (neat): 3286, 3193, 2954, 2864, 1654, 1496, 1418, 1300, 1011;  

1H NMR (400 MHz, CDCl3): δ 7.28–7.27 (1H, m, H-5''), 6.26–6.25 (1H, m, 4''), 5.98–5.97 (1H, m, H-

3''), 3.32–3.22 (2H, m, H-6), 2.70–2.58 (2H, m, H-3ꞌ), 2.32–2.24 (1H, m, H-3), 2.00–1.92 (2H, m, Ha-

4 and Ha-1ꞌ), 1.89–1.80 (1H, m, Ha-5), 1.79–1.61 (3H, m, H-2ꞌ and Hb-5), 1.57–1.47 (2H, m, Hb-4 and 

Hb-1ꞌ);   

 

13C NMR (100 MHz, CDCl3): δ 175.0 (C, C-2), 156.2 (C, C-2''), 140.8 (CH, C-5''), 110.2 (CH, C-4''), 

104.9 (CH, C-3''), 42.5 (CH2, C-6), 41.0 (CH, C-3), 31.3 (CH2, C-1ꞌ or C-4), 28.2 (CH2, C-3ꞌ), 26.3 

(CH2, C-1ꞌ or C-4), 25.7 (CH2, C-2ꞌ), 21.5 (CH2, C-5);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C12H17NNaO2 230.1151, found 230.1158.  
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3-(3-(5-Methoxyfuran-2-yl)propyl)piperidin-2-one (280) 

 

To a stirred solution of δ-Valerolactam (197) (350 mg, 3.53 mmol) in THF (10 mL) at –78 °C, n-BuLi 

(4.11 mL, 7.41 mmol, 1.8 M in cyclohexane) was added dropwise. The reaction was warmed to 0 °C 

and stirred for 1 h, then cooled to –78 °C. Furan 268 (0.92 g, 4.24 mmol) was added dropwise and the 

reaction was warmed to 0 °C and stirred for 1 h. Saturated aqueous NH4Cl (5 mL) was added and the 

separated aqueous layer was further extracted with EtOAc (3 × 10 ml). The combined organic layers 

were washed with brine (10 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. 

The crude residue was purified by flash chromatography (EtOAc, 0.5% Et3N) to give title compound 

208 (590 mg, 70%) as white solid. 

IR vmax (neat): 3292, 2939, 2865, 1661, 1618, 1592, 1498, 1259; 

1H NMR (400 MHz, CDCl3): δ 5.83–5.82 (1H, m, H-3ꞌ), 5.59 (1H, br s, NH), 4.99 (1H, d, J = 3.0 Hz, 

H-4ꞌ), 3.80 (OCH3), 3.30–3.26 (2H, m, H-6), 2.59–2.46 (2H, m, H-3ꞌꞌ), 2.32–2.25 (1H, m, H-3), 2.00–

1.92 (2H, m, Ha-4 and Ha-1ꞌꞌ), 1.91–1.82 (1H, m, Ha-5), 1.77–1.60 (3H, m, Hb-5 and H-2ꞌꞌ), 1.55–1.48 

(2H, m, Hb-4 and Hb-1ꞌꞌ);  

 

13C NMR (100 MHz, CDCl3): δ 175.0 (C, C-2), 160.5 (C, C-5ꞌ), 146.0 (C, C-2ꞌ), 105.7 (CH, C-3ꞌ), 79.4 

(C-4ꞌ), 57.8 (CH3, OCH3), 42.6 (CH2, C-6), 41.0 (CH, C-3), 31.1 (CH2, C-1ꞌꞌ), 28.1 (CH2, C-3ꞌꞌ), 26.2 

(CH2, C-4), 25.6 (CH2, C-2ꞌꞌ), 21.5 (CH2, C-5); 

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C13H19NNaO3 260.1257. found 260.1261. 
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3-(3-(furan-2-yl)propyl)-1-tosyl-piperidin-2-one (285) 

 

 

To a stirred solution of lactam 279 (50 mg, 0.24 mmol) in THF (1 mL) at –78 °C, LiHMDS (0.40 mL, 

0.36 mmol, 0.9 M in hexanes) was added. The solution was warmed to 0 °C and stirred for 30 min 

before being cooled to –78 °C. p-Toluensulfonyl chloride (55 mg, 0.29 mmol) was added in one portion 

and the reaction was warmed to rt for 1 h before being quenched with saturated aqueous NH4Cl (0.5 

mL). The separated aqueous layer was further extracted with Et2O (3 × 5 mL) and the combined organic 

layers were washed with brine (7 mL), dried over anhydrous Na2SO4 and the solvent removed in vacuo. 

The crude product was purified by flash chromatography (4:1, pet. ether:EtOAc, NEt3 0.5%) to give 

title compound 285 (71 mg, 81%) as a colourless solid. 

IR vmax (neat): 2951, 2868, 1689, 1596, 1479, 1348, 1260, 1165, 1087, 679;  

1H NMR (400 MHz, CDCl3): δ 7.90–7.87 (2H, m, 2 × ArH), 7.29 (2H, d, J = 7.9 Hz, 2 × ArH), 7.26–

7.25 (1H, m, H-5''), 6.25–6.24 (1H, m, H-4''), 5.93–5.92 (1H, m, H-3''), 3.98–3.84 (2H, m, H-6), 2.62–

2.50 (2H, m, H-3ꞌ), 2.41 (3H, s, ArCH3), 2.35–2.28 (1H, m, H-3), 2.02–1.93 (2H, m, Ha-5 and Ha-1ꞌ), 

1.89–1.78 (2H, m, Hb-5 and Ha-4), 1.63–1.55 (2H, m, H-2ꞌ), 1.52–1.39 (2H, m, Hb-1ꞌ and Hb-4);  

 

13C NMR (100 MHz, CDCl3): δ 172.2 (CO, C-2), 154.7 (C, C-2''), 143.7 (C, ArC), 139.9 (CH, C-5''), 

135.4 (C, ArC), 128.4 (CH, 2 × ArCH), 127.6 (CH, 2 × ArCH), 109.2 (CH, C-4''), 104.0 (CH, C-3''), 

45.7 (CH2, C-6), 42.5 (CH, C-3), 29.6 (CH2, C-4), 27.0 (CH2, C-3ꞌ), 24.8 (CH2, C-1ꞌ or C-2ꞌ), 24.4 (CH2, 

C-1ꞌ or C-2ꞌ), 21.5 (CH2, C-5), 20.8 (CH3, ArCH3);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H23NNaO4S 384.1240, found 384.1237.  
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5-(tosylamino)-2-(3-(furan-2-yl)propyl)pentan-1-ol (287) 

 

To a solution of lactam 285 (44 mg, 0.12 mmol) in THF (0.4 mL) at –78 °C, Super Hydride (0.21 mL, 

0.21 mmol, 1 M in THF) was added and was allowed to stir for 2.5 h. The reaction was diluted with 

Et2O (4 mL) and H2O (0.2 mL) was added. The separated aqueous layer was further extracted with Et2O 

(3 × 5 mL) and the combined organic layers were washed with brine (7 mL), dried over anhydrous 

Na2SO4 and the solvent removed in vacuo. The crude product was purified by flash chromatography 

(1:1, CH2Cl2:EtOAc, NEt3 0.5%) to give title compound 287 (0.035 mg, 63%) as a colourless oil. 

IR vmax (neat): 3286, 2933, 1592, 1457, 1323, 1157, 1093, 815, 733; 

1H NMR (400 MHz, CDCl3): δ 7.75–7.72 (2H, m, 2 × ArH), 7.31–7.28 (3H, m, 2 × ArH and H-5'ꞌ), 

6.27 (1H, dd, J = 3.0, 2.0 Hz, H-4'ꞌ), 5.97–5.96 (1H, m, H-3'ꞌ), 4.52 (1H, t, J = 6.2 Hz, NH), 3.54–3.44 

(2H, m, H-1), 2.93 (2H, q, J = 6.6 Hz, H-5), 2.59 (2H, t, J = 7.8 Hz, H-3ꞌ), 2.42 (3H, s, ArCH3), 1.65–

1.57 (2H, m, H-2ꞌ), 1.51–1.41 (3H, m, H-2 and H-4), 1.38–1.20 (4H, m, H-3 and H-1ꞌ);  

13C NMR (100 MHz, CDCl3): δ 156.1 (C, C-2'ꞌ), 143.5 (C, ArC), 140.9 (CH, C-5'ꞌ), 137.1 (C, ArC), 

129.8 (CH, 2 × ArCH), 127.3 (CH, 2 × ArCH), 110.2 (CH, C-4'ꞌ), 105.0 (CH, C-3'ꞌ), 65.3 (CH2, C-1), 

43.6 (CH2, C-5), 39.9 (CH, C-2), 30.5 (CH2, C-3 or C-1ꞌ), 28.3 (CH2, C-3ꞌ), 27.9 (CH2, C-3 or C-1ꞌ), 

27.0 (CH2, C-4), 25.5 (CH2, C-2ꞌ), 21.7 (CH3, CH3Ar);   

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H27NNaO4S 388.1553, found 388.1544. 
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1-(tert-butoxycarbonyl)-3-(3-(furan-2-yl)propyl)piperidin-2-one (289) 

 

To a stirred solution of lactam 279 (300 mg, 1.45 mmol) in THF (7 mL) at –78 °C, LiHMDS (1.8 mL, 

1.73 mmol, 0.95 M in hexanes) was added. The solution was warmed to 0 °C and stirred for 30 min 

before being cooled to –78 °C. Boc2O (379 mg, 1.73 mmol) was added in one portion and the reaction 

was warmed to rt for 1 h before being quenched with saturated aqueous NH4Cl (2 mL). The separated 

aqueous layer was further extracted with Et2O (3 × 5 mL) and the combined organic layers were washed 

with brine (5 mL), dried over anhydrous Na2SO4 and the solvent removed in vacuo. The crude product 

was purified by flash chromatography (9:1, pet. ether:EtOAc, Et3N 0.5%) to give title compound 289 

(339 mg, 76%) as a colourless oil. 

IR vmax (neat): 2934, 1767, 1711, 1458, 1367, 1291, 1251, 1146;  

1H NMR (400 MHz, CDCl3): δ 7.274–7.269 (1H, m, H-5'), 6.25 (1H, dd, J = 3.0, 2.0 Hz, H-4'), 5.98–

5.97 (1H, m, H-3'), 3.77–3.70 (1H, m, Ha-6), 3.60–3.53 (1H, m, Hb-6), 2.70–2.58 (2H, m, H-3ꞌꞌ), 2.42–

2.34 (1H, m, H-3), 2.04–1.89 (2H, m, H-1ꞌꞌ or H-4), 1.89–1.74 (2H, m, H-5), 1.74–1.66 (2H, m, H-2ꞌꞌ), 

1.53–1.45 (11H, m, C(CH3)3 and H-1ꞌꞌ or H-4);  

13C NMR (100 MHz, CDCl3): δ 174.2 (C, C-2), 156.1 (C, C-2'), 153.1 (C, C=O), 140.8 (CH, C-5'), 

110.2 (CH, C-4'), 105.0 (CH, C-3'), 82.8 (C, C(CH3)3), 45.7 (CH2, C-6), 43.7 (CH, C-3), 28.2 (3 × 

(CH3)3, C(CH3)3 and CH2, C-3ꞌꞌ), 30.8 (CH2, C-1ꞌꞌ), 26.1 (CH2, C-4), 25.7 (CH2, C-2ꞌꞌ), 21.8 (CH2, C-5); 

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H25NNaO4 330.1676, found 330.1688.  
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1-(tert-Butoxycarbonyl)-3-(3-(furan-2-yl)propyl)-1,4,5,6-tetrahydropyridine (292) 

 

To a stirred solution of lactam 289 (20 mg, 0.065 mmol) in THF (0.2 mL) at –78 °C, Super Hydride 

(0.15 mL, 0.15 mmol, 1 M in THF) was added dropwise and the reaction was stirred for 3 h at the same 

temperature. H2O (0.1 ml) was added and the separated aqueous layer was further extracted with EtOAc 

(3 × 5 ml). The combined organic layers were washed with brine (2 mL), dried over anhydrous Na2SO4, 

filtered through a plug of silica and the solvent was removed in vacuo. The crude product was used 

without further purification.  

To a stirred solution of crude hemiaminal in acetone-H2O (0.6 mL, 3:1) at 0 °C, PTSA (2 mg, 0.013 

mmol) was added and the reaction was stirred for 2 h at the same temperature. NaHCO3 (0.2 mL) was 

added and the separated aqueous layer was extracted with EtOAc (3 × 5 mL), the combined organic 

layers were washed with brine (2.5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude residue was purified by flash chromatography (pet. ether-EtOAc 9:1, 0.5% Et3N) to 

give title compound 292 (11 mg, quant) as a colourless oil.   

IR vmax (neat): 2931, 2975. 1697, 1669, 1455, 1391, 1365, 1316, 1254, 1157;  

1H NMR (400 MHz, CDCl3): δ 7.29 (1H, brs, H-5ꞌ), 6.70 (1H, brs, H-2*), 6.53 (1H, brs, H-2), 6.27 

(1H, brs, H-4ꞌ) 5.97 (1H, brs, H-3ꞌ), 3.51–3.45 (2H, m, H-6), 2.63–2.60 (2H, m, H-3ꞌꞌ), 2.05–2.00 (2H, 

m, H-1ꞌꞌ), 1.98–1.94 (2H, m, H-4), 1.81–1.71 (4H, m, H-2ꞌꞌ and H-5), 1.58 (9H, s, Boc*), 1.49 (9H, s, 

C(CH3)3);   

 

13C NMR (100 MHz, CDCl3): δ 156.31 (C, C=O *), 156.27 (C, C=O), 152.9 (C, C-2ꞌ*), 152.5 (C, C-

2ꞌ), 140.9 (CH, C-5ꞌ), 121.0 (CH, C-2), 120.7 (CH, C-2*), 117.7 (C, C-3*), 117.1 (C, C-3), 110.2 (CH, 

C-4ꞌ), 104.95 (CH, C-3ꞌ), 104.89 (CH, C-3ꞌ*), 80.4 (C, C(CH3)3), 80.3 (C, C(CH3)3*), 42.3 (CH2, C-6*), 

41.3 (CH2, C-6), 34.9 (CH2, C-1ꞌꞌ), 28.5 (3 × CH3, C(CH3)3), 27.5 (CH2, C-3ꞌꞌ), 26.3 (CH2, C-5), 25.1 

(CH2, C-4), 25.0 (CH2, C-4*), 22.0 (CH2, C-2ꞌꞌ*), 21.9 (CH2, C-2ꞌꞌ);    

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H25NNaO3 314.1727, found 314.1732. 

* Denotes minor rotamer 
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1-(tert-butoxycarbonyl)-3-(3-(furan-2-yl)propyl)-3-methylpiperidin-2-one (295) 

 

To a stirred solution of lactam 289 (331 mg, 1.60 mmol) in THF (6 mL) at –78 °C, LiHMDS (1.85 mL, 

1.76 mmol) was added and the resultant mixture was warmed to 0 °C for 0.5 h. The reaction was cooled 

to –78 °C before MeI (0.15 mL, 2.40 mmol) was added and the reaction was warmed to rt and stirred 

for 1 h. Saturated aqueous NH4Cl (3 mL) was added and the separated aqueous layer was further 

extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with brine (5 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (pet. ether-EtOAc, 9:1, 0.5% Et3N) to give title compound 295 (368 mg, 72%) as a 

pale brown oil.  

 IR vmax (neat): 2942, 1766, 1712, 1457, 1367, 1278, 1254, 1147;  

1H NMR (400 MHz, CDCl3): δ 7.275–7.270 (1H, m, H-5'), 6.26 (1H, dd, J = 3.0, 2.0 Hz, H-4'), 5.98–

5.97 (1H, m, H-3'), 3.68–3.62 (1H, m, Ha-6), 3.56–3.50 (1H, m, Hb-6), 2.66–2.54 (2H, m, H-3''), 1.88–

1.74 (3H, m, H-5 and Ha-4), 1.72–1.64 (2H, m, Ha-1'' and Ha-2''), 1.63–1.57 (3H, m, Hb-4, Hb-1ꞌꞌ, Hb-

2ꞌꞌ), 1.50 (9H, s, C(CH3)3), 1.21 (3H, s, CH3-3);  

13C NMR (100 MHz, CDCl3): δ 177.6 (C, C-2), 156.0 (C, C-2'), 153.9 (C, C=O), 140.9 (CH, C-5'), 

110.2 (CH, C-4'), 105.0 (CH, C-3'), 82.6 (C, C(CH3)3), 47.5 (CH2, C-6), 44.6 (CH2, C-3), 39.6 (CH2, C-

1'') 33.6 (CH2, C-4), 28.4 (CH2, C-3''), 28.1 (3 × CH3, C(CH3)3), 25.6 (CH3, CH3), 22.8 (CH2, C-2ꞌꞌ) 20.0 

(CH2, C-5).    

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C18H27NNaO4 344.1832, found 344.1844.  
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3-(3-(furan-2-yl)propyl)-3-methyl-2-(5-methylfuran-2-yl)piperidine (299) 

 

To a stirred solution of lactam 295 (100 mg, 0.065 mmol) in THF (2.75 mL) at –78 °C, Super Hydride 

(0.7 mL, 0.7 mmol, 1 M in THF) was added dropwise and the reaction was stirred for 3 h at the same 

temperature. H2O (1 ml) was added and the separated aqueous layer was further extracted with EtOAc 

(3 × 5 ml). The combined organic layers were washed with brine (2 mL), dried over anhydrous Na2SO4, 

filtered through a plug of silica and the solvent was removed in vacuo. The crude product was used 

without further purification.  

To a stirred solution of crude hemiaminal (20 mg, 0.06 mmol) in CH2Cl2 (0.6 mL) at 0 °C, PTSA (2 

mg, 0.013 mmol) was added and the reaction was stirred for 1 h at the same temperature. NaHCO3 (0.2 

mL) was added and the separated aqueous layer was extracted with CH2Cl2 (3 × 5 mL), the combined 

organic layers were washed with brine (2 mL), dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo. The crude residue was purified by flash chromatography (pet. ether-EtOAc 19:1, 

0.5% Et3N) to give title compound 299 (12 mg, 50%, mixture of diastereomers) as a colourless oil.   

IR vmax (neat): 2932, 2896, 1690, 1453, 1413, 1365, 1277, 1171, 783.  

1H NMR (400 MHz, CDCl3): δ 7.293–7.288 (1H, m, H-5ꞌ), 7.26–7.25 (1H, m, H-5ꞌ*), 6.28–6.27 (1H, 

m, H-4ꞌ), 6.24–6.23 (1H, m, H-4ꞌ*), 6.03–5.96 (2H, m, H-3ꞌ and H-3ꞌꞌꞌ), 5.88–5.84 (2H, m, H-4ꞌꞌꞌ and H-

4ꞌꞌꞌ*), 4.85 (1H, brs, H-2), 3.99 (1H, brs, Ha-6), 3.07 (1H, brs, Hb-6), 2.63–2.57 (2H, m, H-3ꞌꞌ), 2.44 (2H, 

t, J = 7.6 Hz, H-3ꞌꞌ*), 2.29–2.23 (4H, m, CH3 and Ha-4), 1.87 (1H, td, J = 20.4, 4.4 Hz, Hb-4), 1.53–1.43 

(12H, m, H-5, Ha-1ꞌꞌ and C(CH3)3), 1.35–1.21 (3H, m, H-2ꞌꞌ and Hb-1);  

13C NMR (100 MHz, CDCl3): δ 156.4 (C, C=O), 155.4 (C, C=O *), 152.8 (C, C-2ꞌ or C-2ꞌꞌꞌ), 152.3 (C, 

C-2ꞌ* or C-2ꞌꞌꞌ*), 151.0 (C, C-5ꞌꞌꞌ), 140.9 (CH, C-5ꞌ), 140.7 (CH, C-5ꞌ*), 110.2 (CH, C-4ꞌ), 110.1 (CH, 

C-4ꞌ*), 105.8 (CH, C-3ꞌ* and C-3ꞌꞌ*), 105.7 (CH, C-3ꞌ and C-3ꞌꞌ), 104.8 (CH, C-4ꞌꞌ), 104.7 (CH, C-4ꞌꞌ*), 

79.6 (C, C(CH3)3), 79.5 (C, C(CH3)3*), 56.7 (C, C-2), 40.8 (CH2, C-6*), 40.6 (CH2, C-6), 36.8 (C, C-

3), 36.2 (CH2, C-1ꞌꞌ*), 35.9 (CH2, C-1ꞌꞌ), 28.9 (CH2, C-3ꞌꞌ), 28.8 (CH2, C-3ꞌꞌ*), 28.6 (9H, s, C(CH3)3), 

24.7 (CH3, CH3), 22.7 (CH2, C-5 or C-4 or C-2ꞌꞌ), 22.6 (CH2, C-5* or C-4* or C-2ꞌꞌ*), 21.8 (CH2, C-5 

or C-4 or C-2ꞌꞌ), 21.0 (CH2, C-5 or C-4 or C-2ꞌꞌ), 13.9 (CH3, 3-CH3);   

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C18H27NNaO4 410.2302, found 410.2297.  

*denotes minor isomer 
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1-(tert-Butoxycarbonyl)-3-(3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (303) 

 

To a stirred solution of lactam 280 (100 mg, 0.43 mmol) in THF (2.2 mL) at –78 °C, LiHMDS (0.50 

mL, 0.48 mmol, 0.95 M in hexanes) was added dropwise. The reaction was warmed to 0 °C and stirred 

for 20 min, then cooled to –78 °C. Boc2O (110 mg, 0.52 mmol) was added in one portion and the 

reaction was warmed to 0 °C for a 1 h. Saturated aqueous NH4Cl (1 mL) was added and the separated 

aqueous layer was further extracted with EtOAc (3 × 5 ml). The combined organic layers were washed 

with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude 

residue was purified by flash chromatography (pet. ether-EtOAc 9:1, 0.5% Et3N) to give title compound 

303 (121 mg, 83%) as a colourless oil.  

IR vmax (neat): 2933, 2871, 1767, 1710, 1591, 1456, 1367, 1289, 1285, 1144; 

1H NMR (400 MHz, CDCl3): δ 5.81–5.80 (1H, m, H-3'), 4.97–4.95 (1H, m, H-4'), 3.77–3.76 (3H, m, 

OCH3), 3.75–3.68 (1H, m, Ha-6), 3.58–3.52 (1H, m, Hb-6), 2.55–2.44 (2H, m, H-3''), 2.39–2.32 (1H, m, 

H-3), 2.01–1.88 (2H, m, Ha-4 and Ha-1''), 1.86–1.70 (2H, m, H-5), 1.67–1.58 (3H, m, Hb-1ꞌꞌ and H-2''), 

1.50–1.49 (10H, m, C(CH3)3and Hb-4);  

13C NMR (100 MHz, CDCl3): δ 174.2 (C, C-2), 160.4 (C, C-5'), 153.1 (C, C=O), 145.8 (C, C-2'), 105.7 

(CH, C-3'), 82.7 (C, C(CH3)3), 79.4 (CH, C-4'), 57.7 (CH3, OCH3), 45.7 (CH2, C-6), 43.6 (CH, C-3), 

30.6 (CH2, C-1ꞌꞌ), 28.1 (3 × CH3, C(CH3)3), 28.0 (CH2, C-3''), 26.1, (CH2, C-4 or C-2''), 25.6 (CH2, C-4 

or C-2''), 21.8 (CH2, C-5); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C18H27NNaO5 360.1781, found 360.1770.  
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1-(Benzyloxycarbonyl)-3-(3-(5-methoxyfuran-2-yl)propyl)-1-tosyl-piperidin-2-one (304) 

 

To a stirred solution of lactam 280 (100 mg, 0.42 mmol) in THF (2 mL) at –78 °C, LiHMDS (0.56 mL, 

0.50 mmol, 0.9 M in hexanes) was added dropwise. The reaction was warmed to 0 °C and stirred for 

20 min, then cooled to –78 °C. BzCl (0.11 mL, 0.52 mmol) was added dropwise and the reaction was 

warmed to 0 °C 1 h. Saturated aqueous NH4Cl (1 mL) was added and the separated aqueous layer was 

further extracted with EtOAc (3 × 5 ml). The combined organic layers were washed with brine (5 mL), 

dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified 

by flash chromatography (pet. ether-EtOAc 4:1, 0.5% Et3N) to give title compound 304 (140 mg, 82%) 

as a colourless oil.  

IR vmax (neat): 2951, 1771, 1709, 1592, 1456, 1378, 1254, 1164;  

1H NMR (400 MHz, CDCl3): δ 7.44–7.29 (5H, m, 5 × ArH), 5.83–5.82 (1H, m, H-3'), 5.27 (2H, s, 

OCH2), 4.98 (1H, d, J = 3.1 Hz, H-4'), 3.85–3.76 (4H, m, Ha-6 and OCH3), 3.70–3.64 (1H, m, Hb-6), 

2.58–2.46 (2H, m, H-3''), 2.46–2.37 (1H, m, H-3), 2.05–1.95 (2H, m, Ha-4 and Ha–1''), 1.97–1.75 (2H, 

m, H-5), 1.70–1.62 (2H, m, H-2''), 1.56–1.45 (2H, m, Hb-4 and Hb-1'');  

 

13C NMR (100 MHz, CDCl3): δ 174.2 (C, C–2), 160.5 (C, C-5'), 154.4 (C, C=O), 145.8 (C, C-2'), 135.7 

(C, ArC), 128.7 (2 × CH, 2 × ArCH), 128.4 (CH, ArCH), 128.2 (2 × CH, 2 × ArCH), 127.1 (C, C-Ar), 

105.8 (CH, C-3'), 79.5 (CH, C-4'), 68.5 (CH2, OCH2), 57.8 (CH3, OCH3), 46.1 (CH2, C-6), 43.8 (CH, 

C-3), 30.7 (CH2, C-1''), 28.0 (CH2, C-3''), 26.1 (CH2, C-4), 25.6 (CH2, C-2''), 21.7 (CH2, C-5).    

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C21H25NNaO5 393.1630, found 394.1641. 
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1ꞌ-(tert-Butoxycarbonyl)-1',3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2H,5H-spiro[furan-2,8'-quinolin]-5-

one (313a/b) 

 

To a stirred solution of lactam 303 (50 mg, 0.15 mmol) in THF (1 mL) at –78 °C, Super Hydride (0.33 

mL, 0.33 mmol, 1 M in THF) was added dropwise and the reaction was stirred for 3 h at the same 

temperature. H2O (0.5 ml) was added and the separated aqueous layer was further extracted with EtOAc 

(3 × 5 ml). The combined organic layers were washed with brine (5 mL), dried over anhydrous Na2SO4, 

filtered through a plug of silica and the solvent was removed in vacuo. The crude product was used 

without further purification.  

To a stirred solution of the crude hemiaminal in CH2Cl2 (2 mL) at 0 °C, Bi(OTf)3 (9 mg, 15 µmol) was 

added and the reaction was stirred for 1 h at the same temperature. Saturated aqueous NaHCO3 (0.2 

mL) was added and the separated aqueous layer was extracted with CH2Cl2 (3 × 5 mL), the combined 

organic layers were washed with brine (2.5 mL), dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo. The crude residue was purified by flash chromatography (pet. ether-EtOAc 9:1, 0.5% 

Et3N) to give title compound 313 (25 mg, 55%, 18:1 mixture of diastereomers, rotamer of major 

diastereomer observed, relative stereochemistry shown) as a white solid. Recrystallisation (pet. ether 

and EtOAc).   

mp 68–75 °C;  

IR vmax (neat): 2929, 2851, 1770, 1684, 1455, 1405, 1365, 1277, 1158; 

1H NMR (400 MHz, CDCl3): δ 7.49–7.47 (1H, m, H-3), 7.31 (1H, d, J = 5.5 Hz, H-3* and H-3**), 

5.94–5.93 (1H, m, H-4*), 5.87–5.85 (1H, m, H-4), 5.80 (1H, d, J = 6.2 Hz, H-4**), 4.34 (1H, d, J = 6 

Hz, H-8aꞌ and H-8aꞌ**), 4.17 (1H, d, J = 6.0 Hz, H-8aꞌ*), 4.05–4.01 (1H, m, Ha-2ꞌ*), 3.84–3.80 (1H, m, 

Ha-2ꞌ and Ha-2ꞌ**), 3.00–2.78 (3H, m, Hb-2, Hb-2ꞌ* and Hb-2ꞌ**), 2.12–2.02 (1H, m, Ha-4ꞌ or Ha-5ꞌ), 

1.98–1.93 (1H, m, H-4aꞌ), 1.81–1.67 (6H, m, H-3ꞌ, H-6ꞌ, Ha-7ꞌ and Ha-4ꞌ or Ha-5ꞌ), 1.63–1.52 (2H, m, 

Hb-7ꞌ and Hb-4ꞌ or Hb-5ꞌ), 1.45 (9H, s, C(CH3)3*), 1.41–1.37 (10H, m, C(CH3)3 and Hb-4ꞌ or Hb-5ꞌ);  

 

13C NMR (100 MHz, CDCl3): δ 173.1 (C, C-5), 172.4 (C, C-5*), 161.2 (CH, C-3), 160.1 (CH, C-3*), 

159.5 (CH, C-3**), 155.4 (C, C=O), 154.2 (C, C=O *), 120.2 (CH, C-4*), 119.0 (CH, C-4), 118.1 (CH, 

C-4**), 93.3 (C, C-2), 92.5 (C, C-2*), 80.2 (C, C(CH3)3*), 79.9 (C, C(CH3)3), 54.9 (CH, C-8aꞌ*), 53.6 

(CH, C-8aꞌ), 41.5 (CH2, C-2ꞌ), 40.3 (CH2, C-2ꞌ*), 35.6 (CH2, C-4a* or C-7*), 35.5 (CH2, C-4a* or C-

7*), 35.3 (CH2, C-4a or C-7), 35.1 (CH2, C-4a or C-7), 31.3 (CH2, C-3ꞌ* or C-6ꞌ*) 31.2 (CH2, C-3ꞌ or 
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C-6ꞌ), 28.6 (3 × CH3, C(CH3)3*), 28.4 (3 × CH3, C(CH3)3), 25.5 (CH2, C-3ꞌ or C-6ꞌ), 25.3 (CH2, C-3ꞌ* 

or C-6ꞌ*), 25.2 (CH2, C-4ꞌ* or C-5ꞌ*), 25.1 (CH2, C-4 or C-5), 17.24 (CH2, C-4 or C-5), 17.19 (CH2, C-

4ꞌ* or C-5ꞌ*);       

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H25NNaO4 330.1676, found 330.1675. 

*Denotes minor rotamer of major diastereomer  

**Denotes minor diastereomer 
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1',3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2H,5H-spiro[furan-2,8'-quinolin]-5-one (320) 

 

To a stirred solution of tricycle 313a/b (24 mg, 0.078 mmol) in CH2Cl2 (1 mL) at rt, TFA (0.015 mL, 

0.20 mmol), was added and the solution was allowed to stir for 5 h before being diluted with CH2Cl2 (5 

mL). The organic layer was washed with saturated aqueous NaHCO3 (1 mL), brine (1 mL), dried over 

anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (EtOAc, 0.5% Et3N) to give title compound 320 (13 mg, 80%, relative stereochemistry 

shown) as a white solid.   

IR vmax (neat): 3077, 2948, 2863, 2788, 1740, 1598, 1445, 1213, 1110.  

1H NMR (400 MHz, CDCl3): δ 7.74 (1H, d, J = 5.7 Hz, H-3), 6.07 (1H, d, J = 5.4 Hz, H-4), 3.11–3.06 

(1H, m, Ha-2ꞌ), 2.63 (1H, d, J = 2.9 Hz, H-8aꞌ), 2.56 (1H, dt, J = 17.6, 2.8 Hz, Hb-2ꞌ), 2.46–2.38 (1H, m, 

Ha-7ꞌ), 2.14–2.03 (1H, m, Ha-5ꞌ), 1.92–1.85 (1H, m, Ha-6ꞌ), 1.80–1.69 (2H, m, Ha-3ꞌ and H-4aꞌ), 1.67–

1.61 (1H, m, Ha-4ꞌ), 1.54–1.44 (2H, m, Hb-6ꞌ and Hb-4ꞌ), 1.43–1.28 (3H, m, Hb-3ꞌ, Hb-5ꞌ and Hb-7ꞌ);  

 

13C NMR (100 MHz, CDCl3): δ 172.0 (C, C-5), 158.3 (CH, C-3), 121.2 (CH, C-4), 92.1 (C, C-2), 62.3 

(CH, C-8aꞌ), 47.5 (CH2, C-2ꞌ), 34.8 (CH, C-4aꞌ), 29.9 (CH2, C-4ꞌ), 29.6 (CH2, C-7ꞌ), 23.9 (CH2, C-5ꞌ), 

23.3 (CH2, C-6ꞌ), 21.1 (CH2, C-3ꞌ);  

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C12H18NO2 208.1332, found 208.1336. 
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1ꞌ-(Benzyloxycarbonyl)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2'H,5H-spiro[furan-2,8a'-quinolin]-

5-one (321a/b) 

 

To a stirred solution of lactam 304 (50 mg, 0.13 mmol), in THF (0.9 mL) at -78 °C, Super Hydride 

(0.32 mL, 0.30 mmol, 1 M in THF) was added dropwise and the reaction was allowed to stir for 3 h at 

the same temperature. H2O (0.4 ml) was added and the separated aqueous layer was further extracted 

with EtOAc (3 × 5 ml). The combined organic layers were washed brine (2.5 mL), dried over anhydrous 

Na2SO4 and the solvent was removed in vacuo. The crude product was used without further purification.  

To a stirred solution of the crude hemiaminal in CH2Cl2 (1.8 mL) at 0 °C PTSA (23 mg, 0.13 mmol) 

was added and the reaction was allowed to stir for 1 h at the same temperature. NaHCO3 (0.2 mL) was 

added and the separated aqueous layer was extracted with CH2Cl2 (3 × 5 mL), the combined organic 

layers were washed with brine (2.5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude residue was purified by flash chromatography (pet. Ether-EtOAc 9:1, 0.5% Et3N) to 

give title compound 321a/b (0.024 g, 53%, 9:1 mixture of diastereomers, rotamer of major diastereomer 

observed, relative stereochemistry shown) as a white solid, along with an inseparable unidentified side 

product.   

IR vmax (neat): 3508, 2934, 2869, 1765, 1748, 1689, 1412, 1267, 1171.  

1H NMR (500 MHz, CDCl3): δ 7.46 (1H, d, J = 5.9 Hz, H-3**), 7.43 (1H, d, J = 5.5 Hz, H-3), 7.40–

7.28 (5H, m, ArH), 6.99 (1H, d, J = 5.5 Hz, H-3*), 5.77 (1H, d, J = 5.5 Hz, H-4), 5.75 (1H, d, J = 5.5 

Hz, H-4* and H-4**), 5.27–4.94 (CH2, m, OCH2), 4.70 (1H, d, J = 4.9 Hz, OCH2*), 4.39 (1H, d, J = 

6.0 Hz, H-8aꞌ), 4.26 (1H, d, J = 6.1 Hz, H-8aꞌ*), 4.12–4.08 (1H, m, Ha-2ꞌ*), 4.00–3.96 (1H, m, Ha-2ꞌ), 

3.87–3.81 (1H, m, Ha-2ꞌ**), 3.09–2.90 (1H, m, Hb-2ꞌ, Hb-2ꞌ* and Hb-2ꞌ**), 2.17–2.04 (1H, m, Ha-7ꞌ), 

2.02–1.96 (2H, m, H-4aꞌ and Hb-7ꞌ), 1.81–1.58 (6H, m, H-4ꞌ, H-5ꞌ and H-6ꞌ), 1.45–1.38 (2H, m, H-3ꞌ); 

 

13C NMR (125 MHz, CDCl3): δ 172.9 (C, C-5), 172.4 (C, C-5*), 160.8 (CH, C-3), 160.1 (CH, C-3*), 

156.1 (C, C=O), 155.0 (C, C=O), 136.7 (C, ArC), 136.5 (C, ArC*), 128.8 (2 × CH, 2 × ArCH*), 128.7 

(2 × CH, 2 × ArCH*), 128.6 (2 × CH, 2 × ArCH), 128.2 (CH, ArCH*), 128.1 (CH, ArCH), 127.8 (2 × 

CH, 2 × ArCH), 120.3 (CH, C-4*), 119.6 (CH, C-4), 92.9 (C, C-2), 92.2 (C, C-2*), 67.5 (CH2, OCH2*), 

67.3 (CH2, OCH2), 54.7 (CH, C-8aꞌ*), 54.4 (CH, C-8aꞌ), 42.0 (CH2, C-2ꞌ**), 41.4 (CH2, C-2ꞌ), 41.3 

(CH2, C-2ꞌ*), 35.5 (CH2, C-4ꞌ* or C-5ꞌ*), 35.3 (CH2, C-4ꞌ or C-5ꞌ), 35.1 (CH, C-4aꞌ), 34.8 (CH, C-4aꞌ*), 
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31.23 (CH2, C-4ꞌ* or C-5ꞌ*), 31.17 (CH2, C-4ꞌ or C-5ꞌ), 25.5 (CH2, C-2ꞌ), 25.3 (CH2, C-2ꞌ*), 25.1 (CH2, 

C-7ꞌ*), 25.0 (CH2, C-7ꞌ), 17.2 (CH2, C-6ꞌ);     

 HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C20H23NNaO4 364.1519, found 364.1562.  

*Denotes minor rotamer of major diastereomer  

**Denotes minor diastereomer 
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1-((tert-Butyldimethylsilyl)oxy)-3-iodopropane (333) 

 

To a stirred solution of 1-bromo-3-propanol 332 (0.65 mL, 7.2 mmol) and imidazole (1.47 g, 21.6 

mmol) in THF (20 mL) at rt, TBSCl (1.84 g, 12.2 mmol) was added. The reaction was stirred for 1 h 

before H2O (10 mL) was added and the separated aqueous layer was further extracted with EtOAc (3 × 

15 ml). The combined organic layers were washed with brine (20 mL), dried over anhydrous Na2SO4 

and the solvent was removed in vacuo. The crude product was used without further purification.  

To a stirred solution of crude bromide in acetone (14 mL) was added NaI (1.17 g, 7.8 mmol) and the 

reaction was heated at reflux for 2 h. The reaction was cooled to rt before saturated aqueous NaHCO3 

(5 mL) was added. The separated aqueous layer was further extracted with EtOAc (3 × 10 mL) and the 

combined organic layers were washed with brine (20 mL), dried over anhydrous Na2SO4 and the solvent 

was removed in vacuo. The crude residue was purified by flash chromatography (pet. ether-EtOAc 

19:1) to give title compound 333 (2.13 g, 92%) as colourless liquid.  

 

1H NMR (400 MHz, CDCl3): δ 3.67 (2H, t, J = 5.7 Hz, H-1), 3.28 (2H, t, J = 6.6 Hz, H-3), 2.06–1.95 

(2H, m, H-2), 0.91–0.89 (9H, m, Si(CH3)2C(CH3)3), 0.07 (6H, s, Si(CH3)2C(CH3)3).  

The spectroscopic data were in agreement with literature values.149 
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1-((tert-Butyldimethylsilyl)oxy)3-(furan-2-yl)propan-1-ol (334) 

 

To a stirred solution of furan (266) (0.21 mL, 2.9 mmol) in THF (7 mL) at 0 °C, n-BuLi (15.7 mL, 20.4 

mmol, 1.3 M in cyclohexane) was added dropwise. The reaction was stirred for 1 h at 0 °C before iodide 

333 (1.1 g, 3.5 mmol) was added. The reaction was warmed to rt and stirred for 2 h before saturated 

aqueous NH4Cl (4 mL) was added. The separated aqueous layer was further extracted with EtOAc (3 × 

10 ml). The combined organic layers were washed with brine (15 mL), dried over anhydrous Na2SO4 

and the solvent was removed in vacuo. The crude residue was purified by flash chromatography (pet. 

ether) to give title compound 334 (686 mg, 97%) as colourless liquid. 

1H NMR (400 MHz, CDCl3): δ 7.29 (1H, dd, J = 1.9, 1.1 Hz, H-5ꞌ), 6.27 (1H, dd, J = 3.0, 2.0 Hz, H-

4ꞌ), 5.98–5.96 (1H, m, H-3ꞌ), 3.65 (2H, t, J = 6.2 Hz, H-1), 2.69 (2H, t, J = 7.6 Hz, H-3), 1.89–1.82 (2H, 

m, H-2), 0.90 (9H, s, Si(CH3)2C(CH3)3), 0.05 (6H, s, Si(CH3)2C(CH3)3);  

 

13C NMR (100 MHz, CDCl3): δ 156.2 (C, C-2ꞌ), 140.9 (CH, C-5ꞌ), 110.2 (CH, C-4ꞌ), 104.9 (CH, C-3ꞌ), 

62.4 (CH2, C-1), 31.2 (CH2, C-2), 26.1 (3 × CH3, Si(CH3)2C(CH3)3), 24.5 (CH2, C-3), 18.5 (C, 

Si(CH3)2C(CH3)3), -5.2 (2 × CH3, Si(CH3)2C(CH3)3).   

 

The spectroscopic data were in agreement with literature values.194 
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3-(Furan-2-yl)propan-1-ol (335) 

 

To a stirred solution of silyl ether 334 (686 mg, 2.8 mmol) in THF (8 mL) at rt, TBAF (1.10 mL, 1.1 

mmol, 1 M in THF) was added. The reaction was stirred for 1 h before H2O (4 mL) was added. The 

separated aqueous layer was extracted with EtOAc (3 × 10 mL), the combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude residue was purified by flash chromatography (pet.ether-EtOAc 9:1) to give title compound 335 

(251 mg, 70%) as a colourless oil. 

1H NMR (400 MHz, CDCl3): δ 7.034–7.30 (1H, m, H-5ꞌ), 6.28 (1H, dd, J = 3.0, 2.0 Hz, H-4ꞌ), 6.014–

6.005 (1H, m, H-3ꞌ), 3.68 (2H, t, J = 6.3 Hz, H-1), 2.74 (2H, t, J = 7.5 Hz, H-3), 1.94–1.87 (2H, m, H-

2), 1.56–1.43 (1H, br s, OH);  

 

13C NMR (100 MHz, CDCl3): δ 155.7 (C, C-2ꞌ), 141.0 (CH, C-5ꞌ), 110.3 (CH, C-4ꞌ), 105.2 (CH, C-3ꞌ), 

62.2 (CH2, C-1), 31.1 (CH2, C-3), 24.4 (CH2, C-2).  

 

The spectroscopic data were in agreement with literature values.195 
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3-(Furan-2-yl)propanal (336) 

 

To a stirred solution of alcohol 335 (400 mg, 3.2 mmol) and NaHCO3 (532 mg, 6.3 mmol) in CH2Cl2 

(40 mL) at 0 °C, DMP (1.88 g, 4.4 mmol) was added. The reaction was warmed to rt for 30 min before 

saturated aqueous Na2S2O3 (15 mL) was added. The separated aqueous layer was extracted with CH2Cl2 

(3 × 20 mL) and the combined organic layers were washed with brine (20 mL), dried over anhydrous 

Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash chromatography 

(pet. ether) to give title compound 336 (366 mg, 93%) as a pale-yellow oil. 

1H NMR (400 MHz, CDCl3): δ 9.83–9.82 (1H, m, H-1), 7.31–7.30 (1H, m, H-5ꞌ), 6.28–6.27 (1H, m, 

H-4ꞌ), 6.02–6.01 (1H, m, H-3ꞌ), 2.98 (2H, t, J = 7.3 Hz, H-3), 2.79 (2H, t, J = 7.5 Hz, H-2); 

 

13C NMR (100 MHz, CDCl3): δ 201.2 (CH, C-1), 154.0 (C, C-2ꞌ), 141.5 (CH, C-5ꞌ), 110.4 (CH, C-4ꞌ), 

105.6 (CH, C-3ꞌ), 42.0 (CH2, C-2), 20.9 (CH2, C-3).  

 

The spectroscopic data were in agreement with literature values.148 
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3-(1-Hydroxy-3-phenylpropyl)piperidin-2-one (338) 

 

To a stirred solution of δ-Valerolactam (197) (25 mg, 0.25 mmol) in THF (0.9 mL) at –78 °C, n-BuLi 

(0.48 mL, 0.53 mmol, 1.1 M in cyclohexane) was added dropwise. The reaction was warmed to 0 °C 

and stirred for 1 h, then cooled to –78 °C. Hydrocinnamaldehyde (337) (0.040 mL, 0.04 mmol) was 

added dropwise and the reaction was warmed to 0 °C and stirred for 1 h. Saturated aqueous NH4Cl (0.4 

mL) was added and the separated aqueous layer was further extracted with EtOAc (3 × 5 ml). The 

combined organic layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent 

was removed in vacuo. The crude residue was purified by flash chromatography (CH2Cl2, MeOH 0.2%, 

0.5% Et3N) to give title compound 338 (8 mg, 13%) as colourless solid. 

IR vmax (neat): 3289, 2940, 2868, 1652, 1492, 1415, 1315, 1111; 

1H NMR (400 MHz, CDCl3): δ 7.29–7.26 (2H, m, 2 × ArH), 7.22–7.15 (3H, m, 3 × ArH), 6.13–6.04 

(1H, m, NH), 3.99 (1H, br s, H-1ꞌ), 3.69 (1H, br s, OH), 3.32–3.22 (2H, m, H-6), 2.98–2.91 (1H, m, Ha-

3ꞌ), 2.65 (1H, ddd, J = 13.7, 10.3, 6.7 Hz, Hb-3ꞌ), 2.58–2.52 (1H, m, H-3), 1.96–1.56 (6H, m, H-4, H-5 

and H-2ꞌ);  

13C NMR (100 MHz, CDCl3): δ 174.5 (C, C-2), 142.4 (C, ArC), 128.6 (2 × CH, 2 × ArCH), 128.5 (2 × 

CH, 2 × ArCH), 125.9 (CH, ArH), 71.5 (CH, C-1ꞌ), 46.1 (CH, C-3), 42.2 (CH2, C-6), 35.1 (CH2, C-2ꞌ), 

32.9 (CH2, C-3ꞌ), 22.3 (CH2, C-4 or C-5), 22.1 (CH2, C-4 or C-5);     

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C14H19NNaO2 256.1313, found 256.1312. 
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3-(3-(Furan-2-yl)-1-hydroxypropyl)piperidin-2-one (339) 

 

To a stirred solution of δ-Valerolactam 197 (50 mg, 0.50 mmol) in THF (1.5 mL) at –78 °C, n-BuLi 

(0.96 mL, 1.1 mmol, 1.1 M in cyclohexane) was added dropwise and the reaction was warmed to 0 °C 

and stirred for 1 h. The reaction was cooled to –78 °C and aldehyde 336 (90 mg, 0.75 mmol) was added 

dropwise. The reaction was warmed to 0 °C and stirred for 2 h. Saturated aqueous NH4Cl (0.5 mL) was 

added and the separated aqueous layer was further extracted with EtOAc (3 × 10 ml). The combined 

organic layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo. The crude residue was purified by flash chromatography (EtOAc, 0.5% Et3N) to 

give title compound 339 (45 mg, 40%) as a colourless solid.  

IR vmax (neat): 3288, 2927, 2870, 1641, 1491, 1412, 1312, 1006; 

1H NMR (400 MHz, CDCl3): δ 7.29–7.28 (1H, m, H-5ꞌ), 6.64 (1H, brs, NH), 6.27–6.26 (1H, m, H-4ꞌ), 

6.00 (1H, s, H-3ꞌ), 5.72–5.71 (1H, m, OH), 3.81–3.77 (1H, m, H-1ꞌꞌ), 3.30–3.22 (2H, m, H-6), 2.90–

2.73 (2H, m, H-3ꞌꞌ), 2.28–2.21 (1H, m, H-3), 1.97–1.87 (3H, m, Ha-4, Ha-5 and Ha-2ꞌꞌ), 1.77–1.65 (2H, 

m, Hb-5 and Hb-2ꞌꞌ), 1.43–1.34 (1H, m, Hb-4); 

 

13C NMR (100 MHz, CDCl3): δ 176.1 (C, C-2), 156.2 (C, C-2ꞌ), 140.9 (CH, C-5ꞌ), 110.2 (CH, C-4ꞌ), 

105.0 (CH, C-3ꞌ), 71.7 (CH, C-1ꞌꞌ), 45.7 (CH, C-3), 42.2 (CH2, C-6), 32.3 (CH2, C-2ꞌꞌ), 23.6 (CH2, C-4 

or C-3ꞌꞌ), 23.5 (CH2, C-4 or C-3ꞌꞌ), 21.9 (CH2, C-5);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C12H17NNaO3 246.1101, found 246.1105.  
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3-(3-(Furan-2-yl)-1-((triisopropylsilyl)oxy)propyl)piperidin-2-one (340) 

 

To a stirred solution of alcohol 339 (24 mg, 0.24 mmol), and 2,6-lutidine (85 µL, 0.73 mmol) in CH2Cl2 

(1.8 mL) at –20 °C, TIPSOTf (74 µL, 0.24 mmol) was added dropwise and the reaction was warmed to 

rt slowly and stirred for 1 h. H2O (0.5 mL) was added dropwise and the separated aqueous layer was 

extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with brine (5 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (CH2Cl2 0.5% Et3N, then CH2Cl2-EtOAc 1:1, 0.5% Et3N) to give title compound 340 

(26 mg, 28%) as a colourless oil. 

IR vmax (neat): 2944, 2867, 1662, 1063.  

1H NMR (400 MHz, CDCl3): δ 7.27 (1H, d, J = 1.9 Hz, H-5ꞌ), 6.25 (1H, dd, J = 3.1, 1.9 Hz, H-4ꞌ), 

6.01–5.96 (2H, m, NH and H-3ꞌ), 4.69–4.65 (1H, m, H-1ꞌꞌ), 3.31–3.22 (2H, m, H-6), 2.86–2.78 (1H, m, 

Ha-3ꞌꞌ), 2.66–2.58 (2H, m, H-3 and Hb-3ꞌꞌ), 2.07–2.02 (1H, m, Ha-4), 1.95–1.90 (1H, m, Ha-5), 1.82–

1.66 (4H, m, Hb-4, Hb-5 and H-2ꞌꞌ), 1.08 (18H, s, SiCHCH3);  

 

13C NMR (100 MHz, CDCl3): δ 172.4 (C, C-2), 156.3 (C, C-2ꞌ), 140.8 (CH, C-5ꞌ), 110.2 (CH, C-4ꞌ), 

104.6 (CH, C-3ꞌ), 72.0 (CH, C-1ꞌꞌ), 48.0 (CH, C-3), 42.6 (CH2, C-6), 32.5 (CH2, C-2ꞌꞌ), 25.4 (CH2, C-

3ꞌꞌ), 22.6 (CH2, C-5), 20.6 (CH2, C-4), 18.3 (6 × CH3, SiCHCH3), 12.9 (3 × CH, SiCHCH3);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C21H37NNaO3Si 402.2435, found 402.2432; 
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1-(tert-Butoxycarbonyl)-3-(3-(furan-2-yl)-1-((triisopropylsilyl)oxy)propyl)piperidin-2-one (341) 

 

To a stirred solution of lactam 340 (25 mg, 66 µmol), in THF (0.5 mL) at –78 °C, LiHMDS (0.076 mL, 

72 µmol, 0.95 M in hexane) was added dropwise and the reaction was warmed to 0 °C for 20 min. The 

reaction was cooled to –78 °C before Boc2O (17 mg, 0.079 mmol) was added in one portion and the 

reaction was warmed to 0 °C for 30 min. Saturated aqueous NH4Cl (0.25 mL) was added and the 

separated aqueous layer was extracted with EtOAc (3 × 10 mL). The combined organic layers were 

washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The 

crude residue was purified by flash chromatography (pet. ether-EtOAc 9:1, 0.5% Et3N) to give title 

compound 341 (31 mg, 95%) as a colourless oil. 

IR vmax (neat): 2943, 2867, 1771, 1717, 1462, 1368, 1289, 1252, 1063;  

1H NMR (400 MHz, CDCl3): δ 7.27 (1H, dd, J = 1.9, 0.8 Hz, H-5ꞌ), 6.25 (1H, dd, J = 2.9, 1.8 Hz, H-

4ꞌ), 6.00–5.99 (1H, m, H-3ꞌ), 4.61 (1H, quint., J = 4.0 Hz, H-1ꞌꞌ), 3.75–3.68 (1H, m, Ha-6), 3.58–3.48 

(1H, m, Hb-6), 2.85–2.59 (3H, m, H-3 and H-3ꞌꞌ), 2.09–1.87 (3H, m, Ha-4 and H-5), 1.84–1.67 (3H, m, 

H-2ꞌꞌ and Hb-4), 1.51 (9H, s, C(CH3)3), 1.07 (18H, br s, SiCHCH3);  

 

13C NMR (100 MHz, CDCl3): δ 171.7 (CO, C-2), 156.0 (C, C-2ꞌ), 152.9 (C, C=O), 140.7 (CH, C-5ꞌ), 

110.1 (CH, C-4ꞌ), 104.6 (CH, C-3ꞌ), 82.8 (C, C(CH3)3), 72.2 (CH, C-1ꞌꞌ), 50.6 (CH, C-3), 46.6 (CH2, C-

6), 32.3 (CH2, C-2ꞌꞌ), 28.0 (3 × CH3, C(CH3)3), 25.2 (CH2, C-3ꞌꞌ), 22.3 (CH2, C-5), 20.7 (CH2, C-4), 18.2 

(6 × CH3, SiCHCH3), 12.7 (3 × CH, SiCHCH3);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C26H45NNaO5Si 502.2959, found 502.2944.  
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1-(tert-Butoxycarbonyl)-(E)-3-(3-(furan-2-yl)prop-1-en-1-yl)-1,4,5,6-tetrahydropyridine (347) 

 

To a stirred solution of lactam 341 (15 mg, 31 µmol), in CH2Cl2 (0.2 mL) at –78 °C, DIBAL-H (78 µL, 

78 µmol, 1 M in cyclohexane) was added dropwise and the reaction was allowed to stir for 3 h at the 

same temperature. H2O (3 µL), followed by 1 M aqueous NaOH (3 µL), then H2O (10 µL) again was 

added and the reaction was warmed to rt over 15 min. Anhydrous MgSO4 was added and the mixture 

stirred for 15 min before being filtered and the solvent was removed in vacuo. The crude product was 

used without further purification.  

To a stirred solution of crude hemiaminal in CH2Cl2 (0.4 mL) at 0 °C, PPTS (5 mg, 0.023 mmol) was 

added and the reaction was stirred for 30 mins at the same temperature. Saturated aqueous NaHCO3 

(0.2 mL) was added and the separated aqueous layer was extracted with CH2Cl2 (3 × 5 mL). The 

combined organic layers were washed with brine (2.5 mL), dried over anhydrous Na2SO4 and the 

solvent was removed in vacuo to give title compound 347 (4.5 mg, 44%) as a colourless oil. 

IR vmax (neat): 2927, 1702, 1647, 1628, 1390, 1317, 1254, 1157, 1113; 

1H NMR (400 MHz, CDCl3): δ 7.31 (1H, s, H-5ꞌ), 6.93 (1H, s, H-2*), 6.78 (1H, s, H-2), 6.29 (1H, s, 

H-4ꞌ), 6.11 (1H, d, J = 15.3 Hz, H-1ꞌꞌ), 6.00 (1H, sd, J = 2.4 Hz, H-3ꞌ), 5.57–5.52 (1H, m, H-2ꞌꞌ), 3.56–

3.51 (2H, m, H-6), 3.44 (2H, d, J = 6.7 Hz, H-3ꞌꞌ), 2.18–2.15 (2H, m, H-4), 1.86–1.84 (2H, m, H-5), 

1.57 (9H, s, C(CH3)3*), 1.49 (9H, s, C(CH3)3);  

 

13C NMR (100 MHz, CDCl3): δ 154.8 (C, C-2ꞌ), 152.7 (C, C=O *), 152.4 (C, C=O), 141.3 (CH, C-5ꞌ), 

140.8 (CH, C-5ꞌ*), 133.0 (CH, C-1ꞌꞌ), 132.9 (CH, C-1ꞌꞌ*), 126.1 (CH, C-2), 125.8 (CH, C-2*), 120.1 

(CH, C-2ꞌꞌ), 119.8 (CH, C-2ꞌꞌ*), 116.7 (C, C-3*), 116.2 (C, C-3), 110.3 (CH, C-4ꞌ), 110.2 (CH, C-4ꞌ*), 

105.4 (CH, C-3ꞌ), 104.8 (CH, C-3ꞌ*), 81.1 (C, C(CH3)3), 81.0 (C, C(CH3)3*), 42.7 (CH2, C-6*), 41.7 

(CH2, C-6), 32.1 (CH2, C-3ꞌꞌ*), 31.8 (CH2, C-3ꞌꞌ), 28.5 (3 × CH3, C(CH3)3), 21.7 (CH2, C-4 or C-5), 21.4 

(2 × CH2, C-4* and C-5*), 21.3 (CH2, C-4 or C-5);   

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H23NNaO3 312.1570, found 312.1564. 

* Denotes minor rotamer. 
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5-Methoxyfuran-2-carbaldehyde (349-1) 

 

To a stirred solution of 2-methoxyfuran (184) (1.9 mL, 20.4 mmol) and TMEDA (3.0 mL, 20.4 mmol) 

in THF (80 mL) at –78 °C, n-BuLi (15.7 mL, 20.4 mmol, 1.3 M in cyclohexane) was added dropwise. 

The reaction was warmed to –40 °C and stirred for 1 h, then cooled to –78 °C. DMF (4.7 mL, 61.2 

mmol) was added dropwise and the reaction was stirred for 15 min before being warmed to –40 °C and 

stirred for a further 2 h. Saturated aqueous NH4Cl (20 mL) was added and the separated aqueous layer 

was further extracted with EtOAc (3 × 30 ml). The combined organic layers were washed with brine 

(30 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was 

purified by flash chromatography (pet. ether-EtOAc 2:1) to give title compound 349-1 (2.18 g, 85%) as 

an orange oil. 

IR vmax (neat): 3132, 2820, 1656, 1582, 1524, 1429, 1398, 1295, 1052, 1021;  

1H NMR (400 MHz, CDCl3): δ 9.27 (1H, br s, CHO), 7.20 (1H, d, J = 4.0 Hz, H-3ꞌ or H-4ꞌ), 5.46 (1H, 

d, J = 3.4 Hz, H-3ꞌ or H-4ꞌ), 4.00 (3H, d, J = 1.1 Hz, OCH3);  

 

13C NMR (100 MHz, CDCl3): δ 174.2 (CH, CHO), 165.5 (C, C-5), 143.3 (C, C-2 or C-5), 127.5 (CH, 

C-3 or C-4), 84.6 (CH, C-3 or C-4), 57.7 (CH3, OCH3);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C6H6NaO3 149.0215; found 149.0219. 
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Methyl (E)-3-(5-methoxyfuran-2-yl)acrylate (349) 

 

To a stirred solution of aldehyde 349-1 (3.80 g, 30.1 mmol) in THF (80 mL), 

methyl(triphenylphosphoranylidene)acetate (25.19 g, 75.3 mmol) was added portion wise. The reaction 

was stirred at reflux for 4 h then cooled to rt before the solvent was removed in vacuo. The crude residue 

was purified by flash chromatography (pet. ether-EtOAc 9:1) to give title compound 349 (4.35 g, 79%) 

as a pale yellow solid. 

1H NMR (400 MHz, CDCl3): δ 7.27 (1H, d, J = 15.5 Hz, H-2 or H-3), 6.53 (1H, d, J = 3.5 Hz, H-3ꞌ), 

6.08 (1H, d, J = 16.5 Hz, H-2 or H-3), 5.29 (1H, d, J = 3.5 Hz, H-4ꞌ), 3.91 (3H, s, OCH3), 3.76 (3H, s, 

OCH3);  

 

13C NMR (100 MHz, CDCl3): δ 168.0 (C, C-1), 163.5 (C, C-5ꞌ), 141.8 (C, C-2ꞌ), 131.0 (CH, C-3), 118.3 

(CH, C-3ꞌ), 111.4 (CH, C-2), 83.5 (CH, C-4ꞌ), 57.8 (CH3, OCH3), 51.5 (CH3, OCH3).  

 

The spectroscopic data were in agreement with literature values.154 
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Methyl 3-(5-methoxyfuran-2-yl)propanoate (350) 

 

To a stirred mixture of acrylate 349 (1.2 g, 6.6 mmol) and freshly prepared Cu(I)Cl (1.96 g, 19.8 mmol) 

in THF/MeOH (1:1, 100 mL) at 0 °C, NaBH4 (2.5 g, 65.9 mmol) was added portion wise over 30 min. 

The reaction was warmed to rt slowly over 1 h before silica was added, and the mixture was stirred for 

10 min. The mixture was filtered through a pad of Celite®, the resultant filter cake was rinsed with 

CH2Cl2 (3 × 50 mL) and the filtrate was concentrated in vacuo. The residue was dissolved in CH2Cl2 

(40 mL) and the organic layer was washed with saturated aqueous NH4Cl (10 mL), brine (10 mL), dried 

over anhydrous Na2SO4 before the solvent was removed in vacuo. The crude residue was purified by 

flash chromatography (pet. ether-EtOAc 19:1) to give title compound 350 (0.98 g, 81%) as a colourless 

oil. 

IR vmax (neat): 2953, 2845, 1735, 1619, 1590, 1437, 1373, 1258, 1172;  

1H NMR (400 MHz, CDCl3): δ 5.87–5.86 (1H, m, H-3ꞌ), 4.99 (1H, d, J = 3.0 Hz, H-4ꞌ), 3.79 (3H, s, 

OCH3), 3.68 (3H, s, OCH3), 2.84 (2H, t, J = 7.7 Hz, H-3), 2.60 (2H, t, J = 7.5 Hz, H-2);  

 

13C NMR (100 MHz, CDCl3): δ 173.1 (C, C-1), 160.8 (C, C-5ꞌ), 144.1 (C, C-2ꞌ), 106.3 (CH, C-3ꞌ), 79.7 

(CH, C-4ꞌ), 57.8 (CH3, OCH3), 51.8 (CH3, OCH3), 32.7 (CH2, C-2), 23.5 (CH2, C-3);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C9H12NaO4 207.0628, found 207.0631. 
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3-(5-Methoxyfuran-2-yl)propanal (330) 

 

To a stirred solution of ester 350 (200 mg, 1.00 mmol), in CH2Cl2 (5 mL) at –78 °C, DIBAL-H (1.2 

mL, 1.2 mmol, 1 M in cyclohexane) was added slowly dropwise and the reaction was allowed to stir 

for 5 min. H2O (48 µL), 1 M aqueous NaOH (48 µL), H2O (0.12 mL) was added sequentially and the 

reaction was warmed to rt over 15 min. Anhydrous MgSO4 was added and the mixture stirred for 15 

min before being filtered and the solvent was removed in vacuo. The crude residue was purified by 

flash chromatography (pet. ether-Et2O 9:1) to give title compound 330 (141 mg, 91%) as a colourless 

oil. 

IR vmax (neat): 2941, 2842, 2728, 1723, 1618, 1589, 1438, 1374, 1257, 1043, 1012; 

1H NMR (400 MHz, CDCl3): δ 9.80–9.79 (1H, m, H-1), 5.87–5.85 (1H, m, H-3ꞌ), 5.00–4.99 (1H, m, 

H-4ꞌ), 3.79 (3H, s, OCH3), 2.87–2.84 (2H, m, Ha-2 and Ha-3), 2.75–2.71 (2H, m, Hb-2 and Hb-3);  

 

13C NMR (100 MHz, CDCl3): δ 201.3 (C, C-1), 160.8 (C, C-5ꞌ), 143.7 (C, C-2ꞌ), 106.6 (CH, C-3ꞌ), 79.7 

(CH, C-4ꞌ), 57.8 (CH3, OCH3), 42.0 (CH2, C-2 or C-3), 20.8 (CH2, C-2 or C-3);   

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C8H10NaO3 177.0522; found 177.0521. 
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3-(1-Hydroxy-3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (353a/b) 

 

To a stirred solution of δ-valerolactam (197) (310 mg, 3.1 mmol) in THF (12 mL) at –78 °C, n-BuLi 

(2.37 mL, 3.2 mmol, 1.3 M in cyclohexane) was added dropwise and the reaction was warmed to 0 °C 

and stirred for 1 h. Trimethylsilyl chloride (0.44 mL, 3.4 mmol) was added and the reaction was stirred 

for 1.75 h at 0 °C before freshly prepared LDA [nBuLi (3.61 mL, 4.7 mmol) and iPr2NH (0.66 mL, 4.7 

mmol) in THF (2.4 mL)] was added and stirred for a further 45 min. The reaction was cooled to –78 °C 

before aldehyde 330 (650 mg, 4.2 mmol) was added dropwise and the reaction was stirred for 2 h at the 

same temperature. Saturated aqueous NH4Cl (5 mL) was added and the separated aqueous layer was 

further extracted with EtOAc (3 × 15 ml). The combined organic layers were washed with brine (15 

mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was 

purified by flash chromatography (EtOAc, 0.5% Et3N) to give title compound 353a/b (0.52 g, 66%, 2:1 

mixture of diastereomers) as a pale yellow oil.  

IR vmax (neat): 3287, 2941, 2871, 1644, 1617, 1590, 1491, 1438, 1309, 1258; 

1H NMR (400 MHz , CDCl3): δ 6.93–6.51 (1H, br s, NH), 5.85–5.83 (1H, m, H-3ꞌ), 5.703–5.696 (1H, 

d, J = 3.3 Hz, OH), 4.98–4.97 (1H, m, H-4ꞌ), 3.96–3.88 (1H, m, H-1ꞌꞌ*), 3.78–3.74 (4H, m, OCH3 and 

H-1ꞌꞌ), 3.28–3.21 (2H, m, H-6), 2.86-2.48 (2H, m, H-3ꞌꞌ), 2.26–2.19 (1H, m, H-3), 1.97–1.88 (2H, m, 

Ha-2ꞌꞌ and Ha-5), 1.77–1.57 (2H, m, Hb-2ꞌꞌ and Hb-5), 1.46–1.31 (2H, m, H-4);  

 

13C NMR (100 MHz, CDCl3): δ 176.2 (C, C-2), 174.7 (C, C-2*), 160.5 (C, C-5ꞌ), 146.0 (C, C-2ꞌ), 145.8 

(C, C-2ꞌ*), 105.9 (CH, C-3ꞌ* or C-4ꞌ*) 105.8 (CH, C-3ꞌ or C-4ꞌ), 79.6 (CH, C-3ꞌ* or C-4ꞌ*), 79.4 (CH, 

C-3ꞌ or C-4ꞌ), 71.6 (CH, C-1ꞌꞌ), 71.0 (CH, C-1ꞌꞌ*), 57.7 (CH3, OCH3), 46.4 (CH, C-3*), 45.6 (CH, C-3), 

42.1 (CH2, C-6), 41.3 (CH2, C-6*), 32.3 (CH2, C-2ꞌꞌ or C-5), 30.8 (CH2, C-2ꞌꞌ* or C-5*), 23.5 (CH2, C-

3ꞌꞌ), 23.4 (CH2, C-4), 22.1 (CH2, C-2ꞌꞌ* or C-5*), 21.9 (CH2, C-2ꞌꞌ or C-5);   

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C13H19NNaO4 276.1206, found 276.1207. 

*Denotes minor diastereomer.  
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3-(1-((tert-Butyldimethylsilyl)oxy)-3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (355a/b) 

 

To a stirred solution of alcohol 353a/b (260 mg, 1.0 mmol), and 2,6-lutidine (0.36 mL, 3.1 mmol) in 

CH2Cl2 (10 mL) at –20 °C, TBSOTf (0.26 mL, 0.3 mmol) was added dropwise and the reaction was 

warmed to rt slowly and stirred for 5 h. The reaction was cooled to 0 °C, diluted with CH2Cl2 (10 mL) 

and H2O (5 mL) was added dropwise. The separated aqueous layer was extracted with CH2Cl2 (3 × 10 

mL) and the combined organic layers were washed with brine (15 mL), dried over anhydrous Na2SO4 

and the solvent was removed in vacuo. The crude residue was purified by flash chromatography (CH2Cl2 

0.5% Et3N, then CH2Cl2-EtOAc 1:1, 0.5% Et3N) to give title compound 355a/b (370 mg, 65%, 2:1 

mixture of diastereomers) as a colourless oil. 

IR vmax (neat): 3211, 2952, 2856, 1718, 1657, 1592, 1358, 1257, 1200, 1079; 

1H NMR (400 MHz, CDCl3): δ 6.09–5.96 (1H, m, NH), 5.85–5.82 (1H, m, H-3ꞌ), 4.99 (1H, d, J = 3.3 

Hz, H-4ꞌ*), 4.98 (1H, d, J = 3.4 Hz, H-4ꞌ), 4.55–4.50 (1H, m, H-1ꞌꞌ*), 4.47–4.43 (1H, m, H-1ꞌꞌ), 3.80–

3.77 (3H, m, OCH3), 3.30–3.21 (2H, m, H-6), 2.70–2.63 (1H, m, Ha-3ꞌꞌ), 2.58–2.52 (1H, m, H-3), 2.49-

2.41 (1H, m, Hb-3ꞌꞌ), 2.31–2.26 (1H, m, H-3*), 2.00–1.86 (2H, m, Ha-4 and Ha-5), 1.84–1.61 (5H, m, 

H-2ꞌꞌ, Hb-4 and Hb-5) 0.89 (9H, s, Si(CH2)2C(CH3)3), 0.86 (9H, s, Si(CH2)2C(CH3)3*), 0.07 (4H, d, J = 

2.3 Hz, Si(CH2)2C(CH3)3);    

 

13C NMR (100 MHz, CDCl3): δ 172.6 (C, C-2*), 171.7 (C, C-2), 159.4 (C, C-5ꞌ*), 159.3 (C, C-5ꞌ), 

145.1 (C, C-2ꞌ), 144.4 (C, C-2ꞌ*), 104.5 (CH, C-3ꞌ*), 104.3 (CH, C-3ꞌ), 78.5 (CH, C-4ꞌ*), 78.4 (CH, C-

4ꞌ), 70.6 (CH, C-1ꞌꞌ), 70.3 (CH, C-1ꞌꞌ*), 56.7 (CH3, OCH3), 46.6 (CH, C-3), 45.1 (CH, C-3)*, 41.3 (CH2, 

C-6), 32.6 (CH2, C-2ꞌꞌ*), 30.2 (CH2, C-2ꞌꞌ), 25.0 (3 × CH3, Si(CH2)2C(CH3)3*) 24.9 (3 × CH3, 

Si(CH2)2C(CH3)3), 24.2 (CH2, C-3ꞌꞌ), 23.8 (CH2, C-3ꞌꞌ*), 21.4 (CH2, C-4 or C-5), 21.1 (CH2, C-4* or C-

5*), 19.4 (CH2, C-4 or C-5), 18.7 (CH2, C-4* or C-5*), 17.12 (C, Si(CH2)2C(CH3)3*), 17.06 (C, 

Si(CH2)2C(CH3)3), -5.50 (CH2, Si(CH2)2C(CH3)3), -5.55 (CH2, Si(CH2)2C(CH3)3*), -5.65 (CH2, 

Si(CH2)2C(CH3)3*), -5.70 (CH2, Si(CH2)2C(CH3)3);         

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H33NNaO4Si 390.2071; found 390.2079. 

*Denotes minor diastereomer.  
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1-(tert-Butoxycarbonyl)-3-(1-((tert-butyldimethylsilyl)oxy)-3-(5-methoxyfuran-2-

yl)propyl)piperidin-2-one (356a/b) 

 

To a stirred solution of lactam 355a/b (520 mg, 1.4 mmol), in THF (11 mL) at –78 °C, LiHMDS (1.8 

mL, 1.5 mmol, 1 M in hexane) was added dropwise and the reaction was warmed to 0 °C for 20 min. 

The reaction was cooled to –78 °C, Boc2O (0.37 g, 1.7 mmol) was added in one portion and the reaction 

was warmed to 0 °C for 30 min. Saturated aqueous NH4Cl (4 mL) was added the separated aqueous 

layer was extracted with EtOAc (3 × 10 mL). The combined organic layers were washed with brine (10 

mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was 

purified by flash chromatography (pet. ether-EtOAc 9:1, 0.5% Et3N) to give title compound 356a/b 

(0.54 g, 81%, 2:1 mixture of diastereomers) as a colourless oil. 

IR vmax (neat): 2931, 2857, 1770, 1716, 1618, 1592, 1368, 1293, 1259, 1150;  

1H NMR (400 MHz, CDCl3): δ 5.83–5.81 (1H, m, H-4ꞌ), 4.98–4.96 (1H, m, H-3ꞌ), 4.51–4.47 (1H, m, 

H-1ꞌꞌ*), 4.41–4.37 (1H, m, H-1ꞌꞌ), 3.79–3.76 (3H, m, OCH3), 3.71–3.68 (1H, m, Ha-6), 3.53–3.47 (1H, 

m, Hb-6), 3.43–3.36 (1H, m, Ha-6*), 2.67–2.60 (2H, m, H-3 and Ha-3ꞌꞌ), 2.49–2.39 (1H, m, Hb-3ꞌꞌ), 2.00–

1.88 (2H, m, Ha-4 and Ha-5), 1.84–1.76 (2H, m, H-2ꞌꞌ*), 1.74–1.61 (4H, m, Hb-4, Hb-5 and H-2ꞌꞌ), 1.50–

1.49 (9H, m, C(CH3)3), 0.874–0.869 (9H, m, Si(CH2)2C(CH3)3), 0.831–0.825 (9H, m, 

Si(CH2)2C(CH3)3*), 0.10–0.098 (2H, m, Si(CH2)2C(CH3)3*), 0.056–0.037 (4H, m, 2 × 

Si(CH2)2C(CH3)3), –0.015–0.035 (2H, m, Si(CH2)2C(CH3)3*);   

 

13C NMR (100 MHz, CDCl3): δ 172.3 (C, C-2*), 171.8 (C, C-2), 160.5 (C, C-5ꞌ*), 160.4 (C, C-5ꞌ), 

153.1 (C, C=O), 152.9 (C, C=O*), 145.9 (C-2ꞌ), 145.2 (C-2ꞌ*), 105.8 (CH, C-3ꞌ*), 105.5 (CH, C-3ꞌ), 

82.9 (C, C(CH3)3), 82.7 (C, C(CH3)3*), 79.54 (CH, C-4ꞌ*), 79.49 (CH, C-4ꞌ), 72.1 (CH, C-1ꞌꞌ*), 71.7 

(CH, C-1ꞌꞌ), 57.7 (CH3, OCH3), 50.5 (CH, C-3), 49.1 (CH, C-3*), 46.71 (CH2, C-6*), 46.66 (CH2, C-6), 

33.6 (CH2, C-2ꞌꞌ*), 31.3 (CH2, C-2ꞌꞌ), 28.1 (3 × CH3, C(CH3)3), 26.0 (3 × CH3, Si(CH2)2C(CH3)3*), 25.9 

(3 × CH3, Si(CH2)2C(CH3)3*), 25.1 (CH2, C-3ꞌꞌ), 24.6 (CH2, C-3ꞌꞌ*), 22.5 (CH2, C-4 or C-5), 22.3 (CH2, 

C-4* or C-5*), 20.7 (CH2, C-4 or C-5), 20.0 (CH2, C-4* or C-5*), 18.1 (C, Si(CH2)2C(CH3)3), –4.3 

(CH2, Si(CH2)2C(CH3)3*), –4.5 (CH2, Si(CH2)2C(CH3)3), –4.6 (CH2, Si(CH2)2C(CH3)3), –4.7 

Si(CH2)2C(CH3)3*);        

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C24H41NNaO6Si 490.2595; found 490.2586. 

*Denotes minor diastereomer.  
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1ꞌ-(tert-Butoxycarbonyl)-5'-((tert-butyldimethylsilyl)oxy)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-

2ꞌH,5H-spiro[furan-2,8'-quinolin]-5-one (359) 

 

To a stirred solution of lactam 365a/b (0.250 mg, 0.53 mmol), in THF (4.8 mL) at -78 °C, Super Hydride 

(1.34 mL, 1.34 mmol, 1 M in THF) was added dropwise and the reaction was allowed to stir for 3 h at 

the same temperature. H2O (1 ml) was added and the separated aqueous layer was further extracted with 

EtOAc (3 × 5 ml). The combined organic layers were washed brine (3 mL), dried over anhydrous 

Na2SO4 and the solvent was removed in vacuo. The crude product was used without further purification.  

To a stirred solution of the crude hemiaminal (250 mg, 0.53 mmol) in CH2Cl2 (11 mL) at 0 °C, a solution 

of PPTS (0.18 g, 0.27 mmol) in CH2Cl2 (1 mL) was added dropwise and the reaction was stirred for 15 

min at the same temperature. Saturated aqueous NaHCO3 (3 mL) was added and the separated aqueous 

layer was extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with brine (5 

mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was 

purified by flash chromatography (pet. ether-EtOAc 19:1, 0.5% Et3N) to give title compound 359 (120 

mg, 52%, as a mixture of six rotamers and diastereomers) as a colourless solid. Recrystallisation (pet. 

ether and THF).   

mp 135–146 °C.  

IR vmax (neat): 2953, 2858, 1769, 1689, 1445, 1404, 1365, 1250, 1162, 1067; 

Due to the complex mixture, 1H NMR and 13C NMR spectral data is not reported; 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C23H39NNaO5Si 460.2490, found 460.2477. 
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5'-Hydroxy-1ꞌ-(tert-butoxycarbonyl)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2ꞌH,5H-spiro[furan-

2,8'-quinolin]-5-one (360) 

 

To a stirred solution of tricycle 359 (120 mg, 0.27 mmol) in THF (3.5 mL) at 0 °C, TBAF (1.10 mL, 

1.10 mmol, 1 M in THF) was added and the reaction was stirred for 3.5 h at 0 °C. H2O (2 mL) was 

added and the separated aqueous layer was extracted with EtOAc (3 × 10 mL). The combined organic 

layers were washed with brine (5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude residue was purified by flash chromatography (EtOAc, 0.5% Et3N) to give title 

compound 360 (81 mg, 91%, as a mixture of rotamers and diastereomers) as a white foam. 

IR vmax (neat): 3456, 2930, 2252, 1767, 1744, 1669, 1405, 1366, 1156; 

Due to the complex mixture, 1H NMR and 13C NMR spectral data is not reported; 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H25NNaO5 346.1625, found 346.1638. 
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1ꞌ-(tert-Butoxycarbonyl)-2ꞌ,3',4',4a',6ꞌ,7ꞌ,8a'-hexahydro-5'H,5H-spiro[furan-2,8'-quinoline]-5,5'-

dione (322a/b) 

 

Method A 

To a stirred solution of alcohol 360 (40 mg, 0.12 mmol) in DMSO (1 mL), IBX (52 mg, 0.19 mmol) 

was added and the reaction was stirred at 40 °C for 3 h. The mixture was cooled to rt, diluted with Et2O 

(5 mL) and saturated aqueous Na2S2O3 (0.25 mL) was added. The separated aqueous layer was extracted 

with Et2O (3 × 5 mL), the combined organic layers were washed with brine (2 mL), dried over 

anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (pet. ether-EtOAc 4:1, 0.5% Et3N) to give title compound 322a/b (22 mg, 55%, 9:1 

mixture of diastereomers, rotamer of major diastereomer observed, relative stereochemistry shown) as 

a white oil. 

Method B 

To a stirred solution of alcohol 360 (0.033 g, 0.010 mmol) in EtOAc (1 mL), IBX (0.042 g, 0.15 mmol) 

was added and the reaction was heated at reflux for 1 h. The reaction was allowed to cool to 0 °C for 

15 min before it was filtered through a pad of Celite® and the solvent was removed in vacuo. The crude 

residue was diluted with EtOAc (3 mL) and cool to 0 °C for 15 min. The mixture was filtered through 

a pad of Celite® and the filtrate was washed with saturated aqueous Na2S2O3 (0.5 mL), brine (1 mL) 

and dried over anhydrous Na2SO4. The solvent was removed in vacuo to give title compound 322a/b 

(0.033 g, quant) which was used without further purification. The purity of ketone 322a/b from method 

B is acceptable in comparison to method A.  

IR νmax (neat): 2927, 2856, 1763, 1713, 1682, 1477, 1404, 1366, 1271, 1152;  

1H NMR (400 MHz, CDCl3): δ 7.57 (1H, d, J = 5.6 Hz, H-3), 7.54 (1H, d, J = 5.6 Hz, H-3**), 7.38 

(1H, d, J = 5.6 Hz, H-3*), 6.11 (1H, d, J = 6.1 Hz, H-4*), 6.01 (1H, d, J = 5.5 Hz, H-4), 5.95 (1H, d, J 

= 5.5 Hz, H-4**), 4.71 (1H, d, J = 6.7 Hz, H-8aꞌ and H-8aꞌ**), 4.55 (1H, d, J = 6.5 Hz, H-8aꞌ*), 4.15 

(1H, dd, J = 13.7, 4.7 Hz, Ha-2ꞌ*), 3.93 (1H, dd, J = 13.4, 5.0 Hz, Ha-2ꞌ), 3.81–3.76 (1H, m, Ha-2ꞌ**), 

3.22–3.14 (1H, m, Hb-2ꞌ*), 2.98–2.88 (2H, m, Hb-2ꞌ and Ha-6ꞌ), 2.72–2.66 (1H, m, H-4aꞌ), 2.49 (1H, 

ddd, J = 14.5, 5.5, 2.1 Hz, Hb-6ꞌ*), 2.45–2.42 (1H, m, Hb-6ꞌ), 2.21–2.00 (2H, m, Ha-4ꞌ and Ha-7ꞌ), 1.94–

1.87 (1H, m, Hb-7ꞌ), 1.80–1.74 (2H, m, Ha-3ꞌ and Hb-4ꞌ), 1.46 (9H, s, C(CH3)3*), 1.40 (10H, s, Hb-3ꞌ and 

C(CH3)3); 



Chapter Three: Experimentals 

 

198 

13C NMR (100 MHz, CDCl3): δ 210.0 (C, C-5ꞌ*), 209.9 (C, C-5ꞌ), 172.2 (C, C-5), 171.5 (C, C-5*) 159.4 

(CH, C-3), 158.2 (CH, C-3*), 155.1 (C, C=O), 153.6 (C, C=O*), 121.5 (CH, C-4*), 120.2 (CH, C-4), 

119.3 (CH, C-4**), 91.3 (C, C-2), 81.2 (C, C(CH3)3*), 80.8 (C, C(CH3)3), 54.2 (CH, C-8aꞌ*), 52.9 (CH, 

C-8aꞌ), 51.6 (CH, C-4aꞌ* and C-4a**), 50.9 (CH, C-4aꞌ), 41.2 (CH2, C-2ꞌ), 39.9 (CH2, C-2ꞌ*), 37.7 (CH2, 

C-6ꞌ*), 34.4 (CH2, C-6ꞌ), 31.9 (CH2, C-7ꞌ*), 31.4 (CH2, C-7ꞌ), 28.6 (3 × CH3, C(CH3)3*), 28.3 (3 × CH3, 

C(CH3)3), 25.2 (CH2, C-4ꞌ), 24.3 (CH2, C-3ꞌ), 24.1 (CH2, C-3ꞌ*);  

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H23NNaO5 344.1468; found 344.1472. 

*Denotes minor rotamer of major diastereomer.  

**Denotes minor diastereomer. 
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1ꞌ-(tert-Butoxycarbonyl)-1ꞌ,2ꞌ,3',4',4a',8a'-hexahydro-5'H,5H-spiro[furan-2,8'-quinoline]-5,5'-

dione (325) 

 

To a stirred solution of ketones 322a/b (60 mg, 0.19 mmol) in THF (0.8 mL) at –78 °C, LiHMDS (0.24 

mL, 0.222 mmol, 0.9 M in hexanes) was added dropwise. The reaction was allowed to warm to –40 °C 

and stirred for 1 h before being cooled to –78 °C. SePhCl (42 mg, 0.22 mmol) in THF (0.2 mL) was 

added and the reaction was stirred for 1 h at –40 °C. Saturated aqueous NaHCO3 (0.4 mL) was added 

and the separated aqueous layer was extracted with EtOAc (3 × 5 mL). The combined organic layers 

were washed with brine (2 mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo 

to give crude seleno-product 362 which was used without further purification.  

To a stirred solution of the crude seleno-product 362 and pyridine (21 µL, 0.26 mmol) in CH2Cl2 (0.5 

mL) at 0 °C, 30% aqueous H2O2 (0.10 mL, 0.96 mmol) was added dropwise and the reaction was stirred 

at 0 °C for 30 min. Saturated aqueous NaHCO3 (0.2 mL) was added and the separated aqueous layer 

was extracted with EtOAc (3 × 5 mL). The combined organic layers were washed with brine (2 mL), 

dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified 

by flash chromatography (pet. ether-EtOAc 4:1, 0.5% Et3N) to give title compound 325 (18 mg, 30%, 

4:1 mixture of rotamers, relative stereochemistry shown) as a white solid. 

IR νmax (neat): 2926, 2854, 1768, 1677, 1455, 1402, 1366, 1270, 1156.  

1H NMR (400 MHz, CDCl3): δ 7.56 (1H, d, J = 6.0 Hz, H-3), 7.37 (1H, d, J = 5.6 Hz, H-3*), 6.47 (1H, 

d, J = 10.5, H-6ꞌ), 6.46 (1H, d, J = 10.0 Hz, H-6ꞌ*), 6.28 (1H, d, J = 10.5 Hz, H-7ꞌ*), 6.27 (1H, d, J = 

9.7 Hz, H-7ꞌ), 6.21 (1H, d, J = 5.6 Hz, H-4*), 6.11 (1H, d, J = 5.5 Hz, H-4), 4.98 (1H, d, J = 6.1 Hz, H-

8aꞌ), 4.81 (1H, d, J = 6.2 Hz, H-8aꞌ*), 4.17 (1H, dd, J = 13.6, 5.7 Hz, Ha-2ꞌ*), 3.95 (1H, dd, J = 13.4. 

5.0 Hz, Ha-2ꞌ), 3.07 (1H, td, J = 20.3, 3.5 Hz, Hb-2ꞌ and Hb-2ꞌ*), 2.69 (1H, ddd, J = 12.9, 6.0, 4.3 Hz, H-

4aꞌ and H-4aꞌ*), 2.06–1.81 (3H, m, Ha-3ꞌ, H-4ꞌ, Ha-3ꞌ* and H-4ꞌ*), 1.57–1.48 (1H, m, Hb-3ꞌ and Hb-3ꞌ*), 

1.45 (9H, s, C(CH3)3*), 1.40 (9H, s, C(CH3)3);  

 

13C NMR (100 MHz, CDCl3): δ 199.68 (C, C-5ꞌ), 199.61 (C, C-5ꞌ*), 171.6 (C, C-5 and C-5*), 158.2 

(CH, C-3), 157.0 (CH, C-3*), 155.32 (C, C=O*), 155.28 (C, C=O), 140.7 (CH, C-7ꞌ*), 140.6 (CH, C-

6ꞌ), 132.2 (CH, C-7ꞌ), 122.4 (CH, C-4*), 121.1 (CH, C-4), 86.9 (C, C-2), 86.3 (C, C-2*), 81.3 (C, 

C(CH3)3*), 80.9 (C, C(CH3)3), 51.7 (CH, C-8aꞌ*), 50.6 (CH, C-8aꞌ), 47.6 (CH, C-4aꞌ*), 47.0 (CH, C-
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4aꞌ), 41.7 (CH2, C-2ꞌ), 40.5 (CH2, C-2ꞌ*), 28.6 (3 × CH3, C(CH3)3*), 28.3 (3 × CH3, C(CH3)3), 25.2 

(CH2, C-3ꞌ* or C-4ꞌ*), 25.1 (CH2, C-3ꞌ or C-4ꞌ), 25.0 (CH2, C-3ꞌ or C-4ꞌ), 24.8 (CH2, C-3ꞌ* or C-4ꞌ*);   

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H21NNaO5 342.1312; found 342.1312.  

*Denotes minor rotamer.  
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7'-Hydroxy-1ꞌ-(tert-butoxycarbonyl)-1ꞌ,2ꞌ,3',4',4a',6ꞌ,7ꞌ,8a'-octahydro-5H,5ꞌH-spiro[furan-2,8'-

quinoline]-1'(5'H)-5,5'-dione (363) 

 

To a stirred solution of enone 325 (2 mg, 5.48 µmol) in CH2Cl2 (0.25 mL) at 0 °C, DBU (0.5 µL, 2.74 

µmol) was added. The reaction was allowed to warm rt and stirred for 4 h. The reaction was diluted 

with CH2Cl2 (2 mL) before saturated aqueous NaHCO3 (0.5 mL) was added and the separated aqueous 

layer was extracted with CH2Cl2 (3 × 5 mL). The combined organic layers were washed with brine (2 

mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was 

purified by flash chromatography (pet. ether-EtOAc 2:1, 0.5% Et3N) to give title compound 363 (1.4 

mg, 76%, 3:1 mixture of rotamers, relative stereochemistry shown) as a white solid. 

 IR νmax (neat): 2923, 2855, 1774, 1687, 1407, 1276, 1162; 

1H NMR (500 MHz, CDCl3): δ 7.93 (1H, d, J = 6.0 Hz, H-3), 7.77 (1H, d, J = 5.4 Hz, H-3*), 6.16 (1H, 

d, J = 5.4 Hz, H-4*), 6.09 (1H, d, J = 5.4 Hz, H-4), 5.19 (1H, d, J = 6.8 Hz, H-8aꞌ), 5.1 (1H, d, J = 6.5 

Hz, H-8aꞌ*), 4.20–4.16 (1H, m, Ha-2ꞌ*), 3.99–3.95 (3H, m, Ha-2ꞌ, H-7ꞌ and H-7ꞌ*), 3.23–3.15 (2H, m, 

Ha-6ꞌ and Ha-6ꞌ*), 2.92 (1H, td, J = 20.2, 3.2 Hz, Hb–2ꞌ), 2.89–2.83 (1H, m, Hb–2ꞌ*), 2.76–2.70 (2H, m, 

H-4aꞌ and H-4aꞌ*) 2.56–2.51 (2H, m, Hb-6ꞌ and Hb-6ꞌ*), 2.15–2.03 (4H, m, H-4ꞌ and H-4ꞌ*), 1.80–1.74 

(2H, m, H-3ꞌ and H-3ꞌ*), 1.47 (9H, m, C(CH3)3*), 1.41 (9H, m, C(CH3)3);   

 

13C NMR (125 MHz, CDCl3): δ 209.3 (C, C-5ꞌ), 208.1 (C, C-5ꞌ*), 172.1 (C, C-5), 159.4 (CH, C-3), 

158.4 (CH, C-3*), 154.9 (C , C=O), 121.8 (CH, C-4*), 120.7 (CH, C-4), 92.1 (C, C-2), 91.3 (C, C-2*), 

81.1 (C, C(CH3)3*), 80.8 (C, C(CH3)3), 72.9 (CH, C-7ꞌ*), 72.7 (CH, C-7ꞌ), 51.2 (CH, C-4aꞌ* or C-8aꞌ*), 

50.6 (CH, C-4aꞌ), 50.3 (CH, C-4aꞌ* or C-8aꞌ*), 49.2 (CH, C-8aꞌ), 43.6 (CH2, C-6ꞌ*), 43.5 (CH2, C-6ꞌ), 

41.5 (CH2. C-2ꞌ), 40.1 (CH2, C-2ꞌ*), 28.5 (3 × CH3, C(CH3)3*) 28.3 (3 × CH3, C(CH3)3), 24.9 (CH2, C-

4ꞌ), 24.4 (CH2, C-3ꞌ) 24.2 (CH2, C-3ꞌ* or C-4ꞌ*), 22.8 (CH2, C-3ꞌ* or C-4ꞌ*);       

 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C17H23NNaO6 360.1418; found 360.1419.  

*Denotes minor rotamer.  
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1',2',3',4',4a',6',7',8a'-Octahydro-5H,5'H-spiro[furan-2,8'-quinoline]-5,5'-dione (369) 

 

To a stirred solution of ketone 322a/b (15 mg, 0.046 mmol) in EtOAc (0.6 mL) at 0 °C, freshly prepared 

3 M HCl in EtOAc (1.4 mL) was added. The reaction was allowed to warm to rt and stirred for 1.5 h 

before the solvent was removed in vacuo. The crude salt was dissolved in CH2Cl2 (10 mL) and washed 

with NaHCO3 (0.5 ml), brine (0.5 mL), dried over anhydrous Na2SO4 and the solvent was removed in 

vacuo. The crude residue was recrystalised from THF and hexanes to give title compound 369 (3.5 mg, 

34%, relative stereochemistry shown) as colourless square crystals. 

mp 132–148 °C;  

IR νmax (neat): 2925, 2855, 1749, 1709, 1443, 1260, 1236, 1199, 1124, 1071, 1033;  

1H NMR (400 MHz, CDCl3): δ 7.37 (1H, d, J = 5.4 Hz, H-3), 6.17 (1H, d, J = 5.9 Hz, H-4), 3.07–3.02 

(1H, m, Ha-2ꞌ), 2.90 (1H, d, J = 11.2 Hz, H-8aꞌ), 2.91–2.82 (1H, m, Ha-6ꞌ), 2.66–2.60 (1H, m, H-4aꞌ), 

2.52–2.41 (2H, m, Hb-2ꞌ and Hb-6ꞌ), 2.18–2.10 (2H, m, Ha-4ꞌ and Ha-7ꞌ), 2.00–1.94 (1H, m, Hb-7ꞌ), 1.75–

1.68 (1H, m, Ha-3ꞌ), 1.54–1.44 (1H, m, Hb-4ꞌ), 1.39–1.29 (1H, m, Hb-3ꞌ);  

13C NMR (100 MHz, CDCl3): δ 208.1 (C, C-5ꞌ), 171.9 (C, C-5), 158.6 (CH, C-3), 121.8 (CH, C-4), 

88.2 (C, C-2), 63.8 (CH, C-8aꞌ), 50.8 (CH, C-4aꞌ), 46.1 (CH2, C-2ꞌ), 37.3 (CH2, C-6ꞌ), 33.3 (CH2, C-7ꞌ), 

26.3 (CH2, C-3ꞌ), 23.9 (CH2, C-4ꞌ);   

HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C12H16NO3 222.1125; found 222.1122. 
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Diethyl 2-1'-(tert-butoxycarbonyl)-5,5'-dioxo-1',2ꞌ,3',4',4a',6ꞌ,7ꞌ,8'-octahydro-5'H,5H-

spiro[furan-2,8'-quinolin]-7'-yl)malonate (371) 

 

To a stirred solution of diethyl malonate (31 µL, 0.23 mmol) in THF (3.6 mL) at 0 °C, NaH (60% in 

oil, 9 mg, 0.23 mmol) was added and the resulting solution stirred for 20 min. A solution of enone 325 

(12 mg, 38 µmol) in THF (0.6 mL) was added dropwise and the reaction was stirred for a further 4 h at 

0 °C. Saturated aqueous NH4Cl (1 mL) was added and the separated aqueous layer was extracted with 

EtOAc (3 × 5 mL). The combined organic layers were washed with brine (2 mL), dried over anhydrous 

Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash chromatography 

(pet. ether-EtOAc 9:1, 0.5% Et3N) to give title compound 371 (11 mg, 60%, 4:1 mixture of rotamers, 

relative stereochemistry shown) as a white solid. 

IR νmax (neat): 2925, 2854, 1728, 1683, 1455, 1367, 1258, 1157, 1029; 

1H NMR (400 MHz, CDCl3): δ 7.59 (1H, d, J = 5.7 Hz, H-3), 7.48 (1H, d, J = 5.7 Hz, H-3*), 6.17–6.15 

(1H, m, Hz, H-4*), 6.06 (1H, d, J = 5.7 Hz, H-4), 4.97 (1H, d, J = 6.9 Hz, H-8aꞌ), 4.87 (1H, d, J = 6.6 

Hz, H-8aꞌ*), 4.27–4.15 (8H, m, CH(CO2CH2CH3)2 and CH(CO2CH2CH3)2*), 3.93 (1H, dd, J = 13.4, 

4.0 Hz, Ha-2ꞌ), 3.61 (1H, d, J = 5.9 Hz, CH(CO2CH2CH3)2), 3.50 (1H, d, J = 5.4 Hz, 

CH(CO2CH2CH3)2*), 3.05 (1H, dd, J = 16.5, 6.5 Hz, Ha-6ꞌ and Ha-6ꞌ*), 2.91–2.88 (1H, m, H-7ꞌ and H-

7ꞌ*), 2.86–2.76 (2H, m, Hb-2ꞌ and Hb-2ꞌ*), 2.66 (2H, quint., J = 6.2 Hz, H-4aꞌ and H-4aꞌ*), 2.57 (1H, dd, 

J = 16.5, 2.3 Hz, Hb-6ꞌ and Hb-6ꞌ*), 2.08–1.98 (2H, m, Ha-4ꞌ and Ha-4ꞌ*), 1.82–1.74 (4H, m, Ha-3ꞌ, Ha-

3ꞌ*, Hb-4ꞌ and Hb-4ꞌ*), 1.47 (9H, s, C(CH3)3*), 1.39 (11H, m, Hb-3ꞌ, Hb-3ꞌ* and C(CH3)3), 1.30–1.24 

(12H, m, CH(CO2CH2CH3)2 and CH(CO2CH2CH3)2*);   

13C NMR (100 MHz, CDCl3): δ 208.2 (C, C-5ꞌ), 171.3 (C, C-5), 167.7 (C, CH(CO2CH2CH3)2), 167.4 

(C, CH(CO2CH2CH3)2), 157.1 (CH, C-3), 155.1 (C, C=O), 122.8 (CH, C-4*), 121.4 (CH, C-4), 93.3 (C, 

C-2), 92.6 (C, C-2*), 80.7 (C, C(CH3)3), 62.7 (OCH2, CH(CO2CH2CH3)2), 62.6 (OCH2, 

CH(CO2CH2CH3)2), 52.4 (CH, CH(CO2CH2CH3)2), 50.1 (CH, C-8aꞌ), 49.5 (CH, C-4aꞌ), 42.6 (CH, C-

7ꞌ), 41.4 (CH2. C-2ꞌ), 37.8 (CH2, C-6ꞌ), 28.6 (3 × CH3, C(CH3)3*), 28.3 (3 × CH3, C(CH3)3), 25.7 (CH2, 

C-3ꞌ or C-4ꞌ), 24.5 (CH2, C-3ꞌ or C-4ꞌ), 24.3 (CH2, C-3ꞌ* or C-4ꞌ*), 14.0 (CH3, CH(CO2CH2CH3)2), 13.9 

(CH3, CH(CO2CH2CH3)2);      

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C24H33NNaO9 502.2048; found 502.2042. 

*Denotes minor rotamer.  
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Diethyl (5,5'-dioxo-1',2ꞌ,3',4',4a',5',6',7',8'-octahydro-5'H,5H-spiro[furan-2,8'-quinolin]-7'-

yl)malonate (372a/b) 

 

To a stirred solution of diester 371 (16 mg, 0.033 mmol) in EtOAc (0.5 mL) at 0 °C, 2 M HCl in EtOAc 

(1.1 mL) was added. The reaction warmed to rt, stirred for 2.5 h and the solvent was removed in vacuo. 

The crude salt was dissolved in CH2Cl2 (10 mL), washed with NaHCO3 (0.5 ml), brine (0.5 mL), dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude residue was purified by flash 

chromatography (EtOAc, 0.5% Et3N) to give title compounds 372a and 372b (5.6 mg, 44%, 3.5:1 

mixture of diastereomers, relative stereochemistry shown) as a white solid. 

IR νmax (neat): 2959, 2923, 2852, 1774, 1727, 1463, 1264, 1158; 

1H NMR (400 MHz, CDCl3): δ 7.40 (1H, d, J = 5.9 Hz, H-3), 7.37 (1H, d, J = 5.9 Hz, H-3*), 6.20 (1H, 

d, J = 5.4 Hz, H-4), 6.13 (1H, d, J = 5.9 Hz, H-4*), 4.26–4.09 (4H, m, CH(CO2CH2CH3)2), 3.77–3.62 

(4H, m, CH(CO2CH2CH3)2)*), 3.46–3.45 (1H, m, CH(CO2CH2CH3)2), 3.35 (1H, d, J = 5.6 Hz, 

CH(CO2CH2CH3)2*), 3.35 (1H, d, J = 5.6 Hz, H-8a*), 3.30–3.25 (1H, m, H-7ꞌ*), 3.09–2.97 (4H, m, Ha-

2ꞌ, Ha-6ꞌ, H-7ꞌ and H-8aꞌ), 2.93–2.86 (1H, m, Ha-6ꞌ*), 3.00–2.75 (1H, m, Hb-6ꞌ*), 2.61–2.45 (3H, m, Hb-

2ꞌ, H-4aꞌ and Hb-6ꞌ), 2.40–2.35 (1H, m, Ha-3ꞌ* or Ha-4ꞌ*), 2.26–2.21 (1H, m, Ha-3ꞌ or Ha-4ꞌ) 1.74–1.69 

(2H, m, Ha-3ꞌ or Ha-4ꞌ and Hb-3ꞌ* or Hb-4ꞌ*), 1.45–1.34 (2H, m, Hb-3ꞌ, Hb-4ꞌ and Ha-3ꞌ* or Ha-4ꞌ* and 

Hb-3ꞌ* or Hb-4ꞌ*) 1.30–1.22 (6H, m, CH(CO2CH2CH3)2 and CH(CO2CH2CH3)2*).      

 

13C NMR (100 MHz, CDCl3): δ 206.4 (C, C-5ꞌ), 171.1 (C, C-5), 167.8 (C=O, CH(CO2CH2CH3)2*), 

167.6 (C=O, CH(CO2CH2CH3)2), 167.4 (C=O, CH(CO2CH2CH3)2), 156.8 (CH, C-3), 154.2 (CH, C-

3*), 122.7 (CH, C-4), 122.3 (CH, C-4*), 90.1 (C, C-2), 88.8 (C, C-2*), 62.6 (OCH2, CH(CO2CH2CH3)2), 

62.5 (OCH2, CH(CO2CH2CH3)2), 62.3 (OCH2, CH(CO2CH2CH3)2*), 61.8 (OCH2, CH(CO2CH2CH3)2*), 

60.2 (CH, C-8aꞌ), 52.9 (CH, CH(CO2CH2CH3)2), 50.6 (CH, C-4aꞌ), 50.4 (CH, CH(CO2CH2CH3)2*), 50.0 

(CH, C-4aꞌ*), 46.4 (CH2, C-2ꞌ), 43.5 (CH, C-7ꞌ), 41.7 (CH, C-7ꞌ*), 40.2 (CH2, C-6ꞌ), 34.4 (CH2, C-6ꞌ*) 

27.7 (CH2, C-3ꞌ* or C-4ꞌ*), 26.7 (CH2, C-3ꞌ or C-4ꞌ), 24.1 (CH2, C-3ꞌ or C-4ꞌ), 22.2 (CH2, C-3ꞌ* or C-

4ꞌ*), 14.3 (CH3, CH(CO2CH2CH3)2*), 14.13 (CH3, CH(CO2CH2CH3)2*), 14.07 (CH3, 

CH(CO2CH2CH3)2), 14.0 (CH3, CH(CO2CH2CH3)2).           

HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for C19H26NO7 380.1704; found 380.1699. 

*Denotes minor diastereomer 
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ethyl-5,7'-dioxo-1',3',4',4a',5',8',9',10a'-octahydro-2'H,5H,7'H-spiro[furan-2,10'-

[5,9]methanooxocino[4,3-b]pyridine]-8'-carboxylate (737) 

 

To a stirred solution of ketoamines 372a/b (5 mg, 13 µmol) in MeOH/THF (0.2 mL, 1:1) at –40 °C, 

NaBH4 (~3 mg, 98 µmol) was added. The reaction was allowed to stir for 1 h before it was warmed to 

rt and stirred for a further 1 h. The reaction was quenched with 2 drops of water and the solvent was 

removed in vacuo. The purification of the crude material was attempted by flash chromatography and 

preparative TLC (CH2Cl2, 5% MeOH, 0.5% Et3N) to give a trace amount of title compound 373 (~0.5 

mg, 10%). Difficulties experienced during isolation and purification lead to the degradation of 373, 

therefore, adequate 1H and 13C NMR spectra could not be obtained.   

HRMS (ESI/Q-TOF) m/z: [M+H]+ calcd for C17H22NO6 336.1442; found 336.1442. 
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5,5-bis(5-Methylfuran-2-yl)-1-tosyl-pentan-1-amine (210) 
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2-(5-Methylfuran-2-yl)-1-tosyl-piperidine (211) 
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5,5-bis(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-amino-pentane (215) 
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2-(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-piperidine (216) 
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5-(piperidin-1-tosyl-2-yl)furan-2(5H)-one (217) 
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2-(5-Methylfuran-2-yl)-1-tosyl-pyrrolidine (219) 
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2-(5-methylfuran-2-yl)-1-(tert-Butoxycarbonyl)-pyrrolidine (220) 
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1,4,5,6-Tetrahydropyridine-1-tosyl-3-carbaldehyde (224) 
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1-(1,4,5,6-tetrahydropyridin-3-yl)-1-tosyl-propan-1-ol (225) 
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3-(hex-3-en-1-yl)-1,4,5,6-1-tosyl-tetrahydropyridine (233) 
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5-(Methoxymethyl)-1-tosyl-1,2,3,4-tetrahydropyridine (245) 
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3-(but-3-en-1-yl)-1-tosyl-1,4,5,6-tetrahydropyridine (246b) 
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4-(1,4,5,6-tetrahydropyridin-3-yl)butan-1-ol (247-1) 
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3-(1-iodobutyl)-1-tosyl-1,4,5,6-tetrahydropyridine (247) 
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5-(4-(5-methoxyfuran-2-yl)butyl)-1-tosyl--1,4,5,6-tetrahydropyridine (248) 
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2-(3-Bromopropyl)-5-methoxyfuran (268) 
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1-((4-(4-(5-methoxyfuran-2-yl)butyl)phenyl)sulfonyl)piperidin-2-one (269) 
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3-Allyl-1-tosylpiperidin-2-one (275) 
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3-(3-(furan-2-yl)propyl)piperidin-2-one (279) 
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3-(3-(5-Methoxyfuran-2-yl)propyl)piperidin-2-one (280) 
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3-(3-(furan-2-yl)propyl)-1-tosyl-piperidin-2-one (285) 
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5-(tosylamino)-2-(3-(furan-2-yl)propyl)pentan-1-ol (287) 
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1-(tert-butoxycarbonyl)-3-(3-(furan-2-yl)propyl)piperidin-2-one (289) 
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1-(tert-Butoxycarbonyl)-3-(3-(furan-2-yl)propyl)-1,4,5,6-tetrahydropyridine (292) 
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1-(tert-butoxycarbonyl)-3-(3-(furan-2-yl)propyl)-3-methylpiperidin-2-one (295) 
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3-(3-(furan-2-yl)propyl)-3-methyl-2-(5-methylfuran-2-yl)piperidine (299) 
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1-(tert-Butoxycarbonyl)-3-(3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (303) 
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1-(Benzyloxycarbonyl)-3-(3-(5-methoxyfuran-2-yl)propyl)-1-tosyl-piperidin-2-one (304) 
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1ꞌ-(tert-Butoxycarbonyl)-1',3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2H,5H-spiro[furan-2,8'-quinolin]-5-

one (313a/b) 
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1',3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2H,5H-spiro[furan-2,8'-quinolin]-5-one (320) 
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1ꞌ-(Benzyloxycarbonyl)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2'H,5H-spiro[furan-2,8a'-quinolin]-

5-one (321a/b) 
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3-(1-Hydroxy-3-phenylpropyl)piperidin-2-one (338) 
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3-(3-(Furan-2-yl)-1-hydroxypropyl)piperidin-2-one (339) 
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3-(3-(Furan-2-yl)-1-((triisopropylsilyl)oxy)propyl)piperidin-2-one (340) 
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1-(tert-Butoxycarbonyl)-3-(3-(furan-2-yl)-1-((triisopropylsilyl)oxy)propyl)piperidin-2-one (341) 
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1-(tert-Butoxycarbonyl)-(E)-3-(3-(furan-2-yl)prop-1-en-1-yl)-1,4,5,6-tetrahydropyridine (347) 
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5-Methoxyfuran-2-carbaldehyde (349-1) 

 

 

 

 



Appendix A: NMR Spectra of Novel Compounds 

 

247 

Methyl 3-(5-methoxyfuran-2-yl)propanoate (350) 
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3-(5-Methoxyfuran-2-yl)propanal (330) 
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3-(1-Hydroxy-3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (353a/b) 
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3-(1-((tert-Butyldimethylsilyl)oxy)-3-(5-methoxyfuran-2-yl)propyl)piperidin-2-one (355a/b) 
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1-(tert-Butoxycarbonyl)-3-(1-((tert-butyldimethylsilyl)oxy)-3-(5-methoxyfuran-2-

yl)propyl)piperidin-2-one (356a/b) 
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1ꞌ-(tert-Butoxycarbonyl)-5'-((tert-butyldimethylsilyl)oxy)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-

2ꞌH,5H-spiro[furan-2,8'-quinolin]-5-one (359) 
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5'-Hydroxy-1ꞌ-(tert-butoxycarbonyl)-1',2ꞌ,3',4',4a',5ꞌ,6ꞌ,7ꞌ,8a'-octahydro-2ꞌH,5H-spiro[furan-

2,8'-quinolin]-5-one (360) 
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1ꞌ-(tert-Butoxycarbonyl)-2ꞌ,3',4',4a',6ꞌ,7ꞌ,8a'-hexahydro-5'H,5H-spiro[furan-2,8'-quinoline]-5,5'-

dione (322a/b) 
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1ꞌ-(tert-Butoxycarbonyl)-1ꞌ,2ꞌ,3',4',4a',8a'-hexahydro-5'H,5H-spiro[furan-2,8'-quinoline]-5,5'-

dione (325) 
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7'-Hydroxy-1ꞌ-(tert-butoxycarbonyl)-1ꞌ,2ꞌ,3',4',4a',6ꞌ,7ꞌ,8a'-octahydro-5H,5ꞌH-spiro[furan-2,8'-

quinoline]-1'(5'H)-5,5'-dione (363) 
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1',2',3',4',4a',6',7',8a'-Octahydro-5H,5'H-spiro[furan-2,8'-quinoline]-5,5'-dione (369) 
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Diethyl 2-1'-(tert-butoxycarbonyl)-5,5'-dioxo-1',2ꞌ,3',4',4a',6ꞌ,7ꞌ,8'-octahydro-5'H,5H-

spiro[furan-2,8'-quinolin]-7'-yl)malonate (371) 
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Diethyl (5,5'-dioxo-1',2ꞌ,3',4',4a',5',6',7',8'-octahydro-5'H,5H-spiro[furan-2,8'-quinolin]-7'-

yl)malonate (372a/b) 
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Data for X-ray crystal structure of 313a 

Identification code        NZB520 

    Empirical formula         C17 H25 N O4 

    Formula weight          307.38 

    Temperature            100(2) K 

    Wavelength            1.54184 A 

    Crystal system, space group    Monoclinic, P 21 

    Unit cell dimensions       a = 6.5154(2) A  alpha = 90 deg. 

                    b = 11.2728(3) A  beta = 92.362(2) deg. 

                    c = 11.1905(3) A  gamma = 90 deg. 

    Volume              821.21(4) A^3 

    Z, Calculated density       2, 1.243 Mg/m^3 

    Absorption coefficient      0.714 mm^-1 

    F(000)              332 

    Crystal size           0.120 x 0.080 x 0.050 mm 

    Theta range for data collection  5.573 to 68.249 deg. 

    Limiting indices         -6<=h<=7, -13<=k<=13, -13<=l<=12 

    Reflections collected / unique  9058 / 3004 [R(int) = 0.0444] 

    Completeness to theta = 67.684  99.9 % 

    Refinement method         Full-matrix least-squares on F^2 

    Data / restraints / parameters  3004 / 1 / 202 

    Goodness-of-fit on F^2      1.059 

    Final R indices [I>2sigma(I)]   R1 = 0.0312, wR2 = 0.0787 

    R indices (all data)       R1 = 0.0326, wR2 = 0.0801 

    Absolute structure parameter   0.12(11) 

    Extinction coefficient      n/a 

    Largest diff. peak and hole    0.146 and -0.196 e.A^-3 
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     Table 2. Atomic coordinates ( x 10^4) and equivalent isotropic 

     displacement parameters (A^2 x 10^3) for nzb520. 

     U(eq) is defined as one third of the trace of the orthogonalized 

     Uij tensor. 

             x       y       z      U(eq) 

     C(1)     5945(3)    6672(2)    2113(2)    17(1) 

     C(2)     4453(3)    7319(2)    2822(2)    17(1) 

     C(3)     2599(3)    6914(2)    2521(2)    14(1) 

     C(4)     2710(3)    5970(2)    1582(2)    13(1) 

     C(5)     1663(3)    6375(2)    400(2)    14(1) 

     C(6)     1684(3)    5425(2)    -560(2)    18(1) 

     C(7)     617(3)    4308(2)    -127(2)    21(1) 

     C(8)     1654(3)    3806(2)    1016(2)    20(1) 

     C(9)     1853(3)    4762(2)    2005(2)    15(1) 

     C(10)    3691(4)    3197(2)    786(2)    23(1) 

     C(11)    4603(4)    2674(2)    1955(2)    26(1) 

     C(12)    4915(3)    3630(2)    2903(2)    21(1) 

     C(13)    2496(3)    4535(2)    4213(2)    15(1) 

     C(14)     -60(3)    5549(2)    5399(2)    16(1) 

     C(15)    -2006(3)    6206(2)    5020(2)    22(1) 

     C(16)    -543(4)    4500(2)    6192(2)    22(1) 

     C(17)    1501(4)    6397(2)    5980(2)    22(1) 

     N      3001(3)    4300(2)    3064(1)    17(1) 

     O(1)     7784(2)    6769(2)    2098(1)    24(1) 

     O(2)     4909(2)    5878(1)    1397(1)    16(1) 

     O(3)     3522(2)    4233(1)    5089(1)    20(1) 

     O(4)     691(2)    5125(1)    4240(1)    16(1) 
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      Table 3. Bond lengths [A] and angles [deg] for nzb520. 

      C(1)-O(1)           1.204(3) 

      C(1)-O(2)           1.362(3) 

      C(1)-C(2)           1.473(3) 

      C(2)-C(3)           1.321(3) 

      C(2)-H(2)           0.9300 

      C(3)-C(4)           1.500(3) 

      C(3)-H(3)           0.9300 

      C(4)-O(2)           1.459(2) 

      C(4)-C(5)           1.532(3) 

      C(4)-C(9)           1.553(3) 

      C(5)-C(6)           1.518(3) 

      C(5)-H(5A)          0.9700 

      C(5)-H(5B)          0.9700 

      C(6)-C(7)           1.526(3) 

      C(6)-H(6A)          0.9700 

      C(6)-H(6B)          0.9700 

      C(7)-C(8)           1.530(3) 

      C(7)-H(7A)          0.9700 

      C(7)-H(7B)          0.9700 

      C(8)-C(10)          1.525(3) 

      C(8)-C(9)           1.547(3) 

      C(8)-H(8)           0.9800 

      C(9)-N            1.471(3) 

      C(9)-H(9)           0.9800 

      C(10)-C(11)          1.533(3) 

      C(10)-H(10A)         0.9700 

      C(10)-H(10B)         0.9700 

      C(11)-C(12)          1.519(3) 

      C(11)-H(11A)         0.9700 

      C(11)-H(11B)         0.9700 



Appendix B: X-Ray Crystal Structure Data 

 

268 

      C(12)-N            1.476(3) 

      C(12)-H(12A)         0.9700 

      C(12)-H(12B)         0.9700 

      C(13)-O(3)          1.213(3) 

      C(13)-O(4)          1.352(2) 

      C(13)-N            1.366(3) 

      C(14)-O(4)          1.484(2) 

      C(14)-C(15)          1.514(3) 

      C(14)-C(16)          1.519(3) 

      C(14)-C(17)          1.521(3) 

      C(15)-H(15A)         0.9600 

      C(15)-H(15B)         0.9600 

      C(15)-H(15C)         0.9600 

      C(16)-H(16A)         0.9600 

      C(16)-H(16B)         0.9600 

      C(16)-H(16C)         0.9600 

      C(17)-H(17A)         0.9600 

      C(17)-H(17B)         0.9600 

      C(17)-H(17C)         0.9600 

  

      O(1)-C(1)-O(2)       121.40(19) 

      O(1)-C(1)-C(2)       130.0(2) 

      O(2)-C(1)-C(2)       108.64(17) 

      C(3)-C(2)-C(1)       107.99(18) 

      C(3)-C(2)-H(2)       126.0 

      C(1)-C(2)-H(2)       126.0 

      C(2)-C(3)-C(4)       110.70(17) 

      C(2)-C(3)-H(3)       124.7 

      C(4)-C(3)-H(3)       124.7 

      O(2)-C(4)-C(3)       103.03(15) 

      O(2)-C(4)-C(5)       107.68(15) 
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      C(3)-C(4)-C(5)       111.16(16) 

      O(2)-C(4)-C(9)       110.41(15) 

      C(3)-C(4)-C(9)       112.32(15) 

      C(5)-C(4)-C(9)       111.80(16) 

      C(6)-C(5)-C(4)       112.61(16) 

      C(6)-C(5)-H(5A)       109.1 

      C(4)-C(5)-H(5A)       109.1 

      C(6)-C(5)-H(5B)       109.1 

      C(4)-C(5)-H(5B)       109.1 

      H(5A)-C(5)-H(5B)      107.8 

      C(5)-C(6)-C(7)       109.84(16) 

      C(5)-C(6)-H(6A)       109.7 

      C(7)-C(6)-H(6A)       109.7 

      C(5)-C(6)-H(6B)       109.7 

      C(7)-C(6)-H(6B)       109.7 

      H(6A)-C(6)-H(6B)      108.2 

      C(6)-C(7)-C(8)       112.29(17) 

      C(6)-C(7)-H(7A)       109.1 

      C(8)-C(7)-H(7A)       109.1 

      C(6)-C(7)-H(7B)       109.1 

      C(8)-C(7)-H(7B)       109.1 

      H(7A)-C(7)-H(7B)      107.9 

      C(10)-C(8)-C(7)       112.50(17) 

      C(10)-C(8)-C(9)       112.75(18) 

      C(7)-C(8)-C(9)       111.20(17) 

      C(10)-C(8)-H(8)       106.6 

      C(7)-C(8)-H(8)       106.6 

      C(9)-C(8)-H(8)       106.6 

      N-C(9)-C(8)         110.76(16) 

      N-C(9)-C(4)         112.29(17) 

      C(8)-C(9)-C(4)       114.38(15) 
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      N-C(9)-H(9)         106.3 

      C(8)-C(9)-H(9)       106.3 

      C(4)-C(9)-H(9)       106.3 

      C(8)-C(10)-C(11)      109.79(18) 

      C(8)-C(10)-H(10A)      109.7 

      C(11)-C(10)-H(10A)     109.7 

      C(8)-C(10)-H(10B)      109.7 

      C(11)-C(10)-H(10B)     109.7 

      H(10A)-C(10)-H(10B)     108.2 

      C(12)-C(11)-C(10)      111.01(19) 

      C(12)-C(11)-H(11A)     109.4 

      C(10)-C(11)-H(11A)     109.4 

      C(12)-C(11)-H(11B)     109.4 

      C(10)-C(11)-H(11B)     109.4 

      H(11A)-C(11)-H(11B)     108.0 

      N-C(12)-C(11)        111.04(19) 

      N-C(12)-H(12A)       109.4 

      C(11)-C(12)-H(12A)     109.4 

      N-C(12)-H(12B)       109.4 

      C(11)-C(12)-H(12B)     109.4 

      H(12A)-C(12)-H(12B)     108.0 

      O(3)-C(13)-O(4)       124.80(18) 

      O(3)-C(13)-N        124.07(19) 

      O(4)-C(13)-N        111.11(17) 

      O(4)-C(14)-C(15)      102.43(15) 

      O(4)-C(14)-C(16)      110.04(16) 

      C(15)-C(14)-C(16)      110.68(18) 

      O(4)-C(14)-C(17)      109.69(17) 

      C(15)-C(14)-C(17)      110.52(18) 

      C(16)-C(14)-C(17)      112.97(18) 

      C(14)-C(15)-H(15A)     109.5 



Appendix B: X-Ray Crystal Structure Data 

 

271 

      C(14)-C(15)-H(15B)     109.5 

      H(15A)-C(15)-H(15B)     109.5 

      C(14)-C(15)-H(15C)     109.5 

      H(15A)-C(15)-H(15C)     109.5 

      H(15B)-C(15)-H(15C)     109.5 

      C(14)-C(16)-H(16A)     109.5 

      C(14)-C(16)-H(16B)     109.5 

      H(16A)-C(16)-H(16B)     109.5 

      C(14)-C(16)-H(16C)     109.5 

      H(16A)-C(16)-H(16C)     109.5 

      H(16B)-C(16)-H(16C)     109.5 

      C(14)-C(17)-H(17A)     109.5 

      C(14)-C(17)-H(17B)     109.5 

      H(17A)-C(17)-H(17B)     109.5 

      C(14)-C(17)-H(17C)     109.5 

      H(17A)-C(17)-H(17C)     109.5 

      H(17B)-C(17)-H(17C)     109.5 

      C(13)-N-C(9)        123.72(16) 

      C(13)-N-C(12)        116.91(17) 

      C(9)-N-C(12)        119.15(16) 

      C(1)-O(2)-C(4)       109.64(15) 

      C(13)-O(4)-C(14)      119.79(15) 
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  Table 4. Anisotropic displacement parameters (A^2 x 10^3) for nzb520. 

  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)   16(1)   22(1)   12(1)    3(1)    0(1)   -1(1) 

  C(2)   17(1)   19(1)   14(1)    0(1)    0(1)    0(1) 

  C(3)   14(1)   14(1)   12(1)    0(1)    2(1)    2(1) 

  C(4)   9(1)   15(1)   14(1)    0(1)    1(1)    2(1) 

  C(5)   16(1)   14(1)   12(1)    2(1)    2(1)    1(1) 

  C(6)   23(1)   19(1)   12(1)    0(1)   -1(1)    0(1) 

  C(7)   29(1)   18(1)   15(1)   -2(1)   -2(1)   -4(1) 

  C(8)   28(1)   16(1)   15(1)   -1(1)    1(1)   -2(1) 

  C(9)   19(1)   15(1)   11(1)    1(1)    0(1)    1(1) 

  C(10)  36(1)   20(1)   15(1)   -1(1)    4(1)    5(1) 

  C(11)  36(1)   21(1)   20(1)   -2(1)    4(1)   11(1) 

  C(12)  24(1)   21(1)   17(1)    2(1)    2(1)    9(1) 

  C(13)  18(1)   12(1)   15(1)    1(1)    1(1)   -2(1) 

  C(14)  23(1)   17(1)    9(1)   -3(1)    3(1)    0(1) 

  C(15)  23(1)   26(1)   17(1)    0(1)    5(1)    3(1) 

  C(16)  30(1)   20(1)   16(1)    2(1)    6(1)   -3(1) 

  C(17)  30(1)   21(1)   16(1)   -3(1)    0(1)   -5(1) 

  N    21(1)   17(1)   12(1)    0(1)    0(1)    6(1) 

  O(1)   13(1)   39(1)   19(1)    4(1)    1(1)   -1(1) 

  O(2)   11(1)   21(1)   15(1)   -2(1)    3(1)    2(1) 

  O(3)   24(1)   22(1)   13(1)    2(1)   -2(1)    4(1) 

  O(4)   18(1)   20(1)    9(1)   -1(1)    2(1)    2(1) 
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Data for X-ray crystal structure of 359c 

Identification code        nzb668 

   Empirical formula         C23 H39 N O5 Si 

   Formula weight          437.64 

   Temperature            373(2) K 

   Wavelength            1.54184 A 

   Crystal system, space group    Triclinic, P -1 

   Unit cell dimensions       a = 6.45820(10) A  alpha = 95.2130(10) deg. 

                    b = 13.68330(10) A  beta = 101.3770(10) deg. 

                    c = 14.2694(2) A  gamma = 101.1660(10) deg. 

   Volume              1201.83(3) A^3 

   Z, Calculated density       2, 1.209 Mg/m^3 

   Absorption coefficient      1.124 mm^-1 

   F(000)              476 

   Crystal size           0.100 x 0.080 x 0.050 mm 

   Theta range for data collection  3.188 to 74.300 deg. 

   Limiting indices         -8<=h<=8, -16<=k<=17, -17<=l<=17 

   Reflections collected / unique  31703 / 4744 [R(int) = 0.0263] 

   Completeness to theta = 67.684  100.0 % 

   Refinement method         Full-matrix least-squares on F^2 

   Data / restraints / parameters  4744 / 0 / 279 

   Goodness-of-fit on F^2      1.053 

   Final R indices [I>2sigma(I)]   R1 = 0.0326, wR2 = 0.0853 

   R indices (all data)       R1 = 0.0343, wR2 = 0.0864 

   Extinction coefficient      n/a 

   Largest diff. peak and hole    0.414 and -0.352 e.A^-3 
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     Table 2. Atomic coordinates ( x 10^4) and equivalent isotropic 

     displacement parameters (A^2 x 10^3) for nzb668. 

     U(eq) is defined as one third of the trace of the orthogonalized 

     Uij tensor. 

             x       y       z      U(eq) 

     C(1)     801(2)    1648(1)    6298(1)    29(1) 

     C(2)     3728(2)    1021(1)    5674(1)    31(1) 

     C(3)     1317(2)    1951(1)    4655(1)    29(1) 

     C(4)     2436(2)    1839(1)    5667(1)    21(1) 

     C(5)     5652(2)    3176(1)    5835(1)    19(1) 

     C(6)     8965(2)    4463(1)    6186(1)    23(1) 

     C(7)     9236(2)    5587(1)    6177(1)    26(1) 

     C(8)     8927(2)    6089(1)    7124(1)    22(1) 

     C(9)     6681(2)    5636(1)    7273(1)    18(1) 

     C(10)    6266(2)    4484(1)    7262(1)    15(1) 

     C(11)    7306(2)    4142(1)    8222(1)    14(1) 

     C(12)    6605(2)    3027(1)    8201(1)    15(1) 

     C(13)    8290(2)    2601(1)    8248(1)    18(1) 

     C(14)    10227(2)    3389(1)    8319(1)    18(1) 

     C(15)    6887(2)    4734(1)    9103(1)    16(1) 

     C(16)    7462(2)    5869(1)    9098(1)    17(1) 

     C(17)    6176(2)    6139(1)    8182(1)    17(1) 

     C(18)    3525(2)    7612(1)    9267(1)    27(1) 

     C(19)    8286(2)    8597(1)    9888(1)    27(1) 

     C(20)    5593(2)    9072(1)    8009(1)    21(1) 

     C(21)    3849(2)    8587(1)    7100(1)    30(1) 

     C(22)    7705(2)    9496(1)    7714(1)    29(1) 

     C(23)    4842(2)    9929(1)    8526(1)    30(1) 

     N      6897(2)    4016(1)    6424(1)    18(1) 

     O(1)     3854(1)    2808(1)    6150(1)    19(1) 

     O(2)     6128(2)    2814(1)    5119(1)    29(1) 



Appendix B: X-Ray Crystal Structure Data 

 

275 

     O(3)    12086(1)    3327(1)    8375(1)    25(1) 

     O(4)     9648(1)    4294(1)    8322(1)    17(1) 

     O(5)     6619(2)    7194(1)    8148(1)    23(1) 

     Si      6006(1)    8090(1)    8823(1)    18(1) 

     Table 3. Bond lengths [A] and angles [deg] for nzb668. 

      C(1)-C(4)           1.5174(18) 

      C(1)-H(1A)          0.9600 

      C(1)-H(1B)          0.9600 

      C(1)-H(1C)          0.9600 

      C(2)-C(4)           1.5190(18) 

      C(2)-H(2A)          0.9600 

      C(2)-H(2B)          0.9600 

      C(2)-H(2C)          0.9600 

      C(3)-C(4)           1.5182(17) 

      C(3)-H(3A)          0.9600 

      C(3)-H(3B)          0.9600 

      C(3)-H(3C)          0.9600 

      C(4)-O(1)           1.4795(14) 

      C(5)-O(2)           1.2141(15) 

      C(5)-O(1)           1.3512(15) 

      C(5)-N            1.3693(16) 

      C(6)-N            1.4737(15) 

      C(6)-C(7)           1.5163(18) 

      C(6)-H(6A)          0.9700 

      C(6)-H(6B)          0.9700 

      C(7)-C(8)           1.5253(17) 

      C(7)-H(7A)          0.9700 

      C(7)-H(7B)          0.9700 

      C(8)-C(9)           1.5274(17) 

      C(8)-H(8A)          0.9700 

      C(8)-H(8B)          0.9700 
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      C(9)-C(17)          1.5336(15) 

      C(9)-C(10)          1.5453(15) 

      C(9)-H(9)           0.9800 

      C(10)-N            1.4699(14) 

      C(10)-C(11)          1.5562(15) 

      C(10)-H(10)          0.9800 

      C(11)-O(4)          1.4621(13) 

      C(11)-C(12)          1.5012(15) 

      C(11)-C(15)          1.5309(15) 

      C(12)-C(13)          1.3238(17) 

      C(12)-H(12)          0.9300 

      C(13)-C(14)          1.4654(17) 

      C(13)-H(13)          0.9300 

      C(14)-O(3)          1.2072(15) 

      C(14)-O(4)          1.3610(14) 

      C(15)-C(16)          1.5261(16) 

      C(15)-H(15A)         0.9700 

      C(15)-H(15B)         0.9700 

      C(16)-C(17)          1.5206(16) 

      C(16)-H(16A)         0.9700 

      C(16)-H(16B)         0.9700 

      C(17)-O(5)          1.4234(14) 

      C(17)-H(17)          0.9800 

      C(18)-Si           1.8618(13) 

      C(18)-H(18A)         0.9600 

      C(18)-H(18B)         0.9600 

      C(18)-H(18C)         0.9600 

      C(19)-Si           1.8677(13) 

      C(19)-H(19A)         0.9600 

      C(19)-H(19B)         0.9600 

      C(19)-H(19C)         0.9600 
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      C(20)-C(22)          1.5289(18) 

      C(20)-C(23)          1.5362(17) 

      C(20)-C(21)          1.5387(18) 

      C(20)-Si           1.8779(12) 

      C(21)-H(21A)         0.9600 

      C(21)-H(21B)         0.9600 

      C(21)-H(21C)         0.9600 

      C(22)-H(22A)         0.9600 

      C(22)-H(22B)         0.9600 

      C(22)-H(22C)         0.9600 

      C(23)-H(23A)         0.9600 

      C(23)-H(23B)         0.9600 

      C(23)-H(23C)         0.9600 

      O(5)-Si            1.6466(9) 

  

      C(4)-C(1)-H(1A)       109.5 

      C(4)-C(1)-H(1B)       109.5 

      H(1A)-C(1)-H(1B)      109.5 

      C(4)-C(1)-H(1C)       109.5 

      H(1A)-C(1)-H(1C)      109.5 

      H(1B)-C(1)-H(1C)      109.5 

      C(4)-C(2)-H(2A)       109.5 

      C(4)-C(2)-H(2B)       109.5 

      H(2A)-C(2)-H(2B)      109.5 

      C(4)-C(2)-H(2C)       109.5 

      H(2A)-C(2)-H(2C)      109.5 

      H(2B)-C(2)-H(2C)      109.5 

      C(4)-C(3)-H(3A)       109.5 

      C(4)-C(3)-H(3B)       109.5 

      H(3A)-C(3)-H(3B)      109.5 

      C(4)-C(3)-H(3C)       109.5 
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      H(3A)-C(3)-H(3C)      109.5 

      H(3B)-C(3)-H(3C)      109.5 

      O(1)-C(4)-C(1)       102.52(9) 

      O(1)-C(4)-C(3)       110.10(10) 

      C(1)-C(4)-C(3)       110.35(11) 

      O(1)-C(4)-C(2)       110.19(10) 

      C(1)-C(4)-C(2)       110.88(11) 

      C(3)-C(4)-C(2)       112.38(11) 

      O(2)-C(5)-O(1)       124.83(11) 

      O(2)-C(5)-N         123.46(11) 

      O(1)-C(5)-N         111.71(10) 

      N-C(6)-C(7)         111.58(10) 

      N-C(6)-H(6A)        109.3 

      C(7)-C(6)-H(6A)       109.3 

      N-C(6)-H(6B)        109.3 

      C(7)-C(6)-H(6B)       109.3 

      H(6A)-C(6)-H(6B)      108.0 

      C(6)-C(7)-C(8)       110.39(10) 

      C(6)-C(7)-H(7A)       109.6 

      C(8)-C(7)-H(7A)       109.6 

      C(6)-C(7)-H(7B)       109.6 

      C(8)-C(7)-H(7B)       109.6 

      H(7A)-C(7)-H(7B)      108.1 

      C(7)-C(8)-C(9)       109.54(10) 

      C(7)-C(8)-H(8A)       109.8 

      C(9)-C(8)-H(8A)       109.8 

      C(7)-C(8)-H(8B)       109.8 

      C(9)-C(8)-H(8B)       109.8 

      H(8A)-C(8)-H(8B)      108.2 

      C(8)-C(9)-C(17)       113.19(10) 

      C(8)-C(9)-C(10)       113.02(10) 
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      C(17)-C(9)-C(10)      110.47(9) 

      C(8)-C(9)-H(9)       106.5 

      C(17)-C(9)-H(9)       106.5 

      C(10)-C(9)-H(9)       106.5 

      N-C(10)-C(9)        109.99(9) 

      N-C(10)-C(11)        112.30(9) 

      C(9)-C(10)-C(11)      114.18(9) 

      N-C(10)-H(10)        106.6 

      C(9)-C(10)-H(10)      106.6 

      C(11)-C(10)-H(10)      106.6 

      O(4)-C(11)-C(12)      103.12(9) 

      O(4)-C(11)-C(15)      107.92(9) 

      C(12)-C(11)-C(15)      112.32(9) 

      O(4)-C(11)-C(10)      110.00(9) 

      C(12)-C(11)-C(10)      111.08(9) 

      C(15)-C(11)-C(10)      111.98(9) 

      C(13)-C(12)-C(11)      110.22(10) 

      C(13)-C(12)-H(12)      124.9 

      C(11)-C(12)-H(12)      124.9 

      C(12)-C(13)-C(14)      108.41(10) 

      C(12)-C(13)-H(13)      125.8 

      C(14)-C(13)-H(13)      125.8 

      O(3)-C(14)-O(4)       121.23(11) 

      O(3)-C(14)-C(13)      130.02(11) 

      O(4)-C(14)-C(13)      108.75(10) 

      C(16)-C(15)-C(11)      112.69(9) 

      C(16)-C(15)-H(15A)     109.1 

      C(11)-C(15)-H(15A)     109.1 

      C(16)-C(15)-H(15B)     109.1 

      C(11)-C(15)-H(15B)     109.1 

      H(15A)-C(15)-H(15B)     107.8 



Appendix B: X-Ray Crystal Structure Data 

 

280 

      C(17)-C(16)-C(15)      109.60(9) 

      C(17)-C(16)-H(16A)     109.8 

      C(15)-C(16)-H(16A)     109.8 

      C(17)-C(16)-H(16B)     109.8 

      C(15)-C(16)-H(16B)     109.8 

      H(16A)-C(16)-H(16B)     108.2 

      O(5)-C(17)-C(16)      111.98(10) 

      O(5)-C(17)-C(9)       107.25(9) 

      C(16)-C(17)-C(9)      111.86(9) 

      O(5)-C(17)-H(17)      108.5 

      C(16)-C(17)-H(17)      108.5 

      C(9)-C(17)-H(17)      108.5 

      Si-C(18)-H(18A)       109.5 

      Si-C(18)-H(18B)       109.5 

      H(18A)-C(18)-H(18B)     109.5 

      Si-C(18)-H(18C)       109.5 

      H(18A)-C(18)-H(18C)     109.5 

      H(18B)-C(18)-H(18C)     109.5 

      Si-C(19)-H(19A)       109.5 

      Si-C(19)-H(19B)       109.5 

      H(19A)-C(19)-H(19B)     109.5 

      Si-C(19)-H(19C)       109.5 

      H(19A)-C(19)-H(19C)     109.5 

      H(19B)-C(19)-H(19C)     109.5 

      C(22)-C(20)-C(23)      109.35(11) 

      C(22)-C(20)-C(21)      109.29(11) 

      C(23)-C(20)-C(21)      109.07(11) 

      C(22)-C(20)-Si       110.02(9) 

      C(23)-C(20)-Si       110.16(9) 

      C(21)-C(20)-Si       108.93(9) 

      C(20)-C(21)-H(21A)     109.5 
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      C(20)-C(21)-H(21B)     109.5 

      H(21A)-C(21)-H(21B)     109.5 

      C(20)-C(21)-H(21C)     109.5 

      H(21A)-C(21)-H(21C)     109.5 

      H(21B)-C(21)-H(21C)     109.5 

      C(20)-C(22)-H(22A)     109.5 

      C(20)-C(22)-H(22B)     109.5 

      H(22A)-C(22)-H(22B)     109.5 

      C(20)-C(22)-H(22C)     109.5 

      H(22A)-C(22)-H(22C)     109.5 

      H(22B)-C(22)-H(22C)     109.5 

      C(20)-C(23)-H(23A)     109.5 

      C(20)-C(23)-H(23B)     109.5 

      H(23A)-C(23)-H(23B)     109.5 

      C(20)-C(23)-H(23C)     109.5 

      H(23A)-C(23)-H(23C)     109.5 

      H(23B)-C(23)-H(23C)     109.5 

      C(5)-N-C(10)        123.41(10) 

      C(5)-N-C(6)         117.10(10) 

      C(10)-N-C(6)        119.49(9) 

      C(5)-O(1)-C(4)       119.33(9) 

      C(14)-O(4)-C(11)      109.45(9) 

      C(17)-O(5)-Si        128.95(8) 

      O(5)-Si-C(18)        111.28(6) 

      O(5)-Si-C(19)        109.85(6) 

      C(18)-Si-C(19)       108.47(6) 

      O(5)-Si-C(20)        104.41(5) 

      C(18)-Si-C(20)       111.58(6) 

      C(19)-Si-C(20)       111.23(6) 
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   Table 4. Anisotropic displacement parameters (A^2 x 10^3) for nzb668. 

  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)   28(1)   26(1)   26(1)   -2(1)    4(1)   -7(1) 

  C(2)   35(1)   18(1)   36(1)    1(1)    1(1)    6(1) 

  C(3)   32(1)   27(1)   21(1)    0(1)   -4(1)    2(1) 

  C(4)   24(1)   15(1)   18(1)   -2(1)   -1(1)   -1(1) 

  C(5)   24(1)   17(1)   16(1)    1(1)    4(1)    3(1) 

  C(6)   27(1)   22(1)   21(1)   -1(1)   13(1)    0(1) 

  C(7)   35(1)   22(1)   22(1)    2(1)   14(1)   -2(1) 

  C(8)   30(1)   16(1)   19(1)    1(1)    9(1)   -1(1) 

  C(9)   24(1)   14(1)   14(1)    1(1)    3(1)    3(1) 

  C(10)  16(1)   15(1)   13(1)    0(1)    4(1)    2(1) 

  C(11)  11(1)   16(1)   16(1)    1(1)    4(1)    1(1) 

  C(12)  15(1)   16(1)   14(1)    2(1)    3(1)    1(1) 

  C(13)  19(1)   16(1)   18(1)    1(1)    3(1)    4(1) 

  C(14)  17(1)   21(1)   14(1)   -2(1)    2(1)    4(1) 

  C(15)  17(1)   16(1)   14(1)    1(1)    4(1)    2(1) 

  C(16)  21(1)   16(1)   14(1)   -1(1)    5(1)    2(1) 

  C(17)  23(1)   12(1)   18(1)    1(1)    5(1)    3(1) 

  C(18)  31(1)   24(1)   24(1)    2(1)    9(1)    2(1) 

  C(19)  29(1)   24(1)   24(1)    0(1)   -2(1)    7(1) 

  C(20)  25(1)   17(1)   19(1)    2(1)    3(1)    4(1) 

  C(21)  32(1)   29(1)   24(1)    6(1)   -4(1)    3(1) 

  C(22)  32(1)   24(1)   29(1)    6(1)    9(1)    3(1) 

  C(23)  40(1)   23(1)   31(1)    5(1)    9(1)   13(1) 

  N    22(1)   16(1)   15(1)   -2(1)    8(1)    0(1) 

  O(1)   21(1)   16(1)   17(1)   -4(1)    3(1)   -1(1) 

  O(2)   35(1)   28(1)   22(1)   -9(1)   11(1)   -1(1) 

  O(3)   14(1)   31(1)   29(1)   -3(1)    3(1)    6(1) 
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  O(4)   12(1)   18(1)   20(1)    0(1)    4(1)    1(1) 

  O(5)   37(1)   13(1)   22(1)    2(1)   10(1)    6(1) 

  Si    21(1)   14(1)   17(1)    0(1)    3(1)    3(1) 
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Data for X-ray crystal structure of 369 

Identification code        nzb757 

   Empirical formula         C12 H15 N O3 

   Formula weight          221.25 

   Temperature            373(2) K 

   Wavelength            1.54184 A 

   Crystal system, space group    Monoclinic, P 21/c 

   Unit cell dimensions       a = 7.72290(10) A  alpha = 90 deg. 

                    b = 8.11150(10) A  beta = 98.3340(10) deg. 

                    c = 17.0626(2) A  gamma = 90 deg. 

   Volume              1057.59(2) A^3 

   Z, Calculated density       4, 1.390 Mg/m^3 

   Absorption coefficient      0.822 mm^-1 

   F(000)              472 

   Crystal size           0.120 x 0.100 x 0.080 mm 

   Theta range for data collection  5.240 to 74.287 deg. 

   Limiting indices         -9<=h<=8, -10<=k<=9, -20<=l<=20 

   Reflections collected / unique  11602 / 2106 [R(int) = 0.0250] 

   Completeness to theta = 67.684  100.0 % 

   Data / restraints / parameters  2106 / 0 / 150 

   Goodness-of-fit on F^2      1.052 

   Final R indices [I>2sigma(I)]   R1 = 0.0308, wR2 = 0.0786 

   R indices (all data)       R1 = 0.0326, wR2 = 0.0798 

   Extinction coefficient      0.0021(4) 

   Largest diff. peak and hole    0.306 and -0.177 e.A^-3 
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     Table 2. Atomic coordinates ( x 10^4) and equivalent isotropic 

     displacement parameters (A^2 x 10^3) for nzb_0757. 

     U(eq) is defined as one third of the trace of the orthogonalized 

     Uij tensor. 

             x       y       z      U(eq) 

     C(2)     2720(1)    5903(1)    6068(1)    14(1) 

     C(3)     2946(1)    4504(1)    6684(1)    15(1) 

     C(4)     4461(1)    3399(1)    6534(1)    18(1) 

     C(5)     6181(1)    4359(1)    6578(1)    20(1) 

     C(6)     5997(1)    5897(1)    6077(1)    17(1) 

     C(7)     4401(1)    6955(1)    6137(1)    15(1) 

     C(8)     4200(1)    8399(1)    5560(1)    18(1) 

     C(9)     2593(2)    9407(1)    5679(1)    20(1) 

     C(10)     984(1)    8310(1)    5597(1)    19(1) 

     C(11)    1295(1)    3561(1)    6739(1)    18(1) 

     C(12)     778(1)    3807(1)    7436(1)    19(1) 

     C(13)    2028(1)    4944(1)    7896(1)    16(1) 

     N(1)     1245(1)    6965(1)    6181(1)    16(1) 

     1      2012(1)    5563(1)    8538(1)    22(1) 

     2      3354(1)    5245(1)    7467(1)    15(1) 

     3      7094(1)    6292(1)    5665(1)    24(1) 
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      Table 3. Bond lengths [A] and angles [deg] for nzb_0757. 

      C(2)-N(1)           1.4626(13) 

      C(2)-C(3)           1.5397(14) 

      C(2)-C(7)           1.5437(14) 

      C(2)-H(2)           0.9800 

      C(3)-2            1.4580(12) 

      C(3)-C(11)          1.5019(14) 

      C(3)-C(4)           1.5249(14) 

      C(4)-C(5)           1.5317(15) 

      C(4)-H(4A)          0.9700 

      C(4)-H(4B)          0.9700 

      C(5)-C(6)           1.5080(15) 

      C(5)-H(5A)          0.9700 

      C(5)-H(5B)          0.9700 

      C(6)-3            1.2191(13) 

      C(6)-C(7)           1.5179(14) 

      C(7)-C(8)           1.5234(14) 

      C(7)-H(7)           0.9800 

      C(8)-C(9)           1.5237(15) 

      C(8)-H(8A)          0.9700 

      C(8)-H(8B)          0.9700 

      C(9)-C(10)          1.5179(15) 

      C(9)-H(9A)          0.9700 

      C(9)-H(9B)          0.9700 

      C(10)-N(1)          1.4718(14) 

      C(10)-H(10A)         0.9700 

      C(10)-H(10B)         0.9700 

      C(11)-C(12)          1.3240(16) 

      C(11)-H(11)          0.9300 

      C(12)-C(13)          1.4753(15) 

      C(12)-H(12)          0.9300 
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      C(13)-1            1.2062(13) 

      C(13)-2            1.3649(13) 

      N(1)-H(1)           0.916(15) 

 

      N(1)-C(2)-C(3)       110.93(8) 

      N(1)-C(2)-C(7)       109.07(8) 

      C(3)-C(2)-C(7)       110.12(8) 

      N(1)-C(2)-H(2)       108.9 

      C(3)-C(2)-H(2)       108.9 

      C(7)-C(2)-H(2)       108.9 

      2-C(3)-C(11)        103.03(8) 

      2-C(3)-C(4)         109.08(8) 

      C(11)-C(3)-C(4)       112.96(9) 

      2-C(3)-C(2)         108.08(8) 

      C(11)-C(3)-C(2)       113.90(8) 

      C(4)-C(3)-C(2)       109.43(8) 

      C(3)-C(4)-C(5)       111.95(9) 

      C(3)-C(4)-H(4A)       109.2 

      C(5)-C(4)-H(4A)       109.2 

      C(3)-C(4)-H(4B)       109.2 

      C(5)-C(4)-H(4B)       109.2 

      H(4A)-C(4)-H(4B)      107.9 

      C(6)-C(5)-C(4)       112.50(9) 

      C(6)-C(5)-H(5A)       109.1 

      C(4)-C(5)-H(5A)       109.1 

      C(6)-C(5)-H(5B)       109.1 

      C(4)-C(5)-H(5B)       109.1 

      H(5A)-C(5)-H(5B)      107.8 

      3-C(6)-C(5)         121.89(10) 

      3-C(6)-C(7)         121.97(10) 

      C(5)-C(6)-C(7)       116.11(9) 
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      C(6)-C(7)-C(8)       113.51(9) 

      C(6)-C(7)-C(2)       111.38(8) 

      C(8)-C(7)-C(2)       111.69(8) 

      C(6)-C(7)-H(7)       106.6 

      C(8)-C(7)-H(7)       106.6 

      C(2)-C(7)-H(7)       106.6 

      C(7)-C(8)-C(9)       109.61(8) 

      C(7)-C(8)-H(8A)       109.7 

      C(9)-C(8)-H(8A)       109.7 

      C(7)-C(8)-H(8B)       109.7 

      C(9)-C(8)-H(8B)       109.7 

      H(8A)-C(8)-H(8B)      108.2 

      C(10)-C(9)-C(8)       110.15(9) 

      C(10)-C(9)-H(9A)      109.6 

      C(8)-C(9)-H(9A)       109.6 

      C(10)-C(9)-H(9B)      109.6 

      C(8)-C(9)-H(9B)       109.6 

      H(9A)-C(9)-H(9B)      108.1 

      N(1)-C(10)-C(9)       110.02(8) 

      N(1)-C(10)-H(10A)      109.7 

      C(9)-C(10)-H(10A)      109.7 

      N(1)-C(10)-H(10B)      109.7 

      C(9)-C(10)-H(10B)      109.7 

      H(10A)-C(10)-H(10B)     108.2 

      C(12)-C(11)-C(3)      110.39(9) 

      C(12)-C(11)-H(11)      124.8 

      C(3)-C(11)-H(11)      124.8 

      C(11)-C(12)-C(13)      108.27(9) 

      C(11)-C(12)-H(12)      125.9 

      C(13)-C(12)-H(12)      125.9 

      1-C(13)-2          121.28(10) 
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      1-C(13)-C(12)        130.62(10) 

      2-C(13)-C(12)        108.10(9) 

      C(2)-N(1)-C(10)       112.29(8) 

      C(2)-N(1)-H(1)       109.5(9) 

      C(10)-N(1)-H(1)       107.8(9) 

      C(13)-2-C(3)        109.77(8) 

 

 

 



Appendix B: X-Ray Crystal Structure Data 

 

290 

  Table 4. Anisotropic displacement parameters (A^2 x 10^3) for nzb_0757. 

  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(2)   13(1)   15(1)   14(1)    0(1)    3(1)    1(1) 

  C(3)   16(1)   15(1)   14(1)   -2(1)    2(1)   -1(1) 

  C(4)   19(1)   15(1)   20(1)    1(1)    3(1)    2(1) 

  C(5)   15(1)   22(1)   24(1)    1(1)    3(1)    5(1) 

  C(6)   14(1)   20(1)   18(1)   -3(1)    2(1)   -1(1) 

  C(7)   14(1)   16(1)   14(1)    0(1)    3(1)    0(1) 

  C(8)   18(1)   20(1)   18(1)    4(1)    4(1)   -2(1) 

  C(9)   24(1)   16(1)   20(1)    4(1)    3(1)    2(1) 

  C(10)  18(1)   21(1)   18(1)    2(1)    2(1)    5(1) 

  C(11)  17(1)   14(1)   20(1)    1(1)    0(1)   -2(1) 

  C(12)  16(1)   18(1)   22(1)    3(1)    3(1)   -3(1) 

  C(13)  17(1)   15(1)   17(1)    4(1)    4(1)    1(1) 

  N(1)   13(1)   17(1)   19(1)    2(1)    4(1)    2(1) 

  1    26(1)   23(1)   18(1)   -2(1)    7(1)   -2(1) 

  2    15(1)   17(1)   13(1)    0(1)    2(1)   -2(1) 

  3    17(1)   28(1)   27(1)   -1(1)    9(1)   -1(1) 
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